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ABSTRACT

Aims. We report the first detections of OH+ emission in planetary nebulae (PNe).
Methods. As part of an imaging and spectroscopy survey of 11 PNe in the far-IR using the PACS and SPIRE instruments aboard the
Herschel Space Observatory, we performed a line survey in these PNe over the entire spectral range between 51 μm and 672 μm to
look for new detections.
Results. The rotational emission lines of OH+ at 152.99, 290.20, 308.48, and 329.77 μm were detected in the spectra of three
planetary nebulae: NGC 6445, NGC 6720, and NGC 6781. Excitation temperatures and column densities derived from these lines are
in the range of 27–47 K and 2 × 1010–4 × 1011 cm−2, respectively.
Conclusions. In PNe, the OH+ rotational line emission appears to be produced in the photodissociation region (PDR) in these objects.
The emission of OH+ is observed only in PNe with hot central stars (Teff > 100 000 K), suggesting that high-energy photons may play
a role in OH+ formation and its line excitation in these objects, as seems to be the case for ultraluminous galaxies.

Key words. astrochemistry – circumstellar matter – planetary nebulae: general – planetary nebulae: individual: NGC 6445 –
planetary nebulae: individual: NGC 6720 – planetary nebulae: individual: NGC 6781

1. Introduction

The molecular ion OH+ plays an important role in the chem-
istry of oxygen-bearing species and in the formation of wa-
ter in space (Herbst & Klemperer 1973; Barsuhn & Walmsley
1977; Sternberg & Dalgarno 1995; Hollenbach et al. 2012).
Reactions of this molecular ion with H2 can lead to the forma-
tion of H2O+ and H3O+, which recombine with electrons to form

� Herschel is an ESA space observatory with science instruments
provided by European-led Principal Investigator consortia and with im-
portant participation from NASA.
�� JSPS FY2013 Long-Term Invitation Fellow.

water. Models indicate that the abundances of these species are
sensitive to the flux of UV photons, X-rays, and cosmic rays
(Meijerink et al. 2011; Hollenbach et al. 2012; Benz et al. 2013;
González-Alfonso et al. 2013). Observations of OH+ and H2O+

can be used, for example, to infer cosmic ray ionisation rates
(Hollenbach et al. 2012). The OH+ molecular ion can also be
produced in a medium ionised by shocks (Neufeld & Dalgarno
1989; de Almeida 1990; Kristensen et al. 2013, and references
therein).

In the interstellar medium (ISM), OH+ is thought to be
formed through two main routes (see Sternberg & Dalgarno
1995; Meijerink et al. 2011; Hollenbach et al. 2012): one is the
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Table 1. Dataa for PNe surveyed for OH+.

PN T� Distance Radius H2 X-Rays b C/Oc Morphologyd

(103 K) (kpc) (pc)

Detections
NGC 6445 170 1.39 0.14 Y P 0.45 Mpi
NGC 6720 148 0.70 0.13 Y N 0.62 Ecsh
NGC 6853e 135 0.38 0.37 Y P – Bbpih
NGC 6781 112 0.95 0.32 Y N 1.0–1.5 Bth
NGC 7293e 110 0.22 0.46 Y P 0.87 Ltspir
Non-detections
NGC 7027e 175 0.89 0.03 Y D 2.29 Mctspih
Mz 3 107 f 1.30 0.1–0.2 N g D, P 0.83 Bps
NGC 3242 89 0.81 0.13 N D – Ecspaih
NGC 7009 87 1.45 0.09 N D, P 0.32 Lbspa
NGC 7026 83 f 1.70 0.16 Yh D, P? – Mcbps
NGC 6826 50 1.30 0.08 N D, P 0.87 Ecsah
NGC 40 48 1.02 0.11 Yh D 1.41 Bbsh
NGC 6543 48 1.50 0.09 N D, P 0.44 Mcspa
NGC 2392 47 1.28 0.14 N D, P 1.14 Rsai

Notes. (a) Most of the data in the table are from Kastner et al. (2012) and Ueta et al. (2014), exceptions are noted; (b) N = non-detection, P =
point-like source, D = diffuse emission; (c) carbon to oxygen ratios from Henry et al. (1999), Cohen & Barlow (2005), Pottasch & Bernard-Salas
(2010), and Ueta et al. (2014); (d) according to the classification scheme by Sahai et al. (2011); (e) Not a HerPlaNS target, see Wesson et al. (2010)
and Etxaluze et al. (2014); ( f ) Phillips (2003); (g) Smith (2003); (h) Hora et al. (1999).

reaction of O+ with H2 and the other the reaction of O with
H+3 . As shown by Hollenbach et al. (2012), the former route will
produce OH+ more efficiently close to AV ∼ 0.1 and the latter
around AV ∼ 6 (where the precise value depends on the intensity
of the radiation field).

In photodissociation regions (PDRs), in addition to the re-
action between O+ and H2, photoionisation of OH and charge
exchange between OH and H+ may also contribute to OH+

formation (Meijerink et al. 2011; van der Tak et al. 2013).
Furthermore, PDR models (Hollenbach et al. 2012) show that
the production of OH+ is more efficient in two different regimes:
(i) low-density clouds with low levels of ultraviolet (UV) ra-
diation (χ ∼ 1–103 and n < 103 cm−3) and (ii) high-density
environments with high levels of UV radiation (χ ∼ 104–105

and n > 105 cm−3), where χ is defined as the ratio between
the fluxes of the source and of the interstellar radiation field at
hν = 12.4 eV (=1000 Å) and hence is a measure of the radiation
field strength (e.g. Draine & Bertoldi 1996).

In most sources where OH+ has been detected, its lines are
seen in absorption and are usually attributed to diffuse inter-
stellar clouds ionised by the galactic interstellar radiation field
and cosmic rays, or by far-ultraviolet photons from nearby stars.
The first detection of OH+ in the ISM was made by Wyrowski
et al. (2010) towards the giant molecular cloud Sagittarius B2
using the Atacama Pathfinder Experiment (APEX) telescope.
Absorption lines of OH+ have also been detected along sev-
eral lines of sight in the Galactic ISM towards bright contin-
uum sources, such as the Orion molecular clouds (Gerin et al.
2010; Neufeld et al. 2010; Gupta et al. 2010; Indriolo et al.
2012; López-Sepulcre et al. 2013) and the massive star-forming
region W3 IRS5 (Benz et al. 2013). Lines of OH+ have also
been detected in absorption in the material around young stars
(van Dishoeck et al. 2011; Benz et al. 2013; Kristensen et al.
2013; Kama et al. 2013) and in the galaxies NGC 4418 and Arp
220 (Rangwala et al. 2011; González-Alfonso et al. 2013).

Emission lines of OH+ have been observed in ultraluminous
galaxies, e.g. Mrk 231 (van der Werf et al. 2010) and NGC 7130
(Pereira-Santaella et al. 2013). In Mrk 231, for example, the

detected lines correspond to transitions between the first excited
and the ground rotational levels. The powerful OH+ emission in
such objects is attributed to the chemistry in X-ray dominated
regions (XDRs; van der Werf et al. 2010).

In our Galaxy, detection of OH+ lines in emission has so
far been limited to the Orion bar, the prototypical PDR, where
van der Tak et al. (2013) has reported the detection of the
lines at 290.20, 308.48, and 329.77 μm (the transitions from
N = 1 to N = 0), and to the Crab nebula supernova remnant,
where Barlow et al. (2013) detected the line at 308.48 μm. In
van der Tak et al. (2013), the presence of OH+ is analysed in
terms of PDR models, with the conclusion that the emission
from OH+ is largely due to the PDR produced by the nearby
Trapezium stars (χ ∼ 104–105 and n ≥ 105 cm−3).

We report the first detections of OH+ in planetary neb-
ulae (PNe), the ejecta of evolved low- to intermediate-mass
stars. This discovery was made simultaneously, but indepen-
dently with the detection of OH+ in NGC 7293 and NGC 6853
by Etxaluze et al. (2014), also published in this volume.

2. Observations

The Herschel Planetary Nebula Survey (HerPlaNS; Ueta et al.
2014) obtained far-infrared broadband images and spectra of
eleven well-known PNe with the PACS (Poglitsch et al. 2010)
and SPIRE (Griffin et al. 2010) instruments onboard the
Herschel Space Observatory (Pilbratt et al. 2010). The target list
is volume-limited – all the PNe have distances �1.5 kpc – and is
dominated by relatively high-excitation nebulae. The HerPlaNS
PNe were selected from the initial Chandra Planetary Nebula
Survey (ChanPlaNS; Kastner et al. 2012) target list and take into
account the far-IR detectability of the target candidates, which
was based on previous observations made with IRAS, ISO,
Spitzer, and AKARI. One of the objectives of this selection is to
investigate potential effects of X-rays on the physics and chem-
istry of the nebular gas and their manifestations in far-IR emis-
sion. The PNe in the sample are listed in Table 1 together with
some of their properties. The objects NGC 7293, NGC 6853,
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and NGC 7027 (Wesson et al. 2010; Etxaluze et al. 2014),
which have also been observed with Herschel, are included for
comparison. Below, we provide a short description of the obser-
vations and data reduction techniques. A more detailed descrip-
tion is provided in Ueta et al. (2014).

In this paper, we make use of far-IR spectroscopic data ac-
quired by HerPlaNS. These data consist of 25 integral-field-unit
(IFU) spectra in the PACS band, 35 Fourier-transform spectrom-
eter (FTS) spectra in the SPIRE SSW band, and 19 FTS spectra
in the SPIRE SLW band at multiple locations around the tar-
get PN (hereafter pointings). With PACS, we performed spec-
troscopy in two overlapping bands to cover 51–220 μm with a
velocity resolution of ∼75–300 km s−1 over a 47′′ × 47′′ field of
view covered by 5× 5 spaxels (i.e. spectral pixels). With SPIRE,
we performed spectroscopy in two overlapping bands to cover
194–672 μm (SSW band 194–313 μm with 35 detectors and
SLW band 303–672 μm with 19 detectors).

Data reduction for PACS observations was performed with
HIPE version 11, calibration release version 44, using the
background normalisation PACS spectroscopy pipeline script.
We followed the reduction steps described in the PACS Data
Reduction Guide: Spectroscopy1. For SPIRE data reduction we
used HIPE version 11 with calibration tree version 11. We fol-
lowed the standard HIPE-SPIRE spectroscopy data reduction
pipeline for the single-pointing mode described in the SPIRE
Data Reduction Guide2 with the following modifications: in-
stead of treating only the signal from the central of signal only
from the central bolometer, as nominally done for processing
the single-pointing observations, the signal from each bolome-
ter was individually extracted and reduced; extended source flux
calibration correction was applied; and background subtraction
was made using our own dedicated off-target sky observations.

The top panels in Figs. 1–3 show the footprints of the PACS
spaxels (each square indicates a spaxel) and of the SPIRE cen-
tral bolometers (circles) for the three HerPlaNS PNe that are the
focus of this paper: NGC 6781, NGC 6720, and NGC 6445, re-
spectively. For NGC 6781, spectra were obtained at two different
PACS pointings, one towards the centre and the other towards
the west rim, while for NGC 6720 and NGC 6445, spectra were
taken at one pointing for each PN. For each of the three PNe,
SPIRE spectra were acquired at two different pointings: one to-
wards the centre and the other towards a bright feature (the west
rim for NGC 6781, the north rim for NGC 6720, and the north
lobe for NGC 6445).

3. The Detection of OH+ Lines

In three of the eleven PNe observed in HerPlaNS – namely
NGC 6445, NGC 6720, and NGC 6781 – we identified four lines
of OH+ in emission: the line at 152.99 μm in the PACS spectra
and the lines at 290.20, 308.48, and 329.77 μm in the SPIRE
spectra. These lines are produced by the lowest rotational tran-
sitions of the OH+ electronic ground state, as can be seen in the
OH+ levels diagram in Fig. 4. In this figure, the detected transi-
tions are indicated as solid red vertical lines. The dashed line in-
dicates the transition that produces the line at 152.37 μm, which
is detected (with signal-to-noise ratio above 3.0) only in the
PACS spectra of NGC 6445. In addition, we also identified two

1 http://herschel.esac.esa.int/hcss-doc-9.0/load/
pacs_spec/html/pacs_spec.html (Version 1, Aug. 2012).
2 http://herschel.esac.esa.int/hcss-doc-9.0/load/
spire_drg/html/spire_drg.html (version 2.1, Document
Number: SPIRE-RAL-DOC 003248, 06 July 2012).

Table 2. OH+ and OH lines detected with PACS.

λ0 λOBS Surface S/Nb

(μm) (μm) brightnessa

NGC 6781 – centre
OH 119.23 119.24 (4.1 ± 0.7) 2.4
OH 119.44 119.43 (4.5 ± 0.8) 2.1
OH+ 152.99 153.02 2.2 ± 0.5 4.9

NGC 6781 – west rim
OH 119.23 119.25 12.4 ± 2.8 5.1
OH 119.44 119.44 12.9 ± 2.3 6.8
OH+ 152.99 153.03 3.6 ± 0.6 5.6

NGC 6720
OH 119.23 119.26 11.6 ± 1.4 9.1
OH 119.44 119.44 11.4 ± 1.6 7.5
OH+ 152.99 153.02 3.2 ± 0.9 7.5

NGC 6445
OH 119.23 119.24 0.245 ± 0.020 8.1
OH 119.44 119.44 0.24 ± 0.04 12
OH+ 152.37 152.42 2.6 ± 0.7 3.7
OH+ 152.99 153.01 3.7 ± 0.8 6.7

Notes. (a) Surface brightness in 10−17 erg cm−2 s−1 arcsec−2. See text for
details on the measurements. Numbers in parentheses are below the 3σ
detection limit. Errors obtained from the reduction process are shown.
The absolute calibration uncertainty is 30% and should be added to
these values. (b) Signal-to-noise ratio.

spectral lines at 119.23 μm and 119.44 μm as the OH 2Π3/2J =
5/2–3/2 doublet produced by the transitions between the low-
est rotational levels of OH. For line identification, we use the
wavelengths provided by the Cologne Database for Molecular
Spectroscopy3 (Müller et al. 2005) and the Jet Propulsion
Laboratory Molecular Spectroscopy Catalogue4 (Pickett et al.
1998).

The spectra around the detected OH+ and OH lines are
shown in Figs. 5 and 6 for the three PNe mentioned above. For
PACS spectra (Fig. 5), the plots display the spectra obtained by
summing the flux of spectra extracted from all individual spaxels
and dividing by the total aperture (47′′× 47′′). It is important to
note that by simply summing the spaxel fluxes, we are ignoring
effects such as the point spread function (PSF) width exceeding
the spaxel size. In the case of NGC 6781, we provide the spectra
for the two pointings. The surface brightnesses of the OH+ and
OH lines detected with PACS are listed in Table 2.

For SPIRE observations (Fig. 6), the plots show the spec-
tra obtained with the central bolometer for the two pointings
for each PNe. The surface brightnesses of the OH+ lines de-
tected with SPIRE are given in Table 3. No corrections for the
wavelength dependence of the SPIRE bolometer beam size were
made.

In addition to the OH and OH+ lines, the PACS and SPIRE
spectra of the three PNe detected in OH+ also show intense
atomic and ionic forbidden lines and CO rotational lines (Ueta
et al. 2014). There is no evidence of other species that could be
responsible for the features we attribute here to OH+.

3 Spectroscopic parameters of OH+ published in the Cologne
Database for Molecular Spectroscopy (http://www.astro.
uni-koeln.de/cdms) and used here were based on data obtained by
Bekooy et al. (1985) and Werner et al. (1983).
4 Spectroscopic parameters of OH published in the Jet Propulsion
Laboratory Molecular Spectroscopy Catalogue (http://spec.jpl.
nasa.gov) were based on data obtained by Drouin (2013), Peterson
et al. (1984), and references therein.
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b b

b b

Fig. 1. Measurements of lines of OH and OH+ in the HerPlaNS observations of NGC 6781. The top panel shows the locations of individual PACS
spaxels (boxes) and of the central SPIRE SSW and SLW bolometers (circles) for the rim (grey) and centre (white) pointing. In the figure, north
is up and the celestial coordinates of the point (0,0) are (α, δ) = (19:18:28.089,6:32:19.262). The footprints are shown over the PACS 70 μm
image. Labels indicate specific spaxels. Panels A) and B) show the spatial variation of the OH 119.3 μm doublet and panels C) and D) show the
OH+ 152.99 μm line emission in NGC 6781 (rim pointing on the left; centre pointing on the right). Individual PACS spaxels are indicated by the
numbers in parentheses. Dust emission is responsible for the differences in the continuum levels.
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b

b

Fig. 2. Same as Fig. 1, but for NGC 6720. In the top panel, north
is up and the celestial coordinates of the point (0, 0) are (α, δ) =
(18:53:35.080, 33:01:44.869). The order of the spaxels in plots A) and
B) is different from Fig. 1; the order was chosen to be more convenient
for comparison to the footprints in the top image of this figure.

b
b

Fig. 3. Same as Fig. 1, but for NGC 6445. In the top panel, north
is up and the celestial coordinates of the point (0, 0) are (α, δ) =
(17:49:15.215, −20:00:34.427). The order of the spaxels in plots A) and
B) is different from Fig. 1; the order was chosen to be more convenient
for comparison to the footprints in the top image of this figure.
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Fig. 4. The three lowest rotational energy levels of OH+. Except for the
N = 0 level, each rotational level is split into three fine structure levels.
The energy difference between levels J = 1 and J = 3 of N = 2 is
not resolved in the figure. The hyperfine structure, which further splits
the levels, is not indicated in the figure. The transitions corresponding
to the lines detected in the present work are indicated in red (with the
corresponding wavelength); the dashed line represents a line detected
only in NGC 6445.

b
b

b
b

Fig. 5. Lines of OH and OH+ detected in the PACS spectra of
NGC 6445, NGC 6720, and NGC 6781 (in this case, for both the centre
and rim pointings) obtained in the HerPlaNS program. The left pan-
els show the OH doublet, while the panels on the right show the OH+

lines. The expected positions of the lines are indicated in each plot. The
spectra are obtained by integrating the flux of spectra extracted from all
individual spaxels and dividing by the total aperture. The surface bright-
ness is given in Jy/arcsec2. See details of the pointings in Figs. 1–3.

Table 3. OH+ lines detected with SPIRE.

λ0 λOBS Surface S/Nb

(μm) (μm) brightnessa

NGC 6781 – centre
OH+ 290.20 290.20 (2.2 ± 1.0)b 2.7
OH+ 308.48 308.77 1.10 ± 0.09 12
OH+ 329.77 329.95 0.24 ± 0.12 5.8

NGC 6781 – west rim
OH+ 290.20 290.37 6.0 ± 0.9 9.2
OH+ 308.48 308.65 0.99 ± 0.03 30
OH+ 329.77 329.90 0.11 ± 0.10 6.4

NGC 6720 – centre
OH+ 290.20 290.05 1.68 ± 0.20 6.9
OH+ 308.48 308.45 2.18 ± 0.07 27
OH+ 329.77 329.52 0.40 ± 0.06 5.9

NGC 6720 – north rim
OH+ 290.20 290.14 3.7 ± 0.4 9.3
OH+ 308.48 308.39 3.74 ± 0.11 28
OH+ 329.77 329.76 1.00 ± 0.09 8.5

NGC 6445 – centre
OH+ 290.20 290.12 (0.93 ± 0.13) 2.7
OH+ 308.48 308.47 2.64 ± 0.09 24
OH+ 329.77 329.64 0.91 ± 0.10 6.7

NGC 6445 – lobe
OH+ 290.20 290.21 1.56 ± 0.13 11
OH+ 308.48 308.49 2.40 ± 0.10 20
OH+ 329.77 329.78 0.43 ± 0.04 10

Notes. (a) Surface brightness in 10−17 erg cm−2 s−1 arcsec−2. See text for
details on the measurements. Numbers in parentheses are below the 3σ
detection limit. Errors obtained from the reduction process are shown.
(b) Signal-to-noise ratio.

Figure 1 shows the spatial variation of the OH lines at
119.23 μm and 119.44 μm and the OH+ line at 152.99 μm for
NGC 6781. The emission of these lines comes mostly from the
dusty ring structure. In the east rim pointing, for example, the
emission correlates well with the dust emission peaks. This is
also the case for NGC 6720 and NGC 6445 (Figs. 2 and 3),
where the OH+ emission peaks at the north rim and the (north-
west and south-east) lobes, respectively. For these two PNe, OH+

emission from individual spaxels is faint and it is necessary to
integrate the emission over a few spaxels to obtain a signal-to-
noise ratio >3. The northwest and southeast lobes of NGC 6445
and the rims in NGC 6720 and NGC 6781 correspond to bright
regions in the waist of these multi/bipolar PNe (Zuckerman et al.
1990; Benítez et al. 2005; O’Dell et al. 2013). These structures
also display bright H2 emission at 2.12 μm and [NII] λ6584 line
emission (Zuckerman et al. 1990; Kastner et al. 1996; O’Dell
et al. 2013).

4. Discussion

As shown above, most of the OH+ line emission comes from the
pointings towards the ring-like or torus-like structures (where
the column density is high), at the interface between the ionised
region and the PDR in the PNe we studied. It is natural then to
expect that the strong radiation field from the central star in this
region plays a major role in the chemistry. PDR models show
that the column density of OH+ is enhanced in dense and high
UV field environments (Hollenbach et al. 2012), e.g. for condi-
tions like those in the Orion bar (n ≥ 105 cm−3 and χ ∼ 104–105;
van der Tak et al. 2013).
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b
b

b

Fig. 6. Lines of OH+ detected in the SPIRE spectra of NGC 6445, NGC 6720, and NGC 6781 obtained in the HerPlaNS programme. The expected
positions of the lines are indicated in each plot. The plots show the spectra obtained with the central bolometer; the spectra in black correspond to
the pointing towards the centre of each PN, while the blue is centred in the north lobe of NGC 6445, the north rim of NGC 6720, and the west rim
of NGC 6781. The surface brightness is given in Jy/arcsec2. See details of the pointings in Figs. 1–3.

From this we suggest that the five PNe with OH+ (here
we include NGC 7293 and NGC 6853; see Etxaluze et al.
2014) may contain PDRs with densities similar to the Orion
bar. These PDRs could be associated with the cometary knots,
dense clumps embedded in the diffuse ionised gas of PNe.
Observations show that all the PNe detected in OH+ have
cometary knots (Kastner et al. 1996; O’Dell et al. 2002; Phillips
et al. 2011). The diffuse ionised gas in PNe has typical densities
of 102–104 cm−3, while the PNe cometary knots have densities
similar to the Orion bar (>105 cm−3). Considering that we de-
tect OH+ in the same region where cometary knots are identified
in optical images, and in this region we have strong UV fields,
it is likely that the OH+ emission should be associated with the
cometary knots.

A simple calculation using the values in Table 1 and assum-
ing the luminosity values of L = 385, 200, and 1035 L� for the
central stars of NGC 6781, NGC 6720, and NGC 6445, respec-
tively, allows us to estimate χ in the PDRs for these PNe. For
this calculation, we also assume that (i) the central star emits
as a blackbody; (ii) there is no radiation extinction within the
nebula; (iii) there is no contribution from the secondary pho-
tons; and (iv) the distance of the PDR from the central star is
equal to the distance from the centre of the PN to the structure
that emits OH+ projected on the sky. We obtain χ = 3.2, 5.0,
and 16, respectively. Given these assumptions, the PDR density
can be estimated from the ionised gas density assuming pres-
sure equilibrium at a typical temperature contrast of a factor of
20 (Tionised gas ∼ 10 000 K vs. TPDR ∼ 500 K; Tielens 2005,
Sect. 9.1). For NGC 6781, for example, nionised gas = 600 cm−3

(Ueta et al. 2014) assuming nPDR = 12 000 cm−3. Thus, in terms
of density, the PDRs in these PNe are comparable to the Orion
bar, while the UV fields (6–13.6 eV) incident in these PDRs are
much less than in the Orion bar.

All five PNe with OH+ emission are detected in H2 (Table 1)
and CO (Phillips et al. 1992; Huggins et al. 1996; Zack &
Ziurys 2013). Other molecules have been previously detected
in NGC 6720, NGC 6781, and NGC 7293 (HCO+, HCN, HNC,
and CN; Bachiller et al. 1997; Hasegawa 2003). In the HerPlaNS
PNe spectra, in addition to OH+ and OH and intense atomic
lines, there are clear lines of CO (the panels in the first column
in Fig. 6 show the CO J = 9–8 line, for example) and possibly
CH+.

The density of OH+ can be enhanced in X-ray dominated
regions, as in active galactic nuclei (van der Werf et al. 2010).
In XDRs (Meijerink & Spaans 2005), photons with E > 1 keV,
which can penetrate high column density gas, can enhance the
gas ionisation fraction and increase the gas temperature in the
neutral or molecular region. In a similar fashion, soft X-rays
(E < 200 eV) can produce an extended warm semi-ionised re-
gion in the transition zone between the ionised region and the
PDR. The enhanced ionisation fraction and warm gas tempera-
ture in these regions influences the ongoing chemistry and also
the excitation of molecular emission lines in PNe (e.g. Aleman
& Gruenwald 2011; Kimura et al. 2012).

The central stars of all PNe detected in OH+ have high ef-
fective temperatures (for all of them Teff exceeds 100 000 K;
Table 1) and produce soft X-ray emission. For PNe central stars,
the flux of photons with energies greater than 100 eV increases
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steeply with Teff , reaching its maximum for Teff > 100 000 K
(see Fig. 4 of Phillips 2006). Three out of five PNe thus far
detected in OH+ emission show X-ray emission in the form of
Chandra detections of point-like emission at their central stars
(Table 1; Kastner et al. 2012; Guerrero et al. 2001). One of these
PN X-ray sources, NGC 6853, is very soft (all detected X-ray
photons have energies <300 eV) and likely represents the Wien
tail of a hot central star photosphere; the second, NGC 6445, is
a relatively hard X-ray source, peaking near ∼1 keV; and the
third, NGC 7293, resembles a hybrid of these two X-ray source
types. The non-detections of soft (<1 keV) X-rays from the hot
central stars of NGC 6720 and NGC 6781, and the lack of an
NGC 6853-like soft component in NGC 6445, is understandable
if one notes that (a) these three molecule-rich PNe are signifi-
cantly more distant than NGC 6853 and NGC 7923; and (b) all
three lie along the Galactic plane, where the hydrogen column
density is high. In fact, the Chandra results do not rule out the
possibility that the central star of NGC 6781 could have a 1 keV
X-ray flux similar to that of the central star of NGC 7293.

However, it appears significant that OH+ has now been de-
tected in both NGC 6853, the soft X-ray source, and NGC 7293,
the soft/hard hybrid source. These detections – and the non-
detection of OH+ from molecule-rich NGC 7027 (see below),
which harbours a significant (albeit diffuse) source of ∼1 keV
X-ray emission due to large-scale shocks (Kastner et al. 2012)
– might indicate that it is the soft X-rays (<300 eV) of the cen-
tral star, rather than relatively hard (∼1 keV) X-rays, that drive
OH+ production in PNe.

Two other PNe with high-temperature central stars,
NGC 7027 (Wesson et al. 2010) and Mz 3, do not show OH+.
Hence, other factors, such as the density or carbon-to-oxygen
ratio, may also play a role. Models of XDRs show that high col-
umn densities of OH+ require not only high X-ray fluxes, but
also high densities (Meijerink et al. 2011). The planetary nebula
NGC 7027 is the prototypical PN with a PDR. The absence of
OH+ could be linked to the carbon-rich chemistry in this neb-
ula (i.e. a significant fraction of the oxygen in the molecular re-
gion is in the form of CO), but NGC 6781 is also carbon-rich
(Ueta et al. 2014). Etxaluze et al. (2014) show that other oxygen-
bearing molecules could be formed in carbon-rich gas when the
strong radiation field keeps CO partially dissociated in the PDR.
Further modelling, now compared with data from the PNe where
OH+ is detected, would help clarify this question.

We note that none of our objects shows OH maser emission,
which is common in young PNe with dense shells (Zijlstra et al.
2001). Either the density of OH decreases (e.g. by photoionisa-
tion) or the velocity coherence is lost in the evolution.

The OH+ excitation diagrams for our three objects are shown
in Fig. 7. The PACS and SPIRE instruments have different aper-
tures. Moreover, SPIRE has a wavelength dependent aperture. To
compare the lines from these different instruments in Fig. 7, we
did the following calculations. For PACS, we average the surface
brightness of the spaxels spatially coincident with the SPIRE
central bolometer aperture at 290.20 μm. For the SPIRE lines,
we assume that the surface brightness was uniformly distributed
over the beam. Judging from the dust emission maps, we expect
the PDR maps to fill at least half of the SPIRE beam. This as-
sumption would only marginally affect the derived column den-
sities and excitation temperatures. Using the values from Fig. 7,
we derive OH+ excitation temperatures between 27 K and 47 K
and column densities between 2 × 1010 cm−2 and 4 × 1011 cm−2.
For these calculations, we assume that the emission is optically
thin.

Fig. 7. Excitation diagrams for OH+. Dots are values obtained from our
observations. Column densities are given in cm−2. The solid lines are
least-square fits to the data. The derived excitation temperatures and
column densities are shown in corresponding panels. Fits are not pro-
vided when the calculated inclination coefficient is negative or when the
uncertainty in the excitation temperature is greater than 50%.

Extensive excitation calculations have been performed by
van der Tak et al. (2013) for the Orion bar PDR. That study
shows that the excitation of the OH+ levels is due to a com-
bination of excitation by radiation, collisions, and formation
pumping. Hence, the observed low excitation temperature for
these OH+ lines in the Orion bar (∼9 K) is not a real kinetic
temperature.

If we consider only lines in the SPIRE wavelength range, we
also derive low excitation temperatures for these low lying levels
(3–7 K). As for the Orion bar, we expect that this is not a real
kinetic temperature. The additional OH+ line that we observed
with PACS would indicate a higher excitation temperature. If
we include the line at 153 μm (detected with PACS), we mea-
sure a much higher excitation temperature – directly reflecting
the higher energy needed to excite this last line – than the ex-
citation temperature derived using only SPIRE lines. Hence, we
have elected to derive column densities including all the transi-
tions (solid lines in Fig. 7). This is an approximate calculation,
since we assume an LTE approximation, and clearly from Fig. 7
this is not the case. Our column densities are approximately 10
times lower than the column density of van der Tak et al. (2013)
for the Orion bar, but the van der Tak et al. study lacked the
higher excitation PACS line.

Using the values of χ and the column densities we derive
above in Eq. (2) in Hollenbach et al. (2012), we estimate that the
densities of the PDRs in NGC 6781, NGC 6720, and NGC 6445
lie within the range 103–104 cm−3.
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5. Conclusions

We present here the first detections of OH+ in PNe. The emis-
sion was detected in both PACS and SPIRE far-infrared spectra
of three of the 11 PNe in the sample obtained in the Herschel
Planetary Nebulae Survey (HerPlaNS). The simultaneous and
independent discovery of OH+ in two other PNe in the SPIRE
spectra is also reported in this volume (see Etxaluze et al.
2014). All five PNe (NGC 6445, NGC 6720, and NGC 6781 in
HerPlaNS, as well as NGC 7293 and NGC 6853) are molecule
rich, with ring-like or torus-like structures and hot central stars
(Teff > 100 000 K). The OH+ emission is most likely due to ex-
citation in a PDR. Although other factors such as high density
and low C/O ratio may also play a role in the enhancement of
the OH+ emission, the fact that we do not detect OH+ in ob-
jects with Teff < 100 000 K suggests that the hardness of the
ionising central star spectra (i.e. the production of soft X-rays,
∼100–300 eV) could be an important factor in the production of
OH+ emission in PNe.
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