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Brown Dwarfs 
Theorized by Kumar in 1963 and Hayashi & Nakano also in 1963.

Observed in 1995 by Rebolo et al. and Nakajima et al. also 1995.

Gliese 229B 
M ~ 40 MJup

T7               

d ~ 5.77 pc

Parent star: M1

Nakajima et al. also 1995
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Dynamical masses of brown 
dwarfs binaries 

•  Binary systems are very important because they allow us 
to determine dynamical masses in a model independent 
way for objects with the same age, distance and 
metallicity. 

•   Ambiguity temperature/luminosity vs age/mass

• Calibrate evolutionary models, inner structure and 
atmospheric models
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Dynamical masses of brown 
dwarfs binaries 

Zapatero Osorio et al. 2004 Gl 569b AB                M8.5 & M9

 Bouy et al. 2004 2MASS J0746425+2000321 L0 & L1.5 

Liu et al. 2008 2MASS J1534 2952AB               T5.0 & T5.5

Dupuy et al. 2008, 2009, 
2010 DM for several BD systems See talk from T. Dupuy next

Konopacky et al. 2010 DM for 15 systems, 10 new ones
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ε Indi A: K4.5V star
ε Indi B discovered by Scholz et al. (2003)
Resolved as a binary by McCaughrean et al. (2004) & Volk et al. 
(IAU circular 8188)

Background: Scholz et al. 
A&A                               
(Letters 2003)

Inset: ESO VLT NACO 
adaptive optics J, H, K 
composite 
McCaughrean et al. 
A&A (2004)

ε Indi A

ε Indi B
1 arcsec = 3.6224  AU

ε Indi Bb

ε Indi Ba
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ε Indi Ba, Bb

• Proper motion ~ 4.7 arcsec/year [2]

• Closest known brown dwarfs to Earth, at 3.6224 ± 0.0037pc [1]

• Projected separation 1500AU from ε Indi A [2]

• T1 and T6 [3]

• Age ~ 0.8 – 2.0 Gyrs from indirect age indicators [4]  

[1] Van Leeuwen (2007); [2] Scholz et al. (2003); [3] McCaughrean et al. (2004); [4] Lachaume et al. (1999)
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Benchmark Object
 Orbits a K4.5V star:

 Very well constrained distance
 Well constrained metallicity
 Reasonably constrained age

 Closest brown dwarf binary to Earth:
 Very bright objects 

 AO system
 Absolute motion of barycentre against a network of background 

stars

 Short period ~ 15 years
 Well resolved
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 Smith et al. 2003
 R = 50000, near - IR spectroscopy
 v sin i = 28 ± 3 Km/s

 Audard et al. 2005
 Radio (ATCA) & X-Ray (Chandra) imaging 
 Null detections: consistent with ultracool BDs

 Roelling et al. 2004 & Mainzer et al. 2007
 Combined spectrum of ε Indi B with IRS on Spitzer

 Sterzik et al. 2005
 Mid-IR photometry from VLT/VISIR

 Kasper et al. 2009
 Low resolution near-IR spectroscopy

 King et al. 2010: “ε Indi Ba, Bb: a detailed study”

predicted maximum differential 
radial velocity ~ 5 km/s
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2. Observations and Reduction

ε Indi Ba, Bb were observed with the ESO VLT using
FORS2/UT1 (Appenzeller et al. 1998) for optical photometry
and spectroscopy, ISAAC/UT1 (Moorwood et al. 1998) for near-
to thermal-IR photometry and spectroscopy, and NACO/UT4
(Lenzen et al. 2003; Rousset et al. 2003) for deep near-IR
AO imaging. In all observations except those using NACO, the
point-spread functions (PSFs) of the two sources were partially
blended, even under excellent observing conditions with seeing
always less than 0.7′′.

2.1. optical photometry

Broadband VRIz photometry was obtained on June 19 and July
20 2004 (UT) using FORS2 (2 CCDs each 2048× 4096 pix-
els) in high resolution mode with 2× 2 binning resulting in a
plate-scale of 0.125′′ pixel−1 and a field-of-view of 4.25′ × 4.25′.
ε Indi Ba and Bb were separated by ∼0.84′′ under photomet-
ric conditions with median seeing of 0.55′′ FWHM. Five im-
ages dithered by 1′ from a central position were obtained in
each filter except the R-band where twelve dithered images were
taken. Individual exposure times were 500 s, 60 s, 20 s, and 10 s
in the VRIz bands, respectively, giving total integration times
of 42 min, 12 min, 100 s, and 50 s. Sky subtraction and flat-
fielding were carried out with standard IRAF programs. As seen
in Fig. 1, both components of the binary are well-detected in the
RIz bands, but ε Indi Bb is only marginally detected in the V-
band. We used the FORS2 Bessell V , Special R, Bessell I, and
Gunn z broadband filters. Observations of the standard star fields
PG 2213-006 and Mark-A (Landolt 1992) were taken for photo-
metric calibration which is discussed in detail in Sect. C.

The large field-of-view meant there were sufficient bright
field stars with which to model the PSF and so DAOPHOT/IRAF
PSF-fitting was employed to extract the individual fluxes of the
two brown dwarfs. For the RIz bands, each of the images were
fit separately to allow a determination of the accuracy of the pro-
file fitting which is included in the uncertainties of the derived
magnitudes. In the V-band, ε Indi Bb was only marginally de-
tected, so we were unable to fit PSFs to the two components
of the binary. To extract the photometry of both sources, we
used a small aperture to measure the flux of the brighter source
ensuring there was no appreciable contaminant flux from the
fainter source. We then extracted the photometry of the com-
bined source with a larger, circular aperture and, using the curve
of growth of brighter stars in the field, derived the excess flux
due to ε Indi Bb and thus an upper limit on the V-band flux.

The measured flux ratio and the central wavelength and
width for each of the observed filters is listed in Table 1, while
Table 2 lists the derived photometry.

2.2. near- and thermal-IR photometry

The ISAAC imager was used on November 5 and 11 2003 (UT)
to obtain photometry of ε Indi Ba, Bb in the ISAAC JHKSLMNB
filters. ISAAC was used with the ALADDIN array (1024× 1024
pixels) in long-wavelength imaging modes LWI3 and LWI4 for
the JHKS and LMNB imaging, respectively, resulting in plate-
scales of 0.148′′ pixel−1 and 0.071′′ pixel−1 and fields-of-view
of 151× 151′′ and 73× 73′′.
ε Indi Ba and Bb were separated by ∼0.77′′ at this epoch and

were observed under photometric conditions with typical seeing
of ∼0.45′′ FWHM. The JHKS images were taken at three posi-
tions dithered by ∼14′′ with total integration times of 3.5 min in

Fig. 1. From left to right and top to bottom, FORS2 VRIz and
ISAAC JHKSLMNB images of ε Indi Ba, Bb. Each image is a
4′′ × 4′′ sub-section of the full image. North is up, East left. The
object to the south-east of the V-band image is a faint galaxy not
seen in the other pass-bands. The L-band profiles are seen to be
slightly elliptical. The V and MNB-band images are the stacked
images of all observations in those pass-bands.

Table 1. The flux ratio (Ba/Bb) of ε Indi Ba, Bb in the observed
FORS2 and ISAAC filters and the effective wavelength and half-
power width of those filters. See Sect. C for a description of pho-
tometric calibration and transformation to standard systems. All
except the V-band ratio were measured using PSF-fitting (see
Sect. 2.1).

Observed Passband Ratio (Ba/Bb) λeff (µm) ∆λ (µm)
V 9.82 ± 0.66 0.554 0.112
R 4.81 ± 0.07 0.655 0.165
I 5.04 ± 0.05 0.768 0.138
z 3.85 ± 0.03 0.910 0.131
J 2.28 ± 0.02 1.25 0.29
H 5.27 ± 0.06 1.65 0.30
KS 7.12 ± 0.02 2.16 0.27
L 4.50 ± 0.16 3.78 0.58

MNB 1.35 ± 0.15 4.66 0.10

each of the three filters. The three offset images were combined
to remove the sky flux and then flat-fielded with standard IRAF
programs. The L and MNB images were taken in chop-nod mode
with a throw of ∼20′′ and total exposure times of 2 min in the L-
band, and 4 min in the MNB-band. The images were flat-fielded
and the half-cycle frames subtracted in the standard manner pro-
ducing three sky-subtracted images at different positions on the
array.

The ISAAC field-of-view was found to be mostly empty, and
most importantly with no stars bright enough to fit a model PSF.
Therefore, a custom profile-fitting routine was implemented to
determine the flux ratio of the partially-blended objects (see
Sect. A). The total flux of the two objects was then measured
by aperture photometry. The centre and size of a circular aper-
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King et al. 
2010

VRIzJHKsLMNB Photometry
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King et al. 
2010

Spectroscopy: optical - thermal IR
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Relative Astrometry

 Kepler’s 3rd Law
 Period 
 Semi-major axis

m1 + m2 = (4π2a3)/(GP2)

Credit image: www.astro.uvic.ca/~tatum/celmechs/celm17.pdf 

http://www.astro.uvic.ca/~tatum/celmechs/celm17.pdf
http://www.astro.uvic.ca/~tatum/celmechs/celm17.pdf
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Relative Astrometry
 ESO VLT NACO adaptive 

optics data in J, H, Ks bands

 Total 34 epochs between 
May 2004 and September 
2010 

 More than half orbit covered

ESO VLT NACO adaptive optics J, H & Ks 
composite image. McCaughrean et al., A&A (2004) 
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Relative Astrometry
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Period: 10.93 years
Date of periastron: 2010.15
e: 0.541
i: -77.1 ◦

a: 0.6677 ′′

System mass: 120.9± 0.3 MJup

Ba relative position
Bb relative position
Best fit
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Relative Astrometry

1 marcsec
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Results

System mass = 120.9 ± 0.3 MJup 

Stochastic error:    ± 0.2%

Systematic errors: ± 0.2% NACO pixel scale [1]

                                 ± 0.1% ε Indi A distance  [2]

                                 ± 0.2% line of sight separation to ε Indi A [3]

[1] Trippe et al. 2008; [2] van Leeuwen 2007; [3] Leinert et al.1993
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3.7  4.3

System Mass

Age

COND03

King et al. 2010, 
Baraffe et al. 2003
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FORS2 R∼1000 optical spectrum of ε Indi Ba (upper line) and the BT-Settl (Allard et al. 2003) 
atmospheric model fit (lower line) (King et al. 2010). The lack of Li absorption at 6708˚A 
indicates a mass in excess of ∼ 0.06 M⊙ (Burke et al. 2004): given the observed luminosity, this 
suggests an age > 3 Gyr using the Baraffe et al. (2003) evolutionary models.
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Absolute Astrometry

 Definition of centre of mass: 
m1r1=m2r2

 To have the individual masses:

m1/m2 = (r2 sin i )/( r1 sin i)  

Centre of 
mass

Credit image: www.astro.iag.usp.br/~jane/aga215/aula08/cap8.htmCredit image: Zeilik & Smith
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Absolute Astrometry

 ESO VLT FORS2 data in I – band

 Total of 43 epochs between May 2005 and September 2009

 FORS2 field of view: 8.6 x 8.6 arcmin
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 FORS2 field of view, 
May 2005

 ε Indi B in blue

 2MASS stars (green)
 16 CCD1 (max)
 24 CCD2 (max) 

 Background stars 
(red + green)
 65 CCD1
 47 CCD2

VLT FORS2, 8.6x8.6 arcmin FOV, 0.126 arcsec/pix, I band, 20 sec,  0.32 arcsec FWHM
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Results
MBa / Msystem = 0.61 ± 0.02

M (ε Indi Ba) =  73.7 ± 2.4 MJup  

M (ε Indi Bb) =  47.1 ± 2.4 MJup

Constrain evolutionary models  
&                                            

atmospheric models of T dwarfs
Model independent          
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COND03

King et al. 2010, 
Baraffe et al. 2003

ε Indi Ba

ε Indi Bb



40 45 50 55 60 65 70 75 80
Mass (MJup)

−6.0

−5.5

−5.0

−4.5

−4.0
Lu

m
in

os
ity

(l
og

(L
/L

Su
n)

)

Ba
Bb
Ba
Bb
Ba
Bb

ε Indi Ba, BbCátia Cardoso

40 45 50 55 60 65 70 75 80
Mass (MJup)

−6.0

−5.5

−5.0

−4.5

−4.0

Lu
m

in
os

ity
(l

og
(L

/L
Su

n)
)

1Gyr
3Gyr
4Gyr
5Gyr
7Gyr
10Gyr

Ba
Bb

1Gyr
3Gyr
4Gyr
5Gyr
7Gyr
10Gyr

40 45 50 55 60 65 70 75 80
Mass (MJup)

−6.0

−5.5

−5.0

−4.5

−4.0

Lu
m

in
os

ity
(l

og
(L

/L
Su

n)
)

1Gyr
3Gyr
4Gyr
5Gyr
7Gyr
10Gyr

Ba
Bb

1Gyr
3Gyr
4Gyr
5Gyr
7Gyr
10Gyr

40 45 50 55 60 65 70 75 80
Mass (MJup)

−6.0

−5.5

−5.0

−4.5

−4.0

Lu
m

in
os

ity
(l

og
(L

/L
Su

n)
)

1Gyr
3Gyr
4Gyr
5Gyr
7Gyr
10Gyr

Ba
Bb

1Gyr
3Gyr
4Gyr
5Gyr
7Gyr
10Gyr

40 45 50 55 60 65 70 75 80
Mass (MJup)

−6.0

−5.5

−5.0

−4.5

−4.0

Lu
m

in
os

ity
(l

og
(L

/L
Su

n)
)

1Gyr
3Gyr
4Gyr
5Gyr
7Gyr
10Gyr

Ba
Bb

1Gyr
3Gyr
4Gyr
5Gyr
7Gyr
10Gyr

40 45 50 55 60 65 70 75 80
Mass (MJup)

−6.0

−5.5

−5.0

−4.5

−4.0

Lu
m

in
os

ity
(l

og
(L

/L
Su

n)
)

1Gyr
3Gyr
4Gyr
5Gyr
7Gyr
10Gyr

Ba
Bb

1Gyr
3Gyr
4Gyr
5Gyr
7Gyr
10Gyr

40 45 50 55 60 65 70 75 80
Mass (MJup)

−6.0

−5.5

−5.0

−4.5

−4.0

Lu
m

in
os

ity
(l

og
(L

/L
Su

n)
)

1Gyr
3Gyr
4Gyr
5Gyr
7Gyr
10Gyr

Ba
Bb

1Gyr
3Gyr
4Gyr
5Gyr
7Gyr
10Gyr

40 45 50 55 60 65 70 75 80
Mass (MJup)

−6.0

−5.5

−5.0

−4.5

−4.0

Lu
m

in
os

ity
(l

og
(L

/L
Su

n)
)

1Gyr
3Gyr
4Gyr
5Gyr
7Gyr
10Gyr

Ba
Bb

1Gyr
3Gyr
4Gyr
5Gyr
7Gyr
10Gyr

COND03
DUSTY00

Chabrier et al. 2000, 
Baraffe et al. 2003
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Future Work
Asteroseismology study of ε Indi A for better constraint on age.

8. Description of the proposed programme and attachments

Description of the proposed programme (continued)

measurements (σrms) is only 90 and 70 cm s−1 for the two time series, respectively. This scatter includes ‘short-
term’ noise, but also some noise at lower frequencies and the oscillations. From the amplitude spectrum, the
‘short-term’ accuracy is estimated to be 50–55 cm s−1 in the range 3–7mHz. As detailed below, extrapolation
shows that a 12 night observing campaign with HARPS will yield a noise of about 1.2 cm s−1 in the Fourier
amplitude spectrum. This will allow the detection of a large number of oscillation frequencies at a significant
S/N (∼ 3–6), yielding an accurate determination of the separation between the "= 0 and 2 modes.

Despite being as bright as mV = 4.7, ε Indi A is a relatively challenging target for asteroseismology. However,
in its favour is that, as a main-sequence star, the p-modes should be very regularly spaced. Modes will not be
shifted by avoided crossings, as occurs for subgiant stars such as Procyon, ν Ind and β Hyi, making the process
of mode identification very straightforward. Also, the frequency separations (both large and small) will be
substantially larger, and therefore more easily resolved, than those of all previous asteroseismology targets.
Attachments (Figures)

Fig. 1a: FORS2 R∼1000 optical spectrum of ε Indi Ba (upper line) and the BT-Settl (Allard et al. 2003, IAU Symposium

211) atmospheric model fit (lower line) (King et al. 2010). The lack of Li absorption at 6708Å indicates a mass in excess

of ∼ 0.06 M! (Burke et al. 2004, ApJ 604 272): given the observed luminosity, this suggests an age >∼3Gyr using the

Baraffe et al. (2003, A&A 402 701) evolutionary models. Fig. 1b: The predicted total mass of ε Indi Ba + Bb as a

function of age using the observed luminosity of both objects. The two curves show the 1σ uncertainty on the mass

prediction for ages of 1–10 Gyr. The precise dynamical system mass of 121±1 MJup (horizontal dashed lines) allows us

to predict a model-dependent age of 3.7-4.3 Gyr (1σ) for the ε Indi system (dashed vertical lines).

Fig. 2: HARPS test data for ε IndiA from May 2008. Left: Data from the two nights (bottom: 49 radial velocity

measurements [RVs], σrms = 70 cm s−1, including pulsations and noise at lower frequency; top: 70 RVs with σrms =

90 cm−1). The individual modes are too small to be directly detected, but some variations with frequency near 5.5 mHz

are nevertheless present and can be interpreted as pulsations: there are 15 maxima in the first 45 min time-series and 24

in the second 75min series, yielding periods of 3min. This suggests a global superposition of all modes with frequency

near 5.5mHz (periods ∼3min). Right: Smoothed power spectrum of the test measurements on ε IndiA, clearly showing

the power excess at 5–6.5mHz.

- 3 -
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Text


