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ABSTRACT

Context. Recently much progress has been made in probing the embedded stages of massive star formation, pointing to formation
scenarios that are reminiscent of a scaled-up version of low-mass star formation. However, the latest stages of massive-star formation
have rarely been observed, as young massive stars are assumed to reveal their photospheres only when they are fully formed.

Aims. Using first and second overtone CO bandhead emission and near- to mid-infrared photometry, we aim to characterize the rem-
nant formation disks around five unique pre-main-sequence (PMS) stars with masses 6—12 M,, that have constrained stellar parameters
thanks to their detectable photospheres. We seek to understand this emission and the disks from which it originates in the context of
the evolutionary stage of the studied sources.

Methods. We used an analytic disk model, and adopted local thermodynamical equilibrium, to fit the CO bandhead and the dust
emission, assumed to originate in different disk regions. For the first time, we modeled the second overtone emission, which helped us
to put tighter constraints on the density of the CO gas. Furthermore, we fit continuum normalized bandheads, using models for stellar
and dust continuum, and show the importance of this in constraining the emission region. We also included '3CO in our models as an
additional probe of the young nature of the studied objects.

Results. We find that the CO emission originates in a narrow region close to the star (<1 AU) and under very similar disk conditions
(temperatures and densities) for the different objects. This is consistent with previous modeling of this emission in a diverse range of
young stellar objects and identifies CO emission as an indicator of the presence of a gaseous inner disk reaching close to the stellar
surface. From constraining the location of the inner edge of the dust emission, we find that all but one of the objects have undisrupted
inner dust disks.

Conclusions. We discuss these results in the context of the positions of these PMS stars in the Hertzsprung-Russel diagram and the
CO emission’s association with an early age and high accretion rates in (massive) young stellar objects. We conclude, considering their
mass range and the fact that their photospheres are detected, that the M 17 PMS stars are observed in a relatively early formation stage.

They are therefore excellent candidates for longer wavelength studies to further constrain the end stages of massive star formation.

Key words. stars: formation — stars: massive — stars: pre-main sequence — circumstellar matter — stars: emission-line, Be

1. Introduction

The impact massive stars (M, > 8 M) have on their host galax-
ies is disproportionate to their numbers: they provide strong
mechanical and radiative feedback, and they deposit new ele-
ments in their surroundings through powerful stellar winds and
supernova ejecta which constitute the building blocks of plan-
ets and life. Understanding the way in which these stars form
is therefore important, yet challenging. The formation events
are rare, take place deep inside a dust obscured natal environ-
ment, and unfold on such short timescales that the stars arrive
on the main sequence prior to the dispersal of their natal cloud.
Notwithstanding these complications, both observational (e.g.,
Johnston et al. 2015; Ilee et al. 2016; Cesaroni et al. 2017; Beuther
et al. 2018) and theoretical (e.g., Krumholz et al. 2009; Kuiper
et al. 2010; Rosen et al. 2016; Meyer et al. 2018) evidence is
mounting that disk-mediated accretion is crucial to the process.
Recent studies that reveal disks, large-scale disk-like struc-
tures, and/or outflows, probe the embedded stages of formation

(e.g., Frost et al. 2019, 2021a; Maud et al. 2018; Pomohaci et al.
2017). However, much remains unclear about how massive stars
arrive on the main sequence, what their stellar properties are
when they do, and how and when their accretion is halted.
One of the ways to study the latest stages of formation is to
observe newly formed massive stars in their natal environment.
By making a census of the young populations in massive star-
forming regions and determining their stellar and circumstellar
(e.g., multiplicity, disks) characteristics, one can constrain pos-
sible formation scenarios and provide robust initial conditions
for population synthesis studies (e.g., Bik et al. 2006). Through
one such study in the very young (<1 Myr) Galactic cluster M 17,
Ramirez-Tannus et al. (2017, hereafter RT17) made the unique
discovery of six pre-main-sequence (PMS) stars in the mass
range ~6—12 M, that have observable photospheres and, at the
same time, show spectroscopic and photometric features typical
for more embedded massive young stellar objects (MYSOs).
RT17 obtained optical to near-infrared (NIR) spectra with
VLT/X-shooter of 12 young OB stars with masses ranging
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Table 1. Stellar and extinction properties derived from quantitative spectroscopy and optical (1 < 1) SED fitting.

Name  Sp. type Te logg Ay logL/Ly R, M@ Ageuyrp
K cms™? Rs My  Myr
B163® kA5 8200 - 132]  295]  101] 6 014
B243 B8V 13500%133% 4347 . 85T 3217007 7570 6 0.20
850 T T .0 2
B268  B9-A0 12250*%0 399" .. 81T =~ 324%004 ggtl2 6 020
.06 R . .6
B275  B7II 1295033 3.39%000 7+08 337+002 1174067 g 04
B331 ® late-B 13000 - 133709 4100° 218425 12 0.02

Notes. Data from Tables 2, 3, and 5 in Ramirez-Tannus et al. (2017). The adopted distance for M17 is 1.98 kpc. “ZAMS mass of best fit PMS track.
»B163 and B331 were too embedded to allow for full modeling. Physical parameters were estimated by spectroscopic classification and estimating

Ter and L from Kurucz calibration tables.

between ~6 and 25 M. For most of these objects, the photo-
spheric part of the spectrum was of sufficient quality to allow
quantitative spectroscopic modeling to determine stellar proper-
ties. Combining this with available photometry, they confirmed
the PMS nature of six objects (~6—12 M,,) in the sample, based
on their position in the Hertzsprung-Russell diagram (HRD; see
Sect. 5.2 and Fig. 6). Two more objects (B289 and B215) were
found to be close to, but not on, the zero age main sequence,
displaying only mid-infrared (MIR) excess and lacking the other
disk signatures listed below. These objects were characterized
by RT17 as young stars whose PMS nature could not be solidly
confirmed. The objects that were confirmed to be PMS stars pos-
sess features that point to the presence of circumstellar disks:
(1) double-peaked atomic emission lines, most notably H1, CaTi,
and O1; (2) CO-bandhead emission; and (3) NIR to MIR excess.
Of these, especially CO bandhead emission has been associ-
ated with high accretion rates and the earlier stages of formation
in young stellar objects (YSOs; see Sect. 5.2 and Table 9 for
references).

The ro-vibrational transitions of the CO molecule that result
in CO bandhead emission have recurrently been used to study the
innermost regions of circumstellar disks in YSOs of all masses.
Especially for the higher-mass YSOs, where these regions can
rarely be resolved, they constitute one of the few commonly
used diagnostics. A few studies focus on a single object (e.g.,
GRAVITY Collaboration 2020; Fedriani et al. 2020), revealing
the spatial distribution of the emission with interferometry or
integral field units. Other studies have gathered samples of inter-
mediate to high-mass YSOs to study the disk properties in a
more statistical manner (Bik & Thi 2004; Wheelwright et al.
2010; Ilee et al. 2013, 2014). In all these cases, the emission
has been modeled either as a flat disk or a ring of material
in Keplerian rotation, with the general result that the emission
likely originates from hot (2000—-5000 K) and dense (Nco ~
1020—10%* cm™2) disk regions inside of the dust sublimation
radius.

This paper’s focus is to constrain the properties of the cir-
cumstellar material for the five objects among the RT17 sample
of PMS stars in M17 that show CO bandhead emission. As
these objects also reveal NIR to MIR excess, we include this
thermal emission in our analysis. Based on these features, we
aim to determine properties of the inner gaseous disk (<1 AU)
where the CO emission likely originates, and the somewhat fur-
ther regions (>3—5 AU) where the majority of the thermal NIR
and MIR dust emission is produced. Our sample consists of rela-
tively high-mass (6—12 M) PMS objects that additionally have
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well-constrained stellar properties. This allows us to investigate
whether the disk properties can be linked to stellar properties,
such as mass and evolutionary stage.

Though we took a similar modeling approach to Bik & Thi
(2004), Wheelwright et al. (2010), Ilee et al. (2013, 2014), we
refined it in several ways (see Sect. 3.4 for details). First, for
the first time, we took the observed second overtone emission
into account (Av = 3, from 1.54 pum), as opposed to only the
first overtone (Av = 2, from 2.29 pum). All the included (first
and second overtone) bandheads were fit together, rather than
individually. Second, by studying the dust emission with the
available photometry we obtained robust continuum estimates,
which we used to normalize the modeled bandheads. Third, we
took '*CO into account, which increased the quality of our fits
and allowed us to probe the isotopologue ratio '*CO/'>CO as a
further test of the young nature of our sample.

The paper is organized as follows. In Sect. 2 we present the
data and the previous analysis performed by RT17. The disk
model and the treatment of gas and dust are explained in Sect. 3.
In this section we also explore the sensitivity of the predicted
line spectrum to model parameters. In Sect. 4 we describe our fit-
ting approach and the resulting disk parameters. Section 5 places
these results in the context of previous literature and of the evo-
lutionary state of the M17 PMS stars. Section 6 contains a brief
summary and our main findings.

2. Data and previous analysis

The data used in this work consist of near- to mid-infrared pho-
tometry (1-11 pm) and the NIR part (1-2.4 pm) of spectra
obtained with VLT/X-shooter.

2.1. Spectra

The X-shooter spectra (Vernet et al. 2011) of the 5 young stars
studied in this paper were first analyzed by RT17, who derived
stellar parameters from quantitative spectroscopy and optical
(A4 £ 1 pum) spectral energy distribution (SED) fitting. For a
detailed listing of the spectroscopic observations used in this
study we refer to that paper. Only for B275 we used a differ-
ent spectrum, observed on 2019-06-06 for Program 0103.D-0099
(P.I.: Ramirez-Tannus). In Table 1 we summarize the results from
RT17 that we use directly in our analysis.

For the fits of the CO bandheads we only used the NIR part
(1-2.4 um, with spectral resolution R = 13 000) of the spectra,
which contain both the first and the second overtone emis-
sion. We (re-)reduced these spectra using version 3.3.5 of the
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X-shooter pipeline (Modigliani et al. 2010), running under the
ESO Reflex environment (Freudling et al. 2013) version 2.11.0.
The standard settings of the pipeline resulted in flux- and
wavelength-calibration issues at the location of the first overtone
bandheads. At wavelengths beyond ~2.29 pum, the flux showed
wave-like fluctuations for some objects, hindering normaliza-
tion. Additionally, in this range, wavelengths were shifted by
~80 km s~!. In our attempt to solve these problems, while at
the same time obtaining an optimal telluric correction, we first
reduced the objects without flux calibration and then used the
MOLECFIT tool (Smette et al. 2015; Kausch et al. 2015), ver-
sion 1.5.9, for a first telluric correction. Importantly, MOLECFIT
also provided a correction of the faulty wavelength calibration.
We then divided the object spectra by their respective telluric
standard stars that were reduced and MOLECFIT corrected in
the same way. This way both the instrument response function
and the bulk of the residuals of the MOLECFIT telluric correc-
tion are divided out. The continuum of the resulting spectra is
the ratio of the continua of the science object and the telluric
standard star. From this, it is in principle possible to obtain a
flux calibrated spectrum by multiplying by the SED of the tel-
luric standard star and applying some correction for slit losses.
However, due to uncertainties involved in that procedure, we
deemed a more reliable and consistent estimate of the contin-
uum could be obtained from fitting SEDs to the photometric data
points (Sect. 2.2). Therefore, we chose to normalize the spectra
and compare the observations to models that are normalized to
continuum estimates obtained from fitting SEDs, as described in
Sect. 3.2.

Finally, we correct for the hydrogen absorption features of
the telluric standard stars in the wavelength range 1.55-1.8 pum
where they interfere with the CO second overtone bandhead line
fluxes. We do not correct for the stellar and disk (emission) fea-
tures of the science spectra in the same wavelength range, but
exclude the most contaminated regions from our fits'.

2.2. Photometry

The photometric points for our objects were taken from online
catalogs and literature. We used photometry from the DENIS
(Fouqué et al. 2000), 2MASS (Skrutskie et al. 2006), Spitzer
GLIMPSE (Reach et al. 2005), and WISE (Wright et al. 2010;
Jarrett et al. 2011) point source catalogs. For B275 and B331
we could add the extra points around 10 um available from
Nielbock et al. (2001) and Kassis et al. (2002). Though a few
points beyond these wavelengths were available from the same
papers, we did not include them in the final fits because they
likely contain envelope emission, which was not considered in
our models. All adopted photometric data per object are listed in
Appendix A.

3. Methods: Analytical disk model with dust and
gas

3.1. Keplerian disk model

The disk model that was used to fit the CO bandheads and con-
tinuum constitutes a flat disk with a Keplerian rotation profile,

' A reproduction package containing the final data products can be
found at https://doi.org/10.5281/zenodo.7774529

containing dust and/or CO gas?. The disk has a radial tempera-
ture and surface density profile for the dust and the gas, described
by analytical power laws as follows:

P
T(r) = T(Ri) 1)
q
Nu(r) = (NH),--(I%) )

where T is the temperature in K, Ny the hydrogen (H,) surface
density in cm~2, and T;, (Ny); their initial values at the inner
radius R;. The hydrogen surface density is converted to a '>CO
gas density using the canonical CO/H, abundance of 10~ (Lacy
etal. 1994), and to a dust particle density using a gas to dust mass
ratio of 100 (Bohlin et al. 1978). For including '*CO in the mod-
els, several abundances were tested (see Sect. 3.4). For the final
results a standard interstellar abundance ratio N(>CO)/N(!3CO)
of 89 was used, taken from the HITRAN database®, which
reproduces the isotopologue lines well. To avoid confusion, all
densities are reported as hydrogen column density Ny.

Independent treatment of gas and dust

In all models that were used for fitting, the gas and dust prop-
erties are treated independently of each other, that is each have
their own values. The reason for this approach stems mainly from
the fact that the CO emission originates from hot gas well within
the dust sublimation radius, with temperatures well above the
assumed dust sublimation temperature of 1500 K. We did test
a fitting approach in which dust and gas were combined and
coupled with a source function SY" as follows:

TCO * SCO + Tdust * Sdust
A A A a 3
ot (3

tot _
Sy = =
A

with the total optical depth 7% = 7{° + 79"" the sum of the CO
line and dust optical depths, the CO and dust source functions
given by Planck curves according to the same temperature (so
in this case SSO = Si““) and where all quantities are a function
of wavelength. This revealed that the CO emission and the dust
emission responsible for the NIR-MIR excess are representative
of different regions in the disk, with little or negligible over-
lap. Where the two do overlap the main effect of importance is
the optical thickness of the dust “damping” the CO emission.
However, since dust only exists at lower temperatures, where
the CO emission is already significantly reduced, this effect
is minimal.

Of course, even though the CO line and dust continuum
emission likely do not originate from the same region, the dust
continuum still has a significant influence on the strength of
the observed bandheads: for the same absolute CO emission, a
stronger continuum leads to a weaker bandhead signal relative
to the continuum. Therefore, it remains important to determine
and model the continuum. We opted to fit the SEDs and the CO
bandheads separately with a dust-only and gas-dust disk respec-
tively; where for the latter the dust parameters were set by the
best fits obtained from the SEDs. For the fitting of the SEDs
not only dust continuum, but also stellar continuum was taken
into account. We now elaborate on the specifics of the respec-
tive modeling and fitting approaches for the continuum and CO
bandhead emission.

2 A reproduction package can be found at https://doi.org/10.
5281/zenodo.7774529
3 https://hitran.org/docs/iso-meta/
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Table 2. Parameter values in grid for SED fitting.

Parameter Symbol (unit) Min Max Step size
Initial temperature T; (K) 200 1500 100
Temperature exponent p -5.0 -0.1 0.2
Initial column density (Ng)i cm™2) 107 1077  10**!
Column density exponent q -5.6 -0.1 04
Inclination i(°) 10 80 10
Table 3. Parameter values in grid for SED fit of B331.

Parameter Symbol (unit) Min Max Step size
Initial temperature T; (K) 250 950 78
Temperature exponent P -5.0 -0.1 0.2
Initial column density (Np); (cm™2) 107 1027 10!
Column density exponent q -5.0 -0.1 0.4
Inclination i(°) 10 80 10

Inner radius R; (AU) 1 160 10

3.2. Continuum treatment

The continuum flux has a stellar component and one that arises
from thermal emission of dust near the star. The dust contri-
bution is computed using the described analytic disk model
including only dust. For the dust 0.1 pm astronomical silicate
was used with opacities from Laor & Draine (1993). The stel-
lar and extinction parameters as determined previously by RT17
(Tett, log g, and Ay; Table 1) are input in our calculations using
the corresponding Kurucz models (Kurucz 1993; Castelli &
Kurucz 2003) and reddening (Cardelli et al. 1989) the resulting
SED after adding the disk. The near- and mid-infrared photome-
try points are then fit by means of a grid of disk models — stellar
parameters remain fixed.

The outer radius of all the dust disk models was fixed to
500 AU, regardless of the temperature at this point. We do not
expect to constrain an outer radius of the entire disk, because the
photometric points available for our objects are only represen-
tative of the warm to hot dust (7 > 150 K) and emission from
cooler dust does not change the models in the fitted wavelength
ranges (1-12 pm).

For the inner radius R; we used a radiative equilibrium
approach (following Lamers & Cassinelli 1999) to calculate the
radius at which a certain dust temperature is reached as a func-
tion of the previously determined Ty and R, (Table 1). This
R; is therefore dependent on 7; for each object. This approach
results in five free parameters: T;, p, (Nn);, ¢ from Egs. (1), and
the inclination i. The grid of parameter values used for fitting is
given in Table 2. Only for B331 a good fit could not be obtained
with R; as function of T; and stellar parameters. We therefore fit-
ted the SED of this object using a separate grid in which also R;
is a free parameter and whose values are given in Table 3.

3.3. CO emission treatment
3.3.1. Combining dust and gas

In the models used to compute the normalized CO bandheads,
the dust and CO gas are both included, but do not share the same
temperatures and densities, as motivated above. Instead, the dust
parameters were fixed by the parameters obtained from the SED
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fits, and the CO gas parameters were varied over in a grid of
models. Only the inclination was shared between the dust and
gas disk.

The outer radius of the gas disk model is taken to be the
point where the temperature drops to 600 K. Below this temper-
ature the gas does not substantially contribute to the bandhead
emission anymore, because the excited vibrational states are not
sufficiently populated. The outer radius for the dust disk is again
500 AU, as before (see Sect. 3.2).

Because the CO gas excitation temperatures are typically
much higher than the dust temperatures and because the inner
radii for the gas-disk are so close to the star (see Table 4) the gas
and the dust do not necessarily overlap. In fact, they overlap only
in the models where the CO gas temperature drops to 600 K
beyond the dust sublimation radius (calculated as described in
Sect. 3.2). In these cases the source function in the overlap region
was calculated according to Eq. (3), where the CO and dust
source functions are given by Planck curves according to their
respective temperatures. In all regions and cases where there is
no overlap, that is only gas and no dust or only dust and no gas,
the gas and dust emission are calculated separately and added.
For the CO modeling the main significance of the dust disk is
its contribution to the continuum, to which the bandheads are
normalized.

3.3.2. The gas disk and parameter grid

The vibrational-rotational level populations of CO are assumed
to be in LTE, with Einstein A coefficients and level transitions
taken from Li et al. (2015). The line profiles of the rotational
transitions are assumed to be Gaussian with a width vg. This
parameter accounts for intrinsic width of the lines as well as ther-
mal and micro-turbulent velocities. The intensities are calculated
per ring at radius r, with a dependence on the ring temperature
and density. They are then convolved with a Keplerian velocity
profile per ring and corrected for inclination, before integrating
over the radial extent of the disk. Finally, the model spectra are
convolved with the instrument resolution of R = 11 300 and nor-
malized to the continuum fits presented in Sect. 4.1, adjusted
only to match the inclination of the CO disk*.

As the masses of the stars are previously determined
(Table 1; needed for Keplerian velocities), we have 7 free param-
eters for our model: T;, p, (Nn)i, ¢, R; from Egs. (1) and (2),
the inclination i, and the Gaussian width vg. To fit the data
we calculated a grid of models with parameter ranges given in
Table 4. The parameter values for this final grid are not all regu-
larly spaced and are based both on literature and on several other
exploratory grids that were calculated to investigate the relevant
parameter space for our objects. The inner gaseous disk radius
R; is given in units of stellar radii (Table 1, RT17). Both the ini-
tial hydrogen column density (Ny); and the R; values are evenly
spaced on a log scale. The positive value (+1) for the density
exponent g was included, because of evidence for an inverse den-
sity profile of the innermost regions of the disk (Antonellini et al.
2020).

3.3.3. Correcting for pseudo-continuum

When calculating the final CO bandhead spectrum, each sub-
sequent bandhead flux is added to the P-branch (AJ = —1) and

4 Because the fitted continuum models were either optically thin or
star-dominated (in the case of B331) changing the inclination did not
significantly change the continuum values for the first and second
overtone CO bandhead emission.
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Table 4. Parameter values in the grid for CO bandhead fitting.

Parameter Symbol (unit)

Grid values

Initial temperature
Temperature exponent
Initial column density

T; (K)

Column density exponent q
Inner radius Ri (Ry)
Inclination i(°)
Gaussian width UG

p
(Np)i (em™2) 5x10% (1.4 3.9)x 10*

2000 3000 4000 4500 5000 5500 6000 7000 8000

-0.5 -0.75 -1 -2 -3
(1.1 3 83)x10¥ (23 6.5)x10%
1 =05 -1 -1.5

(1.8 5)x 107

1.1 1.6 23 33 48 69 10 14 21 30

10 20 30 40 50 60 70 80
12345

higher R-branch (AJ = +1) rotational transitions of the previous
one. This, when convolved with the instrument resolution, cre-
ates a kind of secondary continuum and influences the overall
appearance of the bandhead spectrum. This is true for both over-
tones (see also Fig. 1). However, when normalizing the observed
spectra in the second overtone wavelength regions it is impossi-
ble to recognize such effects, especially because the overlapping
line wings of the hydrogen Brackett series also influences the
continuum there. To account for this pseudo-continuum effect,
we introduced a correction of the bandhead continuum of the
modeled second overtone bandheads before fitting. We did this
by fitting a 3rd degree spline through the minima just before
the bandhead-onset wavelengths and dividing the modeled band-
heads (already normalized to star and dust continuum) by this
“bandhead continuum”. The normalization of the data in the first
overtone region is much less problematic and the models there
did not require similar corrections.

3.4. Model exploration

Several examples of CO bandhead fitting using analytical disk
models are available in literature (e.g., Kraus et al. 2000; Bik &
Thi 2004; Ilee et al. 2013). Similar to our approach, these works
adopt an LTE treatment of the gas, Keplerian rotation and a 1D
thin disk approximation. Here we list changes and improvements
in our approach relative to these earlier efforts.

First, we introduce an internally consistent treatment of the
continuum and normalization. In previous work, the bandheads
are usually continuum subtracted and normalized to the first
bandhead. Instead, we estimate the continuum from SED fit-
ting and use this to normalize our models. With this approach
the information contained in the strength of the bandheads is
retained.

Second, we fit the first five bandheads of the first vibrational
overtone (v = 2-0, 3—1, 4-2, 5-3, 6-4) at the same time. We also
predict the sixth bandhead (v = 7-5), but because it is at the very
edge of the observed spectral range, the signal-to-noise ratio is
insufficient to include it in the fits.

Third, for the first time, the second vibrational overtone
bandheads (Av = 3, from 1.5 um onward) are included.

Fourth, we include 'CO. These lines are weak and their
diagnostic value in constraining disk properties is limited. How-
ever, including these lines allows for the isotopologue ratio
13CO/'2CO to be constrained.

Finally, we probe higher temperatures than the commonly
assumed dissociation temperature of 5000 K (Bosman et al.
2019); grid values run up to 8000 K. Such high temperatures
should be taken with care as they may not be physical, since
CO dissociation is not included in the models. Allowing for

higher temperatures may mimic limitations in the LTE assump-
tion, which can overestimate the temperature if noncollisional
excitation mechanisms, such as UV pumping, contribute to set-
ting the state of the gas. The maximum temperatures retrieved
from our fits can then serve as an additional probe of the validity
of the LTE assumption.

To facilitate a comparison with previous results of similar fit-
ting efforts in literature we identify where and how these novel
aspects in our approach might impact the parameter estimation.
To do this we explore the effects of the free parameters on the
appearance of the first and second overtone bandhead emission
using Fig. 1. This figure was made by over-plotting several mod-
els, sequentially varying only one parameter and keeping all
others fixed at a value fitting to the B275 bandheads. The fitted
model is plotted in black in each panel to give an impression of
where the data for this object are. In the very last panel we show
the effects of including '*CO in varying abundances; we discuss
the inclusion of '*CO at the very end of this section.

The amount of emission in both the first and second overtone
bandheads is most sensitive to the temperature and the extent of
the (hot) gaseous disk, as can been seen on the T;, p, and R;
plots in Fig. 1. These parameters have very similar effects on the
amount of flux of the bandheads. Since the temperature always
drops going outward, a small initial radius will lead to a small
area of the hottest gas, that is less flux. This can be compensated
for by a shallower temperature drop (smaller |p|) resulting in a
larger emitting surface. We note the strong emission in the T =
6000 K model, which is stronger than the commonly observed
strength of these features. Again, CO dissociation is not included
in our models.

Since the disk is assumed to be Keplerian, the velocities
are set by the mass of the central star (kept constant for each
object), the inner radius R; and the inclination i 3. These parame-
ters, therefore, determine the onset wavelengths of the bandheads
and influence their shape. High (more edge on) inclinations and
smaller inner radii broaden the bandhead profile and shift the
onset wavelength blue-ward. Both these parameters, however,
also influence the total flux.

For the relative strength of the first and second overtone
bandheads optical depth effects play an important role. The lines
of the second overtone are intrinsically weaker and therefore
remain optically thin for higher column densities. For this rea-
son line broadening, that is higher vg, leads to higher flux only
for the first overtone bandheads and not for those of the second
overtone. The inclination has slightly less effect on the second
overtone flux than on the first overtone flux: the radiating sur-
face of an optically thick inclined disk is reduced, but the second

5 The line broadening velocities vg are too small to contribute
observably.
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Model dependence on parameters
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Fig. 1. Overplotted models, showing for each parameter the effect of varying its value, while keeping all other parameters fixed at: 7; = 4500 K;
p=-0.75; (Ny); = 8.3 x 10% cm™2; g = -0.5; R; = 1.6 R,; i = 30°; v = 1 km s~'. The models are all without inclusion of '*CO, except in the
bottom panel, where the effect of adding '*CO in varying abundances is shown. The continuum and stellar parameters used for these models are
those of B275. The "fixed" model is colored black on each plot and is a fit to the B275 spectrum.
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Fig. 2. Observed first overtone CO bandheads of B163 (black line) shown together with models varying in '>CO/'3CO ratio — a decreasing ratio
signifying more '*CO. The red line indicates the best fit model for this target, with no '*CO included, the green lines indicate models differing only
in the amount of '3CO. Including '*CO with the ISM value (89) clearly improves the fit with respect to fitting '>CO only. Decreasing the ratio leads
to progressively worse fits, indicating that '*CO is likely not enhanced in the circumstellar environment of this object.

overtone remains optically thin for longer sight-lines through the
disk.

Finally, increasing the initial column density (Ny);, or
decreasing |g|, beyond certain grid values has a larger impact
on the second overtone flux, because these lines remain opti-
cally thin within the grid values. These changes to the second
overtone flux are more detectable than the changes to the first
overtone within crucial ranges of (Ny);. Therefore, including the
second overtones in the fits especially helps toward constraining
the column density. We now discuss the effects of each of the
four modeling improvements.

3.4.1. Continuum normalization

It is important to keep in mind that the stellar parameters and
thermal dust continuum that are kept fixed for each star in the
fitting process, do strongly influence the appearance of the band-
heads - and therefore the fit results. A thorough discussion of
these effects is given in Appendix B. Here we mention the most
important effect: a higher continuum originating from the star
and dust disk will lead to weaker bandheads for the same gas
disk model.

The most important constraint from including the bandhead
strength relative to the continuum is on the ranges of values
for p and vg. Shallow temperature gradients and high intrin-
sic line velocities lead to very high bandhead fluxes beyond
observed ranges, that cannot be compensated for by other param-
eters. Thus, we limited the probed ranges in our grid accordingly
(Table 4).

3.4.2. Fitting multiple first overtone bandheads

The effect described earlier (in Sect. 3.3) that the bandhead
series, if strong enough, creates a secondary continuum, can
be clearly seen on Fig. 1 for any parameter that influences the
strength of the bandheads. The later bandheads (i.e., those with
higher vibrational quantum numbers) are also more sensitive
to temperature changes, likely due to excitation effects. These
effects generally lead to better temperature constraints when
fitting more bandheads together.

3.4.3. Including the second overtone bandheads

Following from our previous observations, the most important
determinant of the detectability and (relative) strength of second
overtone bandheads is the column density (profile) of the disk.

We tested this by comparing fit results with or without includ-
ing second overtones. The exponent g is poorly constrained in
general and even its selective effect on the second overtone did
not change fit results significantly. However, including the sec-
ond overtone did yield significant changes for the initial column
density (Ny);.

3.4.4. Including 3CO

CO bandhead emission is a signature not unique to YSOs -
it is evidence for the presence of a (hot and dense gaseous)
disk, but as such it is also observed to originate in the (decre-
tion) disks of evolved B[e] stars (Kraus et al. 2000). In these
stars the stellar surface layers can be enriched in B3¢, due to
the evolution of the (massive) star and chemical mixing pro-
cesses. Stellar winds then cause this anomalous isotopologue
ratio to be carried into the circumstellar environment, where
consequently the N('2CO)/N('*CO) abundance ratio drops and
13CO bandhead signals are enhanced. Kraus et al. (2020) show
that therefore, including BCO emission in the models, can
provide a test to distinguish the evolved objects from the
younger ones.

The objects in our sample are expected to be YSOs due to
their young cluster environment. To assess the sensitivity of our
results to the '3CO feature, we computed models for gradually
increasing '3CO abundances. In the last panel of Fig. 1 we show
the model with only '>CO and with ratios of '2CO/!3CO down
to 4 (the ~22-fold enhancement of the abundance found by
Kraus et al. (2020) in a B[e] supergiant). Even for the stan-
dard (interstellar) ratio 89, '3CO leaves a detectable signal in
the first overtone, which becomes very prominent for the high-
est abundances. In Fig. 2 we show the observed first overtone
bandheads of B163, the object for which the '3CO feature is
most pronounced, together with its best fit model and models
with varying '*CO abundance. When included with the standard
abundance, the 3CO feature clearly improves the fit; but increas-
ing the abundance leads to progressively poorer results, limiting
a possible enhancement of the abundance to ~30% in this case.
We also find that including '*CO does not change the other disk
parameters that are fitted. These findings are similar in the other
objects; save for B331, where the hydrogen Pfund line series
interferes with the '3CO bandhead signal and we cannot assess
the impact of the isotopologue. We conclude that, although the
inclusion of 1*CO is of limited diagnostic value to constrain disk
parameters, its detected features, consistent with an interstellar
abundance, do provide a confirmation of the young nature of our
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Fig. 3. Best fit model SEDs and photometric data points. On each figure the data and results for B275 (in black) are plotted along with one other
object (in blue) for comparison. Kurucz models representing the stellar spectrum are given in dashed lines; the combined stellar and disk model in
solid lines. The scattered points mark the photometry. Also indicated are the wavelength ranges of the second and first overtone bandheads. Note
how B331 is both more luminous and also lacks NIR excess, with the dust emission starting around 4-5 pm.

objects. Therefore, when presenting and plotting our results we
use the models including '*CO, except for B331.

4. Results
4.1. Continuum fits

The aim of the SED fits is, first, to determine a reliable contin-
uum for normalizing the modeled CO bandheads, and second, to
obtain constraints on the inner parts of the dust disk.

Figure 3 visualizes the best fitting model SEDs for the five
objects in our study, overplotted with the available photometric
points. The case of B331 is different and we discuss it separately.

For the objects B163, B243, B268, and B275 the available
photometry could be fitted well with optically thin dust emis-
sion. One of the consequences of this is that the inclinations
remain unconstrained. We used a reduced )(2 statistic, in addi-
tion to an inspection by eye, to determine the range over which a
reasonable fit can be obtained for each parameter. These ranges,
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along with the best fits are reported in Table 5. The temperature
T; and column density (Ny); at the inner rim are reasonably well
constrained, with 7; ~ 1500 K and (Ny); ~ 10?! cm™ for all
four objects. The temperature and density exponents p and g are
degenerate: a less extended emission region (higher |g|) can be
compensated for with a slower temperature decline (lower |p|).
The derived values of the exponents are different than for the
gaseous disk (Sect. 4.2), with the values for p generally shallower
and the values for g steeper than those obtained by fitting the CO
bandheads. Apart from degeneracies, this may also reflect the
difference between the disk regions probed, that is the gaseous
part close to the star (see Sect. 4.2) versus the inner parts of the
dust disk.

With respect to the best fit model, B163 has an excess in the
J (~1.2 um) and the H (~1.7 um) bands. This could be because
the disk is not actually optically thin (see also Sect. 5.4) or due
to refractory dust grains with sublimation temperatures in excess
of 1500 K. The normalization of the second overtone bandheads
is only slightly affected; maximally by a factor of 1.3.
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Table 5. Parameter ranges for which reasonable SED fits could be obtained to the available photometry.

Object T; (K) [R; (AU)] -p (Nu); (cm™2) —q i(°)

Best fit Range Best fit Range Bestfit Range Bestfit Range Bestfit Range
B163 1500 [1.4] @  1300-1500 [1.8-1.4]@ 0.1 01-0.5 102 10*'-102 4.0 3.0-48 80 10-80
B243 1400 [5.8] @ 1200-1500 [7.7-5.01® 0.7 0.1-2.1 10*" 10*°-10* 56 01-5.6 80 10-80
B268 1500 [4.7]1@  1300-1500 [6.14.7] @ 0.7 0.1-2.5 10* 10*°-10! 54 23-56 80 10-80
B275 1500 [7.8] @ 1200-1500 [12.0-7.81 @ 0.9 0.1-1.5 10*" 10"-10*> 23 0.1-56 60 10-80
B331 412 (R; =31)® 400-700 (R, = 11-71)® 50 0.7-5 10* 10*-10 0.1 0.1-50 40 10-80

Notes. The inner radius R; is reported in square brackets next to the initial temperature 7; as the distance from the star at which this temperature

is reached. ®Only for B331 R; is a free parameter varied over in a grid.

The SED of B331 could not be fit with the grid used for
the other objects. It is the only object which does not have a
NIR dust excess within the X-shooter spectral range (the excess
begins at 4 ~ 3.6 um), signifying that the star is surrounded by
cooler dust. Here too, the parameter that is best constrained is
the dust temperature at the inner rim. However, when using the
radiative equilibrium approach to calculate R; the cool dust disk
would start as far as ~140 AU, leading to poor fits. We opt to fit
B331 with R; as a free parameter and arrive at a dust disk with

; ~ 30 AU. For this object the modeled emission is optically
thick, hence the best fit column density should be considered a
lower limit. The inclination is again poorly constrained, this time
because it is degenerate with the density decline |g|, that is the
extent of the disk.

We use these best fits and their parameters when modeling
the dust for the CO bandhead models and for normalizing those
models, as described in Sect. 3.3. It is more challenging to use
the results to truly constrain the parameters of the inner dust disk.
Ultimately, because the data are simply too scarce to determine
all the parameters, we find it more realistic to describe the results
in terms of an amount (in the optically thin case) or surface (in
the optically thick case) of dust in a ring around the star at a
certain temperature. Because our photometry points only reach
up to 12 um, they are only representative of dust emission from
a limited part of the dust disk, that is the hotter, inner parts.
To understand and compare the characteristics of these parts we
define the inner dust disk as the part of the disk where 99% of the
dust emission between 1 and 12 pm comes from. Using the best
fitting model we can then provide an inner and outer radius and a
surface area for this emission region, and determine the temper-
atures and column densities at those radii. For B331 we calculate
the inclined disk surface, because of the emission being optically
thick. Integrating the column density between inner and outer
radii provides a total mass for the emission region. The results
are reported in Table 6.

The inner and outer rim column densities as well as the
masses of the defined emission region are very similar for the
first three objects, even though their outer temperatures (7o)
and their areas are rather different. In combination with iden-
tical inner rim temperatures (77;), it follows that the best fitting
models are not sensitive to the size of the emission region and
its temperature structure, and that it is thus the hottest dust that
dominates the emission. B275 clearly has more dust emission,
which is reflected in a higher disk mass.

The dust emission from B331 is dominated by longer wave-
length emission from cooler dust. The NIR emission seen in the
other objects is absent (Fig. 3). The fact that the inner rim tem-
perature is so low suggests a dust-free inner cavity in the disk. A
higher density and a slower density decline lead to a much higher

Table 6. Properties of the inner dusty disk.

ObjeCt Ri Rout Tout (NH)out Area (AUZ) Mtot (MO) @
B163 14 11.9 1208 1.6 x 10'8 881 22x%x1078
B243 5.8 13.5 771 8.4x10'8 936 2.1x1078
B268 4.7 111 816 9.1 x10'8 638 1.4x 1078
B275 7.8 30.4 442 4.6x10" 5437 1.7 x 1077
B331 31 372 166 9.8 x 10?2 1847 >5%x 1077

Notes. The inner dusty disk is defined as the ring of dust where 99%
of the modeled 1-12 wm dust emission comes from. Where not pro-
vided, units are the same as in Table 5. “The mass is the total gas and
dust mass of the ring, under the assumption of a gas to dust mass ratio
of 100.

disk mass than for the other objects. The caveat here is, however,
that it is possible that the three longest wavelength points are
contaminated with envelope emission. The even longer 20 um
and 37 pum points from Lim et al. (2020) could not be fit with our
disk model, most likely due to the presence of envelope emission
which we did not include in our models.

4.2. CO bandhead fits

The best fits resulting from the grid of models described in
Sect. 3.3, are plotted for each object in Fig. 4, together with
the data and the fit regions. For B331 we fitted only two of the
first overtone bandheads, due to strong emission in the hydro-
gen Pfund line series. All other spectra are fitted including five
first overtone bandheads. The second overtone bandheads suf-
fer from poor signal to noise due to a combination of hydrogen
and other emission features and telluric contamination. We fitted
only those bandheads that were more or less free from hydrogen
emission. Even if they were not clearly detected, at least some
second overtone bandhead regions were always included in each
fit, as their absence also provides constraints.

Because of the degeneracy between different parameters and
limits to the data quality and spectral resolution, it was nontriv-
ial to understand and determine the accuracy of fits to the data.
The most straightforward approach of quoting the minimal y?
best fit values was insufficient as "next-best" fits sometimes pro-
duced very different parameter values. In addition, especially the
power law exponents p and g were poorly constrained within the
probed ranges. To get better insight into the parameter space and
to determine errors, we used marginalized likelihood distribu-
tions for each parameter, as described in detail in Appendix C.
One caveat with this approach is that, in general, the errors and
mean depend on the parameter space chosen. In this case, the
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Table 7. Fit results for CO bandhead modeling (see text for details).

Object Ti(K) p (Nw)i (cm™) ¢ R; (R.) i(°) UG
max prob  bf max prob bf mean bf max prob bf (kms™!)
B163 50003%88 4000 -3 8.3f2§7 x10%  83x10%® -1.5 3f%Z 33 4838 (mean) 50 1
B243 2000309 2000 -3 1.1f}5 x10®  1.1x10% -15 3.8Jj‘2"2 14 4538 (mean) 50 1
B268 45001’%888 4500 -0.75 31’2’8 x 10% 3x10® -15 1.8t8:g 2.3 802 80 2
B275 3000:’%(5)88 4000 -2 33?6 x 10% 3x10® -15 4.7f‘2‘é 4.8 3038 30 1
B331 @ 30001’%388 3000 -3 1.lfi7 x10%  1.1x10% -5 3.2Jj§ 4.8 QOf% 30 1

Notes. The parameters p, g, and i were fixed to their maximum probability values. For the other parameters either the mean or maximum probability
(max prob) value are quoted, along with the best fitting (bf) model parameters. “B331 was fitted without including *CO.

Table 8. Properties of the CO emission region.

Object R Row Rawst @ (Vg @ (N, @ Area (AU?) M (Mo)
B163  0.16 0.29 1.4 83 x 10¥ 3.2 x 10% 0.39 3.6x107°
B243 0.5 075 5.8 1.1 x10® 5.9 x 10* 1.9 2.9 x 107°
B268 0.094 14 4.7 3 x10% 53 x10% 12 3.6 x 107°
B275 026 0.67 78 3 x10¥  72x10%# 2.4 59x107°
B331 0.48 0.83 31 1.1 x10® 4.8 x 10* 2.8 3.7 x 107
Notes. The CO emission region is defined as the part of the disk

(bounded by R; and R,,;) where the best fitting model CO emission orig-
inates. All radii are given in AU and column densities in cm™2. @The
inner radius of the dust disk. ®’Column density at R;. ©@Extrapolated
column density at Ry “The mass M, is the total gas mass of the CO
emitting region, based on the assumed CO abundance CO/H, = 107,

parameter space is large and limited to physically reasonable val-
ues, so that we can assume that likelihoods for parameter values
outside the grid are (close to) zero. To better understand the tem-
perature, density and velocity information, we fixed the p, g, and
vg parameters at their maximum likelihood values after fitting
with the entire grid. We determined the best fits for the remain-
ing parameters (7, (Ny);, R;, i) from a “reduced” grid with the
P, q, and vg parameters fixed.

The results are summarized in Table 7. For T;, (Ny);, R;, and i
we determined both the most probable and the mean values, with
their respective uncertainties, based on the marginalized prob-
ability distributions. As explained in Appendix C, the best fit,
the most probable and the mean values can be rather different,
but for almost all parameters the best fit values fall close to and
within the error bars of either the mean or the most probable
value or both — we list the one that is closest to the best fit value.
In the table the most probable value is indicated as “max prob”,
the mean value as “mean” and the best fit as “bf”’. Only for the
inner radius R; of B243 does the best fit value in the reduced grid
lie outside the error bars of the quoted mean. This is the object
with the weakest bandheads and the poorest signal to noise.

In order to illustrate and compare these results in Table 7 a bit
better we made a similar emission region analysis as for the inner
dust disk (Table 6). In Table 8 we show the inner and outer radii
of the part of the disk where, according to the best fitting model,
the CO emission originates. By construction the outer radius Ry
is given by the point at which the gas temperature drops to 600 K.
We also show where the dust disk begins (Rqyst) and provide the
column densities at R; and Rq,y. Finally, we provide the total gas
mass of the CO emitting region (since there is no dust there),
based on the assumed CO abundance.

4.3. Summary of the most important aspects of the results

Before we discuss our results we briefly bring together the dif-
ferent aspects that can help form a picture of the studied disks.
Firstly, the SEDs are fit with a thin dusty disk, but the param-
eters remain poorly constrained apart from the temperature at
the inner rim. Except for B331 all inner rim temperatures are at
or very close to the assumed dust sublimation temperature, sug-
gesting that these inner dust disks are undisrupted. B331 is an
exception with cooler dust at larger radii, pointing to a perturbed
inner dust disk (see Sect. 5.2 for further discussion). We do not
further discuss the SED-derived densities for reasons explained
in Sect. 5.4.

From Tables 7 and 8 we see that in all cases the CO band-
heads originate in a relatively narrow ring close to the star.
There does not appear to be a relation between R; and 7;. Tem-
peratures range between 2000 and 5000 K — the lower limit
given by our grid, the upper likely being related to the temper-
atures at which CO abundances become negligible due to hot
gas chemistry dissociating the CO molecules (Bosman et al.
2019), the local radiation field temperature being too low to
cause photo-dissociation. Thus, despite probing higher temper-
atures, we retrieve the expected maxima in the best fit values,
confirming that even if non-LTE mechanisms are at work, it
is unlikely that they would drastically change our results. Tak-
ing into account the continuum and fitting multiple bandheads
are important measures to ensure that the emission region and
temperatures are reliably constrained.

The distribution of best-fit inclinations is consistent with ran-
dom orientations. The Gaussian line widths are on the order of
the thermal velocities at the CO temperatures, suggesting that
turbulent or other stochastic motions are not significant in the
emitting regions.

Though the column densities are similar for all objects, we
see that they are slightly lower (by a factor of ~3—8) where
the second overtone is not observed (see objects B243, B331
in Fig. 4). This is consistent with the second overtone being
observed only when column densities are high enough. The fact
that the emission originates from a narrow ring means that the
density change over larger parts of the disk and hence g will be
poorly constrained (also apparent on Fig. 1). Nonetheless, the
most likely value for g was found to be identical for all objects.
The last column in Table 8 shows that the total masses of the
CO emitting region are surprisingly similar. This largely relates
to, but is not fully explained by, the similarity in the derived
densities.

In general we note that, given the accessible parameter space,
the overall similarity in the emitting regions is striking. To illus-
trate this we show in Fig. 5 the range of temperatures and column
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Fig. 5. Illustration of the temperature and column density ranges that, for fixed parameters R; ~ 0.25 AU, g = —1.5,i = 40°, and vg = 1 km s~!, lead
to CO first overtone bandhead maximum flux values between 2 and 25% continuum, which represent the minimum detectable and the maximum
observed normalized fluxes respectively. Left: the accessible parameter space for different values of the temperature exponent p (models are for
B268). Right: the same, for the different stars as varying in mass and continuum emission (models are for p = —2).

densities that are in principle consistent with the normalized
strength of the observed bandheads. Especially the range in col-
umn densities spans orders of magnitude, while the fit results
are similar within one order of magnitude. We return to this
observation in the discussion.

5. Discussion

5.1. Comparison with previous CO bandhead modeling
results

We first compare the inner gas disk parameters determined from
the CO bandhead emission with those resulting from similar
modeling efforts in literature - particularly those that pertain to
YSOs in the higher mass ranges.

There are mainly two approaches when modeling CO
bandhead emission toward YSOs. The first one assumes a thin
disk model with free parameters similar to ours (e.g., Kraus
et al. 2000; Wheelwright et al. 2010; Ilee et al. 2013, 2014).
The second approach differs from the first mainly in that it
does not fit a temperature or density structure, but models an
isothermal ring at one density and vsini, where the velocity
can be converted to a distance assuming an inclination and
Keplerian rotation (e.g., Bik & Thi 2004; Koutoulaki et al.
2019; Fedriani et al. 2020; GRAVITY Collaboration 2020).
Both approaches have been used to successfully fit first overtone
emission. We do note that all previous studies normalize the
bandheads to the peak of the first bandhead (except Kraus et al.
2000; Wheelwright et al. 2010), thereby ignoring the strength
of the emission. Furthermore, in our study, for the first time, the
second overtone CO bandhead emission is reported and fitted,
leading to better constraints on the column density. With these
differences in approach in mind, we summarize the similarities
and differences in the results.

Our derived CO column densities are all of order Nco ~
10?! cms~2, which is in excellent agreement with literature val-
ues that are mostly within the range Nco ~ 10%°-10%2 cms™.
There is, however, often a larger spread in column densities when
a sample of objects is studied (e.g., llee et al. 2013, 2014). While
the morphology and strength of our bandhead profiles is equally
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diverse as in these studies, the determined densities within our
sample are remarkably similar.

The spread in temperature values is similar to those found in
previous studies. All inner radii in our sample are well within 1
AU, which is on the lower end of values derived for this param-
eter by others. Ilee et al. (2013, 2014), for instance, find inner
radii up to 6 AU, but mostly around 1-2 AU. They also generally
find rather shallow temperature exponents (p ~ —0.6 on aver-
age), leading to (very) large outer radii (determined by where the
temperature drops below 1000 K) ranging from a few to hundreds
of AU. In our study, the strengths of the bandheads are very sen-
sitive to R; and p (Fig. 1), leading to (mostly) steep temperature
exponents that mimic the effect of modeling a ring of emission
close to the star. This justifies the assumptions underlying ring
models. In the only study to date where the CO bandhead emis-
sion of a MYSO® is spatially resolved, the authors indeed find, by
fitting the visibilities for each bandhead separately, that the CO
emitting region must be relatively small AR/R < 20%, where
R = 0.58f8:8j11 AU is the ring radius (GRAVITY Collaboration
2020). This radial location is in good agreement with our find-
ings and the ring thickness is comparable to and even slightly
narrower than our “rings” of emission (Table 8).

Similarly to other studies confronting the disk model to a
sample of systems (Ilee et al. 2013, 2014), the density exponent
g remains poorly constrained. This is not surprising since the
emission region is narrow. This parameter is therefore also of
little consequence to other results or statements about the disk
(e.g., the total mass).

For the inclinations we find a spread in values, consistent
with random orientations. Ilee et al. (2014) find a preference
for higher (closer to edge-on) inclinations and suggest that this
may be due to a geometric selection effect. This is interesting
in the context of detection rates of CO bandhead emission (see
Sect. 5.2). Within our small sample, we do not find evidence
for such a selection effect, in agreement with the larger sample
of Ilee et al. (2013). In fact, we predict (see Fig. 1) that higher
inclinations make the (optically thick) CO emission rather less
detectable, due to a decrease in effective emitting surface.

6 NGC 2024 IRS2.
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Table 9. Detection rates of CO first overtone bandhead emission (CO emission) in YSOs of different masses and stages of formation.

Mass @ Object type Detection  Sample et Reference
rate size

Low Class 0 67% 6 1

Low Class I 15% 52 2

Low Class I 22% 110 3

Low T Tauri 0% 100 Sample from Lupus region. Authors find 3 cl TTS with CO 4

emission in literature.
Low to intermediate ~ Variable, embedded 38% 28 60% among objects identified as eruptive YSOs undergoing an 5
(EXors, FUors, MNors) episode of accretion.

Intermediate Herbig AeBe 5-21% 36 6

Intermediate Herbig AeBe 7% 91 Strong preference for higher-mass objects. 7

High MYSO 17% 195 Red MSX Source (RMS) survey; low resolution spectroscopy. 8

High MYSO (without 34% 36 Subsample RMS, selected to be luminous and radio quiet; 9
H 11region) intermediate resolution spectroscopy.

High MYSO (with and without 18% 11 Sources associated with a disk (candidate) in sub-mm/radio 10
H 11 region) and with a bright NIR counterpart.

Intermediate to high PMS stars in M17 63-83% 6-8 Sample from which the objects in this study were taken. RT17

Notes. @The mass categories refer to expected ZAMS masses of approximately <2 M, (low), 2—-8 M, (intermediate) and 28 M, (high). Since
mass estimates are not always available or derived in the same way the numbers are approximate.

References. (1) Laos et al. (2021); (2) Doppmann et al. (2005); (3) Connelley & Greene (2010); (4) Koutoulaki et al. (2019); (5) Contreras Pefia
et al. (2017); (6) Ishii et al. (2001); (7) Ilee et al. (2014); (8) Cooper et al. (2013); (9) Pomohaci et al. (2017); (10) Hsieh et al. (2021).

Caratti o Garatti et al. (2017) and Fedriani et al. (2020) report CO
emission toward two deeply embedded MYSOs to be the reflec-
tion of light from the inner gaseous disk onto the perpendicular
outflow cavity wall. In these cases the disk is almost fully edge
on and the central source with its inner gas disk is too enshrouded
for the CO emission to be detected directly. However, because
the outflow cavity “sees” the inner disk face-on, the observed
CO emission is rather fitted with low velocities (or a face-on
orientation). It is highly unlikely that the CO emission toward
our objects is indirect considering that all of them have detected
photospheres. Thus, we do not expect that our inclinations are
“artificially” low. But these observations can potentially help
explain why detection rates of CO bandhead emission remain
low overall: when looking at (embedded) MYSOs at high(er)
inclinations one might not observe the innermost disk regions.

Finally, the intrinsic line width vg (also denoted as Av in
literature) is often taken to be a measure of turbulent motions
of the gas. In our case, the main constraint on this parameter
comes from line fluxes of the optically thick first overtone, that
become very high for higher widths (>5 km s~!) that exceed ther-
mal velocities of the gas at the given temperatures (Sect. 3.4
and Fig. 1). Studies that fit the bandheads normalized to the
first bandhead peak lack the sensitivity to this effect of intrin-
sic line widths. Such studies commonly yield higher values up to
10-20 km s~

In summary, our results point to very similar conditions for
the origin of the CO emission as previous studies and, if any-
thing, place even stronger constraints. Despite the fact that our
objects represent different masses and (likely) different evolu-
tionary stages (see Sect. 5.3) than (M)YSOs investigated in the
studies mentioned so far, it seems that the emission originates
in disks that at least locally look very much alike. Even toward
low-mass YSOs very similar conditions are derived, where the
CO bandhead emission is known to signal a temperature inver-
sion, that is a heated disk atmosphere by stellar irradiation, winds
or magnetospheric accretion heating (e.g., Najita et al. 2007, see

also Sect. 5.2). Thus, it is plausible to assume that in many if
not all YSOs the emission originates in disk regions with similar
conditions, if not (locally) similar disks.

5.2. CO bandhead detection rates and the link with accretion
and age

CO first overtone bandhead emission (in this section referred to
as CO emission) has been observed in YSOs over a large mass
range, as well as in Be and B[e] stars, which can be YSOs, but
also objects of a more evolved nature such as B[e] supergiants
(Lamers et al. 1998; Kraus et al. 2020) or classical Be stars
(Cochetti et al. 2021). Here we focus on findings for YSOs.

We summarize the detection rates among YSOs of different
masses and formation stages in Table 9. Detection rates, espe-
cially among low-mass YSOs, appear to be higher for earlier
formation stages. In general, CO emission toward lower luminos-
ity YSOs is associated with properties that point to the earliest
stages of formation and/or high accretion rates, for instance deep
embedding, energetic outflows, veiling and/or measured high
accretion rates (Najita et al. 2007). In the intermediate to high-
mass YSOs detection rates are consistent with this trend. The
lower rates among Herbig Ae/Be stars can perhaps be understood
in terms of these objects representing a later stage in formation
than most MYSOs, yet earlier than T Tauri’s (see also Sect. 5.3).

Apart from high occurrence rates in objects undergoing an
accretion burst (e.g., Contreras Pefia et al. 2017), the link with
accretion is supported by correlations of CO emission (strength)
with other features that signal accretion, such as high veiling
(Connelley & Greene 2010) and Br-y luminosity (Ilee et al. 2014;
Pomohaci et al. 2017). Caratti o Garatti et al. (2017) report on
an accretion burst in a MYSO of ~20 My where the CO emis-
sion is detected only during the burst. Despite all this evidence
for a link with accretion, actual reported accretion rates span a
large range of values: from ~10~® Mg yr~! in the lowest mass
objects (Koutoulaki et al. 2019) to ~5 x 107> Mgy yr~! in the
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highest mass objects (Caratti o Garatti et al. 2017), with Her-
big Ae/Be stars in between with ~1077=107 Mg yr~! (Ilee et al.
2014; Contreras Peiia et al. 2017). On the other hand, a theoreti-
cal study by Ilee et al. (2018b) predicts CO emission to be most
prominently observable with moderately high accretion rates of
~1074-1073 Mgy yr".

Finally, it should be noted that CO emission detection rates
remain relatively low over all mass ranges, also in accreting
objects. In MYSOs it is definitely less common than other emis-
sion features, such as Br-y emission at 2.16 pum, also in the
K-band, and which is detected toward 70-90% of objects in the
quoted studies. Moreover, CO emission is not thought to be a
direct probe of accretion, that is it does not originate in the accre-
tion flow itself, where it is likely destroyed by UV light from the
surface. As such it seems reasonable to follow Koutoulaki et al.
(2019) in their conclusion that accretion seems to be a neces-
sary but not sufficient condition for CO emission to be observed.
The low detection rates could be due to geometric effects (as
discussed in Sect. 5.1), veiling due to high continuum emission
or simply varying conditions in disks around accreting objects.
It remains remarkable, however, that such vastly different accre-
tion rates around objects with a wide range in mass could lead to
emission that consistently points to very similar disk conditions
(see Sect. 5.1).

Our own sample was taken from a total of six YSOs, or eight,
if we include the two young stars with only MIR excess from
RT17 (B289 and B215 on Fig. 6; see also Sect. 1). It is surprising
to find that five (63—-83%) of these objects show CO bandhead
emission. This raises the question as to the evolutionary state of
these objects, which we address in the following section.

5.3. Evolutionary stage(s) of the intermediate to high-mass
YSOs in M17

The mass range of the YSOs in our sample (6—12 M) spans the
upper mass ranges of Herbig Be stars and the lower-mass ranges
of MYSO:s. To better understand the formation stage of the stud-
ied sample, we briefly discuss the most important characteristics
of the two categories and make comparisons to objects in each
category.

Massive YSOs are minimally understood to be objects that
are in the process of forming a star (or more in a multiple sys-
tem) that is at least 8 M, when reaching the zero age main
sequence (ZAMS). The widely used MYSO catalog Red MSX
survey (RMS; Lumsden et al. 2013) selects objects based on
their MIR brightness and high luminosities (210* L), which
are hence defining properties for studies in the near- and mid-
infrared (e.g., llee et al. 2013; Frost et al. 2019). Some of these
studies explicitly exclude from their definition objects that have
started to ionize their surroundings to form an H 11 region (e.g.,
Wheelwright et al. 2010; Pomohaci et al. 2017). However, this
specification is not included in studies in (sub)millimeter to radio
wavelengths (e.g., Beltran & de Wit 2016; Maud et al. 2018;
Johnston et al. 2015; Tlee et al. 2018a), that reveal large scale
(~102-10* AU) molecular outflows and/or disk-like structures.
Takami et al. (2012) find that these mm-bright objects can be
embedded at MIR wavelengths. Studies that explicitly include
both wavelength regimes are rare (Hsieh et al. 2021), which
makes it hard to compare objects in either categories. It appears
that the term MYSO is used for objects with a range of masses
and evolutionary stages, from the near molecular core phase up
to objects for which (some) photospheric features are observed,
covering thereby a wealth of objects that differ in their charac-
teristics. However, we note that the overwhelming majority of
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Fig. 6. Hertzsprung-Russell diagram displaying the MIST pre-main-
sequence tracks (Dotter 2016) for stellar masses between 6 and 20 M.,
with the solid black line on the left denoting the ZAMS and the gray
dashed line on the right indicating the birthline. The objects in this
study, along with the one M17 PMS star from RT17 without CO band-
head emission (B337), are shown together with the >4 M, Herbig
stars from the Vioque et al. (2022) sample. Also included are the two
RT17 objects (B289 and B215) close to the ZAMS without inner dust
or gaseous disk signatures, but with MIR excess. The M17 PMS stars
appear to represent a younger stage of formation, consistent with the
high detection rate of CO bandhead emission in their spectra and their
high extinction. For comparison, the estimated CO detection rate repre-
sentative for >4 M, Herbig stars is 13—17% (see text).

studies into MYSOs pertains to objects that are highly embed-
ded in gas-dust envelopes (Ay 2 20-30) and have (estimated)
masses of at least 10—-15 M with no detectable photospheric
features.

Of the M 17 PMS stars, B331 with 12 M, best fits the cate-
gory MYSO, while also having a well detected photosphere. In
a detailed study of a MYSO of ~25 M., Frost et al. (2019) find
evidence for a 60 AU inner clearing of the dust disk, while also
reporting on the detection of CO bandhead emission. This com-
bination of features resembles our findings for B331. Notably the
authors refer to transition disks in low-mass young stars which
show dust clearing while still having a small gaseous disk where
accretion could be ongoing (Wyatt et al. 2015). They tentatively
suggest that the object of their study could represent such a stage
in a MYSO and propose photo-evaporation or a companion as
the most likely dust clearing mechanisms. These conclusions
are corroborated in their follow-up study of a sample of eight
MYSOs, from which they find evidence for an evolutionary
sequence, the later stages of which are indeed characterized by
inner dust clearing by photo-evaporation (Frost et al. 2021a,b).
According to this interpretation the disk of B331 is in a state of
transition. For our other objects this suggests an earlier stage of
formation where they have not yet started to clear their inner dust
disk. This scenario is consistent with the masses and luminosi-
ties of the respective objects. The two young stars from RT17
close to the ZAMS, with masses of 20 M, and 10 M, (B289
and B215 on Fig. 6), also support this picture as they lack all
inner (gaseous or dust) disk signatures, but do show MIR excess
similar to B331.
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Recent studies that identify and characterize large samples of
Herbig Ae/Be stars describe these objects as optically revealed
PMS stars in the mass ranges 2—10 M, characterized by emis-
sion lines and NIR excess attributed to disks (Vioque et al. 2018,
2022; Guzman-Diaz et al. 2021). Because the M17 PMS stars
fit this description well, we highlight the recent study of Vioque
et al. (2022; hereafter V22) for comparison. V22 analyze a sam-
ple of 128 Herbig Ae/Be stars with stellar masses up to ~20 M.
Based on optical spectra, Gaia parallaxes and photometry they
derive stellar parameters and accretion rates.

The V22 Herbig stars with masses >4 M, most of which are
spectral type B, are shown on the HRD in Fig. 6 together with the
M17 PMS stars. In the figure we include B337, the one PMS star
studied by RT17 without CO bandhead emission, but with other-
wise very similar characteristics. We also include the two objects
from that study (B289 and B215; in brown), that show no signa-
tures of inner (gaseous or dust) disks in their X-shooter spectra.
The more extincted M 17 sources (Ay ~ 13) are shown in purple.
From the HRD plot, it appears that the M17 PMS objects are all
younger than the V22 sources. This is consistent with the derived
extinctions for the respective samples; with Ay = 2.0-6.7, and
mean Ay = 3.6 + 1.1 for the V22 sub-sample (M. > 4 M),
and Ay ~ 7-13 for the M17 sources (RT17 and Table 1). Fur-
thermore, V22 report photo-evaporation of inner dust disks for
sources above 7 M, based on a decline in NIR/MIR excess, sim-
ilar to B289 and B215. In this context, the youth of the M17 PMS
sources is again confirmed by the presence of inner dust and
gaseous disks, with the most luminous and highest mass object
(B331) showing signs of inner dust disk clearing (in line with the
comparison to the MYSO from Frost et al. 2019).

V22 do not mention CO bandhead emission, as the necessary
wavelength ranges were not included in their study. The main ref-
erence for the occurrence rate of CO bandhead emission amongst
Herbig Ae/Be stars therefore remains Ilee et al. (2014). Of the 23
objects in their sample with masses >4 M, 13—17% exhibit CO
bandhead emission (masses from Fairlamb et al. 2015). This is on
the low side compared to detections toward MYSOs, which, as
proposed earlier, could be because these objects are typically in
a later stage of formation than most MYSOs. Though we did not
perform a full census of PMS stars in M 17, the presence of CO
bandhead emission in five out of six them is yet another pointer
toward a young age.

5.4. Limitations and open questions

In this final section we discuss the limitations of this work and
make suggestions for further research.

The column densities derived from the SED fitting (Table 5)
are orders of magnitude lower than those derived from the CO
bandhead fitting (Table 7). The explanation for this lies in the fact
that the disk model used lacks vertical disk structure. This means
that the relatively high dust temperatures associated with the NIR
emission are likely valid only on the disk surface, which can hide
a cold and dense mid-plane underneath. Thus the derived col-
umn densities from the dust are representative only of the top
disk layers and it is highly unlikely that the thermal emission is
truly optically thin throughout the vertical disk extent as the best
fitting models suggest.

Similar statements can be made for the CO bandhead mod-
eling: we have derived the properties of the region in the disk
where the emission originates, which, as we have concluded,
is relatively small. Therefore, it is difficult to make statements
about the disk as a whole. Longer wavelength data (MIR and
(sub)mm) are needed to constrain the masses and sizes of these

disks. This, in turn could give further information on the disk
evolution around these PMS stars - for instance whether the disks
are (also) eroded outside-inward.

The question whether and how much these stars are accreting
is also an open one. V22 estimate accretion rates of ~1074-107%
My yr~! for objects in the mass range 6-12 M, based on
line luminosities and extrapolations of magnetospheric accre-
tion models. Since the M17 PMS stars appear younger than the
V22 sample and show CO bandhead emission, they could well
be still accreting with rates on the higher end. However, since
the similarity in disk properties from CO emission seems hard to
reconcile with the disparity in reported accretion rates, the link
with accretion remains ambiguous.

With regard to the possible accretion mechanisms, that is
boundary layer (BL) vs. magnetospheric accretion, we note that
although CO emission probes regions close to the star, for
most of our objects it still originates from outside the coro-
tation radius. With vsinivalues taken from RT17 and using
Eq. (2) from Ilee et al. (2014) we find corotation radii of
<0.081,0.19 and 0.14 AU for B243, B268, and B275 respec-
tively. Though we have no constraint on vsin i values for B163
and B331, the CO emission in those objects also (mostly) origi-
nates outside these radii. Thus, only for B268 (and perhaps B163)
the CO emitting region covers the corotation radius. This could
be an indication that the disk extends close enough to the stellar
surface for BL accretion to take place, but for most of our objects
the CO emission cannot probe this, in agreement with Ilee et al.
(2014).

6. Summary and conclusions

In this work we have studied the CO bandhead and thermal
infrared emission from the disks around five intermediate to
massive PMS stars in M 17, with the aim to constrain their inner
dust and gaseous disk properties and further our understanding
of the end stages of massive star formation. To this end, we devel-
oped an LTE disk model that accounts for dust and CO overtone
emission. For the first time, we fit the second overtone. We fit
normalized bandheads, using models for stellar and dust contin-
uum. We compared and discussed the derived disk properties in
the context of the previously derived PMS evolutionary states
of the central stars (RT17) and CO bandhead emission detection

(rates) among YSOs in the literature. We arrived at the following

conclusions:

1. Taking into account the breadth of the parameter space and
the diversity in line morphology, we have arrived at surpris-
ingly similar inner gaseous disk characteristics for the CO
emitting region, which is consistent with results in the lit-
erature for YSOs of different masses. Therefore, it seems
that this emission is typical of certain (more or less) spe-
cific physical conditions, that is to say high densities (Nco ~
10?! cm™2) and temperatures (2000—5000 K).

2. The (overall low) detection rates reported in the literature
suggest that CO overtone bandhead emission is preferen-
tially observed toward objects with high(er) accretion rates
and in earlier stages of their formation, across all mass
ranges. The high detection rate among the M 17 PMS stars, in
combination with their position on the HR diagram, suggests
that these objects are exceptionally young for their mass
range.

3. The previous conclusion is supported by the SED analysis,
which points to undisrupted inner dust disks, except in the
case of the most luminous object B331, for which the disk is
likely in transition.
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4. Though it is likely that these objects are accreting, the CO
emission is not suited to probe the rate and mechanism of
accretion. Results in this work point to CO bandhead emis-
sion regions close to the star, but outside the corotation
radius (save for one object) within which boundary-layer ver-
sus magnetospheric accretion can be probed (in agreement
with Ilee et al. 2014). Analysis of hydrogen lines for these
objects is more suited to probe accretion regions, as these
lines originate even closer to the stellar surface (Backs et al.
2023).

5. Taking into account the strength of the bandheads as well as
the inclusion of the second overtone emission provides more
stringent constraints on the emission region and column
densities than previous studies lacking these diagnostics.

6. We clearly detect the 13CO feature, but find no evidence
for its enhancement in the spectra, consistent with the
PMS nature of the M17 objects. Though of low diagnos-
tic value to constrain disk parameters, we corroborate that
13CO abundances can be useful in determining the evolution-
ary state of objects with CO overtone emission, as suggested
by Kraus et al. (2020).

7. The M17 intermediate to high-mass YSOs appear unique in
their combination of having both observable photospheres
while also spectral and SED properties typical of younger,
more enshrouded objects. Multiwavelength analysis applied
to the same objects is crucial for a better understanding of
these objects in particular and the different stages of massive
star formation in general.

Our analysis has demonstrated that the studied pre-main-

sequence stars in M17 are relatively young, and that they are

excellent candidates for studies at longer wavelengths, for exam-
ple with ALMA, to further constrain the final stages of the
formation process of intermediate to high-mass stars.
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Appendix A: Photometry tables

Tables A.1 to A.3 list the photometry points used for the fits.

Table A.1: DENIS (I) and 2MASS (JHK) wavelengths and photometry
(in magnitude.)

band I ey J ey H ey K e

wavelength

0.791 um 1.235 um 1.662 um 2.159 um

object
B163 12.877 0.052 10915 0.036 9.686  0.027
B243 14907 1.00 12252 0.026 10.815 0.029 9.544 0.026
B268 14332 1.00 11.794 0.043 10.538 0.041 9.494  0.027
B275 12.804 0.03 10467 0.033 9.128 0.029 7947 0.024
B33l 15754 0.06 11.355 0.024 9.822 0.033 8.946 0.036
Table A.2: WISE (3.4 and 4.6 um) and Spitzer GLIMSPE (3.6, 4.5, 5.8,
and 8.0 pum) wavelengths and photometry (in magnitude).
band 34 pum €34 3.6 Hm €36 4.5 Hm eé45 4.6 pum €46 5.8 Hm es58 8.0 Hm €8.0

wavelength

3.3526 um 3.550 pm 4.493 um 4.6028 pm 5.731 pm 7.872 pm

object
B163 7.955 0.032 7919 0.069 7225 0.047 7000 0.033 6.64 0.042 6.082 0.1
B243 8.148 0.042 7829 0.046 7216 0.057 7.235 0.032 6.676 0.034 6227 0.118
B268 79743  0.022 8.129  0.053 771 0.051 7404  0.134
B275 6.662 0062 588 0.033 58771 0.023 5346 0.038
B331 7718 0192 7.017  0.087 6.026  0.135

Table A.3: Extra photometric fluxes (in Jy) from literature for B275 and
B331.

wavelength (pm) 9.8 10.53 10.6 11.7 Reference
B275 1.9 (0.31) 1
B331 1.5(0.2) 1.8(0.3) 2.1(0.1) 2

References. (1)Nielbock et al. (2001); (2)Kassis et al. (2002)

Appendix B: Continuum normalization and impact
of stellar parameters

The effects stellar and continuum characteristics have on the
appearance of the CO bandhead emission are visualized in Fig-
ure B.1. Here we overplot the bandheads resulting from the exact
same disk model for the 5 different objects in our sample. There
are three main effects on the model fluxes.

Firstly, the continuum to which the bandheads are normal-
ized affects their appearence. This can been seen in Figure B.1
when comparing the first overtones of B243, B163, B268, and
B275. The first three objects have similar SED fluxes in the rel-
evant wavelength range (see Figure 3), while B275 has a much
stronger continuum and therefore the weakest bandheads for the
same model. In the same way, the relative strength of the contin-
uum in the first and second overtone wavelength regions also
influences the relative strength of the respective set of band-
heads. For B331 the slope of the SED is much steeper than for
the other objects, causing the second overtone for this object to
be relatively weak.

Secondly, the stellar radius is the measuring unit for R;,
which is the main reason that the first overtone of B33l is so
much stronger: its stellar radius is simply much larger than that
of the other objects (Table 1), leading to a larger emitting sur-
face for the same parameters. It also influences the Keplerian
velocities which decrease as the square root of the stellar radius.

Finally, the Keplerian velocities are proportional to the
square root of the stellar mass. This effect, however, is largely
compensated for by the previous point, as stars with a higher
mass generally also have larger radii.
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Fig. B.1: Comparison of a model with the same disk parameters, chang-
ing only the object, that is the continuum, stellar mass, and stellar radius.
The model in black is a good fit to the B268 spectrum. Note the differ-
ence in scale for the first and second overtone. The used disk parameters
are: T; = 5000 K; p =-0.75; (Ny); = 8.3x 10 cm™2; g =-15; R; = 1.1
R.;i=50° v =2kms™!; and '*CO is not included.

Appendix C: Fits and error calculations

In order to get insight into the parameter space and to determine
errors on the fit results, we made marginalized likelihood distri-
butions for each parameter as follows. We converted all reduced
x° values to a likelihood L = eXal? and established the like-
lihood of a value a for a parameter p; by summing over the
likelihood of all other parameter value combinations:

Lpi=a)= ) LaB) (eh
B;

where B; is the set of all possible outcomes for all parameters
except p;. This likelihood was then normalized by the area under
the curve (see Figure C.1 for visualization):

P,(a) = L, (a) (C2)

I Lo(p)) dp;

where the integration runs over the grid value range. The
obtained 1D probability distributions P, have a mean:

p= f PPy (p}) dp; (C.3)
and standard deviation:
o’ = f (P} — WPy, (p}) dp; (C.4)

where the integrations run over grid value range. Only if the
resulting distribution is Gaussian, the best-fitting value and the
maximum likelihood (or most probable) value are equal to the
mean, which for most of our fits and parameters is not the case.
An example of the resulting distributions is shown on the diago-
nal of Figure C.1. The standard deviations on the most probable
values (indicated as "max") are calculated as in Equation (C.4),
replacing p with the maximum likelihood value. The confidence
intervals indicated as "conf" are the 1-o confidence intervals
obtained by integrating between i — o and p + o. All errors
were calculated such that no off-grid values fall within the 1-
o confidence interval. Because of this and because the resulting
distributions are not Gaussian, the 1-o confidence intervals does
not generally result in (the Gaussian) 0.68. Most intervals have
values between 0.55 and 0.75. On the off-diagonal panels in the
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figure the 2D equivalents of the described probability distribu-
tions are shown for each pair of parameters. The probabilities are
color-coded with lighter colors indicating higher probability for
a pair of values. These plots give insight into degeneracies in the
parameter space and show how well a parameter is constrained.

The value that is quoted as the final result in Table 7 in this
work, is the most probable or the mean value, depending which
was closest to the best fit.
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Parameter space for M17-B275; # fitted 15° overtone bandheads: 5
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Fig. C.1: Off the diagonal: 2D marginalized likelihood distributions (see text), for the model grid fitting results on fitting five first and six second
overtone bandheads for B275. On the diagonal: the 1D probability distribution functions (PDF) for each parameter resulting from normalizing the
marginalized likelihood distributions to the area under the plotted line. The meaning of the mean, max, and conf values is explained in the text.

The patterns in the 2D distributions give insight into the degeneracies between parameters.
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