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Abstract

Context. Chandra/HETG observations of the recurrent nova RS Ophiuchi at da9 @Bits 2006 outburst reveal a spectrum covering a large
range in plasma temperature and characterized by asyneraettiblue-shifted emission lines (Nelson et al. 2008; Dedkad. 2008).

Aims. We investigate the origin of asymmetries and broadeninghefamission lines observed wi€handra/HETG. We explore possible
diagnostics of the early blast wave and of the circumstatiadium (CSM) in which the explosion occurred.

Methods. We perform 3-D hydrodynamic simulations of the blast wavarfrthe 2006 outburst, propagating through the inhomogeneou
CSM. The model takes into account the thermal conductiotiu@ting the &ects of heat flux saturation) and the radiative cooling. Fthen
simulations, we synthesize the X-ray emission and derigesfiectra as they would be observed v@ttandra/HETG.

Results. The simulated nova remnant is highly aspherical and the hlage is dficiently collimated by the inhomogeneous CSM. Our model
reproduces the observed X-ray emission in a natural wayeif@BM in which the outburst occurred is characterized by amtnjial density
enhancement. Our “best-fit” model predicts that most of tdyeX-ray emission originates from a small region propaggin the direction
perpendicular to the line-of-sight and localized just behhe interaction front between the blast wave and the egahtensity enhancement.
The model predicts asymmetric and blue-shifted line prefitamarkably similar to those observed. These asymmetredee to substantial
X-ray absorption of red-shifted emission by ejecta materia

Conclusions. The comparison of high quality data 6handra/HETG with detailed hydrodynamic modeling has allowed usrteeil, for the
first time, the details of the structure emitting in the X-tzgnd in early phases of the outburst evolution, contrilgutina better understanding
of the physics of interactions between nova blasts and CSfgdmrrent novae. This may have implications for whetherarRS Ophiuchi is

a Type la SN progenitor system.
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1. Introduction clear runaway of hydrogen-rich material transferred frdra t

companion red giant onto the surface of the white dwarf (e.g.

RS Ophiuchi (RS Oph) is a symbiotic recurrent nova that wepli 1991: Anupama & Mikotajewska 1999; Starrfield et al.
into its latest outburst on 2006 February 12.83 UT (Narurﬁ'boo).

et al. 2006); previous outbursts were recorded in 1898, 1933 The st int tin studving RS Ooh mainly originat
1958, 1967, and 198%see Rosino 1987; Rosino & lijima 1987 € strong interest in studying ph mainly originates
m the fact that recurrent novae are believed to be progen-

and references therein). RS Oph is thought to be a binary s g T | SNe 1a). T iol :
tem, comprising a red giant star that does not fill its Roc rs of Type la supernovae (SNe la). Two possible scenarios

lobe, and a white dwarf of mass near the Chandrasekhar li five been proposed: i) matter from the red giant is accreted b

(Dobrzycka & Kenyon 1994; Shore et al. 1996 Fekel et atpe white dwarf, causing the latter to increase in mass until

2000); the system has a period of 455+ 0.83 days (Fekel reacheg the Chandrasekhar limit and e>§plodes as an SN la; ii)
et al. 2000). Current theory tells us that, in this class ofbi two white glwarf starg merge together, with th.e gomblngd mass
ries, the outbursts occur on the white dwarf due to thermo rlr}pmentarlly exceeding the Chandrasekhar limit, causina S

' a explosion. Which one between this two scenarios is the mos
Send offprint requests to: S. Orlando, plausible is still under debate and studying the nova ostbur

e-mail: orlando@astropa.inaf.it from RS Oph can provide important insights into SNe la.

1 Two possible outbursts were also observed in 1907 (Schaefer During the 2006 outburst an intensive international observ
2004) and 1945 (Oppenheimer & Mattei 1993). ing campaign was organized, incorporating observationg-ra
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ing from radio to X-ray wavelengths, and monitoring the ouis the total gas energy (internal energyand kinetic energy},
burst since the early phases of its evolution. The resuls is the timep = umyny is the mass density, = 1.3 is the mean
cluded the detection of X-ray emission from hot gas, evaviratomic mass (assuming cosmic abundanaeg)js the mass
from a dominant plasma temperaturex010 KeV few days af- of the hydrogen atommy is the hydrogen number density,

ter the eruption (Sokoloski et al. 2006)404 KeV 10 days af- is the electron number density,is the gas velocityT is the

ter optical maximum (Bode et al. 2006; Sokoloski et al. 200@emperatureg is the conductive flux, and(T) represents the
The bright X-ray emission has been suggested to arise frem tadiative losses per unit emission measure (e.g. Raymond &
shock-heated extended outer atmosphere of the red gignt (Emith 1977; Mewe et al. 1985; Kaastra & Mewe 2000). We
Bode & Kahn 1985; Bode et al. 2006; Nelson et al. 2008; Drakse the ideal gas law? = (y — 1)pe, wherey = 5/3 is the

et al. 2008). adiabatic index.

Chandra/HETG observations at day 13.9 revealed a rich To allow for a smooth transition between the classical and
spectrum of emission lines indicative of emitting plasméhwi saturated conduction regime, we followed Dalton & Balbus
temperatures ranging between 3 and 60 MK (Nelson et é1993) and defined the conductive flux as (see also Orlando
2008; Drake et al. 2008). Drake et al. (2008) noted that tieeal. 2005)
lines are too strongly peaked to be explained by a spheyicall
symmetric shock, suggesting a collimation mechanism of the / 1 11\1
X-ray emitting plasma in the direction perpendicular to th@é= (q_ + q_)
line-of-sight. The lines also appear asymmetric and dijight spr Tt
blue-shifted, while the red wings of the line profiles becomge g ; represents the classical conductive flux (Spitzer 1962)
weaker with increasing wavelength. Drake et al. (2008) sug-
gested that the asymmetric nature of the circumstellar umedi 2\312 Y812
(CSM) in which the explosion occurred can be responsible faspi = _5T620(_) _(keT)" ko vT (3)
both the broad range in plasma temperature and the shock col- T mé/ze“z In(A)
limation observed.

Here we investigate the origin of the line asymmetrie¥herekg is the Boltzmann constanty is the electron mass,
broadening and blue-shifts observed withandra/HETG. We is the electron charg€ is the average atomic number, &)
aim at exploring possible diagnostics of the early blastavais the Coulomb logarithmgr and e parameters depend on
and of the inhomogeneous CSM in which the explosion o€ chemical composition, and in a proton-electron plasma:
curred. To this end, we model the expansion of the blast wate= 0.225 ande = 0.419. The saturated flugsa; is (Cowie &
from the 2006 outburst of the recurrent nova RS Oph throudficKee 1977)
the extended outer atmosphere of the companion red giant, us

(2)

ing detailed 3-D hydrodynamic simulations. From the simul@sa:= —sign(VT) 5¢pc§, 4)
tions we synthesize the X-ray emission and derive the spectr
as they would be observed wi€handra/HETG. wherecs is the isothermal sound speed, afiés a number of

In Sect. 2 we describe the hydrodynamic model, the numéiie order of unity. We set = 0.3 according to the values sug-
ical setup, and the synthesis of X-ray emission; in Sect. 3 Wested for a fully ionized cosmic gas2@ < ¢ < 0.35 (Giuliani
discuss the results; and finally in Sect. 4 we draw our conclu984; Borkowski et al. 1989, Fadeyev et al. 2002, and refer-

sions. ences therein).
In order to trace the motion of the material ejected by the
2. Model violent eruption, we consider a passive tracer associafdd w

. . the ejecta. To this end, we add the equation
2.1. Hydrodynamic modeling

The blast wave is modeled by numerically solving the time2Cel +V-Cqu=0 (5)
dependent fluid equations of mass, momentum, and energl

conservation in a 3-D cartesian coordinate system, @), tak-
ing into account the radiative losses from an optically thi
plasma and thermal conduction (including theeets of heat
flux saturation):

the standard set of hydrodynamic equati@hgis the mass
raction of the ejecta inside the computational cell. Trext
material is initialized withCq = 1, whileC¢ = 0 in the ambient
medium. During the shock evolution, the ejecta and the ambi-

9 +V-pu=0, ent medium mix together, leading to regions witki @ < 1.

ot At any timet the density of ejecta material in a fluid cell is

dpu given bypcl = pCa.

ot V-.puu+VP=0, 1) The calculations described in this paper were performed
using rLasH, an adaptive mesh refinement multiphysics code

opE (Fryxell et al. 2000). The hydrodynamic equations are sblve

_+V.(pE+P)u:—V~q—nenHA(T).

ot using therLasa implementation of the piecewice-parabolic

1, method (Colella & Woodward 1984). The code was designed
Here E=¢€+ EIUI , to make dficient use of massively parallel computers using the
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message-passing interface (MPI) for interprocessor comimu

cations. The code has been extended with additional computa

tional modules to handle radiative losses and thermal condu \/
tion (see Orlando et al. 2005 for the details of the impleraent
tion).

As an initial condition, we assume a spherical Sedov-type
blast wave with radius,y = 1/3 AU and with total energy
Epo, originating from the thermonuclear explosion on the white
dwarf. The initial total energy of the explosion is partited
so that 14 of the energy is contained in thermal energy, and
the other 34 in kinetic energy. The initial total mass of the
ejecta isMg;. The blast propagates through the extended outer
atmosphere (the wind) of the companion red giant andfis o
set from the origin of the wind density distribution by 1.5 AU
(i.e. the system orbital separation; Dobrzycka & Kenyon4)99
We follow O’Brien et al. (2006) and assume the gas density in fod gjirit '
the red giant wind proportional to? (wherer is the radial 5 g
distance from the giant) and its temperature 20* K. Note =
that the temperature values of the red giant wind (in synibiot L \
stars), Ty, can range between few 18 up to 1® K closer to X
the red giant (Friedjung et al. 1983). To evaluate tiieats of

T"_" on the results of qur S_'mmat_'ons' V\_/e compared S'mUIat'OE%urel. Sketch of the initial geometry of the RS Oph system. The
with Ty = 4000 K with simulations witily = 20000 K and fjg e shows the quadrant of the spatial domain that is mddele

found that the results do not change. merically. The red giant is at the origin of the coordinatesteyn,

In addition to ther=2 density distribution, we include also(x,y,2) = (0,0,0), and the computational domain extends 60 AU in
an equatorial density enhancement (hereafter EDE) in tihe tle z direction, and 30 AU in both the andy directions; the white
giant wind, as suggested by VLBA radio synchrotron obsetwarf is located on the axis x = y = 0) atz = 1.5 AU. The {/,2)
vations (O’Brien et al. 2006) and by HST observations (Bod¥ane is the equatorial plane and the green structure miagkaduato-
et al. 2007) of the 2006 blast wave, and as predicted by digl density enhancement.
tailed hydrodynamic modeling (Mastrodemos & Morris 1999;

Walder et al. 2008). The mass density distribution of theaunp

white dwarf [

turbed CSM is given by: temperature, and tracer of ejecta. This grid configuratietdg
, an dfective resolution or 0.03 AU at the finest level dur-
p= p—;” + peg € D7 (6) ing the first 3 days of evolution (when the radius of the nova
Fau remnant was< 5 AU) and~ 0.1 AU at later times, corre-

wherep,, = umyny, is the mass density at a distance of 1 Algponding to an equivalent uniform mesh of 1624024x 2048
from the red giantry, is the radial distance from the giant inand 256x 256 x 512 grid points, respectively. The higher spa-
AU, peq = uMuNeq is the density enhancement at the equattial resolution during the first 3 days of evolution is reear
rial plane,h is the hight above the equatorial plane dnis a to describe properly the development of initially smallustr
characteristic length scale. tures dominated by radiative cooling. We use reflecting lleun
In our 3-D simulations, the symmetry of the problem alary conditions aX = Xmin @ndy = ymin (consistent with the
lows us to solve the hydrodynamic equations in one quadradiopted symmetry) and zero-gradient conditions at therothe
of the spatial domain (see Fig. 1). The coordinate systemi-is doundaries.
ented in such a way that both the white dwarf and the red giant We follow the expansion of the blast wave through the red
lie on thez axis. The red giant is at the origin of the coordinatgiant wind for~ 15 days, considering two sets of simulations:
system, X, vy,2) = (0,0,0), and the computational domain exwith or without the EDE. In both cases, we explore a parame-
tends 60 AU in thez direction, and 30 AU in both the andy ter space defined by the initial mass of ejebtg in the range
directions; the white dwarf is arbitrarily located to therthoon  10~7 — 107 M, the initial energy of the explosioBy in the
thezaxis x = y = 0) atz = 1.5 AU (i.e. the system orbital range 16% — 10* erg (namely the published estimates for the
separation; Dobrzycka & Kenyon 1994). ejected mass and energy of the explosion, e.g. Yaron et al.
At the coarsest resolution, the adaptive mesh algorith2005; Sokoloski et al. 2006; O’Brien et al. 2006), and thdipar
used in therLasu code ¢aramesH; MacNeice et al. 2000) uni- cle number density of the red giant wind at 1 Al)in the range
formly covers the 3-D computational domain with a mesh @&x 10" - 2 x 10'° cm™ (e.g. Dobrzycka & Kenyon 1994). In
4 x 4 x 8 blocks, each with Bcells. We allow for 8 nested the set of simulations with the EDE, we gt = 10° cm™
levels of refinement during the first 3 days of evolution an@onsistent with the values found by Walder et al. 2008) and
for 6 levels in the rest of the simulation, with resolution inwe explore the case df = 1 and 2 AU (see Eq. 6). Table 1
creasing twice at each refinement level. The refinement csimmarizes the physical parameters characterizing thael@im
terion adopted (Lohner 1987) follows the changes in dgnsitions.



4 S. Orlando et al.: 3D modeling of the asymmetric blast waesfRS Ophiuchi

Table 1. Initial parameters of the 3-D simulation®s; is the initial  Oph of Dopn = 1.6 kpc, e.g. Bode 1987) and 2) the local ab-
mass of ejecta (in units of solar magddJ]), E; is the initial energy sorption by the shocked CSM (with GS abundances) and by
of the explosionn,, is the particle number density of the red gianthe ejecta (with GS abundance$0) encountered within the
wind at 1 AU, neq is the particle number density enhancement at thgast wave. The ISM, CSM, and ejecta absorption components
equatorial plane, and is the characteristic length scale in Eq. 6. are computed using the absorption cross-sections as adanct
of wavelength from Balucinska-Church & McCammon (1992).

run Mg Eoo M Meg_ L We integrate the absorbed X-ray spectra from the cells in
[Mg] T[erg] [ecm™] [cm™] [AU] . . . .

ND-E43-N7 07 10°  2x10 ) - the whole spatial domain. The resulting X-ray spectrumgfori

ND-E44-N7 108 104 2x10 0 3 inating from the whole blast wave) is then folded through the

ND-E43-N8 167 108 2% 10P 0 . Chandra/HETG instrument response, considering the source at

ND-E44-N8 106 10 2x 108 0 . a distancéDgpn = 1.6 kpc. The exposure time is assumed to be

ND-E43-N10 107 108 2x10Y 0 - texp = 10 ks (the same value of thghandra/HETG observa-

ND-E44-N10 108 10" 2x10% 0 - tions of RS Oph analyzed by Nelson et al. 2008; Drake et al.

YD-E43-N7-L2 107 10® 2x10 10° 2 2008).

YD-E44-N7-L2 10% 10% 2x10 168 2

YD-E43-N8-L2 107 108 2x10° 10° 2

YD-E44-N8-L2 10% 10 2x10° 10° 2 3. Results

YD-E44-N7-L1  10% 10% 2x10 168 1

3.1. Hydrodynamic evolution

In all the models examined, we found the typical evolution
of radiative shocks propagating through an inhomogeneous
medium: the fast expansion of the shock front with tempera-
From the model results, we synthesize the X-ray emissiay ortures of several millions degrees and the development cfeden
inating from the blast wave, applying a methodology analmgoand cold regions dominated by radiative cooling, as the for-
to the one described by Orlando et al. (2006) in the contextwérd and reverse shocks progress through the CSM and ejecta,
the study of supernova remnants (see also Miceli et al. 200@)spectively. As examples, Fig. 2 shows 2-D sections in the
The results of numerical simulations are the evolution of-te (X, 2) plane of the distributions of mass density (on the left)
perature, density, and velocity of the plasma in one quadfanand of temperature (on the right) for the models ND-E44-N7
the whole spatial domain. We reconstruct the 3-D spatialidis (i.e. without the EDE) and YD-E44-N7-L2 (with the EDE) at
bution of these physical quantities in the whole spatial dimyn day 13.9.

and we rotate the system about t#eis in such a way thatthe  The radiative cooling is veryfiective in the inner portion
inclination of the binary orbit to the line-of-sight (Lo B®, of the remnant (dark regions in left panels of Fig. 2) made up
according to the values estimated from radial velocity obsenostly of ejecta material. Hot post-shock regions are domi-
vations before the 2006 outburst (Dobrzycka & Kenyon 1994)ated by thermal conduction that contrasts the radiatioéng
Both the red giant and the white dwarf lie on thexis, and and suppresses hydrodynamic instabilities that would ldpve
such a configuration assumes that the 2006 explosion octumering the evolution of the blast wave (see Orlando et al5200

at quadrature, in agreement with the system ephemeris @l Fek patrticular, the thermal conduction suppresses the Rgye

et al. (2000) (see also O’'Brien et al. 2006). Taylor instabilities that would develop at the contact disti-

The emission measure in theth domain cell is emn = nuity and that would drive the mixing of ejecta material with
nﬁ.\/,- (wherena. is the hydrogen number density in the cellthe shocked CSM. In our simulations, the mass mixing mainly
V; is the cell volume, and we assume fully ionized plasmajomes from ejecta evaporation driven by thermal conduction
From the values of emission measure and temperature in thther than from hydrodynamic ablation (see Orlando et al.
cell, we synthesize the corresponding X-ray spectrum,gusiB005, 2008). Fig. 2 also shows the distribution of ejectdinit
the Astrophysical Plasma Emission Code (APEC; Smith et #ie blast wave: regions whose content is made up of original
2001) of hot collisionally ionized plasma. We assume solajecta material by more than 90% (dashed contours in the fig-
metal abundances of Grevesse & Sauval (1998) (hereafter @8)) are mostly dense, cold and dominated by radiative cool-
for the CSM and abundances enhanced<ttp for the ejecta ing, whereas regions made up of a mixture of ejecta and CSM
material (as suggested Bhandra/HETG observations; Drake are hot and dominated by thermal conduction (see right ganel
et al. 2008). The spectral synthesis takes into accounhtre t of Fig. 2). In all the cases, we found aspherical shock mor-
mal broadening of emission lines and the Doppler shift afdin phologies, with the blast wave propagating through inhomo-
due to the component of plasma velocity along the LoS. geneous circumstellar gas distribution and being paytia}

The X-ray spectrum from each cell is filtered through thiracted around the red giant star.
absorption column density relative to the position of th# ce In models without EDE, the aspherical morphology is due
in the spatial domain. The absorption consists of two corte the fact that the origin of the blast wave if-set from the
ponents: 1) the photoelectric absorption by the ISM, assuorigin of the wind density distribution by 1.5 AU. Thisffe
ing a column densitNy = 2.4 x 10 cm™2 (according to set is very &ective in collimating the blast wave and ejecta.
the value determined from HI 21 cm measuraments, e.g. Dge shock front initially propagating away (toward) frometh
Hjellming et al. 1986, and consistent with a distance to R8d giant goes through the? (r?) density gradient and, as a

2.2. Synthesis of the X-ray emission
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Figure2. 2-D sections in thex, z) plane of the mass density distribution, in log scale, (@l#ft) and of the temperature (on the right) in the
simulations ND-E44-N7 (upper panels) and YD-E44-N7-L2v@o panels) at day 13.9. The EDE lies in tlyez] plane. The contours enclose
zones whose content is made up of original ejecta materieddng than 10% (dotted) and 90% (dashed).

consequence, its propagation velocity and temperatut@igine wind) and converging on the side away from the red giant (see

(small): the blast wave appears elongated in the directicaya lower panels of Fig. 2). In this case, the hottest X-ray engtt

from the red giant and the hottest plasma component emittipigsma component lies in the two poles to the side away from

in the X-ray band lies to the side away from the red giant (séee red giant (see lower right panel of Fig. 2). A movie show-

upper panels of Fig. 2). The shock front propagating towlaed ting the evolution of 3D spatial distribution of mass density

red giant is strongly reflected by the high density medium athay scale, for the model YD-E44-N7-L2 is provided as on-line

the resulting reflected shock contributes to sweep out #etaj material: the point of view is along theaxis during the whole

material away from the red giant (and from the white dwarf).evolution, than it first rotates about tlkexis and finally about
thez axis up to an inclination of the binary orbit of 3§.e. the

In models including the EDE, the aspherical shock movalue estimated before the 2006 outburst).

phology is quite complex and originates from the propagatio

of the shock through both theffeset red giant wind and the

density enhancement at the equatorial plane (see alsad@irar3.2. Emission measure vs. temperature

Willson 1987; Walder et al. 2008). The latter component de-

termines the collimation of the blast wave perpendicul#&ly From the model results, we derived the ENidistribution of

the plane of the orbit of the central binary system and leadsthe blast wave. As discussed in Sect. 2.2, from the distdbut

a bipolar shock morphology distorted (by thff-eet red giant of mass density, we derive the emission measure injite
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1014 Fror T L R R L R ] Frr T L A R L R ]
[ ND-E43-N10 ] [ ND-E44-N1 ]
r ND-E43-N8 ] r ND-E44-N8 ]
&
'E 1013§
o [
0
3
o
= I
S 107
w ;
10“7
1015 FrorrrT rrTTTTTT T T T T ] FrrorrrrT rrTTTTTT T T T T T ]
[ YD-E43-N8-L2 1 [ YD-E44-N8-L2 ]
r YD-E43-N7-L2 ] r YD-E44-N7-L2
&
.E 1014; E E E
o L ] L ]
0
<
é Figure3. Emission measure vs. temperature
= distribution, EM{T), of the blast wave at day
E 13.9. Upper panels show the result for mod-
els without EDE, lower panels for models
with EDE. The black histogram represents
the average EMK) estimated from the anal-

ysis of Chandra/HETG observations (Drake
et al. 2008). The factor &° assumes a dis-
tance for RS Oph of 1.6 kpc.

domain cell as em= nf”.\/j. The EM(T) distribution is then of the red giant wind. We conclude that models without the
derived by binning the emission measure values into slots BDE fail to reproduce the values of emission measure derived
temperature; the range of temperatureq4logT(K) < 8] is from observations.

divided into 15 bins, all equal on a logarithmic scale. Fig. 3 |n models including the EDE, the emission measure at tem-
shows the EM) for models without EDE (upper panels), angheratures above 5 MK is larger than that derived from the cor-
with EDE (lower panels) at day 13.9, in the range of tempergssponding models without EDE. The shocked plasma of the
ture [5 < log T(K) < 8], and assuming a distance for RS OplpE |eads to a bump around 10 MK in the EN)(distribution
of 1.6 kpc _(Bode etal. 2007). The fl_gure also shows the averagge |ower panels in Fig. 3). The emission measure of the bump
EM(T) estimated from resonance lines of abundant He- and pends on the initial energy of the explosBg. In models
like ions observed witlChandra/HETG (Drake et al. 2008).  \yith Epo = 10* erg, the EM around 10 MK is much lower than

In models without EDE, the shape of the EN)(is char- that derived from observations. Indeed the observed EMegalu

acterized by a bump centered at temperatures between 1 a§@® be reproduced with the models wiho = 10* erg. The

MK (see upper panels in Fig. 3). Increasing the initial eperfy Shape of the EM) distribution depends very slightly on the
the explosiorEyo from 103 to 10* erg or increasing the den-density of the red giant wind: decreasing, the EM slightly

sity of the red giant wind at 1 AU from®210 to 2x 10° cm3, increases at temperatures abev&0 MK. On the other hand,
increases the ENI) distribution at all temperatures. Howeverthe EM(T) distribution strongly depends on the thickness of the
in all the cases examined, the values of emission measur&RE: the model with the thinnest EDE predicts EM values at
temperatures around 10 MK are orders of magnitude lower thh# MK well below those observed. We found that model YD-
those derived from the observations (Drake et al. 2008) ak@4-N7-L2 s our "best-fit” model for reproducing the aveeag
most of the shocked plasma is at temperatures below 5 MK. &M (T) estimated from observations (see lower right panel in
initial energy of the explosioisy, > 10% erg (and an ejected Fig- 3).

massMe; > 107° M,) andor a density of the red giant wind at ~ Note that our models underestimate the emission measure
1 AU n,, > 2x 10'° cm (corresponding to a mass loss rate ofalues observed at temperatures20 MK. The “observed”

> 5x 107% M, yr~! for a wind velocity of 30 km s*) would EM(T) distribution at high temperatures is mainly derived from
probably reproduce the observed emission measure, letwinghe analysis of Fe XXV {1.85), assuming GS abundances.

a bump around 10 MK in the EM{) distribution. However, However, Drake et al. (2008) noted that EM values derived
these values dEyo andMe; are somewhat high for the true enfrom Fe ions appear to be anomalous and suggested that Fe
ergy and ejected mass of the explosion (Yaron et al. 2005) gordbably sifers from dfects of non-equilibrium ionization. In

the value ofn, is also unrealistically large for the true densityaddition, as discussed in the next section, we found thae la
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Figure4. X-ray light curves in the [® — 124] keV band originat-
ing from the nova outburst (solid line) and from ejecta hddig the Log Emission [erg st piX'l]
reverse shock (dashed line) for YD-E44-N7-L2. The X-ray flsiob-
tained by integrating the synthetic X-ray emission in theolehspa-
tial domain and takes into account thigeets of local absorption by
shocked CSM and ejecta. The reference dotted line is a pawer |
with indexa = —1.2. The X-ray luminosity is reported on the right
axis assuming a distance to RS Oph of 1.6 kpc.

contribution to the emission in the Fe XXM1.85) line comes
from the shocked ejecta material, with GS abundamdés As

a consequence, the Fe XXV EM derived by Drake et al. (2008)
would be overestimated.

3.3. X-ray emission

From the simulations, we synthesized the X-ray emission in
the [06 — 124] keV band to match the observing range of
Chandra/HETG, using the method outlined in Sect. 2.2. Fig. 4
shows the X-ray light curve in this band for YD-E44-N7-L2
(i.e. our "best-fit” model), obtained by integrating the #yetic Figures. X-ray images in the [6 — 124] keV band in linear (upper
X-ray emission in the whole spatial domain and taking intganel) and logarithmic (lower panel) scales derived frondeiorD-
account the @ects of local absorption by shocked CSM an#844-N7-L2 at day 13.9. The plane of the orbit of the centrabby
ejecta. The figure shows the X-ray fluky, originating from system lies on they(2) plane and is assumed to be inclined by 35
the nova outburst together with the contribution to X-raysi to the line-of-sight (Dobrzycka & Kenyon 1994). The dashedtour
ejecta heated by the reverse shock (dashed line). The Xtvay ﬁ?ncloses the ejecta material leading to the largest prestoi absorp-
reaches its maximum quite early, around day 4, and then 48

cays ag~'2. The time of maximum X-ray emission is consis-

tent with Swift/XRT observations (Bode et al. 2006), althoug

the observed X-ray flux is slightly highie(by a factor~ 2) o /pe early phases of the evolution (more than 80% for5
than that derived from the simulation and decay$&s (see g yp (

days) and then decreases down to 34% at day 15 due to signif-
also Sokoloski et al. 2006) insteadtot? as derived from the ica);lt)radiative cooling ° y g
simulation. The X-ray decay rate is mainly driven by radiati Fig. 5 shows the map of X-ray emission integrated along

cooling, which has a significant impact on the post-shockte%e LoS and on pixels with size 0.1 AU at day 13.9 for YD-
perature structure (O’Brien & Kahn 1987). The contribution E44-N7-L2. The map is drawn in linear (upper panel) and log-

2 However, note that the X-ray flux reported by Bode et al. (300érthmic (lower panel) scales to highlight structures vwigry
is corrected for the feects of absorption by intervening materia|’d|ﬂerent emission levels. The plane of the orbit of the central

whereas the synthesized X-ray flux takes into account therptisn ~ binary system lies on they,(2) plane and is assumed to be in-
by shocked CSM and ejecta. clined by 3% to the LoS, consistent with the inclination of the

Bk-ray luminosity from shocked ejecta is rather important-du
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Day 13.9
YD-E44-N7-L2
Log Mass Density
[gmcm?®]
-14
-15
-16
-17
z
-18
y 19

Figure6. Three-dimensional rendering of mass density, in log sedlday 13.9 for the model YD-E44-N7-L2. One quarter of theunod has
been removed to show the internal structure of the blast wRed (blue) color table marks the plasma with temperatugefa(lower) than
1 MK. The plane of the orbit of the central binary system liaghe §, 2) plane.

orbit from orbital solutions (Dobrzycka & Kenyon 1994; see The lower panel in Fig. 5 shows that faint X-ray emis-
also Sect. 2.2). A movie showing the evolution of X-ray emision also arises from a double-lobed structure with a size of
sion for YD-E44-N7-L2 is also provided as on-line materialk 30 AU, surrounding the X-ray emitting jet. By compar-
the dotted gray line in the movie marks the position of the foing Fig. 5 and Fig. 6, we found that the double-lobed struc-
ward shock. ture corresponds to regions downstream of the forward shock
propagating perpendicularly to the plane of the binary torbi
Fig. 6 shows a 3-D rendering of mass density, in log scalehese regions are characterized by density values ranging b
at day 13.9 for YD-E44-N7-L2. We use twoffkrent color ta- tween 10* gm cnt3 and 1617 gm cnt2 and temperatures be-
bles to identify the plasma with temperature larger (redroltween 10 and 85 MK. If the orientation of the EDE is the same
table) or lower (blue) than 1 MK. The volume has been clippets discussed by O’Brien et al. (2006), we speculate that this
to show the internal structure of the blast wave. The compadiouble-lobed structure roughly corresponds to the syrobme
son between Fig. 5 and Fig. 6 allows us to link X-ray emittingmitting partial shell observed in high-resolution radlmser-
structures with plasma structures originating from thetiat- vations (O’Brien et al. 2006; Rupen et al. 2008) althougte).-r
tion of the blast wave with the inhomogeneous CSM. and radio brightness distributions may be not co-spatial

Most of the X-ray emission originates from an irregular jet- _ _ _
like structure, lying on they( 2) plane, with a size of 10 AU 3.3.1. Line profile analysis

(see Fig. 5). The structure is located to the side away fran th . ) i
e integrated the emission of the whole spatial domain and

red giant, and the X-ray emission is maximum in a region with/ . X
size~ 4 AU. By comparing the X-ray images in Fig. 5 withde”"ed the spectra for the HEG and MEG traces as predicted to

the 3-D rendering of mass density in Fig. 6, we note that the R 0bserved with th€handra/HETG, in order to compare our
ray emitting structure corresponds to a region just behired tanaIyS|s with the results obtained by Nelson et_ al. (2008) an
interaction front between the blast wave and the EDE (yellddy Drake etal. (2008). As expected, the synthetic spectra/sh
region in Fig. 6); the post-shock plasma at the equator is. chgmission lines from dierent elements, forming over a wide
acterized by high density values (£0 < p < 10713 gm cnt?)

and temperatures ranging between 1 and 50 MK, with the hight Note that synchrotron radio brightness distributions alepend
est values of density and temperature to the side away frem 8trongly on gradients of ambient magnetic field strengthf anabient
red giant. plasma density (Orlando et al. 2007).
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range of plasma temperatures, and reflecting the broadenatur [ T i
of the plasma temperature distribution discussed in Se2t. 3 - —— ejecta | Si XIV 6.18 A

Following Drake et al. (2008), we analyzed the line pro- 2 - — CSM [HEG]
files of the most prominent spectral lines to investigate the r
origin of the broadening and asymmetries revealed in the
Chandra/yHETG observations (see, also, Nelson et al. 2008).
Analogously to Drake et al. (2008), we restrict our analysis
HEG profiles, exceptin the case of O VIH18.97) which falls
outside of the HEG range and is observed by the MEG. Table 2 i
summarizes the results of our analysis for the abundant He Q=
and H-like ions, together with the Fe XVIi15.01) resonance 27 ‘
line. Fig. 7 shows the line profiles for the abundant H-likeso [
SiXIV (16.18), Mg Xll (18.42), and Ne X 412.13) observed i_E'
by the HEG and O VIII {18.97) observed by the MEG. Note
that the line profiles areffected by the instrument profile that 8
is known to be moreféective for decreasing wavelengths. o

The line profiles exhibit broadening and asymmetries re-",
markably similar to those observed wiC€handra/HETG. In
velocity terms, most of the synthetic lines exhibit FWHMgan
ing between 1000 and 3000 kmtsand FWZI ranging between
2500 and 8000 km3, in agreement with the results of Nelson Z 3 o ‘ ‘
et al. (2008) and Drake et al. (2008) (and similar to those ob- . Ne X 12.13 A
served in the IR by Das et al. 2006; Evans et al. 2007). The F [HEG]
only exception is the bright He-like Fe XX\1.85) resonance i
line which exhibits much larger full-widths due to substaht
contribution to the emission from the other two componefits o
the Fe XXV triplet at1 ~ 1.86 A andA ~ 1.87 Aand due to
strong instrumentféects.

Drake et al. (2008) noted that the observed line profiles are
more peaked than expected for a spherically-symmetrickshoc
and suggested that the emission is strongly enhanced iri-the d
rection of the plane of the sky. Our model predicts that mést o
the X-ray emission originates in a compact region propagati
away from the red giant in the direction perpendicular to the
LoS (see Fig. 5). As a result, we found that the line profiles ar
peaked as those observed.

In most of the lines, the centroids are systematically blue- i
shifted and the amount of the shift depends on the wavelength [ |
(see Fig. 7 and Table 2): from the Si XII1§.64) line to the H- [
like O VIl (118.97) doublet, the amount of blue-shift increases 0L ‘ I ‘ ‘
up to its maximum value. A similar trend has been found by -4000 -2000 0 2000 4000
Nelson et al. (2008) from the analysis Ghandra/HETG and Velocity [km s™]
XMM-Newton/RGS spectra of RS Oph at day 13.9, although
the amount of blue-shift found by these authors is sistemattigure?. Synthetic velocity profiles for the H-like resonance linés o
cally higher than that predicted by our model. At variancthwi Si X1V, Mg XII, Ne X, and O VIII derived from model YD-E44-N7-
the other lines, the Fe XXVA(L.85) resonance line exhibits aL2 at day 13.9. Si, Mg, and Ne lines are observed by the HEG, O
significant red-shift. Again, this fferent behavior is due to line by the MEG. The figure also shows the contribution of $ledc
contribution to the emission from the other two componeni€cta material (red lines) and shocked CSM (blue linesheoxt-ray
of the Fe XXV triplet. emission.

As a result of the systematic blue-shift of emission links, t
line profiles tend to be more extended to the blue than the red The dashed contour in the lower pane| in F|g 5 encloses the
(see Fig. 7 and the line profile blue-shift and red-shift abzeejecta material leading to the largest photoelectric gitznr.
intensity in Table 2) with the only exception of the Fe XXVGiven the geometry of the system and the inclination of the or
(11.85) line. As in theChandra/HETG spectra, BSZI and RSZI pjt, this material mostly absorbs the emission originafitegn

are observed to decrease with increasing wavelength, aad the receding portion of the X-ray emitting jet-like struafsee
is particularly evident in the O VIII{18.97) line profile in the
MEG spectrum. 4 Eq. 5 allows us to trace the ejecta material in the CSM.

Mg XI1 8.42 A

|
|
|
| L
i
|
' [HEG ]

——————

0*[phc
o -

1

Flux density

O VIII 18.97 A
[ MEG ]
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Table 2. Parameters characterizing the profiles of the most prorbined. In all the cases, we found that the nova remnant is highly
spectral lines in the HEG and MEG speétray, is the shift of the aspherical, with the morphology of the blast wave deeply
line centroid in units of [km '] (negative values are for blue-shift); influenced by the pre-existing inhomogeneous CSM. Even
FWHM and FWZI [km s?] are the full widths at half maximum and in models without the EDE, theflsset of the nova explo-
zero intensity, respectively; BSZI and RSZI [km'kare line profile sion from the origin of the wind density distribution causes
blue-shift and red-shift at zero intensity, respectively. an dfective collimation of the blast wave and ejecta.
2. Models without the EDE cannot reproduce the values of
emission measure derived fro@handra/HETG observa-
tions unless the outburst energyBgg > 10* erg (and

Ve FWHM FWZI  BSZI RSZI
Fe XXV (11.85) 1410 11351 29188 13183 16004

SXVI(24.72) -190 3172 8882 4631 4250 . . : 5

SXV (15.03) 30 2380 6843 3302 3540 the ejected mass in the explosibly; > 10~ M) andor
SiXIV (16.18) -291 2183 5580 2959 2620 the density of the red giant wind is, > 10'° cm™ at

Si Xl (16.64) -203 1578 4510 2458 2052 1 AU; however, for the physical parameters characteriz-
Mg X1l (18.42) -160 1246 3561 1941 1620 ing RS Oph, these values seem too high for the true out-
Mg X1 (19.16) -196 981 2942 1667 1275 burst energy and ejected mass in the explosion (Yaron et al.
Ne X (11213) -222 988 2471 1458 1013 2005) and for the density of the red giant wind (Dobrzycka
FeXVII(11501)  -309 499 1297 1008 289 & Kenyon 1994). Models including the EDE reproduce in
OVl (11897)  -355 553 1343 1066 276 a natural way, without any further ad hoc assumption, the

values of emission measure derived fr@nandra/HETG
observations iEno ~ 10* erg andMej ~ 10°° Mo,

3. Our “best-fit” model (YD-E44-N7-L2) predicts that, at day
13.9, most of the X-ray emission originates in a region with
size~ 4 AU localized at the interaction front between the

also upper panel in Fig. 5) that contributes to the red-stiift  blast wave and the EDE to the side away from the red gi-

emission. In fact, the figure shows an area of attenuated/X-ra ant; such an X-ray emitting region propagates in the direc-
emission located in the left lobe of the bipolar structureeT  tion perpendicular to the LoS. As a result, the synthetie lin
resulting absorption of this component explains the asytnme  profiles are more peaked than expected for a spherically-
and the systematic blue-shift of line profiles predicted by o symmetric shock in nice agreement with the observations.
model. 4. The synthetic line profiles are asymmetric and slightly

We also used the tracer associated with the ejecta to deter-blue-shifted and they are remarkably similar to those ob-
mine the contribution of shocked ejecta to the X-ray emissio served. We found that the observed asymmetries are due
(see red lines in Fig. 7). We found that the red-shifted eimiss ~ t0 substantial X-ray absorption of red-shifted emission by
of the ejecta Component is, in generaL more absorbed thn th ejecta material, Confirming the conclusion of Drake et al.
of shocked CSM: the asymmetry of observed line profiles is (2008).
mainly due to the ejecta component. We also found that, in gep- Both shocked CSM and shocked ejecta contribute to the
eral, the smaller the wavelength the larger is the contidlousf observed X-ray emission. The asymmetry and blue-shift of
shocked ejecta to the emission; in particular, the shocjeadee ~ €mission lines are mainly due to the shocked ejecta com-
contribute~ 60% to the emission of Fe XXVA(L.85) line and ponent which is moreféected by X-ray absorption of red-
~ 40% to the emission of Fe XVIN@5.01) line. The diferent shifted emission. In general, the contribution of shocked
contributions of ejecta to X-ray emission (together witrspo ~ €jecta to the X-ray emission decreases with increasing
sible deviations from equilibrium of ionization) could dajn wavelength.
the anomalous EM values derived from Fe ions by Drake et al.

(2008). Among the lines analyzed, that with the largestrtont ~ Our model shows that the broad range in the plasma tem-

bution of shocked ejecta (more than 70%) is the SX¥.Q3) Perature and the asymmetries of line profiles observed in
line. Chandra/HETG spectra are due to the interaction of the blast

wave with the pre-existing inhomogeneous CSM. In addition,
the asymmetric nature of the CSM into which the early blast
wave is driven is also responsible of the apparent shock coll
mation in the plane of the sky. Note that the jet-like ejattio
We have investigated through detailed hydrodynamic madeliemitting in the X-ray band predicted by our model does not
the origin of asymmetries and broadening of the emissiaslincoincide with the synchrotron jet observed in the radio band
observed withChandra/HETG during the 2006 outburst of RS(O’Brien et al. 2006; Rupen et al. 2008): the former propagat
Oph. To our knowledge, these simulations represent the finstthe plane of the orbit of the central binary system, wherea
attempt to model the 3D structure of the blast wave originate latter propagates perpendicularly to the same plane.

ing from a nova outburst that simultaneously considersaradi  Our analysis confirms that the comparison of high quality
tive cooling and thermal conduction (including heat fluxusat data with detailed hydrodynamic modeling can be a powerful
ration). Our findings have significant implications on thagdi tool to study and diagnose the physical properties of ostbur
nostics of the blast wave during the early phases of evalutirom recurrent novae and to interpret the observationsain p
and lead to several useful conclusions: ticular, our results may provide useful constraints on the c

& Line profiles include the instrument profile that is known #rhore
effective for decreasing wavelengths.

4. Summary and conclusions
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cumstellar gas distribution of RS Oph and suggest the exdste Taylor phase, shock speed during the ejecta-dominatecgphas
of a dense region of the red giant wind at the equatorial plameass density inside the binary). However, taking into aotou
We also show that most of the early X-ray emission arises fraime uncertainties in the determination of these valuesnass
this region as the blast wave from the 2006 outburst decelef-ejecta derived by Sokoloski et al. (2006) can range betwee
ates. few times 107 M, and few times 16° M, i.e. a range of val-
The scenario of an equatorial density enhancement is caies consistent with that derived by our model.
sistent with observations of the 2006 outburst in other wave Considering the mass of ejecta in the 2006 outburst of the
length bands, for instance VLBA radio synchrotron observarder of 10% M, it comes out that the white dwarf is increas-
tions of an evolving ring-like structure (O’'Brien et al. 280 ing in mass if its growth rate is larger thang108 M, yr2.
Rupen et al. 2008) and HST observations of a bipolar nebukar lower values of the growth rate, the nova would thrd# o
structure (Bode et al. 2007). Also, the existence of the equaore mass than the white dwarf may have accreted in the inter-
torial density enhancement may explain the presence of dushing 22 years. Recently Hachisu et al. (2007) have esiinat
in the circumstellar environment in which the explosionarsc the white dwarf mass in RS Oph to be3% + 0.01 M, and
(Evans et al. 2007; Barry et al. 2008). its growth rate to be about 10 M, yr=t in average (see also
Our findings are also consistent with the asymmetric blasato et al. 2008). According to our results, therefore, wa-co
wave evolution described analytically by Girard & Willsorclude that the white dwarf mass ifectively growing up and
(1987) and with the results of hydrodynamic models descriRS Oph could be the progenitor of a SN la as the white dwarf
ing the evolution of the circumstellar environment in binarreaches the Chandrasekhar limit.
systems (Mastrodemos & Morris 1999; Walder et al. 2008). In It will be interesting to expand the present study, inclgdin
particular, in systems comprising a red giant star, theseaiso the ambient magnetic field, to investigate the evolutiorhef t
predict an equatorial density enhancement created by al spilast wave in later evolutionary phases and to make predisti
shock wave caused by the motion of the stars through the coalthe synchrotron radio emission. The detailed compak$on
wind of the red giant; the enhancement is most pronouncecdhiivdel results with observations may lead to a major advance i
systems with the smallest binary separation, comparalheto the study of interactions between the blast wave and the mag-
in RS Oph. netized CSM in recurrent novae, and may provide important
It is worth noting that, in Walder et al. (2008), the blasihsights into SNe la, of which recurrent novae are believed t
wave appears more collimated perpendicularly to the pldnel® progenitors.
the orbit of the central binary system than in our simulagion
The reason is that the CSM immediately around the white
dwarf (within 1/3 AU from the dwarf) is characterized by aAcknowledgements. This work was supported in part by the Italian
rather complex density structure (see the lower right pafel Ministry of University and Research (MIUR) and by Istituto
Fig. 2 of Walder et al. 2008) determining the strong collimaNazionale di Astrofisica (INAF). The software used in thisrkaas
tion of the blast wave, at the very beginning of the nova eruff-part developed by the DOE-supported Af@lliance Center for
tion (not described by our model). Since we assume the linitfStrophysical Thermonuclear Flashes at the University bicego,
blast wave to be spherical (see Sect. 2.1), our model does Y9 modules for thermal conduction and optically thiniagidn
take into account such a strong initial collimation of theak built at the Osservatorio Astronomico di Palermo. The satiohs
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