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Emission and Absorption

A E =hv
Two ways to decay down from an excited state

* Spontaneous emission
X,—> X, + hv
occurrence rate <> atomic properties

e Stimulated emission
X, + hv—> X, + 2 hv
occurrence rate <> density of incoming photons of the
same vV, polarization, and direction of propagation



Einstein Coefficients

Spontaneous emission

2
__hv,
1
J
AZI
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A,4 --- probability

Stimulated
(induced) emission (Stimulated) absorption

3

[cm3 erg s~ Hz71]

B u,, --- probability

Einstein (19137)
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Transition Probability f

Absorption | AE = hv Emission

[ n ________> _______ >
Considering a 2-level system, we calculate " I hvo
the emission arising from the transition.

1

j, [erg s™t ecm™3 ster™! Hz™1]

j= j j, dv [erg sTtcm™3 ster 1] volume emissivity

For a line emission, assuming j,, ¢ 0, ¢,
Jv is governed by a distribution function /\
/ .}.!/

¢ (v) (line profile), o0
@, dv=1 ‘
J, e I

ol 4



Once an atom is excited, there is a finite probability within dt,
A (2,1) dt to jump spontaneously from level 2 to level 1
(deexcitation), emitting a photon. The total number of
downward transitions 2 - 1isn, A (2,1), where n, is the
number of atoms (population) in level 2 per unit volume.

A,q [s™1]: Einstein 4 coefficient for spontaneous transition
= probability per unit time.

1/A,, [s]: lifetime staying at level 2 (remaining excited)

. hvg
Jv = Enz A19(v)



Principle of detailed balancing

Consider a 2-level system, excitation occurs if the

. . . 1
incoming free electrons have kinetic energy > mv? > y

1 .‘ .\
X =E;—Eq /

atom
0

electron

Define the excitation rate coefficient y,4, so that
# of excitation s™1 cm™3 (= n,ngy vo) = n.ngYo1,
where both n, and n, have units of [cm™3]



ru=(ov=| | @@

)(—Emvz

Here o0, is the excitation cross section, and f(v) is the
Maxwellian distribution function,

mvz

3/2
f(W) dv = 4m (%) v? e zkT dv

So

4 (1 \Y?
YO1=ﬁ(2kT>

This is upward 0 — 1 transition.

00 _mvz
f . V3 091 (V) e 2kT dv ... (A)
X

— 2
=5Mv
2




For downward 1 —0 transition,
the spontaneous emission rate = n; Ay,
and the deexcitation rate by collisions = nqn, y1,

where y10 = [ v 010 (v) f(#) d*¥ = y1(T)

In steady state, [upwards rate|=[downwards rate|,
i.e., detailed balancing,

NoNe Yo1(T) = ny[Aq0 + 1 V10(T)]L SO

n n 1

n e Yo1 Yo1 ..(B)

ng A +Me¥io  Yio 1 4+ 10
Ne V10




(i) At high densities, i.e., n, = ©

ny

Ne Yo1

__Yo1

1

no

Ajg+Me V1o

V10 1+

Aqp
Ne V1o

(i.e., collisional excitation and deexcitation dominate = in TE)

M Yo

Ng Y10

n —
but because —* = 2L g~ X/kT
o gdo

Yo1 91
Y10 90

So when collision dominates, c.f. (A)

e X/KT forn, >» 1

NeNoVyg J01(770) exp(— uvg /(ZkT)) dv
= nenyvio19(vy) exp(— pvi/(2kT)) dv,
where u: reduced mass, vy and v,are speed of colliding particles.




At high densities (cont.)

Energy conservation, (1/2) uvé = (1/2) uvi + y,
S0 vy dvy = v7 dvy. Plugging this back, we get

N VE 01 €X 15 = 2 ki
0V0001€XP kT — N1V1010€XP kT

2
g1 _ 22%5]
_ x/kT ,,2
— no go e Ul O-loeXp ( 2kT>

The exponential parts are eliminated from energy conservation, so

2 _ 2
YoVo0p1 = 91V1 010




nq Ne Yo1 Yo1 1

ng Ao +tTMe¥io Yio 1 4+ A0
Ne Y10

(i) At low densities, i.e.,, n, = 0

Ny Yo1 MeVio MeVo1 lupward by collisions]

Ny Yio Aio A1 downward by radiation only]|

This means every collisional excitation is followed by emission
of a photon.

The cooling rate [erg s™! cm™3] in this case then, is

Nn1Aig hvig = NeNgYo1 Avyg



NoNe Yo1(T) = ni[A1g + ne y10(T)]

The competition for downward transition between the two terms
in the bracket = the critical density

Aqg

V10

When n, > n.i, collisions dominate deexcitation process = LTE,
populations governed by Boltmann equation.

Nerit =



Consider the radiative transition 1 — 0, the rate of emission

of line photons [s"tatom™1] ... cf. eq. (B) w1 g
ng 10 TNMe Y10 Y10 1 4 410
nq Yo1 1 e
— A0 = Aqp A
g Y10 1 4 £110
Ne Y10
(i) At high densities, TE
n
— Ay = A10@ = A10& e /KT 56 n,
ng Y10 g>
(ii) At low densities,
ny Yo1 Ne Y10
g 10 10 AL Ne Yo1 X

Every collisional excitation = emission of a line photon.




Consider a 2-level system, for which the Collisions between electrons
. . ] ] and ions in a lower level
electron collides with an ion in the lower level.
. e -
cross section, gy; = g1 (V). T

Consider electron v only; ions are neglected.

Op1 = O, lf(]./Z) mvz < X
091 1/v%,if (1/2) mv? >y

Usually o is expressed in terms of collision strength (1(0,1),
rh* Q(0,1) 4.210(0,1)
= C

2 .22 2
me vo do U Yo

Recall that g, v§ 091 = g1 V¥ 04

m?]

0091 (V) =



The deexcitation rate coefficient is

Y10 = f v010(v) f(v) dv
0

2m h* Q0,1 (0,1
= ( )= 8.629 x 107° 0.1

\ kT m3/2 g, g, T2

Excitation per volume per time is n,nyyy1, where
Yo1 = (91/90)¥10 €xp(— x/kT)

- () must be calculated quantum mechanically;
- tabulation available with specific temperature values;
- typically on the order of unity.



The collisional deexcitation rate is then

00

NeNy Yio = Mg j ne vo10(v) f(v) dv
0

2r K2 Q(1,0)
kT m3/2 91

— NNy

\

n-n
— 8.629 x 106 — 1

172 0(1,0) [cm™3s™1]

For typical nebular T = 7000 K, and abundances,
V1o = 1077 cm3 s™1



Table 8. Wavelengths, 4;;, transition probabilities, 4;;, and collision strengths, Q(i,j), for the forbidden tran-
sitions of the most abundant elements'

Element A2 A Q(1,2) o Ay, Q(1,3) s A, 23,2
(A) (sec™ ) A) (sec™) (A)  (sec™ )
O1l 3,728.8 48x107° 143 2,470.4 0.060 0.428 7,319.4 0.115 1.70
+3,726.0 +1.70x10°% +2,470.3 +0.0238 +7,330.7 +0.061

+7,318.6 +0.061
+7,329.9 +0.100

O III 5,006.8 (N,)  0.021 2.39 23211 023 0.335 43632 1.60 0.310
+4,958.9 (N,) +0.0071

NII 6,583.4 0.003 3.14 3,063.0 0.034 0.342 5,754.6  1.08 0.376
+6,548.1 +0.00103

Ne III 3,868.8 0.17 1.27 1,814.8 2.2 0.164 3,342.5 28  0.188
+3,967.5 +0.052

Ne IV 2,441.3 59x107* 1.04 1,608.8  1.33  0.427 47143 040 142
+2,438.6 +5.6x10° +1,609.0 +0.53 +4,724.2 +0.44

+4,715.6 +0.11
+4,725.6 +0.39

Ne V 3,425.9 0.38 1.38 1,575.2 4.2 0.218 2,972 2.60 0.185
+3,345.8 +0.138

STI 6,716.4 47x107° 3.07 4,068.6 034 128 10,320.6  0.21 6.22
+6,730.8 +3.0x107* +4,076.4 +0.134 +10,287.1 +0.17

+10,372.6 +0.087
+10,338.8 +0.20

S III 9,532.1 0.064 4.97 3,721.7  0.85 1.07 6,312.1 2.54  0.961
+9,069.4 +0.025 +3,796.7 +0.016

Ar I11 7,135.8 0.32 4.75 3,109.0 4.0 0.724 5191.8 3.1 0.665
+7,751.0 +0.083 +3,005.1 +0.043

Ar IV 4,740.2 0.028 1.43 2,854.8  2.55  0.645 7,237.3  0.67 492
+4,711.3 0.0022 +2,869.1 +0.97 +7,170.6 +0.91

+7,332.0 +0.122
+7,262.8 +0.68
ArV 7,005.7 0.51 1.19 2,691.4 6.8 0.141 4,625.5 3.78 0.945
+6,435.1 +0.22 +2,784.4 +0.081

U After GARSTANG (1968) and CzyzAK et al. (1968) by permission of the International Astronomical Union.

Lang



Spectroscopic Notation
Ionization State

[ ---- neutral atom, e.g., HI - HY

[l --- singly ionized atom, e.g., HII > H*
[II - doubly ionized atom, e.g., O III = O**
..... and so on....e.g., Fe XXIII

Peculiar Spectra

e (emission lines), p (peculiar, affected by magnetic fields),
m (anomalous metal abundances), e.g., B5 Ve




Forbidden Lines

Allowed transitions (via an electric dipole) satisfying selection

rules
1. Parity change
2. AL=0,+1,L = 0 — 0 forbidden
3. A =0,41,] = 0 - 0 forbidden
4. Only one electron with A= +1
5. AS = 0 (Spin not changed)

A forbidden transition is one that fails to fulfill at least one of the
selection rules 1 to 4. It may arise from a magnetic dipole or an
electric quadrupole transition. Bowen (1936) Rev. Mod. Phys. 8, 55-81




OcTOBER 1, 1927] NATURE 473

. . o Another strong pair occurs at 6583-6 AU, and
The frequency of lines due to jumps between these  gs48.1 A.U.. showir \g_a_separation of 82-3 frequency

The Origin of the Nebulium Spectrum.

IN the spectra of the gaseous nebul® several very
strong lines are found which have not been duplicated .
in any terrestrial source. Many lines of evidence |
point to the fact that the lines are emitted by an|
element of low atomic weight. Since the spectra of
the light elements, as excited in terrestrial sources,
are well known, this leads to the conclusion that there
' must be some condition, presumably low densmy,
which exists in the nebulse, that causes additional

{ ines to be emitted.

The Origin of the Nebulium Spectrum.

o
o o

since any jump between them involves a zero change S726:16 Ou WA,

in the ammurhal guantum number. In a five-electron I. §. BOWEN.
SV?:% 2 il dl Ou, ftho nor I]) Eg}j ?t on of ,%1{2 ) Norman Bridge Laboratory of Physics,

an ( p} ectrons forms * ar erms. 1850 California Institute of Technology,

e likewise metastable. Sept. 7.
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[0 Allowed (regular) Lines (no bracket),
A=~10%8s71 eg, CIV

[0 Semi-forbidden Lines (a single bracket),
A=~ 1012 s71 eg, [OII

[ Forbidden Lines (a pair of square brackets),
A~10° to107*s7 1, eg, [O1II], [N II]




Some examples,

Lyman o, A,; =~ 6.25 x 108 s~1
011114, = 0.021s7 1,1, = 5007 A

A,y = 0.0281s571,1,, = 4959 A
Asr = 1.60571 15, = 4364 A

AS755

[SII]A,; =4.7%x107°s7 11, = 6716 A

HI21 cm hyperfine line 4,; ~ 2.88 x 107> s71;
probability extremely low

23




Normally an atom stays in the excited state for 107° s.

A forbidden transition occurs for excitation levels < a few eV,
and stays in the excited state for seconds or longer before
returning to the ground state.

In the lab n TT, both excitation and de-excitation take place
frequently, so radiative transition (emitting a photon) is unlikely.

In ISM, the electrons are not energetic enough to excite the
atoms to normal levels (10 to 20 eV), but enough to excite to
metastable levels. In hot, low-density environments, e.g., H 1]
regions, PNe, solar corona, earth aurora

Once (collisionally) excited = emission
—> photons escaped =» efficient cooling



Table 17.1 Main Emission Lines in Classical T Tauri Stars

Line Transition Wavelength Ayl
(A) &
Infrared
Br v =T — 4 21661 3.0 x 10°
Pa n=5—3 12822 2.9 % 10°
Call 2P/ — %D3)y 8662 2.8 x 10°
Call 2P3/5 — 2Dys 8542 1.2 x 108
Call 2P3/2 — 2D3/2 8498 63 X 105
Optical

[S1I] 2Dyjo — S50 6731 8.8 x 1074
[S H] 2D5/2 —% 483/2 6716 36% 10—

Hao n=3 — 2 6563 1.0 x 108
[O1] LD —s 90, 6300 6.3x10~23
NalD; 2P1/2 =y 251/2 5896 6.2 % 107
NaID2 2P3/2 — 281/2 5890 6.2 X 107
He I 50 — 35, 5876 7.1 x 107
Fe Il 6P3/2 = 635/2 4924 3.8 % 108
Hp n=4 — 2 4861 3.8 x 107
H~y n=5— 2 4340 1.6 x 107
Fe I 3Fy — 3F; 4132 1.2 10*
[S 1] 2Py — 4S50 4076 9.1 x 1072
CallH  2Pyj5 — 25 3969 1.4 x 108
CallK 2Py — 2512 3934 1.5 x 108
Ultraviolet )

Mgllh 2Py — 28y 2803 2.6 x 10°
Mgllk 2Py — 2S5 2796 2.6 x 108
CIV 2P3j9 — 2812 1548 2.7 x 108
Silv 2Py — 2810 1403 7.6 x 108
ol 88 — 3P, 1305 2.0 x 108
ST ap s 3P, . 1296 4.9 x 108
Lya 2p — 1s 1216 6.3 x 108




The [0 116300 profile of a T Tauri star; blueshifted wind

8000 I | | [ ! I ' | | ! I i | .
| | D¢ Tau Inference: the redshifted

emission is blocked by an
optically thick dusty disk

4000 |—

counts

0 | l | | | | | | | ] I | I l I
~400 ~200 0 200 400

Hartmann & Raymond (1989)
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Fig. 1. A montage of two CCD-images of the HH 34-region taken through a
[Su] 2146716/6731 A filter. The nebulous objects in this field are labeled
according to Reipurth (1985b)

Herbig-Haro objects: shocked
excited nebulosity by young stars

Blihrke & Mundt (1988)

Obscured
Flow
Ly |

£ q
— Working
Surface

Figure 1. A diagram of a typical outflow from a young stellar

object.
1958
Hp [o111] [Fell] [NI]
HH3L - Jet |
g o _.U-ﬂik._m.,_ r'.._n-,_-"m«’ﬁ_r.,M R TP ¥ LV VY Lo JLTH._MMM g
2
3
2
. HH34

wﬁﬂLﬂm+n N

4812 4912 B012 G112 6212

Wavelength CAJ

Fig. 5. Spectrum of the jet and HH 348 around the [O 1m)-lines, demonstrating
the different excitation conditions



Low-J CO, high-J CO, H,0, H,, ...

\\ / Cawtywall
\
; — L

5N
|
I
!

) Forward
2 _A 8 shock

Ba—)) =)

— —
T — — —

Internal working —== Terminal working
surfaces surfaces

A cartoon showing the main components of a protostellar outflow lobe. The sizes of the disk ( purple), the
poloidal component of the disk and stellar magnetic fields (red ), and the biconical molecular outflow are
greatly exaggerated. The youngest outflows are compact, consisting of swept-up molecular shells powered by
jets containing molecules. As they break out from their parent cores and grow to parsec scales, outfows
become predominantly atomic or ionized and traced by Herbig-Haro (HH) objects. Molecules are usually
confined to the outflow cavity walls near the source young stellar object but can also trace jets in the youngest
flows. Thick, colored bands mark cavity shocks and UV-heated gas along the cavity walls, and spot-shocks
mark supersonic velocity variations in the jet. Forward shocks are in bright green, and reverse shocks in
magenta in both the terminal and internal working surfaces. Low-J CO is shown in blue, high-.] CO in
green, and shock-heated H; in yellow. The dashed, yellow line shows the predominantly atomic or ionized
cavity wall. The underlying image shows a close-up of HH 34 and its driving jet in Ha (cyan) and [S1] (red ).

Bally (2016)



An example -----
Ring Nebula (M57),
a planetary nebula

= Slit=8x1"

Hg+He

% calibration lamps

blue = ... Wﬂ‘fﬂlﬁﬂgﬂl ..................... = ted

http://loke.as.arizona.edu/~ckulesa/camp/camp_spectroscopy.html



HOROQ~

2AF W

2,10, 4EXPORT ckule=zalloke Tue 14:35:02 09-Jul-9&
[M57 _specl+.111: IMDEF ap:l beam:O

l £ light wave (photon)

lewvel 4
lewel 3

level 2

n=4-2
(called Hpline)
=» gas is highly excited

1-D spectrum shows little
continuum, and a few
emission lines

= A line spectrum

4959A and 5007A doublet

from twice-ionized oxygen,
O++, or OIIl in
spectroscopic notation

48614 line from hydrogen | (0Xygen) gas is ionized,

with T > a few thousand K
and density < 100/cm?




3726 [Ol1] 4363 [O111] N 49|59 [O111] 6584 [NI1]

| ) |
3729 [Oll] 4102 4471 Hel N4 5007 [OI1]] 5876 Hel 6548 [NII]
3646 B, | He Hs H, Hg 5411 Hel Ha
3426 [NeV] 3970 4340 4861 6563
3869 [NIII] 4686 Hell

Fig. 1.1. General structure of the spectrum of a planetary nebula in the optical
region, 3 300-7 000 A. Only the most important emission lines, both permitted and

forbidden, are shown. The shaded part from the left, beginning from A = 3646 A,
is the Balmer continuum of hydrogen

Gurzadyan “PNe”



Excitation Theory --- Applications [O 11]

Level 3
3/2
Level 2 ... 5;2 ’D

For [O II],
A3729 A3726
consider a 3-level system, with the

two upper levels close together, level 1.V 3/2 %S

JA3729 _j2_1 - nyA;1hvy4
Jaz7ee  J31  M3Azihvzg

Note: AA = 0.3 nm -2 need high-dispersion spectra




[O 1]

1/2
3/2
2p
[S 1]
3/2 . 3/2
D
\ 5/
A3726 A6731
A6716

3/2 L ‘g > -!——L 3/2 Osterbrock



J23729 :j21 _ n,A,1hvyq
| | n n n n n ] ] A h
v’ n, - oo, collisional excitation and deexcitation 77 7t "5

J21 _ 92421V21 o—E23/kT g2Az21 _ 6 3.6X107°

; = = 0.3
J31  93A31V31 g3A31 4 1.8x10™4

Note: statistical weight g = 2] + 1

v' n, = 0, every collisional excitation followed by emission

J31 Y13 93 g3

Because y,1 = Y12, and E,3 <K kT

Transition of density limits occurs n,, ~ 3 x 10° cm™3;
Nes ~ 1.4 x10* cm™>



Intensity ratio

So this kind of level configuration (upper close), the
line ratio is sensitive to the electron number density.

L6 T TTr | T 11T [ T 7711 [ T TT1

14

Similar pairs of lines
[O 1]

[S 1]

[N 1]

[C] 1]

04 [Ar |V]

1 [KV]

S S S R I R B S WA R A [Ne 1V]A2422, 2424

“10! 10? 103 10* 10°

12

1.0

0.8

0.6

Electron density (cm™) Osterbrock



Some examples of density determinations for H Il regions

TABLE b.6

Electron densities in H 11 regions

I(A3729)

: -3
Object, T(A3726) Ne(cm™?)
NGC 1976 A 0.50 3.0 x 10°
NGC 1976 M 1.26 1.4 x 102
M 8 Hourglass 0.65 1.5 x 103
M 8 outer 1.26 1.5 x 10?
NGC 281 1.37 7 x 10
NGC 7000 1.38 6 x 10

Osterbrock



For planetary nebulae

Osterbrock

TABLE 5.7
Electron densities in planetary nebulae

[O 11] [S 11]
A3729 . 3 6716 . 3
Nebula 3726 N, ¢ (em™%) 36731 e @ (em™)

NGC 40 0.78 1.1 x 103 0.69 2.1 x 10°
NGC 650/1 1.23 2.1 x 102 1.08 4.0 x 102
NGC 2392 078 1.1 x 10° 0.88 9.1 x 10?
NGC 2440 064 1.9 x 103 0.62 3.2 x 10°
NGC 3242 0.62 2.2 x 103 064 2.8 x 108
NGC 3587 1.30 1.4 x 102 1.25 1.8 x 102
NGC 6210 047 5.8 x 103 066 2.5 x 103
NGC 6543 044 7.9 x 10° 0.54 5.9 x 103
NGC 6572 0.38 2.1 x 10* 051 8.9 x 103
NGC 6720 1.04 4.7 x 102 1.14 3.2 x 102
NGC 6803 057 2.8 x 10° - -

NGC 6853 1.16 2.9 x 102 - ~

NGC 7009 050 4.6 x 10° 061 3.3 x 108
NGC 7027 048 5.2 x 10 059 4.0 x 108
NGC 7293 1.32 1.3 x 102 1.28 1.6 x 10?
NGC 7662 056 3.0 x 10° 0.64 2.8 x 10°
IC 418 0.37 3.2 x 10° 049 9.5 x 103
IC 2149 0.56 3.0 x 10° 057 4.6 x 10°
IC 4593 0.63 2.0 x 10° - —

IC 4997 0.3 1.0 x 108 045 1.0 x 10°

% N, given for assumed T = 10%° K; for any other T divide listed value
by (T/10%)1/2.



Now consider a different level configuration with [O III| or
[N II], for which the two lower levels are close together.

[0 mm] [N II]

|
: A2321 l
I
I ASﬂSS
1 [
- | A3063
| i \ID |
A5007 2 I
| i SONNNE
| ||
| A6583 |
|A4?59 | {
|
t s
Y Y Y }hﬁ { : 2
1 P Y Y \
0 ! I 1 Osterbrock




Rate of excitation to 1Sand 1D levels = T

When n =2 0, i.e,, collisional deexcitation is negligible

» Every excitation to 'D — 15007 or 14959 (probability 3:1)

» Every excitation to 'S - 14363 or 12321

L, 25007 or 24959
One can show that

4959

L1950 X Y3p1 Aupny
4959 /Y( P D) A(lD 3Py) + A (ID3Py)

A 1D 3p
L5007 X Y3, 2

splp hvsoo7
i )AlDSP))+A(lD3P1)

A lg1p
S his363

L4363 X Vi3p
4363 X V(3P 1Ls) Apgipy+ Apssp)



So

40 - Qipipy Ancipy + Anc: Viap:
]4909.+ Js007 | CEGAPRID) (LS D) (1s3py, Vi3plp) exp(AE/KT)
74363 Q(Bp?ls) ] A(lgng) V4363
[ 4
N 7.73exp|(3.29 x 10%) /T _ 7.15 1014300/,
1+4.5x 1074(N./TY?) 14 0.0028 x
where 0.01 n,
L A(lD,3PQ) V5007 + A(lD;‘gPﬂ 1959 X =

T
A(lD:BPr_)) —|— A(lD;Bpl) \/_e
and AFE is the energy difference between 'D and 'S.

This holds up to n. ~ 10> cm .

At higher densities, collisionalde-excitation begins to play a role.

Similarly, for [N II],

Josas + Josss _ 6.91exp(2.50 x 10%)/T]  _ 8.5
Jsrs 1+ 25 x 1073(N,/TY2).  1+0.29x

1(010800/Te




So with this kind of level configuration (lower close; [O III] or
[N II]), the line ratio is sensitive to temperature.

10* I I I I 1

T TTTTI

10°

T TTTTIT]

10?

7(A4959) + j(A5007)/(A4363)

T TTTTT]

6,000° 10,000° 15,000° 20,000°

Problems: ——
1. I;9z9and I, are strong but I,;.; is weak
2. I 3¢5 1S close to Hg 1 A4358 (sky!)

Osterbrock



Some examples of temperature determinations ...

TABLE 5.1
Temperature determinations in H II regions

[N 1] [0 111]
Nebula I(26548) + I(A6583) . " I(A4959) + I(A5007) .

T K) N./T T K
T05755) %) Ne/ 1(A363) CH

NGC 1976 2b 81 10,000 o1 338 8,700
NGC 1976 1a 102 9,100 68 371 8,500
NGC 1976 5b 111 8,900 21 310 8,900
NGC 1976 ba 189 7,500 12 263 9,300
M 81 | 162 7,900  (10) 445 8,100
M171 257 6,900 (10) 330 8,700
NGC 2467 la 46 13,000 (1) 129 11,600
NGC 2467 1b 53 12,200 (1) 137 11,400

NGC 2359 av — — (1) 90 13,200




TABLE 5.2

Temperature determinations
for planetary nebulae

Nebula T[N 1I] T[O 111]
CK) (K
NGC 650 9,500 10,700
NGC 4342 10,100 11,300
NGC 6210 10,700 9,700
NGC 6543 9,000 8,100
NGC 6572 — 10,300
NGC 6720 10,600 11,100
NGC 6853 10,000 11,000
NGC 7027 — 12,400
NGC 7293 9,300 11,000
NGC 7662 10,600 12,800
IC 418 — 9,700
IC 5217 — 11,600
BB 1 10,500 12,900
Haro 4-1 — 12,000
K 648 — 13,100

Typically T~10,000 K
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ABSTRACT

Electron temperatures for 107 planetary nebulae are calculated with the most recent atomic parameters
from [O n1] or [N 1] line intensities or both taken from a variety of sources. The two temperatures exhibit
quite different variations with respect to nebular ionization level, or excitation. Within somewhat broad limits,
T,[O m] can be taken as constant at 10,200 K for nebulac without He 11 14686; with the onset of that line,
this temperature quickly climbs according to T,[O m] = 9700 K + 581(14686), where the line intensity is
scaled as usual to I(HB) = 100. T,[N 1] behaves oppositely. With 14686 present, there is little discernable
trend with excitation around a median value of 10,300 K; as the excitation drops and 14686 disappears, this
temperature appears first to increase, and then to decrease to values well below 8000 K: for log T, (central
star temperature) <4.7, T,[N 1] = 14,670 log T, — 57,330. The dispersion in T, for a specific excitation corre-
lates negatively with O/H as expected.

Combination of the [O 11] and [N 11] data sets shows that the mean ratio of T,[N 1u]/T,[O ur] = r varies
smoothly and strongly also as a function of overall nebular excitation. As excitation increases from T, =
25,000 K to ~50,000 K, 7 increases from ~0.7 to ~1.1. It then decreases through the onset of He*?2, drop-
ping to 0.7 again for the highest levels of ionization, that is, the nebular temperature gradient as inferred from
O*2 and N* is usually negative with respect to distance from the central star but reverses to positive for
nebulae in the midrange of excitation for T, ~ 50,000 K.

Comparison of [O ur] temperatures among major reference sources shows clear systematic differences. The
observations by French and by Torres-Peimbert and Peimbert yield the highest values, roughly 1000 K higher
than those obtained from Aller and Czyzak and from Barker. No such trends are seen for T[N 11], possibly
because the scatter in the data is considerably larger.
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1937ApJ....85..330M

PHYSICAL PROCESSES IN GASEOUS NEBULAE
I. ABSORPTION AND EMISSION OF RADIATION

DONALD H. MENZEL

ABSTRACT

In this paper, the first of a series dealing with the physical state of gaseous nebulae,
various fundamental formulae are derived. The total emission and absorption of radia-
tion by atomic hydrogen are evaluated, together with the number of transitions to and
from any quantum level, discrete or continuous. The equations are thrown into simple
homogeneous form. The general equations that determine the statistical equilibrium
of the assembly and the partition of atoms into various atomic states are developed.
Solution of these equations is deferred until a later paper.



