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ABSTRACT
We report the discovery of an L dwarf companion to the A3V starβCircini. VVV J151721.49-
585131.5, orβ Cir B, was identified in a proper motion and parallax catalogue of the Vista
Variables in the Vı́a Láctea survey as having near infraredluminosity and colour indicative
of an early L dwarf, and a proper motion and parallax consistent with that of β Cir. The
projected separation of∼3.6′ corresponds to6656 au, which is unusually wide. The most re-
cent published estimate of the age of the primary combined with our own estimate based on
newer isochrones yields an age of370 − 500 Myr. The system therefore serves as a useful
benchmark at an age greater than that of the Pleiades brown dwarfs and most other young
L dwarf benchmarks. We have obtained a medium resolution echelle spectrum of the com-
panion which indicates a spectral type of L1.0±0.5 and lacks the typical signatures of low
surface gravity seen in younger brown dwarfs. This suggeststhat signs of low surface gravity
disappear from the spectra of early L dwarfs by an age of∼ 370 − 500 Myr, as expected
from theoretical isochrones. The mass ofβ Cir B is estimated from the BHAC15 isochrones
as0.056± 0.007 M⊙.

Key words: stars: individual:β Circini - binaries:general - brown dwarfs

1 INTRODUCTION

Source confusion in the Galactic plane has meant that many of
the nearest stars have gone unnoticed until relatively recently. To
find even relatively nearby brown dwarfs one must look in the in-
frared, but here the problem of source confusion is greater still.
Furthermore, in the Galactic plane there is a degeneracy between
spectral type and interstellar extinction that makes it difficult to
use broad band colour selections to distinguish nearby L dwarfs
from reddened normal stars, unless proper motion data are available
(Folkes et al. 2012). A search of recent literature (see Smith et al.
2014 and references therein) shows that the number of known
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brown dwarfs in the Galactic plane has increased dramatically in
the last decade, but there is still much scope for further discovery.

The well known degeneracy between brown dwarf ages and
masses means that neither of these properties are well constrained
through observational methods alone, yet they are essential to un-
derstanding the mass function of the local field. The masses of early
L type dwarfs (Teff ∼2000 K) in particular span a range which in-
cludes hydrogen burning stars (L dwarfs older than a few Gyr)and
planetary mass objects (L dwarfs younger than a few tens of Myr).

Members of gravitationally bound systems serve as useful
benchmark objects when a component of the system has well con-
strained attributes (eg. age, metallicity). As members of such sys-
tems can be assumed to have formed from the same molecular
cloud at a similar time, the same attributes can be adopted for all
members of the system, see e.g. Pinfield et al. (2006), Deaconet al.
(2014).

http://arxiv.org/abs/1509.09226v1
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Identification of benchmark brown dwarfs across a range of
effective temperatures, ages, and metallicities is necessary to refine
atmospheric models to the point where they can accurately repro-
duce observed spectra.

In this paper, we report the identification of a widely sep-
arated L1 type brown dwarf companion to the A3V type main
sequence starβ Circini (HD 135379, HIP 74824). This object
adds to the small number of brown dwarf companions to early
type stars previously known: only 8 such systems are listed by
De Rosa et al. (2014a). The primary allows us to place a useful
age constraint on the system, but does not constrain the metallic-
ity since abundance measurements of A type stars are problematic
(Adelman & Unsuree 2007). In Section 2 we detail our astrometric
measurements and consider the binarity of the pair. Section3 deals
with the age of the system. In Section 4 we describe our spectro-
scopic observation of the secondary, measure a spectral type and
radial velocity, and investigate the gravity-sensitive spectral fea-
tures. In Section 5 we discuss how this discovery compares toother
brown dwarf age benchmarks.

2 ASTROMETRY AND COMPANIONSHIP

The Vista Variables in the Vı́a Láctea (VVV, Minniti et al. 2010)
is a public ESO near-infrared time domain survey of the southern
Galactic plane and bulge using the wide-field camera VIRCAM on
the 4m VISTA telescope at Paranal observatory in Chile. Pipeline
data reduction, catalogue generation and calibration of the photom-
etry and astrometry for VISTA data are provided by CASU and
described by Lewis, Irwin & Bunclark (2010). and Smith et al.(in
prep). As part of an early search for new brown dwarf benchmark
objects we cross-matched preliminary VVV colour and luminosity
selected brown dwarf candidates from Smith (2015) to the Hip-
parcos astrometric catalogue. Matches were required to be within
300′′and also have reasonably consistent proper motion. We iden-
tified VVV J151721.49-585131.5 (2012.0 designation, see Figure
1) as a match toβ Circini and we refer to it hereafter asβ Cir B.
The object was also identified independently in a separate search
for high proper motion objects in the first two years of VVV data
by members of our team, (Kurtev et al., in prep).

Our astrometric pipeline is largely automated but here we de-
scribe our method below as it applies toβ Cir B.

We used the 58 Ks bandpass pawprint catalogues (with seeing
< 1.2′′of VVV tile d018 available to us as of April 30th 2014).
We select references sources from within a radius sufficientto en-
sure at least 50 good quality stars are in each quadrant surrounding
the target, in this case93′′. A further iterative coordinate transfor-
mation and rejection of reference sources with significant proper
motion resulted in a final selection of 142 reference sources. Fit-
ting of the proper motion and parallax in both theα cos δ and δ

dimensions was performed inMATLAB using a robust technique
involving an iterative reweighting of data points as a function of
their residuals. We measure proper motions of−90.1 ± 1.0 and
−126.5 ± 1.2 mas yr−1 in α cos δ andδ respectively, and paral-
laxes of33.1 ± 1.7 and35.7 ± 3.5 mas inα cos δ andδ. The in-
verse variance weighted average of these two measurements is the
overall parallax,33.6 ± 1.6 mas (29.8 ± 1.4 pc). Figure 2 shows
our astrometric fit over the VVV positional data.

The Hipparcos proper motion forβ Cir A (saturated in VVV)
is −97.74 ± 0.28 and−134.15 ± 0.22 mas yr−1 in α cos δ andδ
respectively. The parallax is32.73 ± 0.19 mas (30.55 ± 0.18 pc)

Figure 1. A 1′×1′ VVV Ks band image ofβ Cir B. North is up and east is
to the left. The arrow shows the direction of motion.

−0.20−0.15−0.10−0.050.000.050.100.150.20
∆α (")

−0.2

−0.1

0.0

0.1

0.2

∆
δ (

")

2011.0

2012.0

2013.0

Figure 2. The fit of the parallax and proper motion (solid curve) to the po-
sition of β Cir B at each of the VVV epoch (black crosses). Solid lines
join each observed position to the corresponding epoch on the parallax
and proper motion curve. A representative single epoch error bar is shown.
Epochs 2011.0, 2012.0, and 2013.0 are indicated for reference. The motion
of β Cir B is characterised by a relative proper motion of−90.1± 1.0 and
−126.5 ± 1.2 mas yr−1 in α cos δ andδ respectively and a parallax of
33.6± 1.6 mas.

(van Leeuwen 2007). Kharchenko et al. (2007) provide a radial ve-
locity of +9.6± 1.8 km s−1.

The apparent slight disagreement in proper motion (∆µ =

10.8 ± 1.6 mas yr−1) of the two objects can be accounted for
by a translation of the VVV proper motion to an absolute refer-
ence frame. The mean offset in the motion of nearby (< 3′) PP-
MXL sources common to our catalogue is significant at−6.6 ±

2.3 mas yr−1 in both α cos δ and δ (the medians are−8.5 and
−4.0 mas yr−1 respectively). Factoring in this offset brings the
overall proper motion ofβ Cir B to −96.7 ± 2.5 and−133.1 ±

2.6 mas yr−1 in α cos δ andδ and the proper motion difference be-
tween the pair to∆µ = 1.5±3.6 mas yr−1. The angular separation
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between the pair is217.8′′, which gives a projected separation of
6656 ± 40 au using the Hipparcos distance of the primary. Given
that the parallaxes, proper motions, and radial velocities(see Sec-
tion 4.3) of the pair are in close agreement, this establishes β Cir B
as a genuine wide binary companion. We note that in the case ofa
face-on, circular orbit and adopting a mass of2 M⊙ for β Cir A,
the orbital velocity ofβ Cir B would present as a∼3.6 mas yr−1

proper motion relative toβ Cir A.
In an earlier study,βCir A was a common proper motion com-

panion search target of the VAST survey (De Rosa et al. 2014b,
separation coverage4 − 45 kau). The companion was missed be-
cause it does not appear in the proper motion catalogues queried,
which required an optical detection. Separately, the Ivanov et al.
(2013) visual search of the VVV images for new companions to
known high proper motion stars did not identifyβ Cir B as the pri-
mary did not meet theirµ > 200 mas yr−1 selection criterion.

2.1 Lower Mass Companions

The VVV proper motion catalogues for this tile have a high com-
pleteness out toKs = 16.5 mag, and no further companions were
identified within them. Their completeness reduces with increasing
proper motion, but the proper motion ofβ Cir A is relatively small
in this regard.

We searched for fainter, even less massive companions by sep-
arately stacking 5 high quality VVV tile images from 2010 (which
included the deeper master image taken for each field at the start
of the survey) and 10 images from 2014-2015 and blinking them.
No object within a 1’×1’ (∼ 1800 au) field aroundβ Cir B with a
similar proper motion was detected downKs = 18.0 mag, which
is the magnitude of the faintest nearby objects for which we are
confident we would be able to identify a positional shift during
blinking. Brown dwarf pairs are not found with separations over
a few tens of au (e.g. Dupuy & Liu 2011), presumably because of
their low binding energy. Therefore, it is quite likely thatany faint
companion toβ Cir B would be unresolved in the VVV images.
Using the Hipparcos parallax of the primary and the magnitude vs.
spectral type relation of Dupuy & Liu (2012) we determine that the
Ks = 18.0 mag upper limit corresponds to a spectral type of ap-
proximately T7.

3 THE AGE OF THE β CIR SYSTEM

We can place an initial upper limit on the age ofβ Cir A equal to
the main sequence lifetime. For a A3V type∼2 M⊙ star this is
∼1.25 Gyr based on the solar metallicity models of Bressan et al.
(2012).

There are values of the age ofβ Cir A in the literature:
Lachaume et al. (1999) derive an age of245+110

−119 Myr based
on Bertelli et al. (1994) isochrones; Song et al. (2001) derive an
age of166+212

−116 Myr based on Strömgrenuvbyβ photometrically
determined effective temperature, surface gravity and metallic-
ity and Schaller et al. (1992) theoretical evolutionary tracks; and
Nielsen et al. (2013) used the Siess, Dufour & Forestini (2000)
tracks to give a68% confidence interval between272 and458 Myr
with a median at367 Myr using Bayesian inference to determine
the relative likelihoods of combinations of mass, age and metal-
licity. It has been shown that ages produced using more recent
isochrones are generally older than previously (see e.g. Mamajek
2012). Hence the greater age given by Nielsen et al. (2013) than
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Figure 3. The age and mass probability distribution ofβ Cir A using
Bressan et al. (2012) isochrones.

previous estimates (though at the upper limit of their uncertainties)
is unsurprising.

The most accurate method of age dating an early type star is
through association with a companion or system with a known age
(e.g. a young moving group, stellar cluster). Nakajima & Morino
(2012) conclude thatβ Cir may be a member of the TW Hy-
drae stellar kinematic group (∼ 8 − 12 Myr) and three other
moving groups at a lower probability. The BANYAN II web tool
(Gagné et al. 2014, Malo et al. 2013) operating under the assump-
tion thatβ Cir is < 1 Gyr old gives a zero percent probability of
TW Hydrae membership and 66, 21 and 13 percent probabilities
of membership to theβ Pictoris (∼ 12 − 22 Myr), AB Doradus
(∼ 70−120 Myr) and field groups respectively. Indicators of youth
in addition to spatial and kinematic agreement with a movinggroup
are required to consider an object a genuine member. Membership
to the TW Hydrae,β Pictoris and AB Doradus moving groups are
effectively ruled out due to incompatibility with the isochronal age.

For our own estimate of the age and mass ofβ Cir A
we adopted a Bayesian maximum likelihood approach similar to
that described by Nielsen et al. (2013) but using the more re-
cent Bressan et al. (2012) isochrones. We used the mean effec-
tive temperature ofβ Cir A from seven literature sources (Teff =

8676 ± 33 K), after discarding one significant outlier. The un-
certainty on this measurement we have taken as the standard er-
ror on the mean. The Hipparcos parallax and Tycho-2V mag-
nitude (Høg et al. 2000) give us an absolute TychoV magnitude
MV = 1.65 ± 0.02. We adopted a flat prior probability on the
age, a Salpeter mass function and a normal probability distribu-
tion on [M/H] with a mean of0.0 dex and standard deviation of
0.1 dex. This metallicity distirbution is suitable for young stellar
populations in the solar neighborhood see e.g. (Nieva & Przybilla
2012). We treat metallicity as a floating parameter in spite of ex-
isting measurements ([Fe/H]∼ 0.20 dex, Erspamer & North 2003)
since measurements in the photosphere of an A type star cannot be
assumed to reflect the true abundances of the star (and also inour
case the companion). This is due to processes such as radiative dif-
fusion (Adelman & Unsuree 2007). This is apparent in the caseof
β Cir A from the wide scatter in individual elemental abundances
(Erspamer & North 2003). We sampled metallicity in0.05 dex in-
crements between−0.3 and0.3 dex, mass in0.001 M⊙ increments
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Figure 4. Our FIRE spectrum ofβ Cir B. TheY andJ bands of the spectrum have been normalised to unity at1.28 μm. Due to difficulty in accurately
merging the echelle orders across the low signal to noise region between theJ andH bands, theH andK bands of the spectrum have been normalised to the
L1 standard using the flux measured between1.65 μm and1.75 μm.

between1.7 and2.3 M⊙, and age in1Myr increments between200
and800 Myr. This approach yielded a median age of495 Myr with
a 68% confidence interval of442 to 519 Myr, a median mass of
1.958 M⊙ with a 68% confidence interval of1.952 to 1.986 M⊙,
and a median [M/H] of0.0 dex with a 68% confidence interval of
−0.1 to 0.1 dex (i.e. essentially the same as the metallicity prior
probability distribution). Figure 3 shows the age and mass proba-
bility distribution.

The discrepancy between ages based on
Siess, Dufour & Forestini (2000) and Bressan et al. (2012)
isochrones has been noted before (De Rosa et al. 2014a). This
is probably due to subtle differences in their input physics(e.g.
the mixing length parameter, see Bell et al. 2013). We also note
that Siess, Dufour & Forestini (2000) used an earlier value for the
solar metallicity (Z= 0.02) than Bressan et al. 2012 (who used
Z = 0.0152). However, we find that this latter difference has little
effect on our derived age if we change our prior distributionfor
metallicity, given that the metallicity is allowed to vary.In keeping
with De Rosa et al. (2014a) we adopt an age which incorporates
the two isochronal ages,370 to 500 Myr.

Several studies have found evidence of a warm disk around
β Cir A (Morales et al. 2009, McDonald, Zijlstra & Boyer 2012,
Ballering et al. 2013, Chen et al. 2014). Such disks can endure for
∼ 1 Gyr (Chen et al. 2014), so this does not constrain the system’s
age any better than the main sequence lifetime for an A3V star.
β Cir B is also unlikely to interact with such a disk unless on a
highly elliptical orbit given the current physical separation of at
least6656 au.

4 THE SPECTRUM AND PROPERTIES OF β CIR B

4.1 Observation

We observedβ Cir B with the Folded-port InfraRed Echellette
(FIRE) spectrograph in echelle mode (R∼ 6000) on the Magellan
Baade telescope at Las Campanas Observatory on the 26th of April
2015. The wavelength coverage of the instrument as configured is
0.85 to 2.5 μm. The observation consisted of 4 integrations in an
ABBA nodding pattern and we observed the A0 star HIP 76244
as a telluric standard. The slit was oriented 45◦ east of north to
avoid contamination by background stars. The integration time for
β Cir B was253.6 s in each position and observing conditions were

good. The FIREHOSE pipeline was used to reduce and calibrate
each order in the target and the standard. The profile of the object
and background sky residuals are fitted using an iterative procedure
whereby a bspline function is used for orders with high signal-to-
noise and a Gaussian profile is assumed for low signal-to-noise or-
ders. The pipeline then performs optimally weighted extraction of
the object using the profile determined previously. The finalspec-
trum is combined by scaling overlapping orders. Figure 4 shows
the reduced spectrum, the average signal-to-noise ratios in the Y, J,
H and K bands are approximately 9, 22, 36 and 26 respectively per
spectral pixel at R∼ 6000.

4.2 Spectral Type

We compared the reduced spectrum ofβ Cir B to the M and L
dwarf standards of the SpeX Prism Spectral Libraries both visually
and through a best-fit analysis and find the most similar template
to be the near infrared L1.0 standard 2MASSW J2130446-084520
(Kirkpatrick et al. 2010, see Figure 5). Complementary to these are
several spectral indices which we provide in Table 1 with equivalent
spectral types and uncertainties estimated using a Monte-Carlo ran-
dom sampling approach. The weighted average spectral type from
the indices is L1.1±0.3. The 2MASSJ − Ks = 1.33 colour of
β Cir B is very close to the mean value for field gravity L1 dwarfs
in figure 1 of Faherty et al. (2013). Using the more accurate Hip-
parcos parallax of the primary, the absolute 2MASSJ , H , and
Ks magnitudes forβ Cir B are12.11 ± 0.06, 11.25 ± 0.04, and
10.78 ± 0.04 respectively. These all fall between the mean values
for L1 and L1.5 dwarfs in Dupuy & Liu (2012) table 16, which
adds weight to the spectral type and rules out an unresolved bi-
nary with components of similar spectral types. We adopt a spectral
type of L1.0±0.5 based on the combination of the spectral standard
comparison and spectral indices.

4.3 Radial Velocity

We measured the radial velocity ofβ Cir B by comparison of the
1.1−1.3 μm and2.20−2.35 μm regions of the spectrum to model
spectra for a range of brown dwarfs with different Teff and log g.
Radial velocities for the1.1− 1.3 μm and2.20− 2.35 μm regions
were9.69±1.71 km s−1 and9.78±0.78 km s−1 respectively, rela-
tive to the Local Standard of Rest. Their close agreement with each
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Table 1. Spectral indices ofβ Cir B .

Index Value Spectral Type Reference

H2O J 0.948± 0.004 L0.4±0.8 1
H2O H 0.832± 0.002 L1.3±1.0 1
CH4 J 0.886± 0.002 L1.4±0.7 1
CH4 K 1.005± 0.001 L4.2±1.1 1
H2O 1.204± 0.004 L0.8±0.7 2
H2O D 0.987± 0.003 M9.8±0.8 3
H2O 1 0.684± 0.004 L0.9±1.6 4
H2O 2 0.840± 0.002 L1.4±1.6 4

1 Burgasser (2007)
2 Allers et al. (2007)
3 McLean et al. (2003)
4 Slesnick, Hillenbrand & Carpenter (2004)
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Figure 5. In blue, the spectrum ofβ Cir B smoothed to approximate the res-
olution of the SpeX data of the spectral standard. In red are the SpeX data of
the L1.0 spectral standard 2MASSW J2130446-084520. Flux normalisation
was performed using the same procedure as for Figure 4

other gives us confidence in their reliability and the similarity to the
existing radial velocity measurement ofβ Cir A (9.6± 2.0 km s−1

Kharchenko et al. 2007) lends further weight to the argumentof
companionship. The inverse variance weighted average radial ve-
locity of β Cir B is 9.76 ± 0.71 km s−1.

4.4 Surface Gravity

Brown dwarfs contract as they age, evolving from low to
high surface gravity, and it has long been known certain fea-
tures in their spectra are gravity-sensitive (e.g. Steele &Jameson
1995, Lucas et al. 2001, McGovern et al. 2004, Faherty et al. 2012,
Allers & Liu 2013, Canty et al. 2013). In the near infrared, the
strengths of FeH, VO, Na I, and K I absorption features and col-
lisionally induced H2 absorption in theH andK bands have been
shown to be good tracers of surface gravity. These features can
be quantitatively assessed using the indices and pseudo-equivalent
widths (EWs) presented by Allers & Liu (2013), and by visual
comparison to objects of a similar spectral type and known sur-
face gravity. The indices and EWs forβ Cir B are given in Tables 2
and 3 respectively.

Table 2. Allers & Liu (2013) surface gravity indices and equivalent scores
of β Cir B. Note that the K IJ index is not used to determine a gravity class
using medium resolution spectra.

Index Value Gravity score

FeHz 1.377 ± 0.011 FLD-G

FeHJ 1.210 ± 0.007 INT-G

VOz 1.094 ± 0.004 FLD-G

K IJ 1.148 ± 0.002 INT-G

H-cont 0.892 ± 0.001 FLD-G

The strength of FeH absorption is quantified using the FeHz

and FeHJ indices which test the features at0.99 μm and1.20 μm
respectively. The FeHz index suggests strong FeH absorption at
0.99 μm and visual inspection confirms this, suggestive of field
gravity. The FeHJ index suggests the feature at1.20 μm is some-
what weaker, suggestive of intermediate gravity, though this is not
obvious on visual inspection (see Figure 6).

VO absorption is known to be stronger in low surface gravity
objects. The VOz index quantifies the strength of VO absorption at
1.06 μm and has proven to be an excellent tracer of surface gravity
in early L dwarfs. The VOz index ofβ Cir B is suggestive of field
gravity. Visual inspection confirms that there is relatively weak VO
absorption at1.06 μm.

The Na I and K I alkali lines in theJ band are weaker in
low surface gravity objects. The EWs of these lines can be mea-
sured for moderate resolution spectra. Table 3 gives the EWsfor
theJ band alkali lines ofβ Cir B. The K I line values are close to
the intermediate gravity threshold given by Allers & Liu (2013) but
formally are not precise enough to confidently classify the object.
The strength of these lines inβ Cir B generally appear comparable
to the INT-G object in Figure 6. The Na I line EW is suggestive
of intermediate gravity according to Allers & Liu (2013), though it
appears somewhat stronger than theINT-G object in Figure 6 if not
quite as strong as theFLD-G object.

Finally, the shape of theH band continuum is a well known in-
dicator of low surface gravity. Collisionally induced H2 absorption
and FeH absorption reduce flux in theH band as an object evolves
to higher surface gravity (Borysow, Jorgensen & Zheng 1997), this
manifests as an apparent flattening of the peak of theH band. A
flat H band is clearly visible in the spectrum ofβ Cir B (see Fig-
ures 5 and 6). The ”shoulder”, an increase in flux at∼ 1.57 μm
seen in the∼ 50 − 150 Myr L0 dwarf 1RXS J2351+3127 B and
the∼ 200 − 400 Myr M9 dwarf LP 944-20 (Bowler et al. 2012,
figure 8) is not apparent. The H-cont index measurement echoes
this, falling outside the bounds containing the intermediate gravity
dwarfs.

Following the Allers & Liu (2013) classification scheme for
moderate resolution spectra, the gravity class is taken as the median
of: the lowest gravity of the FeH indices (INT-G); the VOz index
(FLD-G); the mean of the alkali line EWs (inconclusive); and the
H-cont index (FLD-G). The median in this instance isFLD-G.

The Canty et al. (2013) H2(K) index forβ Cir B is 1.044 ±

0.003, this is typical of field objects for its spectral type (see also
Schneider et al. 2014).

4.5 Mass estimate

Interpolation over the200 − 600 Myr Baraffe et al. (2015)
isochrones and using the values for age and Teff from Table 4 gives
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Figure 6. The spectrum ofβ Cir B compared to the field and intermediate
gravity L0 dwarfs 2MASS J17312974+2721233 and 2MASS J15474719-
2423493 respectively. The spectra have been smoothed to approximate the
same resolution but to a different degree in each panel.Upper panel: The
J band spectra have been normalised to the integrated flux ofβ Cir B in
the continuum regions of the FeHJ index defined in Allers & Liu (2013).
Middle panel: The z band spectra have been normalised to the integrated
flux of β Cir B in the continuum regions of the FeHz and VOz indices
defined in Allers & Liu (2013).Bottom panel: The H band spectra have
been normalised to the integrated flux ofβ Cir B in the regions ofH band
continuum defined in Allers & Liu (2013).

Table 3. β Cir B alkali line pseudo-equivalent widths and gravity scores
from Allers & Liu (2013). Note that the K I line at 12437Å is blended with
an FeH feature and is not used for the surface gravity analysis. A question
mark in the gravity score column indicates that the equivalent width is not
precise enough to classify the object.

Feature Wavelength Equivalent Width Gravity
Å Å score

Na I 11396 11.0± 1.7 INT-G

K I 11692 5.9± 1.5 ?
K I 11778 9.3± 0.8 ?
K I 12437 6.5± 0.9 ...
K I 12529 6.0± 1.5 ?

a mass andlog g for β Cir B of 0.056±0.007 M⊙ and5.15±0.04

respectively. Note that these uncertainties do not incorporate the
uncertainties inherent to the model.

4.6 Variability

To check for variability ofβ Cir B in theKs band we used standard
catalogueaperMag2photometry of the 58 observations between
5 March 2010 and 3 July 2013 that met our astrometric criteria.
These are data from both pawprints of VVV tile d018 that cover
β Cir B. We corrected the magnitudes using 15 background refer-
ence sources from within1′ with the sameKs magnitude to within
±0.5 mags and no obvious source within2′′. The uncertainties on

the corrected magnitudes we took as the formal magnitude error
from the catalogue added in quadrature to the RMS scatter of the
offsets of the 15 reference sources. Magnitudes from pairs of obser-
vations taken within 30 minutes were averaged using inversevari-
ance weighting. There is no sign of significant variability of βCir B
above an RMS level of0.013 mag (≈ 1.2%). A non-detection of
variability above this level is typical for early L type dwarfs (see
e.g. Radigan 2014).

5 DISCUSSION AND SUMMARY

We have discovered a new benchmark L dwarf companion to a
nearby A3V star with an age of370 − 500 Myr. A range of prop-
erties of theβ Cir system are given in Table 4. The projected phys-
ical separation of∼6700 au is amongst the widest 10% known for
brown dwarf companions, see Deacon et al. 2014 and the mass ra-
tio of the pair (q ≈ 0.028) is also unusually small (see figure 11 of
De Rosa et al. 2014a). Measurements of individual chemical abun-
dances exist forβ Cir A (Erspamer & North 2003), but as noted in
Section 3 these cannot be assumed to reflect the true abundances
of either component of the system. The scatter in values for indi-
vidual abundances, and the apparently normal field brown dwarf
spectrum ofβ Cir B are evidence that the measured highly super-
solar abundances of V and Na ([V/H]= 0.52, [Na/H] = 0.74)
do not in fact reflect the composition of the brown dwarf. Instead
the normal L dwarf spectrum is consistent with the approximately
solar metallicity that we derived in Section 3 for the primary by fit-
ting its location on the Hertzsprung-Russell diagram. (If valid, the
measured abundances would have been expected to push the grav-
ity sensitive VO and NaI features towards lower gravity and higher
gravity respectively).
β Cir B is located in a useful but sparsely occupied part of the

age and temperature grid for brown dwarfs where surface gravi-
ties are predicted to approach those of mature field objects.Near
infrared signatures of low gravity are visible in the Pleiades at
125 Myr (Bihain et al. 2010) and in other L dwarf benchmarks
with ages in the range50− 200 Myr, e.g. G 196-3B (Rebolo et al.
1998; Allers et al. 2007), CD-35 2722B (Wahhaj et al. 2011) and
1RXS J2351+3127 B (Bowler et al. 2012). By contrast, the some-
what older L4+L4 pair HD 130948 BC, aged790+220

−150 Myr, was de-
scribed by Allers et al. (2010) as the youngest L dwarf benchmark
showing no signs of low surface gravity. Similarly, the recently dis-
covered L5 companionζ Del B, at525 ± 125 Myr (De Rosa et al.
2014a), showed no signs of low gravity. The L4.5+L6 binary
Gl 417 BC is also interesting in this context. The discovery pa-
per (Kirkpatrick et al. 2001) assigned a most likely age of80 −

300 Myr and found only marginal evidence for low gravity in
the optical spectrum (see also Kirkpatrick et al. 2008). Allers et al.
(2010) found that the near infrared spectrum of the pair alsoin-
dicates normal field gravity but they find a gyrochronal age of
750+140

−120 Myr for the primary. Moreover, the preferred age given by
Kirkpatrick et al. (2001) was based on three quantitative estimates
for the primary:80− 250 Myr from X-ray activity,150− 400 Myr
from gyrochronal calculations and∼ 600 Myr from Li abundance.
Given the diversity of these ages it is difficult to use the Gl 417
system to put a figure on the age at which low gravity signatures
disappear. At the age of the Pleiades (∼ 120 Myr) the surface grav-
ity of a 2100 K L-type dwarf is predicted to be0.3 dex lower than
at400 Myr (Baraffe et al. 2015). However, the predicted gravity is
only 0.2 dex higher for a (more massive and smaller)5 Gyr object
than a400 Myr object with the same temperature.
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Table 4. Properties of theβ Cir system.

β Cir A β Cir B

Right Ascensiona 15h17m30.85s 15h17m21.60s
Declinationa -58◦48′04.34′′ -58◦51′30.0′′

Parallax 32.73± 0.19b 33.6 ± 1.6 mas
µα cos δ −97.4± 0.28b −96.7± 2.5c mas yr−1

µδ −134.15± 0.22b −133.1 ± 2.6c mas yr−1

Radial Velocity 9.6± 2.0d 9.76± 0.71 km s−1

Spectral Type A3Ve L1.0±0.5
2MASS J 3.93± 0.25 14.54 ± 0.06 mag
2MASS H 3.81± 0.24 13.68 ± 0.04 mag
2MASS Ks 3.88± 0.18 13.21 ± 0.04 mag
VVV Z 1 16.7 ± 0.1 mag
VVV Y 1 15.6 ± 0.1 mag
VVV J 14.41 ± 0.02 mag
VVV H 13.70 ± 0.02 mag
VVV Ks 13.16 ± 0.02 mag
Teff 8676 ± 33 2084 ± 150f K
log g 4.21g 5.15± 0.04h dex
Age 370 to 500 Myr
Mass 1.96+0.03

−0.01 0.056 ± 0.007h M⊙

Angular Separationa 217.8 ′′

Projected Separationa 6656 au

a - Epoch J2000.0;b - van Leeuwen (2007);c - inclusive of the relative
to absolute correction derived from PPMXL;d - Kharchenko et al. (2007);
e - Gray et al. (2006);f - using Marocco et al. (2013) equation 6;g -
Erspamer & North (2003);h - based on interpolation of the Baraffe et al.
(2015) models, the stated errors do not include uncertainties inherent to the
models.

While we cannot place too much emphasis on one object, the
absence of any compelling indication of low gravity in our high
quality intermediate resolution spectrum suggests that low gravity
signatures disappear from near infrared spectra of early L dwarfs
by the age of∼ 370− 500 Myr.
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