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Abstract. The latest outburst of AG Peg has lasted for 150 years, which makes it the slowest nova eruption ever recorded.
During the time of /UE observations (1978—1995) line profiles and intensity ratios of the N V and C IV doublet components
changed remarkably, and we discuss plausible reasons. One of them is radiative pumping of Fe II which is investigated by
studying the fluorescence lines from pumped levels. Three Fe II channels are pumped by C IV and one by N V. The pumping
rates of those Fe II channels as derived by the modeling agree well with the strengths of the Fe II fluorescence lines seen in the
spectra. We model the C IV and N V resonance doublets in /UE spectra recorded between 1978 and 1995 in order to derive
optical depths, expansion velocities, and the emissivities of the red giant wind, the white dwarf wind and their collision region.
The derived expansion velocities are ~60 kms™! for the red giant wind and ~700 kms~! for the white dwarf wind. We also
suggest a fast outflow from the system at ~150 km s~!. The expansion velocity is slightly higher for N V than for C IV. Emission
from the collision region strongly affects the profile of the N V and C IV resonance doublets indicating its existence.
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1. Introduction

The symbiotic stars are a subclass of interacting binaries con-
sisting of a red giant and a hot radiation source, both of solar-
like mass. The two stars are embedded in an ionized common
envelope formed by the stellar winds of the stars and some-
times also material ejected during outburst. A common phe-
nomenon in symbiotic stars is the accretion of material from
the red giant onto the white dwarf, which can lead to nova-
like eruptions (Tomov & Tamova 2001). In the ultraviolet re-
gion the spectrum of symbiotic stars is dominated by emission
lines from different sources. The nebular emission lines have
three different possible origins: the thick inhomogeneous wind
from the red giant, the fast wind from the white dwarf, and/or
from a region where the two winds collide (Miirset et al. 1997;
Vogel & Nussbaumer 1994). A fraction of the wind from the
red giant is photoionized by the UV emission from the hot
component, which explains the observed nebular emission lines
from higher ionization stages such as C3*, N*, 03+, Si?™,
and S*>*. A complication in the interpretation of the UV spec-
trum of symbiotic stars is that the Fe™ ions in the common en-
velope fluoresce when irradiated by the strong UV emission
lines (Johansson 1983).

The star AG Peg (BD+11°4673) underwent a nova erup-
tion sometime between 1841 and 1855 (Lundmark 1921).
The luminosity increased from about 9th to a maximum of

about 6th mag around 1885. During the first 70 years af-
ter detection of the nova eruption the spectrum of AG Peg
slowly evolved from a P Cygni type (H I, He II emission lines
showed P Cygni profiles) to a combined spectrum originating
from a hot component, a nebular region and a M 3 red giant
(Merrill 1951). AG Peg is also classified as a symbiotic nova
(Allen 1980), and it is believed to be the slowest nova ever ob-
served, as the bolometric luminosity was nearly constant until
the late 1970s when it started to decline.

There has been an ongoing discussion about the wind struc-
ture in symbiotic systems in general (Girard & Willson 1987)
and in AG Peg in particular (Vogel & Nussbaumer 1994,
1995). This is of great interest since some symbiotic sys-
tems could be progenitors of type Ia supernovae (Munari 1994;
Boffi et al. 1994). It is of basic importance to model the wind
structure for our understanding of the observed line profiles and
spectral variability in symbiotic systems. The strong nebular
emission lines in the spectrum of AG Peg have changed signifi-
cantly between 1978 and 1995. This gives an excellent opportu-
nity to derive parameters such as wind velocities, temperatures
and opacities in different regions of the symbiotic nebula.

In the present work we have fitted theoretical line profiles
to the CIV and N V resonance doublets observed in IUE spec-
tra to derive both the wind structure and evolution of the nebula
during the time 1978—1995. The starting values of the param-
eters used in the theoretical spectra, such as wind velocities,
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Table 1. IUE spectra used in this work.

M. Eriksson et al.: Modeling the wind structure of AG Peg

Spectrum Exp.(s) Aperture* Obs. date | Spectrum Exp. (s) Aperture* Obs. date
SWP02326 1200 L 18 Aug. 1978 | SWP40148 900 L 20 Nov. 1990
SWP02334 6000 L 18 Aug. 1978 | SWP40149 9000 L 20 Nov. 1990
SWP02953 2400 S 13 Oct. 1978 | SWP43006 720 L 4 Nov. 1991
SWP05669 1800 S 29 Jun. 1979 | SWP43007 13980 L 4 Nov. 1991
SWP06353 1800 S 2 Sep. 1979 | SWP46060 2700 L 5 Oct. 1992
SWP06355 4200 S 2 Sep. 1979 | SWP46142 900 L 6 Nov. 1992
SWP06527 3960 L 15 Sep. 1979 | SWP47697 720 L 20 May 1993
SWP06809 900 L 9 Oct. 1979 | SWP50707 720 L 7 May 1994
SWP07406 1800 S 14 Dec. 1979 | SWP52387 3600 L 12 Oct. 1994
SWP08760 1800 S 14 Apr. 1980 | SWP55055 900 L 21 Jun. 1995
SWP09807 1440 L 23 May 1980 | LWR02591 1200 S 13 Oct. 1978
SWP10454 1440 L 23 Oct. 1980 | LWR06389 3600 S 14 Dec. 1979
SWP11004 900 L 9 Jan. 1981 | LWR09130 2700 L 23 Oct. 1980
SWP13975 900 L 10 May 1981 | LWR10571 840 L 10 May 1981
SWP15649 840 L 4 Dec. 1981 | LWP09698 3000 L 12 Dec. 1986
SWPI15651 6600 L 4 Dec. 1981 | LWP16684 1800 L 28 Oct. 1989
SWP29862 10800 L 12 Dec. 1986 | LWP19253 1200 L 20 Nov. 1990
SWP29863 1500 L 13 Dec. 1986 | LWP21635 1200 L 4 Nov. 1991
SWP37046 1800 L 16 Sep. 1989 | LWP24280 1800 L 6 Nov. 1992
SWP37420 600 L 21 Oct. 1989 | LWP25995 3600 L 25 Jul. 1993
SWP37476 1800 L 28 Oct. 1989 | LWP28122 3900 L 13 May 1994
SWP37477 11160 L 28 Oct. 1989 | LWP30936 1080 L 21 Jun. 1995

* L = Large aperture; S = Small aperture.

optical depths and fluxes, are based upon previous work on
AG Peg as well as assumptions made in this work. These pa-
rameters were varied in narrow ranges that satisfy our assump-
tions in order to get better agreement between observed and
theoretical spectra. It is also our intent to understand to what
extent the pumping of Fe II affects the line profiles and intensity
ratios of the CIV and N V fine structure components. We have
studied the flux in the Fe II fluorescence lines generated by the
C IV and N V doublets. Selective pumping of Fe II was incor-
porated in the theoretical spectra and the possible ranges for the
wavelengths and optical depths of the pumping channels were
set by analysing the corresponding fluorescence lines. As a re-
sult of fitting many /UE spectra we were able to detect changes
in the system and determine some parameters to good accuracy.

2. Data

Many high-dispersion spectra of AG Peg were recorded by the
1UE satellite during its lifetime (1978—1995). These data were
extracted from the Multimission Archive at Space Telescope
(MAST) and provide heliocentric wavelengths and flux cal-
ibrated intensities. Due to the relative close proximity of
AG Peg (1.3 kpc) no correction for interstellar extinction was
made to the intensity data. Uncertainties in the absolute flux
value are of limited importance for the fitting of the C IV
and N V resonance doublets (see below) since only the rela-
tive intensities of the components are modeled. Each of these
doublets is entirely within a single echelle order, thereby

alleviating the need to consider order-to-order variations in
wavelength and flux when discussing the doublet structure.

The spectra used in this study are listed in Table 1. Images
from the Short Wavelength Prime (SWP) camera provided
the line profiles for the C IV and N V doublets and a few
pumped channels of Fe II. The bulk of the Fe II fluorescence
lines are located at the wavelengths of the Long Wavelength
Redundant (LWR) and Long Wavelength Prime (LWP) cam-
eras. The long wavelength spectra chosen for analysis occur at
epochs as close as possible to the SWP spectra. Unfortunately,
there are large gaps in the temporal coverage of the data, with
no observations of AG Peg having been taken from January
1982 until September 1989, with the exception of December
1986. The available spectra had been obtained for a range of
exposure times and some of them are affected by saturation for
strong lines, including the C IV and N V doublets.

3. The N V and C IV resonance doublets

The isoelectronic ions C>* and N** have the same atomic struc-
ture, and the resonance doublet in C IV and N V corresponds
to the transition 2s 2S—2p 2P. The resonance lines in C IV ap-
pear at 15482 A (J = 1/2—J = 3/2) and 1550.8 A (1/2—1/2)
and in N V at 1238.8 A (1/2-3/2) and 1242.8 A (1/2-1/2).
The intensity ratio in the doublet is expected to follow the
statistical weights, i.e. I(1/2-3/2)/1(1/2—-1/2) = 2, which is
verified by theoretical calculations of the Einstein A-values
(Warner 1968). Besides the strictly parity-forbidden lines of
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Fig. 1. The temporal development of the C IV resonant doublet. The
data from 1986 are not incorporated in the figure since the doublet was
saturated. The three absorption features in early /UE spectra discussed
in the text are marked in the figure. The spectra have been shifted in
relative intensity for plotting purposes and the intensity of the two
uppermost spectra in the figure are multiplied by a factor of two.

multiply-charged ions the C IV and N V resonance doublets
are important temperature indicators and can be used for diag-
nostics of the dynamics of energetic stellar winds. They have
therefore been a popular target in satellite UV observations, in
particular with JUE. The lines often show a complicated multi-
component structure.

The composite structure of the C IV and N V resonance
lines has changed noticeably during the period 1978—-1995 as
shown in Figs. 1 and 2. The multi-component structure has
been discussed by Kenyon et al. (1993), who suggested emis-
sion contributions from at least two different regions, the white-
dwarf wind and the red-giant upper atmosphere. The white-
dwarf wind has a terminal velocity of 900 kms~! (Penston &
Allen 1985), emitting the broad C IV and N V components with
widths of 500 kms~!. It is believed to be denser than the sur-
rounding nebula, leading to observed P Cygni profiles. The red-
giant atmosphere, which is heated by the UV radiation from
the white dwarf, shows the narrow component with Gaussian
widths of about 70 kms™'. A third emission component, orig-
inating from the region where the winds of the red giant and
the white dwarf collide, was introduced by Nussbaumer et al.
(1995), who also clearly demonstrated the presence of a broad
and a narrow component.

In our model we have included four regions in AG Peg
contributing to the composite line structure of the C IV and
N V resonance lines. Line emission results from the white-
dwarf wind, from two separate velocity components in the red-
giant wind and from the collision region. The total line profile
is also affected by blueshifted absorption from the wind regions
as well as the surrounding nebula, producing P Cygni profiles.

The expected intensity ratio of the two fine-structure lines
in C IV and N V is 2, but in several symbiotic systems this
ratio has been observed by Michalitsianos et al. (1992) to be
noticeably less than 2, sometimes even below 1. They studied
the possible effect on the profile of the C IV 11548.2 line from
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Fig. 2. The temporal development of the N V resonant doublet. The
intensity of the spectrum recorded on 13 Oct. 1978 is multiplied by a
factor of 4 and the spectrum from 9 Jan. 1981 is multiplied by 2. The
sharp, deep absorption features in the two uppermost spectra are data
artefacts.

resonant photoexcitation of Fe Il by C IV photons, as observed
in IUE spectra of RR Tel (Johansson 1983). However, they
could not explain the intensity anomaly based on this Bowen-
type process. The IUE spectra illustrate that intensity anoma-
lies are clearly present in AG Peg, especially during the years
1978—-1981 when the intensity ratio is less than 1 (Fig. 1). In
Sect. 4 we discuss in detail all Fe II pumping processes ob-
served in AG Peg involving the C IV and N V resonance lines.

A recent explanation for the strange intensity ratio of the
C IV and N V lines observed in symbiotic stars has been pre-
sented by Yoo et al. (2002). They proposed that, if bipolar
winds are present in the system, double scattering can occur,
where intensity is transferred from the blue line to the red line
due to an internal Doppler effect. The process requires an ac-
celeration that produces a bipolar wind velocity exceeding the
fine-structure interval of the doublets, which corresponds to
500 kms~! for C IV and 970 kms~! for N V. The double scat-
tering process has not been considered in this work, which we
comment on in Sect. 5.

We describe below in detail the time history of the C IV
and N V line profiles. The two fine-structure components of
each spectrum are called the blue and the red line, respectively,
based on their relative wavelengths. The different emission and
absorption contributions in each line will be called compo-
nents, e.g. WD (white dwarf) component and RG (red giant)
component.

3.1. The C IV resonance doublet in AG Peg

The time history of the C IV resonance doublet in AG Peg is
illustrated in Fig. 1 by the IUE spectra. In the first spectrum
of 1978 it had a rather complex appearance: the blue line was
nearly absent while the red line was one of the strongest in the
entire ultraviolet spectrum. It is easily discerned that the lines
originated from at least two different spatial regions of AG Peg,
since the red line consists of a base with the Gaussian width
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of 2.6 A and a nebular component of width 0.2 A. The broad
WD component had a similar peak intensity as the narrow
RG component (as determined from the modeling in Sect. 5).

Three absorption features (marked by vertical lines in
Fig. 1) are observed in the blue wing of the red line. The
one closest to the emission peak is weak and is the P Cygni
absorption component of the RG narrow line, since it is of
equal width (0.2 A) and shifted only by ~—50 km s~ from the
emission component. The second absorption line is shifted by
~—170 kms~! and broader than the RG component. It could be
due to a fast outflow from the red giant as suggested for the
symbiotic binary V2116 Oph (Chakrabarty et al. 1998). The
third absorption line is broader (1.2 A) and has a velocity shift
of ~—340 kms~!, corresponding most likely to the collision re-
gion, i.e. where the winds of the two stars collide (Nussbaumer
et al. 1995).

During 1978—-1981 the C IV profiles change notably. The
intensity of the WD component decreases relative to the
RG component so that less than ~5% of the red C IV fea-
ture consists of the broad base component in December 1981.
The shrinking WD component seems to be accompanied by
reduced absorption from the white dwarf wind. The blue
C 1V line strengthened continuously relative to the red line and
by January 1981 the intensity ratio reached 1. There were no
IUE observations of AG Peg from 1982 until the end of 1986.

In the 1986 spectra the WD component is barely de-
tectable, and there are no visible absorption lines associated
with the RG wind, the collision region or the surrounding neb-
ula. However, based on the modeling in Sect. 6 they still con-
tribute to the observed features. The C IV intensity ratio seems
to have continued to increase but no reliable value can be ob-
tained since the lines are saturated in both spectra recorded in
1986. After 1986 there are another two years without /JUE ob-
servations of AG Peg.

In the spectrum of 1989 the lines of the C IV doublet are
much narrower than in 1986. This implies that the trend of
growing emission from the collision region probably has ended
and that the emission from the RG atmosphere is now dominat-
ing. During the years between 1989 and 1995 the intensity ratio
continued to rise, from ~1.5 in 1989 to ~1.8 in 1995, probably
because of decreasing opacity in the WD wind. The C IV emis-
sion from the WD wind disappeared from the /UE spectra hav-
ing the longest exposure time during the early 1990s, but was
observed in spectra recorded with the HST GHRS instrument,
which has a higher sensitivity (Nussbaumer et al. 1995).

3.2. The N V resonance doublet in AG Peg

In 1978 the N V resonance doublet appeared in the /UE spec-
trum as two broad features originating from the WD wind
(Fig. 2). No narrow RG components were detectable. The
N V lines had also an anomalous intensity ratio, ~0.7, but not
to the same extent as C IV, for which the blue line was barely
noticeable. If the terminal velocity of the WD wind is close
to 900 kms~!, as suggested by Penston & Allen (1985), the
absorption of the red line (11242.78) is blue-shifted by 3.8 A
and will fall just to the red of the blue N V line (11238.80). One
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would therefore expect a higher intensity ratio for the N V dou-
blet than for the C IV ratio in 1978. The blue line is narrower
than the red line. The line profile fitting in Sect. 5 implies that,
because of geometrical properties of the symbiotic system, the
emission from the wind collision region is not absorbed to the
same extent as the white dwarf wind emission.

During the next three years, through May 1981, there was
no significant change in the N V doublet. The intensity ratio
slowly increased to ~0.9, and a weak absorption feature blue-
shifted by ~—250 kms™! is seemingly present in some of the
spectra. However, by December 1981 remarkable differences
are observed. The blue wing of the red N V line becomes totally
absorbed while the blue line appears narrower with a FWHM
of ~0.9 A. The peak intensity ratio continued to increase and
reached 1.0 in 1981.

By 1986 the broad WD component nearly vanished while
strong emission in the RG component dominated the spectrum.
As for the C IV doublet, at this time both lines stood on a
socket that most likely originated from the collision region.
Surprisingly, the peak intensity ratio (~0.6) has decreased again
and is nearly back to the 1978 value. Except for the WD ab-
sorption three other absorption features, each of them associ-
ated with N V, are observed in long exposure spectra during
1986. They have blue-shifts of —190, —340 and —470 km s7L,
and the first two correspond to similar absorption features seen
at an earlier stage in C IV. These two are associated with the
fast RG component and the collision region, respectively.

In 1989 the intensity ratio has increased to 1.2, and the two
lines have become more narrow (FWHM of ~0.5 A). This was
also observed for C IV. Hence, the N V radiation is now domi-
nated by the RG region facing the white dwarf. Both lines still
rest on a socket, which has decreased in strength since 1986.
The only absorption line clearly remaining is the feature cor-
responding to the surrounding nebula. During 1989—-1995 the
intensity ratio continued to rise until it reached the value of 2 in
1995. In the early 1990s a narrow absorption feature appeared
slightly red-shifted relative to the narrow nebular component of
the red 41242.78 line. It will be shown in Sect. 4 that it is due
to resonant pumping of Fe II. The WD wind is not observed
in N V in IUE spectra after 1989, but it has been observed
with the more sensitive HST/GHRS instrument (Nussbaumer
et al. 1995) where a continuing decline of the N V emission
from the white dwarf wind was detected. Although no C IV or
N V emission from the WD wind is observed in /UE spectra af-
ter 1989, Altamore & Cassatella (1997) showed that WD wind
emission is still detectable after 1989 in the He II 11640 and
N IV] 41487 lines.

4. NV and C IV pumped Fe Il lines
4.1. The fluorescence processes

Based on early IUE spectra of RR Tel (Penston et al. 1983)
several strong lines were identified by Johansson (1983) as
fluorescence lines of Fe II, excited by C IV in a Bowen
mechanism. The possible connection between a part of the
blue C IV line intensity being transferred to Fe II and the
anomalous intensity ratio of the C IV doublet observed in
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Table 2. Observed and corrected intensity ratios of the C IV doublet,
1(1548.2)/1(1550.8).

Star Observed®  Corrected”
Z And 1.54 2.00
EG And 1.41 1.48
V1016Cyg 131 1.67
RW Hya 1.66 1.70
SY Mus 1.28 1.36
AG Peg 0.77 1.01
RX Pup 0.57 0.81
RR Tel 1.16 1.62

¢ Measured from /UE spectra.
b After adding the flux deficit caused by fluorescence.

symbiotic systems was investigated by Michalitsianos et al.
(1992). An influence of Fe II pumping seemed likely since
Johansson (1983) had found 10 strong UV lines of Fe II, origi-
nating from one particular Fe II level, y*H;;,, in RR Tel spec-
tra. This level is pumped by C IV through the excitation chan-
nel a*Fo;,—y*H, ), at 1548.204 A, coinciding with the blue
C IV line at 1548.187 A. To estimate the optimal relative in-
fluence of the C IV pumping we have in Table 2 corrected
the observed intensity ratio of the C IV doublet by adding
the energy loss in the 11548 line for eight symbiotic systems
(Eriksson et al. 2001). The energy loss is obtained by adding
the radiation energy in all of the observed Fe II fluorescence
lines. The variation in the relative influence among the stellar
systems may be due to inclination of the orbital plane. One of
the purposes of the present work is to include the Fe II absorp-
tion in the modeling of the C IV and N V doublets in AG Peg,
derive the line opacities for the pumped channels, and com-
pare the derived and observed strength of the Fe II fluorescence
lines. Another Fe II line has been identified in this work as a flu-
orescence line pumped by N V, and the Fe II line opacity has
therefore been incorporated in the fitting of the N V doublet.

4.2. The Fe Il fluorescence lines

Fluorescence processes based on photoexcitation by acciden-
tal resonances (PAR) require specific circumstances. Since the
lower level in the pumped channel must have a significant pop-
ulation, the selective excitation mostly occurs from levels with
low excitation energies. In thermal equilibrium photoexcita-
tion from most metastable levels of Fe II requires temperatures
of several thousand Kelvin to be detectable. The nebular tem-
perature of AG Peg is estimated to be higher than 10000 K
(Michalitsianos et al. 1992). Radiative pumping in Fe II from
the b°P3, level at an energy as high as 3.20 eV has been
observed in RR Tel (Hartman & Johansson 2000), which is a
symbiotic system with a spectrum similar to AG Peg. The pos-
sibility of selective photo excitation from levels up to 4 eV has
been considered in this investigation. The pumping efficiency
declines exponentially with an increasing wavelength differ-
ence between the center of gravity of the pumping line and the
fluorescence channel. Therefore, resonant photoexcitation for
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Fig. 3. Scheme showing photoexcitation by an accidental resonance,
i.e. Adpump ~ A12. A strong line from spectrum X pumps the 1 — 2 tran-
sition in Y, which results in the fluorescence line 2 — 3 with inten-
sity I. By and A,; are Einstein coefficients.

separations greater than the FWHM of the pumping line is not
likely to occur.

The intensity of a fluorescence line, Iy, in spectrum “Y”
(in this case Y = Fe II) pumped by an emission line from an
ion “X” (in this work X = C IV or N V) is given by

~(x =g )

Iyoclox -Ni-Bip-Axz-e @ (1)
where w is the Gaussian width of the pumping line, A and B are
the Einstein coefficients for spontaneous decay and stimulated
absorption, Iy is the peak intensity of the pumping line and N,
is the population of level 1 (Fig. 3). The two previously known
Fe II channels, resonantly pumped by C IV 41548.19, are
a4F9/2—y4H1 1/2 at 1548.20 A and a4P1/2—w2D3/2 at 1548.41 A,
and they coincide in wavelength with the strong C IV RG emis-
sion. Eighteen Fe II fluorescence lines originating from these
two channels have been identified in /UE spectra of AG Peg
(Eriksson et al. 2001). One new Fe II channel, a* F7/,—y?Ds)»
at 1548.70 A, also pumped by the blue C IV line, is added in
the present work. A total of 26 C IV pumped fluorescence lines
of Fe II are observed in AG Peg and reported in Table 3. The
new fluorescence channel is of particular interest since it is too
far in wavelength from the center of the C IV line to be pumped
by the narrow, strong RG component and must be pumped by
the wide component from the white dwarf wind.

The N V resonance doublet is also responsible for pho-
toexcitation of Fe II. The emission line at 2605.82 A (see
Table 3) is a transition from v>G7,, having an excitation energy
of 10.33 eV, which is too high to be collisionally populated.
However, the channel a*Fs;,—v2Gy), at 1242.74 A coincides
with the RG component of the N V 11242.80 line resulting in
selective population of v2G7/, in Fe II. The 12605.82 line is the
only line observed from v>Gy, since its branching fraction is
more than three times higher than for any other transition from
the same upper level (Fuhr et al. 1988). Since 12605 is only
slightly above the noise level, other transitions from v2Gy, are
too weak to be detected.

Of the seven strongest fluorescence lines in Table 3 six fall
in the wavelength region 2435-2595 A. These lines, in partic-
ular 12493.1, are actually among the most prominent lines in
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Table 3. Fe II fluorescence lines observed in AG Peg.
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Pumping Pumped level Lower level Atap (A)* Peak intensity”

Pumping line:

Narrow C IV 11548.187 y*Hii) a’Gg)n 1975.55 5

Pumped channel: a’Hy1 2168.11 3

1548.204 A a*Hysp 2211.81 3
a*Hy ) 2220.59 12
a*Hy), 2228.07 12
b*Fy), 2281.73 2
a‘Gyypp 2436.96 28
a*'Gy), 2459.53 27
b’Hyi 2481.80 36
b*Hy)» 2493.10 44
b?Go)2 2772.00 32
a’li3) 2977.26 1
c*Gg)2 3030.57 1

Pumped channel: w?Ds), a’Fs), 1965.92

1548.411 A b*Fs 2142.46 6
c*Ds)n 2479.98 33
c*Ds)n 2483.08 27
c*Fs), 2979.95 8

Pumping line: v2Gy)2 c*Fs), 2605.82 3

Narrow N 'V 11242.804

Pumped channel:

1242.741 A

Pumping line:

Broad C IV 11548.187 y*Ds)» a'*Fs), 1558.54 5

Pumped channel: b*P3 2426.42 2

1548.697 A a*Gyp 2437.90 1
a’Fy), 2519.81 3
a’Fs), 2539.35 1
b*Ds), 2806.15 1
b*Ds), 2808.00 2

¢ Vacuum wavelengths.

b Mean value of the peak intensities during 1978—1995 in units of 10~!3

the entire /UE spectrum of AG Peg recorded in the long wave-
length region (2000—3300 A). Four of these lines are displayed
in Fig. 4.

4.3. Evolution of Fe Il fluorescence lines during 1978
to 1995

As discussed in the previous section the C IV and N V dou-
blets, which generate many Fe II fluorescence lines, have vari-
able intensity and structure in the spectra of AG Peg during the
years of IUE data collection. Variability is also observed in the
fluorescence lines given in Table 3. Two of the C IV pumped
channels coincide with the RG component of the blue C IV line
(1548.187 A), whereas the third one, at 1548.697 A, is out-
side the width of this component. The time history of the

o
ergcm™2s™ A7

corresponding fluorescence lines should therefore correlate dif-
ferently with the time history of the composite structure of the
C IV line. In Fig. 5 we show the time history of the Fe II fluo-
rescence produced by pumping by the blue C IV line from the
RG and WD components.

In the earliest /UE spectra of AG Peg, recorded before
1980, the blue C IV line is almost absent because of overlap-
ping absorption from the P Cygni profile of the red C IV line.
Nevertheless, the fluorescence lines pumped by the blue line
are present in the same IUE spectra. This could imply that
the pumping of iron occurs in a region located closer to the
symbiotic system than the region responsible for the P Cyg
absorption part of the WD component. However, the detailed
modeling in Sect. 5 shows that the fluorescence takes place
in the outermost part of the system. In any case, the red line
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produced by pumping of the white dwarf.

seems to best represent the flux in C IV. Therefore, we have
plotted in Fig. 6 the correlation between the peak intensity of
the red line (and not the true pumping line, the blue line) with
the peak intensities of two Fe II fluorescence lines. We used
one Fe II line from each of the levels 4p y4H11/2 (12493.10)
and 4p W2D3/2 (42479.98), and the C IV and Fe II intensities
were measured in the LWP and SWP spectra recorded close
in time to each other. Figure 6 shows that there is a good in-
tensity correlation between the fluorescence lines and the red
C IV line. This indicates that the first two groups of Fe II lines
listed in Table 3 are generated by C IV. It may also indicate that
the problem with the varying C IV intensity ratio is due to the
blue line and a combination of absorption due to the red line
P Cyg profile and to fluorescent pumping. This will further be
discussed in Sect. 5.

We have applied a linear least squares fitting to the data in
Fig. 6 and found the following correlations between the peak
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Fig.6. Correlation between Fe II fluorescence lines and
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intensity of the Fe II fluorescence lines and the peak intensity
of CIV:

1(12493.10) = 0.0193 - I(11550.77) + 12.301 x 1073, (2)
lo=4.9%x 10713, and
1(12479.98) = 0.0135 - I(11550.77) + 7.176 x 10713, (3)

lo=3.8x10713,

where the intensities are in units of erg cm™2 s~ A~!. By us-
ing Egs. (2) and (3), respectively, we can express the opti-
cal depth, 7, at the wavelengths corresponding to the pump-
ing channels a4F9/2—y4H11/2 (1548.20 A) and a4P1/2—w2D3/2
(1548.41 A) in terms of the branching fraction, BF, by the fol-
lowing equation

diy Ag
dI(1550.78) BFy-1548.187

(1548.187 - 4,)°

e’ =1-05

X exp . : “)
Wp
where subscript “fl” refers to the fluorescence line and “p” to

the pumped Fe II channel. The term m is the deriva-
tive of the intensity of the fluorescence line with respect to
the pumping line and wy, is the Gaussian width of the pump-
ing line. The branching fractions for the Fe II 12493.10 and
A2479.98 lines are 0.045 and 0.36, respectively. This implies
optical depths in the Fe II region of 0.43 at 1548.20 A related
to the pumping channel a4F9/2—y4H11/2 and 0.49 at 1548.41 A
related to the pumping channel a*P;;,—w?Ds),. The optical
depths at the pumping channels 112493, 2480 are restricted
to be between 0.3—0.6 in the modeling in Sect. 5 in order to
decrease the freedom of other parameters.

The third group of C IV pumped Fe II fluorescence lines
in Table 3 is due to the pumping channel a*F7/,—y*Ds), at
1548.70 A, which is outside the reach of the RG component in
the blue C IV line. The fluorescence lines are clearly present
in IUE spectra of AG Peg during 1978—1981. When, after
five years without observations (Fig. 4), AG Peg was observed
again during 1986—1995 there were no traces of these lines.
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This is in agreement with the disappearance of the C IV lines
after 1986, as discussed in Sect. 3.2.

The 12605.82 line in Table 3 is the only observed
Fe II line associated with the pumping channel a*Fs;;—v*Gy /2
at 1242.74 A, which is activated by the red N V line. This line
is absent in the JIUE spectra until 1993, when it became clearly
observable, and remained so during the last two years of the
IUE epoch.

5. Modeling the spectra and resulting parameter
values

In the modeling we have treated the spectral regions of the C IV
and N V doublets in AG Peg separately. In each of the two re-
gions we have only included the two resonance lines and the
Fe II lines pumped by them. The influence of potential minor
contributors is unknown. The equations for the theoretical line
profiles FX(2) (X = C(arbon) or N(itrogen)) used to fit the ob-
served C IV and N V resonance lines are constructed as fol-
lows (the indication that all functions involved are A-dependent
is excluded below):

FX =A%+ 3" £, )
J

where the first term A* refers to the line profile obtained in the
wind regions, and the second term refers to the effect of the
fluorescent pumping in the outer nebular region. The term AX
consists of two parts

szzsldf‘+z4:af,

i=1 i=1

(6)

where the first sum represents the emitted energy in the lines
and the second sum the energy absorbed in intervening regions.
The indices refer to five different sources and regions: the white
dwarf (WD) wind, the slow component of the red giant (RG)
wind, fast component of the RG wind, wind collision (WC) re-
gion, and the observed continuum level. The free parameters
are the relative velocities between the different regions (some
of them within certain limits) within the system and the opti-
cal depths of pumping and pumped transitions in C IV, N V
and Fe II.

The main differences between this model and previous
analyses (Vogel & Nussbaumer 1994; Nussbaumer et al. 1995)
concern the absorption in the WD wind. We obtained the best
fits assuming that the absorption of C IV and N V occurs at
some distance from the white dwarf where the temperatures
are sufficient for the respective ion, which leads to constant ex-
pansion velocity for each ion. We have also for the first time
included pumping of Fe II in a fitting procedure of the reso-
nance doublets.

Equation (5) is based on some assumptions about the sym-
biotic system AG Peg. Firstly, due to the slow nova eruption
beginning in 1850 the white dwarf has a wind at a terminal
velocity of ~1000 kms~!' according to Kenyon et al. (1993).
The WD wind velocity is now treated as a free parameter (with
certain limits) in the broad C IV and N V components. The
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WD wind is probably very extended and encloses most of the
stellar system. The red giant looses also material in a dense,
slow wind, for which we assume an expansion velocity typi-
cal of red giants (30 to 100 km s~!). The radiative temperature
varies with distance from the white dwarf and determines the
ionization balance in the various regions. For example, mat-
ter in the RG extended atmosphere and wind becomes ionized
by the WD UV emission. As the white dwarf evolves along
the post-AGB phase its wind becomes more transparent for ra-
diation, which leads to an increase in the radiative tempera-
ture. The ionization increases in the WD wind as well as in the
RG region, which also starts to emit C IV and N V radiation.

Between the two stars there is a region where the dense
RG wind collides with the fast WD wind heating the material
mechanically to several million degrees Kelvin (Murset et al.
1995). We assume that the matter in the WC region has an ex-
pansion velocity close to half of the WD wind velocity since the
particles in the WD wind loose momentum when colliding with
the slower particles in the RG wind. We also assume that fur-
ther out in a nebula surrounding the symbiotic system Fe* ions
are pumped by emission lines originating from highly-ionized
elements located in the WD wind, closer to the white dwarf.

These qualitative assumptions are expressed by quantitative
expressions (see Appendix A) and included in Egs. (5) and (6).
The parameters have been changed iteratively to get an agree-
ment between the theoretical and observed spectrum around
the C IV and N V lines. Most of the parameters make inde-
pendent effects on the spectrum. As starting values for some
parameters, e.g. velocities, we have used previously published
data, and for others, e.g. line width, we have extracted the val-
ues from similar lines. Assumptions the parameters presented
in Appendix A were inserted into the equations, which were fit-
ted to the observed line profiles. In Fig. 7 we show the result of
our fit applying Eq. (5) to the C IV and N V resonance regions
in AG Peg. In the following subsections we discuss both the
resulting parameter values obtained from the fitting procedure
and the development of the parameters studied in the various
regions.

5.1. The white dwarf wind

For the years 1978—1981, the average WD wind velocity ob-
tained from the fitting procedure is 650 + 20 kms~! for C IV
and 700+35km s~! for N V. According to the diagram in Fig. 8
it is then nearly constant for the whole /UE period 1978—1995,
in agreement with the results of Altamore & Cassatella (1997).
This means that the velocity is larger than the fine-structure
splitting in C IV but notin N V.

Both the emission and the blue-shifted absorption of
the C IV and N V lines in the WD wind weaken during the
period of IUE observations as shown in Figs. 9 and 10. During
Aug. 1978—-Sep. 1979 the emitted intensity of the red C IV line
in the WD wind is (7.9 + 3.8) x 107! (erg cm™ Al st
hereafter we use this intensity unit and denote it as i.u.), and
the optical depth at the central wavelength of the blue-shifted
C 1V absorption is 1.66 + 0.24. During the following two years
(to Dec. 1981) the intensity of the wind component drops by
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nearly a factor of three to (2.6 + 1.1) x 107! i.u., and the
optical depth by almost a factor of five to 0.34 + 0.08. After
1981, both the emission and the optical depth in the WD wind
continue to decline. For the years 1994—1995 the intensity
drops considerably and only upper limits can be derived. The
optical depth and intensity of the N V lines obtained from
the IUE observations Aug. 1978—Dec. 1981 are at levels of
7=322+041and I = (7.6 + 3.3) x 107!! i.u., respectively.
During the ensuing 14 years, until the last JUE observation, the
broad wind emission continually declines by about the same
factor as C IV to (2.3 + 1.1) x 107'? i.u., and the optical depth
drops to 0.25 + 0.04.

Two possibilities for the rapid decline of the broad wind
component can be addressed: a decline in the density of the
WD wind or an increase in the temperature of the white dwarf
as it evolves to the left in the H-R diagram, ionizing C IV to
C Vand N V to N VI. Altamore & Cassatella (1997) analyzed
the total flux in the He II Balmer « line relative to the con-
tinuum level at 1335 A in AG Peg. Using the Zanstra method
they found that the WD temperature was roughly constant for
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Fig.9. CIV and N V peak intensities in the white dwarf wind. The last
three circles (1994—1995) are to be treated as upper limits. Since the
FWHM of the wind profiles was almost constant through the period
(~2.5 A for N V and ~2.1 A for C IV) the total line fluxes follow the
trends of the peak intensities. The sharp absorption at 1242.05 A is a
data artefact.

the period 1978—1995. Interestingly, the flux and opacity of the
C IV lines decreased a few years earlier than the intensity and
opacity of the N V lines (Figs. 9 and 10), which is expected if
the temperature had increased during the 1980s.

The conditions for double scattering (Yoo et al. 2002) are
fulfilled for C IV (the WD wind velocity larger than the fine
structure separation), but not for N V. However, to get an ef-
fect on the blue line from the blue-shifted red line there is
a need for an accelerating wind having two specific regions,
where the velocity difference between the C IV ions matches
the fine structure separation. This contradicts the nearly con-
stant C IV velocity in the WD wind reported above and by
Altamore & Cassatella (1997), and we find no arguments for
including double scattering in our model.

5.2. The wind collision region

The strength of the C IV emission originating from the WC re-
gion drops by more than a factor of ten between December
1986 and September 1989 (Fig. 11). In the early observations
the line intensity of the WC component of the red line varied
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Fig. 11. Intensities in the wind-collision region in AG Peg.

in the interval (0.3—1.5) x 107'° i.u., but later it decreased to
(1.1+0.3)x 10" i.u. From August 1978 to December 1979 the
optical depth for the blue-shifted absorption of the C IV dou-
blet was 2.3 + 0.2, but the lines are steadily vanishing and by
1989 there is no trace of absorption in the WC region (Fig. 12).
The velocity shift of the blue-shifted absorption was 342 =+
24 kms~! in late 1978, but it declined slowly and in December
1986 it was 280 + 24 kms~!. The velocity in the WC region is
thus about half the WD velocity, which is expected according
to the assumptions made in the introduction of Sect. 5. The lack
of absorption in the spectra after 1986 makes it impossible to
derive any velocity structure of the WC region from the fitting
procedure. The disappearance of the blue-shifted absorption,
while there is still emission in C IV, suggests that the decline of
the WD wind emission is not only caused by an increase of its
radiative temperature but also a decreased density. The temper-
ature in the WC region is most likely due to mechanical heating
and independent of the radiative temperature close to the white
dwarf.

Until April 1980 the strength of the intensity of the
N V emission from the WC region was (5.5 +2.8) x 1072 i.u.,
but then it increased and during 1980-1995 it has a mean value
of (4.5+2.1)x 107" i.u. During the period 1978—1986 the opti-
cal depth in N V varied between 0.17 and 1.51 but the lines are
absent in spectra recorded later than 1986. The velocity shift
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Fig. 13. Emission intensities from ionized part of red-giant wind in
AG Peg.

of the blue-shifted N V absorption in the WC region is 363 +
33 km s~! during 1978—1986.

5.3. The ionized part of the extended atmosphere
of the red giant

The modeling of the C IV doublet reveals a double velocity
structure of the red giant extended atmosphere, due to a fast
wind at 144 + 6 kms~! and a slow wind at 59 + 4 kms™'. The
slow wind is close to the expansion velocity of the inner nebular
shell at 60 + 15 kms~! (Kenny et al. 1991). Both velocities stay
constant through the entire period of IUE observations. During
1978 to 1981 and 1986 the optical depth in the fast wind is rela-
tively high, 7 = 1.69 +0.09, whereas it varies for the slow wind
between 0.16 and 0.98 (Fig. 14). During 1989—-1995 it appears
stable around 0.75 %= 0.13 in the slow wind, but the opacity
of the fast wind drops to 0.05 in 1989 and then is increasing
to 0.67 during the last years of /UE. The intensity of the red
C1V line is constant at (3.1 + 1.9) x 107! i.u. during the period
(1978-1995).

There is no sign of a slow wind in the N V lines, whereas
the fast wind is observable and has a velocity of 195 =+
19 km s~ It was not possible to derive an optical depth for N V
in the first six SWP-spectra of AG Peg (Aug. 1978—Sep. 1979),
but it increases steeply until December 1981 when it reached
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Fig. 14. Line opacities in ionized part of red-giant wind in AG Peg.

a value of 2.08 + 0.48. It was also large in 1986 but after
October 1989 it varied between 0.10 and 1.51. There is no
N V resonance doublet emission from the RG atmosphere dur-
ing 1978—1981. In December 1986 the narrow emission lines
are observable and stay at a strength of (1.26 +£0.66) x 10701.u.
to the last /[UE observations. This behaviour could be explained
by the same phenomenon as the decline of the emission from
the WD wind. When the radiation temperature in the WD wind
becomes high enough to ionize N V more high energy photons
will reach the extended RG atmosphere. This will lead to an in-
crease in the temperature in the RG atmosphere and N IV will
be ionized to N V.

5.4. The Fe Il pumping channels

Fluorescence by the PAR mechanism turned out to be an im-
portant process to include when modeling the C IV doublet
(Fig. 15). Since some Fe II fluorescence lines are excited by
the narrow components of the C IV and N V lines the velocity
(wavelength) shift between these and the pumped Fe II tran-
sitions is a good indicator of the velocity of the Fe II re-
gion. The best fit of the line profiles gives a velocity shift of
~—15 km s7! for N V and ~+5 km s~! for C IV. The line
depth corresponding to the Fe II absorption is very different
from one spectrum to another. This variation can be explained
if the surrounding nebula is considered not to be homogeneous
but split up into rather segmented regions of different den-
sity. However, the mean value of the pumping power for the
a4F9/2—y4H11/2 and a4P1/2—w2D3/2 channels are 5.5 x 10712
and 1.6 x 107!%2 erg cm™2 57!, respectively. It is obtained as the
deficit of the integrated intensity of the C IV doublet when the
Fe II channel is incorporated To calculate the peak intensity,
It of the fluorescence lines as a consequence of the pumping
obtained from the observations we apply the formula:

=B Bl )

Wwrs * /lf

where BF is the branching fraction, Ay wavelength and wy the
width of the fluorescence line. The parameters £, and 4, give
the pumping power and the wavelength in the pumped chan-
nel, respectively. By using Eq. (5) an average peak intensity of
Fe 11 A2493.10 and 12479.98 is calculated to be 3.5 x 10712
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and 3.1 x 107'2 erg cm2s~' A~!, respectively. This is con-
sistent with the line intensities given in Table 3, which corre-
spond to the mean peak intensity as measured in LWP spectra,
(4.4 %1072 and 3.3 x 107'2 erg cm 25! A~!, respectively).
This agreement between the measured and calculated peak in-
tensity of the Fe II fluorescence may serve as an indication of
the validity of the fitted equation.

6. Conclusions

Spectra of AG Peg are very complicated but from this as well
as previous work some general properties and evolutionary be-
haviour of the system are now revealed. A hot white dwarf
(T ~ 10° K) and a red giant are orbiting each other with a
period of slightly more than two years (Fekel et al. 2000). The
two stars are embedded in a common envelope with an elec-
tron density higher than 10'° cm™3. The wind collision region is
mechanically heated to a level where highly-ionized elements
emit spectral lines. On the part of the red giant facing the white
dwarf the extended atmosphere is heated and ionized by the
UV radiation from the white dwarf. Thus, the UV line spec-
trum of AG Peg has contributions from four different regions:
the white dwarf wind, the ionized part of the red giant atmo-
sphere, the wind collision region and the common envelope.

The C IV and N V resonance doublets have very complex
line profiles, which contain useful information about all four
regions simultaneously. Three of the regions (the WD wind,
ionized part of the RG atmosphere and the WC region) give
contibutions to the emission lines as well as to the absorption,
whereas Fe II in the fourth region (the common envelope) is
pumped by these lines and therefore affects their profiles. By
modeling the N V and C IV resonance doublets we obtained
values of the optical depths, expansion velocites, intensities and
information about the development of these parameters during
the time of JUE observations.

Both intensity and opacities have decreased in the white
dwarf wind, which we believe is due to a temperature increase
since the intensity of the C IV doublet started to decline at least
two years before the N V doublet. Emission of the N V dou-
blet in the ionized part of the red giant was not observed until
1986 when the opacity in the white dwarf wind had started to
decrease. This is consistent with an increase of the temperature
in the white dwarf wind that would lead to more UV photons
reaching the atmosphere of the red giant. The modeling of C IV
showed two different expansion velocities for the red giant at-
mosphere (144 and 59 km s~!) while only the higher expansion
velocity was obtained when modeling N V.
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Appendix A: The equation fitted to C IV doublet

The results of modeling the C IV and N V resonance doublets
have been described in Sect. 5. Here we present the input
parameters and equations used to provide the model line
profile. The final equations FX (X = C(arbon) or N(itrogen))
account for radiative origins from the different regions in
the symbiotic system. For each region we define parameters
for intensity of radiation /, expansion velocity v, optical
depth 7, and line width w. We start by computing the emitted
energy in each component of the doublet, assuming that the
longer-wavelength component has a certain intensity and the
shorter wavelength component is twice this value.

I¥ = Intensity of the red component.

v} = Expansion velocity.

‘rlX = Optical depth for the red component.

w = Gaussian width.

uX = Velocity of region i relative to the Fe II region.
/lff = Lab wavelength of the blue line.

A% = Lab wavelength of the red line.

‘r?e = Optical depth for Fe II.

Aj = Wavelength for Fe II channel.

wge = Gaussian width of Fe II absorption.

vpe = Expansion velocity of surrounding Fe II region.
¢ = Speed of light.

h*X = Continuum level.

The index i stands for:

1 = white dwarf wind;

2 = slow component in red giant wind;
3 = fast component in red giant wind;
4 = collision region;

5 = continuum source.

The index j stands for:

1 = Fe Il line at 1548.204 A;
2 = Fe Il line at 1548.411 A;
3 = Fe Il line at 1548.697 A;
4 = Fe Il line at 1242.741 A.

The equations

The df‘ functions describe the energy emitted by the C IV and
N V resonance doublets. Wavelength dependence has been sur-
pressed in the equations.

(o))

le = IIX -e ('”,X)Z
_ (/¢+/1’b<-(uffc;1 —l))z
4215 e () 0<i<5)
da¥ = n*.

The le functions (0 < i < 6) describe the fraction of the emis-
sion that passes through each of the regions into our line of
sight.
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Og = Fraction of light from region i that passes through

region ¢
5

K= daof.

i
t=1

The functions alX (0 < i < 5) describe the absorption of the
doublet in the discussed regions.

e () )Y

af( = (e_T'X - 1) e ()’ le
_ e (@) )’
+ (e—ZT,-X - 1) e () kX

The function AX describes the profile of the doublet before it
reaches the Fe* ions.

szidf‘+z4:af,

i=1 i=1

while the functions f}‘ describe the absorption by Fe* ions.

. B (/¢+/1j (opec™! —1))2
fr=(E7 =1)e @AY
FX is the final result that describes the theoretical profile of the
doublet which has been compared to the observed spectra.

X _ AX X
FX = A +ij.
J
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