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al spe
tra of the `born-again' planetarynebula Abell 58 and its hydrogen-de�
ient knot. We derive very high temperatures(15�20 kK) from temperature-sensitive ratios of 
ollisionally ex
ited lines, and verylow temperatures (<1 kK) from temperature-sensitive re
ombination line ratios. We�nd that abundan
es derived from re
ombination lines ex
eed those from 
ollision-ally ex
ited lines by a fa
tor of almost 200. These �nding suggest that the knot
ontains some very 
old ionized material.Although the 
entral star is 
arbon-ri
h (C/O>1), the knot is found to beoxygen-ri
h, a situation not predi
ted by the single-star `born again' theory itsformation. We 
ompare the known properties of Abell 58 to those of Abell 30,Sakurai's Obje
t and several novae and nova remnants. We argue that abundan
esin the eje
ta observed in A30 and A58 have more in 
ommon with neon novae thanwith Sakurai's Obje
t, whi
h is believed to have undergone a �nal helium �ash. Inparti
ular, the C/O ratio of less than unity and presen
e of substantial quantitiesof neon in the eje
ta of both Abell 30 and Abell 58 are not predi
ted by very latethermal pulse models.Key words: ISM: abundan
es � planetary nebulae: individual: Abell 581 Introdu
tionAbell 58 (V605 Aql) 
onsists of a large (44 × 36 ar
se
) faint shell, with a brighterknot at its geometri
 
enter. The knot is assumed to have formed in a nova-likeoutburst whi
h peaked in 1919, by whi
h time the 
entral star had in
reased inbrightness by �ve magnitudes. The 
entral knot is extremely hydrogen-de�
ient(Seitter 1985, Guerrero & Man
hado 1996), and is thought to be one side of a bipolar
ollimated �ow, the other side being obs
ured by dust (Polla

o et al. 1992). The
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entral star is not seen dire
tly due to heavy dust obs
uration, but stellar emissionlines 
an be seen via s
attered light. The star's surfa
e temperature is estimated tobe 95 000K (Clayton et al. 2006).The generally a

epted explanation of the origin of the knots in A 58 and similarobje
ts su
h as Abell 30 is that the 
entral star, after the formation of its surround-ing planetary nebula, underwent a very late thermal pulse (VLTP), whi
h eje
tedfreshly pro
essed stellar material into the 
enter of the nebula (Iben et al. 1983,Herwig 2001). However, analysis of Abell 30's polar knots has shown that they areoxygen-ri
h (Wesson et al. 2003), the opposite of the situation predi
ted by theborn-again theory. The observed C/O ratios are similar to those seen in PNe withlarge abundan
e dis
repan
ies, su
h as NGC6153 (Liu et al. 2000).This paper presents an analysis of long-slit spe
tra of A 58's 
entral knot. We �ndthat its properties are very similar to those found for A 30's knots and 
onsistent withthe Er
olano et al. (2003) model whereby a 
old, extremely hydrogen-de�
ient 
ore
ontributes essentially all the strong ORL emission, and a hot outer shell emits CELs.As with A 30, the knots are found to be oxygen-ri
h. We dis
uss the impli
ations ofthese �ndings for the born-again theory, and for planetary nebulae in general.2 ObservationsA58 was observed using the double-armed ISIS spe
trograph on the 4.2-m WilliamHers
hel Teles
ope (WHT) at the Observatorio del Roque de los Mu
ha
hos, onLa Palma, Spain, on the night of 2003 August 01. The seeing was sub-ar
se
ondthroughout the observations. The spe
trograph slit was pla
ed along the major axisof the outer nebula. Spe
tra 
overing wavelengths from 3500 to 5100 Å and 5100 to7600 Å were taken, with R600B and R300R gratings giving spe
tral resolutions of1.5Å and 2.8Å on the blue and red arms respe
tively. The total exposure time in ea
harm was 2.5 hours. We extra
ted a spe
trum of the 
entral knot, subtra
ting the
ontribution of the outer nebula using a spe
trum extra
ted from a region outsidethe knot 
overing the same number of rows on the CCD 
hip. Lines in the spe
tra ofthe knot and outer nebula were identi�ed and measured by �tting Gaussian pro�lesin midas. Overall we dete
t 42 lines from the knot, due to H, He, C, N, O, Ne, Ar,S, Cl and Fe.3 Central knot3.1 Ex
itation me
hanismThe 
entral knot has previously been studied by Guerrero & Man
hado (1996), whosuggested that abundan
es derived from CELs might be unreliable due to sho
k ex
i-tation. We 
al
ulate the ratio of energy input from sho
ks and from photoionizationas follows: the luminosity of the 
entral star is 104L⊙, and its e�e
tive temperatureis 95 000K (Clayton et al 2006). Based on model atmospheres of hydrogen-de�
ientstars by Rau
h et al. (2003), we estimate that 89% of the energy from the star isemitted shortward of 912Å, giving a total ionizing luminosity of 8.9×103L⊙. Adopt-ing 
M = -1.3×10−7 M⊙yr−1 and v∞ = 2500 kms−1 from Clayton et al (2006), we
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al
ulate that the wind luminosity is only 67L⊙, or 0.7% of the ionizing luminos-ity. Therefore photoionization dominates over sho
k ex
itation in produ
ing theobserved spe
trum.3.2 Extin
tionFrom the observed Hα/Hβ ratio, 
orre
ting for the 
ontribution of He ii Pi
keringseries lines to the observed �uxes, we derive c(Hβ)=2.38. However, the extremeweakness of the observed Hα and Hβ lines means that this value is very un
ertain.We also measure the extin
tion using the relative intensities of He i re
ombi-nation lines. The observed line ratios λ5876/λ4471 and λ6678/λ4471 depend bothon the temperature of the gas and the extin
tion, and so the two line ratios 
anbe used to derive the temperature and extin
tion simultaneously. We �nd that theobserved line ratios in A 58 are 
onsistent with either a temperature of ∼500K and
c(Hβ)=2.00, or with a temperature of 14 000K and c(Hβ)=2.44. Given the very highabundan
e of CNO 
oolants that we derive (Se
tion 3.4), and the fa
t that Er
olanoet al. (2003) found that in the knots of A30, helium emission 
ome predominantlyfrom the 
old 
ore, we believe that the 
old solution is physi
ally more realisti
 forthe knot of Abell 58, and adopt c(Hβ)=2.0 for our subsequent analysis.3.3 Temperature and densityThe ele
tron density of the 
entral knot was measured from the [O ii℄ λλ3726,2729,[S ii℄ λλ6717,6731 and [Ar iv℄ λλ4711,4740 line ratios, whi
h give 1520, 2730 and2050 
m−3 respe
tively. We adopt a density of 2100 
m−3. This value is expe
ted tobe representative of the hotter regions of the knot, from whi
h essentially all of theCEL emission will arise.The temperatures derived from the [O iii℄ and [N ii℄ nebular-to-auroral line ra-tios in the knot are 20,800 K and 15,200 K respe
tively. In our subsequent abundan
eanalysis we use a temperature of 15 200K to derive CEL abundan
es from singlyionized spe
ies, and 20 800K for more highly ionized spe
ies. These very high ele
-tron temperatures suggest that grain photoele
tron heating is the dominant heat-ing me
hanism in the hot regions of the knot, by analogy with IRAS 18333-2357(Borkowski & Harrington 1991) and Abell 30 (Er
olano et al. 2003).We also determined temperatures from the ratios of helium re
ombination lines.These vary weakly with temperature (Smits 1996). We �nd that the ratio of He i
λ5876 to λ4471 implies a temperature of 350K, while the ratio of He i λ6678 to
λ4471 implies a temperature of 550K. We adopt T(He i) = 500K. These values aremu
h lower than the values of 8 850K and 4 450K found for the knots of A30.Finally, we estimate the temperature in the knot based on the weak temperaturedependen
e of the O ii re
ombination line ratio λ4649/λ4089, using re
ent atomi
data from Bastin & Storey (2006). We �nd a ratio in A58 of 1.23, whi
h is lowerthan the value derived for any density at 600K by Storey (2007), providing strongeviden
e that the knot of A58 
ontains ionized material at very low temperatures.This indi
ates that the situation in the knot of Abell 58 is similar to that seen inAbell 30, with 
old, metal-ri
h ionized plasma existing within the knot. We adoptan ele
tron temperature of 500K for our derivation of abundan
es from ORLs.
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es and abundan
e dis
repan
y fa
torsTo derive 
hemi
al abundan
es in Abell 58's 
entral knot, we follow the same generalapproa
h as des
ribed in detail by Wesson et al. (2003), using the same atomi
 data.To 
al
ulate total elements abundan
es, we adopt the ionization 
orre
tion s
hemeof Kingsburgh & Barlow (1994). The abundan
es derived are presented in Table 1.We also list the abundan
es derived in Abell 30 (Wesson et al. 2003).Given the exponential temperature dependen
e of CEL emissivities, and theinverse power-law temperature dependen
e of ORL emissivities, strongly enhan
edORL emission provides eviden
e in favor of a 
old, extremely hydrogen-de�
ient
ore in A58's knot. Observations and modelling supported this interpretation inthe 
ase of the polar knots of Abell 30 (Wesson et al. 2003, Er
olano et al. 2003).For an element or ion X, the abundan
e dis
repan
y fa
tor, adf(X), is de�ned as
adf(X) = X(ORL)/H

X(CEL)/H
. With the 
urrent data it is only possible to derive an adf foroxygen. We �nd that adf(O2+) and adf(O) are both 174. These values are amongthe largest found in any ionized nebulae, 
onsiderably larger than the values of 32and 70 found for oxygen in the `normal' PNe NGC1501 (Er
olano et al. 2004) andHf 2�2 (Liu et al. 2006), but still lower than the adfs of ∼700 seen in the polar knotsof Abell 30 (Wesson et al. 2003).Table 1. Total elemental abundan
es in the knot of A 58 by number, on a logarith-mi
 s
ale where N(H)=12.0, 
ompared with those found in the knots of A30.Obje
t He C N O NeA58 ORLs 12.51 10.95 - 12.27 -CELs - - 9.21 10.03 9.92A30 J1 ORLs 13.03 11.65 11.49 12.15 11.51CELs - - 8.88 9.26 9.70A30 J3 ORLs 13.07 11.66 11.43 12.10 11.99CELs - 9.22 8.90 9.32 9.783.5 Evolution of the knotAbundan
es for A58's knot were previously derived by Guerrero & Man
hado(1996). They adopted a temperature of 12 450K and c(Hβ)=0.29, and foundO2+/O+ = 0.05, while we obtain a value of ∼1. This di�eren
e is partly a

ountedfor by the lower extin
tion and temperature adopted by GM96: we derived abun-dan
es from their observed �uxes but using c(Hβ)=2.0 and Te=20 800K, and ob-tained O2+/O+ = ∼0.4. The remaining fa
tor of 2.5 may be due to the temperatureof the 
entral star, and thus the ionization degree of the nebula, in
reasing duringthe nine years between GM96's observations and our own.
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e patterns in the knot of A58 and otherobje
tsTable 2 presents a 
omparison between the mass fra
tions of H, He, C, N, O and Nethat we have derived for the eje
ta of A 58 and A 30, and those derived by otherauthors for the 
entral stars of these two obje
ts, as well as for a number of otherobje
ts, in
luding PG 1159-035, whi
h may be a des
endant of a star similar to thenu
leus of A 30; V4334 Sgr, whi
h has been proposed to be a younger 
ounterpartto A 58/V605 Aql; the shells of two old novae, DQ Her and RR Pi
; and the eje
taof three neon novae. The nitrogen and neon abundan
es listed for the A 58 
entralknot are given in parentheses, sin
e they are based on its measured CEL N:O:Neratios, normalized to its ORL oxygen abundan
e.4.1 Abell 30Our analysis of A 58's knot reveals many similarities with the older knots of A30. Inboth 
ases, extreme abundan
e dis
repan
ies are observed, C/O ratios are less thenunity, neon is present in signi�
ant quantities, and ORL temperature diagnosti
sindi
ate the presen
e of very 
old ionized plasma. A model of A30's knots 
onsistingof a 
ore with a very high abundan
e of CNO 
oolants, and an outer region in whi
hheating is dominated by dust photoele
tri
 heating, su

essfully reprodu
es theirobserved spe
tra (Er
olano et al. 2003). VLTP models predi
t that C/O should begreater than unity, and that neon mass fra
tions should be ≤0.02 in born-againobje
ts, and therefore the abundan
es derived for the knots of both A30 and A58are in
onsistent with the predi
tions of the born-again theory.The A 58 knot is presumed to have a red-shifted 
ounterpart, on the opposite sideof the star and 
ompletely obs
ured by dust. The 
ollimation of A 30's knots arguesagainst a single star being their sour
e, and if A58 also has 
ollimated out�ows, assuggested by Polla

o et al. (1992), this 
ould argue for some me
hanism involvingan a

retion dis
 and polar jets in a double star system. In 
ontrast to A30, though,the knot of A58 is expanding quite rapidly. While the knots of A 30 are broadenedby <20 kms−1 (Meaburn & López 1996), our data indi
ate that the knot of A58 isexpanding at ∼95 kms−1, from the FWHM of the observed lines, after 
orre
ting inquadrature for the instrumental resolution of 110 kms−1.4.2 Sakurai's Obje
tSakurai's Obje
t (V4334 Sgr) was dis
overed in February 1996, and was initiallythought to be a slow nova (Nakano et al. 1996). However, its spe
trum showed a rapid
ooling, hydrogen abundan
e de
line and an enhan
ement of s-pro
ess elements, overjust a few months after its dis
overy, and it is thought to have undergone a �nalhelium �ash (Duerbe
k & Benetti 1996). The spe
trum of Sakurai's obje
t at itsmaximum brightness was very similar to the spe
trum of V605 Aql obtained atits maximum in 1919, with the appearan
e of a 
ool RCB star (Lundmark 1921).Be
ause of this, A 58 is often des
ribed as an older twin of Sakurai's Obje
t. TheHe:C:O mass ratios at the surfa
e of Sakurai's obje
t were found to be 85:5:3 inJuly 1996, 
ompared to 54:40:5 for the 
entral star of A58 (Clayton et al. 2006).Our derived nebular abundan
es for A58's knot 
orrespond to He:C:O mass ratios



162 R. Wesson et al.of 18:2:41. Freshly ionized material has been dete
ted around Sakurai's Obje
t,indi
ating that a knot or knots similar to those seen in A 58 may be forming. Thefreshly ionized material is found to be expanding at 1500 kms−1 (Kerber et al. 2002).At this expansion rate, its density will de
line rapidly and it seems unlikely that anyknot formed 
ould survive to be seen as long after the event as the knots of A 58and A30. The physi
al 
onditions and 
hemi
al abundan
es in the freshly ionizedeje
ta have yet to be determined.4.3 Classi
al novaePossible links between planetary nebulae showing high adfs and 
lassi
al novae havebeen dis
ussed by Wesson et al. (2003) and Liu et al. (2006). In several 
ases, novashells have been found to show very strong re
ombination line emission and eviden
efor very low temperatures. One good example is the shell surrounding DQ Her, whi
hwas found by Williams et al. (1978) to have a Balmer jump temperature of ∼500K.The C/O number ratio in the eje
ta of DQ Her is 0.36 � quite similar to that seenin the knots of Abell 30.We have in
luded in Table 8 a summary of the elemental mass fra
tions measuredfor two old nova shells and for three `neon novae'. All �ve show C/O ratios of lessthan unity but the neon novae also show neon mass fra
tions that are 
omparableto the large values (0.1�0.4) that we have measured for the knots of A 58 and A 30.Models for neon novae (e.g. Starr�eld et al. 1986; Politano et al. 1995) invoke theusual thermonu
lear runaway on the surfa
e of a white dwarf following mass transferfrom a low mass 
ompanion, with the high neon abundan
es resulting from the fa
tthat the runaway o

urs on the surfa
e of a high-mass (1.0-1.35 M⊙) O-Ne-Mg whitedwarf, some of whose subsurfa
e material is mixed to the surfa
e and eje
ted duringthe nova event. This suggests that the 
entral stars of A 58 and A 30 might have highmass O-Ne-Mg 
ores, some of whose material may been brought to lo
alized partsof the surfa
e by the event that led to the eje
tion of the observed knots. If entropybarriers prevent su
h a s
enario during a VLTP event then an alternative s
enario
ould involve the transfer of mass from a 
ompanion on to lo
alized parts of a massivewhite dwarf surfa
e, leading to a thermonu
lear runaway and the ex
avation andeje
tion of material from the O-Ne-Mg region of the white dwarf, whose thin surfa
elayer still has C/O > 1.5 Dis
ussionWe have now 
arried out detailed ORL/CEL abundan
e studies of two of the �veknown hydrogen-de�
ient planetary nebulae. In both 
ases, we �nd that the VLTPborn-again s
enario 
ommonly invoked to a

ount for the produ
tion of H-de�
ientmaterial within an old planetary nebula 
annot a

ount for the abundan
e ratiosobserved, while the 
ollimated out�ows seen in both obje
ts seem in
onsistent witha single star at the 
enter.The presen
e of knots of 
old hydrogen-de�
ient material has 
ommonly beeninvoked to a

ount for the observed dis
repan
y in planetary nebulae whereby ORLsgive mu
h higher 
hemi
al abundan
es than CELs for heavy elements (e.g. Liu et al.2000, Tsamis et al. 2004, Wesson et al. 2005). The origin of this H-de�
ient material
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ient knot of Abell 58 163Table 2. Comparison between the properties of Abell 58 and those of related obje
tsName Type Mass fra
tions Referen
eH He C N O NeA 58 knot 0.014 0.178 0.015 (0.029) 0.410 (0.354) 1A 58 WCE star 0.54 0.40 0.05 2A 30 J1 knot 0.012 0.519 0.065 0.052 0.273 0.078 3A 30 J3 knot 0.010 0.485 0.057 0.039 0.208 0.202 3A 30 WCE-PG1159 0.41 0.40 0.04 0.15 4PG1159-035 PG1159 <0.02 0.33 0.48 0.001 0.17 0.02 5V4334 Sgr (RCrB) 0.003 0.845: 0.051 0.019 0.027 0.059 6DQ Her old nova 0.34 0.095 0.045 0.23 0.29 7DQ Her old nova 0.254 0.123 0.046 0.302 0.276 8RR Pi
 old nova 0.53 0.43 0.004 0.022 0.006 0.011 9V693 CrA neon nova 0.408 0.212 0.004 0.070 0.069 0.237 10V4160 Sgr neon nova 0.470 0.338 0.006 0.058 0.062 0.065 11V1370 Aql neon nova 0.053 0.088 0.035 0.14 0.051 0.52 12Referen
es: 1) This paper; 2) Clayton et al. (2006); 3) Wesson et al. (2003); 4)Leunenhagen et al. (1993); 5) Jahn et al. 2007; 6) Asplund et al. 1999 (July 1996spe
trum); 7) Williams et al. (1978); 8) from our re-analysis of the relative lineintensities presented by Ferland et al. (1984); 9) Williams & Gallagher (1979); 10)Vanlandingham et al. (1997); 11) S
hwarz et al. 2007; 12) Snijders et al. 1987in normal nebulae is as yet unknown. Given the un
ertainty at the moment abouthow the knots in A30 and A58 have been produ
ed, it is di�
ult to say if theproposed knots present in `normal' nebulae 
ould have a similar origin. However, wenote that it is di�
ult for the evolution of a single star to explain the morphologyand abundan
es in A 30 and A58, and that re
ent work has suggested that most orall 
entral stars of planetary nebulae 
ould be binary systems (Moe and De Mar
o2006).However, spatially resolved spe
tros
opy and high resolution imaging of nebulaewith high abundan
e dis
repan
y fa
tors, su
h as NGC 6153, seem to suggest thatknots in `normal' nebulae must be very small, <60AU a
ross, numerous, and havea smooth distribution, as no 
lumps are seen in HST images, nor spikes in longslit spe
tra, but rather a smooth de
line of adf from 
enter to edge, for example inNGC 6153 (Liu et al. 2000). This is in 
ontrast to the highly 
lumpy distribution ofH-de�
ient material seen in Abell 30, Abell 58 and Abell 78.A
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