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ABSTRACT

Context. The photospheres of about 5-10% of the upper main sequence stars exhibit remarkable chemical anomalies. Many of these chemically
peculiar (CP) stars have a global magnetic field, the origin of which is still a matter of debate.

Aims. We present a comprehensive statistical investigation of the evolution of magnetic CP stars, aimed at providing constraints to the theories
that deal with the origin of the magnetic field in these stars.

Methods. We have collected from the literature data for 150 magnetic CP stars with accurate Hipparcos parallaxes. We have retrieved from the
ESO archive 142 FORS1 observations of circularly polarized spectra for 100 stars. From these spectra we have measured the mean longitudinal
magnetic field, and discovered 48 new magnetic CP stars (five of which belonging to the rare class of rapidly oscillating Ap stars). We have
determined effective temperature and luminosity, then mass and position in the H-R diagram for a final sample of 194 magnetic CP stars.
Results. We found that magnetic stars with M > 3 M, are homogeneously distributed along the main sequence. Instead, there are statistical
indications that lower mass stars (especially those with M < 2 M) tend to concentrate in the centre of the main sequence band. We show that
this inhomogeneous age distribution cannot be attributed to the effects of random errors and small number statistics. Our data suggest also that
the surface magnetic flux of CP stars increases with stellar age and mass, and correlates with the rotation period. For stars with M > 3 M,
rotation periods decrease with age in a way consistent with the conservation of the angular momentum, while for less massive magnetic CP stars
an angular momentum loss cannot be ruled out.

Conclusions. The mechanism that originates and sustains the magnetic field in the upper main sequence stars may be different in CP stars of
different mass.
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1. Introduction sees a magnetic configuration that changes as the star rotates.
The field strength (typically a few hundreds up to a few tens of
thousands of Gauss) does not seem correlated to the star’s rota-
tional velocity. Only a minority (about 5%) of early-type stars
is magnetic. Practically all known magnetic stars of the upper
main sequence are classified between late F- and early B-type,
and belong to the category of the so-called chemically peculiar
(CP) stars, i.e., stars that exhibit distinctive peculiarities in the
element abundance of their atmospheres. Most CP stars (hence

most magnetic stars) show also abnormally slow rotation.

Observations suggest that magnetic fields are ubiquitous in
late-type stars, and that a correlation exists between magnetic
activity and stellar rotation. The magnetic field of late-type
stars is typically localised in spots, and evolves on relatively
short time scales. Although not yet fully understood, a dynamo
mechanism is commonly invoked to explain the presence of a
magnetic field in these kinds of stars.

Early-type stars show a completely different magnetic phe-
nomenology. Magnetic fields appear organised on a large scale
at the stellar surface, and do not change within a time scale
shorter than several decades. Instead, a periodic field variabil-
ity is observed, which is commonly interpreted in terms of the

The origin of the magnetic fields in CP stars is a matter
of debate (Moss 2004). The dynamo hypothesis can hardly ex-
plain the observed high field strengths and the lack of a corre-

so-called Oblique Rotator Model: the magnetic field geome-
try is not symmetric about the rotation axis, and the observer

* Tables 1 and 2 are only available in electronic form at
http://www.edpsciences.org
** Based on observations made with ESO Telescopes at the Paranal
Observatory under programs ID 71.D-0308, 72.D-0377, and 73.D-
0464, retrieved through the ESO archive.

http://www.edpsciences.org/aa

lation with rotation. A more promising approach is offered by
the fossil field theory (Cowling 1945; Moss 1989; Braithwaite
& Spruit 2004), according to which the observed fields in the
upper main sequence magnetic stars are the remnants of fields
present during earlier stages of stellar evolution. The fact that
no correlation is observed with stellar rotation, and the fact
that only a small percentage of the upper main sequence stars
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are magnetic, are naturally explained in terms of variations
in the amount of magnetic flux trapped during star formation.
However, it not yet clear (observationally nor theoretically) if
and how these fields evolve during the main sequence phase.

To provide constraints to the theory of the origin of the
magnetic field, it is important to study the evolutionary state
of magnetic CP stars. This has been done by several authors,
and with conflicting conclusions. Based on a small sample
of about 30 magnetic stars, Hubrig et al. (2000) suggested
that magnetic fields appear at the surface of CP stars with
M < 3 M only after they have spent considerable fraction
of their life on the main sequence. Most low mass stars stud-
ied by Hubrig et al. (2000) were drawn from the group of very
slowly rotating magnetic stars with detectable Zeeman splitting
in their spectra (Mathys et al. 1997). This selection procedure
results in a statistic sample small in size, that may also be in-
trinsically biased toward older stars (should the star’s angular
momentum be lost or/and the surface magnetic field increase
during the main sequence evolutionary phase). Both Gomez
et al. (1998) and Pohnl et al. (2005) investigated much larger
samples of CP stars, but instead of selecting objects for which
magnetic field was detected, they utilised chemical peculiar-
ity as a proxy of magnetism. They have found that CP stars
with chemical anomalies similar to those observed in magnetic
CP stars occupy all the regions of the main sequence.

In an attempt to clarify this puzzling situation, we have car-
ried out a new study of the evolution of magnetic stars of the
upper main sequence that is based on a very large sample of ob-
served magnetic CP stars, collected through a thoroughfull in-
vestigation of the literature and of the ESO archive. Our study
includes all known objects for which precise parallaxes were
measured by the Hipparcos mission, and for which the pres-
ence of magnetic field at the surface could be asserted via di-
rect field detections. We have also investigated whether there
are observational evidences for angular momentum losses
occurring during the star’s evolution in the main sequence.

This paper is organised as follows. Section 2 describes the
observations collected from the literature, and presents new
magnetic measurements obtained from the analysis of data col-
lected with FORS1 at the ESO VLT. In Sect. 3 we determine
the temperature and luminosity of the selected stellar sample,
and in Sect. 4 we derive the position of the selected stars in the
H-R diagram. Results and statistical analysis are presented in
Sect. 5 and discussed in Sect. 6.

2. The stellar sample
2.1. Known magnetic stars

The main part of our sample of magnetic CP stars has been
drawn from various literature sources. The catalogues by
Romanyuk (2000) and Bychkov et al. (2003) have provided the
core of the sample of the early-type stars with definite magnetic
field detections. Since the present study focuses on the classi-
cal magnetic Ap/Bp stars, we have selected objects with the
SrCrEu, Si, and/or He chemical peculiarities for which reliable
detection of magnetic field has been obtained with one of the
two direct methods: spectropolarimetric or photopolarimetric
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measurement of the disk-averaged line of sight (longitudinal)
magnetic field (Mathys 1991; Borra & Landstreet 1980) and
the mean field modulus diagnostic using resolved Zeeman split
spectral line profiles (Mathys et al. 1997).

The list of stars compiled from the two catalogues was
supplemented by a number of recently discovered magnetic
stars. In particular, the studies by Auriere et al. (2004), EI’kin
et al. (2003), Johnson (2004), Hubrig et al. (2003, 2005),
Ryabchikova et al. (2004, 2005), Shorlin et al. (2002), and
Stiitz et al. (2003) have provided objects satisfying our selec-
tion criteria. We refer the reader to the original papers for the
description of the respective observations and their analysis.
Putting aside details of these studies of individual magnetic
CP stars, it is worth noting that all investigations mentioned
above relied on the classical direct methods of the magnetic
field detection (spectropolarimetry and/or measurement of the
resolved Zeeman split lines) and that only objects with reliable
(>30 in the case of longitudinal field measurements) magnetic
field detections were included in our sample.

According to the current understanding of the incidence of
magnetism in early-type stars, the non-magnetic chemically pe-
culiar stars, including objects with the HgMn and Am pecu-
liarity types, do not host global magnetic fields similar to those
found in the classical magnetic CP stars. Although claims of
the detection of magnetic field in HgMn or Am stars have oc-
casionally been made (e.g., Mathys & Lanz 1990; Hubrig &
Castelli 2001), these studies typically employed an indirect di-
agnostic of magnetic field based on the analysis of magnetic
broadening and intensification of spectral lines. Furthermore,
none of the alleged detections of the complex fields in non-
magnetic CP stars was confirmed by a subsequent, independent
observation or supported by direct spectropolarimetric mag-
netic field diagnostic technique (Shorlin et al. 2002; Wade et al.
2003). Given this absence of the solid evidence for the presence
of significant surface fields in HgMn and Am stars, all such
objects were eliminated from our list of magnetic stars. We
emphasise that in nearly all cases when non-zero longitudinal
field determinations are reported for HgMn or Am stars in the
catalogues compiled by Romanyuk (2000) and Bychkov et al.
(2003), the original measurements date back to the early low-
precision spectropolarimetric observations by Babcock (1958).

The magnetic stellar sample compiled in the present study
was cross-matched with the Hipparcos parallax data (Perryman
et al. 1997). Parallaxes with an accuracy better than 20%
(which is the same threshold as employed by Hubrig et al.
2000) could be retrieved for 150 magnetic CP stars. Magnetic
field in the majority of these stars was detected using polarimet-
ric observations. Consequently, unlike the 33 magnetic stars
studied by Hubrig et al. (2000), our sample does not suffer from
the possible bias of over-representing the slowly rotating and
strongly magnetic old stars for which resolved Zeeman split
lines are observable.

2.2. Magnetic stars observed with FORS1 at VLT

FORS1 (FOcal Reducer/low dispersion Spectrograph) of
the ESO VLT is a multi-mode instrument equipped with
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polarisation analysing optics including super-achromatic half-
wave and quarter-wave phase retarder plates, and a Wollaston
prism. In the last few years, FORS1 has been extensively
used in polarimetric mode to measure magnetic fields in var-
ious kinds of stars, for instance in white dwarfs (e.g., Aznar
Cuadrado et al. 2004), in hot subdwarfs (O’ Toole et al. 2005),
in the central stars of planetary nebulae (Jordan et al. 2005).
In particular, several observing programs have been dedicated
to the magnetic field surveys of Ap stars, and many data are
now available in the ESO archive. For this work we have re-
trieved 142 observations of circular polarised spectra for a
total of 100 Ap stars. All targets have been observed using
grism 600 B and a 0.4” slit-width, which gives a spectral reso-
lution of about 2000, covering the spectral range 3550—5850 A.
A typical observing block consists of four frames obtained with
the A/4 retarder waveplate oriented at +45° and four frames
obtained with the retarder waveplate at —45°. Data have been
reduced using standard IRAF routines in order to get wave-
length calibrated spectra from the ordinary and extra-ordinary
beams taken with the 1/4 retarder waveplate oriented at +45°
and —45°. From these spectra we have obtained Stokes I and
V profiles using Eq. (4.1) of the FORS1+2 User Manual (VLT-
MAN-ESO-13100-1543), but with the sign changed. We have
then considered the Stokes / and V profiles of the Balmer lines
from HB down to the Balmer jump, and then we have obtained
the longitudinal field (B,) using a least-square technique based
on the formula
1 di

1%
— = —ger C, 2> = — (B,),

1 I da 1

where geg is the effective Landé factor (=1 for the hydrogen
Balmer lines, see Casini & Landi Degl’Innocenti 1994), A is
the wavelength expressed in A, (B.) is the longitudinal field
expressed in Gauss, and
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where e is the electron charge, m, the electron mass, ¢ the speed
of light. Equation (1) is valid under the weak-field approxima-
tion, which, for the hydrogen Balmer lines formed in a typi-
cal atmosphere of an A-type star, holds for field strength up
to ~20kG. More details on the data reduction technique, and
the way (B;) is calculated, are given in Bagnulo et al. (2002)
and Bagnulo et al. (2005).

The new (B.) measurements are reported in Table 1 (avail-
able in electronic form only). Magnetic field was detected
at >30 level in 53 stars. Only five of them were previously
known to be magnetic, whereas the other four lack accurate
parallax data in the Hipparcos catalogue. Thus, analysis of the
archival FORS1 spectra has contributed with 44 magnetic stars,
increasing the total sample investigated in the present paper
to 194 objects.

We note that definite detection of the longitudinal field in
five members (HD 19918, HD 42659, HD 60435, HD 84041,
HD 86181) of the rare class of rapidly oscillating Ap (roAp)
stars is reported here for the first time, thereby significantly in-
creasing the number of roAp stars with known magnetic field
properties.
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3. Determination of effective temperatures
and luminosities

3.1. Photometric effective temperature

Stellar effective temperatures were determined using calibra-
tion of the Geneva photometric system (Golay 1972). Observed
photometric parameters were extracted from the catalogue of
Rufener (1989) and supplemented by the data available through
the online photometric database at Geneva Observatory'. We
determined T of CP stars following the procedure suggested
by Hauck & North (1993) and revised by Hauck & Kiinzli
(1996). For hot stars calibration in the theoretical grids pub-
lished by Kiinzli et al. (1997) was used in combination with
the linear T4 correction to account for anomalous flux distri-
bution of magnetic CP stars (Hauck & Kiinzli 1996). For cool
Ap stars we employed calibration of the (B2 — G), color index
proposed by Hauck & North (1993).

For a few CP stars lacking photometric measurements
in the Geneva system we determined 7. using Stromgren
uvbyfB photometric data (Hauck & Mermilliod 1998) and cal-
ibration by Moon & Dworetsky (1985).

Effective temperature of the extreme cool magnetic pecu-
liar star HD 101065 (Przybylski’s star) cannot be determined
using any usual calibrations available either for normal or
CP stars. Instead, a Tex = 6450 K was adopted for this ob-
ject based on the results of recent detailed spectroscopic stud-
ies (Cowley et al. 2000; Kochukhov et al. 2002). The spectro-
scopic Teg = 7750 K (Kochukhov et al. 2002) was also used
for HD 216018, which lacks a complete set of Stromgren or
Geneva photometry.

For a subsample of stars with both Stromgren and Geneva
photometry available, uncertainty of effective temperature can
be estimated from the discrepancy of T values given by in-
dependent calibrations in the two different photometric sys-
tems. Based on this assessment we adopted o(Ter) = 200 K
for stars with Teg < 8500 K, 0(Tegr) = 300 K for 8500 < T <
10500 K, o(Terr) = 400 K for 10500 < T < 16000 K, and
0 (Teg) = 500 K for stars hotter than Teg = 16 000 K. These
error estimates are very similar to the T.¢ uncertainty assumed
by Hubrig et al. (2000, see their Tables 1 and 2), although no
explicit discussion of the adopted T.q error bars can be found
in the latter paper.

3.2. Correction for the interstellar extinction
and reddening

The interstellar extinction and reddening have to be taken into
account for stars located farther away than 60 pc. We consid-
ered four different procedures to obtain color excess E(B — V)
for individual stars in our sample: from the intrinsic [U —
B] color and reddening-free Geneva X and Y parameters of hot-
ter stars (Cramer 1982), from the interstellar extinction maps
of Lucke (1978) and Schlegel et al. (1998), and using the
model of Hakkila et al. (1997). The E(B — V) parameters ob-
tained from these sources were averaged after rejection of oc-
casional outliers. Based on the scatter of the color excess values

! http://obswww.unige.ch/gcpd/phl3.html
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Fig. 1. Distribution of the Hipparcos parallaxes (top) and their relative
errors (bottom) for the sample of magnetic CP stars.

derived using different methods, we found a typical uncertainty
of E(B—V) to be 0.005 mag for E(B—V) < 0.05 and 0.010 mag
for E(B — V) > 0.05. For several strongly reddened objects a
higher E(B — V) error bar had to be adopted, reflecting large
standard deviation of highly discrepant reddening estimates.

Photometric parameters in the Geneva and Stromgren sys-
tem were dereddened with the help of relations based on
the interstellar extinction laws given by Fitzpatrick (1999).
Interstellar extinction in the V-band was calculated using R =
Ay/E(B-V)=3.1.

3.3. Hipparcos luminosity

Absolute magnitudes and luminosities of the program stars
were determined on the basis of data from the Hipparcos cat-
alogue (Perryman et al. 1997) and the V-magnitude informa-
tion extracted from the SIMBAD database. Distribution of the
Hipparcos parallaxes and their relative errors is illustrated in
Fig. 1. Most of the studied stars are located within 250 pc from
the Sun, but only a few are closer than 60 pc. The average par-
allax uncertainty for the magnetic stars in our sample is 11%.
Roughly half of the stars have parallax determined with an
accuracy better than that.

0. Kochukhov and S. Bagnulo: Evolutionary state of magnetic chemically peculiar stars

From the comparison of magnitudes given in different lit-
erature sources, we estimated uncertainty of my related to the
measurement errors and intrinsic stellar variability to be ap-
proximately 0.02 mag.

For a number of magnetic stars known to be members of
spectroscopic or unresolved visual binaries we applied positive
duplicity correction to my. Generally, this correction can be
estimated from the luminosity ratios available from literature
for the majority of well-studied SB2 and visual binaries. On
the other hand, CP stars belonging to SB1 systems usually lack
precise luminosity ratio estimates. For these objects we adopted
Amy = 0.16 which corresponds to the magnitude difference
of 2.0 between components.

The absolute magnitude in the V-band was determined
using the standard relation:

My =my +5+5logn— Ay, 2)

where trigonometric parallax m is measured in arcseconds and
interstellar extinction was determined as outlined above. The
error estimate for the absolute magnitude took into account
uncertainties in my, 7, and Ay:

\/ So(m) \
a(My) = {|o?(my) + ( ) + 02 (Ay). (3)
7In 10

Calculating the stellar luminosity,

L My + BC — My, (©)
log — = - ;
Lo 2.5

we adopted the solar bolometric magnitude My (©) = +4.75
(Bessell 2000) and used the standard bolometric correction BC
taken from Flower (1996). Since in the latter paper BC is tabu-
lated as a function of T.g, uncertainty of effective temperature
contributes to the total error of luminosity that can be estimated
according to the following expression:

2
o-(log Li) _ 04 \/UZ(Mw " (jfc) 02 (Tep). )
o} eff

Taking into account all contributions to the My and L/L er-
ror budgets, we find a typical uncertainty of 20—25% for both
parameters.

Anomalous flux distribution of peculiar stars is charac-
terized by the enhanced ultraviolet absorption which induces
backwarming in the visible (Leckrone 1973). This makes
CP stars sub-luminous for their visual colours, and bolometric
correction has to be modified accordingly (North 1981; Lanz
1984). In the present paper we use BC tabulated as a func-
tion of Te for normal stars (Flower 1996). However, we ac-
count for peculiar nature of CP stars in derivation of their Teg
(Sect. 3.1). With this procedure the average change in BC due
to anomalous stellar flux distribution is taken into account im-
plicitly. Remaining modifications of BC depend on individual
properties of magnetic stars and are difficult to estimate without
detailed model atmosphere analysis. Nevertheless, this BC un-
certainty is likely to be much smaller compared to the average
error of My (0.24 mag) for the stars in our sample.

No Lutz-Kelker (LK, Lutz & Kelker 1973) correction was
applied to the absolute magnitudes of magnetic stars in our

“)
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sample. The original LK correction, which is always negative
and hence systematically increases luminosity estimated from
parallax, has been a source of confusion and extensive debate in
literature. In a recent publication Smith (2003) summarised this
discussion and concluded that the LK correction is meaningful
only when applied to the stellar samples, but should not be used
in studies of individual stars. As pointed out by Stepien (2004),
large (from —0.1 mag up to —0.5 mag) negative LK correc-
tions adopted by Hubrig et al. (2000) displaced the stars in their
sample significantly upwards from the zero age main sequence
(ZAMS), possibly resulting in apparent lack of young low mass
magnetic stars. A similar problem may have affected results of
Pohnl et al. (2005) who, contrary to the recommendations of
Smith (2003) and Stepien (2004), have also attempted to use
the LK procedure to correct individual stellar magnitudes.

4. Mass and age determination

Theoretical evolutionary tracks of the upper main sequence
stars are available for different metal abundance of the stellar
envelope (see Schaller et al. 1992; and Schaerer et al. 1993).
Large deviations of the chemical composition of CP stars from
the normal solar abundance table are believed to be limited to
the surface layers. These superficial chemical anomalies are
produced by the process of selective radiative diffusion in the
presence of magnetic field, stellar wind, and possibly weak
turbulent mixing. These complex hydrodynamical effects are
poorly understood and hence it is not possible to estimate the
average interior metal content of individual CP stars based
on the observed surface abundance pattern. In this situation
a fixed, usually solar, metallicity has to be assumed to make
comparison of the observed and predicted stellar parameters
possible (e.g., Hubrig et al. 2000; Pohnl et al. 2005). Here we
have adopted metallicity Z = 0.018 and obtained theoretical
stellar evolutionary tracks by interpolating within the grids of
Schaerer et al. (1993) and Schaller et al. (1992), who published
calculations for Z = 0.008 and Z = 0.020, respectively. The
plausible effect of the dispersion in Z can be estimated from the
scatter in the surface abundances determined for normal B stars
and nearby young F and G stars. Using the summary of the Fe
and light element abundances given by Sofia & Meyer (2001),
we obtain star-to-star Z variation of ~0.002. The resulting ef-
fect on the age and mass determination of CP stars is smaller
than other error sources.

Figure 2 illustrates distribution of magnetic CP stars in
the theoretical H-R diagram. Each star is shown with a point,
whereas respective error bars give uncertainty of 7. and lumi-
nosity. The ZAMS and the envelope of the lowest T.¢ achieved
during the core hydrogen burning phase are also shown. Given
a set of theoretical isochrones, the problem of the stellar mass
determination reduces to interpolation within the evolution-
ary tracks tabulated for different masses. To avoid degeneracy,
all stars were assumed to lie within the main sequence zone
where T decreases monotonously. For a few objects located
below the ZAMS or above the lowest T, line, parameters were
calculated for the closest main sequence point.

Subsequent determination of the stellar age is compli-
cated by the uneven evolution of stars in the log Teg—log L/ L
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plane. Young stars located close to the ZAMS change their
temperature and luminosity very slowly. The pace of evolu-
tion increases rapidly as the star ages and shifts towards the
terminal age main sequence. Therefore, the same uncertainty
of Tes and L translates into dramatically different age errors,
depending on whether the star is young or evolved. Although
this effect is well-known, to our knowledge, no attempt has ever
been made to take it properly into account in the statistical stud-
ies of the evolutionary state of CP stars. In the present paper
we developed a non-linear error propagation procedure to ob-
tain realistic errors of the absolute and relative ages. For each
star in our sample we determined mass and age for the point
corresponding to the adopted stellar log 7. and log L/Le and
then repeated this procedure for 8 positions along the error el-
lipse defined by the individual uncertainty of temperature and
luminosity. Resulting minimum and maximum ages yield real-
istic asymmetric range of evolutionary stages compatible with
a given pair of T.q and L and their respective 1o error limits.
Application of this non-linear error propagation procedure to
the magnetic CP star HD 56350 is illustrated in Fig. 3.

The summary of the age confidence limits is given in Fig. 4.
Here and elsewhere in the paper we quantify the relative stel-
lar age, 7, by the fraction of the stellar life spent on the main
sequence. The ZAMS line corresponds to 7 = 0, whereas
the star at the end of the core hydrogen burning phase has
7 = 1. As it follows from Fig. 4, the relative age of individual
young CP stars cannot be determined with an accuracy better
than ~20%. Only for the oldest stars in our sample the H-R di-
agram fitting yields ages precise at the 5-7% level.

The final set of the stellar fundamental parameters and
corresponding 1o (68%) confidence intervals is reported in
Table 2 (available in electronic form only). For each star we
list its identification in the HD and Hipparcos catalogues, dis-
tance, absolute magnitude, effective temperature, luminosity,
mass, absolute and relative ages. Using the data in Table 2, is
also straightforward to estimate the stellar radius

log(R/Ro) = 0.510g(L/Lo) — 210g(Teft/ Tetio) (6)

and the surface gravitational acceleration

log(g/g0) = log(M/ M) + 410g(Teti/ Tefio) — log(L/Lo).  (7)

5. Results
5.1. Distribution of stars in the H-R diagram

We have grouped all magnetic stars in our sample into three
different mass bins: stars with M < 2 M, stars with 2 M, <
M < 3 M, and stars with M > 3 M. Figure 5 shows the distri-
bution of the relative ages for the stars belonging to these three
groups. An alternative overview of the age distribution of the
magnetic stars of various masses is given in Fig. 6. We found
that 26% of stars with mass >3 M have spent less than 30%
of their life in the main sequence. This percentage is 18% for
stars with mass between 2 My and 3 M, and only 16% for
stars with M < 2 M, It appears thus that higher mass stars
(M > 3 M) are homogeneously distributed in fractional age.
In the group of stars of intermediate mass, younger stars seem
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Fig. 2. Position of magnetic chemically peculiar stars on the Hertzsprung-Russell diagram. The solid lines show theoretical evolutionary tracks,
the ZAMS and the envelope of lowest Ty achieved during the main sequence evolutionary stage (Schaller et al. 1992; Schaerer et al. 1993).
Dotted curves correspond to the lines of equal fractional age T measured in units of the main sequence stellar lifetime. These curves are plotted
with a step of 0.1 between the ZAMS (7 = 0) and the end of the core hydrogen burning phase (7 = 1).

less numerous than older stars. Among stars with M < 2 M
the shortage of young objects is even more pronounced.

The statistical validity of these results must be carefully in-
vestigated, since a priori one could argue that a small sample
of objects randomly selected from a homogeneous group may
well be characterized by special features that in fact are not
representative of the entire sample. In other words, one could
suspect that the apparent shortage of young magnetic stars with
M < 3 M is just the result of a statistical fluctuation. It should
also be noted that young stars are those for which age deter-
mination is less accurate. In order to clarify this situation, we
have performed numerical simulations to calculate what is the
probability that, repeating the same study, one obtains a num-
ber of stars with 7 < 0.3 equal or smaller than what we have
found. This estimates the false alarm probability, i.e. the chance
that the observed uneven distribution of stellar ages can be at-
tributed to a statistical fluctuation.

First of all, we have given an analytical representation to
the error bars of the fractional age, by using a linear fit to the
values given in Table 2. Namely, we have estimated the lower
and upper error bars as

At =033-0.297 and Ar, =0.27-0.267, ®)

respectively. Then we have considered a sample of N ob-
jects. To each of them, we have associated a random num-
ber p; from 0.0 to 1.0, representing the fractional age. Each p;

number has been transformed to a p; = p; + 6(p;) value,
where the “errors” 6(p;) were deduced from a Gaussian distri-
bution with standard deviation At_ (for §(p) < 0) or At (for
o(p) > 0), using again a random number generator. All p; < 0
have been then set to 0, and all p; > 1 have been changed
to 1. We have then counted the number J; of p! values included
within the interval [0.0,0.3]. We have repeated the same ex-
ercise M times, and finally counted the number L of times in
which J; was equal or smaller than a certain number Q. The
ratio P1(N, Q) = L/M gives the probability that, in a sample of
N stars homogeneously distributed in fractional age, we find no
more than Q stars in the interval [0.0, 0.3].

In our observational sample of N = 32 magnetic stars with
M <2 Mg, we have found only 5 stars with 7 < 0.3. Therefore
we have performed the statistical test described above using
N = 32 and Q = 5, and calculated P;(32,5) = 6.5%. We
have also found that in the sample of 93 magnetic stars with
2Ms < M <3 Mgy, 17have T < 0.3. For this case, the statistical
test gives P1(93,17) = 1.3%. Finally, we have found that 18
over 69 magnetic stars with M > 3 M have 7 < 0.3, and we
have calculated P(69, 18) = 36%.

It is also of interest to test a complementary hypothesis
that magnetic stars belong to a homogeneous population of
objects with a relative age of at least 7 = 0.3, and all young
stars in our sample appear entirely due to observational errors.
In order to investigate this possibility, we have repeated the
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Fig. 3. Illustration of the error analysis applied to derive asymmet-
ric confidence intervals for the stellar mass and age. The solid lines
show theoretical evolutionary tracks (Schaller et al. 1992; Schaerer
et al. 1993). The point and error bars indicate our estimate of the tem-
perature and luminosity of the magnetic CP star HD 56350. Thick
dashed and dash-dotted lines correspond to interpolated evolution-
ary tracks and isochrones, respectively. Interpolation procedure is re-
peated for 8 locations along the error ellipse in the log Teg—log L/Lg
plane, as shown by asterisks. Thin dashed and dash-dotted curves
show tracks and isochrones for minimum and maximum mass and
age. This analysis yields a stellar mass M/M; = 2.610f8:g§g and age
log 1 = 8.40*)} yr.

simulations choosing the fractional age randomly in the inter-
val [0.3, 1.0] and counting trials in which the number stars with
7 < 0.3 has reached the observed value. The resulting prob-
ability, P»(N, Q), turns out to be considerable for stars with
M <2 My (P, = 23%) but is negligible (P, < 1%) for more
massive stars.

Another conspicuous feature of the stellar age distribu-
tions presented in Figs. 5 and 6 is the relatively small num-
ber of M < 3 M, stars at the end of their main sequence
life. Stellar evolution is fast in this region of the H-R diagram.
Consequently, the relative age is determined with good preci-
sion (see Fig. 4). Applying the same statistical approach as out-
lined above (for stars in the [0.0, 1.0] age interval) we could,
however, verify that the lack of stars with 7 > 0.8 is not partic-
ularly significant by itself: the corresponding false alarm prob-
ability, P3(N, Q) is 7% and 40% for the two groups of low mass
stars (M <2 Mg and 2 My < M < 3 M, respectively), and
P53 = 81% for stars with M > 3 M,

We have further extended the statistical analysis to test
the possibility that the overall shape of the observed distri-
bution of stellar ages can be attributed to random errors and
effects of small number statistics. This was achieved by com-
puting the composite probability that, given the number of ob-
jects observed in each mass range, the fraction of stars in the
relative age interval [0.0,0.4] (the sum of the first two bins
in the histograms of Fig. 5) and, simultaneously, of those in
the [0.8, 1.0] interval (the last bin in Fig. 5) does not exceed
the observed values. We have found that the observed strong
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Fig. 4. Distribution of 1o confidence intervals of the fractional ages
(top) and respective mean error bar (bottom) as a function of the rela-
tive stellar age for the studied sample of magnetic stars.

concentration of stars in the middle of the H-R diagram is sel-
dom realised in a random sample of low mass stars drawn from
a homogeneous age distribution. Denoting the corresponding
probability with P4, we have obtained Py = 0.004% and
P4 = 0.6% for stars with M < 2 My and 2 My < M < 3 Mo,
respectively. At the same time, for stars with M > 3 My we
have determined P4 = 39%.

The conclusion of this series of tests is that it is very un-
likely that the picture we have found is due to random er-
rors in the determination of the stellar fundamental parameters.
Unless the methods employed to measure stellar temperature
and luminosity are affected by some large systematic errors,
and assuming that the evolutionary models are correct, the fol-
lowing scenario emerges from our study. Magnetic stars with
M < 3 M, are concentrated in the centre of the H-R diagram,
and, in this mass range, older stars are more numerous than
younger magnetic stars. In particular, the age distribution of
stars with M < 2 M might even be explained by a parent
population entirely older that 7 ~ 0.3, scattered by random er-
rors, whereas a similar interpretation is unlikely for stars with
2 My < M £ 3 M. In the latter mass range, young mag-
netic stars are found more rarely than expected from a distribu-
tion that is homogeneous in age, but they do exist. There are
also strong indications of a lack of lower mass stars in the
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final stages of the main sequence evolution. Finally, magnetic
CP stars with M > 3 M, are homogeneously distributed in age.

Detection of the Zeeman resolved split lines was reported
for 26 stars included in our sample. They all have masses be-
low 3 M, and constitute only 13% of the whole sample, which
should be compared with nearly 70% of such objects in the
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Fig.7. Distribution of the relative ages for magnetic CP stars in the
M < 3 M, mass group. The hatched histogram shows the age distri-
bution for stars with the resolved Zeeman split lines, whereas the other
histogram corresponds to stars without detectable Zeeman splitting.

sample analysed by Hubrig et al. (2000). In Fig. 7 we com-
pare the age distributions of magnetic stars with and without
magnetically split lines. It is clear that stars with the Zeeman
resolved lines are more evolved and may not be representative
of the parent population of magnetic CP stars.

5.2. Magnetic field

Homogeneous determination of the H-R diagram position for
the large sample of magnetic CP stars allows us to investigate
evolutionary changes of the surface magnetic field strength and
to probe its possible dependence on the fundamental stellar pa-
rameters. We have considered the average quadratic longitudi-
nal field (Borra et al. 1983) defined with the equation

X 12
D\ _ - 2
(B) = ( N ;<Bz>,»] ©)

as magnetic field strength estimator. When available, the
(B.) estimates were taken from the catalogue by Bychkov et al.
(2003), otherwise we have computed (B.) from the individual
longitudinal field measurements of the newly detected mag-
netic CP stars. For a few stars magnetic field was only ob-
served using Zeeman resolved lines in the intensity spectra. In
this case we have used approximate relation (E) ~ (Bs)/3 to
bring these field modulus magnetic measurements on the same
scale with the average longitudinal field estimates. In addition
to the observed magnetic field strength, we have computed the
quantity 3(B,)R?, which is proportional to the unsigned mag-
netic flux and hence provides a possibility to distinguish intrin-
sic evolutionary changes of the magnetic field intensity from
the secular variation of the surface field strength caused by
increase in the stellar radii.

The average longitudinal field and magnetic flux as a func-
tion of the relative stellar age 7 are presented in Figs. 8a and b,
where different panels correspond to the three mass bins de-
fined above. Dependence of the magnetic quantities on the
stellar rotation period and mass are shown in Figs. 9 and 10,
respectively. The non-parametric Spearman’s rank correlation
coefficient r (Press et al. 1992) and the associated signifi-
cance D were used to quantify dependencies of the magnetic
quantities on the stellar parameters.
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The plot of (B.) against elapsed fraction of the main se-
quence life reveals a significant anticorrelation (» -0.29,
D > 99.9%) for the whole stellar sample and for the individual
groups of stars, except for the low mass (M < 2 M) objects.
However, when the strong evolutionary increase of the stellar
radii is accounted for, significant positive correlation (r = 0.24,
D > 99.9%) between the magnetic flux and T becomes evident.
This trend is significant in the group of M < 3 M, stars and
marginal for stars with M > 3 M. On the basis of this anal-
ysis we can draw the conclusion that the magnetic flux in the
surface layers of low mass (M < 3 M) CP stars increases with
time. On average, the magnetic flux grows by almost a factor
of 4 between 7 = 0 and 7 = 1. This effect is far less prominent
(flux increase of about 40% at the D = 75% significance level)
in the magnetic stars with M > 3 M.

No trend of the average longitudinal field with the stel-
lar mass is present in our data (Fig. 10). At the same time,

unambiguous correlation (r = 0.35, D > 99.9%) emerges if
we consider the magnetic flux as a function of mass. We have
determined the average magnetic fluxes 15.2 + 0.5, 19.3 £ 0.2,
and 27.2 + 0.3 (in the 47TkGRé units) for the M < 2 Mg,
2My < M <3 My, and M > 3 My mass ranges, respec-
tively. Thus, our investigation leads to the conclusion that mas-
sive stars are intrinsically more magnetic compared to low mass
CP objects.

Information on the rotation periods of the magnetic stars
in our sample was obtained from the catalogue of Catalano &
Renson (1998) and was further supplemented with the period
measurements reported in several recent studies (Paunzen &
Maitzen 1998; Koen & Eyer 2002; Ryabchikova et al. 2005).
Estimates of rotation periods could be found for 80% of stars
from our sample. A relation between the average longitudi-
nal field and stellar rotation (see Fig. 9) reveals a marginal
(D = 86%) correlation, which is the strongest (D = 98%) in the
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Fig. 10. The average longitudinal magnetic field (left panel), magnetic flux (middle panel), and rotation period (right panel) as a function of

stellar mass.

group of stars with 2 My < M < 3 My. This trend is reinforced
if the magnetic flux is considered instead of the average longi-
tudinal field. In this case, we have found r = 0.19, D = 98%
for the whole sample and a definite correlation (D > 99.9%)
for stars in the intermediate mass range. These results indicate
that the surface field is more intense in slowly rotating mag-
netic CP stars.

5.3. Stellar rotation

We have investigated evolutionary changes of the stellar rota-
tion periods and studied a relation between rotation and fun-
damental stellar parameters. Rotation period as a function of
the relative age, surface gravity, and stellar mass is presented
in Figs. 8c,d, and 10, respectively. We have found a clear evi-
dence that older stars have longer rotation periods. This trend
is significant (r = 0.37, D > 99.9%) for the whole sample and
for the two groups of stars with M > 2 My (D > 99.8%). A
marginal correlation (D = 80%) is also found for the low mass
objects (M <2 M,,).

A prominent dependence of rotation period on mass is re-
vealed by our statistical analysis (see Fig. 10). Rotation peri-
ods of the most massive (M > 3 M) magnetic CP stars show
a fairly sharp cutoff at P,y ~ 10 days. In contrast, there are
many instances of much slower rotation among less massive
(M < 3 M) CP stars.

Possible changes of the total angular momentum and sec-
ular evolution of the stellar moment of inertia can both con-
tribute to the observed variation of rotation periods. In order
to isolate a signature of the angular momentum evolution, we
have followed North (1998) and studied rotation period as a
function of surface gravity. In Fig. 8d the observed relation
is compared with the changes of rotation period predicted for
rigidly rotating stars that conserve the total angular momentum
during their life at the main sequence. These theoretical curves,
adopted from North (1998), are virtually mass independent and
are plotted in Fig. 8d for initial periods of 0.5, 4, and 35 days.
From this comparison we have found that the observed period-
age dependence of stars with M > 3 M, is fully accounted for
by the changes of the moment of inertia. Thus, we see no indi-
cation of significant changes in the angular momentum of the
most massive magnetic CP stars. At the same time, the group
of stars in the 2 My < M < 3 My mass range shows an

abnormally steep slope in their log P;o— log g diagram, sug-
gesting that these stars may have experienced some loss of
the angular momentum during the main sequence evolution-
ary stage. If we subtract theoretically expected period trend
from our data, a marginal residual anticorrelation (r = —0.13,
D 71%) of rotation period with respect to log g is still
present. The large scatter of data points precludes us from
quantifying the angular momentum evolution history of the low
mass magnetic CP stars in more detail.

6. Discussion and conclusions

We have carried out a detailed statistical investigation of
the evolutionary state of the upper main sequence magnetic
CP stars. The sample of 194 objects has included all CP stars
whose magnetic status could be confirmed with a direct detec-
tion of the surface magnetic field and for which precise parallax
is available in the Hipparcos catalogue. The literature data on
the magnetic observations of CP stars were complemented with
the analysis of the archival spectropolarimetric data acquired
with the FORS1 instrument at ESO VLT. This allowed us to
detect magnetic field in 53 A and B-type CP stars, of which
only five were previously known to be magnetic. Using the
medium-band (Geneva or Stromgren) photometry of the pro-
gram stars, we have determined 7. and then have placed stars
on the H-R diagram. We were able to obtain stellar masses,
radii, and ages from the comparison of the observed luminosity
and temperature with the predictions of the theoretical evolu-
tionary tracks. Our investigation has included a comprehensive
non-linear error analysis, that has permitted us to quantify un-
certainty of the derived stellar properties for each period of the
main sequence life. Numerical simulations were applied to as-
sess the properties of the resulting age distributions of the mag-
netic CP stars of different masses. We have also employed cor-
relation analysis to study dependence of the surface magnetic
field, magnetic flux, and rotation period on the stellar mass and
to probe possible evolutionary changes of the stellar rotation
and magnetic field.

The key results of our study can be summarised as follows.

1. The most massive magnetic CP stars (M > 3 M) are dis-
tributed homogeneously in the main sequence band. On the
other hand, stars with M < 3 My show the tendency to
cluster in the middle of the main sequence. The relative
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shortage of young and very old stars is especially pro-
nounced in the group of low mass (M < 2 M) stars. This
uneven age distribution cannot be attributed to the effect of
random errors in determination of the stellar parameters.

2. We have found 22 young (7 < 0.3) magnetic stars among
the objects with M < 3 M, thereby rejecting the proposal
by Hubrig et al. (2000) that all observably magnetic low
mass CP stars have completed significant fraction of their
main sequence evolution. At the same time, our data for the
least massive (M < 2 M,) stars is not inconsistent with a
population of stars older than 7 = 0.3.

3. The average surface field observed in magnetic CP stars
decreases with time. However, for stars with M < 3 M,
this decrease is slower than the field weakening computed
under the assumption of the magnetic flux conservation.
Consequently, we suggest that the surface magnetic flux of
the low mass CP stars increases with time.

4. Comparison of the average magnetic fluxes of the CP stars
from different mass ranges shows that massive CP stars are
substantially more magnetic. At the same time, we found a
correlation between magnetic field and rotation period for
the intermediate mass stars.

5. Rotation period of magnetic stars increases with time, but
for stars with M > 3 M, the stellar structure changes in-
fluencing the stellar moment of inertia can fully account
for the observed period increase. On the other hand, our re-
sults do not rule out the possibility that angular momentum
losses occur during the main sequence evolution of stars
with2 Mg < M <3 M.

The conspicuous inhomogeneous age distribution of the low
mass magnetic CP stars which has emerged from our statis-
tical analysis requires careful verification and interpretation.
Our results raise the question whether the anomalous H-R di-
agram distribution is the property of stars with significant sur-
face magnetic field or it is intrinsic to the whole group of the
SrCrEu and less massive Si-type stars. No significant anoma-
lies in the evolutionary state of these subclasses of CP stars
were reported by Gomez et al. (1998). However, the adopted
upper threshold of the relative parallax uncertainty and the
methods used in the Gomez et al. study differ substantially from
the analysis procedure employed in the present investigation.
Methodologically more similar analysis by Pohnl et al. (2005)
included only 15 stars with M < 2 M, and most of these ob-
jects were found in the centre of the main sequence band, very
similar to our results.

An indirect hint that the SrCrEu and Si chemical peculiarity
is closely related to the presence of magnetic field at the stellar
surface comes from the survey of bright Ap stars carried out by
Auriere et al. (2004). Using sensitive spectropolarimetric field
diagnostic methods, these authors were able to detect magnetic
field in essentially every peculiar star they have observed and
have established a possible lower threshold of =250 G for the
strength of the dipolar field component. In the light of these
findings and taking results of our study into account, an inves-
tigation of the evolutionary status of all SrCrEu and Si stars
with M < 3 My would be of great importance and could
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benefit from the upcoming revision of the Hipparcos data re-
duction (van Leeuwen & Fantino 2005).

For many decades the problem of the evolution of global
magnetic field in A and B stars was approached in the frame-
work of the analysis of the Ohmic decay of the poloidal fos-
sil field, assumed to exist in stellar interior (Cowling 1945;
Moss 1984; Landstreet 1987). Analytical estimates predict ap-
preciable field decay only after ~10'°—10'! yr, which exceeds
the main sequence lifetime of even the least massive mag-
netic CP stars. Consequently, any observation of the possible
secular evolution of magnetic field was often considered as a
challenge for the fossil field theory. However, this classical as-
sessment may be fundamentally flawed due to neglect of the
toroidal field component, which must exist in the interior of
magnetic CP stars in order to ensure dynamical stability of
their global fields (Prendergast 1956; Tayler 1980). Recent nu-
merical MHD simulations of the fossil field dynamics in ra-
diative stellar interiors by Braithwaite & Spruit (2004, see also
Braithwaite & Nordlund 2006) have established that instabil-
ity of the poloidal field component can be suppressed by the
presence of the interior toroidal magnetic component of simi-
lar strength. The diffusive evolution of such twisted fields in the
simulations by Braithwaite & Nordlund (2006) is determined
essentially by the toroidal field. In their model the total mag-
netic energy decreases with time, but the surface field strength
is expected to increase, until the toroidal component emerges at
the surface and the field decays rapidly. The time scale of this
process is ~2 x 10° yr for a 2 My, star (Braithwaite & Nordlund
20006), but the precise value is rather uncertain due to a very
schematic treatment of the atmospheric magnetic reconnection
and because of the sensitivity to the assumed initial field struc-
ture. These difficulties notwithstanding, the recent numerical
work has emphasized limitations of the traditional analytical
studies of the global field evolution and suggested that an ob-
servation of the long-term systematic change of the surface
field is not necessarily incompatible with the fossil field hy-
pothesis. Our observation of the uneven distribution of the low
mass magnetic CP stars in the H-R diagram and of the possible
increase in their surface magnetic flux with time may be plau-
sibly interpreted as a signature of the Ohmic diffusion of the
twisted fossil field. The relative shortage of the old low mass
stars may indicate that in these objects we are observing the fi-
nal stage of the field emergence and rapid decay. If this scenario
is correct, the field starts to emerge in stars with M < 2 M, af-
ter ~4 x 10% yr of the main sequence evolution and completes
its decay after ~10° yr.

The difference in the age distribution and magnetic field
properties of the low and high mass CP stars may be related to
their pre-main sequence (PMS) evolutionary history and, espe-
cially, to the behaviour of the interior and envelope convective
zones. One can argue (e.g., Tout et al. 2004) that a large-scale
coherent field typical of magnetic CP stars can be frozen in, or
undergo a slow diffusive evolution as envisaged by Braithwaite
& Nordlund (2006), in the fully radiative parts of the stellar in-
teriors. In contrast, the turbulence in the convective zones leads
to rapid reconnection of the field lines and thus contributes to
the dissipation of the magnetic flux. Consequently, primordial
field can survive only in stars that do not pass through a long
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fully convective phase during their approach to the ZAMS and
in the subsequent main sequence evolution. Theoretical calcu-
lations of the PMS stellar evolution by Palla & Stahler (1993)
have shown that, although the low mass stars are fully convec-
tive during a large fraction of their PMS life, the duration of
this phase decreases rapidly with an increasing stellar mass. A
1.5 M, star is expected to spend roughly 10° years in the fully
convective phase, which is already a factor of ten shorter com-
pared to a solar-type star and is probably too short to destroy
the fossil magnetic field completely. For masses of 2.4 M
the PMS star is never fully convective, which facilitates sur-
vival of the primordial field. Thus, the observed difference in
the age distribution of the low and high mass magnetic CP stars
may reflect the history of the field dissipation in the convec-
tively unstable regions of stellar interior. The presence of more
extended and long-lived PMS convective zones in stars with
M < 2.4-2.0 My suggests that these objects are more likely to
possess weak or no field in the outer regions when they reach
the ZAMS. Subsequent increase in the field strength results
from the outward expansion of magnetic field into the newly
formed radiative regions. In contrast to this scenario of the field
behaviour in the low mass stars, the fossil field in more mas-
sive magnetic CP stars is probably not significantly altered by
the feeble PMS convective zones and appears close to the stel-
lar surface even in young stars.

In the context of the study of the origin and evolution of
the magnetic field in CP stars it is helpful also to investi-
gate the evolution of the stellar angular momentum. Magnetic
CP stars have generally longer rotation periods than normal A
and B stars. The bulk of their rotation rates forms a separate
Maxwellian distribution with an average value 3—4 times lower
than that found in normal A and B-type stars (Stepiei 2000),
but there are also groups of CP stars with rotation period of
years (Mathys et al. 1997) or decades (e.g., ¥ Equ, see Leroy
et al. 1994). Several works suggest that neither field CP stars
nor cluster CP stars undergo any significant magnetic brak-
ing during their life on the main sequence (North 1998; this
study). Therefore, angular momentum must be lost before the
star reaches the ZAMS. Stepient (2000) explains the slow ro-
tation as the result of an interaction of the stellar magnetic
field with the circumstellar environment during the PMS phase.
And if a magnetised wind still persists after the dissipation of
the circumstellar disk, a PMS CP star may further slow down,
reaching the ZAMS with an extremely long rotation period.
In this respect, the very existence of slow rotating stars with
strong magnetic fields suggests that magnetic field was already
present when the stars were in the pre-main sequence phase.
For stars with M > 2 M, this hypothesis is supported by the
discovery of a magnetic field in NGC 2244 334, a 4 M., star
that has spent only 2% of its life in the main sequence (Bagnulo
et al. 2004), and in HD 66318, a star with a mass of 2.1 M, and
7 = 0.16, that belongs to the open cluster NGC 2516. More
direct confirmation that magnetic fields are present during the
pre-main sequence phase comes from the discovery of mag-
netic field in Herbig Ae/Be stars (considered the progenitors of
main sequence early-type stars) by Wade et al. (2005).

The most puzzling evolutionary properties are observed for
the group of stars with M < 2 M, which contains very few

0. Kochukhov and S. Bagnulo: Evolutionary state of magnetic chemically peculiar stars

young stars and no stars approaching the terminal age main se-
quence. Observational evidence for lack of young lower mass
(M < 2 Mg) Ap stars comes also from open cluster studies.
Abt (1979) suggested that low-mass Ap stars are found only in
clusters that are at least 108 yr old, and a study of four nearby
young clusters by Pohnl et al. (2003) is also consistent with
this finding. Assuming that magnetic breaking during pre-main
sequence phase is the reason why these stars rotate slower than
normal late A-type stars, we face a scenario in which magnetic
field appears and disappears from the stellar surface several
times during the star’s life. Magnetic field was present at the
surface of the star during the pre-main sequence phase, then
disappeared when the star reached the ZAMS, to appear again
at a more evolved state, and disappear toward the end of the
star’s life in the main sequence. At the same time, one can ar-
gue that magnetic field responsible for the PMS angular mo-
mentum loss is not directly related to the fossil field seen at
the surfaces of main sequence low mass magnetic CP stars.
The former field may be generated by the dynamo processes
or represent the outer part of the fossil field tangled by the en-
velope convection. This complex field decays by the time the
star reaches the ZAMS and, after some evolution on the main
sequence, the interior fossil field which has retained its global
organisation appears at the surface.

Our study is the first investigation which included enough
very low mass magnetic CP stars to identify interesting char-
acteristics of this stellar group, yet it is clear that the number
of stars in the corresponding mass range is still rather small.
This circumstance does not permit us to draw definite conclu-
sions about the nature of the anomalies in the age distribution
observed for these stars. Thus, we call for a more detailed anal-
ysis of the rotation, magnetic, and evolutionary characteristics
of CP stars with M < 2 M. Such an investigation would rep-
resent the most interesting follow up of the present study.
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Table 1. (B;) measurements for the sample of CP stars observed with FORS1 (data retrieved from the ESO archive). Columns 1 and 2 list the
HD and HIP identification. Columns 3 and 4 give the V-magnitude and spectral type, respectively, most of which are extracted from the General
catalogue of Ap and Am stars by Renson et al. (1991). Column 5 gives the Julian Date of the middle of the exposures. Column 6 reports (B.)
with its error bar in Gauss. The last column indicates stars for which magnetic field was detected for the first time (new detection, ND) or
confirmed (confirmed detection, CD).

HD HIP V. Sp. type JD (B.) (G) Comment

1048 1193 6.2 AlSi 2452910.603 403 £ 105 ND
2453 199.906 -89 +46
2453215.882 3645

3326 2852 6.1 A6Sr 2452908.690 99 + 62

8783 6534 7.8 A2 SrCrEu 2452 852.858 -29+ 106

10840 8132 6.8 B9Si 2453184.831 —148 £ 81

19712 14736 7.3 AOCrEu 2452905.884 -930+109 ND
2452999.525 764 + 66

19918 14026 9.4 AS5SrCrEu 2452908.711 =777 £ 109 ND

22374 16859 6.7 AlCrSrSi 2452999.538 -10+64
2453216.880 63 +36

22488 16527 7.7 A3 SrCrEu 2453087.514 114 +51

23207 17345 7.5 A2SrEu 2453215.861 259+ 72 ND
2453218.835 394 £ 53

23408 17573 3.9 B7He-weakMn 2452963.656 24 + 65

24188 17543 6.3 AO0Si 2453087.532 426 +48 ND

30612 21949 5.5 B9Si 2453087.546 44 +44

34797 24827 6.5 B8 He-weak Si 2452999.566 1059 + 86 ND

42659 29365 6.7 A3 SrCrEu 2452999.619 418+78 ND

55522 34798 5.9 B2SiHe 2452 999.699 168 £ 81
2453 000.553 821 +68 ND

56350 34929 6.7 AO0SrCrEu 2452999.739 824 + 86 ND

56455 35029 5.7 AO0Si 2452999.751 85+98

58448 35676 7.1 B8Si 2452999.765 60 +99

60435 36537 89 A3SrEu 2453 000.572 -315+87 ND

63401 37982 6.3 B9Si 2453002.553 48+113
2453004.728 —486 + 106 ND

74168 42519 7.5 B9Si 2453002.611 -75+76

74196 42535 5.6 B7 He-weak 2452 906.888 121 £122

75989 43528 6.5 BI9Si 2452992.841 -279 + 161
2453004.783 -46+102

80316 45658 7.8 A3 SrEu 2452992.857 -269 + 134

83625 47272 6.9 A0SiSr 2453008.822 —1484 +83 ND

84041 94 AS5SrEu 2453 002.670 497 +91 ND

86181 48619 9.4 FOSr 2453002.692 360 +77 ND

86199 48643 6.7 B9Si 2453 003.845 —768 + 89 ND

88158 49642 6.5 B8Si 2453 008.838 233 +77 ND

88385 49791 8.1 AO0SiCrEu 2453010.681 -958 +£70 ND

89103 50248 7.8 B9Si 2453010.702 —-1949+84 ND

89385 50398 8.4 B9SiCrEu 2453010.718 -81+87

91239 51512 7.4 B9 SiCrEu 2453118.559 116 +£77

92106 51632 7.8 A0 SrCrEu 2453010.739 72 +£98
2453118.580 —-89+90

92385 52059 6.7 B9Si 2453 008.869 -588 +£90 ND
2453020.832 240 + 101

92499 52218 89 A2SrCrEu 2453010.755 -1163+324 ND
2453011.712 -1230+124
2453 118.595 -989 + 141

93030 52419 2.7 BOSiINP 2453012.731 -46+132

96451 54166 6.9 AO0Sr 2453074.840 1+51

98340 55181 7.1 B9Si 2453074.862 1033 £ 65 ND

99563 55890 8.5 FOSr 2453012.747 -392+ 124 CD
2453015.725 —669 + 159

105379 59167 8.0 AO0SrCr 2453011.750 25+83

105382 59173 4.5 B6He 2453011.695 —1000+ 101 ND
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Table 1. continued.

HD HIP VvV Sp. type D (B;) (G) Comment
2453015.746 -610+136

105770 59404 74 B9Si 2453011.733 449 + 110 ND
2453 120.645 262+71

105999 59487 74 F1SrCr 2453011.770 -30+128

107696 60379 54 B8Cr 2452 824.530 —46 + 108
2453074.875 -75+142

108945 61071 55 A3Sr 2453015.835 65+116

114365 64320 6.1 AO0Si 2452 824.543 8+ 100

115226 64883 8.5 A3Sr 2453 086.799 677 £57 ND

115440 65053 82 B9Si 2453077.714 3217 £ 61 ND

116890 65755 6.2 B9Si 2452 824.555 -292+77 ND

117025 65783 6.1 A2SrCrEu 2452 824.567 483 + 84 ND
2453 120.664 463 + 68

118913 66888 7.7 A0 SrCrEu 2452 824.581 —345 + 88 ND
2453120.681 -555+38

119308 66942 7.8 A0 SrCrEu 2453120.704 -326+61 ND

122970 68790 8.3 FOSrCrEu 2453 015.850 526 + 137 CD

125630 70346 6.8 A2SiCrSr 2452 824.607 660 + 67 ND
2453120.721 30+55

127453 71314 74 B8Si 2452824.621 -361 + 85 ND

127575 71359 7.7 B9Si 2453 079.888 911 +64 ND

128775 71727 6.6 B9 Si 2453 120.736 278 +52 ND

128974 71783 57 AO0Si 2452 824.644 —-43+55

129899 72670 6.4 AO0Si 2453 120.795 495 £ 42 ND

130158 72323 5.6 B9Si 2452 824.676 2+53
2453116.812 9+45

130557 72449 6.1 B9SiCr 2452 853.558 -10+£70
2453 144.767 19+43

131120 72800 5.0 B7 He-weak 2452 824.660 —-152+114
2453020.857 57+77
2453 030.864 152 £ 125

132322 73520 7.4 A7 SrCrEu 2453111.811 340 +£40 ND

133792 74181 6.3 AO0SrCr 2452 853.570 119+77 CD
2453120.812 124 £ 40

134305 74109 7.2 A6 SrCrEu 2453 144.801 170 +£49 ND

136933 75439 54 AO0Si 2452 823.720 23 +89

138758 76767 7.9 B9Si 2453 086.828 430+ 41 ND

138764 76243 52 B6Si 2452904.515 202 +£95

138769 76371 45 B3 He 2452904.503 91+£95
2452904.527 123 +91
2452908.522 —-166 + 120

145102 79235 6.6 B9Si 2452763.815 40+79

147869 80351 5.8 AlSr 2452763.827 53+74
2453144818 7+40

148112 80463 46 AOCrEu 2452 763.838 -59+64

148898 80975 44 A6 SrCrEu 2452763.849 241 + 84

149764 81477 6.9 AO0Si 2452763.874 —1169 + 86 ND
2453 120.831 49 + 48

149822 81337 6.4 B9 SiCr 2452763.861 —657 £ 66 ND

150549 82129 51 AO0Si 2452 763.886 —-167 £63
2453116.886 -52+60
2453 120.850 -49+34

151525 82216 52 B9EuCr 2452 733.895 76 +73
2452763.897 237+75 CD

154708 84017 8.8 A2SrCrEu 2453 120.876 6859 + 58 CD

157751 85372 7.6 B9 SiCr 2452793.771 4070 £ 65 ND
2453116.904 3982 +48

160468 86930 73 F2SrCr 2453116.862 -96+83
2453 134.819 -55+54

161277 86983 7.1 B9Si 2453 134.840 94 +44
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Table 1. continued.

HD HIP V. Sp. type JD (B,) (G) Comment

166469 89178 6.5 AOSiCrSr 2452793.791 —42+49
2453136.772 —26£45

168856 90030 7.0 BI9Si 2453144.840  -530+59 ND

171184 91001 8.0 AO0Si 2452 880.529 250+£52 ND
2453 144.868 —14+48

171279 91031 73 AO0SrCrEu 2453 144.893 -40+40

172032 91414 7.7 A9 SrCr 2453 151.605 -31£55

172690 93481 75 A0SiSrCr 2452793.814  -287+86 ND
2453 134.868 235+52

175744 92934 6.6 B9 Si 2452 880.555 104 +76
2452901.519 162 +91

176196 93863 7.5 B9 EuCr 2452793.829 240+ 83 ND
2453 134.889 190 +51

183806 96178 5.6 AOCrEuSr 2452793.845 -23+64 ND
2453120.924 148 + 37

186117 97533 7.3 AOSrCrEu 2453134.913 -19+49
2453 140.829 27+46

192674 100090 7.5 B9 CrEuSr 2453137.861 7+44

199180 103246 7.7 AOSiCr 2452822.844  -228+85

199728 103616 6.2 B9 Si 2452 822.857 —245+73 ND

201018 104337 8.6 A2CrEu 2453151.871 54643 ND

202627 105140 4.7 AlSi 2452793.874 -56 + 68

206653 107525 7.2 B9 Si 2452793.894 32+68

212385 110624 6.8 A3 SrCrEu 2452822913 163 +72 ND
2453 184.797 626 £52

221760 116389 4.7 A2 SrCrEu 2452793.915 -48+97

2453184.814 62 +65
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Table 2. Fundamental parameters of magnetic CP stars. The columns give numbers in the HD and Hipparcos catalogues, distance determined
from the Hipparcos parallax, absolute magnitude, T, luminosity and mass in solar units, absolute and fractional stellar age. For the last two

columns numbers in brackets give 1o~ ranges compatible with the errors of T.q and L/L.

HD HIP d (pc) My log Tex (K) log L/Ly M/M, log 7 (yr) T
1048 1193 108 +8 1.05+0.17 3.949+0.015 1.50+0.07 2.17+0.06 8.72(8.63-8.79) 0.61 (0.49-0.71)
2453 2243 15118 0.88+0.27 3.949+0.015 1.57+0.11 224+0.10 8.72(8.65-8.78) 0.68 (0.54-0.78)
3980 3277 65+2 1.62+0.09 3917+£0.011 1.24+0.04 191+0.03 8.83(8.75-8.89) 0.53 (0.45-0.61)
4778 3919 90+6 1.23+0.15 3.999+0.013 1.51+0.07 229+0.06 8.26(7.53-8.47) 0.24 (0.03-0.40)
5737 4577 206+35 -231+0.38 4.121+£0.013 3.19+0.15 5.01+0.21 7.97(7.92-8.01) 1.00 (1.00-1.00)
8441 6560 203 +33 0.17+0.35 3956+0.014 1.86+0.14 257+0.18 8.66(8.61-8.71) 0.85(0.76—0.93)
9996 7651 139+16 0.80+0.26 4.012+0.013 1.70+£0.11 2.50+0.10 8.41(8.16—8.51) 0.44 (0.23-0.60)
10221 7965 13611 -0.21+£0.18 4.030+0.016 2.15+0.08 3.05+0.11 8.42(8.37-8.46) 0.79 (0.69-0.86)
10783 8210 18625 0.08+0.30 4.006+0.013 1.98+0.12 2.79+0.15 8.51(8.47-8.55) 0.76 (0.65-0.85)
11187 8643 234 +44 0.14+0.41 4.029+0.016 2.00+0.17 2.87+0.20 8.43(8.33-8.49) 0.68 (0.48-0.82)
11503 8832 62+3 0.60+0.12 4.010+0.013 1.78+0.05 2.57+0.06 8.47(8.38-8.54) 0.55(0.44-0.65)
12288 9604 230+38 0.59+£0.36 3.996+0.013 1.75+£0.15 2.51+0.15 8.54 (8.42-8.60) 0.61 (0.42-0.75)
12447 9487 42 +1 1.03+0.10 3.999+0.013 1.58+0.05 236+0.05 8.41(8.21-8.53) 0.37(0.23-0.49)
12767 9677 1109 -0.56+0.19 4.111+0.013 247+0.08 3.75+0.13 8.13(8.07-8.18)  0.70 (0.59-0.79)
14437 10951 197 +£36 0.51+£040 4.034+0.016 1.87+0.16 2.72+0.17 8.36(8.03-8.46) 0.50 (0.21-0.69)
15089 11569 43 +1 1.46+0.08 3.925+0.010 1.31+0.03 197+0.03 8.80(8.74-8.86) 0.56 (0.48-0.62)
15144 11348 65+4 1.91+£0.14 3.926+0.010 1.13+0.06 1.84+0.04 8.63(8.30-8.77) 0.30(0.13-0.42)
17775 13507 156 £23 1.92+0.33 3.930+£0.015 1.13+£0.13 1.85+0.09 8.57(7.05-8.81) 0.26 (0.00—0.50)
18296 13775 118+12 -0.44+0.23 4.036+0.016 225+0.10 3.21+0.15 8.38(8.34-8.43) 0.83 (0.74-0.90)
18610 13534 202 +27 1.55+0.30 3.878+0.012 1.27+0.12 1.88+0.11 9.00(8.96-9.04) 0.76 (0.65—0.84)
19712 14376 166 £25 1.16 £0.33 4.056+0.015 1.66+0.14 2.61+0.11 6.74(6.65-8.04) 0.00 (0.00-0.22)
19805 14980 168 £24 1.41+0.32 3973+0.014 1.39+0.13 2.13+0.10 8.43(7.05-8.63) 0.29 (0.00-0.51)
19832 14893 113 +11 0.35+£0.22 4.095+0.014 2.07+0.09 3.17+0.12 7.95(7.33-8.16) 0.29 (0.06—0.49)
21699 16470 17922 -1.05+0.28 4.159+0.012 2.78+0.12 4.48+0.22 7.96(7.91-8.01) 0.74 (0.62-0.83)
22316 16974 170 +£20 0.04+0.26 4.073+0.015 2.14+0.11 3.16+0.13 8.24 (8.09-8.32)  0.58 (0.39-0.71)
22374 16859 134 +17 0.82+0.28 3938+0.015 1.58+0.11 224+0.12 8.76(8.71-8.81) 0.74 (0.62-0.83)
22470 16803 145+17 -0.38+0.26 4.115+£0.013 2.41+0.11 3.67+0.15 8.10(7.99-8.16) 0.62 (0.46-0.74)
22920 17167 226+38 —-1.32+0.37 4.142+0.013 2.85+0.15 4.54+0.32 8.01(7.96-8.05) 0.85(0.74-0.93)
23207 17345 177 +31 1.28+0.38 3.896+0.011 1.38+0.15 2.00+0.14 8.93(8.87-8.97) 0.76 (0.64—0.85)
23408 17573  110x£12 —-1.54+0.25 4.079+0.014 2.79+0.10 4.22+0.18 8.15(8.12-8.18) 0.97 (0.92—-1.00)
24155 18033 135+16 0.32+0.27 4.132+0.013 2.17+0.11 3.45+0.14 7.30(6.27-7.88) 0.08 (0.00-0.32)
24188 17543 142+ 10 0.40+0.17 4.101 £0.014 2.06+0.07 3.19+0.10 7.81 (6.67-8.07) 0.21 (0.01-0.40)
24712 18339 48 +2 2.54+0.09 3.857+0.012 0.87+0.04 1.55+0.03 9.07(8.94-9.17) 0.50 (0.37-0.61)
25267 18673 101 +7 -0.30+£0.15 4.080+0.014 2.30+0.07 3.38+0.10 8.24(8.18-8.29) 0.70 (0.59-0.78)
25354 18912 144 +£20 1.79+£0.31 3.993+£0.013 1.27+0.13 2.12+0.08 7.05(7.02-8.05) 0.00 (0.00-0.11)
25823 19171  151+19 -0.63+0.28 4.112+0.013 2.50+0.12 3.80+0.19 8.13(8.07-8.17) 0.72 (0.59-0.82)
27309 20186 96 +7 0.40+0.16 4.079+0.014 2.01+0.07 3.04+0.09 8.07(7.73-8.23) 0.34 (0.15-0.51)
28843 21192 131+14 0.06+£0.24 4.143+£0.013 2.30+0.10 3.67+0.14 7.65(6.26-7.93) 0.21 (0.00-0.43)
30466 22402 163 +25 0.68+0.34 4.044+0.016 1.82+0.14 2.71+0.14 8.21(7.40-8.40) 0.34 (0.04-0.57)
32633 23733 156 +22 0.72+0.32 4.108+0.014 1.95+0.13 3.10+£0.13 6.39(6.33-7.82)  0.00 (0.00-0.21)
34452 24799  137+13 -0.33+0.21 4.160+0.012 2.49+0.09 4.02+0.14 7.82(7.51-7.94) 0.40 (0.19-0.55)
34797 24827 238+47 —-047+043 4.102+0.014 241+0.17 3.62+0.26 8.16(8.05-8.21) 0.69 (0.49-0.82)
38823 27423 113 +12 2.00+0.24 3.839+0.013 1.09+0.10 1.70+0.08 9.16(9.11-9.21) 0.80 (0.71-0.88)
39317 27743  157+22 -0.50+0.31 4.018+0.013 2.24+0.13 3.16+0.19 8.42(8.37-8.47) 0.88 (0.80-0.93)
40312 28380 53+2 -1.01+£0.10 4.007+0.013 2.42+0.05 341+0.07 8.36(8.34-8.39) 1.00 (0.94—1.00)
42616 29565 173 +28 0.56+0.35 3.989+0.013 1.76+0.14 250+0.15 8.57(8.49-8.62) 0.65 (0.48-0.77)
42659 29365 135+14 1.03+£0.23 3.900+0.011 1.48+0.09 2.10+0.10 8.88(8.85-8.92) 0.81(0.74-0.87)
49333 32504 204+30 -0.51+£032 4.216+0.013 2.69+0.13 4.71+0.23 7.27(6.07-7.67) 0.16 (0.00-0.43)
49976 32838 1018 1.20+0.18 3.984+0.014 1.49+0.07 224+0.07 8.45(8.14-8.59) 0.35(0.16-0.51)
54118 34105 86+3 0.38+0.09 4.022+0.017 1.89+0.05 2.72+0.07 8.45(8.34-8.52) 0.61 (0.49-0.70)
55522 34798 220+29 -0.87+0.29 4.211+0.013 2.82+0.12 4.88+0.22 7.67(7.36-7.79) 0.46 (0.21-0.64)
55719 34802 1338 0.37+0.14 3.960+0.014 1.79+0.06 2.49+0.07 8.67(8.63-8.70) 0.80 (0.73-0.85)
56350 34929 161 +12 0.64+0.18 4.022+0.017 1.79+0.08 2.61+0.09 8.40(8.19-8.51) 0.48 (0.29-0.62)
60435 36537 233 +45 1.87+043 3910+0.011 1.14+0.17 1.82+0.12 8.82(8.36—-8.91) 0.46 (0.12-0.65)
62140 37934 81+4 1.89+0.13 3.884+0.011 1.13+0.05 1.77+0.04 8.99(8.93-9.04) 0.62 (0.53-0.69)
63401 37982 210+£24 —-0.40+0.26 4.129+0.013 2.45+0.11 3.79+0.16 8.03(7.90-8.11) 0.58 (0.41-0.71)
64486 39538 1015 0.32+0.12  3.999+0.013 1.87+0.05 2.65+0.06 8.54(8.49-8.59) 0.70 (0.62-0.77)
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Table 2. continued.

HD HIP d (pc) My log T (K) log L/Ly M/Mg log 1 (yr) T
64740 38500 220+25 -2.15+0.25 4.353+0.010 3.63+0.10 830+0.30 7.10(6.79-7.24) 0.40 (0.18-0.57)
65339 39261 98 +7 1.12+0.17 3919+0.010 1.45+0.07 2.08+0.06 8.84(8.81-8.87) 0.72(0.64-0.78)
71866 41782 146+ 18 0.83+£0.28 3.944+0.015 1.58+0.11 2.24+0.11 8.74(8.68-8.79) 0.71 (0.58-0.81)
72968 42146 82+5 1.11+£0.15 3.992+0.013 1.54+0.07 230+0.06 8.43(8.18-8.55) 0.36 (0.19-0.50)
73340 42177 143+9 -0.10+£0.14 4.145+0.012 237+0.06 3.77+0.11 7.79(7.45-7.95) 0.32(0.14-0.47)
74521 42917 125+13 0.07+0.23 4.033+£0.016 2.04+0.10 2.92+0.12 8.42(8.35-8.47) 0.69 (0.56-0.79)
75445 43257 113+8 1.79+0.16 3.885+0.011 1.17+0.06 1.80+0.05 8.99(8.93-9.03) 0.65 (0.56-0.72)
79158 45290 175+25 -094+031 4.097+0.014 259+0.13 391+023 8.16(8.12-8.20) 0.84 (0.74-0.92)
81009 45999 138+ 15 1.17+£0.24 3.900+0.011 1.42+0.10 2.04+0.09 8.90(8.86—8.94) 0.78 (0.69-0.84)
83368 47145 72+3 1.91+£0.12 3.877+0.012 1.12+£0.05 1.76+0.04 9.02 (8.96-9.07) 0.65 (0.56-0.72)
83625 47272 19123 0.35+£0.26 4.082+0.014 2.04+0.11 3.08+0.12 8.07 (7.63-8.24) 0.36 (0.12-0.56)
86199 48643 235+28 -027+0.27 4.112+0.013 236+0.11 3.58+0.15 8.10(7.95-8.16) 0.58 (0.40-0.71)
88158 49642 250+32 -0.72+0.28 4.113+0.013 2.54+0.12 3.87+0.20 8.12(8.08-8.16) 0.75 (0.63-0.84)
88385 49791 273 +47 0.66+£0.38 4.030+0.016 1.80+0.16 2.64+0.15 8.34(7.88-8.47) 0.43(0.13-0.64)
89103 50248 203 £27 1.19+£0.29 4.069+0.015 1.67+0.12 2.68+0.11 6.68 (6.59-7.64) 0.00 (0.00-0.08)
90044 50885 107 +8 0.74+£0.17 4.002+0.013 1.71+£0.07 2.48+0.07 8.49(8.36-8.56) 0.52 (0.38-0.63)
90569 51213 118 +11 0.64+0.21 4.003+0.013 1.75+£0.09 2.52+0.09 8.50(8.39-8.57) 0.56 (0.42—0.68)
92385 52059 147+12 0.81£0.18 4.043+£0.016 1.77+0.08 2.66+0.09 8.12(7.28-8.35) 0.26 (0.03-0.46)
92499 52218 224 +44 2.10+0.44 3.858+0.012 1.05+0.17 1.68+0.13 9.10(9.02-9.14) 0.68 (0.49-0.81)
92664 52221 142+10 -0.32+0.16 4.155+0.012 2.48+0.07 397+0.12 7.84(7.62-7.96) 0.41 (0.24-0.55)
94427 53290 110+11 2.02+0.22 3.861+0.012 1.08+0.09 1.71+0.07 9.09 (9.04-9.13) 0.69 (0.59-0.78)
94660 53379 151 x15 0.20+£0.22 4.032+0.016 1.98+0.09 2.85+0.11 8.42(8.33-8.48) 0.64 (0.50-0.75)
96707 54540 108 +7 0.87+0.14 3.893+£0.011 1.54+0.06 2.16+0.06 8.87(8.84-8.90) 0.86 (0.82—0.90)
98088 55106 129+12 0.79+0.21 3.899+0.011 1.57+0.09 2.20+0.09 8.85(8.81-8.89) 0.86(0.81-0.91)
98340 55181 226 +37 0.86+0.35 4.028+0.016 1.71+0.15 2.56+0.14 8.24 (6.82-8.45) 0.32 (0.00-0.56)
101065 56709 125+16 248+0.29 3.810+£0.013 091+0.12 1.53+0.09 9.32(9.25-9.40) 0.86 (0.76—-0.94)
103192 57936 11111 -0.57+0.21 4.044+0.016 2.32+0.09 333+0.14 8.34(8.30-8.39) 0.85(0.77-0.91)
105382 59173 115+9 -093+0.18 4.212+0.013 2.85+0.08 4.93+0.17 7.69(7.49-7.78) 0.49 (0.31-0.62)
105770 59404 194 £23 0.09+0.27 4.115+£0.013 2.22+0.11 3.43+0.14 7.94(7.49-8.11) 0.36 (0.12-0.55)
108662 60904 82+5 0.57+0.15 4.021+£0.017 1.81+0.07 2.63+0.08 8.42(8.26-8.52) 0.52(0.35-0.65)
108945 61071 95+7 0.54+£0.17 3.952+0.015 1.71+£0.07 2.39+0.08 8.70(8.66—-8.74) 0.78 (0.69-0.84)
109026 61199 9+5 -1.28+0.12 4.173+0.012 290+0.05 4.79+0.12 791 (7.87-7.95) 0.78 (0.71-0.83)
110066 61748 155+17 0.41+£0.25 3.947+0.015 1.75+£0.10 2.44+0.12 8.71(8.66-8.74) 0.82(0.73-0.89)
111133 62376 160 +23 0.20+0.33 3.997+0.013 1.92+0.13 2.69+0.16 8.55(8.50-8.58) 0.75 (0.62—-0.84)
112185 62956 24+0 -0.21+£0.04 3.953+0.015 2.01+0.02 2.76+0.03 8.61(8.59-8.63) 0.94 (0.90-0.97)
112381 63204 100+8 1.53+£0.19 3.999+0.013 1.39+0.08 2.20+0.07 7.02(6.98-8.26) 0.00 (0.00-0.22)
112413 63125 33+1 0.26 £0.08 4.060+0.015 2.03+0.05 2.98+0.07 8.27(8.14-8.36) 0.52(0.39-0.63)
115226 64883 141 +18 2.57+029 3.883+0.011 0.86+0.12 1.60+0.05 8.60(7.37-9.16) 0.18 (0.00-0.62)
115440 65053 229 +40 0.81+£0.39 4.086+0.014 1.86+0.16 291+0.15 6.51(6.45-8.04) 0.00 (0.00-0.30)
115708 64936 132+18 2.19+0.31 3.880+0.011 1.01+£0.12 1.68+0.08 8.97(8.76-9.04) 0.50 (0.28-0.65)
116114 65203 140+17 141+£028 3.870+0.012 1.32+0.11 1.92+0.10 9.01(8.96-9.05) 0.82 (0.74-0.89)
116458 65522 142+11 -0.15+£0.18 4.012+0.013 2.08+0.07 293+0.10 8.48(8.44-8.51) 0.81 (0.74-0.87)
116890 65755 21426 -094+0.27 4.112+0.013 2.63+0.11 4.01+0.20 8.12(8.08-8.15) 0.81 (0.72-0.89)
117025 65783 88 +4 1.25+£0.13 3.945+0.015 142+0.05 2.09+0.05 8.72(8.61-8.80) 0.55(0.43-0.65)
118022 66200 56+2 1.17+£0.10 3.957+0.014 146+0.04 2.16+0.05 8.66(8.56-8.74) 0.52(0.41-0.62)
118913 66888 206 +31 0.73+0.33 3.981+0.014 1.67+0.14 2.40+0.14 8.60(8.48-8.66) 0.61 (0.43-0.74)
119213 66700 88 +4 1.52+0.12 3.941+£0.015 1.30+£0.05 1.99+0.05 8.69(8.51-8.80) 0.43(0.29-0.55)
119308 66942 182 +31 1.35+0.37 4.009+0.013 148+0.15 230+0.11 7.73(6.93-8.40) 0.06 (0.00-0.36)
119419 67036  112+9 1.16 £0.18 4.048£0.016 1.64+0.08 2.55+0.09 6.78 (6.71-8.05) 0.00 (0.00-0.20)
120198 67231 86+4 0.98+0.12 4.023+£0.016 1.65+0.06 2.49+0.07 8.20(7.59-8.41) 0.26 (0.06—-0.43)
122532 68673 169+21 -0.15+£0.28 4.071+0.015 2.22+0.12 3.25+0.15 8.27(8.18-8.33) 0.67 (0.51-0.78)
122970 68790 129+16 2.74+0.28 3.840+0.013 0.79+0.11 1.48+0.07 9.20(8.99-9.29) 0.57 (0.33-0.71)
124224 69389 805 0.46+0.16 4.084+0.014 2.00+£0.07 3.04+0.09 7.97(7.45-8.18) 0.27 (0.07-0.45)
125248 69929 90+7 1.20+0.18 3.992+0.013 1.50+0.08 2.27+0.07 8.37(7.94-8.53) 0.30(0.10-0.47)
125630 70346 15916 0.55+0.23 3.966+0.014 1.72+0.10 2.42+0.10 8.66 (8.61-8.70) 0.73 (0.62—-0.81)
125823 70300 128+12 -1.18+0.21 4.248+0.012 3.02+0.09 5.57+0.20 7.51(7.25-7.63) 0.45 (0.24-0.59)
126515 70553 141 21 1.26+£0.32  4.007+0.013 1.51+£0.13 232+0.11 8.07(6.93-8.44) 0.16 (0.00-0.41)
127453 71314 257+49 -0.17+042 4.083+0.014 2.25+0.17 3.33+0.23 8.22(8.07-8.28) 0.64 (0.41-0.79)
127575 71359 183 +£28 0.91+£0.34 4.081+0.014 1.81+0.14 2.84+0.13 6.55(6.49-7.98) 0.00 (0.00-0.24)
128775 71727 161 £22 0.48+0.30 4.076+0.015 1.97+0.12 298+0.13 8.04 (7.12-8.25) 0.30 (0.03-0.53)
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Table 2. continued.

HD HIP d (pc) My log Tegx (K) log L/Lg M/M, log ¢ (yr) T
128898 71908 16+0 2.12+0.03 3.885+0.011 1.04+0.01 1.71+0.02 8.95(8.86-9.03) 0.51 (0.42-0.58)
129899 72670 275+43 -0.94+0.34 4.017+0.013 241+0.14 3.43+0.19 8.36(8.31-8.41) 0.95(0.89-1.00)
130559 72489 72+6 1.32+£0.20 3.957+0.014 1.40+0.08 2.10+0.07 8.62(8.42-8.72) 0.44 (0.26—-0.58)
132322 73520 17321 0.93+0.28 3.922+0.010 1.52+0.11 2.16+0.11 8.82(8.78-8.86) 0.76 (0.67-0.83)
133029 73454 146+ 11 0.48+0.18 4.027+0.016 1.86+0.08 2.70+0.09 8.41 (8.26-8.49) 0.54 (0.37-0.67)
133652 73937 95+8 0.81+0.20 4.113+0.013 1.93+0.09 3.10£0.10 6.39 (6.34-7.21)  0.00 (0.00-0.04)
133792 74181 170+19 -0.17+0.24 3.974+0.014 2.02+0.10 2.80+0.14 8.58(8.54-8.62) 0.89 (0.82-0.94)
133880 74066 126 +13 0.25+0.23 4.079+0.014 2.07+0.10 3.10+0.12 8.15(7.88-8.27) 0.44 (0.22-0.60)
134214 74145 917 2.58+0.18 3.858+0.012 0.85+0.07 1.55+0.04 9.05(8.84-9.16) 0.47 (0.28-0.61)
134305 74109 177 +27 0.93+0.33 3.908+0.011 1.52+0.13 2.15+0.14 8.85(8.80-8.90) 0.81 (0.72-0.88)
137509 76011 249+37 -0.28+0.33 4.147+0.012 244+0.14 3.88+0.18 7.89(7.51-8.02) 0.43 (0.17-0.62)
137909 75695 34+0 1.12+0.06 3.871+0.012 1.44+0.02 2.04+0.02 8.95(8.93-8.97) 0.88(0.84-0.91)
137949 75848 89+6 1.80+0.17 3.861+0.012 1.16+0.07 1.78+0.06 9.07 (9.03-9.11) 0.75 (0.68-0.82)
138758 76767 238 +44 0.92+041 4.023+0.016 1.68+0.17 251+0.15 8.26(6.86-8.47) 0.31 (0.00-0.57)
140160 76866 70+4 1.04+0.13 3968 +0.014 1.53+0.06 2.24+0.06 8.62(8.52-8.70) 0.53 (0.41-0.63)
140728 76957 97 +4 0.51+0.11 4.021+£0.012 1.84+£0.05 2.66+0.06 8.43(8.35-8.50) 0.55(0.44-0.64)
142301 77909 139+23 -0.24+0.37 4.193+0.011 2.53+0.15 430+£0.21 7.21(6.14-7.72) 0.11 (0.00-0.40)
142990 78246 149+18 —-0.74+0.27 4.217+0.013 2.78+0.11 4.87+0.20 7.54(6.98-7.73) 0.34 (0.08-0.54)
143473 78533 12315 1.06+£0.27 4.109+0.014 1.82+0.11 3.00+0.12 6.44 (6.38-6.52)  0.00 (0.00-0.00)
144334 78877 149+19 -0.29+0.28 4.168+0.012 2.50+0.12 4.08+0.17 7.72(7.10-7.90) 0.33 (0.07-0.52)
145501 79374  133+19 0.03+0.33 4.141+£0.013 231+0.13 3.67+0.17 7.72(6.26-7.98) 0.25 (0.00-0.50)
147010 80024 143 +19 0.54+0.30 4.117+0.013 2.04+0.12 3.23+0.14 6.47(6.30-7.86) 0.00 (0.00-0.27)
148112 80463 72+4 0.20+£0.15 3.970+0.014 1.87+0.06 2.60+0.08 8.63(8.59-8.66) 0.81 (0.75-0.87)
148199 80607 15021 0.49+0.31 4.046+0.016 190+0.13 2.79+0.13 8.29(7.95-8.40) 0.45 (0.20-0.64)
148330 80375 112+6 049+0.12 3.947+0.015 1.72+0.05 2.40+0.06 8.71(8.67-8.74) 0.80 (0.74-0.85)
149764 81477 12615 0.99+0.28 4.128+0.013 1.89+0.12 3.19+0.12 6.35(6.31-6.41)  0.00 (0.00—0.00)
149822 81337 133+ 14 0.70+£0.23 4.010+£0.013 1.74+0.10 2.53+0.09 8.46(8.29-8.53) 0.51 (0.33-0.64)
149911 81440 126+16 0.06+0.29 3.970+0.014 193+0.12 2.67+0.15 8.61(8.57-8.65) 0.85(0.76-0.92)
151525 82216 141x17 -0.64+0.27 3.971+0.014 2.21+0.11 3.04+0.13 8.51(8.46-8.55) 0.97 (0.92—-1.00)
151965 82554 180x28 -0.09+0.35 4.154+0.012 2.38+0.14 3.85+0.19 7.68(6.25-7.94) 0.26 (0.00-0.50)
152107 82321 53+1 1.21+£0.07 3.941+£0.015 143+0.03 2.10+0.04 8.74(8.65-8.82) 0.58 (0.48-0.67)
153882 83308 168+20 -0.07+0.27 3.988+0.013 2.00+0.11 2.79+0.14 8.55(8.51-8.59) 0.84 (0.76—-0.91)
154708 84017 140+22 290+0.35 3.829+0.013 0.73+0.14 1.43+0.08 9.29(9.06-9.38) 0.61 (0.33-0.76)
157751 85372 164 +£28 1.52+0.38 3.993+0.013 138+0.15 2.18+0.10 7.56 (7.00-8.45) 0.03 (0.00-0.35)
164258 88148 121 +13 0.63+0.24 3.952+0.015 1.67+0.10 235+0.11 8.71(8.66-8.75) 0.75 (0.64—-0.83)
165474 88627 13020 1.75+£0.35 3.885+0.011 1.19+0.14 1.82+0.11 8.99(8.92-9.03) 0.66 (0.51-0.77)
168733 90074 189+27 -1.14+0.31 4.108+0.014 2.70+0.13 4.13+0.25 8.12(8.08-8.16) 0.87 (0.78-0.94)
168856 90030 179+29 0.28+0.37 4.106+0.014 2.13+£0.15 3.28+0.17 7.89(6.34-8.14) 0.28 (0.00-0.54)
170000 89908 88 +3 -0.39+0.10 4.058+0.015 2.28+0.05 3.30+0.08 8.32(8.27-8.36) 0.78 (0.70-0.84)
170397 90651 87+6 1.14+0.16 4.033+0.016 1.61+0.07 2.48+0.08 7.70(6.79-8.24) 0.07 (0.00-0.29)
171184 91001 186 +35 0.44+041 4.081+0.014 2.00+0.17 3.03+0.18 8.02(6.48-8.25) 0.30 (0.00-0.56)
171586 91142 102+9 1.15+£0.21 3.967+0.014 1.48+0.09 2.19+0.08 8.60(8.43-8.69) 0.48 (0.30-0.61)
172690 93481 249+42 0.19+0.37 4.058+0.015 2.05+0.15 3.00+0.18 8.30(8.08-8.38) 0.56 (0.32-0.72)
173650 92036 214+34 —-042+0.35 4.015+0.013 220+0.14 3.10+0.20 8.44 (8.39-8.49) 0.86 (0.78-0.93)
175132 92599 374+72 -1.72+043 4.022+0.017 2.73+0.17 3.73+0.18 8.27(8.23-8.32)  1.00 (1.00—1.00)
175362 92989 130+15 -040+0.27 4217+0.013 2.64+0.11 4.64+£020 6.92(6.04-7.56) 0.06 (0.00-0.32)
176196 93863 255+44 0.47+0.38 4.000+0.013 1.81+0.15 2.58+0.17 8.53(8.43-8.59) 0.64 (0.46-0.77)
176232 93179 74 +3 1.42+0.11 3.899+0.011 1.32+0.04 195+0.04 8.93(8.88-8.96) 0.71 (0.64-0.77)
179527 94311 300+49 -1.64+0.36 4.046+0.016 2.75+0.15 394+0.18 8.22(8.18-8.26) 1.00 (0.96—1.00)
183056 95556 200+20 -1.28+0.22 4.086+0.014 2.70+0.10 4.08+0.18 8.16(8.12-8.19)  0.93 (0.87-0.97)
183339 95520 384+76 —-1.35+043 4.126+0.013 2.82+0.18 4.44+0.37 8.05(7.99-8.10) 0.88 (0.78-0.96)
183806 96178 133+15 -0.09+0.25 3.983+0.014 2.00+0.10 2.79+0.14 8.56 (8.52-8.60) 0.85 (0.78-0.92)
184905 96292  165+13 0.34+0.18 4.035+0.016 1.93+0.08 2.80+0.09 8.39(8.26-8.47) 0.57 (0.41-0.69)
187474 97749 103 +9 0.32+0.20 4.004+0.013 1.88+0.08 2.67+0.09 8.52(8.47-8.57) 0.69 (0.58-0.77)
188041 97871 84+6 0.86+0.17 3.926+0.010 1.55+0.07 2.20+0.07 8.80(8.77-8.83) 0.77 (0.70-0.82)
192678 99672  230+27 041+£0.26 3.987+0.013 1.81+0.10 2.56+0.12 8.59 (8.54-8.63) 0.71 (0.59-0.80)
196178 101475 147+14 -0.16+0.22 4.126+0.013 2.35+0.09 3.64+0.13 7.99 (7.76-8.09)  0.47 (0.27-0.61)
196502 101260 127 +8 -036+0.15 3.964+0.014 2.08+0.07 2.87+0.09 8.57(8.54-8.60) 0.94 (0.90-1.00)
199728 103616 13117 0.60+0.30 4.078+0.015 1.93+0.12 295+0.13 7.89(6.51-8.21) 0.21 (0.00-0.45)
200177 103658 139 +11 147+0.18 3.997+0.013 1.41+0.08 2.21+£0.07 7.70(6.99-8.34) 0.05 (0.00-0.27)
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Table 2. continued.

HD HIP d (pc) My log T (K) log L/Ly M/M, log 1 (yr) T
201018 104337 174 +32 232+040 3941+0.015 098+0.16 1.82+0.07 7.05(7.05-8.41) 0.00(0.00-0.17)
201601 104521 35+1 1.98+0.07 3.882+0.011 1.10£0.03 1.74+0.03 8.99(8.93-9.05) 0.59 (0.52-0.66)
203006 105382 57+2 1.13£0.11 3.989+0.013 1.52+0.05 2.28+0.05 8.44(8.23-8.56) 0.37 (0.22-0.49)
204411 105898 119+7 -0.10+£0.14 3.942+0.015 1.95+0.06 2.68+0.07 8.65(8.62—-8.68) 0.94 (0.89-0.98)
205087 106355 186 +23 0.20+0.28 4.038+0.016 2.00+0.12 2.88+0.14 8.39(8.28-8.46) 0.63 (0.45-0.75)
208217 108340 146=+19 1.50£0.29 3904+0.011 129+0.12 193+0.10 8.91(8.85-8.95) 0.66 (0.52-0.76)
212385 110624 112+11 1.58+0.23 3.923+0.010 1.26+0.09 193+0.07 8.80(8.69-8.86) 0.51 (0.37-0.63)
215038 111849 265+42 0.57+0.35 4.136+0.013 2.08+0.14 3.39+0.14 6.29(6.26-7.60) 0.00 (0.00-0.16)
216018 112705 10911 251+0.24 3.889+0.011 0.88+0.10 1.63+0.04 8.54(7.29-8.90) 0.16 (0.00-0.40)
217522 113711 95+8 2.62+0.20 3.816+0.013 0.85+0.08 1.49+0.06 9.33(9.27-9.40) 0.80 (0.69-0.87)
217833 113797 221+40 -0.52+040 4.171+0.012 2.59+0.16 4.23+0.24 7.82(7.41-7.94) 0.45 (0.16—-0.66)
220825 115738 49+1 1.45+0.09 3.958+0.014 135+0.04 2.07+0.04 8.57(8.36-8.70) 0.37 (0.23-0.48)
221006 115908 116+7 0.29+0.14 4.135+0.013 2.19+0.06 3.49+0.10 7.32(6.26-7.80) 0.08 (0.00-0.27)
221394 116119 147+14 045+0.22 3979+0.014 1.78+0.09 2.51+0.10 8.62(8.56-8.66) 0.72(0.61-0.80)
221568 116210 243 +39 0.24+0.36 3.962+0.014 1.84+0.14 2.56+0.17 8.65(8.60-8.70) 0.82(0.72-0.91)
223640 117629 98 +10 0.17+0.22 4.089+0.014 2.13+0.10 3.20+0.12 8.11 (7.84-8.23)  0.44 (0.23-0.60)
224801 63 207+30 -043+0.32 4.073+£0.015 233+0.13 3.41+0.20 8.27(8.21-8.31) 0.76 (0.62—-0.85)




