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Abstract

We have mapped the Orion-A giant molecular cloud in the CO (J=4-3) line with the
Tsukuba 30 cm submillimeter telescope. The map covered a 7.125deg? area with a 9
resolution, including main components of the cloud such as the Orion Nebula, OMC-
2/3, and L1641-N. The most intense emission was detected toward the Orion KL region.
The integrated intensity ratio between CO (J=4-3) and CO (J=1-0) was derived using
data from the Columbia-Universidad de Chile CO survey, which was carried out with
a comparable angular resolution. The ratio was rs_3;1_0~0.2 in the southern region of
the cloud and 0.4-0.8 at star forming regions. We found a trend that the ratio shows
higher values at the edges of the cloud. In particular, the ratio at the northeastern edge
of the cloud at (/, b) ~ (208:375, —19°0) shows the highest value of 1.1. The physical
condition of the molecular gas in the cloud was estimated by non-LTE calculation. The
result indicates that the kinetic temperature has a gradient from north (7, = 80K) to
south (20 K). The estimation shows that the gas associated with the edge of the cloud is
warm (T, ~60K), dense (ny, ~ 10* cm~3), and optically thin, which may be explained by
heating and sweeping of interstellar materials from OB clusters.
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Fig. 1. The distribution of the Orion-Monoceros molecular complex traced by the integrated intensity of the '2CO (J= 1-0) emission (Wilson et al.
2005). The contour levels are 3, 9, 27, and 81 Kkms~'. The mapping region of the '>CO (J=4-3) line is indicated with thick lines.

1 Introduction

Star-forming activity in galaxies is closely related to
the distribution and physical conditions of giant molec-
ular clouds (GMCs). The large-scale surveys, which are
represented by the Columbia-Universidad de Chile CO
surveys, have investigated the global distribution of GMCs,
structures of molecular gas both in space and velocity,
and the total amount of molecular gas in the Milky Way
(Dame et al. 1987, 2001; Bronfman et al. 1988). In addi-
tion, the detailed structures, the size, and the mass of indi-
vidual galactic regions and GMCs are also revealed by
observations of '>CO (J=1-0), '2CO(J=2-1), and
1B3CO (J=1-0) lines, mostly with small and middle-sized
telescopes (e.g., Sakamoto et al. 1994; Dobashi et al. 1994;
Mizuno et al. 1995; Oka et al. 1998). Nevertheless, the
global distribution of physical conditions such as temper-
ature, density, and column density over the GMCs is still
unclear because such observations have been carried out
only in lower transition lines of CO.

We made survey observations in the 2CO (] =4-3)
emission line toward the Orion-A GMC to derive the
physical properties of molecular gas over the GMC, with
the same angular resolution of 9" as those of the previous
12CO (J=1-0) and 2CO (J=2-1) observations
(Maddalena et al. 1986; Wilson et al. 2005; Sakamoto
et al. 1994). This enables us to directly compare the
intensities of the different CO transitions and thus to
estimate the temperature and the column and volume
densities of the gas. The Orion-A GMC is the most suitable
site for studying massive star formation because of its close
distance to the sun (~420 pc: Hirota et al. 2007; Menten

et al. 2007; Kim et al. 2008). Star formation is
ongoing in the integral-shaped filament with an extent of
~2° (~15pc), along the north-south direction, which
consists of several components such as OMC-1 to
OMC-5 (Johnstone & Bally 1999, 2006). Maddalena
et al. (1986) surveyed the Orion-Monoceros region in
the '2CO (J=1-0) line with the 1.2m telescope [8!7
of half-power beam width (HPBW)] as a part of the
Columbia—Universidad de Chile CO survey. They deter-
mined the spatial extent of three GMCs, Orion A,
Orion B, and Mon R2 (figure 1), where the mass was
evaluated to be 1.0 x 10°, 0.8 x 10°, and 0.9 x 10° M,
respectively, comparing with the virial mass, the local ther-
modynamic equilibrium (LTE) mass, and the CO mass.
Wilson et al. (2005) re-observed the same region in the
same line with uniform sampling. Sakamoto et al. (1994)
mapped the Orion-A and -B GMCs in the 2CO (J =2-1)
line using the Tokyo-NRO 60 cm survey telescope.! The
12CO (J=2-1)/"2CO (J = 1-0) intensity ratio was almost
unity on the main structure of the clouds, Hu regions,
reflection nebulae, and the western edge of the clouds. They
estimated the gas density over the GMCs using the intensity
ratio by the large velocity gradient method, and the densi-
ties of the main and peripheral regions were ~ 3 x 103 cm—3
and ~2 x 102 cm™3, respectively. Bally et al. (1987) sur-
veyed the Orion-A GMC in the 3CO (J = 1-0) line with the
AT&T Bell Laboratories 7 m telescope (1/8 of angular res-
olution). The 3CO (] = 1-0) map revealed that the overall

! The telescope was renamed the AMANOGAWA telescope in 2010 after an upgrade
to a new 2SB receiver in 2007 (Nakajima et al. 2007; Yoda et al. 2010).
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structure of the cloud is filamentary. This morphology indi-
cates that the northern part of Orion A is compressed
and supports massive star formation. The southern part is,
however, diffuse and exhibits chaotic spatial and velocity
structure, supporting only intermediate- to low-mass
star formation. The integral-shaped filament is about
0.5pc wide, at least 13 pc long, and has a mass of
5 x 103 Mg, estimated from the 3CO (J = 1-0) data. Bally
et al. (1987) explained these properties as resulting
from the compression of the interstellar medium by
a superbubble driven by the Orion OB association.
Nagahama et al. (1998) also mapped the Orion-A
GMC in the BCO (J=1-0) line and found 39 filamen-
tary structures. Nishimura et al. (2015) mapped the
same cloud in 2CO (J=2-1), BCO (J=2-1), and C'?O
(J=2-1) and derived temperature and density by com-
paring their data as well as '2CO (J=1-0), B¥CO (J=1-
0), and C'8O (J=1-0) data. They found a temperature
gradient along the cloud ridge. Mapping observations of
12CO (J =3-2) and [C1](*P1-3Py) carried out by Ikeda et al.
(1999) with the Mt. Fuji submillimeter-wave telescope
found that the distribution of [CI](3P1—Py) is quite sim-
ilar to that of 3CO (J=1-0).

The GMC accompanies the Orion OB1 association,
which is known as a typical stellar cluster (Brown et al.
1994). The association consists of several subgroups named
OB1la-d from the northwest of the GMC. The numbers of
stars in subgroups a, b, ¢, and d are 53, 31, 34, and 3,
respectively. The ages of the subgroups have been thought
to be mostly older from the northwest. OB1a, the oldest
subgroup is 11 Myr old. OB1b and Oblc were formed
1-5Myr ago in the close generation, while Brown,
de Geus, and de Zeeuw (1994) determined that the OBlc
subgroup is older than the OB1b subgroup. The OB1d sub-
group, located nearest to the Orion-A GMC and known as
the Orion Nebula and NGC 1976, was estimated as less
than 1 Myr old. The differences in ages and evolutional
stages of the Orion-A OB1 subgroups and the GMC can
be interpreted as the result of sequential star formation, as
suggested by Elmegreen and Lada (1977). The global star
formation history of the Orion OB1 association and the
GMC is therefore crucial to understanding the formation
of a stellar cluster and triggered star formation scenarios.

Several observations indicated that there are gradients
in morphology, in velocity structure, and in intensity of
emission lines over the Orion-A GMC. The temperature-
weighted velocity maps of the '>CO lines traced the sub-
stantial velocity gradient from the north (Visg =11kms™!)
to the south (Visg =3kms™!) over the GMC (Wilson
et al. 2005; Shimajiri et al. 2011; Nishimura et al.
2015). The origin of the velocity gradient has been
attributed to rotation of the GMC (Kutner et al. 1977;

Maddalena et al. 1986) or to large-scale expansion driven
by the stellar winds of the Orion OB1 association (Bally
et al. 1987). Wilson et al. (2005) also advocated the
latter, because there was evidence of interaction between
the Orion OB1 association and the Orion-A GMC. For
example, there are sharp '>CO (J=1-0) intensity drops
and velocity shifts with respect to the main component of
the cloud at the edge of the cloud, which are attributed
to expanding shells driven by an H1 region, the Orion
Nebula, excited by young massive stars in OBlc. The
integrated intensity ratio of [C1](*P;—3Py)/"2CO (J=3-2)
also shows a gradient from north (~0.1) to south (~1.2;
Ikeda et al. 2002). The gradient of the [CI](*P;—3Py)/
12CO (J=3-2) ratio was interpreted as a consequence of
the temperature gradient. In addition, heating by the Orion
OBI1 association may be responsible for the global gradient.
The diffuse interstellar material may have been swept up
and accumulated by the OB1 association through the pro-
cesses that made the temperature and intensity gradients
in the Orion-A GMC. Some authors suggested that the
triggered star formation is occurring through interaction
between the Orion OB1 association and the Orion-A GMC
(Wilson et al. 2005; Shimajiri et al. 2011).

In the next section, we describe the details of the observa-
tions. The results of the survey, the distribution and veloci-
ties over the GMC, are presented in section 3. In section 4,
we analyze the physical properties of the molecular gas
using the 2CO (] =4-3) data with other archival data, and
also discuss the triggered star formation in the GMC. In
the last section, we summarize the results of this paper.
Throughout this paper, we adopt 418 pc (Kim et al. 2008)
as the distance of Orion KL, at which 1" and 1” correspond
t0 0.12 pc and 2.0 x 1073 pc, respectively. The velocity used
here is expressed with respect to the local standard of rest
(LSR) in the radio definition.

2 Observations

The observations of '2CO (J=4-3) were made with the
Tsukuba 30 cm submillimeter telescope of the University
of Tsukuba during 2011 September and October. The
30 cm telescope (figure 2) is a transportable submillimeter
telescope developed for a Galactic plane survey in the
CO (] =4-3) line at 461.04077 GHz and [C1](*P;—>Py) line
at 492.16065 GHz from the Dome Fuji station on the
Antarctic plateau (Seta et al. 2012; Ishii et al. 2013). We
operated the telescope at a site 4400 m above sea level
at Parinacota in northern Chile for test observations and
carried out the present survey of the Orion-A GMC. The
site is located at 18°12" S, 69°16" W. The telescope has
a 30 cm-diameter main reflector and HPBW = 9/4 +0/4
at 461 GHz, which was measured by scanning the Sun
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Fig. 2. Photograph of the Tsukuba 30 cm submillimeter telescope which is of the offset Cassegrain design. (Color online)

and corresponds to 1.1pc at the distance of Orion KL,
418 pc. The beam size is almost equal to those of the
Columbia—CfA and Universidad de Chile 1.2 m telescopes
at the frequency of CO (J=1-0) (Dame et al. 2001) and
the AMANOGAWA telescope at the CO(J=2-1) fre-
quency (Yoda et al. 2010). The forward coupling effi-
ciency was estimated by observing the new moon to be
NMoon = 87% £ 10% by assuming the brightness temper-
ature of the new moon to be 110K at 461 GHz (Linsky
1973). The sidelobe level of the beam of the 30 cm tele-
scope was less than —18 dB relative to the peak of the main
beam. In this condition we can regard the forward coupling
efficiency as the main beam efficiency 7., and the differ-
ence between nyoon and 7y, is estimated to be <1% (Yoda
et al. 2010). We adopt nmp &~ NMoon = 87% £ 10% in this
paper.

We used an SIS mixer receiver with noise temperature
of T,x~900K in a single sideband mode realized by a
quasioptical Martin—Pupplet-type filter in front of the feed
horn (Manabe et al. 2003). The slightly high receiver noise
temperature results from the higher physical temperature
of the mixer and image signal terminating load due to the
limited cooling capability of a compact cryocooler. The
sideband rejection ratio was measured to be 21 +4 dB at
461 GHz. The typical system noise temperature including
the atmospheric effect was 2500-4000K at the observing
elevations. The receiver backend was an FX-type digital
spectrometer with 16384 channels, with a total bandwidth
and frequency resolution of 1GHz and 61 kHz, corre-
sponding to 650kms~! and 0.04kms~!, respectively, at

461 GHz. A band-pass filter was inserted in front of the
spectrometer to avoid the aliasing effect, so the effective
bandwidth of the spectrometer was 40-960 MHz, covering
600kms~! in velocity. We observed 685 positions in the
region of 7.125 deg? on the sky (figure 1). All observations
were carried out in position-switching mode, with a selected
reference position of (&2000.0, 852000.0) = (05h32m1257,
—6°27'53"4) adopted from the CO (] = 3-2) mapping with
the Mt. Fuji submillimeter-wave telescope (Ikeda et al.
1999). The observed positions were spaced every 7!5 in
the equatorial coordinate. Additional data around Orion
KL were obtained with a grid spacing of 3!75.

The pointing of the telescope was checked by observing
bright stars using an optical CCD camera mounted on
a stay of the subreflector. In addition, we observed CO
(J=4-3) of Orion KL several times a day with a nine-
point cross scan of 4/5 spacing in order to check varia-
tions of the pointing and intensity scale. Measured pointing
accuracy was always better than 1/, corresponding to about
one tenth of the beam size. The calibration of the line inten-
sity was made using a black body at ambient temperature
by the standard chopper-wheel method (Penzias & Burrus
1973; Ulich & Haas 1976) every 15 minutes or more often,
yielding an antenna temperature, Ty, corrected for atmo-
spheric and antenna ohmic losses. Relative intensity varia-
tions of Orion KL were within 10% in rms. In this paper,
we use as the intensity scale the main-beam brightness tem-
perature, defined by T, = T3 /0.

We achieved an rms noise level of AT,,=0.5K at
a resolution of 0.6kms™' for the CO (J=4-3) line data
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Table 1. Summary of '2CO (J=4-3) observations with the Tsukuba 30 cm telescope.

Telescope
Antenna diameter 30 cm
Angular resolution (HPBW) 9/44+0/4
Main beam efficiency 0.874+0.10
Receiver noise temperature 900K
Sideband rejection ratio 21+4dB

Bandwidth of spectrometer
Resolution of spectrometer

40-960 MHz (£300 kms~! at 461 GHz)
61 kHz (0.04kms~! at 461 GHz)

Site
Place Parinacota, Chile
Location 18°12' S, 69°16' W
Altitude 4400 m
Observations
Date 2011 September 15-October 17

Rest frequency of '2CO (] =4-3)
System noise temperature
Pointing accuracy

Observing area

Numbers of positions

Grid spacing

Reference position

Noise level in Ty}, scale

461.04077 GHz

2500-4000K

<1/0

7.125 deg?

685

7!5(3!25 around Orion KL)

(@12000.05 8J2000.0) = (05h32M1287, —6°27'53")
0.5 K with smoothing velocity of 0.6 kms~!

after integrating typically 5 minutes per position. We
reduced the data using the NEWSTAR package, which
is reduction software developed by the Nobeyama Radio
Observatory. The reduction procedure included flagging
bad data, integrating the data, and removing a slope in
the base line by least-squares fitting of the first-order
polynomial. The details of the observations are summarized
in table 1.

3 Results

Figure 3 shows samples of the CO (] =4-3) spectra mea-
sured around Orion KL. Figure 4a shows the intensity
map of CO (] =4-3) integrated over the velocity range of
Visg =0-20kms™ !, Ico = [T dv. The map indicates an
elongated cloud north to south with a length of ~30pc
(4°2) and width of ~6pc (50). The strongest emis-
sions appear at the position of Orion KL with a peak
temperature of T, =26.8K, an integrated intensity of
Ico=168.4Kkms™!, a line width of AV=5.4kms!, and
a peak velocity of Visg = 9.5 kms™!. The obtained intensity
and peak velocity are compared with previous observations
by Schulz et al. (1995) after correcting an effect due to the
difference in the angular resolutions of the telescopes, and
are consistent within the calibration error (for details, see
Ishii et al. 2013).

In the southern part of Orion A, bright and

faint CO(J=4-3) regions are seen at L1641-N

(€12000.05 812000.0 = 05"36m19:0, —6°22/133), L1641-S2
(05"42m4752, —8°17'5”5), and L1641-S4 (05M40m4858,
—8°06'50”9), which are known as molecular outflows asso-
ciated with the star-forming region(s) of low-/intermediate-
mass stars (Fukui 1989). Figure 4b shows the peak
brightness temperature map. Another peak is also located
at (05738m030, —7°05’00"), at the west of L1641-Center
(05h38m46%4, —7°01'570), also identified in CO (J = 1-0).

In the north of Orion A, a peak near NGC1977 at

(05h35m30%, —4°35'00") is manifested only in the peak tem-
perature map of CO (] =4-3). The CO emission decreases

steeply in both the temperature and the integrated intensity

maps, to the northeastern Orion KL. This is consistent with
the results of the previous observations in 2CO (J = 1-0)
and B3CO (J=1-0) (Bally et al. 1987; Wilson et al. 2005).
In addition, the east edge of L1641-N also shows a steep
change in the peak temperature map, with the emission

from the gas component extending toward the southwest

direction of L1641-N.

Figure 5a shows the temperature-weighted mean velocity

(first moment map) defined by [T vdv/ [Ty, dv. The
CO (J=4-3) profiles show velocity components beyond
14kms™ around Hu regions, M42 (Orion KL) and
NGC 1977 (e.g., figure 3), as seen in 2CO (J=1-0)
but not in BCO (J=1-0) or in [C1] (Bally et al. 1987;
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Fig. 3. Samples of the CO (J=4-3) spectra measured around Orion KL, parallel to the right ascension and declination. For each spectrum, the abscissa
is the LSR velocity (V{sg =0-20kms~") and the ordinate is the main-beam brightness temperature (T, = —5-30K). The grid spacing between the
spectra is 7'5.
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(b) Peak main-brightness temperature map of '2CO (J=4-3). The contour levels are from Ty, =2K to 26 K with an interval of 2K.

Nagahama et al. 1998; Ikeda et al. 2002). In the southern
region, from Dec=-7°30" to Dec=—6°45", the mean

velocity at the east side of the clouds was 2-3 kms~! lower

than that at the west side. Figure 5b shows a line width map

calculated from the second-order moment map. The large

velocity width of AV > 4kms™! is distributed in the region
within ~15" of the Orion KL center. The broad velocity
width of 3kms™! is also detected at the east side of L1641-
N and at the CO integrated intensity peak of 1.1641-54.
The broad CO emission at L1641-S4 corresponds to a
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Fig. 6. Channel map of '2CO (J=4-3). The velocity ranges are indicated at the top left corner of each map. The contour levels are from 2Kkms~" to

80 Kkms~" with an interval of 4 Kkms~.

component in channel maps of 0-2.5 and 2.5-5.0 kms™!

(figure 6). The high velocity component on the north has a
small velocity width of 1.7 kms™.
Figure 7 shows position—velocity diagrams along

the galactic longitude at b=-19°0, b=-19°5, and

b=-20°0. It shows the velocity gradient from 2 to
14kms~' along the center of the cloud as noticed in the
temperature-weighted velocity map. The CO (J = 1-0) emis-
sion has a velocity jump at [ ~ 20825 in the position—velocity
diagram (figure 5b in Wilson et al. 2005), where there is
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b=-19?5, and (c) b=—20:0. The contour levels are from T, =2 K with
an interval of 1K.

no low velocity component (<5kms™!) beyond the jump
point. This suggests that the low velocity molecular gas
has been cleared at ] < 208.5. The same velocity jump was
detected in the CO (J=4-3) at [ ~208.75 (figure 7b). It
forms a CO edge at [=21020, and there is no CO (] =4-3)
at Visg < Skms™! at/ <20825. Figure 6 also represents this
trend. The filamentary structure has low (~6kms™') and
high velocity (~12kms™') components at the west side
of Orion KL. L1641-S4 has wide velocities of 1.5 kms™!
to 7kms™!

4 Discussion

We derive the physical conditions of the molecular gas in
the Orion-A GMC by a non-LTE analysis, combining our
12CO (] =4-3) data and archival data, >CO (J = 1-0) and
BCO (] =1-0). The 2CO (] =1-0) data are a part of the
Columbia survey (Dame et al. 2001; Wilson et al. 2005).
The survey mapped the region of Orion A with a spa-
tial resolution of 8”4 and a grid spacing of 07125 in the
galactic coordinates. The velocity resolution is 0.65 kms™!,
the same as '2CO (] =4-3). The typical rms noise level is
AT, =0.26K.

or BCO (J = 1-0), the data taken with the Bell 7 m tele-
scope (Bally et al. 1987) are adopted, where the beam size
was HPBW = 1/8. The data consisted of 33000 positions
in the region of 8deg? with a grid spacing of 1. Spectra
covered from Vigg =1.0 to 14kms~! with a velocity reso-
lution of 0.27 kms~!. The noise level was AT, =0.30K.

4.1 Integrated intensity maps

The data grid of the CO(J=4-3) and *CO(] =
1-0) maps were converted from the equatorial coordinates
to the galactic coordinates to be coincident with the '2CO
(J=1-0) map, at the observing positions. We also con-
volved the *CO (J = 1-0) data with a Gaussian function to
yield the angular resolution of FWHM = 9/44, the same as
that of the >CO (J =4-3).

We calculated the intensity of each line integrated
from 1.0kms™! to 14.0kms™!
Isco(1-0), for the analysis. As mentloned above, a small

IIZCO4 3)> IIZCO 1-0)> and

fraction of the molecular gas associated with Orion KL
has a velocity Visg > 14kms™', but the effect of the higher
velocity gas on the present analysis is negligible. Averages of
the integrated intensities are Ico 4—3) = 14.6, Inco(1-0) =
58.8, and Iisco(1_g) = 8.3 Kkms™! in the mapped region.
The rms uncertainty of the integrated intensity at each posi-
tion is described as

Al = AT/ AVAV,, (1)

where AT is the rms noise, AV the velocity width of a
spectrum, and AV; the smoothed velocity resolution. Typ-
ical values of AI for IlZCO (4-3)> T2co(1-0) and Tico1-g)
are 0.5, 0.9, 0.4 Kkms™!, respectively, for the average line
width of the three lines, AV=15.0kms™!

Figure 8 shows the integrated intensity map of the
three lines. The integrated intensity map of CO (J=4-3)
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Fig. 8. Integrated intensity map of (a) '2CO (J=4-3), (b) '2CO (J=1-0),
and (c) '3CO (J=1-0), where the data of '2CO (J=1-0) and "3CO (J= 1-0)
were adopted from Wilson et al. (2005) and Bally et al. (1987).
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emission exhibits smaller spatial distribution than those
of CO (J=1-0) and CO (] =2-1) emissions (Wilson et al.
2005; Sakamoto et al. 1994) despite similar noise levels.
Figure 9 shows correlation plots between the integrated
intensities of the three lines. Figure 9a indicates a good cor-
relation between lcou—3 and Iecop—g) at Teco—o) >
60Kkms™!, but locou_3 is weak at lucogg) <
40 Kkms~
the density corresponding to Ii:co(1_g) < 40 Kkms~!. The

1, CO molecules are not populated well for

correlation of Tuco4—3 with Iisco(1-g) can be seen in
figure 9b, but the dispersion of the scatter plot is larger
than that with the dispersion of Taco(1-g). The Tisco1-0)—
Izco(1-0) plot in figure 9c has comparable dispersion. As
in the case with the loco1-g) plot, Iizco4-3) is weak for
Iico(i-0) < 15 Kkms™1.

4.2 Non-LTE analysis

4.2.1 Correlation between the intensities of CO (4-3) and
lower CO transitions

Intensity ratios can be used to probe the rough trend of

the physical conditions of the molecular gas. We define

beam-averaged intensity ratios between 2CO (J=4-3),

12CQ (J=1-0), and 13CO (J = 1-0),

74-3/1-0 = Inco@—3)/T2coi-0) (2)
74-3/13 = Ioco@—3)/D3co(1-0) (3)
7‘13/12 = I“CO(lf())/IIZCO(]fO)’ (4)

where the beam sizes for the lines are almost the
same. Typical uncertainties of 74_3,1_0, 74-3/13, and 713,12
are A7’4_3/1_0 = 0.02, A7‘4_3/13 = 0.03, and A1’13/12 = 0.01,
respectively.

Figure 10 shows the spatial distributions of the intensity
ratios. Denser and warmer hydrogen can populate the CO

molecules to higher excitation levels and produce higher
rotational transition emission such as CO (J=4-3). Thus
74-371—0 would be high at the regions where the dense
and/or warm gas is associated. 74_3,13 and 713,12 would be
also emphasized the distributions of the warm gas and dense
gas, respectively. We examine the trend of the physical con-
ditions of the molecular gas using the ratio maps (figure 10),
which will be compared with the results of the RADEX
calculations in the next subsection. There are two peaks
of r4-3/1¢ (figure 10a). One with 74_3/1_0=0.9+0.2 at
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Fig. 10. Distributions of the intensity ratios of (a) r3_3/1-0, (b) ra_3,13,

and (c) r3/12, where the data of >CO (J=1-0) and '3CO (J=1-0) were
adopted from Wilson et al. (2005) and Bally et al. (1987).
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(I, b) ~ (20920, —19:375) corresponds to Orion KL, which
is the most active star-forming region in the Orion-A
GMC and is also identified in the integrated intensity
map. The other (we refer to it as G208.375—19.0), with
ra—3n-—0=11+0.3, is at (I, b) ~ (208375, —19:0),
the north of Orion KL. This peak is identified in the
ratio map only. In addition, it seems that the relatively
high ratio (r4_3/1_0 > 0.5) traces the “CO front,”
which is a region having a sharp contrast, at the eastern
edge of the main component of Orion A (OMC-2/3),
that is shown in a high resolution mapping of Orion
A in the CO(J=1-0) line by Shimajiri et al. (2011).
Nishimura et al. (2015) also reported a high 1>CO (J =2~
1)/2CO(] = 1-0) ratio around G208.375-19.0,
while the high r4_3/,1_¢ clearly shows a peak value
of 1.1 just at G208.375-19.0. Their BCO (J=2-
1)/2CO(J=2-1) map shows maxima toward
G208.375—19.0, which may trace the same gas highlighted
by r4-3/1-0.

As mentioned in the introduction, some studies spec-
ulated that the diffuse gas is swept up by Orion OB
associations and collided with Orion A. This may cause the
heating of the gas. We note that the star cluster NGC 1977
contains a B star, HD 37018, and may be an alternative
heating source of the gas around G208.375—19.0, where
r4-3/1—0 shows 1.1+£0.3. G208.375—19.0 shows a high
ratio of r4_3,13 > 10, while 7131, is moderate, ~0.1. In
the Gaussian fit of spectra of CO (J=4-3), CO (J=1-0),
3CO (J=1-0) at G208.375—19.0, the peak velocity and
the line width (FWHM) are measured to be Visg =
12.1+£0.7, 12.14+0.7, and 12.2+0.3kms™" and
AV=1.6,1.5,and 1.0km s, respectively. This high-ratio
region extends like a filament that traces the CO front.
Orion KL also shows the high ratio of 74_3/13 ~ 5, but the
ratio is less than that for G208.375—19.0. Further, the
Ii3co (1-0)/I2co (1-0) map (figure 10c) shows the high ratio
at the southern (I < 209°) side of Orion A. A peak of 713,12
can be found at the inside of G208.375—19.0 near the
CO front. This would reflect that the density of the gas is
increasing at the inside of the CO front. Near L1641-N at
(1. b) ~ (2102125, —~19:75), 74_31_0 = 0.45 is higher than
the entire average, but the distribution of the high 713,12
(= 0.23-0.3) region is wider than that of 74_3,1_¢ and has
an offset from L1641-N toward the northeast direction.

4.2.2 RADEX calculation

We adopted RADEX (van der Tak et al. 2007) to esti-
mate the physical conditions of the molecular gas in
Orion A. RADEX is a non-LTE radiative transfer com-
puter code. Using RADEX, we calculated the intensity
ratios for given physical parameters of the molecular

gas, the kinetic temperature Ty;,, the density of molec-
ular hydrogen #n(H), and the column density of >CO
per unit velocity width of the spectrum N('2CO)/dV.
The ranges of individual input parameters were Ty, = 5—
100K, n(H,) = 10-10% cm™3, and N(**CO)/dV = 1013-
10" cm™2 (km s~!)~!. We assumed the typical line width
of the spectra as dV=S5.0kms™! from observations and
adopted a [2CO]/['3CO] abundance ratio of 50 and a
background temperature of 2.73 K. The assumed line width
would be larger than that in the peripheral region (dV =~
2-3kms~!). However, the calculation of physical param-
eters, Tiin, #(H2), and N(12CO)/dV is independent of the
line width as long as we use the ratio of the integrated
intensities. It is to be noted that the difference in the line
width should be taken into account when we estimate the
column density N(*2CO) from N(*>CO)/dV. We assumed
that the geometry and density structures of the molec-
ular gas follow the standard homogenous-sphere model
for the escape probability of photons in RADEX calcu-
lations. Only H, was taken into account as the colli-
sion partner with CO molecules. The collisional coeffi-
cients between H, molecules and '>CO/"3CO were taken
from the Leiden Atomic and Molecular Database (LAMDA:
Schoier et al. 2005). RADEX returned the integrated inten-
sities of 2CO (J=4-3), >CO (J=1-0), and BCO (J=1-
0) using the given physical parameters of Ty;,, #(H;), and
N('2CO)/dV.

x? was evaluated to estimate the physical parameters
from the results of the RADEX calculation, using

X = [ra-3/1-0 — Ra—3/1-0(T. 2, N/dV)]2
+ [ra-313 — Ra_s13(T, n, N/a!V)]2

+ [r13/12 = Ruzjna(T, N/dV)]2 ; (5)

where R4,3/],(), R4,3/13, and R]3/]2 are the calculated
intensity ratios using RADEX results and are functions of
Tiin, 11, and dN/dV. A set of physical conditions was found
as the best combination of Ty, 71,, and N('2CO)/dV
which minimized the x? value. The average of the mini-
mized x? was 3.6 x 10~*, which corresponds to a deviation
between the observed and calculated ratios of 0.01, which
is comparable with the rms of each intensity ratio.

4.3 Spatial distribution of the physical conditions

Figure 11 shows the distribution of the three output param-
eters of Ty, 711, and N('2CO)/dV, calculated by RADEX,
overlaid on an extinction map made with 2MASS data
(Dobashi 2011). The kinetic temperature and the density
toward Orion KL are Ty, = 80-100 K and 7243, ~ 10° cm 3,
respectively. These values are consistent with the results
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estimated so far (Schulz et al. 1995). The column density
per unit velocity is N('2CO)/dV~10"% cm™2 (km s~ ')~!.
Although the number density at the west side of Orion KL
decreases with the distance from Orion KL, the number
density at the east side of Orion KL shows a relatively
high value (~10*cm™3). In contrast, the column density
N('2C0)/dV is high at the west side and low at the east

side, indicating that the optical depth at the west is high
and that at the east is low.

The physical parameters at G208.375-19.0 are
Tyin ~ 80K and 3, ~ 104-10° cm~3. The warm tempera-
ture region of Ty, ~ 60K around G208.375—19.0 extends
toward the CO front that is traced as a filamentary struc-
ture in the extinction map. The high density region, with
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ny, ~ 10 cm™3, may be localized at the northeast of

the CO front near NGC 1977 at (I, b) =(2085, —19:1)
(Peterson & Megeath 2008). However, the angular reso-
lution (9/4) of the 30 cm telescope is insufficient to deter-
mine the accurate position of G208.375—19.0. The column
density is 10'7-10"% cm=2 (km s~1)~! at G208.375—19.0,
which is comparable with that of Orion KL. There is no
clear difference in the density and column density at the
east and west sides of G208.375—19.0.

The warm gas of ~40K is associated with L1641-N.
The density is not so high, ~103cm™3, around L1641-
N, but the column density of >CO is high, ~10'® cm™2
(km s~1)~1. This indicates that the optical depth in L1641-
N is larger than that of the gas at the northern part of
the Orion-A GMC. In L1641-54, the temperature and the
density are less than 20K and ~10° cm™3, respectively.
Several local parts of L1641-54 show a column density of
~10" cm~2 (km s~!)~'. This is less than that of L1641-N,
but higher than that for the northern part of the Orion-A
GMC.

The Orion-A GMC has a global gradient of the physical
properties. The temperature decreases from north (~ 100 K)
to south (~20K), which is basically consistent with the
results derived by CO (J=2-1) and CO (J = 1-0) emis-
sions (Nishimura et al. 2015). Moreover, the tempera-
ture is lower at the east side than the west side in the
southern part of the Orion-A GMC. The density distribu-

tion shows an almost constant value of ~ 103 cm—3

, except
for the gas associated with Orion KL and the CO front.
The column density per unit velocity of '>CO has a gra-
dient along the north—south direction. The column density
increases from the northern part [~ 10'7 cm=2 (km s~!)7!]
to the southern part [~ 10" cm™ (km s~!)~!] where
the L1641-N region is included. Medians of Ty, #m,,
and N('?CO)/dV in the entire observed region of
figure 11 are 34K, 3.5 x102cm~3, and 5.3 x 10" cm™2
(km s7')7!, respectively. This median of the density
is consistent with that reported by Sakamoto et al.
(1994).

4.4 Physical property and triggered
star formation

G208.375—19.0 contains warm and dense gas and asso-
ciates with the CO front. Recently, several large telescopes
have started to survey the Orion-A GMC with higher
angular resolution, mainly focused on the detailed struc-
ture of the GMC such as filaments, clumps, cores, and out-
flows in particular parts of the cloud. Shimajiri et al. (2011)
clearly showed that the diffuse CO component is inter-
acting with the CO front and is being accumulated onto the

surface of the main cloud component at the CO front
(figure 14 in Shimajiri et al. 2011). Some authors suggested
that the Orion OB 1a or 1b group, located ~ 100 pc east
from the Orion-A GMC, affected Orion-A by its strong
UV emission (Go = 10*%) and stellar wind (Tielens & Hol-
lenbach 1985; Bally et al. 1987; Wilson et al. 2005). The
radiation pressure of these OB stars may sweep up the
pre-existing diffuse gas toward Orion A and trigger the
next star formation episode in the cloud (e.g., Elmegreen
& Lada 1977). Similarly, G208.375—19.0 would be inter-
preted as the result of the heating and accumulating of
the diffuse material affected by the Orion OB association.
G208.375—19.0 is also close to NGC 1977 and may be
affected by B stars in NGC 1977, alternatively. Unfortu-
nately, the low angular resolution of the 30 cm telescope
cannot determine the spatial relation of G208.375-19.0
and the CO front or NGC 1977. Observations with higher
resolution are needed to confirm the origin of the high ratio
at G208.375-19.0.

5 Conclusion

The '2CO (] =4-3) line emission in the Orion-A GMC has
been mapped with a 9/4 & 0/4 resolution using the Tsukuba
30cm telescope. We investigated the physical properties
of the molecular gas over the clouds. The conclusions are

summarized as follows:

(1) The emission of CO (] = 4-3) extends over 3 deg? with
Tw, > 2.0K, covering the main component of the
molecular gas in the Orion-A GMC. The most intense
emission of Ty, =27 K was detected toward the Orion
KL region. The other star-forming region, L1641-N,
also has a peak in the integrated intensity map.

(2) The velocity gradient from south to north of the main
component of the GMC is observed in the same way for
the >CO (J=1-0) and *CO (J =1-0) emission lines.
A velocity jump at / &~ 208°5 region is also traced in
the longitude—velocity map.

(3) The integrated intensity ratio between CO (] =4-3)
and CO(J=1-0) is r4-3/1—0~0.2 in the southern
region and 0.4-0.8 at the star-forming regions of the
cloud. Orion KL and a position near G208.375—19.0
on the CO front show maxima in the map of the ratio,
0.9+0.2 and 1.1 +0.3, respectively. G208.375—19.0
is clearly manifested for the first time in this 74_3/1_¢
ratio map.

(4) We derived physical properties of the molecular gas
using non-LTE analysis. The kinetic temperature of
the star-forming regions, Orion KL and L1641-N, are
Tiin = 80-100K and 40K, respectively. These results
are consistent with the values estimated by previous
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observations in lower transition lines of CO and its
isotopologue. The results also indicate a gradient of
the temperature that ranges within Ty;, = 20K in the
south to 80K in the north.

(5) The non-LTE analysis shows that the kinetic tempera-
ture and the density are increasing near the CO front
including G208.375—19.0. The gas associated with the
edge of the northeast part of the cloud including the CO
front is warm (Ty, ~60K), dense (rp1, ~ 10* cm™3),
and optically thin. This indicates the global compres-
sion of the gas in the northern part of Orion A. This
may be caused by the heating by UV emission from OB
stars or compressing of the gas by an accumulation of
the diffuse gas to the CO front that relates with the
triggered star formation. However, observations of the
CO line from highly and moderately excited molecules
with high angular resolution are needed to determine
the location of the origin of this warm and dense gas.
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