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ABSTRACT

Aims. A detailed study of the @1 and Ni11 Bowen lines in the spectrum of RR Tel

Methods. Absolute intensities for the He O111, and Ni11 emission lines have been obtained from STIS, UVES, FEROSURdlata, after
re-calibration of UVES and FEROS on the STIS scale.

Results. A new measure of reddening @.,~0.00) has been obtained from the comparison between theveldsand the theoretical intensity
decrement for 20 emission lines of the H&owler (n—3) series. This value has been confirmed by the STIS and IUtincrum distribution,
and by the value of jp from the damped profile of the IS H Ly-line. We have obtained very accurate measurements for &hiotytBowen
lines of Or11 and a precise determination of th&ency in the O1 and O3 excitation channels (18 % and 0.7 %entsely). The relative
O1r intensities are in good agreement with the predictions lmgse Fischer (1994). A detailed study of the decays fromeadll$ involved

in the Bowen mechanism has lead to the detection of two new Bbwen lines nean 2190. High resolution IUE data have shown a nearly
linear decline with time, from 1978 to 1995, in thfieiency of the O1 and O3 processes, with a steeper slope f@3hghannel. A detailed
study of the N1 1 4640 lines and of their excitation mechanism has shown thagmbination and continuum fluorescence being ruled
out, line fluorescence remains the only viable mechanisnutogpthe 3cPDs;, and 3d2Ds,, levels of Nit1. We point out the important role
of multiple scattering in the resonance lines ofiCand Nii1 neard 374 and show that the observediNline ratios and intensities can be
explained in terms of line fluorescence by the three resanlimes of Ot ati4 374.432, 374.162 and 374.073 under optically thick coondti
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1. Introduction slowly expanding nebula illuminated by the hot remnanthé) t

RR Tel i f the sl t of all dis still | "shocked” region where, allegedly, the wind from the giamd a
R 1€ 1S one of e slowest of all hovae anad 1S Stll VOl \ing of the nova interact (Contini and Formiggini, 1999)
ing in the nebular stage more than 60 years after the outb

of Oct. 1944. RR Tel has been classified also as a symbiatf Em IR excess whose originis quite uncertain (free-frast)d

nova on account of the presence of an M5 IIl star in the b['r'%kes RR Tel an ideal laboratory for studies of low-densty a

nary system. In 1949 the nova remnant started to shrink bac?(physmal plasmas_,. . )
The recent availability of very good quality UVES and

to white dwarf dimensions: the visual brightness began d-gra .
ual decline, although the stellar temperature increased, 2. '> data of RR Telhas prompted us to combine them together,

the nebular emission showed a slow evolution toward an iith the purpose of fully exploiting the best charactecstof

creasing degree of ionization (Mayall 1949, Thackeray 197_tl?ese two instruments, i.e. the high spectral resolutic®Tds

Murset and Nussbaumer 1993). A distinctive peculiarity Bf Rin the UV and UVES ir_' the optical, tog_ether with the wide
Tel is the richness and complexity of its emission spectruffpveélength coverage with absolutely calibrated data bysSTI

that spans a wide range of ionization and excitation. The $ifiS has allowed the detection of weak spectral featuresiand
multaneous presence of spectral features attributableljo: Curate measurement of absolute emission line intensties (

the hot nova remnant with¢T; about 150,000 K (Hayes and@nd line ratios. Data from FEROS (with resolution compara-

Nussbaumer 1986, hereinafter HN86), 2) the M5 IIi confle to that of UVES) have been also us_ed to complement the
panion star with semi-regular Mira-like pulsations{FB87) STIS data for N1 in the two spectral regions nea®100 and

(Henize and McLaughlin 1951, Feast et al. 1977), 3) 44640, not covered by UVES. High resolution IUE data in the
’ ' LW region have also been used to follow the changes in the

Send offprint requests to: P. Selvelli He1 and Or11 line intensities from 1978 to 1995.
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Table 1. The STIS Dataset

were simply normalized to the continuum. The instrument re-
sponse function may be, nevertheless, estimated by using ob

Dataset Filter-gra_Resolution _Detector Aperture g rations of a spectrophotometric standard star takerddn a
OSEH01010 E140M 45800 FUV-MAMA 0.2x0.2 ferent night. For this we used the observations of the white
O5EH01020 G430M 5330-10270 CCD 52x0.2 .

O5EH01030 E230M 30000 NUV-MAMA 02x02 dwarf EGGR 21 (Stone & Baldwin 19_83, Bessel 1999) taken
O5EHO01040 G430M 5330-10270 CCD 50x02 ONSeptember26th 1999, observed with the same spectrograph
O5EHO01050 G430M 5330-10270 CCD 52x 0.2 Settingas RR Tel but with a slit width of Y0The UVES spec-
O5EH01060 G430M 5330-10270 CCD 52 x 0.2 trum thus calibrated is not suitable for flux measuremenés du
O5EH01070 G430M 5330-10270 CCD 52x 0.2 to: a) the unknown slit losses, when observing with a narrow
O5EH01080 G430M 5330-10270 CCD 52x 0.2 slit (smaller than the seeing FWHM); b) possibléeliences in
O5EH01090 E230M 30000 NUV-MAMA 0.2x0.2  atmospheric extinctions between the night in which RR Ted wa
OSEHO10A0 G430M  5330-10270 CCD 52x0.2  observed and the night in which EGGR 21 was observed. We
OSEH010BO GA30M  5330-10270 CCD 52x 0.2 therefore decided to make use of the flux calibrated STIS-spec
O5EH010CO GA430M  5330-10270 CCD 52x0.2 trm to re-calibrate the UVES spectrum, in the rang#3040-
OSEHO10D0 G430M - 5330-10270 CCD 52x0.2 3820 andi1 5500-5700. We did so by forcing the continuum
O5EHO010EO0 G750M 4870-9950 CCD 52x0.2 L .

O5EHO10F0 G750M  4870-9950 CCD 52 % 0.2 of the_ U\_/ES_ spectrum to coincide vv_|th t_hat of the S_TIS abso-
O5EH010G0 G750M  4870-9950 CCD 50x 0.2 lute distribution after proper,fcorrection in selected line-free

windows.

This has allowed us to obtain reliable emission line inten-
sities (ELI) and reliable line ratios also for some (weakjiO
emission lines that are clearly observed in UVES spectra but
are not detected or are confused with noise in the STIS gratin
_ . spectra in the optical range.

We have retrieved from the HST archive the STIS spectra g procedure could be criticized since the STIS data have
secured on Oct. 10, 2000 as part of program 8098 (see Keepagy, secured about 1 year after the UVES ones, and the star

etal. 2002). The instrument setup included the echeller@®at ¢,y is not constant with time. However, it is justified by the
E140M and E230M with FUV and NUV MAMA detectors, ¢4 that the variations in the continuum and ELI of RR Tel are

and the first-order gratings G430M and G750M with CCR,nhqsed to be quite slow with a time-scale of years (Murset
detectors. The datasets are listed in Table 1, togetheseitle o,y Nysshaumer 1993, Zuccolo et al. 1997). Itis also justifie
relevant spectroscopic information. We note that the E140.)Y posteriori”, by the fact that the ELI measured in STIS and

and E230 M echelle gratings together cover the spectrabrangyes spectra (after this recalibration) give a nearly canst
from 1150 to 3110 A, while the data obtained with the G430 1.16 + 0.03) ratio for those @i lines that are common to

and G750M first-order gratings cover the range from 3025%@ two groups of spectra. See also Section 4.5 for a desaripi
7100 A. The absolute fluxes are accurate within 8 %

; (MAMA) the absolute ELI changes in the last twenty years foriHe
and 5 % (CCD), while the wavelengths are accurate to 1.5-50q4 o

1 _ 1 )
km s t(MAZA’[ﬁ‘) a?.d 3 ¢5 km s (CCD) (We refert L(i trlle From the STIAJVES ELI ratios nothing can be said about
www.stsci.ed(hsystigperformancaccuracydocument. htm any absolute ELI changes between Oct. 1999 (UVES) and Oct.

page for more detailed information). 000 (S
. TIS). One can only guess that most ELI have followed
The STIS data have been recently (Dec. 2003) re-calibra f general trend of a slow decline, following the continygum

tp _aIIow for the dfects of increasing CCD Ch"?“ge transfer ine ith the possible exception of the high excitation gmcigh
ficiency (due to the accumulateffects of radiation exposure). ~ . .~ " . .

) : o ionization lines whose ELI could have increased.
and for the &ects of time-dependent optical sensitivity. The

work in the present paper is based on these recent data.

2. The spectroscopic data

2.1. HST-STIS data

2.3. IUE data

2.2. UVES data The IUE spectra have been retrieved from the INES (IUE

For a description of the UVES spectra (obtained on Oct. 16M?WIy Extracted Spectra) final archive. F(_)r a detailed dpscr
1999) and their reduction we refer to Selvelli and Bonifaciion of the IUE-INES system see Rodriguez-Pascual et al.
(2000). We note that the spectral resolution on UVES is clo6k?99) and Gonzalez-Riestra et al. (2001).
to 55000, for the red arm spectra, taken with”a @lit and For a new determination of the UV continuum (see sec-
slightly higher ¢ 65000) for the blue arm spectra, where théion 3.2) we have used all available low resolution IUE speect
slit was @'6. The seeing conditions during UVES observatiorigken with the large aperture, with the exception of the teny
(mid Oct. 1999) were around 0.72-0.75 arcsec. The angular sspectra (e.g. SWP05836, SWP05885, SWP13730, SWP4603)
of the RR Tel nebula is less than 0.1 arcsec, since its ragliugfiat have shown saturation in the continuum or other prolem
near to 1.&10'® cm (HN86) and the distance is about 3500 pi& the exposure.
(see section 3.5). High resolution IUE-INES data have been used in section
No spectrophotometric standard star was observed tAdh for measuring the intensity in 1978-1995 of somerHe
night, so the data presented in Selvelli and Bonifacio (200Bowler lines { 2733 andl 3203) and some @1 Bowen lines
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(14 2836, 3047, 3122, and 3133). The LWP and LWR spe€able 2. He1r Fowler Emission Lines. The air wavelength (A),
tra are those reported in Table 6, and have been individualtye ELI (10'%rg cnt? s71) and the FWHM (km 3') of the
checked for their quality. They are not or only mildlffected Heir emission lines in STIS. The theoretical valugq$torey
by saturation ffects or by camera artifacts. A few IUE spectrand Hummer, 1995) correspond to log=.0 and £=12,500
that were ovelunder exposed oifiiected by factors such as ba.

guiding, high background noise, microphonic noise, eteeha

been disregarded. The quality flags for th8133 line gener- 46/:38; = 14E7Lé0 FW?GMZ |°b5/|‘fgg 0 I‘“/Ii‘éfg 0 rati(i 0

ally indicate the presence of a fiducial mark near the spectru ' ' ' ' : '
. h . . . L 3203.10 63.52 54.2 43.0 43.7 0.99
but this reseau is located outside of it. The quality flags-ind 2733.30 3233 56.1 219 231 0.95
cates also the marginal presence of a few saturated pixlein 551759 1893 56.4 129 139 0.93
spectra with longer exposure time. 238540 12.60 57.3 854 903 095
2306.19 9.23 56.2 6.26 6.25 1.00
2252.69 6.25 56.1 4.24 4.52 0.94
2.4. FEROS data 2186.60  3.96 635 268 260  1.03
We made use of the FEROS commissioning data (Kaufer et aI.2165'25 2.81 514 191 2.01 0.95
. . . 2148.60 2.60 55.1 1.76 1.68 1.05

1999) which are available through the FEROS Spectroscopic

. ) 2133.35 1.98 55.1 1.34 1.40 0.96
Database at the LSW Heidelberg (httww.Isw.uni- 2124.63 1.80 50.8 1.2 1.18 1.03
heidelberg.dgprojectginstrumentatiofFerogferosDB) to 2115.82 151 48.2 102  1.02 1.00
measure the N1 lines neard 4640 andaA 4100 (see section  2108.50 1.34 56.2 0.91 0.90 1.01
6.2), which are not covered by the spectra of the other instru 2102.35 1.17 52.8 0.79 0.79 1.00
ments. These 4 spectra were acquired on October 7th 19982097.12 1.00 54.8 0.68 0.71 0.96
one has an exposure time of 300s, the other three of 600s2092.64 .94 55.9 0.64 0.64 1.00
The standard extracted, flat-fielded, wavelength calidrate 2088.72 .85 503 058 059 098
and merged spectrum of both object and sky fibres have beerf085.41 80 525 054 055 098

downloaded from the database. The spectra cover the rang@079'88 70 3.6 0.475 0.47 1.01
3520-9210 A with a resolutioR ~ 60000. Also for FEROS, 104042 83110  63.2 634 7021 081
in a similar way as that for UVES, we have made use of

the flux calibrated STIS spectra to re-calibrate the FEROS
spectrum, in the rang&14100-4700. We did so by forcing the
continuum of FEROS to coincide with that of STIS in selected  4.00-
line-free windows. This has allowed us to measure reliable
ELI and reliable line ratios for a few N1 emission lines that

are clearly observed in FEROS spectra but are not detected
or are confused with noise in the STIS grating spectra. The
same warnings and considerations given in section 2.2 are
valid here. However, also in this case, the procedure iffipct

by the fact that the ELI measured in STIS and (re-calibrated)
FEROS spectra give a nearly constantl(18 + 0.02) ratio for

the Nt lines that are in common to the two spectra.
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3. The reddening and the distance
he H bination li Fig.1. The Het1 Fowler lines near the head of the (n-3) series.
3.1. The Heur recombination lines The last resolved line is (37-3)2063.49.

We have adopted and updated the method of Penston et al

(1983) of comparing the observed intensities of the He Il

(n—3) recombination lines with the corresponding theoretical The spectral region betweetl 2025 and 2300 is quite

ratios in order to obtain an estimate of the color excass E interesting because it has remained "unexplored” untiénéc

Incidentally we point out, that these<{8) transitions are often times: all of the IUE spectra fiiered from severe underexpo-

named as "Paschen” lines in the astronomical literature; ir sure in this range because of the extremely low responseof th

spective of their belonging to HI or Hg while the Har (n—3) LW cameras below 2300, and the HST-GHRS data cover only

lines should be correctly named as "Fowler” lines (as in @abh short range in some selected spectral regions. In the STIS

4.3 of Osterbrock and Ferland 2006) and hereinafter thely vdbectra, the very good spectral resolution allows one wives

be named so. the lines up to the (3%3) transition atl 2063.49, very near to
The STIS data provide an optimum coverage for the whalee series limit (Fig. 1). We recall that in the UVES specira t

set of the Ha1 Fowler lines, froml 4685.71 down to the region hydrogen Balmer lines were instead resolved up to thex38

of the head of the series neaR063 (Fig.1). transition (Selvelli and Bonifacio, 2000).
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In a study of RR Tel from IUE data, HN86 from various di- 1 4
agnostic methods based on ratios of collisionally exciiegis],
have derived log B~ 6.0 and £ ~ 12500 K. Adopting these
values (we note, however, that the relative lines strenigths
the recombination spectrum of kehave little dependence on
electron temperature and density) we have compared our ob-
served relative strengths of the variousiHEowler lines (nor-
malized to hege=100) with the theoretically derived ratios for 2
"case B” by Storey and Hummer (1995). The "case B” assump- .7
tion is justified by the presence itself of strongi©Bowen L 1
lines (that require large optical depth in the Hey-« line, see 0.8 - -
in the following) and by the observeghbs/l46s6 ratio ~ 0.43, 1
that is generally associated with "case B” (see Schachr,et
1991). 086 ‘ L L ‘
Table 2 gives the observed HeELI (1013%erg cnT? s72) <000 3000 gfooo 5000
for all transition of the Fowler series starting fromn4686 Wavelength (A)
(4—3) up to 2079.88 (253), with the exception of thel Fig.2. The L/l ratio relative to egs for the Herr Fowler
2214.67 (13) anda 2082.47 (24-3) lines that are blended.lines listed in Table 2.
Table 2 gives also the gaussian FWHM in kmh @econvolved
from the instrumental FWHM), the observed and theoretical
(for case B log N= 6.0 and T = 12,500 K) intensities relative
to l46se=100, and, in the last column, the ratigdl4ess OVEr 11649 (3—2) ratio. However, this mechanism is ndfestive in
lin/lasse IN the last line of Table 2 the corresponding valueRR Tel since, as mentioned, the intensity of the various Eowl
for the Heir Ba line atA 1640 are also given. The averagéines relative to Jegsis very close to the expected one.
FWHM for 20 unblended lines of the Fowler series=i$3.5
+ 3.5 km s?. In Fig. 2 the kpe/lt ratio of Table 2 is plotted
versus wavelength. The mean value of the points is 0.986, th&€. The STIS UV + optical continuua

dian is 0.995, with standard deviatier0.033. Th int ,
median s Wi stancard feviais € PO benston et al. (1983) confirmed thgsFy = 0.10 value ob-

clearly define a straight line with slope very near 0.00, thus; . :
clearly indicating that 5.y, ~ 0.00. tained from the Her lines with the presence (although rather

We recall that Penston et al obtaineg.§, = 0.10, but their weak) of the common interstellar absorption bump 2200

measurements were based on just a fewrtiees and in spec- in the continuum of IUE low resolution spectra.
tra that were very noisy below2400. In order to check for the alleged presence of this absorption
In this context, it should be pointed out that under the neBUmMp we have exploited the high spectral resolution of SIS i
ular conditions as in the RR Tel nebula, the large opticathieghe UV region and plotted the STIS continuum intensity versu
in the Hetr Ly-« line and its complex line transfer that is aswavelength in line-free regions. Fig. 3 is self explanatatye
sociated with the Bowen fluorescence (see Sect. 4) should ¥y flat near UV continuum distribution, and the intensty i
influence the Her Fowler lines, but could possiblyffact the Crease towards the far UV, is not consistent with what is gene
intensity of the Her Ba- (3-2) line atd 1640. In fact, the low ally observed in reddened objects. In Fig. 3 one can eastly no
1640 OVEr lysgs Observed ratie= ~ 5.63 (instead of the theoret-the presence of the two bound-free discontinuities ofitéad
ical one, close to 7.0, for log N= 6.0 and T =12500) is an HI near1 2060 andl 3646 respectively with D(He II-Fow
indication that the line has developed some optical deptn al99 l2060./12060- ~ 0.21 and D(HI-Baj= log Ize46./13646- ~ 0.48.
consequence of the "trapping” of the He.y-« line A 304 that In order to elucidate further the origin of the alleged IUE
causes level 2 to be overpopulated. Also the larger widthef tbump reported by Penston et al.(1983), we have coadded and
A 1640 line (63 km s' as compared to the 55 km'sas the merged all the IUE low resolution spectra available from the
average value for the remaining Hdines) is indicative of its IUE VILSPA archive (large aperture only, not overexposed in
larger optical depth. the continuum) and created an "average” spectrum out of 39
We note that the lowskso Over Lgge Observed ratio comes SW and 35 LW spectra (Fig 4). As result of the goghl atio
from the low intensity of thel 1640 line and not by an ex-also in the region below 2300, an inspection of the "average”
cessive intensity of the 4686 line since the decrements of alspectrum definitely shows that there is no evidence of the IS
of the Fowler lines relative toségs are very close to the ex- absorption bump centered near lambda 2175. The absorption
pected values (e.g. theabs/lsess Observed ratio is- 0.43, to dip reported by Penston et al (1983) comes probably from the
be compared to the theoretical ratid.44). It should be also "lack” of strong emission features in the region nea2200
mentioned that Netzer et al. (1985) in a study of Bowen flu¢that could have have had thffect of "raising” the continuum
rescence and Helines in active galaxies and gaseous nebulé@e low resolution IUE spectra), and from the presence of the
have considered the possibility of an increase in the pdipnla Fowler discontinuity. Also in the emission-line-free reginear
of n=4 of Heir through hydrogen Ly¥ pumping from i=2 to 1 2600 the &ect is to mimic the presence of a similar (wide)
n=4 of Herr. This would resultin an enhancegdds (4—3) over absorption feature.

th
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to Ny cannot be ruled out. Jordan et al. (1994) have instead ob-
M 1 tained a value for N in the range 1.7-3.1 8 from ROSAT

I ] PSPC observations. The mean relations between neutral hy-
drogen column density and dust by Diplas and Savage (1994)
(N4=4.93 16 Eg_v)) gives Bg-v)=0.014, in good agreement
with our estimates.

w
o
o
T
|

200 - The HEASARC N; tool (heasarc.gsfc.nasa.gogi-

.r% 1 bin/Toolgw3nhyw3nh.pl) in which Ny is derived from the HI

| map by Dickey and Lockman (1990) indicates a total galactic

o . column density N in the direction of RR Tel very close to 4.5
Al ] 1070 (atoms cm?). It should be pointed out, however, that the

- Ny tool gives the average value for 1 degree x 1 degree bins.

Flux (10-15 erg cm=2 s~! A-1)
)
S)
\
|

o0 e 0 0, o0g, o o%e o

20‘00 40‘00 6000 The valuable Web site "Galactic Dust Extinction Service”
Wavelength (4) (httpy/irsa.ipac.caltech.edapplicationgddUST/) employs the

rg.'OO-micron intensity map of the sky by Schlegel et al (1998)
to provide the foreground (Milky Way) extinction for a liné o

ight angor region of the sky. This tool gives#.)=0.05 as

he total extinction in the line of sight of RR Tel. The sphtia
resolution of the map is higher than foyNabout 5 arcmin)
but, as clearly stated in the cautionary notes, the varisus a
sumptions made in the conversion from the 100-micron dust
column density to the color excesgk, may dfect the result-
ing Eg-v) value.

Fig.3. The observed continuum of RR Tel, determined fro
line-free regions in the STIS spectrum. The b-f discontiesi
of Hen (Fowler series) and HI (Balmer series) are clearly e
ident. The rise of the continuum longward 6800 is due to
the contribution from the M giant companion star

T
R.50E- 12 —

R.00E-12 —

4 3.4. Comments on the reddening

Tlug. (ergfent*fs/4)

The observations described in the previous sections have co
vincingly shown that vy ~ 0.

5.00E-13

M/\

L

vk Hﬁ ’\n“ We recall that previous vy values in the literature range
=S from values as high as 0.7, estimated by Walker (1977) from
Wavelength (4ngstroms) the Balmer decrement, to values close to 0.08-0.10, (Pensto
et al., 1983, Feast et al (1983), Jordan et al., 1994 , Espey et
Fig.4. The UV continuum in the average spectrum obtaingd., 1996), down to values close to zero (Glass and Webster,
by averaging and merging 39 SWP and 35 LW low resolutidk®73). The generally acceptedsk, values in the literature
IUE spectra. are in the range 0.08-0.10. Recently, Pereira et al. (1288)g
ESO data with spectral resolution f2.5 A (FWHM) have
_ _ obtained fs_vy = 0.04 from the relative ratios of JAHg, Hs/Hp
A comparison between the IUE continuum and the STlghg Her 32034686. Very recently, Young et al. (2005) have
continuum also confirms the near grey decline with time of thgyrived Es_v) < 0.28 from a study of the Fer1 lines, based on

UV continuum. the same STIS and UVES spectra of RR Tel as this work. The
authors have pointed out, however, that the extinction ts no
3.3. The Ny column density towards RR Tel well constrained by the Fei1 lines and have derived gy ~

0.11 from the comparison of the observed and the theoretical

From the profile of the damping wings of the IS byabsorp- (Galavis et al., 1997) NeVbd74/11574line ratio.
tion line (Fig. 5) one can obtain the column density of ndutra

hydrogen towards RR Tel. Only the blue wing can be used, We therefore emphasize that thg k) value obtained in
since the red wing isfiected by the rather strongQ emis- the present study with the method of the iHEowler lines is

sion lineA 1218.34. The blue wing itself is partially contambased on data from 20 lines and is extremely well constrained
inated by the [O/] 1 1213.81 emission line. This adds furbecause of the wide wavelength coverage of the lines and be-
ther uncertainity to the derived column density. Our best-ftause of the fact that most of them fall close to the region nea
value, obtained by excluding the interval contaminated by O 2200 , where the maximum of the extinction occurs. Moreover,
11213.80,is N ~ 6.9 10° (atoms cm?) with a probable rel- if, as an exercise, the observed STIS continuum plottedgn Fi
ative error of 10%. Strictly speaking thisiNvalue should be 3 were "dereddened” assumingsE,)=0.10, the resulting con-
considered as an upper limit since a circumstellar cortiohu tinuum would show an artificial emission bump naa000.



4. The O 111 Bowen lines
4.1. The O111 Bowen fluorescence mechanism

In high-excitation planetary nebulae and symbiotic stasiga
nificant fraction of the EUV - soft X-ray flux (at wavelengths
shortward of the Ha Lyman limit, hv > 54.4 eV) is absorbed

by the nebula and converted into thetey-a 4 303.782 emis-
sion line that may then attain a high intensity. Th@$03.782
photons can ionize both H and He and therefore they have a
strong influence on the ionization and temperature straaitir

the nebula.

!
.w i Scattering of these HeLy-«a resonance photons may result
in one of the following processes (See Aller 1984, Osterbroc
L m. hl i and Ferland 2006): 1) escape from the nebula fysion in
W"‘l’ w the wings, 2) photoionization of M&and H, 3) absorption by
gt VWI Cp bl O1r: in a near c_o_incidence in wavelength with th&03.800
1210 212 1214 1216 1218 1220 '€sonance 'Fransmon of x the Herr Ly-a 4 303.782 photons
Wavelength (A) may excite its 2p3dP;, level at 40.85 eV (O1 process).

_ _ ] : _ The most likely radiative process from the excited 2pBgl
Fig.5. The interstellar Ly line. Our best fit to the damping|eye| of O (total probability about 0.980.74+0.24) is that
wing, excluding the [G/] 1 1213.81 emission line, implies aof resonant scattering, by emission of one of the two reseman
hydroggn c_:olumn density N(H.9x 10" cm? and is shown ines at lambda 303.800 (2p3®, - 217 3P,) (O1 line) and
as a solid line. lambda 303.622 (2p3tP; - 2p? 3Py) (02 line).

A less probable decay process from the aforesaid 33d
level (total probability about 1.85 %) is the cascade thiroug
the high lying 2p3p°P (E ~ 37.23 eV), 2p3p’S (E ~ 36.89
3.5. The distance to RR Tel eV) and 2p3p°D (E ~ 36.45 eV) terms, by emission of one
) _of six subordinate lines (the primary cascade-decays)én th
The photometric and spectral development of RR Tel duripga,-uv optical region of the spectrum (frai2807.90 tod
the OB phases was that of an extremely slow nova that w14 06). However, despite the low probability of the decay
near maximum between the end of 1944, when the outburst @gannel through the subordinate lines, if the optical dépth
curred, until June 1949 (Friedjung, 1974, Heck and Manfrojfe Her Ly-« line is very high the trapped HeLy-a photons
1985). It seems therefore reasonable to assume that the Ng¥arepeatedly scattered and a significant fraction of them ¢
luminosity was near-Eddington during these decay phases. e converted into the fluorescent cascade of optical ana-ultr
a WD mass near 0.6 }) as expected in an extremely slowjipjet lines. Unlike the resonance and near resonancetitags
nova (Livio, 1992), this assumption givesgff ~ -6.1, and as- are scattered many times, the photons produced by these sub-
suming a bolometric correction BE -0.1 for an object with oqinate transitions can easily escape from the nebula tand
T < 10000 K, we obtain I = -6.0, in good agreement with gether with the subsequent cascades (the "secondary” slecay
the estimates from the various relations (Della Valle andd.i {4t produce additional emission lines, (most of them iroitre
1995, Downes and Duerbeck 2000) between the absolute M@gs) U spectral range), comprise the Bowen fluorescenes lin

ov)

N

Normalized flux
T T
—

T

o
I

T

nitude at maximum and the rate of decline (MMRD). (Bowen, 1934).
_ From the observed {i=6.7 and our new value for the ex-  Fig_ 6 represents a partial Grotrian diagram afiQ@hat in-
tinction (A,=0.0) a distance of 3.47 kpc is obtained. cludes the most common Bowen O1 transitions. Fig. 6 is com-

This value is in good agreement with that of 3.6 kpc olplemented by Table 3 that includes the configuration and the
tained by Feast et al (1983) on the assumption that a Miragisergy (eV and crt) of the relevant levels.

present in RR Tel. Whitelock (1988) has instead derived d |, most planetary nebulae and symbiotic stars, th-"e
2.6 kpc by applying a period-brightness relation to the IRiMacjency” of the Bowen mechanism, that is the fraction ofiHe
nitudes and the pulsation period of the Mira in the system. Ly-a photons that is converted into1@ Bowen lines (mostly

From our estimated distance €3.47 kpc) and the total a function of the Her Ly-« optical depth) varies from object
IS hydrogen column density derived from the &ydamped to object and covers almost the whole range of possible salue
profile (N4=6.9 x10'° atoms cm? ) one obtains that the av-(Liu and Danziger 1993, Pereira et al., 1999). Therefore, th
erage hydrogen number density N(H) (atoms&nis ~ 6.7 Bowen mechanism can have a major influence on the fate of
10°3. We recall that Diplas and Savage (1994) found limithe Heir Ly-a photons and consequently also on the photoion-
of 0.017-8.62 for the hydrogen number density in the galaization equilibrium in the nebula. Thus, a clear undersitaagd
tic ISM. Therefore, the intervening ISM towards RR Tel seentf the Bowen mechanismis required for a correct interpicatat
extremely poor in the content of dust and neutral hydrogen. of the emergent UV and optical spectrum.
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0 m— Olll s 40;\; Table 3. Configuration and energy of the relevantiOBowen
1 P° 086 fluorescence levels.
2 40.85
9 Level E(eV) E(cm?)
gl 2l g =lelg 2p3d°P} 40.87 329645.14
AR A AR 2p3d°P? 40.86 329583.89
PR ™\ @ PRI 2p3d°3P3 40.85 329469.80
2p3p°P, 37.25 300442.55
3p 2 372 2p3p°P, 37.23 300311.96
J o 37.22 2p3p°Py 37.22 300239.93
2p3p®S; 36.89 297558.66
@ o S, s6.80 2p3p°Ds 36.48 294223.07
NES 3. 6.4 2p3p°D;, 36.45 294002.86
SR mugolnzgs 3Djf 36.45 2p3p°D, 36.43 293866.49
5 Qalal sy 36.43 2p* 3P, 35.21 283977.4
S RReE e8RS BREESN 2p P, 35.18 283759.7
P A R ENF T 2p3s°Py 33.18 267634.00
- 2p3s°PS 33.15 267377.11
3po 33.18
P° 1 : ! 3315 2p3s°PS 33.14 267258.71
0 s34 2s2p 3S9 24.44 197087.7
ol 8 2s2p 3P 17.65 142393.5
ol al o o o 3 oo 2s2p °DS 14.88 120058.2
3 3 ¢ J3dd e 2s2p °DS 14.88 120053.4
sl gl g N S S S 2s2p °D3 14.88 120025.2
27 °P, 0.04 306.17
2p7 Py 0.01 113.18
217 Py 0.00 0.00
% / L 3P 88;.1
0 J 0.00

from the®D term (Dalgarno and Sternberg, 1982) , while the
1 5592.25 line (3s'P°-3p P, mult. 5) comes from charge-
exchange only (see Liu and Danziger 1993 and Kastner and
Bhatia 1996, hereinafter KB96 for details).

An accurate determination of the intensities of the pure
Bowen lines is fundamental for determining the relative-con

If the width of the Ha1 Ly-« line is large enough, an ad-tribution by the various channels previously mentioned9&B
ditional fluorescence process might also be present i.exhe have pointed out that a complete Bowen system has not yet
citation of the Q1 (2p3dfP; level (v= -82 knys from Herr  been observed because of inadequate coverage in wavelength

1303.782) due to the partial overlap of the excitingiHey- lack of adequate spectral resolution, Igck of accurate &id,
@ with the 1 303.695 resonance line ofi@ (O3 process). In 1ack of overlap between the data of various observers. Atiso,

addition, if Herr Ly-« is even wider, then excitation of thelack of suficiently accurate intensities for the weak CE line at

(2p3d)3P, level by pumping in the resonance lineiad03.461 4 5592.25, and for the primary cascade line of the O3 process
could also take place. This is a quite uncommon proces sié4 3121.64 is particularly relevant, according to KB96.
this line is at -250 kifs with respect to Ha Ly-a. Thus, these
tvyo secondary_Bowen quoresceqce processes prc_)vid_e aCoOVe The Bowen lines intensities in RR Tel
nient probe which measures the intensity of radiation irféine
wings of the unobserved Hely-« line and gives valuable in- In our UVES data (spectral resolutien0.05 A FWHM) we
formation on its width. It is worth recalling that Bhatia dt a have detected and measured all of thai@luorescent lines
(1982) in a study of the solar I spectrum have pointed out(O1 and O3 processes) that are present in the ran@d47-
the fact that the Ha Ly-« line is considerably broader than the3811, with the sole exception of the two linesi&8759.87 and
Ou1it lines. at 1 3810.96 that are blended with stronger lines of ¢
It is important to note that while the lines in the primaryl 3758.92 and @1(1) 2 3811.35, respectively. The remaining
cascade from each 2d)3Po 1, level are individual, (e.ga lines are unblended except for th&405.71 line which is par-
3132.79 from (p3d)°P, (O1), A 3121.64 from (p3d)°P; tially affected by the presence of the3405.78 Qv (3) line.
(03),1 3115.68 from (p3d)>Po) most of the lines in the sub-  Figures 7 and 8 are self-explanatory and illustrate the ex-
sequent cascades are common to the three processes, hlthoegtional quality of the STIS-NUV-MAMA and UVES spec-
the dominant contribution comes from the O1 process. tral data that have allowed the detection and measurement of
We recall that a competitive charge-exchange mechanisime pure lines produced in the various Bowen excitation pro-
(CE) functions for some of the lines produced in the decagsses, including the very weak3115.68 line that is associ-

Fig.6. A partial Grotrian diagram of @i that includes the
most relevant O1 transitions and th€121.64 line belonging
to the O3 process. The level’s configuration can be read fr
Table 3. The y-axis is not scaled linearly.
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nearly constant ratio, from those listed in the NIST Web, site
ookt T 1T T 1 oram whose accuracy is in the range € 25 %) - C (< 18 %).
Therefore, the level branching ratios are nearly the same, a
the detailed discussion of the decays (see also Sections4.6)
not afected. We note, incidentally, that the2808.77 line in
KB96 should be correctly reported as2807.90. In this list
we have also included for comparison the CE process line at
A 5592.25, the hydrogenHine A 4861, and the Ha Baw
A 1640, Pg3 1 3203 and Par A 4685.71 lines. The FWHM
values (deconvolved from the instrumental FWHM) are from
STIS in the UV region (shortward of 3044 ) and from UVES
in the optical region, with the only exception of the FWHM of
He1r 14686 that is from STIS. The last column of Table 4 gives
the number of photons in the line, obtained from the observed
ELI after proper conversion.

As mentioned in section 2.2, the intensity ratios for thedin
that are common to the two sets of measurements are in good
agreement with mean value1.16 and variation cd&cient=
2.9 %. The consistency between the two sets of data lend sup-
port to the re-calibration method adopted for UVES and to the
- overall correctness of the method.

1 It should be pointed out that in an earlier short study based

- only on UVES data (Selvelli & Bonifacio 2001) the values for

1 therelative emission intensities were slightlsfeient since the

UVES calibration was based on standard ground-based reduc-
tion method, and the correction for the color excess was as-

W sumed to be (f-v)=0.10. However, only for the 5592.25 line

is the diference with the previous measurements significant.

The ly139/13444ratio in STIS data is- 3.18, and, consistently
=3.11in UVES data. The same ratio was reported 8s39 by

. . Pereira et al (1999), in a study of Bowen fluorescence lines fo
Fig.8. The UVES spect.rur?n shows the strongest I|ne_ of ea(e‘lhgroup of symbiotic stars, including RR Tel using ESO data
of the three Bowen excitation channels. From left to righé t

with spectral resolution of 2.5 A (FWHM). As mentioned in
very weakl 3115.68 line (from 2p3dP, at -250 km s* from P ( )

. tion 3.4 they h dopt =0.04.
Hetl Ly-a), the 031 3121.64 line (from 2p3@Py, at -88.2 km Sccuon 34 they have adopteg)=0.C .
s from Herr Ly-a), and the strong O1 3132.79 line (from _ _ In conclgsmn, we have obtained high quality data fo_r about
2p3d3P,, at+16.4 km S f Herr Lv-c). _th|rty_ o1 lines _of the Bowen fluorescence process, includ-
P3d”Pz, at+16.4 km s™ from Herr Ly-a) ing six pure O1 linesA1 2807.90, 2818.66, 2836.28, 3132.79,
3428.62 and 3759.87), seven pure O3 lin@d @798.90,
303.461 line. and the two pure very weak lines &483115.68 andl 3408.12

The STIS data are complementary to the UVES data shdhat come from the pumping of level 2p35 (40.87 eV)
ward of 1 3047 (see also Fig. 9) and include all of the BoweWhich requires a very wide He Ly-« line (this process is
lines present in this range, although the two lines 2807.90 called "other” in KB96). Itis worth recalling (see also KBp6
and. 2798.90 are very weak. In the spectral range that is cofhat these two lines were reported (but not measured) in the
mon with UVES (longward oft 3046) the STIS data includeComprehensive paper on RR Tel by Thackeray (1977). The
most of the Bowen lines detected by UVES except the weakdsB115-68 line was correctly identified asi@ while the 4
ones that have not been detected because of lower spestral3808.12 line was tentatively identified as a Crlil line.
olution and $N in the STIS optical data compared with that of
UVES. ) ) 4.3. The Bowen lines width and profile

The merging of the STIS and UVES data (as mentioned in
Sect. 2) has thus provided a high quality coverage of ELI fathe data for the FWHM for the @1 Bowen lines reported
almost all of the Q11 Bowen lines in the range A 2798-3810. in Table 4 (obtained from the high resolution spectra of STIS

Table 4 gives the observed STIS and UVES ELI{&rg and UVES) give an average FWHM value of 34.201.90
cm2 s71) and their ratios with respect to the reference line km s for the O1 + mixed (O103) lines, while the av-
3444.06. The wavelengths and the radiative ratgsw®e from erage FWHM for the five best observed pure O3 lines:is
KB96, that adopted the IC rates of Froese Fisher (1994).2i1.98+ 0.85 km s'. The diference is significant with a ra-
should be noted that these valueffeti by about 10 %, with tio FWHM(O1yFWHM(O3) ~ 1.22.

4.00E-13 —

2809.66

.00E-13 —

Jlur (erg/enta/s/A)

.00E-13 —
2807.90

1.00E-13

T T S I SO S WY
2810 R2812.5 RB15 R817.5 2820
Wavelength (Angstroms)

Fig.7. The weak Qn Bowen lines near 2800 in STIS

T T T
5.00E-13 —

3132.79 (01) |

.00E-13 —

.00E-13 —

R.00E-13 — J

3115 3120 3125 3130 3135
Wavelength (Angstrom)

3115.68

TLOX (erg/cat*2/s/t)
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Table 4. Bowen Fluorescence Lines. The nine colums give: the laboratavelengths (A, in air), the transition, the;4s™)
(from KB96, except for the first two lines taken from "The Ataniines List 2.05” (http/www.pa.uky.edi~petefnewpage);
1.48e+8 represents 1.48.0%9), the line FWHM (km s?), the ELI (10%erg cnt?s™!) from STIS and UVES data, the relative
ELI STIS; and UVES (I344406=100), and the photon numbey, lin 10-3 photons cm?s™1) from the STIS scale.

X Transition A FWHM  STIS UVES  STIS  UVES N,
2187.02 3FP-2p* P,  7.19+5  (413) 0.40 - 1.24 - 4.41
2197.48 3FP2-2p* 3P, 2.36+5  (40.5) 0.21 - 0.65 - 2.32
2798.90 3FP2-3p%D;  3.14+6 - (0.05) - (0.15) - (0.70)
2807.90 3PS-3p3D,  1.7945 - (0.03) - (0.1) - (0.42)
2809.66 3FP2-3p3D,  1.4k7  (39.3) 0.65 - 2.02 - 9.21
2818.66 3FP3-3p%D,  1.5%6 33.0 1.12 - 3.48 - 14.47
2836.28 3FP3-3p3D;  1.64+7 35.7 12.20 - 37.89 - 174.19
3023.45 30P,-3s°PY 5177 37.1 2.37 - 7.36 - 36.07
3024.57 3pP,-3s3PS  6.73+7  (43.5) 1.71 - 5.31 - 26.04
3035.43 230P;-3s3P°  5.06+7 34.1 0.87 - 2.70 - 13.29
3043.02 30Pe-3s°P¢  2.14+8 28.6 0.37 - 1.15 - 5.66
3047.13 3PP,-3s3PS  1.63+8 34.8 15.30 1391 4752  49.86  234.70
3059.30 30P1-3s°P3  9.46+7 345 1.74 1.44 5.40 5.16 26.80
3115.68 3FPS-3p3S;  1.41+8 36.4 - (0.11) - 0.39)  (2.04)
3121.64 3PP0-3p%S,  1.44+8 27.9 3.67 3.25 11.40 11.63  57.65
3132.79 3PS-3p3S;  1.528 34.6 1024  86.9 318.0 3115  1615.1
3299.36 30S1-3s°PS 1797 34.2 4.32 3.66 13.42 13.12 71.76
3312.30 30S,-353P°  4.974+7 34.1 11.40  9.50 35.40 34.05  190.01
3340.74 30S1-3s°P3  6.847 34.1 15.10  12.85  46.89  46.09  253.90
3405.71 3PPo-3pP,  1.787 28.9 - 0.40 - 1.43 8.23
3408.12 3FPI-3p3P,  7.274+7 25.3 - (0.04) - (0.14)  (0.85)
3415.26 3FPS-3p3P;  2.3147 27.8 - 0.49 - 1.76 10.31
3428.62 3PY-3p3P,  7.98+6 38.2 4.74 3.78 14.72 1355  81.79
3430.57 3FP-3p3P,  2.78+7 26.7 (0.60) 055 (1.86) 1.97 10.38
3444.06 3P3-3p3P,  5.21+7 34.9 3220  27.90  100.0 100.0  558.25
3754.67 3PD,-3s°P2  8.67+7 31.8 (0.77)  1.05 (2.39) 3.76 14.55
3757.21 3pD1-3s%P%  6.42+7 335 (0.25)  0.24 (0.78) 0.86 4.73
3759.87 3PDs-3s3P2  1.13+8 - bl bl bl bl -
3774.00 3PD1-3s°P2  4.557 30.7 (0.28)  0.22 (0.87) 0.79 5.23
3791.26 3PD,-35%P%  2.61+7 35.4 - 0.30 - 1.08 6.87
3810.96 3PD-3s3P3  2.79+6 - - - - - -
5592.25 3¢P°-3ptp - 37.3 - 0.12 - 0.44 4.05
He11-3203 35 - 54.2 635 5465  197.2 195.9  1023.9
He11-4686 3-4 - 56.2 1475 - 458.0 - 3477.9
He11-1640 2-3 - 63.2 831.0 - 2580.7 - 6860.4
HI-4861 2-4 - 60.0 162.0 - 503.1 - 3964.7
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Fig.9. The weak Qm Bowen lines in the STIS region near

3030.
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It is also remarkable that in UVES spectra all the best ob-
served Qi1 Bowen lines (i.ed 3133,1 3121,4 3299,4 3312,
A3340,4 3444, etc.) show a definite asymmetry (excess) in the
red wing (see Fig. 10). The red "excess” (after subtractibn o
the main gaussian component of about 34.3 kKtnRVHM)
can be modeled by a gaussian profile centered at at881km
s~1 from the main component and with FWHM of about 22 km
s™L. There is however still an "excess” left and the velocity-pro
file in the "red” wing can reach a maximum velocity €f100
km s1. Alternatively, the entire profile can be also (and bet-
ter) fitted with a gaussian main component with FWHM 31 km
sIm, while the red "excess” is represented by a Voigt profile
with FWHM 25 km s in the Gaussian core and 17 kit $n
the Lorentzian wing.

A similar but less enhanced behavior is shown by the He
lines at1 5875, andl 6678, while the two [Q] lines at1 6300
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Ihe auymmetric profile of the 0TI Boven lines Table 5. A comparison between observed and predicted inten-
L B N B B R sity ratios for pairs of Bowen lines originating from the sam
upper level. The theoretical intensity ratios have beeiveer
from the transition rates of Bhatia and Kastner (1993) (BK),
Froese-Fisher (1994) (FF), and Saraph and Seaton (198D) (SS

R.50E-11 —

2.00E-11 [—

line ratios STIS UVES BK FF SS
28193444 0.035 - 0.033 0.037 -
28363444 0.38 - 0.43 0.38 -
31333444 3.18 3.12 4.06 321 361
34293444 0.15 0.14 0.18 0.15 0.34
34063415 - 0.81 0.75 0.78 -

S50E-11 —

Rlux (erg/ent*2/s/A)

.00E-11—

5.00E-12 —

0 == PR PSSy — —== PR
31132 313;.25 31312.5 313;.75 31133 313:13425 34153122 - 0.15 0.09 0.15 -
Wavelength (Angstrom) 32993341 0.29 028 023 0.26 0.20

32993312 0.38 0.38 0.35 0.36 0.34

37913755 - 029 031 030 0.33

Fig.10. The asymmetric profile of the @1 1 3133 line and a
gaussian fit with FWHM:34.5 km s'. The same kind of pro-

file is present also in other lines, see sect. 4.3.
4.4. The relative Bowen line intensities and the

efficiency of the O1 and O3 processes

The high quality of the data has allowed a detailed compariso

] of the observed ratios for pairs of lines from a common up-
and 6363 show two almost resolved components with sepgar |evel to the corresponding branching ratios obtainethfr
ration of 27 km s* and FWHM of 13 km s" and 28 km S'  the transition rates given by Bhatia and Kastner (1993) (BK)
respectively. Froese Fischer (1984) (FF), and Saraph and Seaton (1980)

Surprisingly, the nebular [@1] lines atA 4958 andl 5007 (SS).

show instead an excess in the blue wing with a maximum ve- Following Pereira et al (1999) we presentin Table 5 a com-
locity of about -150 km !, while other strong emission linesparison between the observed and the predicted ratios e so
observed with UVES e.g.: HeA 3203, [Nev] 1 3426, [Fevi] selected lines. It is clear from Table 5 that the best agreéme
13586, HB 14861, [Fevii] 4 4893, [Cavii] 44939, [Fevi] the overall ratios is with the Froese Fisher (1994) modeis Th
15176, Har 15411, [Cavi1] 15618, [Fevii] 45721, [Fevii] strongly supports the intermediate coupling radiativesaal-
16086, [Arv] 1 6434, and [Av] 4 6455 show an almost pureculated by FF.
Gaussian profile. The dficiency of the Bowen fluorescence mechanism is
@antified by the fraction of the created Hd.y-a photons

We recall that Crawford (1999) reported the presence? h di i h fth
a two component structure in the [@] 1 4363 line and of A 303.782) that are converted into Bowen line photons. If the

a multi-component structure in the @] 4 4959 andi 5007 atomic transition probabilities are known, the intensityany

lines. Schild and Schmid (1996) also observed this behavidf!! line can be related to the intensity of the Hiy-a line

and attributed it to the presence of two nebular componefnts(fﬁnd to the number_ of He Ly alpha photons) and Fhe int_en-
different densities. sity of any Bowen line can be related to the total intensity of

the Bowen lines (and total number of Bowen photons). In this
In the far UV and near UV echelle spectra of STIS (takefhse, the giciency can be easily calculated if the (relative) in-
1 year after the UVES spectra) whose resolution is comparaplsities of a single Bowen line (usually3133 orl 3444) and

to that of UVES, a red wing excess similar to that presentt ing gingle Hat line (usuallyl 4686, or1 3203) are available. The
3132.79is present in all of the common intercombinatioadin efficiency factor R can be defined as:

,e.9. 0v] 11218, Orv] 1 1404, Niv] A 1486, O] A 1660
and A 1666, Nii] A 1750, Sim] A 1892 and G 4 1906, p_ P~ @ef1(4686) 114
It is instead absent in the lines of permitted transitiores, in P - aer1(304)- 4686- 14686

the three resonance doublets ofvNA 1238, 2 1?42), Silv whereaer(304) andaer(4686) are the fective recombina-
(11293,4 1403), and Qv (1 1548,1 1550) and in the HB yjon codficients for recaptures that result in the production of
Baw recom_blnauon_ linet 1640, all of which display a nearly ; 304 andi1 4686 respectively, P is the cascade probabiity
pure Gaussian profile 0.0187, and Pis the probability for the emission of a particular
The asymmetry is not evident in the STIS opticaliff) Bowen line following the excitation of 2p3%Pg (01) (Aller,
lines possibly because of the lower spectral resolutionfd8S 1984). The ratio of the twaes+ is 0.328 for £=10,000 K.
in the optical range. In FEROS spectra, in the range outemtet  The application to specific lines provides simple rela-
covered by UVES, there is evidence of excess in thalOl tions that can be directly used, i.e~RO - l3444/14686 (Kaler
4363 nebular line (as mentioned by Crawford, 1999), andén th967, Harrington 1972), R0.12- I3133/l3203 (Schachter et al.
O1 A 8446 line produced by the Lg-fluorescence. No excessl1990), R=0.32- I3133/l4686 (Saraph and Seaton 1980x®43
is evidentin H 1 4340, and in Her 1 4686. - 1344413203 (Wallerstein, 1991). In the specific case of RR Tel
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these relations give R 0.22,0.21, 0.22, and 0.22, respectivelyTable 6. The intensity (in 10%%rg cn1? s71) of the Heir and

in encouraging agreement. O111 emission lines from IUE high resolution spectra and STIS.
Similar relations can be obtained for thffi@ency of the MJD is the Modified Julian Date JD - 2,400,000.5.

03 channel. Shachter et al. (1991) give

IUEimage MJD 12733 12836 13047 13122 13133 13203
Ros  la1oo- Agias- 3122 LWR02021 43728 695 684 633 330 4610 1520
Ros = T Aorzy- 3133 LWR02995 43833 700 520 742 273 4345 1398
1 T31ssT el LWR03888 43932 762 594 627 255 3965 1133
and for the specific case of RR Tel one obtains that the relaWVRO7536 44329 593 398 619 255 3715 1091
tive Ros/Ro; efficiency is~ 0.038 (a value that is much lower LWR07663 44363 667 526 603 254 4239 1157

than that,~ 0.3, found by Shachter et al., 1991 for AM Her). LWR08234 44433 698 518 639 282 4203 1213
Therefore. the o fthe 03 ch Uin BR Tol i cloge WR08272 44437 681 562 631 247 3987 1370
ereiore, the kciency or the Us channel in €lIS ClOS€ | \wro9238 44548 650 454 635 210 3802 1029

0.7 %. LWR10364 44710 570 508 479 210 3553 1032

In RR Tel we have obtained the intensities of all the Bowem\wRr11293 44827 669 480 605 162 4268 1187
lines belonging to the primary cascade. This fortunat@tittn = LWR11296 44827 687 436 618 238 4348 1141
allows a direct counting of the number of Bowen photons ob-WR11744 44887 672 495 629 196 3147 1140
served in the 6 lines of the primary O1 channel (ih2808.77 LWR14466 45265 632 486 610 181 3792 1432
line is not detected) and therefore a more direct estimatiesof LWP01664 45229 668 473 537 172 3963 1167
efficiency. The total intensity in the 6 lines of the primary O1LWR16181 45503 564 411 471 181 3464 1003
decay from level 2p3dP5 (O1) is of 152.7 16'3 erg cn?s™? ::wﬁggg% jg;gg g;g ﬂg jgg gg g;ig 182;
(from STIS data). This value, after proper conversion fram e

LWPO08180 46562 578 459 460 155 2876 1074
ergy to number of photons, corresponds to a total number 9[

. . . WP08728 46635 602 378 425 128 2940 1136
photons (decays) in the O1 primary cascade of approximatel\ypog729 46636 575 379 408 141 3260 1156

—1
2.45 photons crif s* (see also Table 4). LWP10919 46951 617 391 409 131 2990 1118
The Herr Ly-« intensity can be estimated from the ob- pw13770 47374 566 329 326 95 2197 1042

servedl 4686 line intensity £ 147.5 103 erg cnT? s™') as- LWP20538 48414 541 343 293 86 2110 1107
suming a ratiodos/l 4686 ~ 65 (Storey and Hummer, 1995). The LWP23569 48826 483 276 301 88 2022 1100
corresponding number of HeLy-a photons is about 15.36 LWP24278 48932 567 268 319 85 1970 835
cm2s7L. Thus, the @iiciency for the O1 channel R(O1) is close L\WP25953 49188 606 284 354 81 2078 1055
to 16.0 %, with some uncertainty associated with the actu&lVP25954 49188 598 288 335 106 2225 0916
value of the Her Ly-« intensity. LWP28078 49479 583 298 334 84 2238 1030
We recall that the excitation of the 2p38; level of Ol LWP29189 49611 586 273 297 96 2030 939
. . . LWP30848 49872 561 320 290 90 1964 1030
(the O3 channel) requires a veIoc@y shift _of -88.2/kr_fro_m LWP30849 49872 516 229 286 72 1884 874
the rest wavelength of the HeLy-a line, while the excitation | \wp31348 49953 548 278 241 59 1767 979
of the 2p3d3P, level (that produces the two very weak butgT|s 51827 323 122 155 37 1024 635
observed lines at 3115 andi 3408) requires a corresponding
velocity shift of -250 knfs. This clearly indicates that the
303.782 Hear Ly-« line must be broad enough to excite these
levels of Orrr. corresponding changes in the Bowefigency. Table 6 gives
As reported in Sect. 3.1, the average FWHM for 20 unhe time variation from 1978 to 1995 for these lines, as olgizhi
blended lines of the Fowler seriesi$3.5+ 3.5 km s . while  from measurements on more than 30 IUE spectra, together with
the Heir Ba line A 1640 has FWHM= 63.2 km st. These the data for Oct. 10,2000 from STIS (last line).
values are about ten times larger than the thermal velediie As already mentioned in Sect. 2.3, the data in Table 6 all
are on the order of about 6.4 km's come from a choice of good quality spectra. The data clearly
Itis clear from these values that the Héy-« line is much  show that starting from the first spectra secured in Augug819
broader than the He recombination lines, probably a conseuntil the last spectra of August 1995 there has been a steady
guence of multiple resonant scatterings. decrease with time in all ELI.
The data have been fitted with both linear and power-law
regression. The behavior with time of the two Hénes, that of
the three Qi1 O1 lines and that of the @1 O3 line is described
by different power-law indices«(-0.33,~ -0.97, and~ -1.48,
In most IUE LW high resolution spectra of RR it is possibleéespectively) but within each line group the indices areilsim
to obtain good measurements for the iHEowler lines at1  Figure 11 is a log-log plot of the data with their power-law
2733 andl 3203 and for the @1 lines atl 2836,1 3047 and fittings (straight lines) for the 6 spectral lines listed eble 6.
A 3133 (01 process) and thei@line ata 3122 (O3 process).  On average, with the power-law fit, the intensity of theiHe
Since the IUE spectra cover about 17 years in the life of RR Tales (1 2733 andl 3203) has decreased by a factor about 1.5
one can thus follow the changes with time in the absolute aftdm 1978 to 2000. Instead, the intensity of the O1 lings (
relative intensities of the He and Or11 lines and estimate the 2836,1 3047 andt 3132) has decreased on the average by a

4.5. The past efficiency of the O111 Bowen
fluorescence process
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_ o Fig.12. Two "new” Bowen lines from the primary decay
Fig. 11. A log-log plot of the decrease with time of the ELI of(40.85 eV). Thel 2187.02 line falls on the wings of the ke

the Heur and Out lines from 197810 1995 in |UE spectra. The-qyjer jine 4 2186.60, while thel 2197.48 line is weak but
last data are from STIS (Oct.10, 2000). The ELI are in unitf,plended. All wavelengths are in air.

of 107%2 erg cnt? s71. The power-law fits to the data (straight
lines) have indices- -0.33,~ -0.97, and~ -1.48, for the two
Heirlines (1 2733 andt 3203), the three @1 01 lines (1 2836,

13047 and1 3132), and the @1 O3 line (1 3122), respectively. 1- 1he 2p3@P5 level (40.85 eV, 329469.80 cth), is pumped

directly by the Har Ly-a A 303.782 line. The list of
all primary decays from this level includes, (besides the
two resonance lined 303.800 and 303.622) the 6 lines
at 11 2807.90, 2818.66, 2836.28, 3132.79, 3428.62, and
. _ _ 3444.06, and two additional lines (with rather low Aal-
Therefore, the ficiency in the O1 channel (as determined ues) atl (air) 2187.02 (£0.40 102 erg cn? s'1) and at
by the bisd/ls203 ratio) from the power-law fitting was about ) (ajr) 2197.48 (£0.21 1023 erg cnt2 s°1) that correspond
2.1 times higher in the early IUE years (1978-1980) and has tq decays from Zpgapg down to 2% 3P, and 2p* 3P; at
decreased from a value near 0.5 in 1978-1980 to a value close3s 18 and 35.21 eV, respectively. These two lines, albeit
to 0.2 in year 2000 ( STIS ) S|m|lar|y, the data indicate that Weak’ have been detected in STIS Spectra' 1easg7.70
the O3 diiciency has decreased more rapidly with time than |ine falls in the wing of the Her Fowler lined 2187.28 but
the O1 diiciency and that in 1978-1980 the relative O3 over s clearly present, while the other line.a2198.17 is weak

O1 dficiency was about two times higher than in 2000. but unblended (Fig 12). To the best of our knowledge they

factor larger than 3, and the O3 lingé 8122) has decreased by
a factor larger than 5.

The O3 line is at -88.2 kys from the Hai Ly-« line. The
higher relative fficiency O301 in the past can be explained
by a larger width in the Ha Ly-« line, resulting from either a
larger turbulence or larger optical depffieets in epochs closer

have never been reported so far in any astronomical source.
For lines that come from the same upper level k, the rela-
tive photon numbers are proportional to the respectiye A
From the data in Table 4 we note that the observed photon

to the outburst time. We attribute the decrease with timéeén t number for the six lines of the primary decay (see also Fig.
Her ELI to the general decrease in the luminosity of the cen- 6) are in good agreement with the the Aransition rates .

tral source (Murset and Nussbaumer, 1993). The correspgndp. The 2p3pP, (300442.55 cmt, 37.25 eV) and the 2p3p;
stronger decline in the @1 Bowen lines indicates a gradual de-  (300311.96 cmt, 37.23 eV) levels are populated by the
crease in the Bowenfigciency (in particular for the O3 lines).  3444.06 and tha 3428.62 decays, respectively (from 2p3d
This might be caused by a decrease in the width of therHe 3pg)_

Ly-a profile together with a decrease in the optical depth of the Decays from these two levels include the five observed
O resonance lines. lines at A1 3023.45, 3047.13, 3024.57, 3035.43, and
3059.30 (total A = 3.99 16) and five EUV lines with
lower term 2s 2p °D3, ; neard 554.5 (total A; = 2.36
10°), plus other weaker decays.

In this section all of the transitions that enter and exithesie- From the relative A values one would expect that the
ergy level involved in the Bowen O1 fluorescence process are contribution by the EUV lines should be about 0.67 of
examined in detail in order to verify the balance in the num- that of the observed near-UV lines (in the number of de-
ber of photons (see Fig.6, Table 3, and Table 4). The lists of cays). The total number of decays in the two parent lies (
lines that enter or exit the relevant levels and theirvalues 3428.62 andl 3444.06) is= 640.0 10° s* (Table 4). The
have been obtained with the help of the extensive compilatio same quantity for the five subsequent line2.&8047.13,

of levels and transitions by van Hoof in the "The Atomic Line  3023.45, 3059.30, 3035.43, 3024.57 amounts to 3371 10
List 2.05” (http//www.pa.uky.edi~petefnewpage). cm2 s71. Therefore there is an apparent (moderate - about

4.6. A detailed examination of the Bowen decays
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12 %) deficiency of decays in these five observed transi-
tions, if the A; values are accurate.

Inspection of the other possible transitions listed in the
"Atomic Line list 2.05” shows that, besides some forbidden
transitions, there are two additional decays from Z§3p
and 2p3pP, down to 2s2p 3S9 (197087.70 cmt, 24.44
eV), via 1 968.76 , andl 967.54 respectively (mult. UV
17.05 ), whose Aij values are close to 1.206, that is, 4.
about 1 % of those of the five lines above. These lines
are also reported in Table 7 of Saraph and Seaton (1980).
However, inspection of BEFS spectra taken in Nov. 1996
has not led to their detection.

. The 2p3pS; level (297558.66 cit, 36.89 eV).

This level is important because it is fed hy3132.79, the
strongest primary line in the decay from 2p°3%g (the O1
process). It is fed also hy 3121.64, the strongest primary
line in the decay from 2p3aP‘lJ (O3 process) and by
3115.68, the strongest decay from ZE)ng but the con-
tribution from this latter line is almost negligible.

From the data of Table 4 we note that there is a severe
unbalance between the total number of photons inithe
3132.79 and 3121.64 lines: (1674.0 10° cm™ s71) and

the corresponding quantity:(515.7 103 cm 2 s71) for the
three observed subsequent decay transitiong 8840.74,
3312.30, and 3299.36.

Inspection of "The Atomic Lines List 2.05" and of the
relevant radiative rates (Aij) shows that additional decay
from 2p3p'S; that could contain the missing photons pass
through 2s2p 3P‘j’ (J=0,1,2) (142381.0, 142381.8, and

142393.5 cmt, ~ 17.65 eV) with three lines that fall close

to A1 644.44 (mult. UV 16.20). The sum of the Aij values
of thesed 644.44 lines is larger by a factor 2.5 relative to
that of the three optical lines. In other words, about 71 % of
the decay photons go into the three lines ne&d4, thus
reconciling the inbalance in the number of decays. The ex-
pected intensity of the 644 lines with respect to that(
31.0 1013 erg cnt? s71) of the three lines near 3320 (11
3340.74, 3312.30, and 3299.36) should be larger by a fac-
tor 12.9 (the relative A ratio ~ 2.5 multplied by the factor
3320644). Therefore, tha 644 lines should have a total
intensity of~ 400 102 erg cnt? st and constitute an im-
portant EUV contributor to the Bowen decays. Thé44
lines were reported in the spectrum of the Sun obtained by
Behring (1976) in the study by Bhatia et al. (1982) and in
the Skylab spectrum of the Sun obtained by Vernazza aid
Reeves (1978). Their observed intensities were found by
Bhatia et al. (1982) to be in excellent agreement with those
obtained in a detailed calculation of thetl@ EUV spec-
trum of the quiet Sun, when the process of photoexcitation
by Her Ly-a was included.

Moore’s tables (1993) report also a transition (mult. UV
17.04) from 2p3pS; (297558.66 cmt, 36.89 eV) to 2s 2p

359 (197087.7 cmt, 24.44 eV) that corresponds to the
995.31 line. This transition between two S levels violates
the pure LS coupling selection rules and the line inten-
sity should be very weak. However, it is worth reporting
the presence on BEFS spectra of a medium-weak line at

13

995.3 (I~ 1.9 1013 erg cnt? s71) that lacks any other reli-
able identification. It is worth noting that the Froese Fishe
atomic model for Q11 supports intermediate coupling ver-
sus pure LS coupling. We thank the referee for pointing out
the possibility that the 2p38; level be mixed with level
2p3p’P;. This interaction between states offdient L is

an indication of departure from pure LS coupling.

The three 2p3pD1,3 levels (294223.07 c, 36.48 eV,
294002.86 cm* 36.45 eV, and 293866.49 ch36.43 eV)

are fed by three decays from 2p3833(329469.80 cmt,
40.85 eV) at1 2836.28,1 2818.66 andl 2807.90 respec-
tively, and produce six rather weak lines that fall betwgen
3754 andi 3810.

The decay from 2p3pD; (294223.07 cmt) produces the

A 3759.87 line, the only secondary line that is a "pure” O1
line. Unfortunately the line falls in a blend with the strong
and wide [Fevii] line A 3759. This prevents a detailed anal-
ysis. Additional decays (with slightly weaker Aij) from #hi
level are possible through the EUV linesia$58.58 andl
574.06.

The observed decays from the 2p3p, level (294002.86
cm1) produce the two weak lines at 3754.67 andl
3791.26. The sum of the number of photons in these two
lines  21.4 10° cm™2 s1) is close to that£ 18.5 10°
cm2 s71) in the parent linel 2818.66.

However, from "The Atomic Line List 2.05” one can see
that there are competitive decays from 2p3ap, with
similar Aij in the EUV region at1 574.8, and1 659.5.
Therefore, either tha 3754.67 andl 3791.26 lines are
slightly blended or the 2p3pD, level is partially popu-
lated by the charge-exchange (CE) mechanism, as reported
in the following lines.

The decays from level 2p3pD; (36.43 eV, 293866.49
cm1) produce the three lines aft 3757.21, 3774.00, and
3810.96. This level is the lower level of the2807.90 line.

It is worth noting that thet 2807.90 line is barely de-
tectable (N = 0.4 10% cm™ s1) in the STIS near UV
spectrum that has high resolution (see Fig. 7); instead, two
of the subsequent decay lines, l8757.21 and 3774.40,

are present both in STIS and UVES spectra £N\2.96
103 cm? s71) while the third one aft 3810.96 falls in

a blend. This suggests that the 2p3p, level is mainly
populated by charge-exchange, as reported in Aller (1984)
and Dalgarno and Sternberg (1982).

The three 2p§§8,1,2 levels (267634.00, 267377.11, and
267258.71 cmt, 33.18, 33.15, and 33.14 eV) are popu-
lated by 14 near U)bptical lines of the secondary decays
from levels 2p3p*Po 12, 2p3p°3S:, and 2p3p°D1,3. The
number of decays to these levels (with a negligible contri-
bution from the CE process) is 516.3, 259.1 and 1028 10
cm2 s7! respectively. The total number of decays is 878
103 cm™2 st to be compared with the 2444.1 foecm2

s ! primary decays from level 2p3t#PS (O1). We note that
the sole permitted decays from these three ZB@ISZ lev-

els are through the six EUV resonance lines of mult. UV 6
neard 374 (see also Fig. 6) that are important in the context
of the Bowen secondary i fluorescence (see Sect. 6.1).
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We point out that unlike the primary lines that are "purepopulate both the 3dDs,, level (267244 cmt) and the 3d
O1 or O3 lines, most secondary lines are "mixed” ®D3 2Dg); level (267238.40 crt) of N 111 from the 2p2Pg/2 level
lines (see also sections 4.1 and 4.4). However, most O3 lig@g4 cnr?) of the ground term. In the decay from these two
are very weak, and their contribution to the secondary decajigh levels, the three lines af 4640.64, 4641.85 and 4634.13
is generally negligible. The sole exception is that of 8122 are emitted, and in the subsequent decay two additional éine
line which, however, represents a contribution of about 8% } 4097.36 and 4103.39 are produced. The relevant levels and
the total population of the 2p3f5; level. This justifies the transitions are reported in Fig. 13 and Table 7. Each level ha

neglect of the O3 contribution to the secondary lines in mbstalso been identified by a number index from 1 to 7 in order to

the previous considerations. facilitate reading the text. See also Kastner and Bhati@1}9
(hereinafter KB91) and Kallman and McCray (1980) for fur-
5. The other O11I lines ther theoretical considerations and quantitative evednat

- o These optical NiI lines are observed as quite strong emis-
In principle, recombinations and charge-exchange (CE)COWqp, |ines in planetary nebulae, x-ray binaries, symbistars
be dfective in populating some high levels ofi@and provide ;.4 novae in the early nebular stages.

some contribution to the intensity of the Bowen lines. KB91 however. from a direct comparison of the observed
To check for the ffectiveness and the relative importanc S ' . mp .
of these processes we have looked for the presence in S%‘ ratios with the theoretically predicted rguos exeeichqm .
and UVES spectra of such1@ lines coming from high-lying the postulated Bowen process of select!ve photoexcitation
levels, whose excitation is comparable to that of the Bowgr‘?v.e f:hal_lenged_ t_he common interpretation that thesa N
emission lines originate from a secondary Bowen fluoreseenc

lines. ) . : X
The inspection has revealed the presence of a small numgg?'r main argument against Bowen fluorescence is that the

. . ) . served s34/l 4640 ratio indicates a relative population ratio
g];ivr\ll(g%:rlj el/llnze;ég ;hlelizza(:nﬂx CL)J%ICS rl? r;__ggétgcla esgolligge “Zt oﬁl%/m close to the "statistical” value 0.667 (where level 6 is 3d
. . , U. . 1=9.2 ,

10" erg cnt? s71). The only other possible detection in the D3> and level 7 is 3¢Ds5, see also Fig. 13). Instead, in the
near-UV is the (weak) line at 2959.72 (UV 19.12, 40.26 eV) case of Bowen fluorescence, a much lower value (ab@)tid
with 1= 1.44 101 erg cnt? s-1). This line would feed the  ©XPECted as a consequence of the fact that/Azz ~ 0.167
5592.25 line (mult 5, u.l= 36.07 eV), that is important in the @Nd 99/G20=4/6. KBI1 did not indicate which physical pro-
context of the charge-exchange process (see below). cess could be_ responsible for the thermal pgpulatlon ra_ao t

In the optical range, in UVES spectra, we have detectggparently existed. After tentatively suggesting recaration
the three weak lines of mult. 8 (u# 40.27 eV) a1 3265.32 and charge-exchange, they ruled out both processes aéter sp

(1I=2.54 10% erg cm? '), 1 3260.84 (k176 1014 erg CifiC considerations.

cm 2 s1) andA 3267.20 (£2.10 10 erg cn? s°1), and the In a subsequent paper, Ferland (1992) suggested that the

1 3455.06 line of mult. 25 (u.l= 48.95 eV) with |= 0.96 optical N1 lines could be excited by direct continuum fluo-

10724 erg cnt? s71). The importantt 5592.25 line of mult. 5, réscence (CF). While the Bowen mechanis_m would pump both

(u.1.=36.07 eV) whose presence is associated with the CE pFa¢ 3d°Ds/2 and 3d2D5/_2 levels from the excited level HPs12

cess is detected only in UVES, with intensity of 1.2-%oerg ©f the ground term (with the Aand g factors favoring level

cm2sl. 3d 2D5/2 over level 3d2D3/2) continuum fluorescence would
Therefore, the contribution by recombinations @mdCE PuUmp the level 3dDs), from the excited level of the ground

to the observed intensity of thei® Bowen lines is generally term and the 3dDs). level predominantly from the ground

negligible, with the exception of the six weak lines in thealg '€vel 2pP12 of the ground term, (via the 374.198 transition)

from the 2p3BD1,5 term, whose individual intensities are inWith @ minor contribution (about 20 %) from the excited level
the range of 0.2 - 0.8 18%rg cnm2 s, As aresult, (the A of the transition from théPy,, level of the

ground term being comparable to that of the transition frioen t
. 2P, level) the relative population of the 3®s,, and 3PD3)»
6. The N111 4640 lines levels would become comparable, with the same result for the
intensities of the three decay lines n@&640, thus reconciling
the predicted intensities with the observations.
quep (1934, 1935) pointed out that, by another remarkable |, 5 very recent paper, Eriksson et al. (2005) have pre-
coincidence in nature, the @ resonance lind 374.432 (one sented a set of semi-empirical equations for the prediaifon

of the six decays from 2p3%(, , to the ground term @ e relative intensities for the it lines that are generated by
®Po12 in the final decays of the Bowen lines) has nearly thie Bowen mechanism. They have also suggested an additional
same wavelengthas the two resonance lines ofN1374.434 pumping channel associated with thetO1 374.162 line (one
anda 374.442. Therefore, photoexcitation byi©374.432 can

6.1. The excitation mechanism

1 Wavelengths for the N1 and O lines in this Section (httpy/physics.nist.goPhysRefDatsASD/index.html) as Ritz wave-
and in the following are from "The Atomic Lines List 2.05" lengths. These wavelengths come from the analysis by Bstier
(httpy/www.pa.uky.edi~petefnewpage), rounded to the third dec-1982 and they are supposed to be correct to about 0.0005 AOat 25
imal digit. We note that these wavelengths are the same a= thd and to 0.002 A at 500 A. Interpolation suggests a wavelength
reported in Wiese et al. (1996), and in the NIST Web siteertainty of 0.00125 A (1.0 knT%) neara 374).
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Table 7. Wavelengths, A values, STIS and FEROS intensi-
ties (10*%erg cnt?s™1), FWHM (km s1), relative intensities

NIl eV (I464064 = 1.00), and photon number for theiN emission
lines associated with the Bowen fluorescence. The continuum
‘7)33 . of FEROS has been scaled to that of STIS.
(6) LirfR)  A;  STIS FEROS FWHM Rel.Int. N

4097.36 8.66€07 2.05 1.75 353 059 0.042
4103.39 8.62€07 -  (0.90) (31.0) (0.31) (0.022)
4634.13 6.00e07 1.69 1.41 32.0 049 0.039
4640.64 7.17€07 3.46 2.89 31.8 100 0.081
30.46 4641.85 1.19e07 (0.60) 0.40 33.7 0.14 (0.014)
374.198 1.05e10 - - - - -
374.434 1.26e10 - - - - -
374.442 0.21€10 - - - - -

27.44
6.2. The N 111 lines intensities in RR Tel

ELI and FWHMs for all Nit1 subordinate lines specifically in-
volved in the Bowen fluorescence process have been measured
in STIS and FEROS spectra.

We note (see also section 2.1) that the STIS data are abso-
lutely calibrated but dftier from a limited spectral resolution in
the optical range (about 8000). Instead, the FEROS datadare n
absolutely calibrated but have higher spectral resolytbout
0.00 60,000). Thus, STIS data provide a quite good estimate of the
absolute line flux, while the FEROS data provide very aceurat
line ratios and good FWHMs measurements.

The re-calibration of FEROS (see section 2.4) has also al-
lowed us to obtain reliable ELI and reliable line ratios fdee
N 111 emission lines that are clearly observed on FEROS but
are not detected or are confused with noise in the STIS gratin
spectra in the optical range.

Table 7 gives the measurements for the individual lines and
their average (STIS and FEROS) intensities relative toeiffie r

of the six resonance lines in the final decay of the pril,na[‘-:‘);enceIinel4640.64.Theintensityofthe 4103.39lineis rather

Bowen mechanism) that could pump theiNi 374.198 line. uncertain because it falls on the red wing of the strong H
line. The data also indicate thatdosa/(l464185+1463413) = 1.59

Eriksson et al. have obtained the intensities of theiO and bgzs13/1464064 = 0.49, close to the value (0.47) found by
Bowen excited lines (2800-3900 A) from IUE data of 1993 angriksson et al. (2005).
ground-based data of the same year (Mc Kenna et al. 1997).The N lines have FWHM values near 33.2 km'sa
The N line intensities have been obtained also from Mgalue that is close to that (35.3 km'} found for the Qi

Kenna et al.(1997). Instead, the line widths for theriGand  Bowen lines. The average relative displacementr(© N 111)
N1 lines and the relative velocity shifts have been obtainggl-1.45 km s (Eriksson et al. instead found 4-5 ks

from IUE data (SWP29535) of 1986 (see section 6.4 for fur-
ther comments).

Fig. 13. A partial Grotrian diagram for h1. Levels are identi-
fied by a number index 1-7 to facilitate reading the text.

_ _ ~6.3. The exclusion of continuum fluorescence and
In the case of RR Tel, Eriksson et al. have predicted a line  5qiative recombination as the excitation

ra_tio (relatiye strength)bsa/l 4640= 0.245, which is too low rel-_ mechanism of the N 111 A 4640 lines.

ative to their observed values 0.47), and have ruled out this

additional line fluorescence channel as the main one respors already mentioned in section 6.1, in order to explain the
ble for populating level 6. They have concluded that the tebo 3act that the the N1 A 4640 lines have relative intensities that
2Dg)»5/2 levels are predominantly populated by processes ottae indicative of a "statistical” population of the 3B, levels,
than the Bowen mechanism and have suggested that radiafigdand (1992) argued that these lines are the result ofrcont
recombination could be the main population process of thagem fluorescence.

levels, although, as they pointed out, this process camiot e However, if this mechanism werdfective for the three
plain some discrepancies between the predicted and oloseNerr lines neart 374 (mult. UV 5) one would expect a sim-
relative intensities of the 4641.85 and 4640.64 lines. ilar excitation mechanism also for the other EUV resonance
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els (see also the considerations by KB91 and Eriksson et al.
. 2005 in section 6.1), we have checked in detail the possible
presence of recombination lines ofild in the RR Tel spec-
trum. In particular we have searched in "The Atomic Lined Lis
00E-13 4 2.05” all possible decays into the two upper levels?8g,, (
g 1 267244 cm?) and 3cPD3); (267238.40 cmt) of the N1t 4640

4634.14

T
L ‘4640.64 §

5.00E-13 — —

.00E-13

lines, that is for possible parents of these lines. The gaen
lines, besides a sextet neal324, are those of mult. UV 23
with three lines nean 2248 and those of mult. UV 24 with
two lines nearl 1885. None of these lines has been detected.
Therefore the 4640 lines are not fed by decays from higher lev
els. We have also checked for the presence of high-lyingrsubo
dinate lines with high Aij and excitation level similar tcethof

the 4640 lines, e.g. the lines of mult. UV 22, 22.01, and 22.02
but this search has also given negative results.

An inspection of the RR Tel spectrum for the possible pres-
ence of the strongest transitions into the two lower Ievp%ﬂ’g
(17 and 18) of the three 4640 lines, eigl 387.304 1387.38,
lines of NiiI. Inspection of "The Atomic Line List 2.05” and andAa1804.49 (WhOSG sum of theijpjs about ten times |arger
of the Moore’s (1993) tables of spectra in the range 250-  than the A; of the 1 4634.13 andl 4641.85 lines) has also
500 shows the presence of several resonance lines (Myfren a negative result.
plets) _With Aij values (intensities) similar to those of tB&4 Therefore, recombination is ruled out by the absence of
lines, i.e.14 451.87+ 452.23. (UV 4), 332.33 332.14 (UV ogsible decays from higher levels into the three 4640 lines
5.01), 323.49+ 323.61+ 323.67 (UV 6), 314.7k+ 314.86 4n( the absence of other subordinate lines with similar idj a
+ 314.89 (UV 7) , 311.64+ 311.55+ 311.72 (UV 7.01), excitation as the 4640 lines. In conclusion: neither cantin
292.44+ 2_92-59 (Uv 7-04)3 282-_2} 282.07 (UV 7.06) and fi,0rescence nor radiative recombination sedieative in pro-
other multiplets of weaker intensity. For each level of tipe Uducing the observed Ni emission lines in RR Tel. It is hard
per term of these multiplets we have selected the strongest ¢ explain how these processes may excite levels 6 and 7 of

cays (about a dozen lines betwegrl385 andi 4205, i.e. N only, which indicates, instead, that some kind of selective
A 1387.30, 1387.38, 1387.99, 1804.49, 1885.06, 1885220 c0ss is present,

2248.36, 2249.63, 2334.26, 2335.61, 3304.98, 3307.58,

3307.70,4201.26, 4855.19, 4874.46, 4882.03) and checked f

their presence in the STISUVES + FEROS spectrum of RR 6.4. The role of multiple scatterings in the resonance
Tel. lines of O 111 and N 111

The search has given a definite negative result. The absence

of decays from the upper level of strong resonance lines tfzgntinuum fluorescence and radiative recombination being

are likely to be pumped by continuum fluorescence is harcwled out, we must consider if and how a selective process lik

compatible with the process of CF since it is hard to explame fluorescence, could be responsible for the observatvel

how this mechanism might work only for a selected group gf€s ratioin the Nir 4640 lines. . _
lines viz. the 4640s. We are supported in this investigation by the circumsténtia

Moreover, if CF were fiective, it should work also in the €vidence that the presence of thei(Bowen lines is generally
case of the @11 resonance lines (and other resonance lines@gsociated with that of the it 4640 lines in all well studied
that range) and one would expect, for example, CF to purﬁpjects, a clear indication that the excitation mechangssim-
the three upper levels (Bd)3P, 1o of the six resonance linesilar.
neara 303. In this case, from the;Aand g values (thejlval- We recall that Eriksson et al. (2005) have taken into ac-
ues being the same for all transitions) one would expectdo $®unt the possibility of an extra pumping of level 6 @dk,)

a "statistical” relative population ratio 5:3:1 within thethree from level 1 (which is required for approaching the observed
upper levels and therefore a corresponding relative iitierss 1463414640 line ratio) by the near coincidence between theiN

tio for the three "pure” primary linesi(3132.794 3121.64 and 4 374.198 and the @1 A 374.162 lines. They have obtained
A 3115.68) that emanate from these levels (since they all h&@opulation ratio YNz = 0.29 and a line ratiosbz4/l 4640 =
similar Ajj values= 1.50 1(?), unlike what is observed. If, in- 0.245 which is too low relative to their observed value9(47)
stead, one assumes that the observed intensity is a cofbinand concluded that this mechanism is nideetive.

of contributions from Bowen fluorescence and continuum flu- Eriksson et al. (2005), using the study of Pettersson (1982)
orescence this would imply that CF, if present, is, at besty v have also pointed out that the combin@@ets of the uncertain-
marginal since observations show that thp3@?3P, level (up- ties in the wavelengths of the ground term transitions ofiN
per level ofd 3115.68 ) is very weakly populated. and Qi1 neard 374 and of the relative velocity shifts could in-

Concerning other physical processes such as radiative treduce larger uncertainties for the overlap of the probifdbe
combination as the main population process of thé3glev- pumping and of the pumped lines and therefore for the reativ

Hux (erg/ent*2/s/h)

.00E-13

1.00E-13

4630 4632.5 4635 4637.5 4640 4642.5
Wavelength (Angstroms)

Fig.14. The FEROS spectrum of the threamllines close to
A 4640. The continuum has been scaled to that of STIS.
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line strengths. However, the Pettersson paper (1982) stgygevith wider wings than the Gaussian one. Moreover as men-
uncertainties of 0.0005 A at 250 A and 0.002 A at 500 Ationed in sect. 4.3, the profile of thei@ Bowen line is aym-

which means an uncertainty of 1.0 krmt's metric toward the red with a maximum velocity in the red wing
The velocity separation betweeni® A 374.162 and N1 of about 100 kmg'.
A1374.198 is close to 30 kmlsand the €ectiveness of pump- In any case, with the assumptions that : ]_) the Over|ap be-

ing of N111 level 6 from level 1 by Qi1 4 374.162 crucially tween the Qu 1 374.162 and the N1 1 374.198 resonance
depends on the overlap between the two lines (instead, ffiRs is about 0.30 (a lower limit, as derived from the subord
pumping of levels 6 and 7 of N1 from level 2 are easily €x- nate lines of the same ions), 2) the abundance ratio/® 111
plained by the almost full overlap (coincidence) between tiis about 115 (the abundance ratio/® is about 3 and the ion-
O 4 374.432 and the N1 A 374.434 (N1) andl 374.442 jzation fraction ratio (N1/N)/(O111/0) is about 5 in the region
(N2) lines). The negative conclusion by Eriksson et al. 00where the two ions co-exist, HN86), 3) alliN is in the ground
derives from the (allegedly) small overlap between the [E®fi term (with relative population of the P , level given by its
of the O1m1 A 374.162 and N1 2 374.198 lines, that could Notstatistical Weight: 1/3), one obtains a rough estimate of 0.30
guarantee the required pumping of level 6 from level 1. - 0.0667- 0.333= 6.67 102 as the direct probability per sin-
In this context, it should be noted that Eriksson et al hayge scattering that a 374.162 photon of @1 will directly ex-

based their calculations of line overlap on the measuresnegite level 6 of N1 from its ground Ieve?PO/z (Hydrogen pho-

. . . . 1
of the gaussian widths=0.6*FWHM) of the intercombina- ionization is neglected: H& region: no neutral H). However,
tion lines of Niir] 2 1750 and Q1] A 1660 in IUE spectra of

i i "' since the optical depth (or the number of scatterings befare
1986. The same width has been assumed in the calculation,of escapes the nebula) for thai©resonanca 374.162 line

the overlap between the profiles of ﬂwonancelines of OIl 5 apbout 1000, (see appendix) the probability that the 16vel
4 374.162 and Nt 4 374.198. Instead, in STIS and FEROS¢ N 111 is not excited after this number of scatterings is (1-

spectra, the subordinate lines ofi®and Niir are wider than 0.00663°° ~ 0.001. See Ferland (1992) for similar considera-
the intercombination lines by about 5 km swith the efect of tions in the case of resonance fluorescence.

increasing the line overlap. . .
However, what is of much higher relevance is the fact that n%r;z th;tﬁgi?/?g rfggi]a(lﬁviaﬁze?ifn NI\IAI/it'rS]' S%ngﬁ)igf h
both the six Q11 A 374 resonance lines that connect the grourzfﬁl y 9

term 2 3P with the term 2p3%P and the three N1 resonance 9-1) 1.374.198 line (or the less likely (132) 1 374.442

lines A 374 that connect levels 1 and 2 with levels 6 and 7 alrme) or via emission of one of the two subordinate linesl at

all optically thick, with optical depths on the order of 1000 (se4%34'13 and 4641.85. The A branching ratio from the upper

. . . . . ﬁ?vel (6) (see Table 7) favours resonant scattering witheets
appendix for an approximate estimate ), while Eriksson et £ the cascade routes via the641.85 and 4634.13 lines by a
(2005) in their semi-empirical calculations have assunhed t i :

0 -
all transitions are optically thin. factor about 175 (1.26 139/(7.19 10). Therefore, the prob

: L ability of conversion into the cascade route in a single det (
We suggest here that multiple scattering in therQl ' . .
i . : cay) is= 0.0057. However, if the number of scatterings of the
374.162 resonance line has theeet of increasing the pump- Lo .
; : N 111 A 374.198 resonance line is about 1000 (see Appendix),
ing of level 6 from level 1 of Nit1, as compared to the optically

thin case. Under optically thick conditions thei®resonance- the probability that the line will not be converted into thstio

line photons will sifer many scatterings<N> ~ 7o VIN(zQ)) cal1 4634+ 1 4641 lines after this number of scatterings is on

- 1000 _
within the nebula. The probability per single scatteringtta the order (1 (A9,13.+ A19’17)/(A19’1+A19’2)) 0oL
1 374.162 photon of @1 will excite level 6 of Nit (instead Therefore, multiple scattering of thie374 resonance lines

of level 2p3s®P; of O111) depends mainly on the overlap heOf O111 and Niir have the netféect of converting a significant

tween the O 1 374.162 and the NI 1 374.198 lines and fraction of these photons into photons of theiNsubordinate

on the relative Ni/O 111 ground term population (abundancedin€s att 4634 andi 4641 that can easily escape from the neb-

ionization fraction) ratio. ula. We point out that while the @1 1 374 lines are pure res-
We have no direct information on the widths of thaio ©nance lines, without alternative decay routes from theren

levels, the Nit1 374 photons have an escape route through con-

resonance lines. In our spectra the observed subordimate li A i
(most of them being the fluorescence lines) have FWHM clo%grsion to thel ~ 4640 andi ~ 4100 lines (and other decays). It

to 35.3 km s (while the intercombination lines of @ near S obviousthatin the optically thin case the pumpifigeeency

1 1666 and those of NI lines neari 1750 have smaller IS critically dependent on the degree of line overlap, wiile
FWHMSs values, close to 29.7 and 25.7 knt sespectively). the optically thick case line broadening and multiple swratg
Assuming gaussian widths, the line overlap fraction iselns Will Strongly increase the pumpingigeiency.

0.30. However, this is almost certainly a lower limit sintési It should also be noted that high oxygen and nitrogen abun-
likely that the resonance lines are wider than the recombirfiances (about % solar), such as those generally found in the
tion and the intercombination lines because of line broaden €jecta of novae would produce more intensei@owen lines

by Doppler shifts. Opacity broadening (vIn(zo)) will signif- ~as well as more intenseiN 4 4640 lines because of the larger
icantly afect their shape and line center optical depths close@gtical depths in the @1 and Niit resonance lines (see also
1000 will result in line widths 2.6 times larger than thatleét Netzer et al. 1985).

optically thin case (Oegerle et al. 1983). Also, the shapbef Clearly, the extra contribution to the population of levés$ 6
resonance lines is better represented by a Lorentzian gyrofidded to that produced by the excitation via theiQ 374.432



18 P. Selvelli et al.: The He Fowler lines and the @1 and Ni11 Bowen lines in RR Tel

line. Note that thel 374.162 and tha 374.432 Q11 lines em-  5%©
anate from the same upper level (see Fig. 6) and that the in-
tensity ratio of the two lines is 0.600 because of the relative

Ajj ratio (Table 8). As already mentioned in section 6.1, if leve or
6 is excited byi 374.442 only, the population ratioghN7 is
= 0.111 (because of the relative Aij ratio0.167 and statis- 5|
tical weights ratios= 0.666) and the expectegkty/14640 ratio
becomes- 0.09, while the observed ratio is0.49. Therefore,
in order to achieve this line ratio the relative populatiatioc 2}
Ne/N7 must be close to about 0.57.

Simple calculations of the photoexcitation rate of levels 6|
and 7 of Nit1 from the ground terme{ n; - gj/gi - Aij - li j), as-
suming LTE population for the N1 ground levels, show that if
all O111 374.162 photons arefective in the population of level o
6 of N1, the Ns/N7 ratio becomes- 0.444 and, correspond-
ingly, the Lgs4/l4s40 ratio becomes 0.37. This ratio is slightly Fig. 15. The five Ori1 resonance lines close to lambda 374, with
lower than the observed one (0.49). relative height proportional to their intensity, and FWHi\

100 km s?. The upper line represents the sum of the five com-

. ) ponents. The x-axis gives the line separation in ki) with
6.5. An additional pumping channel ? zero-point atl 374.00.

1 1 1
100 [} 100 200 300 400 500

Without invoking deviations from LTE in the population ofth
two levels of the ground term of NI in order to obtain the re-
quired ratio (a physical condition that would not be too sis/p

Table 8. Wavelengths (A) and 4 values, for the Qi reso-
nance lines associated with the Bowen fluorescence.

ing, on account of the low electron density and of the fact tha Ao A Ao A
the radiative processes seem to dominate over the cobision 303.413 3.86E09 373.803 9.92E08
ones), we suggest here that the missing contribution coidd a 303.461 1.16E10 374.004 1.32E09

also from the Qi1 A 374.073 line, one of the two decays from 303.517 2.89E09 374.073 2.97E09
level 2p3s®PS. Although the line center separation is 101 km 303.622 2.89E09 374.162 9.90E08
s%, even a small overlap between the line wings would ensure ~ 303.695 4.81E09 374.328 3.95€09
some degree of pumping if the line optical depth is high. 303.800 8.65E09 374.432 1.65E09

Using the same considerations adopted in the previous sec-
tion for the Or11 A 374.162 line (but assuming, in a conservative
approach, only 5 % as the overlap fraction between the N Jine is higher by about 30 % than that corresponding to the O
374.198 and the @1 A 374.073 line profiles) one obtains a; 374.162 line alone.
rough estimate of 0.09.0667- 0.333-= 1.1 10° as the direct |n this case, simple calculations of the radiative ratesvsho
probability per single scattering that ai®@ 4 374.073 photon that the relative flux ratiosha1eg/l3724434 Would be just about 20
will directly excite level 6 of Nitt from its ground levePPy2. o4 lower than that required (in the optically thin case) towop
However, since the optical depth of ther®A 374.073 reso- |ate the Nitt levels 6 and 7 with the ratio required by the obser-
nance line is about 6000 (Iarger than that of theiQ 374.162 vations. Moreover, a red-Wing excgssymmetry in the strong
line), the probability that level 6 of N is not excited after Qi1 1 374.073 line, as observed in alli@ lines, would in-
this number of scatterings is again very low (1-0.063%)~ crease the flux near374.198 and produce a ratio close to that
0.0005. required. However, we want to explicitly point out againttha

One should also note that the smaller overlap is compeéhis the process of multiple scatterings (optically thickndi-
sated by the much larger line intensity ofit0 374.073 rel- tions) which is more #ective in increasing the pumpindtie
ative to Om1 A 374.162. In fact, as a result of the combinediency.
effect of the larger number of decays to the1C8p3s3Pg level As a circumstantial support of this "new” pumping chan-
at 267634 cm' relative to the Qi 3p3s3P‘1’IeveI at 267377 nel of level 6 of Nt by O111 A 374.073, despite the separation
cm! (516.3 and 259.1 18 cm? s7! respectively, see sectionof about 100 km st between the line centers, one notes that
4.6) and of the line branching ratios within each of these lein the case of the well observedi® O3 fluorescence chan-
els, the Q11 A1 374.073 line is about six times stronger than theel the line separation between Héy-a 1 303.782 and @n
O111 A 374.162 line and about 3.6 times stronger than tha 0 303.893 is not much smaller (about -88.2 #n while in the
A 374.432 line. As an illustration, the relative intensitiéshe process that excites the 2péﬁg level of O11 and produces
five resonance lines of @ that fall between lambda 374.004the two weak lines observed at3115.68 andt 3408.12, the
and lambda 374.432 are reported in Fig. 15 together with theelocity separation between the He.y-« line and the Qi1 A
resulting profile for FWHM= 100 knT?. From this figure one 303.461 line is -250 kimt. This latter excitation process, that is
can see that, as a result of the strong contribution of the D called "other” in KB96, necessarily requires wide wingshie t
374.073 line, the combined intensity near thetNt 374.198 resonance line of He 303.782, while the observed FWHM of
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the Herr recombination lines is much lower, close to 60Rm therefore the expected emission intensity in 1h640.64 line
This clearly indicates that the resonance lines are muckmwiavould be lower by a factor close to 1@imilar considerations

than the subordinate lines. can be used for level 6 and therlN 1 4641.85 andl 4634.13
In conclusion, thel 374.073 resonance line of 1@ may lines. _ . N _
also contribute to the population of level 6 ofifiand thus ~ In conclusion, very low Nir intensities are expected in the

increase the population ratiogf\; to a value close to the ob-optically thin regime because thejAactors strongly favour
served one. Obviously, similar considerations could bdiegp re-emission of the resonance lines relative to the decays in
to the O 1 374.328 resonance line, whose wavelength fallge subordinate lines. In fact, the whole Bowen process-star
midway between Ni1 1 374.442 and Ni1 A 374.198 line and ing from Heir Ly-« and the Qur transitions nean 303.80 up
therefore would provide a similar contribution to the papul to the the Ni1 2 4640 lines (via the @i and Niir A 374 lines)
tion of levels 6 and 7 of NiI. requires high optical depths in the resonance lines. In fhie o
cally thin case the intensity of the1@ Bowen lines would be
) N ) also negligible, and "a fortiori” that of the N1 2 4640 lines.

6.6. The absolute intensities of the N 111 lines and the These considerations strongly support our previous argu-

requirement of large optical depths ments about the large optical depths in the resonance lines.

In sect. 6.4 large optical depths in the resonance lines ongus,thg requirement of Iarge optical d_epths IS hot an ‘ad-h
assumption but emerges in a self-consistent picture.

Il and N111 have been proposed as a mechanism to explain
the observed intensityatio in the three N1t 2 4640 lines.

This assumption was justified by the estimates reportedan t0 the On1 1 374 resonance photons arising from level 2p3s

ﬁ]ﬁf;nedéﬁéﬁir;%dgcl,t;ﬁgslffonr: fr?:};%i?%?{r?;ﬁf:; n fa\L/jct):r %P‘{ which undergoes fluorescence withiNand is converted
to the Nt Bowen lines nean 4640. In the case of RR Tel, a

mte_nsmes of the NIt 1 4640 _Imes necessarily require Iargeolirect counting of the photons gives a fraction 0,/8259~
optical depths in the exciting lines.

0.52. We note, however, that unlike the case afiGluores-

We recall that from STIS and UVES observations one C&%nce in which the pumping line is unambiguouslyiHey-a
directly derive the number of @1 photons that populate the/l 303.782, in the case of M the candidate pumping lines can

3 . .
three levels of the @1 2p3s°P; term from which the six Qi1 o 45 high as six (depending on the line width). Therefore the
lines neart 374 have origin. Therefore, starting from Fhe Obéﬂiciency can vary from 15.3 %, if one considers all the pho-
served number of @r photons (0.26 photons cths™) into tons of the six QuI lines neard 374, to 87.0 %, if one con-

level 2p3s°P} of Ot (the upper level of the @1 1 374.434  gigoq only the photons from thei@ 1 374.432 line. Eastman
:!ne,’ ]Ehatr(]:an popula(;e Ieve;? OffINz]OHE can phrowde an UpPerand MacAlpine (1985) have provided a direct expression for
imit for the expected number of photons in theihil 4640.64 the N111 Bowen dficiency, based on the observed intensities of

Iine.h ranch o trom level 20382 of O dh the Omr and Nit lines.
The branching ratio from level 2p3§7 of O 111 toward the |(N 111 114634 4641 4642)

A374.432 line (there are two competing decays from the samg,, ~ 8.7

level at1 374.162 andl 374.004) is close to 0.42 (see Fig.6 1(O111 13133)

and Table 8) and therefore about 0.11 photons’esnt are ex- In the case of RR Tel we obtaify; ~ 48 %, in good agree-

pected in the @it 4 374.432 line. Assuming full conversion ofment with the estimate from the photon fractions.

this line into the two Ni1 lines atd 374.434 andl 374.442, As a final remark to this section, we point out the analogy

from the Aj ratio (close to 6.0) of these two I transitions in the Herr - O111 fluorescence and in the 1@ - N 111 fluores-

one obtains that the number of photonsérsr* that populate cence: in the former case the pumping line is the opticaltkth

level 7 (3d?Ds/2) of N 111 through thel 374.434 line is about Herr Ly-« line while the pumped lines are the optically thick

0.093. Assuming that level 7 (3®s,») of N 111 will decay only  resonance lines of O at1 303.800 (O1) and 303.695 (03),

through thet 4640.64 line (instead of the more competitive reghat are converted into longer wavelength subordinats ine.

onant decay) one obtains the same value (0.093) for the numip@ primary and secondary Bowen decays that easily escape

of photons in thel 4640.64 line. This corresponds to a line infrom the nebula (the tertiary decay is into the six resonance

tensity of 3.96 10" erg cn? s lines neara 374). In the Qu - N 111 fluorescence the pump-
The observed intensity (STIS) of the4640.64 line is 3.46 ing lines are the optically thick @r lines neant 374 while the

1013 erg cnt? 571 (corresponding to 0.081 photonsths™1). pumped lines are the three optically thick lines ofiNnear

Therefore the observed intensity ofilNl 1 4640.64 is only A 374 that are converted into the subordinaté640 primary

slightly less £87%) than that expected in the limiting case dfnes and thel 4100 secondary lines, that also easily escape

full conversion of Q11 A 374.432 into N1 A 374.434 and of from the nebula.

N 111 A 374.434 into Nii1 1 4640.64 (and additional decays).

_ Asalready mentioned, in the optically thin case the CONVes7 - gerailed examination of the energy balance in

sion of Or11 2 374.432 into N1t 374.434 by line overlap would the N11I Jevels

be much smaller than 1, but above all, thg Branching ratio

from level 7 of Nt would favour re-emission of 374.434in- 1. Levels 7 (3d?Ds),, 267244.0 cmt) and 6 (3d2Ds»,

stead oft 4640.64, by a factor (1.26 19)/(7.17 10) = 175 and 267238.40 cmt):

We recall that thef@ciency of the Nitt Bowen fluorescence
an be defined (Eastman and MacAlpine, 1985) as the fraction
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these are the upper levels of theriNA 4640.64 andl
4634.13+ 1 4641.85 lines respectively. We have searched L B B P Py Py
in "The Atomic Line List v.2.05” for all the strongest de- 1.008-12 | -
cays into these levels from all higher levels and checked

for the possible presence of these lines in the spectrum of _8-e=-
RR Tel. This search has given a definite negative result, pri-
marily for the absence of the two very strong lines of mult.
UV 24 1 1885.06 andt 1885.22 and of other strong lines.
Therefore, there are no contributions to these levels other
than that of thel 374 lines. This result is in agreement
with the negative result described in sect. 6.3 concerning
the absence of recombination lines. We note that the ob-
served ke3413/1464185 ratio is 3.50, while it should be close

to 5.0 irrespective of any process, because the lines share
the same upper level and have relative values= 5.0. A
possible explanation is that the4641.85 line is partially
blended. Its slightly larger FWHM (Table 7) supports thi
suggestion.

1302.16

.00E-

Flax (ergfoat®2/s/A

2.00E-

1303 1304 1305
Wavelength (Angstroms)

Fig. 16. The resonance Olines close tal 1304. The two ab-
sorption features are 1S and due to the zero-volt lines pfiIO
1302.16 and Si I 1304.37. This latter line has fully absorbed

,, 245701.30 crm): the Or A 1304.86 line.

An examination in "The Atomic Line List 2.05” of all
possible decays into level 5 (33, (245701.30 cm'), e
shows that besides the4640.64 andl 4641.85 lines also 164042
other transitions are listed (e.g.,1387.38 andi 1805.66) R 7
with much stronger A values. However, these lines are not
present in the RR Tel spectrum confirming that level 5 (3p
?Pg,) is populated by thet 4640.64 andl 4641.85 lines
only, thus supporting the fluorescence mechanism.
The 4640.64 line and the 4641.85 line are parents of the
A 4097.36 line. From the observed intensities one can see
that the sum of the number of photons in these two lines
is larger by a factor about 2.2 than the number of photons o
in the 2 4097.36 line. Inspection of "The Atomic Line List T les et e iee ten  tess |
2.05" shows that competing decays from the?8f , level Tavelensth (ngstrons)
are two EUV transitions al (vac.) 691.19 and 871.86.
The sum of the A in these two lines is about 1.4 timed-ig.17. The Oi1] A1 1641.30 intercombination line of mult. 146
larger than the 4 of the 1 4097.36 line. Therefore, the dif- UV (35%S$ — 2p* 'D,) on the red wing of the strong HeBa-
ference in the number of decays is almost reconciled. @ 4 1640.40 line. The line algps=1643.25 is Or A 1643.62.

© » 245665.40 cmb): The 2 1641.30 line shares its upper level with the three O
This level is fed by thet 4634.13 line and is the upper leveresonance lines close 01304
of the 1 4103.39 line. The emission intensity of this line is
not accurately determined because it falls in the red wi
of the strong H line.
From an examination in "The Atomic Line List 2.05” of allAn additional argument in support of large optical thicksizs
possible decays into level 4 (§;P‘§/2 (245665.40 cmt), the resonance lines comes from the intensities of the thnree O
one notes that also other transitions are present (g.gresonance lines of mult. UV 2 near1304 ( 2§ 3s3S9 — 2pf
1387.30 and 1804.49) with much stronger; Avalues than 3Py.12) relative to the intercombination line at1641.30 line
those of thel 4640.64 andl 4641.85 lines. However, these(3s3SS — 2p* 1D,, mult. UV 146) with whom they share the
lines are not present in the RR Tel spectrum confirming theame upper level 3%8‘1’ (76794.98 cmt). We note that there
level 4 is populated by 4634.13 only. is also thet 2325.45 intercombination line (389 — 2p* 1Sy)
From level 4 there are two competing decay1 &91.40 that decays from the same level but its wavelength is nearly
anda 872.13 and the sum of the fof these two lines{  coincident with that of the ClI lin@ 2325.40.
1.37 16) is about 1.6 times larger than thej A&~ 8.62 10) The emission intensity of 1302.17 (I.I.= 0.00 eV) is af-
of the1 4103 line. The ratio of the number of photons in théected by partial absorption by its IS counterpart, while @t
1 4634.13 andi 4103.39 lines (as obtained from Table 7 1304.86 line (I.l.= 158.26 cm?) is fully absorbed by the
is about 1.8 in fair agreement with the expectations, if or& 11(3) 1 1304.37 line (I.1.= 0.00 eV). Instead, thg 1306.03
takes into account the uncertainty in the emission intgnsline (1.1. 226.98 cm?) is free from IS absorption (see Fig. 16).
of the14634.13 line. The Aj ratio 1306.031641.30 would favour thg 1306.03 res-

onance line with respect t1641.30 by a factor 0.65 $1.83

1641.30 1643.62

.00E-12 [—

Blux (erg/ent*2/s/A)

.00E-12 —

'W8. The large optical depths in the O1 resonance lines
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10° ~ 3.5 1¢. Instead, the observed intensites on STIS are sitvo very weak lines aft 3115.68 andl 3408.12 both asso-
ilar (1.25 1013 erg cnt? st and 2.24 103 erg cnt? s7! re-  ciated with pumping in tha303.46 channel. This is also the
spectively). Evidently, whatever is the mechanism for gapu first measurements of absolute intensity, for the two lirtes a
tion of the 3§'S‘1’ level (likely a decay from 3dD°, after Ly 3115.68 andl 3408.12, both associated with pumping in the
A 1025 fluorescence, through11287 andt 8446, since this 1 303.46 channel, and the first detection of two weak lines be-
latter line is present in FEROS spectra) the i@sonant pho- longing to the primary decay of the O1 process, that have been
tons will scatter many times and there is a very small butdinifound neart 2180.
chance that at each resonant scattering decay from the uppeiThe data have also allowed a detailed study of the decays
level 3538‘1’ will occur through the intercombination lines &t from all levels involved in the Bowen mechanism and a dedaile
1641.30 andl 2325.45. comparison with the predictions of the theoretical modéls o

Thus, if the scattering number is very high, processes witnoese Fischer (1994) and Kastner and Bhatia (1996). In gen-
a small probability per scattering of destroying resondimes eral, the observed @r emission intensities, are in very good
can become important (Osterbrock, 1962). Unlike 1304 agreement with the predictions of the Froese Fischer (1994)
photons that are trapped resonant radiationthé41.30 pho- model. The STIS and UVES data indicate dfiogency in the
tons, will leave the nebula undisturbed because of theiy veD1 and O3 channels of about 20 % and 0.7 %, respectively. In
low Ajj value. Thus, the large optical depth of th&304 lines the past (1978 - 1995) the O1 and Baency (obtained from
has the fect of converting these resonantly trapped photoasstudy of IUE high resolution spectra) was about 2.1 timels an
into photons of thel 1641.30 line. 4.0 times higher, respectively

The importance of this kind of process involving the © A detailed study of the N1 A 4640 emission lines and of
1641.30 line for the determination of the opacity in the resheir possible excitation mechanism has shown that, reecomb
onance lines has been pointed out by Jordan (1967) andraion and continuum fluorescence being ruled out, line flu-
Jordan and Judge (1984) for the chromospheres of cool starescence remains the only viable excitation mechanism. We
Bhatia and Kastner (1995) have further developed this naethitave pointed out the important role of multiple scattering i
and derived an explicit graph of thegly/11302 ratio as func- the resonance lines and shown that the observed relaties rat
tion of log t1302. In the specific case of RR Tel they have useahd absolute intensities of the W lines can be explained in
the measurements in IUE spectra by Penston et al. (1983) &mins of line fluorescence by the three resonance linesiaf O
derived logrizoz ~ 6.0. This estimate should actually be conat1 374.432, 374.162 and 374.073 under optically thick con-
sidered as an upper limit because the IS absorption of the dtions.
A 1302 line was not taken into account. However, using our
reliable kLea1/l1306 ratio from the STIS data, and "mutatis MUk oferences
tandis” (the A, ratio of 1 1302.16 relative tal 1306.03 line is
near 5.0) we have obtained again thattggyg ~ 6.0. Aller, L. H. 1984, Physics of Thermal Gaseous Nebulae, dditg

We also note that the resonance linel306.03 is much ~ L.H. Aller ISBN 90-277-1814-8; 1984, Astrophysics & Space
wider (FWHM ~ 43 kms™1) than the intercombination Qline Science Library vol. 112,
11641.30 (FWHM-~ 12 kms™) although both lines arise from Beh;ngé;, 5\3N2'1E” Cohen, L., Doschek, G. A., & Feldman, U. 1936,
the same uppgr level (sge als_o Fig. 16 and Fig. 17). This ?(?Rétia, A K. & Kastner, S. O. 1993, Atomic Data and Nucleatda
ports our previous considerations about the much largethwi Tables, 54, 133 (BK)
of the resonance lines as compared to the subordinate andgifytia, A. K., & Kastner, S. O. 1995, ApJS, 96, 325
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Appendix A: The optical depths inthe O 111 and

N 111 resonance lines

The line absorption cross section per atom at the line cénter
0o = 8.30 10131, 12 (A1p)~2, whereAdp is the line FWHM.
The optical depth at the line centerrig=0-o Rney Nx, Where N,
is the number density of absorbers.
The radius of the @ emitting region (@2) nearly coincides
with that of He" since G2 has an ionization potential 54.9 eV,
nearly the same (54.4 eV) as Hé€Osterbrock and Ferland,
2006). lonization models (ibidem) also show that for an ef-
fective temperature of the exciting star greater than 4DK0
(HN86 give 200,000 K for RR Tel) the Hezone coincides with
the H" zone. Therefore, the relevant radius can be obtained
from the observed emission intensity in thg #861 line, if
Ne and the distance are known:
Lags1=hva2 aage1 Ne N+ 4/3 1 RE, =4rd? Fage1
ggter substitution of the numeric values {3 a@486:=1.03
10725, Ny+=0.8N,, 470°=1.445 105, F4g6:=162.0 10*3) one
obtains that R=5.40 1G%/Nz2.

As an average of variousNliagnostics for N1t and Ornt
we have obtained N-6-10°, in agreement with previous esti-
mates by HN86, and in fair agreement with the value{IN®
107) very recently obtained by Young et al. (2005) from a diag-
nostic based on the ratio of Fer lines. Therefore, in the case
of a spherically symmetric, homogeneous nebula (filling fac
tor=1) the radius of the Hregion is Ry-~1.2 13° cm. HN86
instead obtained a value of 1.0'2@m for the whole nebula.

For the Our A 374.432 line one has4= 2.08 102, and
for its Alp we assume 0.045 1®cm (a rather conservative
value that corresponds to a FWHM of 36 km'sthe aver-
age value from the subordinater® Bowen lines). Assuming
that: 1) N.=6-10°, 2) Ne~1.2Ny, O/H~9 10 (nearly solar,
see Nussbaumer et al. 1988), 3) the dominant ionizatiorestag
of oxygen in a large fraction of the nebular volume i$20
(O~0*2?) (HN86), and 4) the 2p°P;, level of the ground term of
O is thermally populated, one obtains that the optical depth
in the line center of the @1374.432 line is,(374.432)1790.
Similar calculations for @374.162 (f.= 2.08 10?) and
O 374.073 (£,=6.32 10?) give 14(374.162)1075 and
70(374.073)}5370, respectively.

The average number of scatteringsl> in the nebula is
closely related to the line optical depth. For a rough esti-
mate, we adopt the common relatioaN>~7,- VIn(r,)) that
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for the Qi1 lines giVGS<N374432>~4900,<N374162>~2840,
and<N374o73>~15700.

For the Nt 374 lines, "mutatis mutandis”, i.e. 1)/N
~ 3104 2) N2 ~ 0.2 N since most nitrogen is in the
N*3 jonization stage (HN86), and 3) adopting the specific
f12 values and populations of the ground term, one obtains
70(374.442).550,7,(374.434)1130,74( 374.198)622, and
correspondingly tha&N374442>~1380,<N374434>~3000, and
<N374198>~1580.
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