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Abstract. BeppoSAX detected luminous 0.2-2.0 keV super- Starrfield et al. (1988) applied thermonuclear runaway (T
soft X-ray emission from the recurrent nova U Sed9-20 theory to this nova assuming a very massive white dwarf (W
days after the peak of the optical outburst in February 1999. The estimate of the distance to U Sco in the literature vari
U Sco is the first recurrent nova to be observed during a lumith different assumptions. Kato (1990) obtained a distan
nous supersoft X-ray phase. Non-LTE white dwarf atmospheange 3.3-8.6 kpc comparing the observed visual light cur
spectral models (together with~a0.5 keV optically thin ther- with the theoretical one and assuming a high mas$.68 M)
mal component) were fitted to the BeppoSAX spectrum. We finiD. If the donor star is a dwarf the distance caldet 1.5 kpc
that the fit is acceptable assuming enriched He and an enhan¢taghes 1985), however most authors recently agree instea
N/C ratio. This implies that the CNO cycle was active during theesubgiantnhature of the donor, as indicated by the detection
outburst, in agreement with a thermonuclear runaway scenaddvig Ib absorption feature at5180 in the late 1979 outburst
The best-fit temperature is 9 x 10° K and the bolometric lu- spectrum, consistent with a K2 1Il spectral type (Pritchet et
minosity(0.16—1.2) x 103¢ erg s~! (d/kpc)?. These values are 1977). This is in agreement with a low mass{ M) subgiant
in agreement with those predicted for steady nuclear burningsgcondary with M-=+3.8 which fills the Roche lobe at an orbital
a WD close to the Chandrasekhar mass. The fact that U Sco wasod ~1.2 days (Portegies Zwart, private communication
detected as a supersoft X-ray source is consistent with ste&dgm the apparent magnitude V=20.0 in the faint state and t
nuclear burning continuing for at least one month after the owisual extinction A-=0.6 a distance:13 kpcis derived, in rough
burst. This means that only a fraction of the previously accretagdreement with d=14.8 kpc derived by Webbink et al. (198
H and He was ejected during the outburst and that the WD caith the assumptionfoa G 11l subgiant, and with 14 kpc
grow in mass, ultimately reaching the Chandrasekhar limit. Trestimated by Warner (1995). In any case U Sco is at a latitu
makes U Sco a candidate type la supernova progenitor. 21° and for any distancex 3 kpc it belongs to the galactic halo
population. Itis seen through the full galactic hydrogen colu
Key words: stars: binaries: close — X-rays: stars — stars: evolaf 1.4 x 102! cm~?2 (Dickey & Lockman 1990).
tion — stars: white dwarfs — stars: individual: U Scorpii U Sco was observed to be an eclipsing system by Scha
(1990). The orbital period is 1.23 days (Johnston & Kulkar
1992; Schaefer & Ringwald 1995y varies from 18.5 to 20.
An accretion disk is required from the modeling of the optic
1. Introduction continuum during quiescence. The maximum visual magnitu

during outburst isny ~ 8. U Sco shows the fastest visual de

Recurrent novae (RN) are a small and diverse subclass of %?iﬁe of 0.67 magnitude per day of all known novae (Sekiguc
aclysmic variables, which show multiple outbursts resemb\lli\lﬁa

: i al. 1988). Spectroscopically it shows very high ejection
those of classical novae, though of lesser magnitude (see )- Sp pieaty ! WS VETy high ejection v

. e : . . ities of ~ (7.5—-11) x 10® km s~ (Williams et al. 1981;
bink et al. 1987; Sekiguchi 1995). U Scorpii (U Sco) is one 0sino & lijima 1988; Niedzielski et al. 1999).

Lhue,{s:j):szsitr]k;gév; Tg&birsgg tTS%aslsggs easno du:gi:tnriizvqeyg[aecta abundances have been estimated from optical
on 1999 Feb 25.2 (Schmeer et al. 1999). The last two outburst studies (Williams et al. 1981; Barlow et al. 1981). Fro

. . 8 emission lines a depletion in hydrogen relative to heliu
were separated by 8 and 12 years respectively. Itis the RN V\(}& h He/H~2 has been derived while the CNO abundance w
the shortest recurrence period known.

solar with an enhanced N/C ratio. The strongest emission feat
at maximum is the He \4686 line. Other reported lines are
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Ha, Her, Herr, Ni1, Niri, Cir, and Gv (Zwitter et al. 1999; Table 1. Best-fit values derived from spectral fits to the BeppoSAX
Bonifacio et al. 1999). Satellite lines tackiHerr and He have LECS and MECS spectrum of U Sco using (a) a blackbody model with
also been detected (Bonifacio et al. 1999). The estimated makgorption edges and (b) an optically thick non-LTE WD atmosphere

of the ejected shell for the 1979 outbursMsp.; ~ 1077 M, Model (with He enriched and the N/C ratio enhanced) and an optically
(Williams et al. 1981). thin Raymond and Smith component (assuming He enriched and the

. . 0 ) .
It has been suggested that the companion of U Sco n{ﬁgo N/C enhanced). 90% confidence parameter ranges are given. For

be somewhat evolved (and helium enriched) as the quiescentedges the absorption depth at the given energies are listed

spectrum shows strong Heemission lines (cf. Hanes 1985). (a) Blackbody with absorption edges
Hachisu et al. (1999) propose an evolutionary scenario for tigrameter  unit 90% confidence
system assuming a secondary star which experienced a hel&llgn (102! em~2) 1826
accretion phase. The WD may efficiently grow in mass towargs V) 102-112
the Chandrasekhar (CH) limit and explode as a SN la (Della (10° K) 1.2-1.30
Valle & Livio 1996). But if U Scois in the galactic halo then they (107 ¢m (d/kpc)) 0.50-0.66
system belongs to an old stellar population and the evolutipn (10% ergs™' (d/kpc)?) 0.39-0.88
may be different. Helium enrichment as observed from U Sco Absorption edges
may also be due to helium enriched winds from the WD (c;.N Vi 0.55 keV/ 3856
Prialnik & LiViO, 1995) N VII 0.67 keV 1.6-3.7
TOVI 0.74 keV <1.6
2. The BeppoSAX observation TOovil__0.87kev 4.5-7.2
(b) WD atmosphere with He enriched and ratio N/C enhanced
After the optical outburst of U Sco was reported (Schmeer ﬁ%{ (102" cm™?) 31-48
al. 1999) a target of opportunity observation of U Sco was pef- (V) 73.7-76.3
formed with the BeppoSAX X-ray satellite. According to the (10° K) 8.5-8.9
calculations of Kato (1996), supersoft (SSS) X-ray emissign (107 cm (d/kpc)) 1.9-55
is predicted to be observedl0-60 days after the optical out-L (10%® erg s™* (d/kpc)?) 1.6-12
burst. The 50 ks exposure observation was performed during Raymond-Smith component
1999 March 16.214-17.425, 19-20 days after the optical Ot (keV) 0.22-052
burst. Here we report the first results of an analysis of the megyy (105 cm =2 (d/kpc)?) 0.44-3.2

X-ray spectrum observed during this observation.
The scientific payload of BeppoSAX (see Boella et al.
1997a) comprises four coaligned Narrow Field Instruments in- WD atmosphere spectra have been shown to deviate strongly
cluding the LECS (Parmar et al. 1997) and MECS (Boella et #lom simple blackbodies (e.g., Hartmann & Heise 1997). The
1997b). U Sco was detected with mean LECS and MECS neste of sophisticated WD atmosphere model spectra is required.
count rates, after background subtraction(®67 + 0.23) x We applied a non-LTE WD atmosphere spectral model grid
1072s~tand(1.35+0.38) x 10~3 s~ ! respectively. The source assuming a very massive (log(g)=9.5) WD with cosmic CNO
was not detected in the high-energy non-imaging instrumerabundances (see e.g., Hartmann et al. 1999). The fit was un-
The X-ray flux varies by a factor ef1.5 during the observation acceptable at energiex.8 keV. We added an optically thin
possibly due to orbital variations or a rise in flux. thermal component (Raymond & Smith 1977), hereafter RS, to
The combined LECS and MECS spectrum was first fit witthe model. Such a component may be due to a strong wind from
a simple blackbody spectral model. The fit is unacceptable wttie WD atmosphere and has been observed in the classical nova
a x? of 72 for 10 degrees of freedom (dof). We then adde@yg 1992 (Balman et al. 1998). The fit was still unacceptable
absorption edges due to highly ionized species of N and O &¥ith ay? of 23.4 for 8 dof. We also fitted the observed spectrum
pected in the hot atmosphere of a steadily nuclear burning Wilith two optically thin RS components. We found that the fit
The edge energies were fixed at 0.55 keV, 0.67 keV, 0.74 ke¥as not acceptable withg of 55.8 for 8 dof.
and 0.87 keV, corresponding to the Lyman edges &f NN v11, When the CNO cycle is active then the N/C and O/C ratios
O vir, and Ovirr, respectively. Only the Wi, Nvir, and O/t are strongly modified. A strong enrichment of N with respect
edges were detected at high significance with absorption depgth€ is expected as N is involved in the slowest reaction. We
of 4.3, 2.4, and 5.6, respectively. ThevD edge is not de- calculated log g=9.5 non-LTE WD atmosphere spectral models
tected and the 90% confidence upper limit to its absorptigvith He and CNO (number) abundancét € 0.5, C = 9 x
depth is<1.6. They? is 12 for 6 dof. However, other inter-10~%, N = 6 x 1073, O = 3 x 10~2 with respect to helium)
pretations of the spectral shape abeve.8 keV appear to be according to values determined from optical/UV studies of the
more likely (see below and the discussion). We independentigva ejecta of U Sco (Williams et al. 1981). In addition, we
fitted the edge energies of the W and N vi1 features and applied a hot optically thin thermal component. We found that
derived 90% confidence ranges of 0.524—0.555 keV and 0.63Gith these assumptions the fit was acceptable with af 10.7
0.669 keV, respectively and an absorbing hydrogen column déor-8 dof. The best-fit atmospheric temperaturgis3—8.85) x
sity (1.8-2.6) x 10%! atom cm™2. 10° K (90% confidence), the atmospheric radiugli9—5.5) x
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Fig. 1. Combined BeppoSAX LECS and MECS spectra of U Seft)(and spectral modelsight). Upper panels show the non-LTE WD
atmosphere model using cosmic abundances, lower panels show the WD atmosphere model using He enrichment and enhanced N/

107 cm (d/kpc), and the bolometric luminosit§0.16—1.2) x  In the He-rich model (He/H=2), a maximum luminosity fo
103¢ erg s~ (d/kpc)?. For the optically thin component wethe SSS component ef (0.8-1) x 103¢ erg s~ (d/kpc)?
derive a temperature, kT, of 0.22-0.52 keV and an emissisnreached~20 days after the optical outburst. Using the H
measure, EM, 0f0.42-3.2) x 10%® cm~2 (d/kpc)? assuming enriched fit with the N/C ratio enhanced (Table 1), the observ
that He is enriched and N/C enhanced. The absorbing hydro@g@fometric luminosity~19-20 days after the optical outburs
column density is(3.14.8) x 10?! atom cm™2. This value is ~ (0.16-1.2) x 103¢ erg s=! (d/kpc)?. Assuming a dis-
is larger than the galactic absorption in the direction of U S¢ance~14 kpc (see Introduction) a bolometric luminosity o
of 1.4 x 102! ecm~2 (see Introduction) indicating a substantiak- (0.3-2.4) x 10%® erg s~! is derived. The luminosity is in

intrinsic absorption. agreement with the bolometric luminosity ef 103 erg s—!
predicted for novae (Mc Donald et al. 1985). The temperature
3. Discussion (8.7-8.9) x 10° K and the luminosity of 2.4 x 1038 erg s~!
o derived from the X-ray spectral fit requires a very massi
3.1. Supersoft X-ray emission Mwp > 1.2 M, WD consistent with an almost CH mass W

U Sco belongs now to those novae for which SSS X-ray emissiéhd: Kato 1997).
has been discovered (cf. Orio & Greiner 1999).

The TR theory predicts two processes which can genergte. Spectrally hard component
soft X-rays: Shock acceleration in the nova ejecta and steady ] )
nuclear burning. For Nova Cyg 1992 an optically thin compd? addition to the optically thick SSS X-ray model spectrun
nent due to shocks has been detected. In addition an opticHg SPectral fits require a spectrally hard component. A si
thick SSS X-ray component has been obseré0 days after ilar component in addition to a SSS component was useq
the outburst and for600 days (Krautter et al. 1996; Balman eBalman et al. (1998) for X-ray spectral fits to the classic
al. 1998). nova Cyg 1992. Using an optically thin thgrmal model w

According to the calculations of Kato (1996) performed fd€rive @ temperature @ 22-0.52 keV, an emission measure
U Sco, and assuming a massivéyn=1.377Ms) WD a SSS EM = _(0.4—3.2) x 10°° cm~3 (d/kpc)? if He is enriched and
component is predicted to be observed frettD days after the the ratio N/C enhanced. . _
outburst. In the case of the H-rich model (He/H=0.1) the super- |f We assume a terminal wind velocity of, ~ 10% cm s~

soft componentis expected to rise 460 days after the outburstth® Wind mass loss rate for a He/H=2 mixture can be es
to a maximum luminosity of 3 x 103 erg s~ (d/kpc)?2. mated fromM ~ 14.5 my vo, VEM1. Herer is the typi-
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cal radius of the emitting region. We assume= 10'! cm, cannot last longer than 20 days for a mass just below the CH
the radius of the Roche-lobe, and use the result of the sphierit.

tral fit assuming He is enriched. We then obtain a wind mass U Sco, and therefore RN in general, can be considered to be
loss rate ofM = (2.4-6.9) x 10~% Mg, yr—* (d/kpc). For progenitors of SN la. The condition that the WD can grow in

a distance to U Sco of 14 kpc, we derive a wind mass losgss is achieved if the accreted and accumulated material is en-
rate of (3.4-9.7) x 10~7 Mg yr—!. A near-CH mass WD riched in He and not all the envelope was ejected. This condition
atT = 9 x 10° K experiences an envelope mass loss afay occur if the donor star has experienced a previous helium
~ 1.2 x 107% My, yr~! due to both steady nuclear burningaccretion phase, if it is somewhat evolved (a subgiant), or if
and a wind from the WD. The steady nuclear burning mass Idsslium rich material has been mixed into the accreted envelope.

. _ -1 .
can be estimated to be 6 x 107" Mg yr™ (Hachisu et al. AcknowledgementsiVe thank Luigi Piro for granting the BeppoSAX

1999)' The. ”?ass loss due to. the windig x 107 .MQ yrl OO0 and the BeppoSAX team including Milvia Capalbi for the very
This va!ue is in agreement with the range we derived abpve. T production and delivery of the final observation tape. We thank
a duration of the steady nuclear burning phase plus wind m@s§yngelson for discussions and the referee M. Orio for critical com-
loss phase 0f-0.1 year (Kato 1996) we derive a mass |oss froments. This research was supported in part by the Netherlands Orga-
the WD envelope of- 1.2x 1077 Mg of which~ 6 x 1078 Mg nization for Scientific Research (NWO) through Spinoza Grant 08-0
is due to the wind. In addition the predicted post-outburst enwe-E.P.J. van den Heuvel. |. Negueruela is an ESA External Research
lope mass is- 8 x 10~8 M, (Hachisu et al. 1999). This would Fellow.
mean that 70% of the envelope mass has remained on the WD al-
lowing it to increase in mass. Williams et al. (1981) derive frorreferences
the UV lines (for 14 kpc and > 6.5 x 10*! ¢m) a wind mass .

. Balman S.Ogelman H., Krautter J., 1998, ApJ 499, 395

loss rateM > 5.4 x 10~% Mg, yr ! which differs significantly oo 00 13 5 odie 3P, Brunt C.C., et al., 1981, MNRAS 195, 61
from our value, although it is subject to many uncertainties, apdg)ia G.. Butler R.C., Perola G.C., et al., 1997a, A&AS 122, 299
differences between outbursts cannot be accounted for.  Boella G., Chiappetti L., Conti G., et al., 1997b, A&AS 122, 327

If the helium fraction is indeed largélg¢/H =~ 2) only part Bonifacio P., Molaro P., Selvelli P., 1999, IAU Circ. No. 7129
of the accreted He/H envelope might have been ejected ddala Valle M., Livio M., 1996, ApJ 473, 240
steady nuclear burning proceeded for at least one month. TRigkey J.M., Lockman F.J., 1990, ARA&A 28, 215
result is consistent with the analytical model of Kahabka (199$]a°h'5” I, Kato M., Nomoto K., 1999, ApJ 519 (astro-ph/9902303)

. . anes D.A., 1985, MNRAS 213, 443
Assuming an X-ray on-time of 0.1 years and arecurrence pe”ﬁ?rtmann H.W. Heise J. 1997. AGA 322 591

of 10 years, we constrain the WD massMayp > 1.36 Mo.  Hartmann H.W., Heise J., Kahabka P., et al., 1999, A&A 346, 125
U Sco and RN in general are therefore probably SN la progepéhnston H.M., Kulkarni S.R., 1992, ApJ 396, 267
tors (cf. Li & van den Heuvel 1997; for arecent review on SN I&ahabka P., 1995, A&A 304, 227
see Livio 1999). Kato M., 1990, ApJ 355, 277
Kato M., 1996, in Greiner, “Supersoft X-ray sources”, LNP 472,
Springer, p. 15
Kato M., 1997, ApJS 113, 121
4. Conclusions Krautter J.Ogelman H., Starrfield S., et al., 1996, ApJ 456, 788
Li X-D., van den Heuvel E.P.J., 1997, A&A 322, L9
For the first time a RN (U Sco) has been detected in a S&&o0 M., 1999, in proceedings of Type la Supernovae: Theory and
X-ray phase with the BeppoSAX X-ray satellite20 days af- Cosmology (astro-ph/9903264)
ter an optical outburst. This observation confirms the theoreffcPonald J., Fujimoto H., Truran J.W., 1985, ApJ 294, 263

. dzielski A., Tomov T., Munari U., 1999, IAU Circ. No. 7115
cal predictions that RN have a SSS X-ray phase (Yungelso r‘lio M.. Greiner J., 1999, AGA 344, L13

al. 1996; Kato 1996). He enhanced non-LTE WD atmospheésg, A N., Martin D.D.E., Bavdaz M., et al., 1997, AGAS 122 309
model spectra, with a high N/C ratio (using abundances derivieghnik D., Livio M., 1995, PASP 107, 1201

from the ejecta) are required to fit the BeppoSAX X-ray spegrinchet C., van den Bergh S., 1977, ApJS 34, 101

trum of U Sco. This is evidence that the outburst of U Sd®aymond J., Smith B.H., 1977, ApJS 35, 419

was triggered by a TR and that the CNO cycle was activ@osino L., lijima T., 1988, A&A 201, 89

From the temperature of the optically thick SSS componepghaefer B.E., 1990, ApJ 335, L39

- 5 - . Schaefer B.E., Ringwald F.A., 1995, ApJ 447, L45
of 9 x 10° K, we constrain the WD to be very masswéchmeer P., Waagen E., Shaw L., et al., 1999, IAU Circ. No. 7113

(> 1.2 M) and consistent to be close to the CH limit. — ggyiqchi K., Feast M.W., Whitelock P.A., et al., 1988, MNRAS 234,
Besides the SSS emission we observe an additional optically g1

thin component. We explain this hard component as emissi®gkiguchi K., 1995, Ap&SS 230, 75

from a strong shocked wind from the WD with amass loss rategfarrfield S., Sparks W.M., Shaviv G., 1988, ApJ 325, L35

M = (2.4-6.9) x 1078 M, yr~! (d/kpc). Such a component Warner B., 1995, Cataclysmic Variables, Cambridge University press
is consistent with the theoretical predictions for a WD with W?Iki’:r']:‘é‘g-g-' ;'F‘)’;?k'\élw TICI”"’E‘ Ejl-;’;-r']ggos’\/'-'egglsq Sﬁapl‘] iﬁ’265513 01
mass just below the CH mass (Hachisu et al. 1999). Accordifid o100t " [vio M., Truran J.W,, et al., 1096, ApJ 466, 890

to their calculations U Sco emerged fro_m an optically thick win vitter T., Munari U., 1999, IAU Circ. No. 7118

phase when the BeppoSAX observation was performed and it
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