
Re
ent Observations of Sakurai's Obje
tP.A.M. van Hoof1, M. Hajduk2, A.A. Zijlstra3,4 , F. Herwig5, A.Evans5, G.C. Vande Steene1, S. Kimeswenger6, F. Kerber7, and S.P.S. Eyres8
1 Royal Observatory of Belgium, Ringlaan 3, 1180 Brussels, Belgium
2 Centrum Astronomii UMK, ul.Gagarina 11, PL-87-100 Torun, Poland
3 University of Man
hester, S
hool of Physi
s & Astronomy, P.O. Box 88,Man
hester M60 1QD, UK
4 South Afri
an Astronomi
al Observatory, P.O. Box 7935, Observatory, SouthAfri
a
5 Astrophysi
s Group, S
hool of Physi
al and Geographi
al S
ien
es, KeeleUniversity, Sta�ordshire ST5 5BG, UK
6 Institute of Astro and Parti
le Physi
s, University Innsbru
k, Te
hnikerstraÿe25, 6020 Innsbru
k, Austria
7 European Southern Observatory, Karl-S
hwarzs
hild-Straÿe 2, D-85748Gar
hing, Germany
8 Centre for Astrophysi
s, University of Central Lan
ashire, Preston PR1 2HE,UKSummary. We investigate the reheating of the very late thermal pulse (VLTP)obje
t V4334 Sgr (Sakurai's Obje
t) using radio observations from the Very LargeArray, and opti
al spe
tra obtained with the Very Large Teles
ope. We �nd a suddenrise of the radio �ux at 5 and 8 GHz � from ≤ 90 µJy and 80 ± 30 µJy, resp., inFebruary 2005, to 320 µJy and 280 µJy, resp., in June 2006. The opti
al line emissionis also evolving, but the emission lines are fading. The opti
al line emission and earlyradio �ux are attributed to a fast sho
k (and not photoionization as was reportedearlier) whi
h o

urred around 1998. The fading is due to post-sho
k 
ooling andre
ombination. The re
ent rapid in
rease in the radio �ux is eviden
e for the onsetof photoionization of 
arbon starting around 2005. The 
urrent results indi
ate anin
rease in the stellar temperature to 12 kK in 2006.Key words: Stars: individual: V4334 Sgr - Stars: mass loss - Stars: evolution -Planetary nebulae: general1 Introdu
tionHelium shell �ashes dominate many aspe
ts of the evolution of AGB (Asymptoti
Giant Bran
h) and post-AGB stars. Helium �ashes (or thermal pulses) are 
ommonon the AGB but the e�e
ts on the surfa
e properties are mitigated by the thi
k hy-drogen envelope. Very late thermal pulses (VLTPs), whi
h 
an o

ur after hydrogenburning has 
eased, lead to large and rapid 
hanges in the star and are the best way
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onstrain the physi
s of these thermonu
lear eruptions. The VLTP in Sakurai'sObje
t (V4334 Sgr) has provided the �rst opportunity to observe su
h an event withmodern instrumentation, and allows us to study poorly understood aspe
ts, su
h asthe post-VLTP mass loss and the mixing length theory [10℄.Very few VLTP events have been observed: only V4334 Sgr [4℄ and V605 Aql [3,20℄ were dis
overed during their high-luminosity phase (respe
tively in 1996 and in1918). CK Vul (dis
overed in 1670) is suspe
ted to represent a third 
ase [11℄. FG Sgealso shows eviden
e for 
urrent post-VLTP evolution but its status is un
ertain [15℄.Another �ve 
entral stars of planetary nebulae (PNe) show eviden
e for histori
alVLTP eruptions, based on the presen
e of hydrogen-poor gas near the 
entral star[27℄.V4334 Sgr showed a high luminosity phase with a 
ool stellar atmosphere (Teff ∼
6000 K) within a few years after the VLTP, during whi
h the star be
ame hydrogenpoor and 
arbon ri
h. The speed of evolution from the VLTP to maximum brightnesswas surprising as pre-Sakurai models predi
ted times
ales of more than 100 yr. Themu
h faster evolution has been explained as 
aused by suppressed 
onve
tion underexplosive 
onditions [12, 19, 10℄. However, [21℄ �nd that the numeri
al time step isimportant, and that smaller time steps are su�
ient to predi
t mu
h faster evolution.The problem of 
onve
tion is studied further by [13℄. The reheating times
ale aftermaximum brightness is an important 
onstraint to test the models. This evolution
an be tra
ed best by observing the ionization of the surrounding nebula. [8℄, [24℄,and [17℄ dete
ted emission from atomi
 and ionized spe
ies around V4334 Sgr whi
his eviden
e for ionization. The existen
e of ionization was 
on�rmed by [10℄ basedon radio observations. In this paper we present new radio and opti
al observations,showing that this early ionization was due to a fast sho
k. Eviden
e for the onsetof photoionization of 
arbon is also found, indi
ating that this started around 2005.We present photoionization models of the eje
ta and 
ompare the results to variousVLTP evolutionary tra
ks.2 Observations2.1 Radio emissionWe have been monitoring the radio �ux of V4334 Sgr to test the temperature evo-lution of the star. Observations were 
arried out with the VLA array between 2004and 2006, at 5 GHz and 8 GHz. We observed in the hybrid BnC (2004) and AnB(2005, 2006) arrays. This redu
ed 
onfusion with emission from the old, extendedPN. Integration times were 3-5 hours, with 1331+305 as the �ux 
alibrator and1733−130 as the phase 
alibrator. The assumed �ux density of 1331+305 was 4.66Jy at 5 GHz. Flux 
alibration was interpolated to V4334 Sgr. Observational param-eters are summarized in Table 1. The resultant visibilities were Fourier transformedto the image plane and the dirty beam de
onvolved. Convolution with a gaussianbeam �tted to the dirty beam size gave images from whi
h �uxes were measured.Natural weighting was used for the imaging. The FWHM of the gaussian beams arelisted in Table 1.
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t 151Table 1. Observational parameters and results for the VLA observations. PA givesthe position angle of the beam.Date Freq. FWHM Beam, PA σ �ux[GHz℄ [µJy/b℄ [µJy℄5 Feb 2004 8 1.30′′×1.14′′, +48◦ 10 100 ± 304 Feb 2005 5 1.37′′×0.96′′, +68◦ 16 < 906 Feb 2005 8 0.78′′×0.54′′, +76◦ 14 70 ± 4011 Jun 2006 8 0.73′′×0.65′′, +46◦ 17 280 ± 5012 Jun 2006 5 1.43′′×1.05′′, +2◦ 19 320 ± 602.2 Opti
al spe
tros
opyLine emission from the 
entral eje
ta in the opti
al wavelength regime was �rstdete
ted in 2001 by [17℄ using the FORS1 instrument on the VLT. We 
ontinued tomonitor the obje
t with FORS1/2 in subsequent years. Details are given in Table 2.We averaged observations taken within the same semester. The spe
tra were biassubtra
ted, �at�elded, and wavelength 
alibrated in the standard way using theiraf pa
kages 

dred and longslit. Sky lines were removed using the part ofthe long slit spe
trum outside the old PN. The old PN also 
ontributes to the lineemission: this is strongly dependent on the position on the slit. The old PN lines wereremoved by interpolating the area around the 
entral sour
e. The response 
orre
tionwas done using various white dwarf �ux standards. The line �uxes derived from theVLT spe
tra are listed in Table 2. The data were not 
orre
ted for reddening. The2001 values are taken from [17℄.Table 2. Line �uxes in units of 10−17 erg cm−2 s−1. The 2001 �uxes are taken from[17℄. OR means outside the observable range. Where appropriate 3-σ upper limitsare given. Line 2001.44a 2003.50b 2005.48c 2006.29d[N i℄ 5198, 5200 8. 3.2 ± 0.5 2.6 ± 0.5 2.2 ± 0.7[N ii℄ 5755 2. 2.1 ± 0.7 < 1.5 < 2.2[O i℄ 6300 30. 10. ± 1.5 5.5 ± 0.8 3.9 ± 0.8[O i℄ 6364 8. 4. ± 1.2 2.5 ± 0.6 2.1 ± 0.7[N ii℄ 6548 40. 15. ± 1.9 7.6 ± 0.9 3.7 ± 0.6[N ii℄ 6583 121. 42. ± 4.2 21. ± 2.2 13.8 ± 1.5[S ii℄ 6716 2.5 < 1.9 < 1.6 < 1.3[S ii℄ 6731 2. < 1.9 < 1.6 < 1.3[O ii℄ 7319, 7330 62. 20. ± 2.1 6.7 ± 1.6 4.2 ± 1.0[C i℄ 8727 OR 13. ± 1.5 < 3.9 4.7 ± 0.8[C i℄ 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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ussion3.1 Extin
tion distan
eThe FORS long slit spe
tra were used to extra
t the spe
trum of the old PN, taking
are not to in
lude any �eld stars or the re
ent eje
ta. The Hα/Hβ ratio givesthe interstellar extin
tion. Assuming a 
ase B ratio of 2.85, we derive E(B − V) =
0.86, somewhat higher than found by [22℄. The extin
tion-distan
e diagram for starswithin a few ar
minutes from V4334 Sgr is derived by [18℄: it shows a linear rise withdistan
e up to 1.8 kp
, followed by a 
onstant extin
tion of E(B − V) = 0.9 ± 0.09between 1.8 and 5 kp
.This suggests that V4334 Sgr is lo
ated beyond 1.8 kp
. The previously usedvalue of 1.9 kp
 (e.g. [6℄) 
an be 
onsidered a lower limit. [5℄ suggests a distan
e dof ∼ 3�5.4 kp
 based on the stellar luminosity. The line of sight rea
hes the s
aleheight of the old disk at d ≈ 4 kpc and this would provide a plausible distan
e.3.2 Sho
k ionizationThe line �uxes in Table 2 show a strong exponential de
line with time (see alsoFig. 1). The level of ex
itation is also de
reasing, as the high ex
itation [O ii℄ lines arede
reasing faster than lines of lower ex
itation. The e-folding times are 1.81±0.13 yrfor [O ii℄ (the highest ex
itation line), 2.29±0.14 yr for [N ii℄, 2.4±0.2 yr for [O i℄,and 3.7±0.9 yr for [N i℄. This is 
learly in
onsistent with photoionization by anin
reasingly hot 
entral star [17, 10℄. The de
rease in intensity as well as the levelof ex
itation is 
onsistent with a single sho
k that o

urred somewhere before 2001and then started 
ooling and re
ombining (
f. [16℄). The [N ii℄ line ratio in 2001indi
ates an ele
tron temperature Te = 3200 − 5500 K, depending on the ele
trondensity (Table 3). The [C i℄ ratio in 2003 indi
ates Te = 2300−4300 K assuming thesame range in density. These low values indi
ate that 
ooling had already 
ommen
edby 2001.The origin of the sho
k is not 
lear. No emission lines were seen during 1997.The earliest eviden
e for sho
k ionization is based on the He i re
ombination line,and dates from 1998 [8, 24℄. High-velo
ity CO was seen starting late 1999 or early2000 [7℄, with an out�ow velo
ity around 290 kms−1. Opti
al sho
k emission withvelo
ities up to −350 / +200 kms−1 was �rst seen in 2001 [17℄. The sho
k o

urred
lose to the time of the onset of dust formation [5℄. Neutral mole
ule 
hemistryis slow in a hydrogen-de�
ient environment, while ion-mole
ule 
hemistry is mu
hfaster [26℄. Hen
e UV radiation from the sho
k may have triggered dust formationelsewhere in the nebula through ionization of key mole
ular spe
ies. If the eje
taare bipolar, the dust formation 
ould be taking pla
e in the dense equatorial region(possibly an equatorial disk), while the sho
ks are internal to a fast polar out�ow[6℄.3.3 PhotoionizationThe radio �ux was 
onstant or de
reased slowly between 2004 and 2005. This is
onsistent with the model of an early fast sho
k: the radio data tra
e the post-sho
k
ooling and re
ombination of the sho
k and not a photoionized region. However, the
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Fig. 1. Evolution of emission line strength. The lines show the least-squares �t tothe data.2006 observations show a strong in
rease in radio �ux, by a fa
tor of four within16 months. The only opti
al line whi
h appears to have strengthened is the [C i℄8727 line, but this is un
ertain due to the low S/N of the 2005 data. The in
reasein radio �ux in 2006 is therefore attributed to newly photoionized 
arbon whi
h hasthe lowest ionization potential of all the major 
onstituents in the gas. This pro
esswould not produ
e any noti
eable 
hanges in the opti
al or mid-IR spe
trum.We ran Cloudy models to investigate the origin of the radio �ux using version
07.04.01 of the 
ode, last des
ribed by [9℄. The basi
 models are similar to thosedes
ribed in [10℄, with the following 
hanges. (1) The angular diameter of the dustshell is dis
ussed in [23℄ and [6℄. Extrapolating their data to 2006 leads to an angulardiameter of ∼ 100 mas. However, with su
h a small diameter the plasma wouldbe
ome opti
ally thi
k at 5 GHz before the ne
essary emission measure 
ould berea
hed to explain the observed radio �ux. Based on the FORS2 1200R spe
tralimage taken in 2003 (seeing 0.54′′) we measured a de
onvolved (gaussian) FWHMof 0.27′′ for the [N ii℄ emitting region. This indi
ates that the true diameter must be0.3 � 0.5 ar
se
 [25℄. We modeled both limits of this range. (2) Abundan
es from [1℄(O
tober 1996 values) were used, ex
ept for 
arbon where we used C/He = 0.1 bynumber (the value [1℄ used for their model atmospheres). (3) For the stellar spe
trumwe used the models of [2℄. (4) We assumed a 
lumpy medium with a �lling fa
tor fof 0.1 or 0.01, and a 1/r2 density distribution. (5) The total dust mass was the samein all models with the same distan
e. We list four models in Table 3. The impliedgas-to-dust mass ratio is ∼ 580√f for the d = 1.9 kp
 models and ∼ 870√f for
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 models. The ionization of 
arbon begins around Teff = 10 kK. Theradio �ux (without the sho
k emission) as a fun
tion of Teff is listed in Table 4. Theobserved radio �ux is 
onsistent with an in
rease in Teff from <∼ 11 kK in 2005 to ∼12 kK in 2006.Table 3. Cloudy model parameters. The main 
onstituents of the gas are helium(He/H = 250 by number) and 
arbon (C/H = 25 by number). The ele
tron densityin the ionized region is approximately 25 nH. Md and Mej are the dust mass and thetotal eje
ta mass. model 1 model 2 model 3 model 4
d [kp
℄ 1.9 1.9 4.0 4.0
L [L⊙℄ 2770 2770 12280 12280
Θ [ar
se
℄ 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 8.05Table 4. Predi
ted radio �ux (not in
luding the sho
k emission) at 8.435 GHz in

µJy (valid both for f = 0.1 and 0.01).
Teff model 1 model 2 model 3 model 410000 4 4 4 311000 24 24 24 2412000 340 330 350 34013000 830 790 850 8203.4 Eje
ta massIf we write the diameter of the nebula as Θ, and the He/C mass ratio as m(He), theresults from the Cloudy modeling 
an be summarized in the following formula forthe eje
ted mass:

Mej = 6.0 10−4

„

f

0.01

«0.5 „

d

4 kpc

«2.5 „

Θ

0.5′′

«0.3
m(He)

2.5
M⊙, (1)The dominant un
ertainty in the total eje
ta mass 
omes from the distan
e, thevolume �lling fa
tor, and the He/C mass ratio. In the Herwig models, the He/Cratio qui
kly evolves to a value of 2.5 after the star has rea
hed the red end ofthe �rst loop. We take this value to determine the minimum eje
ta mass, requiredby the photoionization models. Hen
e a very 
onservative lower limit to the eje
tamass is 6 10−4 M⊙ at d = 4 kp
 and 10−4 M⊙ at d = 1.9 kp
 assuming extreme
lumping (f = 0.01). For a uniform out�ow the lower limits would be a fa
tor of
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t 15510 higher. The 
orresponding mass-loss rate over a period of roughly a de
ade isvery high. It 
ould be 
omparable to, or even ex
eed, the mass-loss rate during thesuperwind phase. A minimum eje
ta mass of 5 10−3 M⊙ is su�
ient to expose theintershell region (e.g. Fig. 3 in [14℄) where the C/He ratio rea
hes its peak valueof 2.66 by mass. This would leave a 
entral star with abundan
es 
ompatible withthose of [WC℄ and PG1159 stars. This 
ould be 
onsistent with the Cloudy models.The linear momentum in the eje
ta far ex
eeds that in the stellar radiation (evenwhen 
onsidering multiple s
attering), so that the eje
ta must be energy driven.This suggests that the eje
ta may have been lost instantaneously.4 Con
lusionsThe photoionization of 
arbon in the eje
ta of V4334 Sgr has started around 2005.This is evident from a 4-fold in
rease in the 8 GHz radio �ux observed in June 2006.Simultaneously the opti
al spe
trum shows a 
ontinuing exponential de
line, bothin ex
itation and ionization. This indi
ates that the emission lines are formed in asho
k whi
h o

urred around 1998 and is 
urrently 
ooling and re
ombining. Themodels indi
ate that the star was at a temperature of 12 kK in 2006 and is 
urrentlyevolving with a speed >∼ 1 kKyr−1. This 
on�rms that V4334 Sgr not only displaysa fast return to minimum temperature, but also a fast reheating.A
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