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Abstract. We report new high resolutio® 6 — 1.7”) images of the IRAM interferometer to dual-frequency receivers (2.
of GM Aurinthe'2CO J = 2— 1 line and the 1.3 and 2.7 mmand 1.3mm) and an extension of the baselines now provid
continuum. The dust disk, located at the center of the CO disksolution below 1-1/5 We therefore began a new series 0
is resolved by th@®.6” beam of the interferometer. We deriveobservations to improve our understanding of the circumstell
a minimum radius ofv 200 AU, and a total mass (dusgas) material around GM Aur.
of about~ 0.025 M. Our CO observations also resolve the

Keplerian rotation of the gas disk. Since the CO emission is .

optically thick, the CO data does not allow a disk mass me- OPservations

surement but we can estimate the dynamical mass of the systgjiis IRAM interferometer observations used 4 antennas oper,
i.e. thestellar massM. = 0.84 £ 0.05 x (D/140pc) Mg al-  ingin snapshot mode (Guilloteau et al. 1992, Dutrey et al. 199
though a solution with a more inclined disk and lower stellasge). We observed simultaneously at 110.2 GHz and 230.5 G
mass § 0.6 M) is also possible. (*2CO J = 2— 1) in the lower side-band. The back end wa:

a correlator with one band of 20 MHz centered on th€O
Key words: stars: T Tauri — circumstellar matter — pre-mairy — 2 1 line, 3 bands of 160 MHz for the 1.3 mm continuum
sequence — radio-lines: stars and 2 bands of 160 MHz for the 2.7 mm continuum. The spect
resolution was 0.1&m-s~' in the narrow band. The phase ang
flux calibrators were 0415+379 and 0528+134. The rms pha
1. Introduction noise was 8 to 25 and 15 to 5¢° at 2.7 mm and 1.3 mm,

respectively, which introduced position errors<of0.1”. Dur-

Observations of young stars in the sub-mm and mm-wavelengily o\ ohservations, the flux of 041879 increased from 5.5
continuum provide strong evidence for the theoretical expecig- g 5 Jy and 3.510 9.5 Jy at 2.7 mm and 1.3 mm, respective

tion that they are surrounded by evolving, circumstellar diskge sed the calibrators to estimate the seeing, which was bel
(e.g. Beckwith et al. 1990, B90). However, only angularly rez, ; 37 Baselines up to 400 m provided 0.7” resolution for
solved kinematic data can discriminate among, for example, ¥z 1 3 mm continuum data and 1 gt 2.7 mm: because of lim-

tating disks, infalling material, and outflows. Since young stags, 4 sensitivity, thé2CO J = 2 1 data was tapered to 1.7
are usually in or near molecular cloud material with various vet,4 total on so’urce integration time is only 4 hours. We used t

locity components, it has proven difficult to obtain data whosg|| pas software package to reduce the data. The continu

interpretation is unambiguous. images are the results of summing the lower and the upper si

GM Aur is a single, classic T Tauri (CTT) star located 8,4 gata. We used natural weighting of the visibilities for bot

~ 140 pcdistance atthe edge of the CO emission associated Wit ¢ontinuum and line maps. We did not subtract the continu
L 1517 (Herbig & Bell 1988; Elias 1978). With an estimated aggission from the CO map.

of2x10°to~ 107y, GM Aur is relatively old compared to other
stars in Taurus-Auriga (B90, Simon & Prato 1995). Koerner et

al. (1993, K93) detected the molecular emission of the codd Results

outer circumstellar disk by interferometry of théCO J = Table 1 lists the results of our continuum measurements
2 — 1 line. These and subsequent interferometric observatioP )

o 2 resoluon.anbbleSpace eescopmages show 41210 103 1o ) e i 035 a0 Do
a flared disk in rotation at inclination 60° and position angle ' P

he broad bandwidth of their bolometer measurement. The ca

~ 60° (Koerner 1997, Stapelfeldt et al. 1995). The upgrade . )
( P ) P9 Inuum source is clearly resolved at 1.3 mm (Fig. 1). We dete
Send offprint requests té.Dutrey mined the size and orientation of the continuum emission |
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7|'25 | | 575 . o ‘4"2‘5 Table 1.Continuum measurements
oomn | oL ]
30722105 [ A Flux Density Diameter Ref.
. (mm) mJy !
1 077 85090 <20 BS91
- 1.3 253t12 <10 B90
1.4 18H-27 <5 K93
30°22'00" - - 2.7 27.82.2 1.24:0.25 D96
1.3 169.7+ 3.7 1.074.05 x.63+.05 this
PA~57+5°
2.7 27.# 2.1 1.25+.20 x.65+.17 paper
PA~584+11°
30°21'55" T -
4"55M11% 4"55M11% 4"55M10%

Fig. 1 shows the superposition of the continuum emission
Fig. 1. Contours of °COJ = 2— 1 emission at 4.5, 5.75 (systemic),at 1.3 mm (grey scale) andCO J = 2 — 1 line emission at
and 7.0 km/s (synthesized bedr” x 1.6” at PA86°), superposed on the systemic, redshifted, and blueshifted velocities (thin, dashed
the continuum image at1.3mmin grey scale. The CO contour Stepsgfﬁj thick contours, respective'y)_ F|g 2 and 3 compare results
250 mJy/beam. The continuum image (synthesized lieafhx 0.7 gerived from the observations and our models. The top left panel
atPA5G°) is shown in the insert, the contour steps are 7.5 m‘]wbeaﬁ?'Fig. 2 shows that the centroids of the spatial distribution of the
The cross |qd|cates the position, orientation ar_1d aspect ratio of {/(?jocityintegrated CO line emission and the 1.3 mm continuum
i%rzmch;? ;g‘#%n 9%(36:;58?&1'33%(9232;;9 Qggggg] gmssmn pegmissiqn c_oinciQe to high accuracy. The velocity g_radient of Fhe
CO emission (Fig. 2, top right) lies along the continuum major
axis, which indicates that the emission arises in a disk rotating
about an axis at a position angle df1° + 2° (as deduced

T T T T T T
Intensity GM Aur Velocity

5L \ 0 | from the 2 fit performed on the CO data). Fig. 3 shows the
| 1 | individual velocity channel maps from which Fig. 1 is derived.
ol \ 0 \ | The peak values of the observed brightness temperature, for
I 1 | example~ 8 K at the systemic velocity, are close to thel0
oL \ 4 1\ | Kkinetic temperature expected in the outer regions of the disk
] 1 | (see below). This indicates that the line emission is optically
[ [ [ R B | thick.

—4 [ [ .
4 2.0 2 2 o0 -z - If we assume that the apparent ellipticity of the CO emission

U T
| Intensity | Vetoely | represents the projection of a circular disk, then its inclination is
4 e ~ 54° £ 5, with 0° meaning face-on. An elliptical Gaussian

{ fit to the 1.3 mm continuum emission implies an inclination

-4 angle ofig ~ 54° £ 5 (andig ~ 58° + 14 from the 3 mm data).
Valuesi, derived from the continuum are lower limits because
4 of seeing effects, whilé., is independent of the seeing because
it is measured on much larger scales. However, correcting for
the estimated seein@.8”) only increases,; to 57°. Our values

Fig. 2. Top row: CO J=2-1 total intensity map (left) and velocity gradifor the disk inclination and PA are in agreement with the values

ent (right). Bottom row: same as above from the best model. The crégported by Koerner (1997) and Stapelfeldt et al. (1995).
in each panel is the same as in Fig. 1. A threshold of 0.5 Jy/beam was

used in computing the intensity and velocity images from the chanQFI
maps. ’

Disk Properties

To determine the disk properties, we used a standard model of

Keplerian disk in hydrostatic equilibrium (see D94, and Table 2

for the parameter names) and performegf aninimization on
fitting elliptical Gaussians to the visibilities (Table 1). The posithe main parameters as described in Guilloteau and Dutrey 1998
tion angle determined from the spectroscopic line measurem@BbD98). The minimization was directly made inside the visi-
is mainly affected by the precision of the RF bandpass and dekliljties. The disk orientation and systemic velocity were solved
tracking. The continuum data are sensitive to the accuracyfof together (giving PA= 51° andV;sr = 5.62km-s~1), and a
the amplitude calibrations, and therefore provide an indepegiebal fit was made for the 5 most important parameters of the
dent determination of the position angle. Our measured valuasdel (I oo, V100,i,Row: @Ndg). This ensures a proper determi-
agree very well with each other. nation of the dynamical mass (see GD98). Parameters for the
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Fig. 3. Channel maps of the CO data (top) and the best model processed in identical way (bottom). Contour steps are 0.25 mJy/beam (¢
Velocities are indicated in the upper left corner of each panel.

best model are summarized in Table 2 and the results are cdne velocity pattern is not fully Keplerian (for the velocity law:
pared with the observations in the lower half of Fig. 2 and Fig. &e foundv = 0.5 + 0.1, see Table 2). Some confusion with the
We also found that a moderate turbulent velocity is required $arrounding molecular cloud may also contaminate the CO ro
best model the CO data. tion pattern. Complementary observations with higher sensiti
The disk inclination determines the central madds be- ity and angular resolution, or in another molecular tracer, wou
cause the radial velocity is proportional tgM, x sin(i). be required to disentangle these possibilities. The kinema
Therefore high angular resolution data can provide accuratethod to determine stellar mass is nonetheless very promis
measurement of\/, if the inclination is properly measured.because it is independent of stellar properties and evolution:
From oury? minimization, we find two possible solutions fortracks.
i: 56 & 2° or 70 & 6°. They correspond respectively to dy- The observations show that théCO J = 2 — 1 line
namical massed/, = (0.84 + 0.05) x (D/140pc) My and emission is optically thick. The line emission is therefore
M, = (0.62 £ 0.08) x (D/140pc) Mg, (errors are given at good tracer of the gas kinetic temperatufg, at the surface
20 and include uncertainties @ Since the disk mass is veryrcoi;—1) ~ 1 of the disk. However, because the opacity i
small, the dynamical mass is essentially the stellar mass. Wedatremely high, the kinetic temperature deduced from the Q
vor the first solution given the inclinatiay ~ 57° determined observations may not be representative of the inner parts or
from the dust emission. cooler parts of the disk, where most of the mm-wave conti
However, we cannot definitely reject the second (low mass)im emission of the optically thin dust originates. We can alg
solution. Fig. 2 suggests that the CO emission may be slightlge the fact that we do not see through the disk in'#@0O
twisted compared to the mean PA, with the inner disk at highér= 2 — 1 line in order to deduce its three dimensional strug
PA. This variation may indicate that the disk is warped, or thatre. Fig. 3 shows that the CO line emission at velocities ne
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Table 2. Parameter description for the GM Aur disk if the apparent dust radius is significantly smaller tha,;.
Nevertheless, these observations cannot exclude that the dust is
Distance D (pc) 140 confined to a significantly smaller regioR{ ~ 200 AU).
Systemic velocity Vien (km.s D) 5624 003 ' Becausg of very different opapities and detection band-
Orientation PA 51+ 20 W|d_ths,cont|nu_um and C_O observations do_not sample the same
Inclination i 564 2° region of the diskWe estimate that our continuum data are sen-
" . sitive to material located from- 10 up to ~ 200 AU from
CO abundance X¢CO) 1.4-10 the star while CO data only trace the gas down to a radius of
(T)Ltl‘rt;:l;‘:'ﬁjewi i i‘;"zk(n'ii)_l) 05%;’1 3004 ~ 80 — 100 AU. A direct comparison of both tracers is then not
' ‘ ' easily possible and becomes impossible in our case because the
Density law:n(r) = n1o0(153a5) " CO line is optically thick (see Sect. 3). With a dust absorption
density at 100 AU n100 (cM™?) 410° coefficients () = 0.1(v/10'2Hz)?, we also finds ~ 1, and a
density exponent s 2.75 total mass of (gasdust) 0.025M  reproduce the observed con-
Temperature lawT(r) = T100( )~ tinuum flux. This is on the same order as the protosolar nebula
temperature at 100 AU Tigo (K) 37+ 2 mass.
temperature exponent ¢ 0.64+ 0.06
Velocity law: V/(r) = Vioo( o) 5. Summary
xg:gg:g :;;ggeﬁtt) 1‘)/100 (km.s™) 267.& 8:10 Our CO observations show a large Keplerian diBk.f; ~ 525
Star mass M (M) 0.844 005 AU) arqund astar 0¢0.84j_: 0.95) X (D/140 pc) Mg, although
a solution with a more inclined disk and lower stellar mass
Dust disk size Ra (AV) > 200 (~ 0.6M.) is also possible. Self-absorption in the CO map
total mass Ma (Mo) ~ 0.025 indicates that the disk is flared (or at least has a small thick-
The errors are the®formal errors from the? fit. ness), with the southern side pointing towards us. The kinetic

temperature deduced from the CO data is steeper than previous
estimates, most likely around »—°-54, implying a scale height

the systemic velocity is brighter in the northern part of the diél%_’”m- The dust disk, located at the center of the CO disk, con-
than in the southern part. This north-south asymmetry can 1S about- 0.025 Mg . It extends at least up to 200 AU, and
explained as an effect of self-absorption in a slightly geometfiould even be identical to the CO disk.

cally thick disk. In the southern part, the line-of-sight first enters Since the GM Aur diskiis fully resolved by the IRAM array,
a colder layer of material. Since the temperature decreases Witf @1 excellent candidate for further study. In particular, high
increasing radius, the inclination indicates that the southern sRESitivity mapping of optically thin lines of CO isotopomers

is the nearest. This self-absorption effect is well reproduced yl measure the mass of the outer disk and enable comparison
the model. of the gas and dust distribution.

We found that the radial dependence of the kinetic tempefsnowledgementsive thank J. Bouvier and R. Mathieu for informa-
atureg = 0.5 used to model the GM Aur disk emission by B9Gion about the visible light variability and radial velocity observations
and K93 does not accurately reproduce the observed centrgtgm Aur and L. Hartmann, G. Herbig, and K. Strom for information
peaked CO emission (down 9 > 80 — 100AU from the cen- about its spectral type. LP and MS were supported in part by NASA
tral star) because it produces too strong emission in the ou®eigins of Solar Systems Grant NAGW 4113 and NSF Grant 94-17191.
parts of the disk; this solution is rejected4at. We obtain the
best fit with a steeper profile correspondingjte- 0.64, which  References
givesTy(Rout) ~ 10 K. Such a kinetic temperature law implies _
ascale height (as defined by Pringle 198%),oc " . Biﬁmﬂ Slxw&etsg:r;gr?to‘:ﬁ ' fgéiz/ipa 381, 250 (BS91)
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_ _ - » th : Vitrey, A., et al, 1996, A&A 309, 493 (D96)
optically thin, even at 1.3mm, with a brightness temperatuggas "3 H., 1978, ApJ 224, 857
given byX(r) x Ty (r) x kg oc r~P+9) which falls below our Guilloteau, S. et al, 1992, A&A 262, 624
sensitivity curve at large radius. Guilloteau, S. & Dutrey, A. 1994, A&A 291, L23

Following D96, from the 3mm and 1.3 mm emission arGuilloteau, S. & Dutrey, A. 1998, A&A accepted (GD98)
gular size of~ 1.1”, we deduce a minimum outer radius foHerbig, G., & Bell, K.R. 1988Lick Obs. BullNo. 1111

the dust disk of~ 200 AU, and that the power law index of Koerner, D.W., etal 1993, Icarus 106,2 (K93) _
the surface density distributioB(r) « r—? must not be too Koerner, D.W. 1997, Origins of Life and Evolution of the Biosphere,

. . 27,157
steep. The 3mm and 1.3 mm continuum data are fully consbsﬁngle JE. 1981 AARA 19 137

tent with the model parameters presented in Table 2 which gifgon M. & Prato, L. 1995, ApJ 450, 824

p=s+q/2—1—-v=156andR,,; = 525 AU. Hence, stapelfeldt, K.R. etal, 1995, BAAS, 187, 113.04
the dust and CO gas could originate in the same medium even
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