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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? 

星が誕
生でき

る高密
度　　

ガスの
割合わ

ずか３
％！



Lifecycle of the ISM
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1.3  LIFECYCLE OF THE ISM
Even after half a century of study, key questions about the evolution of the ISM in the 
Milky Way and external galaxies remain.

 ∞ How and where are interstellar clouds made, and how long do they live?
 ∞ Under what conditions and at what rate do clouds form stars?
 ∞ How do stars return enriched material back to the galaxy?
 ∞ How do these processes sculpt the evolution of galaxies?

These questions can be presented in the form of a lifecycle for the ISM, in which each of 
the phases described above plays a role (see Figure 1.7). At the top of the cycle, overlapping 
spherical supernova shockwaves interfere constructively to produce local over-densities of 
warm, neutral, and atomic hydrogen clouds (WNM). The WNM clouds are converted to cool 
HI clouds (CNM) through a thermal instability and phase transition. These clouds are most 
often observed through the collisionally excited, hyperfine, spin-flip transition of hydrogen 
at 1420 MHz (λ ~ 21 cm). The clouds also radiate away energy by emission in the ionized 
carbon fine structure line ([CII]). At densities >105 cm−3, gas thermal energy can also be 
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FIGURE 1.7 Lifecycle of the ISM. Starting at the top, overlapping supernovae shock waves sweep up 
material and constructively interfere to form warm ionized/neutral atomic clouds. The clouds cool 
by radiation from dust and gas, form molecules, and fragment into clumps. The clumps continue to 
radiatively cool, and then collapse under their own weight to form stars (bottom of cycle). Through 
stellar radiation, winds, and shockwaves, the parent cloud dissipates, returning raw materials back 
to the diffuse ISM. (Adapted from Kulesa, C., 2011, IEEE Trans. Terahertz Sci. Technol., 1(1), 232. 
With permission.)
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Atomic and molecular lines at THz

Kuno 資料より

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



• [N II] emission line 
• An excellent probe of star formation rate (SFR) and 
infrared dust luminosity (LIR) (Zhao et al. 2013) because 
the [N II] is less contaminated from the emission of older 
star due to an ionization potential higher than hydrogen.  

• Therefore, L[N II] may be a more accurate indicator of SFR 
the the more conventional LIR -derived estimates.

[N II] as Probe of SFR and LIR

 24      Terahertz Astronomy

The hotter a star burns, the shorter will be its lifetime on the main sequence, τMS,
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where
τMS = stellar lifetime on the main sequence (years).

Massive stars have the greatest luminosities, are the largest contributors to the galactic 
UV flux, and have the shortest lifetimes. Their presence is indicative of recent star-forming 
activity and can be traced by the PDRs and atomic fine structure line emission they gen-
erate. In particular, the [NII] 205 μm line, with an ionization potential just higher than 
hydrogen, has been demonstrated to be an excellent probe of the star formation rate (SFR) 
and infrared dust luminosity (LIR) (Zhao et al., 2013),
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log ( . . ) ( . . ) logL LIR NII= ± + ± [ ]4 51 0 32 0 95 0 05

 (1.24)

where
SFR = star formation rate (M⊙ yr−1)
L[NII] = luminosity of [NII] line (L⊙)
LIR = luminosity of dust in IR (L⊙)

The [NII] 205 μm line is less contaminated from the emission of older stars and less sub-
ject to instrument parameters than luminosity estimates made in the infrared. Therefore, 
when available, L[NII] may be a more accurate indicator of the star formation rate (SFR) 
than the more conventional LIR-derived estimates.

EXAMPLE 1.2

If the infrared luminosity, LIR, of a dust core is 1000 Lε, what is the expected luminosity 
of the [NII] line?

Start by solving Equation 1.24 for L[NII], assuming a zero error.
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COBE/FIRAS maps of [C II] & [N II]

Fixsen, Bennett, & Mather (1999)

Chapter 1 – The Interstellar Medium (ISM) at Terahertz (THz) Frequencies       19

hot, dense regions, the [OI] 63 μm and [OIII] lines may rival the [CII] line in intensity, while 
the other fine-structure lines in Table 1.2 may be only 5–10 times weaker (Brauher et al., 
2008; Stacey, 2011). PDR gas is primarily cooled through the collisional (thermal) excitation 
of C+ and O, and subsequent radiation of the energy in [CII] and [OI] lines. Being so strong 
and optically thin, fine-structure lines radiate energy freely into interstellar space and play 
an important role in cooling the ISM throughout the Universe, providing gravity a helping 
hand in its eternal tug-of-war with thermal energy. Appearing in all phases of the ISM can 
make interpreting the origin of [CII] emission in large-scale maps difficult. Fortunately, the 
[NII] 205 μm line has similar excitation requirements as [CII] (see Table 1.2), meaning that 
where conditions are ripe for [NII] emission, [CII] will emit as well. However, due to its 
significantly higher ionization potential, [NII] emission will only occur in strongly ionized 
regions. Therefore, by comparing the [CII] and [NII] maps of a region, it is possible to deter-
mine if the [CII] is arising from ionized or neutral gas. Large-scale maps of [CII] and [NII] 
emission within the Milky Way were first made by the cosmic background explorer (COBE) 
satellite using the far-infrared absolute spectrophotometer (FIRAS) instrument (see Figure 
1.11) (Bennett et al., 1994). COBE was optimized for measuring cosmic background radiation. 
With its 7° field of view and 5% spectral resolution (~1000 km/s), it lacked the angular and 
velocity resolution to discern the origin of the fine structure emission lines.

As discussed earlier, the Milky Way is rotating. Along any given line of sight, multiple 
gas clouds may be observed. The observed velocity of a cloud is a function of its distance 
from the galactic center. With sufficient velocity resolution, it is possible to estimate the loca-
tion of a [CII] emitting region within the galaxy from its line velocity. Sensitive, heterodyne 
instruments are needed to provide the required high spectral resolution needed to separate 
the [CII] emitting clouds in velocity space. A sample [CII] spectrum taken along one line of 
sight through the Milky Way with the heterodyne instrument for the far-infrared (HIFI) (see 
Chapter 6) aboard the 3.5 m Herschel space observatory is shown in Figure 1.12. As part of the 

(CII) emission

(NII) emission

3 25 70
120–1

0.3 2.5 7
12–0.2

FIGURE 1.11 COBE FIRAS images of Milky Way [CII] 158 μm emission (top) and [NII] 205 μm emis-
sion (bottom). Images were made at 7° angular and ~1000 km/s velocity resolution. Black swaths 
indicate unobserved regions of sky. Color bars indicate emission intensity in units of nW m−2 sr−1. 
(From Fixsen, D. J., Bennett, C. L., and Mather, J. C., 1999, Ap. J., 526, 207. With permission.)
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158µm

205µm

• All sky survey with a special 
resolution of 7° & a velocity 
resolution of 1000km/s 

• [C II] line is the dominant 
cooling line of the ISM at 
~0.3% of infrared continuum 

• [N II] & [C I] are less intense 
by a factor of 10 & 100

• [N II] line will appear at 
strongly ionized regions --> 
by comparing [C II] &[N II], 
determine if [C II] is arising 
from ionized or neutral gas



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

• [C II] survey by Herschel(3.5m)/
HIFI with 12” angular resolution  
& 0.1 km/s velocity resolution 

• 452 LOSs volume-weighted 
sample of the Galactic plane 

• 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] Galactic plane survey

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

FIRSPEX: The Far-InfraRed Spectroscopic Explorer July 2015 
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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] emission to the GOT C+ 
• Can separate the contributions from highly ionized and 
weakly ionized gas to the [C II] emission 

• [C II] emission arising from strong sources of [N II] emission 
is frequently absorbed by foreground gas --> underestimate 
highly ionized gas by only [C II] observations

[C II] and [N II] by Herschel/HIFI

Langer, Goldsmith & Pineda (2016)

W. D. Langer et al.: [C ii] and [N ii] from dense ionized regions
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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 =

hc3

8⇡k⌫2ul

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.
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[N II]

W. D. Langer et al.: [C ii] and [N ii] from dense ionized regions

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

A43, page 9 of 11

Gaussian fit of [C II]  
from [N II] emission



• [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--> extended envelopes of H II regions, 
and low-filling factor high-density fluctuations of WIM

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 .avgs

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 0.25avgsá ñ = . 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 dvAò [K km s−1] =

k I10 2 Wm sr .3 3 2 1( ) [ ]l- - - 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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• [N II] emission line 
• [N II] line will appear at strongly ionized regions --> by 
comparing [C II] &[N II] maps, it is possible to determine 
whether [C II] is arising from ionized or neutral gas 

• [C II] emission is frequently absorbed by foreground gas --> 
underestimate highly ionized gas by only [C II] observations 

• An excellent probe of star formation rate (SFR) and 
infrared dust luminosity (LIR) (Zhao et al. 2013) because the 
[N II] is less contaminated from the emission of older star 
due to an ionization potential higher than hydrogen 

• [N II] 1.46 THz Galactic plane survey @S.P. 
•Wide area mapping of the Milky Way --> evolutionary 
process of interstellar medium not only neutral gas but 
also ionized gas

[N II] 1.46 THz Galactic plane survey
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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.
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• 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



• Diameter: 3-6 m 
• Surface accuracy: < 20µm 
• For the detection of 205µm [N II] 
line from ground-base, < 10µm? 

• Wide field heterodyne 
receiver camera 
• For wide area mapping, 100-250 
multi-beam receiver

Small Telescope Designed as Survey
2.2 Specifications of 10‐m Telescope

• Diameter：> 10m
• Surface accuracy：< 20μm
• Frequency：200GHz‐1.3THz
• Field of view：1°
• Pointing accuracy：2″
• Tracking accuracy：0.5″

200GHz 800GHz 1.3THz

37″ 9.3″ 5.8″

Angular resolution（10m）GHz 3m 4m 6m

460 55” 41” 27”

850 29” 22” 15”

1500 17” 13” 8.5”

Angular resolution

NANTEN II (4m)
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Mapping	area:	
		Inner	disk:	l	=	221°～25°		|b|≦1°	

						Spiral	arms,	interarm,	bar,		G.C.		
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l=50
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Partially overlap FUGIN area 
232° < l < 14° (EL >30°), 221° < l < 25° (EL>20°)
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（2015.11.2） 

〇感度等 

(1) 連続波観測（注 1） 

   （冬季 50%レベル＠新ドームふじ） 

周波数帯 

 

   感 度 (5σrms) （τ=積分時間） 角分 

解能 

素子数 Mapping speed 

[deg2 hr-1 mJy-2] τ=60sec 1 hour 10 hours confusion 

230GHz 0.67mJy 0.09mJy 0.027mJy 0.19 mJy 11” 4000×2 128×2 

400  1.12 0.15 0.046 0.22 6.2” 6300×2 22×2 

650 1.68 0.22 0.069 0.052 3.8” 16600×3  9.8×3 

 850 2.45 0.32 0.10 0.011 2.9” 27000×2  4.4×2 

1300 13.6 1.76 0.48 0.00035 1.9” 10800×2  0.024×2 (注 3) 

1500 46.4 6.00 1.89 0.00009 1.7” 14400×3  0.0022×3 (同) 

       （注 1: 点源を観測したときのフラックス密度での感度。感度は τ1 に比例する。 

（注 2: Confusion limit は Blain+2002 を元に求める） 

（注 3: ホーンを使用予定） 

(2) スペクトル線観測 

   （冬季 50%レベル＠新ドームふじ） 

周波数帯 周波数範囲 感度(5σrms for ΔV=1km/s）＊ 角分解能 

τ=60sec 1 hour 10 hours 

(220 GHz) 210-275 0.096 K 0.012 K 0.0039 K 11.3” 

 350 275-373 0.081 0.010 0.0033 7.1” 

 450 385-500 0.15 0.019 0.0061  5.5” 

 650 600-710 0.21 0.027 0.0086 3.8” 

 850 787-950 0.34 0.043 0.014 2.9” 

1000 1010-1060 0.86 0.11 0.035  2.5” 

1300 1260-1380 0.92 0.12 0.038 1.9” 

1500 1440-1540 1.05 0.13 0.043 1.7” 

                 ＊ON 点積分時間。感度は ON+OFF 観測時。 

       （注 1: 感度は V 1 ∆τ に比例する） 

       （注 2: 多素子受信機を搭載） 

       （注 3: 分光電波カメラ[R~1000, ΔV=300km/s]も搭載） 

 
〇観測可能天域（＠新ドームふじ） 

仰角(EL) 赤緯(Decl.) 

> 5° <＋8° 

>10° <＋3° 

>20° <－7° 

 



• [N II] 1.46THz Galactic plane survey 
• [N II] emission reveals the fraction of [C II] emission arises 
from the ionized gas and the neutral ISM 

• [C I] 809GHz observation when the weather is not good 

• Mapping area: l = 221°- 25° (EL>20°), |b| ≤1° (|b| ≤2°) 

• 20” grid, ΔT(5σ)=0.76K, 10x10 beams ̶> 20,000h (OTF)         
>> more low noise receiver and more beams (or smaller D)

Survey with Small Telescope

Freq.	band	
(GHz)

Freq.	range	
(GHz) Lines Beam Sensi>vity	(5σ)	

(τ=10min,	Δv=1km/s)
Angular	Resolu>on	

(D=4m)

460 385-540 CO	(J=4-3),	[C	I]	3P1-3P0 250 0.054	K 41.3”

650 575-735 HCl,	D2H+ 250 0.092	K 28.5”

850 775-965 CO	(J=7-6),	[C	I]	3P2-3P1 250 0.14	K 21.7”

1000 1000-1060 CO	(J=8-7),	NH+ 100 0.35	K 18.7’

1300 1250-1380 CO	(J=11-10),	H2D+ 100 0.47	K 14.2”

1500 1450-1550 [N	II] 100 0.76	K* 12.7”
From Kuno’s document(*:Tsys=6000K)



• [N II] 1.46THz Galactic plane survey 
• [N II] emission reveals the fraction of [C II] emission arises 
from the ionized gas and the neutral ISM 

• [C I] 809GHz observation when the weather is not good 

• Mapping area: l = 221°- 25° (EL>20°) some strip scans 

• 20” grid, ΔT(5σ)=0.76K, 10x10 beams ̶> 55h (OTF)/strip   
>> some strip scans at latitude b

Survey with Small Telescope

Freq.	band	
(GHz)

Freq.	range	
(GHz) Lines Beam Sensi>vity	(5σ)	

(τ=10min,	Δv=1km/s)
Angular	Resolu>on	

(D=4m)

460 385-540 CO	(J=4-3),	[C	I]	3P1-3P0 250 0.054	K 41.3”

650 575-735 HCl,	D2H+ 250 0.092	K 28.5”

850 775-965 CO	(J=7-6),	[C	I]	3P2-3P1 250 0.14	K 21.7”

1000 1000-1060 CO	(J=8-7),	NH+ 100 0.35	K 18.7’

1300 1250-1380 CO	(J=11-10),	H2D+ 100 0.47	K 14.2”

1500 1450-1550 [N	II] 100 0.76	K* 12.7”
From Kuno’s document(*:Tsys=6000K)



• [N II] 1.46THz Galactic plane survey 

• Mapping area: l = 221°- 25° (EL>20°), |b| ≤1° (|b| ≤2°)  

• Angular resolution of 2.8’ at 1.46THz 
• 3’ grid, ΔT(5σ)=0.76K at 10min, 10 beams ̶> 3400h (6800h)

Survey with 30cm Telescope

Main	reflector



THz Survey Telescopes
• FIRSPEX (~1m) (Rigopoulou et al. 2015) 
• Small satellite from LEO by ESA and CAS(China) 
• [C II] 1.9THz, [NII] 1.46THz, [C I] 809GHz, CO(6-5) 690 
GHz 

• STO (80cm) (Walker et al. 2016) 
• The Stratospheric TeraHertz Observatory by Balloon 
• [C II] 1.9THz and [NII] 1.46THz at 1 arcmin. angular 
resolution 

• SOFIA(2.5m)/GREAT (Young et al. 2012) 
• GREAT: 60‒240µm (Heyminck et al. 2012) 
• 1.25~5 THz ([N II] 1.46THz, [C II] 1.90THz, [O I] 2.06, 
4.74THz)

 

 

 
 
On Oct. 15, 2009 STO had its test flight from Ft. Sumner, NM. During its ~12 hours at float altitude (~126,000 
ft.)  key components of STO were tested to help ensure the system would meet the objectives of the upcoming 
science flight. STO consists of 3 major components; a gondola, an 80 cm telescope, and a THz heterodyne 
receiver system. The gondola and telescope have been refurbished from the successful Flare Genesis 
Experiment. The gondola was upgraded by APL to use 3 gyroscopes for inertial guidance and an optical tracker 
for absolute pointing.  The telescope was light-weighted and its primary and secondary mirrors re-aluminized. A 
room temperature receiver system and a cryostat were constructed and flown on the test flight.  A computer-
controlled, sliding weight was added to dynamically compensate for cryogen evaporation during flight. 
 
 

2.0  TEST FLIGHT INSTRUMENT  
 
The STO flight from New Mexico was designed to provide a faithful test of the Antarctic gondola, telescope, 
and key elements of the science instrumentation.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Antarctic ready versions of the telescope/gondola systems, instrument electronics, computing, control, and data 
storage systems were flown. To faithfully characterize the performance of the telescope drives and pointing 
system, the test flight instrument was designed with the same CG and weight as the full Antarctica flight 
instrument.  The STO test flight carried a test cryostat and an un-cooled Schottky receiver. The receiver was 
used to point on the 13CO J=3-2 line. The dewar was used to test the ability of a sliding weight to compensate 
for the loss of cryogens during flight. 
  
Figure 1 shows the STO telescope and instrument package as it was configured for the test flight. The 
instrument flight system as deployed contained the following subsystems: 
 
 

Figure 1: STO test-flight telescope and instrument package configuration, as conceptualized
(left) and being integrated at Fort Sumner in early October, 2009 (right). 
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• [C II]158µm & [N II]205µm obs. by SOFIA 
• Highly ionized gas of the WIM at the inner edge of the 
Scutum arm tangency sampled along18 LOS (l=30.0-31.75°) 

• Strong [N II] emission throughout the Scutum tangency and 
decreases exponentially with latitude with a scale height~55pc

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]

Primary Ref 

Secondary Ref 

Tertiary Ref 

Fig. 3. The 18 lines of sight observed in [C ii] and [N ii] are indicated by
white crosses superimposed on a 21 cm continuum map of the Scutum
tangency region (Stil et al. 2006). The primary reference o↵ positions
are labeled as are the secondary and tertiary reference positions.

(Heyminck et al. 2012) onboard SOFIA (Young et al. 2012). The
upper state of C+, 2P3/2, lies at an energy, E/k, about 91.2 K
above the ground state, and the upper states of N+, 3P1 and
3P2, lie at 70.1 K and 188.2 K, respectively, above the ground
state. Our program (proposal ID 04_0033; PI Langer) was part
of the Guest Observer Cycle 4 campaign. The observations
were made between May 12 and June 10, 2016 on six flights
spread over SOFIA flights #296 to #308. Both [C ii] and [N ii]
spectra were observed simultaneously in GREAT configuration:
LFA+H+V/L1 with [C ii] in LFA:LSB and [N ii] in L1:USB.
The typical observing time on each target was in the range of 15
to 30 min.

[C ii] and [N ii] are widespread throughout the Galaxy so
finding a clean o↵ position for proper calibration is a challenge
in observing the Scutum spiral arm. The telescope on SOFIA
cannot slew more than 0�.4 to 0�.8 from the ON to the OFF po-
sition, and it was thus necessary to observe [C ii] and [N ii] in
a series of steps in b starting at a latitude where the emission is
weak enough to provide a clean OFF position. In practice even
the largest b value was not always absolutely clean of emission,
but it was generally weak enough to use as a reference posi-
tion. The observing scenario, therefore, used a set of primary,
secondary and tertiary reference positions located at b = 1�.7,
0�.9, and 0�.25, respectively as shown in Fig. 3. The primary ref-
erence positions, the LOSs at b = 1�.7, were observed with re-
spect to an OFF position at b = 2�.1 at the same longitude. These
LOS at (l, b) = (30�.0, 1�.7) and (31�.0, 1�.7) were then used as
primary reference positions for observations at lower values of
b, two of which at b = 0�.9 then could be used as secondary
reference positions (see Fig. 3) for LOS at yet lower values
of b. This procedure was repeated one more time and a set of
tertiary reference positions were established at b = 0�.75 (see
Fig. 3). In this scheme each target LOS used the nearest (up to

Fig. 4. The seven [C ii] spectra observed by upGREAT (black) and the
central [N ii] spectrum (red) observed by GREAT towards (l, b) = (30�.0,
0�.0). While the overall shapes of the [C ii] lines across the Scutum spi-
ral arm (Vlsr = 60 to 130 km s�1) within each pixel are similar, the small
di↵erences among them demonstrate that there is structure due to in-
dividual cloud components. The [N ii] emission in the central pixel is
detected across the entire velocity range of [C ii] in the Scutum arm.

within 0�.8) primary/secondary/tertiary reference position. The
calibrated emission spectra at the reference positions were then
added incrementally in a hierarchical manner to the respective
target spectra.

The dual-polarization 7-pixel upGREAT array has a FWHM
beam size of 1400 at 1.9 THz. The array is arranged in a hexago-
nal pattern with a central beam. The beam spacing is approx-
imately two beam widths and the array has a footprint about
6700 across. At the distance to the Scutum arm tangency, ⇠7 kpc
(see Sect. 4), each pixel corresponds to ⇠0.5 pc and the array
stretches across ⇠2.3 pc. The [N ii] lines were observed with the
GREAT receiver which has only one dual-polarization pixel with
a FWHM beam size of 1900 at 1.4 THz. The [N ii] single pixel
is centered on the central [C ii] (pix_1), as shown in Fig. 4 for
(30�.0, 0�.0). It can be seen that to first order the overall shape of
the [C ii] emission is similar across the array, however there are
small scale variations reflecting the individual gas components.
This variation on 2000 scale is not surprising considering that the
7-pixel footprint of upGREAT covers ⇠2.3 pc across, and prob-
ably includes a number of di↵erent cloud components. Only for
the central pixel (pix_1) do both [C ii] and [N ii] have identical
pointings. Therefore for all analysis comparing their intensities
we use only the [C ii] central pixel. For all other analysis of large
scale or global characteristics of [C ii] emission, for example in
comparison to molecular gas traced by 13CO, we use the [C ii]
spectra averaged over all 7 pixels because this average roughly
matches the beam sizes of the CO auxiliary data. The intensities
have been converted to main beam temperature, Tmb(K), using
beam e�ciencies, ⌘mb([C ii]) = 0.65 and ⌘mb([N ii]) = 0.66 with
a forward e�ciency, ⌘for = 0.97 (Röllig et al. 2016). The rms
noise for Tmb(K) in the calibrated spectra shown in Fig. 5 are in
the range of 0.05 to 0.17 K for [N ii], 0.04 to 0.25 K for [C ii]
averaged over 7 pixels, and 0.08 to 0.30 K in pixel #1. To avoid
the propagation of noise from the o↵ position, we add to the tar-
get spectrum only o↵ source spectral intensities that are above
1.5 times the rms noise. This approach is particularly important
to minimize adding noise to the spectra since a majority of the
target LOS spectra use multiple o↵ source spectra for reference.
The large variation in the noise levels in these spectra are due to
the di↵erences in the observing duration used for each LOS.
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Fig. 5. Left: emission spectra of [C ii] (blue and black), [N ii] (red), and 13CO (green) for the ten lines of sight that are within b = ±0�.25 are plotted
as Tmb versus velocity. The central [C ii] pixel is plotted in blue and the average of the seven [C ii] pixels is plotted in black. The single and average
[C ii] emission profiles are similar but not exactly identical owing to variations in emission across the footprint of the upGREAT array. The black
vertical dashed line marks the tangent velocity of the Scutum spiral arm. Right: same as in the left panel for the eight lines of sight with b > 0�.25.
The downward black arrows mark a few of the clearly evident [C ii] absorption features.

In addition to the SOFIA [C ii] and [N ii] observations we
use auxiliary H i and 13CO(1–0) data from public archives, [N ii]
from Herschel PACS and HIFI at (30�.0, 0�.0) and (31�.2766, 0�.0)
(Goldsmith et al. 2015; Langer et al. 2016), and [C ii] with HIFI
(Langer et al. 2016). The H i 21 cm data are taken from the VLA
Galactic plane survey (VGPS; Stil et al. 2006). The 13CO(1–
0) data from the Galactic Ring Survey (GRS; Jackson et al.
2006). We extracted the spectra for the LOSs observed by
SOFIA from these survey data, which are available as Galac-
tic longitude-latitude-VLSR spectral line data cubes. Both VGPS
and GRS surveys have comparable angular resolution of 10 and

4000, respectively. The spectral resolution in the HI VGPS is
1.56 km s�1 with rms noise of 2K and in the 13CO GRS the
spectral resolution is 0.21 km s�1 with rms of 2 K.

3. Results

In this section we describe the characteristics of the spectral
features and the morphology of the Scutum tangency traced
by [C ii] and [N ii]. We use the VLSR velocity structure in the
line profiles to infer that the spiral arm gas components are
roughly distributed in di↵erent layers of the arm ranging from
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Fig. 5. Left: emission spectra of [C ii] (blue and black), [N ii] (red), and 13CO (green) for the ten lines of sight that are within b = ±0�.25 are plotted
as Tmb versus velocity. The central [C ii] pixel is plotted in blue and the average of the seven [C ii] pixels is plotted in black. The single and average
[C ii] emission profiles are similar but not exactly identical owing to variations in emission across the footprint of the upGREAT array. The black
vertical dashed line marks the tangent velocity of the Scutum spiral arm. Right: same as in the left panel for the eight lines of sight with b > 0�.25.
The downward black arrows mark a few of the clearly evident [C ii] absorption features.

In addition to the SOFIA [C ii] and [N ii] observations we
use auxiliary H i and 13CO(1–0) data from public archives, [N ii]
from Herschel PACS and HIFI at (30�.0, 0�.0) and (31�.2766, 0�.0)
(Goldsmith et al. 2015; Langer et al. 2016), and [C ii] with HIFI
(Langer et al. 2016). The H i 21 cm data are taken from the VLA
Galactic plane survey (VGPS; Stil et al. 2006). The 13CO(1–
0) data from the Galactic Ring Survey (GRS; Jackson et al.
2006). We extracted the spectra for the LOSs observed by
SOFIA from these survey data, which are available as Galac-
tic longitude-latitude-VLSR spectral line data cubes. Both VGPS
and GRS surveys have comparable angular resolution of 10 and

4000, respectively. The spectral resolution in the HI VGPS is
1.56 km s�1 with rms noise of 2K and in the 13CO GRS the
spectral resolution is 0.21 km s�1 with rms of 2 K.

3. Results

In this section we describe the characteristics of the spectral
features and the morphology of the Scutum tangency traced
by [C ii] and [N ii]. We use the VLSR velocity structure in the
line profiles to infer that the spiral arm gas components are
roughly distributed in di↵erent layers of the arm ranging from
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Fig. 5. Left: emission spectra of [C ii] (blue and black), [N ii] (red), and 13CO (green) for the ten lines of sight that are within b = ±0�.25 are plotted
as Tmb versus velocity. The central [C ii] pixel is plotted in blue and the average of the seven [C ii] pixels is plotted in black. The single and average
[C ii] emission profiles are similar but not exactly identical owing to variations in emission across the footprint of the upGREAT array. The black
vertical dashed line marks the tangent velocity of the Scutum spiral arm. Right: same as in the left panel for the eight lines of sight with b > 0�.25.
The downward black arrows mark a few of the clearly evident [C ii] absorption features.

In addition to the SOFIA [C ii] and [N ii] observations we
use auxiliary H i and 13CO(1–0) data from public archives, [N ii]
from Herschel PACS and HIFI at (30�.0, 0�.0) and (31�.2766, 0�.0)
(Goldsmith et al. 2015; Langer et al. 2016), and [C ii] with HIFI
(Langer et al. 2016). The H i 21 cm data are taken from the VLA
Galactic plane survey (VGPS; Stil et al. 2006). The 13CO(1–
0) data from the Galactic Ring Survey (GRS; Jackson et al.
2006). We extracted the spectra for the LOSs observed by
SOFIA from these survey data, which are available as Galac-
tic longitude-latitude-VLSR spectral line data cubes. Both VGPS
and GRS surveys have comparable angular resolution of 10 and

4000, respectively. The spectral resolution in the HI VGPS is
1.56 km s�1 with rms noise of 2K and in the 13CO GRS the
spectral resolution is 0.21 km s�1 with rms of 2 K.

3. Results

In this section we describe the characteristics of the spectral
features and the morphology of the Scutum tangency traced
by [C ii] and [N ii]. We use the VLSR velocity structure in the
line profiles to infer that the spiral arm gas components are
roughly distributed in di↵erent layers of the arm ranging from
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• There is highly ionized gas within the arm with 1-20 times 
electron density 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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Summary
• To understand the evolutionary process of interstellar 

medium not only neutral gas but also ionized gas, 
the observations of atomic lines at THz are criucial 

• [N II] is an excellent probe of star formation rate 
(SFR) and infrared dust luminosity (LIR), and [N II] 
emission reveals the fraction of [C II] emission arises 
from the ionized gas and the neutral ISM. 

• So I would like to propose the [N II] 1.46THz Galactic 
plane survey with the heterodyne receiver camera at 
South Pole. There is difficulty to survey entire the 
Milky Way, but it is good to observe the limited area 
(strips) or to survey by 30cm telescope.


