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Snow & McCall, ARA&A 2006 

n(H)  <100–a few 1000 cm-3 

N(H) = ~1020–a few 1021 cm-2 

T ~ 100–15 K 

Diffuse atomic/molecular to translucent 
molecular clouds 



Lab:   n(X) = 1012 –  1013 cm-3 ⇒  N = 1014 - 1015  cm-2                                                                             
        “column density” 

ISM:   n(X) = 10-5 – 10-2 cm-3       ⇒  N = 1013 - 1016 cm-2  

THz source 
  

Interstellar  
Cloud 

Absorption cell 

1016 –1018 cm 

Background 
object 



Light Hydrides before Herschel 
•  Building blocks of larger molecules 

•  For a very long time, optical absorption lines from CH, CH+ and CN have 
 been important probes of diffuse and translucent interstellar clouds 

•  CH, CH+, CN (1935–37) 

•  H2 (UV 1970) 

•  HD (UV)  

Then came radio/mm (1960s/70s) 
•  OH (1963), NH3 (1968), H2O (1969), CH (1973), HDO, H2S 

and (sub)millimeter (since late 1980s)  

•  H2D+, D2H+ 

•  NH2  

•  HDO, D2O, H3O+ 

After 2000: 

•  CH2 (ISO) 

•  HF (ISO) 

H3 + (NIR 1996) Early 2010s: Herschel/HIFI rules! 
Now: SOFIA 

Needs bright optically visible 
stars as background sources à 
Restricted to a few kpc from Sun 

Needs radio/(sub)mm 
background sources à 
Can be done Galaxy-wide 



Carruthers 1971 

Aerobee 150 

H2 



Absorption lines 
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For compact sources, large collecting area makes 
the difference! 
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average Chile 
Hawaii 

1200µm 
250 GHz 

450µm 
660 GHz 

350µm 
860 GHz 

200µm 
1.5 THz 

Transmission on a 5000m high site unter good, very good, and 
extremely good   weather conditions 

The rotational ground state lines of many light 

hydrides lie in regions of the spectrum that 

are not accessible from the ground 



14 May 2009 –29 April 2013 



Systems must by completely autonomous 



HIFI (Heterodyne Instrument for the Far Infrared)  
480 – 1910 GHz,  7 bands 
Very high resolution heterodyne spectrometer  
 
PACS (Photodetector Array Camera and Spectrometer) 
1.4 – 5 THz: photom. 1.75 x 3.5’ / spec 50×50” @ 5” 
Imaging photometer / medium resolution grating spectrometer  
 
SPIRE (Spectral and Photometric Imaging Receiver)  
0.58, 0.83, 1.2 THz,   4’ ×4’ 
Imaging photometer / imaging Fourier transform spectrometer  



HIFI  Heterodyne Instrument for the Far-Infrared 

Local Oscillator Mixer Amplifier Bandpass Filter Spectrometer

Antenna

Telescope, primary and secondary mirror 

FPU – Focal plane unit AOS and 
autocorrelator 

LO Subsystem: 
LOU – Local  oscillator unit 
LCU – LO contol unit 
LSU – LO base synthesizer 

Designed and built by MPIfR-led consortium 



HIFI: 
480–1250 and 1410–
1910 GHz seamless 
coverage   

KOSMA + MPS contributed 

Wide Band (AOS) Spectro-

meter and electronics 

De Graauw+ 2010 



Herschel/HIFI Guaranteed Time Key 
Programmes 
 
 
 
•  Complete line surveys of 5 positions in the Orion-  KL  and 

 Sgr B2 molecular clouds 
•  PI: E. Bergin (U. Michigan, Ann Arbor) 
 

HEXOS: Herschel/HIFI Observations of 
EXtraOrdinary Sources 

PRISMAS: PRobing Interstellar Molecules with 
Absorption Line Studies   
  

•  (Mostly) rotational ground-state transitions of O-, C-, and  
 N-bearing hydrides toward selected SFRs 

•  PI: M. Gerin (LERMA Obs. de Paris/ENS)  
 



C. Hieret, Diploma Thesis, MPIfR 



D = 5.4 ± 0.3 kpc 

D = 11.1 ± 0.9 kpc 

D = 1.50 ± 0.08 
kpc 

D = 7.8 ± 0.7 
kpc 

D = 5.0 ± 0.5 kpc 
D = 2.49 ± 0.19 

kpc 

Distances from: 

http://bessel.vlbi-astrometry.org 
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Formation of gaseous water 

Before 2009: 

not 

poorly 

observed 
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The Background Sources: 
Cold or Warm Dust from 
Protostellar Condensations 

TD = 32 K 

Sgr B2 – Lis & Goldsmith 1990 



 ATLASGAL                                    
(APEX Telescope Large Survey: The Galaxy) 

-  Main goals: 
•  To have a complete 350 GHz census of high mass 
 star formation in the Galaxy (= whole part of Galactic 
 plane visible with APEX) 
•  To detect protostellar condensations down tens  of M� 
throughout the Milky Way 

Total observing time: ~1000 hours 

Schuller et al. 2009 

Talk	
  by	
  Friedrich	
  Wyrowski	
  



APEX 
APEX 



Wyrowski et al. (in prep.) 

APEX 

(Much) more OH+ with 



average over man l.o.s. 

2010 



APEX 



How	
  to	
  get	
  H	
  and	
  H2	
  column	
  densi8es	
  
• 	
  Direct	
  determina,on	
  of	
  HI	
  column	
  density	
  by	
  interferometry	
  (+	
  	
  
	
  emission	
  mapping)	
  of	
  21	
  cm	
  line	
  

• 	
  mm	
  absorp,on	
  interferometry	
  of	
  lines	
  of	
  H2	
  column	
   	
  density	
  
	
  proxies	
  and	
  other	
  “interes,ng”	
  species	
  
	
  
Complementary:	
  
• 	
  cm	
  absorp,on	
  interferometry	
  of	
  (near)	
  ground	
  state	
  lines	
  
	
  from:	
  	
  

• 	
  OH	
  (1612,	
  1665,	
  1667,	
  and	
  1720	
  MHz)	
  
• 	
  CH	
  (3264,	
  3335,	
  and	
  3349	
  MHz	
  
• 	
  H2CO	
  (4830	
  and	
  14488	
  MHz)	
  
• 	
  C3H2	
  (18343	
  MHz)	
  
• 	
  …	
  



Determina8on	
  of	
  HI	
  Column	
  Densi8es	
  with	
  the	
  Lazareff	
  (1975)	
  
Technique	
  

Dickey	
  et	
  a.	
  1983	
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Ts v( ) = TB 1− exp −τ v( )[ ]

NH cm −2( ) = 1.7×1018 τTs∫ K( )dv km s−1( )
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  τ	
  

delivers	
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HI Column 
densities for 
PRISMAS sources 
 
Winkel et al. 2014 



  

€ 

[O(H2O)]/[P(H2O) = 2.5
⇒ T = 27K



+ 44 others 
Strong involvement of 
laboratory people 



H2O+ toward DR 21 
•  Detected during HIFI 

science verification 









  

€ 

C+ +H2 →CH + +H
     0.4 ev (4600 K)

The interstellar CH+ abundance 
problem even gets aggravated! 



•  Fluorine	
  is	
  the	
  only	
  atom	
  that	
  can	
  react	
  exothermically	
  with	
  H2	
  to	
  form	
  a	
  
diatomic	
  hydride	
  

•  HF	
  is	
  destroyed	
  very	
  slowly	
  
•  HF	
  is	
  expected	
  to	
  be	
  the	
  dominant	
  reservoir	
  of	
  gas-­‐phase	
  fluorine.	
  	
  
à  HF	
  may	
  be	
  used	
  as	
  a	
  valuable	
  surrogate	
  tracer	
  for	
  molecular	
  hydrogen	
  	
  
	
  



Another good proxy 
for the H2 column 
density 



[H2Cl+]~[HCl] 

Exotica I: 

H2Cl+ 



Exotica II: ArH+ 



Compilation: Gerin et al. 2012 



Results so far and future developments: 
 
Submillimeter observations of rotational ground-state transitions 
•  have greatly enhanced our view of diffuse ISM chemistry 
•  added important missing pieces in reaction network 
•  have extended chemistry studies throughout the Galaxy 
•  delivered new HI/H2 tracers 

This new information will allow addressing questions on 
•  Galactocentric abundance gradients 
•  effects of lower metallicity in Outer Galaxy 
•  … 
 



Galactic molecular absorption 
spectroscopy after Herschel 



Stratospheric Observatory for For Infrared Astronomy  
(SOFIA) 
•  2.7 m telescope 

•  US/German (NASA/DLR) 80%/20% joint project 

•  0.3 - 1600 µm (0.2 – 2500 THz) wavelength/frequency range 

•  GREAT und STAR instruments from Bonn/Köln/Berlin-Adlershof 

•  First science flight 

•  Project duration > 20 years 



MPIfR 
KOSMA 
MPS 
DLR-Pf 

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



MPIfR 
KOSMA 
MPS 
DLR-Pf 

GREAT -  the Consortium 

PI-Instrument funded and 
developed by  

 

q  MPI Radioastronomie (2.7 THz channel) 
Ø  R. Güsten (PI) 
Ø  S. Heyminck (system engineer) 
Ø  B. Klein (FFT spectrometer) 
Ø  I. Camara, T. Klein (2.7 THz LO) 

q  Univ. zu Köln, KOSMA (1.4/1.9THz channels) 
Ø  J. Stutzki (Co-PI) 
Ø  U. Graf (1.4 &1.9THz LO, Optics) 
Ø  K. Jacobs (HEB mixers up to 2.7 THz) 
Ø  R. Schieder (array-AOS) 

q  DLR Planetenforschung (4.7 THz channel) 
Ø  H-W. Hübers (Co-PI: 4.7 THz HEB, IF, cal unit) 

q  MPI Sonnensystemforschung 
Ø  P. Hartogh et al. (CO-PI: CTS) 

GREAT, L#1 & L#2 channels 

Talk	
  by	
  Rolf	
  Güsten/
Karl	
  Jacobs	
  





Nagy/Tielens & Hollenbach 

Basic 
Oxygen 
Chemistry 

Talk	
  by	
  Paola	
  Caselli	
  



Wiesemeyer et al. 2012 



The 4.75 THz (63 µm) OI ground-state fine structure line 

First H/D detection in M42 
•  Tsys(DSB) = 70000 K 

Boreiko & Betz 1996 

2013: 
•  Tsys(DSB, KOSMA, Jacobs) ≈ Tsys(DSB, DLS-Pf, Hübers) = 1500 K 

Talks	
  by	
  Silvia	
  Leurini	
  &	
  
Helmut	
  Wiesemeyer	
  



Neufeld et al. 2012 

New light hydrides with SOFIA 

Detection of OD ground-state (1.39 THz) during Basic Science  (Parise et al. 2012). p-H2D+ ground-state during 
Cycle 1 (New Zealand – Brünken et al. 2013). SH Λ-doublet detected in BS, follow-up during Cycle 1 on half 
dozen targets (Neufeld et al 2012.)  

OD 2Π3/2 (5/2-3/2) 

p-H2D+ (101 - 000) 

Searches for light hydrides have been very succesful: SH, OD, p-H2D+ 

IRAS 16293-2422 

G34.26 during Cycle1 /improved GREAT 

background false-color infrared image  from WISE .  

H2D+:	
  Talk	
  by	
  Paola	
  Caselli	
  
OD:	
  Talk	
  by	
  David	
  Neufeld	
  
HD:	
  Talk	
  by	
  Rolf	
  Güsten	
  



W31 C 
W49 N 

W31 C 

Sgr B2 M 

More OD 

K. Menten/H. Wiesemeyer 





•  3 absorption line detections 
•  All redshifted with respect to vsys 
 τ ~ 1 
•  RATRAN modeling 
à Mass infall rates:    
    3–10 10-3 Msun/y 
 

Wyrowski et al. 2012 

Ammonia/1.8 THz: Probing infall  

Poster	
  by	
  Ka	
  Tat	
  Wong	
  	
  	
  	
  	
  



Water in Star-Forming Regions 
•  Herschel/HIFI GTKP/PI E. van Dishoeck 
•  H2O abundance shows large variations in SF regions: <10-8 (cold) 

– 3 10-4  (warm) → unique probe of different physical regimes 
 ---> Natural filter of warm gas 

 
•  Main reservoir of oxygen → affects chemistry of all other species. 

Traces basic processes of freeze-out onto grains and evaporation, 
which characterize different stages of evolution 

Kristensen et al. 2012 





Talk	
  by	
  Jürgen	
  Stutzki	
  



Some Conclusions: 
•  High spectral resolution molecular (sub)millimeter 

absorption spectroscopy has transformed our 
knowledge of diffuse ISM chemistry and expanded 
our reach from ~ 1 kpc to the whole of the Galaxy 

•  Herschel has left a rich heritage on which we can 
build with SOFIA and ground based observatories… 

 … and at high redshift with ALMA!  

•  Together with directly measured distances to the 
absorption sources (= MSFRs) we can determine 
galactocentric atomic, molecular and isotopic 
abundance gradients 

 

 



D = 5.4 ± 0.3 kpc 

D = 11.1 ± 0.9 kpc 

D = 1.50 ± 0.08 
kpc 

D = 7.8 ± 0.7 
kpc 

D = 5.0 ± 0.5 kpc 
D = 2.49 ± 0.19 
kpc 

Distances for 

all interesting 

sources from: 

http://bessel.vlbi-astrometry.org 

a 

Distances to PRISMAS Sources 
a 



SOFIA’s central role in diffuse ISM science 
 
SOFIAS’s highly diverse high resolution spectroscopy 
program addresses fundamental questions of diffuse and 
dense ISM astrochemistry and physics 
 
It enjoys broad synergies with ground-based observations 
from the cm to the (sub)mm range and also at IR 
wavelengths 
 
The highly modular GREAT receiver system can be 
continuously extended – in both frequency and spatial 
coverage – to address newly emerging interests:  
•  upGREATs will provide access to ground-state transitions to 

some of the most important diffuse ISM tracers: CH, HF, H2
18O, 

OI and NH3 
•  Receiver arrays will multiply imaging efficiency  



Thanks for your  
attention 


