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The physical system (1)

Planetary Nebula:
Relic of AGB wind, reshaped by the
radiation field & the wind of the post-AGB (= central)
star while evolving across the HR diagram
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] 2l
The physical system (2) I
A typical round/elliptical PN —
© R. Corradi \ Central star: Terf ~ 100000 K
. ®

& N, Size of PN: Rpn ~ 0.2 pc

e — kin. PN age: ~ 8000 yr

Size of halo: Rnai0 ~ 0.6 pcC

'.- . — kin. halo age: ~ 40000 yr
Halo —

NGC 2022

Planetary Nebula —

Record of final loss of stellar matter,
enriched by freshly synthesized elements
dredged-up from the stellar interior by
mixing processes

System of expanding shock waves, set up by
ionisation heating (shell) & wind interaction (rim)
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Modelling (1)

Comb. evolution of| Star & wind envelope I

1. Post-AGB stellar models of suited masses

2. Initial wind-envelope configurations either based
on two-component hydrodynamics along the tip
of the AGB, or
on assumed power-law density distributions

3. Post-AGB mass-loss rate, M, and wind velocity,
Vo, theoretically/semiempirically prescribed from
actual stellar parameters

4. 1D-hydrodynamics with | time-dependent I

e iON., rec., heat., cool. for 9 el., 12 ion. stag.
e inner boundary condition (rj = 5x10'* cm):
— Star radiates as a black body with T (2),
— Voo(8), pi(t) ~ M(t)/r?/Va(t) from the
wind model

5. Computation of observables (surface brightness,
line profiles, ...)

HRD: M=0.595 Mgy
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Modelling (2) o

Physical structure of a Planetary Nebula

Slow
AGB
wind

PN shaped by

B photoionization ¥ Contact discontinuity
by UV radiation _:
of hot central star hot
3 Bubble

m colliding winds 10°..10° K
fast central star wind 3 /
€ slow AGB wind 3§ inner wind shock
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F
Simulations (1) A

at some dist.

Ionization & wind interaction reshape AGB wind
from the star

1. Heating by photo-ionization drives a shock wave into the
ambient slow AGB wind (halo), —> shell (3 — 4)

2. Thermal pressure of hot bubble (HB) compresses & accel-
erates inner parts of the shell, —> rim (2 — 3)

PN bounded by outer shock (4) and contact surface (2)

density velocity

4000 F

3000 F

n (ecm™)

1000 F

r (10" em) r (10" em)
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1/ aax

1/ luax

Simulations (2)

Match between models & real objects —

Middle-aged
model/objects:

NGC6826 — [OIll]
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r [10"7 em]
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surface brightness
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Structures (1)

Expansion properties —  Schénberner et al. 2005

Observations, e.g. NGC 6826

Doppler velocities
10000 LN P S L B 50: T T T T T T T T T T T T
1) @ shell s
> s0f O NGC 6826 R °e E
5000 o ]
g s °° ]
E - 30 - i .. A 3
07 E E .'@ { ] A E
TN YT NI I YN AN SN A N N =, E PY Aa A E
—1000 -50.0 00 500 100.0 > ok R =
RV [km/sec] E ° AA A 7
- A
* .. VaGe
10 4
a ]
: A @
Stellar temperature as proxy oF ]
of evolutionary progress: T Y T Y
log Tes [K]

Rim & shell expand independently

Rim: Kin. energy input increases bubble pressure —> rim gas accelerated
Shell: which physics rules the expansion of the shell ?
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Stru

ctures (2)

-

AIP

Expansion properties —

Theory: (Density o< r~ %)
Parameter study: o = 2.00

40
30F "%;’_//—-\Vm—

E Veost

ézo— f

> ok e ’

0

VsiooxVere)/Crost E

T [1000 K]

4 6 8 10 12
time [1000 yr]

Schoénberner et al. 2005

Vshock — Vpre =~ const(a) X Cpost Teo'5

Relative shock speed independent
of density and CS parameters,

BUT dependent on density gradient:

shell expansion (champagne phase)

oF
4— _,Q =
o O
SEl3 240 km/s
/% g shock, max. ¢ . . * <> ]
= of + Rt ;
£ shock @ + B & E
E o ° —i20 km /s
E post—shock & + E
OE ! | E
1 2 3 4
alpha
Observed speeds imply a= =3 at

some distance from the star!
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Structures (3) Y

AIP

Halo structure — Ha surface brightness of NGC 6826

2.5m INT, by R. Corradi 2001
NGC 6826 (Ha+[NII])

"\ PN

P 0=225234 gy ¢ ?“_7

10110 100 : 1000
» Radius [pixel]
L L0000F RGev605_m ?.300b»ic28_3
H, + [NII] "
g 7 Time =530 yr E
© R.  Corradi “‘. - %0‘0100;— 3
h E halo
Central star: Tesf ~ 55000 K _ ]
eff sb oc r7 N\ TP
Size Of PN: an ~ 0-13 pC 0_0001- AGB dust: Amorphous Carbon]| . g
—> kin. PN age: ~ 5000 yr ' . :
. 9 y Well matched by our hydro simulations:
Size of halo: Rhaio >~ 0.55 pc

e Brightness/size ratios of PN & halo

== Kkin. halo age.  ~37000 yr o a5 brightness distribution o r—7
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Structures (4)

'

AIP

V [km/s]

Rsnock / V' [1000 yr]

Kinematical ages — Rsnhock/V (?7)
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Vahock (= Rshock) NOt measurable
spectrosc. (‘“pattern velocity")

Dopplel’ velocities ‘/[NII] or ‘/[OIII]
may work well for the shell only!

Il Pattern velocities are compared with Doppler velocities !!
= In general, kinematical ages different for shell & rim !
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Structures (5) A

Kinematical ages — Ryim/Rrim,
proper motion, 6, of rims (HST imaging)
Balick et al., in prep.

12

[ eIy S B E & 3 Kinem. rim ages independent
o 8555855 8 8 8 & 3 of Terr, ~2000 % 1000 yr
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low contrast

T, [1000 K]

©Balick
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Structures (5) A

Kinematical ages — Ryim/Rrim,
proper motion, 6, of rims (HST imaging)
Balick et al., in prep.

2T s a4 o o o o Y ” 3 7
[ gaBbid 8§ g 2 o S Kinem. rim ages independent
10F 8333383 3 3 3 9 3 of Tefr, ~2000 = 1000 yr
— I 233 Good match with observations
- 000
g °f g3 for Mes~ 0.6...0.63 Mg,
o I Observed typical kinematical
0~:§ 4 rim ages, =~2000 yrs,
i about half of the real ages,
2r marked along the tracks !
O: 1 .-—-—;L ..... 1 L L . L 1 L L L L 1 L " " "
0 50 100 150 200 250

T, [1000 K]
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Structures (6)

Kinematical ages from shells and rims are about equal —

Does this mean PNe expand

according to v(r) ~r?

] -

sl 4
= | 0.595 Mg
>
8 -
S | density / velocity
= 4 3000 ' ' 80
2 I
< | 2500 - |
r | W rim shell 160

21 __ 2000f

7
: € 1500}
0 <
0 _ 1000 —
Renei/Rshen [1000yr]

N 500F ----

O: 0

v(r) does not intersect with the origin! 0 2[ v ‘5 6

r110°" cm

Colloquium 60th birthday of A.E. Lynas-Gray, 2010 July 17

© D. Schonberner, AIP 14/37




Structures (7) I

Expansion parallaxes — Schoénberner et al. 2005

Comparing proper motions of rim & shell, 6, in plane of sky
with gas (Doppler) l.0.s velocities, V, of rim & shell

2000 density / velocity 5 surface brightness \iné proﬁ‘\es . D|S‘tance — D f— V/Q >< Fcorr
oo o [om] : 1.0 %
| X 05 - 2
o /K . z Corrections from our 1D models:
% 1500 i o < 5 T : T
1ZZZ é ‘/H 320.5 /\/\ /\/\ i Rem /' Vaw, [oin
0 =

4 i — i
0 3E Rshew / Vshew, [NI]
2 4 2 4 6 —-40 -20 O 20 40
r [10"7 c¢m] r [10"7 cm] V [km/s]
2 = <

SHELL EVOLUTION RIM EVOLUTION b — —
50 50 N 0 n A
40k 40F T Ve ; 0 50 100 150
— — T, [1000 K
{ 30k { 30k eff [ :I
£ £ ; ;
2 20¢ _ . = 20f AGAIN: spectroscopic veloci-
i gio ; 10F ) i | ties underestimate the real
SHELL, [N1] .
o o - Vo o) o - , expansion!
0 50 100 150 0 50 100 150 . .
T, [1000 K] T« [1000 K] Expansion distances MUST be
corrected by factors of 1.3—3
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Structures (8)

Expansion parallaxes —
Application of the Balick et al. HST proper motion measurements.

comparisons between rim & shell,

e " LI e LI e L LI e LI

41 NGC6891
o -
o
~ e
e - /

£ e
= NGC7662 1C2448 e
D -
g
-
2 ~
~
NGC3242
-~ 1 NGC6826
e
e
-
| e
e
e
(0] PR | I | I Lov v onnnas | I Lev v vnvay
0 1 2 3
Dshell [kpC]

including corrections from models:

Reasonable agreement
between rim & shell!

Accurate distances for
NGC 6826 & NGC 3242:

D(3242) = 1.6 + 0.2 kpc
= [ = 7200 =+ 1800 Lg

D(6862) = 1.4 + 0.1 kpc
= L =6100+ 900 Lg

Mes ~ 0.60...0.62 Mg
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Diffuse X-ray emission (1)

X-ray detection of hot gas in PNe

NGC 3242
“Limb-brightened” ?

diffuse X-ray emission
within sharp cavity
from hot, shocked wind gas:
Ne ~ 15 cm™3

Ty ~ 2.2x10° K

Lx ~ 1031 ergs—1

~ central star
no X-ray source

Central Cavity

HST [N II]

© M. Guerrero 2005
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Diffuse X-ray emission (2) Y
Examples of X-ray spectra — Two different stellar spectral types:

T T T | T

NGC 6543 _
normal CS

|| BD +30°73639

counts /sec/keV

WC-type CS 7]

energy (keV)

Ne ~ 40 cm—3 Ne ~ 200 cm—3
Tx ~ 1.7x10° K Tx ~ 3x10° K
Lx ~ 103! ergs—! Lx ~1.6x103%2 ergs—1
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Diffuse X-ray emission (3)

-

5

model: 44500 time: 5636 yrs T4 = 71568 K L = 5206 L,

Density
- --- Température

log n, [cm™]

‘wing -\ bubble PN

halo

Bubble density too low, —
bubble temperature too high!

~107...>10% K

1016 1017 1018

X-ray luminosity too low —
by factor ~100!

log Lx [erg/s]

32

«X

w
=

29F

X-ray Luminosity 5- 28 A

NGC_#?

* PN X-ray observations ]
¥——% M=0.595M,, noHC ]

NGC 7009
*

NGC 2392
_X_NGG 654#

NGC 3242

%100

Track of PN model ]
w/o heat conduction

1

55

5.0 4.5 4.0
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5

Diffuse X-ray emission (4) U

Heat conduction across bubble/PN interface —
Weaver et al. 1977

§=-DVT., D=15x10"5T2?/InA

model: 44500 time: 5636 yrs T, =71568 K L =5206 L,

Nebular gas evaporates

Electron Density & Temperature

into the bubble because of ,— v -3
heat transfer by electrons 3§ ' Te | ?Sr’%%teyrawre§7
— 2F I ER
e ! 1<
= 1E : —55:
> | f\ g
Q 0;\:[17:?"_/_)'_ """"" ____,r‘lU-,“' _;4
'1§L‘~\ I _53
LEwind ' bubble PN halo 1,
T

r [cm]
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5

Diffuse X-ray emission (4) U

Heat conduction across bubble/PN interface —
Weaver et al. 1977

§=-DVT., D=15x10"5T2?/InA

model: 46800 time: 5642 yrs T, =71667 K L =5205 L,

Nebular gas evaporates

; Electron Density & Temperature
into the bubble because of SR RSy & TOmPe s
E t E
heat transfer by electrons i Teer'%?a'eyratureg7
= e
- 2 . 36
Te — ~(1...2)x10° K £ ¢ | 1 ¢
~ 1 | ELA
_3 < E ! (. E 8’
Ne — ~10...100 cm S’ 0; | N -_;4_
“1Eel Y 13
pfwind "' bubble, PN halo  §,
1016 1017 1018

r [cm]
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Diffuse X-ray emission (5) i

AIP

Hydrodynamic simulations with heat conduction —

Steffen et al. 2008

X-ray Luminosity 5- 28 A

33F ]
C * PN X-ray observations |
n G— M=0696 M,, HC2 ]
o 0.696 MO O—FI M=0.595M, HC2 |
E M=0.565M, HC2 [ 6
2E [0595 ¥ | S E Lx ~ 1077 Lstar
— [ 0.595 Mg . 1
0 F o NGC 7009 ]
5 F nec _;E? = ]
e 3 3
= ]
oo
<t
30 X-ray Luminosity ( 5 - 28 A) over Wind Power
ooF NGC 2392 0.696 M
55 5.0 45 x*
log(Teq) [K] —_ 2
=
5
2
=
k|
= NGC6543
™ *
=
E * PN X-ray observations f
-2 4 b B—Emjo.sgsmu, HCz2 g
Lx ~107=...107" Lwind ; el
C " " PR | 1 " " PR

10.0

Lwind [Leg]
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Diffuse X-ray emission (6)

-
N

AIP

Hydrodynamics with heat conduction —
Steffen et al. 2008

A test case, NGC 3242 — Distance = 1.6+0.2 kpc
comparison with 2 models of our 0.595 Mg sequence

Mod. 1 Mod. 2 | NGC 3242
Age (yr) 5600 6100 >4100
Size (pc) 0.137 0.157 0.147
Terr (K) 71700 80 500 75000
Les/ Lo 5200 5050 ~7200
Myind (Mg/yr) | 9.7x107° 8.6x107°| ~7x107°
Vwind (KM/s) 2100 2500 2400
Lx/Lcs 5.0x1077 6.8x107 7| 6.6x10°"
L/ Lwind 7.2x107% 7.7x107%4|~1.3x103
Tx (K) 2.1x10% 2.1x10% | 2.2x10°
nex (cm=3) 15 14 14
Nerim (CM™3) 2600 2200 2400
Neshenn (CM™3) 1400 950 1000

NGC3242 — [OIll]

-6-4-20 2 4 6
r [10"7 em]

NGC3242 — Hell

-6-4-20 2 4 6
r [10"7 cm]
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Influence of metallicity (1)

AIP

e The wind power of the star decreases with metallicity

e The line cooling efficiency of the gas decreases with
metallicity

——
With respect to the Galactic Disk, PNe in stellar populations with lower

metallicity are expected

e to have different structures, i.e. rim-shell structure
may disappear,

o to expand more rapidly since the gas becomes hotter,

e to be not necessarily in thermal equilibrium since their
line cooling efficiency is lower and their cooling by
expansion more efficient!
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Influence of metallicity (2)

-

AIP

Dependence of central-star wind strength on metallicity is
approximated as

o M

N ZO.69
N ZO.13

CSPN wind luminosities

[ 0.595 M, Lo

Vink et al. 2001
Leitherer et al. 1992

Lwinga = Mv2 /2 ~ Z0-9°

Mean composition of

\ Galactic disk PNe, Zgp, = ~pund.

. . | as reference: 12.00

\ He| 11.04

PEEEN S C 8.89

B - \Neaa il Zgy30 N 8.39
_2:: Lwind ~~-___ Zg/100 o o) 3 65
- Ne 8.01
ol S 7.04
0 5 10 15 20 Cl 5.32
age [1000 yr] Ar 6.46
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Influence of metallicity (3) i

-

AIP

Param. study, power-law initial wind envelopes with a = 3 —

Mean [OIII] electron temperatures of our models:

[O III] eIectron temperature

30
i expanS|on coollng
_. 20} ]
< I
o i
o
S I
I:|. -
A [
!
10 -
0-....I....I....I....
0 5 10 15 20

age [1000 yr]

[ TeNeN; dv

(Te) = [ NeN;dv

e General temperature increase
with stellar temperature
= Increase of shock speed

Stellar photons more energetic

e Electron temperature increases

with decreasing metallicity;

Line cooling from heavier ions
reduced

e For low metallicities, ‘expansion

cooling’ becomes significant at
low densities and limits the

electron temperature at about
24 000 K, instead of ~31 000 K'!
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Influence of metallicity (4)

-

AIP

Thermal equilibrium? Dynamical source/sink term p(V-%9) ?

Two models at same position in the HRD, but with different metallicities,
/ = Zgp VS. Z = ZGD/].OO

time = 7075 yr, L = 4624 Ly, T. = 99406 K

time = 7112 yr, L = 4603 Lgy, T = 100201 K

WZOO; :80 200 :80
_ 1000% 160 — _ 150F Zgp/ 100 160—
> 800 TNCY - : G
5 eoof 140 € € 100F 140 €
= A00% 120> < sof 120>

200 1 [ 1

0 10 0t 10
25F ] 50 3
20F E 40

> 1 i~

o 15F o 30

(@] (@]

(@] o

= 10F =, 20

— = 3

5{\ — del - = i o — del - = L3
O A mo‘e equl. O ‘ mo‘e ‘equw. E
0 2 4 6 8 0 2 4 6 8 10 12
r [10" em] r [107 em]
No significant expansion cooling ! Expansion cooling significant
ATmax ~ 10000 K
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Influence of metallicity (5)

-

AIP

Thermal equilibrium?

Dynamical source/sink term p(V- %) ?

Examples of collisionally excited oxygen lines (UV, optical, IR):

3000 ————
: 1402A 5007A  26um

2500F Zap bYN]

[ — ---- EQ
g 2000f e ]
t b K 1
~ 1500F ; ]
x r K ]
8 ; : ]
S 1000F . ]
500f —/\/ ]
O' . "0 ) ‘ 4
1.06F ‘ ‘ =
5 1.04f 3
< 1.02F E
@ 1.00F P 3

098t . . [ .17, R
0 50 100 150

Teee [1000K]

e Dynamical models always with weaker line strengths

100x L / L(HR)

600

500

400

300§

- Zap/10

100x L / L(HB)

Teer [1000K]

140
120

100F
80}
60F
40}

20

Leg ! Loyn

N W MO
T T

b ZGD/].OO 1402A 5007A  26pm

- DYNT]

0 50

100
Teer [1000K]

e Differences significant for Z 2 Zgp/10 & Terr & 70000 K

= Consequences for photo-ionisation modelling!
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PNe in distant stellar systems (1) n

Usage of PNe important tool of investigating properties of
unresolved stellar populations —

Kinematic studies for probing gravitational potentials of galaxies

Luminosity functions for distance estimates of galaxies

Chemical abundance determinations for unravelling the chemical
history of galaxies

Problems:
e Rather large variation of the metallicity, *3Z¢p ...~ Zgp/10
e Morphology unknown
e Generally only spatially unresolved line profiles available

e Often too few lines available for constraining a photoionisation model,
= plasma diagnostics with corrections for unseen ions
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PNe in distant stellar systems (2)

-

N

AIP

Do observed ‘expansion velocities’ of bright PNe reflect the
metallicity variation of their parent population? —
Mean Vhwnm-‘velocities' from integrated [OIII] 5007 A line profiles of

bright PNe in different extragalactic systems:

30_ T T T T ]
L | 1
\ 'S
‘ ]
— |
= |
= 20r 1 | .
N & } L SN S B {_Foseoog
) r
~ [ \
S | |
o L
Tp) L \
N—’
= [ \
s 10} |
z 101, ]
> \
v \
[ old progenitor pop. | young progenitor populations .
L T lowz } lowz A
0-1.3.57136613828413150616211
NN O X X XM AN (o2}
SS80052823283285 )
o
§S00=32°223380n 9 ¢
LE0O0 O EQ O O =
22 ©EI3 9 9 9
) S =3 ° = =z n
— —
n=2m
= =

Richer 2006

18 km/s

No apparent differences of
Vawum for galaxies of quite
different ages & metallicities
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PNe in distant stellar systems (3)

Expansion properties of bright PN with massive central star —
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At max. [OIII] brightness (e):
VHWHM(5OO7) ~ 18 km/s, quite
independent of metal content!

age [1000 yr]
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PNe in distant stellar systems (4)

AIP

Evolution of Vywnm with [OIII] brightness M (5007) —
dependence on M and Z

Hydrodynamical models Schénberner et al. 2010, subm.
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PNe in distant stellar systems (4)
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Evolution of Vywnm with [OIII] brightness M (5007) —
dependence on M and Z

Hydrodynamical models & Observations Local Group Richer 2006
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PNe in distant stellar systems (5)

Evolution of Vawnm(5007) with stellar effective temp. —
Magellanic Clouds Dopita & Meatheringham 1991a,b
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PNe in distant stellar systems (5)

Evolution of Vawnm(5007) with stellar effective temp. —
Magellanic Clouds Schénberner et al. 2010, subm.
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SUMMARY

Hydrodynamics simulations in spherical geometry extremely
successful in understanding basic properties of PNe
formation & evolution:

e Morphology & expansion is driven by the central star,
controlled by metallicity via the electron temperature

e PNe in metal-poor populations may not be in thermal
equilibrium with respect to photo-heating & line cooling

e Heat conduction by electrons is essential for explaining the
diffuse X-ray emission from shocked stellar wind gas

Still not understood: why is sphericity exception, not the rule?

(binary interaction, jets, disks, magnetic fields, ...)
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