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HOP:	  A	  Herschel	  Open	  Time	  Key	  
Program	  

•  Deep	  observaOons	  of	  O2	  in	  molecular	  clouds	  
•  HIFI	  spectroscopy	  at	  487,	  774,	  and	  1121	  GHz	  
•  140	  hrs	  +	  follow	  up	  



Where	  is	  oxygen	  in	  the	  dense	  ISM?	  

•  The	  3rd	  most	  
abundant	  element	  

•  In	  dense	  clouds,	  the	  
observed	  values	  and	  	  
limits	  of	  O-‐bearing	  
species	  appear	  to	  
be	  insufficient	  
–  Could	  O2	  contribute	  
to	  the	  UnidenOfied	  
Depleted	  Oxygen	  
(UDO)?	  

WhiUet	  2010	  
The	  total	  range	  is	  set	  to	  the	  adopted	  reference	  abundance	  of	  
575	  ppm	  for	  interstellar	  oxygen	  (Przybilla	  et	  al.	  2008)	  



O2	  as	  a	  probe	  of	  oxygen	  

•  O2	  is	  a	  simple	  
molecule,	  and	  the	  gas-‐
phase	  chemistry	  is	  
thought	  to	  be	  well-‐
known	  

•  Standard	  gas-‐phase	  
chemistry	  models	  
predict	  high	  
abundance	  ≥	  10-‐5	  (e.g.	  
Graedel	  et	  al	  1982)	  	   Time	   dependent	   evoluOon	   of	   a	   gas	   phase	  

chemistry	  model:	  n(H2)	  =	  104	  cm-‐3,	  T	  =	  10	  K,	  
and	  Av	  =	  10	  mag	  (K.	  Willacy)	  
	  



X(O2)	  from	  SWAS	  &	  Odin	  observaUons	  is	  ≥	  100x	  
below	  predicUon	  

•  SWAS	  
•  3.’5	  x	  5’	  beam	  at	  487	  GHz	  
•  Upper	  limits	  of	  X(O2)	  ~	  10-‐7	  

(Goldsmith	  et	  al.	  2000)	  
•  Odin	  

•  	  9’	  beam	  at	  119	  GHz	  
•  Upper	  limits	  of	  X(O2)	  ≤	  10-‐7	  for	  

half	  of	  the	  sources	  (Pagani	  et	  
al.	  2003)	  

•  DetecOon	  towards	  ρ	  Oph	  A	  
with	  X(O2)	  ~	  5	  x	  10-‐8	  (Larsson	  
et	  al.	  2007)	  

Odinê	  

•  Favored	  explanaOon:	  O	  atoms	  sOck	  onto	  grains	  followed	  by	  the	  
formaOon	  of	  H2O	  ice	  (e.g.	  Bergin	  et	  al.	  2001)	  
•  The	  ice	  would	  not	  evaporate	  unless	  T	  >	  110-‐120	  K	  (Fraser	  et	  al.	  

2001)	  



HOP	  source	  selecUon	  
•  Embedded	  sources	  

–  Central	  heaOng	  from	  the	  protostar	  
–  Low	  mass:	  ρ	  Oph	  A,	  NGC	  1333	  IRAS	  4A	  	  
–  High	  mass:	  NGC	  6334I,	  Sgr	  A	  (50	  km/s),	  Sgr	  B2	  (S)	  

•  PDRs	  
–  PhotodesorpOon	  and	  photodissociaOon	  of	  H2O	  (Hollenbach	  et	  al.	  2008)	  
–  Orion	  Bar	  

•  XDRs	  	  
–  OH	  +	  O	  from	  photo-‐dissociated	  CO	  (e.g.	  Stauber	  et	  al.	  2005)	  
–  AFGL	  2891	  

•  Shock	  heated	  sources	  
–  	  O2	  produced	  from	  H2O	  desorpOon	  in	  shocks	  
–  Orion	  H2	  Peak	  1	  

•  Good	  tests	  of	  our	  understanding	  chemical	  processes	  in	  different	  
environments	  



Lower	  RotaUonal	  Levels	  and	  	  
TransiUons	  of	  O2	  

•  The	  rotaOonal	  levels	  are	  
connected	  by	  weak	  
magneOc	  dipole	  transiOons	  

•  Observed	  by	  SWAS	  _____	  	  
•  Observed	  by	  Odin	  ……….	  

•  Observable	  with	  Herschel	  
_____	  

•  Most	  favorable	  transiOons	  
for	  Herschel	  _____	  

•  Herschel	  	  
•  44”	  beam	  at	  487	  GHz	  	  
•  Great	  sensiOvity	  



DetecUon:	  Orion	  H2	  Peak	  1	  	  
(Goldsmith	  et	  al.	  2011)	  

•  First	  mulO-‐transiOon	  
detecOon	  of	  O2	  in	  the	  ISM!	  

•  Chemically	  poor	  
comparing	  with	  the	  hot	  
core	  

•  8	  hrs	  integraOon	  
•  3	  transiOons	  observed	  

consistent	  with	  vlsr	  =	  11	  km	  
s-‐1	  and	  δv	  =	  2.9	  km	  s-‐1	  
•  Orion	  Hot	  Core:	  5-‐6	  km	  

s-‐1	  
•  The	  Compact	  Ridge	  

(including	  KL):	  8-‐10	  km	  s-‐1	  



Intensity ratios indicate 
60 ≤ TK ≤ 130K 

•  Assuming	  the	  emission	  fills	  the	  beam,	  the	  lines	  are	  opt	  thin	  and	  produced	  in	  
LTE,	  the	  beam	  averaged	  column	  density	  is	  N(O2)	  =	  6.5	  x	  1016	  cm-‐2,	  X(O2)	  =	  
(0.3-‐7.3)	  x	  10-‐6	  

	  
Possible	  explanaOons:	  
•  Heated	  Dust-‐	  desorb	  water	  ice	  mantles;	  iniOally,	  there	  is	  spike	  in	  gas-‐phase	  

X(H2O),	  but	  azer	  ~104	  years	  we	  regain	  “standard”	  gas-‐phase	  chemistry	  with	  
large	  X(O2)	  

•  Shocks-‐	  enhance	  reacOon	  rate	  of	  OH	  +	  O	  è	  O2	  +	  H	  

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



Where	  is	  the	  emi\ng	  source?	  
•  H2	  v=1-‐0	  2	  μm	  

Emission	  from	  Bally	  
et	  al.	  (2011)	  

•  Herschel	  Beam	  size:	  
487	  GHz	  44“,	  774	  
GHz	  30”,	  and	  1121	  
GHz	  20“	  

•  Black	  circle:	  hot	  
core	  (5-‐6	  km/s)	  

•  Yellow	  circle:	  Peak	  
A/	  Western	  clump	  
–  NH3,	  HDO,	  HC3N,	  

NO	  
–  10-‐11.4	  km/s	  

•  Black	  cross:	  IRc2	  



	  	  

•  3mm	  ConOnuum	  (Murata	  et	  
al.	  1992)	  	  

•  Cnt	  D	  source	  is	  coincident	  
with	  Peak	  A,	  Western	  Clump,	  
and	  MF4	  

•  Where	  and	  how	  is	  the	  O2	  
produced?	  
²  OT1	  and	  CARMA	  follow	  

up	  toward	  Peak	  A	  
²  Could	  help	  disUnguish	  

models	  

H2	  
Pk	  1	  

IRc2	  



OT1	  Results	  
•  10-‐11	  km/s	  lines	  detected	  at	  487	  GHz	  and	  774	  

GHz	  with	  line	  width	  3-‐4	  km/s	  toward	  Peak	  A	  
•  No	  detecOon	  at	  1121	  GHz	  toward	  Peak	  A	  
•  At	  487	  GHz,	  line	  intensiOes	  toward	  H2	  Peak	  1	  and	  

toward	  Peak	  A	  are	  comparable.	  At	  774	  GHz,	  the	  
line	  is	  ~1.4	  Omes	  stronger	  toward	  H2	  Peak	  1	  

•  The	  6	  km/s	  feature	  appears	  to	  be	  methyl	  formate.	  

Solid:	  Peak	  A	  
Dashed:	  H2	  Peak	  1	  (Goldsmith	  et	  al.	  2011)	  
Color:	  LTE	  models	  

11	  km/s	  

487	  GHz	  upper	  side	  band	  (black:	  H2	  Peak	  1;	  red:	  Peak	  A)	  



Line	  IdenUficaUon	  

•  Deep	  integraOon	  in	  Orion-‐	  lots	  of	  lines!	  
•  LTE	  modeling	  with	  XCLASS	  (e.g.	  Comito	  et	  al.	  

2005)	  with	  JPL	  and	  CDMS	  catalog	  
•  IdenOfied	  species:	  CH3OH,	  C2H5OH,	  CH3OCH3,	  

CH3OCHO,	  HNCO,	  C17O,	  H2CO,	  SO,	  SO2,	  H2CCO,	  
NS,	  OCS,	  H2CS	  

•  Most	  species	  show	  emission	  at	  7-‐8	  km/s	  
²  SO	  has	  a	  11	  km/s	  feature	  toward	  H2	  Peak	  1	  	  
²  CH3OH	  

SO	  

SO	  

Solid:	  Peak	  A	  
Dashed:	  H2	  Peak	  1	  (Goldsmith	  et	  al.	  2011)	  
Color:	  LTE	  models	  

11	  km/s	  



Where	  is	  the	  emi\ng	  source?	  

•  The	  O2	  emission	  is	  not	  from	  Peak	  A	  	  
•  Favored	  explanaOon:	  low	  velocity	  shocks	  

(~10	  km/s,	  Tmax	  ~	  400	  K	  )	  (M.	  Kauffman)	  
•  Sulfur	  chemistry	  
•  CH3OH	  could	  be	  enhanced	  (Garay	  

2000)	  
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DetecUon:	  	  ρ	  Oph	  A	  (Liseau	  et	  al.	  
2012)	  
	  •  Cold	  dense	  cores,	  A	  

molecular	  ou}low	  from	  a	  
Class	  0	  protostar,	  and	  a	  
PDR	  excited	  by	  nearby	  B-‐
type	  stars	  

•  O2	  detecOon	  at	  119	  GHz	  
with	  Odin	  (Larsson	  et	  al.	  
2007)	  

•  Unique	  laboratory	  to	  test	  
•  UV-‐radiaUon	  controlled	  

photochemistry	  
•  gas	  phase	  and	  grain	  

surface	  reacUons	  in	  
dense	  cores	   Grey:	  C18O	  (3-‐2)	  	  



•  DetecOon	  at	  both	  487	  and	  774	  GHz	  
The	  strongest	  emission	  is	  seen	  
toward	  O1	  
•  O1:	  the	  H2O	  557	  GHz	  peak	  

(Odin)	  
•  O4:	  the	  densest	  region	  

•  	  Derived	  column	  densiOes	  
•  O1/O2:	  N(O2)	  =	  5.5	  x	  1015	  cm-‐2,	  

T	  >	  50	  K	  
•  O3/O4	  (densest	  regions):	  N(O2)	  

=	  6	  x	  1015	  cm-‐2,	  T	  <	  30	  K	  
•  X(O2)	  =	  5	  x	  10-‐8	  	  



•  Good	  agreement	  between	  the	  
derived	  X(O2)	  with	  the	  Herschel	  
data	  and	  the	  Odin	  119	  GHz	  line	  

•  PDR	  model	  (Hollenbach	  et	  al.	  
2009)	  
–  two	  stellar	  sources	  with	  

combined	  G0	  ~100	  
–  Good	  agreement	  between	  the	  

observed	  and	  predicted	  N(O2);	  
less	  convincing	  agreement	  for	  
the	  temperature	  

•  OT2	  mapping	  

R. Liseau et al.: Multi-line detection of O2 toward ρOph A

Fig. 6. Averaged data for the HIFI O2 observations (774 and
487 GHz) and the Odin 119 GHz spectrum toward ρOph A.
For proper comparison, these spectra are given in the Tmb
scale and for reference, a vertical dotted line is shown at
υLSR =+3.5 km s−1.

4.3. Chemical models

Specifically for O2 (and H2O), Hollenbach et al. (2009)
constructed theoretical models of Photon-Dominated Regions
(PDRs, Hollenbach & Tielens 1997), invoking also grain surface
chemistry, including freeze-out and desorption of the species.
These new models are models of the whole cloud, to arbitrary
values of the extinction, and showing that most of the gas phase
O2, OH and H2O is found at values of AV ∼ 3–10 mag, where the
details depend, as in a conventional PDR, on the ratio G0/nH. In
many aspects, these models are similar to the traditional dense
PDR models including chemistry and gas heating which have
been developed to explain the abundances and column densities
of other molecules (including radicals and ions) at intermedi-
ate depths into the clouds (e.g., Fuente et al. 1993; Sternberg &
Dalgarno 1995; Jansen et al. 1995; Simon et al. 1997; Pety et
al. 2005). The current models are extended even deeper into the
cloud where external UV photons play no role anymore in the
chemistry, only cosmic-ray induced photons.

In the direction of ρOph A, a number of spectroscopic in-
dicators suggest the presence of a PDR2. Liseau et al. (1999)

2 Atomic recombination lines of carbon, 12C, and sulfur, 32S,
(Cesarsky et al. 1976; Pankonin & Walmsley 1978), fine structure lines:
[C I] 492.2 GHz, (Kamegai et al. 2003), [C I] 809.3 GHz (Kamegai et
al. 2003; Kulesa et al. 2005), [C II] 157 µm (Yui et al. 1993; Liseau

Fig. 7. Upper: LTE computations of the O2 column density
N(O2) as function of the temperature T for an extended homo-
geneous source, to yield a line intensity of 1.0 K km s−1. For op-
tically thin emission, intensity and column density are linearly
related. 119 GHz: blue dots; 487 Ghz: black solid line; 774 GHz:
red short dashes. Lower: The ratio of the 487 GHz integrated
line intensity to that at 774 GHz is shown by the curve for a range
of temperatures. For O1 (=O1 2), the error shown by the dashed
line formally extends to the unplausible result of nearly 103 K.
For O4, the limit symbols are for the lower limit on the intensity
ratio and the upper limit on the temperature, respectively.

inferred that the PDR is situated on the rear side of ρOph A,
as seen from the Sun, and excited by the two stellar sources
HD 147889 and S 1 (see Fig. 1 and Table 2) by their combined
UV fields, corresponding to G0 ∼ 102. For the densest parts of

et al. 1999), [O I] 63 µm (Ceccarelli et al. 1997; Liseau et al. 1999),
[O I] 145 µm (Liseau et al. 1999; Liseau & Justtanont 2009) and mid-
infrared PAH emission: (Liseau & Justtanont 2009).

8



Non-‐detecUon:	  Orion	  Bar	  
(Melnick	  et	  al.	  2012)	  

•  Up	  to	  12	  hrs	  integraOon	  
towards	  the	  surface	  
layers	  of	  the	  FUV-‐
illuminated	  Orion	  Bar	  
–  the	  thermal	  evaporaOon	  
of	  O	  from	  the	  grain	  
surfaces	  is	  enhanced	  

•  Non-‐detecOon	  at	  both	  
487	  and	  774	  GHz	  

•  Upper	  limit	  N(O2)	  ~4	  x	  
1015	  cm-‐2	  (face-‐on)	  
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Fig. 1. Position of the HIFI 44.7�� and 28.2�� beams at 487 GHz and 774 GHz, respectively, super-
posed on an HST image of the Orion nebula (O’Dell & Wong 1996). Also shown are contours
of 13CO J = 3 – 2 integrated intensity for a portion of a larger map obtained by Lis & Schilke
(2003), with intensities in K km s−1 noted. The HIFI beams are centered at α = 05h35m20s.6,
δ = −05o25�14�� (J2000), toward the surface layers of the FUV-illuminated Orion Bar where
the O2 emission is predicted to peak.

HST	  image	  (O’Dell	  &	  Wong	  1996)	  
with	  13CO	  3-‐2	  contours	  (Lis	  &	  
Schilke	  2003)	  



Test	  of	  current	  models	  for	  externally	  FUV-‐
illuminated	  gas	  

•  X(O2)	  is	  predicted	  to	  peak	  at	  
intermediate	  depth	  of	  Av	  (~8)	  
–  Some	  gas	  phase	  O	  is	  provided	  

by	  FUV	  photodesorpOon	  of	  
water	  ice	  	  

–  O2	  photodissociaOon	  is	  not	  
extremely	  fast	  as	  the	  surface	  
region	  

•  The	  discrepancy	  between	  models	  
and	  observaOons	  can	  be	  resolved	  if:	  
–  The	  adsorpOon	  energy	  of	  O	  >	  

800	  K	  
–  The	  emission	  arises	  within	  small	  

dense	  clumps	  
–  The	  total	  face-‐on	  depth	  within	  

the	  bar	  correspond	  to	  Av	  ≤	  7	  
–  The	  density	  structure	  is	  

different	  from	  model	  
assumpOon	  
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Fig. 7. Top panel: Abundance of O2 as a function of face-on depth into a cloud, measured in AV,
for a cloud with nH = n(H+2H2)=105 cm−3 and 106 cm−3 exposed to a FUV field of Go =104.
This result was computed using the model described in Hollenbach et al. (2009) assuming their
“standard” model parameters, except for those noted here. An H2O photodesorption yield of
10−3 is assumed. The gas and dust temperatures throughout the cloud are calculated self-con-
sistently in the Hollenbach et al. code, which predicts a gas temperature of 33 K, and a dust
temperature of 42 K, at the depth of the peak O2 abundance above. Bottom panel: Cumulative
face-on column density of O2 integrated from the cloud surface to a given depth, in AV, for the
abundance profile shown in the top panel.

upper	  limit	  

(Based	  on	  models	  from	  
Hollenbach	  et	  al.	  2009)	  



Summary	  
•  We	  have	  detecOons	  of	  3	  O2	  transiOons	  in	  Orion	  and	  2	  
transiOons	  in	  ρ	  Oph	  A	  
–  Favored	  explanaOon	  for	  Orion:	  low	  velocity	  shocks	  

•  Most	  sources	  show	  no	  detectable	  O2	  emission	  
–  O2	  abundance	  is	  very	  low	  
–  O2	  is	  not	  a	  significant	  coolant	  or	  accounts	  for	  the	  
unidenOfied	  depleted	  oxygen	  in	  dense	  clouds	  

•  Complete	  HOP	  data	  set	  will	  provide	  sensiOve	  limits	  
to	  test	  important	  chemical	  processes	  during	  cloud	  
and	  protostellar	  evoluOon	  


