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Why study molecular astrophysics? 

–  Molecules are ubiquitous 
•  Present in interstellar, circumstellar and pregalactic gas; 

protostellar disks, circumnuclear gas in AGN, the atmospheres of 
stars and planets (including exoplanets)  

•  More than 150 molecules currently known 
–  Molecules as diagnostic probes  

•  Reveal key information by their excitation, kinematics, chemistry 
–  Molecules as coolants 

•  Facilitate the collapse of clouds to form galaxies and stars 
–  The astrophysical Universe as a unique laboratory for the 

study of molecular physics 
–  Molecules as the precursors of life 

•  Interstellar ices supply a rich inventory of water and organic 
molecules  



IR spectroscopy of the  
exoplanet HD 209458b 

Swain et al. 2009, ApJ 
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150 interstellar/circumstellar molecules 
listed on the  
Cologne Database for Molecular 
Spectroscopy (CDMS) as of May 2010 

*  vibrational spectra only 
** electronic spectra only 
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Molecular excitation as a 
diagnostic probe 

ApJ, 1941 



Interstellar cyanogen absorption 

J = 1 
J = 0 

J' = 1 
J' = 0 

J' = 2 

CN 

Ratio of near-ultraviolet 
absorption line strengths, 
R(1)/R(0), probes the 
excitation of a state       
(J = 1) just 0.00047eV 
above the ground state 



Rotational temperature of CN 
estimated by McKellar (1943) 



Rotational temperature of CN 
estimated by McKellar (1943) 





New York Times 
May 21, 1965 



Anomalous excitation explained 
(Field & Hitchcock 1966; Thaddeus & Claussen 1966) 



Interstellar cyanogen absorption 

J = 1 
J = 0 

J' = 1 
J' = 0 

J' = 2 

CN 

Ratio of near-ultraviolet 
absorption line strengths, 
R(1)/R(0), probes the 
excitation of a state       
(J = 1) just 0.00047eV 
above the ground state 

hc/ΔE = 2.6 mm 



 Observations of astrophysical 
molecules, carefully interpreted, 
provide unique information of 
general astrophysical interest. 
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Water masers as 
kinematic probes: 

 AGN accretion disks 

   Water maser observations 
provide the best evidence 
we currently have for the 
existence of supermassive 
black holes 
 Derived dynamical mass 
in NGC 4258 is 4 x 107 M 
within a region of radius 
0.13 pc. 
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Observing astrophysical molecules 
•  Electronic transitions: 

 E ~ 1 Rydberg =  mee4/ħ2 = 13.6 eV 
 λ ~ 0.1 µm (ultraviolet) 

•  Vibrational transitions: 
 E ~ (me/mN)1/2 Rydberg 
 λ ~ 4 µm (near- to mid-IR) 

•  Rotational transitions: 
 E ~ (me/mN) Rydberg 
 λ ~  200 µm  for hydrides (far-IR/submillimeter) 
    ~  2000 µm for non-hydrides (millimeter/centimeter) 



Herschel Space Observatory 



Heterodyne instrument for 
infrared astronomy (HIFI) 



Heterodyne instrument for 
infrared astronomy (HIFI) 

PI: Frank Helmich (SRON) 
Co-PIs: Thijs de Graauw (ALMA), Tom Phillips (Caltech), 

Emmanual Caux (CESR), Jürgen Stutzki, (Köln) 

Spectral coverage: 480 – 1250 and 1410 – 1910 GHz 
       (157 – 212  and  240 – 625 micron) 

Spectral resolution: 1.1 MHz (wide band spectrometer) 
Simultaneous bandwidth: 4 GHz 



Heterodyne instrument for 
infrared astronomy (HIFI) 

•  A complete spectral scan produces ~ 1 million 
spectral samples 

•  In the HEXOS Key Program (PI Ted Bergin) 
such a scan is underway towards a massive 
protostellar core in the Orion Molecular Cloud 
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Interstellar hydrides 

•  It is natural to expect that hydrides will 
be major constituents of the ISM 

•  HIFI provides a unique opportunity to 
study interstellar hydrides 

•  The PRISMAS key program has carried 
out absorption line studies of 
foreground clouds along the sight-lines 
to bright Galactic continuum sources 



Observing geometry 

http://astro.ens.fr/index.cgi?exe=217263 



•  The first observations, of very short 
duration, have provided spectacular 
spectra that reveal the presence of: 
 CH, CH+ 

 NH, NH2, NH3 

 OH+, H2O+, H3O+, H2O 
 HF 
 H2Cl+  

Interstellar hydrides 

“new” interstellar molecules 



Interstellar hydrogen fluoride: 
a surrogate for molecular hydrogen 



Dissociation energy of the 
diatomic hydrides (eV) 



Dissociation energy of the 
diatomic hydrides (eV) 

Neufeld and Wolfire 2009, ApJ 



Reaction of H2 with F  

One of the most 
extensively studied 
bimolecular chemical 
reactions 

Room temperature 
experiments suggest a 
barrier, EA/k ~ 500 K 

Theory suggests a 
substantial tunneling 
probability at low T 

Reaction coordinate 
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Chemistry of interstellar fluorine 

•  Fluorine chemistry is very simple  

F HF 
hν

H2
 

CF+ 

e C+ 



χUV = 104.5, nH = 105 cm– 3 χUV = 104.5, nH = 105 cm– 3 

Predicted abundance profiles 
(Neufeld, Wolfire & Schilke 1995) 



Chemistry of interstellar fluorine 

•  Once H2 becomes abundant, HF is 
produced rapidly 

•  HF is destroyed slowly by 
photodissociation and reaction with C+ 

•  HF becomes the dominant reservoir of 
fluorine:  
– Unobservable from the ground, however: 
   the J = 1– 0 transition is at 1.232 THz 



Discovery of interstellar HF 
J = 2 – 1 transition discovered by ISO 
(Neufeld, Zmuidzinas, Schilke and Phillips 1997) 

Lacking access 
to the J = 1 – 0 
transition, ISO 
was unable to 
probe HF in any 
source other than 
Sgr B2 



χUV = 104.5, nH = 105 cm– 3 χUV = 104.5, nH = 105 cm– 3 

Predicted abundance profiles 
(Neufeld, Wolfire & Schilke 1995) 

C+ and HF 
   overlap 



CF+ spectra toward the Orion Bar 
(Neufeld et al. 2006, A&A) 

CF+ J = 2 – 1  
IRAM 30m 



Herschel/HIFI observations  
of HF J = 1 – 0  

•  As part of the “PRobing InterStellar Molecules with 
Absorption line Studies (PRISMAS)” Key Program, 
we have observed the HF J = 1 – 0 transition 
toward three strong continuum sources with sight-
lines that are intersected by foreground clouds: 

 G10.6 – 0.4 (W31C), W49, W51 



Strong HF absorption observed 
toward G10.6 – 0.4 (W31C) 

•  We observed the HF J = 1 – 0 
and para-H2O 111 – 000 
transitions in mixer band 5a  

•  The on-source integration times 
were 225 s and 117 s, respectively 

•  The spectra are double-sideband 
spectra  the complete 
absorption of radiation reduces the 
apparent antenna temperature by 
one-half (for a sideband gain ratio 
of unity) 

Neufeld et al. 2010, A&A, accepted 



Strong HF absorption observed 
toward G10.6 – 0.4 (W31C) 

Neufeld et al. 2010, A&A, accepted 



Strong HF absorption observed 
toward G10.6 – 0.4 (W31C) 

Remarkably, the optical depth for HF is larger than 
that for para-H2O, even though the elemental 
abundance of fluorine is 104 times smaller than that 
of oxygen 

τ(HF) / τ(p–H2O) ~ 2 – 3 

  N(HF) / N(H2O) ~ 1   
     for an assumed H2O ortho-to-para ratio of 3 



Strong HF absorption observed 
toward G10.6 – 0.4 (W31C) 

•  Inferred column density and abundance 

 N(HF) > 1.6 x 1014 cm–2 (lower limit, because the optical 
depth is large) 

 Along this sight-line, NH = N(H) + 2 N(H2) ~ 2.7 x 1022 cm–2  
   (based on extinction estimates) 

 N(HF)/NH > 6 x 10–9   
    HF accounts for 30 – 100% of fluorine in the gas phase 



HF absorption also detected toward W49 

Sonnentrucker et al. 2010, A&A, submitted 



…….and toward W51 

Sonnentrucker et al. 2010, A&A, submitted 



W51 exhibits some optically-thin absorption clouds 

N(HF)/cm–2:  1.45 x 1013     1.75 x 1012      8 x 1011   



W51 absorption 
Total HF column density at LSR velocities between 3 
and 27 km s–1:  1.7 x 1013 cm–2 

    (a measurement, not a lower limit) 

Corresponding H2 column density ~ 6 x 1020 cm–2 

    (based upon observations of CH by Gerin et al. 
2010, and assuming CH/H2 = 3.5 x 10–8) 

N(HF)/N(H2) ~  3 x 10–8 

By comparison: average NF/NH = 1.8 x 10–8 in diffuse 
atomic clouds (Snow et al. 2007) 



W51 absorption 



Hydrogen fluoride could prove to be a 
valuable surrogate for H2 

• Initial observations of diffuse clouds confirm the 
theoretical prediction that N(HF)/2N(H2) = gas phase 
elemental F/H ratio 
• HF J = 1 – 0 can trace clouds of very small H2 column 
density (< 1020 cm –2) that are difficult to detect by other 
means 
• In the observations presented here, the on-source 
integration time was only 4 minutes 

   substantial sensitivity improvement will be 
 achievable in longer integrations 

Future prospects 



Future prospects 
Observations of HF     
J = 1 – 0 absorption might 
prove valuable in probing 
molecular hydrogen at 
high redshifts (e.g. in 
absorption toward a 
quasar) 

Atmospheric windows 
appear at redshifts > 0.2 

Neufeld, Wolfire & Schilke 2005 



Interstellar OH+ and H2O+: 
probing clouds of low molecular fraction 



Dissociation energy of the 
diatomic hydrides (eV) 



Dissociation energy of the 
diatomic hydrides (eV) 

Neufeld and Wolfire 2009, ApJ 



Chemistry of interstellar oxygen 

•  Oxygen differs from fluorine 

   O cannot react with H2 except at high 
temperature (> 300 K) 

O OH 
hν

H2 

X 



Chemistry of interstellar oxygen 

•  Chemistry is initiated by cosmic rays 

O OH 
hν

H2 

X 

H H+ cosmic ray 

O+ 

H 

OH+ H2O+ H3O+ 

H2O 
hν



OH+ and H2O+ along the  
sight-line to W49N 



Rather surprising result: 

OH+/H2O+  =  3 – 15 

We would have expected a ratio ~ 1 if 
reaction with H2 dominated the 
destruction of H2O+ 

OH+ and H2O+ along the  
sight-line to W49N 



The oxygen pipeline 
H 

H+ 

O+ 

H 
OH+ H2O+ H3O+ O 

The large OH+/H2O+ ratio implies that the pipeline is leaky 

Cosmic ray 



The oxygen pipeline 
H 

H+ 

O+ 

H 
OH+ H2O+ H3O+ O 

e e e 

Cosmic ray 



Implications 

   OH+/H2O+ ratio  low molecular 
fraction 
 Many small clouds along the sight-line 
(weakly shielded), or could represent 
departure from steady state 

   We may be witnessing the transition 
from atomic to molecular clouds 

OH+ and H2O+ along the  
sight-line to W49N 



Implications 

   OH+ column density  cosmic ray 
ionization rate 
 H = 0.5 – 3 x 10–16 s–1 

 Confirmation of new larger values 
inferred by Indriolo, Geballe, Oka, & 
McCall from observations of H3

+ 

OH+ and H2O+ along the  
sight-line to W49N 
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Prospects for SOFIA 

•  Key capability required in many studies 
of astrophysical molecules:  

      High Spectral Resolution  



Prospects for SOFIA 

   SOFIA can push high resolution 
spectroscopy forward in at least three 
areas 

 I. Heterodyne spectroscopy at 
frequencies above 2 THz (GREAT): 
 access to HD, OH, [OI] etc… 



Prospects for SOFIA 

   SOFIA can push high resolution 
spectroscopy forward in at least three 
areas 

 II. Very high resolution mid-IR 
spectroscopy (EXES): 
 access to vibrational bands 



Prospects for SOFIA 

   SOFIA can push high resolution 
spectroscopy forward in at least three 
areas 

 III. Spatial multiplex advantage: 
  Heterodyne arrays for mapping 



Summary 

•  Observations of astrophysical molecules 
provide a wealth of information of broad 
astrophysical interest 

•  Infrared observations from airborne, 
balloon or satellite observatories are 
needed to study many important species 

•  High spectral resolution is crucial for many 
applications 



Bonus slides 



Thermochemistry  
in the interstellar medium 

•  Two or three key thermochemical 
parameters largely determine the 
chemistry of any element X 

  1) The ionization potential of X  
 2) The dissociation energy of XH 
 3) The dissociation energy of XH+  



Thermochemical data (eV) 

Element I.P D0 (XH+) D0 (XH) 

F 17.42 5.87 
N 14.53 3.22 
O 13.62 4.39 
H 13.598 4.48 
Cl 12.97 4.65 4.43 
C 11.26 4.11 3.49 
S 10.36 3.49 3.65 
Si   8.15 3.23 2.98 



Five families of elements 
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