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ABSTRACT

Recent observations reveal that the central star of thefdannebula Abell 48 exhibits spec-
tral features similar to massive nitrogen-sequence WafreR stars. This raises a pertinent
question, whether it is still a planetary nebula or ratheing nebula of a massive star. In
this study, we have constructed a three-dimensional phioitzation model of Abell 48, con-
strained by our new optical integral field spectroscopy. Aalgsis of the spatially resolved
velocity distributions allowed us to constrain the geomefrAbell 48. We used the collision-
ally excited lines to obtain the nebular physical condisi@nd ionic abundances of nitrogen,
oxygen, neon, sulphur and argon, relative to hydrogen. \&f d@¢termined helium temper-
atures and ionic abundances of helium and carbon from theabptcombination lines. We
obtained a good fit to the observations for most of the emishin® fluxes in our photoion-
ization model. The ionic abundances deduced from our maeédhadecent agreement with
those derived by the empirical analysis. However, we nailndgous discrepancies between
helium temperatures derived from the model and the empaitalysis, as overestimated by
our model. This could be due to the presence of a small fradticold metal-rich structures,
which were not included in our model. It is found that the aled nebular line fluxes were
best reproduced by using a hydrogen-deficient expandinghatchosphere as the ionizing
source with an effective temperaturelafy = 70 kK and a stellar luminosity df,. = 5500 L),
which corresponds to a relatively low-mass progenitor gtaB M) rather than a massive

Pop | star.
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1 INTRODUCTION

The highly reddened planetary nebula Abell 48 (PN G0290.4)
and its central star (CS) have been the subject of recentrepec
scopic studies (Wachter et/al. 2010; Depew et al. 2011; Toalt e
2013; Frew et al. 2013). The CS of Abell 48 has been classiied a
Wolf—-Rayet [WN5] (Todt et &ll. 2013), where the square bréske
distinguish it from the massive WN stars. Abell 48 was firstiti-

fied as a planetary nebula (PN)by Abell (1955). However,atsire
remains a source of controversy whether it is a massive ehgla

or a PN as previously identified. Recently, Wachter et all(B@e-

* Based on observations made with the Australian Nationavéssity
(ANU) Telescope at the Siding Spring Observatory, and thatt®on
African Large Telescope (SALT) under programs 2010-3-RSPH-002.

1 E-mail: ashkbiz.danehkar@students.mq.edu.au
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scribed it as a spectral type of WN6 with a surrounding riniguhe.
But,|Todt et al.|(2013) concluded from spectral analysishef€S

and the surrounding nebula that Abell 48 is rather a PN witina |
mass CS than a massive (Pop 1) WN star. Previously, Todt et al.
(2010) also associated the CS of PB8 with [WN/C] class. Fur-
thermore, IC 4663 is another PN found to possess a [WN] star
(Miszalski et all 2012).

A narrow-band H+[N 11] image of Abell 48 obtained by
Jewitt et al. [(1986) first showed its faint double-ring maidyy.
Zuckerman & Aller (1986) identified it as a member of the ellip
tical morphological class. The ddimage obtained from the Su-
perCOSMOS Sky H Survey (Parker et al. 2005) shows that the
angular dimensions of the shell are about’4638’, and are
used throughout this paper. The first integral field spectig of
Abell 48 shows the same structure in tha Emission-line profile.
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Table 1.Journal of the IFU observations with the ANU 2.3-m Telescope

PN Date 0T)  Arange &) R Exp.(s)
Abell 48  2010/04/22  4415-5589 7000 1200
5222-7070 7000 1200
2012/08/23  3295-5906 3000 1200
5462-9326 3000 1200
c(Hp)

20

arcsec

I
20

I I
10 15
arcsec

(@) (b)

Figure 1. From left to right: (a) narrow-band filter image of PN Abell ¥8
Ha obtained from the SuperCOSMOS SkwHBurvey (SHS;; Parker etlal.
2005). The rectangles correspond #iex 38-arcseé IFU: 1 (blue) and 2
(red) taken in 2010 April and 2012 August, respectively. gmaimension
is 60 x 60 arcseé. (b) Extinctionc(H3) map of Abell 48 calculated from
the flux ratio Hx/Hg3 from fields. Black contour lines show the distribution
of the narrow-band emission ofdHn arbitrary unit obtained from the SHS.
North is up and east is towards the left-hand side.

But, a pair of bright point-symmetric regions is seen in[Nsee
Fig.[d), which could be because of the Mtratification layer pro-
duced by the photoionization process. A detailed study@kthe-
matic and ionization structure has not yet been carriedodate.
This could be due to the absence of spatially resolved ocatsens.

The main aim of this study is to investigate whether the [WN]
model atmosphere from Todt et al. (2013) of a low-mass star ca
reproduce the ionization structure of a PN with the featliles
Abell 48. We present integral field unit (IFU) observationala
a three-dimensional photoionization model of the ionized m
Abell 48. The paper is organized as follows. Secfibn 2 prtssen
our new observational data. In Sectidn 3 we describe the merp
kinematic structure, followed by an empirical analysis @c&or4.
We describe our photoionization model and the derived tesul
Section§ b and| 6, respectively. Our final conclusion is dt@&ec-
tion[d.

2 OBSERVATIONS AND DATA REDUCTION

Integral field spectra listed in Taklé 1 were obtained in 2846
2012 with the 2.3-m ANU telescope using the Wide Field Spec-
trograph (WiFeS; Dopita et al. 2007, 2010). The observatigere
done with a spectral resolution & ~ 7000 in the 441.5-707.0
nm range in 2010 an® ~ 3000 in the 329.5-932.6 nm range in
2012. The WiFeS has a field-of-view 25" x 38" and each spatial
resolution element of’0 x 0’5 (or 1” x 1”). The spectral res-
olution of R (= A/AX) ~ 3000 and R ~ 7000 corresponds to

a full width at half-maximum (FWHM) of~ 100 and 45 kms?,
respectively. We used the classical data accumulation pzme

Table 2. Observed and dereddened relative line fluxes of the PN Alell 4
on a scale where Bl = 100. Uncertain and very uncertain values are fol-
lowed by *:’ and *:’, respectively. The symbol ** denotesemded emission
lines.

Alab(A) ID Mult F()\) I\ Er(%)
3726.03  [O1] F1 20.72:  128.96:  25.7
3728.82 [0 1] F1 * * *
3868.75 [Neli] F1 7.52 38.96 9.4
4340.47 H15-2 H5 21.97 54.28: 17.4
4471.50 Hel V14 3.76: 7.42: 12.0
4861.33 H14-2 H4 100.00  100.00 6.2
4958.91 [0 1] F1 117.78 99.28 5.3
5006.84 [0 1] F1 411.98  319.35 5.2
5754.60 [N 1] F3 1.73: 0.43:: 40.8
5875.66 Hel Vi1 87.70 18.97 5.3
6312.10  [Sni] F3 4.47: 0.60:: 46.9
6461.95 Cn V17.04  3.36: 0.38: 26.2
6548.10 [N 1] F1 252.25 26.09 5.2
6562.77 H13-2 H3 2806.94  286.00 5.1
6583.50 [N 1] F1 874.83 87.28 5.3
6678.16 Hel V46 55.90 5.07 5.3
6716.44  [S1] F2 85.16 7.44 5.1
6730.82  [S1] F2 92.67 7.99 5.5
7135.80  [Ar 1] F1 183.86 10.88 5.2
7236.42 Cn V3 29.96: 1.63: 20.7
7281.35 Hel V45 11.08: 0.58:: 41.3
7751.43  [Ar ] F1 111.83:: 4.00:: 34.5
9068.60  [S1] F1 1236.22  19.08 5.3
c(HpB) 3.104+0.04
HB/10~13 <15 1.076 £ 0.067 1354.6 & 154.2

suitable sky window has been selected from the science data f
the sky subtraction purpose.

The positions observed on the PN are shown in[Hig. 1(a). The
centre of the IFU was placed in two different positions in @01
and 2012. The exposure time of 20 min yields a signal-toens
tio of S/N = 10 for the [O111] emission line. Multiple spectro-
scopic standard stars were observed for the flux calibrgiion
poses, notably Feige 110 and EG 274. As usual, series offlaits,
field frames, arc lamp exposures, and wire frames were atjuir
for data reduction, flat-fielding, wavelength calibratiordzpatial
calibration.

Data reductions were carried out using tifaF pipeline
WIFES (version 2.0; 2011 Nov Zﬂ.The reduction involves three
main tasks: WFTABLE, WFCAL and WFREDUCE. ThrRaF task
WFTABLE converts the raw data files with the single-extensio
Flexible Image Transport System (FITS) file format to the fidul
Extension FITS file format, edits FITS file key headers, anéena
file lists for reduction purposes. TheAF task WFCAL extracts
calibration solutions, namely the master bias, the masiefiélld
frame (from QI lamp exposures), the wavelength calibragfoom
Ne—Ar or Cu-Ar arc exposures and reference arc) and theaspati
calibration (from wire frames). TherAF task WFREDUCE ap-
plies the calibration solutions to science data, subtigigtSpectra,
corrects for differential atmospheric refraction, andlagspathe flux
calibration using observations of spectrophotometrindaad stars.

A complete list of observed emission lines and their flux

1 IRAF is distributed by NOAO, which is operated by AURA, Inander

contract to the National Science Foundation.
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Figure 2. Maps of the PN Abell 48 in i A6563A (top) and [N 1] A6584A (
spatial distribution maps of flux intensity, continuum, LS&ocity and veloci
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bottom) from the IFU PA = 0°) taken in 2010 April. From left to right:
ty dispersion. Flux unit is if0—15 ergs ! cm—2 spaxef !, continuum in

10~ ergs ! cm2 A-1 spaxet !, and velocities in kms?. North is up and east is towards the left-hand side. The vebitéour lines show the distribution

of the narrow-band emission ofd-in arbitrary unit obtained from the SHS.

intensities are given in Tablg] 2 on a scale wherg H 100.
All fluxes were corrected for reddening using(\)corr
F(X)obs 10°HDUHFN] The logarithmice(Hp) value of the in-
terstellar extinction for the case B recombinatidi & 10 000 K
andN, = 1000 cm™?;|Storey & Hummer 1995) has been obtained
from the Hx and H3 Balmer fluxes. We used the Galactic extinc-
tion law f(\) of Howarth (1983) forRy = A(V)/E(B —V) =

3.1, and normalized such thg(HgS) = 0. We obtained an extinc-
tion of c(HB3) = 3.1 for the total fluxes (see Tallé 2). Our derived
nebular extinction is in excellent agreement with the valegved

by Todt et al. [(2013) from the stellar spectral energy (SEe
same method was applied to creatél3) maps using the flux ra-

tio Ha/HB, as shown in FigJ1(b). Assuming that the foreground
interstellar extinction is uniformly distributed over thebula, an
inhomogeneous extinction map may be related to some ifterna
dust contributions. As seen, the extinction map of Abell 4Bidts

that the shell is brighter than other regions, and it mayaiarthe
asymptotic giant branch (AGB) dust remnants.

3 KINEMATICS

Fig.[2 shows the spatial distribution maps of the flux intgnsion-
tinuum, radial velocity and velocity dispersion oftH\6563 and
[N 11] A6584 for Abell 48. The white contour lines in the figures
depict the distribution of the emission ofcHobtained from the
SHS [(Parker et al. 2005), which can aid us in distinguishimg t

(© 2014 RAS, MNRASD0O,[TH12

nebular borders from the outside or the inside. The obseveed
locity vobs Was transferred to the local standard of rest (LSR) ra-
dial velocity vi,sr by correcting for the radial velocities induced
by the motions of the Earth and Sun at the time of our obser-
vation. The transformation from the measured velocity elisjpn
oobs 10 the true line-of-sight velocity dispersian,.. was done by
Otrue = \/02, — Ofs — 04, I.€. correcting for the instrumental
width (typically oins =~ 42 km/s for R ~ 3000 andoins ~ 18 km/s
for R ~ 7000) and the thermal broadeningd, = 8.3 T.[kK]/Z,
whereZ is the atomic weight of the atom or ion).

We have used the three-dimensional morpho-kinematic mod-
elling programsHAPE (version 4.5) to study the kinematic struc-
ture. The program described in detail by Steffen & LopezZ0€)0
and| Steffen et al! (2011), uses interactively moulded g&acaé
polygon meshes to generate the 3D structure of objects. Tite m
elling procedure consists of defining the geometry, emitysilis-
tribution and velocity law as a function of position. The gram
produces several outputs that can be directly compared|orith
slit or IFU observations, namely the position—velocity \i-dia-
gram, the 2-D line-of-sight velocity map on the sky and the-pr
jected 3-D emissivity on the plane of the sky. The 2-D linesight
velocity map on the sky can be used to interpret the IFU veloc-
ity maps. For best comparison with the IFU maps, the indlmat
(%), the position anglePA in the plane of the sky, and the model
parameters are modified in an iterative process until thditgua
tively fitting 3D emission and velocity information are pramkd.

We adopted a model, and then modified the geometry and inclina
tion to conform to the observedddand [N 11] intensity and radial
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(a) Morpho-kinematic mesh model

(b) Model results
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Figure 3. (a) ThesHAPEmMesh model before rendering at the best-fitting in-
clination and corresponding rendered model. (b) The nazedisynthetic
intensity map and the radial velocity map at the inclinatdér-35° and the
position angle ofl35°, derived from the modehfys = 0), which can be
compared directly with Fid.]2.

velocity maps. For this paper, the three-dimensional sirachas
then been transferred to a regular cell grid, together vaighpthysi-
cal emission properties, including the velocity that, in case, has
been defined as radially outwards from the nebular centre avit
linear function of magnitude, commonly known as a Hubbleety
flow (see e.g. Steffen etlal. 2009).

The morpho-kinematic model of Abell48 is shown in
Fig.[3(a), which consists of a modified torus, the nebulal ser-
rounded by a modified hollow cylinder and the faint outer h&loe
shell has an inner radius ab” and an outer radius &f3” and a
height of23”. We found an expansion velocity of,, = 35 +
5kms™! and a LSR systemic velocity af,s = 65 + 5kms™ .
Our value of the LSR systemic velocity is in good agreemettt wi
the heliocentric systemic velocity af,.; = 50.4 4+ 4.2kms™*
found by Todt et &l.. (2013). Following Dopita et al. (1996% es-
timated the nebula’s age around 1.5 of the dynamical ageheso t
star left the top of the AGB arourgR80 years ago.

Fig.[3 shows the orientation of Abell 48 on to the plane of the
sky. The nebula has an inclination o= —35° between the line
of sight and the nebular symmetry axis. The symmetry axisashas
position angle ofPA = 135° projected on to the plane of the sky,
measured from the north towards the east in the equatoratico
nate system (ECS). The PA in the ECS can be transferred iato th
Galactic position angle (GPA) in the Galactic coordinatstesm
(GCS), measured from the north Galactic pole (NGPA = 0°)
towards the Galactic easGPA = 90°). Note thatGPA = 90°
describes an alignment with the Galactic plane, whilrA = 0°
is perpendicular to the Galactic plane. As seen in Table &Jl4i8
has a GPA 0ofl97?8, meaning that the symmetry axis is approxi-
mately perpendicular to the Galactic plane.

Based on the systemic velocity, Abell 48 must be located at
less than 2kpc, since higher distances result in very higlupe
liar velocities pec > 189kms *; vpec = 170kms™ ! found in
few PNe in the Galactic halo by Maciel & Dutra 1992). However,
it cannot be less than 1.5 kpc due to the large intersteltanation.

Table 3. Kinematic results obtained for Abell 48 based on the morpho-
kinematic model matched to the observed 2-D radial velauiap.

Parameter Value
Tout (aresed «..ovviiiiiiii. 234+ 4
Or(arcsed ...t 13+2
R(arcsed. .ovvvene i, 23+ 4

T e —35° £+ 2°
PA 135° + 2°
GPA ... 197°48" 4 2°
Vsys(km/s) ovvviii 65+£5
Vexp(KM/g) ..ot 35+5

Using the infrared dust mﬁsf Schlegel et al! (1998), we found a
mean reddening value &(B—V') = 11.39+0.64 for an aperture
of 10" in diameter in the Galactic latitudes and longitudélob) =
(29.0,0.4), which is within a line-of-sight depth ¢gf 20 kpc of the
Galaxy. Therefore, Abell 48 witl’(B — V') ~ 2.14 must have a
distance of less tha®.3 kpc. Considering the fact that the Galac-
tic bulge absorbs photons overall 1.9 times more than thadBal
disc [Driver et al. 2007), the distance of Abell 48 should tmuad
2kpc, as itis located at the dusty Galactic disc.

4 NEBULAR EMPIRICAL ANALYSIS

4.1 Plasma diagnostics

The derived electron temperaturds)and densitiesi.) are listed

in Table[3, together with the ionization potential requitedcre-
ate the emitting ions. We obtainéd and N. from temperature-
sensitive and density-sensitive emission lines by soltiregequi-
librium equations of level populations for a multilevel atic
model usingeQuiB code ((Howarth & Adams 1931). The atomic
data sets used for our plasma diagnostics from collisipeaitited
lines (CELs), as well as for abundances derived from CELss, ar
given in Tabld#. The diagnostics procedure to determingéem
atures and densities from CELs is as follows: we assume a-epr
sentative initial electron temperature of 10 000 K in oraedérive

N. from [S11] line ratio; thenT.. is derived from[N 1] line ratio in
conjunction with the mean density derived from the previsigp.
The calculations are iterated to give self-consistentltesor NV,
andT.. The correct choice of electron density and temperature is
important for the abundance determination.

We see that the PN Abell 48 has a mean temperature of
To([N n]) = 6980 + 930 K, and a mean electron density of
N.([S11]) = 750 £ 200 cm™3, which are in reasonable agree-
ment with To([N 11]) = 7200 + 750 K and N.([S n]) =
1000 + 130 cm~2 found byl Todt et &l (2013). The uncertainty on
Te([N 11]) is order of40 percent or more, due to the weak flux inten-
sity of [N 11] A5755, the recombination contribution, and high in-
terstellar extinction. Therefore, we adopted the meartrele¢em-
perature from our photoionization model for our CEL aburwdan
analysis.

Table[B also lists the derived Haemperatures, which are
lower than the CEL temperatures, known as the ORL-CEL temper
ature discrepancy problem in PNe (seele.qg. Liu ket al.|200@420

2 Website http://www.astro.princeton.edu/~ schlegel/dust
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Table 4. References for atomic data.

lon Transition probabilities Collision strengths

N+ Bell et al. (1995) Stafford et al. (1994)

ot Zeippen (1987) Pradhan et al. (2006)

02t Storey & Zeippen (2000) Lennon & Burke (1994)

Ne?t  Landi & Bhatia (2005) McLaughlin & Bell (2000)

st Mendoza & Zeippen (1982)  Ramsbottom et al. (1996)

Sias Mendoza & Zeippen (1982) _ Tayal & Gupta (1999)
Huang (1985)

Ar2t Biemont & Hansen (1986) Galavis et al. (1995)

lon Recombination coefficient Case

Ht+ Storey & Hummer (1995) B

Het Porter et al. (2013) B

c2+ Davey et al. (2000) B

Table 5. Diagnostics for the electron temperatufe,and the electron den-
sity, Ne. References: D13 — this work; T13 — Todt et al. (2013).

lon Diagnostic I.P.(eV) Te(K) Ref.
[Nn] ~ ACHABEAG384 9453 6980 +930 D13
7200£750  T13
[Om]  AM9EAS00T 3512 11870 +£1640 TI3
He! 1281 2459 511042320 D13
6960 =450  T13
He! o128l 2459 436041820 D13
7510 £ 4800  T13
Ne(cm™3)
[Sn] Qo7 10.36 750200 D13
1000 +£130  T13

To determine the electron temperature from the N&5876, 6678
and 7281 lines, we used the emissivities of He | lines_by Smits
(1996), which also include the temperature rangé&.0& 5000 K.

We derived electron temperatures Bf(HeI) = 5110K and
Tc(HeI) = 4360K from the flux ratio Ha A\7281/5876 and
AA7281/6678, respectively. Similarly, we gbt(He I) = 6960 K

for Hel A\7281/5876 and.(He I) = 7510 K for A\7281/6678
from the measured nebular spectrum by Todt et al. (2013).

4.2 lonic and total abundances from ORLs

Using the effective recombination coefficients (given irbl€dd),
we determine ionic abundances!™H™, from the measured in-
tensities of optical recombination lines (ORLS) as follows

NXTH) 1) AMA) aer (HB)
N(H+) — I(HPB) 4861 aeq(N) ’

where () is the intrinsic line flux of the emission link emitted
by ion X**, I(Hp) is the intrinsic line flux of KB, cwr (H3) the
effective recombination coefficient off{ andaes (M) the effective
recombination coefficient for the emission lixe

Abundances of helium and carbon from ORLs are given in Ta-
ble[d. We derived the ionic and total helium abundances fram H

@)
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Table 6. Empirical ionic abundances derived from ORLSs.

lon AA) Mult Value®
Het 4471.50 V14 0.141
5876.66 V11l 0.121
6678.16 V46 0.115
Mean 0.124
He?+  4685.68 3.4 0.0
He/H 0.124
C2+ 646195 V17.40 3.068(3)
7236.42 V3 1.254(3)
Mean 2.161€3)

a AssumingTe = 5000 K and No = 1000 cm 3.

A471,)\5876 and\6678 lines. We assumed the Case B recom-
bination for the He lines (Porter et al. 2012, 2013). We adopted
an electron temperature @ = 5000 K from Hel lines, and an
electron density ofV, = 1000 cm~3. We averaged the HéH™
ionic abundances from the Ha4471,\5876 and\6678 lines with
weights of 1:3:1, roughly the intrinsic intensity ratiostbése three
lines. The total He/H abundance ratio is obtained by simgityng

the sum of H&/H™ and HE/H*. However, Hét/H™ is equal to
zero, since Ha 4686 is not present. The’C ionic abundance is
obtained from Q1 \6462 and\7236 lines.

4.3 lonic and total abundances from CELs

We determined abundances for ionic species of N, O, Ne, S and A
from CELs. To deduce ionic abundances, we solve the statisti
equilibrium equations for each ion usigguiB code, giving level
population and line sensitivities for specifiéd, = 1000 cm~3
and7. = 10000 K adopted according to our photoionization mod-
elling. Once the equations for the population numbers &lreedp
the ionic abundances,“X/H™, can be derived from the observed
line intensities of CELs as follows:

NX™F) — I(j) Aij(A) aer (HB)

N
N () A ’

nig

~ T(HP) 4861

@)

wherel(\;;) is the dereddened flux of the emission likg emit-
ted by ionX** following the transition from the upper levelto
the lower levelj, I(Hg) the dereddened flux of B a.q(HS) the
effective recombination coefficient ofH{ A;; the Einstein sponta-
neous transition probability of the transition, the fractional pop-
ulation of the upper level, and V. is the electron density.

Total elemental and ionic abundances of nitrogen, oxygen,
neon, sulphur and argon from CELs are presented in Table 7.
Total elemental abundances are derived from ionic abumganc
using the ionization correction factorscf) formulas given by
Kingsburgh & Barlow [(1994). The total O/H abundance ratio is
obtained by simply taking the sum of the"®™* derived from
[O 1] AX3726,3729 doublet, and the?t&YH* derived from [O11]
AM4959,5007 doublet, since Hie\4686 is not present, so’O/HT
is negligible. The total N/H abundance ratio was calculdtech
the N™/H™ ratio derived from the [NI] A\6548,6584 doublet, cor-
recting for the unseen N /H™ using,

R () (57)

= ®3)
The Né*/H™ is derived from [Neli] A3869 line. Similarly, the

H
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Table 7.Empirical ionic abundances derived from CELSs.

lon AA) Mult  Value?
N+ 6548.10 F1  1.356(5)
6583.50 F1  1.486(5)
Mean 1.421€5)
icf(N) 3.026
N/H 4.299(-5)
ot 3727.43 F1  5.2515)
02+ 4958.91 F1  1.024{4)
5006.84 F1  1.104(4)
Average 1.064¢4)
icf(O) 1.0
O/M 1.589(-4)
Net 3868.75 F1  4.256(5)
icf(Ne) 1.494
Ne/H 6.358(5)
st 6716.44  F2  4.058(7)
6730.82 F2  3.896(7)
Average 3.97HT)
St 9068.60 F1  5.579(6)
icf(S) 1.126
S/H 6.732(-6)
Ar2t 713580 F1  9.874(7)
icf(Ar) 1.494
Ar/H 1.475(-6)

2 AssumingT. = 10 000K and No = 1000 cm 3,

unseen N&/H™ is corrected for, using

() (=)

For sulphur, we have SH™ from the [S11] A\6716,6731 doublet
and $T/H* from the [Si11] A9069 line. The total sulphur abun-
dance is corrected for the unseen stages of ionization using

S St s+ ot\?
ﬁ—(H—++H—+) 1‘(“6)
The [Ar 111] 7136 line is only detected, so we have only
Ar?*t/HT. The total argon abundance is obtained by assuming

Art/Ar = NT/N:
Ar?t N+\ !
(%) (%)

As it does not include the unseen?Ar, so the derived elemental
argon may be underestimated.

Fig.[4 shows the spatial distribution of ionic abundancéorat
Het/Ht, NT/Ht, O*t/H* and ST/HT derived for givenT,
10000 K and N. = 1000 cm~3. We notice that both & /H* and
Het/H™ are very high over the shell, whereas MI™ and ST/H™
are seen at the edges of the shell. It shows obvious resuttee of
ionization sequence from the highly inner ionized zonebéauter
low ionized regions.

Ne
H

4)

—1/3

®)

Ar
H

(6)

5 PHOTOIONIZATION MODELLING

The 3-D photoionization codeMOCASSIN (version 2.02.67;
Ercolano et gl 2003h, 2005, 2008) was used to study the best-
fitting model for Abell48. The code has been used to model a
number of PNe, for example NGC 3918 (Ercolano et al. 2003a),
NGC 7009 [(Goncalves etlal. 2006), NGC 6302 (Wright et al.
2011), and SuWt 2 (Danehkar etlal. 2013). The modelling proce
dure consists of defining the density distribution and eleale
abundances of the nebula, as well as assigning the ionipeg s
trum of the CS. This code uses a Monte Carlo method to solf sel
consistently the 3-D radiative transfer of the stellar atidn field

in a gaseous nebula with the defined density distributiorchedhi-

cal abundances. It produces the emission-line spectrathénmal
structure and the ionization structure of the nebula. tvedl us to
determine the stellar characteristics and the nebula peam The
atomic data sets used for the calculation are energy levels;

sion strengths and transition probabilities from the CHTAMata
base (version 5.2; Landi etial. 2006), hydrogen and helivwa-fr
bound coefficients of Ercolano & Storey (2006), and opasitiem
Verner et al.|(1993) and Verner & Yakovlev (1995).

The best-fitting model was obtained through an iterative pro
cess, involving the comparison of the predicte@ Himinosity
Lugs(ergs!), the flux intensities of some important lines, rela-
tive to HB (such as[O 111] A5007 and[N 11] A\6584), with those
measured from the observations. The free parameters ettidid-
tance and nebular parameters. We initially used the stkitai-
nosity (L, = 6000 L) and effective temperatur@d{sz = 70kK)
found by Todt et al. (2013). However, we slightly adjusteel stel-
lar luminosity to match the observed line flux [@ 111] emission
line. Moreover, we adopted the nebular density and aburdanc
derived from empirical analysis in Sectibh 4, but they hagerb
gradually adjusted until the observed nebular emissioa-tipec-
trum was reproduced by the model. The best-fittlgs depends
upon the distance and nebula density. The plasma diagsgsids
N. = 750-1000 cnr2, which can be an indicator of the den-
sity range. Based on the kinematic analysis, the distancs bau
less than 2 kpc, but more than 1.5 kpc due to the large intianste
extinction. We matched the predictedgHuminosity L(H/3) with
the value derived from the observation by adjusting theadist
and nebular density. Then, we adjusted abundances to gbéesgite
emission-line spectrum.

5.1 Theionizing spectrum

The hydrogen-deficient synthetic spectra of Abell 48 wasetfied
using stellar model atmospheres produced by the PotsdariWol
Rayet (PoWR) models for expanding atmospheres (Graferzdr e
2002;| Hamann & Grafener 2004). It solves the non-localrttter
dynamic equilibrium (non-LTE) radiative transfer equatio the
comoving frame, iteratively with the equations of statiatiequi-
librium and radiative equilibrium, for an expanding atmlosge un-

der the assumptions of spherical symmetry, stationaritytemmo-
geneity. The result of our model atmosphere is shown in[Fig. 5
The model atmosphere calculated with the POWR code is for the
stellar surface abundances H:He:C:N:O = 10:85:0.3:5:9 dss,

the stellar temperaturé.s = 70 kK, the transformed radiuB;,
0.54 R and the wind terminal velocity.. = 1000 kms™". The
best photoionization model was obtained with an effectem-t
perature of 70kK (the same as POWR model used by Todt et al.
2013) and a stellar luminosity df. /L 5= 5500, which is close

to L, /Lo= 6000 adopted by Todt etlal. (2013). This stellar lu-
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Figure 4. lonic abundance maps of Abell 48. From left to right: spadiatribution maps of singly ionized Helium abundance r&te™/H* from Hel ORLs
(4472, 5877, 6678); ionic nitrogen abundance ratio/Nt (x 10~3) from [N 11] CELs (5755, 6548, 6584); ionic oxygen abundance rafd @+ (x10~4)
from [O 111] CELs (4959, 5007); and ionic sulphur abundance ratigH8" (x10~7) from [S 1] CELs (6716, 6731). North is up and east is towards the
left-hand side. The white contour lines show the distritnutdf the narrow-band emission obHn arbitrary unit obtained from the SHS.

Table 8. Input parameters for th@ocAssiINphotoionization model.
Stellar and Nebular Nebular Abundances
Parameters Model Obs. ~ b
Torr (KK) 70 HelH 0.120 0.124 <
Li Lo) 5500 C/H x103 3.00 - & i
Ny (cm—3)  800-1200 | N/H x10° 6.50 4.30 B
D (kpc) 1.9 OMH x10*  1.40 1.59 S ]
Fout (arcsec) 23 Ne/H x105  6.00 6.36 s
5 (arcsec) 13 S/H x 106 6.00 6.73 o ]
h (arcsec) 23 Ar/H %106 1.20 1.48 3
minosity was found to be consistent with the observetl ltini- oo ‘ ‘ ‘ ‘
nosity and the flux ratio ofO 111]/H3. A stellar luminosity higher 2000 1500 1000 500
than 5500 |, produces inconsistent results for the nebular pho- Wavelength (4)
toionization modelling. The emission-line spectrum proetl by
our adopted stellar parameters was found to be consistémtive Figure 5. Non-LTE model atmosphere flux (solid line) calculated whib t
observations. PoWR models for the surface abundances H:He:C:N:O = 1085:0.6 by

mass and the stellar temperatigr = 70 kK, compared with a blackbody
(dashed line) at the same temperature.

5.2 The density distribution

We initially used a three-dimensional uniform density ulisttion,

which was developed from our kinematic analysis. Howeves, t

interacting stellar winds (ISW) model developed |by Kwoklet a

(1978) demonstrated that a slow dense superwind from the AGB

phase is swept up by a fast tenuous wind during the PN phase,

creating a compressed dense shell, which is similar to wieat w eter to constrain. However, the values found from our pladima
see in Figlb. Additionally, Kahn & West (1985) extended tB&M agnostics V. = 750-1000 cm®) allowed us to constrain our
model to describe a highly elliptical mass distribution.isTkx- density model. The outer radius and the height of the cyfinde
tension later became known as the generalized interactitigrs are equal toro,s = 23" and the thickness i§r = 13”. The
winds theory. There are a number of hydrodynamic simulation density model and distance (size) were adjusted in ordee+o r
which showed the applications of the ISW theory for bipol&teP  producel(H3) = 1.355 x 10~ '°ergs ' cm™2, dereddened us-
(see e.g._Mellema 1996, 1997). As shown in Eiy. 6, we adopted ing c(H3) =3.1 (see Sectionl 2). We tested distances, with values

a density structure with a toroidal wind mass-loss geomsty- ranging from 1.5 to 2.0kpc. We finally adopted the charastieri
ilar to the ISW model. In our model, we defined a density distri  density of No = 600cm~2 and the radial density dependence of
bution in the cylindrical coordinate system, which has therf a = 1. The value of 1.90kpc found here, was chosen, because

Nu(r) = No[l + (r/rin)~ %], wherer is the radial distance from  of the best predicted Bl luminosity, and it is in excellent agree-

the centreq the radial density dependenc¥, the characteristic ment with the distance constrained by the synthetic sdemteagy

density,rin = rout — O the inner radiusyou: the outer radius and  distribution (SED) from the POWR models. Once the densisy di

or the thickness. tribution and distance were identified, the variation of tiebular
The density distribution is usually a complicated inputgmar ionic abundances were explored.

(© 2014 RAS, MNRASD00, [TH12
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Table 9. Dereddened observed and predicted emission-line fluxes for
Abell 48. References: D13 — this work; T13 — Todt €t al. (201&)cer-
tain and very uncertain values are followed by ‘" and “:éspectively. The

symbol ** denotes blended emission lines.

Line Observed Predicted
D13 T13

I(HB)y10-10 <& 13855 - 1.371
HB 4861 100.00  100.00 100.00
Ha 6563 286.00 290.60 285.32
H~ 4340 54.28: 45.10 46.88
Hé 4102 - - 25.94
He1 4472 7.42: — 6.34
He1 5876 18.97 20.60 17.48
He1 6678 5.07 4.80 4.91
He1 7281 0.58:: 0.70 0.97
He 11 4686 - - 0.00
C 11 6462 0.38 — 0.27
C11 7236 1.63 - 1.90
[N 11] 5755 0.43: 0.40 1.20
[N11] 6548 26.09 28.20 26.60
[N 11] 6584 87.28 77.00 81.25
[O11] 3726 128.96: - 59.96
[O11] 3729 * - 43.54
(O] 7320 - 0.70 2.16
[O11] 7330 - 0.60 1.76
[O111] 4363 - 3.40 2.30
[O111] 4959 99.28 100.50 111.82
[O111] 5007 319.35 316.50 333.66
[Ne111] 3869 38.96 - 39.60
[Ne111] 3967 - - 11.93
[Sn] 4069 - - 1.52
[S1] 4076 - - 0.52
[Sn] 6717 7.44 5.70 10.30
[Sn]6731 7.99 6.80 10.57
[S1i] 6312 0.60:: - 2.22
[S111]9069 19.08 - 16.37
[Ar 1] 7136 10.88 10.20 12.75
[Ar 1] 7751 4.00: - 3.05
[Ariv] 4712 - - 0.61
[Ar 1v] 4741 - - 0.51

5.3 The nebular elemental abundances

Table[B lists the nebular elemental abundances (with respét)
used for the photoionization model. We used a homogeneaus ab
dance distribution, since we do not have any direct obsienait
evidence for the presence of chemical inhomogeneitietallyj
we used the abundances from empirical analysis as initlaksa
for our modelling (see Sectidd 4). They were successiveldimo
fied to fit the optical emission-line spectrum through anattige
process. We obtain a C/O ratio of 21 for Abell 48, indicatihgtt

it is predominantly C-rich. Furthermore, we find a helium @bu
dance of 0.12. This can be an indicator of a large amount oifgix
processing in the He-rich layers during the He-shell flasiditey
to an increase carbon abundance. The nebulae around Hedefici
CSs typically have larger carbon abundances than thoseHaiith
CSs (see review by De Marco & Barlow 2001). TO¢H we de-
rive for Abell 48 is lower than the solar valu®(H = 4.57x 10™*;
Asplund et all 2009). This may be due to that the progenitereha
sub-solar metallicity. The enrichment of carbon can be peced in

a very intense mixing process in the He-shell flash (Herwijet

| |
0 400 800 1200
Hydrogen Density [cm-3]

Figure 6. The density distribution based on the ISW models adopted for
photoionization modelling of Abell 48. The cylinder has @utadius of
23" and thickness of3"’. Axis units are arcsec, where 1 arcsec is equal to
9.30 x 10~3 pc based on the distance determined by our photoionization
model.

1997). Other elements seem to be also decreased compared to
the solar values, such as sulphur and argon. Sulphur coutl-be
pleted on to dust grains (Sofia etlal. 1994), but argon canang h

any strong depletion by dust formation (Sofia & Jenkins 1998)
We notice that the N/H ratio is about the solar value given by
Asplund et al. [(2009), but it can be produced by secondary con
version of initial carbon if we assume a sub-solar metajlipro-
genitor. The combined (C+N+Q)/H ratio is by a factor of 3.@&r

than the solar value, which can be produced by multiple dragy
episodes occurring in the AGB phase.

6 MODEL RESULTS

6.1 Comparison of the emission-line fluxes

Table[9 compares the flux intensities predicted by the bttistefi
model with those from the observations. Columns 2 and 3 ptese
the dereddened fluxes of our observations and those froneTadit
(2013). The predicted emission-line fluxes are given in Gwiu

4, relative to the intrinsic dereddened3Hlux, on a scale where
I(HB)=100. The most emission-line fluxes presented are in rea-
sonable agreement with the observations. However, weentitat

the [O 1] A7319 andA\7330 doublets are overestimated by a fac-
tor of 3, which can be due to the recombination contribut©nor
photoionization code incorporates the recombination tarthe
statistical equilibrium equations. However, the recorabon con-
tribution are less than 30 per cent for the valuesTpfand N,
found from the plasma diagnostics. Therefore, the discrephe-
tween our model and observed intensities of these lines ean b
due to inhomogeneous condensations such as clumps anttfer co
small-scale structures embedded in the global structarean
also be due to the measurement errors of these weak lines. The
[O 111 AA3726,3729 doublet predicted by the model is around 25
per cent lower, which can be explained by either the recoatizin
contribution or the flux calibration error. There is a notatliscrep-
ancy in the predicted [NiI] A5755 auroral line, being higher by a
factor of ~ 3. It can be due to the errors in the flux measurement of
the [N 11] A5755 line. The predicted [Ani] A7751 line is also 30
per cent lower, while [Ar1] A7136 is about 20 per cent higher. The
[Ar ] A7751 line usually is blended with the telluric line, so the
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Table 10.Fractional ionic abundances for Abell 48 obtained from thetpionization model.
lon

Element [ Il I v v VI M
H 3.84(-2) 9.62(-1)
He 3.37¢2) 9.66(-1) 1.95(-6)
C 5.43(-4) 1.73(-1) 8.18(1) 8.93(-3) 1.64(-15) 1.00(-20) 1.00(-20)
N 1.752) 1.94(1) 7.79(-1) 8.98(-3) 2.72(-15) 1.00(-20) 1.00(-20)
) 4.32(2) 2.60(+1) 6.97-1) 1.18(-7) 3.0920) 1.00(20) 1.00(-20)
Ne 9.94(3) 3.88(-1) 6.03-1) 1.12(-13) 1.00(-20) 1.00(-20) 1.00(-20)
S 6.565) 8.67(-2) 6.99(-1) 2.12(-1) 2.42(-3) 1.66(-15) 1.00(-20)
Ar 2.81(-3) 3.74(2) 8.43(1) 117¢-1) 1.02(-13) 1.00(-20) 1.00(-20)

observed intensity of these line can be overestimatedtieisame
for [S 1111 A9069, which is typically affected by the atmospheric
absorption band.

6.2 lonization and thermal structure

The volume-averaged fractional ionic abundances arallist&a-
ble[I0. We note that hydrogen and helium are singly-ionixeel.
see that the ®/O ratio is higher than the NN ratio by a factor

of 1.34, which is dissimilar to what is generally assumedit f
method. However, the ¥/O ratio is nearly a factor of 1.16 larger
than the N&*/Ne ratio, in agreement with the general assumption
for icf(Ne). We see that only 19 per cent of the total nitrogen in

(© 2014 RAS, MNRASD0O, [TH12

the nebula is in the form of N. However, the total oxygen largely
exists as &" with 70 per cent and thenOwith 26 per cent.

The elemental abundances we used for the photoionization
model returns ionic abundances listed in Tdblk 11, are coabja
to those from the empirical analysis derived in Sedfion 4 iBimic
abundances derived from the observations do not show mijor d
crepancies in He/HT, C2T/H*, Nt/HT, O*t/Ht, Nt /HT and
Ar?T/H*; differences remain below 18 per cent. However, the pre-
dicted and empirical values of @H™, S*/H* and $*/HT have
discrepancies of about 45, 31 and 33 per cent, respectively.

Fig.[4(bottom) shows plots of the ionization structure of he
lium, carbon, oxygen, argon (left-hand panel), nitrogesgmand
sulphur (right-hand panel) as a function of radius alongethea-
torial direction. As seen, ionization layers have a cleaization
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Table 11. Integrated ionic abundance ratios for He, C, N, O, Ne, S and
Ar, derived from model ionic fractions and compared to théreen the
empirical analysis.

lonic ratio  Observed Model
HeT/H+ 0.124 0.116

C2t/H+ 2.16(-3) 2.45(-3)
N+/H+ 1.42(-5) 1.26(-5)
Ot/H+ 5.25(-5) 3.63(-5)
O2t/HT  1.06(-4) 9.76(-5)
Ne2t/Ht  4.26(-5) 3.62(-5)
StH+ 3.98(-7) 5.20(-7)
S2H/H+ 5.58(-6) 4.19(-6)
Ar2t/H+  9.87(-7) 1.01(-6)

Table 12.Mean electron temperatures (K) weighted by ionic speciethfo
whole nebula obtained from the photoionization model.

lon
El | I 1T v Vv Vi M
H 9044 10194
He 9027 10189 10248
C 9593 9741 10236 10212 10209 10150 10150
N 8598 9911 10243 10212 10209 10150 10150
(0] 9002 10107 10237 10241 10211 10150 10150
Ne 8672 10065 10229 10225 10150 10150 10150
S 9386 9388 10226 10208 10207 10205 10150
Ar 8294 9101 10193 10216 10205 10150 10150

sequence from the highly ionized inner parts to the outeonsg
Helium is 97 percent singly-ionized over the shell, whilggen is

26 percent singly ionized and 70 percent doubly ionizedbQar
and nitrogen are about 20 percent singly ionized- 80 percent
doubly ionized. The distribution of N is in full agreement with
the IFU map, given in Figl4. Comparison between the" H&?*

and S ionic abundance maps obtained from our IFU observations
and the ionic fractions predicted by our photoionizatiordel@lso
show excellent agreement.

Table[I2 lists mean temperatures weighted by the ionic abun-
dances. Both [NI] and [O111] doublets, as well as Hdines arise
from the same ionization zones, so they should have rougtmy s
ilar values. The ionic temperatures increasing towardherigon-
ization stages could also have some implications for thenrteza-
peratures averaged over the entire nebula. However, tharkaige
discrepancy by a factor of 2 between our model and ORL engbiric
value of T.(Her). This could be due to some temperature fluctu-
ations in the nebula (Peimbert 1967, 1971). The temperdiuce
tuations lead to overestimating the electron temperateckickd
from CELs. This can lead to the discrepancies in abundanees d
termined from CELs and ORLs (see €.g. Liu et al. 2000). Never-
theless, the temperature discrepancy can also be prodyckid b
abundance models (L.lu 2003; Liu ef al. 2004a), containingeso
cold hydrogen-deficient material, highly enriched in heliand
heavy elements, embedded in the diffuse warm nebular gagrof n
mal abundances. The existence and origin of such inclusioms
still unknown. It is unclear whether there is any link betweake
assumed H-poor inclusions in PNe and the H-deficient CSs.

7 CONCLUSION

We have constructed a photoionization model for the nebfila o
Abell 48. This consists of a dense hollow cylinder, assunfing

mogeneous abundances. The three-dimensional densitibalist
tion was interpreted using the morpho-kinematic modelrdatesd

from spatially resolved kinematic maps and the ISW modek Ou
aim was to construct a model that can reproduce the nebular
emission-line spectra, temperatures and ionization strecleter-
mined from the observations. We have used the non-LTE madel a
mosphere from Todt et al. (2013) as the ionizing source. ¢tin
empirical analysis methods, we have determined the teryresa
and the elemental abundances from CELs and ORLs. We notice a
discrepancy between temperatures estimated féom| CELs and
those from the observed HORLs. In particular, the abundance ra-
tios derived from empirical analysis could also be susbéptb in-
accurate values of electron temperature and density. Howewe

see that the predicted ionic abundances are in decent agméem
with those deduced from the empirical analysis. The emiskice
fluxes obtained from the model were in fair agreement wittotire
servations.

We notice large discrepancies between idkectron tempera-
tures derived from the model and the empirical analysis. &te
istence of clumps and low-ionization structures could sdlve
problems |(Liu et &l 2000). Temperature fluctuations havenbe
also proposed to be responsible for the discrepancies ipeem
atures determined from CELs and ORLs (Peimbert 1967,11971).
Previously, we also saw large ORL-CEL abundance discrep-
ancies in other PNe with hydrogen-deficient CSs, for example
Abell 30 (Ercolano et al. 2008a) and NGC 1501 (Ercolano et al.
2004). A fraction of H-deficient inclusions might produceoske
discrepancies, which could be ejected from the stellaasertiur-
ing a very late thermal pulse (VLTP) phase or born-again &ven
(Iben & Renzinil 1983). However, the VLTP event is expected to
produce a carbon-rich stellar surface abundahce (Herw@d 20
whereas in the case of Abell 48 negligible carbon was found at
the stellar surface (C/He %5 x 10~ by masst_Todt et al. 2013).
The stellar evolution of Abell 48 still remains unclear arebds
to be investigated further. But, its extreme helium-ricmasphere
(85 per cent by mass) is more likely connected to a merging pro
cess of two white dwarfs as evidenced for R Cor Bor stars of sim
ilar chemical surface composition by observations (Clagbal.
2007;|Garcia-Hernandez ef al. 2009) and hydrodynamialaim
tions (Staff et al. 2012; Zhang & Jeffery 2012; Menon et all30

We derived a nebula ionized mass©f0.8 M. The high
C/O ratio indicates that it is a predominantly C-rich nebulhe
C/H ratio is largely over-abundant compared to the solanesal
of |Asplund et al. [(2009), while oxygen, sulphur and argon are
under-abundant. Moreover, nitrogen and neon are roughty- si
lar to the solar values. Assuming a sub-solar metallicitygpn-
itor, a 3rd dredge-up must have enriched carbon and nitragen
AGB-phase. However, extremely high carbon must be produced
through mixing processing in the He-rich layers during the- H
shell flash. The low N/O ratio implies that the progenitor siaver
went through the hot bottom burning phase, which occurs iBAG
stars with initial masses more than aM(Karakas & Lattanzio
2007 Karakas et dl. 2009). Comparing the stellar paraméiand
by the model,T.qx =70kK and L, /L o= 5500, with VLTP evo-
lutionary tracks from_Blockerl (1995), we get a current maés
~ 0.62M¢, which originated from a progenitor star with an ini-
tial mass of~ 3Me. However, the VLTP evolutionary tracks
by IMiller Bertolami & Althaus {(2006) yield a current mass of
0.52M¢ and a progenitor mass ef 1M, which is not consis-
tent with the derived nebula ionized mass. Furthermores-scales
for VLTP evolutionary track (Blocker 1995) imply that thesQas
a post-AGB age of about 9 000 yr, in agreement with the nebula’s
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age determined from the kinematic analysis. We therefanelade
that Abell 48 originated from ar 3 M progenitor, which is con-
sistent with the nebula’s features.
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