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[onization Fronts and Shocks in HII
Regions

two) stages ofi evolution: ofi the HIT regions:

- firsti stage: formation: ofi “initial Stromgren
sphere~ by an ionization frent

- Second. stage: expansion off arsnock
wave fellewed by anlionization: frent



[onization Fronts and Shocks in HII
Regions

first stage
- duration: few: thousand Years
- fiasti propagation 6l a Wave off Ionization

- Up to an' eguilibrium radius; R« (initial
Stromgren; Sphere)

jonization = recombination

Rinit ~ 2.6 pC

(O5istar born into a region of density 100 cm=>)



[onization Fronts and Shocks in HII
Regions

idealized first stade:




[onization Fronts and Shocks in HII
Regions

second stage

- pressure off HII region > pressure ofi HI
fegion

- the isothermal shock Wave Is fiormed

- volume of the, HIT region increases =>
tS density, decreases => recombination
iatie] decreases =>

- the 1onization! frent: is' formed adgain and
follows the sheck wave



[onization Fronts and Shocks in HII
REgIGnS

[sothermall shock Wave




[onization Fronts and Shocks in HII
Regions

radiative shocks

cold gas moving hot gas moving cold gas moving
rapidly slowly ' very slowly

P3, P3: T3

———

p1, P, Th p2, P2, T2 radiative

U1 U2 relaxation layer U3

L=0 . L£>0 L=0




[onization Fronts and Shocks in HII
Regions

[Sothermal shock
COMPression:

04 p; ~ (Mach number)?

Mach number = /v, 1



[onization Fronts and Shocks in HII
Regions

idealized secondi stage:

.. - \_ ionization
front

~ shock front |




[onization Fronts and Shocks in HII
Regions

Secondl stage
- durationi few: tens million years

- Up te anfinal equilibrumiradius Ke, (final
Stromgren Sphere)

jonization = recombination

+
l/shock wave 10 km/ 5

Rfinal ~ 200 PC

(If centrall star does not: finish its' life as SN earlier!)



[onization Fronts and Shocks in HII
REgIGnS

lonization fironts




[onization Fronts and Shocks in HII
Regions

first expansion phase — R-type Ionization fironts

- R (rarefied gas inr upstream region)

- R-{1ioNtS, — SUPErSOnIc
v, ~ 1300 kmy/s, for

strong| R-frents
(5.6 pc, 5000/ years)
- R-compression ~ 8/3




[onization Fronts and Shocks in HII
Regions

tramsition tor D-type ionization fents

an R=criticall ionization front

|

an isethermal shock 4 a D-type critical front



[onization Fronts and Shocks in HII
Regions

SEecond expansion phnase — D-type; ionization
fronts) + Isothermal sheck

- [D (dense gas in upstream region)
- [D-fironts - subsoenic

~(0.2 km/s
- D-compression
~1 /60




[onization Fronts and Shocks in
REgions

rarefied rarefied rarefied compressed rarefied
H1I gas Hi gas Hir gas HI gas Hi1 gas

R-~critical D-critical isothermal
ionization ionization shock
front front

HLL

p2/p = vifvz




[onization Fronts and Shocks in HII
Regions

ieall duration: off evelutien of an: HIl regien: is
defined by lifetime; off ©5 star!

|t isfapprox. 30 times, less than lifetime of
SECoNd ExpPansion: phase

Rfinal ~1 20 0)6

E. Shu: A typicall HIT region spends most of its life in a fully: dynamic
state off expansion andl ends its existence as part ofi the debris of a

SUPErnova remnants.



Planetary Nebulae and Associated

Shocks

Evolutionary Tracks off the Main Sequence
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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> Mg, /yr, Vg~ 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



Planetary Nebulae and Associated
Shocks
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FIG. 5—The Sun’s evolution in the HR diagram, from the pre-main-
sequence state to the pre-white dwarf stage. For our preferred mass-loss case
(solid curve: n = 0.6), the triangle indicates the beginning of the final helium
shell flash, and the star its peak, where computations were terminated. The

dashed curve shows our extreme mass-loss case (n = 1.4), which leaves the
RGB to become a helium white dwarf.



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° Mg, /yr, V,..q ~ 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:
iInner (energy conserving)

outer (momentum conserving —
isothermal)



Planetary Nebulae and Associated
Shocks

... Outer Shock

PN Halo
Hot Bubble
Fast Wi V~25 km/s
V~2000 kmn, nation, & forbidden lines
3 S
Central Star :
AGB Wind
Va10 km/s
Inner Shock Frop=froe emission
T—



Planetary Nebulae and Associated
Shocks
PN is HIl region — we expect lonization

fronts @ CS-Tys
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Planetary Nebulae in Radio

e HlIl regions — thermal bremsstrahlung
emission from medium perturbed by
iIsothermal shock

e we derived the theoretical 2-D relation for
planetary nebulae

> ~D3
(density n ~ D2, T = const. ~ 10 000 K)
UroSevi¢, Vukoti¢, Arbutina, Ili¢ (2007)



Planetary Nebulae in Radio
S

e empirical 2-D relation for PNe

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

e reasons: peculiar physics and selection
effects



Planetary Nebulae in Radio
S

e samples

No. Sample® e n re_ D S rr—n N
01 FPhillips 2002 T1.T2 -2.394 0.16 (.56 -0.39 +0.16 0.26 T8
02 FPhillips 2002 T1 -2.224 0.15 0.89 -0.22 £0.15 0.19 56
03 Fhillips 2002 T2 -3.29+ 0.33 0.91 -1.29 +£0.33 0.G6 22
04 Phillips 2002 T1 <0.3 -1 444 0,35 053 .56 £0.35 0.50 5

05 Phillips 2002 T1 <0.5 1814 0,30 0.=1 0.19 +£0.30 0.14 22
06 FPhillips 2002 T1 <0.7 207+ 0.19 0.26 -0.07 £0.19  0.056 44
a7 FPhillips 2002 T1.T2 § -2.564 0.13 0.91 -0.56 £0.13 0.44 0
i FPhillips 2002 T1 § 240+ 0.11 0,95 -0.40 +0.11 .44 53
0o FPhillips 2002 T1 <0.3 -2.13+ 0.43 0.91 -0.13 +£0.43 .14 7

10 Phillips 2002 T1 <0.5 § -2.304 0.21 0.93 -0.30 £0.21 0.32 19
11 FPhillips 2002 T1 <0.7 -2.364 0.13 0.94 -0.36 £0.13 0.40 41
12 Van de Steene & Zijlstra 1995  -241+ 0.34 084  -0.41 £0.34  0.26 23
13 Zhang 1995 -2 17+ 0.14 0.s0 -0.17 +=0.14 010 132
14 USNO-PN -2.384 0.56 0.90 0.38 +0.56 0.32 3




Planetary Nebulae in Radio
S

e USNO sample

MName trigonometric parallax  Ssep:  diameter
jmas] mly] ]

NGC 7293 (036.1-57.1) 4.56 £+ 0.49 1292 GGO°

NGC 6853 (060.8-03.6) 3.81 £0.47 1325° 3407

NGC 6720 (063.14+13.9) 1.42 £+ 0.55 384 G0~

A 21 (205.1414.2) 1.85 £ 0.51 1579 K50

AT (215.5-30.8) 1.48 £ 0.42 3057 760"

A 24 (217.14+14.7) 1.92 + 0.34 367 4157




Planetary Nebulae in Radio
S

e USNO 2-D and L-D diagrams
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Planetary Nebulae in Radio
S

e the 2-D fits for 5 selected
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Planetary Nebulae in Radio
S

e the L-D diagram of PNe
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Planetary Nebulae in Radio
S

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

\v/ukotié, Arbutina, llic,Filipovi¢,BojiCic,
Segan and Urosevic
submitted to A&A



Plans for future

= plans for tomorrow

- the 2-D relation for “ordinary” Hl|
regions

plans for day after tomorrow

- development of HD and MHD
codes for the evolution of SNR and
PN (HII) shock waves (and fronts)
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AGAIN!!!



