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Abstract. We present new single-dish (30-m) observations and an improved analysis of our earlier interferometric observations
(Simon et al. 2000) of BP Ta&u Our analysis yields a detailed description of the properties of the circumstellar disk. The disk

is small (outer radius 120 AU) and marginally optically thick in tR€0J = 2—1 line. It is also relatively hot, about 50 K at

100 AU. The mm continuum emission is consistent with a thermal emission from circumstellar dust with an emissivity index
B ~ 0.7, and a disk mass abouf2lx 103 M,. The anomalously loW?CO to dust emission ratio implies that either CO is
depleted by a factor of the order of 150 with respect to ¢t has a very low gas to dust ratio, or highly anomalous dust
properties. The disk exhibits direct evidence of Keplerian rotation, but because of a combinatioffiémswesolution and
optically thin CO emission, the mass derived for the star remains inaccurate (between 0.8 lladdr 140 pc). The unusual
properties of the circumstellar disk suggest that BP Tau may be a transient object in the process of clearing its disk.
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1. Introduction primary and secondary disks. T Tauri stars older thary&ars

usually Weak-line T Tauri stars and Naked T Tauri stars) do
t present mm emission in either CO or in the submillimeter

%c))/ntinuum (Osterloh & Beckwith 1995; Duvert et al. 2000).

CO line observations of low-mass Pre-Main-Sequence (P
stars in Taurus-Auriga~140 pc, Kenyon et al. 1994) pro-

?’;?eeséong Zegtl)(i%r(])((:)eAtS)a L??Qﬁlaﬁf dlefsm( GaI(/? Asuﬂrrlggggneedr BP Tau is a prominent “classic” T Tauri (CTT) star (e.g.
9 ut P ' Herbig & Bell 1988). It experiences high mass accretibn-

et aII. 139957 Gg:atl;; Dut'[;]e)r/ it erl\ld 1?94; r?:lWCbArfrz]Siﬁi:mM?nrmrlllg%( 1078 M, yr~! from its circumstellar disk, which produces its
et al. )- € other hand, recent su eter, %ong excess emission in the ultraviolet, visible, and near in-

and optical observations of nearby young stars that have gl oy iibring et al. 1998, 2000). It is very young; Gullbring

ready reached the Zero-Age-Main-Sequence (ZAMS) reveg al.(1998) estimate 8 10° yr for its age. Yet, despite these

that stars such g8 Pic are surrounded by optically thin dusgtrong CTT characteristics. we found thati#60 J = 2—1

E";k;(gg'g r'\]/anl::j”e: ett 6}"115597; \_Ft;ga: ':i?”fnd ﬁltifl'tﬁgggline emission is unexpectedly weak, apparently because it is
o nd.'n CT 'I?a € ?a?. do no)t. coriz?n as 'S,ngf'car?t anG"ng %ically thin (Simon et al. 2000, hereafter SDG). Realizing
surrounding Ui SISES, N a signit at BP Tau could represent an object that is dissipating its disk

_(IJ_Lgas (Ltzgranrﬂi e; al. 199(?) and dtht Cg.CE'm et al._ %93 t a very young age, we undertook further analysis of our mil-
€y are thougnt fo be second generation disks, associate WILFI ter wave observations of this star. We obtained new single-

young stars that have already dissipated the gas and dust d¥h co observations. Using improved phase calibration tech-

viving from the parent molecular cloud, possibly to form plar‘ﬁiques we carried out a recalibration of our 1998-99 data and
ets. In these “debris disks”, the dust is believed to come frog? '

the collision of larger bodies while most of the gas would bes.0 were able to add _data ongmglly unusable. Ou_r new anal-
: . i L Sis enables us to derive properties of BP Tau’s circumstellar

released from falling and evaporating bodies (FEB) similar zqsk We report our results here

cometse.g.8 Pic (Vidal-Madjar et al. 1998). Astronomers have '

not been successful in identifying stars that are dissipating their

primary gas and dust disks in transition between havigg opservations

Send gprint requests toA. Dutrey, 2.1. PdBI data
e-mail:Anne .Dutrey@obs.ujf-grenoble. fr

* Based on observations carried out with the IRAM Plateau de BuTQe observations. used 5 antennas ar.1d were carried out in
Interferometer. IRAM is supported by INSONRS (France), MPG Winter 19981999 in D, C2 and B1 configurations. Baselines
(Germany) and IGN (Spain). up to 300m provided .05 x 0.90” resolution at PA 37 for
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Fig. 1. Channel maps of the BP TA2COJ = 21 emission, at 0.8 knt& resolution, with the LSR velocity (in kn7%) indicated in the upper
left corner of each panel. The continuum emission has been subtracted. Contour levels are in steps te2Bmndy0.61 K (approximately
2 o), with the zero level omitted. The cross indicates the orientation of the disk.

the 1.3 mm continuum data. The total on source integratidable 1. Apparent sizes derived from PdBI data.
time is ~20 hours. We observed simultaneously at 89.2 GHz

(HCO* J = 1-0) and 230.5 GHZ'{COJ = 2-1). At 1.3mm, Observations Flux Gaussi&WHM
the tuning was double-side-band (DSB) while at 3.4 mm, the ) 0

. L mJy '
tuning was purely single-side band (LSB). The backend was 3.4mm 12102 0602

a correlator with one band of 10 MHz (spectral resolution

0.23 km s') centered on the HCQJ = 10 line, one band 1.3mm 4607 042002
of 20 MHz (0.18 km s resolution) centered on tH8CO J = (Jykms?) (")
2—1 line, and 2 bands of 160 MHz for the 1.3 mm and 3.4 mm 2CO0J=2-1 107+006 087+ 0.06
continuum, respectively. The phase and flux calibrators were

0415+379 and 0528134. The rms phase noise wastg 25 . . J ‘

and 15 to 50° at 3.4 mm and 1.3 mm, respectively, which intro- Feo(2-1) O 1 1.3 mm |
duced position errors 6£0.1”. The estimated seeing is about 1 ]
0.3".

jon
Q

f—‘\\
Between 1999 and 2000, we improved at IRAM the methoiij Q71 (&@
to calibrate the 1.3 mm data (details can be found in the man- ! =
uals given ahttp://iram. fr/PDBI/bure.html). The long o
baseline observations were re-calibrated accordingly, and some -~ | 8 T i
data originally unusable were added. Because the disk is so m o O ] @ L
small, small phase calibration errors gmdseeing fects can 4"19™16% 15% 1% 4"1em16%0 15% 15%

. . . . Right Ascension (J2000.0)
results in systematickects making the disk appear more face-

on. Amplitude errors can also have a similéiieet. These ef- Fig.2. Integrated?COJ = 2— 1 emission and 1.3 mm continuum

fects are partially removed by the new calibration process. €mission towards BP Tau. Left: Integraté€0J = 2—1 emission;
contour step is 60 mJy km%beam. Right: 1.3 mm continuum emis-
We used the GILDAS software package to reduce the daigy: contour step is 3 mayeam.

Images were produced in natural weighting of the visibilities
for both the continuum and line maps.

We detected the CQ = 2—1 line emission and 1.3mm  With avalue ofv ~ 2.7, the spectral index of the continuum
and 3.4 mm continuum emission in BP Tau. Figure 1 preseffidully consistent with thermal dust emission, mostly optically
channel maps of the CO® = 2—1, with the velocity gradient thin.
map. Compared to SDG, the figure appears qualitatively sim-
ilar. Figure 2 shows a comparison of the integrated L& 2 30-m data
2—1 map and the 1.3 mm map. Continuum emission was sub-
tracted to produce the CO maps presented in Figs. 1, 2 andltherder to estimate th€CO column density inside the disk
integrated flux given in Table 1. Flux density measuremerdsad to assess confusion from molecular clouds, we observed
and formal deconvolved Gaussian source sizes are giverttie 12COJ = 1—0 andJ = 2—1 lines, and thé3COJ =
Table 1 for the dust and CO disks. THCO emission is re- 2—1 line with the 30-m telescope in August 1999. Two lines
solved while the 1.3mm continuum appears only marginalyere observed simultaneously using the dual frequency, dual
resolved. polarization receivers of the 30-m telescope. Total integration
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' 1205 30 1 the BP Tau disk despite the confusion with the molecular cloud
m

L along the line of sight.

I H
3 " 110 We proceeded in two steps. We first took spectra in fre-
| guency switching mode to measure the total intensities of the
] lines. We then proceeded with long integrations in wobbler
405 switching (with an éfset of 30') which removes the signal of
] most of the surrounding material, because of the apparent rota-
tion of the reference beam on the sky. Results are presented in
Fig. 3and in Table 2. The 30-FCOJ = 2—1 spectrum sfiiers
from confusion in the velocity range 6-9 kimtshbut the line
wings agree very well with the spectrum obtained from the in-
terferometric measurement (see Fig. 3). Forti@0 J = 21,
where confusion is much more limited, there is no detectable
signal in the beam switch spectrum of the 30-m, except for two
weak narrow (0.5 km3) residual lines at the cloud veloci-
LTy ties. In particular, in the blue wing of the BP Tau disk emis-
10 15 sion, where no confusion occurs, we only geta lmit in
13C0J = 2-10f0.12 Jy kms.

*%ﬂ’wﬂﬂfﬂn%“ 00
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Comparison of the 30-m frequency switch and wobbler switch
spectra (Figs. 3a,b) clearly shows that BP Tau is embedded
in or lying in front of a molecular cloud. The cloud actually
has two velocity components, at 7.03 and 8.00 khrespec-
tively. The measured antenna temperatures of ' 8@0DJ =

1—- 0 (2.35 K, not shown) and = 2 —» 1 (1.35 K, see
Fig. 3a) indicate a low density medium with sub-thermal ex-
citation. The f2COJ/[*3CO] line intensity ratios are 23 and
14 for both components, which, considering possible enhance-
ment of'3CO abundance by fractionatioffects, indicates es-
sentially optically thint?COJ = 2—1 emissiont < 1-2). The
13C0OJ = 2-1 line appears completely optically thin.

From the LVG curves of Goldsmith et al. (1983), we derive
an H, density of~2 x 10° cm3, and anX[CO]/dV/dr of or-
der 10°®. Using the Taurus abundance for CO relative tg H
7 x 10°° (Cernicharo & Gelin 1987), and the line width of
Vie (ks 0.7 kms?, we find an H column density of 4x 10'° cm2,
ISR corresponding té\, ~ 0.05. However, at such low extinctions,
Fig. 3. Spectra of?CO and**COJ = 2—1 towards BP Tau. From top CO is much less abundant. UsiCO] = 5 x 107 would
to bottom: a)*COJ = 21 observed in frequency switch (thin specgive A, ~ 0.5, in agreement with the extinction measured by
trum) and wobbler switch (shaded spectrum);3)0J = 21 spec-  Hartmann et al. (1998). The BP Tau disk could thus be equally
tra in frequency switch (thin spectrum) and wobbler switch (shadggl-ated behind one of the molecular clouds (or both), or in front
spectrum); c) superposition of tHCOJ = 2 1 integrated Spec- ¢ them if the extinction is intrinsic to the disk.
trum from the PdB observations (grey shaded histogram with error
bars) and the wobbler switcHCO J = 2 — 1 spectrum obtained Given the small cloud opacity in tHéCO J = 2—1 line,
with the 30-m (dark grey shaded histogram); d) superpositi@mission from the BP Tau disk, whose systemic velocity is
of the ?’COJ = 2— 1 integrated spectrum from the PdB observas.70 + 0.05 km s, is free of any confusion at velocities out-
tions (grey shaded histogram with error bars) and the wobbler swilgfgle the [59-8.9] km gl range (see Fig. 3). Between 5.9 and
3C0OJ = 2—1 spectrum obtained with the 30-m (dark grey shadegl g |(m st the appearance of the BP Tau disk#€O could
histogram). Comparison between PdBI and 30-m data shows tat jisiorted by absorption by the molecular cloud. We have
emission from the disk is free of confusion outside the velocity range - cked that the apparent symmetry of 820 J = 251 pro-
[5.9-8.9] km s (which is given by the thin vertical lines). . . : . . . .
file (see Fig. 3) and images (see Fig. 1) obtained with the inter-
ferometer implies that absorption from any of the two velocity
times were 45 hours for th#COJ = 1-0 line, 33 hours for component of the molecular cloud has an opacity less than 0.3,
the’®COJ = 2—1 line and 13 hours for thECOJ = 2—1 line. and contaminates the emission at a level at most comparable to
The last transition was observed to check the ability to detahbe noise. Parameters derived from the interferometer data are

o
T T

Flux density (Jy)

o
)

|7 a ﬁ . 2.3. Comparison of the PdB and 30-m observations
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Table 2.30-m data, line parameters. value is also used to determine the depletion fa¢{@O) =
X[*2CO]/Xrmc1[*?CO]. We then iterate the minimization with
7.0 kms? cloud these new parameters for the CO data and the continuum. The

2co Area Visr Width Peak results are given in Table 4.

Kkms* kms* kmst K The y2 fitting procedure indicates that the radial depen-
J= 150 326+002 70200l 125+001 234 dence of the velocity is~ (052004 sq the rotation is Keplerian.
J=2-1 180+0.05 700+ 0.02 115+ 003 1.36 The disk is found to be small, with an outer radius of 120 AU.
13co Although*?CO usually allows direct determination of the disk
J=2-1 0077+0.009 [7.02] 095+ 0.16 0.077 kinematics, and hence of the stellar mass (Guilloteau & Dutrey

- 1998; Simon et al. 2000), the analysis of the BP Tau disk is
8.0 kms*~ cloud . L
2co Area Vi Width Peak complicated by a combination of two facts.

Kkm st kmst kms® K First, the'2COJ = 2— 1line appears only moderately op-
tically thick. For the best fit model, the peak optical depth of
the 12COJ = 2— 1 line is only 3, and in most of the disk
(i.e. at radii greater than about 50 AU) the line remains op-

J=1-0 102+0.02 801+0.01 057+0.01 1.66
J=2-1 063+005 799+ 0.02 065+0.04 0.91

3co . . - . . . . .
J=251 0045+0006 [800] 069+ 011 0.069 tically thm. $|nce in the optpally_thm regime and h.|gh tem-
_ - perature limit, the line emission is proportional at first order
» Disk emission to X(r) x X(r)/Tk(r) (in the Rayleigh Jeans approximation,
co ) ) with constant linewidth and(r) being the molecular abun-
Jykms kms K dance with respect to H see Dartois et al. 2003), the lim-
J=2-1 <0.12at® - [3.5] -

ited optical depth of?COJ = 2—1 line leads to a relatively
* The 3 upper limit on the integrated area’#CO J = 2—1 forthe strong coupling between the kinetic temperature distribution
disk is derived from the noise level using tR€0 J = 21 linewidth  (Tk(r), ) and the CO molecular densitg(f) x X(r), ).

from the PdBI. Peak intensities are antenna temperafyres Second, the disk is small and only moderately resolved. In
such a case, there is a significant coupling between the bright-
Table 3. Distance dependence of the parameters. ness temperature distribution and the outer raBjs Steeper
distributions can be compensated for by a larger radius; CO
Variable  Proportionality Value Unit being optically thin, the outer brightness distribution goes with
D <D 140 oc p-q, so th’c}t a st.eeper _distribgtion means a Iower valug Qf
T100 DA 5244 K A_Iarger radius will require a higher disk m_clmatlon tp main-
Moo «DS 30x 10 £ 04x 10 cm3 tain the same total line flux, and thus modify the derived stel-
Rout D 122+ 10 AU lar mass through the derivation of thesin(),i parameters.
Vioo «D%5 335+ 0.25 km st Unfortunately, this degeneracy is quite significant. Depending
M., «D 1.32+029 Mo on the assumption og, we found through minimizations that

the stellar mass could vary between 1.3 andM6(for a dis-
tanceD = 140 pc) wherg varied from 0.5 to-0.1, correspond-
thus essentially unbiased if the BP Tau disk is located behiti to inclinations varying between 2&nd 43 respectively.
the molecular cloud. Assuming that the disk mid-plane and the star rotation axis are
perpendicular, the stellar period (Bouvier et al. 1986) and the
V sini of the star (Hartman et al. 1986) can give an upper limit
3. Analysis of the PdBI data for the inclination anglei, < 52°. This limit is consistent with
Many of the parameters we derive from our analysis depend%%r data, byt does not allow us to select between the two ex-
the radial extent of the disk, and hence the actual distancetrt%me_somt'ons' ) o o
BP Tau. Table 3 provides the distance dependence of the mea-ThiS degeneracy is a significant limitation of the current
sured disk parameters, and their value at the average dista#i&- To avoid consequences of this problem for the other disk
of the Taurus cluster, 140 pc (Kenyon et al. 1994). parameter;, we proceeded a.s.follows. We fmed_o.?), which
To estimate the properties of the BP Tau disk, we used"&S gt gll times the most positive value to be withior df the
standard disk model (e.g. Pringle 1981) and tRedisk fit- Pestfitin the Tioo, q) x* plane.
ting procedures described in Guilloteau & Dutrey (1998). The Onceq is fixed, the other couplings introduced by the
CO analysis is performed on the data containing the continuupartial optical thickness of CO are illustrated in Fig. 4, which
To model both the CO and the continuum data, we procedi@playsy” surfaces showing the coupling between the CO de-
as follows. We performed g2 minimization on the CO data Pletionf(CO) andT\, and betweeifix andRoy:. Since both cou-
and in a second step, we use the kinetic temperature deripdfgs are relatively wealRo.: is well determined in all cases.
from the CO analysis to model the continuum data at 3.4 and Starting from this value oR,y, we proceeded to per-
1.3mm (both the CO and the dust emissions are mostly dprm 2-parameter minimizations, with the density law expo-
tically thin and should trace the same region). In this wayent s fixed: (T100, f(CO)), (Vsin(),i), (dV, Roy), and fi-
we obtain an estimate of the,Hnass and the density. Thisnally (T100, Rout). The whole process was iterated several times
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Table 4. Best parameters for the BP Tau disk (O& 2—1 data and
continuum).

The above process does not allow a separatiod(of (or
f(CO)) fromX(r). We use the continuum emission from dust

to provide an independent measuremeri(of. Dust emission

Assumed distance D (pc) = 140 being optically thin at such wavelengths, the continuum is pro-
Systemic velocity | Visg (km.s1) = 6.71 +0.05 portional tok, xX(r)x Ty(r). Usingx, (v) = 0.1(v/ 102 Hz)? (see
Orientation PA = 57 +4° Beckwith et al. 1990), the measurements at 3.4 mm and 1.3 mm
Inclination i = 28 +2° allow us to constraiB, and thus,. SinceTy(r) has been mea-
Outer radius Rout (AU) = 122 +10 sured from the CO emissioKB(r) is determined. The dust emis-
Turbulent linewidthl  Av (kms®)= 0.3 +0.1 sion also directly constraips-q (see Pietu et al. 2003). We find
p+q = 1.8+0.1. Since the density exponentss- p+1.5-q/2,
Abundance & H density law: n(r) = noo(75s) this_ value is in agreement with (but more accurate thgn) that
1200 referencd 2~ 7v105 |- derived from the measurement sfandq from *2CO, which
TMC1
2CO abundance |  X(2CO) = 43x 107 | z04x107| COMESPoNdstp+q=s-15+3q/2~22+04.
12CO depletion f(2CO)= 160 420 Sinceq is rather poorly constrameo,ranges fromp ~ 1.2
Density?) (for g = 0.6 as in DM Tau or GM Aur Guilloteau & Dutrey
at 100 AU Moo (CM®) = 30x 107 | +0.4x 107 1998; Dutrey et al. 1998), t.p ~ 1.5 for our assumed value of _
exponent s= 30 +0.2 g = 0.3. The total mass derived from.the nominal best model is
1.2 x 103 My, and the surface density at 100 ALDB g cnT?
Temperature law: T(r) = Tioo(g55g) (of dust and gas).
Temperatur®
at 100 AU T100 (K) = b2 +4
exponent g =~ 0.0-05 4. Discussion
assumed value g= 03 . . . .
In this section, we first present the new stellar mass estimate
Velocity law: V(1) = Voo zss)” and then W(ra] diﬁC‘_JSS. the }:f)h%sical parameters of thii disk, Wri;[h
Velocity at 100 AU | Vygo (kms?) = 3.35 £0.95 respect to the limitation of the data, and compare them to the
Velocity exponent = 052 +0.04 properties of dls_k encountered around other single CTTs such
020 as DM Tau (Guilloteau & Dutrey 1998) or GM Aur (Dutrey
Stellar mass M. (My)= 1.32 *0%5 etal. 1998).
Surface density law:X(r) = Z100(15575) "
Surface Densit§) 4.1. The CO dynamical mass estimate
—2) _ 2 2
ar100 AU Ezlzooo(g(f:anz); (1).3; 1o 8’3; 1o The estimate for the mass of BP Tau that we determine,
exponent b~ 17 0.2 M. = 132 igiig Mo (Table 3), at the 140 pc fiducial dis-
tance, is consistent with our earlier estimate41+332 M,
) ] © v (SDG). However, these error bars do not include the coupling
 Scale height law: H(r) = Haod z5575) with other parameters. The coupling betwepand Roy; will
Scale height result in lower values foM, for smallerqg, and higher val-
at 100 AU Hioo (AU) = 17 ) ues for largerq. For g = -0.1, the derived mass becomes
exponent h~ 135 | M. = 0.60 0.06 M.
Figure 5 shows these two extreme values of BP Tau's
Dust: «, = ko X (g5r7;)” distance-independent paramdtgi? plotted on a modified H-
Absorption law K= 01 R diagram in the same format as in Fig. 3 of SDG. We use es-
Dust exponent B= 070 +0.05 timates of BP Tau’s luminosity, 93 L, and spectral type, K7,
Dust disk size Rq (AU) > 100 from Gullbring et al. (1998), as before. ThgM? value lies
total mass Md(Mg) ~ 12x10°7 between D'Antona & Mazzitelli's (1997) tracks for 0.5 and

The errors are thedi formal errors from thg/? fit. 0.6 M,, stars, on the 0.8 track of Bardfe et al. (1998),
@ Xrme1, the2CO abundance in TMC 1 is taken from Cernicharo &nd similarly for the tracks calculated by Palla & Stahler (1999)
Guélin 1987.0¢9 The temperature is given for= 0.3. The error on and Siess et al. (2000). Our mass uncertainty ratffecta
the density and temperature do not take into account the coupling witfe distance and the age determination, since the dynamical
the temperature exponeqt mass obtained by our technique scales linearly with distance
The CO abundance in the disi(**CO) or the depletiorf(**CO) = (Taple 3). UsingM, = 0.8 from the evolutionary tracks, the
X(*CO) Xy, is obtained by reference to the total disk mass megiance derived from the dynamical mass is<920 pc for
sured from the continuum data (dust). L

g = 0.3, but becomes larger for smaller valuesqfThis is

a hint of, but not a strong argument for, a distance somewhat
to guarantee convergence. At each stépgd g) was checked closer than 140 pc (e.g. Favata et al. 1998, and see also Bertout
to verify thatq = 0.3 was within 1. et al. 1999).
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Fig. 4. x? surfaces for pairs of parameters. Contours are spacedhwith the 3o and & contours in thick lines. The 3 curves on pabgl
correspond to stellar masses of 0.96, 1.32 and M92corresponding ta-30 on the stellar mass determination.

It is worth stressing that all the other sources in the SD&2.1. Optically thin CO emission
sample possess optically thick CO disks that are much larger ) )
and brighter, so their outer radius, temperature ificlina- | he low optical depth may be demonstrated by either 1) com-

tion and hence stellar masses are quite reliably determined.Paring the disk mass derived from the upper limiti€0 J =
2—1 from the 30-m telescope and the flux density at 1.3 mm or

2) using the physical disk model derived from tH€O inter-

4.2. Disk properties ferometric data.
For the first calculation, we take the flux densities given

The BP Tau disk dfers from all the other disks imagediCO in Tables 2 and 4. We assume tH€0O abundance found in
so far in two main aspects: 1) both CO and dust emissions atdC1 (X%f,ICl = 109 and a standard dust absorption coef-
very compact, and 2) the data itself, as we argue in Sect. Zigient with a gas-to-dust ratio of 100 (Beckwith et al. 1990,
shows that the CO is optically thin. Because of the latter poirsge also Table 3). The kinetic temperature is derived from the
the radial profiles of density and temperature are coupled &B® model: we usé& . = 60 K as a mean value throughout the
the analysis is complicated by the small angular size of the disksk. A lower limit on the depletion factof(CO) is to a first
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Fig. 5. The location of BP Tau in theL{M? vs. T) diagram using the two extreme dynamical mass determinations in this wort £er0.1
(filled circle) andq = 0.3 (open circle)). The theoretical evolutionary tracks are presented in the same way as in Fig. 3 bffpPGeft-hand
panel: Tracks calculated by d’Antona & Mazzitelli (1997) for stars of mass 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0, Mpdtthe?dots
indicate ages 1, 2, 3, 5, 7, and 10 Mypper right-hand panelSame but for tracks calculated by Bfieset al. (1998); the dots indicate ages 2,
3, 5, 7, and 10 MyrLower left: Same but for calculations by Palla & Stahler (1999) for stars of mass 0.1, 0.2, 0.4, 0.6, 0.8, 1.0, Eincht.2

indicated ages 1, 2, 3, 5, and 10 Mizower right: Same for calculations by Siess et al. (2000) for the same masses and ages as in the upper

left.

order given by the ratio of the Hnass estimates derived from  Alternatively, we can also obtain this result using the physi-
the thermal dust emission and tH€0 J = 2—1 line.
The mass derived frofCO J = 2— 1, My3(H,) is gi-

ven by:

f Slg.dv

M13(H2) = KT o
roi

6

with «, the absorption

2
) Ky

D2
X — Mg

1)

cdgcient for the transitiod + 1 — J:

—h;?(_ll_(J+1) —hvoz(i;l)(J+2)
8 3 2 (e ot — @ rot )
Ky = TH
3hdv 4
J+1) 13
—X CO). 2
T mc1(T"CO) (2)

cal disk model derived from théCO interferometric data. The
30-m*3CO line flux from the disk is less than 0.12 Jy km s
(at 3r). The best disk model derived from th&CO data pre-
dicts a flux of 0.025 Jy km'$ in 23CO J = 2—1. Hence, the
13C0O J = 2—1 data constrains the CO depleti6(>CO) to
be higher tharf (*2C0)/(0.12/0.025) = 40 (f(*2CO) is given
in Table 4).

Using the same method for DM Taud(CO) is found
around 10 by Dartois et al. (2003). Moreover, contrary to
BP Tau, the?CO J = 2—1 emission in the DM Tau disk
is strongly optically thick.

4.2.2. Density distribution

Wherev, = vig, dv = 1 kms?, m, is the mean molecular In the modelling, the total disk mass, the CO depletion factor
weight (m, = 1.3) andZ the partition functionZ = 23 for
Trot = 60 K). For thel®3CO J = 2—1 transition we gek, =
4.7 cn? gt and the total disk mass is equalNtiz(Hy) = 2.7 x
107° M. This leads to a lower limit ori (*3CO) ~ 50.

and thereforen; oo the density at 100 AU are derived from the
fit of the continuum data (Sect. 3 and Table 4). First of all, the
continuum fit at 3.4 and 1.3 mm reveals that the dust spectral
indexg has a value of 0+ 0.05, somewhat smaller than the
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average found for other T Tauri disk8 € 0.95+ 0.11, Dutrey «y ~ 4 x 10* cn?g™! (for dust only, Chiang & Goldreich
et al. 1996). The disk mass is relatively lowl(2 x 1073 My). 1997). AssumingZqus(r) = Zoq(r/100 AU) 15, an opacity
This low value is a result of a lower density, rather than af,(100 AU) = 1 at the disk plane is reached f&py =
the small size of the disk. Surface density laws have been Bs<107° g cnt? (of small grains), which corresponds to a mass
timated in some disks from the optically thin dust emission kyf small grains around & 10~ M,,. Since the total dust mass
Dutrey et al. (1996), whose results suggest that the dust distierived from mm continuum emission4s.2 x 10> M, the
bution follows shallow surface density laws with~ 1-1.5 fraction of small grains should not exceest 602
and typical values foE;op around 5x 10?2 cm™2. Compared Unfortunately, imaging such an optically thin disk requires
to these disks (most of them also possess large CO dBskg), a very high sensitivity and is probably out of the possibilities
in BP Tau is significantly lower, by a factor 40, but the surfacef current adaptive optics systems on large telescopes. Detailed
density exponentis similap(~ 1.2-1.5). modelling of the BP Tau SED in the Visible and in the NIR may
confirm or not our hypothesis.

4.2.3. Temperature distribution ) )
4.3. A clearing disk?

Takingq = 0.3 as the most probable value, the temperatu . . .
at 100 AU isTigo = 52 K. However, the rather large un_&?ur analysis shows that the CO disk of BP Taffals from

: the large CO and dust disks previously studied by mm interfer-
certainty ong allows Tago to vary from 35 (forg = 0.5) to metry. This is somewhat surprising because BP Tau presents
>100 K (for g < 0) (see Fig. 4). It is possible in specia . . o )

. . . n the optical and infrared all the characteristics of a CTTs, in-
cases to havg < 0 around the disk mid-plane (e.g. Fig.

from D'Alessio et al. 1999). However, since the GC= 2-1 cluding a relqtlvely strong ac.cretlon rate. A_t mm wavelengths,
L . S . the BP Tau disk can be considered as atypical for the main fol-

emission is optically thin, it samples the whole disk, and mel%-Win reasons:

sures a (vertically) averaged temperature gradient, for wipich 9 '

is unlikely to be negative. Marginally lower temperatures cafh. its CO and dust disk is small and faint;

be obtained by allowing the depletidifCO) to be<150 (see 2. the!?CO J = 2-1 transition is optically thin;

Fig. 4). This is somewhat hot for a K7 star: the expected blacB- with respect to the dust, CO is depleted by a large factor.

body temperature at 100 AU would be only 26-38 K, depeng—%.nts 1 and 2 are important with respect to the sensitivity of

ing on the assumed disk flaring. The same analysis performe

on the CO disks of the K 7 star G Aur (Dutrey e al. 1988 % (00 SO0 M8 SEEO T CE 0 SR etor
or the M1 star DM Tau (Guilloteau & Dutrey 1998) provide 9 P

a “standard” large CO disk. Interferometers now in operation

Tk(r) =~ 30x (r/100 AU) 65 K, as expected for flared passiv - e .
disks heated by the central stars. In typical disks, becaus:(%?d a fortiori large single-dish telescopes) may fail to detect

the opacity of the CO lineT 10 is representative of a regionmOSt of such disks.
100 ; i o ;
located at about 2—4 scale heights above the disk mid_planeConcernmg point 3, we assume a gas-to-dust ratio of 100,

(Dartois et al. 2003), and the temperature in the disk plan:;fs usually made in these kinds of studies. With a lower gas-to-

lower (=13 K from Dartois et al. 2003, see also d’Alessio et ustratio, the CO depletion should be accordingly less impor-

1999). In BP Tau where the CO emission is partly opticallt)‘;:Int with respectto bl Hs itself COUI(.j be d_eple_ted with rgspect

. . . 0 the dust but we cannot determine this without a direct de-

thin, T1g0is closer to an average value throughout the disk vq’%—
{
0

tical structure. The BP Tau disk thus appears hotter than %tlon of Fb The dust absorpt|or_1 cizient remains also an-
others. er possible source of uncertainty. Nevertheless, the CO de-

pletion factor we have derived is significantly higher than in

Neither the viscous heating, which may only éaent other TTauri disks. The low CO abundance may actually be
within the 10-20 central AU, nor the fiiérences in stellar Iu- 5 consequence of higher photodissociation resulting from the
minosities between BP Tau @B Lo) and GM Aur (074 Lo,  |ow H, surface density. It cannot be due to condensation of CO

SDG) are enough to explain such a value Tago. It is more  on dust grains, since the mean temperature is higher than 50 K,
likely due to a combination of severafects linked to the low \e|| above the CO freezing temperature (17 K).

angular resolution which complicates the CO analysis and does p|| these points argue in favor of a disk which has started
not allow us to provide accurate estimatesydsee Sect. 3). (o clear a significant fraction of its primary gas and dust. This
However, it also might be partly related to the lower disk maggatement is reinforced by the relatively high temperature of the
of BP Tau, and to active grain growth. If the dust opacity igjsk, which might be explained by lower opacities of the dust
the visible and near IR is much smaller in BP Tau than eithgy the visible and in the near infrared. It is interesting to note
in GM Aur and DM Tau, because of the lower disk mass anfat the only other known disk with similauter diskproper-
perhaps also because offérent grain properties, it is possiblajes (small outer radius and small mm flux) has been discovered
that the “superheated” layer (Chiang & Goldreich 1997) occlround v 836 Tau, an object presenting all the characteristics
pies a significant fraction of the disk for BP Tau. In the extremss being in the stage dfner diskdissipation from the optical
limit where 7y ~ 1, and withrr < 7y, the whole disk could gata (Duvert et al. 2000). The BP Tau disk is howevéiedi
be heated above the blackbody temperature. ent because it still has a very active inner disk. This suggests
To do so, only a tiny fraction of small grains shouldhat inner and outer disks may not begin to dissipate simulta-
still be in the disk. Small grains oA =~ 0.1 um have neously. Finally, the CO content of BP Tau cannot result from
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evaporation of proto-comets. Large active comets such as H@erdfe, 1., Chabrier, G., Allard, F., & Hauschildt, P. H. 1998, A&A,

Bopp contain about F8 evaporated CO molecules (Biver etal. 337, 403 (BCAH)

1999). Since the BP Tau disk mass ig 1073 M, and the Beckwith, S. V. W., Sargent, A. ., Chini, R. S., & Guesten, R. 1990,
CO abundance.3 x 1077, the disk contains about 2 10* AJ, 99,924

CO molecules. Thus a few times #0arge comets like Hale Bertout, C., Robichon, N., & Arenou, F. 1999, A&A, 352, 574

Bopp would be required. Therefore the CO gas must be tﬁ'é(egr" ;)\:;nBe?;:ksge-SMorvan, D., Colom, P., et al. 1999, Earth, Moon
remnant of the primordial nebula. Bouvier, J., Bertout, C., Benz, W., & Mayor, M. 1986, A&A, 165, 110
Cernicharo, J., & Gelin, M. 1987, A&A, 176, 292

Chiang, E. I, & Goldreich, P. 1997, ApJ, 490, 368

Chini, R., Kruegel, E., Kreysa, E., Shustov, B., & Tutukov, A. 1991,
Using the standard method we used to study Class Il proto- A&A, 252, 220

planetary disks, we have analyzed 860 J = 2—1 and d'Antona, F., & Mazzitelli, I. 1997, Mem. Soc. Astron. It., 68, 807

continuum observations at 3.4 and 1.3 mm of BP Tau. We find (DM97)
that: Dartois, E., Dutrey, A., & Guilloteau, S. 2003, A&A, 399, 773

Dutrey, A., Guilloteau, S., & Simon M., 1994, A&A, 286, 149 (D94)
— BP Tau is surrounded by a compaBy, ~ 120 AU) dust Dutrey, A., Guilloteau, S., Duvert, G., et al. 1996, A&A, 309, 493
and gas disk. Dutrey, A., Guilloteau, S., Prato, L., et al. 1998, A&A, 338, L63
— The disk exhibits direct evidence for Keplerian rotatiorRuvert, G., Guilloteau, S., khard, F., Simon, M., & Dutrey, A. 2000,
around a star of madd., = (1.3 = 0.2)(D/140 pc)Mo. A&A, 355, 165 o
— The'2CO J = 2—1 line appears only marginally opticaIIyFavata’ F., Micela, G., Sciortino, S., & D'Antona, F. 1998, A&A, 335,

thick 218
' Goldsmith, P. F,, Young, J. S., & Langer, W. D. 1983, ApJS, 51, 203

— The temperat_ure is relqtivgly high, apOUt 50 K at100 AUGFIIbring, E., Hartmann, L., Briceno, C., & Calvet, N. 1998, ApJ, 492,
— The mm continuum emission is consistent with the thermal 5,4

emission from circumstellar dust with an emissivity indexyiibring, E., et al. 2000, ApJ, 544, 927

5. Summary

B =~ 0.7, with a disk mass about2x 103 M. Guilloteau, S., & Dutrey, A., A&A, 339, 467
— Assuming a gas-to-dust ratio of 100, the CO appears to Bartmann, L., Hewett, R., Stahler, S., & Mathieu, R. D. 1986, ApJ,
depleted by a factor of order 150 with respect o H 309, 275

_ ) ) Hartmann, L., et al. 1998, ApJ, 495, 385
The unusual properties of the circumstellar disk suggest thadrbig, G. H., & Bell, K. R. 1988, Lick Obs. Bull. No. 1111
BP Tau may be a transient object, in the process of clearingtitsiland, W. S., Greaves, J. S., Zuckerman, B., et al. 1998, Nature,
disk. This object might belong to a class of intermediate disks 392, 788

between Class Il and Class Il that we fail to detect today dienyon, S. J., Dobryzycka, D., & Hartmann, L. 1994, AJ, 108, 1872
to the lack of sensitivity of mm arrays. Koerner, D. W., Sargent, A. |., & Beckwith, S. V. W. 1993, Icarus, 106,

Only ALMA has the potential to enable systematic surveys 2 (K93) _ _ _
of such objects around stars having a continuum flux at 1.3 nifdrange, A. M., Vidal-Madjar, A., Deleuil, M., et al. 1995, A&A,

296, 499
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