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Why study star formation ?

• Key process in galaxy evolution:
• Initial Mass Function (IMF)
• Feedback processes
• Chemical evolution



Why study star formation ?

• Star and planet formation are linked

postulated by Kant (1755)  & Laplace (1796)



Stars form in cold and dense clouds 

Hubble Space Telescope
optical wavelength

Interstellar dust 

Dust in clouds attenuates and redden starlight



Interstellar extinction curve 
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from Gordon+2023

0.1                                                            1                                                           10.               ! ("m)

Light attenuation:

10(-0.4 x A!)



Infrared domain is key for star formation  
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The need for good angular resolution  

• Angular resolution set by 

!/D (= 0.1 arcsec for a 2.4m telescope at 1 "m)

• On the ground limited by seeing

0.5 arcsec at 1 "m

• Angular size on sky of solar system at 140 pc 
(closest star forming region)_

50 au at 140 pc = 0.35 arcsec
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Infrared space astronomy  
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Earth atmosphere extinction

HST (1990) 1990,1993 2.4 m

Telescope diameter D sets:
o Sensitivity: D2

o Angular resolution: #/D



The ALMA radio (sub-)mm interferometer  

ALMA radio interferometer Chile 5000m altitude

o Sub-millimeter interferometer: 400 "m  – 4mm.   
o Reconfigurable metwork of 50  x  12m diameter antennas +  12 x  7 m antennas  
o angular resolution down to 5 au
o Probes cold medium: T a few 10 K    thermal emission from cold dust,   molecular emission (e.g. CO)

Bmax



I- The general picture of low-mass 
star formation
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11ESO- Astrobiology and Planetary Atmospheres28/09/2015

I- The formation of a low-mass 
star

T Tauri phase
106 yrs

Collapse
t=0 

> 107 yrs



I – Low mass Protostellar evolution 
Spectral Energy Distribution Classes
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Sub-millimeter Protostar.  a few  104 yrs

Infrared Protostar.  A few  105 yrs

T Tauri star,  a few  106 yrs
IR emssion disk dominated 

Evolved T Tauri star,   a few  107 yrs Adapted from Lada 1987, 
André, 2002



I  - Jets and  Outflows at all stages of active accretion
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Class 0    HH 212      Jet   H2 & SiO (CO)                                   Outflow  CO          

• Fast (v a few 100 km/s) collimated jets detected up to parsec scales impact on cloud scales
• Low velocity (v=10 km/s) wider molecular outflows: trace entrained matter on large scales  (jet = 

primary ejection) 

ALMA ALMA



The origin of large scale molecular outflows

• Trace interaction of inner variable jet with infalling enveloppe ? Cavity interpretation  
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o Jet emission is structured:
Emission knots

o Jet knots: inner shocks due
to ejection variability



I- Jets and  Outflows at all stages of active accretion

Edge-on disk
seen in scattered
light

Fast atomic
jet (T ≈ 104 K)

Optical Image from HST  

Ray et al. 1997,   Burrows et al. 1996

Radio Image from ALMA 

Slow (V=10 km/s)
cold CO  outflow 

Thermal emission from 
dusty disk 

Class II
Class I – II atomic jets
HI + Low ionisation
forbidden emission lines
[OI], [S II], [N II]
{Fe II]

Mjet =  10 % Macc (star)



Jets  require magnetic acceleration & collimation  

HH212 Class 0 - ALMA

SiO

HH30  Class II -HST

Hα

Jet radius < 5 au   for z =20 au 
Ray+2007   Lee ARAA2020  

Short collimation and acceleration scales à magneto-centrifugal ejection processes
see Cabrit 2007 

Zanni & Ferreira 2013
Pantolmos+2020



Molecular outflows at disk scales

Class I TMC-1A CO 
Bjerkeli+16, Harsono+19

Class 0 HH 212 SO/SO2
Tabone+17, Lee+18   

12CO

13CO 

Class II HH30 Louvet+2018

Rotating outflows originate from within the disk and reside inside of the envelope cavity 

- high MW ($out ≃$acc ) =>  large impact on  final stellar mass 



The origin of small scale molecular outflows

• Magneto-centrifugal ejection process: requires large scale B in the disk 

• Solves angular momentum extraction in dead zone of disks 
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(e.g. Blandford & Payne 1982, Ferreira 1997, 
Jacquemin-Ide+2019, Zimniak+2024)



II- JWST Key diagnostics and 
scientific results

Jets and Young Stars   Mulranny  09-2024 19



II- The JWST revolution 

• 0.6-28.5 microns,      6m diameter telescope, launched 25 
dec 2021

• Sensitivity improvement: x10 over HST at optical, x 60 
over Spitzer

• angular resolution: 0.1 arcsec

• Imaging and Spectroscopic capabilities:     IFS  R=3000

Integral field Spectroscopy 



Peering into dark clouds  with JWST 



Peering into stellar nurseries with JWST 

Hubble Space Telescope
optical light

James Webb Space Telescope
infrared light



JWST image of Chamaleon I dark cloud 

The evolution of solid ice   



JWST/NIRCam: HH211 (class 0)

protostar

Ray+2023

• Fine structure 
of jet knots and 
bowshocks

• Quantify
impact on 
cloud scales

• Record 
ejection/accre
tion history

F335M
F460M
F470N

H2 ro-vibrational
lines

CO ro-vibrational
lines + continuum

H2 Rotational lines



Introduction

50 000 au 

CO (blue,green,red) ALMA@1’’ Arce
[SII] [OIII] ESO/NTT Reipurth

high-velocity
sides of Sb1

and
Sb2

are clearly
separate, the

low-velocity sides of the these two shells seem
to have merged.

W
e expect the high-velocity side of a shell seen in PPV

space

to correspond to the front side of the blueshifted shell or the

back side of the redshifted shell as the expanding motion of the

outflow
shell,

in
addition

to
the

outflowing
motion,

is

contributing
to
the

observed
line-of-sight velocities. On

the

other hand, at a particular line-of-sight velocity
these shells

have shapes similar to
ellipses, partial ellipses, or parabolas

(see Figures 3
and

4). Therefore, structures seen
in
different

positions
and

velocities
can

come
from

a
single

coherent

structure.
In addition to the velocity

field within one shell, the overall

velocities of the shells are different from
each other, which is

shown by their different opening directions in the PPV
space.

For example, in the redshifted lobe, shell Sr1 is generally faster

than Sr2 (i.e., the velocity of the Sr1 shell at any distance from

the protostar is higher than
that of the Sr2

shell at the same

distance), while in the blueshifted lobe, shell Sb1 is generally

faster than Sb2 (see also Figure 5). The shape of the shells is

similar, but some have different widths. In the redshifted lobe,

shell Sr1 is much narrower than shell Sr2 (see also Figure 4).

Because
shell Sr1

is faster and
narrower than

Sr2, the
two

shells intersect in PPV
space (Figure 2(a)). In the blueshifted

lobe, however, the shells appear to have similar widths. At low

velocities (in
the

lower part of the
two

PPV
diagrams

in

Figure
2), the

emission
becomes

complex
and

has
many

substructures, therefore it cannot be clearly identified as being

part of one of the shells identified at higher velocities.

In
Figures

3
and

4
we

plot the
channel maps

of
the

12CO(2–1) emission. Significant emission
in
the blueshifted

lobe is detected up to about v
out =−35 km

s −1, even though

the spectral window
covers velocities up to v

out =−99 km
s −1.

In this outflow
lobe, the emission moves away from

the central

source
as

the
velocity

increases.
At

blueshifted
outflow

velocities of about v
out =−35 km

s −1
the emission

is found

at the edge of our map. Thus, it is probable that there exists

higher velocity
outflow

emission
beyond

the
border of our

map. In the redshifted lobe, the emission is still quite strong at

the
edge

of the
spectral window, which

only
covers up

to

outflow
velocities

of
about v

out =+51 km
s −1. Hence, we

suspect the redshifted lobe extends to even higher velocities.

Figure 1. (a): 12
CO(1–0) integrated intensity map of the HH

46/47 molecular outflow
at large scales from

Figure 1 of Paper II. The red, blue, and green color scales

show
emission integrated over the velocity ranges from

1 to 10 km
s −1, from

−10 to −1 km
s −1, and from

−0.6 to 0.6 km
s −1

(relative to the cloud velocity),

respectively. The synthesized beam
is 1

37×1
31. The white contours show

the 100 GHz continuum
emission. (b): 12CO(2–1) integrated intensity map of the HH

46/47 molecular outflow
overlaid on the 1.3 mm

dust continuum
emission. The blueshifted lobe is integrated from

v
out =−35 to −10 km

s −1, and the redshifted lobe

is integrated
from

v
out =+10

to +50 km
s −1. The contours start at 5σ

and
have intervals of 30σ

(1σ=4.3 mJy beam −1
km

s −1
for the blueshifted

lobe and

1σ=4.9 mJy beam −1
km

s −1
for the redshifted lobe). The green color shows the 1.3 mm

continuum
emission with contour levels of (2 n)×5σ (n=0, 1, 2, 3, ..., 8)

with 1σ=0.021 mJy beam −1
. The image are rotated by 30° counterclockwise. The synthesized beam

of the 12
CO

map is 0
67×0

48, and is shown in the lower

left corner of the panel.

3

The Astrophysical Journal, 883:1 (11pp), 2019 September 20

Zhang et al.

First CO outflow discovery Snell et al. 1980 
FCRAO @2.3 arcmin beam



JWST  HH46-47 (Class 1) 

© Noriega-Crespo+2023
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of interest is created. Then we perform a linear fit
through the continuum, estimated by carefully select-
ing a wavelength range on each side of the line free from
any other emission feature. This continuum is then sub-
tracted, pixel by pixel, in each frame of the sub-cube.
In such a way we obtain, for each line, a continuum-free
sub-cube that is used on the one hand to construct to-
tal 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 vac-
uum wavelength of the considered line, after performing
the correction to the local standard of rest (LSR) veloci-
ties. 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 sig-
nificant residual noise close to the source that compro-
mises 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,
that implies a relatively low line-to-continuum ratio for
most of the lines. In order to minimize this e↵ect, we
also tried a fit with a spline function, that better traces
the continuum undulation, when present. This proce-
dure improves the situation for some of the lines, allow-
ing 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 ex-
ceeds the line emission and therefore the line flux results
to be under- or over-subtracted in adjacent pixels.

3. THE OUTFLOW

As shown in Fig. 1 the region covered by the JWST
observations includes the base of the HH46 IRS atomic
blue-shifted and red-shifted jet, and the wide angle cav-
ity delineated by the CO ALMA observations. Here we
separately discuss the results for these two components,
that are sampled by di↵erent tracers, namely atomic for-
bidden 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 su↵er only limited extinc-
tion, allow us to get an understanding of the jet struc-
ture that is much improved with respect to previous

optical/IR observations. Fig. 2 shows the continuum
subtracted emission maps in the two brightest detected
lines, namely [Fe II] 5.3 µm, and [Ne II] 12.8 µm, where
the main emission peaks are indicated.
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 di↵erent, 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 indicate that the jet plasma is highly
ionized.

Figure 3. Contours of continuum subtracted MIRI im-
ages 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 blue-shifted (blue 5.3 µm, cyan 26 µm) and
red-shifted (red 5.3 µm, magenta 26 µm) components. The
area mapped in Channel 1 and Channel 4 is highlighted.

The most striking result appearing from these im-
ages is that at mid-IR wavelengths the red-shifted jet
is clearly detected for the first time down to ⇠ 90 au
from the source. The 5.3 µm red-shifted emission shows
a collimated jet (R1) that drives a bow shock at a dis-
tance of about 3.005 (R2). The [Ne II] image, covering a
larger field of view, detects an additional shocked knot
(R3) located at a farther distance. To better highlight
the comparison with previous observations, we show in
Fig. 3 contours of the [Fe II] 5.3 µm and 26 µm emission
superimposed on a HST image of [Fe II] 1.64 µm (Erkal
et al. 2021). The blue-shifted jet has a similar morphol-

[FeII]1.64mic
(HST)

★

Nisini+2014

Wiggling jet: signature of
binarity



JWST reveals nested H2 low velocity winds 

RAVEYSO  Garching 05-2025 27

see also  Tychoniec+2024 , Arulanantham+2024,  Harsono+2023, Issani+2024 and more to come ! 

Federmann+2024 Class 0
Delabrosse+2024.  Class I

Pascucci+2024. Class II



DG Tau B — NIR Morphology and Kinematics

JWST NIRCam

Disk occultation gap

Atomic jet

Scattering 
Nebula

H2 Conical 
outflow

Delabrosse+2024
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Nested outflows in the Class I DG Tau B

Delabrosse+2024

1.64µ
2.12µ
3.23µ

NIRCam
/JWST

Warm H2 wind 
(T=2000 K)

Hot  atomic jet
(104 K)

Cold  CO wind
(50 K) ALMA



H2 excitation diagram: Wind mass-flux
ex: DG Tau B (class 1)

T ~ 830 K
Ntot ~ 2 x 1018 cm-2

T ~ 2000 K
Ntot ~ 1017 cm-2

T ~ 2700 K
Ntot ~ 2 x1016 cm-2

Upper level energy Eup/k (K)

ln
(N

up
/g

up
)

Slope = 1/T

u Optically thin emission: 
Line flux = Nup (h% Aul / 4&)

u Boltzmann distribution: 
Nup = N0 gup exp(-Eup/kT)

u « Excitation diagram » :
slope = 1/ T

Intercept = N0

Ntot = N0 x Z( T ) (partition function)

Caveat: unknown H2 abundance !

Delabrosse+ in prep.



Nested  outflows : magnetic disk wind signature ? 

RAVEYSO   garching 05-2025

DG Tau B (Class I, 1 Msun)   
JWST NIRSpec Delabrosse+2024 

numerical simulations of MHD disk winds  
Wang+2019 
à Need for detailed predictions in H2 :

time dependent thermo-chemistry required



IV.   H2 Excitation mechanisms: 

Irradiated shocks models

(Flower+1985,2003, Godard+2019, Kristensen+2023)

Paris Durham Shock code

Simulates the dynamics, 
thermodynamics and 
chemistry of a gas subjected 
to 1D plane-parallel shock 
wave

Model grid, 6 parameters covered: 
● Pre-shock density: nH
● Shock speed: vS
● Magnetic field intensity: b

● UV Field: G0
● Cosmic ray H2 ionisation rate: ζH2
● PAH Abondance: X(PAH)

36/46



II- H2 excitation diagram: irradiated shocks ?

Delabrosse+ in prep.

Chi2,r
nH (cm-3)
VS (km s-1)
G0
b 
Type

6 — 7.2
104 

10
103

0.1 (10 µG)
J

Best Shock solutions



Interaction with inner pulsed jet ?

34

Tabone+2018

Jet propagating in disk windJet propagating in static envelope

Rabenanahary+2022

à Need for detailed predictions in H2



Exctintion maps from H2 line ratios

• Optically thin emission: 

• In the absence of extinction, the ratio of two transitions originating from the 
same upper level is fixed by the ratio of their Aul and frequencies. 

• When affected by extinction, the observed ratio allows to derive Av (assuming 
the interstellar extinction law)

JWST School ENS Lyon 12-01-2026 35



Extinction maps from H2 line ratios 
ex: DG Tau B (class 1)  

Delabrosse+2024

V. Delabrosse et al.: JWST study of the DG Tau B disk wind candidate: I - Overview and Nested H2/CO outflows

Fig. E.3: Predicted reddening variation along the DG Tau B
redshifted lobe for the conical CO outflow and envelope. The
red points are the extinction values estimated from the H2 ro-
vibrational transitions in Sect. 4.3. The black curve shows the
expected extinction at 2.12µm as a function of distance from the
source due to the CO conical red-shifted outflow using the mass
flux estimated in DV20. The black dashed curve represents the
extrapolation of the model below 300 au assuming a constant
CO mass flux. The blue line corresponds to the extinction pro-
file for a spherical envelope in free fall with an infall rate of
4.5 ⇥ 10�6M�yr�1.

where the gas free-fall velocity is given by:

Vf f =

r
2GM⇤

R
. (E.7)

The column density of atomic hydrogen is then expressed as:

NH(R) ⇠ 2R ⇥ ⇢(R)
µmH

=
Ṁ f f

2⇡µmH

1p
2GM⇤R

(E.8)

NH(R) ⇠ 6.2⇥1020⇥
 

Ṁ f f

10�7M�yr�1

!
⇥

✓ R
100 au

◆�1/2
cm�2 (E.9)

Using the relation NH(cm�2) = (2.21± 0.09)⇥ 1021AV (Güver &
Özel 2009), we derive the following relation:

AV ⇠ 0.29 ⇥
 

Ṁ f f

10�7M�yr�1

!
⇥

✓ R
100 au

◆�1/2
mag (E.10)

Finally, we convert to A2.12µm ' AV/16.3 (see Eq. 3). Fig-
ure E.3 plots the profile that best reproduces the extinction val-
ues derived from the H2 line ratios, the derived infall rate is
Ṁ f f = 4.5 ⇥ 10�6M�yr�1.
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Av from Q(7)/S(5)

u Constraint on envelope density profile 
(assuming some Av / NH)
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Figure 1. NIRSpec 0.97-1.82 µm (G140H/F100LP grating filter) spectra of all the sources summed over the entire field
of view. The forbidden atomic lines are identified in the first panel and other atomic and molecular lines in the second panel,
but apply to all the panels. The [Fe II] lines used for analysis in this work are highlighted in orange. The strong dip in all
the spectra between minimum 1.408 µm and maximum 1.486 µm is an instrumental artifact caused by the detector gap and is
highlighted in the first panel.

(MAST1). We performed ramps-to-slopes processing of273

these files using the Detector1Pipeline function from274

jwst pipeline. We customized the jump step by switch-275

ing on expand large events which detects ‘snowballs’276

in the data, and we set after jump flag dn1 to 1000277

and after jump flag time1 to 50 which flags the278

groups after jump with DN above 1000 and any groups279

within the first 50 seconds, respectively. We used mul-280

tiple cores to perform the jump step to speed up the281

process. Next, we ran the Spec2Pipeline, which in-282

cludes important calibration steps such as photometric283

1 The Mikulski Archive for Space Telescopes (MAST) is a NASA-
funded project to support and provide a variety of astronomical
data archives, with the primary focus on the optical, ultraviolet,
and near-infrared parts of the spectrum. MAST is located at the
Space Telescope Science Institute (STScI).

calibration, flat field correction, wcs assignment, etc. We284

used all the default parameters except the ‘NSClean’ al-285

gorithm, which was switched o↵ by default. This algo-286

rithm was developed particularly to remove faint verti-287

cal banding and picture frame noise (background) from288

NIRSpec IFU (Rauscher 2024). For one of our sources,289

Tau 042021, we found that using the ‘NSClean’ algo-290

rithm improves the spectral match in the overlapping291

wavelength regions.292

The next step of the JWST calibration process is293

to run the Spec3Pipeline, which stitches the dithers294

together, rejects outliers, and creates image cubes295

and spectra, but we found that the outlier detection296

missed many outliers. As such, before running the297

Spec3Pipeline, we performed outlier detection and re-298

jection using a custom script (J. Morrison, personal com-299

munication, 2023). First, the files are checked for their300
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u Forbidden line emission: non LTE 
but optically thin. 

u Depends on ne, xe =ne/nH, Te
u Assuming statistical equilibrium and 

neglecting induced radiative 
processes can derive ne from
transitions of same element with
similar excitation temperatures,

u E.g. [Fe II] 1.53 and 1.64 "m
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Figure 4. The same plot as Figure 3 but for electron density. The vertical bars represent 15% error as described in the text.

hydrogen mass (mH), and the ratio between the electron628

density ne and the ionization fraction xe gives the hydro-629

gen number density. The electron density is calculated630

in Section 5.1 while xe is set to be 0.29 for all sources631

(Hamann et al. 1994; Hartigan & Morse 2007; Shinn632

et al. 2013). For HH 30 and FS TauB, we can use the633

known deprojected velocities of 120 and 270 km s�1 for634

the blue-shifted lobes, respectively, and 200 km s�1 for635

the red-shifted lobes (Hartigan & Morse 2007; Estalella636

et al. 2012; Eislö↵el & Mundt 1998; Liu et al. 2012).637

For Tau 042021 and IRAS 04302, we assume vJ to be638

200 km s�1, as found through knots close to the launch639

region for several sources (e.g., Mundt et al. 1990).640

We calculate the jet mass loss rate as a function of641

distance from the source by averaging the electron den-642

sity in the y-direction (across the jet) at equal distances643

(pixel size⇠14 au) from the source. To calculate the jet644

radius at these distances, we fit a 1D Gaussian curve to645

the intensity profile across the jet and estimate the half646

width half maximum (HWHM). For HH 30, since the jet647

is unresolved within 1.500 from the source, we use the jet648

size derived by Hartigan & Morse (2007) in the optically649

resolved [S II] line images. For the other sources, we find650

that the jet width is less reliable only within 0.500 from651

the source.652

5.2.2. Method 2: Line Luminosity653

In this second method, we use the [Fe II] 1.64 µm line654

luminosity to calculate the jet mass loss rate. Since for-655

bidden lines are optically thin, their luminosity is pro-656

portional to the number of atoms that radiate along657

the line of sight, hence the mass of the emitting gas658

(see, e.g., Hartigan et al. 1984, 1995; Nisini et al. 2005;659

Dougados et al. 2010; Agra-Amboage et al. 2011; Shinn660

et al. 2013; Fang et al. 2018). Detailed description of661

this method can be found in the appendix of Hartigan662

et al. (1995) and its adaptation for [Fe II] lines in Agra-663

Amboage et al. (2011). Following these, we write the664

mass loss rate as665

ṀJ

(M� yr�1)
= 1.34⇥ 10�8 ⇥

✓
1 +

35000

ne(cm�3)

◆
⇥ LJ

(10�4L�)

vJ

(km s�1)
⇥

✓
lJ

au

◆�1

⇥
✓

[Fe]/[H]

[Fe]/[H]�

◆�1

(4)

666

Here, LJ is the [Fe II] 1.64 µm line luminosity, lJ is667

the length of the jet, vJ is the jet velocity, and [Fe]/[H]668

is the abundance of Iron relative to Hydrogen normal-669

ized by the solar abundance (3.2 ⇥ 10�5, Asplund et al.670

2009). We consider distance step sizes of one-pixel width671

(lJ = 14 au) and, at any distance, we sum the lumi-672

nosity in the y-direction (across the jet) in the rotated673

maps to estimate LJ . Jet velocities are as in Section674

5.2.1. Finally, we consider a solar abundance,675

i.e. ([Fe]/[H])/([Fe]/[H])� = 1, since jets are676

launched from the region between the disk in-677

ner edge and the dust evaporation radius where678

Iron is not depleted (Beck-Winchatz et al. 1994;679

Lee et al. 2017; Tabone et al. 2017). This is cor-680

roborated by recent observations of four proto-681
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Improved atomic jet mass-fluxes

3 Methods to estimate jet mass-flux from [FeII] 
observations (cf. Agra-Amboage+2011)

u 1) Cross-section + e- density (assuming xe)

u 2) Luminosity + e- density (assuming T_e)

u 3) Luminosity + shock front (assuming some
shock spacing)
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Figure 4. The same plot as Figure 3 but for electron density. The vertical bars represent 15% error as described in the text.
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maps to estimate LJ . Jet velocities are as in Section674

5.2.1. Finally, we consider a solar abundance,675
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Lee et al. 2017; Tabone et al. 2017). This is cor-680

roborated by recent observations of four proto-681

9

the correction relative to 1.25 µm (Equation 2, top) for536

lines that center closer to this wavelength, i.e. [Fe II]537

1.257 µm 1.271 µm, 1.279 µm, and 1.295 µm. Similarly,538

for lines that center close to 1.65 µm, extinction correc-539

tion is performed relative to this wavelength (Equation540

2, bottom). These include the [Fe II] 1.644 µm, 1.533541

µm, 1.600 µm, 1.664 µm, and 1.677 µm lines. These542

lines are useful for calculating the electron density and543

are discussed later in Section 5.1.544

4. LINE RATIOS ALONG THE JET545

[IP: Mention that H and He lines are also tracing546

jets. Here we will show radial line ratios profiles (where547

you take a median value across the width of the jet) for548

He/Fe, H/Fe, H/Hstrongest(Pashen alpha 4-3). Pos-549

sibly these line ratios can be compared with mofel pre-550

dictions of shocks (e.g.,Hartigan+1987) and might con-551

strain the shock velocity. Here you can use the Av cal-552

culated in the previous section to de-extinct the lines]553

5. JET MASS LOSS RATES FROM FORBIDDEN554

FEII LINES555

Jet mass loss rates towards edge-on disks can be used556

to estimate the mass accretion rate as well as compare557

with the wind mass loss rates to test the disk-wind558

driven evolution scenario. Most methods of calculating559

the jet mass loss rate rely on either the line luminosity,560

or the electron density or both. Accordingly, we first es-561

timate the electron density in Section 5.1 and calculate562

the mass loss rates in Section 5.2.563

5.1. Electron Density Maps564

As mentioned earlier, near-infrared (NIR) [Fe II] line565

ratios can be used as a diagnostic of electron den-566

sity of the emitting material (e.g., Takami et al. 2006;567

Dougados et al. 2010; Koo et al. 2016). In the NIR-568

Spec wavelength range, there are several [Fe II] lines569

that have similar excitation energies, the ratios of which570

mainly depend on the electron density and weakly de-571

pend on the temperature. The most commonly used572

ratios to estimate jet densities are [Fe II] 1.533/1.644573

µm, 1.600/1.644 µm, 1.664/1.644 µm, and 1.677/1.644574

µm, as they are bright and have critical densities575

(104�5 cm�3) close to the expected jet densities (e.g.,576

Pradhan & Zhang 1993; Pesenti et al. 2003).577

To get electron density maps for the jets, we first578

create extinction-corrected pixel-by-pixel integrated flux579

maps for all the lines as discussed in Section 3.4. Then,580

we take pixel-to-pixel ratios of the respective lines as581

they all fall within the same IFU cube. We use the582

PYTHON PyNeb6 package (Luridiana et al. 2015) with583

atomic data from Bautista et al. (2015) to estimate the584

electron density in each pixel by providing it with the585

line ratio in that pixel and a temperature value. Since586

we do not know the exact jet temperature, we collect587

three density estimates per pixel corresponding to three588

di↵erent temperatures typical of jets: 5000K, 12500K,589

and 20000K, (Bacciotti et al. 1999; Podio et al. 2011;590

Whelan et al. 2014). We find that in most cases, the591

electron density varies by 10% within the given temper-592

ature range and at most 30%. We take an average of593

the three density values. To remove any outliers from594

the map, we perform sigma clipping using astropy func-595

tion sigma clip7 with � = 3. Following this procedure596

for all four line ratios, we get four corresponding elec-597

tron density maps for each source. For robustness, we598

consider the average of these four maps as the final elec-599

tron density map for a source. These maps are shown600

in Figure 4 for all the sources. We estimate an un-601

certainty of ⇠15% corresponding to each point,602

by summing in quadrature 10% flux ratio uncer-603

tainty and 10% due to the variation of electron604

density with temperature.605

5.2. Methods to estimate mass loss rates606

Here, we present jet mass loss rate calculations using607

three di↵erent methods; one based on the electron den-608

sity and jet cross-section, and other two based on the609

[Fe II] line luminosity. Each method has its advantages610

and limitations. For instance, the first method (Section611

5.2.1) is free of reddening/extinction errors; however, it612

involves knowing the ionization and jet radius. We do613

not resolve the jet radii very close to the source and for614

HH 30, out to about 1.500 (Pascucci et al. 2024, sub-615

mitted). The latter two methods do not require any616

knowledge of the jet cross-section but su↵er from uncer-617

tainties in the extinction and atomic constants. Hence,618

combining these three methods helps better constrain619

jet mass loss rates.620

5.2.1. Method 1: Electron density and cross-section area621

In this first method, we calculate the jet mass loss622

rate as simply the mass density flowing through a cross-623

sectional area of radius rJ and velocity (vJ):624

ṀJ = (µmH

ne

xe

)⇥ ⇡r
2
J
⇥ vJ (3)625

Where the term in parenthesis is the mass density cal-626

culated from the average gas mass µ (1.24) in units of the627

6 http://research.iac.es/proyecto/PyNeb/
7 https://docs.astropy.org/en/stable/api/astropy.stats.sigma clip.
html
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stellar jets where the Iron abundance is found to682

be solar (Giannini et al. 2019).683

5.2.3. Method 3: Line Emission from Shock Fronts684

In this third method, we again use the [Fe II] 1.64 µm685

line luminosity, assuming that the line emission origi-686

nates from the shock fronts. A detailed description of687

this method is provided in Section B in the appendix.688

Following that, we write the mass loss rate as689

ṀJ

(M� yr�1)
= 9⇥ 10�8 LJ

(10�4L�)

vJ

(50 km s�1)
(5)690

Here, the jet velocities are the same as in Section691

5.2.1 and 5.2.2. Similar to Section 5.2.2, we adopt692

([Fe]/[H])/([Fe]/[H])� = 1. Since we assumed one shock693

front in every 50 au segment (see Section B), the lumi-694

nosity in Equation 5 corresponds to the total luminosity695

emerging from 50 au jet segments. This is equivalent696

to 4 pixels in our maps (pixel size ⇠14 au). Hence, we697

estimate the jet mass loss rates with a distance step of698

four pixels or ⇠56 au.699

5.3. Comparison of the three methods and literature700

values701

We plot median jet mass loss rate values in Figure 5702

and list their range in Table 1. We find that the electron703

density method (Method 1, Section 5.2.1) consistently704

provides a higher estimate than the other two methods705

except for IRAS 04302. This could be because the tele-706

scope beam contains a mix of higher and lower-density707

regions, and nH is probably dominated by the higher-708

density regions, which emit more, overestimating the jet709

mass loss rates. This argument is consistent with the fill-710

ing factor<1 (for HH 30, Bacciotti et al. 1999), which711

measures the fraction of the volume of the jet channel712

occupied by the emitting material. It is also consistent713

with the high jet mass loss rates found using the same714

method (electron density based) towards four other jet715

sources (Dougados et al. 2010). IRAS 04302 is the only716

Class I source in our study, and it could be that its local717

density varies less or that it has a lower ionization frac-718

tion. We also find that the luminosity-based methods719

(Methods 2 and 3, Sections 5.2.2 and 5.2.3, respectively)720

agree within a factor of 3 for all the sources. Both meth-721

ods could underestimate mass loss rates as they ignore722

any contribution from gas that is too cool or di↵use to723

emit.724

Literature estimates of the jet mass loss rates ex-725

ist only for HH 30 and FS TauB. For HH 30, Mundt726

et al. (1990) calculated an average mass loss rate of727

⇠0.6 ⇥ 10�9 M� yr�1, corrected for an ionization frac-728

tion of 0.29, same as used in this work. They used a very729

low electron density of 700 cm�3 calculated at a distance730

of 500 from the source. Following Figure 4, we know that731

the electron densities closer to the source are at least an732

order of magnitude higher. On the other hand, Bacciotti733

et al. (1999) estimated an average jet mass loss rate of734

2 ⇥ 10�9 M� yr�1 for HH 30, similar to our estimate735

using the electron density method. Since they use [S II]736

lines to determine the electron density, which has a lower737

critical density than [Fe II], their electron density esti-738

mates are lower than ours by a factor of ⇠3. However,739

they estimate the ionization fraction to be 0.1, which740

is lower than that used here by a factor of 3, making741

the hydrogen densities and, hence, the mass loss rates742

similar as well. For FS TauB, Mundt et al. (1987) esti-743

mated a jet mass loss rate of ⇠3 ⇥ 10�9 M� yr�1, using744

the electron density method, corrected for an ionization745

fraction of 0.3. Like HH 30, they used a very low density746

of 660 cm�3 calculated using [S II] lines within 1000 from747

the source, ⇠15 times lower than our estimates close to748

the source. However, since they measure the jet at a749

larger distance from the source, their jet radius is larger750

by a factor of few, leading to the jet mass loss rate being751

⇠3 times smaller than our estimate using Method 1 (see752

Table 1).753

6. JET WIGGLING: TAU IS LIKELY A BINARY754

Jets are often characterized by wiggles, which are de-755

fined as the lateral movement of the jet axis along the756

direction of jet propagation. To investigate jet wiggles757

in our sources, we use the rotated intensity map of [Fe II]758

1.644 µm described in Section 3.4. At every pixel dis-759

tance along the jet, we use the same Gaussian fits per-760

formed to calculate the HWHM/radius of the jet, to now761

use the emission centroids (see Section 5.2.1). The cen-762

troids in the x-direction (along the jet) are measured as763

the center of the pixels used to fit the Gaussian curve.764

To estimate the error on the peak centroids, we turn765

to calculations for the standard deviation of the peak766

centroid derived in detail by e.g.,Garnir et al. (1987);767

Porter et al. (2004) and used for a similar application768

by Murphy et al. (2021).769

Error = 0.4
FWHM

S/N
(6)770

We get the FWHM values from the Gaussian fit, and771

S/N is the signal-to-noise ratio calculated as the ratio of772

peak intensity and standard deviation of the intensity773

points outside the jet emission. We plot these centroids774

and errors in Figure 6, and wiggling structures can be775

seen for all the sources. We investigate the nature of776

wiggling in these jets by simultaneously plotting cen-777

troids of the blue-shifted and red-shifted jet lobes with778
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Photoevaporating disk inside 
Orion Bar (MIRI-MRS and 

NIRSPEC)

Photoevaporative winds from externally irradiated disks

d203-506Trapezium massive 
stars
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Figure 1. JWST NIRCam composite image of the Orion Bar, located in the Orion molecular cloud. Red is the 3.35µm emission (F335M NIRCam filter), blue
is the emission of Paa (F187N filter subtracted by F182M filter) and green is the emission of the H2 0-0 S(9) line at 4.70 µm (F470N filter subtracted by
F480M filter). The inset shows a zoom-in of the d203-506 planet-forming disk where OH lines are detected. Red is the emission of the H2 1-0 S(1) line at
2.12 µm (F212N filter), blue is the [FeII] line emission at 1.64 µm (F164N filter), and green is the emission in the F140M broad-band near-IR filter that traces
scattered light around 1.4 µm (F140M broad band filter). The white contours represent the emission of the OH rotational line at 9.79 µm detected with
MIRI-MRS (levels are 1.1, 2.5 ⇥10�5 erg cm�2 s�1 sr�1). The bright spot in the northwestern part of the d203-506 system coincides with the region of
interaction between a jet and the photoevaporative wind. The brightest OH emission originates from here. The spectra shown in Fig. 2 and 3 are an average
over the region delineated by the green circle in order to have the best S/N. Image credits: NASA, ESA, CSA, PDRs4All ERS Team, pdrs4all.org.
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H2+OH

[Fe II]

• H2 and OH = photoevaporative wind

• High-J Rotational OH (MIRI-MRS)             
= water photodissociation

• Ro-vib OH (NIRSPEC) = water 
reformation
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Star formation: Which new info with
JWST ?

u Exquisite image quality, unachievable from ground
u reveal key morphological details (bowshocks, cavities, disk winds, binary jets…)
u disentangle multiple shocks, constrain cooling length : more reliable modeling

u Pure rotational H2 lines + (ro-vib CO emission), unobservable from ground (5-
17mic)
u unique probe of temperature regime 400-1000 K expected eg. in disk winds
u Intermediate between cold CO of ALMA (30K) and rovib-H2 @2mic (2000K)

u Exquisite sensitivity, unachievable from ground
u forest of new lines
u New diagnostics of temperature, ionization, densityè shock speed
u Av maps è better jet mass-flux è Macc



Open questions and future 
directions 

u Strong JWST & ALMA synergy
u Detailed comparison to model predictions now required 

(shock/irradiation models,  mhd disk wind, collapse models)
u Requires careful treatment of thermo-chemistry (H2)  

u New plasma diagnostics to be explored (spectral richness)
u Future directions: ELT, PRIMA

u References and Biblio: 
u JOYS summary paper van Dishoeck+ 2024



Thank you for your attention !!!
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