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The HI/H2 transition 3

§ From spatially resolved transitions at small scales to 
statistical samples along Galactic sight-lines
• The Meudon PDR code 

o Thousands of spectral lines, including H2 excitation
o Steady state ; hydrodynamic
o Ideal for JWST observations

• MHD with simplified chemistry

13/11/2023 3Atelier de travail GALAPHYS, Observatoire de Paris

Bellomi+2020, Liszt+2023, 
Maillard+2021



From simple molecules … 4

§ Molecules other H2 are used as
• Diagnostic of the physical & chemical 

processes
• Tracers of H2
• Probes of the physical conditions 
• Probes of the physical & chemical 

evolution 
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CH+

CO & HCO+

Godard+2023, Liszt+2023, Hernandez-Vera+2023



To complex organics 5

§ Variation of the chemical composition as a function of the 
environment

§ Collaboration with Laboratory astrophysics & spectroscopy
13/11/2023 5Atelier de travail GALAPHYS, Observatoire de Paris

Pagani+2017, Pagani+, Berné+2023

D2H+

CH3
+

H2CO, CH3COOH, CH3OCH3,.. 



Molecules as diagnostics : ionization fraction 6

§ Extraction of the best abundance 
or line ratios for determination of 
the ionization fraction

§ Exploration of model grid with 
Random forest

§ Complementary method with 
recombination lines at low 
frequencies 

13/11/2023 6Atelier de travail GALAPHYS, Observatoire de Paris

Bron+2021, Gusdorf+



Structure of Molecular clouds 7

§ ORION-B IRAM Program
• Detailed study of a star forming GMC
• Template for GMCs in galaxies

13/11/2023 7Atelier de travail GALAPHYS, Observatoire de Paris

Santa-Maria+2023, Orkisz+2019



Turbulence 8

§ MHD Turbulence is
• Turbulence parameters, scaling laws, dissipative structures
• Turbulence & chemistry :  molecule formation

13/11/2023 8Atelier de travail GALAPHYS, Observatoire de Paris

Lesaffre+2020, Richard+2022



Star formation 9

• Origin of the IMF ?, finding 
massive star progenitors
• Disks, jets and outflows

o Interstellar heritage
o Mechanical, radiative and 

CR feedback and
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Tabone+2020, Rabenanahary+2022 , Armante+,

M. Rabenanahary et al.: Wide-angle protostellar outflows driven by jets in stratified cores
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Fig. 5. Maps at t = 10 000 yr of (a) hydrogen nuclei density nH, (b) fraction of core-originated material fa, (c) orthoradial velocity vR, and (d) axial
velocity vz of the shell driven by a conical pulsed jet in a flattened singular core. Parameters are identical to model M_SAWT in Table A.1 except for
a longer variability period P = 300 yr. Velocities in the colorbars are cropped to the range typically detected in CO outflow observations, namely
between 0 and 50 km s�1. The white contour in the left-half of panels of (b), (c), and (d) shows fa = 50%.

Fig. 5. We plot the full width as function of time at two differ-1

ent heights: z = 800 au (for comparison with Dutta et al. 2020),2

and z = 20 000 au (top of the computational domain, after the jet3

head reaches it). We denote the corresponding shell widths as4

W800 and W20 000.5

Figure 6 shows that the formation of two separate shells6

(denoted as the outer and main shells in Fig. 5) occurs around7

t = 1000 yr. Both shells are seen to decelerate at late times.8

Deceleration is stronger at lower altitudes, where the ambient9

core is denser. At z = 800 au, the main shell stops expanding10

after 6000 yr and reaches a final width W800 ' 2 ⇥ 1016 cm =11

1500 au. The corresponding final opening angle is ↵800 = 86�.12

This behavior is consistent with observations suggesting that13

the base opening angle of CO outflows stops increasing after14

t ' 8000 yr, with a final value (uncorrected for inclination)15

↵obs ' 90–100� (Velusamy et al. 2014).16

The widths W800 of the main shell at z = 800 au also fit very17

well within the observed range of flow widths at the same pro-18

jected height (indicated by grey bands in Fig. 6), measured by19

Dutta et al. (2020) in a sample of 22 CO outflows in Orion.20

On large core scales of z = 20 000 au = 0.1 pc, the main shell21

reaches a width W20 000 = 15 000 au at an age of 104 yr. This is22

similar to the observed CO outflow width at the same (depro-23

jected) height in HH46-47 (Zhang et al. 2016), indicated in blue24

in Fig. 6. On intermediate scales of z = 8000 au, the main shell25

width at an age of 104 yr in our simulation is 9000 au (see Fig. 5).26

This is also in good agreement with cavity widths observed at the27

same (projected) distance in scattered light, lying in the range28

1100–8500 au in 75% of cases (cf. semi-opening angles reported29

in Habel et al. 2021). Therefore, a jet driven into a flattened30

singular core seems able to reproduce typical observed outflow31

widths on both small and large scales for realistic long ages of32

�10 000 yr.33
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Fig. 6. Temporal evolution in the simulation of Fig. 5 of the full width
of the main shell (jet-ambient interface, crosses) and outer shell (for-
ward shock, circles) measured at altitudes z = 800 au (black) and z =
20 000 au (red). Analytical predictions for the equivalent “modified X-
wind” model of Lee et al. (2001) are shown as dotted black and red lines
of slope t1/2 (see text). The full range of CO outflow widths observed
at z = 800 au by Dutta et al. (2020) is indicated by the light grey band
(with second and third quartiles in darker grey, and median as a thin
green line). The full width of the HH46-47 outflow at z = 20 000 au,
from Zhang et al. (2016), is shown in blue.
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Feedback mechanism 10

§ Synchrotron radio loopA synchrotron radio-loop in the  Orion-
Eridanus superbubble

§ Cosmic ray sources, CR acceleration & propagation
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Bracco+2020,2022, Dell’Ova+, Cristofari+2020,2021

Figure 5: Analog to Fig. 4 for type II progenitors. ↵ = 4, ⌫SN,II = 2/100 yr�1 and ⇠SN = 0.07
(⇠ = 0.03).
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Figure 6: Analog to Fig. 4 for type II* progenitors. ↵ = 4, ⇠ = 0.1 (⇠SN=0.22) and
⌫SN,II⇤ = 1.5%⇥ 2/100 yr�1.
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P. Cristofari et al.: Cosmic ray protons and electrons from supernova remnants
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Fig. 2. Spectra of protons produced at SNRs from type Ia (top), type II
(center), and type II* (bottom) SNRs for ↵ = 4 (thick lines) and ↵ = 4.3
(thin lines) if they were instantaneously liberated into the ISM (bro-
ken shell assumption). The dashed curves illustrate the e↵ect of adia-
batic losses in the downstream region, while the dotted lines refer to the
escape flux from the upstream region. In the bottom part of each panel
we also show the local slope of the spectrum q(p) at a given momentum.

the normal ISM, with a spatially constant gas density and back-
ground magnetic field. For type Ia SNRs the e↵ective maximum
energy is a few tens of TeV (left panel of Fig. 2). There is an
additional spectral steepening at somewhat lower energies due
to the temporal evolution of the maximum energy. More specif-
ically, the steepening occurs at the maximum energy reached at
the end of the ST phase, typically a few TeV. The flux of escaping
CR protons starts at about the same energy, as is clearly visible
in Fig. 2.

For a strong shock, such as the one expected for a young SNR
expanding in the normal ISM, the spectrum of accelerated parti-
cles at the shock location has a slope very close to 4 (thick lines
in Fig. 2). Nevertheless, as recently discussed by Caprioli et al.
(2020), the spectrum can be steeper if the finite velocity of scat-
tering centers in the downstream plasma is taken into account.
For this reason, in Fig. 2 we also show the case ↵ = 4.3 (thin
lines). In all cases of interest, the spectra of CR protons that are
injected into the ISM (as the sum of the two contributions) are
quite close to the spectrum at the shock in terms of slope, with
the exception of the highest energies, as discussed above.

For type II SNRs, the spectrum of CR protons is shown in
the middle panel of Fig. 2. For the sake of making a fair com-
parison between the three types of SN explosions, here we used
an acceleration e�ciency of ⇠CR = 0.1 for all of them. As dis-
cussed by Cristofari et al. (2020), because of the di↵erent rates
of occurrence of these events in the Galaxy, for type II SNRs
the e�ciency is required to be somewhat lower than for type Ia,
which is also reflected in a lower value of the maximum energy
of particles accelerated at the shock (see Eq. (12)). Despite this
bias, the maximum achievable energy for type II SNRs remains
on the order of ⇠105 GeV and falls short of the knee by a large
amount, as already pointed out by Cristofari et al. (2020).

Only when parameters are pushed to the extreme (what we
have called here type II* SNRs) can the maximum energy reach
the knee, as shown in the right plot of Fig. 2. As already pointed
out by Caprioli et al. (2009b), the superposition of the escape
flux from the di↵erent stages of shock evolution in the complex
environment around these SNRs may lead to the appearance of
bumps in the overall CR spectrum that might be related to the
feature recently measured by DAMPE in the 10�100 TeV region
of the proton spectrum (An et al. 2019).

The corresponding spectra of electrons injected by SNRs of
di↵erent types into the ISM are shown in Fig. 3. The thick and
thin curves refer to ↵ = 4 and ↵ = 4.3, respectively. The dash-
dotted line identifies the spectrum of particles accelerated at the
shock, as if they were immediately liberated into the ISM, with-
out energy losses. The solid lines are the spectra of electrons
liberated into the ISM after adiabatic and synchrotron losses
downstream of the shock, while the upstream escape flux, lim-
ited to the times when the maximum energy of electrons is not
determined by energy losses, is shown in the form of dotted lines.
If the SNR shell were broken or if confinement in the down-
stream region were energy-dependent (e.g., due to turbulence
damping), the actual contribution would lie between the dash-
dotted and solid lines.

The rate of synchrotron losses is larger when the condition
for the growth of the magnetic field through the excitation of
the nonresonant hybrid instability is fulfilled. As discussed in
Sect. 2, B2

2/⇢ / v7�↵
sh for this instability, and hence the mecha-

nism becomes less e↵ective or even ine↵ective in the late stages
of SNR evolution; these stages are, however, crucial for the pro-
duction of low energy electrons. As a consequence, the e↵ect of
radiative energy losses is only important at energies at or above
teraelectronvolt levels, while it is minor at lower energies, as
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Multi-phase MHD 
numerical simulation

Fielding+(2022)

Faraday tomography
LOFAR data

Bracco+(2020)

Physics of the multi-phase ISM

HI phase separation
ASKAP 21 cm data 
Marchal+(2021)

Dust polarization
Planck data

LPENS : Marc-Antoine Miville-Deschênes, Jack Bérat, Andrea Bracco, Frances Buckland-Willis, Benjamin Godard, 
Erwan Allys, François Boulanger, Pierre Lesaffre, François Levrier… 

Australia : GASKAP collaboration, Antoine Marchal, Noami McClure-Griffiths, Callum Lynn
USA : Susan Clarck, Joshua Peek…



Optical scatterred light as a tracer of 
column density

in diffuse clouds at high Galactic 
latitudesDust emission - Herschel SPIRE 250 micron

14” resolution
Scattered Light - CFHT MegaCam - g,r,i

1” resolution (Euclid 0.1”)

Scientific exploitation of UNIONS and Euclid data
Team : M-A Miville-Deschênes (LPENS), Nathalie Ysard (IRAP), Frederic Galliano (AIM), 
Jean-Charles Cuillandre (AIM), Emmanuel Bertin (AIM)



Discussion 13

§ Many subjects for which an enhanced collaboration will be 
beneficial

§ State of the art Numerical Codes, developed & improved for  new 
applications

§ Data analysis, extraction of physical information, interpretation
§ Observation programs : from low radio frequencies to high energies 
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Merci de votre attention
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