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Planetary Nebulae



Ionization Fronts and Shocks in HII Ionization Fronts and Shocks in HII 
RegionsRegions

two stages of evolution of the HII regions:two stages of evolution of the HII regions:

-- first stage: formation of “initial first stage: formation of “initial StromgrenStromgren
sphere” by an ionization frontsphere” by an ionization front

-- second  stage: expansion of a shock second  stage: expansion of a shock 
wave followed by an ionization front  wave followed by an ionization front  



Ionization Fronts and Shocks in HII Ionization Fronts and Shocks in HII 
RegionsRegions

first stagefirst stage
-- duration: few thousand yearsduration: few thousand years
-- fast propagation of a wave of ionizationfast propagation of a wave of ionization
-- up to an equilibrium radius  up to an equilibrium radius  RRinitinit (initial (initial 
StromgrenStromgren sphere)   sphere)   

ionization = recombination ionization = recombination 

RRinitinit ~ 5.6 pc~ 5.6 pc
(O5 star born into a region of density 100 cm(O5 star born into a region of density 100 cm--33))



Ionization Fronts and Shocks in HII Ionization Fronts and Shocks in HII 
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idealized first stage: idealized first stage: 



Ionization Fronts and Shocks in HII Ionization Fronts and Shocks in HII 
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second stagesecond stage
-- pressure of HII region > pressure of HI pressure of HII region > pressure of HI 
regionregion
-- the isothermal shock wave is formedthe isothermal shock wave is formed
-- volume of the HII region increases => volume of the HII region increases => 
its density decreases => recombination its density decreases => recombination 
rate decreases => rate decreases => 
-- the ionization front is formed again and the ionization front is formed again and 
follows the shock wave      follows the shock wave      



Ionization Fronts and Shocks in HII Ionization Fronts and Shocks in HII 
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isothermal shock waveisothermal shock wave
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radiativeradiative shocks shocks 
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isothermal shock isothermal shock 
compression:compression:

ρ2/ρ1 ~ (Mach number)2

Mach number = u1/vs,T
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idealized second stage:idealized second stage:



Ionization Fronts and Shocks in HII Ionization Fronts and Shocks in HII 
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second stagesecond stage
-- duration: few tens million yearsduration: few tens million years
-- up to an final equilibrium radius  up to an final equilibrium radius  RRfinalfinal (final (final 
StromgrenStromgren sphere)   sphere)   

ionization = recombination ionization = recombination 
++

VVshockshock wavewave ~ 10 km/s ~ 10 km/s 

RRfinalfinal ~ 200 pc~ 200 pc
(if central star does not finish its life as SN earlier!)(if central star does not finish its life as SN earlier!)
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Ionization frontsIonization fronts



Ionization Fronts and Shocks in HII Ionization Fronts and Shocks in HII 
RegionsRegions

first expansion phase first expansion phase –– RR--type ionization frontstype ionization fronts
-- R (rarefied gas in upstream region) R (rarefied gas in upstream region) 
-- RR--fronts fronts –– supersonicsupersonic
vv1 1 ~ 1300 km/s, for ~ 1300 km/s, for 
strong Rstrong R--frontsfronts
(5.6 pc, 5000 years)(5.6 pc, 5000 years)

-- RR--compression ~ 8/3compression ~ 8/3



Ionization Fronts and Shocks in HII Ionization Fronts and Shocks in HII 
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transition to Dtransition to D--type ionization frontstype ionization fronts

an Ran R--critical ionization frontcritical ionization front
||||

an isothermal shock + a Dan isothermal shock + a D--type critical front type critical front 



Ionization Fronts and Shocks in HII Ionization Fronts and Shocks in HII 
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second expansion phase second expansion phase –– DD--type ionization type ionization 
fronts + isothermal shockfronts + isothermal shock
-- D (dense gas in upstream region) D (dense gas in upstream region) 
-- DD--fronts fronts -- subsonic subsonic 

~0.2 km/s~0.2 km/s
-- DD--compression compression 

~1/60~1/60
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Ionization Fronts and Shocks in HII Ionization Fronts and Shocks in HII 
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real duration of evolution of an HII region is real duration of evolution of an HII region is 
defined by lifetime of O5 star!defined by lifetime of O5 star!

--it is approx. 30 times less than lifetime of   it is approx. 30 times less than lifetime of   
second expansion phasesecond expansion phase

RRfinalfinal ~ 20 pc~ 20 pc

F. F. ShuShu: : “A typical HII region spends most of its life in a fully dynamic“A typical HII region spends most of its life in a fully dynamic
state of expansion and ends its existence as part of the debris state of expansion and ends its existence as part of the debris of a of a 

supernova remnants.”supernova remnants.”
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Planetary Nebulae and Associated 
Shocks

asymptotic giant branch stars (AGB) – progenitors 
of planetary nebulae (PNe)
AGB stars: C-N-O degenerate core + mostly H (or 
He) reactions in a thin envelope
AGB mass loss 10-5 MSun/yr, Vwind ~ 10 km/s, 
duration of the AGB phase ~ million years
when H envelope is completely removed, AGB 
phase is finished
temperature of an exposed core increases –
central star of PN 
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Planetary Nebulae and Associated 
Shocks

PN = central star + ejected AGB material
central stars (CS) – the hottest stars in 
Galaxy, up to 100 000 K 
CS mass loss 10-8 MSun/yr, Vwind ~ 2000 
km/s
when H is exhausted, CS enters in cooling 
track toward WD 
the PN evolution is finished after 10 000 yr



Planetary Nebulae and Associated 
Shocks

the interacting stellar winds model
- two shocks:

inner (energy conserving)
outer (momentum conserving –

isothermal)  
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Planetary Nebulae and Associated 
Shocks

PN is HII region – we expect Ionization 
fronts



Planetary Nebulae in Radio

HII regions – thermal bremsstrahlung
emission from medium perturbed by 
isothermal shock
we derived the theoretical Σ-D relation for 
planetary nebulae

Σ ~ D-3

(density n ~ D-2, T = const. ~ 10 000 K)     
Urošević, Vukotić, Arbutina, Ilić (2007)



Planetary Nebulae in Radio

empirical Σ-D relation for PNe

our results show that no valid empirical 
correlation between the radio surface 
brightness and diameters of PNe

reasons: peculiar physics and selection 
effects
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samples
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USNO sample
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USNO Σ-D and L-D diagrams
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the Σ-D fits for 5 selected samples of PNe
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the L-D diagram of PNe



Planetary Nebulae in Radio

These are results of collaboration by many of 
“us” here:

Vukotić, Arbutina, Ilić,Filipović,Bojičić, 
Šegan and Urošević

submitted to A&A



Plans for futurePlans for future

plans for plans for tomorrowtomorrow
-- the the ΣΣ--D D relation for “ordinary” HII relation for “ordinary” HII 
regionsregions

plans for plans for day after tomorrowday after tomorrow
-- development of HD and MHD development of HD and MHD 
codes for the evolution of SNR and codes for the evolution of SNR and 
PN (HII) shock waves (and fronts) PN (HII) shock waves (and fronts) 



THANKS THANKS 
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