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* Part |: Nebular Diagnostics

* Part ll: Heating & Cooling in HIl Regions
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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

_ElO/kTgaS

m:( 1 )we
no 1+ Ao/ (nckio) / go
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Collisional Excitation

" - ( 1 ) 9_1€_E10/kTgaS
no  \1+ Aiw/(nckio) /) go
| y | Ao
define “critical density” Nerit = k—
10

ratio of collisional to spontaneous rates
that depopulate level 1



Collisional Excitation

v (0 Vo
no 1 + A/ (nekio) ) go

Ao

define “critical density” Nerit = T
ratio of collisional to spontaneous rates 10
that depopulate level 1

E 1 QB_EIO/kTgaS

2% 1 1 ncrit/ e /4o



Critical Density

Multi-level atom & including radiation ftield:

Neri (c) — ZZ<U[1 T <n7>ul]Aul
crit,u — Zl<u kul(c)

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



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 I and He 1 zone®

H Il and He Il zone®

Element lon hv (eV)? lon he (eV)4
H HII 13.60 HII 13.60
He He | (0 He I1 24.59
C CII 11.26 CIIl* 24.38

CIV 47 88

N NI 14.53 N 11 20.60

NIV 47.45

0 O 13.62 OT1I 35.12

Ne Ne II 21.56 Ne 111 40.96

Na (Na I/ 5.14 (Na I/ 5.14

Nalll 47.29

Mg Mg I 7.65 (Mg 111/ 15.04
(Mg III)* 15.04

Al ALl 18.83 (ALIV)Y/ 28.45

Si Silll 16.3¢ SilV 33.49

(Siv)/ 45.14

S STl 10.36 SIII 23.33

S 111 23.33 SIV 34.83

Ar Arll 15.76 Ar I 27.63

ArlvV 4074

Ca Calll 11.87 CalV 50.91

Fe Fe 111 16.16 Fe IV 30.65

Ni Ni 111 18.17 NilV 35.17
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First note which atoms
and ions will be
abundant in HIl regions.

pick elements
where Nx/Ny > 10°

“ Limited|to elements X with Nx /Ng > 1075

® Jons that can be created by radiation with 13.60 < hv < 24.59 eV,
“ Ions that can be created by radiation with 24.59 < hi < 54 .42¢eV.
4 Photon energy required to create ion

“ lonization potental 1s just below 24 .59 eV,

f Closed shell, with no excited states below 13.6eV.



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



Temperature Sensitive Line Ratios

. 1S, 61207 g,=1 4
. 2 4 0 4
best candidates: np* & np
E/k (K)
'S, 47033 g,=1 4 35
© (V]
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D, 29169 g€,=5 3
D, 22037 g5=9 3
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(@) 0 @)
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8P2 188 g2:5 2 31:)2 441 g2:5 2
5p 70 8,=3 1 3p 163 £,=3 1
Py 0gp=1 0 P 0 8= 0
N II O 111
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Temperature Sensitive Line Ratios

Ground Terms
configurattion (i order ol increasing encrgy)  Examples
ns' *S1/2 HL Hell, CIVNV, O VI
NS 'So He LCIHILNIV,OV
np' P > 2/2 - : :
np’ 'Po.12. D2, 'So CI,NIIL OIIl, NeV, STII
0 488 DR Pl an T NETV ST ATV
np’ 'P2.1.0. D2, 'So OI, Nelll, Mg V, Arlll
.np’ P35 172 eI Nalll, Mg IV Ar
P 'So Nel, Nall, Mg I, Ar Il

Cl,Ol don't exist in HIl regions (carbon is ionized)
NeV, MgV is too highly ionized

NII, Olll and SllI are useful temperature diagnostics
(Ne Ill and Ar Il useful as well, but reqg higher energy photons)

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



Temperature Sensitive Line Ratios

E/k (K)

1SO 47033 g4:1 *

not all transitions have A
values that make them

0756.2

astrophysically important

3063.7

D, 22037 g5=95 ' ’

6549.9
6585.3

P, 188 g,=95
5P, 70 g,=3

°P, 0g,=1

N 11
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4 Nerit,4 ~ 107 cm-3

at typical HIl region densities,
NIl transitions from 'Sg and D>
are below critical density

3 Ngit3 ~ 7.7x10% cm™3

means:

approximately every collision
2 results in a radiative decay
0 (i.e. A wins over k)



Temperature Sensitive Line Ratios

E/k (K)
1S, 47033 g,=1 — 4
Power from 4-3 transition per volume =
@ = (rate of collisions per vol that populate 4) x
Lo © . . . . .
51 8| (fraction of radiative transitions in 4-3) x
(energy of 4-3 transition)
D, 22037 g5=95 ’ . 3 P(4 3)
—3) =
o) ™
@' 0 No Ne |<o4 X
1@ 1@
o © Aaz/(Agz+As1) X
P, 188 8,79 2 Es3
AT !
’ ° N 11 *note: collision rate from 0,1,2 are all ~equal and

energy difference is negligible so treat all in O
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Temperature Sensitive Line Ratios

E/k (K)
1S, 47033 g,=1 —1 4
Power from 3-2 transition per volume =
~| ~| (rate of collisions & radiative transitions
% % that populate 3) x
(fraction of radiative transitions in 3-2) x
D, 22057 825+ . (energy of 3-2 transition)
o 2 P(3—-2) =
i No Ne (ko3 +koaAaz/(Aaz+As)) X
P, 188 g,=95 2 A32/(A32+A31) X
TSR 5 E3

N 11
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Temperature Sensitive Line Ratios

E/k (K)
1S, 47033 g,=1 —1 4
Power from 3-2 transition per volume =
~| ~| (rate of collisions & radiative transitions
% % that populate 3) x
(fraction of radiative transitions in 3-2) x
D, 22057 825+ . (energy of 3-2 transition)
o 2 P(3-2) =
i No Ne (ko3 HkosAsz/ (A43+A41)|) X
P, 188 g,=95 2 A32/(A32+A31) X
TSR 5 E3

N 11
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Temperature Sensitive Line Ratios

E/k (K . .
/k (K) Line Ratio:
1S, 47033 g,=1 . » 4
P(4 — 3) _ Ayslyg [ koa( Az + Asp) ]
P(3 — 2) A32E32 kog(A,B T A41) aE li?04A43
AV O~
© ™
(@) @)
>~ @)
(@) ™
D, 22037 g5=95 ' . 3
(o) ap);
» O
< 0®)
(@) W
N@) O
P, 188 g,=5 2
3p =3
b, 0g=] 0

N 11
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Temperature Sensitive Line Ratios

Collisional rate coefficient for exctiation/de-excitation:

B hz 1 Qul(T)
]f'ul — <0.U>u—>l — (27Tm€)3/2 (kT)1/2 Ju

Detfine “collision strength” Q

separates gas temperature from atomic properties

Detailed balance lets us get ky from ky,
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Temperature Sensitive Line Ratios

P(4 — 3) _ Asp3Ey3 | Qqo(Aszz + Asz1)
P(3 —2) AsyEsy |Q30(Agz + Aygr)eBs/F 4+ QyoAyz

Line ratio doesn’t depend on density,

only on temperature.

Only density insensitive below the critical density.

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



Temperature Sensitive Line Ratios

P(4 — 3) _ A43E43 - Q40(1432 A31)
P(3—2) AsFEs |Qs0(Ass + Agp)ebss/kT 4+ QuoAys

quantum mechanics

Line ratio doesn’t depend on density,

only on temperature.

Only density insensitive below the critical density.
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Temperature Sensitive Line Ratios

P4 — 3) _ Agzby - Qy0(Aszz + As)
P@3—2) AszEsz |Q30(As3 + A41 {40A43_
quantum mechanics gas temperature

Line ratio doesn’t depend on density,

only on temperature.

Only density insensitive below the critical density.
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Temperature Sensitive Line Ratios

0.01 |

[0111]4364.4 ]

[0111]5008.2

_3 ! ! ! !
106 "8 9 10
T(1

| | | | | L1 1
12 14 16 18 20

03 K)

0.1

0.01 ¢

10-3

[NI1]5756.2 -

[NI1]6585.3

8

9
T(1

Why this behavior at high n?

for [N”]I Nerit,5756.2 ~ 107 CI’TT3 and Necrit,6585.3 ~ 7.7X1 04 Cm'3
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Density Sensitive Line Ratios

What we want:

two levels at approximately the same energy

that can be col

ine ratio doesn’t ¢
does depend on
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isionally excited so that
epend on temperature but
collisional excitation rate



Density Sensitive Line Ratios

E/k (K)
2Ppo 58228 g,=R< . 3
1/2 4 .
S : best candidates: np
0| 00| 2~ °Pg , 50405 g,=4 4
NS S 2P$ ,, 50150 g,=2 3
aplNaniNas
|- 2~
O | <
<MD
2 —
Dg/g 38604 g,=4 o 23S
2Dg/2 38575 g1=6 1 2P8/235854 g4:4 4 ~| - | -
2P<1> , 35430 ga=2 3
/ || 2Dg/280530 g,=6 2
—| O HESES Do, 30345 g,=4 1
—| — aplNaplNap 3/2 1
S ===
< <
oyl 2o 21416 g,=6 2 o0
| — 5/2 o <
ol o~ 2[)3/221370 g, =4 1 Q0
[AVINAV; Q|
M| ™M o ; o
ol 50 o~ -
M RS <t| <t
| ~—
D~| -
| O
4 = 4 — 4 —
Sg, 0 80=4 0 485, 0 go=4 0 435, 0 8=4 0
O 11 S 1 Ar IV
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Density Sensitive Line Ratios

E/k (K)

2 —
P¢ , 58228 &, 2

2 —
P§/2 58225 g,=4

7322.2
7332.8
7331.7

2 —
Dg/g 38604 g,=4
eDo ,_ 38575 g,=6

5/2

2471.1
2471.0

3729.8
3727.1

4SO O g0:4

3/2

O 11
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Lets look at 2—0 and 1

Low Density L

— (0 transitions

Imit

at low densities, every collisional

excitation leads to a rac

P(2—0) = ng ne

lative transition

<02 E20

P(1—0) = ng ne

P(2—0) Eaxko

<01 E10

Eonfd0 _p i
o—En /KT

P(l — U) N E1oko B Ei0



Density Sensitive Line Ratios

E/k (K)

2 —
P¢ , 58228 &, 2

2 —
P§/2 58225 g,=4

7322.2
7332.8
7331.7

2 —
Dg/g 38604 g,=4

eDo ,_ 38575 g,=6

5/2

2471.1
2471.0

3729.8
3727.1

4SO O g0:4

3/2

O 11
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Lets look at 2—0 and 1

Low Density L

— (0 transitions

Imit

at low densities, every collisional

excitation leads to a rac

lative transition

P(2—0) = no ne ko2 E2o

P(1—0) = np ne ko1 E1o
P(2 — 0) _ Eaokoo IQOC—Ezl/kT
p(]. — U) Emk‘m 10

approximately equal



Density Sensitive Line Ratios

E/k (K)

2 —
P¢ , 58228 &, 2

2 —
P§/2 58225 g,=4

7322.2
7332.8
7331.7

2 —
Dg/g 38604 g,=4
eDo ,_ 38575 g,=6

5/2

2471.1
2471.0

3729.8
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Lets look at 2—0 and 1

Low Density L

— (0 transitions

Imit

at low densities, every collisional

excitation leads to a rac

P(2—0) = ng ne

lative transition

<02 E20

P(1—0) = ng ne

<01 E10

approximately equal



Density Sensitive Line Ratios

E/k (K .
S : Lets look at 2—0 and 1—0 transitions
2P§/2 58225 g,=4 3

e Low Density Limit
"D, 30604 £,=4 2 at low densities, every collisional
Do _ 38575 g,=6 1

5/2

excitation leads to a radiative transition

P(2—0) = no ne ko2 E2o

2471.1
2471.0

P(1—0) = no ne ko1 E1o

3729.8
3727.1

4SO O g0:4 O

% 0TI approximately equal ~
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Density Sensitive Line Ratios

E/k (K)

BP?/g 58228 g,=%2 4
2Po =4
Pg/2 58225 g4 3
2| | 2~
A Q2| ~—
(AVINaniNan
aplNaniNas
|- 2~
2o =4
[)3/2 38604 g, 2
2o =6
[)5/2 38575 g, 1
—| O
— | —
| 2~
< <
(AVINAV,
Q| —
| T~
[AVINAV;
~| D~
™
4SO O g0:4 O

3/2

O 11
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Lets look at 2—0 and 1—0 transitions

High Density Limit

Level populations set by collisions,
radiative transitions occur but don't
control the level populations

@ S @e_EQI/kT
ny g1



Density Sensitive Line Ratios

E/k (K .
S + Lets look at 2—0 and 1—0 transitions
2P§/2 58225 g,=4 3

SRE High Density Limit
°D3,, 38604 8,4 2 Level populations set by collisions,
cDo ,_ 38575 g,=6 1

5/2

radiative transitions occur but don't
control the level populations

2471.1
2471.0

3729.8
3727.1

1y, g2

ny g1

4So

S o 0 g,=4 0

O 11
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Density Sensitive Line Ratios

E/k (K . .
S : Lets look at 2—0 and 1—0 transitions
2P§/2 58225 g,=4 3

283 High Density Limit
"3 38604 8.~ i Rate of spontaneous emission:
BDg/z 38575 g,=6 1
(2—0): n2 Axo
;; (1—=0): ny Ao
S P(2 — 0) Eo0A 92 gy it
— e
P(1—0)  Eipdign
158, 0 84 40
O 11
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Density Sensitive Line Ratios

E/k (K cy
S : Lets look at 2—0 and 1—0 transitions
2P§/2 58225 g,=4 3

283 High Density Limit
"3 38604 8.~ i Rate of spontaneous emission:
BDg/Z 38575 g,=6 1
(2—’0) Ny Ayg
;; (1—=0): ny Ao
55 P(2—0) (B 20 9%/ Bp1 /KT
P(1 — 0) 19410 91
approximately equal ~1
158, 0 84 01 0 pp y q
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Density Sensitive Line Ratios

E/k (K cy
S : Lets look at 2—0 and 1—0 transitions
2P§/2 58225 g,=4 3

283 High Density Limit
"3 38604 8.~ i Rate of spontaneous emission:
2D8/2 38575 g,=6 1
(2—0): n2 Ay
;; (1—=0): ny Ao
o[ P(2 —> C) . 92-’420
P(1—0) g4
158, 0 84 40
O 11
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Density Sensitive Line Ratios

| T T TTTl | T T TTTI | |||||||| | |||||||| | |||||||| | I T T Tl
1.5 = density diagnostics -
P(2—0) Qu Foooooom— (optical lines) -
P(1—-0) Qo I ‘
(1=0) 0| [ArIV]4712.7 _
_ / [ArlV]4741.5 |
1 \ \.‘\ _
| \ -\‘ _
i \ Y ]
. [sm]e718.3
- v [SI]6732.7
0.5 |- L \L -
i [011]3729.8 N T T TP 5 0) Ay
- (011137271 1P1—0) " g1
O | llllllll | llllllll | llllllll | llllllll | llllllll | 1 1 1 11
1 10 102 103 104 105 108

n_T;2 (cm3)
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Density Sensitive Line Ratios

| T T TTTl | T T TTTI | |||||||| | |||||||| | |||||||| | I T T Tl
1.5 = density diagnostics -
P(2—0) Qu Foooooom— (optical lines) -
P(1—0) Qg I ‘
(1=0) 0| [ArlV]4712.7 _
_ / [ArlV]4741.5 |
1 \ \_'\ _
| \ -\‘ _
i \ kS _
. [s1]6718.3
i \ [sm]e732.7 -
0.5 F iy \L -
- [011]37298 \'\\ o ] P(2 — 0) e 921420
- [OI1]3727.1 N {P(1—=0) g1l
- [SIl] density T
O | llllllll | llllllll Sler-l]IS!-ltlll\l/II-tyl r.lelglllmel llllllll | 1 1 1 11
1 10 102 103 104 10° 106

n_T;2 (cm3)
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MUSE Orion Nebula map of [Sll] based n. from Weilbacher et al. 2015

15000
- 413500
12000
10500
522" - 49000
7500
- 46000
- 44500
23
g |
= 3000 =
=] v
= L
= o,
— —_—
g 2 w
;{;
1500
25'
26’
25s 20s 15s 5h35m10s
RA (J2000)

Fig. 26. [S 11]-derived N.-map of the central Orion Nebula, smoothed
by a median filter of 3 X 3 pixels box width, displayed in asinh scaling.
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Part |l: Heating &
Cooling in HIl Regions
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Heating

L . Dominates in almost
* Photoionization heating

all circumstances

e Photoelectric Emission from dust
* Cosmic Rays

* Damping of magnetohydrodynamic waves
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Heating

X T4+ hy— X e+ KE

/ I electron carries away

Species X Species X some kinetic energy

IN 1onization state r IN 1onization state r+1

initial photon energy

It hvp = ionization threshold energy
each photoionization injects an electron with Eyi, = (hv-hvyo)

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



Heating

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

Lh

(hv — hiy) dv



Heating

heating rate
per unit volume

Lhil=n(X™) /,/
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O

0

Opi(l/) C

Lh

(hv — hiy) dv



Heating

heating rate
per unit volume

I'pi

n(X+) /,,

O

0

opi(V) €

“Uy,

L hi

collision rate per unit volume

of atoms/ions in state r with photons
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(hv — hyy) dv



Heating

heating rate
per unit volume

I'pi

n(X+) /,/

O

0

Upi(l/) C

C Uy,

o

collision rate per unit volume

of atoms/ions in state r with photons
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(hv — hiy) dv

\

kinetic energy
produced per

lonization



Heating

To estimate heating rates we can define:

E,;(X*T)+—average photoelectron energy

Y =

KT, "color temperature” of star

“color temperature” means the temperature of
a blackbody spectrum that approximates the spectrum of the star
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Heating

Right near the star, before any of the stellar
spectrum has been absorbed.

1 [ opi(v) B“}ffC)h(z/ — 1) dv

KT [ opi(v) 2ee) dy

Yo =

¥ ~1 across a wide range of T,

because most photons are emitted near kT,
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heatin
per unit

Heating

g rate
volume

|

=nxen) [

Upi(l/) C

Lh

(hv — hvg) dv

Depends on density of species being ionized.



Heating

heating rate
per unit volume

Lhil=n(X™) /,/
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O

0

Opi(l/) C

Lh

(hv — hiy) dv



Heating

heating rate
per unit volume

. O _ul/_
Dy [=[n (X 7) / o) e 12
agnen(X T

In ionization equilibrium

(hv — hyy) dv

rate of ionization = rate of recombination

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



Heating

heating rate

per unit volume

I'pi

T > Uy
—In(x*) / opi(v) ¢ 22| [[(hw = )
apnen(X T VT,

In ionization equilibrium

rate of ionization = rate of recombination

dv



Cooling

* Recombination All can be important,

collisional excitation is

e Free-free Emission dominant

e Collisional excitation
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Cooling

Recombination removes kinetic energy from the gas

Arr — A BTN+ <Err>
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Cooling

Recombination removes kinetic energy from the gas

Arr — A BTN+ (Err>

cooling rate
per unit volume
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Cooling

Recombination removes kinetic energy from the gas

Arr — A BTN+ (Err>

cooling rate average energy of
per unit volume recombining electron
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Cooling

Recombination removes kinetic energy from the gas

Arr — A BTN+ <Err>‘

cooling rate average energy of
per unit volume recombining electron

(Ex» < mean electron kinetic energy of the gas

because the recombination cross section is weighted
towards low energy electrons!

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



Cooling

[
-
|
[\
N

A/(ny n,) or I'/(n,; n,.) (erg cm?3 s7!)

’-S | (Z'z».
[S111]18.74 2 ]
el1112.8um N
a5 | 358D
107 £ Ao 151.8um” i ‘\\‘3“\66 0 -
i Jé111133.5um/ | ]
I | _
= | —
|
I %\
[0111]88.4um . e
1026 | /I/ | | | | | |: | R\SM |
4000 6000 8000 10000
T(K)
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Cooling from
collisionally excited
emission lines is the

most iImportant
|

coolant of
regions.



Thermal Balance

) (erg cm? s71)

10—24

A/(ny n,) or I'/(n,; n

—
—
—
o —
| —
o —
| —
—
— -
L

| | | |
T.=3.5x10%K |

10_25 | | | | |
4000 6000
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T(K)

8000

10000

Balance between
photoionization heating
and collisional excitation
cooling sets temperature

of HIl region.



Thermal Balance

10-%3 B T T T T T T l T T T l ] 10-733 T T T l T T T l T T T l ]
-(b) 5 T,=3.5x10%K A (a) x| T,=35x10%K -
= % o - Low 3 .
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Abundance of heavy elements (e.g. coolants) greatly changes
HIl region temperature!!
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Density changes

thermal balance.

At densities above

is less e
every col

the critical density of
the coolants, cooling

Ticient (not

Ision results

in a photon).
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