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The Far-IR view of PDRs and star 
formation



PDR Basic model  (Tielens & Hollenbach 1985, ApJ 291, 722) 
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FIR is the domain to study PDRs

i.  Dust temperature > 50 K. The thermal dust emission peaks 
at mid-IR wavelengths.

i. The gas is partially atomic. The most important atomic 
cooling lines, [CII] 158µm and [OI] 63µm and 145µm, occurs 
in the FIR domain.

i. The most intense molecular lines in PDRs, mid- and high-J 
CO rotational lines, also at FIR and mid-IR frequencies.



Spitzer
3-180 μm
0.85m
2003

Herschel
60-625 μm
3.5m
2009



Photodissociation  Regions (PDRs)

Photon dominated or photodissociation regions (PDRs) 
are regions where the FUV radiation dominates the 
energetic balance and chemistry.
i. The regions close to the O and B stars: HII regions, 
reflection nebulae, the surface of proto-planetary disks
ii. The surface of molecular clouds
iii. Diffuse clouds
iv. Planetary nebuale
v. The nucleus of starburst galaxies
vi. Distant galaxies?



Diffuse clouds



Probing the diffuse medium with Herschel HIFI

NASA/SSC                                                                    
  R. Monje

Massive star forming 
regions as background 
sources for absorption
spectroscopy.

The only way to probe gas 
at low excitation

Accurate measurement of 
line profiles and opacities 
-> better measurement of 
column densities

The PRISMAS GTKP 
of Herschel (Gerin et al.)



Why Hydrides?

-Built in the 
first chemical 
steps starting 
from atomic 
gas

-At the root of 
the interstellar 
chemistry

-Trace diffuse 
gas that cannot 
be traced by 
the standard 
tracer CO.



HCl+, H
2
Cl+ 

De Luca et al., 2012, ApJ 751, L37; Lis et al. 2010, A&A 521, L9

Formation route:

[HCl]/[H
2
Cl+]~1 -10 in agreement with 

PDR chemical models

HCl and H
2
Cl+ column densities  in 

excess of model predictions 



HF, CH+,SH+,OH+,H
2
O+ toward G10.6-0.4  

Gerin et al. 2010, A&A 518, L110; Falgarone et al., SF2A 2010

OH+ and H2O
+  consistent 

with predictions of gas 
phase chemical models.

N(OH+)/N(H
2
O+)<4 ->Only 

a small fraction of the gas 
(<10%) is in molecular 
form.

The high abundances of 
CH+ and SH+ are only 
understood in the context 
of turbulent models.



HF is present as soon as H
2
 is present, even in clouds with no detectable CO or H

2
O. 

Herschel HIFI: using HF to trace H2

F + H2 → HF + F + 1.4 eV 

Neufeld et al. 2010, Sonnentrucker et al. 2010 & 2012 subm., Monje et al. 2011

HF 1232 GHz
p-H2O 1113 GHz



Star forming regions (gas)



PDR Basic model  (Tielens & Hollenbach 1985, ApJ 291, 722) 

20 mag    →   0.03 pc     →    17 arcsec 

n=2x105 cm-3 D=400 pc



Partially atomic layer 

OH, CH, OH+,CH+,SH+, HF, H
2
Cl+, HCl+



Orion Bar: CH+, SH+

Nagy, Z., van der Tak, F., Ossenkopf, V., et al., 2013, A&A  550, 96



CH+, SH+ (Meudon PDR code + excitation model)

Nagy, Z., van der Tak, F., Ossenkopf, V., et al., 2013, A&A  550, 96

Collisions with e-, H and H
2

Reactive collisions
IR pumping
Formation pumping

CH+ and SH+ are formed in the warm surface (Av~1.5 mag) where 
the gas is partially atomic. Their column densities are well 
predicted and CH+ is mainly formed by reactions with vibrational 
excited H

2  
(Agúndez et al. 2010, ApJ 713, 662; Zanchet et al. 2014, AJ 146, 125)  

WHY DIFFERENT LINEWIDTHS?



Orion Bar: CH+, SH+

Nagy, Z., van der Tak, F., Ossenkopf, V., et al., 2013, A&A  550, 96

Δv~5 km/s Δv~3 km/s

Δv~2 km/s Δv~3 km/s

Fuente et al. 
2003, A&A 
406,899 

The line-widths of the CH+ 1-0 and 2-1 lines are similar to C+ and 
HF, but significantly broader than SH+, CF+ and CO+ .

CH+

CF+

CH+ SH+

CO+



The ALMA view of the Orion Bar

Goicoechea. J.R., et al., 2017, A&A  601, L9



The ALMA view of the Orion Bar

Goicoechea. J.R., et al., 2017, A&A  601, L9



WISH: Constraints on low-mass to high-mass protostars

Benz., A., et al.  2016, A&A 590, 105 



WISH: Constraints on low-mass to high-mass protostars

Benz., A., et al.  2016, A&A 590, 105 

Low mass stars:  a high 
FUV luminosity  (1.5 L

sun
) 

is required to explain 
observations.

High mass stars:  The 
estimated UV flux is lower 
than that predicted at the 
distance of the Herschel 
beam. Extinction by a 
circumstellar disk?



Star forming regions (dust)



Monoceros R2 (HOBYS, PI: F. Motte)

PACS+SPIRE

70 μm (blue)
160 μm (green)
250 μm (red) 



Monoceros R2 

Didelon, P,, Motte, F, Tremblin, P. et al. A&A, submitted

T
dust

N(H
2
)



Monoceros R2 

Didelon, P, Motte, F, Tremblin, P. et al. 2015, A&A 584, 4



Monoceros R2 

Didelon, P, Motte, F, Tremblin, P. et al. 2015 A&A, 584, 4



The global dust SED 

DustEM

DHGL (Diffuse interstellar medium at High Galactic Latitude)

Compiègne M., Verstraete L., Jones A. et al. 2011, A&A 525, 103 



The global dust SED 

DustEM

DHGL (Diffuse interstellar medium at High Galactic Latitude)

Compiègne M., Verstraete L., Jones A. et al. 2011, A&A 525, 103 



Dust evolution in the Orion Bar

Arab, H., Abergel, A.,  Habart, E., 2012, A&A 541, 19 

Spitzer



Dust evolution in the Orion Bar 
(DustEM+DHGL)

Arab, H., Abergel, A.,  Habart, E., 2012, A&A 541, 19 



Dust evolution in the Orion Bar 
(DustEM+PAH depleted model)

Arab, H., Abergel, A.,  Habart, E., 2012, A&A 541, 19 



Bimodal dust distribution in IC 434  

Ochsendorf &  Tielens, 2015, A&A 576, 2 

WISE 12 µm and 22 µm

   Spitzer
        +
HERSCHEL



Bimodal dust distribution in IC 434  

Ochsendorf &  Tielens, 2015, A&A 576, 2 

Two different dust 
components

New dust population. Fluffy 
micron sized grains, insensitive to 
the incident radiation field.
 



Towards Xgal



Orion seen 
with Herschel
      (dust) 

Orion Molecular Cloud-1
           (OMC1)

8’ x 12’ (0.9pc x 1.4pc) 
(OT1_jgoicoec_4) 

13CO J=2-1, IRAM-30m @ 11’’ (Berné et al. 2014)

[CII] in the Orion Molecular 
Cloud  

 70 microns (blue), 160 um (green) and 250 um (red)
 1.3 x 2.4 degrees  Herschel/ESA  &  P. André et al.



[CII]/L
FIR

 in Xgal  

Graciá-Carpio+2011, 
ApJ 728,7

[CII] is a good SFR tracer in 
nearby galaxies.

[CII] deficit in ULIRGs



[CII] in Orion  

Goicoechea, Teyssier, Etxaluze et al., 2015, ApJ 812, 75 



[CII] in Orion  

Goicoechea, Teyssier, Etxaluze et al.,, 2015, ApJ 815, 75 

85 %



[CII]/L
FIR

 in Orion  

Goicoechea, Teyssier, Etxaluze, 2015, ApJ 815, 75 



[CII]/L
FIR

 in Orion  

Goicoechea, Teyssier, Etxaluze et al., 2015, ApJ 815, 75 



[CII]/L
FIR

 in Xgal vs Orion 

Graciá-Carpio+2011, 
ApJ 728,7



Summarizing... 

Spitzer and Herschel have provided a first insight into the 
physics and  chemistry of the gas and dust in PDRs. Current 
models offers a reasonable overall picture of PDRs but present 
some deficiencies for the external layers Av < 2 mag.  

iii) Dust composition is essential for chemical models.

i) Reactive ions as a probe of external layers of PDRs.

iv) Galactic PDRs as Xgal patterns.

ii) Chemistry + excitation need to be coupled in the warmest 
layers of the PDR where very reactive ions survive.
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