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Basics of spectroscopy: The hydrogen atom

Repetition of basic atomic physics: e
” ~
The H-atom ‘ O e
RS -~ - -
e Simple problem: p + e TEm———
— 2
Y P (Z)e
— Pure Coulomb problem: H=—-— ry
2m,.  4dweg|r]
MeMyp /, = charge for more
* With reduced mass my — general case of
Me + my multiple protons
2
_ _ (Z ) 1 = main quantum
- Solution has eigenvalues F/ = — R 5 number
n
2
1 e? e
* With Rydberg constant — = D) ~ 13.605eV

2 \ 4meg h
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Basics of spectroscopy: The hydrogen atom

Repetition of basic atomic physics:

The H-atom

 Orbits: Solution of the full spatial problem

- Provides in total 3 quantum numbers:
n, I, m

| = orbital quantum number /=0...n-1
« m, = projection of | on z-axis: m=-1.../

* Energy levels n are degenerate
with respect to /and m,

« Corresponding eigenvector: |n, [, m >




Basics of spectroscopy: The hydrogen atom

Repetition of basic atomic physics:

The H-atom

« Possible transitions E, — NI

- from level nto n'

Energy above ground state (eV)

L= = T VR T - R B ' B
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Basics of spectroscopy: The hydrogen atom

Repetition of basic atomic physics:

The H-atom

8

64 — : ey = =
i : ' el EN B B =
: i, 100000} : '. | =g LBL mao 11234
 Possible transitions 3 | —— =%y §§§ #3650 G~
} : Loons & = E E
' ' : eoee > = = -
- from level nto n 2 , . RCeEE ; ; e s
& T hs952 9 — Brackett g s
i | 883522 Paschen
. . < ! A TO w =
* Gives series for ncose A¥r- o
different n’ P Hora E M
5, 60000|- TT'T ‘*‘l" - 1741 _
P&' Lyman F .E.-
§ :
* n'=1=Lyman 5 |
o i
* n'=2 — Balmer = L0000| | H g i
! Hydrogen Z=1
* n'=3 — Paschen t
d n’=4 — BraCket 20000}~ ! 4 247
* n'=5— Pfund @
0 |~ ll 1 — 40

IFig. 13. Grotrian diagrams for H, Hel, He I, C1I, CIII, C1V, O1, OII, O 1ll, N II, Mg l‘, MgIl,
Cal, Call, Fel, and Fe II. (After Moort and MERRILL, 1968)
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Basics of spectroscopy: Fine structure

The electron spin

« Adds spin system [s,m_> with s=1/2
* Provides additional coupling term between orbital momentum and spin

IR (&
i, = e (_1 0 (Z)e |)§'l

2m2c? \ 1 Or 4dmep|r

— Solution has eigenvalues
(ZY) i+ 1) —1(l+1)—s(s+1)
n3 [(l+1)(204+1)

EFS — OdQR

e j = total angular momentum from j = f—|— S —  j=I-s...I+s
e? 1
Admeghc 137

Sommerfeld fine structure constant

* X
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Basics of spectroscopy: Fine structure

The electron spin

 Fine structure energies are scaled by a? relative to main level energies

* H-atom
- No split for n=1, I=0 because =172
J=1/2 independent of m_ o F_2

£ J=3n - I
- First split for n=2, I=1 A D ﬁq r=1 o
s =172, 3/2 n=2"P g Fet 3
g1lJ=1 - 1%
AFEfs = 4.5310 %V £ F=0 g
= a3
= 10.9GHz = £
=
=
* Requires n=2 excitation: 3
10.2eV = 120000K F=1 15

n=1, 28 J=1/2
* Not directly observable F=10 i
due to other splits
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Basics of spectroscopy: Notation

Spectroscopy notation
25+1;(p)
J

* [ encrypted in letters
-0=s,1=p,2=d, 3=f4=g,5=h,

* p = parity
- Blank for parity = even, o for parity = odd

— Characterizes whether wave function changes sign under reflection of all electron
positions through the origin.

 Examples:
- 2s,, = ground state

- 2p1 Py 2p3/2 = first excited state (Balmer level)
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Basics of spectroscopy: Hyperfine splitting

The nuclear spin

« Adds nuclear spin system |;,m > with i=1/2 for every nucleon

* Treatment equivalent to fine-structure splitting

* New quantum number { = j-|- ,;’

- f = total angular momentum from — f=j-i...j+i

* Eigenvalues of hyperfine coupling
Mme op(Z2°) [(f+1)—jG+1) —i(i+1)
m, n3 (G +1)(25 +1)

Epr =gn

m

* Hyperfine splitting typically lower than fine-structure splitting by factor —
m

D

« g, — Gaunt factor of the core

» Spectroscopic notation: explicite writing of f
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V. Ossenkopf

Basics of spectroscopy: Hyperfine structure splitting

Hyperfine structure

e H-atom

- for n=1 (ground state, /=0): *s_: f=1-0

— Can be observed for “cold hydrogen”

_-
fo = 1420 MH;
Ao = 21 cm

;pm-an C}J\N\r

l“———_‘I“

I=172
2 J=32 f:z :
n=2 %
£li=1n L=
E F=0 I
:
=

hyperfine structure splitting

n=1 2% J=1/2

by
I
—

e famous 21cm line = 1.42GHz

* allows for mapping of the Milky Way

* magnetic dipole transition — forbidden
* A=2.9 1075 s-1
* t=10" a
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Basics of spectroscopy: Hyperfine structure splitting

Hyperfine structure
* H-atom
- for n=1 (ground state, /=0): *s_: f=1-0
— Can be observed for “cold hydrogen”

* allows for mapping of neutral
interstellar gas

1951 Lyman Spitzer: Mapping of the Milky Way
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Basics of spectroscopy: Atoms

Multiple electrons

* Arrangement in subshells with increasing energy level

= increasing main and orbital quantum numbers n, /

- Example: t =182 252 2p’

* 3 subshells occupied

* Closed shells: Sum of orbital momenta and spins always = 0

- No contribution to radiative interaction
- Can be ignored

3" subshell is open:
- can take 6 electrons: m=-1,0,1, mg= -2, »%
- dominates radiative interaction as
— Only electrons in open shell need to be considered
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Basics of spectroscopy: Atoms

Multiple electrons

* Coupling between different electrons

- Provides additional term to Hamiltonian
— No analytic solution
— Approximation through Russell-Sounders coupling

* Inter-electron coupling stronger than spin-orbit coupling

* Individual orbital momentums and spins add up E [ = L and E s=S5

J=L+ S5
* Remember: approximation only — L,S, J are no “good” quantum numbers
* Different approximation for heavy elements

e Spectroscopic notation:

— capital letters for sum over multiple electrons in open shell

— explicite writing of F for sum of total angular momentum including nuclear spin
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Basics of spectroscopy: Multiple electrons

Astrophysically relevant subterms

2541
* Remember H-atom: st lj(-p)
P

* Equivalently for multi-electron atoms QS+1LS )

Ground Terms
configuration  (in order of increasing energy) Examples

.ns' ?S1/2 HI, Hell, CIV,NV, 0 VI
...ns’ 'So Hel, CII, NIV,0V
..np’ 21:’1/2 3/2 ( )OIV
...np* 3Po.1,2, D2, 'So I,NII, O1II, Ne V, STII
.np° 483/2,2D3/25 2+ P32 NI OlI, NeIV SII, Ar1V
...np4 P2,1,0 ; D2 g S{) @Ne III, MgV., Arl1ll
.np’ *P32.1/2 NeII, NaIII, Mg IV, ArIV
...np° 'So Nel, Nall, Mg III, ArIII
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Basics of spectroscopy: Multiple electrons

Russel-Sounders coupling

e Solution

* “Hund rules”: 1) higher S — lower energies
2) higher L — lower energies

3) lower J and shell < half-full — lower energies

shell > half-full — higher energies

* Example: C*=1s?22s22p’
- 2pelectronhas S=75 L =1
— gives J =72 (Im;=- )2, 72)
orJ=3/2 (m=-3/2,-1/2,1/2,3/2) = 2-level system
- Only 3 Hund rule applies:

2 _

AE = 7.86meV 3o g =
— 1900.536GHz

— 157.7um 2P, 1 g =

- Equivalent for N**: AE=57um
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Basics of spectroscopy: Hyperfine structure in atoms

Hyperfine structure

e Superimposed if nuclear spin does not sumup to 0

Table 17. A table of hyperfine transitions at radio frequencies'

m——— o P

Atom o1 molecule _ Spin Transition Frequency (Hz) Am,,.[scc"}
HI  neutral hydrogen 3 28,2, F=0—1 1.420405751.786 x 10° +0.01 285 x10~'*
b deuterium 1 2S12. F=4-3 5.27384349 x10% 45 4.65 <10~ "7
Hcll singly ionized 4 S, F=1-0  8.66566 x10° +1.8 x 10° 6.50 x 10~ '?
helium
N VII ionized nitrogen 1 28 F=r=x 530610 1.49 x 107 '°
NI  ncutral nitrogen 1 8y, F=3—3 2612 x10’ e AR g )
P—led @ (seriipr 384 x 10~ 2!
Hy  ionized molecular 1 o 3,3-34.3  1.40430 x10° £107 PR R B 6
hydrogen FuF 3,342 141224 x10°£107 2.80 x 107"
Nal neutral sodium 3 A B led L 7161 % 10° 556 x 107 '?

' From Towngs (1957), FieLp, SOMERVILLE, and DressLER (1966), and KErr (1968).
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Basics of spectroscopy: Hyperfine structure in atoms

Hyperfine structure

* Example: '3C*
- | = 2 combines with J = J2to F=0 (mg=0) or F=1 (me=-1, 0, 1)
with J = 3/2to F=1 (mg=-1, 0, 1) or F=2 (mg=-2,-1, 0, 1, 2)

- C* levels split up

2P3/2F:2 g:5
2P3/2F:1 g:3

Y v 2131/2151:19:3
2P1/2F:O g:]_

- 3 possible transitions, F = 2 — 0 is forbidden
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Basics of spectroscopy: Multiple electrons in one subshell

Combination of states
* Example: N* = 1s?2s2 2p?

— Combination of two electrons with s = 2 (m=- 72, ’2), I=1 (m~=-1,0,1)
— gives 6x6=36 possible combinations
* Pauli exclusion principle:

- 2 electrons never in same state

- Electrons indistiguishable, i.e. wave functions antisymmetric with respect of exchange of 2
electrons

- 15 allowed combinations remaining
* I1 TT I2 , S1 Tl Sy L=2, S=0 — J=2 (mJ=-2,-1,0, 1,2) — 1D2 , g=5

o I1 Tl I2 , S1 Tl Sy L=0, S=0 — J=0 (mJ=0) — 180 s g=1
e l,L1,, s;118,:L=1,8=1  — J=0(m,=0) —3P,, g=1
— J=1(m,=-1,0,1) —3pP,, g=3

— J=2 (m=-2,-1,0,1,2) —3P,, g=5
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Basics of spectroscopy: Combination of states

N* = 152 252 2p2

 “Hund rules”™. 1) higher S — lower energies
2) higher L — |ower energies
3) lower Jand shell < half-full — lower energies
shell > half-full — higher energies

SR level
1S5,47033 g,=1 4
g g
o & The S=0 states need very high excitation energy
— usually not relevant for ISM physics
'D, 22037 g5=5 -~ 3

— treat N* as 3-level system

6549.9
6585.3

Only 2 radiative transitions. J = 2 — 0 forbidden

3 "
o R 1220m 122um = 2457 GHz
ap 70 £,=3 m " 1

P, 0g-=1 0 205um = 1458 GHz

o

—
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Basics of spectroscopy: Combination of states

Other atoms with same configuration: 3Pg 4 ,

level

1 e
e Nt=0O*+=C Sy 61207 g,=1 4
E/k (K) s
1S v =1 iy <+ ™~
04 033 84 4 <t i
8 &
<t o
o
O it
Ol ©
o~ o
Te] (ap]
'D, 29169 g;=5 ¥ |
'D, 22037 g3=5 —— 3 » ©
o o g S
2 8 o 8
8 8
P, 188 g,=5 - 2 Tr  4418=5 i —g
3p = 122um 4 ap - 51.81um
P, 0g=1 0 3P, 0 g=1 = 0

V. Ossenkopf

N II

O III
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17600
62
24 370um
0 609um
CI



Basics of spectroscopy: Combination of states

O = 1s2 282 2p*
 Similar addition of configurations for all 4 electrons
« Now third Hund rule with “shell > half-full” applies — reverse order: 3P, 4 ,

* Only S=1 states excited at moderate temperatures (below 20000K)

 Effectively 3-level system as well
* Radiative transitionsonlyJ=2 —->1andJ=1—-0

326 K 3 Py g=1
i 2.060 THz = 145.53um

227 K Pl g=3

4.744THz = 63.19um

0 3P2g:5
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Basics of spectroscopy: Summary

Few cases to distinguish:
e 2-level systems: HI, C*, N**
e 3-level systems: C, N*, O**, O
- 2Pg 4.5 (C, N*, O**): ground-state transition has lower frequency

- 2P, 41 o (O): ground-state transition has higher frequency

» 4-level systems: °C*

« 2p3 systems: N, O* — “Darkness”

—no fine-structure transitions excited at temperatures << 20000K
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Excitation analysis: Introduction of quantities

e Consider transitions A
between 2 levels: \/\/\

Cul Clu —° Aul BuIU BiuU
\ \ \/\q
- Spontaneous emission: A, E|
- Stimulated emission: B, U
- Absorption: By, U
_ Collisi itions:  Cul, C Iy (v 47
Collisional transitions: uls Clu T ff vfibc( )d'de W™ ) P
* Rate coefficients are -
mutually dependent: Cy,, = Cy Su exp (_ )
g kTxin
. B — Bgo¥
— Number conservation: lu — Pul <
o3
— Quantum mechanics: B == o
8hv3
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Excitation analysis: Balance equation

General case: transitions between multiple levels

* To determine the excitation of the system the matrix of balance equations had to

be solved
n; Z Aij + Z Bijuij + Z Cij
7<t JFi JFe
= _Ajinj + ) Briwign; + Y Ciyn,
gt JF#i JF#1

* M, -level population of level i

A.;. B.: -spontaneous, induced radiative rate coefficients
i7y Dij 1at _ .
U554 - radiative energy density at transition frequency

O@j — E Ni.on Vijiconn - COllisional rate coefficients for different
collision partners i,

H,, H, H*, He, electrons, ...
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Excitation analysis: n-level systems

Description of level populations by excitation temperature T,

| | hu
=% oxp ()
n; g Kl ey i

 Usually different for every pair of levels i,

* Can be obtained exploiting properties of Einstein coefficients

* Radiation: Bijgz' — Bj'igj

1

g; hv;;
. . (. = .. =2 QY —
Collisions: 7 7t P ( kam>

e forj>1

— 3 limiting cases
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Excitation analysis: Excitation temperature

Limiting cases

» Collision-dominated ( M., large): C;; > A;j, Biju;; forallij

Iy hi
— Balance equation: Z ng — Z _J,O'ij R (/CTZ.J )
j#z I g; kin

- Solution:
. Tezc,'ij = Jiin for all i,j

= LTE (local thermodynamical equilibrium)
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Excitation analysis: Excitation temperature

Limiting cases
» Radiation dominated ( u;; large): Bjju;;j > Ai;, Ci;  foralliy

— Balance equation: —ZE Bijfuﬂjj: E —JBijuij

I j#i 9
- Solution:
- n;/g; = const.
) Tem,z'j =
» Vacuum (1, Ui; small): A;; > Bijugg, Oy for all i}

- Solution:
e n; K1 Vie>0

° Teac,z'j — Tbg
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Excitation analysis: Excitation temperature

General case

 Radiation field ——— » - Gas collisions
Trad Tkzn
observer
* Observable excitation temperature:
Te:c,z] A
Tkin e .
Trad
(e.g. 2.7K) | >
n* lg(ln’icoll)

* Transition roughly around critical density: ’I’Lfco” — Az‘j /%‘j,icou
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Collision partners: Environmental conditions

Gas-phase conditions

Element number 1*'ionization 2" ionization
abundance potential
- H 100 13.6 eV
- He 9 24.6 eV 54.4 eV
-0 0.026 13.6 eV 35.1 eV
-C 0.012 11.3 eV 24.4 eV
- N 0.008 145eV 2966V Wakelam &

Herbst (2008)

— O is neutral whenever H is neutral
— Only C can be (singly) ionized in regions where H is neutral

— Olll traces very energetic UV fields
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Environmental conditions: abundances and collision partners

Spatial distribution

HII/OI HI/NI/CIH H/O/CIl Hy/O/CII Hy/O/C

HIl region - Photodissociation Region
T /\/
UV Flux
—>
I
H' wm H H/H
[
I
— it C/C/ICO
— (o)
: O
I
| Dark 0/0.,
: Gas g
UV Flux
| : > T~100-1000 K T~10100KI
e E |
# . A, (magnitudes) 10
AA<0.1

* Determines the main collision partners
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Environmental conditions: abundances and collision partners

Layering:

HII/OI HIVNI/CI H/O/CIl H,y/O/CH Hy/O/IC

determines the main collision partners:
* Olil

- Electrons: density given by number of H atoms
* Nil
— Electrons: density given by number of H atoms

* CII
- Electrons: density given by H atoms or C atoms
- H-atoms
- H, molecules

- CI

- H, molecules (all have additional minor contribution from He)
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Excitation analysis: Collisions

[CII] excitation:

e Critical densities for different relevant collision partners

||||||||| IT T T T T T T T T I T T T T T T T T T ] T T T T T T l‘v_rl‘l_l_rl T T
L with H, -
........ with H
10° - - - with electrons / 1.3 107* { SR I
= [ e !
1 -
£ L . £
- _ L i
> e
C /
O /
© /
. ~
S 10°F -
= \ ]
1000 v v | | PR | PR SR Loy s 000
0 100 200 300 400 500
T [K]

* Electrons only play a role if more than the carbon is ionized (X[C/H]=1.3 10-4),
i.e. in HIl regions
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Excitation analysis: Collisions

[Ol] excitation:

e 63um ground-state transition

IIIIIIIII I T T T T T T T T T I T T T T T T T T T I T T T T T 1 1 T T r_I_l— T T T
— with H,
........ with H
___ with electrons
108

',',_' -

1

E -

2 L

>

7

C

o

k> L

©

RS |

£ .

1%L v v v ov v v vy o v v v v Loev v v e Lovv o0y
0 100 200 300 400 500
T [K]

* H-excitation is most efficient, but regions with high fraction of atomic H always
have low densities (or volumes) so that there O* is never in LTE

« High densities associated with H, — factor 3 less efficient
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Excitation analysis: Collisions

[Ol] excitation:

 Full 3-level system - critical densities for two transitions:

IIIIIIIII I T T T 1T T T T T I T 1T T T LI T ] T L T T T T1T°1 I_T T T T LI T
4,744 THz ___
2.060 THz ...

108

o
W

critical density [cm™]

-----
-----
..........
........
...............
.................

T [K]
* Critical densities are temperature-dependent!
* Non-trivial behavior for n-level systems (n > 2)!
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Line emission: Emission and absorption coefficients

n; from balance equations

¢y (1)

» Emission coefficient: €, (77) = hv;;n;A;; AN
T

(spontaneous emission)

* Absorption coefficient: ~v (ﬁ) — hV’ij (niji VI niBij)

(absorption and induced emission)

/ 5 (u oy [1 "7;] ) p(¥) &35

1 ¢ C |:V — VZ-]} :
exp | —
V2o Vij P\ 207

for Maxwellian velocity distribution

- With line profile ¢, (77)

X

V; j

- normalized so that omission of @y (’fi) gives line-integrated quantities
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Line emission: Emission and absorption coefficients

Alternative expression

. €,(1) = k(1) X By,; (Tex,ij)
- By, (Tey.ij) - Planck function (blackbody emissivity)

]

Practical computation:

e LTE
- Boltzmann distribution of Efi,
level populations n;: n; X g; X exp | —

- Te:c,ij — Tkzn l.e. Bl/qjj (Te:c,'ij) — BV,,;J- (Tkzn)
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Excitation analysis: LTE

LTE emissivity:

» Most simple: [ClI] as two-level system 2P/ 30
800 T BRERI e e i &\ UL

o)

o

o
[
l

N

o

o
|
]

200 —

LTE emissivity [K km/s cm®/pc]

T [K]
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Excitation analysis: LTE

[CII] 1.9THz:

 Analytic description for emissivity
/Ed‘b’: ‘ X Nco+ Ju XD / )
Smhi/? gir + Ju e}{p(_&E/kTex)
K kms™! 2 —91.2K /T o
~ 1011 N exp( [Tex)
cm =3 pce I +2exp(—91.2K /Te)

and absorption/optical depth
k -1
frdu = 71510718 ——x Ne-

b —eapl-O91.2 K1)

cm™? 1 +2exp(=91.2 K/Te)
=
o TSI I, PSR
cm—2 / 5

— With X(C*/H) =1.3 104, [CII] turns optically thick for
Ny ~2102Tcm=, ie. A, ~ 1
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Excitation analysis: LTE

LTE emissivity:

« [Ol] as three-level system 3Py 10
2000 [T R IR I B
~ ____ [01] *P,=P,: 4.745 THz
L [01] 3P,—3P,: 2.060 THz
,,é 1500 -
: I
<
£
X, 1000
.é i
w500
ol
0

T [K]

* Transition to constant emissivity shifted by factor 2 due to higher level energies
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Excitation analysis: LTE

LTE emissivity:

« [CI] as three-level system 3Pg 12
400 T T T T T g
___ [CI] 492 GHz -
........ [CI] 809 GHz .

......................
....................
.......
et
.....
e

111

W
o
o

N
o
o

100

LTE emissivity [K km/s ¢cm’/pc]

IIIIIIIII|IIIIIIIllllllllllll

__I'_I_LIIIIII]IIIIIIIII]IIIIIIIII]IIIIIIIII

0 100 200 300 400 500
T [K]

» “Overshooting” in ground-state line for all 3P 4 , systems
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Excitation analysis: LTE

LTE emissivity:

i 3
« [NIl] as equivalent system Po12
1000 e T R e | (RNSZ%2 (B4
< 800 /| N_ .7 —
O- - -
N
E - -
U — —
<,
c 600
E | |
l}i' - .
b - -
= 400 —
Y - i
£
L - .
Y
200 =
- [NII] 2459 GHz ... -
- [NI] 1461 GHz ___ T
0 Lv v v 000y Lvvv v 00y Lvovv vy 00y Lvv v 000
0 100 200 300 400 500

* [Olll] fully equivalent (not shown here)
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Line emission: Non-LTE

Next-step approximation:

» Negligible radiative excitation: Bijus; <K Aij, Cij
- Implies optically thin geometry
— Analytic solutions for 2-level system:

guTl exp (_ h/Vul ) Cul + Aul
gi ka'm Cul

Ny

—and 3-level system:
g2 C12C01 + C12C10 + Co2C2
B go C21C10 + C20C10 + C21C12
| C20A2o
A10(C21 + Cag) + A1 Cro + Ajg Aoy

2o
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Opt. thin emissivity [K km/s cm®/pc]

Line emissivity: Optically thin approximation

[CII] emissivity:

 For collisions with H, (left) and e- (right)

103: IIIII T T I III I
Tk =20K ................
........ Tyn= 100K
<
100 — mE
Q
wn
~
£
-
X,
10 Fn
>
(2]
0
£
(b}
[
1 £
a
(@]
0.1 1l L L L
1 10 100 10° 10* 10°
nug [cm™]

10°F

o
o

o
Tyi= 100K
T,:n=8000K

10

| el Ll

10 100 10° 10°

n, [em™]

 Transition from subthermal excitation at low densities to LTE at high densities

« At high densities only T;, counts

* Critical density for electron-collisions lower by factor 1000
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Line emissivity: Optically thin approximation

[CII] emissivity:

10-23E T T T 'II'II'II T L] T IIIIII T T T I'IIIII L] T 'I'III'ITT L L] 1 llllll
- v A o o
1072 —
= A =
= W 3
- W =
u » N
n *;I- i
fr— — )l'* -1
£ g
S 1078 At —
o = A -
I = A+ =
T - 4 .
~ - A _
%) g
~ [+ |
o
3 107 ~
w - 3
B P i
i A WIM: 8000K + -
10_27 = WNM: 6000K A —
- CNM: 100K  x -
- Mol. clouds: 20K ¢ .
10-2a 1 1 1 IIIIII L 1 1 IIIIII f”’“’ L L IIIIII 1 IIIIII L 1 1 IIIIII 1 L L1 1111
0.1 1 10 100 10° 10* 10°

ny [em™]
* Combination of higher emissivity above 91.2K and lower critical density for
excitation through electron-collisions
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Line emissivity: Optically thin approximation

[Ol] emissivity:

L] L] 1 4 T T IIIIIII Ll T llllll' Ll T IIIIIII T T IIIIIII Ll T lIllllI
« Excitation through H, 0

- | A 1k

9 B
~ 100 Py —
E .”.”.i

o .

0 - zc7 .
~ P

E ’.’_,'” -
X Pl
EI B
b ,’
> s e
[7)]
n

£

o 0.01+H —
- 3p,—3P, T, =200K

. - 3p _3 = .
.'a —— P| Pz Tuﬂ 200K
o --------

10-4 T 3D 3D L90K e —
L L L L Ll L IlIIlIl [ L l‘.‘lllllll L L L1 III 1 L llIIlII L L Ll 1
100 103 10* 10° 108 107 108

* Very simple: €, X Tl iy, for subthermal excitation, monotonic transition to LTE
* High densities needed for thermal excitation

* Significant emission only for temperatures above 150K
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Line emissivity: Optically thin approximation

[Cl] emissivity:

« Excitation through H,: T

B miame el
-
-
-
—"
-

=

100

....................................................
____
ot
ot

- p,—3P, T, =200K _._._ -

} *P,=Py Tia=200K _ __

*P,—P, Tua=20K ..

. %P, —%Pg Tyn=20K ___
10 l'.." L 1 llllll 1 1 1 ||1|1| 1 1 1 |11|||

100 10°% 10* 10° 108
Nz [em™]

* Partially non-monotonic behaviour for ground-state transition

Opt. thin emissivity [K km/s cm®/pc]

* Much lower densities and temperatures needed for excitation

 Qualitatively same for [NII]
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Line emission: Non-LTE

General case

* To derive physical parameters,
the full radiative transfer problem
needs to be solved

ii-gradl, = —k Ly + €y
h’V; I

Ky = CH [”-IBILJ - HHBH!] (D(’V)
hv

€yl = THI nuAul (D(’V)

i (): Aij+ ) Bijuij+ ) Cff) =Y Ajnj+ ) Bjuinj+ ) Ciin,

j<i 7 J#i j>i JFi j#i

1 o0
C Jan 0

 Practical way out: Local approximation — escape probability

V. Ossenkopf SOFIA Winter School 2014, Kéln, 2/12/14



Line emission: Escape probability

Probability that a line-photon escapes from the cloud [3:
» Same probability that a background photon enters the cloud
e Consequence:

- Radiation field given by “trapped” radiation field and external field:

U= (1—PB)B,(Tex) + BB, (Tbg)

- “Cooling of the system” not through all spontaneously emitted photons,
but only through those photons also escaping from the cloud

- Modified Einstein-A coefficient: A1 X 5
— Analytic solution for 2-level system:

NG BALG + Cy exp (_IZI“/T%)
Ny =
gi /BAul (]— + G) —+ Cul
1

hi/ul .
exXp (_kag ) 1 Goldsmith et al. (2013)
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Line emissivity: Escape probability

Result

1 1 - I ¥ 1 v T v T - T ¥ v 2.0 T T L T T —r T T T T L | | T T T T — L | T T
Tee = 250 K i
] ! Twin = 100 K

il : Cul/Aul - ]
100,10 . d ; 0.001 _

Optically Thick

2.0

.._'-_____________,_...__'I
s = 100 K| '°

1.0 .
0.0

log (T, / K)

0.0
-1.0

| L1

0 1.0 2.0 -2.0 o 1—1.0 o 0.01 ] 1.0 ll 2.OL T 3.04
log (X = C A
g ( o/ BA,) log (7,)

Goldsmith et al. (2013)
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I
|
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|
I
I
I
|
1
0

-2.0 -1.0

* Transition to LTE shifted to lower densities

* Emissivity remains proportional to column density in subthermal range
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Line emissivity: Final step

Combination with model for chemical abundance

* e.g. PDR model °° ' SRR X X~y (D T Y gV SSYEN )
(X=1 04, n=10° Cm'3) ___ e . fi

1072

1074

1078

relative abundance

1078

1070

10-|2 1 1 L 1 1 1 1 1 L 1 1 1 1 1 L
0.001 0.010 0.100
depth into cloud [pc]

* Convolution of abundance profile with density and temperature for given
chemical model needed.
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Line emissivity: Final step

PDR emission:

CI| [O1)/[CIT]

Orion PDR [0 1] B3 pm/[C 1] 1588 pm

[C 1] 188 pm Intensity
P

FUV

10" 101
1
1
Classic PDRs ' oo
n n {om™)
— see talk by M. Rollig Diffuse Gas Kaufman et al. 1999
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Fine structure transitions are simple!

- Just a few numbers to describe them

* But always think of the dominant collision partners

ol NII
Line frequencies 3393.0 1461.3
[GHZ] 5785.9 2459.4
Formation energy 35.1eV 14.5eV
[eV] (1IP) (1IP)
Main collision e e
partners
Typical critical 500 200
densities 4000 100
[cm-3]
High-temperature 550
LTE emissivities 940

[K km/s cm3 pcl]

Cll
1900.5

11.2eV
(1P)

3000
5000

699

Ol

4745.8
2060.0

11.1eV
(CO diss.)

H,
510°
8 104

1990
670

Cl

492.2
809.3

11.1eV
(CO diss.)

Hy
1000

1500

182
345
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