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Abstract. We present sub-arcsecond images of the mm dust
emission and13CO J=2–1 line emission in the young quadruple
system GG Tau. These observations unambiguously resolve the
circumbinary disk of the close (∼ 0.3′′) binary system into
two distinct components: an extremely dense, sharp-edged ring,
surrounded by an extended disk. Continuum emission is also
detected from the center of this structure; it probably arises in
the small circumstellar disk or disks of the binary. The kinematic
data show that the ring+disk system is in Keplerian rotation and
yield the estimateM = (1.28 ± 0.07)(D/140 pc)M� for the
mass of the binary stars. We derive the physical parameters of the
ring and disk from these data and from new 2′′ resolution images
of the HCO+ J=1–0 line and 3.4 mm continuum emission. The
temperature in the ring + disk system is consistent with heating
by the stellar light (including the IR excess coming from the
inner disks). Comparison with the optical/NIR images indicates
a disk thickness compatible with an hydrostatic equilibrium.
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1. Introduction

GG Tau has become invaluable for our understanding of young
star binaries and their associated disks. It is a quadruple, con-
sisting of a close,∼ 0.3′′, binary, and∼ 10′′ to the south, a sec-
ond binary with∼ 1.4′′ separation (Leinert et al. 1993). Most
of the results described here pertain to the northern, close bi-
nary. We adopt the distance 140 pc (Elias 1978); at this distance,
the components of the close binary, GG Tau A and GG Tau a,
are separated by∼ 45 AU (we adopt the designation given by
Roddier et al. 1996, hereafter RRNGJ). The unresolved system
is classified as a classic emission line T Tauri (Herbig & Bell
1988). The standard model of T Tauri activity powered by accre-
tion implies therefore that at least one of the stars is associated
with an active circumstellar disk. The binary is surrounded by
a disk resolved in its CO and dust emission and near infrared
scattered light (Dutrey et al. 1994, DGS94; RRNGJ). Estimates
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of the total stellar mass derived from the Keplerian rotation of
the circumbinary disk and the orbital motion of stars lie in the
range 1.0–1.6 M� (DGS94, RRNGJ). Mm-wave detections of
diverse molecules in the circumbinary disk provide estimates of
the H2 densities required for excitation of their spectral lines,
demonstrate that the molecules are underabundant relative to
molecular clouds, and enable the study of gas phase chemistry
under conditions very different from that in the molecular clouds
(Dutrey et al. 1997, DGG97).

We have obtained new interferometric observations of the
system in the13CO J=2–1 line and continuum at 1.4 mm and the
H12CO+ J=1–0 line at 3.4 mm. The 1.4 mm wavelength obser-
vations reach a resolution∼ 3 times greater than that in DGS94
and reveal for the first time distinct and angularly resolved re-
gions of the dust and line emissions. The H12CO+ emission is
detected mostly from the outer regions of the disk. We describe
our results here.

2. Observations and data reduction

Data were taken with the IRAM Plateau de Bure Interfer-
ometer (Guilloteau et al. 1992) between Jan 1997 and Apr
1997. We used the dual frequency system to observe simul-
taneously the HCO+ J=1–0 line, 3.4 mm continuum,13CO
J=2–1 line and 1.4 mm continuum. At 3.4 mm, the receivers,
tuned single-sideband, offered typical SSB system tempera-
ture around 130 K. One correlator unit of bandwidth 160 MHz
was used for the continuum, while a narrow band 8 MHz unit
was used to provide 160 channels of 39 kHz separation for
HCO+ J=1–0 (effective resolution 60 kHz, or 0.20 km s−1). At
1.4 mm, the receivers were tuned double sideband, with a typ-
ical SSB system temperature around 300 K. 3 correlator units
were used to provide a continuum bandwidth of 500 MHz, while
the13CO J=2–1 line was observed using a 20 MHz bandwidth
with 256 channels (channel separation 79 kHz, effective resolu-
tion 120 kHz or 0.16 km s−1). Baselines ranging between 24 m
and 408 m provided an angular resolution of0.85 × 0.60′′ at
1.4 mm, and2.4×1.7′′ at 3.4 mm (at position angle 14◦). Phase
and amplitude calibrations were performed using 0415+379
and 0528+134, whose flux is regularly monitored against plan-
ets. Excellent weather conditions prevailed during the obser-
vations, with phase noise less than 30◦ at 1.4 mm even on the
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Fig. 1. Left: 1.4 mm wavelength continuum
map of GG Tau. The synthesized beam is
0.88 × 0.56′′ at PA13◦. The contour levels
are mutiples of the step of 4 mJy/beam (zero
level is omitted). Correction for primary
beam attenuation has been applied, resulting
in increasing noise level near the wider bi-
nary GG Tau B/b.Right:3.4 mm wavelength
continuum map. The synthesized beam is
2.06 × 1.24′′ at PA24◦. Contour levels are
in step of 0.7 mJy. The small black stars in-
dicates the positions of the stars. The white
ellipse is the projection of a circle of1.55′′

radius, inclined at 37◦ from the plane of the
sky, at a position angle of7◦. Coordinates
are offset from R.A.04h32m30.342s Dec-
lination17◦31′40.52′′ (J2000.0). The posi-
tion accuracy is about0.05′′

longest baselines. The effective seeing, estimated by calibrat-
ing 0415+379 against 0528+134, is about 0.2′′, and the absolute
astrometry is better than 0.05′′.

Image processing and cleaning were done in the standard
way using the GILDAS software. For simplicity, the13CO and
HCO+ data were resampled to provide 0.25 km s−1 resolution,
and in addition, the HCO+ J=1–0 line was restored with a cir-
cular beam of 2′′.

3. Observational results

3.1. Structure of the continuum

The total continuum flux density we measure at 1.4 mm is
570 ± 20 mJy, in excellent agreement with the Beckwith et
al. (1990) value. Fig. 1 shows its distribution seen with our syn-
thesized beam of0.9×0.6′′. For the first time, we resolve emis-
sion from inside the circumbinary disk; about 10 mJy is centered
at the position of the binary stars and probably arises in their
circumstellar disk or disks. The remainder,> 95% of the con-
tinuum flux, originates in circumbinary material. Fig. 1 shows
that most of this,510 ± 10 mJy, is radiated by a ring in the
innermost part of the circumbinary disk (see also Fig. 2), while
some emission (60 ± 20 mJy after correction for primary beam
attenuation) surrounds it or may be located between GG Tau
A/a and the second binary, GG Tau B/b.

We modeled the observedu, v-plane visibilities to make
this statement more quantitative. A model in which90% of the
circumbinary emission arises in a ring located between radii
1.27 and1.90′′(±0.01) and the rest in a disk extending to∼
4′′ radius, both tilted at inclinationi = 37◦ ± 1 and lying at
PA 7◦ ± 2, provides an excellent fit to the observed visibilities

Fig. 2. 1.4 mm continuumuv plane visibility, plotted as the real part
of the flux, as a function of circularised baseline length (in units of the
wavelength) for the observed data (solid dots and±1σ error bars),
and the ring plus extended disk (thick line) and ring only models
(dashed line) described in Sect. 3.1. Theuv coordinates were rotated
and stretched along thev axis by cos(37◦) to compensate for the incli-
nation of the disk.

(Fig. 2). To demonstrate the evidence in our data for weak but
extended continuum emission, Fig. 2 also shows the visibility
function calculated for a model consisting only of a ring with
geometry as above. This model clearly fits less well, particularly
at the short baseline spacings. With a width of∼ 0.6′′, our
observations just resolve the ring.

The continuum map also shows that the continuum emission
of the ring appears slightly asymmetric, with the Western part
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Table 1.Size and Flux density measurements for GG Tau

Part Integrated Flux Inner radius (′′) Outer radius (′′) Ref.

3.4 mm Ring+Disk 38 ± 2 mJy - - This work
2.7 mm Ring+Disk 85 ± 5 mJy - - DGS94
1.4 mm Ring 544 ± 3 mJy 1.27 ± 0.01 1.90 ± 0.01 This work

Disk 60 ± 7 mJy 2.00 ± 0.30 4.30 ± 0.30 -
1.3 mm Ring+Disk 593 ± 53 mJy Unresolved Unresolved Beckwith et al. 1990
13CO Ring 5.20 ± 0.20 Jy.km s−1 1.10 ± 0.06 1.90∗ This work

Disk 3.20 ± 0.24 Jy.km s−1 1.90∗ 3.28 ± 0.16 -
HCO+ Ring 0.44 ± 0.03 Jy.km s−1 1.25∗ 1.90∗ This work

Disk 0.51 ± 0.03 Jy.km s−1 1.90∗ 3.60 ± 0.15 -
∗ indicates a fixed parameter.

somewhat brighter than the Eastern part. The effect is more pro-
nounced in the 3.4 mm map, was also observed in the 2.7 mm
map from DGS94. We caution however that the apparent clumpy
structure of the ring in the 1.4 mm continuum image is not sig-
nificant. If a uniform ring model is removed from the observed
1.4 mm data, the residual image does not show any obvious
feature (at the ring location).

3.2. The13CO and HCO+ line emission

The velocity channel maps of13CO J=2–1 emission (Fig. 3)
show that the emission is resolved. The13CO emission peaks at
the position of the bright ring delineated by the dust continuum
emission, and extends to the outer regions of the circumbinary
disk. The strength of the13CO signal at large radii demonstrates
the technical point that13CO is a better tracer of material in
outer disks than dust (e.g., Sect. 4.1 in Dutrey et al. 1996). The
progression from blue-shifted emission in the east to red-shifted
in the west seen in the velocity channel maps and the velocity
gradient map confirms the interpretation of Keplerian rotation
of the circumbinary disk by DGS94. We model its kinematics in
Sect. 4.2 and use the best-fitting model to derive an independent
estimate of the disk orientation relative to our line of sight.

Since the line must be optically thick and thermalized in the
ring because the H2 gas density is high (see below and Sect. 4.2),
the observed brightness temperature measures the gas kinetic
temperature,Tk, after correction for beam dilution. For a ring of
0.6′′ width and 1.5′′ radius observed with a0.9×0.6′′ beam, the
beam filling factor is about 0.7. Hence the peak intensity∼ 350
mJy/beam at the bright ring therefore indicatesTk ∼ 35 K.

Fig. 4 shows the distribution of HCO+ J=1–0 emission.
Although the angular resolution of this observation is lower
than that of13CO, the maps resolve the HCO+ emission and
convey the same sense of rotation of a tilted disk. The peak
intensity ∼ 130 mJy/beam at v= 5.4 and 7.2 km s−1 corre-
sponds to brightness temperature∼ 5 K indicating that the
HCO+ emission is optically thin. The J=1–0 HCO+ line re-
quires n(H2)> 6×104 cm−3 for collisional excitation; the J=3–
2 line detected by DGG97 (in an observation that could not have
resolved it) requires n(H2)> 106 cm−3. Our maps show there-
fore that the gas density in the disk is high to radial distance
> 2′′ (see also Sect. 4.2).

The integrated intensity data were fitted in the same way as
the continuum data. The results are summarized in Table 1, and
displayed in Fig. 5. In13CO, the ring and disk components can
easily be distinguished, with the disk contributing to about 30%
of the total flux. The limited angular resolution of the HCO+

observations makes the fit less conclusive; we used the inner
and outer ring radii measured from the continuum emission as
fixed parameters to improve the determinations of the outer disk
radius and of the relative flux densities of the ring and disk.

While our data can be perfectly fitted by a disk + ring model,
we stress that they cannot be represented by a “standard” disk
with a density power law and large inner radius. In DGS94,
we showed that a surface density power lawΣ(r) ∝ r−p with
p = 1.5 produces too extended continuum emission (DGS94,
Fig. 6). Only extremely steep laws (p ' 5) would avoid this
problem, but they fail to produce sufficiently extended13CO
and HCO+ line emission. Furthermore, in Fig. 2, the zeros of
the visibility function areexactly equally spaced: this property
is reproduced by the Fourier transform of narrow rings, but not
by that of truncated power laws with large ratio between the
outer and inner radius.

4. Modelling

The simple analysis presented before clearly demonstrates that
the gas and dust in the GG Tau system is distributed in two
major components: a circumbinary ring or annulus, most easily
detected by its 1.4 mm continuum emission, and an outer disk
extending at least up to 700 AU, which is clearly visible in the
13CO J=2–1 line.

4.1. Model description

Since the continuum data can be perfectly fitted by a uniform
brightness ring with sharp edges (see Fig. 2), we assume that
the close binary is surrounded by a circular ring of constant
density, with a Gaussian profile at both edges (1/e width Wr,
see Table 1), which is surrounded by a “standard” disk with
power law distributions for density, temperature, velocity and
scale height.

To determine more precisely the ring and disk parameters,
we model all observed emission following aχ2 minimization
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Fig. 3.Channel maps of the13CO J=2–1 line emission in GG Tau. Contour spacing is 50 mJy/beam (2.5 K, 2σ). The ellipse indicates the mean
position of the continuum emission. The last two panels show maps of the velocity-integrated line intensity (contour spacing 0.1 Jy/beam km s−1),
and average velocity, in the sense of the intensity-weighted velocity (contour spacing 0.3 km s−1, starting at 4.2 km s−1).

method similar to that described in Guilloteau & Dutrey (1998,
GD98) for the single star DM Tau. The disk model corresponds
to a non self gravitating disk (see Pringle 1981). Since the mass
of the circumbinary disk is about1/10th of the stellar mass,
we cannot reject the possibility that self gravitation plays a sig-
nificant role in the disk. Given the limitations of the current
observations, we will neglect this possible complication.

Model parameters are described in Table 2. The orientation
and disk inclination are constrained independently by the geo-
metrical parameters of the elliptical projection of the ring, and
by the velocity pattern of13CO and HCO+ line emissions. All
three determinations agree within the statistical errors. Because
the existence of the ring brings a significant number of addi-
tional parameters to the model, a fullχ2 analysis could not be
performed as in the case of DM Tau (GD98). Instead, theχ2

analysis was performed on several sets of 2 or 3 coupled pa-
rameters, while fixing the other parameters to their best values.
The error bars quoted in Table 2 are the statistical errors de-
rived from theseχ2 analysis. Because this approach does not
take into account all potential coupling between parameters, the

error bars on some of the parameters should be considered in-
dicative. From the detailed analysis of parameter coupling per-
formed by GD98, we estimate that realistic error bars have been
determined for the kinematic parametersVLSR, V100, v and ge-
ometric parameters PA,i, because these are determined by the
shape of the channel maps and are essentially independent on
the assumed physical model. The ring geometric parameters
(Ri, Ro, Wr) are also well constrained, because the ring is so
overdense as compared to the outer disk.

On the contrary, specific assumptions were made for the
temperature and outer disk density laws. These assumptions
are discussed in Sect. 4.2 and Sect. 4.4. The errors quoted in
Table 2 for these parameters are only the statistical errors due to
the thermal noise of the observations within the frame of these
assumptions.

4.2. Dust emission and H2 densities

We assume a dust emissivityκν = 0.1(ν/1012Hz)β cm−2/g
(see Beckwith et al., 1990). The dust spectral indexβ is
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Fig. 4. Channel maps of H12CO+ J=1–0 emission in the same format as Fig. 3. Here the synthesized beam is2.0×2.0′′ and the contour spacing
is 20 mJy/beam (or 0.77 K). The rms noise is 11 mJy/beam. The last two panels are maps of the velocity-integrated line intensity (contour
spacing 0.05 Jy/beam km s−1), and average velocity (0.3 km s−1 contour intervals starting at 4.2 km s−1).

constrained by the 1.4 mm, 3.4 mm and 2.7 mm continuum
flux from DGS94. With the values given in Table 1, we find
β = 1.15 ± 0.10. Using the temperature derived from13CO
J=2–1 data (Sect. 3.2 and Sect. 4.4), and the dust emissivity
as derived above, we find that a ring mid-plane density of
1.6± 0.1 109 cm−3 is required to reproduce the mm flux densi-
ties. The corresponding H2 surface density is∼ 1.4 1024 cm−2

in the ring, implying an optical depth across the ring of 0.11 at
1.4 mm. The total ring+disk mass is then0.12 M�.

The sharpness of the inner edge of the dustring is character-
ized by its 1/e width,10±5 AU. Theouterring edge is also very
sharp. We note that the radial profile proposed by DGS94 does
not reproduce adequately the new 1.4 mm continuum image,
because the Gaussian profile assumed by DGS94 for the ring
density law cannot represent this sharpouter ring edge seen
in the new sub-arcsecond resolution image. All 3 continuum
images are well fitted by the new model.

While the ring parameters are well determined, the best fit
parameters for the density law in thedisk are more uncertain,
because of the limited dynamic range of the continuum image,

and because some continuum emission may originate between
the GG Tau a and b systems. Densities higher than given in Ta-
ble 2 would produce too much continuum flux from the disk,
and can thus be safely excluded, but values lower by a factor
2 to 4 are acceptable. The exponent of the density law is also
somewhat uncertain; very low values (< 2.5) are excluded how-
ever, and the best fit is compatible with a surface density law
Σ(r) = r−1.5. Even accounting for a possible factor of 2–4,
the disk mid-plane density of∼ 6 107 cm−3 at 300 AU is high
enough to guarantee thermalization of the HCO+ J=1–0 line un-
til a radius of more than2000 AU, and that of the HCO+ J=3–2
line up to600 AU.

With these values, the ring is 18 times denser than the disk at
the disk–ring separation, but the outer disk still contains about
30% of the mass.

4.3. Kinematics of the circumbinary disk

The high angular resolution and high signal to noise of the13CO
J=2–1 emission allows an accurate determination of the rotation
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Fig. 5. u, v-plane visibilities for HCO+ and13CO, plotted as the real
part of the flux, as a function of circularised baseline length (in units of
the wavelength) for the observed data (solid dots and±1σ error bars),
and the two component (ring plus extended disk, thick line) model
and single component (thin line) model described in Sect. 3.1. Theuv
coordinates were rotated and stretched along thev axis by cos(37◦) to
compensate for the inclination of the disk.

law. Assuming a power law dependenceV (r) ∝ r−v for the
velocity, the exponent is constrained to be0.5 ± 0.1. This pro-
vides direct evidence for Keplerian rotation, confirming DGS94.
Since the inclination is accurately measured, the mass of the bi-
nary can be derived from the Keplerian velocity; from the veloc-
ity law in Table 2, we deriveM = (1.28±0.07)(D/140 pc)M�.
The uncertainty includes that in the determination of the incli-
nation (see GD98).

The channel maps also permit an estimate of the turbulent
component of the line width,δVturb. We find from theχ2 anal-
ysisδVturb ≤ 0.06km s−1.

4.4. Gas temperature

Since the13CO J=2–1 emission is optically thick in the ring,
the temperature in the ring is well determined, with an average
value of35 K. The temperature law in the disk is more difficult

Table 2.Parameter description for the GG Tau disk+ring model

Systemic velocity VLSR 6.38± 0.02 km s−1

Orientation PA 7± 2◦

Inclination i 37± 1◦

Ring density nr 1.6± 0.1 109 cm−3

Ring inner radius Ri 180± 5 AU
Ring outer radius Ro 260± 5 AU
Ring edge width Wr 10± 5 AU

Disk outer radius Rout ∼ 800 AU

Disk density law:n(r) = n300( r
300AU )−s

H2 density n300 5.8 107 cm−3

exponent s 2.75± 0.15

Temperature law:T (r) = T300( r
300AU )−q

Temperature T300 20± 1 K
exponent q 0.9± 0.1

Scale Height law:H(r) = H300( r
300AU )h

at 300 AU H300 55± 5 AU
exponent h 1.05± 0.05

Velocity law: V (r) = V100( r
100AU )−v

velocity at 100 AU V100 3.4± 0.1 km s−1

exponent v 0.5± 0.1
turbulent velocity δVturb ∼ 0.06 km s−1

13CO Abundance X(13CO) ∼ 5 10−8

HCO+ Abundance X(HCO+) ∼ 3 10−11

Dust exponent β 1.15± 0.10

to estimate. The most significant constraint is that the13CO
J=2–1 line brightness in the disk is much lower than in the ring.
This requires either significantly lower kinetic temperature in
the disk, and/or optically thin emission in the disk. The latter can
be due to either lower H2 densities, or lower13CO abundance.
The 3 parameters (temperature, density, abundance) are strongly
coupled, and cannot be separated with this data set alone.

We propose in Table 2 a temperature law in the disk which is
consistent with the kinetic temperature determined in the ring.
This solution is not unique; however this is the solution with
constant and maximal (with respect to the choice of temperature)
13CO abundance. Better determination can only be made by
using an optically thick molecular tracer like12CO .

We note that our results suggest that the kinetic tempera-
ture drops very quickly with distance from the star. Assuming
a power law dependence, we find an exponentq ' 0.9. This is
much steeper than in disks around single stars like DM Tau and
GM Aur, whereq ' 0.63 (GD98, Dutrey et al. 1998). The ring
geometry offers a natural explanation for this effect. Since the
ring is highly optically thick in the infrared, the kinetic temper-
ature is given to first order by

4πr2σ(T (r))4 = L cos (γ) (1)
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Fig. 6a and b.Comparison of thea 13CO J=2–1 line emission at V = 5.55 (blue contours), 6.30 (white contours) and 7.05 km s−1 (red contours),
overlaid on a false colour image of the 1.4 mm continuum emission andb J-band emission resolved by RRNGJ. The white ellipse indicates the
ring average radius.

whereσ is the Stefan-Boltzmann constant,L the total (star +
inner disks) luminosity, andγ the mean incidence angle of the
radiation on the disk surface. As the effective geometric thick-
ness of the ring (atτ = 1 in the near-IR) is large (120 AU,
see Sect. 5.1),cos (γ) ' 0.6. Strom et al. (1989) quote a lu-
minosity L ∼ 3L�, including the IR excess, for the GG Tau
A/a system. Hence, we findT (Rin) = T (180 AU) = 34 K,
in good agreement with our measurement. Similarly, for the
outer disk, heating occurs mostly through the disk surface and
cos (γ) ' H(r)/r ' 0.2. We thus findT (300 AU) = 20 K.

4.5. Molecular abundances

Even inside the disk, the density law derived from the dust
emission is high enough to thermalize the HCO+ J=1–0 line,
and a fortiori the13CO J=2–1 line. If the line emission is
optically thin, we can then estimate the abundance. With the
above temperature and density laws, and assuming that the
molecular abundances are uniform throughout the circumbinary
disk, we find molecular abundancesX(13CO) = 5 10−8, and
X(HCO+) = 4 10−11, corresponding to depletions (relative to
the Taurus “standard” abundances of10−6 and8 10−9 respec-
tively, Ohishi et al. 1992) of' 20 for 13CO (in perfect agreement
with DGS94) and' 200 for HCO+. The latter is much larger
than the value of∼ 10 found by DGG97 for DM Tau. Since
the density in the disk is most likely an upper limit (because of
uncertainty in the disk continuum emission, see Sect. 4.2), and

since all observed spectral lines are highly optically thick in the
ring, the actual depletions may be' 2 to 4 times lower.

For HCO+ J=1–0, a slightly better model (at the4σ level)
is obtained with different abundances in the ring and in the disk
with Xring(HCO+) = 2.0 10−11 Xdisk(HCO+) = 4.5 10−11,
corresponding to depletions of 400 and 180 respectively. Al-
though the significance of this result is questionable, it suggests
that HCO+ could be more severely depleted in the densest re-
gions.

5. Discussion

5.1. Geometrical thickness of the circumbinary ring

RRNGJ observed orbital motion of the stars in the close binary
in the clockwise sense. The spectral line images show that the
velocity of the eastern side of the disk is toward us, and on the
western side, away from us. Assuming that the orbital angular
momenta of the stars and disk are roughly in the same direction,
this means that the disk is inclined such that its northern edge is
nearest to us. Fig. 6 compares the current data with RRNGJ’s J
band image. The relative brightness of the northern and southern
portions of the disk at J are determined by the phase function
of the dust. The brighter northern part indicates that forward
scattering is favored, as discussed by RRNGJ.

The J band and 1.4 mm images have been registered using
the fact that the binary center of mass must lie at the center
of the dust ring, under the assumption that the ring is intrin-
sically circular. To define the center of mass, we used a mass
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Fig. 7.Shift of the apparent inner edges of an inclined thick flared disk
in scattered light. The thick grey lines indicate the disk edges. The
arrow size and line thickness indicate the relative intensity of scattered
rays from the 3 visible inner edges of the disk (1, 2 and 3). Because of
the larger scattering angle required for the farthest part (point 2), the
inner boundary appears brighter and closer to the illuminating stars for
the closest part of thick disk (point 1 versus point 3).

ratio of 1:2 for the binary; assuming a mass ratio of 1:1 would
shift northward the center of mass by 0.04′′, slightly increasing
the effect mentionned below. With this accurate registration, the
ring seen in scattered light at 1.2µm is obviously shifted from
the ring position determined from the 1.4 mm continuum emis-
sion. Such a situation can be easily explained if the ring is not
geometrically thin, and because the phase function of the dust
favors forward scattering at 1.2µm. In this case, the inner edge
of the ring which is closest to the observer (i.e. the northern
one in our case) appears shifted inwards in the IR image by
' h/2sin(i) whereh is the ring thickness (see Fig. 7). No shift
is observed at 1.4 mm because the dust emission is optically
thin. The measured shift, about 0.25′′, indicates a ring thickness
t ' 120 AU at the inner ring edge (r = 180 AU). Although
such a value looksa priori very large as compared to the ring
inner radius, it compares well with the scale height derived from
the models presented in Sect. 4. Assuming a NIR optical depth
of 100, the ring becomes optically thick along thez direction
at z = 1.65H, so that the apparent thickness of the disk in the
NIR is t = 3.3H. With a scale heightH = 32 AU at the inner
edge of the ring (derived from Table 2), we findt = 106 AU.

Although the above effect accounts for the apparent shift
between the optically visible ring and the stars, with this image
registration the binary appears slightly shifted from the weak
1.4 mm dust emission which is presumably tracing the inner
(circumstellar) disks (see Fig. 1. The effect is marginal, given
the low signal to noise ratio of the 1.4 mm data, but it suggests
that the ring might be slightly elliptical, with the center of mass
located at one of the ellipse focii, closer to the Eastern edge
of the ring. Note that, as shown by RRNGJ, only a very small
ellipticity of the ring is required to produce a significant shift of
the center of mass from the ring geometrical center.

Note also that in continuum, the Western part of the ring is
brighter than the Eastern part. The effect is more pronounced in
the continuum at 3.4 mm and 2.7 mm (DGS94), not significant
at 1.4 mm, and not detectable in the line maps. This suggests
this effect may be due to a column density enhancement, which
is only detectable with the most optically thin tracers.

5.2. Circumstellar disk emission

At the location of the binary, we detect at 1.4 mm about 10 mJy
which is likely coming from one or two inner cicumstellar disks.
This emission may arise from thermal dust or free-free emis-
sion from compact ionised jets. An upper limit of∼ 2–3 mJy
is obtained for the flux at 3.4 mm in the direction of the binary
(see Fig. 1), consistent with a spectral index∼ 2 or higher (al-
though the error bars are large). In the absence of detection at
other wavelengths, we thus assume that the 1.4 mm continuum
emission is due to thermal dust associated to two disks radiat-
ing equal flux (∼5 mJy). Assuming a uniform temperature of
Tk = 100 K as representative of the whole disk (based on the
extrapolation of the temperature law of Table 2), we find a lower
limit on the mass of∼ 0.8 10−4M� and a lower limit on the
radius of∼ 4 AU (see Dutrey et al. 1996). Note that such a small
radius is in agreement with the tidal truncation which roughly
implies that inner disks cannot be larger than∼ 20 AU (i.e.
1/3rd of the semi-major axis of the binary orbit).

5.3. Mass of the binary

The measured rotation velocity implies a massM = 1.28 ±
0.07 M� for the assumed distance of 140 pc. This is compara-
ble to (although slightly lower than) theM ' 1.6 M� derived
by RRNGJ from the orbital motions of the binary. Note that
our mass estimate scales linearly with the assumed distanceD,
while the mass derived by RRNGJ scales asD3.

6. Summary

The circumbinary disk surrounded GG Tau has been simultane-
ously imaged at resolution of∼ 0.6×0.9” by the IRAM interfer-
ometer in13CO J=2–1 and continuum at 1.4 mm, and at a reso-
lution of∼ 2′′ in HCO+ J=1–0 and continuum at 3.4 mm. These
observations confirm the previous observations and model by
DGS94 but also allow a more detailed analysis of the ring and
disk structure. Among them, the most important results are:

– The circumbinary disk has two components: a narrow ring
with sharp edges (corresponding to 90% of the 1.4 mm flux
or 70% of the mass) and an extended disk (up toRout ' 800
AU). The extended disk is mainly detected in13CO and
HCO+. The total disk+ring mass is about0.12 M�.

– The ring has sharp inner and outer edges (Wr ≤ 10 AU) and
its geometrical width is∼ 80 ± 5 AU.

– Circumstellar 1.4 mm emission is also detected, and is con-
sistent with tidally truncated circumstellar disks of radius
R ∼ 4–20 AU and total mass≥ 1.5 10−4M�.
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– The apparent shift between the optical and radio rings is
consistent with a scale height of 30 AU (at the inner edge
of the disk) and an optical depth of∼ 100 in the near IR, as
extrapolated from the millimeter range.

– The kinetic temperature profile is consistent with heating by
the star and inner disks radiation. In particular, the ring is
much warmer than the outer disk.

– The dynamical mass of the system is accurately determined
1.28 ± 0.07(D/140pc)M�.

Given that the circumbinary material is dominated by the dusty
ring, we propose to nickname GG Tau “The Ring World”.
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