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basic parameters

• 1 eV =12394 A=2.41867x1014 Hz =11605K=1.6x10-12

erg

• Ry: 里德伯能量 13.6eV

•精细结构常数：α = 
𝑒

𝑐ℎ
≈

1

137



Overview of ionized gas

• Together, ionized gas makes up about 23% of the 
mass of the ISM in our Galaxy. 

• Coronal gas 
• T ~ 105.5 K, n ~ 0.004 cm-3 (the hot ionized medium)

• T > 104 K, n ~ 0.3-104 cm-3

• discrete H II regions around massive OB stars and 
planetary nebulae

• diffuse ionized gas caused by photons leaking from 
discrete H II regions (the warm ionized medium, WIM)

• Of these, the WIM contains the most mass 



Ionization in Predominantly 
Neutral region
•光致电离

• C,O等金属的电离界面远大于H

• About 99.9% of gas-phase interstellar carbon（100K）
is ionized （电离势<13.6eV）

•宇宙线电离



Strömgren Sphere

• Pure Hydrogen Nebula

O6.5v star



Stromgren Radius: ~5pc,  fully ionized, very sharp-edged

T~10000K



Timescale of for ionizing a 
Strömgren Sphere 

O型星寿命：1My



Nebulae with Hydrogen and 
Helium
• H0H+ hV1=13.6 eV

• He0He+     hV2=24.6 eV

• He+He++ hV3=54.4 eV 

• nHe=0.1nH
• cross-section for He0 ionization ~10 times larger than 

H0 
• ionizing photons with hv>hv2 will primarily ionize He0 

instead of H0. 



• "Cool" Stars (T<40000 K) stars later than O6. 

• Hot Stars (T =40,000 – 100,000 K): 



• Very Hot Stars (T>105 K)
• Wolf-Rayet stars，AGN



Metals

• Metals have low abundances relative to Hydrogen and 
Helium 

• so absorption by the different ionization stages of the metals 
does not significantly modify the radiation field of low
density nebulae

• In typical HII regions, therefore, the electron density, ne, is 
primarily coupled to the H+He, density with negligible 
contributions from the metals. 



HII区的温度

•复合冷却

•自由--自由冷却（韧致辐射）

•碰撞激发线冷却（禁线）
• 金属离子 O+ N+ O++ S+

• 精细能级 ~few eV

温度不敏感
不是很有效





禁线：Forbidden line

•碰撞激发到亚稳态，时标长
• 碰撞激发截面远大于复合截面（3个量级）

•低密度(避免碰撞退激发）

•质量大（强度高）

•可见光部分的强禁线
• [OIII]5007/4959A（靠近H_beta:4861A）
• [NII] 6548/6583A (靠近H_alpha:6563A)
• [SII] 6716A/6731A
• [OII] 3726A/3729A

• 21cm （跃迁概率10-14.5 /s）



Selection Rules

L: 总轨道角动量量子数（S,P,D,F）
S：总自旋量子数
J:  |L + S|  （2S+1)(2L+1）种取值
P: L 的奇偶性



•简单模型
• 低电子密度极限 (ne0)

• 碰撞激发后处于亚稳态（无碰撞退激发），自发辐射

• 高电子密度极限
• 碰撞退激发主导（无辐射）

• 临界密度

碰撞激发 碰撞退激发 自发辐射



双线

• [OIII]4959/5007,[NII]6548/6583能级差比较大，对
电子温度敏感
• 电子服从麦克斯韦分布（库仑作用强）

• [OII],[SII]线强比敏感于电子密度
• 在n0   时，无碰撞退激发

[OII]3726/[OII]3728=[SII]6716/[SII6731]=1.5

• 在n ∞ 碰撞退激发
• [OII]3726/[OII]3728=[SII]6716/[SII6731]=0.3



dust

• Absorption  UV photons
• re-radiate in Far-IR bands

• Photo-evaporate 
• Element Depletion 

• Reduce the 



The Spectra of Ionized Hydrogen 
Regions 

• HI复合线
• Case A： nebula is optically thin in all of the HI resonance lines 

arising from the 1s ground state (Lyα, Ly β etc.)
• High T region（>106K）

• Case B： nebula is optically thick to UV Lyman resonance line 
absorption, each Lyman photon absorbed is quickly re-emitted

• 1s3p, 88% 3p1s; 12% 3p-2s(Hα) then 2-photon continuum 
(forbidden 2s-1s transition)  1s

• Case B 的Hα比较强

Ferland, G. J., 1980, PASP

http://adsabs.harvard.edu/cgi-bin/author_form?author=Ferland,+G&fullauthor=Ferland, G. J.&charset=UTF-8&db_key=AST


Other possibilities

• High densities (Ne=108-12 cm-3), 碰撞激发

•光学深度
• Balmer线是光深的（AGN的宽线区）
• Lyman光子leak 

• Lyman光子被其它元素共振吸收
• Dust

• 趋向Case A



HeII 4686Å emission 

• PN  T~20,000 K  （Z=2）



Nebular Continuum 

• Free-bound 
• >13.6 eV 的电子被复合

• Free-Free 
• 电子散射（韧致辐射）

• 2光子 HI  (case B recombination)
• 2s  1s

• 2p 1s  (Lyman α )



红外波段的显著发射线

[CII] line is the most efficient cooling line of the ISM!



射电波段

•连续谱（free-free）

•复合线（主量子数很大的时候） very faint
• 最大量子数 n~740 in typical nebular

Orion Nebula HII region 

可以推算电子温度



The Spectra of Ionized 
Nebulae:  star forming 
galaxies 

Lower metallicity, hotter nebular,
Stronger [OIII]

Cooling by far-IR fine structure lines 
of O and N 



PN
Higher T 50,000K-120,000

He++  high level metal lines



Emission Measure(EM)



Lyman Continuum

• Hα Hβ lines
• Hv>13.6 eV的光子无法逃离
• 来自OB型星，寿命1My SFR

• Br α(4.05um) and Br β (2.16um):  highly obscured HII 
regions

• Free-Free continuum at radio wavelenghths

• Drawbacks
• Lower limit (Lyman Photons escape)
• Dust reprocession



Nebular Temperatures

• p2 ions, like O++ and N+, all of the
levels above the lowest ground state are populated 
by electron-ion impact excitations. 

Faint lines

为什么不能直接从双线测量？



Nebular Densities

• P3 ions S+，O+
• [SII] 6716A/6731A

• [OII] 3726A/3729A



Infrared Fine Structure Lines

• O++  Get Te and n from the same ionic state
• By measuring two line ratios: I(5007Å)/I(52um) and 

I(52um)/I(88u m） (Dinerstein, Lester, & Werner 1985, 
ApJ, 291, 561) 



Abundance

• Ionic Abundances: e.g. O+/H+

• Total (Elemental) Abundances: e.g. O/H



Ionic Abundances



Inhomogeneous temperature

Forbidden line



Total (Elemental) Abundances

• Ionization Correction Factor (ICF) 



To be continued (next next week)
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