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• Additionals: P.Boissé, J.R.Goicoechea, H.Liszt, R.Lucas, G.Pineau des Forêts.
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PDR: PHOTO DISSOCIATION REGIONS

• UV photons determine the physical 
(temperature, density) and chemical 
properties.

• Examples: diffuse clouds, starburst galaxies, 
surface of protoplanetary disks, ...

• PDR models : Understand physics and 
chemistry of UV-illuminated matter.

• Model used: Meudon PDR code
http://pdr.obspm.fr/

 �              

P1: JER/MBL/sny P2: MBL/plb QC: MBL/tkj T1: MBL
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182 HOLLENBACH & TIELENS

Figure 3 A schematic diagram of a photodissociation region. The PDR is illuminated from the
left and extends from the predominantly atomic surface region to the point where O2 is not appre-
ciably photodissociated ('10 visual magnitude). Hence, the PDR includes gas whose hydrogen
is mainly H2 and whose carbon is mostly CO. Large columns of warm O, C, C+, and CO and
vibrationally excited H2 are produced in the PDR. The gas temperature Tgas generally exceeds the
dust temperature Tgr in the surface layer.

molecular gas in dense star-forming cores, most molecular gas in the Galaxy
is found at Av . 10 in Giant Molecular Clouds (GMCs). Therefore, all of the
atomic and most of the molecular gas in the Galaxy is in PDRs.
Not only do PDRs include most of the mass of the ISM, but PDRs are

the origin of much of the IR radiation from the ISM (the other significant
sources are H II regions and dust heated by late-type stars). The incident
starlight is absorbed primarily by large carbon molecules (polycyclic aromatic
hydrocarbons or PAHs) and grains inside a depth Av ⇠ 1. Most of the absorbed
energy is used to excite the PAHs and heat the grains and is converted to
PAH IR features and far-infrared (FIR) continuum radiation of the cooling
grains. However, typically 0.1–1% of the absorbed FUV energy is converted
to energetic (⇠1 eV) photoelectrons that are ejected from PAHs and grains
and heat the gas (“photoelectric heating”). Although the gas receives 102–103
times less heating energy per unit volume than the dust, the gas attains higher
equilibrium temperatures because of the much less efficient cooling of the gas
(via [C II] 158 µm and [O I] 63 µm) relative to the radiative dust cooling.
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• Complex PDR models and chemical networks need well-defined observations 
to serve as benchmarks.
• Several species and many lines with high spectral resolution 

⟹ Radiative transfer models ⟹ Column densities and abundances
• Spatial resolution ⟹ resolve gradients predicted by models 

⟹ Interferometers (ALMA, NOEMA)
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PDR BENCHMARK: THE HORSEHEAD NEBULA

• Viewed nearly edge-on (Abergel et al. 2003) 
• Nearby (∼400 pc, 10” ↔ 0.02 pc). 

• Illuminated by the O9.5 star σ Ori ∼ 3.5pc away 
(Moderate radiation field: 60 in Draine units). 

• Gas density is well constrained 
(Habart et al. 2005). 

                   Reference for PDR models.

CFHTSSRO
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TWO DIFFERENT ENVIRONMENTS LESS THAN 40” AWAY

• A far-UV illuminated PDR 
HCO (Gerin et al. 2009)
• Av ∼1.5 
• Warm Tkin ∼60K 
• Relatively dense 

nH ∼ 6×104 cm−3 
• A shielded, dense core 

DCO+ (Pety et al. 2005) 
• Av ∼ 20 
• Cold Tkin ∼20K 
• Dense nH ∼ 2 × 105 cm−3 
• High fractionation 

[DCO+]/[HCO+] = 2% 

Two different environments less than 40” away

! A far-UV illuminated PDR
HCO (Gerin et al. 2009)

! AV ∼ 1.5
! Warm Tkin ∼ 60 K
! Relatively dense
nH ∼ 6× 104cm−3

! A shielded, dense core
DCO+ (Pety et al. 2005)

! AV ∼ 20
! Cold Tkin ∼ 20 K
! Dense nH ∼ 2× 105cm−3
! High fractionation

[DCO+]/[HCO+] = 2%

V. Guzmán, The Horsehead nebula 5/16 4



HORSEHEAD WHISPER: 3, 2 AND 1MM
Wideband High-resolution Iram-30m Surveys at two Positions with Emir Receivers

3mm 2mm 1mm

Bandwidth 36 GHz 25 GHz 76 GHz
Resolution 49 kHz 49 kHz 195 kHz 
Number of 
channels

738900 387468 391425

Median noise 8.1 18.5 8.4

~120 lines 
~ 30 species + isotopologues

see poster no 30 by Viviana Guzmán
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H2CO: PHOTO-DESORPTION FROM DUST GRAIN ICE 
MANTLES (GUZMÁN ET AL. 2011)

V. Guzmán et al.: H2CO in the Horsehead PDR: photo-desorption of dust grain ice mantles

Fig. 1. Integrated intensity maps of the Horsehead edge. The intensi-
ties are expressed in the main-beam temperature scale. Maps were ro-
tated by 14◦ counter-clockwise around the projection center, located at
(δx, δy) = (20′′ , 0′′), to bring the exciting star direction in the horizontal
direction and the horizontal zero was set at the PDR edge, delineated
by the red vertical line. The crosses show the positions of the PDR
(green) and the dense-core (blue), where deep integrations were per-
formed at IRAM-30m (see Fig. 3). The spatial resolution is plotted in
the bottom left corner. Values of contour levels are shown on each im-
age lookup table. The emission of all lines is integrated between 10.1
and 11.1 km s−1.

of the HCO, DCO+ and 1.2 mm continuum observations and
data reductions can be found in Gerin et al. (2009), Pety et al.
(2007), and Hily-Blant et al. (2005).

We performed deep integrations of o-H2CO and p-H2CO
low-energy rotational lines (see Figs. 2 and 3) centered on the
PDR and the dense-core. To obtain these deep integration spec-
tra, we used the position-switching observing mode. The on-off
cycle duration was 1 min and the off-position offsets were (δRA,
δ Dec) = (−100′′, 0′′), i.e. the H  region ionized by σOri and
free of molecular emission. From our knowledge of the IRAM-
30 m telescope we estimate the absolute position accuracy to
be 3′′.

The data processing was made with the GILDAS1 soft-
wares (Pety 2005). The IRAM-30m data were first calibrated
to the T ∗A scale using the chopper-wheel method (Penzias &
Burrus 1973), and finally converted to main-beam temperatures
(Tmb) using the forward and main-beam efficiencies (Feff and
Beff) displayed in Table 2. The resulting amplitude accuracy is
∼ 10%. Frequency-switched spectra were folded using the stan-
dard shift-and-add method before baseline subtraction. The re-
sulting spectra were finally gridded through convolution with a
Gaussian to obtain the maps.

3. Results

3.1. H2CO spatial distribution

The 218.2 GHz p-H2CO integrated line-intensity map is shown
in Fig. 1 together with the 86.7 GHz HCO, 216.1 GHz DCO+

1 See http://www.iram.fr/IRAMFR/GILDAS for more information
about the GILDAS softwares.

Table 3. Spectroscopic parameters of the observed lines obtained from
the CDMS data base (Müller et al. 2001).

Molecule Transition ν Eu Aul gu

[GHz] [K] [s−1]

o-H2CO 212−111 140.839 21.92 5.3 × 10−5 15
p-H2CO 202−101 145.603 10.48 7.8 × 10−5 5
o-H2CO 211−110 150.498 22.62 6.5 × 10−5 15
o-H2CO 313−212 211.211 32.06 2.3 × 10−4 21
p-H2CO 303−202 218.222 20.96 2.8 × 10−4 7
p-H2CO 322−221 218.476 68.09 1.6 × 10−4 7
o-H2CO 312−211 225.698 33.45 2.8 × 10−4 21

o-H13
2 CO 212−111 137.450 10.51 4.9 × 10−5 15

p-H13
2 CO 202−101 141.984 2.37 7.2 × 10−5 5

HDCO 211−110 134.285 17.63 4.6 × 10−5 5
HDCO 312−211 201.341 27.29 2.0 × 10−4 7

o-D2CO 212−111 110.838 13.37 2.6 × 10−5 5
p-D2CO 404−303 231.410 27.88 3.5 × 10−4 18

Fig. 2. Lower energy rotational levels of para- (left) and ortho-H2CO
(right). The energy above para ground-state is shown at the left of each
level. The arrows indicate the transitions detected in the Horsehead.

integrated line-intensity maps and the 1.2 mm continuum-
emission map. Formaldehyde emission is extended throughout
the Horsehead with a relatively constant intensity. The H2CO
spatial distribution ressembles the 1.2 mm continuum emission:
it follows the top of the famous Horsehead nebula from its front
to its mane. It also delineates the throat of the Horsehead. The
peak of the H2CO emission spatially coincides with the peak
of the DCO+ emission, which arises from a cold dense-core.
However, H2CO emission is also clearly present along the PDR,
which is traced by the HCO emission. The PDR and dense-core,
namely the peaks of the HCO and DCO+ emission are shown
with green and blue crosses respectively. Gaussian fits of the
H2CO lines at the HCO peak result in broader line widths than at
the DCO+ peak. That the lines are broader in the PDR confirms
that H2CO lines toward the DCO+ peak arise from the dense-
core rather than from the illuminated surface of the cloud. There
is a peak in the H2CO emission toward the north-west region of
the nebula, near the edge of the PDR, where two protostars have
been identified (B33-1 and B33-28, Bowler et al. 2009). These
protostars heat the dust around them, so it is likely that H2CO
has been evaporated from the grain ice mantles.

3.2. H2CO column density
We computed the column densities of H2CO at the PDR and the
dense-core positions. For this we first used the H13

2 CO lines to

A49, page 3 of 9

• Abundance:
• PDR : [H2CO] = 2.8 × 10−10

• Core : [H2CO] = 2.0 × 10−10

• Similar in PDR and dense core

• Dust temperature:
• PDR : Tdust ≃ 30K
• Core : Tdust ≃ 20 K

• Thermal desorption of H2CO needs 
Tdust > 50K

Clean environment to isolate the role of 
photodesorption.
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H2CO: PHOTO-DESORPTION FROM DUST GRAIN ICE 
MANTLES (GUZMÁN ET AL. 2011)

• Pure gas-phase chemistry 
• Core: OK 
• PDR: abundance underestimated 

• Gas-phase + Grain surface chemistry:
Successive hydrogenation of CO
 
CO → HCO → H2CO → CH3O → 
CH3OH 
• PDR : OK

Photo-desorption is needed to explain the 
observed H2CO abundance in the PDR

Ongoing interferometric observation to 
study small scale variations in the PDR

V. Guzmán et al.: H2CO in the Horsehead PDR: photo-desorption of dust grain ice mantles

Fig. 6. Photochemical model of the Horsehead PDR. Upper panel: PDR
density profile (nH = n(H) + 2n(H2) in cm−3). Middle panel: predicted
abundance (relative to nH) of H2CO (blue) and HCO (red). Lower panel:
predicted HCO/H2CO abundance ratio. In the two bottom panels, mod-
els shown as solid lines include pure gas-phase chemistry and models
shown as dashed lines include gas-phase as well as grain surface chem-
istry. The horizontal bars show the measured H2CO abundances and
abundance ratios.

photo-dissociation of HCO and of H2CO (leading to CO and H2)
with rates of 1.1×10−9 exp(−0.8AV) and 10−9 exp(−1.74AV) s−1,
respectively (van Dishoeck 1988). We also included the H2CO
photo-dissociation channel that leads to HCO and H (see e.g.,
Yin et al. 2007; Troe 2007) with the same rate of the one that
leads to CO and H2, and the atomic oxygen reaction with the
methylene radical (CH2) to explain the high abundance of HCO
in the PDR (Gerin et al. 2009).

The predicted HCO and H2CO abundance profiles and the
HCO/H2CO abundance ratio are shown as solid lines in Fig. 6
(middle and lower panel, respectively). The formation of H2CO
in the PDR and dense-core is dominated by reactions between
oxygen atoms and the methyl radical (CH3). The destruction of
H2CO in the PDR is dominated by photo-dissociation, while it is
dominated by reactions with ions in the dense-core. The pure-gas
phase model satisfactorily reproduces the observed H2CO abun-
dance in the dense-core (δx ∼ 35′′) but it predicts an abundance
in the PDR (δx ∼ 15′′) that is at least one order of magnitude
lower than the observed value.

4.2. Grain chemistry models

We considered the surface chemistry reactions introduced by
Stantcheva et al. (2002), which include the following sequence
of hydrogen addition reactions on CO to form formaldehyde and
methanol

CO −→
H

HCO −→
H

H2CO −→
H

H3CO −→
H

CH3OH.

We also introduce water formation via hydrogenation reactions
of O, OH until H2O.

Adsorption, desorption and diffusive reactions were intro-
duced in the Meudon PDR code in the rate equations approach.
The corresponding implementation will be described in a spe-
cific paper (Le Bourlot et al., to be submitted) and we simply
mention the main processes included in the present study. We
distinguish between mantle molecules, which may accumulate
in several layers (e.g., H2O,H2CO,CH3OH), and light species
(e.g., H, H2), which stay on the external layer. Photo-desorption
can be an efficient mechanism to release molecules to the gas
phase in regions exposed to strong radiation fields, as shown re-
cently in laboratory studies (Öberg et al. 2009b,a; Muñoz Caro
et al. 2010). Thermal desorption is also introduced. It critically
depends on the desorption barrier values, which are somewhat
uncertain. Diffusive reactions occur on grain surfaces and the
diffusion barriers are assumed to be 1/3 of the desorption energy
values. Photodesorption efficiencies have been measured in the
laboratory for CO, CO2, H2O and CH3OH. These experiments
have shown that all common ices have photodesorption yields
of a few 10−3 molecules per incident UV photon (Öberg et al.
2007, 2009a,b,c). Therefore, we also take a photo-desorption ef-
ficiency of 10−3 for those species that have not been studied in
the laboratory. We assume in addition that for formaldehyde the
two branching ratios toward H2CO and HCO+H channels are
identical, i.e. 5 × 10−4. Given the high density in the dense-core,
the grains are assumed to be strongly coupled to the gas in the
inner region, so that their temperatures become equal to 20 K in
the dark region, whereas the illuminated dust grains reach tem-
perature values of about 30 K.

The predicted HCO and H2CO abundances are shown as
dashed lines in Fig. 6. This model reproduces the observed
H2CO abundance in the dense-core and predicts a similar abun-
dance as the pure gas-phase model. This way, formation on grain
surfaces does not contribute significantly to the observed gas-
phase H2CO abundance in the dense-core. This is because of the
low photo-desorption rates in the core caused by the shielding
from the external UV field. On the other hand, the H2CO abun-
dance can increase by up to three orders of magnitude in the
illuminated part of the cloud (AV ! 4) when including the grain
surface reactions. The H2CO abundance now even peaks in the
PDR, while it peaked in the dense-core in the pure gas-phase
model. The model predicts a H2CO abundance peak in the PDR
that is higher than the observed abundance averaged over the
30 m (∼16′′). This limited resolution prevents us from resolving
the predicted abundance peak. Interferometric observations are
needed to prove the existence of this peak in the PDR.

5. Discussion

H2CO has been detected in a variety of different astrophysical
environments, with a wide range of gas temperatures and den-
sities. It has been detected in diffuse clouds with high abun-
dances (∼10−9), observed in absorption against bright HII re-
gions (e.g., Liszt & Lucas 1995; Liszt et al. 2006). It is not well
understood how H2CO can be formed and survive in such harsh
environments, because gas-phase process cannot compete with
the photo-dissociation and dust grain temperatures are too high
for molecules to freeze on their surfaces. Roueff et al. (2006)
detected absorption lines of H2CO at 3.6 µm toward the high-
mass protostar W33A, and estimated an H2CO abundance of
∼10−7 where the gas has a temperature of ∼100 K. Recently,
Bergman et al. (2011) found H2CO abundances ∼5× 10−9 in the
ρ Ophiuchi A cloud core. Abundances of H2CO and other more
complex molecules toward hot cores and protostars are high. In
these regions the gas is dense and hot, so the dust grains also

A49, page 7 of 9

V. Guzmán et al.: H2CO in the Horsehead PDR: photo-desorption of dust grain ice mantles

Fig. 6. Photochemical model of the Horsehead PDR. Upper panel: PDR
density profile (nH = n(H) + 2n(H2) in cm−3). Middle panel: predicted
abundance (relative to nH) of H2CO (blue) and HCO (red). Lower panel:
predicted HCO/H2CO abundance ratio. In the two bottom panels, mod-
els shown as solid lines include pure gas-phase chemistry and models
shown as dashed lines include gas-phase as well as grain surface chem-
istry. The horizontal bars show the measured H2CO abundances and
abundance ratios.

photo-dissociation of HCO and of H2CO (leading to CO and H2)
with rates of 1.1×10−9 exp(−0.8AV) and 10−9 exp(−1.74AV) s−1,
respectively (van Dishoeck 1988). We also included the H2CO
photo-dissociation channel that leads to HCO and H (see e.g.,
Yin et al. 2007; Troe 2007) with the same rate of the one that
leads to CO and H2, and the atomic oxygen reaction with the
methylene radical (CH2) to explain the high abundance of HCO
in the PDR (Gerin et al. 2009).

The predicted HCO and H2CO abundance profiles and the
HCO/H2CO abundance ratio are shown as solid lines in Fig. 6
(middle and lower panel, respectively). The formation of H2CO
in the PDR and dense-core is dominated by reactions between
oxygen atoms and the methyl radical (CH3). The destruction of
H2CO in the PDR is dominated by photo-dissociation, while it is
dominated by reactions with ions in the dense-core. The pure-gas
phase model satisfactorily reproduces the observed H2CO abun-
dance in the dense-core (δx ∼ 35′′) but it predicts an abundance
in the PDR (δx ∼ 15′′) that is at least one order of magnitude
lower than the observed value.

4.2. Grain chemistry models

We considered the surface chemistry reactions introduced by
Stantcheva et al. (2002), which include the following sequence
of hydrogen addition reactions on CO to form formaldehyde and
methanol

CO −→
H

HCO −→
H

H2CO −→
H

H3CO −→
H

CH3OH.

We also introduce water formation via hydrogenation reactions
of O, OH until H2O.

Adsorption, desorption and diffusive reactions were intro-
duced in the Meudon PDR code in the rate equations approach.
The corresponding implementation will be described in a spe-
cific paper (Le Bourlot et al., to be submitted) and we simply
mention the main processes included in the present study. We
distinguish between mantle molecules, which may accumulate
in several layers (e.g., H2O,H2CO,CH3OH), and light species
(e.g., H, H2), which stay on the external layer. Photo-desorption
can be an efficient mechanism to release molecules to the gas
phase in regions exposed to strong radiation fields, as shown re-
cently in laboratory studies (Öberg et al. 2009b,a; Muñoz Caro
et al. 2010). Thermal desorption is also introduced. It critically
depends on the desorption barrier values, which are somewhat
uncertain. Diffusive reactions occur on grain surfaces and the
diffusion barriers are assumed to be 1/3 of the desorption energy
values. Photodesorption efficiencies have been measured in the
laboratory for CO, CO2, H2O and CH3OH. These experiments
have shown that all common ices have photodesorption yields
of a few 10−3 molecules per incident UV photon (Öberg et al.
2007, 2009a,b,c). Therefore, we also take a photo-desorption ef-
ficiency of 10−3 for those species that have not been studied in
the laboratory. We assume in addition that for formaldehyde the
two branching ratios toward H2CO and HCO+H channels are
identical, i.e. 5 × 10−4. Given the high density in the dense-core,
the grains are assumed to be strongly coupled to the gas in the
inner region, so that their temperatures become equal to 20 K in
the dark region, whereas the illuminated dust grains reach tem-
perature values of about 30 K.

The predicted HCO and H2CO abundances are shown as
dashed lines in Fig. 6. This model reproduces the observed
H2CO abundance in the dense-core and predicts a similar abun-
dance as the pure gas-phase model. This way, formation on grain
surfaces does not contribute significantly to the observed gas-
phase H2CO abundance in the dense-core. This is because of the
low photo-desorption rates in the core caused by the shielding
from the external UV field. On the other hand, the H2CO abun-
dance can increase by up to three orders of magnitude in the
illuminated part of the cloud (AV ! 4) when including the grain
surface reactions. The H2CO abundance now even peaks in the
PDR, while it peaked in the dense-core in the pure gas-phase
model. The model predicts a H2CO abundance peak in the PDR
that is higher than the observed abundance averaged over the
30 m (∼16′′). This limited resolution prevents us from resolving
the predicted abundance peak. Interferometric observations are
needed to prove the existence of this peak in the PDR.

5. Discussion

H2CO has been detected in a variety of different astrophysical
environments, with a wide range of gas temperatures and den-
sities. It has been detected in diffuse clouds with high abun-
dances (∼10−9), observed in absorption against bright HII re-
gions (e.g., Liszt & Lucas 1995; Liszt et al. 2006). It is not well
understood how H2CO can be formed and survive in such harsh
environments, because gas-phase process cannot compete with
the photo-dissociation and dust grain temperatures are too high
for molecules to freeze on their surfaces. Roueff et al. (2006)
detected absorption lines of H2CO at 3.6 µm toward the high-
mass protostar W33A, and estimated an H2CO abundance of
∼10−7 where the gas has a temperature of ∼100 K. Recently,
Bergman et al. (2011) found H2CO abundances ∼5× 10−9 in the
ρ Ophiuchi A cloud core. Abundances of H2CO and other more
complex molecules toward hot cores and protostars are high. In
these regions the gas is dense and hot, so the dust grains also

A49, page 7 of 9
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CF+: AS A PROXY OF C+ (GUZMÁN ET AL. 2012ab)

V. Guzmán, J. Pety, P. Gratier et al.: CF+ as a tracer of C+ and a measure of the Fluorine abundance

Fig. 2: Integrated intensity maps of the Horsehead edge. Maps were ro-
tated by 14◦ counter-clockwise around the projection center, located at
(δx, δy) = (20”, 0”), to bring the exciting star direction in the horizontal
direction and the horizontal zero was set at the PDR edge, delineated by
the red vertical line. The crosses show the positions of the PDR (green)
and the dense core (blue). The spatial resolution is plotted in the bottom
left corner. Values of the contour levels are shown on the color look-up
table of each image (first contour at 2σ and 2.5σ for CF+1− 0 and 2− 1
respectively). The emission of all lines is integrated between 10.1 and
11.1 km s−1.

We have checked that beam pick-up contamination from the
PDR is negligible at the core position (< 7%), even with the
large beam size (∼ 25”) of the 30m at 102 GHz. The emission
then arises in the line of sight towards the core but not necessar-
ily in the cold gas associated with the core. Indeed, we expect
the CF+ emission to arise in the outer layers of the nebula, delin-
eating the edge as shown by the maps. This emission is likely to
arise in the warmer and more diffuse material of the skin layers
towards the core line of sight. Furthermore, there is a minimum
of the emission in the CF+1 − 0 map towards the dense core
position. This confirms that the CF+ emission is associated to
the diffuse envelope. Molecular emission from the lower den-
sity cloud surface was already mentioned by Goicoechea et al.
(2006) and Gerin et al. (2009) to explain the CS and HCO emis-
sion, respectively.

3.3. Column densities and abundances

The CF+ column density is estimated assuming that the emis-
sion is optically thin and that the emission fills the 30m beam.
We infer an excitation temperature of 10 K, based on a rotational
diagram built with the integrated line intensities of the two de-
tected transitions. Assuming Tex = 10 K for all rotational levels,
the beam averaged column density is $ (1.5 − 2.0) × 1012 cm−2
in the PDR. This value is similar to the column density found in
the Orion Bar by Neufeld et al. (2006). In the next section, we
will show that the CF+ emission arises at the illuminated edge of
the nebula. Goicoechea et al. (2009a) found that the [O i]63 µm
fine structure line, which also arises at the edge of the nebula,
was best reproduced with a gas density of nH $ 104 cm−3. Thus,
assuming this density and a cloud depth l ∼ 0.1 pc (Habart et al.
2005), the CF+ column density translates into an abundance of

$ (4.9 − 6.5) × 10−10 with respect to H nuclei. Taking the same
excitation temperature of 10 K, we computed a column density
towards the core of $ 4.4 × 1011 cm−2. We consider this as an
upper limit for the model in Sect. 3.4 because CF+ is found in
the surface layer which is not taken into account by our unidi-
mensional photochemical model.

3.4. CF+ chemistry

CF+ is formed through the following chemical path:

F + H2 −→ HF + H

HF + C+
k1
−→ CF+ + H

and destroyed by dissociative recombination with electrons
(Neufeld et al. 2006) and by far UV photons:

CF+ + e−
k2
−→ C + F

CF+ + hν
kpd
−−→ C+ + F

The reactions rates are k1 = 7.2 × 10−9(T/300)−0.15cm3 s−1
(Neufeld et al. 2005) and k2 = 5.3 × 10−8(T/300)−0.8 cm3 s−1
(Novotny et al. 2005). The CF+ photodissociation rate kpd is not
known. Nevertheless, assuming a rate of 10−9 exp(−2.5 AV ) s−1,
we estimate that this contribution is negligible compared to the
dissociative recombination in low far UV field PDRs like the
Horsehead. However, it might not be negligible in regions with
high radiation fields (χ $ 104 − 105), like the Orion Bar. In the
following we thus assume that kpd = 0. Because 1) the fluorine
chemistry is simple, 2) the electron abundance is given by the
ionization of carbon n(e−) ∼ n(C+) and 3) HF is the major reser-
voir of fluorine n(HF) ∼ n(F), it can be shown that the CF+ col-
umn density is proportional to the fluorine gas phase abundance
([F] = F/H), i.e.

N(CF+) $ k1
k2
[F] nH l [ cm−2]

From our CF+ observations we find F/H $ (0.6 − 1.5) × 10−8
in the Horsehead PDR (see Fig. 3), in good agreement with
the solar value (2.6 × 10−8; Asplund et al. 2009) and the one
found in the diffuse atomic gas (1.8 × 10−8; Snow et al. 2007).
Sonnentrucker et al. (2010) also derived F/H $ (0.5−0.8)×10−8
in diffuse molecular clouds detected in absorption with the
HIFI/Herschel.

Fig. 3: Relation between the CF+ column density and F/H.
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Fig. 2: Integrated intensity maps of the Horsehead edge. Maps were ro-
tated by 14◦ counter-clockwise around the projection center, located at
(δx, δy) = (20”, 0”), to bring the exciting star direction in the horizontal
direction and the horizontal zero was set at the PDR edge, delineated by
the red vertical line. The crosses show the positions of the PDR (green)
and the dense core (blue). The spatial resolution is plotted in the bottom
left corner. Values of the contour levels are shown on the color look-up
table of each image (first contour at 2σ and 2.5σ for CF+1− 0 and 2− 1
respectively). The emission of all lines is integrated between 10.1 and
11.1 km s−1.

We have checked that beam pick-up contamination from the
PDR is negligible at the core position (< 7%), even with the
large beam size (∼ 25”) of the 30m at 102 GHz. The emission
then arises in the line of sight towards the core but not necessar-
ily in the cold gas associated with the core. Indeed, we expect
the CF+ emission to arise in the outer layers of the nebula, delin-
eating the edge as shown by the maps. This emission is likely to
arise in the warmer and more diffuse material of the skin layers
towards the core line of sight. Furthermore, there is a minimum
of the emission in the CF+1 − 0 map towards the dense core
position. This confirms that the CF+ emission is associated to
the diffuse envelope. Molecular emission from the lower den-
sity cloud surface was already mentioned by Goicoechea et al.
(2006) and Gerin et al. (2009) to explain the CS and HCO emis-
sion, respectively.

3.3. Column densities and abundances

The CF+ column density is estimated assuming that the emis-
sion is optically thin and that the emission fills the 30m beam.
We infer an excitation temperature of 10 K, based on a rotational
diagram built with the integrated line intensities of the two de-
tected transitions. Assuming Tex = 10 K for all rotational levels,
the beam averaged column density is $ (1.5 − 2.0) × 1012 cm−2
in the PDR. This value is similar to the column density found in
the Orion Bar by Neufeld et al. (2006). In the next section, we
will show that the CF+ emission arises at the illuminated edge of
the nebula. Goicoechea et al. (2009a) found that the [O i]63 µm
fine structure line, which also arises at the edge of the nebula,
was best reproduced with a gas density of nH $ 104 cm−3. Thus,
assuming this density and a cloud depth l ∼ 0.1 pc (Habart et al.
2005), the CF+ column density translates into an abundance of

$ (4.9 − 6.5) × 10−10 with respect to H nuclei. Taking the same
excitation temperature of 10 K, we computed a column density
towards the core of $ 4.4 × 1011 cm−2. We consider this as an
upper limit for the model in Sect. 3.4 because CF+ is found in
the surface layer which is not taken into account by our unidi-
mensional photochemical model.

3.4. CF+ chemistry

CF+ is formed through the following chemical path:

F + H2 −→ HF + H

HF + C+
k1
−→ CF+ + H

and destroyed by dissociative recombination with electrons
(Neufeld et al. 2006) and by far UV photons:

CF+ + e−
k2
−→ C + F

CF+ + hν
kpd
−−→ C+ + F

The reactions rates are k1 = 7.2 × 10−9(T/300)−0.15cm3 s−1
(Neufeld et al. 2005) and k2 = 5.3 × 10−8(T/300)−0.8 cm3 s−1
(Novotny et al. 2005). The CF+ photodissociation rate kpd is not
known. Nevertheless, assuming a rate of 10−9 exp(−2.5 AV ) s−1,
we estimate that this contribution is negligible compared to the
dissociative recombination in low far UV field PDRs like the
Horsehead. However, it might not be negligible in regions with
high radiation fields (χ $ 104 − 105), like the Orion Bar. In the
following we thus assume that kpd = 0. Because 1) the fluorine
chemistry is simple, 2) the electron abundance is given by the
ionization of carbon n(e−) ∼ n(C+) and 3) HF is the major reser-
voir of fluorine n(HF) ∼ n(F), it can be shown that the CF+ col-
umn density is proportional to the fluorine gas phase abundance
([F] = F/H), i.e.

N(CF+) $ k1
k2
[F] nH l [ cm−2]

From our CF+ observations we find F/H $ (0.6 − 1.5) × 10−8
in the Horsehead PDR (see Fig. 3), in good agreement with
the solar value (2.6 × 10−8; Asplund et al. 2009) and the one
found in the diffuse atomic gas (1.8 × 10−8; Snow et al. 2007).
Sonnentrucker et al. (2010) also derived F/H $ (0.5−0.8)×10−8
in diffuse molecular clouds detected in absorption with the
HIFI/Herschel.

Fig. 3: Relation between the CF+ column density and F/H.
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In order to understand the CF+ abundance profile as a func-
tion of depth, we used a one-dimensional, steady-state pho-
tochemical model (Meudon PDR code, Le Bourlot et al. 2012;
Le Petit et al. 2006). The used version of the Meudon PDR
model includes the Langmuir Hinshelwood and Eley-Rideal
mechanisms to describe the formation of H2 on grain surfaces.
The physical conditions in the Horsehead have already been con-
strained by our previous observational studies and we keep the
same assumptions for the steep density gradient (displayed in
the upper panel of Fig. 4), radiation field (χ = 60 times the
Draine (1978) mean interstellar radiation field), elemental gas-
phase abundances (see Table 6 in Goicoechea et al. 2009b) and
cosmic ray primary ionization rate (ζ = 5 × 10−17 s−1 per H2
molecule). We used the Ohio State University (osu) pure gas-
phase chemical network, and included fluorine adsorption and
desorption on grains.

The predicted CF+, HF and C+ abundance profiles are shown
in Fig. 4 (b). HF and CF+ abundances decreases rapidly for
AV > 1. The model is in good agreement with the observed CF+
abundance in the PDR, shown by the horizontal bars. The model
predicts that there is a significant overlap between CF+ and C+.
Moreover, the abundance ratio between these two species re-
mains quite constant along the illuminated side of the cloud, i.e.
AV < 4, as shown in Fig. 4 (c). The CF+ emission arises in the
outermost layers of the cloud (AV ∼ 0.5), which are directly ex-
posed to the far UV field and where the gas is less dense. The
predicted spatial distribution of the CF+ emission is shown in
Fig. 4 (d). We expect a narrow filament (∼ 5′′) shifted in the
illuminated part of the PDR with respect to the HCO emission,
which has already shown to trace the far UV illuminated molec-
ular gas (Gerin et al. 2009).

4. Conclusions
We have detected the J = 1 − 0 and J = 2 − 1 rotational lines
of CF+ with high signal-to-noise ratio towards the PDR and core
positions in the Horsehead.We have also mapped the region, and
find that the emission arises mostly at the illuminated edge of
the nebula (PDR), but it is also detected towards the dense core
arising from its lower density skin. CF+ is unique as its column
density is proportional to the elemental abundance of fluorine.
In the Horsehead PDR we find N % (1.5 − 2.0) × 1012 cm−2
and infer F/H % (0.6 − 1.5) × 10−8. Our model of the fluorine
chemistry predicts that CF+ accounts for 4-8% of all fluorine.
CF+ is found in the layers where C+ is abundant as it is formed
by reactions between HF and C+. In these regions the ionization
fraction is high (see Goicoechea et al. 2009b) and CF+ destruc-
tion is dominated by dissociative recombination with electrons.
The CF+ emission has two velocity components. The possibil-
ity that we are resolving the hyperfine structure is unlikely but
corresponding theoretical or experimental study would allow to
derive the velocity structure unambiguously. Although the CF+
line profile is not exactly the same as the C+ line profile, they are
the only species in the Horsehead with a double-peaked profile
of kinematic origin measured to date. The complex line profile
of both CF+ and C+ therefore confirms that they trace the gas
directly exposed to the far UV radiation, which shows a com-
pletely different kinematics than the following layers traced by
other species, like HCO. We therefore propose that CF+ can be
used as a proxy of the C+ layers which can be observed from the
ground. We will check this by comparing with a HIFI/Herschel
map of the C+ emission in the Horsehead.
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Fig. 2: Integrated intensity maps of the Horsehead edge. Maps were ro-
tated by 14◦ counter-clockwise around the projection center, located at
(δx, δy) = (20”, 0”), to bring the exciting star direction in the horizontal
direction and the horizontal zero was set at the PDR edge, delineated by
the red vertical line. The crosses show the positions of the PDR (green)
and the dense core (blue). The spatial resolution is plotted in the bottom
left corner. Values of the contour levels are shown on the color look-up
table of each image (first contour at 2σ and 2.5σ for CF+1− 0 and 2− 1
respectively). The emission of all lines is integrated between 10.1 and
11.1 km s−1.

We have checked that beam pick-up contamination from the
PDR is negligible at the core position (< 7%), even with the
large beam size (∼ 25”) of the 30m at 102 GHz. The emission
then arises in the line of sight towards the core but not necessar-
ily in the cold gas associated with the core. Indeed, we expect
the CF+ emission to arise in the outer layers of the nebula, delin-
eating the edge as shown by the maps. This emission is likely to
arise in the warmer and more diffuse material of the skin layers
towards the core line of sight. Furthermore, there is a minimum
of the emission in the CF+1 − 0 map towards the dense core
position. This confirms that the CF+ emission is associated to
the diffuse envelope. Molecular emission from the lower den-
sity cloud surface was already mentioned by Goicoechea et al.
(2006) and Gerin et al. (2009) to explain the CS and HCO emis-
sion, respectively.

3.3. Column densities and abundances

The CF+ column density is estimated assuming that the emis-
sion is optically thin and that the emission fills the 30m beam.
We infer an excitation temperature of 10 K, based on a rotational
diagram built with the integrated line intensities of the two de-
tected transitions. Assuming Tex = 10 K for all rotational levels,
the beam averaged column density is $ (1.5 − 2.0) × 1012 cm−2
in the PDR. This value is similar to the column density found in
the Orion Bar by Neufeld et al. (2006). In the next section, we
will show that the CF+ emission arises at the illuminated edge of
the nebula. Goicoechea et al. (2009a) found that the [O i]63 µm
fine structure line, which also arises at the edge of the nebula,
was best reproduced with a gas density of nH $ 104 cm−3. Thus,
assuming this density and a cloud depth l ∼ 0.1 pc (Habart et al.
2005), the CF+ column density translates into an abundance of

$ (4.9 − 6.5) × 10−10 with respect to H nuclei. Taking the same
excitation temperature of 10 K, we computed a column density
towards the core of $ 4.4 × 1011 cm−2. We consider this as an
upper limit for the model in Sect. 3.4 because CF+ is found in
the surface layer which is not taken into account by our unidi-
mensional photochemical model.

3.4. CF+ chemistry

CF+ is formed through the following chemical path:

F + H2 −→ HF + H

HF + C+
k1
−→ CF+ + H

and destroyed by dissociative recombination with electrons
(Neufeld et al. 2006) and by far UV photons:

CF+ + e−
k2
−→ C + F

CF+ + hν
kpd
−−→ C+ + F

The reactions rates are k1 = 7.2 × 10−9(T/300)−0.15cm3 s−1
(Neufeld et al. 2005) and k2 = 5.3 × 10−8(T/300)−0.8 cm3 s−1
(Novotny et al. 2005). The CF+ photodissociation rate kpd is not
known. Nevertheless, assuming a rate of 10−9 exp(−2.5 AV ) s−1,
we estimate that this contribution is negligible compared to the
dissociative recombination in low far UV field PDRs like the
Horsehead. However, it might not be negligible in regions with
high radiation fields (χ $ 104 − 105), like the Orion Bar. In the
following we thus assume that kpd = 0. Because 1) the fluorine
chemistry is simple, 2) the electron abundance is given by the
ionization of carbon n(e−) ∼ n(C+) and 3) HF is the major reser-
voir of fluorine n(HF) ∼ n(F), it can be shown that the CF+ col-
umn density is proportional to the fluorine gas phase abundance
([F] = F/H), i.e.

N(CF+) $ k1
k2
[F] nH l [ cm−2]

From our CF+ observations we find F/H $ (0.6 − 1.5) × 10−8
in the Horsehead PDR (see Fig. 3), in good agreement with
the solar value (2.6 × 10−8; Asplund et al. 2009) and the one
found in the diffuse atomic gas (1.8 × 10−8; Snow et al. 2007).
Sonnentrucker et al. (2010) also derived F/H $ (0.5−0.8)×10−8
in diffuse molecular clouds detected in absorption with the
HIFI/Herschel.

Fig. 3: Relation between the CF+ column density and F/H.
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Fig. 2: Integrated intensity maps of the Horsehead edge. Maps were ro-
tated by 14◦ counter-clockwise around the projection center, located at
(δx, δy) = (20”, 0”), to bring the exciting star direction in the horizontal
direction and the horizontal zero was set at the PDR edge, delineated by
the red vertical line. The crosses show the positions of the PDR (green)
and the dense core (blue). The spatial resolution is plotted in the bottom
left corner. Values of the contour levels are shown on the color look-up
table of each image (first contour at 2σ and 2.5σ for CF+1− 0 and 2− 1
respectively). The emission of all lines is integrated between 10.1 and
11.1 km s−1.

We have checked that beam pick-up contamination from the
PDR is negligible at the core position (< 7%), even with the
large beam size (∼ 25”) of the 30m at 102 GHz. The emission
then arises in the line of sight towards the core but not necessar-
ily in the cold gas associated with the core. Indeed, we expect
the CF+ emission to arise in the outer layers of the nebula, delin-
eating the edge as shown by the maps. This emission is likely to
arise in the warmer and more diffuse material of the skin layers
towards the core line of sight. Furthermore, there is a minimum
of the emission in the CF+1 − 0 map towards the dense core
position. This confirms that the CF+ emission is associated to
the diffuse envelope. Molecular emission from the lower den-
sity cloud surface was already mentioned by Goicoechea et al.
(2006) and Gerin et al. (2009) to explain the CS and HCO emis-
sion, respectively.

3.3. Column densities and abundances

The CF+ column density is estimated assuming that the emis-
sion is optically thin and that the emission fills the 30m beam.
We infer an excitation temperature of 10 K, based on a rotational
diagram built with the integrated line intensities of the two de-
tected transitions. Assuming Tex = 10 K for all rotational levels,
the beam averaged column density is $ (1.5 − 2.0) × 1012 cm−2
in the PDR. This value is similar to the column density found in
the Orion Bar by Neufeld et al. (2006). In the next section, we
will show that the CF+ emission arises at the illuminated edge of
the nebula. Goicoechea et al. (2009a) found that the [O i]63 µm
fine structure line, which also arises at the edge of the nebula,
was best reproduced with a gas density of nH $ 104 cm−3. Thus,
assuming this density and a cloud depth l ∼ 0.1 pc (Habart et al.
2005), the CF+ column density translates into an abundance of

$ (4.9 − 6.5) × 10−10 with respect to H nuclei. Taking the same
excitation temperature of 10 K, we computed a column density
towards the core of $ 4.4 × 1011 cm−2. We consider this as an
upper limit for the model in Sect. 3.4 because CF+ is found in
the surface layer which is not taken into account by our unidi-
mensional photochemical model.

3.4. CF+ chemistry

CF+ is formed through the following chemical path:

F + H2 −→ HF + H

HF + C+
k1
−→ CF+ + H

and destroyed by dissociative recombination with electrons
(Neufeld et al. 2006) and by far UV photons:

CF+ + e−
k2
−→ C + F

CF+ + hν
kpd
−−→ C+ + F

The reactions rates are k1 = 7.2 × 10−9(T/300)−0.15cm3 s−1
(Neufeld et al. 2005) and k2 = 5.3 × 10−8(T/300)−0.8 cm3 s−1
(Novotny et al. 2005). The CF+ photodissociation rate kpd is not
known. Nevertheless, assuming a rate of 10−9 exp(−2.5 AV ) s−1,
we estimate that this contribution is negligible compared to the
dissociative recombination in low far UV field PDRs like the
Horsehead. However, it might not be negligible in regions with
high radiation fields (χ $ 104 − 105), like the Orion Bar. In the
following we thus assume that kpd = 0. Because 1) the fluorine
chemistry is simple, 2) the electron abundance is given by the
ionization of carbon n(e−) ∼ n(C+) and 3) HF is the major reser-
voir of fluorine n(HF) ∼ n(F), it can be shown that the CF+ col-
umn density is proportional to the fluorine gas phase abundance
([F] = F/H), i.e.

N(CF+) $ k1
k2
[F] nH l [ cm−2]

From our CF+ observations we find F/H $ (0.6 − 1.5) × 10−8
in the Horsehead PDR (see Fig. 3), in good agreement with
the solar value (2.6 × 10−8; Asplund et al. 2009) and the one
found in the diffuse atomic gas (1.8 × 10−8; Snow et al. 2007).
Sonnentrucker et al. (2010) also derived F/H $ (0.5−0.8)×10−8
in diffuse molecular clouds detected in absorption with the
HIFI/Herschel.

Fig. 3: Relation between the CF+ column density and F/H.
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Fig. 2: Integrated intensity maps of the Horsehead edge. Maps were ro-
tated by 14◦ counter-clockwise around the projection center, located at
(δx, δy) = (20”, 0”), to bring the exciting star direction in the horizontal
direction and the horizontal zero was set at the PDR edge, delineated by
the red vertical line. The crosses show the positions of the PDR (green)
and the dense core (blue). The spatial resolution is plotted in the bottom
left corner. Values of the contour levels are shown on the color look-up
table of each image (first contour at 2σ and 2.5σ for CF+1− 0 and 2− 1
respectively). The emission of all lines is integrated between 10.1 and
11.1 km s−1.

We have checked that beam pick-up contamination from the
PDR is negligible at the core position (< 7%), even with the
large beam size (∼ 25”) of the 30m at 102 GHz. The emission
then arises in the line of sight towards the core but not necessar-
ily in the cold gas associated with the core. Indeed, we expect
the CF+ emission to arise in the outer layers of the nebula, delin-
eating the edge as shown by the maps. This emission is likely to
arise in the warmer and more diffuse material of the skin layers
towards the core line of sight. Furthermore, there is a minimum
of the emission in the CF+1 − 0 map towards the dense core
position. This confirms that the CF+ emission is associated to
the diffuse envelope. Molecular emission from the lower den-
sity cloud surface was already mentioned by Goicoechea et al.
(2006) and Gerin et al. (2009) to explain the CS and HCO emis-
sion, respectively.

3.3. Column densities and abundances

The CF+ column density is estimated assuming that the emis-
sion is optically thin and that the emission fills the 30m beam.
We infer an excitation temperature of 10 K, based on a rotational
diagram built with the integrated line intensities of the two de-
tected transitions. Assuming Tex = 10 K for all rotational levels,
the beam averaged column density is $ (1.5 − 2.0) × 1012 cm−2
in the PDR. This value is similar to the column density found in
the Orion Bar by Neufeld et al. (2006). In the next section, we
will show that the CF+ emission arises at the illuminated edge of
the nebula. Goicoechea et al. (2009a) found that the [O i]63 µm
fine structure line, which also arises at the edge of the nebula,
was best reproduced with a gas density of nH $ 104 cm−3. Thus,
assuming this density and a cloud depth l ∼ 0.1 pc (Habart et al.
2005), the CF+ column density translates into an abundance of

$ (4.9 − 6.5) × 10−10 with respect to H nuclei. Taking the same
excitation temperature of 10 K, we computed a column density
towards the core of $ 4.4 × 1011 cm−2. We consider this as an
upper limit for the model in Sect. 3.4 because CF+ is found in
the surface layer which is not taken into account by our unidi-
mensional photochemical model.

3.4. CF+ chemistry

CF+ is formed through the following chemical path:

F + H2 −→ HF + H

HF + C+
k1
−→ CF+ + H

and destroyed by dissociative recombination with electrons
(Neufeld et al. 2006) and by far UV photons:

CF+ + e−
k2
−→ C + F

CF+ + hν
kpd
−−→ C+ + F

The reactions rates are k1 = 7.2 × 10−9(T/300)−0.15cm3 s−1
(Neufeld et al. 2005) and k2 = 5.3 × 10−8(T/300)−0.8 cm3 s−1
(Novotny et al. 2005). The CF+ photodissociation rate kpd is not
known. Nevertheless, assuming a rate of 10−9 exp(−2.5 AV ) s−1,
we estimate that this contribution is negligible compared to the
dissociative recombination in low far UV field PDRs like the
Horsehead. However, it might not be negligible in regions with
high radiation fields (χ $ 104 − 105), like the Orion Bar. In the
following we thus assume that kpd = 0. Because 1) the fluorine
chemistry is simple, 2) the electron abundance is given by the
ionization of carbon n(e−) ∼ n(C+) and 3) HF is the major reser-
voir of fluorine n(HF) ∼ n(F), it can be shown that the CF+ col-
umn density is proportional to the fluorine gas phase abundance
([F] = F/H), i.e.

N(CF+) $ k1
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[F] nH l [ cm−2]

From our CF+ observations we find F/H $ (0.6 − 1.5) × 10−8
in the Horsehead PDR (see Fig. 3), in good agreement with
the solar value (2.6 × 10−8; Asplund et al. 2009) and the one
found in the diffuse atomic gas (1.8 × 10−8; Snow et al. 2007).
Sonnentrucker et al. (2010) also derived F/H $ (0.5−0.8)×10−8
in diffuse molecular clouds detected in absorption with the
HIFI/Herschel.
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Fig. 2: Integrated intensity maps of the Horsehead edge. Maps were ro-
tated by 14◦ counter-clockwise around the projection center, located at
(δx, δy) = (20”, 0”), to bring the exciting star direction in the horizontal
direction and the horizontal zero was set at the PDR edge, delineated by
the red vertical line. The crosses show the positions of the PDR (green)
and the dense core (blue). The spatial resolution is plotted in the bottom
left corner. Values of the contour levels are shown on the color look-up
table of each image (first contour at 2σ and 2.5σ for CF+1− 0 and 2− 1
respectively). The emission of all lines is integrated between 10.1 and
11.1 km s−1.

We have checked that beam pick-up contamination from the
PDR is negligible at the core position (< 7%), even with the
large beam size (∼ 25”) of the 30m at 102 GHz. The emission
then arises in the line of sight towards the core but not necessar-
ily in the cold gas associated with the core. Indeed, we expect
the CF+ emission to arise in the outer layers of the nebula, delin-
eating the edge as shown by the maps. This emission is likely to
arise in the warmer and more diffuse material of the skin layers
towards the core line of sight. Furthermore, there is a minimum
of the emission in the CF+1 − 0 map towards the dense core
position. This confirms that the CF+ emission is associated to
the diffuse envelope. Molecular emission from the lower den-
sity cloud surface was already mentioned by Goicoechea et al.
(2006) and Gerin et al. (2009) to explain the CS and HCO emis-
sion, respectively.

3.3. Column densities and abundances

The CF+ column density is estimated assuming that the emis-
sion is optically thin and that the emission fills the 30m beam.
We infer an excitation temperature of 10 K, based on a rotational
diagram built with the integrated line intensities of the two de-
tected transitions. Assuming Tex = 10 K for all rotational levels,
the beam averaged column density is $ (1.5 − 2.0) × 1012 cm−2
in the PDR. This value is similar to the column density found in
the Orion Bar by Neufeld et al. (2006). In the next section, we
will show that the CF+ emission arises at the illuminated edge of
the nebula. Goicoechea et al. (2009a) found that the [O i]63 µm
fine structure line, which also arises at the edge of the nebula,
was best reproduced with a gas density of nH $ 104 cm−3. Thus,
assuming this density and a cloud depth l ∼ 0.1 pc (Habart et al.
2005), the CF+ column density translates into an abundance of

$ (4.9 − 6.5) × 10−10 with respect to H nuclei. Taking the same
excitation temperature of 10 K, we computed a column density
towards the core of $ 4.4 × 1011 cm−2. We consider this as an
upper limit for the model in Sect. 3.4 because CF+ is found in
the surface layer which is not taken into account by our unidi-
mensional photochemical model.

3.4. CF+ chemistry

CF+ is formed through the following chemical path:

F + H2 −→ HF + H

HF + C+
k1
−→ CF+ + H

and destroyed by dissociative recombination with electrons
(Neufeld et al. 2006) and by far UV photons:

CF+ + e−
k2
−→ C + F

CF+ + hν
kpd
−−→ C+ + F

The reactions rates are k1 = 7.2 × 10−9(T/300)−0.15cm3 s−1
(Neufeld et al. 2005) and k2 = 5.3 × 10−8(T/300)−0.8 cm3 s−1
(Novotny et al. 2005). The CF+ photodissociation rate kpd is not
known. Nevertheless, assuming a rate of 10−9 exp(−2.5 AV ) s−1,
we estimate that this contribution is negligible compared to the
dissociative recombination in low far UV field PDRs like the
Horsehead. However, it might not be negligible in regions with
high radiation fields (χ $ 104 − 105), like the Orion Bar. In the
following we thus assume that kpd = 0. Because 1) the fluorine
chemistry is simple, 2) the electron abundance is given by the
ionization of carbon n(e−) ∼ n(C+) and 3) HF is the major reser-
voir of fluorine n(HF) ∼ n(F), it can be shown that the CF+ col-
umn density is proportional to the fluorine gas phase abundance
([F] = F/H), i.e.

N(CF+) $ k1
k2
[F] nH l [ cm−2]

From our CF+ observations we find F/H $ (0.6 − 1.5) × 10−8
in the Horsehead PDR (see Fig. 3), in good agreement with
the solar value (2.6 × 10−8; Asplund et al. 2009) and the one
found in the diffuse atomic gas (1.8 × 10−8; Snow et al. 2007).
Sonnentrucker et al. (2010) also derived F/H $ (0.5−0.8)×10−8
in diffuse molecular clouds detected in absorption with the
HIFI/Herschel.

Fig. 3: Relation between the CF+ column density and F/H.
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COMPLEX VELOCITY STRUCTURE C+

• C+ traces the outer skin of the 
PDR

• Herschel HIFI observations

• Non Negative Matrix 
Factorization

• see poster no 3 by Olivier Berné 

• Complex velocity structure
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FIRST DETECTION OF C3H+ IN THE ISM (PETY ET AL. 2012)
Pety, Gratier, Guzmán et al.: First detection of a hydrocarbon cation, l-C3H

+, in the Horsehead PDR

Fig. 2. High angular resolution maps of the integrated intensity of H13CO+, HCO, C2H, and c-C3H2, and the 7.7µm
PAH emission. Maps are rotated by 14◦ counter-clockwise around the projection center, located at (δx, δy) = (20′′, 0′′), to
bring the illuminated star direction in the horizontal direction. The horizontal zero is set at the PDR edge. The emission
of all lines is integrated between 10.1 and 11.1 km s−1. Displayed integrated intensities are expressed in the main beam
temperature scale. Contour levels are shown in the grey-scale lookup tables. The red vertical line shows the PDR edge
and the blue and green crosses show the dense core and PDR positions, respectively.

Fig. 3. Integrated intensity profiles across the PDR photo-
dissociation front of the l-C3H+, HCO, H13CO+, and C2H
species (IRAM-30m). The cut would appear horizontal at
δy = 0′′ on Fig. 2. The observed lines are summarized in
Table 2.

4. Attribution of the lines to the l-C3H+ cation

The unidentified lines were all detected at the PDR po-
sition, but not at the dense core position. We thus com-
plemented these data with a cut from the Hii region into
the molecular cloud along the direction of the exciting star,
σ Ori, i.e., perpendicular to the photo-dissociation front.
Figure 3 displays the integrated intensity emission of the
J = 4 − 3 unidentified line as a function of the angular
distance from the photo-dissociation front, along with the
emission of HCO, H13CO+, and C2H species (Table 2 de-
fines the observed lines). All these lines were observed si-
multaneously with the IRAM-30m telescope during 4 hours
of mild summer weather (typically 11mm of precipitable
water vapor), but they all were well-detected nevertheless.
At 29′′ resolution, it is clear that the unidentified species cut
peaks in the UV-illuminated part of the Horsehead mane
in the same way as HCO and C2H, while H13CO+ peaks
in the dense core, shielded from the UV field. This led us
to conclude that the species is a reactive molecule with
a spatial distribution similar to small hydrocarbon chains.
For reference, Fig. 2 displays the integrated intensity emis-
sion of the same lines, imaged at ∼ 6′′ with the Plateau

Table 2. Lines simultaneously observed in the cut dis-
played in Fig. 3.

Species Transition Frequency
MHz

H13CO+ J = 1− 0 86754.2884
HCO 10,1, 1/2, 1− 00,0, 1/2, 1 86777.4600
C2H N = 1− 0, J = 3/2 − 1/2, F = 2− 1 87316.8980

l-C3H+ J = 4− 3 89957.6250

de Bure Interferometer (Pety et al. 2007; Gerin et al. 2009;
Pety et al. 2005), plus the 7.7µm PAH emission imaged at
∼ 6′′ with ISO (Abergel et al. 2003).

The quality of the spectroscopic fit suggests that the
molecule is a linear rotor with a 1Σ+ electronic ground
state, i.e., with a closed electronic shell. The rotational
constant is B ∼ 11.24GHz, which implies the presence of
several heavy atoms in the species. According to the lit-
erature, the most probable canditate is the l-C3H+ cation.
Indeed, ab initio calculation implies that 1) the linear struc-
ture is the most stable, 2) it has the right electronic state,
and 3) the computed rotational constant value is about
11.1GHz (Radom et al. 1976; Wilson & Green 1980, 1982;
Cooper & Murphy 1988; Ikuta 1997). Experimental spec-
troscopic confirmation for this cation is being performed at
the PhLAM laboratory in Lille (Bailleux & Margules, priv.
comm.).

Wilson & Green (1980) estimated the dipole moment of
this cation to be 2.6Debye, but this is a rather old value. We
therefore computed it again with more sophisticated ab ini-
tio techniques of quantum chemistry, as implemented in the
MOLPRO suite of programs5. We used the CASSCF-MRCI
level of theory with the correlation-consistent aug-cc-pVQZ
basis sets of Woon & Dunning (1993) for all atoms. The ac-
tive space of the CASSCF included the n = 2 orbitals of
carbon and the 1S orbital of H. The geometry was first
optimized at the CASSCF level, leading to bond distances
for l-C3H+ (1.090Å, 1.246Å, 1.355Å) that perfectly match
the results obtained in Ikuta (1997). The dipole moment
was then computed at the center of mass of the molecule
for the CASSCF optimized geometry. The resulting dipole
moment of l-C3H+ is 3Debye at the CASSCF-MRCI level
of theory, i.e., close to the initial value of Wilson & Green

5 H.-J. Werner & P. J. Knowles, MOLPRO (version 2002.6)
package of ab initio 254 programs, 2002.

4

• Consistent set of 8 unidentified lines 
towards the PDR position. 

• Linear rotor,  with a 1Σ+ electronic 
ground state. 

• The deduced rotational constant is 
close to l-C3H. 

• Reactive molecule with a spatial 
distribution similar to small 
hydrocarbon chains. 
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FIRST DETECTION OF C3H+ IN THE ISM (PETY ET AL. 2012)

• Consistent set of 8 unidentified lines 
towards the PDR position. 

• Linear rotor,  with a 1Σ electronic 
ground state. 

• The deduced rotational constant is 
close to l-C3H. 

• Reactive molecule with a spatial 
distribution similar to small 
hydrocarbon chains. 

Most probable candidate: C3H+

• Correct electronic state.
• Computed rotational constant 

(Cooper & Murphy 1988) close to 
deduced value.

• Dipole moment: 3 Debye
• On-going experimental 

spectroscopic confirmation PhLAM 
(Bailleux & Margulès, priv. comm.)
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FIRST DETECTION OF C3H+ IN THE ISM (PETY ET AL. 2012)

Pety, Gratier, Guzmán et al.: First detection of a hydrocarbon cation, l-C3H
+, in the Horsehead PDR

Fig. 5. Photochemical model of the Horsehead PDR displayed at the full resolution of the model (left column) and
convolved with a Gaussian of 6′′-FWHM (right column). Top: Horsehead density profile nH = n(H)+2n(H2). Middle:
Predicted abundance of selected small hydrocarbons molecules and cations. Bottom: Abundances of the same hydro-
carbons relative to the abundance of C3H+. The illuminating star is positioned at the right of the plots. The symbols
present the measured range of possible abundances for C2H (blue vertical segment), C3H2 (green vertical segment), and
C3H+ (red filled rectangle), inferred at a typical resolution of 6′′. The legend at the bottom of the figure presents the
line coding for the curves: C2H in plain blue, C2H+ in dashed blue, C3H in plain red, C3H+ in dashed red, and C3H2 in
green.

We used the Ohio State University (osu) pure gas-
phase chemical network upgraded for photochemical stud-
ies. C3H+ is produced by reactions between C2H2 and
C+. Then, C3H+ is thought to produce C3H

+
2 , and C3H

+
3

through reactions with H2, which later recombines with
electrons to form C3H and C3H2

C3H
+
2

e−
!! C3H

C2H2
C+
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H2 ""!!!!

H2
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C3H
+
3
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Hence these species are usually included in gas-phase chem-
ical networks with reaction rate accuracies of a factor 2 or
better. We can thus use them to compare models with ob-
servations.

Figure 5 presents the results of the photochemical model
for a few small hydrocarbon molecules and cations, namely
C2H, C3H, C3H2, C2H+, and C3H+. From top to bot-
tom, the figure shows the spatial profiles of the density,
abundances relative to the number of hydrogen atoms, and

the abundances relative to C3H+. The left column presents
the profiles computed by the code, which samples the UV-
illuminated gas on a finer spatial grid than the UV-shielded
gas to correctly represent the steep physical and chemical
gradients. The right column presents the profiles convolved
with a Gaussian of 6′′ full width at half maximum to fa-
cilitate the comparison with the abundances inferred from
PdBI observations at 6′′ angular resolution. The measured
abundances are displayed with vertical segments for C2H,
and c-C3H2, and with a filled rectangle for C3H+. Although
the l-C3H+ abundance is only inferred from the IRAM-30m
single-dish telescope, we also show it here because we used
a simple model of its emission based on the PdBI hydrocar-
bon data to correct for the beam dilution. Table 3 quanti-
tatively compares the measured and modeled abundances
at the PDR position (“IR peak” at Av ∼ 1mag), inside
the molecular cloud at a position representative of the UV-
shielded material “cloud” (Av ∼ 8mag), and closer to the
Hii region (i.e., “IR edge” at Av ∼ 0.01mag).
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• Abundance: 
[C3H+] = 1.9 ± 4.2 × 10−11

• H2 reactions with C3H+ → 
important pathways to form  
hydrocarbons chains. 
(Wakelam et al. 2010)

• Model:
• Abundances vary ∼ 7 orders of 

magnitude in ∼ 20′′ 

• Interferometric observations:
• C2H and C3H2 : High-resolution 

observations (Pety et al. 2005)
• Accepted proposal to map 

C3H+ at PdBI

The Horsehead WHISPER line survey

V. Guzmán1, J. Pety1,2, P. Gratier1, M. Gerin2, J.R. Goicoechea3 and E. Roueff4

1IRAM, Grenoble 2LERMA-LRA and ENS, Paris 3CAB, CSIC-INTA, Madrid 4LUTH, CNRS and Observatoire de Paris

The Horsehead WHISPER:Wideband High-resolution Iram-30m Surveys at two Positions with Emir Receivers.

Complete and unbiased line survey at 1, 2 and 3 mm performed with the IRAM-30m telescope.

Two positions were observed in the Horsehead nebula:

•PDR: warm (Tkin ∼ 60 K) UV-illuminated gas (HCO emission peak; green cross)

•Dense core: cold (Tkin ∼ 20 K) UV-shielded gas (DCO+ emission peak, blue cross)

1 mm 2 mm 3 mm

Bandwidth 76 GHz 25 GHz 36 GHz

Spectral resolution 195 kHz 49 kHz 49 kHz

Sensitivity 8.3 mK 18.5 mK 8.1 mK

⇒ Approximately 30 species (plus their isotopologues) are detected with up to 7 atoms in the

PDR and the dense core. This will enable a detailed comparison of the chemistry of the UV-

illuminated and UV-shielded gas.

CF+ as a tracer of C+ and a direct measure of [F]
Guzmán et al. 2012

•CF+ was detected towards

the Horsehead PDR.

•Formation:

HF+C+
→ CF++H

• Second F reservoir, after

HF, in regions where C+ is

abundant.

⇒ CF+ can be used as a tracer of C+ that can be observed from the ground.

•CF+ J=1-0 is double-peaked:

hyperfine structure resolved!

Guzmán et al., accepted in A&A

(arXiv:1211.1568)

•The F chemistry is simple

⇒ N(CF+) ∝ [F]

We infer F/H= (0.6− 1.5)× 108.

First detection of l-C3H
+

Pety et al. accepted in A&A (arXiv:1210.8178)

•A line was found around 89.9 GHz that could not be associated to any transition from

the public line catalogs.

•Assuming a linear rigid rotor model we found a consistent set of 8 unidentified lines

that enabled the identification of the small hydrocarbon l-C3H+.

•C3H+ is involved in most important gas-

phase channels to form small hydrocarbons

like C3H and C3H2.
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Complex (iso-)nitrile: CH3CN and CH3NC
Gratier et al. to be submitted

•First detection of the CH3CN hyperfine strcture at mm wavelengths.

•CH3CN is 20-40 times more abundant in the PDR than in the dense core → cannot be

reproduced by current pure gas-phase chemical models ⇒ Grain surface processes?

•First detection of the isotope CH3NC in millimeter wavelengths.

Organic molecules: H2CO and CH3OH
Guzman et al. 2011; Guzman et al. in prep

•H2CO and CH3OH are key species in the

synthesis of more complex molecules.

• Similar H2CO and CH3OH abundances in

the PDR and dense core.

• CO → HCO → H2CO → H3CO → CH3OH

•Photo-desorption of ices is needed to

explain the observed H2CO abundance

in the PDR and the CH3OH abun-

dance in both the PDR and dense core.
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HIGH (ISO)NITRILE ABUNDANCE IN THE PDR (GRATIER ET AL.)

Gratier P., Pety J., Guzmán V. et al.: High abundance of complex (iso-)nitrile molecules in the Horsehead PDR

Fig. 2. Spectrum of the CH3NC 3mm detected lines at the HCO peak (i.e., the PDR position, bottom spectrum of each panel) and the DCO+ peak
(i.e., inside the cold dense core, top spectrum of each panel). The panel displays the K set of lines for a given �J set of lines. The frequencies
corresponding to each transitions are displayed as vertical bars, whose heights indicate their relative hyperfine intensities. JP: Is this true here? The
best fit model is overplotted in red. The green horizontal lines display the ±3� significant levels.

Fig. 3. Same as Fig. 2 for the CH3CN lines detected at 3 and 2mm. Each panel displays the J = cst, K-ladder. Each (J,K) transition is itself split
into its hyperfine structure.

isomers of HC3N, which can also be described as rigid rotors.
C3N has a more complex 2⌃ ground state electronic structure,
which exhibits doublets of nearby frequencies.

Of these molecules, HC3N is the only one for which colli-
sional rates with H2 have been computed (Wernli et al. 2007)
from these values, the derive critical densities for collision with
H2 are 4 ⇥ 105 � 1 ⇥ 106 cm�3.

2.4. Hyperfine splitting

All of the observed 14N species exhibit a hyperfine structure. The
NC isomers have smaller hyperfine splitting values than the CN
isomers. This comes from the fact that the electric field gradient,
which creates the hyperfine splitting through interaction with the
nuclear electric quadrupole moment of 14N, is stronger for out-
ermost N positions. This is well known for HCN and HNC (see
Bechtel et al. 2006).

As the Horsehead PDR is seen edge-on, the lines are nar-
row with typical Full Width at Half Maximum values of 0.6-
0.8 km s�1. This enables us to resolve the hyperfine splitting
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• CH3CN methylcyanide
• Good thermometer for large densities (n >105 cm-3)
• Resolved hyperfine structure of CH3CN
• Stronger in PDR than in the dense core

• Detection of CH3NC : [CH3NC]/[CH3CN] = 0.15 (cf DeFrees et al. 1985 0.1–0.4)
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• Abundance determination: RADEX modeling
• Non negligible electron excitation for CH3CN
• CH3CN 30 x more abundant in the PDR than in the dense core
• CH3CN overabundant in UCHII regions (Purcell et al. 2006)

• Several possibilities:
• Higher abundance of precursors (CH3+, HCN in the PDR)
• UV photoprocessing if N bearing ices followed by photodesorption

(Danger et al. 2011)

HIGH (ISO)NITRILE ABUNDANCE IN THE PDR (GRATIER ET AL.)

• Other nitriles:
• HC3N as abundant in the PDR than in 

the dense core 
• HC3N 30 times less abundant as 

CH3CN in the PDR
• C3N brighter in the PDR than in the 

dense core (after stacking)

C3NC3N
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CONCLUSION
• Horsehead nebula is a benchmark for PDR modeling and interstellar chemistry

• Horsehead WHISPER full 1, 2 and 3mm high resolution sensitive line survey at 2 
positions : PDR and dense core
• Importance of grain surface reaction and photodesorption for H2CO, CH3OH
• Hyperfine structure of CF+, F abundance and C+ proxy
• First detection of C3H+, key ion for carbon chain chemistry
• High abundance of CH3CN in the PDR position

• Further work with the WHISPER survey:
• Description of the new data reduction methods for spectral surveys

• Ongoing followups with PdBI interferometer (H2CO, CH3OH, C3H+)
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