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Abstract

We present the first results of the JWST program PROJECT-J (PROtostellar JEts Cradle Tested with JWST),
designed to study the Class I source HH46 IRS and its outflow through NIRSpec and MIRI spectroscopy
(1.66–28 μm). The data provide line images (∼6 6 in length with NIRSpec, and up to ∼20″ with MIRI) revealing
unprecedented details within the jet, the molecular outflow, and the cavity. We detect, for the first time, the
redshifted jet within ∼90 au from the source. Dozens of shock-excited forbidden lines are observed, including
highly ionized species such as [Ne III] 15.5 μm, suggesting that the gas is excited by high velocity (>80 km s−1)
shocks in a relatively high-density medium. Images of H2 lines at different excitations outline a complex molecular
flow, where a bright cavity, molecular shells, and a jet-driven bow shock interact with and are shaped by the
ambient conditions. Additional NIRCam 2 μm images resolve the HH46 IRS ∼110 au binary system and suggest
that the large asymmetries observed between the jet and the H2 wide-angle emission could be due to two separate
outflows being driven by the two sources. The spectra of the unresolved binary show deep ice bands and plenty of
gaseous lines in absorption, likely originating in a cold envelope or disk. In conclusion, JWST has unraveled for
the first time the origin of the HH46 IRS complex outflow demonstrating its capability to investigate embedded
regions around young stars, which remain elusive even at near-IR wavelengths.

Unified Astronomy Thesaurus concepts: Young stellar objects (1834); Protostars (1302); Stellar jets (1607);
Infrared spectroscopy (2285); Protoplanetary disks (1300)

1. Introduction

The study of protostars and their planet-forming disks is
inseparable from understanding the role and properties of their
associated outflows. Protostellar systems include several compo-
nents (i.e., the stellar object, a compact and massive accretion
disk, and a dusty envelope) but the most prominent phenomenon
is mass ejection in the form of powerful jets and winds. Their
strong line emission extends up to parsec scales from the protostar
and dominates the spectrum at almost all wavelengths (Frank et al.
2014; Bally 2016). It is now widely accepted that jets are

magnetocentrifugally launched from an inner star-disk interaction
region (e.g., Pelletier & Pudritz 1992), although the details of the
mechanism are still poorly constrained, especially during the early
phases of stellar evolution. According to MHD disk-wind models
(see, e.g., Ferreira 1997; Bai et al. 2016), matter is extracted at
different spatial radii from the disk surface. These ejections
remove disk mass and angular momentum, and thus they have a
fundamental role in driving accretion and determining the
timescale of disk dispersal. The high-velocity (200–400 km s−1)
collimated jets are launched from the very inner regions of the
disk (on scales of a few 0.1 au), however mass loss in the form of
less collimated and slow flows (10–30 km s−1) might involve a
large portion of the disk (up to several tens of au), thus affecting
the disk physics and influencing the formation of planetary
systems (e.g., Pascucci et al. 2023). Alternative models, such as
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the X-wind model, assume that the outflow originates from a
small region at the interface between the inner edge of the disk
and the stellar magnetosphere. They also predict the formation of
a collimated high-velocity outflow surrounded by a wide-angle
wind (Shang et al. 2020). The manner in which jets and winds are
launched and propagate also influences their feedback on the
ambient medium and envelope dispersal during the early stages
with the typical creation of large cavities in the infalling envelopes
and the entrainment of the cold ambient gas (e.g., Rabenanahary
et al. 2022; Shang et al. 2023) which is observed in the
submillimeter by, e.g., the Atacama Large Millimeter/submilli-
meter Array (ALMA; e.g., Arce et al. 2013; de Valon et al. 2022).

To get insights into these different mechanisms one needs to
peer into regions within a few hundred astronomical units from
the central star, where the outflows preserve the pristine
information about their velocity, collimation mechanism, and
connection with accretion events. However, during the critical
stage of protostellar vigorous accretion, the innermost regions of
the jet are still deeply embedded in their dusty envelope making
their investigation at high angular resolution challenging.
Additionally, when studying outflows in young stellar objects
(YSOs) of different ages, one should bear in mind that the
physical conditions of both the ejections and the environment
through which the flow travels vary considerably during
evolution. Consequently, the choice of observational tracers
should be carefully tailored depending on the source. In
particular, while jets in more evolved and less extincted Classical
T Tauri stars (CTTs, Class II sources) have mostly been studied
with optical forbidden lines, the origin of outflows from
embedded Class 0 and Class I protostars (ages 1–10× 104 yr)
needs to be investigated in the IR and submillimeter domain, as
this is the spectral range where most of the outflowing gas is
emitting. For the youngest and deeply embedded Class 0 sources,
high-resolution submillimeter observations with ALMA are
getting insights into the mostly molecular and cold jets (e.g.,
Lee 2020; Podio et al. 2021). However, the warmest gas
component expected to be excited, either by shocks or by the
action of UV photons, along protostellar flows and associated
cavities is best traced through IR atomic and molecular lines
(Frank et al. 2014), as highlighted by observations with previous
space facilities such as the Infrared Space Observatory (ISO), and
the Spitzer and Herschel satellites (e.g., Nisini 2003; Giannini
et al. 2011; Nisini et al. 2016; Watson et al. 2016). It is however
only thanks to the superb resolution and sensitivity of the James
Webb Space Telescope (JWST) that it is now possible to
investigate the launching mechanism of jets/outflows in the
earliest stages, and their feedback on the ambient medium, with
the same level of accuracy as currently achieved only in the
optical for the more evolved CTT stars.

JWST observations of Class 0 sources are indeed now giving
unprecedented details on the morphology and composition of
their jets, wide-angle molecular flows, and cavities (e.g.,
Federman et al. 2024), although in the youngest of these
protostars, their highly embedded innermost region can be
hardly traced even at mid-IR wavelengths (Ray et al. 2023). On
the other hand, JWST is best suited for the study of the
intermediate age Class I objects (age ∼105 yr), which are still
actively accreting from a massive disk, but their parental
envelope, within which they are still embedded, can be easily
penetrated at mid-IR wavelengths. This in fact makes the Class
I sources the only sources during the young star’s evolution
where all the actors involved, namely the fast axial jet, the

wide-angle slow wind, the accreting protostar, and the inner
disk region, can be all efficiently studied with JWST.
With this in mind, we present here the PROtostellar JEts

Cradle Tested with JWST (PROJECT-J) project, a Cycle 1 GO
program aiming at studying the Class I protostar HH46 IRS and
its outflow system through integral field spectroscopy (IFU)
observations from 1.7 to 28 μm with NIRSpec and MIRI. The
main aim of the project is to disentangle the proposed
mechanisms at the origin of the outflow and the associated
cavity. This will be achieved by providing a unified view of all
the outflow components pertaining to this paradigmatic Class I
system, and connecting them with the accretion and stellar
properties of the central object, which can now be characterized
in the mid-IR. This paper provides a general overview of the
program, describes the reduction and quality of the acquired
data, and highlights its main outcomes. A more detailed
analysis of the different scientific topics will be presented in
specific papers currently in preparation. The paper is structured
as follows: Section 1.1 gives an overview of the HH46 source
and its outflow; Section 2 presents the observations and data
reduction for the MIRI (Section 2.1) and NIRSPEC
(Section 2.2) data set, with a focus on the process adopted to
produce spectra (Section 2.3) and line emission maps
(Section 2.4); Section 3 illustrates the results concerning the
outflow, i.e., the line maps of the atomic jet (Section 3.1), and
the molecular outflow and cavity (Section 3.2); Section 4
presents the spectrum of the protostar; finally, Section 5
presents the main conclusions of the performed study.

1.1. HH46 IRS and Its Outflow

HH46 IRS (2MASSJ08254384-5100326) is a low mass
Class I source, (M ∼ 1.2Me, Lbol< 15 L☉, Antoniucci et al.
2008), located in a Bok globule at the edge of the Gum Nebula
(d= 450 pc). Hubble Space Telescope (HST) observations
suggest that the source is actually an embedded binary system
with a projected separation of 0 26 (∼120 au; Reipurth et al.
2000). The source drives a parsec scale chain of Herbig Haro
(HH) objects known as the HH46/47 outflow system, which
has been studied at both optical (e.g., Eislöffel & Mundt 1994;
Heathcote et al. 1996; Hartigan et al. 2011) and infrared
wavelengths (e.g., Eislöffel et al. 1994; Reipurth et al. 2000;
Noriega-Crespo et al. 2004; Erkal et al. 2021). The optically
bright HH46/47 jet is part of the northeast flow and terminates
in the HH 47A bow shock at about 1 3 from the source.
Multiepoch HST observations of this jet have shown that the jet
moves at ∼300 km s−1 and it is inclined by about 37° with
respect to the plane of the sky (Hartigan et al. 2005). The jet
presents a large wiggling morphology, believed to originate
from precession around a tertiary nonresolved source (Reipurth
et al. 2000), which also causes a change with time of the jet
orientation angle of about 15° (Hartigan et al. 2005). A fainter
counter-jet in the redshifted southwestern lobe (Eislöffel et al.
1994; Velusamy et al. 2007) extends toward the bow shock HH
47C. Recent deep [Fe II] HST images of the outflow have
revealed unprecedented details of the inner region of the jet,
showing that the blueshifted jet is formed by several collimated
emission knots displaced along an arc-shaped pattern that
follows the general curved morphology at larger scales (Erkal
et al. 2021). Even in the near-IR, the redshifted jet remains
obscured close to the source and only emerges at a distance of
about 5″ appearing highly misaligned with respect to the
blueshifted jet. This redshifted jet has also been detected at
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mid- and far-IR wavelengths although at low spatial resolution
(Velusamy et al. 2007; Nisini et al. 2015). The large
contamination from the central source however prevents tracing
the counter-jet close to the source in these images. The large-
scale HH46 IRS outflow has been mapped at submillimeter
wavelengths in CO 6–7 and [C I] 2-1 by van Kempen et al.
(2009), who suggested that the excitation of these lines could
be due to ultraviolet photons originating in the jet shocks.

Recently, the HH46 IRS outflow has been studied via high
angular resolution ALMA observations of CO 1−0 (Arce et al.
2013; Zhang et al. 2016) and CO 2-1 (Zhang et al. 2019).
These observations have shown the presence of nested shell-
like structures of cold molecular gas displaying a regular
velocity pattern, such that the higher velocity structures extend
further from the source. It has been suggested that such a shell-
like outflow is due to the entrainment of ambient gas by a series
of outbursts from an intermittent wide-angle wind (Zhang et al.
2019), or, alternatively, by a pulsed narrow jet (Rabenanahary
et al. 2022). The unified picture connecting the HH46 IRS
outflow and jet, which JWST is for the first time able to
provide, will clarify the different scenarios for the origin of the
complex mass ejection mechanism in this source.

2. Observations and Data Reduction

We mapped the HH46 IRS source and its outflows as part of
the JWST Cycle 1 program PROJECT-J (ID 1706, P.I. B.
Nisini) with the instruments NIRSpec IFU (Böker et al. 2022;
Jakobsen et al. 2022) and MIRIMRS (Rieke et al. 2015;
Wright et al. 2023). Figure 1 shows the regions mapped with
the two instruments, which include the central source, the jet
and counter-jet, and the wide-angle cavity traced by ALMA
observations. The data were taken on 2023 February 16 and 19
with NIRSpec and on 2023 March 3 with MIRI. Details on the
adopted settings and data reduction procedures are given in
Subsections 2.1–2.4.

2.1. MIRI

The MIRI MRS mode adopted for the observations uses four
integral field units (IFUs) referred to as channels, to
continuously cover the spectral range between 4.9 and
27.9 μm. Each channel is divided into three subbands named
SHORT, MEDIUM and LONG. The spatial sampling of the
four channels is 0 196, 0 196, 0 245 and 0 273 per pixel,
therefore each channel has a different field of view (FoV) on
the sky that varies between 3 2× 3 7 (Channel 1) and
6 6× 7 7 (Channel 4). Figure 1 roughly indicates the smallest
(6″× 15″) and largest (∼11″× 20″) region covered by our
4× 2 map. The PA range of the observations was constrained
in order to ensure the alignment of the mosaic with the outflow,
allowing at the same time some flexibility for scheduling.
The final PA is 47°.5 NE. The MIRI spectral resolution
varies between ∼1500 (V∼ 200 km s−1, Channel 4) and 3500
(V∼ 85 km s−1, Channel 1).
The observations were taken in FAST1 readout mode with

19 groups of three integrations each, for a total of 655 s in each
exposure, adopting a four-point dither pattern optimized for
extended sources. The total exposure time for the full map was
4.25 hr. Simultaneous off-source MIRI imaging was conducted
in the F560W filter and used for astrometric registration. A
background field located in a clean region selected from the
inspection of Spitzer images was observed for overall back-
ground subtraction.
The data were reprocessed using the JWST pipeline version

1.11.1 (Bushouse et al. 2023) and corresponding Calibration
Reference Data System (CRDS) context jwst_1094.pmap. This
version of the pipeline corrects the decrease in count rates at the
MIRI MRS longest-wavelength channels reported in 2023
May.19

The individual raw images were first processed for detector-
level corrections providing the calwebb_detector1 products
(stage1). Then, astrometric correction, flat-fielding, and flux
calibrations were applied using the Calwebb_spec2 module
(stage 2). The individual stage 2 images were then resampled
and coadded onto a final data cube through the Calwebb_spec3
processing (stage 3). In addition, the following custom steps
were applied to increase the quality of the final data cube. A
background subtraction was performed to the rate files, after the
calwebb_detector1 stage. For that, we created a master
background using the background observation rate files for
each detector. The accuracy of MIRI pointing in embedded
regions is affected by the paucity of suitable guide stars in the
FOV. To improve the astrometric correction, we used HST +
Gaia sources identified in the MIRI simultaneous imaging field,
deriving a pointing adjustment of 0 133 in R.A. and 0 089 in
decl. This correction is still subject to uncertainties in the
relative astrometry between the imager and the Medium
Resolution Spectrograph (MRS), which is expected to be
<0 1 (Patapis et al. 2024).
A significant number of warm spurious pixels are left after

the calibration step 2 process, which is not removed by the
stage 3 outlier_detection step. We identify them in individual
exposures at the end of stage 2 using the LaCosmic algorithm
developed to remove cosmic ray hits from CCD images (van
Dokkum 2001). We then built a warm pixel mask for each

Figure 1. HST WFC3 continuum-subtracted [Fe II] 1.64 μm image (Erkal
et al. 2021) of the HH46 jet, with overlaid contours of the ALMA CO 1−0
redshifted (red contours) and blueshifted (blue contours) emission from Arce
et al. (2013). The cyan box indicates the region covered by the NIRSpec
mosaic while for MIRI the smallest and the largest fields of view covered by
Channel 1 and 4 are indicated by the yellow and white boxes, respectively.

19 see https://www.stsci.edu/contents/news/jwst/2023/miri-mrs-reduced-
count-rate-update.
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detector, that was added to the data quality (DQ) extension of
the cal files after calwebb_spec2.

In the calwebb_spec2 stage we applied the residual_fringe
step that corrects for the fringes due to the Fabry–Perot
interference between the reflective layers of the detectors, left
from the first fringe flat correction. This correction is
particularly crucial for removing the residual fringe pattern
from point sources, where, due to the fact that the MIRI pupil is
nonuniformly illuminated, the fringe depth and phase sig-
nificantly change as a function of the portion of the point-
spread function (PSF) that is sampled by the detector pixels
(Argyriou et al. 2023). An additional fringe correction is also
applied to the final spectrum after the spectral extraction
(Kavanagh et al. in prep).

2.2. NIRSpec

We performed a NIRSpec 4× 2 map covering a region of
about 6″× 6″ centered at 08h25m43 98, −51° 00′ 34.57″ with
a pixel scale of 0 1 pixel−1. The PA of the mosaic is 71.2° NE.
We observed with the NIRSpec gratings/filters G235H/
F170LP and G395H/290LP, with a continuous coverage
wavelength range between 1.66 and 5.27 μm providing a
spectral resolution R∼ 2700 (i.e., ∼110 km s−1). The observa-
tions were taken with an NRSIRS2RAPID readout pattern with
five groups of four integrations each, using a four-point dither
pattern. This implies an exposure time of 1400 s per grating in a
single observation. A leakage exposure to correct for failed
shutters of the NIRSpec Micro-Shutter Array (MSA) was
applied. To reach the desired SNR while avoiding exceeding
the data volume in a single visit, we repeated the same
observing block twice. The total exposure time in each visit
was 2.9 hr.

The data were processed using the JWST pipeline version
1.11.1 with the corresponding CRDS context file jwst_1094.
pmap. Since calwebb_detector1 stage was stable, we ran the
pipeline from the rates files. The calwebb_spec2 and three are
similar to those of MIRI. We use the default parameters,
carefully inspecting the intermediate products for each step. In
particular, we find that the count-rate images (i.e., rate files)
produced after the first stage presented significant vertical
patterns associated with correlated noise, as discussed in other
works using the NIRSpec IFU (e.g., Perna et al. 2023). To
correct for this vertical noise, we obtained the median of each
column and subtracted them. This procedure was performed in
each rate file before running the calwebb_spec2 module.

Due to the lack of guide stars in the FoV, the final pointing
accuracy was ∼0 2, as estimated by comparing the position of
the HH46 IRS source in the G395H grating frames at
λ> 4 μm, with the corresponding position in the Channel 1
of MIRI. We therefore adjusted the NIRSpec World Coordinate
System solution taking the MIRI source position as a reference.
The pointing adjustment resulted in 0 114116 in R.A. and
0 21312 in decl. We evaluated that no appreciable differential
rotation between the NIRSpec and MIRI is present on the basis
of the comparison of the overall outflow and nebula
morphology at the same wavelengths.

The stage 3 outlier_detection step leaves a significant
number of warm pixels. They have a particular pattern making
LaCosmic not efficient in finding them, therefore we applied a
different procedure to identify and remove them. In the cal
files, we estimated the mean in regions of 5× 7 pixels and
labeled those deviating from the mean by more than 20σ as

warm pixels. Remaining outliers in the cube were removed
masking the unreliable flat field DQ as DO NOT USE. We then
updated the DQ extension of the cal files adding these new
flagged pixels. This procedure was carried out for each cal file,
allowing the construction of a master warm pixel mask, that
indicates the pixels that should not be used in data reduction.

2.3. Spectra Extraction and Flux Calibration

In order to check the internal consistency of the relative flux
calibration between NIRSpec and MIRI subbands, we extracted
a 1D spectrum at the HH46 IRS position adopting an aperture
proportional to the diffraction-limited beam size (1.22λ/D) so
that the aperture increases with wavelength. The source appears
as point-like in both NIRSpec and MIRI images. Thus the
binary detected by Reipurth et al. (2000) with a separation of
0 26 remains unresolved within the PSF of these instruments.
We considered an aperture of 4 times the beam size in order to
retrieve any flux extending beyond the diffraction-limited
beam. Any larger aperture provides differences in the extracted
spectrum with less than a 1% difference.
For MIRI, fluxes in the different subbands are consistent

within 3% with the exception of Channel 3 MEDIUM, which
has a flux 10% higher with respect to the adjacent subbands
(see Appendix A). This effect is therefore not dependent on the
aperture choice but appears as a pipeline issue. We eventually
matched the flux between channels by the ratio of median
fluxes in the overlapping wavelengths by applying scale factors
starting from the shortest wavelength. Figure 14 of Appendix A
shows also the Spitzer IRS spectrum of HH46 IRS from
Noriega-Crespo et al. (2004), and other literature mid-IR
photometric points for the source, which allows us to evaluate
the global flux calibrations. The agreement between the Spitzer
and the JWST spectrum decreases with wavelength, with the
flux in the Spitzer spectrum at 22 μm about 50% lower than the
corresponding MIRI flux. The same trend is observed also with
Spitzer, WISE, and AKARI photometry. Such a large
discrepancy cannot be due to calibration issues. Similar
differences have been seen with MIRI MRS in other young
sources (see, e.g., Gasman et al. 2023; Grant et al. 2023;
Tabone et al. 2023). A possible origin for these discrepancies
can reside in the intrinsic variability of the source. A certain
degree of variability is shown by the mid-IR photometry taken
with different facilities, although it is at a much lower level.
Alternatively, it might be that the MIRI fluxes are over-
estimated using our nonoptimal extraction that does not take
into consideration the complex PSF of the instrument. Finally,
the difference could be also due to a different extraction
procedure and background subtraction in the long-slit Spitzer
spectrum. This issue will be further investigated in future work.
For NIRSpec, the flux within the two gratings matches better

than 5% (lower panel of Figure 14 of Appendix A). There is
however about a factor of 1.4 of discrepancy in the overlapping
regions between NIRSpec and MIRI (see Appendix A). We
rescaled the NIRSpec spectrum to the MIRI one, on the basis
that in this way we also get a good agreement with the overall
flux density with the Spitzer IRAC photometry at 3.6, 4.5 and
5.8 μm (see bottom panel of 14).
Overall, after rescaling the NIRSpec spectrum, we conclude

that the relative calibration between NIRSpec and MIRI and
among the different spectral segments is better than ∼5% up to
∼20 μm, while it can be up to 10% at longer wavelengths. The
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absolute calibration has however an uncertainty of up to 40% in
the on-source extracted spectrum.

2.4. Maps of Continuum-subtracted Line Emission

One of the principal aims of PROJECT-J is to provide
continuum-subtracted line images of the HH46 outflow in order
to study it as close as possible to the central source. This task is
particularly critical at the longer wavelengths, where the PSF of
the source emission dominates over a large fraction of the
observed frames. Images of the continuum-free emission in
individual lines have been obtained in the following way. First,
a subcube covering a small wavelength range around the line of
interest is created. Then we perform a linear fit through the
continuum, estimated by carefully selecting a wavelength range
on each side of the line free from any other emission feature.
This continuum is then subtracted, pixel by pixel, in each frame
of the subcube. In such a way we obtain, for each line, a
continuum-free subcube that is used on the one hand to
construct total line emission maps, by integrating the emission
in all the spectral elements covering the line profile, and, on the
other hand, to build line velocity maps. For the latter, the
central wavelength of each spectral frame has been converted
to velocity by comparing it to the vacuum wavelength of the
considered line, after performing the correction to the local
standard of rest (LSR) velocities. The VLSR of HH46 IRS has
been taken to be equal to the cloud velocity of +5 km s−1

following Arce et al. (2013).
The linear fit of the continuum adjacent to the lines works

relatively well for NIRSpec and for Channels 1 and 2 of MIRI.
Above ∼10 μm the procedure leaves significant residual noise
close to the source that compromises the identification of the
line emission morphology. This is caused on the one hand by
the residual fringes present at the pixel level due to the
undersampling of the complex PSF morphology, and on the
other hand by the significant increase of the continuum on-
source level, which implies a relatively low line-to-continuum
ratio for most of the lines. In order to minimize this effect, we
also tried a fit with a spline function, that better traces the
continuum undulation, when present. This procedure improves
the situation for some of the lines, allowing us to trace the
emission a few pixels closer to the source. At the longest
wavelengths, however, there is a limit where the noise on the
counts in the continuum exceeds the line emission, and
therefore the line flux results in being under- or oversubtracted
in adjacent pixels.

3. The Outflow

As shown in Figure 1 the region covered by the JWST
observations includes the base of the HH46 IRS atomic
blueshifted and redshifted jet, and the wide-angle cavity
delineated by the CO ALMA observations. Here we separately
discuss the results for these two components, that are sampled
by different tracers, namely atomic forbidden lines for the jet
and molecular emission for the cavity and the associated wide-
angle wind.

3.1. The Atomic Jet

The MIRI spectral line images, covering a large field of view
at wavelengths that suffer only limited extinction, allow us to
get an understanding of the jet structure that is much improved
with respect to previous optical/IR observations. Figure 2

shows the continuum-subtracted emission maps in the two
brightest detected lines, namely [Fe II] 5.3μm, and [Ne II]
12.8 μm, where the main emission peaks are indicated. The
knots closest to the source (B0/R0) are detected at a distance
of ∼0 25.
These two lines represent transitions to the ground state of

the corresponding ions, excited up to levels with similar upper-
level excitation energies (∼1000–2000 K). However, the
ionization potential (I.P) of the two species is significantly
different, i.e., 7.9 eV for [Fe II] and 21.56 eV for Ne II (see
Table 1). Therefore, the detection of [Ne II] lines indicates that
the jet plasma is highly ionized.
The most striking result appearing from these images is that

at mid-IR wavelengths the redshifted jet is clearly detected for
the first time down to ∼90 au from the source. The 5.3 μm
redshifted emission shows a collimated jet broken in several
emission peaks (R0-R2) driving an extended bow shock (R3) at
a distance of about 4″. The [Ne II] image, covering a larger field
of view, detects an additional shocked knot (R4) located at a
distance of about 7 3. To better highlight the comparison with
previous observations, we show in Figure 3 the contours of the
[Fe II] 5.3 and 26 μm emission superimposed on an HST image
of [Fe II] 1.64 μm (Erkal et al. 2021). The blueshifted jet has a
similar morphology in the [Fe II] 1.64 and 5.3 μm lines,
showing several emission peaks (named as B0-B3 in Figure 2)
plus a more diffuse extended emission at larger distances. In
the redshifted jet, the distinction into a jet plus a bow-shock
morphology is less evident for the 26 μm emission, due to the
lower MIRI spatial resolution at these wavelengths. However,
due to the larger FoV of MIRI Channel 4, the 26 μm emission
covers larger distances, reconnecting to the external part of the
jet detected at 1.64 μm.
M. G. Navarro et al. (2024, in preparation) estimate, from the

analysis of the H2 lines, that the visual extinction in the
counter-jet is >35 mag in the inner regions and gradually
diminishes to values <15 mag where the jet is again detected in
the near-IR. These values are consistent with the estimated on-
source AV of roughly 45 mag by Antoniucci et al. (2008).
The jet/counter-jet structure clearly does not follow a

straight trajectory, and the detection of the counter-jet allows
one to identify without ambiguity a mirror-like symmetry in the
pattern followed by the flow, i.e., the jet trajectory in the
redshifted lobe mirrors the trajectory of the blueshifted lobe. To
better highlight this pattern, we show in the right panel of
Figure 3 the direction of the jet axis that connects the innermost
B0/R0 knots: as the jet propagates, it progressively deviates
from this direction and both the blue- and redshifted knots are
displaced toward the right of it. Reipurth et al. (2000) explained
the wiggling pattern of the HH46 blueshifted jet as most likely
due to the orbital motion of the driving source around a
companion. The mirror symmetry of the redshifted jet supports
this interpretation in contrast, for example, to the precession of
the jet axis (e.g., Masciadri & Raga 2002). Reipurth et al.
(2000) identified a binary at a 0 26 separation in a 2 μm HST
image, but concluded that the separation was too wide to
explain the HH46 wiggling observed at large distances. We
also point out that the identified redshifted knots R0–R3 are not
displaced at exactly the same distance as the corresponding B0-
B3 knots, with the exception of B0/R0. This could indicate
that the location of shocked regions does not depend only on
the time of the ejection events but also on the local
environment encountered along the jet path. We also point
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out that the NIRSpec observations do not show clear evidence
for the binary detected by Reipurth et al. (2000), the separation
of which is instead well sampled by the NIRCam instrumental
PSF (see Section 3.2.2 and relative discussion). We devote the
analysis of the jet pattern in relation to the binary motion to a
future dedicated paper.

The rich atomic emission line spectrum of the HH46 IRS jet
is presented in Figure 15 of Appendix B, which shows the full
MIRI and NIRSpec spectrum extracted from a 0 4 radius
aperture centered on the brightest blueshifted jet knot (knot B2,
see Figure 2). In addition to the many [Fe II] lines covering the
entire wavelength range, we also detect the emission of several
ions of other abundant elements.

Table 1 of Appendix C reports a list of the brightest detected
atomic lines, including their excitation energies and the
ionization potential (IP) of the corresponding ions. Noticeably,
the jet appears highly ionized, as we detected bright lines of
species with I.P. up to 40 eV ([Ne III]), and upper-level energy
up to 3e4 K, while lines of neutral atomic species, like e.g.,
[S I] which dominates Spitzer spectra in other Class 0 jets (e.g.,
Dionatos et al. 2010), are here comparably weaker. We also
detect, along the jet, several H I recombination lines of the Pa,
Br, Pf, and Hu series.

The [Ne III] line emission, in particular, has a similar
morphology as [Ne II] shown in Figure 2, peaking close to the
source (knot B0/B1) but extending up to more than 3000au
along the flow. The most likely origin for such an extended
highly ionized gas is the action of high-velocity
(v> 80 km s−1) shocks, able to produce ionizing UV/X-ray
photons in the postshock gas (e.g., Hartigan et al. 1987;
Hollenbach & McKee 1989). Close to the source, a direct
ionization from highly energetic photons from the central
source could also be considered. For example, [Ne III] has been
detected at the base of a few CTT jets, through its UV line at

3869 Å (e.g., Liu et al. 2016). The observation of this line in
the microjet of DG Tau has been explained by photoionization
due to hard X-rays produced in stellar flares, followed by slow
recombination in the microjet. In HH46, the ratio [Ne II]
12.8 μm/[Ne III]15.5 μm is about 20 on knot B1, which would
be consistent with both scenarios of direct UV/X-ray
photoionization and shock excitation (Hollenbach &
Gorti 2009). However, the [Ne III] recombination timescale is
of the order of 1 yr (Glassgold et al. 2007), while the flow
timescale at the distance of the B1 knot or larger is >20 yr
(Hartigan et al. 2005). Therefore a different source of
ionization, such as the UV/X-rays photons produced in
energetic shocks, is needed to sustain the observed extended
emission along the flow.
At the MIRI resolution, the kinematical structure of the jet is

resolved as the jet velocity extends up to 300 km s−1 in either
lobe (see also Garcia Lopez et al. 2010). Figure 4 presents
velocity channel maps of the [Fe II] 5.3 μm and [Ne II] 12.8 μm
emission. These have been obtained from our continuum-
subtracted subcubes for each line, and by interpolating the
frames in order to have equally spaced intervals of 30 km s−1,
which roughly correspond to sampling 1/3 of the MIRI
spectral resolution in Channel 1.
From Figure 4 we see that close to the central source (i.e.,

within ∼3″) the jet displays a wide range of radial velocities,
reaching up to 300 km s−1. The jet terminal radial velocity at
distances larger than ∼3″ is within 180–200 km s−1. The
observed kinematical structure is roughly consistent with the
velocity measured by Garcia Lopez et al. (2010) for the [Fe II]
1.64 μm line in long-slit spectra. Considering the jet inclination
of ∼37° with respect to the plane of the sky, the observed
maximum radial velocity translates into a total jet velocity of
about 380 km s−1.
In spite of their different ionization potentials, the range of

velocities displayed by the [Fe II] and [Ne II] lines is similar.

Figure 2. MIRI continuum-subtracted images of the emission in [Fe II] 5.3 μm (left) and [Ne II] 12.8 μm (right) lines. Blue and red contours delineate the blueshifted
and redshifted outflow lobes, respectively. Contour levels are plotted in asinh scale and the values are as follows: [Fe II] blue from 0.8 to 12.2 MJy sr−1 μm, [Fe II] red
from 0.3 to 4.7 MJy sr−1 μm, [Ne II] blue from 1.3 to 102.5 MJy sr−1 μm and [Ne II] red from 0.75 to 18.7 MJy sr−1 μm. Bright emission knots are identified in the
blue- (B0-B3) and redshifted (R0–R3) jet. The black circle in the 5.3 μm image indicates the circular aperture of 0 4 in radius from which the spectrum shown in
Figure 15 has been extracted. The star indicates the position of the HH46 IRS source.
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However, as can also be seen in Figure 2, [Fe II] increases in
brightness at a larger distance from the source, while the [Ne II]
line gets fainter, indicating that the jet ionization decreases with
distance. An interesting feature inferred from the [Fe II] channel
maps of Figure 4 is an apparent widening of the jet with
decreasing velocity.

To quantify this trend, we measured the jet width at about 1″
from the source as the FWHM of a Gaussian fit in the
transversal direction, corrected for instrumental broadening
( FWHM FWHMfit

2
inst
2- ). This width linearly decreases from

∼0 7 (315 au) in the −90 km s−1 channel to 0 39 (175 au) in
the −300 km s−1 channel. This is in line with the trend found in
atomic jets from CTT stars observed in the optical (e.g., Maurri
et al. 2014) and in molecular jets from Class 0 sources observed
at millimeter wavelengths (e.g., Podio et al. 2021). The width
of the jet is larger than inferred for Class II jets but similar to
the width of Class 0 jets (100–500 au at low velocity and
50–250 au at high velocity at 450 au distance). The observed
maximum width is in line with that measured by Erkal et al.
(2021) for the HST velocity integrated [Fe II] 1.64 μm image. A
detailed study of the excitation and physical properties of the
jet, as a function of velocity, will be the subject of a specific
paper in preparation.

3.2. The Molecular Cavity and Outflow

3.2.1. The Small Scale NIRSpec View

Figure 5 shows the NIRSpec image of the continuum-
subtracted H2 2.12 μm emission with contours of the 2 μm
continuum emission (left panel) and of the [Fe II] 1.81 μm
emission (right panel) overlaid. The images clearly show that
the atomic and molecular emission present very different
spatial distributions. In particular, we identify three main
components for the H2 extended emission delineating the edges
of a parabolic cavity, two emission peaks, that we name A1 and
A2, displaced at both sides of the atomic jet, and an arc-shaped
structure (A3) located at the tip of the jet. Residual H2 emission

is observed also on source, as well as diffuse emission inside
the cavity. The comparison with the 2 μm continuum, which
shows extended emission scattered in the reflection nebula,
indicates that the H2 emission cone lies inside the cavity, at
least for the north side. Part of the H2 emission along the cavity
could be due to scattered line emission originating close to the
source (see, e.g., Birney et al. 2024). In addition to scattering,
the H2 emission along the cavity might originate from shocks
caused by the impact of a wide-angle flow on the cavity wall or
from photoevaporation (e.g., Agra-Amboage et al. 2014).
The location of the two H2 peaks A1 and A2 might suggest

at first sight that they are part of a wide-angle molecular wind
around the atomic jet, brighter at the edges due to limb
brightening. However, knot A2 is not oriented in the direction
of the source and could be instead due to gas laterally
compressed and entrained by the jet. The location of the A3
feature at the apex of the jet, and its arc-shaped morphology
suggest that it could consist of material entrained as the jet is
expanding. The shell morphology of knot A1, on the other
hand, resembles that of an expanding bubble ejected directly
from the source. The misalignment of this shell with respect to
the jet axis is however puzzling and difficult to explain by
environmental effects only, leaving room to the hypothesis that
this structure is driven by the secondary component of the
binary system (Reipurth et al. 2000), that we do not resolve
with NIRSpec.

3.2.2. The Binary at the Origin of the Two Outflows?

To investigate this possibility, we used two images taken
with NIRCam in the F187N and F200W filters (DDT program
4441), at a spatial resolution of 31 mas pixel−1. In Figure 6 we
compare the NIRSpec spectral images at 1.87 and 2.12 μm with
a section of the NIRCam images covering the same region.
Noticeably the NIRCam images show a weaker emission peak
at a distance of 0 23 from the main source, and roughly along
the same direction where Reipurth et al. (2000) reported the

Figure 3. Left: contours of continuum-subtracted MIRI images of the [Fe II] lines at 5.3 and 26 μm are overlaid on a continuum-subtracted HST image in [Fe II]
1.64 μm from Erkal et al. (2021). The MIRI [Fe II] emissions are separately integrated into blueshifted (blue 5.3 μm, cyan 26 μm) and redshifted (red 5.3 μm, magenta
26 μm) components. The area mapped in Channel 1 and Channel 4 is highlighted. Right: contours of the inner jet region in the [Fe II]5.3 and 26 μm lines (color code
as in the left panel). The main emission peaks are indicated. The green line delineates the direction of the jet axis connecting the central source with the innermost B0
and R0 knots, highlighting that the outer knots deviate from this axis with a mirror symmetry between the blue- and redshifted lobes.
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position of the companion. The lower panel of Figure 6 directly
shows the comparison between the NIRCam and HST images,
the latter taken about 25 yr earlier, in a similar filter. Noticeably
the secondary companion, called source B by Reipurth et al.
(2000), has changed its PA with respect to the primary A by
about 13° counterclockwise, implying a binary period of the
order of several hundred years.

The NIRCam F187N narrow filter clearly detects the jet
driven by the primary source A. It also shows that the emission
from the reflection nebula is divided into two parts by a dark
lane, maybe a region at a higher extinction, that also obscures
the initial part of the jet. The NIRCam F200W filter covers
several H2 lines and also a few [Fe II] lines. Due to the wide
band and the presence of the strong nebulosity, the H2 knots
and the jet are only barely visible. In spite of that, knot A1 is
well resolved and shows several substructures not resolved by
NIRSpec, probably internal knots as sometimes are observed in
more extended bow shocks from YSO outflows. The image
clearly shows that the jet emerges from source A with a PA of
∼43° while the orientation of the A1 arc-shaped emission
(PA∼ 65°), suggests that it could instead be driven by source
B. A rather similar situation has also been observed in the Class
I binary TMC-1 by Tychoniec et al. (2024). An analysis of the
proper motion of the A1 structure, enabled by future JWST
observations, will be needed to confirm this hypothesis.

3.2.3. The Large-scale MIRI View

The MIRI observations allow us to study the distribution of
the H2 emission at larger scales, and to infer if molecular gas at
low excitation, traced by the H2 pure rotational lines covered

by MIRI, displays a different morphology with respect to the
warmer gas probed by the near-IR lines. Figure 7 shows the
continuum-subtracted maps of the H2 0–0 S(7) line at 5.51 μm
and 0–0 S(2) line at 12.28 μm (hereafter 5.5 and 12.3 μm). The
morphology of the S(7) 5.5 μm emission is very similar to that
of the 2.12 μm line for the region in common, and the features
A1, A2, and A3 are here also well identified. In addition, on
larger scales other arc-shaped features can be seen in the blue
lobe delineating the edges of additional emission shells. The
map of the S(2) line at 12.3 μm better shows three blueshifted
shells asymmetrically displaced with respect to the axis of the
cavity, named A4, A5, and A6, together with bright diffuse
emission that completely fills the cavity. In the redshifted part
of the outflow H2 emission is observed along the cavity but at a
lower SNR, mainly due to extinction. The red-lobe emission is
more symmetric than the blue one, and here a very bright bow
shock, only barely covered by the S(7) map, largely dominates
over the emission of the cavity in the S(2) emission.
In spite of the low MIRI spectral resolution, some

kinematical information can be retrieved for the observed
components. Figure 8 shows the spectrum of the S(7) line
extracted at different positions of the blue- and redshifted lobes.
Absolute wavelength calibrations do not allow us to give the
radial velocity with an accuracy better than±30 km s−1. The
relative velocity shifts observed between different positions are
however more reliable given the high SNR of the spectra. The
blueshifted emission at both the A1 peak and the A6 arc is
consistent with a velocity −30 km s−1. The redshifted cavity
appears shifted by about +15 km s−1 with respect to the blue
outflow. In addition, we notice that the redshifted bow shock
has a rather high radial velocity, reaching up to ∼+60 km s−1.

Figure 4. Velocity channel maps (integrated in 30 km s−1 bins) of the [Fe II] 5.3 μm (top panel) and [Ne II] 12.8 μm lines (bottom panel). The position of the central
source is marked with a red star and all velocities are with respect to the systemic velocity. The images are rotated by −48°. 5 NW direction. Contour levels are drawn
from 400 to 5 × 104 MJy sr−1.
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Figure 9 combines the H2 S(2) emission with contours of the
H2 2.12 μm and [Fe II] 5.3 μm emission, for a global view of all
the outflow components in the system. The morphology of the
H2 at 2.12 μm and 12.3 μm lines coincides along the cavity at
the given resolution, thus we do not resolve any excitation
stratification within the cavity. On the other hand, knot A1,
which is bright in both the 2.12 and 5.5 μm lines, does not
appear as prominent in the 12.3 μm image (as better high-
lighted in Figure 7). For example, on knot A1 a 2.12 μm/

12.3 μm intensity ratio equal to 3.7 is observed, while the same
ratio is a factor of 2 lower on knots A2 and A3. This indicates
that knot A1 has a higher excitation with respect to the rest of
the H2, as also confirmed by the analysis of M. G. Navarro
et al. (2024, in preparation), which find on knot A1 an H2

temperature up to >2000 K, in contrast to other H2 emission
knots in the region where the maximum temperature is
typically in the range 1500–1900 K.
Figure 16 of Appendix B shows the full MIRI and NIRSpec

spectrum extracted from a 0 4 radius aperture centered at the
A1 knot (indicated in Figures 2 and 7), while Table 2 of
Appendix CC summarizes the H2 transitions detected. It can be
seen that the spectrum is dominated by H2 lines up to the
v= 3–2 rovibrational level, covering excitation energies from
∼400 K up to ∼15,000 K. A detailed analysis of the excitation
conditions in the cavity and outflow will be presented in
M. G. Navarro et al. (2024, in preparation).
The comparison between the atomic jet and the molecular

emission in Figure 9 shows that the cavities and outflows in the
blue- and redshifted lobes appear very different. In the
blueshifted cavity, the H2 emission arcs A4/A5 and A6 do
not seem to be correlated to bow shocks pushed by the jet, as
they are not oriented in the jet direction (i.e., A6 arc), or
apparently not associated with any jet knot. We point out that
the jet is known to vary its orientation angle over time
(Hartigan et al. 2005) due to its wiggling; however, the opening
angle of the precession is about± 15° around the jet axis, thus
much lower than, e.g., the angular distance between the jet axis
and the A6 arc, which is around 25°. In addition, the cooling
time of the H2 12.3 μm line is of the order of 70 yr, in contrast
with the more than 200 yr ages of the jet knots located at further
distances with proper motion deflected toward SE with respect
to the present direction (e.g., knots Jh5/Js7, Hartigan et al.
2005).
It is therefore unlikely that the H2 shells, as well as the

misalignment of the jet with respect to the cavity, originate
from the jet precession only. On the other hand, the A6 arc is
roughly oriented in the direction of the A1 knot, (i.e., the IRS-B
source, A1, and the apex of the A6 arc are aligned with an
angle of ∼64°) and shares with it the same radial velocity,
giving support to the possibility that the large-scale H2 arcs, (or
at least the A6 arc), originate, as the A1 knot, from expanding

Figure 5. Continuum-subtracted NIRSpec image of the integrated H2 2.12 μm emission of the blueshifted inner region of the HH46 IRS outflow. Overlaid contour
levels go from 0.025 to 0.3 MJy sr−1 μm in an asinh scale. Contours of the 2.12 μm continuum emission (levels from 10 to 100 MJy sr−1) are overlaid on the image in
the left panel, while contours of the [Fe II] 1.8 μm emission (levels from 0.025 to 0.3 MJy sr−1 μm), tracing the collimated jet, are overplotted on the right panel. The
H2 knots A1–A2 and the arc-shaped feature A3 located at the apex of the jet are labeled. The blue star indicates the position of the HH46 IRS source.

Figure 6. (a) NIRSpec images of line+continuum emission at 1.87 and
2.12 μm (left) are compared with archival NIRCam images in the F187N and
F200W filters (right). The NIRCam images (spatial resolution 31 mas pixel−1)
reveal a secondary source (B) located at about 0 23 from the primary (A), i.e.,
about the position where Reipurth et al. (2000) reported the detection of a
companion. The arrows indicate the direction of the jet axis driven by source A,
and the H2 A1 arc-shaped knot apparently pointing toward source B. (b)
Comparison of a HST image in the F205W filter of the HH46 IRS binary taken
in 1998 with the NIRCam F200W image taken in 2023. Blue circles in both
images indicate the position of sources A and B in the HST image. Source B
appears to have rotated around source A by about 13° counterclockwise.
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shells ejected by the source B of the binary system. Precession
and environmental effects might additionally contribute to
shaping the overall morphology of the blueshifted cavity as it
appears in the H2 images. Noticeably there are no similar
structures within the redshifted cavity. Here, the large
molecular bow shock delineated by the H2 S(2) 12.3 μm
emission is clearly correlated with the smaller size atomic bow
shock seen in [Fe II] 5.3 μm. This latter shock may represent a
Mach disk where the supersonic jet is decelerated and heated in
a fast shock, which drives a slower nondissociative bow shock,
seen in H2, into the ambient molecular material.

3.2.4. Comparison between H2 and CO ALMA Observations

The large asymmetries in structure and shape between the
blue- and redshifted cavities observed in H2 emission, were
also highlighted in the CO outflow observed with ALMA. Arce
et al. (2013) pointed out that the different morphology and
opening angles of the blue- and redshifted CO cavities could be
due to different ambient densities encountered by the outflows
in the two lobes. Given the location of HH46 at the edge of a
globule, the blueshifted flow travels more freely in a lower-

density environment, while the redshifted outflow encounters a
high-density region and thus entrains a larger amount of
material.
To better compare the morphology of the warm molecular

emission with that of the cold CO gas, we overlay in Figure 10
the ALMA 12CO 2-1 at velocity± 9 km s−1 (cloud corrected)
with the H2 S(7) 5.5 μm and S(1) 17 μm images. This latter
image covers the largest area mapped with MIRI. As shown in
Zhang et al. (2019), the 12CO 2-1 outflow presents several

Figure 7. MIRI continuum-subtracted images of the emission in the H2 0–0 S(7) line at 5.5 μm (left) and 0–0 S(2) line at 12.3 μm (right). A Gaussian smoothing with
σ = 0.5 has been applied to both images. Contour levels are drawn in an asinh scale as follows: 5.5 μm from 0.36 to 2.42 MJy sr−1 μm, 12.3 μm from 1.07 to
6.65 MJy sr−1 μm. The main H2 knots (A1–A2) and arc-shaped features (A3-A6) are indicated. The red circle indicates the aperture (0 4 in radius) from which the
spectrum shown in Figure 16 has been extracted.

Figure 8. Spectra of the H2 5.5 μm line extracted in selected positions of the
blueshifted and redshifted outflow.

Figure 9. Continuum-subtracted image of the H2 0–0 S(2) 12.3 μm line with
overlaid contours of the H2 1–0 S(1) 2.12 μm observed by NIRSpec (magenta)
and [Fe II] 5.3 μm emission from the jet (cyan). Labels indicate the A1–A6 H2

knots and arcs discussed in the text. The figure shows the similar morphology
displayed by the rotational and rovibrational lines. It also suggests that the
extended H2 emission in the redshifted outflow corresponds to a large bow
shock driven by the atomic jet. In contrast, the arc-shaped structures A5–A6 on
the blueshifted side are not oriented along the jet axis.
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emission shells traveling at different velocities, with the higher
outflow velocities extending farther from the source with
respect to the lower velocities. We make here the comparison
with a single CO low-velocity channel as this roughly
corresponds to the first observed structured shell, covering
the region mapped with MIRI, and traces the cavity walls
(Figure 3 of Zhang et al. 2019), for a direct comparison
between the H2 and CO cavities. We see that the H2 emission
observed along the cavity is inside the CO emission in both
lobes. This is particularly evident in the redshifted cavity when
comparing the H2 S(7) and the CO morphology. This warm
emission associated with the cavity could be driven by shocks
or by photon heating of the cavity walls. Heating of the outflow
cavity walls by ultraviolet photons originating from the jet
shocks and accretion disk was also proposed to explain the far-
IR and submillimeter observations of high-J lines of CO, H2O,
and OH along the outflow (van Kempen et al. 2009, 2010).

The H2 and CO emissions are instead spatially overlapping
only in the northern part of the blueshifted cavity. This could
be due to the fact that in this direction the flow encounters a
larger density and thus the gas cannot expand freely. The H2

shells in the blue cavity are not clearly associated with any CO
emission shells, although a CO peak, called Sb4 in Zhang et al.
(2019), is roughly coincident with the A6 arc. In the redshifted
lobe, the large H2 bow shock is located further away with
respect to the CO shell at 9 km s−1. However, as previously
pointed out, the CO emission presents shells at a larger distance
from the source as the velocity increases. Therefore the CO at
9 km s−1 is probably not kinematically linked with the H2 bow
shock, as this latter is traveling at much higher velocity.

Zhang et al. (2019) interpreted the CO shells morphology
and velocity distribution as due to material swept up by an
outbursting wide-angle wind. In this framework, the different
shells could originate from each intermittent mass ejection
episode. Zhang et al. (2016) in addition suggest that the
redshifted outflow can also be consistent with a bow-shock
entrainment, where the jet might expand and laterally push
ambient material creating a wide cavity with low collimation.
Indeed, models of pulsed jet-driven shells are qualitatively able
to reproduce the morphological and kinematical features of the
HH46 redshifted cavity (Rabenanahary et al. 2022). The MIRI
observations reinforce this interpretation as we observe for the

first time the inner jet and the bow shock, symmetrically
located inside the cavity.
As discussed before, for the blueshifted outflow it is unlikely

that jet-driven bow shocks are the only driving mechanism at
the origin of the CO entrainment and the complex system of H2

shells seen with MIRI, although the spatial correspondence of a
jet knot with the A3 shell seen in Figure 5 suggests that the jet
contributes to push material sideways in the NE direction. The
evidence, however, that further out the outflow is not
apparently associated with any jet knots, supports the
hypothesis that the large cavity and associated H2 emission
originate from a wide-angle molecular wind, that we suggest is
launched by source B of the binary, although precession and
interaction with the surrounding material might also play a role
in shaping the overall cavity.

4. The Spectrum of the HH46 IRS Protostar

Figure 11 shows the complete NIRSpec + MIRI spectrum
extracted at the source position as described in Section 2.3. The
spectrum steeply rises with wavelength and shows several
absorption features due to ices and dust species. We clearly
detect the 9.7 μm silicate band, as well as strong features of
abundant molecules, such as H2O, CO2, CH3OH, NH3, OCN

−,
some of them already observed in the Spitzer intensified
Reticon spectrograph (IRS) spectrum of the source (Boogert
et al. 2004; Noriega-Crespo et al. 2004). In addition, thanks to
the higher sensitivity and spectral resolution provided by
JWST, we are able to detect weaker features due to less
abundant and more complex organic molecules (COMs). As an
example, the bottom inset of Figure 11 shows the range
5.5–8 μm where, in addition to the broad 6 μm band attributed
to the bending mode of H2O, we also note a peak at 5.83 μm
that might arise from the presence of molecules bearing a
C=O bond, such as HCOOH/H2CO (e.g., Yang et al. 2022;
Rocha et al. 2024). Also, the 6.78 μm band can be attributed to
various compounds, including NH3, NH4

+, and other species
bearing carboxyl and CH groups. This feature also shows
additional peaks at 7.256 and 7.376 μm that are attributed to
HCOO−, with possible contributions from more complex
compounds, such as amides and aldehydes (Urso et al. 2022),

Figure 10.MIRI images of the emission in the H2 0–0 S(1) and S(7) lines with contours of the ALMA 12CO 2-1 emission in the velocity channels at VLSR ± 9 km s−1

(integrated within 1 km s−1). CO contour levels are drawn in linear scales and have the following values: redshifted from 0.05 to 0.24 K km s−1, and blueshifted from
0.02 to 0.11 K km s−1. The resolution of the ALMA observations is 0 67 × 0 48.
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that have been observed in other protostars (e.g., Yang et al.
2022; McClure et al. 2023; Rocha et al. 2024).

A peculiarity of this spectrum is the detection of many gas
features seen in absorption instead of emission, at variance with
the JWST spectra of other low-mass protostars (e.g., Yang et al.
2022; Federman et al. 2024). This can be seen for example in
the upper inset of Figure 11, which highlights the spectral
region around 4.5 μm, where absorption lines from the CO
rovibrational transitions of the v= 1−0 fundamental band are
detected, and in the bottom inset covering the range 5.5–8 μm
where many additional absorption lines, mostly from H2O are
present (e.g., Gasman et al. 2023). We remark that the CO
v= 1−0 lines are instead detected mostly in emission in the
outflow, as can be seen in Figures 15 and 16 of Appendix B.
This indicates that the line absorption could arise in the dense
molecular envelope surrounding the young stellar object, as
found in a number of high-mass protostars by observations
with the Infrared Space Observatory (e.g., Helmich et al. 1996),
and recently also with JWST (Francis et al. 2024). Alter-
natively, given the relatively high inclination of the putative
disk (i.e., 53°, if perpendicular to the jet orientation), the
observed lines could also originate on the surface layer of an
outer flared disk, that intercepts the mid-IR photons of the
warm inner disk region. Strong absorption in the CO v= 1−0
lines has indeed also been observed in some T Tauri stars and

apparently correlates with the disk inclination (Banzatti et al.
2022). A detailed analysis of the gas excitation conditions is
required to disentangle these possibilities, which is deferred to
a dedicated paper.
Figure 12 shows a zoom of the NIRSpec spectrum around

the 2 μm range. This can be compared with the spectrum
obtained from the ground using 8 m telescopes (Antoniucci
et al. 2008; Birney et al. 2024). Even with the larger SNR
attained with NIRSpec with respect to the ground-based
observations, no photospheric absorption lines (e.g., Nisini
et al. 2005; Greene et al. 2018) are detected here, which implies
that the IR line and continuum emission from the disk and
accretion spots dominate and completely veil the stellar
photosphere. The CO overtone bandheads (Δv= 2) are
detected in emission, at variance with the lines of the
fundamental vibrational band detected in absorption. These
overtone emission lines are rarely detected from T Tauri disks,
but are often displayed by highly accreting Class I sources. The
detection of the CO bandheads implies a kinetic temperature of
a few thousand Kelvin and their emission likely originates from
the hot gas in the innermost disk region.
In the HH46 IRS spectrum, we detected four H I lines,

namely Paα at 1.88 μm, Brγ at 2.16 μm, Brβ at 2.62 μm, and
Brα at 4.05 μm. Pfund and Humphrey lines covered in the
MIRI range and seen in the outflow (see Table 1) are not
detected on source at more than the 2σ level due to the low
line/continuum ratio. Figure 13 shows the profiles of the
detected lines ordered by increasing energy of the upper level.
It can be noticed that the peak of the line shifts from about
−150 km s−1 for the less energetic lines (Paα and Brα), to
about 0 km s−1 for the lines at higher energy (Brγ and Brβ).
This shows that the line emission shifts from being outflow
dominated to being accretion dominated, depending on the
excitation condition. The ionized jet at its base significantly
contributes to the H I emission of the low-level lines of each
series, while higher-level lines of the same series are dominated
by emission from the higher density gas of the accretion
columns, which causes an increase of the line optical depth and
thus a deviation from the optically thin Case B (Antoniucci
et al. 2017). We point out, however, that the jet still contributes,
even if at a lower level, to the emission of high excited lines

Figure 11. NIRSpec and MIRI MRS spectrum extracted at the position of HH46 IRS point source, with major solid-state features indicated. Insets show details of the
4.5 and 6.5 μm regions from the same spectrum where numerous rotational transitions of CO and H2O are detected in absorption.

Figure 12. Section of the HH46 IRS NIRSpec spectrum around 2 μm. H I lines
and CO overtone emission lines are indicated.
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such as the Brγ line, as this emission at high velocity is
spatially extended, as also shown in Birney et al. (2024).

In low-mass T Tauri stars, optical and IR hydrogen
recombination lines are commonly used to derive the source
accretion luminosity (Lacc), adopting empirical relationships
that correlate the H I line luminosity with Lacc (e.g., Alcalá
et al. 2017). Similar relationships have been tentatively found
for lines in the mid-IR (e.g., Salyk et al. 2013; Rigliaco et al.
2015) which in principle would allow one to estimate Lacc also
for very embedded young stellar objects like the Class I
sources. The results we find on HH46 show that some care
needs to be applied when using different lines as an
independent proxy of the accretion luminosity in young
sources with energetic jets, as the relative contribution of
accretion and jet emission significantly changes from line to
line. A detailed analysis of the accretion properties of HH46
IRS will be addressed in a future paper.

5. Conclusions

This paper presents an overview of the results obtained with
JWST MIRI MRS and NIRSpec IFU observations of the Class
I protostar HH46 IRS and its outflow, as part of the PROJECT-
J Cycle 1 program 1706. We mapped a region of ∼6 6 in
length with NIRSpec, and up to ∼20″ with MIRI, which
includes the central protostar, its collimated jet, and the
associated molecular outflow and cavity. These IFU observa-
tions provide spectral maps covering the entire wavelength
range from 1.66 to 28 μm at a spatial sampling between 0 1
and 0 3, and with a spectral resolution between 1500 and
3500. The highlights shown by these observations can be
summarized as follows:

1. We detect for the first time both lobes of the atomic
collimated jet to within ∼90 au from the source, inferring
a visual extinction larger than 35 mag at the base of the
redshifted counter-jet. The jet displays plenty of for-
bidden lines of abundant ions, the brightest two being
[Fe II] at 5.3 μm and [Ne II] at 12.8 μm.

The jet is highly ionized, as testified by the detection
of several H I lines and transitions of ions such as the
[Ne III] 15.5 μm and [Ar III] 8.99 μm. Such evidence
indicates excitation by high-velocity (>80 km s−1)
shocks, although for the emission closest to the source
direct ionization from UV/X-ray stellar photons cannot
be excluded. No collimated molecular emission is
detected along the jet.

2. We resolve the velocity structure of the jet, which shows
radial velocities up to±300 km s−1. Considering an
inclination angle of 37°, these translate into a total jet
terminal velocity of ∼380 km s−1. Similar terminal
velocities are observed in lines at different excitations.
We also observe a decrease in the jet opening angle
with increasing velocity. The jet width at about 1″ from
the source linearly decreases from ∼315 au in the
−90 km s−1 channel to 175 au in the −300 km s−1

channel.
3. The trajectory of the jet and counter-jet display a mirror

symmetry, indicative of the orbital motion of the jet-
driving source in a binary system. The morphology of the
two lobes is however highly asymmetric, probably due to
the different ambient medium in which the jet and
counter-jet are traveling.

4. Archival NIRCam images of the central region resolve
the 0 23 binary system reported in previous HST NIR
observations. The projected motion of the binary is seen
here for the first time by comparing the NIRCam and
HST images, acquired in a time span difference of 25 yr,
and suggest a binary period of the order of several
hundreds of years.

5. Spectral images of H2 lines at different excitations outline
a complex molecular flow, where the blueshifted lobe
shows bright emission along the cavity, H2 peaks
uncorrelated with the collimated jet, and several large-
scale molecular arcs. The NIRCam observations support
the hypothesis that the observed blueshifted H2 emission,
with a morphology of an expanding shell, is driven by the
companion. This evidence, together with jet precession
and density gradients within the cavity could explain the
large asymmetries observed between the jet, driven by the
primary source, and the wide-angle molecular structures
observed at a larger distance. The redshifted lobe displays
weaker H2 emission associated with a cavity and a bright
jet-driven bow shock. The large asymmetry between the
outflows in the two lobes is primarily due to the
difference in the ambient conditions encountered by the
outflow as it travels away from the source.

6. The comparison between the MIRI images and a CO
ALMA low-velocity map shows emission from warm H2

gas that follows the CO cavity but that lies inside it. This
warm emission from the cavity could be driven by shocks
or by photon heating of the cavity walls. The flanks of the
H2 redshifted bow shock connect with the cavity edges,
giving support to the scenario where the cavity is created

Figure 13. Hydrogen recombination lines detected in the HH46 IRS spectrum. The lines are ordered, from left to right, in increasing energy of the upper level. The
emission peak shifts from being outflow dominated, at radial velocity ∼ − 150 km s−1, in the lines at lower energy, to being accretion dominated (V ∼ 0 km s−1) in
the higher energy transitions.
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by the entrainment of jet-driven bow shocks. This is at
variance with the blueshifted lobe, where the expansion
of both the collimated jet and the wide-angle molecular
shells driven by the two sources concur to create the
asymmetric CO cavity observed with ALMA.

7. The spectrum of the nonresolved binary system shows
deep structured ice bands and CO v= 1−0 and H2O v= 1
−0 gaseous lines in absorption, likely originating in the
envelope or disk intercepting the warm mid-IR continuum.
Several hydrogen recombination lines of the Paschen and
Brackett series are observed on source. Their emission
peaks shift from being outflow dominated to being
accretion dominated as the energy of the line increases.

This paper shows the richness of information that can be
gathered with JWST observations on a complex system such as
HH46. We have in particular unveiled the central engine of the
HH46 IRS outflow, showing that jet entrainment and wide-angle
winds from the two sources are both at play in shaping the large-
scale structure of the outflow. The obtained data demonstrate the
power of JWST in the investigation of embedded regions around
young Class I protostars, which remain elusive even at near-IR
wavelengths. A series of forthcoming papers currently in
preparation will examine in depth a number of topics highlighted
in this article, including the excitation and dynamics of the H2

outflow and of the atomic jet, as well as the nature of the gas and
dust features of the source.
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Appendix A
The HH46 IRS Extracted Spectrum and Comparison with

Spitzer

Figure 14 shows the MIRI (upper panel) and NIRSpec (lower
panel) spectrum extracted at the HH46 IRS position, using an
aperture proportional to 1.22λ/D. The figure plots the spectra of
the individual subchannels (MIRI) and gratings (NIRSpec) as
well as the final spectrum obtained by rescaling them to the
MIRI Channel 1 SHORT spectrum. The figure also reports the
Spitzer spectrum of the source for comparison, as well as mid-IR
photometry from different facilities. The difference between the
Spitzer and JWST spectra might be due to the source variability
or to different extraction procedures.

Figure 14. The upper panel shows the MIRI spectra in the individual
subchannels (black lines) and the final complete spectrum obtained by rescaling
the individual subspectra to the Channel 1 SHORT (red line). The figure also
displays the Spitzer IRS spectrum from Noriega-Crespo et al. (2004; in blue) as
well as archival photometric points from Spitzer IRAC and MIPS (circles),
WISE (triangles) and AKARI (squares). The bottom panel displays the
NIRSpec G235 (black) and G395 (red) spectra in comparison with the MIRI
Channel 1 spectrum (blue). The NIRSpec spectrum rescaled to match MIRI and
the IRAC photometric points are indicated in gray.
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Appendix B
Spectra of the Jet and H2 Peak

Figures 15 and 16 show the NIRSpec and MIRI spectra
extracted from a circular aperture of 0 4 in radius at the

position of the B2 jet knot (08h25m43 88, −51°00′34 55) and
the H2 A1 peak (08h25m43 86, −51°00′35 69), respectively.
These circular apertures are drawn in Figures 2 and 7.

Figure 15. Complete NIRSpec and MIRI spectrum extracted from a circular
aperture of 0 4 in radius centered on the B2 knot of the blueshifted jet, with the
major detected atomic (blue) and molecular (red for H2 and green for CO) lines
indicated. The MIRI spectrum has been continuum subtracted.

Figure 16. The same as Figure 15 but for an aperture centered at the peak of
the H2 knot A1.
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Appendix C
Line List

In Table 1 we list all the atomic lines detected in the
blueshifted jet, with their identification and relative intensity

with respect to the [Fe II] 5.3 μm line. Table 2 summarizes the
H2 transitions detected in the A1 knot, listed by vibrational
level.

Table 1
List of Detected Atomic Lines in the Jet

Ion I.P.b Line ID λ(vac) Tex
a Iλ/I[Fe II]5.3 μm Grism/Chan

(eV) (μm) (K)

[Fe II] 7.90 a4D1/2-a
4F5/2 1.66422497 4083.22 0.05163 G235

a4D5/2-a
4F7/2 1.8098952 11445.92 0.06823 G235

a4D5/2-a
4F3/2 1.8959259 12074.14 0.025969 G235

a4D7/2-a
4F5/2 1.9541410 11445.92 0.03822 G235

a2P1/2-a
4P1/2 2.0072612 27173.82 0.007018 G235

a2H9/2-a
2G9/2 2.0156760 29934.82 0.013035 G235

a2P3/2-a
4P5/2 2.0465833 26416.83 0.01385 G235

a4F3/2-a
6D3/2 4.4348339 4485.36 0.00996 G395

a4F7/2-a
6D7/2 4.8891395 3496.42 0.065055 G395

a4F5/2-a
6D3/2 5.0623456 4083.22 0.01959 ch1-SHORT

a4F9/2-a
6D9/2 5.3401693 2694.25 1. ch1-SHORT

a4F7/2-a
6D5/2 5.6739070 3496.42 0.01162 ch1-SHORT

a4F9/2-a
6D7/2 6.721277 2694.25 0.04997 ch1-LONG

a6D5/2-a
6D9/2 14.977170 960.65 0.001018 ch3-MEDIUM

a4F7/2-a
4F9/2 17.92324 3496.42 0.93672 ch3-LONG

a4F5/2-a
4F7/2 24.5019 4083.22 0.254099 ch4-LONG

a6D7/2-a
6D9/2 25.988390 553.62c 0.90017 ch4-LONG

[Ni II] 7.64 2F7/2-
4F9/2 1.93930 19495.97 0.05259 G235

2F7/2-
4F5/2 2.91144 19495.97 0.005496 G235

2D3/2-
2D5/2 6.6360 2168.15 0.36327 ch1-LONG

4F7/2-
4F9/2 10.6822 13423.83 0.066096 ch2-LONG

4F5/2-
4F7/2 12.7288 14554.16 0.01096 ch3-SHORT

[Mn II] 7.43 a5D4-a
5S2 2.06063 20611.69 0.015145 G235

[Ar II] 15.76 2P1/2-
2P3/2 6.985274 2059.73c 0.3737 ch1-LONG

[Ar III] 27.63 3P1-
3P2 8.99138 1600.17c 0.006188 ch2-MEDIUM

[Co II] 7.88 a3F3-a
3F4 10.522727 1367.30c 0.0093048 ch2-LONG

a5F4-a
5F5 14.7287 5796.81 0.002452 ch3-MEDIUM

a3F2-a
3F3 15.45898 2298.01 0.002789 ch3-MEDIUM

[Cl I] 0 2P1/2-
2P3/2 11.333352 1269.51c 0.0044875 ch2-LONG

[Cl II] 23.81 3P1-
3P2 14.3678 1001.39c 0.011506 ch3-MEDIUM

[Ne II] 21.56 2P1/2-
2P3/2 12.813548 1122.85c 0.89572 ch3-SHORT

[Ne III] 40.96 3P1-
3P2 15.55505 924.96c 0.044233 ch3-LONG

[S I] 0 3P1-
3P2 25.2490 569.83c 0.01844 ch4-LONG

[S III] 23.24 3P2-
3P1 18.71303 1198.59 0.008877 ch4-SHORT

HI 13.598 Paα (4-3) 1.875613 97492.31 0.097326 G235
Brγ (7-4) 2.166120 107440.45 0.007486 G235
Brβ (6-4) 2.625867 106632.17 0.018529 G235
Pfβ (7-5) 4.653778 107440.45 0.008137 G395
Pfα (6-5) 7.459858 153419.72 0.011506 ch1-LONG
Huα (7-6) 12.371898 154582.66 0.004055 ch3-SHORT

Notes.
a Excitation temperature of the upper level.
b Ionization potential of the X i−1 ion.
c Fundamental transition to the ground state.

Table 2
Summary of the H2 Lines Detected in the Molecular Peak

vu-vl Rot. Lines Tex[K] min-maxa

0–0 S(1)-S(15) 354–1.5e4
1–0 S(0)-S(9), Q(1)-Q(13),O(2)-O(9) 4160–1.1e4
2–1 S(0)-S(8),Q(1)-Q(8),O(3)-O(6) 8087–1.4e4
3–2 S(1)/S(3)/S(9),Q(3)/Q(5),O(4)/O(5) 1.2e4–1.3e4

Note.
a Minimum and maximum excitation temperature of the upper level.
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