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Nebular spectra
 Wind blown bubble NGC 7635, Hα image
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02 Introduction
 Extended sources
 Emission line spectra
 Forbidden lines:
 [OIII] λλ4959, 5007
 [NII] λλ6548, 6583
 [OII] λλ3726, 3729
 Permitted H lines:
 Hα λ6563
 Hβ λ4861
 Hγ λ4340
 Weaker
 HeI λ 5876, HeII λ4686
 CII, CIII, CIV, OII...
 Continuum
 bf in Pashen continuum of HI λ>3646
 Balmer λ<3646
 Thermal dust emission
 Radio: electron bremsstrahlung
 UV spectra
 MgII λλ2796, 2803
 CIV λλ1548, 1551
 IR spectra
 [NeII] λ12.8µm
 [OIII] λ88.4µm
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03 Observations
 From radio to X-Ray. multiwavelengths approach
 Pillar in the Carina Nebula, HST 2009:
 F673N ([S II]); F656N (H-alpha); F502N ([O III])
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04 Observations
 From radio to X-Ray. multiwavelengths approach
 Pillar in the Carina Nebula, HST 2009:
 F164N ([Fe II]); F126N ([Fe II])
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05 Spectra energy distribution of a hot star
 Hot stars are the main ionizing sources
 WNE Model 11-12
 -10
 -5
 2.0 2.5 3.0 3.5 4.0 4.5 5.0log (λ / A
 o)
 log
 F
 λ /
 (e
 rg c
 m-2
 s-1
 Ao-1
 ) in
 d=
 10
 pc
 A Wolf-Rayet type star with Teff =80kK
 PoWR stellar atmosphere models
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06 Basic Physical Ideas
 Photoionization of H is the main energy-input mechanism
 Photons with E>13.6 eV are absorbed
 Photoelectron is created E=hν-13.6
 Electron-electron collisions Maxwellian distribution of velocity
 (typically 5kK <T< 20kK)
 Collisions between electrons and ions: collisional excitation of ions
 Downward radiation transitions have very small transition
 probabilities
 Typical nebulae densities Ne <104 cm-3 (what is ISM density?)
 Collisional de-exitation even less probable than radiative transition
 Nearly every photoionization results on the emission of a photon
 in a forbidden line
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07 Basic Physical Ideas
 Photoionization of H is the main energy-input mechanism
 Thermal electrons recombine. The degree of ionization at each point
 in the nebula is fixed by number of photoionizations and
 recombinations.
 Degree of ionization in the nebula depends on the temperature of the
 star, not temperature of the nebula. [Ne V] and [Fe VII] can be
 observed around hot stars.
 Electrons recombine on upper levels.
 The excited atoms decay to lower levels via radiative transitions.
 This is the origin of the HI Balmer- and Paschen-line spectra.
 Recombination of H+ gives rise to excited atoms of H0 , emission of
 HI spectrum.
 Also, recombination spectra of HeII (strongest line λ4686). Weaker
 spectra of CII, CIII, CIV et cet.
 In addition ot line spectrum - IR contium spectrum of warm dust.
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08 HII regions
 Hα image of the Small Magelanic Cloud
 Exciting stars - O- or early B
 stars of Population I: individual
 or cluster of stars
 OB stars < 50 Myr, HII regions
 trace the regions of recent star
 formation
 Largely concentrated in spiral
 arms. Easily observed in other
 galaxies, while individual stars
 cannot be resolved.
 H is ionized, heavier elements
 (He) are singly ionized
 Density fluctuations often
 observed within the HII regions
 (can be neutral)
 Dynamics: isothermal sound
 speed - 10 km/s
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09 Planetary Nebulae
 HST image of a planetary nebula
 Exciting stars - old low mass stars
 Population I: individual. Hotter
 than O stars, but less luminous
 Central stars are rapidly evolving
 to White Dwarfs
 PNs are nearly always symmetric,
 bilateral.
 PNe are expanding (typical 25
 km/s) volume increasing,
 density decreasing
 PNe fade in 104 years
 Exciting stars are hotter
 ionization is higher than in HII
 Not only, HI and HeI, but also
 HeII, the collisionaly excited [OIII]
 and [NeIII] are stronger than in
 HII regions, often [NeV]
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10 Supernova Remnants
 HST image of Crab Nebula ([O III], [O I], [S II])
 The non-thermal synchrotron
 emission extends into the optical
 region. Synchrotron is source of
 ionizing photons.
 In some SNR collisional ionization
 occurs, rather than
 photoionization
 NB! In all nebulae collisional
 excitation is caused by the
 thermal electrons
 SNR are remnants of type I or II
 SNe. In case of SNIa no compact
 source is left.
 Fast expanding, and fade in 104
 years.
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11 Active Galactic Nuclei
 Multiwavelenghts image of 3C 321
 Nearly all ionized gas in the active galaxies is photoionized
 Source of ionizing photons: the continuum spectrum of the AGN
 The source can be disk corona, or jets, or magnetic field effects, or
 all togehter
 The spectrum is much harder than spectra of hot stars
 The particle and energy densities are much higher than in the HII or
 PNs.
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12 Basic Physical Ideas: Forbidden Lines
 An ion is excited by collision with an electron
 H (IP = 13.6 eV), HeI (IP=24.5 eV), and HeII (IP=54.1 ev)
 What are resulting photoelectron energies? 24.5-13.6=10.9 eV
 Low energy electrons: not enough to collisionaly ionize (!)
 But enough to exite the electron to a higher level within the
 ground state.
 Elements with excitation potential < 10eV from gournd level
 Even when these elemens are rare in comparison with H and He,
 nearly all photoelectrons will be used to excite these elements
 Such lines with low excitation potential are forbidden lines.
 Zanstra: intesity of forbidden line is proportianal to UV radition
 field intensity
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13 Basic Physical Ideas: Forbidden Lines
 Osterbrock & Ferland, 2005
 Electron is excited to a higher level within the ground
 state.
 Singly ionized sulfur, S+, has 3 valence electrons.
 1s2 2s2 2p6 3s2 3p3 .
 Radiative transition are allowed when
 ∆l= ± 1, ∆m=0, ± 1
 If selection rules for dipole radiation are not fulfilled -
 dipole radiation is not possible
 Quadropole or magneto-dipole radiation may occure: But
 the probability of such transaction is 105 times smaller
 Metastable states - excited states which have a relatively
 long lifetime due to slow radiative and non-radiative decay
 Forbidden transitions: upper-state lifetimes of ms or even
 hr. Allowed transitions: upper-state lifetimes are a few
 nanos.
 The lifetime: the 5/2 and 3/2 levels are 3846s and 1136s.
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14 Basic Physical Ideas: Forbidden Lines
 Removal from metastable level by collisions.
 In air under standard conditions, an atom experinces 1010 collisions per
 second
 In a typical nebula, an atom experiences 1 collision per minute. Or less.
 Therefore, there is enough time for radiative transition from metastable
 level.
 Removal from the metastable level by absorption of radiation.
 The probability is proportional to the density of radiation
 ? How density of radiation changes with distance?
 Eddington: lack of forbidden lines in the stellar spectra - too high density of
 exciting photons.
 E.g. denstities in chromospheres are low enough for forbidden lines of
 [FeII] to be seen, but radiative filed is too high
 Thus nebulae fulfill both conditions: low densities of radiation AND low gas
 denstiy
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15
 Filters: F502N [O III],
 FR505N [O III] and
 F658N (Hα+[N II])
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Photoionized Nebulae
 Thomas Shahan flkr site
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16 Photoionization Equilibrium
 Photoionization of a diffuse gas cloud by UV photons
 The ionization equilibrium: Balance between photoionizations
 and recombinations
 Assume a pure H cloud surrounding a single hot star
 NHI
 ∫∞
 ν0
 4πJνhν
 aν(HI)dν = NeNpα(HI, T )
 The mean intensity in first approximation:
 4πJν =R2
 r2 πFν(0) =Lν
 4πr2
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17 Stromgren Sphere
 Very large volume, few hundreds pc, with very thin skin "transition
 zone" 0.01 pc. Hydrogen is nearly fully ionized inside, and neutral
 outside.
 To investigate a model HII region
 Examine photoionization cross-sections and recombination
 coefficients for H
 Consider radiative transfer
 Calculate the structure of HII region
 Include other abundant elements, they are important for the thermal
 balance
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18 Basic Physical Ideas: Forbidden Lines
 Osterbrock
 Permitted transitions (∆L= ± 1 )
 Mean lifetime of excited levels τnL =1
 Σn′<nΣL′=L±1AnL,n′L′
 10-4 -10-8 sec
 From 22 S 12 S only with emission of 2 ph, τ=0.12
 sec
 Mean lifetime against photionization 108 sec All
 H0 is in 12 S level
 Photoionization from 12 S level is balanced by
 recombination to all levels
 Following quickly by radiative transition downward
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19 Basic (Nebular) Approximation
 All hydrogen is in ground state
 Photoionization from 12 S level is balanced by recombination to
 all levels
 Following quickly by radiative transition downward
 This approximation is quite good, and greatly simplifies
 calculations of physical conditions in the nebulae
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Osterbrock ν (1016 Hz)
 20Photoionization absorption cross section of H0 ,He0 , and He+
 The photoionization cross-section
 for the 12 S level of hydrogenic ions
 has maximum at the threshold
 energy ν0 =3.29 1015 s-1 or λ=912Ao
 aν drops as ν-3
 Higher-energy photons on average
 can penetrate further before they
 are absorbed
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21Ionization Equilibrium
 Ionization Equilibrium
 NH0
 ∫∞
 ν0
 4πJνhν
 aν(H0)dν = NeNpα(H0
 , T )
 Stellar radiation field
 4πJνs = πFνs(r) = πFνs(R) × R2e−τν
 r2
 Number of photons from the recombinaiton on ground level
 4π∫∞
 ν0
 jνhν
 dν = NpNeα1(H0, T ).
 Substituting it in the eqiation of ionization equilibrium
 NH0 R2
 r2
 ∫∞
 ν0
 πFν(R)
 hνaνe−τνdν = NeNpαB(H0
 , T )
 where
 αB(H0, T ) = αA(H0
 , T ) − α1(H0, T ) =
 ∑∞
 2 αn(H0, T )
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22Ionization Equilibrium
 Equation of ionization equilibrium
 NH0 R2
 r2
 ∫∞
 ν0
 πFν(R)
 hνaνe−τνdν = NeNpαB(H0
 , T )
 Physical meaning: In optically thick nebulae, the ionizations
 caused by stellar photons are balanced by recombinaitons to
 excited levels of H. The recombinations to the ground level
 generate ionizing photons that are immediately absorbed, but
 have no net effect on the overall ionization balance
 Cross-sections aν and optical depth are known functions of ν
 When stellar spectrum πFν (R) is input, the integral ∫∞
 ν0
 πFν(R)
 hνaνe−τνdν can be tabulated.
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23Stromgren Sphere
 Equation of ionization equilibrium
 NH0 R2
 r2
 ∫∞
 ν0
 πFν(R)
 hνaνe−τνdν = NeNpαB(H0
 , T )
 τν(r) =∫ r
 0NH0(r′)aνdr′ =
 aνaν0τ0(r)
 These two equations are integrated outwards to find
 NH0(r),Np(r),Ne(r)
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24 Ionization structure of two homogeneous pure-H model HII regions
 Osterbrock, Fig. 2-3
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26Photoionization of Nebula Containing Hydrogen and Helium
 The IP of He0 hν0 =24.6 eV, the IP of He+ hν0 =54.4 eV
 Normal OB type stars do not radiate any significant
 number of photons with hν>54.4 eV normally, HII regions
 do not have He++ zone
 NB! Central stars of PNe are much hotter PNe emit HII
 recombination spectrum
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A typical planetary nebula spectrum.
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28Photoionization of Nebula Containing Hydrogen and Helium
 Photons with energies 13.6 eV <hν<24.6 eV ionize which
 element?
 Photons with energies hν>24.6 eV can ionize ..what?
 What would be the ionization structure if the maximum of
 stellar SED is between 13.6 eV<hν<24.6 eV (as in ζ Pup)?
 What would be the ionization structure if the maximum of
 stellar SED is between 24.6 eV<hν (as in CSPNe)?
 He+ is H-like total recombination coefficients are similar
 But He is 2-e system, i.e it has singlet and triplet terms.
 See Osterbrock for numerical values
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29Partial energy diagram of He I, showing strongest optical lines observed in
 nebulae. Osterbrock, Fig 4.4
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30Helium recombination on triplet levels
 Recombinations on excited levels of He: 3/4 on triplet levels, 1/4 on singlet
 All captures to triplets led thru downward radiative transitions to 23 S.
 23 S is metastable. Transition probability A(23 S 11 S)=1.27 10-4 s-1 .
 Forbidden line at 19.8 eV (626.18Ao
 A) is emitted.
 23 S level can be also depopulated by collisions to 21 S or 21 P
 Osterbrock, Table 2.5 Collisional exitation coefficients q [cm3 s-1 ] from
 He0 (23 S)
 Critical electron density Nc (23 S) at which collisional transitions are equally
 probable with radiative transitions is few 103 cm-3 .
 Typical HII region: Ne <102 cm-3 nearly all the atoms leave 23 S with
 emission of forbidded line at 19.8 ev (λ626.18Ao
 ). Can we observe it?
 PNe: Ne approx. 104 cm-3 . Many atoms are collisionaly excited to 21 S or
 21 P before emitting a line photon.
 From the ratio of excitation rates: e.g. at T=10 kK, 83 per cent of the
 transitions is to 21 S, and 0.17 to 21 P
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31Helium recombination on singlet levels
 Of the captures on singlet levels in He, 2/3 populate 21 P, 1/3 leads
 to population of 21 S.
 21 P decay mostly so 11 S with a resonace line photon at 21.2 eV
 Nebula is opticaly thick in this line resonant scattering on He0 . Or
 what element can absorb photon at 21.2 eV?
 Some 21 P decay 21 S with a photon at 2.06µm
 After 103 scatterings, average photon is converted in 2.06µm photon
 and populate 21 S
 21 S decay to 11 S with 2 photon transition, that has sum of energies
 20.6 eV and probability 51 sec-1 . 2photon transition - continuus
 spectrum. The probability that a ph is produced, which can ionizae H
 is 0.56.
 He bound-bound transitions ph that can ionize H but not He. They
 can be included in the H ioniz. eq. in the on-the-spot approximation.
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32Ionization balance
 The total number of recombinations to excited levels of He per V, per
 t is NHe+NeαB(He0, T ) .
 Fraction p : pNHe+NeαB(He0, T ) generate ionizing photons that are
 absorbed on the spot.
 In the low- density limit Ne ≪ Nc p = 0.96
 In the high- density limit Ne ≫ Nc p = 0.66
 ’’On the Spot’’ approximation
 Photons are are absorbed ’’on the spot’’, i.e. close to the point where
 they were generated
 Jνd =jν
 NH0 aν
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33 Ionization structure of two homogeneous H+He model HII regions
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34Further effects: The Bowen Fluorescence Mechanism
 There is accidental coincidence between the wavelength of HeII Lyα λ303.78 and
 OIII 2p2 3 P2 λ303.8
 The HeII Lyα photons are scattered many times before they escape. Hence there is
 a high density of these photons in a nebula. O++ is also present in the same zone
 as He++ .
 Some of HeII Lyα photons are absorbed by O++ and excite 3d3 P level of OIII. This
 level quickly decays by radiative transitions:
 Probability 0.74: resonance scattering 2p2 3 P2 -3d3 P2
 Probability 0.24: 2p2 3 P1 -3d3 P2 λ303.62
 Probability 0.02: the 3d3 P2 level decays by emitting one of the six longer
 wavelength photons (see Fig. 4.6 in Osrebrock). These lines are in optical
 and UV: Bowen resonance-fluorescent mechanism.
 Bowen fluorescence: conversion HeII Lyα photons in optical and UV lines of OIII.
 These lines are commonly observed in planetary nebula.
 HI Lyβ λ1025.72 and OI 2p4 3 P2 -2p3 3d3 3 D3 λ 1025.76. Some atomic oxygen exists
 in the He+ zone, due to rapid charge transfer between oxygen and hydrogen. The
 far UV lines of OI are also observed.
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Partial energy-level diagram of [OIII] and HeII showing coincedence of HeII Lα and[OIII]2p2 3 P2 - 3d3 P0
 2 . Solid lines: fluorescence lines in optical and UV.

Page 38
                        

36Exercise: Determiming the Gas Density
 lowest ground-state
 levels of p electrons
 The Sulfur LinesSingly ionized sulfur S+ , 1s2 2s2 2p6 3s2 3p3 3 valence e
 All upper levels are metastable
 They can be populated only by collisions
 The lines of interest have very close wavelength
 Nearly all collisions which can exite level 3/2, can excite 5/2
 But! g5/2 =6, g3/2 =4 Why?
 What is the meaning of statistical weight?
 Life-time 5/2 is 3846 sec, 3/2 is 1136 sec
 Collisions can excite and deexcite
 Which line is more likely to be deexcited by collisions?
 For low densities (<100 cm-3 ): deexcitation by ph emision
 Ratio of λ6716 to λ6731 is equal to the ratio of What?
 For high densities (>10000 cm-3 ): deexcitation by collisions
 Ratio of λ6716 to λ6731 is equal to the ratio of What?
 Short lived level can emit more photons
 What is air density?
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37Exercise: Determiming the Gas Density
 Follow www.williams.edu/Astronomy/research/PN/nebulae
 Variation of λ6716/λ6731 ratio with density
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38
 Planetary Nebulae
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40The origin of PNe and evolution of central stars.
 Various methods of temperature determination T up to 200 kK.
 Very hot central stars.
 For those PNe where d is known r is known, expansion
 velocity is known dynamical age. The youngest PNe are
 around stars with L approx. 104 Lsun and T=50 kK. The older PNe
 are around stars with same L, but hotter. Oldest have low
 luminosity hot stars. How cenral star moves on HRD?
 The radius of the star can be derived from its luminosity and T.
 How? Stars start with solar diameter and shrink to 0.003 Rsun --
 the size of white dwarf.
 With mean expansion velocity 20 km/s, the time for this process
 is 35 kyr. I.e. PN cenral star is a very short lived stage.
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41
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42Old Suns
 http://heritage.stsci.edu/1997
 Stars with M* <8Msun
 evolve to Asymptotic Giant Branch (AGB)
 carbon/oxygen core (result of 3α process)
 surrounded by the two shell sources
 1. the helium shell carbon,oxygen, ε~T40
 2. the hydrogen shell helium shell.
 extended convective envelope R* =1au
 R* =1au, L* =105 Lsun , T* =3500K
 * Small increase in T leads to increase of P in He-
 shell
 * The shell expands, its V increases, ρ decreases,
 expansion stops before T drops, no cooling to
 balance ε Flash!
 * These runaways are cyclical Thermal pulses
 * Mass is lost during thermal puls: via increased
 wind or mass ejection, v=10..30 km/s
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