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Just put it in your trunk 
and drive it across the 

street - nobody will ever 
know!









Don’t worry about it…. 
you’ll be long gone before 

anybody notices.





Tielens & Hollenbach 85a,b, Hollenbach & Tielens 83

The models ….. also apply to neutral shells around Pne,  
bright-rimmed molecular clouds, reflection nebulae,  

regions around protostars, … the center of the Galaxy,  
and to global studies of external galaxies. 
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Model Grids (Wolfire et al. 1990, Kaufman 
et al. 1999, 2006; Wolfire & Pound 2008; 

Hollenbach et al. 2009, 2012)
• Input conditions 

• Grain/PAH properties 

• Chemical abundances 

• FUV spectrum 

• cosmic ray rate 

• total column 

• 1-sided/2-sided illumination 

• Steady state

• Parameter space 

• log(n) =1 - 7 (but possible to 
fix P instead of n) 

• log(G0) = -0.5 - 6.5  

• Makes understanding physical 
processes more straightforward 

• Best for trends; individual 
sources should take details into 
account
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“Classical” Tracers
OI 63μm/CII 158μm (OI 63μm+CII 158μm)/FIR



“Classical” Tracers
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All available from the PDR Toolbox: 
Precomputed contour plots and best fits 

to your data

H2, OI, CII, CI, CO, SiII, FeII, Efficiency, etc.  
See Poster by Marc Pound



Molecular Ions in PDRs

Hollenbach+2012

ζcr = 2x10-17 s-1 ζcr = 2x10-16 s-1



Cosmic Ray Ionization Rate

• Herschel absorption line 
measurements of molecular 
ions (OH+, H2O+, ArH+, etc.) + 
IR measurements of H3+


• Simple analytic expressions 
relate column density ratios to 
cosmic ray rate (divided by 
density)


• Detailed PDR modeling of an 
ensemble of diffuse clouds 
gives best constraints to date 

Neufeld & Wolfire 16, Hollenbach+12, Indriolo & McCall 12

ζ/n



Cosmic Ray Rate Diagnostic

Οbserved column density ratios along line of sight to diffuse 
clouds out to 12 kpc ==> constrain ζ/n

l.o.s. clouds towards W49/W51

Hollenbach et al. 2012 Neufeld & Wolfire 2017

N(OH+)/N(H2O+) N(OH+)/N(H)



Cosmic Ray Rate Diagnostic

Neufeld & Wolfire 2017

ζp(H) = (2.2+/-0.3) exp[(R0 - RG)/4.7 kpc] x10-16 s-1



Line Mapping in the Quiescent Ridge: 
Testing PDR Models with Grain Surface 

Chemistry

Melnick+in prepHIFI: H2O, NH3                      FCRAO: 12CO, 13CO, CN, HCN, C2H, N2H+



Gas-Grain models of PDRs (Hollenbach+09; 
Melnick+in prep)

Formation on  
Grain Surfaces Formation in  

Gas Phase

FUV
Td=43 K



Line Ratios As a Function of 
Extinction

From comparison of 13CO/12CO with  
photometry of background stars (Ripple+13)



Line Ratios As a Function of 
Extinction

10 20 30

Av

10 20 30

H2O/C18O NH3/C18O

CN/C18O N2H+/C18O

From comparison of 13CO/12CO with  
photometry of background stars (Ripple+13)



A Search for O2  
in the Orion Bar 

(Melnick et al. 2012)

Use the high FUV field to  
test the model prediction

Upper limits rule out  
binding energy this low 



New lab results (He et al. 2015)



Mapping PDR Conditions 
on Small Scales

Trumpler 14 PDR - Wu+18

Also: Seo+19

Pressure Radiation Field

• SPIRE/FTS: CO 5-4 to 13-12, CI 
370 and 610 

• PACS OI 63, 145 and CII 158 
• Meudon PDR code fits to CO 

SLEDS and CI 
•  Matches with OI 63 and CII 

problematic: need resolved 
spectra



High Spatial and Spectral Resolution 
Observations of S106: Schneider+18

• S106 Massive Star Forming Region  
• Binary providing FUV illumination of 

outflow cavity walls and dense 
molecular clump 

• Observed with SOFIA/GREAT in CII 
158, OI 63, CO 16-15 

• KOSMA-τ models used to compare 
intensities in different velocity 
ranges

SOFIA OI 63μm Channel Maps



Model Results - Separate 
Components by Velocity

S106: Schneider+18

C
O

 1
6-

15
/C

O
 1

1-
10

CII+OI/FIR



Spatially and Spectrally 
Resolved Galactic PDRs

M20 SOFIA CIIM20 Spitzer 8μm
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Herschel PACS M82 PDR Map: 
Neutral Gas in Outflows, Disk and Starburst

A. Contursi et al.: Spectroscopic FIR mapping of the disk and galactic wind of M 82 with Herschel-PACS

A. Contursi et al.: Spectroscopic FIR mapping of the disk and the outflows of M82 with Herschel–PACS.

Fig. 19. PDR solutions for M82 obtained by using [CI],[OI] at 145 µm and TIR as input parameters to the model. On the right of the top panel
a schematic view of the masks used to define the starburst (green), the disk (black), and the north (cyan) and south (red) outflows is shown. The
same color code has been used for the plotting. Also overplotted for comparison, the solutions obtained for a local sample of normal star forming
galaxies from Malhotra et al. 2001 (yellow stars) and with the ISO–LWS single pointing flux of M82 (Colbert et al. 1999). Top: PDR solutions
obtained by using as input the [CII] emission not corrected for the ionized gas contribution. Bottom left : the results obtained by using the [CII]
corrected for the ionized gas contributionassuming a electron density equal to 300 cm�3. Bottom right: the results obtained by using the [CII]
corrected for the ionized gas contributionassuming a electron density equal to 15 cm�3. (See section 4.1.3 for details).

Fig. 20. The [CII] opacity maps obtained by using equation 4. Only the result of the modeling obtained using as input data set [CII] (with
and without corrections), FIR and the [OI] line at 145 µm are shown.

20

Malhotra(et(al.(2001

Colbert(et(al.(1999

M82(starburst

M82(north(ou5low

M82(south(ou5low

M82(disk

δ J
20
00

[C#II]#not#corrected

[C#II]#corrected#for#ne#=#300cm23 [C#II]#corrected#for#ne#=#15cm23

Fig. 18. PDR solutions for M 82 obtained by using [CII], [OI] at 145 µm and TIR as input parameters to the model. On the right of the top

panel a schematic view of the masks used to define the starburst (green), the disk (black), and the north (cyan) and south (red) outflow is shown.
The same color code has been used for the plotting. Also overplotted for comparison, the solutions obtained for a local sample of normal star
forming galaxies from Malhotra et al. (2001) (yellow stars) and with the ISO-LWS single pointing flux of M 82 (Colbert et al. 1999). Top: PDR
solutions obtained by using as input the [CII] emission not corrected for the ionized gas contribution. Bottom left: the results obtained by using
the [CII] corrected for the ionized gas contribution assuming a electron density equal to 300 cm�3. Bottom right: the results obtained by using the
[CII] corrected for the ionized gas contribution assuming a electron density equal to 15 cm�3. See Sect. 4.1.3 for details. (This figure is available
in color in the electronic form.)

neutral and the ionized gas, basically because they all have com-
parable deprojected mean velocities in the outflow. This time is
also comparable to that estimated for the warm molecular H2 by
Veilleux et al. (2009) for the same distance we have assumed in
our calculation.

Finally we can calculate the mass outflow rate of the neutral
gas in the outflow dividing the masses by the dynamical times.
For each input data set, the mass outflow rates (Col. 3 of Table 2)
are similar in the northern and southern cones of the outflow.
The range of the total neutral gas mass rate is 10�25 M�/yr.
However, if we add the mass outflow rate of the molecular com-
ponent in the outflow (33 M�/yr, Walter et al. 2002) the total
PDR outflowing mass rate in the outflow is comparable to the
total Star Formation Rate (SFR) of M 82 (⇠25 M�/yr) estimated
by Förster-Schreiber et al. (2003) giving a mass load (defined as
ṀOutflow/S FR) ⇠ 2 similar to that measured in another starburst
galaxy NGC 253 (Sturm et al. 2011).

4.4.1. Comparison amongst the various phases of outflowing
material

We can summarize the ISM phases participating to the M 82’s
outflow as follows: the hot (107 K) gas emitting in X-rays; the
ionized cooler gas (104 K) emitting in H↵; the cold and warm
molecular gas (Walter et al. 2002; Veilleux et al. 2009), the cold
(⇠300�400 K) neutral gas (this work) and the dust (Alton et al.
1999; Leeuw & Robson 2009; Kaneda et al. 2010; Roussel et al.
2010). These components are not all dynamically coupled to
each other. The cold molecular gas traced by the CO emission
and the neutral gas traced by the FIR fine structure line emis-
sion studied in this work have similar averaged velocities and
opening angles which suggests they are coupled. These compo-
nents are decoupled from the ionized gas emitting in H↵ which
has much higher velocity (Greve 2004). If we assume that also
the PAHs emission observed by Engelbracht et al. (2006) and
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ne=300 [O I] 63µm ne=15 [O I] 63µm No correction [O I] 63µm
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Fig. 14. The PDR solution maps obtained for the far UV interstellar radiation field in units of G0. Left to right are the results obtained correcting
the [CII] flux from the ionized contribution obtained by considering the densities of the ionized gas equal to 300 (left) and 15 cm�3 (middle) and
with no correction (right). The top row shows the results obtained using as input [OI] 63, [CII] and FIR; the bottom row shows the results obtained
using as input [OI] 145, [CII] and FIR (see Sect. 4.3.1 for details). (This figure is available in color in the electronic form.)
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Fig. 15. The PDR solution maps obtained for the gas density nH. (This figure is available in color in the electronic form.)

Colbert et al. (1999) from ISO–LWS observations of M 82. We
find that the solutions for M 82’s starburst region corresponds
well to the PDR solution determined by Malhotra et al. and

Colbert et al. from the ISO data. The ISO-LWS observations
are single pointings centered on the galaxy centers (i.e. do not
encompass the entirety of the disk) and therefore are biassed
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Colbert et al. (1999) from ISO–LWS observations of M 82. We
find that the solutions for M 82’s starburst region corresponds
well to the PDR solution determined by Malhotra et al. and

Colbert et al. from the ISO data. The ISO-LWS observations
are single pointings centered on the galaxy centers (i.e. do not
encompass the entirety of the disk) and therefore are biassed
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~2kpc of the disk  
at ~200 pc scale



Extragalactic Studies: Moving 
from the General to the Specific

• In low metallicity galaxies, 
[OIII] emission traces 
extended ionized gas regions 
with large volume filling 
factors


• CII emission is dominated by 
PDRs, which have thick CII 
layers surrounding small, 
weakly emitting CO cores 


• CII good for tracing SFR at 
high redshift

PDRs always dominate [CII] emission 
Cormier+19, Croxall+17, Dios-Santos+17



Most Distant Lensed Quasar 
z=6.52

Yang+19

J0439+1634
Fan+19

Rest-frame FIR/Submm Lines 
[CII] 158μm 

[CI] 370 
[OI] 145 

CO 6-5, 7-6, 9-8, 10-9 
H2O 31,2-22,1 and 32,1-31,2 

FIR Continuum 

Host galaxy magnification ~ 2.6-6.6



Physical Conditions at Very 
High Redshift

Yang+19

• CO SLED suggests two ISM 
components 

• Comparison with PDR models 
gives high values of G0 and n 

• CO and CI give molecular gas 
masses of ~5x1010 M⨀ 

• Strong lensing makes it possible 
that ALMA can be used to 
separate components



Conclusions

• PDR Models have been around for ~35 years


• They continue to be useful, even for things Xander didn’t 
lay claim to


• In “simple” situations, they can be used to make detailed 
measurements


• In more complex situations, spatial and spectral 
resolution can help




