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ABSTRACT

The X-ray flux of Nova V2491 Cyg reached a maximum some fortyscifter optical maximum. The X-ray spectrum at that time,
obtained with the RGS of XMM-Newton, shows deep, blue-ghithbsorption by ions of a wide range of ionization. We shatttine
deep absorption lines of the X-ray spectrum at maximum, amelaays later, are well described by the following phenoohegical
model with emission from a central blackbody and from a shally ionized plasma (CIE). The blackbody spectrum (BB)
absorbed by three main highly-ionized expanding shelks;GH and BB are absorbed by cold circumstellar and intdéastalatter
that includes dust. The outflow density does not decreasetooigally with distance. The abundances of the shellsatdithat they
were ejected from an O-Ne white dwarf. We show that the \iariaton time scales of hours in the X-ray spectrum are cauged b
a combination of variation in the central source and in tHaroo density of the ionized shells. Our phenomenologicatiehgives

the best description so far of the supersoft X-ray spectriinoea V2491 Cyg, but underpredicts, by a large factor, thicapand
ultraviolet flux. The X-ray part of the spectrum must origmd&rom a very difterent layer in the expanding envelope, presumably
much closer to the white dwarf than the layers responsibi¢hi® opticaglultraviolet spectrum. This is confirmed by absence of any
correlation between the X-ray and ybptical observed fluxes.

Key words. stars: individual: V2491 Cyg — Novae — X-ray binaries — chtsmic variables — Interstellar Medium — chemical abun-
dances — interstellar dust — X-ray spectroscopy

1. Introduction dicated highly super-Eddington luminosities for the ROSAT
o ) sources. Heise etal. (1994) showed that the fit of local tberm
The sensitivity to soft X-rays of the EXOSAT satellite erebl gynamic equilibrium (LTE) model atmospheres to the ROSAT
the first discovery of X-rays from a classical nova, GQ Mugjata brought their bolometric luminosity below the Eddomt
in Apr|I_1984 (Oegelman etal. 198_4). The ROSAT satellite qQ-rmiL for temperatures< 60eV. For temperatures 100eV,
tected it almost eight years later, in Feb 1992, and found it[fartmann & Heise[(1997) showed that théfeliences between
have a very soft blackbody-like spectrum witier ~ 28€V  polometric luminosities for ROSAT supersoft sources dtiv
(Oegelman et al. 1993). ROSAT observatlt_)ns of other novaefigm blackbody, LTE and NLTE models are much smaller, the
our ga[axy showed that only a small fract!on of novae are dgrain diference being that NLTE models may give apprecia-
tected in X-rays.(Oegelman et/al. 1993; Orio €t al. 2001).  pje flux above 0.4keV (i.e. in the ‘hard’ ROSAT band). A new
The spectrum of GQ Mus is very soft, comparable to tHevel of sophistication is reached by Petz etlal. (2005) who fi
spectra of a new class of supersoft X-ray sources (SSS)wiscNLTE model spectra of expanding atmospheres, thus taktog in
ered with ROSAT in the Large Magellanic Cloud, with temperaaccount the outflow inherent in the nova phenomenon. Even
tures< 100 eV in blackbody fits to their spectia (Trimper et athe most sophisticated model fails to fit the observed centin
1991; Greiner et al. 1991). The favored explanation for the Xjum of the nova V4743 Sgr at < 30A, and also does not
ray spectra of the supersoft sources, as for GQ Mus, is hgdrognatch the depth of the absorption lines (Fig. 3 of Petzlet al.
burning at the surface of a white dwarf, of material accréteah  [2005%; Rauch & WernEr 20 10). With regard to the X-ray spec-
a companion star. The class of supersoft X-ray sources shayésof V2491 Cyg, the best published atmosphere model does
a large variety, some sources being permanent and others tigpt reproduce the observed line velocities and does nob+epr
sient, and with dierent types of companion stars (see review Ryuice the observed line depths, as clearly visible in Fig. fl1 o
Kahabka & van den Heuvel 1997). Observation campaigns Willess et al. (2011), for example in thevi 1s-2p line at 24.8 A.
ROSAT, XMM-Newton and Chandra in M31 show that mosjtmosphere models so far also fail to reproduce the widegang
of the supersoft sources are classical novae (Pietsch28@6,; of jonization levels simultaneously present in the obseéspeec-
Henze et al. 2010). Recently, Henze etlal. (2011) arguedthat t5- ¢ g. O to Ovm in V2491 Cyg (see Fig&lH4 below).
the high fraction of novae without detected SSS emissiorhimig
be explained by the incomplete coverage. What is the reason for this failure? If there are shocks in the
The model fits of the supersoft X-ray spectra have irexpanding nova envelope, the assumption of a standard atmo-
creased in sophistication over the years. Black body fits isphere that density decreases monotonically outwardakére
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down. The rapid X-ray variability observed in some novae innitial plateau; SpectrumA.2 during the minimum flux; and
dicates that the expanding envelope/andhe luminosity from Spectrum A.3 during the final high-flux plateau, (see Fig. 3 of
the deeper layers are not stationary/andhot spherically sym- INess et al. 2011). The second observation started on dag,49.6
metric, invalidating another assumption in atmosphereetsood and showed a countrate which varied only mildly around Bcts
In this paper we therefore investigate a pilot model of aeathduring the 31700s observation. All data from this obseovati
different nature, in which separate expanding shells absorb #ne collected in the fourth spectrum, Spectrum B.
spectrum of an underlying central source. In this first stuy We analyze the 7-38 A (1.77-0.33keV) first order spectra of
describe the central source as a blackbody spectrum. Wg appe RGS detector, using SPEX version 2.02/03 (Kaastré et al.
our simple model to the XMM-Newton RGS spectra obtainet9g).
from the nova V2491 Cyg to investigate whether this model \We show the four spectra derived from the XMM-Newton
gives a better description of the continuum and line absmmpt RGS observations in Figsl[1-4 (see also Figs. 6,7 of Ness et al
whether the short-term variability is due to changes in these  2011). The most prominent features are the neutral oxygen ab
orinthe abs_orptlon; and Whet_herthe mOdel. allows detertitina Sorption edge near 23A with the Corresponding 1S_2p absorp_
of trl]\leoi:/ge\r/nzlzzlla%];gdz\i/\s];:sdligér(;?/eer)é%agglrjgperirl]vfcl)op%% a:liion line at 23.5A. The neutral nitrogen 1s-2p absorptio li
V = 7.7 (Nakano et al. 2008). The optical flux declined fronghe;;roile'ze'i |:C?;52esaere1n7, ?gt;?]g qu;;a)l&lgor‘za\f‘vgali el\(ljeg:sset al
this peak in the course of the following months, interruptgd (2011) idenﬁf 15-3p and '13_4 Iines. of\® near thesé wave- :
a brief second maximum at the end of April. Ultraviolet and X naths Indegd abs?or tion Iings from@ Ovin are detected
ray fluxes of the V2491 Cyg were obtained with the Swift satefl 9 h'ﬁ d 'th, Qct i o VI are def ,
lite: the ultraviolet flux declined in tandem with the optiflax . ueshifted with respect to the rest frame wavelength, gtam
(measured through May and June), whereas the X-ray lumind!ude Ovi near 19 A, Omat21.5A, and Nuat 24.5A. The
ueshift indicates that the absorbing matter is expanding

ity rose from a marginal detection on April 11 to a peak mo X e L9
than a thousand times brighter some 40 days later (Page et} Wide range of ionization levels indicates that severphe-

20104). Lightcurves of optical, ultraviolet and X-ray ahewn SIOn shells are involved.
in Fig. 4 of Page et al[ (2010a). In the Swift X-ray range (8.3- Lines of highly ionized neon and oxygen are also detected at
keV) the spectrum peaks strongly near 0.4-0.5 keV during tHe rest frame wavelengths; examples arexiie 12.1A, Nax
X-ray maximum and has a flatter (i.e. harder) energy distribat 13.4 A, Ovmat19.0A, and Gu at 21.6 A. A strong feature is
tion before and after X-ray maximum (see Fig. 3 of Page et allso seen near 29.3 A, close to the forbidden khe at 29.5A.
20104).

From a relation between maximum magnitude of novae and .
their rate of decline, a distance of 10.5 kpc has been estifat  3- The basic model

V2491 Cyg by Helton et all (2008). The optical flux was alreadys 5 first attempt to describe the spectrmwe use a multi-

declining during the first measurements, and therefored@B o mponent model which may be written symbolically as
flux maximum may have been higher than the flux of the first

measurement: this would imply a smaller distance.

The interstellar reddening(B — V) = 0.43 has been es- F, =[
timated from the ratio of the O | lines at 0.84 and 1.13 mi-
cron (Rudy et al. 2008), and may be converted to a hydrogen
columnNy = 2.4 x 10°°m? using the relation determined by

Predehl & Schmitt (1995). _ _— the blackbody flus , gs(R, Te) characterized by the radius
The X-ray spectra described in this paper were obtained with R 444 afective températur@eﬁ

XMM-Newton just before the X-ray maximum, and some nine_ tyee photo-ionized absorbegNi o, &, Vi, i, (A/O);), each
days later, when the X-ray flux had declined by an order of mag- characterized by the column density for oxygdrp, ion-
nitude. i , . ization parametes;, outflow velocityv;, velocity width o,

Our paper is structured as follows. In Section2 we describe 54 the abundances of various elements with respect to oxy-
the XMM-Newton data and provide a brief description of the gen (A/O);. The number of absorbers is in principle free: we
four spectra that we will analyze. In Section 3 we describa-ab 344 absorbers until the fit does not significantly improve any

sic model a}nd apply it to the spectra. In _Section4 we discuss more (as indicated by they?; see TablglL). In this case, this
several variant models and their applications. In Sectiore5 leads to at least three absorbers.

discuss our model fits and in Section 6 we summarize our con- the  flux from a collisionally ionized plasma
clusions and outline prospects for improvements to the fisode £ (EM, T, oc, (Ane)c, (Mg/Ne)c),  characterized by
the emission measure EM fnenxdv, the temperaturé,

2. Data and brief description of the spectra the turbulent velocityrc, the neon abundancéye)c, and

) o ] ] the abundance ratio of magnesium to nekbig(Ne)c,
The data discussed in this paper were obtained during tWerobs _ the  absorption by interstellar or circumstellar gas

vations with XMM-Newton, as described lin Ness etal. (2011). Xg(Nu, Tg, Ag), characterized by the hydrogen column
The first observation started at day 39.86, measured from the N, the temperatureTy, and the abundances for each
initial optical discovery on 2008 April 10.73 UT, and lasted elementAy, and

39280s. During this first observation the RGS countrateedari _ the absorption by interstellar du§(Nq.0), characterized by
strongly: from about 15 cfs during the first 7500 it dropped  the column of the oxygen in the dus o.

to a minimum near 3 cts lasting some 6000s, and then rose '

to a maximum of about 18 gtsfor the final 16000s of the ob-  To correctly describe the interstellar absorptiwith high
servation. We follow Ness etlal. (2011) in defining three spespectral resolution, we use the SPEX mdut#| putting its tem-
tra for this first observation, Spectrum A.1 obtained duting peratureTy at a low value (near 1 eV), suitable for the (nearly)

3
Fies [ [ X+ Fl,c] X+ Xg (1)

i=1

The components in this model and their parameters are
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abundances. In principle, once we have determined the abun-
dances of the highly ionized absorbers from our spectrahfit,
computation of the ionization structure should be iterdtad
these new abundances. In this pilot study, however, we hatve n
performed this iteration.

To limit the number of free parameters, we limit the num-

107°
10-10

lo-ll

T e ber of independent abundances in the basic model as follows.
g 10 ;S L ,
- The fluxF, ¢ of collisionally ionized plasma dominates only at
— 1078 wavelengthsl < 15 A in the spectra of V2491 Cyg and at these
: wavelengths only magnesium and neon contribute to the emis-
10-1 sion. We determine the Mg and Ne abundances from this part of
the spectrum, and assume that the abundances thus detgrmine
10° for the collisionally ionized plasma are also valid for ttighty
ionized absorber¥;. Conversely, we determine the column of
1076 e . . . O, and the number ratios of C, N, Si, S, Ar, Ca, Fe with respect
1 10 100 . 1000 10000 to oxygen from the absorption lines of the highly ionized ab-
Wavelength [ A] sorbersX;, assuming that these ratios are the same for all three

jghly ionized absorbing shells. We then assume that thesrat

%und for the highly ionized absorbing shells also applyhe t
llisionally ionized plasma.

The reason for listing abundances with respect to oxygen is

that these are much better constrained by the observedsmpect

than abundances with respect to hydrogen, because hydrogen

neutral component of the ISM. This model describes th_e {rar?ﬁglz S(_:(?I.thg?Ougazgoﬁ;lgr;(grea:]yosi:eﬁgt{]lé;nni\s/; S?%#g%;gﬁﬁeele

mission through a layer of coII|S|_onaIIy lonized plasma. ke sPectraI normalization but not the shape in the RGS spectra.
abundances of the ISM normalized on proto-solar valueg hé

and in the following, when we refer to proto-solar values \wse u

those given by Lodders & Palime (2009). 3.1. Application to SpectrumA.3
Th iled f fthe FelL 17.2-17.7A _ , . :

OK ede (le;aelaerdzg r7rr-12% ; Ae m?i E;?;:tzzat; the resenigdoﬁ‘we apply the basic model first to the spectrum with the highest

these glements in. molécules i)rq dust (Pae?lels t=tpal 2008 jgnal-to-noise, SpectrumA.3. In order to allow the usecbf

absorptionXy by such molecules is described in SIDEX weithol " statistics, we bin the RGS data in bins of abg3tdf the spectral

(Pinto et all 2010). In the spectra of V2491 Cyg, the irondeat resolution 0f~0.065A of the first order RGS spectrum. To ensure

is weak, and thus we only constrain oxygen compounds in tfaninimum of 10 countsin we in addition rebin the raw data at
interstel’lar dust the shortest wavelengths. This leads to rebinning by factor

A highly ionized absorbeX; is modeled in SPEX with the ©and 2inthe ranges.7-11A,.1;—15 A, and 1_5'38'_&’ respectively
xabs model, which gives the transmission of a slab of photo- In afirststep we fit a preliminary model, in which we ignore
ionized material. Before this model is applied, one must corff!® highly ionized absorption shell§ and the dust absorption
pute the ionization levels, and for this we use version QD8f0 IN€S X4, This provides us with initial estimates for the black-
Cloudy (for a description of an earlier version, 5ee Feriaal. 00dy and collisionally ionized plasma, which we then enter a
1998). Cloudy computes the ionization balance of a gas for thtarting values in the full model fitting. The value that weide
ionization parametef = L/(nr?), a measure of the number of/Or the temperature of the collisionally ionized plasma esed-
photons per particle (for a light source with luminosityt dis- mined mostly from the spectrum at< 15 A, and more specif-
tancer of the gas with number density), and a given spec- ically from the ratio between the Ne and Nex 1s-2p lines in
tral energy distribution (SED). The form of the energy distr this region. For this reason we fix the plasma temperatuire
tion is important, because a soft irradiating spectrumdeaaca  the full model fitting at the value found from the prelimindity
different ionization equilibrium than a hard irradiating spewct The resulting values of the parameters for the full model are
with the same luminosity. The energy distribution thatwefes listed in Tabléll, and the resulting model spectrum is shown i
V2491 Cyg is shown in Figl5. It has been computed through &lig.[3.
the available archival data from IR to X-ray energies: IRflsix ~ The radius of the blackbody emitter, 17 600km, is sev-
from [Naik et al. |(2009), optical fromn_Hachisu & Kato (2009)geral times the radius of a white dwarf (which decreases from
UV and soft X-ray fromNess et al. (2011), and hard X-ray frons9000 km for a 0.8, white dwarf to~3000km at 1.3; see
Page et dl.. (2010b). We have taken their fluxes and modelsEq.(27) ol Nauenberg (1972), and Provencal et al. (2002)s T
each wavelength band and corrected for the Galactic ietst implies that the photospheric surface lies in the expantdipg
extinction by assuming By = 2.5 x 10?°°m~2, which represents ers. With the temperature of4x 10°K, the blackbody has a
an average between our fits and those found in the literatubelometric luminosityLgg = 8.5 x 10°2W.

The total luminosity of this SED is.15 x 10*3*W, of which To describe the high-ionization absorption lines, we regjui
the X-rays, roughly described as a black body with the terthree distinctX; components. An outflow with constant veloc-
perature of 110eV (blue dash-dotted line in Eig.5), contés ity and constant mass fluM, hasnr? o« M/v and therefore is
6.23x 103 W. constant with radius. If the velocity increases with ragdassin a

The abundances of the highly ionized absorber obviougipmologous expansion, we expé&to increase with radius. This
also are important for the calculation of the ionizatiometure. agrees with our finding that the shell with the highest iotiira
In the computation of the ionization levels we use prot@asolparametet; has the highest velocity. However, our finding that

Fig. 5. The unabsorbed SED used for V2491 Cyg (solid line al
data points). We also show the unabsorbed blackbody emiss|
(blue dashed-dotted line) and the observed absorbed flte@s (:
dotted line).
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the shell with the intermediate velocity has the longss puz- 3.2. Application to Spectra A.1, A.2 and B

zling. We think that this result may be due to systematicrsrro

in the velocities of weak shells 2 and 3, caused by tfigcdity In fitting the other X-ray spectra of V2491 Cyg, which have

in separating the velocity dispersion and shift in the apon rather lower signal to noise, we fix the velocity dispersidn o

lines of these relatively weak shells (see also $ect]3.1.2)  the collisionally ionized plasma, as well as the (relatiabyin-

dances of this plasma, of the highly ionized absorbgrand of

The lines of Gv1, Arxvi and Sxv are weak relative to the the cold absorption componeXj to the values determined for

oxygen lines, and this results in number ratig©CAr/O and Spectrum A.3. The resulting values of the other parameters a

SO much lower than solar. For Ca we can only give an uppesllected in TablEl1, and the spectral fits are shown in Fi8. 1

limit to the C&O ratio. We estimate the hydrogen column bwnd3, respectively.

assuming a proto-solar/B ratio. The blackbody radius of SpectrumA.1 is similar to that of
The relative strengths of the\@y plus Fa L edge at 17.2- Spectrum A.3, but the temperature is lower by a quarter, and a

) o a result the bolometric luminosity is lower by 50%; withireth
r1a7tig '?‘O\?Vrgrj :Egnogggjsfggﬁ r-?ﬁig tszuzg'; ezsféztéa:tnggar\rt]ij ?a('a: 9 GS band the blackbody flux is lower by 60%. For the collision-
pleted by dust. Indeed, we prefer to describe the broad pbsog y ionized plasma, the temperature is the same in the spect

: i . i pectrumA.1 as in Spectrum A.3, but the emission measude, an
tion feature at 22.7-23.3A with a dusty-molecule compor#nt o oo a1c " ihe luminosity, is lower by 45% in the former.
silicates plus a gaseous component af, With about 10% of

! As regards the highly ionized absorption shells, all patanse
the total oxygen in each of these two components. The alter%?e similar in the SpectraA.1 and A.3, with the exceptiorhef t
tive explanation with low-ionization @-1v in gaseous form only ) "

. " . : . S column of the shell with the highest ionization, 1.5 timeg-bi
is less appealing as it requires a very high velocity dispars ger in A.1, and the column of the shell with the middle ioniza-

tion, which in Spectrum A.1 was 0.5 times that of A.3. Finally
o the columns of the cold absorbeXg and Xy both are markedly
3.1.1. Deviations higher, by factors 1.3 and 1.2 respectively, in Spectrumwétth
respect to A.3.

There are some features that limit the quality of the fit. Most The blackbody radius of Spectrum A.2 is only 10000 km,
of them show broad emission-like features and are much meyied thus closer to the white dwarf surface. One might expect
relevant in the low continuum spectra. Indeed, in the higk flia higher temperature there, but the observation shows a lowe
spectra these features are well hidden by both strong eantin temperature, ten percent lower even than the low temperatur
and absorption lines. The strongest lines are at 18.4A,49.00f SpectrumA.1. The luminosity of the blackbody accordjng!
19.2A,21.5A, 21.9A, 26.5A, 27.5A and 29.35A. Most of thés just 10% in Spectrum A.2 of that in SpectrumA.1. The emis-
emission lines are blue-shifted less than the absorptiendf sion measure of the collisionally ionized plasmain Speuntfu2

the same transition, thus the emission should originate fao is intermediate between those before in SpectrumA.1 ard aft
broader region of the shell. This would explain the whole linin Spectrum A.3, at unchanged temperature. The ionizaten p
shape similar to a P Cygni profile. There are also a few absorpmeter of all three high-ionization absorption shellsaér

tion lines not reproduced by the model at 19.8A, 25.8 A, 29.1i& Spectrum A.2. The column of the shell with the highest
and 29.7A, which have already been reported by Ness etignization has increased by a factor of almost three between
(2011) as unidentified lines. These lines could represepan SPectrumA.1 and SpectrumA.2; in contrast the columns of the
ditional slower (2000 km s?) expanding layer as their pro-O0ther two shells have plunged. The column of the cold absorb-
jected wavelengths are consistent witlv GCaxm, Arxm and iNg gas is the same in Spectrum A.2 and SpectrumA.1, but the
Fexvi/Al x1 transitions. However, as mentioned above, these gilumn of the dust much higher in Spectrum A.2.

sorption lines are so much weaker than the strong oneshthatt The large changes in the spectral components well within the
inclusion of an additional layer does not provide a significaeleven hours of the first XMM-Newton observation are stigkin
improvement to the fit. we will investigate these some more in Sects. 4[@nd 5.

Almost ten days later, during the second observation of
V2491 Cyg with XMM-Newton, the radius of the blackbody

3.1.2. Systematic errors component has shrunk to 1900 km. This remarkably low value
would imply that only part of the surface of the white dwarf

In Table[1, only the relatively small statistical parameggors has this high temperature; or alternatively that the whteud

are given which are likely much smaller than the combined st§ more massive than 1\.. The Iummosﬂg/ of the blackbody
tistical plus systematic uncertainties. The statisticedrs are a component has declined tas = 3.8 x 10°°W. The emission
proxy for the quality data, while systematic uncertaintiesthe Measure of the collisionally ionized plasma has decredsed,
main limitation for the accuracy of our results. A few paramfiS temperature hasgmcreased, and as a result its lumynusit
eters are highly model-dependent or have a degenerate. valgiécie = 1.45x 10°°W, to a large extent within the RGS band
Both the velocity dispersion and the blue-shift of the stegit  (Se€ TablBIL).

ers have this problem. The complexity of the absorptionsline The ionization levels of the three highly ionized absorbers
plus the presence of weak emission lines complicate the imodsave dropped, as have the columns of shells 2 and 3, between
ing as the dferent components could mix with each other. ThiSpectraA.1 or A.3 and Spectrum B; the column of the highest
can happen to the components that refer to the weak unresolignization shell, shell 1, has increased. The column of thid ¢
emission lines (layer 2 and 3). Thus, the conclusion fifedént gas absorber has dropped by some 10%, but the column of the
expansion velocities in two low-ionization layers is lesstain  dust component has increased by a factor 1.7. In general, the
than, e.g., the fact that the highest-ionization layer haigher relative changes of the parameters of Spectrum B with réspec
velocity shift and broadening. to those of Spectra A.1 and A.3 are similar qualitativelyjdt



Table 1.RGS best fit parameters to the four observations (see als@,Eg3, andi).
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[ Component | Parameter | Al | A2 | A3 | B |
R (10" m) 21x02 10+01 176+ 003 0.19+ 0.05
Blackbody KTes (eV) 911 81x1 121+ 2 95+ 1
Lras (10%2 W) 2.20 0.23 5.70 0.03
LeoL (1072 W) 4.39 0.57 8.49 0.04
nenH V (10 m3) 5607 71+07 96+04 52x04
KT (keV) @ 0.39+ 0.05 0.39+0.05 0.37+0.05 0.71+0.05
Lras (1072 W) 0.79 1.05 1.40 0.94
CIE LgoL (108 W) 1.24 1.65 2.24 1.45
oc (kms?) = 3000 = 3000 3000+ 300 = 3000
Mg/ Ne =12 =12 12+02 =12
Ax? | dof 85/2 136/2 7094 255/2
C/O =013 =013 0.13+0.01 =013
N/O =241 =241 2.41+0.01 =241
Abundances Si/0 =0.015 =0.015 0.015+ 0.005 =0.015
in the shell S/0 =011 =011 0.11+0.01 =011
Ar/O =0.20 =020 0.20+0.01 =020
Ca/O® =001 =0.01 <001 =0.01
Fe/ O =047 =047 0.47+0.01 =047
H Col. A m?) 0.73%0.02 213+ 0.01 0.48+ 0.01 122+ 007
O Col. (165 m2) 0.44+0.01 1.29+0.01 0.29+0.01 0.74+0.04
Layer 1 Log £ (102 Wm) > 5.0 4.25+0.02 > 49 4.38+0.06
oy (kms?) 1230+ 20 225+ 35 1470+ 10 55+ 20
v (km st -3730+ 30 -3360+ 70 -3620+ 20 -4560+ 130
Ax? / dof 526/4 6094 408311 449/4
H Col. A m?) 20+02 0.1+0.05 415+ 0.02 0.013+ 0.002
O Col. (165 m2) 1.2+01 0.06+0.03 2.51+0.01 0.008+ 0.001
Layer 2 Log & (10° Wm) 361+0.01 2.50+ 0.05 3.76+0.01 2.18+0.03
oy (kms?) 10+5 10+5 20+5 160+ 10
v (km s1) 2790+ 20 -3260+ 20 -2810+ 10 -3080+ 40
Ax? | dof 526/4 62/4 2957/11 3734
H Col. (1G° m?) 81x02 05+0.1 81+02 26+02
O Col. (162 m2) 49+01 0.30+ 0.06 49+01 1.6+01
Layer 3 Log & (100 Wm) 140+ 0.05 <001 1.36+0.01 1.18+ 0.05
oy (kms?) 235+ 10 70+ 20 200+ 10 180+ 20
v (km s1) —3400+ 30 > —3040 -3340+ 20 -3300+ 50
Ax? | dof 448/4 25/4 781/11 399/4
Col. 105 m?) 2.85+0.01 2.81+0.01 2.24+0.01 1.97+ 002
Cold gas KT (eV) 113+ 001 1.21+ 001 1.04+0.01 0.99+ 0.02
N/H =214 =214 2.14+0.02 =214
O/H =271 =271 2.71+0.01 =271
Fe/H =119 =119 119+ 0.03 =119
Dust O1 (I m?) 38+01 63+01 32+01 53+02
Ax? | dof 497/1 356/1 1300/1 948/1
[ Statistics [ X7/ dof | 35391474 | 39801474 | 103801462 [ 33901474 |

@ The CIE temperature is kept frozen to the value estimateld avibcal fit to the 7Z- 15 A spectral rangé® We can only provide upper-limit for
Ca relative abundanc&) All the errors shown are statistical, systematieets are not considered here (for further information set{S#.2).

quantitatively, as the changes of the spectrum with the $owet.1. The hot absorption shells and the bolometric luminosity
countrate during the first observation, i.e. Spectrum A.2.
In the basic model the hot ionized absorber consists of three
shells, all with the same abundances, but with distinctziation
parameters;.

As an alternative we have fitted a continuous absorption
measure distribution (AMD), using the SPEX moderm to
Spectrum A.3 (see Tablé 2 and Hig. 6). We find that an initially
continuous distribution in the course of the fitting procesitol-
lapses to discrete components, compatible with the findafigs
To test the robustness of some of the results from the bagiie mour basic model. The model confirms the presence of at least tw
els, we have fitted some variant models. The topics that wie widiscrete ionization ranges with discrete velocities, espnted
to investigate in particular are the nature of the hot abigmip by log ¢ = 3.50 - 3.75 and logé > 4.75, which are consistent
shells and the cause of the changes during the first obsmmvati with what we have found with separatabscomponents (see

4. Variant models
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Table 2. Absorption measure distribution. Table 3.Radii and luminosities of the central blackbody emitter.
fb fabc fb fabc fb fabc R (km) Lgg (10’30 W) Te (ev)
050 <2x102 250 Q11+001 450 <6x10° basic noH noH| basic noH noH
075 <5x10% 275 <1x10% 475 <01 no He no He
1.00 <5x10* 3.00 <2x102 500 =>12 A.1 | 21000 7000 5600 440 47 31 91
125 <1x10°® 325 <4x10® 525 <39 A.2 | 10000 4800 4100 57 13 9 81
150 <1x10' 350 08+02 550 <0.02 A.3 | 17600 3780 2790 849 39.2 21.4 121
1.75 <1x102 375 11+02 B 1900 1500 1300, 3.8 24 2.2 95

200 <1x10'° 4.00 <4x10*

295 <1x10% 425 <1102 The values refer to the fits to the four spectra, for the basidet and

for variant models in which the hydrogen content, or the bgén and

2 f =dNy/d log ¢ _ helium content of the highly ionized absorption shells aets zero.
® ¢ is in units of 109 Wm andNy, in 10° m2 Note that the parameters for the basic model are correcfonfyhighly
¢ The values refer to thearmmodel fits to spectrum A.3. non-symmetric case; in the spherically symmetric case ¢hect val-

ues for the basic model are those listed above for the no H,encelde.

ATt Trrrrrr ot Trrrrrr ot Trrrrrr ot T ]
1 directions. In the presence of hydrogen, the number ofrelest

3 3 in the shell is much higher than in the absence of hydrogeh, an
1 a much higher number of photons is scattered. For a given ob-
1  served number of photons, the slab model with hydrogen leads
3 toamuch higher number of source photons incident on thé shel

than the model without hydrogen.

Whether this implementation of the model is valid in the case
1 of V2491 Cyg is not clear. The rapid variations between gpect
4 A, A.2and A.3 may suggest that spherical symmetry does not
1 apply. If spherical symmetry does apply, however, the numbe
of photons should not be corrected for scattering, i.e. tha-
nosity of the central source will be much lower than foundhwit
the slab model. To investigate the magnitude of tHieat we
consider first a variant model in which we set the hydrogen con
tent of the three shells to zero, but keep the helium. To good
Fig. 6. Absorption measure distribution (see also Table 2).  @Pproximation, the electron scattering of the photons ftben

central source does not depend on energy within the RGS range

and thus the parameters of the fit are nfé@eted, other than that

Table[1). Thewvarm model uses the same velocity for the whol&h€ luminosity of the central source is reduced. In paréicuhe
range of¢, but the observed spectrum shows a relation betwet&inperature of the blackbody is the same as in the basic model
ionization and velocity, and this causes therm model fitto be Thus we compute the luminosity for the blackbody emitter for
decidedly worse than the basic modg/fof= 17300/ 1480). _the modelin which the photon number is not corrected for-elec
We have also fitted Spectrum A.3 with some models in whidhon scattering in the absorption shells by fixing all partersto
we fit the abundances separately for each shell; this does tiw values of the basic model, and then recompute the lufitynos
improve the fits significantly. of the emitter for spectrum A.3. This luminosity, at 3.92%,
While the limited number of absorbers suggests the preseree with it the radius, at 3780 km, are much smaller than in the
of discrete shells with dierent velocities and a non-monotonoubasic model.
¢& distribution, we note that any number of absorbers is ptessib  This reasoning applies equally to a second variant model
and therefore a continuous distribution. The two stronckpé&a where we set the hydrogen and helium content both to zero. For
the absorption measure distribution suggests the presétwe spectrum A.3 the temperature again is the same as in the basic
main absorbers. However, the high velocities mak&adilt to model, but the luminosity and radius drop to 2.1410 and
believe that the shells might be stable throughout the fissttm 2790 km, respectively. Tall¢ 3 lists the variation of theapae-
after the outburst and argue in favor of a continuous distidm.  ters with assumed hydrogen gadhelium content for the slab
The temperatures of the hot absorbing shells imply that hyrodel, or alternatively the variation with increasing spded
drogeniis fully ionized. This means that the hydrogen col@fnn symmetry.
these shells is badly constrained, and for this reason veethe In computing the ionization equilibria with Cloudy we as-
abundances of the various elements with respect to oxygen, Bume that the ultraviolgptical flux is emitted by the central
ing the hydrogen column to the proto-solar hydrogen-togexy source. If instead it is emitted elsewhere, it may not cbaotg
ratio in the basic model. The maifftect of the presence of hy-to the ionization of the shells. For this reason, we haveusalc
drogenis that photons that initially move from the centoalree lated the ionization balance of the shells when the UV flures i
in our direction are scattered into another direction. inftilly the adopted SED were decreased by up to two orders of mag-
spherically symmetric case, these photons are replacetidsy pnitude. The bolometric luminosity decreased by less than 5%
tons moving initially in other directions that are scatteieto while the newly-fitted ionization parameters of the shalssys-
our direction by Thompson scattering. The slab model that wematically lower by 15-25%. The non-monotongusructure
use for the absorbing shell assumes that each photon from diseseen in Fid.16 is still preserved and the other main phlysica
central source that is scattered within the shell does raathre parameters like column densities and abundances are tnisis
the observer, and isot replaced by photons from initially otherwithin the errors. The overall scenario thus is fieeted.

f=dN,/d¢[10% m?

N
LI L L L L L L L

0 i e T e P W

2 3 4 5
log ¢ [107° Wm]

—_
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4.2. The changes between Spectra A.2 and A.3 Table 4.Derived mass loss rates and shell parameters.

The dramatic changes in brightness of the X-ray source durin | layer1 layer 2 layer 3
the first observation with XMM-Newton are explained in the ba
sic model by a drop in the luminosity of the central blackbodym/(f. Qu)(Mo/yr) | 1.3x10° 14x10% 4.1x102

emitter, combined with changes in the column of the ionized a r/(f.srgs) 127 202 2.610

sorption shells. The luminosity drop of the central souscthe  ny x (. 8)2 22x10® 12x10° 18x10"

result of a smaller radius and a lower temperature (see [Bable

In the variant models discussed in the previous sectionyavhd he parameters listed are valid for the standard model fertspm A.3.
the hydrogen and helium contents of the absorption shellseir If the layers are depleted in hydrogen forchelium the actual mass loss
to zero, the drop in luminosity between A.3 and A.2 are mudfte would be lower.

less pronounced, since in these models the lower temperattur
spectrum A.2 is partially fiset by a larger radius (Taklk 3). It is
remarkable thaR in the models with reduced hydrogen and h

symmetry. The observed spectrum gi¥esndv for each shell,

almost independent df. With the parameters of the standard

. ; A . . &hodel fit to spectrum A.3, we obtain the mass loss rates listed

lium contents drops monotonically with time; in the basiod®b i 1ap1e2. Note that these values are valid for one time viader

R Increases petween spectrum A.Z.and spectrum A.3. only — i.e. the time of maximum X-ray flux, and thus may over-
To investigate whether itis possible to ascribe the charge lycimate the outflow-rate averaged over the outburst. Frpf E

tween spectra A.2 and A.3 with a change in the blackbody a, yote in addition that the derived valueld, scales with the

collisionally ionized emitters only, we fitted spectrum ABh |, minosity | of the central source, and thus will be smaller when

the layers are hydrogen- glod helium-poor (see Table 3), and

NAaiso when the layers are spherically symmetric, in whiclecas
and only the parameters for the blackbody and for the coflisi thexabs model overestimates the central luminosity.

a”y ionized plasma are allowed to Change. The reSUltingﬁﬁt | The depths of the absorption lines, combined with the fitted

significantly worse ¥* ~ 5000, as compared to the best basic ftbundances. are converted to the hvdrogen column detysi
x° ~ 4000). They? for this fit is dominated by the bad fit to the nudr ~ f.nuAr whereARIs a typic)alll Ier?gth scale. Our mgcljel
emission between 25-29 A, and around 16 A. implies that this length scale is smaller than the distandae

To investigate whether the lower luminosity may be €Xsentral sourcear = Ar < r, and this may be used to obtain an
plained by increased absorption due to increased columthg o upper limit to the distance

ionized shells only, we fit spectrum A.2 with a model in which
the parameters for the central emitters are fixed to the bésts | /¢ Ny r2 L/&
of the basic model for spectrum A.3, and only the columns argl™™ = ¢ 5 = ' = by (ef<d) (3)
ionization parameters of the shells are allowed to vary. Fest cTH :
fit with this variant model hag? =~ 5500, significantly worse and from this a lower limit to the density
than the basic fit for spectrum A.2.
To investigate whether the lower luminosity may be ex- L &¢(Ny 2
plained by increased absorption due to an increased coldmd's = éﬁ L (fﬁ)
the neutral gas arior an increased column of the dust, we fit
spectrum A.2 with a model in which the columns of the neutr&lote that the definition and computationgifivolves the physi-
gas and of the dust are fitted, but all other parameters autfixe cal density (i.e. not the space-averaged density), anefthrer
the best-fit parameters of the basic model for spectrum A& Tdoes not contain the clumpiness factigr. The mean atomic
gives a bad fit, withy?> ~ 8000. A model in which the central weight . is 1.42 for proto-Solar H-He abundances and 3.58
emitter is only partially absorbed by an increased neuydittr for H-He abundances decreased by two orders of magnitude.
gen column does not fit the spectrum at all, due to the fact thfsother interesting parameter is the time scale at which the
the H | absorption is strongestak 24 A, a part of the spectrum gas in the outflow adjusts its ionization balance. This may be
that remains relatively bright. Thus, we can exclude akismmp calculated from the ionization balance aftdalues of the fits.
by cold clumpy material. Through the SPEX toalec_time we determine the ®@u recom-
Finally, we have checked whether an addition of a radiatif@nation times for layers 1 and 2. They spread between a few
recombination continuum (RRC) to the model of spectrum A #1-He rich slabs) to up-to-ten (H-He poor slabs) secondschvh
improves the fit. The presence of this emission is suggestedBeans that the gas is responding instantaneously to tha- vari
emission features near 16.8 A and 18.4 A. We take into accolfi@fs of the photo-ionizing continuum of the source and that
the recombination of the most relevant ions of carbon, gigro Observed features are linked to the variability of the seurc
and oxygen. The addition of RRC to the model does not lead to
a significant improvement of the fit.

(4)

5. Discussion

From our fits it is clear that the central blackbody emission
varies, during our first observation, rapidly, on a time sazil
Our fits to the spectra imply a mass loss rate: hours. The variations are likely exaggerated by the slabeiod
in full spherical symmetry, and also in the absence of hydro-
M = Q . ¢ (L 4 L oy 9gen and helium in the ionized absorption shells, the chaages
w =\ g | EMH T MY = | ”/‘mHVé: @) sl significant, but much less. Forty days into the nova-out
burst, we may well be looking at shells whose abundances are
whereu is the mean atomic weight in units of the hydrogen masffected by nuclear reactions. Indeed, the abundances that we
my, fc is a factor allowing for clumpiness of the density distriderive for carbon, nitrogen and oxygen indicate that su¢hés
bution (f. < 1), and whereQ2 = 4x in the case of spherical case. This implies that the hydrogen and helium abundarfces o

4.3. Derived mass loss rates and model consistency
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absorption shells are much lower than solar, in comparistinet  flux changes in tandem with the optical flux, and therefore als
elements just mentioned. Even in the absence of spherigal syriginates from the nova envelope. As can be seen froniFig. 5,
metry, therefore, the variation of the central source is [@®- our model fails to predict the correct level of the ultraeiodnd
nounced than implied by our basic model, and probably moredptical fluxes, by several orders of magnitude. This indis#bat
agreement with the numbers found for the models in which tleeir model applies only, if at all, to the X-ray part of the spec
absorption shells contain no hydrogen amdhelium. trum, which must originate from a very ftirent layer in the

The response time required for the ionization equilibritim ¢xpanding envelope, presumably much closer to the whitefdwa
shells to respond to changes in the ionizing continuum isva féhan the layers responsible for the optio#taviolet spectrum.
seconds, which means that the photo-ionization balanckeof f his conclusion is confirmed by the observation that the ek
shells responds almost instantaneously to variationgisdrce changes in the X-ray flux during the first XMM-Newton obser-
flux and that its luminosity might have indeed changed. Thetion are not accompanied by changes in the opticaloand-
mass loss rate in our standard model for spectrum A.3 for tHaviolet fluxes. o _
third shell in particular is rather high compared to the conm  Because the absorption lines from the shells are shifted fro
limits 104 — 10-3M,/yr found for other novae _(Kovetz etlal.the rest wavelengths by the high outflow velocities, and beea
1987;[Kato & Hachist 1989; Smith & Owocki 2006). The dehot atmospheres do not show deep absorption lines even at the
rived mass loss rates for all three layers are lower in theaisodrest wavelengths, the use of a blackbody spectrum as theatent
with reduced hydrogen afmt helium content of the absorbingsource is not as bad as might appear at first sight. As a fitst tes
shells. we have tried a model atmosphere spectrum that replaces the

i ; i _chi i blackbody as the central source. Following Ness et al. (2011

As discussed in Section 4.1, the blue-shifted absorptiwsli )

are caused because photons from the central source moidng . have used the best fitting TMAP model of Rauch & Werner

T P ; P (2010) (007, with logg = 9 andT = 1C°K). This provides an
tially in our direction are scattered into another direatitf the en worse fit with 2 = 15 with three shells. 18 with two shells,

dimension of the shell is large with respect to the size of t o . S
white dwarf, and if the optical depth of the shell in the lings Igéé with just one shell and 59 without any photo-ionized abeor

not too large, this will lead to a P Cygni profile, as we see ph§lstéad of 7 from the BB fif) due to the fact thav@/N v line
tons initially moving in other directions and then scatteieto 10 (the mostimportant in the spectrum) cannot be repredu

our direction in emission, both blue- and red-shifted. Thise PY the atmosphere model. It may be necessary to consider mod-

sion and absorption should have equal strength. In therspect els with diferent abundances and outflows which, however, are
of V2491 Cyg this is clearly not the case. One explanation §&!réntly not available and we therefore refrain from aewyst
that the shell is not large with respect to the white dwarthga  2tC Parameter study of the atmosphere model parameters.

a large fraction of the receding half is occulted. Similaalyigh

optical depth in the shell may cause photons scattered fnem § Conclusions and prospects

receding half of the shell to be reabsorbed before escapiogri _

direction. And finally, a large asymmetry in the shell alsoymaOur spectral analysis of nova V2491 Cyg suggests that the ab-
reduce the strength of the red-shifted emission. sorption by highly-ionized ions is due to non-monotonous-p

Carbon and sulfur are about an order of magnitude less abgiY discrete, ejecta shells withftérent outflow velocities and

dant than nitrogen and oxygen, and elements as siliconnar Qnization levels. Variations on time scales of hours odmath

and calcium are much less abundant. This suggests that itee the luminosity of the cent_ral source, and_ in the iqnizratm{el
dwarf in V2491 Cyg is a O-Ne rather than a C-O white dwarfind columns of the absorption shells. We find that in our suena
The strength of the Nee-x lines as compared to thevai lines  ©f Photo-ionization equilibrium the expanding gas is regfing

supports this conclusion, as do observations in other waggh almqst instantaneously to the variations in the sourceziogi
regions|(Lynch et al. 2008; Helton et al. 2008; Naik et al. @00 continuum. Our upper limits for the mass loss rate of eachi she
Munari et al 2011) ' ' "~ " are in agreement with those estimated for other novae, iediyec

. . if the shells are depleted in hydrogen.

The strongest feature in all X-ray spectra is the rest frame g \ayes derived from the fits for the luminosity and ra-
O1 K-edge around 23.0A, which is well reproduced in the fit§jys of the central source depend on the nature of the models
together with the correspondingiQs-2p absorption line at that are applied, and thus must be considered uncertaiheln t
23.5A. Other features of the cold C$I8M are the Fe L-  spherically symmetric case, however, the radius of therabnt
edge around 17.5A and theiN-2p absorption line at 31.2 A, emitter of X-rays decreases monotonically with time, angsth
both well fitted by our models. Neutral oxygen and nitrogemust be in the increasingly transparent expanding nova-enve
are highly overabundant, whereas iron is slightly overalamt, |ope. The values derived for the abundances in the ionized ab
with respect to solar abundances. This suggests that ptiteof sorption shells do not depend on the details of the modets, an
cold absorption originates in enriched circumstellar evattose - thus may be considered more secure. These abundanceséndica
to V2491 Cyg. The reduction of the column and the decreaggt the white dwarf in V2491 Cyg is an O-Ne white dwarf.
in temperature of the cold absor_ber between spectra A.1 and B mprovements to our pilot models can be made in several
suggests that the CSM column is mostly from the current noygys. First, it would be useful to replace the central blackb
outburst, and still expanding, albeit slowly. Page et &l1(2) emitter with an appropriate white-dwarf atmosphere mode.
suggest that the reduction of the column stops ak2®°m> haye tested a model in which the TMAP model substitutes the
some time after our second observation. This final value thgckbody, but still absorbed by the three shells. Howethés,
corresponds to the interstellar component. If the totat@umn  model provides results even worse than those obtained with o
is equally divided between CSM and ISM, the ISM may havegandard fits with a blackbody continuum. In the future atmo-
near-solar abundance for oxygen, and sub-solar abundencesphere models must take into accourffatient abundances and
iron, implying that iron is depleted by dust. outflows.

The optical flux defines the nova outburst, and thus clearly Second, it will be necessary to iterate between the computa-
must come from the expanding nova envelope; the ultraviok&n of the ionization structure of the ionizing shells fogiaen
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spectral energy distribution, and the computation of thecsp
tral energy distribution and elemental abundances fronfithe
for each of the four observed spectra separately. For this im
provement it is necessary also to determine the distance mor
reliably: a close distance implies a lower luminosity aneréby

a lower ionization parameter of the shells. Finally, it webble
useful to obtain constraints on the hydrogen contents ohtte
ionized absorption shells, perhaps from ultraviolet obesons.
Ultraviolet observations may also help in determining theat
tion of origin of the opticgultraviolet flux.
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