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PDR Basic model (Tielens & Hollenbach 1985, ApJ 291, 722)
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The physical /chemical conditions of a PDR depends on G /n and Av
H/H, transition at Av~2 mag
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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, [CIl] 158um and [Ol] 63um and 145um, 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.
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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: HIl regions,
reflection nebulae, the surface of proto-planetary disks

ii. The surface of molecular clouds

lii. Diffuse clouds

Iv. Planetary nebuale

v. The nucleus of starburst galaxies

vi. Distant galaxies?



Difftuse clouds



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
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Why Hydrides?

-BUﬂt il’l the UV driven chemistry

first chemaical i — T:MRP
steps starting | — HHYH,C
from atomic

gas

-At the root of
the interstellar
chemistry

-Trace diffuse

gas that cannot

be traced by

the standard Carbon
tracer CO.




s positio : components. :
%—“Cl+ lines are blended with dimethyl ether emission
s in panels b) and c).

HCI', H.CI*
Formation route:

CI" + H; — HCI™ + H.

HCI* + H, — H,CI* + H.

[HCIJ/[H CI"]~1 -10 in agreement with
PDR chemical models

HCI and H2C1+ column densities n

excess of model predictions

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



HF, CH",SH",OH",H O" toward G10.6-0.4
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Fig. 1. Absorption of the ground-state rotational transitions of six light hydrides observed against the dust continuum
emission of the bright star-forming region W31C (or G10.6-0.34) by Herschel/HIFI. The emission lines in the SH*
spectrum are methanol lines from the star-forming region.

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

OH* and H O" consistent

with predictions of gas
phase chemical models.

N(OH")/N(H,0")<4 ->Only
a small fraction of the gas

(<10%) 1s in molecular
form.

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



Herschel HIFI: using HF to trace H,

F+H ->HF +F+ 1.4 eV

HF 1s present as soon as H, is present, even in clouds with no detectable CO or H O.
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Star forming regions (gas)



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

Tgas >Tgr
Tgas = 102-103 K|

HifHI Transitions

Surface region.

Tgas=10-102 K
I I

Deeper region.

I FUV Source: Hot Star or ISRF

OH, CH, OH",CH",SH", HF, H.CI", HCI"

Molecular Cloud |




Orion Bar: CH", SH"

Transition Frequency E, A Instrument/band Beam-size
(MHz) (K) (C) )
CH* 1-0 8351375 40.1 6.36%107° HIFI, band 3a 26.5
CH* 2-1 1669281.3 120.2 6.10x10°2 HIFI, band 6b 15.0
CH* 3-2 25014405 2402 2.20x107! PACS 9.4!
CH* 4-3 3330629.7 400.1 5.38x10! PACS 9.4!

CH® 54 4155872.0 5995 1.07 PACS 9.4!
CH™ 65 49762014 8383 1.86 PACS 9.4!

BeH* 1-0 830216.1 399 5.83x10°  HIFL band 3a 26.5

SH* N, = 1,-0,, F =3/2-1/2 5260387 253 7.99x10*  HIFL band la 44.2
SH* Ny = 1,-0,, F =5/2-3/2 5260479 253 9.59x10*  HIFL band 1a 44.2
SH* Ny = 1,-0,, F =3/2-3/2 5261249 253 160x10*  HIFL band 1a 442
SH* N, = 1,-0,, F =3/2-1/2 683336.1 328 290x10*  HIFL band 2a 332
SH* N; = 1,-0,, F = 1/2-1/2 6833620 328 1.16x10>  HIFL band 2a 33.2
SH* N, = 1,-0,. F =3/2-3/2 6834223 328 145x10>  HIFL band 2a 33.2
SH* Ny = 1,-0,, F = 1/2-3/2 6834482 328 579x10*  HIFL band 2a 332

CF* 54 512 846.5 73.8  8.21x10™* HIFI, band 1a 44.2
CF* 6-5 615365.6 1034 1.44x10° HIFI, band 1b 44.2

Bep+ 54 488 664.3 70.0 7.10x10~*  HIFL band 1a 442

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



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

Collisions with e, H and H

Reactive collisions
IR pumping

2
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CH" and SH" are formed 1n the warm surface (Av~1.5 mag) where
the gas 1s partially atomic. Their column densities are well
predicted and CH™ 1s mainly formed by reactions with vibrational
excited H, (Agindez et al. 2010, ApJ 713, 662; Zanchet et al. 2014, AJ 146, 125)

WHY DIFFERENT LINEWIDTHS?

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



Orion Bar: CH", SH"
mwwoms  Av~5 km/s Av~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".

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



The ALMA view of the Orion Bar
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Figure 4. ALMA-ACA observations of several molecules, including the reactive ions SH™ and
HOC™ and complementary images of the Bar (Goilcoechea et al. 2017). All images have been
rotated to bring the FUV illuminating direction in the horizontal direction (from the right). The
upper row shows images of a) the Ha »=1-0 5(1) line at 2.12pym, delineating the dissociation
front (DF) (Walmsley et al. 2000); b) the Spitzer 8 pm emission produced mainly by PAHs, and
¢) the fluorescent 01 1.32um line arising from the H11/PDR boundary (Walmsley et al. 2000).

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



The ALMA view of the Orion Bar

Table D.1. Timescales, in hours, for chemical destruction by reactive collisions with Hy, H, ¢~ and by FUV photodissociation.

(Ha)" T(H)*
46h (1P em™~/ny) fii7 3. Th(10° em~/ny) (1 - fy, )

Tp=26h°

=46 h°
27 8het!UAr
Tn=T73h°

Notes. *Assuming Ty=T.=300 K. *For a FUV-radiation field of y=10". “Total destruction timescale (rp) at A,=1 assuming ny=10° cm~ and
fiz=0.5. For CH* (HOC?), T is shorier (longer) than the timescale for non-reactive collisions in their low-lying rotational levels (see Table [0.2.).

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



WISH: Constraints on low-mass to high-mass protostars
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Benz., A., et al. 2016, A&A 590, 105




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

300 et Low mass stars: a high
e FUV luminosity (1.5L_ )

—< 1s required to explain
b OH*

\ Pl == radigion CH*  H.O* Ob S ervations .

H, & disk wind

High mass stars: The
estimated UV flux is lower
than that predicted at the

Fig. 10. Cartoons of three scenarios described in the text dlStance Ofthe HerSChel
for the origin of the observed CHT, OH*, HoO*, and C*

absorptions. A: Irradiated outflow walls with slow shocks beam. EXtinCtion by a

entraining the outer layers of the walls; B: disk wind ir-

radiated by protostellar FUV; C: fast dissociative shocks Circumstellar dlsk‘?
irradiated by protostellar FUV. ’

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



Star forming regions (dust)



Monoceros R2 (HOBYS, PI: F. Motte)

PACS+SPIRE

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



Monoceros R2
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Didelon, P,, Motte, F, Tremblin, P. et al. A&A, submitted



Monoceros R2

Table 3: Properties of the neutral envelopes surrounding the four H nn regions of Mon R2
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Monoceros R2

Centre region
T T

Size of the H; region [pc]

g )
u'UD{I 50 100 150 200

Time [kyt]
__ n={1B7E4 em ) «{rfpcy " n=(B.56E3 em ) =ir/pe) *F

no grav noe gray
—- n=2.50E5cm *, with grav - - Observed size

— n=1.65E6 cm™?, with grav

Table 4: Estimations of expansion time for the four Hu regions of Mon R2

Analytical calculations and simulations without gravity Simulations with gravity Adopted
Constant density Decreasing density Constant density Dec.density | expansion
Region {Oinitial) ISpitzer Pc Texp (calc) Texp (simu.) | {Oinitial Max Texp (simu) Texp (simu) time
[em™]  [kyr] | [cm™] [kyr] [kyr] [cm™] [kyr] [kyr] I
(D 2) 3) “4) 3) (6) (1) (8) ®) (10)
central 2 x 10° 54 2x 10° 58 53 1.7 x 10° 133 - 0 90 + 40
western | 2.4 x 10* 92 1 x 109 108 98 1.7 x 10* 215 - =
eastern | 1.5x10° 23 | 4x10° 24 23 8 x 10° 170 24 25+5
northern | 3x 10> 310 | 25x10° 370 355 5x10° 3700. 350 + 50

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



The global dust SED

ot DustEM

Gsil —

DHGL (Daiffuse interstellar medium at High Galactic Latitude)

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



The global dust SED

Table 2. DHGL dust model abundances and size distribution pa-
rameters (see §4.2). Y is the mass abundance per hydrogen for
each dust component. f3;_ 1s the dust component mass as a frac-
tion of the total dust mass.

o Ao Y T,
(rarm)
PAH 01 064
SamC 035 20

@  Gmn  Gc, G Y
(nm) _ (nm)
LamC -28 40 150 2.0
aSil 34 40 200 2.0
TOTAL

DHGL (Daiffuse interstellar medium at High Galactic Latitude)

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



Dust evolution 1in the Orion Bar
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Fig. 1. Orion bar maps observed by IRAC, PACS and SPIRE instruments. The red circle bottom right stands for the FWHM for each

channel, and the black star shows the location of the illuminating source. The saturated pixels are “indicated in black.

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



Dust evolution in the Orion Bar
(DustEM+DHGL)

IRAC 3.6 pm PACS 70 um PACS 160 um

SPIRE 250 pm SPIRE 350 um SPIRE 500 um
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Arab, H., Abergel, A., Habart, E., 2012, A&A 541, 19




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

IRAC 3.6 pum
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PACS 70 um

FACS 160 pm

12010
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SE
2x10 g.0x10*F
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Yo (M/My) Ysume Viame Visi €FIR Ippr (PC)
Diffuse ISM model (Fig. 9) 78% 107 1.65x 107 | 145x 107 | 7.8x 107 | eo(d)° 0.45
PAH depleted model (Fig. 10) 1.1x 104 165x 10 | 145x 107 | 7.8% 107 | el (4)® 0.45
PAH depleted model + ep; enhancement (Fig. 11) 2.36% 1074 1.65x 107 | 145% 107 | 78% 107 |2 X gpld) 0.25

Notes. ‘@ e (4) is the FIR emissivity presented in Fig.A1 from Compiégne et al. (2011).
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Arab, H., Abergel, A., Habart, E., 2012, A&A 541, 19




Bimodal dust distribution in IC 434

Spitzer
_|_
HERSCHEL

052 1= 4p a8
Right Ascenslon
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e

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



Bimodal dust distribution in IC 434

ODW/IDW
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Ochsendorf & Tielens, 2015, A&A 576, 2



Towards Xgal



[CII] in the Orion Molecular
Cloud

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)



[CI]/L . in Xgal

Star-formation Rate (Milky Way & normal galaxies)

Mk Way ——
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ApJ 728,7

CII] deficit in ULIRGs
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[CII] 1s a good SFR tracer in
nearby galaxies.
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|CII] 1n Orion

—5°18'00"

~5°20'00"
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Figure 1. (Left): Composite image with the H41a (green). [Cu] 158 yum (blue) and CO 2-1 (red) integrated intensities. The position of the main sources in Orion
are shown. (Right): HerschelfHIFI map of the continuum-subtracted [C ] 158 gm line (integrated intensity from 0 to 17 km g 1),

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



|CII] 1n Orion

[c11) _ * Non-local, non-LTE grid:
-T=T g + T gus (160pm)
- FIR pumping (strong background)

300
- Line-trapping and broadening

Extended OMC1 face:

i 5 - T, >110K

) -3,
log,q ny (cm 7)

FUV-illuminated face (C+) . % n H p- 5 UUU C m'3

Molecular Cloud (CO, FIR....)

Dense PDRs (Bar, Trapezium

e dr T.>300K~> n,>10°cm?

Dense PDRs (including the Bar)

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



[CII]/L . in Orion

T gust (160pmm)

L([c1])/L(CO 2-1)

150 0 —-150
Aa (”)

Guiwcu’wu Tcyooiu, Etxaluze, 2015, ApJ 815, 75




A6 (arcsec)

1n Orion

[CIIJ/L, .

Table 1
Average physical parameters in OMC 1

Les/Lrr Leoz-1/Lerk Les/Looz-1 Lar/MGas Gg
(Ly/Mz)  (Habing field)

3.6x1076 1100 54 7.5x10°

3 1.2x107° 1000 77 1.9x10%

4.5%107° 1150 45 3.3x10°

Aa (arcsec)

Tdust( 1 'BU,LLH])

150 1072 < ¢*/FIR < 1072

0
Aa (arcsec)

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




[CII]/L_, . in Xgal vs Orion
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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.

1) Reactive 1ons as a probe of external layers of PDRs.

11) Chemistry + excitation need to be coupled in the warmest
layers of the PDR where very reactive 1ons survive.

111) Dust composition is essential for chemical models.

iv) Galactic PDRs as Xgal patterns.
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