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Interstellar medium (ISM) of galaxies
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ISM: gas and dust (matter), cosmic-rays, and magnetic fields. 
Structure, physical and chemical properties of the ISM control star formation.

Credits: Pearson Educations 2008
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Stellar feedback on the ISM
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Stellar feedback (radiation, stellar winds, HII regions, SN explosions…) changes 
the structure of the ISM and its physical and chemical properties.

This has a direct impact on the next generation of stars. 

Need to understand and characterise stellar feedback to understand 
and model the whole process of star formation.

Tycho SN

Orion Nebula
Credits: Pearson Educations 2008
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Stellar feedback on the ISM: shocks & PDRs
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Two prime environments dominated by stellar feedback extensively studied 
observationally and theoretically: shocks and photodissociation regions (PDRs).   

A&A 534, A21 (2011)

Fig. 5. A high-resolution comparison between radio and optical emission from IC 443 SNR. The green corresponds to optical emission from the
Second Palomar Observatory Sky Survey, while in red the 330 MHz radio emission is shown. The yellow regions are areas where emission in both
spectral bands overlap.

abundant neutral gas, correlated both in space and velocity with
the optical filaments, indicate the presence of radiative shocks
propagating into gas of different densities.

The quality of the new 330 MHz image allows us to identify
the close radio/optical correspondence in most of the small-scale
radio structures observed as extensions from the bright eastern
portion of the shell. This is in good agreement with the behavior
previously noticed by Lee et al. (2008) using radio continuum
observations at 1420 MHz.

The southern radio ridge is also mimicked by a quite faint
optical counterpart. Absorption due to the molecular gas mainly
located in the foreground of the SNR is probably responsible
for the observed weakness in the optical emission in this part of
IC 443.

In the breakout region toward the western side of IC 443 only
a few local radio enhancements, immersed in faint diffuse radio
emission, are observed at the locations of the optical filaments.

4. Radio spectral properties of SNR IC 443

4.1. The spatially resolved spectral index of IC 443

In this section we analyze the spectral properties of this SNR
using the new VLA images presented here at 74 and 330 MHz.
Estimates of the spectral index variations with position across

the remnant require imaging the interferometric data of IC 443
at both frequencies using the same uv coverage. To perform this,
we reconstructed the interferometric images by applying appro-
priate tapering functions to the visibility data at 74 and 330 MHz.
To show more clearly the main spectral features, avoiding any
masking effect from small scale variations, we have chosen a
final synthesized beam of 70′′. In addition, to avoid any posi-
tional offsets, the images were aligned and interpolated to iden-
tical projections before calculating spectral indices.

The dependency of the spectral index between 74 and
330 MHz with the position within IC 443 was determined
through the construction of a spatially resolved spectral index
map, which is shown in Fig. 6. To produce the spectral map the
matched images of IC 443 at both frequencies were masked at
the 3σ level of their respective noise levels. The error in the de-
termination of the spectral index from the map is less than 0.04
in the high flux regions (the east limb of the SNR and some inte-
rior filaments) and about 0.1 in the diffuse central emission. The
uncertainties increase in the weakest emission regions towards
the westernmost part of the remnant due to the lower sensitivity
of the image at 74 MHz in this region (see below).

Figure 6 shows good agreement between total intensity fea-
tures and the spatial distribution of the spectral index. The
74/330 MHz spectral map reveals for the first time the morphol-
ogy of a very flat spectral component running along the eastern

A21, page 6 of 14

Optical (green, Palomar) & radio 330 MHz 
(red, VLA); Castelletti et al. (2011)

IC 443 supernova remnant (SNR) M42 HII region

Hubble optical image (NASA)

We will focus on these two environments in this KP.   
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•   Developing sophisticated codes to model the physics and chemistry of the ISM 
of galaxies is a French speciality. These codes are used to interpret observations 
of the ISM by numerous teams all over the world. 

•   The Paris-Durham shock model simulates the propagation of shock waves in 
the ISM (a few km/s to a few 10 km/s). 

•   The Meudon PDR code calculates the structure of regions where the far-
ultraviolet photons emitted by massive stars drive the physics and chemistry of 
the medium. 

•   Both codes are used to quantify the feedback of stars on the ISM of galaxies 
and two parameters are key to the study of numerous related questions: 

▪ The electron density ne   
▪ The magnetic field B     

• Low frequency radio observations provide innovative means to constrain 
these parameters. We want to learn how to master these means with you. 

19/03/19 6

Concept



What is the goal of this NenuFAR KP?
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The goal of this NenuFAR KP

(1)  Observe radio recombination lines (RRLs of H and C) towards stellar 
feedback-dominated regions (shocks & PDRs) to derive physical properties of 
ionised gas (density, temperature, size of the cloud, …). 

Work in collaboration with model experts not only to use models to interpret 
observations but also because modellers want to include treatment of RRLs in 
their codes.

19/03/19 8
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Carbon and hydrogen radio recombination lines from the cold clouds towards Cassiopeia A 1073

Figure 4. LOFAR LBA 55–78 MHz: stacked CRRL spectra. The green, yellow and red lines show the decomposition into the −47, −38 and 0 km s−1

components. The blue dotted line shows the residuals after subtracting the fitted line profiles.

4.1 Linewidth

The measured FWHM linewidth for CRRLs depends on the instru-
mental resolution and three physical broadening terms: (i) Doppler,
(ii) collisional, and (iii) radiation broadening (Shaver 1975; S16b).

The Doppler term is independent of frequency and set by the tur-
bulence of the gas. The Doppler broadening is determined from the
WSRT data and literature data at higher frequencies. We find that
our WSRT data in the 300–390 MHz range are consistent with the
previously measured linewidth at 560 MHz by KAP98 and show

MNRAS 465, 1066–1088 (2017)
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1068 J. B. R. Oonk et al.

Table 1. Details of the observations. Note that for WSRT, we cycle through 6 × 8 spectral setups in time so that the on-source time per
line amounts to about 1.5 h.

Parameter LOFAR LBA (1) LOFAR LBA (2) WSRT P band

Data ID L40787 L184343 S12A/002
Field centre RA (J2000) 23h23m22.s8 23h23m22.s8 23h23m27.s9
Field centre Dec. (J2000) +58d50m16s +58d50m16s +58d48m42s

Observing date 2011 December 27 2013 October 31 2012 January 28
Total on-source time 10.5 h 10 h 12 h
Frequency range 33–57 MHz 55–78 MHz 300–390 MHz
Number of subbands 122 122 6
Width of a subband 0.195 MHz 0.195 MHz 1.25 MHz
Channels per subband 512 512 2048
Channel width 2.0–3.5 km s−1 1.5–2.1 km s−1 0.5–1.0 km s−1

Figure 1. Cas A continuum image at 69 MHz obtained from a single 0.2-
MHz subband. This image was made from a LOFAR LBA observation,
taken on 2011 October 15, using uniform weighting and has a resolution of
11.2 × 9.8 arcsec2.

from 512 to 1 channel per subband. We then obtained gain solutions
for all four correlations with BBS on a 4 s time-scale. We assume
that the sources are unpolarized over the observed frequency range.
The gain solutions found were then applied to the 512 frequency
channel data, and a final round of flagging was carried out with the
AOFlagger. Channel cubes were made with CASAPY, imaging and
cleaning each channel individually. The first 25 and last 25 channels
of the data were ignored as they are too noisy. We chose Briggs
weighting (Briggs 1995) with a robust value of 0.5 to create images
with a resolution ranging between 30 × 40 and 40 × 60 arcsec2. We
then convolved all images from all subbands to a common resolution
of 45 × 65 arcsec2 and created an image cube for each subband.

For the 2013 observation, we used 24 core stations and 14 re-
mote stations. The data reduction was performed in the same way
as for the 2011 data set. Due to a clock problem, only 18 core sta-
tions were used in the final analysis of the observations. We chose
Briggs weighting with a robust value of 0.5 to create images with
a resolution ranging between 215 × 255 and 310 × 360 arcsec2,
the lower resolution being a consequence of using only 18 core sta-
tions. We then convolved all images from all subbands to a common

resolution of 350 × 400 arcsec2 and created an image cube for each
subband.

2.2 WSRT (304–386 MHz)

We obtained WSRT P-band observations on 2012 January 28 from
08:29 to 20:28 UTC (Table 1). The observations were carried out
in the Maxi-short configuration and Doppler tracking was turned
off. We observed in frequency-switching mode with 10-s sampling
and six simultaneous 1.25-MHz subbands (IVC bands) each having
2048 channels (using recirculation) and 2 polarizations (XX,YY).
Each subband is centred near an expected CRRL frequency, and
we observe three CRRLs per setup, where each line is covered
twice with a different central frequency setting (typically offset by
0.3–0.4 MHz). In total, we specified 8 spectral setups of 6 subbands
and covered a total of 24 lines (all 22α lines within the observed
frequency range and 2 additional β lines). Each spectral setup was
observed for 10 min on source and then changed to the next setup,
and after the last setup was done, we returned to the first setup. This
way we cycled the spectral setups through the full 12-h observation
and created similar ultraviolet (UV) and time coverage for each
subband. The total observing time per subband was about 1.5 h.

The first step in the data reduction was the automatic flagging
of RFI with the AOFlagger. A dedicated WSRT P-band flagging
strategy was developed for this purpose. The data were then aver-
aged down and calibrated with CASA (McMullin et al. 2007) using
the high-resolution 10 arcsec clean components model of Cas A
(Fig. 1). Gain solutions were obtained for both polarizations on a
10 s time-scale. The gain solutions found were then applied to the
2048 frequency channel data, and a final round of flagging was car-
ried out with the AOFlagger. Channel cubes were made with CASAPY,
imaging and cleaning each channel individually. We chose Briggs
weighting (Briggs 1995) with a robust value of 0.5 to create images
with a resolution ranging between 60 × 65 and 75 × 95 arcsec2.
We then convolved all images from all subbands to a common res-
olution of 80 × 100 arcsec2 and created an image cube for each
subband.

2.3 Spectral analysis and line stacking

From the WSRT 300–390 MHz and LBA 33–57 MHz image
cubes, we extracted spatially integrated on-source spectra from an
8 × 8 arcmin2 aperture centred on Cas A. For the LBA 55–78 MHz
range, we used a 14 × 14 arcmin2 aperture centred on Cas A.
The larger aperture for the 55–78 MHz data is necessary, given the
lower spatial resolution of this observation. The CRRL α (#n = 1)
lines are clearly visible in the individual spectra for both LOFAR

MNRAS 465, 1066–1088 (2017)
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The goal of this NenuFAR KP
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(2)  The magnetic field is the less exploited ingredient in the ISM; its impact in 
the structure and properties of shocks & PDRs its potentially important and has 
been poorly studied. 

NenuFAR will give us ne; this is required to derive B from Faraday rotation 
(tomography) observations that are proportional to ne x B. These observations are 
readily available/possible with LOFAR (maybe NenuFAR?). 

(1)  Observe radio recombination lines (RRLs of H and C) towards stellar 
feedback-dominated regions (shocks & PDRs) to derive physical properties of 
ionised gas (density, temperature, size of the cloud, …). 

Work in collaboration with model experts not only to use models to interpret 
observations but also because modellers want to include treatment of RRLs in 
their codes.



What’s next

•   A few more questions that our project will address 

•   The modelling teams and the user communities in France 

•   Possible targets for a NenuFAR KP 

•   Observational needs and ideas 

•   Conclusions

NenuFAR data workshop, Nançay19/03/19 9



A few more questions that our KP  
will address
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What are the physical mechanisms at work?

•    For shock studies:  
What is the type of shocks ? If stationary: C-, J-, C*-, or CJ-type ? 
⇒ For all these questions, paramount importance of ne and B; the magneto-sonic 

velocity (critical velocity discriminating C- and J-type shocks) is proportional to 
Bperp/[ρi]1/2 (Bperp magnetic field perp to shock direction, ρi is the mass density of 
the ionised fluid)  

•    For shock and to a lesser extent for PDR studies:  
What is the role of B on the thermal structure of the region? 
⇒ What is its influence on the heating/cooling balance ? 

• For shock and for PDR studies: 
What is the role of electrons in the thermal structure of the region? 
⇒ Electrons collisionally excite other species so ne is needed for radiative transfer 
⇒ Electrons and neutrals interact so ne is needed for ambipolar diffusion heating 

•   For PDR and to a lesser extent for shock studies:  
How strong is the FUV-irradiation ? (Are the observed shocks irradiated) 
⇒ Any measure of ne will help, as FUV photons dissociate and ionise the medium 

NenuFAR data workshop, Nançay19/03/19 11



What is the chemical impact of shocks and PDRs ?

•   ne and B are key ingredients for both gas-phase chemistry and grain processing 
(grain-grain and gas-grain interactions releasing the products of grain chemistry in 
the gas phase): 

▪ Thermal effects linked with ne and B unavoidably affect the chemistry 
(endothermic reaction barriers can be overcome or not) 

▪ Ambipolar diffusion that they control is key to reactive and non-reactive 
collisions between ions and neutrals, whether these are gas phase species or 
grains

NenuFAR data workshop, Nançay19/03/19 12



Can we characterise cosmic ray (CR) properties?

•    Our understanding of CR properties (acceleration mechanisms, composition, 
diffusion) mostly relies on interpretation of gamma-ray emission, produced by 
interactions between CRs and the local medium: 

▪ Hadronic CRs (=protons)  + the dense medium = π0 decomposition 
▪ Leptonic CRs (=electrons)  + magnetic field = synchrotron emission 
       + the dense medium = Bremsstrahlung 
       + photons = inverse Compton scattering

RRLs give (ne, Te) but also CR ionisation rate. B is of course a crucial parameter 
for CR studies — also collaborating with CR community.

NenuFAR data workshop, Nançay19/03/19 13



The modelling team and  
the user communities in France 
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Shock models — developments in France

•    The Paris-Durham shock model (created in 1985): 
▪ LERMA – OP team:          S. Cabrit, G. Pineau des Forêts 
(since 2008: D. Panoglou, S. Anderl, W. Yvart, B. Tabone, M. Rabenanahary) 
▪  LERMA – Meudon team:   J. Le Bourlot, E. Roueff 
▪ LPENS Paris:      B. Godard (LERMA), A. Gusdorf, P. Lesaffre 
(since 2008: S. Anderl, F. Louvet, A. Lehmann, P. Dell’Ova, M. Rabenanahary) 
▪  IAS Orsay:      V. Guillet, A. Jones 
(since 2008: S. Anderl) 

•   A Photo-evaporating model (with the Hydra PDR code):  
▪ LERMA – Meudon team:    E. Bron  

•   Mappings III (fast radiative shock models): 
▪    Strasbourg Observatory:   M. Allen

NenuFAR data workshop, Nançay19/03/19 15



Users of the Paris Durham model in France (1)

•    Protostellar jets and outflows: 
▪  LERMA – Paris team:  S. Cabrit, G. Pineau des Forêts, B. Tabone   
▪ LPENS – Paris:          B. Godard (LERMA), A. Gusdorf, A. Lehmann,  

                    P. Lesaffre, M. Rabenanahary 
▪ IPAG – Grenoble:   B. Lefloch (CHESS, ASAI, SOLIS)  
▪ IPAG – Grenoble:  F. Motte, F. Louvet & T. Nony (LP ALMA-IMF) 
   

•   Supernova remnants & link with very high energy community: 
▪ LPENS – Paris:   A. Gusdorf & P. Dell’Ova 
▪ AIM – Saclay:    F. Acero, I. Grenier 
▪ LUPM – Montpellier:  A. Marcowith 
▪ APC – Paris:   S. Gabici 
▪ CENBG – Bordeaux: M. Lemoine-Goumard

NenuFAR data workshop, Nançay19/03/19 16



Users of the Paris Durham model in France (2)

•    Cloud-cloud collisions: 
▪ IPAG – Grenoble:   F. Motte, F. Louvet & T. Nony (LP ALMA-IMF)  
▪ LAB – Bordeaux:  N. Brouillet, D. Despois & J. Molet (LP ALMA-IMF) 
▪ LAB – Bordeaux:  S. Bontemps & L. Bonne (ANR GENESIS) 

•   Extragalactic environments: 
▪ LERMA – Paris team: P. Salomé (& ANR LYRIX team), Q. Salomé, F. Combes 
▪ LPENS – Paris:   E. Falgarone (& ERC MIST team) 
▪ AIM Saclay:    S. Madden & team 
▪ IAP - Paris:    P. Guillard, M. Lehnart 

•    Other environments: 
▪ IRAP – Toulouse:  O. Berné & J. Champion, PROPLYDs 
▪ LAB – Bordeaux:   A. Dutrey, S. Guilloteau & team, accretion shocks 
▪ LAB – Bordeaux:   N. Brouillet, D. Despois & J. Molet (LP ALMA-IMF)

NenuFAR data workshop, Nançay19/03/19 17



The Meudon PDR code

•    The Meudon team (Le Bourlot et al. 1993): 
▪ LERMA – Meudon team:   J. Le Bourlot, E. Bron, F. Le Petit, E. Roueff 
▪ LPENS Paris:      B. Godard (LERMA) 

•   For both codes (PDR and shock), online access and tools are available via: 
 https://ism.obspm.fr, also developed by D. Languignon, N. Moreau, C.-M. Zwölf

NenuFAR data workshop, Nançay19/03/19 18
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Users of the Meudon PDR code in France

•    Dust studies: 
▪ IAS – Orsay:    E. Habart, L. Verstraete, N. Ysard  
▪ IRAP – Toulouse:  O. Berné, C. Joblin, I. Ristorcelli 

•   ISM studies: 
▪ LAB – Bordeaux:  P. Gratier, V. Wakelam 
▪ LPENS – Paris:   F. Levrier, F. Boulanger  
▪ AIM Saclay:    S. Madden & team 
▪ IRAM Grenoble:   J. Pety

NenuFAR data workshop, Nançay19/03/19 19



Possible targets for a  
NenuFAR Key Program
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(1) Shocks: IC 443 SNR

Ion
ize
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Molecular slow  
shocks  

20-30 km/s

Molecular fast 
shocks  
50-80 km/s

Fast shocks  
>100 km/s

VLA 330 MHz

•    Ideal laboratory for many studies: 
▪ Shock studies — variety of shock conditions probed around the shell(s) 
▪ Star formation studies 
▪ Cosmic rays studies 
▪ Well suited size for proof of concept studies (~1° across, d=1.2 kpc)

NenuFAR data workshop, Nançay19/03/19 21

Spitzer MIPS 24 𝝁m



(1) Shocks: IC 443 SNR

Notes:  
(i) LOFAR LBA Cycle 0 RRL data available (good to cross-check). 
(ii)LOFAR HBA LoTSS Faraday tomography data available in a couple of weeks.

VLA 330 MHz

NenuFAR beam ~ 20’ 
(core + 4 remote stations) 

FoV > size of object
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(2) PDRs: Orion Bar
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[CII] (SOFIA) integrated emission  
(Pabst et al. 2019, Nature)
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Compression and ablation of the photo-irradiated 
molecular cloud the Orion Bar
Javier R. Goicoechea1, Jérôme Pety2,3, Sara Cuadrado1, José Cernicharo1, Edwige Chapillon2,4,5, Asunción Fuente6, 
Maryvonne Gerin3,7, Christine Joblin8,9, Nuria Marcelino1 & Paolo Pilleri8,9

The Orion Bar is the archetypal edge-on molecular cloud surface 
illuminated by strong ultraviolet radiation from nearby massive 
stars. Our relative closeness to the Orion nebula (about 1,350 light 
years away from Earth) means that we can study the effects of stellar 
feedback on the parental cloud in detail. Visible-light observations 
of the Orion Bar1 show that the transition between the hot ionized 
gas and the warm neutral atomic gas (the ionization front) is spatially 
well separated from the transition between atomic and molecular gas 
(the dissociation front), by about 15 arcseconds or 6,200 astronomical 
units (one astronomical unit is the Earth–Sun distance). Static 
equilibrium models2,3 used to interpret previous far-infrared and 
radio observations of the neutral gas in the Orion Bar4–6 (typically 
at 10–20 arcsecond resolution) predict an inhomogeneous cloud 
structure comprised of dense clumps embedded in a lower-density 
extended gas component. Here we report one-arcsecond-resolution 
millimetre-wave images that allow us to resolve the molecular 
cloud surface. In contrast to stationary model predictions7–9, there 
is no appreciable offset between the peak of the H2 vibrational 
emission (delineating the H/H2 transition) and the edge of the 
observed CO and HCO+ emission. This implies that the H/H2 and  
C+/C/CO transition zones are very close. We find a fragmented 
ridge of high-density substructures, photoablative gas flows and 
instabilities at the molecular cloud surface. The results suggest that 
the cloud edge has been compressed by a high-pressure wave that 
is moving into the molecular cloud, demonstrating that dynamical 
and non-equilibrium effects are important for the cloud evolution.

The Atacama Large Millimeter/submillimeter Array (ALMA) radio-
telescope allows us to resolve the transition from atomic to molecular 

gases at the edge of the Orion molecular cloud10–13, which is directly 
exposed to energetic radiation from the Trapezium stars (Fig. 1). The 
strong ultraviolet field drives a blister ‘H ii region’ (hot ionized hydro-
gen gas or H+) that is eating its way into the parental molecular cloud. 
At the same time, flows of ionized gas stream away from the cloud 
surface at about 10 km s−1 (roughly the speed of sound cH ii at 
T ≈ 104 K)10,11. The so-called photon-dominated or photodissociation 
region (PDR14; see Extended Data Fig. 1) starts at the H ii region/cloud 
boundary where only far-ultraviolet radiation penetrates the ‘neutral’ 
cloud, that is, stellar photons with energies below 13.6 eV that cannot 
ionize H atoms but do dissociate molecules (H2 + photon → H + H), 
and ionize elements such as carbon (C + photon → C+ + electron). 
Inside the PDR, the far-ultraviolet photon flux gradually decreases due 
to dust grain extinction and H2 line absorption, as do the gas and dust 
temperatures14. These gradients produce a layered structure with dif-
ferent chemical compositions as one moves from the cloud edge to the 
interior5,13. The ionized nebula (the H ii region) can be traced by the 
visible light emission from atomic ions (such as the [S ii] 6,731 Å elec-
tronic line). The ionization front is delineated by the [O i] 6,300 Å line 
of neutral atomic oxygen15 (Fig. 1). Both transitions are excited by 
high-temperature collisions with electrons. Therefore, their intensities 
sharply decline as the electron abundance decreases by a factor of  
about 104 at the H+/H transition layer. In Fig. 1b, the dark cavity 
between the ionization front and the HCO+-emitting zone is the neu-
tral ‘atomic layer’ (x(H) > x(H2) ≫ x(H+), where x is the species abun-
dance with respect to H nuclei). This layer is very bright in  
mid-infrared polycyclic aromatic hydrocarbon emission, and cools via 
the far-infrared O and C+ emission lines14. Although most of  

1Grupo de Astrofísica Molecular, Instituto de Ciencia de Materiales de Madrid (CSIC), Calle Sor Juana Ines de la Cruz 3, E-28049 Cantoblanco, Madrid, Spain. 2Institut de Radioastronomie 
Millimétrique (IRAM), 300 rue de la Piscine, F-38406 Saint Martin d’Hères, France. 3Laboratoire d’Etudes du Rayonnement et de la Matière en Astrophysique et Atmosphères (LERMA), 
Observatoire de Paris, Centre National de la Recherche Scientifique (CNRS), Unité Mixte de Rechersche (UMR) 8112, École Normale Supérieure, PSL Research University, 24 rue Lhomond, 
75231, Paris Cedex 05, France. 4Laboratoire d’Astrophysique de Bordeaux (LAB), Université de Bordeaux, UMR 5804, F-33270 Floirac, France. 5CNRS, LAB, UMR 5804, F-33270 Floirac, France. 
6Observatorio Astronómico Nacional (OAN-IGN). Apartado 112, 28803 Alcalá de Henares, Spain. 7Sorbonne Universités, Université Pierre et Marie Curie (UPMC), Université Paris 06, 75000, 
France. 8Université de Toulouse, Université Paul-Sabatier-Observatoire Midi-Pyrénées (UPS-OMP), Institut de Recherche en Astrophysique et Planétologie (IRAP), 31028, Toulouse, France.  
9CNRS, IRAP, 9 Avenue du Colonel Roche, BP 44346, 31028 Toulouse, France.
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Figure 1 | Multiphase view of the 
Orion nebula and molecular cloud.  
a, Overlay of the HCO+ J = 3–2 
emission (red) tracing the extended 
Orion molecular cloud. The hot 
ionized gas surrounding the 
Trapezium stars is shown by the 
[S ii] 6,731 Å emission (green). The 
interfaces between the ionized and the 
neutral gas, the ionization fronts, are 
traced by the [O i] 6,300 Å emission 
(blue). Both lines were imaged with 
VLT/MUSE15. The size of the image 
is approximately 5.8′ × 4.6′. BN/KL, 
Becklin–Neugebauer/Kleinmann–Low 
star-forming region. b, Close-up of the 
Orion Bar region imaged with ALMA 
in the HCO+ J = 4–3 emission (red). 
The black region is the atomic layer.

© 2016 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

ALMA + VLT/MUSE  
(Goicoechea et al. 2016, Nature)

•    Probably the most observed and modelled region/PDR (d=414 pc)!



(2) PDRs: Orion Bar
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[CII] (SOFIA) integrated emission  
(Pabst et al. 2019, Nature)
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Compression and ablation of the photo-irradiated 
molecular cloud the Orion Bar
Javier R. Goicoechea1, Jérôme Pety2,3, Sara Cuadrado1, José Cernicharo1, Edwige Chapillon2,4,5, Asunción Fuente6, 
Maryvonne Gerin3,7, Christine Joblin8,9, Nuria Marcelino1 & Paolo Pilleri8,9

The Orion Bar is the archetypal edge-on molecular cloud surface 
illuminated by strong ultraviolet radiation from nearby massive 
stars. Our relative closeness to the Orion nebula (about 1,350 light 
years away from Earth) means that we can study the effects of stellar 
feedback on the parental cloud in detail. Visible-light observations 
of the Orion Bar1 show that the transition between the hot ionized 
gas and the warm neutral atomic gas (the ionization front) is spatially 
well separated from the transition between atomic and molecular gas 
(the dissociation front), by about 15 arcseconds or 6,200 astronomical 
units (one astronomical unit is the Earth–Sun distance). Static 
equilibrium models2,3 used to interpret previous far-infrared and 
radio observations of the neutral gas in the Orion Bar4–6 (typically 
at 10–20 arcsecond resolution) predict an inhomogeneous cloud 
structure comprised of dense clumps embedded in a lower-density 
extended gas component. Here we report one-arcsecond-resolution 
millimetre-wave images that allow us to resolve the molecular 
cloud surface. In contrast to stationary model predictions7–9, there 
is no appreciable offset between the peak of the H2 vibrational 
emission (delineating the H/H2 transition) and the edge of the 
observed CO and HCO+ emission. This implies that the H/H2 and  
C+/C/CO transition zones are very close. We find a fragmented 
ridge of high-density substructures, photoablative gas flows and 
instabilities at the molecular cloud surface. The results suggest that 
the cloud edge has been compressed by a high-pressure wave that 
is moving into the molecular cloud, demonstrating that dynamical 
and non-equilibrium effects are important for the cloud evolution.

The Atacama Large Millimeter/submillimeter Array (ALMA) radio-
telescope allows us to resolve the transition from atomic to molecular 

gases at the edge of the Orion molecular cloud10–13, which is directly 
exposed to energetic radiation from the Trapezium stars (Fig. 1). The 
strong ultraviolet field drives a blister ‘H ii region’ (hot ionized hydro-
gen gas or H+) that is eating its way into the parental molecular cloud. 
At the same time, flows of ionized gas stream away from the cloud 
surface at about 10 km s−1 (roughly the speed of sound cH ii at 
T ≈ 104 K)10,11. The so-called photon-dominated or photodissociation 
region (PDR14; see Extended Data Fig. 1) starts at the H ii region/cloud 
boundary where only far-ultraviolet radiation penetrates the ‘neutral’ 
cloud, that is, stellar photons with energies below 13.6 eV that cannot 
ionize H atoms but do dissociate molecules (H2 + photon → H + H), 
and ionize elements such as carbon (C + photon → C+ + electron). 
Inside the PDR, the far-ultraviolet photon flux gradually decreases due 
to dust grain extinction and H2 line absorption, as do the gas and dust 
temperatures14. These gradients produce a layered structure with dif-
ferent chemical compositions as one moves from the cloud edge to the 
interior5,13. The ionized nebula (the H ii region) can be traced by the 
visible light emission from atomic ions (such as the [S ii] 6,731 Å elec-
tronic line). The ionization front is delineated by the [O i] 6,300 Å line 
of neutral atomic oxygen15 (Fig. 1). Both transitions are excited by 
high-temperature collisions with electrons. Therefore, their intensities 
sharply decline as the electron abundance decreases by a factor of  
about 104 at the H+/H transition layer. In Fig. 1b, the dark cavity 
between the ionization front and the HCO+-emitting zone is the neu-
tral ‘atomic layer’ (x(H) > x(H2) ≫ x(H+), where x is the species abun-
dance with respect to H nuclei). This layer is very bright in  
mid-infrared polycyclic aromatic hydrocarbon emission, and cools via 
the far-infrared O and C+ emission lines14. Although most of  

1Grupo de Astrofísica Molecular, Instituto de Ciencia de Materiales de Madrid (CSIC), Calle Sor Juana Ines de la Cruz 3, E-28049 Cantoblanco, Madrid, Spain. 2Institut de Radioastronomie 
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75231, Paris Cedex 05, France. 4Laboratoire d’Astrophysique de Bordeaux (LAB), Université de Bordeaux, UMR 5804, F-33270 Floirac, France. 5CNRS, LAB, UMR 5804, F-33270 Floirac, France. 
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Figure 1 | Multiphase view of the 
Orion nebula and molecular cloud.  
a, Overlay of the HCO+ J = 3–2 
emission (red) tracing the extended 
Orion molecular cloud. The hot 
ionized gas surrounding the 
Trapezium stars is shown by the 
[S ii] 6,731 Å emission (green). The 
interfaces between the ionized and the 
neutral gas, the ionization fronts, are 
traced by the [O i] 6,300 Å emission 
(blue). Both lines were imaged with 
VLT/MUSE15. The size of the image 
is approximately 5.8′ × 4.6′. BN/KL, 
Becklin–Neugebauer/Kleinmann–Low 
star-forming region. b, Close-up of the 
Orion Bar region imaged with ALMA 
in the HCO+ J = 4–3 emission (red). 
The black region is the atomic layer.

© 2016 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

ALMA + VLT/MUSE  
(Goicoechea et al. 2016, Nature)

Notes:  
(i) Similar ongoing RRL study with LOFAR and other data (VLA, GMRT, etc) covering 

the whole nebula (A. Tielens); no LBA data yet available.

•    Probably the most observed and modelled region/PDR (d=414 pc)!     
•    But PDRs are small!! Can start by characterising diffuse gas.



Observational needs/help!
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• We need images (imaging mode); ideally of the whole object (when extended 
w.r.t. beam); at each channel across the whole 10—88 MHz band — data cubes.  

Maybe we can start with a couple of pointings? 

• We want the best angular resolution possible. (It will get better after all remote 
stations are installed.) 

Maybe eventually use LSS mode for PDR studies? 

• We want the best spectral resolution possible: 3 kHz (64 chan/195 kHz band) is 
not ideal since it’s comparable to the width of the lines…  

Can we play around with number of beams to gain in spectral resolution? 

• No other observational constraints.

The data that we need
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• Still need to estimate line temperatures for each source; then use the tools 
presented yesterday to estimate observing time. 

• We propose two objects but we have other possible targets in mind: other SNRs 
(e.g. W44), cloud-cloud collisions shocks, galaxy groups with shocks, other PDRs. 

• First check integration time for two proposed objects before aiming for more?  
Also because we want to use the imager, which will be available later during the 
early science phase.  

• (After all this need to evaluate total data volume.)

Total requested time? 
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Conclusions
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Our project: 
• Observe radio recombination lines (RRLs of H and C) towards stellar feedback-

dominated regions (shocks & PDRs) to derive physical properties of ionised gas 
(density, temperature, size of the cloud, …). 

• Work in collaboration with model experts who want to include RRL physics in codes.

Synergies: 
•  VERITAS/Fermi/CTA  — CR physics 
•  LOFAR — magnetic field from Faraday tomography 
•  SOFIA (NASA stratospheric plane) and GUSTO (NASA ballon) — cooling rate 

and photoelectric heating rate from [CII] emission 
•  SKA — our project is a flavour of what the SKA will be able to do


