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tral analysis by means of NLTE model atmospheres has presentlyarrived at a high level of sophisti
ation. High-resolution spe
tra of 
entral starsof planetary nebulae 
an be reprodu
ed in detail from the infrared to the X-raywavelength range. In the 
ase of LSV+46◦21, the ex
iting star of Sh 2−216, wedemonstrate the state-of-the-art in the determination of photospheri
 properties like,e.g., e�e
tive temperature (Teff), surfa
e gravity (g), and abundan
es of elementsfrom hydrogen to ni
kel. From su
h detailed model atmospheres, we 
an reliablypredi
t the ionizing spe
trum of a 
entral star whi
h is a ne
essary input for thepre
ise analysis of its ambient nebula.NLTE model-atmosphere spe
tra, however, are not only a

essible for spe
ialists.In the framework of the German Astrophysi
al Virtual Observatory (GAVO), weprovide pre-
al
ulated grids of tables with syntheti
 spe
tra of hot, 
ompa
t starsas well as a tool to 
al
ulate individual model-atmosphere spe
tra in order to makethe use of syntheti
 stellar spe
tra as easy as the use of bla
kbody �ux distributionshad been in the last 
entury.Key words: ISM: planetary nebulae: individual: Sh 2−216 � Stars: abundan
es �Stars: atmospheres � Stars: evolution � Stars: individual: LSV+46◦21 � Stars: AGBand post-AGB1 Introdu
tionA reliable determination of properties of planetary nebulae (PNe) requires pre
iseknowledge about their 
entral stars (CS). A photoionization 
ode may be perfe
t,yet still provide ina

urate results if the model spe
trum of the ex
iting star doesnot mat
h the a
tual spe
trum of the star.In the last two de
ades both, observational te
hniques as well as numeri
almethods in theory have been strongly improved. State-of-the-art NLTE model-
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Fig. 1. Composite wide-�eld image (North is up and East is left) of Sh 2−216(apparent diameter of 100') taken by Dean Salman (http://www.deansalman.
om).The exposure time is 600min in Hα (red) and 180min in [O III℄ (green). Note thatSh 2−216 has an intera
tion with the interstellar medium (ISM; Tweedy, Martos& Noriega-Crespo 1995), its CS left the geometri
al 
enter about 45 000 years ago(Kerber et al. 2004) and is presently lo
ated nearly halfway towards the eastern rim(Cudworth & Reynolds 1985).atmosphere 
odes like, e.g., TMAP1, the Tübingen NLTE Model Atmosphere Pa
k-age (Werner et al. 2003; Rau
h & Deetjen 2003), 
al
ulate plane-parallel, 
hemi
allyhomogeneous models in hydrostati
 and radiative equilibrium whi
h 
onsider opa
-ities of all elements from hydrogen up to the iron-group (Rau
h 1997, 2003) andthus, are well suited to provide syntheti
 ionizing spe
tra for hot, 
ompa
t stars.In this paper, we use LSV+46◦21, the 
entral star of Sh 2−216 (Fig. 1), in orderto demonstrate the 
apabilities of TMAP to reprodu
e the UV spe
tra of hot stars(Se
t. 2).The perspe
tives of spe
tral analysis in the framework of the Virtual Observatory(VO) are des
ribed by the example of syntheti
 spe
tra 
al
ulated by TMAP (Se
t.3).2 Spe
tral analysis of hot, 
ompa
t starsStars with high Teff (in the 
ase of CS up to about 200 kK) have their �ux maximumin the EUV. Sin
e pre
ise NLTE spe
tral analysis needs metal lines (of highly ionized
1 http://astro.uni-tuebingen.de/∼rau
h/TMAP/TMAP.html
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ies) in order to determine Teff (evaluation of ionization equilibria) and elementalabundan
es, high signal-to-noise (S/N) and high-resolution UV spe
tra are ne
es-sary. These were provided by instruments aboard the HST2, namely FOS3 (working
1990 − 1997, wavelength range 1150 < λ < 8000 , resolution ≈ 1.9Å), GHRS4(1990 − 1997, 1150 < λ < 3000 , resolving power R ≤ 80 000), STIS5 (1997 − 2004,
1150 < λ < 3175 , R ≤ 114 000) and by FUSE6 (1999 − 2007, 904 < λ < 1190 ,
R ≤ 20 000).The photospheri
 spe
tra of CS are 
hara
terized by a few, broad and shal-low, absorption lines from highly ionized spe
ies like, e.g., He II, C IV, O VI, Ne VII(Werner et al. 2004), Ne VIII (Werner et al. 2007), Si IV, Si V (Jahn et al. 2007),Si VI (Jahn et al. 2007), S VI (Miksa et al. 2002), Ar VI (Rau
h et al. 2007), Ar VII(Werner et al. 2007). As an example, in Fig. 2 we show re
ently identi�ed Ne VIIIlines in the spe
trum the PG1159-type CS RXJ2117.1+3412.
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ation of Ne VIII lines in the FUSE (panels a � 
) and HST/GHRS(panel d) observations of the extremely hot (Teff =170 kK) CS of MWP1(PNG080.3−10.4, Mot
h, Werner & Pakull 1993), RXJ2117.1+3412 (Werner etal. 2007). Note that the C IV doublet in panel a is not in
luded in the model.In a re
ent spe
tral analysis of LSV+46◦21 by means of TMAP NLTE modelatmospheres, Rau
h et al. (2007) 
onsidered the elements H, He, C, N, O, F, Mg, Si,P, S, Ar, Ca, S
, Ti, V, Cr, Mn, Fe, Co, and Ni. H−Ar were represented by �
lassi
al�model atoms (Rau
h 1997) partly taken from TMAD7, the Tübingen Model AtomDatabase. For Ca−Ni individual model atoms are 
onstru
ted by IrOnI
 (Rau
h& Deetjen 2003), using a statisti
al approa
h in order to treat the extremely largenumber of atomi
 levels and line transitions by the introdu
tion of �super-levels� and
2 Hubble Spa
e Teles
ope
3 Faint Obje
t Spe
trograph
4 Goddard High-Resolution Spe
trograph
5 Spa
e Teles
ope Imaging Spe
trograph
6 Far Ultraviolet Spe
tros
opi
 Explorer
7 http://astro.uni-tuebingen.de/∼rau
h/TMAD/TMAD.html
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h et al.�super-lines�. In total 686 levels are treated in NLTE, 
ombined with 2417 individuallines and about 9 million iron-group lines, taken from Kuru
z (1996) as well as fromthe OPACITY and IRON proje
ts (Seaton et al. 1994; Hummer et al. 1993; seeRau
h et al. 2007 and referen
es therein for details).More than 2000 spe
tral lines 
ould be identi�ed in the FUSE and STIS spe
traof LSV+46◦21. This is about 95% of all spe
tral features in this wavelength range.It has been possible to identify lines of, e.g., Si V (for the �rst time in the spe
trumof this star), Mg IV (for the �rst time in su
h obje
ts), and Ar VI (for the �rst timein any star). However, it is likely that the still unidenti�ed lines simply stem from themost prominent ions as well, but their wavelengths are not pre
isely known be
auseno laboratory measurements exist. E.g., Kuru
z (1996) lists fewer than about oneper
ent of his Fe VI and Fe VII lines as having measured wavelengths.The evaluation of ionization equilibria of di�erent elements and ionization stages(Fig. 3) allowed to determine Teff =95 ± 2 kK (and log g=6.9 ± 0.3) with high a
-
ura
y (
f. Rau
h et al. 2007, for further details).
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Fig. 3. Modelling the ionization equilibrium of Fe V − Fe VII. It is well mat
hed at
Teff =95kK. Ionization equilibria are sensitive indi
ators for Teff . The marks indi
atethe positions of identi�ed lines (is denotes interstellar lines, unid. is an unidenti�edline).The abundan
e pattern found in LSV+46◦21 (Fig. 4) is the result of the inter-play of gravitational settling (in the 
ase of lighter elements, like He and C) andradiative levitation (for the iron-group elements). The results of Rau
h et al. (2007)are mostly in good agreement with di�usion models for DA white dwarfs (Chayeret al. 1995, Fig. 4). Unfortunately, it is not possible to 
ompare the results for allelements from H − Ni. One reason for this is the la
k of reliable atomi
 data for allthe spe
ies and espe
ially their higher ionization stages. Every endeavor should bemade to improve the atomi
 data, as the gaps in our knowledge in this area hamperreliable modeling in many �elds of astronomy, not only in stellar spe
tral analysis.Another problem for the pre
ise analysis of UV spe
tra of hot stars is the 
on-tamination by interstellar absorption. Rau
h et al. (2007) have used the OWENS
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Fig. 4. Top: Photospheri
 element abundan
es of LSV+46◦21 determined fromdetailed line pro�le �ts. [x℄ denotes log (mass fra
tion / solar mass fra
tion) ofspe
ies x. The dashed, horizontal line indi
ates the solar abundan
e values (Asplund,Grevesse & Sauval 2005). For F, Ca, S
, Ti, and V upper limits 
an be found only.Bottom: Comparison of the elemental number ratios found in our spe
tral analysis(red stars) 
ompared to predi
tions (blue squares) of di�usion 
al
ulations for DAmodels (Chayer et al. 1995) with Teff =95kK and log g=7.program in order to model simultaneously both, the stellar as well as the interstellarabsorption lines (
f. Oliveira et al. 2007, for more details).The spe
tral analysis of LSV+46◦21 (Rau
h et al. 2007) has made use of themost detailed model atmospheres whi
h were 
al
ulated with TMAP so far. Theinterested reader may have a look at the large online plots8 whi
h are providedby Rau
h et al. (2007) in order to 
onvin
e oneself that the agreement betweenobservation and theory is impressive.3 TMAP and the Virtual ObservatoryIn the framework of the German Astrophysi
al Virtual Observatory proje
t (GAVO,please note that the URLs given below will 
hange to the GAVO portal9 later), weuse TMAP to provide syntheti
 model-atmosphere spe
tra. For the VO user, thereare three a

ess levels:
• The most easy way is to use pre-
al
ulated grids of model-atmosphere �ux tables(TMAF 10).
• A WWW interfa
e allows to 
al
ulate simple (H+He+C+N+O) model atmo-spheres based on pre-de�ned model atoms for an individual obje
t without pro-found experien
e with TMAP (TMAW 11).
8 http://vizier.
fa.harvard.edu/viz-bin/ftp-index?J/A%2BA/470/317
9 http://www.g-vo.org/portal/

10 http://astro.uni-tuebingen.de/∼rau
h/TMAF/TMAF.html
11 http://astro.uni-tuebingen.de/∼rau
h/TMAW/TMAW.html



138 Rau
h et al.
N

iV
I

N
iV

I
F

e
V

II
N

iV
I

F
e

V
II

M
n

V
I

F
e

V
N

iV
I

N
iV

I

C
r

V
M

n
V

I
C

r
V

N
iV

I

M
n

V
I

N
iV

I
F

e
V

N
iV

I
V

 V
I

N
iV

I

F
e

V
N

iV
I

N
iV

I
F

e
V

I

C
o

V
I

N
iV

I
O

V

N
iV

I
M

n
V

I

O
V

M
n

V
I

N
iV

I

M
n

V
N

iV
I

1

2

3

1074 1075 1076 1077 1078 1079 1080
 λ / A

o

 3
.1

6
1

0
1

1
 

 f
λ
 /

 e
rg

 c
m

-2
 s

e
c-1

 Ao
-1

Fig. 5. Modelling of the ISM absorption lines with OWENS. Se
tion of the FUSEspe
trum of LSV+46◦21 
ompared with the �nal model of Rau
h et al. (2007, thinline) and with the 
ombined ISM + model-atmosphere spe
trum (thi
k line). Iden-ti�ed lines are marked at top. Most of the interstellar absorption is due to H2 (theline positions are marked by verti
al bars at the bottom). The syntheti
 spe
tra arenormalized to mat
h the lo
al 
ontinuum. Note that it is possible to unambiguouslyidentify a few isolated photospheri
 lines, e.g. Fe VII λ 1073.9Å, whi
h are suitablefor spe
tral analysis.
• For a more detailed analysis, the VO user may use atomi
 data whi
h are pro-vided within the Tübingen Model-Atom Database TMAD12 in order to 
onstru
ta 
ustom model atom (H − Ni) whi
h is suited for the investigation on a parti
-ular star.With this approa
h, a VO user may 
ompare observation and syntheti
 spe
traat three stages: The easiest and fastest way is the inter- or extrapolation within the�ux-table grids. For a more detailed analysis, the VO user may improve the �t to theobservation by the 
al
ulation of adjusted model atmospheres with individual stellarphotospheri
 parameters via TMAW. A more experien
ed VO user may tailor ownatomi
-data �les for an individual analysis and then 
al
ulate model atmospheresand �ux tables with these.TMAP �ux tables are already in
orporated into the photoionization 
odesCLOUDY (Ferland et al. 1998) and MOCASSIN (e.g. Er
olano et al. 2003, 2005).We will 
reate a WWW interfa
e for the 
ontrol of the 3D-
ode MOCASSIN whi
hmakes then dire
tly use of model-atmosphere �uxes within the GAVO database.However, any photoionization 
ode may bene�t from the syntheti
 spe
tra providedby the VO.
12 http://astro.uni-tuebingen.de/∼rau
h/TMAD/TMAD.html
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lusionsNLTE model atmospheres whi
h are 
al
ulated with state-of-the-art 
odes like, e.g.,TMAP have presently arrived at a high level of sophisti
ation and are su

essfullyemployed for the analysis of, e.g., 
entral stars of planetary nebulae.The spe
tral analysis of high-resolution and high-S/N UV spe
tra has shownthat the available atomi
 data is not 
omplete and partly not a

urate enough evenfor the most abundant spe
ies (
f. Rau
h et al. 2007).Atomi
 physi
ists are therefore 
hallenged to measure atomi
 data pre
iselyfor many elements and for higher ionization stages. Better atomi
 and, e.g., line-broadening data will then strongly improve future spe
tral analyses and thus, makedeterminations of photospheri
 properties more reliable.NLTE model-atmosphere �uxes are now easy to a

ess and it is re
ommended touse them instead of bla
kbody �ux distributions whi
h are only a bad approximationof a real star.The VO has be
ome an invaluable sour
e for the future spe
tral analysis. Anyastronomer who has data, either observations or models, should be aware of thisand 
ontribute to the improvement of databases and tools within the VO.A
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