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Abstract

We present high spatial resolution ALMA observations of vibrational transitions of HC3;N toward Orion KL in the
214-247 GHz frequency band. 41 transitions of HC3N in 7 vibrationally excited states, and 23 transitions of '*C
isotopologues of HC3N in 2 vibrational states are detected. The line images show that vibrationally excited HC3N
lines originate mainly from the hot core of Orion and IRc7. The images of HC3N vibrationally excited lines show
that the line emission peaks associated with the hot core move from south to northeast as E, increases. Based on
multiple transitions of each vibrationally excited state, we performed local thermodynamic equilibrium calculations
in the XCLASS suite toward the hot core and IRc7 positions. Generally, transitions in highly excited states have
higher rotational temperatures and lower column densities. The rotational temperatures and column densities of the
hot core range from 93 to 321 K, and from 1.0 x 10" to 4.9 x 10'® cm 2, respectively. Lower rotational
temperatures ranging from 88 to 186 K and column densities from 1.0 x 10 to 3.2 x 10'® cm ™2 are obtained
toward IRc7. The facts that the hot core emission peaks of vibrationally excited HC;N lines move from south to
northeast with increasing Ey, and that higher-energy HC;N lines have higher rotational temperatures and lower
column densities, appear to support that the hot core is externally heated. The emission peaks are moving along the
major axis of the SiO outflow, which may indicate that higher-energy HC;N transitions are excited by interaction
between pre-existing dense medium and shocks generated by SiO outflows.
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1. Introduction

The Orion Kleinmann-Low (hereafter, Orion KL) nebula is
the closest (414 £ 7 pc) site of massive star formation
(Menten et al. 2007). It is an atypical region in the Orion
Molecular Cloud 1 (hereafter, OMC-1; Wynn-Williams
et al. 1984), containing a number of luminous embedded
infrared sources. The known infrared sources are discussed in
Shuping et al. (2004). Among them, IRc2 and IRc7 are very
compact infrared sources (Gezari et al. 1992), with IRc7
thought to contain an embedded young stellar object (YSO;
Simpson et al. 2006). IRc2 is not self-luminous, but is
illuminated and heated by the embedded luminous YSO
located at Source I (Okumura et al. 2011). In the region, a
radio continuum source named Radio Source I is coincident
with the centroid of a group of SiO masers first reported by
Menten & Reid (1995), and is likely the driving source of a
thermal SiO outflow (Zapata et al. 2012). Observations of
continuum and molecular lines at millimeter and submill-
meter wavelengths have spatially resolved Orion KL into
several components (e.g., Blake et al. 1987), namely: hot
core, compact ridge, extended ridge, and plateau. Different
physics, kinematics, and chemistry have been revealed

Tercero et al. 2010; Neill et al. 2013; Crockett et al. 2014).
The hot core is a hot (T, = 150 K) and dense (=107 cm*3)
gas clump located ~1” southeast of Source I, with a velocity
visg of 4~6 kms™' and line width Av of 7-12kms™' (e.g.,
Schilke et al. 1997; Wilson et al. 2000; Crockett et al. 2014).
It has a non-uniform temperature distribution (Crockett et al.
2014). The Compact Ridge is another important component
in Orion KL, with a lower density (~106 cm73) and
temperature (~80-280 K) compared to the hot core (e.g.,
Beuther et al. 2005; Persson et al. 2007; Wang et al. 2010;
Favre et al. 2011). Orion KL is also one of the most
molecular line-rich star-forming regions (Blake et al. 1987,
1996; Schilke et al. 1997, 2001; Persson et al. 2007; Tercero
et al. 2010). Previous single-dish and interferometric
observations suggested that nitrogen-bearing complex mole-
cules (e.g., CH3CN, C,H3;CN and C,HsCN) are more
abundant in the hot core, whereas oxygen-bearing molecules
mainly dominate the chemistry of the compact ridge (e.g.,
Blake et al. 1987; Wright et al. 1996; Liu et al. 2002; Beuther
et al. 2005). Recently, higher spatial resolution observations
showed that nitrogen-bearing species (e.g., C,HsCN,
C,H;CN, and CH;CN) have their emission extended toward
IRc7, and are not only associated with the hot core (e.g.,
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Blake et al. 1996; Friedel & Snyder 2008; Wang et al. 2010;
Widicus Weaver & Friedel 2012; Feng et al. 2015). Note that
another gas component located north of the hot core
(hereafter, HC-north) was also detected by C,HsCN,
C,H;CN, and CH;CN transitions.

Chemical models suggest that rich molecular lines may
originate from grain-surface reactions as hot cores warm up
(Garrod et al. 2008). Orion’s hot core is a molecular line-rich
object, but the heating source is not clear yet. In this sense,
cyanoacetylene (HC5N) is a very suitable molecule to probe
the physical conditions and kinematics in hot cores, because it
has widely been detected in high-mass star-forming regions
(e.g., Belloche et al. 2013; Sanchez-Monge et al. 2013, 2014)
and can be excited, not only in the ground state, but also in
several vibrationally excited states (Thorwirth et al. 2000). In
Orion KL, a few transitions of the vibrationally excited HC3N
in v; =1, v; =2 and vg = 1 were detected with single-dish
telescopes (e.g., Clark et al. 1976; Goldsmith et al. 1982,
1983, 1985). However, the low spatial resolution observations
can not provide accurate information on the spatial distribu-
tion of HC3N vy = 1, v; = 2 and v¢ = 1. Currently available
interferometric observations showed that the emission peak of
HC;3N v = 1is near the hot core continuum peak (Blake et al.
1996; de Vicente et al. 2002; Feng et al. 2015). However, in
order to investigate the physical conditions and heating
mechanism in Orion KL, a larger number of highly excited
HC;N lines are required.

In this paper, we present a multi-transition study of
vibrationally excited HC3;N states observed with ALMA in
band 6, achieving a higher spatial resolution, better sensitivity,
and improved image fidelity compared to previous studies. The
paper is organized as follows. In Section 2, we present the
observations. The results and data analyses are presented in
Section 3. A general discussion is in Section 4. We summarize
the results in Section 5.

2. Observations
2.1. ALMA observations

We used data from the ALMA science verification (SV)
program.” The observations were carried with 16 x 12m
antennas in 2012 January. The phase center of the obser-
vations is R.A.(J2000) = 05"35™14535 and decl.(J2000) =
—05°22/35”00. The baseline lengths range from 17 to 265 m.
A total of 20 spectral windows covering the frequency range
from 214 to 247 GHz were used. Each spectral window has a
frequency width of 1.875 GHz, and consists of 3840 channels
with a uniform spectral resolution of 0.448 MHz
(~0.7kms™"). The primary beam size of each 12 m antenna
is about 30”. Callisto and the quasar J0607-085 were used for
the flux and phase calibration, respectively.

The calibrated UV data were exported to Miriad format, and
images were made using the Miriad software package (Sault
et al. 1995). The CLEAN algorithm with natural weighting was
used for deconvolution. The continuum map was constructed
from line-free channels extracted in the spectral window 14, as
shown in Figure 1. The synthesized beam size and the rms noise
level for the continuum are 1792 x 1741 (P.A. = —14°4) and
0.01 Jy beam ™', respectively. The 1 Jy beam ™' corresponds to a
main beam brightness temperature of ~9 K. A two-dimensional

° The data are available to the public and can be accessed from the ALMA-

SV website at https://almascience.nrao.edu/alma-data/science-verification.
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Figure 1. Continuum image at 224 GHz. The synthesized beam is shown in the
bottom right corner. The contour levels are (—4, 4, 8, 12, 16, 20, 30, 40, 50, 60,
70, 90, 110, 130) x 0.01 Jy beam™'. The positions of hot core, HC-North,
compact ridge, MM4, Source I, IRn, IRc2, IRc6, and IRc7 are denoted with
cross symbols.

Gaussian fitting was made to the continuum image. The peak
intensity and total integrated flux of the continuum emission are
131 £ 0.10 Jy beam ' and 5.08 + 0.37 Jy, respectively. The
synthesized beam size with natural weighting and rms noise
level of the spectral images are approximately 1782 x 1744
(P.A. = —4°6) and 0.03 Jy beam " per channel. In Figure 1, we
indicate the position of different objects, namely: the hot core,
the hot core north component (hereafter HC-North), the compact
ridge, and the millimeter continuum source MM4 (Wu
et al. 2014), along with the known infrared sources IRn, IRc2,
IRc6, and IRc7 (Shuping et al. 2004), and radio Source I
(Churchwell et al. 1987).

2.2. Single-dish Observations with the IRAM 30 m Telescope

IRAM 30 m single-dish observations of the Orion KL region
were carried out on 2012 November 30 (PI: S. Feng, Feng et al.
2015). The observations cover frequencies 213.370-221.150 GHz
(lower sideband) and 229.051-236.831 GHz (upper sideband),
with velocity resolution of ~ 0.255kms . The beam size is
~ 1173 in the upper sideband and ~ 11”8 in the lower sideband.
The forward efficiency and main beam efficiency are 92% and
58%, respectively. The observations and data reduction are
described in detail by Feng et al. (2015).

Single-dish observations trace the large-scale structure,
whereas interferometric observations will filter out diffuse
gas component and concentrate on compact part of the cloud.
The IRAM 30m single-dish observations were used to
complement the short spacing information of ALMA HC;N
observations. The IRAM 30 m single-dish data were first
converted to Miriad format, and then combined with the
ALMA data using the task MOSMEM. To compare with
ALMA data, we convolve images to have same beam size as
that of the ALMA data.
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3. Results And Analysis
3.1. Line Identification and LTE Calculation

We identify spectral line transitions and model the data using
the eXtended CASA Line Analysis Software Suite (XCLASS;
Moller et al. 2015), which accesses the Cologne Database for
Molecular Spectroscopy (CDMS; Miiller et al. 2001, 2005;
http: //cdms.de) and Jet Propulsion Laboratory (JPL; Pickett
et al. 1998; http://spec.jpl.nasa.gov) molecular databases.
Under the assumption of local thermodynamical equilibrium
(LTE), XCLASS takes the beam dilution, the line opacity, and
line blending into account (Moller et al. 2015), the expected
intensities are related to the upper-level energies and the line
strength Syi? of the transitions. The main modeling parameters
of XCLASS for each molecule are the source size, the
rotational temperature, the column density, the line full width
at half maximum, and the velocity offset with respect to the
systemic velocity of the object. The source sizes are obtained
by two-dimension Gaussian fits to the line images. The velocity
offsets and line widths are derived from Gaussian fits to the
spectra. The above parameters are used as initial guesses, and
then MAGIX (Modeling and Analysis Generic Interface for
eXternal numerical codes; Moller et al. 2013) is used to
optimize the fit and find the best solution. Different
optimization algorithms can be used within MAGIX to explore
the parameter space and minimize the x? distribution space
(Moller et al. 2013). Therefore, the combined usage of
XCLASS and MAGIX provides the best fit to the data.

To identify lines, we set the following constraints (Snyder
et al. 2005; Brouillet et al. 2015): the rest frequency must be
reliable; all detected transitions for a given species must have
similar LSR velocity of the source; the transitions at different
frequency have different beam dilution effects; for a specific
species, transitions having similar excitation condition should
have similar spatial distributions and intensities. We have
identified about 77 lines of HC3N and its '*C isotopologues in
ground and vibrationally excited states over the full ALMA
band 6. In this work, all lines below the 3o level are ignored.
Moreover, we excluded those HC;N transitions that are
clearly affected by blending with other molecules, along with
weak HC;N transitions that are too faint to have been detected
unambiguously. HC;N and its '*C isotopologues in each
excited state are fitted independently. In Figure 2, we show
the model spectra (red curve) overlaid on the observed spectra
using ALMA data alone (black curve) and using combined
data (green dashed curve: ALMA+IRAM), toward the hot
core, HC-North and IRc7 positions. One can see that each of
unblended lines of '>C and '°N isotopologues of HC3N and
each of HC;N lines in vibrational states, has almost same
spectral profile and peak intensity in the two data sets (ALMA
and ALMA-+IRAM). Although two transitions of HC3;N
v = Oare observed with both ALMA and IRAM, the peak
intensities of the combined data are much higher than those of
the ALMA data alone (see Figure 2). Thus, one can safely use
higher-energy transitions and isotopologues of HC;N from
the ALMA data alone for data modeling. The derived
parameters from three positions, including line width Awv,
rotational temperature T;, and total column density Ny are
listed in Table 1. In each state, all transitions have similar
optical depths (1), we list the mean optical depth in Table 1.
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3.1.1. HC5N and Its "3C Isotopologues in the Ground State

Four transitions of HC;N v = 0 are detected toward the three
positions (hot core, HC-North, and IRc7) in our observations.
All of them showed complicated line profiles that may be
caused by large optical depths or complex kinematics. The '*C
and "N isotopologues of HC;N in the ground state are detected
toward the three positions. Twelve, thirteen, and twelve
transitions of '>C isotopologues, including HC'’CCN,
HCC13CN, and H'3CCCN are detected toward the hot core,
HC-North, and IRc7, respectively. Three transitions of
HCCC'"N are detected toward the three positions. Table 3
summarizes the observations of '*C and >N isotopologues of
HC;N v = 0. The line parameters in this table are derived from
Gaussian fits to the lines. From left to right in Table 3, the
parameters are the molecular name, rest frequency, quantum
numbers, the line strength Su?, and the upper level energies E,
of each line. The LSR velocity, full width at half-maximum,
and peak intensity from each position derived from the
Gaussian fits are listed in columns 6 to 14. The last column
lists the 1o channel rms noise level of each line.

HC'"*CCN v = 0 with E, in the range 130165 K are well-
fitted with a rotational temperature of 93 + 10 K and a column
density of (6.0 £ 2.0) x 10 em ™2 for the hot core,
90 + 11 K and (5.04+2.0) x 10'* cm™? for HC-North, and
88 + 19 K and (2.0 & 1.0) x 10'* cm™? for IRc7. We used
these temperatures to model HCCCN, H'CCCN, and
HCCC'>N. The resulting column densities of three '*C
isotoipologues of HC3N are all 6 x 10" ecm™2 5 x 10"
cm 2 and 2 x 10" cm™2 toward the hot core, HC-North, and
IRc7, respectively (see Table 1). The column density of the 5N
isotopologue is ~1 x 10'* cm™* at the three positions (see
Table 1).

3.1.2. HC;N and Its ' C Isotopologues in Vibrationally Excited States

The transitions of HC3N in the bending vibrationally excited
states (v; = 1, v; =2, v = 3, v¢ = 1, and vs = 1) spanning a
broad range of upper-level energies (452-1111 K) are detected
toward the three positions. The stretching vibrational states
vy = 1, vy = v7 = 1) of HC5N with upper-level energies in the
range of 1376-1749 K are also detected, but are rather weaker
compared to the bending, vibrationally excited states. Some
13C isotopologues of HC3N, including H'>*CCCN, HC'*CCN,
and HCC'®CN in their v; = 1 and v; = 2 vibrationally excited
states are detected. Most of these weak transitions are blended
with other lines. Table 4 summarizes the parameters of
vibrationally excited HC;N transitions. The fitted rotational
temperature and column density of each vibrational state are
discussed below.

HC;N v; = 1. Eight transitions of v; =1 with E, of
452-486 K are detected at each position. The best fit
parameters are Tpoq = 184 £ 13 K and Ny = (3.8 £ 1.9) x
10cm™2  toward the hot core, 168 7K and
(2.0 £ 0.7) x 10'"®cm 2 toward HC-North, and 148 + 15 K
and (2.5 &+ 0.7) x 10'® cm~? toward IRc7. In this state, there
are 8, 14, and 5 unblended lines of B¢ isotopologues in the hot
core, HC-North, and IRc7, respectively. The temperatures of
13C isotopologues in this state are assumed to be the same as
those of the main species. Toward the hot core, the column
densities of H'>CCCN and HCC'*CN are estimated to be
(7+2) x 10" and (7+1) x 10" cm 2 respectively.
Toward HC-North, the column densities of H13CCCN,
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Figure 2. Sample spectra of HC3N and its '>C isotopologues in ground state and vibrational states detected in the Orion KL from 217 to 219 GHz. Each panel consists
of three plots: the top, middle, and bottom plots show the spectra from the hot core, HC-North, and IRc7, respectively. The frequency scale is in terms of rest
frequency. The black curve is the observed spectra, and red curve indicates the simulated spectra. The green dashed curve indicates the observed spectra from the
combined ALMA and IRAM 30 m data.

(The complete figure set (20 images) is available.)

HC'"CCN, and HCC'*CN are about (4 + 1) x 10" cm™=.
Toward IRc7, the column density of HCC"CN is
5+1) x 10" cm™2

HC3N vy = 2: Apart from v; = 2 in the J = 24-23,] = 2f
state, which is blended with HNCO v = 0, eight isolated lines
with E, ranging from 773 to 799 K are identified toward each

position. The LTE fitting gives T;or = 198 £ 8 K and
Np = (4.9 + 2.8) x 106 cm 7 for the hot core, 180 + 11 K
and (3.9 + 1.8) x 10'® cm™* for HC-North, and 157 4+ 16 K
and (3.2 &+ 1.8) x 10'® cm ™ for IRc7. In this state, there are
eight, nine, and six unblended lines of '*C isotopologues in the
hot core, HC-North, and IRc7, respectively. We use the same



Table 1
Model Fitting Results of HC;N in Ground and Vibrational States

State Hot Core HC-North IRc7

Av Trot N T T Av Trot N T T Av Trot N T T

(km s~ K) (10" cm~2) (km s~ K) (10" cm~2) (km s~ K) (10" cm~2)

HC3N v; =1 9.3 184 £ 13 38+ 1.6 0.5 6.3 168 +£ 7 2.0+ 0.7 0.2 7.5 148 £ 15 254+07 0.5
HC3;N v, =2 9.1 198 £ 8 49+23 0.2 6.1 180 £+ 11 39+ 1.8 0.3 7.0 157 £ 16 324+1.8 0.09
HC3;N v; =3 8.0 237 £ 10 29 +0.7 0.03 5.0 214 £ 12 21+12 0.03 4.0 186 £+ 14 0.7+ 04 0.009
HC3N v = 1 9.0 209 + 14 39422 0.1 5.0 199 + 19 36+19 0.017 6.0 176 £ 9 1.4+ 0.8 0.06
HC3N vs = 1 8.0 237 £ 12 294+0.38 0.03 5.0 214 £ 16 2.1 +£09 0.03
HC;N v, =1 52 321 £ 78 09 +0.5 0.007 32 300 £ 108 0.6 +0.3 0.003
H'*CCCN v =0 9.0 93 £ 10 0.06 + 0.02 0.17 5.0 90 + 11 0.05 + 0.01 0.2 52 88 £ 19 0.020 + 0.008 0.08
HC"CCNv =0 9.0 93 £ 10 0.06 + 0.01 0.17 5.0 90 + 11 0.05 + 0.01 0.2 5.2 88 £ 19 0.020 + 0.006 0.08
HCC*CNv =0 9.0 93 £ 10 0.06 + 0.01 0.17 5.0 90 + 11 0.05 + 0.01 0.2 52 88 £ 19 0.020 + 0.006 0.08
HCCC*N v =0 6.2 93 £ 10 0.010 £ 0.004 0.5 4.0 90 £+ 11 0.010 + 0.003 0.2 5.1 88 £ 19 0.010 £ 0.003 0.5
H'*CCCN v; = 1 9.0 184 £ 13 0.07 + 0.02 0.01 4.0 168 £ 7 0.04 + 0.01 0.03
HC*CCN v, = 1 4.0 168 + 7 0.04 + 0.01 0.03
HCC"CN v; = 1 9.0 184 £ 13 0.07 + 0.01 0.01 4.0 168 +£ 7 0.040 + 0.006 0.03 4.5 148 £ 15 0.05 £ 0.01 0.01
H'*CCCN v, =2 6.0 198 + 8 0.09 + 0.03 0.004 4.0 180 £+ 11 0.07 £ 0.01 0.003
HC'"*CCN v; =2 6.0 198 £ 8 0.09 + 0.01 0.004 4.0 180 £ 11 0.07 £ 0.01 0.003 3.0 157 £ 16 0.07 £ 0.01 0.007
HCC'"CN v; =2 6.0 198 + 8 0.09 + 0.01 0.004 4.0 180 £+ 11 0.07 + 0.01 0.003

[ YoelN 2102 “(dd9T) 6p:L£8 “TVNINO[ TVOISAHIOULSY HH,

‘Te 12 Suaq
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Table 2
13C Isotopologue Ratios

Ratio Hot Core HC-North IRc7
HC3N v; = 1/H"CCCN v, = 1

HC;N v; = 1/HC'CCN v; = 1 54 + 25 50 + 20 50 + 17
HC;3N v; = 1/HCCCN v; = 1

HC;N v; = 2/H'*CCCN v; = 2

HC;N v; = 2/HC®CCN vy = 2 54 + 28 56 + 27 46 + 26

HC;N v; = 2/HCC®CN vy = 2

rotational temperature as those of the main species for the
isotopologues to measure column densities of about
(9 + 1) x 10" cm 2. Toward HC-North, the column densities
are (7 + 1) x 10" cm 2. Toward IRc7, the column density of
HC'3CCN is estimated to be (7 £ 1) x 10" cm™2.

HC3N v; = 3: Five unblended HC3sN v; = 3 lines are de-
tected toward the hot core and HC-North. The derived
parameters are T =237 £ 10 K, Npr= (29 +0.7) x
10'® cm ™2 for the hot core, and 214 + 12 K, (2.1 + 1.2) x
10'® cm 2 for HC-North. We note that the column density for
HC-North is not much lower than that of the hot core. As for
IRc7, Thoy = 186 + 14 K and Ny = (7 £ 4) x 105 cm 2 are
obtained from the best fit to three unblended lines.

HC3N vg = 1: Eight HC5N v = 1 transitions with upper level
energies of 848-883 K are detected. We derive 209 £ 14 K and
(3.9 +3.7) x 10" cm 2 toward the hot core. Similar values
(199 + 19K and (3.6 &+ 1.9) x 10" cm™2) are derived toward
HC-North. The rotational temperature and column density are
176 + 9 K and (1.4 £ 0.8) x 10'® cm ™2 for IRc7.

HC;N vs = 1: Using six unblended lines, T;o; = 237 + 12 K
and Ny = (2.9 £ 0.8) x 10'° cm 2 is measured for the hot
core, and 214 + 16 K and (2.1 £ 0.9) x 10'® cm™? for HC-
North. All the HC3N vs = 1 transitions are heavily blended
with other lines at the IRc7 position, which prevents us from
determining the physical parameters.

HC3N vy = 1: Three HC3N w, = 1 unblended lines with E,
of 1376-1410 K are observed toward the hot core and HC-
North. The intensities of the vy = 1 transitions at the IRc7
position are below the detection limit. We derived 321 & 78 K
and (9 + 5) x 10" cm ™ for the hot core, and 300 + 108 K
and (6 & 3) x 10" cm 2 for the HC-North position.

HC3N vy =v; = 1. Four transitions of w =v;=1 in
J=2524,1=1e, J=26-251=1le, J=26-251=1f
and J = 27-26, | = le are detected only toward the hot core.
However, these transitions are weak and partially blended with
other features, which prevents us from deriving accurate
rotational temperatures and column densities.

3.1.3. Carbon Isotopic Ratio

HC;N and its "*C isotopologues in vibrationally excited
states (v7 = 1 and v; = 2) are optically thin (see optical depths
in Columns 5, 9, and 13 of Table 1). Therefore, we can obtain
reliable measurements of the '2C/'*C ratio. We derive this ratio
from the column densities of HC;N and its '*C isotopologues
in the selected vibrational levels, and list them in Table 2.
No obvious differences for the isotopic ratio are found among
the different vibrational states. An average value of
12C/'3C = 52 + 24 is obtained. For a distance of 414 pc to
the Sun, and considering the ]2C/ 13C ratio as function of
Galactic center distance of '°C / BC = (7.80 + 1.37)Dgc

Peng et al.

kpc_1 4+ (—3.53 £ 10.63) (Langer & Penzias 1990, 1993), a
value of 56 + 11 is obtained. This e(ﬂuation gives a lower limit
to the actual ratio. Our result of "2C/'*C = 52 & 24 is in
agreement with the value derived from the equation, and is also
consistent with previous estimations of 43 £ 7 (Savage
et al. 2002), 45 4+ 20 (Tercero et al. 2010), 57 £+ 14 (Persson
et al. 2007) and 63 £ 17 (Gong et al. 2015).

3.2. Spatial Distribution

The velocity integrated intensity map of H>CCCN v = 0
observed with ALMA (black contours) is shown in Figure 3, in
which the combined ALMA-+IRAM data (red contours) are
overlaid. The positions of sources I, IRc7, and IRc6 are marked
with solid circles, whereas the cross symbols denote the
continuum peak positions of the hot core, compact ridge, and
MM4. The ALMA observations show that, unlike the oxygen-
bearing species that peak at the position of the compact ridge,
the emission from the HC3N isotopologue mainly distributes
over the hot core, consistent with previous observations (e.g.,
Wright et al. 1996; Liu et al. 2002; Beuther et al. 2005). The
emission of the hot core extends along the northeast—southwest
direction. In addition to emission associated with the hot core,
there is gas emission extending to the western IRc6 and IRc7
sources. Finally, another compact gas component is clearly
detected north of the hot core. This compact component was
previously revealed by emission of C,HsCN (Friedel & Snyder
2008) and CH3CN (Wang et al. 2010). We call this object HC-
North, and it is denoted by an open circle in Figure 3. The
combined data present that the morphology of H"CCCNv =0
emission is similar to that shown by ALMA data alone, but gas
distribution extends to compact ridge. The intensity peaks
derived from ALMA and combined data at hot core, HC-North,
IRc6, and IRc7 are almost same.

Figure 4 shows sample images of HC;N v =0, v; = 1,
vi=2,v¢=1,v; =23, and vs = 1 transitions, in which the
combined data (red contours) are overlaid on the images of
HC;N v=0, v;=1, vy=2 and v; =3 observed by the
ALMA. We note that our IRAM observations have only
covered part of HC;N transitions. We have selected unblended
transitions of various excited states for the line images. The
emission is integrated over different velocity ranges because
the line widths are decreasing with increasing upper level
energy of the transitions (see Figure 8). For the vs =1
transition, we only show the integrated emission in the narrow
range 3-7kms ™' in order to avoid contamination from nearby
molecular lines. The images of HC3N v =0, v; = 1, v; = 2,
and v7 = 3 showed the gas distributions from the ALMA data
and combined data have similar morphologies and peak at the
same positions, but extended gas components are recovered by
single dish observations. From the maps shown in Figure 4, the
gas distribution of HC3N v = 0 and HC3N v; = 1 shows a
“heart-shaped” structure. The “heart-shaped” structure was also
observed in other low-energy molecular lines of species like
CH;CN, OCS, CH;0H, C,HsCN, and NH; (Wilson et al.
2000; Friedel & Snyder 2008; Goddi et al. 2011; Zapata et al.
2011). However, the spatial distribution of higher-energy,
vibrationally excited HC3N states v; = 2, v; = 3, v = 1 and
vs = 1 shows an “arc-like” ridge structure curving around
Source I, which is also observed in highly excited NHj3
transitions (Goddi et al. 2011). The gas emission associated
with the hot core, HC-North, and IRc7 is observed in all
transitions with morphologies similar to that of H'*CCCN



Table 3
Gaussian Fits for Different *C Isotopologues of HC3N v = 0 Toward Hot Core, HC-North, and IRc7
Quantum Hot C HC-North IRc7
Molecule Rest Frequency =~ Numbers Siip? Eu ot Core ~Nort ¢ Channel rms
VLSR | AV, b 1 VLSR | AV b 1 VLSR | AV b 1 1
(GHz) (debye 2) (K) (kms™ ) (km s~ ) (Jy beam™ ) (km s~ ) (kms™) (Jy beam™ ') (kms ) (kms™) (Jy beam™ ) (Jy beam™ ')
H'*CCCN, 220.39020% J=25-24 348.12 137.51
v=0
229.20310 J=126-25 362.07 148.51  5.73 £ 0.01 8.79 + 0.03 1.01 £ 0.01 4.89 +£0.01 598 +0.02 0.97 £+ 0.01 5.53 £0.04 7.00 £+ 0.08 0.32 £+ 0.01 0.006
238.01568" J=27-126 375.96 159.93 5775 +£0.01 4.88 + 0.03 1.06 £+ 0.01 6.06 £ 0.03  6.58 &+ 0.07 0.49 £+ 0.01 0.008
HC'*CCN, 217.39857 J=24-23 334.24 13043  4.43 +£0.01 7.92 +0.02 0.99 £+ 0.01 4.68 + 0.01 5.63 + 0.02 0.81 + 0.01 4.11 £0.02 6.23 £0.05 0.39 + 0.01 0.005
v=20
226.45419 J=125-24 348.12 14129  4.07 £ 0.02 9.71 £+ 0.04 0.82 £ 0.01 507 £0.01 547 +0.02 0.94 £+ 0.01 4.88 £ 0.04 5.27 +0.09 0.26 £+ 0.01 0.006
235.50949 J=26-25 362.09 152.60 544 +0.02 9.22 + 0.04 0.78 £+ 0.01 5.44 + 0.01 5.01 +0.02 0.97 + 0.01 6.14 £ 0.04 525+ 0.08 0.27 + 0.01 0.006
244.56444 J=27-126 376.03 16433  4.72 £ 0.02 8.80 + 0.06 0.86 £ 0.01 547 £0.01  4.79 4+ 0.03 1.04 £+ 0.01 4.74 £ 005 6.08 £ 0.11 0.34 £+ 0.01 0.010
HCC'*CN, 217.41957 J=24-23 334.24 13049 541 +0.01 9.77 + 0.03 0.86 + 0.01 5.09 £ 0.01  5.04 £0.02 0.96 + 0.01 5.58 £0.03 5.61 +0.06 0.31 + 0.01 0.005
v=20
226.47604 J=125-24 348.12 14131  5.14 £ 0.01 9.02 £+ 0.03 1.09 £ 0.01 5.16 £0.01 531 4+ 0.02 0.99 £+ 0.01 535 +0.03 539 4 0.06 0.36 + 0.01 0.006
235.53221 J=26-25 362.09 152.61  6.04 + 0.02 9.40 + 0.04 0.81 £+ 0.01 526 £0.01  4.96 £+ 0.02 0.95 + 0.01 5.58 £0.04 4.64 +£0.08 0.25 + 0.01 0.007
244.58804° J=27-126 376.03 164.35 578 £0.02  4.20 &+ 0.04 1.06 £+ 0.01 0.014
HCCC™N, 220.80565 25-24 348.12 127.17  5.19 £ 0.08 11.64 £+ 0.18 0.18 £+ 0.01 534 +£0.03 3.67 + 0.06 0.30 £+ 0.01 589 £0.20 6.90 + 0.47 0.06 £+ 0.01 0.006
v=20
229.63516 26-25 362.10 137.77  5.63 £ 0.07 6.80 + 0.17 0.22 £ 0.01 575 +0.05 3.74 £0.11 0.26 £+ 0.01 528 £0.09 5.00 £+ 0.20 0.16 £+ 0.01 0.009
238.46436 27-26 376.02 148.79  6.05 £+ 0.03 6.94 + 0.08 0.22 £+ 0.01 5.63 £0.02 4.28 + 0.05 0.27 £+ 0.01 5.60 £0.09 476 +0.22 0.07 £+ 0.01 0.004
Notes.

4 Blend with other molecular lines toward three positions.
® Blend with HC;3N v; = 2 at 238.01013 toward hot core.
¢ Partial blend with other molecular lines toward hot core and IRc7.
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Table 4

Observed Line Parameters of HC3N and Its '>C Isotopologues in all Vibrationally Excited States Toward Hot Core, HC-North, and IRc7

Vib. State  Rest Frequency Quantum Numbers S;; 1”2 Eu Hot Core HC-North IRc7 Channel rms
VLSR AV I VLSR AV 1 VLSR AV 1
(GHz) (debye ?) (K) (km's 1) (km s~ 1) (Jy beam™")  (km's ) (km s~ 1) (Jy beam™")  (km's ) (km s~ 1) (Jy beam™")  (Jy beam™ )
HC3N
vy =1 218.86080 J=24-23,1=1e 33196 45215 555 +001 10.83 +0.01 475+001 4444001 7.03+£003 323+£001 486+001 544 +0.02 1.67 £ 0.01 0.019
219.17376 J=24—-23,1=1f 33197 45234 507 £001 997 +0.02 483 +001 4274001 642+003 329+£001 497+002 5.11+004 1.65 £ 0.01 0.021
227.97728 J=25-24,1=1e 34590 463.09 592 +001 11.19+ 001 504+001 4584001 7.13+£002 351+£001 538+001 685+0.03 1.97 £ 0.01 0.018
228.30317 J=25-24,1=1f 34586 46329 5204001  939+002 5154001 450+001 671002 3.60+001 493+002 576+ 0.03 1.88 £ 0.01 0.018
237.09338 J=26-251=1e 35971 47447 588+ 001  9.68 +0.02 4964001 4.65+001 7.13+£002 348+001 526+002 601 +0.04 1.87 + 0.01 0.018
237.43226 J=26-251=1f 35977 47469 545+001 896+ 0.02 524+001 4524001 672+£002 373+£001 549+£002 4.66+0.04 1.90 £ 0.01 0.015
246.20915 J=27-261=1e 373.66 48629 623 +£001 1136 +0.02 536+001 4674002 695+004 355+£002 526+002 520+004 2.00 + 0.02 0.032
246.56096 J=27-26,1=1f 373.65 486.52 582 +0.01 1077 +£0.03 531 +001 4554002 697 +005 323+£002 497+002 570+ 0.05 2.28 + 0.02 0.040
vy =2 219.67511 J=24-23,1=0  331.07 77349 533 +£001 750 +0.02 144+£001 522+001 488+002 123+001 6.04+004 5074008 0.31 £ 0.01 0.007
219.70735 J=24-23,1=2e 32873 77677 5.60 +0.01 8864 0.02 1574001 553+£001 496002 131+001 7.26+003 7.08+ 0.06 0.60 + 0.01 0.008
219.74187° J=24—-23,1=2f 32872 776.79
228.82233 J=125-24,1=0  344.80 78447 546 +001 7574002 1.70+001 531+£001 479+002 138+001 656+003 7.56+ 0.06 0.54 + 0.01 0.007
228.85892 J=25-24,1=2 34267 78776 510 +£001 751 +0.02 1.83+£001 5104001 504+002 1674001 5144002 605+ 0.05 0.55 + 0.01 0.007
228.89788 J=25-24,1=2f 34265 78777 510+ 001 7424002 1714001 510£001 495+002 132+001 508+003 570+0.07 0.42 £ 0.01 0.008
237.96884 J=26-251=0 35862 79589 528 £0.01 799 4+0.03 1834001 544+001 510+003 1424001 507+003 657 +0.07 0.64 + 0.01 0.011
238.01013° J=126-251=2 35648 799.18  3.50 £0.01 1120 £0.02 1.63 £001 559 +0.01 560+ 001 121 +001 6.08+003 3.69+0.07 0.23 £ 0.01 0.008
238.05390 J=26-251=2f 35653 79920 557 +0.01 733 4+0.01 1484001 568+001 48 +002 137+001 6.04+002 400+ 0.05 0.30 + 0.01 0.006
v;=3 220.07018° J=24—-23,1=1e 33047 107940 4.68+0.14 9.11+032 031+001 680+009 326+022 027 =+0.02 0.02
220.69969¢ J=24—-23,1=1f 33047 1079.78
229.23593 J=25-24,1=1e 34429 109033 641 +004 887 +0.08 030+001 58 +003 4354007 0244001 552+023 2.65=+054 0.03 + 0.01 0.005
229.89128 J=25-24,1=1f 34429 1090.74 505+ 0.02 7.4 +005 0334001 503+002 455+£005 025+001 5704025 4.63+059 0.02 £ 0.01 0.004
238.40115° J=26-251=1e 35811 1101.70 550+ 0.02 634 +0.05 0344001 554+003 429+007 021 +0.0l 0.004
239.08230" J=26-251=1f 35811 110213 591 +031 517+073 020002 693+035 3.07+035 0.14+0.03 0.04
ve =1 218.68256 J=24—-23,1=1e 332.69 848.87 5294001 856+£003 103+£001 539+001 5134+0.03 0854001 5434004 620=+008 0.29 + 0.01 0.006
218.854392 J=24-23,1=1f 332.64 848.97 588 +£0.03 500+ 008 089 + 001 0.02
227.79160" J=25-24,1=1e 346,55 859.80 621 £0.04 9.08+009 1.16+001 575+003 581 +008 096 =+ 0.01 0.02
227.97062! J=25-24,1=1f 346.53 859.92
236.90036 J=26-251=1e 36046 871.17 576 £0.01 757 +£0.02 112+001 552+001 5004002 1.09+ 001 647 +0.05 6.08+0.12 0.21 + 0.01 0.006
237.08648 J=26-251=1f 36045 871.29
246.00874 J=27-26,1=1e 37442 88298 573+ 001 7.66+003 123+001 5744001 4914003 1.13+£001 603+005 696+ 0.11 0.31 4 0.01 0.008
246.20202% J=27-261=1f 37442 883.11 569 +£0.01 514+003 097 +001 6.08+0.10 560+ 0.24 0.13 + 0.01 0.008
vs =1 218.34048 J=24—-23,1=1e 33047 107754 684+038 933+£090 021+002 7.62+0.18 7.14+£042 040+ 0.02 0.038
218.46218' J=24—-23,1=1f 33047 107761
227.43517 J=25-24,1=1e 34429 108838 580+0.14 850+033 039+001 639+0.13 579+030 0.36=+0.02 0.027
227.56196™  J =125 —24,1=1f 34429  1088.46
236.52955 J=26-251=1e 35811 1099.66 5.18+039 804 +091 024+002 728+0.18 638042 046+ 003 0.047
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Table 4
(Continued)
Vib. State  Rest Frequency Quantum Numbers S;; 12 Eu Hot Core HC-North [Re7 Channel rms
VLSR AV I VLSR AV Iy VLSR AV Iy
(GHz) (debye ?) (K) (km's 1) (km s~ 1) (Jy beam™)  (km's ) (km s~ 1) (Jy beam™)  (km's ) (km s~ 1) (Jy beam™')  (Jy beam™)
236.66141 J=26-251=1f 358.11 1099.75  4.40 = 0.06 9.84 £0.14 0.30+£0.01 559 £ 0.05 4.60 £ 0.12 0.24 + 0.01 0.008
245.62361 J=27-26,l=le 371.92 1111.37  6.51 =047 948 £ 1.09 027 +0.03 6.60 £ 0.32 7.10 = 0.75 0.33 + 0.03 0.058
245.76049 J=27-26,1=1f 371.92 111146 6.38 + 0.07 892 +0.17 034 +£0.01 5.88+0.06 481 +£0.13 0.32 + 0.01 0.012
v =1 218.02178" 24 — 23 322.18 1376.38 4.02 £+ 0.09 423 +0.21 0.09 + 0.01 0.006
227.10310° 25 - 24 335.60 1387.27 496 + 0.18 3.14 £ 041 0.10+£0.01 6.01 £0.32 2.18 £ 0.73 0.05 = 0.01 0.014
236.184067 26 — 25 349.02 1398.61 7.00 = 0.17 340+ 040 0.12 £ 0.01 0.016
245.26463° 27 — 26 362.42 141038 7.67 + 0.05 791 £0.12 023 +0.01 6.23 £0.15 3.30 + 0.35 0.05 + 0.01 0.006
H'"*CCCN
v =1 220.938144 J=25-24,1=le 345.90 456.03 7.64 £0.07 1043 +0.17 0.15£0.01 5.37 £0.04 3.93 + 0.08 0.19 + 0.01 0.005
221.24624" J=25-24,1=1f 345.87 456.22
229.77288° J=26-251=le 359.71 467.06 8.44 +0.07 1257 £0.17 0.13 £0.01 5.86 £ 0.03 4.19 £ 0.08 0.18 + 0.01 0.004
230.09322" J=26-251=1f 359.78 467.27
238.60729" J=27—-26,l=le 373.64 478.51 1.78 £ 0.06 7.87 £0.14 0.13 = 0.01 6.16 = 0.05 2.64 + 0.11 0.10 = 0.01 0.004
238.93987" J=27-206,1=1f 373.64 478.73 5.89 + 0.07 2.90 + 0.16 0.13 + 0.01 0.007
vy =2 221.76012% J=25-24,1=0 344.83 774.34 5.98 + 0.20 1.95 + 0.43 0.03 + 0.01 0.007
221.82558* J=25-24,1=2f 342.61 777.76  4.14 + 0.09 3.06 £ 021 0.05 +0.01 442 +0.18 1.71 + 0.54 0.02 + 0.01 0.004
239.48875” J=27-26,1=0 37243 796.90 7.92 + 0.09 263 £0.22 0.05 £+ 0.01 0.004
239.57131% J=27-26,1=2f 370.34 800.33 496 £ 0.13 4.01 £ 0.31 0.04 + 0.01 0.004
HC'"*CCN
v;=1 217.91300 J=24-231=le 331.99 446.62 7.49 + 0.10 991 +£023 0.11 £0.01 5.84 £ 0.04 3.76 + 0.10 0.17 £ 0.01  6.02 £ 0.19 2.88 + 0.44 0.03 + 0.01 0.005
236.06663** J=26-251=1le 359.72 468.84 7.06 + 0.14 6.27 + 0.32 0.18 + 0.01 0.014
245.14293% J=27—-26,l=le 373.60 480.61 4.96 £+ 0.07 4.86 £ 0.17 0.15 + 0.01 0.007
245.49675™ J=27-206,1l=1f 373.67 480.85 5.74 + 0.07 4.64 £ 0.16 0.14 + 0.01 0.006
vy =2 227.85096 J=25-24,1=2¢ 342.65 776.61
236.91647* J=26-251=0 358.62 784.96 5.54 +0.48 587 £ 1.13  0.09 + 0.02 7.40 £ 0.49 4.00 £ 1.16 0.07 £ 0.02 0.026
236.96188" J=26—-251=2e 356.48 787.98
237.01002 J=126-251=2f 356.52 787.99 7.66 + 0.17 428 £040 0.06 +0.01 7.09 £0.16 5.33 +0.38 0.04 +0.01 7.50 £ 0.19 3.80 + 0.32 0.04 + 0.01 0.004
246.02146 J=27-26,1=0 372.43 796.76  5.92 + 0.19 238 +045 0.04 £0.01 690+ 0.25 2.01 +0.55 0.03 +£0.01 530 £+ 0.14 295+ 0.32 0.06 + 0.07 0.007
246.12624%" J=27-26,1=2f 370.41 799.81 4.55 £ 0.40 1.77 £ 1.17 0.02 +£0.01 573 £0.25 3.31 £ 0.59 0.03 + 0.01 0.005
HCC'*CN
vy =1 217.94317 J=24-23,1=le 331.99 446.02 6.24 £ 0.13 6.58 £ 0.30 0.08 £0.01 6.11 £ 0.06 4.13 £0.13 0.15+0.01 7.94 +£0.21 2.94 + 0.49 0.03 + 0.01 0.006
218.25564 J=24-231=1f 332.01 446.23  5.09 + 0.08 8.10 £ 0.19 0.10 £ 0.01 5.74 £ 0.04 3.31 £ 0.10 0.12 £ 0.01 6.07 £ 0.27 1.57 +£ 047 0.02 + 0.01 0.004
236.09931 J=26—-251=le 359.72 468.12  5.61 £ 0.12 6.49 £ 0.27 0.10 £ 0.01 5.46 £+ 0.07 5.05 £ 0.15 0.17 £ 0.01 4.85+0.21 2.18 £ 048 0.03 £ 0.01 0.007
236.43766 J=26-251=1f 359.77 468.35 5.89 £ 0.20 594 £ 047 0.11 £ 0.01 6.00 + 0.12 3.54 + 0.27 0.15 + 0.01 6.02 £ 0.22 3.68 + 0.52 0.04 + 0.01 0.013
245.17687% J=26—-251=1le 373.61 479.82 5.60 + 0.07 3.58 +0.18 0.16 + 0.01 0.009
24552814 J=26-251=1f 373.59 480.04 6.24 + 0.17 3.27 + 0.40 0.15 + 0.02 0.02
vy =2 218.81231 J=24-23,1=2f 328.70 76446 598 +0.18 6.12+0.23 0.09 +£0.01 6.78 £0.15 546 +0.34 0.04 £0.01 4.26+0.12 2.67 £0.28 0.04 £ 0.01 0.004
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Table 4
(Continued)
Vib. State  Rest Frequency Quantum Numbers S;; 12 Eu Hot Core HC-North [Re7 Channel rms
VLSR | AV I . VLSR | AV Iy ) VLSR | AV | Iy . )
(GHz) (debye 2) (K) (kms™ ) (km s~ ) (Jy beam ) (kms ) (kms ) (Jy beam ) (kms ) (km s~ ) (Jy beam ) (Jy beam )
227.85148% J=25-24,1=0 344.83 772.21
236.95904% J=26-251=0 358.60 783.50
237.00158* J=26—-251=2e 356.53 786.61 9.42 £0.11 575+026 0.06+0.01 621+0.16 3.67+0.37 0.03 £+ 0.01 0.004
246.16464 J=27—-26,1=2f 370.38 79836 4.96 + 0.31 475+ 0.72 0.04 £0.01 6.00+ 130 2.16 £ 1.27 0.02 £0.01 797 £0.19 3.83 £045 0.06 £ 0.01 0.008

Notes.

* Blend with HNCO v = 0 at 219.73719 GHz toward three positions.

® Blend with H'3CCCN v = 0 at 238.01568 GHz toward hot core.

¢ Blend with other molecular lines toward IRc7.

9 Blend with other molecular lines toward three positions.

¢ Blend with other molecular lines toward IRc7.

f Blend with other molecular lines toward IRc7.

¢ Blend with HC3N vy = 1 at 218.86080 GHz toward hot core and IRc7.

" Blend with C,HsCN at 227.78097 GHz toward IRc7.

i Blend with HC;N v; = 1 at 227.97728 GHz and C,H;CN at 227.96759 GHz toward hot core, HC-North, and IRc7.
i Blend with HC3N v; = 1 at 237.09338 GHz toward three positions.

X Blend with HC3N v7 = 1 at 246.20915 GHz toward hot core.

! Blend with C,H;CN at 218.46374 GHz toward three positions.

™ Blend with CH;0CHO at 227.56173 GHz toward three positions.

" Blend with other molecular lines toward hot core and IRc7.

° Partial blend with other molecular lines toward IRc7.

P Blend with other molecular lines toward HC-North and IRc7.

9 Blend with other molecular lines toward IRc7.

" Blend with other molecular lines toward hot core and HC-North, next to the strong line toward IRc7.
* Blend with other molecular lines toward IRc7.

‘ Blend with CH,CHCN v;5 = 1 at 230.09289 GHz toward three positions.
" Not detected toward IRc7.

¥ Blend with CH133CN at 238.94631 GHz toward hot core, not detected toward IRc7.
* Blend with other molecular lines toward hot core and IRc7.

* Blend with other molecular lines toward IRc7.

¥ Not detected toward HC-North and IRc7.

” Blend with other molecular lines toward hot core and IRc7.

* Blend with other molecular lines toward hot core and IRc7.

* Blend with U-lines toward hot core and IRc7.

% Blend with HCC'?CN v; = 2 at 227.85148 GHz toward three positions.
* Line intensities <30 toward HC-North.

@ Blend with HCC'’CN v; = 2 at 236.95904 GHz toward three positions.
f Next to the strong lines toward hot core.

2 Blend with other molecular lines toward hot core and IRc7.

ah Blend with other molecular lines toward hot core and IRc7.

4 Blend with HC'>CCN v; = 2 at 227.85096 GHz toward three positions.
% Blend with HC'*CCN v; = 2 at 236.96188 GHz toward three positions.
% Next to the strong lines toward IRc7.

[ YoelN 2102 “(dd9T) 6p:L£8 “TVNINO[ TVOISAHIOULSY HH,

‘Te 12 Suaq



THE ASTROPHYSICAL JOURNAL, 837:49 (16pp), 2017 March 1

20"

24

DEC (J2000)

<:>‘\\\‘\\\‘\\\‘\\\‘\\\#

—0522'40"

®

1455 1450
RA (J2000)

Figure 3. Velocity integrated intensity maps of H*CCCN v = 0 from the
combined ALMA-+IRAM 30 m data (red contours) and ALMA data (black
contours). In each panel, the synthesized beam is shown in the bottom right
corner. The contour levels are 5%, 10%, 20%, 30%, 40%, 50%, 60%, 70%,
80%, 90%, and 99% of the emission peak of 9.7 Jy beam ™' km s~!. The cross
symbols mark the continuum peak positions of hot core, compact ridge, and
MM4. The HC-North component is denoted by an open circle. The solid circles
indicate radio Source I and infrared sources IRc6 and IRc7.
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v = 0. Strikingly, the emission of HC;N lines with different
upper level energies peaks at different positions. The emission
peak of HC3N v = 0 is located south of the hot core continuum
peak, whereas the highly excited HC3;N vs = 1 emission peak is
to the northeast of the hot core continuum peak. By choosing
all unblended lines in each state (HC;N v=0, v; = 1, v; = 2,
ve =1, v; =3, and vs = 1), we draw a map of the peak
position as a function of upper level energy E, toward three
positions, showing that all transitions in the same excited state
have similar locations for the emission peak. This is shown in
Figure 5, where we can see that the peak position along
RA Offset and DEC_Offset directions are increasing as E,
increases. This means that the line emission peak moves
gradually from the south to the northeast as upper-level
energies increase.

The results show that the morphologies of HC;N gas
emission with ALMA are similar to those from combined data,
and the images of combined data are more extended than those
from ALMA data alone (see Figures 3 and 4), but the gas
emissions of both ALMA and combined data peak at the same
positions. One can also see that spectral profiles of vibration-
ally excited HC3;N transitions extracted from ALMA and
combined data are almost the same and have almost identical
peak intensity (see Figure 2). Therefore, one can safely use
vibrationally excited HC;N transitions to derive excitation
gradients. The derived excitation gradients are robust and not
subject to sampling problems.

3.3. Line Kinematics

Figure 6 shows the line ?roﬁles of selected transitions from
the ALMA data: HCCC"N v =0 (J=27-26), HC'*CCN
v=0{J=27-26), HC3N v; =1 (J=2524,1=1f),v; =2
(J=24-23,1=0), and v; =3 (J=25-24,1 = 1f), toward
the positions of the hot core, HC-North, and IRc7. At each
position, line profiles from different vibrational states are
similar, with broader line widths toward the hot core than the
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other positions. The central velocities of molecular lines at the
three positions are essentially the same, ranging from 5 to
8kms ! In general, all transitions have emission intensities
weaker toward IRc7 than toward the hot core and HC-North.
Although HC:N v7 = 2, HC3N vy = 3, HC"®CCN v = 0, and
HCCC™N v = 0 have comparable intensities toward the hot
core and HC-North, HC3;N v; = 1 is weaker toward HC-North.
In addition, the line profiles of HC5N v; = 1 from HC-North
and IRc7 show significant blue wings, indicating different
kinematics.

4. Discussion
4.1. Properties of Hot Core, HC-North and IRc7

Recent high spatial resolution observations threw doubt on a
possible spatial segregation between nitrogen- and oxygen-
bearing molecules, with a possible “chemical differentiation” in
the Orion KL region suggesting that nitrogen- and oxygen-
bearing molecules may arise not only from the hot core and
compact ridge, but also from multiple components (e.g., Friedel
& Snyder 2008; Widicus Weaver & Friedel 2012). Nitrogen-
bearing molecules like CoHsCN and C,H;CN are clearly
observed toward IRc7, and not only in the hot core (e.g.,
Friedel & Snyder 2008; Widicus Weaver & Friedel 2012).
However, previous images were made from single lower-
energy transitions for certain species. Low-energy transitions
may sample the emission from both hot and cold gas
components, whereas highly excited transitions are expected
to come only from hot gas environments. Therefore, the
ALMA observations presented here with a better image fidelity
and sensitivity are well-suited to study the spatial distribution
of highly excited molecular transitions.

The ALMA observations of HC;N vibrational transitions
covering a broad range of upper-level energies (452-1111 K)
should give a better insight into the spatial distribution of
nitrogen-bearing molecules. From Figures 3 and 4, the
emission of HC3N vibrationally excited transitions mainly
distributes over multiple spatial components near the hot core,
but not in the compact ridge. Strong emission is observed
toward the hot core, and IRc7 is detected in all the HC5N
vibrational transitions. Another gas component located north of
the hot core (namely HC-North, denoted by an open circle
symbol in Figure 3) is detected. HC-North has been marginally
detected in lower-energy C,HsCN transitions (Friedel &
Snyder 2008). The intensity peaks of HC3;N vibrational lines
at IRc7 do not seem to change with the upper-level energy (see
Figure 5). The intensity peak at HC-North moves from the
southeast to northwest with increasing E,. The intensity peak
associated with the hot core moves from the south to the
northeast as the upper-level energy increases. As shown in
Table 1, the hot core is the position (among the three studied in
this work) with the highest rotational temperature and column
density.

Out of the three positions studied in this work, the hot core
and IRc7 clearly show the largest number of molecular lines.
N-bearing (weak) lines are less blended toward HC-North (see
Figure 2, Tables 3 and 4). A multi-transition study shows that
the central velocities at the three positions are in the range
between 5-8 kms ™' (see Figure 6). Note that the HC;N v; = 1
spectra toward HC-North and IRc7 show significant blue
wings. Figure 7 presents line width as a function of upper-level
energy. The values of line widths are obtained from Gaussian
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Figure 4. Velocity integrated intensity maps of HC3N v = 0, HC;N v; = 1, HC3N v7 = 2, HC3N v = 1, HC3N v7 = 3, and HC;3N vs = 1 from the combined ALMA
+IRAM 30 m data (red contours) and ALMA data (black contours). For each species, the integral velocity range is shown in each map. The contour levels are 5%,
10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%, and 99% of the emission peak. The emission peaks of HC;N v = 0, HC3N v7 = 1, HC'"*CCN vy =1, H'*CCCN
v7 = 1, HC3N v; = 2, HC"*CCN v; = 2, HC3N v = 1, HC3N v; = 3, and HC3N vs = 1 are 68.4, 53.0, 12.1, 10.3, 3.1, and 2.7 Jy beam ™' km s~ ', respectively. The
cross and circle symbols have same meaning as in Figure 3. The origin of the offset position is R.A.(J2000) = 05"35™14%35 and decl.(J2000) = —05°22/35”00.

fitsof HC;Nv; = 1,v; =2, v;=3,vs= l,vs= l,andwy = 1
vibrational lines. Note that the data from HCs;N vs = 1 and
v = 1 vibrational lines toward IRc7 are not included in the plot
due to line-blending problems. Line widths decrease with
increasing upper-level energy of the transitions. One can also
see that the line width is broadest in the hot core and narrowest
in HC-North (see Figures 6 and 7).

4.2. Vibrationally Excited States of HC;N in the Hot Core

Only a few transitions of HC3N in v; = 1, v; =2, vg = 1,
and vs = 1 states were detected toward Orion KL in previous
lower spatial resolution observations (Clark et al. 1976;
Goldsmith et al. 1982, 1983, 1985; Schilke et al. 1997; de
Vicente et al. 2002). In addition, the line emission of these
vibrationally excited transitions suffers from beam dilution in
the low spatial resolution observation, and cannot provide
accurate spatial information because these lines mainly
populate at small scales. Therefore, the physical conditions
and emission origin traced by these highly excited lines is not
well-constrained. The ALMA observations have resolved the
hot core, HC-North and IRc7 sources, and allowed us to detect
HC;N in seven vibrational states (v; =1, v; =2, vg = 1,
vi=3, vs=1, w=1, and vy =v;=1) and its three
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isotopologues (H'?CCCN, HC'CCN and HCC'CN) in
v7; = 1 and v; = 2 toward the three positions.

Based on the detection of multiple transitions, we have
calculated rotation temperatures and column densities for each
vibrationally excited state using XCLASS. In Figure 8, we plot
the derived rotational temperature and column density for each
vibrationally excited state as a function of corresponding
vibrational energy level. Note that the parameters of the HC3N
vs =1 and v = 1 vibrational lines toward IRc7 are not
included in the plot due to line-blending problems. Toward
the three positions, the derived rotational temperatures of
vibrationally excited states increase with increasing vibrational
energy level (see top panel of Figure 8). However, lower
column densities are derived from higher-energy lines
compared to lower-energy transitions (see bottom panel of
Figure 8). Note that HC5N vs = 1 and v; = 3 with E, < 1700
K have almost the same rotational temperature and column
density. The level diagram shows that both HC;N vs = 1 and
v7 = 3 (see Figure 1 of Wyrowski et al. 1999) lie on a nearly
equal energy level and should have almost equal line profiles
and excited temperatures. We take the hot core position as an
example to expound rotational temperature differences among
these vibrationally excited states. Vibrational excitation
temperatures of 184 4+ 13 K, 198 + 8 K and 209 + 14 K for
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Figure 5. Plot of the peak position along RA_Offset and DEC_Offset as a function of the upper-level energy of unblending lines toward three positions. The origin of
the offset position is R.A.(J2000) = 05"35m14535 and decl.(J2000) = —05°22/35"00.

HC3;N v; =1, v; =2, and v¢ = 1 are derived. Previous
observations showed that the three states were described by a
single temperature of 150 K (Goldsmith et al. 1982, 1983,
1985). The excitation temperature of vs = 1 is 237 + 12 K,
which agrees well with the temperature of >230 K for vs = 1
derived from PdBI observations (de Vicente et al. 2002). Even
higher excited states (e.g., iy = 1) have a higher excitation
temperature of 321 + 78 K.

4.3. Vibrational Temperature

One important technique to derive the rotation temperature
and column density from molecular line emission is the
“rotational temperature diagram.” Under the LTE assumption,
the population of a certain energy level will follow the
Boltzmann distribution. Under the assumptions of gas being
optically thin and gas emission filling the beam, the natural
logarithm of N, /g, versus the energy of the upper-level E,
follows a straight line with slope 1/7T (Goldsmith & Langer
1999; Liu et al. 2002; Remijan et al. 2003). We fitted multiple
transitions by using the least-squares method. The rotational
temperature diagram for the observed HC3N lines from the hot
core is shown in Figure 9. The data include v; = 1, v; = 2,
v;=3, vy=1, and vs =1, for which more than three
transitions have been detected. The rotation diagram gives an
excitation temperature of 210 & 5 K for all the 29 vibrationally
excited HC;N lines, whereas for all the vibrationally excited
HC;3;N lines with same J = 24-23, we obtain a similar
temperature of 220 4+ 15 K.
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4.4. Heating Mechanism: Internal versus External

The heating mechanism in hot cores has been under debate
in the last years. Two main heating mechanisms have been
proposed: (i) the core is heated internally by an embedded
luminous protostar (e.g., Masson & Mundy 1988; Kaufman
et al. 1998; de Vicente et al. 2002) or (ii) externally illuminated
and heated by nearby protostars (e.g., Menten & Reid 1995;
Wright et al. 1996; Gezari et al. 1998; Wilson et al. 2000).
Alternatively, shocks can also increase the temperature,
resulting in the rich chemistry observed in hot cores (e.g.,
Palau et al. 2011; Zapata et al. 2011).

The study of different transitions for a given species provides
us insight into the different physical properties and kinematics
for the Orion KL objects, because these transitions require
different excitation conditions. As stated in Section 3.2, the
intensity peak of HC3N v = 0 with E, < 170 K is located
southeast of Source I (see Figure 4). The intensity peaks of
moderate excited transitions of HC3N v; = 1 and v; = 2 are
located southeast of Source I and close to the continuum peak
of the hot core, whereas HC3N v; = 3 and v5 = 1, which have
higher upper-level energies (E, > 1077 K) and require higher
excitation temperatures of 237 + 10 K and 237 £ 12 K,
respectively, have their intensity peaks located northeast of
Source I. Our LTE calculations suggest that the excitation
temperature is increasing and column density decreasing as E,
rises (see Figure 8).

If the hot core is internally heated and there was a single
massive protostellar source in the hot core, one may expect that
the hottest molecular gas peaks there. However, observations in
radio, millimeter, and infrared wavelengths suggest that there is
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Figure 6. Representative spectra at hot core, HC-North, and IRc7 positions: HCCC"N v = 0 at 238.46436 GHz, HC"CCN v = 0 at 244.56444 GHz, HC;N vy =1
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Figure 7. Plot of line widths as a function of upper-level energies (E,). The
square, solid circle, and open circle denote the line widths derived from hot
core, HC-North, and IRc7 positions, respectively.

no a single massive protostellar source in the hot core (Menten
& Reid 1995; Greenhill et al. 2004; Friedel & Snyder 2008).
We also find that the molecular gas at the center has lower gas
temperature and higher column density, and the intensity peaks
move from southeast to northeast of Source I with increasing
E, (see Figure 5). Our results appear to not support internal
heating in the Orion KL hot core. Source I has been considered
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Figure 8. Plot of rotational temperature (top panel) and column density
(bottom panel) as a function of upper-level energies (Eu) toward three
positions.

as the most likely external candidate based on the observations
of lines and continuum (Blake et al. 1996; Wilson et al. 2000).
However, there is offset between Source I and the peaks of
vibrationally excited states of HC3N (de Vicente et al. 2002).
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Figure 10. Overlays of the peak positions of HC;N in different vibrational
states, and the integrated intensity contours of SiO (J = 54, v = 0) emission
(Zapata et al. 2012). The blue contours represent blueshifted gas with LSR
velocities ranging from —15 to —5kms '. The red contours represent
redshifted gas with LSR velocities ranging from +15 to +22kms~'. The
green contours represent redshifted high-velocity gas with LSR velocities
ranging from 424 to +30kms~'. The synthesized beam is shown in the
bottom right corner. The blue, red, and green contours are 5%, 10%, 20%,
30%, 40%, 50%, 60%, 70%, 80%, 90%, and 100% of the emission peaks. The
black solid circle indicates the radio Source I. The dark blue stars indicate the
peak positions of HC3N v = 0, HC53N v; = 1, HC3N v7 = 2, HC3N v = 1,
HC;3N v7 = 3, and HC;N vs = 1. The excitation gradient is along northeast—
southwest orientation through emission peaks of HC3;N vibrationally transitions
as shown by dark blue stars.

Source I seems to not be a dominant source of excitation for
HC;N. These observations throw doubt on radiation excitation
of higher-energy HC;N transition. On the other hand, SiO is
thought to be a shock tracer (Schilke et al. 1997). Outflows
associated with Source I have been revealed by SiO (J =54
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and 8-7 transitions) with a northeast—southwest elongation
(Zapata et al. 2012). In Figure 10, the peak positions of ground
and vibrationally excited HC;N transitions in our observations
were overlaid onto the SiO outflow (see also Figure 3 of Zapata
et al. 2012). The excitation gradient of vibrationally excited
HC;N lines show northeast—southwest orientation, which may
indicate that higher-energy HC3;N transitions are excited by
interaction between pre-existing dense medium and shocks
generated by SiO outflows, as suggested by other observations
(Bally et al. 2011; Goddi et al. 2011; Zapata et al. 2011; Nissen
et al. 2012; Peng et al. 2013).

5. Summary

Based on ALMA and IRAM 30m observations of
Orion KL, we have identified and imaged multiple vibration-
ally exited HC3;N lines. The identified HC;N vibrationally
exited transitions span a wide range of energy levels and allow
us to perform a detailed LTE analysis to accurately derive
physical parameters. The main conclusions are as follow:

1. Thirteen unblended lines of '*C and '°N isotopologues of
HC5N in ground state, 41 unblended lines of HC3N in seven
vibrational states (v; =1, v =2, vs=1, v; =3, vs =1,
v = 1 and vy = v; = 1), and 23 unblended lines of three 3¢
isotopologues (H'?CCCN, HC'CCN and HCC'"CN) in
v; =1 and v; =2 are identified. The spectral profiles of
vibrationally excited HCsN transitions extracted from ALMA
and combined data are almost same.

2. The spatial distributions of these vibrational states are
quite similar. Three main emission peaks (the hot core itself,
IRc7, and HC-North) are identified. The morphologies of
HC;3N gas emissions with the ALMA data alone are similar to
those by the combined data. The images of combined data are
more extended than those by ALMA data alone, but the gas
emissions of both ALMA and combined data peak at same
positions.

3. Because the spectral profiles and peak intensity of
vibrationally excited HC3;N transitions are almost the same
from both ALMA and combined data, one can safely use
higher-energy transitions and isotopologues of HC;N from the
ALMA data alone for data modeling. Rotational temperatures
and column densities of the observed states range from 93 to
321 K and from 1 x 10" to 5 x 10'® cm™?, 90 to 300 K and
1 x 10 t04 x 10" cm™>, and 88 to 186 K and 1 x 10" to
3 x 10" cm™? for the hot core, HC-North, and IRc7,
respectively. The hot core has the highest excitation temper-
ature and column density, compared to HC-North and IRc7.
Using the column density ratio of HC3N to its '°C
isotopologues in the v; = 1 and v; = 2 states, we derived an
average '“C/'3C abundance ratio of 52 4 24 for Orion KL.

4. The emission peak of HC3N v = 0 for the hot core is
located southeast of Source I, whereas the emission peaks of
HC;N in higher vibrational states (e.g., v; = 3 and vs = 1) are
located northeast of Source I. The line images also show that
the emission peaks of vibrationally excited HC;N lines are
moving from southeast to northeast with E, increasing. Our
LTE calculations suggested that higher-energy transitions have
higher gas temperatures and lower column densities. Alto-
gether, these results likely support the idea of the Orion KL hot
core being externally heated. The emission peaks of vibration-
ally excited HC;N transitions in our observations are moving
northeast along the major axis of the SiO outflow, which may
indicate that higher-energy HC3;N transitions are excited by
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interaction between pre-existing dense medium and shocks
generated by SiO outflows.

This paper makes use of the following ALMA data: ADS/
JAO.ALMA#2011.0.00009.SV. ALMA is a partnership of
ESO (representing its member states), NSF (USA), and NINS
(Japan), together with NRC (Canada) and NSC and ASIAA
(Taiwan), in cooperation with the Republic of Chile. The Joint
ALMA Observatory is operated by ESO, AUI/NRAO, and
NAOJ. This work has been supported by the National Natural
Science Foundation of China under grant Nos. 11373026,
11373009, 11433004, 11433008, and the Joint Research Fund
in Astronomy (U1331116 and U1631237) under cooperative
agreement between the National Natural Science Foundation of
China (NSFC) and Chinese Academy of Sciences (CAS), by
the Top Talents Program of Yunnan Province (2015HA030),
and by the Deutsche Forschungsgemeinschaft, DFG through
project number SFB956.
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