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Abstract. Studies of the Spectral Energy Distribution of Young Stellar Objects suggest that the outer disk of FU Orionis objects
might be self-gravitating. In this paper we propose a method to test directly whether, in these objects, significant deviations from
Keplerian rotation occur. In a first approach, we have used a simplified model of the disk vertical structure that allows us to
quickly bring out défects related to the disk self-gravity. We find that the often studied optical and near-infrared line profiles are
produced too close to the central object to provide significant evidence for non-Keplerian rotation. Based on parameters relevant
for the case of FU Ori, we show that high-resolution long-wavelength spectroscopy, of the far-infpgraceHotational lines
(sometimes observed in “passive” protostellar disks) and sub-mm CO lines, should be well suited to probe the rotation curve in
the outer disk, thus measuring to what extent itffeeted by the disk self-gravity. The results of the present exploratory paper
should be extended soon to a more realistic treatment of the disk vertical structure.
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1. Introduction interaction with a companion star (Bonnell & Bastien 1992),

the onset of a thermal instability in a partially ionized disk,
Very young (Class 0 or Class I) protostellar sources are thou%ﬁen the outer disk is already a)::creting at ﬁi)(;iently high

to be characterized by a fairly high mass accretion rate (Calygf, (Bell et al. 1995), or the onset of thermal instability in-

et al. 2000), but they appear to be still deeply embedded dUced by the presence of a satellite within the disk (Clarke &

:gedlzrgcr:ct)tgsgl\a/l;t?g:seI%prﬁr’]es?) ttr?:: :}:\i'; di':lihr:rrgi'gsefygsgner 1996). The high accretion rate makes the emission of these
: ' tems dominated by the accretion luminosity, with only a mi-

) i . . S
T Tauri stars the mass accretion rate is generally conadere%ﬁo

be modest, so that their disks are heated by the combined Conr_contnbuﬂon from the central star.

tribution of viscous dissipation and irradiation from the cengy The modeling of the Spectral Energy Distribution (SED) of

o o : Orionis objects provides an estimate of the prodvigV
o s o o, 3 o oo S Ll n Set 21wt s i o e of
. ) 4 N2 ~ i
(Hartmann & Kenyon 1996) are a rather small but remarkable order of 10" Mg/yr. For a stellar masd. Mo, this
class of pre-main sequence stars, because they are ideal Yv

oratories” to test the process of disk accretion during the eay; . ; . . X
. ) o .~ tien disk | isf ry fit of the available photometri
stages of star formation. In fact, the disk of FU Orionis objeca':{g disk lead to a satisfactory fit of the available photometric

differently from that of Class | objects, can be studied direct ata only for wavelengths shorter than 49; the luminosity

. . o . Cht longer wavelengths is usually much larger than expected. A
from its optical emission, and, ierently from that of T Tauri . “disk model, in which the outer disk is illuminated by the
stars, is likely to be the site of “active” accretion.

The distinctive feature of FU Orionis objects is that themner disk, could in principle explain the far-infrared excess,

. i Yut the required amount of flaring turns out to be often too large
undergo a violent outburst phase. During the outburst, they c Lnyon & Hartmann 1991): therefore, the long-wavelength

:chezztisth:r:g?hrg:gg \% béﬁ?ﬁ;ganu?e;ncign ;';tgtgeor:]og r?}fg rt of the SED is generally attributed to an infalling envelope,
y ' Y d ich is heated by the accretion disk luminosity.

longer timescale. It is commonly believed that such outburé’ys Recently we have shown the viability of the picture (Lodato

are the result of a significant increase of the mass accretigrbertin 2001: hereafter LB) in which the long wavelength
rate in the disk which usually surrounds Young Stellar Object§ED of EU Or,ionis objects is considered to be the signature

Many possible mechanisms to trigger the outburst phase h YShe dfects of the disk self-gravity. There are already many

been discussed in the literature, among which are a tileg it point to the importance of the disk self-gravity in this

uld correspond to an accretion rate as high B8 My /yr.
andard” models based on the presence of a Keplerian accre-
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context. Among these, we may recall tha): $ubmillimeter addition, the peak separation decreases with increasing wave-
observations (Sandell & Weintraub 2001) show that the digkngth, as expected for a disk with a decreasing temperature
masses in these systems are much higher than those of T Tprafile (Popham et al. 1996, hereafter PKHN). We can thus an-
stars (indicating that they are probably younger than their lotieipate that from the peak separation at very long wavelengths
luminosity counterparts);ij the modeling of the outburst inin the far infrared and in the sub-mm, probing the outer disk, we
terms of a thermal instability event (Bell & Lin 1994) requireshould be able to tell whether the rotation is significantly dif-
a very low value for the viscosity parameterwhich in turn ferent from Keplerian, hence testing the predictions of a model
leads to a high surface density; indeed, detailed vertical strircwhich the disk self-gravity fiects the shape of the rotation
ture calculations (Bell et al. 1997) show that at low values afirve.
the viscosity the disk is marginally stable against axisymmet- This kind of observations will require high spectral reso-
ric gravitational disturbances already at a distance significanlilgion (in order to detect small velocity fiérences) and high
smaller than 1 AU from the central star. In fact, it has beegpatial resolution (in order to disentanglé&drent kinematical
suggested that FU Orionis outbursts could be triggered by@amponents). In fact, many protostellar disks are known to pos-
mechanism that is based on the role of the disk self-graviggss strong molecular outflows. Therefore, a possible source
(Armitage et al. 2001). of confusion in the shape of the line profiles may come from

In the model proposed by LB the far infrared excess the kinematics of the outflows, that could result in asymmetries
produced by two separate contribution$:tfie higher rotation in the shape of the line profile. In this respect, the high spa-
curve of the disk, in the case where the disk iisiently mas- tial resolution that can be achieved with interferometric tech-
sive, enhances the viscous dissipation raitgth{e extra heating niques (Guilloteau & Dutrey 1998), and, in the near future, with
required to keep the outer disk marginally stable with respectAd MA will eventually lead to clear-cut tests on the role of disk
gravitational instabilities makes the surface temperature higlsetf-gravity in the rotation curve of protostellar disks.
at large radii. The paper is organized as follows: in Sect. 2 we describe

The second contribution is probably related also to noour method to test the rotation properties of the outer accretion
local energy transport processes that should become importdisk; in Sect. 3 we describe the basic properties of the adopted
when global gravitational instabilities are present. The impaaecretion disk model based on parameters relevant for FU Ori;
tance of global fects in self-gravitating disks has been brouglin Sect. 4 we describe our expectations for optical and NIR line
out by means of numerical simulations (Rice et al. 2003), bptofiles; in Sect. 5 we consider the case of mid-infrared pure
further work is desired to clarify the issue of non-local transetational H line profiles; in Sect. 6 we describe the expected
port in massive disks (Lodato & Rice, in preparation). Thushape of sub-mm CO line emission; in Sect. 7 we draw our
for such second contribution, much of the discussion focusesnclusions.
on theoretical aspects (Balbus & Papaloizou 1999).

The importance of the first contribution can be checked I,E/ M ing deviati ; leri .
means of direct observations. In this paper we address the’is: easu.rlng eviations from Kep erlar.1 rotation
sue of detecting non-Keplerian rotation in protostellar disks. in spatially unresolved protostellar disks

In passing, we note that the non-Keplerian rotation observgle method presented in this section is an extension of the
in some AGN accretion disks can be successfully explaingfethod described by KHH. Our main assumption is that the
by the model on which this paper is based (Lodato & Bert®eD of FU Orionis objects is produced by an optically thick
2003). Here we propose a possible measurement of the rfacretion disk up to wavelengths of the order of 100, con-
tion of the outer disk in FU Orionis objects based on the anajfstent with studies of the millimetric continuum in these sys-
ysis of mid-infrared and sub-millimetric spectroscopy. Whileems (Weintraub et al. 1991). The basic procedure can then be
sub-millimetric emission from FU Orionis objects is generall¢ymmarized as follows:
considered to come from the disk (Weintraub et al. 1991), al-
ternative scenarios are available for the interpretation of tHe The surface temperature profilg(r) is obtained from a
far-infrared emission. In fact, as we have already mentioned, parametric fit to the SED; note that in this paper we are
Kenyon & Hartmann (1991) attribute the far infrared emission not interested in explaining the physical origin of this pro-
to the envelope. Here, following LB, we will assume that the file, which we addressed in a previous article (LB). Given a
far infrared emission comes from the disk. value of the inclination anglie this fit leads to a determina-

A useful diagnostics to probe the kinematical properties of tion of the inner and outer radii of the digl, andrg,, and
FU Orionis disks is provided by the shape of the observed line of the productMM,, whereM is the mass accretion rate
profiles. One merit of this kind of diagnostics resides in the andM., is the mass of the central object.
fact that the surface temperature of the disk decreases with 2a-The profiles of the optical-NIR lines (such as some CO ab-
dius, and that the wavelength characterizing the emission from sorption bands, seen in FU Orionis objects), which are pro-
a certain annulus of the disk changes accordingly. Therefore, duced mostly in the inner disk, are used to determine the
the study of the profiles of fferent lines allows us to probe rotational velocity in the inner Keplerian disk. For a given
the disk kinematics at fierent radial distances from the cen- value of the inclinatiori, fitting the observed line shapes
tral accreting protostar. In particular, the observed optical and yields a measurement M, /ri,. As a result of the first two
near-infrared line profiles are usually double-peaked (Kenyon steps, we obtain separate estimated/qof and M. So far,
etal. 1988, hereafter KHH), as expected from a rotating disk; in the procedure is very close to that of KHH.
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3. In significantly massive disks, the line profiles at longevhere
wavelengths should be broader than expected from a 12¢ 5 4
Keplerian extrapolation of the rotation curve measured ko = 3 lin? BTp COSI, (5)
the previous step. Fitting the observed mid-infrared and . .
sub-millimeter line profiles with the self-gravitating disk20 1S the distance to the YSO, ame - r°“t/r.""
model described in Bertin & Lodato (1999, hereafter BL) A fit to.the SED of observed objects will therefore.deter—
will then provide a value for the lengthscaiethat marks MN€ the fit parametenfou, To, Lo, 5, andx. The combined

the transition to the non-Keplerian rotation regime (Séé?owledge oflo andTo (assuming the inclination angle of the
Sect. 2.2 below). This fit will test directly the importanc&!SK t0 be known) allows us to obtaip and the produdil, M

of the disk self-gravity, independently of the arguments th@ﬁe
can be made in order to explain the infrared excess in the
SED. Furthermore, sinag depends oM,, M, and on the 2.2. The rotation curve in the presence
viscosity parametear (see Eq. (6) below), this fit will also of a self-gravitating disk

lead to a measurement of the viscosity parameter

e Egs. (1) and (5)).

We now consider the contribution of the disk self-gravity to
o ] ] the rotation curve. Based on the results of BL, we introduce a
2.1. Determining the radial temperature profile typical lengthscales, the radius beyond which deviations from

We start by introducing the dimensionless radial coordinate KePlerian rotation become significant, and a typical velocity
r/rin and the temperature scalg from the Keplerian model SC@l€Vo, defined as follows:

temperature profile: N2 (GM 23
, A rs = ZGM*(Q) (—) . (6)
4 3 GMM (rip\3 0BT, 4 2a
oBTiN = o (1) = 5%, )
87T rin r X 8 GM 2/3
2 = — — .
whereog is the Stefan-Boltzmann constant. This simple tenY0 = Q? ( 2a ) (7)

perature profile is able to reproduce the correct spectral index _
of the SED at wavelengths smaller than.4 and thus is ade- HereQ is a parameter that, for simplicity, will be set to unity
quate at small radii. (see BL). The quantityr is the parameter that defines the
In the following, we would like to test the self-gravitatingShakura & Sunyaev (1973) viscosity prescription. The rota-
disk hypothesis by studying directly the rotation properties §pn curve of self-regulated, self-gravitating accretion disks is
the disk, independently of a discussion of the detailed physi€éyen by:
processes that justify the observed SED. Therefore we consider
a parametric description of the temperature profile, in line Wit =
many other investigations of YSO disks (e.g., see Beckwith &
Sargent 1993; Osterloh & Beckwith 1995, who studied the sulthereV2 = GM, /rin, Xs = Is/fin and@? is defined in Eq. (4)
mm continuum of YSOs, or Thi et al. 2001, who studied emisf BL.
sion lines). For the purpose, we thus consider a simple combi- In the following, we will sometimes use the short, simpli-
nation of two power laws, one describing the inner disk (arfiéd expression “self-gravitating rotation curve” (as opposed to
with temperature therefore proportionalrtd’#), and the other Keplerian rotation curve) when we will refer to the rotation
describing the outer disk, allowing for deviations fromth&*  curve derived from Eq. (8) for a model that includes tHeets

*

PERVER( =V [ s B (®)

dependence: of the disk self-gravity.
TS(r) = Tod* (%), (2)
2.3. The shape of the line profiles
where
1 8 In the present analysis we focus on the line shape. Therefore,
G4 (x) = =1+ (ﬁ) } (3) we will consider only the relative contribution of theffirent
X Xt annuli of the disk to the line intensity.

X = I't/rin being a dimensionless radius, beyond which the tem- We will express the line profiles as a function of the veloc-

perature profile departs from the “standard” profile, grah ity shift Av, corresponding to the frequency shift from the

appropriate power-law index. line centerv|, so thatAv/c = Av/v|. The Doppler line profile
Under the assumption that the disk emission is opticalfitAv, ) at a given radius of a disk rotating with veloc(r)

thick, the SED can be constructed by integrating in radius tiegiven by:

blackbody spectrum. By analogy with what described in LB, c

we then introduce a reference frequengy kTo/h and rescale

the frequency tor = v/vo. For a given disk inclination, the $(Av,1) = 3 yVigs(r) = (Av)?

SED is thus given by: 0 otherwise

Yo xdx whereVies(r) = V(r) sini is the maximum line-of-sight rota-
47DeVF, = Lov* - @) . : ) : ,
v e — 1’ tional velocity. Obviously, this expression takes into account

if (Av)? < V2 (1)
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only the dfects related to the disk ordered motions; intrinsic ef- whereE,, is the energy of the upper level of the transition,
fects associated with the microscopic physics of line emission and Q(T(r)) is the partition function of the line emitting
and with the thermal motions inside the disk are not included. species (for example the;Hnolecule; see also Thi et al.

We convolve this line profile with a Gaussian profile
e e/m) either to simulate thefects of a finite instrumental
spectral resolutiof, so that,/c = 1/R, or to describe turbu-

lent or thermal motions of the emitting species. The global line

profile will be given by integrating the convolved line profile

2001). For simplicity, in this formula we have made the as-
sumption that the line emitting species is at the same tem-
perature as the matter responsible for the continuum emis-
sion (i.e. mostly the dust in the upper layers of the disk).
However, it should be noted that this assumption would

#(Av, 1) over radius, weighted by an appropriate weight func-
tion|(r, v;) which expresses the relative contribution of the dif-

ferent annuli of the disk to the line emission:
Fout . et al. 2002), that indeed reveal that these emission lines,

F(Av) = f 1(r, v)¢(Av, r)2nrdr. 9) if present at all, have a very weak line strength.

fin A more detailed discussion of the radiative transfer would
The functionl(r, ») is specified once the details of the emis- require a complete accretion disk model. In the present
sion or of the absorption are known. At wavelengths where the simplified investigation, in order to proceed further from
continuum emission is optically thin, we expect to find emis- Eq. (11), we may consider a surface density profile of the
sion lines; on the other hand, where the continuum is optically form o ~ r=. The power law index can be derived from
thick, emission lines are produced only if a temperature inver- spatially resolved observations of disks at mm wavelengths,
sion in the upper layers of the disk is present, due, for example, where the disk emission is optically thin (Guilloteau &
to the dfect of irradiation from the central object (Calvet et al. Dutrey 1998), and it turns out to be often close to unity
1991b). If we consider FU Orionis objects, since the accre- (Testi et al. 2003; Ritu et al. 2003) (even for evolved ob-
tion rate is high and irradiation is not expected to Hecent, jects, such as TW Hya; see Wilner et al. 2000). Therefore,
we thus expect to have absorption lines at optical and infrared the casey = 1 will be our reference case (see also
wavelengths (Calvet et al. 1991a). Near infrared CO absorption the discussion is Sect. 5.4 below). (Interestingly, the self-
bands from the disk are indeed a typical feature in FU Orionis gravitating disk solution of BL indeed predicts= 1, but,
objects (KHH). However, irradiation from the inner disk may as we did when we introduced the properties of the SED, in
give rise to a hot atmosphere above the disk, where emissionthis paper we do not wish to address the problem of inter-
lines can be produced. Therefore, in some cases (for examplepreting the observed profile.)
for the optically thin FIR H molecular lines, see Sect. 5) we3. Absorption lines. In this case we follow PKHN and make
have considered both cases of absorption and emission. the simplifying assumption that the equivalent width of the

In this simplified analysis we will consider for emission line does not change withs, so thatl(r,v) is proportional

lines the two limiting cases of optically thick (which can be ap- to the blackbody emission and will be therefore described
propriate for sub-millimetric CO rotational lines) and optically by Eq. (10), as for optically thick emission lines. As PKHN
thin emission (best suited for FIR pure rotational é¢inission note, this approach may not be valid above some thresh-
lines, see below), so as to keep the radiative transport as simpleold temperature (dependent on the absorption line), where
as possible. the relevant molecules producing absorption disappear. We

. . o . ) have therefore set the equivalent width to zero above this
1. Optically thick emission lines. In this case the brightness temperature (see also Sects. 4 and 5 below).

temperature of the emission Iine coincides with the physical i ar models of the absorption lines in FU Orionis in-
temperaturds(r) (see Beckwith & Sargent 1993) so that ) ,qe the use of stellar template photospheres witiedint
we can assume that theffdirent annuli of the disk emit o 0031 res, simulating the disk radial temperature profile
proportionally to their cor_1tr|but|on to blackbody emission (the disk is divided into rings, and with each ring a stel-
at the wavelength of the line center: lar template spectrum is associated, characterizedfbg-e

1 tive temperature equal to the disk surface temperature at
)« wem 1 (10) that radius; KHH), or of the detailed solution of the radia-

gm/KT(r) _ 1
. , . . tive transfer in the disk atmosphere (Calvet et al. 1991a).
The expected line profile can thus be obtained directly, However, such refined calculations show only minor dif-

based on the results of modeling of the SED, as described ferences with respect to estimates based on the simplest

5 gstii(z;tl.lztlhlin emission lines. In this case the relative assumptions, at least for optical and near-infrared lines.
- 9P y ' More caution should be taken when applying the simple

C?enggt;l;t:ﬁpofrzgfogfzrsg; ti?]r;ué'urﬁgggzseg;f iiﬂlig?n?é- constant equivalent width assumption to longer wavelength
P ’ y P lines (such as the Hines that we are going to consider in

glr? tz((er)r;j\i% ?ggg}ngg]g:'gil tfr?eCttoe rr?”ngze?;?uoren?/t/gipaingx- S_ect._S_). In this first ana_lysis we have decided_ to follow thg

press(r, ) as: ' S|mpI|f|ed approa(_:h, being aware t_hat for the f_mal compari-
’ ' son with observations more realistic assumptions about the

radiative transfer in the disk should be considered.

lead to very weak emission linesfidi¢ult to observe. This
has been partially confirmed by FIR observations of pure
rotational b emission lines in quiescent YSOs (Richter

e Eun/KTs(0)

Q(T«(r))

[(r,v)) o< o(r)

(11)
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2.4. Other factors expected to affect the shape

of the line profiles
-8

Before concluding this section, a cautionary remark is in ors>
der. The main objective of the present paper is to show qua;j;
titatively what kind of spectroscopic observations could carryo
significant evidence for the presence of non-Keplerian motions

in protostellar disks. In view of this goal, we have decided to9
consider a simplified description of the vertical structure and of? -
the radiative transfer in the disk. Obviously, for the subsequeng?
goal of interpreting the observations of some specific objects?
many other &ects concerning the dynamics, the physics ang;
the chemistry of protostellar disks should be considered care=
fully. These include the possible interplay between rotation an%@
infall in determining the shape of the line profile (Hogerheijde -0
2001; Belloche et al. 2002), theffect of molecular deple- f
tion (see Markwick et al. 2002 and comment at the end of ,
Sect. 6), and thefiect of other sources of gravitational field A R R
in disturbing the rotation curve. This final issue can be partic- 12 13 14 15
ularly important in the case of FU Orionis objects, for which Log(v/Hz)

the tidal interaction with a close “companion” has been some-

times suggested (Bonnell & Bastien 1992) as a possible wa
99 ( ) P ta (from Kenyon & Hartmann 1991), while the curves show the best

to trigger the outburst. However, event statistics (Hartmann A o :
. . Ll I h k (solid | LB line).
Kenyon 1996) suggest that FU Orionis might be a rt=3pet|t|v|ernOOIe obtained in this work (solid line) and by LB (dotted line)

phenomenon, with a recurrence periodkdft*-10° yrs. The
“companion” should therefore lie in a very eccentric orbit, so_ | g (and this work) assume that the net angular momentum

that it should cause only a minor disturbance to the shape of ¢, in the disk is vanishing, but do not include the bound-
the line profiles after the outburst has been triggered. ary layer emission.

. 1. Spectral Energy Distribution of FU Ori. The triangles show the

The diferences in the choice of the visual extinctidn (in

3. Basic parameters for a model suggested magnitudes) and of the distanDg only induce slight changes
by the SED of FU Ori in the estimate of the produdt, M, when similar values for

the inclination are assumed. On the other hand, tiferdint
In this section we apply the initial step of the procedure oufeatment of the inner disk emission leads to fedent es-
lined above to the SED of FU Ori, the prototypical FU Orioni§mate of the inner disk radius in the three models, so that
object. LB have already modeled the SED of this object il’i'rﬁHH < rilijHN < ri%]B, We interpret the relatively large value
terms of a self-gravitating accretion disk, obtaining a satigf the inner radius estimated by LB and in this work as a con-
factory fit to the available data up to 1@@n. Therefore, this sequence of the fact that, with respect to PKHN, we did not
object is a good candidate for testing its rotation characterjfclude the contribution of the radiatively iffeient boundary
tics and possible deviations from Keplerian rotation. In Table|ayer, so that our inner disk radius is to be considered closer to
we report the basic physical parameters for FU Ori obtaingsk transition from the thin disk solution to the hot boundary
from the modeling of its SED in previous analyses (i.e. KHHayer, rather than to the actual stellar radius. Another important
PKHN, and LB) and from the parametric modeling describefifference between KHH and PKHN concerns the central mass
in Sect. 2.1 and thus adopted in this work (see below). estimate: the boundary layer in the PKHN model rotates slower

The diferent models cannot be easily compared to eattian Keplerian, due to theffect of the increased pressure gra-

other, because of theftirent parameters assumed (distancdient in the boundary layer. Thus, to obtain the same rotational
extinction and inclination angle) and of theférent modeling velocity in the inner disk (to match the optical line profiles; see
considered for the emission in the disk boundary layer. In p&relow) a larger central mass is required.
ticular, the main characteristics of the models are: We will follow the work of PKHN as much as possible.

Therefore, we start by assuming the extinctionfiorent, dis-

- KHH assume that the net angular momentum flux in thance and inclination angle provided in their analysis. In par-
disk is not vanishing and is given by the requirement dicular, the inclination angle assumed below is such that eos
zero torque at the inner disk radius. The boundary layerQs, slightly smaller than the value cos 0.65 derived by LB.
assumed to be at a constant temperature, corresponding toNith the parametric model described in Sect. 2.1 we
the maximum disk temperature. have fitted the available photometric data (from Kenyon &

- PKHN assume that the net angular momentum flux in th#artmann 1991), corrected by means of a standard deredden-
disk is vanishing and include the boundary layer emissioimg function (Cardelli et al. 1989). The derived values for the
treating it as a low-radiativefigciency flow. productM,M andri, are shown in Table 1. Figure 1 shows
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Table 1. Accretion disk parameters for FU Ori, for the disk models of KHH, PKHN, LB, and this work. Values marked with an asterisk ar
assumed.

M./Mo  M/(Mo/yr)  M,M/(MZ/yr) rin/Rs cosi Ay  Do/pc

KHH 0.34  436x10™* 14x 10 54 05° 185 500
PKHN 07 2x 10 14x 10 5.7 Q5 22¢ 500
LB 1* 0.82x 10 0.82x 10 8 065 2 550
this work Q7 14x10* 1x10* 11 05 22° 500

0T enough so that the disk self-gravity has little or no influence

on the optical-NIR line profiles, which are mostly produced in

1 the inner disk. In practice, from the peak separation of the ob-
. served line profiles at these relatively short wavelengths, one
) can measure the ratid, /ri,, thus preparing the ground for a
firm expectation of ffects related to deviations from Keplerian
rotation in spectroscopic studies at larger wavelengths (see fol-
lowing section). This section thus addresses step 2 of the pro-
cedure outlined in Sect. 2.

| Here we follow PKHN and assume their value for the cen-
R tral mass,M, = 0.7 My (PKHN found significantly larger
| values of M., with respect to KHH who did not include a
detailed model of the inner boundary layer). Assuming:
0.034 (the best fit value obtained by LB), we would obtain
rs ~ 350ri, ~ 18 AU. Actually, as a result of the fierent
estimates oM, and M considered here with respect to LB,
I 1 this value forrg is smaller than that obtained by LB, leading to
0 — a higher and possibly unrealistic total disk masg M,.). We
have thus also considered the case in which0.1, leading to
r/AU rs ~ 700r;, ~ 36 AU, better in line with the best model of LB.
Fig. 2. Surface temperature profile of FU Ori obtained in this work We refer to the same (absorption) lines as in PKHN and
from a parametric model of the SED (solid line), compared to thKtHH, i.e. metal lines at 6170 A (at a resolutiéh= 24 000)
obtained by LB (dotted line). and CO lines at 2 um (at a resolutiorR = 20 000; the spec-
tral resolutions are taken to be the same as in PKHN). The

the observed SED of FU Ori together with our best fit (soliftreshold temperatures above which the equivalent width of
line) and the best fit obtained by LB with a self-gravitatingqe line is taken to be vanishing are 8000 K for the optical
disk model (dotted line). The best fit values fqrandg (see 'INes, and 5000 K for the near-infrared lines. In Fig. 3 we
Sect. 2.1) arex, ~ 261 (which corresponds tg ~ 13 AU) and plot, for rs » 18 AU, both the profile resulting from strictly
B = 3. In view of the goals of this paper, of the inhomogené‘-eple”a” rotation (solid line) and the one resulting from the
ity of the SED data, and especially of the detailed discussidf!-gravitating model (dotted line). The twofiigirent profiles
provided in KHH, PKHN, and LB, we will not comment here2'® clearly indistinguishable. Note that the quantity usually re-
on the issue of setting uncertainties in the value of the derivi&ired to is not the actual absorption line profile, but the peak
parameters recorded in Table 1. We only note that the relatRleth® cross-correlation function of many absorption lines in
poor quality of the SED data might result is some ambiguitidd€ same wavelength range. This quantity is preferred from an
in the values of the estimated parameters, as already noteBgervational point of view because it gives a way to obtain
Thamm et al. (1994). higher signal-to-noise ratios; physically, it represents the aver-
Note thatg = 3 implies that the surface temperature profil89€ shgpg of the line profile in a.lsma!l wavelength range.
is flat in the outer disk. In Fig. 2 the temperature profile of our A similar plot for the case in whichs ~ 36 AU would
best fit parametric model (solid line) is displayed together wiggain show, as expected, no significatifetences in the shape

the best fit model profile obtained by LB (dotted line). of the line profiles between the strictly Keplerian model and the
self-gravitating disk model.

400 [~

300 [~

T(r) /K

200 [~

100 | b .

4. Optical-NIR line profiles

The contribution of the disk mass to the rotation curve depenglsproping the outer disk rotation with H ~  line

on the size of the transition radiug (see Eq. (6)) in relation profiles

to the region of the disk actually probed by the available spec-

troscopy. In this section we will show that, in the case of m order to probe properties of the outer disk, so as to have
model suggested by the study of the SED of FU @ris large a chance for detecting significant deviations from Keplerian
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| central wavelength: 6170 & t central wavelength: 2.2 um -
R=24000 R=20000

| B | | Fig.3. Optical (6170 A) and near-IR (2,2m) pre-

05 05 dicted line profiles for FU Orionis, in the Keplerian
[T N A A A el by b by by (solidIine)andself-gravitating(dottedline)model,
-100 -50 0 50 100 -100 50 0 50 100 with rs ~ 18 AU. The curves practically overlap
_ _ and no diferences between the two descriptions are
Av/km sec™! Av/km sec™! o P

rotation, one should consider line profiles at longer wavdissipation dominates) and of emission lines (that may be pro-
lengths (see Fig. 2). duced as anftect of irradiation of the outer disk by the inner

Molecular hydrogen pure rotational emission lines haw@isk), under the hypothesis that the line emitting gas is at the
been observed with the Infrared Space Observatory (ISO)s@me temperature as the continuum emitting dust, i.e. that the
many protostellar systems (van Dishoeck et al. 1997; Thi et ghs temperature is given @y as derived from the modeling of
2001). However, due to the low angular resolution of SO, ibe SED. The line profile will be obtained following the proce-
is not clear whether the Hemission can be actually associdure described in Sect. 2.3.
ated with the disk. Indeed, these ISO observations were not
confirmed at higher spatial resolution (Richter et al. 2002). L
The weakness of Hemission lines could indicate that spaz—é'l' Absorption lines
tial and temperature separations between the gas and the Bigsire 4 shows, fors ~ 18 AU, the predicted line profiles for
in the disk are small. Molecular hydrogen is a homonucletite Keplerian and non-Keplerian rotation curves, for the S(0)
molecule, so that the rotational emission lines result from thad S(1) absorption lines (here plotted “upside-down” to allow
electric quadrupole. Therefore, they have a very low Einsteam immediate comparison with the optical and NIR peaks), at
A codficient, which makes them optically thin up to high coldifferent spectral resolutions. We have used the same input pa-
umn densities (of the order of ¥0cm2). We will therefore rameters as for the optical and near-infrared line profiles. The
assume that these lines are optically thin, although we shoshhpe of the absorption line profiles is not strongdfeeted by
be aware that, if the self-gravitating disk hypothesis is corretite choice of the threshold temperature above which the equiv-
then the surface density of the disk is going to be high as wedlent width is taken to vanish. Lowering the threshold from
so that the optically thin assumption should eventually be r&0 000 K to 1000 K only leads to a slightfect on the wings
examined. The basic line parameters of therdtational lines of the lines. This is because the inner regions of the disk give
are summarized in Table 2. only a small contribution to the line profile, due to the small

A complete analysis would require the discussion of the fudrea they cover.
disk model, with an assumed vertical temperature profile, and In Fig. 5 we show the same line profiles, but for the larger
the solution of the radiative transfer equation in the vertical dralue ofrs, i.e.rs * 36 AU. From these two figures, it is clear
rection, taking into account both viscous dissipation and extéat, in order to detect the small changes in the rotation curve
nal irradiation as heating sources (Calvet et al. 1991a). Heassociated with thefkects of the disk self-gravity, we should
for simplicity, we will only consider the two extreme caseseach very high spectral resolution (see Sect. 5.3 for a discus-
of absorption lines (appropriate for the case in which viscos®n of the feasibility of such observations). Another interesting
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Table 2. Pure rotational Kl line parameters: central wavelength, energy of the upper level (in Kelvin), Einstedaficient. From Thi et al.

(2001).
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-0.5

Fig. 4. Molecular hydrogen absorption line profiles for disk models with self-gravitating (with 18 AU, solid line) and Keplerian (dotted
line) rotation curve. The upper panel shows the S(0) line gir@8with a resolution of 5 km$ (left) and 4 km st (right); the lower panel

transiton ~ Wavelengthdn) E,, (K)  A-codiicient (s?)
S(0)2-0 28.218 509.88 24x 101
S1)3-1 17.035 1015.12 46x 10710
S(2)4—- 2 12.278 1814.43 26x10°°
S(3)5—- 3 9.662 2503.82 84x10°
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shows the S(1) line at 17m, with a resolution of 5 km$ (left) and 4 km st (right).

point is that the S(0) and S(1) line profiles, at the resolution 6f2. Emission lines
5 and 4 kms!, can be single peaked in the strictly Keplerian

20

case and double peaked in the self-gravitating case. This wo |gu|re_6 shows hfhe predicted emission Iinefpror:‘iles for the
clearly distinguish between the twofidirent pictures, if an ad- <P erlanlland self-gravitating ro:atlonlcu.rves% or; e 5(0), S(1)
equate signal-to-noise ratio could be achieved. As expectBd S(2) lines at dierent spectral resolutions for the conserva-
when a larger value of; is assumed, thefiects of the disk V€ Case in whiclis ~ 36 AU. . _
self-gravity are less prominent. The general features of the shape of the lines are sim-
ilar to the case of absorption: the lines are broader in the
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Fig. 5. Same as Fig. 4, but with, ~ 36 AU.

self-gravitating case than the corresponding lines in Kepleriamd-infrared, provided that we can achieve high spectral res-
disks, and they are often double-peaked, also in cases whatgion and a high signal-to-noise ratio. The Texas Echelon
the Keplerian lines are single-peaked. In the model where {Beoss Echelle Spectrograph (TEXES) operates in the wave-
transition radiugs is smaller (not shown here), théfects of length range from 5.5 to 28.6m and can reach a resolu-
self-gravity are more prominent, as expected. tion as high as 2-3 knt$ at the shortest wavelengths and of
The shape of the S(2) line profile is practically not in=5 kms™* at 17um. It has been mounted on the NASA's 3m
fluenced by the modification of the rotation curve (i.e. it i¥frared Telescope Facility, to confirm the existence of molec-
mostly produced in a region where Keplerian rotation domilar hydrogen rotational lines apparently observed with 1ISO
nates). Based on the analysis of this and of the previous séclow-mass, non-outbursting objects, such as some T Tauri
tion, we conclude that the best lines to probe deviations fra¥id Herbig Ae stars (Richter et al. 2002). In addition, EXES,
Keplerian rotation would be S(0) and S(1), because they wodiite companion instrument of TEXES, is expected to be placed
display some dierence between the two competing model8n SOFIA (Stratospheric Observatory for Infrared Astronomy).

with peak separation large enough to be detected with reasbgre we have demonstrated that, in principle, these two instru-
able spectral resolution. ments have dficient spectral resolution to measure thiteet

in FU Orionis disks.

If we consider instead the capabilities of ISO, the maximum
spectral resolution achievable is 10 km.sThe predicted S(0)
The above results obtained here show how deviations frdime profiles in FU Ori with the lower resolution of 10 km's
Keplerian rotation can be detected with the analysis @fnho longer double-peaked. In the self-gravitating case there is
the shape of the molecular hydrogen line profiles in thanly a slight broadening of the line profile with respect to the

5.3. Feasibility
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Fig. 6. Molecular hydrogen emission line profiles in the self-gravitating (solid line) case and in the strictly Keplerian (dotted line) case, for t
conservative model with; ~ 36 AU. The upper panel shows the S(0) line a28, with a resolution of 5 km3 (left) and 4 km s! (right);

the middle panel shows the S(1) line atAm, with a resolution of 5 km$ (left) and 4 km s? (right); the lower panel shows the S(2) line at

12 um, with a resolution of 3 km2 (left) and 2 km st (right).
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Fig. 7. Local emissivity as a function of radius for the S(0) (left) and S(1) (right) line profilagk solid line: optically thin,y = 1; thin line:
optically thin,y = 1.5; dashed line optically thick.

Keplerian case. We thus consider it unlikely that the signatuvar models the temperature profile in the outer disk is approxi-
of non-Keplerian rotation can be found in ISO observations. mately constant, while the optically thin emissivity rapidly de-
Actually, the most serious problem with these mid-infrareereases, being proportional to the surface density profile.
line observations is to achieve afciently high signal-to- In Fig. 8 we show how the S(1) line profile changes when
noise ratio. For the case of emission lines, if the line emittirydifferent slope of the disk density is assumed. A steeper den-
gas and the continuum emitting matter are approximatelysity profile (here we consider = 1.5) results in a larger peak
the same temperature, we expect only weak emission linesseparation. This is due to the fact that a steeper surface density
be present (as confirmed by Richter et al. 2002). For the cawefile lets the inner parts of the disk, which rotate faster, con-
of absorption, the small absorption ¢beient of the pure rota- tribute more prominently, with respect to the case of a less steep
tional H, transitions also leads to weak absorption lines. profile. This identifies a potential problem in the observational
test that we are proposing here (for the case of optically thin
line profiles). In fact, the increased contribution of the inner
disk to the line emission when a steeper surface density profile

The optical thickness of the relevant lines depends on the dgr2ssumed may be such that the S(1) line is produced mostly at
face density profile, which cannot be directly inferred from tH@dil where the rotation curve is Keplerian. The resulting mod-
modeling of the SED alone. Observations of protostellar disklcations to the line profiles due to the disk self-gravity would
consistent with our self-gravitating disk model (BL), suggedfi€refore become only barely visible in this case.

5.4. Robustness of the H»> emission lines results

a disk density profile of the fornr o 1=, with y ~ 1; in the In practice, there is a sort of degeneracy in the appear-
previous sections, we have indeed set the surface density podi€ of optically thin line profiles with respect to the assumed
law index to bey = 1. model: a broader line profile can be traced either to the ef-

The H, rotational emission line are optically thin up to rel—reCtS ofdt_he dlskhself-grawty, W?'?}h Zp?(a;ces_ the rgltatlor;_a:]
atively high densities, due to their low Einsteikscodficient. arge radii, or to the steepness of the disk density profile, whic

FU Orionis objects are likely to be younger, and denser, thg}?kes it pq;sible for a certajn emissi_on_line to originate from
T Tauri and protoplanetary disks, so that for them we may evéﬁ‘a”e‘f radii, where the rotation velocity is larger.
have to consider the possibility that the émission is optically
thick. In this section we discuss the robustness of the res%tsS
presented in the previous section, with respect to the uncet-
tainties on the optical thickness of the disk and on its surfaThe discussion of the previous section shows that some H
density profile. emission lines can be a useful tool to probe the rotation of the
In Fig. 7, the local emissivity of every annulus of the diskquter disk, although confusion may arise in the interpretation of
for the S(0) and S(1) lines, is plotted as a function of radius foptically thin lines because, under certain circumstances, devi-
three diferent cases, i.e.i)(optically thin emissiony = 1, (i) ations from the typical ~ 1/r disk density profile can mimick
optically thin emissiony = 1.5, and {ii ) optically thick emis- those associated with deviations from Keplerian rotation.
sion. When the steepness of the surface density profile is in- To derive more convincing conclusions about the rotation
creased, the peak of the emission for a certain line occurs at mdlthe outer disk, it would thus be important to consider long-
atively smaller radii, as a result of the increased surface densitgvelength lines that are optically thick, so that the addi-
On the other hand, optically thick emission tends to contribuienal assumptions concerning the surface density profile are
more than optically thin emission at larger radii, because ot needed. In this respect, some sub-mm CO lines are very

ub-mm CO line profiles
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Fig. 8. S(1) line profile in the optically thin case, with= 1 (left) andy = 1.5 (right).
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Fig. 9. 2CO 1-0 line profile at 110 GHAolid line: for a model applicable to FU Ori with a non-Keplerian rotation curve associated with a
self-gravitating accretion disktotted line: for a strictly Keplerian model of FU Ori. The results are showrrfor 18 AU (left) andrs ~ 36 AU

(right).

interesting, because they are expected to be optically thitlat the main limiting factor for the spectral resolution is given
(Beckwith & Sargent 1993; Thi et al. 2001) and can be studidy turbulent or thermal broadening and we take the fagtor
with very high spectral resolution. These global CO line pran the Gaussian with which the line profile is convolved (see
files, observed in T Tauri and protoplanetary disks by a numifect. 2.3) to be 1 knt$. The resulting line profiles, for the
of authors, usually show the typical double-peaked profile (Ttio different choices ofs, are shown in Fig. 9. Thefiect of

et al. 2001; Dutrey et al. 1997). self-gravity is clear in both cases.

Interestingly, millimetric CO line emission has also been |n any case, as noted in the Introduction, care should be
observed in V1331 Cyg (McMuldroch et al. 1993), an “FUYaken (especially for younger objects, such as FU Ori) in order
Orionis object between outbursts”, which shares many featutg$roperly identify the various kinematical components (such
with FU Orionis objects, but has a smaller luminosity. The eas winds and outflows) that might contribute to the shape of the
timated disk mass in V1331 Cyg 4.5 Mo, a further clue to |ine profile. Another source of uncertainty related to CO lines
the fact that FU Orionis disk mass may be fairly high. is that of molecular depletion, resulting from the freezing out

As an example, we consider tH&CO 1-0 at 110 GHz, of molecular species onto dust grains. Many studies (see, for
which is commonly observed in protostellar disks. We assuragample, Markwick et al. 2002) have shown that, in the outer



G. Lodato and G. Bertin: Probing the rotation curve of FU Orionis objects 1027

and colder disk, the column density of many species can jp@file could in principle mimick theféects obtained by chang-
reduced significantly. However, these studies refer mostly itay the rotation curve of the disk. In the present study we have
parameters appropriate for T Tauri disks, while we expect tredopted a very simplified model for the vertical structure of
FU Orionis disks, which are characterized by a much hightire disk. More realistic models of the radiative transfer in the
temperature, will be less subject to depletion. vertical direction would be needed to address this issue further.

An additional dificulty with the use of the proposed diag-
nostics for mid-infrared lines is related to the fact that an emis-
sion line at wavelengths where the dust disk is optically thick
The study of the line profiles produced in Young Stellar Objectsuch as the lines in the infrared wavelength range) would be
has traditionally played a very important role in determiningroduced only if there is a spatial or temperature separation
the physical conditions of circumstellar matter. In particular, [tetween the warm gas and the dust. In this respect, the recent
has been used to confirm the accretion disk origin of the lunmen-detection of kKl rotational lines from a small sample (two
nosity of FU Orionis objects (KHH) and to test the Kepleriahlerbig Ae stars and one T Tauri star) of pre-main-sequence
rotation in many T Tauri stars (Guilloteau & Dutrey 1994). Istars by Richter et al. (2002) suggests that gas and dust are not
addition, spectroscopic observations may be able to probe $ipatially separated, as would result in some flaring disk model
vertical structure of the disk (see, for example, Cheng et &hiang & Goldreich 1997). This may indeed be the case for
1988 for the disks in dwarf novae). the highly accreting FU Orionis objects that we consider here.

Spatially resolvedub-mm interferometric observations of  Finally we have come to the conclusion that optically thick,
T Tauri stars have already provided interesting informaticub-millimetric line profiles, such as those of some CO lines,
about the outer disk kinematics (Guilloteau & Dutrey 199&ften observed in protostellar disks, are basically free from the
Simon et al. 2001). Such radio observations can reach an ditficulties noted for the mid-infrared lines and thus represent
gular resolution ok1”. However, for objects such as FU Orithe best tool to probe the physical conditions of the outer parts
which lies at a distance af500 pc, the angular size of the diskof the massive accretion disks in FU Orionis objects.

(which should extend out to 50-60 AU, judging from the mod-
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