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Abstract. The GG Tauri system is a prototype example of a young, pre-main sequence multiple stellar system. Both millimeter
and optical observations reveal that the central binary (GG Tau A) harbors a ring-shape circumbinary disk. In this paper, we
analyse a compilation of astrometric data of the GG Tau A binary over 12 years that allow us, in combination with information
coming from the disk observations (millimeter data), to derive a fairly accurate fit of the orbit (@ = 32.4 AU, e = 0.34). We also
perform a dynamical study of the circumbinary disk, and show that in order to be in agreement with the orbit deduced from
the fit, the inner gap of the disk should be approximatively twice as small as observed. We show that if we allow the error bars
on the astrometric data to be larger, another orbit may be found (a = 62 AU, e = 0.35), compatible with the location of the
inner disk gap, although only marginally compatible with the astrometric data. Possible solutions to solve this discrepancy are

discussed.
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1. Introduction

GG Tauri is one of the best-known multiple T Tauri systems
found in the Taurus-Auriga clouds. It is a quadruple sys-
tem consisting of two binaries. GG Tau A (the first binary) is
brighter and closer (0.25”). The second pair (GG Tau B) is
wider (1.48”) and located 10.1” to the south (Leinert et al.
1993). A circumbinary disk orbiting GG Tau A has been spa-
tially resolved in both millimeter and near infrared wavelength
domains (Dutrey et al. 1994; Roddier et al. 1996, hereafter
R96; Guilloteau et al. 1999, hereafter GDS99). The disk has
been extensively studied as a case study of a young binary
system. Interferometric observations at 1.3mm of the optically
thin thermal dust emission reveal that almost 70% of the ma-
terial is confined in a sharp edged ring-like structure extend-
ing between 180 and 260 AU around GG Tau A, while the
13CO(2-1) line map shows that the rest of the material ex-
tends up to 800 AU or more (GDS99). Near-Infrared images
performed at the CFHT by R96 have also revealed the cir-
cumbinary ring with observed properties (inner radius, position
angle and inclination) in excellent agreement with those found
by mm interferometry. Table 1 summarizes the observed disk
properties.

http://www.edpsciences.org/aa

There is evidence for Keplerian motion of the circumbinary
disk around GG Tau A. Kawabe et al. (1993) first noted a ve-
locity gradient which may be indicative of rotation. A detailed
analysis of the velocity maps of the disk in '*CO(1-0) and
13CO(2-1) emissions led Dutrey et al. (1994) and GDS99 to
conclude that the motion of the disk was essentially Keplerian,
and to derive a strong constraint on the central total mass
(1.28 = 0.07 My; GDS99). Meanwhile, White et al. (1999), on
the basis of stellar evolution models and photometric data from
the HST, gave independent estimates for the masses of the four
components of the systems. His determinations for GG Tau A
are compatible with the dynamical mass of GDS99. GG Tau B
appears to be much less massive than GG Tau A, GG Tau Bb
being even a substellar object (0.044 M,,). Table 2 summarizes
the mass estimates of the binary components.

The relative motion of the components of GG Tau A was
observed over several years (see Table 3), providing additional
kinematic constraints which allowed several authors to derive
orbital solutions (R96; McCabe et al. 2002, hereafter MC02;
Tamazian et al. 2002).

The information provided by the relative motions of
GG Tau A over several years, combined with the knowledge
of the geometry and kinematics of the circumbinary disk and

http://dx.doi.org/10.1051/0004-6361:20042441
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Table 1. Observed properties of the GG Tau A binary system.

GG Tau A Inner rad. Outerrad. PA (¢) i Ref.
(AU) (AU) ) ©)

Circumbinary ring:

3—1.3mm maps 1805 260 +5 T7+2 371 (1)-3

NIR images ~200 - ~18 ~35 2

Circumbinary disk:

CO maps 1805 ~800 7+2 371 (1)-3

The Taurus distance is taken as 140 pc (Elias 1978).

Col. 4: the position angle is defined as the angle done by the direction,
in the plane of the sky, of the minor axis of the elliptic shape of the
disk with respect to the north.

Col. 5: the inclination angle i is given with respect to the plane of the
sky.

Col. 6: 1—>Dutrey et al. (1994), 2—R96, 3—GDS99.

the stellar parameters, makes GG Tau A an ideal system for ap-
plied studies of the dynamical interaction between a binary and
its surrounding circumbinary disk. This problem has been the-
oretically investigated in many studies, often using smoothed
particle hydrodynamics (SPH) (Artymowicz & Lubow 1994,
1996; Bate 2000). These studies yielded estimates for the ra-
tio of the radius of the inner gap of the disk to the semi-major
axis of the binary. These results were recently confirmed by
symplectic integrations using the HJS software (Beust 2003),
which are to be compared to SPH integration by Artymowicz &
Lubow (1994) with negligible viscosity. The HIJS (Hierarchical
Jacobi Symplectic; Beust 2003) is a variant of the popular sym-
plectic integration method WHM (Wisdom-Holman Mapping;
Wisdom & Holman 1991; Levison & Duncan 1994), but de-
signed for the dynamics of hierarchical stellar N-body sys-
tems, while the original method accounts for planetary system
dynamics.

Therefore, the aim of this paper is to investigate the dy-
namics of the GG Tau A system (inner binary + circumbinary
ring). In Sect. 2, we review all the astrometric data of GG Tau A
and derive a new orbital solution that appears to be compatible
with the latest data. In Sect. 3, we use the HJS integrator with
our orbital solution to investigate the dynamics of circumbi-
nary material orbiting GG Tau A. We show that there is a dis-
crepancy between the orbital fit and the observed location of
the inner edge of the disk at 180 AU, unless we allow the error
bars on the astrometric measurements to be larger than given
in the various references. We discuss this possibility in Sect. 4
and suggest other ways to solve the discrepancy. We present
our conclusion in Sect. 5.

We only discuss here the inner profile of the disk surround-
ing GG Tau A, a probable result of interactions with the inner
binary. GDS99 have shown that 70% of the disk mass is lo-
cated in a narrow ring of width AR ~ 80 AU which also has
very sharp edges (~10 +5 AU). The sculpting of the outer edge
of the disk is another problem that may be related to dynami-
cal interactions of the GG Tau A system with the second binary
GG Tau B. This issue will be investigated in a forthcoming pa-
per (Beust & Dutrey 2005).

H. Beust and A. Dutrey: Dynamics of the circumbinary disk around GG Tauri. L.

Table 2. Masses of GG Tau Aa and Ab used in this paper, plus masses
of the GG Tau Ba and Bb components.

GG Tau Aa GG Tau Ab GG Tau Aa+Ab U
(Mo) (M) (Mo)
CO data - - (1.28 £0.07) x T40pc
HST data  0.78 £0.09 0.68 £0.02 1.42 0.47
Values used 0.78 0.68 1.42 0.47
GG Tau Ba GG TauBb GG Tau Ba+Bb U
(Mo) (Mo) (Mo)

HSTdata 0.12+0.02 0.04 +0.003 ...
CO data: GDS99, HST data: White et al. (1999).

Table 3. List of astrometric observational data (position angle and
separation) for the central binary of GG Tau we use to fit its orbital
motion.

Date of PA (¥) Separation  Reference
observation ©) (mas)
Nov.2,1990 9+2 255+ 10 Leinert et al. (1993)
Oct. 21,1991 2=+1 260 + 10 Ghez et al. (1995)
Dec. 26,1993 3+2 260 + 10 R96
Jan. 27,1994 357.8 +04 246 + 4 Woitas et al. (2001)
Jul. 25,1994  358.79 +0.45 250.2+2.6 Ghezetal. (1997)
Sep. 24,1994 357 +2 258 +4 Ghez et al. (1995)
Oct. 18,1994 0.9 +0.5 242 +3 Ghez et al. (1995)
Dec. 22,1994 357.2+2 239 +5 R96
Oct. 08, 1995 356.9 + 0.7 247 +4 Woitas et al. (2001)
Sep. 29,1996 3555+0.4 245 + 4 Woitas et al. (2001)
Dec.6,1996 3549+1.3 243.6 + 4.6 White & Ghez (2001)
Sep. 27,1997 3543 +1 250+ 3 Krist et al. (2002)
Oct. 10, 1997 353.9+04 248 +2 MCO02
Nov. 16, 1997 353.6 £ 0.4 247 +5 Woitas et al. (2001)
Oct. 10, 1998 350.7 + 0.4 260 + 4 Woitas et al. (2001)
Jan. 21,2001 348.6+24 248 + 14 Hartigan & Kenyon
(2003)
Feb. 9, 2001 348.7+0.3 245 + 4 Tamazian et al. (2002)
Dec. 12,2002 346.0+ 1.5 250.7 + 1.5 Duchéne et al. (2004)

2. Orbit solution for GG Tauri A

The orbital solution of the central binary (GG Tau A) is theo-
retically well constrained: first, assuming that the circumbinary
disk lies in the same plane as the orbit, its inclination angle with
respect to the plane of the sky is known (37 + 1°; GDS99); sec-
ond, its dynamical total mass is constrained by the Keplerian
motion of the disk (1.28 = 0.07 My; GDS99); finally, the
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Fig. 1. Least square fits of the projected separation (left) and of the position angle (right) of the GG Tau A binary. The data are taken from

Table 3. Analysis similar to that of R96.

astrometric monitoring of the binary performed for many years
(see Table 3) provides additional kinematic constraints.

We know from the disk images that the inclination angle i
of the disk with respect to the plane of the sky is i = 37 + 1°.
The observations reveal that the disk is seen from the south
side (GDS99). Following the usual dynamical convention, we
will call A the oriented inclination of the disk (or the binary
assuming the system is coplanar), which in our case is 4 =
180°—37° + 1, this means that the motion of the disk is seen to
be retrograde (see Appendix, Eq. (A.8)). We note ¢ the position
angle of the small axis of the elliptic shape of the disk on the
sky with respect to north (this is the projection of the rotation
axis of the whole system onto the plane of the sky when the
binary and the disk are coplanar). The data reveal that ¢ = 7 +
2° (GDS99).

What is measured on the central binary is its projected
separation p, its position angle i (with respect to the north),
and the temporal derivatives of these quantities. The separa-
tion is roughly 0.25”, which leads to p = 35 AU assuming
a distance of d = 140pc for the Taurus star-forming region
(Elias 1978). The position angle ¢ has been observed with
good accuracy to continuously decrease from +9° to —14° be-
tween 1991 and 2002. A compilation of astrometric data gath-
ered over the 13 past years is given in Table 3. The fact that ¢ is
seen to decrease shows that the disk is viewed from south side
(see Appendix), in agreement with the optical and mm data
(GDS99).

The binary has been observed around ¢ = 0 in the past
years. Once A, ¢ and M (the binary mass: M = M| + M)
are known, the knowledge of the other astrometric quantities
(p,dp/dt,dyr/dr) allows us to derive the orbital elements a, e
and m of the binary, where a is the semi-major axis, e is the ec-
centricity, and m is the current mean anomaly. As usual in ce-
lestial mechanics, the mean anomaly is a quantity proportional
to the time that gives the position of the binary on its orbit. We
have m = 0 at periastron and m = 27 one orbital period later.

The problem with this technique is that the uncertainties on
the fits of the rates of change dy//dt and dp/dt can lead to very
large error bars on the orbital elements. From their data, R96

derive dys/dt = =2.0°/yr and dp/dt = —0.4 mas yr‘1 X d. With
M = 1.28 My, this yields

a=111.4AU, e=0.692, m=-9.6° (1)

This orbit appears indeed very eccentric, the binary currently
being close to periastron. But more recently, adding additional
data, MCO2 derive e = 0.32 and a = 35 AU with large error
bars, the binary being now closer to apoastron. Independently,
using a similar set of data, Tamazian et al. (2002) get e = 0.317
and a = 36 AU.

Such a discrepancy led us to make a new fit using all the
data gathered by various authors over 12 years. These data are
listed in Table 3, and the corresponding error bar weighted least
square fits are displayed in Fig. 1. We derive

dy

Y 144+015°

o /yr

d

d—’t’ = 0.28+0.76 masyr~! x d. )

While the fit of diy/ds can be considered as relevant, obvi-
ously dp/dt cannot be constrained, as can be seen from Fig. 1.
The error bar nevertheless provides upper limits to the variation
rate (decrease or increase) of p. With these values and assum-
ing d = 140 pc, we derive

a=324AU0, e=034, m=179.9° 3)

i.e., something much more comparable to the fits of MC02 and
Tamazian et al. (2002) than to the one by R96. According to
our fit, the binary is currently just before apoastron.

However, the orbital elements we derive are very sensi-
tive to the uncertainties on the measurements of the parame-
ters involved in the fit. The orbital elements are functions of p,
dy/dt, dp/dt, A, ¢ and M (see Appendix). The major uncer-
tainty on them comes from the uncertainty on the fits of the
rates of change dy/dr and dp/d¢. But some of the parame-
ters (p, dp/dt, but also M) implicitly also depend on the as-
sumed distance for the Taurus star forming region, which is
only known within =10 pc (Kenyon et al. 1994), at best. This
error bar also appears as an additional but significant source of
uncertainty on the orbital elements. The sensitivity of the fit to
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Fig. 2. Variations of the fitted orbital elements (a, ¢) of the central binary as a function of the observational parameters. The left plot is a greyscale
map of the eccentricity e for d = 140 pc, as a function of dp/dt and dy/dz. The point quoted “R96” is the R96 value, the “McC02” point
corresponds to MCO2 (with its error box, 1), and the “B03” point corresponds to this work. The right plot shows the zone in (a, e) space
corresponding to the error box (1o7) around the “B03” point, for three different values of d. The grey shaded area is the total error box in
(a, e) space if we let all parameters vary within their error boxes. The two points superimposed (B03, McC02) have the same meaning as in the

left plot, and hold for d = 140 pc.

the error bars on the parameters is so high that deriving error
bars for the orbital elements from the error bars of the observa-
tional parameters is meaningless, as their variation is far from
being linear within the error box of the parameters. We thus
adopted a non-linear treatment, computing all the possible set
of values for the orbital parameters when we let the parameters
vary within their error boxes.

This is illustrated in Fig. 2. In the left plot of Fig. 2, we plot
a 2D map of the eccentricity of the orbit as a function of dp/d¢
and dy//dt, all other parameters being frozen to their mean val-
ues (in particular, d = 140 pc). In the right plot, we show the er-
ror boxes in (a, e) space we derive if we let the parameters vary
within their own error boxes. More specifically, in the three
outlined boxes, all parameters but dp/dr and dy/dt are frozen
(each box corresponds to one value of d), and the grey shaded
zone is the total possible area we derive if we let all the param-
eters vary within their error boxes. The points corresponding
to the fits of R96, MCO02 and this work (Fig. 2, point B03) are
superimposed to the plot.

We first note that the orbital elements of the orbit are rather
badly constrained by the observations, as they are very sensitive
to the measurement uncertainties. In fact, they are especially
sensitive to the errors on dp/dt, dys/dt, and d. It also appears
that giving independent error bars for a and e is impossible, as
their variations are coupled: a can be as high as 45 AU but in
this case e must fall around 0.1, while if a = 27 AU, e must
range between 0.4 and 0.55.

It could also appear surprising that the “B03” point does
not appear in the right plot in the middle of the black error
box corresponding to d = 140 pc. Indeed, this box is the exact
counterpart in (a, e) space to the error box centered around the
“B03” point in (dp/dt, dy/dr) space in the left plot. This is in
fact an illustration of the non-linearity of the relationship within

the error box. If starting from the “B03” point in the left plot,
we let dp/dt vary, we see that e passes through a minimum
within the error box, and the starting point is in fact close to the
minimum. The left edge of the box in the right plot corresponds
in fact to that physical minimum, and not to the limits of the
error box. This is the reason why the “B03” point appears close
to the left edge of the box in the right plot. In order to better
emphasize this point, the edges of the outlined boxes in the
right plot have been drawn in thick lines when they correspond
to a physical limit, and in thin lines when they just correspond
to the limits of the error box in (dp/dt, dy/dr) space.

3. A circumbinary disk dynamical study

As suggested above, we conjecture that the ring shape of the
circumbinary disk around GG Tau A is a consequence of a dy-
namical sculpting by the inner orbital motion of GG Tau A, but
also by tidal interaction with the outer binary GG Tau B. In
fact, we roughly expect the inner edge of the disk to be fixed
by the orbital motion of GG Tau A, and the outer edge to result
from the interaction with GG Tau B. Now, before carrying out
a dynamical study of the full system (Beust & Dutrey 2005),
we first want to perform preliminary studies with a simplified
description in order to better analyse the role of each param-
eter. In this study then, we restrict ourselves to the study of
GG Tau A itself surrounded by its circumbinary disk. What we
want to check here is whether the orbital solution derived above
(Eq. (3)) is compatible with the observed inner edge of the disk
at R;, = 180 + 5 AU X (d/140 pc).

We are thus back to a classical circumbinary disk prob-
lem. Circumbinary disks are known to be cleared from inside
by interaction with the components of the binary, leading to a
sharp inner edge located well outside the orbit of the central
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binary. There is observational evidence for this fact, and this
was predicted by many theoretical studies (Artymowicz &
Lubow 1994, 1996; Bate 2000). All these simulations show that
the inner gap of the disk opens within a few orbital periods of
the binary, with spiral density waves extending far in the re-
maining disk. Artymowicz & Lubow (1996) show that some of
the tidally eroded mass can flow towards the individual stars by
so-called “streamers”.

An interesting outcome of this theory is the ratio of the
radius of the inner gap of the disk to the semi-major axis of
the binary. This ratio depends on the eccentricity of the or-
bit, but Artymowicz & Lubow (1994) showed that it should
fall between ~2 and ~4, and may be closer if a significant
viscosity is present in the disk. These results were recently
confirmed by symplectic integrations using the HJS software
(Beust 2003). Another key parameter for this is the mass ra-
tio u = M, /(M) + M>) of the secondary star (of mass M>) to
the whole mass of the binary M = M; + M,. The mass ra-
tio u ranges from O if the secondary mass is negligible to 0.5
for two stars of equal masses. Artymowicz & Lubow (1994)
and Beust (2003) present results for u = 0.1 and u = 0.5.
Here we want to perform a specific study for GG Tau A. We
thus make a similar study to that of Beust (2003), using the
HIJS symplectic software, and taking for u a value correspond-
ing to GGTau A, i.e. u = 0.47 if we assume the mass deter-
minations of White et al. (1999) (see also Table 2). For this
kind of study, SPH and symplectic integrations lead to simi-
lar results. Each method has its own advantages. SPH allows
one to take gas dissipation into account but is rather limited
in integration time, while symplectic methods allow very long-
term integrations thanks to a long time-step, but cannot handle
gas dynamics. As shown in Beust (2003), for a standard prob-
lem like the inner edge sculpting of a circumbinary disk, both
methods lead to the same output, since the gravitational pro-
cesses largely dominate the dynamics close to the edge of the
disk. However, long term symplectic integrations presented in
Beust (2003) reveal that after a few hundreds of orbital periods
(i.e., the typical integration time for SPH runs), the sculpting
process of the disk is not fully achieved. This motivates the use
of our HJS integrator here.

Note that the problem is scale invariant, all distances
rescaling with the semi-major axis a of the binary. We perform
various integrations with HJS for different values of the eccen-
tricity e. As in Beust (2003), the initial disk contains 10° par-
ticles located between r = 1.5a and r = 3.5a from the center
of mass of the system. We take an inner value for » = 1.5a
because due to the binarity, particles within one a to the stars
are ejected (and lost to the simulation) in less than a few or-
bits. Following standard consideration on disks, we assume a
surface density ocr~! for the particle distribution. The particles
are randomly chosen with eccentricities between 0 and 0.1 and
inclinations with respect to the binary orbital plane ranging be-
tween 0 and 3°.

The result is shown in Fig. 3. We note the similarity of this
study to the preceding results. Depending on the eccentricity,
the inner edge of the disk ranges between 2a and 3.3a. As
the inner edge of the disk is known, this provides constraints
on the orbit of the binary that we want to compare to those
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deduced from astrometry. More specifically, given an eccen-
tricity value e, one can compute the semi-major axis range cor-
responding to an inner edge at the observed location. Letting e
vary between 0 and 1 subsequently defines a band-shaped zone
in (a, e) space compatible with the observed inner edge. It is
then of interest to compare it to the error box we deduced from
the fit of the orbital motion (Fig. 2).

This comparison is done in Fig. 4. The band we deduce
from the location of the inner edge of the disk is superimposed
on a plot similar to the right plot of Fig. 2. However, that band
implicitly depends on the distance d via the measurement of
the inner edge of the disk. It is then better to fix the value of
the distance d to make the comparison. In Fig. 4, d is fixed to
140 pc, but similar plots for other values of d can be made.

The major outcome of Fig. 4 is that the two compatibil-
ity zones do not intersect. There is thus a discrepancy (already
noted in MCO02) between the astrometric fit of the orbital mo-
tion of the binary and the size of the disk gap. This discrepancy
might not be real, and could be due to the difficulty to put rele-
vant constraints on dp/dt. As a matter of fact, Fig. 1 obviously
shows that the error bars on the measurements of the separation
are underestimated, otherwise it would not be compatible with
any orbital motion.

We therefore decided to perform a new fit, but arbitrarily
enlarging the error bars on dp/df and dy/dt by a factor of 3.
This is equivalent to performing a 3¢ fit instead of 1o in Fig. 4.
The results, shown in Fig. 5, follow the same plotting conven-
tions as Fig. 4. Note that in Fig. 5 we also increase the error bar
on the observed location of the inner edge of the circumbinary
disk by a factor of 3, bringing it up to +15 AU. The difference
to Fig. 4 is striking. There is now a zone, outlined in white in
the figure, and centered around a ~ 62 AU and e ~ 0.35, that is
compatible with all the constraints within the error bars.

Finally, in Fig. 6, we still assume those lower limits, but we
also assume that the errors bars on the measurement of the in-
clination A and position angle ¢ of the circumbinary disk given
by GDS99 may be underestimated; we thus multiply them by 3,
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Fig. 5. Same as Fig. 4, but now the error bars on dp/dt, dy/dt, and on
the location of the observed inner edge of the circumbinary disk have
been increased by a factor of 3. There is now an intersection zone
between the two boxes (outlined in white).

fixing them to +3° and +6° respectively. In the left plot of
Fig. 6, only the error bar on A is enlarged, and in the right plot
only that on ¢. In a coplanar system, the position angle ¢ of the
disk (as defined here) is also the projection of the rotation axis
of the system onto the plane of the sky. The binary is currently
viewed at position angle ¢ ~ 0 with respect to the north (see ap-
pendix). Actually the real physical parameter is the difference
of position angle between the disk and the binary.
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Of course, when passing from Figs. 5 to 6, the error box
in (a, e) space gets larger, but the effect is minor, and the main
result noted in Fig. 6 holds: there is a more or less narrow in-
tersection region centered around (a ~ 62 AU, e ~ 0.35) that
is compatible with all the observational constraints and with
those placed by the disk dynamics. The size of the error box
turns out to be essentially controlled by the accuracy of the
astrometric measurements of the binary, much more than the
other parameters.

Changing the error bars on the measurements of dp/dr and
dyr/dt slightly changes the central fit values for these quantities.
This subsequently changes the orbital fit to a and e. In Figs. 5-6
the central value is now close to @ = 42 AU and e = 0.06. This
is significantly different from Eq. (3) though still within the
error box, and illustrates the extreme sensitivity of the orbital
fit to the data.

Conversely, if we take a = 62 AU and e = 0.35, we can
compute the corresponding rates of change dp/dr and dy/dzt.
We find
dy °
G- 1.423°/yr
which is still within the error bars. We note that the relative
change with respect to Eq. (2) concerns mainly dp/df, showing
that this quantity is very poorly constrained. We also derive for
that orbit choice m = —12°, showing that the binary is now
closer to periastron than in the previous fit.

d
and d—l; = -4.36masyr ' xd, “)

4. Discussion

The preceding study reveals a discrepancy between the astro-
metric fit of the orbit of GG Tau A and the size of the internal
gap of its circumbinary disk. We have two possible choices for
the orbit of GG Tau A: an orbit resulting from the fit of the
astrometric data, characterized by (a = 32.4 AU, e = 0.34),
hereafter referred to as Orbit A1, but that is incompatible with
the location of the inner edge of the disk, and another orbit,
twice as large, characterized by (a = 62 AU, e = 0.35), here-
after referred as Orbit A2, compatible with all constraints, but
only marginally with the astrometric data.

Of course intermediate choices can be made, but our fol-
lowing discussion will focus on these two extreme cases. We
may summarize the questions raised by the two possibilities
for the dynamical status of GG Tau A and its disk:

— Suppose that the orbit is actually close to Orbit A2, i.e.,
fully compatible with the size of the disk gap. In this case,
even if this orbit is compatible with the data once the er-
ror bars have been enlarged, we need to explain why all
the most recent fits (Tamazian et al. 2002; MCO02), includ-
ing the present one, yield values in the same range, i.e.,
30AU £ a < 40AU and 0.3 < e < 0.35. Obviously a
longer term astrometric survey of GG Tau A in the incom-
ing years is needed, but if the fits keep falling in the quoted
range, this first possibility will have to be ruled out.

— Suppose now that the orbit is close to Orbit Al given by
the astrometric fit. In that case we need to explain why the
internal gap of the disk is so large. According to the scale
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Fig. 6. Same as Fig. 5 (30 errors on astrometric data), but now the errors on the measurement of the inclination A (left plot) and of the position
angle ¢ (right plot) of the circumbinary disk are enlarged by a factor of 3 with respect to the values of GDS99, setting them to +3° and +6°
respectively. This shows that the astrometric errors are the dominant ones.

invariant study of Fig. 3, with Orbit A1 we would expect an
inner edge around ~90 AU, i.e., twice as close as observed.
Note that our HJS calculations include no viscosity nor gas
drag in the dynamics of the disk, but the SPH simulations
by (Artymowicz & Lubow 1994) clearly show that when
these effects are taken into account, the circumbinary disk
for a given binary orbit tends to stabilize further in than
without, making the inner gap smaller. Hence if we take
viscosity or gas drag into account, the discrepancy is even
stronger, because with Orbit A1, the inner edge would be
now expected to be closer than 90 AU, while it is actually
seen at 180 AU.

We may now suggest the following ways to solve the
discrepancy:

1.

The orbit is presently close to Orbit Al, but it used to
be different (wider) in the past. In this case, obviously
a formerly wider orbit should have cleared out the cir-
cumbinary disk, possibly up to 180 AU. Indeed, if we re-
member that GG Tau A is part of a quadruple system with
GG Tau B, we may suggest that the gravitational interac-
tion with GG Tau B could have caused a secular evolution
of the orbit of GG Tau A. However, it is well known that
in non-resonant situations, the semi-major axes are secular
invariants, unless close encounters occur. Due to a smooth
secular interaction with GG Tau B, we expect the eccentric-
ity of GG Tau A to possibly evolve, but probably not its
semi-major axis. In Fig. 4, we see that starting from the
fit point BO3 and letting only e evolve means moving along
a vertical line, and that it cannot cross the gray band com-
patible with the disk gap this way. This conclusion needs
to be confirmed by a dedicated dynamical study, but it will
probably hold.

Another possibility is that the clearing process of the in-
ner edge of the disk, combined with the possibly still active
accretion process onto the binary (via streamers), leads to
a viscous interaction between the binary and the disk, re-
sulting in a decrease of the semi-major axis of the orbit.

According to this picture, the binary would transfer angu-
lar momentum to the inner edge of the disk and undergo a
kind of inward orbital migration such as described for pro-
toplanets by Ward (1997) and Trilling et al. (1998). What is
not clear with this process is why the inner edge of the disk
would not similarly migrate inward together with the orbit
due to viscosity, keeping the ratio inner edge/semi-major
axis constant, close to the nominal value we derive in this
paper. The only way to solve this discrepancy is to suppose
that the inner edge of the disk has been stabilized for a long
time, but that accretion onto the binary still keeps going on
thanks to spiral density waves launched across the disk by
successive periastron passages of the outer pair GG Tau B, a
process that clearly acts on a much longer timescale. In that
case the orbit of GG Tau A could still be shrinking without
affecting the inner edge of the disk. Of course this is very
speculative and needs a dedicated study. Actually the clear-
ing process of the inner disk may be not achieved yet, so
that the equilibrium results presented in Fig. 3 could not
apply. However, the calculations presented in Beust (2003)
show that a circumbinary gap is never wider during the
clearing phase than at the final equilibrium.

. The orbit is close to Orbit A1, but the size of the inner gap

is not due to the sole interaction with the binary, but rather
to another unseen (planetary-sized?) body orbiting the bi-
nary around ~140 AU. This hypothesis, purely speculative,
raises a few interesting questions. The minimum mass re-
quired for such a (massive) body to efficiently clear out the
disk from ~90 AU up to ~180 AU can be estimated from
previous work on gap opening processes by planets in pro-
toplanetary disks. The approximate width of the gap cleared
by a protoplanet in a disk is theoretically given by Takeuchi
et al. (1996):

2 \1/3
q
Ar =2 09a|— ,
, a(ahz)

&)

where ¢ is the ratio of the planet mass to the central mass,
h is the dimensionless scale height of the disk, a is the
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dimensionless viscosity parameter, a is the orbital semi-
major axis of the planet. The validity of this estimate has
been confirmed by various numerical studies (Trilling et al.
1998; Nelson & Benz 2003). Following Takeuchi et al.
(1996), we take i = 0.15 (from GDS99) and @ = 1072 (as a
standard value for such disks). We assume a = 135 AU
in order to put the planet in the middle of the region
to be cleared. We want to have Ar =~ 90 AU in order
to clear the disk between 90 AU and 180 AU. With the
above quoted numerical values, this requires a body of
mass ~12.8 Jupiter masses (0.012 M). Equation (5) is the-
oretically valid for small gaps; the simulations by Trilling
etal. (1998) show that for larger gaps such as required here,
the gap opened by a given planet is sightly smaller than
predicted by Eq. (5). Hence the required planetary masses
may be slightly larger than the above estimates. From Fig. 9
of (R96) which gives the J magnitude inside the hole of
the GG Tau ring and using the evolutionnary tracks from
(Barafte et al. 1998), we cannot rule out the presence of
an unseen object up to a mass of 0.02 M. Note however,
that the orbital stability of such a body needs also to be
addressed.

. The orbit is actually close to Orbit A2, but the disk and the

orbit of GG Tau A are not coplanar. Up to now, we have al-
ways assumed that the midplane of the disk coincides with
the orbital plane of GG Tau A, and this was used by all
authors to constrain the orbit of the binary (R96; MC02;
Tamazian et al. 2002). Dropping the coplanar assumption
means in our formalism releasing all constraints on the an-
gles ¢ and A. More specifically, ¢ and A are defined rela-
tive to the image of the circumbinary disk and remain un-
changed. We shall call now A’ the inclination with respect to
the plane of the sky of the orbital plane of the binary and ¢’
the position angle (with respect to north) of the projection
of the rotation axis of its orbit onto the plane of the sky. Of
course if the disk and the orbit are coplanar we have 1 = A’
and ¢ = ¢’, but this is not true in general. If we assume
for a and e the values corresponding to Orbit A2, and if we
assume for a and e the fit (2), it is possible to solve the ge-
ometrical and kinematic Egs. (A.7)—(A.11) (see Appendix)
for A’ and ¢, i.e., finding an orbital plane orientation com-
patible with all the constraints. Performing this, we find one
possible value for the orbital inclination A with respect to
the plane of the sky, namely

A =125.4°, (©)
and 4 possible values for ¢':

¢ =24.3°, ¢/ =—155.7°, ¢’ =—15.5°, and ¢’ =164.4°. (7)

For each set of values (', ¢’), it is then possible to compute
the tilt angle 7 between the orbital plane and the midplane
of the disk. We find

7=903° 7=214° 7=23.7°and 7 = 89.4°. ®)

The disk appears then either inclined by ~20° with respect
to the orbital plane of GG Tau A, or nearly perpendicu-
lar to it. A non-coplanar circumbinary disk could appear

surprising, though it should not be immediately ruled out.
Disks are sometimes non-coplanar. Koresko (1998) reports
for example the detection of a possibly non-coplanar cir-
cumstellar (not circumbinary) disk orbiting HK Tauri B.
From a theoretical point of view, Erwin (1998) shows that
some orbits in circumbinary disks can be destabilized in the
direction of offplane motion. However, in such a case we
would expect the disk to achieve a complex, highly warped
structure, which does not seem to be the case here. If the
disk is actually non-coplanar, this should be probably re-
lated to tidal interactions with the outer binary GG Tau B.
This issue is dynamically investigated in Beust & Dutrey
(2005), and the result confirms what is suggested above.
Assuming non-coplanarity leads to a disk that is much
thicker than observed.

5. Finally, the orbit is close to Orbit A2, the disks are almost
coplanar but the error bars on the astrometry deduced from
optical/NIR measurements are strongly underestimated.

5. Conclusion

Using the astrometric data of the binary GG Tau A available in
the literature, we derive an accurate fit of its orbit (a = 32.4 AU,
e = 0.34), consistent with recent similar observational works.
However, the inner radius of the circumbinary ring surrounding
GG Tau A, measured from both NIR and millimetric observa-
tions is dynamically incompatible with the fit of the orbit pro-
vided by the astrometric data. Our dynamical study shows that
the ring inner gap is approximately twice as large as should be
expected if we assume the orbit given by the astrometric fit. To
explain the discrepancy, we introduce larger error bars i) on the
astrometric data and ii) on the disk PA and inclination, these
effects being separately investigated. Larger error bars on the
disk PA and inclination do not significantly affect the fit of
the orbit. By introducing larger astrometric error bars, we find
another possible orbit (¢ = 62 AU, e = 0.35) which is fully
compatible with the observed inner gap, but only marginally
consistent (30") with the astrometric data. There are four pos-
sible ways to solve this discrepancy: i) the orbit of GG Tau A
has undergone a significant secular evolution in the past, due
to the interaction with GG Tau B; ii) a large (and massive) cir-
cumbinary planet orbits GG Tau A around ~140 AU clearing
the disk further out than normally occurs; iii) the disk and the
binary are not coplanar; or iv) more likely the system is es-
sentially coplanar but the error bars on the astrometric data are
underestimated.

All these hypotheses must be dynamically investigated, in a
framework where the dynamics of the quadruple stellar GG Tau
system and disk should be treated as a whole. This is the subject
of a forthcoming paper (Beust & Dutrey 2005).
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Appendix A: Deriving orbital elements
from astrometric measurements of the binary

The orbital plane of the binary is assumed to be inclined by
angle A with respect to the plane of the sky. Let us suppose that
the radius vector of the binary achieves the polar coordinate
set (r,0) in its plane; r is the physical separation between the
two stars and 6 is a polar angle, 6 = 0 corresponding to the
radius vector aligned with the apparent small axis of the image
of the disk. This small axis is tilted by position angle ¢ with
respect from north. The components (p,, p,) of the projected
radius vector, once expressed in an (I, J) referential frame of
the plane of the sky, where I points towards west and J towards
north (see Fig. A.1), read

px = r(cosfcos Asin¢ + sin 6 cos ¢p) (A1)
py = r(—cosfcosdcos¢ +sinfsing) ’
We immediately derive the projected separation p:
p= \/p§+p§=r\/1—coszesin2/l. (A.2)

Similarly, we get the components of the apparent velocity

Opxdr  Opxdd _p. . Opxvo

= -+
Or dt 06 dt rv. a0 r
= (cosfsin¢cos A + cos ¢ sinf) vr

+ (cos ¢ cos 6 — sin @ sin ¢ cos A) vy
opydr  Opydo _py . Opyvg
ordt 90 dt  r " 90 r
(sin ¢ sin @ — cos 6 cos ¢ cos 1) vr

+ (sin ¢ cos 6 + sin 6 cos ¢ cos A) vg

Uy =

(A.3)

where v, and vy are the radial and orthoradial velocities respec-
tively in the orbital motion.

We also derive the rate of change of the projected separa-
tion p and of the position angle y of the radius vector

0
9P % _ v, V1 = cos2 §sin’ A

v =
dt r 00 r
cos @sin @sin® A

dp _p

vy (A4)
V1 = cos? O sin® A
d_l// — PxUy ;pyvx _ cos A — % (AS)
dr p 1 —cos?@sin“ A 7

Now, the binary is currently seen at position angle ¢ =~ 0.
Demanding ¢ = 0 means setting p, = 0. This fixes the value
of 8. Once this is done is then possible to replace sin § and cos 6
by their corresponding values in the expressions of p, dp/dt
and dy/dr. After some straightforward algebra, we get

A
b= |cos 4 : (A.6)
dy _ 1-sin” Asin’ ¢ vy, (A7)
dr cosAd r
dp |cos 4]
& Uy
_cos ¢ sin ¢ sign(cos A1) sin A 0o, (A.8)

NI sin® Asin’ ¢
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Fig. A.1. Projection of the circumbinary disk (grey ring) and of the
GG Tau A binary (black spheres) onto the plane of the sky, showing
the definition of the vectors (1, J), the position angles ¢ and ¢, and the
projected separation p. The disk itself is inclined by oriented angle A
with respect to the plane of the sky.

which provides the relationship between the observed quan-
tities (p,dp/dt,dy/dt) and the local kinematic quantities
(r, vr, vg).

As the observation shows obviously that dy/dt < 0, this
shows that cos 2 < 0 (vy > 0 by definition), meaning as noted
in GDS99 that the disk is viewed from the south side (actually
A =180°-37°).

Now, r, v, and vy are related to the orbital elements by a
classical Keplerian formalism, namely:

a(l —é%) )

= —— (A9)
1+ ecosv

(A.10)

Uy =

V1 -e2 a’
1+ ecosv /GM
V1 - ¢? a’

where M is the total mass of the binary, a is the semi-major
axis of the orbit, e is its eccentricity, and v is the current true
anomaly. It is then only a matter of algebra to combine the two
preceding sets of equation and finally express the orbital ele-
ments as a function of the observed quantities. The semi-major
axis a finally reads (assuming cos A < 0)

1 sin®¢?sin®A— 1 (dp)2 )

(A.11)

Vg =

cos@singsin® A _dy dp

a4 GMcos?d \dr GMcoss A 'dr dr
_1—cos*¢sin® A ,(dy 2_ cos A E~(A.12)
GM cos? A dr

41 —sin2¢sin2/lp

The eccentricity is less easy to express, but it is related to the
semi-major axis by the quantity a(1—e?), which achieves a very
simple form:

a(l —e*) =

4 2
p dy
—_— =] - A.l
GM cos? A (dt) (A.13)
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This quantity is actually related to the specific angular mo-
mentum C = +/aGM(1 — ¢2); interestingly, it does not con-
tain dp/dt. As dp/dt is by far the most weakly constrained ob-
servational quantity (see text), we therefore have here a relation
between a and e that we hope to be better constrained than a
and e themselves.

We finally derive the true anomaly v as:

1 g\’
E et
GM cos A +/1—sin® ¢ sin® A
. ) 2
A d

esing = — cos ¢ sin ¢ sin » (d_gtb) - (A.14)

GM cos? A/ 1—sin® ¢ sin’ A

[1 a2 g i2

1—sin” ¢ sin” 4 ,dy dp

GMcos? A dr dr

The true anomaly is then related to the mean anomaly m by
standard Keplerian formalism.

e Ccosv
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