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ABSTRACT

Context. The progenitors of supernovae type la are usually assunasldiher a single white dwarf accreting from a non-degeaera
companion (the single degenerate channel) or the resulafrterging white dwarfs (the double degenerate channeljeder, no
consensus currently exists as to which progenitor sceigtie correct one, or whether the observed supernovaedsrptoduced
by a combination of both channels. Unlike a double degeegnatgenitor a single degenerate progenitor is expecteuitsapersoft
X-rays for a prolonged period of time-(1 Myr) as a result of the burning of accreted matter on theaserbf the white dwarf. An
argument against the single degenerate channel as a sighifimducer of supernovae type la has been the lack of azbsnpersoft
X-ray sources and the lower-than-expected integrated$sadly flux from elliptical galaxies.

Aims. We wish to determine if it is possible to obscure the supedsahly emission from a nuclear burning white dwarf in an aticig
single degenerate binary system. In case of obscured systerwish to determine their general observational chaiatites.

Methods. We examine the emergent X-ray emission from a canonicalrsafieX-ray system surrounded by a spherically symmetric
configuration of material, assuming a black body spectruth W, = 50 eV andL = 10%®rg- s™1. The circumbinary material
is assumed to be of solar chemical abundances, and we leavadbhanism behind the mass loss into the circumbinary megio
unspecified. )

Results. We find that relatively small circumstellar mass loss rakés; 10°° — 108Myyr~2, at binary separations ef 1 AU or less,
will cause significant attenuation of the X-rays from theexgpft X-ray source. Such circumstellar mass loss ratesufiieient to
make a canonical supersoft X-ray source in typical exteyakixies unobservable in Chandra.

Conclusions. If steadily accreting, nuclear burning white dwarfs areasacal supersoft X-ray sources our analysis suggeststbampt t
can be obscured by relatively modest circumbinary massé#bss. This may explain the discrepancy of supersoft sewamepared to
the supernova la rate inferred from observations if thelsidggenerate progenitor scenario contributes significemthe supernova
la rate. Recycled emissions from obscured systems may lievis other wavebands than X-rays. It may also explain #uod lof
observed supersoft sources in symbiotic binary systems.

Key words. (Stars:) supernovae: individual - (Stars:) binaries: elo&ccretion, accretion disks - (Stars:) white dwarfs - Stainds,
outflows - X-rays: binaries

1. Introduction Despite decades of intense research on the subject, the ex-
act nature of the progenitor systems of these importano-astr
physical explosions remains unclear. Carbon-oxygen WIes ar

; teristically formed at masses much lowe®6 My) than
Type la supernovae (SNe) are believed to be carbon-oxyﬁ?rac ©
white dwarfs (WDs) close to the Chandrasekhar mass that ¢nct needed for thermonuclear runaway¥.37 Mo), and there

dergo thermonuclear runaway in their centers. The reguitia 1> N° known process by which an isolated sub-Chandrasekhar
plosion produces radioactive iron-group elements, andte MaSS WD can grow to the critical mass at which it explodes as

sequent decay of these, most notably?®fi, powers charac- a SN la. Hence, it is usually agreed that SNe la can only arise
teristic light curves that obey a well-known relation betme In binary systems, where a WD accretes matter from a compan-
luminosity at maximum light and fallf6 time (Phillips 1993). ON star. However, the exact method of accretion remains dis

As a result, SNe la are considered standardizable cosmoldfjft€d: Two binary progenitor scenarios are usually consitle
cal candles. To thisfeect they have been utilized to sugge e single degenerate (SD), in which a WD accretes mass from a

; : ; ; ; -degenerate companion (main sequence or giant statakvhe
that the expansion of the Universe is accelerating (Riess. et > ntstal
1998, Perlmutter et al. 1999), which in turn has given rise £ '°€n[1973), and the double degenerate (DD), in which two

: o b-Chandrasekhar mass WDs merge with a mass at or above
the paradigm of Dark Energy. Additionally, the energy rekea SY .
of SNe la is large enough to influence the dynamics of th e mass needed to explode as a SN la (Wekbink|1984, Iben &

host galaxies, and the nucleosynthesis taking place dtnieg utukov1984).
explosions is the main source of iron group elements in gialac ~ While the DD scenario has garnered considerable attention
chemistries. recently, the SD scenario has been the most popular scdaario
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a long time, and much work has been done on the physicstbé observational implications of the results. Sedfionsgasses
this progenitor scenario (e.g. Hachisu, Nomoto & Klato 1996he caveats of our model, and secfidn 6 concludes.

It was shown by Nomotd (1982) that steady nuclear burning of

hydrogen-rich material accreted from a companion onto & mas

sive (~ 1 My) WD can only take place in a fairly narrow inter-2. Model

val of accretion rates close to 70Myyr~1. At smaller or larger , . .
accretion rates it is unclear if the WD will be able to grow-sufVe consider the emergent radiation from a massivelio)

ficiently in mass for a SN la to occur, due to possible mass [044> &ccreting mass from a companion star in a close binary sys-
from nova eruptions or stellar winds. This puts rather tigh- (€M The donor may be a main sequence or evolved star. The sys-
straints on the parameters of the progenitor systems. ltem 'ﬁ losing mgss 'mr(]) the ;:gpur%bmary rfeglon, and th|ssg1as
) r rical distribution of matter
In the 1990’s luminous supersoft X-ray sources (SSSs) wi 03s has created a spherical distribution of matter (gaspas

recognized as an important new class of X-ray source (Tdim ﬁ')ly dust) around the binary which may absorb /andicatter
et al.[1991, Greiner et &l. 1991), based on observationseof e X-rays. The mechanism behind the mass loss from the donor

. . : ; to the circumbinary region is left unspecified in our stuoiyt
Large Mag'ellanlc Cloud made with the Einstein Observatn(y hlay be envisioned )t/o bge eg.a steIIaFr) wind, wind Roche-lobe
the late 70's and ear!y 80's (Helfaqd & Grabelsky 1981). Sln(i)verflow (Mohamed & Podsiadlowski 2007), stellar pulsation
then, newer generations of X-ray instruments sucliR@SAT,

of the donor, tidal interactions (e.g. Chen et al. 2011) camdy
BeppoSAX, XMM-Newton andChandraX.-ray Qbseryatoryhave_ expelled common envelope, or any other process by which ma-
found similar sources in other galaxies, including the Milk

. terial can be deposited in the circumbinary region instddzke
Way. As thﬁ na}ine suggtests, tﬁSSs:[hare ch]:aracterlzed by ha¥-accreted by the WD. It is also possible that the matenial i
Ing & much softer spectrum han nose of more COMMOnRWe wireymstellar region may originate from the WD if it esnét

Ién%wn X-raﬁ blnaru(ejs 'n\;'OIVm% atn?u(tgc;ré;tarhor a(lj)[[al}]cli holGying (Nomoto et al. 1979). Whether the above-mentioned mech
ubsequently, van den Heuvel et al. { ) showed thata m isms are actually capable of producing a spherical cibéum

sive WD accreting f“’”! a companion star at the Ste.ady'bgm'ﬂary configuration of matter is a question we do not enteriimto
rate will emit X-rays with a spectrum consistent with that o his study

ts)erv&_ed for a certain subset of SSSs as a result of thermanucle The WD is burning accreted material at its surface at the
urning of the accreted material. This made SSSs integeatn . . ; . .
steady burning rate mentioned earlier. The resulting lasiiy

possible SD progemtor systems of SNe Ia._ ) is that of a typical SSS, i.&po = 10°8 erg's, and the spectrum is
If WDs undergoing steady nuclear burning on their surfacgsyjack body withkTy, = 50 eV. Our focus is on X-ray observa-
look like SSSs, and if the SD progenitor scenario is the domfpns, and as the companion is not expected to emit appiigciab

least naively - to see a corresponding population of SS$e lap single nuclear burning WD within a bubble of circumbinary
enough to account for the observed SN la rate. However, as fgsterial.

cently pointed out, the observed number of SSSs (Di Stefano
2010) and integrated soft X-ray flux (Gilfanov & Bogdan 2p10
observed from external galaxies appear to be at least one &l The gas bubble

more likely two orders of magnitude too low to account for theve arametrize the mass loss into the circumbinary regiom b
SN la rate. Furthermore, pre-explosion observations opthe _ . p . . fyregiaa by
wind velocity,u,, which we assume to be constant in the region

sitions of nearby £ 25 Mpc) SNe la using archival Chandra_ .~ o
data have so far y?elded no detections (Nielsen &tal2qtay, CUtside of the position of the WD. We choose a valua,p& 10
dearth of SSSs could very well mean that the missing SSSs ?PXS typical for ’the winds of evolved intermediate mass stars
simply not there, and hence that the SD progenitor scenario T°9; Panagia et al. 2.006?' .

not the dominant contributors to the SN Ia rate. An alteweati . ~S @ first approximation, we assume the mass loss into the
possibility is that the nuclear burning WDs appearing as msscirumbinary region to be spherically symmetric (see sedko

SD progenitors do in fact exist and produce a significantivac for a discussion of the caveats of this assumption). Theroute

of the total SN la rate, but are somehow hidden from view Gt€nt of the spherical distribution of material dependsitu
our current observational capabilities (in X-rays) duringch wind velocity and age .Of the mass losing phase of the dopor
of their supersoft phase. star. For the chosen wind velocity the extent of the obsgurin

as bubble is 2.1 AUyt ~ 107° pcyr .
In the following we wish to explore the latter option. Weg y ey

consider a simple model of a massive, accreting WD with a com-
panion star that is losing matter into the circumbinaryeoadn 2.2. Obscuration by neutral gas

addition to the matter it transfers to the accretor. The ¢aal . . .
In,general, the optical depthalong the line of sight between

been to determine how much cirumbinary material is needed d the ob i< th - he ob ;
render a nuclear burning WD in a nearby galaxy undetectablef:o‘?usr;’ﬁrl\ﬁ? and the observer Is the opacitynes the obscuring

a SSS for a given combination of binary parameters.

A note on notation: in this paper we will refer to the rate ofi = ypor = 7 =«M, (1)
material that is lost into the circumbinary region simply the
mass loss rateM. This should not be confused with the rate ofyherem = fpdr, andp = M/(4nr2uw), andM is the mass loss
mass that is transferred to the WD accrelidy.. In our notation, rate.
the total rate of mass lost from the donoMgy = M + Macc The total neutral column along the line of sight is the sum of
In sectior 2 we describe our model, including the structtire the contribution from the local gas bubble, the ISM in thethos
the gas bubble surrounding the SSS and the contributiometo tjalaxy, the IGM between the Milky Way and the host galaxy,
obscuration from neutral gas, ionized gas, and dust. liosg8t and the ISM in the Milky Way. Therefore, for a given species of
we present the results of our calculations, and seClioncigies neutral gas in our spherically symmetric model the attéonat
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Fig.1. Schematic drawing of the model used in this study. Tt
SSS system consists of a WD accreting material from a don
The supersoft X-ray emission is the result of steady thermor
clear burning on the surface of the WD. The WD and donor a ‘
surrounded by a circumbinary configuration of gas and pbssit 10 10° 10"

dust. The radiation from the nuclear burning WD may ionize E,  [keV]

region around the system; in this sketch the ionized reggon i

localized narrowly around the binary, but for certain confey Fig. 2. Opacities from K-shell ionizations for neutral gas and
tions the ionized region may extend to or beyond the edgeeof thtomic metals as a function of photon energy. All values are f
circumbinary gas bubble. Before reaching an observer @hEagolar abundances. The dotted line gives the opacity of lgairo
photons from the SSS pass through the circumbinary materi@bne, dashed is the opacity of hydrogehelium, and solid is

the ISM in the host galaxy, the IGM, and the ISM in the Milkythe total opacity of all chemical elements at solar abuneanc
Way.[2 Values are calculated from Morrison & McCammon (1983). As
explained in sectiopl5, the relevant photon energies fonGiea

are from 300 eV. Furthermore, for SSS we do not expect to see
any photons above 3 keV.

is formally given by

( — % ( _“I(l - i) 2.3. Obscuration by ionized gas
n
4ruy \ 1o rh

+p1sM(Thost— I'1 + Fobs — F'vw)

II— =exp
0 Close to the source the radiation generated by nuclearriyiomi
the surface of the WD will photo-ionize the hydrogen in the.ga
+oiem (Mvw — rhos,))) (2) Sincethe peak energy of a canonical SSSis lolyg ~ 30—100

eV) heavier elements are not likely to be appreciably iathize
and certainly not ionized to K-shell.

To determine the ionization structure of hydrogen around
the source we follow the approach first suggested by Strémgr
(1939). The Stromgren sphere is the volume around an ioniz-
ing source in which the ionization rate equals the recontlina
rate. The rate of recombinations to atomic energy layegr unit
lume is given byNrn = NeNpBn(Te), wherene andn, are num-

r densities of free electrons and protons, respectigalys,

wherex, is the opacity of the neutral gag is the inner ra-
dius of the neutral region of the gas species in questipig
the outer radius of the spherical gas bubblgs: is the distance
from the source to the edge of the host galayyy is the dis-
tance from the source to the edge of the Milky Way; is the
total distance from the source to the observer,@gd andoigm v
are the gas densities of the ISM and IGM, respectively. We i
Ir:Oor t?c,)mhtif?/vl; :jhfnz(igﬁ;int%r;t:gtm,eg?]éhtigl?ga szmgsizﬁgthe recombinationficiency of then'th level, which depends
. . on the electron temperature of the gas,
solar chemical abundances. X-ray absorption happens by wa

A . Y|t we assume complete ionization within the ionized region
of K-shell ionizations, and the resulting photon energyetep rhen e = N, for hydrogen. Additionally, we can o, fromg

dentr?ross-sect|ons are obtained from Morisson & McCammhw expression, since every recombination directly to tioeigd
(1983), as shown in figuig 2. ; ; Y ;
vel emits a photon capable of causing another ionizatizichv

I N I
The fo_rma_l Expression in eﬁl(Z) Ca”.b_e simplified somewhﬁe assume it will do immediately. The total number of recombi
The contribution from the IGM is negligible, and we also aS5ations per unit time is then:

sume that there is no significant contribution to the coluromf
the host galaxy. This is routinely done for SSS studies (spe e
Kahabka & van den Heuviel 2006), and many of the galaxies used R

in the studies of for example Gilfanov & Bogdan (2010) and D¥Nriot f N&(r)Ba- (Te)4nr2dr
Stefanol(2010) are gas poor. Therefore, the column that we co fo

sider in our model is just the sum of the column of material in 4 T R 20012
the Milky Way and the circumbinary material. 7B2+(Te) o ne(rrdr
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_ M2B2,(Te) [ r2dr Comptonization of the plasma, which has an impact on the ob-

42 m J scuration ca_used by the C_o_mpt_onized m_aterial. Howevethéor

3) lower energies and densities involved in our model Compton
scattering plays no role at all.

wheregy, ~ 2-10719T;¥%cmd/s is the total recombination rate

of transitions above the lowegty, = 3., 8n — 1), and we have 2.4. Obscuration by dust
used that
Depending on the properties and the mass loss mechanism of th

M 1 4) donor star, a fraction of the metals in the gas may be condense

Ne(r) = nu(r) =

4nr2uy, My into dust grains, and we need to consider if the presencestf du
, changes the total X-ray absorption of the circumbinary mite
wheremy is the mass of the hydrogen gas. _ As mentioned earlier, X-ray absorption happens by interac-
~ The number of ionizing photons emitted by the SSS per ujgn of photons with K-shell electrons, and in this way the ab
time is given by: sorption cross section of an individual atom is largely ipele-
© B L © B dent of the location where the atom is found. However, pgttin
S, = 4R? —dv = — f —dv (5) atoms into grains represents a formobadmping, which can de-
136ev NV oT% Jizgev hv crease absorption if individual grains are already opiidhick

whereh is the Planck constant; is the Stefan-Boltzman con-t0 X-rays of the considered energy. In this case, a part of the

stant, B, is the frequency dependent Planck function, arid ~9rain does not contribute to the X-ray opacity, because argyx
the frequency. photon will already be absorbed in the source-facing sidb®f

SettingS, equal toNgo; We get: grain. This can reduce the opacity by a so-called self-tdéing
factor (Fireman 1974) of

M2B,. (Te) (rgerl) s,

47ru§\,mé - fb = (1 - e_(TW) /Tgr (8)
4ru N . . s .
N r61 _ mJW—mSS = R (6) Here(ry) is the average optical depth of individual grains.
M2B2.(Te) However, the ffectiveness of this clumping of X-ray opacity

ésiglery limited. Even in cold dfuse clouds in the interstellar
medium, important elements are hardly depleted into dashgr
For example, nitrogen and neon are abundant elements that re

main entirely in the gas phase. In the mass loss flow of therdono

We assume that the temperature of the entire gas bubbl
the dfective temperature of the SSS. Kdi,, = 50eV the &ec-
tive temperature is.B-10°K. This is certainly an overestimation,

but as discussed in sectigh 5 the impact of this inaccurauygs star, this condensation will be even less complete. If theodo

ligible. . . X
Clearly, eq((B) only has a physically meaningful solutibn star has an oxygen-rich chemistry, the entire carbon cowotfen

5 arger thn e Secon term on th rgh-hand sce. THE 1 2101 e amountofgen e bapoeln e
gives us a constraint for the mass loss rate: y P P

tion process (Gail and Sedlimayr 1986). For solar-syst&meli-
. 8*47ru2m§r0 12 ement abundances (Anders and Ebilara 1982), this means that
M w9 all of the carbon, all of the Nitrogen and Neon, and 40% of the
[ Ba(Te) ) oxygen remain in the gas phase. As these are the most importan
Msy. 7) absorbers for soft X-rays, it is clear that the soft X-rayaps
tion cross section will be reduced by a factor much less than 2
For our model systeni,,, = 10°8 erg's andkTy, = 50 eV, Wilms et al. (2000) conclude that even in the ISM where con-

the number of ionizing photons is46 - 10*’s™!, andMs,; = densation is rather complete, for grain sizes smaller thgm@,
2.00- 10°5Moyrt - (f_o)l/z the resulting &ect will not exceed 10%. In the donor mass flow,
' © AU the dfect will be even smaller. Therefore, we can safely ignore

For mass loss rates larger thislz;, there is a clearly defined
inner ionized region, outside of which only neutral mattasts.

For mass loss rates smaller thisig, the expression for the
ionized sphere will not be physically meaningful. In thisea
the assumption that all photons capable of ionizing the gas 8 Results
absorbed and cause ionizations is inaccurate. For suchlosass
rates the gas bubble is not dense enough to absorb all photdfgsfirst present the generic results of our model, i.e. reshiit
capable of ionizing the gas, and there is no longer a clearly ¢lo not depend on the instrument being used. Then we apply our
fined ionized region. Therefore, all hydrogen and heliurhia t results to a specific case, that@fandra's ACIS-S detector.
gas bubble is fully ionized, and excess photons seep outtieto
interstellar medium, possibly causing further ionizasitimere.

In the ionized region, the only contribution to the obsciarat
from hydrogen and helium will be through Thomson scatterin§igure[3 shows how the obscuration depends on orbital sepa-
The cross-section of Thomson scattering is largely indep&n ration and mass loss rate for 350 eV photons emitted from a
photon energy, and therefore the free electrons productittin L = 10%%erg/s, kT, = 50eV SSS. Photons at 350 eV are safely
ionizations will &fect the absorptigecattering at all photon en- above the photon energies at which typical X-ray obsermatio
ergies at approximately the same amount. are unreliable, but close enough to the peak of the black body

For X-ray binaries involving neutron stars or black holesurve that an unobscured SSS produces appreciable amdunts o
the energies and densities involved may sometimes leadptwotons.

this complication and assume that all metals are in the gasgph
fully contributing to the X-ray absorption.

3.1. Generic results: lonization structure and obscuration
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10° ‘ ‘ ‘ e ; ; 1079 N/cm?. We choseChandra’s ACIS detector as an example,
S since this is the instrument used by most groups (e.g. Voss &

Nelemans 2008, Roelofs et al. 2008 Nelemans et al.|2008, Di

Stefano 2010, Gilfanov & Bogdan 2010, Nielsen efal. 2012).

(AU]

a

10 E— B |
----- 10 5
-- 100 < 1
1000 - i
10-2 il . L L L ! ! h L =
10" 10" 10° 10® 107 10® 10° 10* 10® 107 = ]

i Mo/y)

Fig. 3. Contour lines showing the dependence of obscuration
mass loss rate and binary separation, for photons emittgsiCat
eV. The left-most solid line corresponds to an attenuatmtdr
of 5, the dotted line to an attenuation of 10, dashed to an
tenuation of 100, and dot-dashed to an attenuation of 100®. 1
right-most solid line is the critical mass loss ragy; to the left
of this line the wind is not dense enough to sustain a clealy ¢ v [Hel
fined ionized region around the source. To the right of it artje
defined ionized region exists around the source, while themaFig. 4. Unabsorbed and absorbed black body curves of a SSS
rial outside of this region is neutral. in M101. The solid curve corresponds to a black body nuclear
burning WD withL = 10°8 erg's, kTy, = 50 eV and no obscur-
ing circumstellar matter (only galactic{), folded with the ef-

Our Study shows that for binary Separations around 1 AUfgCtlve area function o€handra’s ACIS-S detector. The dotted
spherically symmetric mass loss rate-ofl08Myyr! is suf- curves are the absorbed black body curves of the same source f
ficient to fully obscure the supersoft X-ray emission front ouseven logarithmically equidistant valuesidffrom 10 *Moyr*
model system. to 10°° Moyr™ (see tablé]l), with the mass loss rate increas-

It is evident from figuré3, for orbital separations around 19 from left to right. The orbital separation and inner tzslof
AU a clearly defined ionized region will form at considerablyn€ gas bubble is 1.5 AU. The numbers on each curve give the
larger mass loss rates (L0-5Moyr1) than that needed for full Number of photons expected to be received in ACIS-S for an in-
obscuration. Hence, at this photon energy, in between tnass  tegration time of 40 ks. For comparison with figliie 3 the vaiti
loss rates the SSS will be fully obscured, but the binary ball dashed line is at a photon energy of 350 eV.
surrounded by an extended ionized region that may be dbtecta
at other wavelengths than X-rays (see sedfion 4). , ,

We note that the obscuration curves or(lig.3 are for a pho-_Ih€ photon energy dependenffeetive area function of

ton energy of 350 eV. As the photon energy rises the curvAS!S-S can be found on thehandra homepadk In order to
move fur?g[er to the right in the pFI)ot while thegZurve for thitc \/?nd the number of photons detected we fold the calculated flux

ical mass loss rate remains in place (since the critical hosss of the source with thefiective area before integrating over all

rate does not depend on the photon energy). This means thaPfgoton energies. . o

larger photon energies one can imagine configurations fastwh ~ Since the launch o€handra in 1999 the sensitivity of the

these curves overlap, i.e. there is a clearly defined ionizgidn Onboard detectors have degraded somewhat. We adopiféice e
around the binary, while the X-ray emission from the binary five area function for the earliest possilileandra observations

not fully obscured. However, this does not happen for our S$ycle 3). If a source can be obscuredimiently to be unob-
at photon energies below 5 keV, and the number of photonsservable to the ACIS detectors when these were new and at thei

emitted by the system at these energies is miniscule. most sensitive, then such a source would also be unobservabl
to the older, less sensitive ACIS detectors. We note thati¢he
. tectors onChandra are not sensitive to photons below roughly
3.2. Specific results: Chandra’s ACIS-S detector 100 eV. AdditionallyChandra detections at photon energies be-

" : ; .o tween 100 and 300 eV are known to be unreliable, and analyses
As an application, figuld 4 illustrates what our model sysiein : . ' thisst
look Iikgri)f it resideg in M101 and is observed with tﬁ/e AClS_shouId_therefore filter out pho'_[ons at energies below tr_'
S detector on th€handra X-ray Observatory. The distance toOId' This means that observations of SSS spectra are intfict o

M101 is taken to be 6.4 Mpc (Shappee & Stanek 2011). Tﬁgservations of the high energy tails of their spectra,esthe

contribution to the column from the Milky Way is obtainediino
Dickey & Lockman (1990); for M101 we find a column oflb- ! httpy/cxc.cfa.harvard.edegi-birybuild_viewer.cgi?ea
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Table 1. Attenuation [, 0bs/No) Of the integrated number of sults are consistent with a SD progenitor emitting a steliad
photons from our model system located in M101, as expectedor to explosion.

for different mass loss rate and observed Wtiandra’s ACIS- Another recent study by Patat et al. (2007) found blue-stiift
S detector. The mass loss rates listed correspond to theddoBbsorption features of the Na I doublet (5896 A and 5890 A) in
lines in figld. The integration has been done for photoneesrgoptical spectra of SN2006X, which was interpreted as exiden
in the 0.3 to 3 keV range. For comparison, the number of phgyr gas outflows from the progenitor system. Their resultsawe
tons expected in ACIS-S from the same source integrated oyheralized by Sternberg et al. (2011) who found similaufies
the same energy range in a completely empty (i.e. in the @bseh an unbiased sample of 35 SNe Ia, indicating that suchfestu

of galactic or circumbinary material) o = 4.4- 10°s™. Note  while not demonstrably present for other types of SNe, may be
that the attenuation is for the integrated number of photand characteristic of SNe la.

hence is not immediately comparable to[fig.3, as the values on

that figure are for a single photon energy (350 eV).
4.2. Upper limits

circumbinaryM Nobs/No

M., /yr] Conversely, a number of studies have looked for, and failed
0 50 107 to find, evidence for circumstellar matter in SN la explosion

109 8010 These non-detections have led to upper limits being placed o

31.10°° 6.2.10°1 the possible mass loss from SN la progenitor systems in aever
108 30.101 wave-bands.

31.10°8 46102 Using optical spectra of SN2001el, Mattila et al. (2004),
107 6.7-10% found upper limits oM < 9-107% and 5- 10-°Mgyr~* for the

31-107 6.1-107 progenitor system of the SN, for wind speeds of 10 and 5Gkm
10° 41-10*1 respectively.

Studies aimed at finding radio emission from the interac-
tion between SN ejecta and circumstellar matter have been un
spectral peaks are located far below the detection thréstfol dertaken by several groups. No direct detection has beee mad
Chandra. at this point, but upper limits are reaching interestinguesl
The number of photons we expect to receive in the relevanging the VLA, Panagia et al. 2006 found upper limits~of
energy range (300 eV - 3 keV) for observations with ACIS-S i80-°M,yr-! based on observations of 27 SNe la. Their analysis
given in tabld 1L for each of the curves in figlie 4. extrapolates from the assumption that the process behitid ra
emissions from SNe la are similar to those of SNe.lb
4. Observational implications Using more recent radio observations, Chomiuk etal. (2011)
) P analyzed EVLA observations of early SN la spectra. From

In the preceding sections we have laid out the setup of theemotheir non-detections they found typical upper limMg/u, <
and our results. To put our results into an observationaieon 10~'Moyr~*/(100knys) for most sources (private communica-
we will now review the current evidence for the existence dfon). Inanother recent article, Chomiuk et al. (2012) mpap-
circumstellar matter around SNe la, which would be a sigieatuPer limits ofM/uy = (6- 1071 - 3- 10-°)Mo/yr/(100knys) for
of the SD progenitor scenario. We will also discuss the fssi Non-detections of radio emission from SN2011fe, the cloShis
observational implications of our results for SN la progers.  1a in 25 years. For the lower wind speed used in our model the
upper limits are correspondingly smaller; hence, the upmér

) ) on the wind mass loss rate of the donor become&Nigyr—* for

4.1. Evidence for CSM around SN la progenitors typical SD SN la progenitors, and (60 — 3. 10" 1OM,/yr

Several studies have found evidence for circumstellarenait fOr SN2011fe.
SNe la explosions:
High-velocity _features in early-time optical observaéan_f 4.3. Observational predictions
SN2003du were interpreted by Gerardy etal. (2004) as ev&len
for the interaction of the outer-most layers of the SN ejedth  We note that except for the case of SN2011fe the upper limits
a dense circumstellar shell of solar metallicity materiglated found in the studies mentioned above are all larger than what
by mass loss from the progenitor system prior to the exptosiorequire for full obscuration of systems with binary sepiars
In a study of SN la remnants DEM L238 and DEM L24®f < 10AU. The upper limits found by Chomiuk and collabora-
Borkowski et al. [(2006) found bright central X-ray emissiontors come closest to constraining our results, and if thenegal
surrounded by fainter shells and interpreted this as retsnalimits are correct then our model cannot explain obscunadio
of circumstellar media around the progenitors that had begystems with binary separations larger than 1 AU. If thenmitt
shocked to emission by the SN ejecta. for SN2011fe are correct then the non-detection of X-raysemi
In a more recent study, Chiotellis et al. (2011) comparesions from that particular SN cannot be explained by obsitura
2D model simulations with observations of the historical BN from circumbinary material in our model for a giant dononcs
SN1604, also known as Kepler's SN. The SN remnant showat would require binary separations $f10-2AU, effectively
a peculiar nitrogen-rich shell-like structure in opticedages. placing the WD within the envelope of the giant. A MS donor
Simulations by Chiotellis and collaborators assumed a tegss cannot be ruled out by these radio upper limits, neither can a
of 1077 — 10*Myr~* and wind speeds of 5-20 ks) typical of WD wind. Hopefully, future observations will provide eitha
thermally pulsating asymptotic giant stars. The observedls detection of the shocked region or stronger general canttra
like features are reproduced by their simulations, andpnéged Wwith which to compare our model.
as a shocked interaction layer between the progenitor'slwin  Anotherimportant pointis that the density (and therebysnas
blown circumstellar bubble and the SN ejecta. If corredirtte- loss rate) is not the only important parameter when determin
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ing upper limits. Our analysis shows that even relativelyabm while it burns the result could be significant or completecnbs
circumbinary gas bubbles are able to fully obscure the systeration. Therefore, these WD wind scenarios could potdpit-
As can be seen from thg-dependence in ef(l(2), the obscurgglain the absence of a large fraction of the SSS that becopee ty
tion is caused mainly by material in a very narrow region atbu la SNe in the SD scenario.
the SSS. The outer extent of the circumstellar gas bubble-is e A possible observational characteristic of our model could
sentially irrelevant, except for very small bubbles whejés be H-w emission caused by recombination in the ionized gas
comparable in size to;. This means that even quite compadbubble. This emission may be visible in archival optical ges
systems, say up to a gas bubble radius-df0 AU, would be of nearby SNe la, and it would be logical to suggest a system-
capable of obscuring a SSS, provided the mass loss ratgés laatic archival search for this kind of emission in pre-exjos
enough. It follows that the mass loss does not have to have bé®aages at the position of nearby SN la progenitors. However,
‘on’ for very long to obscure the system in X-rays. We empha&uch a search of the HST archive was performed by Voss et al.
size that this does not solve the problems raised by Di Stefaf2012, in prep.), who found no evidence for optical couraeip
(2010) and Gilfanov & Bogdarm (20110), as the source stildtee for nearby SNe la progenitors, so it is unclear whether such a
be 'on’ for a significant period< 1P years) to be able to grow search is actually feasible. Another option is to searchar
significantly in mass. But it may explain why many SSS appeamission in regions where such emissions are not to be eeghect
to be highly variable. i.e. outside of young, star-forming regions. It might be pble

In general, observations to detect or constrain the mass lé@ make an analysis similar to the SSS 'counting’ done by Di
rate of the progenitor systems of SNe la need to be performgtkfanol(2010), but in K-instead of X-rays. We note, however,
a very short time after the SN explosion. The bulk of the Shhat even though dust is unimportant for the obscuration-of X
ejecta moves at 10,000 knys, corresponding to roughly 6 AU rays from our model system it could possibly obscure the H-
per day. Therefore, the interaction shock from a nucleamibgr emissions, since dust is a moif@@ent absorber at optical wave-
WD shrouded in an fully obscuring gas bubble with a radius lengths. Depending on the tenuousness of the outer part of t
the range of a couple of tens of AU is unlikely to be detected lgas bubble there may also be forbidden lines, but this depend
anything but the very earliest (1-2 days after explosiospoba- heavily on the density of the gas.
tions. Since radio appears able to supply the best uppdslihe
ideal observing scheme would be to obtain EVLA observations .
of SNe la within a day or less of the explosion. 4.4. Symbiotics

If the companion in our model system is evolved we can digyr results may also explain why few classic symbiotic binar
regard orbital separations less tha.5 — 1AU, since that will systems are not observed as SSS. Despite the fact that the WDs
be inside the outer layers of the companion. At such shor sgR symbiotic systems are expected to be massive and accret-
arations the WD is more likely to spiral into the companion ghg mass at rates comparable to the steady burning regign onl
cause the envelope to be expelled, rather than go througble stthree symbiotic SSS are currently known (SMC3, Lin 358 and
period as a SSS. However, several studies argue againsishe pG Dra). Somewhat analogous to the evidence for circumbi-
sibility of giant companions. For example, using pre-e%a nary matter around SN la progenitors observations of ostsur
archivalHubble Space Telescope (HST) images Li et al [(2011) from recurrent novae in symbiotic systems also indicat@tie-
ruled out a luminous giant or supergiant as the companiondfce of significant amounts of circumbinary material, previ
SN2011fe, although a sub-giant companion could not be §Xy absorbing columns large enough to fully obscure the sys-
cluded by the data. tems in quiescence (e.g. Shore efal. 1996). The physicahpar

If the companion is a main sequence (MS) star the systedters of typical symbiotic systems akgy = 10° — 10°L, =
can exist stably at much smaller orbital separations, aachiéiss 4.10%5-4-10% erg's anda = 2—5 AU, while the red giant wind
loss rates required for obscuration are correspondinglgioas emitted by the donor in such systems is roughly’M, /yr, see
evident from figuré 3. But the mass loss rate from such systeag. Mikolajewskal{2012). If we assume that the spectraisf th
may also be much lower than for systems containing evolvgghe of source is a black body comparable to a canonical SSS
stars. then Figurd_B shows that even if the luminoisities of these sy

There is also the possibility that the mass loss from the sjgms were as large as the ones expected for the nuclear gurnin
tem is caused by a wind from the WD itself. This could happe®D SN la progenitors they would be completely obscured. The
if the mass loss from the donor to the accretor is slightlgdar fact that they are observed to be one to two orders of magmnitud
than the maximal steady burning accretion rate. The aatretess luminous only serves to make them even easier to obscure
mass could be supplied by either a MS or evolved donor. If the
accretion rate is larger than the steady burning rate, theAiD
'‘puff up’ from the accretion and emit a wind of its own, while5, Discussion
possibly still burning some of the material on its surfa@e s ) _ o
Nomoto et al.[(1979). The ‘orbital separation’ in figliie 3slio AS mentioned earlier, we use a number of simplifying assump-
then instead be perceived as th&etience in radius between thelions in our calculgtlons. Here we discuss the caveatsdotred
nuclear burning layer and the wind emitting layer of the wWIPY these assumptions.

For such small separations full obscuration can be achievexdl
with fairly small (101 — 10-*®Mgyr~') mass loss rates. If we
envision a WD accreting at slightly above the maximal stea
burning rate and emitting a weak, spherical wind of this niagnThe assumption of constant wind speed from the surface of the
tude such a source would be completely obscured in our mod®mimpanion star is probably not correct. In reality, the wisd
Potentially of more general interest, if it could be showattthe accelerated by a variety of processes until it reachesritsinal
accretion process feeding a steady burning WD is not 100% gé&locity, and this is not expected to happen until well bed/the
ficient, or if the X-ray emitting surface of the WD loses a verprbit of the binary. Therefore, our wind speed is probably to
small fraction of the accreted material to the circumste#gion large. If the wind is accelerated through the system andrdbes

gyl. Density profile
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reach the constant value used in our simulations until sime t elements heavier than helium but lighter than iron. For fheita
later, i.e. further away from the source, the density closthé ties diferent from the one used in this study the obscuration will
source will be larger. So, this assumption also undereggisrthe scale accordingly.

amount of obscuration.

Also, we have assumed a spherically symmetric distriby-
tion of matter around the binary. This is in general not what
is observed in symbiotic systems, where disk-like stri&gun Following the original work of van den Heuvel et al. 1992 we
the orbital plane are expected, possibly accompanied by-bihave assumed the SSS to be a simple black body. This is prob-
lar outflows (e.g. Solf & Ulrich 1985; Corradi & Schwerz 1993aply not an entirely accurate description of a nuclear lmgni
Munari & Pataf 1993). Overall, it is flicult to say whether the WD (e.g. Ness et &l 2003, Rauch 2003, Rauch & Werneri2010),
assumption of sphericity is likely to over- or underestientite  and by assuming a black body spectrum we may well overesti-
amount of obscuration. In case of a non-spherical structhee mate the temperature of the actual surface of the WD. However
obscuration in specific cases depends sensitively on thie ingleviations of the actual spectra from that of a black bodign
nation to the Sight-line of the observer. This uncertaimyld ||g|b|e in this context, since we are ana|yzing obscuraioh
be dealt with if we had a firm understanding of the symmetriggveral orders of magnitude. In addition to this, the teraipee
of the matter in the relevant binary systems. Given the a#sejependence in our calculations is quite weak (e.g. the numbe
of that understanding, combined with the earlier mentidiaetl of ionizing photons in the calculation of the extent of the-io
that only the material very close to the system has a significazed region depends on temperature lik& ~3/4). Observations
effect on the obscuration, we believe that our spherically symf SSS have often assumed a black body spectrum (e.g. Greiner
metric model is a reasonable first approximation. Hopeféllly  [2000), so comparisons of such observations with our model wi
ther studies will provide a better understanding of the @gnsin a sense be consistent. We note that the question of WD at-
structures of the systems in question. mospheres is not particularly well understood at this paint
a very detailed analysis with additional assumptions wawlt
necessarily improve the applicability of our results.

5. Spectrum

5.2. Temperature

In our calculations we have a assumed a constant temperature
throughout the entire gas bubble, i.e. the temperatureso$iin 6. Conclusions
face of the WD. In reality, the temperature of the gas bublille w. . .
fall off with the distance from the emitting SSS. However, Since gaDte' it has_[nostly ?een assulfgeg that nuclealr burrjmng\éF)s
even at a temperature corresponding to Theof the SSS the 'g progtlenlt?]r SBE)S ems WfOU | € more r?r esE naf ?h '
elements of importance to absorption and scattering in te q onsequhen y,b € absence of a tﬁrgefeno#gsgum derl ° ﬁse
servationally relevant interval, i.e. elements heavianthelium sources have been seen as a problem for the model, as there

but lighter than iron, will not be fully ionized. Our simpk seem to be too few of these sources to account for the observed

temperature assumption only plays a role for hydrogen and f%\l la rate.

lium, which are unimportant absorbers at the photon engrgie d\(/jVedhave exrz]am_ineld a mO‘if' system gf tz)ib?an_?rr]lical SSI S em-
whereChandra is sensitive. We therefore estimate thieet to  2€CUd€d IN @ Spherical circumbinary gas bubble. Theé meamanis
be negligible for our purposes. behind the formation of the gas bubble has been left unspdcifi

but could be the result of e.g. a stellar wind from an evolved
companion, wind-RLOF, pulsations of the donor, or tidéets
5.3. Dust and stellar winds between the binary components.
) ) i i i We have shown that for a certain critical mass loss rate (e.g.

As explaln_ed in _sectldﬂA QUst appears to be fairly unitgmor \; - 10%Moyr! for a ~ 1AU) a clearly defined, narrowly situ-
in connection with the possible obscuration of a SSS. ated, ionized region will form around the SSS. For systentis wi

~ However, if the X-ray source manages to ionize a large ryass loss rates below this critical value the SSS will be sur-
gion in the circumbinary gas, in this region dust formatiafi W rounded by extended ionized regions that may extend into the
not be possible. If radiation pressure on dust is an impofé@a |\,
tor for driving the wind in the first place, introducing thersy Our results suggest that for systems with~ 1AU quite
source may have significanffects on the mass loss rate fromyggest circumbinary mass loss ratesl0° — 10-8Mgyr1) are
the companion. If dust has formed already, it might be dgstio g gicient to significantly obscure the nuclear burning WD SSS.
again, for example by thermal evaporation due to X-ray heathis mass loss is in addition to the mass the donor loses tacthe
ing of the grains (e.g. Fruchter et al. 2001), by charge explgreting WD. For wider systems larger mass loss rates areedeed
sions due to massive photo-electric ionizations (ibidpyther- - Eyen at orbital separations on the order of 100 AU the mass los
mal sputtering in hot gas (e.g. Tielens etal. 2001). In thishs  rates required for significant obscuratien{0-"Moyr?) are not
we have not considered suctiets in detail. Instead, we haveypreajistic for some late red giants or asymptotic gianhbna
used a fixed mass loss rate as a parameter of the model andgjigrs However, if they exist such wide systems are unlitely
regarded the consequences for X-ray absorption if part®f the aple to supply the mass loss rate required for steadyrigirni

heavier atoms are present in the form of dust grains. The mass loss rate required for the ionized region to be-
come clearly defined is several orders of magnitude larger th
5.4. Metallicity the mass loss rates needed for total obscuration at thearglev

photon energies{ 1keV). This means that SSS systems with
By using the model of Morrisson & McCamman (1983) we assuficient mass loss rates to fully obscure the X-ray emission
sumed solar metallicity of the obscuring material (bothulired ~ will have an extended region of ionized material surrougdin
material and ISM). As mentioned, the most important obscukccording to our model, for binary separations1AU mass
ing elements for the photon energies accesible @itandraare loss rates between 1®and 108M,yr~ produce such systems.
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While not observable as SSS, these systems may instead beoirer, J., Hasinger, G., & Kahabka, P., 1991, A&A, 246, L17
servable in IR, radio or Hras recombination nebulae. To the exGreiner, J., 2000, New Astronomy, 5, 137

i i ; Habing, H. J. 1996, A&ARYy, 7, 97-207
tent that they are available multi-wavelength archivatsleas of Hachisu, 1., Kato, M. & Nomoto, K., 1996, ApJL, 470, L97

pre-explosion images at the positions of nearby SNe la maly fifjchisy’ 1 kato, M., & Nomoto, K., 2010, ApJL, 724, L212

such emissions, even if no sources have been found in afchi@rand, K. S., Grabelsky, D. A., 1981, ApJ, 248, 925

Chandra images. We also propose that Emissions outside of van den Heuvel, E. P. J., Bhattacharya, D., Nomoto, K., & Rapg, S. A,,
young regions may be evidence of obscured SSS. 1992, A&A, 262, 97

. . tchings, J. B., Crampton, D., Cowley, A. P., SchmidtkeCP& Fullerton,
If a steady burning WD emits a small amount of the accret&f AW, 2001, AJ, 122, 1572

material, on the order of 101 — 101%Myr2, our calcula- Ihen, I. 1988, ApJ, 324, 355-362
tions show that they may be completely undetectable in X:rayben, Jr., 1. & Tutukov, A. V., 1984, ApJS, 54, 335
We have no way to determine whether steady burning WDs digna, T., 2002, A&A, 387, 1013

0 ; e mler, S., Brown, P. J., Milne, P., The, L. S., Petre, R., ®&h N., Burrows,
crete at 100%f&ciency, but if it does not then even such a small" D. N.. Nousek. J. A Williams. C. L. Pian, E.. Mazzali, P, Nomoto, K..

amOI_Jnt of material will h.ave important consequences fox¢he Chevalier, R. A., Mangano, V., Holland, S. T., Roming, P. W, @reiner, J.
ray signature of such objects. & Pooley, D., 2006, ApJ, 648, L119
The full obscuration constraints for binary separation artghabka, P., Hartmann, H. W., Parmar, A. N. & Neguerueld 999, A&A, 347,

mass loss r resen ve are pr I rict. delm 43
aSS_OSS ateg ese ttEd albg eta e probab y_too StdCt hefi-si Kahabka, P. & van den Heuvel, E. P. J., 2006, Compact SteHeay>XSources
examined an observational best-case scenario, and Whph-sim™" "} cyin . H. G. & van der Kiis, M.), 461
fying assumptions have been made they have consistently bgeuwtter, J., Ogelman, H., Starrfield, S., Wichmann, R. &fefenann, E., 1996,
made to favor a minimal amount of obscuration. For these rea- ApJ, 456, 788
sons, even lower mass loss rates may tficent to fully ob- E_U%Z’B'\I"w Re'g‘sgh’ g-’dB?UdelfmaE_”'PK- Sl‘_l*be‘z‘v JA' Zgozgfﬂﬁ' G‘élw
fat I, W., bloom, J. 5., Podasliadlowskil, P., Miller, A. A., Cenkse. b., a, S. W.,
scure more realistic SyStemS' L . Sullivan, M., Howell, D. A., Nugent, P. E., Butler, N. R., GfeE. O.,
Our results may have |mpl|cat|0n5 for the SD scenario for Kasliwal, M. M., Richards, J. W., Stockton, A., Shih, H.-Bildsten, L.,
type la SNe. The fact that it is comparatively easy to hide the Shara, M. M., Bibby, J., Filippenko, A. V., Ganeshalingam, Bilverman,

X-ray emissions from nuclear burning WDs may help to explain J- M., Kulkarni, S. R., Law, N. M., Poznanski, D., Quimby, R.,MicCully,

S ; ; ; C., Patel, B., Maguire, K. & Shen, K. J., 2011, Nature, 48@® 34
some of the missing” systems mentioned in the IntrOducnoplattila S. Lundqvis? P., Sollerman, J., Kozma, C., BarBn (Ifransson C.

If a significant fraction of the progenitor systems can bewsho ™| ¢ipndgut, B. & Nomoto, K., 2004, A&A, 443, 649
to be severely or completely obscured by circumbinary mat@ikotajewska, J., 2012, Baltic Astronomy, 21, 5
rial originating in the binaries themselves then it woulgl@in Mohamed, S. & Podsiadlowski, P., 2007, ASP-CS, 372, 397

the discrepancy between the SN la rate and the low numberMgfrison, R. & McCammon, D. 1983, ApJ, 270, 119-122
Munari, U. & Patat, F., 1993, A&A, 277, 195

observed SSS systems and integrated X-ray luminosity ip ell\es¢ 5 . starrfield, s., Burwitz, V., Wichmann, R., Hekist, P, Drake, J. J.,
ticals. ) o Wagner, R. M., Bond, H. E., Krautter, J., Orio, M., Hernanz, Kehrz,
Our study may also explain why so few symbiotic systems R.D., Woodward, C. E., Butt, Y., Mukai, K., Balman, S. & Traral. W.,

are visible as SSS, since typical symbiotic systems are édguk 2003, ApJL, 594, L127

in a dense wind, and are less luminous than the expected SD %:% gnans, G\}(’);"S’S;' E.Nz?eerf;'seé& Egi;ai\llcl:\ii?zﬁsoi;a’zlc'\éﬁggl 57

systems. _ _ _ Nomoto, K., Nariai, K. & Sugimoto, D. 1979, PASJ, 31, 287-298
In future work we plan to include our model in populatiomNomoto, K., 1982, ApJ, 253, 798

synthesis simulations to determine if systems with thempara Orio, M. & Greiner, J., 1999, A&A, 344, L13

i ; ; Orio, M., Harmann, W., Still, M., & Greiner, J., 2003, A&A, 89435
ters required for obscqrat!qn are produced In I?rg.e QﬂOUg’i‘rﬂ Panagia, N., van Dyk, S. D., Weiler, K. W., Sramek, R. A., &tiate, C. J. &
bers to account for a significant fraction of the 'missing'S3S Murata. K. P., 2006, ApJ, 646, 369
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