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Abstract. The precise analysis of properties of planetary nebulae is strongly dependent on good models for the stellar ionizing
spectrum. Observations in the UV — X-ray wavelength range as well as NLTE model atmosphere calculations of spectra of
their exciting stars have shown that neither blackbody fluxes nor “standard” NLTE atmosphere models which are composed out
of hydrogen and helium only are good approximations. Strofigréinces between synthetic spectra from these compared to
observed spectra at energies higher than 54 eMi(i®und state) can be ascribed to the neglect of metal-line blanketing.

Realistic modeling of the emergent fluxes of hot stars in the UV — X-ray wavelength range requires metal-line blanketed NLTE
model atmospheres which include all elements from hydrogen up to the iron-group. For this purpose, we present a grid (solar
and halo abundance ratios) of metal-line blanketed NLTE model atmosphere fluxes which covers the parameter range of central
stars of planetary nebulae.
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1. Introduction spectra in photoionization models is very important. However,
PoStAGR disol he h ; I Iblackbody fluxes are still often in use.
ost stars display the hottest stage of stellar evolu- In the early 80's of the last century, the calculation of

tion just before they enter the white dwarf cooling sequen . )
Effective temperatures up to 180 kK have been determined éﬁiLTE models was rudimental and hampered by the exist

Werner et al. 1997) by means of spectral analyses based  insuficient numerical me_thods and computational capac-
NLTE (non local thermodynamic equilibrium) model atmo'-ty (cf. Rauch 1997). FoII(_)wmg Pqttasch et al. (1978), who_
sphere techniques has shown that, based on intermediate band photometry within
) t ) 1500-3300 A, some CSPN have their radiation well repre-

A sufficient condition for the use of LTE models in Specgenieq by blackbodies (and others not so well), Kaler (1983)
tral analyses is, that the collisional rates between atomic stalggiressed that the major problem in PN analyses is the model

are much larger than the corresponding radiative rates (ghiection. He invoked then that a blackbody has at least the
Kudritzki & Hummer 1990). This is e.g. fulfilled in the case e of simplicity.

of “cool” (Teg < 40 kK) DA white dwarfs (Napiwotzki 1997).
However, there are always NLTHtects in any star which X .
are easily detectable if high-resolution hi§iiN spectra, espe- (ALI) technique in the NLTE model-atmosphere codes (Werner

cially of the high energy wavelength range (UV, EUV, X-ray)1986) provided an fécient method to calculate realistic syn-

ate evaluated (e.0. Rauch 1997 and references therein) (I S80I 7 0 SR U (L R e e
these €ects are particularly important for hot stars like e. P 9 y

g}\'ILTE models due to the lack of reliable atomic data (cf. Rauch
central stars of planetary nebulae (CSPN). 2003). Thus, Kwok (1994) repeated Kaler's (1983) statement,
Observations in the UV — X-ray wavelength range ha¥gas que to the variety of CSPN parameters, the blackbody as-
;_hown _that this region is _generally dommaFed_ by metal Opaé‘(]mption is probably not worse than any other specific set of
ities. Since the flux maxima of hot stars lie in the BBV ,5q4eis. In order to demonstrate the strong deviations at en-
ray wavelength (Fig. 1), and the flux in this region is cruciglygies higher than 13.6 eV and 54.4 eV (ehd Hen ground
to the ionization of ambient matter, e.g. a surrounding plangzaye thresholds, respectively), we show in Fig. 1 a comparison
tary nebulae (PN), the employment of realistic fluxes calculatgg blackbody fluxes to NLTE model atmosphere fluxes. The
from fully line-blanketed NLTE model atmospheres as ionizing.,knesses of a blackbody are obvious. Even i BHéimodel
with Teg =110KK, logg=7, and a solar Hél ratio, the model
e-mail: Thomas .Rauch@sternwarte.uni-erlangen.de flux at energies higher and lower than the iIHground state

The implementation of the “accelerated lambda iteration”
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Fig. 1. Top: comparison of NLTE model atmosphere flux@ss& 110kK, logg=7) calculated with dferent chemical composition. Short
dashes: pure H model, thick line:tle, thin line: H-Ni with [Z] = 0. Note that the main deviations of the blackbody (long dashes, 110 kK)
to the synthetic spectra occur shortwards of the indicatedgitti Hell ground state thresholds. Lower panel: Detail of the upper panel; in
addition, a H-Ni model withZ] = -1 (thin line), and three blackbody fluxes (long dashes, 90, 110, 130kK) are shown. The prominen
He 1 and Ov absorption edges are indicated. Note the drastic decrease of the flux level at shorter wavelengths, if the opacities of metal
considered.

cannot be matched simultaneously with one blackbody flukeir study they used the grid parametdig=110kK and
Instead, blackbody fluxes with 90 kK and 130kK are needddgg="7 which are closest to the result of Rauch et al. (1999,
respectively. At higher energies & 160 A), the situation gets Ter =114+ 10KK, logg=6.62+ 0.22) from spectral analysis
even worse. of the CSPN of NGC 2438. They found that the use of a black-

NLTE model atmosphere fluxes have been successfulQdy as ionizing source leads e.g. to an underestimation of the

used, e.g. by Rauch et al. (1994, 1996) for the construction[g'”] 45007 Aline and an overestimation of the e 4686 A

consistent models of PN and CSPN in the cases of the Piii¢ strength and, hence, an overestimation of the CSPN tem-

K 1-27 and LoTr 4. This approach — consistent models of PRErature, compared to the use of a model from the H-Ca grid

and CSPN — appears to be a promising way to improve RREct: 1)-

analyses. Rauch (1997) has investigated in detail on the impact of
Recently, Armsdorfer et al. (2002) selected the spatialight metals (Li—-Ca) on NLTE model atmospheres of com-

resolved, round PN NGC 2438 as a test example to chqukct hot stars (see this paper for a more detailed descrip-
for effects of CSPN models on PN shell modeling. Fdron of advances in NLTE calculations and the consideration
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- 1 2. NLTE model atmospheres

250 240 230 220 Our NLTE models (Werner 1986, 1989; Werner & Dreizler
wavelength / A 1999; Werner et al. 2003) are plane-parallel and in hydrostatic

Fig. 2. Comparison of NLTE model atmosphere flux@s;(=130kk, and radiative equilibrium. Hence, our models neglect wind ef-

logg=7, solar abundances) without (thick line) and with considefect onto the spectrum, which can be significant close to the

ation of iron-group opacities. For clarity, the spectra are convolvéddington limit (Gabler et al. 1989).

with a Gaussian oFWHM = 0.5 A (the original H-Ni flux is shown All elements from hydrogen to the iron-group elements

in addition, shifted down by 0.5 dex). can be considered simultaneously. More than 300 levels (lim-
ited by numerical accuracy in the used code-version) can be
treated in NLTE with more than 1000 line transitions cal-
culated in detail. Millions of lines of the iron-group ele-

of metal opacities). He found that CNO opacities reduce tHRENtS tabulated in Kurucz (1996) and data from the Opacity

flux strongly at energies higher than the oxygen absorptigﬁojeCt (Seaton et al. 1994}) are acc_ounted for using a statisti-
edges (Fig. 1) while the opacities of light metal reduce ttf& @pproach and an opacity sampling method (Deetjen 1999,

flux even more, but at higher energies. Rauch concluded thitP://astro.uni-tuebingen.de/ deetjen).

the metal opacities have a great influence on the structure of For the construction of the model atoms used in our cal-
model atmospheres. For the calculation of realistic emerg&Hfations, we follow Rauch (1997). H, He, C, N, O, and Ne
fluxes in the EUV and X-ray range, the consideration of mei/® represented by small model atoms, the other species are
als is indispensable. Consequently, a first grid of models whigkdeled to fit into the capacity limit of the code. As a conse-

are composed out of all elements from hydrogen to calcifiyence, many of the ions of F, Na - K, (Table 1) are too small to
had been calculated with solaiX]t = [Y] = [Z] = 0) and include radiative transitions, not even the resonance lines. We

halo ([X] = [Y] = 0, [Z] = —1) abundance ratios. This al-Performed some test calculations with larger model ions for se-

lows to interpolate or extrapolate slightly in the metal abufgcted atoms in order to include at least all resonance lines of

dances Z]. The emergent fluxes are available in tabular forifi€Se ions. We found that these lines are very weak, so they do
athttp://astro.uni-tuebingen.de/~rauch. not have any significantinfluence on the atmospheric structure.

. . Since our aim is not a precise spectral analysis of a given star
The influence of the iron-group elements was demonstrat[t)e b b Y 9

e.g. by Dreizler & Werner (1993), Lanz & Hubeny (1995)rsuatgoeoza;r;:)l?;gnm(;{ig?ergent fluxes as lonizing spectra, this

and Deetjen et al. (1999). Thus, parallel to the calculation of . .
the H-Ca grid, test calculations have been performed in order In contrast to Rauch (1997), Ca is not treated as a sin-

to check the impact of the iron-group opacities (Rauch 20 e species but combined with the iron-group elements into a

Rauch & Deetjen 2001; Rauch 2002). The consideration I.%%nerlc model atom in order to consider all Ca lines given by
t

an influence on the atmospheric structure and thus, also on ucz (1936).&\]/\/'”;'” tT)e gdenenc mt_odeIDatom,d%a _tEI are
strengths of the absorption edges of light metals. Since Sigr{ﬁ_presen edwith solar abunaance rafios. Dependingothe
icant changes in the flux level in the UV — X-ray region Occurpodel atoms have individually been adjusted due to the dom-
(Fig. 2), the iron-group opacities should not be neglected Thinant ionization stages. The statistics of representative model
9-2), ron-groupop g " . _atoms are summarized in Table 1. For a more detailed descrip-
a second grid with all elements from hydrogen up to the irgn . . ) .
group has been calculated. This is described in the foIIowinggon of the used atomic data and the consideration of the iron-

roup elements, see Rauch & Deetjen (2003).
We calculated a grid of models withifis =50-1000 kK
1 [1: log (abundancé solar abundance). and logg=5-9 (Fig. 3), with solar and halo abundances
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Table 1. Statistics of model atoms used in the calculation of th&able 1.Continued. Numbers in brackets denote individual levels and
Ter =110KK, logg=7 models. NLTE is the number of levels treatedines used in the statistical NLTE line-blanketing approach for the

T. Rauch: A grid of synthetic ionizing spectra for very hot compact stars from NLTE model atmospheres

in NLTE, RBB (radiative bound-bound) is the number of line transielements Ca — Ni.

tions. 495 additional levels are treated in LTE.

ion NLTE RBB
ion NLTE RBB ion NLTE RBB generic v | 7 (30293)| 33 (4174474)
HI 15 105 Mg vI 4 0 (Ca-Ni) v 7  (20437)| 34 (2629792)
H o - Mg vt 1 0 VI 7 (16062)| 36 (1763234)
Her 3 Alv 1 0 vil | 7 (12870)| 44  (1244407)
Hen 16 84 Al'v 5 0 v | 7 (9144)| 36 (821005)
Hetnr 1 - Al'vi 5 0 X 7 (12931)| 36 (989877)
C m 3 1 Al vit 1 0 X 1 0
Civ 57 295 Sitv 1 0 total 43 (101737)| 219 (11622789)
Cv 1 0 Siv 4 0
Niv. 3 0 Sivi 2 0 —TTTTTT—TTT
N v 45 185 Siv 1 0 [X]=[Y]=[Z]=0 Ten | KK
190

N vI 1 0 Pv 3 0 22 -
O 4 2 P vi 1 0 W“
Ov 5 1 P vl 2 0
O vi 1 0 P v 1 0 20 L 100
F v 2 0 Svi 3 0
Fv 3 0 S v 6 0 A
F vi 3 0 S vil 1 0
F vi 2 0 Clvi 3 0 H'g 18
F v 1 0 Clvi 3 0 f
Nerv 4 0 Clvin 1 0 § i
Nev 9 3 Clix 1 0 “"E o
NevI 6 5 Arvi 4 0 § I[X];[Y]I=0,|[2]|=-1I '
Nevi 4 2 Arvil 3 0 3 2 |
Nevix 1 0 Ar vl 3 0 s
Narv 1 0 ArIx 1 0 =3 i
Nav 4 0 K VI 1 0 B
Navi 5 0 K vir 3 0 20 - 100
Navir 4 0 K vin 4 0
Navii 1 0 K 1x 3 0 5
Mg1v 1 0 K X 1 0 18 50
Mg v 5 0 total 286 676

(Fig. 4). We useTmod = (47r/afo°°(Hvdv)1/4 for the conver- 15'00' s I1o|00| — 5(')0 —

gence criterion ‘H, is the Eddington flux). If this is closer
than 2% to the targéle;, the model calculation is stopped in
order to stay within a reasonable cpu time on the CRAY comyg. 4. Comparison of NLTE model atmosphere fluxes geg?7) cal-
puters. We mention that it may take about one day to calculat@ated with solar (top) and halo (bottom) abundance ratios at three
a single model. different temperatures.

Flux tables have subsequently been calculated within
5-2000 A binned to 0.1 A intervalsTT° as well as
the model'sTe and logg are given in the tables’ head-
ers (Table 2). These tables are directly suited to be udBcFase that a normalization to a certain (&/¢ magnitude is
with the photoionization coddCLOUDY (Ferland 2000, required.
http://www.pa.uky.edu/~gary/cloudy/, versions C96 In order to judge the necessity of a detailed consideration
Beta 4 and later). The complete flux tables, based on the foéiron-group opacities in calculations of ionizing fluxes which
quency grids used in the model calculations, are also availaball be used in photoionization models of a PN, we measured

wavelength / A
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Fig.5. Comparison of NLTE model atmosphere flux@ss(=110kK, logg=6) calculated with a solar (H-Ni, thin line) and a hydrogen-
deficient (He:C:N:O= 33:50:2:15 by mass, thick line) composition. Note the strofigginces at energies higher than the indicategH¢ 1,
and Hell ground state thresholds). For clarity, the spectra are convolved with a GausEdhof = 0.5 A,

the changes of the strengths of tha Bind Hen absorption for other light metals in order to consider all of their lines, pro-

edges in the H-Ca and H-Ni fluxes. We calculated vided by Kurucz (1996) and the Opacity Project (Seaton et al.
. _ . 1994), in detail. Thus, there is no need to reflect on blackbodies
B AOO_M FH-Nida flo‘)_M FH-Cada . or simple model atmospheres as ionizing sources for photoion-
- f/l0+A/l EH-Nig) f/10+A/l FH-Cag, (1) ization models: .
o0 1 20 I To summarize, the use of metal-line blanketed NLTE model

atmosphere fluxes, which consider at least the CNO opacities in
detail, as ionizing spectra for photoionization models is highly
recommended. The here presented fully metal-line blanketed
NLTE model atmosphere fluxes which consider all elements
from hydrogen up to the iron group are well suited for this
purpose.

with 1o = 9115 A and.g = 227.8 A for H 1 and He, respec-
tively, andAA = 50 A. While the changes of the Habsorption
edge are generally less than 10%, the strengths of theahe
sorption edge may change by a factor of abouB 2t lower
temperatures. Depending on lggthere is a maximum o§,

€.g.s = 23 atTer=70kK and logy=5. s decreases towards' 5 ever, the user of these model atmosphere fluxes should

lower and highefTer and is about 1 0.2 atTer > 120 kK. be aware that they should only be used in a PN analysis if
A similar grid for hydrogen-deficient stars (Fig. 5) has begfle cspN abundances are in agreement with the model abun-

calculated. For this grid we selected the “typical” abundanggces. The use of fluxes from models with solar abundance

pattern (He:C:N:O= 33:50:2:15 by mass) of PG 1159 stargyyios will spoil any PN analysis if the CSPN is hydrogen de-
(Werner 2001). This allows to estimate abundarféeoes onto ficient because the flux shortwards of the iHground state

the emergent flux. edge can be dierent by about one dex (Fig.5). A preced-
ing spectral analysis of the CSPN which yieldg, logg, and
abundance ratios and an individually calculated small “grid” of
NLTE model atmosphere fluxes may improve a subsequent PN
Presently available NLTE model atmosphere codes have aalysis — and allows to construct consistent models of PN and
rived at a very high level of sophistication (Mihalas 2003CSPN (Sect. 1). This is also a prerequisite for reliable hydro-
Werner et al. 2003). The accelerated lambda iteration (Aldynamical models of the PN.

method represents a powerful tool to calculate realistic metal-

line blanketed atmospheresin a reasonable time, evenonn

3. Conclusions
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Table 2. Example header of a flux table.

H
HE
C
N
0
F
NE
NA
MG
AL
SI
p
S
CL
AR
K
CA

¥ X X X X X X X ¥ X K KX K X X X X X X ¥ ¥ ¥ X ¥ X X ¥ ¥ ¥ * ¥ ¥ *

*

*

T eff
log g

T eff

B R B R R DNWNNRE WWSN O WO o

TUEBINGEN NLTE MODEL ATMOSPHERE PACKAGE

DATA FILE CREATED BY 02W AT 19.11.02 11:47:43
MODEL

CALCULATED BY PRO2 AT 20.01.01 03:59:57

110000 K
7.00 (cgs)

from integrated flux: 110599 (quality check)

NORMALIZED NUMBER FRACTIONS

.079E-01
.079E-02
.614E-04
.079E-05
.211E-04
.614E-08
.614E-05
.811E-06
.871E-05
.281E-06
.614E-05
.281E-07
.439E-05
.811E-07
.550E-06
.143E-07
.086E-05 (GENERIC MODEL ATOM: CA - NI)

COLUMN 1: WAVELENGTH GIVEN IN A
COLUMN 2: ASTROPHYSICAL FLUX ( F = 4H )
F LAMBDA GIVEN IN ERG/CM*x*2/SEC/CM
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