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Abstract. Spectroscopy of the moderately fast nova V443 Sct is
presented, based on data obtained at the Vainu Bappu Obser-
vatory and at the European Southern Observatory. Observations
were made during the brightness fluctuations following maxi-
mum, and during the transition stage. A few broadband polari-
metric observations are also given. The spectrum and its evolution
are similar to novae with the same type of light curves. The ex-
tinction Eg_v = 0.4 is derived from ratios of higher members of
the hydrogen Balmer and Paschen series, a distance of 8.0 kpc
is estimated from magnitude-decay time relations. Balmer line
fluxes at late stages are used to derive the mass of the ejected
ionized shell, ~ 3.5- 10~ M. The variation of line flux is com-
patible with a homogeneous, completely filled shell whose density
declines with time as N, oc 72 cm™, where ¢, is the time in days
since maximum, and whose temperature rises from 6000 to 17000
K in the 272 days following outburst. On day 77, the ionizing
source had a size of ~ 1 Ry and a temperature of 9 x 10* K.
During the nebular phase, the size decreased to ~ 0.5 R and the
temperature rose to ~ 2 x 10° K, while the luminosity appears to
have remained constant for the first 236 days after outburst.
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1. Introduction

Nova V443 Sct was discovered on 1989 September 20 by Wild
(1989). Pre-discovery photovisual and photographic observations
on September 6.85-8.65 and September 17.41-18.79 (McNaught
1989, Wenzel 1989) indicate that the nova was discovered in
the post-maximum phase. The observations of Wenzel indicate
that it was rising towards maximum on September 6-9. A pre-
maximum halt must have been reached near September 9 at
about visual magnitude 9. Maximum light is unfortunately not
covered by sky patrol observations, since it occurred around
full moon. The outburst light curve places V443 Sct among
the moderately fast novae exhibiting marked oscillations near
maximum light (type Bb in the classification scheme of Duerbeck
1981). Fig. 1 shows the light curve, based on magnitudes from
IAU and AAVSO circulars. With its triple maximum peak, the
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light curve shows a cursory resemblance to that of DN Gem
(see, e.g., Dokuchaeva 1958), and from this we estimate that
maximum light was reached around September 14 at about visual
magnitude 8. This extrapolated maximum brightness and the
interpolated time of maximum (1989 September 14.0 = day 0 =
JD 2447783.5) leads to a t;-time of 46 + 9 days, as compared to
37 days for DN Gem. Time intervals between subsequent maxima
are also longer in V443 Sct than in DN Gem.

The averaged position of V443 Sct as determined by
Wild (1989) and McNaught (1989) is R.A. 18"46™5813, Decl.
—6°14'45.2 (1950.0). The nova field is crowded, making the iden-
tification of the prenova ambiguous. There is a very faint star,
a south-eastern appendix to a bright one, at R.A. 18"46™5813,
Decl. —6°14'45.3 (rms ~ 0'3) as measured visually on the J glass
copy of the ESO/SERC sky survey with the ESO Optronics ma-
chine (Duerbeck 1992). Its estimated brightness is 21™. Assuming
this to be the prenova, we derive an outburst range of ~ 13™.
With a visual absorption Ay = 1.2 and a distance of 8 kpc, as
determined in section 4.2, the absolute magnitude of the pre-
nova is My = 5.3, which lies in the range of observed prenova
brightnesses and gives confidence to the identification.

Rosino et al. (1991) describe in detail the spectral develop-
ment of the nova from its early decline to the nebular phase.
Williams et al. (1991) present CTIO spectra obtained during the
same stages, and classify the spectra following the CTIO clas-
sification scheme. Huchra et al. (1989) briefly describe spectra
taken on 1989 September 25. Here we discuss spectroscopic ob-
servations of the nova obtained between 1989 September 25 and
December 4 at the Vainu Bappu Observatory (VBO), Kavalur,
and at the European Southern Observatory (ESO), La Silla, as
well as polarimetric observations made at VBO.

2. Observations
2.1. Spectroscopic observations at VBO

For spectroscopic observations at VBO the UAG spectrograph
at the Cassegrain focus of the 1.02m telescope was used. Pho-
tographic spectra were taken between 1989 September 25 and
October 3 with the 150 mm camera, a Varo 8605 image inten-
sifier, and Kodak 103aD plates. They were calibrated with an
auxiliary calibration spectrograph. During 1989 November and
December, spectra were recorded using the 250 mm camera with
CCD detector.

© European Southern Observatory ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1992A%26A...263...87A

FTI992A8A © Z263. . 87A

88

V443 Scuti

Magnitude

15 - .
7800

7900 8000 8100

JD 2440000+

8200

Magnitude
= o
0

7800 7820 7840 7860

JD 2440000+

Fig. 1. The light curve of V443 Sct. Vertical bars indicate the epochs
of spectroscopic observations, JD 2447780 = 1989 September 10.5. The
total light curve available so far (top) and the early light curve (bottom)
are shown separately. Photographic magnitudes measured until 1989
September 23, and visual estimates thereafter are connected by straight
lines. Photoelectric V magnitudes during the early stages are indicated
by ‘+

13 .
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The photographic spectra were digitized with a step width
of 5 ym using the PDS 1010M microdensitometer at the In-
dian Institute of Astrophysics; they were Fourier smoothed using
a low-pass filter with cutoff at 15 cycles mm™!, and intensity-
calibrated. The spectrophotometric standard stars HD 19445 and
HR 8681 were used for photographic flux calibration. Zero point
corrections to the observed fluxes were applied using VRI mag-
nitudes reported in the IAU circulars.

The CCD data were individually de-biased and flat-field cor-
rected, and one-dimensional spectra were extracted using the
optimal extraction method by Horne (1986). HD 19445 was used
for CCD flux calibration. Standard fluxes beyond 8300 A were
not available, hence, only an estimated correction for instrumen-
tal response was applied to the nova spectrum beyond 8300 A,
and the fluxes are somewhat uncertain.

All reductions were performed with the VAX 11/780 installa-

tion at VBO using the RESPECT software (Prabhu & Anupama
1991).

2.2. Spectroscopic observations at ESO

Spectroscopic observations at ESO were carried out with the
Cassegrain spectrograph and CCD at the 1.52m telescope. Sev-
eral spectrophotometric standards were observed in order to de-
rive the instrumental response. The nova was observed through
narrow as well as wide slits. The narrow-slit spectral fluxes were
scaled to those of the wide-slit spectra in order to obtain well-
resolved, flux calibrated spectra.

Two high-resolution spectra were obtained with the Coudé
Echelle Spectrometer (CES), fed by the 1.4m Coudé Auxiliary
Telescope (CAT), using a CCD detector. The slit was set to a
resolution of 60000. The spectra are not flux calibrated. All
reductions were performed using ESO IHAP- and Muenster
ADAS-software.

2.3. Polarimetric observations at VBO

Linear polarization of the nova was measured at VBO on 1989
October 7, 9 and 22-25. A star and sky chopping polarimeter
was used at the Cassegrain focus of the 1.02m telescope. The
polarimeter is described in detail by Jain & Srinivasulu (1991).
A brief description of the instrument and the method of analysis
is given here.

A photomultiplier-based photon counting system measures
light, as a polaroid is rotated through 360° in steps of 138. A sky
chopper is used to measure star+sky and sky separately in each
orientation (channel). The dwell time at each channel is 15 ms.
Typically 80-90 such scans are obtained and co-added. The sky
counts are subtracted from each channel, and the equation

I =Iy [1 + Qcos26; + Usin 20;]

is fitted to the data by computing the moments (I, cos20) and
{Iosin 20). Instrumental polarization is determined, using obser-
vations of unpolarized standards obtained during the same night,
and subtracted from the Q and U components. The zero point of
the position angle is determined using observations of polarized
standards of the same night.

On October 7 and 9 (days 23 and 25), the nova was observed
in the V band only, because of the non-photometric sky. On day
23, the measured polarization was (4.08 + 0.86)% at PA 4° + 6°
and on day 25 (1.54 +0.39)% at PA 175° 4+-8°. Observations were
made in the V and R bands on October 22, 23 and 24 (days
38-40) with better skies. Although measurements were attempted
in the B and I bands, the count rates are too low and the
results unreliable. The mean polarization on these nights was
(0.65+0.41)% in V at PA 167° +19°, and (0.62 +0.20)% in R at
PA 159° + 14°. While measurements in the first two nights may
be affected by cirrus, the later measurements may be interpreted
as interstellar polarisation (see below).

3. The spectrum

The spectra of nova V443 Sct presented here cover four epochs:
(I) 1989 September 25-26 (days 11-12), at m,;; = 10.5, soon after
maximum, when the nova was recovering from a local dip in the
light curve;

(IT) 1989 October 1-3 (days 18-20), at m,; = 9.5, during a
subsequent secondary maximum in the light curve;
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Table 1. V443 Sct: Journal of observations
epoch  day after date range resolution  telescope
maximum 1989 UT  JD 2447000+ A A
I 11 Sep 25.00 749.50 3200 — 10500 8 ESO 1.52
12 25.58 750.08 4500 — 8900 16 VBO 1.02
12 Sep 26.06 795.56 Ho 0.1 ESO CAT
II 17 Sep 30.99 800.49 Ho 0.1 ESO CAT
18 Oct 1.58 801.08 5000 — 8900 8 VBO 1.02
18 1.62 801.12 4000 - 8000 8 VBO 1.02
18 1.66 801.16 5000 - 8900 8 VBO 1.02
18 1.69 801.19 4000 — 8000 8 VBO 1.02
19 Oct 2.57 802.07 4000 — 8000 8 VBO 1.02
19 2.60 802.10 5000 — 8900 8 VBO 1.02
19 2.62 802.12 5000 — 8900 8 VBO 1.02
20 Oct 3.56 803.06 5000 — 8900 8 VBO 1.02
20 3.62 803.12 4000 — 8000 8 VBO 1.02
II1 24 Oct 8.00 807.50 3200 - 7100 4 ESO 1.52
v 72 Nov 24.57 855.07 6100 — 6800 2.6 VBO 1.02
73 Nov 25.55 856.05 4500 — 7600 10 VBO 1.02
73 25.57 856.07 4500 — 7600 10 VBO 1.02
82 Dec 4.56 865.06 6100 - 9200 10 VBO 1.02
82 4.58 865.08 6100 — 9200 10 VBO 1.02
(ITI) 1989 October 8 (day 24), at m,; = 11.1, during a local 2.00E-12 ™ T —
minimum; .
(IV) 1989 November 24, 25 and December 4 (days 72-73, 82), = V443 Scuti He
at my; ~ 12.2, during the smooth transition phase. The average <
. . . 1.50E-12}
composite spectrum of these observations will be quoted as that
of “day 77”. o
Ho was observed at high resolution on September 26 and 30
(days 12 and 17). §1o.oos—13-
Details of observations are given in Table 1. Dates are marked o 18¢
on the light curves in Fig. 1. Spectra are shown in Figs. 2-5. K .
The spectral continuum evolution during the light fluctua- ~ x 3-00E-13F "o
tions after maximum closely follows the light curve. In fact, about = 249
75% of the light variations can be explained by continuum vari-
ations. This suggests that the fluctuations in the light curve are 0 s P . .
3000 4000 5000 6000 7000 8000

caused primarily by variation of the photospheric radius.

At all epochs, the spectra show strong emission lines, charac-
teristic of a nova spectrum during early decline. Tables 2 and 3
list the line identifications and observed fluxes relative to Hf, as
well as the observed flux of HB. The evolution of the emission
line spectrum is similar to that of other novae of the same speed
class, e.g., LW Ser (Prabhu & Anupama 1987) and V1819 Cyg
(Whitney & Clayton 1989).

The spectrum during the first three epochs resembles that
of the diffuse enhanced stage, whereas the spectrum in the last
epoch is that of the O 1 flash—Orion stage. These spectra com-
plement the data presented by Rosino et al. (1991) and Williams
et al. (1991). In the following, the spectral appearance at each
epoch is briefly described.

Epoch I: The first two spectra were obtained with only 0.58
days time difference — one at VBO using the image tube spec-
trograph, another one at ESO. The flux-calibrated spectra agree
very well. Discrepancies at a few wavelengths can be attributed to

Wavelength (A)

Fig. 2. Spectra of V443 Sct in the region 3200-7000 A on 1989 September
25 (day 11, epoch I; middle), October 1-3 (days 18-20, epoch II; top) and
October 8 (day 24, epoch I1I; bottom). Offsets of 0.5 x 1012, 0.8 x 1012
and 0.2 x 10712 in flux units are added to the spectra of the three epochs,
respectively. The zero point is shown by the horizontal line at the right,
together with the day number since maximum. Note that the continuum
was brighter on day 18 than on days 11 and 24

irregularities in the image-tube fiber-optics. The ESO spectrum
is used for further analysis (Figs. 2 and 3).

The spectrum is dominated by strong broad emission lines
(average FWHM ~ 1700 kms™!). P Cygni-absorptions are gen-
erally very weak, O 1 47774, however, shows an indication of
P Cygni-absorption at —1270 kms™!.

Epoch I-1I, Ha profiles: The Ha line observed on days 12
and 17 at high resolution shows a structured profile (Fig. 4). The
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Table 2. V443 Sct: Line identifications and observed fluxes rela-  Table 3. V443 Sct: Line identifications and observed fluxes relative
tive to Hp, in the region 3400-6000 A. to HB, in the region 6000 A — 1.1 um.
Am identification flux relative to Hf Am identification flux relative to HB
A day 11 18 24 77 A day 11 18 24 77
3450 3416.02 Fe 11 (16) 6084 6084.11 Fe 11 (46) 0.041 0.023 0.020
3494.67 Feu (16) 0424 0.563: 6152 6155.99, 6156.78,
3456.93 Fe 11 (76) 6158.19 01 (10) 0.214 0.648 0.220 0.203
3593  3596.05 Ti 11 (15) 0.161 0.046: 6147.74 Fe 11 (74)
3716  3721.94 Hyy 0.041 6247 6247.56 Fe 11 (74) 0.235 0.711 0.263 0.104
3739 373437 His 0.040 6303 6300.23 [O1 @) 0.226 0.444 0.775 1.748
3763  3750.15 Hi, 6365 6363.88 [O1] (1)
377063 Hi 0.149 0.164 641691 Feu (4)  oiue 0571 039  LiLs
3840  3835.39 Hy 0.122 0.103 ' 6347.09 Sin(2) ’ ’ ’ ’
3902  3889.05 Hg 0.144 0.131 6371.36 Siu(2)
3937  3933.66 Ca (1) 0.496 0.153 6455 6456.38 Fe 11 (74)
3976  3968.47 Cau (1) 0.163 0.174 6453.64, 6454.48, 0.428 0.560 0.496 0.889
3970.07 He : ’ 6456.01 019
4018  4012.37 Tiu(11) 0.094 0.079 6563 6562.82 Ho 10.895 12701  7.144  15.695
4109 4101.74 Hé 0.165 0.259 6676 6678.15 He 1 (46) 0.032 0.077 0.065
4175 417345 Feu (27) 0.267 0.227 6827 6812.26 N 11 (54)
4233 4233.17 Feun (27) 0170 0.253 6836.2 N 11 (54) 0.023 0.103 0.010
4302  4303.17 Feu (27) 0.187 0.284 7069 7065.19 He 1 (10) 0.014 0.012 0.121
4345 434047 Hy 7114 7112.36, 7115.13,
4351.76 Fe 1 (27) 0.381 0.519 7119.45 C 1 (20) 0.033 0.056
4386 438538  Fem () .40 0312 7136 71358 [Am] () 0.087 0.145
4408  4416.82 Fe 11 (27) ’ ’ 7224 7222.39 Fe 11 (73)
4529 451534, 4520.23, 7231.12 Cu(3) 0.090 0.282 0.304
455589  Feu (37) 723619  Cu(3)
+ 4522.63 Fe 11 (38) 1.187 1421  0.795 0.960 7317 7307.97 Fe 11 (73) 0.181 0.189
454947  Feu (38) 732070  Fe 1 (73) - :
4582 458383  Fen (38) 731992 [0 1] (2) 1456
4635 462934 TFen (37) 0381 0576 0327 7330.19 [0 u] (2) :
‘4640 N/O bld. 1.341 7457 7462.38 Fe 11 (73) 0.306 0.746 0.329
4864  4861.33 Hp 1.000 1.000  1.000 1.000 7778 7771.96, 777418, 1.006 1.729 0.289
4925  4923.92 Ferr (42) 0272 0879  0.553 0.557 7775.40 O1(1) ’ ’ ’
5018 501843  Feu (42) 7884  7877.13 Mg u (8)
5005.14 N 1 (19) 0.427 1400 0.767 1.354 7896.37 Mg 11 (8) 0.065 0.465 0.145
5172 5169.03 Fe 11 (42) 8217 8184.80, 8187.95,
519757  Feu(49) 0660 17130939 0951 821628, 822307, 0448 1229 0.895
5236  5234.62 Fer (49) 0242 0.635 0.295 0.170 8242.34 N1(Q2
5276 527599 Feu (49) 0377 0847 0493 0414 8446 844635 O1(4)
5316 531661  Feu (49 .00 151 0590 0615 844676  O1(4) 1864 4.139 6679
5316.78 Fe 11 (48) ’ ’ ’ ’ 8502 8498.02 Ca1 (2) 1.391 3238
5365 5362.86 Fer (48) 0.197 0.396 0.152 0.045 8502.49 Pis ’ ’
5423 5425.27 Fe 11 (49) 8541 8542.09 Ca (2)
5414.09 Fe 11 (48) 0.212 0.354  0.103 0.041 854538 Pys 1.539 3.420
5486  5495.70, 5480.10, . 8602 8594.01 N1 (8)
546262 N1 (29) 0.103 0.283  0.022: 0.173 8598.39 P 0.085 0.213 0.644
5533 5534.86  Feu (55) 8663 866214  Cam(d 400 5983
5530.27 N 11 (63) 0.223 0211 0451 0.119 8665.02 Pi3 ’ :
5535.39 N 11 (63) 8717 8703.24, 8711.69, 0.039 2417
5577  5577.35 [O1 (3) 0.193 0.324 0.341 0.398 8718.82 Ni1(1) ’ !
5680 5666.64, 5676.02, 8857 8862.79 P11 0.073
5679.56, 5686.21, 0.210 0.191  0.200 0.956 9065 9060.6 N1 (15) 0.395
5710.76 N (3) 9239 922811  S1(l) 0.685
5755  5754.80 [Nu] 3) 0.053 0.171  0.208 1.636 9237.49 S1(1) ’
5903 5889.95 Na1(l) . 9400 940577 C1(9) 0.286
5895.92 Na1 (1) 0.263 0.380  0.257 1.248 9545 9545.97 Pg 0.151
5945  5941.67 N 11 (28) 0.039 0.072 0.058 10026 9999 Fe 1 0.339
5989  5991.38  Fe 1 (46) 10049.38 P, '
5995.28 01 (44) 0.084 0.139  0.144 0.221 10116 101134 N1 (18) 0.085
Fug (107 ergem™2s™1) 2804 1102 0839 0226 Fip (107! erg em=2 s71) 2804  1.102 0839 0226

*Contribution from He 1 5876 and N 11 5942.
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line has a FWHM of ~ 1700 kms™! at the earlier date, later it
narrowed to ~ 1500 kms~!. Several sharp lines can be attributed
to telluric absorption. Two blueshifted absorption features are
present on days 12 and 17 after maximum, on the first date
at —1010 and —660 kms~!, on the second one at —950 and
—680 kms~!. They are very weak in the first spectrogram. Both
components belong to the principal spectrum. Diffuse enhanced
lines, observed by Rosino et al. (1991), are outside the covered
spectral range.

The emission line profiles bear some resemblance to the typ-
ical four-peaked structure, also observed in other novae, indicat-
ing a polar blob/equatorial ring structure. The central emission
peaks, separated by a weak dip, lie at +20 and —130 kms™! in
the earlier spectrum, and at +80 and —80 kms™! in the later
spectrum. The red emission peak is at +450 and +390 kms™,
respectively, and the blue emission peak is markedly depressed
in both spectra. Since at no time dust formation is obvious,
self-absorption in an expanding system of optically thick clouds,
where the approaching clouds have their ionized parts away from
the observer, can explain the profile (Ferland, Netzer & Shields
1979).

2.50E-12 T T T

V443 Scuti

ol

2.00E-12

s ATh

1.50E-12

-2

10.00E-13

5.00E-13

Flux (erg cm

11¢
11000

—_—

9000
Wavelength (A)

0 L .
7000 8000 10000

Fig. 3. Spectra of V443 Sct in the region 7000-10500 A on September 25
(day 11, epoch I; bottom) and October 1-3 (days 18-20; epoch II, top).
Offsets of 0.2 x 10712 and 0.5 x 10~'2 in flux units are added to the two
spectra, respectively. The zero point is shown by the horizontal line at the
right of each spectrum, together with the day number since maximum.
Note that the continuum was brighter on day 18-20 compared to day 11

The central emission decreased with time, relative to the
red and blue emission peaks. This is similar to the behaviour
observed in HR Del (Seitter 1971, Hutchings 1972), and suggests
that the outer emission peaks may originate in a (non-uniform)
equatorial ring seen almost edge-on (Soderblom 1976). Since this
conclusion is based on only two profiles of a single line, it must
be regarded as preliminary. It reminds us, however, of the fact
that the conclusions drawn from low-dispersion line strengths
refer only to crude average conditions in well-structured shells.

Epoch 11: The continuum level is clearly higher than at epoch
1. At the same time, the nova became brighter by 1.2 magnitudes
(see Fig. 1). The observed increase in the continuum level by 079
accounts for most of the rise in visual magnitude, the increase
in total emission line strengths accounts for the remainder. The
P Cygni-absorptions have become stronger, as is most clearly
seen in Na1 and O 1 (Figs. 2 and 3). Ha has an absorption

91
2000 T 71 T 1 1T T T T T
1500 k
i 1
>
=}
& 1000 - ]
o) L
o=
500 (- 1
0 { L | | L | I 1 L | L I
6540 6560 6580 6600

Wavelength (A)

Fig. 4. Ha profiles of V443 Sct on September 26 (day 12; top, shifted by
500 units) and on September 30 (day 17; bottom)

velocity of —1580440 km s™!, whereas the mean velocity obtained
from Na1, Fe i1 and O 1is —1300 4+ 90 kms™'.

Between epochs II and III, Rosino et al. (1991) observed a
value of —1500 kms™! for Hx and values ranging from —1300 to
—1630 kms™! for other lines, which they attribute to the diffuse-
enhanced absorption system. They also measured the principal
absorption system at —700 kms™!.

Epoch I1I: The continuum level has decreased by about 273,
corresponding to 2™ in the light curve (Fig. 1). The lines of H,
Fe 11 and Na 1 D have also decreased. [O 1] 46300 has become
quite prominent.

4.00E—13 ——— . . : .
V443 Scuti Ha
= ol
1 Day 77
< 3.00E-13} 1
T
(%]
~N
|
€ 2.00E-13} i
© [or)
2
° HpFeII INH)
N
« 10.00E~14} .
3
o . . , i A
4000 5000 6000 7000 8000 9000 10000

Wavelength (A)

Fig. 5. Composite spectrum of V443 Sct, November 25, 26 and December
4 (days 72-82, epoch IV), in the region 4500-9200 A

Epoch IV: The nova is now in the O 1—Orion stage (Fig. 5),
near the end of the transition stage of the light curve. The contin-
uum level has decreased further. Ha/Hp has grown considerably.
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[O 1] A4 7320-7333 and [N 11] A4 5755, as well as the emergence
of the 4640 feature indicate an increase in ionization. The O 1 A
8442 line is strongly amplified relative to O 14 7774 by Lyp
fluorescence.

Using the CTIO classification (Williams et al. 1991) the spec-
tral evolution of V443 Sct during the four epochs covered by our
observations can be described as follows. The spectrum on days
11-24 is dominated by permitted lines (P). During all phases the
Fe 11 lines of multiplet 42 are quite strong relative to Hp, ranging
from about half the intensity of HB to a higher flux in Fe 11 A
5018 than in both Hf and [N 11] 4 5755. The latter is also evident
in Rosino et al’s spectrum of day 64, taken at higher resolution.
The spectrum thus merits the subscript fe. '

O 1 18446 is always stronger than Hp, so that the superscript
o is applicable. According to the classification scheme of Williams
et al., the nova is of type P§, throughout our observations.

In the spectra of days 64 and 77, the Fe 11 15018 line appears
clearly broader than the unblended Hp line, and blending with
N 11 1414991-5040 (as is also found in V1819 Cyg, Whitney &
Clayton 1989) and possibly [O 111] 45007 cannot be excluded. We
thus conclude that either this phase is a transition between P and
A or the Fe 11 lines are unusually strong in V443 Sct, making the
classification ambiguous, even after phase A has been reached.
Considering the fact that the nova has now declined by more
than 4™ and left the transition phase, the latter appears to be
more likely. The evolution may thus be described as

0 o
fe —’Ao

Later observations: The observations of Rosino et al. (1991) in
the nebular stage, 236 days after outburst, as well as those of
Williams et al. (1991), 229 and 375 days after outburst, can still
be classified as A,.

4. Analysis and discussion
4.1. Absolute magnitude

The light curve of V443 Sct (Fig. 1) indicates that the max-
imum was reached around September 14, 1989 (JD 2447 783.5).
From the resemblance of the fragmentary light curve with that
of DN Gem, it is estimated that the maximum magnitude was
Vmax = 8.0 (see introduction). Rosino et al. (1991) suggest a
maximum value of Vy,x ~ 7.5 on September 13 — 14.

A smooth fit to the light curve through the oscillations be-
tween maximum and early decline gives the following parameters:
(i) magnitude at 15 days from maximum (1989 September 29 =
JD 2447798.5): Vis = 10.0, (i) time of decline through 2 mag-
nitudes in V: ¢, = 16 + 5 days, (iii) time of decline through 3
magnitudes in V: t; = 46 + 9 days. With these parameters, the
absolute magnitude of the nova at maximum can be estimated
using various (Mvy max, tdecine)-Telations. The results are listed in
Table 4. The values range from My = —7.2 to My = —8.3 with
the unweighted mean

My =-784104.
This yields the uncorrected distance modulus

(m—M)=158+0.5.

4.2. Reddening and distance

The foreground reddening towards V443 Sct is estimated using
various indicators and relations.

4.2.1. Polarization

The average polarization of the nova on days 38-40 was py =
0.65 + 0.41 %. Assuming this to be totally interstellar in origin,
one obtains the lower limit Eg v > p/9.0 = 0.07 (Serkowski
et al. 1975).

4.2.2. Line ratios

Reddening may be estimated by comparing theoretical and ob-
served flux ratios of recombination lines, which are well sepa-
rated in wavelength. The He 1 ratio 5876/4471 is not sensitive
to radiative transfer effects and could be used, although the es-
timate is uncertain because of the small baseline. While He 1
lines are not clearly present in our spectra, the ratio found by
Rosino et al. (1991) at later stages leads to a rough estimate:
Ep_v = 0.24 (+0.16,—0.20).

During the early phases of the outburst, the density in the
envelope is high and the Balmer line ratios, especially of the
lower series members, are affected by radiative transfer effects.
For this case, reliable theoretical recombination line ratios are
not available. The higher members of the Balmer and Paschen
series are less affected and may be compared with theoretical
values. When the nova enters the nebular phase, the envelope
density becomes sufficiently small so that the Balmer line ratios
approach Case B values.

1 —
+ V443 Scuti

3 e
1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6

Log (tq)

Fig. 6. De-reddened Ho/Hp ratio versus time since maximum (in days)

During our observations, V443 Sct showed Ha/Hp ratios
which varied between 3.5 and 10 (Fig. 6, see Sect. 4.3.1), indicating
that they are affected by radiative transfer effects. The spectrum
obtained on day 11 shows the lines Py, Py, Hi3 and H;4 with no
severe blending from other lines. Comparing the ratios of Hy;/Pg
and Hy4/P;; with calculated ratios from the tables of Hummer
& Storey (1987) for T. = 10* K, N, = 5 x 10° cm™3 (values to
be justified in Section 4.3.3), the reddening from both ratios is
Ep_v = 0.41+0.03.

4.2.3. Colour index

Photometry of the nova by Monella (1989) gives the colour
indices B —V = +0.21 on day 15, B— V = +0.27 on day 18 and
B —V = +0.21 on day 19; the average value at approximately 2
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Table 4. V443 Sct: Absolute magnitude estimates.
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relation ref. My (max)
Mg(max) = —10.67 4+ 1.801og 13 1 —=79408()

+0.30 40.20

My(max) = —10.70 + 2.41log 2 —78409
+0.30 +0.23

My(tys) = —5.60 +0.45 2 —76+05

My(t;s) = —5.23+0.39 3 —72404

My(max) = —7.89 — 0.81 arctan ([1.32 —log5,]/0.19) 4  —83+04

1: Pfau (1976), 2: Cohen (1985); 3: van den Bergh & Younger (1987);

4: Capaccioli et al. (1989).
* assuming (B — V)p = 0.2 at maximum.

magnitudes below maximum is +0.23 £ 0.03. For several novae
at two magnitudes below maximum, van den Bergh & Younger
(1987) find the unreddened index (B — V)o = —0.02 + 0.12. The
observed B — V-colour thus implies Eg_y = 0.25 for V443 Sct.
The error margins are large, and the observed colours of the nova
corrected for Eg_y = 0.41 (from section 4.2.2.) give (B — V), =
—0.18 and (U — B)y = —1.09, which is still within the range of
intrinsic colours of novae two magnitudes below maximum.

4.2.4. Reddening

The well-studied globular cluster M11 (= NGC 6705) lies 21
east of V443 Sct. The cluster has the apparent distance modulus
(m — M) = 12.7 (Lee et al. 1989) and reddening Ep_y = 0.44
(Anthony-Twarog et al. 1989), yielding a distance of 1.8 kpc. As-
suming the reddening per kpc to be 0.44/1.8 = 0.24 along the
line of sight, the uncorrected nova distance modulus (see Sect.
4.1) gives the distance 3.8 kpc and Eg_y = 0.9. The scale height
of dust in the Galaxy, however, is about 120 pc, and the ray of
vision to the nova (galactic latitude b = —3°3) leaves the dust
plane and the Aquila-Carina arm at about 2 kpc. No substantial
reddening is expected beyond this distance, and the above red-
dening estimate is an upper limit, the distance a lower limit. The
nova may thus belong to the central bulge of the Galaxy.

4.2.5. Summary of reddening and distance estimates

(a) Polarization: Eg_y > 0.07

(b) Line ratio: Eg_y = 0.41

(c) B—V colour: Ez_y > 0.25

(d) Reddening per kpc: d > 3.8 kpc, Eg_v < 0.9.

Only (b), in combination with the absolute magnitude esti-
mate from the light curve decay times, yields definitive values: the
corrected distance modulus (m— M)y = 14.5 and the distance d =
8.1 kpc, in accordance with the limits of (d). Rosino et al. (1991)
give Eg_v = 0.30, based on the average colour index of the
nova during early decline. With their estimate of V., = 7.5 and
M$* = =78, this yields the distance d ~ 7.6 kpc. The values
of reddening and distance given here are thus in rough agree-
ment with their results. In the following, a reddening correction
Ep_v = 0.4 and the distance d = 8.0 kpc are assumed.

4.3. Physical conditions
4.3.1. Optical depths in hydrogen emission lines

The observed, reddening-corrected ratios Hoa/Hf are plotted in
Fig. 6. The measurements of Rosino et al. (1991) are also in-
cluded. All ratios are considerably higher than the theoretical
value for Case B, but they can be produced with high densi-
ties and large optical depths in Lya and Hoa. Comparison of
the observed Ho/Hp ratios with the theoretical models of Net-
zer (1975), Krolik & McKee (1978) and Drake & Ulrich (1980)
indicates an optical depth of Lya in the range t = several 10°—
10 and an optical depth of Hu in the range 100-10 during the
phases of outburst covered by observations. The ratios Hf/Hy
and Hy/H¢ also indicate large optical depth in Lya. The smaller
Ho/HP ratio in the early days and weeks of the outburst may be
explained by collisional de-excitation of the n = 3 level, but the
required densities are quite high.

The evolution of the Ha/Hp ratio (small — large — small,
and approaching case B) appears to be a general signature of
nova outbursts. It was observed in the very fast nova V1500 Cyg,
where the maximum of the ratio was reached on day 20 (Ferland,
Netzer & Shields 1979), in the fast nova V446 Her, where it was
reached on day 40 (Meinel 1960) as well as in the slow nova
V1819 Cyg, where it was reached on day 92 (Whitney & Clayton
1989). The maxima approximately coincide with the occurrence
of the fluorescence effect of Lyf, producing an unusually strong
O 1 18446 emission. In V443 Sct, it occurred around day 77.

4.3.2. Temperature

During the initial outburst stages when the densities in the line-
forming region are relatively high, the ratio of [O 1] A4 5577/6300
can be used to determine the temperature from the relation

[0 1]5577/6300 = 43 exp (—2.58 x 10*/Te)

(Martin 1989).

The observed reddening-corrected ratio of [O 1] 5577/6300
varied from 0.98 on day 11 to 0.37 on day 77, yielding a temper-
ature variation from 6800 K to 5400 K. The mean temperature
during the period of our observations is 6100 K. This value is
consistent with that expected for a photoionized gas at high
densities (Martin 1989).

Auroral and nebular lines of [Nu1 ] and [Omur ] are visible
in Rosino et al’s spectra of days 236 and 272. Blending with

© European Southern Observatory ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1992A%26A...263...87A

FTI992A8A © Z263. . 87A

94

Balmer lines makes the line fluxes somewhat uncertain, but we
find consistent solutions of T, = 17000 K and 2.7-10° cm— (day
236) and T, = 17000 K and 1.6 - 10° cm™> (day 272). The weak,
but persistent occurrence of [O 1] 6330, 6363 at days 236 and 272
indicates that high density still prevails in small parts of the shell.

4.3.3. Shell mass and temporal variation of density

The physical parameters of days 236 and 272 after outburst may
serve as a starting point in the derivation of the mass M of the
nova shell. If we assume case B, we can write (Anderson and
Gallagher 1977)

. -1
v = Lmp pmi (AT juag
N, N.N,

where p is the mean molecular weight, my the mass of the hydro-
gen atom, and the expression in brackets the volume emissivity.
Inserting the HB luminosities Ly of 2.65 and 1.12 - 10* erg s,
and an emissivity of 7.9 - 10726 for 17000 K and the derived elec-
tron densities for case B, shell masses of the order of 1074 M,
are obtained. However, if the occupied volume of such a mass
with the assumed density is calculated, it is somewhat larger than
the volume calculated from the velocity 750 km s™! of the ejected
shell, as derived from the FWHM of the emission lines (Sect. 3
and Rosino et al. 1991 — we conjecture that their “expansion
velocity” of 1500 kms~! was derived from the total line width).

Since at the assumed density case B is not yet strictly fulfilled,
the emissivities of Ha and Hf from Hummer & Storey (1987)
for T, = 17000 K and N, = 10° cm™ lead to revised masses of
2.9 and 2.1-10™ M,, for HB and to 5.2 and 4.1 - 10~ M, from
Ho. The average value for the mass, 3.5 107 M, now leads to
an occupied volume which is very close to that occupied by the
expanding shell.

Since there is almost no high resolution spectroscopy avail-
able to study the behaviour of different parts of the shell, it
remains to see if our simplistic model, a shell homogeneously
filled with matter, can explain the temporal behaviour of the
Balmer emission lines (the structured appearance of the Balmer
lines and the persistence of [O 1] at late stages indicates that
such a model is only a coarse approximation). Such a shell can
be envisaged to be formed by a mass loss at constant velocity,
decreasing with t~2. The density in the expanding shell also de-
creases as t~2 and has the same value everywhere inside the shell.
Balmer line fluxes f under case B conditions depend on volume
V and density N, as Vn2, ie. f oc £*t™* oc t~'. Analysis of the
temporal decline of the Hax and Hp fluxes yields exponents of
—1.244+0.1 and —1.21 + 0.14. At early times, the lower Balmer
series lines have large optical thickness, and major parts of the
envelope are not yet ionized, thus leading to a less negative slope
than the theoretical one, contrary to observations. However, the
lower shell temperature at early times might well overcompensate
these effects and lead to the observed dependence. Because of the
scarceness of indicators of temperature and density at early times,
it is difficult to develop an improved model that reproduces the
observations in a unique way.

4.3.4. Helium abundance

The He 1 line fluxes may be used to estimate the relative num-
bers of singly ionized helium N(He")/N(H) in the ejecta using
standard techniques. On day 77, He 1 16678 was weakly present,
also He 1 15876, though blended with Na 1 D. He 11 lines are not

easily detectable in the spectra. This, together with the fact that
He 1 lines are still weak indicates that ionization in the ejecta is
still low and most of the helium is in neutral form.

Because of the blending of He 1 15876, only 16678 is used
to determine the Het abundance from the ratios 6678/Hf and
6678 /Ho.. With emissivities for Hx and Hp taken from Hummer
& Storey (1987), for He 1 46678 from Brocklehurst (1972), at T, =
10* K and N, = 107 cm~3, and the He 1 emissivity correction for
collisional effects according to Clegg (1987), HB and Ha yield
values N(He")/N(H) of 0.15 and 0.04, respectively. Under the
conditions of high optical depth in the envelope considered here,
the ratio derived from Hf gives an upper limit and that from He
a lower limit (Whitney & Clayton 1989).

Adopting the model by Drake & Ulrich (1980) for t(Lyx) =
10%, N, = 10 and T, = 10* which has a similar Balmer decre-
ment as the one observed on day 77, and using their emissivities
for He and HB, we obtain N(He™)/N(H) = 0.043 from Hp and
0.054 from Ho.

A more reliable value for the helium abundance can only be
derived by analyzing the later stages of the outburst, when most
of the helium is ionized.

Rosino et al. (1991) derive for the nebular phase a helium
abundance N(He)/N(H) = 0.23 from HB and 0.12 from Ha,
using the He 1 114471, 5876 and 6678 emissivities uncorrected
for collisional effects. After application of this correction, the
revised abundance of He 11 is 0.11 from Hp and 0.05 from Ha.
The He 11 14686 flux gives N(He*)/N(H) = 0.02 (Hp) and 0.01
(Ho). The revised total helium abundance is N(He)/N(H) = 0.13
(Hp) and 0.06 (Ha), assuming there is no neutral He.

The He 1 46678 line gives a higher value for the abundance
than the others. Rosino et al. attribute this to a possible blend
line. The abundance estimated from this line does not change
much when the correction for collisional effects is made. Clegg
(1987) recommends the use of this line for He abundance deter-
minations, since collisional effects are minimal. Using only the
He 1 16678 line, the revised total helium abundance is 0.24 (Hf)
and 0.10 (Ho).

4.3.5. The central ionizing source

Using the He 1 and hydrogen line ratios, the Zanstra temperature
T. of the ionizing source may be estimated (Osterbrock 1989).
The radius of the ionizing source may be estimated from the
hydrogen line flux (Anupama & Prabhu 1989), as well as from
the continuum.

The absence of He 1 in the early phases and of highly ionized
lines later on indicates that the central ionizing source has not
yet reached very high temperatures during the time of our obser-
vations.

On day 77, the presence of He 1 lines, although weak, indi-
cates that the temperature of the source is 2 10* K. Using the
reddening corrected He 1 16678 /Hp ratio, the Zanstra temper-
ature T. = 8.7 x 10* K is derived. The radius of the source is
1.15 Rp, as determined from the HP flux, the Hummer & Storey
(1987) emissivities, a covering factor of § = 0.1 (defined as the
fraction of ionizing radiation intercepted by the nebula), and the
assumed distance of 8 kpc.

The de-reddened continuum at 6000 A is 7.8 x 1074
erg em2 s™! A-!, which has to be corrected for the superim-
posed nebular continuum. An estimate of the nebular continuum
is made from N,Nyy,(H®, T)V /(@nd?). The emission coefficient
7y 1s listed by Osterbrock (1989). In terms of the shell mass My,
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obtained from the hydrogen line fluxes, the hydrogen continuum
flux can be expressed as My+N.y,/(4nmgd?). The stellar con-
tinuum flux thus corrected is 6.4 x 10715 erg cm™2 s=! A~1. At
a temperature of 8.7 x 10* K, this corresponds to a radius of
4.7 R, assuming blackbody radiation.

The TNR model of nova outbursts (see, e.g., Starrfield
et al. 1985) predicts that during the constant bolometric lumi-
nosity phase the effective temperature of the ionizing source
increases, while the effective radius decreases, according to
Ter = 9 x 10°R™Y2 (Williams 1991). This implies a radius of
~ 1 Rp, in agreement with the value obtained from the emission
line flux. The assumed covering factor thus appears to be reason-
able, but the nebular continuum radiation appears to be much
larger than expected.

During the nebular stage, about 250 days after maximum,
Rosino et al. (1991) estimate the mean effective temperature
T ~ 1.83 x 10° K from the average ratio He 114686/He I 5876.
The radius at this temperature is 0.13 Rg, as obtained from the
Hp flux, assuming the covering factor 0.1. The continuum at
5000 A, taken from Rosino et al’s observation on JD 2448020,
dereddened and corrected for nebular emission, yields a radius
R = 0.51 R, whereas the theoretically expected radius at this
temperature is 0.24 Rp. Apparently the covering factor has de-
creased below 0.1, and the continuum emission is approaching
that of a blackbody.

1.5 —— —
V443 Scuti
Remnant
1"
1.0f 55 55(0.1) 1
{ i 77(0.1)
« \N
o 0.5 ]
o
o.0f |
235(% 236(0.01) |
0 T T a4 48 48 50 52 54

log Trad

Fig. 7. The loci of continuum fluxes, corrected for nebular emission
(nearly horizontal curves), and Ha emission line fluxes (steeper curves)
arising from radiative recombination due to the blackbody source of
radius R (in Rp) and temperature Troq (in K) on different days after
outburst. The continuum fluxes are based on our observations at 6000 A
except on days 22 and 236 where they are read from figures of Rosino
et al. (1991) at 5000 A. The day since outburst is indicated for each set of
curves. The assumed covering factor is shown in parentheses whenever it
differs from unity. The theoretical constant luminosity relation is shown
as a straight line

Before day 77, the Zanstra temperature of the source could
not be determined from our observations. Using, however, the
fact that the continuum provides an upper limit to the radius and
the emission line flux a lower limit, the loci of observed fluxes on
all days covered by our and Rosino et al’s observations are plot-
ted, together with the theoretical relation, in the (log Tr.4,l0g R)
diagram (Fig. 8). We conclude that the observations are in gen-
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eral agreement with the theoretical model, and that the covering
factor decreases with time, because less radiation is intercepted.

Secondary peaks in the light curve occurred around day 17,
day 35, day 52 and possibly also on day 77. It appears from
the figure that spectra taken around the time of secondary peaks
(i.e. on day 18 and 55) show an increase in the radius of the
source contributing to the optical continuum.

Such a behaviour can also be studied when temperatures and
radii of novae during outburst are derived from multicolour pho-
tometry (Duerbeck & Seitter 1979); photometry usually yields a
better temporal resolution, but the disturbing influence of emis-
sion lines is difficult to remove.

If the mass-loss rate is not a monotonously decreasing func-
tion with time, secondary maxima of mass loss lead to a tempo-
rary growth of the quasi-photosphere and to visual maxima in
the light curve, while the bolometric luminosity remains constant.
The larger ratio of the size of the photosphere and that of the
ejected shell in these maxima also leads to a strengthening of
the P Cygni-absorption features, as is most clearly seen in the
spectrum of day 18.

5. Conclusions

Spectra in the declining stages of nova V443 Sct are classified and
analyzed. Interstellar reddening, luminosities, temperatures and
helium abundance are derived. The observations can be described
in terms of a central object radiating at constant luminosity,
which emerges as its thick wind-type mass loss decreases with
time as M oc t2.

Fluctuations in the mass loss rate can explain the irregular
light curve and the spectral variations observed during early
decline. High resolution spectroscopy indicates that the structure
of the nova shell can be described by an equatorial ring and polar
blobs. Despite the irregular mass loss rate and the fine structures
in the lines, the density decline mimics that of a homogeneous
expanding spherical shell, whose temperature gradually rises and
which becomes almost completely ionized after 250 days.
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