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ABSTRACT
We present deep observations of the nearby T-type brown dwarf binaryǫ Indi Bab in radio with the Australia

Telescope Compact Array and in X-rays with theChandra X-ray Observatory. Despite long integration times,
the binary (composed of T1 and T6 dwarfs) was not detected in either wavelength regime. We reached 3σ
upper limits of 1.23× 1012 and 1.74× 1012 erg s−1 Hz−1 for the radio luminosity at 4.8 GHz and 8.64 GHz,
respectively; in the X-rays, the upper limit in the 0.1− 10 keV band was 3.16×1023 erg s−1. We discuss the
above results in the framework of magnetic activity in ultracool, low-mass dwarfs.
Subject headings: radio continuum: stars—stars: activity—stars: coronae—stars: individual (ǫ Ind Bab)—

stars: low-mass, brown dwarfs—X-rays: stars

1. INTRODUCTION

Magnetic activity is a common feature of late-type stars.
The general hypothesis assumes that some magnetic dynamo
mechanism (αω dynamo) occurs at the interface between
the radiative core of the star and its outer convective zone.
However, objects with masses below 0.3M⊙ (spectral type
later than M3) are generally believed to be fully convec-
tive, and thus cannot support theαω dynamo. Nevertheless,
magnetic activity is commonly seen, even in very late M-
type objects (e.g., Johnson 1981, 1987; Tagliaferri et al. 1990;
Drake et al. 1996; Fleming et al. 2000; Rutledge et al. 2000;
Fleming et al. 1993, 2003; Stelzer 2004). An alternative dy-
namo mechanism (α2 dynamo), involving turbulent magnetic
fields, has been proposed to take place in fully convective ob-
jects (e.g., Durney et al. 1993).

Studies of the Hα emission (a common tracer of chromo-
spheric activity) in late-type stars have shown a steep de-
crease for spectral types later than M7 despite their fast ro-
tation (Gizis et al. 2000; Mohanty & Basri 2003). The X-
ray emission also appears to decrease, although the sample
of studied stars is limited (e.g., Fleming et al. 1993, 2003).
It was thus a surprise when Berger (2002) found no decline
in radio activity between spectral types M3 and L3.5, and
even suggested a possible increase in radio luminosity with
cooler effective temperature. Recent results seem to sup-
port such a trend in late-M/early-L dwarfs (Berger et al. 2005;
Burgasser & Putnam 2005). Old T-type brown dwarfs are,
therefore, attractive objects to observe, in order to understand
magnetic activity in ultracool dwarfs. However, observations
of T dwarfs are scarce in the radio and were nonexistent in
X-rays.

This paper extends the previous investigations into the T
dwarf domain. We present the first observation of a T dwarf
in X-rays with theChandra X-ray Observatory along with a
deep observation in the radio regime with the Australia Tele-
scope Compact Array (ATCA). Our target,ǫ Ind Bab, is the
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closest known brown dwarf and is composed of two objects
with spectral types T1 and T6 separated by 0.′′73 (2.65 AU at
a distance of 3.626 pc; Scholz et al. 2003; Smith et al. 2003;
Volk et al. 2003; McCaughrean et al. 2004). We list the bi-
nary’s main characteristics in Table 1. Blank (2005) failedto
detectǫ Ind Bab with ATCA, but our radio observation goes
deeper.

2. OBSERVATIONS AND DATA REDUCTION

Despite our best effort to coordinate theChandra and
ATCA observations of theǫ Ind Bab binary, the X-ray ob-
servations were delayed by a few days due to satellite safety
reasons. A log of the observations is given in Table 2.

2.1. ATCA

The ATCA was in a long-baseline configuration (6D); we
used 4.8 GHz and 8.64 GHz receivers with bandwidths of
128 MHz. Observing scans ranged from 10 min to 20 min
on source, depending on the weather conditions, whereas we
used 3 min scans for the phase calibrator. About 5 minutes
at the start of each observing round were spent on the flux
calibrator. The observing conditions on the first day were av-
erage with cloud coverage; however, the last three hours of the
first day of observation were essentially useless due to strong
winds and a thunderstorm. In contrast, the weather condi-
tions were much better during the second day with generally
a cloud-free sky.

We combined both observing rounds and reduced the
ATCA data using the MIRIAD software (Sault et al. 1995).
We detected 9 sources in the 4.8 GHz map; we used boxes
of about 20′′ width centered on these sources and applied a
CLEAN algorithm using uniform weighting. About 5.4 mJy
were thus removed in 202 iterations (we stopped when a neg-
ative value was encountered). Although no sources were vis-
ible in the dirty map at 8.64 GHz, we used the boxes around
the first five brightest sources detected at longer wavelengths
and performed a CLEAN algorithm. About 0.5 mJy were re-
moved after 38 iterations. The rms noise level in the cleaned
maps reached 26.4 and 37.3µJy at 4.8 and 8.64 GHz, respec-
tively. The values are close to the theoretical values (25.1
and 35.6 µJy). No source was detected at the expected posi-
tion of the T-type brown dwarf binary (see Tab. 2 and Fig. 1).
Since short duration flares could be missed in the 2-day im-
ages, we have generated maps down to 1-hour duration but
still detected no source (typical rms noise levels of 120µJy
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and 155µJy at 4.8 and 8.64 GHz, respectively). Our non-
detection limits are consistent with those of Blank (2005) but
we went deeper since we observedǫ Ind Bab about twice as
long. At the distance of the binary (3.626 pc), the 3σ upper
limits correspond to radio luminosities,LR, of 1.23×1012 and
1.74×1012 erg s−1 Hz−1 at 4.8 and 8.64 GHz, respectively.

2.2. Chandra

Chandra observedǫ Ind Bab at two different times. We
reduced both data sets with the CIAO 3.1 software in com-
bination with CALDB 2.29. The data were taken in VERY
FAINT mode which allowed us to further reduce the back-
ground level. We later merged both event files into one single
event file (total exposure of 62.5 ksec). No signal was de-
tected at the expected position ofǫ Ind Bab (Tab. 2); this was
confirmed with several source detection algorithms. Figure2
shows an extract of theChandra ACIS-S image (0.2−8 keV).
Blank (2005) tentatively associated theROSAT source 1WGA
J220-5647 withǫ Ind Bab. However, thanks the high spa-
tial resolution ofChandra, we assign theROSAT source to a
nearby bright X-ray source instead (see Fig. 2). No optical or
near-infrared counterpart to this source could be found in Dig-
itized Sky Survey and Two Micron All Sky Survey images.

No events were detected within 1.′′4 (95% of the encir-
cled energy at 0.3 keV) of the expected position ofǫ Ind
Bab in the 0.2 − 8 keV range. Note that, without the en-
ergy filtering, 4 events were detected but all had energies
above 10 keV casting severe doubt that they were due to
the source rather than the background. Furthermore, increas-
ing the extraction radius to 3′′ only allows the detection of a
single event. To estimate the background contribution, we
used a concentric annulus with an inner radius of 3′′ and
an outer radius calculated such that the annulus’ area was
100 times larger than the area of the circle around the bi-
nary (i.e, rout = 14.′′3). A total of 77 events were detected;
consequently, the scaled estimated background contribution
is 0.77 events, i.e., a mean background rate of 0.012 ct ks−1.
We then followed the approach of Kraft et al. (1991) to deter-
mine the upper confidence limit using a Bayesian confidence
level of 95% which corresponded to 2.99 counts. To con-
vert this count rate of 0.048 ct ks−1 into an X-ray luminosity,
we used one plasma component with solar photospheric abun-
dances (Grevesse & Sauval 1998) using the APEC 1.3.1 code
(Smith et al. 2001) in the XSPEC software (Arnaud 1996).
We obtained count rates in the 0.2− 8 keV band and X-ray
fluxes in the 0.1− 10 keV band. The latter fluxes were con-
verted into X-ray luminosities,LX , using the distance ofǫ Ind
Bab. For plasma temperatures of 0.4 to 1.0 keV, the conver-
sion factor is constant, i.e., 6.5×1024 erg s−1 per ct ks−1. For
cooler plasma temperatures, the conversion factor increases
by factors of 1.16,1.46,1.74, and 3.25 forkT = 0.3,0.2,0.15,
and 0.1 keV, respectively. Similarly, the factor increases by
1.20,1.33,1.53, and 1.82 for kT = 1.5,2,3, and 5 keV, re-
spectively. Therefore, assumingkT = 0.4−1.0 keV, we obtain
LX . 3.16× 1023 erg s−1. In the worst case (kT = 0.1 keV),
our upper limit increases to 1.0×1024 erg s−1.

3. DISCUSSION

Since the ATCA could not separate the binary andChan-
dra would have barely done so, our upper limits (LR andLX)
can either be attributed to one binary component or the other.
Table 3 gives the upper limits of the luminosity ratios to the
bolometric luminosity for each component.

Our radio upper limits,LR/Lbol < 10−16.8 − 10−16.0 Hz−1, do

not go as deep as for dMe stars, which are typically detected
with ratios of the order of 10−18 Hz−1. However, the limit at
8.64 GHz is deeper forǫ Ind Ba than the upper limit obtained
at 8.46 GHz with the VLA by Berger (2002) for a T6 brown
dwarf (our limit at 8.64 GHz forǫ Ind Bb is, however, equiv-
alent). Berger hypothesized that the radio luminosity relative
to the bolometric luminosity would increase with later spec-
tral type, and their strong detection of an L dwarf in radio
appears to support this (Berger et al. 2005). Similarly, de-
spite the lack of sensitivity of current radio instruments,such
a trend is also suggested in a small survey of southern late-
M and L dwarfs (Burgasser & Putnam 2005). On the other
hand, our upper limits for T dwarfs do not indicate that this
trend continues into the T dwarf domain. Deep observations
of T dwarfs can, in principle, be very useful since they pro-
vide data points at lowTeff; however, the exposure required
to achieve the necessary sensitivity for comparison with dMe
dwarfs (i.e.,LR/Lbol < 10−18− 10−19 Hz−1) must await the ad-
vent of the next generation of radio telescopes.

In contrast, the sensitivity ofChandra allows us to obtain
a low LX/Lbol ratio. We reach an upper limit about 10− 100
times lower than theLX/Lbol ratios observed in active dMe
stars (e.g., Fleming et al. 1995, 2003). In fact, our limit is
close to the ratio observed in the Sun (as a star) at its ac-
tivity maximum and to the ratio observed in early-dM stars
that do not show Hα in emission (Fleming et al. 1995). Al-
though X-ray observations of ultracool dwarfs are rare (e.g.,
Rutledge et al. 2000; Schmitt & Liefke 2002; Martín & Bouy
2002; Fleming et al. 2003; Briggs & Pye 2004; Stelzer 2004;
Berger et al. 2005), the X-ray emission in such dwarfs appears
to decline like the Hα emission. Most X-ray detections were
actually obtained during flares, with only a few objects de-
tected in quiescence. Our non-detection of the T-typeǫ Ind
Bab with Chandra reinforces the view that the X-ray emis-
sion in ultracool dwarfs declines significantly with later spec-
tral type.

Berger et al. (2005) suggested that magnetic activity is
strong in ultracool dwarfs, in fact much stronger than in
dMe stars, but that it manifests itself mostly in the ra-
dio, as atmospheric conditions in such dwarfs become un-
favorable for Hα and X-ray emission due to the decou-
pling of the magnetic field from the neutral photospheric
gas (Meyer & Meyer-Hofmeister 1999; Mohanty et al. 2002).
Taken alone, the lack of X-rays fromǫ Ind Bab could, in prin-
ciple, support this view. However, Berger (2002) noted that
fast rotators (> 10 km s−1) have highLR/Lbol ratios. Butǫ
Ind Bab does not follow this trend: Smith et al. (2003) found
that the T1 component is a fast rotator (vsini = 28 km s−1).
Note that the stellar radius and period are similar to those of
the L3.5 dwarf detected in radio (but not in X-rays or Hα) by
Berger et al. (2005). Possibly, the suggested trend observed in
late-M/early-L dwarfs does not hold in the old, cool T dwarfs
(Teff = 800− 1300 K). Our observation thus suggests a physi-
cal change in magnetic behavior somewhere in the range of T
dwarfs. Alternatively, the observed sample of L and T dwarfs
is too limited and sensitivity is lacking.

Magnetically active stars often show a relation between the
quiescent X-ray and radio luminosities (Güdel & Benz 1993).
The Güdel-Benz relation points toward a close connection
between non-thermal electrons observed as gyrosynchrotron
emission and the thermal plasma radiating in X-rays. The ori-
gin of this connection remains unclear; however, there is in-
creasing evidence that the X-ray emission in magnetically ac-
tive stars is due to the statistical superposition of flares (e.g.,



A Deep Look atǫ Ind Bab 3

Audard et al. 2000; Güdel et al. 2003). In addition, the ra-
dio and X-ray light curves of flares are often correlated (e.g.,
Neupert 1968; Güdel et al. 2002). Thus, coronal heating by
flares provides an elegant explanation for the time-average
LX − LR relation observed in active stars. However, ultra-
cool dwarfs seem not to follow this relation since they show
stronger radio emission with respect to the X-ray emission
(e.g., Berger et al. 2001; Berger 2002; Burgasser & Putnam
2005). This indicates either that magnetic activity in such
dwarfs is different (Berger et al. 2001, 2005), or possibly
that the radio emission mechanism differs significantly from
gyrosynchrotron. Indeed, the emission of many flares in
M dwarfs can be ascribed to a coherent mechanism (e.g.,
Kundu et al. 1988). In the case ofǫ Ind Bab, we obtained
only upper limits for both radio and X-ray regimes; thus it is
unclear whether the T brown dwarfs follow the Güdel-Benz
relation or not.

4. CONCLUSIONS

We have presented deep observations ofǫ Ind Bab, a T1+T6
brown dwarf binary at 3.626 pc, in X-rays withChandra and
in the radio with ATCA. The binary remained undetected,
with upper limits ofLX/Lbol . 10−5.4 and 10−4.7 andLR/Lbol .
10−16.8 and 10−16.2 Hz−1 (at 4.8 GHz) forǫ Ind Ba and Bb, re-
spectively. The non-detection in the radio is in contrast with
the trend of increasingLR/Lbol with later spectral type sug-
gested by Berger (2002) and Berger et al. (2005) in late-M
and L dwarfs. Berger et al. (2005) argued that the neutral at-
mospheres in ultracool dwarfs lead to unfavorable conditions
for the X-ray and Hα emissions (Meyer & Meyer-Hofmeister

1999; Mohanty et al. 2002), but not for the radio emission of
fast rotators. However, the T1 component inǫ Ind Bab is a
rapid rotator with similar period and radius as the L dwarf de-
tected strongly in the radio (but undetected in X-rays and Hα)
by Berger et al. (2005). Therefore, ourǫ Ind Bab observations
indicate that cool T dwarfs may not follow the trend suggested
by Berger and colleagues. However, a definitive conclusion is
difficult to reach in view of the limited sample of ultracool
dwarfs observed in the radio and in X-rays and of the lack of
sensitivity of present radio (and X-ray) instruments.
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TABLE 1
THE ǫ IND BAB BINARY

ǫ Ind Ba ǫ Ind Bb

Spectral type . . . . . . . . . . . . . . . . T1 T6
log(Lbol/L⊙) . . . . . . . . . . . . . . . . −4.71 −5.35
Teff (K) . . . . . . . . . . . . . . . . . . . . . 1276±35 854±20
Mass (MJup). . . . . . . . . . . . . . . . . 47±10 28±7
Radius (R⊙) . . . . . . . . . . . . . . . . 0.091±0.005 0.096±0.005
Distance (pc) . . . . . . . . . . . . . . . . 3.626
Age (Gyr) . . . . . . . . . . . . . . . . . . 0.8− 2

REFERENCES. — See McCaughrean et al. (2004)
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TABLE 2
OBSERVATIONLOG FORATCA AND Chandra

Position ofǫ Ind Bab (Equinox: J2000; Epoch: J2004.93)

Right ascension 22h04m12.s96
Declination −56◦47′10.′′5

ATCA (Program C1269)

Observation date 2004 Dec 4 0h30–14h30 UT
2004 Dec 5 1h00–13h00 UT

Antenna configuration 6D
Bandwidth 128 MHz over 32 channels
Flux calibrator PKS J1939−6342

(ATCA calibrator name) (1934−638)
Phase calibrator PMN J2121−6111

(ATCA calibrator name) (2117−61)

8.64 GHz
Synthesized beam 1.′′90×1.′′65

Position angle −18.◦7
Theoretical RMS flux 35.56µJy

4.80 GHz
Synthesized beam 3.′′55×3.′′01

Position angle −16.◦7
Theoretical RMS flux 25.09µJy

Chandra (ObsId 6171 and 4485)

Observation date 2004 Dec 7 13h59–21h11 UT
2004 Dec 9 00h04–11h35 UT

Instrument ACIS-S
Total exposure 62.4 ksec
PSF (FWHM) 0.′′5
95% EE PSF @ 0.3 keV 1.′′44
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TABLE 3
UPPER LIMITS OF LUMINOSITIES AND OF LUMINOSITY

RATIOS TO THE BOLOMETRIC LUMINOSITY

Upper limit ǫ Ind Ba ǫ Ind Bb

LR,4.8 GHz (erg s−1 Hz−1) . . . . . . . . . 1.23×1012

LR,8.64 GHz (erg s−1 Hz−1). . . . . . . . . 1.74×1012

LX,0.1−10 keV (erg s−1) . . . . . . . . . . . . 3.16×1023

log(LR,4.8 GHz/Lbol) (Hz−1) . . . . . . . −16.79a −16.15a

log(LR,8.64 GHz/Lbol) (Hz−1) . . . . . . −16.64a −16.00a

log(LX,0.1−10 keV/Lbol) . . . . . . . . . . . −5.38a −4.74a

a Ratios calculated by attributing the luminosity
upper limits to each component.
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FIG. 1.— Cleaned ATCA maps of theǫ Ind Bab field at 4.8 GHz (left) and 8.64 GHz (right). Contours are plotted in units of−3,−1,1,3,10 times 26.4 µJy and
37.3 µJy, respectively. The expected position of the brown dwarf binary (Tab. 2) is shown by open circles of 2′′ and 1′′ radii, respectively. The beam size is also
shown in the bottom left part of each map.
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12.0s 08.0s 04.0s 22h04m00.0s

46m30.0s

-56d47m00.0s
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Chandra

1 WGA J2203.9-5647

eps Ind Bab

FIG. 2.— Extract of theChandra ACIS-S image. The expected position ofǫ Ind Bab (Tab. 2) is shown with a circle of 3′′ radius.


