Monochromatic luminosity, vL, [Lg ]

Photo-Dissociation Regions

The far-infrared has its share of prominent emission lines
What type of env1r0nment 1S respon81ble for these relatlvely low- -energy transitions?
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Photo-Dissociation Regions

See image examples of PDRs at the course website

HII regions: prominent optical/infrared/radio emitters
PDRs: prominent infrared emitters (most FUV is absorbed
by dust, both large grains and PAHs)

One can think of PDRs as the interface between HII regions and molecular clouds, but the
formal definition 1s any region where the photon field 1s dominated by far-ultraviolet (FUV)

6-13.6 eV light, which corresponds to a wavelength range of A.

In addition to standard astronomical parameters like density, temperature,

and mass, it 1s common to characterize PDRs by: — ——— T
G Warmer rarefied medium

c(c) . T _4 ) 3 ’ H-H8 &

Habing units™: 1.2x10+ erg/s/cm¥sr or 1.6x10 erg/s/cm Transition Molecular lines

The average ISRF (interstellar radiation field) R

. . . - . ust continuum

in our solar neighborhood 1s ~1.7G,. POR.gERlIn

" 1es conl:t,il:'lsl.ltum Tg=s~10-10048
FIR Or TIR - . - : (e Tgas
A . ) -‘ . ~30-300K
Extremely B Tgas~ .

GO /n _ diffuse ; 300-3000K

Predominantly
molecular
o ions/atoms/
molecules

. electrons/ions B/ c°|dy
ASTR 5470  Physics of the Interstellar Medium s IRown Qubble apn ks =




Photo-Dissociation Regions

See Figures 1.8 & 1.9 in Tielens
Are these spectra consistent with ~1.7G,?

Since PDRs are flooded with 6-13.6 eV light, they 10
are by by definition

the

Sense...

Photodissociation Region

But only in

Hot Star(s) or ISRF
»*

: Y%

UV Flux - N

H* iH‘/H H H/H, H,

UV Flux ) C' C'/C/CO CO
-1 o 0/0,
. T.>T,

S| T =10 10°K T,.=10-10°K
7-) v 1 1|o

AA <0.1 A, (magnitudes)

Hollenbach & Tielens 1997 & Figure 9.1 of the Tielens text
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(i
|
m-'“:
|
10"

CMB

cool stars dust

PAHs
OB stars
1020 | "

Intensity

| ot gas
10 4
102

107 13 1ot 1! 1
Me . .
(em) Tielens Fig 1.8

All of the atomic and most of the molecular
cloud material are in PDRs. -

Heating
Some es are liberated from metals in PDRs

(can you name two?), but metals are
relatively rare and so most of the heating
of PDRs is via the on

What fraction of the incident FUV flux
1s converted to photo-ejected electrons?



Photo-Dissociation Regions

Photoelectric Heating UV Pumping of H,

Recall that the maximum efficiency of

photo-electric heating is ___ for large -
grains and ___ for PAHs (and will be foun = n (MF)
smaller if the grains are ).

Another avenue for heating PDR gas is
H, pumping. FUV photons pump H,to a
bound excited electronic state, followed
by fluorescence down to either the
vibrational continuum of the ground state
and (10-15% occurrence)
or to an excited vibration of the ground
electronic state (85-90% of the time).

\

\% COLLISIONAL
DEEXCITATION

DISSOCIATION

-3
n-:»nm.--ﬂ.'l4 cm

€gramn ~ ¥ (m’-h_u:_%) E...z"'( 12;:’ ) Th,

Hollenbach & Tielens 1997

At high densities (n>10* cm), collisions
with H can be an important de-excitation mechanism, leading to gas heating. The efficiency is
em~(Evi/hV)fi~0.17f,. When G¢/n<102 cm?, H, self-shielding is important, the H/H, transition
is near the PDR surface, most of the photons that can pump H, are absorbed by H, rather than
dust, and fi,~0.25.

ASTR 5470  Physics of the Interstellar Medium 4



Photo-Dissociation Regions

Object NGC 2023 Orion Bar NGC 7027 Sgr A M 82
Line intensities®
[OI] 63 em 4. (—3) 4. (—2) 1. (—1) 2. (—2) 1. (—=2)
[OI] 145 em 2. (—4) 2. (—3) 5. (—3) 7. (—4) 1.5 (—4)
[Sill] 35 p2m 2. (—4) 9. (=3) — 2. (—2) 1. (—2)
[CIT] 158 pum 7. (—4) 6. (—3) 1. (—2) 2. (—3) 2. (—3)
[CI] 609 pem — 5. (—6) 1.8 (—6) 4. (—=5) 2. (—5)
H, 1-0 S(1) 5. (=5) 2. (—4) 8. (—4) 9. (—4) 5. (—5)
COJ = 1-0 3. (—8) 4. (—7) 1.5 (—6) 7 (—7) 2.6 (—7)
COJ = 7-6 5. (—5) 2. (—4) —b 1.5 (—3) 5. (—5)
COJ = 14-13 — 3. (—4) —b 3. (—4) —
FIR® 8. (—1) 5. (0) 4. (1) 5. (1) 6. (0)
PAHsd 9. (—2) 1.5 (—1) 1.8 (0) — 1.4 (—1)
Gy 1.5 (4) 4. (4) 6. (5) 1. (5) 1. (3)
Physical conditions

Interclump

1 [em—3] 7.5 (2) 5. (4) 1. (5)¢ 1. (5) 1. (4)

T [K] 250 500 1000 500 250

MM, 0.2 0.6 0.3 0.04 0.1
Clump

n [em™3] 1. (5) 1. (7) 1. (7)° 1. (7) —

T [K] 750f (2000) (2000)© (2000) —

f, 0.1 0.005 0.05 0.06 4. (—4)

References® 1-5 6-8 9-13 13-16 14, 17-19

[ntensities in units of erg cm ™

—1 —1

ST

See also Table 9.3

The gas in the surface layer of PDRs is heated to
several hundreds of degrees Kelvin, and drops off as
you proceed into the molecular clouds. The dust grains
hold onto a more steady temperature of ~30-75 K.
Why are the deeply-buried dust grains at a similar

temperature to the grains near the surface?

ASTR 5470

Physics of the Interstellar Medium

n{i)/n

n(i)/n

Temperature, K

Cooling, erg om™S sec ™!

Hollenbach & Tielens 1997 §



Photo-Dissociation Regions

Cooling
Usually we are accustomed to dust grains being much cooler than the gas (HII regions).

How can the deeply-buried gas in PDRs be cooler than the deeply-buried dust?

Notice how C* drops off at Ay~4 mag. Moreover, see how the cooling is dominated by O
and C* at small optical depths, and then by C and CO deeper in. Why?

ASTR 5470  Physics of the Interstellar Medium



Photo-Dissociation Regions

[CII]158um is the THE TorP 10 MosT LUMINOUS EMISSION

dominant coolant of LINES OF STAR-FORMING GALAXIES
the neutral ISM, partly
because carbon 18

. 0.25
relatively prevalent i B oOPTICAL
and partly because the °  o.20 ¥ MiID-IR
transition is so B an B FIR
energetically weak o
that it only requires J o.10
collisional excitations W g oo i
from cool gas @ < fE
AE/k~91 K. o o '
- e* 8 B £ £ B B B B =
It is also perhaps fh %00 8 8 N
tis also perhaps rhe = m s T e e T
brightest observed line. . TEE S . e 3
: ° M @ g " 1n 3 °
~N =] 0
= ID. Smith,
WAVELENGTH(PM) * LINE private communication

Hydrogen is far more abundant than carbon, so why aren't Lya/Ho/Hf/etc brighter in
galaxies?

ASTR 5470  Physics of the Interstellar Medium



Photo-Dissociation Regions

Now compare C* and O:;
[CII]158um and [OI]63um are responsible for the bulk of the gas cooling in PDRs (at least

down to Ay~4 mag), with C+* cooling the colder, less dense gas and O cooling the warmer,
denser gas. Can you think of a reason why O would cool warmer PDR gas (than C*)?

Kaufman, Wolfire, & Hollenbach 2006

R 4 _[ T T T '| T T T ] I T T l_
g [ T ]
§_F -, :
~ 3 T T T T
s 5 ]
“ L HII Region ; PDR .
s 2F Nk
=} L : T n

S [ n :

an e — B
o 1 I I L - P | | I 1]
:l T 1 T '| T I . . I 1 T l:
0t P 3
— b HI K N ———— E
g E /r : A HE ]
< -1r S .
g f /s :
=] - ~ I -
- -2 P ‘\ —
¥ CF HI " i \ ]
— C e — - P J __HI 3
SBE—" P —
=l I I I | | | I h | I =
—l 1 T U | T I U ; . I T 1 I_
r o | 7
— i
E L I i
g 6 —— D B
= Si*__ ——" -
an — e ™ - I’_f- -
o -8F Fet -7 -
-L'_' - ’_‘.F.-I_.--. _.-I | I L |-

19.2 19.4
log,e[r/cm]
Fic. 16.—Schematic representation of the merged H n region and PDR
models. Py = Pppr. Starburst99 is used for the cluster spectrum. Mappings is Fic. 18.—Structure of a merged H u region/PDR model, for H 1 region electron
used for the H n region structure; emitted H n region spectrum; [Fe ul; , density n, = 10 cm~* and number of H-ionizing photons ®; = 10*’ s~!. The star

[Si uyy . and [C 1]}, emission; and Rs. The emitted spectrum plus Rs gives G.
Our PDR models give [Fe u]ppg, [Sit]ppg, [C 1t]ppr, and H; emission. A4y in the
H 1 region is =1, Ay in the PDR is 22, and A4j-at the H /H; boundary is <1.

cluster is to the left, and the H 1 region extends to ~3.3 x 10" e¢m. The transition
region (see § 3.1) is indicated by the dotted lines. Top: Temperature and density.
Middle: Fraction of H nuclei that are ionized (H u), neutral atomic (H 1), or
molecular (H,). Bottom: Fractional abundances of C*, Si*, and Fe'.
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Photo-Dissociation Regions

PDR Surface Temperature [K]
I \ \ I : \ \

log,,[G,]

2 4 8
log,o[n/em=3]
F1G. 1.—Surface temperature of the atomic gas as a function of n and
G, Contour levels are in kelvins.
([0 1] 83um)/1([C 1] 158um)
‘ T ‘ T ‘ T T

log,,[n/cm-3)

FIG. 4—Ratio of the intensity of the [O 1] 63 um line to the intensity of
the [C ] 158 um line emitted from the surface of a photodissociation
region as a function of the cloud density, n, and the FUV flux incident on

the cloud, G, for our standard model parameters. AS TR 5 470

(1([0 1] 63um) + I{[C 1I] 158um))/I(FIR)

F1G. 6.—Ratio of the intensity of the [C u] 158 um and [O 1] 63 um
lines to the total far-infrared intensity emitted from the surface of a photo-
dissociation region as a function of the cloud density, n, and the FUV flux
incident on the cloud, G, for our standard model parameters. See text for
cautions on using this figure.

Kaufman, Wolfire, Hollenbach, & Luhman 1999
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Photo-Dissociation Regions
Herschel Space Observatory spectroscopic targets overlap with Spitzer Space Telescope spectral regions

SR RS VUL ST R R B b s T

13m00.0s |-

12m00.0s |-

11m00.0s =
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NGC6946 @ 8um . i
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I i L i i I L i i L I i i L L I i i L i I L L
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A.A. (2000)
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Photo-Dissociation Regions

Herschel Space Observatory Far-IR Spectroscopy

NGC3521 @ 24um
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Spectral cut-outs

for different regions

within a single
galaxy.

Why does the
line center not
always appear
at the same
wavelength?
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Photo-Dissociation Regions

—oSpll"lal |

| As expected, [OI]163/[CII]158 increases for

L]
| olentic ¥ |increased dust temperature, supporting the
oelliptical N * : ,
c «rregular notion that neutral oxygen cooling of PDRs
3 [2peculiar P ° loccurs for the warmer (and denser) gas.
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Photo-Dissociation Regions

[CII]158um as a SFR Indicator

log N ZSFH [M@ yr'1 kpc'z]

Herrera Camus+2015

t > 20 Myr

B 12+log(O/H) < 8.1
_3.5F @ NGC 2146 =
¢ NGC 2798
« NGC 4254
_4 1 1 1
37 38 39 40 41

-1 -2
Iong[C”] [ergs  Kkpc 7]
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Linear relationship

Interpretation via

Starburst99 model:

e 6-13.6 ¢V luminosity
illuminates PDR

« Assumes photo-electric
heating

o L(C*) ~ ¢ L(FUV)

hv 'E-

E:PAH e fl'l (h\-’h:r|P)

Hollenbach & Tielens 1999
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Photo-Dissociation Regions

The Ubiquitous “C* Deficit”

I I 1 I I 1 1 I I I 1 I 1 1 IIIIII PP rrrrn [ | IIIIIII UL LLLLL LILELELELLL
0.01 g —
I ’
= I .
= *
£ ¢ | |
C%U 001 ** o —
0o - ® °© K ¢ ¥ T *
— - ¢ < I ’
= I 0o® ° T )
(@) . % O
— -ospiral o T -
olénticular *Q # 0 %
oelliptical o T o ]
wlrregf; ar
apeculiar
0-0001 :_p | | = | | B B
Brauhers 2008 0.5 1 0.01 0.1 1 10 100
fv(GO,u,m)/fu( 100;1,1‘11) FIR/B
ASTR 5470  Physics of the Interstellar Medium 15



L[cmf Lg (%)

1.00

0.10

0.01

Photo-Dissociation Regions

C* deficit as a function of SFR surface density (Zsgr)
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Photo-Dissociation Regions

| | I
Brauher+2008

|
0.01 | 4
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= ? p0d @ 2 i
B @ O o i
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Addressing the “C* Deficit” — ISO work

— — = — —

Lo
Sy
S Lo g -
E I . :
2 T r K NGC8946

- g NGC1313 ¢

[ E NGCED46
- NGC1313
4 _ § 1S0-KP sample

Log [CII]/v (5~ 10mm)
e

1 1 | L 1 | 1 L | | 1 L J 1

-0.6 -0.4 -0.2 0
Log £, (60um)/f (100um)
Contursi+2002

Highly-charged PAHs contribute
fewer free electrons to ISM,
necessary to trigger [CII]157.7um

But since most neutral ISM
es come from PAHs, the C*/PAH
ratio 1s constant ...
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Photo-Dissociation Regions

Herschel data for NGC1097 and NGC4559
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Spitzer & - .
Herschel: o 008 T —— j
E 0.06 1 T I -
- ~ . T AT ) ;
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