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ABSTRACT
We have analyzed the abundances of the three isomers methyl formate (CH;OCHO), glycolaldehyde
(cis-CH,OHCHO), and acetic acid (CH;COOH) in the NGC 6334 I-MM1 and -MM2 massive star-
forming regions using Atacama Large Millimeter /submillimeter Array (ALMA) data. In the MM1
star-forming region, we derived column densities of 9.93(94) x 1017 cm~2 for methyl formate, 1.24(16) x

10*7 em~2 for acetic acid, and 9.31(68) x 10'® cm

~2 for glycolaldehyde. In the MM2 star-forming

region we derived column densities of 9(1) x 10'® cm~2 for methyl formate and 1.48(25) x 1017 cm~2 for

acetic acid. An upper limit of 1.15 x 10'6 cm—2

was calculated for the column density of glycolaldehyde

in MM2. These abundances are compared to other star-forming regions and theories on the chemical

reasons for their differences are presented.

Keywords: stars: massive — astrochemistry: individual(NGC 6334 1)

1. INTRODUCTION

In contrast to their low mass counterparts, the mech-
anisms by which massive stars are formed are still rela-
tively poorly understood. NGC 6334 I is one of the near-
est massive star-forming regions at 1.3 kpc away (Reid
et al. 2014); this makes it a prime candidate for spec-
troscopic observations to constrain the chemical makeup
of its composite star-forming regions. Our observations
were centered on the NGC 6334 I-MM1 and -MM2 star-
forming regions, separated by about 3" (4000 au; Fig-
ure 1); MM1 and MM2 refer to the regions as they are
named in Brogan et al. (2016). The small separation
between these two regions means that their composition
was most likely similar when they began collapsing to
form stars. This removes a significant variable when
comparing the progression of these regions; differences in
their evolution can then be more concretely attributed to
measurable physical conditions.

The formation of complex organic molecules (COMs),
those species with 5 or more atoms (Herbst & van
Dishoeck 2009), is a phenomenon that is well suited for
study in the early stages of massive star formation. Many
of the radicals which drive the production of these COMs
- methyl (CHjy), hydroxymethyl (CH,OH), and methoxy
(CH;0) - are produced during the photodissociation of
methanol (CH;OH) on grain surfaces (Laas et al. 2011).
The ratios at which these radicals are produced influ-
ences the relative abundances of the COMs they form.
This is especially relevant to a molecule as abundant in
star-forming regions as methyl formate and its isomers,
acetic acid and glycolaldehyde. The relative abundances
of these three isomers can point to formation pathways
which in turn can further illuminate the chemical pro-
cesses happening in these dense clouds.

2. OBSERVATIONS

The ALMA data that were used for this analysis
were observed during Cycle 3 in 2016, project code
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Figure 1. Image of the ALMA 1 mm continuum emission toward
NGC 6334 I-MM1 and MM2 from Hunter et al. (2017). The posi-
tions of the spectra analyzed for MM1 and MM2 are shown with
white crosses. The continuum synthesized beam of 0724 x 0717,
PA= —83° is shown in the lower right.

2015.A.00022.T. The data were calibrated using the
ALMA cycle 4 pipeline (CASA 4.7.2); for further infor-
mation refer to Hunter et al. (2017). The observation
was centered at (J2000 17:20:53.36, -35:47:00.0) and had
a nominal resolution of 0.24” x 0.17" (—83°), a full width
half-power (FWHP) of the primary beam of 20", a spec-
tral resolution of 1.1 km s~!, and a rms per channel of 2.0
mJy beam ™! (0.62 K). The observations consisted of two
tunings, each with four spectral windows, with a band-
width of 1.87 GHz per window. The first set of spectral
windows were centered at 280.1, 282.0, 292.1, and 294.0
GHz. The second set of spectral windows were centered
at 337.1, 339.0, 349.1, and 351.0 GHz. Primary beam
corrections were applied to the images before analysis.
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Further details are given in McGuire et al. (2017) and
Hunter et al. (2017).

3. ANALYSIS

The analysis was carried out on spectra extracted from
(J2000 17:20:53.373, -35:46:58.14) for the MMI1 region
and (J2000 17:20:53.1776, -35:46:59.490) for the MM2
region (see Fig. 1). These positions were intentionally
offset from the bright continuum peaks to avoid effects
from the high continuum opacity (spectral absorption
and attenuation). We began analyzing these spectra by
building a simulated model of the observed line emis-
sion from molecules at local thermodynamic equilibrium
(LTE). The LTE assumption meant that the excitation
temperature of the lines was dominated by molecular col-
lisions rather than radiative processes; this was checked
by calculating the critical density, n.,., of representative
transitions of the COMs, using

Aul
Ny = —— 1

r = (1)
where A,; is the Einstein A coefficient (s7!) and 7, is
the collisional rate coefficient (cm?® s=!). As the rate
coefficients for the C,H,0O, isomers are unavailable, the
critical density for each molecule was calculated using the
coeflicients for analogous transitions of methanol, which
is the most similar molecule for which the coefficients are
available (Rabli et al. 2010). Using this method, the crit-
ical density was estimated to be between 10° —10% cm™3.
The average density throughout the entire cloud was cal-
culated to be 1.5 x 105 cm ™2 in Russeil et al. (2010); the
density in the targeted cores is much greater than the
density averaged over the entire cloud, so the LTE as-
sumption is valid. The distribution of energy levels for
the molecules is then given by a Boltzmann distribution
at the excitation temperature, T.,, which is a measure
of the ratio of molecules in the upper and lower states.
The excitation temperature was calculated by adding the
background temperature to the intensity of the optically
thick lines, using the relation given in Turner (1991)

ATp = [Jy(Tex) — JV(Tbg)}(l —e ), (2)

where

J,(T) = (hv/k)[exp(hv/kT) — 1] (3)

The model was built by simulating the spectrum of
one molecule at a time and changing the temperature,
linewidth, and column density for each molecule to best
fit the observed data; this was done for 78 common in-
terstellar molecules, not all of which were present. The
spectral line properties for all of the simulated molecules
were obtained from the Splatalogue database. With the
model built, the three structural isomers methyl formate,
acetic acid, and glycolaldehyde were chosen for further
analysis in an attempt to constrain the chemical pro-
cesses in each region. The molecular line properties of
the C,H,0, isomers were obtained from Ilyushin et al.
(2009), Ilyushin et al. (2013), and Carroll et al. (2010),
respectively. The composite spectral line model allowed
for the identification of unblended lines in the sources for
the three isomers. Figures A1-16 show the model spectra
for MM1 and MM2.

The first attempt at calculating the column densities
was done with a rotation diagram following the methods
of Goldsmith & Langer (1999). The rotation diagram
was created by manipulating Equation 4 such that the
natural log of the integrated intensity, multiplied by the
constants in the equation, could be plotted versus the
upper state energy for each transition. Provided the cho-
sen transitions are optically thin and in LTE, the points
should then lie on a straight line where the negative in-
verse of the slope yields the excitation temperature and
the natural log of the column density is proportional to
the y-intercept. While this method produced acceptable
results for methyl formate in MM]1, there were many
outlying points on the rotation diagrams for the other
molecules. This is likely due to the fact that lines that
previously appeared to be unblended were in fact overlap-
ping with lines from molecules that were not simulated.

Instead, to calculate the column densities we selected
the least blended transitions for each molecule in MM1
and MM2. A least-squares fit of the column density for
these unblended lines to best match the intensities of
the observed transitions. Observed lines that greatly dis-
agreed with the simulation after the fit were discarded as
they were likely blended with molecules that weren’t in
the model. The simulated transition that best matched
the intensity of the observed transition after the least-
squares fit was chosen to be an accurate measure of the
abundance of the molecule using Equation 4.
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Here, @ is the partition function, F,, is the upper state
energy, ATy is the brightness temperature, AV is the
linewidth, S is the intrinsic line strength, p? is the tran-
sition dipole moment, np is the efficiency of the beam,
and Tjg is the background temperature. The partition
function was calculated through a direct summation of
states as described in Gordy & Cook (1984).

The selected transitions for each molecule in MM1 and
MM2 can be seen in Tables 1 and 2, respectively. How-
ever, a confident claim for the detection of glycolalde-
hyde in MM2 could not be made; the upper limit given
in Table 2 was calculated by finding the strongest line
of glycolaldehyde that was undetected and recording the
intensity of the observed spectrum at that point.

4. RESULTS AND DISCUSSION

The derived column densities for the three C,H,O,
isomers in NGC 6334 I-MM1 and NGC 6334 I-MM2 are
presented in Table 3. As can be seen in Figure 2, the
comparative abundance of methyl formate to acetic acid
in MM2 is nearly an order of magnitude higher than that
in MM1. The non-detection of glycolaldehyde in MM2
makes it impossible to draw concrete conclusions on its
comparative abundance between the two sources. Even
S0, at minimum, the comparative abundance of methyl
formate to glycolaldehyde in MM2 is also nearly an order
of magnitude greater than in MM1. It can also be seen
that the excitation temperature of the two sources are
very close, with MM1 being the slightly cooler of the two
sources. It should be noted that the excitation temper-
ature derived for MM1 is likely not truly representative
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Table 1
Transitions Used to Calculate Column Densities in NGC 6334 I-MM1

Molecule Ji, k.~ Ji, k. A/E  Frequency Tg AV Siji?  Eupper
(MHz) (K)  (kms™') (D?) X)
Methyl formate 28520 — 278 19 A 351842.1930 77.10 2.4 68.60 284.087
Acetic Acid 233,20 — 223,19 E 279775.7200 37.13 2.4 111.5 177.856
Glycolaldehyde 167,10 — 156,9 348314.0541 65.94 2.4 372.4 105.439
Table 2
Transitions Used to Calculate Column Densities in NGC 6334 I-MM2
Molecule Ji. k. = Ik, k., A/E  Frequency  Tp AV Siik?  Bupper
(MHz) (K)  (kms™') (D?) (K)
Methyl Formate 311120 — 3110,21 E 280260.9740 37.77 2.4 5.92 373.984
Acetic Acid 272,27 — 262,26 A 292566.4000 59.33 2.4 153.4  199.743
Glycolaldehyde 98,2 — 87, 293951.6852  8.90 2.4 42.5 63.86
ble to the column density we derived in MM1, yet was
Proverties of Each 'ﬁ‘:)tl’éguil”e in MM and MM2 about an order of magnitude less than that of MM2. The
P discrepancy in the column densities is likely due to the
Molooale Column Density T v assumed source size used in Zernickel et al. (2012). A
(cm—2) Y (fS (kn]; “:1_%1) source size of 10” was used, which is at least twice the
= size of the emitting region in Figure 1.

Metﬁ)ﬁ gormﬂte (MMU 9:93£0.94 10 © 140 -7.00 The relative abundances of methyl formate and its iso-
i‘fcgtic ‘ngt(eM(M 1)2) 51)3421 i (1]‘(1)2 i 1817 }Zg :3'88 mers in MM1 and MM2 are compared to the abundances
Acetic Acid (MM2) 1484095« 1017 152 -9.00 in the star forming regions Orion-KL, Sgr B2(N), and

Glycolaldehyde (MM1)  9.31+0.68 x 10’5 140  -7.00 IRAS 16293 in Figure 3. In each of the sources, a trend

Glycolaldehyde (MM2) < 1.15 x 1016 152 of methyl formate being more abundant than acetic acid,

of the nature of the source, as the extraction region for
the spectral analysis was located further from the peak
emission than the extraction region for MM2 in order to
avoid absorption in the spectrum (Figure 1).

In Zernickel et al. (2012), the column density of methyl
formate in NGC 6334 I was calculated using the Herschel
Space Observatory’s Heterodyne Instrument for the Far-
Infrared (HIFI). The observation had a beam size rang-
ing from 41" to 12.5”, meaning that even with the min-
imum beam size it wouldn’t be possible to differentiate
the spectra of MM1 and MM2. Nevertheless, the column
density derived in Zernickel et al. (2012) was compara-

Orion-KL SgrB2(N)  IRAS 16293
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Figure 2. The relative abundances of methyl formate to acetic
acid and glycolaldehyde in the star-forming regions NGC 6334 I-
MM1, NGC 6334 I-MM2, Orion-KL (Favre et al. 2011), Sgr B2(N)
(Belloche et al. 2013), and IRAS 16293 (Jgrgensen et al. 2016).
Errors were not available for the abundances in IRAS 16293.

which in turn is more abundant than glycolaldehyde is
noted; the exception to this is the source IRAS 16293.
As the only low-mass star-forming region that is shown,
TRAS 16293 provides a valuable point of comparison with
respect to the other sources. The ratio of methyl formate
to acetic acid in IRAS 16293 is in fact comparable to the
ratio seen in the other high-mass star-forming regions;
this makes the discrepancy in its glycolaldehyde abun-
dance all the more curious. When comparing MM1 to
the other massive star-forming regions, methyl formate
is less abundant by about an order of magnitude relative
to its isomers.

Orion-KL SgrB2(N)  IRAS 16293
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Figure 3. The observed abundances of methyl formate, acetic
acid, and glycolaldehyde in the star-forming regions NGC 6334 I-
MM1 and NGC 6334 I-MM2 from the current study, along with
Orion-KL (Favre et al. 2011), Sgr B2(N) (Belloche et al. 2013), and
IRAS 16293 (Jgrgensen et al. 2016) for comparison.
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Table 4
Ratio of Acetic Acid to
Glycolaldehyde in
Star-Forming Regions

Region Naa / No

MM1 13.3 +2.00

MM2 12.9 +2.18
Orion-KL 7.50"
Sgr B2(N) 5.83 & 2.06
IRAS 16293 0.09

* The ratio for Orion-KL was
calculated using upper limits on
the abundances of acetic acid
and glycolaldehyde.

These molecules are largely produced in reactions that
involve the methyl (CHj), hydroxymethyl (CH,OH), and
methoxy (CH;0) radicals (Laas et al. 2011). In Laas
et al. (2011), which focused on the branching ratio of
these radicals and their effect on the relative abundance
of the three isomers analyzed in this work, the branching
ratio which favored the production of the CH;0 radi-
cal was found to most accurately reproduce the abun-
dances of methyl formate observed in Sgr B2(N). At the
same time, increased production of the CH4 radical pro-
vided marginally better agreement with the acetic acid
and glycolaldehyde abundances. As the other massive
star-forming regions are seen to produce similar ratios,
it should be expected that a similar branching ratio is
present in the sources, including NGC 6334 1. The over-
abundance of glycolaldehyde in the model of Laas et al.
(2011) requires further analysis however.

In Table 4 it can be seen that the ratio of acetic acid
to glycolaldehyde in each of the massive star-forming re-
gions is remarkably similar (within a factor of 2), indi-
cating the possibility of a common precursor molecule.
Skouteris et al. (2018) showed that reactions of ethanol
(CH;CH,OH) are capable of efficiently forming acetic
acid and glycolaldehyde in the interstellar medium, and
is possibly even a dominant formation pathway. The
current observations certainly lend credence to the pos-
sibility. Further analysis on the ethanol content in each
region is necessary to truly test whether it is in fact the
precursor molecule to acetic acid and glycolaldehyde. In
this case, the ethanol abundance in MM1 would be par-
ticularly enlightening; its ratio of acetic acid to glyco-
laldehyde is similar to the other massive star-forming re-
gions, but acetic acid and glycolaldehyde are both more
abundant by an order of magnitude relative to methyl
formate in comparison to the other regions (Figure 2).
The ethanol content in MM1 would then be an excellent
indicator of the relationship between ethanol and acetic
acid and glycolaldehyde; this will be followed up on in
subsequent work. Another possibility for the disparity
in MM1 abundances is that there is either some mecha-
nism that is producing less methyl formate, or there is a
destruction mechanism for methyl formate that is more
prevalent than in other regions.

5. CONCLUSIONS

We have presented the abundances of the three
C,yH,0, isomers methyl formate, acetic acid, and glyco-
laldehyde in the massive star-forming region NGC 6334 1.
These abundances were compared to the relative abun-

dances in two other massive star-forming regions, Orion-
KL and Sgr B2(N), as well as IRAS 16293, a low-mass
star forming region. Distinct differences were present in
the relative abundances of these isomers when comparing
IRAS 16293 to the massive star-forming regions, indicat-
ing a a possible future avenue of study. A remarkably
similar ratio of acetic acid to glycolaldehyde is noted in
all of the massive star-forming regions. Our current the-
ory is that this indicates a possible common precursor
molecule, which could be ethanol, following the results
of Skouteris et al. (2018). Measuring the ethanol abun-
dance in these regions is a necessary step to test this
theory, which will be carried out in subsequent work.
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Figure A1l. The simulated spectra for methyl formate, acetic acid, and glycolaldehyde are overlaid on the observed spectrum for MM1.
The total simulation is also presented. For parameters on each of the fits refer to Table 3. The legend for the spectra is presented in the
first panel.
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Figure A2. The simulated spectra for methyl formate, acetic acid, and glycolaldehyde are overlaid on the observed spectrum for MM1.
The total simulation is also presented. For parameters on each of the fits refer to Table 3.
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Figure A3. The simulated spectra for methyl formate, acetic acid, and glycolaldehyde are overlaid on the observed spectrum for MM1.

The total simulation is also presented. For parameters on each of the fits refer to Table 3.
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Figure A4. The simulated spectra for methyl formate, acetic acid, and glycolaldehyde are overlaid on the observed spectrum for MM1.
The total simulation is also presented. For parameters on each of the fits refer to Table 3.
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Figure A5. The simulated spectra for methyl formate, acetic acid, and glycolaldehyde are overlaid on the observed spectrum for MM1.
The total simulation is also presented. For parameters on each of the fits refer to Table 3.
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Figure A6. The simulated spectra for methyl formate, acetic acid, and glycolaldehyde are overlaid on the observed spectrum for MM1.
The total simulation is also presented. For parameters on each of the fits refer to Table 3.
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Figure A7. The simulated spectra for methyl formate, acetic acid, and glycolaldehyde are overlaid on the observed spectrum for MM1.
The total simulation is also presented. For parameters on each of the fits refer to Table 3.
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Figure A8. The simulated spectra for methyl formate, acetic acid, and glycolaldehyde are overlaid on the observed spectrum for MM1.
The total simulation is also presented. For parameters on each of the fits refer to Table 3.
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Figure A9. The simulated spectra for methyl formate, acetic acid, and glycolaldehyde are overlaid on the observed spectrum for MM2.
The total simulation is also presented. For parameters on each of the fits refer to Table 3.
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Figure A10. The simulated spectra for methyl formate, acetic acid, and glycolaldehyde are overlaid on the observed spectrum for MM2.
The total simulation is also presented. For parameters on each of the fits refer to Table 3.



METHYL FORMATE ISOMERS IN NGC 6334 1 15

I I I I I

160 — Total Simulation|

— Acetic Acid -
120 - Methyl Formate |—

i Observations

80 — —
40 - -
0 - |

h I I I I I -

291200 291300 291400 291500 291600

160 — I I I I I -

3 291700 291800 291900 292000 292100
F 60 | | | | | _
120 N
80—_ ‘ ‘ | .
3 ki unanl A Al
0 RIIL iunkh.lm Ty, M‘ i ILaHRY H‘-‘.xll‘.“.th.h B
B | | | | | -

292200 292300 292400 292500 292600
160 — | | | | | -

292700 292800 292900 293000 293100
Frequency (MHz)

Figure A11l. The simulated spectra for methyl formate, acetic acid, and glycolaldehyde are overlaid on the observed spectrum for MM2.
The total simulation is also presented. For parameters on each of the fits refer to Table 3.
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Figure A12. The simulated spectra for methyl formate, acetic acid, and glycolaldehyde are overlaid on the observed spectrum for MM2.

The total simulation is also presented. For parameters on each of the fits refer to Table 3.
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Figure A13. The simulated spectra for methyl formate, acetic acid, and glycolaldehyde are overlaid on the observed spectrum for MM2.

The total simulation is also presented. For parameters on each of the fits refer to Table 3.
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Figure A14. The simulated spectra for methyl formate, acetic acid, and glycolaldehyde are overlaid on the observed spectrum for MM2.
The total simulation is also presented. For parameters on each of the fits refer to Table 3.
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Figure A15. The simulated spectra for methyl formate, acetic acid, and glycolaldehyde are overlaid on the observed spectrum for MM2.

The total simulation is also presented. For parameters on each of the fits refer to Table 3.
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Figure A16. The simulated spectra for methyl formate, acetic acid, and glycolaldehyde are overlaid on the observed spectrum for MM2.
The total simulation is also presented. For parameters on each of the fits refer to Table 3.



