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ABSTRACT

We present a comprehensive grid of synthetic stellar-gbimar® spectra, suitable
for the analysis of high resolution spectra of hydrogeneiigfit post-Asymptotic
Giant Branch (post-AGB) objects hotter than 50000 K, miggglong the constant
luminosity branch of the Hertzsprung-Russell diagram (HIRIDe grid was calcu-
lated with CMFGEN, a state-of-the-art stellar atmosphemecthat properly treats
the stellar winds, accounting for expanding atmosphere®imLTE, line blanket-
ing, soft X-rays, and wind clumping. We include many ioniesies that have been
previously neglected. Our uniform set of models fills a nizhan important param-
eter regime, i.e., high effective temperatures, high serfgravities, and a range of
mass-loss values. The grid constitutes a general tool ibtéée determination of
the stellar parameters and line identifications and topmétimorphological changes
of the stellar spectrum as stars evolve through the centtalo$ planetary nebula
(CSPN) phase. We show the effect of major physical parameterspectral lines
in the far-UV, UV, and optical regimes. We analyse UV and@f-spectra of the
central star of NGC 6905 using the grid to constrain its pdaigparameters, and pro-
ceed to further explore other parameters not taken in cereidn in the grid. This
application shows that the grid can be used to constrain #ia photospheric and
wind parameters, as a first step towards a detailed analysstull grid of synthetic

spectra, comprising far-UV, UV, optical, and IR spectrgioms, is available on-line.
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1 INTRODUCTION

Evolutionary models predict that low and intermediate nsass (of initial masses between 1 and
8 M) leave the AGB and evolve through the constant luminosagkiof the HRD up to very high
effective temperatures{(200000 K, for CSPNe of about®M), then turn on to the White Dwarf
(WD) cooling track, where their luminosities fade while theffective temperatures decrease and,
finally, they end their lives as WDs (see, for example, Vaadis and Wood 1994; Herwig 2005,
and references therein). As the pos-AGB stars evolve toigiter temperatures, they ionize the
surrounding hydrogen-rich material previously ejectetheyAGB precursors, giving rise to bright
planetary nebulae (PNe). Because these objects expel tlugitywaf their initial mass prior to
settling on the WD cooling sequence, they are a prime sourckarhically processed material for
the interstellar medium (ISM) and thus, a fundamental idignet of galactic chemical evolution
(e.g. Marigo 2001; Bianchi et al. 2011a; Karakas 2010, aneteetces therein). In addition, their
intense UV radiation fields and fast winds during the posBAghase can influence the dynamics
of the ISM.

Approximately 20 per cent of the CSPNe are hydrogen deficerndition thought to be due
to thermal pulses that occur after the star leaves the AGBsd& palses can happen at different
epochs of the evolution, resulting in stars with differertgerties. If the thermal pulse occurs after
the star has already entered the WD cooling track, it is teraneety late thermal pulse or VLTP
(from the ‘born-again’ scenario of Iben et al. 1983). The ltermal pulse or LTP occurs during
the CSPN phase while hydrogen burning is still ongoing. Itlsaises, the star returns towards the
AGB. The star can also undergo an AGB final thermal pulse or ARTiRh happens at the end of
the AGB phase (Ricker 2001; Herwig 2001). The amount of remaining hydrogameg among
these scenarios. A VLTP produces hydrogen-free stars @vermd Herwig 2006), while in the
LTP case, the hydrogen content at the star surface is dectéas few per cent by mass. If the
star undergoes an AFTP instead, it is left with a relativégjhhhydrogen content. A measurement
of the nitrogen abundance can help distinguish whether aPvhiTa LTP have occurred, because
the evolution of the stellar nitrogen content is differenelach of these scenarios, resulting in an
abundance of aboutDper cent by mass in the case of a LTP event and up to a few peindée
case of a VLTP (Werner et al. 2006). The three scenarios aéxbgy somewhat different helium,

carbon and oxygen abundances, therefore, measuremerttssef quantities help to determine
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if the star underwent a LTP, VLTP, or a AFTP (see, for examplécker 2001, and references
therein).

The H-deficient CSPNe are commonly divided into three maiasasa, which are thought to
constitute an evolutionary sequence. These are: [WC], slypgpectra very similar to those of
Population | Wolf-Rayet (WR) stars, with strong carbon andumelemission lines; the PG1159-
type, occupying the region at the top of the WD cooling trackhiem HRD, and characterized by
absorption lines of highly ionized He, C and O, besides UVdidines much weaker than the
ones seen in [WC] stars; [WC]-PG1159, that are believed to beitiam objects between the
two other classes. The [WC] stars are further divided intoye@WCE]) and late-type ([WCL])
objects, showing lines from ions of higher and lower ionastages, respectively. The evolution
of the H-deficient CSPNe might proceed in the following way:B\G> [WCL] — [WCE] —
[WC]-PG1159— PG1159— WD (Werner and Heber 1991;@ny and Tylenda 2000; PBa et al.
2001). According to this scenario, the [WC] CSPNe would evoheenfthe AGB at an almost
constant luminosity, towards higher temperatures. Astidrs gvolve, their radii decrease until the
nuclear burning ceases and the stars progress quickly as33®mnto the WD cooling track, while
luminosity and mass-loss decrease and the wind reachesiggryerminal velocities.

A solid determination of the photospheric and wind paransetas well as of the chemical
composition of CSPNe, is crucial to address questions comgethe stellar evolution, the con-
nection among the classes of H-deficient central stars, ithe driving mechanism and its effect
on the ISM, and to understand the surrounding nebulae. Modehe observed spectrum with
stellar atmosphere codes is the most direct method for theatien of stellar parameters, and
constructing model grids covering the relevant range chimaters is the best way to accomplish
a systematic analysis, and constrain the major parameters.

The majority of CSPNe spectral analyses in the past have laggadout in an ad-hoc fashion,
that is, sets of models being calculated for each observedNCHiese models vary in sophistica-
tion, with more or less ions being included in the calculagicallowing or not for wind clumping,
etc (see, for example, Leuenhagen et al. 1996; Koesterkédanthnn 1997b; Leuenhagen and
Hamann 1998; Koesterke et al. 1998; De Marco et al. 2001;|ti@rad Bianchi 2004a; Herald
et al. 2005; Marcolino et al. 2007). To date, only a few GataCSPNe are well studied. With the
GALEX surveys (Martin et al. 2005; Bianchi 2009), thousantisMdky Way post-AGB objects,
including CSPNe and WDs, are being measured photometrigatlyel UV (Bianchi et al. 2005,
2007b, 2011a,b). Therefore, a general tool to facilitatereination of the stellar parameters will
allow researchers to exploit the many-fold increase of $asnpf these objects and to finally clar-
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ify the final stages of stellar evolution. We constructedrgdagrid of models covering the CSPN
parameter space, which can be used to quickly constrain #ie parameters and limit the need
of ‘ad-hoc’ computed models in each case.

Several grids of stellar atmosphere models have been atdcuio help analyse data for mas-
sive early type stars. Examples include: for main-sequegiaats, and supergiant stars, the “Ku-
rucz” (in LTE and hydrostatic equilibrium) models (Kuruc29l); for WN WR stars, the non-
LTE grids of Hamann and Gfener (2004), which account for winds; for O-stars, the-hoR,
hydrostatic equilibrium models TLUSTY OSTAR 2002 (Lanz atdbeny 2003), the non-LTE,
accounting for expanding atmospheres, WM-basic grids of&iaand Garcia (in prep.) and, in
a more limited fashion, Pauldrach et al. (2001); for B-strs,non-LTE, hydrostatic equilibrium
TLUSTY BSTAR 2006 models (Lanz and Hubeny 2007). For CSPNe, gl Middlemass
(1987) computed a grid of non-LTE, plane-parallel modelagpheres, in hydrostatic equilib-
rium, with H and He opacity sources. Also, Rauch (2003) prieska grid of non-LTE, plane-
parallel, line blanketed models calculated in hydrostaailibrium, useful for the analysis of
H-rich CSPNe and their PNe. Only relatively recent advancé®th computing power and stellar
atmosphere codes made it possible to generate models dwatatdly reproduce most of the wind
features in the spectra of CSPNe with winds. As a conseque@nics, of non-LTE models, ac-
counting for line blanketed expanding atmospheres andphugmn spanning this important phase
of post-AGB evolution do not yet exist. The grid presentecehg the first step towards filling this
gap.

In this paper, we present a grid of synthetic spectra for ttadyais of spectroscopic data from
[WC] CSPNe hotter than 50000 K. The paper is organized as foll@estion 2 describes the
stellar atmosphere code. We describe the grid in section paasent illustrative results in section
4. In section 5, we apply the grid to derive physical paransat&€ NGC 6905 in order to illustrate

the use of the model grid. The paper finishes with conclusiossction 6.

2 THE CODE

[WC]-type CSPNe are very hot, with temperatures ranging frerd0000 to 200000 K and ex-
tended atmospheres, which expand reaching supersonicitiedo Line blanketing affects their
atmospheric structure and emergent spectra. Not all CSPed®anse winds, since the presence
of intense mass loss, if driven by radiation pressure, &edlto the closeness of the star to the Ed-
dington limit (Pauldrach et al. 1988). For example, as th& B85 central stars approach the WD
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cooling track, their winds fade and their spectral lineslass and less conspicuous (see examples
in Werner et al. 2010). The winds of CSPNe are believed to batraely driven and as such,
subjected to instabilities, which are theoretically potell to lead to the formation of clumping
and shocks emitting soft X-rays (Owocki et al. 1988). Sudbat$ were quantified observation-
ally in the winds of massive O-type stars (Bianchi and Gar€i@22 Garcia and Bianchi 2004;
Bianchi et al. 2009). The grid of models was calculated udnegion-LTE radiative transfer code
CMFGEN (Hillier and Miller 1998; Herald et al. 2005), whichlges iteratively for the level pop-
ulations and radiation field, assuming radiative equilibrj in a spherically symmetric expanding
outflow. It accounts for wind clumping, soft X-rays, and linanketing through a “super-level”
approach. CMFGEN was originally developed to model the winidsiassive WR stars and has
been adapted for objects with weaker winds such as O-stdr€8RNe (as described by Hillier
et al. 2003; Herald et al. 2005). Details about the code a®engn the references above. Here, we
briefly describe the more important aspects.

The radiative luminosity is taken to be constant throughloetwind and is given by

L = 4TR20 T, (1)
whereR, andT, are defined at a Rosseland mean optical depth of 20.

CMFGEN does not solve the dynamical equations of the windjireg the mass-loss rate
and the velocity law to be supplied. Here, we have adoptedralatd velocity law, where
V() = Voo (1_%0)87 (2)
with 3 = 1 which is the value usually adopted in modelling these dbjeg is roughly equal to
R..

Currently, CMFGEN requires the density structure to be gividre procedure adopted here
was to attach the wind velocity law to the underlying hydatiststructure of the star (as described
in Hillier and Lanz 2001), which we obtain using the TLUSTYdeo(Hubeny and Lanz 1995).
TLUSTY computes plane-parallel, non-LTE atmospheres dirbsgtatic equilibrium and requires
surface gravity, temperature, and abundances as inputs.

Instabilities in the stellar winds of hot stars are thoughtjénerate density inhomogeneities,
stochastically distributed throughout the wind, which aseially referred to as clumping (see,
for example, Moffat 2008). In CMFGEN, the radiative trangfean inhomogeneous medium is
implemented assuming that the clumps are small compardwtmean free path of the photons
and that the interclumping medium is void (this treatmentlomping is sometimes referred to as
microclumping approximation). The degree of clumping i@wind is parametrized by the clump-
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6 Keller et al.

ing filling factorf, with the density inside the clumps being a fadtor higher than the density of
the homogeneous wind model with same mass-loss rate. Siocerding to this approximation,
there is no material in between the clumps, the statistigadons are solved for the intraclump
medium. From the ion-level populations obtained, the nd&-bpacities and emissivities for the
clump material are calculated. The transfer equation is $oéved substituting the homogeneous-
wind opacities and emissivities with the ones calculatedHe intraclump material multiplied by
the filling factor.

The main effect of treating clumps in the above approxinmatsathat it reduces the empirical
mass-loss rate by a factW when using diagnostics that depend on the square of thetgensi
such as emission lines and radio thermal emission. Thexédsrece of clumping in the winds of
[WC] stars, but the quantification of the clumping factor arsdrédial variation is made difficult
by the weaker electron scattering wings of intense emidsien of these stars in comparison with
their massive WR stars counterparts. Despite that, Todt €2@08), based on the electron scat-
tering wings of emission lines of three early-type [WC] stN§C 6751, NGC 5189, and NGC
1501, found evidence for clumping witl> 0.25. Further evidence for the presence of inhomo-
geneities in these winds comes from the work of Grosdidied.e2000, 2001), who interpreted
moving features seen on the top of emission lines of the [WC] MG&nd BD +30 3639 as larger

scale outflowing blobs. CMFGEN accounts for clumping usingxgponential law,

f(v) =fo, + (1 —fs) exp(—V(r) /Veump), (3)

in which the radiative instabilities are supposed to be daamgt low wind velocities and, as a
consequence, the wind is assumed smooth until a certainwelodity, veiymp, is achieved. Beyond
this velocity, the degree of clumping increases outwards the clumping filling factor finally
reaches its terminal valu&,, which, in this work, is assumed to belOIn equation 3f(v) and
v(r) are the clumping filling factor and the velocity of the windaagiven radius, respectively.
Here,Veiump Was taken to be 200 knts.

CMFGEN accounts for line blanketing, which alters the iotimaand temperature structure
of the model atmosphere. In particular, the opacity by, ean lines redistributes the UV radiation
field. Neglecting it would lead to an overestimation of theimation of the atmosphere. The back
warming and surface cooling effects of the line blanketithgwalower ions in the outer layers to
coexist with the higher ones from the deeper layers. Inatysn the models, of this phenomenon
was noticed to better reproduce the spectra of massive WR @tamann and Gifener 2004).
In CMFGEN, the inclusion of the line blanketing is done thrbube superlevel approximation,

© 2011 RAS, MNRASDQO, ??7-??



A New Grid of Synthetic Spectra for [WC] CSPNe7

in which several energy levels are grouped into a smallerbaurof superlevels and all the levels
within a superlevel share the same departure coefficient.

CMFGEN can also include, in the ionization calculations, #ffiect of soft X-rays, which
would be created in shocks distributed throughout the wilheése shocks are believed to originate
from the instability of the line driving mechanism. X-raysaynconsiderably alter the ionization
structure in the atmosphere, since they produce higheration stages of certain ions as, for
example, O VI and N V (see, for example, Bianchi and Garcia 2@atcia and Bianchi 2004;
Martins et al. 2005; Bianchi et al. 2007a, and referencestherin CMFGEN, the X-rays are
taken into consideration in the calculations, by specdyihe temperature and velocity of the
shocks. Also, a volume filling factor for the distributionX{rays sources has to be given in order
to set the level of the emission. The X-ray emissivity is takem the X-ray code of Raymond and
Smith (1977), which at present is available only for solarratances. In section 4.4, we describe
the effect on the model spectra, of including soft X-rayshia talculations.

In order to calculate the detailed emerging spectra we adoatmicroturbulence velocity

which varies with depth such that

Viurb(r') = Vmin + (Vmax— Vmin) @, (4)

whereVvmin and vmax are the minimum and maximum microturbulence velocities. a&sumed
Vimin = 10 km s 1 andvimax = 50 km s1 for all the models. The models resolution varies across
the wavelength range, with lines being better sampled tbatiruum regions. As an example, in
the model B150.M70.v2500 (see Table 2), the central regibtisecemission components of the
O VI A\ 10319, 10376 A and C IV A\ 15482, 15508 A lines are sampled by 81 and 46 flux

points in an 1A interval, respectively.

3 THEGRID

The grid presented here is intended to comprehensively toe@arameter space of [WC] CSPNe.
The combination of parameters chosen for each of the gricele@pproximately follow the evo-
lutionary calculations of Miller Bertolami and Althaus (Zdor CSPNe with final masses off)
0.6 and 09 M., (which correspond to initial masses 00131, and 55 M., respectively), as
shown in Fig. 1. The stellar parametérsR,, T,, logg, andM., of the grid models are inside the
range of values predicted for these stars. A chosen mod@eeture corresponds to a different
model radius for each of the evolutionary tracks used, gimeéuminosity varies with mass on the
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constant luminosity track in the HRD. Also, for the modelshwitone track, every temperature
corresponds to a different radius in order to keep an alnmwtant luminosity.

We have selected eight stellar temperature values ranging 50000 to 200000 K and nine
values of logy between 4 and 70. For each combination of lggandT, seen in Fig. 1, models
with different mass-loss rates and wind’s terminal velesitvere computed. The wind’s terminal
velocities and the mass-loss rates were chosen to coveypiml values of these parameters
found in the literature, taking into account that our mo@ssume a clumped wind whereas some
mass-loss rates were derived in the literature assumingatiwind. Additional models differing
only in neon abundance were also computed (discussed iorsdc8). The grid adds up to a total
of 199 models. The list of models is given in Tables 1, 2, and@il# grid is available on-line at
http://dolomiti.pha.jhu.edu/planetarynebulae.htnhiefie, the user will have access to the synthetic
spectra and related documentation, along with plots coimgé#re different models such as shown
in Fig. 2.

By following three tracks for different stellar mass values& covered different combina-
tions of temperature and surface gravity/stellar raditre [WC] CSPNe with temperatures above
50000 K, are characterized by the lack of strong absorptias Inot affected by wind emission,
which prevents the determination of their surface grawitptigh spectral analysis. When the dis-
tance is known, the derived stellar parameters can placghileet on a specific evolutionary track,
from which log g can be inferred. Otherwise, the analysis@alg constrain the transformed ra-
dius value and mass and log g are not uniquely constrainesl tréinsformed radius is defined
as
Var/2500 km 51 1%
M/104Mgyr—1] ~

and is a measure of how dense the wind is (smaller valudg tfinslate into denser winds).

Ri=R. (5)

Models with the same temperature, differing only in mass-i@ate and in stellar radius, but with
the same transformed radius and the same wind’s terminatitgl are known to produce very
similar wind features in the UV range (Schmutz et al. 1989nidan et al. 1993).

Models having the same temperature, mass-loss rate antgwenainal velocity, but from dif-
ferent mass tracks, differ in luminosity, radius, h@nd transformed radius. Different Iggesult
in differences on the photospheric lines. DifferiRgaffects the wind lines. Fig. 3 shows models
A100.M67.V2000, B100.M67.V2000, and C100.M67.V2000 thaspite having the same mass
loss and wind’s terminal velocity, have very different wifeatures as a result of their different
transformed radii. These three models also differ inglogut the lack of spectral features free
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from wind effects makes it impossible to distinguish amoiifgrent logg values. Surface gravity,
however, influences the emission line profiles by affectivgunderlying photospheric ones.

It is believed that [WCL] and [WCE] stars form an evolutionary seqce due to their lo-
cations in the lo@es-logg diagram. Carbon and helium are the main constituents of tteir
mospheres. Spectral analyses have, however, suggestextntifC:He ratios between the two
subtypes (Koesterke and Hamann 1997a,b). De Marco et &1)2Crowther et al. (2003), and
Marcolino et al. (2007), on the other hand, find no systemdiscrepancies between the C:He
ratios between [WCL] and [WCE] stars. Thus, since it is not yedrciethe two groups of [WC]
CSPNe have different carbon and helium abundance patteenadapted a constant C:He ratio
for all the models in the grid. Typical measured values fenetntal abundances are (by mass):
XHe=0.33-0.80, %=0.15-0.50 and ¥=0.06-0.17 (Werner 2001). Here, we adopted a C:He ratio
of 0.45 : 043 and an oxygen abundance ah>0.08 by mass. Nitrogen abundances in these ob-
jects typically range from undetectable 102 per cent by mass, and we have adoptedX01
(Koesterke and Hamann 1997b; Leuenhagen and Hamann 198&s8med a neon abundance
of 2 per cent by mass, i.e., higher than the solar value bytarfa€ 11.5, since strong overabun-
dances of this order have been reported for [WC] stars (Lewgmrhand Hamann 1998; Herald
et al. 2005). Iron is expected to be depleted through s-peoggerwig et al. 2003), as was indeed
observed by Stagska et al. (2004). Thus, the grid models have an iron abuedamactor of 100
lower than the solar value. Solar abundances were adopteall fother elements present in the
models.

The model calculations include many ionic species that lhaen previously neglected. The
elements and ionic species considered in each model of itheadwng with the number of levels
and superlevels used, can be found in the on-line docunemtdthe ionic species included in
each model vary, since in many cases their number was linotkdep the models within a work-
able size, or due to unavailability of precise atomic data hotter models were calculated first
and, as the temperature was decreased for the calculatiba cboler models, ionic species were
introduced as needed based on the analysis of the ioniZatictions. Table 4 shows the species
considered in the calculation of the grid models.

Asageneral rule, we considered it not necessary toinclude alower ionization stage when
the ionization fraction of the lowest included ionization stage was < 10~2. Tests were per-
formed on representative models in order to assess the necessity of including lower ioniza-
tion stages. As an example of the procedure, we give here more detailsabout the C 111, C 1V,
and C V ions. All models with temperatures up to 80000 K include C I11. For temperatures
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of the order of 125000 K, C 1V is much less abundant than C V; the bottom panel of Fig.
8 illustrates the typical behaviour. For some T,=125000 K models showing relevant C 1V
ionization fractions, C |11 was included, but proved to be negligible and to have no impor-
tant effect on the ionization fractions of C 1V and C V. In models with T,=100000 K, C IV
may become comparable to, or moreimportant than C V, at some radial distance from the
star. In the T,=100000 K modelswherethisdistanceisnot very large, we added C |11 in the
calculations. As shown in Fig. 4, the ionization fraction of C 111 isonly ~ 10~% in the outer
parts of thewind and even lower in theinner wind layers. Itsinclusion caused no noticeable
changesin theionization fraction of the C IV ion, and was therefore considered not essential

in thistemperatureregime.

4 SPECTRAL DIAGNOSTICSOF M AND T,

The preferred method of determining stellar temperatwwésrough the ionization balance of He
and CNO elements. The observation of spectral lines frorermdifft ionization stages of the same
element avoids the need for assuming abundance ratios. Stamse is achieved by the use of
several diagnostic elements. However, in the spectra of [WENES not many elements show
lines from different ionization stages. Therefore, thesttce or absence of features in the spectra
due to ions of different ionization potentials, along wittetgeneral appearance of the spectral
lines, is also used as temperature diagnostic.

In these stars, both photospheric and wind parameterd #ffespectral features. Since several
parameters can affect a spectral line, the identificatidmeg which are particularly sensitive to
one parameter in a given regime is important for constrgifgwvalue. By examining the far-UV,
UV and optical synthetic spectra produced for the grid, wenidied spectral features sensitive
to mass-loss rate and stellar temperature and selectes ithmst useful for placing constraints on

their values. These are discussed in sections 4.1 and 4.2.

4.1 [WCE] types

The far-UV, UV and optical spectra of [WCE] CSPNe are partidylaoor in lines of multiple

ionization stages of the same element. Only oxygen, neomiradjen show lines from multiple

stages, yet only oxygen presents strong lines throughewtiole temperature range considered.
Several other lines can be used as diagnostics of photospimel wind parameters. The He Il

linesA 16404 and\ 46857 A (the last one appears blended with a strong C IV ling 46589
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A, sincein [WCE] stars, the wind’s terminal velocities aret)igre mostly sensitive to mass loss,
and show little sensitivity to temperature in the regimenssnT, = 100000 and 165000 K. This
happens because, for these high temperatures, helium éstalatally ionized. Examples of line
profiles are shown in Fig. 5, along with the helium ionizatfaactions, in which we see that the

fraction of He Il remains virtually unaltered in the hotteodels.

Among all the spectral lines in the studied range, NeNA733 A shows the least sensitivity to
mass loss, which makes it a good indicator of temperatut@mihe range of physical parameters
studied here. Its behaviour is shown on the top-left panElgf6. Herald et al. (2005) and Bianchi
and Herald (2007) found, however, that it can be sensitivethéoneon abundance in PG1159
spectra, when it is not saturated. In section 4.3, we digtigssffect of the neon abundance in the

grid models.

For the O VIAA 10319, 10376 A doublet shown in Fig. 7 (top-left panel), both temperature
and mass loss alter significantly the line profiles. The Q\¥I38114 and 3834 A lines, seen
in Fig. 7 (bottom-right panel), shows little variability thi mass loss, within the range of values
analysed, in the two cooler models. In the hotter modelsherother hand, it shows a behaviour
opposite to that of all other strong lines in the range stlitiere, the line intensity decreasing with
increasing mass loss. Also, the large variation of the lirsdile between models with tempera-
tures of 125000 and 150000 K can help establish lower or highés for the temperature. In the
bottom panels of Fig. 7, we show oxygen ionization fractitstgpfor different temperatures and
mass-loss rates. We see that the O VI ion gains importancesggagress towards higher tem-
peratures, which is reflected in the increasing intensityefO VI lines in the hotter models. The
mass-loss rate, on the other hand, has a more complex efféhese lines: it alters not only the
density of the ion in the expanding atmosphere, but alsogdsits temperature structure, altering
the ionization fractions. Denser winds will be cooler, witkver ionic species growing in impor-
tance. For massive stars, the O M 10319, 10376 A lines were found to strongly depend on
X-rays and to have a hard threshold with mass loss, whiler tittes strongly depend on clumping
(Bianchi and Garcia 2002). The effect of X-rays on the far-UW[oublet will be discussed in

section 4.4.

Other temperature indicators are the neon and oxygen &sagirown in Figs. 6 (top-right
panel) and 7 (central-left panel), respectively. Theséufea are due to O IV (with lines &\
34036, 34117, and 3413 A), O VI (at A 34333 A) and Ne VI (with contamination by Ne V
lines). The Ne VI feature can only be seen in hotter modgls>(150000 K). The O IV feature
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appears only in the two cooler ones (fior= 100000 and 125000 K), while it is substituted by the
O VI line as the temperature increases. For the right contibimaf mass loss and temperature,
these oxygen lines can also coexist. Thus, these featundsecased to constrain the temperature
regime of the object being studied. Also seen in the cefgfalpanel of Fig. 7 are the Ne ¥
33137 A and N IV AA 34787, 34830, and 3484 A lines, which can help constrain neon and
nitrogen abundances.

The strong C IV doublet akA 15482, 15508 A shows sensitivity to both mass loss and
temperature, as can be seen in the central-left panel oBFigevertheless, once either mass loss
or temperature is established through other indicatocgithelp constraining the other parameter.
Also, this line is an important diagnostic of wind’s termiiralocity, since this ion is abundant also

in the outer parts of the wind down to temperatures of 50000 K.

4.2 [WCL] types

The winds of [WCL] CSPNe are characterized by much lower termiakcities than the ones
of [WCE] stars, which results in narrower spectral lines. Atbese cooler CSPNe seem to show
a wider range in mass-loss, by comparing results of speatialyses found in the literature. We
took these facts into consideration when calculating tiek gr

These objects present very complex spectra, and a highebberuoh spectral lines from el-
ements with multiple ionization stages, thus making théastéeemperature easier to constrain.
Several strong C Il and C IV lines appear in the grid modetdliese stars, along with multiple
ionization stages of neon, nitrogen, oxygen, phosphoulghar, and helium.

We selected some spectral features useful for distingugsamong temperatures and mass-
loss rate values, within the regime considered. The tappkfiel of Fig. 8 shows a section of the
optical spectra where strong lines from both C NI§6959 A) and C IV (A\A 58013, 58120,
and 58690 A) can be seen, along with a He | lind 68757 A), making this spectral region an
important diagnostic of stellar temperature. The ONV34036, 34117, and 3413 A spectral
features shown in the central-right panel of Fig. 7 is likesvan excellent indicator of stellar
temperature between, = 50000 and 80000 K, showing very little sensitivity to massslrate in
the interval studied. Also shown is the N \34787 A line.

In the late-[WC] type, the O VI doubletx 10319, 10376 A, shown in Fig. 7, top-right panel,
is still present, albeit much weaker and showing contananaby other spectral lines. Another
useful diagnostic line for the [WCL] subclass is the CAIL9087 A line shown in the top-right
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panel of Fig. 8. It is much more sensitive to mass loss thaartgperature in the range shown, thus
making it an important mass loss discriminator.

Other lines such as He N 16404 A (shown on the top-right panel of Fig. 5), HeN146857
A and C IV A 46589 A (central-right panel of Fig. 5), O IIAA 11509 and 11538 A (bottom-left
panel of Fig. 7, also showing a Ne V line atL1461 A), C IV ~ A 1169 and C lll~ A 1176A
(both of them are blends of several lines) and CAIR2969 A (Fig. 8, central-right and bottom
panels) show high sensitivity to both mass loss and temperdtlevertheless, once temperature or
mass loss are constrained by other indicators, they can inepamtant diagnostic of the remaining
parameter.

In order to further visualise the dependence of spectrardistics on the photospheric and
wind parameters, we made contour plots of the equivalerthwiof two spectral lines discussed in
this section, having stellar temperature and transforradiis on the axes. Contour plots of the He
Il A 16404 A line, and the C I\ 19087 A line are shown in Fig. 9, where the contours indicate the
equivalent widths of the lines. In the case of P-Cygni profl@8FGEN calculates the equivalent
widths of a line by subtracting that of the absorption comgrarirom that of the emission. These
two lines are very sensitive to mass loss in the [WCE] and [WCLapeater regimes, respectively,
and thus can be used to identify the interval of transfornaelius and temperature that matches
the data.

4.3 Effect of Ne abundance

A neon abundance of the order of 2 per cent by mass is expeaeddvolutionary models for
the [WC] stars, which present in their surfaces the abundaatterp of the region between the
hydrogen and helium burning shells of the precursor AGB &aAGB stars, neon is produced
from nitrogen through thé*N(a, y)*8F(B*)*0(a, y)?°Ne chain in the helium burning shell and
then dredged up to the convective intershell (see, for el@migerner and Herwig 2006). Thus,
the determination of neon abundances is important to cinstrolutionary models, in particular,
the dredge-up episodes. Also, the presence of severabiwmmzstages of neon in the winds of
[WCE] stars is potentially a useful tool for the determinatadrstellar temperature. In Fig. 6, we
show several neon features present in the models in diffezerperature and mass loss regimes,
for different values of neon abundance, ranging from saat1.5 times super-solar (which is
adopted for the models in the grid). On the top-left panad,Nle VII A 973.3A line seen in the
grid models for [WCE] stars shows little sensitivity to neomuatlance in the models with. =
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100000 andr, = 125000 K. For higher temperatures, this line starts to shiwglaer sensitivity

to Ne abundances and can potentially help constrain it. , Afsesed together with neon lines
from different ionization stages, it can contribute to tleteimination of the stellar temperature,
although it also depends on mass-loss rate.

In the central-right and left panels of Fig. 6, we show the Ndines, which appear in the
synthetic spectra for the [WCL] sub-class\a2553.4A and atAA 2677.9, 2678.8, respectively.
Both lines present high sensitivity to neon abundance, tesye, and mass-loss rate, and are,
therefore, useful to constrain the neon abundance wherntitegpheric and wind parameters have
been determined through other indicators. They also help¢termination of stellar temperature

when used in conjunction with other neon lines of differemization stages.

4.4 Effect of X-rays

X-rays emission of the ordéry ~ 10~/ L, observed in massive O and B-type stars (Chlebowski
et al. 1989; Chlebowski and Garmany 1991; Evans et al. 20@®)nsnonly believed to originate
from shocks in the stellar wind, which form due to the unstaidture of the radiative force on
spectral lines (Lucy and White 1980; Owocki et al. 1988). Saiflux of X-ray photons has been
invoked in order to reproduce the strong OAA 10319, 10376 A doublet in early O-type stars
and to achieve consistency among observed NV, Si IV and Cadgriistics (Garcia and Bianchi
2004; Bianchi et al. 2009).

Since the fast winds of CSPNe are also believed to be subjéctdte radiation pressure
in spectral lines, they are expected to be clumped and mabieXaray fluxes. Guerrero et al.
(2001) measured an X-ray luminosity 6f10~7 L, for the central star of NGC 6543, consistent
with that predicted from shocks in the stellar wind. Howetlee emission could also be explained
by coronal activity of an undetected companion.

We examined the effect of soft X-ray fluxes in the synthetiectya computed for our grid.
We re-computed models wiffh = 65000, 100000, and 165000 K including soft X-ray fluxes into
the calculations. We assumed shock temperatures of 500@D80D000 K, starting at velocities
of 300 and 400 km s, respectively. In the model witfi, = 165000 K, only an extremely high
X-ray flux yielding an observed X-ray luminosity 6f 10-2 L, (for a mass-loss rate ofdx 10~/

M yr~1), caused a relevant effect on the spectra, mainly in the OovbtetAA 10319, 10376
A, as shown in Fig. 10. In models with progressively lower pematures, we found that lower
X-ray luminosities modify the O VI doublet profile. For tAg = 100000 K model, a reasonable
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X-ray luminosity of~ 107 L, (for M = 1.0x 1077, M = 2.0x 107, andM = 3.0x 107 M,
yr~1) significantly alters the O VI doublet (but not other spelcteatures), as shown in Fig. 10.
At a temperature off, = 65000 K the convergence of models with X-ray fluxes proveddo b
very hard to reach. Nevertheless, we were able to obtaineeogped model for a mass-loss rate
of M =5.0x 10°8 M, yr—1 with an X-ray luminosity of 4x 1010 L. Again, the only spectral

feature affected was the far-UVv O VI doublet, which is alsowh in Fig. 10.

5 SPECTRAL ANALYSISOF THE CENTRAL STAR OF NGC 6905

To illustrate the usefulness of the model grid, we apply refte derive the physical parameters of
the [WCE] central star of NGC 6905. We compare our grid modetls data (Table 5) available at
the Multimission Archive at STScl (MAST) from FUSE and HSlesprographs. FUSE covers the
wavelength range 905-11&7with a resolving power of< 20000. We also used HST-STIS spectra
obtained with G140L (R- 1200) and G230L (R- 750) gratings with wavelength coverage of
1150-1736A and 1570-318®, respectively. In all figures showing the observed speuftfdGC
6905, the resolution of the models, in the STIS wavelengtigeais matched to the resolution
of the observations by convolving the synthetic spectra e instrument line spread functions,
while for the spectral region covered by FUSE, which is fdiliraerstellar hydrogen absorptions,
the models and observations were convolved with a GaussigidiM = 0.1 A to facilitate the
visualization. In Figs. 11-20, the interstellar absomptieas omitted from the synthetic spectra to
facilitate visualization and will be further discusseddyel The line identifications in these figures
only mark the strongest lines in each model.

We obtained an initial estimate of the wind’s terminal véipdy measuring the blue edge
velocity, Veqge from the strong P-Cygni profile of the C IN15482 A line. We derivedv, = 2170
kms1, correctingveqgefor an assumed turbulence velocity,,, of 10 per cent, (Lamers and
Cassinelli 1999).

Voo = Vedge— 2 X Viurb- (6)

This estimate is confirmed by comparing the observed sp&gthagrid models computed for
wind’s terminal velocities,, = 2500, 2000 and 1500 knT$. An example is shown in Fig. 11.

We then used the grid of models with the appropriate windimieal velocity to constrain the
temperature and the transformed radius values of the tetdiraof NGC 6905. Based on these
results, we then perform a more detailed analysis, varytditi@anal parameters not explored by
the grid.
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5.1 Usingthegrid to constrain temperature and transformed radius

The central star of NGC 6905 is a [WCE], therefore its spectegpanor in lines of multiple ions
of the same element. Among the features identified in thetispamly oxygen shows strong lines
of multiple ionization stages. Several O VI lines are prégaih 10319, 10376 A, AA 10808,
10816 A, A\ 11225, 11248, 11249 A, A 12919 A, X 19961 A, X 20704 A, X 208204 A andA
2431409A), along with two strong O V lines &t 13713 A andAA 27810, 27870 A. However,
as will be discussed below, these two O V lines are only maldiyegrid models incompatible
with other spectral diagnostics and both show sensitidtyhe inclusion of heavy elements in
the calculations, while other lines do not. Therefore, tasymore useful as indirect indicator of
abundance and not to uniquely constrain temperature. &eRdV lines are also observed and

used as temperature diagnostic.

As afirst step, we compare the observed spectra of the cstdralf NGC 6905 with our grid
models with a wind’s terminal velocity of 2000 kn’ the closest value available in the grid to
the one inferred from the C IX 15482 A P-Cygni absorption edge. The comparison rules out
models withT, = 125000 K, which show very weak O WA 10319, 10376 A, of about half the
observed intensity, for all the mass-loss rate values irgady besides a too weak Ne VAI9733
Aline, which, as shown in Fig. 6, at this temperature, shdttle kensitivity to mass loss and neon
abundance. The carbon, helium and other O VI lines can beltsinaously matched by models
of this temperature. The O ¥ 13713 A is too strong inT, = 125000 K models and shows a
deep absorption component which is not observed. As we kollvdbelow, this line is sensitive to
the inclusion of heavier ions in the models and their abuodsiand tends to become stronger as
new ions are added to the models. Models with a temperatu28@i00 K can also be ruled out
since, for the mass-loss rate values that allow reasonableffine carbon and helium lines, both
O V lines are absent and very strong unobserved Ne VIl featappear in the synthetic spectra,
which also show weak O VI lines. The models with temperatofeg. = 150000 and 165000 K
better agree with the observed spectra and are shown inl2gsd 13, respectively, for different
values of transformed radius. Among the= 150000 K models, the B150.M70.V2000 one with
M =10"M, yr1 andR = 10.72 R, fits best all the observed diagnostics, except for theXaV
27810, 27870 A and A 13713 A lines, which are only fitted by models of thfs, by adopting a
mass-loss rate twice and 1.3 times higher, respectiveth &thigher mass loss, however, worsens
the fit of all the C IV, He Il and O VI lines, except for the O WA 10319, 10376 A doublet, where
the intensity of the second component is improved, as shoawig. 12. The relative strength of
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this line, however, is also very sensitive to clumping, siemission lines are affected by it, but
not resonance ones (Oskinova et al. 2007), as well as to smdy¥ and other factors. Among
models with temperature af. = 165000 K, the C165.M65.V2000 one, with a mass-loss rate of
M =107 Mg, yr—1, and a transformed radius Bf = 9.03 R, fits well the observed spectra, again
except for the O V lines which are even more discrepant théimeii, = 150000 K models, as can
be seen in Fig. 13. At any of these two temperatures, the fitseoD V lines require lower values
of transformed radius, which are incompatible with the othagnostic lines. This effect is worse
in the T, = 165000 K models than it is in th& = 150000 K ones, from what we conclude that,
among the grid models, the B150.M70.V2000 one gives the lest fi

Below, we extend the analysis beyond the model grid compai@sa address in depth not
only the O V lines discrepancy but also other disagreemestiwden the observations and the
best-fitting model, and refine the parameters. We comparetibervations with synthetic spectra
calculated assuming different values of turbulence vetpshow the effect of different neon,
oxygen and argon abundances, put constraints on the nitrage iron abundances, and study
the impact of adding heavier ions in the synthetic specttachivwe find to affect the ionization

fractions of oxygen and to improve the O V lines fit.

5.2 Extendingtheanalysis

In Fig. 11, the O VIAA 10319, 10376 A doublet and the absorption profile of C I\ 15482,
15508 A are narrower in the, = 2000 km s models than in the observations, suggesting that
the turbulence velocity in NGC 6905 is higher than that addph the calculation of the model
grid. Fig. 14 shows that higher values of turbulence veypait fact, improve the match of the O
VI and C IV profiles.

Another difference between the best-fitting grid model alnskoved spectra is the absence, in
the observed spectra, of NAM 12388, 12428 A seen in all the models. This is due to a lower
nitrogen abundance in this star than we assumed for theRjgd15 shows models with different
nitrogen abundances afid = 150000 K,M = 10~7 M, yr~1, andv., = 2000 km s1. Nitrogen
abundances oKy < 5.5 x 10~* better match the spectral region shown in Fig. 15, while othe
spectral lines show no significant differences.

Several neon features which appear in the synthetic spaxtraot observed, indicating that
this object may have a lower Ne abundance. Fig. 16 shows maditl different neon abundances
and T, = 150000 K,M = 107 M., yr 1, andv., = 2000 km s1. The neon abundance in the

© 2011 RAS, MNRASDQO, ??7-??



18 Keller et al.

spectra of the central star of NGC 6905 is difficult to corietcue to the lack of strong neon lines
other than Ne VIA 9733 A, and due to the mismatch between Ne VI and Ne V features prase
the models in the region between 1700-230and the observations. In Fig. 16, we see that none
of the neon abundances adopted improves the fit of the Ne VplrhA 22131, 22291 A. Also,
models with higher neon abundances produce some featuiel ate not seen in the observed
spectra such as a Ne VIl line B21634 A and Ne VI lines af\\ 26411, 26874 A. On the other
hand, the lower neon abundances produce very weak Ne ¥1B3 A and Ne VIAA 997.4, 9996

A lines. The fact that some diagnostics are improved by adrigieon content while others are
worsened seems to point to an incorrect temperature. Weotlitse the neon lines as a temperature
diagnostic as they are, also in tlie= 165000 K models, incompatible with other diagnostics.
However, we have observed (not shown here) that models waitipératures of, = 200000 K
better reproduce several of the neon structures that asenipatible in cooler models. We consider
the present analysis inconclusive regarding the neon amnaoed An interesting outcome of the
comparison among models with different neon abundancesliglet enhancement of the O M
13713 A and A\ 27810, 27870 A lines as neon content in the models increases, which is the
result of an increase in the relative fraction of the O V iamican be seen in the bottom panel of
Fig. 16.

In an attempt to reproduce the strong O V lines simultangowgth the other diagnostics,
we investigated the effect of higher oxygen abundances;iwisishown in Fig. 17. For the grid
models we assumed an oxygen mass fractioioef 0.08. A higher oxygen abundance increases
the intensity of the O V lines in the synthetic spectra, butseas the fit of most of the O VI
lines. Besides, even an oxygen mass fractioX®# 0.20 is not enough to reproduce the strong
observed O WAA 27810, 27870 A line. The O VIAA 10319, 10376 A doublet does not show
any significant change from the increase in the oxygen amasda

Because of the effect seen in the O V lines due to an increasean abundance, we also
experimented with the inclusion of new ions in the modelsnrmatempt to reproduce the O V
lines observed intensities. A very complete model inclgdii VII, Ni VIII, Ni IX, Co VII, Co
VIII, Co IX, Ca VI, Ca VI, Ca VIll, Ca IX, Ca X, Ar VI, Ar VII, Ar VIII, Si V, Si VI, Mg V, Mg
VI, Mg VII, Na VI, Na VII, Na VIII, Na IX in addition to the ions &ready present in the previous
model was calculated, assuming solar abundances for aidittidonal elements. As a result, the
intensity of the O VA 13713 A and A\ 27810, 27870 A lines in the synthetic spectra increased
as shown in Fig. 18, while other major features which we us@dhstrain stellar parameters were
unaffected. This is a result of the increase of the O V iontioac In particular, the magnesium
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ions followed by the sodium ones produced most of the effgbile the cobalt and nickel ions
cause smaller, but noticeable changes of the O V line stnengjhe rest of the spectra show minor
differences, mainly due to calcium and argon lines.

We further explore this model by altering the abundancesidened for some elements and
show the effect on the spectra of different abundances @léments argon and iron. Fig. 19 shows
the Ar VIl A 106355 A line. This line was first identified as a photospheric absorpby Werner
et al. (2007) in CSPNe and WDs, for which they found roughly salaundances, in line with
nucleosynthesis calculations for AGB stars. We find a mod#l ten times the solar abundance
to better reproduce the observed feature in this specameconfirming the results of Herald
and Bianchi (2009) who identified this same line in the FUSEBpef some of the hottest [WC]
CSPNe. Fig. 20 shows the effects of different iron abundaimc® synthetic spectra. In a recent
work, Werner et al. (2010) identified Fe X\ 9793, 10229 A lines in the FUSE spectra of the
hot PG1159 stars RX J2117.1+3412, K 116, Longmore 4, NGC 24608465, finding a solar
iron abundance for these stars. In NGC 6905, we find that ibom@ances higher thantimes
the solar one produce some unobserved features, espexiadligsorption on the Ne VN 9733

A P-Cygni profile, and can be ruled out.

5.2.1 Interstellar absorption

Figs. 21 and 22 show our best-fitting model, which includes ddditional heavy ions and an
argon abundance of ten times the solar value, calculatgutiada turbulence velocity,p = 150
km s~1. We applied the interstellar absorption due to atomic anteowar hydrogen, treated
as described in Herald and Bianchi (2002, 2004a,b), to thénetin spectra. We assumed that the
temperature of the interstellar gasis 100 K, a typical véduéhe ISM. From fitting the Ly A 1215
AHI absorption profile, we derived a neutral hydrogen coluensity of 207 < logN(HI) <
21.1 (whereN is given in units of cm?). Using the numerous Habsorption lines in the FUSE
range, we constrained the molecular hydrogen column getosit9.3 < logN(Hz) < 19.7 (where

N is given in units of cm?).

After the stellar parameters have been constrained basdideodiagnostics, the observed
slope of the spectra was compared to the best-fitting moddkreed using different values of the
colour excess, as shown in Fig. 23. The reddening of Cardedll. 1989) withRy = 3.1 was
adopted. The STIS G140L and G230L spectral regions are wattmed using a colour excess of
Eg_v = 0.17 mag, while a lower reddening is required in order to fit tkiSE region. Thus, we
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conclude on a colour excesskf v = 0.174+0.05 mag. The continuum comparison suggests that
the interstellar extinction may be less steep in the UV tlnenextinction curve adopted. Model
continuum accuracy has not yet been reportedly tested vetservations and may be addressed
with future work on an expanded sample.

According to Bohlin et al. (1978), the neutral hydrogen catudensity and the colour ex-
cess relate aéN(HI)/Eg_v) = 4.8 x 10! atoms cnm? magt. An Eg_y = 0.17 mag implies
logN(HI1) = 20.9 (whereN is given in units of crm?), which is within the range derived by us
from the Lyy A 1215A absorption.

5.2.2 Results from the analysis

The parameters of our best-fitting grid model &re- 150000 KM = 1x 10" M, yr 1, R =10.7
Ro, R, =0.12 R, andv,, = 2000 km s. The value of the stellar radius follows the evolutionary
track of Miller Bertolami and Althaus (2006) for.® M., CSPNe and a temperature of 150000
K. Nevertheless, as discussed previously, two modelsren&i v.,, andT,, but with different
values ofR, andM will have similar spectral features. As a consequenceewdifft combinations
of parameters result in equally good fits to the observationthe literature, the distances derived
range between 1.7 and 2.6 kpc (Maciel 1984; Cahn et al. 1992¢de@s5teene and Zijlstra 1994,
Zhang 1995; Stanghellini et al. 2008). If we adopt the mosémné and also lower value for the
distance, a radius dR, = 0.09 R, is obtained. A model with this radius afd = 150000 K
would be in a lower mass evolutionary track (Miller Bertolaanid Althaus 2006) of 87 M., as
seen in Fig. 24, where the filled circle is the grid model clamd by us and the open circle is
assuming the literature distance of 1.7 kpc. By keeping tresformed radius constant, the radius
of R, = 0.09 R, implies a mass-loss rate M = 6.2 x 108 M, yr 1.

The central star of NGC 6905 has been previously studiedaritérature through spectral
analyses in optical, ultraviolet and far-ultraviolet megis. It has been recently analysed by Mar-
colino et al. (2007), using low resolution optical spectoay resolution IUE spectra and FUSE
spectra in the 1000 1175A interval, which excluded the Ne VN 9733 A line from the analysis.
They also made use of the code CMFGEN to perform the spectaflsas and found parameters
close to the values determined by @is~ 150000 KM ~ 7 x 10 8 M, yr 1, R = 105 R., and
Ve = 1890 km s1, considering a clumping filling factor df= 0.1, the same value adopted by
us. In our analysis, we included many ionic species not demed in theirs, which allowed us to

achieve a good fit of the O ¥ 13713 A line and improve the fit of the O WA 27810, 27870 A
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line. This example proves the usefulness of the grid for tamsng the main stellar parameters,

and our extended analysis resolved the so far inconsisiagralstic of the O V lines.
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6 SUMMARY AND CONCLUSIONS

We have used the state-of-the-art stellar atmosphere cod&3EM to build a comprehensive grid
of synthetic spectra covering the range of stellar parammejgpropriate for H-deficient CSPNe of
temperatures above 50000 K. The models account for linekbtang, non-LTE expanding atmo-
spheres (where the velocity law is fixed and the mass-lossisad free parameter), and wind
clumping. Many ionic species neglected in previous mod&eevincluded (Table 4). We provide
a uniform set of models that allows systematic analysis B UV, optical and IR observed
spectra in order to constrain photospheric and wind parnsietVe examined the far-Uv, UV
and optical synthetic spectra of the grid and selected sgidettures best suited for constraining

values of mass-loss rate and stellar temperature.

We also analysed the effect of soft X-rays on the synthetctsp. We found that, al, =
165000 K, an unlikely high X-ray luminosity was necessaryider to cause a relevant effect
in the spectra. AT, = 100000 K, a reasonable valuelof strongly affects the O VAA 10319,
10376 A. For theT, = 65000 K model, an even lower value of X-ray luminosity is sugfint to
affect the O VI doublet.

As a sample application of the grid, we used it to analyse tespkectra of the central star of
NGC 6905 showing that the grid can be used to constrain theoppleric and wind parameters

to a good extent and to greatly facilitate more detailedyasisi

For NGC 6905, the temperature of our best-fitting model is allwer limit, since any lower
temperature model would produce a too strong ® 13713 A line which, as we have shown, is
also affected by the inclusion of new ions. A slightly higkemperature for this star improves the
fits of the far-UV O VI doublet and Ne VII line, while the otheragnostics remain acceptable.
Thus, we constrain the temperature of the central star of S35 as being between 150000 and

165000 K, a 10 per cent overall uncertainty.

We extended the study beyond the grid of models by consiglggarameters that were not
explored in the grid. We found higher values of the turbuéerelocity to improve the fit of O
VI AA 10319, 10376 A and C IV A\ 15482, 15508 A lines. We showed the effects of different
abundances of neon, oxygen and argon and we were able to mattaiats on the nitrogen and
iron abundances, both subsolar. In this object, a lowerevafunitrogen abundance than the one
chosen for the grid was necessary to fit the observed spé&adrall plausible temperatures, we

were unable to adequately fit all neon diagnostics simuttasly with a single neon abundance.

By adding heavier ions to the best-fitting grid model, we wdale gor the first time, to repro-
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duce the observed intensity of the O\3713 A line and to improve the fit of the O WA 27810,
27870 A line. Finally, by fitting the several Habsorption lines present in the FUSE range and the
Ly absorption profile, we constrained the molecular and nelmdrogen column densities and,
by comparing the slope of the observed spectra to our bésgfinhodel, we derived the colour
excess, which is in agreement with the value expected frenkthcolumn density measured.

The grid of synthetic spectra presented here is availablenenat http://dolomiti.pha.jhu.edu/
planetarynebulae.html. Additional models will be addedhe grid in the future, covering the
temperature regime below 50000 K, as well as new grids fderdift surface gravity regimes,
suitable for the study of PG1159 stars that present windagsigias in their spectrum.
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Figure 5. Model profiles of the He Il lineg\ 16404 A (top panels) and\ 46857 A (central panels) at different temperatures (also radig an
mass-loss rates. The bottom panel displays the ionizatamtidns of helium, where continuous lines indicate modelb Wit= 107 Mg yr 1,
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to track B M, = 0.6 M) and havev, = 2500 km s'1.
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Figure 6. Ne lines from different ionization stages and their vaodativith temperature (also radius), mass-loss rate and neawlabce. In the top-
left panel, for clarity, the models witkiye = 0.01 were omitted when the effect of Ne abundance is small. THerqtanel shows the ionization
fractions of neon (for models with a neon mass fractiongf = 0.02); continuous lines indicate models with= 10-7 M, yr—%, and dashed
lines indicateM = 1075 M, yr~1 for models withT, <80 kK, orM =3x 1077 Mg yr—1 for models withT, > 100 kK. All the models shown are
from track B (M, = 0.6 M) and havev, = 2500 km s1.
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Figure 7. Synthetic line profiles from different ionization stagesoa/gen in various models. The bottom panel shows the ionizdtactions of
oxygen; continuous lines indicate models with= 107 M, yr—! and dashed lines indicaké = 1076 M, yr—1if T. <80 kK, orM =3x 107
M, yr—1 for models withT, > 100 kK. All the models shown are from track Bl{ = 0.6 M) and haves, = 2500 km s1.
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Figure 12. UV and far-UV observed spectra (continuous black line) & ¢entral star of NGC 6905 and three models wWith= 150 kK and
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Figure 13. The UV and far-UV observed spectra of the CSPN NGC 6905 (soatis black line, as in Fig.12) are shown along with thred gri
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models withT, = 165 kK and different values of transformed radius. The djz@ney between the O V lines and all other diagnostics is ewgret
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turbulence velocities.
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Figure 17. Observed spectra of the central star of NGC 6905 (continbtaek line) and models witf, = 150 kK, M = 107 M, yr~1, ve, = 2000

Keller et al.
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Figure 21. The Lymane interstellar absorption in the spectrum of NGC 6905 (cartirs black line) is compared with our best-fitting model
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Figure 23. NGC 6905's spectra (continuous black line) along with owstditting model reddened with different values of colouress, assuming
MW-type extinction withRy = 3.1.
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NGC 6905 (which would imply a distance of 2.3 kpc), as a filledlei, and of the model rescaled assuming a distance of 1.7 &jar, apen circle.
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Table 1. Track A: stellar parameters of the grid models for CSPNe wiEivid..

Model T [kKK]  log(g R«[Re] Li[10Le]  log(M)[Moyr™t  ve[kms]  Rt[Rs]
A50.M73.V500 50 4.4 0.75 31 7.3 500 40.35
A50.M73.V1000 1000 64.04
A50.M67.V500 6.7 500 16.02
A50.M67.V1000 1000 25.42
A50.M63.V500 6.3 500 8.70
A50.M63.V1000 1000 13.80
A65.M73.V500 65 48 0.47 35 7.3 500 25.55
A65.M73.V1000 1000 40.56
A65.M67.V500 6.7 500 10.14
AB5.M67.V1000 1000 16.10
A65.M63.V500 6.3 500 551
A65.M63.V1000 1000 8.74
A80.M73.V500 80 5.3 0.27 25 7.3 500 14.36
A80.M73.V1000 1000 22.80
A80.M67.V500 6.7 500 5.70
A80.M67.V1000 1000 9.05
A80.M63.V500 6.3 500 3.10
A80.M63.V1000 1000 4.91
A100.M73.V1500 100 6.0 0.12 1.2 7.3 1500 13.30
A100.M73.V2000 2000 16.12
A100.M73.V2500 2500 18.70
A100.M70.V1500 7.0 1500 8.38
A100.M70.V2000 2000 10.15
A100.M70.V2500 2500 11.78
A100.M67.V1500 6.7 1500 5.28
A100.M67.V2000 2000 6.40
A100.M67.V2500 2500 7.42
A125.M73.V1500 125 6.3 0.08 1.5 7.3 1500 9.43
A125.M73.V2000 2000 11.43
A125.M73.V2500 2500 13.26
A125.M70.V1500 7.0 1500 5.94
A125.M70.V2000 2000 7.20
A125.M70.V2500 2500 8.35
A125.M67.V1500 6.7 1500 374
A125.M67.V2000 2000 454
A125.M67.V2500 2500 5.26
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Table 2. Track B stellar parameters of the grid models for CSPNe witM0.6

Model T.[kK]  log(g@) R«[Re] Li[10%Lg] log(M)[Meyr 1]  vekms™]  R¢[Ra]
B50.M70.V500 50 4.0 1.29 9.2 -7.0 500 43.80
B50.M70.V1000 1000 69.53
B50.M63.V500 6.3 500 14.98
B50.M63.V1000? 1000 23.78
B50.M60.V500 6.0 500 9.45
B50.M60.V1000% 1000 14.99
B65.M70.V500 65 4.4 0.82 105 7.0 500 27.86
B65.M70.V1000 1000 44.23
B65.M63.V500 6.3 500 953
B65.M63.V1000% 1000 15.13
B65.M60.V500 6.0 500 6.01
B65.M60.V1000% 1000 9.53
B80.M70.V500 80 4.8 0.52 9.6 7.0 500 17.59
B80.M70.V1000? 1000 27.92
B80.M63.V500 6.3 500 6.02
B80.M63.V1000% 1000 9.55
B80.M60.V500 6.0 500 379
B80.M60.V1000? 1000 6.02
B100.M70.V1500 100 5.3 0.29 7.4 7.0 1500 20.54
B100.M70.V2000 2000 24.88
B100.M70.V2500 2500 28.87
B100.M67.V1500 6.7 1500 12.94
B100.M67.V2000 2000 15.67
B100.M67.V2500" 2500 18.19
B100.M65.V1500 6.5 1500 9.87
B100.M65.V2000 2000 11.96
B100.M65.V2500 2500 13.88
B125.M70.V1500 125 5.7 0.18 7.2 7.0 1500 12.95
B125.M70.V2000 2000 15.68
B125.M70.V2500 2500 18.20
B125.M67.V1500 6.7 1500 8.16
B125.M67.V2000 2000 9.88
B125.M67.V2500 2500 11.46
B125.M65.V1500 6.5 1500 6.22
B125.M65.V2000 2000 7.54
B125.M65.V2500 2500 8.75
B150.M70.V1500 150 6.0 0.12 7.0 7.0 1500 8.85
B150.M70.V2000 2000 10.72
B150.M70.V2500" 2500 12.44
B150.M67.V1500 6.7 1500 558
B150.M67.V2000 2000 6.76
B150.M67.V2500 2500 7.84
B150.M65.V1500 6.5 1500 4.26
B150.M65.V2000 2000 5.16
B150.M65.V2500 2500 5.98
B165.M70.V1500 165 6.3 0.09 5.8 7.0 1500 6.67
B165.M70.V2000 2000 8.08
B165.M70.V2500 2500 9.37
B165.M70.V3000 3000 10.58
B165.M67.V1500 6.7 1500 420
B165.M67.V2000 2000 5.09
B165.M67.V2500 2500 5.90
B165.M67.V3000 3000 6.67
B165.M65.V1500 6.5 1500 321
B165.M65.V2000 2000 3.88
B165.M65.V2500 2500 451
B165.M65.V3000 3000 5.09
B200.M73.V1500 200 7.0 0.04 2.4 7.3 1500 4.60
B200.M73.V2000 2000 5.57
B200.M73.V2500 2500 6.47
B200.M73.V3000 3000 7.31
B200.M70.V1500 7.0 1500 2.90
B200.M70.V2000 2000 3.51
B200.M70.V2500 2500 4.08
B200.M70.V3000 3000 4.6
B200.M67.V1500 6.7 1500 183
B200.M67.V2000 2000 221
B200.M67.V2500" 2500 2.57
B200.M67.V3000 3000 2.90
B200.M65.V1500 6.5 1500 1.39
B200.M65.V2000 2000 1.69
B200.M65.V2500% 2500 1.96
B200.M65.V3000 3000 221

2Models with different neon abundances are also available. © 2011 RAS, MNRASO00, 27-2?
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Table 3. Track C: stellar parameters of the grid models for CSPNe wBMO.

Model T.[kK]  log(@) R«[Re] Li[10%Lg] log(M)Meyr 1]  ve[kms]  Rt[Ra]
C100.M67.V1500 100 4.8 0.62 335 6.7 1500 27.59
C100.M67.V2000 2000 33.42
C100.M67.V2500 2500 38.79
C100.M65.V1500 65 1500 21.06
€100.M65.V2000 2000 25.51
C100.M65.V2500 2500 29.60
C100.M64.V1500 6.4 1500 17.38
C100.M64.V2000 2000 21.06
C100.M64.V2500 2500 24.44
C125.M67.V1500 125 5.3 0.35 25.8 6.7 1500 15.47
C125.M67.V2000 2000 18.75
C125.M67.V2500 2500 21.75
C125.M65.V1500 6.5 1500 1181
C125.M65.V2000 2000 14.31
C125.M65.V2500 2500 16.60
C125.M64.V1500 6.4 1500 9.75
C125.M64.V2000 2000 11.81
C125.M64.V2500 2500 13.70
C165.M67.V1500 165 5.7 0.22 31.2 6.7 1500 9.75
C165.M67.V2000 2000 11.82
C165.M67.V2500 2500 13.71
C165.M67.V3000 3000 15.48
C165.M65.V1500 65 1500 7.44
C165.M65.V2000 2000 9.03
C165.M65.V2500 2500 10.46
C165.M65.V3000 3000 11.82
C165.M64.V1500 6.4 1500 6.14
C165.M64.V2000 2000 7.44
C165.M64.V2500 2500 8.64
C165.M64.V3000 3000 9.75
C200.M67.V1500 200 6.0 0.15 33.8 6.7 1500 6.90
C200.M67.V2000 2000 8.36
C200.M67.V2500 2500 9.71
€200.M67.V3000 3000 10.96
€200.M65.V1500 6.5 1500 5.27
€200.M65.V2000 2000 6.38
C200.M65.V2500 2500 7.41
€200.M65.V3000 3000 8.36
C200.M64.V1500 6.4 1500 435
€200.M64.V2000 2000 5.27
C200.M64.V2500 2500 6.11
C200.M64.V3000 3000 6.90
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Table 4. Species considered in the calculation of the grid models.

element ions
He [
C 2 maiv, v
nainaiva v, vi
O Ha iz va v, vi, Vil
Ne 2 1mava v, vi, Vi, Vill, 1X
Al aivaya
Si naiv,vavia
P IvVa vy, vi
S 2 1va va vi, Vi
Fe IV V2 VIa VI, VL IX, X, XI

aThese ionic species are not included in the calculationlahablels. They were introduced where needed based on thes@nafithe ionization
fractions.
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Table 5. Spectra of NGC 6905's central star used in the analysis.

Instrument Data Set Date Resolutid’ki [ Aperture [arcsec] Range&ﬂ
FUSE A1490202000 2000 Aug 11 ~0.06 30«30 905-1187
STIS + G140L 052R01020 1999 Jun 29 ~1.20 52<0.5 1150-1736
STIS + G230L 052R01010 1999 Jun 29 ~3.15 52<0.5 1570-3180
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