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ABSTRACT

We presentHerschelHIFI observations of the light hydride 4% obtained from the full
spectral scan of the Orion Kleinmann-Low nebula (Orion Kajean as part of the HEXOS
GT key program. In total, we observe 52, 24, and 8 unblendesligintly blended features
from Hy32S, H,34S, and H33S, respectively. We only analyze emission from the so céitstd
core, but emission from the plateau, extended ridge/oarmbmpact ridge are also detected.
Rotation diagrams for ortho and para$ifollow straight lines given the uncertainties and yield
Tt = 141+ 12 K. This indicates kS is in LTE and is well characterized by a single kinetic
temperature or an intense far-IR radiation field is redisting the population to produce the
observed trend. We argue the latter scenario is more pretzaid find that the most highly
excited statesH,, > 1000 K) are likely populated primarily by radiation pumpirye derive a
column densityNiot(H2%2S) = 9.5+ 1.9x 10*" cm™2, gas kinetic temperatur@yj, = 12013 K,
and constrain the Hvolume densitynyz > 9 x 10° cmi 3, for the HS emitting gas. These
results point to an b5 origin in markedly dense, heavily embedded gas, possiblgidse
proximity to a hidden self-luminous source (or sources)icwlare conceivably responsible for
Orion KL's high luminosity. We also derive anJ8 orthgpara ratio of 1.7+ 0.8 and set an
upper limit for HDSH,S of < 4.9x 1073,
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1. Introduction

The sub-mm and far-IR are fruitful parts of the electromaigrspectrum to study light hydride molecules.
Due to their low molecular weight, the rotation transitiarighese species are more widely spaced and oc-
cur at higher frequencies than their more complex counterp&ub-mm and mm wave observations show
that light hydrides (e.g. O, NHs, HCI, H,S, etc...) are common in the interstellar medium (ISM;_Risll
1987). However, the use of these molecules as physical pitdebeen hindered primarily by atmospheric
absorption. Although many light hydrides have low lyingatiin (or inversion) transitions at wavelengths
that are accessible through open atmospheric windowsnaitems of higher energy lines occur at fre-
guencies> 1 THz, where the atmosphere is completely opaque. As a resmwdmbiguous constraints on
molecular emissions of many key light hydrides are rare. Hitid instrument [(de Graauw etlal. 2010) on
board theHerschelSpace Observatory (Pilbratt et lal. 2010), however, pravitie first opportunity to ac-
cess this part of the electromagnetic spectrum at highigpeesolution, making light hydrides available as
physical probes of molecular gas.

In this study, we investigate and model the emission ¢ Howard the hot core within the Orion
Kleinmann-Low nebula (Orion KL), the paradigmatic massita forming region in our Galaxy. Histor-
ically H»S has been used primarily as a probe of sulfur chemistry inShM A number of studies have
measured biS abundances toward a wide variety of environments inctudark clouds.(Minh et al. 1939),
low density molecular clouds (Tieftrunk et al. 1994), lowssarotostars (Buckle & Fuller 2003), hot cores
(Hatchell et all 1998; van der Tak et al. 2003; Herpin et aQ90and shocks (Minh et ial. 1990, 1991). In
this study, however, we explore the utility obH more generally as a probe of the gas physical state. As a
light hydride, BS has a high dipole moment (0.97 D) and widely spaced eneatgsstFurthermore, many
transitions have critical densities in excess of #a&m=3. Consequently, b5 is very sensitive to both the
gas temperature and density.

The data presented here were taken from theHellschelHIFI spectral scan of Orion KL obtained
as part of the guaranteed time key program entitldschel Observations of EXtra Ordinary Sources
(HEXQOS). Because of the unprecedented frequency coveragalpd by this dataset(.2 THz), we had
access to over 90 transitions from¥S and its two rarer isotopologues#S and B3*S over an energy
range of 55 — 1233 K, many of which can not be observed fromribergl because they occur at frequencies
higher than 1 THz. With this comprehensive dataset, we deetalexplore the viability of this molecule
as a probe of the gas physical state and set direct constirthe abundance of,8 toward the Orion hot
core.

Although we seek only to model the;H hot core emission because it dominates the line profilaglat h
excitation energies, Orion KL harbors several other spaécity components (Blake etlal. 1987). Despite
the fact that these components are not spatially resolvétebsche) they have substantially fierent central
velocities relative to the Local Standard of Res, and full width at half maximum line widthgyv. We can
therefore diferentiate these components using the spectral resolutibtiFb. These components include
the already mentioned “hot core” {v~ 3-5 knys, Av ~ 5-10 kmjs); at least two outflow components often
referred to as the “plateau” (v~ 7 — 11 kmmis, Av =20 knys); a group of dense clumps adjacent to the hot
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core collectively known as the “compact ridge’isfvr 7-9 knys, Av ~ 3—6 km's); and widespread cool,
quiescent gas referred to as the “extended ridggy &9 knys, Av ~ 4 knys).

In specifying these components, we note that recent stidies questioned the designation of the so
called Orion “hot core” as Aona fidehot core.| Zapata et al. (2011), for example, conclude thatthion
hot core is actually externally heated by an “explosive &vgrossibly a stellar merger. In this scenario,
the hot core was a relatively dense region within the exténalge that has been further compressed by
the flow of material produced by this event. Goddi etlal. (J0bh the other hand, find that the heavily
embedded object radio source | may be the primary heatingesdar the Orion hot core. They suggest
that the combinedfiect of source I's proper motion and outflow could be mechdlgiteating the gas and
dust. In order to be consistent with the literature, we r&gethis region as the hot core, but recognize that
this may, indeed, be a misnomer.

The structure of this paper is as follows. We detail our olm@ns and data reduction procedure in
Sec[2. In Se¢.]3 we present the results from our rotatiorraliag@nd non-LTE analyses. We also compute
an orthgpara ratio and a [ ratio upper limit for BS. We discuss our results in SEE. 4, and summarize our
conclusions in Se€l 5.

2. Observations and Data Reduction

The H,S transitions are scattered throughout the full HIFI sdatcan of Orion KL. More details
on the HEXOS key program as well as HIFI spectral scans inrgéaee given in_Bergin et al. (2010). A
more comprehensive description of the data product is ptedan Crockett et all (2013, hereafter C13).
As part of a global analysis, C13 also presents a spectrathfimdeach detected molecule in the Orion KL
HIFI survey assuming local thermodynamic equilibrium ()TEhe sum of all of these fits yields the total
modeled molecular emission, which we refer to, in this stuaythe “full band model”. We, however,
briefly describe the entire dataset here and outline therddtaction process. Most of the observations were
obtained in March and April 2010, with the exceptions of aBd and 5b, which were obtained 9 September
2010 and 19 March 2011, respectively. The full dataset soaaignificant bandwidth of approximately 1.2
THz in the frequency range 480—-1900 GHz, with gaps betwe804A™30 GHz and 1540-1570 GHz. The
data have a spectral resolution of 1.1 MHz corresponding2e-®.7 knis across the band. The spectral
scans for each band were taken in dual beam switch (DBS) niwelegference beams lying 8ast or west
of the target, using the wide band spectrometer (WBS) wigdamdancy of 6 or 4 for bands 1-5 and 6-7,
respectively — see Bergin et al. (2010) for a definition ourethncy. The beam sizé,, of Herschelvaries
between 11 and 44’ over the HIFI scan. For bands 1-5, the telescope was poiotegrd coordinates
@ 32000 = 5"35M14.3% and § 10000 = —5°22'33.7”, midway between the Orion hot core and compact ridge.
For bands 6—7, where the beam size is smaller, the telescapgeinted directly toward the hot core at
coordinatesy jppo0 = 5"35M™14.5° and 53000 = —5°2230.9”. We assume the nominal absolute pointing
error (APE) forHerschelof 2.0” (Pilbratt et all 2010).

The data were reduced using the standard HIPE/(Ott 2010lim#peersion 5.0 (CIB 1648) for both
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the horizontal, H, and vertical, V, polarizations. Level @ble sideband (DSB) scans, the final product
of pipeline reduction, required additional processingobethey could be deconvolved to a single sideband
(SSB) spectrum. First, each DSB scan was inspected foragmuspectral features (“spurs”) not identified

by the pipeline. Once identified, these features were flabgdthnd such that they would be ignored by the
deconvolution routine. Baselines were also removed fraartBB scans using the FitBaseline task within

HIPE by fitting polynomials to line free regions. In most gstes we required a constant or first order
polynomial; however, second order polynomials were usesbine cases.

Once the baselines were removed, we deconvolved the DSB socgroduce an SSB spectrum for
each band. The deconvolution was performed usingdtiigeconvolutiontask within HIPE. We did not
apply a gain correction or use channel weighting. The demlatien was done in three stages. First, the
data were deconvolved with the strongest lines ¥T10 K) removed. This reduced the probability of strong
ghost lines appearing in the SSB spectrum (see _e.g. Comitoh#ik®|2002) but resulted in channel values
of zero at strong line frequencies in the SSB spectrum. Skawe performed another deconvolution with
the strongest lines present to recover the data at stroadriguencies. And third, the strong lines were
incorporated into the the weak line deconvolution by repigt¢he zero value channels with the strong line
deconvolution.

The SSB spectra were exported from HIPE to FITS format usli@@ass These files were then
imported to CLASE and converted to CLASS format. All subsequent data redugiimcedures were
performed using this program. The H and V polarizations veeeraged together and apertuf@ogency
corrections were applied using Eqg. 1 and 2 from Roelfsema G 2) with the reference wavelength equal
to the central wavelength of each band. For bands 1-5, wehasaperture ficiency correction, which is
more coupled to a point source, becauseHbeschelbeam sizef, ~ 17’ — 44”) is large relative to the size
of the hot core { 3” — 10’). For bands 6 — 76f, ~ 11”7 — 15’), on the other hand, we use the main beam
efficiency, because it is more coupled to an extended sourcesimAplicity, however, we will refer to line
intensities as main beam temperatuigg,, regardless of the band in which a line falls. Tha/taveraged,
efficiency corrected, SSB spectra represent the final produsiradata reduction procedure.

3. Resaults
3.1. Measuring LineIntensities

We identify 70 transitions of bf2S, the main isotopologue of43, spanning a range in upper state
energy,Eyp, of 55-1233 K. We also detect emission from the two rareojsoibgues H*S and H33S, the
former being more abundant than the latter. From these saeies, we identify 44 and 21 transitions of
H,3*S and H33S spanning ranges iy, of 55-700 K and 55-328 K, respectively. Fig. 1 plots a sample
of nine H32S transitions over the full energy range over which emisssodetected. Each panel plots a

2httpy/www.iram.fyIRAMFR/GILDAS
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different transition, labeled in the upper left hand corner &if, (also labeled) increasing from upper left
to lower right. From the figure, we see that the profiles of tlwshiighly excited linesE, > 700 K) are
simple and consistent with emission from the hot core. Agloexcitation, however, the line profiles become
more complex indicating emission from additional compdsehe wide component\y ~ 30 knys) clearly
originates from the plateau, while the narrow componawmt~< 3 kimrys) is consistent with either the extended
or compact ridge.

Fig.[d also overlays Gaussian fits to each component, fronchwivie obtain the jy, Av, peak line
intensity, Tpeak, @and integrated intensit}f, Tmpdv, for each spatigrelocity component. We used CLASS
to fit the observed line profiles after uniformly smoothing tfata to~0.5 knys, in order to increase the
SN, and fitting a local baseline. This was a relatively straigiward process at high energies because the
hot core was the only emissive component. At lower energiesiever, where multiple components were
visible, diferent combinations of Gaussians could reproduce the alxbgmofiles. In most instances, we
allowed all of the parameters to vary during the fitting pssceAlthough, care was taken to make sure that
the Gaussian fits conformed to canonical values fpandAv typical of the hot core, plateau, and extended
ridge. In rare cases, allowing all of the parameters to vasglted in fits not in line with these known
spatialvelocity components and thgwwas held fixed to ensure a reasonable fit.

Because Orion KL is an extremely line rich source in the sub;@fraction of the potentially detected
lines had to be excluded from our analysis due to strong lierds from other molecules. Blended$
lines were identified by overlaying the full band model, whincludes emission from all other identified
species in the Orion KL HIFI scan (C13), to those spectraioregywhere we observe 3 emission. We
split the observed lines into three categories: (1) lines were not blended or any blending line predicted
by the full band model had a peak flgx10% that of BS, (2) lines that were blended but could be separated
by Gaussian fitting, and (3) heavily blended lines from whieliable Gaussian fits could not be derived.
We emphasized that these categories were determined b\Weyenly include transitions from categories 1
and 2 in our analysis which amount to 52, 24, and 8 transitimm H,3?S, H,34S, and H33S, respectively.
We report the results of our Gaussian fits for the hot coreéepia and extendgzbmpact ridge in Tabldg 1,
[Z, and_3, respectively for categories 1 and 2 defined abovestadad in Sed.]1, we seek only to investigate
the hot core emission in this work, but we include our measerds for the extended afod compact ridge
and plateau here for completeness. Instances whentlveas held fixed for a particular component during
Gaussian fitting are indicated in Tablgs [1- 3. We note thagrabaussian fits to the plateau hayg v
values< 6 kmmys, lower than what we would expect from this spatielocity component. These unusual line
centers, marked in Table 2, are the result of nearby linedsleiregular baselines, weak emission from the
plateau, or possible unidentified line blends. As a residtepu line parameters for these transitions should
be viewed with caution.

Fig.[2 is an energy level diagram for,##S. The lines connecting the levels are black, blue, or red
corresponding, respectively, to categories 1, 2, and 3. rélidransitions, therefore, are detected but do
not provide any useful information for the present studyaose these lines are so blended that a reliable
Gaussian fit could not be derived. Examination of this diagraveals two things. First, that in spite of the
prevalence of blending, we still are able to extract usetut fhformation over the energy range that3
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emission is detected. And second, that our primary probe6ffier E,p > 350 K are theAJ= 0, AK, = +1
transitions, and foE,, < 350 K we become sensitive #J = +1 lines. Here, J is the quantum number
corresponding to the total rotational angular momentum48,kivhile K, and K_ are the quantum numbers
that would correspond to the angular momentum along theabgéymmetry in the limit of an oblate or
prolate symmetric top, respectively. Unfortunately, werd detect many of the 3 9 para transitions
because they either occur in HIFI frequency coverage gapsins of high noise.

3.2. Measuring Upper State Column Densities

As a consequence of HIFI's wide frequency coverage, we tlijreneasure HS upper state col-
umn densitiesNy, for a large fraction of the available states. For more tetailerivations of the equa-
tions that follow and discussions of their utility in the &rss of molecular spectroscopic data see e.g.
Goldsmith & Langer|(1999) and Persson et al. (2007). Theyaisbelow requires the use of known iso-
topic ratios. We have carried out these calculations assymio diferent sets of ratios. The first assumes
solar values325/34S = 22 and®25/%3S = 125 (Asplund et al. 2009), and the second were measuredlgirec
toward Orion KL,325/34S = 20 and®?S/33S = 75 (Tercero et al. 2010). The text that follows refers to ¢hes
sets of values as “Solar” and “Orion KL” isotopic ratios, pestively.

In instances where the main isotopologue?33, is optically thick but we observe the same transition
with H»34S or H,33S, we compute the upper state column by explicitly calougatin optical depth. The
optical depth can be estimated assuming that the excitsimperature is the same for both isotopologues
and thatrmain > Tiso, Wheretmain is the optical depth of the $2S line andris, is the optical depth of the
H,33S or H,34S line. With these assumptions we can write the followingtieh,

T.
Tiso = —In (1 - ﬂ) (1)

Tmain
where Tnain and Tiso are the peak line intensities for the main and rarer isotwpa, respectively. The
H,32S optical depth can then be computed using,

328
) @
The upper state column can then be computed using the rglatio

Tmain = Tiso(

8rrky? mede( Tmain )er(V)
hSBAy  mpr \1— e Tmain
wherev is the rest frequency of the transitioyﬁ,Tmbdv is the integrated intensity of the line in velocity
spacep is the beam filling factor?2S/'S°S is the appropriate isotopic ratiey(v) is the dust optical depth,
Ay is the Einstein caicient for spontaneous emissidmis Planck’s constank is Boltzmann’s constant,
andc is the speed of light. In Edl 3, the beam filling factor is gil@nthe usual expression assuming a
gaussian profile for both the telescope beam and source,

63

= — 4
b P 4)

Ny (H32S) = 3)
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wherefs is the source size ar@y is the telescope beam size.

We calculated the dust optical depth using the same poweasawmed in C13,

v B
7d(v) = 2my ()(dust)NH2K1-3mm(mz) ®)

where ny is the mass of a hydrogen atomgust is the dust to gas mass ratibly, is the column den-
sity of H, molecules,x; 3mm is the dust opacity at 1.3 mm (230 GHz), afds the dust spectral in-
dex. We assume;smm = 0.42 cnf g1, corresponding to an opacity value midway between an MRN
distribution (Mathis et al. 1977) and MRN distribution within ice mantels, both with no coagulation
(Ossenkopf & Henning 1994). We also et 2, yqust= 0.01, andNy, = 2.5x 1074 cm2. The values for
k1.3mm B, xduss @ndNy, used to calculate dust optical depth in this study are ctamgisvith those adopted
by C13 to computeq(v) toward the hot core. We note that tNg, estimate used to computg(v)is 8 times
larger than that reported in Plume et al. (200, = 3.1 x 107 cm2?), which is derived from %0 line
observations from the HIFI spectral survey, but is more isbaist withNy, measurements based on mm and
sub-mm dust continuum observations (Favre &t al.|2011; Mendl. 1986; Genzel & Stutzki 1989), which
reportNy, > 107 cm2. As described by C13, when using E. 5, the highigy value clearly produces bet-
ter agreement between the data and LTE models for other mietedetected toward the hot core. Because
H>S transitions are detected throughout the entire HIFI spextryg(v) varies approximately between 0.2
(v ~ 488 GHz) and 2.4~ 1900 GHz). When estimating an uncertainty fg(v), we assume a 30% error
for Nu,, so that the K column density reported in Plume et al. (2012) lies withier 8f 2.5x 1074 cm 2.

We do not include an uncertainty fer 3mm because it does not significantly increase the errag(n). A
10% uncertainty in the dust opacity encompasses valueg, g consistent with MRN and MRN with
thin ice mantels (no coagulation) at ther3devel. Such an uncertainty would increase the erraty{i) by
less than 2%.

To compute upper state column densities, we need an estifrt@iesource size, which can be obtained
from the extremely optically thick #°S lines. In the optically thick limit, the observed peak irgity of a
spectral line becomes the product of the beam filling faatorthe source function J£J) attenuated by the
dust optical depth,

Tmb = 7btJ(Tex)e ™, (6)

where the above expression assumfigss much greater than the background temperature. Becaude we
not satisfy the conditiotny <« kTex at THz frequencies, the approximation T~ Teyx is not valid. We
must, therefore, substitute the full expression for the@mfunction. Doing this and solving forzfwe get

the following expression,
-1
hy hy nps € a0
Tex=—|IN| —— +1}|| . 7
ex= T [ [ T (7)
We are thus able to estimate the source size by varying it ifEatil Teyx is commensurate with what we
expect from the Orion hot core.

We compute a meafi for all H,32S transitions withEyp < 200 K (10 lines). In addition to being the
most optically thick lines in our dataset, these transgtibave A ~102 s™1 and collision rates of order
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101t em™3s1, yielding critical densities- 10° cm™3. The density of the hot core is typically estimated
to be>10" cm3 (Genzel & Stutzkl 1989) and our own non-LTE analysis of therenoptically thin HS
isotopologues (SeE.3.5) requires densitid€® cm3 in order to reproduce the observed emission. Thus,
the lowest energy 6 transitions should have level populations close to or i ldepending on the actual
density of the HS emitting gas. Consequently, computed values gffér these transitions should be
commensurate with the kinetic temperature of the gas in ttectre. Kinetic temperatures toward this
region have been measured previously using Wiersion transitions, which have LTE level populations
at hot core densities. Using states wiih, < 1200 K, previous studies have derived kinetic temperatures
of ~160 K toward the hot core (Hermsen etlal. 1988; Wilson et &0020We note thet Goddi etlal. (2011)
derived kinetic temperatures as high as 490 K in the hot caireglNHs inversion lines. This study, however,
used transitions witlt,, ~ 400 — 1500 K and is likely sensitive to hotter gas than is preidately probed

by lower energy lines. Fafs values in the range 4 2’8 we derive a range in mear, of 300 — 101 K.
Source sizes much smaller thath kesult in unreasonably high values fdg, while sizes larger than”8
yield Tex estimates lower than 100 K indicating that the low energys Hransitions are out of LTE. We
therefore adopt an intermediate value 6f 6orresponding t@ex = 153 K, with an estimated uncertainty of
+ 0.7’ (3 o thus encompasses the above rang&)in

Table[4 lists values for;s, and Ny(H232S) for transitions where the optical depth could be expicit
computed and assumes a source size’offie table lists\,(H»32S) values assuming both Solar and Orion
KL isotopic ratios. Examining Tablg 4, one sees that in imsts when the same transition is observed by
H233S and B34S (i.e. 43414, 423312, and 41—4s ), the Orion KL ratios yield upper state columns that
are in better agreement with one another. Consequenthakeetihe isotopic ratios derived by Tercero et al.
(2010) to be more compatible with the observed emissioricatitig that the®2S/33S ratio is~1.7 times
smaller than Solar toward the Orion KL hot core. We note tbatliree transitions ¢2—1o 1, 221—11 0, and
330—2.1) computing values for b*S/H,32S in order to obtairris, resulted in ratios- 1 (i.e. the B34S line
is stronger than the corresponding®#5 line). There are several reasons why these transitionshansy
yielded H3*S/H,»32S line ratios> 1. First, they may be a result of unidentified blends with ptransitions.
Second, because the line profiles contain several sfvatiatity components, we may have underestimated
the contribution of the hot core in theF¥S line profiles during the Gaussian fitting process. Conigrae
may have overestimated the hot core contribution in t&$lprofiles for the same reason. And third, it is
possible the H*S lines are still quite optically thick at low excitation. Agesult, estimates afs, andN,
based on BP*S/H,%2S line ratios may be underestimated particularly at lowtation energies. Fortunately,
several low energy states are also probed by the more dptibai H»33S isotopologue.

3.3. Rotation Diagram Analysis

We use the upper state column densities given in Table 4 stiean rotation diagrams for ortho (upper
panel) and para (lower panel»8 in Fig.[3 assuming Orion KL isotopic ratios. Points werecpthon the
diagrams by dividing\, for each state by the statistical weight, gtates with multipleN, measurements
were averaged together and the uncertainty was propagsitadding the individual errors in quadrature
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and dividing by the number of measurements. These values thien plotted as a function of energy in
units of Kelvin. From these plots, a “rotation temperatuiBy;, and total B3°S column densitylNt, can
be derived by performing a linear least squares fit to thetpaising the following relations,

To= = No= Q) ®

where m and b are the slope and y intercept of the linear legstres fit, respectively, and Q(T) is the
partition function. In the LTE limit, the points should folk a line andr . will equal the kinetic temperature.

From the figure, we immediately see that the points followraight line for both ortho and para
H,S, given the uncertainties, over the rangeEjp whereN, values could be computed. If29 is indeed
in LTE, the lack of curvature in these diagrams indicate¢ thare is not a strong temperature gradient
in the HbS emitting gas. Another possibility, however, is that arsgréar-IR continuum redistributes the
population, particularly at higher energies, to produaedhserved rotation diagrams. We investigate this
possibility in Sec[[3/5. Linear least squares fits to the fgaéme straightforward to compute. Fitting the
ortho diagram yieldT ot = 141 + 12 K andNigi(0-H232S) = 5.9+ 1.3 10" cm2, while the para diagram
givesTor = 133+ 15 K andNigi(p-H232S) = 2.7+ 0.7 x 1017 cm2. The derived values foF,q, thus, agree
to within 1 o~. We, however, take the ortho rotation temperature as mbablebecause upper state column
densities are measured over a larger ranggnfor ortho HS. Because ortho and parga$ishould, in
principle, have the same temperature, we fit the paftdtation diagram again with; fixed to a value of
141 K. Because the rotation temperatures for ortho and pg8adre in close agreement with one another,
Niot(p-H232S) shifts to a value of 2.4 0.6 x 10" cm™2, well within 1 o of the previous value. Adding
Niot(0-H232S) andNioy(p-Ho32S) gives a total B*2S column density of 8.3 1.4 x 10 cm™.

We emphasize that our derived values Ta and Nyt assumeds = 6”7 and note that ouf o estimate
agrees well with the meahe, we calculated in Se€. 3.2 for this source size. Increasingdeoreasingls
results in a decreasing or increasiNg estimate, respectively, for any given state. The magnitfdbis
shift depends on the change in source size and the frequdribg transition due to the dependance of
telescope beam size on frequency. Becdtggis not a strong function of frequency, the nefeet of
changing the source size on the rotation diagram is a nettelifird higher or lower values fd¥;, with
some change in the scatter. Thus, the assumed source siEnodbN; but has little #ect onT,y. If,
however, the highly excited 4% emitting gas is significantly more compact than gas trageldvw energy
lines, the derived values fdt, will be shifted up more for higher energies compared to logves, resulting
in a hotterT,o;. The extent to which this is true can only be determined bgrfatometric maps of §8,
which do not currently exist.

3.4. Ortho/ParaRatio of H,S

We are able to estimate the ortpara ratio of HS in two ways. The first method is simply dividing
our measurements favi(0-H232S) andNii(p-H232S) given in Sed_3]3, which yields 25 0.8 and, of
course, assumes LTE and a rotation temperature of 141 K.&domd method, which does not assume LTE



—10 -

and is temperature independent, uses the upper state codlemsities derived in Tablg 4 directly. In three
instances, we measurg, for ortho and para states with approximately equal uppee staergies. Thél,
ratio between such a pair of states should then reflect thmbtathgpara ratio. Tablg]5 gives orthaara
ratio estimates in the instances where this is possibleyubimOrion KL isotopic ratios. Based on Table 5,
we compute a mean orthgara ratio of 1.7+ 0.8. Both methods, therefore, point to an3Horthgpara
ratio smaller than 3, the expected value in thermal eqidliby but are not statistically fierent from the
equilibrium value at the 3 level.

3.5. Non-LTE Analysis: H,S Column Density and Abundance

We modeled the observed emission using RADEX (van der Tak20@7), which is a non-LTE code
that explicitly solves the equations of statistical eduilim. RADEX employs the escape probability
method to decouple the radiative transfer and statistigailibrium equations from one another. Because
the H,S lines have observed widths that far exceed the expecteddhwidth at typical hot core tempera-
tures (e.g~0.5 km's atTyi, ~ 150 K), we infer that turbulent motions are significant. Wer#iore use the
large velocity gradient (LVG) approximation when runningBEX to model the HS emission toward the
hot core.

We had to estimate collision rates fog M H»S because they have not been measured in the laboratory.
We do this in two ways. In the first method, neutral-impactlisioin rates are scaled in proportion to
radiative line strengths so that the sum of all downwardsrfitem each upper state is equal to the base rate
of 1.35x 107! cm? s71. This base rate value was determined from measured depioputaoss sections
reported by Ball et al! (1999) for the d—1y 1 transition for He+ H,S collisions interpolated at 10 K and
scaled to the reduced mass of the HH»S system. In the second method, we estimat& kollision
rates with ortho and paradby scaling existing KO rates from_Faure et al. (2007) such that the pafa-H
(similar to He as a collision partner) rate for theyt1g 1 transition is consistent with the experimental result
at low temperature. A constant factor of 0.4 was thus appbetthe HO rates to achieve this agreement.
We chose HO as an analogue toJ3 because of its similar molecular structure. We note thageneral,
rotational excitation rates are sensitive to details oftheraction potentials. However, these rates are likely
a more robust estimate for,8 than those scaled from thegt-1p transition, and provide an example
for comparison of how model line intensities might be sdvesito uncertainties in the collision rates. We
assume that the Hoopulations are thermalized at the kinetic temperature. orthgpara ratio of H is thus
governed by the expression,

0—-H> _ go1705Tun. ©)
p-H2

We will refer to the collision rates estimated using the fiwst second methods described above as CR1 and
CR2 rates, respectively, in the text that follows. The CR2ga(specifically ortho-K the dominant form of
molecular hydrogen at hot core temperatures), are largerttie CR1 rates by a factor Bf2. As a result,
higher densities are required when using the CR1 rates iewvacthe same level of excitation as the CR2
rates. The CR2 rates, however, have a disadvantage in tliaiocorates for the most highly excited lines
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in our dataset are not computed.

We also include a model continuum to investigate if radaftays a significant role in the excitation
of H»S. The continuum model is based directly on observed fluxéRef, the brightest “IR clump” for
A < 10um and also spatially close to the position of the Orion KL hatec(see e.q. De Buizer et/al. 2012;
Okumura et al. 2011; Greenhill et/al. 2004; Gezari et al. 19€8r model continuum is plotted in Figl 4.
The observations used to construct the diagram were oltéiown a variety of sources (van Dishoeck et al.
1998;| Lerate et al. 2006; Lonsdale etlal. 1982; Dicker et@092. The shape and color of each point in-
dicates the reference from which it was obtained. We alscsared the continuum at several frequencies
throughout the HIFI scan, which are plotted as red triangi@bsen comparing the HIFI measurements to
those obtained with LWS on board ISO (blue circles), we matithat the continuum level as measured by
HIFI was higher by approximately a factor of 4 at frequencid®ere the two observations overlapped. This
difference is likely the result of ISO’s larger beam size retatoHerschel Because our aim is to construct
a continuum model that best describes the radiation envieon of HS as observed by HIFI, we normal-
ized the ISO LWS and SWS continuum observations (blue ciratel squares) so that the LWS continuum
matched that of HIFI at158 um. The normalized values are given as black circles and eguand our
final continuum model is plotted as a black dashed line. We@lgrlay a 65 K blackbody in Figl 4 (green,
dotted line) normalized to the SWS observations4d um, which reproduces much of the observed flux in
the midfar-IR and sub-mm.

Given a radiation field, the input parameters to the RADEX et@dle the kinetic temperaturé&in,
H, number densitynyp, and total HS column densityNit. We can limit the parameter space g
using a method originally described by Goldsmith et al. f)%hd more recently employed by Plume et al.
(2012) to compute column densities fot%0 toward diferent Orion KL spatiavelocity components using
the same dataset presented here. This method allows usnaiest,(H.32S) by computing a correction
factor, CF, to account for the column density not directlghmd by HIFI,

Ntot = CF X Nobs (10)

Here,Nops is the column density directly measured by the HIFI survey,

obs

Nobs = Z N; (11)

whereN; is the column density of a state represented by the indexd the sum is carried out over all states
with an observed column density. Adding tNe measurements in Tallé 4 (Orion KL isotopic ratios), we
obtainNops = 3.1+ 0.4 x 1017 cm™2, where states with more than one measuremenifowvere averaged
together in the same way as described in Be¢. 3.3.

We estimate the correction factor by running a series of RKDibdels over the temperature range 100
— 400 K for H, densities of 16, 1¢%, and 18 cm™3, i.e. physical conditions expected within the hot core. All
models assume a column density of 30'° cm™2 to avoid any problems with convergence associated with
very optically thick low energy lines. For each model reaian, we compute CF by dividing the assumed
total column densityNiot = 5 x 1018 cm2) by the Ngps predicted by RADEX. Fid.J5 plots values for CF as
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a function of temperature using both CR1 (black) and CR2)(cetlision rates. For comparison, we also
plot correction factors that assume LTE (blue, dot-dashes) in Fig.[5. These CF values are computed
using the equation,
T .
CF — Q( kln) , (12)

obs
> gieEi/KTiin

|
whereQ(Tin) is the partition function, and, andE; are the statistical weight and excitation energy, respec-
tively, of a state represented by the indedust as in Eq.11, the sum in the denominator is carried @It ov
all states with an observed column density. Tat, = 140 K, approximately equal to our derivagy, the
LTE correction factor is commensurate with CF values derivem RADEX models withny, > 108 cm3.
RADEX models which sety, = 10’ cm2 and assume the CR1 collision rates produce correctionréacto
that are significantly higher than the other RADEX modelse Téason for this deviation is that using these
rates (which are smaller than the CR2 rates), a density0£ 10’ cmi~3 is not high enough to excite a sig-
nificant fraction of the HS population above=IL, which is not probed by the HIFI scan. The assumption of
LTE, on the other hand, produces correction factors thatage with temperature because more population
is pushed into highly excited states where we do not meadurdhe fact that the RADEX models either
produce correction factors that do not increase Wigh or CF curves that are shallower than the one corre-
sponding to LTE indicates RADEX predicts sub-thermal etiwn even wheny, = 10° cm3. This method
of estimatingNi(H232S) thus difers from our rotation diagram approach in that it does natirequs to
assume LTE and allows us to estim&ig;(H,32S) without a corresponding temperature estimate because
CF is not a strong function dfyj, according RADEX.

Fitting the observed pf3S and H34S emission to a grid of RADEX models indicates that theSH
emission originates from extremely dense gag > 108 cm3; see text below and Figs] 6 ahdl 10). We
therefore take the correction factors foy, > 108 cm™ as most representative of the$lemitting gas in
the Orion KL hot core. For these high densities, our derivaldes for CF have a maximum range of 2.6—
3.5 (excluding LTE), thus we have detected approximately- 38% of the total population with the HIFI
scan. We adopt a correction factor of 38%.45, where the uncertainty encompasses the entire range in
CF, which yieldsNt(H232S) = 9.5+ 1.9x 10" cm™2. Adopting an H column density of 3. 10?3 cm™2
toward the Orion hot core (Plume et al. 2012), we obtain aff$labundance of 3.t 10°6. The Nh, value
derived by Plume et al. (2012), however, assumes a hot coreessize of 10. We, on the other hand,
derive a @ source size for the 8 emitting gas in the Orion KL hot core. Using [Ef|. 4 and setfing 20",
(the Herschelbeam size at ~ 1 THz), and the fact thal, is indirectly proportional toy (Eq.[3), we
estimate that adjusting; to 6” would increase the Hcolumn density reported hy Plume et al. (2012) by
a factor~ 2.5, resulting in an bf2S abundance of 1.2 105. The implicit assumption here is that CO
and HS are emitting from the same region within the hot core. Wes tiport an H32S abundance of
3.1+ T3 x 10°°, where the positive uncertainty is obtained by propagatieguncertainties itNiot(H232S)
andNy, from Plume et al.(2012) and the negative uncertainty is@état an abundance of 1:2107° lies
within 1 o~. Assuming solar metallicity, our abundance correspondgppyoximately 12% of the available
sulfur in H,S.
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3.6. Non-LTE Analysis. Kinetic Temperature and H, Density

Having constrained\i,t(H232S), we now determine which values ©f, andny, best reproduce the
observed emission. In order to do this, we constructed agfrRIADEX models that varied i, andny..
The grid covered the following ranges in parameter spagg= 10’~*2 cm3, evaluated in logarithmic steps
of 0.1, andTj, = 40 — 800 K, evaluated in linear steps of 20 K. Grids were coeypusing both the CR1
and CR2 rates. In order to compare our data to the grid, weedaout reduced chi square/q?ed, goodness
of fit calculations usind peaxas the fitted parameter. The sources of uncertainty useé )(rfet(;nalculations
are described in the Appendix.

We noticed wherNy,; approached 6 cm™2, commensurate with our derived value fdg(H,32S),
that RADEX either failed to properly converge or the codedoiced a segmentation fault for some regions
in the parameter space. Furthermore, using such a high ocallemsity produced optical depths in excess
of 100 in some low energy lines for certain combination3gf andny,. Predicted line intensities for such
transitions can not be trusted when using RADEX (van der Tak @007). As a result, thgfed was evalu-
ated using only the p$3S and H34S lines, which have lower optical depths than the main isdtayue. We
thus had 32 data values with which to compare to our md@hzere are two fitted parametei;, andnyp,
yielding 30 degrees of freedom. We setand Nit(H232S) to our derived values of’6and 9.5¢ 107 cm™2,
respectively. Each grid point, then, included two modelizations, one for H33S and B34S, with N
values scaled according to Orion KL isotopic ratios. Thawig setNiy(H23*S) = 4.8 x 10'® cm2 and
Niot(H233S) = 1.3 x 10 cm 2. We also set\v equal to 8.6 kifs, the average measured line width in our
dataset for the hot core.

The upper and lower panels of Fid. 6 afr%d contour plots for model grids using the CR1 and CR2
rates, respectively. The contours correspond to p valu@s3af7 2 , = 1.1), 0.046 42 , = 1.5), and 0.003
(szed = 1.9), representing 1, 2, ands3confidence intervals, respectively. Here, “p value” is thebability
that a random set of data points drawn from distributionsesgnted by our uncertainties will result in a
szed statistic equal to or greater than a given value (see Semf8B4vington & Robinson 2003). Models
lying outside the largest contour in F[d. 6 are thus statdlif inconsistent with the data. We see from the
figure that, for both sets of collision rates, high densitjysons are necessary to fit the data. We constrain
NH2 to bez 3 x 108 cm3 based on the CR2 rates, which require lower density solsitielative to the CR1
rates by a factor of 10 to achieve the same goodness of fit. This is a result of titeHat the CR2 rates
are larger than the CR1 rates. Combining the rang&%;incovered by the b~ contours for the CR1 and

CR2 grids, we constraiffiyin = 130+33 K.

The best fit solutions produce good agreement over the eatige in upper state energy over which
H,33S and B34S are detected. Fi@] 7 compares the observgdJHlines to a RADEX model which sets
Tkin = 130 K andny = 7.0x 10° cmi~3, a solution within the b confidence interval assuming CR2 collision
rates and the observed continuum (Eig. 6, lower panel). dtge Ibottom panel plots the ratio of predicted
to observedTyeax as a function ok, as blue points. Fid.]7 also plots a sample of spé13 lines, which

3We exclude the K°S and B34S &5, 5 lines from our fit because of self-blending with thes655 transition.
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spans the range i, over which H34S emission is detected, arranged so thatincreases from the lower
left panel to the upper right. The same model representetliagbints in thel,eakVs. Eyp panel is overlaid
as a blue solid line in each small panel. [Fig. 8 is an analogmisvhich compares the observed¥s lines

to the same model plotted in Fig. 7 with(H,33S) scaled according to Orion KL isotopic ratios. As in
Fig.[4, the model is represented in blue. Taking this mode¢pesentative of the best fit solutions, Hi@js 7
and® show that there is no systematic trend in the modelualsics a function o, for both H*3S and
Ho3S.

The best fit solutions to the isotopic emission, howevereamuedict the most highly excited-ffS
lines. Fig.[9 is a plot of eight highly excited,FfS transitions (black) with four RADEX models over-
laid. The models assume our derived valueNgf(H»%?S) = 9.5 x 10" cm 2 and use CR1 rates because
the CR2 values do not include collisions into these statelfei@nt curves correspond to models with
N2 = 1.5 x 10'° and 1.5x 10 cm™23 (blue and red lines) andl,i, = 140 and 300 K (dashed and solid
lines). We know from our analysis in Séc.13.3 that an LTE sofutvith Tt # 140 K reproduces the ob-
served emission. Above the critical density for these itimms we, therefore, expect RADEX to predict
line intensities comparable to what is observedTgy ~ 140 K. Fig.[9 shows that this occurs at densities
> 10" cm2 (dashed red line), though the emission is still somewhaéupcedicted. Assuming a distance
of 414 pc(Menten et al. 2007) and that 74% of the mass is indggdr, a spherical clump with & @liame-
ter and uniform H density> 10! cm™ corresponds to a total clump mas$100 M,. Such a large value
is not consistent with mm observation, which report totahgb masses 40 M, for the Orion KL hot core
(e.g..Favre et al. 20011; Wright & Vogel 1985; Wright etlal. 299 Even if our clump mass lower limit is
overestimated by an order of magnitude because of uncégain the collision rates, we still predict values
a factor of~15 larger than what mm-observations derive. We therefonelade that LTE solutions require
unrealistically high densities. Alternatively, Fig. 9@lshows that the highly excited,FfS emission is well
fit at lower densities ifTyi, ~ 300 K (solid blue line). Such solutions, however, are ingsteat with the
isotopic emission. In other words, this range in paramedace (i.enyo > 10° cm 3, Tyin > 300 K) exists
outside the reducegf contour of 1.9 in Fig 6.

3.7. Non-LTE Analysis. Radiative Excitation

It is clear that unrealistically high densities are reqgiite reproduce the observed$lemission over
the entire range in excitation. As mentioned above, our RADBo0dels incorporate the observed con-
tinuum toward IRc2. However, it is possible that this radiatfield is an under estimate of that seen by
H»S, perhaps as a result of optical depth or geometrical dilutincreasing the far-lBub-mm continuum
in order to pump HS via the same transitions observed in our dataset tendstomysh the predicted
intensities of observed lines into absorption. Howevethdre is a source of luminosity within the hot
core, deeply embedded hot dust emitting heavily in the rRidhd the short wavelength end of the far-IR,
where the hot core continuum peaks (iles 100um), may be hidden because the continuum is optically
thick. The dust optical depth estimates presented by Cl13dnemrtainly imply an optically thick contin-
uum for A < 100um (see Sed.3/2). Using Hg. 5 and assuming the same values.&3.5eve estimate
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74(100um) ~ 6./Genzel & Stutzki(1989), moreover, argue that the faréRtmuum may be optically thick
based on the shape of the spectral energy distribution bet@w80um and 3 mm. We therefore conclude
that the continuum is likely quite optically thick far< 100um toward the Orion KL hot core.

If H,S is indeed probing heavily embedded gas near a hiddenuseiftbus source, the continuum
seen by HS may be enhanced relative to what is observed especiallgevtthe continuum is most optically
thick. Consequently, we enhanced the background contirfoumh < 100 um in order to determine if this
resulted in better agreement between the data and modegITris a reduceg? contour plot produced
using the same methodology as Fib. 6, except the assumedrbaoki continuum is enhanced by a factor
of 8 for 1 < 100um. We also note that when defining a radiation field within theDEX program, the
user can specify a dilution factor. For the observed contimuwe set the dilution factor to 0.25 or 1.0
for wavelengths less than or greater than b, respectively. For the enhanced continuum, we set the
dilution factor to 1.0 for all wavelengths, indicating thestl is co-spatial with the 8 emitting gas. From
Fig.[10, we see that, as a result of the enhanced radiatiah fiel 3o~ lower limit on ny; is shifted lower
by approximately a factor of 3 for both the CR1 and CR2 ratesingJthese contour plots in the same way

as before, we constraifi, > 9 x 10" cm™ andTyin = 120+15 K.

As with the observed continuum, the best fit solutions udegeinhanced radiation field reproduce the
observed H*3S and H3*S emission well over all excitation energies. PredictediseovedTpeax ratios
using a model withTi, = 120 K andny, = 3.0 x 10° cm3 and assuming the enhanced continuum are
overlaid in Fig[T as red points in the large bottom panel andashed red lines in the six smaller upper
panels. This solution lies within the & contour in Figl’ID assuming CR2 collision rates (lower panel
From the figure, we see good agreement between the data amdlahatl excitation energies. The enhanced
continuum, furthermore, produces better agreement wittntbst highly excited %S lines. Fig[Ill plots
the same highly excited 43°S lines given in Fig.19. The overlaid model, which is plotteded, corresponds
to Tkin = 120 K andny, = 3.0x 10° cm™2 using the CR1 rates. This is the same model used i Fig. 7 and
lies within the 20~ contour of the enhanced continuum CR1 grid (Eid. 10, uppeea The plot shows
good agreement between these highly excited transitiodgh@model, indicating that an intense far-IR
(1 < 100um) radiation field can excite these states for densitiesemgératures consistent with the isotopic
emission.

The mechanism by which 48 is pumped is illustrated in Fig. 112. The plot shows the sanezgy
level diagram given in Fid.12, except the lines connectirgglévels are now transitions with< 100um and
%S > 0.01. From the plot, we see that there are a litangb£ 1 transitions for & 3 through which the
background radiation field can excite$l However, thel < 100 um continuum is unable to pump states
below J= 3 — 4 because these transitions occur at longer wavelergtitsed by HIFI), where the continuum
is more optically thin. High densities, therefore, ard stijuired to populate states up teB — 4 in order
for H,S to be pumped to more highly excited states. This is somedifiatent from traditional pumping
as seen, for example, in OH, where the ground state tramsitiouple directly to the intense radiation field
which pumps to higher levels. In the case ofS;the pumping requires excitation via collisions to higher
states in order for radiation to redistribute the populatid/e note that although we nominally increased the
continuum fora < 100um, the transitions plotted in Fig. 112 occur at wavelengthth@range 39 — 100m.
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It is thus the short wavelength end of the far-IR that is resgme for the HS pumping.

Fundamental vibrational transitions fop8l occur at wavelengths 8.5um. In this wavelength region,
the observed radiation field is weaker than the continuumporesible for pumping bIS rotation transitions
(39 — 10@:m) by over an order of magnitude. Nevertheless, we searardtid presence of vibrationally
excited HBS in the HIFI scan. Vibrational transitions were obtaineahfrthe HITRAN database. Although
these measurements did not include pure rotation transitiathin an excited vibrational state, (and as of
yet have not been measured in the laboratory), we compuigmx@mate frequencies for several rotation
lines with J< 4 within thevq, vo, andvsz = 1 states by taking upper state energffadences. Given that
Eup values for these states are reported to a precision of 1mpadt| the frequencies should be accurate
to within a few knjs in the HIFI scan. We searched for emission near these fnegseby plotting the
data with the full band model overlaid to identify line blendNe did not detect unidentified lines at these
frequencies that could be attributed to vibrationally eeatiH,S, but note that many of these transitions were
in spectral regions of high line density making iffdiult to search for such features.

We also investigated the significance of vibrational etidtain our models by computing HITRAN
versions of the CR1 and CR2 collision rates. We produced eseaaodel grid witiNy; = 107 cm™2 and
varied nyo and Ty Within ranges 10— 10'° cm3, evaluated in logarithmic steps of 1, and 100 — 400 K,
evaluated in 100 K steps, respectively. For each grid paiatproduced a model with and without vibra-
tional excitation and compared the predicted line fluxesmbrst instances, these values agreed to within
10%, provided a given state wadciently populated to produce detectable emission. Thiseagent held
when using both the observed and enhanced continuum maddelshus conclude the presence of vibra-
tional excitation does not significantlffact our results, assuming the two radiation fields discussdds
work. The caveat here is that if28 is probing gas near a hidden source of luminosity, the shapee
continuum seen by $6 may be more strongly peaked in the mid-IR possibly produbigher levels of
vibrational excitation.

3.8. D/H Ratio Upper Limit

We do not detect HDS emission toward Orion KL. In order to catapan upper limit for the column
density of HDS, we looked at six line free regions in the HIE&s where emissive low energy HDS lines
should be present. The transitions we used are given in BabMe used the XCLASS progr@m compute
model spectra, which assumes LTE level populations. Weasdsomed a source size df,G\v=8.6 ks,
andT,o = 141 K, in agreement with our rotation diagram analysis (863). We then increased the column
density until the peak line intensities exceeded e local RMS in all lines. This procedure yields an
upper limit on the column density ®io(HDS) < 4.7 x 10'° cm™2. Using the HS column density derived
from our non-LTE analysis (Sec. 3.5), this corresponds tgHatio < 4.9x 1073.

“httpy/www.astro.uni- koeln.derojectgschilkgXCLASS
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4. Discussion: Origin of H»S emission

Our results indicate that4$ is a tracer of extremely dense gas toward the Orion KL hat aod that
the far-IR background continuum plays a significant rolehia &xcitation of this molecule especially for
the most highly excited transitions in our dataset. Morea¥e observed far-IR continuum & 100um)
toward IRc2 is not sfficient to reproduce the excitation that we detect. Thesdtsgsoint to an HS origin
in heavily embedded, dense gas close to a hidden source ividsity that heats nearby dust which cannot be
directly observed because the continuum is optically tiidcke mid- and short-wavelength-far-IR. Such an
object (or objects) may be the ultimate source of Orion KiggHuminosity ~10° Lo; Wynn-Williams et al.
1984) and thus harbor an intense far-IR radiation field neside for the highly excited 8 transitions we
observe toward Orion KL.

Finding evidence for the presence of hidden self-luminaugces toward Orion KL is dlicult not
only because of the high IR optical depth, but also becaugs efaborate physical structure. Near to mid-
infrared maps reveal the presence of many IR clumps (“IRaiteEs), only a small fraction of which may
be self luminous (see elqg. Rieke et al. 1973; Downes| et all;l19nsdale et al. 1982; Werner et lal. 1983;
Gezari et all_1998; Greenhill etlal. 2004; Shuping et al. 2Rdbberto et al. 2005; Okumura et al. 2011;
De Buizer et al. 2012). The situation is further complicdigdhe presence of radio source | (Churchwell et al.
1987), a supposed heavily embedded massive protostarhwiay be externally heating nearby clumps.
Okumura et al.[ (2011), for example, studied the interadbietween radio source | and IRc2, the brightest
clump in the mid-infrared and once thought to be the sourc®rain KL's high luminosity. More recent
observations, however, have ruled this out (Dougados éB8B; Gezari et al. 1998; Shuping etlal. 2004).
In fitting the mid-IR SED of IRc2, Okumura etlal. (2011) find tilaey can not fit the data with a single
blackbody. Instead they require two blackbody componeiits temperatures of 150 and 400 K, the hotter
component supplying most of the flux far< 12 um. The origin of the hotter component, they argue, is
scattered radiation from radio source |, which lies apprately 1’ away from IRc2, and the source toward
which they detect a prominent 7.82.4um color temperature peak. Evidence of this hotter compocemt
be seen in Fid.l4 as excess emissiomfgrl0um. Focusing on slightly longer wavelengths, De Buizer &t al.
(2012) present mid-IR SOFIA maps obtained with the FORCA&Mera which show 19.,731.5um and
31.5/ 37.5um color temperature peaks toward IRc4 indicating that it mlag be self-luminous.

Previous observations of highly excited molecular linesh@ mm and sub-mm have confirmed the
influence of an intense far-IR continuum within the Orion Kat lsore/ Hermsen et al. (1988), for example,
present both metastable and non-metastable inversiositicans of NH; spanning a large range in exci-
tation energy £ 1200 K). Comparing their observations to non-LTE modelschtgpecifyny,, Tkin, the
dust temperaturelq,s; and the dust optical depth at @, 74(50 um), they find a best fit solution using
NH2 = 107 cm™23, Tyin = 150 K, Tqust= 200 K, andrg(50um) = 10. The strong far-IR radiation field produced
by the hot, optically thick dust, they argue, is necessamxain the highly excitedH,, > 700 K) non-
metastable Ngllines. Using a similar methodology, Jacq et al. (1990) aredyseveral HDO transitions
spanning a range i&p of approximately 50 to 840 K toward the Orion KL hot core. THaest fit model
setsnyp = 107 cm 3, Tyin = Tqust= 200 K, andrq(50um) = 5, again resulting in a strong far-IR background
continuum. As a consequence, this model predicts thaRgtimping is the dominant excitation mecha-
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nism for HDO lines withEy, > 150 K toward the Orion KL hot core. Goldsmith et al. (1983)fiermore,
require a strong mjfar-IR radiation field § < 44um) in order to explain their observations of vibrationally
excited CHCN and HGN. Based on their computed GEN vibrational excitation temperature and a scal-
ing law from.Scoville & Kwan|(1976), they infer dust tempenags> 260 K forg < 1”.

It is clear that the far-IR radiation field plays a significaoke in the excitation not only of & but
several other molecular species within the Orion KL hot céue enhancement in the far-IR continuum can
be explained by the presence of hot dust. Assuming that HSedrission originates from embedded hot
dust with a temperature 6f200 K as opposed to 65 K, which is more in line with our obsematiation
field (Fig.[4), we would expect approximately a factor of 9 ambement at 85 um assuming blackbody
emission. It is possible that the CR1 collision rates araiB@antly underestimated for highly excited 8
emission, creating a need for a stronger far-IR field. Sualspision is reasonable given that the CR1 rates
are smaller than the CR2 rates. Furthermore, the preserustiofdensity and temperature gradients may
also reduce the need for such a strong enhancement in the dantinuum because extremely compact, hot
regions may contribute to the,8 excitation at high energies. Such an investigation is heybe scope of
this study because it requires more detailed radiativesteartalculations that would involve modeling the
physical structure of the Orion KL hot core. Neverthelebs,most highly excited 8 lines either require
an exceedingly high density or an enhanced continuum. Agedrgbove, the second scenario is more likely.

Our HerschelHIFI observations contain little spatial information, ttnae origin of the HS emission
therefore cannot be unambiguously determined from oursda&one. Two pointings, however, were ob-
tained toward Orion KL in bands 6 and ¥ £ 1430 GHz) because of the relatively small beam size at
these wavelengthsg(15”). The first pointing, toward the hot core, is given in Séc. & enalmost coinci-
dent & 1”) with radio source I. The second pointing is positioned talxthe compact ridge at coordinates
@ 32000 = 5"35M14.15 andé 30000 = —5°22°36.5”, and is located’8 SW of the hot core pointing much closer
to IRc4 (~2” away). We also note that the main pointing for bands 1 -5 lielsvay between the hot core
and compact ridge positions. The three pointings, thus.enaaE-SW line across the KL region. FigJ]13
plots a sample of six }8 lines that lie in bands 6 and 7 for the hot core (black) andpamiridge (red)
pointings. From the plot, we immediately see that th&Hmission is stronger in the hot core pointing
relative to the compact ridge, indicating that theS-mission is compact and clumpy and that the majority
of the emission likely originates from a region closer to2Radio source | as opposed to IRc4, the putative
self luminous source reported by De Buizer etlal. (2012).

Our derived HS abundance is at least two orders of magnitude larger thase tmeasured toward
other massive hot cores, which typically have abundanceseea 10° and 108 (Hatchell et al! 1998;
van der Tak et al. 2003). If & does indeed originate from grain surfaces as has beenstaddpy Charnley
(1997), such a large abundance may be the result of increasgaration from dust grains. Such an in-
terpretation has been invoked fop®, a structurally similar molecule to49, toward the hot core. Using
the Orion KL HIFI survey, Neill et gl. (2013) derive an extrelylarge HO abundance of 6.5 10™* and a
high water DH ratio of 3.0x 10-3, which they suggest are a result of ongoing evaporation ffagt grains.
Our measurement of an,8 orthgpara ratio< 3, though not at a 3 level, also points to biS formation
at cold temperatures possibly on grain surfaces during diee&older stage. There is, however, no direct
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observational evidence to support apHorigin on grain surfaces. Near-IR spectroscopic obsensbf
high and low mass protostars have failed to detes$ dr any other sulfur bearing species except, possi-
bly, OCS in the solid phase (Gibb et lal. 2004; Boogert 2t &d02@mith 1991; Palumbo etlal. 1995, 1997).
Goicoechea et al. (2006), moreover, find evidence for loweadiegm levels of sulfur in the Horsehead PDR.
Comparing their measured CS and HC&undances to photochemical models, they require a togal ga
phase sulfur abundance thati®25% the solar elemental abundance of sulfur. Given that etivetl HS
abundance implies 12% of the available sulfur is in the form o£8, an BS origin on grain surfaces may
not necessarily be inconsistent with the Goicoechea andIRestudies. All currently explored #6 gas
phase formation routes are highly endothermic, with sonyard@ctions having activation energie$0* K
(see e.g. Pineau des Forets et al. 1993; Mitchell|1984, darkreees therein). Gas phase formation g6H

is, therefore, possible in shocks but ighidult to explain at hot core densities and temperatures. rGive
however, that high temperature sulfur chemistry is stitlwell understood, it is possible thabH may have
formed in the gas phase by some, as of yet, unexplored route.

5. Conclusions

We have analyzed theJ3 emission toward the Orion KL hot core. In total we detect 52, and
8 unblended or partially blended lines from¥S, H,34S, and H33S, respectively, spanning a range in
Eup of 55 — 1233 K. Analysis of the extremely optically thick lomezgy H32S lines indicates that the
H»>S emitting gas is compact{ ~ 6”). Measured line intensities of the same transition froffiedent
isotopologues allowed us to compute upper state columnitei=ngor individual states. Using thedé,
measurements, we constructed rotation diagrams for orttigpara HS and derivedo; = 141+ 12 K and
Niot(H232S) = 8.3 + 1.4 x 107 cm2 (ortho + para BS). We measured the 8 orthgpara ratio using two
different methods which yield values of 223).8 and 1.7 0.8, both of which suggest a ratio less than the
equilibrium value of 3 but are not statistically inconsigtavith thermal equilibrium given the uncertainties.
Although we do not detect HDS, we derive gDratio upper limit of< 4.9x 103,

We also modeled the % emission using the RADEX non-LTE code assuming twiedent sets of es-
timated collision rates. We derived a value for the totaliomh densityNioi(H232S) = 9.5+ 1.9x 10" cm™2,
by computing a correction factor to account for thgg-tolumn not probed by HIFI. Using this column den-
sity, we constraimy, > 9 x 10’ cm 3 and Tyin = 120+ ig K by comparing a grid of RADEX models to the
H,33S and H34S emission. These constraints require that the observethsom be enhanced by a factor
of 8 for 1 < 100 um. Enhancing the background continuum also produces goasbiagnt between the
data and models for the most highly exciteg#$ lines, which are populated primarily by pumping from
the short wavelength end of the far-IR £ 39 — 100um), for temperatures and densities consistent with
the rarer isotopic emission. We conclude that th&legmitting gas must be tracing markedly dense heavily
irradiated gas toward the Orion KL hot core. These condstipaint to an HS origin in heavily embedded

material in close proximity to a hidden source of luminasitiie source of this luminosity remains unclear.

We thank the anonymous referee who provided comments tipabirad this manuscript. HIFI has been
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Netherlands and with major contributions from GermanynEeaand the US. Consortium members are:
Canada: CSA, U.Waterloo; France: CESR, LAB, LERMA, IRAM;@any: KOSMA, MPIfR, MPS;
Ireland, NUI Maynooth; Italy: ASI, IFSI-INAF, OsservatoriAstrofisico di Arcetri-INAF; Netherlands:
SRON, TUD; Poland: CAMK, CBK; Spain: Observatorio Astromico Nacional (IGN), Centro de Astro-
biologia (CSIC-INTA). Sweden: Chalmers University of ieology - MC2, RSS & GARD; Onsala Space
Observatory; Swedish National Space Board, Stockholm dssity - Stockholm Observatory; Switzer-
land: ETH Zurich, FHNW; USA: Caltech, JPL, NHSC. HIPE is anfpdevelopment by the Herschel Sci-
ence Ground Segment Consortium, consisting of ESA, the NA8rsschel Science Center, and the HIFI,
PACS and SPIRE consortia. Support for this work was provicedNASA through an award issued by
JPL/Caltech.

A. Uncertainties

All uncertainties were propagated using the standard f@napagation equation’ (Bevington & Robinson
2003, their Eq. 3.13) unless otherwise stated. The errqusrted in Table§1133 foria¢, Av, Tpeas and
f Tmpdv are those computed by the CLASS fitting algorithm. Given gpectral resolution of HIFI is
> 0.2 knys, we assume a minimum error fognandAv of 0.1 knys and a minimum error fomebdv of
0.1 K kmys, even if CLASS reports smaller uncertainties for thesarmpaters. The uncertainties listed for
Tpeakare RMS measurements in the local baseline also calculated GLASS.

When propagating errors involving eith€geax Or mebdv, we include a 10% calibration error and a
pointing uncertainty. The pointing uncertainty is estiethtising the following relation,

2
_ _ _ —O-p
Ap=1 eXp[ 2(9b/2.355)Zl' (A1)

Here, Ap is the percent error in eith€Fpeax OF mebdv introduced by the telescope pointing errot,,
which we assume to beé’4Pilbratt et all 2010). In order to account for the calibwatand pointing errors,
we added the CLASS, calibration, and pointing uncertasnitiequadrature before performing any further
calculations involvingT peak OF mebdv. We also estimate an uncertainty of 0.ih our derived source
size and a 30% error in thidy, estimate used to computg(v) (see Sed._312), both of which we include

as sources of error in our computationsNyf. The source size andy, uncertainties were also added in

qguadrature with the RMS, calibration, and pointing erroI‘Eewcomputing(rzed values for the model grids.
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Fig. 1.— A sample of nine kS lines observed in the HIFI scan with Gaussian fits to theawmtiéxtended
ridge, and hot core spatigklocity components overlaid in blue, green, and red, spdy. The data are
plotted in black and uniformly smoothed to a resolution~0f5 knys. Blending lines that were also fit are

plotted in cyan. The sum of all components is plotted as angaralashed line. The upper state energy of
the transition is given in each panel and increases frompperndeft panel to the lower right.
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Fig. 2.— The right and left panels plot energy level diagrdon®rtho and para bf2S, respectively. Transi-
tions detected in the HIFI scan are indicated by lines caimgeapper and lower states and are color coded
according the how blended each transition is. Black, blnd,rad correspond to categories 1 (hot blended),
2 (partially blended), and 3 (heavily blended), respettivésee Sed._3]1 for more details on how these
categories are defined.
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Fig. 3.— Rotation diagrams for ortho and para states whgrealues could be computed are given in the
upper and lower panels, respectively. All points were aatimssuming a source size ¢f ind Orion KL
isotopic ratios. Independent linear least squares fitsemttho and para points are plotted as solid lines
in either panel. The dashed line in the bottom panel is a fihéopara points witf o fixed at 141 K, the
rotation temperature derived from ortho$
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Fig. 4.— The observed continuum toward IRc2. The red triemgidicate the continuum level as measured
in the HIFI scan. The blue squares and circles (not filled oryespond to flux measurements obtained
from 1ISO SWS|(van Dishoeck etlal. 1998) and LWS (L erate et@062, respectively. The blue dots (filled
in) represent observations fram Lonsdale etlal. (1982). Alaek squares, circles, and dots are the same
measurements as their respective blue counterparts ripethalo that the LWS observations agree with the
HIFI continuum at~158 um. Black diamonds correspond to flux measurements presegiBicker et al.
(2009). The green dot-dashed line is a 65 K blackbody. Thekhimshed line represents the “observed
radiation field” used in the RADEX models described in the.tex
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Fig. 5.— Correction factors which convegps to Niot plotted as a function of kinetic temperature. Cor-
rection factors that assume LTE are plotted as a blue, dstethline. CF values computed using RADEX
assuming the CR1 (black) and CR2 (red) collision rates a&@ @btted with diferent densities represented
as diferent types of lines. The RADEX models $&t; = 5.0 x 10'® cm2, Av = 8.6 knys, and assume the

enhanced continuum.
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Fig. 6.— The upper and lower panels ar&, contour plots comparing ##*S and H3S emission to
RADEX model grids assuming CR1 and CR2 collision rates, @etyely. All model realizations assume
the observed radiation field, and $et= 6”andAv = 8.6 knys. We also selNioi(H2%2S) = 9.5 x 1017 cm2,
but scale the isotopic emission according to Orion KL ratiﬂs;e)(fed values corresponding to each contour
are labeled in the plot.
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Fig. 7.— Comparison of the observed¥sS lines with RADEX models. The large bottom panel plots the
ratio of predicted to observeleakas a function oE,p. Blue and red points represefeaxratios computed
using RADEX models that fit the data wej}{, < 1.1) assuming the observedf = 7.0 x 10° cm3,
Tkin = 130 K) and enhanceahg, = 3.0 x 10° cm3, Tyin = 120 K) radiation fields, respectively. The upper
panels plot a sample of&%'S lines in black with the same models overlaid using the sate conventions

as the lower panel (the red line is dashed because it ovenldpghe blue in some instances). Blending
lines and spatigyelocity components other than the hot core, fit with Gaussiare overlaid in cyan. Model
line profiles are added to the components represented in dyamsitions increase in excitation from the
lower left panel to the upper right. The models use CR2 dollisates and se&t; = 6”, Av = 8.6 knys, and
Niot(H234S) = 4.8 x 106 cm2.
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Fig. 8.— Same as Fifl 7 for4¥S lines. The same RADEX model parameters used infig. 7 acchese
for both the observed (blue) and enhanced (red) radiatitasfexcept for the total column density which is
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Fig. 9.— Each panel plots a highly excite¢¥S line in black. The transition is given in the upper part
of each panel. Blending lines fit with Gaussians are overilaidyan. RADEX models are overlaid as
different colors and model line profiles are added to the compenepresented in cyan. Blue and red lines
correspond to models witty, = 1.5x 10'° and 1.5x 10 cm3, while dashed and solid lines correspond to
Tkin = 140 and 300 K, respectively. All models #gt= 6”, Av = 8.6 kny's, Niot(H232S) = 9.5 x 1017 cm2,
use CR1 collision rates, and assume the observed radiatidn fi
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Fig. 10.— The upper and lower panels aglfgd contour plots computed using the same methodology as
Fig.[8, except the RADEX model grids used here assume a i@dliftld that is enhanced by a factor of 8
for 2 < 100um. The)(fed values corresponding to each contour are labeled in the plot
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Fig. 11.— The same §#2S transitions as Fi@] 9 with one RADEX model overlaid in reter@ling lines fit
with Gaussians are overlaid in cyan. Model line profiles algea to the components represented in cyan.
The RADEX model set#s = 6”7, Av = 8.6 kny's, ni2 = 3.0 x 10° cm 3, Tyin = 120 K, and assumes the
enhanced continuum.
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Fig. 12.— The same energy level diagram as Eig. 2 is plotteck lines connecting the states represent
transitions with! < 100um andu?S > 0.01.
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Fig. 13.— H°°S lines from bands 6 and 7 are plotted for the hot core (blank)@mpact ridge (red)
pointings. The lines are clearly stronger toward the ho¢cor
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Table 1. Measured line parameters for the hot core
Transition v Eup VLSR AV T peak [Tmpdv  Notes
(Ik-x+) (GH2) (K) (kms?t) (kms?) (K) (Kkms™)
H232S
202111 687.30 54.7 45%0.2 10.3+0.4 3.28:£0.03 35.8+24 2
212-101 736.03 551 4901 89+0.1 232+0.04 21.8+0.3 1
221-212 505.57 794 4406 11.4+0.6 2.01+0.02 24.3+1.6 1
2110 107284 794 3201 89+0.1 3.42+0.07 32.4+02 1
31322 1002.78 1029 540.1 13.2+0.2 3.69+0.1 519+1.2 2
31221 1196.01 136.8 4.50.1 10.1+0.2 59+0.2 634+1.7 1
302313 747.30 138.7 4.20.1 9.9+0.2 3.57+£0.05 37.5+0.9 2
3132 568.05 166.0 4.60.1 9.0+0.1 1.58+0.02 15.2+0.2 1
31—20 170797 166.0 5401 6.7+04 59+06 42.0+29 1
3021 1865.62 169.0 5903 7.6+08 4.2+0.7 33.7+4.2 1
41344 101835 2132 4.20.1 9.3+0.3 4.05£0.09 40.0+2.2 1
4,330 930.15 2136 3.20.1 8.7+0.1 2.78+0.06 25.9+0.1 2
4,344 102651 2136 3.804 83+04 43+01 382+20 2
4,3-31, 1599.75 2136 4502 9.7+05 6.6+ 0.6 67.9+5.0 1
40— 3 665.39 2451 4.%205 10.4+05 2.75+£0.05 30.4+1.4 2
4,-31 1648.71 2452 3.802 7.1+0.6 6.5+0.9 49.4+6.6 2
43923 765.94 250.3 3.204 9.7+0.3 3.16+£0.03 32.7+2.8 2
441432 650.37 2815 4.%320.1 94+0.1 2.38+0.03 23.7+0.3 1
51443 1852.69 3025 5802 9.3+0.6 6.3+ 0.7 62.4+5.0 1
504431 827.92 3026 4203 7.1+0.8 0.37+0.06 2.8+0.2 1
5,443 186244 3026 53202 95+05 6.5+0.8 66.0+ 2.6 1
6o6—515 1846.74 3281 2802 11.2+06 7.9+0.7 94.1+7.9 3
533-54 1023.12 351.7 3.20.1 104+0.1 45+01 49.9+0.7 2
53253 611.44 3795 4.%20.1 10.7£04 2.37+0.02 27.0+1.6 1
542533 800.85 390.1 4.20.6 10.2+0.6 2.98+0.09 32.3+1.3 2
615—60s 1608.37 4052 3203 9.7+0.6 43+08 44.1+24 1
6,5—616 1608.60 405.2 3.920.2 9.7+0.5 6.4+ 0.8 65.7+2.7 1
550-53  1598.92 4269 4.20.8 155+25 2.0+0.7 334+41 1
633—624 947.26 513.0 3.50.1 11.2+03 28+0.2 329+1.1 1
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Transition Y Eup VISR AV T peak [Tmpdv  Notes
(Ic-x+) (GH2) (K) (kms?t) (kms?) (K) (Kkm s™)
643550 1879.36 517.1 4304 4.0+0.8 2.2+ 0.9 9.4+ 1.7 1
T16—107 1900.14 5214 5208 6.0+1.0 5.4+ 0.9 34.3+ 11.8 2
To6—117 1900.18 5214 4810 6.9+1.9 5.1+ 0.9 37.7+12.8 2
652—643 854.97 558.1 3.0.1 10.6+0.1 3.36+£0.05 37.8:£0.5 1
65,1—642 493.36 5639 4801 6.1+0.2 0.52+0.01 3.4+ 0.2 1
T25—T16 1592.67 5979 4.30.2 9.2+0.5 6.6+ 0.9 64.4+ 2.8 1
35— 126 1593.97 5979 2.20.3 11.9+0.8 45+ 0.8 57.2+ 3.1 1
Ta3—134 880.06 701.1 4401 68+04 1.77+0.05 12.9+1.3 1
53— 744 1040.28 709.9 4.20.1 8.1+0.3 2.0+ 0.2 17.6+ 0.5 1
826—817 1882.52 7415 4603 57+0.9 2.4+ 0.7 14.8+ 1.8 1
836—87 1882.77 7415 3.60.3 8.7+0.6 4.2+ 0.8 38.6+ 2.5 1
62— 153 928.64 7545 4301 82+01 191+0.06 16.7+0.2 2
T70— 761 910.67 8015 4401 7.1+0.2 145+0.06 10.9+04 2
84586 1576.44 817.1 3.20.3 7.2+0.7 4.2+ 0.9 32.4+ 2.6 1
853—814 804.73 914.2 4.4#0.1 85+04 0.76+0.07 6.9+ 0.2 1
863854 1071.31 930.2 450.1 8.5+0.2 2.4+ 0.1 22.2+ 0.4 2
87283 1019.45 979.1 4.90.1 6.5+0.2 1.23+0.09 8.5+ 0.6 1
936—% 7 1860.98 987.8 46804 6.4+0.8 2.5+ 0.7 17.0+ 2.0 1
8s1-872 1091.26 10315 4.60.1 7.1+0.3 0.93+0.08 7.1+ 0.2 1
9545 1154.68 1117.1 4.80.3 8.1+0.8 1.2+ 0.1 10.0+ 0.8 2
9394 746.73 11529 5%0.1 6.7£0.2 0.65+0.05 4.7+ 0.1 2
972-%3 689.12 1186.0 4.20.1 7.5+0.2 0.51+0.03 4.0+ 0.1 1
95293 1122.64 12319 5.920.3 54+0.8 0.34+0.09 1.9+ 0.2 1
951972 973.85 1232.7 5.30.2 10.1+0.5 0.56+0.07 6.0+ 0.3 2
H,34S
212-101 734.27 55,0 45%0.2 10.2+04 296+0.04 32.0+2.5 2
221110 1069.37 79.2 3.4240.1 10.3£0.1 4.00+0.07 44.0+0.9 2
303-212 991.73 102.7 4.60.1 9.2+0.2 3.49+0.08 34.1+1.2 2
313202 1000.91 102.7 3.80.1 7.6+0.1 2.95+0.08 23.8+0.5 2
31021 1197.18 136.7 3.#0.1 11.1+0.5 3.4+ 0.1 40.7+ 3.1 2
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Transition Y Eup VSR AV T peak [Tmpdv  Notes
(Ic-x+) (GH2) (K) (kms?t) (kms?) (K) (K km s™)
32313 74552 1385 3.90.1 9.7+0.1 1.30+0.04 13.4+0.1 1
33132 563.68 1655 4.4#0.2 5.2+05 0.33£0.02 1.9+0.3 1
33120 1702.01 1656 4803 7.9+0.6 3.5+ 0.6 29.2+ 2.0 1
330221 1861.85 168.6 5.80.2 7.2+0.6 4.3+ 0.8 325+ 2.2 1
43— 4 1024.85 213.2 4.#0.1 7.3+0.3 1.7+ 0.1 13.5+ 0.9 2
4r3-31 2 1595.98 213.3 4.80.2 9.4+0.6 5.4+ 0.8 54,3+ 2.8 1
42— 3 666.82 2449 4501 8.4+03 0.87£+0.03 7.8+0.3 2
4y 2—331 1653.14 2449 3.20.7 10.8+2.0 1.9+ 0.6 21.5+ 2.8 1
4y1—432 643.59 280.7 4.4#0.1 8.0+0.2 1.21+0.03 10.3+04 2
51443 1849.96 302.1 4803 7.7+0.7 4.0+ 0.8 324+ 2.4 1
524413 1859.05 302.1 5&0.2 4.7+0.7 3.0+ 0.6 15.0+ 1.6 1
60.6—51.5 1843.77 3275 3.80.2 7.9+04 4.4+ 0.8 37.4+£ 0.5 3
5334 1021.31 351.1 4505 7.2+0.7 0.90+0.07 6.9+1.8 2
53253 613.83 379.1 4501 8.3+0.1 0.91+0.02 8.0+0.1 2
542533 796.54 389.3 4.60.1 6.2+03 0.44+0.04 29+0.1 2
633—67.4 949.42 5124 4.90.2 6.2+05 0.35£0.05 2.3+0.2 1
643—634 1023.49 516.3 4.90.1 6.8+0.2 1.10+0.06 7.9+0.2 1
642633 568.82 539.7 3403 55+06 0.12+0.03 0.7£0.1 2
652—643 848.36 557.0 4.%0.2 59+04 043+0.06 2.7+0.2 1
T43—134 88452 7004 4801 6.8+0.2 041+0.03 3.0+£0.1 1
H,33S
202-131 687.16 547 6.&0.1 9.2+0.1 0.73£0.02 7.1+0.1 2
212-101 735.13 55,1 4401 95+01 1.60+0.02 16.2+0.3 2
221110 1071.05 793 4301 82+01 2.18+0.07 19.1+0.2 2
303—212 992.40 102.7 4.20.1 104+0.3 2.70+£0.05 30.0+1.5 1
do4—313 1279.28 164.2 4803 8.1+1.0 1.6+ 0.4 13.5+ 1.2 1
4y 34 4 1025.65 2134 3.60.1 10.2+0.3 0.90+0.05 9.7+0.2 1
4r3-31 2 1597.81 2134 3904 105+1.2 2.6+ 0.8 29.4+ 2.6 1
4y 1—43 2 646.87 281.1 2.80.1 13.8£0.3 0.36+£0.02 5.3+0.1 1
60,6—51.5 1845.21 327.8 2804 75+1.0 2.4+ 0.8 18.9+ 2.2 3
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Table 1—Continued

Transition v Ewp  VisR AV Tpeak [ Tmpdv  Notes
(Jk-k+) (GHz) (K) (km 8_1) (km S‘l) (K) (Kkm S_l)

Note. — Errors for \;, Av, andmebdv reported in the table are those com-
puted by the Gaussian fitter within CLASS. We assume a minimnaicertainty for
Visr andAv of 0.1 kim's and a minimum uncertainty f(frTmbdv of 0.1 Kknys. The
Tpeak€rror is the RMS in the local baseline, which we also measur&zl ASS.
Uncertainties, including additional sources of error foete measurements, are
discussed in more detail in the Appendix.

8Entries of 1 or 2 correspond to categories 1 (not blended)sightly blended)
as defined in SeE€. 3.1 for a particular transition, respelgtiA value of 3 is given
to the §e—5; 5 transition because it is “self-blended” with theg65 5 transition
from the same biS isotopologue.
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Table 2. Measured line parameters for the plateau
Transition v Eup VISR AV T peak [Tmpdv  Notes
(I-k+) (GHz) (K) (kms?1)  (kms?) (K) (Kkms™)
H232S
202-11 687.30 547 9.20.1 345+04 5.46+£0.03 200.4+1.6 2
212-101 736.03 551 9.80.1 30.6+0.1 10.62+0.04 345.7+0.3 2
221-212 505.57 794 10.#0.6 31.6+0.6 4.57+0.02 153.7+1.6 1
21— 107284 794 11.40.1 30.5+0.1 11.56+0.07 375.5:0.7 1
31322 1002.78 1029 1040.1 29.8+0.1 7.91+0.1 250.6+ 1.4 2
312231 1196.01 136.8 10.20.1 31.4+0.2 8.8+ 0.2 295.8+ 2.0 1
30233 74730 138.7 7.&0.1 34.1+0.2 3.74+0.05 135.6:1.1 2
3132 568.05 166.0 7.60.1 32.8+0.1 2.02+0.02 70.5+ 0.2 1
331-2%0 1707.97 166.0 10.80.1° 36.5+1.2 4.8+0.6 186.8+ 5.0 1
30-21 1865.62 169.0 10.80.1° 27.0+1.5 3.4+ 0.7 98.4+ 6.1 1
49344 101835 2132 7.402 31.6+06 3.38+0.09 113. 7423 1
4,3-30 930.15 2136 7.£0.1 31.8+0.7 0.98+0.06 33.0+ 0.7 2
4,344 102651 2136 5904 23.8+04 6.8+ 0.1 171.2+ 2.0 2
4,3-31, 1599.75 213.6 11.60.7 34.7+13 3.9+ 0.6 143.5+ 6.3 1
40— 3 665.39 2451 9.305 32.1+05 2.18+0.05 74.7+ 1.4 2
4,,-3317 1648.71 2452 2.21.3F 33.6+23 3.2+ 0.9 115.6+ 12.5 2
4392 3 765.94 250.3 10.20.2 38.8+0.6 5.27+0.03 217.4:25 2
441432 650.37 2815 7.20.1 28.1+0.1 2.91+0.03 87.0+ 0.3 1
514—43 1852.69 3025 11.81.3 32.1+22 2.0+ 0.7 68.9+ 6.3 1
6o6—o15 1846.74 328.1 10.21.3 31.5+1.6 3.0+ 0.7 99.6+ 8.9 3
533-54 1023.12 351.7 7.60.1 30.8+£05 1.9+0.1 61.1+ 0.7 2
53253 611.44 3795 8304 335+1.0 1.41+0.02 50.2+ 1.6 1
542533 800.85 390.1 9506 357+0.6 0.85+0.09 32.2+1.3 2
652—64.3 854.97 558.1 6.204 31.1+0.9 0.90+0.05 29.9+ 0.2 1
651—64.2 493.36 563.9 2.40.1° 185+0.3 0.45+£0.01 8.8+ 0.2 1
T43—134 880.06 701.1 250.Z 20.0+0.9 1.52+0.05 32.5+1.2 1

H.3s




— 39 —

Table 2—Continued

Transition v Eup VISR Av T peak [Tmpdv  Notes
(Ix-k+) (GH2) (K) (kms?t) (kms? (K) (K km s™)
212-101 734.27 55,0 7.920.1 33.8t£0.6 2.92+0.04 105.1+0.9 2
2110 1069.37 79.2 8.80.1 295+0.2 2.42+0.07 75.9+0.9 2
303212 991.73 102.7 7.£0.3 28.7+0.3 2.63+0.08 80.4+2.4 2
313202 1000.91 102.7 4.60.1° 299+0.4 1.98+0.08 62.9+0.6 2
31221 1197.18 136.7 8%05 31.8+1.3 1.7+ 0.1 56.6+ 3.5 2
3,35 74552 1385 9.80.1° 251+12 0.25:004 6.6£02 1
331-F2 563.68 1655 2.90.3F 18.6+1.0 0.32+0.02 6.3+ 0.3 1
43— a 1024.85 213.2 3.20.%X 22.6+0.7 1.2+ 0.1 29.0+ 0.9 2
H,33S
212-101 735.13 55.1 5. %40.1° 285+0.2 1.32+0.02 40.1+0.3 2
303212 992.40 102.7 8.206 356+1.6 0.89+0.05 33.8+1.3 1

Note. — Errors for y, Ay, andmebdv reported in the table are those computed by the
Gaussian fitter within CLASS. We assume a minimum uncegtdont v, andAv of 0.1 km's
and a minimum uncertainty fof Tmodv of 0.1 K knys. TheTpeaxerror is the RMS in the local
baseline, which we also measured in CLASS. Uncertaintieduding additional sources of

error for these measurements, are discussed in more detiad Appendix.

aEntries of 1 or 2 correspond to categories 1 (not blended)slightly blended) as defined in
Sec[3.1 for a particular transition, respectively. A vaiii8 is given to the §s—5; 5 transition

because it is “self-blended” with thg §-5 5 transition from the same 4% isotopologue.

bThe sy was held fixed during the Gaussian fitting procedure.

Indicates a ¥ that is lower than typically measured toward the plateau.
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Table 3. Measured line parameters for the extefabedpact ridge

Transition v Eup VLSR AV T peak [Tmpdv  Notes
(Ic-x+) (GH2) (K) (kms?t) (kms?) (K) (K km s™)
H232S

202-131 687.30 547 8%0.1 32+02 225+0.03 7.6£0.9
212-101 736.03 551 8401 33+01 3.35+0.04 11.7+0.1
221—212 50557 794 86&06 3.1+06 195+0.02 6.4+1.6
21— 0 107284 794 8501 35+£01 1.70+0.07 6.4+£0.3
313-202% 1002.78 102.9 8.&0.1 10.9+05 156+0.1 18.1+1.6

N, FPDNDN

H234S

313-22 1000.91 102.7 4.&80.1 3.4+01 197+0.08 7.2+0.1 2

Note. — Errors for ., Av, andmebdv reported in the table are those computed by the
Gaussian fitter within CLASS. We assume a minimum uncestdortv,s; andAv of 0.1 km's
and a minimum uncertainty fof Tmpdv of 0.1 K knys. TheTpeakerror is the RMS in the local
baseline, which we also measured in CLASS. Uncertaintieduding additional sources of
error for these measurements, are discussed in more detiad Appendix.

aeEntries of 1 or 2 correspond to categories 1 (not blended)(slightly blended) as defined
in Sec[3.1 for a particular transition, respectively.

dThe extended ridge component for this transition is not fit because of its relative weak-
ness and line blending.
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Table 4. Computed values fog, andNy(H232S)

Transition Tiso Ny (Solar) Ny (Orion KL) isc?
(Ic-k+) (x10% cm™?)  (x10'6 cm™2)
202-1L; 0.25+0.04 43+1.4 2.6+ 0.8 H33S
212101 1.2+ 0.3 9.0+ 3.5 5.4+2.1 H33S
21-L0 1.0+ 0.3 5.8+ 2.5 3.5+ 15 H33S
313202 1.6+ 0.6 2.5+ 1.2 23+ 1.1 H34S
31221 0.9+ 0.2 3.2+ 1.4 2.9+ 1.3 H34S
32-313 0.45+0.08 2.1+0.7 1.9+ 0.6 H34S
3132 0.24+0.04 0.7+0.2 0.6+ 0.2 H34S
3120 0.9+ 0.4 1.0+ 0.8 0.9+ 0.7 H34S
4y 34y 4 0.5+0.1 1.7+ 0.7 1.5+ 0.6 H34S
dy3-4y4 023+004 4.3:16 2.6+ 1.0 H33S
433-31 1.8+ 1.1 3.6+ 3.1 3.3+ 2.8 H34S
433-31 0.5+ 0.2 5.9+ 4.3 3.6+ 2.6 H33S
443 0.38+0.07 1.2+0.4 1.1+ 0.3 H34S
4y ~%1 0.3+0.2 1.7+ 1.3 1.5+ 1.1 H34S
441435 0.7+ 0.1 2.3+ 0.8 2.1+ 0.7 H34S
44143, 0.17+0.03 3.0+ 0.9 1.8+ 0.6 H33S
51443 1.0+ 0.5 2.0+ 1.8 1.8+ 1.6 H34S
5p4—4 3 0.6+0.3 1.3+ 1.1 1.2+ 1.0 H34S
53354 0.22+0.04  0.6+0.2 0.6+ 0.2 H34S
S32-%3 0.48+0.09  1.3+0.4 1.2+ 0.4 H34S
542-%3 0.16+0.03  0.4+0.1 0.3+ 0.1 H34S
633624 0.13+0.03 0.24:£0.08  0.22+0.08 H*S
650643 0.14+0.03  0.3+0.1 0.3+ 0.1 H34S

Ta3—134 0.27+£0.05 0.17+ 0.06 0.15+0.05 H3s

Note. — Uncertainty calculations fafs, and N, are described in
the Appendix.

aThis column indicates the isotopologue used to compidte
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Table 5. OrthgPara Ratio Estimates

Ortho State Para State OrfRara Ratio

21’2 20,2 21+1.1
31’2 32,2 1.5+0.8
51’4 52,4 16+1.9

Note. — The first two columns indicate the
ortho and para state from which &ly estimate
was taken in order to compute the orfhara
ratio in the third column.
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Table 6. Transitions Used fd¥:(HDS) Upper Limit

Transition  vrest Ewp #%°S Local RMS
(k-k+) (GHz) (K) (D? (mK)

20-1;1 103561 684 0.75 84
313-22 754.96 709 1.27 45
303-21, 586.90 67.8 1.01 28
32-211 1166.00 103.0 0.99 150
32-2%1 73273 103.0 0.60 22
44-%3 92050 112.0 1.77 47

aThe RMS was computed using CLASS in the
vicinity of the rest frequency.
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