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ABSTRACT

Context. Due to the high visual extinction and lack of sensitive mid-infrared (MIR) telescopes, the origin and properties of outflows
and jets from embedded Class O protostars are still poorly constrained.

Aims. We aim to characterise the physical, kinematic, and dynamical properties of the HH 211 jet and outflow, one of the youngest
protostellar flows.

Methods. We used the James Webb Space Telescope (JWST) and its Mid-InfraRed Instrument (MIRI) in the 5-28 pm range to study
the embedded HH 211 flow. We mapped a 0795 x 0/22 region, covering the full extent of the blueshifted lobe, the central protostellar
region, and a small portion of the redshifted lobe. We extracted spectra along the jet and outflow and constructed line and excitation
maps of both atomic and molecular lines. Additional JWST NIRCam H, narrow-band images (at 2.122 and 3.235 um) provide a visual-
extinction map of the whole flow, and are used to deredden our data.

Results. The jet-driving source is not detected even at the longest MIR wavelengths. The overall morphology of the flow consists
of a highly collimated jet, which is mostly molecular (H,, HD) with an inner atomic ([Fe1], [Fe11], [S1], [NiII]) structure. The jet
shocks the ambient medium, producing several large bow shocks (BSs) that are rich in forbidden atomic ([Fe 11], [S 1], [Ni11], [Cl1],
[Cl1], [Ar11], [Co11], [Ne11], [S111]) and molecular lines (H,, HD, CO, OH, H,0, CO,, HCO"), and is driving an H, molecular
outflow that is mostly traced by low-J, v = 0 transitions. Moreover, H, 0-0 S(1) uncollimated emission is also detected down to 2”-3"
(~650-1000 au) from the source, tracing a cold (T=200-400 K), less dense, and poorly collimated molecular wind. Two H, components
(warm, T=300-1000 K, and hot, T=1000-3500 K) are detected along the jet and outflow. The atomic jet ([Fe 11] at 26 pm) is detected
down to ~130au from the source, whereas the lack of H, emission (at 17 pm) close to the source is likely due to the large visual
extinction (Ay > 80 mag). Dust-continuum emission is detected at the terminal BSs and in the blue- and redshifted jet, and is likely
attributable to dust lifted from the disc.

Conclusions. The jet shows an onion-like structure, with layers of different size, velocity, temperature, and chemical composition.
Moreover, moving from the inner jet to the outer BSs, different physical, kinematic, and excitation conditions for both molecular and
atomic gas are observed. The mass-flux rate and momentum of the jet, as well as the momentum flux of the warm H, component, are
up to one order of magnitude higher than those inferred from the atomic jet component. Our findings indicate that the warm H, red
component is the main driver of the outflow, that is to say it is the most significant dynamical component of the jet, in contrast to jets
from more evolved YSOs, where the atomic component is dominant.

Key words. stars: formation — stars: jets — stars: protostars — stars: winds, outflows — dust, extinction — Herbig-Haro objects
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1. Introduction

Accretion and ejection are common and related processes in the
formation of stars, from low- to high-mass young stellar objects
(YSOs). Indeed, these red mechanisms are closely linked: to
accrete matter onto the forming star, discs have to remove angu-
lar momentum through magneto-hydrodynamic (MHD) winds
(X-winds or disc-winds). These winds (partly) focus into colli-
mated jets (see e.g. Ray et al. 2007; Frank et al. 2014; Bally 2016,
and references therein) that move at supersonic speed (100—
500kms™"), and these fast-moving protostellar jets shock the
circumstellar and interstellar medium (ISM), opening large cav-
ities in the infalling envelopes, the natural reservoir of accretion
discs. As jets drive through the surrounding medium, parsec-
scale, less-collimated, low-velocity outflows (~10 km s are
formed from the swept-up gas (see e.g. Reipurth & Bally 2001).

On the other hand, the slow-wind component (1-10kms™")
launched at large disc radii (from a few au to several tens of au) is
poorly collimated or not at all, and interacts with the protostellar
envelope and outflow cavities. MHD winds and jets are a funda-
mental feature in YSOs, not just because of angular momentum
removal, but also because of their major role in disc dispersal,
both in terms of gas and dust (see e.g. Pascucci et al. 2023, and
references therein).

Accretion and ejection are observed throughout all stages
of low-mass star formation, namely from the protostellar phase
(Class O and I; 10* and 10° yr, respectively), when protostars
are heavily embedded by and highly accreting from their sur-
rounding envelopes, to the pre-main sequence phase (Class II
and III; 10° and 107 yr, respectively), when envelopes disappear,
and accretion and ejection considerably decrease and come to
an end (Class III), with young stars becoming optically visible.
This continuous process indicates that the main physics at work
is exactly the same at the different stages of low-mass star for-
mation; and this is also very likely to be true for high-mass
young stellar objects (see e.g. Caratti o Garatti et al. 2015, and
references therein).

At small distances from the source (tens of au), jets are
already well collimated (from a few to several au in width)
and have opening angles of a few degrees (see e.g. Frank et al.
2014; Pascucci et al. 2023, and references therein). The jet width
then slowly increases with increasing distance from the driving
source, reaching up to several tens of au at distances of hundreds
of au (see Dougados et al. 2004; Ray et al. 2007; Podio et al.
2021) and remains collimated at parsec scales. Measurements
of the specific angular momentum in a couple of ClassO jets
(namely B 355 and HH 212) suggest that the launching region is
located within 0.1 au in the inner gaseous disc (see Fig. 7 in Lee
2020), and is therefore within the dust sublimation radius. MHD
disc-wind models and additional observations (see e.g. de Valon
et al. 2022, and discussion therein) point to a more extended
launching region (up to a few au) stretching into the dusty disc.

Despite the fact that YSO jets likely originate from the same
physical mechanism, namely magneto-hydrodynamic (MHD)
winds, jets at protostellar and pre-main sequence stages show rel-
evant differences. As jets evolve from Class O to II (see e.g. Ray
et al. 2007), observed jet velocities increase from one hundred to
several hundred kms~!. This is possibly due to the increment in
mass of the central source and the larger potential well. Protostel-
lar jets from Class 0 YSOs are much brighter in molecules than
those from ClassI or ClassII YSOs, which are mostly or fully
atomic (see e.g. Ray et al. 2007; Frank et al. 2014; Bally 2016,
and references therein). Indeed, several Class O protostellar jets,
along with strong H, emission at near-infrared (NIR) and MIR
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wavelengths, also show bright molecular emission at far-infrared
(FIR) wavelengths (e.g. HO, CO, detected with Herschel; see
Kristensen et al. 2012; Mottram et al. 2017), as well as in
the submillimetre (submm) and mm regimes, where SiO and
CO (the so-called extremely high-velocity — EHV — gas; see e. g.
Bachiller et al. 1990; Tafalla et al. 2010; Lee 2020; Yoshida et al.
2021; Podio et al. 2021) are typically observed.

Although [Fe 11] and [O 1] atomic emission is often observed
from NIR to FIR wavelengths (see e.g. Caratti o Garatti et al.
2006; Dionatos et al. 2009, 2010; van Kempen et al. 2010; Nisini
et al. 2015), it is still unclear whether or not the atomic compo-
nent is a major feature in protostellar jets, since, with a couple
of exceptions, the atomic mass-ejection rate is up to one order of
magnitude lower than the molecular mass-ejection rate in Class 0
jets (see e.g. Nisini et al. 2015). This would indicate that most of
the mass flux derives from the molecular jet and that the atomic
jet contribution is not very significant in generating the outflow.
This is at variance with ClassII jets, where the atomic jet drives
the outflow (see e.g. Ray et al. 2007). Such findings point to an
evolution in the jet properties during the different stages of star
formation.

While the overall picture is now well known and accepted,
several points remain unclear, especially during the first stages
of star formation (i.e. Class 0 YSOs). Dust has been observed
along the jets and outflows with ALMA, especially in Class 0
YSOs (see e.g. Cacciapuoti et al. 2024). However, the origin of
both dust and molecular gas along the jets remains unclear (see
e.g. Tabone et al. 2018; Pascucci et al. 2023). If jets are launched
within the dust sublimation radius (as in the X-wind model or
in dust-free MHD disc winds; see Shu et al. 2000; Tabone et al.
2020, respectively), it is unlikely that both molecules and dust
are lifted from the disc, and they must therefore form along the
flow. On the other hand, their presence along the flow would
be easier to explain, if jets originated from a disc wind radially
extending beyond the dust sublimation radius, as some observa-
tions seem to indicate (e.g. de Valon et al. 2022). This seems
in contrast with the very narrow jet-launching region within the
gaseous disc seen in other Class 0 YSOs (see Lee 2020, and ref-
erences therein). However, Tabone et al. (2020) show that the
launching radius often inferred with ALMA is largely under-
estimated, and that the jet outer radius in disc-wind models
can extend up to ~40au in the HH 212 protostellar jet. These
authors also stress that constraining the values for the inner and
outer launching radii (r;, and r,,,, respectively) is still an open
issue (Tabone et al. 2020).

As the picture is not completely clear, the origin of outflows
and jets from embedded Class 0 protostars needs to be investi-
gated at IR and submm wavelengths, where most of the emission
from the outflowing gas arises. In particular, JWST is required
to peer into the flow, detect and study H, and atomic jet compo-
nents, and understand whether the early stage of protostellar jets
is fully molecular. Alternatively, if atomic emission is detected,
we can discriminate if it represents the spine of the jet, namely
the feature that is driving the whole jet, as in Class II YSOs, or it
is just a minor feature of a mostly molecular flow.

Here, we investigate the Herbig-Haro 211 (hereafter HH 211)
flow, which is driven by a Class O protostar (HH 211 mm, AKA
[EES2009] Per-emb 1) located at a distance of 321+10 pc in the
Perseus Molecular Cloud (Ortiz-Leén et al. 2018). HH 211 mm is
possibly a close binary (~5 au separation, as suggested by the jet
wiggling; Lee et al. 2010), with a central mass of ~0.08 M and a
surrounding torus of gas and dust of ~0.2 M, (see Lee et al. 2018;
Lee 2020, and references therein) and Ly, ~4.1 Ly (rescaled to
d=321 pc; see Froebrich 2005). The protostar drives one of the
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youngest (~10° yr in dynamical age; Ray et al. 2023), most
embedded, and best-studied protostellar outflows known to date.

In the NIR, the HH 211 discovery paper (McCaughrean et al.
1994) showed large red- (tens of arcseconds NW of the source)
and blueshifted (tens of arcseconds SE of the source) bow shocks
(BSs) driven by a knotty jet, mostly emitting in H, and [FeI1]
lines (see McCaughrean et al. 1994; O’Connell et al. 2005;
Caratti o Garatti et al. 2006). Our latest NIRCam/JWST images
reveal a more structured H, precessing jet (already discovered
and discussed in Lee et al. 2010; Moraghan et al. 2016) consisting
of both knots and small BSs (see Fig. 1 of Ray et al. 2023) with
H, knots moving at high speed (~100 km s~!) along the jet. Such
velocities are similar to those measured from SiO (J = 8-7)
proper-motion observations with the SMA and ALMA (100—
115kms~!; see Jhan & Lee 2016, 2021). These studies reveal
a jet inclination angle of ~11° (Jhan & Lee 2021) with respect
to the plane of the sky. Indeed, the flow has been detected
at submm and mm wavelengths in SiO, SO, and CO (e.g.
Gueth & Guilloteau 1999; Lee et al. 2007), as well as in H,O
and CO at FIR wavelengths with Herschel (Tafalla et al. 2013).
Mid-infrared maps with Spitzer/IRS revealed cooler H, emis-
sion along the embedded jet, as well as a series of atomic
lines ([Fe11], [S1], [SiII]; Dionatos et al. 2010). Further atomic
emission from [O 1] (at 63 and 145 um) was detected and studied
with Herschel (Dionatos et al. 2018). Finally, Ha and [S 11] emis-
sion at optical wavelengths (see Walawender et al. 2005, 2006)
was identified at the SE terminal BSs.

As part of our JWST Guaranteed Time Observations (GTO)
programme dedicated to the study of HH 211 (PID 1257, PI: T.P.
Ray), we present new JWST MIRI-MRS spectral maps of a large
portion of HH 211. The HH 211 programme is part of the GTO
survey JWST Observations of Young protoStars (JOYS; PID
1290, PI: E. van Dishoeck; see Van Dishoeck et al. GTO1290;
Beuther et al. 2023), which is being carried out to study the
physical and chemical properties of a large sample of protostars
and their outflows. Thanks to JWST’s sensitivity and high-spatial
resolution, we are able to present an unprecedented view of
the ClassO HH 211 flow. This work is organised as follows: in
Sect. 2, we introduce JWST/MIRI-MRS observations and ancil-
lary data; Sect. 3 describes the results, including spectral and
spatial analysis of the flow, as well as its kinematics and dynam-
ics; Sect. 4 provides a discussion of the flow structure, the origin
of its different components, the flow excitation conditions, and a
comparison with other jets from Class 0 and more evolved YSOs;
our conclusions are reported in Sect. 5.

2. Observations and data analysis
2.1. JWST-MIRI-MRS

JWST MIRI-MRS (Wright et al. 2023) observations were
obtained between 25 and 26 January 2023 as part of the HH 211
GTO PID 1257 (PI: T.P. Ray). Our exposures were taken with
18 groups in a single integration using the FASTR1 readout
pattern for all three MRS bands (SHORT, MEDIUM, LONG),
which provided spectral coverage from 4.9 to 27.9 um at a
spectral resolution of R ~4000-1500 (Jones et al. 2023). The
four-point ‘EXTENDED SOURCE’ dither pattern in the ‘nega-
tive’ direction was used for a total exposure time of ~200s per
channel-band combination per mosaic tile. The MRS fields of
view range from 3.2” x 3.7” in Channel 1 to 6.6” X 7.7” in
Channel 4 (Wells et al. 2015; Argyriou et al. 2023).

The MIRI-MRS mosaic is made of 12 x 2 tiles with a 5%
overlap, covering an area of about 0786 x 0/15 and 0795 x 0722
(~18300aux4200au for a distance of 321 pc) at the short-
est and longest wavelengths, respectively. Figure 1 provides the
MIRI-MRS map coverage in Channel 1 (red) and 4 (blue). The
underlying image shows the HH 211 flow observed at 4.6 um
(F460M NIRCam filter) as presented in Ray et al. (2023).
The F460M image is dominated by H, and CO emission. The
blue dot shows the protostellar submillimetric position reported
by Lee et al. (2019). Our map covers the full extent of the
blueshifted lobe, the central source position and a small portion
of the redshifted flow.

Dedicated background observations were taken from a
field to the south of the protostar (RA(J2000): 03"43m55°28;
Dec(J2000): +32°00"41730) with the same groups per integra-
tion and integrations per exposure as the science exposures,
using two dithers instead of four and the ‘POINT SOURCE’
dither pattern.

The data were reduced with the JWST Calibration Pipeline
v.1.13.4 (Bushouse et al. 2023) using Calibration Refer-
ence Data System (CRDS) version v11.17.6 and context file
jwst_1210.pmap. We note that our data have been calibrated
using the updated MIRI-MRS wavelength calibration reference
files for channels 3C, 4A, 4B, and 4C, based on the cross-
correlation analysis of observations of water in the protoplan-
etary disc FZ Tau (Pontoppidan et al. 2024). The level 1b ramp
files were processed through Detector1Pipeline with default
settings. We used the dedicated background observations to build
‘master’ detector background images for each channel/band
combination and subtracted these from the science exposures.
The resulting background subtracted level 2A rate files were cal-
ibrated using the Spec2Pipeline, with the optional detector
level residual fringe correction switched on. Individual chan-
nel/band mosaics were constructed using Spec3Pipeline with
the mrs_imatch step disabled.

To convert the observed wavelengths into radial velocities in
HH 211, we used a local standard of rest (LSR) systemic velocity
of 9.2km s™! (Gueth & Guilloteau 1999). As the JWST wave-
length calibration is given in the barycentric reference frame, we
further correct the velocity from heliocentric to v sz by adding
6.7kms™!.

2.2. Ancillary data: JWST-NIRCam imaging

To infer the visual extinction (Ay) towards HH 211 (both inter-
stellar and circumstellar), we employ two NIRCam narrow-band
images (using the F212N and F323N filters).

The NIRCam images were already presented in Ray et al.
(2023). Both images were taken using the two NIRCam modules
(A and B, each module has a FoV of 2/2 x2!2), with HH 211
centred on module B. Data were taken using the BRIGHT1 read-
out pattern with one integration, four dithered exposures for each
filter and the INTRAMODULEX pattern was used with STAN-
DARD sub-pixel dither type for a total integration time of 664 s
per filter. A detailed description of the 1/f noise removal and
astrometric calibration are reported in Ray et al. (2023).

3. Results

3.1. HH 211 visual extinction map

F212N and F323N NIRCam filters cover the H, 1-0S(1) and
1-00(5) lines, respectively. As both H; lines come from the
same upper level (with Eyp= 6956 K), their theoretical ratio
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Fig. 1. MIRI-MRS map coverage of the HH 211 outflow (Channel 1 in red and Channel 4 in blue). The F460M NIRCam image at 4.6 um in grey
scale is from Ray et al. (2023). The blue circle marks the HH 211 mm position as observed with ALMA by Lee et al. (2019). The zoomed-in inset
in the top left corner shows the blueshifted terminal BSs and the inset in the bottom right corner shows the main knots along the blueshifted jet.

only depends on their transition frequencies and Einstein coef-
ficients. Therefore the observed line ratio provides us with the
visual extinction, once a reddening law is applied. In this paper
we adopt McClure (2009)’s law to correct our MIRI-MRS data
for extinction. For the NIRCam images, we note that McClure
(2009)’s law does not take into account the strong H,O ice fea-
ture around 3 um, which affects the 3.23 pm image. Therefore,
to deredden the NIRCam images, we use the extinction curve
presented in Decleir et al. (2022), which fits the ice shape using
a modified Drude profile.

To obtain the Ay map, the following steps were adopted.
The F212N image was resampled to the F323N one, given
their different pixel-scale (31 vs. 63 milliarcseconds/pixel). To
avoid dividing by noise, pixels with a density flux below 30 (1.5
and 0.5 MJy sr~! for F212N and F323N, respectively) were not
taken into account in the maps. Astrometric images were then
matched and divided by each other and divided by their theo-
retical line ratio (~0.394). The logarithm of the resulting image,
rescaled for the reddening law, provides the final Ay map. The
resulting pixel-by-pixel Ay map is shown in Fig. 2.

Ay increases from 5-15mag at the terminal BSs to 20-
50 mag moving along the jet towards the central source. As the
innermost jet regions (within a ~6” radius from the source)
are not measured in the extinction map (see Fig. 2), we use an
average value of 80 mag through the paper to correct for visual
extinction in those regions. Such a value is inferred from the H;
ro-vibrational diagrams (see Sect. 3.4).

3.2. MIRI-MRS maps: Flow morphology

As mentioned in Sect. 2.1, the MIRI-MRS mosaic covers the
whole blueshifted lobe, the central region around the protostar
and a small portion of the redshifted lobe (see Fig. 1). NIRCam
images show that the collimated blueshifted jet (precessing with
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a 3.5° opening angle, measured from the NIRCam images) is
made of several knots and small BSs (see Fig. 1 and NIRCam
image in Fig. 1 of Ray et al. 2023). The blueshifted jet first drives
an extended BS (labelled BS 4 in the insets of Fig. 1) and subse-
quently produces a large terminal BS , which is actually made of
three distinct BSs (labelled BS 1, 2 and 3 in the upper-left inset of
Fig. 1; BS 1 and BS 3 are also known as knot j - [MRZ94] j - and
knot i - [MRZ94] i, respectively, in McCaughrean et al. 1994)
with larger precession opening angles (~6°, measured from the
NIRCam images).

Figure3 displays a tricolour image of the H,0-0S(7)
(5.5 um), H; 0-0 S(1) (17 wm), and [Fe 11] (26 wm) emission lines
in blue, green, and red, respectively. Our MIRI maps show that
the jet is both atomic and molecular and it is driving a large
molecular outflow (see Fig. 3).

The inner jet, within ~2.5” from the source position (marked
by the white circle in Fig. 3), is mostly traced by atomic emis-
sion (in red), and the lack of H, emission is likely due to the
large visual extinction (Ay >80 mag) close to source. The [Fe 11]
emission at 26 um is detected down to ~130 and 300 au from
the source on the jet red- and blueshifted sides, respectively.
Such a difference might be due to different visual extinction or
excitation conditions in the two lobes.

The outer jet and BSs show both atomic and molecular emis-
sion, whereas the outflow, located at rear and wings of the BSs
and likely made of entrained ambient gas, is fully molecular
(H, emission only) and well traced by H, pure-rotational tran-
sitions (in green) at low-energy excitation. Unfortunately, due
to the poor MIRI-MRS sensitivity beyond 27 pum, the 0-0 S(0)
line is not detected in our maps. The atomic jet is more compact
in diameter, whereas the cold H, molecular component is more
extended (see Fig. 3 and Sect. 3.2), indicating a jet onion-like
structure with different layers, where the atomic component is at
the jet core, nested in a more extended molecular jet (see e. g.
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outflow derived from the H, 1-0S(1) and
1-00(5) lines (F212N and F323N NIR-
] Cam images). The colour bar represents
1 the different values in magnitude (mag). A
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using ro-vibrational diagrams for the source
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Shang et al. 2006; Machida 2014; Shang et al. 2023, and refer-
ences therein). This structure is readily visible in Fig. A.1 (see
Appendix A), which shows a tricolour map of the H, 0-0 S(7)
(at 5.5 um, in blue), [S1] (at 25.2 um, in green), and [Fe I1] (at
26 um, in red) emission lines. The combination of atomic and
hot molecular emission provides a better view of the jet emis-
sion. In contrast, the H, emission (0-0S(1) line at 17.0 um) is
overplotted with magenta contours. At high S/N (>20), the H,
emission overlaps and cocoons the atomic jet, whereas at lower
S/N, it traces a less-collimated wind, as well as BS wings and
outflow.

Indeed, the cold H, component at 17 um (i. e. the 0-0S(1)
transition - £,,=1015 K, Fig. 3 in green and Fig. 4, bottom panel,
and magenta contours of Fig. A.1) is also well detected in the out-
flow cavity (down to 2”-3” from the source), likely originating
from a less-collimated wind. From the extent of the H, emis-
sion, the half-opening angle of the wind is <20°. Curved narrow
emission delineates the boundaries of the outflow cavity and the
interaction between outflow and ISM. These features become

57.5 43:57.0 56.5

and jet inner regions where the H, 1-0S(1)
emission is not detected. [Fe 1T] (26 um) jet
contours detected in the MIRI-MRS map
are shown in black (see Sect. 3.2). The posi-
tion of the protostar from ALMA continuum
data (see Lee et al. 2019) is also marked.

53.0 43:52.0

80 90

* 2R

/ Knot 1R
H 1
1

i(not 2

Fig. 3. Tricolour MIRI-MRS map of H, 0-
0S(7) (at 5.5 um, in blue), H, 0-0S(1) (at
17 um, in green), and [Fe11] (at 26 um, in
red) emission lines. The white circle marks
the position of the ALMA mm continuum
source. Black and white contours indicate
the position (on the blue- and redshifted
lobe side, respectively) of continuum emis-
sion integrated between 25.3 and 25.9 um
(displayed contours are at 3, 5, and 500
1o=4MlJysr'!). Knots and bow shocks
showing continuum emission are indicated.

H,0-0 S(1)
H, 0-0 S(7)

less visible in the H, transitions at higher excitation energy (e. g.,
0-0S(3) - E,p=2504 K; see middle panel of Fig. 4) and disappear
in those at the highest energy (e. g., 0-0S(7) - E,,=7197 K see
upper panel of Fig. 4).

Notably, no continuum emission is detected on source at
the longest JWST wavelengths (26 um; below 36 MJysr~!; i.e.
Fprotosiar (26 pm) <0.85 mJy), nor towards the outflow cavities at
5 um (below 20 My sr™!). The latter value is about one order of
magnitude larger than that of scattered emission (~2.1 MJy sr™!)
detected towards the outflow cavities with the NIRCam F460M
filter (see Fig. 1). This explains the non-detection in our data.
Nevertheless, strong continuum emission longward of 10 um
is observed at BS 1, BS 2, and BS 3, and much fainter emis-
sion (S/N~50, longward of 25 pum) along the redshifted jet
(Knots 1 and 2 red) and at Knot4 and, marginally (S/N~3 o),
at Knot 3, Knot2 and BS 4 in the blueshifted jet (see black and
white contours in Fig. 3). Towards BS 3, the continuum emis-
sion is extended, elongated towards the west (see black contours
in Fig. 3), and has a full width at half maximum (FWHM) of
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Fig. 4. H, line maps of the brightest transitions detected along the flow.
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(17.0 um) lines. The magenta circle shows the position of the ALMA
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~1”6, which is much larger than that of the nominal point spread
function (PSF ~1”") at 25 pm.

The jet, the bow shocks, and the outflow

Line maps and spectra indicate that H is the brightest and most
abundant species along the flow, even along the jet (see top
panel of Fig. 5). A large number of H, transitions (v = 0—0
and v = 1-1, J=1-9, with upper energy levels from ~1000 to
16 000 K) are observed and listed in Table C.1, along with their
theoretical wavelength (in pwm), energy of the upper level (in K),
and corresponding MIRI Channel/Grating.

Another molecule detected along the jet in the MIRI-MRS
data is HD (see spectrum in Fig. 5 and top panel of Fig. A.2).
Several faint 0-OR transitions (see Table C.3) are detected both
along the blueshifted jet and in the outer BSs. HD emission is
analysed in detail in a forthcoming paper (Francis et al. in prep.).
CO; at 15 um is also faintly detected (S/N~30) in Knot2 (see
Fig. 5 and Table C.5).

In addition to the molecular emission, several atomic species
are detected along the jet. Besides the many transitions of [Fe I1]
with the excitation energy of the upper level (E\;) ranging from
~500 to ~4000K (see Fig. 5 and Table C.2), strong [S1] and
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[Fe 1] emission (see middle and bottom panels of Fig. 6) at 25.25
and 24.04 um, respectively, are detected. We note that these
transitions have Ey, similar to the [Fe11] line at 26 um (~550—
600 K). These features match the jet very well, delineated by
the [Fe 11] emission (see the top panel of Fig. 6), although the
intensity of such lines largely vary along the flow, and likely fol-
low the different excitation conditions along the jet. Indeed, the
continuum-subtracted map in Fig. 6 show that [Fe 1] emission,
seen for the first time in a protostellar jet, is mostly detected
along the jet, whereas faint (S/N<5) or no emission is seen at the
outer BSs, where [FeIr] and [S 1] emission lines are strongest.
This almost certainly reflects an increase in the ionisation frac-
tion along the flow. The other atomic species detected along the
jetis [NiII] at 6.6 um (see Fig. A.2). Two more transitions from
[Ni1r] are also observed at BS 3 (see Table C.2).

The terminal BSs (BS 1-BS 3) are clearly richer in terms of
chemistry, especially BS 3, which is the brightest (see Fig. 7). In
addition to the species visible along the jet, many other mole-
cular and atomic forbidden lines are detected (see Tables C.2
and C.3). In particular, the tail (i.e. J>25 up to J=59) of the
P-branch CO fundamental (i.e. v = 1 — 0, up to ~5.4 um) is
the brightest molecular emission after H, (see Fig. 7, and mid-
dle upper panel of Fig. A.2), although P- and R-branch low-J
lines at shorter wavelengths (i. e. between ~4.4 and ~5 um) are
brighter (their total flux is ~4-5 times larger than that from
the tail; see HH211 BS 1 NIRSpec spectrum in Fig. 2 of Ray
et al. 2023). Our MIRI-MRS spectra only show CO on the four
BSs (BS 1-BS 4, see Fig. A.2, middle panel), but not along the
jet or the outflow (see NIRCam image in Fig. 4 of Ray et al.
2023), since the integrated CO emission in the NIRCam image
of Ray et al. (2023) is about one order of magnitude fainter
than our map 30 threshold sensitivity (~0.4 mJyarcsec™ or
~17 My srh).

Plenty of OH lines (between 9.1 and 25 um) are detected in
the spectra of the terminal BSs (see Fig. 7), coming from pure
rotational states (v = 0, J* — J'—1) arising in the 21, /2 and 2, 2
ladders and cross-ladder. These OH MIR lines (suprathermal
OH rotational emissions; see Neufeld et al. 2024) originate from
water photodissociation by 114-143 nm UV radiation, produced
in this case by strong jet shocks (v >40kms™') (see, e g. Tabone
et al. 2021; Zannese et al. 2024). This emission was already
observed in low-resolution Spitzer/InfraRed Spectrograph (IRS)
spectra of HH 211 (see Tappe et al. 2008) and also predicted
and modelled by Tabone et al. (2021). In addition, these MIR
lines were also observed with Spitzer in DG Tau (at A >13 um
Carr & Najita 2014) and recently detected with MIRI also in the
HOPS 370 jet (see Neufeld et al. 2024). Additional H,O transi-
tions (v = 0—0and v, = 1-0), as well as faint HCO* (v, = 1-0)
at 12 um and CO; at 15 um are also detected in the spectra of the
three outer BSs (see Fig. 7).

Other atomic forbidden lines in emission detected in BS 3
include bright [Cl 1] at 11.3 um (also detected in BS 1 and 2, see
Fig. A.2), [Ne11] at 12.8 um, barely visible in BS 1, as well as
faint (S/N<30) emission of [Ar11], [Cl11], [Co11], and [S I1I]
(see Fig. 7 and Table C.2). Notably, all these atomic lines and
their intensities were predicted in Hollenbach & McKee (1989,
hereafter, HM89) J-shock models.

3.3. Jet radius

A noteworthy result from our line maps is that the size of the
inner jet is resolved, or marginally resolved, in both atomic
species ([Fer] at 26 and 17.9 um, [Fer1] , and [S1] ) and
H; lines (0-0S(7) and 0-0S(1)). We compute the diameter of
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Table 1. n, and T, values from [Fe 11] analysis along the HH 211 flow.
Feature Coordinates (J2000) ne (fity T, (fit) x? (dof®) n, (17.9/5.3 ratio) T, (26/17.9 ratio)
Name RA(°) ; Dec(°) (cm™) (K) (cm™) (K)
Knot2 red (2R)  55.9855237; +32.0144652 >150 <980
Knot 1 red (1IR)  55.9861638; +32.0141036 >160 <1900
Knot 1 55.9883338; +32.0132814 cee e >200 <1300
Knot 2 55.9888571; +32.0130183 230 1000 0.7 (1) 280f%8 930’:}580
Knot 3 55.9899822; +32.0124774 100 1000 0.5 (1) ISOf%gg 1060fé80
Knot 4 55.9905371; +32.0122722 e o >350 <1100
Knot 5 55.9962485; +32.0104424 150 2800 0.8 (2) 150’:%(5) 2800+400
BS4 55.9944886; +32.0105781 100 1400 0.3 (1) 100388 1400f§88
BS3 55.9975519; +32.0097905 800 3800 169 (3) 86018 3600:’%88
BS2 55.9985417; +32.0095831 350 1800 20 (3) 35018 1800f%88
BS1 55.9995251; +32.0095191 690 2400 1.6 (3) 690f;8 2400:’%88

Notes. @ dof= degrees of freedom.

the jet for the different lines for various knots (knot id. and
coordinates are listed in Table 1), measuring the FWHM orthog-
onal to the jet axis at each knot position, after collapsing the
image over the knot size along the jet axis. The spatial line-
profile is then fitted with a 1D Gaussian and the resulting

deconvolved diameter (or jet size) is d = VFWHM? - PSF?,
where PSF is the point-spread function value at wavelengths
close to those of the emission line. For the atomic lines and the
H, 0-0 S(1) line, we measure the PSF of the continuum emission
towards BS 1, which is not spatially resolved. As no continuum
is detected at 5.5 um, to infer a reference PSF for the H, 0-0 S(7)
line we use a set of faint H,O lines towards BS 1, which do not
seem to be spatially resolved. The obtained value is 0’3, which is
similar to the nominal one reported in Law et al. (2023) (0”28). It
is also worth noting that, as the H, jet is fully resolved (0”5-1")

at this wavelength, a difference of 002 would not significantly
affect its inferred size.

Measured FWHMs (in "), deconvolved sizes (in ") and radii
(in au) of the jet for the different species and at different positions
are reported in Table C.4. Figure 8 shows that the jet radius varies
for the different species (i.e. [S1], [Fe1r] 26 um, H, 0-0S(1)
and S(7) lines, depicted as green dots, magenta triangles, blue,
and black triangles, respectively) at different distances from the
source. The position and name of each knot are labelled in red at
the bottom of the figure.

Overall, Fig. 8 confirms the onion-like structure of the jet,
with the atomic jet displaying smaller radii and the molecular
component larger radii. The different atomic lines show similar
values in radius (ranging from ~45 to ~100 au), possibly because
the angular resolution is not sufficient to separate neutral and
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tinuum source. Integrated flux is in mJy pixel ™.

ionised gas. On the other hand, the H, lines have radii simi-
lar or larger than the atomic jet. The radius of the H, 0-0S(7)
line ranges from ~60 to ~130au, whereas the 0-0 S(1) line is
positioned on the outer layers of the jet (~100-180 au).

In most cases, the jet size is just marginally resolved (see
Table C.4). Therefore, these trends can hardly be seen in our
maps, with the exception of the H, 0-0S(1) emission line,
which overlaps and encloses both atomic and hot H, molecular
emission (see Figs. 3 and A.1).

3.4. H, ro-vibrational diagrams

The large number of H, rotational transitions from v = 0
and v = 1 levels and their ample range of excitation energies
(1000K < Eyp < 16000 K) allow us to infer both gas tempera-
ture (7' (H,)) and column density (N(H,)) along the flow (see e.g.
Giannini et al. 2004; Caratti o Garatti et al. 2006) by means of
ro-vibrational diagrams. Extinction-corrected line column den-
sities, divided by their statistical weights, are plotted against
their excitation energies using a semi-logarithmic scale. For a
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gas in local thermal equilibrium (LTE), the gas excitation fol-
lows a Boltzmann distribution (Nyj/gyy < exp(—Ej/kT.y)) and
points in the diagram align in a straight line, whose slope is
the reciprocal of the gas excitation temperature (if Tex=Tgas).
The y-axis intercept provides the gas column density. Often, the
H,; gas shows stratification in temperature. Generally, transitions
at low excitation (E,, <4000-5000K) trace a cold compo-
nent (T'(Hy) <1000K), those at higher energy (E,, <10000-
12 000 K) a warm component (7' (H;) <2000-2500 K), and those
at the highest energy a hot component (7' (H,) ~ 3000—4000 K).

Lines tracing the cold, warm, and hot components can be
detected at MIR wavelengths (see Table C.1). Therefore, the
MIRI-MRS regime can trace up to three H, components, and
we might expect to measure up to three different temperatures
and column densities (see e.g. Neufeld et al. 2009; Dionatos
et al. 2010), with the cold component tracing the highest column
densities and the hot component the lowest.

Unfortunately, it is not possible to directly measure the visual
extinction with our MIRI-MRS data, as we do not detect any pair
of H; transitions arising from the same upper level in the MIRI
wavelength range. However, a rough estimate (usually within a
5-10 mag uncertainty) can be also inferred by varying Ay in the
ro-vibrational diagrams and maximising the correlation coeffi-
cient in the fits of the Boltzmann plots. We use this technique
to infer the visual extinction of the inner jet region of HH 211
(namely Knot 1, IR, and 2R), too embedded to be detected in
the 1-0 S(1) NIRCam filter (see Fig. 2). The ro-vibrational dia-
gram shows that the blue jet closest to source has an Ay value
of 80 mag (see Fig. B.1) and we thus adopt this visual extinction
value within an ~6” (~1930 au) radius from the source, namely
where no meaningful extinction value is measured in our Ay map
(see Fig. 2). It is worth noting, however, that close to the source
(i.e. within 2”-3"” from the source, where no H, emission is
detected) and on-source the visual extinction is very likely much
higher that 80 mag (probably Ay > 100mag; as hinted by the
lack of continuum MIR emission on source at A < 27 um, see
Sect. 3.2, as well as the disappearing of the [FeII] atomic jet
close to the source).

To measure the H, excitation conditions, we employ a pixel-
by-pixel ro-vibrational diagram analysis as described in Gieser
et al. (2023). Briefly, the python routine first provides sub-cubes
around the H; lines of interest (see Table C.1) and resamples each
sub-cube to a common (and worst) spatial resolution of 0”7 (072
pixel-scale size) of MIRI-MRS Channel 3. Each sub-cube is then
dereddened using the Ay map presented in Appendix B.

Line fluxes are derived for each line by extracting the spec-
trum from each spaxel of the corresponding sub-cube and by
fitting a 1D Gaussian profile, as the H, lines are barely spec-
trally resolved with MIRI-MRS. To avoid spurious detection,
a flux threshold of 40 MJy sr™! per spaxel is set in the original
cube. As a further constraint, fits to the ro-vibrational diagrams
are done only if five or more transitions are detected in a spaxel.
Ro-vibrational analysis is performed using the pdrtpy' Python
package.

In our ro-vibrational plots we detect a mixture of tempera-
tures. The prdtpy package was set to fit two components in our

! pdrtpy is developed by Marc Pound and Mark Wolfire. This project

is supported by NASA Astrophysics Data Analysis Program grant
80NSSC19K0573; from JWST-ERS program ID 1288 provided through
grants from the STScl under NASA contract NAS5-03127; and from the
SOFIA C+ Legacy Project through a grant from NASA through award
#208378 issued by USRA.
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diagrams. For simplicity, we call them warm and hot compo-
nents, following the nomenclature of Gieser et al. (2023). This is

to distinguish the warm H; gas from the colder outflow traced by
other species at sub-mm wavelengths. However, it is worth not-
ing that both temperature and column of each component largely
vary along the flow, depending on the gas excitation conditions,
that is on the number of detected lines and their excitation ener-
gies (see examples in Fig. B.2 of Appendix 3.4). Therefore our
simplification is highly reductive.

Figure 9 shows temperature (top panels) and column density
(bottom panels) maps for the warm (left panels) and hot com-
ponents (right panels) of the gas. Overall, the gas is colder and
denser in the inner jet, whereas it becomes warmer and less dense
in the outer BSs. Moreover, the warm component has column
densities one order of magnitude larger than the hot component
(see bottom panels of Fig. 9).

The temperature of the warm component varies from
~300K, in the inner jet close to source, to 500-700 K along the
jet, and up to 900—-1000 K in the terminal BSs, and its column
density changes from 10! to 10%° cm™2 along the jet, while it is
just some 10" cm~2 along the BSs, with the exception of BS 3,
which has the highest column densities (~3 x 102’ cm™2).

The hot component varies from 1000 to 2000K along the
jet, whereas it is much higher (2000-3500K) at the BSs. On
the other hand, its column density is higher along the jet
(1-2x 10" cm™2) and drops in the outer jet and BSs (10'8—
10" cm™2).
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Fig. 9. Temperature (top panels) and column-density (bottom panels) maps of the warm (left panels) and hot (right panels) H, components. The

magenta circle shows the position of the ALMA mm continuum source.

Less collimated, colder (200-400K) and less dense (10'8—
10" cm™2?) gas (showing a U or V shape at the rear of the jet)
is detected in the inner regions (bottom panel of Fig. 4 and left
panels of Fig. 9), likely tracing a poorly collimated wind. In addi-
tion, the outflow gas (i. e. the entrained gas) appears less dense
and colder than that in the jet and BSs, with the exception of the
shocked outflow-ISM interface (blue coded in the N(H,) maps),
where column density and temperature appear to be higher than
those of the entrained gas.

3.5. Physical properties of the flow from the atomic species

We can use the different atomic species detected along the flow
to infer the main physical parameters of the atomic gas.

3.5.1. Electron density and temperature from [Fe 1]

Electron density (n,) and temperature (7,) of the atomic gas can
be derived from the many [Fe I1] transitions detected along the
flow in the MIRI-MRS data. For our analysis, we use a nonlo-
cal thermal equilibrium (NLTE) excitation model presented in
Giannini et al. (2013), here updated to include the MIRI-MRS
transitions at low E,,. The model assumes electronic colli-
sional excitation/de-excitation and spontaneous radiative decay.
It employs the atomic database of the XSTAR tool (Bautista &
Kallman 2001), which provides energy levels, Einstein coeffi-
cients, and collision rates (for temperatures between 2000 K and
20000 K) for the first 159 fine-structure levels of Fe*. Our NLTE
model provides a line intensity grid for all transitions from the
159 levels for 100 < n, <107 cm™ (in steps of log;y (n./cm™3)
=0.06) and 400 < T, < 10° K (in steps of §7,=200 K).

The observed line fluxes are de-reddened using the values
reported in our Ay map (see Sect. 3.1), and their line ratios are
used to find the best fit to our model, leaving 7, and n, as free
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parameters. Fits with the lowest chi-square (y?) value provide the
best T, and n, solutions.

Along the jet we just detect the [Fe 11] lines at 5.3, 17.9, and
26 um. On the other hand, for the external BSs more lines have
been used in our fits (see Column 6 of Table C.2).

Spectra with 1” radii were extracted from eleven regions, the
four outer BSs (BS 1-4), five knots along the blueshifted (Knot
1-5), and redshifted jet (Knot 1 red and 2 red) (see Fig. 1 and
Column 2 of Table 1 for feature identification and coordinates,
respectively). Only in seven of these spectra (i. e. the four BSs
and Knot 2, 3, and 5) the [Fe 11] 5.3 pm line is bright enough for
our analysis (=50).

Columns 3 and 4 of Table 1 report n, and 7, values of the
fits for each feature, while Column 5 lists the /\/2 of the best fit
along with its degrees of freedom (i.e. number of line ratios
used minus the two variables, n, and T,). Temperature increases
moving away from the source, notably from 7, ~1000K in the
inner jet to 7, ~1400K in BS4, T, ~2800 K moving further
out to Knot5, and it reaches its peak at BS3 (T, ~3800 K).
T, finally drops in the two most external BSs, BS2 and BS 1,
at 1800 and 2400 K, respectively. The trend of n, is similar,
low values (100-230 cm™) along the jet and at BS 4 and higher
values (350-800 cm™) at the three terminal BSs (BS 1-BS 3).

It is also worth noting that the three brightest [Fe11] lines
(i.e. at 5.3, 17.9, and 26 um) can be combined to infer both
parameters, as the 17.9/5.3 um ratio is sensitive to n, and the
26/17.9 um ratio to T,. Figure 10 shows a plot of the two line
ratios (26 um/17.9 pm line on the x-axis and 17.9 um/5.3 pum line
ratio on the y-axis) in logarithmic scale and the grid of T, and n,
values derived from our model. Line ratios and uncertainties of
each analysed feature are displayed (BSs in blue, knots in red).
Derived values and errors for n, and T, are listed in Columns 6
and 7 of Table 1, respectively. Within the error bars, these results
are the same as for the fits; however these numbers provide a
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Fig. 10. Logarithmic grid of the [Fe 11] 26 um/17.9 um line ratio (x-axis)
and [Fe1] 17.9 um/5.3 pm line ratio (y-axis). The two line ratios are
sensitive to 7, and n,, respectively. Line ratios and error bars for the
studied features (BSs in blue, knots in red) are shown in the plot.

better constraint on the uncertainties. The larger uncertainties
are those on n, along the inner jet and this is due to the fact that
the 5.3 um line has a relatively low S/N (<5) there. For four more
knots (Knot 1 and Knot 4 blueshifted, and Knot 1 and Knot 2 red-
shifted, the latter labelled with an additional R for distinguishing
purposes in Fig. 10 and other figures and tables of the paper), we
report lower limits on 7z, (as the 5.3 um line is not detected or
is below 30 in our spectra) and the corresponding temperature
upper limits. The upper limit to the 5.3 pm line flux is inferred by
multiplying the 30 noise of the spectrum at the line wavelength
by the nominal FWHM of the line.

Finally, we employ continuum-subtracted line images of the
three bright [Fe11] lines to construct both log (26 wm/17.9 wm)
and log (17.9 pm/5.3 um) maps, to visualise how T, and n, vary
along the flow. Images were sampled at the lowest pixel scale
of the 26 um image, and, to avoid spurious detection, pixels
with fluxes below 30 were masked. Furthermore, in the resulting
maps, only pixels within the 30" line contours are displayed.

Figure 11 shows the logarithmic map of the 26 um/17.9 um
line ratio. The colour-coded bar reports both logarithmic values
and the corresponding T, for a gas with n,=500cm™ (i.e. an
average of the measured range of values along the flow). There-
fore, the corresponding temperature is slightly underestimated
along the jet and overestimated along the terminal BSs. Notably,
the counter-jet has T, similar to the jet and the increasing 7,
trend towards the terminal shocks is also visible. Figure 12 shows
the logarithmic map of the 17.9 um/5.3 pm. The colour-coded
bar indicates the corresponding n, of a gas at 7,=1000 K. Elec-
tron densities are lower along the jet and in BS 4 whereas they
are higher in the outer BSs.

3.5.2. Gas-phase iron abundance

Gas-phase iron abundance, and thus the observed [Fell] and
[Fe1] line intensities, are regulated by the shock efficiency in
eroding the dust grains, through processes like sputtering and
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Fig. 11. Logarithmic map of the ratio of [FelI] lines at 26 um and
17.9 um. Cyan contours show the [Feli] (26 um) line flux at 3, 10,
and 50 o (0.48, 1.6, 8 mJy pixel™"). Colour code displays the logarith-
mic value of the ratio (bottom) and the corresponding 7, (in Kelvin)
for an average n, of 500 cm™3. Only pixels within 3¢ line contours are
displayed. The magenta dot shows the position of the ALMA mm con-
tinuum source.
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Fig. 12. Logarithmic map of the ratio of [Fe 11] lines at 17.9 and 5.3 um.
Cyan contours show the [Fe 11] (5.3 um) line flux at 3, 10, and 500 (0.1,
0.4, 2.1 mJy pixel™"). Colour code reports the logarithmic value of the
ratio (bottom) and the corresponding 7, (in cm™?) for an average T, of
1000 K. Only pixels within 3¢ line contours are displayed. The magenta
dot shows the position of the ALMA mm continuum source.

grain-grain collision, which release iron into the gas-phase (see,
e.g. Seab 1987; Jones 2000; Colangeli et al. 2003). Studies
of nearby protostellar jets at near- and MIR wavelengths have
shown that the gas-phase abundance of Fe is much lower than the
typical solar abundance (i. e. (Fe/H)s=2.88 x 107°; see, Asplund
et al. 2021), indicating that, if solar abundance is assumed, met-
als are still partially locked onto grains (see, €. g., Nisini et al.
2002; Podio et al. 2009; Dionatos et al. 2009, 2010). Typically,
this type of analysis is conducted by comparing [Fe 11] line inten-
sities with those from a non-refractory species (e. g., Ne, S, O,
P, Cl) emitted under the same physical conditions and assuming
solar abundances.

An analysis of Fe and Si gas-phase depletion in HH 211
was accomplished by Dionatos et al. (2010) with Spitzer/IRS,
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Fig. 13. Observed vs. predicted [Fe1r] 26 pm/[S1] and [Fe1]/[S1]
line ratios for different knots (red triangles) along the jet. Each curve
reproduces the Hollenbach & McKee (1989) dissociative models for
different values of the gas-phase iron abundance (coloured curves,
from 2.88 x 107 — black dots — to 7 x 107 — magenta open circles),
pre-shock density no=10° cm™, and a range of shock velocities (v,=30—
100km ™), as reported in the labels. The two blue arrows show how
the plots move by varying ng from 10* to 10° cm=.

using sulphur as a non-refractory species. They found a gas-
phase Fe abundance between 3—-10% and 2—-7% with respect to
the solar one for the blue- and redshifted jet, respectively (see
their Table 5). However, as no [FeI] emission was detected in
their spectra, they assumed that the iron was fully ionised, and
therefore those values should be considered as an upper limit of
the iron abundance (or a lower limit value of the Fe gas-phase
depletion) along the flow.

Constraints on the gas-phase iron abundance can be also
inferred by comparing observed dereddened line ratios with
those predicted in dissociative shock models (see, e. g., Nisini
et al. 2002). To trace the iron abundance, we use the observed
[Fe1r] 26 um/[S 1] and [Fe1]/[S 1] line ratios, as both [FeI] and
[Fe11] lines are equally depleted along the jet. We assume solar
abundance for the different species and, most importantly, that S
is a non-refractory species, and thus it is all in the gas phase. It is
worth noting, however, that the latest studies in nearby molecu-
lar clouds have shown that sulphur is a semi-refractory species,
and its depletion depends on the environment and star formation
activity (see e.g. Fuente et al. 2023). In particular, Fuente et al.
(2023) show that S is, on average, depleted by a factor of 20 in
the Perseus molecular clouds.

For different knots along the jet, we compare the observed
line ratios against those predicted by HM89 J-shock models for
different values of the gas-phase iron abundance and a range of
shock velocities (v¢=30-100kms™").

Figure 13 shows the observed line ratios for different knots
(red triangles) plotted over the HM89 original values (black open
circles), calculated for H 1 pre-shock density of no=10° cm~3 and
an Fe abundance of 107°. Predicted [S1] line fluxes have been
modified to take into account the slightly different S abundance
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in the original HM89 model (107>) with respect its most recent
solar abundance (1.318 x 107>; Asplund et al. 2021). The same
curve is plotted for a range of gas-phase iron abundances (plot-
ted in different colours, as labelled in the figure): from solar
(2.88 x 1073, black dots curve, upper right) to 7 x 107 (magenta
open circles curve, lower left). Changes in pre-shock density
moves the curves as shown by the blue arrows in the plot.

Figure 13 shows that Fe is largely depleted (i. e. knots fall far
away from the curve with solar abundance - black dots curve)
and just a small amount is in gas-phase (between ~2 and ~10%),
as abundances range from ~7 x 1077 to ~3 x 1076, Knots close to
the source (namely Knot 1, Knot 1 red and 2 red) seem to be less
depleted than those positioned further away from the source (i.e.
Knots 2, 3, and 4). Although we cannot be certain about the abso-
lute values of Fe depletion, which rely on the assumption that S
is not depleted, we can be confident regarding the Fe differential
depletion along the jet.

Nevertheless, one would expect the opposite of what we find,
namely that the Fe gas-phase increases along the flow moving
away from the source (see e.g. Nisini et al. 2005; Podio et al.
2006), as Fe is being released from grains via shocks along the
flow. Our measure of a decrement in the Fe gas-phase along the
jet (see Fig. 13) suggests that this difference is local and related
to the different strength of the shocks along the flow, rather than
a continuous destruction of grains along the flow.

3.5.3. Density, shock-velocity, and ionisation fraction of the
atomic jet

Figure 13 already provides us with some indications about pre-
shock densities (np) and shock velocities (vs) along the flow.
However, as both iron abundance and ionisation fraction are not
well constrained by such analysis, it is not possible to prop-
erly infer v and ng values. The latter parameter is particularly
important to define the dynamical properties of the atomic jet
component and thus its relevance with respect to the molecular
component.

We can use other atomic lines predicted by the HM89 mod-
els, to constrain these two parameters. In particular, we note that
the [Ne 11] line intensity strongly depends on v, but it is less sen-
sitive to ng variations (see Fig. 7 in HM89). In contrast, [S 1] and
[C11] (at 11.4 um) line intensities are strongly dependent on ng
variations but not on vy (at least for shock velocities <60 kms™!).

Therefore, we first constrain the shock velocity along the flow
using the dereddened [NeII] line intensity as observed in dif-
ferent BSs and knots of HH 211. As the line is detected below
30 (or not detected) in the knots along the jet, here we use a
30 upper limit to estimate its line intensity. Shock velocities of
40+5kms™! are measured for the BSs (35+5kms~! for BS2),
whereas v; < 50-60kms~! is inferred along the jet. Results are
listed in Column 2 of Table 2.

We then employ [S1] and [Cl1] line fluxes to infer the gas
pre-shock density. Values derived from [S1] are more reliable,
as [ClT1] is only weakly detected along the jet (S/N<30). Despite
this, ny values derived from [Cl1] are consistent with those
derived from [S 1] (see Column 3 of Table 2).

Pre-shock density along the jet ranges from 7x10* to
2x10° ecm™3, being denser (1-2 X 10° cm™?) in knots close to the
source (i.e. Knot 1, Knot 1 red and 2 red). The outer jet and BSs
show a lower density (4-9 x 10* cm™3).

By combining n, and ny, it is then possible to infer the H1
ionisation fraction (x.=n./ng). Values along the jet are a few
1073 (see Column4 of Table 2), whereas at the terminal BSs it
is slightly higher (from several 10~1072). We note that these
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Table 2. Physical and dynamical parameters along the HH 211 atomic flow.

Feature Vs no [S1] - [Cl1] Xe Mknot Prnot Pknot Tatomic
(kms™h) (10° cm™3) (1073 (1077 Mg yr‘l) (10*Mpkms™) (1075 M, yr‘1 kms™h) (yr)
Knot 2R <50 2+05-<3 >0.8 3+1 8+2 3+2 50+ 10
Knot 1R <60 1+0.1-0.8-3 >2 09+0.4 24+0.5 1.1+0.6 22+4
Knot 1 <50 2+0.5-<5 >1 1.3+0.9 2.8+0.9 2+1 65+12
Knot 2 <45 0.8+0.1-0.3-0.9 4j‘2‘ 0.8+0.4 1.2+0.2 1.1+0.6 87+17
Knot 3 <50 0.7+0.1 - <0.5 3’:‘3‘ 09+0.5 1.1+0.3 1.2+0.7 134 £26
Knot 4 <50 0.8+0.1-<0.5 >1 1.8+0.7 3.1+0.7 23+09 156 +£30
BS4 40+10 04+01-03+0.2 35
BS3 45+5 08+01-07+02 11.3+0.5
BS2 35+£5 0.7+0.1-0.7+0.3 5+2
BS1 405 09+01-09+03 7.7+0.1
'[FeII] 26 llm veiocity' map ‘ o] V= —2§i5 and +25+5km s‘.1 in the blue and redshifted inner jet
o Eﬁ respectively (see Column 2 in Table C.6). These values translate
= ] . 1 to a total velocity (vi) of about 130+25kms~!, assuming a jet
= inclination angle (i) of 11° with respect the plane of the sky, as
8 of 1 derived from the SiO analysis (see Jhan & Lee 2021). At ~20”
% S from the source radial velocity values increase up to approxi-
=y 1 mately =30+£5kms™! (i.e. viu=160+25kms~!, assuming that i
o © R . . . .
o & is constant along the jet. As the jet shocks the ambient medium
A ot 1 forming BS 4, v, drops to approximately —20 kms~".
& Indeed, the terminal BSs have lower velocities, which
S 1 might be real or just caused by slightly different jet incli-
‘ : ‘ ‘ ‘ : ‘ : nation angles; v,(BS1)=—20+5kms~!, v,(BS2)=—15+5kms~!,
3:44:00.059.5 59.0 585 58.0 57.5 43:57.0 56.5 and, at BS 3, the radial velocity becomes slightly redshifted
km/s R.A. (J2000) (v;=5+5kms~'kms™), possibly indicating that the direction of
NN the flow has changed and the inclination with respect to the
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Fig. 14. [Fe1] 26 um radial-velocity map. Black contours show the
integrated continuum-subtracted line intensity at 5o (0.8 mJy pixel ™).
The magenta dot shows the position of the ALMA mm continuum
source.

values are similar to what was inferred in HH 211 with Spitzer by
Dionatos et al. (2010). Such small x, values are typical of Class 0
protostellar jets (see e.g. Dionatos et al. 2009, 2010), in contrast
to Class I and II jets, where x, ranges from 0.03 to 0.9 (see e.g.
Ray et al. 2007; Frank et al. 2014, and references therein).

3.6. Flow kinematics

MIRI-MRS datacubes also allow us to explore the velocity struc-
ture along the flow for the brightest atomic ([Fe11], [S 1], [Fe1])
and molecular (H;) lines. To derive radial velocity maps of these
lines, we employ the python routine bettermoments (Teague
& Foreman-Mackey 2018) and fit a Gaussian line profile to each
pixel with a S/N>50 in each line image. Depending on the S/N
of the spectral line, this method typically provides a radial veloc-
ity precision (~Av;/ VS/Nj., where Av, = ¢/R) much higher
than the nominal spectral resolution (R) of the instrument.

Radial velocity maps for [Fe11] at 26 um (see Fig. 14) and
17.9 um, [S1], [Fe1] (see Fig. D.1), and H, 0-0 S(1) and S(7) (see
Fig. D.2) lines were constructed.

Figure 14 shows the radial-velocity (v;) map of the [Fe11] at
26 um. The red and blue lobes of the jet are detected straddling
the protostar’s position as derived by ALMA (magenta circle;
see Lee et al. 2019). Radial velocities have an average value of

observer is larger than 90° (see Column 2 in Table C.6).

We note that the position of such redshifted emission is
slightly offset with respect of BS 3, namely ~1” north of the
BS 3 peak. We also note a similar redshifted radial velocity in
the [Fe 11] 17.9 pm velocity map at the same position (see bottom
panel of Fig. D.1). However, both [S 1] (upper panel of Fig. D.1)
and H, (Fig. D.2) velocity maps do not show any redshifted
emission at this location ([Fe 1] emission at BS 3 is below 50°),
indicating a different geometry for those species or a different
origin for the [FeI1] redshifted emission. This might otherwise
suggest the presence of a second, independent flow, traced by the
[Fe11] in the BS 3 region, as a N-S crossing flow was possibly
detected in the NIRCam images of Ray et al. (2023).

Overall, both [S1] and [Fe 1] velocity maps show, within the
uncertainties, radial velocities similar to those in the [Fe 11] maps
(see Figs.D.1 and 14). The H, lines (see Fig. D.2) have a simi-
lar behaviour, but show radial velocities ~10kms~! lower than
the atomic species (see Column2 and 3 of Table C.7). Over-
all, gas traced by the H, 0-0S(1) line moves at slightly lower
speed than that traced by the 0-0 S(7) line (see Columns 2 and 3
of Table C.7). Jet radial velocities of the 0-0S(7) line range
between ~14 and ~20kms~! (but the same velocity within the
error bar) and then v, drops to ~8—12kms~! at the terminal BSs.
On the other hand, the molecular outflow shows radial velocities
lower than the molecular jet (see Fig. D.2), ranging from —10 to
—3+5kms~!, and the poorly collimated (wind) emission close to
source has radial velocities <—5kms~! (see Fig. D.2).

Assuming that the Hy 0-0S(7) line (E,,=7197K) is tracing
the same gas and velocities as the 1-0 S(1) line (E,,=6956 K), we
can derive the flow inclination at different positions by combin-
ing the tangential velocities (v(), measured in Ray et al. (2023)
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Table 3. H, column densities and mass flow along the HH 211 flow for the warm (W) and hot (H) components.

Feature ltg Nu,(W)  Np,(H) My,(W)  My,(H) P(W) P(W) 7(Hp)
" (10" cm™?) (1077 Mg yr 1) (10* Mg kms™) (107 Mg yr ' kms™) (yr)
Knot 1 0.45 12+1 1.2+0.2 7+1 0.4+0.1 5+1 6+1 100 £ 10
Knot2 0.45 11+1 1.1+02 53+08 03+0.1 3.8+0.6 4+1 140 +20
Knot 3 04 12+2 1.2+04 T+1 0.4+0.1 5+1 6+1 200+ 30
Knot4 0.45 15+2 1.8+£0.3 8+2 0.5+0.2 6+1 6+2 270 +£40

(reported in Column4 of Table C.7), and the radial velocities
measured here. The inclination angle with respect to the plane
of the sky ranges from 9°8+1°5 to 12°+1° along the jet (Col-
umn 7 of Table C.7), and the weighted mean is 11°6+0°6, which
perfectly matches the inclination value from SiO (Jhan & Lee
2021), confirming that our previous assumption on i was cor-
rect. On the other hand, the terminal BSs have a much larger
spread in i, ranging from 5°5+4%4 to 19°4+221 (see BS 1 to 4 in
Column 7 of Table C.7). These differences are not unexpected,
as they reflect the larger precession angle measured in the outer
BSs (see Sect. 3.2).

We can also infer the total velocity of each feature for the
0-0 S(7) line from both inclination and 1-0 S(1) tangential veloc-
ities (Column 5 of Table C.7). For those knots where no vy, nor
i are available, v, and an average value of i=11° are assumed.
The corresponding uncertainties are therefore larger. Similarly,
we compute total velocities for the 0-0 S(1) line (Column4 of
Table C.7). Given the small inclination of the flow, within the
uncertainties, vy of the Hp 0-0S(7) line is the same as vy
inferred in Ray et al. (2023) (see Columns 5 and 4 of Table C.7).
Total velocities inferred from the 0-0S(1) line are similar or
slightly smaller than those inferred for the H, 0-0 S(7) line (see
Columns 6 and 5 of Table C.7).

An interesting feature, detected in the atomic species ([Fe 11]
at 26 um, [ST1], and [Fe1] ) along the inner jet (within ~10”
from the source position) is a a mirror symmetry in radial veloc-
ities between the two sides of both blue- and redshifted jet
(see Figs. 14 and D.1). The bottom side (towards SE) of the
blueshifted jet has an average v, of —40+10kms~!, whereas the
top side (towards NW) has v, of —15+10km s~!. Conversely, the
top side (NW) of the redshifted jet has v,~40+10kms~' and
bottom side (SE) of 15+10kms~". Although the differences are
per-se small (Av,=25+15kms~') and almost within the uncer-
tainties, they may well be significant because they are detected in
all the three maps and the shifts in the red- and blueshifted lobes
are reversed. One possible explanation is that we are detecting jet
rotation (counterclockwise, i.e. the bottom side is approaching
and the top is receding) from a few hundred to a several thousand
au from the source. Alternatively, jet precession (Cerqueira et al.
2006), asymmetrical jet shocks (De Colle et al. 2016), or the, less
likely, presence of a twin jet (e.g. Soker et al. 2022) could also
explain the observed shifts. We note a similar velocity gradient
(1.5+0.8 kms™! at 30+15 au from the jet axis) was detected by
Lee et al. (2007) in SiO with the SMA. However, ALMA obser-
vations at similar resolution, but with higher sensitivity, in Lee
et al. (2018) could not find any clear rotation signal and instead
found only an upper limit of ~27 aukms~! for the inferred jet
specific angular-momentum. This upper limit is more than one
order of magnitude smaller than what was found here, making it
very unlikely we are detecting jet rotation.
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3.7 Molecular and atomic mass-flux rates along the jet

Using both physical and kinematic parameters derived from the
H, and atomic lines, mass ejection rates along the jet can be
inferred.

For the warm and hot H, components we assume that the jet
has laminar flow across the observed pixels in each considered
knot along the blueshifted jet (see, e. g., Dionatos et al. 2010):

Mie(Hy) = 2pmp X (N, A) X (Vig/liy), (1

where p (=1.35) is the mean atomic weight, my is the pro-
ton mass, Ny, is the Hy column density (warm and hot, see
Column 3 and 4 in Table 3, respectively) averaged over the knot
emitting area (A; assumed circular and derived from the radii
reported in Table C.4), v, is the knot tangential velocity (see
Table C.7) and /,; (see Column 2 of Table 3) is the measured knot
cross section. Only values for knots along the blueshifted jet are
reported, as the H, column densities are poorly constrained in
the redshifted jet (see Fig. 9).

Mass-flux rates for the warm and hot H, components are
reported in Column 5 and 6 of Table 3, respectively. Derived
My, (W) range from 5 to 8 X 1077 Mg yr !, whereas My, (H) are
about one order of magnitude smaller, given the lower column
density and (typically) smaller emitting size of the hot compo-
nent. Overall, our mass flux rates are typically two or three times
smaller than those found by Dionatos et al. (2010) with Spitzer,
likely due to the poor spatial resolution of the Spitzer/IRS mod-
ules, whereas both column densities and velocities are similar.
No mass-loss rates are derived for the external BSs, because they
would likely be overestimated, as part of the observed material
is made of entrained gas from the ISM.

Assuming that both blue- and redshifted jet are symmetric
(i. e. redshifted knots have same mass-flux), we infer a mass-
ejection rate along the jet of Mie(Hz)=1-1.6x 107 My yr .
These values perfectly match those derived from the SiO and CO
jetby Jhan & Lee (2021) (1.1 x 107° M, yr ~! with 1=100km s7h
and Lee et al. (2010) (1.8 X 107 Mg yr~! with v=170kms™").
Using the mass accretion rate inferred by Lee et al. (2010) from
Liol (Muec=8.5 X 1075), Mjei/ My varies from 12 to 19%, consis-
tently with what was found with ALMA. Such a high Mje/ M.
efficiency is predicted by MHD disc-winds at the protostellar
stage (see, e. g., Ferreira et al. 2006).

As column density, mass flux, and velocities are known,
other important dynamical properties of the flow can be
retrieved. In particular, momentum (P = M X Vviy) and momen-
tum flux (P = M X vi) of the molecular component can be
inferred and compared with those of the atomic component, to
examine whether the molecular jet is made of entrained mate-
rial or it belongs to the jet, being launched from the disc.



Caratti o Garatti, A., et al.: A&A, 691, A134 (2024)

8:* T T E
gprt
= 4 3
mj{{'%}i

10 T T T T T
o~ 8F =
20 :
NN P S

8
o 8fF . 3
N : RUN
N t {7
= F ]

z?ﬁ‘i_‘i”{" L d E

0

15 10 5 0 -5

Distance from source ()

Fig. 15. Comparison between atomic (red dots) and warm H, molecu-
lar (H,(W), black dots) dynamical parameters for different knots of the
HH 211 jet (see Tables2 and 3). Bottom, middle, and top panels dis-
play mass-flux rates (in 1077 My, yr™!), momenta (in 10 My kms™"),
and momentum fluxes (in 107> Mg yr~! kms™"), respectively.

Columns 7-9 of Table 3 report momentum, momentum flux, and
dynamical time (1) for the warm H, component of the analysed
knots.

To compare molecular and atomic dynamics, the mass-loss
rates of the various knots (M) Were derived from the physical
and kinematic parameters inferred in Sects. 3.5.3 and 3.6. Mo
can be expressed in terms of the pre-shock density (n), speed
of the gas entering the shock, and jet radius (7}, as inferred in
Table C.4):

Mino(atomic) = pmpyg X ng X 7z'rj2 X Viot- 2)

As ny was obtained from [S 1], rj values are also taken from
[S1] in TableC.4. In any event, this assumption should not
change our results as [S1] and [Fe11] have the same 1 values
within the error bars (see also Fig. 8).

The average jet velocity is assumed to be vy =130+25km s~
(see also Sect. 3.6)2. Namely, as [S 1] and [Fe 11] radial velocities
are similar, knot radial velocities from Table C.6 are converted to
velocities assuming a jet average inclination angle of 11°.

As in the case of Hy, M, P, P, and 7 (Columns 58 of Table 3,
respectively) are computed for the atomic component. M, P, and
P values of the atomic (red dots) and warm H, component (black
dots) components of each knot are plotted in Fig. 15 (bottom,
middle, and top panel, respectively) as a function of the distance
to the source. It is clear that the dynamical parameters of the
atomic jet are always smaller than those of the warm H, com-
ponent (H,(W)), indicating that most of the thrust of jet derives
from its molecular component. Most importantly, this confirms
that the molecular jet is not entrained but originates from the
disc.

1

2 We note that, at variance with Eq. (1), radius and velocity in Eq. (2)
are de-projected.

3.8. HH211: A dusty flow

Beyond 10 pm, MIRI-MRS maps spatially resolve continuum
emission at the three terminal BSs (BS 1-BS 3). Their posi-
tion matches the brightest [FelI] emission (at 26 um), with
the bulk of emission at BS3 (S/N>500 or >200MJsr™! at
A >25 um, see contours in Fig. 3). More faint continuum emis-
sion (detected beyond 24-25 um with S/N>5 o or >20MJ sr™!)
is also observed along the jet at Knot4 and along the counter-
jet close to the protostar (Knot IR and Knot 2R; see contours
in Fig. 3). Much fainter continuum emission (S/N>3 0 or
>12MJ sr™!) is also marginally detected at Knot 2, 3 and at BS 4
(see contours in Fig. 3).

The shape of such continuum emission is prominent in the
BS 3 spectrum of Fig. 7, where a rising continuum, roughly
peaking around 25-26 um, is detected under the strong emis-
sion lines. This shape can be fitted with a modified black-
body emission, which provides a temperature of ~90K. By
fitting the continuum spectral energy distribution (SED), we
derive a MIR luminosity for BS3 (Lyr(BS3)) of 0.0035L,
and a total bolometric luminosity (Lpo(BS3)) of 0.009 L.
Assuming optically thin dust, a dust emissivity spectral index
(B) equal to 1.8 (typical of star forming regions; see, e.g.
Schnee et al. 2010), and adopting a dust mass opacity coeffi-
cient k(2)=(850 um/2)® x k(850 um) (Millard et al. 2020), where
k(850 um) = 0.077m?>kg™! (Dunne et al. 2000), we get a very
rough estimate of the dust mass in BS3 of Mgy ~0.044 Mg.
For BS1 dust emission, the second brightest spot, we infer
Lio1(BS1)=0.0023 Ly (Lymir=0.0009 L) and Mgy ~0.011 Mg.
As the continuum flux in BS2 is almost one order of mag-
nitude fainter than in BS1, we infer Ly, (BS2)=0.0003L,
(Lymir=0.00012Ly) and Mgy ~0.005Mg, and in Knot R 1
Mgust ~0.001 Mg. For BS 1 and Knot R 1 we assume that temper-
atures and SED shapes are the same as in BS 3 and BS 1, as the
shape of the continuum emission is to faint to be properly fitted.
It is worth stressing that the reported Mg,y values are probably
lower limits, as dust is unlikely to be optically thin in the MIR
and k(1) largely depends on the size of the dust particles (here
unknown).

We note that such continuum emission was already observed
towards the BS 1-BS 3 region with Spitzer/IRS by Tappe et al.
(2008, see their Fig. 4), but it was not spatially resolved, due
to the lower resolution of Spitzer. Tappe et al. (2008) fitted the
continuum by thermal dust emission at a temperature of ~85 K.
The detection of continuum emission in the inner jet indicates
that a large quantity of dust grains are present along the flow and
thermally heated, but not fully destroyed, by the shocks. This
dust is likely lifted from the protostellar disc, and, apparently,
can survive the transport along outflows and jets as also seen at
sub-millimetric wavelengths in a sample of Class0 YSOs (see
Cacciapuoti et al. 2024).

The proposed scenario is also supported by the low gas-
phase iron abundance along the HH211 flow, the detection
of other atomic species with low ionisation-potential (namely
[Fe1], [Cl1] and [S1], see bottom and middle panels of Fig. 6
and bottom panel of Fig. A.2), the very low ionisation fraction
along the flow, as well as the low T, and 7, values.

While we cannot quantify how much of the dust observed in
the external BSs originates from entrained dust coming from the
circumstellar or interstellar environment, the continuum emis-
sion detected in the inner jet must come from dust lifted from the
disc, likely by a disc-wind. Assuming that the inferred dust mass
is correct, our conclusions are also supported by the dust-to-gas
mass ratio derived for Knot R 1, which is less than 1073, similar
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Fig. 16. Not-to-scale schematic cartoon displaying our findings on the
HH 211 protostellar jet and outflow. Different outflow components, line
tracers, and temperature gradients (not-to-scale) are labelled.

to what expected from MHD disc-wind model predictions (see
e.g. Giacalone et al. 2019; Franz et al. 2020; Rodenkirch &
Dullemond 2022). On the other hand, this ratio is much higher
(~1072) towards BS 3 and BS 1, similarly to the expected dust-to-
gas mass ratio in the ISM (~0.01), confirming that most of the
dust at the external BSs has an ISM origin.

4. Discussion

MIRI-MRS observations have revealed the fine structure of a
low-mass protostellar flow, its chemistry, physics and dynamics.
As HH 211 is one of the best studied protostellar outflows, from
optical to millimetric wavelengths, we can use ours and previous
observations to draw the most up-to-date and complete picture
of a low-mass protostellar flow.

4.1. A textbook case of a protostellar outflow

HH?211 can be considered a textbook case of a Class0O pro-
tostellar flow. Indeed, our observations reveal all the typical
jet/outflow structures: a poorly collimated molecular wind,
traced by cold H, at 200-400K; a stratified (layered) jet,
traced by atomic and molecular gas; and large terminal BSs,
which sweep up the circumstellar and interstellar medium, form-
ing a large (less-collimated) molecular outflow traced by the
warm/cold H, (500-1500 K). A not-to-scale schematic sketch of
our results is shown in Fig. 16, which depicts the main outflow
components, line tracers and temperature gradients observed.

The jet onion-like radial structure is probably one of the most
striking features observed in HH211. We observe jet stratifica-
tion in size, velocity, temperature, and chemistry, as predicted for
jets originating from MHD disc-winds (see e.g. Panoglou et al.
2012; Pascucci et al. 2023). In extended MHD disc-wind mod-
els, the wind has an ‘onion-like’ kinematic and thermo-chemical
structure, with streamlines launched from larger disc radii having
lower velocity, temperature, and ionization, as well as a higher
H, abundance (see e.g. Panoglou et al. 2012; Wang et al. 2019;
Pascucci et al. 2023). According to MHD disc-wind theory,
such thermo-chemical gradients arise from a radially extended
(~0.1-20 au) disc-wind. As Keplerian velocities, chemical com-
position, density, and physical properties change across the disc
radius, this would naturally produce an onion-like structured jet
with different layers. Therefore, the different features observed
are related to each other.

The jet’s innermost atomic component of HH 211 is produced
by the fast flow (vior ~130 km s7h), likely ejected from the inner
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gaseous disc. The inner atomic jet has electron temperatures of
~800-2000 K, very low electron densities ~100—400 cm™3, high
pre-shock densities up to a few 103 cm™, and very low ionisa-
tion fraction (<107%). The most ionised region, traced by [Fe I1]
emission at higher excitation, is the core of the atomic jet, pos-
sibly surrounded by [S 1] and [Fe 1] at lower excitation energies.
Unfortunately, MIRI does not have enough spectral and/or spa-
tial resolution to differentiate these two possible components,
which, in our data, have similar size and velocity.

The molecular jet layer is made of H, that also shows
a stratification in size, temperature and column density: the
warm/hot component at higher temperature (1000-1500 K) and
lower column density (10'-10' cm™2) has a varying radius of
60—-130au and thus positioned in between the atomic and the
cold/warm component at lower temperature (400-1000 K) and
higher column density (10'°~10?° cm~2) and radii of 100-180 au.

One could argue that SiO, and the fast CO jet components,
detected at sub-millimetric and millimetric wavelengths (see e.g.
Gueth & Guilloteau 1999; Lee et al. 2007, 2018), possibly arise
from the H, warm/hot region, on the basis of their observed
velocities (~100kms™!; see Jhan & Lee 2016, 2021), and tem-
peratures (Tco =250-950K and Tsj0 >250 K see Giannini et al.
2001; Nisini et al. 2002, , respectively) similarly to the warm/hot
H, component (see Table C.7 and Fig. 9).

Another important feature predicted by disc-wind models is
dust removal from the disc and the presence of dust along the
flows (see Panoglou et al. 2012). As disc winds extend well
beyond the dust sublimation radius, they can lift dusty parti-
cles up to ~1 um in size (Booth & Clarke 2021), which can be
seen along the flow. Indeed, this is likely what we are observ-
ing in HH 211. We note that dust has also been recently detected
in the environment of other Class O protostars with ALMA (see
Cacciapuoti et al. 2024), but here it is also detected in a proto-
stellar jet. Future MIRI/MRS observations from this and other
programmes will tell whether this is a common feature in pro-
tostellar jets, previously unseen with Spitzer, or rather it can be
ascribed to the youth of this particular flow.

Our observations indicate significant differences in the
dynamical properties of the jet components as seen from their
onion-like structure. We note that the mass-ejection rates mea-
sured from the warm H, component of the jet (Mjet(H2)=1—
1.6 x 107® My yr =1, match very well those from SiO and fast
CO (1.1-1.8 x 107® Mg yr °!; see Sect. 3.7), showing that the
warm molecular component is the primary mover of the outflow.
In contrast, the mass-flux rate, momentum and momentum flux
derived from the atomic component are up to one order of mag-
nitude smaller than those inferred from the warm H, component
(see Tables 2 and 3). This confirms that the molecular jet is the
dynamically most important component of the outflow contrary
to the more evolved ClassII jets, where the atomic component
of the jet is the most important and drives the outflow (see, e. g.
Ray et al. 2007). A similar result for young outflows was reported
by Nisini et al. (2015); Sperling et al. (2021) who investigated
[OI] 63 wm emission using SOFIA.

4.2. An onion-like flow launched by a disc-wind?

An interesting feature seen along the jet and depicted in Fig. 8 is
the increase in the jet radius with distance to the source, evident
for the atomic component, as expected in MHD wind mod-
els (e.g. Pascucci et al. 2023, and references therein). Despite the
large uncertainties in the radius estimate of the different compo-
nents (see Fig. 8), the atomic jet seems to show a larger opening
angle with respect to the H, components, which appear to be
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almost flat and surely collimated beyond 1000-1500 au in Fig. 8.
In MHD wind models it should be the other way round, namely
the opening angle of the atomic component should be narrower
than that of the molecular one. These results might indicate that
the H, emission is tracing extended structures (likely small BSs
rather than the jet) that are not fully spatially resolved (see e.g.
the shape of Knot4 and Knot3 in Fig. 1 and upper panel of
Fig. 4), or that the molecular jet recollimates at smaller distances
from the source.

In any case, fitting the jet radius as a function of the distance
to the source just provides a very crude approximation of the
jet launching region (in X-winds; or the launching inner radius -
iy - in extended disc-winds). To get a better estimate of r;,, we
can use the observed jet velocity, assuming that it is equal to the
asymptotic speed of the jet poloidal velocity (see e.g. Ferreira
et al. 2006; Panoglou et al. 2012). In this case, we can express
the launching foot point (ry) as a function of the magnetic lever
arm (A), stellar mass (M,) and jet velocity (Viy):

1o = (24 = 3)GM. [ Vo 3)

If the jet is ejected from a very small region (e.g. in X-winds
and very compact disc-winds) A =~ MaCC/Mjet (see e. g. Pelletier
& Pudritz 1992; Pascucci et al. 2023). From Sect. 3.7, we esti-
mated Mje/Moy ~0.12-0.19, and therefore we infer A ~5-8, and
we get rg ~0.03-0.05 au from Eq. (3). This region is well within
the dust sublimation radius (30.1 au) of a low-mass Class 0 pro-
tostar (e. g., Lee 2020). This is in contrast with the detection of
both dust and H, emission along the jet of HH 211. It is then more
likely that we are dealing with an extended disc-wind and thus
ro ~ Iy (i. €. ro matches the innermost radius of the jet launching
region).

It is not possible to properly derive r,,; (i .e. the most external
launching radius) from the data at our disposal, unless a disc-
wind model is used (see Tabone et al. 2020; Lee et al. 2021). As
the radius of the toroid/disc in HH 211 is ~20 au (Lee et al. 2019),
we can assume this as an upper limit for r,,,.

In the past few years, ALMA observations at high-angular
resolution have shown small-scale poorly collimated rotating
molecular winds, launched from the discs of YSOs (e g., HH 212,
DG Tau B, L1448-mm; see Lee et al. 2021; de Valon et al. 2020;
Nazari et al. 2024). When both jet and molecular disc-wind
ejection rates can be estimated, Ming is about one order of mag-
nitude higher than Mje, suggesting that it is the slow-velocity
disc-wind that removes much of the material from the disc rather
than the jet itself (i.e. the re-collimated part of the disc-wind; see
Pascucci et al. 2023, and discussion therein).

As we detect slow-moving, low density, poorly collimated
warm H, emission down to ~2” (~650 au) from the source, we
can assume that this Hj is tracing a poorly collimated disc-wind,
rather than being circumstellar material swept-up by the jet.
From the 0-0 S(1) velocity map, we infer radial velocities in the
range of 4-5(+5)kms~'. We cannot adopt an inclination angle
of 11° as the wind is not collimated. However, we can assume a
typical wind angle of ~30° with respect of the disc plane, and
therefore ~40° of inclination, and the wind velocity will be 6—
8(+8)kms~!. The emitting radius is about 4 times larger than
the jet radius, and the column density is 3-6 X 10'* cm~2, namely
2-4 times lower than that of the jet. Therefore, the inferred disc-
wind mass ejection rate (Mpy) is of the same order of My,(W),
but cannot be much larger as measured in other sources (see
Pascucci et al. 2023, and references therein). However, it is worth
noting that we are measuring the wind at 650—-1000 au from the
driving source, as the visual extinction is too high to detect any

emission closer to it. Therefore our Mpw estimate is likely a
lower limit of its real value.

4.3. Excitation conditions along the flow

Besides the onion-like structure discussed in Sects. 4.1 and 4.2,
we also detect different physical conditions along the flow, mov-
ing from the inner jet to the outer BSs, in both molecular and
atomic emission.

One of the most striking features in the H, maps of Fig. 9 is
the increase (by a factor of 2-3) in temperature, moving from the
inner jet to the outer BSs as well as the symmetric decrease (by a
factor of 2-3) in column density in both components. The atomic
component shows a similar trend in 7, increasing by a factor of
2-3 from the jet to the BSs. On the other hand, the pre-shock
density slightly decreases and #, slightly increases, and, overall,
X, increases from ~1073 to ~1072 moving along the flow (see
Tables 1 and 2). As the fast jet shocks the ambient medium at the
four external BSs, the flow velocity drops, and radial velocity
gradients are detected in both molecular and atomic lines (see
Figs. 14, D.1, and D.2 and Tables C.6 and C.7).

This change in the physical excitation conditions along the
flow is also seen in its chemistry, namely in the diversity of the
spectra observed in the terminal BSs in contrast to the spectra
seen along the jet.

For comparison, the jet emission is mostly characterised
by atomic forbidden lines with low excitation energies
(Eyp < 2700K) and low ionisation potentials (I.P < 7.9¢€V; see
Table C.2). In particular, it is the first time that [Fe 1] is detected
along a protostellar jet, and its coexistence with [FeII] is very
indicative of the low-ionisation of the flow. Besides relatively
faint HD emission, the only molecular emission along the jet is
H, (the main cooler along the whole flow) with transitions at
relatively low excitation energies (Eyp < 7200K; see Table C.1).

In contrast to the jet, the emission at the terminal BSs
(BS 1-BS3) shows atomic forbidden lines at much higher
excitation energies (Eyp < 14600K), and ionisation potentials
(1.P < 23.81eV). Notably, [Fe I] emission mostly or completely
disappear and [S1IT] is just about detected, indicating that the
atomic species are much more ionised here. It is also worth not-
ing that [S 1] at 25 pum is still extremely bright, having similar 1.P.
and Ey, of [FeI] line at 24 um. This is due to the fact that, as pre-
dicted in J-shock models (e. g. Hollenbach & McKee 1989), the
[S1] line intensity is 1-2 orders of magnitude higher than that
of [Fe1] for pre-shock densities of ng ~10* cm™ (see Fig. 7 in
Hollenbach & McKee 1989). Nevertheless, [S 1] optical emis-
sion has been observed at the BSs (see Walawender et al.
2005, 2006), which provides further evidence that the atomic
component is partially ionised.

Moreover, the terminal BSs (BS1-BS3) display an
extremely rich molecular emission. Along with HD and H,
transitions at high excitation energies (Ey, up to 16 000 K; how-
ever NIRSpec spectra reveal v = 5 transitions with Ey, up to
~30000 K; Ray et al. 2023), our MIRI spectra show bright CO
(1-0) emission from the high-J P-branch at 2000-3000 K (see
also NIRSpec spectra in Ray et al. 2023), OH, H,0, CO,,
and HCO™*. In particular, the detection of suprathermal OH
rotational emission, as well as HI emission in BS 3, namely
Ha (Walawender et al. 2005, 2006) and Paa in the NIRSpec
spectra (but no Bra; Ray priv. comm.), indicates that a UV radia-
tion field, produced by a relatively fast J-shock, must be present
to photodissociate H,O by Lye radiation. Notably, the inferred
shock velocity at the brightest BS (BS3, vy=45+5km s~h:
see Table2) matches well the shock velocity predicted by
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Tabone et al. (2020) (50kms~") to reproduce the suprathermal
OH rotational emissions in HH 211 terminal BSs. Intermediate
velocity (25-60 kms™!), stationary, weakly magnetised, J-type,
molecular shocks are also able to reproduce many other mole-
cular (e.g., Hy, HCO*, CO, CO,, H,O) as well as atomic
features observed in HH 211 (e. g., HT1, [ST1], [S11], [O 1], [Fe11];
see Lehmann et al. 2020, 2022). However, the Lehmann et al.
(2020) fiducial shock-model (v¢=40kms~!, ny=10*cm~3) pro-
vides electron temperatures of about one order of magnitude
higher than what we measured in BS 3 (10* vs. 10% K), suggest-
ing that we are not exactly probing the same regions of the shock
with the [Fe 11].

The overall picture of the HH 211 blue-lobe indicates that
a relatively fast-moving, mostly molecular and weakly shocked
jet is impinging the ambient medium, generating moderate J-
shocks at the terminal BSs. Unfortunately, only upper limits
of the jet shock-velocity (vy <60kms~!) are available from
our analysis. Nevertheless, assuming that the shock velocity
broadens the line profile, we can compare the FWHM of
the [Fe1r] 5.3 um line along the jet and at the terminal BSs
and check whether the line is narrower along the jet. At the
shortest wavelengths of MIRI, the line width is spectroscop-
ically marginally resolved at the BSs, whereas the H, lines
are not resolved. We measure FWHM([Fe 11])=19+0.9 A, and
FWHM(H,)=17+0.1 A, which provides a deconvolved FWHM
of 8.5+0.9A (i.e. Av=48+5kms~!). On the other hand, the
[Fe11] line is not spectrally resolved along the jet, namely at
Knot5 and Knot?2, where it is detected at relatively high S/N,
as its FWHM matches that of the H, 0-0 S(7), indicating that the
shock velocity along the jet is smaller than at BS 3.

4.4. Comparing HH 211 flow properties with other Class 0 and
more evolved flows

Spatially resolved flows in Class 0, I, and II sources share many
features in common, including collimated jets, wider winds,
and outflows, implying that the accretion/ejection mechanisms
are similar over a wide range of stellar masses and over the
whole star formation process. However, a closer look shows
that physical, chemical, and dynamical properties of the flow
change as the central source evolves from the protostellar to
the pre-main sequence phase. In particular, it is worth not-
ing that the jet’s atomic component becomes dominant moving
from the protostellar to the ClassII stage, when the molecular
component of the jet mostly or totally disappears, being fully
dissociated, and the molecular emission is mostly or fully rel-
egated to winds and entrained outflows. Jets become gradually
faster (from 100 kms~! in Class 0 to 300—400km s~! in Class II)
and less dense (from 10°-10° to 10°~10* cm™3), the gas excitation
conditions along the flow increase, showing a higher ionisation
fraction (from 1073-1072 to 0.2-0.5) and electron temperature
(from 10°-10% to 10*K) (see, e. g. Ray et al. 2007; Nisini et al.
2015; Podio et al. 2021). At the same time, mass-flux rates
decrease (from 107°-107° to 1078-10"1"M,, yr’l), as less matter
is available in the disc to be ejected or accreted onto the forming
star.

While the overall picture becomes more and more clear, as
the studied sample of YSOs increases in number, still, flows
driven by the same class of objects show significant differences
in terms of chemistry, excitation conditions, and morphology.
Although some differences might be related to the different mass
of the accreting source (see e.g. Federman et al. 2024), different
ages and binarity of the central protostar (Tychoniec et al. 2024),
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or differences in the accretion and ejection rates, similar objects
at the same evolutionary stage still present variations. Indeed,
as different JWST programmes are providing us with new
and exciting MIR data of spatially and spectrally resolved
protostellar jets (see e.g. Yang et al. 2022; Narang et al. 2024;
Federman et al. 2024; Tychoniec et al. 2024; Nisini et al. 2024;
Rubinstein et al. 2024), we have now the chance to study and
compare sources with similar mass and age, using similar tracers
in the MIR regime.

For example, we can now compare the flow properties of
HH 211 with those of IRAS 16253-2429 (Narang et al. 2024),
a ClassO low-luminosity protostar (Lpq=0.2Ls, M,=0.12—
0.17Mp), observed with both MIRI and NIRSpec. Despite
the similar mass and evolutionary stage of these protostars,
there are several striking differences between the two flows.
The IRAS 16253-2429 jet is more atomic than molecular and
more ionised than HH 211, as no [Fel] emission is detected,
[S1] emission is confined to close to the source, and [NeII]
and Bra emission are well detected along the flow (see Fig.
I, 2, and 3 in Narang et al. 2024). The pre-shock den-
sity is two orders of magnitude lower (2x 10° cm™3; Narang
et al. 2024), shock velocities are similar or slightly higher
(~54kms™!) than in HH 211, jet velocities of the [Fell] com-
ponent are similar or higher (vi=169+15km s71), mass-flux
rates are extremely low (~0.4—1.1 x 1071 M, yr~!; Narang et al.
2024) with respect to what measured in HH 211. This is very
likely connected to IRAS 16253-2429 having a very low mass-
accretion rate (Mpe.=2.4+0.8 X 107 My yr~!; Watson et al., in
prep.), and it is reflected in the one order of magnitude difference
in bolometric luminosity between the two Class O sources.

On the other hand the size of the two atomic jets seem to be
roughly comparable. The diameter of the IRAS 16253-2429 jet
at 400 au from the source (i.e. at the largest distance measured
there) is ~60 au Narang et al. (2024), whereas the HH 211 jet
width at Knot 1R (~580 au), the closest marginally resolved knot,
has a size of 90+30 au. Unfortunately, further comparison is not
possible, as the HH 211 innermost jet emission (in [Fe I1]) is not
spatially resolved.

Overall, the disparity in accretion/ejection activity, reflected
in the YSO bolometric luminosity, might be key to explain such
observational differences. However, comparing the flow mor-
phology and chemistry of HH 211 with the outflows associated
with B335 and HOPS 153 (Class 0 YSOs, slightly more massive
than HH 211 but with similar L; see Table 1 in Federman et al.
2024) presented in Federman et al. (2024), we still note signifi-
cant differences in terms of their morphology and jet excitation.
In particular, in B335 and HOPS 153, H1 Bra emission from the
jet is detected, H, emission is more confined towards the winds
and outflow cavities and is faint along the jet (see Figs. 3 and 4
in Federman et al. 2024). Hodapp et al. (2024) JWST/NIRCAM
images of B335 reveal CO and H, emission in several knots
along the jet.

While some morphological differences among HH 211, B335
and HOPS 153 can be ascribed to the different wavelength
regimes (NIRSpec 2.8-5 pm vs. MIRI 5-28 pm), tracing some-
what different excitation conditions of the gas, nevertheless the
excitation conditions appear to be dissimilar.

In contrast, by comparing the HH 211 jet properties with
those of Class 0 sources with similar Ly, presented in Podio
et al. (2021) (i.e. the CALYPSO IRAM-PdBI survey), we note
that, in several cases (e.g. IRAS4A and 4B sources), jet width
and dynamical properties (i.e. Mje; and Pje;) of the HH 211 warm
H; component are similar to those derived for SiO and CO high-
velocity components (see Table 3 and Fig. 5 in Podio et al. 2021),
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despite observing different wavelength regimes. Nevertheless,
although Mje[ is correlated to Ly, the CALYPSO survey shows
significant dispersion (at least one order of magnitude) in the
mass ejection rates of Class O sources with similar L.

The cause of such a scattering is not yet clear. Episodic accre-
tion could be one of the possible explanations, and the presence
of several knots along the flows surely hints to some variabi-
lity. Nevertheless, as Ly, of Class 0 sources derives from their
accretion luminosity (Lye. ~ GM,..M./R,), the latter should be
strictly correlated with their mass accretion and ejection rates,
and it is thus difficult to explain such large spreads. Of course one
possible cause of such discrepancies could be that the 1\?Ijet/1\'4aCC
efficiency varies from source to source depending, for example,
on magnetic properties. Alternatively our M./R, estimates are
wrong, or the selected samples of Class 0 YSOs include proto-
stars with different ages and accretion rates. As our sample of
Class 0 protostars observed with JWST becomes larger, we might
have the chance to answer these questions.

5. Conclusions

We present JWST MIRI-MRS spectral maps (5-28 um) of the
HH 211 flow, covering the blueshifted lobe, the central proto-
star, and a small portion of the redshifted lobe. The analysis of
these maps provides an unprecedented view of the flow physics,
chemistry, and excitation conditions of the flow, as well as of
its kinematics and dynamical properties. The central protostar is
not detected. Ancillary JWST NIRCam H; narrow-band images
at 2.12 and 3.25 um (1-0 S(1) and 1-0O(5) lines, respectively)
provide a visual-extinction map of the whole flow and are used
to deredden our images and spectra in the analysis. The visual
extinction ranges from 5-15 mag at the terminal BSs up to 20—
60 mag along the bipolar jet towards the central source. As the
inner jet regions (within ~5” of the source) are not detected at
2.12 um, we use a value of 80 mag — as inferred from Hj; ro-
vibration diagrams — to correct for visual extinction in these
regions. Our main conclusions can be summarised as follows:

— The overall morphology of the flow consists of a highly
collimated jet — which is both atomic ([Fe1], [Fe1r], [ST1],
[Ni11]) and molecular (H,, HD) — that shocks the ambient
medium, producing several large BSs, as well as driving a
large molecular (H;) outflow, mostly traced by H, 0-0 tran-
sitions at low-J. Further H, 0-0 S(1) uncollimated emission
is also detected down to 2”-3"” from the source, tracing a
less collimated wind.

— The inner jet, within ~2.5” of the source, is mostly traced by
atomic emission, and the lack of H, emission is likely due to
the large visual extinction (Ay >80 mag) close to the source.
The [Fe 11] emission at 26 um is detected down to ~130 and
300 au from the source on the jet red- and blueshifted side,
respectively.

— In contrast to the relatively small number of atomic and
molecular species detected in the jet, the terminal BSs
(especially BS3) are very rich in chemistry with many
forbidden atomic ([Cl1], [Cl11], [Ar11], [Co11], [NeIi],
[S 111]) and molecular (CO, OH, H,0, CO,, HCO™) species
detected. In particular, suprathermal OH rotational emission
(between 9.1 and 25 um) originating from water photodis-
sociation (114-143nm UV radiation produced by strong -
v >40kms~! - shocks) is observed.

— Dust-continuum emission (at 7 ~90 K) is detected at the ter-
minal BSs (BS 1-3) that roughly matches the [Fe 11] spatial
emission at 26 wm, and more faint emission is detected in the

blue- and redshifted jet. Although some or most of the dust
in the external BSs likely originates from the circumstellar or
interstellar environment, the continuum emission detected in
the inner jet must arise from dust lifted from the disc. This is
also supported by the dust-to-gas mass ratio (<1073) inferred
along the jet.

Line maps show that the HH 211 jet is marginally resolved in
diameter. Our analysis reveal a jet with an onion-like struc-
ture, with the atomic jet displaying a smaller size and the
molecular component extending to larger radii. The different
atomic lines show similar values in radius (ranging from ~45
to ~100 au), and the H, lines have radii similar to or larger
than the atomic jet. The radius of the 0-0 S(7) line ranges
from ~60 to ~130 au, whereas the 0-0 S(1) line is positioned
on the outer layers of the jet (~100-180 au).

We built maps of the H, excitation conditions (Ny,, Tw,)
along the flow. The H, emission shows a stratification in
temperature, and we fitted two components, referred to as
the warm (W) and hot (H) component. Ty,(W) along the
jet varies from ~300K close to the source to 500-700 K
reaching 900-1000K in the outer BSs. Its column density
changes from 10" to 102 cm~2 along the jet, while it is only
10" cm™2 along the BSs, except in BS 3 (~3 x 10%° cm™2).
T, (H) varies from 1000 to 2000 K along the jet, whereas it
is much higher (2000-3500 K) at the terminal BSs. Its col-
umn density is higher along the jet (1-2x 10" cm~2) and
drops in the outer jet and BSs (10'8-10'" cm™2).

The less collimated wind close to the source is colder (200—
400K) and less dense (10'8-10' cm™?) than the jet. The
outflow gas (i.e. the entrained gas) is less dense and colder
than the jet and BSs.

T, and n, are derived from [Fe 11] line fluxes using an NLTE
code. Moving away from the source, T, increases from
~1000 to ~1400K at BS 4. The terminal BSs show the high-
est electron temperatures (1800-3800K). A similar trend
is seen for n,, with low electron densities (150—400cm™>)
along the jet and at BS 4, and higher values (350-800 cm™)
at the three terminal BSs.

We inferred the [Fe1l] gas-phase abundance along the jet
using Hollenbach & McKee (1989) J-shock models. Iron is
largely depleted along the flow and just a small amount is in
gas-phase (between ~2 and ~10%), with abundances ranging
from ~7 x 1077 to ~3 x 1075, Surprisingly, jet knots close to
the source seem to be less depleted than those positioned fur-
ther away from the source. We argue that this might be the
result of different shock conditions along the jet.

The Hollenbach & McKee (1989) J-shock models also allow
us to infer the pre-shock density, shock velocity, and ionisa-
tion fraction along the flow. ng varies from ~1-2 x 10° cm™
in the inner jet to ~0.4-0.9 x 10° cm™3. Shock velocities at
the terminal BSs range from 35+5 to 45+5km s~!, whereas
only upper limits (v, <45-60kms™!) can be derived for the
jet. The ionisation fraction varies from 10~* along the jet to
1072 at the terminal BSs.

We also constructed radial velocity maps for both molecu-
lar (H,) and atomic lines ([S1], [FeI], [Fe11]). Overall, the
atomic lines show similar velocities. Average values of v,=
—25+5 and 25+5kms~! are found in the blue- and red-
shifted inner jet, which correspond to a total velocity of
v= 130+25kms~!, for a jet inclination of 11°. The radial
velocity of the atomic component peaks at —30+5kms™!
(Vior=160£25km s~!) in the outer jet and drops at the termi-
nal BSs. The kinematics of the H, shows a behaviour similar
to the atomic lines, but has radial velocities of ~10kms™!
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lower than the atomic component. An average jet inclination
angle (with respect to the plane of the sky) of 1126026 is
inferred from H, radial and tangential velocities (Ray et al.
2023). On the other hand, the terminal BSs show a much
larger spread in 7, ranging from 525+4%4 to 19°4+271.

— Mass flux rate, momentum, and momentum flux of the dif-
ferent knots of the jet are inferred for the H, (warm and hot)
and atomic components. M, P, and P values of the warm
H; component are up to one order of magnitude higher than
those inferred from the atomic component, whereas the hot
H, component shows jet dynamical values similar to those of
the atomic component. Our findings indicate that the warm
H, component is the main driver of the outflow, namely it is
the most significant dynamical component of the jet, which
is in contrast to jets from more evolved YSOs.

Overall, our JWST MIRI/MRS maps of HH 211 reveal a text-
book case of a protostellar flow, revealing a collimated jet with an
onion-like structure comprised of layers of different size, veloc-
ity, temperature, and chemical composition. The jet is dusty,
possibly launched by a disc-wind, and is mostly molecular, and
its warm H, component is the main driver of the molecular
outflow. The jet close to the source is surrounded by a U- or
V-shaped, less-dense, and colder molecular wind. Excitation
conditions also vary along the flow. Further JWST observations
of other young Class 0 and Class I jets and outflows will show
whether the characteristics presented here for HH 211 are com-
mon to young jets or that the flow properties markedly evolve
with time, as early indications suggest.
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Fig. A.1. Tricolour MIRI-MRS map of H, 0-0 S(7) (at 5.5 pum, in blue),
[S1] (at 25.2 um, in green), and [Feli] (at 26 um, in red) emission
lines. H, 0-0 S(7) (at 17.0 pm) magenta contours (at 3, 10, 20, 50, 100,
200, and 500 o; 1 =40 MJy sr™!) are also overplotted. The white circle
marks the position of the ALMA mm continuum source.

Appendix A: Additional MIRI-MRS maps

Figure A.1 shows a tricolour MIRI-MRS map of H, of H, 0-
0S(7) (at 5.5 wm,in blue), [S 1] (at 25.2 wm,in green), and [Fe I1]
(at 26 pm, in red) emission lines. H, emission (0-0 S(1) line at
17.0 um) is overplotted with magenta contours (at 3, 10, 20, 50,
100, 200, and 500 o; 1 =40 MJy sr™1).

Figure A.2 presents the MIRI-MRS intensity integrated maps
of the following transitions (from top to bottom): HD 0-0 R(4)
at 23.03 um, CO (1-0) lines (from P29 to P31) from 4.96 to
4.98 um, [NiIr] at 6.64 um, [Cl1] at 11.33 pm.
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Fig. A.2. Additional line maps of some bright features detected

along HH211. From top to bottom: HD 0-OR(4) at 23.03 um, CO (1-
0) lines from 4.96 to 4.98 um, [NiI1] at 6.64 um, [Cl1] at 11.33 pum. The
magenta circle shows the position of the ALMA mm continuum source.
Integrated flux is in mJy pixel™'.

Appendix B: Ay estimate in the inner-jet region and
Boltzmann plots

Figure B.1 shows the H; ro-vibrational diagram for the
blueshifted inner jet extracted at R.A.(J2000): 03"43"57.5176,
Dec.(J2000): +32°00'48.”18, namely about 4.”5 (towards the
SE) away from the position of the mm ALMA source. Only pure
rotation lines are detected and reported, as the v = 1 lines are
too faint to be detected. Two temperature components (warm
and hot) are visible and fitted. Values of 7(H,) and N(H,) for
both components are reported. Fits were obtained by varying
Ay values, until the best fit (highest correlation coefficient) was
derived. Inferred uncertainty in Ay is about 10 mag.
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Fig. B.1. Ro-vibrational diagram towards the inner jet of HH211
(R.A.(J2000): 03"43™57.5176, Dec.(J2000): +32°00'48.”18) at ~4.”5
away from the source. Two temperature components are fitted. Ay =
80 mag best fits the two gas components.

Figure B.2 show two examples of Boltzmann plots derived
by our routine to compute the excitation maps. Spectra were
extracted from a single spaxel in the blueshifted inner jet (top
panel) and in the wings of BS 3 (bottom panel).
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Fig. B.2. Examples of pixel-by-pixel ro-vibrational diagram towards
HH?211. Top panel: ro-vibrational diagram in the blueshifted inner
jet (R.A.(J2000): 03"43™57.5469, Dec.(J2000): +32°00'47.”733), where
only v = 0 lines (up to S(7)) are detected. In this case, tempera-
ture of both components is low and column density is high. Bottom
panel: ro-vibrational diagram towards the wing of BS 3 (R.A.(J2000):
03"43"59.5277, Dec.(J2000): +32°00'35.”13), where both v = 0 and
v = 1 lines are detected. In this case, the temperature of both compo-
nents is high and the column density is low.

Appendix C: Additional tables

Table C.1 provides the list of identified H, transitions along with
their theoretical wavelength (in wm), energy of the upper level
(in K), and corresponding MIRI Channel/Grating.

Table C.2 provides a list of the forbidden atomic lines
identified along the HH211 flow. The table also reports the
ionisation potential of the species, transition ID, wavelength,
excitation temperature of the upper level, the corresponding
MIRI Channel/Grating and the outflow regions where the line
was detected.

Table C.3 lists the HD transitions detected as well as their
wavelength, energy of the upper level, and corresponding MIRI
Channel/Grating.

Table C.4 reports, for each identified knot and each species,
its FWHM in arcseconds (measured orthogonally to the jet
axis), the corresponding size (deconvolved for the FWHM of the
corresponding PSF), and its radius in au.

As an example of the extracted spectra, Table C.5 lists iden-
tified lines, wavelengths, line fluxes and uncertainties in Knot 2.
Spectrum and identified lines are also shown in Fig. 5.

For each knot and BS identified, Table C.6 reports mea-
sured radial velocities and their uncertainties, along with the
total velocities derived by assuming an average inclination angle
of 11° with respect to the plane of the sky.
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Table C.1. Detected H, pure rotational lines in the jet and BSs.

Line A Eyp MIRI Channel/Grating
(um) K)

H, (1-1) S(9) 4.95409 15725 chl-SHORT
H, (0-0) S(8) 5.05312 8677 ch1-SHORT
H, (1-1) S(8) 5.33005 14220 chl1-SHORT
H, (0-0) S(7) 5.51116 7197 ch1-MEDIUM
H, (1-1) S(7) 5.81086 12817 ch1-MEDIUM
H, (0-0) S(6) 6.10856 5830 ch1-MEDIUM
H, (1-1) S(6) 6.43835 11521 ch1-MEDIUM
H, (0-0) S(5) 6.90952 4586 chl-LONG
H, (1-1) S(5) 7.28012 10341 ch1-LONG
H, (0-0) S(4) 8.02505 3474 ch2-SHORT
H, (1-1) S(4) 8.45302 9286 ch2-SHORT
H, (0-0) S3) 9.66491 2504 ch2-MEDIUM
H, (1-1) S(3) 101778 8365 ch2-LONG
H, (0-0) S(2) 12.2786 1682 ch3-SHORT
H, (1-1) S(2) 129276 7584 ch3-SHORT
H, (0-0) S(1) 17.0348 1015 ch3-LONG

Notes. The Hy(1-1) S(1) line at 17.9323 um is blended with the bright [Fe 11] transition at 17.92324 um and thus not detected.

Table C.2. Detected atomic lines in the jet and bow shocks.

Ion LP* Line ID A Eyp MIRI Channel/Grating Region
(eV) (um) (K) line detected in

[Fei] O a°D3-a°Dy 24.04233  598.4* ch4-MEDIUM jet; BS1,2,3, and 4 <50

[Ferr] 7.90 a*Fop-aDojy  5.3401693  2694.25 ch1-SHORT jet,BS1,2,3,4
a*F7-a%Ds;,  5.6739070  3496.42 ch1-SHORT BS3<50
a*Fy)p-a°D7)p 6.721277 2694.25 ch1-LONG jet, BS1,2,3 <50
a®Ds)p-a°Dyjy 14977170 960.65 ch3-MEDIUM BS 1, 2,3 <50
a*Fy)p-a*Fo o 17.936 3496.42  ch3-LONG / ch4-SHORT jet,BS1,2,3,4
a*Fs)p-a*Fy 24.5192 4083.22 ch4-LONG BS3
a®D7/5-2°Dgjy 25988390  553.62* ch4-LONG jet,BS1,2,3,4

[Nirr] 7.64 2D32-*Ds)n 6.6360 2168.15 ch1-LONG jet,BS1,2,3,4
4F7/,-*Fo 2 10.6822 13423.83 ch2-LONG BS 1, 2, 3<50
4Fs)-Fr 12.7288 14554.16 ch3-SHORT BS 1, 2, 3<50

[Ar1l] 1576  2Py;-*P3) 6.985274  2059.73* ch1-LONG BS3<50

[Comn] 7.88 a’Fz;-a’F, 10.522727  1367.30* ch2-LONG BS3<50

[Cl1] 0 2P 2-2P3)n 11.333352  1269.51* ch2-LONG BS 1,2, 3, 4; jet<30

[Cl] 23.81 3P,-3P, 14.3678 1001.39* ch3-MEDIUM BS3<50

[Net] 21.56  2P;;-*P3) 12.813548  1122.85* ch3-SHORT BS3;BS1,2,4<50

[S1] 0 P,-’P, 25.2490 569.83* ch4-LONG jet,BS1,2,3,4

[Sm] 2324 3p,-’P 18.71303 1198.59 ch4-SHORT BS 3; BS 1 and BS 2<50

“ Jonisation potential of the X'~! ion
* Fundamental transition to the ground state

For each knot and BS identified, Table C.7 reports the radial
velocity of the Hy 0-0S(1) and 0-0S(7) lines, the tangential
velocity of the H, 1-0 S(1) line as measured by Ray et al. (2023),

Table C.3. Detected HD transitions.

the total velocity of the hot and warm component, and the incli-
nation angle of the feature with respect to the plane of the

sky.
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Species A Eyp MIRI Channel/Grating
(pm) XK

HD 0-O0R(10) 11.57346 6657.4 ch2-LONG

HD 0-0R(9) 12.47181 5503.7 ch3-SHORT

HD 0-0R(8) 13.59265 4445.2 ch3-MEDIUM
HD 0-0R(7) 15.25104 34874 ch3-MEDIUM
HD 0-0R(6) 16.89381 2635.8 ch3-LONG

HD 0-0R(5) 19.43100 1895.3 ch4-SHORT

HD 0-0R(4) 23.03376  1270.7 ch4-MEDIUM
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Table C.4. Size of knots in the inner jet

Feature FWHM size radius
Name @) () (au)
[S 1] PSF: 0.98”

Knot 2 red 1.06 0.40+0.10 64«16
Knot 1 red 1.03 0.32+0.10 51=x16
Knot 1 1.02 0.28+0.08 45%13
Knot2 1.04 0.35+0.08 56+13
Knot 3 1.06 0.40+0.12  64+20
Knot 4 1.11 0.52+0.10 83«16
[Fe 1] PSF: 0.924"”

Knot 2 red 0.978 0.32+0.10 51=x16
Knot 1 red 0.992 0.36+0.10 58«16
Knot 1 0.976 0.31+0.10  50+16
Knot 2 0.977 0.32+0.10 51=x16
Knot 3 0.995 0.37+0.10 59«16
Knot4 1.002 0.39+0.10 62+16
[Fe 11] (17 wm) PSF: 0.803”

Knot 2 red 0.850 0.28+0.12  45+20
Knot 1 red
Knot 1 0.900 0.40+0.12  65+20
Knot 2 0.905 0.42+0.10 6716
Knot 3 0.913 0.43+0.12  70+20
Knot 4 1.03 0.64+0.10 103+30
[Fe 11] (26 wm) PSF: 0.98”

Knot 2 red 1.02 0.29+0.08  47+12
Knot 1 red 1.02 0.29+0.08 47+12
Knot 1 1.02 0.29+0.1 47+16
Knot2 1.04 0.35+0.08 56+12
Knot 3 1.07 0.42+0.12  69+20
Knot4 1.14 0.58+0.12 93420
H, 0-0S(1) PSF: 0.73”

Knot 2 red 1.350 1.14+0.08 182+12
Knot 1 red 0.98 0.65+0.18 104+29
Knot 1 1.00 0.7+0.2 112+32
Knot2 1.289 1.06+0.06 170+10
Knot 3 1.310 1.10+£0.08 177+12
Knot4 1.345 1.13+0.06 18110
H, 0-0S(7) PSF: 0.3”

Knot 2 red 0.45 0.35+0.12  56+20
Knot 1 red 0.48 0.37+0.12 6020
Knot 1 0.73 0.67+0.1 10716
Knot2 0.78 0.72+0.08 115+12
Knot 3 0.76 0.70+£0.08 11212
Knot4 0.86 0.80+0.06 129+10
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Table C.5. Detected lines and fluxes in Knot 2.

Line A F+AF
(um) (IO‘ISerg cm2s7h)

H, (1-1) S(9) 4.95 0.6+0.1
H, (0-0) S(8) 5.05 5.48+0.08
H, (1-1) S(8) 5.33 0.4+0.1
H, (0-0) S(7) 5.51 25.3+0.1
H, (1-1) S(7) 5.81 0.6+0.1
H, (0-0) S(6) 6.11 11.70+0.08
H, (0-0) S(5) 6.91 48.10+0.08
H, (1-1) S(5) 7.28 0.3+0.1
H, (0-0) S(4) 8.02 20.00+0.04
H, (0-0) S(3) 9.66 28.90+0.03
H, (0-0) S(2) 12.28 8.14+0.03
H, (0-0) S(1) 17.03 7.44+0.02
HD 0-0 R(6) 16.89 0.10+0.02
HD 0-0 R(5) 19.43 0.19+0.03
HD0-0 R(4) 23.03 0.29+0.04
CO, v=2 14.96-14.99 0.16+0.05
[Fe11] a4F9/2—a6D9/2 5.34 0.41+0.08
[Fe11] a6F5/2-a6(F9/2 14.98 0.09+0.03
[Fe11] a4F7/2-a4F9/2 17.92 0.13+0.02
[Fe 11] a*Fs)»-a*Fy) 25.99 5.38+0.07
[Fe1] a¥D3-a°Dy 24.04 2.66+0.05
[S1]3P,-*P, 25.25 13.50+0.07
[Nl H] 2D3/2-2D5/2 6.63 0.39+0.09

Table C.6. [Fe 11] radial velocity values along the HH 211 flow

Feature Ve Viot
(kms™h)

Knot2red 25+5 130425
Knotlred 25+5 130+25
Knot 1 -25+5  130+25
Knot 2 -25+5  130+25
Knot 3 -25+5 130425
Knot 4 -30+£5  160+25
Knot 5 -20+£5 105425
BS4 -20+5 105+5
BS3 5+5 25+25
BS2 -15+5 80425
BS1 -20+5 105+25
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Table C.7. H, velocities, inclination along the HH 211 flow

Feature  v;(0—0S(1)) v,(0—0S(7) vi(1-0S(1))* vie(H)®  vior(W)* i

(kms™h) (kms™h) (kms™h) (kms ")  (kms™) ©)
Knot 2R 12+6 1745 o 89+26¢  63+31¢ .
Knot IR 10+6 18+7 o 94+34¢  52+31¢
Knot 1 -11+£6 -20+6 ‘e 105+31¢  58+31¢ r
Knot 2 -12+5 -17+5 79+9 81+10 58+24  12+1
Knot 3 -13+5 -14+5 81+10 82+11 76+£29  10+2
Knot 4 -14+5 -14+5 77+10 78+11 78+29  10+2
Knot 5 -5+5 -17+5 83+9 85+10 25424 12+1
BS4 -9+5 -17+£5 115+9 11610 62+34 8+1
BS3 -8+5 -12+5 34+13 36+14 24+15 1942
BS2 -8+5 -11+£5 82+8 83+9 60+38 8+2
BS1 -5+5 -8+5 83+8 83+9 52+52 64

Notes. “Tangential velocity of the 1-0 S(1) line measured by Ray et al. (2023). *Total velocity of the hot H, component derived from v,(0 — 0.5 (7))
and vie(1 — 05 (1)). “Total velocity of the warm H, component derived from v,(0 — 0S(1)) and i. ¢ Inclination angle to the plane of the sky as
derived from v,(0 — 05 (7)) and v (1 — 05 (1)). “Total velocity computed assuming a jet average inclination angle of 11° with respect to the plane
of the sky.
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Appendix D: Additional MIRI-MRS velocity maps

In this section additional velocity maps of the brightest detected

atomic species ([S 1] at 25 wm and [FeI] at 24 wm; top and bot-
tom panel of Fig. D.1, respectively) and H, transitions (0-0 S(1)
and 0-0 S(7); top and bottom panel of Fig. D.2, respectively) are

presented.
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Fig. D.1. [S1] at 25 um (top panel) and [Fe 1] at 24 um (middle panel)
and [Fe11] at 17.9 um (bottom panel) velocity maps. Black contours in
the top and bottom panels show the integrated continuum-subtracted
line intensity at 50~ (0.8 mJy pixel™"). Bottom panel black contours are
at 5, 50, 100, and 500 o~ (namely, 0.5, 5, 10, and 50 mJy pixel~! Only
velocities within a 5o threshold are plotted. The magenta circle shows
the position of the ALMA mm continuum source.
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Fig. D.2. Top panel: H, velocity map of the 0-0S(1) at 17um. Black
contours show the integrated continuum-subtracted line intensity at 5,
10, 50, 100, and 200 o (namely, 0.5, 1, 5, 10, and 20 mJy pixel™!). Bot-
tom panel: H, velocity map of the 0-0S(7) at 5 um. Black contours
show the integrated continuum-subtracted line intensity at 5, 50, 100,
200, and 500 o (namely, 0.1, 1, 2, 4, and 10 mJy pixel™!). Only veloci-
ties within a 5o~ threshold are plotted in both panels. The magenta circle
shows the position of the ALMA mm continuum source.
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