
Herschel Measurements of 
Molecular Oxygen in Orion 

Herschel Oxygen Project “HOP” 
Paul F. Goldsmith 

Jet Propulsion Laboratory, California Institute of Technology 
 

for the HOP Team 
with special thanks to Tom Bell, John Black, Jo-Hsin Chen, David Hollenbach, 

Michael Kaufman, Di Li, and Darek Lis 
 

Herschel-Spitzer JPL Science Fair Oct 27, 2011 
 

© 2011 California Institute of Technology 



Herschel Oxygen Project 
Paul Goldsmith (NASA JPL), U.S. PI; René Liseau (Chalmers Univ.), European PI 

Tom Bell       Astrobiology Inst. Madrid 
Arnold Benz      ETH, Zurich 
Edwin Bergin      Univ. Michigan 
John Black          Chalmers Univ. 
Simon Bruderer      ETH, Zurich 
Paola Caselli      Univ. Leeds 
Emmanuel Caux      CESR Toulouse 
Jo-Hsin Chen      NASA JPL 
Pierre Encrenaz      Univ. Paris 
Edith Falgarone      CNRS, Paris 
Maryvonne Gerin   CNRS, Paris 
Javier Goicoechea   Obs. Paris 
Ake Hjalmarson      Onsala Space Obs. 
David Hollenbach    NASA Ames 
Michael Kaufman    San Jose State Univ. 
Bengt Larsson      Stockholm Obs. 
Jacques Le Bourlot Univ. Paris 
 
 

Franck Le Petit     Obs. Paris 
Di Li       NASA JPL 
Darek Lis     Caltech 
Gary Melnick     Center for Astrophys. 
Zsofia Nagy  SRON, Groningen 
David Neufeld     Johns Hopkins Univ. 
Henrik Olofsson    Obs. Paris 
Laurent Pagani     CNRS, Paris 
Evelyne Roueff  Obs. Paris 
Aage Sandqvist     Stockholm Univ. 
Ronald Snell     Univ. Massachusetts 
Floris van der Tak SRON, Groningen 
Ewine van Dishoeck Leiden Univ. 
Charlotte Vastel     CESR, Toulouse 
Serena Viti     Univ. College London 
Umit Yildiz   Leiden Observatory 



Part of a Bigger Question:  Oxygen is 3rd Most 
Abundant Element.  Where is it in the Dense ISM? 

• Its form in the Dense 
ISM is very unclear – OI 
?? 

• Should O2 be in this 
figure?? D. Whittet 201) 

Unidentified  
Depleted  
Oxygen 

Normalized to  
575 ppm 

Caux et al. 1999; Vastel et al. 2000:  OI/CO = 10 – 50 !!  



Gas Phase Chemistry for O, H2O, O2 and 
CO is Relatively Simple 

All key reaction 
rates have been 
measured in 
laboratory, both at 
room temperature & 
at  temperatures of 
dense interstellar 
clouds 

Branching ratio 
measured by ASTRID 
and CRYRING 
experiments (Jensen 
et al. 2000; Neau et al. 
2000) f(H2O):f(OH) = 
0.25:0.75 

OH + O −> O2 is an 
endothermic neutral-
neutral reaction 
 
Measurements (Carty 
et al. (2006) and full 
quantum calculations 
(Lique 2010) indicate  
~ temp-indep. rate 
from 300 K to very low 
temperatures ≅ 4x10-11 

cm3s-1 



Standard Gas-Phase Chemistry Models 
Predict Lots of O2 

 

The time dependent evolution of a gas phase chemistry model.  The  

physical conditions are n(H2) = 104 cm-3, T = 10 K, and Av = 10 mag.   

The oxygen is initially atomic (K. Willacy).   



X(O2) in IS Clouds from SWAS & 
Odin is ≥ 100X Below Prediction 

of Gas-phase Chemistry 

Odin 
  

Odin  

SWAS 



O2 Observations of H2 Peak 1 Position in 
Orion 

H2 v=1-0 2 μm 
Emission from Bally 
et al. (2011) 
 
Herschel HIFI 
beams at 487 GHz, 
774 GHz, and 1121 
GHz indicated by 
red, green, and 
blue circles 
 
Hot core is 10” 
black circle 
 
Peak A / Western 
Clump / Cnt D is 5” 
yellow circle 
 
IRc2 is the black 
cross 
 



 

Herschel HIFI 
Data on O2 
•Beam Sizes:   
487 GHz   44” 
774 GHz   30” 
1121 GHz 20” 
•Integration times 
up to 8 hr 
•3 transitions 
observed 
consistent with vlsr 
= 11 km s-1 

δv = 2.9 km s-1 
 

First multitransition 
detection of molecular 
oxygen in the ISM 



Line Intensity Ratios Determine Kinetic 
Temperature and Total O2 Column Density 

Intensity ratios indicate 
60 ≤ TK ≤ 130K 

Assuming that the source fills all three Herschel beams: 
N(O2) = 6.8(+0.7 -1.0) x 1016 cm-2 (statistical + kinetic temperature uncertainties) 

The temperature range  
fixes N(O2)/N(54) 



Possible Explanations for O2 Seen 
in Orion H2 Peak 1 

• Heated Dust:   
desorb water ice mantles; initially, there is spike 
in gas-phase X(H2O), but eventually we regain 
“standard” gas-phase chemistry with large X(O2) 

• Shocks:  
enhance reaction rate of OH + O  O2 + H 
Modest velocity shock is best;  too-large vshock   
converts oxygen into H2O 



Warm Dust Surrounding Embedded Source ⇒ 
Large Gas Phase X(O2)  

• O2 binding weak compared to 
that of H2O  (Acharyya et al. 
2007) O2 on  grains likely to be 
converted to H2O (Ioppolo et 
al. 2008; Miyauchi et al. 2008) 

• Atomic O will start desorbing 
for Td > 25 K (Hasegawa & 
Herbst 1993)  

• When Td ≥ 100 K, H2O will 
start desorbing (Fraser et al. 
2001) 

• With gas phase H2O present, 
“normal” gas-phase 
chemistry will reassert itself 
in few x 105 yr DUSTY code (Nenkova, Elitzur)  



 Where is the Source? 
Dust Emission from 3mm Continuum  

(Murata et al. 1992) 

IRc2 (1950) 
α = 5h32m47s 

δ = -5o24’23’’ 

H2 
Pk 1 

IRc2 

Cnt D source is 
coincident with  
Peak A, Western 
Clump, and MF4 
 
This is only source 
with narrow lines & 
molecular emission 
in range 
10 < v < 12 km/s 



Gezari, Backman, & Werner 1998 20 μm image 
(0,0) = BN  

BN (1950) 
α = 
5h32m46.6s 

δ = -
5o24’16.5’’ 
 
IRc2 has only 
~ 1000 Lsun 
 
Total region 
has ~ 105 Lsun 
 

IRc2 

IRc7 IRc3 

IRc4 Hot Core 

Peak A 
BN 

Peak A N(H2) produces 
τ(20 μm) = 300 and Av = 
2000 



Compact Source with Warmed Gains Restoring Pure 
Gas-Phase O2 Chemistry 

• Almost all species having emission in 10 - 12 km s-1 range have local 
maximum at Peak A/Western Clump/MF4/Cnt D location 

• Semi-detailed modeling of effects of source dilution and offset suggest 
that relative intensities of O2 lines can be fit, but now with Tkin ≥ 150 K.   

• Column Density of O2 is 1.3x1019 cm-2 assuming ~5” source size.  The H2 
column density is tricky to determine, but scaling from C17O we find N(H2) 
= 2.3x1024 cm-2.  This agrees very well with the column density obtained 
from dust emission by Murata et al. (1992), N(H2) = 5x1024 cm-2.  

• Resulting fractional abundance of molecular oxygen is X(O2) = 6.6x10-6, 
which is straightforward to produce in warmed grain model. 

Predictions and Tests 
• Observe Ori KL (OT-1 observations pending) 
• There should be large column density of OI as well, which should be 

detectable, but very difficult to disentangle from PDR emission. 
 
 



Low-velocity Shocks are Effective at 
Producing O2 V > 10 km/s gives 

sufficient heating to 
allow rapid 
 
O + H2 -> OH + O 
 
Followed by 
 
OH + O -> O2 + H 

 
V > 15 km/s produces 
high enough T to 
allow back reaction  
O2 + H -> OH + H  
     ~exp-(8750/T) 
 
N(O2) can be as high 
as 1017 cm-2 
 

 (from M. Kaufman) 



Pros and Cons of Shock Model for O2 
Abundance Enhancement 

• Shock model can produce up to 1017 cm-2 of O2 with Vshock  = 
10 – 15 km s-1. 

• O2 velocity agrees with that of H2O masers in the vicinity 
• Need to get substantial O in gas BEFORE the shock.  This could 

come from higher-velocity J-type shocks in vicinity as 
indicated by H2 emission, by sputtering, or by UV from PDR 
surface 

• Line profile is a question, as one would expect velocity shifts 
(could be avoided if shock in plane of the sky) and line 
broadening.   



Conclusions 
•With limited data available, mostly in lowest frequency transition, most 
sources show no detectable O2 emission with Herschel HIFI.  
•The broad-brush interpretation is that in regions of modest temperature, the 
O2 abundance is extremely low, with limits between few x10-9 and few x10-8. 
•O2 in ρ Oph has been confirmed and in Sgr A (50 km/s) detected. 
•These results confirm and extend SWAS and Odin results:  O2 is not a 
significant coolant or major contributor to Unidentified Depleted Oxygen 
(UDO). 
•We have statistically significant detections of three O2 transitions in Orion.  
Modeling in terms of of shocks and warm dust chemistry is encouraging, but 
not yet fully satisfactory.  HOP team inclined to favor warmed dust model with 
O2 emission concentrated in Peak A - Western Clump – MF4 - Cnt D 
condensation 
•Complete HOP data set will provide important tests of various aspects of 
astrochemistry and models of cloud and protostar evolution. 
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