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Issue with the luminosity?

A5V 
vsini = 120 km/s 
underluminosity  
!
metal deficient [M/H]~-0.6 ±0.3 
!
Yale isochrone Y=03 Z=0.004 
ZAMS age ~ 108



What UV tells

Lanz et al., 1995 
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GHRS spectra: Teff ~ 8200 K  
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In the HR diagram
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 Geneva and Strömgren photometry 
Teff = 8200 ± 150 K 
age:  
        ZAMS  [0.3,0.5Gyr] 
        pre-MS 12 Myr

Lbol = 6.88 L☉ 
Mbol = 2.63  
Typical A5V on the ZAMS  
Lbol = 8.2 L☉ 
M = 1.72 M☉ 
log =4.37 
Lanz et al., 1995 



HIPPARCOS FIXES THE 
LUMINOSITY ISSUE

F. Crifo et al.: β Pictoris revisited by Hipparcos L31

Rom 13 and 18) with Teff = 8200 K, log g = 4.2 and solar
abundances. At such a temperature the Hγ line profile is sensi-
tive essentially to Teff , whereas a change by 0.5 in log g makes
no difference.
Therefore, in the following we will adopt for the β Pic effective
temperature:

Teff = 8200 K

In order to discuss the position of β Pic in the HR dia-
gram we need evolutionary tracks for pre- and post-main se-
quence evolution. We selected those of Palla & Stahler (1993)
for the pre-main sequence, and those of Schaller et al. (1992) for
the evolution from the zero age main sequence line (hereafter
ZAMS).
Fig. 1 shows a Mbol versus log Teff diagram in which we have
located the new position of β Pic as well as the one of LHH. It
is clear that the new point falls very close to the ZAMS. Accord-
ing to the uncertainties on both the values on the star parameters
and the evolutionary tracks, we can consider that β Pic is on
the ZAMS or extremely close to it.
From comparison with the evolutionary tracks the mass of β
Pic is around 1.7–1.8 M⊙, in good agreement with previous
estimates (see e.g. LHH).

We have estimated the gravity log g for 1.75 M⊙, after hav-
ing inferred the radius from the luminosity (log(L/L⊙) = 0.94)
and the effective temperature. This gives log g = 4.38, a value in
agreement with the one adopted by LHH and determined from
the photometry: log g = 4.25 ±0.1. The difference can originate
from any uncertainty in the calibration of the photometric sys-
tem as well as from the calculations of the evolutionary models.

As a conclusion β Pic is on the ZAMS and there is no
contradiction between the various parameters determined either
from observations or from the location of the star in the HR
diagram.

According to the computations of Palla and Stahler (1993)
the duration of the pre-main sequence phase is more than 0.8
107 years for stars with a mass of the order ot β Pictoris .
Because the star is so close to the ZAMS, it is not possible to
give an accurate upper limit on its age. Therefore, all we can
conclude is that the star is at least 0.8 107 years old. This value
relies mainly on the computation of Palla and Stahler (1993).

6. The β Pictoris circumstellar extinction.

From the very early observations, Smith & Terrile (1984)
claimed a 0.5 magnitude extinction. It was however mentioned
that the average A5V stellar absolute magnitude they had used
was erroneous (Diner & Appelby, 1986), showing that this high
0.5 magnitude extinction was certainly an over estimated value.
LHH have derived a high minimum extinction (0.3–0.5), based
on the apparent location of β Pic well under the ZAMS.
With the new Hipparcos distance, this constraint is removed.
This is in better agreement with later more model-dependent
studies, some fitting simultaneously the disk diffuse starlight
along with the observed IR excess (e.g., Diner & Appelby, 1986;
Artymowicz et al. 1989) as well as global modelisations of the
disk (Backman & Paresce, 1993; Artymowicz, 1994; Kalas &

Jewitt, 1995; Lecavelier des Etangs et al. 1996), which all lead
to a very low dust extinction (0.1 magnitude or less). Such a
value is totally consistent with our new position of β Pic on
the ZAMS. It thus appears that the Hipparcos distance provides
a much more reasonable agreement between observations and
predictions of the circumstellar dust disk extinction.
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Fig. 1. The location of β Pic on the HR diagram. Solid lines: post-main

sequence tracks of Schaller et al. (1992); dashed lines: pre-main se-

quence tracks of Palla and Stahler (1993).

7. Conclusion.

The new precise evaluation of the β Pic distance from the Hip-
parcos satellite is:

19.28 ± 0.19 pc
The revised absolute and bolometric magnitudes are :

Mv = 2.42 ± 0.03 and Mbol = 2.43.

A value of Mbol = 2.40 is also obtained from a direct
estimation of the luminosity of the star. The revised location
in the HR diagram is close to or on the ZAMS and the need
for a circumstellar extinction vanishes. It becomes possible to
reconcile the model disk predictions, the absence of reddening
and the stellar parameters.
The star age seems to be also well compatible with our present
understanding of the dust disk, because β Pictoris is found to
be older than 0.8 107 yrs. Such an age is compatible with the
possibly existing planetary system around β Pic .
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d = 19.28 ± 0.19 pc 
Lbol = 8.7 L☉ 
Mv = 2.42  ± 0.0.3 
Mbol =2.43 
Teff = 8200 (adopted) 
logg  = 4.38 (from L) 
on the ZAMS  or very close to  
at least 8 Myr 
extinction no longer needed       

L30 F. Crifo et al.: β Pictoris revisited by Hipparcos

Table 1. Previous and new β Pictoris parameters (π, parallax in mas

(10−3 arc-sec); d, distance in pc; Mv , absolute magnitude). Authors:

VA = Van Altena et al.; Lanz = Lanz et al. (1995) (Bright Star Catalogue

value); Hipp = Hipparcos 96.

Authors π σπ d Mv

mas mas pc

VA 95 60.1 10.6 16.6+3.6
−2.5 2.74+0.36

−0.42

Lanz 61 16.4 2.78

Hipp 51.87 0.51 19.28+0.19
−0.19 2.42+0.03

−0.02

2. Hipparcos Observations.

During the three years of the Hipparcos ESA mission, β Pic
was observed 102 times. After reduction, the final parallax is:

πHipp = 0.05187 ± 0.00051 arc-sec

This value is somewhat smaller than the ones derived before
(see table 1). The star is therefore more distant and luminous
than previously estimated.

3. Simple geometrical consequences.

This new evaluation of the β Pic distance has straightforward
consequences: with respect to the Bright Star Catalogue value
(dHR), all previous geometrical dimensions have to be multi-
plied by a factor dHipp/dHR =1.176. Some consequences of
this distance modification are underlined here although such
a correction does not induce any fundamental change in our
present understanding of the disk.
The disk is somewhat more extended and detected up to
1400 AU instead of 1200 AU as quoted by Smith and Terrile
(1984). The change of slope in the inner regions takes place
around 120 AU instead of 100 AU (Golimowski et al. 1993),
and the central hole is of about 35 AU instead of the 30 AU as
often quoted ((Smith & Terrile, 1984; Dinner & Appelby, 1986;
Artymowicz et al. 1989; Lagage & Pantin, 1994; Artymowicz,
1994; Lecavelier des Etangs et al. 1996).

4. The β Pictoris absolute luminosity.

From the knowledge of the distance and photometry, it is possi-
ble to deduce now the absolute bolometric magnitudeMbol of β
Pic . As well as all dimensions have to be multiplied by a factor
1.176, the flux emitted by the star should be multiplied by 1.38
for comparison with earlier data. Thus, the previous absolute
magnitudes have to be decreased by 0.35.
Following LHH, we use the observed visual magnitude,
V = 3.85, also derived from the Hipparcos photometry. We
thus obtain the revised absolute magnitude:

Mv = 2.42 ± 0.03

The absolute magnitude is then obtained by adding the so-
called ”bolometric correction” BC. LHH used BC=-0.15, a typ-
ical value for an A5V star (spectral type of β Pic as given by
Houk(1978)), as may be found in Schmidt-Kaler (1982). This
BC gives:

Mbol = 2.42 − 0.15 = 2.27

The accuracy of this BC in terms of spectral type is rather
rough. A new approach has been developed very recently by
Bessell et al (1997). They computed a grid of stellar fluxes
covering an extended range of Teff , log g and metallicity using
recent model atmospheres; and from the grid they computed
the bolometric correction. For the Sun they used BC⊙ = -0.07,
which is consistent with Mbol⊙ = 4.75. For Teff = 8200 K and
log g = 4.25 (LHH values) they obtain: BC = +0.01, leading to:

Mbol = 2.42 + 0.01 = 2.43

We will adopt this value for the absolute bolometric magni-
tude of β Pictoris .

Alternatively, we can follow the Gerbaldi et al. (1993) ap-
proach and scale their evaluation of the β Pic absolute lumi-
nosity by the factor 1.38. (they also used the HR distance of
16.4 pc). Their initial value (log(L/L⊙) = 0.800) becomes now:
log(L/L⊙) = 0.94, or L/L⊙ = 8.7. For the computation of Mbol,
we need the value of Mbol⊙. We have chosen the very recent
value given by Cayrel (1996) Mbol⊙= 4.75. This gives Mbol =
2.40.
Note that this determination of Mbol is totally independent of
the previous one, and leads to a similar result. It should however
be noted that this bolometric magnitude is for an A8V type star,
according to the calibration of Schmidt-Kaler (1982). We shall
not discuss this discrepancy further on, due to the fact already
underlined that the calibration in term of spectral type needs for
sure to be revised using the Hipparcos distances.

5. The β Pictoris temperature and age.

In order to evaluate the age of β Pictoris it is necessary to
locate the star in a Mbol or log(L/L⊙) versus log Teff diagram
in which stellar evolutionary tracks are presented. The question
is then the evaluation of the effective temperature Teff . This
has been done by Gerbaldi et al. (1993) and by LHH through
different techniques.
On one hand, Gerbaldi et al. (1993) deduced the effective tem-
perature following the iterative ”infrared flux method” first de-
veloped by Blackwell and Shallis (1977), combining visual
and near-IR observations (13-colour photometry of Johnson
& Mitchel (1975)), UV fluxes obtained by the TD1 satellite,
and classical LTE line-blanketed atmospheric models (Kurucz,
1990). They obtained initially Teff = 7610 K. However, they
used models having a metal abundance [Z/H] = -1.0 which pro-
duces a lower value for Teff than a solar abundance. LHH
showed the metallicity to be most likely very close to the so-
lar one. For this metallicity, the above method leads to about
8200K.
On the other hand, LHH followed a more classical approach
based on the use of two independent photometric systems, the
Geneva one (Kobi & North, 1990) and the Strömgren one (Moon
& Dworetsky , 1985). They found Teff = 8200 ± 150 K, and
log g = 4.25 ± 0.1.
According to R. Faraggiana (private communication), the pro-
file of the hydrogen Hγ line obtained with a resolving power
of 26000 is well fitted, except at the very center of the line, by
a profile computed from the latest Kurucz models (1993, CD-
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Stellar activity 

Deleuil et al., 2001 
Bouret et al., 2002
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Fig. 1.—FUSE spectrum of b Pic, rebinned by a factor of 50 for this plot. The airglow lines of H i and of second-order He i-a are marked with a circled plus
sign. Another broad emission feature is observed at 1101 Å for which we have as yet no reliable identification. Note that the negative flux in the continuum
shortward of 1000 Å is due to a slight overcorrection of the background by the pipeline.

TABLE 1
Emission-Line Fit Parameters

Ion
l
(Å)

Va
(km s!1)

FWHM
(km s!1)

Flux
(ergs s!1 cm!2)

O vi . . . . . . . 1031.926 46 530 5.5 # 10!14

O vi . . . . . . . 1037.617 46 530 2.6 # 10!14

C iiib . . . . . . 977.020 … … 1.9 # 10!13

C iii* . . . . . . 1175.711 !200 265 2.2 # 10!14

C ii . . . . . . . . 1036.337 !93 158 4.9 # 10!15

a Velocity of the central emission feature relative to the star’s
velocity.

b Cannot be modeled by a simple Gaussian profile.

Fig. 2.—Emission lines of (a) C iii resonance line in the SiC 2a spectrum
and (b) C iii excited line in the LiF 2a spectrum with the best Gaussian fit
overplotted with a thick line. The upper x-axis shows velocities in the rest
frame of the star. The flux measurement errors are plotted with a dashed line.

the very low background of the FUSE detectors, the stellar flux
is below the detection limit shortward of 1100 Å, in good agree-
ment with what can be expected from an A5 V star. Strong and
broad C iii emission is apparent; so are the less prominent fea-
tures of the O vi doublet (ll1032, 1037) and even the C iii
excited line at 1176 Å.
The C iii resonance line at 977 Å in the SiC 2a segment is

shown in Figure 2a. A close examination of the individual ex-
posures shows that the C iii emission line is present in all the
exposures and in both SiC segments. The profile of this broad
emission feature, with a total width of about 1000 km s!1, does
not exhibit a Gaussian shape and remains the same in the two
spectra recorded 2 days apart. One cannot exclude, at first, that
the profile is in fact a broad single-peaked emission, on which
absorption components, hypothetically from the disk, are super-
posed. More likely, it could be made of either two components

or even three. In the first case, it consists of a double-peaked
emission, on the blue side of which an additional component is
superposed; the deep central depression is broad (0.2 Å) and
redshifted by 55 km s!1 with respect to the stellar velocity.
Measuring the separation between the two most intense peaks,
we found km s!1. In the second case, the line profileDv p 205
is made of three distinct components, formed at different pro-
jected radial velocities.
The C iii line from the UV4 multiplet (l1175.711) is well

detected, with a large blueshift of about 200 km s!1 relative
to the stellar velocity (Fig. 2b). Unlike the complex profile of
the C iii resonance line, the shape of this multiplet is Gaussian-
like (Table 1).
Figure 3 shows the O vi doublet region for the co-added

LiF 1a segment. The lines seem to have symmetrical profiles,
considering the low S/N, and can be reproduced by Gaussian
profiles. A Gaussian fit was made for both lines, with the l1037
line scaled by the doublet ratio to the l1032 line. The fit shows
these emission lines to be slightly redshifted by about 46 km s!1
relative to the star. The blue wing of the l1037 line of the
doublet is blended with a weak emission line identified as the
C ii resonance line at 1036.3 Å.

A chromosphere and transition region 
unexpected  for A-type star

1056 J.-C. Bouret et al.: A chromospheric scenario for the activity of β Pictoris

Fig. 5. Profiles obtained with the model from Table 3 for C IV doublet
(dashed line) compared to the observed profiles (full line). Deep com-
ponents centered on the rest wavelengths are produced by the chromo-
spheric model.

Fig. 6. The synthetic O VI doublet (dashed line), as obtained from
model listed in Table 3, compared to the observed profiles (full line)
in the Lif 1a spectrum. The dotted line is for the C II resonance line
as produced by the disk-wind model discussed in Sect. 5. This fit sug-
gests that the absorption feature at 1037.1 Å is caused by CS C II (fine
structure line) absorption.

low level of confidence for the real presence of this absorption
at −200 km s−1 on C III, we did not investigate in more detail
any other possible origin. On the other hand, we have consid-
ered several possibilities for the nature and origin of the central
absorption feature, unchanged in Sic 2a and Sic 1b spectra.

Unresolved CO bands could be ruled out for two reasons:
first, we found that a CO column density 100 times higher
than that determined by Roberge et al. (2000) from HST/STIS
data is needed to get an absorption component with the right
strength for the Q branch from the 977.418 Å band. Second,
this band would have to be blueshifted by about 100 km s−1 to
fall at the wavelength of the observed central absorption, which

we considered unlikely given the conclusions of Roberge et al.
(2000).

As shown by Beust & Tagger (1993), highly ionized species
such as Al III or C IV can form in the comae of FEBs; therefore,
some C III must be produced as well. Although very appealing,
this interpretation may be in contradiction with the fact that the
observed absorption does not vary significantly on a short time
scale. The observed trough could as well result from the pres-
ence of circumstellar (within the CS disk) and interstellar C III
on the line of sight. Assuming that the central depression is in-
deed caused by the presence of C III on the line of sight, what-
ever its real origin, we can derive how much gas is involved.
Using simple (no dynamics or kinematics) assumptions, we
were able to reproduce fairly well the observed profile for a
density column Log nC III = 13.11 and v = 30 km s−1 for the
radial velocity of the absorbing gas (Fig. 4). Remaining differ-
encies, affecting the blue wing of the profile, will be discussed
in Sect. 5.

5. Origin of the blueshifted emission lines

5.1. Observations and interpretation

As already stated in Sect. 2.1, both the C II resonance line and
C III excited line appear in emission and are blueshifted by 130
and 200 km s−1 respectively. Therefore, they cannot be formed
in the chromospheric stucture we have assumed so far; the gas
velocity in the chromosphere and in the TR is far from being
high enough to induce such a high blueshift.

Although Beust & Morbidelli (2000) have shown that mod-
els involving FEBs can produce blueshifted features, a FEBs
origin could easily be ruled out for these lines. First, the line
profiles are symmetric (Gaussian) while the FEBs model pre-
dicts that lines with high velocity shifts are strongly asymmet-
ric. Second, the lines do not vary on a short time scale (hours),
nor do they on a long time scale (a few days).

Whatever the mechanism producing the observed blueshift,
the FUSE observations tell us that velocities as high as
200 km s−1 are reached in the line formation region and that
the flow is stable over time. A simple interpretation of the ob-
served velocity shift is to assume that the lines form in a flow,
blown from the β Pictoris gazeous disk. This disk wind has
to be warm enough to produce C III*. On the other hand, the
maximum temperature in the wind must be low enough that
neither C IV nor O VI components are formed. If the disk wind
hypothesis is correct, the FUSE observations show that the ver-
tical size of the line formation region (measured perpendicu-
larly to the disk plane) must be such that it is smaller than the
stellar disk. Indeed, the observed profiles are fully blueshifted,
with no extension at redshifted wavelengths, which shows that
if formed in an expanding wind, the receeding part of the latter
does not contribute to the line profile. This has two straight-
forward consequences: first, the temperature for the production
of C III must be reached not far from the disk plane. Second,
the density of the wind must decrease drastically outside the
line formation region, such that no blueshifted absorption lines
from other species, like Fe I, Na I or Balmer lines, are observed,
contrary to the well documented case of FU Ori disk winds



and a corona..
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Table 1
Log of Observations

Facility ID Exposure Date

Chandra/ACIS-I 2537 10 ks 2002 Oct 9
XMM-Newton 0044740601 72 ks 2004 Jan 4
Chandra/HRC-I 13626 19 ks 2011 Oct 8

accretion of mass from the debris disk. A further peculiarity
is that β Pic shows δ Scuti-type pulsations (Koen et al. 2003).

2. OBSERVATIONS AND DATA REDUCTION

We performed X-ray observations with Chandra/HRC-I to
confirm the XMM-Newton detection of β Pic and constrain the
X-ray emission mechanism. The HRC is a microchannel plate
detector with excellent timing and spatial resolution, but only
very limited energy resolution. The spatial size of the digitized
pixels is 0.′′13175. This is well matched to the intrinsic point-
spread function (PSF), which can be described by a Gaussian
with FWHM of 0.′′4 (Murray et al. 2000). It also has excellent
sensitivity to soft X-rays. Additional Chandra/ACIS data were
retrieved from the archive. In contrast to the HRC, the ACIS
CCDs have an intrinsic energy resolution. Chandra data for the
HRC-I and ACIS-I observations were reprocessed with CIAO
4.4 (Fruscione et al. 2006) to extract event lists. The background
light curves for both observations are flat confirming that no
flaring of the ambient spacecraft proton impact rate was present.

Table 1 contains details of all Chandra and XMM-Newton
observations of β Pic. Existing ROSAT data are dominated by
UV contamination but could have detected β Pic if it were a few
times brighter than in the XMM-Newton observation (Hempel
et al. 2005). We reprocessed the archival XMM-Newton data
with the current version 11.0.0 of the standard Science Analysis
System (SAS) software (Gabriel et al. 2004) with all standard
selection criteria and refer the reader to Hempel et al. (2005) for
further details of the XMM-Newton observation.

3. SOURCE PROPERTIES

The XMM-Newton/PN spectrum shows strong UV contami-
nation due to the insufficient UV blocking used, but β Pic can be
detected in a very narrow energy filter around the O vii triplet in
the MOS. Our analysis confirms the published results by Hempel
et al. (2005), who detect the source with a total count number
of 17 (of which 6.1 are expected to be background photons) in
both MOS detectors, a detection with a formal significance of
99.99%. The flux of the O vii triplet is 3 × 1025 erg s−1.

In the ACIS-I observation there are four counts within a
source extraction region of 1′′ radius centered on the optical po-
sition of β Pic (05:47:17.08858–51:03:59.2035). The individual
photon energies are 280 eV, 300 eV, 720 eV, and 11 keV, the last
one is certainly a background event. From a large background
region we estimate the background within the source region to
be 1.5 counts, predominantly at high energies. The UV contam-
ination of the ACIS data is negligible (Bautz & Nousek 1999,
with a 2001 update to account for an optical light leak for very
red stars).

If we scale the O vii flux in the 465–665 eV range from
Hempel et al. (2005) to the shorter exposure time in the Chandra
observation and the lower effective area of the ACIS detector,
we estimate that one photon from the O vii triplet should be
recorded in 10 ks. β Pic indeed remains undetected in an energy

Figure 1. HRC-I counts, binned by a factor two. The shade indicates the number
of counts per bin from light gray (1 count) to black (4 counts). The circle marks
the extraction region centered on the optical position of β Pic.

filter centered on O vii with 0 counts observed and an estimated
background of 0.25 counts.

Source detection on the HRC-I data is performed using the
celldetect algorithm as implemented in CIAO. Our target β
Pic is detected with 17 counts in a circle of 1.′′0 radius (90%
encircled energy), while the background is estimated from a
larger annulus around the source position (Figure 1) to be
0.90±0.02 counts. In addition to the uniform background, there
is also a contribution caused by optical and UV light from β Pic
which leaks through the UV/Ion shield of the HRC-I. Scaling
down the observed count rate of Vega4 of 0.0005 counts s−1 to
the B and V magnitude of β Pic yields an estimated contribution
of 0.5 counts over our exposure time. We also estimate the UV
leak following Kenter et al. (2000) and Zombeck et al. (2000),
who developed a model for the out-of-band UV–optical effective
area and folded them with UV and optical stellar spectra. This
calculation gives 1 count over our exposure time, but we note
that, again in comparison to Vega, this model is known to
overestimate the light leak by a factor of 2–4.

The net source count rate is thus (8 ± 2) × 10−4 s−1, which
leads to (9 ± 2)×10−4 counts s−1 considering that our extraction
region contains 90% of the PSF. The detected source position is
R.A. = 86.82109 ± 0.00003, decl. = −51.06622 ± 0.00002.
The distance to the SIMBAD position of β Pic at the time of
observation (including proper motion) is 0.′′08, which is well
within the absolute Chandra pointing accuracy.

While the error on the flux is large, the detection itself is
significant because counts are distributed according to Poisson
statistics which deviates from the Gaussian approximation for
low count numbers. The formal probability to observe 17 or
more counts by chance, if only 1.5 counts are expected from the
background and UV leak, is negligibly small.

Thus, we conclude that β Pic is clearly detected in the HRC-I
data. According to a Kolmogorov–Smirnov test, the photon
arrival times are compatible (on the 86% level) with a constant
luminosity during the observation.

The low intrinsic energy resolution of the HRC-I and the low
number of counts do not allow the calculation of any meaningful

4 http://cxc.harvard.edu/contrib/juda/memos/uvis_monitor/index.html
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very cool and dim corona as have 
cool stars 	


log LX /Lbol = −8.2 (0.2–2.0 keV)

M. Hempel et al.: X-ray emission from β Pictoris with XMM-Newton 729

Fig. 1. The PN spectrum of β Pic applying a binsize of 15 eV (black,
upper curve) and the background level (red/grey, lower curve). Note
the significant difference of both histograms in the range between
200 eV and 500 eV.

2.2. XMM-Newton EPIC MOS results

Due to the fact that, on the one hand, the FUV observations
of βPic with FUSE (Deleuil et al. 2001) clearly detected OVI
emission, but on the other hand, the EPIC PN data show no
clear X-ray signal, we specifically searched for emission from
OVII in the EPIC MOS data. Hot plasma in the tempera-
ture range 5.6< log T [K]< 6.1 produces strong OVII emission
lines in the He-like triplet at wavelengths of 21.6 Å, 21.8 Å
and 22.1 Å, respectively, corresponding to energies of 574 eV,
569 eV, and 561 eV with very little continuum emission. Since
the individual triplet lines cannot be resolved in the EPIC MOS
detectors with their medium spectral resolution, we searched
for photons from this triplet in a narrow energy band centered
around 565 eV± 100 eV, selected a priori to contain basically
all triplet photons. A circular source extraction region with a
20′′ radius around the nominal position of βPic was chosen.
In order to determine a reliable background value we extracted
photons from various source free regions on the central CCD of
the MOS detectors; the total area chosen for background deter-
mination is 111 times larger than the source region. The same
exercise was also carried out for other energy bands below and
above the energy interval centered on the OVII triplet energies
in order to search for possible additional source signals and
to check our background estimation procedures. The results of
these extraction procedures are summarized in Table 2, where
we list for a total of 6 energy bands (the band 0.465–0.665 keV
is centered on the OVII triplet) the extracted source cell counts
for MOS1, MOS2 and their sum, the (scaled) extracted back-
ground values and their sum, the ratio between source cell and
background counts, and the Poisson probabilities for obtain-
ing the extracted source counts (or higher), assuming only a
Poisson signal from the expected background, again for MOS1
and MOS2 separately and their combined probability.

Inspection of Table 2 shows that in five of the six consid-
ered energy bands the ratio between source and background
counts is very close to unity and that the probabilities of ob-
taining the observed number of counts are always 0.1 or higher.

However, in the a priori chosen energy band 0.465–0.665 keV
an excess is observed both for MOS1 (7 counts observed,
2.5 expected) and MOS2 (10 counts observed, 3.6 expected)
and of course for both detectors combined (17 counts observed,
6.1 expected). While the probabilities for obtaining the individ-
ual MOS1 and MOS2 counts by chance are already low (0.014
and 0.004, respectively), the combined probability for the as-
sumption of observing background fluctuations both in MOS1
and MOS2, is only 5.7 × 10−5. This small number combined
with the fact that in the other energy bands no significant de-
tections are obtained makes us confident that our background
estimates are reliable and that the observed excess in the 0.465–
0.665 keV band is real (with a formal statistical confidence of
0.999943) despite the low overall number of recorded counts.

Interpreting the observed 10.9 excess photons as a true
source signal, we can convert this number into an energy flux.
With an effective area in the considered energy band (465–
665 eV) of 86 cm2 for each of the two detectors, an encircled
energy fraction of ∼75% for the used source cell regions and
the CCD live time of 72 ks, we can calculate the recorded en-
ergy flux in the OVII-triplet. While other X-ray lines (e.g. H-
like NVII at 500 eV) and continuum emission may contribute
to the observed flux, OVII is clearly the major contributor in
this energy band, unless extremely unusual abundance patterns
are assumed. In this fashion we arrive at an observed energy
flux of 6.0 × 10−16 erg/cm2/s in the OVII triplet; if one were to
choose not to interpret these counts as a true source signal or
to assume other relevant contributors in this energy band, this
number would have to be treated as an upper limit.

2.3. ROSAT HRI results

After carrying out the XMM-Newton observation we ana-
lyzed an (apparently) unpublished ROSAT HRI observation of
βPic obtained in February 1996 (ROR number WG202151).
Like the EPIC PN image, the ROSAT HRI image shows a
clear source at the position of βPic. Again the source is seen
mainly in the lower pulse height channels suggesting a UV
origin of the observed signal. Restricting the analysis to HRI
pulse height channels 2–8, we find a count rate of 1.41 ×
10−3 cts/s. Using a U band magnitude of 4.13 and the ROSAT
HRI UV contamination calibration curve derived by Berghöfer
et al. (1999) we calculate an expected contaminating ROSAT
HRI flux of 4.3 × 10−4 cts/s, which lies considerably below the
actually observed value. However, it is obviously quite coura-
geous to interpret the formal excess as a true X-ray signal since
the calibration curve by Berghöfer et al. (1999) has been de-
rived from a rather small number of stars.

3. Discussion

3.1. Internal consistency of X-ray results

Accepting the MOS data as a X-ray detection, we derive an
observed X-ray count rate of 1.5 × 10−4 cts/s for βPic. This
is clearly inconsistent with the excess with respect to the ex-
pected flux from UV contamination as formally derived from
the ROSAT HRI data; we therefore conclude that all of the

XMM : Hempel et al., 2005

Chandra/HRC-I: 9 ± 2 10-4 count/s 
Gunther et al., 2012 
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Spectroscopy: pulsations

Galland et al., 2006

356 F. Galland et al.: Extrasolar planets and brown dwarfs around A–F type stars. III.
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Fig. 1. Radial velocity measurements (top) and related periodograms (bottom), obtained on β Pictoris using the CORALIE (left) and HARPS
(right) spectrograph. The scale of the periodograms is the same as in Fig. 2; we used the CLEAN algorithm (see text) for these periodograms.

2. Radial velocity measurements

2.1. CORALIE

We acquired 120 spectra of β Pictoris with the CORALIE spec-
trograph attached to the 1.2 m Swiss telescope at La Silla be-
tween July 1998 and April 1999 with a resolution R ≈ 50 000.
Of these, 23 spectra with significantly lower S/N were rejected.
We then considered the 97 spectra left with a mean S/N of 120.
Each spectrum is composed of 68 spectral orders covering the
wavelength range 3900 Å to 6800 Å.

For each spectrum, we selected 32 spectral orders contain-
ing deep lines, yet avoiding the strong Ca II and H lines, as well
as the orders contaminated by telluric absorption lines. The ra-
dial velocities were measured using the method described in
Chelli 2000 and in Paper I. They are displayed in Fig. 1 (top,
left). The individual uncertainty is 163 m s−1 on average.

2.2. HARPS

We acquired 258 spectra of β Pictoris with the HARPS spec-
trograph during period P73, between November 2003 and

March 2004, with a resolution R ≈ 100 000. The 29 spectra
with lower S/N have been left over. We then considered the
229 spectra left, with a mean S/N of 330 (exposure time of
around 1 min). Each spectrum is formed by 72 spectral orders
covering the spectral window [3800 Å, 6900 Å].

We performed the same treatement as for CORALIE and ob-
tained the radial velocities displayed in Fig. 1 (top, right). The
individual uncertainty is 65 m s−1 on average, which is con-
sistent with the value of 60 m s−1 obtained from simulations
in Paper I by applying the relation between the radial veloc-
ity uncertainties and v sin i to β Pictoris, with S/N values equal
to 330.

3. No inner giant planet

In the case of CORALIE, the dispersion of the measured radial
velocities is 390 m s−1 rms, i.e. a factor 2.4 higher than uncer-
tainties. Radial velocities are thus significantly variable, even if
the dispersion is still close to the uncertainties.

The periodogram of the CORALIE radial velocities does not
show any clear peak in a period range of 1–300 days (Fig. 1,
bottom, left). The observed radial velocity variations are thus

CORALIE HARPS
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Koen 2003b
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high-degree, non-radial pulsation modes.



β Pic is a PMS δ scuti

Zwintz, 2008!
Zwintz et al., 2014

pre-MS evolutionary tracks with 
the Yale Stellar Evolution Code 

M* = 1.8 Msol 	



age = 11 Myr



The β Pic comoving group
Membership: common origin based on equatorial coordinates, parallaxes, proper 
motions ad radial velocity 
youth indicators: chromospheric and coronal activities 
pre-MS tracks 
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Fig. 1.—Color-magnitude diagram for the late spectral type candidates. The
isochrones (20, 30, 50, and ZAMS) are those from DM97. The stars from
Leggett (1992) are shown as crosses. The open diamonds represent the com-
bined photometry of binaries.

Fig. 2.—X-ray luminosities plotted vs. the (B!V) color indices. Left panel: Gliese stars. Right panel: Pleiades and Hyades members. The triangles indicate
upper limits.

text, we also include in Figure 1 all of the nearby M dwarfs
for which Leggett (1992) has compiled accurate photometry
and for which we have parallaxes from Hipparcos with

. For binary stars where it is known that the twoj(p)/p ! 0.10
components are nearly equal in brightness (including GL 799),
we have added 0.75 mag to the MV in order to correct the
binarity effect; for known binaries with unknown mass ratios,
we plot the star as an open diamond symbol but do not correct
the MV. Clearly, GL 799 and GL 803 are among the brightest
stars, compared with stars of the same color, in the solar neigh-
borhood. That is, they are very young. In fact, the three young-
est objects in Figure 1 are GL 182, GL 799, and GL 803.
GL 182 is known to be a very young dMe star (Favata et al.

1998); its kinematics indicate that it is not, however, moving
with the same space motion of GL 799 and 803, so we do not
consider it further. Within the errors, the locations of GL 799
and 803 in Figure 1 are consistent with their having the same
age (20 Myr). GL 781.2 and GL 824 appear to be older, with
ages formally consistent with being 40 Myr. However, because
they are higher mass objects and their displacement above the
ZAMS is less, their locations in Figure 1 are actually consistent
with any age up to several hundred megayears, given uncer-
tainties in their photometry and metallicity and the placement
of the isochrones into the observational plane. We provide
evidence in the next section that GL 824, at least, is quite old
(1600 Myr), and unlikely to be physically connected to b Pic.

3.3. Stellar Activity

Stellar activity, a consequence of the presence of magnetic
fields in late-type stars (due to the combination of the rotation
and convection or to the dynamo effect), is a well-studied phe-
nomenon. Because of main-sequence angular momentum loss,
the rotation rates of low-mass stars decline with age, and hence
activity levels also decline with age (e.g., Stauffer 1988). There-
fore, we can use measures of stellar activity as proxies for age
in an attempt to identify which of our candidate stars might
be coeval with b Pic. Figure 2 depicts the X-ray luminosity
against (B!V). In the left panel of Figure 2, the crosses rep-
resent ROSAT all-sky data (Hünsch et al. 1999) for the Gliese
stars. In the right panel of Figure 2, Pleiades and Hyades stars
appear as open and filled symbols, respectively. Clearly, the
X-ray luminosity of GL 824 is relatively low, even compared
with that of the stars in the Hyades (with an age of ∼600 Myr);
we infer from this that GL 824 is older than the Hyades. Based
on its location in a color-magnitude diagram, b Pic cannot be
as old as 600 Myr, and therefore the X-ray data provide strong
evidence that GL 824 is older than b Pic. On the other hand,
the activity of GL 803 and GL 799 is very high, consistent
with the young ages deduced from their position in the color-
magnitude (CM) diagram. Unfortunately, there is no published

20 ± 10  Myr 
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text, we also include in Figure 1 all of the nearby M dwarfs
for which Leggett (1992) has compiled accurate photometry
and for which we have parallaxes from Hipparcos with

. For binary stars where it is known that the twoj(p)/p ! 0.10
components are nearly equal in brightness (including GL 799),
we have added 0.75 mag to the MV in order to correct the
binarity effect; for known binaries with unknown mass ratios,
we plot the star as an open diamond symbol but do not correct
the MV. Clearly, GL 799 and GL 803 are among the brightest
stars, compared with stars of the same color, in the solar neigh-
borhood. That is, they are very young. In fact, the three young-
est objects in Figure 1 are GL 182, GL 799, and GL 803.
GL 182 is known to be a very young dMe star (Favata et al.

1998); its kinematics indicate that it is not, however, moving
with the same space motion of GL 799 and 803, so we do not
consider it further. Within the errors, the locations of GL 799
and 803 in Figure 1 are consistent with their having the same
age (20 Myr). GL 781.2 and GL 824 appear to be older, with
ages formally consistent with being 40 Myr. However, because
they are higher mass objects and their displacement above the
ZAMS is less, their locations in Figure 1 are actually consistent
with any age up to several hundred megayears, given uncer-
tainties in their photometry and metallicity and the placement
of the isochrones into the observational plane. We provide
evidence in the next section that GL 824, at least, is quite old
(1600 Myr), and unlikely to be physically connected to b Pic.

3.3. Stellar Activity

Stellar activity, a consequence of the presence of magnetic
fields in late-type stars (due to the combination of the rotation
and convection or to the dynamo effect), is a well-studied phe-
nomenon. Because of main-sequence angular momentum loss,
the rotation rates of low-mass stars decline with age, and hence
activity levels also decline with age (e.g., Stauffer 1988). There-
fore, we can use measures of stellar activity as proxies for age
in an attempt to identify which of our candidate stars might
be coeval with b Pic. Figure 2 depicts the X-ray luminosity
against (B!V). In the left panel of Figure 2, the crosses rep-
resent ROSAT all-sky data (Hünsch et al. 1999) for the Gliese
stars. In the right panel of Figure 2, Pleiades and Hyades stars
appear as open and filled symbols, respectively. Clearly, the
X-ray luminosity of GL 824 is relatively low, even compared
with that of the stars in the Hyades (with an age of ∼600 Myr);
we infer from this that GL 824 is older than the Hyades. Based
on its location in a color-magnitude diagram, b Pic cannot be
as old as 600 Myr, and therefore the X-ray data provide strong
evidence that GL 824 is older than b Pic. On the other hand,
the activity of GL 803 and GL 799 is very high, consistent
with the young ages deduced from their position in the color-
magnitude (CM) diagram. Unfortunately, there is no published
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TABLE 2
Measured and Derived Quantitiesa

Quantity HIP 23309
HIP 29964b
(HD 45081)

HIP 76629
(HD 139084)

HIP 88399
(HD 164249)

b Pic
(HIP 27321)

mR.A. (mas yr!1):
PPM . . . . . . . . . . . . . . . . . . . . . . . . 35 !11 !51 6.6 9.4
Hipparcos . . . . . . . . . . . . . . . . . . . 36 !8 !53 3.5 4.7

mdecl. (mas yr!1):
PPM . . . . . . . . . . . . . . . . . . . . . . . . 76 75 !97 !93 79
Hipparcos . . . . . . . . . . . . . . . . . . . 73 71 !106 !86 82

Radial velocity (km s!1) . . . . . . 17.8 ! 0.8 15.0 ! 1.0 0.5 ! 0.9 0.1 ! 3.0 20.2 ! 0.4
Teff (K) . . . . . . . . . . . . . . . . . . . . . . . . . 3810 4288 5250 6420 8500
B!V . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.421 1.11 0.82 0.458 0.171
V . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10.01 9.77 8.06 7.01 3.85
V!IC . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.79 1.34 0.93 … 0.18
J . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . … 7.55 … … 3.55
H . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . … 6.99 … … 3.47
K . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . … 6.81 … … 3.49
Li 6708 EW (mÅ)c . . . . . . . . . . . 294 357 261 92 …
Ha EW (Å)d . . . . . . . . . . . . . . . . . . !0.81 !0.65 0.49 1.46 !
ROSAT (counts s!1) . . . . . . . . . . . 0.33 1.03 1.42 0.15 …

a Radial velocity, Li, and Ha EWs for HIP 23309, 29964, and 76629 are from our echelle spectra; B!V, V,
V!IC for HIP 23309 and 29964 are from L. Berdnikov (2001, private communication); J, H, and K for HIP
29964 are from the Two Micron All Sky Survey catalog; radial velocity for b Pic is from Barrado y Navascués
et al. 1999. Colors and V for HIP 76629 are from Cutispoto et al. 1999.

b Cutispoto et al. 1999 list a set of measurements for HIP 29964; radial km s!1,velocity p 16.2! 0.7
km s!1, (B! , , and (V! . Average radial velocity of our value,v sin i p 17! 2 V) p 1.13 V p 9.80 I ) p 1.32C

15.0 km s!1, and Cutispoto et al.’s was used to calculate (U, V, W).
c Measured lithium equivalent widths corrected for the contribution of an Fe i l6707.44 line. Corrections are

25, 19, 13, and 6 mÅ for HIP 23309, 29964, 76629, and 88399, respectively (Soderblom et al. 1993).
d Line core equivalent widths of Ha. The minus sign indicates emission.

Fig. 1.—H-R diagram showing 3, 10, and 30 million yr solar metallicity
isochrones from Siess, Dufour, & Forestini (2000), Palla & Stahler (1993),
and D’Antona & Mazzitelli (1997). Measured quantities listed in Table 1 (V,
V!IC, and distance from Earth) were translated to luminosity (L) and effective
temperature (Teff) with relationships corresponding to the 12 Myr isochrone in
Siess et al. (2000) with color-to-temperature conversions of Siess, Forestini,
& Dougados (1997). For BD !17"6128, andL p 0.34! 0.06 L T p, eff

K were used (van den Ancker et al. 2001). The thick shaded line rep-3960
resents the zero-age main sequence from Siess et al. (2000).

Other known kinematically related associations of nearby
young stars include Tucana/Horologium at 45 pc (Zuckerman
& Webb 2000; Torres et al. 2000; Stelzer & Neuhäuser 2000;
Zuckerman, Song, & Webb 2001), TW Hydrae at 60 pc (Kast-
ner et al. 1997; Webb et al. 1999), and h Chamaeleontis at
97 pc (Mamajek, Lawson, & Feigelson 1999). These associ-
ations, which also are located in the southern hemisphere, are
distinguishable by their differing age, space motions, and lo-
cations in space. Indeed, based on the V and W components
of space motion and age diagnostics, we include in Table 1

three systems that were originally suggested to be members of
the Tucana stream (HIP 92680, 95261, and 95270; Zuckerman
& Webb 2000). HIP 95261 (HR 7329) has a brown dwarf
companion of probable age ∼10 Myr and mass ∼35 times that
of Jupiter (Lowrance et al. 2000; Guenther et al. 2001).
The associations listed above are of interest for various rea-

sons. But when one’s focus is the study of planets and cir-
cumstellar disks, the stars in the b Pic moving group have
important advantages over all others because Table 1 stars are
substantially closer than stars in TW Hydrae and h Chamae-
leontis, and substantially younger than stars in Tucana/Horo-
logium (see discussion below).
Not included in the above list of nearby very young associ-

ations is the unusual Capricornus group at 48 pc (van den Ancker
et al. 2000) because we have subsumed it into the b Pic moving
group. This resulted from our accurate measurement of the radial
velocity of BD !17"6128 ( km s!1; D. Kais-V p !6.3! 0.9rad
ler et al. 2001, in preparation), which enabled us to calculate
UVW for it and for HD 199143. In addition, with adaptive optics
at the Lick Observatory 3 m telescope, we resolved both BD
!17"6128 and HD 199143 as 1!–2! separation binaries (D. Kais-
ler et al. 2001, in preparation).
To be listed in Table 1, in addition to having the same space

motion as b Pic, a star must display at least one clear sign of
extreme youth because some older and unrelated stars may ac-
cidentally have this same space motion. We estimated the ex-
pected number of such (old) stars as follows. From the set of
∼22,000 Hipparcos stars with radial velocities known from the
literature, we found 497 stars within 50 pc of Earth with
! ,! , and! . This volume [in30 ! U ! 0 30 ! V ! 0 20 ! W ! 0
(km s!1) 3] of UVW space is densely and fairly uniformly filled
with the 497 stars and well encompasses the UVW range of the
stars in Table 1. The UVW volume of Table 1 stars is 81
(km s!1)3. Thus, we anticipate that two old stars would lie in
the UVW volume of Table 1 stars, but none appear among the

BPMG: 17 members  
isochronal age from late K and M stars: 
 12+8/-4 Myr 

Zuckerman et al. (2001)



Kinematic age

minimum configuration. We obtain that on average each star
may be within a spherical region of ~8 pc diameter corresponding
to a radial length of ~2.3 pc in each (X, Y, Z )-coordinate.

Star-forming molecular clouds are observed to be inhomo-
geneous, irregularly shaped objects with dense and rarefied
regions. Because stars are expected to be formed in the dense
parts of the cloud, the above distribution of the stars may be
considered as a kind of ‘‘photography’’ of the star-forming
regions in the BPMG natal cloud. The resulting configuration
is shown in Figure 1.

To understand the formation of BPMG, we need the past
positions of LCC and UCL near the epoch of its formation; that
is, it is necessary to trace back the orbits of their stars. With the
purpose of calculating the trajectories of the centers of LCC

and UCL subgroups, we select from the compilation made by
de Zeeuw et al. (1999) those stars that have measured radial
velocities. This selection gave a total of 49 stars for LCC and
70 for UCL. Here we follow the same procedure as with
BPMG; that is, the orbits of all selected stars are traced back
and the positions of the centers are computed at each integra-
tion step. The past evolutions of LCC and UCL are calculated
until 20 Myr, the largest H-R age found by Mamajek et al.
(2002) and by Sartori et al. (2003). All these authors give
16 Myr as the lower age for both subgroups. In Figure 2, we
show the retraced orbits of the centers of BPMG, LCC, and
UCL, projected on the Galactic equator and on a plane per-
pendicular to this. As can be seen in Figures 2a and 2b, UCL
has a somewhat larger mean velocity than LCC.

Fig. 1.—Schematic presentation of the birth conditions of BPMG at t ¼ "11:2 Myr (a) in the Galactic equator (X, Y ) and (b) in the perpendicular plane (Y, Z ).
The confined orbital region is represented by the large gray circle with a radius of 21 pc. The positions of the remaining 13 stars are represented by small circles with
a mean !X , !Y , and !Z of 2.3 pc. The resulting projected directions of the motions at birth are also shown. Each star track corresponds to a star’s motion during
2 Myr. The 13 isolated stars are labeled with the following numbers indicating their names and their three-dimensional distance to the center of the confined region:
(1) HIP 23309, 27 pc; (2) HIP 25486, 41 pc; (3) HIP 29964, 40 pc; (4) HIP 76629, 41 pc; (5) HIP 79881, 91 pc; (6) HIP 84586, 29 pc; (7) HIP 88726, 48 pc; (8) HIP
95261, 47 pc; (9) HIP 102141, 30 pc; (10) HIP 102409, 21 pc; (11) HIP 12545, 46 pc; (12) HIP 112312A, 42 pc; (13) HIP 112312B, 42 pc.

Fig. 2.—Past orbit evolution of BPMG, the LCC and UCL subgroups, and the runaway star HIP 46950 (open dots) in (a) the (X, Y )-plane and (b) the (Y, Z )-
plane. The Sun is at origin in (a) and at Z ¼ þ24 pc in (b). Thick lines, on which a two-dot interval shows 1 Myr on all the lines, represent the backward evolution of
BPMG, LCC, UCL, and HIP 46950. Their respective present positions are labeled by numbers 1, 3, and 5, and their corresponding gray circles represent their
present sizes. The runaway star track begins at point 7 at "5 Myr. The white circles (labeled 2) and the associated stars are the same as in Figs. 1a and 1b, but we
have omitted the motion vectors seen in Fig. 1 for clarity. The gray regions 4 and 6 represent the mean sizes of the star position distribution of LCC and UCL,
respectively, at t ¼ "13:0 Myr. The position of the SN at t ¼ "13:0 Myr is indicated by the large star.
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BPMG members of  22±12 My 
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kinematic age: 11.5 Myr 
size 24 pc 
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≳ 30 Myr
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Figure 3. Comparison of the data and theoretical models. The data are overlaid on three sets of models: D’Antona & Mazzitelli (1997, 1998), Baraffe et al. (1998), and
Siess et al. (2000). The results of this work are shown as diamonds. Single stars are shown in black and systems with multiple stars are shown in color (HD 155555
A/B/C, green; BD −17◦6128 A/B, orange; and AU Mic/GJ 799 N/S, red). Upper limits are shown as open diamonds with arrows. The squares show HD 112312
A/B (Song et al. 2002) and the triangles show V343 Nor A/B (Torres et al. 2006). Note that the luminosities and effective temperatures for GJ 799 N/S are similar,
so the two stars appear to be a single data point. Likewise, the lithium abundances and temperatures for HD 112312 B and V343 Nor B are the same. Note that the
ages predicted by the location on the H–R diagram and by the location on the corresponding lithium abundance plot differ for any individual star. Taking the stars as
a group, it is apparent that the models do not correctly predict the observed patterns of lithium depletion. This is also true of the stars in individual multiple systems
whose components must be coeval.

stars. If the luminosities and effective temperatures of the two
components are similar, as seems likely from the spectrum, the
EWs of the individual lithium line and the lithium abundances
of the individual components should be roughly the same as
those given in Table 1.

3.6.2. AU Mic

If AU Mic is the same age as the other members of the BPMG,
it appears to be underluminous in the H–R diagram (Figure 3).
We observe log(L/L⊙) = −1.15, but from the figure we might
expect a value closer to log(L/L⊙) = −0.95 for it to lie on the
same H–R diagram isochrone as the other BPMG members. AU
Mic is known to have an edge-on debris disk (cf. Kalas et al.
2004), which could lead to some extinction. Given the difference
between our observed and expected values for the luminosity,
if AU Mic is coeval on the H–R diagram, then we estimate
an extinction due to the debris disk of AV ∼ 0.5 mag. Since
this extinction is not well characterized, and it is dependent
on an assumption of coevality, we do not take it into account
in our analysis. This proposed extinction should not affect
our measurement of the effective temperature since that is
determined from the spectral type which is measured over a
small range in wavelength. However, it does affect any age
determined from the H–R diagram position. If the luminosity
we observe is less than the intrinsic luminosity of AU Mic, we
would overestimate the age of the star (see Figure 3).

4. COMPARISON TO EVOLUTIONARY MODELS

In Figure 3, we plot our data against three sets of evolutionary
models: D’Antona & Mazzitelli (1997, 1998), Baraffe et al.

(1998), and Siess et al. (2000). The Siess et al. (2000) models
include the effects of convective overshooting. Known multiple
systems are plotted in color. We also plot HIP 112312 A/B and
V343 Nor A/B, two systems that cross the LDB. We calculated
luminosities and effective temperatures for these stars in the
same manner as for our sample, using published spectral types
and V magnitudes (Zuckerman et al. 2001; Song et al. 2003;
Torres et al. 2006). We used the lithium abundances from Torres
et al. (2006). Neither Song et al. (2002) nor Torres et al. (2006)
quote a lithium abundance for HIP 112312 A. Since the spectral
type and the upper limit in the EW of this star given in Song et al.
(2002) are similar to those of GJ 799 N, we assign HIP 112312 A
an upper limit of A(Li) = −1.4 dex.

To explore the differences between the models and our data,
we independently determine ages for each star in two ways: from
its position on the H–R diagram and from its position relative to
the lithium depletion isochrones. We estimate the uncertainty of
the H–R diagram age by perturbing the effective temperatures
and luminosities within their uncertainties and adding the
resulting age errors in quadrature. Because the measured lithium
abundance is correlated with effective temperature, we estimate
the uncertainties in the lithium depletion age by simultaneously
varying the effective temperatures and lithium abundances
within their uncertainties and taking the extreme values for the
age as a measure of its uncertainty. These data are given in
Table 2 and shown in Figure 4. This figure shows that the ages
calculated from the H–R diagram are roughly consistent with
a single age, but the ages measured from the lithium depletion
have systematic trends. The trend of increasing age with spectral
type found using the D’Antona & Mazzitelli (1997, 1998) and
Siess et al. (2000) lithium depletion isochrones simply reflects

Song et al., 2002

- stellar radii under predicted by models of MS M stars 
- effect of magnetic field (MacDonald & Mullan, 2010)
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Figure 1. H-R diagram isochrones for magnetic inhibition parameter δ = 0
(solid line in red) and δ = 0.01 (broken line in blue). The ages from top to
bottom are 10, 32, and 96 Myr.
(A color version of this figure is available in the online journal.)
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Figure 2. Li isochrones for magnetic inhibition parameter δ = 0 (in red) and
δ = 0.01 (in blue). The ages are 10 (upper solid line), 32 (broken line), and
96 Myr (lower solid line).
(A color version of this figure is available in the online journal.)

pre-main-sequence contraction, we give in Table 1 the time to
reach a central temperature of 3 × 106 K for a range of values
of the mass and magnetic inhibition parameter. This tempera-
ture is approximately that at which 7Li begins to be destroyed
by proton capture reactions. We see that in relative terms the
effects of the magnetic fields are greatest for the higher mass
stars, whereas in absolute times the effects are greatest for the
lower mass stars.

The inclusion of magnetic field also has the important effect of
pushing the region of maximum Li depletion to lower effective
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Figure 3. Age at which Li is depleted to A(Li) = 0 as a function of effective
temperature for magnetic inhibition parameter δ = 0 (red), δ = 0.01 (blue),
and δ = 0.02 (magenta). The symbols mark points of the same mass: 0.2 M⊙
(circles), 0.4 M⊙ (boxes), 0.6 M⊙ (up triangles), and 0.8 M⊙ (down triangles).
(A color version of this figure is available in the online journal.)

Table 1
Time in Myr to Reach a Central Temperature of 3 × 106 K

Mass (M⊙) δ = 0.00 δ = 0.01 δ = 0.02 δ = 0.03 δ = 0.04

0.1 47.7 52.5 57.3 62.3 66.9
0.2 16.1 18.3 20.5 22.7 24.9
0.3 8.5 10.4 12.0 13.6 15.2
0.4 5.1 6.8 8.2 9.4 10.6
0.5 3.3 4.7 6.1 7.2 8.2
0.6 2.3 3.4 4.7 5.9 6.8
0.7 1.8 2.7 3.9 5.0 5.9
0.8 1.4 2.2 3.2 4.3 5.2
1.0 1.0 1.4 2.2 3.2 4.2

temperatures. This can be seen in Figure 3 where age is plotted
against Teff for Li abundance A(Li) = 0 and three values of
the magnetic inhibition parameter. The different symbols mark
points of the same mass. Note that for Teff < 3800 K, the Li age
estimate can be lower for models with magnetic field than for
non-magnetic models. This is possible for fully convective stars
because magnetic inhibition of convection makes stars of a given
mass cooler than non-magnetic stars at the same age. Hence, to
obtain the same effective temperature at a given age requires
that the magnetic star be more massive than a non-magnetic
star. The more massive stars have higher internal temperatures
than their less massive counterparts, and, provided they remain
fully convective, will deplete their lithium more quickly.

4. APPLICATION TO THE β PICTORIS MOVING GROUP

Here, we illustrate the trends that result from inclusion of
magneto-convection in stellar models of young cool dwarf stars
by applying our results to the members of BPMG analyzed by
YJ. Adopting the values of Teff , L/L⊙, and A(Li) with associated
errors given by YJ, we begin by determining ages and masses
from the isochrones that pass through the error boxes in the H-R

magnetic inhibition parameter  
δ = 0 (red) 
δ = 0.01 (blue) 
δ = 0.02 (magenta) 
0.2 M⊙ (circles)  
0.4 M⊙ (boxes) 
0.6 M⊙ (up triangles) 
0.8 M⊙ (down triangles).

Lithium derived age
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tion of the INT spectra. Heliocentric RVs were calculated by cross–
correlation with template stars using the FXCOR procedure in IRAF.
RV uncertainties were obtained by combining standard errors in the
RV measurements (from multiple wavelength regions and multiple
exposures) with systematic uncertainties estimated from multiple
measurements of RV standards.

Li I 6708 Å and Hα equivalent widths (EWs) were mea-
sured relative to a pseudo-continuum using the SPLOT procedure
in IRAF. No attempt was made to deblend Li from the weak
(EW∼ 20mÅ) neighbouring Fe line at 6707.4 Å. EW uncertainties
were approximated as 1.6×

√
FWHM× p/SNR, where FWHM, p

and SNR are the full-width half maximum of the measured line and
pixel size (in Å), and the signal-to-noise ratio respectively (Cayrel
1988). If no Li feature was seen, an upper limit was estimated as
twice this uncertainty assuming a FWHM of 0.7 Å.

Spectral-types were determined from the TiO molecular band
flux ratio f(λλ7125-7136Å) /f(λλ7042-7046Å). This ratio is cal-
ibrated for spectral types of K5–M7 (Gizis 1997). A comparison of
our spectral types versus V −K colour with those of known BPMG
members with spectral types from Zuckerman & Song (2004) and
Malo et al. (2013), suggests our calibration is consistent with liter-
ature values and that the precision is about half a subclass.

3 ANALYSIS

3.1 Membership selection

The mean Galactic space motion of the BPMG (U, V, W) = (−11,
−16, −9 kms−1) and convergent point (05h 19m 48s, −60d 13m
12s, Zuckerman & Song 2004), leads to a predicted RV for group
members as a function of their sky position. For 8 candidates we
found the difference between this predicted RV and the measured
RV (∆RV in Table 1) was < 5 km s−1 which, in common with
previous work (e.g., Schlieder et al. 2012), we adopt as a required
membership criterion. In addition, we require that an M-type mem-
ber of the BPMG has Hα in emission, due to the strong chromo-
spheric activity of such young stars. Finally, the predicted tangen-
tial velocity of a BPMG candidate combined with its proper mo-
tion, taken from the source paper listed in Table 1, leads to a “kine-
matic distance”. For 2 of the 8 candidates that pass the RV and Hα
tests, there is a trigonometric parallax that agrees reasonably well
with this kinematic distance. For the rest, we demand that when
plotted on an absolute magnitude versus colour diagram using the
kinematic distance, that candidates lie on or above the sequence
defined by previously known members. Some latitude is allowed
above the sequence, because targets may be unresolved binaries
(two are known to be – see Table 1) up to 0.75 mag brighter than
single stars of similar colour.

The colour-absolute–magnitude and spectral-type–magnitude
diagrams are shown in Fig. 2. Our probable BPMG members are
supplemented with previously known members (from Torres et al.
2006; Mentuch et al. 2008; Yee & Jensen 2010; Malo et al. 2013),
all of which also satisfy the RV criterion discussed above. All 8
candidates that pass the RV and Hα tests are also consistent with
the BPMG sequence and we will assume they are BPMGmembers.

3.2 Locating the LDB

In M-dwarfs, the Li I 6708Å feature is expected to be strong where
no depletion has occured (EW ≃ 0.6Å, Palla et al. 2007) and is
observed to have this strength in very young T-Tauri stars (e.g.,

Figure 2. Locating the LDB in 3 separate colour (or spectral-type) vs. mag-
nitude diagrams. New members from Table 1 and objects from the litera-
ture are indicated. Absolute magnitudes are calculated from 2MASSK and
a trigonometric parallax where available or a kinematic distance otherwise
(see text). Known, unresolved binaries are marked with ‘B’. Black lines rep-
resent constant luminosity loci from Chabrier & Baraffe (1997) where Li is
predicted to be 99% depleted at the ages indicated. The green and maroon
lines are 10 and 20 Myr isochrones from Siess et al. (2000). The rectangle
in each diagram represents the estimated LDB location and its uncertainty,
based on the faintest Li-depleted member and the brightest Li-rich member
(but excluding the unresolved binary atMK ≃ 5.3, see Section 3.2).

Sergison et al. 2013). Li-burning should begin at spectral types M2-
M3 after∼ 10Myr. Within a few Myr these stars should deplete Li
by factors > 100, resulting in an EW < 0.2 Å, and Li burning
progresses towards cooler, less luminous stars. The most model-
independent way to define the LDB age (see Jeffries 2006), is to
find the luminosity where M-type BPMG members make the tran-
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age = 21 ± 4 Myr



Conclusions
β Pic is a PMS δ scuti star. 
   Teff = 8200 +/- 150K;  (1995) 
   [Fe/H] ~ 0.0      
   L❋ from Hipparcos  
   presence of a chromosphere and a cool corona 
   current age estimate: 11 Myr  
!
Comoving group: 
    - kinematic age: 11.5 Myr 
    - isochronal age:  12.8 +8-4 Myr 
    - Lithium Depletion Boundary: 21 ± 4 Myr 
!
Spectra : To be re-analyzed - improved opacities, models … revise the Teff and [Fe/H] 

Magnetic field to be looked for? 

Isochronal age :  
    - new models (inclusion of the rotation) 
    - MCMC or other statistical techniques to get better estimate of the error 


