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Abstract

The existence of H-deficient knots around the central stars of the planetary nebulae Abell 30 and Abell 78 is
still unexplained. We hypothesize that these knots were g ected during avery late helium-shell flash (= very late
thermal pulse, VLTP) suffered by the precursor white dwarf stars. If thisis true, then the characteristics of these
knots (mass, velocity, density, spatial distribution) allow to draw conclusions on the course of the hydrogen-
ingestion flash detonation that is triggered by the He-shell flash. This provides important, otherwise inaccessible
constraints for the hydrodynamical modeling of convective/reactive flows in stellar interiors. Understanding the
physics of these flows is not only important for the understanding of these particular central stars, but also for
the frequent, very similar convective/reactive events that determine the nucleosynthesis in Pop. |11 stars.

With this proposal we want to proof or discard the idea that the H-deficient knots are resulting from aVLTP. If
true, then they can be exploited for flash-physics diagnostics. We propose a simple test. We search for such
knots around five H-deficient central stars (PG1159 stars). Our models predict, that only those stars with
residual nitrogen in the atmosphere have suffered a VLTP and, hence, should have expelled knots. We therefore
want to take [O 111] images of stars which have photospheric N and those which do not.
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Target Summary:
Target RA Dec Magnitude
LONGMORE-4 100545.7800 -44 21 33.30 V =16.6
NGC-246 00 47 3.3400 -115218.92 V =11.95
K1-16 182152.2100 +64 21 54.30 V=154
RXJ2117.1+3412 2117 8.2900 +34 12 27.20 V =132
PG1144+005 1146 35.2300  +00 12 33.60 V =16.2
Observing Summary:
Target Config Mode and Spectral Elements Flags Orbits
LONGMORE-4 ACS/HRC Imaging F502N 1
NGC-246 ACS/HRC Imaging F502N 1
K1-16 ACS/HRC Imaging F502N 1
RXJ2117.1+3412 ACS/HRC Imaging F502N 1
PG1144+005 ACS/HRC Imaging F502N 1
Total prime orbits: 5



B Scientific Justification

Scientific Backgroundrhe final phase of evolution of low- and intermediate-massssbegins
with their departure from the AGB. They evolve at constamhihosity to extremely high g
(>100 KkK) while burning H or He in shells. When nuclear burnimgses, the stars begin to fade
and cool and enter the hot end of the white dwarf (WD) cooliegugnce. Standard post-AGB
(pPAGB) evolution theory predicts that the chemical surfaoenposition of the star remains H-
rich, because shell burning stops when the H-rich surfager land the He-rich intershell region
have been thinned down to a certain extent. The metal comté¢iné H-rich stellar mantle is only
slightly altered by the 3rd dredge-up, which brings nucfgacessed matter to the stellar surface.
This metal-enriched matter is fed into the ISM by mass-losmfthe AGB star. Understanding
the mixing and burning processes that determine the methls/of AGB stars is essential for our
picture of galacto-chemical and early-universe evolutiBat there are a number of uncertainties
(convective overshoot, nuclear cross-sections) whickrahie evolution models and which can
strongly affect the predicted yields. Observational cansts on these uncertainties are required.

This scenario is valid for the majority of pAGB stars, howetkere is a considerable fraction
of stars which obviously does not fit into this standard pietuAbout 25% of the pAGB stars in
the PN and immediate pre-WD stage are H-deficient. The péatinterest in these extraordinary
stars originates from their potential to put strong obswal constraints on the uncertainties in
AGB evolution models and, hence, ISM enrichment. From gpscbpic analyses (see review
by Werner & Herwig 2006) the following picture emerged. ThelfARayet type central stars
(spectral type [WC]) are on the horizontal part of evolutipntracks leading away from the AGB,
with a mean luminosity of lo@/L ,=4. They span a broad temperature rarifjg £20—140 kK).
When they become hot enough and their mass-loss rate drips BE=10-5M_/yr, the [WC]
stars evolve into PG1159 stars. These are immediate WD pitogeand start out to evolve from
high T.¢ (200 kK) and high luminosity (lod/L -=4) and finally turn into He-rich (non-DA) WDs
at aboutl,z=70 kK and logL/L . =1.

[WC] and PG1159 atmospheres are mainly composed of He, CQafmbout He=40%,
C=50%, O=10%, by mass). These peculiar abundances sulygettte origin of the H-poor pAGB
sequence is a late He-shell flash (Iben etal. 1983). Und&ioarircumstances a pAGB star can
re-ignite He-shell burning. This can occur in early pAGB gésor later, when the star has already
become a WD. The star returns onto the AGB (“born-again A@Bsand retraces the pAGB evo-
lution for a 2nd time. The flash causes a complete mixing otthiech stellar mantle (0% M)
with the entire He/C/O-rich intershell region)("2 M), so that eventually the surface abundances
reflect the intershell abundances which have been built uipglthe previous thermally-pulsing
AGB-phase. The intershell comprises He (H-burning ashed) @O (He-burning ashes) that
was dredged up from the stellar core. In addition, the exppasaterial contains species that were
affected by n-captures during the AGB phase in the s-prawgssgion within the intershell. Well-
known examples for “born-again” stars that have sufferedete-shell flash in historical time are
FG Sge and Sakurai’s object. The spectroscopic abundateerdeation of elements in the atmo-
spheres of born-again pAGB stars directly reveals detéilsterior mixing and burning processes
which are usually not accessible. The comparison of obdealkandances with model predictions
is a strong constraint for evolutionary models.
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The course of a late He-shell flash and the resulting surfagedances essentially depend on
the momentvhenit occurs. There are two scenarios (Herwig etal. 1999)ata thermal pulse
(LTP) is a He-shell flash that occurs during the post-AGB phaisen the star still has a H-burning
shell (i.e. on the horizontal part of the track in the HRD dvefthe “knee”). As a consequence, the
H-rich mantle is mixed with the He-rich intershell mattehus, H isdiluted to the extent that it
becomes spectroscopically undetectakiel {©). A very late thermal pulse (VLTP) is a flash that
occurs when the star is already on the WD cooling track. Hgested andurnedcompletely.

The modeling of a VLTP is particularly challenging becausthe violent convective/reactive
processes. H, mixed downward by the He-shell ignition, fietp burn as soon as it reaches depths
hot enough. It occurs a so-called Hydrogen-Ingestion HE$R Herwig etal. 2006). Up to now
this complex process is simulated only with parametrizetsgstatic 1D models, but it seems
clear that hydrodynamical simulations will give differeesults concerning the course of burning
and mixing of material. We have recently begun 3D hydro-$ations for convective/reactive
flows relevant for evolutionary calculations of a VLTP. Srguch simulations in the context of
pAGB-evolution are the very first steps to describe the gisysi a more realistic manner, we are
seeking for observational benchmarks. One such benchmdhkeiobserved surface abundance
pattern of H-deficient pAGB stars mentioned above. Anotleengementary benchmark, which
is the topic of this proposal, is the influence of a He-shediiflan the circumstellar environment.
It is based on the discovery of H-deficient nebular knots andlose vicinity of two H-deficient
central stars, Abell 30 and Abell 78 (e.g. Borkowski etal93p being [WC]/PG1159 transition-
type objects. The knots recede from the stars wi200 km/s, which is much higher than the
escape velocity from an AGB starc0 km/s), but much lower than the escape velocity from the
compact central starss4000 km/s, that is roughly the terminal velocity of theirigtt/ely driven
winds). The knots are located in the innermost parts of thigeavise H-rich) PN (Fig. 1). Itis
unclear how the clumps of H-deficient material have left tiae. s

We hypothesize that the H-deficient knots were expelled dmatety after the onset of the
VLTP.Our hydro models show that material can exceed the escapeityelvhile the star is on its
way back from the WD to the AGB stage. This can explain therméagliate velocity of the knots.
The local confinement of the high convective velocities cgiian the non-spherical clumpy mass-
loss. Fig. 2 is a snapshot of our simulations. We see a bloigngith ~10 000 km/s and forming
a shock at the leading edge. The corresponding energy demecéearly shows that we see a
detonation here. We are not be too concerned about the &tct @000 km/s is much more than
what is observed for the blob velocities in Abell 30/78. Aplaned with Fig. 2, our models are
still immature, and the only thing they motivate is that Hicient blobs shooting out from the
He-shell flash convection during a HIF seems possible.

There is a clear observational possibility to test this ideacessively large convective veloc-
ities occur only in the VLTP case amibtin the LTP case. So we shouht see H-deficient knots
around objects which have suffered an LTP (which goes witaalHIF). How can we know if a
PG1159 star has suffered an LTP or a VLTP? There is a markeclgwly allows to decide. In
the VLTP case, H idburnedand transformed into N. The models predict a strongly endcme
surface abundance, of the order 1%, which is readily deikzta optical/UV spectra (e.g. Werner
& Herwig 2006). In contrast, in the LTP case (H-envelope armdrigh intershell get mixed, no



H-burning occurs), almost no N is expected to survive: Theghdy solar N-abundance in the
H-envelope gets diluted when mixed with the massive He-nbérshell that is free of N (N was
destroyed byy-captures and transformed into neon). In essetteegetection or non-detection of
N in a PG1159 star means that the object suffered a VLTP or teBpectively.

What about N in Abell 30 and 78? We found an abundance of al®éuiterner & Koesterke
1992). They clearly suffered a VLTP, consistent with ousitieat the VLTP caused the H-deficient
knots. The time elapsed between commencing of the VLTP amdttr’'s evolution towards its
current position in the HRD~1000 yrs when compared to our evolution models) is in agreéme
with the dynamical age of the knots. This calls for a search-afeficient knots around other
PG1159 stars.If we find such knotenly at N-rich objects, then our hypothesis is confirmed.
But if we find such knots also around an N-deficient PG1150-tan our hypothesis is wrong:
The matter cannot have been expelled as a direct conseqoéac€LTP.If the VLTP is indeed
responsible for the excessive acceleration of matter, Weshave in principle a means to derive
conclusions about the convective/reactive flows by det@ingithe characteristics of the knots
(mass, density, velocity, spatial distribution).

It is our immediate ainto search for Abell 30 /78-like knots around PG1159 stars. sélected
VLTP and LTP objects, i.e. N-enriched and N-depleted sfEng.results uniquely allow to confirm
or discard the idea whether the H-deficient knots are exgphetkelusively from VLTP stars. The
most sensitive search tool is 0 imaging in the forbidden 500& emission line, because we ex-
pect it to be the brightest one (Borkowski et al. 1995). Thel”ARO observation with HST/WFPC2
as compared to ground-based observations in that papelydeaws that the close vicinity of the
knots to the central star calls for highest possible angakulution. This can only be achieved with
HST. We choose the ACS/HRC with F502N, which is 3 times monsisee than WFPC2/PC. We
selected targets with stellar parameters similar to Al¥Ir8, i.e. their age since the He-shell flash
is of the same order. For younger objects ([WC]s), the knathhbe too close to the central star
to be resolved. At older objects the knots may be have besoldexl by the ablating interaction
with the fast stellar wind. There are 5 objects which fulfikése criteria (Tab. 1).

Significance to Astronomyrhe proposed observations will determine whether H-defidi@ots
around PG1159 stars are the result of H-flash detonatiomeiframework of the VLTP. If this is
indeed the case, we will be able to use the observable prepeftthese knots as a powerful tool
to constrain an entirely new, emerging class of hydrodyoamulations of convective/reactive
events. While the born-again stars may be our best chanceidy the physics involved, the
reactive/convective events encountered here are frelguenind in stellar evolution models of
Pop. lll stars or ultra- metal poor stars that were born imiigcent Universe (e.g., lwamoto etal.
2004). Ultimately, the proposed observations may proveyargredient to construct a predictive
mode for nucleosynthesis in the first generations of stars.

Some PG1159 stars are pulsators, defining the GW Vir ingialsirip in the HRD. The
asteroseismology-derived interior stratification is irakifative agreement with our evolutionary
models, however, a significant problem remains: The exigt@h non-pulsators in the strip. It is
interesting in the context of this proposal, that the nolsgtors are N-deficient, i.e., they have suf-
fered a LTP, not a VLTP. It is our hope that our hydro-modelé @ able explain this dichotomy.
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Description of the Observations

We propose to image the close vicinity of five targets withAQS/HRC through the [QIl] filter
F502N to search for faint nebular knots. A rigid estimatidritee required exposure times is
not straightforward. As a coarse guideline, we use the WHPC?2 image (Fig. 1) of Abell 30,
which allows a detailed analysis of the knots’ morpholodye Brightest parts of the largest knots
have 20 cts/pixel after 3600 sec of integration time. Onentpixel corresponds to a surface
brightness 0f6.6 x 10~!° erg/cnt/sec/arcses i.e., the surface brightness of the brightest knot
regions is1.3 x 10~!3 erg/cnt/sec/arcsec We want to observe each target for one orbit, i.e.,
about 40 minutes (1 orbit minus overheads). The shortersexpdime compared to the Abell 30
WFPC image is more than compensated by the factor of 3 hidgfieeacy of the ACS/HRC with
the F502N filter. We assume that the surface brightness dilpesknots around our targets is
similar to Abell 30. Tab. 1 displays the spectroscopicalyedmined distance to our targets and,
for comparison, the distance to Abell 30. Our targets’ disés are similar to that of Abell 30,
within a factor of 2-3. We thus think it is a reasonable chaaspend one orbit for each target.

For the two brightest targets we need to split the expostweseveral images in order to avoid
overexposure of the central star and CCD blooming. For cetapkss, we note that PG1144+005
has no associated PN. This is not of concern here. This ongnméhat the PN has already
dispersed, because the VLTP hit the precursor WD very latthercooling track. Fittingly, the
object is N-rich, i.e., concerning to our models it must iedée a VLTP-star.

Special Requirements
Coordinated Observations
Justify Duplications

4 of our 5 targets were imaged previously. The data are néalu®se our purpose because:

Longmore 4: A very short (140 sec) WFPC2/PC1 image was taken with a baoadifilter
(F555W) for a snapshot proposal aiming at the search for @mwipanions around central stars.
No nebulosity is detectable in this image. Note that thigaars our most distant one.

NGC 246: Four 1000 sec images are in the archive, taken with WFPC2/\MB®&ever, these
were taken with the H narrowband filter so that H-deficient knots cannot be detecte

K1-16: A short (350 sec) WFPC image exists, taken with a red widetlfigter (F785LP).
No strong emission line is expected in the passband. No asityis seen in the image.

RXJ2117.1+3412:Again, for a snapshot search for companions two very shages (18
sec and 66 sec) were taken in two different broadband fildwsebulosity can be detected.



Table 1: Parameters of the five target stdtg:, log g, and information on presence of N are taken from
Werner & Herwig (2006). The distances were derived spectqgisally comparing V flux and
model-atmosphere flux. As a comparison, in the last line stehie respective values for Abell 30.

Object T.g/K logg(cgs) Vmag distance/kpc N present?
Longmore 4 120000 55 16.6 6.4 no
NGC 246 150000 5.7 11.95 1.1 no
K1-16 140000 6.4 154 2.0 yes
RXJ2117+3412 170000 6.0 13.2 14 no
PG1144+005 | 150000 6.5 16.2 2.8 yes
Abell 30 110000 55 14.3 3.5 yes

Figure 1: [O llI] WFPC2 image of the H-deficient knots in thes# vicinity of the central star of Abell 30
(from Borkowski etal. 1995). The field-of-view is 15.2' 18.5”". The scale is counts/pixel. The clumpy
material was ejected by the star about 1000 years ago. The kage a cometary shape formed by the
rapidly passing central star wind.
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Figure 2: Snapshot from a hydrodynamical simulation of arbgen-ingestion flash triggered by a late
He-shell flashTop panel: A H-free blob starts to rise driven by the rapid energy reddasm burning due
to H ingestion (displayed is the chemical stratificationheTower boundary of the H-rich zone is the upper
boundary of the He-shell flash convection. The lower boundéthe He-shell flash convection can be
seen in thdower panelthat shows the vertical velocity. The marked jump in the lohedf of the box
represents the bottom of the He-shell flash convection Zbine velocity plot clearly shows a blob with
about 10 000 km/s rising to the top, and forming a shock atebdihg edge. At this point we have to
classify the present simulation as a toy model because #nenmany things that are not realistic enough,
including some scaling of energy generation rates, as welktails about the flame treatment, turbulent
mixing, the setup itself, 2D and boundary effects. Nevédethe all of these simplifications are not so major
as to not take this preliminary result as a clear hint thatefleient blobs around H-deficient post-VLTP
stars (= PG1159 stars) can have their origin in these camedmtirning events that define the VLTP.
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