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Figure 1. Orion BN/KL region at four wavelengths: 7.7, 19.7, 31.5, and 37.1 µm as taken with the FORCAST instrument on SOFIA. Also shown are the deconvolved
31.5 and 37.1 µm images. In the 19.7 µm panel, IR source positions are shown with open circles and labeled. These positions are given in Table 1 as offsets from the
peak of BN at 19.7 µm. Radio source I is also labeled and its position is given by a cross. For cross-wavelength comparisons, in the remaining three panels the symbols
only are also shown. Contour levels are 0.10, 0.13, 0.21, 0.34, 0.55, 0.90, 1.45, 2.36, 4.86, and 6.19 Jy pixel−1 at 7.7 µm; 3.72, 4.40, 5.20, 6.15, 7.27, 8.60, 10.2, 12.0,
14.2, 15.9, 17.8, 19.9, 22.2, 24.9, and 27.8 Jy pixel−1 at 19.7 µm; 20.4, 24.0, 28.2, 33.2, 38.9, 45.8, 53.8, 63.3, 74.3, 87.4, 103, 120, 131, 142, and 154 Jy pixel−1 at
31.5 µm; and 39.4, 47.3, 56.7, 68.0, 81.5, 97.5, 117, 141, 154, 185, 202, and 221 Jy pixel−1 at 37.1 µm.

et al. (2007), which assumes a single central stellar source with
different combinations of axisymmetric circumstellar disks,
infalling flattened envelopes, and outflow cavities. The fitting
procedure interpolates the model fluxes to the apertures used in
the measurements (given in Table 1 for the FORCAST data),
scaling them to a given distance range of a source, which in
this case is taken to be 416 ± 6 pc (Kim et al. 2008). It also
takes into account the interstellar extinction to the source, AV ,
which was taken from the work of Gezari et al. (1998) to be
10 ± 5 for BN and 40 ± 3 for IRc4. These models yield
estimates of physical parameters, which are highly degenerate
in general. This, combined with the inhomogeneous nature of
the data used in the SEDs (i.e., not all simultaneously obtained,
different wavelength and facility dependent resolutions, etc.),
underscores the uncertainties of the derived physical parameters.
Even so, the models are still relatively good at estimating the
total luminosity of sources, which is the main motivation for
using them here.

Where is the bulk of the luminosity coming from in the
BN/KL region? In Figure 3, the top 10 best model fits to the
SED data are shown for the two brightest mid-infrared objects:
BN and IRc4. According to these models, the bolometric
luminosity for BN is in the range of 0.8–2.1 × 104 L⊙, with
a mean value of L(BN)bol = 1.3 × 104 L⊙. For IRc4 the
models give a range of 1.5–2.9 × 104 L⊙ with a mean value
of L(IRc4)bol = 2.1 × 104 L⊙. This means that BN and IRc4
alone account for 25%–50% of the total 105 L⊙ for the entire
BN/KL region.

4. DISCUSSION OF INDIVIDUAL SOURCES

4.1. Source BN

The northernmost source in the BN/KL complex, BN itself,
appears to be in some ways unrelated to the phenomena of the
rest of the KL region. The polarization maps from Simpson
et al. (2006) show that BN is responsible for the heating of
its immediate environment; however, it does not appear to be
influencing the heating or illumination of the rest of the sources
seen in the infrared in the KL region.

Robberto et al. (2005) point out that from 2 to 20 µm BN is
the brightest peak in the area. However, the data here show BN is
not the dominant source at longer thermal infrared wavelengths.
Wynn-Williams et al. (1984) first showed that it is less bright
than IRc4, IRc7, and IRc3 at 30 µm. It is barely resolved as a
distinct source in the deconvolved 31.5 µm image, and in the
deconvolved 37.1 µm image it can no longer be distinguished
as a separate source (Figure 1). In fact, BN has a remarkably
flat SED (Figure 3), with an almost constant value of λFλ from
3 to 37 µm.

4.2. Sources IRc3, IRc4, and IRc7

These three sources constitute the bulk of the emission seen at
31.5 and 37.1 µm. Like most IR sources in the KL region, there
has been some speculation on the nature of these objects and
whether they are simply knots of dust in the complex nebulosity
or embedded stars. For example, Zuckerman et al. (1981) argued
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Figure 1. Orion BN/KL region at four wavelengths: 7.7, 19.7, 31.5, and 37.1 µm as taken with the FORCAST instrument on SOFIA. Also shown are the deconvolved
31.5 and 37.1 µm images. In the 19.7 µm panel, IR source positions are shown with open circles and labeled. These positions are given in Table 1 as offsets from the
peak of BN at 19.7 µm. Radio source I is also labeled and its position is given by a cross. For cross-wavelength comparisons, in the remaining three panels the symbols
only are also shown. Contour levels are 0.10, 0.13, 0.21, 0.34, 0.55, 0.90, 1.45, 2.36, 4.86, and 6.19 Jy pixel−1 at 7.7 µm; 3.72, 4.40, 5.20, 6.15, 7.27, 8.60, 10.2, 12.0,
14.2, 15.9, 17.8, 19.9, 22.2, 24.9, and 27.8 Jy pixel−1 at 19.7 µm; 20.4, 24.0, 28.2, 33.2, 38.9, 45.8, 53.8, 63.3, 74.3, 87.4, 103, 120, 131, 142, and 154 Jy pixel−1 at
31.5 µm; and 39.4, 47.3, 56.7, 68.0, 81.5, 97.5, 117, 141, 154, 185, 202, and 221 Jy pixel−1 at 37.1 µm.
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Figure 1. Orion BN/KL region at four wavelengths: 7.7, 19.7, 31.5, and 37.1 µm as taken with the FORCAST instrument on SOFIA. Also shown are the deconvolved
31.5 and 37.1 µm images. In the 19.7 µm panel, IR source positions are shown with open circles and labeled. These positions are given in Table 1 as offsets from the
peak of BN at 19.7 µm. Radio source I is also labeled and its position is given by a cross. For cross-wavelength comparisons, in the remaining three panels the symbols
only are also shown. Contour levels are 0.10, 0.13, 0.21, 0.34, 0.55, 0.90, 1.45, 2.36, 4.86, and 6.19 Jy pixel−1 at 7.7 µm; 3.72, 4.40, 5.20, 6.15, 7.27, 8.60, 10.2, 12.0,
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Characteristics of Hot Cores
• Warm (100 - 300 K), dense (106 - 108 cm-3), compact (up to 0.05 pc) regions around 

massive young stellar objects or protostars. 

• Typically heated internally by the protostellar radiation; some by shocks 

• Primary sites for the formation and evolution of complex organic molecules in space 
——> Prebiotic molecules involved in the processes leading to the origin of life.  

• Probes of physical conditions and chemistry associated with high mass star formation.  

• Orion hot core is thought to be externally heated by shocks generated from the 
explosive event 500 yrs ago.
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Outline
• SOFIA/EXES (Cycle-3) observations of Orion IRc2  

‣ Primary goal: to search for c-C3H3+   

‣ high spectral resolution ~4.5 km/s 

‣ 12.96 - 13.33 μm or  750 - 772 cm-1 

‣ present first high spectral resolution acetylene 
(C2H2) observations towards the Orion hot core 

• Orion hot core line survey in MIR (80 hours) with 
SOFIA/EXES and IRTF/TEXES (8 - 28.3 μm) - ongoing
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Atmospheric Transmission  at 13 μm  
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• Acetylene (C2H2) is thought to play a major role in interstellar 
chemistry 

• Common precursor in the formation of larger hydrocarbons, 
ring molecules and PAHs  

• Important in the formation of Nitriles (Cyanopolyynes) in the 
ISM/hot cores  

• C2H2 has no dipole moment, hence studied primarily via 
rovibrational transitions in the Mid-IR; strongest band ~13.7 μm

Importance of C2H2 in interstellar chemistry

C+ + C2H2 ! C3H
+ +H

C3H
+ +H2 ! C3H

+
3 + h⌫

C3H
+
3 + e� ! C3H2 +H

C2H2 + CN ! HC3N +H



Previous Ground Observations
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164 LACY ET AL.
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Fig. 7.—High-resolution spectra showing C2H2 and HCN absorption along the line of sight to Orion IRc2, IRc4, and IRc7. Two orders of six are displayed in
each case. Atmospheric emission and absorption cause the rise in noise near the ends of the region plotted, but the structure near the C2H2 line is real.

we find a better solution, we plan to adjust the bias depending
on the observing mode.
Figure 6 shows the noise equivalent flux density (NEFD) for

our high-resolution mode. These data are derived from signal-
to-noise ratio measurements during observation of a blackbody
and calculation of the NEFD taking parameters appropriate to
TEXES on the IRTF: system emissivity of 0.10, atmospheric
transmission of 100% (true in much of the window), slit losses
of 20%, resolving power of 100,000, and a 3 m telescope. The
NEFD is appropriate for on-source time during nodding of the
telescope. A nodding efficiency parameter (30%–80%depending
on conditions and target extent) must be included when one
estimates clock time. The NEFD will scale roughly as the square
root of the total emissivity (including the increased emissivity
from the atmosphere on terrestrial lines) and inversely with the
telescope diameter squared. Therefore, TEXES observing on an
8–10 m telescope with 5% emissivity (our foreoptics contribute
5% emissivity) should give an order-of-magnitude improvement
in the NEFD or a factor of 100 in time.

We have conducted numerous tests on the repeatability of
mechanisms and the dependence of flexure of elements with
time and telescope position. The slit wheel motions are repro-
ducible to the 1 pixel level. Filter positioning is satisfactory
with respect to the choice of slit length, but positioning of the
CVF to maximize throughput still must be done by finding
half-power points. This may simply be the result of an incorrect
dispersion relation in the CVF positioning software, but further
tests need to be done. The echelle and first-order grating come
to the desired position within a few pixels. We typically confirm
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Fig. 7.—High-resolution spectra showing C2H2 and HCN absorption along the line of sight to Orion IRc2, IRc4, and IRc7. Two orders of six are displayed in
each case. Atmospheric emission and absorption cause the rise in noise near the ends of the region plotted, but the structure near the C2H2 line is real.

we find a better solution, we plan to adjust the bias depending
on the observing mode.
Figure 6 shows the noise equivalent flux density (NEFD) for

our high-resolution mode. These data are derived from signal-
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root of the total emissivity (including the increased emissivity
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telescope diameter squared. Therefore, TEXES observing on an
8–10 m telescope with 5% emissivity (our foreoptics contribute
5% emissivity) should give an order-of-magnitude improvement
in the NEFD or a factor of 100 in time.

We have conducted numerous tests on the repeatability of
mechanisms and the dependence of flexure of elements with
time and telescope position. The slit wheel motions are repro-
ducible to the 1 pixel level. Filter positioning is satisfactory
with respect to the choice of slit length, but positioning of the
CVF to maximize throughput still must be done by finding
half-power points. This may simply be the result of an incorrect
dispersion relation in the CVF positioning software, but further
tests need to be done. The echelle and first-order grating come
to the desired position within a few pixels. We typically confirm
grating positioning using sky frames that show telluric emission
lines. The K-mirror assembly is the most prone to positioning
errors, primarily because of backlash in the gear train. Although
we have generally tried to remove backlash by forcing the
motor control software to always travel the same direction
before stopping, something more must be done for this
mechanism.
In general, flexure within the instrument and between the

instrument and the telescope guide camera is acceptable. By



Wavelength (µm)

R
el

at
iv

e 
In

te
ns

ity

C2H2
!5 band

HCN
!2 band

Previous Observations from Space

ISO: low spectral resolution; cannot detect the individual rovibrational 
transitions
JWST: Exceptional sensitivity but low-medium spectral resolution

ISO

Boonman et al. (2000)

A. M. S. Boonman et al.: Gas-phase CO2, C2H2, and HCN toward Orion-KL 1049

Fig. 2. Comparison of the 13.5–14.3 µm spectra toward the massive
young stellar objects Orion-IRc2 and AFGL 2591. The HCN and
C2H2 Q-branches toward Orion-IRc2 are much narrower than those
toward AFGL 2591, and the absence of the hot bands at 13.7 and
14.0 µm indicates that less warm gas is probed (Tex < 400 K). The
AFGL 2591 spectrum is adapted from Lahuis & van Dishoeck (2000).

Data reduction was done within the ISO-SWS Interactive
Analysis System SIA using the ISO O↵-line Processing (OLP
version 10) software modules and calibration files (see Lahuis
et al. 1998 and Wieprecht et al. 2001 for a description of the
SIA system and its relation to the ISO OLP system). For the
SWS01 observations the Standard Processed Data (SPD) were
re-derived to create spectra at full grating resolution with some
loss in signal to noise. This software has been developed at the
Dutch ISO Data Analysis Centre (DIDAC) and is based on the
OLP software and calibration. It will become available within
SIA and OSIA1 for general use. Instrumental fringes have been
minimized when applying the Instrumental Spectral Response
Function (RSRF) by RSRF matching to allow for o↵sets in the
wavelength calibration and di↵erences in resolution between
the data and the RSRF. The remaining fringe residuals after the
RSRF calibration were removed using a robust iterative sine fit-
ting method based on an approximated Fabry-Pérot model (see
Lahuis & van Dishoeck 2000 and Kester et al. 2001). All spec-
tra have been rebinned to a spectral resolving power of 3500,
twice the instrumental resolution. The final spectra have a typ-
ical S/N ratio on the continuum of 50–100.

3. Molecular absorption toward IRc2

3.1. HCN and C2H2

The ISO-SWS spectrum of the ⌫5 ro-vibrational band of gas-
phase C2H2 at 13.71 µm and the ⌫2 ro-vibrational band of
gas-phase HCN at 14.05 µm toward IRc2 are presented in
Fig. 2. The strong Q-branch features of both species are
clearly detected in absorption. They are much narrower than
the HCN and C2H2 Q-branch features detected toward other
massive protostars, such as AFGL 2591 and AFGL 2136

1 The Observers SWS Interactive Analysis (OSIA) package can
be downloaded from http://sws.ster.kuleuven.ac.be/. It is a
package for SWS processing using IDL.

Table 1. Model parameters for the absorption toward Orion-IRc2a.

Molecule Tex N b

(K) (1016 cm�2) (km s�1)

HCNb 275+40
�55 5.0+2.8

�1.7 3

HCNb 275+55
�55 4.5+2.0

�1.7 5

HCNb 300+50
�75 4.2+2.0

�1.4 10

C2H2
b 160+40

�40 2.5+1.4
�1.0 3

C2H2
b 175+50

�50 1.9+0.9
�0.6 5

C2H2
b 175+50

�50 1.6+0.7
�0.5 10

CO2
b 120+70

�30 100+700
�65 3

CO2
b 180+60

�60 26+34
�11 5

CO2
b 200+60

�60 16+8
�6 10

CO2 220+40
�40 6.5+0.6

�0.6 3

CO2 220+40
�40 5.0+0.6

�0.3 5

CO2 250+25
�40 5.0+0.2

�0.2 10

a Filling in by emission has not been included, but it is only im-
portant for HCN. For CO2 and C2H2 the e↵ect is <⇠25%, which is
within the error bars (see text).

b With 62% BN continuum subtracted (see text).

(Lahuis & van Dishoeck 2000), indicating lower excitation
temperatures (see Fig. 2). The HCN and C2H2 hot bands at
14.00 µm and 14.30 µm for HCN, and 13.72 µm and 13.89 µm
for C2H2, seen toward the latter sources are not detected toward
IRc2, implying that the excitation temperature of the observed
HCN and C2H2 gas is <400 K.

No R- or P-branch lines have been detected for HCN and
C2H2. Some R-branch lines at 13.5 µm of HCN and C2H2 were
previously observed from the ground by Evans et al. (1991)
at higher resolving power, �/�� ⇡ 15 000. Their observations
were made with a ⇠300 ⇥ 300 beam, which is much smaller than
the ISO-SWS beam, allowing IRc2 and BN to be observed sep-
arately. A disadvantage of these ground-based data is the need
to correct for atmospheric transmission. Since no HCN and
C2H2 absorption was detected toward BN, Evans et al. (1991)
divided their IRc2 spectra by the BN spectra to remove the tel-
luric features. The much stronger Q�branch features seen in
the ISO-SWS spectra are di�cult to observe from Earth due to
telluric interference.

Based on the Evans et al. (1991) data, it is likely that the ab-
sorption occurs only toward the area directly surrounding IRc2.
This area includes the infrared sources IRc2, IRc7, and IRc4,
which are the dominant sources between 12 and 20 µm (Gezari
et al. 1992). However, Evans et al. (1991) show that most of the
absorbing C2H2 gas lies in front of IRc2 and IRc7 and that the
HCN and C2H2 column densities toward IRc2 are a factor of>⇠2
higher than toward IRc7. Therefore, we assume in our analy-
sis that the absorption occurs only toward IRc2, although some
contribution from the line of sight toward IRc7 may be present.
The fraction of the continuum flux due to BN at 13.5 µm in
the ISO-SWS beam has been estimated to be ⇠62 ± 6% from



10

0.0

0.2

0.4

0.6

0.8

1.0

N
or

m
al

iz
ed

 F
lu

x

753 754 755 756
Wavenumbers (cm-1)

13.28 13.27 13.26 13.25 13.24 13.23

C
2H

2

C
2H

2

C
2H

2

H
C

N

H
C

N

13
C

C
H

2

13
C

C
H

2

0.0

0.2

0.4

0.6

0.8

1.0
N

or
m

al
iz

ed
 F

lu
x

750 751 752 753

13.33 13.32 13.31 13.30 13.29
Wavelength (µm)

C
2H

2

C
2H

2

H
C

N

H
C

N

13
C

C
H

2

13
C

C
H

2

0.0

0.2

0.4

0.6

0.8

1.0

765.0 765.5 766.0 766.5 767.0 767.5

13.07 13.06 13.05 13.04 13.03

C
2H

2

C
2H

2

H
C
N

H
C
N

13
C
C
H
2

13
C
C
H
2

0.0

0.2

0.4

0.6

0.8

1.0

767.5 768.0 768.5 769.0

13.02 13.01 13.00

C
2H

2

H
C
N

13
C
C
H
2

0.0

0.2

0.4

0.6

0.8

1.0

769.5 770.0 770.5 771.0 771.5
Wavenumbers (cm-1)

12.99 12.98 12.97

C
2H

2

C
2H

2

H
C

N

13
C

C
H

2

13
C

C
H

2

0.0

0.2

0.4

0.6

0.8

1.0

N
or

m
al

iz
ed

 F
lu

x

756.0 756.5 757.0 757.5 758.0 758.5 759.0

13.22 13.21 13.20 13.19 13.18

C
2H

2

C
2H

2

H
C

N

H
C

N

13
C

C
H

2

13
C

C
H

2

0.0

0.2

0.4

0.6

0.8

1.0

N
or

m
al

iz
ed

 F
lu

x

759.0 759.5 760.0 760.5 761.0 761.5 762.0
Wavenumbers (cm-1)

13.17 13.16 13.15 13.14 13.13

C
2H

2

H
C

N

13
C

C
H

2

13
C

C
H

2

0.0

0.2

0.4

0.6

0.8

1.0

762.0 762.5 763.0 763.5 764.0 764.5

13.12 13.11 13.10 13.09 13.08
Wavelength (µm)

C
2H

2

C
2H

2

H
C

N

H
C

N

13
C

C
H

2

SO
FI

A/
EX

ES
 S

pe
ct

ru
m

 o
f O

rio
n 

IR
c2

Ra
ng

wa
la

 e
t a

l. 
20

18
, a

cc
ep

te
d 

in
 A

pJ



10

0.0

0.2

0.4

0.6

0.8

1.0

N
or

m
al

iz
ed

 F
lu

x

753 754 755 756
Wavenumbers (cm-1)

13.28 13.27 13.26 13.25 13.24 13.23

C
2H

2

C
2H

2

C
2H

2

H
C

N

H
C

N

13
C

C
H

2

13
C

C
H

2

0.0

0.2

0.4

0.6

0.8

1.0
N

or
m

al
iz

ed
 F

lu
x

750 751 752 753

13.33 13.32 13.31 13.30 13.29
Wavelength (µm)

C
2H

2

C
2H

2

H
C

N

H
C

N

13
C

C
H

2

13
C

C
H

2

0.0

0.2

0.4

0.6

0.8

1.0

765.0 765.5 766.0 766.5 767.0 767.5

13.07 13.06 13.05 13.04 13.03

C
2H

2

C
2H

2

H
C
N

H
C
N

13
C
C
H
2

13
C
C
H
2

0.0

0.2

0.4

0.6

0.8

1.0

767.5 768.0 768.5 769.0

13.02 13.01 13.00

C
2H

2

H
C
N

13
C
C
H
2

0.0

0.2

0.4

0.6

0.8

1.0

769.5 770.0 770.5 771.0 771.5
Wavenumbers (cm-1)

12.99 12.98 12.97

C
2H

2

C
2H

2

H
C

N

13
C

C
H

2

13
C

C
H

2

0.0

0.2

0.4

0.6

0.8

1.0

N
or

m
al

iz
ed

 F
lu

x

756.0 756.5 757.0 757.5 758.0 758.5 759.0

13.22 13.21 13.20 13.19 13.18

C
2H

2

C
2H

2

H
C

N

H
C

N

13
C

C
H

2

13
C

C
H

2

0.0

0.2

0.4

0.6

0.8

1.0

N
or

m
al

iz
ed

 F
lu

x

759.0 759.5 760.0 760.5 761.0 761.5 762.0
Wavenumbers (cm-1)

13.17 13.16 13.15 13.14 13.13

C
2H

2

H
C

N

13
C

C
H

2

13
C

C
H

2

0.0

0.2

0.4

0.6

0.8

1.0

762.0 762.5 763.0 763.5 764.0 764.5

13.12 13.11 13.10 13.09 13.08
Wavelength (µm)

C
2H

2

C
2H

2

H
C

N

H
C

N

13
C

C
H

2

SO
FI

A/
EX

ES
 S

pe
ct

ru
m

 o
f O

rio
n 

IR
c2

Ra
ng

wa
la

 e
t a

l. 
20

18
, a

cc
ep

te
d 

in
 A

pJ

0.0

0.2

0.4

0.6

0.8

1.0

N
or

m
al

iz
ed

 F
lu

x

750 751 752 753

13.33 13.32 13.31 13.30 13.29
Wavelength (µm)

C
2H

2

C
2H

2

H
C

N

H
C

N

13
C

C
H

2

13
C

C
H

2

Wavenumbers (cm-1)



11

0.0

0.2

0.4

0.6

0.8

1.0

N
or

m
al

iz
ed

 F
lu

x

753 754 755 756
Wavenumbers (cm-1)

13.28 13.27 13.26 13.25 13.24 13.23

C
2H

2

C
2H

2

C
2H

2

H
C

N

H
C

N

13
C

C
H

2

13
C

C
H

2

0.0

0.2

0.4

0.6

0.8

1.0
N

or
m

al
iz

ed
 F

lu
x

750 751 752 753

13.33 13.32 13.31 13.30 13.29
Wavelength (µm)

C
2H

2

C
2H

2

H
C

N

H
C

N

13
C

C
H

2

13
C

C
H

2

0.0

0.2

0.4

0.6

0.8

1.0

765.0 765.5 766.0 766.5 767.0 767.5

13.07 13.06 13.05 13.04 13.03

C
2H

2

C
2H

2

H
C
N

H
C
N

13
C
C
H
2

13
C
C
H
2

0.0

0.2

0.4

0.6

0.8

1.0

767.5 768.0 768.5 769.0

13.02 13.01 13.00

C
2H

2

H
C
N

13
C
C
H
2

0.0

0.2

0.4

0.6

0.8

1.0

769.5 770.0 770.5 771.0 771.5
Wavenumbers (cm-1)

12.99 12.98 12.97

C
2H

2

C
2H

2

H
C

N

13
C

C
H

2

13
C

C
H

2

0.0

0.2

0.4

0.6

0.8

1.0

N
or

m
al

iz
ed

 F
lu

x

756.0 756.5 757.0 757.5 758.0 758.5 759.0

13.22 13.21 13.20 13.19 13.18

C
2H

2

C
2H

2

H
C

N

H
C

N

13
C

C
H

2

13
C

C
H

2

0.0

0.2

0.4

0.6

0.8

1.0

N
or

m
al

iz
ed

 F
lu

x

759.0 759.5 760.0 760.5 761.0 761.5 762.0
Wavenumbers (cm-1)

13.17 13.16 13.15 13.14 13.13

C
2H

2

H
C

N

13
C

C
H

2

13
C

C
H

2

0.0

0.2

0.4

0.6

0.8

1.0

762.0 762.5 763.0 763.5 764.0 764.5

13.12 13.11 13.10 13.09 13.08
Wavelength (µm)

C
2H

2

C
2H

2

H
C

N

H
C

N

13
C

C
H

2

0.0

0.2

0.4

0.6

0.8

1.0

N
or

m
al

iz
ed

 F
lu

x

753 754 755 756
Wavenumbers (cm-1)

13.28 13.27 13.26 13.25 13.24 13.23

C
2H

2

C
2H

2

C
2H

2

H
C

N

H
C

N

13
C

C
H

2

13
C

C
H

2

Wavelength (μm)

SO
FI

A/
EX

ES
 S

pe
ct

ru
m

 o
f O

rio
n 

IR
c2

Ra
ng

wa
la

 e
t a

l. 
20

18
, a

cc
ep

te
d 

in
 A

pJ



12

0.0

0.2

0.4

0.6

0.8

1.0

N
or

m
al

iz
ed

 F
lu

x

753 754 755 756
Wavenumbers (cm-1)

13.28 13.27 13.26 13.25 13.24 13.23

C
2H

2

C
2H

2

C
2H

2

H
C

N

H
C

N

13
C

C
H

2

13
C

C
H

2

0.0

0.2

0.4

0.6

0.8

1.0
N

or
m

al
iz

ed
 F

lu
x

750 751 752 753

13.33 13.32 13.31 13.30 13.29
Wavelength (µm)

C
2H

2

C
2H

2

H
C

N

H
C

N

13
C

C
H

2

13
C

C
H

2

0.0

0.2

0.4

0.6

0.8

1.0

765.0 765.5 766.0 766.5 767.0 767.5

13.07 13.06 13.05 13.04 13.03

C
2H

2

C
2H

2

H
C
N

H
C
N

13
C
C
H
2

13
C
C
H
2

0.0

0.2

0.4

0.6

0.8

1.0

767.5 768.0 768.5 769.0

13.02 13.01 13.00

C
2H

2

H
C
N

13
C
C
H
2

0.0

0.2

0.4

0.6

0.8

1.0

769.5 770.0 770.5 771.0 771.5
Wavenumbers (cm-1)

12.99 12.98 12.97

C
2H

2

C
2H

2

H
C

N

13
C

C
H

2

13
C

C
H

2

0.0

0.2

0.4

0.6

0.8

1.0

N
or

m
al

iz
ed

 F
lu

x

756.0 756.5 757.0 757.5 758.0 758.5 759.0

13.22 13.21 13.20 13.19 13.18

C
2H

2

C
2H

2

H
C

N

H
C

N

13
C

C
H

2

13
C

C
H

2

0.0

0.2

0.4

0.6

0.8

1.0

N
or

m
al

iz
ed

 F
lu

x

759.0 759.5 760.0 760.5 761.0 761.5 762.0
Wavenumbers (cm-1)

13.17 13.16 13.15 13.14 13.13

C
2H

2

H
C

N

13
C

C
H

2

13
C

C
H

2

0.0

0.2

0.4

0.6

0.8

1.0

762.0 762.5 763.0 763.5 764.0 764.5

13.12 13.11 13.10 13.09 13.08
Wavelength (µm)

C
2H

2

C
2H

2

H
C

N

H
C

N

13
C

C
H

2

Wavelength (μm)

0.0

0.2

0.4

0.6

0.8

1.0

N
or

m
al

iz
ed

 F
lu

x

756.0 756.5 757.0 757.5 758.0 758.5 759.0

13.22 13.21 13.20 13.19 13.18

C
2H

2

C
2H

2

H
C

N

H
C

N

13
C

C
H

2

13
C

C
H

2

Wavenumbers (cm-1)

SO
FI

A/
EX

ES
 S

pe
ct

ru
m

 o
f O

rio
n 

IR
c2

Ra
ng

wa
la

 e
t a

l. 
20

18
, a

cc
ep

te
d 

in
 A

pJ



Detections
Between 12.96 - 13.33 μm (20 wavenumbers) we 
detected 

C2H2 - 10 R-branch lines (continuous coverage from 
J = 9 - 8 to J = 18 - 17; high S/N) 

• 5 Para Transitions 

• 5 Ortho Transitions 

 13C12CH2 - 3 Transitions + Upper Limits 

   HCN  - 7 Transitions + 1 Upper Limit

13



Results: C2H2 and HCN are in the outflow
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• Observed VLSR are significantly blue-shifted relative to the ambient cloud velocity.
• Both EXES & TEXES (J. Lacy; private comm.) measure same VLSR.
• Absorption  is  18  km/s  blueward  of  the  molecular  cloud  -  consistent  with  the 

molecular outflow originating in the vicinity of source I.

Rangwala et al. 2018 (arXiv: 1709.04084)



• Detect both Ortho (O) and Para (P) species 

• Line of sight velocity difference:                           
VLSR (O) - VLSR (P) = 1.8 ± 0.2 km/s 

• Line width difference:                                        
VFWHM (O) - VFWHM (P) = 0.7 ± 0.2 km/s 

• Ortho and Para C2H2 trace different 
temperatures: T(P) = 164 K and T(O) = 226 K 

• Non-equilibrium O/P ratio (OPR) = 1.7 ± 0.1 

• 12C/13C ≲ 21  (average 12C/13C ~ 45 ± 20 in the Orion 
KL region; Tercero et al. 2010)
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Non-equilibrium OPR
•Both NH3 and C2H2 have non-equilibrium OPRs

C2H2

‣  Low OPR (Rangwala et al. 2018)

NH3 (Goddi et al. 2011) 
‣Enhancement of ortho with respect to para in the Orion hot core  
‣  offset of hot NH3 emission peaks from known (proto)stellar sources.  
‣ the NH3 molecules have been released from dust grains into the gas 

phase through the passage of shocks and not by stellar radiation.  
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– 2 –2. Various Models

We considered three sets of model for our study:
Model 1: In the first set of models we kept the density to be constant at 105 cm �3 for 105 years then increased
the temperature linearly to 180/260 K in 5 � 104 years. Then we evolved the hot core chemistry till 107 years.
Figure 1 and 2, shows time variation of assorted species for this model.

Fig. 1.— Time variation of assorted species for nH = 1 � 105 cm�3 and peak temperature of 180 is used during
warp-up

Fig. 2.— Same as Figure 1 but for 260 K
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Figure 7. Predictions from our model simulating hot core chemistry. The color bands indicate the range of values consistent
with SOFIA/EXES measurements. See text for model description.

whereas at 260 K, they overlap over roughly (2�5)⇥106

years. This suggests the two temperature limits gen-
erally encompass the range where observed abundances
from the two species will overlap. Note that the observed
abundances also fortuitously match the model at the on-
set of the warm-up phase when there is a steep rise in
the gas-phase molecular abundances. The observations
constrain the age of the hot core to be roughly 106 years.
Even though, our observed abundances agree with the
hot core model presented here, the timescale needed to
produce these abundances is too long to be consistent
with the 500 yr timescale of the explosive event.
Another scenario is presented by Goddi et al. (2011).

They observed seven metastable inversion transitions of
ammonia (NH3): (J, K) = (6,6) to (12,12) that have en-
ergy level of the ground state ⇠ 1500K, allowing them
to trace hot molecular gas at high spatial resolution in
the vicinity of Source I and the hot core. Their study
also favors an external heating source for the Orion hot
core – a low-velocity (10 - 50 km s�1) shock hypothesis
based on the observed o↵set of hot NH3 emission peaks
from known protostellar sources, high kinetic tempera-
tures, and enhanced ortho to para ratio in NH3. How-
ever, they believe that the impact of an outflow from
Source I (20 km s�1) in combination with proper mo-
tion of 12 km s�1 is responsible for heating the core
rather than the shocks generated from the recent explo-
sive event. Very recent ALMA observations by Wright &
Plambeck (2017) argue that either shock scenario could
be responsible for exciting the hot core. In conclusion,
detailed modeling that includes shock physics as well as
dust/gas-phase chemistry, will be required to appropri-

Figure 8. H2 (as a proxy for C2H2) and NH3 ortho-to-para
ratio computed as a function of temperature at thermal equi-
librium. This computation is based on Le Gal et al. (2016).

ately discriminate between various shock scenarios pro-
posed for the excitation of the Orion hot core.

4.2. Non-Equilibrium Ortho to Para Ratio in Low
Velocity Shocks

Any species with two identical hydrogen nuclei exists
in two nuclear spin configurations, labeled ortho and
para. Since spontaneous conversions between the di↵er-
ent spin symmetries are extremely slow due to very weak
magnetic interactions between intramolecular nuclear
spins (Pachucki & Komasa 2008), ortho and para C2H2



Shocks Responsible for the Low C2H2 Ortho to Para Ratio
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Low C2H2 OPR could be a remnant from an earlier, colder phase, before the density 
enhancement (now hot core) was impacted by shocks  

Orion Hot is externally heated (e.g, Zapatta et al. 2011, Bally et al. 2015, Wright et al. 2017) 

‣ by impact of (low-velocity) shocks generated from the BN/I explosive event on a 
pre-existing dense clump 500 yrs ago  OR  Low- velocity outflow from source I 
(Goddi et al. 2011, Wright et al. 2017)  

‣  Shock models (e.g., Wilgenbus et al. 2000) show for a low-velocity shock the post-shock 
OPR does not reach its high-temperature LTE value, because the OPR 
thermalization timescale is longer than the shock timescale 

‣ Hot core chemistry models are not appropriate for this scenario: longer time scale 
are needed compared to 500 yrs to reach the observed abundances of C2H2 and 
HCN 

‣  Need detailed shock chemistry models to understand the low OPRs



Hot core chemistry models
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Figure 7. Abundance predictions (solid lines) from our model simulating hot core chemistry. The color bands indicate the
range of values consistent with SOFIA/EXES measurements. Dashed orange line is the gas/dust temperature – scale shown on
the opposite y-axis. See text for model description.

and mid-infrared compact sources located very close to
the core (e.g., IRc2). However, Zapata et al. (2011) ex-
plains that sensitive VLA radio observations made by
Menten & Reid (1995) revealed that most of these IR
luminous sources in the Orion-KL nebula are not self-
luminous but rather show reprocessed emission escaping
through inhomogeneities in the dense material.
It has been proposed that the Orion hot core could be

a result of a pre-existing density enhancement heated
from the outside by the explosive event that took place
500 yrs ago, behind the Orion nebula. This event re-
sulted in high-velocity streamers (10 to > 100 km s�1)
seen in CO Zapata et al. (e.g., 2009); Bally et al. (e.g.,
2011, 2017), FeII and H2 (Bally et al. 2015). However,
as (Zapata et al. 2011) explains, the CO filamentary
streamers are absent from the area behind the Orion
KL hot core (i.e. behind relative to the outflow center),
suggesting that a dense material might have impeded
the expansion of these filaments. Shocks resulting form
the explosive event then created the “hot core”. If this
is the case then the Orion hot core could be as young
as 500 yrs. A low velocity, C-type shock can heat the
hot core and drive the chemistry (e.g., Harada et al.
2010), which is consistent with the large abundances in
complex organic molecules seen in various observations
towards Orion-KL (Sutton et al. 1985; Crockett et al.
2014; Feng et al. 2016).
Even though the Orion hot core may not be heated

internally, it is still interesting to compare our obser-
vations with a typical hot core chemistry model to un-
derstand how it might di↵er from the above scenario.
A typical model for hot core chemistry includes three

phases (e.g., Garrod & Herbst 2006; Garrod et al. 2008).
In the initial stage, the cold core (T⇠10 K) undergoes
an isothermal collapse during which the accretion of
atoms and simple molecules from the gas phase onto
dust grains promotes a surface chemistry that results in
the build up of icy mantles upon the grains. Later, the
formation of a nearby protostar quickly (in ⇠ 5 ⇥ 104

years) warms the gas and dust (T: 100–300 K), subli-
mating the grain mantle material into the gas phase. In
the final hot core phase, the evaporated molecules sub-
sequently drive a rapid gas-phase chemistry in dense,
warm gas.
We ran gas-grain chemical models containing a net-

work of 925 species and 12000 reactions that estimate
the abundances of molecules as a function of time and
physical conditions. For a prototypical hot core with an
embedded young stellar object, the chemical simulations
are run in a warm up mode, in which the temperature
increases as the source of the infrared radiation turns
on and heats up (Garrod & Herbst 2006). The gas and
grain chemistry is treated via the standard rate equation
approach (Hasegawa et al. 1992). We used a warm-up
model as described in Garrod et al. (2008), which is suit-
able for hot molecular cores. The chemical network used
is sensitive up to 800 K and described in Acharyya et al.
(2015); Acharyya & Herbst (2015). The major features
of the model used are as follows:

• The so-called classical dust grains have a size of
0.1 µm with a surface site density ns = 1.5 ⇥ 1015

cm�2, leading to about 106 binding sites of ad-
sorption per grain.



Orion Line Survey in the Mid-Infrared (EXES and TEXES)

• First unbiased, high-spectral resolution, high S/N (~100) line survey (SOFIA Cycle-5 
and IRTF/TEXES (2018) programs) 

• 50 times more sensitive than ISO 

• MIR is the only way to study molecules that have no dipole moment.  

• Goals: (a) Detect new molecules/measure upper limits, (b) Test astrochemistry models 
and (c) Provide reference database to the JWST and ALMA scientific communities
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SOFIA/EXES Orion Line Survey - extension  

• Proposed in Cycle-6 : Targeted extension of our line survey to shorter wavelengths  

• coverage: 7.56 - 7.92 μm 

• Compare chemistry with typical hot cores that are heated internally by stellar 
radiation 

Another ongoing SOFIA hot core line survey (PI: Alexander Tielens), which covers 
5.4 - 8 μm in two hot cores: AFGL 2136 & AFGL 2591 (R~50,000, S/N = 100)
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692 C.M. Wright et al.: Water absorption toward Orion–IRc2

Fig. 1. ISO–SWS 25–45µm grat-
ing spectrum toward Orion IRc2.
The principal absorption and emis-
sion features are indicated. The data
within bands 3d, 3e and 4 have been
shifted so that they join continu-
ously at the band edges. The fea-
ture marked RSRF is an instrumen-
tal artefact due to structure in the rel-
ative spectral response calibration
file.

Almost all lines listed in Table 1 at 27.5–45.2µm are visible
in both the Revolution 660 and 826 spectra, and their measured
equivalent widths agree within 30% in the majority of cases.
See Fig. 4(a), where both data sets are presented graphically.We
present only the Revolution 660 data in Table 1 because the data
from that revolution are of a better quality, and also only 15 of
the 19 lines were observed in Revolution 826 due to the shorter
wavelength scan range. The fact that the pure rotationalH2Oand
OH lines observedwith the SWS occur in absorption is in strong

contrast with the lines seen with the LWS, which are mostly in
emission (e.g., Harwit et al. 1998). Since the LWS lines arise
in levels with similar excitation energies at wavelengths where
the continuum flux is comparable to that in the SWS range,
this suggests that most of the mid-infrared continuum and H2O
absorption originate in a small region of size comparable to the
SWS beam. In the almost order-of-magnitude larger area of the
LWS beam, even more of the absorption is probably filled in
by large-scale emission from more extended, lower excitation

Wavelength (μm)

ISO-SWS  Orion IRc2 (Wright et al. 2000)

SOFIA/EXES Orion Line Survey- Observations (so far…) 
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in levels with similar excitation energies at wavelengths where
the continuum flux is comparable to that in the SWS range,
this suggests that most of the mid-infrared continuum and H2O
absorption originate in a small region of size comparable to the
SWS beam. In the almost order-of-magnitude larger area of the
LWS beam, even more of the absorption is probably filled in
by large-scale emission from more extended, lower excitation
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Fig. 1. ISO–SWS 25–45µm grat-
ing spectrum toward Orion IRc2.
The principal absorption and emis-
sion features are indicated. The data
within bands 3d, 3e and 4 have been
shifted so that they join continu-
ously at the band edges. The fea-
ture marked RSRF is an instrumen-
tal artefact due to structure in the rel-
ative spectral response calibration
file.

Almost all lines listed in Table 1 at 27.5–45.2µm are visible
in both the Revolution 660 and 826 spectra, and their measured
equivalent widths agree within 30% in the majority of cases.
See Fig. 4(a), where both data sets are presented graphically.We
present only the Revolution 660 data in Table 1 because the data
from that revolution are of a better quality, and also only 15 of
the 19 lines were observed in Revolution 826 due to the shorter
wavelength scan range. The fact that the pure rotationalH2Oand
OH lines observedwith the SWS occur in absorption is in strong

contrast with the lines seen with the LWS, which are mostly in
emission (e.g., Harwit et al. 1998). Since the LWS lines arise
in levels with similar excitation energies at wavelengths where
the continuum flux is comparable to that in the SWS range,
this suggests that most of the mid-infrared continuum and H2O
absorption originate in a small region of size comparable to the
SWS beam. In the almost order-of-magnitude larger area of the
LWS beam, even more of the absorption is probably filled in
by large-scale emission from more extended, lower excitation
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See Fig. 4(a), where both data sets are presented graphically.We
present only the Revolution 660 data in Table 1 because the data
from that revolution are of a better quality, and also only 15 of
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wavelength scan range. The fact that the pure rotationalH2Oand
OH lines observedwith the SWS occur in absorption is in strong

contrast with the lines seen with the LWS, which are mostly in
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in levels with similar excitation energies at wavelengths where
the continuum flux is comparable to that in the SWS range,
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from that revolution are of a better quality, and also only 15 of
the 19 lines were observed in Revolution 826 due to the shorter
wavelength scan range. The fact that the pure rotationalH2Oand
OH lines observedwith the SWS occur in absorption is in strong

contrast with the lines seen with the LWS, which are mostly in
emission (e.g., Harwit et al. 1998). Since the LWS lines arise
in levels with similar excitation energies at wavelengths where
the continuum flux is comparable to that in the SWS range,
this suggests that most of the mid-infrared continuum and H2O
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Conclusions
• We obtained high-spectral resolution observations λ~13 μm towards 

Orion hot molecular core using SOFIA/EXES. 

- detect C2H2 rovibrational lines with high-S/N that allowed us to 
unambiguously show that the ortho and para species in Orion hot 
core are tracing different temperatures  

- Measure Non-equilibrium OPR ~ 1.7 +/- 0.1. Low OPR likely from an 
earlier, colder pre-shock phase (indicative of shock heated core) 

- velocity information show that Ortho and Para may not be exactly 
co-located. 

- Isotopic Ratio 12C/13C < 21 

-  C2H2 and HCN appear to be in the outflow originating from Source I.  

• Ongoing high-resolution line survey (8 - 28.3 μm) of the Orion Hot core 
from SOFIA/EXES and IRTF/TEXES. 
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Search for c-C3H3+

• Most important precursor in the formation of c-C3H2 - an interstellar 
organic ring molecule ubiquitous in the ISM  

• Along with PAHs, c-C3H2 is of particular interest because of its possible 
relationship both to more complex aromatic compounds in the ISM as 
well as terrestrial biochemistry.  

• c-C3H3
+ has never been detected in the ISM and has very limited 

experimental data. 

• It has no dipole moment - hence only accessible in the MIR using the ro-
vibrational transitions. 

• Ab initio quantum calculations (NASA Ames group :Tim Lee, Yinchuan 
Huang, and Partha Bera) have improved significantly and can provide 
accurate line positions to search for new molecules, e.g., c-C3H3

+.
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