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Shock-Production of Hot Plasma

Adiabatic shocks, post-shock temperature

300 km/s = 10°K
3000 km/s =2 103K

Supernova remnant shocks: 10— 10% km/s
Fast stellar winds: 1000 — 3000 km/s




Shocked Stellar Winds in

PNe, Bubbles, Superbubbles
(Milky Way Objects)



Interstellar & Circumstellar Bubbles
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fast wind slow wind
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Interstellar Bubble

10° - 107 K

X

shocked fast
stellar wind

ambient ISM swept—up ISM

Castor, McCray, Weaver 1975
Weaver et al. 1977
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Schematic Bubble Structure
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Variations of Bubble Models

Superbubble Model
- intermittent SNe averaged over time ~ stellar wind
- blown out of galactic plane (Mac Low & McCray 1998)
- blown in magnetized medium (Tomisaka 1992)
- hot interior enriched with O and Fe (Silich et al. 2001)

Circumstellar Bubble Model
- ambient medium with density o r?
wind velocity and mass loss rate are functions of time

hydrodynamic model (Garcia-Segura et al. 1996)
radiative hydrodynamic model (Freyer et al. 2006)
mass -loading by evaporation/ablation (Pittard et al. 2001)

Planetary Nebula model

- similar to circumstellar bubbles

- stellar radiation is a strong function of time
- Schonberner, Steffen, Warmuth 2006



Dense Swept-up Shell

- Why don’ t we see more interstellar bubbles?
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The Bubble Nebula

Copyright ©2002-2005 by Russell Croman




N11B - Young OB Association LH10




Echellogram of [N II] 6583 Line

PGMW 3204

PGMW 3053

| PGMW 3120

PGMW 3120 PGMW 3102
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Bubble Size ~ 15 pc
Exp Vel ~15-20 km/s

3204 (EW

WFPCRE field

—100 —50 0
position (arcsec)

Naze, et al. 2001, AJ, 122, 921

Tonized shell (H II)

- sound vel ~ 10 km/s
- no strong shocks

- no large density jump
- no limb-brightening

Neutral shell (H I)

- sound vel ~ 1 km/s
- large density jump
- limb-brightening

- frequently seen



Hot Gas in Bubble Interiors

X-ray observations
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Hot Gas in Planetary Nebulae

X-ray emission (blue) detected by Chandra & XMM
NGC 2392 NGC 6543 NGC 7026

Guerrero et al. (2005) Chu et al. (2001) Gruend| et al. (2006)

Young PNe with closed inner shell or lobes; P Cygni stellar
line profiles; low foreground absorption; 1-3 x 10° K.



Hot Gas in Planetary Nebulae

X-ray emission (blue) detected by Chandra & XMM
NGC 2392 NGC 6543 NGC 7026

oy

Guerrero et al. (2005) Chu et al. (2001) Gruendl et al. (2006)
NGC 2392 -- V,= 300 km/s, T=2x10°K

NGC 6543 -- V =1450km/s, T=1.6x10°K
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Hot Gas in the Born-Again PN A30
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Guerrero et al. (2012)



Circumstellar Bubble NGC 6888
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Toala et al. (2013, in prep)



Circumstellar Bubble S308

Red: Ha
Green: [O III]

Blue: X-ray

Chu et al. (2003); Toala et al. (2012)



Hot Gas in Circumstellar Bubbles

The low temperatures can be achieved by thermal

conduction, mass-loading, etc.
Soft X-rays can be absorbed => few bubbles detected

NGC 6888 (Chandra) 51 S 308 (XMM)
2-3 x 10° K 1 x 10°K

N,=2.5x10% cm™ N,=3.5x10% cm™
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Hot Gas in Circumstellar Bubbles

However, the hot, shocked winds should have
been detected. The absence of hotter gas is
puzzling. (Arthur 2012)

“| NGC 6888 (Chandra) _ sk S 308 (XMM)
23 x 106 K : f 1 x 105K

N,=2.5x10% cm™ . [ N,=3.5x10% cm™2
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Hot Gas in the N N
Orion Nebula

T~2x10°K
Lx ~5.5x 103! erg/s
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Hot Gas in the Omega Superbubble

Two young superbubbles are detected 1n
X-rays by Chandra: Omega and (Rosette)

ROSAT - Dunne et al. 2003
Chandra - Townsley et al. 2003
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Hot Gas in Wind-blown Bubbles

¢ Detection of hot gas associated with fast winds
- 12 PNe, 2 WR bubbles, 2 superbubbles*

(* Townsley et al. 2003; Giidel et al. 2008)

®  Properties of the hot gas:

T, [10° K] N, [em>] Ly [erg/s]

C

PN 1-3 x106 100 1031 - 1032
WR  1-2 x106 1 1033 - 1034
M17 7 x106 0.3 1033

Orion 2 x10° 0.2-0.5 5 x 1031



Conduction Layer in Bubbles

- Probe the thermal conduction layer using
high 10ons produced by thermal collisions
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lonization Potentials (in eV)

Excitation potential of O VI 3kT/2 =129 eV
= lonization potential of O V for T=10°K
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FUSE Observations
of O VIin NGC 6543
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HST STIS Obs of N Vin NGC 6543
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Best Galaxy to Study
Supershells
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The Large Magellanic Cloud

MCELS (Ha, [O III], [S IT])




The Large Magellanic Cloud

MCELS (Ho, [O IITI], [S II]) ATCA+Parkes (HI)




Evolution of Stars and ISM

Timeline Star/SN ISM
2-3 Myr HIl region | M85
5 Myr O -> SN superbubble —
10 Myr B -> SN recombining |
| | l
>15 Myr HI shell SGS

(107 pc) (10° pc)
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Signatures of Classical SNRs

» Bright X-ray emission
L, > 1035 ergs/s

> Nonthermal radio emission
S, x V¢ X~ 0.5-0.8

> Enhanced [S II] emission
[S II]/Hot > 0.45

> High-velocity gas (Hx line)
ionized gas AV > 100 km/s




Example SNRs in the LMC

Size ~ 20pc

N63A (O-star progenitor)
N49 (B-star progenitor) | . '

HTTP:// CHANDRA.SI.EDU

Blue: X-ray
Other: optical/IR



Identification of Type Ia SNRs

> Balmer-dominated

SN ejecta running into a neutral medium;
collisionless shock (Chevalier et al. 1980)
s 2005092675

Hot + X-ray

DN



Identification of Type Ia SNRs

> Balmer-dominated
> X-ray Kot emission of Si,S,Ar,Ca,Fe

DEM L71 Size ~ 20 pc




Identification of Type Ia SNRs

> Balmer-dominated
> X-ray K« emission of Si,S,Ar,Ca,Fe
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X-ray-bright Superbubbles

N11




Hot Gas in Interstellar Structures




Chandra X-ray Image of Hot Gas in 30 Dor

Townsley et al. (2006)



MCPS (UBVT)




2MASS  (JHK)
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MCELS (Ha, [O IIT], [S II])




ROSAT  (X-ray, 0.1-2.4 keV)
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Fermi (gamma-ray)
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