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                         Star light “recycled” by dust and gas ( i.e., by the ISM ) 

                  Complete picture only seen by observing at long wavelengths  

Galliano	  et	  al.  
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	  	  	  	  	  mm	  and	  submm	  

CO	  J=1-‐0	  at	  115	  GHz	  	  	  

	  	  	  	  	  	  ΔE/kB	  ~	  5.5	  K	  

   Schinnerer+13 
(NOEMA+IRAM30m) 

~ 10 kpc 

à Access	  to	  the	  	  
molecular	  Universe	  
(H2,	  CO,	  …,	  dust…)	  



10 CHAPTER 1

Figure 1.3 Flow of energy in the Milky Way.

ground, far-infrared (FIR) emission from dust, and starlight. It is a remarkable
fact that in the local ISM, today, these energy densities all fall within the range
0.2 ! 2 eV cm!3 – see Table 1.5. This near-equipartition is partly coincidental –
the fact that the energy density in the CMB is similar to the other energy densities
is surely accidental – but the other six energy densities are in fact coupled: the
magnetic energy has been built up by fluid motions, so it is probably not a coin-
cidence that the magnetic energy density B2/8! and the turbulent energy density
(1/2)"v2 are comparable in magnitude. Similarly, if the cosmic ray energy den-
sity were much larger, it would not be possible for the magnetized ISM to confine
the cosmic rays, and they would be able to escape freely from the Galaxy – this
negative feedback limits the cosmic ray energy density to approximate equiparti-
tion with the sum of the turbulent energy density and thermal pressure in the ISM.
The fact that the starlight energy density is comparable to the gas pressure may be
coincidental. However, if the starlight energy density were much larger (by a fac-
tor "102), radiation pressure acting on dust grains would be able to “levitate” the
ISM above and below the Galactic midplane, presumably suppressing star forma-
tion; this feedback loop may play a role in regulating the starlight energy density in
star-forming galaxies.

The ISM is far from thermodynamic equilibrium, and it is only able to maintain
this nonequilibrium state because of the input of “free energy,” primarily in the
form of ultraviolet radiation emitted by stars, but with a significant and important
contribution of kinetic energy from high-velocity gaseous ejecta from supernovae.
The overall flow of energy in the ISM is sketched in Figure 1.3. Ultimately, nearly
all of the energy injected into the ISM in the form of starlight and kinetic energy
of stellar ejecta is lost from the galaxy in the form of emitted photons, departing to
the cold extragalactic sky.

Flow	  of	  Energy	  in	  our	  Galaxy	  	  

Draine’s book (2010) Observables     ç 
	  	  	  	  	  	  ISM:	  non-‐equilibrium	  system	  dissipaMng	  	  different	  types	  of	  energy	  (~equiparMMon)	  	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Only	  ~1%	  of	  the	  ISM	  mass	  is	  in	  dust	  grains	  of	  <1μm	  size	  (gas	  dominates)	  



Dusty	  and	  molecular	  
	  clouds	  in	  the	  Milky	  Way	  

Dust	  emission	  (submm)	  
	  	  	  (353,	  545,	  857	  GHz)	  
	  
MagneMc	  field	  direcMon	  
	  	  	  	  	  	  	  	  	  	  	  	  (texture)	   

Planck	  collaboraMon	  2015 

~ 300 pc 

40º x 40º 



       ISM	  &	  Star	  Forming	  Clouds:	  great	  complexity	  

 Complex Cloud	  morphology	  and	  structures	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	      Herschel 70/160/250um 
Diffuse emission,	  denser	  filaments,	  cores,	  protostars	  +	  ou3lows…	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  PACS+SPIRE 

 Large scale dust thermal emission 
 (ORION B, Schneider et al. 2013 
   Gult Belt Survey, André et al.)  

4.5º x 1.5º 

HL Tau protoplanetary disk     ~ 200 A
U

 ≈ 10
-3 pc 

 
Dust emission with ALMA, Press Release 



1.2 Components of the interstellar medium 7

Table 1.1 Characteristics of the phases of the interstellar medium

Phase na
0 (cm

!3) Tb (K) !c
v (%)

Md

(109 M")
< n0 >e

(cm!3) Hf (pc)
"g

#M"pc!2$

Hot
intercloud 0.003 106 #50.0 — 0%0015 3000 0%3

Warm
neutral
medium 0.5 8000 30.0 2%8 0%1h 220h 1%5

0%06h 400h 1%4
Warm

ionized
medium 0.1 8000 25.0 1%0 0%025i 900i 1%1

Cold neutral
mediumj 50.0 80 1.0 2%2 0%4 94 2%3

Molecular
clouds >200.0 10 0.05 1%3 0%12 75 1%0

HII regions 1–105 104 — 0%05 0%015k 70k 0%05

a Typical gas density for each phase.
b Typical gas temperature for each phase.
c Volume filling factor (very uncertain and controversial!) of each phase.
d Total mass.
e Average mid-plane density.
f Gaussian scale height, # exp&!#z/H$2/2', unless otherwise indicated.
g Surface density in the solar neighborhood.
h Best represented by a Gaussian and an exponential.
i WIM represented by an exponential.
j Diffuse clouds.
k HII regions represented by an exponential.

1.2.2 Ionized gas

Diffuse ionized gas in the ISM can be traced through dispersion of pulsar signals,
through optical and UV ionic absorption lines against background sources, and
through emission in the H( recombination line (see Fig. 1.5). The first two can
only be done in a limited number of selected sight-lines. The faintness and large
extent of the galactic H( hamper the last probe. While most of the H( luminosity
of the Milky Way is emitted by distinct HII regions, almost all of the mass of
ionized gas (109 M") resides in a diffuse component. This warm ionized medium
(WIM) has a low density ($0%1 cm!3), a temperature of%8000K, a volume filling
factor of $0%25, and a scale height of $1 kpc. The weakness of the [OI] )6300
line (in a few selected directions) implies that the gas is nearly fully ionized. The
source of ionization is not entirely clear. Energetically, ionizing photons from
O stars are the most likely candidates but these photons have to “escape” from
the associated HII regions and travel over large distances (hundreds of parsecs)

Phases	  of	  the	  ISM	  in	  our	  Galaxy	  (H+,	  HI,	  H2)	  	  

The	  volume	  filling	  factor	  scales	  inversely	  with	  the	  density:	  most	  of	  the	  mass	  is	  in	  the	  neutral	  
(cold)	  phases,	  most	  of	  the	  volume	  is	  in	  the	  hot	  &	  warm	  phases.	  
	  
	  The	  ISM	  is	  dynamic	  :	  changes	  of	  ‘phase’	  occur,	  mulMple	  interfaces	  along	  each	  line-‐of-‐sight	  	  
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                          Density    Temp.    Volume (%)      Mass  

~Pressure	  equilibrium 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (Field+69)	  

Tielens’s book (2005) 

WNM 

CNM 

	  Best	  laboratory	  ultra-‐vacuum	  chambers:	  	  
	  	  	  	  	  	  	  P	  	  =	  2.5·∙10-‐11	  mbar	  	  ≈	  	  	  n~105	  cm-‐3	  

SF 



	  	  	  	  	  	  	  	  	  	  	  Open	  quesLons	  	  
-‐  How	  do	  interstellar	  clouds	  form	  and	  collapse	  into	  stars	  (and	  planets)	  ??	  
	  
	  
-‐  How	  do	  the	  different	  energy	  sources	  (photons,	  cosmic	  rays,	  turbulence,	  magneMc	  fields)	  

contribute	  to	  the	  thermal	  and	  dynamical	  properMes	  of	  the	  ISM	  ?	  

-‐  	  Molecules	  are	  the	  key	  diagnosMcs	  à	  astrochemistry	  	  	  	  	  	  	  	  	  How	  are	  molecules	  formed?	  
	   	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  What	  do	  different	  molecules	  trace?	  
	   	   	   	   	   	  	  	  	  	  	  	  	  How	  is	  the	  ISM	  enriched	  ?	  	  



	  	  The	  mm	  and	  submm	  tool	  box	  	  

	  (λ	  >	  rgrain)	  	  	  	  	  	  ⇒	  	  	  “Transparent”	  to	  dust	  	  ⇒	  	  	  Obscured	  environments	  in	  the	  visible	  	  
	  (nH	  ~10-‐108	  cm-‐3,	  Tk	  ~10-‐2000	  K)	  	  ⇒	  	  	  Molecular	  and	  dusty	  Universe	  

ALMA:	  	  	  ν=84-‐950	  GHz,	  	  	  λ=	  3.5	  –	  0.3	  mm	  	  

NOEMA:	  	  	  ν=80-‐370	  GHz,	  	  	  λ=	  3.7	  –	  0.8	  mm	  	  



~200 molecules: ~135 through sub(mm) spectra  
     e.g. CDMS, JPL, NIST, … 



	  	  The	  mm	  and	  submm	  tool	  box	  	  

1)	  ConLnuum:	  	  	  	  Dust	  thermal	  emission	  	  	  Iν	  =	  Bν	  (Td)·∙	  (1-‐exp(-‐τd))	  ≈	  	  Bν	  (Td)·∙	  τd 	  
	  	  

2)	  Ionized	  gas:	  	  	  	  H,	  and	  He	  recombinaLon	  lines	  	  (α,	  β,	  …	  lines)	  à	  	  HII	  regions	  

3)	  Neutral	  atomic	  gas:	  	  	  C	  recomb.	  	  lines,	  	  [CI]490,	  809	  GHz	  fine	  structure	  	  à	  PDRs	  

4)	  	  Molecular	  gas	  (rotaMons):	  	  	  	  	  	  

	  	  	  	  -‐	  Low-‐J	  rotaMonal	  lines	  	  (e.g.	  CO	  ladder	  from	  J=1-‐0	  to	  8-‐7)	  	  

	  	  	  	  -‐	  Intermediate-‐J	  lines	  from	  heavy	  molecules,	  COMs,	  …	  (e.g.	  HC3N	  from	  J	  >	  9)	  	  	  

	  	  	  	  -‐	  Ground-‐state	  lines	  of	  light	  molecules	  (e.g.	  13CH+	  J=1-‐0	  @	  830	  GHz)	  

	  	  	  -‐	  	  RotaMonal	  lines	  from	  vibraMonally	  excited	  levels	  (HCN*	  ,	  HC3N*)	  	  	  

ALMA:	  	  	  ν=84-‐950	  GHz,	  	  	  λ=	  3.5	  –	  0.3	  mm	  	  

NOEMA:	  	  	  ν=80-‐370	  GHz,	  	  	  λ=	  3.7	  –	  0.8	  mm	  	  



Importance	  of	  molecules	  
•  	  ExoMc	  chemistry	  and	  	  unique	  laboratory	  

•  	  Chemical	  composiMon,	  evolves	  with	  Mme	  

	  

	  

•  	  Molecules	  as	  physical	  diagnosMcs	  (Tkin,	  n,	  v,	  B,	  ζCR	  ,	  age,	  …)	  

•  	  Thermodynamics:	  gas	  coolants	  	  (e.g.	  gravitaMonal	  collapse)	  

 

 

 

               

  

 astrochemistry  

 astrophysics  

	  	  	  ISM	  chemistry	  is	  not	  in	  thermochemical	  equilibrium	  but	  controlled	  by	  2-‐body	  	  

	  	  	  	  	  gas-‐phase	  reacMons	  (e.g.	  C+	  +	  H2	  à	  CH+	  +	  H)	  à	  reac6on	  kine6cs	  
	  

	  	  	  	  	  	  Gas-‐phase	  molecules	  are	  (predominantly)	  synthesised	  in	  exothermic	  

	  	  	  ion-‐molecule	  reacLons	  in	  the	  gas	  and	  on	  the	  surfaces	  of	  Lny	  dust	  grains.	  	  

 

 

 



Diffuse molecular clouds Dense molecular clouds 

            Low densities, warm gas 
  UV dissociation, CR ionization, turbulence… 

 

High densities, cold gas 
Depletion, CR ionization… 

Simple hydrides: OH+, CH+ , HF, … 
seen in absorption 

CO 1-0  seen in emission 

H2O, … even CO freeze out 
Heavier molecules: N2H+… 

Deuterated isotopologues: N2D+ 
…  



Protostellar outflows 
and shocks 

High-Temperature chemistry 
Grain sputtering 

 H2O, OH,  SiO and hot CO … 

Hot Cores around  
massive protostars 

Ice-mantle evaporation 
Warm-temperature chemistry 

CH3OH, NH3, complex organics… 



Circumstellar envelopes 
around evolved stars 

High densities, dust formation  

with metals: NaCl… 
refractory: TiO, SiC2… 

UV-irradiated cloud 
surfaces (PDRs) 

Photochemistry, 
Ion-molecule chemistry  

PAHs,  C+ , O, 
 reactive ions (CO+  , HOC+ …), 

hydrocarbons (C3H+ …) 



	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
Single-‐dish:	  mapping	  large	  ISM	  scales	  
-‐  	  Mapping:	  arcmin	  to	  degrees	  (~parsecs)	  with	  >10’’	  resoluMon	  
-‐  	  Study	  enMre	  cloud	  structure	  (e.g.	  filaments),	  environmental	  condiMons…	  
-‐  	  MM	  &	  SUBMM	  telescopes:	  IRAM-‐30m,	  	  APEX,	  JCMT,	  LMT,	  (Herschel,	  Planck,	  CSO)…	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  

	  	  	  	  ALMA	  &	  NOEMA:	  small	  scales	  (<1’’)	  
-‐  Fundamental	  structures	  in	  Tk,	  nH	  and	  composiMon	  down	  to	  few	  hundred	  AU	  
-‐  Resolve	  individual	  objects:	  cores,	  disks,	  distant	  ISM	  clouds	  (GalacMc	  Center,	  LMC)…	  
-‐  Mosaicing	  	  allows	  imaging	  a	  few	  arcmin2	  à	  not	  trivial	  

	   	   	  	  	  (ISM	  =	  extended	  emission	  +	  embedded	  sub-‐structures)	  
	  	  	  	  	  	  	  	  

mm-‐submm	  telescopes 



Horsehead  Orion Bar  

Proplyd 

χFUV	  ~	  a	  few	  104 	  χFUV	  ~	  100 

	  	  	  	  	  	  UV-‐ILLUMINATED	  ISM	  CLOUDS	  	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  PHOTODISSOCIATION	  REGIONS	  (PDRs)	  	  	  
(e.g.	  Hollenbach	  &	  Tielens	  1999;	  Le	  Bourlot	  et	  al.	  1993)	  

	  χFUV	  ~	  1 

Diffuse clouds  

<1’’ 



 E> 13.6 eV photons ionize H   Only E< 13.6 eV photons penetrate 

Av~0                    ~1 mag                           ~10 mag	


HII 

neutral 
atomic 

neutral 
molecular 

NH (cm-2) ≈ 1021 Av = nH (cm-3) x lenght (cm)  

Models : LEVRIER Lecture 



 Simple molecules in diffuse ISM 

               	  Gerin	  et	  al.	  2010,	  	  Neufeld	  et	  al.,	  2010…	  	  with	  Herschel/HIFI	  

            High-‐resoluLon	  (heterodyne,	  <	  1km/s)	  rotaLonal	  ABSORPTION	  spectroscopy	  
	  	  	  	  	  	  	  	  	  	  	  FIR-‐(sub)mm	  domain:	  	  J=1-‐0	  transiLon	  of	  light	  molecules	  ~500-‐2500	  GHz	  (0.5-‐2.5	  THz)	  	  

Doppler shift:   

972	  GHz 
1115	  GHz 
1234	  GHz 
1113	  GHz	  



Liszt, Pety, Guzmán, et. al: Widespread CF+ absorption
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Fig. 2. Histograms of integrated optical depth over discrete ve-
locity ranges for species observed in absorption toward W49N,
normalized to a maximum of unity in each case. The quantities
plotted are those given in Table 2. Scaled and o!set absorption
spectra are shown superposed in red to illustrate the underlying
kinematic features in the velocity bins.

olution and channel spacing 48.8 kHz. The HCO+ spectrum
shown in Fig. 1 is the average of four spectra taken at posi-
tions displaced ±1.4! to the East and North, to avoid contami-
nation of the very weak emission by absorption. The CO pro-
files were taken directly toward the continuum, as the W49N
continuum was a small fraction of a Kelvin at the ARO 12m
antenna. Reliably observing carbon monoxide in absorption to-
ward W49N would require spatial resolution and resolved flux
substantially exceeding those achieved in the PdBI synthesis of
CF+ here, for which the peak flux of 3.6 Jy/beam was equivalent
to 15 K. This is not so much larger than the 4 K emission bright-
ness of CO that a pure absorption spectrum could be acquired.

2.4. Optical depths, error estimates, upper limits and column
density conversions

The spectroscopic parameters of the observed CF+ transitions
are given in Table 1 and optical depth integrals for CF+ and other
species discussed here are given in Table 2. Quantities in paren-
theses in Table 2 are 1! rms errors in the tabulated quantities
determined from the rms noise level at zero absorption but ac-
counting for the saturation in the absorption line profile. Where
the integrated optical depth was detected at a level well below
3! the integral is shown as zero and 3! upper limits are plotted
in the various Figures.

In the present experiment the hyperfine structure of CF+ was
unresolved and the integrated optical depth is 50% larger than if
the stronger component had been observed alone. Hence N(CF+)
is derived from the integrated optical depth in Table 2 using
N(CF+) = 2/3 " 2.02 " 1013 cm#2

!
"dv with the optical depth

integral expressed in km s#1. Conversion factors between inte-
grated optical depth and column density are given separately in
Table 3, assuming excitation in equilibrium with the cosmic mi-
crowave background.

3. The line of sight toward W49N
3.1. Line profiles

#3mm line profiles observed toward W49N are shown in Fig. 1.
Emission lines from dense gas in the W49N complex peak at 0
- 15 kms#1 but may have broad wings extending well beyond
this range: CF+ and HCO are notable exceptions because they
do not appear in emission at the PdBI. When the emission is not
too broad the continuum and the source emission profiles are
noticeably absorbed at 5-20 km s#1. Much of this absorption is
due to gas within and on the near-side of the W49N complex
itself: The relationship between emission and absorption pro-
files of HCO and H13CO+ as seen by the PdBI toward W49N
is shown in Fig. 4 of Liszt et al. (2014). Interstellar absorption
from gas lying closer to the Sun must also be present at v <$ 20
km s#1 but is masked by the contribution fromW49N. As shown
in Appendix B, the velocity range v < 20 km s#1 corresponds to
the nearest 1.75 kpc along the line of sight.

At bottom in Fig. 1 are strong interstellar absorption lines
of HNC, HCO+ and 3̧h2, representing three distinct chemical
families. HCO+ (Lucas & Liszt, 1996) and the hydrocarbons
CH (Gerin et al., 2010), C2H and 3̧h2 (Lucas & Liszt, 2000;
Gerin et al., 2011) are especially ubiquitous and show the widest
range of absorption. The hydrocarbons and HCO+ have rather
stable abundanceswith respect to H2, which we use to derive col-
umn densities of H2 using X(CH) = N(CH)/N(H2) = 3.5 " 10#8
(She!er et al., 2008) toward W49N and X(HCO+) = 3 " 10#9
(Table 4 and Liszt et al. (2010)) for quasar lines of sight where
CH was not observed. Scatter in the CH-H2 relationship, uncor-
rected for measurement errors, is a factor 1.6 as employed in Fig.
5. The column densities of CN, HNC and HCN vary together in
fixed proportion but only achieve high abundance relative to H2
at higher N(H2) (Liszt & Lucas, 2001; Godard et al., 2010) and
presumably at somewhat higher number density as well. For this
reason they have more limited absorption profiles but serve to
distinguish the more di!use molecular gas.

In the middle panel of Fig. 1 are profiles of three weaker-
lined species including the detection spectrum of CF+. With
su"cient sensitivity the interstellar H13CO+ and HCO+ absorp-
tion profiles would presumably be identical in shape. With the
present sensitivity all of these species show absorption over only

3

AbsorpLon	  observaLons	  towards	  	  
millimeter	  conLnuum	  peaks	  	  
(heavier	  molecules)	  

Liszt,	  Pety,	  Guzmán	  et	  al.	  2015	  and	  references	  therein 

NOEMA	  absorpMon	  observaMons	  towards	  	  
W49N	  high-‐mass	  star	  forming	  region 

Ground-‐state	  lines	  in	  the	  mm 
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Fig. 2. Histograms of integrated optical depth over discrete ve-
locity ranges for species observed in absorption toward W49N,
normalized to a maximum of unity in each case. The quantities
plotted are those given in Table 2. Scaled and o!set absorption
spectra are shown superposed in red to illustrate the underlying
kinematic features in the velocity bins.

olution and channel spacing 48.8 kHz. The HCO+ spectrum
shown in Fig. 1 is the average of four spectra taken at posi-
tions displaced ±1.4! to the East and North, to avoid contami-
nation of the very weak emission by absorption. The CO pro-
files were taken directly toward the continuum, as the W49N
continuum was a small fraction of a Kelvin at the ARO 12m
antenna. Reliably observing carbon monoxide in absorption to-
ward W49N would require spatial resolution and resolved flux
substantially exceeding those achieved in the PdBI synthesis of
CF+ here, for which the peak flux of 3.6 Jy/beam was equivalent
to 15 K. This is not so much larger than the 4 K emission bright-
ness of CO that a pure absorption spectrum could be acquired.

2.4. Optical depths, error estimates, upper limits and column
density conversions

The spectroscopic parameters of the observed CF+ transitions
are given in Table 1 and optical depth integrals for CF+ and other
species discussed here are given in Table 2. Quantities in paren-
theses in Table 2 are 1! rms errors in the tabulated quantities
determined from the rms noise level at zero absorption but ac-
counting for the saturation in the absorption line profile. Where
the integrated optical depth was detected at a level well below
3! the integral is shown as zero and 3! upper limits are plotted
in the various Figures.

In the present experiment the hyperfine structure of CF+ was
unresolved and the integrated optical depth is 50% larger than if
the stronger component had been observed alone. Hence N(CF+)
is derived from the integrated optical depth in Table 2 using
N(CF+) = 2/3 " 2.02 " 1013 cm#2

!
"dv with the optical depth

integral expressed in km s#1. Conversion factors between inte-
grated optical depth and column density are given separately in
Table 3, assuming excitation in equilibrium with the cosmic mi-
crowave background.

3. The line of sight toward W49N
3.1. Line profiles

#3mm line profiles observed toward W49N are shown in Fig. 1.
Emission lines from dense gas in the W49N complex peak at 0
- 15 kms#1 but may have broad wings extending well beyond
this range: CF+ and HCO are notable exceptions because they
do not appear in emission at the PdBI. When the emission is not
too broad the continuum and the source emission profiles are
noticeably absorbed at 5-20 km s#1. Much of this absorption is
due to gas within and on the near-side of the W49N complex
itself: The relationship between emission and absorption pro-
files of HCO and H13CO+ as seen by the PdBI toward W49N
is shown in Fig. 4 of Liszt et al. (2014). Interstellar absorption
from gas lying closer to the Sun must also be present at v <$ 20
km s#1 but is masked by the contribution fromW49N. As shown
in Appendix B, the velocity range v < 20 km s#1 corresponds to
the nearest 1.75 kpc along the line of sight.

At bottom in Fig. 1 are strong interstellar absorption lines
of HNC, HCO+ and 3̧h2, representing three distinct chemical
families. HCO+ (Lucas & Liszt, 1996) and the hydrocarbons
CH (Gerin et al., 2010), C2H and 3̧h2 (Lucas & Liszt, 2000;
Gerin et al., 2011) are especially ubiquitous and show the widest
range of absorption. The hydrocarbons and HCO+ have rather
stable abundanceswith respect to H2, which we use to derive col-
umn densities of H2 using X(CH) = N(CH)/N(H2) = 3.5 " 10#8
(She!er et al., 2008) toward W49N and X(HCO+) = 3 " 10#9
(Table 4 and Liszt et al. (2010)) for quasar lines of sight where
CH was not observed. Scatter in the CH-H2 relationship, uncor-
rected for measurement errors, is a factor 1.6 as employed in Fig.
5. The column densities of CN, HNC and HCN vary together in
fixed proportion but only achieve high abundance relative to H2
at higher N(H2) (Liszt & Lucas, 2001; Godard et al., 2010) and
presumably at somewhat higher number density as well. For this
reason they have more limited absorption profiles but serve to
distinguish the more di!use molecular gas.

In the middle panel of Fig. 1 are profiles of three weaker-
lined species including the detection spectrum of CF+. With
su"cient sensitivity the interstellar H13CO+ and HCO+ absorp-
tion profiles would presumably be identical in shape. With the
present sensitivity all of these species show absorption over only
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Figure 5
Absorption spectra observed toward W31C. Left panel from top to bottom: spectra of H2S 110 ! 101 at 168.8 GHz
(based on data published by Neufeld et al. (2015a)); CH 2!3/2 J = 3/2 !2 !1/2 J = 1/2 at 532.7/536.8 GHz
(Gerin et al. 2010a); SH 2!3/2J = 5/2! 3/2 at 1381 GHz Neufeld et al. (2015a); HF J = 1! 0 at 1232 GHz; H2O
111 ! 000 at 1113 GHz (Neufeld et al. 2010); NH JN = 21 ! 10 at 974.5 GHz; NH3 JK = 21 ! 11 at 1215.2 GHz
(Persson et al. 2010). Right panel from top to bottom: Hi 21 cm (Winkel et al. in preparation); 12CH+ J = 1 ! 0 at
835.1 GHz; 13CH+ J = 1 ! 0 at 830.2 GHz (Godard et al. 2012); ArH+ J = 1 ! 0 at 617.5 GHz (Schilke et al.
2014); OH+ 2!3/2J = 5/2 ! 3/2 at 971.8 GHz; H2O+ 111 ! 000 at 1115 GHz (Gerin et al. 2010b); H2Cl+
111 ! 000 at 485.4 GHz (Neufeld et al. 2012). For species with a partially-resolved hyperfine splitting (CH, SH,
NH, OH+, H2O+), black histograms show the observations and color histograms show the hyperfine-deconvolved
spectra. For clarity, the spectra are separated by vertical o"sets. The ArH+ spectrum is expanded by a factor 4 (in
addition to being translated) so that the relatively weak absorption is clearer.

at submillimeter, infrared or visible wavelengths. Herschel observations have led to the discovery
of interstellar SH+, HCl+, H2Cl+, H2O+ and ArH+, and the first extensive observations of HF and
OH+; SOFIA observations have enabled the first detection of interstellar SH, and the first heterodyne
observations of the 2.5 THz ground state rotational line of OH.

SOFIA: The
Stratospheric
Observatory For
Infrared Astronomy is
an airborne 2.7m
telescope, covering the
wavelength range 1 -
655 µm, operated by
NASA and the German
Aerospace Center
(DLR).

Submillimeter absorption-line studies withHerschel and SOFIA have typically made use of strong
continuum sources in the Galactic plane, at distances up to " 11 kpc from the Sun and with sightlines
that can intersect multiple di"use clouds in foreground spiral arms. Thanks to the di"erential rotation
of the Galaxy, di"erent di"use clouds along a single sightline give rise to separate velocity components
in the observed absorption spectra. Herschel observations have been performed towards " 20 such
continuum sources, revealing " 100 distinct components in which molecular column densities can be
determined.

Figure 5 shows the spectra of a dozen hydride molecules observed along the sightline to W31C, a
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Figure 15
Frequencies of the ground state transitions of the main hydrides as a function of redshift. Some rotationaly excited
lines of water vapor are also included. Molecular ions are shown with squares. On the left panel, oxygen-bearing
species are displayed in blue, carbon-bearing species in red, and halogens in green. On the right panel,
nitrogen-bearing species are shown in red, sulfur-bearing species in blue and halogens in green. ALMA bands 2 to
10 are indicated in grey.

same hydride lines that were seen in the Milky Way by Herschel (Muller et al. 2014b,a). Other high
redshift hydride detections include H2O+ in a bright submillimeter galaxy (Weiß et al. 2013), CH in
the average spectrum of 22 such objects (Spilker et al. 2014), CH+ in the optical afterglow spectrum
of the gamma ray burst GRB 145050A at z=0.89 (Fynbo et al. 2014) and in three hyper luminous
galaxies (Falgarone et al. 2015).

While the same species are detected at z ! 1 as in the Milky Way, some hydrides may become
undetectable at higher redshift because of the lack of the corresponding chemical element. For instance
HF has been tentatively detected in Cloverleaf QSO at z = 2.56 (Monje et al. 2011) but not in the higher
redshift source APM 08279+5255 at z = 3.89 (Lis et al. 2011). The absence of HF is best explained
by a low fluorine abundance, since the same source exhibits bright CO and H2O lines.

The comparison of carefully selected hydride line profiles provides an interesting test of the vari-
ation of two fundamental constants with time, the fine structure constant ! = e2/!c and the proto-to-
electron mass ratio µ = mp/me. The sensitivity of the CH doublet at 532/536 GHz to variations in !
and µ have been computed by de Nijs, Ubachs & Bethlem (2012). These lines can be observed simul-
taneously with the 110 " 101 transition of o-H2O, reducing the systematic e!ects when comparing lines
at very di!erent frequencies, and therefore are complementary to other diagnostics like NH3, CH3OH
and H2 discussed by Jansen, Bethlem & Ubachs (2014).

9. CONCLUSIONS AND FUTURE PROSPECTS
Since their first discovery in the di!use interstellar medium, hydrides have been proven to exist in
the wide variety of interstellar and circumstellar environments, from the most di!use, almost purely
atomic regions, up to dense cores and protoplanetary disks. Given the relative simplicity of their
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ConMnuum	  source:	  	  lensed	  blazar	  PK	  180-‐211 A&A 566, A112 (2014)

Fig. 2. Map of the 290 GHz continuum emission of PKS 1830!211, showing the two resolved lensed images of the blazar (left, contour levels
every 0.1 Jy/beam, with the synthesized beam indicated as the dashed ellipse in the bottom left corner) and spectra of the fundamental 557 GHz
transition of ortho-water extracted toward each line-of-sight (middle, normalized to the continuum level of each lensed image). An I-band image
obtained with the Hubble Space Telescope, revealing the foreground z = 0.89 spiral galaxy, is also shown (right) with the same angular scale as
the left panel. The two crosses indicate the position of the blazar images.

At mm/submm wavelengths, it is expected that the contin-
uum emission of the blazar is reduced to the two compact images
NE and SW, since the pseudo-Einstein ring has a much steeper
spectral index (! = 1.5!2.0) than the two compact images (! "
0.7). For illustration, we show in Fig. 2 the CLEAN-deconvolved
map of the 290 GHz continuum emission of PKS 1830!211,
with spectra extracted toward each lensed image. This decon-
volution step can be avoided, since the source can be simply
modeled with two point-like components (with well known rel-
ative positions from VLBI observations) and the spectra can be
directly extracted from the visibilities. This approach allows us
to resolve the two images NE and SW, even at B3 in spite of
the synthesized beam of "2##. We use the Python-based task !"-
#!$%&'&% (Martí-Vidal et al. 2014) to extract the spectra toward
the NE and SW images from visibility-based analysis.

In a first step, the visibilities in the spectral channels with no
absorption or atmospheric lines were fit with a model consist-
ing of two point-like sources, where the relative positions were
fixed and the flux densities left as free parameters. The visibility
phases were then self-calibrated using this best-fit model, with
one gain solution every 30 s. The self-calibration improved the
signal-to-noise ratio of the data typically by a factor of "2. Next,
the self-calibrated visibilities were fit again with two point-like
sources, but solved, on a spectral channel basis, for the flux den-
sity of the NE image and for the flux ratio SW/NE. The result-
ing “spectrum” contains the absorption lines toward the SW im-
age, normalized to the flux density of the NE image, together
with the absorption lines toward the NE image, but inverted,
as seen in Fig. 1b. This “self-bandpass” strategy o!ers the ad-
vantages of removing the bandpass residuals from the bandpass
calibrator, as discussed above, as well as from the atmospheric
lines (dominated by O3, see Table A.2). We noticed that the self-
bandpass spectra occasionally showed a small residual spectral
index, due to the intrinsic activity of the blazar and the time
delay between the two lensed images. This was removed by a
first order polynomial. Finally, the Doppler correction was ap-
plied in CASA, using the task cvel in the LSRK frame (Local
Standard of Rest, kinematical definition), before the visibility
fitting. The conversion to heliocentric frame was finally done as

vhel = vLSRK + 12.43 km s!1, for easier comparison to previous
studies.

The ALMA Cycle 0 observations were taken serendipitously
during a strong "-ray flare (Ciprini 2012). The flux-density ra-
tio between the two lensed images of the blazar, $ = fNE/ fSW,
shows a remarkable temporal and chromatic behavior (Fig. 3).
The time variations are due to the intrinsic activity of the back-
ground blazar and the geometrical time delay (25–27 days,
Lovell et al. 1998; Wiklind & Combes 2001; Barnacka et al.
2011) between its two lensed images. More subtle is the chro-
matic variability, which was interpreted by Martí-Vidal et al.
(2013) as being caused by opacity e!ects in the jet base of
the blazar (core-shift), modulated by the time delay. The sud-
den variations of$ and their coincidence with the "-ray activity
(an enhancement by a factor of seven) strongly suggest that they
originate from the submillimeter counterpart of the "-ray flare.
The submm flux density of the blazar, on the other hand, does
not show large variations (<10%). As a result of the variabil-
ity of $, the visibility sets observed at di!erent epochs cannot
be combined without introducing distortion in their interference
pattern. Thus, we averaged the extracted spectra instead, after
checking that the absorption profiles were not significantly af-
fected by time variations (see Sect. 4.5). The full resulting spec-
tra are shown in Appendix A.

3. Inventory of species

The inventory of species toward the SW image of
PKS 1830!211 has been largely expanded from the first
unbiased spectral scan in the 7 mm band (30–50 GHz, corre-
sponding to 57–94 GHz, in the absorber rest frame) performed
with the Australia Telescope Compact Array (ATCA) by Muller
et al. (2011). The ALMA Cycle 0 observations add further
species to the list, namely CH, H2Cl+, and NH2, now giving a
total of 42 di!erent species (Table 3). In addition, 14 di!erent
rare isotopologues have now been detected, the latest being
13CO, H2

37Cl+, and H2
17O in the ALMA data. Toward the

NE image, the number of detected species now reaches a total
of 14, the ALMA Cycle 0 observations adding C, CH, CO, H2O,
H2Cl+, and NH3.
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ABSTRACT

We present the first results of an ALMA spectral survey of strong absorption lines for common interstellar species in the z =
0.89 molecular absorber toward the lensed blazar PKS 1830"211. The dataset brings essential information on the structure and com-
position of the absorbing gas in the foreground galaxy. In particular, we find absorption over large velocity intervals (!100 km s"1)
toward both lensed images of the blazar. This suggests either that the galaxy inclination is intermediate and that we sample velocity
gradients or streaming motions in the disk plane, that the molecular gas has a large vertical distribution or extraplanar components, or
that the absorber is not a simple spiral galaxy but might be a merger system. The number of detected species is now reaching a total
of 42 di!erent species plus 14 di!erent rare isotopologues toward the SW image, and 14 species toward the NE line-of-sight. The
abundances of CH, H2O, HCO+, HCN, and NH3 relative to H2 are found to be comparable to those in the Galactic di!use medium.
Of all the lines detected so far toward PKS 1830"211, the ground-state line of ortho-water has the deepest absorption. We argue that
ground-state lines of water have the best potential for detecting di!use molecular gas in absorption at high redshift.

Key words. quasars: absorption lines – quasars: individual: PKS 1830-211 – galaxies: ISM – galaxies: abundances –
ISM: molecules – radio lines: galaxies

1. Introduction

The spectroscopic study of absorption lines toward bright back-
ground continuum sources is a powerful technique for inves-
tigating the composition of the interstellar medium, as illus-
trated by the detection of the first interstellar molecules along
the line-of-sight toward bright nearby stars (Swings & Rosenfeld
1937; McKellar 1940; Douglas & Herzberg 1941). Since the

! Appendix is available in electronic form at
http://www.aanda.org
!! The reduced spectrum (FITS format) is only available at the CDS
via anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via
http://cdsarc.u-strasbg.fr/viz-bin/qcat?J/A+A/566/A112

absorption signal is not diluted by distance, the sensitivity is only
limited by the brightness of the background continuum source,
allowing even rare molecular species to be detected. The discov-
ery of molecular-rich absorption systems in four objects located
at intermediate redshifts (0.24 < z < 0.89, e.g., see a review
by Combes 2008) has opened up the possibility to explore the
chemical contents of galaxies up to look-back times of half the
age of the Universe.

At intermediate to high redshifts, molecules can serve as in-
teresting cosmological probes. For example, the evolution of the
temperature of the cosmic microwave background (CMB) has
been investigated up to z # 3 using UV-band CO absorption-line
systems observed in quasar spectra (Noterdaeme et al. 2011).

Article published by EDP Sciences A112, page 1 of 21

S. Muller et al.: Strong absorption lines toward PKS 1830!211

v
Fig. 5. Spectra of species with strong or saturated lines for the main v = 0 km s!1 velocity component toward the SW image. Lines are listed based
on their increasing peak opacity, from H13CO+ to H2O.

absorption intensity for channels in the range v = !2 km s!1

to +3 km s!1. Accordingly, the saturation level ranges between
"95% of the continuum intensity for the water line, and "91%
for the HCO+/HCN (2!1) lines. This can be interpreted in two
ways: On the one hand, if we assume that the saturation level
provides a direct measurement of the source covering factor, fc,
then we conclude that the di!erent species have slightly di!er-
ent covering factors (i.e., they have di!erent distributions and are
not co-spatial). On the other hand, the values 1/ fc can be consid-
ered as the solid angle of the continuum emission divided by that
of the absorbing clouds. Assuming that the physical size of the
absorbing clouds is the same for all species (i.e., same source
covering factor), the di!erent values of 1/ fc for the transitions
of H2O, CO (4!3), and HCO+/HCN (2!1), only have a weak
dependence on the frequency (between 100 and 300 GHz), sug-
gesting that the size of the SW image remains roughly constant
at our ALMA frequencies. In contrast, past VLBI observations
of PKS 1830!211 at cm-wavelengths (e.g. Guirado et al. 1999)
show that the continuum size of the SW image decreases as !!2,
due to the scattering by interstellar plasma in the z = 0.89 galaxy.
The absence of such an e!ect here is consistent with a turnover
of the continuum size – frequency relationship at high (ALMA)
frequencies, where the plasma becomes transparent.

In any case, our observations show that the size of the
SW continuum emission is only slightly larger (by 5!10%) than
the size of the absorbing clouds at mm/submm wavelengths.
This should naturally introduce time variability in the absorp-
tion line profiles whenever substantial changes in the contin-
uum morphology occur. The continuum changes are potentially
significantly magnified close to the lens caustics. Past observa-
tions have shown significant variations of the absorption inten-
sity of the di!erent velocity components (Muller & Guélin 2008;
Muller et al. 2011, 2013; Schultz et al. 2014) but no shifts in
velocity, or only small ones. The small variations of "1 km s!1

in the centroid of methanol lines reported by Bagdonaite et al.
(2013b) might be due, as they note, to the simplifying assump-
tion of only one Gaussian component in the fit of the profile.

The v = +170 km s!1 feature reaches an absorption depth of
3!4% of the SW continuum level. Given that it does not appear

to be saturated and that the covering factor of the v = 0 km s!1

component is fc = 0.95 suggests that both components are
aligned (i.e., not on two adjacent lines-of-sight). The relative lo-
cation of the v = +170 km s!1 and v " 0 km s!1 features along
the SW line-of-sight and their potential relationship cannot be
elucidated at the moment.

4.2.2. Line wings

The SW v " 0 km s!1 absorption covers a velocity spread ex-
ceeding 100 km s!1 (FWZP), evident from the water line (Figs. 5
and 6a). This width has previously been noted by Muller et al.
(2006) and Menten et al. (2008) and remains puzzling consid-
ering the fact that the z = 0.89 galaxy seems to be seen nearly
face-on.

CH has been established as a robust tracer of H2 in
di!use Galactic gas (She!er et al. 2008; Qin et al. 2010;
Gérin et al. 2010). The CH absorption spectrum toward
PKS 1830!211 (SW) reaches an optical depth of " " 1, and is
not saturated. It is therefore a good species to investigate the
absorption profile, after deconvolution from the line hyperfine
structure (hfs). The hfs-deconvolved spectrum of CH can be
decomposed into two components, one deep and narrow and
the other broad and shallow (see Fig. 6b). The narrow com-
ponent corresponds to the absorption feature seen in all the
non-saturated and weaker lines, e.g., H13CO+ 2!1 and CS 4!3
(Fig. 5). The broad line wings are not due to a saturation ef-
fect (natural line broadening), since a simple scaling of the H2O
opacity reproduces remarkably well most of the profile of CH,
HCO+, and HCN (Fig. 6), and the relative intensities of the three
hyperfine components of CH are consistent with their expected
ratios 0.83:0.33:0.17.

The fitting exercise, with two Gaussian CH components set
at the same centroid velocity, results in a narrow component of
FWHM = 17 km s!1 with an opacity of " " 1.1, and a broad
one of FWHM = 53 km s!1 with an opacity of " " 0.23 (see
Fig. 6b). The corresponding integrated opacities are

!
"dv " 20

and 13 km s!1, respectively, i.e., in a ratio "60% and 40% of
the total integrated opacity. Following Eq. (2) with Trot = 5.14 K,
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Fig. 6. Left: model predictions for the shielded core (the “DCO+ peak” at AV > 10). The ionization rate due to cosmic rays is fixed to ! =
3 ! 10"17 s"1. The di!erent panels show (upper): the ionization fraction, (middle): the H13CO+ abundance and (lower): the DCO+ abundance
as a function of gas phase metallicity. Blue-solid curves for models without PAHs, and red-dotted curves for models with neutral and charged
PAHs ([PAH] = 10"7). Horizontal shaded regions show the H13CO+ and DCO+ abundances derived from observations towards the core, while
vertical shaded regions show the parameter space compatible with observations. Right: same as previous figure but for a fixed low metallicity of
[M] = 10"9 (no PAH; blue-solid curves) and a fixed high metallicity of [M] = 10"6 ([PAH] = 10"7; red-dotted curves). The di!erent panels show
(upper): the ionization fraction, (middle): the H13CO+ abundance and (lower): the DCO+ abundance as a function of the ionization rate due to
cosmic rays.

Table 6. Inferred abundances [x]=N(x)/NH where NH=N(H)+2N(H2).

Species Shielded core PDR
AV # 6 AV = 0–2
"x $ 45%% "x $ 15%%

NH (cm"2) 5.8 ! 1022 3.1 ! 1022

[H13CO+] 6.5 ! 10"11 1.5 ! 10"11

[H12CO+] 3.9 ! 10"9 9.0 ! 10"10

[DCO+] 8.0 ! 10"11 (–)
[HOC+] (–) 0.4 ! 10"11 †

[CO+] (–) &5.0 ! 10"13

[e"] (1"8) ! 10"9 10"6"10"4

† Assuming extended emission. It would be 1.2 ! 10"11 if HOC+ arises
from a 12%%–width filament as HCO (Gerin et al. 2009).

orders of magnitude with respect to the Sun ([M] $ 8.5 ! 10"5,
Anders & Grevesse 1989). This range of depletion is similar
to that obtained in other prestellar cores such as Barnard 68
(Maret & Bergin 2007). We shall refer it as the strong metal de-
pletion case.

The inclusion of PAH interactions implies lower ioniza-
tion fractions and enhanced molecular ion abundances (see
Fig. 6 left) which result in overestimated H13CO+ and DCO+ line
intensities towards the core. Therefore, the abundance of metals
(e.g., indirectly the ionization fraction) has to be increased to
match the observed intensities. In particular, Fig. 5 left shows
that a model with [PAHs] = 10"7 and [M] = 10"6 (red-dashed
curves) displays only a factor <2 brighter lines than models with
3 orders of magnitude lower metallicities and no PAHs (thick-
grey curves). As shown in Fig. 6 left, the inclusion of PAHs
makes the range of metal abundances compatible with obser-
vations much higher now, [M] = (3 ± 1) ! 10"6. The required
abundance of metals is at least a factor '500 larger than the for-
mer case without PAHs. Thus, we refer to it as the weak metal

depletion case. Note that this metallicity is still below the gas-
phase abundance of Fe+Mg+... elements in the di!use interstel-
lar gas (e.g., Wolfire et al. 1995; Howk et al. 2006) and is con-
sistent with the incorporation of metals into dust grains in higher
density regions (e.g., Wolfire et al. 1995). On the other hand, the
ionization fraction required to reproduce the H13CO+ and DCO+
abundances does not change much, [e"] = (4 ± 1) ! 10"9 at the
core peak (red-dashed curves Fig. 6 left). Therefore, it is not easy
to distinguish between the strong metal depletion (no PAHs) and
weak metal depletion (with PAHs) cases in terms of the ion-
ization fraction. The observation of forbidden lines from met-
als such as [Fe !!] towards the UV illuminated edges of molec-
ular clouds may help to remove this apparent degeneracy. In
one of the few positive cases, the S140 PDR, the detection of
a weak [Fe !!]26.0 µm fine-structure line emission suggests that
iron is depleted, but with an abundance of '5 ! 10"8 relative
to H (Timmermann et al. 1996). Nevertheless, without mapping
and comparing with other PDR tracers, it is not obvious to dis-
entangle whether [Fe !!] lines arise from the PDR gas or from
the adjacent (H!!) ionization front (e.g., Marconi et al. 1998;
Kaufman et al. 2006).

6.2. Constraints to the cosmic-ray ionization rate

Figure 5 right shows again the observed spectra along the direc-
tion of the exciting star (histograms) and radiative transfer mod-
els using the output of PDR models that vary the cosmic ray rate,
without PAHs and a fixed metal abundance of [M] = 10"9. The
adopted metal abundance is, within an order of magnitude, the
usual value estimated in prestellar cores (e.g., Caselli et al. 1999;
Maret & Bergin 2007) and is compatible with our strong metal
depletion case. Therefore, Fig. 5 right shows the e!ects of dif-
ferent ionization rates directly on the DCO+ and H13CO+ line
intensities. For the adopted physical conditions and chemical
network, our observations constrain ! within a factor '2. In

Meudon PDR output as input for non-LTE excitation & radiative transfer  

E.g.	  Cosmic	  rays,	  electrons	  and	  metallicity 
(IRAM	  observaLons	  and	  models	  of	  H13CO+	  ,	  DCO+	  ,	  HOC+)	  
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Figure 16. (a) Simplified geometry (not to scale) of OMC 1 (red, molecular gas and dust), the FUV-illuminated cloud face (blue, dominating the [C ii] emission),
dense ionized gas in the H ii region surrounding the Trapezium (green), and the atomic Veil (shaded, producing foreground H i absorption). The observed [C ii]
emission, I[CII], reaches the observer (to the left) almost unattenuated. At a given position, the observed ⇠160 µm dust emission is B160(Td)(1 � e�⌧d,160 ), where
⌧d,160 is the ⇠160 µm dust opacity along the entire line of sight. (b) Mixed C+ and dust grains along the line of sight. In this case I[CII]=I0,[CII](1 � e�⌧d,160 )/⌧d,160,
where I0,[CII] is the unattenuated [C ii] emission. (c) [C ii] sources embedded behind large columns of dust. In this case I[CII]=I0,[CII] e�⌧d,160 .

5.4.2. Dust Attenuation

The Trapezium cluster and associated H ii region are only
half enveloped by the molecular cloud. The [C ii] emitting
region is thus facing us and is mostly unattenuated by fore-
ground dust. Other massive star-forming regions or galax-
ies may be embedded in large amounts of dust (buried star-
bursts in galactic nuclei in particular). In such cases, the
[C ii] emission itself will be attenuated by e�⌧d,160 (a dust
screen), where ⌧d,160 now represents the dust opacity between
the observer and the [C ii] emitting layers (Figure 16c). For
N(H2)&1024 cm�2 (⌧d,160&1), the expected L[C ii]/LFIR values
can be very low, lower than 5⇥10�5 (black dotted curve in the
inset of Figure 15). The prototypical example in the Milky
Way is Sgr B2, the most massive starburst in the Galactic Cen-
ter. Sgr B2 also shows a pronounced decrease of L[C ii]/LFIR
as the dust opacity increases from the extended cloud to
the (FIR) optically thick cores and embedded H ii regions
(e.g., Goicoechea et al. 2004; Etxaluze et al. 2013). This rea-
soning agrees with recent observations of local LIRGs in
which the L[C ii]/LFIR deficit is restricted to their nuclei and
not their extended disks (Dı́az-Santos et al. 2014).

An intermediate case may exist in which the C+ gas and the
FIR emitting dust grains are well mixed through the entire line
of sight (Figure 16b). In this case, the intrinsic [C ii] emission
will be attenuated by (1 � e�⌧d,160 )/⌧d,160 (e.g., Thronson et al.
1990). This model provides less extreme corrections at large
extinctions (magenta dashed curve in Figure 15). Given the
surface origin of the [C ii] emission, this model is however
less realistic for OMC 1, but it may apply to low metallicity
galaxies (lower AV /NH and dust-to-gas mass ratios) in which
larger columns of C+ relative to the total dust column exist due
to the much higher penetration of the FUV radiation field.

Protostellar sources in Orion BN/KL are embedded in
large column densities of material and thus very low
L[C ii]/LFIR ratios can be expected. Using the Herschel/PACS
spectroscopic data (Goicoechea et al. 2015) we derive
L[C ii]/LFIR'2.4⇥10�5 and ⌧d,160'2.7 toward the hot core and
IRc sources, and L[C ii]/LFIR'7.7⇥10�5 and ⌧d,160'1.2 toward
the adjacent H2 Peak 1 outflow region. Both positions are
shown in the inset panel of Figure 15. In the frame of the sim-
ple geometrical models discussed above, the L[C ii]/LFIR ratio
toward H2 Peak 1 is still compatible with the foreground sur-
face [C ii] emission model. The L[C ii]/LFIR ratio toward the

hot core is even lower, but this is likely a consequence of the
higher FIR luminosity due to internal dust heating from the
protostellar sources. In any case, the embedded [C ii] emis-
sion model provides extinction corrections that are too large.

5.4.3. Inhomogeneities and FUV radiation penetration

The structure of molecular clouds is not perfectly homoge-
neous (e.g., Stutzki & Guesten 1990; Falgarone et al. 1991)
and FUV radiation from massive stars can penetrate to deeper
cloud depths than in homogeneous clouds. Our represen-
tative (homogeneous) PDR models for nH=2⇥105�4 cm�3,
and dust grain properties appropriate to Orion, predict
N(C+)'(1.2-1.6)⇥1018 cm�2. These C+ column densities are
a factor of '2 larger than the predictions of PDR models us-
ing standard ISM grain properties (Section 3.2). However,
they are still lower, by a factor of ⇠3, than the N(C+) columns
inferred toward many positions of OMC 1 (see Section 4).
These higher values suggest a degree of inhomogeneity at
⇠2500 scales (⇠0.05 pc). As noted by Stacey et al. (1993), an
inhomogeneous structure facilitates the propagation of FUV
photons far from the Trapezium and contributes to the in-
crease in the fraction of the volume that is e↵ectively pro-
ducing [C ii] (more surfaces along the line of sight).

6. SUMMARY AND CONCLUSIONS

We have presented the first ⇠7.50⇥11.50 (⇠0.9 pc⇥ 1.4 pc)
velocity-resolved map of the [C ii] 158 µm line toward
OMC 1. In combination with FIR photometry and H41↵ and
CO J=2-1 line maps, we obtained the following results:

1. The main contribution to the [C ii] luminosity (⇠85 %)
is from the extended, FUV-illuminated face of the
cloud (G0>500, nH>5⇥103 cm�3) and from dense
PDRs (G0&104, nH&105 cm�3) at the interface between
OMC 1 and the H ii region surrounding the Trapezium
cluster. In addition, ⇠15 % of the [C ii] emission arises
from a di↵erent gas component without CO counter-
part. Part of this emission can be associated with fila-
mentary structures that photoevaporate from the cloud
and with depressions of the visible-light emission previ-
ously seen in the images of the Orion nebula (the Dark
Bay, the Northern Dark Lane and other components in
the atomic H i gas Veil). An additional but minor con-
tribution can be associated with ionized gas.
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Closest high-mass 
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Figure 16. (a) Simplified geometry (not to scale) of OMC 1 (red, molecular gas and dust), the FUV-illuminated cloud face (blue, dominating the [C ii] emission),
dense ionized gas in the H ii region surrounding the Trapezium (green), and the atomic Veil (shaded, producing foreground H i absorption). The observed [C ii]
emission, I[CII], reaches the observer (to the left) almost unattenuated. At a given position, the observed ⇠160 µm dust emission is B160(Td)(1 � e�⌧d,160 ), where
⌧d,160 is the ⇠160 µm dust opacity along the entire line of sight. (b) Mixed C+ and dust grains along the line of sight. In this case I[CII]=I0,[CII](1 � e�⌧d,160 )/⌧d,160,
where I0,[CII] is the unattenuated [C ii] emission. (c) [C ii] sources embedded behind large columns of dust. In this case I[CII]=I0,[CII] e�⌧d,160 .

5.4.2. Dust Attenuation

The Trapezium cluster and associated H ii region are only
half enveloped by the molecular cloud. The [C ii] emitting
region is thus facing us and is mostly unattenuated by fore-
ground dust. Other massive star-forming regions or galax-
ies may be embedded in large amounts of dust (buried star-
bursts in galactic nuclei in particular). In such cases, the
[C ii] emission itself will be attenuated by e�⌧d,160 (a dust
screen), where ⌧d,160 now represents the dust opacity between
the observer and the [C ii] emitting layers (Figure 16c). For
N(H2)&1024 cm�2 (⌧d,160&1), the expected L[C ii]/LFIR values
can be very low, lower than 5⇥10�5 (black dotted curve in the
inset of Figure 15). The prototypical example in the Milky
Way is Sgr B2, the most massive starburst in the Galactic Cen-
ter. Sgr B2 also shows a pronounced decrease of L[C ii]/LFIR
as the dust opacity increases from the extended cloud to
the (FIR) optically thick cores and embedded H ii regions
(e.g., Goicoechea et al. 2004; Etxaluze et al. 2013). This rea-
soning agrees with recent observations of local LIRGs in
which the L[C ii]/LFIR deficit is restricted to their nuclei and
not their extended disks (Dı́az-Santos et al. 2014).

An intermediate case may exist in which the C+ gas and the
FIR emitting dust grains are well mixed through the entire line
of sight (Figure 16b). In this case, the intrinsic [C ii] emission
will be attenuated by (1 � e�⌧d,160 )/⌧d,160 (e.g., Thronson et al.
1990). This model provides less extreme corrections at large
extinctions (magenta dashed curve in Figure 15). Given the
surface origin of the [C ii] emission, this model is however
less realistic for OMC 1, but it may apply to low metallicity
galaxies (lower AV /NH and dust-to-gas mass ratios) in which
larger columns of C+ relative to the total dust column exist due
to the much higher penetration of the FUV radiation field.

Protostellar sources in Orion BN/KL are embedded in
large column densities of material and thus very low
L[C ii]/LFIR ratios can be expected. Using the Herschel/PACS
spectroscopic data (Goicoechea et al. 2015) we derive
L[C ii]/LFIR'2.4⇥10�5 and ⌧d,160'2.7 toward the hot core and
IRc sources, and L[C ii]/LFIR'7.7⇥10�5 and ⌧d,160'1.2 toward
the adjacent H2 Peak 1 outflow region. Both positions are
shown in the inset panel of Figure 15. In the frame of the sim-
ple geometrical models discussed above, the L[C ii]/LFIR ratio
toward H2 Peak 1 is still compatible with the foreground sur-
face [C ii] emission model. The L[C ii]/LFIR ratio toward the

hot core is even lower, but this is likely a consequence of the
higher FIR luminosity due to internal dust heating from the
protostellar sources. In any case, the embedded [C ii] emis-
sion model provides extinction corrections that are too large.

5.4.3. Inhomogeneities and FUV radiation penetration

The structure of molecular clouds is not perfectly homoge-
neous (e.g., Stutzki & Guesten 1990; Falgarone et al. 1991)
and FUV radiation from massive stars can penetrate to deeper
cloud depths than in homogeneous clouds. Our represen-
tative (homogeneous) PDR models for nH=2⇥105�4 cm�3,
and dust grain properties appropriate to Orion, predict
N(C+)'(1.2-1.6)⇥1018 cm�2. These C+ column densities are
a factor of '2 larger than the predictions of PDR models us-
ing standard ISM grain properties (Section 3.2). However,
they are still lower, by a factor of ⇠3, than the N(C+) columns
inferred toward many positions of OMC 1 (see Section 4).
These higher values suggest a degree of inhomogeneity at
⇠2500 scales (⇠0.05 pc). As noted by Stacey et al. (1993), an
inhomogeneous structure facilitates the propagation of FUV
photons far from the Trapezium and contributes to the in-
crease in the fraction of the volume that is e↵ectively pro-
ducing [C ii] (more surfaces along the line of sight).

6. SUMMARY AND CONCLUSIONS

We have presented the first ⇠7.50⇥11.50 (⇠0.9 pc⇥ 1.4 pc)
velocity-resolved map of the [C ii] 158 µm line toward
OMC 1. In combination with FIR photometry and H41↵ and
CO J=2-1 line maps, we obtained the following results:

1. The main contribution to the [C ii] luminosity (⇠85 %)
is from the extended, FUV-illuminated face of the
cloud (G0>500, nH>5⇥103 cm�3) and from dense
PDRs (G0&104, nH&105 cm�3) at the interface between
OMC 1 and the H ii region surrounding the Trapezium
cluster. In addition, ⇠15 % of the [C ii] emission arises
from a di↵erent gas component without CO counter-
part. Part of this emission can be associated with fila-
mentary structures that photoevaporate from the cloud
and with depressions of the visible-light emission previ-
ously seen in the images of the Orion nebula (the Dark
Bay, the Northern Dark Lane and other components in
the atomic H i gas Veil). An additional but minor con-
tribution can be associated with ionized gas.
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Figure 1. ALMA spectrum (black) of IRC+10216 in three selected frequency ranges of the 20 GHz bandwidth covered by our data. For each selected frequency the
ALMA spectrum is compared to the data obtained with the 30-m IRAM telescope (red) at the same frequency (Cernicharo et al. 2011). Intensity scale is in units of
Jy Beam!1. Spectral resolution is "1 MHz for both datasets. The bottom panel of each selected frequency shows a close-up view of the ALMA data. Interestingly,
a forest of narrow and unidentified lines are evidenced thanks to the extreme sensitivity, and much higher angular resolution, of ALMA. Note the good calibration
agreement for lines spatially unresolved by both instruments. Labels in red correspond to lines detected with the 30-m telescope and filtered by the interferometer.

RT calculations are the (000), (010), (020), (030), (100), (001),
(011), (021). In each vibrational state we consider the rotational
levels up to J = 55 and include the !-type doubling in the states
with a bending mode. The number of energy levels considered
is thus "950, which translates to a total of "8700 radiative
transitions.

The collisional rate coefficients for the rotational transitions
of HNC were derived from the calculations of Dumouchel et al.
(2010). Those for the ro-vibrational and !-type transitions are
not listed in the literature. They were estimated by scaling
down the rotational rate coefficients by a factor of 100, a value
similar to that found for SiO at TK = 1500 K (Bieniek &
Green 1983). Several runs were performed to check the effect

of this assumption on the results. We found that, for the range of
considered densities, the pumping of the molecular levels was
not very sensitive to the assumed factor. Moreover, we tested that
the pumping by IR photons is not important for these densities
and for the considered vibrational levels.

We adopt a distance to IRC+10216 of 130 pc (Groenewegen
et al. 2012) and a radius for the star of 4#1013 cm (Menten et al.
2012). The structure of the CSE, i.e., its gas/dust temperatures,
dust opacity, and radial velocity profiles are taken from Fonfrı́a
et al. (2008), Agúndez et al. (2012) and Daniel et al. (2012)
(see also Keady et al. 1988; Ridgway & Keady 1988; Keady
& Ridgway 1993; Agúndez & Cernicharo 2006; Agúndez
et al. 2010; Cernicharo et al. 2010; De Beck et al. 2012).
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Summary	  
-‐	  	  NOEMA	  and	  ALMA	  promise	  a	  truly	  new	  window	  of	  the	  ISM.	  

-‐	  	  Unprecedented	  increase	  in	  angular	  resoluMon	  and	  sensiMvity.	  

-‐	  	  	  Increase	  of	  	  instantaneous	  bandwidth	  (16x2	  GHz,	  2SB	  with	  NOEMA)	  	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  à	  mulM-‐line	  à	  mulM-‐molecule	  à	  mulM-‐diagnosMc	  

-‐  Wide-‐field	  interferometric	  synthesis	  	  feasible	  (mosaics,	  short-‐spacings…)	  

	  	  	  à	  Detailed	  spectral-‐images	  of	  extended	  emission	  with	  embedded	  substructure	  

	  

 

 
 

- Annexe 1 –  
Millimeter-Wave Arrays – A Comparison 

 
 
Table 1 Key parameter of existing and future millimeter/submillimeter 
interferometers.  
 
 Altitude (m) NANT Diameter (m) Coll.Area (m2) 
IRAM PDBI 2550 6 15 1060 
CARMA 2200 15 6/10 772 
SMA+CSO+JCMT 4080 10 6/10/15 481 
NMA 1340 6 10 471 

 
IRAM NOEMA 2550 12 15 2120 
ALMA 5060 50 12 5652 

 
Table 2 Sensitivity comparisons among current and future millimeter-wave arrays. 
The calculations assume a mean target elevation of 45o, 8 hrs of integration, receiver 
temperatures as published on the web sites, and conditions corresponding to a 1mm 
column of water vapor at 345 GHz, 3mm at 230 GHz and 5mm at 90 GHz.  

 

Point Source Sensitivities at 90 GHz 

 ǆA NPOL BW (MHz) Continuum (µJy)  Line (mJy/1MHz) 
IRAM PDBI 0.72 2 4000 29 1.8 
CARMA 0.62 1 1500 290 18 
NMA 0.64 1 1000 890 28 
      
IRAM NOEMA 0.72 2 16000 6.5 0.8 
ALMA 0.80 2 8000 2.9 0.3 

Point Source Sensitivities at 230 GHz 

 ǆA NPOL BW (MHz) Continuum (µJy)  Line (mJy/1MHz) 
IRAM PDBI 0.60 2 4000 67 4.3 
CARMA 0.60 1 1500 549 27 
eSMA 0.77 1 2000 376 31 
      
IRAM NOEMA 0.67 2 16000 14 1.7 
ALMA 0.80 2 8000 5.2 0.5 

Point Source Sensitivites at 345 GHz 

 ǆA NPOL BW (MHz) Continuum (µJy)  Line (mJy/1MHz) 
IRAM PDBI 0.50 2 4000 117 7.4 
eSMA 0.72 1 2000 948 60 
      
IRAM NOEMA 0.62 2 16000 21.3 2.7 
ALMA 0.70 2 8000 12.4 1.1 
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ALMA ,	   JWST ,	   E L T s…	  
compleLon	  
	


Modern	  Astrophysics:	  but	  use	  all	  λ’s	  	  !	  

	  	  	  	  	  	  	  	  What	  	  is	  missing	  for	  SF	  studies?	  


