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Abstract. UVSTAR, UltraViolet Spectrograph Telescope for Astronomical Research, operates in the 500-1250 A
wave-band at 1 to 3 A resolution. Here we report on the EUV and FUV observations of the B2 II star Adara,
the brightest EUV source in the sky, obtained by UVSTAR during the STS 69 and STS 95 missions. The dis-
cussion concerns 1) wavelength and flux calibration, 2) short term time variability of selected spectral features,
3) comparison with previous measurements in the EUV band and 4) comparison with model atmospheres.
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1. Introduction

Adara (e Canis Majoris, HD 52089, HR 2618) is among the
most widely and comprehensively studied stars, from the
Infrared to the X—Ray band. It is a my=1.5 B2 II star and
an MK standard. The distance is 13275' pc (ESA 1997).
The angular diameter was measured with an intensity
interferometer as (0.80 £ 0.05) x 1073 arcsec (Hanbury
Brown et al. 1974) which corresponds to a radius of
(11.4+£0.7) Rg. It is reported by Struve & Zebergs (1960)
to be a non-variable B2 II giant. Other parameters of
Adara are given in Table 1.

Table 1. Adara parameters.

Data
Tox (Code et al. 1976) (20990 + 750) K
log g (Hoare et al. 1993) 3.20 + 0.15
v sing (Uesugi & Fukuda 1982) 35 km s™!

dM/dt¢ (Drew et al. 1994) ~1 x 107® Mg /year

Adara is the brightest Extreme UltraViolet source in
the sky (Bowyer et al. 1996): longward of 300 A its EUV
spectrum is about 30 times more intense than that of
other stars having comparable distance and comparable
flux for A > 911 A (e.g. the white dwarf HZ 43, Kruk
et al. 1997). This large EUV flux should be mainly due
to the extremely low neutral hydrogen column density in
the direction of Adara. According to Gry et al. (1995)

the density is of the order of 5 x 10'7 atoms cm™2, i.e.

from three to five orders of magnitude lower than the av-
erage density of the Local Interstellar Medium in other
directions (Welsh 1991; Gry et al. 1985). According to
Cassinelli et al. (1995), Adara is situated in a rarefied
interstellar tunnel, 300 pc long with about 50 pc diame-
ter, which could be an extension of the Local Bubble re-
gion surrounding the Sun. According to Vallerga & Welsh
(1996), the contribution of Adara to the local interstellar
hydrogen ionization is such that it produces more hydro-
gen ionizing flux than all nearby stars combined. Among
them 8 CMa, situated close to Adara, is the second bright-
est EUV source.

The most recent observations of Adara in the extreme
UV are those from the EUVE experiment at a resolution
A/AX of about 250 (Cassinelli et al. 1995) and those
obtained with the ORFEUS-SPS II experiment at a
resolution A/AX of about 1250 (Cohen et al. 1998).
EUVE observations cover the range 300-740 A, while
ORFEUS observations cover the range 520-665 A.
Furthermore, observations of Adara from 500 A to 700 A
were performed by the Voyager experiment at a resolution
A/AM of about 55.

In this paper we present new observations of Adara at
a resolution A/AX ~ 300, obtained with the UVSTAR
(Ultraviolet Spectrograph Telescope for Astronomical
Research) experiment (Sandel et al. 1993; Stalio et al.
1999; Stalio & Gregorio 2000; De Carlo et al. 1994,
Trampus et al. 1999a, 1999b). The observations extend
from 500 A to 1250 A, so filling in the gap between 740 A
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and 900 A in spectra observed at resolutions larger than
250. The wide wavelength range and the intermediate res-
olution of the UVSTAR spectra of Adara are good reasons
for assuming that new information can be extracted from
the far and extreme ultraviolet.

2. FUV and EUV spectra
2.1. Previous observations

The Voyager UVS spectrographs observed Adara from 500
to 1700 A at low resolution. No EUV signal was detected
due to the faintness of the EUV flux as compared to the
scattered FUV flux (Holberg et al. 1991).

EUVE (Cassinelli et al. 1995) observed the EUV spec-
trum in the band 500-730 A at an average resolution
A/AN of the order of 250. The spectra were calibrated in
absolute flux unit. This was the first spectrophotometric
EUV observation of Adara which pointed out the difficulty
of classical model atmospheres in reproducing the Adara
spectrum shortward of the Lyman discontinuity.

The ORFEUS-SPAS II mission provided high resolu-
tion spectra (AX/A ~ 1250) in the EUV band 370-695 A
(Cohen et al. 1998). This was the first high resolution mea-
surement in the EUV band and the quality of the spectra
allowed to identify most of the line features, compare them
with models and examine some wind broadened lines of
Ov and Sitv. ORFEUS-SPAS II data are not calibrated
in absolute flux units, but the flux level was estimated to
be about three times that from EUVE.

2.2. UVSTAR observations

UVSTAR, UltraViolet Spectrograph Telescope for
Astronomical Research operates in the 500-1250 A
wave-band at 1 to 3 A spectral resolutions. It consists of a
movable platform providing fine pointing and two optical
systems, the EUV and the FUV channels operating at
wavelengths from 535 to 935 A from 850 to 1250 A,
respectively.

UVSTAR has flown as a Hitchhiker—M payload on the
STS 69 mission (September 7-18, 1995), STS 85 (August
7-19, 1997) and STS 95 (October 29-November 7, 1998),
the first three of a series of five flights that NASA has
allocated to the IEH (International Extreme—ultraviolet
Hitchhiker) program.

UVSTAR observed Adara both during the STS 69 and
STS 95 missions. In the latter mission Adara was observed
both in the EUV and in the FUV bands.

2.2.1. STS 69: FUV

During the STS 69 mission a mechanical failure pre-
vented UVSTAR from tracking in elevation. When ob-
serving Adara, the integration time was kept at five sec-
onds in order to reduce the effect of Shuttle oscillations
and the consequent loss of spectral resolution and light.
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Fig.1. Four Adara images by UVSTAR: a STS 69 FUV im-
age (top panel), a STS 95 FUV image (second panel) and two
STS 95 EUV images at different intensifier gains (last two pan-
els) as a function of the wavelength (1024 pixels along the
horizontal axis: longer wavelengths are on the left); the cross
dispersion direction gives the spatial coordinate.

In Fig. 1 (top panel) we present one of the images ob-
tained. Between MET (Mission Elapsed Time) 08/04:16
and 08/10:25 UVSTAR obtained 53 FUV images and no
EUV images.

2.2.2. STS 95: EUV, FUV

During the STS 95 mission Adara was observed twice.
The first observation (MET 01/19:55-01/20:10) was only
used for instrument calibration and FUV channel align-
ment. The second observation (MET 06/04:26-06/05:21)
allowed the EUV channel alignment and science observa-
tions. The alignment was obtained by shifting the EUV
long wavelength limit to about 935 A to include part of
the FUV spectrum for fast signal detection. The acquired
science data consists of 55 FUV and 22 EUV spectra.

Figure 1 displays three examples of STS 95 observa-
tions. Each image corresponds to the sum of three frames
with an integration time of about five seconds per frame
for a total integration time of 16 s. The second panel shows
a typical FUV image with signal to noise ratio of about 20.
The last two panels show integrated EUV spectra taken
at different intensifier gains. One notices how difficult it
is to obtain high quality EUV data near a strong FUV
source of scattered light. In fact, the third panel repre-
sents an example of too low a gain while the last panel
shows a reasonable compromise between FUV saturation
and EUV signal /background ratio. For this analysis only
this last type of images has been used (nine spectra) while
the low gain images have been used for wavelength cali-
bration; note that some EUV spectra have not been used
due to the poor quality of the data.

3. Calibration
3.1. Wavelength calibration

The wavelength calibration in the FUV channel (850—
1250 A) was performed by identifying the stronger ab-
sorption lines. The lines at 1128.3, 1175.5 and 1206.6 A
corresponding to Sitv, CIil and Silll respectively, were
used. Figure 2 shows the STS 95 FUV spectrum obtained
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Fig. 2. The STS 95 FUV spectrum with the identification of
major spectral features. The band represents the dispersion of
the high quality data.

by averaging the high quality spectra (an analysis has lim-
ited to 38 out of 55 the number of high quality spectra).
The error band has been determined by evaluating the
standard deviation among the spectra, the statistical er-
ror on the mean is this band times 1/+/38.

The in-flight wavelength calibration in the EUV chan-
nel (535-935 A) was performed by using the mutual over-
lap between the two UVSTAR channels in the band 900—
935 A. Due to the high FUV signal intensity, which causes
a saturation in the long wavelength region of the EUV
channel, nine chosen EUV spectra with low gain (third
panel in Fig. 1) were used. A further check on the wave-
length calibration of the EUV channel is provided by ob-
servation of Jupiter Io Torus (Broadfoot 2000). We have
estimated an error on the EUV channel wavelength cali-
bration of +2 pixel corresponding to about +0.9 A.

3.2. Flux calibration, FUV

In order to be compared, the STS 69 and STS 95 spectra
have been corrected for the different detector sensitivity.
Absolute flux calibration was then performed by means
of the Voyager UVS calibrated fluxes of Adara (Holberg
et al. 1991). The Voyager absolute flux calibration has
been cross-checked with other instruments such as HUT
Astro-1 (Kruk et al. 1997; Buss et al. 1994) and EURD
(Morales et al. 2000; Morales et al. 2001). Voyager and
HUT agree within 10%, Voyager and EURD data are con-
sistent. The derived calibration curve matches the one de-
rived for BD +28° 4211 (Stalio & Gregorio 2000). Figure 3
shows the resulting spectra. The uncertainty in the abso-
lute flux level is estimated to be of the order of 15%.

3.3. Flux calibration, EUV

We have developed a technique capable of calibrating, to a
first approximation, the EUV spectrum. Due to the wave-
length superposition between the two channels, the EUV
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Fig. 3. The calibrated STS 69 and STS 95 UVSTAR spec-
tra (thick lines, grey and black respectively) compared with
Voyager spectrum (thin line).

band extends above the Lyman limit at 912 A: the level
of the FUV flux is about 400 times larger than the EUV
flux and produces a large amount of scattered light due to
detector saturation effects (see last panel in Fig. 1 on the
left). This light is maximum at the long wavelength part
and at the center of the image. The amount of scattered
light has been evaluated on each image by extrapolating
its level from the behaviour in the strips above and below
the stellar spectrum. Nine cleaned EUV stellar spectra
have been obtained by subtracting the derived scattered
light distribution. The quality has been furtherly improved
by excluding from the set of nine values that value which
makes the standard deviation decrease for each of the
1024 pixels. The remaining values have been averaged,
standard deviations of the mean represent the errors.

The EUV and FUV detectors are the same apart the
gain which during the Adara observation has been set to
different but known values. The FUV flux calibration, cor-
rected for the different gains, has been extrapolated to
the EUV channel. We have checked the behaviour of the
EUV and FUV calibrated spectra in the superposition re-
gion (800-900 A) and corrected for a factor of 1.3 due
to a known slightly different efficiency of the detectors.
This procedure, although crude, allows us to determine a
complete Adara spectrum over the wavelength band from
575 to 1250 A (below 575 A the detector sensitivity is
too low).

Figure 4 compares the UVSTAR spectrum absolutely
calibrated with the EUVE spectrum made available to
us by D. Cohen. The different behaviour of two ob-
served fluxes is evident. Figure 5 compares the spectra
observed by UVSTAR, EUVE, and ORFEUS normal-
ized to the pseudo-continuum level. The ORFEUS spec-
trum, made available to us by D. Cohen, is a 15 point
rebinned spectrum. Also in this case the signal of the
UVSTAR spectrum is higher than that of both EUVE and
ORFEUS spectra. The discrepancy is probably related to
the UVSTAR flux calibration in the EUV channel that,
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Fig. 4. The calibrated STS 95 UVSTAR spectra (thick lines)
compared with EUVE spectrum (medium line).

20

ORFEUS

EUVE

i wW M il W Wy

007 UVSTAR

Flux (erg/s/icm?/A)
&

570 590 610 630 650 670 690 710 730
Wavelength (A)

Fig. 5. The normalized STS 95 UVSTAR spectra (thick lines)
compared with EUVE (medium line) and ORFEUS (thin line)
spectra.

being an extrapolation of the FUV calibration, could be
inaccurate, especially at very short wavelengths.

4. Spectral analysis
4.1. FUV variability

Here we describe an unexpected pattern of spectral vari-
ations of Adara which deserves careful analysis. The
UVSTAR FUV spectrum, already shown in Fig. 2, points
out that dispersion is larger around two wavelength bands
centered at about 960 and 1045 A. This might indicate in-
trinsic stellar variability.

In order to verify this hypothesis and derive possible
correlation or anti-correlation features in the data, we have
developed a procedure based on the following steps:

1. Compute the correlation among the 38 spec-
tra r(\;) by comparing the counts in each bin
(xi(Aj), ¢ = 1,38, j = 1,1024) with correspond-
ing counts at a reference point. The reference point
has been chosen to be at 1044 A since around

0.3 0
905 955 1005 1055 1105 1155 1205
Wavelength (A)

Fig.6. The distribution of €(X\) (i.e. the relative dispersion
times 1 — P). For clarity sake, correlated and anti-correlated
regions are indicated with positive and negative sign respec-
tively. The average spectrum is super-imposed in order to as-
sociate the correlated/anti-correlated regions to the spectral
features.

this point the dispersion is maximum:
38 (2 (A ) —3(\;)) (;(1044) —£(1044))

(228 (2 (Aj)—2(X;))2 238 (2, (1044) -2 (1044))2)]1/2

is set to zero if the statistical error is larger than the

correlation itself;

2. Evaluate, for each of these 1024 correlation values
r(A;), the probability P(|r;|) that 38 measurements
of two un-correlated variables would give a correlation
coefficient greater than r(\;). If P(|r;|) < 1%, the cor-
relation has been called highly significant otherwise it
has been set to one;

3. Enhance regions where both dispersion and
correlation/anti-correlation are significant by us-
ing a correlation parameter e(A) defined as the
relative dispersion times (1 — P).

r(A;) =
Correlation

Adara FUV spectrum, in counts (thin line), is compared
to the correlation parameter ¢(A) (filled bands) in Fig. 6;
it indicates the existence of four well defined regions, two
correlated: in the bands 1040-1052 A (containing the ref-
erence point) and 977-990 A and two anti-correlated:
1074-1079 A and 949-962 A.

On average the time difference between two consecu-
tive images is 16 s, the total observing time being about
11 min. In order to point out possible short time vari-
ability effects, we have independently analyzed these four
bands as a function of the 38 observing times (correspond-
ing to the 38 spectra). The 38 counts, summed over the
band, have been re-normalized on average to one. The
four resulting curves are presented in Fig. 7. A Fourier
analysis of the four curves indicates the presence of three
common main fundamental periods at about 30, 58 and
830 s. Since the four curves exhibit a large correlation, by
using a weighted least square fit, the mutual linear cor-
relations between the four curves and the corresponding
angular coefficients have been computed, the results are
given in Table 2. The errors are the result of the statistical
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Fig. 7. The re-normalized counts in the four bands as a func-
tion of the observing time: 1040-1052 A (thin line, triangles)
and 949-962 A (thick line, circles) on the top plot, 977-990 A
(thin line, triangles) and 1074-1079 A (thick line, circles) on
the bottom plot. On a single curve each point represents the
counts, summed over the corresponding band, of one of the
38 spectra.

and systematic uncertainties on the individual 38 spectra,
the systematic error (mainly due to the normalizations
among the spectra) giving the dominant contribution. The
minimum correlation is 88%: the probability that two un-
correlated measurements give this value with N = 38 de-
gree of freedom is well below 0.05%, thus very high signif-
icant.

The same procedure has been applied to STS 69 Adara
data. The statistics and quality of the data were much
poorer than in STS 95 even when choosing the 30 best
quality spectra. On average the relative dispersion is of
the order of 11% compared to the 8% in STS 95, thus any
detection of physical effects has been impossible.

In order to check that the effects observed in
STS 95 data are not related to instrumental effects or to
data reduction, we have performed two more tests.

First the analysis has been repeated on another set of
STS 95 spectra corresponding to the observations of (-
Lyrae. According to Hack et al. (1975, 1976, 1977) S—Lyr
is a complex system consisting of a B 8 primary star, an
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Table 2. Mutual angular coefficients and correlations (square
brackets below angular coefficients) between the four data sets:
(1) = 1040-1052 A, (2) = 977-990 A, (3) = 949-962 A, (4) =
1074-1079 A.

(1) 2) 3) @)
(1) 1 1.60 £0.13 —1.78 &+ 0.14 —0.94 £ 0.10
[100%] [92%] [—95%] [~91%]

(2) 0.63+£0.05 1 —1.09 = 0.11 —0.60 £ 0.06
[92%) [100%] [—88%] [—91%]

(3) —0.56 + 0.04 —0.94 £ 0.07 1 0.58 &+ 0.05
[—95%] [—88%] [100%] [92%]

(4) —0.89 + 0.09 —1.68 + 0.13 1.73 + 0.15 1
[—91%] [—90%] [92%] [100%)]

unknown companion, an envelope and a disk. The FUV
spectrum is dominated by high ionization emission lines
(Ov1,Svi,Nv, Stv, C1r, N111, ete.) and by many absorp-
tion lines of molecular and atomic hydrogen. The star was
observed by UVSTAR on November 7th, 1998 at MET
07/23:20-07/23:30, the total observing time being about
6.5 min. The signal to noise ratio was excellent, larger than
10. We have selected the 12 out of 18 best quality spec-
tra; the quality of the tracking was good but not of the
same order as for Adara. We have built a correlation plot
which does not show any well-defined region of correlation
or anti-correlation. As expected, the only band where the
correlation is larger than the error is the one containing
the reference point.

The second test has been performed on the two sets of
spectra: € CMa and G—Lyr. The aim is to reproduce the
observed dispersions and correlations by starting from the
average spectra and varying the counts randomly in dif-
ferent parts of the spectra accordingly to the statistical
error. If the effect we see is purely statistical, these pro-
cedure should reproduce it. The resulting dispersion well
reproduces the observed S—Lyr spectrum while the spec-
trum of ¢ CMa shows defined regions where neither the
statistical errors or the simulated variations reproduce the
total observed dispersion; the resulting correlations are al-
ways negligible. Once more this test excludes a statistical
explanation for the observed variability effect.

It is interesting to note that 1) the time scale of these
variations appears to be of the order of a minute, i.e. very
short for a wide-spread atmospheric effect, and 2) the vari-
ability pattern involves bands which do not seem to be re-
lated to any particular ionic species: the 949-962 A band
contains, as interesting lines, Lyman—d, the resonance line
of P1v and He1r 959 A; in the 977-990 A band we have
the resonance lines of C111 977 A, several resonance lines
of chlorine and marginally the resonance lines of N III;
no prominent spectral lines are reported in the other two
bands from 1040 to 1052 A and from 1074-1079 A (see
Stalio & Selvelli 1975).

FUV spectrum changes in v Eri, a B2 III § Cephei star
having spectral characteristics similar to Adara, was de-
scribed in detail by Porri et al. (1994) using Voyager UVS
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low resolution data. The authors measured the 930-1180 A
and 1350-1500 A integrated fluxes as a function of phase
calculated using the period of 0.1735089 days reported in
the literature. No evidence is found of time scales as short
as in Adara. Straight phase correlations are obtained in
the two bands and with the absorption equivalent widths
of the C1v 1548-1551 A resonance doublet measured from
high resolution IUE spectra. Vice-versa, a spectral feature
related to the C1i1 977 A line (Voyager data) is half a cy-
cle out of phase with C1v and the continuum fluxes. This
behavior is explained by the authors as an effect of pho-
tospheric temperature changes with pulsational phase.

In Adara, we note that two of the four analyzed bands
are located on the short and long wavelength side of the
Cmr 977 A. We also note that the band from 1040 to
1052 A is near the long wavelengths side of the O VI
resonance doublet. Expressing the band width in veloc-
ities relative to C1I and O VI, one notices that: 1) the
anti-correlated variations (949 to 962 A) extend from
approximately —4600 to —8600 km s~! from Ciir; 2)
the correlated variations extend respectively from 0 to
+4000 km s~!' (Cm1) and from 700 to 4100 km s~!
(Ov1, 1033.8 A). C1ir and O vI are major features in the
FUV spectra of early type stars; they are are well rec-
ognized stellar wind lines which sometimes are concomi-
tantly present in the spectra (Stalio & Gregorio 2000).
In the Adara spectrum, at UVSTAR resolution, they are
not seen as wind lines probably because of the absence
of a mass flux large enough to produce P Cygni profiles.
Our observations possibly suggest that they are influenc-
ing that part of the atmosphere where the ionic density
is not large enough to produce detectable standard spec-
troscopic signatures. Their presence could only be seen by
means of flux variations. The measured time scales favor
a restricted area where these changes occur; the differ-
ent ionization potentials of C1r and O VI might explain
the fact that we don’t see the anti-correlated absorption in
O vI. It remains to explain the origin of the anti-correlated
feature at A 1074-1079. It could be related to two S1v
resonance lines at 1073 A or, if the wind interpretation
is correct, to an unidentified line at A 1100 A which is a
characteristic strong feature of early-type stars (Stalio &
Selvelli 1975; Walborn & Bohlin 1996).

4.2. Line identification

Table 3 lists the major identified stellar lines of the FUV
spectrum. In the EUV band the huge number of lines con-
tributing to the line spectrum makes standard methods of
line identification really difficult. In Tables 4 and 5 we
give a list of selected lines of elements which seem to be
definitely present (only light and abundant elements have
been considered).

Both in the FUV and EUV spectra there are no indi-
cations of high velocity spectral features, even if the high
energies involved suggest that we are sampling a region
where the photosphere might co-exist with the wind and
where it acquires energy and acceleration.
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Table 3. Identified FUV lines: wavelengths (A), transition
probabilities Az; (10% s™') and energies (eV). In parenthesis
relative intensity is given when Ay; is not available.

Elem. Wayvel. Agi E;—E} configurations terms
Cu*  1036.34 7.6  0.0-12.0 2s2(1S)2p-2s2p? 2Zpo_2g
Cu*  1037.02 15.2 0.0-12.0 2s(1S)2p-2s2p? 2po_2g
Ci 977.02 17.7  0.0-12.7 2s2-2s(2S8)2p lg-1pe
Cr 1175.71 9.9 6.5-17.0 2s(?S)2p-2p> 3po_3p
Cr 1175.99 13.1  6.5-17.0 2s(%S)2p—2p? 3po_3p
C 1176.37 55  6.5-17.0 2s(?S)2p-2p2 3po_3p
Hi 937.80 0.2 0.0-13.2 1s-6p 2g-2p°
Hi 949.74 0.3 0.0-13.1 1s-5p 2g-2p°
Hi 972.54 0.7 0.0-12.7 1s-4p 2g-2p°
Hi 1025.72 1.7 0.0-12.1 1s-3p 2g-2p°
Hi 1215.67 6.3 0.0-10.2 1s—2p 2g-2p°
Hen 992.36 (8)

Hen  1025.27  (15)

Hen  1084.94  (30)

Nuo*  1083.99 2.2 0.0-11.4 2s2(18)2p2-2s(?S)2p® 3P-3D°
Nuo*  1084.58 2.9  0.0-11.4 2s2(18)2p2-2s(%S)2p® 3P-2D°
Nuo*  1085.70 3.9  0.0-11.4 2s2(18)2p2-2s(?S)2p® 3P-3D°
N 11 989.80 4.2 0.0-12.5 2s2(1S)2p-2s2p? 2p°-2p
N 111 991.58 5.0 0.0-12.5 2s2(18)2p—2s2p? 2pe_2p
P1iv 950.66  39.4 0.0-13.0 3s®>-3s3p lg-1pe
S 1021.11 (150)  0.1-12.2 3s?3p2?-3s3p° 3p_3pe°
S 1021.32 (150) 0.1-12.2 3s?3p2?-3s3p? 3p-3p°
S 1077.16 (150)  1.4-12.9 3s23p?-3s23p3d Ip-1p°
S 1190.20 9.6  0.0-10.4 3s23p2-3s3p° 3p_3p°
S 1194.06  13.0  0.0-10.4 3s23p2-3s3p> 3p_3p°
S 1194.45 7.1  0.0-10.4 3s23p2-3s3p> 3p_3p°
St 1200.97 17.0 0.1-10.4 3s23p>—3s3p°> 3p-3p°
S 1201.73 4.2 0.1-10.4 3s23p%-3s3p° 3p_3p°
S1v 1062.66  17.0  0.0-11.7 3s2(1S)3p—3s3p> 2p°_2p
S1v 1072.97 20.0 0.1-11.7 3s?(1S)3p-3s3p? 2p°-2p
S1v 1073.52 3.3 0.1-11.7 3s2(1S)3p-3s3p? 2p°-2p
Si 994.79 7.9  6.6-19.0 3s3p-3sds 3po_3g
Si 997.39  13.1  6.6-19.0 3s3p-3sds 3po_3g
Simr 1108.36  16.2  6.5-17.7 3s3p-3s3d 3pe-3p
Simr 1109.94  12.1  6.6-17.7 3s3p-3s3d 3pe-3p
Simr 1109.97  21.7  6.6-17.7 3s3p-3s3d 3pe-3p
Simr 1113.20 7.2 6.6-17.7 3s3p-3s3d 3pe-3p
Simr 1113.23  28.7  6.6-17.7 3s3p—3s3d 3po_3p
Simr 1140.55 22.0 16.1-27.0 3p2-3p3d 3p_3p°
Sim 1141.58  30.0 16.1-27.0 3p2-3p3d 3p-3p°
Simr 1142.29  16.0 16.1-27.0 3p2-3p3d 3p_3p°
Simr 1144.31  39.0 16.1-27.0 3p>-3p3d 3p_3p°
Simr 1144.96 9.7 16.1-27.0 3p2-3p3d 3p_3p°
Simr 1155.00 7.5 16.1-26.8 3p2-3p3d 3p-3p°
Sim 1155.96  22.0 16.1-26.8 3p2-3p3d 3p-_3p°
Simr 1160.25 9.1 16.1-26.8 3p2-3p3d 3p_3po
Sim 1161.58  16.0 16.1-26.8 3p2-3p3d 3p-3p°
Simr 1206.50 25.9  0.0-10.3 3s2-3s3p lg-lpe
Simr 1206.56  48.9 10.3-20.6 3s3p-3s3d lpo_lp
Simr 1207.52  19.0 15.2-25.4 3p>-3p3d Ip-1p°
Sitv 1066.61  39.1 19.9-31.5 3d-4f 2p-2f°
Sitv. 1066.65 36.5 19.9-31.5 3d-4f 2D-2F°
Sirv. 112249  20.5 8.8-19.9 3p-3d 2p°-2p
Sirv. 1128.34 24.2 8.9-19.9 3p-3d 2p°-2p

* Major ISM contribution.

5. The model atmosphere analysis

Several model atmosphere analyses of Adara have found
that the observed flux longward of 912 A agrees well with
models, while that below 912 A is larger by about one
order of magnitude than the predicted one. This discrep-
ancy has been ascribed to an unexpected large EUV flux.
Cassinelli et al. (1995) showed that hydrostatic, plane-
parallel, line blanketed models, both in LTE (Kurucz
1992) and in non-LTE (Hubeny & Lanz 1995), are un-
able to reproduce the Adara EUV flux. Non-LTE spher-
ical models including winds but neglecting metal line-
blanketing (Najarro et al. 1996) also failed to reproduce
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Table 4. Identified EUV lines: wavelengths (A), transition
probabilities Ay; (10 s7%) and energies (eV). In parenthesis
relative intensity is given when Ayg; is not available.
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Table 5. Identified EUV lines: wavelengths (A), transition
probabilities Ay; (10% s™') and energies (eV). In parenthesis
relative intensity is given when Ag; is not available.

Wavel. Ay; E;—E) configurations terms Wavel.  Ag; E;,—E} configurations terms
Cu  595.02 13.3 0.0-20.8 2s2('S)2p—2s2(18)4d 2p°-2D N m  685.00 9.6 0.0-18.1 2s%(1S)2p-2s2p? 2po-2p
Cu  651.27 29.3 5.3-24.4 2s2p2-2s2p(3P°)3d 4p-4p° N m  685.52 38.3 0.0-18.1 2s2('S)2p-2s2p? 2po-2p
Cun  651.35 41.9 5.3-24.4 2s2p%-2s2p(°P°)3d 4p-4p° N m  685.82 454  0.0-18.1 2s?(!'s)2p-2s2p? 2pe_2p
Ci 687.05 23.7 0.0-18.0 2s2('s)2p—2s2(19)3d 2p°-2p N mr  686.34 19.5  0.0-18.1 2s2('S)2p-2s2p? 2po_2p
Ci 687.35 284 0.0-18.0 2s2('s)2p—2s2(19)3d 2p°-2p N mr  763.33 9.6 0.0-16.2 2s2('S)2p-2s2p? 2po-2g
Cu  809.68 13.5 9.3-24.6 2s2p2-2s2p(°P°)3d 2p-2p° N mr  764.35 18.5  0.0-16.2 2s2('S)2p-2s2p? 2po_2g
N 58216 285 1.9-23.2 2s2('S)2p%-2s22p(?P°)3d !'D-'D° N m 771.90 16.4 7.1-23.2 2s2p?-2p° 4p_4g°
N1  644.84 36.4 0.0-19.2 2s2(18)2p2-25(28)3p3 3p_3g° N m  772.38 245 7.1-23.2 2s2p2-2p3 4p_4go
N  645.18 60.7 0.0-19.2 2s2('S)2p2-2s(?8)3p° 3p-3g° N m  772.89 20.9 12.5-28.6 2s2p?-2p° 2p-2p°
N 660.29 36.9 1.9-20.7 2s2('S)2p2-2s(?9)3p° 1p-tpe N m  772.96 23.4 12.5-28.6 2s2p%—2p° 2p-2p°
N 671.39 7.4 0.0-18.5 2s2(!s)2p2-2s22p(?P°)3s 3P-2P° N v 765.15 23.2 0.0-16.2 2s2-2s(%S)2p ls-tpe
N 746.98 385 1.9-18.5 2s2(!'s)2p?-2s22p(?P°)3s 'D-1P° O m  599.59 54.1  2.5-23.2 2s22p2-2s2p° 1p-1p°
N 77597 30.8 1.9-17.9 2s2(!'s)2p?-2s22p(?P°)3s !D-1D° O m 70234 6.1 0.0-17.7 2s22p%-2s2p? 3p-3p°
On  580.97 13.0 5.0-26.4 2s22p3—2s2p? 2po_2p O m  702.84 18.3  0.0-17.7 2s22p2-2s2p> 3p-3pe
On  600.59 4.7 5.0-25.7 2s22p3-2s22p?(1D)3s 2po_2p O m 70290 4.5 0.0-17.7 2s22p2-2s2p> 3p_3po
On  616.30 31.1 3.3-23.4 2s22p3-2s22p?('1D)3s 2pe_2p O m 70385 7.5 0.0-17.7 2s22p2-2s2p> 3p_3po
On  617.06 34.3 3.3-23.4 2s22p3-2s22p?(1D)3s 2pe_2p O m 703.85 13.7 0.0-17.7 2s22p2-2s2p> 3p_3po
On  644.15 34.8 5.0-24.3 2s22p3-—2s2p? 2po_2g O m 83375 4.6 0.0-14.9 2s22p2-2s2p> 3p_3p°
O 644.16 17.9 5.0-24.3 2s22p3—2s2p? 2po_2g O m 83529 6.0 0.0-14.9 2s22p2-—2s2p3 3p-3p°
Oon 672.95 4.8 5.0-23.4 2s22p3-2s22p?(1D)3s 2po_2p O v 609.83 24.0 0.0-20.4 2s%('S,)2p-2s2p? 2po_2g
Om 71850 19.0 3.3-20.6 2s22p>-2s2p* 2p°-2p O v 616.95 26.0 15.7-35.8 2s2p%—2p° 2p-2p°
O 718.57 18.5 3.3-20.6 2s22p3-2s2p* 2p°-2p O 1v 617.04 289 15.7-35.8 2s2p2-2p> 2p-2p°
On  796.68 2.0 5.0-20.6 2s22p3—2s2p? 2po_2p O 1v 62513 21.3 89-28.7 2s2p2—2p° 4p_4go
Omnm 83276 8.7 0.0-14.9 2s22p3-2s2pt 4go_4p O 1v 62585 31.9 8.9-28.7 2s2p2-2p3 4p_4go
On  833.33 87 0.0-14.9 2s22p3-—2s2p* 4go_4p O 1v 779.82 13.1 15.7-31.6 2s2p>—2p° 2p-2p°
On  834.47 86 0.0-14.9 2s22p3—2s2p? 4go_4p O v 77991 13.6 15.7-31.6 2s2p?—2p° 2p-2p°
Sm 594.47 (11) 0.0-20.9 3s23p3-3s23p2(3P)5d 4g0_4p O v 790.20 7.1  0.0-15.7 2s%('S,)2p-2s2p? 2p°-2p
Su  640.42 (12) 0.0-19.4 3s23p3-3s23p2(3P)ad 4go_4p OV  629.73 28.7 0.0-19.7 2s2-25(%)2p lg-lpo
St 640.90 (13) 0.0-19.3 3s23p3-3s23p2(3P)ad 4go_4p OV 758.68 5.5 10.2-26.5 2s(2S)2p-2p? 3po_3p
Su  641.77 (15) 0.0-19.3 3s23p3-3s23p2(®P)4ad 4g0-4p O v 760.45 16.5 10.2-26.5 2s(?S)2p-2p> 3po_3p
S 655.22 (11) 1.8-20.8 3s23p3-3s23p?(!D)4d 2p°-2p P 1v 823.18 26.3 84-23.5 3s3p-3s3d 3po_3p
S 655.22 (11) 1.8-20.8 3s23p3-3s23p?('D)4d 2p°-2p P 1v 82473 352 84-23.5 3s3p-3s3d 3po_3p
Su 764.42 (11) 0.0-16.2 3s23p3-3s23p2(°P)3d 4go_4p P 1v 82793 46.4 85235 3s3p-3s3d 3po_3p
Su  765.68 (12) 0.0-16.2 3s23p3-3s23p2(3P)3d 4go_4p P v 86545 31.0 11.0-25.3 3p-3d 2po_2p
Pv 871.39 36.2 11.1-25.3 3p-3d 2p°_2p
S m 677.73 (20) 0.0-18.3  3s23p2-3s23p3d 3p_3p°
S m 678.46 (30) 0.0-18.3  3s23p2-3s23p3d 3p_3p°
the EUV flux of Adara. The non-LTE spherical models S mr 700.29 (20)  0.0-17.7 3s23p2-3s23p3d 3p_3po
of Schaerer & de Koter (1997), which include both stellar S 70278 (35)  0.1-17.7 3s23p-3s?3p3d Sp-2pe
R . R g o S m 710.96 (30) 1.4-18.8 3s?3p2-3s3p? Ip-1p°
winds and line opacity, provide only an artificial agree- S 725.86 (25) 0.0-17.1 3s23p2-3s3p3 3p_3go
ment with the observations because they do not include S 72869 (35) 0.1-17.1 3s°3p®-3s3p° Sp-95°
line broadening thus restricting the blanketing effect. All 2 :z 221:32 8% 8:1712:3 3:221:;2?22221:;23 2;723
the above mentioned models probably fail because they S1v 74490 (16) 0.0-16.6 352(13)3;)7353,32 §P°*§P
: . S v 748.39 15 0.0-16.6  3s°(*S)3p—3s3p P°-<pP
do not predl.ct el.ther the temperaicure structgre or the S v 75099 E16§ 01166 32183 3u3p? 2po 2p
level populations in the Lyman continuum-forming layers. S1v 75376 (18) 0.1-16.6 3s2('S)3p 3s3p2 2po_2p
This is probably related to the presence of stellar winds S v 809.66 (16)  0.0-15.3 3s%(18)3p-3s3p? Zpo-2s
R . . i S v 81594 (15) 0.1-15.3 3s%('S)3p—3s3p? 2po-2g
in the sub-sonic region of the outer atmosphere (Najarro Sitv 64576 7.0 19.9-39.1  3d_6f 2p_2p0
et al. 1996; Schaerer & de Koter 1997) or to X-ray heat- Sitv  749.94 145 19.9-36.4 3d-5f >D-F°
ing mechanisms (Cohen et al. 1996). As noted by Cassinelli giiz ;?g:?g ;ii 12:3732:? 22722 2?072FS

et al. (1995), 1) in addition to the EUV continuum excess,
this star exhibits a slight mid-IR excess (of the order of
10%) in the band 10-15 pm with respect to a classical
Kurucz model, 2) the IR continuum is formed in the same
physical layers as the Lyman continuum, 3) these layers
are dominated by thermal processes and a local tempera-
ture excess of 2000 K would agree with both the Lyman
and mid-IR continua (Cassinelli et al. 1995).

Recently, Aufdenberg et al. (1999) generated a hydro-
static, spherical, non-LTE, metal blanketed model atmo-
sphere of Adara which they affirmed to be able to re-
produce both the observed EUV continuum and the flux
distribution longward of 912 A to 25000 A. The com-
pleteness of the computations has a significant effect on
the temperature structure of the model which results
in higher values at the formation depth of the H and

He1 Lyman continua. The agreement between this model
and the data could imply that the behavior of Adara
is not peculiar, thus representing a typical B2 II star.
Adara is an ideal object for testing advanced model atmo-
sphere codes because of the different depth in the atmo-
sphere from where the EUV, UV /visible and IR radiation
originates.

5.1. Interstellar absorption and reddening

Both interstellar absorption in the stellar direction and
reddening E(B—V') have to be considered when the whole
observed energy distribution, from EUV to infrared, has
to be compared with models.



888

The interstellar H1 column density N(H1) in the Adara
direction was estimated by Cassinelli et al. (1995) to be
about 1 x 10'® em~2, while Gry & Dupin (1998) deter-
mined a value lower than 4 x 10'7 cm~2 and Gry &
Jenkins (2001) found that it lies between (6.0 + 1.2) x
101" em~2 and (9.0 & 2.0) x 10'7 em~2. Even assuming
the highest value for N(HT), the corresponding E(B —
V) becomes negligible when the relation E(B — V) =
N(H1)/5.8 x 10*' (Binney & Marrifield 1998) is used.
Therefore, the Adara observed energy distribution long-
ward of the Lyman discontinuity does not require any red-
dening correction when it is compared with the computed
energy distributions.

In order to correct the EUV data for the interstel-
lar H1 absorption we used the photo-inization cross sec-
tion of neutral hydrogen o(M)g; from Rumph et al
(1994). The corrected flux is therefore: Feon(A) =
Fobs()\)/efa(A)H[N(HI)'

5.2. Model parameters T and log g

We adopted as Adara parameters those of the model
atmosphere which best reproduces the visible energy
distribution.

The observed visible energy distribution was taken
from Breger (1976), in particular we used the observa-
tions from Davis & Webb (1974) because they cover the
largest wavelength range among the spectrophotometric
observations of Adara collected by Breger.

Computed energy distributions are based on ATLAS9
models (Kurucz 1993b) computed for [M/H] = 0.0 and
a microturbulent velocity ¢ = 8 km s™'. In fact, Gies
& Lambert (1992) derived for Adara ¢ = 17.8 km s~}
from an LTE analysis of the visible spectrum and & =
11.5 km s~! from a NLTE analysis. Because there are
no opacity distribution functions computed for ¢ larger
than 8 km s—!, we used ATLAS9 models computed for
the highest available value of &.

For E(B — V) = 0.0, the observed energy distribution
was best fitted by the model having parameters Tog =
21500 K, log g = 3.2. We note that the use of models
computed for £ = 2 km s~ gives Tog = 22100 K, log g =
3.2, namely the gravity does not change with &, but Teg
increases when & decreases.

All the above comparisons between observed and com-
puted fluxes were made by normalizing observations and
computations at 5556 A. The observed normalized energy
distribution was then converted to absolute flux by assum-
ing the Hayes & Latham (1975) calibration for Vega. The
absolute flux at earth fy(obs) was converted to absolute
flux at the star surface F(obs) by means of the relation
Fy(obs) = (206265/(0/2))2 fr(obs), where 6 is the angular
diameter. The value § = 0.76 mas gives the best agreement
between the observed flux F)(obs) and the computed flux
Fy(calc) = 4w H, c/\?, where the Eddington flux H, is the
output of the ATLAS9 code.
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5.3. Comparison of the fluxes in the 500-1250 A range
with model predictions

Figures 8 and 9 compare the absolute flux observed by
UVSTAR in the range 500-1250 A with the ATLAS9 flux
computed for Teg = 21500 K, log ¢ = 3.2, [M/H] =
0.0, ¢ = 8 km s~!. The fluxes are in absolute flux
units erg em™2 s71 A1 at the star surface and are plot-
ted as logarithms. We assumed 6 = 0.76 mas as an-
gular diameter. Figure 8 is for a neutral hydrogen col-
umn density N(H1) = 5 x 1017 cm=2. Figures 9 is for
N(HT1) = 1x10'" ecm~2. The lower value for N(H 1) removes
the discontinuity at 916 A (Fig. 8) between the EUV and
FUV UVSTAR fluxes. For N(H1) = 1x 107 cm~2 the lev-
els of the observed and computed fluxes are comparable,
but their shape is different.

Figures 10 and 11 show that when the ATLAS9 model
is replaced by the Aufdenberg et al. (1999) model for
Adara, the quality of the agreement between observations
and computations does not change. The Aufdenberg et al.
model has parameters Teg = 21750 K, log ¢ = 3.5, £ =
2 km s7!, [M/H] = 0.0. For the comparisons shown in
Figures 10 and 11 we adopted 6 = 0.77 mas, which is the
angular diameter adopted by Aufdenberg et al.

These results, together with the comparison of the
EUV observations with those from EUVE (Sect. 3.3), fur-
ther support the possibility of uncertainties in the absolute
flux calibration of the EUV channel.

5.4. The line spectrum

We compared the UVSTAR spectra of Adara both with
a synthetic spectrum based on the ATLAS9 model com-
puted with parameters Teg = 21500 K, log g = 3.2,
[M/H] = 0.0, ¢ = 8 km s~! and with the Audenberg
et al. spectrum computed with a resolution A\ = 2 A. We
computed a synthetic spectrum with the SYNTHE code of
Kurucz (1993a) by using the line list from Kurucz & Bell
(1995). It was broadened for a rotational velocity v sini =
35 km s~! and for two different instrumental resolutions
A/AMN equal to 500 and 250. The higher resolution spec-
trum was compared with the EUV data, while the lower
resolution spectrum was compared with the FUV data.
Figures 12 to 16 and 17 show the comparison of the EUV
and FUV spectra with the synthetic spectra. In Figs. 12
to 16 major identified lines are indicated, errors are only
statistical. Since the absolute UVSTAR flux is so differ-
ent from the model, in order to compare the line shapes,
in each wavelength band the synthetic spectrum has been
shifted towards the observed spectrum. While Fig. 17 in-
dicates a general good agreement between the observed
and computed line spectra, Figs. 12 to 16 point out both
the large number of missing lines in the computations and
the large difference between the observed and predicted
line intensities.
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Fig. 8. Comparison between the flux from the ATLAS9 model
with parameters Togq = 21500 K, log g = 3.2, [M/H] = 0.0, £ =
8 km s™! and the absolute flux from UVSTAR for an angular
diameter 0 = 0.76 mas and a neutral hydrogen column density
N(HT1) =5 x 10'7 em™2.
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Fig. 9. Comparison between the flux from the ATLAS9 model
with parameters Togq = 21500 K, log g = 3.2, [M/H] = 0.0, £ =
8 km s~ ! and the absolute flux from UVSTAR for an angular
diameter = 0.76 mas and a neutral hydrogen column density
N(HTI) =1 x 10'7 em™2.

6. Conclusions

The main result of this paper is the discovery of extremely
rapid flux variations in the four A\ 949-962 A, 977-990 A,
1040-1052 A and 1074-1079 A bands and their counter-
phase characteristics that is quite unexpected. At this
stage we have no explanation for it: this behavior could
be related to a new, much faster than typical, form of in-
stabilities occurring in that part HR diagram (3 Cephei
phenomenon) to which Adara belongs or to some effect
related to the region where the stellar winds take energy
and acceleration.

The comparison of the UVSTAR spectra with those
from other UV experiments has shown that the FUV ob-
servations are in good agreement with the Voyager spec-
tra, while the EUV spectra are brighter than the EUVE
and ORFEUS spectra. The comparison with models shows
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Fig.10. Comparison between the flux from the Aufdenberg
et al. (1999) model with parameters Teg = 21750 K, log g =
3.5, [M/H] = 0.0, £ = 2 km s™* and the absolute flux from
UVSTAR for an angular diameter 8 = 0.77 mas and a neutral
hydrogen column density N(H1) =5 x 10'7 cm™2.
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Fig.11. Comparison between the flux from the Aufdenberg
et al. (1999) model with parameters Tog = 21750 K, log g =
3.5, [M/H] = 0.0, £ = 2 km s™* and the absolute flux from
UVSTAR for an angular diameter 8 = 0.77 mas and a neutral
hydrogen column density N(H1) =1 x 10" cm™2.

the same behaviour. The FUV observations are rather
well-reproduced by an ATLAS9 model with parameters
Ter = 21500 K, log g = 3.2, [M/H] = 0.0, { = 8 km s~}
or by the Aufdenberg et al. (1999) model with parameters
Teg = 21750 K, log g = 3.5, [M/H] = 0.0, £ = 8 km s~ 1.
Instead, the EUV fluxes have a different shape than the
fluxes predicted by the two models and also the line inten-
sity is much stronger in the observations than in the mod-
els, so that the comparison of the observed and predicted
line spectra is very hard. The conclusion is that either the
EUV data reduction suffers from unresolved problems or
that the stellar variability has modified the spectra when
observed at different epochs. Finally, UVSTAR data favor
the presence of a very low column density on the order
of 1 x 10'7 cm—2.
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Fig.12. Comparison between the EUV spectrum with the
synthetic spectra (shifted by 2 x 107).
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Fig. 13. Comparison between the EUV spectrum with the
synthetic spectra (shifted by 5 x 107).
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Fig. 14. Comparison between the EUV spectrum with the
synthetic spectra (shifted by 1 x 108).
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Fig.15. Comparison between the EUV spectrum with the
synthetic spectra (shifted by 1 x 10%).
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Fig.16. Comparison between the EUV spectrum with the
synthetic spectra (shifted by 1 x 10%).

Model Aufdenberg

16E+10

Model Kurucz

1.2E+10

erglcm?/s/A)

= 8.0E+09
x

Flu.

4.0E+09

0.0E+00

900 950 1000 1050 1100 1150 1200
Wavelength (A)

Fig. 17. Comparison between the FUV spectrum with the syn-
thetic spectra. The thick line represents the UVSTAR STS 95

spectrum, the medium and thin lines represent the synthetic
spectra, the Kurucz and Aufdenberg models respectively.
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UVSTAR has allocated two more missions: one of the
main science goals will be to continue and improve the
observations of Adara in both EUV and FUV. Observing
Adara again in these bands could give important clues
for an understanding of the stellar photosphere and wind
connection.
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