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Abstract

We have performed a high-resolution 4—13 pum spectral survey of the hot molecular gas associated with the
massive protostars AFGL 2591 and AFGL 2136. Here we present the results of the analysis of the v, band of H,0O,
detected with the Echelon Cross Echelle Spectrograph on board the Stratospheric Observatory for Infrared
Astronomy between wavelengths of 5 and 8 pm. All lines are seen in absorption. Rotation diagrams indicate that
the gas is optically thick and lines are observed to saturate at 40% and 15% relative to the continuum for AFGL
2136 and AFGL 2591, respectively. We applied two curve of growth analyses to derive the physical conditions,
one assuming a foreground origin and one a circumstellar disk origin. We find temperatures of 400-600 K. A
foreground origin would require the presence of externally heated clumps that are smaller than the continuum
source. The disk analysis is based on stellar atmosphere theory, which takes into consideration the temperature
gradient in the disk. We discuss the challenges with each model, taking into consideration the properties of other
species detected in the spectral survey, and conclude that further modeling efforts are required to establish whether
the absorption has a disk or foreground origin. The main challenge to the foreground model is that molecules are
expected to be observed in emission. The main challenges to the disk model are the midplane heating mechanism
and the presence of narrow absorption lines shifted from the systemic velocity.

Unified Astronomy Thesaurus concepts: Star formation (1569); Water vapor (1791); Circumstellar disks (235);
Protoplanetary disks (1300); Stellar accretion disks (1579); Chemical abundances (224); Astrochemistry (75)

Supporting material: machine-readable tables

1. Introduction

Water is observed throughout the universe, from diffuse and
translucent clouds to dense star-forming regions, shocks,
protoplanetary disks and comets, evolved stars, and external
galaxies (van Dishoeck et al. 2013). Its importance in the
environment of star-forming regions is exhibited by it being
one of the most abundant molecules in both the ice and gas
phases. In warm regions, due to ice sublimation (7> 100 K)
and gas-phase chemistry (7 >250 K), all of the available
oxygen that is not locked up in CO or dust grains is driven into
H,O resulting in a jump in abundance from as low as 10~ with
respect to H in the cold envelope, to up to 10~ in the hot gas
close to the protostar (Boonman et al. 2003; Boonman & van
Dishoeck 2003). It is one of the main carriers of oxygen and is
readily detected toward low to high mass protostars; therefore,
it is of fundamental importance to studies of star formation.

A massive protostar forms out of a gravitationally unstable
core in a dark molecular cloud (Egan et al. 1998; Zinnecker &
Yorke 2007). During this process, an accretion disk develops
around the protostar through which material from the envelope
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can be channeled onto the forming star. Due to the high
accretion rates, the disk is heated from the midplane by viscous
processes (Dullemond et al. 2007; D’ Alessio et al. 1998). The
disk and protostar at this stage will still be deeply embedded in
the parent molecular cloud, and will remain so until after the
star reaches the main sequence (Beuther et al. 2007).

Water is very difficult to observe from the ground due to the
large quantity of H,O in the Earth’s atmosphere. Ideally,
observations would be carried out with space-based facilities,
to study H,O in-depth. This is reflected in the particular success
of the Infrared Space Observatory (ISO; Cernicharo &
Crovisier 2005) and the Herschel Space Observatory in
observing H,O in all of the astronomical objects previously
mentioned (Melnick et al. 2010; Neufeld et al. 2011; Moreno
et al. 2012; van der Tak et al. 2013; van Dishoeck et al. 2021).
The Stratospheric Observatory for Infrared Astronomy
(SOFIA) offers an alternative opportunity for studying H,O,
as it flies above most of the water in the Earth’s atmosphere,
vastly reducing interference, and allowing for the opportunity
to observe hundreds of rovibrational H,O lines, including low
energy lines, and even lines tracing the ground level (Indriolo
et al. 2015).

Gas-phase H,O absorption toward massive protostars has been
studied extensively with ISO’s short wavelength spectrometer
(SWS; van Dishoeck & Helmich 1996; Cernicharo et al. 1997,
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van Dishoeck 1998; Gonzailez-Alfonso et al. 1998; Wright et al.
2000; Boonman & van Dishoeck 2003; Boonman et al. 2003).
The cold envelope and warm protostellar environment were
distinguished by a jump in the HO abundance as the temperature
transitioned from low to high (Boonman & van Dishoeck 2003;
Boonman et al. 2003). The low resolution (R ~ 1400) of ISO/
SWS, however, meant that the individual rovibrational H,O
transitions blended into each other, creating a single broad
absorption feature. The result of this was that physical conditions
had to be derived assuming a single absorbing slab model in local
thermodynamic equilibrium (LTE) and adopting a simple line
profile. Moreover, because of the low spectral resolution, no
kinematic information could be obtained.

We have conducted the first full spectral survey of the mid-
infrared (mid-IR) wavelength region at high spectral resolution
of two massive protostars. Previous papers have focused on the
simple organics detected, including HCN, C,H,, NH3, CS, and
B3CO (Barr et al. 2018, 2020). All species are seen in
absorption. Abundance/column density variations are observed
in HCN and C,H, with absorption bands tracing the same
lower level exhibiting differences up to a factor of 10. The
bands at 13 pm have a lower abundance compared to the bands
at 7 pm, for both AFGL 2136 and AFGL 2591. This has been
previously observed in Orion IRc2 (Evans et al. 1991) and
NGC 7538 IRS1 (Barentine & Lacy 2012). If this absorption
was due to foreground gas, this would imply a smaller covering
factor of the continuum source at 13 pm compared to 7 pm.
Knez et al. (2009) find that absorbing gas is optically thick and
lines are saturated toward NGC 7538 IRS1; however, lines do
not go to zero flux. They suggest that this could be due to
partial covering of the continuum source; however, this is
highly uncertain with covering factors ranging from a few
percent to 100% across two absorbing components. Evans et al.
(1991) proposed that the column density difference with
wavelength could be due to larger extinction and continuum
size at longer wavelengths, due to a cooler dust component
invisible at the shorter wavelengths, which can account for a
factor of up to 2 difference.

Here we discuss H,O in the context of our spectral survey,
where the fully resolved H,O lines allow temperatures and
abundances to be derived as well as the study of kinematics in
these environments. The details of the survey and analysis
techniques are outlined in Sections 2 and 3, respectively. In
Section 4, we present the results for the H,O lines in the
contexts of both a foreground absorbing slab and a stellar
atmosphere model assuming a disk origin, and in Section 5, we
discuss these results elaborating on, and comparing, the two
approaches.

2. Observations and Data Reduction

AFGL 2591 and AFGL 2136 were observed with the
Echelon Cross Echelle Spectrograph (EXES) spectrometer
(Richter et al. 2018) on board the SOFIA flying observatory
(Young et al. 2012) as part of SOFIA programs 05_0041 and
06_0117. In this full spectral survey of AFGL 2591 and AFGL
2136, EXES covered the range of 5.3-8 um and required 16
wavelength settings in its HIGH-LOW mode, where the high-
resolution echelon grating is cross dispersed at the lowest
practical order/angle so that the instantaneous wavelength
coverage was maximized. AFGL 2591 was observed to
completion in 2017 March, but AFGL 2136 was observed
over three flight series which spanned 2017 March—-2019 April.

Barr et al.

The slit width was 372 for all settings, providing R = 55,000
resolution. The fixed slit lengths used were either 3”1 or 272,
depending on the wavelength setting. In order to remove
background night sky emission and telescope thermal emission,
the telescope was nodded to an off-source position 15” away
from the target coordinates every 1-2 minutes. During the
flight series, the precipitable water vapor (pwv) meter on board
SOFIA was not working; therefore, the quantity of water in the
atmosphere could not be measured. Our observation details are
shown in Table 1.

The EXES data were reduced with the SOFIA Redux
pipeline (Clarke et al. 2015), which has incorporated routines
originally developed for the Texas Echelon Cross Echelle
Spectrograph (Lacy et al. 2003). The science frames were de-
spiked and sequential nod positions subtracted, to remove
telluric emission lines and telescope/system thermal emission.
An internal blackbody source was observed for flat fielding and
flux calibration and then the data were rectified, aligning the
spatial and spectral dimensions. The wavenumber solution was
calibrated using sky emission spectra produced for each setting
by omitting the nod-subtraction step. We used wavenumber
values from HITRAN (Rothman et al. 2013) to set the
wavelength scale. The resulting wavelength solutions are
accurate to 0.3 km s~ .

Standard star spectra were taken for several settings but were
found to be of insufficient quality to be effective. In general,
these spectra were too noisy such that they needed to be
smoothed so much that the required telluric lines were also
smoothed out, making them ineffective at dividing out the
atmosphere. In some cases, the standard star exhibited emission
features that resulted in spurious absorption features being
divided into the final spectrum. One advantage of using a
standard star spectrum is that, if taken immediately after the
science target spectrum, the baseline is largely the same as that
of the science target. This allows for efficient removal of the
erratic baseline and fringing that were present. We found
however that the use instead of an atmospheric model, in this
case from ATRAN, proved to be much more effective in
removing the atmosphere. While the ATRAN model provided a
more governable way of removing the atmosphere, allowing
line widths to be controlled, fringing was not removed from our
data. Due to the fact that the pwv meter was not working,
ATRAN models were constructed at a fixed observatory
altitude of 43,000 feet, and the depths of the telluric model
lines were then adapted to the observed telluric lines by
multiplying the model to a power, denoted Z:

Fo
F= il (D
m

where F, Fy, and F,, are the final, original, and model spectra,
respectively, and A is the airmass, following the recommenda-
tions by the instrument team and outlined in Figure 1. The use
of the telluric model in future studies would reduce the large
amount of additional time required to observe a standard star
spectrum.

2.1. Source Description

The mid-IR continuum of AFGL 2136 and AFGL 2591 is
thought to originate from a disk around these massive
protostars (Preibisch et al. 2003; Monnier et al. 2009; de Wit
et al. 2011; Boley et al. 2013). In the case of AFGL 2136, the
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Table 1
Summary of Observations

Barr et al.

Source Date Time Wavelength Range Vaop Integration Time Longitude Latitude Altitude Zenith Angle
um un (pum) (kms™") () (deg) (deg) (feet) (deg)
AFGL 2591 2017-03-23 10:06:16 7.83-8.01 25.8 120 —101.7 44.7 42,086 532
2017-03-23 09:51:47 7.67-7.85 25.8 240 —102.6 45.8 42,066 55.0
2017-03-17 10:34:18 7.51-7.69 244 420 —104.3 44.0 44,006 51.9
2017-03-17 10:15:14 7.34-7.52 244 300 —106.5 46.9 43,043 57.1
2017-03-22 11:47:14 7.19-7.37 25.6 390 —124.1 34.1 43,056 54.1
2017-03-23 09:32:32 7.02-7.20 25.8 330 —104.2 47.6 42,069 56.9
2017-03-21 10:14:38 6.87-7.05 253 270 —100.8 43.0 43,006 512
2017-03-21 09:55:52 6.69-6.88 253 300 —102.5 45.3 41,998 54.4
2017-03-23 10:14:17 6.53-6.71 25.8 300 —100.2 42.8 42,082 50.9
2017-03-22 12:10:50 6.36-6.54 25.6 180 —122.8 324 43,058 51.3
2017-03-22 11:23:00 6.18-6.37 25.6 420 —126.3 36.6 43,069 58.1
2017-03-23 09:07:04 6.01-6.20 25.8 420 —106.7 50.1 42,065 60.6
2017-03-22 10:50:37 5.82-6.02 25.6 600 —128.7 394 43,054 63.1
2017-03-21 09:32:06 5.65-5.84 253 330 —105.0 48.4 42,001 58.6
2017-03-21 08:45:11 5.48-5.67 253 660 —109.1 52.1 42,011 62.9
2017-03-17 09:37:31 5.35-5.51 244 660 —108.9 49.7 42,996 59.2
AFGL 2136 2019-04-24 10:00:12 7.83-8.01 40.5 256 —104.4 36.3 43,014 51.8
2017-03-23 11:55:34 7.67-1.85 438 1170 —117.6 345 43,063 51.3
2017-03-17 11:13:03 7.51-7.69 435 840 —110.5 38.8 44,962 60.2
2017-03-17 11:55:32 7.34-7.52 435 660 —114.7 36.0 45,008 55.7
2017-05-25 09:57:59 7.19-7.37 30.0 810 —121.9 38.7 43,008 51.7
2017-05-25 10:39:58 7.02-7.20 30.0 840 —128.8 394 45,012 53.1
2017-03-21 10:47:40 6.87-7.05 43.7 1200 —109.3 36.5 43,008 56.8
2017-03-21 11:54:08 6.69-6.88 43.7 1140 —117.0 327 43,008 50.0
2017-03-23 10:46:19 6.53-6.71 43.8 1440 —110.0 374 43,083 56.3
2017-03-16 11:34:59 6.36-6.54 43.4 1230 —1224 37.2 43,995 60.9
2019-04-17 10:01:58 6.18-6.37 419 256 —95.1 35.4 42,997 51.7
2019-04-17 08:35:48 6.01-6.20 41.9 256 —83.7 39.2 43,006 56.5
2019-04-17 11:10:48 5.82-6.02 419 256 —105.2 345 43,008 47.2
2019-04-23 10:19:34 5.65-5.84 40.7 256 —101.1 35.9 43,011 49.7
2019-04-19 10:01:54 5.48-5.67 415 256 —114.8 419 43012 61.4
2019-04-23 11:29:01 5.35-5.51 40.7 256 —112.2 35.0 43015 48.2

Note. Vy,p, is the Earth’s velocity relative to local standard rest (LSR) at the time of the observations in the direction of the YSOs. Integration time is the time spent on-

source.
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Figure 1. Two examples of absorption lines from AFGL 2136 from different wavelength settings illustrating the division of the telluric lines with the ATRAN model.
The original spectrum is shown in blue, the ATRAN model is shown in orange, and the original spectrum divided by the ATRAN model is shown in green. The
ATRAN model is scaled by multiplying the model by the power airmass to achieve a good match.

mid-IR continuum interferometry results have been interpreted
in terms of an inner dust rim with a radius of >125 au. The
absence of small dust grains in the inner 125 au has been
attributed to excavation by photoevaporation (Monnier et al.

2009; de Wit et al. 2011; Frost et al. 2021). For AFGL 2591, a
similar scenario is suggested with an absence of grains that
contribute to the mid-IR continuum in the inner 65 au
(Preibisch et al. 2003; Monnier et al. 2009), although the exact
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radius is not well determined due to uncertainties in the adopted
distance to this source.

The inner 130 au of AFGL 2136 is observed to be gaseous,
with a Keplerian disk observed in vibrationally excited H,O
emission detected with the Atacama Large Millimeter Array
(ALMA; Maud et al. 2019). As the emitting level is 3462 K
above ground, this emission is associated with very hot gas.
Coexisting with the H,O disk are large grains (millimeter size
or larger) that create the submillimeter continuum and have not
been photoevaporated. The submillimeter continuum is
observed to cover the same extent as the gas, of around 120
au in radius. This places the dust and gas observed at
submillimeter wavelengths within the proposed dust rim
responsible for the mid-IR continuum. There is evidence for
a disk wind in AFGL 2136 from radial motion in the disk,
which could be driven by the star, supported by the detection of
very compact H30a emission potentially driving an ionized
disk wind (Maud et al. 2018).

de Wit et al. (2011) and Frost et al. (2021) find that a hot
zero-age main-sequence star is too faint to provide enough N-
band flux to explain the visibilities of AFGL 2136 observed
with the MIDI instrument on the Very Large Telescope
Interferometer. To reconcile this they propose the presence of a
bloated star, which contributes a few percent to the total N-
band flux to match the observations, in any case implying that
the main source of continuum is the disk and not the central
protostar.

For AFGL 2591, bright rovibrational (v, =1) HCN (4-3)
lines with excitation temperatures of ~1060 K and critical
densities larger than 10'° cm™ probe the warm and dense
material in close proximity to the protostar. High-resolution
observations with the Northern Extended Millimeter Array of
these lines suggest a rotating disk structure in AFGL 2591 with
a radius of ~1000 au and a northeast-southwest velocity
gradient, which is not in perfect Keplerian rotation. This disk
has fragmented into three companion cores with separations of
800 and 1400 au (Suri et al. 2021).

Both young stellar objects (YSOs) are associated with
elongated thermal radio emission coinciding with the protostar
and elongated parallel to the outflow axis (Trinidad et al. 2003;
Menten & van der Tak 2004; Sanna et al. 2012), indicative of
photoionization of a jet-generated cone surface (Tan &
McKee 2003; Tan 2008; Tanaka et al. 2016, 2017). Size
estimates for these compact radio emission sources are 58 X 6
au (Menten & van der Tak 2004) for AFGL 2136 and
290 x 125 au for AFGL 2591 (Trinidad et al. 2003; Sanna et al.
2012).

Figure 2 provides a schematic illustration of the structure of
AFGL 2136 derived from the literature cited above. While
AFGL 2591 has not been studied at the same level of detail, we
surmise that the Hot Core circumstellar disk environment of
these two sources are very similar, albeit that the details (e.g.,
relative sizes of the different components; viewing angle) may
be different.

3. Analysis

The data presented in this paper are part of a high-resolution
spectral survey of the 4-13 ym region of two massive YSOs,
AFGL 2591 VLA3 (hereafter, AFGL 2591) and AFGL 2136
IRS1 (hereafter, AFGL 2136). A limited set of water absorption
lines in carefully selected, narrow, spectral windows has been
analyzed by Indriolo et al. (2015) and Indriolo et al. (2020) for

Barr et al.

AFGL 2591 and AFGL 2136, respectively. In this work, we
build on these studies using the H,O data from the full 5-8 ym
spectral survey, containing 209 H,O lines in AFGL 2136, and
240 lines in AFGL 2591, in the v,=1-0 and v,=2-1
rovibrational transitions of the 1, band. These are the numbers
of lines used in this study, with many more lines having to be
discarded due to the reasons outlined below.

Due to many challenges with the data reduction, the
absorption lines were analyzed on a line-by-line basis, instead
of applying a global reduction to the spectrum as a whole. This
involved normalizing the science target spectrum, matching the
continuum of the science spectrum and atmospheric model, and
dividing the atmosphere out from each echelle order where the
given absorption line was present (Figure 1). A first-order
polynomial representing the continuum was then fit over the
absorption line, which was then divided by this continuum to
achieve a flat baseline. Naturally, this introduced some
systematic error in the continuum placement as not for every
case was it clear where the continuum should go, and removing
the baseline fluctuations was not possible since the orders could
not be merged in this method. A further systematic uncertainty
in the fit was poor removal of the telluric lines in places. The
systematic uncertainties are estimated to be negligible to up to a
factor of 0.75 of the error on the equivalent width (derived from
the statistical noise) depending on the absorption line.
Transitions that were blended with very deep telluric lines
were discarded since it was not possible to recover the line
profiles of these transitions. Likewise, lines that were blended
with other hot core lines were discarded.

Lines were fitted in velocity space, with either one or two
Gaussians depending on which was appropriate. The variables
of the Gaussian model were the peak velocity, v; sg, velocity
dispersion parameter, o,, and the line depth. For AFGL 2136,
the vi sg Was constrained between 24 and 28 km s~ ! for the first
component and 32 and 36 km s~ for the second component.
For both components, o, was constrained between 1 and 6 km
s~'. In the case of AFGL 2591, the first component was
constrained to a vy gg between —18 and —7 km s~ . It was not
possible to set the vy ggr of the second component as a free
parameter, due to the heavy blending of the velocity
components. Instead, this was chosen such that it was, for all
transitions, 14 km s~ ' blueshifted with respect to the vy ggr of
the first component. The value of 14 km s~! however, has a
certain error associated with it. This will be discussed further in
Section 4. Both components were fit with o, between 1 and 8
km s~ '. The line widths have been deconvolved with the
instrument profile.

Rotation diagrams presented in Section 4 are created using
the Boltzmann equation. The column density in the lower
rovibrational level is calculated using the optically thin relation

_ & 8m 7 (v)

N 3
gu Aul )\ul ¢i(v)

dv, 2)

where i=1, 2 for the two velocity components. N; is the
column density of the lower level, g; and g, are the statistical
weights for the lower and upper level respectively, A, is the
spontaneous emission coefficient for the transition, A, is the
wavelength of the line, 7(v) is the optical depth profile of the
line in velocity space, and 1/¢(v) is equal to 1 for an integrated
line. If the lines are optically thin and LTE is a valid
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Figure 2. Cartoon illustration of the different physical components of the proposed disk and its surroundings (not to scale), and the mechanisms relevant to the
discussion, based on observational evidence for AFGL 2136. A jet has carved a narrow channel (shown in brown) through the thick cocoon around the massive
protostar, shown in transparent gray. The radiation from the central star escapes through this channel, creating a flashlight effect. Near the star, the gas in the channel
walls is ionized by the stellar radiation, producing a confined H II region, indicated by the green region. A disk wind, represented by the solid lines, has removed gas
and small dust grains in the disk within 125 au but leaving a thin pebble disk. The thin inner pebble disk is the source of the continuum and the vibrationally excited
H,O lines in the submillimeter, while the continuum and absorption lines in the mid-IR originate from the dust disk beyond 125 au. The disk is heated internally
through viscous processes, leading to accretion. We see evidence for the wind from the mid-IR absorption lines in AFGL 2591, represented by the dotted lines.
Outside of 125 au, the disk wind is not strong enough to excavate gas and (small) grains. On a scale of 1000 au, the disk is not warm enough to observe at mid-IR
wavelengths; therefore, the mid-IR disk is only observed out to a limited portion of the whole disk. At around 1000 au, the gas is warmer than ~100 K and ices
evaporate, leading to the release of complex organic molecules (COMs) from grain surfaces as well as the gas-phase production of COMs. This is the hot core region.
There is a lack of COMs detected in a disk-like structure in AFGL 2136, but rather CH;3OH is observed in a plume structure, suggesting that this object is late on it is
evolution, consistent with the detection of unresolved H30c emission in a very compact region (Maud et al. 2018). AFGL 2591 on the other hand does show CH;0H
on scales of 1000 au in a disk-like structure (Jiménez-Serra et al. 2012). The location of maser emission is located, tracing the cavity walls. The temperature and
density of the disk increase toward both the midplane and the central star, with the color scale representing the temperature where red is hot and blue cold. The large-
scale gray color represents the surrounding envelope in which the disk is embedded. For AFGL 2591, the observer looks into the cone of the blueshifted outflow,
whereas for AFGL 2136 the observer looks more into the plane of the disk (inclination of 40°).

assumption, data points on the rotation diagram follow a
straight line with slope —1/7, with temperature 7.

for 7, <1.254, and

W\ 2 / YA
— ~ = |In In2] + ——(7, — 1.254 4
bEA c\/ 7 ] AT (T” ) ®

3.1. Foreground Absorption
for 7, > 1.254, taken from Tielens (2021) with the additional

factor 1/f, to take into account a covering factor. Here W), is
the equivalent width, A is the wavelength, 7, is the peak optical
depth, b is the Doppler width, and ~ is the damping factor. The
Doppler parameter, b, is related to the velocity dispersion via

In order to attend to the effects of optical depth, we introduce
a curve of growth analysis that is based on the assumption of a
background light source seen through a dust-free absorbing
slab of gas. We assume that each velocity component of the
absorption lines is caused by a single cloud. In principle, it is

possible that each velocity component consists of a blend of
multiple gas clouds. However, in the absence of other
constraints, this would merely introduce additional free
parameters. We stress that the derived level populations as a
function of energy or as a function of optical depth do not
reveal systematic behavior indicative of contributions by
multiple components. Hence, if there were multiple compo-
nents present, their physical conditions and column densities
would have to be very similar. The theoretical curve of growth
can be approximated by

W T Tp

LA/ S LI S 3
bEA ¢ 1+7,/242 @

b = 2 0,. The expression for T, is given by

2

S ~TerN fi A , 5)

mech

where N, and f; are the column density and oscillator strength in
the lower level, respectively, e is the electron charge, m, is the
electron mass, and 7, is integrated over wavelength. In the
empirical curve of growth, we introduce an additional
parameter, f., the covering factor of the absorbing gas, which
is divided into the equivalent width (e.g., the left-hand side of
Equations (3) and (4) become W,/b).). This parameter
describes the covering of the background illuminating source,
where a smaller covering factor will result in a smaller
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Table 2
H,0O Absorption Physical Conditions

Source Band Number of Lines Temperature Column Density Temperature Abundance Allowed Values of o,
(K) (cm™?) (K) (w.r.t CO) (kms™h
Foreground Model Atmosphere Model
AFGL 2136 vy vy = 1-0 154 457+13 3.6501 x 108 470734 16493 1.0-32
vy vy =2—1 55 585 + 28 3.9+0.1 % 10" 585+ 28 92404 x 1073
AFGL 2591 vy v, =1-0 177 5414 15591 x 10 625127 74503 1.0-4.0
vy va=2-1 63 418738 1.032 x 107 40321 73706 x 1072

Note. The column density and temperature derived from the slab model curve of growth are presented as well as the abundances and temperatures from the stellar
atmosphere curves of growth with e = 0.5. Parameters of the v, v, = 2-1 band in AFGL 2136 are taken from the rotation diagram. The upper and lower subscripts
denote the 1o error from the contour plots.

Table 3
Chemical Abundance Ratios

HCN/CO C,H,/CO NH;/CO HCN/C,H, CS/CO H,0/CO HCN/CO 13 pum C,H,/CO 13 um
(x1072) (x107%) (x107%) (x107%) (x107%) (x107%)

AFGL 2591% 10.0 >1.1° 20 <9.1° 7.5 7.48 2.0 1.1

AFGL 2136* 2.0 1.0 2 1.8 1.3 1.6 0.6 0.3

Hot core® 0.009 o 0.004 0.004 8 x 1074

T Tauri disk? 3 2 <5 1.5 2

Herbig disk® <22 <1.0 2.2 1.0

Shock® <0.003 <0.004 - ~0.02

Notes.

 In interpreting the observed abundance ratios, it should be recognized that they are measured at different wavelengths and may therefore (partially) originate from
different regions in the disk with inherent somewhat different dust continuum properties in the mid-IR.

b Upper limits are placed on C,H, because, while this species was detected at 13 ym in AFGL 2591, the undiluted band at 7 ym was not detected.

¢ Submillimeter observations of the hot core of AFGL 2591 (Kazmierczak-Barthel et al. 2014)

4 Observations of T Tauri disks by Carr & Najita (2008). NH;3 was not studied by Carr & Najita (2008); therefore, this upper limit was taken from Pontoppidan et al.

(2019).
¢ Average of the sample of Herbig disks from Salyk et al. (2011).

f Values for HCN and C,H, are taken from peak 1 in Orion (Boonman et al. (2003); their model 3). The H,O abundance is taken from Goicoechea et al. (2015).

€ Taking the H,O abundance from Table 2.

observed equivalent width. To be precise, we fit f, in the curve
of growth fitting, as these two parameters are degenerate. We
do note that b is relatively well constrained by the observed line
widths, but still could take a range of appropriate values.

The level populations are related as follows:

_ sN e BT, (©6)
o(T)

where Q(T) is the partition function, N is the total column
density of the species, E; is the energy of the lower level in
Kelvin, and T is a free parameter that will be of the order of the
temperature derived from the rotation diagram. Physical
conditions derived under the assumption of this model are
summarized in Table 2, and chemical abundance ratios are
given in Table 3.

l

3.2. Disk Atmosphere

Alternatively, we consider the stellar atmosphere model
developed by Barr et al. (2020) and construct curves of growth
in this regime also, following the stellar atmosphere theory of
Mihalas (1978). Curves of growth in this approximation are
constructed using the equation

wo foo noH (a, v) v
2YAv o 1+mny,H(a,v)

@)

where W is the equivalent width of the absorption lines in
frequency space, Avis the Doppler width in units of hertz, and
Y takes into account the temperature gradient in the atmos-
phere. For the derivation and definition of Y, see Appendix A in
Barr et al. (2020).H(a, v) is the Voigt profile as a function of the
frequency shift, v (in velocity space and normalized to the
Doppler parameter), and a the damping parameter (in Doppler
units). The latter only plays a role in the square root portion of
the curve of growth and this is not relevant here. The right-hand
side of this equation can be calculated as a function of 7y,
resulting in a theoretical curve of growth. We have used the
simple approximations to this provided by Mihalas (1978),
assuming a gray opacity. 7 is the opacity at the line center set
relative to the continuum opacity given by

_ k(v = 1)
Mo=—_ "

c

AN
= a/—éﬁ’ (8)
8nv2mo, g Xco

where X; is the abundance in the lower level and « is a
parameter set by the requirement that the CO abundance, X,
is 107", which results in a=1.3x 10" and 2.3 x 10'® H
nucleus/cm2 for AFGL 2136 and AFGL 2591, respectively.
Here, the continuum opacity k.. is equal to o.Ny, where o, is
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Figure 3. Trend between 7, with the line width in AFGL 2136.

the dust cross section per H nucleus calculated as Xco/«, in
units of square centimeters per H nucleus In adjusting this
parameter to a free parameter, we recognize that coagulation
and settling of large grains and/or turbulent size sorting may
have affected the dust abundance and opacity per H atom, and
that this depends on the physical conditions and history of the
disk (Dullemond & Dominik 2008; Cuzzi et al. 2008; Ormel
et al. 2011).

As in the curve of growth for Equations (3)—(5), the level
populations are related by Equation (6), with the difference that
it is no longer the column density of the lower level but the
abundance with respect to H nuclei; and thus N is replaced by
the total abundance with respect to H, X(H,O). Adopting an
abundance, temperature, and Doppler parameter for the
absorbing gas, the left-hand side of Equation (7) as well as
Mo can be calculated for each line, resulting in an empirical
curve of growth.

Empirical curves of growth are created for a range of
different values of 7 and X(H,O) and these are fit to the
theoretical curve of growth. This fit is quantified by a least
square process where the best combination of 7 and N or
X(H,0) is chosen such that the reduced chi-square is the
lowest. The errors on these best-fit parameters are taken from
the 1o contour in the corresponding error plot. These contour
plots have been normalized to the minimum reduced chi-square
from the fitting procedure. Physical conditions derived for the
disk model are also summarized in Table 2.

4. Results
4.1. AFGL 2136

For AFGL 2136 we only focus on the velocity component
with peak velocity fit between 24 and 28 km s~ since this is
the main absorbing component seen also in HCN, C,H,, NHj3,
and CS (Barr et al. 2020). For the v, = 1-0 band, all peak
velocities are in agreement and there is no evidence for any
velocity trends with opacity. We derive an average value of
255+ 1.1 km s~ ! for the visr. There is however an overall
increase of the line width with 7, by a factor of 2, shown in
Figure 3. Figure 4 illustrates that lines with high opacity are
clearly broader.

Barr et al.

As was noted by Indriolo et al. (2020), the rotation diagram
shows a large scatter that cannot be accounted for by the error
bars (Figure 5). This is evident by the underprediction of the
column density of a number of lines, most prominent for those
with high 7y values, i.e., high Einstein A coefficients and/or
high column densities. As a result of this, the temperature and
column density derived from the rotation diagram do not reflect
the true physical conditions. This effect is illustrated more
clearly in Figure 6, which shows the column density of a
number of levels for which we have multiple transitions. The
individual transitions should yield the same column density but
as this figure illustrates, lines with high 7y systematically yield
lower column densities.

The line profiles can provide further insight where, in
Figure 7, we plot absorption lines from the 7, s level against
LTE models that assume an absorbing slab of gas that is not
mixed with the dust, with f. =1 and f. = 0.4. The LTE models
are generated at the physical conditions derived from the slab
curve of growth. Five lines are shown with varying opacity.
Observed absorption lines do not go to zero, as would be
expected for very optically thick lines under the assumption of
an absorbing slab that fully covers the source, but instead
saturate at 40% relative to the continuum. With a covering
factor of 0.4 for AFGL 2136, the LTE model matches the
observed line profiles. The behavior presented in Figure 6 is a
result of the lines saturating, as we have assumed that the
absorbing gas fully covers the source in the rotation diagram
analysis. Therefore, a curve of growth analysis is required.

We present the results of the curve of growth from the
absorbing slab model for AFGL 2136 in Figure 8. We constrain
f. by the condition that this parameter must be equal to the
depth of the deepest absorption line (on a continuum-normal-
ized flux scale). From Figure 7, we fix f_ to 0.4 for AFGL 2136.
We then carried out the chi-square fitting routine to find the
best-fit combination of 7 and N, for a range of different
Doppler widths, thus fitting three parameters. We find that a
Doppler width of 3.75 km s~ ' gives the best fit, and the
minimum chi-square of the temperature/column density grid
for this b corresponds to 4574° K and 3.6 75! x 10" em 2.
This value of b corresponds to a value of 2.7 km s~ for o,.
While this is the best-fit model, by eye the curve of growth
does not fit well for the low opacity lines. A more linear
behavior for the low opacity lines is obtained for an excitation
temperature of 600 K and a column density of 2.3 x 10'®
cm 2, at the cost of an increased spread of the points around
the theoretical curve of growth (and a larger chi-square). This
does not depend strongly on the adopted line width. The
intrinsic o, may vary between 1 km s~ '—appropriate for the
thermal motion of this gas—and the observed line width of the
narrowest lines (3.2 km sfl); however, line widths below 2.5
km s~' do not fit the theoretical curve of growth. The chosen
Doppler parameter introduces an uncertainty of 20% and 30%
in the derived temperature and column density, respectively,
and does not noticeably improve the fit by eye, as shown in
Figure 8. The rotation diagram is corrected for optical depth
effects by extrapolating the equivalent width for the calculated
7, of each optically thick absorption line to a linear relation in
the curve of growth. The rotation diagram is recalculated;
however, the correction still shows considerable scatter
(Figure 8).

We also pursue a curve of growth analysis based on the
stellar atmosphere model presented in Barr et al. (2020). We
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Figure 4. Line profiles of AFGL 2136 showing transitions of different opacity. Absorption lines are shown that exhibit one and two velocity components in the left
and right panels, respectively. Shown in orange is a Gaussian with a vy sg of 25 km s~ 'and a o, of 4 km s~'. The blue dashed lines denote the Gaussian fits to each
velocity component. The black dashed line at 25 km s~ is added for a reference and the red dashed line at 22 km s~ indicates the velocity of the gaseous envelope as

observed at submillimeter wavelengths.
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Figure 5. Rotation diagrams of the H,O v = 1-0 (leff) and vibrationally excited v = 2—1 (right) transitions of the v, band in AFGL 2136. The color bar is a function of
log;0(1o)- The dashed red line denotes the temperature of 470 K derived from the curve of growth (see section 5.1). The solid black lines denote the fit to the rotation

diagrams, and the temperatures of these fits are given in the legend.

calculate empirical curves of growth with boundaries on the
line width of 1 S o, $3.2 km s~ . Figure 9 shows the curve of
growth under the assumption that lines are formed through a
combination of absorption and scattering (e =0.5; see Barr
et al. 2020 for details). We find that the best-fit value for the
Doppler parameter is for o, = 3.0 km s~ '. The temperature and
abundance with respect to CO are 4701’—2‘3‘ K and 1.6703,
respectively. This temperature is very similar to those of CO,
CS, and NHj in this source, whereas the temperatures of HCN
and C,H, are higher by 200 K (Barr et al. 2020). The cases of
line formation in the approximation of pure scattering (e = 0)
and pure absorption (¢ = 1) are also considered and shown in
Figures 10 and 11, respectively. For all cases, we find that o, of
3.0 km s~ ' provides the best fit. The derived temperature is not
very dependent on the choice of €; however, the abundance

increases from 0.57)1 for e =1, to 13704 for e =0, to 1.6733
for e = 0.5. The correction to the rotation diagram (Figure 9) is
good for all €, with a closer to linear result compared to the slab
model.

The temperature obtained from the slab analysis agrees with
the temperature from the stellar atmosphere analysis, within the
errors. The best-fit value for o, in the stellar atmosphere model
is 3.0 km sfl, compared to 2.7 km s~! for the slab model. We
cannot directly compare the column density derived from the
two methods. Goto et al. (2019) measured the >CO v =2-0
band and derived a temperature and column density of
530+80 K and 2.8+0.4 x 10" cm™2 respectively. With
this column density, we find a H,O/CO ratio of 0.1. This is an
order of magnitude lower than what we find for the H,O
abundance relative to CO from the stellar atmosphere model;
however, the v =2-0 band is at 2.3 ym and therefore differing
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Figure 7. Absorption lines in AFGL 2136 of H,O that trace the 7, 5 level (left) and the 4, , level in AFGL 2591 (right). The green solid line denotes a model of a
background light source seen through a dust-free absorbing slab of gas, with f. = 1, generated at the physical conditions derived from the slab curves of growth. The
blue dashed line is the same as the green solid line but with a covering factor, f., of 0.4 applied. The opacities of each observed 7, are indicated in the corresponding
panels. The dashed vertical line in the plots for AFGL 2591 denotes —10 km s~ for a reference.

source sizes at different wavelengths could have some effect.
The derived physical conditions are summarized in Table 2 and
all line parameters are given in Table 4. The full line
parameters for the v =2-1 transition are given in Table 5.

Although there is a large scatter, there is a trend of increasing
line width with opacity (Figure 3). This is also true of AFGL
2591 (Section 4.2; Figure 14). This may be a consequence of
the high opacity absorption lines moving onto the logarithmic
part of the curve of growth, thus starting to broaden. There is
no obvious cause for the large scatter in this trend, which may
reflect the systematic error in the line fitting.

Four lines of HA%0 are detected in AFGL 2136 and curves of
growth are shown in Figure 12 and summarized in Table 6. The
temperature we derive is 25277, K and 26073, for the stellar
atmosphere and slab models, respectively. This is lower than
the temperature for H3°0, which may reflect the fact that these
lines have lower energy levels, and therefore probe colder gas.
The abundance with respect to CO is 3.6703 x 1073, which
results in a 16O/ 180 ratio of 444 + 83, consistent with the

standard interstellar medium (ISM) value of 500 (Wilson &
Rood 1994).

For the vibrationally excited v, =2-1 band, absorption line
profiles are consistent with each other and no evidence for
trends in peak velocity or line width is present. The average o,
and v;sg for the v, =2-1 band are 3.1 £1.0 km s ! and
2574 1.3 km s ', respectively. This is in good agreement
with the v, = 1-0 band. In the rotation diagram, all transitions
can be fit with a straight line. All lines have very low values for
1o and therefore will lie in the linear part of the curve of
growth. We therefore derive the temperature and abundance/
column density for this band from the rotation diagram. These
parameters are summarized in Table 2. Given the measured
relative populations of the v=1-0 and v=2-1 vibrational
states of H,O, we derive a vibrational temperature of 452 £ 57
K for H,O, very close to the rotational temperature. This
similarity in excitation temperature implies that the gas is very
dense and close to the critical density for the vibrational levels,
10'"" cm™ (Faure & Josselin 2008). As this is higher than the
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Figure 8. Left: the curve of growth for the v = 1-0 transition of AFGL 2136 for the slab model, taking a covering factor of 0.4 and b = 3.75 km s~ '. The best-fit
empirical curve of growth is shown and the corresponding best-fit temperature and column density are indicated. Upper right: the error on the parameters is given in
the contour plot where the color scale is the reduced chi-square value. The contours represent the 1o, 20, and 30 uncertainty levels. Lower right: the column densities
for the optically thick lines were determined using the curve of growth. The best-fit temperature of 457 K from the slab curve of growth is represented by the red
dashed line. The black solid lines are fits to the corrected data set and the corresponding temperatures are indicated for each case.

critical density for rotational excitation, 10® cm ™, this implies
that the kinetic temperature of gas is equal to the excitation
temperature of the rotational population, 500 K.

The 3 = 1-0 band at 2 yum was observed in absorption by
Indriolo et al. (2020). All lines lie in a straight line in the
rotation diagram indicative of optically thin gas; therefore this
band likely gives a reliable handle on the temperature,
502+ 12 K.

4.2. AFGL 2591

The absorption line profiles in AFGL 2591 are complex. The
systemic velocity of the envelope of this source is v gg = —5.5
km s~ (van der Tak et al. 1999; Wang et al. 2012; Gieser et al.
2019). The presence of two velocity components is obvious in
several examples, one at —10 km s~ ! and one at —25 km s
(Figure 13) and we refer to these as the major and minor
components, respectively. There is no consistent trend in
Einstein A or energy level, Ej, for the presence and/or strength
of the minor velocity component; e.g., some strong lines show
only one component, whereas some show two, and some lines
with equivalent energies show both one and two components
(Figure 13). This may reflect different excitation conditions in
the minor component compared to the major one. Due to the
heavy blending of the two velocity components, in order to
achieve reasonable fits the v; sg of the minor component could
not be left a free parameter in the fitting routine, and instead
had to be fixed to a certain velocity.

10

In contrast to AFGL 2136, the v, =1-0 band reveals
variations in the peak velocity, with some lines appearing
shifted with respect to each other. There is a general trend
between the peak velocity and the opacity of the transition
(Figures 13 and 14). This is the case for all lines, whether the
minor component is present or not. As a result of this trend, the
visr Of the minor component also changes, since it is the
composite line profile that shifts. In order to minimize the
uncertainty of the placement of the minor component, we
applied a constraint that the two velocity components should be
separated by the same amount; 14 km s~ ' for all transitions.
However, it is not possible to achieve this exactly, as we fix the
velocity of the minor component and allow the velocity of the
major component to vary. Thus, the peak velocity of the major
component prefitting was estimated by eye, looking at the
composite line profile. Then the peak velocity for the minor
component to be used in the fitting was chosen based on this
estimate. Naturally, this leads to some uncertainties in the
placement of the minor velocity component, and therefore,
most importantly, the integrated line strength of the major
velocity component. A separation of 14+ 1 km s~' between
the two components is more accurate, and this constraint gives
a good fit to the line profiles and curves of growth. Not
accounting for the shift of the minor component introduces a
large scatter in the curve of growth. Furthermore, the lines
show an overall variation in line width, as illustrated in
Figure 14. Referring to the results below, we note that this line
width increases with increasing 7y. This trend was noted
previously by Indriolo et al. (2015). Combined with the trends
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Figure 9. Left: the curve of growth for the v = 1-0 transition of AFGL 2136 for the stellar atmosphere model. The theoretical curve is for the case of a mixture of
absorption and scattering, with a damping factor, a, of 107>, The best-fit empirical curve of growth is shown and the corresponding best-fit temperature is indicated.
Upper right: the error on the parameters is given in the contour plot where the color scale is the reduced chi-square value. The contours represent the 1o, 20, and 30
uncertainty levels. The H,O abundance is quoted relative to CO. Lower right: the rotation diagram is a function of 7, and the abundances for the optically thick lines
were determined using the curve of growth. The best-fit temperature of 470 K from the curve of growth is represented by the red dashed line. The black solid lines are
fits to the corrected data set and the corresponding temperatures are indicated for each case. Note that the y-axis is the abundance in the lower level based on the stellar

atmosphere theory.

in peak velocity and line width, we are limited in terms of the
line fitting. It is not possible to accurately determine the
physical conditions of the minor component since it is too weak
and difficult to disentangle from the major component.

The rotation diagrams for the v, = 1-0 and v, = 2-1 bands
are shown in Figure 15. For the v, = 1-0 band, the scatter is far
more accentuated compared to that seen in AFGL 2136.
Figure 6 illustrates this point for levels that trace the same
lower level across a range of energies.

As in AFGL 2136, Figure 7 shows that absorption lines do
not go to zero flux, even when they have very large opacities.
Four lines from the 4,, level are shown. These lines should
have the same column density as they originate from the same
lower level; however, this is not the case as shown in Figure 6.
Absorption lines saturate at 15% relative to the continuum, and
therefore lines with larger and larger opacity exhibit a greater
discrepancy with the absorbing slab model. Saturation occurs at
a lower flux than in AFGL 2136 and hence the more extreme
scatter in the rotation diagram compared to AFGL 2136.

We show the results of the curve of growth analysis in the
approximation of an absorbing slab for AFGL 2591 in
Figure 16. As a result of the complexity of the line profiles,
the scatter in the curve of growth for AFGL 2591 is dominated
by systematic error. Therefore, we determine the fit to the curve
based only on lines that show a single velocity component and
then apply the derived physical conditions to the data set as a
whole. Again we fix the value for f,. from Figure 7. This sets a
value of approximately 0.15 for AFGL 2591. We find a best-fit
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temperature and column density of 541j—1 Kand 1.5)] x 10"
cm 2, respectively. The value for b, which gave the lowest chi-
square value, was 5.25 km s~ '. This value for b corresponds to
a value of 3.7 km s~! for o,. For AFGL 2591, we fix o,
between 1 and 4 km s .

The curve of growth in Figure 17 for the stellar atmosphere
model gives a temperature and abundance with respect to CO
of 625721 and 7.4703, respectively, assuming € = 0.5. The best-
fit value for o, in this case is 2.75 km s~ '. For the other
processes of line formation, we find different values of o, fit
better, with 2.0 and 1.5 km s~ ! for e=0 and 1, respectively.
These curves of growth are shown in Figures 18 and 19. We
also find that the abundances are different with 7.970¢ and

4.2703 for € of 0 and 1, respectively, while the temperature
varies by only 25 K.

Comparing the slab analysis to the stellar atmosphere
analysis, we find that for AFGL 2591, the temperatures are
significantly different, but agree within the 3o error bars, with
541111 K and 62578 K, res?ectively. Taking the column
density of 9.3 x 10'® cm™ for '*CO (Mitchell et al. 1990) and
a 12C/13C ratio of 60, we find a H,O/CO ratio of 2.7, using the
water column density derived from the slab model. This is a
factor of 2-4 lower than that we derive from the stellar
atmosphere curve of growth, depending on the value of €. The
corrected rotation diagrams for the stellar atmosphere approach
are better than those for the slab model, although the slab
model still does a good correction. The physical conditions are
summarized in Table 2.



THE ASTROPHYSICAL JOURNAL, 935:165 (29pp), 2022 August 20 Barr et al.

x? Error Contour Plot -

1Courve of Growth AFGL 2136 H,0 v, v,=1-0

—— a=10"3 pure scattering 8
490 K _ -
) 6
- 2
0.5— 51 5X
4
_
Q 3
=
2
>~ 00N ! |
[ 500 600 1
T (K)
N
-~
= s 5 AFGL 2136 H,0 v; v,=1-0 Lo
-0.5— —— 529x6 K
8 - 470K 1.25
(@)] 14k
o 1.00
— _16- 0.75
1.0 >
x 0.50 No
=
—18[ 0.25
0.00
. | | | | | | | | =20
2.0 -15 -1.0 -05 0.0 0.5 1.0 1.5 2.0 2.5 —0.25
= 1 1 1 1 ) -
Iog 1070 22— 1000 2000 3000 4000 9,50

Lower State Energy, E/kg (K)

Figure 10. Left: the curve of growth best fit for the case of pure scattering. Upper right: the error on the parameters is given in the contour plot where the color scale is
the reduced chi-square value. The contours represent the 1o, 20, and 3¢ uncertainty levels. The H,O abundance is quoted relative to CO. Lower right: the rotation
diagram is a function of 7, and the abundances for the optically thick lines were determined using the curve of growth. The best-fit temperature of 470 K from Table 2
is represented by the red dashed line. The black solid lines are fits to the corrected data set and the corresponding temperatures are indicated for each case.
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Figure 11. Left: the curve of growth best fit for the case of pure absorption in AFGL 2136. Upper right: the error on the parameters is given in the contour plot where
the color scale is the reduced chi-square value. The contours represent the 1o, 20, and 30 uncertainty levels. The H,O abundance is quoted relative to CO. Lower right:
the rotation diagram is a function of 7, and the abundances for the optically thick lines were determined using the curve of growth. The best-fit temperature of 470 K
from Table 2 is represented by the red dashed line. The black solid lines are fits to the corrected data set and the corresponding temperatures are indicated for

each case.

12



THE ASTROPHYSICAL JOURNAL, 935:165 (29pp), 2022 August 20 Barr et al.
Table 4
Line Parameters for the v = 1-0 Transition of AFGL 2136
Transition A E; g [ A VLSR FWHM w log10(70) logio(7p)
(pum) (K) s™h (km s~ (km s~ (10® Hz)

12511—11410 5.3719 2194 69 75 10.9 24.1+18 112+12 4.83 £0.80 0.57 0.12
124 11—1150 5.3737 2194 23 25 10.9 26.1 £0.7 79 +0.7 2.29 £+ 0.66 0.09 —0.36
1158—1047 5.3772 2275 63 69 33 26.0 £2.1 75+09 1.64 £0.84 —0.06 —0.51
937—826 5.3806 1414 17 19 5.0 272 £0.6 120 £ 0.5 4.80+0.24 0.36 —0.07
836725 54119 1125 45 51 43 252 +£0.6 9.6 +0.3 5.36 £0.35 1.00 0.58
T6.1—Ts2 5.4183 1525 45 45 1.3 257+ 1.8 7.9 +0.8 1.83 £0.74 0.04 —0.39
936—954 5.4238 2125 57 57 1.9 264+19 104 £ 1.1 1.82 £0.43 —0.23 —0.68
115,40—1050 5.4248 1860 21 23 10.2 267+ 1.6 137+ 0.6 5.53 £ 1.06 0.35 —0.09
T35—624 5.4431 867 13 15 39 256+ 14 8.8+0.7 3.97 £0.80 0.66 0.26
1010—98 5.4862 1554 19 21 9.5 26.7 £0.8 10.0 £ 0.5 4.63 £042 0.58 0.15
1037946 5.4904 1929 19 21 2.6 249+09 10.6 £ 0.5 1.51 £0.31 —0.33 —0.78
1147—10s¢ 5.5031 2473 63 69 1.7 254+ 1.1 8.0+ 0.6 1.14 £ 0.17 —0.49 —0.95
9:7—836 5.5179 1447 51 57 4.6 243+ 1.4 10.5 £ 0.7 524 4+0.84 0.80 0.37
11y 10— 1101 5.5290 1909 69 69 0.8 252 +09 8.1+0.6 1.60 £ 0.20 —0.30 —0.74
1249—125 19 5.5298 2824 75 75 2.2 240+ 0.6 72+1.0 1.12 £0.59 —0.67 —1.14
1056—1047 5.5496 2275 63 63 2.7 252+03 10.8 £ 0.8 1.94+£0.18 —0.14 —0.59
854—845 5.5651 1615 51 51 2.5 255+ 1.1 8.4 +0.6 2.65 +£0.46 0.34 —0.09
Ts3—T44 5.5670 1335 15 15 2.2 26.0 £0.2 92+0.6 1.82 £ 0.15 0.02 —0.41
S5s50—541 5.5685 878 33 33 1.1 241412 89+0.6 3.39+0.57 0.49 0.08
752143 5.5775 1340 45 45 22 250+ 0.6 99+04 335+£0.24 0.50 0.07
8,7—T16 5.5836 1013 45 51 7.9 244+£20 123+£0.8 10.38 £0.71 1.40 0.99
105,0—104 10 5.5870 1603 63 63 1.0 253+23 85+ 1.1 1.94 +£0.82 0.03 —0.40
855 — 844 5.5917 1628 17 17 2.6 26.2+0.2 94+05 1.63 £0.11 —0.12 —0.55
936—845 5.6118 1615 51 57 2.0 260+ 1.4 10.2£0.8 294 £ 151 0.31 —0.12
1047—103 ¢ 5.6230 2081 63 63 2.8 255+0.8 7.6 +04 1.65 £0.21 0.07 —0.38
98919 5.6485 1324 19 19 1.2 26.5+0.2 10.3 £ 0.6 1.71 £0.13 —0.13 —0.56
919—80s 5.6551 1070 17 19 13.2 240 £ 1.8 123 +0.8 7.02 £2.01 1.16 0.75
946—937 5.6590 1750 19 19 3.0 25.0£0.8 88+ 0.5 1.37 £ 0.62 —0.10 —0.54
10,8—1019 5.6645 1860 21 21 2.1 26.1£0.2 83+0.6 1.17 £ 0.11 —0.32 —0.76
845—8356 5.6864 1447 51 51 3.1 249 +£0.7 11.3+04 545 +£0.34 0.63 0.20
T44—T35 5.7051 1175 15 15 3.1 249+ 1.1 8.7+0.7 2.84 +£0.38 0.35 —0.07
1138—1159 5.7131 2432 69 69 32 28.7+0.2 10.7 £ 0.5 1.95+0.11 —0.14 —0.60
643—634 5.7162 933 39 39 2.9 245 +4.0 10.2 £ 0.6 4.68 £0.71 0.96 0.55
542—553 5.7217 725 11 11 2.4 246+ 1.1 10.1 £04 4.61 £0.79 0.53 0.12
1047—9s.4 5.7233 2125 57 63 1.2 26.0 £0.2 82+04 1.03 £ 0.07 —0.33 —0.78
81.7—80s 5.7264 1070 17 17 1.4 241+£1.0 9.6 £0.7 253 +£0.27 0.16 —0.25
4404321 5.7281 552 9 9 1.6 245 +0.9 9.5+ 0.6 2.67 £ 1.30 043 0.03
836—827 5.7320 1274 51 51 2.7 252+£20 10.8 £0.9 6.04 £ 1.39 0.73 0.31
97918 5.7494 1552 57 57 2.6 246 £ 1.6 9.9 +0.8 3.11 £0.70 0.51 0.08
642,—633 5.7550 951 13 13 32 247+ 15 10.1 £0.8 4.13 £0.70 0.51 0.10
To6—T17 5.7735 843 15 15 1.7 25.6 £0.7 11.5+04 4.99 +0.30 0.41 —0.01
T35—T26 5.7792 1021 15 15 3.1 249+ 1.7 11.4+1.0 5.00 £0.73 0.50 0.09
1037—10,8 5.7995 2069 21 21 4.1 275+0.3 8.7+0.8 1.46 £ 0.17 —0.19 —0.64
T16—To7 5.8022 843 45 45 1.8 250+ 1.2 124 +£0.7 7.38 £0.66 0.91 0.50
1147—113g 5.8050 2609 69 69 53 247 +£0.7 92+05 223 +0.19 —0.06 —0.52
844—835 5.8088 1511 17 17 4.5 26.0 £ 0.9 11.3+£0.5 3.65+0.77 0.28 —0.15
945—936 5.8280 1846 57 57 5.2 25.6 £0.8 82+09 2.08 £+ 1.40 0.56 0.12
1046—1037 5.8289 2213 21 21 5.6 27.6 £0.3 84+09 1.03 £0.14 —0.18 —0.64
625—616 5.8342 643 39 39 2.1 240+ 1.8 10.9 £ 0.7 7.07 £ 1.85 1.11 0.71
8,6—817 5.8380 1270 17 17 33 25.1+£1.0 9.9+0.6 3.87 £0.38 0.37 —0.05
624—533 5.8575 725 11 13 1.8 242 £0.8 94 +0.6 3.75 £0.33 0.50 0.10
845752 5.8656 1525 45 51 0.9 259+ 1.1 9.8 +0.7 221 £0.96 0.03 —0.40
936927 5.8729 1729 57 57 5.2 250+ 1.3 10.3 £ 0.6 4.82 +0.66 0.67 0.24
836743 5.8860 1340 45 51 1.0 249+ 12 8.8+0.5 252+£0.72 0.28 —0.14
524515 5.8909 470 11 11 2.5 25.6 £ 1.8 13.1+0.7 7.47 +1.87 0.82 0.42
T25—T16 5.9228 1013 45 45 4.4 245+£20 104 £0.8 575+ 1.73 1.17 0.76
835—826 5.9246 1414 17 17 6.1 245+ 1.8 9.0+09 333 +£0.99 0.53 0.10
T43—652 5.9399 1278 39 45 0.6 251+ 14 8.8 +0.7 2.13+£0.42 0.05 —0.37
735—640 5.9447 1090 13 15 0.9 258 £3.0 125+ 1.5 2.17 £0.59 —0.04 —0.46
T34=T25 5.9507 1125 45 45 6.5 245+ 15 9.7+0.6 5.90 £ 1.79 1.25 0.83
633—624 5.9530 867 13 13 6.0 245+2.0 10.1 £0.8 428 +245 0.91 0.50
633—542 5.9792 878 11 13 0.8 257 £ 1.1 10.0 £ 0.6 1.87 £0.49 0.01 —0.41
634—541 6.0191 878 33 39 0.7 24.0£0.5 7.1+£0.2 2.96 +£0.22 0.46 0.05
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Table 4
(Continued)
Transition A E; g . A VLSR FWHM w log10(70) logio(p)
(pum) X) o (km s™") (kms™") (10° Hz)

T26—633 6.0350 951 13 15 0.6 252 +0.3 10.0 £ 0.8 1.59 +0.17 —0.09 —0.50
643—550 6.0375 1067 33 39 0.3 252 +2.6 140+ 14 1.94 +0.43 —0.14 —0.55
S532—44, 6.0887 702 27 33 04 257+1.2 12.0 £ 0.6 3.56 +0.76 0.27 —0.14
S524—43, 6.0964 552 9 11 0.7 244 +0.7 93+04 2.63 +0.22 0.25 -0.15
4,,—33, 6.1062 410 7 9 0.5 24.1 £ 0.6 89+04 242 +0.16 0.16 —-0.24
453330 6.1630 410 21 27 04 24.7+0.8 10.1 £0.5 4.50 +0.35 0.57 0.18
441—532 6.1698 732 33 27 0.2 24.0+0.3 89+0.5 1.37 £0.12 —0.12 -0.52
330423 6.2218 432 27 21 0.3 24.6 £ 1.2 10.6 £ 0.7 3.35+0.38 0.28 —0.11
313—220 6.2371 195 5 7 04 240+ 3.4 125+ 1.4 3.64 +0.55 0.18 —0.21
541—034 6.2388 933 39 33 0.3 27.2+0.2 9.8 +0.5 2.09 +0.13 0.08 —0.33
2,0—313 6.2453 204 7 6 04 240+ 1.1 7.7+0.6 1.45+0.34 —0.02 —-0.41
31—414 6.2716 323 27 21 0.3 240+ 1.8 9.6 + 0.8 2.83 £ 1.13 0.45 0.06
331—40 6.2827 454 9 7 04 253425 90+ 14 1.59 +0.50 —0.11 —0.50
431—5:4 6.2905 598 11 9 0.5 259+ 1.4 8.8 +0.7 1.84 +£0.36 —0.03 —0.43
532—625 6.3388 795 39 33 0.5 253+1.2 9.9+0.7 3254042 0.37 —0.04
743—836 6.3856 1447 51 45 0.5 240+ 1.5 122+ 1.1 2.28 +£0.27 —0.08 —0.50
62.4—633 6.4531 951 13 13 11.3 242+ 1.0 14.1 £0.3 7.35 +0.39 1.21 0.80
1340—135g 6.4737 3783 81 81 15.0 253+0.3 89+09 1.66 + 0.21 —0.48 —0.98
936—945 6.4749 1957 57 57 12.7 244 +0.9 134+ 0.6 6.48 +0.43 0.98 0.54
320—413 6.5007 396 9 7 2.3 243409 128 +0.9 8.38 +0.77 0.77 0.37
1147—11s6 6.5067 2876 69 69 12.6 252 +1.2 14.1 £0.5 354 4+0.24 0.22 —0.26
927936 6.5126 1846 57 57 12.2 240+ 1.7 11.1 £ 0.8 4.26 +0.74 1.07 0.63
T34—743 6.5290 1340 45 45 9.5 243 4+0.9 11.24+0.7 5.55+0.45 1.33 091
1355—1367 6.5392 3966 81 81 12.5 257+04 8.0+ 1.0 1.04 +£0.17 —0.72 —-1.22
1046—10s 5 6.5401 2482 21 21 11.1 259 +0.7 9.1 £1.7 1.21 +£0.29 0.02 —0.44
Ti6—T25 6.5474 1125 45 45 9.5 245+34 141+ 1.3 7.20 £+ 2.86 1.53 1.12
744835 6.5818 1511 17 15 0.9 24.7+0.5 10.1 £ 1.3 0.70 +0.12 —0.33 —0.76
135101349 6.5832 3646 81 81 13.2 25.6 +0.2 9.1 £0.7 141 +0.14 —-0.39 —0.89
63.4—643 6.6007 1088 39 39 7.5 24.6 + 3.0 14.1 £0.5 8.05 +2.75 1.42 1.00
1191138 6.6594 2609 69 69 10.7 26.1 £0.9 10.5+0.6 3234+0.28 0.42 —0.04
937946 6.6642 1929 19 19 9.4 248 + 1.4 8.0+0.9 2.24 +0.40 0.44 —0.01
1240—125¢ 6.6867 3274 75 75 10.9 256 £ 1.1 7.4+ 0.6 1.20 £ 0.21 —0.14 —0.63
1038—1047 6.7052 2275 63 63 9.6 24.6 +2.3 127+ 1.1 4.04 +0.76 0.65 0.20
634—725 6.7146 1125 45 39 2.0 250+24 9.8+ 1.0 395+ 1.49 0.82 0.40
8,783 6.7157 1447 51 51 7.7 242 +24 120+1.2 474 +1.03 1.23 0.81
918927 6.7288 1729 57 57 7.9 248 +2.3 13.6 £ 1.3 6.48 + 1.37 1.04 0.60
Tor—T16 6.7731 1013 45 45 4.7 247+ 1.6 129+ 1.0 6.99 +0.83 1.38 0.97
9,8—937 6.7826 1750 19 19 7.5 246+ 1.4 8.8 +£0.8 2.12 +£0.40 0.53 0.09
T17—Tas 6.7959 1021 15 15 4.6 24.0+0.9 8.1+1.1 271 +1.49 0.89 0.48
125101249 6.8144 3058 75 75 9.6 25.8+0.2 10.7 £ 0.7 248 +0.19 0.03 —0.45
10, 9—1028 6.8251 2069 21 21 7.6 26.5+0.2 11.8+£0.6 293 +0.19 0.29 —0.16
13511—133.10 6.8382 3475 81 81 9.8 26.1 £ 0.4 9.8+ 1.0 1.36 £ 0.17 —0.31 —0.80
413524 6.8528 598 11 9 6.0 242 +1.8 113+ 1.1 5.14 +0.77 1.18 0.78
60.6—71.7 6.8714 843 15 13 8.1 249 +0.6 13.8+0.5 6.63 +0.32 1.25 0.84
815—827 6.8867 1274 51 51 4.4 252+ 1.7 14.1+1.0 6.85 +0.80 1.18 0.76
11y10—11209 6.9199 2432 69 69 7.3 25.34+0.3 13.1 £0.7 3.06 +0.22 0.47 0.01
11510—1130 6.9380 2439 23 23 7.2 258 + 1.1 89+0.7 1.56 +0.20 —0.01 —0.47
717—80s 6.9588 1070 17 15 7.8 25.8 +3.5 13.6 £ 1.7 6.83 £ 1.72 1.10 0.69
Tr6—817 6.9655 1270 17 15 5.7 25.1 £0.3 10.8 = 1.1 3.19 £0.37 0.78 0.36
9.9—918 6.9774 1552 57 57 4.2 24.0 +0.5 99+04 4.08 +0.22 0.98 0.55
910—9%38 6.9833 1554 19 19 4.2 27.1 £0.3 13.3+0.9 320 +£0.25 0.50 0.07
836—927 7.0015 1729 57 51 34 257+ 1.5 9.6 £0.8 2.65 +0.54 0.68 0.24
T16—827 7.0218 1274 51 45 5.9 245+24 10.8 £ 1.2 427 +1.13 1.28 0.86
12511—123 10 7.0231 2824 75 75 7.1 244 +0.8 8.6 £ 0.6 1.56 +0.16 0.15 —0.32
805910 7.0559 1324 19 17 74 24.0+0.4 10.5+0.3 4.15+0.19 0.92 0.50
8,7— 918 7.0617 1552 57 51 5.8 24.0+ 1.0 11.6 £ 0.7 3.66 +0.32 1.08 0.65
100,10—104 9 7.0818 1860 21 21 4.1 243+ 14 10.7 £ 0.9 1.78 £0.23 0.26 —0.18
101101020 7.0846 1861 63 63 4.1 246+ 19 11.7+1.2 2.80 +0.46 0.74 0.30
104711355 7.0855 2609 69 63 2.2 25.14+22 79+1.2 1.29 + 045 —-0.22 —0.68
81795 7.0924 1554 19 17 5.9 24.1 + 1.1 10.54+0.7 2.82 +0.30 0.61 0.18
1311o—13,13 7.1065 3233 81 81 7.0 258 +04 94+ 1.1 1.59 +£0.23 —0.18 —0.67
937—10,8 7.1252 2069 21 19 4.0 245+1.2 10.1 £0.8 1.65 +0.21 0.02 —0.43
9,5—10; 9 7.1552 1860 21 19 5.8 259 +0.7 9.8+0.4 2.52+0.18 0.38 —0.06

14



THE ASTROPHYSICAL JOURNAL, 935:165 (29pp), 2022 August 20 Barr et al.
Table 4
(Continued)
Transition A E; g . A VLSR FWHM w log10(70) logio(p)
(pum) X) o (km s™") (kms™") (10° Hz)

1o,1—11110 7.1889 2194 69 69 4.0 247+ 13 10.1 £0.5 2.98 £ 0.61 0.48 0.03
145 13— 143 12 7.2028 3671 87 87 6.9 259 £2.8 79+13 0.96 + 0.49 —0.54 —1.04
1038—1159 7.2356 2432 69 63 43 254+39 87+22 1.26 £ 0.69 0.26 —0.20
9,7—103 8 7.2872 2081 63 57 4.5 251+ 14 11.9+09 3.21+0.39 0.57 0.12
124 10—12, 1 7.3002 2554 75 75 3.9 24.0£29 9.4+08 1.84 +£0.39 0.20 —0.27
1150—125 49 7.3945 2824 75 69 4.6 26.8 £0.3 10.7 £ 0.9 1.87 £0.20 —0.01 —0.48
303—432 7.4108 550 27 21 0.2 26.3+04 89+12 1.13 £0.19 0.14 —0.26
734—845 7.4618 1615 51 45 5.2 241+ 1.6 115+ 1.1 426 +£0.63 0.99 0.56
642—753 7.4654 1524 15 13 9.2 24.0+23 10.1 +£1.2 3.27 +£0.89 0.78 0.35
643—752 7.4708 1525 45 39 9.2 277 +£0.2 150+ 0.5 6.57 £ 0.26 1.26 0.83
835— 946 7.5193 1929 19 17 44 26.2+0.2 124+ 0.6 2.57 £0.16 0.21 —0.23
13, 12— 14513 7.5407 3350 87 81 5.1 263 +04 104 £1.2 1.35 £ 0.19 —0.35 —0.83
936—1047 7.5567 2275 63 57 3.9 244+ 14 11.5+09 2.39 +£0.30 0.38 —0.08
1037—114g 7.5802 2652 23 21 3.7 245 +0.8 7.1+£0.0 0.71 £0.12 —0.43 —0.89
T43—854 7.5932 1806 51 45 7.5 244 +09 11.2+0.7 3.88 +£0.34 1.00 0.56
744853 7.6127 1807 17 15 7.4 247+ 1.0 7.8£0.6 1.64 £0.24 0.52 0.08
7T52,—863 7.6187 2031 51 45 10.1 244+ 1.6 139+ 1.5 5.53 +£0.79 0.92 0.48
753—862 7.6196 2031 17 15 10.1 240+04 7.1£02 191 £0.15 0.44 —0.01
7T35—844 7.6442 1628 17 15 4.3 25.0 £ 1.8 99+ 1.0 1.91 £ 0.41 0.45 0.02
844—9s5 7.7118 2122 19 17 6.2 26.0 £2.0 13.5+09 2.60 £0.51 0.22 —0.23
845—95.4 7.7676 2125 57 51 6.0 251+ 1.0 10.7 £ 0.6 2.38 £0.25 0.69 0.24
945—10s¢ 7.8122 2473 63 57 5.1 252+£26 10.1 £ 1.1 1.84 £0.73 0.35 —0.11
150.15— 161 16 7.8331 3829 99 93 5.1 251+04 8.0+ 1.1 0.51 +£0.09 —0.69 —1.19
955—106.4 79113 2698 21 19 7.1 240+04 9.6+ 1.0 0.88 £ 0.11 —0.17 —0.64
1147—12s¢ 7.9334 3274 75 69 3.7 250+ 1.2 83+0.8 0.84 +£0.13 —0.42 —0.91
616—725 7.9343 1125 45 39 0.4 247+ 1.6 9.9+0.7 1.71 £ 0.44 0.37 —0.04
946—10s 5 7.9452 2482 21 19 4.7 273 +£0.2 10.2 £ 0.6 0.90 + 0.07 —0.14 —0.60

Note. E| is the energy of the lower level of the transition, g; and g, are the statistical weights of the lower and upper levels, respectively, A, is the Einstein A coefficient
of the transition, visr is the peak velocity of the line, FWHM is the full width at half maximum of the line, W is the equivalent width in units of hertz, and 7,, is the
peak optical depth of the transition. 7 is the opacity in the lower level of the transition calculated for € = 0.5. Line data were taken from the HITRAN database

(Gordon et al. 2017).

(This table is available in machine-readable form.)

In the v, =2-1 band of AFGL 2591, the rotation diagram
suggests that these lines are also optically thick with log;y(70)
approaching 1. This is confirmed by the fact that there is an
overall increase in the line width with 79. We therefore carry
out a curve of growth analysis using the stellar atmosphere
model on this band as well to determine the physical
conditions. The results are shown in Figure 20. There is no
evidence for a velocity trend with opacity in this band and an
average value of —10.2 £0.4 km s ! is derived for v sg. We
derive a vibrational temperature of 504 + 61 K, for o, =2 km
s~'. We did not consider H,'%0 detected in our spectra of
AFGL 2591. Two lines are present however and were blended
with other source lines, and most strong lines that should have
been detected were not. All line parameters for the v = 1-0 and
v =2-1 band are given in Table 7 and Table 8 respectively. As
for AFGL 2136, the similarity in vibrational and rotational
excitation temperature implies very high densities, 10'" cm 2,
and that the kinetic temperature of gas is equal to the excitation
temperature of the rotational population, ~500 K.

The H,O line profiles agree well with those of the other
molecules in this source. In a previous analysis, all species
were fit with only one Gaussian, assuming that absorption
originated from one velocity component (Barr et al. 2020). A
number of H,O lines clearly reveal the presence of two velocity
components, which is not obvious in the other molecules. If the
other species were fit with two velocity components instead of
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one, the equivalent width of the lines would be lower and thus
the abundances calculated would be reduced. We find that this
is only a small effect, however, not more than a factor of 1.3.
The HCN opacities are of the order of the optically thin H,O
lines. This is reflected in the rotation diagram where the data lie
along a straight line indicative of optically thin gas in LTE.
Therefore, the HCN lines could not have broadened after
saturating at nonzero flux.

5. Discussion

We have presented two scenarios to explain the absorption
line data obtained from the spectral survey—absorption by
foreground material and absorption in a disk atmosphere—that
can both provide reasonable fits to the observed behavior of the
equivalent width of the H,O lines (Sections 5.1 and 5.2). Here,
we will place each of these interpretations within the context of
these sources and assess their relative merits and challenges.
Summarizing the observational characteristics of these two
sources that have to be accounted for (1) the presence of
absorption rather than emission lines with nonzero saturated
lines, which are narrow (~10 km s~ ') and offset from the
systemic velocity. In addition, for AFGL 2591, the peak
velocity reveals a systematic shift with increasing line opacity.
(2) The derived excitation temperatures and column densities/
abundances and their variations with wavelength (Table 2). (3)
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Table 5
Line Parameters for the v = 2—1 Transition of AFGL 2136
Transition A E; g u Al VLSR FWHM w logi0(10) logio(7,)
(pm) X) () (kms™ (km s~ ") (10° Hz)

441330 5.4373 2745 21 27 9.8 275+1.2 7.1+32 1.11 £ 0.55 -0.20 —0.54
S530—423 5.5105 2745 27 33 6.2 24.0 £ 0.5 7.1+0.5 0.73 £ 0.10 —0.31 —0.66
634—523 5.5218 2955 33 39 6.9 26.6 + 0.4 9.5+ 1.1 1.04 £ 0.15 -0.37 —0.71
119,11—104 10 5.6670 3892 63 69 27.6 27.2+0.2 9.9 +0.6 1.18 £ 0.09 —-0.32 —0.65
330—221 5.6872 2507 15 21 10.9 249+ 1.0 95+1.3 1.86 + 0.30 —0.01 —0.36
1011090 5.7202 3615 57 63 26.5 26.3+0.4 104 + 1.1 1.64 +0.22 —0.13 —0.45
625—514 5.7627 2879 33 39 10.9 255+ 1.4 11.9+32 2.61 +1.01 —0.06 —0.40
9.9—818 5.7769 3364 51 57 25.2 27.0+ 1.0 11.0+2.8 2.83 +£0.75 0.04 —0.29
T1.6—625 5.8206 3110 39 45 11.8 264 +04 119+ 1.1 1.54 +0.18 —0.14 —0.48
815~ 707 5.8322 3138 45 51 23.9 274 +0.2 10.7 £ 0.7 3.64 +0.28 0.18 —0.16
T1.6—T07 5.8869 3138 45 45 3.7 26.0 £ 0.8 71422 0.90 + 0.34 —0.68 —1.02
717—606 5.8902 2938 13 15 22.4 252+ 1.3 73+23 1.15+0.42 -0.19 -0.5
61.6—505 5.9485 2764 33 39 20.7 25.7+0.7 11.4+0.7 4.25+0.32 0.36 0.01
60.6—515 5.9622 2767 11 13 20.6 25.1 4.6 10.2+9.2 1.58 +1.82 —0.12 —0.47
43414 6.0224 2621 27 27 59 250+ 1.3 7.8+22 1.09 + 0.36 —0.21 —0.56
Tos—Ti6 6.0322 3323 45 45 9.4 26.7 £ 0.3 9.24+0.7 1.04 £ 0.10 —0.38 -0.72
414—303 6.0613 2492 21 27 16.7 24.7+0.8 10.1+0.9 2.88 +0.33 0.36 0.01
514—505 6.0802 2764 33 33 6.4 26.5+0.2 11.7+0.6 1.99 +0.12 -0.20 —0.54
2,1—212 6.1010 2413 15 15 59 26.0 £ 0.3 10.0 £ 0.7 1.16 £ 0.11 —0.26 —0.62
31312 6.1716 2550 21 21 12.5 25.8+2.5 8.7+£3.8 1.56 +0.95 0.11 —0.24
215—1p, 6.1753 2329 9 15 13.9 26.1 £0.8 104 +0.2 2.65 £0.25 0.19 —0.16
303212 6.2028 2413 15 21 11.9 25.0+0.5 8.0+0.7 1.78 £ 0.19 0.21 -0.15
Lio—1los 6.3157 2329 9 9 21.3 254 4+0.5 7.1+0.9 1.55 +0.29 0.19 -0.17
loa—1lio 6.5149 2360 9 9 249 26.7+0.2 10.5+0.6 2.19 £0.17 0.27 —0.08
312-32, 6.5994 2618 21 21 19.1 240+ 1.0 128+ 1.5 3.49 +0.46 0.33 —0.02
514—523 6.6160 2955 33 33 23.3 25.1+1.5 11.1+1.7 3.00 +0.63 0.32 -0.02
212—303 6.6400 2492 21 15 13.5 24.54+2.0 9.8 +3.3 1.76 + 0.67 0.13 —-0.22
Tos—T34 6.6462 3544 45 45 24.4 259 +0.3 8.4 +0.7 1.49 +0.16 —0.01 —0.35
624—633 6.6574 3284 13 13 21.6 26.6 = 0.3 11.0+ 1.3 0.88 +0.12 —0.38 -0.72
40a—413 6.6674 2698 9 9 15.1 250+ 1.0 74+19 0.86 + 0.26 —0.21 —0.56
lo1—212 6.6739 2413 15 9 229 26.2 +0.2 104 +0.7 2.32 +0.19 0.22 —0.14
9365 6.6888 4315 57 57 23.9 244 +£2.7 87+1.9 0.69 + 0.24 —0.56 —0.88
97936 6.6895 4180 57 57 25.5 245+1.2 84+1.6 0.84 +0.20 —0.43 —0.75
76— 725 6.7261 3443 45 45 20.3 242 4+0.9 72+1.8 1.02 +0.29 —0.01 —0.34
3,1-330 6.7334 2745 21 21 9.2 27.7+0.6 13.1+2.0 1.33 +0.25 —0.06 —0.40
S505—51.4 6.7653 2879 33 33 12.5 26.5+0.2 11.3+0.7 2.334+0.18 0.14 —0.21
41443 6.7857 2745 27 27 11.2 248 +0.4 99+ 1.1 1.28 +0.18 0.13 —-0.22
532—54 6.7987 3240 33 33 12.1 25.6 0.4 103+1.2 1.39 +0.20 —0.13 —0.47
303—414 6.8136 2621 27 21 17.1 253 +0.3 13.2+0.9 2.98 +0.25 0.31 —0.04
625—634 6.8285 3269 39 39 15.4 26.7 £ 0.5 116+ 1.3 1.86 +0.26 0.01 —0.33
414—505 6.8449 2764 33 27 16.0 25.5+0.5 87+12 2.17 +£0.34 0.27 —0.08
11022, 6.8512 2507 15 9 26.0 264 +0.3 12.1+0.8 2.75+0.23 0.24 —0.11
312413 7.0096 2745 27 21 13.2 243+ 1.1 9.6 + 1.6 1.79 £ 0.34 0.13 —0.21
616—707 7.0362 3138 45 39 15.7 247+ 0.6 10.1+1.2 2.154+0.28 0.13 —0.21
2,1-330 7.0996 2745 21 15 26.7 243+ 0.5 7.14+0.9 1.39 +0.29 0.33 —0.02
514—625 7.1217 3110 39 33 11.1 26.0 +2.0 7.6 +54 1.08 +0.85 —-0.04 —0.38
717—80s 7.1324 3363 17 15 15.1 243+ 1.6 7.6 +2.0 0.84 +0.33 —0.48 —0.82
To7—81.8 7.1381 3364 51 45 15.1 26.0+ 1.5 94+27 1.33 +0.43 —0.01 —-0.34
321432 7.2050 2885 27 21 18.3 253+1.2 13.3+4.0 2.89 +0.89 0.21 —0.13
T1.6-827 7.2245 3590 51 45 11.1 25.7+4.8 9.24+6.2 0.82 +0.78 —0.30 —0.63
815 9.9 7.2308 3615 57 51 14.5 264+ 1.4 104+14 1.75 +£0.32 —0.17 —0.50
330441 7.2937 3064 27 21 28.4 26.8 +0.9 13.8+ 1.5 3.05 +£0.37 0.29 —0.06
432541 7.4294 3240 33 27 20.9 26.1 £0.3 114 +09 1.83 +0.18 0.13 -0.21
532643 7.5509 3451 39 33 16.2 245423 7.9+3.0 0.69 + 0.32 —0.05 —0.39
634743 7.7350 3701 45 39 12.3 258 + 1.1 7.1+23 0.51 +£0.19 -0.29 —0.61

Note. E; is the energy of the lower level of the transition, g; and g, are the statistical weights of the lower and upper levels respectively, A, is the Einstein A coefficient
of the transition, visr is the peak velocity of the line, FWHM is the full width at half maximum of the line, W is the equivalent width in units of hertz, and 7, is the
peak optical depth of the transition. 7 is the opacity in the lower level of the transition calculated for € = 0.5. Line data were taken from the HITRAN database

(Gordon et al. 2017).

(This table is available in machine-readable form.)
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Figure 12. The curve of growth for H,'30 in AFGL 2136. The stellar atmosphere curve of growth assumes line formation by a combination of absorption and
scattering.
Table 6
Line Parameters for the v = 1-0 of the H®O Transition of AFGL 2136
Transition A E; g u A VLSR FWHM w log10(70) logio(Tp)
(ppm) X) s (km s~ (kms™") (10° Hz)
212101 6.0743 34 9 15.0 7.0 26.2 + 0.6 143+ 1.8 1.44 £0.16 —0.43 —0.52
414303 5.9604 196 21 27.0 8.6 252+04 127£15 1.35+£0.14 —0.39 —0.47
So5—414 5.9200 322 27 33.0 9.5 27.6 £0.5 89+14 1.14 £0.19 —0.49 —0.56
21110 5.9095 60 9 15.0 5.9 263 +£ 0.4 105+ 14 0.76 £ 0.16 —0.58 —0.67

Note. E, is the energy of the lower level of the transition, g; and g, are the statistical weights of the lower and upper levels respectively, A, is the Einstein A coefficient
of the transition, vy sr is the peak velocity of the line, FWHM is the full width at half maximum of the line, W is the equivalent width in units of Hz and 7,, is the peak
optical depth of the transition. 7) is the opacity in the lower level of the transition calculated for e = 0.5. Line data were taken from the HITRAN database (Gordon

et al. 2017).

The chemical composition as derived from all mid-IR
absorption line studies.

5.1. Foreground Absorbing Gas

We consider here foreground absorption against the mid-IR
continuum from the extended (~125 au radius; Monnier et al.
2009; de Wit et al. 2011; Frost et al. 2021) disk. It seems
reasonable to relate these clumps to the region that is also
responsible for the H,O maser emission observed toward these
sources, if we take into account that maser emission only
occurs in directions with enough velocity coherence. Observa-
tionally, for AFGL 2136, the strongest maser emission occurs
at 27.1 km s~ (Menten & van der Tak 2004) very similar to
one of the absorption components seen in the mid-IR. For
AFGL 2591, the H,O maser emission has been attributed to the
outflow cavity walls where the outflow interacts with the
ambient cloud material, and for this source too, the measured
masers velocities (~—31 to —10 km s*l; Trinidad et al. 2003;
Torrelles et al. 2014) encompass the H,O absorption line
velocities. The presence of nonzero saturated mid-IR absorp-
tion lines requires that the foreground gas only partially covers
the source. Within this scenario, as the spatial distribution of
the H,O masers (600 x 1000 au; Menten & van der Tak 2004)
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in AFGL 2136 covers an extent that is larger than the size of
the mid-IR continuum, the presence of multiple velocity
components is most intuitively interpreted as several blobs of
size ~100 au along the line of sight (Knez et al. 2009;
Barentine & Lacy 2012; Indriolo et al. 2015; Rangwala et al.
2018). For AFGL 2591, we have to conclude that the outflow
cavity wall only partially covers the mid-IR emitting disk
surface. The observed HCN and C,H, column density
variations between vibrational bands at 7 and 13 pm
originating from the same lower level (Barr et al. 2020) would
then point toward wavelength-dependent covering factors,
possibly related to variation in the source size with wavelength.
This has to be in such a way that the HCN/C,H, gas covers the
source more than H,O (Barr et al. 2022). Likewise, the
presence of emission rather than absorption lines at 3 um
implies resonant scattering of 3 ym continuum emission by
(cool) foreground gas. This scattering material cannot be in
front of the 3 um source. However, this gas has to be quite
close to the continuum source—in or near the disk—in order to
explain the observed strength of the emission lines (Barr et al.
2020, Barr et al. 2022), and yet share the same velocity as the
absorbing gas seen at other wavelengths. In short, the geometry
of the system is quite constrained, where the absorbing gas
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Figure 13. Line profiles of AFGL 2591 showing the trend in peak velocity with 7,. Transitions are shown that exhibit one and two velocity components in the left and
right panels, respectively. The blue dashed lines denoted the Gaussian fits to each velocity component. The black dashed line at —10 km s~ ' is added for reference and
the red dashed line at —5.5 km s~ ' indicates the velocity of the gaseous envelope as observed at submillimeter wavelengths.
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Figure 14. Plots illustrating the relationship between 7, and the peak velocity and line width in AFGL 2591 on the left and right, respectively.

partially covers the background source at 13 pm, but not at all
at 3 pm.

The derived physical conditions (Table 2) present somewhat
of a challenge for the foreground absorption scenario. The
observed high temperature implies shock heating as radiative
heating would have to go through the dust and this dust would
dominate the mid-IR emission of the region. Moreover, it
would have to be at a distance of ~100 au from the
illuminating source to be this hot (see the Appendix). Both J
shocks and C shocks propagating into dense gas can produce
large column densities (>5 X 10" ecm™2) of warm H,O.
However, molecular gas in J shocks is calculated to be typically
300400 K while C shocks heat gas to typically ~2000 K
(Kaufman & Neufeld 1996; Hollenbach et al. 2013) compared
to observed temperatures of ~500 K. Hence, in either case, the
shock parameters have to be finely tuned to explain the
observations. As an aside, we note that the high densities
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inferred (>10'° cm ™) from the similarity in the rotational and
vibrational H,O excitation temperatures would suppress H,O
maser emission (Kaufman & Neufeld 1996; Hollenbach et al.
2013). Submillimeter observations of AFGL 2591 have
revealed emission of vibrationally excited HCN but this
emission was associated with the disk rather than foreground
material (Suri et al. 2021).

The observed chemical abundances in the absorbing gas
pose also an issue for foreground shocked gas (Table 3). As
observations of the plateau source in Orion demonstrate,
shocks will also not produce the high abundances (Boonman
et al. 2003; Burkhardt et al. 2016; Kristensen et al. 2017)
observed in our study (Table 3). Likewise, the HCN/CO
abundances in the different shock components associated with
the outflow in L1448 (2 x 107*-2 x 10>; Tafalla et al. 2010)
are an order of magnitude less than observed in the mid-IR
absorption lines.
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Figure 15. Rotation diagrams of the H,O v = 1-0 (left) and vibrationally excited v = 2—1 (right) transitions of the v, band in AFGL 2591. The color bar is a function
of log0(70). The dashed red line denotes the temperature of 625 K derived from the curve of growth. The solid black lines denote the fit to the rotation diagrams, and

the temperature of this fit is given in the legend.
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Figure 16. Left: the curve of growth for the v = 1-0 transition of AFGL 2591 for the slab model, taking a covering factor of 0.15 and b = 5.25 km s~ '. The best-fit
empirical curve of growth is shown and the corresponding best-fit temperature and column density are indicated. All lines are included here calculated at the
conditions derived from the lines with one velocity component. Upper right: the error on the parameters is given in the contour plot where the color scale is the
reduced chi-square value. The contours represent the 1o, 20, and 30 uncertainty levels. Lower right: the best-fit temperature of 541 K from the curve of growth is
represented by the red dashed line. The black solid lines are fits to the corrected data set and the corresponding temperatures are indicated for each case.

5.2. Disk Atmosphere Model

Similar to a stellar photosphere (Mihalas 1978), a disk
atmosphere will show absorption lines in its mid-IR spectrum if
the temperature decreases with height in the disk (Barr et al.
2020). If these lines are predominantly due to absorption rather
than scattering, strong lines will all saturate at the same nonzero
intensity level that is set by the temperature gradient in the disk
(Mihalas 1978; Barr et al. 2020). The observed high density
and high temperature are a natural consequence of locating the
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absorbing gas in the upper layers of the disk, commingled with
the warm (7,; ~600 K) dust causing the mid-IR continuum.
The observations severely constrain the geometry and
structure of the absorbing region. ALMA observations of
AFGL 2136 in a high energy, rotational transition in the
vibrationally excited state of H,O reveal a broad emission line
profile associated with a Keplerian rotating disk (Maud et al.
2019). The mid-IR H,O absorption profile shows two narrow
peaks at 25 and 33 km s~ that are slightly to the red of the
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Figure 17. Left: the curve of growth for the v = 1-0 transition of AFGL 2591. The theoretical curve is for the case of e = 0.5. The empirical curve of growth is
calculated based on the physical conditions given in Table 2. Upper right: the error on the parameters is given in the contour plot where the color scale is the reduced
chi-square value. The contours represent the 1o, 20, and 3¢ uncertainty levels. The H,O abundance is quoted relative to CO. Lower right: the rotation diagram is a
function of 7)o and the abundances for the optically thick lines were determined using the curve of growth. The best-fit temperature of 625 K from the curve of growth
is represented by the red dashed line. The black solid line is a fit to the corrected data set and the corresponding temperature is indicated. Note that the y-axis is the

abundance in the lower level based on the stellar atmosphere theory.

centroid (23 km s ') of the submillimeter emission line
(Indriolo et al. 2020). Hence, the mid-IR absorption has to arise
in blobs of limited size in the disk. As their velocity is close to
the systemic velocity and they are at ~125 au (Frost et al.
2021) from a 45 M, star (Maud et al. 2019), the motion of
these blobs is mainly transverse; e.g., either in the front or the
back of the disk. On a 1000 au scale, AFGL 2591 also shows a
complex dynamical environment with a Keplerian rotating disk
containing multiple cores that could evolve into companions
(Suri et al. 2021). In general, the complex morphology with
spiral arms and subcondensations revealed by submillimeter
observations of disks around massive protostars may reflect
Toomre instability (Maud et al. 2019; Johnston et al. 2020; Suri
et al. 2021). This large-scale structure likely persists into the
inner disk, and in this scenario, mid-IR absorption lines would
be attributed to bright (dust emission) spots therein. The
presence of HCN and C,H, emission—rather than absorption
—Ilines in the L-band of AFGL 2591 implies that these
molecules are absent in the region producing the 3 pm
continuum. The low (~200 K) excitation temperatures and
narrow line width suggest that these emission lines are due to
resonant scattering by lukewarm gas high up in the disk
photosphere exposed to—but not in front of—the 3 um
continuum source (Barr et al. 2020). Within this context, we
would interpret the observed blueshift of the H,O lines in
AFGL 2591 with increasing 7 (Figures 13 and 14) as evidence
for a disk wind at the top of the photosphere, as lines with
higher opacity probe higher layers in the disk atmosphere.

20

Warm gas in (or in front of) an externally heated disk will
show emission lines because, while the mid-IR optical depth is
very high, the continuum emitting layer in the disk surface will
be optically thin. The Appendix delineates this issue based
upon a simplified model for such a system. We note that, for
this reason, T Tauri stars and Herbig AeBe stars show mid-IR
molecular emission lines (Blake & Boogert 2004; Salyk et al.
2011, 2019; Adams et al. 2019). Hence, our analysis is based
upon an internally heated disk, resulting in a decreasing
temperature gradient with height and this internal heating
source poses a challenge for this scenario. Dissipation of
gravitational energy requires an accretion rate given by
M = 87oy T*r3/3GM,. With M, =40 M., T=600 K, and
r=125 au, the required accretion rate (M= 1.2 M, yr ') is
orders of magnitude above the accretion rate expected for
massive protostars (M ~3 x 107> M. yr '; McKee &
Tan 2003; Hosokawa et al. 2010; Kuiper et al. 2011; Caratti
o Garatti et al. 2017). Hence, an additional source of heating
has to be invoked, such as heating by dissipation of turbulence
or magnetic fields inherited from the parent molecular core, or
local gravitational energy dissipation in the disk associated
with fragmentation and subcondensation formation. Such
structures are prevalent in these high mass systems (Ilee et al.
2018; Maud et al. 2019; Johnston et al. 2020; Suri et al. 2021)
and the dominance of this dissipation may reflect the young age
of hot cores (<10° yr) inferred from gravitational collapse and
hot core chemical clock considerations (Charnley et al. 1992;
Wilner et al. 2001; Doty et al. 2002; McKee & Tan 2003;
Furuya et al. 2005).
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Figure 18. Left: the curve of growth for the v = 1-0 transition of AFGL 2591. The theoretical curve is for the case of ¢ = 0. The empirical curve of growth is
calculated based on the physical conditions given in Table 2. Upper right: the error on the parameters is given in the contour plot where the color scale is the reduced
chi-square value. The contours represent the 1o, 20, and 30 uncertainty levels. The H,O abundance is quoted relative to CO. Lower right: the rotation diagram is a
function of 7 and the abundances for the optically thick lines were determined using the curve of growth. The best-fit temperature of 625 K from the curve of growth
is represented by the red dashed line. The black solid line is a fit to the corrected data set and the corresponding temperature is indicated. Note that the y-axis is the

abundance in the lower level based on the stellar atmosphere theory.

As a corollary to this, external illumination of the disk by the
central protostar cannot be important and we attribute this to
the flashlight effect (Nakano 1989; Yorke & Bodenhei-
mer 1999; Kuiper et al. 2010). In the flashlight effect, disk
density stratification directs the stellar radiative energy in the
vertical direction, and as a result, radiation pressure does not
influence the gas flow in the disk plane allowing massive stars
to keep accreting. Models show that this focusing of the
radiative energy into a vertical cone happens in a region with a
scale size of a few disk scale heights (typically some 5% of the
radius; Kuiper et al. 2016; Tanaka et al. 2016, 2017). The
ionizing radiation from the star creates then a hypercompact H
II region confined to the flashlight region. AFGL 2136 has an
associated, highly elongated, highly collimated (half cavity
opening angle of 11.25°%; Frost et al. 2021) hypercompact H 1t
region with a diameter (in the disk) of ~6 au (Menten & van
der Tak 2004) deep inside the region from which the mid-IR
emission originates (125 au radius; Frost et al. 2021). For
AFGL 2591, the diameter of this hypercompact H 1I region is
already somewhat larger (~125 au; Trinidad et al. 2003).
Eventually, the ionizing flux will break out from the confined
hypercompact H 1l region and create an ultracompact H II
region. At that point, the disk will start to be externally
irradiated and will dissipate.

In terms of chemistry, the HO abundance is expected to be
high in warm gas. The observations, indeed, reveal high
H,0/CO ratios (Table 3). The observed high HCN/CO and
C,H,/CO ratios are also found for disks around Herbig AeBe
stars and T Tauri stars (Table 3). Chemical models show that,

21

provided there is a mechanism to break C out of CO and N out
of N,, high abundances of C,H, and HCN are produced
(Walsh et al. 2015; Agtndez et al. 2018) but, in the absence of
UV photons from the central star, the mechanism releasing C
and N from their main reservoirs is unknown for disks around
massive protostars. The observed HCN and C,H, column
density variations derived from 7 and 13 pm vibrational bands
that probe the same lower level have been attributed to strong
radial abundance gradients in these molecules, resulting in a
filling in of the absorption lines at a longer wavelength by
(unabsorbed) continuum emission (Barr et al. 2020). Strong
radial abundance gradients in the disk are also implied by the
L-band HCN and C,H, emission lines (see above). We note
that the mid-IR observations imply much higher abundance
ratios than those derived from submillimeter studies of the
AFGL 2591 hot core (Table 3; KaZmierczak-Barthel et al.
2014). The submillimeter observations refer to much larger
(12—4000 au) scale sizes and those abundances are thought to
reflect the effects of grain mantle evaporation in the envelope
(Doty et al. 2002).

6. Conclusions

We have analyzed the spectral features of H,O in the 5-8 ym
SOFIA /EXES spectral survey of the massive protostars AFGL
2136 and AFGL 2591 at a resolving power of R = 50,000
(6 km s ). Our conclusions are as follows:

1. Hundreds of rotational transitions of H,O are detected in
the ground and first vibrational states, as well as several
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temperature and abundance are shown for both cases.

lines of HéSO lines. All transitions are observed in
absorption.

2. Two main origins for the H,O lines are investigated:
foreground absorption against the mid-IR continuum
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tellar atmosphere models in the right and left panels, respectively. The best-fit

source and an origin in the photosphere of an internally
heated circumstellar disk. Using curve of growth analysis,
H,O temperatures of 457713 K and 470733 K are derived
for the foreground and disk models respectively for
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Table 7
Line Parameters for the v = 1-0 Transition of AFGL 2591
Transition A E; & &u Ay VLSR FWHM W log;0(170) logio(7,)
(pum) (K) s (km s~ (km s™") (10® Hz)

12511—114,10 5.3719 2194 69 75 10.9 -9.7+03 13.6 £ 0.9 3.69 +0.29 0.83 0.80
124 11—1150 5.3737 2194 23 25 10.9 —8.7+03 159+ 1.0 3.95+0.26 0.35 0.33
1158—1047 5.3772 2275 63 69 33 —-103+04 13.6 1.2 2.08 +0.23 0.22 0.18
937—826 5.3806 1414 17 19 5.0 —8.8+0.3 157 +£038 4.04 +£0.21 0.44 0.50
863854 5.4172 1806 51 51 1.6 -93+02 125+ 0.6 2.79 £0.16 0.11 0.13
440331 54218 410 7 9 5.4 —11.7+ 0.1 134 £ 04 357 +£0.11 0.86 1.03
963—95.4 5.4238 2125 57 57 1.9 —10.0£0.2 104 +0.6 1.40 +0.10 0.01 —0.01
115,40—1050 5.4248 1860 21 23 10.2 —8.24+0.2 12.8 £ 0.6 338 +£0.15 0.54 0.54
111,10— 1029 5.4285 1861 63 69 10.2 —102+0.3 156 +0.4 6.31 £0.26 1.01 1.02
T35—62.4 5.4431 867 13 15 39 —-1024+0.2 145 £ 0.6 3.61 £0.14 0.62 0.74
11gs5—11s¢ 5.4521 2876 69 69 24 -7.0+0.5 114+1.5 0.83 +0.13 —0.32 —0.43
S30—423 5.4641 432 27 33 3.1 —12.14+0.2 16.1 £0.2 551+0.14 1.17 1.34
12511—124 12 5.4689 2241 75 75 0.7 —-9.7+02 130+ 1.1 1.54 £0.15 —0.39 —0.43
1010—928 5.4862 1554 19 21 9.5 —12.0+0.2 142 +£0.2 4.26 £0.12 0.69 0.73
1037—946 5.4904 1929 19 21 2.6 —122+04 13.7+ 1.1 1.24 +0.10 —0.13 —0.13
124 1o—11lo1 5.5022 1909 69 75 15.0 —11.9 £ 0.1 16.1 £ 04 542 +0.15 1.20 1.20
1147—10s6 5.5031 2473 63 69 1.7 —104+£0.3 16.6 + 1.9 1.49 +0.21 —0.17 -0.23
9,7—836 5.5179 1447 51 57 4.6 —1224+03 13.5+£0.2 383 +0.15 0.89 0.94
S533—420 5.5229 454 9 11 3.9 —14.1 £0.1 152 +0.5 359 +£0.13 0.80 0.96
15 0—111 1, 5.5270 1909 23 23 0.8 —9.7+£03 122+1.2 0.80 + 0.08 —0.58 —0.58
11y 10— 11o11 5.5290 1909 69 69 0.8 —11.5+0.2 159 +0.7 2.16 £0.12 —0.11 —0.10
1249—123 19 5.5298 2824 75 75 22 —-944+05 10.8 £ 1.5 0.97 £0.16 —0.26 —0.36
98—817 5.5319 1270 17 19 8.8 —-1334+02 15.0 £ 0.7 422 £0.19 0.82 0.89
13310— 13211 5.5373 3233 81 81 2.1 —103+£0.3 10.7 £ 0.8 0.68 + 0.07 —0.54 —0.68
9158—827 5.5479 1274 51 57 8.7 —139+0.1 14.6 + 0.1 5.95+0.10 1.30 1.37
1056—1047 5.5496 2275 63 63 2.7 —11.6 £ 0.2 13.0 £ 0.3 2.26 +0.09 0.14 0.11
431322 5.5567 296 7 9 43 —-15.6+0.2 16.6 £ 0.7 3.86 £0.17 0.87 1.04
955946 5.5599 1929 19 19 2.7 —1254+03 120+ 0.8 1.12 £ 0.08 —0.15 —0.15
1139—11549 5.5613 2194 23 23 1.7 —-109+0.2 109 £ 0.7 0.79 £ 0.05 —0.45 —0.48
T52—T43 5.5775 1340 45 45 2.2 —12.7+0.2 13.0+0.2 3.17 £0.10 0.56 0.63
101,9—100.10 5.5909 1603 21 21 1.0 —-1394+02 94 +£0.5 0.97 £0.05 —0.32 —0.28
853844 5.5917 1628 17 17 2.6 —12.14+03 145+038 2.00 +£0.12 0.01 0.04
936—845 5.6118 1615 51 57 2.0 —-12.8+£0.2 126 £ 0.5 2.45+0.12 0.44 0.47
86— 735 5.6208 1175 15 17 3.5 —7.8+£0.3 13.1+0.3 3.75+0.18 0.47 0.55
T26—615 5.6318 781 13 15 6.9 —1454+02 16.1 £0.1 5.16 £0.11 0.98 1.10
9,8 910 5.6485 1324 19 19 1.2 —124+0.2 12.7+ 0.6 1.94 + 0.09 —0.07 —0.01
946—937 5.6590 1750 19 19 3.0 —-11.34+02 134 £ 0.5 2.05 +£0.08 0.05 0.08
10,5—10,9 5.6645 1860 21 21 2.1 —11.8+0.3 10.6 = 1.0 0.95 + 0.09 —0.14 —0.13
1340—13310 5.6840 3475 81 81 3.7 —-10.2 £ 0.6 10.7 £ 1.6 0.84 £0.15 —0.42 —0.58
845—836 5.6864 1447 51 51 3.1 —13.7+£0.2 16.5+0.9 4.20 +0.26 0.72 0.77
T44—T35 5.7051 1175 15 15 3.1 —-1224+04 150+ 1.1 2.86 £0.21 0.38 0.46
105.6—9.3 5.7081 2347 57 63 1.0 —11.7£0.5 16.3 +0.5 3.05+0.16 —0.33 -0.37
815—T07 5.7096 843 45 51 12.5 —-13.24+02 15.7+£0.2 7.26 £0.22 1.74 1.86
1l38—1159 5.7131 2432 69 69 32 —103+0.2 13.8 +0.7 2.66 +0.15 0.18 0.12
643—634 5.7162 933 39 39 29 —15.14+03 156 £ 0.4 528 £0.21 0.93 1.04
S524—413 5.7187 396 9 11 5.2 —16.0£0.3 16.0 £ 0.3 474 +0.19 1.01 1.17
542533 5.7217 725 11 11 2.4 —-1394+03 152 +£0.3 430 £0.17 0.45 0.58
441—452 5.7238 550 27 27 1.6 —14.0 £ 0.1 143+04 421+0.13 0.78 0.93
440431 5.7281 552 9 9 1.6 —1244+03 150+ 0.3 3.52+0.15 0.31 0.46
836—827 5.7320 1274 51 51 2.7 —13.0+£0.2 16.2 +0.7 4.16 +£0.22 0.78 0.86
T25—634 5.7352 933 39 45 2.6 —-1394+0.2 13.1 £0.2 4.39 £0.16 0.95 1.06
S541—532 5.7371 732 33 33 2.5 —13.6+0.2 15.7+0.2 5.57 +£0.11 0.94 1.07
97918 5.7494 1552 57 57 2.6 —10.8 £ 0.6 16.3 £ 0.7 4.15+0.33 0.62 0.67
Tr6—T17 5.7735 843 15 15 1.7 —123+0.2 16.7+0.8 3.61 £0.17 0.36 0.48
T35—Ta6 5.7792 1021 15 15 3.1 —10.6 £ 0.2 11.9 £ 0.7 2.63 £0.16 0.49 0.59
954—863 5.7822 2031 51 57 0.7 —10.5+0.5 18.8 0.8 2.14 +£0.62 —0.25 —0.26
T16—To7 5.8022 843 45 45 1.8 —13.24+0.2 155+ 0.6 4.87 £0.22 0.86 0.98
1147—113g 5.8050 2609 69 69 5.3 —11.5+0.3 11.9+0.7 2.72 £ 0.20 0.30 0.22
634—625 5.8180 795 39 39 34 —11.6 £ 04 149 £ 0.6 521+£0.32 1.11 1.24
61.6—505 5.8227 468 33 39 10.8 —148+04 18.8 £ 0.5 6.61 +0.27 1.85 2.01
945—96 5.8280 1846 57 57 52 -99+03 143 +£0.3 3.95+0.15 0.74 0.75
625—616 5.8342 643 39 39 2.1 —145+0.2 152+0.2 5.86 +0.11 1.01 1.15
86817 5.8380 1270 17 17 33 —8.5+03 175 £ 1.0 3.19+0.18 0.42 0.49

23
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Table 7
(Continued)
Transition A E; g u Al VLSR FWHM w log10(70) logio(p)
(ppm) () s (km s™") (km s (10° Hz)

1038—945 5.8394 1957 57 63 0.7 -9.0+03 146 £ 1.0 1.89 £0.16 —0.17 —0.17
844—753 5.8410 1524 15 17 0.9 —11.6 £ 0.1 92+04 1.37 £ 0.06 —0.33 —0.28
533—524 5.8473 598 11 11 35 —-14.0+0.2 124 £ 0.7 2.85+0.16 0.72 0.86
937844 5.8491 1628 17 19 0.9 —9.6+0.3 15.0+ 0.9 1.83 £0.11 —0.34 —0.31
624—533 5.8575 725 11 13 1.8 —-11.9+02 14.6 £ 0.3 3.45+0.14 0.42 0.56
845752 5.8656 1525 45 51 0.9 —13.6+0.3 144+ 0.6 2.86 £ 0.16 0.14 0.18
43,423 5.8670 432 27 27 32 —-15.14+04 129 £0.2 441 £ 040 1.20 1.36
936927 5.8729 1729 57 57 52 —10.1 £ 0.1 128 £ 0.1 5.83 £0.07 0.83 0.85
331—322 5.8784 296 7 7 2.4 —157+02 16.8 £ 0.8 473 £0.21 0.57 0.75
836—743 5.8860 1340 45 51 1.0 —11.0+0.2 149+ 0.6 3.44 £0.16 0.34 0.41
524515 5.8909 470 11 11 2.5 —12.8 £ 0.1 17.3 £ 0.6 427 +0.14 0.68 0.84
43.1—422 5.9167 454 9 9 39 —12.8 £ 0.1 149 £0.1 4.45£0.10 0.79 0.95
Tas5—Tie 5.9228 1013 45 45 44 —-10.0+0.3 18.1+0.3 6.21 £0.18 1.16 1.26
835826 5.9246 1414 17 17 6.1 —-112+02 123+ 0.6 2.60 £ 0.13 0.61 0.66
532—523 5.9383 642 33 33 5.0 —137+02 142402 5.04 £0.12 1.35 1.49
T34—T25 5.9507 1125 45 45 6.5 —-103+0.2 16.0 £0.2 6.12 £ 0.16 1.26 1.35
633—624 5.9530 867 13 13 6.0 —-11.5+02 17.0 £ 0.7 494 +0.20 0.87 0.99
633—542 5.9792 878 11 13 0.8 —95+02 147+£0.8 236 +£0.12 —0.04 0.08
624—615 5.9942 781 13 13 5.8 —123+02 13.0+ 0.5 377 +£0.14 0.92 1.05
634—54 6.0191 878 33 39 0.7 —1234+04 139+04 3.14 +£0.18 0.42 0.53
643—550 6.0375 1067 33 39 0.3 —-11.3+03 137+ 04 1.81 £0.10 —0.14 —0.04
523—514 6.0441 574 33 33 7.2 —1554+05 170 £ 0.4 5.02+£0.26 1.57 1.72
S524—43, 6.0964 552 9 11 0.7 —123+02 157+ 0.6 2.66 £+ 0.10 0.14 0.29
414—32,1 6.2133 305 21 27 0.4 —-12.74+04 126 £0.5 3.61 £0.25 0.47 0.65
330—423 6.2218 432 27 21 0.3 —147+04 165+ 1.3 3.40 £0.32 0.14 0.30
2,0—313 6.2453 204 7 5 0.4 —1424+05 95+14 093 £0.14 —0.21 —0.03
31—414 6.2716 323 27 21 0.3 —137+05 10.8 £ 0.5 3.08 £0.27 0.28 0.45
331—40 6.2827 454 9 7 0.4 —-12.0+ 1.0 139+ 1.1 1.69 £0.33 —0.25 —0.09
2,1-312 6.3737 249 21 15 1.1 —114+05 158 £ 0.6 471 +£0.31 0.73 0.91
11,1202 6.3903 100 5 3 53 —133+04 123+ 14 276 £0.32 0.80 1.00
41342 6.4115 454 9 9 11.5 —142+04 141+ 1.6 3.88 £ 0.45 1.37 1.53
To5—T34 6.4506 1212 45 45 12.5 —-1444+04 18.8 £ 1.6 539 +£0.55 1.59 1.67
624—633 6.4531 951 13 13 11.3 —15.0+05 18.8 £ 1.7 5.16 £ 0.48 1.19 1.30
1248—1257 6.4820 3310 25 25 139 13.1 £0.7 140+£22 1.85 £0.29 —0.07 —0.22
97936 6.5126 1846 57 57 12.2 —137+05 18.7+2.1 5.04 £ 0.68 1.25 1.27
1355—1367 6.5392 3966 81 81 12.5 —-10.6 £ 1.0 12.8 £09 1.21 £0.19 —0.05 —0.27
1046—10s 5 6.5401 2482 21 21 11.1 —9.1+£8.0 188+ 1.8 2.25 £0.50 0.34 0.29
744835 6.5818 1511 17 15 0.9 —47+£39 170 £ 1.1 1.75 £0.27 —0.23 —0.18
533—542 6.5950 878 11 11 6.1 —144+04 18.8 +£0.2 3.73 £0.04 0.93 1.04
634— 043 6.6007 1088 39 39 75 —-1574+05 170 £ 0.5 446 £0.25 1.42 1.51
1047—10s ¢ 6.6409 2473 63 63 10.0 —-109+04 135+ 1.1 2.68 £ 0.27 0.80 0.74
937—946 6.6642 1929 19 19 9.4 —-11.94+03 14.1 £09 2.61 £0.18 0.64 0.64
1038—1047 6.7052 2275 63 63 9.6 —11.9+02 15.6 £ 0.5 3.47£0.13 0.93 0.90
616—625 6.7121 795 39 39 4.9 —-15.0+03 12.1 £0.8 3.39+0.26 1.46 1.59
634—725 6.7146 1125 45 39 2.0 —146+05 16.0 £ 0.4 345 +0.17 0.83 0.92
8,7—836 6.7157 1447 51 51 7.7 —-11.9+03 15.6 £ 0.9 4924035 1.32 1.38
8,783 6.7157 1447 51 51 7.7 —124+05 17.6 £ 0.5 5.19 £0.35 1.32 1.38
1130—114g 6.7557 2652 23 23 9.6 —-10.6 £ 0.3 12.7 £ 0.7 1.89 £0.11 0.24 0.17
14411—145 10 6.7668 4199 87 87 11.3 —9.8+£0.6 114+ 1.6 0.98 +0.17 —0.18 —0.43
Tor—T16 6.7731 1013 45 45 4.7 —147+03 147+ 0.3 453 +0.15 1.37 1.47
9,8—937 6.7826 1750 19 19 7.5 —120+0.3 124 +0.8 3.06 £ 0.20 0.69 0.71
T17—T26 6.7959 1021 15 15 4.6 —1424+05 16.5 £ 0.6 448 £0.35 0.88 0.98
125 10—1249 6.8144 3058 75 75 9.6 —-104+03 11.7£09 2.01 £0.19 0.48 0.36
1010—1028 6.8251 2069 21 21 7.6 —-103+0.3 10.4 £ 0.9 1.77 £ 0.15 0.52 0.50
625—716 6.8631 1013 45 39 53 —15.0+05 182+ 1.5 438 +0.44 1.37 1.47
606—71.7 6.8714 843 15 13 8.1 —-163+0.2 139+ 1.2 3.20 £ 0.28 1.20 1.32
80.s—817 6.8749 1270 17 17 44 —1494+03 13.3+£09 2.88 £0.18 0.76 0.83
815—827 6.8867 1274 51 51 44 —15.0+0.9 155+ 15 330+0.39 1.23 1.31
514—0625 6.9063 795 39 33 5.8 —17.6 £0.3 152403 4.61 £0.19 1.50 1.62
717—80s 6.9588 1070 17 15 7.8 —143+03 175+ 12 3.86 £ 0.27 1.10 1.20
T26—81.7 6.9655 1270 17 15 5.7 —72+16 18.8 £ 1.0 3.83+£0.49 0.83 0.90
9.9—918 6.9774 1552 57 57 42 —13.1+02 14.8 +£0.3 378 £0.11 1.09 1.13
9190—9%38 6.9833 1554 19 19 4.2 —11.54+03 169 £ 1.0 332+£0.20 0.61 0.65
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Table 7
(Continued)
Transition A E; g u Al VLSR FWHM w log10(70) logio(p)
(ppm) () s (km s™") (km s (10° Hz)

320—43, 6.9933 552 9 7 8.6 —-17.14+£02 132 +£0.7 299 +0.16 1.18 1.33
83.6—92.7 7.0015 1729 57 51 34 —10.1 £ 0.5 109+ 14 2.04 £0.33 0.83 0.85
12111—12510 7.0134 2820 25 25 7.1 -99+04 11.8 £ 1.1 1.46 £0.13 0.08 —0.01
T16—827 7.0218 1274 51 45 59 —124+05 16.3 +£ 0.6 4.54 +0.29 1.33 1.40
12511—123 10 7.0231 2824 75 75 7.1 —-102+0.3 127+ 1.0 2.00 £+ 0.20 0.56 0.46
45,533 7.0475 725 11 9 6.8 —-177+04 131+ 1.3 2.90 £ 0.28 1.08 1.21
815—%0.0 7.0547 1324 57 51 7.4 —-13.74+03 13.6 £0.3 451+£023 1.46 1.52
8,7— 91 7.0617 1552 57 51 5.8 —149+02 143 +05 3.40£0.14 1.19 1.24
109,10—10; 0 7.0818 1860 21 21 4.1 —125+02 10.3 £ 0.6 1.50 £+ 0.09 0.45 0.46
101,10— 1020 7.0846 1861 63 63 4.1 —11.7+0.2 129+0.2 3.19£0.12 0.92 0.93
817—%s 7.0924 1554 19 17 5.9 —126+02 14.8 £ 0.6 329 +0.14 0.73 0.77
13, 12—13,11 7.1065 3233 81 81 7.0 —11.14+04 13.7+£0.5 1.92 £0.12 0.32 0.18
5,3—634 7.1175 933 39 33 5.5 —-174+05 142403 3.63 £0.18 1.42 1.53
937—10,28 7.1252 2069 21 19 4.0 —124+0.2 1124+ 0.6 1.83 £0.10 0.25 0.24
423532 7.1469 732 33 27 5.6 —18.0+0.2 128 £0.2 3.77£0.13 1.49 1.62
90.0—101.10 7.1544 1603 63 57 7.1 —12.74+03 129+ 1.0 2.99 +£0.28 1.31 1.35
431542 7.1643 878 11 9 104 —17.8+£0.3 15.44+09 391 +0.24 1.18 1.30
11p11—114,10 7.1889 2194 69 69 4.0 —1234+03 154 £0.7 3.13+£0.17 0.74 0.71
11y11—1150 7.1903 2194 23 23 4.0 —11.6+0.2 11.7+0.2 1.74 £ 0.08 0.26 0.24
14, 13—14512 7.2001 3670 29 29 6.9 —8.7+05 125+ 1.3 0.85 £ 0.09 —0.42 —0.61
T25—836 7.2125 1447 51 45 4.5 —145+02 1524+ 0.6 3.36 £0.15 1.13 1.18
1148—1259 7.2383 3030 25 23 2.7 —-9.1+06 123+ 15 0.70 £ 0.09 —0.48 —0.59
T16—743 7.2543 1340 45 45 0.2 —129+05 11.0+1.2 1.04 £ 0.14 —0.14 —0.08
414—523 7.2723 642 33 27 1.2 —-1734+02 143 +£0.2 3.16 £0.09 0.91 1.05
532,—643 7.2792 1088 39 33 8.0 —-17.4+03 153403 4.12+0.14 1.51 1.60
9,7—1038 7.2872 2081 63 57 45 —-10.8 £0.2 12.8 £0.2 275 £0.10 0.80 0.78
124 1o—12, 1, 7.3002 2554 75 75 39 —11.7+0.2 10.8 £ 0.7 1.70 £ 0.13 0.54 0.47
524633 7.3389 951 13 11 3.6 —147+0.6 16.2 4+ 0.6 3.06 +0.25 0.78 0.89
1150—123 49 7.3945 2824 75 69 4.6 —94+03 143+ 1.0 244 £0.22 0.40 0.30
12511—13112 7.4401 2939 81 75 5.4 —-9.6 £0.6 10.6 £ 1.6 1.70 £ 0.32 0.43 0.32
12y 11—13212 7.4423 2939 27 25 5.4 —11.1+04 142+ 14 1.82 £ 0.17 —0.05 —0.15
734—845 7.4618 1615 51 45 52 —-12.0+0.2 10.5+£0.8 253 +£0.22 1.11 1.15
642753 7.4654 1524 15 13 9.2 —11.5+0.6 16.8 £ 1.8 3.78 £ 0.40 0.89 0.94
643—752 7.4708 1525 45 39 9.2 —-1294+03 15.8£0.3 3.84 +£0.15 1.37 1.41
124 1o—130.13 7.4744 2599 81 75 6.1 —9.3+£03 123 +0.8 2.01 £0.16 0.72 0.65
835—946 7.5193 1929 19 17 44 —10.6 £0.3 13.5+0.3 2.14+£0.13 0.41 0.41
141 14— 145 13 7.5326 3350 87 87 39 —-10.7+0.5 120+ 14 1.57 £0.23 0.08 —0.07
135 10—144 13 7.5396 3350 29 27 5.1 —-11.8+0.8 139+24 0.94 £0.16 —0.30 —0.45
135 11— 14312 7.5437 3671 87 81 4.5 —74+03 9.7+0.7 1.24 £0.11 —0.11 —0.29
132,11~ 14312 7.5437 3671 87 81 45 -7.6 £0.3 11.7+ 1.1 1.72 £0.16 —0.11 —0.29
936—1047 7.5567 2275 63 57 3.9 —124+09 18.7+0.9 3.47+0.22 0.65 0.62
515—624 7.5754 867 13 11 0.7 —-14.0+04 127+ 1.0 1.63 £0.12 0.16 0.28
1037—114g 7.5802 2652 23 21 3.7 —-10.0+49 145+ 1.8 1.26 £ 0.36 —0.07 —0.14
625—734 7.5819 1212 45 39 22 —-11.44+0.38 174 £0.7 3.78 £0.28 0.98 1.06
T6.1—872 7.6060 2289 51 45 12.8 —12.6+£0.3 13.24+0.3 337 +£0.12 1.07 1.03
145 13—151 14 7.6420 3786 93 87 49 —10.1 +£0.7 88 £ 1.7 0.60 £ 0.15 —0.10 —0.30
844955 7.7118 2122 19 17 6.2 —5.7+0.2 123+0.2 297 £0.10 0.46 0.44
845—95.4 7.7676 2125 57 51 6.0 —11.7 £ 0.1 13.9+£0.1 3.16 £ 0.06 0.93 0.91
952,—109 7.8054 3556 21 19 134 —-10.7+04 9.0+ 1.0 0.84 +£0.10 —0.14 —0.31
945—10s¢ 7.8122 2473 63 57 5.1 —83+03 142408 1.88 £ 0.14 0.68 0.62
946—10s 5 7.9452 2482 21 19 4.7 —9.8+0.5 157+ 14 1.31£0.12 0.18 0.12

Note. E; is the energy of the lower level of the transition, g; and g, are the statistical weights of the lower and upper levels respectively, A, is the Einstein A coefficient
of the transition, vy sr is the peak velocity of the line, FWHM is the full width at half maximum of the line, W is the equivalent width in units of Hz and 7,, is the peak
optical depth of the transition. 7 is the opacity in the lower level of the transition calculated for e = 0.5. Line data were taken from the HITRAN database (Gordon

et al. 2017).

(This table is available in machine-readable form.)

AFGL 2136, and 5417} K and 625*3] K, respectively, for
AFGL 2591.
3. We find that some lines are optically thick, even though
they saturate at 40% and 15% of the continuum for AFGL

25

2136 and AFGL 2591, respectively, resulting in a large

scatter in the rotation diagram.

4. We find that, for a foreground origin for the absorption
lines, the range of velocities observed overlaps with the
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Table 8
Line Parameters for the v = 2—1 Transition of AFGL 2591
Transition A E, g Su Ay VLSR FWHM w log10(10) logo(7,)
(purm) (K) () (kms™") (km s~ ") (10° Hz)

1038—9,7 5.4015 4055 57 63.0 10.1 —8.6+03 85+09 0.81 £ 0.11 —0.62 -0.77
441330 5.4373 2745 21 27.0 9.8 —-954+03 11.4 £ 0.8 1.36 £ 0.12 0.01 —0.18
S532—423 5.5105 2745 27 33.0 6.2 —10.6 £ 0.3 10.6 £ 0.7 1.35+0.11 —0.11 —0.30
634—523 5.5218 2955 33 39.0 6.9 —11.1 £0.3 82+0.8 1.29 £ 0.16 —-0.14 —-0.32
119,11—104,10 5.6670 3892 63 69.0 27.6 —11.1 £0.3 10.1 £ 0.9 1.62 £ 0.18 0.02 —0.14
101.10—90.9 5.7202 3615 57 63.0 26.5 —-11.9+03 133 +£09 2.08 + 0.19 0.18 0.02
817726 5.7330 3336 15 17.0 14.1 —10.1 £ 0.6 11.6 £ 1.7 0.90 £+ 0.16 —0.43 —0.60
625—514 5.7627 2879 33 39.0 10.9 —10.0 +0.3 11.5 + 0.8 1.92 £ 0.16 0.16 —-0.02
910—8038 5.7754 3363 17 19.0 25.2 -95+04 14.1 £2.7 1.67 £0.53 —0.16 —-0.32
90,0—818 5.7769 3364 51 57.0 252 —11.0£0.3 14.1 £ 0.2 232 4+0.13 0.32 0.15
Sy4—414 5.8037 2698 9 11.0 9.7 —75+05 98+ 1.8 0.71 £ 0.16 ~0.30 —0.49
T16—625 5.8206 3110 39 45.0 11.8 -75+02 122 £0.8 275 +£0.22 0.11 —-0.07
80s—717 5.8353 3138 15 17.0 239 —-7.0+0.5 132+ 1.2 2.28 +£0.25 —0.04 —0.22
331—322 5.9287 2610 7 7.0 4.3 —11.6 + 04 8.1+15 0.41 + 0.09 —-0.74 -0.93
330—321 5.9478 2618 21 21.0 4.5 -924+03 9.6 £ 0.8 0.83 + 0.09 —0.24 —0.44
616—505 5.9485 2764 33 39.0 20.7 -97+02 13.6 £ 0.5 294 +0.14 0.56 0.38
60,6515 5.9622 2767 11 13.0 20.6 —-10.1+0.3 10.1 £0.7 1.25 £0.11 0.08 —0.10
532-523 5.9925 2955 33 33.0 8.7 —-73+03 11.3 £ 09 1.51 £ 0.15 —-0.01 -0.19
S15—404 6.0059 2615 9 11.0 18.8 —-85+04 1.1+ 1.2 1.22 £ 0.17 0.09 —0.10
T34=T2s 6.0232 3443 45 45.0 11.8 —10.6 £ 0.3 123 £0.8 1.63 £0.13 —0.10 —-0.27
Tos—Te 6.0322 3323 45 45.0 94 —10.8 £0.3 141+ 1.0 1.38 £ 0.12 —0.11 —0.28
21—212 6.1010 2413 15 15.0 5.9 —-9.7+0.2 13.8 £ 0.6 1.68 + 0.09 —0.10 -0.30
303—212 6.2028 2413 15 21.0 11.9 -98+04 14.1 £0.1 3.18 £ 0.30 0.37 0.17
211—202 6.2878 2396 5 5.0 17.7 —9.7+0.6 8.6 £15 1.40 + 0.31 —0.05 —-0.25
1io—1os 6.3157 2329 9 9.0 213 —145+04 104+ 1.0 243 £0.29 0.34 0.14
loi—1lio 6.5149 2360 9 9.0 24.9 -99+04 127 £ 1.7 2.08 £0.33 0.43 0.23
To5—T34 6.6462 3544 45 45.0 24.4 —10.7 £ 0.3 123 £ 0.9 1.84 £ 0.16 0.28 0.11
404—413 6.6674 2698 9 9.0 15.1 —-83+04 125+ 1.1 1.75 £0.18 —0.01 —0.20
9:7-936 6.6895 4180 57 57.0 255 —-9.6 £ 0.5 150 £ 1.7 1.20 £ 0.16 —0.06 —-0.21
Tv6—T2s 6.7261 3443 45 45.0 20.3 —11.9 £ 04 125+ 1.0 1.63 £ 0.16 0.28 0.11
351-330 6.7334 2745 21 21.0 9.2 ~133+1.0 14.1 £29 1.45 + 0.37 0.14 ~0.05
T34—Ta3 6.7536 3701 45 45.0 18.0 —119+04 124 £ 1.0 1.32 £ 0.14 0.07 —0.09
S05—514 6.7653 2879 33 33.0 12,5 —122+05 131+12 1.71 £ 0.20 0.36 0.17
453—43, 6.7693 2885 27 27.0 12.6 —12.1 £ 04 132+ 1.0 144 +0.14 0.29 0.11
532—54 6.7987 3240 33 33.0 12.1 —11.2+04 11.8 £ 0.9 1.50 £+ 0.15 0.12 —0.05
4y, 6.8108 3064 27 27.0 7.7 —9.5+0.7 135+ 19 1.16 £ 0.21 —0.03 021
303—414 6.8136 2621 27 21.0 17.1 —11.9+04 135+ 1.2 2.12 £0.23 0.49 0.30
817826 6.8165 3735 17 17.0 18.4 —9.8+0.5 109 + 1.7 1.11 £ 0.21 —0.38 —0.54
4y 4—505 6.8449 2764 33 27.0 16.0 ~10.1£05 1.6 £ 0.5 2.00 £ 0.20 0.47 0.29
110—22, 6.8512 2507 15 9.0 26.0 —-10.5+0.3 13.0 £ 0.8 2.01 £0.16 0.41 0.22
515—606 6.9411 2938 13 11.0 16.0 —11.9 £ 0.6 90+ 1.5 0.90 £+ 0.19 —0.03 —-0.21
To7—Te 6.9985 3323 45 45.0 10.0 —8.0+04 138 £ 1.7 1.82 £0.27 0.11 —0.06
616—707 7.0362 3138 45 39.0 15.7 —104 £ 04 151+ 1.3 2.00 £ 0.20 0.38 0.20
250—33. 7.0934 2744 7 5.0 26.9 —10.6 £0.3 9.7+ 09 1.07 £ 0.12 0.06 —0.13
251-330 7.0996 2745 21 15.0 26.7 ~1134+03 15.8 £ 0.9 239 +0.18 0.53 0.34
514—625 7.1217 3110 39 33.0 11.1 —9.8+0.2 9.8 £ 0.6 1.23 £ 0.10 0.21 0.03
To7—815 7.1381 3364 51 45.0 15.1 ~113 + 04 13.1+14 1.72 £ 0.22 0.27 0.10
818—827 7.1424 3590 51 51.0 9.2 —-10.2 £ 0.6 95+ 14 0.78 £ 0.15 —0.04 -0.20
T16—827 7.2245 3590 51 45.0 11.1 —11.8 £0.2 10.0 £ 0.6 0.87 +£ 0.07 0.01 —0.16
87918 7.2272 3868 57 51.0 10.9 —12.1 +£0.3 10.3 £ 0.7 0.85 + 0.08 —0.16 —0.31
35043, 7.2371 2886 9 7.0 17.5 —114 £ 0.8 13.5+£2.1 1.01 £ 0.20 —0.07 -0.25
90.0—918 7.2431 3868 57 57.0 8.9 —11.6 £0.3 102+ 1.0 0.72 + 0.09 —-0.19 —-0.35
330441 7.2937 3064 27 21.0 28.4 —11.6 £ 0.2 11.0 £ 0.5 1.54 +£0.08 0.52 0.34
45,533 7.3018 3060 11 9.0 13.7 —134+0.2 8.2+ 0.6 1.05 £ 0.10 —0.18 —0.36
9:5—10;9 7.3255 4177 21 19.0 11.0 —145+£0.5 77 +12 0.49 £+ 0.10 —0.80 —0.94
910—100.10 7.3323 3892 21 19.0 13.8 —-10.7 £ 04 9.7+ 1.1 0.69 + 0.10 —0.50 —0.66
90,0-101 10 7.3337 3892 63 57.0 13.8 -954+03 102 £ 0.3 1.22 £ 0.07 —0.03 —0.18
43,54, 7.4294 3240 33 27.0 20.9 —10.1 £ 0.4 109+ 1.0 1.70 £ 0.19 0.39 0.21
532—643 7.5509 3451 39 33.0 16.2 —11.5+04 114 £ 1.0 1.25 £0.14 0.23 0.06
533—642 7.5739 3452 13 11.0 16.0 —7.0 £ 0.1 10.0 £ 1.7 0.85 £ 0.18 —0.25 —0.42
550—06.1 7.5956 3934 39 33.0 29.8 —-924+0.5 103+ 1.6 0.99 + 0.18 0.19 0.03
634—T43 7.7350 3701 45 39.0 12.3 -7.0+04 10.7 £ 1.0 0.88 £ 0.10 0.03 —0.14
652761 7.7405 4181 45 39.0 242 —12.8 £0.3 13.0 £ 0.9 0.88 + 0.08 0.01 —0.14

Note. E; is the energy of the lower level of the transition, g; and g, are the statistical weights of the lower and upper levels respectively, A, is the Einstein A coefficient
of the transition, vy sr is the peak velocity of the line, FWHM is the full width at half maximum of the line, W is the equivalent width in units of Hz and 7,, is the peak
optical depth of the transition. 7 is the opacity in the lower level of the transition calculated for € = 0.5. Line data were taken from the HITRAN database (Gordon
et al. 2017).

(This table is available in machine-readable form.)
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observed range of maser velocities in each source.
However, to explain the saturation of the lines at nonzero
flux, a partial covering factor must be invoked in this
case. Such a covering factor must vary with wavelength
by up to a factor of 10 in order to account for column
density variations observed in HCN and C,H, at 7 and 13
pm. Furthermore, H,O must cover the source less than
HCN and C,H, (Barr et al. 2022). It is difficult to
understand the lack of 3 um absorption lines in AFGL
2591, considering a foreground absorbing slab that
absorbs at 7 and 13 um.

5. A disk photosphere origin of the absorption lines explains
in a natural way the presence of absorption lines that
saturate at nonzero flux. A disk origin can also account
for the column density variations of HCN and C,H,.
However, the presence of absorption lines requires a
decreasing temperature gradient with height in the disk,
implying that the disk is not heated externally by the
protostar. The absence of external illumination on the
disk is consistent with the flashlight effect created by the
outflow cavity and the observed thermal radio morph-
ology. However, the midplane heating mechanism is
unclear. Finally, the peak velocities of the absorption
lines are offset from the systemic velocity of the sources,
and the line widths are narrower than would be expected
from a disk origin, requiring a specific disk structure,
which is another major challenge to the model.

Based [in part] on observations made with the NASA/DLR
Stratospheric Observatory for Infrared Astronomy (SOFIA).
SOFIA is jointly operated by the Universities Space Research
Association, Inc. (USRA), under NASA contract NNA17BF53C,
and the Deutsches SOFIA Institut (DSI) under DLR contract 50
OK 0901 to the University of Stuttgart. The authors thank the
anonymous referee for their very helpful and constructive input.
A.G.G.M.T thanks the Spinoza premie of the NWO.

Appendix
Externally Heated Disks

Here we expand on the discussion on the formation of
absorption lines in the foreground of an externally heated disk.

The model based upon foreground absorption of a disk
externally heated by the protostar and radiating a continuum at
mid-IR wavelength is expected to give emission rather than
absorption lines. Specifically, consider a simplified model of
two layers: a background layer responsible for the continuum
emission and absorbed by a foreground molecular layer. The
continuum intensity, /., is given by

I = B(Ty)(1 — exp[—T4]) (AL)
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with B the Planck function at the dust temperature T, and 7,
the dust emission optical depth. The line intensity is

I, = B(Ty)(1 — exp[—my])exp [—7.]
+ B(T)(1 — exp[—7.]) (A2)
with 7} and 7, the molecular excitation temperature and optical
depth. The line-to-continuum ratio is then given by

L B(Tp)
L exp[—7.] + (B(T,,))
« (1 — exp[—TL])’
1 — exp[—74]

We see that If T, < T, then the second term is of no
consequence and the line is in absorption (Ip/I.<1). If
T; > T, then the second term dominates and the line is
(typically) in emission (I;/I.>1) (depending slightly on 7,
and 7,) as, if 7, < 1, then lines go into emission more easily).

The result of this is that the background emission layer will
have to be warmer than the observed molecular excitation
temperature (=600 K) and be optically thickish, 7, = 1. As the
stellar radiation is deposited in an (absorption) optical depth of
~1, that implies that absorption and emission efficiency have to
be equal.

Quantitatively, in radiative equilibrium, the dust temperature
is given by

(A3)

L star

— 1/4
T, = (( Q_abs ) 7)
Oem (47Tr2)asb

with Q; the Planck averaged absorption and emission
efficiencies of the dust, L, the stellar luminosity (10° L), r
the size of the disk (125 au), and ogsg the Stefan—Boltzmann
constant. The Planck averaged emission efficiency is given by
Ocm = 0.25(a/1pm) (Draine & Lee 1984) valid for a <4 um
and 1 for larger sizes. We will set the absorption efficiency of
the dust equal to 1. This results in 7, = 1120 (620) K for 0.1
(1) pm grains. We note that blackbodies would be 440 K for
these conditions. Considering that the heating radiation will be
deposited in a layer with a thickness of 7,,s >~ 1, we have that
the IR emission optical depth of this layer is 74 =
(Oem/ Oups) Taps = 0.025 (0.1 pgm) and 0.25 (1 pm). The
resulting line-to-continuum intensity is shown in Figure 21. In
all cases, the lines are in emission as the continuum is not
optically thick and/or the temperature is too low compared to
the molecular excitation temperature. This is a very general
result for externally heated disks.

(A4)



THE ASTROPHYSICAL JOURNAL, 935:165 (29pp), 2022 August 20

Black body (T=440 K}
a=1 micron (T=620 K)
a=0.1 micron (T=1120K
— — a=0.1 micron (T=1120 K, tau(dust}=0.25)
25 1 ! N N T N ’ ’ I N ! N |
[ emisson
2+ ]
=
5 I
g 15} 1
: L
’ /
T
- T
| absorption T~ e
05 ! 1 1 T
0 0.2 0.4 0.6 0.8 1
t(gas)

Figure 21. The expected line strengths relative to the continuum for a range of
line optical depths are plotted for different dust properties. The horizontal black
dashed line represents the boundary between the formation of absorption lines
(<1) and emission lines (>1). The solid red curve represents the line strengths
for blackbody emission, and the blue and green curves the line strengths for 1
and 0.1 pm grains, respectively. The blackbody grains produce emission lines
as the foreground gas is observed to be warmer than the expected dust
temperature. The 1 and 0.1 pm grains are warmer than the foreground gas but
the continuum emitting layer is optically thin and hence the foreground gas
would produce excess emission in the lines. The dashed green curve represents
a model where the mid-IR optical depth of the disk has been arbitrarily
increased by an order of magnitude. In this model, the high dust temperature
coupled with this high optical depth results in absorption lines.
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