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ABSTRACT

H,O" has been observed in itstho- andpara- states toward the massive star forming core Sgr B2(M) témtalose to the Galactic center. The
observations show absorption in all spiral arm clouds betwe Sun and Sgr B2. The averagp mtio of HO* in most velocity intervals is
4.8, which corresponds to a nuclear spin temperature of ZllhK.relationship of this spin temperature to the formatemperature and current
physical temperature of the gas hosting(H is discussed, but no firm conclusion is reached. In the viglagierval 0-60 km st, anortho/para
ratio of below unity is found, but if this is due to an artifaftcontamination by other species or real is not clear.
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1. Introduction lutionary stages, and constitute well-studied massivefetan-

i ) i , , ing regions in our Galaxy. The flux ratio of the continuum be-
Simple di- and triatomic molecules and ions are fundamenm?een Sgr B2(M) and Sgr B2(N) is less than unity at 1 mm and
constituents of interstellar chemistry which eventuadigds to rises at shorter wavelengths so that Sgr B2(M) dominategeabo
the formation of complex molecules. Many of these speciessog GHz (Goldsmith et all, 1990; Lis & Goldsniith, 1991).
have ground state transitions at submillimeter- and THzewavsgr B2(M) also shows fewer molecular emission lines than
lengths, and are therefore eitheffdiult or not at all observ- gqr B2(N) [Nummelin et a1/, 1998), hence less confusion and
able from the ground, yet they constitute the building bfook  nerefore is better suited for absorption studies. Thedifisight
chemistry, and are therefore fundamental to its understgndioward the Sgr B2(M) continuum will pass almost all the way to
in various environments. Among those are spiral arm cloudge center of our Galaxy, providing a more complete census in
located in the plane of the Galactic disk, where the line-oéy,dying physical and chemical conditions towards the Gigla
sight toward a strong continuum source passes through @hter clouds and all spiral arm clouds simultaneously! Hiie
chance. This setup allows sensitive absorption measutemefeterodyne Instrument for the Far-Infraréd (de Graauwlet al
and the clouds have been observed by this method against3§€() on board thelerschel Space Observatory (Pilbratt ef al.,

Sgr B2, W31c, W49, W51 and CasA millimeter continuuro1g) is an ideal instrument for making these observations.
sources using molecular species such as CO, HCN, HCO

CS, CN, SO, and c4H; etc (e.gl Greaves & Williams, 1994; .

Tieftrunk et al.,| 1994; Greaves & Nyman, 1996; Menten et ap: Observations

demonstrate that spiral arm clouds have low gas density aggr B2(M) (30000 = 17'47M20.35% andé o000 = —28°2303.0”)
low excitation temperatures, and represeffifusie and translu- hayve peen carried out respectively Mrarch 1, 2, and 5 2010,

cent clouds. providing coverage of the frequency range 479 through 637 GH
One of the best sources for these absorption studies is @@t 1051 through 1121 GHz.
B2, located close to the Galactic centerl00 pc from Sgr A HIFI Spectral Scans are carried out in Dual Beam Switch

in projection, and one of the strongest submillimeter sesirc(DBS) mode, where the DBS reference beams lie approximately
in the Galaxy (e.g. Pierce-Price et al., 2000). The densescop’ apart. The wide band spectrometer (WBS) is used as a back-
Sgr B2(N) and Sgr B2(M) within the cloud are atférent evo- end, providing a spectral resolution of 1.1 MHz over a 4-GHz-
wide Intermediate Frequency (IF) band. A HIFI Spectral Scan
* Herschel is an ESA space observatory with science instrumen@®nsists of a number of double-sideband (DSB) spectradtune
provided by European-led Principal Investigator consaatid with im-  at different Local Oscillator (LO) frequencies, where the spac-
portant participation from NASA. ing between one LO setting and the next is determined by the
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“redundancy” chosen by the obserler Comito & Schilke (2002)ng routine provided by MAGIR. For all velocity components,
The molecular spectrum of Sgr B2(M) in band 1a and 4b has excitation temperature of 2.7 K was assumed. For molgcule
been scanned with a redundancy of 4, that of band 1b withthat react strongly with K (see the discussion in Black, 1998;
redundancy of 8, which means that every frequency has bé&tuber & Bruderer, 2009), the collisional processes ffusié
observed respectively 4 and 8 times in each sideband. Nailtigas are unimportant relative to radiative excitation intoalfing
observations of the same frequency dfaient LO tunings are the excitation temperatures of observed transitions otispe
necessary to separate the lower-sideband (LSB) from theruppvith high dipole moments such as,&*, since inelastic colli-
sideband (USB) spectrum. sions with H, B and electrons compete with reactive collisons.
The data have been calibrated through the standard pipeliriee excitation temperature employed here may still not be en
released with version 2.9 of HIPE Ott et &l. (2010), and sulirely correct, since particularly at 1115 GHz the generndt F
sequently exported to CLAf§Susing the HiClass task within background of the Galaxy contributes to a radiation tempera
HIPE. Deconvolution of the DSB data into single-sidebantire of 4.8 K even in the vicinity of the Sun, and for the spi-
(SSB) format has been performed on CLASS. All the HIFI datal arm clouds one expects similar or slightly higher values
presented here, spectral featusesl continuum emission, are (Wright et al.| 1991; Paladini et &l., 2007). Our analysisasaf-
deconvolved SSB spectra. Although both horizontal (H) agre v fected however if the excitation temperature is dominaieithis
tical (V) polarizations have been obtained, we will showyonlradiation field, and stays significantly smaller compareith wie
H-polarization spectra. The intensity scale is main-beam-t upper level energies for theara- andortho-H,O* ground state
perature, and results from applying a bedficency correction lineshy/k = 29 and 54 K, respectively, which is a well justified
of 0.69 for band 1a, 0.68 for band 1b, and 0.669 for band 4issumption. The maximum opacities of tireho-H,O* line are
(Roelfsema P., Helmich F.P., Teyssier, D. et al., 2010). about 2, so the lines are only moderately opaque.
For para-H,O", only the 607 GHz line was used to perform
the fit, since this is the strongest and least contaminateat pa
3. Spectroscopy of H,O" line, but it can be seen from Fiff] 2 that predictions from this

) reproduce the other para lines rather well. To predict conta
Removal of an electron from oxidane;®, also known as water, nation, we used the fit of all species in Sgr B2(M) (Qin et al, in

yields oxidaniumyl, HO™. lts bond lengths and bond angle argy a5y a5 background. This is a preliminary version of thafit
slightly larger than those of ¥, see e.g. Strahan et al. (1986)ye cannot exclude the existence of additional contamindtjo
Quantum-chemical calculations_(Weis et al.,_1989) yielded nknown lines. Thus we estimate the error of the fit due to un-
ground state dipole moment ef2.4 D, considerably larger certainties of this nature very conservatively to be 20%,ibu
than in HO. The transitions are db-type, meaning\Ka = the presence of strong unknown lines it could be larger at cer
AK=1 mod 2. The electronic ground state changes ftémin  5in frequencies. This is particularly true for the possibbO
the neutral t?B; in the cation which leads to a reversal of the.ontamination of theara-H,O"-line at 607 GHz. The relatively
ortho andpara levels with respect to watei, + K. is even and gmg|| variation of theortho/para ratio in the absorption cloud
odd forortho- andpara-H,0", respectively. Theara levels do ange (see below) argues against contamination by a streng u
not show any hyperfine splitting while tlegtho levels are split ,nown line however. Allpara-H,O* components are optically
into three because of tHH hyperfine structure. The strong lineshin |n the following, we make the assumption that the exci-
haveAF = AJ = AN, i.e. they do not involve a spin-flip. At tatjon of all upper levels can be approximated as LTE with an
low quantum numbers spin-flipping transitions have appi#ei eycitation temperature of 2.7 K, and that thus the ortho- and
Intensity. _ _ para-H,O* column densities can be measured by observations
_ Further details of the spectroscopy ob®t are discussed of the ground state. This assumption is reasonable for the sp
in the Appendix. TablEA]1 provides calculated rest freqie ra] arm clouds, but most likely violated for the clouds asated
for the two rotational transitions discussed in the preser@s- ith the Sgr B2(M) envelope (see below).
tigation. Fig[A.1 show the lowest energy levels of® with It appears that the absorption lines offdient species to-
allowed transitions. ward Sgr B2(M) cannot be fitted with a unique set of physical
components of fixed velocity and velocity width. This prolyab
reflects the dferent origins of the species in atomic, low density
4. Results molecular and high density molecular gas with fiatent veloc-

Determining the opacities and thus column densities ofrqdasoity structure. A detailed study of theftirent distributions will
tion lines is traditionally done using the line-to-contima ra- "2Ve to await the complete data set of the survey. Apart fit t

tio. In the present case, this is not straightforward, beeahe particularly in species which have hyperfine structure ared a

ortho-H,O*-line has hyperfine structure with closeby compoZ€"Y abundant, that is in species which absorb at all vé#sgit

nents (Fig[L), which distorts the simple correspondendiaef the decomqultg)n into baﬁ_"ﬁa”fy Ga;:ssmn componegtigvoul
to-continuum ratio with column density at a given velocépd not necessarily be unique. The it rather represents a detony

also because the line background of the Sgr B2(M) core cd2" Of the hyperfine pattern. We therefore prefer to pretet
not necessarily be neglected. We therefore fitted the lirses fesults as depicted in Fig. 3, as column densitscity interval

: : T d ratio as a function of velocity, as a sum over the compisnen
ing the XCLAS$ program, which performs an LTE fit usmgan ' C

: ; : : The component of the Sgr B2(M) envelope, which is located at
h lecul . h . .
the molecular data discussed in SEtt. 3, using the autorhtalted64 km S, is most uncertain, because here HaeaH,0* 607

1 Continuum and Line Analysis Single-dish Software, distributed with GHz line is most qontaminated’ and there the a_ssumptioniof un
the GILDAS software, see htfwww.iram. f/IRAMER/GILDAS. formly low excitation temperature for all levels is mostdli to

2 We made use of the myXCLASS program (httsww.astro.uni- t?e V|0Ia_ted, since th|_s is warm an.d dgnse gas with a strong FIR
koeln.dgprojectgschilkgXCLASS), which accesses the cDmsfield which may dominate the excitation.
(Muller et al., 2001, 2005 httpwww.cdms.di) and JPL _Pickett ei al.,
1998 http//spec.jpl.nasa.gov) molecular data bases. 3 https//www.astro.uni-koeln.derojectgschilkgMAGIX
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Since HO* is expected to originate in mostly atomic gas
at the edge of diuse and translucent clouds, giving abundances
relative to B or H does not make sense, since it exists neither in
purely atomic, nor in purely molecular gas. Menten et al1(»0 ] Rest Frequency (i) .
and_ Qin et al.[(2010) give column densities of éf typically a e AIEAS e
few times 16* cm™ and H column densities of typically 19
cm 2, so the average #D* abundance relative to the number of of WV ]
H nuclei is a few times 1, but could be much higher locally.

The gp ratio was calculated using the column densities, and has
a mean of 4.8 0.5 for the spiral arm clouds, with little variation.
We calculated the nuclear spin temperature using

N(ortho-H,0O") PEKTnscteasp Qo
- @@= = 7 - nuclearspin_<>_ 1
N(para-H,O") Qp @

with AE = 301 K, and Q,p the partition function of 20 ) — o0
ortho-H,0*/para-H,0", repectively, given in the Appendix. The ey e
Qo,p include the rotational and nuclear spin part, and are refer-
enced to a ground state energy of zero for both. Toward thalspi
arm clouds, we find the mean nuclear spin temperature to befig. 1. ortho-H,O*, as already shown in Ossenkopf et al. (2010).
most constant at 242 K. At this temperature range, the ratio ofThe data are shown in black, the fit in red, in blue the hfs patte
the partition functions is almost equal to one, and the tempeis depicted, and in green the predicted contamination bgroth
ture is mostly determined by the exponential factor. molecules.

In the velocity range from about 0 to 60 kmtsthe gp ra-
tio drops to unity, much below the high-temperature limit3of
This does not reflect any thermal equilibrium and cannot be ex
plained by any known formation mechanism: at low tempera-

W— s b
i hngg Lokl

wa (K)

tures, the (p ratio is extremely high, since all the molecules are o ST WEre | oo ISR
in their lowest frtho) state, and at high temperatures the limit a5t E . / ]
3 is reached, given by the nuclear spin statistics. We cay onl R R W I W, T L««W
speculate about the cause of this unexpected result: itl duaul e et A I *F \/«,\W 3
either a measurement error, or a reéet. If it is a measurement »s ‘ ‘ ‘ 2s ‘ ‘ ‘
error, either theortho-H,O" column density is underestimated, 0 Tty e O Ty o)
which could be caused by contamination from a strong enrissio JRest Freguency (M) Rest Erequency, (Mitz)

. . . . . 6.322 10°6.32 10°6.318 10°6.316 10° 6.346 10°6.344 10°6.342 10°
line, or thepara-H,O" column density is overestimated, which /« T
could be due to contamination from another absorption tme, - “jWMam AL Wt W
the excitation temperatures deviate from the 2.7 K we asdume et ERr

in such a way to produce thigfect. The latter could e.g. be pro- sk E R ]
duced by a bright FIR field at the location of the clouds. Tgkin 28 e 2 e T T T e

Velocity (km/s) Velocity (km/s)

the measured ratio at face value as tfgeratio would imply that
a process exists which produaasho-H,O" andpara-H,O" in
equal amounts.

Fig. 2. para-H,O" lines in Sgr B2, with the predicted contami-
5. Discussion nation by other molecules in green, as in Fig. 1. The position

: the D,O ground state line is indicated.

Since there are no fast radiative transitions betwsen-H,O*
andortho-H,O", the derived nuclear spin temperature is thought
to be determined by chemical processes, either at formationGerin et al. |(2010) and Neufeld et al. (2010) based on studies
afterwards, sincgara-ortho transformation can only occur ac-of OH+ and HO* with Herschel/HIFI. PDR models of diuse
companied with a proton exchange reaction of one of the hydi@ouds (Le Petit et al., 2006) predict temperatures of 5@HK
gen nuclei. The only observed kinetic temperature estigniate for the formation region of pO" in diffuse clouds (& ~ 1-3)
these clouds are from Tieftrunk ef al. (1994), based on,MHd with densities of about oand 1 cm~3 with radiation fields of
show values of 385 K in the —100 km st component (which is 1-3 times ambient.
believed to originate in the Galactic center), below 20 Kha t The relationship of nuclear spin temperature and formation
velocity range in the spiral arm clouds, while the —10 to 20 kmmr ambient temperature needs to be discussed in somewhat mor
s~ component (also from the Galactic center) has temperatudegail (see Flower et al., 2006, for a discussion on thi® riati
exceeding 100 K (Gardner et al., 1988), and is most likelkhomolecular hydrogen). $O* is a very reactive ion, and partic-
heated. There is no similarity to the more or less constant rularly it reacts exothermically with Hto form H;O*, so the
clear spin temperature of 21 K we derive fop®t formation reactionpara-H,O* + H, — ortho-H,O*+ Hy, which would
in this range, which suggests that® and NH; trace very equilibrate the (p ratio to the kinetic gas temperature, might
different gas components;8* the warm outer photon domi- not be relevant. If an equivalent reaction with atomic hypgno
nated edge of clouds, Nttither the shielded and cold interior,(para-H,O* + H — ortho-H,O*+ H) could happen, is unknown.
or hot shocked gas, which also seems to be devoid @*H If it does, it most likely will equilibrate to the current géam-
This picture of HO" formation at the edges of clouds, actuperature, if not, the observedporatio is the one established at
ally in regions where the gas is mostly atomic, is supported liormation. How this depends on the kinetic temperature it fo
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hydrides) one can learn a lot about the formation processes,
also that many fundamental physical and chemical procesees

10 ‘ :
o 10wk . : .
£k —— : still not fully und_erstood. We can look forward to the weatth
£y , , — oo |] data HIFI will bring!
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Table A.1. Quantum numbers of rotational transitions of para Elk (K) ortho
described in the present work, calculated frequencies (MHz 1201
with uncertainties in parenthedefower state energieg, (K)
and Einsteim-values (10°s™1)

(742.3) 761.8
(766.0)

1007

80

7 77

J-J F-F frequency Ejo A

110 — 1oy, para

15-05 b 604678.6 (25) 0.005 13 “1

15-15 b 607227.3(19)  0.000 6.2

05-05 b 631724.1 (37) 0.005 5.6 1

05-15 b 634272.9(24)  0.000 2.8

111 — 0001 ortho " Ogo

15-05 15-05 1115150.75(85) 0.122 17.1
15-05 05-05 1115186.18(81) 0.122 27.5 Fig.A.1l. Detail of the energy level diagram ofB*. Hyperfine
15-05 25-15 1115204.15(82)  0.000 31.0 splitting has been omitted for thatho-levels. Rotational level
15-05 15-15 1115262.90(82)  0.000 13.9 assignmentdNy_x, are given below the levels, fine structure
(1)'2_ 82 8'2_ (1)2 ﬂéggi?gi (%)3 3(1)(2)2 3? level assignmentd to the side. Magenta arrows mark transi-
0'5_0'5 ]_'5_0'5 1139560'58( ) O : tions observed in the course of the present investigatidn. A

5-0. -0. 58(94) 0.122 148 - . .

B B other transitions shown can be observed with HIFI. The thick

05-05 05-15 1139653.69 (94) 0.000 294 R .
05-05 15-15 1139672.73(103) 0.000 18.3 ness of the arrows indicates the relative strengths of trestr
tions and the numbers the approximate frequencies. Fretsen
a Numbers in parentheses arer luncertainties in units of the least Of th?_Weaker components are given in parentheses. The only
significant figures. These values should be viewed with scamgian, transitions connecting to levels with = 1 which are not shown
in particular for thepara transition, see text. are 21 — 1,0 and 29 — 151 near 2.85 and 3.0 THz which are not
b F is redundant fopara transitions;F = J may be assumed. The observable with HIFI but with PACS.
lowestpara state is 30.01 K above the lowestho state.

iy A- + the astronomical observation as well as for the fit, these cal

Appendix A: The spectroscopy of H,0 culated frequencies were also used in the fit with presumable
The rotational spectrum of oxidaniumyl was measured byr lagencertainties corresponding to 2 MHz. The quantum numbers,
magnetic resonance (LMR) (Strahan et al., 1986; Mirtzlet atalculated frequencies, and uncertainties for the two rvlse
1998); further infrared and electronic spectral measurgmerotational transitions are given in Tallle_A.1. Even thoulgé t
have been summarized|in Zheng et al. (2008). Observationd MR data fit well within their uncertainties, the calculatid-
the Nk, = 111 — Ogo, J = 1.5 — 0.5 fine structure componentquencies should be viewed with some caution because it is not
near 1115 GHz withHerschel/HIFI (Ossenkopf et all, 2010) asclear how reliable the zero-field extrapolation is. Moreptee
well as subsequent observations raised the issue whick bfith large centrifugal distortionfeects dfecting the spectra of this
sets of spectroscopic parameters from LMR measurements pom require additional caution with respect to any extragoh.
vide more reliable frequency predictions. Latest obsémaatas It is worthwhile mentioning that the;1— Ogo transition frequen-
well as reinterpretations of older ones favor the pararsdtem cies in that table are essentially identical to the onesrgine
Mirtz et al. (1998) even though there seem to be small discrMirtz et al. (1998). The situation is féiérent for the 1o — 101
ancies of order o£5 MHz or 1.35 km s* between various obser-transition. Thel = 1.5— 1.5 fine structure splitting derived from
vations for the specific transition mentioned above. Ols@ms term values given in Table V of Mirtz etlal. (1998)térs from
carried out toward Sgr B2(M) or Orion KL for the HEXOS pro-the value in Tablg“All by less than 4 MHz whereas the remain-
gram are probably less suited to derive rest frequenciesttia  ing fine structure intervals fier by up to 80 MHz. On the other
tain other observations. Therefore, a preliminary cataogy hand, calculations directly from the Murtz ef al. (1998)gra-
has been constructed for the CDMS catalog (Muller 2t aD120 eters dffer from values in TablE“Al1 by less than 10 MHz. As
2005); the final entry is intended to be a common CDMS aroén be seen in Fig._A.1, the ground stpsea level 1y, of H,O*
JPL (Pickett et all, 1998) catalog entry. is ~30.13 and 30.01 K above thgdevel for theJ = 0.5 and

All infrared data and all ground state combinatioffel- 1.5 fine structure components respectively. Baha andortho
ences (GSCDs) derived from electronic spectra as sumndariggound state levels are split into 2 because of the fine andrhyp
inZheng et al.|(2008) were used in the fit as long as they wdige structure splitting, respectively. The quantum nuralze
deemed reliable. These data are uncertain to between On@05@.5 and 1.5 in both cases, givigg= 2 and 4, respectively, and
0.030 cn1? or between 150 and 900 MHz. Miirtz ef al. (1998henceQ ~ 6 at low temperatures ibrtho and para states are
provided for their measured data extrapolated zero-fielgifen- treated independently. This 1 : 1 ratio fQrat low temperatures
cies as well as residuals between observed and calculaed &pproaches 3 : 1 at room temperarture; it is abobt:11 and
guencies along with uncertainties. From these data wedgite 2 : 1 at~40 and 75 K, respectively. Talile A.2 gives selected par-
erages of the hypothetical experimental zero-field fregigen tition function values fopara- andortho-H,O*, assuming they
and of their uncertainties were derived; these uncertgntiere are completely non-interacting species.
of order of 2 MHz with a considerable scatter. Strahan et al. The mixing of ortho and para states can be mediated by
(1986) do not give dticient data for this purpose. Howeverterms such thefd-diagonal electron spin-hydrogen nuclear spin
Murtz et al. (1998) published calculated frequenciesterli;— coupling termT,, or the dfOdiagonal hydrogen nuclear spin
Ogo transition. Because of the importance of this transition faoupling termCy, + Cpa. The radical NH and PH are isoelec-
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Table A.2.

T Q(para)  Q(ortho)
300.0 109.1787 296.3567

225.0 73.4887 192.9372
150.0 43.0579 105.7512
75.0 19.0770 38.3647
37.5 10.4751 14.5910

18.750 7.3879 7.3124
9.375 6.2329 6.0584
5.000 5.9680 5.9982
2.725 5.9123 5.9961

tronic and isovalent to FO". Model calculations have shown the
largest perturbations to occur between theahd 4 levels, but
they are with less than 5 (Gendriesch etlal., 2001) and less th
3 kHz (Margules et all, 2002), respectively, rather snmallybe
even negligible. Model calculations suggest that pertimha of
the two rotational transitions described in the preserdysare
less than 3 kHz. Slightly larger perturbations may occuigtiér
quantum numbers.
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