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5 Surveying the Inner Structure of
Massive Young Stellar Objects in
the L Band

Abstract

We present results from a survey of five massive protostars in the L band, conducted
with iSHELL /IRTF with resolving power 6 km s™!, between 2.95 and 3.25 um. Two
of our five targets show transitions from organic species, with MonR2 IRS 3 showing
HCN lines in emission, and AFGL 2136 showing HCN and CyH; lines in absorption.
Orion BN, S140 IRS1 and MonR2 IRS 2 did not yield any detections. The velocity of
the emission lines of HCN of MonR2 IRS 3A are consistent with CO emission features
in lines up to J=26, as both are red-shifted with respect to the systemic velocity. CO
lines also show blue-shifted absorption. This P-Cygni line profile, commonly observed
towards massive young stellar objects, is likely due to an expanding shell, which is
supported by sub-millimetre velocity maps of HCN. Alternatively HCN emission may
arise from the upper layers of a disk photosphere. Previously HCN emission was
detected at 3 pum for the first time towards a massive protostar, AFGL 2591, which
was suggested to probe the upper layers of a circumstellar disk atmosphere (chapter
3). Absorption lines of HCN and CyHy in AFGL 2136 show evidence for partial
covering of the source, with lines at 13 pum requiring dilution factors of ~0.3. This
dilution fraction is three times less than at 3 pym and 7 pm; wavelengths at which
the source is fully, or almost fully covered. We also conduct an analysis based on
a disk origin for the absorption lines and find that HCN shows consistent physical
conditions across all wavelengths, and CyHy shows an increasing temperature and
abundance with decreasing wavelength, indicative of a radial abundance gradient.

A. G. Barr, J. Li, A. Boogert, A. Lee, C. N. DeWitt, A. G. G. M. Tielens
Submitted to Astronomy & Astrophysics
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5.1 Introduction

Circumstellar disks play a key role in the star formation process (Nakano et al. 1995;
Jijina & Adams 1996; Bonnell & Bates 2006) as angular momentum conservation of
a collapsing cloud leads in a natural way to a disk. Subsequent viscous dissipation,
and/or a disk wind, slowly redistributes angular momentum, resulting in accretion of
disk material onto the protostar. Massive protostars evolve through several stages -
IR dark clouds, Hot Cores, hyper compact Hir regions (HCHI1), and ultracompact Hi1
regions (UCHII) (Zinnecker & Yorke 2007; Beuther et al. 2007; Tan 2017). The Hot
Core phase has been associated with the disk accretion phase (Johnston et al. 2015;
Maud et al. 2019), although to what extent this is the case remains to be established.

Ro-vibrational absorption lines at infrared wavelengths trace a range of different
energies and are particularly sensitive to the warm material close to protostars. These
transitions are therefore a very useful tool for probing the physical and chemical
conditions of massive star formation and tracing massive young stellar object (MYSO)
structure on small scales. Such a tool can help to understand hot cores and the
presence of potential disks, planets, outflow or winds, as well as the accretion processes
of massive protostars (chapters 3 and 4).

The disk structure and evolution in low and intermediate mass stars is well under-
stood, and significant progress continues to be made (Williams & Cieza 2011; Andrews
2020). The same cannot be said for high mass stars, where additional processes, such
as photoevaporation from high radiative forces, make the picture more complicated
(Zinnecker & Yorke 2007). It is expected that in these objects, disks should also play
a fundamental role in the build up of the stellar mass, as in the case for low mass stars,
because otherwise the high radiation pressure would halt accretion before a massive
star could be formed (McKee & Ostriker 2007). Furthermore, strong evidence for the
presence of disks around massive stars lies in the observation of large bipolar outflows
(Shepherd & Churchwell 1996a,b; Beuther et al. 2002; Wu et al. 2005).

Cirumstellar disks are an important step in the progression from star formation
to planet formation, therefore understanding them is vital to gain insight into how
planets form, and what material they are made of. Near-IR observations of low
mass stars have been shown to be sensitive to the inner disk on scales of a few AU
(Carr & Najita 2011; Mandell et al. 2012; Gibb & Horne 2013), providing insight
to the physical and chemical conditions during planet formation. Planets have yet
to be detected around O-type stars with the most massive host stars observed with
a planet being 3-5 Mg, and less discoveries as the stellar mass increases (Reffert et
al. 2015; Grunblatt et al. 2019; Hollands et al. 2021). This likely reflects the short
Kelvin-Helmholtz and disk dispersal timescales of massive stars compared to low mass
stars, thus planets have much less time to form, as well as high radiation fields and
eventual core collapse supernovae (Veras et al. 2020).

At infrared wavelengths disks of massive stars have mainly been studied through
atomic line and CO bandhead emission which trace the inner disk (Bik et al. 2006;
Davies et al. 2010; Cooper et al. 2013; Fedriani et al. 2020). In a survey of massive
protostars, Ilee et al. (2013) modelled CO bandhead emission from 20 massive young
stellar objects (YSOs) and find temperatures and densities consistent with emission
from an accretion disk, close to the dust sublimation radius. The infrared spectrum
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of disks around TTauri and Herbig stars is well studied compared to massive YSOs.
CO has been extensively studied for both TTauri and Herbig disks (Najita et al.
2003; Blake & Boogert 2004; Salyk et al. 2009; Bast et al. 2011), with H,O and
OH also detected in TTauri disks (Pontoppidan et al. 2010; Carr & Najita 2011;
Salyk et al. 2011; Banzatti et al. 2017). Herbig disks have been found to consistently
exhibit a very low detection rate of HoO compared to TTauri disks, although OH is
more readily detected (Pontoppidan et al. 2010; Salyk et al. 2011; Fedele et al. 2012,
2013; Banzatti et al. 2017). Mandell et al. (2012) detected several simple species in
emission towards three TTauri disks in the L band with CRIRES and NIRSPEC such
as OH, HCN, HyO and CyHj, also giving upper limits on CHy and NHjs. Simple
organics have also been detected in emission in the mid-infrared (mid-IR) spectrum
of TTauri and Herbig disks with Spitzer (Carr & Najita 2008, 2011; Pascucci et al.
2009; Pontoppidan et al. 2010; Salyk et al. 2011).

Observations of massive stars imply that the mid-IR continuum originates from
the dust photosphere of the disk at distances from the star between 50 and 100 AU
(Preibisch et al. 2003; Monnier et al. 2009; de Wit et al. 2011; Boley et al. 2013;
Frost et al. 2021). However, at mid-IR wavelengths, water and simple organics are
seen in absorption towards massive protostars (Evans, Lacy & Carr 1991; Knez et al.
2009; Barentine & Lacy 2012; Rangwala et al. 2018; Dungee et al. 2018). In chapter 3
we developed a model for AFGL 2591 and AFGL 2136 in which the absorption lines
trace gas in an internally heated circumstellar disk at radii of 100-200 AU, with a
temperature structure that decreases with scale height, resulting in the presence of
absorption lines. We detected HCN and CoHs in emission in the L band spectrum of
the massive protostar AFGL 2591 and proposed it was due to scattering of continuum
photons in the upper layers of the disk photosphere.

In this article we present a follow-up survey of the L band of massive protostars to
investigate how widespread emission lines of organics are at these wavelengths, and to
understand how they relate to the disk as probed by 4-13 um absorption lines (chapter
3). We have selected a wide range of objects, of different masses and luminosities, and
in different evolutionary stages: hot cores, ultracompact HII regions and protostars,
with particular focus on MonR2 IRS 3 and AFGL 2136. MonR2 IRS 3 differs from
AFGL 2591 mainly in the fact that it is a binary, and that typical temperatures are
relatively cooler, being on the order of a few hundred K in MonR2 IRS 3 compared to
600-700 K in AFGL 2591. Also the luminosity and mass of MonR2 IRS 3 are an order
of magnitude and a factor of 4 lower than that of AFGL 2591 respectively, which has
a mass and luminosity of 40 Mg, and 10° L) respectively. AFGL 2136 is very similar
to AFGL 2591 in mass, luminosity and temperature of detected molecules, although
the inclination angle is 40° (Maud et al. 2019) compared to AFGL 2591 which is close
to face on.

5.2 Observations and Data Reduction

All objects were observed as part of program 2021A095 with iSHELL (Rayner et al.
2016) at the Infrared Telescope Facility (IRTF) on Mauna kea. Observations were
taken in the L2 mode, at a resolving power of 50,000 (6 km s~!), using a slit with of
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Figure 5.1: Full spectrum of the L2 setting of MonR2 IRS 3. The green line is a heavily smoothed
median filter of the original spectrum used to define the baseline. The spectrum has been fully
reduced, therefore the atmosphere and blaze function have been removed by division by the standard
star. Regions of poor transmission have been masked out.

0.75". Targets were nodded along the slit to allow for subtraction of sky and telescope
emission. The extracted A and B spectra were then averaged. The continuum signal-
to-noise (S/N) values per resolution element were > 300 for all sources except AFGL
2136 for which only a S/N of 100 was achieved. Flat fields for both science target and
standard stars were taken using iSHELL’s internal lamp. Details of the observations
are summarised in Table 5.1.

MonR2 IRS 3 was observed on UT 2021 February 15 from 05:50 to 06:08. Seeing
was on average 0.7" and the source was observed at transit with airmass ranging from
1.13 to 1.15. HR1931 was observed as a standard star immediately before MonR2
IRS 3 from 05:24 to 05:36 at airmass 1.10 to 1.12.

MonR2 IRS 2 was observed on UT 2021 February 15 and 16 from 06:19 to 06:58
and 05:37 to 06:26 respectively. The airmass ranged from 1.1-1.2 for both nights.
HR1948 was used as a standard star on the 14th and HR1931 was used on the 15th.
Due to the weakness of MonR2 IRS 2, the achieved S/N was lower than MonR2 IRS
3, and a S/N of 300 was only obtained for part of the spectrum, with most of it lower.

We observed Orion BN on February 16 at two different slit angles, from 06:51 to
07:03 and 07:13 to 07:28 at 210° and 235° respectively. The airmass ranged from
1.1-1.2 and HR1948 was used as a standard star on the same night.

AFGL 2136 was observed on UT 2021 July 15 from 07:06:09 to 07:46:56 and
08:15:07 to 08:31:27, with airmass ranging from 1.4 to 1.2. HR7236 was observed in
between these two acquisitions as a standard star which had an airmass of 1.3.

S140 TRS1 was observed on the same night from 08:53:38 to 09:05:19 and 09:45:41
to 09:57:22, with airmass ranging from 2.0 to 1.7. BS8585 was taken as a standard
star in between these acquisitions with airmass 1.8 to 1.7. Our targeted S/N was not
reached on AFGL 2136 because of forced closure of the telescope dome due to strong
winds.

The data reduction was carried out using the Spextool package version 5.0.1 (Cush-
ing et al. 2004). Wavelength calibration solutions were accurate to within 0.5 km s=!.
The atmospheric seeing during the observations was good, therefore the binary in
MonR2 IRS 3 was resolved, allowing for separate extraction of the two binary com-
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ponents. The spectra were then combined and the telluric correction was applied by
dividing by the standard star, which removes the blaze function of the instrument
and any fringing that was present.

The wavelength range of the L2 setting is in the middle of the HO ice band. The
final merged spectrum therefore had large scale structure in the baseline due to the
ice feature. This was removed by fitting a baseline to the spectrum using a broad
median filter and dividing the spectrum by this fitted baseline (Figure 5.1). Some
lines were affected by systematic error due to proximity to telluric residuals. In some
cases a local continuum had to be used to achieve a flat continuum across the line
by fitting a straight line across it. Many lines were lost in deep telluric lines, as the
atmosphere is strong at these wavelengths.

Table 5.1: Summary of Observations.

Source R.A Dec Date Integration Time  Airmass
(J2000) (J2000) (s)
MonR2 IRS 3 06:07:47.95 -06:23:01.9 14.02.21 840 1.13-1.15
MonR2 IRS 2 06:07:45.86 -06:22:59.5 14/15.02.21 3600 1.1-1.2
Orion BN 05:35:13.81  -05:22:25.9 15.02.21 720 1.1-1.2
S140 IRS1 22:19:17.65 63:18:50.7 15.07.21 1200 2.0-1.7
AFGL 2136  18:22:26.09 -13:30:08.9 15.07.21 1800 1.4-1.2

5.3 Analysis

5.3.1 Emission Lines

Emission lines are analysed following chapter 3, outlined in section 3.5.3. Transitions
were fit with a single Gaussian component with peak velocity, v, full width at
half maximum (FWHM), and line depth as free parameters. Physical conditions were
calculated using the rotation diagram method, where the column density in the upper
level of each transition is given by:

N, = SWMUvﬁ (5.1)
where A,; is the Einstein A coefficient of the transition, A is the wavelength, 7, is
the scattering optical depth (see equation 3.9) and o, is the standard deviation of
the line in velocity units. The FWHM is related to o, via the equation: FWHM
= 0,24/21n(2). For the Hy emission lines, a single Gaussian fit was not acceptable,
therefore these lines are fit with a two Gaussian model with peak velocity, FWHM and
line depth as free parameters. Average line profiles for low and high J lines of HCN
are created by mathematically averaging normalised line profiles of each relevant line,
interpolated onto the same velocity scale.
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5.3.2 Absorption Lines

Rotation Diagram

Rotation diagrams for the absorption lines are created using the Boltzmann equation.
The column density in the lower ro-vibrational level is calculated using the optically
thin relation:

g 8w T(v)

90 233, | o) 52

Ny 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, \,; is the wavelength of the line, 7(v) is the optical depth profile
of the line in velocity space, obtained with equation 3.1, and ¢(v) is the normalised
line profile, where we assume a gaussian profile.

N;

Curve of Growth for Foreground Absorption

We compare our rotation diagram analysis with a curve of growth analysis which
considers a single absorbing slab of gas illuminated from behind by a background dust
continuum source. The theoretical curve of growth in this way can be approximated
by:

Wi T Tp

~yEo P 5.3
bfeA c 14+7,/2V2 (5:3)
for 7, < 1.254 and:
W,\ 2 ’Y/\
~ — /1 In2 —1.254 4
bfc)\ C\/H[Tp/ n ]+4bﬁ(7—1) 5 ) (5 )

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, X is the wavelength, 7, is
the peak optical depth, b is the Doppler width in km s~! and v is the damping factor.
The expression for 7, is given by:

_ \/E62lel/\

ach (5.5)

Tp
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 the peak optical
depth. 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 5.3 & 5.4 become W), /bAf.). This parameter describes
the covering of the background illuminating source, where a smaller covering factor
will result in a smaller observed equivalent width. The level populations are related
by:
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_ 9N gy,
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
order of the kinetic temperature for LTE.

Adopting a column density, temperature, and Doppler parameter for the absorbing
gas, the left-hand side of equations 5.3 and 5.4, as well as 7, can be calculated for
each line, resulting in an empirical curve of growth. Empirical curves of growth are
created from the observed equivalent widths for a range of different values of 7" and
N, and these are fit to the theoretical curve of growth. We also vary the Doppler
parameter, as discussed in section 5.4 below. The fit is quantified by a least square
process where the best combination of T and N is chosen such that the reduced chi-
squared is the lowest. The errors on these best fit parameters are taken from the lo
contour.

Curve of Growth for Disk Model

We also carry out a curve of growth analysis in the approximation of absorption lines
being formed in a disk atmosphere, with a temperature decreasing with altitude in
the disk, based on chapter 3. Curves of growth are constructed using the equation:

W, < noH(a,v)
= — 5.7
2Y Av /0 1+ noH(a,v) v (5:7)

where W is the equivalent width of the absorption lines in frequency space, Av is the
Doppler width in units of Hz, and Y is the saturation point of the lines which takes
into account the temperature gradient in the atmosphere. H(a,v) is the Voigt profile
as a function of the frequency shift, v (in velocity space and normalised to the Doppler
parameter), and a the damping parameter (in Doppler units). The right-hand side of
this equation can be calculated as a function of 7, resulting in a theoretical curve of
growth. We have used the simple approximations to this provided by (Mihalas 1978).
7o is the opacity at line centre set relative to the continuum opacity given by:

k(v =1p) Aij/\?’ Jgu X§
pry a —
Ke 8w/ 2mo, 91 Xco

where X; is the abundance in the lower level. The dimensionless parameter « is set
by the requirement that the CO abundance, Xco, is 1074, and is essentially the dust
opacity, o, which results in o, of 7.7x1072* cm~2/g-of-gas, or a = 1.3 x 1019 for
AFGL 2136 (section 3.5.2 in chapter 3). The level populations are related by equation
5.6, however with the column density N replaced by the abundance with respect to
CO X.

The definition of Y is given in the Appendix of chapter 3 and is insensitively
dependent on the temperature. The relevant temperature will be of the order of the
that derived from the rotation diagram. Curves of growth are considered for line
formation from pure absorption (¢ = 1), pure scattering (¢ = 0) and a combination of
absorption and scattering (e = 0.5), where € is a measure of the thermalisation of the

No = (5.8)
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line, such that the fraction of scattered and absorbed photons during line formation
is (1 - €) and ¢, respectively (see Appendix of chapter 3 for details).

5.4 Results

5.4.1 MonR2 IRS 3

MonR2 is a massive star forming region at a distance of 0.8340.05 kpc (Herbst &
Racine 1976). In the star forming region are several protostars associated with differ-
ent stages in the high mass star formation process. The dominant source at infrared
wavelengths in the region is MonR2 IRS 3, which has a luminosity of 1.5x10* L
(Henning et al. 1992). This object was itself resolved into three protostars in a deep
bispectrum speckle interferometry study (Preibisch et al. 2002). MonR2 IRS 3A and
MonR2 IRS 3B have masses of 12-15 M, and 8-12 M, respectively (Preibisch et al.
2002).

HCN Emission Lines

A total of 15 HCN lines from the v; band are detected towards MonR2 IRS 3A. All
transitions are seen in emission, spanning an energy range of ~1000 K. Also several
low energy HCN emission lines are marginally detected towards MonR2 IRS 3B.
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Figure 5.2: Average line profiles for low and high J in MonR2 IRS 3A, created from emission lines
that have no systematic error. The high energy lines are chosen as those with J>4, shown in blue,
and the low energy lines are those with J<5, shown in orange. The vertical dashed line denotes the
cloud velocity of 10 km s—1 (van der Tak et al. 2003). left: Fits to the average line profiles are given
in black with individual contributions to the fit as blue dotted lines. right: Fits to the average line
profiles with the contribution at cloud velocity divided out.

Average line profiles obtained through line stacking provide useful insights for
carrying out the analysis. These are constructed for both high and low J lines, with
the distinction being made at J=4, and are shown in Figure 5.2. We only use lines
that are not affected by systematic error and are therefore more reliable. Fitting
a single Gaussian to each line profile we find that the low J line profile is broader
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Figure 5.3: Rotation diagrams of HCN lines detected in MonR2 IRS 3A and MonR2 IRS 3B. Emission
lines of which the error is underestimated from the fitting routine due to systematic error in the data
reduction process are indicated in grey. These transitions are excluded from the fit used to derive
the physical conditions. The column density of the low J lines in MonR2 IRS 3A is calculated using
the integrated line strengths without the contribution from the cloud at 10 km s~1.

than the high J profile by 2.2 km s™!. Also the peak velocity is slightly red-shifted,
with 14.244-0.04 km s~ for the low J profile compared to 13.554-0.02 km s~ for the
high J profile. The low J profile appears slightly non-Gaussian with a shoulder on
the blue side. The systemic velocity of the cloud is 10.0£1.0 km s~ measured from
submillimeter (sub-mm) observations (van der Tak et al. 2003). Therefore we fit an
extra Gaussian to the low J profile and find that a weak contribution at 9 km s—!
fits well, likely reflecting cold gas from the cloud. In order to properly compare the
high and low J lines, we therefore fit the low J lines (R1, R3, P3 and P4) with a two
Gaussian model, fixing the parameters for the weak shoulder to those derived from the
average line profile, and allowing the parameters of the main velocity component to
be free. We then divided out this shoulder from the low J lines and re-calculated the
stacked line profile, which is presented in Figure 5.2. Fitting the re-calculated average
line profile we find that the deconvolved line widths of the low and high J profiles
come into agreement (7.740.1 km s~ and 7.940.1 km s~! respectively) however the
difference in peak velocity remains, with 15.4440.04 km s~! for the low J profile.
This difference is a fraction 0.3 of a resolution element.

The contribution to the R(1) line at 10 km s~! is very weak and only detected at
lo. Therefore the error on this line, as well as the integrated strength of the main
component, is very large. We calculate the error on this line by comparing it to the
noise level at the same location in the spectrum. This is also the case for the P(4)
line. We do not calculate the physical conditions of the component at 10 km s~ due
to the large uncertainties.

The rotation diagram of MonR2 IRS 3A is shown in Figure 5.3 where the column
densities of the low J lines are calculated from the line profiles after the contribution
at 10 km s~! was divided out. The R(1) line is excluded from the fit to the rotation
diagram due to the large uncertainty in the removal of the weak shoulder. The data
can be described by a single temperature component of 516+71 K and a column
density of 1.6+0.2 x 1016 cm=2.
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Figure 5.4: Average line profile for lines detected in MonR2 IRS 3B. The vertical dashed line denotes
the cloud velocity of 10 km s~! (van der Tak et al. 2003).

We also tentatively present HCN in MonR2 IRS 3B with the R(1), R(3), P(3) and
P(4) lines marginally detected. The deconvolved line width and v, are 4.4+1.2 km
s~! and 16.540.5 km s~ respectively. The average line profile is shown in Figure
5.4 and shows only one velocity component. Correspondingly the rotation diagram
indicates the presence of a single cold gas component at 48425 K and is presented in

Figure 5.3. The column density for this gas is 1.640.8 x 10'® cm™2.
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Figure 5.5: Line profiles from the '2CO and ¥CO v=1-0 band at 4 um (Lee et al. in preparation).
The 2CO P(14), 12CO P(26) and 3CO R(13) lines are shown in the left, middle and right panels
respectively. The profiles in black and red originate from the 3A and 3B binary sources respectively.
The dashed denotes the cloud velocity at 10 km s~!. The P Cygni profile is quite obvious in the
P(14) profile of the MonR2 IRS 3A source but actually present in all lines (Lee et al. (2021).

High spectral resolution observations of CO v=1-0 taken with iSHELL are able to
resolve the binary allowing for separate extraction of the two binary sources (Lee et
al. in preparation). Line profiles from the contributions of each binary component are
presented in Figure 5.5. Line profiles reminiscent of P-Cygni profiles are observed in
MonR2 IRS 3A, in both '2CO and '*CO, with absorption blue-shifted, and emission
red-shifted, with respect to the systemic velocity. The red-shifted emission is centred
at around 14 km s~!, in agreement with the HCN emission, and persists up until high
J, being still present in the P(26) 12CO line, although significantly weaker than the



5.4. RESULTS 167

0.08 0.08

006  H21-00(4) 006  H21-00(5)

0.04

0.02

Relative Intensity
Relative Intensity

0.00

—-0.02 —0.02-

1 L L | 1 L
-60 -40 =20 0 20 40 60 -60 -40 =20 0 20 40 60

Figure 5.6: Emission lines of Ha detected towards MonR2 IRS 3A. The global fit in indicated in red,
whereas the individual Gaussian components that make up this are show as dotted blue lines. The
vertical dashed line denotes the cloud velocity of 10 km s~! (van der Tak et al. 2003). The feature
at 35 km s~ in the left panel is the HCN R(5) line.

P(14) 12CO line. CO and HCN line profiles are compared in Figure 5.8.

Goto et al. (2003) observed 2CO v=2-0 in absorption in MonR2 IRS 3 at a
resolving power of 23,000 and found a two temperature component structure in the
rotation diagram. In their study the binary components of MonR2 IRS 3 are not
separated, but rather are analysed as one object. A temperature of 59+4 K to 46+3
K is found for the 2CO cold component for Doppler parameters ranging between 2.5
and 4 km s~!, respectively. The hot component of 2CO is approximately 250 K, not
varying much with the chosen Doppler parameter, with a column density of 1.2x10°
cm~2. This compares to a value of 200 K for the hot component of '3CO v=1-0
measured by Smith et al. (2020), who also do not separate the binary and observed
lines in absorption.

The temperatures of the cold component of CO derived by Goto et al. (2003) are
in agreement with the temperature of the HCN emission we derived for MonR2 IRS
3B. Also, Lee et al. find that the velocity of MonR2 IRS 3B is red-shifted with respect
to MonR2 IRS 3A, deriving a peak velocity of 17 kms™!, consistent to the velocity of
HCN we observe in MonR2 IRS 3B. The temperatures derived for the blue-shifted CO
absorption are significantly lower than the HCN temperature we measure in emission
for MonR2 TRS 3A. The hot CO temperature is however consistent with SOy (225759
K), also observed in absorption (Dungee et al. 2018).

H- ro-vibrational lines

Two strong lines of Hy v=1-0 are detected in MonR2 IRS 3A, the O(4) and O(5)
transitions, also in emission. These are clearly non-Gaussian and are fit with a model
of two combined Gaussians; a narrow component superimposed on a broad underlying
component (Figure 5.6). For the narrow velocity component, the peak velocities of
the O(4) and O(5) line are 3.4+0.5 km s~! and 5.440.2 km s~! respectively. The
FWHM of the narrow component are 5.0+0.3 km s~! and 4.840.2 km s~! for the
O(4) and O(5) lines respectively. The broad component has a FWHM and v, of
4042.4 km s~! and -5.0£1.0 km s~ respectively, for the O(5) line. The blue-shifted
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Figure 5.7: Emission lines of Hy detected towards MonR2 IRS 3B. The global fit in indicated in red,
whereas the individual Gaussian components that make up this are show as dotted blue lines. The
vertical dashed line denotes the cloud velocity of 10 km s—1I.

wing of the broad component in the O(4) line is affected by a telluric residual which
removes the edge of the wing. Therefore we use the O(5) line as a reference since this
line is in a clean part of the spectrum and not affected by systematic error, and fix
the line width and velocity of the broad component when fitting the O(4) line to the
values of the FWHM and v, derived from the O(5) line.

The same two lines of Hy are also detected in MonR2 IRS 3B and presented in
Figure 5.7. In this source the lines are weaker, and three velocity components are
present in the O(5) line. The peak velocities of these components are -7.0+5.0 km
s71,3.540.6 km s~! and 13.542.7 km s~ !, with respective line widths of 20.448.0 km
s71 8.5+1.9 km s~! and 14.144.4 km s~!. The most red-shifted velocity component
is not apparent in the O(4) line however, unless it has a significantly different velocity
and has blended into the neighbouring component, creating the slight shoulder on
the red side of this component. As in MonR2 IRS 3A, we fix the parameters of the
velocity component in the O(4) line that is affected by interference by an atmospheric
residual to those of the O(5) line. The peak velocity and line width of the central
component is 1.840.8 km s~! and 11.84:1.0 km s~! respectively. The Hy lines likely
trace the photon-dominated region (PDR) therefore we limit the discussion to HCN
and do not analyse Hy further.

5.4.2 Orion BN, MonR2 IRS 2 and S140 IRS1

No molecular lines were detected in the spectra of Orion BN, MonR2 IRS 2 or S140
IRS1, therefore we place upper limits on the HCN column density in these sources.
Upper limits were calculated by comparing a model spectrum to the noise level at the
expected location of the strongest lines for each source. Assuming a temperature of
500 K, we derive upper limits of < 2x10'® ecm™2, < 3x10'% cm™2 and < 6x10'® cm 2
on the HCN column density for Orion BN, MonR2 IRS 2 and S140 IRS1 respectively.
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Figure 5.8: Normalised line profiles of CO, HCN and Hz from MonR2 IRS 3A. The orange and blue
lines indicate the low and high J average profiles of HCN respectively. Finally the vertical dashed
lines are at 10 km s~! and 14 km s—1.

5.4.3 AFGL 2136

HCN Absorption

In contrast to MonR2 IRS 3, the HCN vy band detected in AFGL 2136 shows transi-
tions exclusively in absorption. We detect 32 non-blended lines of HCN, with many
lines being blended with other lines from hot bands of HCN or CoHy. We present
the full spectrum of AFGL 2136 where absorption line are detected in Figure 5.24
in the Appendix. Here we restrict our analysis to the 11 band, as our targeted S/N
was not reached, and the weaker vibrationally excited bands are not strong enough
for detailed analysis. The weighted average v;s, and deconvolved line width of the 14
band are 27.04£0.5 km s~! and 10.7£1.3 km s~ respectively.

A rotation diagram analysis results in a temperature of 540+18 K and a column
density of 1.440.5 x 10'7 ¢cm~2, and the rotation diagram is shown in Figure 5.10.
The four lowest energy lines deviate from a linear relation exhibiting a higher column
than expected and are excluded from the fit. It is possible that the four lowest energy
lines are slightly overestimated due to the presence of weak lines from a hot band
of CoHs at the same frequency. This band is not detected in other lines however,
therefore it is very hard to remove. We cannot fit the four lowest energy lines to
derive a temperature with a reasonable error due to the weak lines from hot bands,
but it is also possible that these lines may be contaminated by cold foreground gas.

The measured line profiles for the HCN 14, band are consistent with those of the
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Figure 5.9: Average line profiles of the various bands of HCN and C2Hsz detected in absorption
towards AFGL 2136.

HCN vy=2-0 band detected at 7 um (chapter 3), and are presented in Figure 5.9.
Also the physical conditions derived from the rotation diagrams are in agreement
between these two bands, with a temperature and column density of 592421 K and
1.840.2 x 107 em ™2 respectively for the vo=2-0 band. This contrasts to the v, band
at 13 um which, although having the same temperature and line profile, has a factor
of 4 lower column density derived from the rotation diagram, despite all these bands
probing the same lower level.

Therefore we carry out a curve of growth analysis to investigate the effects of high
optical depth. Due to the uncertainty of the intrinsic line width, the curve of growth
analysis is done for a range of different Doppler parameters, to explore how this
parameter affects the derived physical conditions. We limit the Doppler parameter in
such a way that it is less than the value consistent with the observed line width but
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Figure 5.10: Rotation diagrams of absorption lines of HCN and CoHs2 in AFGL 2136.
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Figure 5.11: Absorption lines of varying opacity from the v1 (3 pm), v2 vo=2-0 (7 pm) and v (13um)
bands of HCN (top left, top right and bottom respectively). The green solid line denotes a model of
a background light source seen through a dust-free absorbing slab of gas, generated at the physical
conditions derived from the curve of growth of the v; band. The opacities of each line derived from
the disk model curve of growth, 79, are indicated in the corresponding panels. A covering factor of
1 is used for the 3 um and 7 pm lines, and a covering factor of 0.3 is used for the 13 pm lines.

greater than the thermal width, resulting in a range of values for 1.5 km s~! < 7, < 4
km s~!. Fits to the curves of growth are not good for ¢, < 3 km s~! and there is
not much difference between a choice of g, > 3 km s~!, therefore we elect to use the
value that best fit the H,O absorption lines in AFGL 2136, which was a value of 3
km s™! (chapter 4).

A curve of growth analysis, presented in Figure 5.12, in the approximation of an
absorbing slab of gas, for the v; band at 3 ym and the v,=2-0 band at 7 um, results
in physical conditions that are consistent with the rotation diagrams of these bands.
This can be achieved using a covering factor, f., equal to 1. The lines are on the linear
part of the curve of growth, therefore it is not surprising that the rotation diagram
and curve of growth produce consistent results as they are two versions of the same
model. Comparing the line profiles with a local thermodynamic equilibrium (LTE)
model at the temperature and column density derived from the 3 pm curve of growth
(and f. = 1), we see that the line profiles agree with the model for both bands, as
illustrated in Figure 5.11.
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Figure 5.12: Curves of growth for the v1 (3 um), v2=2-0 (7 pm) and v2 (13um) bands of HCN in
AFGL 2136, calculated using the absorbing foreground slab model. Equivalent widths for the vo and
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Figure 5.13: Curves of growth for the v1 (3 pum), vo =2-0 (7 pm) and v2 (13um) bands of HCN in
AFGL 2136, calculated for the disk model. Equivalent widths for the vo and o vo=2-0 bands are
taken from chapter 3. Curves of growth are constructed for a o, = 3 km s~! and € = 1.

From Figures 5.11 and 5.14, we see that the absorption lines at 13 um require
the use of a covering factor in order to explain the observed equivalent widths. A
covering factor of 0.3 fits the line profiles well. From a curve of growth with f. = 0.3,
we recover physical conditions that are in agreement with the curve of growth for the
other bands. Without the use of a covering factor, the column density derived from
the v band is a factor of 4 lower, reflected in the column density difference derived
from the rotation diagram analysis. The lines at 13 um have not yet transitioned
onto the logarithmic part of the curve of growth. Temperatures, column densities,
and beam filling factors derived for the three bands are summarised in Table 5.3.

We also considered a curve of growth analysis following the disk model developed
in chapters 3 and 4 to explore other potential locations of the absorbing gas in the
proximity of the star. For the analysis we elect to choose the same Doppler parameter
for the slab model. Overall the resulting temperature is not very sensitive to o, or
€, however as o, increases, the best-fit abundance decreases, and the abundance is
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Figure 5.14: Absorption lines of varying opacity from the vy band of HCN (left) and C2Hs2 vs band
(right). The green solid line denotes a slab model derived at the physical conditions of the respective
bands at 3 um for a covering factor of 1. The opacities of each line derived from the disk model
curve of growth, no, are indicated in the corresponding panels.

lower for ¢ = 1 compared to € of 0 or 0.5. The curves with € = 1 give the best fits
in terms of the reduced chi-squared, and these also give the best agreement for the
temperature and abundance across the different wavelengths, thus we present these
curves of growth in Figure 5.13 and their results in Table 5.2. The curves of growth
for the other values of € are given in the Appendix.

The column density difference with wavelength apparent in the rotation diagram
analysis does not remain after carrying out the curve of growth for the disk model.
The lines at 13 um are beginning to transition onto the curve of growth for e = 1, and
for € of 0 or 0.5, they are on the logarithmic part of the curve of growth (Figs 5.19
to 5.22). The derived temperature of the three bands shows some variation however,
as does the abundance, for a give value of e. Slight differences in the location of the
continuum origin at the different wavelengths could produce some difference in the
derived physical conditions between the two bands. Overall the three bands of HCN
seem to trace the same physical conditions.

Table 5.2: Summary of disk model curve of growth analysis for HCN in AFGL 2136.

T (K) Xco (x10-2)
13 pm 7 pm dpm 13 pm 7 pum 3 pm

e=1 535722 5657027 465727 14701 33708 1.970]
e=0.5 39510 505730 4601735 65105 7412 3.510%

=0 485tD 51070 450°% 4170} 65t11 35703
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C,yH, Absorption

The vo + (v4 + v5) band of CoHs is detected towards AFGL 2136 at 3 um. Nine lines
are detected and all are in absorption. The peak velocity and deconvolved FWHM of
this band are 26.440.7 km s~! and 7.541.9 km s~ respectively. From the rotation
diagram (Fig 5.10) we find a temperature and column density of 630+235 K and
8.043.1 x 10'® cm™2 respectively. The line profiles are consistent with the CyHs
(v4 4+ v5) band detected at 7 pm (Fig 5.9), as is the temperature, however the column
density of the (v4 + v5) is roughly a factor of two lower. The temperature and line
profiles of the v5 + (v4 + v5) band are consistent with the 13 pm v5 band, however
the column density of the v5 band is a factor of 7 lower than at 3 um. Again, these
three bands probe the same vibrational lower level.

For the curve of growth for the vy + (v4 4 v5) band with the foreground slab model,
we find temperatures and column densities that are consistent with the rotation dia-
gram, and are derived using a covering factor equal to 1. Also, the lines are on the
linear part of the curve of growth and the line profiles are consistent with the LTE
model in Figure 5.15, implying that the v5 4+ (v4 + v5) band is optically thin and in
LTE. These results are summarised in Table 5.3.

As for HCN, the CoHs lines at 13 pm require the use of a covering factor, as shown
in Figures 5.14 and 5.15. With a covering factor of 0.25, the temperature and column
density of the v5 band come into agreement with the other bands, and the line profiles
agree with the LTE model in Figure 5.15. The lines have not yet transitioned onto
the logarithmic part of the curve of growth. At 7 um, no covering factor is needed
and the column density for f. =1 is consistent with the 3 pm column, as is the line
profile (Fig 5.15), although the error on the column is large. A covering factor of
0.5 would also give consistent results, therefore there is an error on f. of the order a
factor 2.

Table 5.3: Summary of Slab Curve of Growth for AFGL 2136.

Molecule Wavelength T N fe
(um) (K) (x10'7 cm~2)

HCN 3 527130 1.4791 1.0

7 5851212 L7 1.0

13 61575, 1.8191 0.3

CoH, 3 6867252 L1t5 1.0

7 5961957 0.3710 %) 1.0

13 485753 0.671059 0.25
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Figure 5.15: Absorption lines of varying opacity from the v + (v4a +vs5) (3 pm), (va+vs) (7 pm) and
vs (13 pm) bands of C2Ha (top left, top right and bottom respectively). The green solid line denotes
a model of a background light source seen through a dust-free absorbing slab of gas, generated at
the physical conditions derived from the curve of growth of the 3 um band. The opacities of each
line derived from the disk model curve of growth, ng, are indicated in the corresponding panels. A
covering factor of 1 is used for the 3 pm and 7 pm lines, and 0.25 for the 13 pm lines.

The three lowest energy lines of the (v4 + v5) band detected at 7 pum in chapter 3
are overestimated in the rotation diagram. This is also true for the curve of growth,
and the fitting does not converge with these lines included. These lines are broader
than the other lines of this band by 5 km s~!, therefore we leave them out of the
curve of growth fitting, and attribute the larger line width to contamination by colder
foreground gas along the line of sight. We also exclude the two lines that fall below
the linear fit in the rotation diagram of the v + (v4 + v5) band as these are affected
by telluric residuals.

In the curve of growth for the disk model we again take o, = 3 km s~!. The best-fit
curves for the vo+(v4+vs), (va+vs) and vs bands are shown in Figure 5.17, also for e =
1. For CoHs,, the curve of growth analysis only partially mitigates the column density
trend observed in the rotation diagram, and we measure a temperature/abundance
trend across the different bands with both increasing with decreasing wavelength
(Table 5.4). This abundance/temperature trend from the curve of growth analysis is
present for all values of e.
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Figure 5.16: Curves of growth for the vo + (v4a +vs) (3 um), (va +vs5) (7 pm) and vs (13 pwm) bands
of CoHs in AFGL 2136, calculated using the absorbing foreground slab model. Equivalent widths
for the (v4 + v5) and vs bands are taken from chapter 3. A covering factor of 1 is used for the 3 pum
and 7 pm lines, and 0.25 for the 13 um lines. A Doppler parameter of 4.25 km s~! is considered,
consistent with the disk model (o, = 3 km s™1).
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Figure 5.17: Curves of growth for the vo + (va +v5) (3 pm), (v4 +vs) (7 pm) and vs (13 pm) bands
of CoHs in AFGL 2136, calculated for the disk model. Equivalent widths for the (v4 + vs) and vs
bands are taken from chapter 3. Curves of growth are constructed for a 0,=3 km s~! and € = 1.

Table 5.4: Summary of disk model curve of growth analysis for CoHo in AFGL 2136.

T(K) Yoo (x10°%)
13 pum 7 pm 3 pm 13 pm 7 pm 3 pm

e=1 45577, 53005 775EiR0 0.38%005 075101 28713
e=05 330716 515770 765%RA 16701 18703 48ttl

e=0 38079, 53086 7556 10l 1708 46703
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5.5 Discussion

5.5.1 Structure of MonR2 IRS 3

MonR2 IRS 3 has been imaged at 10.7 pm using the Keck telescope (Monnier et
al. 2009). These observations reveal two sources, MonR2 IRS 3A and MonR2 IRS
3B. The mid-IR continuum of MonR2 IRS 3A originates predominantly from a non-
spherical structure with a major and minor size of 14446 mas and 8845 mas respec-
tively (~125x75 AU, with position angle (PA) of 41£2°). Ten times fainter, extended
emission in the north-east and south-west direction traces an IR reflection nebula, pre-
sumably associated with an outflow cavity. MonR2 IRS 3B lies to the north-east at
a separation of 0.87”, and appears more like a point source, or a very small compact
disk on the scale of < 0.2” (Monnier et al. 2009). Boley et al. (2013) find, in a very
high spatial resolution interferometry study at 10.6 pm, that MonR2 IRS 3A is best
described by non-spherical geometry with a major axis size of 173.0+1.8 mas. The
mid IR interferometry study had limited uv coverage and only a 1D Gaussian was fit
to the data for MonR2 IRS 3B, resulting in a size of 37.6+1.2 mas (Boley et al. 2013).
MonR2 IRS 3A is clearly the dominant source of continuum with strong, extended
nebulosity and K-band magnitude of 7.9 (Preibisch et al. 2002), consistent with the
10 pm relative fluxes (Monnier et al. 2009). MonR2 IRS 3B is also relatively bright
in the K-band. with a magnitude of 9.1, however it is less extended than MonR2 IRS
3A.

The presence of a disk in MonR2 IRS 3A is not well established with only hints
of a disk (Yao et al. 1997; Preibisch et al. 2002; Monnier et al. 2009; Kwon et al.
2016; Fuente et al. 2021). Kwon et al. (2016) and Yao et al. (1997) find evidence
for an optically thick disk in MonR2 IRS 3 from polarimetry studies at 2 pm where
scattered light implied a non-spherical morphology. High degrees of linear polarisation
are observed perpendicular to the elongation of the MonR2 IRS 3 nebula, hinting
at a circumstellar disk oriented in the southeast-northwest direction. The spatial
resolution of these studies did not distinguish MonR2 IRS 3A from MonR2 IRS 3B
however. Therefore these results would support a disk in MonR2 IRS 3A, assuming
that it is this source which dominates the scattered light in MonR2 IRS 3. MonR2 IRS
3A is itself extended in the northeast-southwest direction with a fan-shaped bipolar
near-IR nebula, supportive of a geometrically thick disk or torus in the perpendicular
direction (Preibisch et al. 2002). However, Boley et al. (2013) and Monnier et al.
(2009) measure a position angles of 50° and 40° for the mid-IR continuum respectively,
which would set this along the same orientation as the near-IR nebula, contrary to
what would be expected from a disk perpendicular to the outflow direction. Thus
the near-IR reflection nebula traces the inside of the outflow cone, and the 10 pum
continuum emission traces hot dust in the same region.

HCN J=3-2 sub-mm velocity maps, taken with the Atacama Large Millimetre
Array (ALMA) reveal a blue-shifted, south-west extension, that coincides in position
angle (60°) and size (1650 AU) with the diffuse nebulosity around MonR2 IRS 3A seen
in the mid-IR (Fuente et al. 2021). There is also red shifted emission lobe which lies
closer to the central object (~1050 AU). As only one line has been measured and self
absorption effects are obvious, the temperature of the J=3-2 emitting gas is not well



178 CHAPTER 5. L BAND SURVEY MASSIVE PROTOSTARS

determined (Fuente et al. 2021). Emission from simple species such as SOz and OCS,
as well as more complex species such as CH3OH and CH3OCHO, was interpreted as a
disk/torus structure at ~175 K, encapsulating both MonR2 IRS 3A and MonR2 IRS
3B. HCN was more spatially extended than all other species, ranging from -15 km
s~! to 22 km s™!, and potentially probing outflowing material, with more extended
emission being filtered out (Fuente et al. 2021).

MonR2 IRS 3B is the source of a very collimated micro-jet with three knots seen
in the K band along the north-east south-west direction (Preibisch et al. 2002), also
indicative of of a disk in this source. Collimated jets and outflows are an indication
that they are in an early stage of their evolution, where the jet /outflow becomes wider
with time (Beuther & Shepherd 2005), implying that any disk associated with the
jet of MonR2 IRS 3B would be in an early stage of its evolution and very compact,
still undergoing a period of very active accretion. Pomohaci et al. (2017) detected Hs
emission in the S(1) 2-1 line at 2.24 ym towards MonR2 IRS 3B, but not MonR2 IRS
3A, supporting the origin of these knots as shocked gas in a jet (Smith 1993; Eisloffel
et al. 2000).

In Figure 5.18 we illustrate the structure of MonR2 IRS 3. The extended nebulos-
ity from MonR2 IRS 3A along the north-east south-west direction is shown, as well as
the blue and red shifted components observed in CO in the mid-IR and HCN in the
sub-mm. Yet to be observed circumstellar disks are indicated where they would be
expected for both MonR2 IRS 3A and MonR2 IRS 3B, perpendicular to the outflow
direction. Thus we can either assign red-shifted HCN emission to the back side of an
expanding shell, or to the atmosphere of a circumstellar disk, and we discuss each of
these in turn below.

HCN Emission from Expanding Shell

The high temperature HCN emission from MonR2 IRS 3A is consistent in velocity
with the P-Cygni emission feature of the CO profile in MonR2 IRS 3A (Fig 5.5). Lee
et al. (2021, in prep) do not estimate a temperature for the emission component of
CO, however the presence of this emission feature in CO up to J=26 implies that
the CO gas is also hot. From the CO P-Cygni profiles, we infer that that there is
an expanding shell of gas, where the blue-shifted side is seen in absorption against
the continuum source, and the red-shifted side seen in emission traces the back side
of the shell which is expanding away from the observer, illustrated in Figure 5.18.
The HCN emission would then be associated with the back side of this shell which is
illuminated by the main continuum source in the region, MonR2 IRS 3A.

The HCN emission lines of MonR2 IRS 3B are consistent in terms of the line
profiles of CO absorption in this source, and the HCN temperature is consistent with
the cold component of CO observed in absorption by Goto et al. (2003) and Smith et
al. (2020). The temperature is 48 K, and the column density is an order of magnitude
lower than MonR2 IRS 3A, therefore we locate this as cold gas in the envelope of
MonR2 IRS 3B. This low temperature gas creates ro-vibrational emission lines and
therefore must be caused by fluorescence from cold foreground gas.

We attribute the HCN high J ro-vibrational emission lines in MonR2 IRS 3A also
to fluorescence. We consider that this gas is heated by a shock responsible for the
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Figure 5.18: Schematic outline of the potential environment of MonR2 IRS 3 where an expanding
shell of gas is irradiated by the star (wavy arrows), and traced by different molecules at different
wavelengths. The individual (yet to be observed) disks of MonR2 IRS 3A and MonR2 IRS 3B are
given in yellow. The infrared reflection nebulae extending from MonR2 IRS 3A are shown in black
(Preibisch et al. 2002; Monnier et al. 2009). Scattering of continuum photons from MonR2 IRS
3A at 3 pm (dotted arrows) may produce the red-shifted HCN emission seen from the red side of
an expanding shell, which is also evident in CO emission at 4.7 pm. The blue-side of the shell
expanding towards the observer is only seen in CO absorption at infrared wavelengths, which is
further away from the star and hence cooler. This side is also evident from HCN 3-2 emission at
sub-mm wavelengths (Fuente et al. 2021). In this figure east is left and north is up.

red emission lobe seen in the J=3-2 map of HCN in the sub-mm. In principle, the
emission lines could then represent thermal emission of HCN in the high temperature
post shock gas. In a C-type shock, heating is over a long column density (102* cm~2)
as the ionised fluid frictions itself through the neutral fluid, reaching temperatures
of around 2000-3000 K (Hollenbach et al. 2013). While a J shock is instantaneously
heated and then cools down over a short column (10'® ecm~2), heating due to Ha
formation could keep the postshock gas at the order of 500 K over a column of
4 x 10?2 em~2 (Hollenbach et al. 2013). The critical density of the ro-vibrational
transitions is 2 x 10! em ™3 (Hernandez Vera et al. 2017), however, some six orders
of magnitude higher than for the pure rotational transitions. We consider such a
high density unlikely and therefore analyse the emission lines assuming a fluorescence
process (cf. Chapter 3). However, to keep the HCN at 500 K via fluorescence at
1000 AU from the star (the distance of the red-shifted HCN lobe apparent from the
sub-mm) is challenging, however the kinetic temperature could be much lower.

The temperature difference observed between the mid-IR CO absorption and HCN
emission components in MonR2 IRS 3A likely reflects a temperature gradient that
decreases as one moves away from the illuminating star. The temperature of the blue-
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shifted CO absorption is ~200 K, consistent with SOs absorption (230+15 K) which
has comparable line profiles as CO (Dungee et al. 2018). The temperature of the
absorption is comparable to the temperature of the sub-mm emission lines, 175'_"%2 K,
which are described as coming from a circumbinary torus (Fuente et al. 2021). Thus
the CO foreground absorption has expanded more than, and is further away from the
star (~1650 AU) than the back side of the shell (~1050 AU), and hence cooler. We
place an upper limit on the blue-shifted absorption component of < 2 x 10'® cm ™2 at
a temperature derived from CO absorption, 200 K, an order of magnitude lower than
the column of HCN seen in emission. Taking the 2CO column density from Goto
et al. (2003), this corresponds to a HCN/CO abundance ratio of < 1.7 x 1074, We
surmise that we do not see any HCN absorption at 200 K (foreground gas evident
in the CO absorption lines) because the shell has expanded too fast and the gas is
too cool to form HCN in high abundance (Bast et al. 2013; Agundez et al. 2018).
Also the emission may be extended - on the scale of the redshifted lobe (~1.3") - so
would appear brighter in the observed spectrum the more it fills the slit, whereas the
absorption is only against the continuum source (~0.144").

The shell would then correspond to a wind blown bubble along the position angle
of the reflection nebula. The difference in peak velocity observed between the low and
high J HCN lines suggests that these lines are probing the acceleration zone of the
expanding shell /outflow. The low J lines probe deeper into the shell and therefore
trace more red-shifted velocities compared to the high J lines which become optically
thick closer to the source. Since the iSHELL L band spectrum was extracted at
the continuum peak, if the HCN emitting gas is indeed at 1000 AU (1.3”) from the
continuum peak, then the actual line flux is conceivably much larger. This would
imply a much higher line-to-continuum ratio and thus the derived column density is
a lower limit.

For both binary components, we measure the scattering optical depth from the
line-to-continuum ratio, which results in a column density of 1.640.2 x 106 cm™2
(chapter 3; section 3.5.3). This assumes that the 3 pum continuum flux from the
top of the disk (directly seen by us) is equal to the flux from the bottom of the
disk (seen by the back shell). We note that for foreground emission the natural log
term in equation 9 of section 3.5.3 is not relevant, and the line-to-continuum ratio
becomes Fy,/Fc = 7,/4m. The central source by far dominates the mid-IR continuum
compared to the scattering nebulosity and therefore the line to continuum ratio will
give a good estimate of the scattering optical depth. For a continuum normalised
spectrum, a line-to-continuum ratio of 1.02 corresponds to an optical depth is 0.01,
therefore either 1 % of the fluorescing photons are scattered into out line of sight, or
the size of the fluorescing region is 1 % that of the continuum. We cannot distinguish
between the two of these.

P-Cygni profiles are commonly observed towards massive YSOs in CO at mid-IR
wavelengths (Mitchell et al. 1990, 1991). They have also been seen in CHy towards
the massive protostar NGC 7538 IRS 9 at 3 um (Boogert, Blake & Oberg 2004), thus
are a characteristic of these objects also in organic species. For CHy, the temperatures
are similar to what we find for HCN, with 6004+100 K and 2704100 K for the emission
and absorption components respectively. Cooler CH4 could come from sublimation
of ices (Boogert, Blake & Oberg 2004), however this is not to be expected for HCN
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which is not observed in ices (Theulé et al. 2013; Boogert, Gerakines & Whittet 2015).

HCN Emission from a Circumstellar Disk

Alternatively, the combination of blue-shifted absorption and red-shifted emission
could be fortuitous in a complex environment of star formation where many different
physical components could be present. In this case, the HCN emission lines in MonR2
IRS 3A may trace a disk photosphere instead of an expanding shell or outflow, as was
inferred for AFGL 2591 (chapter 3).

In order to explain the results of a high resolution spectral survey in the mid-IR, we
developed a model in which absorption lines probe a circumstellar disk around massive
protostars AFGL 2591 and AFGL 2136 (chapter 3). Column density variations in
HCN and CoHs of up to a factor of 10 were observed between ro-vibrational bands
that trace the same lower level, with the bands at shorter wavelengths exhibiting a
larger column. Ro-vibrational transitions of HoO are observed to saturate at non-zero
flux, a direct prediction of the proposed model (chapter 4).

HCN emission lines were also detected towards AFGL 2591 at 3 pum, in contrast
to the mid-IR spectrum where all species are observed in absorption (chapter 3).
The temperature derived from the emission lines was 250 K compared to 700 K in
the absorption lines, and the emission lines were a factor of 2 narrower than those
seen in absorption. We interpreted the emission lines to originate from scattering of
continuum photons seen under an angle from higher up layers of the disk photosphere,
where temperatures are lower, compared to the absorption which probes deeper into
the disk. Importantly, the presence of HCN and CyH; emission lines at 3 pym implied
the absence of these species in the inner hot disk as otherwise we would see absorption
lines (similar to the 7 pm and 13 pm HCN bands in this source).

Developing a similar scenario for Mon R2 IRS 3A, we would locate the HCN
emitting gas high up in the disk photosphere where 3 pm photons from the inner disk
are scattered into our beam. As the excitation temperature of the HCN emission lines
is much higher than for AFGL 2591, this gas is closer to the central region. However,
as for AFGL 2591, the region producing the 3 ym continuum photons cannot contain
HCN. The mid-IR continuum of MonR2 IRS 3A is spatially extended along the PA
of the outflow on scales of 0.2”. Therefore any disk that is present must be smaller
than these scales ( <170 AU) and is yet to be firmly detected

Summary

We have considered two possible scenarios for the origin of the 3 ym HCN emission
lines in the spectrum of MonR2 IRS 3A. The lines could result from fluorescence
by gas on the backside of the source pumped by 3 pm emission from a disk, or by
fluorescence of gas in the outskirts of a disk. The fact that P-Cygni profiles towards
MYSOs seems common makes it less likely that it is fortuitous in MonR2 IRS 3A.
Furthermore the lack of an observed disk along the direction perpendicular to the
outflow makes the disk origin for HCN emission appear less likely, and the location
of the HCN emission in the expanding nebula seems more attractive. However, the
heating process of the HCN in the expanding shell scenario has challenges, whether
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by shocks or fluorescence. Therefore we cannot make a conclusion as to the location
of the HCN emission in MonR2 IRS 3A.

Multi wavelength observations of the HCN v5=2-0 band at 7 ym and the 5 band
at 13 um would allow detailed comparison of line profiles, peak velocities, tempera-
tures and column densities. This might go far to elucidate the characteristics of the
MonR2 IRS 3A system. In particular, the presence of much warmer gas in absorption
- as for AFGL 2591 - would help solidify the presence of a warm disk, while dom-
inance of absorption lines from gas with similar characteristics as CO would locate
the absorption in the foreground. The spatial resolution of iSHELL is seeing lim-
ited to around 0.6”, therefore the location of the HCN emission lines relative to the
continuum peak is something that could be mapped with iSHELL, which would help
to understand the morphology of HCN in the infrared. Care should be taken then
to avoid chopping on the array as that may lead to underestimated line fluxes for
extended emission.

5.5.2 Absorption Lines in AFGL 2136

Foreground Absorption

An optically thin LTE model grossly overestimates the observed HCN and CyHy
lines at 13 pm, assuming a covering factor equivalent to the 3 ym and 7 pm lines.
Therefore a much smaller covering factor is required for the 13 pm lines than for the
other wavelengths. The results from the curve of growth analysis are in accordance
with the rotation diagram analysis, which implies that the gas is optically thin. This
is supported by the fact that all bands lie along the linear part of the curve of growth.
The results for HCN compared to CoHs are very similar, which is to be expected due
to the very comparable chemistry of these two species, with HCN/CyHs abundance
ratios of ~1 commonly observed (Salyk et al. 2011; Agundez et al. 2018).

The quality of the data does not allow us to determine the exact value for the
covering factor at 3 um and 7 pm, however we can constrain this parameter from
the 13 pm band. For a covering factor f. < 0.2, the fit to the 13 pm lines for both
HCN and C3H, deteriorates, as the lines no longer lie along the linear part of curve
of growth. This means that at 3 ym and 7 pm, the gas must at least almost fully
cover the source, with f. > 0.9 and f. > 0.95 for HCN and CsHs respectively. This
constraint on the covering factor of HCN and Cy;Hs means that, in the case that
these species are produced in a foreground cloud, these molecules must cover the
source more than HyO, which has a covering factor of 0.4 at 6 pm (chapter 4).

In the comparisons between the bands at different wavelengths, we only consider
the ortho states of CoHg, since these are the only states detected at 3 pm and 7pm.
Para states of CoHs were detected in the vs band at 13 pm however (chapter 3),
therefore we can also carry out a curve of growth analysis for the para lines of CoHy
in this band. In doing so we derive a temperature of 566J_rg§ K, and a column density
of 41712 %10 cm~2, taking f. = 0.25. This results in an ortho-to-para ratio (OPR)
of 1.6, which is less than the expected value of 3 (chapter 3). Therefore the curve of
growth analysis and partial covering factors do not account for the low OPR observed
in AFGL 2136. With the summation of the column density of both ortho and para
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states, we derive a total CoHy column density of 1.1x10'7 cm™2 for the v band.

We conclude that the variation in the column density initially discerned from the
rotation diagram analysis is due to dilution, not high optical depth effects in the 13
pm band. The coverage of the 3 pym and 7 pm bands may or may not be exactly
the same, but it is very clear that the coverage of the 13 ym band is is only ~0.3
of that at the shorter wavelengths. Thus the area of the 13 ym continuum must be
~3 times larger than the 7 pm continuum, but the HCN/CyHs containing foreground
cloud must completely, or almost completely, "cover" the disk region responsible for
the 3 ym and 7 pm continuum. We can estimate the size of the continuum emitting
region, assuming a radial temperature gradient with an exponent in the range of -0.4
to -0.7 (Dullemond et al. 2007). Setting the temperature of the dust disk at 30 AU
to 1200 K (the sublimation radius), and adopting a temperature exponent of -0.7, we
find that a temperature of ~500 K is reached at a radius of approximately 110 AU.
This compares to the 10 pm size of AFGL 2136 of 400 AU (Monnier et al. 2009), a
factor of ~2 lower. High spatial resolution imaging of the dust continuum of AFGL
2136 at 3,7 and 13 um would help to assess the reality of the foreground absorption
scenario.

Disk Model

In contrast to AFGL 2591 and MonR2 IRS 3, HCN and CyHj in the L band of AFGL
2136 are observed to be in absorption. The line profiles are consistent with those
detected from these species at 7 um and 13 pym. In chapter 3 we proposed that the
absorption lines from this source are coming from an internally heated disk, analogous
to AFGL 2591. Abundance/column density variations between the 7 pm and 13 pm
bands, which probe the same lower level, were interpreted as dilution of the longer
wavelength lines due to a contribution of dust emission at the longer wavelength from
a region in the disk with a very low HCN and CoHs abundance. These species require
high temperatures (~400 K) to form in high abundances (Bast et al. 2013; Agindez
et al. 2018), therefore the high abundance material will be concentrated in the inner
disk, and the outer colder parts of the disk do not contribute to the absorption lines.

In section 5.4.3. we found that the column density variations of HCN could be
explained by optical depth effects with the column density of the v5 band at 13 pm
being underestimated because it is optically thick. In the context of the circumstellar
disk model, the fact that the HCN lines measure the same abundance implies that the
HCN lines at 13 pym are not diluted. In this case, the high abundance HCN region in
the disk must extend to the location of the 13 pym continuum origin.

While the abundances from the three bands of HCN are similar, the bands of CoHsy
at the different wavelengths show significant difference after optical depth effects have
been accounted for with the curve of growth analysis: specifically, the abundance
derived from the 3 pm lines is a factor 3 and a factor 6 higher than derived from the
lines at 7 and 13 pm, respectively. This implies that the high abundance CoHs gas
lies closer to the star compared to, and is less extended than, the high abundance
HCN region. This scenario is supported by the higher temperature measured for
CyHs at 3 um compared to HCN (750 K compared to 450 K), however is surprising
given the similarity in the chemistry of these species (Salyk et al. 2011; Agtndez et
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al. 2018). Taking the abundances from the 3 pm lines, we calculate a HCN/CyHy
ratio of 0.68-0.76, depending on the value of e.

5.6 Conclusions

We have conducted a survey of five massive protostars from 2.95 pym to 3.25 pm to
investigate how widespread transitions of organic species such as HCN and CoHy are
in these objects, and how they relate to potential circumstellar disks. We detected
transitions towards two out of the five objects, which are the younger sources in the
sample and known to exhibit hot core chemistry.

In MonR2 IRS 3, HCN transitions are detected in emission; confidently towards
MonR2 IRS 3A and marginally towards MonR2 IRS 3B. A rotation diagram analysis
shows that this HCN in MonR2 IRS 3A has a single temperature of 516+71 K and
a column density of 1.640.2 x 10'® cm™2. The line profiles of HCN are consistent
with an emission shoulder of CO in this source and are red-shifted with respect to
the cloud velocity. The CO emission feature is adjacent to blue-shifted absorption,
indicative of a P-Cygni profile. The CO emission feature is visible up to high energy
transitions, suggesting that the temperature is high, consistent with HCN.

The HCN emission of MonR2 IRS 3A could originate either from an expanding
shell of gas, or from the atmosphere of a circumstellar disk. The physical structure
of HCN imaged in the sub-mm shows red-shifted emission at ~1000 AU along the
orientation of the reflection nebula, most likely probing the outflow. If the high J
ro-vibrational emission comes from the outflow cavity, fluorescence of HCN due to
3 pm continuum photons is an unlikely mechanism to keep the gas at 500 K, and
thermal heating due to shocks is also challenging due to the high critical densities
of the ro-vibrational transitions. On the other hand, no disk has been confidently
detected in MonR2 IRS 3A, and the ubiquity of P-Cygni profiles in high mass star
forming regions makes it less likely that this profile is fortuitous. Therefore we cannot
conclude for certain which of the proposed scenarios best fits our observations. Multi
wavelength observations of HCN would help to clarify this, as absorption lines at 7
pm and 13 pm would be in strong favour for the presence of a disk, with emission
lines at 3 pm probing the upper layers, analogous to AFGL 2591. Also mapping of
the HCN emission with iSHELL would help to understand the location of the HCN
emission lines relative to the continuum peak.

In AFGL 2136, HCN and C3H; transitions are detected, exclusively in absorption.
Comparing the different bands observed at 3 ym, 7 ym and 13 pgm which probe the
same lower level, a rotation diagram analysis reveals variations in the derived column
density. We therefore conducted two separate curve of growth analyses, assuming
different models to explain the absorption lines; one a stellar atmosphere model to
describe a circumstellar disk, and one an absorbing slab model to describe absorption
due to a foreground cloud.

The curve of growth analysis for the absorbing slab model shows that, for this
model, the lines of HCN and CoHy are optically thin across all wavelengths. In
order to explain the observed equivalent widths, the lines at 13 pm require a partial
covering factor of 0.3 and 0.25 for HCN and CyHj respectively. This compares to
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covering factors of > 0.9 and > 0.95 for HCN and CsH, respectively at both 3 um
and 7 pm, which have approximately equivalent covering factors. Thus, while the
absorbing cloud must cover the 3 um and 7 pm emitting area equally, 3/4 of the 13
pm continuum emission does not pass through this absorbing cloud. Based on the
HCN and CoHs covering factors, these species must cover the source more than HyO,
assuming a foreground origin. We derive an OPR less than 3, taking into consideration
the partial covering factors.

For the disk model, the HCN abundance trend with wavelength previously ob-
served can be attributed to optical depth effects as bands across all wavelengths mea-
sure the same abundance. For CyHs, variations with abundance are observed after
the curve of growth analysis, with higher abundances found at shorter wavelengths,
consistent with a radial abundance gradient in a disk as proposed in chapter 3.

5.A Appendix



Table 5.5: Line Parameters for the HCN v1 band observed in emission in MonR2 IRS 3.

Source Transition A E gu A . FWHM Ts N,
(pm) (K) (s) (kms™!) (kms?t) (x10* ecm—2)
MonR2 IRS 3A P(20) 3.0784 893 234 41 13.1£0.5 8.5+1.3 0.012+0.001 3.74+0.6
P(16) 3.0659 578 186 41 12.1+0.5 11.241.2 0.023+0.002 9.2+1.2
P(14) 3.0598 446 162 42 15.6£0.9 15.745.8 0.02040.009 10.446.0
P(8) 3.0421 153 90 43 12.840.3 8.54+0.7 0.018+0.001 5.4+0.5
P(7) 3.0392 119 78 44 13.6£0.2 5.940.5 0.020+0.001 4.04+0.4
P(5) 3.0335 64 54 45 14.9£1.3 6.943.1 0.019+0.006 4.842.3
P(4) 3.0307 42 42 46 13.940.4 4.841.1 0.015+0.002 3.0+1.3
P(3) 3.0280 25 30 49 16.0£0.7 9.6+1.8 0.011+0.002 3.3+0.7
R(1) 3.0145 4 30 33 16.94+0.4 8.3+0.9 0.017+0.001 6.945.7
R(3) 3.0092 25 54 37 16.24+0.4 4.6+0.9 0.019+0.002 4.840.8
R(5) 3.0041 64 78 38 14.6£0.4 9.7+1.0 0.020+0.001 7.9£1.0
R(6) 3.0016 89 90 38 13.1+£0.6 4.6+1.5 0.018+0.003 4.5+1.3
R(7) 2.9991 119 102 39 15.2+0.5 10.0+£1.4 0.016+0.002 6.6+1.0
R(11) 2.9893 281 150 40 13.8+0.4 8.4£1.0 0.01940.002 6.640.9
R(l?) 29869 332 162 40 14.44+0.5 9.6+1.2 0.015+0.001 5.9£0.9
MonR2 IRS 3B P(4) 3.0307 42 42 46 14.6£0.5 4.7+1.3 0.014+0.003 1.9+0.7
P(3) 3.0280 25 30 49 18.1+0.5 8.941.4 0.006+0.001 1.6+0.3
(R1) 3.0145 4 30 33 16.6+0.4 5.54+0.9 0.013+0.002 3.14+0.7
(R3) 3.0092 25 54 37 16.94£0.5 5.0+1.2 0.019+0.003 5.1£1.1
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Table 5.6: Line parameters for the absorption lines detected in AFGL 2136 at 3 pm.

Species Transition A E g, g Ajj Vlsr FWHM N; w
(pm)  (K) (s7h (kms™!) (kms!) (x10Y em~2) (x10® Hz)
HCN 1y P(27) 3.1012 1606 318 330 39.7 27.5+1.0 10.2%2.6 1.6+0.5 2.240.3
P(25) 3.0945 1381 294 306 40.0 25.841.3 8.9£3.1 1.6+0.7 2.3+0.4
P(22) 3.0848 1075 258 270 40.3 26.4+0.5 9.6%1.2 2.44+0.4 3.4+0.1
P(19) 3.0752 808 222 234 40.7 27.440.8 16.1£2.0 3.8+0.6 5.440.1
P(18) 3.0721 727 210 222 40.9 25.9£0.7 11.2*1.9 4.14+0.9 5.7£0.2
P(14) 3.0598 446 162 174 41.5 26.2+0.4 9.1£1.0 3.84£0.5 5.240.1
P(13) 3.0568 387 150 162 41.7 26.4%£0.3 9.54+0.8 4.440.4 5.8£0.1
P(12) 3.0638 332 138 150 41.9 27.3+0.5 11.4+1.3 5.240.7 7.0£0.1
P(ll) 3.0508 281 126 138 42.2 27.440.3 10.8%0.7 5.1+0.4 6.840.1
P(10) 3.0479 234 114 126 42.5 26.7£0.3 10.1£0.7 4.840.4 6.440.1
P(9) 3.0449 191 102 114 42.8 27.24+0.9 12.2+2.2 6.7£1.5 8.84+0.2
P(8) 3.0421 153 90 102 43.2 27.0£0.2 9.74+0.6 5.1+0.4 6.610.1
P(7) 3.0392 119 78 90 43.6 27.840.2 9.14+0.6 4.6+0.4 6.040.1
P(6) 3.0363 89 66 T8 44.3 26.1£0.9 9.242.3 4.941.5 6.34+0.3
P(5) 3.0335 64 54 66 452 27.3+0.3 10.6%0.7 4.5+0.4 5.8£0.1
P(4) 3.0307 42 42 54 46.5 26.7£0.2 11.4+0.5 5.3%£0.3 6.610.1
P(3) 3.0280 25 30 42 489 26.7£0.4 12.0£0.9 4.5+0.4 5.5+0.1
P(2) 3.0252 13 18 30 544 26.4+0.4 10.5£1.0 2.84+0.3 3.240.1
R(1) 3.0145 4 30 18 32.8 27.0&1.1 11.54+2.7 2.+ 0.8 5.24+0.3
R(lO) 2.9917 234 138 126 40.0 28.94+0.4 14.3+1.0 6.71+0.6 9.6+0.1
R(11) 2.9893 281 150 138 40.0 27.1+£0.2 10.7+0.4 5.62+0.3 8.040.1
R(12) 2.9869 332 162 150 40.0 27.8+0.3 10.8+0.7 5.14+0.4 7.3£0.1
R(13) 2.9845 387 174 162 40.0 26.6+£0.3 10.6+0.6 5.1+0.4 7.3£0.1
R(14) 2.9822 446 186 174 40.1 26.7+£0.3 11.6+0.7 5.14+0.4 7.240.1
R(16) 2.9775 578 210 198 40.3 26.9+0.2 11.0+0.4 4.440.2 6.240.1
R(17) 29752 650 222 210 40.3 27.3+0.3 11.0+0.8 4.1+04 5.8+0.1
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Table 5.6: continued.

Species Transition A E g, g Ajj Vlsr FWHM N; w
(pm)  (K) (s7h (kms™!) (kms!) (x10Y em~2) (x10® Hz)
R(18) 2.9730 727 234 222 40.4 27.7+£0.7 10.4+£1.7 3.3+0.7 4.840.2
R(20) 2.9686 893 258 246 40.5 26.6+0.4 9.7£1.0 3.0+0.4 4.240.1
R(21) 2.9664 982 270 258 40.6 26.1+£0.9 12.5+£2.2 2.6+0.6 3.8+0.2
R(?Z) 2.9642 1075 282 270 40.6 27.54+0.7 11.4+1.8 1.9+0.4 2.840.2
R(23) 2.9621 1173 294 282 40.6 26.9+0.7 13.3+1.9 1.8+0.3 2.6+0.2
R(24) 2.9599 1275 306 294 40.7 26.3£0.5 7.5£1.2 1.9+0.4 2.7£0.2
CoHy vo + (vgs +v5)  P(19e)  3.0905 643 111 117 264 26.9+1.2 12.1+3.2 2.74+0.9 2.54+0.3
P(13e) 3.0763 308 75 81 257 26.1+£0.7 9.9+1.7 3.0+0.6 2.6+0.2
P(1le) 3.0717 223 63 69 25.6 26.7+£0.8 9.242.3 2.5+0.8 2.1£0.3
P(9e) 3.0671 152 51 57 25.6 26.4+0.4 1.441.0 2.74+2.0 2.240.3
R(5e) 3.0341 51 39 33 21.8 26.5£1.1 12.842.7 1.8+0.5 1.7+0.3
R(9e 3.0258 152 63 57 22.8 25.8+0.4 9.5+1.1 3.3+0.5 3.040.1
R(13e) 3.0176 308 87 81 235 26.5+0.8 4.84+1.9 1.64+0.8 1.5+0.4
R(15e) 3.0135 406 99 93 23.8 26.840.4 4.7+1.2 1.7+0.5 1.5+0.2
R(17e)  3.0096 518 111 105 24.1 26.1+0.5 11.44+1.6 3.5+0.6 3.240.2
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Figure 5.19: The same as Figure 5.13 but with € = 0.
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Figure 5.20:

The same as Figure 5.13 but with e = 0.5.
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Figure 5.21: The same as Figure 5.17 but with € = 0.
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Figure 5.22: The same as Figure 5.17 but with e = 0.5.
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Figure 5.23: Line profiles of the detected transitions of the HCN v; band of MonR2 IRS 3A. Fits are
shown in red, including a two Gaussian composite fit for the P(4), P(3), R(3) and R(1) lines with
individual contributions show as blue.
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Figure 5.24: The L2 setting of AFGL 2136 in the range where absorption lines are present. In red
is shown an LTE model of HCN at column density and temperature of 1x10'7 ¢cm~2 and 500 K
respectively, and CoHsz at column density of 8x101¢ cm =2 and 500 K respectively. The identifications
of the HCN vq band and CaoHs2 va + (v4 + v5) band are given as blue and green dashes respectively.
The grey model is the atmospheric ATRAN model and regions of very bad transmission have been
masked out of the science spectrum.
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