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ABSTRACT

FU Tau belongs to a rare class of young, wide brown dwarf @saiVe have resolved the
system in &ChandraX-ray observation and detected only the primary, FU Tau Adi&ray
emission, presumably from a corona, is present but, unégglgcwe detect also a strong and
unusually soft component from FU Tau A. Its X-ray properties far unigue among brown
dwarfs, are very similar to those of the T Tauri star TW HyaeBmalogy with TW Hya sug-
gests that the dominating soft X-ray component can be exgiblby emission from accretion
shocks. However, the typical free-fall velocities of a brosiwarf are too low for an interpre-
tation of the observed X-ray temperature as post-shoclone@n the other hand, velocities
in excess of the free-fall speed are derived from archivéicapspectroscopy, and indepen-
dent pieces of evidence for strong accretion in FU Tau A atsdbin optical photometry.
The high X-ray luminosity of FU Tau A coincides with a high boletric luminosity con-
firming an unexplained trend among young brown dwarfs. I, fad Tau A is overluminous
with respect to evolutionary models while FU TauB is on thdyr isochrone suggesting
non-contemporaneous formation of the two components imithary. The extreme youth of
FU Tau A could be responsible for its peculiar X-ray propestin terms of atypical magnetic
activity or accretion. Alternatively, rotation and magiodield effects may reduce the effi-
ciency of convection which in turn affects the effective perature and radius of FU Tau A
shifting its position in the HR diagram. Although there isditect prove of this latter scenario
so far we present arguments for its plausibility.
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1 INTRODUCTION

The young binary brown dwarf (BD) FU Tau has aroused interest
in the star formation community for two particular aspectghb
having important implications for BD formation theoriegésLuh-
man et al. 009a): (1) It is one of only a handful of known binary
BDs with wide separation300 AU). (2) It is located in the B 215
dark cloud in Taurus that hosts only one other T Tauri star)L'T

It is the only young &€ 5Myr) BD known in such a remote lo-
cation and, therefore, it has formed most likely in isolat@and
not in a stellar cluster or aggregate. From low-resolutigtical
spectra Luhman et al. (009a) measured spectral types ofBin@
M9.25 for the two components FU Tau A and FU Tau B. They de-
rive masses 0).05 M and0.015 M, respectively, comparing
the position of the two BDs in the HR diagram to pre-MS evolu-
tionary models by Baraffe et al. (1998) and Chabrier et &10().
They find that FU Tau A is significantly overluminous relatteghe
youngest { Myr) isochrone of the models. The extinction was mea-
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sured from infrared (IR) photometry to lbe 2 mag for the primary
and < 1mag for the secondary. The spectral energy distributions
of both binary components indicate the presence of circelifast
disks by excess emission over the photospheric model iBpiteer
mid-IR bands. In addition, there is a blue excess for FU Taligk t
might indicate ongoing accretion. Both FU Tau A and B haversjr

Ha emission in low-resolution spectra (equivalent width§®&nd
704, respectively), again a likely accretion signature.

Widely separated BDs are important calibrators of sulastel
magnetic activity because they allow to examine the X-ragrch
acteristics of two presumably coeval targets with différé&ub-
)stellar properties{es, Lbo1, €tC.) in a critical parameter range.
Magnetic activity (as probed by ddand X-ray luminosity) seems
to decay strongly at late-M spectral types (Mohanty et a0520
Stelzer et al. 2006)Chandrais the only X-ray instrument capable
of resolving FU Tau and similar BD binaries. In an earlierdstwe
have resolved the wide BD binary in the Chamaeleon starifagm
region, 2MASS J11011926-7732383 AB (Stelzer & Micela 2007)
In a continuation of our search for coronal activity in subHar
twins we have obtained @handraX-ray observation of FU Tau.
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Figure 1. ChandrdACIS image of the FU Tau binary. 2 MASS positions
are marked with crosses. The secondary is not detected.

Here we combine the analysis of the X-ray data with archiyal o
tical spectroscopy and photometry. The primary turns outaee
unexpected X-ray properties. This observation shows haenm
plete our knowledge of the high-energy emission of BDs is.

2 DATA ANALYSISAND RESULTS
2.1 X-ray observation

On 22 Oct 2009 FUTau was observed féibksec with
ChandrdACIS-S (Obs-ID 10984). The data analysis was carried
out with the CIAO packagde version 4.1, we started with the level 1
events file provided by th€handraX-ray Center. The steps per-
formed to convert these data to an event level 2 file are deetri
e.g. in Stelzer & Micela (2007).

The X-ray image is almost devoid of X-ray sources, not un-
expectedly as high extinction through the B 215 cloud olestine
background sky. However, bright X-ray emission is found ¢e ¢
incide with the 2 MASS position of FU TauA. For detecting the
X-ray source(s) associated with the two components of théoBD
nary, source detection was restricted ta(® x 100 pixels wide
image (1 pixek= 0.5”) and a congruent, monochromatic exposure
map for1.5keV centered on the 2 MASS position of FU Tau A.
Source detection was carried out with thvavDETECT algorithm
with wavelet scales betweenands8 in steps ofy/2. We tested a
range of detection significance thresholds, and found dhat=

105 avoided spurious detections and at the same time separated

close emission components. The X-ray image in the regioarato
FU Tau A is shown in Fig. 1. There is only one X-ray source in the
surroundings of the BD binary. It is associated with FU TalAe
companion FU Tau B remains undetected.

We calculated the source count rates in the following way: A

L CIAO is made available by thehandraX-ray Center and can be down-
loaded from http://cxc.harvard.edu/ciao/download/

Table 1. X-ray parameters of the FU Tau binary.

Object  Offax Counts Expo logLx log( LI;:;I )
" in 0.3 — 8keV [sec] [erg/s]

FUTauA 0.29 603.8 +24.6 54153 29.7 —3.2

FUTauB 0.39 < 4.7 54053 < 27.2 < —3.8

Bolometric luminosities from Luhman et al. (009a).

circular source photon extraction region was defined as tha a
that contains95 % of the point spread function at the position
of FUTauA. The background was extracted individually from a
squared region centered on the source extraction area aathke
times larger than the latter one. A circular area centeretherpo-
sition of the X-ray source was excluded from the backgroued.a
The S/N was computed from the counts summed in the source and
background areas, respectively, after applying the ap@t@parea
scaling factor to the background counts. In practice, thoédpaund
is very low (a fraction of a count in the source extractioredr&i-
nally, the count rate of FU Tau A was obtained using the exgosu
time at the source position extracted from the exposure Mép.
have estimated 85 % confidence upper limit for the count rate at
the position of FU Tau B using the algorithm of Kraft et al. 919.

In Table 1 we summarize some X-ray parameters of the binary.
The distance assumed for the estimate of luminositi#sigpc. For
FU Tau A we report the value df extracted from its spectrum (see
below), while for FU Tau B we used PIMMSo convert the count
rate upper limit to a flux limit. This conversion depends oa tim-
known spectral parameters. The value given in Table 1 rédeas
assumedVy = 2 - 10?' em ™2 (corresponding to the upper limit
measured for thely of FU Tau B) andkT = 1keV (as typical for
a coronal plasma). Note that the influenceNat on the count-to-
flux conversion is much stronger than that of the temperature

For FUTauA a lightcurve was extracted and searched for
variability with a maximum likelihood method that divideket
sequence of photons in intervals of constant signal (sedzeBte
et al. 2007) and, independently, with the Kolmogorov-Smrn
(KS) test. There is no significant variability in the X-rayurd rate
of FU Tau A (KS-test probability i8.34), such that the bright emis-
sion can not be attributed to a flare.

The high signal has allowed us to fit the X-ray spectrum of
FU Tau A. An individual response matrix and auxiliary respen
were extracted for the position of FU Tau A using standard @IA
tools. As mentioned above, the background of ACIS is ndglgi
low. We fitted the spectrum, rebinned to a minimumié&fcounts
per bin, in the XSPEC 12.5.0 environment with a one- or two-
temperature thermal model subject to absorption. The spachf
FU Tau A can be described by an absored thermal model (see
Table 2 for the best fit parameters). For standard extindéers
(e.g. Predehl & Schmitt 1995) the observed X-ray absorptian,
is compatible with the extinction oly = 2 mag measured in the
IR.
In summary, with more tha600 counts theChandraobser-
vation of FU Tau A represents the highest quality X-ray data o
tained so far for a (young) BD. The most remarkable fact isttie
emission is dominated by a cool plasma component of temperat
kT = 0.24keV. The soft plasma has four times more emission
measure (EM) than the hotter component that has a typicahabr

2 The Portable Interactive Multi-Mission Simulator (PIMMiS)accessible
at http://cxc.harvard.edu/toolkit/pimms.jsp
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Figure 2. Optical spectrum of FU Tau A from Gemini/lGMOS, dominated
by Ha emission and with several other prominent emission linetca:
tive of accretion and/or outflow. The three features betw&260 and
5500 A are of telluric origin.

temperature 1.1 keV). The X-ray luminosities of the cool and hot
components aréog L1 [erg/s] = 29.5 andlog Ly 2 [erg/s] =
29.2, respectively, ab.3 — 8.0 keV.

2.2 Optical spectroscopy

FU Tau A was observed with Gemini-North and GMOS in long-
slit mode as part of science program GN-2008A-Q-94, Pl Thoma
Dall. The data were taken in March 2008 and are publicly atwél
from the Gemini Science Archive. Two spectra have been néthi
one with grism R 600 (exposure time00 s, resolutionk ~ 4000,
March 1) and one with grism B1200%00s, R ~ 4000, March
16). In both cases, d'6 slit has been used. The quoted values for
the resolution are taken from the Gemini website. To our Know
edge this source has never been observed with a higher ajpestr
olution. For comparison, the spectra used by Luhman et @8&p
haveR < 1000 (at6000 A).

We downloaded the science and calibration files from the
Gemini archive and performed standard reduction using the-G
iN/GMOS package in IRAF following the GMOS ‘cookbodk’
This includes bias subtraction, flatfield correction, wawngith cal-
ibration, sky subtraction, and extraction. Since we are/ amier-
ested in emission lines, we did not carry out a flux calibratio
The final reduced R 600 spectrum is shown in Fig. 2 with the most
prominent emission lines marked. The B 1200 spectrum dogs no
contain Hy and has in general lower signal-to-noise ratio.

The Hx line is broad with an equivalent width (EW) o#6 A
which is higher than the values published by Luhman et aR4p0
However, EWs are highly sensitive to the chosen value foctme
tinuum and the integration range (Stelzer et al. 2007). Fough
assessment of theddstrength in FU Tau A and its comparison to
other objects we calculate thai. /Lo ratio. We avoid using the
stellar radius in our estimate because of its uncertaintidse case
of FU Tau A (see discussion in Sect. 3.5). Estimating theioaootm
flux from the model and wittf,,, = oT.% for the bolometric flux,
we findLHa/Lbol = FEW - Fcont/Fbol ~2-1073.

3 http://Iwww.gemini.edu/sciops/data/IRAFdoc/gmosimpies. html
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We measure &0 % width (Mohanty et al. 2005) df52 km /s
for the Hx line. The Hx profile is not well-resolved, therefore this
value has to be seen as upper limit. Still, both the EW and @Hé
width are clearly above the typically adopted thresholdsvben
non-accretors and accretorskéfA and200 km /s. Moreover, FU
Tau A features a variety of other emission lines which areroft
seen in accretors, e.g,1He 5876, He 6678 (Jayawardhana et al.
2006). Thus, the optical spectroscopy clearly confirms FWAas
an accreting object. The [OI]6300 and NaD feature may also be
related to outflow/accretion activity, but contaminationtelluric
emission cannot be excluded.

From the 10% width and based on the correlation given
by Natta et al. (2004) we derived an accretion rateMéfi, =
3.5 - 1071° Mg /yr. Another estimate for the accretion rate can
be obtained based on the line flux in He 5876 and the correlatio
published by Herczeg & Hillenbrand (2008). In this line, wean
sure EWs ofl0A and11A in the two spectra, i.e. no significant
variability is present. Scaling with the continuum flux, whiis ob-
tained from the AMES-Dusty model spectrum firy = 2800 K
andlogg = 3.5 (Allard et al. 2001), this gives a line flux of
log Fss76 [erg;/cm2 /s] = 5.4, which translates into an accretion
rate of Miye1 = 7.5 - 1079 Mg, /yr. Adopting Eq. 8 of Gull-
bring et al. (1998), the observelu.1 can be converted into the
accretion luminosityLacc, e 1- With an assumed inner disk trun-
cation radiusRi, = 2 R. the measured/y,.; corresponds to
Laceme1 = 1.2 - 10%% erg/s. Our estimate assumes zero veiling in
the continuum (see Mohanty et al. 2005); the actual aceretite
could therefore be slightly higher. Note, thifu.; is higher than
M., but compatible within the uncertainties given by the enugiri
relations ¢ 0.5 logarithmic dex). The agreement with the accre-
tion rates determined from H®&76 indicates that the larg&0 %
width of the Hx line is intrinsic, i.e. the line is probably resolved.

3 DISCUSSION
3.1 X-ray emission from young BDs

A systematic survey of X-ray emission from BDs in the Taurus
star-forming region has been performed by Grosso et al. 7200
They used data from th¥MM-Newton Extended Survey of the
Taurus Molecular Cloud$XEST; Gudel et al. 2007) that included
17 young BDs. An X-ray detection fraction d§3% was ob-
tained for this sample. Only a small subset of the XEST BDs had
enough photons collected-(100 counts) to enable a spectral anal-
ysis. For most of them the statistics was so poor that thetispec
shape could be represented adequately with a moderatedyeios
(Nu < 10*2cm™2) 1-T thermal model ofkT ~ 0.5...1.5 keV,
typical for the plasma in a magnetically heated corona.

For none of the BDs detected in XEST the X-ray emission is
nearly as soft as for FU Tau A, despite they all have simildower
absorbing column favoring the detection of a cool plasmagpmm
nent. Recall, that in FU Tau A the X-rdy M and flux of the cooler
spectral component exceeds that of the hotter one (see S&kt.
Dominating soft X-ray plasma has been detected so far only in
older BDs, e.g. the evolved BD GI569 B has an emission measure
weighted mean temperature/df’ = 0.6 keV at an age of 00 Myr
(Stelzer 2004) and th&00 Myr-old LP 944-20 had).3 keV (Rut-
ledge et al. 2000). Both of them were detected during a flage, i
in an event known to go along with plasma heating, and their qu
escent emission — if any — is probably even softer. The deerea
of L« /Ly, andkT of BDs with age has tentatively been explained
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Table 2. X-ray spectral parameters of absorlie@ APEC model for FU Tau A compared to those of TW Hya.

Object Instrument X?ed (dof) log Ny kT kT> logEM; logEMs2 logLy*

[em—2] [keV] [keV] [em™3] [em~3] [erg/s]
FUTauA ChandrdACIS 09(27) 21.8219 024335 112028 529339 523521 29.5
TWHyaf  XMM-NewtoEPIC-pn 2.3 (216) 20.8 0.23 1.22 53.0 52.2 29.8

* Intrinsic X-ray luminosity in thed.5 — 2.0 keV passband; distance assumed for TW Hy&lipc (Mamajek 2005)
 The best-fit model of TW Hya has peculiar abundances (nedibere); abundances have been set for all elements

to 0.2 solar for FU Tau A because of the low photon statistics.
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Figure 3. X-ray luminosity versus effective temperature for youngrst
(circles — Gudel et al. (2007), upward pointing trianglesSeelsi et al.
(2007)) and BDs (squares — Grosso et al. (2007), downwanatipgi tri-
angle — Mokler & Stelzer (2002)) in Taurus and the positionFof Tau.
Non-detections in X-rays are indicated by downward pogtimrows. The
vertical lines connect the X-ray emission levels for stavsesved and de-
tected in two XEST pointings. The luminosities for the TT8agi by Gudel
et al. (2007) and shown in this figure refer to a slightly bieraehergy band
(0.3 — 10keV) but for a typical coronal X-ray spectrunk{” ~ 1keV)
the difference in flux to th@®.5 — 8.0 keV band used in the BD study is
negligible.

by reduced coronal heating related to the increasingly effettive
temperatures (Stelzer et al. 2006).

Inthe0.5—8 keV band, used by Grosso et al. (2007) for XEST,
the X-ray luminosity of FU Tau A4 - 10% erg/s) is at the high end
of that of all BDs in Taurus. In Fig. 3 we show the X-ray lumiitgs
of the two components in the FU Tau binary compared to othes BD
and TTS in Taurus. Note, that we plot the total X-ray lumitp&r
FU Tau A, although below we argue that possibly only the weake
hot component is of coronal origin. If only the hotter spatttom-
ponent of FU Tau A, which is more similar to the plasma detécte
from other Taurus BDs, is considered FU TauA is still the X-ra
brightest BD in Taurus together with CFHT-BD-Tau 4. The data
for the BDs was extracted from Grosso et al. (2007), thos¢hier
TTS are from the catalog of Gudel et al. (2007). In additioe,
add data for new Taurus members identified after the puiicat
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Figure 4. HR diagram for VLM objects in Taurus including BDs from
Grosso et al. (2007) and the FU Tau binary on pre-main seguenziels
from Baraffe et al. (1998) and Chabrier et al. (2000). X-rayedtions are
shown as filled circles, non-detections are open circles.

of the first results from XEST. The X-ray data for these oljexne
taken from Scelsi et al. (2007) and Mokler & Stelzer (2002 a
their stellar parameters are listed by Luhman et al. (OORexall,
that contrary to some very-low mass (VLM) stars with high ag-r
luminosities, indicated by vertical lines in Fig. 3, FU TaulAl not
show variability.

The fractional X-ray luminosity of FU Tau Al¢g L« /Lvol =
—3.3in 0.5 — 8keV) is within the range observed for other Taurus
BDs. If only the hot spectral component of FU Tau A is conseder
log (Lx/Lve1) = —3.7 which is even more typical for young BDs;
the median for the XEST BDs is-4.0 according to Grosso et al.
(2007). This ‘normal’Ly / Ly ratio despite the higli« is a conse-
guence of the particularly high bolometric luminosity of Falu A.
Luhman et al. (009a) givé,, = 0.2L¢, about a factoB higher
than for the optically brightest of the BDs examined by Goostsal.
(2007). Its position more thahdex above the youngest isochrone
of the evolutionary calculations by Baraffe et al. (1998) ba seen
in Fig. 4. While several other BDs in Taurus are located alibee
1 Myr isochrone as well, FU Tau A is clearly an extreme case.

© 2010 RAS, MNRASD00, 1-9



3.2 X-ray emission from substellar twins

The components in a binary are usually believed to be coBwal.
BD binaries resolvable withandrathis enables a study of X-ray
properties from two substellar objects of different spaidiype, i.e.
mass. In the common hypothesis that the X-ray emission fros B
is produced in a corona this means investigating the terntyrera
and mass dependence of magnetic activity.

We detected the optically brighter primary, FU Tau A, with
Chandraat more than two decades higher count rate than the up-
per limit for the undetected secondary. Considering these¢htwo
BDs differ by only two spectral subclasses, our result timouglies
either (i) a very steep decrease of X-ray activity betweesrspl
type M7 and M9 or (ii) a crucial influence of some other paramet
on the efficiency of magnetic activity or (iii) a misinterpagon of
the link between the two stars, or (iv) an altogether diffepg-ray
emission process. Next these hypotheses are investigated.

Fig. 3, indeed, points at a steep drop in X-ray efficiency atbu
Tesr ~ 2700 K. However, the decay df« goes along with decreas-
ing optical brightness of BDs, and the sensitivity of XEST aur
Chandradata for FU Tau do not allow to ascertain whether system-
atic changes of../ Lo occur in the substellar regime at the age
of Taurus (few Myr).

Extinction is unlikely the reason for the non-detection of
FUTauB because itgly is smaller than that of component A;
see however Stelzer et al. (2007) for the case of the BD binary
2MASS J11011926-7732383 AB where the component with higher
Ay was brighter in X-rays than the one with lower,. Possi-
ble parameters that rule magnetic activity are the rotatie and
the magnetic field strength and structure. It was shown that p
MS stars are in the saturated regime of the activity-rotetédation
where Ly is independent of rotation (Preibisch et al. 2005; Briggs
etal. 2007). WhileevolvedVLM stars show little or no X-ray emis-
sion despite rapid rotation (Berger et al. 2010), the cotioede-
tween X-rays and rotation has not yet been examined/éomg
objects in the substellar regime. Rotation periods from fewrs
to several days have been measured for young BDs (e.g. S&holz
Eisloffel 2004; Joergens et al. 2003). Rotation and magrfietid
are unexplored for FU Tau; see Sect. 3.5 for an estimate of bot

Another possibility that would explain the strongly diféert
X-ray emission levels of FUTauA and B is that the two objects
arenot coeval with the primary being younger and, therefore, more
active. This interpretation is in line with the HR diagramsjimn
of FU Tau A abovethe models while FU Tau B coincides with the
1 Myr isochrone. An initial age difference af 1 Myr would be-
come impossible to recognize within a few Myrs. Alternalyye
FU Tau A and B may be unrelated objects, with component A be-
ing much closer than the assuméth pc. This would explain its
high X-ray and bolometric luminosity. However, the binagture
of this BD system was established by Luhman et al. (009a) en th
basis of the low probability for a chance projection, espigicon-
sidering the high extinction through the B 215 cloud.

Finally, the different X-ray properties of FUTauA and B
might point at different emission mechanisms in the two cisje
In Sect. 3.3 we suggest that a major part of the X-ray emission
from FU Tau A may be related to the accretion process and not a
confined corona.

3.3 FUTauA, asubstellar analogto TW Hya?

In Fig. 5 we display the X-ray spectrum of FU Tau A. As mentidne
already in Sect. 2.1, the spectral fitting revealed an urerpéy

© 2010 RAS, MNRASD00, 1-9
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Figure 5. ChandrdACIS spectrum of FU Tau A and residuals with respect
to the bestfit presented in Table 2 (red in color print) coregao the 2-T
bestfit model for TW Hya (solid line; blue in color print). Tlspectrum of
TW Hya has been scaled by a factor67 to make the comparison with
FU Tau A easier. We also have artificially increased the dlsgrcolumn
density of TW Hya to the value measured for FU Tau A and redubed
neon abundance from its atypically high value to solar.

strong soft plasma component. This characteristic is resoémt of
the TTS TW Hya. In Table 2 we compare the best-fitting pararsete
of FU Tau A to those obtained from agMM-NewtolEPIC obser-
vation for TW Hya. Despite the best fit result presented byz8te
& Schmitt (2004) for TW Hya was 8-T model, we show here the
parameters for &T model for better comparison with FU Tau A.
This model spectrum for TW Hya is overlaid in Fig. 5 on the ob-
served spectrum of FU TauA. (A direct graphical comparisbn o
the two observations is impossible because of the diffarestu-
ments with which the data were obtained.) To ease the cosggri
the model of TW Hya was multiplied with a factér07 (account-
ing for the difference in distance and the factor two differe in
X-ray luminosity), the column density was increased to thkie

observed for FU Tau A, and the neon abundance was decreased to

the solar level. There is almostla 1 correspondence between the
spectrum of FUTau A and the down-scaled, artificially abedrb
spectrum of TW Hya, demonstrating that the temperaturetstre

is very similar.

Both objects are dominated by soft emission with only a weak
emission component from the higher energy photons thatyare t
ical for stellar coronae. By means of high-resolution X-spec-
troscopy, plasma densitiead ~ 10'? cm™2) two dex higher than
in stellar coronae have been measured for TW Hya (Kastndr et a
2002; Stelzer & Schmitt 2004). Its soft X-ray emission and th
measured high densities are compatible with the conditioran
accretion shock. This way TW Hya was established as the proto
type of a pre-MS star with X-ray emission from accretion cohs.

A handful of other accreting TTSs have since been recogrtzed
display high density X-ray emitting plasmas (e.g. Schmittle
2005; Gunther et al. 2006), and an excess of soft X-rays teer
typical coronal emission of young stars has been detect@dim-
ber of accreting TTSs (Gudel & Telleschi 2007). Obtaininggh-
resolution X-ray spectrum for FU Tau A or any other BD is oft-0
reach for present-day X-ray instrumentation, such thaplasma
density can not be constrained. However, on the basis ofrtiias
temperature structure between the X-ray spectrum of FU TandA
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TW Hya we speculate that the soft X-ray emission from FU Tau A,
represented by the dominating component#1 in the spectral fi
may be produced in accretion shocks rather than in a corona.

To check if the accretion scenario is compatible with the ob-
served properties we compute the theoretically expectadsan
measure from the post-shock region,

3kB . Tpsh

EM, sh — Macc =YY
P ,UmpP(Tpsh)

@

wherekg is the Boltzmann constant; = 0.61 the mean parti-
cle weight in units of the proton mass,, and P(Tpsn) the radia-
tive loss function extracted from APEC (Smith et al. 2001heT

post-shock temperature B, = = “,:’};p va, whereuy is the infall

speed. For the accretion rat&f..., we substitute the value ob-
tained from He5876, M. 1. Adopting for vy the velocities mea-
sured from the width of the H profile, v ~ 175 km/s, we find
kTpsn ~ 0.03keV andlog E M, [em ™3] = 52.7. While the pre-
dicted emission measure is roughly comparable to the sofiyX-
plasma,E M; from Table 2, the post-shock temperature is smaller
than the observed X-ray temperatukd;. The thermal emission
connected to the low temperature expected from materialling
towards a BD should, indeed, be too soft to be significant é th
X-ray band. On the other hand, as discussed in Sect. 3.1 the do
nance of the soft X-ray component is completely untypicahiag-
netic activity on such goungBD. So, if accretion is not responsible
for FU Tau A's X-ray emission, it must have a very unusual ca.o

3.4 Accretion propertiesof FU Tau A

FUTauA stands out among BDs of similar mass for its high
accretion rate. The empirical/ — M. relation has a large
spread of controversial origin. From optical spectroscomues

Of Mace ~ 1071279 Mg, /yr have been measured for BDs with
M ~ 0.05 Mg (e.g. Natta et al. 2006). However, in that mass range
accretors with\/,.. > 1071 M, /yr are found only inp Oph, the
youngest of the examined star-forming sites (Natta et ad420
and theM, — M,.. relation predictdog Macc [Me /yr] = —10.7,
more thanl dex below our value fol /..

Strong accretion produces hot spots on the surface of the sta
that might introduce brightness variations in the courszatation
cycle. The two epochs &loan Digital Sky SurvefSDSS) photom-
etry (from Dec 6 and 29 2002) presented by Luhman et al. (Q09a)
indeed, indicate strong flux variations. The amplitudé.& mag
in the z band and increases monotonously towards blue wave-
lengths (e.g.0.27 mag inr band,0.44 mag ing band). The wave-
length dependence from a standard extinction law (MathB0)19
is not steep enough to explain this behaviour with variaktene-
tion and we assume that we see the signature of star spotgy blsi
simple spot model comparable to the one presented by Schallz e
(2005) and assuming blackbody spectra for the spotted aspbimn
ted surface area, we find that cool spots Wil = 0—1000 K and
filling factor f = 5 — 50 % do not provide the observed steep de-
crease of amplitude with wavelength. On the other hand, jhatiss
(caused by the accretion flow) withT" > 500 Kand f = 5—10%
yield a decent match to the observed spectral dependende of t
amplitudes. We assume here that the minimum photometrg-corr
sponds to the photosphere which may not be the case. Cldaly,
two epochs of SDSS data provide only a lower limit to the vari-
ability of FU Tau A. Spots withAT of a few 1000 K, as have been
measured on other BDs (Scholz et al. 2009), can not be ruled ou
for FU Tau A on the basis of existing photometry. Hot spotshwit

these characteristics have a luminositylgf.. = 1.5 - 10%2 erg/s,
i.e ~ 20 % of the bolometric luminosity of FU Tau A.

3.5 Thereation between stellar parameters and
accretion/activity in FU Tau A

One puzzling feature of FU Tau A is its position high above the
youngest isochrone in the HR diagram. An accurate assessmen
of (sub)stellar parameters is crucial for the evaluatioraofre-
tion and X-ray properties as can be seen from the followingnop
problems. First, the velocities derived in Sect. 3.3 frora thy
line are difficult to reconcile with the free-fall speed fdret pub-
lished (sub)stellar parameters of FU Tau A. In particularlitrge
Lo and ensuing huge radiu$.§ Re) imply vg ~ 100 km/s, al-
most a factor two lower than the value derived from.Fsecondly,
the spot luminosity and the luminosity derived from the kioen-
ergy of the infalling material Lacc,1e 1) Could be better reconciled
assuming d dex fainterLy; for FU Tau A; this would moreover
make the BD compatible with theMyr isochrone. On the other
hand, the high bolometric luminosity of FU Tau A comes along
with high X-ray luminosity, supporting an unexplained tiefirst
noticed by Stelzer & Micela (2007) who found that most of the
BDs in star-forming regions detected in X-rays are locatedhe

1 Myr isochrone or above the evolutionary calculations. Tresd

is also seen in Fig. 4. Thus, FU TauA may not be an isolated al-
beit an extreme case. In the following we consider varioissite
causes for the high luminosity of FU Tau A: magnetic activig-
cretion, problems with models and wrong distance.

3.5.1 Reduced convection affecting temperature and radius

A mechanism that can produce larger radius (and cooler tenpe
ture) for a given mass, without affecting the bolometric inasity,
i.e. shifting the object horizontally in the HR diagram, édluced
convection efficiency and ensuing heat flux because of féstion
and/or strong magnetic fields. Such a scenario has beernigatesi
by Chabrier et al. (2007) and by MacDonald & Mullan (2009ngsi
different approaches to model the influence of the magnetid.fi
Both studies have successfully explained the temperatwersal
of the eclipsing spectroscopic binary 2M 05352184-0546@5s-
sun et al. 2007) with strong magnetic effects on the prinladeed,
in that object the primary which has a lower effective terapere
than the secondary is strongly active in terms of high rotatie-
locity and strong K emission (Reiners et al. 2007).

Shifting FUTauA to higher temperatures onto théyr
isochrone in the HR diagram to make up for a presumed effect of
activity on7T.s andR. yields a ‘true’ mass of 0.2 M and ‘nom-
inal’ temperature ofv 3190 K. We can estimate the rotation period
and field strength required for magnetospheric accretiodeiso
We adopt the X-wind model that defines the disk truncation ra-
dius Ry as the distance from the star where the Keplerian angu-
lar velocity equals the stellar angular velocity (see @stri& Shu
1995; Mohanty & Shu 2008). Assuming;, = 2 R. we obtain
with the radius of1.83 Ry derived from luminosity and temper-
ature and with the ‘corrected’ stellar mass of FU Tau A a perio
of P.ot ~ 1.8d. Using the model of Koenigl (1991) where the
disk truncation radius is smaller than the corrotation wadjields
a longer period,P.o: ~ 5d. We note in passing that a larger in-
ner disk radius Rin = 5 R. is often used in the literature) yields
periods betweefi...21 d depending on the details of the accretion
model. These latter values for the period are at the high éttako
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values measured for BDs and TTS (e.g. Scholz & Eisloffel£200
Herbst et al. 2007). Indeed, Rebull et al. (2006) presentetbece
that stars with disks have longer periods on a statisticsislthan
stars without disks but this does not exclude the existeh(mme)
fast-rotating accretors. For the obsenef. 1, Koenigl (1991) pre-
dicts for FUTauA a magnetic field betwedB ~ 85...400 G,
for assumptions oRi, = 2 R. and5 R, respectively. Magnetic
fields with kG strength are not unusual for TTS (Johns-KraD?2).
For BDs with ages of- 1 — 10 Myr Reiners et al. (2009) could not
find detectable fields with upper limits &f 1 kG for all of the ac-
cretors, while young but non-accreting BDs and evolvedaatiol
dwarfs in the field exhibit field strengths of a few kG (Reinérs
Basri 2007). However, the sample of only three accretordistu
by Reiners et al. (2009) is too small to be clear evidencenagtie
presence ok 1KkG fields on accreting substellar objects.

To summarize, for a reasonable rangeRf, we obtain ei-
ther fast rotation or strong magnetic field for FU Tau A, i.eleast
one of the two conditions for suppressing convection seentet
fullfilled independent of the position of the disk truncatimadius.
The high level of (X-ray) activity of FU Tau A — even negledin
the dominating cool X-ray plasma possibly produced by dimme
— is compatible with this scenario. Similarly, the high \afor the
Ha flux corresponds to a highw. / Lio ratio. However, given the
dominant contribution of accretion in forming thexHine this mea-
surement can not be used as a diagnostic for strong maguoétic a
ity in FU Tau A, contrary to the case of the non-accretingpesitig
binary 2MASS 05352184-0546085 (Reiners et al. 2007). Ciaol s
spots are expected as a manifestation of inhibited cororediis ar-
gued in Sect. 3.4, the two epochs of photometric obsenstiam
not be explained by cool spots alone, but they can not ruléhesut
presence of cool spots either. More detailed monitoringdgiired
to test this scenario.

While the above considerations are not conclusive, in the ab
sence of measured rotation, field strength and good contstran
the nature of the spots it is not excluded that rotation/ielfiect
the stellar parameters of FU Tau A. However, the presenceaséa
tion, contrary to the case of 2M 05352184-0546085, cestaiom-
plicates the situation. A quantitative theoretical evébraof mag-
netic field effects in this particular object would certgiprovide
further insight. We now discuss a few implications of thiersario
for the interpretation of our X-ray andddobservations. First, the
higher mass would move FU Tau A into the stellar regime. Highe
mass objects have higher X-ray luminosity, i.e. FU Tau A wloul
be less extreme in terms of X-ray brightness. The/ Ly, ratio
would be unchanged and it is, indeed, compatible with theesl
observed in young VLM stars; in the Orion Nebula Cluster thee m
dian of 0.2 M, stars islog (Lx/Lvo) ~ —3.5 and the spread is
at least one logarithmic dex (Preibisch et al. 2005). Selgptite
free-fall velocity would be higher<{ 200 km/s) and in better agree-
ment with the observed & profile. Moreover, the higher velocity
corresponds to a predicted post-shock temperature whiofore
similar to the X-ray observed temperature. Finally, theretion
luminosity derived fromMy. would increase by a factor four but
still be much smaller than the estimated spot luminosity.

3.5.2 Excess accretion luminosity

Alternatively, the position of in the HR diagram for FU Tau Aca
similar objects may be due to excess luminosity related tweac
tion. Luhman et al. (009a) have estimategl,; for FU Tau A from

its J band magnitude, where deviations from photospheric emis-
sion due to the presence of a disk and accretion are usuadil-sm
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est. However, strong (accretion) variability in theband can not
be ruled out with the available data.

If the true bolometric luminosity of FU Tau A is significantly
lower than the adopted value the radius is smaller (for givaiss
of 0.05 M) and the free-fall velocity gets larger, e.g. a factor
10 smaller Ly, givesvg = 180km/s in perfect agreement with
the observed H width. On the other hand, this interpretation
implies a high fractional X-ray luminosity for FU Tau A andeth
other BDs that are located above the models in the HR diagram
(Lx/Lvor > 1073). Such high X-ray emission levels are difficult
to explain in terms of T Tauri like activity. Moreover, two tfie
three Taurus BDs that are closest in the HR diagram to FU Tau A,
i.e. highest above the models, are not accreting based @utlie-
alent width of their Hv emission (Grosso et al. 2007) and they even
have no disks according to Luhman et al. (2010), making &ocre
luminosity an unlikely explanation for their discrepancitiwthe
evolutionary models.

3.5.3 Shortcomings of evolutionary models

It is well-known that different sets of pre-main sequencedels
are inconsistent among each other and none of them deserdees
quately all observations. It is not clear to what extent ¢hgiscrep-
ancies between data and model are due to problems with the ste
parameters derived from observations or due to shortcogrimthe
theory. Baraffe et al. (2009) showed that the typically obsé age
spread ofl — 10 Myr in the HR diagram for stellar populations in
star forming regions can be explained by episodic accradion
ing the protostellar phase. However, they can not explamties-
ence of objects above tHeMyr isochrone. These authors suggest
that such objects are very young, having experienced tp&odic
protostellar accretion events quite recently and not yetrasted
to the1 Myr position of non-accreting objects of the same mass. In
this view the two components of the FU Tau binary are not doeva
An age difference of a few hundred thousand years has
been detected for the first time in an equal-mass eclipsingrji
Par 1802, by Stassun et al. (2008), demonstrating that gubse
formation of the components in stellar systems is posskiethe
case of FU Tau the existing evolutionary models are not béfpf
constraining the possible age difference. Compared to &&&,1
FUTau is of lower mass and much wider separation. Moreover,
the masses of the two components are not equal introducidig ad
tional uncertainties in an evalution of their evolution.dr knowl-
edge, star formation theories have not yet made predictinrssich
young non-coeval binaries, their properties and possiiflaénce
of the environmental conditions.

3.5.4 Wrong distance or binarity of FU Tau A

Finally, we mention for completeness further scenarios wWauld
reduce the bolometric luminosity of FUTau A and bring it inac
cordance with thé@ Myr isochrone: (i) A much closer distance than
assumed; this would also result in a lower, and more typKahy
luminosity. However, the ensuing non-binarity with compotiB

is countered by statistical arguments, and distance igelglto be
responsible for similar cases of other BDs above the evaiaty
models. (ii) The primary in the FU Tau system might be a bipary
however, this would not provide a solution because it wodd d
creasely,o1 by at most a factor of two.
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4 SUMMARY

Among the most puzzling features in the enigmatic BD FU Tau A

are a very high bolometric luminosity for its effective teemature
and its strong and unexpectedly soft X-ray luminosity poptat
an origin in accretion rather than a corona.

Assuming a mis-interpretation of the stellar parametediss

cussed in Sect. 3.5 would resolve many open problems: HR dia-

gram position, free-fall versus observed velocities, gpscopic
and photometric accretion luminosities. Suppressed ahioreas
a result of fast rotation and/or strong magnetic field mightré-
sponsible for the apparent excess luminosity of FU Tau A wéth
spect to pre-main sequence evolution calculations. If ooefil this
would be the first case of aaccretingBD with strong field ef-
fects. However, in the absence of observational consgraintthe
rotation rate and field strength this explanation is not moncre
than a plausible hypothesis. Keeping in mind the many pietes
evidence for strong accretion in FU Tau A from optical phogeam
try, optical spectroscopy and X-ray emission, it is pogstbiat the
excess luminosity may be explained by a significant contidiou

of accretion to the/ magnitude. Further constraints on the accre-

tion properties of this benchmark BD are required to give @sti-
mates a quantitatively sound basis. Last but not least xisecace
of other BDs that have stellar parameters incompatible exithiu-
tionary models, albeit less pronounced, may suggest prableith
the ages predicted by evolutionary models. If FU Tau A is ymin

than1 Myr and not coeval with FU Tau B, as suggested by Baraffe

et al. (2009), its extraordinarily strong and soft X-ray esion, ir-
respective of whether due to accretion or to activity, cdbleh be
a result of its young age. In the near future we aim at furttoer c
straining observationally the accretion and activity d§thnusual
object.

Our Chandraobservations of FU Tau A represent the first in-
dications for X-ray emission from accretion shocks in a BEo{p

vided FUTauAis a substellar object and not a star as argued

in Sect. 3.5.1). We note, that even if free-fall velocity add
width of FU Tau A can be reconciled with the scenarios desdrib
in Sect. 3.5, the predicted X-ray post-shock temperaturstiis
lower than our observed value. While this discrepancy remai
unexplained, a similar case is represented by the TTS H&03-6
This object shows clear evidence of accretion from its ¢harac-
teristics as well as the density and softness of its X-rayttergi
plasma (Huenemoerder et al. 2007). However, quantitgtiits!
mass (.2 M) and radius R = 0.9 R) imply a post-shock tem-

perature ofl.1 MK, to be compared to the measured X-ray plasma

temperature ofv 3 MK.
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