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1 INTRODUCTION

Understanding the formation and pre-main-sequence éwnlof
massive stars){ 2> 10 Mg) is an important goal in modern as-
trophysics. Currently, the formation of low-mass starsgravita-
tional collapse of a molecular cloud and subsequent disietion
is, at least conceptually, well understood but it is not iclelaether
massive stars form through a scaled-up version of the saocegs
or whether more complex, environmental effects are impofsee
e.g. Bonnell, Vine & Bate 2004 for a recent discussion).

ABSTRACT

Massive young stellar objects (YSOs) are powerful infrarked line emitters. It has been
suggested that these lines form in a outflow from a disk swmding the YSO. Here, new
two-dimensional Monte Carlo radiative transfer calcalasi are described which test this hy-
pothesis. Infrared spectra are synthesised for a YSO disk wiodel based on earlier hy-
drodynamical calculations. The model spectra are in cataléd agreement with the observed
spectra from massive YSOs, and therefore provide supppos flisk wind explanation for
the H1 lines. However, there are some significant differencesmtbdels tend to overpredict
the Bra/Bry ratio of equivalent-widths and produce line profiles whicé slightly too broad
and, in contrast to typical observations, are double-pibakbe interpretation of these dif-
ferences within the context of the disk wind picture and ssgigns for their resolution via
modifications to the assumed disk and outflow structure @eudsed.
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Normal, main-sequence OB stars also showehhission lines.
These are produced in the star’s fast {000 km s™') spherical
wind, but the strength of emission in YSO spectra is muchtgrea
than in O-stars. If the features in YSOs were due to repraugss
of radiation in a spherically symmetric wind, the impliedsadoss
rates would be up t60~¢ Mg yr=! (Simon et al. 1983), substan-
tially exceeding those of field stars of comparable spedyze.
Therefore, to interpret the Hobservations it is worthwhile to con-
sider alternatives to formation in a spherically symmettracture.

Since massive stars form inside dense molecular clouds, the ~ Important observational constraints on the geometry of-emi
are observed primarily at infrared (IR) and longer wavetkag ting material in YSOs are provided by the first overtone baofds
Embedded massive YSOs are powerful sources of IFiré emis- COat2.3um (e.g. Carr 1989; Carr etal. 1993; Chandler etal. 1993;

sion (Simon et al. 1981, 1983; Drew, Bunn & Hoare 1993; Bunn, Chandler, Carlstrom & Scoville 1995). In particular, bothrCet al.
Hoare & Drew 1995; Blum et al. 2004) with equivalent widths (1993) and Chandler et al. (1995) conclude that models based
(EWS) in Bro of ~ 5 — 90A (Bunn et al. 1995). The lines pro-  accretion disk surrounding the central object reproduee® ob-
files are complex, displaying both fairly narrow (full-wigat-half- servations of YSOs. Furthermore, although there are sosesda
maximum [FWHM] ~ 50 — 100 km s) line cores and broad  Which CO data can be modelled in terms of a stellar wind, in-gen
Wings extending out tev 400 km 3*1 in extreme cases. |n the eral the disk model encounters fewer difficulties (See Clearet
sample of objects observed by Bunn et al. (1995), the profitze al. 1995). The observations strongly suggest that the CGstomi
always single-peaked but recent observations reportedioy Bt originates close to the central star: Bik & Thi (2004) andrBlet al.

al. (2004) include at least one object (NGC 3576) which shows (2004) have recently studied CO emission from a range ofireass
clear evidence of double-peaked profiles. By examining faxx r  YSOs and derived disk radii in the range 0.1 - 5 AU. Thus it seem
tios across the profiles of lines with differing opacitiesin® et al. probable that YSOs harbour accretion disks containingifsignt
(1995) found evidence that, at least in some sources, tes form amounts of hot gas fairly close to the central object andriatsiral

in an accelerating outflow.

* s.sim@imperial.ac.uk

to consider whether the Hemission is associated with such a disk
or its environment.

Hamann & Simon (1986) suggested that powerful recombi-
nation line emission of the sort discussed above originates
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outflow associated not with a stellar wind but with mass-fosm
a disk. Their work focused on MWC 349, an object whose evolu-
tionary status is unclear but which possesses spectrassigpia-
tures (including H and CO emission features) broadly similar to

of their computational domain. Noting that, for reasonadiere-
tion rates & 1075 Mg yr™ 1), the luminosity of the central star
far exceeds the accretion luminosity of the disk, they antzd
for reprocessing of stellar light by the disk and then coragdube

the embedded massive YSOs (see Hamann & Simon 1986; Krausradiation force using the Castor, Abbott & Klein (1975) pasder-

et al. 2000). Hollenbach et al. (1994) developed a model @b+ o
flow from young massive stars by photoevaporation of theroute
regions of their disks. They were motivated by the need tda@xp
the high frequency of occurrence of ultracompacti Hegions —
photoevaporation can provide a source of mass input for -
gions to balance the loss by pressure-driven expansiohoidt
the rate of mass-loss in photoevaporation models is largecurs

at large radii (typically> 100 AU) and the characteristic flow ve-
locities are low (comparable to the typical sound speed of 50

km s!, Hollenbach et al. 1994). Thus, such a flow does not pro-
vide a promising origin for relatively high velocity feaas, such
as the IR Hi broad line wings (Bunn et al. 1995).

Recently, Drew, Proga & Stone (1998) proposed that the in-
tense radiation field produced by a massive YSO may drive-mass
loss from the surface of the inner parts of its disk. Theyqrened a
hydrodynamical simulation which showed that, in additiomitiv-
ing a normal hot star wind component, radiation pressuna fao
massive YSO could propel a dense equatorial flow from a sur-
rounding disk with terminal velocity in the same regime as th
observed H linewidths. These results led them to speculate that
such a model accounts for the IRIHines. However, they did not
perform the radiative transfer calculations required toficm this
conjecture.

To investigate the possibility that massive YSOs harbosi di
winds which give rise to the observed IR IHine emission, this
paper presents the results of new two-dimensional radiatans-
fer calculations which account for both the complex geoyneta
YSO disk wind (starting from, but not limited to, the Drew ét a
1998 model) and the detailed atomic physics afllie formation.

In Section 2, the YSO model adopted in this investigation
and its parameters are discussed. The radiative transéettaiions
have been performed using the Monte Carlo (MC) code destribe
by Long & Knigge (2002) after incorporating a sophisticatesht-
ment of Hi line formation using the approach described by Lucy
(2002,2003); the method of calculation and code used acasisd
in Section 3. Results are presented in Section 4 and oursinok
discussed in Section 5.

2 MODEL

For the radiative transfer calculations (Section 4) a sjinpalrame-
terised model for the YSO and its disk is adopted. In choosieg
parameters for this model, our starting point has been tetoart

a reasonable representation of the disk wind obtained ihyteo-

dynamical simulations presented by Drew et al. (1998). &loee,

before discussing our model in detail, a brief descriptirihis

hydrodynamical model is given.

2.1 Summary of the hydrodynamical disk wind model

Following the methods of Proga et al. (1998), Drew et al. 8199
performed a hydrodynamical simulation of a radiativelyveri
wind from a disk around a massive YSO. They considered ap-earl
B type star (mas8/. = 10 My, luminosity L. = 8500 L, radius

r« = 5.5 Rg) surrounded by an accretion disk extending from the
stellar surface to an outer radiugsc = 10 r., the outer boundary

isation of the force due to spectral lines.

Their simulation exhibited a steady state solution with two
fairly distinct outflow components: a fast-(2000 km s™') po-
lar wind from the central star, rather similar to a normal hot
star wind; and a slower<{ 400 km s™'), denser equatorial out-
flow from the disk at colatitudé ~ 60° with mass-loss rate
~ 3%x107% Mg yr~'. Between these two outflow components they
found a complex transitional zone in which the stellar witrdam-
lines were compressed due to non-radial radiation forcepcem
nents and the presence of the disk wind.

Drew et al. (1998) suggested that the high density and mod-
erate velocity of the equatorial disk-wind component matka i
promising site for the formation of the Hines observed in massive
YSO spectra — our goal is to present radiative transfer tations
to examine this hypothesis.

2.2 Geometry

Figure 1 illustrates the geometrical construction usedetscdbe

the wind, parameters for which are discussed in the next sub-
section. In order to capture the essence of the Drew et &98(19
hydrodynamical disk wind model (described above), thecstne
consists of the following four basic elements:

(i) A central star. The star is assumed to be spherical withusa
Tx.

(i) An accretion disk. The disk lies in they-plane of the
adopted coordinate system and is assumed to extend fronuthe s
face of the star to an outer raditgsk. For simplicity, it is assumed
to be geometrically thin and flat.

(i) A disk wind. The wind, which is launched from the disk,
is described following Long & Knigge (2003) and Knigge, Wsod
& Drew (1995): namely the streamlines of the disk wind are as-
sumed to converge at a point which lies on thaxis a distance
below the coordinate-origin. Thus the angular boundarfeth®
disk wind are determined by the choice of the inner and outer
disk radii and the distanceé; namely Omin tan™'(r./d) and
Omax = tan ™" (rais/d)(See Figure 1). Motivated by the Drew et al.
(1998) simulation, the flow is assumed to be stationary armbgm

(iv) A spherical stellar wind component. This is assumeddo o
cupy the entire polar region above the disk wind and to hadiaka
streamlines. The boundary between the stellar wind andvdiisét
is not treated in detail; it is assumed to be perfectly shatus the
transition zone between the disk and stellar winds whichtsxn
the Drew et al. (1998) simulation is neglected here.

2.3 Model parameters

Table 1 gives a list of the wind parameters adopted for therref
ence model (hereafter, Model A) which are discussed indaligt
below. Of our models, Model A and the closely related Model B
(see Section 4.3) are those most closely matching the Dral et
(1998) simulation.
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Figure 1. The elements of the geometrical construction used to ddfme t
wind (only the positiverz-plane is shown — the wind is symmetric about
both thezy-plane and the-axis). The quarter-circle line around the origin
represents the stellar surface; the stellar wind is shagbtidrey, the disk
wind dark grey and the disk black. The equatorial region heyie disk
(white) is assumed to be empty. The figuredsto scale for the parameters
given in Table 1.

2.3.1 Central star

The parameters of the central star are those of a B1-B2 main se
guence star. The effective temperature was computed frertuth
minosity using the Stefan-Boltzmann equation. The stagssiaed

to emit radiation as a black body.

2.3.2 Accretion disk

In our reference modetgisk = 10 r. is adopted — the same com-
putational domain considered by Drew et al. (1998). Rdadily,

the disks around massive YSOs are likely to extend to sigmiflg
larger radii. Therefore, we will also consider disks exiagdto
rdisk = 100 7, in Section 4. To consider even larger radii becomes
impractical since increasing the physical size of the dattn lim-
its the spatial resolution available in the inner region®mputing
feasibility prevents us from having arbitrarily many griells. It is
noted that, at least for the treatment of disk radiation &stbm our
reference model, considering an even larger outer radilishavie
negligible effect — the disk temperature at such large naiiibe
too low for its thermal radiation to contribute significgntb the IR
spectral range under consideration.

Given that it lies considerably beyond the scope of this
vestigation to study radiative transfer within the acanetdisk in
detail, approximations must be made regarding the tredtofdne
disk and its emission. In the calculations presented iniG@ed,
results using two different approaches are considered.kbhdwn
from observations (Henning, Pfau & Altenhoff 1990) thatrthare
significant differences in the IR SEDs of massive YSOs — some
have large near-IR excesses while other have little or nessxc
Therefore, we have chosen our two models for disk emission to
approximately bracket the range of plausible IR SEDs forgivas
YSOs.

In some cases, referred to as a “reflecting” disk, it is assume
that the disk effective temperature is determined as aifumof ra-
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Figure 2. The disk temperaturel{;sy) as a function of radiusrj for a re-
flecting disk (solid line) and a reprocessing disk (dasheel)liThe reflect-
ing disk temperatures are always lower since they only desthe accre-
tion luminosity while the reprocessing disk also accouatsé-radiation of
energy absorbed from the star.

dius by the accretion rate (exactly as discussed by Long &¢@i
2002) and that annuli of the disk emit as black bodies at thallo
temperature. During the MC simulations, it is assumed thata-
diation which strikes the disk from above is reflected by adisk
atmosphere rather than absorbed and reprocessed. Sincenthe
putational domain is symmetric about the disk plane, thisdsely
equivalent to the assumption that the disk is completelycalby
thin (transparent). In Model A, the disk is assumed to be &l
ing”.

Alternatively, as a simple “reprocessing” disk model, ia&
sumed that stellar radiation falling on the disk is absor&ed the
energy re-radiated. In this case, the disk is divided intaceatric
annuli and the energy falling on each annulus from the star-co
puted following the discussion of Proga et al. (1999). Byuassag
that all this energy is re-radiated locally, and that theudimadiate
as black bodies, the disk temperatures are then obtainecaddne-
tion luminosity is still included in this model but is smadllative to
the reprocessed luminosity. At the start of the MC simulgtibe
disk annuli emit black-body radiation according to thefieefive
temperatures — thereby accounting for the luminosity duepoo-
cessing of stellar light — and during the subsequent prdjmagaf
MC quanta, any radiation which strikes the disk is simplyoasbsd.

Computed disk temperature for both reflecting and reprecess
ing disks are shown, as a function of radius, in Figure 2. 8akc
energy distributions (SED) for radiant energy emitted frorad-
els with both reflecting and reprocessing disks are showrign F
ure 3. Comparing the SEDs for reflecting and reprocessirkgdis
with rgisk = 10 7. (left-hand panels in Figure 3) shows that the
treatment of the disk makes a significant difference to thstice
uum brightness in the IR region of interest. If the disk odffects
(or transmits) light which strikes it, thee 2 — 4 um continuum
is a combination of stellar radiation and accretion lumityose-
leased in the disk. (Figure 3, upper-left panel). Howevehd disk
thermally reprocesses all the stellar light which strikeshe re-
processed light is dominant (lower-left panel). Incregghre outer
radius of the disk to 100, increases its brightness. With a reflect-
ing disk, this effect is fairly small below aboutm (upper-right
panel) because the temperatures of the outer parts of theads
very low. However, since the reprocessing disk has higmepésza-
tures (Figure 2), changing its outer radius has a greatectsfi the
waveband of interest (Figure 3, lower-right panel).

We note that since the treatment of the radiation force ig gre
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Figure 3. Spectral energy distributions (SED) for models with stadt eeflecting disk (upper panels) and star and reprocessgig(ldiwer panels). The left
panels are for disks extending to outer radiggk = 10 r« while the right panels are appropriate fefsx = 100 r+. In each panel, the heavy line shows the
complete SED while the dashed and dotted lines show, reégglgcthe contributions due to the star and disk. The saragive flux scale is used in each plot.
The letters given in the upper right corners of the panelgaid in which of the models discussed in Section 4 the SEDaoptad.

in the Drew et al. (1998) simulation and that in both our apphes
to the disk SED all the radiative flux which falls on the diskés
emitted locally, both our disk SED models are equally vatidhie
context of the hydrodynamical calculations.

233 Diskwind

The geometry of the disk wind is specified by the distance éetw
the origin and the focus poind, (see Figure 1). Here] = 0.14 r.
is adopted leading t6min = 82° andfmax = 89° (see above). The
dense disk wind component present in the hydrodynamic mafdel
Drew et al. (1998) occupied a rather wider angular rargeg°).
However, Proga et al. (1999) showed that improved treatofehe
radiative line force leads to significantly more swept bagiato-
rial disk winds. In particular, for a model in which the lurosity of
the central object substantially exceeds that of the disr(imodel
E) they found a disk wind with opening angle 8°. Thus dhealue
adopted here is chosen to reflect the narrow disk winds cdatdig
Proga et al. (1999).

The density and velocity structure of the disk wind closely
follows that adopted by Long & Knigge (2002). Following equa
tion (7) of Long & Knigge (2002), it is assumed that the mass|o
rate per unit area from the disk can be described by

5M «
SA & Taisk(r)"

1)

On the assumption that the mass-loading is proportion&ktdocal
luminous flux,c« = 1 is adopted here. The total mass-loss rate in
the disk wind is fixed at the mass-loss rate obtained by Dreatl. et
(1998):M = 3x10~% Mg, yr~*. Note that the improved treatment
of the line force (i.e. Proga et al. 1999) did not significacthange
the total mass-loss rates from those of the earlier treatnidme
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Figure 4. The disk wind terminal velocityi() versusf = tan~1!(r/d)
wherer is the disk radius at the base of the streamline.

poloidal velocity on a streamline in the disk wind is desedlusing
equation (8) of Long & Knigge (2002), namely

_ Rd ﬁd
I+ Ry

wherec; is the sound speed on the disk surface at the base of the
streamliney is the terminal velocity of the streamlingjs the
poloidal distance R, is a velocity-law scale length for the disk
wind and g, is an exponent which determines the acceleration of
the wind. For simplicityvoc = wesc iS adopted wherees is the
escape velocity on the disk surface at the base of the stireaml
Figure 4 showsv., as a function off — these values compare
favourably with the terminal velocities found by Drew et (@998,
their figure 3). To describe the acceleration of the wind, lacity
scale length for the disk-wind®; = r. and exponenti; = 1.5

are used.

v(l) = ¢s + (Voo — Cs) (1 2



Table 1. Parameters for the reference model (Model A). Parameters fo
which departures from the reference values will be disalisse indicated
with a tick (v') in the third column.

Parameter Value Varied
Central star

mass,M 10 Mg

radius,r 55Ry

luminosity, L. 8500 Lo

temperature7ur 2.37 x 104 K

Accretion disk

inner radiusyin T Ve
outer radiusrgisk 107« v
accretion rateMacc 1076 Mg yr—1!

Disk wind

focus point,d 0.147r, v
mass-loss rate)/ 3x 1078 Mg yr—1t v

mass-loading exponent, 1
terminal velocity,vso
acceleration length;

Vesc
Tx

acceleration exponeng; 1.5

Stellar wind

mass-loss rate/s 1078 Mg yr—!
terminal velocity,veo 2000 km st
launch velocityv. 10200

acceleration exponens 1

2.3.4 Sellar wind

The density of the stellar wind component is chosen suchithat
would have mass-loss rafe, = 10~% Mg, yr~ if it were spheri-
cally symmetric. Following e.g. Lucy & Abbott (1993), thelweity

in this component is assumed to be radial and given by

0 = ve + (Voo — ve) (1 = (ra /1)) ®)

Based on the Drew et al. (1998) simulations, = 2000 km s~!

is adopted. In additiony. = 10 2vs is assumed and, = 1 —a
standard value in modelling hot star winds — is chosen.

2.3.5 Departures from the reference model parameters

In Section 4, the dependence of the results on several ofihe i
portant model parameters listed in Table 1 will be invesédaThe
calculation is, of course, particularly sensitive to theick of den-
sity in the wind. The density in turn is sensitive to many of th
model parameters — most fundamentally, the mass-losswaiek
determine the mass-loading of the stellar and disk windsvever,
the velocity-law parameters (e.0.., Rq and3;) also play a sig-
nificant role, as does the geometry of the disk wind (deteedhiny
d). In Section 4, models with density higher than that in Mo#lel
will be considered: these are created by increasing the-toass
rate only — physically this is the parameter which leads tiorpke
increase in density everywhere in the wind — but it shoulddteah
that there is a degree of degeneracy between this and thepathe
rameters mentioned above.

The second departure from the reference model (Model A)
that will be discussed in Section 4 is an increase in the aligdr
radius,rqisk. The relevance of this parameter to the determination

5

of the disk SED has already been discussed (see Sectiona2@.2
Figure 3).

Finally, a model in which an inner hole is introduced to the
accretion disk will be considered. In addition to incregsin for
this model, thed-value is changed in order to preserve the same
opening anglestnin anddmax) for the disk wind.

Departures of the other parameters from their refereneesal
will not be considered here. For this investigation we wisire-
strict ourselves to central objects with parameters slaifalb early-
type near-main-sequence stars — thus we do not considerisnode
with large values of.. An increase in the stellar radius, would
mimic many of the effects associated with the introductibaroin-
ner hole to the disk since both push the wind out to regiongevhe
the rotational velocity is lower. Thus, our model with aneénihole
can be regarded as a proxy for some of the most important €onse
guences of an enlarged central star.

An increase in the stellar luminosity would clearly affeloe t
SED, but could also change the mass-loss rate and possibly th
wind geometry — further hydrodynamical calculations wdoddre-
quired to fully investigate results for a range of luminizsit The
mass-accretion raté\(aco is relevant only to calculations with re-
flecting disks — in such case¥facc plays an important role in deter-
mining the disk temperature and IR SED. For reprocessirksdis
these are controlled by the stellar radiation field ddgk. plays
only a minor role. It is very difficult to reliably obtaif/acc by ob-
servation or theory and so we restrict ourselves to corisiglenly
one value, that used by Drew et al. (1998).

2.4 Atomic data

For simplicity, itis assumed that both the disk wind andatetind
consist entirely of hydrogen. An atomic model with energyels
for principle quantum number = 1 to 20 and the continuum state
is used in the calculations. Bound-bound oscillator stifengre
taken from Menzel & Pekeris (1935). Bound-bound collisiates
are derived from the oscillator strengths using the van Reger
(1962) formula. Photoionization rates are taken from TOBBA
(Cunto et al. 1993) and collisional ionization rates are potad
using equation 5-79 from Mihalas (1978). In addition to thpgso-
cesses associated with atomic hydrogen, free-free almornd
emission by Hil ions and Thompson scattering by free-electrons
are included in the calculations. All other processes agéeated.

3 METHOD OF CALCULATION

In the disk wind model, the IR Hline formation is expected to be
driven by recombination of ionised hydrogen gas fairly elasthe
central star. The observed line ratios (e.g. Bunn el al. 199%-
cate, however, that the line emission is not optically thakimng it
necessary to perform detailed non-LTE radiative transfécuta-
tions to reliably model the line formation process.

The radiative transfer calculations discussed in the nest s
tion were performed using a modified version of the MC codé-wri
ten by Long & Knigge (2002). Since the code has been described
in detail elsewhere, only a brief overview and discussiothefim-
portant modifications made for this investigation are pnesghere
(see Long & Knigge 2002 for further details of the code).

To synthesise spectra, the code performs a sequence of MC ra-
diative transfer calculations. The code uses indivisiblergy pack-
ets as the elementary MC quanta, assumes radiative, isttastd
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thermal equilibrium in the wind, and utilises a Sobolev tneant
of bound-bound transitions.

The code presented by Long & Knigge (2002) adopted a two-
level approximation in the treatment of line scattering esdd ap-
proximate excitation and ionization formulae for the corapion
of level emissivities. These approximations made the cifament
and thus able to handle a large set of atomic data for manyickém
elements. However, the two-level approximation also mézattit
was not suitable for modelling lines formed by non-resoezstat-
tering or recombination.

Since the IR Hi lines form primarily by recombination, the
code has been substantially modified to incorporate recdatiel-
oped MC radiative transfer techniques which allow the fdrama
of such lines to be modelled. In particul&fiacro Atoms, as de-
vised and tested by Lucy (2002,2003), are used. This apipralac
lows the radiative equilibrium constraint to be rigoroushforced
at all times without approximation in the treatment of iagions
between radiation and matter.

Initially, several MC simulations are performed to compute
the temperature and degrees of excitation and ionizatronigihout
the wind. For these “ionization cycles” the MC quanta are@ed
with frequencies spanning a wide enough range to simulatkeal
important radiative energy inputs to the system. Duringheaic
these MC simulations, estimators for the radiative heatihg (e.g.
due to photoionization) are recorded in each grid cell. Ate¢hd of
the simulation, these rates are balanced against coolieg t@de-
termine the local electron temperature which is then adbiotéhe
next simulation. This process is repeated until esseytallgrid
cells pass a chosen convergence threshold in electron tetape

For this work, the code has been modified to also record high
precision MC estimators for the individual radiative ratpso-
toionization and bound-bound excitation) following Lu@003).
At the end of each ionization cycle, these are used, togettthr
the various collision rates and radiative decay rates, taptte
level populations and the ionization fraction in each getl. @hese
populations are used in the next iteration, alleviatingrieed to
use the approximate analytic formulae for ionization anditex
tion employed by Long & Knigge (2002). No convergence ciiter
is enforced for the level populations at present. Lucy (2005
shown that, provided the populations of the lowest levedsesti-
mated sensibly, the indivisible-energy-packet MC methadipces
highly accurate emissivities even if the populations ferémitting
upper levels are relatively poorly known. This insensijivinoti-
vates our use of the MC method since it substantially redooes
reliance on detailed calculation of excited level popwoiasi for an
adequate non-LTE investigation of recombination line fation.
We note that our convergence criterion on the electron temtye
implies a corresponding convergence in the energy flow batwe
the radiation field and the thermal energy pool. Since thexgn
flow is a summation of all the radiative heating processelserhy-
drogen model, its behaviour implies good convergence asiailg
the processes which are energetically important.

After the “ionization cycles”, a set of additional MC simu-
lations are performed to compute the spectrum (the “sdecyra
cles”). During these cycles the MC quanta are created in anly
fixed frequency interval while the thermal, ionization antita-
tion states of each grid cell are fixed to the values previodster-
mined as described above. By tracking the quanta, we contipeite
spectrum as seen by observers at different inclinationeariglthe
frequency range of interest.

In all the calculations described below, the model strigctur
and radiation field properties are discretized onto a twoedision

Table 2. The observed range of properties of massive YSO IR lines

in the sample discussed by Bunn et al. (1995). Note that iarakef the
objects, Bty and/or Pfy are not observed and so the range of EW for these
lines is biased towards the brighter sources compared wiih B

Line —EW FWHM HWZI
(A) kms-!  kms!
Bra 4.8 -87 55 -155 50-415
Bry 2.4-23 70 - 150 70-270
Pfy 2.3-12 110-150 40-260
EWR EWR
Bra/Bry 11-44 Bo/Pty 3.0-72

(r-z) grid consisting of 3000 cells. During each MC calculation,
the input radiative energy (which arises from the star andedion
disk) is divided inta3 x 10° indivisible quanta.

We have explicitly verified that our approach is adequate for
the calculation of the spectrum by comparing results for etod
with identical input parameters using smaller and largenipers of
grid cells. These calculations differed by at most a few et n
the computed H line strengths from the standard (3000 cell) case.
This implies that the number of packets, number of grid cafid
the quality of the MC estimators are all sufficient for caltidns
to this degree of accuracy.

4 RESULTS
4.1 Observational constraints

Early observations of IR Hemission lines in massive YSOs (e.g.
Simon et al. 1981) had insufficient signal-to-noise ratipitovide
detailed information on the line shapes, thus subsequeatétical
work (e.g. Hoflich & Wehrse 1987) was concerned primarilytwi
modelling the observed line fluxes and flux ratios.

More recently, higher quality data (e.g. Drew et al. 1993 Bu
et al. 1995) has allowed the line shapes to be studied inggrdat
tail in several massive YSOs. In common with earlier worlg(e.
Simon et al. 1981,1983; Drew et al. 1993), Bunn et al. (19%5) o
served a moderately strong, pure-emission line of Brall of their
targets. In most cases, they also reported weaker emissiBnyi
and Pfy. Their observed line profiles are single peaked and not
shifted from the expected local rest velocity by more thaew f
km s~'. Many of the profiles show line wings which extend to sev-
eral hundred km's' from line centre and in some cases these wings
are clearly asymmetric. By considering wavelength-depattine
ratios (following Drew et al. 1993), Bunn et al. (1995) fouen-
dence, in at least some cases, of hybrid profiles consistiagar-
row line core (which may have a nebular origin) and broad wing
which the line ratio is consistent with formation in an aecating
outflow.

High resolution observations of several massive YSOs have
very recently been presented by Blum et al. (2004). Intergist
in their sample, at least one object (NGC 3576) has douldéequb
narrow line profiles. However, it is difficult to study the labline
wings in the Blum et al. (2004) data since the spectral cageers
too narrow to establish the underlying continuum with detia

In the following sub-sections, results of our models will be
compared primarily with the observations presented by Beinn
al. (1995) since their spectra provide good constraintsath line
strengths and shapes for a significant sample of objectsorturf
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Figure 5. Model A (reference model with reflecting disk): computedxBupper), By (centre) and Pf (lower) line profiles for viewing angles to the polar
axis (from left to right) of 30°, 45°, 60°, 70°, 80° and 85°.€flux is given for an unreddened source at a distance of 1 kpc¢henvelocity is measured

relative to line centre.

nately, owing to the great difficulty in establishing theiegtion
along the line of sight to massive YSOs, interpreting linexdk
and flux ratios for lines at different wavelengths is veryidifit (it

is known from Brv/Pfy flux ratios that the H lines are not well
described by either the LTE or the Baker Menzel case B recombi
nation assumptions — thus thed3Br+ ratio cannot be trusted as an
indicator of the reddening [Hoflich & Wehrse 1987]). Thenef, in
our discussion, we prefer to focus on EWs, EW ratios (EWRd) an
line shapes since these are not affected by reddening. Botitp:
tive comparison, Table 2 gives a summary of the range of sbder
EW, FWHM and half-width-at-zero-intensity (HWZI) from Bon
et al. (1995). The table also gives the observed range of EM#Rs
Bra/Bry and Bi/Pfy!. Since our model parameters are not fine-
tuned to one particular object, these values should beaedamly

as indicative of the appropriate regime in which acceptatbelel
predictions should lie.

4.2 Reference model (Model A)

Spectra have been computed in the 2gn%range using the refer-
ence wind model (Model A) which was described in Section 2. In
this wavelength range, the model predicts moderately gteonis-
sion in the first three lines of the Brackett series and weak@s-
sion in lines of the Pfund series (P&nd Pfy). This is in qualitative
agreement with the observed IR properties of massive YS@s (e
Simon et al. 1981,1983; Drew et al. 1993; Bunn et al. 1995).

1 Hereafter, these EWRs will be referred to as EWR{fry] and
EWR[Bra/Pfy] respectively.

Figure 5 shows the predicted Model A line profiles ofaBr
Br~ and Pfy. Spectra are shown for a grid of viewing angles rang-
ing from 30° to 85° (measured relative to the polar axis). For
guantitative comparison with observations, the computétand
FWHM of these lines are tabulated in Table 3. For completenes
computed line fluxes and flux ratios are given in Table 4.

For all three lines, the EW is largest for viewing anglés.d)
of 70 —80° and becomes noticeably smaller at lofygs. The com-
puted Bex EWs are consistent with the high end of the range of
measured EW (Table 2) obtained by Bunn et al. (1995). Similar
agreement between observations and the model is also faund f
Pfy making the modelled EWR[B#/Pfy] similar to the observed
ratio.

For Bry, the Model A computed EWs lie in the mid-range
of the observed values (see Table 2). The relative weakridhge 0
computed B# line means that the model EWR[BIBry] is sys-
tematically too high — in the observations the EWR for thésesl
ranges from 1.1 to 4.4 but the computed Model A ratio is sonawh
higher, ranging from 11 to 13 for the viewing angles consideit
is probable that part of this disagreement is the result atities
being too low in the models — but given the good agreement with
observations for EWR[Br/Pfy], it seems unlikely that a simple
underestimate of the opacity in 8iis solely responsible. Perhaps
more importantly, the EWR[Bt/Br+] will be affected by inaccu-
racies in the model continuum shape — sincer Bnd Pf lie at
similar wavelengths, the choice of continuum shape wilkhiéttie
effect on the computed ratio of their EWs but becauseli®s at a
significantly shorter wavelength, the EWR[BBr~] is much more
sensitive. An alternative treatment of the continuum —itnadking
a reprocessing disk — is considered in Section 4.2. It is rdged
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Table 3. Equivalent widths (EW) and full-width-at-half-maximum\{fHM) for the Bra, Bry and Pfy lines at different viewing angle®4,s). The values of
FWHM have accuracy of around 50 km s~1, limited by the frequency gridding of the calculations. Eoeuracy of the EWs is limited by MC noise in the

spectrum. Typically, the Monte Carlo noise in the continugra 2 per cent.

Bops = 30° Oops = 45° Oops = 60° Oops = 70° Bops = 80° Oops = 85°

—EwW FWHM —EwW FWHM —EW FWHM —EW FWHM —EwW FWHM —EwW FWHM
Lne @& («msH A «&msH A «kmsH A «kmsH A  kmsH A (kms?)
Model A (reference model with reflecting disk)
Bra 44 300 56 425 70 550 78 610 77 610 68 550
Bry 4.0 290 4.9 420 5.6 520 5.8 520 5.8 550 5.4 550
Pfy 7.2 340 9.3 450 12 560 13 560 14 560 13 560
Model B (reference model with reprocessing disk)
Bra 3.1 430 4.2 610 6.1 730 8.5 790 14 790 19 790
Bry¢  0.17 - 0.36 - 0.41 - 0.57 - 0.83 - 1.2 -
Py 0.76 - 0.80 - 1.3 — 1.7 — 2.8 - 3.8 -
Model C (as Model B but with mass loss rate enhancement)
Bra 27 300 38 425 56 550 74 550 100 670 120 670
Bry 3.4 290 4.8 420 7.1 520 9.3 550 11 580 12 620
Py 6.6 340 9.6 450 13 560 17 560 21 560 22 670
Model D (as Model A but with disk out to 100,)
Bra 24 300 32 425 43 550 53 550 62 610 63 550
Bry 34 360 3.9 420 45 550 4.7 590 4.6 590 4.2 590
Pfy 45 340 5.7 450 7.6 500 9.5 560 11 560 12 560
Model E (as Model C but with disk out to 10Q)
Bra 4.6 300 6.6 430 10 550 16 610 29 670 49 670
Bry 0.80 390 1.1 550 1.6 650 2.3 750 3.8 720 5.4 720
Py 1.2 340 1.6 620 2.3 730 3.1 730 5.1 730 8.1 730
Model F (disk with inner hole, see Section 4.4)
Bra 22 300 28 300 36 425 43 425 51 425 52 490
Bry 2.2 260 2.4 360 2.6 460 2.7 490 2.7 490 2.5 490
Py 2.8 220 3.8 340 5.0 450 6.2 450 75 450 7.9 450

@ For Model B, the Bty and Pfy lines are very weak and only appear marginally above the M&enetherefore, the entries for these lines give only upper
limits on their EW.

that, compared with Br and Pfy, observations of By for heavily
embedded targets are more likely to be contaminated by emiss
from other sources (e.g. larger scale nebular emissiomgteithe
wavelength dependence of the source extinction.

The computed line profiles are complex, usually exhibiting
double-peaks which become more pronounced at lagerThis
is in contrast to the observations where only single-pegked
files are usually observed (see Section 4.1). Also, the ctedpu
profiles are too broad (FWHM ranging from 300 to 600 km' s
as a function oflops). Part of this discrepancy between model and
observations may be explained by contamination of the ebder
profiles by narrow nebular emission — there is some evideoice f
hybrid line profiles with narrow cores (see Section 4.1) —é&wev,
the half-width-zero-intensity (HWZI) measurements alsggest
that the observed line profiles do not extend more than 200@o 3
km s~! from line-centre in most cases.

The large line widths and double-peaked profiles arise due to
the rotational velocities in the region of line formatiorigére 6
identifies the region of line formation for the &8r Bry and Pfy
lines in Model A; specifically, the plots show the amount oty
that escapes in each spectral line from each grid cell in theen
Note that MC noise is responsible for the graininess of theéig.
It can be seen that in all three cases, the region of line fiioma
is close to the disk surface, within the first few velocity lagale-
lengths along the wind streamlines.cBtends to form slightly fur-

ther out than either Bror Pfy — this is to be expected owing to the
higher opacity in the Bx line.

To obtain models which produce narrower lines, either more
low-velocity gas must be added, or high-velocity gas mustebe
moved. The simplest way in which to introduce low-velocigsds
by increasing the outer disk radiusi¢) — models with wider disks
are presented in Section 4.3. To remove high-velocity gasires
a reduction in the wind density at small values-ofGiven that the
inner disk is brighter than the outer disk, it seems unlikbigt a
radiatively driven flow will not have greatest mass-loadatgmall
radii. Therefore, the most plausible way in which to elintenaigh-
velocity gas is not to change the prescription of mass-taatiut
rather to consider models in which either the stellar ragilarger
than that adopted in the reference model or the disk inneusad
is several times greater than the adopted stellar radiusexam-
ple of the latter, a model with an empty inner cavity in thekdis
discussed in Section 4.5.

To assess the relative importance of the disk wind and stella
wind component, results from a calculation consideringy dhe
disk wind component were compared with those which inclbde t
stellar wind. These two calculations give virtually ideati results
— this is not unexpected since it is already known that a $gdder
wind would require a mass-loss rate at least an order of magni
tude greater than that in the stellar wind component hemadSi
et al. 1981, see Section 1). In view of this, in all the caltals
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Table 4. Computed Be line fluxes and flux ratios Bi/Bry and B/Pfy at different viewing angles. Fluxes are given in urliés 3 ergs cnm2 s~ ! for an
unreddened source at a distance of 1 kpc.

Oobs = 30°  Ogps = 45°  Ogps = 60°  Oops = 70°  Opps = 80°  Ogps = 85°

Model A (reference model with reflecting disk)

Bro flux 51 53 4.9 4.3 33 2.6
Bra/Bry 1.72 1.70 1.66 1.59 1.48 1.36
Bra/Pfy 4.86 4.74 4.67 4.48 4.13 381
Model B (reference model with reprocessing disk)

Bro flux 4.8 5.0 45 3.9 31 2.6
Bra/Bry“ 1.99 1.37 1.73 1.72 1.85 1.72
Bra/Pfy® 3.07 4.09 3.34 3.84 3.65 3.77
Model C (as Model B but with mass-loss rate enhancement)

Bro flux 43 47 43 37 27 20
Bra/Bry 0.91 0.93 0.93 0.95 1.05 1.19
Bra/Pfy 3.05 3.01 3.16 3.27 3.69 4.09
Model D (as Model A but with disk out to 106;)

Bro flux 4.0 4.1 4.0 3.6 3.0 25
Bra/Bry 1.54 1.59 1.60 1.59 1.56 1.52
Bra/Pfy 4.50 4.61 4.66 4.49 4.33 4.18
Model E (as Model C but with disk out to 10Q)

Bro flux 25 26 25 23 19 16
Bra/Bry 1.32 1.40 1.49 1.51 1.56 1.64
Bra/Pfy 3.07 3.44 3.66 411 4,57 4.90
Model F (disk with inner hole, see Section 4.4)

Bro flux 19 19 19 17 16 14
Bra/Bry 2.37 2.37 2.29 2.18 2.06 2.03
Bra/Pfy 6.94 6.20 5.82 5.60 5.17 4.93

@ For Model B, the Bty and Pfy lines are very weak and only appear marginally above the M&naherefore, the entries for these lines give only lower
limits on the appropriate flux ratios.

discussed below, the stellar wind component is droppeddor-c since the absolute mass-loss rates provided by the hydaougal
putational efficiency. model of Drew et al. (1998) may be uncertain by a factor of a few
owing to the parameterisation of the line-driving force. £ahnd
FWHM for Model C are given in Table 3 and the line profiles com-
puted from this model are shown in Figure 7.

The Model C EWs are slightly greater than even the largest
observed values from the Bunn et al. (1995) data, suggettatg
the factor of four mass-loss rate increase between modelsdB a
C comfortably brackets the range of values that are likelypdo
consistent with the data for particular objects.

The EWR[Bi/Pfy] is smaller for Model C than Model A, ly-
ing close to the mid-range of observed values. The EWR(BIry]
is also smaller in Model C — it is still greater than the obsérratio
in any of the objects observed by Bunn et al. (1995) but therels
ancy is much less. This change in the line ratios is mostlytdue
the increased Br opacity resulting from the higher wind density.
This result suggests that by further increasing the mass+ate
an EWR[Br/Br~] close to that observed could be achieved. How-

the Model B EWs for B and Pfy are comparable to the observed ever, it is noted that a further increase in the wind densitylead

EWs in the weaker sources reported by Bunn et al. (1995). How- to Bra BWs which a.re uncomfortably large.
ever, the computed Brline is very weak. The Model C line profiles are generally less double-peaked

To increase the line EWs in the presence of a reprocessing @nd more square-topped than the Model A profiles. Their FWHM
disk the wind density (and hence emission measure) needsiteb ~ are very similar to those in Model A and the line wings stiltend

4.3 Reprocessing of radiation by the disk (Models B and C)

In Model A (discussed above) it was assumed that the photons
striking the accretion disk were reflected rather than digshrTo
investigate an alternative simple hypothesis, namely ttiatdisk
absorbs and thermally re-emits the radiation which striké¢see
Section 2.2.2), a second model (Model B) is now considerbis T

is the extreme, optically thick disk case. All the systemapaegters
(Table 1) for Model B are identical to those of Model A, savihgt

the stellar wind component is omitted (see above).

The simple treatment of reprocessing adopted (see Section
2.2.2) means that the disk is much brighter at IR wavelenigths
Model B than Model A. Thus, although the wind parameters in
Model B are unchanged, the EWs of all the emission lines ahmu
smaller (the EWSs are given in Table 3). At moderate to Higlh,

creased. Therefore, a further model (Model C) has beenmmbst to several hundred kn's at the base.
—itis identical to Model B saving that the disk-wind massdoate In general, Model C appears to suggest that the combination
has been increased by a factor of four. A higher mass-lossmay of a reprocessing disk and a higher disk-wind mass-lossisate

be feasible even under the assumption of driving purely tiaten closer agreement with the observations than the referemzizim
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Figure 6. Regions of line formation for Br (upper), Bry (centre) and Pf
(lower). Note the logarithmic axes. The solid black linefirethe bound-
aries of the disk wind (the star surface, the disk surfacethednner and
outer wind boundaries defined By,in andfmax). Within the wind, the vol-
ume is divided into the computational grid cells which arad#d propor-
tional to the energy escaping to infinity from that cell in #ectral line
under consideration. The shading scale is logarithmic.graminess is due
to MC noise.

(Model A). But further hydrodynamical modelling is requdréo
examine whether so high a mass-loss rate is feasible.

4.4 The influence of the outer radius of the disk

The outer disk radius paralleling that of Drew et al. (1998} a
adopted in Models A — C is, arguably, rather small. In prifeip
line formation in a wind rising from the outer parts of a lardesk
could eliminate the double-peaked line shape obtainedMiittiels

A — C by adding low-velocity gas. In this section two more misde
(Models D and E) are considered: these models are identeal,
spectively, to Models A and C saving that the outer disk radsu
set to 100~ rather than 10..

The computed line profiles for Model D are shows in Figure 8
and the EWs for Models D and E are given in Table 3. The dif-
ferences between the profile shapes shown in Figures 5 aral 8 ar
generally fairly small. The double-peaked shape is shgfitled
in when the larger disk is considered; however, the assomtiat
the mass-loading of streamlines is proportional to the haus flux
(see Section 2.2.3) means that the majority of the massstilks
originates from the inner disk where velocities are highe Titost
important consequence of the larger disk is the increaseanR
continuum level (see Figure 3 and the discussion in Secti®2R
The brighter continuum means that, when the disk is bigdper, t
line EWs are all smaller. Also, the EWR[BfBr~] is smaller — the
larger disk radius increases the continuum aroundby more
than at 2um (see Figure 3).

For Model D, the Boo EWs lie comfortably in the mid-range
of the observed values and the EWR{Pfy] is similar to that
found in Model A. The EWR[Bd#/Br~] is smaller in Model D than
A (as required) but the improvement is less significant thbn o
tained with Model C (see Section 4.2). Model E predicts senall
EWs, but still within the range observed. The EWR#Br+] in
Model E is closer to that observed than in any of the other mod-
els — this follows since Model E benefits from the improveniant
this ratio resulting from both a higher line opacity (dey)siand
stronger disk continuum.

4.5 The influence of a central hole in the disk

It is apparent that a failing of Models A — E in comparison with
the data is that the computed line profiles are too broad. ®ne o
two possible solutions to this problem is to invoke an inmaehin
the accretion disk, thereby removing the highest velociatemal
from the region of line formation. Optically thin inner ctes in
accretion disks around young luminous stars have preyidiestn
suggested in various contexts (e.g. Herbig Ae/Be stars leBohd

et al. 2001; Tuthill, Monnier & Danshi 2001; Natta et al. 20@hd
see Monnier et al. 2005 for a recent discussion). Interglstia disk
with an inner hole might also help explain the residual @ipancy
between the observed EWR[®Brv] and the models discussed
above. Since the inner parts of the accretion disk are hptes
moving them will push the SED of the disk to the red. This will
increase the continuum level at®relative to Bry and therefore
reduce the EWR[B¥/Br+] as required. However, a quantitative in-
vestigation of this possibility goes beyond the scope of faper
since more sophisticated models for the disk emission tisaal u
here would be required.

Consideration of models in which the disk has a central hole
represents a significant departure from the Drew et al. (Li®@8lel
and therefore, until further hydrodynamical calculatiars per-
formed, it is difficult to place useful constraints on theelik ge-
ometry and parameters for mass-loss from such a disk. Nevert
less, for illustrative purposes, a model adopting the sarima w
opening anglesfin, Omax) and mass-loss rate as the reference
model (Model A; Section 4.1) but with an inner disk radius of
rin = 5 7. and outer disk radius of;, = 100 r. has been con-
structed (Model F) — this corresponds to a disk with a cincunaer
hole of ~ 0.1 AU. It is noted that, conceptually, invoking a wind
launched significantly further out than the stellar suriggeminis-
cent of the photoevaporation model (e.g. Hollenbach et%84)—
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Figure 9. As Figure 5 but showing Model F (disk with inner hole) results

however, the distance from the central star at which the #iosss
occurs here is still much smaller than expected from phatoeyv
ration. Itis, however, comparable to the smallest diskiiatérred
from CO observations by Bik & Thi (2004).

The computed FWHM and EWSs for Model F are tabulated in
Table 3 and the profiles are shown in Figure 9. The EWs aresmall
than those for Model A because the density in the wind is lpaer
result of the radial dependence of the volume element inia-cyl
drical polar system. The lower density also leads to lowercdp
and hence larger ratios of 81to Bry and Pfy. However, as antic-
ipated, the Model F lines are narrower than in Model A, by up to
100 km s! in FWHM for moderate inclination angles. The profile
widths at base are also smaller — in Model F the profiles dudtof
~ 300 km s~! from line centre. Thus holes of the size considered
here, or a little larger, could explain why the HWZI measueets
of Bunn et al. (1995) are rather smaller than would be expecte
based on Models A —E.

Given that there are no strong constraints on the hole size, g
ometry or mass-loss rate appropriate for the model hereribis
possible to drawn definitive conclusions. However, it se¢nas
models with an inner disk cavity have the potential to resdhe
discrepancies between the computed disk wind line profites a
the observations. Model F also suggests that the seconibitioss
mentioned in Section 4.2 — that of an enlarged stellar radican
also provide a possible solution since increasing theastedidius
will affect the line widths in a similar way to introducing @mer
gap in the disk. Constraints on the size of any inner holestae
lar radius and the geometry of the disk wind are needed irr dode
proceed. These could be provided via sophisticated ohtsemaa
techniques such as interferometry (which has already heglied

to Herbig Ae/Be stars by e.g. Monnier et al. 2005) or spectrop
larimetry (as discussed by Vink, Harries & Drew 2005).

5 DISCUSSION

As mentioned in Section 4, direct confrontation of theaagtline
fluxes with observations is difficult owing to the uncertsiir the
extinction along lines-of-sight to massive YSOs. But on panng
EWSs — the quantities most readily extracted from obsermatiothe
radiative transfer calculations presented above lead osriclude
that model disk winds, such as that obtained by Drew et a@§),9
do predict Hi line strengths consistent with observations of massive
YSOs. This matching is achieved for total mass-loss rategdsn
0.3and 1.2<10~7 Mg yr—', in contrast with previously calculated
spherical models for early B stars which require mass |des iz
t0 107% Mg yr~! (Simon et al 1983, Nisini et al 1995).

There are, however, some difficulties when the models are
considered in detail. Although the computed EWR{B?fy]
agrees well with observations, the EWR{BBr~] tends to be over-
predicted by the models. We have investigated the effechaftzer
density on this ratio by considering models with greater snas
loss rate (e.g. Model C; recall that the model density is iteas
to several parameters in addition to the mass-loss rate fargd t
there is a degree of degeneracy among these quantities -esee S
tion 2.3.5). As expected, increasing the wind density desee the
EWR[Bra/Br+] owing to the greater optical depth. However, to
fully explain the EWR discrepancy solely by such a modifizati
is difficult since the absolute values of the EWs grow rapifitiie
density is raised. At the same time, this EWR is very seresitithe
assumed underlying SED, owing to the significant waveledgth



ference between the Brand Bty lines (unlike Brx and Pfy which

lie at similar wavelengths). Observationally it is cleaattkthere is
genuine diversity in the IR SEDs of massive YSOs (e.g. Hemnin
et al. 1990). In our models we have considered only two limgiti
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predicted by the models, may be explained by departurestinem
particular disk wind geometry adopted (which was motivdtgthe
Drew et al. 1998 model). Two interesting possibilities drese of
an enlarged radius for the central star, relative to a megusnce

cases for the treatment of the SED and have not concerned our-radius, or of an inner gap in the YSO disk. These possikilitiave

selves with trying to fit specific objects. To determine wieettie
EWRI[Bra/Br~ discrepancy is unavoidable, there is now a need to
move on to fitting observations of individual well-obsengmirces
with reliable reddening estimates.

Important differences are also evident in comparisons ef th
line profiles obtained from our models and those typicallyeried
in massive YSOs. To illustrate this, Figure 10 compares the o
served Bu profile for GL989 (taken from Bunn et al. 1995) with
computed profiles from two of the models. GL989 is chosen here
since the line profiles for this object have strong extendéatsv
and, in contrast to several of the other objects in the Bunal.et
(1995) sample (e.g. S106IR), have simple profiles sugggatsin-
gle dominant region of line formation. The comparison medeld
viewing angles (Model B with9ops = 60° and Model E with
Oobs = 45°) were selected since they predictolBEWSs close to
the observed value, thereby allowing a direct comparisqrafle
shape.

The figure shows that the Model B Bprofile atfons = 60° is
too broad and, in contrast to the observations, is doutdderk
The Model E profile §obs = 45°) is in better agreement with the
observation — the combination of higher optical depth inrttoelel
(owing to the increased mass-loss rate) and lower viewirgdean

rather similar consequences — by moving the disk wind owrtyelr
radial distances from the central object, the correspaigilower
rotation velocities reduce the extent of the line wings araken
the double-peaks less prominent (this is illustrated byroadel
with a cavity in the inner disk, Model F). Also, the SED for &kli
with a hole will be redder than that for a complete disk, hegptio
explain the EWR[B&/Br~] discrepancy. These alternatives might
be distinguished by observational techniques that probernther
disk geometry (e.g. interferometry and spectropolariyetrhile
the influence of a gap on the SED needs to be investigated fully
in subsequent work incorporating more sophisticatedrireats of
the disk SED than used here.

A third possibility is that of disk winds in which the stream-
lines diverge less at large distances. In our models, trergiance
of the streamlines is imposed by our adopted “split dipoledm-
etry. In a geometry with less divergence of the flow, the dgnsi
would be higher in the outer parts of the wind for a given mass-
loss rate and velocity law. The increased emission measiaege
radii would help to wash out the double-peaked profiles wfocim
when the emission is dominated by gas in rotation close to the
central object. For appropriate viewing angles, lineight opti-
cal depths would also be larger for a less divergent outflaswhds

reduce the profile width and suppress the double-peaks — but aalready been noted, higher optical depths present a prognisi-

significant discrepancy remains. To resolve this diffeesimcline
shape between the models and typical observations, ond eul
voke even smaller inclination angles. Although viewing lasgre
not known for most luminous YSOs, this is not an attractivierso
tion since small viewing angles (close to pole-on) are stiatlly
disfavoured in an unbiased sample. Furthermore, at leastobn
the objects discussed by Bunn et al. (1995) is known to beadew
almost edge-on (S106IR; Solf & Carsenty 1982). Thus we prefe
to pursue resolutions to the two styles of line shape discreips
which do not rely on orientation effects.

Increasing the physical extent of the disk from which thedvin
is launched does not readily eliminate the double-peakedshape
from our models (Models D and E) — although some of the wind
does occupy regions with lower rotational velocities whHea disk
is made larger, our assumption that the mass-loading isoprop
tional to the luminous flux of the disk means that most of thesna
in the wind is still launched at small radii. The problem ofoe-
ciling observed single-peaked line profiles with theomdtiredic-
tions of double peaks has arisen elsewhere, particularbyudies
of nova-like variables (see e.g. Horne 1997) and activectjalau-
clei (AGN). In the context of AGN, Murray & Chiang (1997) have
argued that substantial radial velocity shear in a disk veaa sup-
press the formation of double-peaked profiles as requiredthts
to occur, it is necessary that line optical depths are higin sbat
photon escape is strongly favoured in the poloidal directibere
accelerating outflow ensures steep velocity gradients.this dif-

lution to part of the EWR[Bt/Br+] discrepancy. Thus, in the con-
text of studying particular objects in detail, consideramgange of
different disk wind geometries is likely to prove fruitful future
work.

These issues aside, the major success of our radiativédrans
simulations is their support of the hypothesis that diskdsican
play a significant role in creating the Hines of massive YSOs. In
particular, the departure from one-dimensional wind medek al-
leviated the need to invoke the uncomfortably large masslates
required in earlier spherical models. Further investastiof the
applicability of the disk wind model to particular objecte anow
warranted.
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