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Abstract

Vibrationally excited states of detected interstellar molecules have been shown to account for a large portion of
unidentified spectral lines in observed interstellar spectra toward chemically rich sources. Here, we present the first
interstellar detection of the first and second vibrationally excited torsional states of acetic acid (vt= 1, 2) toward the
high-mass star-forming region NGC 6334I. The observations presented were taken with the Atacama Large
Millimeter/submillimeter Array in bands 4, 6, and 7 covering a frequency range of 130–352 GHz. By comparing a
single-excitation temperature model to the observations, the best-fit excitation temperature and column density are
obtained to be 142(25) K and 1.12(7)×1017 cm−2, respectively. Based on the intensity maps of the vibrationally
excited CH3COOH transitions, we found that the CH3COOH emissions are compact and concentrated toward the
MM1 and MM2 regions with a source size smaller than 2″. After locating the emission from different CH3COOH
transitions, which cover a large range of excitation energies, we are able to explain the variation of the CH3COOH
emission peak within the MM2 core by invoking continuum absorption or outflows.
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1. Introduction

Although more than 200 individual molecular species have
been detected in both galactic and extragalactic interstellar and
circumstellar environments to date (McGuire 2018), a substantial
number of unidentified spectral lines in the observed spectra
toward a host of molecule-rich regions continue to plague
observational astrochemistry. While many of these features are
certainly due to as of yet unidentified new species, the carriers of
these unidentified lines could also be isotopologues or vibration-
ally excited states of already known molecules (Daly et al. 2013;
López et al. 2014; Müller et al. 2016). As such, studying the
vibrationally excited states of known molecules is essential to
characterizing the observed spectra and interstellar chemical
inventories (Sakai et al. 2015).

Acetic acid (CH3COOH) is a large astronomical molecule
(LAM) and of increasing interest to study from both an
astrochemical and an astrobiological point of view (Remijan
et al. 2003). The first detection of interstellar CH3COOH was
toward Sgr B2(N) as reported by Mehringer et al. (1997) and
later confirmed by Remijan et al. (2002). To date, CH3COOH has
been detected in its vibrational ground state toward a variety of
high- and low-mass star-forming regions (Cazaux et al. 2003;
Remijan et al. 2003; Shiao et al. 2010). Since this initial
detection, additional theoretical and experimental spectroscopic
studies of the excited torsional states of CH3COOH have
provided the data needed to search for CH3COOH in its first
three torsional states (vt= 0, 1, 2) up to 400 GHz (Ilyushin et al.
2001, 2003, 2013). Here, we present a search for the vibrationally
excited rotational transitions (vt= 1, 2) in an appealing target:
NGC 6334I.

NGC 6334I is a massive star-forming core located at the
northeastern end of the NGC 6334 molecular cloud (Beuther
et al. 2008) with a distance of ∼1.3 kpc (Reid et al. 2014). The
millimeter continuum emission maps have spatially resolved

NGC 6334I into nine distinct sources, with most of the hot core
molecular line emission originating from the two brightest
continuum sources, MM1 and MM2 (Hunter et al. 2006;
Brogan et al. 2016). MM1 is further characterized as a hot
multi-core that comprises seven components and exhibits a
high-velocity bipolar outflow (Brogan et al. 2016, 2018). NGC
6334I is complex not only in physical structure but also in
chemical composition (Bøgelund et al. 2018). Rich spectral line
emission originates from this region (McCutcheon et al. 2000;
Schilke et al. 2006), as exemplified by interferometric line
surveys with the Submillimeter Array (Zernickel et al. 2012),
and the Atacama Large Millimeter/submillimeter Array
(ALMA), the latter of which led to the first interstellar
detection of methoxymethanol (CH3OCH2OH) (McGuire et al.
2017, 2018).
Recent observations of glycolaldehyde at ALMA Band 10 in

this source showed bright emission lines from rotational states
with upper state energies (Eu) in the range of 530–631 K
(McGuire et al. 2018). Combined with the high dust
temperatures of MM1 (up to 450 K; Brogan et al. 2016),
sufficient energy may be available to populate energetic low-
lying vibrational states of LAMs that can then be detected
through their rotational transitions within these excited states.
Following the detection of CH3COOH in the vibrational
ground state toward NGC 6334I (El-Abd et al. 2019), NGC
6334I is clearly an ideal region to search for emission features
of the vibrationally excited transitions of CH3COOH, particu-
larly because of its relatively narrow lines.
In this paper, we report the first interstellar detection of

vibrationally excited CH3COOH (vt= 1, 2) toward NGC 6334I
with ALMA in Bands 4, 6 and 7. The observations are
described in Section 2. The process of line identification and
spatial imaging is presented in Section 3. In Section 4, the
spatial distribution is discussed with respect to the complicated
structure of the dust emission cores, MM1 and MM2. The
results are summarized in Section 5.

The Astrophysical Journal, 882:118 (11pp), 2019 September 10 https://doi.org/10.3847/1538-4357/ab32e0
© 2019. The American Astronomical Society. All rights reserved.

5 B.A.M. is a Hubble Fellow of the National Radio Astronomy Observatory.

1

https://orcid.org/0000-0003-2760-2119
https://orcid.org/0000-0003-2760-2119
https://orcid.org/0000-0003-2760-2119
https://orcid.org/0000-0001-9479-9287
https://orcid.org/0000-0001-9479-9287
https://orcid.org/0000-0001-9479-9287
https://orcid.org/0000-0002-6558-7653
https://orcid.org/0000-0002-6558-7653
https://orcid.org/0000-0002-6558-7653
https://orcid.org/0000-0001-6492-0090
https://orcid.org/0000-0001-6492-0090
https://orcid.org/0000-0001-6492-0090
https://orcid.org/0000-0002-4649-2536
https://orcid.org/0000-0002-4649-2536
https://orcid.org/0000-0002-4649-2536
https://orcid.org/0000-0003-1254-4817
https://orcid.org/0000-0003-1254-4817
https://orcid.org/0000-0003-1254-4817
mailto:cx5up@virginia.edu
mailto:bmcguire@nrao.edu
https://doi.org/10.3847/1538-4357/ab32e0
https://crossmark.crossref.org/dialog/?doi=10.3847/1538-4357/ab32e0&domain=pdf&date_stamp=2019-09-09
https://crossmark.crossref.org/dialog/?doi=10.3847/1538-4357/ab32e0&domain=pdf&date_stamp=2019-09-09


2. Observations

The detection of the first and second vibrationally excited
states of CH3COOH was achieved with three data sets
involving ALMA Bands 4, 6, and 7 ranging from 130 to
352 GHz. The Band 6 data are first presented in this paper,
while a detailed description of the Band 4 and 7 data have been
presented elsewhere (Hunter et al. 2017; McGuire et al.
2017, 2018). The Band 6 observation was performed on 2017
December 28 (project code 2017.1.00370.S). A synthesized
beam size of 0 18×0 15 was achieved with a baseline range
from 15 m to 2.5 km. The salient observational parameters for
the Band 6 data are summarized in Table 1. The Band 4 data
(project code 2017.1.00661.S) were taken in Cycle 5 with a
spectral resolution of 0.488 MHz and an rms noise of
∼0.8 mJy beam−1 (McGuire et al. 2018). The Band 7 data
(project code 2015.A.00022.T) were taken in Cycle 3 with
a spectral resolution of 0.977 MHz and an rms noise of
∼2.0 mJy beam−1 at 1.1 mm and 3.3 mJy beam−1 at 0.87 mm
(Hunter et al. 2017; McGuire et al. 2017).

The data have been analyzed with the Common Astronomy
Software Applications (CASA) package (McMullin et al.
2007). The relatively line-free continuum channels were
selected with the techniques described in Brogan et al. (2018)
and used to subtract the continuum emission in the UV-plane.
The Briggs weighting scheme and a Robust parameter of 0.5
for the Band 4 and 6 data and 0.0 for the Band 7 data were used
in the TCLEAN task of CASA for imaging, which resulted in
elliptical beam shapes. The images were smoothed to a 0 26
uniform, circular beam size from the image plane for
consistency among the 3 data sets. The spectra presented in
this paper were extracted toward MM1 from a single pixel
centered at αJ2000=17h20m53 374, δJ2000=−35°46′58 34.

3. Analysis and Results

3.1. Line Identification

The dense molecular spectra of NGC 6334I as described by
Zernickel et al. (2012) indicate a high degree of spectral

contamination, i.e., a substantial proportion of spectral lines are
overlapped and blended with adjacent lines of either the same
or another species. To positively identify a vibrationally excited
CH3COOH line from this highly contaminated spectra, we
adopt the five criteria for line identification proposed in Snyder
et al. (2005) (hereafter, the Snyder criteria): (1) accurate rest
frequencies, (2) take into account beam dilution effect, (3)
frequency agreement, (4) intensity agreement, and (5) presence
of transitions with detectable intensity. Because the processes
for analyzing following the Snyder criteria in this study are
similar with those in Xue et al. (2019), we will highlight the
main points here, and refer the reader to Section 3.1in Xue
et al. (2019) for more detail.
The emitting area of most LAMs toward NGC 6334I is

over an extent of ∼5″ (McGuire et al. 2017), while that
of glycolaldehyde (CH2OHCHO), a structural isomer of
CH3COOH, has a source size ∼2 5×0 8 (McGuire et al.
2018). Accordingly, it is reasonable to assume that the spatial
distribution of the CH3COOH emission is more extended than
the angular resolution used in this study (0 26), and therefore,
the beam dilution effect is negligible. On the other hand, it is
very unlikely that the source size of CH3COOH would exceed
the maximum recoverable scale of the ALMA observations
presented in this study (∼3″). If there is a large-scale emission
of CH3COOH, it should be observable with single dishes but
CH3COOH has never been detected toward NGC 6334I with
single-dish observations. Moreover, the CH3COOH emission
display a compact morphology in many other hot molecular
cores (Remijan et al. 2003), which further support our
assumptions.
McGuire et al. (2018) showed that a single-excitation

temperature can describe the spectra of most LAMs across
the full range of ALMA wavelengths (Bands 3–10) toward the
MM1 region, in which > -n 10 cmH

9 3
2 (Brogan et al. 2016).

After estimating the critical density for the CH3COOH
transitions in the vibrationally excited states, we found that
ncrit of the vt=1 and vt=2 transitions are at most
∼105cm−3. The upper limit of ncrit is given by a lower limit
of the collisional cross section, which is ∼10−15 cm2, the cross
section of H2. It is noted that the cross section of HCOOCH3, a
molecule that has similar complexity with CH3COOH, is
significantly larger than that of H2 (Faure et al. 2014). Hence,
while being conservative, the upper limit of ncrit estimated here
is well-grounded. As n nH crit2  , it is reasonable to assume that
these CH3COOH transitions are thermalized toward MM1.
Following the convention of Turner (1991), we simulated the

spectrum of CH3COOH in each state with the assumption that
the transitions of CH3COOH are thermalized, as in McGuire
et al. (2018). Constant background continuum temperature
(Tbg) is considered in each frequency range covered by the data
sets. In particular, based on brightness temperature measure-
ments, Tbg is estimated to be 11.5K, 27.4K, 33.9K and
43.1K for the Band 4, Band 6, Band 7 1.1 mm and Band 7
0.87 mm data sets, respectively. The spectroscopic data of the
vibrationally excited states in the 130–352 GHz frequency
range are taken from Ilyushin et al. (2013). The torsional
vibrational states of CH3COOH have the following excitation
energies: the vt=1 state lies at around 74cm−1 (or 107 K),
while the vt=2 state lies at 127cm−1 (or 184 K) above the
ground state (Ilyushin et al. 2001). Within the observed spectral
range, the criterion of accurate rest frequencies is fulfilled by
the small uncertainties associated with the transitions, which

Table 1
Observational Parameters for the Band 6 ALMA Data

Parameter Band 6 (259 GHz)

Observation Date 2017 Dec 28th
Cycle 5
Project Code 2017.1.00370.S
Configuration C43-5/C43-6
Time on Source (minutes) 48
Phase Center (J2000 R.A., decl) 17:20:53.35, −35:47:01.5
SPW Center Frequency (GHz) 251.4, 251.8, 266.3, 270.7
SPW Bandwidth (MHz) 468.75
HPBW Primary Beam (′) 0.37
Gain Calibrator J1713-3418
Bandpass and Flux Calibrator J1517-2422
Phase Calibrator J1733-3722
Spectral Resolution (MHz) 0.244
Ang. resa(″ × ″) 0.18×0.15
rms per Channel (mJy beam−1) 4.0

Note.
a The angular resolution is achieved with a Robust weighting parameter of 0.5.
The images are further smoothed to 0 26×0 26 for consistency between all
observations.
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are smaller than 0.2km s−1, compared with the observed line
width (∼3 km s−1). The torsional-rotational partition function
Qrv is approximated by fitting the total internal partition
function as a function of temperature (T) using a sixth-order
polynomial (Ilyushin et al. 2013):

=- ´ + ´
- ´ + ´
+ ´ + -

- -

- -

-

Q T T T

T T
T T

8.88 10 1.03 10

5.02 10 1.34 10
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rv
11 6 7 5

5 4 2 3

1 2

( )

( )

By assuming Tex to be 135 K (McGuire et al. 2018), 40
spectral emission features for vt=1 and 17 spectral emission
features for vt=2 are expected to be over the detection
threshold, i.e., with S/N>3, in this study. Only a few of these
line features are individual transitions, while the others are an
ensemble of multiple transitions. We find all these emission
lines to be present and no lines to be missing in the observed
spectra if we take into account the contaminated lines, as
shown in Figure 4.

Xue et al. (2019) describe a way to quantitatively measure
the agreement between the modeled spectra and the observa-
tions by first selecting an appropriate spectral range for

comparing line profiles from the observation and simulation,
then computing the P (Product) and D (Difference) factors (see
Equations(1)–(2) of Xue et al. 2019). The P factor is based on
the product of the observed and modeled line profiles to
characterize how close the observed line is located to the
expected rest frequency. The D factor is based on the difference
of the integrated intensities between the spectra, which
compares the modeled line intensities to the astronomically
observed values. Instead of setting an absolute threshold for the
P and D factors, it is more relevant to compare the derived
factors among each emission feature; overall, features with
higher P and D factors are more likely to be “clean.” Therefore,
the two factors serve as tools to assist and accelerate the line-
identification process by eliminating features that are buried
under or strongly contaminated by other emission features.
This greatly reduces the number of emission features to be
visually examined and provides a feasible and crucial strategy
for line identification over large bandwidth. Due to the success
of uniquely identifying lines in Xue et al. (2019), the same
approach is adopted here.
We identify a total of six vt=1 features and three vt=2

features, as shown in Figure 1. All of these CH3COOH features

Figure 1. Band 4, 6, and 7 spectra of NGC 6334I extracted toward the MM1 region are shown in black. The best-fit simulated spectra are overlaid in red and cyan for
vt=1 and vt=2, respectively. The best-fit parameters are Tex=142K, NT=1. 12×1017cm−2, and ΔV=2.72km s−1. The horizontal axes are the rest
frequency with respect to a radial velocity of −6.9km s−1. Only the 9 identified emission features are shown in this figure. Refer to Figure 4 for the other transitions
with detectable expected intensities.
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are a collection of four transitions. The observational results
of the clean emission features are summarized in Table 2,
while the detailed spectroscopic parameters of the pertaining
transitions are listed in Table 4. Note that the 281,789 MHz line
complex has a broader line width than the others, which may be
due to the presence of a weak blended emission feature located
near the wing of the 281,789 MHz feature, as will be discussed
in Section 3.2.

The excitation temperature (Tex) and the column density (NT)
are determined by fitting a single-excitation temperature model
to the observed data. The observed results of the clean emission
features are used to constrain the line width (ΔV ) and source
velocity (Vlsr), which are in good agreement among all
the clean features. Therefore, ΔV is fixed to the median of
the FWHM of the clean line complexes and Vlsr is fixed to the
median value. χ2

fitting is performed to statistically optimize
the model and determine Tex and NT. Rather than considering
all of the detectable emission features, the fitting procedures are
performed with the clean features only. The process is also
described in Xue et al. (2019; see Section3.3).

The ΔV is fixed to 2.72km s−1 and the Vlsr is fixed to
−6.90km s−1. A Tex of 142(25) K and an NT of 1.12(7)×
1017cm−2 minimize the χ2 value and best fit the observations.
The values of ΔV and Vlsr characterized here are consistent with
the values obtained from the spectrum of glycolaldehyde
emission, ΔV=3.2km s−1 and Vlsr=−7km s−1 (McGuire
et al. 2018). The NT and Tex also correlate fairly well with
El-Abd et al. (2019), who measure an NT of 1.24×1017cm−2

and a Tex of 135 K derived from the CH3COOH transitions in
the ground state toward the MM1 region. The uncertainties
quoted here are the standard deviations (1σ) of the best-fit
model, which include the fitting error derived from the inverse of
the Hessian matrix and the error propagation from the rms noise
of the observed spectra. We want to emphasize that the
uncertainties listed here might be underestimated, as we have
not incorporated the systematic uncertainties introduced by
continuum subtraction.

3.2. Spatial Distribution

We can only be confident in the spatial extent and
morphology for those spectral regions where the extracted

spectra fulfill the Snyder criteria. Thus, there remains the
possibility of a problem of spatial contamination toward other
regions of the same source, i.e., contamination from other
molecules may be present in the regions where the spectra are
not examined. Nonetheless, the chance of the maps being
contaminated by molecules with a similar spatial distribution
pattern is unlikely. If a similar morphology is displayed among
most of the transitions of a given molecule, odds are that it
represents the intrinsic spatial distribution of that molecule.
Therefore, the spatial distribution coherence can serve as an
additional criterion for securing the morphology determination
(Brouillet et al. 2015).
The continuum emission features at Bands 4, 6, and 7 have

different flux densities but display consistent morphology
toward MM1 and MM2. In this study, we use the continuum
emission map at 287 GHz from the Band 7 observations as
representative, which is shown in contours in Figure 2. All the
nine-peak intensity maps of vibrationally excited CH3COOH
within the Vlsr range of −3 to −9km s−1 are presented in
color. However, the right two maps in the bottom row are
discarded from the following analysis because of spatial
inconsistencies and possible contamination as described
below. The broad line width and relatively extended
distribution of the 281,789 MHz feature suggest the existence
of contamination, which might be attributed to the propanal
26(7, 19)–25(7, 18) transition at 281,787 MHz. The 282,044
MHz map is spatially contaminated by the emission of the
nearby line complex peaked at 282,039 MHz (assuming a Vlsr

at −6.8 km s−1), which is the superposition of S18O,
c-HCCCH and SO2 lines. Apart from the two contaminated
maps, the seven remaining peak intensity maps of vibration-
ally excited CH3COOH present a coherent distribution with
each other over a range of energy levels.
As is clear from the seven remaining maps, the emission

from CH3COOH is mainly distributed over both MM1
and MM2. The reported coordinates of MM1 and MM2
are (αJ2000= 17h20m53 412, δJ2000=−35°46′57 90) and
(αJ2000= 17h20m53 185, δJ2000=−35°46′59 34), respec-
tively. The source size of vibrationally excited CH3COOH,
estimated at half peak flux density, is resolved to be
∼2″×1 2 toward MM1 and ∼1″×0 4 toward MM2.

Table 2
Ensemble of Spectral Line Transitions of Vibrationally Excited CH3COOH

Emission Features vt Ipeak FWHM Vlsr P Factor D Factor Channel rms
(MHz) (mJy beam−1) (km s−1) (km s−1) (mJy beam−1)

130,306 1 6.605 3.33 −6.90 98.7 93.5 0.8
144,791 2 9.134 2.59 −6.96 99.3 58.1 0.8
144,975 2 11.697 2.72 −6.48 95.6 61.1 0.8
251,599 2 34.337 2.36 −6.95 99.4 90.7 4.0
266,285 1 26.868 2.27 −6.98 98.9 62.8 4.0
270,849 1 56.095 3.07 −7.10 98.6 68.4 4.0
281,447 1 45.838 2.00 −6.76 98.3 88.1 2.0
281,789a 1 58.785 4.05 −6.43 97.7 68.1 2.0
282,044b 1 65.64 2.91 −6.64 98.3 77.0 2.0

Notes.Observed and fitted parameters of the clean emission features pertaining to vibrationally excited CH3COOH (vt = 1 and vt = 2). The approximate frequencies
listed here are used to represent the emission features, of which accurate rest frequencies are presented in Table 4. FWHM and Vlsr were obtained by the Gaussian
fitting function. P and D Factors were calculated based on the observed spectra toward the MM1 region and the simulated spectra with a Tex of 142 K.
a The 281,789 MHz feature suffers from spatial contamination due to the weak blended emission feature at the line wing.
b The 282,044 MHz feature suffers from spatial contamination due to the adjacent line.
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Although its compact distribution is consistent with the
continuum emission on a larger scale, they do not exactly
coincide. There is an offset between the molecular emission
and 287 GHz continuum emission peaks with a closest distance
<0 36. We resolved three prominent CH3COOH emission

peaks throughout all the clean line complexes. The AcA1 and
AcA2 emission peaks, denoted by an open circle and triangle
markers in Figures 2 and 3, are within MM1, whereas the
AcA3 emission peak marked with an open square is located
toward MM2. The observed parameters, including the

Figure 2. The peak intensity maps over the velocity range of −3 to −9kms−1 of the clean lines of vibrationally excited CH3COOH overlaid with the 287 GHz
continuum emission in contours. The resolved quantum numbers represented by asterisks in the legends are listed in Table 4. The contour levels correspond to 46, 92,
184, 368, and 736 mJy beam−1. The images are smoothed with a uniform circular beam size of 0 26×0 26, as shown in the bottom left corner. The open circle,
triangle, and square markers denote the CH3COOH molecular emission peaks. The inconsistency seen in the morphology of the 281,789 MHz and 282,044 MHz maps
compared with the others suggest the two maps suffer from spatial contamination from other molecular emission.
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coordinates, intensity, and the distance between the molecular
and continuum emission, of all the CH3COOH emission
features are listed in Table 3. The individual CH3COOH

peak positions can vary by at most 0 3 from one transition
to another.

4. Discussion

The multiple hot cores revealed toward NGC 6334I
themselves exhibit complex structures and heterogeneous
temperature distributions (Brogan et al. 2016). Considering that
the compact CH3COOH emission is concentrated toward the
MM1 and MM2 regions, we will discuss below the locations
of the CH3COOH emission peaks with regard to the sub-
components of the two hot cores, MM1 and MM2.
Seven dust clumps were resolved toward the hot core MM1,

namely MM1A–G, with associated dust temperatures ranging
from 116 to 450 K (Brogan et al. 2016). As illustrated in
Figure 3, all the AcA1 emission peaks are associated with the
densest core MM1A, which has ~ ´ -n 7.2 10 cmH

9 3
2 . The

individual positions of the AcA1 peaks among different
rotational states are scattered in a region the size of a synthetic
beam. While the AcA2 emission peaks also show a dispersed
distribution, they lie between the MM1B and MM1D compact
components, which are the hottest dust sources of MM1 with
Tdust at 442 K for MM1B and 305 K for MM1D (Brogan et al.
2016). A distribution that lies in between cores is an atypical
phenomenon of LAMs. Another example of a molecule with
this kind of distribution is acetone ((CH3)2CO), which is
located between the hot cores and compact regions in Orion KL
(Peng et al. 2013). While the different peak positions versus Eu

may indicate additional unresolved structures that are smaller
than the beam, the complexity of the MM1 core makes the
explanation and generalization of the positions of the
CH3COOH emission peaks difficult.
In contrast, a core-halo structure was suggested for MM2,

within which the dust temperature of the core was estimated to
be ∼152K (Brogan et al. 2016). Different from AcA1 and
AcA2, which show dispersed distributions, the AcA3 peaks
toward the MM2 cluster into two groups depending on their
energy levels, which are separated by 0 3. In particular,
whereas the AcA3 emission peaks pertaining to the lower
excited states of CH3COOH are located toward the core region,
the higher-energy transitions peaks are located in the MM2
halo toward the southwest. This offset could be explained in
part by the dust opacity. We have noticed that there is deep
contaminating absorption from continuum emission at the high
frequency bands (i.e., Bands 6 and 7). With the absorption
toward the continuum peak becoming strong, the observable
molecular emission toward the continuum peak would
decrease, and consequently the molecular emission peaks
would deviate from the continuum peak. The effect of the
strong contaminating absorption from continuum emission on
our study is that the AcA3 emission peaks of the Band 6 and 7
transitions, with ν>250 GHz, would be offset from the
continuum peak, whereas the AcA3 peaks of the Band 4
transitions, where there is almost no continuum absorption, are
located toward the core region. Additional support for this
explanation is provided by the existence of another CH3COOH
emission peak located to the southeast of the AcA2 peaks and
close to the MM1C continuum core, which is only seen in the
three Band 4 images. The disappearance of the emission peak
from the higher frequency images could be explained well by
the dust opacity in a similar fashion to the case of the AcA3
position shift.

Figure 3. Peak emission positions for each of the seven spatially consistent
transitions and the associated continuum emission cores. The peak emission
positions close to AcA1, AcA2, and AcA3 are marked by circles, triangles, and
squares, respectively. The colors of the markers represent the upper state
energy of each transition. The error bars are the 5σ position uncertainties
estimated by Equation(1) in Reid et al. (1988). The dotted lines connect the
markers in ascending Eu. The ellipses mark the extent of the dust cores MM1A,
MM1B, MM1D and MM2A-core and -halo taken from Brogan et al. (2016).
Note that the 270,849 MHz map has two emission peaks close to the AcA1
position.
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Only a few studies have focused on spatially mapping
vibrationally excited molecules and comparing the morpholo-
gical differentiation of a molecule in different energy levels.
The HCOOCH3 observation toward Orion KL made with
ALMA indicated that the distributions of different vibrationally
excited HCOOCH3 states resemble each other with a
consistency of peak positions (Sakai et al. 2015). In contrast,
the work by Peng et al. (2017) with the same set of data showed
a trend of the displacements among the HC3N emission peaks.
The HC3N observation revealed that the emission peaks of its
vibrationally excited lines are displaced from the south of the
hot core region to the northeast as the Eu increases, which is
coincident with the major axis of the SiO outflow (Peng et al.
2017). Accordingly, the variation of the positions of the AcA3
peaks might also hint at an outflow structure proceeding in the
southwest direction within MM2. Indeed, based on the ALMA
CS 6–5 observation, Brogan et al. (2018) found a one-sided
blueshifted component from MM2 extending in the southwest
direction. However, there is also a northeast–southwest outflow
originating from MM1, and both the MM2 core and the one-
sided outflow from MM2 are projected onto the large-scale
blueshifted lobe of the MM1 outflow (Brogan et al. 2018).
Even though it is hard to constrain whether one, or both, of the
outflows is causing the shift of the AcA3 peaks, we cannot rule
out the role that Eu might play in the change in the AcA3
positions caused by outflows.

Although both of the mechanisms could account for the
change in the AcA3 peak positions, the one that invokes dust
opacity would lead to a correlation between positions and line
frequencies, while the one that invokes outflows would lead to a

correlation between positions and Eu. With the current data, we
are not able to constrain which one of the two is the dominant
mechanism that causes the peak-position variations due to the
limited number of clean lines and the coincidence that all the high
Eu lines happen to be found at high frequencies. Nonetheless, the
degeneracy could be resolved by imaging lines with low Eu and
high frequencies, or vice versa. Moreover, our analysis is limited
to the range of energy levels (154–324 K). Therefore, our data are
probably not sufficient to exactly determine the dependence of
peak positions on Eu. Future work touching on precisely locating
the emission region of more LAMs with a wider range of
excitation energy is necessary, which could advance our
knowledge to verify and understand this trend.

5. Summary

Based on ALMA observations of NGC 6334I, we have
identified and imaged the first and second vibrationally excited
states of CH3COOH for the first time in the interstellar
medium. More than 100 transitions attributed to vibrationally
excited CH3COOH contribute to the emission features in the
130–352 GHz spectra, although the majority of them are
blended. It appears that vibrationally excited states of the
detected interstellar molecules certainly account for a sig-
nificant number of unidentified lines in the observed spectra
toward hot core regions in molecular clouds.
The observed spectrum was well-fit with the single-

excitation temperature model of CH3COOH at the vt=1 and
vt=2 states. Through comparing the observed and modeled
spectra, six features were assigned to the vt=1 state while

Table 3
Vibrationally Excited CH3COOH Emission Peaks

Emission Features Peaks Coordinate Dista Intensity Markersb

(MHz) 17h20m −35°46′ (″) (Jy beam−1)

130,306 AcA1 53 395 57.870 0.21 0.0493 
AcA2 53 422 57.630 0.30 0.0405 
AcA3 53 190 59.340 0.06 0.0303 

144,791 AcA1 53 392 57.900 0.24 0.0628 
AcA2 53 431 57.690 0.31 0.0455 
AcA3 53 192 59.280 0.10 0.0371 

144,975 AcA1 53 395 57.900 0.21 0.0633 
AcA2 53 436 57.690 0.36 0.0490 
AcA3 53 190 59.310 0.07 0.0353 

251,599 AcA1 53 395 57.875 0.21 0.1374 
AcA2 53 428 57.775 0.23 0.1382 
AcA3 53 171 59.575 0.29 0.2974 

266,285 AcA1 53 391 58.000 0.27 0.1255 
AcA2 53 436 57.825 0.30 0.1452 
AcA3 53 169 59.550 0.29 0.2382 

270,849c AcA1 53 389 58.025 0.31 0.1545 
AcA1 53 393 57.675 0.32 0.1584 
AcA2 53 440 57.775 0.36 0.1513 
AcA3 53 167 59.575 0.32 0.2364 

281,447 AcA1 53 392 58.020 0.27 0.1298 
AcA2 53 429 57.840 0.22 0.0997 
AcA3 53 170 59.580 0.30 0.1490 

Notes.
a The distance to the nearest 287 GHz continuum emission peaks, αJ2000=17h20m53 412, δJ2000=−35°46′57 90 at MM1 and αJ2000=17h20m53 185,
δJ2000=−35°46′59 34 at MM2.
b The open circle, triangle, and square markers refer to the markers used in Figures 2 and 3.
c The 270,849 MHz image has two emission peaks close to the AcA1 position.
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three features were assigned to the vt=2 state. The best fit
yields an excitation temperature of 142(25) K and a resulting
column density of 1.12(7)×1017cm−2.

We further imaged the peak intensity images of the nine
features that suffer least from contamination by other species.
Through imaging multiple transitions, we eliminated spatial
contamination in our analysis of the distribution of vibration-
ally excited CH3COOH. Based on the intensity maps that show
consistent morphology, we found that the CH3COOH emis-
sions are compact and concentrated toward the MM1 and MM2
regions. There is a global overlap of the CH3COOH emission
with the continuum emission, but with a displacement between
the molecular emission peaks and the continuum emission
peaks. Three emission peaks of CH3COOH were resolved. The
AcA1 peaks are located toward the MM1A clump, and the
AcA2 peaks lie between the MM1B and MM1D cores, while
the AcA3 peaks are located toward the MM2 region. By
locating the CH3COOH emission from different values of Eu,
we found that there is not an obvious dependence of the
positions of the AcA1 and AcA2 peak on excited energy levels,
while the change of the AcA3 peak positions could be
explained either by the effect of dust opacity or outflows. Our
study does reveal the importance of the observation of a
sufficient number of uncontaminated lines, which prevent our
analysis from being biased by spatial contamination.
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Institute, which is operated by the Association of Universities
for Research in Astronomy, Inc., for NASA, under contract
NAS5-26555.
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Appendix A
Spectroscopic Parameters

The relevant spectroscopic data of the transitions corresp-
onding to the nine identified emission features are summarized
in Table 4, which are taken from Ilyushin et al. (2013).

Table 4
Relevant Transitions

Rest Frequency Quantum Number Eu -log A
10 s

ul
1

(MHz) (K)

130306.8457 vt=1 11(1, 10)–10(2, 9) A 154.261 −4.52
130306.8458 vt=1 11(2, 10)–10(2, 9) A ” −5.82
130306.8462 vt=1 11(1, 10)–10(1, 9) A ” −5.82
130306.8462 vt=1 11(2, 10)–10(1, 9) A ” −4.52
144791.7911 vt=2 13(0, 13)–12(1, 12) E 246.132 −4.41
144791.8037 vt=2 13(1, 13)–12(1, 12) E ” −5.19
144791.8596 vt=2 13(0, 13)–12(0, 12) E ” −5.19
144791.8722 vt=2 13(1, 13)–12(0,12) E ” −4.41
144975.0345 vt=2 13(0, 13)–12(1, 12) A 226.084 −4.48
144975.0422 vt=2 13(1, 13)–12(1, 12) A ” −4.82
144975.0594 vt=2 13(0, 13)–12(0, 12) A ” −4.82
144975.0672 vt=2 13(1, 13)–12(0, 12) A ” −4.48
251599.6383 vt=2 23(0, 23)–22(0, 22) A 323.807 −3.77
” vt=2 23(1, 23)–22(1, 22) A ” −3.77
” vt=2 23(0, 23)–22(1, 22) A ” −4.04
” vt=2 23(1, 23)–22(0, 22) A ” −4.04
266285.3833 vt=1 22(3, 19)–21(4, 18) A 274.159 −3.79
” vt=1 22(4, 19)–21(3, 18) A ” −3.79
” vt=1 22(3, 19)–21(3, 18) A ” −3.99
” vt=1 22(4, 19)–21(4, 18) A ” −3.99
270849.2061 vt=1 22(3, 19)–21(4, 18) E 270.833 −3.71
” vt=1 22(4, 19)–21(3, 18) E ” −3.71
” vt=1 22(3, 19)–21(3, 18) E ” −4.09
” vt=1 22(4, 19)–21(4, 18) E ” −4.09
281447.5805 vt=1 23(3, 20)–22(4, 19) E 284.341 −3.63
” vt=1 23(4, 20)–22(3, 19) E ” −3.63
” vt=1 23(3, 20)–22(3, 19) E ” −4.10
” vt=1 23(4, 20)–22(4, 19) E ” −4.10
281789.7257 vt=1 24(2, 22)–23(2, 21) E 287.659 −3.59
” vt=1 24(3, 22)–23(3, 21) E ” −3.59
” vt=1 24(2, 22)–23(3, 21) E ” −4.11
” vt=1 24(3, 22)–23(2, 21) E ” −4.11
282044.2002 vt=1 25(1, 24)–24(2, 23) E 289.904 −3.61
” vt=1 25(2, 24)–24(1, 23) E ” −3.61
” vt=1 25(1, 24)–24(1, 23) E ” −3.97
” vt=1 25(2, 24)–24(2, 23) E ” −3.97
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Appendix B
Detectable Emission Features

Figure 4 shows all the =v 1t and 2 CH3COOH transitions
with detectable intensities including those that are buried by

other strong emission features. There is not any missing line
and the fifth Snyder criterion, i.e. presence of the detectable
transitions, is fulfilled in this analysis.

Figure 4. Observed spectra of NGC 6334I extracted toward the MM1 region are plotted in black with the single-excitation temperature model spectra of vibrationally
excited CH3COOH in red for vt=1 and cyan for vt=2. Asterisk makers mark the clean spectral features, of which the blowups are shown in Figure 1. The best-fit
parameters are Tex=142K, NT=1. 12×1017cm−2, and ΔV=2.72km s−1. The horizontal axes are the rest frequency with respect to a radial velocity of
−6.9km s−1.

9

The Astrophysical Journal, 882:118 (11pp), 2019 September 10 Xue et al.



ORCID iDs

Ci Xue https://orcid.org/0000-0003-2760-2119
Anthony J. Remijan https://orcid.org/0000-0001-9479-9287
Crystal L. Brogan https://orcid.org/0000-0002-6558-7653
Todd R. Hunter https://orcid.org/0000-0001-6492-0090
Eric Herbst https://orcid.org/0000-0002-4649-2536
Brett A. McGuire https://orcid.org/0000-0003-1254-4817

References

Beuther, H., Walsh, A. J., Thorwirth, S., et al. 2008, A&A, 481, 169
Bøgelund, E. G., McGuire, B. A., Ligterink, N. F. W., et al. 2018, A&A,

615, A88
Brogan, C. L., Hunter, T. R., Cyganowski, C. J., et al. 2016, ApJ, 832, 187
Brogan, C. L., Hunter, T. R., Cyganowski, C. J., et al. 2018, ApJ, 866, 87
Brouillet, N., Despois, D., Lu, X. H., et al. 2015, A&A, 576, A129
Cazaux, S., Tielens, A. G. G. M., Ceccarelli, C., et al. 2003, ApJL, 593, L51

Figure 4. (Continued.)

10

The Astrophysical Journal, 882:118 (11pp), 2019 September 10 Xue et al.

https://orcid.org/0000-0003-2760-2119
https://orcid.org/0000-0003-2760-2119
https://orcid.org/0000-0003-2760-2119
https://orcid.org/0000-0003-2760-2119
https://orcid.org/0000-0003-2760-2119
https://orcid.org/0000-0003-2760-2119
https://orcid.org/0000-0003-2760-2119
https://orcid.org/0000-0003-2760-2119
https://orcid.org/0000-0001-9479-9287
https://orcid.org/0000-0001-9479-9287
https://orcid.org/0000-0001-9479-9287
https://orcid.org/0000-0001-9479-9287
https://orcid.org/0000-0001-9479-9287
https://orcid.org/0000-0001-9479-9287
https://orcid.org/0000-0001-9479-9287
https://orcid.org/0000-0001-9479-9287
https://orcid.org/0000-0002-6558-7653
https://orcid.org/0000-0002-6558-7653
https://orcid.org/0000-0002-6558-7653
https://orcid.org/0000-0002-6558-7653
https://orcid.org/0000-0002-6558-7653
https://orcid.org/0000-0002-6558-7653
https://orcid.org/0000-0002-6558-7653
https://orcid.org/0000-0002-6558-7653
https://orcid.org/0000-0001-6492-0090
https://orcid.org/0000-0001-6492-0090
https://orcid.org/0000-0001-6492-0090
https://orcid.org/0000-0001-6492-0090
https://orcid.org/0000-0001-6492-0090
https://orcid.org/0000-0001-6492-0090
https://orcid.org/0000-0001-6492-0090
https://orcid.org/0000-0001-6492-0090
https://orcid.org/0000-0002-4649-2536
https://orcid.org/0000-0002-4649-2536
https://orcid.org/0000-0002-4649-2536
https://orcid.org/0000-0002-4649-2536
https://orcid.org/0000-0002-4649-2536
https://orcid.org/0000-0002-4649-2536
https://orcid.org/0000-0002-4649-2536
https://orcid.org/0000-0002-4649-2536
https://orcid.org/0000-0003-1254-4817
https://orcid.org/0000-0003-1254-4817
https://orcid.org/0000-0003-1254-4817
https://orcid.org/0000-0003-1254-4817
https://orcid.org/0000-0003-1254-4817
https://orcid.org/0000-0003-1254-4817
https://orcid.org/0000-0003-1254-4817
https://orcid.org/0000-0003-1254-4817
https://doi.org/10.1051/0004-6361:20079014
https://ui.adsabs.harvard.edu/abs/2008A&A...481..169B/abstract
https://doi.org/10.1051/0004-6361/201832757
https://ui.adsabs.harvard.edu/abs/2018A&A...615A..88B/abstract
https://ui.adsabs.harvard.edu/abs/2018A&A...615A..88B/abstract
https://doi.org/10.3847/0004-637X/832/2/187
https://ui.adsabs.harvard.edu/abs/2016ApJ...832..187B/abstract
https://doi.org/10.3847/1538-4357/aae151
https://ui.adsabs.harvard.edu/abs/2018ApJ...866...87B/abstract
https://doi.org/10.1051/0004-6361/201424588
https://ui.adsabs.harvard.edu/abs/2015A&A...576A.129B/abstract
https://doi.org/10.1086/378038
https://ui.adsabs.harvard.edu/abs/2003ApJ...593L..51C/abstract


Daly, A. M., Bermúdez, C., López, A., et al. 2013, ApJ, 768, 81
El-Abd, S. J., Brogan, C. L., Hunter, T. R., et al. 2019, ApJ, submitted
Faure, A., Remijan, A. J., Szalewicz, K., & Wiesenfeld, L. 2014, ApJ, 783, 72
Hunter, T. R., Brogan, C. L., MacLeod, G., et al. 2017, ApJL, 837, L29
Hunter, T. R., Brogan, C. L., Megeath, S. T., et al. 2006, ApJ, 649, 888
Ilyushin, V. V., Alekseev, E. A., Dyubko, S. F., et al. 2001, JMoSp, 205, 286
Ilyushin, V. V., Alekseev, E. A., Dyubko, S. F., & Kleiner, I. 2003, JMoSp,

220, 170
Ilyushin, V. V., Endres, C. P., Lewen, F., Schlemmer, S., & Drouin, B. J. 2013,

JMoSp, 290, 31
López, A., Tercero, B., Kisiel, Z., et al. 2014, A&A, 572, A44
McCutcheon, W. H., Sandell, G., Matthews, H. E., et al. 2000, MNRAS,

316, 152
McGuire, B. A. 2018, ApJS, 239, 17
McGuire, B. A., Brogan, C. L., Hunter, T. R., et al. 2018, ApJL, 863, L35
McGuire, B. A., Shingledecker, C. N., Willis, E. R., et al. 2017, ApJL,

851, L46
McMullin, J. P., Waters, B., Schiebel, D., Young, W., & Golap, K. 2007, in

ASP Conf. Proc. 376, Astronomical Data Analysis Software and Systems
XVI, ed. R. A. Shaw, F. Hill, & D. J. Bell (San Francisco, CA: ASP), 127

Mehringer, D. M., Snyder, L. E., Miao, Y., & Lovas, F. J. 1997, ApJL,
480, L71

Müller, H. S. P., Walters, A., Wehres, N., et al. 2016, A&A, 595, A87
Peng, T. C., Despois, D., Brouillet, N., et al. 2013, A&A, 554, A78
Peng, Y., Qin, S.-L., Schilke, P., et al. 2017, ApJ, 837, 49
Reid, M. J., Menten, K. M., Brunthaler, A., et al. 2014, ApJ, 783, 130
Reid, M. J., Schneps, M. H., Moran, J. M., et al. 1988, ApJ, 330, 809
Remijan, A., Snyder, L. E., Friedel, D. N., Liu, S. Y., & Shah, R. Y. 2003, ApJ,

590, 314
Remijan, A., Snyder, L. E., Liu, S. Y., Mehringer, D., & Kuan, Y. J. 2002,

ApJ, 576, 264
Sakai, Y., Kobayashi, K., & Hirota, T. 2015, ApJ, 803, 97
Schilke, P., Comito, C., Thorwirth, S., et al. 2006, A&A, 454, L41
Shiao, Y. S. J., Looney, L. W., Remijan, A. J., Snyder, L. E., & Friedel, D. N.

2010, ApJ, 716, 286
Snyder, L. E., Lovas, F. J., Hollis, J. M., et al. 2005, ApJ, 619, 914
Turner, B. E. 1991, ApJS, 76, 617
Xue, C., Remijan, A. J., Burkhardt, A. M., & Herbst, E. 2019, ApJ,

871, 112
Zernickel, A., Schilke, P., Schmiedeke, A., et al. 2012, A&A, 546, A87

11

The Astrophysical Journal, 882:118 (11pp), 2019 September 10 Xue et al.

https://doi.org/10.1088/0004-637X/768/1/81
https://ui.adsabs.harvard.edu/abs/2013ApJ...768...81D/abstract
https://doi.org/10.1088/0004-637X/783/2/72
https://ui.adsabs.harvard.edu/abs/2014ApJ...783...72F/abstract
https://doi.org/10.3847/2041-8213/aa5d0e
https://ui.adsabs.harvard.edu/abs/2017ApJ...837L..29H/abstract
https://doi.org/10.1086/505965
https://ui.adsabs.harvard.edu/abs/2006ApJ...649..888H/abstract
https://doi.org/10.1006/jmsp.2000.8270
https://ui.adsabs.harvard.edu/abs/2001JMoSp.205..286I/abstract
https://doi.org/10.1016/S0022-2852(03)00073-0
https://ui.adsabs.harvard.edu/abs/2003JMoSp.220..170I/abstract
https://ui.adsabs.harvard.edu/abs/2003JMoSp.220..170I/abstract
https://doi.org/10.1016/j.jms.2013.06.005
https://ui.adsabs.harvard.edu/abs/2013JMoSp.290...31I/abstract
https://doi.org/10.1051/0004-6361/201423622
https://ui.adsabs.harvard.edu/abs/2014A&A...572A..44L/abstract
https://doi.org/10.1046/j.1365-8711.2000.03487.x
https://ui.adsabs.harvard.edu/abs/2000MNRAS.316..152M/abstract
https://ui.adsabs.harvard.edu/abs/2000MNRAS.316..152M/abstract
https://doi.org/10.3847/1538-4365/aae5d2
https://ui.adsabs.harvard.edu/abs/2018ApJS..239...17M/abstract
https://doi.org/10.3847/2041-8213/aad7bb
https://ui.adsabs.harvard.edu/abs/2018ApJ...863L..35M/abstract
https://doi.org/10.3847/2041-8213/aaa0c3
https://ui.adsabs.harvard.edu/abs/2017ApJ...851L..46M/abstract
https://ui.adsabs.harvard.edu/abs/2017ApJ...851L..46M/abstract
https://ui.adsabs.harvard.edu/abs/2007ASPC..376..127M/abstract
https://doi.org/10.1086/310612
https://ui.adsabs.harvard.edu/abs/1997ApJ...480L..71M/abstract
https://ui.adsabs.harvard.edu/abs/1997ApJ...480L..71M/abstract
https://doi.org/10.1051/0004-6361/201629309
https://ui.adsabs.harvard.edu/abs/2016A&A...595A..87M/abstract
https://doi.org/10.1051/0004-6361/201220891
https://ui.adsabs.harvard.edu/abs/2013A&A...554A..78P/abstract
https://doi.org/10.3847/1538-4357/aa5c81
https://ui.adsabs.harvard.edu/abs/2017ApJ...837...49P/abstract
https://doi.org/10.1088/0004-637X/783/2/130
https://ui.adsabs.harvard.edu/abs/2014ApJ...783..130R/abstract
https://doi.org/10.1086/166514
https://ui.adsabs.harvard.edu/abs/1988ApJ...330..809R/abstract
https://doi.org/10.1086/374890
https://ui.adsabs.harvard.edu/abs/2003ApJ...590..314R/abstract
https://ui.adsabs.harvard.edu/abs/2003ApJ...590..314R/abstract
https://doi.org/10.1086/341627
https://ui.adsabs.harvard.edu/abs/2002ApJ...576..264R/abstract
https://doi.org/10.1088/0004-637X/803/2/97
https://ui.adsabs.harvard.edu/abs/2015ApJ...803...97S/abstract
https://doi.org/10.1051/0004-6361:20065398
https://ui.adsabs.harvard.edu/abs/2006A&A...454L..41S/abstract
https://doi.org/10.1088/0004-637X/716/1/286
https://ui.adsabs.harvard.edu/abs/2010ApJ...716..286S/abstract
https://doi.org/10.1086/426677
https://ui.adsabs.harvard.edu/abs/2005ApJ...619..914S/abstract
https://doi.org/10.1086/191577
https://ui.adsabs.harvard.edu/abs/1991ApJS...76..617T/abstract
https://doi.org/10.3847/1538-4357/aaf738
https://ui.adsabs.harvard.edu/abs/2019ApJ...871..112X/abstract
https://ui.adsabs.harvard.edu/abs/2019ApJ...871..112X/abstract
https://doi.org/10.1051/0004-6361/201219803
https://ui.adsabs.harvard.edu/abs/2012A&A...546A..87Z/abstract

	1. Introduction
	2. Observations
	3. Analysis and Results
	3.1. Line Identification
	3.2. Spatial Distribution

	4. Discussion
	5. Summary
	Appendix ASpectroscopic Parameters
	Appendix BDetectable Emission Features
	References



