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Plasma diagnostics and abundance deter minations
for planetary nebulae— current status
Xiaowel Liu
Department of Astronomy, Peking University
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The problem

Recombination versus collision excitation

DT . (ORLsContinua)<T _(CELS)

X X

2) —(ORLsfor C,N,O,Ne)>—
H H

(CELsfor C,N,O,Ne)

Both disparities are legitimate and of astrophysical origins,
rather than caused by observational errors, uncertaintiesin atomic
data or contaminations of (weak) ORL s by excitation mechanisms
other than recombination (e.g. fluor escence)
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L ayout

> Observations

» Interpretation and evidence for a new component of
H-deficient ultra-cold plasma

» Failure of the paradigm of temperature/density fluctuations

> Conclusions and what next?

Tsamiset al., 2003, MN, 345, 186; 2004, M N, submitted (12 Galactic, 3 M agellanic)
Liu Y., 2004ab, M N, submitted (12 Galactic)
Wesson R., et al., 2004, MN, in preparation (23 Galactic)
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% X.-W. Liu, in Planetary Nebulae: Their evolution and rolein the Universe, |AU
Symp. 209, eds. S. Kwok, M. Dopita and R. Sutherland, pp.339-346 (2003)
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Observations
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Distribution of ORL/CEL abundance discrepancy factor (adf)
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* Logadf >0, i.e. ORL abundance always higher than CEL values
* Log adf =0.35dex, i.e. about a factor of two
* Largest adf found so far, log adf = 1.9, i.e. about two order of magnitude ..
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Comparison of O/H derived from CELsand from ORLSs
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* [O/H] ., =8.5, closetothe solar value of 8.69

* [O/H] .. variesfrom 8.5to 10

ORL
* Thewiderange of adf isentirely caused by variationsin [O/H]
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Correlation between temperature and abundance

discrepancy factors
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Second row dements-- C, N, O and Ne
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L arge values of adf'sarefound for all abundant second row elements,
C, N, O and Ne
For a given nebula, adf'sfor C, N, O and Ne are of ssimilar magnitude,
In other words, both CELsand ORLsyield

Comparable C/O, N/O and Ne/O abundance ratios
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Third row element — magnesium
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Thelarge ORL abundance enhancement observed for second row
elementsisnot present for thethird row element magnesium.
= Depletion onto dust grains unlikely to be significant

= Evidencefor nuclear processed material? N
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Logadf for O*/H*

Nebular diameter and density
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* Negative correlation between adf and S(H[), N_and E.C.
* Postive correlation between adf and nebular diameter

L arge, low-density (therefore old) PNe have higher adf's (and ATe'S)

than young, compact ones
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N/O ratio— Type-l and non-Type-| PNe
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Type-l1 and non-Type-l| PNe have compar able adf's
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ORL abundancedistributions al ong the maj or-axis of NGC7009
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Strong central peaking of ORL abundances are also found in

= NGC 6153
= NGC 6720
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Galactic and extragalactic H 11 regions

adf for O**/H*

> Galactic
M 42 1.3
M 17 21 Esteban et al., 1998, MN, 295, 401
NGC 3576 1.8 = M42
M 8 2.0
Esteban et al., 1999, APJS, 120, 113
> Magellanic Clouds - M8
30 Doradus 24 Esteban et al., 1999, RmxAA, 35, 65
LMC N 11B 6 = M 17 (two positions; adf = 1.8, 2.2)
SMC N66 2.3
Tsamiset al., 2003, M N, 338, 687
- = M 42, M 17, NGC 3576, 30 Doradus,
” EXtragalaCtIC LMC N11B, SMC N66
NGC 604 (M 33) 1.6
NGC 5461 (M101) 2.0 Esteban et al., 2002, ApJ, 581, 241
NGC 5471 (M101) 1.6 = NGC 604, NGC 5461, NGC 5471,
NGC 2363 2.2 NGC 2363 o
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|nter pretation and evidence for
a new component of H-deficient ultra-cold plasma
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| nter pretations— a bi-abundance nebular model

» A 'normal’ component (0.3 solar masses):
= “ Normal” electron temperature (T_~ 10°K)

= “ Normal” (solar) abundanceswhere
= Emitsstrongly in CELSs

»> A 'H-deficient' component (1x107 solar masses)
= Very low temperature (T, < 10°K)

= Very high heavy elemental abundances (100 times solar)
= Emitsstrongly in heavy element ORL s but essentially no CELSs

ORLsand CEL sdisagree because they trace distinct ionized regions.

Two empirical models envisaged for NGC 6153

© e ¢ IR fine-structurelines
. 45 & ¢ suppressed by collisional
© . ¢ de-excitation
(]

IR fine-structure lines
suppressed by very low Te

|:|e

©
¢ ° °

Survival of theinclusons? Low Te(BJ) problematic

AERUR AR A
DEPARTMENT OF ASTRONOMY, PEKING UNIVERSITY



Log €(A) (ergs ecm*3 s—1)

Emissivitiesof ORLsand CELsasfunctionsof T_and N_
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Model / Obs
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A bi-abundance model for NGC 6153
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Component 1 (‘metal-rich") Component 2 (‘normal')
H: 10000 He: 6300 C: 310 N: 220 O: 600 H: 10000 He: 1000 C: 2.9 N: 4.2 O: 5.6
Ne: 180 Mg-Ar: Solar by mass Ne: 1.8 Mg- Ar: Solar by mass
N(H): 4410cm—3 F|II|ngfactqr 0005 N(H): 1170cm—3 Fllllngfa,(;tor 0.995
T:1390K Ma$@0031Mb T:9040K Mass: D38M

Averaged over thewhole nebula
H: 10000 He: 1010 (em. ana: 1360) O: 6.9 (~solar; em. ana: CEL =5, ORL =41)
T (O 11]):9090K T(H 1 BJ): 7080 K T (Hel J3421): 3550 K T(CI1,O11): 1400 K
The model predicts
T(CNONeORLs) < T(Hel) < T (H1BJ) < T([OlIl])

LR KRR

DEPARTMENT OF ASTRONOMY, PEKING UNIVERSITY




9 -
i 3
35 | Case B 41
-~ - 3
; i Case A 4;333‘
<
<t - ©Case B 5 --.
< [ :
— Log Ne
—- 9 (cm—3)
[le) L
I~
m —
Tp}
> -
-— L,
=0

~ > Hel emission arisesfrom regionsof very low
B T (<10°K) in the most extreme nebulae

» LogN_<4.5 (/cm?) in Hf 2-2, no evidence of
g very dense condensations
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Average T 'sof O Il ORL emitting regions

Referenceline
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Direct recombination to the upper levelsof A4089, A4076 and A4649, levels of

the highest J value of the given spectral term, are only possiblefrom thed =2

level of the ground 3P term of recombining O** ions. (Liu 2003, in Planetary Nebulae:
Their Evolution and Rolein the Universe, eds. S. Kwok, M. Dopita and R. Sutherland, pp.339-346 (ZOQB_)_,I_-,

KRR 'fj @

DEPARTMENT OF ASTRONOMY, PEKING UNIVERSITY



O* levd population at Te: 103 K _ f' e ' o _
and N_= 3000 cm~3 : 9 ;
] -
J Pop Them =
2 030 056 s ;
1 043 033 2 :
O 040 0.11 - | E
a HII Regions
- O Planetary Nebulae
= Liu 2003, in AU Symp. 209 Planetary 6 Bossed 4 vocpd ol ool o oeevenl oo
Nebulae: Their Evolution and Rolein 107 103 104 105 108
the Universe, eds. S. Kwok, M. Dopita N, (cm~?)
and R. Sutherland, pp.339-346 (2003) Ruiz et al., 2003, ApJ, 595, 247
= Tsamiset al., 2003, MN, 338, 687
LR R SRS R @
DEPARTMENT OF ASTRONOMY, PEKING UNIVERSITY &7



T (CNONeORLs) << T (Hel) << T (H | BJ) < T ([O |||])
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Comparison of T (O 11), T (Hel), T(H 1 BJ)and T ([O I11])

T(O11) T(Hel) T(BJ) T(OI]) adf N_(cm™)
Hf 2-2 2360 775 900 8820 84 300
M 1-42 450 2310 3560 9220 22 1200
NGC 40 10600 7020 10600 18 1700
M 2-24 570 3000 16300 17 1800
Vy 2-2 1380 1890 9300 13910 12 11700
DdDm 1 3500 8730 12300 12 4000
NGC 2022 < 300 15900 13200 15000 16 1050
NGC 6153 3200 3370 6080 9120 0.2 4000
| C 2003 270 7670 8960 12650 7.3 5200
M 2-36 800 4160 5900 8380 6.9 3800
Vy 1-2 3250 4430 6630 10400 6.2 1160
M 3-27 4030 9020 13000 5.5 3200
NGC 2440 < 300 14000 16150 5.4 4000
NGC 7009 1600 5380 8150 9980 4.7 3900
M 3-34 950 8440 12230 4.2 4000
NGC 6543 16300 5220 8340 7940 4.2 6400
Hu 2-1 4370 8960 9860 4.0 7900

Liu X.-W., 2003, in lAU Symp. 209 Planetary Nebulae: Their Evolution and Rolein the Univer se, eds.
S:Kwok, M Dopita and R. Sutherland, pp.339-346 (2003); Tsamis Y. et al., 2004, MN, submitted; L|uY >
et al., 2004, MN, submitted; Wesson R. et al., 2004, MN, in preparation
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T(CNONeORLs) < T (Hel) < T(HI1BJ) < T([OIl])
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H-deficient knots in A 30

» O 1l ORLsarisefrom 500 K plasmal!

> H contributes < 1% in theseknots,
Much more extreme than the
hypothesised H-deficient clumpsin
e.g. NGC 6153

» Theknotsare O-rich, rather than
C-rich asreported previoudy

A 30
Table 3. Derived electron temperatures in Abell 30. Table 15. Elemental abundances in units such that
log N(HY=12.0.
Lines Ratio Temperature (K) I J3
I [O 1] (224959+5007) /414363 47.18 17 960 lon ORLs CELs ORLs CELs
He1 (k58.76/)»4471) 3.059 4900 He 13.03 13.07
O 11 (14649/24089) 2172 500 N 11.49 ] 88 11.43 8.90
O 1 (r4075/14089) 1.998 | 400 ) 12.15 9.26 12.10 9.32
13 [O 1] (A14959-+5007)/44363 54.54 16 680 Ne 11.51 9.70 11.99 9.78
He1 (A5876/24471) 2.7359 9240 Ar 7.45 722
He1 (A6678/14471) 0.777 8450
O (3.4649/14089) 3.325 2100  (Wesson et al. 2003, MN, 340, 253)
Ou (24075/24089) 2.470 2800
AR RPRIL AR
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WHT/ISIS spectra of knotsJ3 and J1in Abell 30
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Theobserved ORLsfrom C, N, O & Neionsand their relative strengthsare
remarkably similar to those observed in other Pne such asHf 2-2, M 1-42 and N6153
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A 3-D photoionization model for a H-deficient knot in Abell 30

lonizing star

D =1.68et+1/cm

Envelope
Te = 12000-16000K

Core
Te = 500-1000K

Ercolano et al. 2003, MNRAS, 344, 1145
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| mplications for He abundances of ionized gaseous nebulae
g NGC6153 ] H.dH |Swe” Correlatm Wlth adf a.nd
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' e ae | (Zhanget al., 2004, MN, in press; Liu et al.,
o Ble e e { 2004, MNRAS, submitted)
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Failure of the paradigm of temperature
fluctuations and density inhomogeneities
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Effects of temperature/density fluctuations
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» Temperature fluctuations

- Opposite effectson CELsand ORLSs
- T_derived from the [O IIl]naratio will be

over estimated, causing the O**/H* derived
from the[O I11]/HB ratio being
underestimated (Peimbert 1967; 1971)

» Density inhomogeneities
- CELssuppressed in high density regions
- For condensationswith 10°<N_< 10" cm=, the
AA4959, 5007 lines ar e suppressed relativeto
the A4363 auroral line, causing T_derived

from the[O Ill]naratio being over estimated
(Rubin 1988; Viegas & Clegg 1994)

Both scenarios predict that:
adf should correlate with E_ and/or N_

A
i [.'.-"...-"::"‘-_1
\ AN
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CEL versus ORL abundances—evidence against
temper atur e fluctuations and density inhomogeneities

c2+ a9+ N+ N2+ N3+ 0+ Q2+ Net Ne2+ g+ g2t g3+ Cl2+ Ar2+ Apd+
1072 ¢ 5
- ¢ NGC 6153 1
L \ 4 i
K &
1073 & e
- '8 ® < Optical CELs E_>10°K 3
. - o 4 . |
5 g
10_4 g ! ~
+ gy @ oW @4 om @ q & OEN ¥ & 5 3 | 3
= - e IR CELs E <10°K ]
;: | || Y LI S = . SO T ' N
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C ] 1
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10 o 4 — UV coll. ex. lines 3
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For essentially all nebulae analysed:
> Abundancesderived from various CELs-- UV, Opt. or IR, agree with each other
> ORL abundances consistently higher than CEL values

L arge low-density PNe have higher adf'sand ATe's oG
JERKFE RIS Y-
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Temperature fluctuationsin NGC7009 from HST/ST IS spectr oscopy

~ 10600 11300

J TN, N,dldA tz_ff(Te—To’A)zNeNidldA
" [ NNdda Tt T2 J [N N, dldA

[O111]: T, =9000—11000 K, , <0.01

Smilar conclusion for NGC 6543 (Wesson & Liu 2004, MN, in press)
LR REFERIFEFR |
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Temperaturefluctuationsin M 42 from HST/STI S spectr oscopy

[0 111]: T,, = 7680 — 8360 K
2, = 0.007 -- 0.018
[N1]: T,, =9130 - 10230 K

D i | v
- ¥ H3 \ o - :
Slit4 A ‘* t?, =0.006 -- 0.018

Siits 28"
Rubin et al. 2003, MNRAS, 340, 362

WFPC2 imaging (O'Dell, Peimbert, Peimbert, 2003, AJ, 125, 2590)
[O1H]: T, =9240—-9390K, t*, = 0.005—0.016

Ground-based L ong-slit spectroscopy (Liu et al., 1995, ApJ, 450, L 59)
Te([O I11]) = Te(BJ) = constant acrossthe nebula

Consistent with ORL/CEL ~1

AERUR AR A
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O e e 1™ | Twee ™ w,d  Temperaturefluctuations
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Zhang, Liu & Liu, 2004, in preparation

A small amount of H-deficient gas (w ~10~to 1073)
can account for the observations
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Comparison of ORL and CEL widths

> |C 418 (adf ~ 1)

= Linewidths
{O 11 = 16.8+0.8 km/s} ~{[O I11] = 15.7+0.2 km/s} < {[O 11] = 42.6+0.6 km/s}

> NGC 5307 (adf = 1.9)

= Linewidths
{O 11 =447 km/s} ~{[O 111] = 48.4+0.7 km/s}

= Radial velocities
{O 11 =33t4 km/s} ~{[O 111] = 30.1£0.5 km/s}
= Similar resultsfor NGC 5315 (adf = 1.7)

— “No evidence in favour of high velocity O-rich clumps’ in NGC 5307
and NGC 5315 (asin Abell 30 and Abell 58)

Our H-deficient knot model doesn't require that
the posited knots be high-velocity

AERUR AR A
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Comparison of emission line widths
of ORLsand CELs

Ol <[O111]<[O ]

O Il ORLsarisefrom ether

> colder ionized regions or

> different spatial regionsthan those
emitting [O I11] and [O 11] CELs

NGC 7009
adf ~5

R=48000
ESO 1.52m FEROS

_.Iilililil|llIl:ii:l_'lllilllllllll'I|!llJ|!il||I_ '||I||1I1|1I1|1I1|“|‘
=100 -50 0 -100 -850 0 =100 -50 0 -80 -60 -40 -20 O
V, (km/s) V. (km/s) V. (km/s) V. (km/s)




Conclusions and what next?

» Conclusions
= ORLsgood abundancetracers?

= CELspoor abundancetracers?

= Temperature/density fluctuations present? Full story?
= H-deficient ultra-cold plasma?

» Natureand originsof H-deficient inclusions
= Nuclear processed and then g ected material?

= Evaporating planetary disks?

» Futureprogresswill rely on an intimate inter play between:
= Observations. deep, quantitative spectroscopy of faint emission lines

* Temperature, density, mass, composition (CNONe versus M)
= Atomic and plasma physics
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Origins of cold, metal-rich plasmas— evapor ating planetesmals?

Protoplanetary Disks in the Orion Nebula
Hubble Space Telescope * WFPC2

NASA, J. Bally (University of Colorado), H.Throop (SWRI), and C.R. O'Dell (Vanderbilt University)
STScl-PRC01-13
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