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Wang et al. 
2002 Chandra 

Wang et al. 2010 HSA/Spitzer 

Crocker et al. HESS 
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90cm radio continuum, image processed 
by Kassim, LaRosa, Lazio & Hyman 1999 



        GC          Disk 

Cloud sizes [pc]      20-30     few-30 

Vel. dispersion   [kms-1]         15 – 30        !5 

Mean Gas Density  [cm-3]        104-5        102-3   

Magnetic Field [mG]             ~ mG                ! 0.1 

 12 C/13C ratio                            20-25     75 
Dust:  cold component ~15-30  K   

Gas temperatures: 15-500 K (NH3 & H2) 
(Güsten et al.1981, Morris et al.1983 and Huttermesiter et.al. 1993)               

Tgas >Tdust in  galaxies   Mauersberger et al. (2003) 

What is the dominant heating Mechanism?  

UV radiation, X-rays, shocks, Cosmic rays? 

Reviews: 

 Morris (1996), 

 Mezger (1996),  

Güsten (2004), 

Morris et al. (2006) 

Morris et al. (2009) 

Genzel et al. (2010) 

 Gas and dust properties 



ATLASGAL (The APEX 
Telescope Large Area Survey 
of the Galaxy) 850 microns 
(Schuller et al. 2009, Immer et 
al. 2010). 

 

Higal, Molinari et al. (2011) and Etxaluze et al. 
(2011)(PACS 70, 160 +SPIRE 250, 350 500)  

Dust emission 

Oldest SCUBA maps 450 
and 850 microns (Pierce-
Price et al. 2004 and the 
latest Garcia-Marin et al. 

2011) 

And new map from 
SCUBA-2 (850) 

http://
scuba2.wordpress.co
m/tag/galactic-centre/ 

And I want to see the results from 
the new CND maps of Forcast! 

5-37microns 



Bania et al. (1980) 
Bally et al. (1987) 

Dahmen et al. (1998) 

Martín-Pintado 
et al. (2000) 

CO 
Molecular  
gas tracer 

SiO Shock 
Tracer 

CS 
Dense 

gas 
tracer 

200 pc 

108M! 

Widespread emission of complex 
organic molecules, Martín-

Pintado et al. (2001), Requena-
Torres et al. (2006, 2008) and 

Jones et al. 2011 

Molecular gas in the GC 



Peak Temperature Images 
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Hydrogen Cyanide 

Hydrogen Isocyanide 

Formyl ion 

From Mopra, Jones et al. 2011 

Mopra telescope, 35   beam 
with 8 GHz Bandwidth, 16 

molecules with strong 
emission mapped in parallel. 

http://www.phys.unsw.edu.au/
mopracmz/survey.html 



13CO (2-1)                  IRAM 

Other CO maps in  
the GC area 
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Oka et al. 2011, CO 3-2 maps with ASTE 22’’ 

CO (4-3)    CSO 

Martin et al. 2004, ASTRO 1’-2’ 
Bania et al. (1980) Bally et al. (1987) 

Dahmen et al. (1998) 
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•  Vertex Antenna, as the american 
contribution to ALMA. 

•  12m diameter, 14µm rms surface 
accuracy 

•  Alt-Az mounting 
•  2 Nasmyth + 1 Cassegrain 

receiver cabins 
•  Wobbler (2Hz, <150  amplitude 

azimuthal chops) 
•  Beam width: 

–  (FWHM) 7.8" * (800 / f [GHz]) 

               APEX                                 
Atacama Pathfinder  EXperiment  
Llano de Chajnantor 

Latitude : 23º00'20.8" South 

Longitude :67º45'33.0" West 

Altitude : 5105 m 

Heterodyne (from 210 to 1200 GHz), Bolometers (345 and 
860 GHz), and POLKA in commissioning phase. 



APEX And the good work of CHAMP+         
(MPI + The Netherlands)  

two 7-pixel sub-arrays  

(620 – 720 GHz and 780 – 950 GHz) 

orthogonal polarizations – parallel observations  

fixed tuned DSB SIS-mixers (SRON) 

mixer instant. bandwidth: 4 – 8 GHz  

main optics cooled to 15 K 

SSB-filter for both sub-arrays 

image side-band terminated at 15 K 

image de-rotation  

backend/IF - 2.8 GHz instantaneous 
 bandwidth 
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CO (6-5) and (7-6) emission in the inner 
50 pc of the Galaxy 

 

The 50 inner parsecs of the Galaxy (25’x15’)have been map the CO 
(6-5) and (7-6) transitions with CHAMP+. Beam sizes of ~9” and ~8”, 

more than 100,000 spectra per map, ~20 hours observing with APEX.  
RMS of 0.3 and 0.5 K.  

Integrated emission dv=[-150,150] 

APEX 
maps 



 

The 50 inner parsecs of the Galaxy (25’x15’)have been map the CO 
(6-5) and (7-6) transitions with CHAMP+. Beam sizes of ~9” and ~8”, 

more than 100,000 spectra per map, ~20 hours observing with APEX.  
RMS of 0.3 and 0.5 K.  

11 

CO (6-5) and (7-6) emission in the inner 
50 pc of the Galaxy 

Integrated emission dv=[-150,150] 

APEX 
maps 
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+data from CSO and 
IRAM 30-m 



Regions of 
interest:  

The CND 

CO(4-3) 
CO(6-5) 
CO(7-6) 

Integrated intensity 
(-150,150) 



Interferometric observations 
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S. Mart́ın et al.: Surviving the hole I: Spatially resolved chemistry around SgrA∗

Fig. 4. Natural weighted integrated intensity maps of all detected species in this work. Beam size of 4.1��× 2.9�� is shown
in the lower left corner of each box. Emission was integrated over the velocity range between −140 and +140 km s−1for
SiO, C3H2, and HC3N, while we used the velocity ranges of [−190,+470] for CN, [−80,+140] for H2CO, and [−190,+350]
for 13CN (See Sect. 3 for details). Background image corresponds to the integrated emission of CN. Contour levels are
at 2σ (with σ = 2.3 Jy beam−1 km s−1) steps for all maps but for CN, where the first contour is 3σ and increases in 8σ
steps.

we have included channel maps of integrated emission over
30 km s−1 bins for each species in Figs. 12 to 17 (online)
where the origin of the fainter emission is clearly identified.

In Fig 4 we have labeled a number of selected positions
corresponding to the molecular cores identified in the in-
tegrated maps. We have extracted the spectra from each
of these positions and performed a multiple velocity com-
ponent Gaussian fit. The resulting parameters from these
fits are shown in Table 3 (online) for CN and 13CN and in
Table 4 (online) for the rest of species.

4. Spatially Resolved Chemistry

The differences in the distribution of the emission of each of
the detected species are evidenced in the integrated maps
in Fig. 4. Strong differences are also evident in velocity as
shown in the channel maps in Fig. 12−17 (online). Below
we describe the main morphological structures observed for
each individual species. The origin of each species is dis-
cussed in terms of chemical differentiation and excitation.
In order to make a detailed study of the chemical differen-
tiation we show line ratio maps in 30 km s−1 velocity bins
in Figs 18- 22 (online).

The labeling of the different CND molecular structures,
shown in Fig. 2, are adopted from Christopher et al. (2005)
and Montero-Castaño et al. (2009).

4.1. CN: Overall molecular emission

Out of the six molecular species observed in this work, CN
is the only one tracing all previously identified CND fea-
tures. Though differences are observed, the integrated emis-
sion of CN appears to be mostly coexistent and tracing the
same molecular material as that observed in HCN and CS
(Christopher et al. 2005; Montero-Castaño et al. 2009). In
Fig. 5 we present a comparison between the HCN 4− 3 in-
tegrated emission from Montero-Castaño et al. (2009) and
that of CN 2− 1. Most of the main formation paths of CN
in gas phase involve HCN, either by direct photodissoci-
ation of HCN into CN, charge exchange with CN+, ion-
neutral reactions with HCN+ and C2H+ or by dissocia-
tive recombination of HCN+ (Woodall et al. 2007). These
processes are expected to be efficient due to the enhance-
ment of ion species by the radiation which pervades the
environment surrounding the central cluster. Moreover, as
shown in Fig. 6, CN is the most UV resistant species among
those presented in this paper, with photodissociation rates

4

Figure 1: (left) Circumnuclear disk (CND) of molecular gas as traced by HCN 4-3. The map shows the integrated
emission map from (Montero-Castaño et al. 2009) at a resolution of 4.6′′ × 3.0′′. The circle shows the position of
Sgr A∗ as well as the aimed ALMA-ES synthesized beam of ∼ 1.6′′. The individual CND structures are labeled.
The bar on the lower left corner shows the spatial scale of the image. (right) Ionized mini-spiral structure traced by
the H90α recombination line integrated intensity (color, Roberts & Goss 1993) at a resolution of 2′′. Contours show
the the molecular gas traced by CN 2 − 1 (Mart́ın et al. submitted). Though associations have been established
between the ionized arcs and the different molecular structures, little is known towards the central region due to
the lack of information on the molecular gas content and distribution. The ∼ 50′′ × 50′′ region we aim to map in
this proposal is indicated in both figures, where the extension to cover the southern part of western and northern
arc are added to the region.

Figure 2: Integrated intensity maps of CN, H2CO, and SiO (in contours) observed with the SMA at a resolution
of ∼ 4′′ × 3′′, with the CN emission as background. This figures illustrate how not all molecular species are able
to withstand the harsh conditions as the molecular gas approaches the central black hole. It is required to observe
photodissociation resistant species to prove the central region. Moreover none of these molecules, at the observed
transitions, are observed in emmission towards the Sgr A∗ line of sight, which shows the importance of observing
high-J transitions (see also Fig. 3) to warmest and densest molecular gas closer to the black hole.

5

RGB composite SMA image of CN (green), H2CO (blue), SiO (red)  
(Martín et al. 2012) combined with the VLA H90! recombination 
(orange, Roberts & Goss 1993) at  4"" #3"", and 2"" resolutions 

Montero-Castaño et al. 2009, ApJ, 695, 1477 
Martín et a. 2012, A&A, 539, A29 

Christopher et al. 2005, ApJ, 622, 346 
Herrnstein, R. M. & Ho, P. T. P. 2005, ApJ, 620, 287 HCN(4-3) 

NH3 



CO SED in galactic nuclei 
Weiß 

et al. 2007 

Panuzzo et al. 2010 

CO SED in 
galaxies have 
been largely 
study for the 

high-z galaxies 
(IRAM and other 
ground based 
telescopes). 

With HERSCHEL 
and now with 

SOFIA, we can 
access the 

nearby galaxies 
and the GC. 

van der Werf et al. 2010 LVG modeling 
15 



Lugten (1984), Genzel et al. 
(1985) here the first to 

detect the CO(15-14) and 
CO(21-20) 

 line in the vicinity of Sgr A* 
using the Kuiper Airborne 

Observatory (KAO). 

 (and example, 60” and 
100Km/s spectral 

resolution) 

CMZ of the MW 

COBE, Fixsen et al. 1999 

Harris et 
al. 1985 

CO SED in the Galactic Center 

Bradford et al. (2005) did 
the latest update in the CO 
excitation in the CND, still 
low resolutions and beam 
sizes for the analysis 44” 
and 70 km/s resolution. 
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Guaranty Time            

Herschel EXtra GALactic KP: 
Physical and chemical conditions of the 

ISM in Galactic Nuclei 

HERSCHEL   

Herschel was 
launched the 14th of 

May, 2009, and is 
expected to live till 

February 2013.  
157-625 microns  

PI: R. Güsten 



PI:Rolf Guesten 
Coordinators: A. Weiss, J. Martin-Pintado, A. 
Harris, J. Stutzki, P. Van der Werf, F. Israel, 
C. Kramer, S. Lord, M. A. Requena Torres 

Other Co-investigators: M. Roellig, T. Klein, 
S. Garcia-Burillo, R. Szczerba 

+Collaborators+affiliates 
( E. Loenen, A. Weiss, J. Abreu, J. Roberts, 

P. Fiadino, Y. Okada, F. Tabatabai, E. 
Polehampton) 

GC WATER 

CO 10-9 

HIFI observations of water lines in 
M82  (Weiss et al. 2010)  

Dense gas: 
M82:  (Loenen 

et al. 2010) 





German Receiver for Astronomy at THz Frequencies 
ATM 1-5 THz, 14 km altitude 

Channel Frequencies 
[THz] 

Astronomical lines of interest 

low-frequency #1 
1.25 – 1.50 [NII], CO(12-11), (13)CO(13-12), HCN(17-16), 

H2D
+ 

low-frequency #2 1.82 – 1.92 [CII], CO(16-15) 
mid-frequency  2.4 – 2.7 HD, OH(2!3/2), CO(22-21), (13)CO(23-22) 
high-frequency              " 4.7 [OI] 
 



First upgrade to the rear of the plane… 

First flight to Germany! 
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Science from observations with GREAT during the Early Science phase 

GREAT was operated during SOFIA s Short (4 flights) and Basic Science (12 flights) phase to address a wide variety of timely astrophysical 
topics. A total of 18 scientific publications was submitted for a Special Feature of Astronomy & Astrophysics (Vol& , May 2012), complemented 

by 4 technical papers describing the GREAT instrument. 

  

T. Csengeri   SOFIA observations of far infrared hydroxyl emission toward ultra-compact HII/OH maser regions  

J. Eislöffel   SOFIA observations of CO(12 11) emission along the L1157 bipolar outflow   

A. Gomez   High-J CO emission in the Cepheus E protostellar outflow observed with SOFIA/GREAT  

U. Graf   [12CII] and [13CII] 158 m emission from NGC 2024: Large column densities of ionized carbon    

A.  Gusdorf   Probing MHD Shocks with High-J CO Observations: W28F  

B.  B. Mookerjea  The structure of hot gas in Cepheus B   

D. Neufeld   Discovery of interstellar mercapto radicals (SH) with the GREAT instrument on SOFIA 

Y. Okada   Dynamics and PDR properties in IC1396A   

B. Parise   Detection of OD towards the low-mass protostar IRAS 16293-2422   

J.-P. Perez-Beaupuits  The ionized and hot gas in M17 SW: SOFIA/GREAT THz observations of [C II] and 12CO J=13-12 

M. Requena   GREAT confirms transient nature of the Circumnuclear Disk   

M. Röllig   [CII] gas in IC 342   

R. Sahai   Probing the Mass and Structure of the Ring Nebula in Lyra with SOFIA/GREAT Observations &   

G. Sandell   GREAT [CII] and CO observations of the BD+40ï¿!4124 region   

N. Schneider   Globules and pillars seen in the [CII] 158 m line with SOFIA   

R. Simon   SOFIA observations of S106: dynamics of the warm gas 

H. Wiesemeyer  High-resolution absorption spectroscopy of the OH 2PI3/2 ground state line   

F. Wyrowski   Terahertz ammonia absorption as a probe of infall in high-mass star forming clumps   

S. Heyminck et al.  GREAT: the SOFIA high-frequency heterodyne instrument   

P. Pütz et al.   Terahertz hot electron bolometer waveguide mixers for GREAT   

B. Klein et al.   High-resolution wide-band Fast Fourier Transform Spectrometers   

Xin Guan et al.  GREAT/SOFIA atmospheric calibration     
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Herschel CO (10-9) Map 

CO SED in the Galactic Center 

M. A. Requena-Torres et al.: CO SED in the Circumnuclear Disk

Table 1. Molecular transitions observed in the CND with the IRAM 30-m telescope, the APEX telescope Herschel, and SOFIA. For each species,
transition we present here the frequencies (from the CDMS catalog (Müller et al. 2001, 2005(@) the telescope that was used, the beam sizes and
beam efficiencies at the time of the observation.

Ju-Jl Freq. Eu Tel./Inst. Beam ηmb Ju-Jl Freq. Eu Tel./Ins. Beam ηmb
(MHz) (K) (”) (MHz) (K) (”)

CO 2-1 230538 5.53 IRAM30M/HERA 10.7 0.54 CO 11-10 1267014 304.16 SOFIA/GREAT 22.5 0.54
3-2 345796 16.60 APEX/SHFi 17.9 0.73 13-12 1496923 431.30 SOFIA/GREAT 19.0 0.54
4-3 461040 33.19 APEX/FLASH 13.4 0.60 16-15 1841346 663.36 SOFIA/GREAT 15.5 0.51
6-5 691473 82. 98 APEX/CHAMP+ 8.9 0.45 13CO 2-1 220398 5.3 IRAM30/HERA 11.2 0.54
7-6 806651 116.16 APEX/CHAMP+ 7.7 0.43 6-5 661067 79.33 APEX/CHAM+ 9.4 0.48

10-9 1151986 248.88 HERSHEL/HIFI 18.6 0.64 13-12 1431153 412.34 SOFIA/GREAT 19.9 0.54

Fig. 1. CO spectral maps of the transitions J= 2–1, 3–2, 4–3 , 6–5, and 7–6. The CO intensity has been integrated between -150 and 150 km/s. The
emission from the low J lines is contaminated by the 50 km/s cloud and the absorption features in the line of site.

component of the atmosphere. Due to atmospheric transitions
close to the J= 13–12 CO and 13CO lines (at negative velocities)
a more careful calibration was assume for the southern lobe data,
fitting the dry atmosphere to the observed feature.

In the Figures ?? and the spectral maps observed for the CO
(13–12) line are shown. In both rasters has is clear the strong
gradient in intensity from one position to another. The CO (16–
15) line is much weaker, showing only emission in the central
position of the maps.

The data has been reduced and analyzed with the GILDAS3

packages CLASS and GREG. Due to the different beams, and
the different epochs in the coordinate systems of the map, several
packages and task have been used to finally get the data in a
coherent set, scaled to a spacial scale of 22.5�� and with the same
velocity scale.

In the Figure 3 we show the complete sample of spectra of
CO for the two positions, in the left side, the spectra from the
Southern lobe, and in the right, the one of the Northern lobe.
In the southern position one clearly sees the absorption features
from the line on site gas in from of the GC, those are mostly the
galactic arms. This features are seen strongly in the lines from
J 2–1 to J 4–3. In the J 6– 5 and 7–6 lines a deep at 0 km/s is
seen, but seem not to be related with the galactic arms. Opacity
effects are also present, but they are not clear due to the strong
absorptions. This effect is easily seen in the other lobe, that show
the maximum in intensity in the positive velocities and is not af-
fected so destructively by the galactic arm. In this spectra, at the
velocity of ∼ 100 km s−1, one can see the effect of high opaque
gas in the lower J comparing with the gas of the 50 km s−1cloud
that popup at this velocity. As we commented before, this com-
ponent of the gas at 50 km/s is not coming from the CND but
from another GMC of the GC. One intriguing feature is that the
J=10–9 line observed with HIFI and the 11–10 line observed
with GREAT show too similar Tmb spectra, and for the northern
lobe is actually higher the 11-10 line. For the GREAT observa-
tion we have only one single position, not a map, and as shown

3 http://www.iram.fr/IRAMFR/GILDAS

in the spectral raster maps from the J = 13–12 line, the profiles
can change strongly in 8 �� beams. But, for both observations
we do not have any record about problems with the pointing.
A possible explanation can come from the HIFI team, that re-
cently has been discover that the beam efficiency used for HIFI,
has to be revisited, and probably the intensity of this line will
be somehow higher, 7% or so (private communication To check
with Christophe).

3. CO SEDs in the CND

For the modeling of the CO SED, we have restricted the veloc-
ity range of our study to the maximum of emission of the high
J lines, to be able to model the more excited gas. A larger set of
velocity space has been model and studied, but the low J lines
and the low excited gas should be better studies in other regions
with less extreme condition. This will be done in a following pa-
per, where extensive analysis will be done in a larger velocity
range and in a larger spacial space as we have maps of the GC
up to the CO 10-9 lines. The spectra of the high J lines from
Sofia clearly show that their peak of emission is shifted, cen-
tered in an area around 100km/s, where we are modeling the
excitation in the actual letter. In the Figures 4 and 5 we show
the CO line SED for the two observed positions. After some at-
tempts to fit the observations, some of the basic points are the
abundance of CO, that needs to be lower than the typical val-
ues in the rest of the Galaxy. As we have use the 13CO lines
as well, assuming the abundance ratio value of ∼25 (Wilson &
Rood 1994), we have another constrain for the models that are
really producing more realistic solution. Actually in the CO SED
calculations those isotopologues are not taken into account, but
we notice that the modeling is quite sensitive to them. For all
components we have used [CO]/[H2] = 1× 10−5, lower than the
typical in the Milky way (8× 10−5), but they fit better the data,
and of course this value is not well constrain in the inner part
of the galaxy. We can not assume that the gas is virialized, and
the velocity gradient are really hight due to the tidal forces and

3

M. A. Requena-Torres et al.: CO SED in the Circumnuclear Disk

Table 1. Molecular transitions observed in the CND with the IRAM 30-m telescope, the APEX telescope Herschel, and SOFIA. For each species,
transition we present here the frequencies (from the CDMS catalog (Müller et al. 2001, 2005(@) the telescope that was used, the beam sizes and
beam efficiencies at the time of the observation.

Ju-Jl Freq. Eu Tel./Inst. Beam ηmb Ju-Jl Freq. Eu Tel./Ins. Beam ηmb
(MHz) (K) (”) (MHz) (K) (”)

CO 2-1 230538 5.53 IRAM30M/HERA 10.7 0.54 CO 11-10 1267014 304.16 SOFIA/GREAT 22.5 0.54
3-2 345796 16.60 APEX/SHFi 17.9 0.73 13-12 1496923 431.30 SOFIA/GREAT 19.0 0.54
4-3 461040 33.19 APEX/FLASH 13.4 0.60 16-15 1841346 663.36 SOFIA/GREAT 15.5 0.51
6-5 691473 82. 98 APEX/CHAMP+ 8.9 0.45 13CO 2-1 220398 5.3 IRAM30/HERA 11.2 0.54
7-6 806651 116.16 APEX/CHAMP+ 7.7 0.43 6-5 661067 79.33 APEX/CHAM+ 9.4 0.48
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Fig. 1. CO spectral maps of the transitions J= 2–1, 3–2, 4–3 , 6–5, and 7–6. The CO intensity has been integrated between -150 and 150 km/s. The
emission from the low J lines is contaminated by the 50 km/s cloud and the absorption features in the line of site.

component of the atmosphere. Due to atmospheric transitions
close to the J= 13–12 CO and 13CO lines (at negative velocities)
a more careful calibration was assume for the southern lobe data,
fitting the dry atmosphere to the observed feature.

In the Figures ?? and the spectral maps observed for the CO
(13–12) line are shown. In both rasters has is clear the strong
gradient in intensity from one position to another. The CO (16–
15) line is much weaker, showing only emission in the central
position of the maps.

The data has been reduced and analyzed with the GILDAS3

packages CLASS and GREG. Due to the different beams, and
the different epochs in the coordinate systems of the map, several
packages and task have been used to finally get the data in a
coherent set, scaled to a spacial scale of 22.5�� and with the same
velocity scale.

In the Figure 3 we show the complete sample of spectra of
CO for the two positions, in the left side, the spectra from the
Southern lobe, and in the right, the one of the Northern lobe.
In the southern position one clearly sees the absorption features
from the line on site gas in from of the GC, those are mostly the
galactic arms. This features are seen strongly in the lines from
J 2–1 to J 4–3. In the J 6– 5 and 7–6 lines a deep at 0 km/s is
seen, but seem not to be related with the galactic arms. Opacity
effects are also present, but they are not clear due to the strong
absorptions. This effect is easily seen in the other lobe, that show
the maximum in intensity in the positive velocities and is not af-
fected so destructively by the galactic arm. In this spectra, at the
velocity of ∼ 100 km s−1, one can see the effect of high opaque
gas in the lower J comparing with the gas of the 50 km s−1cloud
that popup at this velocity. As we commented before, this com-
ponent of the gas at 50 km/s is not coming from the CND but
from another GMC of the GC. One intriguing feature is that the
J=10–9 line observed with HIFI and the 11–10 line observed
with GREAT show too similar Tmb spectra, and for the northern
lobe is actually higher the 11-10 line. For the GREAT observa-
tion we have only one single position, not a map, and as shown

3 http://www.iram.fr/IRAMFR/GILDAS

in the spectral raster maps from the J = 13–12 line, the profiles
can change strongly in 8 �� beams. But, for both observations
we do not have any record about problems with the pointing.
A possible explanation can come from the HIFI team, that re-
cently has been discover that the beam efficiency used for HIFI,
has to be revisited, and probably the intensity of this line will
be somehow higher, 7% or so (private communication To check
with Christophe).

3. CO SEDs in the CND

For the modeling of the CO SED, we have restricted the veloc-
ity range of our study to the maximum of emission of the high
J lines, to be able to model the more excited gas. A larger set of
velocity space has been model and studied, but the low J lines
and the low excited gas should be better studies in other regions
with less extreme condition. This will be done in a following pa-
per, where extensive analysis will be done in a larger velocity
range and in a larger spacial space as we have maps of the GC
up to the CO 10-9 lines. The spectra of the high J lines from
Sofia clearly show that their peak of emission is shifted, cen-
tered in an area around 100km/s, where we are modeling the
excitation in the actual letter. In the Figures 4 and 5 we show
the CO line SED for the two observed positions. After some at-
tempts to fit the observations, some of the basic points are the
abundance of CO, that needs to be lower than the typical val-
ues in the rest of the Galaxy. As we have use the 13CO lines
as well, assuming the abundance ratio value of ∼25 (Wilson &
Rood 1994), we have another constrain for the models that are
really producing more realistic solution. Actually in the CO SED
calculations those isotopologues are not taken into account, but
we notice that the modeling is quite sensitive to them. For all
components we have used [CO]/[H2] = 1× 10−5, lower than the
typical in the Milky way (8× 10−5), but they fit better the data,
and of course this value is not well constrain in the inner part
of the galaxy. We can not assume that the gas is virialized, and
the velocity gradient are really hight due to the tidal forces and

3

SHFI FLASH HERA.IRAM 
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CO (13-12) Sofia Observations: raster maps in CO (13-12) 
and CO (16-15), single pointing in CO (11-10) 



With high spectral resolution, we have the possibility to 
separate excitation components in velocities too.  



All data 
smoothed to 

the same 
beam size 
22.5” and 

extracted in 
two Sofia 
positions 

 



Gas infall towards Sgr A* 15

Fig. 5.— 6 cm continuum integrated intensity in contours (from Yusef-Zadeh & Morris (1987)). HCN(4-3) integrated intensity in false
color-scale. Contour levels are in steps of 10% of the continuum emission peak, from 1 × 10−1 Jy beam−1 to 9 × 10−1 Jy beam−1. The
false color-scale is in Jy beam−1 km s−1.

Constrains in the GC: 

 13CO in three transitions. 
12C/13C ~20-25 

100-200 km/s/pc 

[CO]/[H2] ~ 8 x 10-5  

Tkin > 135 K 

nH2 105.2 cm-3 

Tkin 500 K 

NH2 1023.34 

 0.008 pc 

nH2 104.5cm-3 

Tkin 200 K 

NH2 1022.64 

 0.031 pc 

nH2 105.3 cm-3 

Tkin 325 K 

NH2 1023.15 

 0.006 pc 

nH2 104.5cm-3 

Tkin 175 K 

NH2 1022.35 

 0.032 pc 

High temperatures in contrast 
with dust emission (24/75K) 

probably due by shocks 

CND of ~1.2 104 Msun           
Lower than interferometric 

studies, but they assume virialize 
material, that we do not see. Our 
densities are below the Roche 

limit (107 cm-3) 



Parallel project in the CND 

Multi HCN analysis 

 

Ao et al 2012. LVG analysis 
of H2CO in the GC 
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11

Fig. 1.— Contour maps of intensity integrated from -200 to 200 km s−1 for the observed lines of HCN and HCO+. Contours are linearly
spaced. Top Left: HCN 3–2, contours from 250 to 2650 K km s−1 . Top Right: HCO+ 3–2, contours from 250 to 1400 K km s−1 . Middle
Right: HCN 4–3, contours from 250 to 2620 K km s−1 . Middle Left: HCO+ 4–3, contours from 250 to 1400 K km s−1 . Bottom Left:
HCN 8–7, contours from 10 to 810 K km s−1 . Bottom Right: HCO+9–8, contours from 10 to 250 K km s−1 .

Fig. 2.— Contour map of unconvolved HCN 8–7 emission in the CND integrated over a velocity range from -200 km s−1 to 200 km s−1 .
Contours are linearly spaced, from 0 to 810 K km s−1 . The circles are the size of the H13CN 3–2 beam and show positions where spectra
of the isotopologues were obtained.

Affected by 
infrared 

pumping?? 

Shocks?? 

Mills et al. 
(2012) 

+ PACS/SPIRE legacy mapping 
of the SGRA complex 

(Being observed right now) 

+PACS OI, 
OIII, NII 

mapping in 
SGRA (in 
progress) 



studying the isotopic 
fractionation, variations 
of the chemistry due to 

XDR neighbors  (J. 
Armijos, in progress) 

Green Bank mini-survey 12.9 – 15.5 GHz in 
MCG+0.693 

IRAM 30m 2mm surveys by 
Martin et al. 

3mm surveys by Aladro et al. 

And we good the 1 mm surveys 
from APEX 
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CND with Alma and 
Sofia Martin et al. 

Requena-Torres et al. 
High 

resolution 
images of 

the  
molecular 
and ionize 
gas in the 

CND 

Physical conditions along the CND  
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Summary 
•  High spectral and spatial resolution maps of the CO (6-5) and CO (7-6) lines have 

been observed with the CHAMP+ instrument in APEX 

•  APEX have been used, together with IRAM-30M, HERSCHEL and SOFIA, to study 
the CO excitation in the CND with better spectral and spatial resolutions than 
before. Updating the physical conditions there 

•  Using this data we conclude that the (inner) CND is best described by a 
collection of transient filamentary streamers and clumps (Güsten et al. 1987). Its 
mass is comparatively low, few 104 Msun, which has implications on the mass 
accretion rate toward the central object (Genzel et al. 2010)  

•  The APEX maps still contain information of several regions of interest, that need 
extra work and data. And other data from this telescope and HERSCHEL are still 
being analyze 

 

•  APEX will be used to obtained detailed CO (3-2) and 13CO (3-2) emission in 
the regions of interest 

•  With Sofia/GREAT we will study the variations in the excitation along the 
CND 

•  ALMA will be used to study the ionized material in the CND 



THANKS 
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Fig. 1. CND in the emission of CO(6-5), observed with the CHAMP+
receiver at APEX. The CO intensity (color map in K km/s, in Tmb)
was integrated between -150 and 150 km/s. The angular resolution of
the map is 9.5��. VLA 6cm radio continuum (contours, Yusef-Zadeh
& Morris 1987) shows ionized gas in the ”mini-spiral” near SgrA∗.
The map is centered on SgrA∗ (red star), (EQ J2000) 17o45�39.9��, -
29h00m28.1s. The two circles denote the southern (CND-S) and north-
ern (CND-N) emission maxima toward which our excitation studies
are performed, at offsets of (-20��,-30��) and (25��,40��). The diameter
of the circles corresponds to the beam of GREAT at the frequency of
the CO(11-10) transition (22.5��).

2. Observations

The GREAT observations were performed during two SOFIA
Basic Science flights in 2011. On April 08, GREAT was oper-
ated at 42700 ft altitude in its L1a/L2 configuration (Heyminck
et al. 2012), tuned to the CO(11-10) and CO(16-15) lines. In the
second flight, on July 16, (13)CO(13-12), and CO(16-15) were
observed in the L1b/L2 channels (40000 ft). We used the Fast
Fourier Transform spectrometers (FFTs, Klein et al. 2012) for
back-ends; each provided 212 kHz spectral resolution across
a bandwidth of 1.5 GHz. At the high observing frequencies,
GREAT’s bandwidth is insufficient to cover all velocities in the
Galactic center in one observation. A single setup does cover
velocities from the individual positions, however, and we made
two separate receiver tunings offset by +75 and -75 km/s relative
to rest to cover each position.

The observations were performed in double-beam switching
mode, with a throw of 360�� at a position angle of 45◦ (CCW
to R.A.), at a rate of 1 Hz. We made 5×3 and 3×3 raster maps
on an 8�� grid in equatorial coordinates for CND-S and CND-N,
respectively. Optical guide cameras established pointing to an
accuracy of 5��. The beam width Θmb is 22.5�� at the frequency
of CO(11-10), 19.1�� for CO(13-12) and 15.6�� for CO(16-15).
The main beam and forward efficiencies are ηmb =0.54 (L1)
and 0.51 (L2), with η f =0.95. The data were calibrated with
the KOSMA/GREAT calibrator (Guan et al. 2012), carefully
removing residual telluric lines, and further processed with the
GILDAS2 packages CLASS and GREG.

To confine the CO excitation of the CND we have mapped
during recent years all CO mm/submm transitions, 2 ≤ Jup ≤7
with APEX and the IRAM-30m telescope,that are accessible

2 http://www.iram.fr/IRAMFR/GILDAS

Table 1. Observed integrated line intensities

Transition Eup[K] ν[THz]

�
Tmb·dv [K km/s]

CND-S CND-N
12CO(2-1) 5.5 0.230 797.4 670.4 I
13CO(2-1) 5.3 0.220 49.0 21.2 I
12CO(3-2) 16.6 0.346 1668.3 852.9 A
12CO(4-3) 33.2 0.461 2199.6 1023.5 A
12CO(6-5) 83.0 0.691 1782.3 786.7 A
13CO(6-5) 79.3 0.661 165.5 67.2 A
12CO(7-6) 116.2 0.807 1753.0 708.6 A
12CO(10-9) 248.9 1.152 841.5 242.1 H
12CO(11-10) 304.2 1.267 818.8 218.0 G
12CO(13-12) 431.3 1.497 391.6 77.0 G
13CO(13-12) 412.3 1.431 26.5 G
12CO(16-15) 663.4 1.841 188.2 34.4 G

Notes. The integration was performed in the velocity ranges [-150,-30]
and [80,150] for CND-S and CND-N, respectively. All data were con-
volved to the 22.5�� beam of the GREAT CO(11-10) observations. For
each transition we also give the rest frequency and energy of the up-
per level above ground is. Data are from observations with APEX, the
IRAM-30m telescope, HIFI/Herschel and GREAT/SOFIA.

from these large ground-based facilities. These data will be pre-
sented elsewhere (Requena-Torres et al., in prep.); for this study
we extracted the spectra necessary for a comparison with the new
SOFIA/GREAT FIR observations. We also included a CO(10-
9) data point from the HexGal key program on the Galactic
center (PI: R.Güsten). Table 1 gives transition information and
velocity-integrated line intensities for the two positions in the
CND we analyze here, CND-S and CND-N (see Fig. 1). All
spectra were convolved from our Nyquist-sampled maps to the
same angular resolution (22.5��, of the CO(11-10) observations),
thereby defining a uniquely coherent data base.

3. Results and analysis

Fig. 2 compares the high-J 12CO spectra observed with GREAT
with those of lower rotational transitions. At negative veloci-
ties all low-rotational lines are strongly affected by deep line-
of-sight absorption features; these are negligible for Jup > 6 (Eup
>116 K). The FIR lines (Jup � 10) show clean emission profiles
from the CND only. To recover the flux affected by these ab-
sorptions, we fitted a high-order polynomial to the broad emis-
sion masking the absorptions, and used the fit to estimate the
underlying emission. Similarly, line contributions from the mas-
sive GC clouds (at and below +50 km/s) disappear for Jup �10.
Comparison of the observed isotopic line ratios (∼10-20, Table
1) with the isotopic abundance ratio determined for Galactic cen-
ter clouds, [12C]/[13C] ∼25 (Güsten et al. 1985; Wilson & Rood
1994; Martı́n et al. 2012) indicates that the CO emission from
the CND is only marginally optically thick, with opacities on
the order of unity.

The line profiles of the high-J CO lines show higher intensi-
ties for the most negative velocities in the line wings of CND-S
as the J increases. The rotation curve of the CND shows that
velocity rises toward SgrA∗ until just beyond the CND-S and
CND-N positions, so the increased velocity indicates that the
higher-J lines are displaced toward the sharp inner edge of the
CND. While this could indicate heating by the central sources,
the lack of a strong shift at CND-N suggests that local heating
is also important. Combined with the broader lines toward the
brighter CND-S position, this suggests that shocks from turbu-

2
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line temperatures (with increasing line brightness up to J=4-
3, Table 1) reflect the lines’ low optical depth, driven by the
high turbulence. The LVG optical depths in the 12CO(6-5)
lines are consistent with our LTE estimates above and pre-
dict optically thin (τ < 0.1) emission for the two lowest CO
transitions.

– Densities are tightly constrained in the reduced parameter
space. We find H2 gas densities of log(n) = 4.5+0.2

−0.6 cm−3 for
the low-excitation component for both regions. The gas den-
sity of the high-excitation component in the southern lobe
is log(n) = 5.2+0.6

−0.2. Owing to the absence of a 13CO(13-12)
measurement toward CND-N, the parameters for its high-
excitation gas are less well constrained. Values in Table 2 as-
sume the same (low) opacity for this line as derived for CND-
S. Higher gas densities are excluded because they would
overestimate the line opacities. As such our models strongly
suggest gravitational unbound clouds.

– Molecular gas masses (for the restricted velocity ranges,
Table 1) in the 22.5�� beam toward CND-S are M−30

−150 = 280
(105) M⊙ for the lower (higher) excitation phase, and M+150

+80
= 165 (40) M⊙ toward CND-N. Assuming that the CO(7-
6) emission at all velocities [-150,150] traces CND gas only
(hence no contributions from l-o-s gas) the total gas masses
toward these two positions are 795 and 590 M⊙. Next, as-
suming comparable excitation conditions throughout the in-
ner CND (defined by an outer disk radius of 3.3 pc), we
can estimate its total gas mass by scaling the masses de-
rived in the two beams (1385 M⊙) with the ratio of the to-
tal (spatially) integrated flux of the CO 7-6 transition across
the CND (Fig. 1) to the CO(7-6) flux observed in these two
beams. We derive a mass of the inner CND of 1.2 104 M⊙
- this is very comparable to the mass obtained by Genzel et
al. (1985) and, more recently, by Etxaluze et al. (2011), but
much lower than results based on dense gas tracers (see dis-
cussion).

– Kinetic temperatures for the low-excitation gas are on the
order of 200 K, and 300-600K for the high-excitation com-
ponent. The lower limit for Tkin of 150 K in all compo-
nents arises because that lower temperatures would require
gas densities in excess of the limits discussed above. Kinetic
gas temperatures as low as the dust temperatures of 24/45 K
derived from recent Herschel observations (Etxaluze et al.
2011) are inconsistent with our isotopic line ratios even if we
consider models with a lower [12CO]/[13CO] abundance ra-
tio of only 40. Our models therefore strongly support shock
heating as the most important mechanism because shocks are
the only mechanism to drive the kinetic temperature signifi-
cantly above the dust temperature.

4. Discussion

The gas densities derived from our CO excitation analysis
clearly imply that the CO emitting gas cannot be gravitation-
ally stable against tidal shear because they are much below the
Roche limit of 107 cm−3. This comparison and because the ob-
served velocity gradient is much higher than motions expected
for virialized clouds at our densities strongly suggest that the
CND clouds are transient features. This is in contrast to con-
clusions gained from studies of dense gas tracers such as HCN
and HCO+ (e.g. Christopher et al. 2005; Montero-Castaño et al.
2009). These studies derive much higher gas densities (>107

cm−3), albeit under the assumption of virialization. As a con-
sequence, these studies yield molecular gas masses on the order

Table 2. Parameters of best-fit LVG models

gas phase r0 (pc) Tkin log n(H2) log N(H2)

CND-S low exc. 0.31 200+300
−70 4.5+0.2

−0.5 22.64
high exc. 0.08 500+100

−210 5.2+0.4
−0.2 23.34

CND-N low exc. 0.32 175+425
−45 4.5+0.3

−0.7 22.35
high exc. 0.06 325+275

−165 5.3+0.6
−0.3 23.15

Notes. For each of the two gas phases we quote the kinetic tem-
perature and H2 density, the equivalent radius (source solid angle)
and the H2 column density. The latter is calculated via N(H2) =
3.09 1018 n(H2) dv (δv/δr)−1. Recall that model fits are performed in re-
stricted velocity windows only, Table 1. Uncertainties describe the 3 dB
χ2 fall-off, see Fig. 2.

of 106 M⊙ for the CND, roughly two orders of magnitude above
our estimate. We note that these differences cannot be explained
by the different critical densities between CO and HCN/HCO+
because our high-J CO transitions have values comparable to
those of the low-J HCN line and even exceed those of HCO+.

To resolve the obvious discrepancy between these classical
density tracers, a more rigorous investigation of the HCN/HCO+
excitation will be performed - including those higher excitation
submm and FIR transitions that have not been considered so
far. Complementary 13

C isotopologues shall be observed to con-
strain the opacity of the lines. Infrared pumping via the strong
14 µm radiation field in the CND will be studied In the excita-
tion models (see Sakamoto et al. 2010; Weiß et al. 2007, for
an evaluation of the effect). Observationally one should aim to
constrain this excitation path, and hence the value of HCN to
trace dense gas in the CND, by searching for the v2 vibrationally
excited rotational transitions.
Based on our GREAT/SOFIA data we conclude that the (inner)
CND is best described by a collection of transient filamentary
streamers and clumps (Güsten et al. 1987). Its mass is compar-
atively low, few 104 M⊙, which has implications on the mass
accretion rate toward the central object (Genzel et al. 2010).
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Fig. 4.— HCN(4-3) spectra measured at the positions of the different clumps.
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