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ABSTRACT

We report observations of the reactive molecular ions (thO*, and HO* towards Orion KL with HerschgHIFI. All three N = 1 - O fine-
structure transitions of OHat 909, 971, and 1033 GHz and both fine-structure componérte aloubletortho-H,O* 1;; — Oy transition at
1115 and 1139 GHz were detected; an upper limit was obtaimelds0*. OH" and HO* are observed purely in absorption, showing a narrow
component at the source velocity of 9 kit ,sand a broad blueshifted absorption similar to that reporéeently for HF andpara-H2%0, and
attributed to the low velocity outflow of Orion KL. We estingatolumn densities of OHand HO* for the 9 km s component of @ 3x 10*2 cm2

and 7+2x 10 cm?, and those in the outflow 0f9+0.7x 10" cm™2 and 10+ 0.3x 103 cm2. Upper limits of 24x 10'? cm 2 and 87 x 10'2 cm2
were derived for the column densities @tho andpara-H;O* from transitions near 985 and 1657 GHz. The column dengifi¢ise three ions
are up to an order of magnitude lower than those obtained feaent observations of W31C and W49N. The comparativelycolmn densities
may be explained by a higher gas density despite the assamrgdta very high ionization rate.

Key words. ISM: abundances — ISM: molecules

1. Introduction gen, followed by charge transfer to produce @apid hydrogen
abstraction reactions of*Owith H, then yield OH and HO*,

The Heterodyne Instrument for Far Infrared (HIFI) on thgnq terminate with the production of8*. In diffuse molecu-

Herschel Space Observatory[] provides a unique opportunity to |5r clouds, which have high electron abundances, tj@Hs

fully assess the first steps of the oxygen chemistry in a W"éai%stroyed/ia dissociative recombination to yield OH and®l

variety of sources. Initial HIFI obseryatlons quickly deted |y gqense molecular clouds, both the ionization fraction tred

widespread absorption by Otaind O™ toward the star form- aiomic hydrogen abundance are comparatively lower, and the

ing regions DR21, W31C, and W49N (Ossenkopf et al. 2018gqence of reactions, expected to start:aahid OH, yields a

Gerin et al. 2010; Neufeld et al. 2010, this issue). Priorhi® t larger abundance of4@*. This picture is probably overly sim-

HIFI observations, OH had only been detected in absorptionyjistic for molecular clouds such as Orion KL, which are com-

toward Sgr B2(M) (\Nyrow_ski et al. _2010). S_imil_arly, prev_u posed of both dfuse and dense gas.
observations of FO*" were limited to its detection in comet tails

(e.g., Herzberg & Lew 1974; Wehinger et al. 1974), demohstra  Orion KL is the brightest infrared region in the Orion-
ing the importance of photoionization in producing thisiothe  Monoceros molecular cloud complex located less than 500 pc
absence of bl And until recently, only upper limits had been refrom the sun (Menten et al. 2007). In the foreground of Oridn K
ported on the column density ofz8" in the difuse interstellar is the Orion Nebula, an HIl region known to contain a cluster
gas (Smith, Schempp, & Federman 1984). of thousands of young stars which produce a substantial flux o
By contrast, the recent HIFI detections of Ond HO* in  X-ray photons (Getman et al. 2005). Molecular line studees r
warm difuse gas with a fairly small fraction of molecular hydroveal three main regions in Orion KL: i. a core of very dense
gen, elucidated the role of'On initiating the oxygen-hydrogen and hot gasr{ ~ 10’ cm™2, T ~ 200 K); ii. cool, quiescent
chemistry. This chemistry is thought to begin with the produ gas between systemic velocities of 8 kit &nd 10 km st
tion of H" and Hj via cosmic ray or X-ray ionization of hydro- surrounded by high-velocity outflows: (100 km s1); and iii.
a highly inhomogeneous and turbulent outflow source contain
! Herschel is an ESA space observatory with science instrument@d both high-velocity £ 30 km s) and low-velocity ¢ 18
provided by European-led Principal Investigator consaatid with im- km s) gas (Blake et al. 1987; Genzel & Stutzki 1989; O’Dell
portant participation from NASA. et al. 2008).
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In this Letter we report the detection of absorption lines ofrable 1. Spectroscopic parameters of the observed transitions.
OH* and HO*, and an upper limit on the column density of
H3;O* toward Orion KL. In addition to molecular absorption at™ 1 ansition Frequency E o g 2S° 10A;
a systemic velocity of 9 km$, these observations find broad

blueshifted absorption by OHand HO* extending to large neg- (MHz) - (e - ©) ()
ative velocities. This is consistent with previously obvsetlines OH"N=1-0
of H,0 with ISO (Lerate et al. 2006), as well as those of HF J=1-0
and para-H3?0 detected recently with HIFI, and attributed to - _ 12-1/2 90904+ 15 0004 4 6 120 105
the low-velocity molecular outflow (Phillips et al. 2010). 1/2-3/2 9091588+ 15 0 2 4 240 0.52
J=2-1

F=5/2-3/2 9718038+15 0 4 6 1024 182

2. Observations and data reduction gg B ég g;igggf ig 0'006‘ j f f'ff 01'3‘?5

The observations were done in March 2010 as part of the Key 0-H20" 111 - Ooo ©

ProgranHerschel/HIFI Observations of Extraordinary sources: J=3/2-1/2

The Orion and Sagittarius Star-forming Regions (HEXOS). Cap
The dual beam switch (DBS) observing mode was used, Witf’1: - i’g_ ig iﬂgiggi:g 8:382 3 ‘2‘ ;‘é‘z‘ %:gg
the DBS reference beams lying approximately éast and 5/2-3/2 111520400+ 18 0 4 6 1123 3.02
west of the Orion KL positionaigmp = 5"35"14.3% and 3/2-3/2 1115260+ 18 0 4 4 335 135
d32000 = —5°22'337”. Spectra were taken with the Wide Band Y2-3/2  11152987+18 c 2 2 o0& 034
Spectrometer (WBS) with a Nyquist-limited frequency resol J=1/2-1/2
tion of approximately 1.1 MHz over a 4 GHz wide IF band; theF =3/2-1/2 11395411+ 138 0004 2 2 042 3.61
HIFI beams in bands 4, 5, and 6 have half-power beam widths of éﬁ - éﬁ ﬂggggg + i-g 0-0061 42 ; 33325 Zl-gg
217, 19’, and 13 and main beamfé&ciencies of (670, 0662, - - : :
and 0645 (HIFI Observers’ Manual, v 2.0). The spectra were y2-3j2 1139678=+18 — 0 4 4 414 1.78
reduced through the standard Herschel Pipeline to Leveh?jus HsO
HIPE version 2.4 (Ott 2010). The double sideband (DSB) spec-  0;-1;  9847119x01° 51 4 12 830 2.30
tra so obtained were then deconvolved (Comito & Schilke 2002 1, -1 16558348+ 03' 0o 6 6 622 548
2, -2% 16572484 +0.3° 296 10 10  4.67 7.32

to single sideband (SSB) spectra usingdbBeconvolution task 2 -2

inHIPE. The SSB spectra were convertedto the FITS formataggies @ Dpipole moments 4): 2.256 D (OH: Werner, Rosmus,
analyzed with the CLASS90 package. Although two orthogonglReinsch 1983); 2.37 D (50*; Wu et al. 2004); 1.44 D (kD*:
polarizations were observed simultaneously, only spdoti@  Botschwina, Rosmus, & Reinsch 1985). Frequencies filéniller
the H polarization in bands 4a and 6b and the V polarizati@nal. (2005){9 Murtz et al. (1998) Yu et al. (2009)

in band 5a are shown, because of the smaller standing wave®irf Tadv < 0.482 K km s* for the 984.7 GHz line, anek 2.412

these polarizations. K km st for the 1657.2 GHz line.
() Blended with a strongs2 — 11 ortho-H%0 line at 1655831 MHz.

3. Spectroscopy 4. Results

The spectroscopy of OH H,O*, and HO* has been discussedFigure[l shows the absorption lines of ©OHnd HO* toward

in detail in the recent detection papers (Ossenkopf et dl020 Orion KL, as well as lines of HF anphra-H80 for comparison.
Gerin et al. 2010). Here we summarize the essential aspkectdbe strongest hyperfine components of O&hd HO* appear

the rotational spectra of these ions. The'dbh has &% elec- at the source velocity of 9 knts which matches well that of the
tronic ground state, the two unpaired electron sp®s= 1) HF line in Orion KL. Additionally, lines of both ions show bad
yielding three components of tié¢ = 1 — 0 transition. The nu- blue absorption wings extending to abett5 km s, more ex-
clear spin of the hydrogen atorh(= 1/2) further splits each tended than the HF absorption, but comparable to thatui-
component into hyperfine components. ThglH ion hasC,,  H3?0 (~ —80 km s*). We attribute the extended absorption of
symmetry and &B; ground state which results in the lowesthe ions to originate mainly from the low velocity molecubeast-
level havingortho symmetry. The spin of the unpaired electrofiow. We failed to detect any emission or absorption fropOH,

(S = 1/2) results in two fine-structure components, each eand discuss the non-detectiongifgl.

hibiting a complex hyperfine pattern due to the spins of the tw  The high density of molecular lines in Orion KL makes
equivalent hydrogen nuclei = 1/2). Rotational spectroscopycontamination by unrelated lines a common problem. The ab-
of H,O" is limited to two laser magnetic resonance (LMR) studsorption lines detected here are blended with weak to mod-
ies (Strahan et al. 1986; Murtz et al. 1998). Here, we aduopt terately strong emission lines of abundant “weeds”, incigdi
values of Miirtz et al., which we and others have checked-indeHsOH and SQ. Efforts are underway to model and remove
pendently to be accurate to about 2 km ® equivalent radial the emission from the contaminants by a method similar to tha
velocity (see Neufeld et al. 2010 and Schilke et al. 201G thdf Phillips et al. (2010); in the interim, the following amach
volume). HO* is a closed-shell symmetric top molecule with avas taken.

large amplitude inversion near 1.65 THz, resulting in a spet To better gauge the absorption, the contaminants were
similar to NH; with transitions between symmetric and antisynmasked and intensities interpolated across the maskeadhelsan
metric inversion states (Yu et al. 2009). Table 1 lists theepbed (Fig.[). The velocity-integrated optical depths of theiidines
transitions of the three ions, along with their line strérsghnd were obtained by normalizing the SSB spectra with the con-
spontaneous emission rates. tinuum and integrating over the velocity ranges for the seur
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of 1.9+ 0.7 x 103 cm? and 10 + 0.3 x 10*3 cm2. The column
densities of OH are more than an order of magnitude lower,
and those of KHO* are 2— 6 times lower than toward W31C and
WA49N (Gerin et al. 2010; Neufeld et al. 2010, this issue)nfrro
the least congested spectra of 1 at 984.7 and 1657.2 GHz
(see Table 1), and an assumed excitation temperature of 100 K
we derive 3 upper limits of 24x 10'2 cm2 and 87 x 102 cm2
for the column density ofrtho andpara-HzO", nearly an order
of magnitude lower than in W31C (Gerin et al. 2010).

The abundance ratios of the three ions in Orion KL can be
i 1 compared to the same ratios observed in W31C and W49N. The
55E1115.2 GHz : 3 OH*/H,O" ratio is found to be B + 0.6 in the source and.8 +

E ey e oo 1 0.8 in the outflow. This ratio is 2- 15 times lower than that

: 1 measured toward W31C and W49N. The lower limit of 1.4 for
the H,O*/H3O" ratio, however, is nearly 2 times larger than in
W31C.

_|.+.. T

Ta (K)

4 971.8 GHz 1 i )
b S S S R 5. Discussion
15 -_ T _H 180 T T T T _-
Nk : 1 The column densities of OH H,O*, and HO* in Orion KL
10 :\ /\ ] differ markedly from those in theflluse gas toward W31C and
I } — 1 WA4ON. In contrast with W31C and W49N, Okand HO* are
5 F ; 4 significantly more abundant relative tg@&", for which we are
r 1101.7 GHz : 1 only able to obtain an upper limit. The absolute column densi
19 FH—————F—+————F—+————+—————- ties of OH" and HO" are also lower compared with W31C and

WA49N. A likely explanation for the low column densities oé&th
three ions is that they are present in fairly dense matdxah in
the quiescent gas and the outflow. Unlike the quiescent bes, t
Orion KL outflow is exposed to a strong ionizing flux from the
foreground HIl region; the enhanced ionization flux enhance

4 :‘?2.32.'5. .GH.Z, .. 7 the formation of ions, but the resultant large fractionaiiza-
~100 —50 0 50 100 tion leads to a fast andiecient removal of molecular ions by
dissociative recombination with electrons.
Vier (km 3—1) The observed velocity profiles of OHand HO* in

Orion KL support the above conclusion. As Hig. 1 shows, the
Fig. 1. Lines of OH", ortho-H,O", and HO* in Orion KL, com- OH* and HO" absorption tracks the HF absorption to veloci-
pared with those of HFX = 1 - 0) andpara-H1%0. The dashed ties of about-45 km s*. This absorption also seems to follow
vertical red line is at the systemic velocity of 9 kit sand the closely, to about-80 km s*, the para-H3%0 absorption in the
solid horizontal red lines indicate the continuum level acle outflow, suggesting that like HF arpﬂra—H%go, OH' and H,O*
spectrum. Solid green lines indicate the channels overtwthie probably exist mainly in the low velocity outflow (Phillips &l.
interpolation was done. The HF spectrum, adapted fromipsill 2010). In fact, the molecular outflow accounts for over hdlf o
et al (2010), shows a broad absorption (black histograngy afthe observed column density of Oldnd HO".
modeling and removal of contaminating lines of £&»H and The conditions required to explain our observations may be
SO, (blue histogram). The contaminants in the 971.8 GHz spe@ore extreme than one might suppose. First, the molecuiar io
trum are CHOH (v = 0) 26,-25; (A) and (4 = 1) 2%-225 (E) probably reside in gas of lower density £ 10° cm™3) than that
at—28 km st and-40 km s?; that in the 1115.2 GHz spectrumnecessary to thermally excite the observed transitionsseth
is SO 1915 — 19, 1g at—55 km s, The 1657.2 GHz spectrum have high spontaneous emission rated(? s-%; Table 1), and
shows absorption by CH\(= 2 - 1) at 60 km s. hence large critical densities (1:010° cm™3) . This is supported

by the observation that OHand HO* are seeronly in absorp-

and the outflow, the interpolation yielding errors of 26980%. tipn. Second, the temperatures in the outflow gas are prpbabl

On the assumptions that the absorption covers the source co
pletely, and the molecules are in the lower state, the totahan
density (\) was then derived using the expression:

We consider two scenarios in which the ions may be formed
in the low velocity outflow. In the first, a large radiation flum-
pinges directly on the Orion KL outflow, which contains large
0 Aggut® water abundances (Melnick et al. 2010). The far UV flux that il
deV (kms™) = WN» (1) luminates this gas can have values approachingl® times
! the average interstellar radiation field (Walmsley et al0@0
where A, is the spontaneous emission ragg,and g, are the Young Owl et al. 2000). In addition, the central region of the
upper and lower state degeneracies, aigithe transition wave- Orion Nebula has numerous sources of energetic X-ray psoton
length. (Getman et al. 2005; Preibisch et al. 2005), which can dountii
We estimate column densities of Oldnd HO* at 9 km s  to the surface ionization of this photon-dominated regRDR).
of 9+3x 10 cm? and 72x10% cm™2, and those in the outflow We estimate that at \A = 1 into the PDR, the ionization rate
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Ix ~ 3x 10 s1.[d Under these conditions, water can undergthis source. This is, to our knowledge, the first detection of
photoionization to form HO™ directly, enhancing the abundancehese ions toward a source with a large fraction of molecular
of this species. gas. Given the complex and inhomogeneous nature of Orion KL,
In the second scenario, the outflow penetrates the extendiesvever, there are probably regions where the densitiesudire
foreground HIl region. The abundant*Hcan now undergo ficiently low and the excitation conditions optimal for tlea®-
charge exchange withJ@ to yield HO". In either scenario, the active ions to exist at detectable levels. Another possihis
high electron density probably results in a net reductiothan that depletion of some of the gas-phase species onto thesgrai
abundances of molecular ions, consistent with the obsengt can result in lower abundances of water, leading to smail col
low column densities of OHand HO*, and the upper limit for umn densities of OH and HO". A surprising observation—
H3;O*. and one remarkably flerent from that toward W31C—is the
We have attempted to model the first scenario using then-detection of HO*. In our model of the outflow, we attribute
Meudon PDR code (Le Petit et al. 2006). However, the moddiis mainly to a very high ionization rate, which produces&n
sufers dificulties while reproducing the observed column demmost equal abundance of atomic and molecular hydrogen at the
sities of the three ions. First, it requires a relatively Igas assumed density.
density (1 ~ 10° Cmis) In regions Whgre O_H and HO" are Acknowledgements. HIFI has been designed and built by a consortium of
produced, as larger assumed densities yield too mugD*H insiitutes and university departments from across Eurgimnada and the
Second, it requires a very large ionization rate-(1—2x 1074  United States under the leadership of SRON Netherlandsttesfor Space
s ™) to maintain a ratio of atomic to molecular hydrogen nedéeseamhv Eroni”ge”’d thr‘]e ’I‘Jesthega”ds tf'i”d with E“ajor mf"‘"é‘sréé‘l\”.‘
unity; othervise, (oo much 40" is once again produced. TheG e FErce % 1he U5, Coronim members are Corde,
two parameters are nearly an order of magnitudedint from ypitr, MPS; Ireland, NUI Maynooth; Italy: ASI, IFSI-INAF, €servatorio
others inferred from previous observations> 10* cm™3 and  Astrofisico di Arcetri- INAF; Netherlands: SRON, TUD; PobinCAMK,
. < 1074 gt (Genzel & Stutzki 1989; Lerate et al. 2008 CBK; Spain: Observatorio Astronmico Nacional (IGN), Centie Astrobiologa

Muench |2 nd referen herein). Neverthel (CSIC-INTA). Sweden: Chalmers Univers_ity of Technology CRl RSS &
uench et al. 2008 and references there ) everthelass, aGARD; Onsala Space Observatory; Swedish National SpacelB8t&ockholm

Cent StUdy_ on mOIeCU|ar_ hydrqge_n r(,)tatlonal eXCItatll(an_l? t University - Stockholm Observatory; Switzerland: ETH i FHNW; USA:
Orion bar infers a cosmic ray ionization rate o&7L0~* S~  caltech, JPL, NHSC. Support for this work was provided by MABrough an
(Shaw et al. 2009). The same study also invokes warm gas temsard issued by JPCaltech. A part of the work described in this paper was
peratures of 400-700 K; the lower value is contained in oB8%8 T 28 20 Foreon 1o s and Space Adstation. Copyright
mggg: ;tcx/ra}thsefuer?l?; V?IE)IFEeanZDaR[hQ’OCJIQUI’CI:ZIXS;(/) a;!;?g'ﬁ& ?;eoggomg California Institute of Technology. All rights reserved.
rameter space, and will be presented in a future paper.
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