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銀河面における高密度ガスの割合

• 距離 ~ 5.5–8kpc⇄~1pcの分解能


• FUGIN データは分子雲の総質量を求め高密度ガス
が集中する星形成領域を検出できる

K.Torii et al. 2019, PASJ, 71, 

• 5kpcにわたる領域での高密度ガス
の割合 ~ 3%


• 渦状腕では ~ 5%に対しbar 領域や
渦状腕の間では ~ 0.1-0.4%


– これらの領域での星形成率の違
いか? 



星間物質のガスの循環
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1.3  LIFECYCLE OF THE ISM
(YHQ�DIWHU�KDOI� D� FHQWXU\�RI� VWXG\��NH\�TXHVWLRQV�DERXW� WKH�HYROXWLRQ�RI� WKH� ,60� LQ� WKH�
0LON\�:D\�DQG�H[WHUQDO�JDOD[LHV�UHPDLQ�

 � +RZ�DQG�ZKHUH�DUH�LQWHUVWHOODU�FORXGV�PDGH��DQG�KRZ�ORQJ�GR�WKH\�OLYH"
 � 8QGHU�ZKDW�FRQGLWLRQV�DQG�DW�ZKDW�UDWH�GR�FORXGV�IRUP�VWDUV"
 � +RZ�GR�VWDUV�UHWXUQ�HQULFKHG�PDWHULDO�EDFN�WR�WKH�JDOD[\"
 � +RZ�GR�WKHVH�SURFHVVHV�VFXOSW�WKH�HYROXWLRQ�RI�JDOD[LHV"

7KHVH�TXHVWLRQV�FDQ�EH�SUHVHQWHG�LQ�WKH�IRUP�RI�D�OLIHF\FOH�IRU�WKH�,60��LQ�ZKLFK�HDFK�RI�
WKH�SKDVHV�GHVFULEHG�DERYH�SOD\V�D�UROH��VHH�)LJXUH�������$W�WKH�WRS�RI�WKH�F\FOH��RYHUODSSLQJ�
VSKHULFDO�VXSHUQRYD�VKRFNZDYHV�LQWHUIHUH�FRQVWUXFWLYHO\�WR�SURGXFH�ORFDO�RYHU�GHQVLWLHV�RI�
ZDUP��QHXWUDO��DQG�DWRPLF�K\GURJHQ�FORXGV��:10���7KH�:10�FORXGV�DUH�FRQYHUWHG�WR�FRRO�
+,�FORXGV��&10��WKURXJK�D�WKHUPDO�LQVWDELOLW\�DQG�SKDVH�WUDQVLWLRQ��7KHVH�FORXGV�DUH�PRVW�
RIWHQ�REVHUYHG�WKURXJK�WKH�FROOLVLRQDOO\�H[FLWHG��K\SHU¿QH��VSLQ�ÀLS�WUDQVLWLRQ�RI�K\GURJHQ�
DW������0+]��λ�a����FP���7KH�FORXGV�DOVR�UDGLDWH�DZD\�HQHUJ\�E\�HPLVVLRQ�LQ�WKH� LRQL]HG�
FDUERQ�¿QH� VWUXFWXUH� OLQH� �>&,,@���$W�GHQVLWLHV�>10� cm−�, gas thermal energy can also be 
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material and constructively interfere to form warm ionized/neutral atomic clouds. The clouds cool 
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THzにおける原子・分子輝線

Kuno 資料より

Mauna Kea 1.5mm
Chanantor 0.60mm
Dome Fuji 0.14mm
Dome Fuji 0.10mm

(1.46THz, 205µm)



COBE/FIRASによる[C II] & [N II]

Fixsen, Bennett, & Mather (1999)
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KRW��GHQVH�UHJLRQV��WKH�>2,@����μP�DQG�>2,,,@�OLQHV�PD\�ULYDO�WKH�>&,,@�OLQH�LQ�LQWHQVLW\��ZKLOH�
WKH�RWKHU�¿QH�VWUXFWXUH�OLQHV�LQ�7DEOH�����PD\�EH�RQO\��±���WLPHV�ZHDNHU��%UDXKHU�HW�DO���
������6WDFH\���������3'5�JDV�LV�SULPDULO\�FRROHG�WKURXJK�WKH�FROOLVLRQDO��WKHUPDO��H[FLWDWLRQ�
RI�&��DQG�2��DQG�VXEVHTXHQW�UDGLDWLRQ�RI�WKH�HQHUJ\�LQ�>&,,@�DQG�>2,@�OLQHV��%HLQJ�VR�VWURQJ�
DQG�RSWLFDOO\�WKLQ��¿QH�VWUXFWXUH�OLQHV�UDGLDWH�HQHUJ\�IUHHO\�LQWR�LQWHUVWHOODU�VSDFH�DQG�SOD\�
DQ�LPSRUWDQW�UROH�LQ�FRROLQJ�WKH�,60�WKURXJKRXW�WKH�8QLYHUVH��SURYLGLQJ�JUDYLW\�D�KHOSLQJ�
KDQG�LQ�LWV�HWHUQDO�WXJ�RI�ZDU�ZLWK�WKHUPDO�HQHUJ\��$SSHDULQJ�LQ�DOO�SKDVHV�RI�WKH�,60�FDQ�
PDNH�LQWHUSUHWLQJ�WKH�RULJLQ�RI�>&,,@�HPLVVLRQ�LQ�ODUJH�VFDOH�PDSV�GLɤFXOW��)RUWXQDWHO\��WKH�
>1,,@�����μP�OLQH�KDV�VLPLODU�H[FLWDWLRQ�UHTXLUHPHQWV�DV�>&,,@��VHH�7DEOH�������PHDQLQJ�WKDW�
ZKHUH�FRQGLWLRQV�DUH� ULSH� IRU� >1,,@�HPLVVLRQ�� >&,,@�ZLOO� HPLW�DV�ZHOO��+RZHYHU��GXH� WR� LWV�
VLJQL¿FDQWO\�KLJKHU�LRQL]DWLRQ�SRWHQWLDO��>1,,@�HPLVVLRQ�ZLOO�RQO\�RFFXU�LQ�VWURQJO\�LRQL]HG�
UHJLRQV��7KHUHIRUH��E\�FRPSDULQJ�WKH�>&,,@�DQG�>1,,@�PDSV�RI�D�UHJLRQ��LW�LV�SRVVLEOH�WR�GHWHU-
PLQH�LI�WKH�>&,,@�LV�DULVLQJ�IURP�LRQL]HG�RU�QHXWUDO�JDV��/DUJH�VFDOH�PDSV�RI�>&,,@�DQG�>1,,@�
HPLVVLRQ�ZLWKLQ�WKH�0LON\�:D\�ZHUH�¿UVW�PDGH�E\�WKH�FRVPLF�EDFNJURXQG�H[SORUHU��&2%(��
VDWHOOLWH�XVLQJ�WKH�IDU�LQIUDUHG�DEVROXWH�VSHFWURSKRWRPHWHU��),5$6��LQVWUXPHQW��VHH�)LJXUH�
�������%HQQHWW�HW�DO����������&2%(�ZDV�RSWLPL]HG�IRU�PHDVXULQJ�FRVPLF�EDFNJURXQG�UDGLDWLRQ��
:LWK�LWV����¿HOG�RI�YLHZ�DQG����VSHFWUDO�UHVROXWLRQ��a�����NP�V���LW�ODFNHG�WKH�DQJXODU�DQG�
YHORFLW\�UHVROXWLRQ�WR�GLVFHUQ�WKH�RULJLQ�RI�WKH�¿QH�VWUXFWXUH�HPLVVLRQ�OLQHV�
$V�GLVFXVVHG�HDUOLHU�� WKH�0LON\�:D\� LV� URWDWLQJ��$ORQJ�DQ\�JLYHQ� OLQH�RI� VLJKW��PXOWLSOH�

gas clouds may be observed. The observed velocity of a cloud is a function of its distance 
IURP�WKH�JDODFWLF�FHQWHU��:LWK�VXɤFLHQW�YHORFLW\�UHVROXWLRQ��LW�LV�SRVVLEOH�WR�HVWLPDWH�WKH�ORFD-
WLRQ�RI�D�>&,,@�HPLWWLQJ�UHJLRQ�ZLWKLQ�WKH�JDOD[\�IURP�LWV�OLQH�YHORFLW\��6HQVLWLYH��KHWHURG\QH�
LQVWUXPHQWV�DUH�QHHGHG�WR�SURYLGH�WKH�UHTXLUHG�KLJK�VSHFWUDO�UHVROXWLRQ�QHHGHG�WR�VHSDUDWH�
WKH�>&,,@�HPLWWLQJ�FORXGV�LQ�YHORFLW\�VSDFH��$�VDPSOH�>&,,@�VSHFWUXP�WDNHQ�DORQJ�RQH�OLQH�RI�
VLJKW�WKURXJK�WKH�0LON\�:D\�ZLWK�WKH�KHWHURG\QH�LQVWUXPHQW�IRU�WKH�IDU�LQIUDUHG��+,),���VHH�
&KDSWHU����DERDUG�WKH�����P�Herschel space observatory�LV�VKRZQ�LQ�)LJXUH�������$V�SDUW�RI�WKH�
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158µm

205µm

• 角度分解能7° 、速度分解能
1000km/sで [C II],[N II] 全天
マップ 

• [C II] 輝線は赤外線連続波の 
~0.3% と星間物質の冷却で最も
支配的な輝線 

• [N II]輝線 の強度は [C II]輝線の
10分の１程度

• [N II] 輝線は強く電離した領域 
--> [C II] と[N II]と比較すれば 
[C II] が電離ガスまたは中性ガ
ス起源なのか決められる



[C II] Galactic Plane Survey by BICE
• Balloon-borne Infrared Carbon Explorer 
• 15’ angular resolution & 175 km/s velocity resolution

FIG. 8.ÈFar-infrared [C II] line intensity contour map obtained by BICE with a spatial resolution of 15@. Contour levels are 0.3, 0.6, 1, 1.5, 2, 3, 4, 6, and 9 ] 10~4 ergs s~1 cm~2 sr~1. The
shading shows the observed area. Representative bright sources are labeled.

NAKAGAWA ET AL. (see 115, 264)

P
L

A
T

E
33

FIG. 7.È(a) Far-infrared [C II] line intensity map obtained by BICE. (b) Far-infrared continuum map obtained from IRAS 60 and 100 km maps. O†sets are subtracted (see text). (c)(I*C II+) (IFIR)The ratio of the far-infrared [C II] line emission to the far-infrared continuum emission The spatial resolutions of the three maps are 15@.(I*C II+/IFIR).

NAKAGAWA ET AL. (see 115, 264)
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Nakagawa et al.  (1998)



• Galactic Observations of Terahertz C+    
(GOT C+) 

• Herschel(3.5m)/HIFIによる[C II] 
銀河面サーベイ、12” の空間分解
能、0.1 km/s速度分解能 

• 銀河面の452視線方向を観測 

• Every 0.87° (|l|<60°), 1.3° (30°<  
|l| <60°), 4.5° (60°< |l| <90°), and 
4.5° to 13.5°(|l| >90°) 

• b=0°, ±0.5°, and ±1.0°, ±2.0 (|l| 
>90°)

Herschel [C II] 銀河面サーベイ

Langer et al. (2010), Pineda et al. (2013), Langer et al. (2014)

FIRSPEX: The Far-InfraRed Spectroscopic Explorer July 2015 

 2 

them excellent tracers of the physical conditions of gas over a wide range in temperatures and 
densities. 
These far-infrared lines are key to understanding the complex physics of the gas phases of the ISM. In 
recent years, there has been an effort to explore the properties of the ISM in a variety of environments 
from the Galaxy to nearby and distant external galaxies. And while the recent advent of Herschel 
(Pilbratt et al. 2010) combined with the availability of the Atacama Large Millimetre Array (ALMA) 
has enabled observations of some of these lines and subsequent analysis, a systematic wide area 
survey aimed at large scale emission and distribution of the gas composition of the ISM is still to 
come. The Far-InfraRed Spectroscoic Explorer  (FIRSPEX) concept aims to fill this gap by providing 
key insight in the life-cycle of interstellar gas in the Milky Way and nearby external galaxies. 

2. From COBE to FIRSPEX 
The FIRAS instrument on the COBE satellite (Boggess et al. 1992) spectroscopically surveyed the 
entire sky from 0.1 to 10mm with a spatial resolution of 7º and a velocity resolution of 1000 km/s 
(Figure 1). FIRAS determined that the C+ line is the dominant cooling line of the ISM at ~0.3% of the 
continuum infrared emission while the N+ & C lines are less intense by a factor of 10 and 100, 
respectively. As reported by Fixsen, Bennett, & Mather (1999), all three lines peak in the central 
regions of our galaxy (the molecular ring) and originate from a layer with a thickness of a few degrees 
but the mission had insufficient resolution to relate the emission to specific components and sources 
within the ISM.  The Balloon-borne Infrared Carbon Explorer (BICE, Nakagawa et al. 1998) mapped 
some 100 square degrees around the Galactic Centre with a spatial resolution of 15' and a velocity 
resolution of 175 km/s. The BICE results revealed that the diffuse ISM is more emissive in C+ relative 
to the far-IR dust emission than compact regions of massive star formation or the Galactic Centre, 
further emphasizing the importance of the cold neutral medium for the total C+ emission from the 
Milky Way. FIRAS/COBE was instrumental in determining the global characteristics of these atomic 
line tracers and brought the key questions that FIRSPEX will address to the forefront of ISM studies. 
 

 
Figure 1: COBE/FIRAS maps of the C+ (left) and N+ (right) line intensities. The low velocity resolution 
did not allow velocities from individual sources 
to be measured (Fixsen, Bennet and Mather 
1999). 

The availability of sub–kms-1 resolution with 
the heterodyne instrument HIFI "(de Graauw et 
al. 2010) on Herschel, together with the 12!! 
angular resolution afforded by its 3.5m 
diameter telescope, enabled the first spatially 
resolved, high spectral resolution observations 
of C+ towards various LOS in the Galaxy. In 
contrast to the global surveys, this very sparse 
survey emphasized the importance of C+ 
emission in these sightlines from spiral arms 
as well as from regions of massive star 
formation. The Galactic Observations of the 
Terahertz-C+ (GOTC+) project (e.g. Langer 
2010, Pineda 2010, Velusamy 2012) targeted Figure 2:GOTC+ observations along line of sights 

resulted in an under-sampled survey (from Pineda et 
al 2010) 



• [N II] at 122 & 205 µm with PACS(5x5) 
• 149 LOSs selected from GOT C+, 10”(122um),15”(205µm) 

• Bothe lines are detected in the range -60°≤ l ≤60° 

• [N II] emission highly correlated with that of [C II] 
• High electron density(10-30cm-3)̶> [N II] emission is not from 
WIM but from dense WIM associated with SFRs, H II regions

Herschel [N II] Galactic plane survey

Goldsmith et al.  (2015)

deviation, denoted σ; the resulting values are given in column 6
of Tables 2 and 3. Figure 10 shows a histogram of the
fractional variation, I .avgT

The variation is significantly greater than that expected from
the statistical uncertainties alone, and thus represents actual
spaxel-to-spaxel variations in the emission. However, as seen
in Figure 10, the fractional variation of the emission is
generally well below unity, with a median value

I 0.25avgT� § � . Even the single pointing direction with the
largest value of σ/Iavg=0.78 has detections in ;1/3 of the

spaxels. It is thus reasonable to consider the [N II] emission to
be spatially extended and fairly uniform in each pointing
direction (;1 arcmin in size). Given that the PACS footprint
size is 47″ and that 1′ corresponds to 1.5 pc at a distance of
5 kpc, it certainly does not seem that the [N II] emission in
general is produced by compact sources.
We can gain additional appreciation of the extended nature

and relative uniformity of the [N II] emission by examining the
results from selected PACS pointings. In the top row of
Figure 11, we show a set of PACS spectra from one pointing in
each of the four ranges of σ/Iavg shown in Figure 10. The
values of σ/Iavg are 0.15, 0.30, 0.49, and 0.71 for G016.5+0.0,
G303.8+0.0, G306.4+0.0, and G040.2+0.0, respectively. The
bottom row of Figure 11 displays contour maps of the same
four pointings. Only for G040.2+0.0 is there clear evidence of
small scale structure, which is likely due to a small source close

Table 3
(Continued)

LOS Label Longitude OBSID [N II] 122 μm [N II] 205 μm n(e)±(Err) N(N+)±(Err)

R a( ) Intensity±(Err) σ R a( ) Intensity±(Err) (cm−3) [×1016]
[×10−8] [×10−8] [×10−8] (cm−2)

(W m−2 sr−1) (W m−2 sr−1)

G344.8+0.0 344.7830 1342267185 (2) 1.37±0.020 0.42 (3) 0.80±0.056 36.4±4.3 1.3±0.02
G345.7+0.0 345.6520 1342267869 (2) 12.60±0.044 7.55 (2) 5.44±0.081 59.6±1.5 7.7±0.03
G346.5+0.0 346.5220 1342267178 (2) 2.90±0.020 0.77 (2) 1.71±0.059 36.0±2.1 2.8±0.02
G347.4+0.0 347.3910 1342264238 (2) 1.92±0.013 0.54 (3) 1.32±0.049 27.5±1.8 2.4±0.02
G348.3+0.0 348.2610 1342264237 (2) 3.02±0.020 0.90 (2) 2.07±0.064 27.7±1.5 3.7±0.02
G349.1+0.0 349.1300 1342267870 (2) 21.31±0.096 4.41 (2) 8.67±0.057 65.7±0.8 12.1±0.05
G350.0+0.0 350.0000 1342265935 (3) 0.36±0.008 0.23 (1) <0.22±... ...±... ...±...
G350.9+0.0 350.8700 1342265684 (2) 1.42±0.013 0.41 (2) 1.22±0.069 18.1±2.1 2.8±0.03
G351.7+0.0 351.7390 1342265683 (2) 1.61±0.025 0.48 (3) 1.68±0.055 12.1±1.0 4.9±0.07
G352.6+0.0 352.6090 1342265682 (2) 1.47±0.021 0.36 (3) 1.22±0.055 19.6±1.8 2.6±0.04
G353.5+0.0 353.4780 1342265681 (2) 3.68±0.027 0.62 (2) 2.95±0.066 20.9±0.9 6.1±0.04
G354.3+0.0 354.3480 1342265680 (2) 2.33±0.020 0.65 (2) 1.53±0.048 29.9±1.7 2.7±0.02
G355.2+0.0 355.2170 1342267874 (2) 5.22±0.017 1.34 (2) 1.87±0.060 80.5±4.2 2.6±0.01
G356.1+0.0 356.0870 1342265934 (2) 2.59±0.020 0.31 (3) 1.63±0.038 32.3±1.4 2.8±0.02
G357.0+0.0 356.9570 1342265933 (3) 0.35±0.010 0.21 (1) <0.18±... ...±... ...±...
G357.8+0.0 357.8260 1342265932 (2) 0.82±0.020 0.31 (1) <0.19±... ...±... ...±...
G358.7+0.0 358.6960 1342267875 (0) ...±... ... (0) ...±... ...±... ...±...
G359.5+0.0 359.5000 1342265931 (2) 17.30±0.102 1.69 (2) 9.16±0.095 42.9±0.8 14.1±0.08

Figure 4. Illustration of effect of polynomial baseline removal from PACS
spectra toward G024.3+0.0. A DC offset had previously been removed to yield
the 25 spectra displayed as the red lines in this 122 μm observation. The
higher-order polynomial (spectra shown in black after baseline fitting and
removal) modestly reduces any residual offset in the vicinity of the line as well
as reducing the amplitude of the feature to the right of the [N II] emission.

Figure 5. HIFI [N II] spectrum before baseline removal (with positive
continuum offset; shown in red), with continuum offset removed (lower
spectrum; shown in blue), and with third order baseline removed (lower
spectrum; shown in green). There is only a minimal difference between the
spectra with zeroth and third order baselines removed in this case.
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edge of the Central Molecular Zone (CMZ). These again are
reasonably consistent with the densities derived here.

6. DISCUSSION

6.1. [N II] and [C II] Emission

A possible clue to the origin of the N+ emission is
comparison with that of C+. The latter can come from a wide
variety of sources since this ion can be produced by photons of
energy >11.26 eV, and is thus relatively widespread. We
compare fluxes for the two [N II] transitions observed here with
those of [C II] from the GOT C+ survey in Figure 21. The [N II]
122 μm, 205 μm (PACS), and 205 μm (HIFI) data are
compared separately to the [C II] (HIFI) data in the figure.
The 205 μm data have a best-fit slope less than unity and the
122 μm data have a slope greater than unity by a comparable

amount. The HIFI data are fit by a slope very close to unity. All
three slopes that we derive are significantly closer to unity than
the value of 1.5 found by Bennett et al. (1994), making their
suggested explanation of [N II] coming from a volume while
[C II] comes from its surface less compelling.
Given that we have the electron density and the N+ column

density in the ionized region responsible for the [N II] emission,
we can readily compare this with the C+ column density from
the GOT C+ project. For the C+, we start with Equation (26)
of Goldsmith et al. (2012), which gives the integrated antenna
temperature produced by a given quantity of ionized
carbon with a given collision rate. Since these Herschel
HIFI observations were taken with a diffraction-limited
system, we can convert the integrated antenna temperature
to intensity using the relationship T dvA¨ [K km s−1] =

k I10 2 Wm sr .3 3 2 1( ) [ ]M� � � The resulting expression for the

Figure 19. Observed intensity ratio of the two [N II] fine structure lines and derived electron densities are plotted as a function of Galactic longitude.

Figure 20. Comparison of the intensities of the [N II] of 122 and 205 μm lines.
The blue squares are the LOS in the range −30°<l < 30°, and the triangles
are the LOS positions in the region –60°<l < −30° and 30°<l < 60°. The
black dashed line corresponds to equal intensities (1:1 ratio), and the blue line
shows the fit to the data. The very high intensity point is the Galactic Center
(G000.0+0.0).

Figure 21. Intensities of [N II] 122 and 205 μm transitions compared with those
of [C II] 158 μm. The red and blue solid lines are power law fits of the
corresponding [N II] lines vs. [C II]. The black dashed line is a slope of unity,
indicating that both [N II] transitions and also [N II] measured with HIFI as well
as PACS are linearly correlated with the [C II] emission. The green dashed line
shows a slope of 1.5, as derived by Bennett et al. (1994).
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• GOT C+方向の[N II] 輝線観測 
• [C II] 輝線を、強く電離したガスと弱く電離したガスからの寄与を分
離することが可能 

• [N II]輝線が強いところでは[C II] しばしば前景のガスによる吸収がみ
られる --> [C II] 輝線の観測だけでは高度に電離したガスの量を過小
評価

Herschel/HIFIによる[C II] [N II] 観測

Langer, Goldsmith & Pineda (2016)
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Fig. 1. Main beam temperature versus velocity for [C ii] (blue solid spectra) and [N ii] (red solid spectra) taken with HIFI – see Table 1 for some
of the line parameters, and 13CO(1�0) (black dashed line) from Pineda et al. (2013). Each LOS is labeled with the GOT C+ LOS label. Some
features that are indicative of [C ii] absorption are highlighted with arrows.

of [C ii] from highly ionized and neutral gas problematic. In this
section we outline the procedure for calculating the [C ii] contri-
bution from ionized and neutral components neglecting absorp-
tion. In Sect. 3 we will address the correction for absorption.

To calculate the contribution of C+ from the ionized N+ re-
gion to the measured [C ii] intensity we need to transform the
[N ii] intensity to the expected [C ii] intensity. To derive the re-
lationship of [C ii] to [N ii] in a highly ionized regime we start

with the formula for the relationship between intensity and col-
umn density for an optically thin species (Goldsmith et al. 2012),

Iul =

Z
Tuldv =

hc
3

8⇡k⌫2
ul

AulNu (1)

where Tul is the antenna temperature of the upper (u) to lower
(l) transition, ⌫ul is the transition frequency, Aul the Einstein
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Fig. 1. Main beam temperature versus velocity for [C ii] (blue solid spectra) and [N ii] (red solid spectra) taken with HIFI – see Table 1 for some
of the line parameters, and 13CO(1�0) (black dashed line) from Pineda et al. (2013). Each LOS is labeled with the GOT C+ LOS label. Some
features that are indicative of [C ii] absorption are highlighted with arrows.

of [C ii] from highly ionized and neutral gas problematic. In this
section we outline the procedure for calculating the [C ii] contri-
bution from ionized and neutral components neglecting absorp-
tion. In Sect. 3 we will address the correction for absorption.

To calculate the contribution of C+ from the ionized N+ re-
gion to the measured [C ii] intensity we need to transform the
[N ii] intensity to the expected [C ii] intensity. To derive the re-
lationship of [C ii] to [N ii] in a highly ionized regime we start

with the formula for the relationship between intensity and col-
umn density for an optically thin species (Goldsmith et al. 2012),

Iul =

Z
Tuldv =

hc
3

8⇡k⌫2
ul

AulNu (1)

where Tul is the antenna temperature of the upper (u) to lower
(l) transition, ⌫ul is the transition frequency, Aul the Einstein
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Table 2. [C ii] emission and absorption components.

[C ii] source [C ii] absorber
component component

LOS # Ts Itot(⌧) Iion/Iobs Iion/Itot To Vlsr �v ⌧0 N(C+) Av

label (K) (K km s�1) observed corrected (K) (km s�1) (km s�1) 1018 cm�2 mag.
G031.3 3 6.3 103.5 0.93 0.56 2.9 101 14.5 0.76 1.6 2.9
G049.1 2 3.7 33.6 0.55 0.34 1.5 59 6 .7 0.89 0.9 1.6
G316.6 1 5.1 88.5 0.94 0.58 1.4 –47 8.3 1.3 1.5 2.8
G337.0 1 4.3 42.3 2.37 1.37 1.0 –121 4.5 1.5 0.9 1.7
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Fig. 6. A Gaussian fit (black dash) to the line wings of the Vlsr ⇠
�47 km s�1 [C ii] component (blue) in G316.6+0.0 using the Vlsr and
line width of the Gaussian fit (not shown) to the [N ii] emission (red).

adopting a two step process. First we scale the peak Tmb(K) of
the Gaussian fit to [N ii] fixing Vlsr and �v until the line wings
match those of [C ii] as well as possible, where the line wings
are defined as the regions outside of the FWHM. This proce-
dure assumes that the line profiles of the [C ii] and [N ii] can be
represented by similar Gaussians (having comparable Vlsr and
�v), which should be an adequate first approximation because
we find comparable linewidths for [C ii] and [N ii] in those cases
where the lines can be fit unambiguously, as seen in Table 1.
We then refine the Gaussian fit to the [C ii] line wings adjust-
ing the peak temperature, Vlsr, and �v until we minimized the
di↵erence across the observed line wings. In Fig. 6 we show
the Gaussian fit representing the source, along with the observed
[C ii] and [N ii] spectra, for one LOS, G316.6+0.0. In Table 2
we list the peak source antenna temperature, Ts and integrated
intensity, Itot([C ii]), of the Gaussian fit to the [C ii] line wings
for the four sources.

We then recalculate the fraction of [C ii] that arises from
the [N ii] region using the revised total intensity (Itot([C ii]) >
Iobs([C ii])) and the values are given in Table 2 along with
the uncorrected value from Table 1. Comparison of the fitted

[C ii] emission with that expected from the region producing
[N ii] emission reduces the fraction of [C ii] from the ionized
region by about 40% in the four sources. The revised values for
the fractional [C ii] arising from the ionized regions for these
four sources is also plotted separately in Fig. 4 as red filled cir-
cles, an arrow connects the values before and after correction for
absorption. It can be seen that three of the four corrected sources
have the fractional contributions to [C ii] from the [N ii] region
reduced to .0.6, but that the source with the highest ratio still
has a fraction greater than unity. There are two possible expla-
nations, either we have underestimated the absorption and/or the
[C ii] lines are optically thick and need to be corrected for it.

3.1.3. Foreground opacity

Assuming the Gaussian fits to [N ii] and the line wings of
[C ii] in Sect. 3.1.2 are correct we can calculate the [C ii] fore-
ground opacity from the projected [C ii] source intensity,
Itot([C ii]), and the observed [C ii] intensity, Iobs([C ii]), as a
function of velocity. At line center we define the opacity in terms
of the reduction in the peak intensity, ⌧0 = ln(Ts/To), where
Ts is the corrected peak main beam temperature of the source,
and To is the observed main beam temperature at Vlsr. We ne-
glect [C ii] re-emission from the foreground absorbing gas as it
is likely to be small at low excitation temperatures. If there were
re-emission then ⌧0 would be underestimated. In Table 2 we list
Ts and To for each LOS component along with the Vlsr and �v of
the absorption. The peak foreground opacity ⌧o is given in Col. 1.
The column density of the foreground C+ in the low excitation
limit is (Eq. (35), Goldsmith et al. 2012),

N(C+) = 1.3 ⇥ 1017⌧(C+)�v cm�2 (6)

where �v is in km s�1.
We find that N(C+) ranges from 0.9 to 1.6 ⇥ 1018 cm�2. The

opacity of the absorbing layer in G316.6+0.0 and G337.0+0.0,
⌧0 ⇠ 1.3 to 1.5, are the largest of the four sources. The ab-
sorption in these strong sources is consistent with the deep
self-absorption in other [C ii] sources derived from comparison
of hyperfine lines of [13C ii] with [C ii] in a number of bright
[C ii] sources such as NGC2024 (Graf et al. 2012; Stutzki et al.
2013) and MonR2 (Ossenkopf et al. 2013), and a suggestion
of absorption in NGC 3603, Carina North, and NGC 7023
(Ossenkopf et al. 2013). This comparison is consistent with the
[C ii] and [N ii] emission in G316.6+0.0 and G337.0+0.0 arising
from bright extended H ii sources. The remaining two sources
G031.3+0.0 and G049.1+0.0 are weaker [C ii] sources and the
corresponding absorbing layers have a lower peak optical depth
⌧0 ⇠ 0.8.

To compare the thickness of the C+ absorbing layer with
models we need to convert N(C+) to visual extinction, Av(mag.).
We assume that the absorbing layer is located in a low density H2
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Gaussian fit of [C II]  
from [N II] emission



• [N II] 輝線の特徴 
• [C II] 輝線の電離ポテンシャルは11.3eVと水素の電離ポテンシャル
13.6eVよりも低いため、[C II]輝線は電離ガス領域と中性ガス領域
のどちらからでも生じる。いっぽう、[N II]輝線は電離ポテンシャル
が14.5eVと高い。 

•このため[N II]輝線は強く電離した領域で生じる--> [C II]輝線と[N II]
輝線のマップを比較すれば、[C II]輝線が電離した領域からなのか中
性ガス領域から来ているのを決定できる 

• [C II]輝線はしばしば吸収線がみられ、[C II]輝線の観測からだけで
は非常に電離したガスを過小評価することになる 

• 南極からの[N II]1.46 THz輝線銀河面サーベイ 
•天の川銀河の広い領域をマッピング観測することで、中性ガスだけ
でなく電離ガスも含めた星間物質の進化の過程を明らかにするのが
目的

[N II] 1.46 THz 銀河面サーベイ



L128 OBERST ET AL. Vol. 652

Fig. 2.—[N ii] 122 mm–to–205 mm line intensity ratio as a function of ionized
gas density, (solid line). The open circle marks our observed line ratio ofne

. The ratio of the [C ii] 158 mm to [N ii] 205 mm lines as a function1.5! 0.64
of (dashed line). The filled circle marks the observed line ratio of .n 9.2! 3.9e

and dips to below 3 between densities of 20 and 100 cm since!3

the upper level of the N begins to be significantly pop-"J p 2
ulated at densities above 20 cm .!3

From the ISO archive, we obtain a [C ii] flux of 1.01#
W m . Making the extended source correction, this cor-!13 !210

responds to W m within the 70! (Gry et al. 2003)!14 !25.5# 10
LW4 beam. Again, assuming a uniform source the flux within
our 54! beam would be W m . Allowing for a!14 !23.3# 10
30% calibration uncertainty in each line, the [C ii]/[N ii]
205 mm line ratio is ∼ to 1. Inspecting Figure 2 for a9.2! 3.9
gas density of 32 cm , if both lines arise from the ionized gas,!3

we would expect the line ratio to be 2.44. Therefore, 27% (with
an upper bound of 46% and a lower bound of 19%) of the
observed [C ii] flux arises from the ionized medium, and the
remaining 73% must have its origin in the neutral ISM. These
results support and underpin prior work that contends that most
of the observed [C ii] line emission from Galactic star-forming
regions, the Galaxy as a whole, and from external galaxies arises
in warm dense PDRs on the surfaces of molecular gas clouds.

This work was supported by NSF grants OPP-0094605,
OPP-0338149, and OPP-0126090, and by NASA grant
NNG05GK70H. We are indebted to the Cardiff group under
P. A. R. Ade for their excellent filters, to the GSFC group
(C. A. Allen, S. H. Moseley, D. J. Benford, and J. G. Staguhn)
for their excellent bolometers, and to J. W. Kooi, who set up
local oscillators for our frequency calibration at Pole. We are
grateful to K. S. Yngvesson and the TREND group for use of
the TREND laser, and for the ISO Archive for the online ISO
LWS data reduction tools. We also thank the many people who
have contributed to the success of SPIFI both at AST/RO and
the James Clerk Maxwell Telescope, including C. M. Bradford,
A. D. Bolatto, J. A. Davidson, and M. L. Savage. Finally, we
thank an anonymous referee for many helpful comments on an
earlier draft of this manuscript.

REFERENCES

Blum, R. D., & Pradhan, A. K. 1992, ApJS, 80, 425
Bradford, C. M., et al. 2002, Appl. Opt., 41, 2561
Brooks, K. J., Storey, J. W. V., & Whiteoak, J. B. 2001, MNRAS, 327, 46
Chamberlin, R. A., Martin, R. N., Martin, C. L., & Stark, A. A. 2003, Proc.
SPIE, 4855, 609

Colgan, S. W. J., Haas, M. R., Erickson, E. F., Rubin, R. H., Simpson, J. P.,
& Russell, R. W. 1993, ApJ, 413, 237

Cox, P., Mezger, P. G., Sievers, A., Najarro, F., Bronfman, L., Kreysa, E., &
Haslam, G. 1995, A&A, 297, 168

Crawford, M. K., Genzel, R., Townes, C. H., & Watson, D. M. 1985, ApJ,
291, 755

Davidson, K., & Humphreys, R. M. 1997, ARA&A, 35, 1
Gry, C., et al. 2003, in The ISO Handbook, Vol. 3: LWS—The Long Wave-
length Spectrometer, ed. T. G. Mueller, J. A. D. L. Blomaert, & P. Garcia-
Laria (ESA SP-1262; Noordwijk: ESA), 77

Heiles, C. 1994, ApJ, 436, 720
Hudson, C. E., & Bell. K. L. 2004, MNRAS, 348, 1275
Kramer, C., Mookerjea, B., Bayer, E., Garcia-Burillo, S. Gerin, M., Israel,
F. P., Stutzki, J., & Wouterloot, J. G. A. 2005, A&A, 441, 961

Melnick, G., Gull, G. E., & Harwit, M. 1979, ApJ, 227, L35

Mizutani, M., Onaka, T., & Shibai, H. 2002, A&A, 382, 610
———. 2004, A&A, 423, 579
Petuchowski, S. J., & Bennett, C. L. 1993, ApJ, 405, 591
Retallack, D. S. 1983, MNRAS, 204, 669
Rieke, G. 2003, Detection of Light (2nd ed.; Cambridge: Cambridge Univ.
Press)

Rubin, R. H. 1985, ApJS, 57, 349
Savage, B. D., & Sembach, K. R. 1996, ARA&A, 34, 279
Stacey, G. J., Beeman, J. W., Haller, E. E., Geis, N., Poglitsch, A., & Rumitz,
M. 1992, Int. J. Infrared Millimeter Waves, 13, 1689

Stacey, G. J., Geis, N., Genzel, R., Lugten, J. B., Poglitsch, A., Sternberg, A.,
& Townes, C. H. 1991, ApJ, 373, 423

Stacey, G. J., Viscuso, P. J., Fuller, C. E., & Kurtz, N. T. 1985, ApJ, 289, 803
Stark, A. A., Chamberlin, R. A., Cheng, J., Ingalls, J., & Wright, G. 1997,
Rev. Sci. Instrum., 68, 2200

Stark, A. A., et al. 2001, PASP, 113, 567
Wright, E. L., et al. 1991, ApJ, 381, 200
Yngvesson, S., et al. 2004, in 15th Int. Symp. Space THz Technology, ed. G.
Narayanan (Amherst: Univ. Massachusetts), 365, http://www.stt2004.org

Zhang, X., Lee, Y., Bolatto, A. D., & Stark, A. A. 2001, ApJ, 553, 274

• AST/RO at South Pole (1.7m) 
• The first detection of 205µm [N II] line from ground-base 
• [N II] emission reveals the fraction of [C II] emission arises 
from the ionized gas and the neutral ISM 

•27% of [C II] arises from the low-density ionized gas but 
73% from the neutral ISM!

Detection of 205µm [N II] from Ground 

Oberst et al. (2006)

No. 2, 2006 [N ii] IN CARINA NEBULA L127

Fig. 1.—[N ii] 205 mm spectrum obtained using SPIFI on AST/RO. These
data were obtained at the peak of the radio continuum contours of the Carina II
H ii region (Retallack 1983). Velocity resolution is 60 km s . The dashed line!1

shows the intrinsic instrumental profile. The data were smoothed with a Hann
window.

lines such as [C i] ( ) and CO ( ) (Zhang et al. 2001),
3

3P r P 4 r 31 0
consistent with an origin for the [N ii] line in the ionized medium.

4. DISCUSSION

The Carina Nebula is well studied morphologically and spec-
troscopically from the X-ray to radio regime. Most relevant to
the present work is the far-infrared spectroscopic mapping ob-
tained with the ISO satellite. Mizutani et al. (2002) obtained
complete (43–197 mm) LWS low-resolving power ( )R ∼ 200
spectra of the Carina Nebula. A rectangular region was mapped
from to and to ! , whichl p 287!.0 287!.65 b p !0!.78 0!.23
covers the prominent Carina I and Carina II H ii regions. The
LWS beam size was ∼70!–80!, but the raster scans were
coarsely sampled so that data were obtained on a square grid
with a spacing of 3". The prominent far-IR fine-structure lines
of [O iii], [O i], [C ii], [N iii], and [N ii] 122 mm are readily
detected at nearly every position mapped. The authors use the
line ratios to build a model for the ionized gas regions in the
nebula. In particular, the ratio of the 52 : 88 mm [O iii] lines
is sensitive to electron density for densities between 100 and
3000 cm (see Melnick et al. 1979). They find two distinct!3

components to the electron density: a high-density (n ∼e
cm!3) component at the Carina I and Carina II H ii100–350

regions, and an extended low-density ( cm!3) com-n # 100e
ponent detectable over the entire ∼30 pc diameter region
mapped. Mizutani et al. (2004) find a correlation between the
observed [C ii] and [O i] 63 mm lines from which they estimate
that 80% of the [C ii] line emission comes from PDRs in the
Carina Nebula as opposed to low-density ionized gas regions.

4.1. The [N ii] Line Ratio
The [N ii] lines provide a distinct probe of the ionization

structure and gas density in H ii regions. Formation of O""

requires energetic 35.1 eV photons, so that the [O iii] lines trace
H ii regions formed by very early-type (O7) stars. Lower energy
photons (14.53 eV) can form N so that these lines arise from"

H ii regions formed by the softer UV radiation of late O-type
or early B-type stars, or from the lower ionization “outskirts” of
H ii regions formed by earlier type stars. Since O and N"" ""

have similar ionization potentials (35.1 and 29.6 eV, respec-
tively), an O zone contains mainly N rather than N . The"" "" "

twin [N ii] lines have significantly lower critical densities
( and 293 cm (8000 K) for the 205 and 122 mm lines,!3n ∼ 44crit
respectively) for thermalization than the [O iii] lines (n ∼crit

and 3600 cm (8000 K) for the 88 and 52 mm lines, re-!3510
spectively), so that they make better probes of lower density gas.
Unfortunately, the undersampled ISO LWS mapping of Mi-

zutani et al. (2002) does not directly sample the position where
we obtained our spectrum displayed in Figure 1. The nearest po-
sition is at , [ ,h m sl p 287!.550 b p !0!.583 R.A. p 10 44 54.1

(J2000.0)], or about 1".27 (more than a full′ ′′decl. p !59!37 17
beam) offset from our peak line flux position. However, this po-
sition is covered by other pixels in the array, for which we obtain
an integrated line flux of 21.4 K km s , or!1 (3.6" 0.7)#

W m in our 54! beam. Using the ISO data archive, we!15 !210
obtain a 122 mm [N ii] line flux of Wm , ormaking!14 !21.66# 10
the extended source correction, a flux of W m in!14 !21.12# 10
the 78!.2 LW2 ISOLWSdetector beam (Gry et al. 2003).Assuming
a uniform intensity source, and correcting for the difference in
beam size, the ISO flux is W m referred to our!15 !25.33# 10
54! beam, so that the 122 mm line is 1.5 times brighter than the
205 mm line. Assuming 30% calibration uncertainty for each line,
the ratio is .1.5" 0.64
We have calculated the [N ii] 122 : 205 mm line intensity ratio

as a function of gas density assuming electron impact excitation
and using the collision strengths fromHudson&Bell (2004) scaled
to an assumed electron temperature of 8000 K (Fig. 2). The
observed ratio of 1.5 indicates a very modest gas density:
∼32 cm . Even allowing for a 30% calibration uncertainty, it is!3

clear that the [N ii] lines (tracing low-ionization gas) arise from
a low-density medium: . Therefore, the!3 !320 cm # n # 60 cme
“halo” of low-density ionized gas discovered in its [O iii] line
emission (Mizutani et al. 2002) also contains gas in lower ioni-
zation states. This low-ionization, diffuse gas is similar to thewarm
ionized medium in the Galaxy as a whole.

4.2. The Fraction of [C ii] from Ionized Gas
Since the critical densities for electron impact excitation of

the 158 mm [C ii] line and the 205 mm [N ii] line are very similar,
to a good approximation the line ratio in ionized gas regions is
dependent only on the relative abundance of C and N within" "

the H ii region. Using the collision rates for exciting the ground-
state levels of C from Blum & Pradhan (1992), we have cal-"

culated the expected ratio of the two lines as a function of density
and present it in Figure 2. The temperature dependence is quite
small, as the levels are only 91 and 70 K above ground, re-
spectively—small compared with the temperature (8000 K) of
an H ii region. For the calculation, we take the gas-phase abun-
dances of and" !4 "n(C )/n p 1.4# 10 n(N )/n p 7.9#e e

(Savage & Sembach 2004) and correct for the fraction of!510
the two elements expected in the first ionization state using the
H ii region models of Rubin (1985). The [C ii]/[N ii] line ratio
from ionized gas is 3.1 at low densities, and 4.3 at high densities,

[N II] emission from Carina nebular 
with velocity resolution of 60 km/s
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• [N II] 1.46THz 銀河面サーベイ 
•サーベイ領域 l = 221°- 25° (EL>20°), |b| ≤1° (|b| ≤2°) 

• 20” grid, ΔT(5σ)=0.75K, 10x10 beams ̶> 75,000h (OTF)x 
• 銀経にそってOTFによるストリップスキャン ̶> 1度角ストリップ 
当たり1.2時間 (OTF)̶> ~200時間  >> いくつかの銀緯ででスト
リップスキャン、又は特定領域のマッピングを実施

南極テラヘルツ10m鏡によるサーベイ

Freq.	band	
(GHz)

Freq.	range	
(GHz) Lines Beam

Sensitivity	(5σ)

(τ=10min,	Δv=1km/s)

Angular	Resolution	
(D=10m)

460 385-540 CO	(J=4-3),	[C	I]	3P1-3P0 250 0.054	K 17”

650 575-735 HCl,	D2H+ 250 0.092	K 11.4”

850 775-965 CO	(J=7-6),	[C	I]	3P2-3P1 250 0.14	K 8.7”

1000 1000-1060 CO	(J=8-7),	NH+ 100 0.35	K 7.4”

1300 1250-1380 CO	(J=11-10),	H2D+ 100 0.47	K 5.7”

1500 1450-1550 [N	II] 100 0.75	K* 5.0”

From Kuno’s document(*:Tsys=6000K)



• [N II] 輝線観測の意義 
• LIRGsとstar‒forming galaxies のHerschelの [N II] 観測から、星形成
率 (SFR) と赤外光度 (LIR)の素晴らしいプローブ (Zhao et al. 2013).  

• したがって[N II]輝線光度 L[N II] は、従来の LIR から求めた推定よりも、
より正確なSFRの指標となる 

　これははたして数百パーセックの
　スケールでも当てはまるのか?　

SFRとLIRのプローブとしての[N II]

 24      Terahertz Astronomy

The hotter a star burns, the shorter will be its lifetime on the main sequence, τMS,
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Figure 2. [N ii] 205 µm plotted against total infrared luminosities for normal and luminous infrared galaxies. The circles (red) are galaxies having Herschel observations.
The diamonds (blue) are galaxies from Brauher et al. (2008), for which an additional uncertainty of ∼0.3 dex should be taken into account besides the plotted error
bar. The superposed line represents a geometrical mean, least-squares linear fit to all data points except for those solid symbols.
(A color version of this figure is available in the online journal.)

Comparing to the IR luminosity, the [N ii] 205 µm emission
could be a more convenient SFR indicator in the sense that
it is more unambiguous, i.e., less affected by emissions from
older stars (e.g., in the Milky Way the [N ii] 205 µm flux is
lower than that predicted by a linear L[N ii]–LIR relation when
IR intensity going lower; see Figure 4 in Bennett et al. 1994),
and inter-comparable since the techniques for obtaining LIR for
low- and high-redshift objects are so instrument-dependent. The
majority of massive galaxies up to z = 5–6 are already chem-
ically evolved systems based on their CO and dust emissions
(Solomon & Vanden Bout 2005) or optical/IR line spectroscopy
(Hamann & Ferland 1999). Therefore, Equation (2) can be rea-
sonably applicable to high-z starburst galaxies despite that the
L[N ii]–LIR relation possibly depends on metallicity.

3.2. The Scatter in the LIR–L[N ii] Relation

In Figure 2 we can also see an indication of a steeper relation
between L[N ii] and LIR for LIR > 1011 L" galaxies. This is
more clearly demonstrated in Figure 3(a), in which we plot
L[N ii]/LIR versus LIR for the same set of galaxies. For ULIRGs,
the mean L[N ii]/LIR (−4.69 dex) is considerably lower than
that (−4.14 dex) of the galaxies with lower IR luminosities.
Due to the small ULIRG sample size and the prevalence of
AGN, we can reach no firm conclusion as to whether the
L[N ii]/LIR decreases with LIR> 1012 L" for starburst-dominated
galaxies.

However, the scatter in the LIR–L[N ii] relation is as large
as ∼0.3 dex, and seems to increase with LIR, especially when
ULIRGs are taken into account. The scatter could have several
different origins: metallicity variations and, most likely, differ-
ing ionizing conditions. These latter effects include the stellar

UV input via the initial mass function, the aging of starbursts,
the H ii region/ISM geometry, or the presence of an AGN. Our
sample of galaxies contains few low-metallicity objects, and
therefore we only address ionization effects here.

We note that the ionization parameter (U) can be especially
high in (U)LIRGs (e.g., Farrah et al. 2007; Petric et al. 2011),
where U is defined as the dimensionless ratio of the number
density of incident ionizing photons to the number density of
hydrogen nuclei. Clearly, U can be measured through ionization-
parameter-sensitive line ratios, such as [O iii]/[O ii] and [N iii]/
[N ii]. Moreover, theoretical models have also shown that U can
be roughly indicated by the IR color, f60/f100, by the means that
log U increases with f60/f100 (see, e.g., Abel et al. 2009).

In Figure 3(b) we plot the dependence of L[N ii]/LIR on
f60/f100. We can see from the figure that there only ex-
ists a very weak dependence of L[N ii]/LIR on f60/f100 when
log (f60/f100) < −0.2. However, L[N ii]/LIR clearly decreases as
f60/f100 increases when log (f60/f100) ! −0.2, except for a few
galaxies with the warmest FIR colors in the sample. Moreover,
the scatter in this correlation is less than that in the L[N ii]/LIR
versus LIR plot (see Figure 3(a)) and depends little on f60/f100.
But we note that the scatter in the L[N ii]/LIR–f60/f100 plot is
still large, and we hypothesize that it is caused by the variations
in the radiation field, since N+ needs high energy (29.6 eV) to
form N++, and the population of ionic N is determined mainly
by the slope of the background UV spectrum, i.e., the hardness,
at a given U.

To try to account for the effects of the hardness of ionizing
radiation field on L[N ii]/LIR, we use the ratio of the [O iii] 88 µm
emission, rather than [N iii] 57 µm emission where there are few
detections, to the [N ii] 205 µm emission to trace the hardness
of the ionizing photons. It takes 35 eV to form O++, which is

4
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• [N II]輝線の表面輝度と星形成率 
SFRΣSFRの関係は Zhao et 
al.(2013)の結果よりも傾きがなだ
らかで、[N II]輝線の表面輝度は 
ΣSFR > 10-1 Mo yr-1 kpc-2で一定
の値を取るようにみえる 

•ところが、[N II]輝線の表面輝度と 
星形成率 SFRΣSFR をM83銀河全
体に渡って積分すると、Zhaoの関
係とよく一致する. 

• このことは、[N II]輝線の表面輝度
と星形成率 SFRの比例関係は、銀
河全体のスケールでは当てはまる
が、~300 pc scale.では当てはま
らないないかもしれないことを示し
ている

Relationship between ΣSFR & [N II]

Wu et al. (2018)

Ronin Wu et al.: Physical conditions in M83 revealed by the Herschel SPIRE FTS

Fig. 8: Relationships between ⌃SFR and [NII] 205µm (red
dots), between ⌃SFR and [CI] 370µm (green squares), and
between ⌃SFR and ICO(1�0) (black triangles). The sizes
of the red dots and green squares are proportional to the
S/N of the measured intensities. For [NII] 205µm, the S/N
ranges between 0.3 and 10.0 with a median value of 2.4.
For [CI] 370µm, the S/N ranges between 0.1 and 10.0
with a median value of 2.3. [NII] 205µm and ICO(1�0) are
compared with ⌃SFR at a spatial resolution of 2200, and
[CI] 370µm is compared with ⌃SFR at a spatial resolution
of 3800. The red and black dashed lines indicate the SFR cal-
ibration converted from that given by Zhao et al. (2013) for
[NII] 205µm and by Kennicutt et al. (2007) for ICO(1�0),
respectively. The box in the bottom right shows the inte-
grated quantities of SFR and L[NII] 205µm of M83 from this
work, with the dynamical range of both axes set to be the
same as that in Zhao et al. (2013, Figure 2).

east to southwest in the FOV of the SPIRE FTS, where lo-
cal maxima of ⌃SFR can be identified in several spots. The
fine–structure line of the atomic carbon, the [CI] 370µm
line (see Figure A.11a), is also well detected over our FOV.
Compared with the [NII] 205µm emission, the spatial dis-
tribution of the [CI] 370µm emission appears more concen-
trated around the nuclear region.

Tracing star formation with [NII] 205µm has recently
been proposed. Zhao et al. (2013) used a subsample of 70
spatially–unresolved galaxies from the Herschel open time
project, Herschel Spectroscopic Survey of Warm Molecular
Gas in Local Luminous Infrared Galaxies (LIRGs) (PI: N.
Lu), and found a relationship between the measured lu-
minosity of [NII] 205µm and the SFR, where the SFR in
Zhao et al. (2013) was calibrated from the total infrared
luminosity by using the relationship given in Kennicutt
& Evans (2012). The calibration they found also well de-
scribes 30 star–forming galaxies, which are also included
in their analysis. The star–forming galaxies in their anal-
ysis are taken from the sample in Brauher et al. (2008),

where [NII] 205µm is scaled from the [NII] 122 µm with a
theoretical emission ratio of 2.6 (see Zhao et al. (2013) for
more details). As to the atomic carbon emission, studies
of nearby galaxies have revealed that the contribution of
atomic carbon (traced by [CI] 609µm) to the gas cooling
stays comparable with the emission of CO J = 1 � 0 in
a variety of environments, and it has been suggested that
the atomic carbon emissions can be a good molecular gas
tracer (Gerin & Phillips 2000; Israel & Baas 2002).

We investigate how the [NII] 205µm and [CI] 370µm
emissions relate to ⌃SFR and how their relationships com-
pare with the existing one between ⌃SFR and the CO
J = 1 � 0 transition (Kennicutt et al. 2007), where
⌃SFR is calibrated with the H↵ and 24µm emission.
Because [CI] 370µm is observed at a spatial resolution of
⇠ 3800 while the spatial resolutions of the [NII] 205µm
and ICO(1�0) maps are comparable (⇠ 1700 and 2200, re-
spectively), we compare the pixel-by-pixel values of the
[NII] 205µm surface brightness with the ⌃SFR, and of the
ICO(1�0) with ⌃SFR at a spatial resolution of 2200 and of the
[CI] 370µm surface brightness with the ⌃SFR at a spatial
resolution of 3800. The ⌃SFR is calculated from the FUV and
24 µm photometry maps of M83 following the calibration
given in Hao et al. (2011). Figure 8 shows that a general re-
lationship exists between the values of [NII] 205µm and the
⌃SFR. Compared with the ICO(1�0), the surface brightness
of [NII] 205µm is around two orders of magnitudes higher,
and the relationship between [NII] 205µm and ⌃SFR ap-
pears to have a shallower slope in Figure 8. It is interesting
to note that the values of [NII] 205µm appear to reach a
maximum around 2⇥ 10�8 W m�2 sr�1 (at a spatial reso-
lution of 2200) and range only over one order of magnitude
while the values of ⌃SFR range over about two orders of
magnitude in the FOV.

Zhao et al. (2013) have shown that the [NII] 205µm
luminosity holds the following relationship with the total
SFR (calibrated with the total infrared luminosity, LIR)
among a sample of 70 luminous infrared galaxies (LIRGs)
and 30 star–forming galaxies

log

✓
SFR

M� yr�1

◆
= �5.31 + 0.95 log

✓
L[NII] 205µm

L�

◆
. (2)

After converting the total SFR to ⌃SFR, and the
[NII] 205µm luminosity to surface brightness by using the
pixel size (1500, 330 pc) of the FTS maps, Equation 2 is com-
pared with our spatial results from M83 as the red dashed
line in Figure 8. Equation 2 intersects with the data only
at the high ⌃SFR (⌃SFR > 1M� yr�1 kpc�2) end, but for
regions with ⌃SFR < 1M� yr�1 kpc�2, Equation 2 does
not fit well to the resolved data from M83. This suggests
that the relationship between ⌃SFR and [NII] 205µm de-
scribed by Equation 2 is dominated by active star–forming
regions. In order to compare M83 directly with the sam-
ple included in making the calibration in Equation 2, we
integrate the [NII] 205µm surface brightness and ⌃SFR

from the observed region to obtain the L[NII] 205µm and
total SFR. The integrated value from M83 is shown in
the embedded plot in Figure 8 where Equation 2 (indi-
cated by the red dashed line) well matches the values
from M83. This result shows that Equation 2 can pos-
sibly be applied to galaxies in its global scale but can-
not well describe the emission averaged from regions on
⇠ 300 pc scale. This is probably caused by the fact that
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•通常は低密度のwarm ionized medium WIMを検出できない。しかし
接線付近方向では視線方向のパスが長くなるため、検出できる可能性 

•電離ガス、HI中性原子ガス、COによる分子ガスといった異なる層が、
終端 VLSR 速度の関数として輝線プロファイルにあらわれると期待 

•WIMが渦状腕の重力ポテンシャルに落ち込んで圧縮され、高密度ガス
にうまく変換されている様子を知ることができるかも

天の川銀河の渦状腕の接線付近方向

Langer et al. (2017)

A&A 607, A59 (2017)

Galactic center 

Molecular gas layer: 
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Fig. 1. Schematic view of the Scutum spiral arm tangency showing the
structure of the gas layers (adapted from Fig. 6 in Velusamy et al. 2015).
The emission of key gas tracers along the tangency, [C ii], [N ii], and CO
help distinguish the WIM and molecular gas layers indicated as red and
blue colors, respectively. Note the long path length along the tangency
which improves the sensitivity to the weak [C ii] and [N ii] emission
from the WIM. A schematic of the velocity (VLSR) profile (shown in
the inset) of the corresponding spectral line intensities for each layer,
demonstrates why it is possible to separate the emission from the WIM
from the neutral gas components. Note that this cartoon is intended to
be a schematic and is not to scale.

Astronomy at Terahertz Frequencies (GREAT1; Heyminck et al.
2012) and the upGREAT1 array (Risacher et al. 2016), respec-
tively, onboard the NASA/DLR Stratospheric Observatory for
Infrared Astronomy (SOFIA; Young et al. 2012).

The large-scale structure of spiral arms in the Milky Way is
a subject of great interest for understanding the dynamics of the
Galaxy and for interpreting its properties. Modeling the Galactic
spiral structure is based in part on data at the spiral arm tangents
in di↵erent gas and stellar tracers. However, each of these tracers
can occupy a separate lane across the arm reflecting the evolu-
tion of gas from low- to high-density clouds as they are swept
into the arm’s gravitational potential. Using Herschel HIFI [C ii]
maps along with H i and CO maps, Velusamy et al. (2012, 2015)
showed that the gas in the Scutum, Crux, Norma, and Perseus
arms was arranged in layers and revealed an evolutionary tran-
sition from lowest to highest density states. In particular the ge-
ometry of the tangencies made possible the detection of the low
density WIM in [C ii] and revealed a higher density WIM at the
inner edge of the arm than in the interarm gas. They suggested
this increase was a result of the compression of the WIM at the
leading edge. Here we use both [C ii] and [N ii] observations of
the Scutum arm tangency at l ⇠ 31� to study the interaction of
the spiral arm potential with the ionized interarm gas.

This paper is organized as follows. In Sect. 2 we present the
observations and data reduction, while in Sect. 3 we describe the
distribution of [C ii] and [N ii] in the Scutum tangency. In Sect. 4
we derive the properties of the ionized gas, including density

1 GREAT and upGREAT are a development by the MPI für Radioas-
tronomie and the KOSMA/Universität zu Köln, in cooperation with the
MPI für Sonnensystemforschung and the DLR Institut für Planeten-
forschung.

Fig. 2. A 13CO longitude-velocity plot of the Scutum arm in the region
l ⇠ 29� to 33� at b = 0�, where we mark the inner (black solid line)
and outer (dashed black line) tangencies taken from Reid et al. (2016)
using their fit to the near-far distances. The arrows at the bottom indicate
Galactic longitudes of the lines of sight observed in [C ii] and [N ii] with
upGREAT and GREAT, respectively.

and scale height, using [C ii] and [N ii], and discuss the possible
mechanisms responsible for the distribution of [N ii]. Section 5
summarizes the results.

2. Observations

The Scutum arm is located about 4 kpc from the Galactic Cen-
ter and wraps more than half way around the Galaxy. In Fig. 2
we show a 13CO longitude-velocity map of the tangency near
l ⇠ 31� and have marked the inner and outer tangencies de-
rived from Reid et al. (2016) with black lines. The 13CO traces
the molecular clouds in this region. The 13CO (l–VLSR) map at
Galactic latitude, b = 0� is derived from the Galactic Ring Sur-
vey (GRS) data (Jackson et al. 2006).

To compare the spatial and velocity structure of the spiral
arm gas components in both the molecular (neutral) and the ion-
ized gases in the Scutum arm we made small–scale cross maps
of [C ii] and [N ii] in longitude along and in latitude above a
spiral arm tangency with the GREAT single pixel receiver for
[N ii] and the upGREAT 7-pixel array for [C ii]. The [N ii] and
C [ii] emission across the arm allows us to examine the impact of
the spiral arm potential on the ionized gas components. To ex-
amine the spatial and velocity structures of these gas components
across the tangency and perpendicular to the Galactic plane we
observed [N ii] and [C ii] along 18 lines of sight (LOS) across
the Scutum tangency from 30�.0 to 31�.75 covering b from –0�.25
to 1�.7. These 18 LOS are indicated in Fig. 3 by crosses superim-
posed on a 21 cm continuum map (Stil et al. 2006) of the Scutum
tangency region. We have also indicated the primary, secondary,
and tertiary reference sky positions used in the observations (see
discussion below).

We observed the Scutum tangency in the ionized carbon
(C+) 2P3/2–2P1/2 fine structure line, [C ii], at 1900.5369 GHz
(� ⇠ 157.741 µm), using upGREAT (Risacher et al. 2016)
and the ionized nitrogen (N+) 3P1–3P0 fine structure line,
[N ii], at 1461.1338 GHz (� ⇠ 205.178 µm) using GREAT
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Fig. 1. Schematic view of the Scutum spiral arm tangency showing the
structure of the gas layers (adapted from Fig. 6 in Velusamy et al. 2015).
The emission of key gas tracers along the tangency, [C ii], [N ii], and CO
help distinguish the WIM and molecular gas layers indicated as red and
blue colors, respectively. Note the long path length along the tangency
which improves the sensitivity to the weak [C ii] and [N ii] emission
from the WIM. A schematic of the velocity (VLSR) profile (shown in
the inset) of the corresponding spectral line intensities for each layer,
demonstrates why it is possible to separate the emission from the WIM
from the neutral gas components. Note that this cartoon is intended to
be a schematic and is not to scale.

Astronomy at Terahertz Frequencies (GREAT1; Heyminck et al.
2012) and the upGREAT1 array (Risacher et al. 2016), respec-
tively, onboard the NASA/DLR Stratospheric Observatory for
Infrared Astronomy (SOFIA; Young et al. 2012).

The large-scale structure of spiral arms in the Milky Way is
a subject of great interest for understanding the dynamics of the
Galaxy and for interpreting its properties. Modeling the Galactic
spiral structure is based in part on data at the spiral arm tangents
in di↵erent gas and stellar tracers. However, each of these tracers
can occupy a separate lane across the arm reflecting the evolu-
tion of gas from low- to high-density clouds as they are swept
into the arm’s gravitational potential. Using Herschel HIFI [C ii]
maps along with H i and CO maps, Velusamy et al. (2012, 2015)
showed that the gas in the Scutum, Crux, Norma, and Perseus
arms was arranged in layers and revealed an evolutionary tran-
sition from lowest to highest density states. In particular the ge-
ometry of the tangencies made possible the detection of the low
density WIM in [C ii] and revealed a higher density WIM at the
inner edge of the arm than in the interarm gas. They suggested
this increase was a result of the compression of the WIM at the
leading edge. Here we use both [C ii] and [N ii] observations of
the Scutum arm tangency at l ⇠ 31� to study the interaction of
the spiral arm potential with the ionized interarm gas.

This paper is organized as follows. In Sect. 2 we present the
observations and data reduction, while in Sect. 3 we describe the
distribution of [C ii] and [N ii] in the Scutum tangency. In Sect. 4
we derive the properties of the ionized gas, including density

1 GREAT and upGREAT are a development by the MPI für Radioas-
tronomie and the KOSMA/Universität zu Köln, in cooperation with the
MPI für Sonnensystemforschung and the DLR Institut für Planeten-
forschung.

Fig. 2. A 13CO longitude-velocity plot of the Scutum arm in the region
l ⇠ 29� to 33� at b = 0�, where we mark the inner (black solid line)
and outer (dashed black line) tangencies taken from Reid et al. (2016)
using their fit to the near-far distances. The arrows at the bottom indicate
Galactic longitudes of the lines of sight observed in [C ii] and [N ii] with
upGREAT and GREAT, respectively.

and scale height, using [C ii] and [N ii], and discuss the possible
mechanisms responsible for the distribution of [N ii]. Section 5
summarizes the results.

2. Observations

The Scutum arm is located about 4 kpc from the Galactic Cen-
ter and wraps more than half way around the Galaxy. In Fig. 2
we show a 13CO longitude-velocity map of the tangency near
l ⇠ 31� and have marked the inner and outer tangencies de-
rived from Reid et al. (2016) with black lines. The 13CO traces
the molecular clouds in this region. The 13CO (l–VLSR) map at
Galactic latitude, b = 0� is derived from the Galactic Ring Sur-
vey (GRS) data (Jackson et al. 2006).

To compare the spatial and velocity structure of the spiral
arm gas components in both the molecular (neutral) and the ion-
ized gases in the Scutum arm we made small–scale cross maps
of [C ii] and [N ii] in longitude along and in latitude above a
spiral arm tangency with the GREAT single pixel receiver for
[N ii] and the upGREAT 7-pixel array for [C ii]. The [N ii] and
C [ii] emission across the arm allows us to examine the impact of
the spiral arm potential on the ionized gas components. To ex-
amine the spatial and velocity structures of these gas components
across the tangency and perpendicular to the Galactic plane we
observed [N ii] and [C ii] along 18 lines of sight (LOS) across
the Scutum tangency from 30�.0 to 31�.75 covering b from –0�.25
to 1�.7. These 18 LOS are indicated in Fig. 3 by crosses superim-
posed on a 21 cm continuum map (Stil et al. 2006) of the Scutum
tangency region. We have also indicated the primary, secondary,
and tertiary reference sky positions used in the observations (see
discussion below).

We observed the Scutum tangency in the ionized carbon
(C+) 2P3/2–2P1/2 fine structure line, [C ii], at 1900.5369 GHz
(� ⇠ 157.741 µm), using upGREAT (Risacher et al. 2016)
and the ionized nitrogen (N+) 3P1–3P0 fine structure line,
[N ii], at 1461.1338 GHz (� ⇠ 205.178 µm) using GREAT
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• There is highly ionized gas within the arm with 1-20 times 
electron density (0.2 - 0.9 cm-3) of the interarm WIM 

• [N II] emission arises from shock compression layers of the 
WIM, accelerated by the gravitational potential of the arm

Ionized Gas in the Scutum Arm

Langer et al. (2017)

W. D. Langer et al.: Ionized gas in the Scutum spiral arm as traced in [N ii] and [C ii]

Fig. 9. A schematic radial cross section view of the spiral arm perpen-
dicular to the LOS to Scutum spiral arm tangency showing the inner to
outer edges of the spiral arm (this sketch is not to scale). The molecular
gas layer traced by 13CO is shown by a thick blue line. Dashed lines
show two representative radial velocities and corresponding Galactic
locations. The red arc indicates the spiral density wave shock. The lo-
cation of W43, from the study by Zhang et al. (2014), is marked on the
schematic.

4.3. z-distribution

In principle the scale height of the gas in the disk is a measure of
the di↵erent forces in the disk, such as gravity and pressure, and
thus the energy insertion in the disk. The mass distribution arises
from stars, the ISM, and dark matter. The pressure is a result of
thermal energy, random motion of clouds, cosmic ray and mag-
netic pressure, while supernovae and OB-associations provide
energy injection that may drive gas into the halo. [C ii] obser-
vations with Herschel HIFI made possible the determination of
the mean distribution of the gas traced by C+. However, because
[C ii] traces many di↵erent gas components, to get the scale
heights of the di↵erent ISM components it is necessary to sep-
arate out the di↵erent scale heights by associating the emission
coming from CO, H i, and WIM regions. Velusamy & Langer
(2014) analyzed the distribution of all the [C ii] emission de-
tected by the GOT C+ survey as a function of z and found that the
average scale height for [C ii] (all gas components) is ⇠170 pc,
larger than that for CO, but smaller than that for H i, as might be
expected. They found that [C ii] from the WIM and H i combined
had a scale height ⇠330 pc, larger than H i alone. However, with
[C ii] alone, they were unable to separate the scale height of the
weakly and highly ionized gas. From other studies the highly
ionized di↵use gas is known to have a number of components
and extend high above the plane.

To determine the z-distribution of the ionized gas traced by
[C ii] and [N ii] we averaged the spectra for each value of b us-
ing observations at adjacent longitudes. This approach reduces
the risk that we might have an unusually bright source of emis-
sion in the beam and improves the signal-to-noise at the higher
latitudes where the emission is weak. To derive the z-distribution
of the intensity of [C ii] and [N ii] in the WIM we restrict the cal-
culation of intensity to Vlsr = 110 to 125 km s�1 where there is
no CO gas (see Fig. 6).

In Fig. 8 we plot the integrated intensity of [C ii] and [N ii] as
a function of b, for two di↵erent velocity ranges, 100–125 km s�1

(left panel) and 110–125 km s�1 (right panel), where the sym-
bols indicate the number of averaged LOS. The left panel also
includes the integrated 13CO intensity profile (dashed line) as a
function of b. The 13CO intensity profile is computed using the
GRS data cube (Jackson et al. 2006). Note that the CO profile
near b = 0�.0 is uncertain due to complexity in the distribution of
strong 13CO emission as seen in Fig. 2. Nevertheless the high lat-
itude values demonstrate how sharply the 13CO emission drops.
It is nearly zero by b = 0�.5, and evidently has a much smaller
scale height than [C ii] and [N ii]. In the right panel, where the
velocity range corresponds only to WIM gas without any evident
molecular component, we find that the data points are roughly
consistent with an exponential, I = I0 exp(�(b � �b)/b0) with a
scale height b0 = 0�.45 and o↵set from plane �b = 0�.05. Within
the uncertainty in the measured intensities both [C ii] and [N ii]
have similar z-scales of ⇠55 pc assuming a distance of 7 kpc to
the tangency. These scale heights do not measure the distribution
of the gas density but are measures of the [C ii] and [N ii] emis-
sion from the WIM, because their intensities are proportional to
n(e)2, and thus at some point below the sensitvity of the [C ii]
and [N ii] surveys.

[C ii] observations with Herschel HIFI made possible the de-
termination of the radial distribution of the gas traced by C+.
However, because [C ii] traces many di↵erent gas components it
is necessary to separate out the di↵erent scale heights by deter-
mining the C+ emission coming from CO, H i, and WIM regions.
To separate out the di↵erent [C ii] sources, Velusamy & Langer
(2014) correlated the intensities in 3 km s�1 wide velocity bins,
“spaxels”, in each [C ii] velocity profile with the corresponding
spaxel intensities in the 12CO, 13CO and H i velocity profiles, and
found that the [C ii] Gaussian scale height for z in the Scutum
tangency is smaller than the average value for [C ii] for the disk
as a whole. There are a number of possible reasons for the dif-
ference. The spaxel analysis was a global average across the disk
which had more sensitivity at higher values of b and thus may
detect more emission higher in the plane. Second, the Scutum
tangency has many active regions of star formation and thus po-
tentially more heating UV. Thus the [C ii] emission in the plane
(|b| . 0�.5) may be much stronger than the radial average in the
plane found by Pineda et al. (2013) and thus skew the fit to a
smaller scale height.

4.4. The Source of [N II] and [C II] in the Scutum arm

The schematic diagram in Fig. 9 illustrates the proposed struc-
ture of the gas layers of the Scutum arm as inferred from the
observed velocity structure of the gas components traced by
[C ii], [N ii], and 13CO. In this picture only the WIM is traced
by [N ii] and [C ii] at VLSR > 110 km s�1 and the red curve
indicates where a shock might form, while the denser molec-
ular gas layer is traced by 13CO at VLSR < 110 km s�1. We
use the unique viewing geometry (as shown in the Fig. 9) of
the tangency to derive the cross-section view across the spiral
arm, from the inner to outer edge, as a function Galacto-centric
radial distance (RG). We use the VLSR–RG relationship assum-
ing pure Galactic rotation, with rotation velocities of 235 km s�1

and 220 km s�1 at RG = 4 kpc and Rsun = 8.34 kpc, respec-
tively (cf. Reid et al. 2014, 2016). Thus the velocity resolved
[C ii], [N ii], and 13CO spectral data delineate the gas layers of
the spiral arm. The low surface brightness [C ii] and [N ii] emis-
sion observed at VLSR > 110 km s�1, which are without associ-
ated 13CO, is clearly from low density ionized WIM gas located
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Fig. 6. Top: spectra for the atomic, molecular, and ionic gas tracers, H i
(blue), 13CO (green), [C ii] (black), and [N ii] (red), averaged over all
LOS within b = ±0�.25 plotted as main beam temperature, Tmb, versus
VLSR. The ionized gas tracers are seen to extend to much higher veloc-
ities, corresponding to the innermost leading edge of the Scutum arm,
than the molecular gas as traced by 13CO. Bottom: expanded view of
the ionized gas emission after subtracting out the [C ii] and [N ii] emis-
sion arising from the molecular clouds traced by 13CO. The solid green
curves represent two of the Gaussian components fit to the 13CO emis-
sion. The dashed green curve is the residual 13CO after subtraction.
Gaussian profiles were used to fit the [C ii] and [N ii] emission asso-
ciated with the gas at velocities <110 km s�1, while keeping their VLSR
at the peak and FWHM the same as the 13CO, and only adjusting their
peak intensities. Thus what remains for VLSR � 110 km s�1 is the [C ii]
and [N ii] excess arising solely from the highly ionized gas with no as-
sociated CO.

The strong correlation between the [C ii] and [N ii] emis-
sion in the right-subpanel is indicative of [C ii] emission arising
from ionized gas with negligible contribution from neutral H i
gas (see Sect. 4.2). The two shaded regions in the lower panel
represent schematically the molecular gas (left) and WIM gas
(right). The fact that the 13CO residual (dashed green line) is
negligible shows that the emission in all gas components within
the molecular gas layers of the Scutum spiral arm are well ac-
counted for by the two Gaussian profiles (green lines) with
linewidths (FWHM) ⇠ 7–8 km s�1 and centered at VLSR ⇠ 98
and 105 km s�1, respectively. Therefore, we conclude that the
[C ii] and [N ii] residuals (black and red profiles, respectively) in
the lower panel clearly delineate WIM gas that is well isolated
from the molecular spiral arm. Note that the two Gaussian fits

to the molecular spiral arm are also consistent with 13CO in the
(l–VLSR) map shown in Fig. 2.

4. Discussion

Our SOFIA observations provide a rich data set of velocity re-
solved [C ii] and [N ii] emissions in the Scutum tangency. Our
results show widespread clear detections of [C ii] and [N ii]
along all LOSs, especially, at velocities VLSR = 60 to 125 km s�1

and at |b| < 0�.25. Although weaker at higher latitudes there is
detectable emission at least up to b = 1�.3. The unique combina-
tion of [C ii] and [N ii] provides a powerful tool to analyze the
ionized gas component in spiral arms and the ability to isolate
[C ii] emission in the neutral and ionized gases.

In general the WIM is a highly ionized, low density, n(e) ⇠
0.02 to 0.1 cm�3, high temperature, Tk = 6000 to 10 000 K
gas that fills a 2–3 kpc layer around the Galactic midplane (cf.
Ferrière 2001; Cox 2005; Ha↵ner et al. 2009). It is estimated to
contain about 90% of the ionized gas in the Galaxy and has a fill-
ing factor of order 0.2 to 0.4, which may depend on height above
the plane. At the midplane the filling factor may be as small
as 10%. It has been studied with pulsar dispersion measure-
ments (Cordes & Lazio 2003), H↵ emission (Ha↵ner et al. 2009,
2016), and nitrogen emission lines in the visible (Reynolds et al.
2001). More recently the WIM has been detected in absorption
with [N ii] (Persson et al. 2014). The [C ii] and [N ii] emission
lines can also be used to map the WIM, however, the low densi-
ties of the WIM make it di�cult to detect their emission through-
out most of the Galaxy. However, the spiral arm tangencies o↵er
a unique geometry that enables the detection of the WIM in [N ii]
and [C ii] because they correspond to regions with a very long
path length in a relatively narrow velocity dispersion. The WIM
has been detected in [C ii] emission by Velusamy et al. (2012,
2015) along the tangencies of the Perseus, Norma, Scutum, and
Crux arms, and they derive higher densities than the interarm
WIM. Clearly the WIM in spiral arms is di↵erent from that
throughout the Galactic disk. In this section we investigate the
extended properties of the warm ionized medium as traced by
[C ii] and [N ii] in the tangency region of the Scutum arm.

For the analysis and interpretation of the [C ii] and [N ii]
emission we adopt a distance of ⇠7 kpc for the Scutum tan-
gency estimated using the observed VLSR and the Galactic ro-
tation model. In Fig. 7 we show the distance–VLSR relationship
for the Galactic longitude of the Scutum tangency (l = 31�.0) de-
rived using the rotation curve given by Reid et al. (2014) in their
Fig. 4 and the Galactic rotation parameters for their Model A5.
The rotation velocities in this model for Galactocentric distance,
RG > 4 kpc, is quite valid for the location of the Scutum tan-
gency. The WIM component observed at VLSR > 110 km s�1

is located at the distance of the tangent points, ⇠7 kpc and ex-
tends about ±1 kpc. We note that the distance–VLSR relationship
plotted in Fig. 7 yields a distance of 5.5 kpc for the star form-
ing region W43 (for VLSR = 95–110 km s�1) which is consis-
tent with a distance of 5.5 kpc, obtained from maser parallaxes
(Zhang et al. 2014). Thus the Galactic bar-spiral arm interaction
region containing W43 appears to be just outside the outer part
of the Scutum tangency (see Fig. 9).

4.1. Electron density of the Scutum WIM

Nitrogen ions have two fine structure transitions, 3P1 !3P0 at
205 µm and 3P2 !3P1 at 122 µm, and these can be used with
an excitation model to calculate the electron density and column
density N(N+). The 122 µm line needs to be observed from space
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Fig. 1. Schematic view of the Scutum spiral arm tangency showing the
structure of the gas layers (adapted from Fig. 6 in Velusamy et al. 2015).
The emission of key gas tracers along the tangency, [C ii], [N ii], and CO
help distinguish the WIM and molecular gas layers indicated as red and
blue colors, respectively. Note the long path length along the tangency
which improves the sensitivity to the weak [C ii] and [N ii] emission
from the WIM. A schematic of the velocity (VLSR) profile (shown in
the inset) of the corresponding spectral line intensities for each layer,
demonstrates why it is possible to separate the emission from the WIM
from the neutral gas components. Note that this cartoon is intended to
be a schematic and is not to scale.

Astronomy at Terahertz Frequencies (GREAT1; Heyminck et al.
2012) and the upGREAT1 array (Risacher et al. 2016), respec-
tively, onboard the NASA/DLR Stratospheric Observatory for
Infrared Astronomy (SOFIA; Young et al. 2012).

The large-scale structure of spiral arms in the Milky Way is
a subject of great interest for understanding the dynamics of the
Galaxy and for interpreting its properties. Modeling the Galactic
spiral structure is based in part on data at the spiral arm tangents
in di↵erent gas and stellar tracers. However, each of these tracers
can occupy a separate lane across the arm reflecting the evolu-
tion of gas from low- to high-density clouds as they are swept
into the arm’s gravitational potential. Using Herschel HIFI [C ii]
maps along with H i and CO maps, Velusamy et al. (2012, 2015)
showed that the gas in the Scutum, Crux, Norma, and Perseus
arms was arranged in layers and revealed an evolutionary tran-
sition from lowest to highest density states. In particular the ge-
ometry of the tangencies made possible the detection of the low
density WIM in [C ii] and revealed a higher density WIM at the
inner edge of the arm than in the interarm gas. They suggested
this increase was a result of the compression of the WIM at the
leading edge. Here we use both [C ii] and [N ii] observations of
the Scutum arm tangency at l ⇠ 31� to study the interaction of
the spiral arm potential with the ionized interarm gas.

This paper is organized as follows. In Sect. 2 we present the
observations and data reduction, while in Sect. 3 we describe the
distribution of [C ii] and [N ii] in the Scutum tangency. In Sect. 4
we derive the properties of the ionized gas, including density

1 GREAT and upGREAT are a development by the MPI für Radioas-
tronomie and the KOSMA/Universität zu Köln, in cooperation with the
MPI für Sonnensystemforschung and the DLR Institut für Planeten-
forschung.

Fig. 2. A 13CO longitude-velocity plot of the Scutum arm in the region
l ⇠ 29� to 33� at b = 0�, where we mark the inner (black solid line)
and outer (dashed black line) tangencies taken from Reid et al. (2016)
using their fit to the near-far distances. The arrows at the bottom indicate
Galactic longitudes of the lines of sight observed in [C ii] and [N ii] with
upGREAT and GREAT, respectively.

and scale height, using [C ii] and [N ii], and discuss the possible
mechanisms responsible for the distribution of [N ii]. Section 5
summarizes the results.

2. Observations

The Scutum arm is located about 4 kpc from the Galactic Cen-
ter and wraps more than half way around the Galaxy. In Fig. 2
we show a 13CO longitude-velocity map of the tangency near
l ⇠ 31� and have marked the inner and outer tangencies de-
rived from Reid et al. (2016) with black lines. The 13CO traces
the molecular clouds in this region. The 13CO (l–VLSR) map at
Galactic latitude, b = 0� is derived from the Galactic Ring Sur-
vey (GRS) data (Jackson et al. 2006).

To compare the spatial and velocity structure of the spiral
arm gas components in both the molecular (neutral) and the ion-
ized gases in the Scutum arm we made small–scale cross maps
of [C ii] and [N ii] in longitude along and in latitude above a
spiral arm tangency with the GREAT single pixel receiver for
[N ii] and the upGREAT 7-pixel array for [C ii]. The [N ii] and
C [ii] emission across the arm allows us to examine the impact of
the spiral arm potential on the ionized gas components. To ex-
amine the spatial and velocity structures of these gas components
across the tangency and perpendicular to the Galactic plane we
observed [N ii] and [C ii] along 18 lines of sight (LOS) across
the Scutum tangency from 30�.0 to 31�.75 covering b from –0�.25
to 1�.7. These 18 LOS are indicated in Fig. 3 by crosses superim-
posed on a 21 cm continuum map (Stil et al. 2006) of the Scutum
tangency region. We have also indicated the primary, secondary,
and tertiary reference sky positions used in the observations (see
discussion below).

We observed the Scutum tangency in the ionized carbon
(C+) 2P3/2–2P1/2 fine structure line, [C ii], at 1900.5369 GHz
(� ⇠ 157.741 µm), using upGREAT (Risacher et al. 2016)
and the ionized nitrogen (N+) 3P1–3P0 fine structure line,
[N ii], at 1461.1338 GHz (� ⇠ 205.178 µm) using GREAT
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• Scutum-Centaurus, Carina‒Sagittarius, Norma, and Perseus 
spiral arm tangencies in the southern visible sky from S.P. 

•WIM traced by [N II] emission arises from shock 
compression layers induced by the spiral density waves?

Spiral Arm Tangency in Southern Sky

T. Velusamy et al.: Spiral arm structure traced with [C ]

Fig. 4. 12CO(1−0) longitude-velocity (l-V) map covering ∼15◦ in longitude over the range l = 326.◦6 to 341.◦4 at b = 0.◦0. The 12CO(1−0) data are
taken from Mopra ThrUMMS survey (Barnes et al. 2011). See the caption of Fig. 3 for the color labels.

Fig. 5. H  longitude-velocity (l-V) map covering the ∼15◦ range in longitude l = 326.◦6 to 341.◦4 at b = 0.◦0. The H  data are taken from the
SGPS survey (McClure-Griffiths et al. 2005). See the caption of Fig. 3 for the color labels.

the Scutum tangency (Velusamy et al. 2012), the WIM compo-
nent of [C ] emission occurs near the inner edge, while that
associated with molecular gas and PDRs is coincident with

12CO emission. The boxed region in Fig. 6a represents the
area in the tangency over which the emission spectra are com-
puted. The expected velocity profiles at the tangency, relative to
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Fig. 3. [C ] longitude-velocity (l-V) map covering ∼15◦ in longitude over the range l = 326.◦6 to 341.◦4 at b = 0.◦0. The intensities are in main-
beam antenna temperature (Tmb) with values indicated by the color wedge. A square-root color stretch is used to bring out the low-brightness
emission features. The velocity resolution in all maps is 2 km s−1 and the beam size along the longitudinal direction is 80′′ . A sketch of the spiral
arms in the fourth quadrant, adopted from Vallée (2008), is overlaid and indicated in the following colors: red-solid: Norma-Cygnus; white-solid:
Scutum-Crux; white-dashed: Sagittarius-Carina; red-dashed: Perseus. The rectangular boxes indicate the extent of the spiral tangencies as labeled.

with respect to Galactic center to guide the analysis of the gas
lane profile across the arm. We show that the emissions reveal
an orderly change in gas components across the arms, leading
from the least dense WIM to the densest molecular clouds.

3.1. Longitude-velocity maps

We stitched all the individual OTF maps (an example is shown
in Fig. 2) within the longitude range 326.◦6 to 341.◦4 to create
a single longitude-velocity map that includes the Perseus and
Norma tangencies. This l-V map is shown in Fig. 3. An l-V rep-
resentation of the spiral arms is overlaid on the [C ] map. Note
that strong [C ] emissions are seen in the tangencies (denoted
by the boxes in Fig. 3) as seen in the GOT C+ survey data
(Pineda et al. 2013; Velusamy & Langer 2014) and COBE data
(Steiman-Cameron et al. 2010). However, the rest of the spi-
ral arm trajectories show poor correspondence with the bright-
ness of [C ] emission, probably because of the uncertainties
in the model parameters (e.g., pitch angle) used for the spiral
arms. We assembled the l-V maps that match the [C ] map
for the 12CO(1−0) (Fig. 4) and H  (Fig. 5) maps using the
Mopra ThrUMMS survey and SGPS data. Note that the inten-
sities for ThrUMMS 12CO(1−0) data are uncorrected for main-
beam efficiency (Ladd et al. 2005; Barnes et al. 2011).

The [C ] maps in Fig. 3 contain in addition to information
about the tangency a rich data set on [C ] emission in the diffuse
gas, the molecular gas, and PDRs; these properties have been
analyzed in detail for a sparse galactic sample using the GOT
C+ data base (Pineda et al. 2013; Langer et al. 2014; Velusamy
& Langer 2014). However, the continuous longitude coverage

in the data presented here offers a better opportunity for study-
ing the Galactic spiral structure and the internal structure of the
arms. In principle, it is possible to derive a 2D spatial-intensity
map of this portion of the Galaxy using the kinematic distances
for each velocity feature in the maps. However, such a study
is subject to the near- far-distance ambiguities inherent in lines
of sight inside the solar circle (see discussion in Velusamy &
Langer 2014), except along the tangencies. The tangencies of-
fer a unique geometry in which to study kinematics of the in-
terstellar gas without the distance ambiguity. Furthermore, the
tangential longitudes provide the longest path length along the
line of sight through a cross section of the spiral arm, thus mak-
ing it easier to detect weak [C ] emission from the WIM and
the molecular gas. In this paper we limit our analysis to the
[C ] emission in tangencies and compare it with those of H 
and 12CO to understand the structure of the spiral arms in differ-
ent ISM components.

3.2. Tangent emission-velocity profiles

In Fig. 6 we show a schematic model of the internal struc-
ture of a spiral arm based on the results of Vallée (2014a) and
Velusamy et al. (2012), using the Norma tangency as an ex-
ample. Figure 6a illustrates how the emission for the tangency
probes the lanes seen in different tracers. In Vallée’s schematic
(see his Fig. 5), both H  and [C ] emissions occur displaced
from 12CO toward the inner edge (on the near side of the Galactic
center). In Vallée’s sketch the displacement of [C ] with re-
spect to 12CO is based on the COBE data (Steiman-Cameron
et al. 2010). However, in the velocity-resolved HIFI data for
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Summary
• 中性ガスだけでなく電離ガスの星間物質の進化過程を理解す

るためには、テラヘルツ帯の原子輝線の観測が重要. 

• [N II] 輝線の電離ポテンシャル (14.5 eV) は水素より高いた
め, [C II]輝線と[N II]輝線の比較から、[C II]輝線がどれ位の割
合で電離したガスと中性のガスから来ているかわかる. 

• そこで、南極からのヘテロダイン受信機カメラで[N II] 1.46 
THz 輝線による銀河面サーベイを提案したい.  

• [N II] 輝線による星形成領域の観測から, はたして数百パー
セックのスケールでも[N II]輝線光度と星形成率 (SFR) に良
い相関があるか、さらに、渦状腕の接線領域での視線速度の
違いから、[N II]輝線によってトレースされる低密度のWIM
が、渦状腕の密度波によって圧縮され、高密度ガスに変換さ
れている様子を明らかにできるかもしれない.



• GDIGS in the Galactic plane (Anderson et al. 2021) 
• 4 - 8 GHz radio recombination line (RRL) emission, Hnα, 
Hnβ ,Hnγ RRLs and molecular lines (ex. H2CO, CH3OH) 

• Survey range: -5°≤ l ≤ 32.3° , |b| ≤ 0.5°  

• dv=0.5 km/s, spacial resolution ~ 2.65’ (Hnα), dT~ 10mK

GBT Diffuse Ionized Gas Survey

A&A proofs: manuscript no. AA-2020-40223

Fig. 1. The location of the eight lines of sight observed in [N ii], RRL, and [C ii], indicated + signs, superimposed on a moment 0 integrated
intensity map of the Hnα RRL Green Bank Telescope Diffuse Ionized Gas Survey (GDIG; (Anderson et al. 2021)). None of the LOS intersect the
locations of the brightest compact emission, although many intersect with larger ionized zones.
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Fig. 2. The main beam temperature, Tmb(K) versus velocity for [N ii] (red) and [C ii] (blue) (right axis and scale) and the corresponding Hnα RRL
spectra (black) Tmb(mK) (left axis and scale) for eight lines of sight (G020.9+0.0 to G028.7+0.0) at b=0◦.0. [N ii] was not detected at G025.2+0.0,
and was marginally detected towards G021.7+0.0 at two velocities centered on ∼ 25 and 67 km s−1.

a sparse survey of velocity resolved [C ii] along ∼500 LOS
throughout the disk (Langer et al. 2010; Pineda et al. 2013;
Langer et al. 2014) using the HIFI instrument. Goldsmith et al.
(2015) did a follow up survey in [N ii] of 149 LOS observed in
[C ii] by GOT C+. All 149 LOS were observed with Herschel
PACS in both fine structure transitions of [N ii], 3P2 – 3P1 at
121.898 µm, with a resolving power of $1000 and 3P1 – 3P0 at
205.178 µm with a resolving power $2000. PACS is an array of
25 pixels and its very low spectral resolution provides no veloc-
ity information for Galactic LOS, in contrast to the high spectral
resolution of HIFI. [N ii] was detected in 116 LOS at 205 µm and
in 96 of these at 122 µm, where LOS here means the average of
the 25 PACS pixels with an effective angular resolution ∼ 47′′.
Details of the PACS data reduction are found in Goldsmith et al.
(2015), where it was noted that the 205 µm data had calibration
uncertainties due to a red filter leak. With the availability of [N ii]

from SOFIA GREAT it became possible to calibrate the PACS
205 µm observations.

To compare the PACS intensities with those of the spec-
trally resolved [N ii] data, Pineda (2021, private communication)
computed intensities at different angular resolutions by averag-
ing the PACS array pixels weighted with a Gaussian function
with FWHM corresponding to the resolution of SOFIA/GREAT
and Herschel/HIFI. They compared the weighted intensities of
the PACS observations with the ten LOS observed with HIFI
(Goldsmith et al. 2015; Langer et al. 2016), seven LOS observed
with GREAT (this paper), and one position in the Scutum arm
(Langer et al. 2017). The half-power beam width of GREAT at
205 µm is $ 20′′, while the PACS and HIFI beamwidths are $
15′′ and 16′′, respectively. The PACS weighted pixel average at
205 µm is lower by ∼ 30%, on average compared with the HIFI
and GREAT spectrally resolved 205 µm intensities. This differ-
ence could be due to the different beam sizes, but more likely is
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• [N II] at 205 µm toward 8 LOS by SOFIA 
• T= 3400 -8500 K, high electron density n(e)=10 -35 cm-3 
comparing from Herschel PACS 122 µm 

• Dense warm gas is from SFRs associated with molecular gas, 
contribute > 50% of the observed [C II] 

•

[N II], [C II] & RRL from D-WIM

(Langer et al.  2021)

A&A proofs: manuscript no. AA-2020-40223

Fig. 1. The location of the eight lines of sight observed in [N ii], RRL, and [C ii], indicated + signs, superimposed on a moment 0 integrated
intensity map of the Hnα RRL Green Bank Telescope Diffuse Ionized Gas Survey (GDIG; (Anderson et al. 2021)). None of the LOS intersect the
locations of the brightest compact emission, although many intersect with larger ionized zones.
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Fig. 2. The main beam temperature, Tmb(K) versus velocity for [N ii] (red) and [C ii] (blue) (right axis and scale) and the corresponding Hnα RRL
spectra (black) Tmb(mK) (left axis and scale) for eight lines of sight (G020.9+0.0 to G028.7+0.0) at b=0◦.0. [N ii] was not detected at G025.2+0.0,
and was marginally detected towards G021.7+0.0 at two velocities centered on ∼ 25 and 67 km s−1.

a sparse survey of velocity resolved [C ii] along ∼500 LOS
throughout the disk (Langer et al. 2010; Pineda et al. 2013;
Langer et al. 2014) using the HIFI instrument. Goldsmith et al.
(2015) did a follow up survey in [N ii] of 149 LOS observed in
[C ii] by GOT C+. All 149 LOS were observed with Herschel
PACS in both fine structure transitions of [N ii], 3P2 – 3P1 at
121.898 µm, with a resolving power of $1000 and 3P1 – 3P0 at
205.178 µm with a resolving power $2000. PACS is an array of
25 pixels and its very low spectral resolution provides no veloc-
ity information for Galactic LOS, in contrast to the high spectral
resolution of HIFI. [N ii] was detected in 116 LOS at 205 µm and
in 96 of these at 122 µm, where LOS here means the average of
the 25 PACS pixels with an effective angular resolution ∼ 47′′.
Details of the PACS data reduction are found in Goldsmith et al.
(2015), where it was noted that the 205 µm data had calibration
uncertainties due to a red filter leak. With the availability of [N ii]

from SOFIA GREAT it became possible to calibrate the PACS
205 µm observations.

To compare the PACS intensities with those of the spec-
trally resolved [N ii] data, Pineda (2021, private communication)
computed intensities at different angular resolutions by averag-
ing the PACS array pixels weighted with a Gaussian function
with FWHM corresponding to the resolution of SOFIA/GREAT
and Herschel/HIFI. They compared the weighted intensities of
the PACS observations with the ten LOS observed with HIFI
(Goldsmith et al. 2015; Langer et al. 2016), seven LOS observed
with GREAT (this paper), and one position in the Scutum arm
(Langer et al. 2017). The half-power beam width of GREAT at
205 µm is $ 20′′, while the PACS and HIFI beamwidths are $
15′′ and 16′′, respectively. The PACS weighted pixel average at
205 µm is lower by ∼ 30%, on average compared with the HIFI
and GREAT spectrally resolved 205 µm intensities. This differ-
ence could be due to the different beam sizes, but more likely is
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Spatially Resolved [N II] & [CI]370µm
Wu et al. (2018)

Ronin Wu et al.: Physical conditions in M83 revealed by the Herschel SPIRE FTS

(a)

(b)

Fig. 4: The spatial distribution of the observed [NII] 205µm line. Figure 4a shows the continuum-removed coadded
spectrum on every pixel within a range of 1452 < ⌫ < 1467 GHz. The vertical axis in each pixel ranges between
�1.7 ⇥ 10�17 and 9.3 ⇥ 10�17 W m�2 sr�1 Hz�1. Figure 4b shows the measured [NII] 205µm intensity distribution, in
the unit of Wm�2 sr�1, within the mapped region of M83. Each pixel has size 1500 ⇥ 1500 or 330 pc ⇥ 330 pc. The spatial
resolution of the map is 1700.

7

M83 @4.5Mpc

Ronin Wu et al.: Physical conditions in M83 revealed by the Herschel SPIRE FTS

(a) (b)

Fig.A.11: Illustration of the spatial distribution of the observed [CI] 370µm line. The left panel shows the continuum-
removed coadded spectrum on every pixel within a range of 801 < ⌫ < 815 GHz. The vertical axis in each pixel ranges
between �8.8 ⇥ 10�19 and 4.9 ⇥ 10�18 W m�2 sr�1 Hz�1. The color map on the right is in the units of Wm�2 sr�1.

32

The [NII]205μm is the most widely detected emission line from the observed region of M83.  
On the contrary, the spatial distribution of the [CI] 370 μm emission appears more concen- 
trated around the nuclear region. 


