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Abstract

Using the EXES instrument on SOFIA, we have obtained velocity-resolved spectra of several pure rotational lines of
H, toward shocked molecular gas within three Galactic sources: the supernova remnant (SNR) IC 443 (clump C), a
protostellar outflow in the intermediate-mass star-forming region NGC 2071, and the SNR 3C391. These
observations had the goal of searching for expected velocity shifts between ortho- and para-H, transitions emitted by
C-type shocks. In contrast in our previous similar study of HH7, the result of our search was negative: no velocity
shifts were reliably detected. Several possible explanations for the absence of such shifts are discussed: these include a
preshock ortho-to-para ratio that is already close to the high-temperature equilibrium value of 3 (in the case of
IC 443C), the more complex shock structures evident in all these sources, and the larger projected aperture sizes

relative to those in the observations of HH7.

Unified Astronomy Thesaurus concepts: Shocks (2086); Interstellar molecules (849); Infrared astronomy (786);

Supernova remnants (1667)

1. Introduction

Previous observations of shocked interstellar gas, performed
with SOFIA/EXES toward the classic bow shock in HH7
(D. A. Neufeld et al. 2019, hereafter N19), have provided key
constraints on shock physics through velocity-resolved measure-
ments of H, rotational line profiles. These revealed, for the first
time, clear velocity shifts, in the range 3—4kms71, between
emission lines of ortho-H, (the S(5) and S(7) transitions) and
those of para-H, (the S(4) and S(6) transitions). As discussed
by N19, to which the reader is referred for a more extensive
discussion, these shifts are naturally explained as resulting from
the relative slow conversion of para-H, to ortho-H, within the
region of elevated gas temperature within an interstellar shock; as
such, they provide perhaps the most direct evidence for “C-type”
shocks in which the flow velocity varies continuously within the
warm shocked gas thanks to ion-neutral collisions in the
magnetized medium (B. T. Draine 1980; D. F. Chernoff et al.
1982; D. R. Flower et al. 1985). Within the velocity range
covered by the emission line, the ortho-to-para ratio (OPR; the
determination of which is discussed in Section 4 below) was
found to vary smoothly between ~0.5 and 2.0 across the line
profile, in good agreement with the predictions of C-type shock
models in which cold ambient gas, with a low initial OPR, is
accelerated and heated; this is accompanied by partial para-H, to
ortho-H, conversion toward the equilibrium OPR of 3 expected
in warm gas.
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Motivated by this earlier result, we have observed the
S(4)-S(7) rotational lines of H, with SOFIA/EXES toward
three additional sources where shock-heated gas is present.
These were chosen to reflect a diversity of interstellar shock
types, all rather different from that in HH7, and comprise the
supernova remnants (SNR) IC443 (clump C) and 3C 391,
along with a protostellar outflow in the intermediate-mass star-
forming region NGC2071. All three sources had been
observed with the Spitzer Space Telescope, which obtained
spectral line maps for the S(0)-S(7) H, rotational lines
(D. A. Neufeld et al. 2007, 2009). Full descriptions of these
sources were given in those earlier publications and will not be
repeated here. At the spectral resolving power of Spitzer
Infrared Spectrometer (IRS), \/AA=60 for the S(3)-S(7)
lines and A/ AX = 600 for the S(0)-S(2) lines, the H, rotational
line profiles could not be measured; moreover, because of the
limited spectral resolution, the S(6) line could not be observed
reliably toward 3C 391 because of a strong polycyclic aromatic
hydrocarbon emission feature around 6.2 pm.

As in several other shocked sources observed with Spitzer,
the H, rotational diagrams observed toward all three sources
could be fit successfully with a two-component model that
invoked a warm (250-350 K) gas component, responsible for
the lower-lying transitions, and a hot (1000-1100 K) comp-
onent, responsible for the higher-lying transitions. Such models
yield best estimates of 0.52 and 0.65 for the OPR in the warm
components in NGC 2071 and 3C 391, respectively, far lower
than the value ~3 expected in equilibrium at the measured gas
temperature; the low H, OPRs measured for the warm gas in
these sources are clearly a relic of an earlier epoch when the gas
had reached equilibrium at a lower temperature. In the absence
of flux measurement for the S(6) line, an OPR could not be
obtained for the hot gas component in 3C391, while that
observed for the hot component in NGC 2071 was consistent
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Figure 1. Slit positions for IC 443C. Grayscale: map of H, S(5) intensity from Spitzer/IRS (D. A. Neufeld et al. 2007). Colored rectangles: location and orientation of
the extracted apertures for SOFIA /EXES observations of H, S(4) (red), S(5) (green), S(6) (blue), and S(7) (magenta).

with 3. For IC 443C, by contrast, the S(0)-S(7) line ratios were
entirely consistent with an equilibrium OPR of 3 for both the
warm and hot components. These Spitzer observations
suggested that NGC 2071 and 3C 391 were good candidates
for the detection of ortho—para line shifts like those measured
toward HH7. IC 443C, on the other hand, was selected as a
control in which no such shifts were expected.

In Section 2 below, we describe the observations and data
reduction. The resultant spectra are presented in Section 3. They
are discussed in Section 4, where the gas temperature and OPR is
determined as a function of velocity along the line of sight.

2. Observations and Data Reduction

We observed the S(4), S(5), S(6), and S(7) pure rotational
transitions of H, toward a single position in each of IC 443C,
3C391, and NGC2071. In each case, to maximize the
observed signal, the EXES slit was centered at the peak of the
H, S(5) emission, as revealed by the previous line mapping
observations with Spitzer/IRS and without regard to the OPR
ratio. Although the IRS spectrometer lacked the spectral
resolution to resolve the H, line profiles, it allowed maps of
size ~1' x 1’ to be constructed by scanning the spectrometer
slit perpendicular to its length. In Figures 1-3, we show for
each source the location and position angle of the EXES slit on
the Spitzer maps of the H, S(5) intensity. The observing
parameters are given in Table 1, along with the wavelength and
upper state energy for each line (E. Roueff et al. 2019).

The observations were performed with a slit width of
179, using the EXES instrument (M. J. Richter et al. 2018) in

high-medium mode, a configuration that provides a spectral
resolving power A\/AX of 86,000 (Av=3.5kms '). In
Table 1, we list for each spectral line and each source the
rest wavelength, slit center position, date(s) of observation,
integration time, and range of slit position angles (degrees east
of north) during the course of the observation. To enable the
subtraction of telluric emission features, the telescope was
nodded periodically to a reference position devoid of H,
emission.

The data were reduced using the Redux pipeline (M. Clarke
et al. 2015) with the fspextool software package—a modifica-
tion of the Spextool package (M. C. Cushing et al. 2004)—
which performs wavelength calibration. The latter was obtained
from observations of multiple atmospheric lines of water and
methane within each bandpass: we conservatively estimate its
accuracy as 0.3kms '. The absolute flux calibration is
accurate to ~25% and the relative flux calibration to
~12.5%. The atmospheric transmission is expected to exceed
90% for all observed transitions, with the exception of the S(4)
line observations toward 3C 391. Because of the unfavorable
radial velocity of the source at the time of those observations,
they were severely affected by telluric methane lines and could
not be used.

All the observations of a given source were conducted within
a time period of ~3 months or less. This is much smaller than
the minimum expected variability timescale for a source at a
distance d:7 = (f/rad)d/v, = 36(d/400 pc)(100km s~ ' /v,) yr,
where 6 = 1.9 is the slit width and v, is the transverse
velocity of the source.
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Figure 2. Slit positions for NGC 2071. Grayscale: map of H, S(5) intensity from Spitzer/IRS (D. A. Neufeld et al. 2009). Colored rectangles: location and orientation
of the extracted apertures for SOFIA /EXES observations of H, S(4) (red), S(5) (green), S(6) (blue), and S(7) (magenta).
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Figure 3. Slit positions for 3C 391. Grayscale: map of H, S(5) intensity from

Spitzer/IRS (D. A. Neufeld et al. 2007). Colored rectangles: location and

orientation of the extracted apertures for SOFIA/EXES observations of S(5)

(green), S(6) (blue), and S(7) (magenta).

3. Results

With the exception of the S(4) line toward 3C 391, all four
transitions were securely detected toward each target source.

The resultant spectra are shown in Figures 4—6. Where multiple
observations were performed, the spectra were reduced
individually and then coadded with a weighting proportional
to the exposure time. Where the spectra obtained by N19
toward HH7 could be adequately fitted with a single Gaussian
feature, two Gaussian components are needed to fit the lines
detected in the present study. Solid lines show the two-
component fits to the observed spectra: these use the
Levenberg—Marquardt algorithm to fit two Gaussians and a
first-order baseline to the data. The velocity centroids, line
widths (FWHM), and peak line intensities for those compo-
nents are presented in Table 2, along with the standard errors
on each parameter. We note that these standard errors are
simply statistical in nature, and do not include uncertainties
associated with flux and wavelength calibration (see Section 2
above). Moreover, particularly for broad components, addi-
tional errors may result from baseline ripple (i.e., departures of
the baseline from the linear function assumed here). Vertical
black lines in Figures 4—6 indicate the velocity centroids for the
Gaussian components, with horizontal bars at the bottom
indicating the standard errors (i.e., 68% confidence limits not
accounting for systematic uncertainties).

Perhaps by coincidence, IC443C and NGC2071 show
rather similar spectra. Each exhibits a narrow component—of
best-fit FWHM ~12kms~"' for the strongest, best-observed
lines (i.e., S(4) and S(5))—and a broader component of smaller
peak intensity that is blueshifted ~20kms™' relative to the
narrow component. The observed line profile for the S(5) line
in IC 443C has been previously modeled by W. T. Reach et al.
(2019), who found that most of the emission could be
accounted for by a combination of nonstationary Cl-type
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Figure 4. Spectra obtained toward IC 443C. The average intensity within the 1”9 x 3”0 extraction region is plotted in units of erg cm > s~ ' sr!/cm ™. Solid curves

show the two-Gaussian fits to each line. The dotted green lines show the H, S(5) line profile, scaled and overplotted in the other panels for comparison. Vertical black
lines indicate the velocity centroids for the Gaussian components, with horizontal bars at the bottom indicating the standard errors. The LSR velocity of the source is
indicated by the dotted black vertical line.

Table 1
Observational Details
Line H, S4) H, S(5) H, S(6) H, S(7)
J=6-4 J=17-5 J=8-6 J=9-7
Symmetry para ortho para ortho
Rest wavelength (pm) 8.0250410 6.9095086 6.1085638 5.5111833
Upper state energy (Ey/k in K) 3474.5 4586.1 5829.8 7196.7
Observations of IC 443C with the slit centered at 6"17™42% 37 22°21/16."9 (J2000)
Date (UT) 2022 Feb 25 2022 Feb 25 2022 Mar 1 2022 Mar 7
2022 Mar 9
Integration time" (s) 1216 1024 1920 2560
1088
Slit position angle:h 311.9-309.4 317.0-315.6 314.7-309.7 324.3-315.9
310.6-307.1
Observations of NGC 2071 with the slit centered at 5"47™089 21 0°22/52.”7 (J2000)
Date (UT) 2021 Dec 2 2021 Dec 1 2022 Mar 5 2022 Feb 6
2021 Dec 4 2021 Dec 2
Integration time" (s) 1024 768 1280 1280
2048 512
Slit position angle” 248.5-248.5 303.7-302.8 315.5-316.2 301.9-304.8
227.9-227.9 248.5-248.5
Observations of 3C 391 with the slit centered at 18"49™22556 —0°57/17.”2 (J2000)
Date (UT) 2022 Mar 8 2022 Mar 9 2022 Feb 24
2022 Mar 9
Integration time" (s) 1664 2240 1920
1280
Slit position angle” 234.0-233.2 240.6-240.6 234.6-234.1
243.1-240.6
Notes.

 Detector integration times, on source.
b
Degrees east of north.
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NGC 2071

S(4) intensity x 1.87

S(5) intensity

S(6) intensity x 3.23

S(7) intensity x 3.01

shocks consistent with the SNR expansion ram pressure (one at
60kms ' propagating in a 2000 cm > clump producing the
broad component, and one at 37kms ' propagating in a
6000 cm > producing the narrower component, both viewed
close to face-on.)

The line emission from 3C 391 is weaker and the observed
spectrum is less well-determined, although also similar to those
in 1C443C and NGC2071. The narrow components in
IC 443C and NGC 2071 present the best opportunity to detect
a systematic velocity shift between the ortho-H, (S(5) and S(7))
para-H, (S(4) and S(6)) lines, but none is observed reliably.
The shift between the best-fit velocity centroids for the S(4) and
S(5) lines is only 0.6 + 0.2 and 0.5 4 0.3 kms ™', respectively,
for the narrow components in IC 443C and NGC 2071. These
values are, at best, of marginal statistical significance—even
neglecting possible systematic uncertainties—and are far
smaller than the 3—4 kms ™' shift discovered (N19) in HH7.
A caveat applies to the comparison between the S(4) and S(5)
line profiles in NGC 2071, because the slit position angles are
significantly different for the S(4) line observation and the
second S(5) observation (accounting for 40% of the S(5)
observing time). Any systematic difference this might lead to is

(') 1'0 2'0 3'0 4'0 50
LSR velocity (km/s)
Figure 5. Same as Figure 4, but for NGC 2071

mitigated by the fact that the 179 x 3”0 extraction region is
only modestly elongated with an aspect ratio of 1.58.

4. Discussion

Because the quadrupole H, rotational lines are always
optically thin, the intensity of the S(X-2) line is linearly
proportional to the column density in the upper J= X state.
Following NI19, we may conveniently define excitation
temperatures, Ty, that characterize the column density ratios
measured between pairs of states /=X and J =Y of the same
spin symmetry (i.e., with X and Y both odd or both even). And
given a triad of measured column densities for three
consecutive J-states, X, Y, and Z, we may define the ortho-to-
para, OPRyy, that is needed to account for the J=7Y level
population based on a linear interpolation of the rotational
diagram between J=X and J=Z. The results for the four
parameters Tgg, To7, OPRg7g, and OPR;g9 are shown in
Figures 7-9 (crosses) in local standard of rest (LSR) velocity
bins of width 2kms ', along with a normalized plot showing
the rebinned spectra. For each parameter, the average values
are indicated both with text and a dashed colored line. The
individual points have error bars that reflect the noise in the
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Table 2
Line Fit Parameters

Neufeld et al.

Results for IC443 C

Line S(4) S(5) S(6) S(7)
Arest (4m) 8.02504108 6.90950858 6.10856384 5.511183259
v (kms™h —-82+02 —7.6 £0.1 —-88+04 —8.5+02
Av, (km's~' FWHM) 12.1+£09 12.6 £ 0.3 16.1 £ 1.0 14.6 £ 0.6
L 83+0.6 24.0 £ 0.6 47+0.2 8.0+0.3
v, (kms™ ') —25.6+3.5 282+ 1.0 —42.1 +£2.1 —-33.1+13
Av, (kms~' FWHM) 463 + 84 394 +2.5 28.7+6.8 40.2 +39
5 4.6 £0.7 10.0 £ 0.3 1.1 +£0.2 39+0.2
Results for NGC 2071

Line S4) S(5) S(6) S(7)
Arest (4m) 8.02504108 6.90950858 6.10856384 5.511183259
v (kms™h 8.0+0.2 85+0.2 8.8 +£0.7 6.0 +£0.7
Av; (km s7! FWHM) 12.0 £ 0.6 115+ 04 135+ 1.5 173 £ 1.8
L 7.7+0.2 13.1 £0.3 2.6 +0.3 39+0.2
v, (kms ™) ~129+04 ~11.8+04 ~12.1+1.0 ~132+0.8
Av, (kms~' FWHM) 182+1.2 21.2+1.0 254+26 142+1.8
5 5.1+0.2 92+0.2 32+0.1 32+0.2
Results for 3C 391

Line S4) S(5) S(6) S(7)
Arest (4m) 8.02504108 6.90950858 6.10856384 5.511183259
vi (kms™h N/A 118.0 £ 0.3 123.6 £ 1.6 1123 £ 3.9
Av; (km s~' FWHM) N/A 4.5+09 924+5.7 445+7.6
L N/A 3.0+0.5 0.7+0.4 22+0.3
v, (kms™1) N/A 109.5 £ 0.6 109.7 £ 3.1 943 +2.7
Av, (km s ! FWHM) N/A 230+£13 30.0 £ 6.1 18.1 £ 11.7
5 N/A 5.14+0.2 1.6 £0.2 —-0.5+05
Note.

# Units of 10 ergem 25~ ' st~ ' /em ™!, where 10> ergcm 25~

st /fem ™! = 3335.64 My st .

6
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Figure 7. Results obtained for IC 443C. Top two panels: Ty, the temperature derived from the relative populations in the H, J = X and Y states. Next two panels:
OPRyy, the ortho-to-para ratio derived from the relative populations in the H, J = X, Y, and Z states. Bottom panels: scaled spectra, rebinned to 2 km s~ resolution,

with the same color coding as in Figures 4-6.

spectrum but not the flux calibration uncertainties; here, the rms
noise was propagated with a Monte Carlo method. The average
values indicated with text, by contrast, do include the
systematic uncertainties associated with flux calibration (see
Section 2 above). Dashed black lines indicate the values (both
3.00) that OPRg73 and OPR;g9 would acquire in thermal
equilibrium at the inferred gas temperatures Tgs and Toy;.
Whereas the results presented by N19 for HH7 showed a
steady increase of OPRg7g from a value of ~0.5 at the red edge
to ~2 at the blue edge, in the sources studied in the present
paper there is no strong evidence for a systematic variation of
the OPR with LSR velocity. This negative result, of course, is
equivalent to the finding (noted in Section 3) that any velocity
shifts between ortho- and para-H, are small. There are,
however, systematic differences between Ty and To; and
between OPRg75 and OPR;g9 (with the sense that Tgg < To7 and

OPRg75 < OPR7g9). These are both a natural consequence of
the positively curved rotational diagram that can result when
there is a mixture of gas temperatures along the sightline.
Because the definition of OPRyy, (see above) is based on a
linear interpolation of the rotational diagram between the J = X
and J = Z states, the effect of positive curvature will tend to
overestimate the OPR when Y is even (i.e., when J=Y is a
para-state) and underestimate the OPR when Y is odd. We
therefore expect the actual OPR in the hot gas to be bracketed
by OPR678 and OPR789.

Several factors may contribute to the absence of detectable
ortho—para velocity shifts in these sources. In the case of
IC 443C, which was selected as a control against which the
other sources were to be compared with EXES, previous
Spitzer/IRS observations of the H, S(0)-S(7) lines
(D. A. Neufeld et al. 2007) had revealed no significant
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OPRyy, the ortho-to-para ratio derived from the relative populations in the H, J = X, Y, and Z states. Bottom panels: scaled spectra, rebinned to 2 km s~ resolution,

with the same color coding as in Figures 4-6.

departures from an OPR of 3. In this source, the shock is likely
propagating in material that already possesses an OPR close to
the high-temperature equilibrium value of 3. Ortho-to-para
conversion occurs only slowly within the cold preshock gas;
thus, if the material suffers repeated heating events in shocks
that drive the OPR toward its high-temperature equilibrium
value, then there may be insufficient time to reset the OPR
to a low-temperature value. This possibility is supported by
HI1 (J.-J. Lee et al. 2008) and optical (D. G. York et al. 2000)
observations of IC 443 that show filamentary structures lying
further from the center of the SNR than clump C, suggesting
that the molecular shell to which IC 443C belongs has already
been processed by shocks.

For NGC 2071 and 3C 391, by contrast, the lowest J states
observed with Spitzer imply the presence of a warm gas
component with an OPR significantly below the LTE value.

The H, line fluxes in these sources (D. A. Neufeld et al. 2009;
T. Giannini et al. 2011) are well accounted for by a two-
component model that invokes a warm (250-350K) gas
component responsible for the lower-lying transitions and a hot
(1000-1100 K) component responsible for the higher-lying
transitions: such models yield best estimates of 0.52 and 0.65
for the OPR in the warm components in NGC 2071 and
3C 391, respectively. Although not as extreme as the value of
0.21 obtained for the warm component in HH7 (D. A. Neufeld
et al. 2007), these values imply the presence of preshock gas
with a low-temperature OPR. As was widely observed in
Spitzer observations of shocked regions (e.g., D. A. Neufeld
et al. 2006, 2007, 2009), the hot gas component in these
sources, primarily traced by the H, S(4)-S(7) lines, exhibits a
larger OPR than the warm component. This behavior likely
reflects the fact (D. A. Neufeld et al. 2006) that para-to-ortho
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Figure 9. Results obtained for 3C 391. Top panel: Ty;, the temperature derived from the relative populations in the H, J = 7 and 9 states. Middle panel: OPR7g9, the

ortho-to-para ratio derived from the relative populations in the H, J = 7, 8, and 9 states. Bottom panels: scaled spectra, rebinned to 2 km s~

color coding as in Figures 4-6.

conversion proceeds primarily through reactive collisions with
atomic hydrogen that possess a significant activation energy
barrier (E4/k ~ 3900 K). In this picture, multiple shocks with
different velocities are present within the beam, with the lower
velocity shocks leading to lower temperature gas within which
the timescale for complete para-to-ortho conversion exceeds
the period for which the gas remains warm.

Because NGC 2071 and 3C 391 both possess a warm gas
component with an OPR far below the equilibrium value, we
had expected them to be excellent targets for the detection of
ortho—para velocity shifts like those observed previously in
HH?7. The absence of such shifts in the SOFIA data reported
here may reflect the presence of a different geometry than that
in HH7. The shocked gas in NGC 2071 and 3C 391 lacks the
well-defined bow shock morphology apparent in HH7, raising
the possibility that multiple shocks with different propagation
directions are present within the slit, or along the line of sight,
and contribute to the S(4)-S(7) line emissions. This possibility
also becomes more likely because the projected apertures are
considerably larger than in HH7, owing to the greater source
distances (estimated as 0.39 and 9kpc, respectively, for
NGC 2071 and 3C391, as compared to 0.22kpc for HH7);
observations at higher spatial resolution (but poorer spectral
resolution) with JWST would be complementary here and
could reveal structures on scales smaller than the EXES
slit size.

Although detailed calculations will be presented in a future
study (W. T. Reach et al. 2024, in preparation), any model in
which the broad observed lines are attributed to velocity
gradients within a single shock is expected to show an ortho—
para shift if the initial OPR is low enough, regardless of
whether it invokes C- or CJ-type shocks and whether the model
is stationary or nonstationary. The one exception here might be

! resolution, with the same

a hot and partially dissociative shock in which the high
temperature resets the OPR before the bulk of the H, emission
occurs.
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