Physics 224
The Interstellar Medium

Lecture #8: HIl Regions
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Radiative Recombination

Electron can recombine
to any level.
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Energy not to scale



Radiative Recombination

1s

Ephoton = InI + Ekinetic

4 49 41 oton
3B 39 Echoton > 13.6 eV
2p

Hydrogen

Energy not to scale

Photon can ionize another H atom immediately
it there is enough H around!



Radiative Recombination

"Case A": optically thin to ionizing radiation,

every ionizing photon from a recombination can escape

good approx for hot, collisionally ionized gas

"Case B": Optically thick to ionizing radiation,

recombinations to n=1 do not reduce ionization state of gas

good approx for “HIl regions” =
photoionized nebulae around young, massive stars
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Radiative Recombination

"Case A": optically thin to ionizing radiation,

every ionizing photon from a recombination can escape

oo n—I
A N O total recombination rate =
(L) = pe( L
A( ) n>—1 ?_6 ne( ) sum of recombination rates to all levels

"Case B": Optically thick to ionizing radiation,

recombinations to n=1 do not reduce ionization state of gas

x> n—I1

ap(T) = Z Z ane(T) = aa(T) — ars(T) same but 1s rate is omitted
n=2 {=0
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Radiative Recombination
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For all but the highest n levels, collisions are much slower
than radiative transitions -> recombination produces a
characteristic spectrum ot Hydrogen emission lines.



Radiative Recombination
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allowed radiative decays for: n>n" and I-I'=+1

Einstein A coefficients + selection rules -> “branching ratios”



Radiative Recombination

4 4o = 4 4f

2s 2p Paschen o
J U\ Balmer o

1s



Radiative Recombination

2s 2p Paschen o
J U\ Balmer o
JU U Lyman o

For Case B, need to recognize that cross section for Lyman
transitions is big, bigger than even photoionization cross section.

o (15 km s~}
for example: TLya — 8.0 X 10* ( ; ) TLyC.



Radiative Recombination
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:

Lyman photons will be absorbed immediately.
“resonantly scattered” with small changes in freq

until a non-Lyman transition occurs



Radiative Recombination

4 4o — 4 4%
2s 2p Paschen o

:

Case B: rates for Lyman transitions -> O
distributed instead among other transitions



Other Recombination Processes

* Dielectronic: capture ot incoming electron excites
one of the other bound electrons -> 2 excited e-

 Dissociative: molecular ion captures e-, dissociates

» Charge exchange: one important reaction is O* + H
<-> 0 + H*

* Neutralization by dust grains
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Outline

* Part|l: HIl Regions
* Part Il: Collisional Excitation
* Part lll: Nebular Diagnostics

* Part IV: Heating & Cooling in HIl Regions
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HIl Regions

Stromgren’s insight:

HIl regions surrounding massive, young stars are
regions where H is ~fully ionized with a sharp boundary.

We heard on Friday about the full calculation that

shows this is the case.

We can use this to estimate HIl region properties as follows...
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HIl Regions

Stromgren’s insight:

HIl regions surrounding massive, young stars are
regions where H is ~fully ionized with a sharp boundary.

lonizing photon L
IP recombination rate

U

production rate
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HIl Regions

Stromgren’s insight:

HIl regions surrounding massive, young stars are
regions where H is ~fully ionized with a sharp boundary.

lonizing photon L
IP recombination rate

U

production rate

# lonizing
photons per sec
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HIl Regions

Stromgren’s insight:

HIl regions surrounding massive, young stars are
regions where H is ~fully ionized with a sharp boundary.

lonizing photon L
IP recombination rate

U

production rate

# lonizing
photons per sec volume of

Stromgren sphere
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HIl Regions

Stromgren’s insight:

HIl regions surrounding massive, young stars are
regions where H is ~fully ionized with a sharp boundary.

lonizing photon L
IP recombination rate

U

production rate

# lonizing recomb rate

photons per sec volume of ver volume

Stromgren sphere Case B!
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HIl Regions

1/3
3 _

At n,, T4,and Qo’49

here:
where Reo ~ 3pc

Qo.19 = Qo/10%s™1

D 3 Decreases in size when n increases.
no = ny/107cm

Increases when Qo InCreases.
T, = T/10%K
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HIl Regions

Stromgren’s insight:

HIl regions surrounding massive, young stars are
regions where H is ~fully ionized with a sharp boundary.

ransition from ionized to neutral will be approximately
the mean free path of ionizing photons in HI.

P —1
1 - n(HY)
ity = — = 3.39 x 10*" :

P n(HY) op (1 0111_3) o

here: mfp for 18 eV photon
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HIl Regions

Calculation from Stromgren (& ch 15.3 in Draine)
of ionization fraction as a function of radius

7 1 —y?
~ T
1 —x 3y? S\
/ Ts = Ny Opi Rso
X = ne/nH Y = F/Rgo

Can calculate “typical” value from radius where 1/2 of mass is enclosed

(1 —2pm) = 1.1 x 1072Qq 14°ny 1/
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HIl Regions

imescale for ionization is short:

# H to ionize

_ (4/3)7Ring 1 1.22x10%r

Tioniz = —
Qo AT H Uy,

# ionizing photons per sec

lonization equilibrium happens quickly after star turns on.
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HIl Regions

WAVELENGTHE (nm)
60 43 33 27 23
| |

HIl regions have more

than just H in them,
lonization structure In

other elements
depends on stellar
spectrum and density.
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HIl Regions

Next abundant element: He
lonization potential 24.59 eV

LOG F,, (ergs cm™%s”

He in stellar atmospheres means

"Cool” < 40,000 K star
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not much past here



HIl Regions

Next abundant element: He
lonization potential 24.59 eV

HO, He'

LOG F,, (ergs em- % s

H
lonizin

T

| |
R ————

| |
Se——r—

l

He in stellar atmospheres means

"Hot” 40-100,000 K star
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HIl Regions

Next abundant element: He
lonization potential 24.59 eV

H’, He’
For stars or 1onizing sources

with enough photons at E > 54.4 eV
get He™ zone
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HIl Regions

Photoionization Mode

coupling of ionization state, ste
density, temperature, etc for mu

INg:

ar spectrum,

tiple species

Cloudy & cf44o0ciates

Photoionization Simulations for the Discriminating Astrophysicist Since 1978
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Part |l: Collisional
Excitation
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Collisional Excitation

is important because:

1) it can put electrons in excited states t
decay and remove energy from t

nat radiatively

ne gas

2) radiative transitions fed by collisional excitation give

us very useful diagnostics of gas conditions
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Collisional Excitation

wo Level Atom

1 collider Assume no background
radiation field
o- (i.e. ignore stimulated emission)
0

dn4/dt = (rate of collisions from 0 to 1) -
(rate of collisions from 1 to 0) -
(spontaneous emission from 1 to 0O)

~ *per volume
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Collisional Excitation

wo Level Atom

1 collider Assume no background
radiation field
~ (i.e. ignore stimulated emission)
0
dn4/dt = (rate of collisions from 0 to 1) - dnq/dt = n. ng ko1 -
(rate of collisions from 1 to 0) - Ne N k1o -
(spontaneous emission from 1 to 0O) n1 A1

~ *per volume
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Collisional Excitation

wo Level Atom

1 collider In steady state:
dn¢/dt =0
—_— ° 0 N1 Nc kO1

No Ne k1o + Ao



Collisional Excitation

wo Level Atom

collider In steady state:
dn¢/dt =0
e_
—_— O N1 B Nec kO1
No Ne k1o + A1o

g1 _
kop = —kyge ™ P10/ Flaas
go

from detailed balance:



Collisional Excitation

2 ( 1 ) g_le—Elo/kTgas
0 1+ Ao/ (nckio) ) go
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Collisional Excitation

" - ( 1 ) 9_1€_E10/kTgaS
"o 1+ Ao/ (ncki0) ) 9o
| y | Ao
define “critical density” Nerit = k—
10

ratio of collisional to spontaneous rates
that depopulate level 1



Collisional Excitation

@ — ( 1 QB_EIO/kTgaS
g L+ Ao/ (nckio) ) go
. 1 <y . " A].O
define “critical density Necrit = T
ratio of collisional to spontaneous rates 10
that depopulate level 1
E — 1 ﬂe_EIO/kTga,s

% 1 T ncrit/nc g0



Collisional Excitation

@ — 1 ﬁe_EIO/kTgas

Uz 1 T ncrit/ NnNe /] 4o

When nc >> nqit, level populations are set by the gas
temperature and degeneracy - “thermalized”

When n. << ngit, factor in parenthesis goes to n/Nerit,
population in level nq is “sub-thermal”
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Collisional Excitation

General formulation takes into account stimulated emission
and absorption too...

ny nckor + (1) (91/90) Ao
(n ncklo -+ (1 + (nW))Alo |

general definition of ngit:

where: (1+ (n,))A10

Nerit —
3 k1o

(1) = iy
_ | 74
T 8rhyd

is the photon occupation number

© Karin Sandstrom, UC San Diego - Do not distribute without permission



Collisional Excitation

Usetul to rewrite this with brightness temperature:

1
<n’7> - th/kTB _ 1

E — 1 ‘ﬂe_ElO/kTgas { 1 gl e—hl//kTB‘
o 1 + Nerit /e ) Go 1+ ne/Nerit ) 9o

Ratio of n</nqrit determines if level populations track gas
temperature or radiation field temperature!

© Karin Sandstrom, UC San Diego - Do not distribute without permission



Critical Density

Multi-level atoms

ratio of total radiative and collisional

depopulation rates to lower levels

note: only good in cases where gas is optically
thin to radiation from u->| transition



Part lll: Nebular
Diagnostics
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Nebular Diagnostics

Collisionally excited lines from ionized gas that
give us diagnostics for density, temperature, etc.

Two types:
1) temperature sensitive
2) density sensitive



Nebular Diagnostics

H 11 and He I zone®

HII and He II zone®

First good to note which atoms
and ions will be abundant
in HIl regions.

Element lon hv @V)? lon hy (eV)?
H HII 13.60 HII 13.60
He He | 0 He 11 24.59
C Cll 11.26 CIIl* 24.38

CIv 47.88

N NI 14.53 NI 20.60

NIV 47.45

0 Ol 13.62 O111 35.12

Ne Ne Il 21.56 Ne 111 40.96

Na (NaIDf 5.14 (NalD)/ 514

Nalll 47.29

Mg Mgl 7.65 (Mg IID)/ 15.04

(Mg I/ 15.04

Al ALl 18.83 (ALIV)f 28.45

Si Silll 16.35 SilV 33.49

(SiVy/ 45.14

S STl 10.36 SIII 23.33

SHi 23.33 SIV 34.83

Ar Arll 15.76 Ar Il 27.63

Arlv 40.74

Ca Calll 11.87 CalV 5091

Fe Fe Il 16.16 FelV 30,65

Ni Nilll 18.17 NilV 35.17
 Limited|to elements X with Ny /Ny > 107%,

® Jons that can be created by radiation with 13.60 < hr < 24.50eV.
“ lons that can be created by radiation with 24.59 < hy < 54 426V,
4 Photon energy required to create 1on

“ lonization potential 1s just below 24.59 eV

' Closed shell, with no excited states below 13.6 eV,
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Temperature Sensitive Line Ratios

What we want:

two levels that can both be collisional

at typical HIl region temperatures (~

04

y excited

K) but which

have different enough energies that the ratio

of populations depends on temperature of the gas

Requires two energy levels with E/k < 70,000 K
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Temperature Sensitive Line Ratios

1S, 61207 g,=1 4
. . ? 4 0 4
best candidates: np* & np
E/k (K)
'S, 47033 g,=1 4 1
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