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Abstract

We carried out mapping observations of N2H+, CCS, cyclic C3H2, H13CO+, HCO+, and HCN
lines toward six cores in the Orion A cloud with the Nobeyama 45 m telescope and the
KVN (Korean VLBI Network) 21 m telescope. The N2H+ and CCS data were observed with
the Nobeyama 45 m and the other lines were observed with the KVN 21 m telescope. We
examined the chemical characteristics of the cores and found a tendency for the column
density ratio, N(c-C3H2)/N(CCS), to be low in starless regions while it is high in star-
forming regions. We also found that N(H13CO+) is enhanced in cluster-forming regions
compared with those in isolated star-forming regions. Furthermore, we found that the
N(NH3)/N(CCS) and N(NH3)/N(HC3N) ratios are high in star-forming cores and low in
starless cores in the Orion A cloud for a wide range of kinetic temperature, Tk = 10 to
60 K. We suggest that the N(NH3)/N(CCS), N(NH3)/N(HC3N), and N(N2H+)/N(CCS) ratios
may be indicators of chemical evolution in giant molecular clouds, including warmer
regions. From a comparison between cores associated with protostars and cores without
protostars through virial analysis, we also suggest that the dissipation of turbulence
initiates star formation. Finally, we found that the N(NH3)/N(CCS) ratio increases with
the dissipation of turbulence. This may suggest that the chemical evolution can be an
indicator of the dynamical evolution of the core.

Key words: ISM: clouds — ISM: individual objects (Orion Nebula, Orion Molecular Cloud) — ISM: molecules —
ISM: structure — stars: formation
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1 Introduction

Stars are formed in clusters or in isolation (e.g., Shu et al.
1987). There are isolated star-forming regions in the solar
vicinity, and many observations have been carried out
toward such regions by taking advantage of their prox-
imity. Isolated star-forming regions are mainly associated
with cold dark clouds. “Dense cores” in cold dark clouds
have been observed by using various molecular lines and the
continuum emission (e.g., Benson & Myers 1989; Motte
et al. 1998). These cores are known to be cold (∼ 10 K)
and quiescent (e.g., Ho et al. 1977; Jijina et al. 1999). One
or a few stars are formed from each core. On the other
hand, cluster-forming regions are mainly associated with
giant molecular clouds (GMCs: e.g., Blitz & Shu 1980).
The physical properties of dense cores of GMCs have not
been well understood, because of a lack of high-resolution
observations due to their large distances. Because most stars
in the Galaxy form in GMCs, star formation within their
cores is of great interest.

Observations of various lines toward dense cores pro-
vide us with information on how cores evolve. In cold
dark clouds, it was established that molecules such as CCS,
HC3N, NH3, and N2H+ and the neutral carbon atom C0

are good tracers of the chemical evolution (e.g., Hirahara
et al. 1992; Suzuki et al. 1992; Benson et al. 1998; Maezawa
et al. 1999; Hirota et al. 2002, 2009). The carbon-chain
molecules like CCS are produced in the young stage by
ion–molecular reactions and depleted through both gas-
phase reactions and adsorption (Aikawa et al. 2001; Hirota
et al. 2010). It is also suggested that N2H+ is produced
in the late stage and their depletion timescale is larger
than the other species because the nitrogen molecule N2,
which is the precursor of N2H+, is produced in the late
stages of the gas-phase chemistry and has a small binding
energy on a grain surface (Aikawa et al. 2001). There-
fore, the carbon-chain molecules, CCS and HC3N trace
the early chemical evolutionary stage, whereas N-bearing
molecules, NH3 and N2H+, trace the late stage. Further-
more, N2H+ is well known to be destroyed by CO evap-
oration and this reaction produces HCO+, which means
that N2H+ traces quiescent cold dense regions (e.g., Lee
et al. 2004). Sanhueza et al. (2012) also suggested that the
N2H+/HCO+ abundance ratio acts as a chemical evolution
tracer in infrared dark clouds (IRDCs). However, the chem-
ical evolution of molecular cloud cores in GMCs is less well
understood, compared with that of cold dark cloud cores.
The chemical evolution of molecular cloud cores in GMCs
is of great interest for studying the star-forming process in
the Galaxy.

The Orion A cloud is the most famous and nearest GMC.
The Orion A cloud has a filamentary structure elongated in

the north–south direction. Many observations have iden-
tified active star-forming sites in the Orion A cloud (e.g.,
Genzel & Stutzki 1989; Strom et al. 1993; Chini et al.
1997; Megeath et al. 2012). The OMC-2/3 region is located
on the northern end of the filament and one of the most
active star-forming regions in the Orion A cloud. Dense
cores of this region were studied by Tatematsu et al. (1993),
Cesaroni and Wilson (1994), Aso et al. (2000) and
Takahashi et al. (2013). Cesaroni and Wilson (1994) esti-
mated the gas kinetic temperature of dense cores in the
OMC-2/3 region to be ∼ 20 K, which is higher than the
typical value of 10 K in dark cloud cores (e.g., Benson
& Myers 1980). Megeath et al. (2012) carried out pro-
tostar identification using IRAC and MIPS data and cat-
aloged the protostars in the Orion A and B clouds. The
Megeath catalog shows many protostars, and it is clear
that the Orion KL cluster (e.g., Genzel & Stutzki 1989)
and the OMC-2/3 region are star-forming sites much more
active than the other part of the cloud. However, it is
not clear why star-forming activities differ from place to
place. Aso et al. (2000) observed the OMC-2/3 region in
the HCO+ (1–0) and H13CO+ (1–0) lines. They performed
virial analysis with external pressure, and compared the
properties of cores associated with protostars and those
without protostars. They suggested that the dissipation of
turbulence initiates star formation. However, the H13CO+

emission might be affected by outflows (e.g., Tatematsu
et al. 2008). It is desirable to investigate the properties
of cores using quiescent core tracers such as N2H+. The
Orion A cloud has previously been observed using HCN,
HCO+, and H13CO+ (e.g., Rydbeck et al. 1981; Ungerechts
et al. 1997). From these observations, it seems that HCN
and HCO+ distribution is more or less similar and traces
dense gas regions. These lines are most likely optically thick.
The H13CO+ line, which is optically thin, is often used
to identify the dense cores as well as N2H+ (e.g., Ikeda
et al. 2007; Onishi et al. 2002). In extragalactic nuclei, it
was recently suggested that the HCN/HCO+ abundance
ratio varies between AGN-host galaxies and pure starburst
galaxies because of high temperature chemistry (e.g., Izumi
et al. 2013). Therefore, we are interested in differences in the
HCO+ and HCN molecular lines on the GMC core scale.

Regarding the chemical evolution of the Orion A cloud,
there are some recent studies. Tatematsu et al. (2010)
detected the CCS emission, which is known as a young
gas tracer in cold dark clouds, in the Orion A GMC for
the first time. Tatematsu et al. (2014) mapped six cores of
the Orion A GMC in N2H+ and CCS, and found that the
N(N2H+)/N(CCS) ratio is low toward starless core regions
while it is high toward star-forming core regions. Thus
they suggested that the N(N2H+)/N(CCS) ratio will be
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Table 1. Summary of observed molecular lines.

Molecule Transition Rest frequency Telescope Beam size
(GHz) (′′)

N2H+ J = 1–0 93.173777 Nobeyama 45 m 20
CCS JN = 76–65 81.505208 Nobeyama 45 m 20
cyclic C3H2 JKa Kc = 212–101 85.338906 KVN 21 m 31.5
H13CO+ J = 1–0 86.754288 KVN 21 m 31.5
HCO+ J = 1–0 89.188526 KVN 21 m 31.5
HCN J = 1–0 88.630415 KVN 21 m 31.5

an indicator of the chemical evolution not only in cold
dark clouds (Suzuki et al. 1992) but also in the Orion A
cloud if the gas temperature does not exceed ∼ 25 K. For
� 25 K, N2H+ is destroyed by CO evaporation from dust
(e.g., Lee et al. 2004). In fact, Reiter et al. (2011) found
that N2H+ poorly traces dust emission in high mass star-
forming regions, and suggested that CO destroys N2H+ in
the warm gas phase. It is desirable to identify new late-
type tracers, which are valid even in such high-temperature
regions. Benson, Caselli, and Myers (1998) pointed out that
c-C3H2 column densities are correlated with those of N2H+

and anticorrelated with those of CCS. It might indicate that
c-C3H2 would be a late-type tracer like N2H+. Sanhueza
et al. (2012) also found that HCO+ is more abundant than
N2H+ in evolved IRDCs because HCO+ is created by a
combination of N2H+ and CO.

In this study, we investigate the chemical and physical
evolution of cores through mapping observations of N2H+,
c-C3H2, H13CO+, HCO+, and HCN lines. The purpose of
this study is (1) to find a molecule which is a better chem-
ical tracer than N2H+, (2) to understand how different the
chemical properties of molecular cloud cores in the GMC
are, compared with those in cold dark clouds, and (3) to
investigate the physical parameters between starless cores
and star-forming cores in the GMC and understand what
initiates star formation using N2H+.

The distance to the Orion A cloud is estimated to be
418 pc (Kim et al. 2008). At this distance, 1′′ corresponds
to 0.12 pc.

2 Observations

We observed cyclic C3H2 (JKa Kc = 212 − 101), H13CO+

(1–0), HCO+ (1–0), and HCN (1–0) lines toward the
six cores in the Orion A cloud with the KVN (Korean
VLBI Network) 21 m antennas in the single-dish tele-
scope mode. The target cores were TUKH 003, 021, 088,
097, 117, and 122, where TUKH refers to the core cat-
alog by Tatematsu et al. (1993). The observations were
carried out with the KVN Tamna telescope from 2013
March 17 to June 5, and with the KVN Ulsan telescope

from 2013 March 23 to 25. The data were obtained using
the high-electron-mobility-transistor (HEMT) receiver for
the 86 GHz band. Digital filters and spectrometers were
used as the back end. Details of the KVN telescopes are
given in Lee et al. (2011) and Kim et al. (2011). The
half-power beam width (HPBW) and main beam efficiency
ηMB of the telescope is 31.′′5 and 39%, respectively. All
the observations were done in position-switching mode.
All the maps were made on a 7 × 7 grid at a spacing of
20′′, and the map center positions were taken from the
core catalog of Tatematsu et al. (1993). The reference posi-
tions were (�RA, �Dec) = (−30′, 0′) with respect to the
map center except for TUKH 088. For TUKH 088, the ref-
erence position was (�RA, �Dec) = (−60′, 0′), because
the (�RA, �Dec) = (−30′, 0′) position of TUKH 088 was
detected in the HCO+ emission. The rms noise level in the
86 GHz observations was ∼ 0.5 K at 30 kHz resolution.
The observed data were reduced using the software package
“CLASS.”

We also observed N2H+ (J = 1–0) and CCS (JN =
76–65) lines toward the same cores with the Nobeyama
45 m telescope. Details are given in Tatematsu et al. (2014).
The observational parameters are summarized in table 1.

3 Results

Figures 1 to 6 show the velocity integrated intensity
maps of N2H+ J = 1–0 F1 = 2–1, CCS JN = 76–65,
c-C3H2 JKa Kc = 212–101, H13CO+ J = 1–0, HCN J = 1–0,
and HCO+ J = 1–0 emissions. We also plot the locations
of the protostars identified as Class 0 or I by Megeath
et al. (2012). The TUKH 003 and 021 core regions accom-
pany eight and nine protostars, respectively. On the other
hand, the TUKH 088, TUKH 097, and TUKH 117 core
regions accompany only one or two protostars. Thus, we
define the TUKH 003 and 021 cores as cluster forming
and define TUKH 088, 097, and 117 as the isolated star-
forming region. From figures 1 to 6, we see that there
are some displacements of peak positions between c-C3H2

and H13CO+. This might be caused by chemical evolu-
tion, discussed in the subsequent section. HCO+ and HCN
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Fig. 1. Velocity-integrated intensity maps for TUKH 003. The velocity range for integration is 8.0 to 13.0 km s−1. The top panels show the N2H+(1–0,
F1 = 2–1) and CCS (JN = 76–65) maps. The contours start at 20 σ in N2H+ and 3 σ in CCS. The interval is 20 σ in N2H+ and 1 σ in CCS (1 σ is 0.033 and
0.027 K km s−1, respectively). The middle panels show c-C3H2(JKa Kc = 212–101) and HCN (1–0) maps. The contours start at 3 σ in c-C3H2 and 12 σ in
HCN. The interval is 1.2 σ in c-C3H2 and 3 σ in HCN (1 σ is 0.36 and 0.86 K km s−1, respectively). The bottom panel shows HCO+(1–0) and H13CO maps.
The contours start at 15 σ in HCO+ and 8 σ in H13CO+. The interval is 4 σ in HCO+ and 2 σ in H13CO+ (1 σ is 1.2 and 0.38 K km s−1, respectively). The
open star signs represent the locations of the protostars in Megeath et al. (2012). The white circle represents the beam size of the Nobeyama 45 m
and the KVN 21 m telescopes. The cross signs represent the locations of core intensity peaks.

emissions were detected in almost all the positions. Those
distributions are similar. To investigate the chemical char-
acteristics and compare the column densities of these lines
in these cores, we identified 36 positions that were detected
in N2H+, c-C3H2, and H13CO+ emissions at more than
3 σ noise levels in the six molecular cloud cores. We labeled
these positions “A, B, C, . . . ” after the core number TUKH
(table 3). Tatematsu et al. (2014) also identified local peaks
of CCS (JN = 76–65) or N2H+ (J = 1–0) and labeled them
in the same way. To avoid confusion, our labels are con-
tinued from Tatematsu et al. (2014). The underlined TUKH

numbers of table 3 indicate starless regions, while the others
are star-forming regions.

3.1 Individual cores

In the TUKH 003 region (figure 1), all the emission lines
were strongly detected. This region is well known as
OMC 3, which is an active star-forming site. The protostars
are distributed along the filament structure. The c-C3H2

and H13CO+ distributions are similar to that of N2H+

and all these peak positions are located in the center of

 at K
A

SI on February 1, 2015
http://pasj.oxfordjournals.org/

D
ow

nloaded from
 

http://pasj.oxfordjournals.org/


Publications of the Astronomical Society of Japan, (2014), Vol. 66, No. 6 119-5

Fig. 2. The same as figure 1 but for TUKH 021. The velocity range for integration is 8.0 to 12.0 km s−1. The contours start at 15 σ in N2H+, 3 σ in CCS,
6 σ in c-C3H2, 6 σ in H13CO+, 120 σ in HCN, and 140 σ in HCO+. The intervals are 15, 1, 1.8, 2, 10, and 15 σ . (1 σ is 0.231, 0.046, 0.45, 0.50, 0.51, and
0.51 K km s−1, respectively).

the filament structure corresponding to “003B.” The HCN
and HCO+ emissions are widely distributed and intense
toward the north-western region. This can be caused by two
factors. First, the optical depth will be large in the HCO+

and HCN emission lines, and they cannot trace the inner
high density region. Second, the HCO+ and HCN are

sensitive to the temperature because of the optical thick-
ness. In fact, Li et al. (2013) derived the kinetic tem-
perature of ∼ 20 K toward the north-eastern region using
NH3 (1, 1) and (2, 2) lines. Note that the eastern
region (RA > 5h35m22.s3) was not observed with the
KVN telescope.
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The TUKH 021 region (figure 2) contains several pro-
tostars and is the most active star-forming region in our
observations. All the emission lines were strongly detected.
The c-C3H2 and H13CO+ distributions are more or less
similar to the N2H+ distribution, but there are some differ-
ences in the local peak positions. In the eastern region, there
is a local peak of c-C3H2 but neither N2H+ nor H13CO+

emission was detected. Tatematsu et al. (2014) detected the
CCS (JN = 76–65) emission in this position and labeled it
as TUKH 021B in their study. It might be suggested that
this region is a “carbon-chain-producing region (CCPR)”
(Hirota et al. 2009) despite the fact that the protostar is
associated with this region. However, this region is located
a few arcmin north of Orion KL, and the kinetic tempera-
ture changes from 18 to 45 K on small scales (Wiseman &
Ho 1998). It is not clear whether the chemical properties are
affected by the stellar radiation or temperature variation.

In the TUKH 088 region (figure 3), the KVN observa-
tions did not cover the N2H+ peak position, which cor-
responds to a protostar. However, all the emission lines
become intense toward the protostar. In this region, the
distributions of these lines are relatively similar, in contrast
with the TUKH 003 and 021 cluster regions. In the north,
there is the H13CO+ intensity peak “088A.” This H13CO+

peak position “088A” corresponds to the CCS (JN = 76–65)
intensity peak position.

The TUKH 097 region (figure 4) contains two proto-
stars. The peak position of H13CO+ emission (097A) cor-
responds with the CCS peak position. The distributions of
all the emission are similar. The protostars are associated
with local peaks of the c-C3H2 and H13CO+ emissions,
taking into account the beam size.

The TUKH 117 region (figure 5) is associated with two
protostars; one of them is Haro 4-255 FIR (Megeath catalog
number 551), which drives a molecular outflow (Evans et al.
1986; Levreault 1988). We have detected wing profiles in
the HCO+ and HCN emission. All the emission lines except
for CCS are intense toward the core center. In contrast, CCS
emission is distributed around the N2H+ core. Thus, the
c-C3H2 and the H13CO+ distributions are anticorrelated
with the CCS distribution.

The TUKH 122 region (figure 6) is starless. We found
that the H13CO+ peak position located in the north-western
region corresponds to the CCS (JN = 76–65) local peak posi-
tion identified as TUKH 122A by Tatematsu et al. (2014).

We summarize the general tendency found in our obser-
vations. The c-C3H2 and H13CO+ distributions resemble
the N2H+ distribution. However, the H13CO+ peak posi-
tions correspond to the CCS (JN = 76–65) emission peak
positions in the TUKH 088 and 122 cores. Thus, H13CO+

may trace both young and late molecular gas. The

Fig. 3. The same as figure 1 but for TUKH 088. The velocity range for
integration is 4.5 to 7.5 km s−1. The contours start at 3 σ in N2H+, 3 σ in
CCS, 4 σ in c-C3H2, 4 σ in H13CO+, 10 σ in HCN, and 20 σ in HCO+. The
intervals are 3, 1, 1, 1, 2, and 5 σ . (1 σ is 0.0531, 0.034, 0.22, 0.21, 0.35,
and 0.35 K km s−1, respectively).
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Fig. 4. The same as figure 1 but for TUKH 097. The velocity range for integration is 4.2 to 7.8 km s−1. The contours start at 10 σ in N2H+, 3 σ in CCS,
3 σ in c-C3H2, 3 σ in H13CO+, 10 σ in HCN, and 9 σ in HCO+. The intervals are 10, 1, 2, 1.5, 4, and 3 σ . (1 σ is 0.0564, 0.031, 0.18, 0.23, 0.34, and
0.78 K km s−1, respectively).

Table 2. Physical parameters of the N2H+ cores.

TUKH Peak position Rcore (N2H+) τ (N2H+) Tex(N2H+) N(N2H+) MLTE

RA (h:m:s) Dec (◦:′:′′) (pc) (K) (cm−2) (M�)

TUKH 003 5:35:19.0 −5:00:29.1 0.08 5.7 ± 1.1 11.2 ± 0.7 (3.7 ± 0.1) E+13 54
TUKH 021 5:35:17.3 −5:19:12.8 0.09 3.3 ± 0.7 20.8 ± 1.8 (9.7 ± 0.9) E+13 180
TUKH 088 5:37:00.5 −6:37:19.2 0.03 5.4 ± 1.3 4.8 ± 0.2 (1.5 ± 0.4) E+13 3.1
TUKH 097 5:37:57.8 −7:07:02.1 0.06 4.2 ± 1.0 7.5 ± 0.5 (2.1 ± 0.2) E+13 17
TUKH 117 5:39:19.7 −7:26:07.5 0.04 4.5 ± 1.0 11.0 ± 0.8 (4.4 ± 0.3) E+13 20
TUKH 122 5:39:42.5 −7:29:50.3 0.08 20.3 ± 3.4 4.0 ± 0.1 (1.1 ± 0.1) E+13 16
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Fig. 5. The same as figure 1 but for TUKH 117. The velocity range for integration is 2.9 to 6.5 km s−1. The contours start at 6 σ in N2H+, 3 σ in CCS, 4 σ

in c-C3H2, 3 σ in H13CO+, 5 σ in HCN, and 10 σ in HCO+. The intervals are 6, 1, 1.5, 2, 3, and 2 σ . (1 σ is 0.185, 0.037, 0.23, 0.24, 0.30, and 0.39 K km s−1,
respectively).

properties and chemical differences of these molecules will
be discussed later.

3.2 Hyperfine fitting and derivation of physical
parameters

Table 2 lists the physical parameters of N2H+ cores. We
fitted the hyperfine component model to the N2H+ spectra,
and derived the optical depth, LSR velocity, linewidth, and
excitation temperature assuming a uniform excitation tem-
perature in the N2H+ hyperfine components. The intrinsic
line strengths of the hyperfine components are adopted
from Tiné et al. (2000). The optical depth τ tot is the sum

of the optical depths of all the hyperfine components.
In TUKH 003, TUKH 097, and TUKH 117, we identified
two velocity components and fitted them using the two-
component hyperfine model. Figure 7 shows the examples
of hyperfine-fitting results in the peak positions of the cores.
Peak positions are listed in table 2, and in Tatematsu et al.
(2014) correspond to 003B, 021I, 088B, 097C, 117C, and
122C. The column density is calculated by assuming local
thermodynamic equilibrium (LTE). The formulation can
be found, for example, in Furuya, Kitamura, and Shinnaga
(2006). The fitting results of the optical depth and the exci-
tation temperature ranges τ = 0.7–30 and Tex = 4–30 K are
also shown in table 2.
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Fig. 6. The same as figure 1 but for TUKH 122. The velocity range for integration is 2.6 to 5.1 km s−1. The contours start at 4 σ in N2H+, 3 σ in CCS, 3 σ

in c-C3H2, 3 σ in H13CO+, 3 σ in HCN, and 3 σ in HCO+. The intervals are 2, 1, 1, 2, 1, and 2 σ . (1 σ is 0.0727, 0.028, 0.29, 0.15, 0.34, and 0.31 K km s−1,
respectively).
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Fig. 7. Hyperfine line-fitting result for the N2H+ (J = 1–0) spectrum for the six cores. Seven short vertical bars are shown to illustrate the velocity
offset corresponding to the frequency offset of the hyperfine components; blue and red color bars represent two components fitting. (Color online)

Fig. 8. The integrated intensity of HCO+ is plotted against the integrated
intensity of HCN. The error bars represent the 1 σ noise level.

The HWHM (half of FWHM) core radius R is defined
as

√
S/π , where S is the core area at the half-maximum

level of the N2H+ integrated intensity. The core mass MLTE

was derived by assuming the N2H+ fractional abundance
relative to H2, 3.0 × 10−10 (Caselli et al. 2002).

Table 3 lists the column densities of the observed
molecules toward the identified intensity peaks. The dashes
indicate either “not observed” or “omitted because the
noise level is too high.” We performed Gaussian fit-
ting to the HCO+, H13CO+, and c-C3H2 line profiles.
From the HCO+ and H13CO+ lines, we can derive the
optical depth and excitation temperature, by assuming the
[12C] / [13C] abundance ratio ∼ 68 (Milam et al. 2005).
We also derive those of c-C3H2 assuming the excita-
tion temperature is equal to the rotation temperature,
which is derived by NH3 (1, 1) and (2, 2) lines (Wilson
et al. 1999).

3.3 HCN anomalous profiles

HCN (1–0) rotational transition has hyperfine structure,
as N2H+ does, and shows three hyperfine components.
In the optically thin limit, these three emission lines have
intrinsic intensity ratios of 1 : 5 : 3. However, the strengths
of individual lines are often seen to be boosted or sup-
pressed beyond what is expected from an LTE anal-
ysis or even from LVG (large-velocity-gradient) analysis
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Table 3. Coordinate and column density of N2H+, c-C3H2, H13CO+, and CCS.

TUKH∗, † RA (J2000) Dec (J2000) N(N2H+)∗ N(c-C3H2)∗ N(H13CO+)∗ N(CCS)† τ (HCO+)
(h:m:s) (◦:′:′′) (1013 cm−2) (1013 cm−2) (1013 cm−2) (1013 cm−2)

003A 5:35:17.7 −5:00:10.0 5.3 0.41 0.27 21
003B 5:35:19.0 −5:00:30.0 4.2 2.2 0.61 0.15 39
003D 5:35:15.0 −4:59:50.0 1.8 1.5 0.29 < 0.33 23
003E 5:35:16.4 −4:59:50.0 1.9 2.1 0.28 — 21
003F 5:35:17.7 −5:00:30.0 2.3 1.4 0.56 — 33
003G 5:35:20.4 −5:00:30.0 4.4 2.2 0.38 < 0.23 36
003H 5:35:19.0 −5:01:10.0 1.3 1.0 0.38 < 0.32 23
021F 5:35:19.9 −5:18:10.0 6.4 6.9 0.38 < 0.89 7
021G 5:35:14.5 −5:18:30.0 0.42 5.7 0.91 < 0.46 12
021H 5:35:18.5 −5:18:30.0 8.9 5.8 0.97 < 0.39 7
021I 5:35:17.2 −5:19:10.0 15 4.8 0.85 < 0.43 6
021J 5:35:17.2 −5:19:30.0 11 4.2 0.92 — 4
088A 5:37:00.4 −6:35:37.0 0.70 1.5 0.14 5.3 34
088D 5:37:00.4 −6:35:17.0 0.40 1.7 0.17 < 0.46 19
088E 5:37:00.4 −6:35:57.0 0.20 1.4 0.08 < 0.79 13
088F 5:37:00.4 −6:36:57.0 0.82 1.6 0.11 < 0.96 13
097A 5:37:57.7 −7:06:42.0 1.8 0.9 0.14 0.42 17
097B 5:37:56.3 −7:07:02.0 1.2 1.2 0.06 0.77 18
097C 5:37:57.7 −7:07:02.0 2.1 1.1 0.12 0.33 11
097F 5:37:56.3 −7:06:42.0 1.2 0.7 0.14 < 0.20 20
097G 5:37:59.0 −7:07:22.0 1.7 0.9 0.10 < 0.20 8
097H 5:37:59.0 −7:07:42.0 0.70 1.2 0.12 < 0.23 8
117B 5:39:18.4 −7:26:07.0 1.9 0.8 0.12 0.08 21
117C 5:39:19.7 −7:26:07.0 4.4 0.9 0.07 0.2 25
117E 5:39:22.4 −7:26:27.0 1.0 1.0 0.08 0.6 16
117F 5:39:21.1 −7:26:47.0 1.0 1.5 0.12 0.56 19
117H 5:39:21.1 −7:25:47.0 2.5 1.3 0.09 < 0.18 22
117I 5:39:19.7 −7:26:27.0 2.2 1.4 0.15 < 0.16 26
117J 5:39:21.1 −7:26:27.0 1.7 1.2 0.12 < 0.16 16
117K 5:39:19.7 −7:26:47.0 0.91 1.2 0.10 < 0.20 21
122B 5:39:41.2 −7:29:49.0 0.67 0.7 0.35 6.2 284
122D 5:39:43.8 −7:30:09.0 1.3 1.2 0.04 1.2 30
122F 5:39:42.5 −7:30:09.0 1.3 1.3 0.09 — 40
122G 5:39:45.2 −7:30:49.0 0.82 0.9 0.05 < 0.20 55

∗This study.
†Tatematsu et al. (2014)

(e.g., Walmsley et al. 1982; Loughnane et al. 2012).
In our observations, we found that HCN (J = 1–0,
F = 2–1) emission is boosted and the line widths of the HCN
(J = 1–0, F = 1–1) and (J = 1–0, F = 0–1) are increased. This
is similar to what was observed in HCN emission toward
the G 333 massive star-forming region (Loughnane et al.
2012). Due to HCN anomalous profiles, we conclude that
it is difficult to reliably obtain the excitation temperature
or optical depth. figure 8 compares the integrated inten-
sity of HCO+ with that of HCN. These plots are from
each observing position in all the maps with both HCN
and HCO+ detections. These figures show strong correla-
tion between HCO+ and HCN integrated intensity. We do
not see any hint of HCN excess with respect to HCO+ (e.g.,

Izumi et al. 2013; Kohno et al. 2001), probably because our
regions do not contain very warm (> 300 K) temperature
causing warm gas chemistry.

4 Chemical variation in the Orion A GMC

To establish the chemical evolution in GMC cores, we will
investigate how the abundances of N(N2H+), N(H13CO+),
and N(c-C3H2) vary by star-forming activity or the
kinetic temperature. We also use the abundances N(CCS),
N(HC3N), and N(NH3) in the literature (Tatematsu et al.
2010, 2014; Wilson et al. 1999). We adopted the rotation
temperature Trot from NH3 (1, 1) and (2, 2) data obtained
by Wilson et al. (1999) and converted to the kinetic
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Fig. 9. The column density ratio of N2H+ to CCS is plotted against the
column density ratio of c-C3H2 to CCS. CCS is abundant in starless
cores, while c-C3H2 and N2H+ are abundant in star-forming cores. This
suggests that CCS is a young-type tracer, but c-C3H2 and N2H+ are late-
type tracers.

temperature using the relation in Danby et al. (1988).
We ignore the difference in the beam size between the
Nobeyama 19.′′1 resolution and the KVN 31.′′5 resolution,
because we found that the c-C3H2 and the H13CO+ dis-
tributions are similar to that of N2H+ and the core sizes
are sufficiently larger than the beam sizes. We convolved
the N2H+ data with a Gaussian of FWHM 23.′′4 to smooth
the cube to the 31.′′5 spatial resolution of the KVN 21 m
telescope (

√
19.12 + 23.42 ∼ 31.5) and derived the column

density of N2H+.

4.1 N2H+ vs c-C3H2

Figure 9 shows the column density ratio N(N2H+)/N(CCS)
against N(c-C3H2)/N(CCS). The critical densities of
c-C3H2 and N2H+ are about 2 × 105 and 3 × 105 cm−3,
respectively, therefore it is expected that they trace sim-
ilar density ranges. The arrows show the lower limit to
the ratio: we estimated the upper limit of the CCS at 3 σ .
We regard the intensity peak as star forming if it is within
30′′ of protostars. The column densities are taken from
table 3. This figure suggests that CCS is abundant in star-
less regions, and N2H+ and c-C3H2 are abundant in star-
forming regions, which may suggest that CCS serves as
a young-type molecule, while N2H+ and c-C3H2 serve as
late-type molecules in the Orion A cloud.

Figure 10 shows the comparison of N(c-C3H2) and
N(N2H+). This plot includes the positions where both
c-C3H2 and N2H+ were detected and not listed in table 3.
White diamonds represent the positions where the temper-
ature is ≥ 24 K, and black diamonds represent the positions

Fig. 10. The column density of N2H+ is plotted against the column den-
sity of c-C3H2. The error bars represent 1 σ error in the N2H+ hyperfine
fitting.

where the temperature is < 24 K. The straight line repre-
sents the least-squares fit to the data. The correlation coef-
ficient is R = 0.7, indicating a good correlation between
N(c-C3H2) and N(N2H+). We found that some white dia-
monds are located below the best fit and this trend might
be caused by N2H+ disruption by CO evaporation. It is
possible that c-C3H2 is a late-type molecule and can remain
in warm cores where N2H+ is destroyed by CO evapora-
tion. However, our result is based on a small sample; in
particular, it contains only one starless core. We need more
observational data to confirm whether c-C3H2 is a late-type
chemical tracer and can remain in warm regions.

4.2 N2H+ vs HCO+, H13CO+

In warm regions (Tdust > 25 K) with sufficient CO, N2H+

is destroyed by the following reaction (Lee et al. 2004):

N2H+ + CO −→ HCO+ + N2. (1)

From this reaction, we expect that HCO+ is more abun-
dant than N2H+ in warm regions. Sanhueza et al. (2012)
suggested that the N(N2H+)/N(HCO+) ratio serves as a
chemical clock because the temperature increase causes CO
evaporation after protostars form. Shirley et al. (2013)
also suggested that the N(N2H+)/N(HCO+) ratio indi-
cates whether the cores reserve cold and dense gas on the
basis of J = 3–2 observations. Figure 11 shows the column
density of N2H+ against the column density of H13CO+.
When the HCO+ was not detected, we use arrows to
show the upper limit. In star-forming cores, the N2H+ and
H13CO+ column densities are correlated with each other.
In starless cores, we do not see such a correlation, and the
N2H+ column density does not exceed ∼ 1.0 × 1013 cm−2.
Figure 12 shows a histogram of number distributions of
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Fig. 11. The column density of N2H+ is plotted against the column den-
sity of H13CO+. The error bars represent 1 σ error in the N2H+ hyperfine
fitting or HCO+ and H13CO+ Gaussian fitting.

Fig. 12. Histogram of the number distributions of the column density
ratio of N2H+ to H13CO+ for each star-forming activity. The vertical
dashed lines represent the median values of the column density ratios
for each stage. The right arrows represent upper limits. The median
values and the K–S test suggest that the column density ratios increase
from isolated to cluster. (Color online)

the N(N2H+)/N(H13CO+) ratio. The vertical dashed lines
indicate the median values. From these figures, we found
that H13CO+ is abundant in cluster regions, while N2H+

is abundant in isolated regions. Our results suggest that
the N(N2H+)/N(HC13O+) ratio is affected not only by the
chemical evolution but also by star-forming activity. We
cannot mention starless regions because the histogram of
the starless regions includes the upper limit.

4.3 CCS, HC3N vs NH3

We reanalyzed the data of Tatematsu et al. (2010) to
see the chemical evolution of the N(NH3)/N(CCS) and
N(NH3)/N(HC3N) ratios against protostar association and
temperature, by using the new protostar catalog of Megeath

Fig. 13. The column density ratio of NH3 to CCS is plotted against the
kinetic temperature.

et al. (2012). New analysis has shown the chemical evolu-
tion tendency more clearly than Tatematsu et al. (2010).

They carried out one-point observations using CCS
(JN = 43–32) and HC3N (J = 5–4) at 45 GHz toward
the Orion A GMC cores with the Nobeyama 45 m tele-
scope. Table 4 summarizes the core parameters: coordi-
nates, radius, LTE mass, and column density in CCS,
HC3N, and NH3 lines, and kinetic temperature. The radius
and LTE mass are derived by CS (1–0) line observations
of Tatematsu et al. (1993). The column density of NH3 is
obtained by Wilson et al. (1999). We checked the associ-
ation of protostars with the criterion of 40′′ with respect
to the core center. 40′′ is the spatial resolution of the
Nobeyama 45 m telescope at 45 GHz. If a protostar is
located within 40′′ in two cores, we list the closer core.

Figure 13 plots the N(NH3)/N(CCS) ratio against tem-
perature. Open circles represent star-forming cores and
filled circles represent starless cores. This figure shows that
the N(NH3)/N(CCS) ratio is low toward starless cores
while it is high toward star-forming cores, regardless of tem-
perature. This is similar to the tendency known in cold dark
clouds, and the N(NH3)/N(CCS) ratio seems to reflect the
chemical evolution even in the Orion A cloud. We see two
star-forming cores showing low ratios of N(NH3)/N(CCS).
It might be caused by poor spatial resolution.

In cold dark clouds, it is also suggested that the
N(NH3)/N(HC3N) ratio indicates the chemical evo-
lution (Suzuki et al. 1992). Figure 14 shows the
N(NH3)/N(HC3N) ratio against the temperature. From
this figure, we found a tendency for the N(NH3)/N(HC3N)
ratio to be low in high-temperature regions. Figures 15
and 16 show the N(NH3)/N(CCS) ratio against the line-
width of CCS and the N(NH3)/N(HC3N) ratio against
the line-width of HC3N, respectively. These figures sug-
gest that these column density ratios decrease in active or
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Table 4. Coordinates, radius, mass, column density from CS, CCS, HC3N, and NH3 line parameters.

CS∗ CCS† HC3N† NH3
‡ Megeath

TUKH∗ RA (J2000) Dec (J2000) R MLTE N(CCS) N(HC3N) N(NH3) Tkin

(h:m:s) (◦:′:′′) (pc) (M�) (1012 cm−2) (1012 cm−2) (1013 cm−2) (K)

1 5:35:20.40 −4:57:10.0 0.15 93 — — 3.6 21
2 5:35:31.00 −4:59:11.0 0.14 140 — — 10.8 30 2469
3 5:35:17.70 −5:00:30.0 0.23 910 2.68 6.94 39 17 2446
4 5:35:28.30 −5:01:11.0 0.22 290 — — 10.2 23
5 5:35:28.30 −5:03:11.0 0.14 120 — — 4.1 25 2408
6 5:35:17.50 −5:04:30.0 0.2 580 — — 9.3 28 2385
7 5:35:38.90 −5:05:51.0 0.2 170 — — 3.6 34
8 5:35:22.80 −5:07:50.0 0.2 310 — — 22 26
9 5:35:12.10 −5:09:49.0 0.17 110 — — 3.2 17
10 5:35:38.80 −5:09:51.0 0.11 18 — — 2.8 30
11 5:35:25.40 −5:10:30.0 0.18 240 — 19.41 32.8 28 2279
12 5:35:04.00 −5:11:09.0 0.13 23 — — 1.7 25
13 5:35:30.80 −5:11:51.0 0.16 84 — 4.81 5.8 28
14 5:35:01.30 −5:12:29.0 0.14 69 — — ∼ 2 17
15 5:35:17.40 −5:12:30.0 0.15 87 — 4.05 16.3 23
16 5:35:17.30 −5:14:30.0 0.11 79 — — 8.9 20
17 5:35:06.60 −5:15:09.0 0.26 470 — — 1.2 17
18 5:35:17.30 −5:15:50.0 0.16 90 — — 8.8 26 2187
19 5:35:09.20 −5:17:49.0 0.14 92 — — 6.9 25
20 5:35:03.80 −5:19:09.0 0.11 27 — — ∼ 2
21 5:35:17.20 −5:19:10.0 0.11 530 8.74 54.86 58.4 30 2069
22 5:35:01.10 −5:19:49.0 0.12 49 — — 3.2 47
23 5:35:41.30 −5:19:52.0 0.12 45 — — 3 17
24 5:35:54.70 −5:19:53.0 0.1 19 — — 1.1 47
25 5:35:25.20 −5:20:30.0 0.09 22 — 2.84 2.1 47
26 5:35:17.20 −5:21:10.0 0.11 360 8.96 55 36.3 41 1971
27 5:35:46.60 −5:21:12.0 0.08 19 — — ∼ 2 166
28 5:34:58.40 −5:21:48.0 0.14 260 — — 6.6 21
29 5:35:14.50 −5:22:30.0 0.15 1800 — 244.04 > 250 166
30 5:35:01.10 −5:23:49.0 0.17 180 — — 4.7 34 1800
31 5:35:14.50 −5:23:50.0 0.1 320 — 57.24 36.2 66 1807
32 5:35:30.60 −5:23:51.0 0.08 11 — 8.45 —
33 5:35:03.70 −5:24:29.0 0.08 51 6.41 24.24 9.2 26 1800
34 5:35:25.10 −5:24:30.0 0.06 38 — — 4.8 116
35 5:35:06.40 −5:25:49.0 0.12 61 — — ∼ 4 116
36 5:35:17.10 −5:25:50.0 0.07 77 — 9.72 14.5 59 1718
37 5:35:14.40 −5:26:30.0 0.1 600 16.11 31.75 19.7 41
38 5:35:01.00 −5:27:49.0 0.13 44 — — —
39 5:35:11.70 −5:27:49.0 0.11 120 15.74 43.23 ∼ 18 34
40 5:35:11.70 −5:29:09.0 0.1 110 14.9 10.31 ∼ 8
41 5:35:06.30 −5:29:49.0 0.1 27 — — < 4
42 5:35:17.00 −5:30:30.0 0.09 37 — — < 3
43 5:35:03.60 −5:31:49.0 0.16 75 — — 3.6 34
44 5:35:03.60 −5:34:29.0 0.13 110 — — 8.3 34
45 5:35:16.90 −5:35:10.0 0.13 41 — — —
46 5:34:58.10 −5:35:48.0 0.23 350 — — < 6 25
47 5:35:06.20 −5:36:29.0 0.29 390 3.07 5.5 18.4 17 1400
48 5:35:08.80 −5:37:49.0 0.18 220 — — ∼ 9
49 5:34:50.10 −5:39:08.0 0.14 75 8.28 — 11.8 17 1350
50 5:34:36.60 −5:41:47.0 0.14 41 — — ∼ 6
51 5:34:55.30 −5:43:08.0 0.27 240 — — 11.4 25
52 5:34:52.60 −5:45:48.0 0.22 150 — — 13.6 25
53 5:35:00.60 −5:48:29.0 0.21 69 — — 8.4 23 1191
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Table 4. (Continued.)

CS∗ CCS† HC3N† NH3
‡ Megeath

TUKH∗ RA (J2000) Dec (J2000) R MLTE N(CCS) N(HC3N) N(NH3) Tkin

(h:m:s) (◦:′:′′) (pc) (M�) (1012 cm−2) (1012 cm−2) (1013 cm−2) (K)

54 5:35:08.50 −5:53:09.0 0.15 19 — — 10.2 17
55 5:34:57.80 −5:53:48.0 0.19 100 — — 6.7 17 1121, 1127
56 5:35:11.10 −5:55:49.0 0.15 55 17.52 2.79 7.9 34
57 5:35:03.10 −5:57:49.0 0.27 250 8.7 — 11.6 17
58 5:35:11.10 −5:59:49.0 0.24 160 — — 8.2 34
59 5:35:40.40 −6:07:52.0 0.33 380 12.31 — 12.1 34
60 5:35:40.40 −6:09:12.0 0.24 150 — — 13.3 34
61 5:36:07.10 −6:10:34.0 0.2 150 — — 7.1 34
62 5:36:04.40 −6:12:33.0 0.3 310 — — 5 25
63 5:36:36.70 −6:13:16.0 0.27 360 — — 3.3 25
64 5:36:28.50 −6:15:15.0 0.21 170 — — 10 21
65 5:36:36.70 −6:15:16.0 0.2 34 — 1.9 11.2 18
66 5:36:41.90 −6:17:16.0 0.3 280 — — 4.6 17
67 5:36:20.40 −6:21:54.0 0.22 330 — 13.59 20 47 944
68 5:35:56.20 −6:22:33.0 0.13 33 — — 3.5 23
69 5:36:25.80 −6:23:15.0 0.15 190 11.32 10.61 17.4 34
70 5:36:44.50 −6:24:36.0 0.17 64 — — ∼ 5 18
71 5:35:29.30 −6:26:31.0 0.15 120 — — 5.5 17 882
72 5:35:53.50 −6:26:33.0 0.27 310 — — 5.5 17
73 5:36:33.70 −6:26:35.0 0.17 120 — — 17.3 34
74 5:36:41.80 −6:26:36.0 0.19 140 — — 25.1 17
75 5:36:41.80 −6:27:56.0 0.14 41 — — 5.6 11
76 5:36:01.50 −6:28:33.0 0.12 30 — — 4.2 84
77 5:36:47.10 −6:28:36.0 0.18 140 — — ∼ 6 25
78 5:36:49.80 −6:29:17.0 0.12 34 — — ∼ 5 25
79 5:36:04.20 −6:29:53.0 0.14 28 — — ∼ 5 63
80 5:35:26.60 −6:30:31.0 0.11 37 — — ∼ 2 34
81 5:36:25.50 −6:30:35.0 0.15 56 — — ∼ 2 25
82 5:36:17.50 −6:31:14.0 0.14 84 — — ∼ 4 34
83 5:36:47.00 −6:31:56.0 0.2 59 6.75 8.37 2.4 63
84 5:35:58.70 −6:32:33.0 0.12 55 — — 6.2 63
85 5:36:20.20 −6:33:14.0 0.28 39 — — 2
86 5:36:57.80 −6:33:57.0 0.18 34 — — —
87 5:36:44.40 −6:34:36.0 0.18 54 — — 3 25
88 5:37:00.40 −6:35:57.0 0.19 170 6.86 5.68 4 25
89 5:36:33.50 −6:38:35.0 0.16 62 — — 12.4 11 821
90 5:36:17.30 −6:39:54.0 0.17 61 — — 3
91 5:36:25.40 −6:45:15.0 0.2 310 — 4.59 5.2 14
92 5:36:25.20 −6:45:55.0 0.15 120 — 4.28 15.8 21 772
93 5:36:14.60 −6:48:34.0 0.23 310 — 5.04 ∼ 8 16
94 5:36:27.70 −6:51:15.0 0.14 30 — — 2.2 25
95 5:38:46.90 −7:00:45.0 0.16 85 — 4.79 ∼ 7 11 697
96 5:38:04.50 −7:06:02.0 0.1 19 — — ∼ 10 34
97 5:37:59.00 −7:07:22.0 0.19 150 7.92 5.65 ∼ 33 11 638
98 5:38:07.10 −7:08:42.0 0.15 60 — — ∼ 4.8 11 636
99 5:38:28.60 −7:10:04.0 0.2 89 — — ∼ 4 25
100 5:38:12.50 −7:10:43.0 0.1 23 — — ∼ 5 17
101 5:39:03.50 −7:11:26.0 0.15 27 — — 5.3 17
102 5:38:33.20 −7:12:04.0 0.1 8.2 — — ∼ 3 47
103 5:38:51.90 −7:12:05.0 0.2 100 — — ∼ 15 11
104 5:39:06.20 −7:12:07.0 0.19 28 3.88 6.2 10.6 11
105 5:38:07.00 −7:13:22.0 0.18 57 5.81 1.85 —
106 5:38:20.50 −7:13:23.0 0.15 29 — — —
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Table 4. (Continued.)

CS∗ CCS† HC3N† NH3
‡ Megeath

TUKH∗ RA (J2000) Dec (J2000) R MLTE N(CCS) N(HC3N) N(NH3) Tkin

(h:m:s) (◦:′:′′) (pc) (M�) (1012 cm−2) (1012 cm−2) (1013 cm−2) (K)

107 5:38:09.70 −7:15:22.0 0.18 71 — — —
108 5:38:15.00 −7:16:43.0 0.15 37 — — —
109 5:38:28.50 −7:16:44.0 0.19 52 — — —
110 5:39:22.20 −7:18:48.0 0.14 12 — — —
111 5:39:00.80 −7:20:06.0 0.15 39 — — 5.1 25 595
112 5:38:35.80 −7:20:44.0 0.19 100 — — ∼ 6
113 5:39:29.20 −7:24:08.0 0.12 16 — — 7
114 5:38:49.10 −7:24:45.0 0.26 160 — — ∼ 4
115 5:38:54.40 −7:26:06.0 0.1 14 — — ∼ 44 11
116 5:38:35.60 −7:26:44.0 0.22 160 — — —
117 5:39:18.40 −7:26:47.0 0.27 320 3.54 2.67 ∼ 22 10 545
118 5:40:28.10 −7:27:32.0 0.12 25 — — — 536
119 5:40:28.10 −7:28:52.0 0.14 30 — — —
120 5:38:25.70 −7:29:24.0 0.15 34 — — —
121 5:38:31.00 −7:30:04.0 0.13 17 — — —
122 5:39:42.50 −7:30:09.0 0.18 49 7.3 12.95 ∼ 23 16
123 5:39:58.60 −7:30:50.0 0.23 78 — 3.75 ∼ 46 514
124 5:40:28.10 −7:30:52.0 0.14 22 — — ∼ 6
125 5:40:14.60 −7:32:52.0 0.18 35 — 4.78 ∼ 5

∗Tatematsu et al. (1993).
†Tatematsu et al. (2010).
‡Wilson et al. (1999).

Fig. 14. The column density ratio of NH3 to HC3N is plotted against the
kinetic temperature.

turbulent cores. It is also found that the N(NH3)/N(CCS)
and N(NH3)/N(HC3N) ratios are low toward starless
cores and high toward star-forming cores, regardless
of temperature. Thus, our new analysis suggest that
N(NH3)/N(HC3N) and N(NH3)/N(CCS) may be indica-
tors of the chemical evolution. However, the column den-
sities of CCS and HC3N are calculated using the data in

Fig. 15. The column density ratio of NH3 to CCS is plotted against the
line-width of CCS.

a single line. To constrain the excitation condition, it is
desirable to make multi-transition observations.

5 Gravitational instability of the N2H+ cores

To understand what initiates star formation, we inves-
tigate the differences in properties between cores with
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Fig. 16. The column density ratio of NH3 to HC3N is plotted against the
line-width of HC3N.

protostars/YSOs and those without protostars/YSOs. We
analyze the core stability following Nakano (1998).
Neglecting the effects of magnetic fields and assuming
spherical uniform cores, the virial equation reduces to

1
2

d2 I
dt2

= 3C2
eff Mcore − 3

5
GM2

core

R
− 4π R3 Ps ≡ F (R), (2)

Ps

kB
≈ G�2

0

kB
, (3)

where Ceff, Mcore, R, and I are the effective sound speed,
the mass, radius, and generalized moment of inertia,
respectively, of the core. The effective sound speed including
turbulence (nonthermal component contribution) as well as
thermal contribution, is defined as follows:

Ceff =
(�V2

tot

8 ln 2

)1/2
, (4)

�Vtot =
[
�V2

obs + 8 ln 2 × kTk

( 1
m

− 1
mobs

)]1/2
, (5)

where m, mobs, and Tk are the mean molecular weight
(2.33 amu), the mass of the observed molecule, and the
kinetic temperature of the gas, respectively. Ps and �0 are
the pressure and the column density of the surrounding
medium, respectively. We derive Ps from the 13CO column
densities (Nagahama et al. 1998) in which cores are
embedded. The core is in equilibrium when F(R) = 0.
Nakano’s (1998) equation (27) gives

Pcr = 1
12πG3 M2

core

(
5
3

)3(
9
4

C2
eff

)4

. (6)

Pcr is a critical value for the pressure of the surrounding
medium Ps, above which no equilibrium states exist. At

Fig. 17. Virial theorem function F [equation (2)] is plotted against the
radius R divided by Rcr [equation (7)] for the N2H+ cores.

this critical state Ps = Pcr, the core has an equilibrium state
with radius

Rcr = 4GMcore

15πC2
eff

. (7)

Figure 17 plots the virial theorem function F(R) against
R/Rcr for the N2H+ cores. Nakano (1998) assumed that
the core is initially in a stable equilibrium state (F = 0 and
R/Rcr > 1). By dissipating turbulence, R/Rcr decreases until
the core reaches the critical point (F = 0 and R/Rcr = 1).
After the core goes beyond the critical point, the core
becomes unstable. As a result, perturbations trigger the core
collapse because no equilibrium states exist, and finally stars
form. The result shown in figure 17 seems to be consistent
with the scenario; the cores without protostars are in the
stable equilibrium (F = 0 and R/Rcr > 1), while the cores
with protostars are in the unstable state (F < 0). Some
cores with protostars are located in the stable equilibrium.
This may be caused by the N2H+ destruction. The mass
traced by N2H+ will be underestimated in warm regions
and Rcr might be underestimated. Correction for this will
make R/Rcr larger.

Figure 18 is the same as figure 17 but shows only the
cores with gas temperature < 25 K. This figure shows the
tendency more clearly. However, we found that some star-
less cores are located in unstable or virial non-equilibrium
states. We point out two possibilities; we did not resolve
structure in these cores well or these cores may be on
the verge of star formation. One starless core stands out
with a low F(R). This core was identified as No. 32 by
Tatematsu et al. (2008). They derived the core size (R) and
the mass (M�) to be 0.17 pc and 78.0 M�, respectively,
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Fig. 18. Virial theorem function F [equation (2)] is plotted against the
radius R divided by Rcr [equation (7)] for the N2H+ cores where the
kinetic temperature is less than 25 K.

Fig. 19. The column density ratio of NH3 to CCS is plotted against the
radius R divided by Rcr [equation (7)] for the CS cores.

using N2H+. Because of its large core size, it might be sug-
gested that the core is unstable on the large scale (∼ 0.1 pc),
but it is stable on the clump small scale (≤ 0.04 pc).

Finally, figure 19 shows the N(NH3)/N(CCS) ratio
against R/Rcr. R and Rcr are derived from the CS (1–0)
data obtained by Tatematsu et al. (1993). We found that
the N(NH3)/N(CCS) ratio decreases with R/Rcr. The cor-
relation coefficient is R = −0.5, indicating a moderate neg-
ative correlation. The star-forming cores seem to be located
in high N(NH3)/N(CCS) and low R/Rcr regions. On the
other hand, the starless cores seem to be located in low
N(NH3)/N(CCS) and high R/Rcr regions. This may sug-
gest that the chemical evolution can be an indicator of
the dynamical evolution of the core. If we derive R/Rcr

by using a high-density tracer like N2H+, the separation
might be better.

6 Summary

We mapped six cores in the Orion A cloud in N2H+ and
CCS with the Nobeyama 45 m telescope and in c-C3H2,
H13CO+, HCO+, and HCN with the KVN 21 m telescope.
For the chemical evolution, we found that the N(H13CO+)
is enhanced in cluster regions and that N(c-C3H2) is
correlated with N(N2H+). Both N(N2H+)/N(CCS) and
N(c-C3H2)/N(CCS) are high in star-forming regions
and low in starless regions. We also found that
N(NH3)/N(CCS) and N(NH3)/N(HC3N) are high in star-
forming regions and low in starless regions. These results
are consistent with those found in cold dark clouds (Tk ∼
10 K), but both ratios decrease with increasing temperature.

We also investigated the core dynamical characteristics
through virial analysis, and found that the starless cores
are in a stable equilibrium and tend to have a high ratio of
R/Rcr, while the star-forming cores tend to have low ratio
of R/Rcr. This is consistent with the scenario of Nakano
(1998), suggesting that the dissipation of turbulence is the
important factor in star formation.

Lastly, we found that the N(NH3)/N(CCS) ratio seems
to be correlated with R/Rcr. This may mean that the chem-
ical evolution can be an indicator of the dynamical evolu-
tion of the core.
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Appendix. Line spectra

We show line spectra of c-C3H2, H13CO+, HCN, and
HCO+ in the center of the cores (figures 20–25). The center
positions are listed in table 2. In the TUKH 088 core, we
did not observe the center with the KVN 21 m telescope
because of limited observation time. For the TUKH 088
core, we show line spectra of c-C3H2, H13CO+, HCN, and
HCO+ in the position of (�RA, �Dec) = (0′′, 20′′) from the
center. Note that we selected HCN J = 1–0 F = 1–1 as the
center frequency, and the main component HCN J = 1–0 F
= 2–1 is shifted −4.8 km s−1.
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Fig. 20. Line spectra of c-C3H2, H13CO+, HCN, and HCO+ in the center of the TUKH 003 core.

Fig. 21. As figure 20 but for the TUKH 021 core.
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Fig. 22. As figure 20 but for the TUKH 088 core.

Fig. 23. As figure 20 but for the TUKH 097 core.
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Fig. 24. As figure 20 but for the TUKH 117 core.

Fig. 25. As figure 20 but for the TUKH 122 core.
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