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A B S T R A C T 

Protostellar jets and outflows are signposts of active star formation. In H II regions, molecular tracers like CO only reveal 
embedded portions of the outflow. Outside the natal cloud, outflows are dissociated, ionized, and eventually completely ablated, 
leaving behind only the high-density jet core. Before this process is complete, there should be a phase where the outflow is partially 

molecular and partially ionized. In this paper, we capture the HH 900 outflow while this process is in action. New observations 
from the Enhanced Resolution Imager and Spectrograph/SPIFFIER near-infrared (IR) integral field unit spectrograph using the 
K-middle filter ( λ = 2.06–2.34 μm) reveal H 2 emission from the dissociating outflow and Br- γ tracing its ionized skin. Both lines 
trace the wide-angle outflow morphology but H 2 only extends ∼5000 au into the H II region while Br- γ extends the full length 

of the outflow ( ∼12 650 au), indicating rapid dissociation of the molecules. H 2 has higher velocities further from the driving 

source, consistent with a jet-driven outflow. Diagnostic line ratios indicate that photoexcitation, not just shocks, contributes to 

the excitation in the outflow. We argue that HH 900 is the first clear example of an e v aporating molecular outflo w and predict that 
a large column of neutral material that may be detectable with Atacama Large Millimeter Array accompanies the dissociating 

molecules. Results from this study will help guide the interpretation of near-IR images of externally irradiated jets and outflows 
such as those obtained with the JWST in high-mass star-forming regions where these conditions may be common. 

Key words: stars: formation – stars: protostars – Herbig–Haro objects – ISM: jets and outflows – photodissociation region 

(PDR) – infrared: ISM. 
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 I N T RO D U C T I O N  

rotostellar jets and outflows are produced by actively accreting
oung stellar objects (YSOs). Fast, collimated jets launched close
o the YSO are often seen at visual wavelengths in hydrogen re-
ombination and forbidden emission lines that are excited in shocks.
olecular emission lines in the millimetre (mm) and infrared (IR)

race outflows that may be launched directly from the circumstellar
isc or entrained from the surrounding medium by an underlying
et. Jets and outflows may coexist and which component is more
rominent/visible depends on the environment and evolutionary
tage of the source (see Bally 2016 , for a recent re vie w). 

A few well-studied examples like HH 46/47 have played an
mportant role in understanding the relationship between jets and
utflows. HH 46/47 is a parsec-scale bipolar outflow (Stanke, Mc-
aughrean & Zinnecker 1999 ). The fast, collimated jet that emerges

rom an embedded YSO is well-studied in bright recombination
nd forbidden lines that trace shock-excited gas in the jet body
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e.g. Heathcote et al. 1996 ; Hartigan et al. 2005 , 2011 ; Erkal et al.
021 ). On the opposite side of the embedded driving source, a classic
olecular outflow propagates into the natal cloud with a wide-angle
orphology traced by both the Spitzer Space Telescope (Noriega-
respo et al. 2004 ) and the Atacama Large Millimeter Array (ALMA;
rce et al. 2013 ; Zhang et al. 2016 ). 
Most of our knowledge about jets and outflows comes from sources

ike HH 46/47 – those located in nearby star-forming regions that
re forming primarily or e xclusiv ely low-mass stars. In regions with
igh-mass stars, the observational picture may look quite different.
opious ultraviolet (UV) photons from the most massive stars

lluminate the surrounding cloud, including jets and outflows that
merge into the H II region. External irradiation renders the entire jet
ody visible (Bally et al. 2006 ; Smith, Bally & Walborn 2010 ), unlike
ets in more quiescent regions where the only material emitting at
isual and infrared wavelengths has been heated and excited in shock
ronts (e.g. Bally & Reipurth 2001 ). This is a distinct advantage
or measuring the mass-loss rate (and thus accretion history of the
riving source) because it can be determined using the physics
f photoionized gas rather than complex, non-linear, and time-
ependent shock models (Reipurth et al. 1998 ; Bally et al. 2006 ). 
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Figure 1. An H α image from Hubble Space Telescope ( HST ) showing the 
HH 900 jet + outflow. HH 900 emerges from a tadpole-shaped globule that 
is seen in silhouette against the bright background of the H II region. The jet- 
driving source is unseen inside the opaque globule. Two additional candidate 
YSOs are seen outside the globule, PCYC 838 and PCYC 842. 
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Once jets and outflows emerge into the H II region, molecules will
uickly be dissociated. Traditional molecular outflow tracers, like 
O, will only be seen in portions of the flow that remain embedded

n the cloud (e.g. Cortes-Rangel et al. 2020 ). Outside the cloud, the
utflow will be dissociated, ionized, and finally, completely ablated, 
eaving behind only the high-density jet core. Before this process is
omplete, there should be a phase where the molecular outflow is
nly partially dissociated with an ionized skin. The idea of an ionized
utflow has been proposed for a few sources in the Carina Nebula
HH 666 and HH 900; Smith, Bally & Brooks 2004 ; Hartigan et al.
015 ; Reiter et al. 2015a , b ). So far, there have been no unambiguous
etections of a molecular outflow that extends into the H II region. 
In this paper, we present the first clear case of an e v aporating
olecular outflow. The HH 900 jet + outflow, emerges from a 

mall, tadpole-shaped globule located in the heart of the Carina 
ebula (see Fig. 1 ). Dozens of O- and B-type stars in the nearby
 rumpler 16 (T r16) star cluster illuminate the system and may have

riggered its formation (Reiter et al. 2020b ). H α emission traces a
ide-angle bipolar outflow that emerges from the opaque globule 

Smith, Bally & Walborn 2010 ). Unusually for an outflow, the H α

mission appears to taper as it gets further from the driving source.
his is the morphology expected for a jet-driven outflow (see, e.g. 
rce et al. 2007 ), consistent with H α tracing the ionized skin of

he outflo w dri ven by an underlying jet (seen in [Fe II ]; Reiter et al.
015a , 2019 ). 
CO observations with ALMA reveal a bipolar molecular outflow 

hat extends only to the edge of the globule where it abruptly ends
Reiter et al. 2020a ). In seeing-limited near-IR narrowband images, 
 2 emission extends from the globule edge along the outflow axis 

Hartigan et al. 2015 ). Optical integral field unit spectroscopy from
he Multi-Unit Spectroscopic Explorer (MUSE) revealed extended 
C I ] emission from the same region as the H 2 (Reiter et al. 2019 ).
C I ] is often observed to be coincident with H 2 in partially molecular
as (e.g. Escalante, Sternberg & Dalgarno 1991 ), suggesting that the 
egion where both lines are detected traces the transition between the 
ully molecular and fully ionized portions of the outflow. Together, 
hese observations strongly suggest that HH 900 has a dissociating 
olecular outflow. 
To test this hypothesis, we obtained new near-IR integral field unit
pectroscopic observations from the Enhanced Resolution Imager 
nd Spectrograph (ERIS) on the Very Large Telescope (VLT). These 
igh spatial and spectral resolution observations allow us to probe the
hree key features we expect if HH 900 has a dissociating molecular
utflow, namely: (1) the same morphology in molecular (H 2 ) and
onized (Br- γ ) gas; (2) similar kinematics in molecular (H 2 ) and
onized (Br- γ ) gas that are distinct from the fast, collimated jet
Reiter et al. 2015a ); and (3) gas that is primarily photoexcited. These
ata provide comparable angular resolution and spatial coverage to 
re vious observ ations obtained with the HST /Adv anced Camera for
urv e ys (ACS), VLT/MUSE, and ALMA, providing a comprehen- 
i ve vie w of the outflo w. 

 OBSERVATI ONS  

.1 SPIFFIER/ERIS 

e observed HH 900 (RA = 10:45:19.3, Dec. = −59:44:23) using
he recently commissioned ERIS/SPIFFIER near-IR integral field 
nit spectrograph on the European Southern Observatory’s (ESO) 
LT (Davies et al. 2018 , 2023 ). SPIFFIER is the refurbished integral
eld unit spectrograph SPIFFI (SPectrometer for Infrared Faint Field 
maging) that was previously part of the Spectrograph for INtegral 
ield Observations in the Near Infrared (SINFONI). Data were 
btained as part of the ERIS Science Verification 1 for Pr. Id. 110.257T
PI: M. Reiter) on the night of 2022 December 5. 

We used the lowest resolution plate scale which provides 
25 × 250 mas spatial pixels (spaxels) over an 8 arcsec × 8 arcsec
eld of view. Two o v erlapping pointings capture the entire extent of

he HH 900 jet + outflow (excluding distant bow shocks). Obser-
ations were obtained in good weather with seeing � 0.8 arcsec. We
lso utilized laser guide star (LGS) adaptive optics (AO) correction 
o further impro v e the image quality. 

We used the high-resolution K-middle filter ( λ = 2.06–2.34 μm) 
hich co v ers the H 2 line at 2.12 μm and Br- γ at 2.16 μm simul-

aneously with spectral resolution R ∼ 11 200. The corresponding 
elocity resolution is ∼25 km s −1 . 

Data were reduced using a beta version of the ERIS pipeline
rovided by ESO at the time of the Science Verification run and
 x ecuted through the ESO Reflex workflow (Freudling et al. 2013 ).
he pipeline corrects the data from the instrumental signatures, i.e. 
arks and flats, calibrates a wavelength solution using the associated 
rc lamps, applies a field distortion mapping, computes and subtracts 
he sky contribution, and generates a resampled 3D data cube. This
s then used in the following analysis. 

The systemic velocity of HH 900 was measured by Reiter et al.
 2020a ) who found v LSR = −33.5 km s −1 . For the coordinates of
arina, v helio ≈ v LSR + 11.6 km s −1 (Kiminki & Smith 2018 ). Using

his, we compute a heliocentric velocity of v helio = −21.9 km s −1 

or HH 900. All velocities in this paper are reported relative to the
eliocentric velocity of HH 900. 

.2 Archi v al data 

o align the ERIS/SPIFFIER data with the archi v al images, we use
eader astrometry for preliminary registration, then apply additional 
inear offsets to align the point sources near the globule and
utflow. The spatially resolved globule and tadpole tail provide a 
MNRAS 527, 3220–3230 (2024) 
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Table 1. Primary emission lines detected in the HH 900 jet + outflow. 
Wavelengths for the H 2 lines are from Levenson et al. ( 2000 ); Br- γ
wavelength is from Chang & Deming ( 1996 ) via the National Institute of 
Standards and Technology (NIST). 2 All wavelengths are in vacuum. 

Line Wavelength 
( μm) 

H 2 1-0 S(1) 2.12183 
Br- γ 2.16612 
H 2 1-0 S(0) 2.22329 
H 2 2-1 S(1) 2.24772 
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Figure 2. Integrated intensity (moment 0) maps of the lines detected with 
ERIS/SPIFFIER (see Table 1 ): (a) H 2 1-0 S(1); (b) Br- γ ; (c) H 2 1-0 S(0); 
and (d) H 2 2-1 S(1). 
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econd check for data with few point sources (i.e. from ALMA).
ata were additionally rotated and shifted to minimize subtraction

esiduals. Typical alignment uncertainties are on the order of a pixel
 ∼0.15 arcsec). 

.2.1 HST H α and [Fe II ] 

 narrowband H α image was obtained with the F658N filter on the
CS on 2014 August 4 (programme GO-13390, PI: N. Smith). The
arrowband [Fe II ] 1.64 μm ( F164N ) and offline continuum ( F167N )
mages were obtained with the infrared channel of the Wide-Field
amera 3 (WFC3-IR) on 2013 December 28 (programme GO-13391,
I: N. Smith). Details of these data and their reduction are presented

n Reiter et al. ( 2015a ). 

.2.2 MUSE 

he HH 900 system was observed with the MUSE integral field
nit spectrograph on the VLT 2018 April 3 (programme ID 0101.C-
391(A); PI: M. Reiter). These observations utilized the GALACSI
O module in wide field mode to provide ∼0.8 arcsec angular

esolution o v er the 1 arcmin × 1 arcmin field of view. MUSE provides
pectral co v erage from 4650–9300 Å with a gap between ∼5800–
950 Å for the LGSs with spectral resolution R = 2000–4000. Details
f those observations may be found in Reiter et al. ( 2019 ). 

.2.3 ALMA 

LMA Band 6 observations of the HH 900 system were obtained on
017 May 8 and 2017 September 25 using medium and long baseline
onfigurations (programme ID 2016.1.01537.S, PI: A. Guzm ́an).
he maximum angular resolution is 0.02 arcsec, comparable to the

esolution of H α images from HST . CO lines were observed with
 velocity resolution of 0.08 km s −1 . Anaylsis and details may be
ound in Reiter et al. ( 2020a ). 

 RESU LTS  

e detected Br- γ and 3 bright H 2 lines with ERIS/SPIFFIER (see
able 1 and Fig. 2 ). All of the detected lines are spatially extended,

racing the bipolar HH 900 outflow. 
Bright emission from all lines also trace the ionization front on the

lobule surface. The tadpole tail is prominent in H 2 images, tracing
he same morphology seen in silhouette in H α (Smith, Bally &

alborn 2010 ) and in emission in CO (Reiter et al. 2020a ). 
NRAS 527, 3220–3230 (2024) 
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Both Br- γ and H 2 emission from HH 900 trace the wide-angle
utflow, extending smoothly from where the CO outflow ends at
he edge of the globule (see Fig. 3 and Reiter et al. 2020a ). Br- γ
mission traces the same morphology as H α, as expected. In the H II

egion, H 2 traces a broadly similar morphology to the ionized outflow
raced by H α and Br - γ b ut the surface brightness is less uniform.
 2 appears limb-brightened with a measurable dip in the intensity

t the mid-point of the outflow lobe (see Fig. 4 ). H 2 emission is
ess extended, reaching only ∼2.2 arcsec (0.02 pc) from the globule,
ompared to ∼5.5 arcsec (0.06 pc) for H α and Br- γ . This is the same
xtent seen in seeing-limited H 2 images from Hartigan et al. ( 2015 )
nd coincides with the [C I ] emission seen with MUSE (see Fig. 3
nd Reiter et al. 2019 ). 

https://www.nist.gov
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Figure 3. Top: Greyscale image of H 2 from ERIS; red and blue contours 
show CO J = 2-1 from ALMA (emission is integrated from −30 km s −1 to 
−11 km s −1 and −57 km s −1 to −35.75 km s −1 , respectively); white contours 
show [Fe II ] 1.64 μm from HST . Bottom: H 2 contours (red; 10–50 σ in steps 
of 5 σ ) on a [C I ] 8727 Å image from MUSE. 
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In the following analysis, we refer to the H 2 2.12 μm line simply
s ‘H 2 ’ and specify the transition of the other H 2 lines where used. 

.1 Velocity structure 

he HH 900 outflow lies close to the plane of the sky, with a tilt
ngle � 10 ◦ (Reiter et al. 2015a ). The bulk of the outflow velocity
s therefore captured in the tangential motions in the plane of the
ky. We benefit from the high velocity resolution of SPIFFIER/ERIS 

o measure the more modest radial velocities from the outflow. To 
easure the velocity of the outflow components traced by H 2 and 
r- γ , we construct position–velocity (P–V) diagrams of each line 

see Fig. 5 ). We e xtract a slice 5 pix els wide through the centre of the
et + outflow. Both H 2 and Br- γ show blueshifted emission from the
estern limb of the jet and redshifted emission to the east, consistent
ith other velocity measurements of the jet + outflow (Reiter et al.
015a , 2020a ). 
To obtain a more precise estimate, we fit a Gaussian to the velocity

rofile in different slices across the outflow. We take the average 
mission in three-pixel-wide slices (the equi v alent of three columns 
n the P–V diagrams). Line profiles are largely single-peaked. Low 

 2 velocities between −3 arcsec and −4 arcsec (on the eastern side
f the globule) are contaminated by the blueshifted tadpole tail (see 
ppendix B and Fig. B1 ). Note that the tadpole tail is blueshifted on

he same (eastern) side of the globule where the outflow is redshifted.
v erall, H 2 v elocities in the outflow are faster than Br- γ . 
Velocity measurements for the HH 900 jet + outflow were previous 

eported by Reiter et al. ( 2015a ). Br- γ velocities are consistent with
he marginally resolved blueshifted velocities seen in the western 
imb of the outflow in H α (which reach a maximum blueshifted
elocity of ∼−16 km s −1 ). All outflow velocities traced by H 2 and
r- γ are slower than the [Fe II ] emission from the jet ( ±∼30 km s −1 ;

ee Appendix A ). 

.2 The YSOs 

he HH 900 driving source remains unseen at near -IR wa velengths
s it is deeply embedded inside the tadpole-shaped globule. Ho we ver,
e detect two point sources that are visible outside the globule

see Fig. 1 ). Both were identified as candidate YSOs in the Pan
arina YSO Catalogue (PCYC) by Povich et al. ( 2011 ). We use
perture extraction to isolate the stellar spectrum and remo v e the sky
ackground. For both objects, the ‘sky’ background includes nebular 
mission from the H II region and structured emission from either
he edge of the globule or the limb-brightened HH 900 outflow. As
 result, the Br- γ and H 2 line profiles may be contaminated with
esidual nebular emission. Spectra of both sources are shown in 
ppendix C . 
The first source, PCYC 838, lies directly on top of the western

imb of the HH 900 jet + outflow. We detect Br- γ in emission in
he PCYC 838 YSO spectrum but no H 2 lines. Br- γ emission may
ndicate active accretion (e.g. Fairlamb et al. 2017 ). Ho we ver, we
o not detect other indicators of the circumstellar disc such as the
O bandhead in emission or absorption (e.g. Carr 1989 ; Calvet et al.
991 ). The absence of the molecular bands may point to a slightly
igher mass for this object, consistent with the spectral type (roughly
-type) estimated from the optical spectrum (Reiter et al. 2019 ) and

he mass estimated from the best-fitting model of the spectral energy
istribution (2.5 ± 1.2 M �; Povich et al. 2011 ). 
A second star, identified as candidate YSO PCYC 842 by Povich

t al. ( 2011 ), lies at the bottom of the tadpole-shaped globule. No
rominent emission lines (i.e. Br- γ ) are detected in this source.
o millimeter continuum or molecular line emission associated 
ith this source was detected with ALMA (Reiter et al. 2020a ),

uggesting a lack of circumstellar material. Indeed, Reiter et al. 
 2015a ) questioned whether this source is a YSO based on its motion
owards the globule and the low resolution of the data used for
ts original classification. The relatively featureless spectrum of this 
ource does not provide evidence that this source is young or actively
ccreting. 

 H H  9 0 0  A S  A N  EVAPORATI NG  M O L E C U L A R  

UTFLOW  

e argue that the morphology , velocity , and excitation of the
xtended H 2 and Br- γ emission in HH 900 trace an ionized and
 v aporating outflo w. In this picture, the molecular outflo w is rapidly
ut not instantaneously dissociated once it emerges into the H II

egion. Extended H 2 emission traces the extent (and therefore the 
ime) that molecules survive in the H II region. Spatially coincident
C I ] emission seen with MUSE supports this interpretation (see
ig. 3 ). The ionization potential of carbon is lower than hydrogen
11.26 eV compared to 13.6 eV), so [C I ] is expected to coexist with
artially dissociated H 2 (see e.g. Osterbrock & Ferland 2006 ). 
High spatial and spectral resolution integral field unit spectroscopy 

ith ERIS allows us to perform three key tests of this hypothesis. If
H 900 is an e v aporating molecular outflo w we expect: (1) the same
orphology in molecules (H 2 ) and recombination lines (Br- γ ); (2)

imilar outflow-like kinematics in molecular (H 2 ) and recombination 
ines (Br- γ ) that are distinct from the fast, collimated jet traced by
MNRAS 527, 3220–3230 (2024) 
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Figure 4. Top: Intensity tracings showing H 2 (red), Br- γ (blue), and [Fe II ] (black dashed line) along the length of the outflow. (a) H 2 extends a small distance 
from the globule but tapers off before [Fe II ] from the jet is first detected. Br- γ is bright throughout the length of the outflow. Middle: H 2 image with lines 
showing the location of the hortizontal (red line) and vertical (black dotted lines) intensity tracing locations (b). Bottom: Vertical intensity tracings ordered from 

east to west. In the eastern-most slice (c), both lines trace the outflow but H 2 is dominated by emission from the tadpole tail. Closer to the globule (d), H 2 and 
Br- γ trace the wide-angle outflow. A tracing through the globule itself (e) re veals H 2 of fset inside Br- γ , consistent with a steady-state photodissociation region 
on the surface of a post-collapse globule (see Reiter et al. 2020b ). The western-most slice through the HH 900 outflow (f) shows the wide opening angle traced 
by both components and illustrates the limb-brightening of the H 2 flow. 
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Fe II ]; and (3) photoexcitation dominating over shock excitation in
he outflow. We discuss each test individually below. 

.1 Morphology 

 2 emission extends beyond the edge of the globule, tracing the
ame wide-angle flow as Br- γ (see Fig. 6 ). The H 2 appears limb-
rightened, as though tracing the edges of an outflow cavity. The
idth of the H 2 and Br- γ profiles are comparable for intensity

racings through the outflow (see Fig. 4 ). This is in contrast to tracings
hrough the globule itself that show an offset of ∼0.5 arcsec between
he Br- γ and H 2 emission peaks. 

The key morphological difference between H 2 and Br- γ is their
xtent. H 2 reaches ∼2.2 arcsec (0.02 pc) from the globule edge into
he H II region. The terminal edge of the limb-brightened H 2 outflow
oincides with the onset of [Fe II ] emission from the jet (see Fig.
 ). Br- γ extends ∼5.5 arcsec (0.06 pc) tracing the full length of the
et seen in H α and [Fe II ]. This is consistent with an e v aporating

olecular outflow if H 2 disappears at the point where molecules are
ompletely dissociated. 
NRAS 527, 3220–3230 (2024) 

2  
.2 Outflo w v elocities 

utflow velocities traced by H 2 increase with distance from the
riving source. This Hubble-like flow is characteristic of jet-driven
utflows (see fig. 2 from Arce et al. 2007 ). The highest H 2 velocities
re ±∼20 km s −1 , remarkably similar to the highest velocities seen
rom the embedded CO outflow (Reiter et al. 2020a ). H 2 velocities
re ∼10 km s −1 faster than Br- γ in both limbs of the outflow (see
ig. 5 ) and for all slices across the globule (see Appendix B ). This
elocity difference is comparable to the sound speed in ionized
as ( c s ∼ 11 km s −1 ), the e xpected v elocity of a photoe v aporati ve
ow. 
The fastest velocities measured in H 2 and Br- γ are both lower than

n the collimated [Fe II ] jet where Reiter et al. ( 2015a , 2019 ) found
ast, steady velocities up to ±30 km s −1 . Br- γ outflow velocities are
onsistent with zero while the fastest H 2 velocities are closer to 30 km
 

−1 . Several other outflows have been observed to have a nested or
onion-layer’ structure with fast, highly collimated components on
he jet axis surrounded by slower, wider angle layers (e.g. Bacciotti
t al. 2000 ; Lavalle y-F ouquet, Cabrit & Dougados 2000 ; Pyo et al.
003 ; Coffey, Bacciotti & Podio 2008 ). This same structure is seen in
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Figure 5. Top: H 2 image showing the location and width of the slice used to 
make the P–V diagrams. Middle: H 2 and Br- γ P–V diagrams and a third P–V 

diagram showing H 2 contours (red) on the Br- γ P–V diagram. Bottom: The 
best-fitting velocity derived from fitting a Gaussian to velocity slices along 
the jet axis (see Section 3.1 ). 
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3–30 σ in steps of 3 σ . 

H  

∼
 

i  

a
i  

9
 

h  

k
i  

i  

s

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/527/2/3220/7332930 by guest on 31 January 2024
H 900 with [Fe II ] emission tracing the fast core of the jet while H 2 

races molecular layers either lifted from the disc or entrained from
he envelope/globule. On the surface is the ionized Br- γ emission 
here the strong external radiation field first encounters the slowest, 
idest layers of the outflow. 

.3 Excitation 

e measure two different emission line ratios in the spatially resolved 
utflow to determine the excitation of the gas. All four emission
ines detected with these ERIS observations are within a narrow 

avelength range so differences in wavelength-dependent extinction 
re ne gligible. We e xpect H 2 /Br- γ< 1 for a dissociating outflow
here photoexcitation will play a dominant role (the expected ratio 

n shock-excited gas is > 1; see discussion in e.g. Yeh et al. 2015 ).
he H 2 1-0 S(1)/H 2 2-1 S(1) ratio provides an additional diagnostic. 
 or shock-e xcited gas, models predict a line ratio � 10 (Shull &
ollenbach 1978 ); for photo-excited gas, the expected line ratio is
1.5–3 (Black & van Dishoeck 1987 ). 
Line ratio maps are shown in Fig. 7 . We take the ratio of the

ntegrated intensity (moment 0) obtained by integrating each line o v er
n interval ±∼4 Å from the line centre. Ambient nebular emission 
s estimated from the median value of the sky above and below HH
00. 
The H 2 /Br- γ ratio is ≥1 throughout the HH 900 system. The

ighest values are seen on the eastern edge of the globule and in a few
nots in the tadpole tail indicating that shock-excitation contributes 
n these portions of the system. Ratios in the outflow are lower but
ncrease to higher v alues to wards the outflo w edges. No part of the
ystem has H 2 /Br- γ < 1. 
MNRAS 527, 3220–3230 (2024) 
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M

Figure 7. Top: Intensity map showing the H 2 1-0 S(1)/Br- γ line ratio. Values 
< 1 indicate that photoexcitation dominates. Bottom: Intensity maps of the 
H 2 1-0 S(1)/H 2 2-1 S(1) line ratio. The e xpected ratio is ∼3 in photoe xcited 
gas, ∼10 in shock-excited gas. 

Figure 8. The photodissociation time-scale as a function of H 2 column (left 
axis). This is also presented in terms of the extent of molecular H 2 expected for 
a column travelling at 30 km s −1 (right axis). This is calculated by multiplying 
the photodissociation time-scale t phot = 1/ R phot by the typical flow speed. The 
horizontal black line is the observed extent of H 2 in the outflow. 
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before they are completely dissociated leaving the ionized outflow (Br- γ ; 
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The interpretation of the H 2 1-0 S(1)/H 2 2-1 S(1) ratio map is less
lear. All values in the H 2 1-0 S(1)/H 2 2-1 S(1) ratio map are < 10,
elow the range expected for shock-excited gas ( � 10). Ho we ver,
hroughout the map, the flux ratio is > 3, larger than expected for
ure photoexcitation. Unlike the H 2 /Br- γ ratio map, the globule
dge is not prominent in the H 2 1-0 S(1)/H 2 2-1 S(1) ratio map and
here are no prominent bright spots in the tadpole tail. 

Based on these ratio maps, the simplest interpretation is that a
ombination of shocks and photoexcitation contribute to the observed
mission. Note that the typical H 2 knot sizes seen in the spectacular
H 212 jet are ∼250–500 au (Zinnecker, McCaughrean & Rayner
998 ). At the distance of Carina (2.35 kpc; G ̈oppl & Preibisch 2022 ),
his corresponds to < 0.25 arcsec – too small to be resolved with
RIS. 
NRAS 527, 3220–3230 (2024) 
 DI SCUSSI ON  

vaporating molecular outflows are the missing piece that connects
cold) molecular outflows seen inside clouds with the hot ionized
ets laid bare in H II regions. Once outflows leave the protection of
heir natal cocoons, external irradiation rapidly heats, dissociates,
nd ionizes them. This explains the abrupt end of CO outflows like
H 900 at the edge of the globule (or dust pillar in the case of HH
01 and HH 902, see Cortes-Rangel et al. 2020 ). 
In HH 900, the CO outflow morphology connects smoothly with

he ionized outflow traced by H α and Br- γ that is seen outside the
lob ule. Near -IR [Fe II ] emission traces the fast, collimated jet that
isects the wide-angle ionized outflo w. Ho we ver, this component
s first detected � 1.5 arcsec from the edges of the globule. Non-
nstantaneous dissociation of the molecular outflow provides one
xplanation for this gap. In this region, all UV photons are consumed
onizing the skin of the outflow (Br- γ ; H α) and dissociating
olecules just inside it (H 2 ; [C I ]), exhausting the high energy

hotons before they can reach the core and ionize Fe (first ionization
equires 7.6 eV). Essentially, slices along the outflow at different
istances from the globule trace the development and progression of
 photodissociation region (PDR) through the column of outflowing
as (see Fig. 9 ). 

In a less punishing environment than Carina, HH 900 would look
ike a traditional molecular outflow with CO tracing more of its
xtent. The HH 900 YSO remains deeply embedded in the globule
ith the only detection to date in the millimeter continuum with
LMA. This suggests that the source evolutionary stage is in the
lass 0/I regime, consistent with HH 900 being in the most active
utflow phase (we discuss the mass-loss rates in Section 5.1 ). 
One of the outstanding challenges for understanding the local and

arge-scale impact of protostellar jets and outflows is obtaining a full
ass census. Typically, only one component is visible: the underlying

atomic) jet is unseen in molecular outflows while optical and near-
R images reveal collimated atomic jets that have largely escaped
heir natal clouds and may no longer be surrounded by a molecular
utflow. External illumination reveals all of these components in
he HH 900 jet + outflow. The system is younger than other well-
tudied examples of externally irradiated jets (e.g. in Orion, Bally &
eipurth 2001 ; Bally et al. 2006 ; Kirwan et al. 2023 ), capturing a
onsequential but not well understood outflow phase. 
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External irradiation in the H II region alters the observable diag- 
ostics but provides an extraordinary opportunity because it also 
lluminates the entire body of the jet + outflow. Mass-loss rates
an therefore be estimated using the well-understood physics of 
hotoionized gas instead of non-linear and time-dependent shock 
odels. Following Bally et al. ( 2006 ), we can use the well-studied

nvironment to determine the dissociation time, and therefore the 
ass-loss rate, of the dissociating molecular outflow. 

.1 Mass-loss rate 

e make a simple estimate of the photodissociation rate of molecular 
ydrogen entrained in the outflow. The free space photodissociation 
ate is D 0 = 5.18 × 10 −11 χ s −1 (Sternberg et al. 2014 ; Bialy 2020 )
here χ is the Draine UV radiation field strength (Draine 1978 ). 

gnoring shielding, the photodissociation rate of H 2 at the surface of
 slab irradiated from one side (the outflow in our case) is 

 phot = 

1 

2 
χ5 . 18 × 10 −11 s −1 . (1) 

rom Smith ( 2006 ), the far -ultra violet (FUV) luminosity of Tr16
s log(L FUV ) = 6.79 L �. We convert this to the local flux assuming
he median distance to the OB stars in Tr16 from Alexander et al.
 2016 ). This gives an incident Draine UV radiation field of χ = 10 3 ,
orresponding to a dissociation time-scale of ∼1.2 yr. For an outflow 

elocity of 30 km s −1 , this gives a distance of ∼8 au for the extent
f the H 2 outflow. This is ∼3 orders of magnitude smaller than the
bserv ed H 2 e xtent of HH 900 ( ∼5000 au, see Section 4.1 ). 
This simple estimate ignores the effect of shielding. Ho we ver, H 2 

an be shielded by dust (which may also be present in the outflow
mith, Bally & Walborn 2010 ; Reiter et al. 2019 , 2020a ) or it can
elf-shield, provided a sufficiently large H 2 column (Sternberg et al. 
014 ). Including self-shielding, the dissociation rate becomes 

 phot = 

1 

2 
χ5 . 18 × 10 −11 f shield ( N H 2 

) exp 
(−τg 

)
s −1 . (2) 

here τg = σg N H 2 
is the dust column optical depth and f shield ( N H 2 

)
s the H 2 self-shielding parameter; both depend on the H 2 column 
 H 2 

. We follow Bialy ( 2020 ) and adopt σ g = 1.9 × 10 −21 cm 

2 . For
 shield ( N H 2 

) we use the Draine & Bertoldi ( 1996 ) fit 

 shield ( N H 2 
) = 

0 . 965 

( 1 + x/b 5 ) 
2 + 

0 . 035 

( 1 + x ) 1 / 2 

× exp 
[−8 . 5 × 10 −4 ( 1 + x ) 1 / 2 

]
(3) 

here x = N H 2 
/ 5 × 10 14 cm 

−2 and b 5 = 2/10 5 cm s −1 . This gives an
 2 photodissociation time-scale that depends only on the H 2 column 

or a given χ . We solve this expression for the H 2 column that
nables the H 2 outflow to extend ∼5 × 10 3 au with a flow velocity
f ∼30 km s −1 . We calculate the photodissociation time-scale t phot =
/ R phot and multiply by a characteristic speed (30 km s −1 ) to obtain
he maximum observable H 2 extent. 

Results from this simple analysis are shown in Fig. 8 . We estimate
hat an H 2 column of ∼1 × 10 18 cm 

−2 is required to reproduce the
bserv ed e xtent of the outflo w. Assuming the outflo w is a cylinder,
e convert this to a volume density by dividing by the observed
idth of the outflow. For an H 2 column density of ∼10 18 cm 

−2 and
 jet width of 2 r out ∼1.5 arcsec (3450 au), the H 2 volume density is
 H 2 

∼ 20 cm 

−3 . We compute the mass-loss rate of the H 2 outflow
ssuming a constant density and radius in a cylindrical jet 

˙
 H 2 

= n H 2 
m H 2 

πr 2 out v out (4) 
here m H 2 
is the mass of molecular hydrogen and v out = 30 km s −1 

s the characteristic velocity of the outflow. From this, we estimate
˙
 H 2 

≈ 1 . 6 × 10 −9 M � yr −1 . 
This simple estimate yields a mass-loss rate two orders of mag-

itude smaller than estimated for the ionized component, Ṁ H α ≈
 . 7 × 10 −7 M � yr −1 (Smith, Bally & Walborn 2010 ). The mass-
oss rate of the molecular outflow inside the globule is an order
f magnitude higher than the ionized component with an average 
˙
 CO ≈ 3 . 5 × 10 −6 M � yr −1 (Reiter et al. 2020a ). The highest
ass-loss rate is measured in the low-ionization jet core with 

˙
 Fe II ≈ 1 . 7 × 10 −5 M � yr −1 (Reiter, Smith & Bally 2016 ). 
The large discrepancy between the mass-loss rates in the molecular 

utflow measured inside and outside the globule is not entirely 
urprising. We ignore any dust shielding in the outflow despite 
ndirect evidence for dust in the outflow. In addition, we argue that
 2 emission traces partially dissociated molecular gas. The column 
f neutral material tracing the brief phase between dissociation and 
onization should increase once the outflow is in the H II region. Near
he edge of the globule where the outflow first emerges into the H II

e gion, we e xpect that the sum of the molecular (H 2 ), neutral (C I ?),
nd ionized (H α or Br- γ ) components to be comparable to the CO
ass-loss rate measured inside the globule. This implies that there is
 large column of neutral material in the outflow. Future observations
f neutral gas tracers like C I with ALMA may reveal the mass and
xtent of this neutral component. 

Finally, we note that the low volume density we estimate in
 2 is consistent with photoexcited gas. Black & van Dishoeck 

 1987 ) predict that, in steady state, the boundary layer should have
 ( H 2 ) << n (H). We derive an n ( H 2 ) that is 13 × smaller than the
 e reported by Smith, Bally & Walborn ( 2010 ), consistent with this
rediction. 

 C O N C L U S I O N S  

n H II regions, jets and outflows that emerge from their natal
louds will be externally illuminated, dissociated, and ionized by 
V photons from nearby high-mass stars. In this paper, we present
ew near-IR integral field unit spectroscopy from ERIS/SPIFFIER 

hat provides the first clear evidence that HH 900 is a dissociating
nd e v aporating molecular outflo w. Extended H 2 and Br- γ emission
race the wide-angle outflow as it smoothly extends from the edge
f the CO outflow. H 2 emission extends ∼2.2 arcsec (0.02 pc) from
he globule edge, tracing the molecule survi v al time. The ionized
utflo w, traced by Br- γ , re v eals the full e xtent of the outflow as it
eaches ∼5.5 arcsec into the H II region. 

These new spatially and spectrally resolved observations of HH 

00 allow us to perform three tests to confirm that HH 900 is an
 v aporating molecular outflo w. First, we sho w that H 2 and Br- γ
race the same morphology as long as molecules survive. Second, 
e show that both lines trace outflow-like kinematics. Velocities of 
oth lines are modest where the outflow emerges from the globule,
hen H 2 increases to speeds approaching the high velocity of the
nderlying jet seen in [Fe II ]. Velocities between each component
iffer by ∼10 km s −1 with [Fe II ] tracing the fastest velocities, H 2 

ntermediate, and Br- γ the slowest, consistent with the layered 
elocity structure seen in other outflows. Third, diagnostic line 
atios indicate a significant contribution from photoexcitation to 
he excitation in the outflow. Together, these tests provide strong 
vidence that an evaporating molecular outflow connects the cold 
CO) outflow seen inside the globule with the hot ionized outflow
H α, Br- γ ) seen in the H II region. 
MNRAS 527, 3220–3230 (2024) 
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To the best of our knowledge, this is the first direct evidence for an
 v aporating molecular outflo w. As such, these observ ations provide
n excellent test case for models of irradiated jets and outflows
i.e. Estrella-Trujillo et al. 2021 ). Finally, near-IR observations from
he JWST will soon be revealing jets and outflows in many high-

ass star-forming regions (e.g. Reiter et al. 2022 ). These externally
rradiated sources will likely have more in common with objects
ike HH 900 than the well-studied jets seen in more local, quiescent
egions. 
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Figure B1. P–V slices extracted from the three positions in the tadpole 
shown in the top figure. The red-blue outflow velocities are most prominent 
in the top slice which is minimally affected by the blueshifted tadpole tail. 
Middle panel is the same as Fig. 5 , reproduced here for convenience. Bottom 

panel is the lowest slice with blueshifted emission from the tadpole tail clearly 
affecting the H 2 velocities. 
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PPEN D IX  A :  R E C O N C I L I N G  H H  9 0 0  

ELOCITIES  

he systematic velocity of HH 900 was not known when Reiter
t al. ( 2015a ) analysed the [Fe II ] emission from the jet. The derived
elocity of ≈15 km s −1 is much redder than Carina itself which has
 heliocentric velocity of ≈−8.4 km s −1 (Rebolledo et al. 2016 ).
e-examining the spectra in Reiter et al. ( 2015a ), we find that

he estimated systematic velocity is almost exactly equal to the 
eliocentric velocity correction for the date of observation (15.75 km 

 

−1 ). 
We have remeasured the HH 900 jet velocities from the FIRE

pectra presented in Reiter et al. ( 2015a ) including the heliocentric
elocity correction and the known velocity of the system (see 
ection 2 and Reiter et al. 2020a ). This centres the [Fe II ] emission
ymmetrically around the source v elocity, e xtending to ∼±30 km 

 

−1 . 
We note that the jet velocities measured from [Fe II ] emission in

eiter et al. ( 2015a ) and Reiter et al. ( 2019 ) were both asymmetric
ith the blueshifted jet extending to ∼−20 km s −1 while the 

edshifted jet extended to ∼40 km s −1 . This offset corresponds to the
lueshift of ∼10 km s −1 of HH 900 relative to Carina. 

PPEN D IX  B:  P –V  SLICES  

e show three slices through the HH 900 jet + outflow in Fig. B1 . As
n Section 3.1 , each slice is 5 spatial pixels wide. The slice through the
op edge of HH 900 and the globule offer the most pristine measure
f the outflow kinematics as this is unaffected by the tadpole tail.
he middle P–V slice is the same as discussed in Section 3.1 . The
–V slice along the bottom of the outflow and globule are clearly
ffected by the blueshifted tadpole tail which is brighter than the 
utflow in H 2 . The tadpole globule is not resolved in Br- γ . Based on
iffraction-limited H α images (see Fig. 1 ), we expect the tail, like
he globule, would be seen in silhouette, so does not affect the Br- γ
elocities. 

We also show a P–V slice through the entire length of the system
not just the extent of the H 2 emission) in Fig. B2 . 
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Figure B2. P–V slice that extends the entire length of the Br- γ outflow. 
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Figure C1. Spectrum of the PCYC 838 YSO located in the western limb of the H
line, tracing ongoing accretion on the target. 

Figure C2. Spectrum of the star at the bottom of th
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PPENDI X  C :  YSO  SPECTRA  

he stellar spectrum extracted for the PCYC 838 YSO is shown in
ig. C1 and Fig. C2 shows the spectrum of PCYC 842. 
H 900 jet + outflow. Various emission lines are detected, including the Br- γ

e globule (PCYC 842 in Povich et al. 2011 ). 
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