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Abstract

The main carrier of sulfur in dense clouds, where it is depleted from the gas phase, remains a mystery. Shock
waves in young molecular outflows disrupt the ice mantles and allow us to directly probe the material that is
ejected into the gas phase. A comprehensive study of sulfur-bearing species toward L1157-B1, a shocked region
along a protostellar outflow, has been carried out as part of the IRAM-30 m large program ASAI The data set
contains over 100 lines of CCS, H,CS, OCS, SO, SO,, and isotopologues. The results of these observations are
presented, complementing previous studies of sulfur-bearing species in the region. The column densities and
fractional abundances of these species are measured and together these species account for 10% of the cosmic
sulfur abundance in the region. The gas properties derived from the observations are also presented, demonstrating
that sulfur bearing species trace a wide range of different gas conditions in the region.
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1. Introduction

Jets are ejected from low mass protostars and collide with the
surrounding gas at speeds orders of magnitude higher than the
typical sound speed in a molecular cloud. The shocks formed from
these collisions sputter the ice mantles of dust grains, ejecting
molecules into the gas phase and greatly increasing the chemical
complexity of the gas (e.g., Draine et al. 1983; Codella et al. 2013).
Therefore, these outflows represent fantastic laboratories to study
chemistry in shocks as well as on the grain surfaces.

L1157-mm is a low mass, class O protostar at a distance of
250 pc (Looney et al. 2007). L1157-mm drives a precessing jet
(Gueth et al. 1996, 1998; Podio et al. 2016), which in turn
accelerates an extended outflow that was found to contain many
bow-shocks (Bachiller et al. 2001), the brightest of which is
L1157-B1 in the blueshifted lobe. It has a dynamical age of
~1000 yr (Podio et al. 2016) and is well studied. It has a rich
chemistry, including species thought to be formed on the ice
mantles such as CH3;0OH (Bachiller & Pérez Gutiérrez 1997)
making it a superb object in which to study chemistry in shocks.

L1157-B1 is a bow shock with clear, clumpy substructure
(Benedettini et al. 2007), in which different chemical species
trace only the clumps or the region as a whole. L1157-B1
and, in particular, the clumps that compose it are rich in sulfur-
bearing species. In the interferometry work of Benedettini et al.
(2007), B1 was shown to be well defined in OCS, **SO, and
CS emission. Further, SO and SiS were discovered for the
first time in a shock in L1157-B1 (Podio et al. 2014, 2017),
SO™ being part of a search for molecular ions in which HCS™
was also detected. Overall, L1157-B1 provides a rich source of
data on sulfur-bearing species with which to advance our
understanding of sulfur chemistry, particularly of the form of
sulfur that has been depleted from the gas phase.

Sulfur is a reactive element with a poorly understood surface
chemistry. Many species hydrogenate efficiently on the grains

and therefore it is often assumed H,S is a major carrier of sulfur
on the grains. Indeed, recent modeling work has shown sulfur
abundances in the TMC-1 cloud are best described when HS
and H,S on the grains are the main carriers of sulfur (Vidal
et al. 2017). However, upper limits have also been placed on
the H,S abundance in ices around high mass young stellar
objects and it was found that H,S had a solid phase abundance
<0.7% of the solid water abundance (Jiménez-Escobar &
Muiioz Caro 2011). This would account for less than 12% of
the cosmic sulfur abundance.

Two other sulfur-bearing species have been detected on the
grains to date: SO, and OCS (Geballe et al. 1985; Palumbo
et al. 1995; Boogert et al. 1997). These are, respectively, rated
as possible and likely detections in the review of Boogert et al.
(2015). However, the measured abundance of solid OCS by
Palumbo et al. (1997) would only account for ~0.5% of the
cosmic sulfur abundance and SO, has an upper limit of 6%.
These observations are of high mass young stellar objects and
the chemistry may be different to that found in outflows. In
fact, in modeling work done to explain the sulfur ion
abundances in L1157-B1, OCS was required to be a major
carrier of sulfur on the grains (Podio et al. 2014).

In this work, observations of five sulfur-bearing species are
presented. Multiple transitions of CCS, H,CS, OCS, SO, and
SO, have been observed along with isotopologues of SO and
SO,. In Section 2, details of the observation and data reduction
are given. The column density of these species are measured
and the properties of the emitting gas are discussed in
Section 3. Finally, the conclusion is given in Section 4.

2. Observations and Processing
2.1. IRAM-30 m Observations

The data presented here were collected as part of the IRAM-
30m large programme ASAI (Lefloch et al. 2018), which
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included a systematic search for lines of sulfur-bearing species
between 80 and 350 GHz. The data includes over 140 detected
transitions of ﬁve species: CCS, H,CS, OCS, SO, and SO,
along with the **S isotopologues of SO and SO,. These were
obtained observing the L1157 B1 bow shock, with pointed
coordinates Q2000 = 20 39™10°% 2 5]2000 = +6801 10//5
which is offset by Aa = 42576 , Ad = — 63”5 from the
position of L1157-mm. The beam size varied from 30" at
~80 GHz to 7" at ~340 GHz. Pointing was monitored using
NGC 7538 and found to be stable, corrections were typically
less than 3”.

The data were obtained using the IRAM-30 m telescope’s
EMIR receivers with the Fourier Transform Spectrometer. This
gave a spectral resolution of 200 kHz, which corresponds to
velocity resolutions between 0.7 and 2.2 km s~ . Intensities are
expressed in units of antenna temperature corrected for
atmospheric absorption and sky coupling (7). Where
intensities are given in units of main-beam brightness
temperature (Tg), the efficiencies required for this conversion
(Bess and Fogp) were interpolated from the values given in Table
2 of Kramer et al. (2013), which can be found at http://www.
iram.es /IRAMES /mainWiki/Iram30mEfficiencies. A nominal
20% calibration uncertainty is assumed and propagated to
values such as the integrated emission.

2.2. Line Identification and Properties

Lines were identified by comparing the frequencies of
emission peaks to the JPL catalog (Pickett 1985) accessed via
Splatalogue.® Baselines were removed using the GILDAS
CLASS software package’ and the rms noise level was
calculated for every spectrum by considering velocity ranges
of +50kms™' around the detected transitions. The list of
identified lines is given in Tables 2—4 in Appendix A. The
spectra are shown in Figures 8-22 in Appendix B. Any line that
was blended or contaminated with another molecular line has
been removed from the data set.

From the line proﬁles of the detected transitions, two
different velocity regimes were 1dent1ﬁed a moderate Veloc1ty
regime (between V,;, = —8kms™ "and Vinax = 6 kms™ ) and
a high velocity regime (between Vi, = —20kms™ "and
Viax = —8kms™!). All molecules show emission for the
moderate velocity regime and the integrated emission reported
in Table 2 was measured between those limits. The lines peak
at approximately 0 kms ™', to within the velocity resolution of
the spectra. This is blueshifted with respect to the systematic
velocity of 2.6 km s ! (Bachiller & Pérez Gutiérrez 1997),
which was also found to be the case for other species in L1157-
B1 including CS (Codella et al. 2010; Gomez-Ruiz et al. 2015).
For the high velocity regime, many SO and SO, transitions
show emission above the 30 noise level. In fact, both species
have many transitions where the line profiles present secondary
peaks within the high velocity range. The 278.887 GHz
transition of H,CS also shows significant emission in this
range. The high velocity emission is analyzed separately and is
discussed in Section 3.4. In Table 2, the minimum and
maximum terminal velocities of the individual line profiles,
measured considering emission above a 30 noise level, are also
reported. Flnally, no emission with velocities more blueshifted
than —20km s~ " are detected in the spectra of any sulfur-bearing

8 http:/ /www.splatalogue.net/
® http:/ /www.iram.fr/IRAMFR /GILDAS
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species considered in this work. This indicates that these species
do not likely participate of the high-excitation CO velocity
component reported by Lefloch et al. (2012).

2.3. Rotation Diagram Analysis

The rotational temperatures and column densities of each
species were calculated through the use of rotation diagrams.
For the rotational diagrams, the upper state number density for
each transition was calculated from the integrated emission
using,

_ 8mku? fTMBdV )
ke Ay

where 7y is the filling factor. The spectroscopic parameters are
taken from the JPL catalog (Pickett 1985). From plots of
In(N,/g.,) against E,, the column density and rotational
temperature of each species can be found.

This technique relies on the assumption that the emission is
optically thin and the gas and radiation are in LTE. In this
work, it is first assumed that the emission is optically thin for
all transitions of each species. However, as explained in
Section 2.4, for those molecules for which collisional
coefficients are available (H,CS, OCS, SO, and SO,), we also
perform a non-LTE analysis. As shown in Section 3.2, a good
agreement is found between the two methods.

The same source size is used for all species and transitions
and is taken to be 20”. This is estimated from interferometric
CS maps of the region taken by Benedettini et al. (2007). The
filling factor is calculated as,

02

—, ()
Oxp + 05

N =

where 0,5 and g are the beam and source sizes respectively.
The beam size is derived from the frequency using the formula
Oyp = 2460" /frequency(GHz) (Kramer et al. 2013).

2.4. Non-LTE Analysis

Where collisional coefficients were available, the radiative
transfer code RADEX (van der Tak et al. 2007) was used to
estimate the column density of each molecule and the
properties of the emitting gas. RADEX assumes a uniform
medium and treats optical depth effects through an escape
probability that is dependent on the assumed geometry. A slab
geometry is used in this work. The species H,CS, OCS, SO,
and SO, have collisional data available in the LAMDA
database'® (Schéier et al. 2005) and so these were fit with
RADEX. This represents an improvement over the rotation
diagram analysis as LTE and optically thin emission no longer
need to be assumed.

RADEX assumes that the source fills the beam, which is
unlikely to be the case for the species reported here. Therefore,
the flux of each transition was adjusted by a filling factor in the
same way as the rotation diagram analysis (i.e., by assuming a
source size of 20”). Note, however, that the column density
values derived from the RADEX fits change by up to a factor of
2 if a smaller source size of 10” or an extended source is
assumed and are often within the reported error bars.

10 http:/ /home.strw.leidenuniv.nl/~moldata/
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Table 1
Column Density and Fractional Abundances for All Species, Tabulated with Gas Temperature and Density Fits from RADEX

Species N Fractional Abundance Tin log(nuz)

(em™) (K) (em ™)
CCS (1) (12 +£0.7) x 10" (7.8 £5.6) x 107 63+ 1.7
CCS (2) (2.8 +1.9) x 10" (1.9 + 1.4) x 107° 479 +28.0
o-H,CS (2.6 £0.5) x 101 1.7 +£0.7) x 1078 1772 + 1243 49+ 0.7
p-H,CS (7.4 + 0.8) x 10" (4.9 +1.7) x 1079 93.2 4 29.6 5.0+ 0.1
0ocCs 6.6 + 0.5) x 103 44+£15 x1078 46.8 + 3.4 >10°
SO (1.8 £0.1) x 10" (1.2 £04) x 1077 17.9 + 0.9 >10°
SO Secondary (3.5 £ 0.4) x 102 (24 +£08) x 107 >100 5740.1
350 (3) 6.3 £ 6.5) x 102 (42 +45) x107° 20.0 + 11.3
SO, 9.3 +0.8) x 10" 624+ 21) x 1078 48.0 + 6.3 57 +0.1
H,S (4) 6x 10" 6 x 1078
CS (5) 8 x 101 8 x 1078 50-100 10°-10°
SO™ (6) 7 x 10" 8 x 10710
HCS™ (6) 6 x 10" 7 x 10710 80 8 x 10°
SiS (7) 2 x 10" 2x 1078

Note. (1) Lower excitation component; the temperature given is rotational. (2) Higher excitation component; the temperature given is rotational. (3) Higher excitation

component; the temperature given is rotational (4) Holdship et al. (2017). (5) Gémez-Ruiz et al. (2016). (6) Podio et al. (2014). (7) Podio et al. (2017).

RADEX fits are described by three parameters: the gas
density, gas temperature, and species column density. A
Bayesian approach to inferring these parameter values is taken.
The posterior probability distributions of the parameters is
given by Bayes’ theorem:

L(d|0)P(0)

PO|d) = P@)

x L(d|0)P(6), (3)

where 0 represents the parameters ng, Ty, and N. P(0) is the
prior probability distribution of the parameters, representing
any previous knowledge of the parameter values. P(d) is
referred to as the Bayesian evidence but can be simply
considered to be a normalizing factor for this work. £(d|0) is
the likelihood of the data given the parameters. This is related
to the X2 value through the relation £(d|0) = exp(—x2/2). In
which,

2
E' - F;',o S
X2 — Z( ,RADEX b ) , (4)

i Ti,0bs

where F;rapex and Fjq,s are the RADEX predicted and
observed fluxes of transition i, respectively, and o, s is the
uncertainty on the observed flux.

To sample the posterior distribution in this work, the python
package PyMultiNest (Buchner et al. 2014) was used. This is a
package for nested sampling, an algorithm in which the
parameter space is sampled according to the prior distribution
rather than in a random walk (Skilling 2004). A number of
samples is drawn from the prior distribution and their
likelihoods are evaluated. The least likely samples are then
replaced with more likely samples until the total probability
density left unexplored is negligible. This has advantages over
approaches such as the Metropolis—Hastings algorithm when
the posterior distribution of the parameters is likely to be
multimodal.

The priors are assumed to be uniform and nonzero in the
range 0300 K for temperature and in the range 10°~10'® cm 2
for the column density. The prior was uniform in log-space for
values of the gas density between 10* and 10% cm ™ to prevent
high densities from being unreasonably oversampled. This was

not a concern for the species column density due to the fact the
fits were so strongly dependent on the column density value.
The line width was originally included as a free parameter but
found not to affect the probability distributions of the other
parameters. It was then fixed at 6 kms ™', which is the average
FWHM line width measured for all transitions and all species
for the fits that are reported here.

For H,CS, the transitions were separated into ortho and para
H,CS and fit separately. Both the o-H,CS and the p-H,CS
species have seven detected transitions, which is sufficient to
constrain their column density. For the other species, the
integrated emission from all detected transitions was used to
constrain the RADEX fits. That is 14 lines for OCS, 23 lines of
SO, and 32 lines of SO,.

The final outputs of the nested sampling routine are the
marginalized and joint probability distributions for each fitted
parameter, these are shown in Appendix C. The benefit of this
sampling procedure over a simple grid of y” values is the
improved sampling of areas of interest and a probability
distribution that fully describes the likelihood of different
parameter values in the model. The reported values of the gas
density, temperature, and species column density in Section 3
are the median values of the marginalized probability
distributions, this corresponds to the most likely value for well
constrained parameters. The reported uncertainties represent
the interval containing 67% of the probability density in the
posterior distributions.

3. Results

In the sections below, the column density of each detected
species derived from either the rotation diagram analysis or
RADEX fitting is presented and discussed. The properties of
the emitting gas given by the RADEX fits are also discussed.
All of these results are summarized in Table 1 along with the
corresponding values for sulfur-bearing species in L1157-B1
taken from the literature.

Fractional abundances are also reported in the table. These
are derived by assuming a CO abundance of 10~ and
comparing the species column density to the column density of
CO in the region. The CO emission from L1157-B1 can be
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Figure 1. Rotation diagram for detected CCS transitions. Two components
have been fit due to clear break in gradient at E,, = 40 K. The black solid line
shows the combined value of the two components.

divided into multiple emitting components so it is not obvious
which value of the CO column density should be adopted. A
value of N(CO) = (1.5 4+ 0.5) x 107 em™2 is chosen because
this range contains the column densities of CO measured for
the low excitation emission of CO in the region (see Lefloch
et al. 2012). This is justified by the fact that the gas properties
derived from RADEX in Section 3.3 are incompatible with the
high density (10° cm ) and temperature (200 K) found for the
high-excitation CO emission (Lefloch et al. 2012), which is
undetected in our sulfur-bearing spectra (see Section 2.2).

3.1. Rotation Diagram Analysis

The results of the rotational diagram approach are considered
first. It is often necessary to employ multiple LTE components
when fitting emission in shocked regions (e.g., CH;OH,
Codella et al. 2010). Indeed, many of the species presented
here are better fit by two LTE components than by one,
including CCS, OCS, SO, and **SO.

In Figure 1, the rotation diagram of CCS is plotted. It shows
that the CCS emission is well fit by a combination of two
components, one with a rotation temperature of 6K and
another 48 K component. The column densities derived from
these two components differ by a factor of 4.

The rotation diagram of **SO is presented in Figure 2 and
shows a broken trend similar to CCS. This is also seen in
Figure 3, where two components with rotational temperatures
of ~3 and ~20 K are required to fit the transitions of the main
SO isotopologue. Although these are the lowest values of T,
derived from this sample of sulfur-bearing species, it should be
noted that the same temperatures are independently inferred
from **S0O. In addition, they are consistent with those measured
from high-angular resolution NOEMA maps of SO toward the
L1157-B1 cavity with T, < I0K and T, ~ 24K for,
respectively, the low- and high-temperature components found
at moderate velocities (S. Feng et al. 2019, in preparation).

Comparing the column densities of SO and **SO, a ratio of 23.9
is obtained for the higher temperature component with
Tot ~ 20 K. This is consistent with the 39 /328 ratio measured
terrestrially (22.13 Rosman & Taylor 1998) and implies the SO
rotation diagrams do not strongly suffer from optical depth
effects. This is further supported by the fact that comparing the

Holdship et al.
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34SO
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57 ] Tror =20.0x11.3 K
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Figure 2. Similar to Figure 1 for detected **SO transitions.
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224 k . . . . .
10 20 30 40 50 60 70 80 90
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Figure 3. Similar to Figure 1 for SO. The best-fit LTE components are
remarkably similar to those found for **SO. The overplotted red points indicate
the upper state column density derived from the RADEX best-fit fluxes to give
an indication of the quality of the RADEX fit.

integrated intensity of the strongest **SO transitions with the
equivalent transitions of the main isotopolo§ue gives optical
depths 7 < 0.2 assuming an isotopic ratio 2S/34S of 22.13
(Rosman & Taylor 1998).

3.2. Non-LTE Analysis

The most robust results from the RADEX fitting are the
column densities of the species. The fitting procedure strongly
constrained the column density in every case. The probability
distributions from the sampling procedure are shown in
Appendix C. The values given in Table 1 are the median
values from those probability distributions and the reported
errors give the 67% probability interval.

The most likely column density values of the ortho and para
H,CS species are the same regardless of whether they are fit
separately with RADEX or are fit using the same gas density
and temperature. If it is assumed that the two spin isomers of
H,CS trace the same gas, an ortho to para ratio can be
calculated from their respective column densities. The best-fit
column density value for each species reported in Table 1 give
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Figure 4. Rotation Diagram for observed OCS transitions plotted in black.
Again, two LTE components have been fitted and the black line shows the
combined value. The overplotted red points indicate the column density
derived from the RADEX best-fit fluxes.

an ortho to para ratio of 2.8 £ 0.1 for H,CS in L1157-B1. This
is consistent with the statistical limit of 3.

It was possible to strongly constrain the column densities of
OCS, SO, and SO,. Figures 3 and 4 show the RADEX fluxes
(see the red markers in the plots) for the most likely values
from the OCS and SO fitting, converted to column densities
through Equation (1) and plotted as rotation diagrams with the
original data. This allows the quality of the rotation diagram
analysis and RADEX fit for each species to be assessed
visually. The RADEX fits are in good agreement with the data,
although they start to systematically fall below the measured
points at low E, because the RADEX calculations do not
consider a two excitation component model.

Figure 5 shows the best SO, RADEX fit, it gives good
agreement with the lower E, transitions but fails at high E,,. It is
likely that the SO, emission arises from multiple gas
components and the high E, emission is from another, hotter
gas component. This is consistent with SO, interferometry of
the region (S. Feng et al. 2019, in preparation), which shows a
variation in the excitation conditions of SO, across L1157-B1.

3.3. Bulk Gas Properties

The physical properties of the emitting gas that best
reproduce the observed line fluxes are derived from the
RADEX fits to each species. These are tabulated in Table 1 and
a more detailed view can be seen in Appendix C, where the
probability distributions are plotted for each parameter.

The fits to the H,CS spin isomers present an interesting case.
A priori, one might expect the two spin isomers to trace the
same gas. Indeed, both have strong peaks in the gas density
probability distribution at approximately 10° cm . However,
the 0-H,CS probability distributions of the temperature and
density are highly degenerate and so higher density, low
temperature solutions exist for that spin isomer. The p-H,CS
fits are better constrained because at low densities, H,CS
transitions form separate ladders in a rotation diagram in which
transitions of the same K, quantum number follow separate
linear trends (Cuadrado et al. 2017). This can be seen in
Figure 6 where the p-H,CS transitions form two ladders. It is

Holdship et al.
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Figure 5. Similar to Figure 4 for observed SO, transitions. The large degree of
scatter is typical of nonlinear molecules due to the fact that optical depth varies
strongly between transitions for such molecules (Goldsmith & Langer 1999).
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Figure 6. Rotation diagram for detected H,CS transitions plotted in black with
ortho transitions marked as squares and para transitions as circles and triangles.
Three distinct ladders can be seen, each made up from transitions of the same
K, quantum number. The equivalent red points indicate the values given by the
best-fit RADEX model.

likely that the o-H,CS data set simply does not cover a large
enough K, range to give accurate fits to the gas properties.

If it is assumed that the H,CS isotopologues do in fact trace
the same gas, a RADEX fit can be made with one gas
temperature and density for both species. In this case, the same
column densities are obtained for each species and the gas
properties obtained are the same as those obtained for the fits to
p-H,CS only. The gas temperature and density obtained for
p-H,CS is also consistent with those found for the L1157-B1
cavity from LVG fits to CS emission (Gémez-Ruiz et al. 2015).

The RADEX fits to the emission of OCS only gives lower
limits on the gas density. This is likely to be because the level
populations of the detected transitions of these species are
thermalized and transitions with a broader range of A; values
are required to break the degeneracy. The gas temperature is
well constrained although, at T;, = 46.8 &+ 3.4 K, it is some-
what lower than that found for p-H,CS.

SO fits also provide only a lower limit on the gas
density. This lower limit is 10°cm > and it is interesting to
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note that the critical densities of the detected SO transitions are
no larger than 10° cm . Fits to the SO emission also give the
lowest gas temperature found for any species at
Twin = 17.9 £ 0.9 K. This is consistent with the rotational
temperature inferred from the rotation diagram analysis and
with values measured from interferometric data (see
Section 3.1 and S. Feng et al. 2019, in preparation).

Alternatively, it is possible that the low T, SO emission
does not arise from the shocked B1 cavity itself but from
cooler, more extended gas. CO (Lefloch et al. 2012) and CS
Gomez-Ruiz et al. (2015) observations taken as part of the
ASAI survey show a component of extended, low excitation
emission in addition to that from the Bl cavity with a
temperature similar to that found for SO (~23 K). To check for
consistency, a RADEX fit was performed using a filling factor
of 1 due to the extended nature of the cold component and
similar gas properties were recovered.

Finally, the RADEX fits to SO, are the most well
constrained. A most likely temperature of Ty, = 48.0 &
6.3K is obtained, which is consistent with the temperature
found for OCS. The gas density value of ny, = 7.9 X
10> cm? is higher than those found for OCS or p-H,CS but
is still within the range found for the L1157-B1 cavity from
LVG analysis of CS emission (Gémez-Ruiz et al. 2015).

Overall, the sulfur bearing species observed toward L1157-
B1 appear to trace gas with properties that are consistent with
those found previously in the region. Although there is some
variation between species, they broadly trace warm (40-100 K)
gas with a density between 10° and 10° cm . The exception is
SO, which traces much cooler gas. Such variation is to be
expected considering that a complex shocked region is being fit
with a single gas component and chemical effects may alter the
distribution of each species.

3.4. High Velocity Emission

A secondary peak, emitting in the velocity range Vi, =
—20kms 'and V., = —8kms 'is evident in many SO
lines and in a smaller number of SO, lines. The presence of this
peak in multiple transitions implies that it is not due to
contamination from other lines or species and that it comes
from a weakly emitting, more blueshifted part of the bow
shock. Furthermore, secondary peaks were observed in HCO™
by Podio et al. (2014) so this is not unique to SO and SO,. In
fact, Benedettini et al. (2013) showed B1 to be made up of
substructures and one such “clump” Bla showed secondary
high velocity emission at —12km s~ '. This coincides with the
peak of the secondary emission.

An example of the SO line profiles can be seen in the upper
panel of Figure 7. Overplotted are the transitions of SO at
129.138, 158.971, and 219.949 GHz. Each has an E, in the
range 26-25 K. With the peaks normalized, it is clear the bump
emission is a larger fraction of the peak emission for smaller
beams. This trend is clearly visible across all transitions of SO.
This would imply that the secondary bump is closely centered
on the pointed position of the telescope, as the relative emission
of the bump decreases as the emission is averaged over a
larger area.

Due to the frequency spacing of the SO transitions, it is hard
to deconvolve the effect of the beam size from any excitation
effects. However, small groups of transitions with varying
excitation properties and similar (within 1”) beam sizes can be
compared and there is some evidence that the bump to peak
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Figure 7. Normalized and resampled line profiles of SO where the secondary
emission peak at —12 km s~' can be seen. The upper panel shows transitions
with similar excitation properties but different frequencies, to illustrate the
effect of beam size. The lower panel shows the smaller effect of excitation,
with three transitions of similar frequency but differing E, plotted.

ratio increases for higher excitation transitions. The lower panel
of Figure 7 demonstrates this for three transitions, each with a
beam size of 11” or 10”. While not definitively shown by the
spectra, this conclusion is supported by the RADEX analysis
below.

The pointed coordinates for the SO observations are
extremely close to the Bla peak seen in CS and the bump is
strongest with small beam sizes, consistent with the observa-
tional result that the Bla clump is no more than 8" (Benedettini
et al. 2013). These points and the fact the secondary emission
peaks at the same velocity as the high velocity emission
associated with Bla makes it likely that the secondary SO
emission originates from the B1a substructure rather than B1 as
a whole. The SO and SO, spectra were then integrated between
—8 and —20kms~'. This gave an estimate for the total flux in
the secondary peak for each transition, which was then
analyzed with RADEX in the same way as the main emission.
Considering the likely identification of the secondary emission
as belonging to the Bla clump, a source size of 7” was
assumed, the size of Bla used for LVG fitting of the CS
emission in Benedettini et al. (2013).

RADEX fits to the high velocity SO emission favor lower
densities than the lower limit found for the main peak emission.
For the high velocity emission, the most likely value is
na2 = 5.0 x 10° cm™ with a 1o interval of 3.9 x 10°cm ™ to
7.4 x 10° cm ™~ whereas for the lower limit for the main peak is
10°cm . The secondary bump also has a higher temperature
than the main peak. It is not well constrained but has a lower
limit of 100 K. This value is consistent with the temperature
range inferred by Benedettini et al. (2013, from 53 to 132 K).
The secondary SO emission has a column density of
(5.0 £0.3) x 10'? cm ™2, a factor of ~40 less than the bulk
of the SO emission.

The gas properties derived from RADEX fits to the high
velocity SO emission gas are consistent with the LVG
modeling of high velocity CS emission from the Bla clump
from Benedettini et al. (2013). That work similarly found a
temperature varying from a few tens to a few hundred kelvin
and a density of up to 5 x 10° cm . In fact, the x* results
presented in Figure 7 of that paper are similar to the joint
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probability distribution for gas temperature and density derived
from the secondary SO emission shown in Appendix C.

Very few SO, transitions show secondary emission that is
clearly above the spectrum rms. However, the flux of each
spectrum in the high velocity range was extracted and fit with
RADEX. It was not possible to constrain the density or
temperature of the gas. However, as has been the case for all
sulfur bearing species, a best-fit column density independent of
the gas conditions was found. If the high velocity emission of
SO, comes from the Bla clump, it has an SO, column density
of (8.1 +2.0) x 10" cm™2.

Finally, the column density associated with the high velocity
H,CS emission was also estimated. Only one H,CS transition
shows significant emission (i.e., above the 3o level) in the high
velocity regime. Therefore, to find the column density with
RADEX, the density and temperatures obtained for the high
velocity SO emission were used. Incorporating the uncertainty
of the results from SO and the uncertainty on the integrated
emission of the H,CS 278.887 GHz transition a column density
between 10'" and 10'* cm ™2 was found for H,CS in the high
velocity regime.

4. Conclusion

Observations of CCS, H,CS, OCS, SO, and SO, toward
L1157-B1 have been presented. RADEX fits have been made
to the detected emission from each species, constraining the
column densities of the species and the temperature of the gas
they trace. The fits do not always strongly constrain the gas
density of the emitting region but the fits to p-H,CS and SO,
give gas densities in the range of those found previously for
L1157-B1.

The column densities of all five species are reported,
together with a summary of the column densities of all of
the sulfur-bearing species detected in L1157-B1 by the
ASALI collaboration. These have been converted to fractional
abundances using the CO column density from Lefloch et al.
(2012). The sum of the abundances of these species accounts
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for approximately 10% of the total sulfur budget, assuming a
solar sulfur abundance.

Interferometry of the region shows clumpy substructure to
L1157-B1. This is evident in the SO spectra, which show
secondary emission at higher velocities than the main peak.
The peak velocity of this secondary emission (—12km s~ '), the
RADEX derived properties and increasing brightness with
smaller beams indicate that this emission comes from the “high
speed bullet” associated with the Bla clump (Benedettini et al.
2013). From this identification, the gas properties of Bla can be
constrained using RADEX fits to the SO emission.
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Appendix A
Line Properties

Tables 2—4 give the spectroscopic and measured properties
of the detected line. Spectroscopic properties are taken from the
JPL catalog (Pickett 1985) via splatalogue (http://www.cv.
nrao.edu/php/splat/).

Table 2
Line Properties of Detected Transitions
Freq Transition E, log(A;) Omp Tax.peak Vpc“fl Vinin / V,'“PX AV,] Fr /Bert Mg f TMB({V1
(GHz) (K) (@) (mK) (kms™ ) (kms™ ) (kms™ ) (Kkms™ )
CCS (°£0)
81.505 N=6-5J=17-6 154 —4.61 30 33 (2) -0.3 —6.0/2.6 1.4 1.0 0.3 0.19 (0.04)
90.686 N=17-6,J =7-6 26.1 —4.48 27 11 (2) 0.0 -2.6/2.6 1.3 1.2 0.3  0.08 (0.02)
93.870 N =17-6,J =87 19.9 —4.42 26 31 (1) 0.1 -49/2.6 1.2 1.2 04  0.20 (0.04)
99.866 N=28-7,J=17-6 28.1 —4.35 25 11 (1) -0.9 -33/1.4 1.2 1.2 0.4  0.07 (0.02)
103.640 N=28-7,J=28-1 31.1 —4.30 24 10 (3) —0.8 -0.8/2.6 1.1 1.2 0.4 0.09 (0.02)
106.347 N=28-7,J=09-8 25.0 —4.25 23 31 (Q2) 04 -5.1/2.6 1.1 1.2 04  0.20 (0.04)
113.410 N=29-8,J=28-1 33.6 —4.18 22 16 (2) 0.5 -2.6/1.6 1.0 1.2 0.5  0.09 (0.02)
131.551 N =10-9,J = 11-10 37.0 —3.97 19 24 (4) —0.1 -1.0/1.7 0.9 1.2 0.5 0.13 (0.03)
142.501 N =11-10, J = 11-10 49.7 —3.87 17 16 (4) 0.1 0.1/1.0 0.8 1.2 0.6  0.11 (0.02)
144244 N =11-10, J = 12-11 43.9 —3.85 17 21 4) —1.4 -23/1.8 0.8 1.2 0.6  0.16 (0.03)
156.981 N = 12-11,J = 13-12 51.5 —3.74 16 25 () —1.1 -2.6/1.9 0.7 1.3 0.6 0.19 (0.04)
166.662 N = 13-12,J = 12-11 61.8 —3.66 15 24 (5) -0.2 -0.9/0.5 0.7 1.3 0.7 0.1 (0.02)
0-H,CS ('A)
104.617 3(1,2)-2(1,1) 232 —4.86 24 85 (2) —0.8 —7.5/4.8 1.1 1.2 04  0.72 (0.14)
135.298 4(1,4)-3(1,3) 29.4 —4.49 18 112 (3) 0.0 —6.9/3.5 0.9 1.2 0.6  0.89 (0.18)
169.114 5(1,5)-4(1,4) 37.5 —4.18 15 122 (5) -0.9 -5.7/3.3 0.7 1.3 0.7 1.07 (0.21)
209.200 6(1,5)-5(1,4) 483 —3.89 12 76 (3) —0.8 —6.4/2.6 1.1 1.5 0.7 0.74 (0.15)


http://www.iram.fr/IRAMFR/GILDAS
http://www.iram.fr/IRAMFR/GILDAS
http://www.cv.nrao.edu/php/splat/
http://www.cv.nrao.edu/php/splat/

THE ASTROPHYSICAL JOURNAL, 878:64 (30pp), 2019 June 10

Holdship et al.

Table 2
(Continued)

Freq Transition E, log(Aj) OMB Tax.peak Vieak Vinin / Vinax AV Ft /Best e f Tvsdv

(GHz) (K) ™ (mK) (kms™) (kms™ ) (kms™h (Kkms™h
244.048 7(1,6)-6(1,5) 60.0 —3.68 10 58 (3) -12 —~7.0/3.6 1.0 1.6 0.8  0.63 (0.13)
270.521 8(1,8)-7(1,7) 71.6 —3.54 9 39 (5) —14 —3.6/3.0 22 1.7 0.8  0.61 (0.12)
278.887 8(1,7)-7(1,6) 73.4 —3.50 9 30 (4) -13 —-3.5/0.8 2.1 1.8 0.8 041 (0.08)

p-HoCS (‘4y)
103.051 3(2,1)-2(2,0) 62.6 —5.08 24 10 (2) 0.3 —-3.1/0.3 1.1 12 04  0.07 (0.02)
137.382 4(2,3)-3(2,2) 69.2 —456 18 18 (5) —-0.8 -1.7/-08 0.8 12 0.6  0.15 (0.03)
171.688 5(0,5)-4(0,4) 247 —4.14 14 69 (8) —0.8 —42/12 0.7 1.3 0.7 047 (0.10)
205.987 6(0,6)-5(0,5) 34.6 —3.89 12 39 3) 0.3 —5.4/2.6 1.1 1.5 0.7 0.40 (0.08)
206.158 6(2,4)-5(2,3) 87.3 —3.95 12 21 (4) -19 -3.1/1.5 1.1 15 0.7  0.20 (0.04)
240.382 7(2,6)-6(2,5) 98.9 —3.73 10 13 (3) 0.7 0.7/1.6 1.0 1.6 0.8 0.12 (0.03)
240.549 7(2,5)-6(2,4) 98.9 —3.73 10 18 (3) -1.3 —32/2.6 1.0 1.6 0.8  0.19 (0.04)
0CSs (Is+)

85.139 7-6 16.3 —5.77 29 32 (1) —0.1 —7.0/4.0 1.4 12 03 0.26 (0.05)
97.301 87 21.0 —5.59 25 37 (1) 0.2 —5.8/3.8 12 12 04 031 (0.06)
109.463 9-8 26.3 —5.43 22 45 (1) 0.5 —6.0/3.7 1.1 12 04 0.35(0.07)
133.785 11-10 38.5 —5.17 18 45 (4) 0.8 —5.3/2.6 0.9 1.2 05 0.35(0.07)
145.946 12-11 45.5 —5.05 17 51 (3) 0.2 —6.2/3.4 0.8 13 0.6 045 (0.09)
158.107 13-12 53.1 —4.95 16 66 (5) 1.1 —4.8/2.6 0.7 13 0.6  0.52(0.10)
170.267 14-13 61.3 —4.85 14 64 (6) 1.9 —5.0/3.3 0.7 1.3 0.7  0.54(0.11)
206.745 17-16 89.3 —4.59 12 44 (2) 1.5 —5.3/2.6 1.1 1.5 0.7 045 (0.09)
218.903 18-17 99.8 —452 11 43 (2) 0.5 —4.9/4.7 1.1 15 0.8  0.43(0.09)
231.060 19-18 1109  —4.45 11 34 (3) 0.6 —45/2.6 1.0 1.6 0.8 0.32(0.06)
243218 20-19 1226  —4.38 10 33 (3) 0.7 —5.1/2.6 1.0 1.6 0.8  0.33(0.07)
255374 21-20 1348  —4.32 10 28 (3) 0.8 —3.8/2.6 0.9 1.6 0.8 0.29 (0.06)
267.530 22-21 1477  —4.25 9 21 (5) 0.8 ~15/0.8 22 1.7 0.8 0.30 (0.06)
291.839 24-23 1751  —4.14 8 20 (4) —1.1 —3.2/0.9 2.0 1.9 0.8  0.28 (0.06)

Note. Properties include upper state energy (E,); Einstein coefficients (A,); beam size (©yp); the peak antenna temperature with the spectrum rms in brackets; the
peak, minimum, and Maximum velocities of the spectra; the velocity resolution; the forward and beam efficiencies; the filling factor (7); and integrated emission
( f Tmpdv) measured in the moderate velocity regime discussed in Section 2.2.

Table 3
Continued Line Properties of Detected Transitions
Freq Transition E, log(Aj) OMms T, peak Vpeakl Vinin/ Vi o AV 1 Fr/Besr Nee f TMde]
(GHz) (K) (@) (mK) (kms™ ) (kms™ ) (kms™ ) Kkms )
SO (?%7)

86.093 202)-1(1) 19.3 —527 29 139 (1) —0.1 —20.5/4.0 14 12 0.3 1.07 (0.22)
99.299 3(2)-2(1) 9.2 —4.94 25 1516 (2) 0.2 -21.0/5.0 1.2 1.2 0.4 11.31 (2.26)
100.029 4(5)-4(4) 38.6 ~5.96 25 14 (1) 0.3 —-5.6/2.6 1.2 1.2 0.4 0.10 (0.02)
109.252 2(3)-1(2) 21.1 —4.96 23 212 (2) 0.5 ~15.6/3.7 1.1 1.2 0.4 1.64 (0.33)
129.138 3(3)-2(2) 255 —4.64 19 315 (4) 0.8 ~12.8/3.5 0.9 1.2 0.5 2.32 (0.46)
138.178 4(3)-3(2) 159 —4.49 18 1873 (4) 0.9 ~16.0/4.3 0.8 12 0.6 13.91 (2.78)
158.971 3(4)-2(3) 28.7 —4.36 15 452 (5) 1.1 —12.8/4.1 0.7 1.3 0.6 3.67 (0.73)
172.181 4(4)-3(3) 33.8 —4.23 14 389 (10) 0.6 —7.6/3.3 0.7 1.3 0.7 3.06 (0.61)
206.176 4(5)-3(4) 38.6 —3.99 12 405 (4) 0.3 —14.4/3.7 1.1 1.5 0.7 3.97 (0.80)
215.220 5(5)-4(4) 44.1 -391 11 404 (2) 0.4 —~159/3.7 1.1 1.5 0.8 4.09 (0.82)
219.949 6(5)-5(4) 35.0 —3.87 11 1293 (14) 0.5 —14.4/47 1.1 1.5 0.8 13.18 (2.64)
251.825 5(6)—4(5) 50.7 —-3.71 10 349 (23) -0.2 —5.8/2.6 0.9 1.6 0.8 4.01 (0.80)
258.255 6(6)-5(5) 56.5 —3.67 10 246 (3) —0.1 —16.4/4.4 0.9 1.7 0.8 2.88 (0.58)
261.843 7(6)-6(5) 47.6 —3.63 9 792 (4) 0.8 —16.2/4.4 0.9 1.7 0.8 8.30 (1.66)
286.340 1(1)-1(0) 152 —4.84 9 35 (7) 0.9 ~1.2/09 2.1 1.8 0.8 0.43 (0.09)
296.550 6(7)-5(6) 64.9 —3.48 8 184 (3) -1.0 —~19.2/3.0 2.0 1.9 0.8 2.69 (0.54)
301.286 7(7)-6(6) 71.0 —3.46 8 105 (3) -1.0 —14.9/3.0 2.0 1.9 0.9 1.64 (0.33)
304.077 8(7)-7(6) 62.1 —3.43 8 271 (6) —-0.9 —14.8/3.0 2.0 2.0 0.9 4.27 (0.86)
309.502 2(2)-2(1) 19.3 —4.84 8 31 (3) 1.1 —4.8/3.0 1.9 2.0 0.9 0.49 (0.10)
339.341 33)-3Q2) 25.5 —4.83 7 27 @) 0.5 —4.1/12 18 2.3 0.9 0.45 (0.09)
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Table 3
(Continued)
Freq Transition E, log(Aj)) Owms T, peak Vieak Vinin / Vinax AV Fut /Best Nee f Tvpdv
(GHz) (K) ™) (mK) (km s~ (km s (kms™h (Kkms™
340.714 7(8)-6(7) 81.2 -3.29 7 122 (5) -0.5 —14.6/3.0 1.8 23 0.9 2.40 (0.48)
344.310 8(8)-7(7) 87.5 —3.28 7 73 (8) —0.5 -5.7/13 1.7 2.4 0.9 1.23 (0.25)
346.528 9(8)-8(7) 78.8 —3.26 7 181 (4) —0.5 —14.3/4.7 1.7 2.0 0.9 2.78 (0.56)
S0, (‘4))
83.688 8(1,7)-8(0,8) 36.7 —5.17 29 82 (1) -1.6 —14.2/2.6 1.4 1.0 0.3 0.54 (0.11)
104.029 3(1,3)-2(0,2) 7.7 —5.00 24 157 2) —0.8 —143/10.5 1.1 12 0.4 1.26 (0.25)
104.239 10(1,9)-10(0,10) 547 —4.95 24 58 (1) 0.3 ~7.5/2.6 1.1 12 0.4 0.47 (0.09)
131.014 12(1,11)-12(0,12) 76.4 —4.73 19 37 (5) —0.1 -3.6/1.7 0.9 12 0.5 0.31 (0.06)
134.004 8(2,6)-8(1,7) 43.1 —4.60 18 16 (3) -0.9 —4.4/0.9 1.7 12 0.5 0.14 (0.03)
135.696 5(1,5)-4(0,4) 15.7 —4.66 18 245 (5) 0.0 —6.0/3.5 0.9 12 0.6 1.83 (0.37)
140.306 6(2,4)-6(1,5) 29.2 —4.60 18 33 (4) 0.1 -32/18 0.8 1.2 0.6 0.24 (0.05)
151.378 2(2,00-2(1,1) 12,6 —4.73 16 27 (4) 1.8 —2.8/1.8 0.8 1.3 0.6 0.22 (0.04)
158.199 3(2,2)-3(1,3) 15.3 —4.60 16 62 (5) 0.4 —4.0/1.9 0.7 13 0.6 0.41 (0.08)
160.827 10(0,10)-9(1,9) 49.7 —4.40 15 251 (5) 0.4 ~7.6/3.3 0.7 13 0.6 1.96 (0.39)
163.605 14(1,13)-14(0,14) 101.8 —4.52 15 30 (6) -1.0 -1.7/12 0.7 13 0.6 0.20 (0.04)
165.144 5(2,4)-5(1,5) 23.6 —4.51 15 59 (11) 0.5 —2.4/19 0.7 13 0.6 0.47 (0.10)
165.225 7(1,7)-6(0,6) 27.1 —4.38 15 278 (6) 0.5 ~7.3/33 0.7 13 0.6 2.25 (0.45)
200.809 16(1,15)-16(0,16) 130.7 —433 12 11 Q) —0.9 —0.9/0.3 12 15 0.7 0.07 (0.01)
203.391 12(0,12)-11(1,11) 70.1 —4.06 12 147 3) 0.3 —12.4/14.1 1.1 15 0.7 1.50 (0.30)
205.300 11(2,10)-11(1,11) 70.2 —4.27 12 21 (3) —0.8 -3.1/2.6 1.1 15 0.7 0.21(0.04)
208.700 3(2,2)-2(1,1) 15.3 —4.17 12 90 (3) 0.4 —6.4/3.7 1.1 15 0.7 0.81 (0.16)
221.965 11(1,11)-10(0,10) 60.4 —3.94 11 150 (2) —0.6 —13.2/3.7 1.1 15 0.8 1.60 (0.32)
225.153 13(2,12)-13(1,13) 93.0 —4.19 11 13 (2) —0.5 -3.6/1.6 1.0 15 0.8 0.14 (0.03)
235.151 4(2,2)-3(1,3) 19.0 —4.11 10 83 (3) —04 —6.4/2.6 1.0 1.6 0.8 0.82 (0.16)
Table 4
Continued Line Properties of Detected Transitions
Freq Transition Ey log(Ay) Owms T peak Vocak Vorin / Vinax AV Fge /Besr e J Tupdv
(GHz) (K) ™) (mK) (kms™h (kms™h (kms™h (Kkms™h
S0, (‘A)
236.216 16(1,15)-15(2,14) 130.7 —4.12 10 13 (3) —1.4 —24/-14 1.0 1.6 0.8 0.11 (0.02)
241.615 5(2,4)-4(1,3) 23.6 —4.07 10 89 (3) -0.3 —7.1/2.6 1.0 1.6 0.8 0.88 (0.18)
254.280 6(3,3)-6(2,4) 414 —3.94 10 23 (3) 0.8 -39/1.7 0.9 1.6 0.8 0.23 (0.05)
255.553 4(3,1)-4(2,2) 313 —4.03 10 22 (4) —1.1 —2.9/0.8 0.9 1.6 0.8 0.24 (0.05)
256.246 5(3,3)-5(2,4) 35.9 -3.97 10 21 (4) —1.1 —2.0/1.7 0.9 1.6 0.8 0.21 (0.04)
257.099 7(3,5)-7(2,6) 47.8 —3.91 10 17 (3) 0.8 —3.8/2.6 0.9 1.7 0.8 0.22 (0.04)
271.529 7(2,6)-6(1,5) 35.5 —3.96 9 47 (3) —14 —-8.0/3.0 22 1.7 0.8 0.67 (0.13)
282.036 6(2,4)-5(1,5) 29.2 —4.00 9 56 (3) —12 —5.5/3.0 2.1 1.8 0.8 0.74 (0.15)
283.464 16(0,16)-15(1,15) 121.0 —3.57 9 29 (4) -12 —~3.4/0.9 2.1 1.8 0.8 0.41 (0.08)
298.576 9(2,8)-8(1,7) 51.0 —3.84 8 24 (3) -1.0 -3.0/3.0 2.0 1.9 0.8 0.34 (0.07)
313.279 3(3,1)-2(2,0) 27.6 —3.47 8 14 (3) 1.1 —0.8/1.1 1.9 2.1 0.9 0.22 (0.04)
334.673 8(2,6)-7(1,7) 43.1 —3.90 7 37 (4) —0.6 —42/1.2 1.8 23 0.9 0.49 (0.10)
330 (3%)
84.411 2(2-1(1) 19.2 —5.30 29 5 (1) —0.2 —1.6/12 1.4 1.0 0.3 0.03 (0.01)
97.715 3(2)-2(1) 9.1 —4.96 25 75 (2) 0.2 —82/3.8 12 12 0.4 0.56 (0.11)
106.743 2(3)-1(2) 20.9 —4.99 23 7 Q) -1.8 —2.9/-0.7 1.1 12 0.4 0.05 (0.01)
135.775 4(3)-3(2) 15.6 —451 18 87 (4) 0.9 —6.9/3.5 0.9 12 0.6 0.56 (0.11)
155.506 3(4)-2(3) 284 —439 16 25 (6) 1.1 —12/1.1 0.8 13 0.6 0.16 (0.03)
201.846 4(5)-3(4) 38.1 —4.02 12 15 (3) —0.9 —32/26 12 15 0.7 0.19 (0.04)
211.013 5(5)-4(4) 435 —3.94 12 14 (3) 1.5 —1.8/2.6 1.1 15 0.8 0.14 (0.03)
215.839 6(5)-5(4) 34.4 —3.89 11 49 (3) 0.4 —6.1/3.7 1.1 15 0.8 0.47 (0.09)
#80, (‘Ap)
133.471 5(1,5)-4(0,4) 15.6 —4.68 18 12 (3) 1.7 0.8/1.7 0.9 12 0.5 0.07 (0.01)
162.775 7(1,7)-6(0,6) 27.0 —4.40 15 24 (6) -1.0 —1.0/2.6 0.7 13 0.6 0.19 (0.04)
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Appendix B
Detected Lines

IRAM-30 m beam size at that frequency. Spectra are organized
by species and intensity.

The spectra used for this work are shown in Figures 8-22
labeled with their frequency, upper state energy, and the
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Figure 8. Detected CCS lines. Rows share Y-axis values, which are given in antenna temperature. The vertical black dashed line indicates the location of the local
standard of rest velocity 2.6 km s~'. The horizontal dashed line shows the 1o level for that spectrum. The shaded area shows the moderate velocity regime over which
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Figure 9. Detected CCS lines continued.
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Figure 10. Similar to Figure 8 for detected ortho H,CS lines.
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Figure 13. Detected OCS lines continued.
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Figure 14. Similar to Figure 8 for detected SO lines. The SO spectra often show a second peak more blueshifted than the peak traced by the gray histogram. These are

analyzed in Section 3.4.
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Figure 15. Detected SO lines continued.
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Figure 16. Detected SO lines continued.
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Figure 17. Similar to Figure 8 for detected **SO lines.
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Figure 18. Similar to Figure 8 for detected SO, lines. A small number of lines show a secondary peak similar to that seen for SO and are analyzed in Section 3.4.
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Figure 19. Detected SO, lines continued.
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Figure 20. Detected SO, lines continued.
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Figure 21. Detected SO, lines continued.
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Figure 22. Similar to Figure 8 for detected **SO, lines.
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Appendix C
RADEX Probability Distributions

Figures 23-28 show the marginalized probability distribu-
tions for the temperature, gas density, and column density for
H,CS, OCS, SO, and SO,. These are given as histograms
overplotted with a line representing the cumulative probability
distribution. The marginalized probability distribution for each
parameter shows the relative probability of any value given that
we model the emission as a single gas component in RADEX.
Error bars are used to show the median of the distributions and
intervals containing 67% of the total probability.

Holdship et al.

The joint probability distributions for each pair of variables
are also plotted as colormaps where darker areas correspond to
higher likelihoods. These show any correlations between
parameters. For example, in many cases high temperature
values are more viable when combined with low gas densities
and vice versa. A key result to note from these distributions is
the lack of correlation between the column density and the
other variables for each species. This indicates that the value
derived for the column density is largely independent of the
uncertainties in the gas properties.
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Figure 23. Probability distributions for o-H,CS. The horizontal spans in the top row and the crosses in the lower panels show the position of the median of the
distribution and 67% probability intervals for each parameter. The gray histograms show the probability density and the line shows the cumulative probability
distribution. The gray scale in the lower panels shows the joint probability distribution of each parameter pair with darker areas representing higher likelihoods. The
column densities demonstrate the general trend of having a most likely value that is not strongly dependent on density and temperature.
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Figure 24. Same as Figure 23 but for p-H,CS. The peak in the marginalized probability distribution for the gas density is consistent with the main peak in the
corresponding 0-H,CS distribution. However, the density is much better constrained and the temperature—density degeneracy has been broken.
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Figure 25. Same as Figure 23 but for OCS. Only a lower limit is found for the gas density but there is a strong peak at low temperatures. However, once again the
probability distribution for the column density has a clear peak that is not dependent on the gas density.
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Figure 26. Same as Figure 23 but for SO. Similar to OCS, SO shows only a lower limit on the density. Nevertheless, the SO column density has a clear most likely
value. It also gives a strong peak at temperatures much lower than other molecules.
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Figure 27. Same as Figure 23 but for high velocity SO emission. All parameters are well constrained though density and temperature appear to be strongly correlated.
The central panel shows the joint probability distribution of the gas temperature and density, it is similar to the y? distribution for the secondary emission of CS in Bla
shown in Figure 7 of Benedettini et al. (2013), possibly indicating the secondary SO emission comes from the same region (see Section 3.4).
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Figure 28. Same as Figure 23 but for SO,. SO, is unique in that it shows a single peaked distribution for all input parameters.
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