
‣ Light diatomic hydrides (XH, XH+, X=C, O, N, S) hard to observe from ground, 
with frequency in the range of 1 THz

‣ Detection of CH, CH+, OH, and NH towards the massive star forming region 
AFGL 2591. Also H2O+ detected (Bruderer et al. 2010b)

‣ CH and CH+ in emission, but OH+, H2O+ and NH in absorption

‣ Velocity of absorption agrees to foreground clouds
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II. A scenario : FUV irradiated outflow walls

I. HIFI-detections towards AFGL 2591 III. Physical/chemical models e.g. CH+
S. Bruderer et al.: Hydrides towards AFGL 2591

Fig. 1. HIFI-Spectra of hydrides observed towards AFGL 2591. The green line represents the continuum level used for the calculation of the
velocity integrated emission or absorption. The vertical blue line indicates the systemic velocity of -5.5 km s−1 of AFGL 2591. The red line shows
a fitted model spectrum discussed in Section 3.1, with parameters given in Table 2. The blue line indicates a model spectrum with only one of
the components, showing the relative intensity of the different hyperfine components. The spectra are corrected for the beam efficiency and the
continuum level is given for one sideband (SSB).

Table 1. Observed lines in AFGL 2591.

Species/Transition/Electronic state/Line components f Frequency Eu Aul T eobs
∫

Tdv
∫

τdv Trms Nupper(X) Nlower(X)
[GHz] [K] [s−1] [min] [K km s−1] [km s−1] [mK] [cm−2] [cm−2]

CH JF,P = 3/22,− − 1/21,+ 2Π 3 536.7611 25.76 6.4(-4) 4.2 3.46±0.04a . . . 16 3.0(12) . . .
CH JF,P = 5/23,+ − 3/22,− 2Π 3 1661.1074 105.48 3.8(-2) 20.2 < 0.93 < 0.34b,c 220 < 1.3(11) < 2.6(12)
CH+ J = 1 − 0 1Σ+ 1 835.1375 40.08 6.4(-2) 40.4 0.91 ± 0.03d 32.63 ± 0.06d 16 1.9(11)d 9.3(13)d
CH+ J = 2 − 1 1Σ+ 1 1669.2813 120.19 6.1(-2) 40.4 3.7 ± 0.2 . . . 115 3.3(11) . . .
o-H2O+ NKaKb ,J = 111,3/2 − 000,1/2

2B1 5 1115.2041 53.51 3.1(-2) 39.2 . . . 7.65 ± 0.05 33 . . . 1.6(13)
o-H2O+ NKaKb ,J = 202,3/2 − 111,3/2

2B1 7 746.26 89.33 5.5(-4) 40.6 < 0.16 < 0.52 25 < 2.6(11) < 3.0(13)
OH+ NJ,F = 11,3/2 − 01,3/2 3Σ− 4 1033.1186 49.58 1.8(-2) 40.6 . . . 21.98 ± 0.06 32 . . . 1.1(14)
OH+ NJ,F = 21,3/2 − 11,3/2 3Σ− 4 1892.2271 140.39 5.9(-2) 21.0 < 0.83 < 0.28 210 < 8.2(10) < 2.5(12)
NH NJ,F1 ,F = 12,5/2,7/2-01,3/2,5/2

3Σ− 21 974.4784 46.77 6.9(-3) 7.0 . . . 3.90 ± 0.09 43 . . . 2.9(13)
NH NJ,F1 ,F = 11,3/2,5/2-01,3/2,5/2

3Σ− 21 999.9734 47.99 5.2(-3) 38.8 . . . 3.99 ± 0.05 29 . . . 5.0(13)
NH+ JP = 3/2− − 1/2+ 2Π 5 1012.5400 48.59 5.4(-2) 38.8 < 0.16 < 0.19 30 < 5.9(9) < 1.7(10)
NH+ JP = 3/2+ − 1/2− 2Π 7 1019.2107 48.91 5.5(-2) 40.6 < 0.12 < 0.13 22 < 4.4(9) < 1.2(10)
SH+ NJ,F = 12,5/2 − 01,3/2 3Σ− 3 526.0479 25.25 9.6(-4) 4.2 < 0.083 < 0.53 11 < 4.7(10) < 4.5(12)

The frequency is given for the strongest fine/hyperfine component. The velocity integrated intensity or absorption is summed over all
fine/hyperfine components. A(B) ≡ A × 10B. a1σ ≡

√
∆VδvTrms, with ∆V ∼ 10 km s−1 (expected line width) and the channel width δv

(corresponding to 1.1 MHz). b1σ ≡
√
∆VδvTrms/Tcont. cNon-detections are given by the 3σ value. dEmitting or absorbing part only. eTotal

integration time (on+off). fHyperfine or fine structure.

served in CO (Mitchell et al. 1992; Hasegawa &Mitchell 1995).
The small line width in their spectra approximately agrees with
the narrow absorption lines seen in CH, OH+, H2O+ and NH.
The broad absorption of CH+ is surprising: since it is only seen
in CH+(J = 1 − 0), but not CH+(J = 2 − 1), the excitation
temperature must be lower than 8 K, used to fit the blue shifted
component. This indicates either less dense or colder gas. The
ionized species OH+, H2O+ and CH+ are more red-shifted and
have broader lines, compared to the neutral CH and NH.

The abundances of molecules in the absorption features are
roughly estimated from the total column density (NH = N(H) +
2N(H2)) obtained from 13CO column densities and presented in
Table 2. We use a CO abundance of n(CO)/n(H2) = 3.7 × 10−4
(Doty et al. 2002) and 12CO/13CO ∼ 77 (Wilson & Rood 1994).
Since the red component is a low-density foreground cloud, the
fractional abundances of CH, H2O+ and NH have been com-
pared to a chemical model for a diffuse/translucent cloud (Le

Petit et al. 2004) and found to agree within a factor of ∼ 2.
The underprediction of CH+ by a factor of more than 100 is
well known for such models, but models of turbulent dissipation
regions (Godard et al. 2009) can explain fractional abundances
reached here. OH+ is underpredicted by a factor of 6 but the ob-
served OH+/H2O+ ratio of 7.3 is comparable to the value of > 4
found by Gerin et al. (2010) and explained by low density gas
with a low molecular fraction.

The blue component is thought to arise in tenuous warm
gas in the outflow lobes directed toward us. The observed OH+
and H2O+ abundances are lower by factors of 7 and 16, respec-
tively, but the OH+/H2O+ ratio is still large, about 3. As shown
in Figure 2 of Gerin et al. (2010) such ratios are consistent with
models with densities up to a few thousand cm−3 and enhanced
radiation fields, as expected in the outflow lobe. The fractional
abundances of CH+ and NH are similar to those found in the
red component within a factor of ∼ 2. More specific modeling
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‣ AFGL 2591 has a large scale cavity along the outflow (several 1000 AU)
(e.g. Preibisch et al 2003, van der Tak et al. 2000)

AFGL 2591 seen in 
JHK-band (Aspin et al.,
NIRI on Gemini North)

Outflow

Herschel beam (for 
1 THz at 1 kpc)

Outflow Cavity

‣ Tracers for warm and FUV irradiated gas detected towards AFGL 2591 (e.g. CO+)

‣ Directly irradiated outflow walls (Bruderer et al. 2009b)

‣ CH+ Formation mechanism requires high temperature and FUV radiation 

C+ + H2 + 4640 K → CH+ + H

‣ Detailed 2d physical/chemical model (Bruderer et al. 2009a,b & 2010a)

1. Physical structure → Density
2. Transfer of the FUV radiation → FUV radiation
3. Dust radiative transfer → Dust temperature
4. Calculation of the gas temperature together with chemistry → Gas temperature
5. Chemistry → Abundances
6. Radiative transfer → Molecular lines

‣ Calculated Density and Temperature structure and abundance profile (rel. to H2)

‣ Thin and hot layer (a few 100 AU with 1000 K) with strong enhancement of CH+ 

‣Modeled line map: Velocity integrated emission of CH+(J=1-0)

‣ Comparison between model and observations

CH+(J=2-1) : Measured                      3.8      K km s-1, 

Model: Hot Core only  < 10-4   K km s-1

Model: Outflow wall 8.9 - 30.8 K km s-1 (depending on 
                                                                  distance, inclination, ...)  

CH+(J=1-0) : Comparison difficult, due to fore-ground absorption

→ Outflow walls directly irradiated by the young protostar  
     lead to warm and extended gas
→ Outflow walls can explain CH+ observations
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Figure 6.4: Abundances along cuts of constant z through the model Standard. Abundances assum-
ing no protostellar X-ray radiation (solid line) and an X-ray luminosity of 1032 erg s−1 (dashed line)
are shown (bottom panels). The density structure and dust/gas temperature, total ionization rate
and FUV flux/attenuation along cuts with z = 0, 2000, 10000 AU are given too (top panels). The
standard cosmic-ray ionization rate of 5.6 × 10−17 s−1 is indicated by a dashed line.
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Figure 6.4: Abundances along cuts of constant z through the model Standard. Abundances assum-
ing no protostellar X-ray radiation (solid line) and an X-ray luminosity of 1032 erg s−1 (dashed line)
are shown (bottom panels). The density structure and dust/gas temperature, total ionization rate
and FUV flux/attenuation along cuts with z = 0, 2000, 10000 AU are given too (top panels). The
standard cosmic-ray ionization rate of 5.6 × 10−17 s−1 is indicated by a dashed line.
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Figure 6.4: Abundances along cuts of constant z through the model Standard. Abundances assum-
ing no protostellar X-ray radiation (solid line) and an X-ray luminosity of 1032 erg s−1 (dashed line)
are shown (bottom panels). The density structure and dust/gas temperature, total ionization rate
and FUV flux/attenuation along cuts with z = 0, 2000, 10000 AU are given too (top panels). The
standard cosmic-ray ionization rate of 5.6 × 10−17 s−1 is indicated by a dashed line.
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