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Designing the mission : 
spectroscopy

• T.G. Phillips in ESA, From Ground-Based to Space-
Borne Sub-mm Astronomy p 221-228 (SEE N91-
21986 13-89)



Fine structure lines : 
ISO & KAO before 
Herschel & SOFIA

• KAO : [OI] in DR21 (Poglitsch et al. 1997)

• ISO : SgrB2, W49 at “high” spectral 
resolution (FP) (Vastel et al. 2000, Lis et 
al. 2001) :

• Detection of absorption in [CII] and [OI] 
63µm

• Limited velocity resolution →  Difficulty 
in determining the opacity and for 
disentangling narrow and features

KAO : 
DR21 ISO : W49N

ISO : SgrB2



[CII] with HIFI & PACS towards W49N

• HIFI : Load chop observations with “ref” position 1.5° OFF the Galactic plane

• PACS : Chopped with 6' OFF. Correction for OFF contamination

• Complex line profiles with prominent absorption from foreground gas

• PACS with low spectral resolution :  absorption in the central pixel → can contribute to the [CII] deficit ?

Line Flux Line/continuum ratio
HIFI



Determination of the diffuse gas pressure distribution

Median pressure : log(p) = 3.58 +/- 0.175
p ~ nT ~ 3800 Kcm-3

within a factor 1.5

From FUV : Jenkins & Tripp 2011 From FIR with Herschel : Gerin+2015, Velusamy+2017

Variation of pressure with Galactic radius : 6900 Kcm-3

At the mean Galactic radius of 5 kpc
Good agreement for the same sources



N+ absorption as a tracer of the WIM

N(N+) ~ 1.5 1017 cm-2   - N(C+)/N(N+) ~ 40
Diffuse ionized gas with n(H+)  ~ 0.1 – 0.3 cm-3 and T ~ 8 000 K   →  Warm Ionized Medium (WIM)
C/N ~ 3 – 4 ; → about 10% of the C+ absorption is associated with the WIM

Persson+ 2014



GOT C+ [CII] Distribution in the Milky Way 

Goldsmith, Langer, Pineda, Velusamy+ 



The CNM/WNM fraction from Herschel GotC+ survey

Pineda et al 2013 A&A

[CII] fine structure line at 158 µm is the main coolant of the CNM. 
The Comparison of HI and [CII] emission enables the separation of the CNM and WNM 



Pineda+2018
[CII] in M51

Pabst+2019
[CII] in Orion / L1630

Large scale [CII] maps :
Star formation rate
Feedback effect from massive stars



Preparation for 
Herschel/HIFI observations : 
molecules

The Astronomer's Periodic Table ; B. Mc Call

1/ Choosing the species :
- Hydrides from the main elements (C, N, O)
- Hydrides with specific properties (F, Cl)

2/ Choose the targets :
- Use SWAS & ODIN + VLA subset of strong FIR 
sources with known foreground absorption

3/ Define the observations :
- Expected abundances from models ? 
- Constant sensititivity : S/N = 100 on continuum
- Frequencies & line strengths ? Ask spectroscopists
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PRISMAS 
PRobing InterStellar

Molecules with Absorption
line Studies

He HeH +

C CH, 13CH, CH+, 13CH+, CH2 , CH3, CH3
+, CH2D+, CH4 , C, C+

N NH, 15NH,  NH2, NH3 (o & p), 15NH3, ND, NH2D, ND2H, ND3, NH3D+, NH+ , N+

O OH+, H2O+ (o & p), H3O+, H2O (o & p), H2
18O, HDO, D2O, OD

F HF, DF
Cl HCl, HCl+ , H2Cl+
S SH, H2S, SH+   

Ar ArH+

Warm And 
Dense ISM 

ISO
Herschel new detection
Herschel observations
SOFIA new detection
ALMA
Other telescopes
No detection yet



Gerin,Neufeld, Goicoechea
ARAA 2016

Plume+ 2004

W31C

Molecular absorption profiles : from SWAS & ODIN to Herschel & SOFIA



PCA analysis of hydride absorption spectra

Separation of different families :
- “HI” : ions like CH+, OH+ & H2O+. Gas with a low fraction of hydrogen in H2
- CH & H2O for diffuse molecular gas : trace the H2 column density
- H2S & NH3 molecular gas with lower filling factor (higher density). Similar behavior as 

CN & HNC
Gerin, Neufeld & Goicoechea 2016 ARAA



Tracing the H2 fraction

l Global tracers = molecules with a nearly constant abundance relative to H2 (well mixed) : CH, HF, 
OH, H2O, HCO+, CCH,…
- Provide the integrated H2 column along the line of sight for each velocity feature
- Abundance uncertainty ≤ factor of 2
- Characteristic scales probed are ~ few pc for local sight-lines, up to ~ 100pc for Galactic Plane 

sources
- Averaging effect along the line of sight à better accuracy for long sightlines

l Local H2 tracers = species with enhanced abundance in a special range of H2 fraction :
- molecular ions formed and destroyed by H2 reach a peak abundance at a given f(H2) (which 

may depend on the conditions) (e.g. OH+, H2O+, ArH+)
- Trace only the gas close to this optimum f(H2)  
- The local H2 fraction may therefore be  different from the global value

Local value  
f(H2) = 2n(H2)/(n(HI)+2n(H2))

⍯
Integrated value  

f(H2) =  2N(H2)/(N(HI)+2N(H2))



CH , HF & H2O
• HF : formed exothermically in the F + H2

reaction à HF tracks H2
• CH is shown from observations and models to 

track H2 with a. constant abundance CH/H2= 
3.6 10-8 

N(HF) / N(CH) ~ 0.4  à HF/H2~ 0.6 – 2.4x10-8

H2O/HF ~2 à H2O/H2 ~ 2.5x10-8

Consistent with chemical models & direct 
measurement towards stars

Good understanding of the chemistry
Molecular probes of the H/H2 transition 

Neufeld+2010, Flagey+2013, Tziniti+2014, Sonnentrucker+2015, Wiesemeyer+ 
2016, Godard+ 2012 Emprechtinger+ 2012, Levrier+2012, Sheffer+2008



Other Molecules tracing H2

HF
1.2 10-8 (0.14dex)

CCH
4.4x10-8 (0,15 dex)

H2O
2.7 10-8 (0.20 dex)

• Species with strong absorption lines at lower 
frequencies (~ 100GHz) where the sky is more 
transparent : HCO+, CCH, HOC+, CF+

• Nearly constant abundances over a decade in 
N(H2) with a real dispersion  (0.2 dex or a 
factor 1.6)

• Includes the regime of CO-dark H2  with N(H2) 
~ 5x1020 cm-2

• Choice of species to cover a range in N(H2) :
HF is the most sensitive probe in the THz domain
HCO+ is the most sensitive probe in the mm 
domain
HCO+ , p-H2O  & OH (THz) probe the same range 
of H2 columns
CH & CCH allow to reach higher H2 columns 
where HCO+ is saturated

HCO+
3.1 10-9 (0.21 dex)

Gerin+2018



Determination of the Cosmic Ray ionization rate

New probes of  CRIR ; Higher value in diffuse gas than in dense & cold clouds
z(H) =(2.3+/-0.6) x 10-16 s-1 (H2) ; z(H)/n50 =(4.6+/-0.5) x 10-16s-1 (H clouds)

Neufeld &  Wolfire 2017, Le Petit+2016 

Molecular ions formed by CR-induced ionization of 
H2 : H3

+

H : OH +, H2O +, H3O +

Ar : ArH +



H3O+ absorption in metastable states : Hot H3O+ !
Different behavior from other ions & neutrals : Chemical pumping of the 

metastable stables at the molecule formation & slow relaxation

The surprise of H3O+

SgrB2(N)

Lis +2014

W31C



The surprise of ArH+

• U line in HIFI & PACS spectra à Identified as ArH
+

• Specific chemistry :  ArH
+

abundance maximum when f(H
2
) ~ 10

-4 
to 10

-3

• ArH
+

abundance relative to H ~ 10
-10

to 10
-9

• Now detected at high redshift 

Barlow et al. 2013, Schilke et al. 2014



Cl chemistry in the ISM : an illustration of the collaboration 
between spectroscopy, models & observations

Dalgarno et al. 1974
Neufeld & Wolfire 2009

HCl in the ISM discovered in 1985 (Blake et al 1985)
Herschel/HIFI discovery of H2Cl+ (Lis et al. 2010) and HCl+ (De 

Luca et al. 2012).

De Luca+2012



Two Reactive ions : CH+ and SH +

Endothermic formation pathway (C+ + H2 à CH+ + H DE 4300K) : use the energy of ion-neutral velocity 
drift for enhancing the formation in diffuse gas

Diagnostic of turbulence properties 
Godard+2012,2014



The surprise of detecting extended CH+ emission

Agundez+2010,
Parikka+2017

CH+ in PDRs : Efficient formation with vibrationally excited H2
Other possibility : irradiated Shocks



CH+ and C+

emission show similar 
spatial
Distributions

The reaction with vib
excited H2 is efficient at 
large scales !

Tracers of UV irradiated molecular cloud surfaces
CH+ 1-0 @ 835 GHz

[CII] @ 1.9 THz

Herschel / HIFI 

Morris+16
Goicoechea+15,19

BN/KL

Orion South

Orion Bar

HII region

H2 Peak 1

OMC-1



Narrow-line CH+ emission is very extended  and 
correlates with G0 , [CII]158um,  and H2 (v≥1) 
Goicoechea+19, submitted. 

Goicoechea et al.: Stellar radiative feedback in OMC-1

Fig. 7. CH+ J = 1–0 line intensity correlation plots extracted from maps convolved to a uniform angular resolution of 2700. Data points are
shown in linear scale (blue points) and in logarithmic scale (gray points). Results from a linear fit (y = mx + b) to the blue points are shown
in red. (a) FUV-radiation field flux (G0 in Habing units) estimated from FIR luminosities (from Goicoechea et al. 2015b), (b) [C ii] 158µm,
(c) CO J = 1–0, and (d) C18O J = 1–0 line intensities (all in W m�2 sr�1 units).

the H2 v=1-0 S (1) line intensity scales with G0 (e.g., Burton
et al. 1990). Only if the gas temperature is Tk�1000 K, colli-
sions will also contribute to populate the vibrational level v=1,
so we expect that thermal excitation does not dominate the
large-scale IR H2 (v� 1) emission. Hence, in a first approxima-
tion, the extended interstellar emission shown in the KS image
(Fig. 8, left panel) should also reflect variations of G0 along the
FUV-irradiated surface of OMC-1. The two images in Fig. 8 also
display the CH+ J = 1–0 integrated intensity map in black con-
tours. Although the NIR and submm observations have very dif-
ferent angular resolutions, one clearly infers the presence of CH+
everywhere H2 (v� 1) emits. Indeed, the brightest CH+ (J = 1–0)
emission peaks, associated to regions of high G0 values, are also
bright in NIR H2 (v� 1) emission (Fig. 8). The observed spatial
correlations along OMC-1 reflect the tight connection between
both the CH+ rotational and H2 (v� 1) ro-vibrational emission
with the strength of the stellar FUV photon flux.

4.5. Rotationally warm CH+ emission toward the Trapezium

In terms of FUV irradiation, the most extreme conditions are
those in the regions between the Trapezium and Orion S,
with G0'105 (Fig. 8, right). These are even harsher condi-
tions than in the prototypical PDR the Orion Bar. Indeed, with
Herschel/PACS we detect CH+ rotational lines up to J = 5–4
(or Eu/k' 600 K) toward position #3. The intensities of these ro-
tationally excited CH+ lines (a few 10�7 W m�2 sr�1) are a factor

of ⇠4 to 8 brighter than toward the Orion Bar (Nagy et al. 2013;
Joblin et al. 2018). CH+ rotational lines have very high crit-
ical densities for collisional excitation, several 109-1010 cm�3.
Hence, at the gas densities we infer for the edge of OMC-1
(Section 4.2), one would expect very subthermal excitation, that
is, very low rotational temperatures, Trot ⌧ Tk, similar to
those observed in other reactive ions such as CO+ or HOC+
(Trot'10-30 K in the Orion Bar; see Fuente et al. 2003; Nagy
et al. 2013; Goicoechea et al. 2017). Figure 9 shows the ob-
served CH+ line intensities toward position #3 in the form of
a rotational population diagram. Due to the observed curva-
ture of the diagram, the measured line intensities are incom-
patible with a single rotational temperature. Just for reference,
we note that a simple two-temperature fit provides two compo-
nents, with Trot(CH+)'67 and 104 K, respectively, significantly
higher than Trot of other reactive ions. In other words, CH+ is
rotationally warm. This is consistent with the very short-life of
CH+ in dense gas and with the exothermic formation pathway
from the reaction of C+ with H2 (v� 1). In particular, CH+ can
be excited by radiation many times during its short lifetime, and
during its mean-free-time for elastic and inelastic collisions, so
that it remains kinetically hot (producing broad line-widths) and
rotationally warm (producing elevated rotational temperatures)
while it emits (e.g., Black 1998; Goicoechea et al. 2017). This
chemical formation pumping enhances the populations of CH+
rotationally excited levels (especially for J � 3; see models by
Godard & Cernicharo 2013).
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I (CH+ 1-0)  (10-8 W m-2 sr-1)             

A&A proofs: manuscript no. orion_hifi_omc1_jrg

Fig. 8. Left: NIR VISTA image of M42 in the KS band dominated by interstellar emission from vibrationally excited H2. The intensity scale is
chosen to enhance the very bright NIR emission from gas illuminated by the strong UV field from the Trapezium stars; and locally by thermally-
excited shocked gas from BN/KL (Fig. B.6 shows a larger image that enhances the much more extended NIR emission). Black contours show the
CH+ J = 1–0 intensities from 1 to 46 K km s�1 in steps of 5 K km s�1. Right: FUV radiation field, G0, estimated from FIR luminosities (Goicoechea
et al. 2015b). The gray area around BN/KL indicates positions where the Herschel photometric data is saturated.

Fig. 9. CH+ rotational population diagram (Ju=1 to 5) obtained from
Herschel/PACS and HIFI observations toward position #3 near the
Trapezium region. The straight lines and associated rotational tempera-
tures are fits to the emission lines in di↵erent J ranges.

5. Discussion

5.1. PDR modeling

We used the Meudon PDR code (e.g., Le Petit et al. 2006;
Goicoechea & Le Bourlot 2007; Bron et al. 2014) to model
the irradiated cloud edge layers where the observed submm line
emission arises. The model simulates a stationary PDR; the pen-
etration of FUV photons, the thermal balance, and the chem-
istry are computed self-consistently. We adopted an extinction
to color-index ratio, RV = AV/EB�V, of 5.5 compatible with the
flatter extinction curve toward Orion (Cardelli et al. 1989). Re-

garding CH+ formation, our PDR models include an H2 state-
dependent treatment of reaction (1) (see Agúndez et al. 2010;
Zanchet et al. 2013; Herráez-Aguilar et al. 2014; Faure et al.
2017). In particular, the CH+ formation rate is computed by sum-
ming over all formation rates for each specific state of H2.

ALMA observations of the Orion Bar have spatially
resolved the thin compressed PDR layer at the edge of
the molecular cloud, very close to the H to H2 transition
zone. This layer is characterized by high thermal pressures
(Pth=nH·Tk⇡108 K cm�3, Goicoechea et al. 2016), it is the source
of H2 (v� 1) emission, and the only region where reactive ions
such as CH+ and SH+ can e�ciently form (Nagy et al. 2013;
Goicoechea et al. 2017; Parikka et al. 2017; Joblin et al. 2018).
Observations of di↵erent PDRs in the Milky Way further suggest
a correlation between G0 and the thermal pressure in these com-
pressed layers. In particular, many PDRs seem to lie in the range
Pth/G0 ⇡ [5 · 103 � 8 · 104] (Joblin et al. 2018; Wu et al. 2018).
This correlation is predicted, almost independently of the initial
gas density, by more advanced, non-stationary hydrodynamical
models of photoevaporative PDRs (Bron et al. 2018). The high
pressures inferred at the PDR surface, often unbalanced by that
of the surrounding environment, likely have a dynamical origin:
cloud edge compression followed by photoevaporation. These
proceses greatly depend on the strength and shape of the stel-
lar UV radiation field (Hill & Hollenbach 1978; Bertoldi 1989;
Bertoldi & Draine 1996; Störzer & Hollenbach 1998; Hosokawa
& Inutsuka 2006; Pellegrini et al. 2009; Bron et al. 2018).

Bron et al. (2018) concluded that, in the frame of stationary
PDR models, a better description of these quasi-isobaric layers,
typically between AV = 0 and ⇠5 mag into the cloud, is obtained
by constant pressure models instead of the constant density mod-
els often used in the literature. With this in mind, in Fig. 10 we
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Goicoechea et al.: Stellar radiative feedback in OMC-1

Fig. 10. Isobaric PDR model with Pth = 108 K cm�3 and G0 = 7.5·103,
the mean G0 in OMC-1. Top panel: Fractional abundances as a function
of visual extinction (AV) into the molecular cloud. Middle: Normalized
local line emissivities. Bottom: Predicted gas temperature (Tgas), hydro-
gen nuclei gas density (nH) and electron density (ne) profiles.

show a representative stationary PDR model adapted to the irra-
diated edge of OMC-1. This is a high-pressure, Pth=108 K cm�3,
isobaric PDR illuminated by the mean FUV radiation flux in the
mapped area (G0'7.5·103, Goicoechea et al. 2015b). The bot-
tom panel in Fig. 10 shows the predicted physical structure, from
AV=0 to 5 mag of visual extinction into the molecular cloud.
The upper panel shows fractional abundances of H2, C+, CH+,
CO, HCO+ and HCN with respect to H nuclei. We note that
CH+ and HCO+ abundances peak at the edge of the PDR, be-
fore the C+ to CO transition, that is, closer to the H ii region.
Both CH+ and HCO+ are abundant4 in layers where the ion-
ization fraction, driven by the photoionization of carbon atoms,
is high, x(e�)⇡10�4. The high electron density in these layers,
ne'30 to 100 cm�3, also contributes to the collisional excitation
of their rotational levels. The middle panel in Fig. 10 shows the
predicted local emissivities of the observed molecular lines, nor-
malized by their emission peak. In the optically thin limit, the
actual line intensities follow the same spatial distribution.

4 HCO+ is also abundant deep inside the shielded molecular cloud,
mainly formed by the reaction CO + H+3 ! HCO+ + H2.

Fig. 11. Results from a grid of isobaric PDR models with the Pth/G0
ratio ranging from 103 to 105 (see text). The plot shows a correlation
between incident FUV flux, G0, and CH+ J = 1–0 line intensity.

Because of the e�cient chemical formation of HCO+ from
reactive ions CH+ and CO+ at the PDR surface (e.g., Sternberg
& Dalgarno 1995; Goicoechea et al. 2016), the CH+ J = 1–0 and
HCO+ J = 6–5 lines are predicted to trace hotter gas, Tk'500 K,
than the CO J = 10–9 emission. Acording to these models, the
CO J = 10–9 line traces cooler and an order of magnitude denser
gas, nH'106 cm�3, that arises from slightly deeper inside the
PDR. Given the relatively high gas densities in the compressed
PDR layers, the observed submm molecular lines arise from
a very thin layer: ⇠1.6·1016 cm�2'5·10�3 pc'1000 AU in this
particular model. This is not far from previous claims, based
on low-angular resolution observations, for the dense molecu-
lar gas confining the H ii region M42 (e.g., Rodríguez-Franco
et al. 2001). At the distance to Orion, these spatial scales imply
angular thicknesses of only several arcseconds. In other words,
they cannot be resolved by single-dish telescopes. This explains
the similar morphology of the CH+ J = 1–0 and CO J = 10–9 ex-
tended emission observed by Herschel. Thanks to ALMA im-
ages of the HCO+ (J = 3–2) and SH+ emission, these compressed
molecular PDR layers have been recently spatially resolved in
the Orion Bar (Goicoechea et al. 2016, 2017).

We analyzed the results of a grid of ⇠1300 stationary PDR
models, also run with the Meudon code, and searched for a
theoretical validation of the observed I (CH+ 1-0) versus G0
correlation (Section 4.3). Figure 11 shows results from mod-
els that cover a wide parameter space in G0 and Pth and satisfy
the condition Pth/G0 = [103 � 105], roughly the same range ob-
tained from photoevaporative PDR models (Bron et al. 2018)
and suggested by observations (e.g., Joblin et al. 2018; Wu
et al. 2018). In this wide parameter space of illumination con-
ditions, models do predict a correlation between incident FUV
flux and CH+ J = 1–0 line intensity. The slope of the predicted
correlation, in logarithmic scale, is mmod=1.4±0.1. This value is
only slightly above the one from our observations of OMC-1,
mobs=1.0±0.1 in OMC-1, but covering regions of high G0&103

fluxes. This satisfactory agreement implies that, for a wide range
of G0 values, the stationary isobaric PDR model does capture
the global properties of the compressed PDR layers at the edges
of OMC-1. It also supports the observational result that the
CH+ J = 1–0 emission traces the strength of the FUV flux.

Article number, page 13 of 23page.23

Meudon
PDR code

lo
g 1

0
I (

CH
+

1-
0)

  (
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sr
-1

) 

Log10 G0

Observations

CH+ J=1-0 emission scales with G0 in OMC-1

Orion Bar

BN/KL

Orion S

Trapezium

Goicoechea+15,19



Detecting the full CO spectral line energy
distribution

Orion Bar : Good fit with constant pressure PDR model, with
detailed accounting of the heating processes
The maximum pressure scales with G0 

Joblin+2018



A new hydride : HeH+ in NGC 7027

• Evidence for efficient radiative 
association

• HeH+ is the starting point of 
chemistry in the Early universe (with
a somewhat different chemical
network)

Güsten+ 19



Hydrides at High redshift : use ALMA & NOEMA

Muller+2017, Falgarone+2017



A lot of Challenges for Models :

• ISM Chemistry : Cl ; C+/C/CO transition ; CH+ & SH+ 

• PDR physics : explaining the CO SLED and the relationship between
G0 and Pressure 
• Understanding Feedback processes for galaxy evolution
• Understanding the intricacy of ISM phases : toward GUSTO
• Cosmic Rays origin and propagation



General remarks
• Early preparation : 

• Laboratory work (spectroscopy, molecular processes, dust properties ..
• Theory (collisional cross sections, reactivity ;  ..)
• Source Models : PDR, MHD, radiative transfer
• Use archives + ground based observations

• Many surprises : 
• do not trust models at 100%
• Systematic approach in observations (limit in S/N ; broad spectral coverage) as in 

guaranteed time allows to open the discovery space
• Legacy for the future : unique wavelength coverage & range of spectral 

resolution

ESA Voyage2050 FIR workshop : Paris June 14th
Contact Martina Wiedner (martina.wiedner@obspm.fr) & me 

mailto:martina.wiedner@obspm.fr



