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•  A few 100’s times closer than the nearest AGN à high spatial resolution 

•  GC=  0.1% of the Galaxy volume but ~10% molecular gas mass 

•  GC ISM: on average higher n(H2), Tk, Δvturb , B, … gas heating mechanisms? 

Sgr B2 (see P65 by Etxaluze et al.) 

HiGal, Molinari et al. 2011 

See reviews by Güsten et al. Genzel et al. 

Sgr A* + BH  (this talk) 

    Herschel’s far-IR  view of the Galactic Center 

~100 pc 



PACS 
 spectrometer  
(10’’ ~0.4pc) 
 

            The inner central parsec of the Galaxy 

Hersche/PACS70  
Etxaluze et al. 2011 
Molinari et al. 2011 



 Herschel PACS-SPIRE maps 
   SgrA*, the central cavity  
   and the CND 

CO J=13-12 (SPIRE) 
ESA Press release  

6 cm radiocontinuum (VLA) 

PACS + SPIRE  



SPIRE+PACS spectrum towards SgrA* 
(55-650um) 

•  Molecular lines of: OH+, H2O+, H3O+, CH+, HF, H2O, OH, NH, NH2, HCN, HCO+… 

•  Atomic fine structure lines: [OIII], [OI], [CII], [NIII], [NII] and [CI] 
•  12CO  rotational ladder (J=4-3 to 24-23 towards SgrA*, and J=30-29 towards CND)   – 20 –

Fig. 2.— Upper panel: SPIRE-FTS spectrum towards SgrA⇤. Middle and lower panels:

PACS spectra towards SgrA⇤ (black curves; yellow spaxel in Fig. 1a) and also towards the

S-CND (grey curves; blue spaxel in Fig. 1a). Flux density units are Jy/spaxel for PACS and

Jy/beam for SPIRE.

SgrA* spectrum: not as extreme as e.g., Arp220 (Gonzalez-Alfonso et al. 2013)  
                                                           or   Mrk231  ULIRGs (van der Werf et al. 2010) 

SPIRE 
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Fig. 2.— Upper panel: SPIRE-FTS spectrum towards SgrA⇤. Middle and lower panels:

PACS spectra towards SgrA⇤ (black curves; yellow spaxel in Fig. 1a) and also towards the

S-CND (grey curves; blue spaxel in Fig. 1a). Flux density units are Jy/spaxel for PACS and

Jy/beam for SPIRE.

PACS 
Powerful FIR diagnostic toolbox to characterize galaxy nuclei  



e.g., [NIII]  57um  
Ionized gas 
 
 
 

Fine structure lines: 
 

Teff ~ 35,000 ± 1,000 K 
(OB stars central cluster) 
ne > 103.5 cm-3 (from [OIII]) 

 

Background image is VLA radiocontinuum 
at 6cm (thanks to C. Lang & M. Requena) 

  The inner central parsec of the Galaxy             
  Central cavity and mini-spiral 
 

0.9 pc 



[OI]  63um  
Neutral atomic gas 
       

([OI] + [CII])/FIR ~ 0.008 
 
[OI]63/[CII]158 = 3.3±1.3 
 
[OI]63/[OI]145 = 8.3±0.5 
 
 
   à  similar to PDRs 

  The inner central parsec of the Galaxy    
  Strong [OI] emission 
 

0.9 pc 
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a) b)

Fig. 1.— (a) SPIRE-FTS 12CO J=13-12 sparse-sampling map of the GC and VLA 6cm

radio continuum (contours, Yusef-Zadeh & Morris 1987) showing ionized gas in the mini-

spiral. The position of SgrA⇤ is marked with a star. The PACS footprint is overplotted. (b).

[O i] 63µm (left) and [N iii] 57µm (right, with CO J=20-19 in pink) line profiles towards

selected positions: yellow boxes towards SgrA⇤, blue boxes towards the S-CND and red

boxes towards the N -CND.

  [OI]63µm velocity-shifts and broad line-wings in SgrA* 
  High-velocity gas motions 

0.9 pc 



CO  J=19-18  
Hot molecular gas 

  The inner central parsec of the Galaxy  
High-J CO peaks in the CND but detectable towards SgrA* 
 

A&A 542, L21 (2012)

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−1, in Tmb)
was integrated between −150 and 150 km s−1. 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) 17◦45′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′′).

to J = 16–15, and additional 13CO isotopologues to confine the
optical depth of the CO lines.

2. Observations

The GREAT observations were performed during two SOFIA
Basic Science flights in 2011. On April 08, GREAT was oper-
ated at 42 700 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 (40 000 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 ve-
locities from the individual positions, however, and we made two
separate receiver tunings offset by +75 and −75 km s−1 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 RA), 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 ηf = 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.

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

Table 1. Observed integrated line intensities

Transition Eup[K] ν[THz]

∫
Tmbdv [K km s−1]

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 convolved to the 22.5′′ beam of the GREAT CO(11–10) ob-
servations. For each transition we also give the rest frequency and en-
ergy of the upper level above ground. Data are from observations with
APEX, the IRAM-30m telescope, HIFI/Herschel and GREAT/SOFIA.

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
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

Figure 2 compares the high-J 12CO spectra observed with
GREAT with those of lower rotational transitions. At nega-
tive velocities 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 af-
fected by these absorptions, we fitted a high-order polynomial
to the broad emission masking the absorptions, and used the fit
to estimate the underlying emission. Similarly, line contributions
from the massive GC clouds (at and below +50 km s−1) disap-
pear for Jup !10. Comparison of the observed isotopic line ratios
(∼10–20, Table 1) with the isotopic abundance ratio determined
for Galactic center clouds, [12C]/[13C] ∼ 25 (Güsten et al. 1985;
Wilson & Rood 1994; Martín 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,

L21, page 2 of 4

Requena-Torres et al.  2012 

          APEX CO J=6-5 

0.9 pc 



CO  J=19-18  
Hot molecular gas 

Velocity-resolved CO observations towards SgA* 

(Goicoechea et al. 2013, ApJL submitted) 

0.9 pc 

Pointing at Sgr A* 

CO J=10-9  
 
with Herschel/HIFI 
(Bell et al., in prep.) 

(Moneti et al. 2001) 
CO J=3-2 and 7-6  

high-v excited gas 
close to SgrA* 



  The inner central parsec of the Galaxy   FIR luminosities 
  Inner 30’’x30’’      

 Species Luminosity 
[OIII]52,88µm 885 LSUN 

[OI]63,145µm 855 LSUN  
[CII]158µm 230 LSUN 
[NIII]57µm 130 LSUN 

[NII]121,206µm 120 LSUN 
12CO (J=4 to 24) 125 LSUN 
[CI]370,609µm 6 LSUN 

13CO (J=5 to 12) 4 LSUN  

                            Ionized gas ≈ 48% 
FIR cooling:  Neutral atomic ≈ 46%  à   GC = HII region  
                            CO molecular ≈ 6%               + hot neutral component 

NOTE:  Line intensities corrected by the AV=30 extinction towards the GC (corrections <15% in the FIR) 
               Extrapolation of the mid-IR extinction-law derived by Lutz (1999) for SgrA*. 



Properties and origin of hot molecular gas          
(traced by CO) towards SgrA* 

•  A moderate positive curvature in the rotational diagram can be explained either by:  
 
         (a) multiple temperature components (that could be in LTE).  
 
         (b) a (subthermally excited) single-temperature non-LTE component (Tk ≫ Trot)  
 
         

e.g., Neufeld 2012, ApJ 

3σ 

Jup 

LTE optically thin 
(from 13CO lines) 



Properties and origin of hot molecular gas          
(traced by CO) towards SgrA* 
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a) b)

Fig. 4.— (a) 12CO rotational diagram for SgrA∗. Blue and red lines show LTE fits to the

lines detected with SPIRE and PACS independently. The green curve represents the best-fit

non-LTE model with N(12CO)=1018 cm−2. Open circles correspond to 3σ upper limits for

non-detections. (b) Synthetic CO rotational temperatures (from Ju=14 to 24) obtained from

a grid of isothermal non-LTE models. Green contours show the rms levels of log10(I0/Imodel)

for fits to the absolute line intensities from 0.1 (best-fits with a rms error of ∼25%) to 0.4

in rms error steps of 0.1.

•  A moderate positive curvature in the rotational diagram can be explained either by:  
 
         (a) multiple temperature components (that could be in LTE).  
 
         (b) a (subthermally excited) single-temperature non-LTE component (Tk ≫ Trot)  
 
         

3σ 

Jup 

e.g., Neufeld 2012, ApJ 

non-LTE  



Properties and origin of hot molecular gas          
(traced by CO) towards SgrA* 
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a) b)

Fig. 3.— (a) Observed 12CO rotational diagram for SgrA⇤ (filled circles). Open circles

correspond to 3� upper limits for non-detections. The green curve represents the best-fit

isothermal model with N(12CO)=1018 cm�2. Dashed curves show rotational diagrams

from PDR models with di↵erent filling factors (Iobs=↵·IPDR). (b) Synthetic CO ro-

tational temperatures (from Ju=14-24) obtained from a grid of isothermal non-LTE models.

Green contours show the rms levels of log10(I0/Imodel) for fits to the absolute line intensities

from 0.1 (best-fits with a rms error of ⇠25%) to 0.4 in rms error steps of 0.1.

                                       PDR models (crudely) reproduce the high-J CO lines 
                          only if unresolved hot and dense clumps exist  (nH~107 cm-3) 
 
            Let’s compare with a prototypical high-UV field PDR?  The Orion Bar PDR… 
  
                                                 
 
                                                                                                     

Meudon 
PDR  
code 

Jup 

G0=104.9 



 Spitzer-IRAC 8um 

PACS Excited CO emission from 
Photodissociation Regions 

 Strongly UV-irradiated PDRs  

         Joblin et al. In prep.  
         Goicoechea et al. 2011 



     Orion Bar PDR vs. Sgr A* 
  Trot(SgrA*) > Trot (Orion Bar PDR)         L(CO)/LFIR (SgrA*) > L(CO)/LFIR (Orion Bar). 

  

 
 

ç 

PACS+SPIRE 

Orion Bar PDR 
Rotational diagram 
up to Jup~21 

UV-induced heating (Joblin et al. in prep.)p) 

NOT the same environment  



2 SCENARIOS possible: 
 
 
 
1) Distribution of temperature components, dN(CO)/dTk = aTk

−b  , at n(H2)~104-5 cm−3,   
    and b ~2.0-2.5 à with “most CO (>96%) at Tk <300 K”. 
 
      à UV heating can explain the lower-J CO emission but not the high-J CO line emission 
                                                                                      à Strongly irradiated dense clumps?          
 
 
 
2) Single, hot  (Tk≃103.1 K) and low-density  (n(H2)<104 cm−3) gas component  

     à “all CO is hot”:  PDRs, XDRs or enhanced CR flux heating NOT enough. 
                                   (also non detections of excited OH+ or H2O+ lines)                                                                        
                                                                                       àLow density shocks?? 
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a) b)

Fig. 4.— (a) 12CO rotational diagram for SgrA∗. Blue and red lines show LTE fits to the

lines detected with SPIRE and PACS independently. The green curve represents the best-fit

non-LTE model with N(12CO)=1018 cm−2. Open circles correspond to 3σ upper limits for

non-detections. (b) Synthetic CO rotational temperatures (from Ju=14 to 24) obtained from

a grid of isothermal non-LTE models. Green contours show the rms levels of log10(I0/Imodel)

for fits to the absolute line intensities from 0.1 (best-fits with a rms error of ∼25%) to 0.4

in rms error steps of 0.1.
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a) b)

c) d)

Fig. 1.— (a) SPIRE-FTS 12CO J=13-12 sparse-sampling map of the GC and VLA 6cm

radio continuum (cyan contours, Yusef-Zadeh & Morris 1987) showing ionized gas in the

mini-spiral. SgrA⇤ is marked with a star. The PACS footprint is overplotted. (b), (c) and

(d) PACS continuum-subtracted maps for the CO J=19-18 (137.196µm), [N iii] 57.317µm

and [O i] 63.183µm lines. The center of each spaxel corresponds to its o↵set position with

respect to SgrA⇤. The X-axis represents the �700 to +700 km s�1 velocity scale. The line

flux scale (Y-axis) is shown in each map. The VLA 6cm radio continuum image is

shown in the background.



19
96
Ap
J.
..
45
6.
.6
11
K

19
96
Ap
J.
..
45
6.
.6
11
K

Emission of H2, CO and H2O molecules 1749
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Figure 2. Rates of cooling of the principal molecular coolants through
C- and J-type shock waves of speed vs = 20 km s−1 and initial density
nH = n(H) + 2n(H2) = 2 × 104 cm−3. The independent variable is the
flow time of the neutral fluid (in connection with the C-type model, which
is multifluid).

electron collisional excitation of atomic hydrogen is a significant
contributor to the cooling of the gas behind the discontinuity. Fur-
thermore, it is necessary to consider whether the H I Lyman series
photons that are generated contribute significantly to dissociating
or ionizing other species, either within the shock itself or in the pre-
shock gas. The effects of the Lyman series photons produced in fast
(vs ≥ 60 km s−1), dissociative J-type shocks have been considered
by Neufeld & Dalgarno (1989).

In the case of the J-type model with vs = 30 km s−1 and
nH = 2×105 cm−3, the flux of H I Ly α photons produced by electron
collisional excitation is of the order of 1011 cm−2 s−1, which may be
compared with the integral ultraviolet flux of the mean interstellar
radiation field (of the order of 108 cm−2 s−1). The Ly α flux is of the
same order as the flux of H2 molecules (3×1011 cm−2 s−1) entering
the shock wave in this model. This criterion suggests that the Ly

10-9

10-8

10-7

10-6

10-5

10-4

10-3

101

102

103

1 1016 2 1016 3 1016 4 1016 5 1016 6 1016

H
2
O

CO

T
n

z  (cm)

fr
ac

tio
na

l a
bu

nd
an

ce
 : 

n(
X

) /
 n

H

tem
perature  (K

)

CO*

H
2
O*

10-9

10-8

10-7

10-6

10-5

10-4

10-3

101

102

103

104

-2 1014 0 100 2 1014 4 1014 6 1014 8 1014 1 1015

H
2
O

CO

T
n

z  (cm)

fr
ac

tio
na

l a
bu

nd
an

ce
 : 

n(
X

) /
 n

H

tem
perature  (K

)

CO*

H
2
O*

Figure 3. Profiles of selected oxygen-containing species through C-type
(upper panel) and J-type (lower panel) shock waves of speed vs = 20 km s−1

and initial density nH = n(H) + 2n(H2) = 2 × 104 cm−3. An asterisk on
a chemical symbol denotes a species in the grain mantles (broken lines).
The distance, z, is measured along the direction of propagation of the shock
wave.

α radiation may have a significant effect on the composition of the
pre-shock gas (cf. Shull & McKee 1979). Because the photodisso-
ciation of H2 proceeds through absorption in discrete transitions of
the Lyman and Werner bands, for example, followed by a radiative
transition into the vibrational continuum of the X1"+

g ground elec-
tronic state, the absence of wavelength coincidences with the lines
in the H I Lyman series ensures that this process may be neglected.
On the other hand, other, less abundant species may be significantly
dissociated or ionized.

In order to make a rough estimate of the possible significance of
the H I Lyman series photons, we included, in the J-type model with
vs = 30 km s−1 and nH = 2 × 105 cm−3, the photodissociation of
H2O, OH and O2, and the photoionization of C, Si S and Fe, with a
radiation amplification factor (relative to the mean interstellar field)
χ = 103, which probably overestimates the influence of the Lyman
series photons. We found that their main effects are

C© 2010 The Authors. Journal compilation C© 2010 RAS, MNRAS 406, 1745–1758
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C-type MHD shocks models  

              (Flower & PdF 2010) 
 

   Shocks near SgrA*  consistent 
 with the high velocity gas and with 
 distorted velocity field in the region 
 

Kaufman & Neufeld 1996 A. Karska et al. 2012: Herschel PACS observations of low-mass YSOs

Fig. 13. Rotational temperature of CO (top) and H2O (bottom)
as a function of different shock velocities and pre-shock densi-
ties from the shock model results of Kaufman & Neufeld (1996).
The rotational temperature is calculated from J=15-14 to 25-24
for CO and for the eight H2O lines commonly observed in this
sample.

originate from the jet itself, velocity shifts of the high−J CO
and H2O lines would be expected in the short-wavelength parts
of PACS spectra, where the spectral resolution is the highest. As
discussed in §3.3, we do not see clear evidence for velocity shifts
of 100 km s−1 or more in short-wavelength H2O and CO lines.
Low velocity emission from inside the cavity can originate from
dusty disk winds (Panoglou et al. 2012), but more modeling is
required to determine whether the line fluxes and profiles can be
reproduced in this scenario. Moreover, this explanation would
raise the question why there is no contribution from shocks along
the higher density cavity walls, which surely must be present as
well.

5.3. Comparison with shock models

The association of the CO and H2O emission with warm
dense shocked gas can be further strengthened by compar-
ison with shock models. H2O and CO are efficiently ex-
cited in non-dissociative C-type shocks (Kaufman & Neufeld
1996; Bergin et al. 1998; Flower & Pineau des Forêts 2010).
The models by Visser et al. (2012) used the output of the
Kaufman & Neufeld (1996) models to compute line fluxes along
the cavity walls. To test our full data set against these models and

further explore parameter space, rotational temperatures were
computed from the grid of Kaufman & Neufeld (1996) model
fluxes and presented in Figure 13. The results show that CO
excitation temperatures Trot ≈ 300 K for J=15–25 are readily
found for pre-shock densities of ∼ 3 · 104 − 106 cm−3 and a wide
range of shock velocities. Similar results are obtained for the
H2O excitation temperatures: the observed values of 100–200 K
correspond to the pre-shock densities of ∼ 105 − 106 cm−3 and
do not constrain the shock velocities.

The density probed by the CO and H2O lines is not
the pre-shock density; by the time CO and H2O cooling be-
comes important, the gas has been compressed by the shock
front and a more relevant density is the post-shock density
(Flower & Pineau des Forêts 2010). The compression factor,
npost / npre, is

√
2 × MA, where MA is the Alfven Mach num-

ber, !shock / !A, and !A is the Alfven velocity (Draine & McKee
1993). The Alfven velocity is !A = B /

√

4πρ = 2.18 km s−1 b /√
µH where ρ is the pre-shock density, ρ = µH mH npre; the lat-
ter relation comes from the assumption that the magnetic field is
frozen into the pre-shock gas and is B = b

√

npre [cm−3] µGauss.
For a mean atomic weight, µH, of 1.4, the compression factor is

npost
npre

=
√
2MA =

√
2!shock
!A

(3)

=
√
2 !shock

2.18 b/√µH
= 0.78 × !shock/b . (4)

For a standard value of b = 1, the compression factor is thus !
10 for all the shock velocities considered here, implying that the
relevant post-shock densities are all ! 106 cm−3 as also shown by
the RADEX results (Figure 13). At high velocities, ∼ 50 km s−1,
the post-shock densities are greater than 107 cm−3 and the emis-
sion is in LTE.

Density is clearly the critical parameter: higher Trot require
higher pre-shock densities which in turn lead to higher post-
shock densities. Thus, this shock model analysis is consistent
with that presented in §5.2 and with the typical pre-shock den-
sities found in the inner envelope. The presence of UV radiation
in the outflow cavity may affect the shock structure, however,
and new irradiated models are required to fully test this scenario
(Kaufman et al., in prep.). With the addition of UV, some OH
emission is likely also produced by photodissociation of H2O.

A large fraction of the [O i] and some OH emission must
originate in a different physical component. Because the emis-
sion from these species does not correlate with that of CO
and H2O, especially in the central spaxel, their origin is likely
in dissociative shocks rather than non-dissociative C- or J-
type shocks. In particular, the absolute flux of [O i] is gener-
ally too high to be produced in non-dissociative, C-type shocks
(Flower & Pineau des Forêts 2010). Dissociative shocks are typ-
ically found at the terminal bow shock where the >100 km s−1
jet rams into the surrounding cloud, but they can also be lo-
cated closer to the protostar where the protostellar wind im-
pacts directly on the dense inner envelope near the base of
the wind (van Kempen et al. 2010b). In dissociative shocks,
[O i] and OH emission greatly dominate over that of H2O as
molecules are gradually reformed in the dense post-shock gas
(Neufeld & Dalgarno 1989). Some emission may also arise in
the jet itself, as evidenced by the velocity shifts of ∼100 km s−1
of the [O i] line in a few sources (Figure 6), but this is usually a
minor component according to our data.
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A. Karska et al. 2012: Herschel PACS observations of low-mass YSOs

Fig. 13. Rotational temperature of CO (top) and H2O (bottom)
as a function of different shock velocities and pre-shock densi-
ties from the shock model results of Kaufman & Neufeld (1996).
The rotational temperature is calculated from J=15-14 to 25-24
for CO and for the eight H2O lines commonly observed in this
sample.

originate from the jet itself, velocity shifts of the high−J CO
and H2O lines would be expected in the short-wavelength parts
of PACS spectra, where the spectral resolution is the highest. As
discussed in §3.3, we do not see clear evidence for velocity shifts
of 100 km s−1 or more in short-wavelength H2O and CO lines.
Low velocity emission from inside the cavity can originate from
dusty disk winds (Panoglou et al. 2012), but more modeling is
required to determine whether the line fluxes and profiles can be
reproduced in this scenario. Moreover, this explanation would
raise the question why there is no contribution from shocks along
the higher density cavity walls, which surely must be present as
well.

5.3. Comparison with shock models

The association of the CO and H2O emission with warm
dense shocked gas can be further strengthened by compar-
ison with shock models. H2O and CO are efficiently ex-
cited in non-dissociative C-type shocks (Kaufman & Neufeld
1996; Bergin et al. 1998; Flower & Pineau des Forêts 2010).
The models by Visser et al. (2012) used the output of the
Kaufman & Neufeld (1996) models to compute line fluxes along
the cavity walls. To test our full data set against these models and

further explore parameter space, rotational temperatures were
computed from the grid of Kaufman & Neufeld (1996) model
fluxes and presented in Figure 13. The results show that CO
excitation temperatures Trot ≈ 300 K for J=15–25 are readily
found for pre-shock densities of ∼ 3 · 104 − 106 cm−3 and a wide
range of shock velocities. Similar results are obtained for the
H2O excitation temperatures: the observed values of 100–200 K
correspond to the pre-shock densities of ∼ 105 − 106 cm−3 and
do not constrain the shock velocities.

The density probed by the CO and H2O lines is not
the pre-shock density; by the time CO and H2O cooling be-
comes important, the gas has been compressed by the shock
front and a more relevant density is the post-shock density
(Flower & Pineau des Forêts 2010). The compression factor,
npost / npre, is

√
2 × MA, where MA is the Alfven Mach num-

ber, !shock / !A, and !A is the Alfven velocity (Draine & McKee
1993). The Alfven velocity is !A = B /

√

4πρ = 2.18 km s−1 b /√
µH where ρ is the pre-shock density, ρ = µH mH npre; the lat-
ter relation comes from the assumption that the magnetic field is
frozen into the pre-shock gas and is B = b

√

npre [cm−3] µGauss.
For a mean atomic weight, µH, of 1.4, the compression factor is

npost
npre

=
√
2MA =

√
2!shock
!A

(3)

=
√
2 !shock

2.18 b/√µH
= 0.78 × !shock/b . (4)

For a standard value of b = 1, the compression factor is thus !
10 for all the shock velocities considered here, implying that the
relevant post-shock densities are all ! 106 cm−3 as also shown by
the RADEX results (Figure 13). At high velocities, ∼ 50 km s−1,
the post-shock densities are greater than 107 cm−3 and the emis-
sion is in LTE.

Density is clearly the critical parameter: higher Trot require
higher pre-shock densities which in turn lead to higher post-
shock densities. Thus, this shock model analysis is consistent
with that presented in §5.2 and with the typical pre-shock den-
sities found in the inner envelope. The presence of UV radiation
in the outflow cavity may affect the shock structure, however,
and new irradiated models are required to fully test this scenario
(Kaufman et al., in prep.). With the addition of UV, some OH
emission is likely also produced by photodissociation of H2O.

A large fraction of the [O i] and some OH emission must
originate in a different physical component. Because the emis-
sion from these species does not correlate with that of CO
and H2O, especially in the central spaxel, their origin is likely
in dissociative shocks rather than non-dissociative C- or J-
type shocks. In particular, the absolute flux of [O i] is gener-
ally too high to be produced in non-dissociative, C-type shocks
(Flower & Pineau des Forêts 2010). Dissociative shocks are typ-
ically found at the terminal bow shock where the >100 km s−1
jet rams into the surrounding cloud, but they can also be lo-
cated closer to the protostar where the protostellar wind im-
pacts directly on the dense inner envelope near the base of
the wind (van Kempen et al. 2010b). In dissociative shocks,
[O i] and OH emission greatly dominate over that of H2O as
molecules are gradually reformed in the dense post-shock gas
(Neufeld & Dalgarno 1989). Some emission may also arise in
the jet itself, as evidenced by the velocity shifts of ∼100 km s−1
of the [O i] line in a few sources (Figure 6), but this is usually a
minor component according to our data.
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•  GC is a unique laboratory for extragalactic nuclei studies ß far-IR shifts to ALMA for high-z 
 
•  Spectral-mapping  provides new insights on the gas physical conditions and on the main 

heating mechanisms at large scales (not with photometry). 

•  Irradiated warm (200-300K ) dense clumps as possible explanation of the CO observations. 
 
•  A hot CO component (Tk~1000 K) could be alternatively inferred towards in the gas near 

SgrA*.   In this case low-density shocks could dominate the heating (outflows? Infall? cloud-
cloud collisions?) 

 
•  High angular resolution observations (ALMA) of high excitation lines of HCN/HCO+/CS could 

help in constraining the physical conditions of the gas. 
 
                                                           

Conclusions 


