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ABSTRACT

We investigate the reheating of the very late thermal pWN&G P) object V4334 Sgr (Sakurai’s Object) using radio olaépns
from the Very Large Array, and optical spectra obtained wlith Very Large Telescope. We find a sudden rise of the radioafiux
5 and 8 GHz — from< 90 pJy and 80 + 30 pJy in February 2005 to 320Jy and 28QuJy in June 2006. Optical line emission is
also evolving, but the emission lines are fading. The optina emission and early radio flux are attributed to a fasicgh(and not
photoionization as was reported earlier) which occurrediad 1998. The fading is due to post-shock cooling and reauatibn.
The recent rapid increase in radio flux is evidence for thebofphotoionization of carbon starting around 2005. Theent results
indicate an increase in the stellar temperature to 12 kK 062The mass ejected in the VLTP eruptiorMs; > 104 M, but could

be as high as 18 M., depending mainly on the distance and the clumping factéh@butflow. We derive a distance between 1.8
and 5 kpc. A high mass loss could expose the helium layer aid gbundances compatible with those of [WC] and PG1158.star
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1. Introduction VLTP, during which the star became hydrogen poor and carbon

. . rich. The speed of evolution from the VLTP to maximum bright-
Helium shell flashes dominate many aspects of the evolufion Q.c5 \was surprising as pre-Sakurai models predicted tiessc

AGB (Asymptotic Giant Branch) and post-AGB stars. Heliumy¢ - 100 yr. The much faster evolution has been explained
flashes (or thermal pulses) are common on the AGB but the SL' caused by suppressed convection under explosive aomliti
fects on the surface properties are mitigated by the t_hl«:kdny Lawlor & MacDonald 2003; Hajduk et al. 2005). However,
gen envelope. Very late thermal pulses (VLTPs), which can ogjjier Bertolami et al. (2006) find that the numerical timest
cur after hydrogen burning has ceased, lead to large and ragiin horant, and that smaller time steps arglisient to predict
changes in the star and are the best way to constrain thesshygych faster evolution. The problem of convection is studieel
of these thermonuclear eruptions. The VLTP in Sakura's@bj {her by Herwig et al. (2006). The reheating timescale aftax-m
(V4334 Sgr) has provided the first opportunity to ObservéiSugym prightness is an important constraint to test the nodel
an event with modern instrumentation, and allows us to Stugy,is evolution can be traced best by observing the ioniraifo
poorly understood aspects, such as the post-VLTP massidss @e syrrounding nebula. Eyres et al. (1999), Tyne et al. @200
the mixing length theory (Hajduk et al. 2005). and Kerber et al. (2002) detected emission from atomic amd io
Very few VLTP events have been observed: only V4334aq species around V4334 Sgr which is evidence for ioniza-
Sgr (Duerbeck et al. 1997) and V605 Agl (Clayton et al. 20065, The existence of ionization was confirmed by HajduK et a
Lechner & Kimeswenger 2004) were discovered during th&so0s) hased on radio observations. In this Letter, we ptese
high-luminosity phase (respectively in 1996 and in 19184. Cpya\y radio and optical observations, showing that this garly
Vul (in 1670) is suspected to represent a third case (Hajdak e jzation was due to a fast shock. Evidence for the onset of pho-
2007). FG Sge also shows evidence for current post-VLTP evgionization of carbon is also found, indicating that thisrted
lution but its status is uncertain (@ery & Schonberner 2006). 5round 2005. We present photoionization models of the @ject

Another five central stars of planetary nebulae (PNe) show &g compare the results to various VLTP evolutionary tracks
idence for historical VLTP eruptions, based on the presefce

hydrogen-poor gas near the central star (Zijlstra 2002).
V4334 Sgr showed a high luminosity phase with a cool ste}- opservations
lar atmosphereTer ~ 6000 K) within a few years after the
Radio emission We have been monitoring the radio flux
* Based on observations collected at the European South@hV4334 Sgr to test the temperature evolution of the star.
Observatory, Chile (programmes 71.D-0396, 75.D-0471D70R394).  Observations were carried out with the VLA array betweer200
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and 2006, at 5 GHz and 8 GHz. We observed in the hybrid Briable 1. Observational parameters and results for the VLA observa-
(2004) and AnB (2005, 2006) arrays. This reduced confusitians. PA gives the position angle of the beam.
with emission from the old, extended PN. Integration timesev

3-5 hours, with 1334305 as the flux calibrator and 173830as ~ Date Freq. ~ FWHMBeam, PA o flux

the phase calibrator. The assumed flux density of +385 was [GHZ] , [kIyb]  [1dy]
4.66 Jy at 5 GHz. Flux calibration was interpolated to V4334Z EZE 2883 g ig%gég,’ +gg ig 1%00i 30
Sgr. Observational parameters are summarized in Tabled. TQ5 Feb 2005 8 0.7840.54" 176" 14 ;O+ 20
resultant visibilities were Fourier transformed to thegedlane 17 j1n 2006 8 0.730.65 +46 17 280+ 50
and the dirty beam deconvolved. Convolution with a gaussiaq, jun 2006 5 1.431.08 +2 19 320+ 60

beam fitted to the dirty beam size gave images from which fluxes
were measured. Natural weighting was used for the imagi

; R ; 7 21
The FWHM of the gaussian beams are listed in Table 1. Illl%ble 2. Line fluxes in units of 10" ergcnt?s™%. The 2001 fluxes are

taken from Kerber et al. (2002PR means outside the observable range.
Where appropriate 3-upper limits are given.

Optical spectroscopy Line emission from the central ejecta in

the optical wavelength regime was first detected in 2001 h\'rl:ln65198 =550 2001"? Zg(g"g% 22025'385 22036'597
Kerber et al. (2002) using the FORS1 instrument on the VLTJ[ 1 ! ' n B S
; . . ; IN ] 5755 2. 21x07 <15 <22
We contlnue_d to monitor t_he object with FOR31n subsequent_ 01] 6300 30 10.+15 55:08 3.9+0.8
years. Details are given in Table 2. We averaged obsengtiorjo ;] 6364 s. 4.+12 25+06 2.1+07
taken within the same semester. The spectra were manually rgy ] 6548 40. 15.+19 76+09 3.7+06
duced in the standard way usingr. SKy lines were removed [N u] 6583 121, 42.+42 21.+22 13.8+15
using the part of the long slit spectrum outside the old PNe Th [Su] 6716 25 <19 <1.6 <13
old PN also contributes line emission: this is strongly depe [Su] 6731 2. <1.9 <16 <13
dent on position on the slit, and the old PN lines were removedQu] 7319,7330 ~ 62.  20.+21 6.7+16 4.2+10
by interpolation of the area around the central source. ®he r [C1] 8727 OR 13. £15 <39 4.7:08

sponse correction was done using various white dwarf flux sta [Cr]9824,9850 OR 150. +15. OR OR
dards. The line fluxes derived from the VLT spectra are lisited 2 300v+GG375, 4500 — 8000 A 1501, 4900 — 10075 A; 15840G590, 6200

Table 2. The data were not corrected for reddening. The 20010075 A; 1200RGG435, 5875 — 7365 AL 300V+GG435, 4800 — 8900 A.
values are taken from Kerber et al. (2002). 600V+GG435, 4520 — 6850 A; 6000G590, 6500 — 9200 A.

depending on the electron density (Table 3). The] [@tio in
2003 indicatede = 2300- 4300 K. These low values indicate
3.1. Extinction distance that cooling had already commenced by 2001.
The origin of the shock is not clear. No emission lines were

The FORS long slit spectra were used to extract the spectrggen during 1997. The earliest evidence for shock ionizasio
of the old PN, taking care not to include any field stars or thgased on the Heecombination line, and dates from 1998 (Eyres
recent ejecta. The &fHg ratio gives the interstellar extinction. et al. 1999; Tyne et al. 2000). High-velocity CO was seert-star
Assuming a case B ratio of 2.85, we deri&B - V) = 0.86, ing late 1999 or early 2000 (Eyres et al. 2004), with an outflow
somewhat higher than found by Pollacco (1999). The extineti velocity around 290 kms. Optical shock emission with veloci-
distance diagram for stars within a few arcminutes from V33ies up to-350/ +200 km s* was first seen in 2001 (Kerber et al.
Sgr is derived by Kimeswenger & Kerber (1998): it shows a lirg002). The shock occurred close to the time of the onset df dus
ear rise with distance up to 1.8 kpc, followed by a constant eformation (Duerbeck et al. 2000). Neutral molecule cheryist
tinction of E(B - V) = 0.9+ 0.09 between 1.8 and 5 kpc. slow in a hydrogen-deficient environment, while ion-molecu

This suggests that V4334 Sgr is located beyond 1.8 kpc. Thigemistry is much faster (Woods et al. 2002). Hence UV radia-
previously used value of 1.9 kpc (e.g. Evans et al. 2006) eantion from the shock may have triggered dust formation elssah
considered a lower limit. Duerbeck et al. (2000) suggest3— in the nebula through ionization of key molecular specitthd
5.4 kpc based on the stellar luminosity. The line of sight reschejecta are bipolar, the dust formation could be taking pikatiee
the scale height of the old disk dt ~ 4 kpc and this would dense equatorial region (possibly an equatorial disk)|enthie
provide a plausible distance. shocks are internal to a fast polar outflow (Evans et al. 2006)

3. Discussion

3.2. Shock ionization 3.3. Photoionization

The line fluxes in Table 2 show a strong exponential declirie wiThe radio flux was constant or decreased slowly between 2004
time (see also Fig. 1). The level of excitation is also dexreaand 2005. This is consistent with the model of an early fast
ing, as the high excitation [@ lines are decreasing faster tharshock: the radio data trace the post-shock cooling and recom
lines of lower excitation. The e-folding times are 1:®113 yr bination of the shock and not a photoionized region. However
for [On] (the highest excitation line), 2.2®.14 yr for [Nu], the 2006 observations show a strong increase in radio flux, by
2.4+0.2 yr for [O1], and 3.%0.9 yr for [N1]. This is clearly in- a factor of four within 16 months. The only optical line which
consistent with photoionization by an increasingly hottcan appears to have strengthened is the] [8727 line, but this is
star (Kerber et al. 2002; Hajduk et al. 2005). The decreas® in uncertain due to the low/N of the 2005 data. The increase in
tensity as well as the level of excitation is consistent waitsin- radio flux in 2006 is therefore attributed to newly photoiced

gle shock that occurred somewhere before 2001 and theadtadarbon which has the lowest ionization potential of all the-m
cooling and recombining (cf. Kafatos 1973). Thei{Nine ratio  jor constituents in the gas. This process would not produge a
in 2001 indicates an electron temperatlige= 3200— 5500 K, noticeable changes in the optical or mid-IR spectrum.
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ST Table 3. Cloudy model parameters. The main constituents of the gas
I 1 are helium (H¢gH = 250 by number) and carbon €= 25 by number).
b ] The electron density in the ionized region is approximagsiy,. My
w 4 7 andMg; are the dust mass and the total ejecta mass.
r}E r [N 11] 6583 1
; I model1 model2 model3 model 4
o 3 017325 d [kpc] 19 1.9 4.0 4.0
5 I L [Le] 2770 2770 12280 12280
= o [arcsec] 0.3 0.5 0.3 0.5
= log(rin[cm]) 14.931 15.153  15.254  15.476
3 log(roudcm]) 15.630  15.852 15.953 16.175
& log(nu[cm=3]/\/f)  4.45 3.85 43 3.7
- Mg [107® Mg] 1.95 1.95 8.65 8.65
Mg/ /T [10°M;]  1.05 1.22 6.92 8.05
| I IS N U S U RS |

2002 2003 2004 2005 2006 Table 4. Predicted radio flux (not including the shock emission) at

epoch 8.435 GHz inuJy (valid both forf = 0.1 and 0.01).
Fig. 1. Evolution of emission line strength. The lines show the tleas T model T odel 2 model 3 model 4
squares fit to the data. 18%00 7 7 7 3
11000 24 24 24 24
12000 340 330 350 340

13000 830 790 850 820

We ran Cloudy models to investigate the origin of the ra
dio flux using version c07.04.01 of the code, last described b
Ferland et al. (1998). The basic models are similar to these d
scribed in Hajduk et al. (2005), with the following changgs.
The angular diameter of the dust shell is discussed in Tyak et
(2002) and Evans et al. (2006). Extrapolating their dateDte62

Fig. 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 skow
the model of Miller Bertolami et al. (2006) and the lower inse

leads to an angular diameter ofL00 mas. However, with Sl_JCh shows a representative model of Lawlor & MacDonald (2003)
a small diameter the plasma would become optically thick ghy hecessarily their best-fitting one). The observatiatata
5 GHz before the necessary emission measure could be reaciied i« -ome from Duerbeck et al. (1997), Asplund et al. (3999

Based on the FORS2 1200R spectral image taken in 2003 (Sg¢q paylenko & Geballe (2002). The last two points are frdm th

ing 0.54’) we measured a deconvolved (gaussian) FWHM A - : ; :

' . , L0\ per. For broadband photometric data (including preedisgy
0.27 for the [Nn] emitting region. This indicates that the true,, tometry), we have estimated temperatures from bolomet-
diameter must be 0.3 - 0.5 arcsec (van Hoof 2000). We modejgd .o rections. These corrections are based on normat gian

both limits of this range. (2) Abundances from Asplund et hotos :
pheres and are therefore uncertain. The low temperat
(1999, October 1996 values) were used, except for carborewhganveen 1995 and 2000 is caused by an expanding pseudo-

we used ¢He = 0.1 by number (the value Asplund et al. (1999} yiqsphere (Duerbeck et al. 2000). The underlying stafylik
used for their model atmospher_es). (3) For the stellar spect remained hotter. Such an expanding photospherefiisuit to
we used the models of Castelli & Kurucz (2004). (4) We agqqel with a stellar evolution code and predictions Ta in

sumed a clumpy medium with a filling factdrof 0.1 or 0.01, ihis phase are therefore uncertain. However, this dfestahe
and a Jr< density distribution. (5) The total dust mass was th erall reliability of the track.

same in all models with the same distance (see Sect. 3.5). ©The three models fier in the predictions for the reheat-

list four models in Table 3. The implied gas-to-dust mass Iy, timescale, but neither fully fits the current observasio

tio is ~ 580 +/f for thed = 1.9 kpc models and- 870_\/T for  Herwig’s model reheats faster, and the other two models con-
thed = 4 kpc models. The ionization of carbon begins arounglgeraply slower than the observations indicate. The tefgpa

Ter = 10 kK. The radio flux (without the shock emission) as gmescale in Herwig’s model can be adjusted by tuning the cor
consistent with an increase Ty from < 11 kK in 2005 to~  (Herwig 2001). There is a degeneracy between these two param
12 kK in 2006. eters and theftects of a smaller core mass and reduced mix-
ing efficiency are to some degree interchangeable. The mass loss
during the cool phase may also be an important missing imgred
ent in these models (Iben & MacDonald 1995).

Three evolutionary tracks have been published which cahdit t

rapid post He-flash evolution. Herwig (2001) and Hajduk et
(2005) proposed suppressed convection after the flashok &wl
MacDonald (2003) showed that with this assumption, the ev@he results from the Cloudy modeling can be summarized in the
lution could be closely matched; they first predicted theullle following formula for the ejected mass:

loop’ evolution. Miller Bertolami et al. (2006) find that thtial

fast changes can also be found in models with standard cenvec A f 5 d \*°( © \* m(He)
tion, by choosing a very small time step in the simulatiorfssT Mej = 6.0 10° (m) (4 kpc) (0'5»») 25
raises the issue of the accuracy of the previous models. In al

cases the initial fast evolution is caused by a hydrogersinge where® is the diameter of the nebula amiHe) is the H¢C
flash at the top of the helium layer. mass ratio. The dominant uncertainty in the total ejectasmas

3.4. Stellar evolution models

a§.5. Ejecta mass

Mo, (1)
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comes from the distance, the volume filling factor, and th&He
mass ratio. In the Herwig models, the/@eatio quickly evolves i —
to a value of 2.5 after the star has reached the red end of ¢he fir +1
loop. We take this value to determine the minimum ejecta mass
required by the photoionization models. Hence a very coaser
tive lower limit to the ejecta mass is 6 TOM,, atd = 4 kpc and
104 My, atd = 1.9 kpc assuming extreme clumpinfy € 0.01).
For a uniform outflow the lower limits would be a factor of - |
10 higher. The corresponding mass-loss rate over a period ?f I
roughly a decade is very high. It could be comparable to, enev ' |
exceed, the mass-loss rate during the superwind phase. iA min
mum ejecta mass of 5 1®M,, is suficient to expose the inter-
shell region (e.g. Fig. 3 in Iben & MacDonald 1995) where the
C/He ratio reaches its peak value of 2.66 by mass. This would
leave a central star with abundances compatible with thése o
[WC] and PG1159 stars. The linear momentum in the ejecta far
exceeds that in the stellar radiation (even when consig @nimnl- .
tiple scattering), so that the ejecta must be energy drivars A AN e .
suggests that the ejecta may have been lost instantaneously 5 10‘;5T - * 35

The dust mass determined from the continuum emission has
been steadily increasing, starting in 1998 or early 1999€TyFig. 2. Comparison of predicted and observed evolutionary tinlesca
et al. 2002). In June 2003, the total dust mass indicated by

the sub-mm continuum was.9x 10 My, atd = 4 kpc.

Between January and June 2003 the dust mass increased B3 2006; Lawlor & MacDonald 2003). The dust-to-gas mass
factor of 1.7. The increase was used to derive a mass-lass f&4{i0 May be lower than hitherto assumed, depending mamly o

of 14 x 104 Moyr! atd = 4 kpc by 2003 (Evans et al. the clumping factor of the gas. Our analysis indicates thiat d

2004). However, the concept of converting the dust growts rd0rmation angor growth is slow and still ongoing.

to a mass-loss rate assuming a constant and high dust-ta-gas

tio (1/75 by mass) can be questioned. The low observed dugtknowledgments
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