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eSummary. In the era of Chandra and XMM-Newton, the dete
tion (or nondete
-tion) of di�use and/or point-like X-ray sour
es within planetary nebulae (PNe) yieldsimportant, unique insight into PN shaping pro
esses. Di�use X-ray sour
es, whetherdue to �hot bubbles� or to 
ollimated out�ows or jets, allow us to probe the energeti
sho
ks within PN wind intera
tion regions. Meanwhile, X-ray point sour
es providepotential diagnosti
s of magneti
 �elds, a

retion disks, and/or binary 
ompanionsat PN 
ores. Here, I highlight re
ent X-ray observational results and trends thathave the potential to shed new light on the origin and evolution of the stru
ture ofPNe.1 Introdu
tionOver the past de
ade, X-ray imaging by the Chandra and XMM-Newton X-ray Ob-servatories has provided fresh, 
ompelling observational eviden
e for hot bubbles,highly energeti
 jets, and/or �a
tive� 
entral sour
es within planetary nebulae (PNe).So far, nine of ∼ 25 PNe targeted by these two 
ontemporary X-ray observatories3have been dete
ted as di�use X-ray sour
es (Kastner et al. 2000, 2001, 2003; Chu etal. 2001; Guerrero et al. 2002, 2005; Sahai et al. 2003; Montez et al. 2005; Gruendlet al. 2006), while an additional handful have been revealed to harbor X-ray pointsour
es at their 
ores (e.g., Guerrero et al. 2001; Kastner et al. 2003). Both ��a-vors� of X-ray sour
e � di�use and point-like � 
an be used to probe PN shapingpro
esses and to 
onstrain models of PN stru
tural evolution.
3 Martin Guerrero maintains a list of PNe observed by Chandra or XMM athttp://www.iaa.es/xpn/.



36 Joel H. Kastner2 Di�use X-ray Sour
es2.1 X-rays from PN �hot bubbles�Models of PN shaping have long predi
ted the formation of X-ray-emitting �hotbubbles.� A hot bubble may be produ
ed within a PN as the 
entral star makesthe transition from post-asymptoti
 giant bran
h (post-AGB) star to white dwarf,following an evolutionary tra
k of in
reasing T⋆ at 
onstant L⋆, followed by de
reas-ing L⋆ and T⋆. In this phase the star produ
es very fast and energeti
 winds (withspeeds ∼ 1000 km s−1 and mass loss rates >∼ 10−7 M⊙ yr−1). When su
h a fast wind
ollides with ambient (previously eje
ted AGB) gas, it is sho
ked and superheated(e.g., Zhekov & Perinotto 1996). The sho
ked fast wind forms an overpressured bub-ble that a

elerates outwards and displa
es the ambient (visible, nebular) gas as itgrows (Kwok, Purton, & Fitzgerald 1978). The supersoni
 growth of the bubbleplows the displa
ed older material into a rim of dense gas whi
h, when proje
ted onthe sky, is seen as a thin mole
ular, dust, and/or ionized stru
ture that tra
es thebubble's perimeter.In the majority of dete
tions of di�use X-ray emission from PNe, the X-ray-emitting region is fully 
ontained within bright opti
al rims or bubbles (Fig. 1), aspredi
ted by the pre
eding �hot bubble� s
enario. Furthermore, many of the dete
tedobje
ts harbor 
entral stars that are of Wolf-Rayet (WR) type (i.e., �[WC℄� or �[WO℄�stars) and/or display opti
al spe
tros
opi
 eviden
e for large mass-loss rates andwind velo
ities. These trends were already reasonably well established (Montez etal. 2005; Gruendl et al. 2006) when we stumbled upon yet another example of anX-ray-emitting �hot bubble� within a [WC℄ PN: NGC 5315.Chandra's serendipitous dete
tion of NGC 5315In a Cy
le 5 Chandra study, we observed two [WC℄ PNe, NGC 40 and Hen 2-99;we dete
ted the former, but failed to dete
t the latter (Montez et al. 2005). InMar
h 2007, while sear
hing the Chandra ar
hives for targeted observations of PNein support of a Chandra observing proposal, Rudy Montez dis
overed � to ourgreat surprise and amusement � that a se
ond [WC℄ PN, NGC 5315, was presentat the edge of the �eld of our 29 ks Chandra Advan
ed CCD Imaging Spe
trometer(ACIS) observation targeting Hen 2-99. Rudy's examination of the Chandra/ACISimage revealed an X-ray sour
e at the position of NGC 5315, ∼ 12.5′ o�-axis. Thisserendipitous Chandra dete
tion of X-rays from NGC 5315 is all the more remarkablewhen one 
onsiders that there are only ∼ 50 known [WC℄ PNe in the sky (Gorny& Stasinska 1995; Tylenda 1996). Of 
ourse, it 
ould also be said that this authorpointed one of NASA's Great Observatories at the wrong obje
t! Indeed, due tothe relatively poor Chandra/ACIS-S image quality at the far o�-axis position ofNGC 5315, it is not possible to as
ertain from the ACIS image alone whether theX-rays tra
e a hot bubble within this PN, emanate from the PN nu
leus, or areemitted by both the nebula and its 
entral star(s).Fortunately, the ba
kground-subtra
ted spe
trum (Fig. 2), the luminosity, andthe temporal behavior of the X-ray sour
e asso
iated with NGC 5315 appear quitede�nitive regarding the origin of the X-rays. The spe
trum shows strong Ne ix lineemission as well as a blend of O vii and O viii lines, with no eviden
e of Fe L-shell
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Fig. 1. Images of all of the PNe for whi
h extended X-ray emission (shown inblue) has been dete
ted (as of this writing) by Chandra (BD +30◦3639, Mz 3, NGC6543, 7027, 40) or XMM-Newton (NGC 2392, 3242, 7009, 7026) � and one XMMnondete
tion (NGC 2346, with open bipolar lobes) � arranged a

ording to opti
almorphology. (Image montage 
ourtesy Bru
e Bali
k and Martin Guerrero.)lines. Spe
tral modeling indi
ates that the emission arises in a ∼ 2.5×106 K thermalplasma with enhan
ed Ne and depleted Fe. These results, and the inferred intrinsi
sour
e luminosity of LX ∼ 2 × 1032 erg s−1, are very similar to those obtained forthe best-
hara
terized di�use X-ray PN, BD +30◦3639 (Kastner et al. 2000, 2006a).Meanwhile, the Chandra/ACIS light 
urve shows no eviden
e for variability, and theabsorption-
orre
ted X-ray luminosity of NGC 5315 is at least an order of magnitudelarger than that of any unresolved PN 
ore region dete
ted thus far (Guerrero etal. 2001; Kastner et al. 2003), further supporting the interpretation that the X-raysarise from an extended region within NGC 5315. These results, des
ribed in detail in
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trum of the X-ray sour
e asso
iated with NGC 5315(
rosses), with best-�t absorbed thermal plasma (VMEKAL) model spe
trum over-laid. The �t residuals are indi
ated in the lower panel. (From Kastner et al. 2007.)Kastner et al. (2007), establish NGC 5315 as one of the most luminous �hot bubble�PN X-ray sour
es yet dete
ted.2.2 NGC 5315 and other hot bubbles: the pi
ture thus farThe dete
tion of the [WC℄ PN NGC 5315 by Chandra unders
ores two signi�
anttrends that have emerged from the X-ray observations of PNe obtained thus far byChandra and XMM (Kastner et al. 2007):1. Obje
ts with WR-type (i.e., [WC℄, [WO℄, or WR(H)) 
entral stars � whi
hdisplay 
hara
teristi
ally large wind velo
ities (vw) and mass-loss rates (Ṁ) �a

ount for a disportionately large fra
tion of PNe that are established sour
esof luminous, di�use X-ray emission. Spe
i�
ally, �ve of the seven known �hotbubble� PN X-ray sour
es are asso
iated with WR-type PNe.2. In all 
ases in whi
h di�use X-ray emission is dete
ted, the opti
al/IR stru
turesthat en
lose the regions of di�use X-rays are 
learly de�ned, and these stru
turesgenerally display thin, bright, uninterrupted edges (or �rims�) surrounding a
avity of lower surfa
e brightness that is 
oin
ident with the extended X-rayemission (see also Gruendl et al. 2006).These results indi
ate that the 
ombination of (1) large wind kineti
 energies (Lw
>∼

1033 erg s−1) and (2) a �
losed 
ontainment vessel� is ne
essary to yield PN hot
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ient to produ
e dete
table soft (0.3-2.0 keV)X-ray luminosities LX
>∼ 1031 erg s−1.

Fig. 3. Results obtained thus far for PNe dete
ted as �hot bubble� X-ray sour
es byChandra and XMM-Newton. Upper left: PN plasma temperature (TX) vs. 
entralstar fast wind velo
ity. Upper right: TX vs. PN opti
al bubble radius. Lower left: PNX-ray luminosity (LX) vs. wind luminosity of the PN 
entral star (Lw) relative to
Lw of the 
entral star of NGC 6543 (Lw for NGC 2392 [triangle℄ is an upper limit).Lower right: LX vs. PN opti
al bubble radius. (From Kastner et al. 2007.)Fig. 3 displays s
atter diagrams for various PN and 
entral star parameters mea-sured for the X-ray-dete
ted obje
ts. The top panels demonstrate that the 
hara
-teristi
 temperature of the X-ray-emitting plasma is far lower than expe
ted, basedon simple sho
k models, in almost all PNe in whi
h di�use X-ray emission has beendete
ted thus far. Indeed, there is only one �hot bubble� PN, NGC 2392, for whi
hthe predi
ted temperature of the sho
ked wind gas is 
onsistent with TX ; for allother su
h obje
ts, the predi
ted post-sho
k temperatures are larger than observedby fa
tors ranging from ∼ 2 (BD +30◦3639) to ∼ 200 (NGC 7026). It also ap-pears that TX is un
orrelated with present-day 
entral star wind velo
ity, but isweakly anti
orrelated with PN bubble radius (Fig. 3, upper panels), suggesting thatPN age is more important than present-day wind kineti
 energy in determining thetemperature of the X-ray-emitting plasma within hot bubbles.The bottom panels of Fig. 3 indi
ate that X-ray luminosity is 
orrelated withpresent-day 
entral star wind luminosity Lw = 1

2
Ṁv2

w, and is perhaps anti
orrelated



40 Joel H. Kastnerwith bubble radius. The shallow slope of the LX vs. Lw 
orrelation � wherein 4orders of magnitude in Lw results in only a fa
tor ∼ 20 range in LX � may suggesteither that the 
onversion of wind kineti
 energy to plasma radiation be
omes moree�
ient as the 
entral star wind de
lines in strength, or that the luminosities (and,perhaps, temperatures) of the hot bubbles within these PNe are established duringearly phases of the post-AGB evolution of 
entral stars with rapidly evolving winds(Akashi et al. 2007; see also S
hönberner et al. 2006).2.3 X-rays from 
ollimated out�ows and jetsA review of X-rays from 
ollimated out�ows and jets in PNe was presented byMartin Guerrero at APN IV (these pro
eedings). Here, I merely point out thatdete
tions of X-ray emission from the energeti
 sho
ks that are expe
ted to resultfrom the intera
tion of PN 
ollimated out�ows, jets, and/or bullets with slower-moving (AGB) material remain few and far between; only 2 or 3 su
h dete
tionshave been made to date (Hen 3-1475, Sahai et al. 2003; Mz 3, Kastner et al. 2003;and, perhaps, NGC 7027, Kastner et al. 2001). The dearth of X-ray dete
tions ofPN jets and jet-like stru
tures is not parti
ularly surprising, in light of the similarlysmall X-ray dete
tion rate of highly 
ollimated out�ows from young stellar obje
ts(e.g., Grosso et al. 2006 and referen
es therein).Nevertheless, some trends may be emerging. In parti
ular, it seems that the
hara
teristi
 temperatures of X-ray sour
es asso
iated with PNe jets (∼ 3�6 MK)are systemati
ally higher than those of �hot bubble� PNe. Also, as would be expe
ted,all three �X-ray jet� PNe show eviden
e for dusty, mole
ule-ri
h (H2-emitting) 
entraltori that are potential 
ollimating agents for the out�ows that produ
e the X-ray-emitting sho
ks, whereas only one �hot bubble� PN X-ray sour
e (BD+30◦3639) wasdete
ted in the H2 survey of Kastner et al. (1996).3 Point-like X-ray Sour
es within PNeWe have been revisiting all Chandra observations targeting PNe, so as to pla
e 
on-straints on the X-ray luminosities of PNe 
entral star systems (Kastner & Montez, inprep.). The superior (∼ 0.5”) spatial resolution of Chandra (
ompared with XMM-Newton's ∼ 5” resolution) is required to distinguish su
h point-like X-ray emissionfrom di�use emission originating with the surrounding nebula. To as
ertain theChandra point-sour
e X-ray luminosities or luminosity upper limits, we determinethe ACIS 
ount rate within an aperture of radius ∼ 2.5” pla
ed at the nominal posi-tion of the PN 
entral star (this radius a

ounts for typi
al Chandra pointing errorsof <∼ 1”). We then 
ompare this ACIS 
ount rate with that obtained for a suitably
hosen ba
kground region (typi
ally, an annulus surrounding the sour
e region).3.1 �Classi
al� PNeApplying this te
hnique to Chandra observations of PNe whose 
entral stars are notsymbioti
 in nature (see below), we 
on�rm the dete
tion of X-ray point sour
eswithin four nebulae (NGC 246, NGC 4361, NGC 6543, and NGC 7293; see Guerrero



X-rays from PNe: a Status Report 41et al. 2001 and http://www.iaa.es/xpn/) and obtain X-ray �ux upper limits for10 other nebulae (in
luding three sour
es of di�use X-ray emission, i.e., NGC 40,BD+30, and NGC 7027). We hen
e obtain a preliminary (and potentially highlybiased) point-sour
e dete
tion rate of ∼ 30% within �
lassi
al� PNe at typi
al sen-sitivities of 1029−30 erg s−1.For purposes of understanding the potential impli
ations of these preliminaryresults for models of magneti
 and/or a

retion a
tivity asso
iated wth PN 
ores, itmay be helpful (though potentially misleading!) to 
ompare PN 
ore X-ray emissionlevels with those of solar- and subsolar-mass, pre-main sequen
e (T Tauri) stars.Evidently the hard (∼2�8 keV) X-ray emission from su
h stars is usually 
oronalin origin (e.g., Preibis
h et al. 2005), although for some fra
tion of T Tauri starsthe hard X-rays � as well as some or all of the softer (∼0.3�1.0 keV) emission� likely arise as a 
onsequen
e of magneti
ally-governed a

retion a
tivity (e.g.,Kastner et al. 2006b; Telles
hi et al. 2007). Comparing our Chandra results for theX-ray luminosities and luminosity upper limits of point-like PNe X-ray sour
es withthe LX distributions of a nearly 
omplete sample of pre-main sequen
e stars inOrion (Feigelson et al. 2005), one might spe
ulate that the nondete
ted PN 
ores,as a group, are less magneti
ally a
tive than ∼ 0.5 M⊙ T Tauri stars; while themagneti
 a
tivity levels of the four relatively X-ray-luminous PN 
ores (for whi
h
LX ∼ 1030−31 erg s−1) are 
omparable to 1�3 M⊙ T Tauri stars (ignoring for themoment the likelihood that the X-ray-luminous 
ores harbor 
lose binary stars;�3.2).3.2 Symbioti
 Mira systemsIn stark 
ontrast to �
lassi
al� PNe, it seems that X-ray-luminous point sour
es area 
ommon (perhaps ubiquitous) feature of symbioti
 Mira systems: all but one ofthe six su
h systems observed thus far by Chandra � R Aqr, CH Cyg, Mz 3, Hen2-104, and Mira itself � display X-ray sour
es at the positions of their 
entral stars.The only symbioti
 Mira nebula in whi
h no 
entral X-ray point sour
e is dete
ted,OH 231.8+4.2, possesses a very highly obs
ured 
entral region (i.e., a dusty torus).The luminosities of the symbioti
 Mira X-ray point sour
es range over ∼ 4 orders ofmagnitude (from ∼ 1028 to ∼ 1032 erg s−1); this emission is typi
ally harder thanthat of di�use (sho
k-indu
ed) PN X-ray emission (e.g., Kastner et al. 2003) andmay be highly variable.By analogy with low-mass X-ray binaries, the presen
e of X-ray point sour
eswithin symbioti
 Miras is likely indi
ative of binary mass transfer pro
esses. Hen
e,further observations and analyses of these X-ray sour
es should provide unique di-agnosti
s of a

retion of AGB wind material by white dwarf (or, in some 
ases, mainsequen
e) se
ondaries. More generally, studies of 
ompa
t X-ray sour
es within sym-bioti
 Miras should provide insight into the disks, jets, and disk-jet intera
tions thatare the likely 
onsequen
e of 
entral binary systems within PNe (see also Montez &Kastner, these pro
eedings).A
knowledgements: I am indebted to my 
olleagues Rudy Montez, Bru
e Bali
k,and Orsola De Mar
o for their many 
ontributions to this work.
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