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Introduction (1)

Post-AGB evolution of an 0.6 M� AGB remnant with
mass loss : Schönberner 1979

Post-AGB duration ≈1/10 of thermal-pulse cycle period !
i.e. ≈10 000 vs. ≈100 000 years
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Loop duration ≈ mean ther-
mal time scale of envelope
above He shell :

G1: 2×103 yr / 103 yr

G3: 1×103 yr / 2×102 yr

No contact between He-rich
& H-rich matter

LTP

G4: At position H

Mixing between He-rich &
H-rich matter

VLTP

Predicted by Fujimoto 1977 & first shown by Schönberner 1979 !

Late (G1–G3)
& Very Late (G4)

Thermal Pulses

“Born-Again”-evolution
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Introduction (2)

VLTP :

• Burning and mixing must be treated simultaneously !

• Radial position of H-burning shell where τmix ≈ τburn

• Loop duration ≈ mean thermal timescale of envelope
above H-burning shell, τVLTP � τLTP

1

10

100

1000

0.5 0.6 0.7 0.8 0.9 1

t l
oo

p 
[y

r]

Post-AGB mass [Msun]

From VLTP to log Teff = 3.8
H burning

He burning

H burning

He burning

H burning

He burning

H burning

He burning

H burning

He burning

Miller Bertolami Althaus 2007
LTP -- Bloecker 1995

Miller Bertolami &
Althaus 2007 :

• H-burning driven loop,
M < 0.6 M�, + He-loop

• He-burning driven loop,
M >∼ 0.6 M� only one loop

• For all masses, surface
virtually H-free after
H burning & mixing

(In contrast to the

LTP cases !)
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Introduction (3)

So far 3 bona-fide born-again-objects known :

• FG Sagittae LTP prior to ∼1890

• V605 Aquilae VLTP 1919

• Sakurai’s Object (V3443 Sgr) VLTP prior to 1996

Challenges for modelling late stages of stellar evolution &
benchmarks for the models:

• Real-time stellar evolution with τevol <∼ τhuman

• Time-dependent modelling necessary for solving the stellar
energy budget

• ‘Stellar archaeology’, using old plates and/or old spectra,
& analysing line emission from low-density nebulae
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Introduction (4)

Rapid central-star evolution,
⇒ PN in ionisation equilibrium ?
⇒ PN in thermal equilibrium ?

Prerequisites for application of photo-ionisation codes like e.g. CLOUDY

Question rarely addressed so far for PNe :

Harrington & Marionni 1976, application for FG Sge

Tylenda 1979, 1980, application for FG Sge

Tylenda 1983, 1986, recombination halos

Marten 1993 (PhD thesis, unpub.), general considerations

Marten 1993, non-eqilibrium halo ionisation

Marten 1995, general considerations

Kifonidis 1996 (Diplom thesis, unpub), application for FG Sge

Marten & Szczerba 1997, general considerations

Corradi et al. 2000, recombination halos

Analysing nebular spectra around born-again objects
should rely on time-dependent methods

Hydrogen-Deficient Stars, Tübingen, 17.09–21.09.2007 c© D. Schönberner, AIP 5/36



Time-dependent effects (1)

Assumption normally made :
Records of previous hot stellar phases from nebular line
emission, provided τevol � τrec

However,
this condition is NOT SUFFICIENT

Rather we must have also τevol � τion

Timescale τ for a species to reach a particular ionisation stage
consists of two parts:
Marten 1993: 1/τ = 1/τion + 1/τrec

•
1

τion
=

1

4πr2

∫ ∞

ν1

Lν

hν
exp(−τν) aν dν ionising photon flux

•
1

τrec
= ne α electron density
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Time-dependent effects (2)

Examples for hydrogen :

• Luminous central star (6 000 L�), middle-aged PN τH
ion < 1yr

• In contrast τH
rec = neαH ' 105/ne

⇒ Under standard conditions in PNe: τH
ion � τH

rec
<∼ τevol

Ionisation equilibrium good approximation

(Similar estimates holds for other species as well)

At large ionising photon fluxes, τ = τion
PNe are generally ruled by ionisation in equilibrium,
even if the photon flux increases very rapidly,

Only if ionising photon flux is suddenly shut-off, τ ' τrec
recombination dominates
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Time-dependent effects (3)

A model of FG Sge & its nebula He 1-5 : Kifonidis 1996

c© T. Blöcker 1995 0.625 M�

LTP

Age marks in 103 yrs

Post-AGB evolutionary models
with LTP as input for a RHD code
for modelling the PN around e.g.

FG Sge

Initial PN model

Density Velocity
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Time-dependent effects (4)

Boundary conditions for RHD computations
extremely time dependent : Kifonidis 1996

• Ionisation/recombination in PN shell
is treated fully time-dependently for
9 species (H, He, C, N, O, Ne, Cl, S,
Ar) with up to 12 ionisation stages

• Cooling is computed for the actual
values of density & temperature from
all the ions involved
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Time-dependent effects (5)

Recombination vs. ionisation :

Nebular evolution across the thermal pulse, Kifonidis 1996
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Hydrogen-Deficient Stars, Tübingen, 17.09–21.09.2007 c© D. Schönberner, AIP 10/36



Time-dependent effects (6)

Recombination vs. ionisation (2) :

Nebular evolution across the thermal pulse, Kifonidis 1996
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Time-dependent effects (7)

Recombination vs. ionisation (3) :

Nebular evolution across the thermal pulse, Kifonidis 1996
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Time-dependent effects (8)

Records from flashing position of FG Sge ? Kifonidis 1996
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Time-dependent effects (6)

Records from the TP event in the PN spectrum? Kifonidis 1996

• ⇒ Lmin : Rapid recombination towards lower ionisation

• L ⇑ : Ionisation adjusting to stellar temperature, τ ' τion <∼ τevol

• Teff <∼ 30000 K : Most ions already recombining, τ ' τrec >∼ τevol

• N.B.: Hβ not const: 3.8 L� (pre-flash) – 5.7 L� – 1.93 L� (today) !

During final recombination, Te falls below 4000 K !

Time Hβ 447 nm 468 nm 658 nm 373 nm 501 nm 387 nm

Pre-flash 100 – 124 4 1 293 11

Lmin (+ 7 yr) 100 2 84 216 154 1234 146

Teff = 40000 K 100 7 10 36 30 345 26

Teff = 30000 K 100 7 7 108 67 167 12

Teff = 20000 K 100 6 5 240 72 38 4

1980 (+ 100 yr) 100 5 7 108 28 33 5

Today (+ 130 yr) 100 5 9 90 23 45 7
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Time-dependent effects (7)

Records from TP event in the PN spectrum (2) ?
Kifonidis 1996

We conclude from our simulations :

Pre-flash ionisation status rapidly wiped out by
post-flash evolution because of the small

ionisation time scales

Consequence:

The position of a LTP or VLTP event in the HR diagram
cannot not be inferred from nebular line analysis
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FG Sge (1)

Best-studied object in a thermal pulse phase, PN: He 1-5
born-again red supergiant since ≈1970
left AGB a few 1 000 yrs ago with PN formation

Recent ‘archaeological’ study: Jeffery & Schönberner 2006

Luminosity/temperature evolution of the last 100/45 years –
after van Genderen & Gautschy 1995

IUE
5500 K

'
350

K
/yr
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FG Sge (2)

0.625 Msun

1973

Post-flash brightness evolution

Van Genderen & Gautschy 1995,
with 0.625 M� LTP model of

Blöcker 1995

Mass of FG Sge :

0.61 M� ±0.04 M�

Blöcker & Schönberner 1997
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FG Sge (3)

Abundances (1) :

Pre-flash abundances from nebular spectrum (He 1-5)
by plasma diagnostics Hawley & Miller 1978

Based on Te = 8000–10 000 K (assumed):

• He/H = 0.12

• N: solar
O: + 0.3 dex
Ne: + 0.7 dex

Comparison with our hydro simulation (' solar abundances, no fit!) :

Time Hβ 447 nm 468 nm 658 nm 373 nm 501 nm 387 nm

' 1975 (+95 yr) 100 5 6 121 27 31 4
Today (+ 130 yr) 100 5 9 90 23 45 7

Obs. (∼ 1975) 100 5 <3 294 687/200 209 42

• τcool ∝ (density)−2 <∼ 0.2 τrec, Tmodel
e ' 5000 K , THe1−5

e = ??

• Ionized halo contributes strongly to emission along line-of-sight !

The only reliable result:

He/H ' 0.1
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FG Sge (4)

Abundances (2) :

Post-flash abundances from stellar photosphere,
Herbig & Boyarchuk 1968, Jeffery & Schönberner 2006

Main conclusions : • He/H ' 0.1

• C and O: ' solar
Possibly C/O > 1
Sr, Ba, Eu: ' + 1 dex

• Iron group slightly
underabundant

(Confirmed later by
occurrence of C2 bands)

(Agreement with nebular analysis)

Dredge-up processes on late AGB with carbon
and s-process enrichment

No mixing/burning of hydrogen at thermal pulse
⇒ Late Thermal Pulse
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FG Sge (5)

Abundances (3) : Jeffery & Schönberner 2006

L/M = 104

nH = 0.90

s-process: normal (black)
+1 dex (red)
+3 dex (green)

L/M = 104

nH = 0.01

s-process: normal (black)
+1 dex (red)
+2 dex (green)

Spectra c© Gonzalez et al. 1998

By 1992: • Hydrogen apparently reduced
by a factor of about 100

• La, Nd, Pr, Sm: +(1–2) dex
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FG Sge (6)

Theoretical model of FG Sge : Blöcker 2001
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200 yrs after LTP slow
mixing H → He with

Ṁmix ≈ 10−5 M�/yr &
∆Teff ≈ 10 K/yr

After 500 yrs, mix. compl.

X = 0.05, Y = 0.45,
XC = 0.38, XO = 0.12
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FG Sge (7)

Final assessment of FG Sge : Jeffery & Schönberner 2006

• Still H-rich by 1960’s Late TP with no mixing
& burning

• Apparently H-poor by 1990’s (?) Indirect measurement,
no concomitant blueward

evolution observed !

• s-process ≈+1 dex consistently Typical for AGB
3rd dredge-up
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FG Sge (8)

Problem : Iben 1984

From PN age, evol. time scale & surface abundance⇒

FG Sge example of LTP

BUT

• LTP predicts hydrogen depletion by 3rd dredge-up
not before deep penetration of envelope convection
(= Tmin

eff ) is reached, lasting '400 yrs with a concomitant
increase of Teff

• Provided FG Sge reached already Tmin
eff , then hydrogen

depletion occurred too rapidly & without a concomitant
increase of Teff
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V605 Aql (1)

Central star of the old PN A58

• ≈ 104 yrs ago PN (A 58) formation Clayton & de Marco 1997

• ∼ 1917 final helium shell flash of central star

• 1919 brightness peak at mpg = 10.2 or MB ∼ −4.7 (d = 3.5 kpc),
spectrum like a cool R CrB star Lundmark 1921, Clayton & de Marco 1997

• 1985 central, H-poor knot discovered Seitter 1985, Pottasch et al. 1986

• 1991 H-deficient central flow, ≈100 (200?) km s−1 Pollaco et al. 1992

• 2006 central star of spectral type [WC] Clayton et al. 2006

Teff ' 95000 K, Ṁ ' 1×10−7 M� yr−1, v ' 2500 km s−1, (logL/L� = 4)

abundances: mass ratio He:C:O = 54:40:5

Mass of the H-deficient knot? 80 yrs ×10−7 M� yr−1 ≈ 10−5 M� ,

(not 0.05 M� as quoted in the literature,
which is larger than He buffer mass !)

Size of the H-deficient knot? 80 yrs ×150 km s−1 ≈ 0.01 pc

146 M. F. M. Lechner and S. Kimeswenger: The progenitors of V605 Aql and V4334 Sgr

Table 1. Grisms used for spectroscopy.

Grism Resolution λ

grism #2 0.35 nm/pixel 390 to 980 nm

grism #3 0.29 nm/pixel 390 to 850 nm

grism #6 0.15 nm/pixel 500 to 880 nm

Fig. 1. These [OIII] (left) and [NII] (right) narrow-band images of
PN A58 are not rotated to prevent information loss. The position angle
to a north-east orientation is 132.381. The edge enhancement in [NII]
gives the impression of an interaction with the ISM.

Narrow-band direct images (see Fig. 1) show a strong de-
pendence of the shape of PN A58 on the excitation level. The
[OIII] image of the PN looks rather roundish, whereas in Hβ
and in [NII] a western rim is clearly visible. In all three images
the nebula seems to consist of three parts; an inner central part
and two “polar caps”, which is most obvious in the [OIII] im-
age. According to the manual the EMMI CCD chip has a res-
olution of 0.′′333 per pixel, but the seeing was not sufficient to
derive the size of the V605 Aql knot as done by Hinkle et al.
(2001). On the basis of the CCD images our estimate for the
size of the old PN A58 is 50′′ for the longitudinal axis and 38′′

for the secondary axis.
The edge enhancement suggests an interaction with the in-

terstellar medium (ISM). Hence we determined the physical
properties of the old nebula Abell 58 out of the inner part,
nearer to V605 Aql.

The interstellar extinction had been derived from the
Balmer decrement. Different regions show an E(B−V) with ex-
trema of 0.m35 and 0.m55. A weighted average of E(B−V) = 0.m5
was adopted for the models.

3. Distance determination

There were several distance estimates for V605 Aql before,
giving values between 2.7 and 6.0 kpc as reviewed by Clayton
& de Marco (1997), who recommended a distance of 3.5 kpc.

We tried to determine the distance by the use of radio ob-
servations. The VLA Sky Survey by (Condon & Kaplan 1998)
gives a S = 2.7 mJy flux-density peak for PN A58 at 1.4 GHz
(according to a wavelength of 21 cm), with an 0.8 mJy RMS
uncertainty. Usually distances are calculated by the 6 cm radio
fluxes (according to a frequency of 4885 MHz), but assuming
free-free radiation with

I = I0 ν
−0.1

we translated this value into

S 6 cm = 0.0024± 0.0007 Jy.

Now the method by Cahn et al. (1992) can be applied. The
optical thickness parameter τ is given by

τ = log

(

4θ2

S 6 cm

)

,

with S 6 cm in Jansky and θ in arcseconds. A mean value for the
angular radius of the PN of 22′′ resulted in τ = 5.91 ± 0.12.
For τ > 3.13 the ionized mass µ of the PN can be described
with

log(µ) = −0.87.

Using these equations, the radius R and the distance D of the
PN can be determined from the ionized mass by

log(R) =
log(µ)

2.5
− 1.306 +

τ

5
= −1.654 +

τ

5

and

D = 206.265
R

θ
·

So the solutions using Condon & Kaplan (1998) and Cahn et al.
(1992) are

R = 0.34 ± 0.02 pc

and

D = 3.15 ±0.23
0.15 kpc.

Alternatively the method of van de Steene & Zijlstra (1995)
uses the radio continuum brightness temperature

Tb =
c2

2πkν2
S 6 cm

θ2
= 18400

S 6 cm

θ2
= 9.05 × 10−2.

From this temperature, which is a measure for the brightness
of the nebula at radio frequencies, together with their fitted lin-
ear regression line through a sample of bulge PN they specify
a radius R:

log(R) = −0.35(±0.02) log(Tb) − 0.51(±0.05)

leading to R = 0.71 pc and D = 6.6 kpc. This approximation is
generally a factor of 2 too big.

Normally the best and most faithful results (for a discussion
see Schmeja & Kimeswenger 2002) are derived by the method
of Schneider & Buckley (1996). Their equation is:

log(D) = − log(θ) − 0.0261 log2(I) − 0.299 log(I) + 1.198,

where the surface brightness I = S 6 cm/(θ2π) is measured in
mJy arcsec−2. This leads to D = 3.08±0.17

0.12 kpc.
For all further calculations we therefore assumed a distance

of D = 3.1 kpc. This means that the radius R of the PN A58
equals 0.33 pc.
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V605 Aql (2)

Evolutionary history from direct observational evidences :

• Born-again giant within a few years, τborn−again ≈ 2 yrs

• Surface H-poor & C-rich (12C !)

• Lifetime as giant ? likely τgiant ≈ 2 yrs

• Re-contraction time scale τcontr ≈ 10× τborn−again

• Now hot, luminous [WC] central star

Very Late TP starting on the upper part of the
white-dwarf cooling track,

star is now in first re-contraction episode

According to Miller Bertolami & Althaus 2007 :

τborn−again ' 5 . . .10 yrs for M ' 0.53 . . .0.58 M�
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V605 Aql (3)

Analysis of the hydrogen-rich PN A 58,
supposed to contain records of the pre-flash evolution :

Lechner & Kimeswenger 2004

low-luminosity, high-gravity central star (pre-white dwarf),

M ' 0.6 M�, Teff ' 120000 K, L ' 300 L� (3.1 kpc),

M. F. M. Lechner and S. Kimeswenger: The progenitors of V605 Aql and V4334 Sgr 147

Table 2. Dereddened line fluxes for the PN A58.

Line ID λ [Å] Intensity [Hβ = 100]

HeII 4686 27

Hβ 4861 100

OIII 4959 286

OIII 5007 804

NII 5755 4.5 ±1.0

HeI 5876 18

NII 6548 92

Hα 6563 286

NII 6584 280 ±20.0

SII 6716 42

SII 6731 31

ArIII 7136 13

4. Photoionization models

On the basis of the line fluxes presented in Table 2 the old
PN A58 was modelled with CLOUDY (Ferland 1996). The fi-
nal goal was not to reproduce the ionization and thermal equi-
libria within the nebula in detail but to qualify the stellar con-
tinuum before the helium flash pulse. The low density PN sees
still its old central star at the time, when it was sufficiently hot
to ionize it. Thus a large grid of photoionizing models was cal-
culated, giving us the position of V605 Aql in the Hertzsprung-
Russell diagram (HRD) during its hidden past.

Blackbody radiation usually is used for such calcula-
tions of other objects (e.g. van de Steene 1995; van Hoof &
van de Steene 1999; Kerber et al. 1999; Nürnberger et al. 2001;
Cuisinier et al. 2002). Armsdorfer et al. (2002) and Armsdorfer
& Kimeswenger (2001) showed that the use of real stellar at-
mospheres especially changes the helium lines. Here we thus
used NLTE central star models of Rauch (1997, 2003). The
same grid of model atmospheres was used also by Pollacco
(1999) for the twin object V4334 Sgr.

The temperature of the central star of the PN, its luminosity,
the gas density and the filling factor of the gas were varied.
While the range for the filling factor was selected to fit to the
typical findings for evolved nebulae (Armsdorfer et al. 2002),
the gas density range of 100 to 300 e− cm−3 was taken from the
ratio of the [SII] doublet as in Osterbrock (1974). The distance
of 3.1 kpc was adopted from Sect. 3, leading, with the average
angular radius of 22′′, to the linear radius of the shell.

The strength of the helium lines is nearly independent of
the CSPN luminosity. Thus this fixes the abundance of this el-
ement clearly. The variations of the parameters were chosen
to get a optimized intersection of the solutions for the HeI5876,
the [OIII]4948+5007 and the [NII]6548+6583 lines at the level of
Iobserved/Imodel = 1.0. These solutions are not completely in-
dependent of the chosen abundance. The [NII]5755 line then
should intersect there as well, if the resulting electron temper-
ature is suited. This fixes the CSPN temperature and therefore
the whole solution. The best fit model is shown in Fig. 2.

The placement of the derived CSPN luminosity and tem-
perature together with the theory of stellar post-AGB evolution
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Fig. 2. The best fit model shows a good intersection of the solutions
for the helium, oxygen and nitrogen lines at the level Iobserved/Imodel =

1.0. The resulting model is given in Table 3.
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V605 Aql, this work

Fig. 3. The position of the CSPN in the HRD at the moment of the
helium flash. The evolutionary tracks for the post-AGB evolution for
a 0.605, 0.625 and 0.696 M� white dwarf from Blöcker (1995) are
plotted. For comparison reasons also the results of Pollacco (1999)
and of Kerber(1999) for Sakurai’s Object are shown. Pollacco’s error
bars show the observational incertainties, he declares log(L/L�) < 3
to be consistent with the white dwarf cooling tracks. Kerber assumed a
relative error of 10 percent in the intensities, but admits that the overall
error bars are certainly larger. The grey line underneath represents the
evolutionary model of Lawlor & MacDonald (2003).

by Blöcker (1995) yields the mass of the final white dwarf and
the transition time t. The position of the CSPN in the HRD
is shown in Fig. 3. The resulting model (see Table 3) is com-
pletely self consistent. In addition it is also supported by the
velocity measurements of Pollacco et al. (1992), who derived
for the expansion velocity of A58 vexp = 31 ± 4 km s−1, giv-
ing with the dynamical age of 8200 years a dynamical radius
of PN A58 of

R = 0.26 ±0.04
0.05 pc,

which matches extremely well our radius of R = 0.33 pc as
derived in Sect. 3. This is an especially good conjunction, if we
take into account that the dynamical solution is usually a factor
of 2 or 3 off target.
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V605 Aql (4)

Is photo-ionisation modelling of A 58 trustworthy ?

• For H+, He+, & He+2 τrec > τborn−again, τion ' τborn−again

For many heavier ions τrec > τborn−again, τion >∼ τborn−again

• During luminous re-contraction phase, τion < τcontr

⇒ Pre-flash ionisation certainly destroyed by now !

• Nebular line emission should rather correspond to the
observed central star parameters

• which, however, are not those of a pre-white dwarf !

Time-dependent calculations including
star & nebula are needed !
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V4334 Sgr (Sakurai’s Object, SO) (1)

• Extremely rapid cooling : Dürbeck 1997, Asplund et al. 1999

1996/97: 1460 K/yr

• Further depletion of Hydrogen : Asplund et al. 1999

1996/97: H/He = 0.04⇒ H/He = 0.004

M. Asplund et al.: The rapid evolution of the born-again giant Sakurai’s object 509

Fig. 1. Hβ in Sakurai’s object in April (solid) compared with in October
(dotted) 1996. The dashed line represents the spectral synthesis of the
April spectrum using a H-abundance of 10.0. Note that all features
but Hβ had became stronger in October as a result of the decreasing
continuous opacity with a diminishing H-content and in some cases an
increased elemental abundance (e.g. the s-elements)

Fig. 2. The evolution of the effective temperature of Sakurai’s object
since discovery in 1996 and 1997 as judged from spectroscopy (present
study) and UBV Riz photometry (Duerbeck et al. 1997). The esti-
mated temperatures reveal an essentially linear decrease with time. It
should be noted that the last photometric data point is significantly
more uncertain than the other estimates

the April spectrum is characterized by Teff = 7 750 ± 300 K,
log g = 0.25 ± 0.3 and ξt = 10.5 ± 1.0 km s−1. The June
spectrum indicates Teff = 7 400±300 K, log g = 0.4±0.3 and
ξt = 8.5±1.0 km s−1. Similarly the July spectrum is adequately
described using Teff = 7 250 ± 300 K, log g = 0.5 ± 0.3 and
ξt = 8.5±1.0 km s−1. The slight differences compared with the
original analyses of Kipper & Klochkova (1997) and Shetrone
& Keane (1998) are not alarming considering the very different
adopted model atmospheres as well as the use of different Teff -
log g criteria. The quoted uncertainties in the derived parameters
represent the discrepancies between the various indicators; ad-
ditional systematic errors are not accounted for. However, since
the same criteria have been used, the systematic errors are likely

Table 1. The estimated stellar parameters for Sakurai’s object in 1996

Epoch Teff log g ξt C/He
[K] [cgs] [km s−1]

April 20–25 7 750 ± 300 0.25 ± 0.3 10.5 ± 1.0 10%
May 5–9 7 500 ± 300 0.00 ± 0.3 8.0 ± 1.0 10%
June 4 7 400 ± 300 0.40 ± 0.3 8.5 ± 1.0 10%
July 3 7 250 ± 300 0.50 ± 0.3 8.5 ± 1.0 10%
October 7 6 900 ± 300 0.50 ± 0.3 6.5 ± 1.0 10%

very similar for the different observing epochs, and thus will not
compromise our conclusions regarding the very rapid evolution
of the star.

For all model atmospheres except for a few test cases, a
C/He ratio (by number) of 10% has been adopted, following
comparison of the C ii and He i line strengths in the April and
May spectra. It should be emphasized, however, that these lines
do not provide a very accurate estimate of the C/He ratio in cool
H-deficient stars such as Sakurai’s object due to the sensitivity
of the lines to the adopted stellar parameters and the significant
contribution of blending C i lines with their unexplained “carbon
problem” (see below) to the He i 5 876 Å triplet. The June and
July spectra are consistent with the adopted C/He ratio of 10%,
though a better agreement between the C ii and He i lines would
be obtained with a slightly higher ratio. The Teff in October was
too low to enable a determination of the C/He ratio through the
high-excitation He i and C ii lines.

In the H-deficient and C-rich photospheres of Sakurai’s ob-
ject and the R CrB stars, the continuous opacity at the flux-
carrying wavelengths is no longer provided by hydrogen but
by photoionization of highly excited levels of C i. Furthermore,
carbon is by far the most important electron donor in the line-
forming regions. The atmospheric structure is therefore essen-
tially completely determined by C (Asplund et al. 1997a). Since
the photospheric C abundance is derived from lines originating
from levels with only slightly lower excitation energy than those
providing the continuous opacity, the strengths of C i lines in
these stars should be essentially independent on both the C abun-
dance and the adopted Teff and log g, which is also confirmed by
observations and theoretical calculations (Lambert et al. 1998).
Therefore, the theoretical line strengths of weak C i lines should
agree with observations since there are no free parameters to
tune in order to achieve agreement as in normal analyses. Unfor-
tunately both for the R CrB stars (Gustafsson & Asplund 1996;
Asplund et al. 1997a; Lambert et al. 1998) and for Sakurai’s
object (Asplund et al. 1997b; Kipper & Klochkova 1997) there
is a significant discrepancy between the predicted and observed
line strengths: the derived abundance is about 0.6 dex smaller
than the input C abundance for the model atmospheres. The ex-
planation for this “carbon problem” is still unknown, but it may
be related to inappropriate assumptions for the construction of
the model atmospheres (1-D, static, flux-constant atmospheres
in LTE) (Lambert et al. 1998).

Sakurai’s object also shows the same discrepancy by on
average 0.7 dex. As will be illustrated further below, the abun-

Cooling ' 3× faster than for FG
Sge, but slower than for V605
Aql
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stellar spectrum resembled a carbon star (Figs. 3 and 4). The
latter does not, however, imply similarly low Teff as in carbon
stars since the H-deficiency and C-enhancement make molecu-
lar features containing C very prominent (Asplund et al. 1997a).
Rather Teff is more likely to be around 5000–6000 K, though
a detailed abundance analysis of these very crowded spectra
will not be an altogether easy task, as is obvious from Figs. 3
and 4. This rapid cooling is the result of the stellar expansion
caused by the drastically increased energy release after the final
He-shell flash. A similar phenomenon is well-known to occur
in novae in which the photosphere expands at roughly constant
luminosity down to about 6000 K, when the expanding shell be-
comes optically thin. We would thus expect the luminosity to
have remained roughly constant during the expansion.

From UBV Riz monitoring of Sakurai’s object, Duerbeck
et al. (1997) find evidence for a luminosity increase of about
30%. It is, however, not unlikely that this conclusion may be
compromised by adoption of inappropriate bolometric correc-
tions for the star; considering the H-deficiency and its peculiar
composition the line-blanketing will be very different compared
with normal supergiants of similar temperatures. A constant lu-
minosity can therefore in our opinion not be ruled out; clearly
more detailed calculations of bolometric corrections for the star
are needed.

Our stellar parameters offer information on the luminosity:
L ∝ T 4

eff/g according to standard relations. Fig. 5 shows three
loci of constant L in the log g versus Teff plane together with
the derived values. When taken at face value, the spectroscopic
parameters suggest an evolution with a decreasing luminosity;
however, the parameters are consistent with a constant lumi-
nosity and perhaps also with the modest increase suggested
by Duerbeck et al. (1997) within the errors of measurement.
Spectroscopic estimates of luminosity are dependent on the as-
sumption about the stellar mass but the primary uncertainty may
arise from the basic assumptions underlying the construction
of the model atmospheres. As pointed out by Asplund et al.
(1997b), the assumption of hydrostatic equilibrium for the star
may be inappropriate. In particular, an underestimation of the
surface gravity will result from neglecting the hydrodynamics
due to, for example, an overall atmospheric expansion, or tur-
bulent pressure (Gustafsson et al. 1975). The assumption of
constant luminosity and the observed decrease in Teff require
e.g. the expansion velocity to have increased during 1996. This
conclusion follows directly from the second derivative of the
luminosity L = 4πR2σT 4

eff :

0 =
2

Teff

d2Teff

dt2
−

2

T 2
eff

(

dTeff

dt

)2

+
1

R

d2R

dt2
−

1

R2

(

dR

dt

)2

. (1)

Due to the linear decrease in Teff with time in 1996,
d2Teff/dt2 = 0 and thus the expansion velocity must have in-
creased: d2R/dt2 = dvexp/dt > 0. Duerbeck et al. (1997)
arrived at the same conclusion based on an analysis of photo-
metric data. The observed trend of a decreasing ξt also suggests

Fig. 5. The spectroscopically derived fundamental parameters of Saku-
rai’s object in 1996 suggest an evolution at decreasing stellar luminosity
when taken at face value (but see text). The solid lines illustrate slopes
of constant luminosity each separated by a factor of 2. The middle line
corresponds to L∗ = 10

4.4 L� when assuming M∗ = 0.8 M�. The
line denoted by 2L∗ is identical to the classical Eddington limit (pure
electron scattering for fully ionized gas) for H-deficient stars

that hydrostatic equilibrium may have been inapplicable directly
following discovery. Furthermore, for both April and May the
spectroscopically derived parameters are located at the classical
Eddington luminosity for electron scattering (Asplund 1998).
Thus, we cannot at present rule out an evolution at constant
luminosity from the spectroscopy.

Assuming a stellar mass of 0.8 M� (see below), the spec-
troscopically derived parameters for October indicate a stellar
luminosity of 104.1 L�, which is in very good agreement with
predictions for born-again giants (Iben & MacDonald 1995;
Blöcker & Schönberner 1997). This corresponds to a distance
of about 7 kpc (using the above-mentioned E(B − V ) = 0.7),
which agrees with previously estimated distances of 5.5–8 kpc
(Duerbeck & Benetti 1996; Duerbeck et al. 1997) but is in
sharp contrast to the short distance of 1.1 kpc claimed by
Kimeswenger & Kerber (1998) (see also Jacoby et al. 1998).
Adopting the spectroscopic parameters of the earlier dates
would require a larger distance. A distance of only 1.1 kpc would
imply log g = 2.1 for October, a value well outside the accept-
able uncertainties in the spectroscopic analysis.

The very rapid evolution of Sakurai’s object following dis-
covery is significantly faster than that of FG Sge (van Gen-
deren & Gautschy 1995) though seemingly similar to that of
V605 Aql though available data are scarce (Lundmark 1921;
Clayton & De Marco 1997). Throughout the last century, FG Sge
has brightened visually while cooling, while V605 Aql reached
peak brightness within only two years, before starting to show
R CrB-type fadings and turning too faint for continued moni-
toring (Seitter 1987). Sakurai’s object is currently evolving on
a time scale of a few years; the star probably started to brighten
in 1994 (Duerbeck et al. 1997). It is of interest to compare these
short evolutionary time scales with theoretical predictions.

Evolution close to Eddington limit,
logL/M ' 4.4
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V4334 Sgr (2)

Problem with the photospheric abundances :
Asplund et al. 1999

Inconsistency : assumed for the models C/He = 0.10

spectroscop. determined C/He ' 0.02

⇒ Opacity problem ?

With C/He ' 0.02: Y ' 0.85, XC ' 0.05, XO ' 0.03

VLTP prediction: Y ' 0.32, XC ' 0.38, XO ' 0.22

Typical PG 1159 composition Y ' 0.36, XC ' 0.40, XO ' 0.16

There is something wrong with the VLTP simulations,
or the model atmospheres !
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V4334 Sgr (3)

Predictions of VLTP simulations (1) :
0.584 M� Miller Bertolami et al. 2006, Miller Bertolami & Althaus 2007
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Fig. 6. HR diagram for the evolution after the VLTP. Here we see the

typical double loop pattern due to successive H and He driven expan-

sions. The location where our model reaches the Eddington limit is

shown.

mixing efficiency (of about a factor of 100–1000, Herwig 2001;

and Lawlor & MacDonald 2003) is assumed. On the contrary,

our evolutionary calculations are able to reproduce born again

times of about 5 yr (closer to the observed ones) without chang-

ing the mixing efficiency of the models (see Fig. 5). We are able

to reproduce born again times as short as 3 yr by invoking a re-

duction in the mixing efficiency by only a factor of 3. We note

that our stellar masses are somewhat smaller than the 0.604 M�
used in Herwig (2001). Although this mass difference is ex-

pected to reduce the born again times (Herwig 2001), it cannot

account for the whole difference in the timescales. Note that

the low mass model (0.535 M�) presented by Herwig (2001)

displays born again times still larger than those derived from

our models.

In view of the different results obtained by different re-

search groups, we investigate how the born-again time-scale

depends on different details of the calculations, i.e. numerics

and input physics. In this section we try to address some of

these issues.

4.1. Results for an early-VLTP sequence

Here we explore the expectations for the 0.5885 M� model

that experiences a VLTP earlier (i.e. at higher luminosities,

log (L/L�) ∼ 3) than the 2.5 M� sequence3. At the moment

of the VLTP the object is less compact and the flash takes place

in a less degenerate environment than the 2.5 M� sequence.

The total H-mass in the model (which is almost completely

burned during the VLTP) is lower in this case. Therefore, the

proton ingestion described in Sect. 3.2.1 is less violent. As can

be seen in the inset of Fig. 7 the two stages of proton burn-

ing are more distinguishable than in the previous case. Longer

times are needed for the H-flash to develope. In this case the

3 Comparing the predictions of the two sequences we have to

keep in mind that the stellar masses of the remnants are not strictly

the same.
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Fig. 7. Same as Fig. 2 but for a model that suffers from an “early”

VLTP (at luminosities about one order of magnitude higher than in

the model shown in Fig. 2).The inset shows the temporal evolution

of LH for this model. Note that the evolution is less violent than in the

previous case (compare upper inset of Fig. 4) and that the two stages

of proton burning are more easily differentiated.

first stage of proton burning (the one before the splitting of the

convective regions, when the outer convective border is driven

mainly by He-burning) lasts for about 0.3 yr, while the second,

more violent stage takes about 2.5 days. The magnitude of LH

at the maximum is lower than in the previous model, reach-

ing a value of log (LH/L�) ∼ 9.8. Consequently we find that

born again times are longer in this case, taking about 8.7 yr

(see Figs. 5 and 8) when a standard MTS of 10−5 yr is adopted

during the H-flash (Table 1).

4.2. Time resolution

In this, and in the following sections, the results correspond to

the 2.7 M� sequence.

In Sect. 2.2 we discussed the constraints imposed on the

MTS choice by basic assumptions implicit in stellar evolution-

ary calculations, namely those of hydrostatic equilibrium and

the use of a time-independent theory of convection. In Sect. 2.3

it was noted that the chemical integration scheme used in this

work was sensitive to the adopted time resolution. Now we an-

alyze how a poor time resolution affects the energy liberation

and, consequently, the born again times.

In Table 1 we show some characteristic values of the violent

proton burning for different calculations of the process accord-

ing to the MTS employed. Note from Fig. 1 that a poor time

resolution yields LS
H

values that are underestimated with respect

to LX
H by more than an order of magnitude (for the definition

of LS
H

and LX
H

see Sect. 2.3). Also note that when the evolution

is calculated using a MTS of 5 × 10−4 yr, the energy is liberated

over a period ∼7 times larger, and the total energy liberated by

proton burning is 40% smaller than in the standard case with

MTS = 10−5 yr. As a result the born again timescale strongly

•

1st loop

2nd loop
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Table 1. Characteristic values for the VLTP, for various MTS val-

ues. Note the dispersion in born again times according to the adopted

MTS value. The third column shows characteristic time for the dura-

tion of the peak of proton burning. The born-again times correspond to

the time interval from the moment of maximum Teff after the H burn-

ing (and at high luminosity) until log Teff = 3.8 is reached for the

first time.

MTS
∫

LHdt [erg] ∆t [days] Born-again

LH > (e−1 × LHmax) time-scale [yr]

1 × 10−5 4.5 × 1047 0.113 8.7

3 × 10−5 4.31 × 1047 0.133 10.3

1 × 10−4 3.75 × 1047 0.209 21

5 × 10−4 2.59 × 1047 0.777 280

becomes favored. At the end of the ingestion of protons both

reactions generate energy at comparable rates.

3.3. Further evolution

After the occurrence of the He-flash and the subsequent vio-

lent proton burning the model expands and returns to the gi-

ant region of the HR diagram in only about 5 yr, which is of

the order of the observed timescale of Sakurai’s object and

V605 Aql. Figure 5 shows the evolution of Teff. It is impor-

tant to note here that the short evolutionary time-scales are ob-

tained without invoking a reduction in the mixing efficiency, as

claimed necessary in some previous works (Herwig 2001; and

Lawlor & MacDonald 2003). The star remains in the red giant

domain without changing its effective temperature significantly

(log Teff <∼ 3.7) for the next 26 yr. Although this is at variance

with the reported quick reheating of Sakurai’s object (Hajduk

2005), for log Teff below 3.8 we do not expect our models to

be a good description of what is really happening. This could

be because the modeling hypotheses, in particular the hydro-

statical approximation, are not fulfilled in the outer shells of

the model2. During this stage the surface luminosity rises and

the layers at the bottom of the convective envelope attain the

conditions where the value of the radiation pressure becomes

high enough to balance the effect of gravity (Eddington limit,

see Fig. 6). When this happens, the gas pressure tends to zero

and the hydrostatic equilibrium hypothesis is broken there. This

causes our calculations to become unstable (see also Lawlor &

MacDonald 2003, in one of their sequences). The Eddington

limit provides a natural mechanism to separate the envelope

from the rest of the star (see Faulkner & Wood 1985). To pro-

ceed with the calculations, we artificially force the outermost

envelope to be in thermal equilibrium (i.e. dS/dt = 0) by ex-

tending the envelope integration downwards to shells where

the Eddington limit was reached (this happened 15 yr after the

H flash). By doing this we do not alter the surface abundances

of the star (nor its total mass), as the chemical profile has

been previously homogeinized by convection throughout the

2 Also it is expected that the H-driven expansion may depend on

the mass of the model. Explicitly, the authors have found that in

a 0.664 M� model the H-driven expansion stops at log Teff = 4.8.
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Fig. 5. Evolution of the surface temperature for the sequence described

in Sect. 3 (continuous lines). The zero point of the x-axis of the obser-

vations has been arbitrarily fixed to allow comparison with the theo-

retical cooling rate. Triangles mark the data derived by Duerbeck et al.

(1997) (empty triangles correspond to less reliable data), crosses cor-

respond to Asplund et al. (1999). Note the short born again timescale

(about 5 years) displayed by the model. The evolution of the effective

temperature for a model that suffers from an “early” VLTP (Sect. 4.1,

dash dotted line) and for a model with a slight reduction of the mix-

ing efficiency (D/3, Sect. 4.5, dotted line) are shown. Inset shows the

evolution of the lightcurves for the previous models.

envelope. In the next five years the remnant star increases its

surface temperature from ∼3.8 to ∼4.35, and in only 20 yr its

temperature increases to ∼4.6 (Fig. 5). However these times ap-

pear to be dependent on the detailed treatment of the outer shell

of the envelope. About 100 yr after the H flash the star reaches

temperatures above log Teff = 4.8 and starts the He-driven ex-

pansion that ends at log Teff ∼ 3.7 and lasts for about 250 yr

(this is 350 yr after the H flash). Finally after reaching the

giant region for the second time the remnant contracts again

and moves to the PG1159 domain. These comings and goings

in Teff caused by H and He-burning driven expansions produce

the typical double loop in the HR diagram (see Fig. 6; and also

Lawlor & MacDonald 2003; and Herwig 2003).

4. Born-again time-scales: dependence

on numerical and physical details

In this section we discuss a variety of issues, both on numerics

and physics, that may affect the computed evolutionary time-

scales of born-again episodes. The reader not interested in these

details can refer directly to Sect. 5 where discussion of the re-

sults and comparison with observations are presented.

As mentioned, theoretical models of the born again phe-

nomenon do not agree on the predicted born again times for

a ∼0.6 M� star. These times range from about ∼17 yr in Iben &

MacDonald (1995) to 350 yr as in Herwig (1999) and Lawlor

& MacDonald (2003). In addition the extremely fast evolu-

tion of Sakurai’s object has posed a challenge to stellar evo-

lutionary calculations, which have been unable to reproduce

the observed short timescale unless a large reduction in the

•1st 2nd

• Today
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Fig. 12. Comparison of our standard model (Sect. 3) with the pre-

outburst properties derived from observations. Grey dashed line corre-

sponds to the possible detection at mj = 21 in 1976 (taken from Herwig

2001), if a distance of 4 kpc is assumed. Crosses mark the location of

Sakurai’s object and V605 Aql previous to the helium flash as derived

from photoionization models (Pollaco 1999 and Kerber et al. 1999, for

Sakurai’s object; and Lechner & Kimeswegner 2004, for V605 Aql).

Inset: evolution of surface abundances. Note the change in the sur-

face H while the other elements remain unchanged. A similar behav-

ior in the surface abundances has been reported in Sakurai’s object

during 1996 (Asplund et al. 1999). Black dots mark the location in

the HR before and after the second change in the H-abundance.

the cooling rate of the models is similar to the observed one.

When comparing the timescales of V4334 Sgr with those of

the models, keep in mind that the observed born again times

are measured from the moment the object has become bright

enough (and not from the moment of the flash itself). The light

curve of our models during the first years after the violent pro-

ton burning is roughly similar to the observed one, that is, the

object increases its luminosity by more than 2 orders of magni-

tude in less than a year (Fig. 5), in agreement with the observed

one (Duerbeck et al. 1997; Duerbeck et al. 2002). In addition

the log (L/L�) value of 3.5–3.7 predicted by our models after

the outburst is similar to the luminosity derived for V4334 Sgr

(by Duerbeck & Bennetti 1996) when a conservative distance

scale of 5.5 kpc is adopted (log (L/L�) ∼ 3.49, Teff ∼ 3100).

On the other hand our models are incompatible with the lumi-

nosity of 10 000 L� derived when adopting the long distance

scale (8 kpc, Duerbeck et al. 1997).

On the other hand our models fail to reproduce the quick re-

heating (less than 6 years after reaching log Teff ∼ 3.8) shown

by Sakurai’s object as reported by Hajduk et al. (2005). This

could be related to the fact that the hydrostatical hypothesis as-

sumed in our modeling is explicitly broken in the outer regions

of the star. Although Hajduk et al. (2005) claim that this fea-

ture can be reproduced by models with a high supression of

the mixing efficiency, we think that this has to be taken with

caution. The lowest log (Teff) reached by the model presented

in that work is 3.95 and thus cannot reproduce the observed

evolution of the Sakurai’s Object effective temperature, which
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Fig. 13. Inner chemical evolution. Panel A) shows the chemical pro-

file before the onset of proton ingestion (He burning is located at

about log (q) = −1.37). Note that almost all the previously created
14N has been destroyed. Panel B) shows the interior of the models

at the maximum of proton burning, which has its maximum intensity

near log (q) = −1.88. Note especially the inhomogenous distribution

of H at the PBCZ (which at that moment ranges from −1.88 to −4.9).

Also see the creation of 13C and 14N due to the ingestion of protons.

The last panel shows the chemical abundances somewhat later when

the model start to cool as consequence of the expansion of its outer

layers. At that moment the envelope is almost homogenous as a con-

sequence of convection, but the H-abundance left by proton burning

displays a marked depth dependence.

has reached values as low as log (Teff) ∼ 3.8. Also notice that

it is below log (Teff) = 3.8 that we find that hydrodynamical

effects in the envelope become important, and ejection of en-

velope material is likely to occur. In connection with this, it

is worth mentioning that Sakurai’s Object was observed to go

through a massive dust shell phase when its effective tempera-

ture was below log (Teff) = 3.8 (Duerbeck et al. 2000).

5.3. Chemical evolution of the models

In Fig. 13 the evolution of the abundance distribution within

the star during the VLTP is shown. Until the ingestion of pro-

tons, the chemical abundance distribution is essentially that of

its AGB predecesor. During the VLTP, the outwards growing

helium flash convection zone penetrates into the helium buffer,

and as a result the 14N left behind by CNO reactions in the

Surface

A: Before, B: maximum, C: after

proton burning

• H-envelope virtually
completely mixed & burnt

• Positive radial H-abundance
gradient

• Further H-dilution by surface
convection (V4334 Sgr ?)

The born-again (VLTP) scenario revisited 5
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Figure 3. Bottom and middle panels show the evolution of luminosity and

effective temperature of the models after the VLTP (set at 0 yr) compared

with the observations of V4334 Sgr (Duerbeck et al. 1997, Asplund et al.

1999; + and × signs, respectively). The evolution of luminosity and effec-

tive temperature of Hajduk et al. (2005), extracted from fig. 2 of that work, is

shown for comparison. The zero-point in the x-axis of the observations was

arbitrarily set to allow comparison with the models. Upper panel shows the

evolution of the H-abundance at the outermost layer of the models (which

should be close to the surface abundance) compared with the observed abun-

dances at V4334 Sgr (Asplund et al. 1999).

efficiency the point at which the energy is liberated by proton burn-

ing is moved outwards. Then the value of |Etot| is lowered whilst

the total amount of H remains the same and thus no change in EH

will happen. Then, changing the mixing efficiency moves the solid

line in Fig. 2 up and down, which alters the transition mass value at

which H-driven expansion begins to be possible.5

5 C O M PA R I S O N W I T H T H E O B S E RV E D

B E H AV I O U R O F V 4 3 3 4 S G R

In Fig. 3 we compare the evolution of luminosity and effective tem-

perature of our sequences with that observed at V4334 Sgr (Duer-

beck et al. 1997; Asplund et al. 1999). Also the pre-outburst loca-

tion of V4334 Sgr and V605 Aql (from Kerber et al. 1999; Herwig

2001a) is compared with the location of the sequences at the VLTP

in Fig. 4. Luminosities have been rederived for different distances

to allow comparison. This was done by making use of the fact that

interstellar extinction is supposed to be constant in that direction

of the sky for distances above 2 kpc. For remnants that display

5 There is also a secondary effect which comes from the fact that the closer to

the surface the energy is released, the less time it takes the liberated energy

to reach the surface of the star.
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Figure 4. Location of the models in the HR diagram at the moment of the

VLTP. The lines show the possible 1976 detection of V4334 (taken from

Herwig 2001a, and rederived for different assumed distances). Also inferred

pre-flash location of V4334 Sgr and V605 Aql (Kerber et al. 1999; Lechner &

Kimeswenger 2004) are shown for comparison. Note the strong dependence

of the Teff on the mass of the remnant.

an H-driven expansion (�0.584 M�) the main feature can be de-

scribed as follows. Whilst the pre-outburst location of least mas-

sive remnants (�0.542 M�) is compatible with higher distances

(>4 kpc) their luminosity curves are compatible with lower dis-

tances (<4 kpc). However, for the 0.561-, 0.565- and 0.584-M�
models, pre-outburst locations are compatible with a distance of

∼4 kpc in agreement with the distance inferred from their lumi-

nosity curves (4–6 kpc). It is worth noting that all models between

0.530 and 0.584 M� display cooling rates which are compatible

with that observed in V4334 Sgr. Also, their born-again times range

from 5 to 11 yr not far from that observed at V4334 Sgr (or V605

Aql, Duerbeck et al. 2002).

It is particularly interesting to note the behaviour of our

0.561-M� model. It reaches the effective temperature at which

V4334 Sgr was discovered in about ∼6 yr after the VLTP, showing

at that point a very similar cooling rate as that measured at V4334

Sgr with two different methods (Duerbeck et al. 1997; Asplund et al.

1999). On the other hand, its luminosity at the moment of discov-

ery would imply a distance of about 3–4 kpc which is completely

consistent with pre-outburst determinations when that distance is

adopted.

As shown in Table 1 all of our models predict 12C/13C ∼ 6 (by

mass fractions) not far from the inferred 12C/13C at V4334 Sgr

(Asplund et al. 1999). Our models also predict high 14N abundances

at their first return to the AGB (see Table 1), at variance with Herwig

(2001b) but in agreement with observations of V4334 Sgr (Asplund

et al. 1999).

In Fig. 3 the evolution of the reduced mixing efficiency model of

Hajduk et al. (2005) is shown for comparison. Although this model

evolves initially faster than our sequences the behaviour of its lu-

minosity and temperature are not consistent with those observed

at V4334 Sgr. In particular all the effective temperature determi-

nations of V4334 Sgr in its first return to the AGB lie beyond the

minimum effective temperature attained by that sequence. Also its

luminosity at low effective temperatures implies a distance of d > 8

kpc, in contradiction with all independent distance determinations

(Kimeswenger 2002).

As is shown in the top panel of Fig. 3, the 0.561-, 0.565- and

0.584-M� sequences – those which are both compatible with pre-

and post-outburst inferences for the temperature and luminosity of

C© 2007 The Authors. Journal compilation C© 2007 RAS, MNRAS
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V4334 Sgr (5)

Photo-ionisation modelling of the PN :
Pollacco 1999, Kerber et al. 1999

from the observed Balmer decrement with the only sources of error

being the corrections for atmospheric extinction and ¯ux calibration

(largest corrections are at l < 400.0 nm). Duerbeck et al. (1997)

also discuss a measurement of E�Bÿ V� � 0:7 obtained by

N.Kameswara Rao from a consideration of the strength of diffuse

absorption bands. The effect of an increase in E�Bÿ V� of this

magnitude is to increase the derived spectroscopic surface tem-

perature by up to 500K.

Kimeswenger & Kerber (1998) recently derived the reddening

distance relationship for objects within a few arcmin of

V4334 Sagittarii and found that the Duerbeck et al. reddening is

consistent with d, 1.1 kpc. If the higher reddening value derived

here is plotted in their ®g. 2, much larger distances are reasonable.

This arises as a consequence of the reddening relation in this

direction, which rises rapidly at nearby distances due to the

presence of nearby dust in the galactic plane (< 2 kpc). Beyond

this distance objects have little additional reddening.

5.2 The V4334 Sagittarii nebula compared with typical PNe

The abundances derived in this paper show good agreement

with those of typical PNe. For the most reliably determined

abundances their values lie within a few tenths of a dex and

within the observational error. The helium abundance is well

determined by the observational data and shows some indications

of enrichment.

For the ionized mass of a spherical nebula of hydrogen the

ionized mass is given by (Pottasch 1984)

MNEB � 11:06 I�Hb� d2 T0:88
e n

ÿ1
e ;

where I(Hb) is given in units of 10
ÿ11

erg cm
ÿ2

s
ÿ1
, t in units of

104 K and d is the distance in kpc. Substituting values for the

V4334 Sagittarii nebula and assuming 5 < d < 8 kpc, then

0.11< MNEB < 0.27M(. This value is typical of PNe.

5.3 The pre-outburst status of V4334 Sagittarii

Fig. 5 compares the derived pre-thermal pulse stellar parameters for

V4334 Sagittarii with the evolutionary tracks for single stars

calculated by SchoÈnberner (1981, 1983). Also shown are the results

of a preliminary calculation by Iben & MacDonald (1995) of the

evolutionary path of a 0.6-M( remnant following a ®nal thermal

pulse. The authors warn that the details of this calculation are not

trustworthy as they do not include opacities re¯ecting the exotic

nature of the mixedmaterial during this process. The relatively long

time-scale of this model is not consistent with the observed

evolution of V4334 Sagittarii but suggests M > 0:6M(. It is clear

that if our derived position is to be consistent with the white

dwarf cooling tracks then log �L=L(� < 3 and consequently

0:546 < M < 0:836M(. Only the very lowest luminosites permitted

are consistent with M,0.8M(, as suspected by various authors

(e.g. Kamath & Ashok 1999).

If this object continues to resemble the evolution of Abell 58 and

its central star V605 Aql, then, after the stellar envelope is ejected

and the hot stellar core is exposed, re-ionization of the old PN as

well as the ejected envelope will occur.
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V4334 Sgr (6)

Central ionised matter :

from the observed Balmer decrement with the only sources of error

being the corrections for atmospheric extinction and ¯ux calibration

(largest corrections are at l < 400.0 nm). Duerbeck et al. (1997)

also discuss a measurement of E�Bÿ V� � 0:7 obtained by

N.Kameswara Rao from a consideration of the strength of diffuse

absorption bands. The effect of an increase in E�Bÿ V� of this

magnitude is to increase the derived spectroscopic surface tem-

perature by up to 500K.

Kimeswenger & Kerber (1998) recently derived the reddening

distance relationship for objects within a few arcmin of

V4334 Sagittarii and found that the Duerbeck et al. reddening is

consistent with d, 1.1 kpc. If the higher reddening value derived

here is plotted in their ®g. 2, much larger distances are reasonable.

This arises as a consequence of the reddening relation in this

direction, which rises rapidly at nearby distances due to the

presence of nearby dust in the galactic plane (< 2 kpc). Beyond

this distance objects have little additional reddening.

5.2 The V4334 Sagittarii nebula compared with typical PNe

The abundances derived in this paper show good agreement

with those of typical PNe. For the most reliably determined

abundances their values lie within a few tenths of a dex and

within the observational error. The helium abundance is well

determined by the observational data and shows some indications

of enrichment.

For the ionized mass of a spherical nebula of hydrogen the

ionized mass is given by (Pottasch 1984)

MNEB � 11:06 I�Hb� d2 T0:88
e n

ÿ1
e ;

where I(Hb) is given in units of 10
ÿ11

erg cm
ÿ2

s
ÿ1
, t in units of

104 K and d is the distance in kpc. Substituting values for the

V4334 Sagittarii nebula and assuming 5 < d < 8 kpc, then

0.11< MNEB < 0.27M(. This value is typical of PNe.

5.3 The pre-outburst status of V4334 Sagittarii

Fig. 5 compares the derived pre-thermal pulse stellar parameters for

V4334 Sagittarii with the evolutionary tracks for single stars

calculated by SchoÈnberner (1981, 1983). Also shown are the results

of a preliminary calculation by Iben & MacDonald (1995) of the

evolutionary path of a 0.6-M( remnant following a ®nal thermal

pulse. The authors warn that the details of this calculation are not

trustworthy as they do not include opacities re¯ecting the exotic

nature of the mixedmaterial during this process. The relatively long

time-scale of this model is not consistent with the observed

evolution of V4334 Sagittarii but suggests M > 0:6M(. It is clear

that if our derived position is to be consistent with the white

dwarf cooling tracks then log �L=L(� < 3 and consequently

0:546 < M < 0:836M(. Only the very lowest luminosites permitted

are consistent with M,0.8M(, as suspected by various authors

(e.g. Kamath & Ashok 1999).

If this object continues to resemble the evolution of Abell 58 and

its central star V605 Aql, then, after the stellar envelope is ejected

and the hot stellar core is exposed, re-ionization of the old PN as

well as the ejected envelope will occur.
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a schematic representation of the evolution and time-scales following a last

thermal pulse for a 0.6M( remnant (taken from Iben & MacDonald 1995).

The pre-outburst position for V4334 Sagittarii is indicated by the cross.
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Fig. 1.—Two-dimensional spectrum of the Ha spectral region in V4334
Sgr. The prominent feature is the [N ii] l6583 line, which is both spatially
extended as well as much broader than the counterpart line from the old
extended PN. (Note that while the spectral direction is horizontal, the spatial
direction is, unusually, tilted at 45� to the vertical direction.)

Fig. 2.—Spectrum of the core of V4334 Sgr around 6560 Å (solid line).
Overplotted is a model of the [N ii] doublet (dashed line) and the observed
spectrum after subtraction of the two [N ii] lines (dotted line). The Ha emission
is found to be ∼10% of the [N ii] line at 6583 Å.

The resulting hardening of the central star’s radiation field will
have a fundamental effect on the circumstellar material and is
expected to lead to the destruction of the dusty cocoon. V605 Aql,
80 years after its helium shell flash, is a hotter than 50,000 K
central star, working its way through a still very thick dust
cocoon. The evolution of Sakurai’s object again is extremely
fast, since we have found it to be already forming a proto-PN.

2. OBSERVATIONS AND DATA REDUCTION

We observed V4334 Sgr in service mode on the nights of
2001 June 17 and 22, using FORS2 (with a SITe2048 # 2048
detector) mounted on the Very Large Telescope (VLT) UT4
Yepun in multiobject mask mode (MXU) with the G300V
grism, which gave us a wavelength range of 4500–8000 Å at
a resolution of 2.66 Å pixel�1; spatial resolution was 0�.20
pixel�1. The integration time was 45 minutes on both nights,
and the seeing was 0�.72 and 0�.88, respectively. A slit′′ ′′1 # 4
was placed on the object at P.A. p 45� to match the orientation
of the object in the field as deduced from the preparatory R-
and I-band imaging. Observations of the target field through
the slit mask but without using the disperser were used to
accurately locate the position and extent of the slits on the chip
and the position of the object within the slits. The data were
bias-subtracted and flat-fielded in the usual manner using the
available nightly dark frames and flat-field exposures. Disper-
sion solutions for each slit and for each night were computed
using calibration lamp spectra obtained through the same slit
masks. Absolute flux calibration was achieved using the ob-
servations of the spectroscopic standard stars LTT 9239 and
Feige 110. The spectra were extracted using aXe, the slitless
spectroscopy extraction software developed at ST-ECF (Pirz-
kal, Pasquali, & Demleitner 2001), which allows extraction of
spectra following specific directions, tilted with respect to the
dispersion direction.

The slits we used to observe V4334 Sgr extended farther
than the object, and we used 7 pixel wide apertures to extract
an object � sky spectrum and a spectrum of the night sky. The
latter were positioned 2 pixels above the aperture centered on
the object and shifted leftward by 7 pixels to account for the
change in wavelength zero point caused by the 45� position
angle of our slits. We used the 5577.35 Å atmospheric lines
to accurately shift and match our object � sky and sky spectra.
The night-sky spectra were then subtracted from the object �

sky spectra to produce wavelength- and flux-calibrated spectra

of V4334 Sgr. We estimate the error in the absolute wavelength
calibration of our spectra to be about 0.5 Å (0.2 pixels), which
corresponds to about 20 km s�1 at 6560 Å.

3. RESULTS AND DISCUSSION

We have detected spatially extended (FWHM 1�.4 in Fig. 1)
emission from [N ii] (ll6548, 6583 and l5755) as well as
from [O i] (ll6300, 6363), [O ii] (l7325), [S ii] (l6725), and
very faint Ha (Kerber, Pirzkal, & Rosa 2002). At a resolution
of 2.66 Å pixel�1, the lines of [N ii] and Ha should be resolved
in the spectrum, but they turn out to be significantly blended
(Fig. 2, solid line). We performed a fit to the [N ii] line at 6583
Å, and using the IRAF task MK1DSPEC, we created a spec-
trum containing the two [N ii] lines only (short-dashed line),
which we then subtracted from the observed spectrum. The
resulting spectrum (dotted line) was used to estimate the flux of
the Ha to be ∼10% of the [N ii] line l6583, indicating that the
new ejecta are extremely hydrogen-deficient. This is in strong
contrast to the chemical composition of the much larger (diameter
p 44�; Jacoby, De Marco, & Sawyer 1998) old PN, for which
Kerber et al. (1999b) and Pollacco (1999) showed Ha to be
more than twice as strong as [N ii] l6583. Hydrogen-deficient
ejecta are, on the other hand, in line with earlier studies of the
photospheric composition of V4334 Sgr during the helium shell
flash (Asplund et al. 1999). Table 1 lists the observed lines
with their respective fluxes. Velocities relative to the core of
V4334 Sgr ( km s�1; Kipper & Klochkovav p 104 � 3hel

1997) are given only when individual components could be
reliably identified.

No proper plasma diagnostic is possible with the few lines
observed. However, the [N ii] ll6548, 6583/l5755 line ratio
suggests K, assuming interstellar extinction onlyT ∼ 13,000e

[E(B�V) p ( ) mag; Pollacco 1999]. This result0.71 � 0.09
must be considered a rough estimate, because of the faintness
of the [N ii] line at 5755 Å and because of additional unknown
circumstellar extinction. Similarly, the [S ii] l6716/l6731 ratio
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Table 1. Observational parameters and results for the VLA observa-
tions. PA gives the position angle of the beam.

Date Freq. FWHM Beam, PA σ flux
[GHz] [µJy/b] [µJy]

5 Feb. 2004 8 1.30′′ × 1.14′′ , +48◦ 10 100 ± 30
4 Feb. 2005 5 1.37′′ × 0.96′′ , +68◦ 16 <90
6 Feb. 2005 8 0.78′′ × 0.54′′ , +76◦ 14 70 ± 40
11 Jun. 2006 8 0.73′′ × 0.65′′ , +46◦ 17 280 ± 50
12 Jun. 2006 5 1.43′′ × 1.05′′ , +2◦ 19 320 ± 60

2. Observations

Radio emission We have been monitoring the radio flux
of V4334 Sgr to test the temperature evolution of the star.
Observations were carried out with the VLA array between 2004
and 2006, at 5 GHz and 8 GHz. We observed in the hybrid
BnC (2004) and AnB (2005, 2006) arrays. This reduced con-
fusion with emission from the old, extended PN. Integration
times were 3−5 h, with 1331+305 as the flux calibrator and
1733−130 as the phase calibrator. The assumed flux density of
1331+305 was 4.66 Jy at 5 GHz. Flux calibration was interpo-
lated to V4334 Sgr. Observational parameters are summarized
in Table 1. The resultant visibilities were Fourier transformed to
the image plane and the dirty beam deconvolved. Convolution
with a Gaussian beam fitted to the dirty beam size gave images
from which fluxes were measured. Natural weighting was used
for the imaging. The FWHM of the Gaussian beams are listed in
Table 1.

Optical spectroscopy Line emission from the central ejecta in
the optical wavelength regime was first detected in 2001 by
Kerber et al. (2002) using the FORS1 instrument on the VLT.
We continued to monitor the object with FORS1/2 in subsequent
years. Details are given in Table 2. We averaged observations
taken within the same semester. The spectra were manually re-
duced in the standard way using . Sky lines were removed
using the part of the long slit spectrum outside the old PN. The
old PN also contributes line emission: this is strongly depen-
dent on position on the slit, and the old PN lines were removed
by interpolation of the area around the central source. The re-
sponse correction was done using various white dwarf flux stan-
dards. The line fluxes derived from the VLT spectra are listed in
Table 2. The data were not corrected for reddening. The 2001
values are taken from Kerber et al. (2002).

3. Discussion

3.1. Extinction distance

The FORS long slit spectra were used to extract the spectrum
of the old PN, taking care not to include any field stars or
the recent ejecta. The Hα/Hβ ratio gives the interstellar extinc-
tion. Assuming a case B ratio of 2.85, we derive E(B − V) =
0.86, somewhat higher than found by Pollacco (1999). The
extinction-distance diagram for stars within a few arcminutes
from V4334 Sgr is derived by Kimeswenger & Kerber (1998):
it shows a linear rise with distance up to 1.8 kpc, followed by a
constant extinction of E(B − V) = 0.9 ± 0.09 between 1.8 and
5 kpc.

This suggests that V4334 Sgr is located beyond 1.8 kpc.
The previously used value of 1.9 kpc (e.g. Evans et al. 2006)
can be considered a lower limit. Duerbeck et al. (2000) suggest
d ∼ 3−5.4 kpc based on the stellar luminosity. The line of sight

Table 2. Line fluxes in units of 10−17 erg cm−2 s−1. The 2001 fluxes
are taken from Kerber et al. (2002). OR means outside the observable
range. Where appropriate 3-σ upper limits are given.

Line 2001.44a 2003.50b 2005.48c 2006.29d

[N ] 5198, 5200 8. 3.2 ± 0.5 2.6 ± 0.5 2.2 ± 0.7
[N ] 5755 2. 2.1 ± 0.7 <1.5 <2.2
[O ] 6300 30. 10. ± 1.5 5.5 ± 0.8 3.9 ± 0.8
[O ] 6364 8. 4. ± 1.2 2.5 ± 0.6 2.1 ± 0.7
[N ] 6548 40. 15. ± 1.9 7.6 ± 0.9 3.7 ± 0.6
[N ] 6583 121. 42. ± 4.2 21. ± 2.2 13.8 ± 1.5
[S ] 6716 2.5 <1.9 <1.6 <1.3
[S ] 6731 2. <1.9 <1.6 <1.3
[O ] 7319, 7330 62. 20. ± 2.1 6.7 ± 1.6 4.2 ± 1.0
[C ] 8727 OR 13. ± 1.5 <3.9 4.7 ± 0.8
[C ] 9824, 9850 OR 150. ± 15. OR OR

a 300V+GG375, 4500–8000 Å. b 150I, 4900–10075 Å; 150I+OG590,
6200−10075 Å; 1200R+GG435, 5875–7365 Å. c 300V+GG435, 4800–8900 Å.
d 600V+GG435, 4520–6850 Å; 600I+OG590, 6500–9200 Å.
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Fig. 1. Evolution of emission line strength. The lines show the least-
squares fit to the data.

reaches the scale height of the old disk at d ≈ 4 kpc and this
would provide a plausible distance.

3.2. Shock ionization

The line fluxes in Table 2 show a strong exponential decline with
time (see also Fig. 1). The level of excitation is also decreasing,
as the high excitation [O ] lines are decreasing faster than lines
of lower excitation. The e-folding times are 1.81 ± 0.13 yr for
[O ] (the highest excitation line), 2.29 ± 0.14 yr for [N ], 2.4 ±
0.2 yr for [O ], and 3.7 ± 0.9 yr for [N ]. This is clearly incon-
sistent with photoionization by an increasingly hot central star
(Kerber et al. 2002; Hajduk et al. 2005). The decrease in inten-
sity as well as the level of excitation is consistent with a sin-
gle shock that occurred somewhere before 2001 and then started
cooling and recombining (cf. Kafatos 1973). The [N ] line ratio
in 2001 indicates an electron temperature Te = 3200−5500 K,
depending on the electron density (Table 3). The [C ] ratio in
2003 indicates Te = 2300−4300 K. These low values indicate
that cooling had already commenced by 2001.

The origin of the shock is not clear. No emission lines were
seen during 1997. The earliest evidence for shock ionization
is based on the He  recombination line, and dates from 1998
(Eyres et al. 1999; Tyne et al. 2000). High-velocity CO was
seen starting late 1999 or early 2000 (Eyres et al. 2004), with
an outflow velocity around 290 km s−1. Optical shock emission

Post-shock cooling (?) – or just

adiabatic expans. cooling of knot/shell (?)

During the same time, increasing
radio flux, probably due to ionisa-
tion of C I Hajduk et al. 2005

Stellar temperature ⇒ 12 000 K
with '1000 K/yr
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Table 3. Cloudy model parameters. The main constituents of the gas
are helium (He/H = 250 by number) and carbon (C/H = 25 by number).
The electron density in the ionized region is approximately 25 nH. Md

and Mej are the dust mass and the total ejecta mass.

model 1 model 2 model 3 model 4
d [kpc] 1.9 1.9 4.0 4.0
L [L�] 2770 2770 12 280 12 280
Θ [arcsec] 0.3 0.5 0.3 0.5
log(rin[cm]) 14.931 15.153 15.254 15.476
log(rout[cm]) 15.630 15.852 15.953 16.175
log(nH[cm−3]/

√

f ) 4.45 3.85 4.3 3.7
Md [10−6 M�] 1.95 1.95 8.65 8.65
Mej/

√

f [10−3 M�] 1.05 1.22 6.92 8.05

with velocities up to −350 / +200 km s−1 was first seen in 2001
(Kerber et al. 2002). The shock occurred close to the time of the
onset of dust formation (Duerbeck et al. 2000). Neutral molecule
chemistry is slow in a hydrogen-deficient environment, while
ion-molecule chemistry is much faster (Woods et al. 2002).
Hence UV radiation from the shock may have triggered dust for-
mation elsewhere in the nebula through ionization of key molec-
ular species. If the ejecta are bipolar, the dust formation could
be taking place in the dense equatorial region (possibly an equa-
torial disk), while the shocks are internal to a fast polar outflow
(Evans et al. 2006).

3.3. Photoionization

The radio flux was constant or decreased slowly between 2004
and 2005. This is consistent with the model of an early fast
shock: the radio data trace the post-shock cooling and recom-
bination of the shock and not a photoionized region. However,
the 2006 observations show a strong increase in radio flux, by
a factor of four within 16 months. The only optical line which
appears to have strengthened is the [C ] 8727 line, but this is
uncertain due to the low S/N of the 2005 data. The increase in
radio flux in 2006 is therefore attributed to newly photoionized
carbon which has the lowest ionization potential of all the ma-
jor constituents in the gas. This process would not produce any
noticeable changes in the optical or mid-IR spectrum.

We ran Cloudy models to investigate the origin of the ra-
dio flux using version c07.04.01 of the code, last described by
Ferland et al. (1998). The basic models are similar to those de-
scribed in Hajduk et al. (2005), with the following changes. (1)
The angular diameter of the dust shell is discussed in Tyne et al.
(2002) and Evans et al. (2006). Extrapolating their data to 2006
leads to an angular diameter of ∼100 mas. However, with such
a small diameter the plasma would become optically thick at
5 GHz before the necessary emission measure could be reached.
Based on the FORS2 1200R spectral image taken in 2003 (see-
ing 0.54′′) we measured a deconvolved (Gaussian) FWHM of
0.27′′ for the [N ] emitting region. This indicates that the true
diameter must be 0.3–0.5 arcsec (van Hoof 2000). We mod-
eled both limits of this range. (2) Abundances from Asplund
et al. (1999, October 1996 values) were used, except for car-
bon where we used C/He = 0.1 by number (the value Asplund
et al. (1999) used for their model atmospheres). (3) For the stel-
lar spectrum we used the models of Castelli & Kurucz (2004).
(4) We assumed a clumpy medium with a filling factor f of 0.1 or
0.01, and a 1/r2 density distribution. (5) The total dust mass was
the same in all models with the same distance (see Sect. 3.5).
We list four models in Table 3. The implied gas-to-dust mass

Table 4. Predicted radio flux (not including the shock emission) at
8.435 GHz in µJy (valid both for f = 0.1 and 0.01).

Teff model 1 model 2 model 3 model 4
10 000 4 4 4 3
11 000 24 24 24 24
12 000 340 330 350 340
13 000 830 790 850 820

Fig. 2. Comparison of predicted and observed evolutionary timescales.

ratio is ∼580
√

f for the d = 1.9 kpc models and ∼870
√

f for
the d = 4 kpc models. The ionization of carbon begins around
Teff = 10 kK. The radio flux (without the shock emission) as
a function of Teff is listed in Table 4. The observed radio flux
is consistent with an increase in Teff from <∼11 kK in 2005 to
∼12 kK in 2006.

3.4. Stellar evolution models

Three evolutionary tracks have been published which can fit the
rapid post He-flash evolution. Herwig (2001) and Hajduk et al.
(2005) proposed suppressed convection after the flash. Lawlor &
MacDonald (2003) showed that with this assumption, the evolu-
tion could be closely matched; they first predicted the “double
loop” evolution. Miller Bertolami et al. (2006) find that the ini-
tial fast changes can also be found in models with standard con-
vection, by choosing a very small time step in the simulations.
This raises the issue of the accuracy of the previous models. In
all cases the initial fast evolution is caused by a hydrogen inges-
tion flash at the top of the helium layer.

Figure 2 shows the double-loop model of Herwig (2001) and
Hajduk et al. (2005), with the top inset showing the tempera-
ture evolution during the first return. The middle inset shows
the model of Miller Bertolami et al. (2006) and the lower inset
shows a representative model of Lawlor & MacDonald (2003)
(not necessarily their best-fitting one). The observational data
points come from Duerbeck et al. (1997), Asplund et al. (1999),
and Pavlenko & Geballe (2002). The last two points are from this
paper. For broadband photometric data (including pre-discovery
photometry), we have estimated temperatures from bolomet-
ric corrections. These corrections are based on normal giant
photospheres and are therefore uncertain. The low temperature
between 1995 and 2000 is caused by an expanding pseudo-
photosphere (Duerbeck et al. 2000). The underlying star likely
remained hotter. Such an expanding photosphere is difficult to

all models have problems

either with Teff, or with the

re-heating/re-contraction
time scale

Fine-tuned mass-loss rates
may lead to correct giant
lifetimes
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Summary

• FG Sge, V605 Aql, Sakurai –

most important objects to test the theory of late stellar
evolution & nucleosynthesis

• FG Sge, V605 Aql, Sakurai –

Analysis & interpretation of observational data hampered
by severe difficulties

– Determination of hydrogen in cool H-deficient atmospheres where
helium is not visible !

– Carbon problem of cool H-deficient atmospheres ?

– Thermal & ionisation equilibrium of nebular structures ?

– . . .

• FG Sge, V605 Aql, Sakurai –

More observational efforts & better theoretical interpreta-
tions badly needed !
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