
Spiral	Arm	Structure:
[NII]	and	[CII]	in	the	Scutum	Arm	

Bill	Langer	(JPL-Caltech)

December	6,	2017

Based	on:
“Ionized	gas	in	the	Scutum	spiral	arm	as	traced	in	[N	II]	and	[C	II]”

W.	D.	Langer,	T.	Velusamy,	P.	F.	Goldsmith,	J.	L.	Pineda,	E.	T.	
Chambers,	G.	Sandell,	C.	Risacher,	& K.	Jacobs

A&A	607,	A59	(2017)

Copyright	2017	California	Institute	of	Technology.		Government	sponsorship	acknowledged.



Outline

• Intro:	Characterizing	Spiral	Arm	Ionized	Layers	

• Observations:	[NII]	&	[CII]	at	the	Scutum	arm	

• Results:	Properties	of	the	Scutum	Arm	Ionized	Gas	

• Discussion:	Arm	- Interarm Interaction

• Summary

2Bill	Langer	(JPL-Caltech)12/6/17



Galactic	Spiral	Arms	- Simple	View

3Bill	Langer	(JPL-Caltech)

Artist conception: Robert Hurt (NASA:SSC)

M.	Reid	(2014)
R0 =	8.4	± 0.6	kpc
Q0 =	254	± 16	km/s																	
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Figure 1. Old galactography. The Sun is shown (open star) at 8 kpc from the Galactic center, with the clockwise Galactic rotation (arrow). Most stars in the Milky
Way galaxy are located along four spiral arms (gray). Other components such as clouds, gas, atoms, dust, and cosmic rays are also in there. Approximate arm tangents
as seen from the Sun are shown (thick black dashes). The Sun’s orbit is shown here as a circle (thin dashes). A rough position for the Galactic bar is shown. Not much
is known below the Galactic center, called “Zona Galactica Incognita” a.k.a. “unknown Galactic area” following Vallée (2002; his Figure 2). The Galactic center is at
(0, 0) and the distance scale at bottom and to the left follows common conventions.

2. CATALOG OF GALACTIC ARM TANGENTS IN THE
MILKY WAY SINCE 1980

Differing ratios of components (star, gas, dust, cosmic ray,
magnetic field) can be found along an arm; some arm “seg-
ments” may have more stars, while others further out may have
more molecular gas. Thus, the fixed view from the Sun, along
the Galactic disk, can miss an arm segment if using a single
filter (only CO data in one segment, or only stellar counts in
another segment). If we could “move” the Sun at different po-
sitions (segments) along the same arm, we may see different
local views (differing component ratios) in optical (star), near
infrared (dust), or radio wavelengths (relativistic or thermal elec-
trons, molecular gas). It is thus necessary to use many tracers
when talking about a single arm.

Small tables of arm tangents have been published previously.
Table 1 in Englmaier & Gerhard (1999) had 32 entries of tracer
tangents, but none for the Carina arm near 284◦. Their “inner
Galaxy” column mixed together the Scutum arm and the inner
3 kpc arm, and their far “3 kpc” arm near −21◦ is now called
the “Perseus origin” arm. Table 2 in Vallée (2008) had 39 tracer
entries, Table 1 in Vallée (2012) had 12 tracer entries, while
Table 3 in Vallée (2014a) had 43 tracer entries.

Here we embarked on an extensive literature review to glean
more arm tangents from different tracers. We recorded the
complete published reference of each tracer (journal, table,
figure, section), and thus were able to delete or replace erroneous
or misplaced references. Also, newer instrumentation allows for
the detection of the arm tangents as inferred from the recent
6.7 GHz methanol maser or water maser data. The master
catalog of published Galactic longitudes of arm tangents is
given in Table 1. In Table 1, an arm is defined and labeled in
only one Galactic quadrant (I or IV); its continuation in another
quadrant has another name, and we listed 63 different entries
of the means of different tracer tangents (one specific tracer
entry per arm), about half more than in Vallée (2014a). As many
as 17 of these 63 different entries are a mean of two or more
published values. In addition, in the Appendix, we provided
38 individual CO entries (Table 3), 13 individual H ii entries
(Table 4), and 10 individual maser entries (Table 5). Thus, in
total, we cataloged 107 different tracer entries over these four
tables (63 −17 +38 +13 +10). For the Centaurux-Crux arm,
the CO arm tangent was originally given as 310◦ by Bronfman
et al. (1988, Figure 7), which then appeared as a typo as 300◦

in Bronfman (1992, his Figure 6), and was later given as 309◦

in Garcı́a et al. (2014, their Figure 14); in the Appendix, we
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12CO	Distribution
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Dame et al. (2006) Integrated Intensity Map
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FIG.  2.–Velocity-integrated CO map of the Milky Way. The angular resolution is 9´ over most
of the map, including the entire Galactic plane, but is lower (15´ or 30´) in some regions out
of the plane (see Fig. 1 & Table 1). The sensitivity varies somewhat from region to region,
since each component survey was integrated individually using moment masking or clipping
in order to display all statistically significant emission but little noise (see §2.2). A dotted line
marks the sampling boundaries, given in more detail in Fig. 1.



12CO	Velocity	Distribution

5Bill	Langer	(JPL-Caltech)

Dame et al. (2006)
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FIG.  3.—Longitude-velocity map of CO emission integrated over a strip ~4° wide in latitude
centered on the Galactic plane (see §2.2)—a latitude range adequate to include essentially all
emission beyond the Local spiral arm (i.e., at |v| > 20 km s–1). The map has been smoothed
in velocity to a resolution of 2 km s–1 and in longitude to a resolution of 12´. The sensitivity
varies somewhat over the map, since each component survey was integrated individually
using moment masking at the 3-σ level (see §2.2).
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FIG.  3.—Longitude-velocity map of CO emission integrated over a strip ~4° wide in latitude
centered on the Galactic plane (see §2.2)—a latitude range adequate to include essentially all
emission beyond the Local spiral arm (i.e., at |v| > 20 km s–1). The map has been smoothed
in velocity to a resolution of 2 km s–1 and in longitude to a resolution of 12´. The sensitivity
varies somewhat over the map, since each component survey was integrated individually
using moment masking at the 3-σ level (see §2.2).
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H2 Spiral	Arms	Traced	in	CO
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H2 gas	in	the	disk	
Nakanishi	et	al.	(2006)	(based	on	Dame	et	al.	(2001)	CO	survey)
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Spiral	Arm	Evolution

7Bill	Langer	(JPL-Caltech)

Spiral arms undergo a phase change from low density ionized 
gas to dense H2 clouds, and eventually star formation 

12/6/17
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Figure 3. New galactography. Besides stars all over spiral arms, spiral arms harbor different components (tracers) at slightly at different (parallel) locations. Stars
(yellow) are all over the arms. The 12CO (and H2) molecules peak near the middle of the arm (blue), while the hot dust (with masers and newborn stars) peak near
the inner arm edge (red). Other intermediate tracers peak in between: thermal and relativistic electrons and H i atoms (green), and cold dust with FIR cooling lines
(orange). Same color coding used as in Figure 2. Updated from Vallée (2014a).

(A color version of this figure is available in the online journal.)

Figure 2. On its way in a roughly circular orbit around the
Galactic center, the Sun would eventually reach the Perseus
arm’s hot dust lane first, and then later the next lanes (electrons;
many other chemicals, such as masers, warm cores, [N ii], [C ii],
H i, H ii, etc.; CO) before exiting on the other arm’s side.

4.2. Comparisons with Predictions from Theories

Here we make an attempt at some quick interpretation in
terms of current spiral arm theories, basically trying to relate our
results with their predictions. In this brief assessment of theories
of spiral arms, we compare a few observed arm parameters:
linear separation of different arm tracers from 12CO (Table 2),
no arm tracer to the left of 12CO (Figure 2), the number of arms
(four), average pitch angle (12◦), arm shape (logarithmic), and
arm spacing (equal), to first order; see Vallée (2014a).

The quasi-stationary density wave theory can produce several
arms. (1) The density wave theory predicts an orbital trajectory
of the gas and stars going through spiral arms and a linear
separation between arm tracers as occasioned by a shocked gas
and dust entering the arm from the inner edge, then some of it
coalescing to form stars there (dust lane), progressing through
the arm, and exiting on the arm’s outer edge (Roberts 1975,
Figure 3); this is similar to our orbit in Figure 1 here. (2) In

the density wave, the width of the dust lane (shocked lane) was
predicted at 50 pc (e.g., Dobbs & Baba 2014, their Section
3.5); this width is similar to our observed dust lane in Figure 2
here (with an error bar of 70 pc). (3) In the density wave, the
gas density maximum (at mid-arm) is separated from the shock
lane by about 12 Myr (Roberts 1975, Figure 2), or 306 pc for
a gas velocity difference of 25 km s−1 (Dobbs & Baba 2014,
Figure 17(b)); this separation is similar to our observed arm’s
halfwidth of 360 pc (Table 2 here). Roberts (1975, Figure 4)
used a pitch angle near 10◦, similar to that of the Milky Way.
In the density wave with four arms, the gas density maximum
(potential minimum, broad CO at mid-arm) is also separated
from the shock lane (hot dust) in the model of Gittins & Clarke
(2004, Figure 16), and their “standard model” has a low pitch
angle of 5◦ (not the 12◦ found in the Milky Way). (4) The
density wave theory proposed that the peak of all tracers are
between the inner edge of an arm and the mid-arm (as seen here
in Table 2), excepting the stars distributed all over the arm. (5)
The density wave predicts that the peak of the H ii complex is
located near the mid-arm (Roberts 1975, Figure 4; Gittins &
Clarke 2004, Figure 16 far from the Galactic Center), as seen in
Table 2 here. There is a plethora of theories about the generation
of spiral arms, in addition to the density wave theory. (6) The
tidal theory involving a recent passage of the Sagittarius galaxy

6

12COInner	Arm

Stars

Vallee (2016)



Spiral	Arm	Tracers	vs.	Position
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[CII]	&	[NII]
HI
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Adapted from 
Vallee (2016)

<Scutum	+	Sagittarius>

from the dust lanes appears here as some kind of mirror image
across the Galactic Meridian (Figure 2 and Table 2).

3. Enlargement of an arm width with distance (Section 4):
Density wave theory predicts a weak opening of a spiral arm

as a function of galactic distance. In density wave theory, a
small opening of each spiral arm is predicted as a function of
increasing radial distance from the Galactic Center.

A two-arm theoretical map of the Carina–Sagittarius arm by
Lin et al. (1969—their Figure 4), drawn for a Sun-to-Galactic

Center distance of 10 kpc and an arm pitch angle near −6°, shows
an arm width of 1.9 kpc at the arm tangent to Carina at a
galactocentric radius of 8.3 kpc, and an arm width of 1.1 kpc at the
arm tangent to Sagittarius at a galactocentric radius of 7.3 kpc,
thus giving an arm ratio of 1.7 at a galactic radius ratio of 1.14.
The same theoretical map of the Crux-Centaurus–Scutum

arm by Lin et al. (1969—their Figure 4) shows an arm width of
1.2 kpc at the arm tangent to Crux-Centaurus at a galactocentric
radius of 5.4 kpc, and an arm width of 0.85 kpc at the arm

Figure 2. Location of the tangents for several arm tracers, with each tracer averaged over several spiral arms in quadrant IV (Figure 2(a)) and in quadrant I (Figure 2
(b)). The Galactic Center direction (arrow at top) is indicated in each quadrant. These figures are almost mirror images. Blocks of tracers, with similar distances, are
shown: hot dust at the inner-arm edge (red), the mid-arm extended 12CO J=1–0 gas (blue), and the in-between blocks near 100 pc (green) and near 200 pc (orange)
as measured from the mid-arm. Tangential arm offsets are translated in linear offsets, using the known tangential arm distance (from Table 1). The overall yellow
ellipse indicates a very rough limit for the extent of the arm stars.

4

The Astrophysical Journal, 821:53 (12pp), 2016 April 10 Vallée

12CO



Tracing	the	Ionized	Spiral	Arm	Lanes

• Ionized	gas	lanes	are	less	well	understood	than	
neutral	ones,	owing	to	fewer	high	spectral	and	
spatially	resolved	maps	of	ionized	gas	tracers.

• [NII]	and	[CII]	as	tracers	of	ionized	gas
• I.P.	of	C	is	11.1	eV,	so	it	is	readily	ionized	by	ISM	UV	(λ>912	A)
• [CII]	emits	in	weakly	&	highly	ionized	components;	WIM,	HI	

clouds,	Diffuse	H2 clouds	w.o.	CO,	HII	regions,	PDRs

• I.P.	of	N	is	14.5	eV,	photoionized by	FUV	(λ<912	A),	collisional	
ionization	by	electrons	(Tk >6000K),	and	charge	exchange	
with	H+ (Tk >5000K)	

• [NII]	only	arises	from	highly	ionized	components:	WIM,	HII	
regions,	Ionized	Boundary	Layers.

9Bill	Langer	(JPL-Caltech)12/6/17



COBE	FIRAS	[CII]	&	[NII]	Surveys
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each individual arm to the full [C ii] intensity curve shown at top (results for [N ii] are similar). Line styles link intensity contributions with the individual arms at left.
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Table 4
Four-arm Emissivity Parameters

Line R3 σr (kpc) σz δi B1 B2 B3 B4

(kpc) (r < R3) (r > R3) (pc) (deg) (10−28 erg cm−3 s−1 sr−1)

[C ii] 2.9 ± 0.2 0.7 ± 0.3 3.1 ± 0.5 70 ± 10 15 ± 5 169 266 339 176
[N ii] 2.9 ± 0.2 0.7 ± 0.3 2.3 ± 0.5 70 ± 10 15 ± 5 20.0 31.4 40.1 20.8

coupled with the results of Section 3 and proposals by other
workers, provides insight to the source of disagreement amongst
various workers.

The previous section shows that the COBE/FIRAS observa-
tions are consistent with either a three-arm or four-arm Milky
Way. While there is no clear preference between these models
on the basis of fitting statistics alone, reference to historical
observations allows us to discriminate between these two pos-
sibilities. Since 1980, ∼70 models have been proposed for the
global spiral structure of the Milky Way. Of these, ∼23% have
two arms, ∼73% have four arms, and the remainder have six or
more arms. This distribution remains approximately the same
when the models are binned into the 1980–1989, 1990–1999,
and 2000–2010 time frames. No three-arm model has been pro-

posed for the Milky Way. Thus, historical observations render
the three-arm model unlikely.

Figure 9 shows the names traditionally applied to arm
segments of the Milky Way superimposed on our four-arm
model. The three-arm model of Section 3 (Figure 7) essentially
eliminates the Perseus arm while retaining the Norma–Cygnus
(“Outer”) arm, albeit at somewhat larger radii for the Cygnus
portion than is commonly proposed. Numerous observations of
spiral tracers in the first, second, and third quadrants, however,
support both the presence of the Perseus arm (e.g., Georgelin &
Georgelin 1976; Downes et al. 1980; Lépine et al. 2001; Russeil
2003; Nakanishi & Sofue 2006; Levine et al. 2006; Russeil et al.
2007) and the existence of an arm exterior to the Perseus arm
(e.g., Russeil 2003; Nakanishi & Sofue 2006; Levine et al. 2006;

Steiman-Cameron	et	al.	(2010)	fit	a	4-arm	spiral	
model	to	the	FIRAS	data



Herschel GOT	C+	[CII]	Sparse	Survey
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HI

[CII]

CO

[CII] and CO  (b = 0o) trace spiral arms (Pineda et al. 2013)
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Herschel	OTKP	GOT	C+	
Survey	[CII]	≈	500	LOS	
(Pineda	et	al.	2013;	
Langer	et	al.	2014)



Herschel HIFI	[NII]	Galactic	Survey
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No	velocity	resolved	Herschel N+ Galactic	
Sparse	Survey

Only	a	sparse	PACS	205	and	122	micron	
survey	of	about	140	GOT	C+	LOS

And	10	HIFI	[NII]	205	micron	GOT	C+	LOS	
(see	Langer	et	al.	2016)

?
A&A 590, A43 (2016)
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Fig. 2. 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 and the shoulders of lines where [N ii] is almost as strong as [C ii] are
highlighted with ellipses.

A-coe�cient, and Nu the column density of the upper level. In
a uniform medium we can simplify Eq. (1) by setting Nu =
fun(X)L where n(X) is the density of the emitting species, X,
L the path length of the emission region, and fu the fractional

population of the upper level, to yield,

Iul =

Z
Tuldv =

hc3

8⇡k⌫2ul

Aul fun(X)L. (2)

A43, page 4 of 11



Herschel	[NII]	PACS	Galactic	Survey

• Herschel	OT2	[NII]	PACS	Survey	(Goldsmith	et	al.	2015)
• 140	GOT	C+ LOSs	at		b=0o observed	in	[NII]	205	μm and	122μm	with	PACS

• n(e)	from	[NII]	excitation	model	is	high	≈	10–50	cm-3		throughout	inner	Galaxy

• Traditional	view	- [NII]	comes	from	diffuse	WIM	or	dense	HII	regions

• PACS	and	HIFI	Galactic	plane	survey	indicate	it	is	more	complicated

13Bill	Langer	(JPL-Caltech)

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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Scutum	Arm	Tangency

1)	Tangency	allows	for	separation	of	gas	layers	across	the	arm.	
2)	The	detection	of	weak	emission	due	to	long	path	length.
3)	Study	of	the	evolution	of	the	gas	from	ionized	low	density	to	neutral	high	density.

14Bill	Langer	(JPL-Caltech)

Galactic center 

Molecular gas layer: 
12CO, [C II] & [NII] 

WIM: [C II] & [NII] 
Scutum inner edge 
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tangent spectra 

13CO	l-V plot	of	Scutum	arm	at	b	=	0o (GRS	Survey	Jackson	et	al.	2006.)			
Inner	(black	solid)	and	outer	(black	dashed)	lines	mark	the	tangencies	(from	Reid	2016).
The	arrows	at	the	bottom	mark	the	LOS	observed	with	upGREAT and	GREAT		
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13CO	|b|	<	0.25o



Cycle	4	[NII]	&	[CII]	Scutum	Arm	Survey

Planned cut	across	Scutum	arm	in	
longitude	using	b scans	to	calibrate	

the	data		
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Primary Ref 

Secondary Ref 

Tertiary Ref 

29 GREAT target positions 
G30.0+0.0 & G30.0+0.5  with GOTC+ 
Crosses GOTC+ data 
Square Refsky only 
Arrows indicate reference position 

Actual	partial	map	due	to	
insufficient	flight	time	in	Cycle	4
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[NII]	&	[CII]	GREAT/upGREAT Observations

16Bill	Langer	(JPL-Caltech)

(left)	10	LOS	b	<= ±0.25o (right)	8	LOS	b	> |0.25o|				

(l,b)=(30o,0o)

7	[CII]	(black)	&	1	[NII]	(red)
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Tangent	velocity

=	[CII]	absorption



(Top)	Ionized	gas	tracers	extend	to	much	
higher	VLSR than	molecular	gas	and	are	
located	at	the	leading	edge	of	the	arm

(Bottom)	Expanded	view	of	ionized	gas	
emission	after	subtracting	out	the	[CII]	
and	[NII]	associated	with	13CO.

Subtraction	involved	a	multi-Gaussian	fit	
using	13CO	parameters	for	the	VLSR
components

For	VLSR >	110	km/s	the	[CII]	and	[NII]	
excess	arise	solely	from	WIM.
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[CII] & [NII] Residual: 
In WIM Gas 

GaussFit components 
In Molecular Gas 

Scutum spiral arm tangency: l = 30.0! to 31.75! 

[CII] 
[NII] 
13CO 
HI/50 

[CII] 
[NII] 
13CO 

12/6/17

Averaged	Spectra	within	b =	|0.25o|



n(e)	of	the	Tangent	WIM	

18Bill	Langer	(JPL-Caltech)

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

Fig. 7. The distance–VLS R relationship for the Scutum arm tangency at
l = 31.�0 derived using the rotation curve of Reid et al. (2014). It shows
that the WIM component of the Scutum tangency is from 6 – 8 kpc,
centered at ⇠7 kpc distance, while the prominent star forming and H ii
region, W43, is at about 5.5 kpc.

column density N(N+) independently, however, we can get an
idea of the range of n(e) using an approach outlined in Langer
et al. (2015) that depends on having an estimate of the size of
the emission region. For optically thin emission from a uniform
region the intensity of the 3P1 !3P0 transition can be written
(Langer et al. 2015),

Iion([N II]) = 0.156x�4(N+)Lpcn(e) f1(n(e),Tk) (K km s�1) , (1)

where Iion([N ii]) is the intensity in K km s�1, x�4(N+) is the
fractional abundance of N+ in units of 10�4, Lpc is the size of
the emission region in pc, Tk is the kinetic temperature, and
f1(n(e),Tk) is the fractional population of the 3P1 state, which is
a function of Tk and n(e). In the optically thin limit one can solve
exactly for the fractional population of the levels as a function
of n(e) for a given kinetic temperature (Goldsmith et al. 2015).
At the high kinetic temperatures associated with highly ionized
gas, the kinetic energy of the electrons is orders of magnitude
larger than the excitation energies required to populate the 3P1
and 2P3/2 states and the solutions are only weakly dependent
on Tk through the collisional rate coe�cients. For example for
the collisional de-excitation rate coe�cients calculated by Tayal
(2011) the temperature dependence varies from ⇠ T�0.3

k to T�0.5
k

depending on the transition.
Equation 1 can be solved iteratively for n(e) as a function

of Iion([N ii]), using the balance equations for the population of
the 3P2 and 3P1 (see Goldsmith et al. 2015), assuming a rea-
sonable value of Tk, and given the size of the emission region
and the fractional abundance of N+. The critical density (where
the collisional de-excitation rate equals the radiative rate) for
the 3P1 level, ncr(e), is ⇠175 cm�3, so that at low densities,
n(e)<< ncr(e), Equation 1 can also be solved approximately,
within ±15%, using,

n(e) = a0

 I([N II])
x�4(N+)Lpc

�↵
(cm�3) , (2)

where, at a characteristic WIM temperature, Tk=8000 K, a0=
18.0 and ↵= 0.51 for n(e)11 cm�3, and a0 =22 and ↵= 0.72,
for 11<n(e) 100 cm�3.

We consider the average properties of two Galactic zones,
one within the plane and the other above the plane. In the plane
we average over all LOS within b = ±0.�25, and above the plane
we average all LOS within b =0.�60 to 0.�90 (we exclude the LOS
at b = 1.�3 and 1.�7 because they are too noisy). By using all the
data within these two regions we improve the signal to noise and
minimize the e↵ects of any localized sources. We adopt a value
for the fractional abundance x(N+) = 1.4⇥10�4 (see Section 6.3.2
Goldsmith et al. 2015), appropriate for the Galactic radius, RG =
4 kpc. From the geometry of the Scutum outer arm (see Figure 9
and Reid et al. (2016)) the range l ⇠ 30� to 32� corresponds to a
path length through the tangency ⇠1±0.5 kpc, so we adopt L =1
kpc to estimate n(e). (In the low density case (see Equation 2)
n(e) is / L�0.5 so in choosing L=1 kpc the uncertainty in n(e) is
of order ±25%.) We solved for n(e) as a function of Iion([N ii])
over the velocity range 110 to 125 km s�1. We list the intensities
and <n(e)> in Table 1. Typical average densities in the plane, are
<n(e)>⇠0.9 cm�3 and above the plane <n(e)>⇠ 0.4 cm�3.

We can also calculate the density of the WIM from [C ii],
providing that we have managed to isolate its WIM contribu-
tion from other sources (PDRs, CO-dark H2, H i clouds), using
an approach similar to that derived for [N ii]. For n(e) less than
the critical density for exciting the 2P3/2 level of C+, ncr(e) ⇠45
cm�3, the electron density is given by (see Velusamy et al. 2012),

n(e) = 2.92T 0.18
k

 I([C II])
x�4(C+)Lpc

�0.5
(cm�3) . (3)

To solve for n(e) from [C ii] we adopt Tk=8000 K (Equation 3 is
a very weak function of Tk) and x(C+)= 2.9⇥10�4 (see Equation
2 in Pineda et al. 2013) appropriate to RG = 4 kpc. We only use
the central [C ii] pixel so that we are making a direct comparison
of the [N ii] and [C ii] along the same LOS. We find typical values
in the plane, |b|  0.�25, <n(e)>⇠0.8 cm�3 and above the plane,
⇠0.3 cm�3, similar to those derived from [N ii].

4.2. [C ii] from the Scutum WIM

As shown in Langer et al. (2016) we can calculate how much
[C ii] emission comes from the highly ionized gas, Iion([C ii]),
in the optically thin limit from the intensity of [N ii], using the
following relationship,

Iion([CII]) = 0.675
f3/2(C+)
f1(N+)

x(C+)
x(N+)

Iion(NII) , (4)

where fi is the fractional population of the corresponding levels.
In Equation 4 f3/2/ f1 is only weakly dependent on density for
n(e)=10�3 to 102 cm�3, and ranges from 1.22 to 1.732, and we
adopt x(C+)/x(N+) = 2.13.

In Table 1 we give the [C ii] intensity calculated to arise from
the WIM, Iion([C ii]), corresponding to VLS R =110 – 125 km s�1,
and the fraction of the total observed intensity, Itot([C ii]) (the

2 At low densities, n(e)5 cm�3, f3/2/ f1 ranges from 1.53 to 1.73 and
to a good approximation we can set this ratio to a constant of 1.63 to
within ±6%. The fractional abundance ratio, x(C+)/x(N+) = 2.1 yields
a simple estimate for the [C ii] emission arising from the highly ionized
gas traced by [N ii], Iion([C ii]) =2 .3Iion([N ii]), when n(e) 5 cm�3.

3 We adopt a solar fractional abundance of x(N+) = 6.76⇥10�5

(Asplund et al. 2009) with an abundance gradient -0.07 dex kpc�1

(Shaver et al. 1983), and for C+, x(C+)= 1.4⇥10�4, with the same gra-
dient as x(N+) (Pineda et al. 2013), which yields a ratio, x(C+)/x(N+) =
2.1.
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L	=	1	kpc,	T=	8000K,	x(N+)	=	1.4e-4

[N	II]	in	the	plane	b	<|0.25o|		<n(e)>	≈0.9	cm-3

[N	II]	out	of	the	plane	b	>|0.25o|	<n(e)>	≈0.4	cm-3
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For	3P1 level	ncr(e)	≈ 175	cm-3

At	low	densities	(n(e)<11	cm-3)	and	for	Tk ~	8000K

n(e) ≈18 I([NII ])
x−4 (N

+ )Lpc

⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥
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Spiral	Arm	WIM	vs.	InterarmWIM

19Bill	Langer	(JPL-Caltech)

Scutum	tangency	WIM	

n(e)	≈	10	✕ larger	than	interarmWIM	within	b=	±0.25o

InterarmWIM

1) highly	ionized	gas,	x(H+)	≅ 1,	
2) low	density	n(e)	≈	0.02	– 0.10	cm-3

3) high	temperature,	Tkin ≈	6,000	– 10,000K

4) fills	a	2	– 3	kpc layer	around	the	midplane

5) large	filling	factor
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WIM	Dynamics	Along	the	Tangency?

20Bill	Langer	(JPL-Caltech)

The	increased	density	of	the	WIM	along	the	tangency	is	likely	due	to	
compression	of	interarmWIM	in	the	gravitational	potential	of	the	
leading	edge	of	the	inner	spiral	arm.	
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Schematic	radial	cross	section	of	spiral	arm	
perpendicular	to	LOS	to	tangency	(not	to	scale).	



[CII],	[NII],	&	13CO	Scale	Heights

(left)	There	is	a	sharp	the	drop	in	13CO	is	compared	to	[NII]	&	[CII]	by	b =	
0.5o – smaller	scale	height.	(right)	There	is	no	measurable	13CO	and	the	
[CII]	&	[NII]	arise	solely	from	the	WIM.		The	fit	is	given	by	exp(-(b-δb)/b0)	
with	δb =	-0.05o and	b0 =	0.45o.
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Ionized	Gas	Associated	with	the	Molecular	Layer
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1)	The	denser	ionized	gas	is	associated	with	the	molecular		gas	
deep	inside	the	arm.

As	indicated	by	[NII]	associated	with	13CO	gas	at	VLSR <	110	km/s.

2)	This	[NII]	is	widespread	throughout	the	Scutum	spiral	arm	
tangency	with	typical	intensity

I([NII])	≈	(0.35	– 0.50)	I([CII])

Much	larger	than	the	0.1	to	0.2	ratio	found	by	COBE	FIRAS	to	be	
typical	of	the	Galactic	distribution

3)	Furthermore,	the	z-scans	show	that	[NII]	is	strongest	at	the	
midplane where	the	dense	molecular	cloud	tracer	13CO	peaks
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Dense	Ionized	Gas	and	the	Molecular	Layer
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PACS	survey	observed	two	Scutum	LOS	

(30.0o,0o)	<n(e)>	=	29	cm-3 and	N(N+)	=	7.7e16	cm-2

(31.28o,0o)	<n(e)>	=	31	cm-3 and	N(N+)	=	11.4e16	cm-2

Strong	[NII]	emission	was	detected	all	across	the	PACS	25	element	
array	(45”)	corresponding	to	about	1.5	pc	- evidence	of	broadly	
distributed	[NII]	emission.

SOFIA	observations	show	[NII]	205	μm emission	associated	with	
13CO	comes	from	across	the	arm	and	thus	thus	likely	traces	the	
high	density	ionized	gas	found	by	Goldsmith	et	al.	(2015).	
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Source	of	Dense	Ionized	Gas?

Red	arc	shows	spiral	
density	wave	shock.		
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Suggestion:	Most	of	the	[NII]	is	due	to	shock	compression	of	the	WIM	as	it	flows	
onto	the	denser	neutral	gas.

The	gravitational	potential	of	the	arm	can	accelerate	the	WIM	over	a	few	hundred	
pc	to	several		km/s,	much	greater	than	the	sound	speed	in	the	neutral	clouds	
(about	1	km/s),	resulting	in	a	shock	at	the	interface.		

This	general	mechanism	would	explain	the	high	n(e)	densities	at	widely	distributed	
LOS	in	the	inner	Galaxy	seen	in	the	Goldsmith	et	al.	(2015)	PACS	survey.
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HII	or	Ionized	Boundary	Layers?
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Side	Note:	Nitrogen	to	Carbon	Ratio	in	the	WIM

x(N + /C+ ) = 0.675 f3/2 (C
+ )I10 ([NII ])

f1(N
+ )I3/2 ([CII ])

x(N + /C + ) =1.168 I10 ([NII ])
I3/2 ([CII ])

[CII]	and	[NII]	in	the	WIM	can	be	used	to	derive	the	N/C		
abundance	ratio	because	there	is	no	other	ISM	
component	contributing	to	[CII]	along	the	LOS

<I([NII])/I([CII])>WIM =	0.37	all	LOS	with	b<	|0.25o|
x(C+)/x(N+)	=	2.3

x(N+)8 =6.75e(-5)	(Asplund et	al.	2009)	
x(C+)8 =1.40e(-4)	(Cardelli et	al.	1996)
x(C+)8 =1.61e(-4)	(Sofia	et	al.	2004)

x(C+/N+)8 =	2.1	– 2.4



Summary

• Observed	[NII]	and	[CII]	in	the	Scutum Arm	tangency
• Found		compressed	WIM	and	high	density	n(e)
• High	density	N+ implies	shock	compression
• More	extensive	mapping	of	[NII]	205	μm across	the	spiral	arm	
tangencies	is	needed	to	elucidate	the	interaction	of	the	spiral	arm	
potential	with	the	interarm gas.

• Large	scale	maps	of	[CII]	are	beginning	to	emerge	from	SOFIA
• Ultimately,	we	need	similar	maps	of	[NII],	enabled	by	large	heterodyne	
arrays,	to	get	a	complete	picture	of	the	ISM	and	Galactic	evolution
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