
[C	  II]	  and	  [N	  II]	  Observa0ons	  of	  Ionized	  Gas	  
at	  the	  Edge	  of	  the	  Central	  Molecular	  Zone*	  

Bill	  Langer	  (JPL-‐Caltech)	  
January	  21,	  2015	  

1.  JPL-‐Caltech,	  Pasadena,	  CA,	  USA	  
2.  MPIFR,	  Bonn,	  Germany	  

Copyright	  2015	  California	  Ins0tute	  of	  Technology.	  	  Government	  sponsorship	  acknowledged.	  

Collaborators:	  P.	  F.	  Goldsmith1,	  J.	  L.	  Pineda1,	  M.	  A.	  Requena-‐Torres2,	  T.	  Velusamy1,	  H.	  Wiesemeyer2	  

*	  A&A	  (2015)	  in	  press.	  

1/21/15	   Bill	  Langer	  -‐	  JPL	   1	  



1/21/15	   Bill	  Langer	  -‐	  JPL	   2	  

I(12CO)	  K	  km/s	  

Galactic Longitude Galactic Longitude

LSR r
adial 

veloci
ty  (km

s−1 )

−20

0

+20

+40

+60

+80

+100

+120

+140

−40

−60

−80

−100

−120

−140

−20

0

+20

+40

+60

+80

+100

+120

+140

+160

+180

+200

+220

+240

−40

−60

−80

−100

−120

−140

−160

−180

−200

−220

−240

−260

+260

+280

Resolution

180° 160° 140° 120° 100° 80° 60° 40°170° 150° 130° 110° 90° 70° 50°

20° 0° 340°30° 10° 350° 330°

320° 300° 280° 260° 240° 220° 200° 180°310° 290° 270° 250° 230° 210° 190°

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

•  Overview	  of	  CMZ	  
•  [N	  II]	  and	  [C	  II]	  
•  Electron	  abundance	  	  
•  Results	  
•  Ioniza0on	  Sources	  
•  Conclusion	  
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Central	  Molecular	  Zone	  (CMZ)	  
•  CMZ	  ≈400	  pc	  X	  80	  pc	  around	  the	  Galac0c	  Center	  
•  Giant	  Molecular	  Clouds	  (GMCs)	  ≈fewX107	  M¤	  

•  GMCs:	  n(H2)	  >	  10	  X	  disk	  
•  Tkin	  ≈	  40	  –	  200K	  vs	  10	  -‐	  35K	  
•  ΔV	  ≈	  20	  km/s	  vs	  3-‐4	  in	  disk	  
•  H	  	  ≈	  (2	  –	  10)X105	  M¤ 

•  H+	  ≈	  (6–10)X105	  M¤:	  WIM	  (H+),	  HIM(H+,He+) 
•  Enhanced	  energy	  environment:	  HII	  regions,	  accre0ng	  

black	  holes,	  X-‐rays,	  cosmic	  rays,	  supernova,	  turbulence.	  
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See	  reviews	  by	  Morris	  &	  Serabyn	  (1996)	  ARA&A	  and	  Ferriere	  et	  al.	  (2007)	  A&A	  

Galactic Center

Moriguchi	  2005	  



Ionized	  Gas	  in	  the	  Galaxy	  

•  Ionized	  gas	  is	  an	  important	  component	  of	  the	  ISM	  
•  It	  occupies	  most	  of	  the	  volume	  
•  Couples	  gas	  to	  magne0c	  fields	  
•  Physical	  state	  of	  the	  ionized	  gas	  is	  a	  result	  of	  
sources	  of	  ioniza0on	  and	  hea0ng	  (star	  forma0on	  
rate,	  accre0ng	  black	  holes,	  cosmic	  rays,	  etc.)	  

•  Boundary	  pressure	  for	  the	  HI	  clouds	  and	  GMCs	  
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Distribu0on	  of	  CMZ	  Gas	  -‐	  Molecular	  

Nobayama	  Telescope	  (Oka	  et	  al.	  1998)	  
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FIG. 2.ÈMaps of the 12CO J \ 1È0 and 13CO J \ 1È0 line emission integrated over the velocity range to ]220 km s~1. Contours areV
LSR

\[220
drawn at every 200 K km s~1 for 12CO and at every 100 K km s~1 for 13CO. Mapping areas are indicated by solid lines (four beams) and dashed lines (three
beams).

(four-beam: solid line ; three-beam: dashed line). We have
smoothed the data using a Gaussian weighting function
with 60A full width at half-maximum. The distributions of
the two emission lines are basically similar, while 12CO
emission is typically 5 times stronger than 13CO emission.
The mean 12CO/13CO luminosity ratio over the 13CO
mapping area is 5.19.

3.2. Intensity Scale
We present all the data in units of antenna temperature

corrected for atmospheric attenuation, and rearward(T
A
*)

spillover and scattering. is related to the intrinsic sourceT
A
*

brightness temperature averaged over telescope beam,
by where is source-coupling effi-ST

B
T, T

A
* \ g

c
ST

B
T, g

cciency. The source-coupling efficiency for compact source
can be substituted by main-beam efficiency which is(g

MB
),

measured by observing point sources, the brightness of
which are known. For extended sources, such as molecular
clouds, the source-coupling efficiency can be substituted(g

c
)

by the forward spillover and scattering efficiency (g
fss

).
shows the intensity correlation plot between theFigure 3

main-beam temperatures by the 1.2 m Southern(T
MB

)
Millimeter-Wave Telescope at Cerro Tololo Inter-
American Observatory et al. and the antenna(Bitran 1997),
temperatures of the present work smoothed to the 9@(T

A
*)

beam of the 1.2 m telescope. The straight solid line is a
least-squares regression to the plot. The slope of the regres-
sion line gives an estimate of the forward spillover and scat-
tering efficiency of the NRO 45 m telescope, g

fss
^ 0.58,

which is close to the main-beam efficiency. The accuracy of
this estimation is mainly determined by the absolute accu-
racy of the scale of the 1.2 m telescope. The scatter ofT

MBthe data points about the line gives us an estimate of the

FIG. 3.ÈIntensity correlation plot between the main beam tem-
peratures by the 1.2 m Southern Millimeter-Wave Telescope at CTIO(T

MB
)

(Bitran et al. 1997) and the antenna temperatures of the present work(T
A
*)

smoothed to the 9@ beam of the 1.2 m telescope. Straight solid line is a
least-squares regression to the plot, m).T

A
*(45 m)\ (0.577 ^ 0.001)T

MB
(1.2

150	  pc	  

CMZ	  in	  12CO	  

CMZ	  in	  13CO	  

Edge	  



Measuring	  Electron	  Abundance	  (Examples)	  

•  Radio-‐Wave	  dispersion	  against	  embedded	  (pulsar)	  or	  
background	  (extragalac0c)	  sources	  

•  Radio	  con0nuum	  from	  thermal	  free-‐free	  emission	  
•  Radio	  recombina0on	  lines,	  e.g.	  H110α.	  
•  X-‐ray	  lines	  –	  Fe	  ions	  (Fe	  XXV)	  probes	  very	  hot	  gas	  
•  Visual	  –	  e.g.	  Hα	  λ6563	  	  

–  Wisconsin	  H	  Alpha	  Mapper	  (WHAM)	  

•  Far	  IR	  fine-‐structure	  lines,	  e.g.	  [C	  II],	  [N	  II],	  [O	  III]	  
–  [C	  II]	  at	  1.90	  THz	  (158	  μm)	  and	  [N	  II]	  at	  1.46	  THz	  (205	  μm)	  
–  Advantage	  of	  high	  spectral	  resolu0on	  with	  heterodyne	  receivers	  
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Radio	  Con0nuum	  and	  Recombina0on	  
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•  Mezger	  &	  Pauls	  (1979)	  derived	  n(e)	  distribu0on	  in	  CMZ	  
using	  radio	  con0nuum	  (thermal	  free-‐free)	  and	  
recombina0on	  lines	  	  

•  Modeled	  WIM	  as	  two	  oblate	  spheroids	  
•  (225	  pc)2	  X	  90	  pc	  with	  n(e)	  ≈	  8	  cm-‐3	  &	  T(e)	  ≈	  5000	  K,	  

M(H+)	  ≈	  4.7X105	  M¤	  

•  (95	  pc)2	  X	  55	  pc	  with	  n(e)	  ≈	  18	  cm-‐3	  &	  T(e)	  ≈	  5000	  K,	  
M(H+)	  ≈	  1.2X105	  M¤	  

•  Total	  inner	  n(e)	  ≈	  26	  cm-‐3	  &	  M(H+)	  ≈	  5.9X105	  M¤ 

•  n(e)	  is	  very	  high	  compared	  to	  n(e)	  ≈	  0.01	  for	  Disk	  WIM	  



n(e)	  from	  Radio	  Dispersion	  
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see	  also	  review	  by	  Ferriere	  et	  al.	  (2007)	  

Lazio	  &	  Cordes	  (1998)	  conclude	  dispersion	  is	  
due	  to	  scaxering	  off	  either:	  
a.  Photoionized	  skins	  of	  molecular	  clouds	  

with	  T(e)	  ≈	  104	  K	  and	  n(e)	  >	  103	  cm-‐3	  ,	  or	  
b.  Interface	  	  between	  molecular	  clouds	  and	  

the	  hot	  ambient	  gas	  with	  T(e)	  ≈	  105-‐6	  K	  
and	  n(e)	  ≈	  5	  –	  50	  cm-‐3	  

	  
Roy	  (2013)	  observed	  62	  compact	  
extragalac0c	  sources	  towards	  CMZ	  
a.	  	  Scaxering	  medium	  is	  patchy	  on	  scales	  of	  	  

≈10’	  (25	  pc)	  with	  n(e)	  ≈	  10	  cm-‐3	  
b.  Ionized	  interfaces	  with	  dense	  GMCs	  are	  

likely	  source	  of	  scaxering.	  	  



HIM:	  X-‐Ray	  Observa0ons	  

•  X-‐ray	  thermal	  emission	  at	  0.5	  to	  2	  keV	  (ROSAT)	  is	  enhanced	  
towards	  CMZ	  -‐	  Hot	  Ionized	  Medium	  (HIM)	  

•  Hard	  X-‐ray	  emission	  from	  Fe	  XXV	  and	  Fe	  XXVI	  (Koyama	  et	  al.	  
1996):	  kT>	  several	  keV,	  n(e)	  ≈	  0.03	  cm-‐3	  ,	  M(H+)	  ≈	  105	  M¤	  
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n(e)	  from	  [N	  II]	  and	  [C	  II]	  

•  Use	  [N	  II]	  and	  [C	  II]	  far-‐infrared	  lines	  to	  probe	  the	  
electron	  density	  and	  ioniza0on	  in	  the	  CMZ	  

•  ADVANTAGE:	  High	  spectral	  resolu0on	  iden0fies	  
components	  and	  probes	  physical	  proper0es	  

•  [C	  II]	  traces	  all	  ionized	  regions	  as	  I.P.	  =	  11.1	  eV	  
•  [N	  II]	  traces	  more	  highly	  ionized	  gas:	  I.P.	  =	  14.53	  eV	  
•  Herschel	  HIFI	  OTF	  [C	  II]	  strip	  maps	  à	  morphology	  
•  SOFIA	  GREAT	  [C	  II]	  and	  [N	  II]	  pointed	  observa0ons	  

along	  a	  strip	  across	  the	  edge	  of	  the	  CMZ	  à	  n(e)	  
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from the center. We interpret these features as
magnetically floated loops within the nuclear
disk, analogous to the solar loops, caused by the
Parker instability.

The new molecular image of the 2.6-mm CO
emission obtained with NANTEN, a millimeter/
submillimeter telescope with a 4-m diameter, is

shown in Fig. 1 (6, 7). The CO intensity dis-
tribution at a negative radial velocity referred
to the local standard of rest—defined as a point
in space that has a velocity equal to the average
velocity of all stars including the Sun located
within 100 pc of the Sun (hereafter referred to
as velocity)—reveals two loops named here as

loop 1 and loop 2 (Fig. 1, A and B). In a
galactic latitude range from b 0 0- to 2-, loop 1
and loop 2 are seen at l , 356- to 358- and l ,
355- to 356-, respectively. The typical widths
of the loops are È0.2-.

The projected velocity distribution within the
loops is shown in two ways. First, the average
velocity in the loops is shown in Fig. 1C. Second,
a longitude-velocity diagram presents the two
loops in Fig. 2. The data in Fig. 2 indicate that
the two loops have strong velocity gradients:
È80 km sj1 per 250 pc along loop 1 and
È60 km sj1 per 150 pc along loop2.

It is clear that the foot points of the loops
at b , 0.7- show a very broad linewidth of
È40 to 80 km s–1, as seen at l , 355.5-, 356-,
and 357.4- EFig. 2, supporting online material
(SOM) text, and figs. S3 and S4^. The broadest
one, at l , 356-, is actually a superposition of
two components at l , 356.20- and 356.05-; the
foot points of loop 1 and loop 2 are evident in
the optically thin 13CO data (Fig. 2). These
large velocity spans in the foot points of the
loops are characteristic of the molecular gas
near the galactic center, including the so-called
central molecular zone (CMZ) with a radius of
a few hundred parsecs (2, 8, 9), and are quite
unusual in the disk molecular clouds that have
much smaller velocity extents of less than
10 km s–1. Therefore, we classified the loops
as being located in the galactic center, and
we adopt a distance of 8.5 kpc, hereafter. The
projected lengths of the loops were then es-
timated asÈ500 andÈ300 pc for loops 1 and 2,
respectively, with typical widths ofÈ30 pc. The
heights of these loops are È220 to 300 pc from
the galactic plane, substantially higher than
the typical scale height in the nuclear disk of
È100 pc (SOM text and fig. S5).

By combining the 12CO and 13CO data and
assuming local thermodynamical equilibrium at
50 K, we estimated that the total molecular mass
of loops 1 and 2 was È1.7 ! 105 solar masses
as a conservative lower limit and that each of the
loops has a total mass of È0.8 ! 105 solar
masses (SOM text). The kinetic energy involved
in a loop was estimated to be È0.9 ! 1051 erg
for a velocity dispersion of 30 km s–1. This
energy is too large to be explained by a single
supernova explosion if we take into account that
only a part of the explosion energy of a su-
pernova, 1051 erg, can be converted into the gas
kinetic energy; it is also too large to be explained
by a supershell if we take into account that the
maximum velocity extents of CO in a supershell
is only È20 km s–1 (10, 11), much smaller than
the present ones, which are È80 km s–1. In
addition, an expanding shell would look like a
circle in the position-velocity diagram instead
of the linear features we observed (Fig. 2).

We now present a model incorporating the
Parker instability in an effort to explain the
formation of the two loops (12, 13). The Parker
instability is a magnetohydrodynamic instabil-
ity that occurs if a gas layer is supported in part

Fig. 1. Integrated intensity map of loops 1 and 2 in 12CO ( J 0 1 to 0) 2.6-mm wavelength
emission. (A) Loop 1 is shown toward l , 356- to 358-. The integration range in velocity is from –180
to –90 km s–1. Contours are illustrated from 7.1 K km s–1 (white) with an interval of 50 K km s–1

(black). (B) Loop 2 is shown toward l , 355- to 356-. The region is the same as that in (A), but the
integration range in velocity is from –90 to –40 km s–1. Contours and color scale are the same as in
(A). The feature around (l, b) 0 (356.53-, 1.33-) corresponds to loop 1. (C) Schematic drawing of loop
1 (blue) and loop 2 (red). Numbers indicate the velocity in the loop in kilometers per second by
averaging the several pixels nearby. Local standard of rest (VLSR) is defined as a point in space that has
a velocity equal to the average velocity of all stars including the Sun with 100 pc of the Sun.
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359o	   358o	   357o	  

b(o)	  

0.2	  

-‐0.2	  

Sgr	  E	  

[CII]	  

12CO/5	  

(358.7o,0o)	  

Edge	  of	  the	  CMZ	  in	  CO	  and	  [C	  II]	  

GOT	  C+	  [C	  II]	  	  Survey	  	  
Langer	  et	  al.	  (2014)	  

r	  ≈	  670	  pc	  	  

r	  ≈	  200	  pc	  

12CO	  NANTEN	  map	  of	  Giant	  
Magne0c	  Loops	  and	  CMZ	  
(Fukui	  et	  al.	  2006)	  
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12CO	  	  map	  from	  Oka	  et	  al.	  1998	  

[CII]	  

12CO/5	  

(358.7o,0o)	  

Herschel	  HIFI	  [C	  II]	  and	  Mopra	  12CO	  

FIG. 4.ÈVelocity channel maps of 12CO (J \ 1È0) line emission integrated over successive 10 km s~1 widths both in gray scale (upper panels) and in
contours (lower panels). Contours are set at intervals of 15 K km s~1.

458

FIG. 4.ÈContinued

460

[C	  II]	  probes	  the	  ionized	  
edge	  of	  these	  GMCs	  
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CMZ	  [C	  II]	  OTF	  Map	  

from the center. We interpret these features as
magnetically floated loops within the nuclear
disk, analogous to the solar loops, caused by the
Parker instability.

The new molecular image of the 2.6-mm CO
emission obtained with NANTEN, a millimeter/
submillimeter telescope with a 4-m diameter, is

shown in Fig. 1 (6, 7). The CO intensity dis-
tribution at a negative radial velocity referred
to the local standard of rest—defined as a point
in space that has a velocity equal to the average
velocity of all stars including the Sun located
within 100 pc of the Sun (hereafter referred to
as velocity)—reveals two loops named here as

loop 1 and loop 2 (Fig. 1, A and B). In a
galactic latitude range from b 0 0- to 2-, loop 1
and loop 2 are seen at l , 356- to 358- and l ,
355- to 356-, respectively. The typical widths
of the loops are È0.2-.

The projected velocity distribution within the
loops is shown in two ways. First, the average
velocity in the loops is shown in Fig. 1C. Second,
a longitude-velocity diagram presents the two
loops in Fig. 2. The data in Fig. 2 indicate that
the two loops have strong velocity gradients:
È80 km sj1 per 250 pc along loop 1 and
È60 km sj1 per 150 pc along loop2.

It is clear that the foot points of the loops
at b , 0.7- show a very broad linewidth of
È40 to 80 km s–1, as seen at l , 355.5-, 356-,
and 357.4- EFig. 2, supporting online material
(SOM) text, and figs. S3 and S4^. The broadest
one, at l , 356-, is actually a superposition of
two components at l , 356.20- and 356.05-; the
foot points of loop 1 and loop 2 are evident in
the optically thin 13CO data (Fig. 2). These
large velocity spans in the foot points of the
loops are characteristic of the molecular gas
near the galactic center, including the so-called
central molecular zone (CMZ) with a radius of
a few hundred parsecs (2, 8, 9), and are quite
unusual in the disk molecular clouds that have
much smaller velocity extents of less than
10 km s–1. Therefore, we classified the loops
as being located in the galactic center, and
we adopt a distance of 8.5 kpc, hereafter. The
projected lengths of the loops were then es-
timated asÈ500 andÈ300 pc for loops 1 and 2,
respectively, with typical widths ofÈ30 pc. The
heights of these loops are È220 to 300 pc from
the galactic plane, substantially higher than
the typical scale height in the nuclear disk of
È100 pc (SOM text and fig. S5).

By combining the 12CO and 13CO data and
assuming local thermodynamical equilibrium at
50 K, we estimated that the total molecular mass
of loops 1 and 2 was È1.7 ! 105 solar masses
as a conservative lower limit and that each of the
loops has a total mass of È0.8 ! 105 solar
masses (SOM text). The kinetic energy involved
in a loop was estimated to be È0.9 ! 1051 erg
for a velocity dispersion of 30 km s–1. This
energy is too large to be explained by a single
supernova explosion if we take into account that
only a part of the explosion energy of a su-
pernova, 1051 erg, can be converted into the gas
kinetic energy; it is also too large to be explained
by a supershell if we take into account that the
maximum velocity extents of CO in a supershell
is only È20 km s–1 (10, 11), much smaller than
the present ones, which are È80 km s–1. In
addition, an expanding shell would look like a
circle in the position-velocity diagram instead
of the linear features we observed (Fig. 2).

We now present a model incorporating the
Parker instability in an effort to explain the
formation of the two loops (12, 13). The Parker
instability is a magnetohydrodynamic instabil-
ity that occurs if a gas layer is supported in part

Fig. 1. Integrated intensity map of loops 1 and 2 in 12CO ( J 0 1 to 0) 2.6-mm wavelength
emission. (A) Loop 1 is shown toward l , 356- to 358-. The integration range in velocity is from –180
to –90 km s–1. Contours are illustrated from 7.1 K km s–1 (white) with an interval of 50 K km s–1

(black). (B) Loop 2 is shown toward l , 355- to 356-. The region is the same as that in (A), but the
integration range in velocity is from –90 to –40 km s–1. Contours and color scale are the same as in
(A). The feature around (l, b) 0 (356.53-, 1.33-) corresponds to loop 1. (C) Schematic drawing of loop
1 (blue) and loop 2 (red). Numbers indicate the velocity in the loop in kilometers per second by
averaging the several pixels nearby. Local standard of rest (VLSR) is defined as a point in space that has
a velocity equal to the average velocity of all stars including the Sun with 100 pc of the Sun.
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HIFI	  OTF	  [CII]	  intensity	  (color)	  	  
Contours	  CO	  -‐210	  to	  -‐220	  km/s	  (Oka	  1998)	  

��

[C	  II]	  strongest	  at	  CO	  boundary	  
–	  limb	  brightening	  

GREAT	  +	  

HIFI	  OTF	  



GREAT	  [C	  II]	  &	  [N	  II]	  along	  b=0o	  
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GREAT	  [CII]	  &	  [NII]	  –	  Data	  Reduc0on	  Issues	  
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CO	  and	  HI	  (b=0o)	  
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Line	  Parameters	  
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SNR	  ranges	  from	  4	  to	  20	  for	  I(NII)	  and	  8	  to	  45	  for	  I(CII)	  	  
ΔV	  of	  order	  25	  to	  35	  km/s	  	  

W. D. Langer et al.: Ionized gas at the edge of the Central Molecular Zone
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Fig. 6. CO(1-0) spectra at b = 0◦ at the longitudes observed in [C ii]
and [N ii]. The data is taken from the ThrUMMS survey (uncorrected
for main beam efficiency) and the inset is a key to the lines of sight
observed. Moving towards the CMZ smaller l, CO is not detected until
l ∼ 358.◦55 (although there is a hint of CO at 358.◦50) at the inner edge
of the CMZ, and that only the -207 km s−1 component is present. The
-174 km s−1 component CO is detected at 358.◦75, the position furthest
from the edge of the CMZ and it is considerably weaker there than the
-207 km s−1 component.

cause we cannot get unambiguous Gaussian fits over such broad
and, at low velocities, flat lines. To avoid double counting the
intensities we chose -190 km s−1 as the dividing velocity of the
two components, and their intensities are given in Table 1. In
general, there is a good correlation of [N ii] intensity with [C ii]
intensity, which suggests that a significant fraction of the [C ii]
emission arises in the [N ii] region. We will use the [C ii] and
[N ii] integrated intensities to characterize the properties of the
ionized gas.

3.1. Radiative transfer solutions for [C ii] and [N ii]

The relationship of the column density of C+ and line intensity,
I([C ii]), has been extensively discussed in the literature (e.g.
Goldsmith et al. 2012). The [C ii] peak antenna temperatures
reported here are <<0.3 times the kinetic temperature and, as
discussed by Goldsmith et al. (2012), are in the “effectively op-
tically thin limit” in which the column density is proportional
to the integrated line intensity. Therefore we have from Langer
et al. (2014), Equation A.2, the relationship between the column
density, N(C+) in cm−2 and integrated line intensity,

∫

T (K)dv,
in K km s−1,

N(C+) = 2.92 × 1015[1 + 0.5e∆E/kT (1 +
ncr

n
)]I([C II]) cm−2 (1)

where ∆E/k =91.25K is the energy needed to excite the 2P3/2
level, n is the density of the collision partner of the bulk of the
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Fig. 7. H i spectra at b = 0◦ along the latitudes observed in [C ii] and
[N ii]. The data are taken from the ATCA H i survey (McClure-Griffiths
et al. 2012) and the inset is a key to the lines of sight observed. H i is
detected at all positions at -207 km s−1 and is strongest close to Sgr E.
H i is also detected at -174 km s−1 but is weaker than at -207 km s−1.

Table 1. Integrated line intensities

LOS I([C ii])a,b I([N ii])c I(CO) I(H i)
Vlsr = -207 km s−1

358.45+0.0 63.4 26.4 6.7 1047
358.55+0.0 45.4 15.4 26.6 1904
358.60+0.0 47.6 7.1 60.6 2189
358.65+0.0 38.6 - 101.9 2539
358.70+0.0 45.4 12.4 98.9 2923
358.75+0.0 57.4 - 110.5 3235
Vlsr = -174 km s−1

358.45+0.0 21.1 8.2 - 730
358.55+0.0 12.2 8.8 - 1212
358.60+0.0 43.0 3.7 - 1544
358.65+0.0 25.5 - - 1855
358.70+0.0 15.3 5.3 - 2177
358.75+0.0 21.8 - 9.8 2522

a) Integrated intensities are in units of K km s−1. We only report de-
tections with a SNR ≥ 3, see text. b) Typical rms noise in the [C ii]
integrated intensity is ∼1.4 K km s−1. c) Typical rms noise in the [N ii]
ntegrated intensity is ∼1.3 K km s−1.

gas, and ncr is the corresponding critical density. The collision
rate coefficients for e, H, and H2 are summarized in Goldsmith
et al. (2012) with an update for H2 in Wiesenfeld & Goldsmith
(2014). Electrons will dominate the excitation of C+ where we
detect [N ii]. In the ionized regions where [N ii] is detected the
temperatures are high enough that we can neglect the exponen-
tial term and

N(C+) = 2.92 × 1015[1 + 0.5(1 +
ncr(e)
n(e)

)]I([C II]) cm−2. (2)

6



n(e)	  from	  [N	  II]	  –	  2	  levels	  
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Electron	  collisions	  dominate	  excita0on.	  
Solve	  the	  popula0on	  of	  the	  3	  levels	  assuming	  τ	  <<	  1.	  

0.0
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1.0
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[N II]  Excitation

N(N+) = 6X1016 cm-2

ΔV = 25 km/s

T10
T21
T21/T10

T (
K)

n(e) cm-3

n(e)	  sensi0ve	  to	  ra0o	  of	  122μ	  to	  205μ	  line	  only	  for	  n(e)	  >	  10	  cm-‐3	  

1-‐0	  line	  difficult	  to	  detect	  for	  n(e)	  <	  few	  cm-‐3	  &	  2-‐1	  is	  even	  harder.	  



n(e)	  from	  [N	  II]	  –	  1	  transi0on	  (1/2)	  
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τ <<1
I10 ([NII ]) = T10 (K )ΔV

= hc3

8πν10
2 A10 f1(N

+ )N(N + ) cm−2

I10 ([NII ]) ≈ 5 ×10−16 (n(N + )L) f1  cm−2

Where	  f1	  is	  the	  frac0onal	  popula0on	  of	  2P1	  state	  
of	  N+	  and	  is	  a	  func0on	  of	  n(e)	  
	  
With	  only	  one	  line	  need	  to	  es0mate	  N(N+)	  
	  
Assume	  uniform	  condi0ons:	  N(N+)	  =	  n(N+)L	  cm-‐2	  	  
	  



n(e)	  from	  [N	  II]	  –	  1	  transi0on	  (2/2)	  
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n(N + ) = x(N + )n(H + )
n(H + )  n(e)
I10 ([NII ]) ≈ 0.16x−4 (N + )Lpcn(e) f1(N

+ ) cm−2

f1(N+)	  is	  independent	  of	  N(N+)	  if	  τ<<1	  

n(e)	  <<	  ncr(e):	  f1	  α	  n(e)	  
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Model	  Parameters	  

•  -‐207	  km/s	  component	  	  
–  [C	  II]	  limb	  brightened	  
–  Ionized	  layer	  ≈	  15	  pc	  thick	  
–  X(N+)	  ≈	  1.6X10-‐4	  (3xSolar)	  	  
–  Solve	  n(e)	  for	  each	  I([NII])	  
–  Not	  very	  sensi0ve	  to	  x(N+)	  &	  Lpc	  
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��

•  -‐174	  km/s	  component	  
–  OTF	  HIFI	  map	  of	  this	  weaker	  [C	  II]	  component	  is	  not	  good	  

enough	  to	  reveal	  morphology	  of	  emission	  region	  
–  Assume	  same	  parameters	  as	  -‐207	  km/s	  component	  



Electron	  and	  Column	  Densi0es	  

•  Vlsr	  =	  -‐207	  km/s	  component	  
–  n(e)	  =	  9	  -‐	  21	  cm-‐3	  

–  N(N+)	  =(7	  –	  15)X1016	  cm-‐2	  
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W. D. Langer et al.: Ionized gas at the edge of the Central Molecular Zone

The electron density for the -207 km s−1 component varies
from ∼9 to 21 cm−3 for the four LOS with [N ii] detections and
has an average value ∼14 cm−3. Thus the gas traced by [N ii] is
warm dense ionized gas, significantly denser than that derived
for the typical WIM, which has n(e) of order a few×10−2 cm−3

(Haffner et al. 2009; Velusamy et al. 2012). In the next section
we will discuss what might generate and sustain such a high den-
sity ionized gas towards the cloud associated with Sgr E.

Table 2. Electron density and nitrogen column density

Vlsr
a = -207 -207 -207 -174 -174 -174

LOS n(e)b N(N+)c N(H+) n(e)d N(N+) N(H+)
358.45e 20.7 1.5e17 9.6e20 9.9 7.5e16 4.6e20
358.55 14.6 1.1e17 6.8e20 10.4 7.9e16 4.8e20
358.60 9.1 6.9e16 4.2e20 6.3 4.8e16 2.9e20
358.65 - - - - - -
358.70 12.8 9.7e16 5.9e20 7.7 5.9e16 3.6e20
358.75 - - - - - -
Average 14.3 1.1e17 6.6e20 8.6 6.5e16 4.0e20

a) In km s−1. b) Densities in cm−3. c) Column densities in cm−2. d) In
cm−3. e) All LOS are along b =0◦.

Assuming that the nitrogen is nearly fully ionized, the
column density of ionized carbon in this region is given by
N(C+)=x(C+)/x(N+)N(N+). For x(C+)/x(N+) we adopt the value
of 3.2 (Jensen et al. 2007; Sofia et al. 2004) and the values for
N(C+) are given in Table 3 along with N(H+). The C+ column
densities are of order a few×1017 cm−2, with an average∼4×1017

cm−2.
The [C ii] intensity associated with the [N ii] region,

IH+([C ii]), is calculated using the inverse of Equation (2), from
the column density N(C+), n(e) derived from [N ii], and assum-
ing Tk = 8000 K. The exact kinetic temperature is not critical
as the column density is only weakly dependent on temperature
through the collisional de-excitation rate coefficient, resulting in
ncr(e) ∼ 50T4

0.37 cm−3, where T4 is the kinetic temperature in
units of 104 K. The results are given in Table 3.

The [C ii] emission from the neutral PDR, IH2 ([C ii]), is the
difference between the observed total [C ii] intensity, I([C ii]),
given Table 1, and the intensity calculated from the [N ii] re-
gion, IH+([C ii]) (Langer et al. 2014). This quantity, IH2 ([C ii])
= I([C ii]) - IH+([C ii]) arises primarily from the CO–dark H2
gas (also called the CO dark gas) and is given in Table 3.
Negative or very small values of IH2 ([C ii]) indicate that al-
most all the [C ii] emission arises from the dense ionized gas.
Unfortunately we do not know the kinetic temperature and hy-
drogen density of the CO dark N(H2) to calculate accurately its
measured C+ column density. For illustrative purposes we cal-
culate the column density of C+ in the H2 layer, NH2 (C+), and
the corresponding column density of CO dark-H2, NC+ (H2)=
NH2 (C+)/x(C+) (see Langer et al. 2014), assuming 100K and
300 cm−3 in Equation (1), along with the appropriate ncr(H2)
from Wiesenfeld & Goldsmith (2014). These results are listed in
Table 3 for all the LOS with positive IH2 ([C ii]). Higher densities
will result in lower column densities and vice versa.

3.3. The -174 km s−1 component

The -174 km s−1 [N ii] and [C ii] emissions are weaker, and in
some positions much weaker, than those of the -207 km s−1

component, and are associated with CO only at l =358.◦75 in
Figure 6. The CO maps in Oka et al. (1998) show a CO molec-

Table 3. C+ column densities and intensities

LOSa N(C+)b IH+ ([C ii])c IH2 ([C ii]) NH2(C+) NC+ (H2) f

-207d

358.45 4.9e17 64.1 -0.7 - -
358.55 3.5e17 38.5 7.0 4.2e17 8.2e20
358.60 2.2e17 18.3 29.3 1.8e18 3.5e21
358.65 - - - - -
358.70 3.0e17 31.3 14.1 8.6e17 1.7e21
358.75 - - - - -
Average 3.4e17 38.1 16.8e 1.0e18 2.0e21
-174d

358.45 2.4e17 21.1 0.1 3.3e15 6.4e18
358.55 2.5e17 22.6 -10.4 - -
358.60 1.5e17 9.9 33.1 2.0e18 3.9e21
358.65 - - - - -
358.70 1.8e17 13.4 1.3 8.2e16 1.6e20
358.75 - - - - -
Average 2.0e17 16.9 11.5e 7.0e17 1.4e21

a) All LOS are at b =0◦. b) Column density in cm−2. c) Intensity of
[C ii] in the [N ii] emission region in K km s−1. d) Vlsr in km s−1. e)
Negative intensities are not included. f) Assumes Tk=100K and n(H2)
= 300 cm−3.

ular cloud with an edge at this longitude and extending inwards
to larger l. The -174 km s−1 emission is also associated with
H i emission (Figure 7) that is weaker than that of the -210 km
s−1 cloud. We do not detect this weaker [C ii] component at all
the positions in the HIFI OTF maps (see discussion in Section
2.2) and so have no estimate of the size of the [C ii] and [N ii]
emission region. For comparison we have calculated densities
and the column densities of this component assuming the same
size, 15 pc, for the [N ii] emission region as that for the -207 km
s−1 cloud. These results are given in Tables 2 and 3. The solu-
tions for the -174 km s−1 component yield slightly lower average
electron densities and column densities than for the -207 km s−1

component.

4. Discussion

The analysis of [N ii] emission at the edge of the CMZ reveals a
hot dense plasma with an electron abundance ranging from ∼ 6
to 21 cm−3. The densities we derive are much larger than those
characteristic of the WIM, but are consistent with those derived
for very bright nebula with numerous luminous O-type stars. For
example, Oberst et al. (2011) studied the Carina Nebula, which
has a very large UV flux, using emission from the [N ii] 205
µm and 122 µm lines along with an excitation model6, and find
values of n(e) ranging from a few to over 100 cm−3. In the dis-
cussion below we will use the results from our analysis of [N ii]
and [C ii] emission to characterize some of the possible energy
sources that can maintain such a hot dense ionized plasma.

4.1. Ionization of Nitrogen

Nitrogen has an ionization potential of 14.534 eV, higher than
that of hydrogen at 13.598 eV, and in the ISM can be ionized by
cosmic rays, X-rays, Extreme Ultraviolet (EUV) photons with
wavelengths shortward of 853.06 Å, electron collisional ion-
ization, or via charge exchange with protons (H+) at energies
≥0.936 eV, the energy difference between the ionization of H

6 With two transitions the electron density can be derived without
having to assume a characteristic size for the emission region.
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The electron density for the -207 km s−1 component varies
from ∼9 to 21 cm−3 for the four LOS with [N ii] detections and
has an average value ∼14 cm−3. Thus the gas traced by [N ii] is
warm dense ionized gas, significantly denser than that derived
for the typical WIM, which has n(e) of order a few×10−2 cm−3

(Haffner et al. 2009; Velusamy et al. 2012). In the next section
we will discuss what might generate and sustain such a high den-
sity ionized gas towards the cloud associated with Sgr E.

Table 2. Electron density and nitrogen column density

Vlsr
a = -207 -207 -207 -174 -174 -174

LOS n(e)b N(N+)c N(H+) n(e)d N(N+) N(H+)
358.45e 20.7 1.5e17 9.6e20 9.9 7.5e16 4.6e20
358.55 14.6 1.1e17 6.8e20 10.4 7.9e16 4.8e20
358.60 9.1 6.9e16 4.2e20 6.3 4.8e16 2.9e20
358.65 - - - - - -
358.70 12.8 9.7e16 5.9e20 7.7 5.9e16 3.6e20
358.75 - - - - - -
Average 14.3 1.1e17 6.6e20 8.6 6.5e16 4.0e20

a) In km s−1. b) Densities in cm−3. c) Column densities in cm−2. d) In
cm−3. e) All LOS are along b =0◦.

Assuming that the nitrogen is nearly fully ionized, the
column density of ionized carbon in this region is given by
N(C+)=x(C+)/x(N+)N(N+). For x(C+)/x(N+) we adopt the value
of 3.2 (Jensen et al. 2007; Sofia et al. 2004) and the values for
N(C+) are given in Table 3 along with N(H+). The C+ column
densities are of order a few×1017 cm−2, with an average∼4×1017

cm−2.
The [C ii] intensity associated with the [N ii] region,

IH+([C ii]), is calculated using the inverse of Equation (2), from
the column density N(C+), n(e) derived from [N ii], and assum-
ing Tk = 8000 K. The exact kinetic temperature is not critical
as the column density is only weakly dependent on temperature
through the collisional de-excitation rate coefficient, resulting in
ncr(e) ∼ 50T4

0.37 cm−3, where T4 is the kinetic temperature in
units of 104 K. The results are given in Table 3.

The [C ii] emission from the neutral PDR, IH2 ([C ii]), is the
difference between the observed total [C ii] intensity, I([C ii]),
given Table 1, and the intensity calculated from the [N ii] re-
gion, IH+([C ii]) (Langer et al. 2014). This quantity, IH2 ([C ii])
= I([C ii]) - IH+([C ii]) arises primarily from the CO–dark H2
gas (also called the CO dark gas) and is given in Table 3.
Negative or very small values of IH2 ([C ii]) indicate that al-
most all the [C ii] emission arises from the dense ionized gas.
Unfortunately we do not know the kinetic temperature and hy-
drogen density of the CO dark N(H2) to calculate accurately its
measured C+ column density. For illustrative purposes we cal-
culate the column density of C+ in the H2 layer, NH2 (C+), and
the corresponding column density of CO dark-H2, NC+ (H2)=
NH2 (C+)/x(C+) (see Langer et al. 2014), assuming 100K and
300 cm−3 in Equation (1), along with the appropriate ncr(H2)
from Wiesenfeld & Goldsmith (2014). These results are listed in
Table 3 for all the LOS with positive IH2 ([C ii]). Higher densities
will result in lower column densities and vice versa.

3.3. The -174 km s−1 component

The -174 km s−1 [N ii] and [C ii] emissions are weaker, and in
some positions much weaker, than those of the -207 km s−1

component, and are associated with CO only at l =358.◦75 in
Figure 6. The CO maps in Oka et al. (1998) show a CO molec-

Table 3. C+ column densities and intensities

LOSa N(C+)b IH+ ([C ii])c IH2 ([C ii]) NH2(C+) NC+ (H2) f

-207d

358.45 4.9e17 64.1 -0.7 - -
358.55 3.5e17 38.5 7.0 4.2e17 8.2e20
358.60 2.2e17 18.3 29.3 1.8e18 3.5e21
358.65 - - - - -
358.70 3.0e17 31.3 14.1 8.6e17 1.7e21
358.75 - - - - -
Average 3.4e17 38.1 16.8e 1.0e18 2.0e21
-174d

358.45 2.4e17 21.1 0.1 3.3e15 6.4e18
358.55 2.5e17 22.6 -10.4 - -
358.60 1.5e17 9.9 33.1 2.0e18 3.9e21
358.65 - - - - -
358.70 1.8e17 13.4 1.3 8.2e16 1.6e20
358.75 - - - - -
Average 2.0e17 16.9 11.5e 7.0e17 1.4e21

a) All LOS are at b =0◦. b) Column density in cm−2. c) Intensity of
[C ii] in the [N ii] emission region in K km s−1. d) Vlsr in km s−1. e)
Negative intensities are not included. f) Assumes Tk=100K and n(H2)
= 300 cm−3.

ular cloud with an edge at this longitude and extending inwards
to larger l. The -174 km s−1 emission is also associated with
H i emission (Figure 7) that is weaker than that of the -210 km
s−1 cloud. We do not detect this weaker [C ii] component at all
the positions in the HIFI OTF maps (see discussion in Section
2.2) and so have no estimate of the size of the [C ii] and [N ii]
emission region. For comparison we have calculated densities
and the column densities of this component assuming the same
size, 15 pc, for the [N ii] emission region as that for the -207 km
s−1 cloud. These results are given in Tables 2 and 3. The solu-
tions for the -174 km s−1 component yield slightly lower average
electron densities and column densities than for the -207 km s−1

component.

4. Discussion

The analysis of [N ii] emission at the edge of the CMZ reveals a
hot dense plasma with an electron abundance ranging from ∼ 6
to 21 cm−3. The densities we derive are much larger than those
characteristic of the WIM, but are consistent with those derived
for very bright nebula with numerous luminous O-type stars. For
example, Oberst et al. (2011) studied the Carina Nebula, which
has a very large UV flux, using emission from the [N ii] 205
µm and 122 µm lines along with an excitation model6, and find
values of n(e) ranging from a few to over 100 cm−3. In the dis-
cussion below we will use the results from our analysis of [N ii]
and [C ii] emission to characterize some of the possible energy
sources that can maintain such a hot dense ionized plasma.

4.1. Ionization of Nitrogen

Nitrogen has an ionization potential of 14.534 eV, higher than
that of hydrogen at 13.598 eV, and in the ISM can be ionized by
cosmic rays, X-rays, Extreme Ultraviolet (EUV) photons with
wavelengths shortward of 853.06 Å, electron collisional ion-
ization, or via charge exchange with protons (H+) at energies
≥0.936 eV, the energy difference between the ionization of H

6 With two transitions the electron density can be derived without
having to assume a characteristic size for the emission region.
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•  Vlsr	  =	  -‐174	  km/s	  component	  
–  n(e)	  =	  6	  -‐	  10	  cm-‐3	  

–  N(N+)	  =(5	  –	  8)X1016	  cm-‐2	  



Results	  

•  [N	  II]	  and	  [C	  II]	  Detec0ons	  provide	  evidence	  of	  hot	  
highly	  ionized	  gas	  with	  n(e)	  ≈	  5	  to	  25	  cm-‐3	  in	  a	  thick	  
layer	  surrounding	  GMCs	  in	  the	  Sgr	  E	  region.	  

•  n(e)	  consistent	  with	  sugges0ons	  by	  Lazio	  &	  Cordes	  
(1998)	  and	  Roy	  (2013)	  that	  dispersion	  of	  radio	  waves	  
in	  the	  CMZ	  is	  primarily	  by	  scaxering	  at	  the	  interface	  
of	  clouds	  with	  a	  dense	  hot	  ionized	  medium	  
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Ioniza0on	  Sources	  (1/3)	  

•  Electron	  collisional	  ioniza0on	  	  
•  Cosmic	  ray	  ioniza0on	  	  
•  EUV	  photoioniza0on	  
•  X-‐ray	  photoioniza0on	  
•  Proton	  charge	  exchange	  
–  UV	  +	  H	  	  è	  H+	  +	  e	  
–  H+	  +	  N	  çè	  H	  +	  N+	  (ΔE	  =0.94	  eV	  ≈11,000	  K)	  	  
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Ioniza0on	  Sources	  (2/3)	  

•  Electron	  collisional	  ioniza0on	  requires	  very	  high	  
kine0c	  temperatures	  as	  I.P.	  =	  14.53	  eV	  

•  Cosmic	  ray	  ioniza0on	  need	  10-‐12	  s-‐1	  –	  	  
–  observa0ons	  of	  H3

+	  in	  CMZ	  (Goto	  et	  al.	  2014)	  suggest	  
rate	  is	  too	  low	  by	  orders	  of	  magnitude	  
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Ioniza0on	  Sources	  (3/3)	  

•  EUV	  photoioniza0on:	  Need	  EUV	  flux	  6X106	  photons/
cm2/s	  –	  source	  massive	  star	  forma0on	  (O	  &	  B)	  	  

•  X-‐ray	  photoioniza0on	  of	  nitrogen	  &	  carbon	  about	  103	  
larger	  than	  corresponding	  H	  photoioniza0on	  
–  Sources:	  diffuse	  X-‐rays,	  stellar	  sources,	  accre0ng	  black	  
holes	  (stellar	  and	  massive)	  	  

•  Charge	  exchange:	  H+	  +	  N	  çè	  H	  +	  N+	  (ΔE	  =0.94	  eV)	  	  
•  H	  ionized	  by	  UV	  
•  Tkin	  ≈6,000	  K	  to	  15,000	  K	  depending	  on	  theore0cal	  cross	  sec0ons	  
(see	  Lin	  et	  al.	  2005;	  Langer	  et	  al.	  2015)	  

•  Hea0ng	  source:	  Shocks?	  Turbulent	  dissipa0on?	  EUV	  &	  X-‐rays?	  	  

1/21/15	   Bill	  Langer	  -‐	  JPL	   27	  



Compact	  and	  Diffuse	  HII	  Sources	  
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•  Sgr	  E	  is	  an	  ac0ve	  star-‐forming	  HII	  region	  associated	  with	  a	  GMC	  
•  VLA	  radio	  con0nuum	  map	  of	  Sgr	  E	  region	  (Liszt	  1992)	  	  

•  18	  compact	  HII	  sources	  	  
•  n(e)	  ≈	  fewX102	  cm-‐3	  

•  ionizing	  stars	  are	  likely	  B0	  or	  brighter	  
•  diffuse	  emission	  l	  =	  358.8o	  to	  358.95o	  	  	  
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Edge	  of	  CMZ	  in	  IR	  

Spitzer	  24	  μm	  (blue)	  	  
Herschel	  70	  μm	  (green)	  	  
Herschel	  500	  μm	  (red)	  	  
from	  Molinari	  et	  al.	  (2014)	  
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Fig. 4.— The Central Molecular Zone (CMZ) in a composite three-color image combining Spitzer 24 µm (blue) with
Herschel 70 µm (green) and 500 µm (red). Noticeable features are identified in the figure; the Sofue-Handa lobe structure
(see text) is delimited by the two nearly vertical red-dashed lines at l ⇠0.2�, and l ⇠ �0.5�.

site of massive star formation in the Galaxy. It is located
adjacent to the older Sgr B1 region at the high longitude end
of the 100 pc ring. Sgr C, located at the negative longitude
end of the ring, hosts the second most massive site of star
formation in the CMZ.

The prominent oval of warm dust (left of center in the
lower panel of Fig. 5) is a very young 30 pc diameter super-
bubble (the “Galactic Center Bubble” or GCB) whose inte-
rior contains the massive, 3 to 5 My old Arches and Quin-
tuplet clusters. The Sgr A region and the SMBH are located
outside the GCB; thus the GCB might be powered mostly
by massive stars. The GCB is the smallest and brightest
member of a set of nested bubbles emerging from the cen-
tral 100 pc region of our Galaxy. The Sofue-Handa lobe
(Sofue and Handa, 1984) is a degree-scale bubble traced
by free-free emission blowing out of this region. The re-
lationship between these features and the recently recog-
nized kpc-scale Fermi-LAT-Planck bubble (Su et al., 2010;
Planck Collaboration et al., 2013c) remains unclear. Is this
bubble powered by the merging of superbubbles fed by dy-
ing massive stars in the CMZ, fed by occasional AGN ac-
tivity of the SMBH, or a combination of these mechanisms?

The compact, high column density clump of cold dust
located to the left of the GCB (“Brick” in Figs. 4 and 5)
is the most extreme IRDC in the Galaxy (Longmore et al.,
this volume). This clump is located in the 100 pc ring, has a
mass greater than 10

5 M� within a radius of 3 pc, yet shows
no evidence of any star formation (Longmore et al., 2012).
It is part of a string of massive clouds stretching from a lo-
cation near Sgr A⇤ to Sgr B2, including several with various
degrees of on-going star formation, possibly triggered by a
close passage near the SMBH (Longmore et al., 2013a).

Wide-field mapping of the CMZ in the dust continuum,
high-J CO lines, the CI line, and a variety of dense gas
tracers will shed light on a number of critical questions

about star formation, the ISM, and its interactions with the
SMBH. Does nuclear star formation shield the central black
hole from growth? Or does occasional flaring of the SMBH
regulate the state of the ISM and star formation in the CMZ?
What is the star formation rate in the CMZ? Does it follow
the Schmidt-Kennicutt relation, or is the star formation rate
per unit mass of dense gas lower in the CMZ than in galactic
disks (Longmore et al., 2013b; Kruijssen et al., 2013)?

4. Converting GMCs to Dense Structures

It is well established that only a small fraction of the gas
in GMCs is dense enough to be involved in star formation.
This is apparent from CS surveys in high-mass star forming
regions (e.g., Plume et al., 1992, 1997), as well as from
large-scale gas and dust mapping of nearby low-mass star
forming regions (e.g., Goldsmith et al. 2008).

Herschel surveys allow investigation of the properties of
IRDCs because the cold and dense dust shines brightly in
the submm continuum. Visual inspection by Wilcock et al.
(2012) of the Hi-GAL survey in the 300�

 l  330� re-
gion of the Galactic Plane suggests that only 50% of the
Peretto and Fuller (2009) IRDCs are bona fide cold and
dense structures while the rest are regions devoid of back-
ground mid-IR emission. Nevertheless, the Peretto & Fuller
column densities derived from the mid-IR opacity provide
independent measurements that can be compared with esti-
mates obtained from Herschel’s complete far-IR photomet-
ric coverage (Elia et al., 2013, 2014; Schisano et al., 2014).

Unbiased surveys allow statistically significant estimates
of the lifetimes and relative durations of the various stages
of evolution of clouds, clumps, and cores. For example,
Tackenberg et al. (2012) use a portion of the ATLASGAL
survey to estimate the time scale for massive starless clumps
using association to GLIMPSE sources, obtaining quite
short (6–8⇥ 10

4 y) time scales. Wilcock et al. (2012) anal-
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Sgr	  E	  

24	  μm	  sources	  associated	  with	  the	  
CO	  cloud,	  and	  the	  edge	  of	  the	  [C	  II]	  
limb	  brightened	  arc	  	  
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Tkin	  ≈	  5	  –	  7	  keV	  

≈50	  pc	  
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l=359.1,b=-‐0.1	  

Sgr	  E	  

0o	   359o	  1o	  

Diffuse	  and	  discrete	  (>	  9000)	  
X-‐Ray	  sources	  detected	  by	  	  
Chandra	  (Wang	  et	  al.	  2002;	  
Muno	  et	  al.	  2009)	  	  
Red:	  1	  –	  3	  keV	  
Green:	  3	  –	  5	  keV	  
Blue:	  5	  –	  8	  keV	  

Suzaku	  X-‐ray	  satellite	  
(Koyama	  et	  al.	  2007;	  from	  
Matsumoto	  presenta0on)	  



Summary	  
•  Spectrally	  resolved	  [C	  II]	  and	  [N	  II]	  far-‐IR	  lines	  provide	  detailed	  

informa0on	  about	  the	  loca0on,	  morphology,	  and	  physical	  
environment	  of	  the	  dense	  ionized	  gas	  in	  the	  CMZ.	  

•  We	  find	  n(e)≈	  5	  –	  25	  cm-‐3	  at	  the	  interface	  of	  GMCs	  in	  regions	  about	  
10	  –	  20	  pc	  in	  size	  

•  Mapping	  the	  ionized	  gas	  throughout	  the	  CMZ	  in	  spectrally	  resolved	  
[N	  II]	  is	  difficult	  because	  of	  the	  weakness	  of	  the	  emission	  lines.	  

•  GREAT	  on	  SOFIA	  provides	  a	  pla�orm	  to	  study	  the	  electron	  
abundance	  and	  ioniza0on	  in	  select	  regions	  of	  the	  CMZ.	  

•  To	  trace	  the	  highly	  ionized	  gas	  throughout	  the	  CMZ	  	  it	  will	  be	  
important	  to	  extend	  the	  [N	  II]	  observa0ons	  using	  a	  survey	  
instrument	  on	  balloon	  borne	  or	  orbital	  pla�orms.	  
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