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ABSTRACT

Context. The identity of the progenitor systems of Type la superng@e 1a) is still uncertain. In the single-degenerate sdentne
interaction between the supernova blast wave and the @yterd of a main sequence companion star stffifisyalrogen-rich material
which is then mixed into the ejecta. Strong contaminatiothefsupernova ejecta with stripped material could lead tndict with
observations of SNe la. This constrains the single-degéa@rogenitor model.

Aims. In this work, our previous simulations based on simplifieoganitor donor stars have been updated by adopting moistieal
progenitor-system models that result from fully detailetéte-of-the-art binary evolution calculations.

Methods. We use Eggleton’s stellar evolution code including the agily thick accretion wind model and taking into account
the possibility of the ffects of accretion disk instabilities to obtain realisticdals of companion stars for fiierent progenitor
systems. The impact of the supernova blast wave on thesearnompstars is followed in three-dimensional hydrodynasimaeulations
employing the smoothed particle hydrodynamics (SPH) codBGETS3.

Results. For a suite of main sequence companions, we find that the niziss material stripped from the companions range from
0.11 M, to 0.18 M,,. The kick velocity delivered by the impact is between 51 krhand 105 km st. We find that the stripped
mass and kick velocity depend on the ratio of the orbital s#jmn to the radius of a companioa,/R. They can be fitted in good
approximation by a power law for a given companion model. e\mv, we do not find a single power law relation holding fdfatient
companion models. This implies that the structure of thepaomon star is also important for the amount of stripped nedte
Conclusions. With more realistic companion star models than those eneplog previous studies, our simulations show that the
hydrogen masses stripped from companions are inconsisitérthe best observational limits (0.01M,) derived from SN la nebular
spectra. However, a rigorous forward modeling from theltesaf impact simulations with radiation transfer is reguirto reliably
predict observable signatures of the stripped hydrogent@madnclusively assess the viability of the considered Sigragenitor
scenario.
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1. Introduction white dwarf (WD) accretes hydrogen-rich material from its
) non-degenerate companion, where the companion star ceuld b
Type la supernovae (SNe la) play a fundamental role in ast@-main-sequence (MS) star (WB MS channel), a slightly
physics. They are one of the most powerful tools in cosmologyolved subgiant star or a red giant (RG) star. When the nfass o
due to their extreme luminosities and high homogeneityeBasthe WD approaches the Chandrasekhar mass limit, it explodes
on an empirical relation between the light curve shape aed ths 3 SN la (e.g. Whelan & Iben_1973; Hachisu étal. 1996;
peak luminosity (Phillips 1993; Phillips etlal. 1999), thean be  [Han & Podsiadlowski 2004; Wang etlal. 2010). In the double de-
used as accurate cosmic distance indicators. This led Withe generate (DD) scenario, two CO WDs spiral in and merge due
covery of the accelerating expansion of the Universe (Riésd {0 gravitational wave radiation, resulting in a single @bjeith
1998; 9; Leibundgut 2008). Howeve¥, d§ mass above the Chandrasekhar limit, which then may explode
spite recent progress on both, the theoretical and obsemeht a5 SN lal(lben & Tutukdy 1984; Webbihk 1984).
side, the nature of SN la progenitors and the physics of the ex
losion mechanisms are still unclear (Hillebrandt & Niemiey — However, neither the SD nor the DD models can yet be
)- clearly favored from observation or theoty (Maoz & Mannucci
It is widely accepted that SNe la arise from a mas2011). Inthe SD case, only a fairly narrow range in the a@met
accreting white dwarf (CO WD) undergoing a thermonucleaate above 10 M yr~* is allowed in order to attain stable hy-
explosion (for a review séﬁ@‘ﬁ@olfmogen burning on the surface of the WD, avoiding a nova explo
|1967;[Nomotd 1982). At present, the most general classificgion. This makes it diicult to explain the observed nearby SN la
tion of progenitor scenarios asingle-degenerate anddouble-  rate (Mannucci 2005; Maoz & Mannubci 2011). Recent obser-
degenerate models. In the single degenerate (SD) scenario,vations have identified some DD binaries (Nelemanslet abB200
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Geier et all 2007). However, only few DD systems have beeario. However, in the SD scenario, the companion star is typ
found whose orbital period is short enough to merge in a Hubldally hydrogen-rich. Thus, the impact of a SN la explosmh wi
time (Geier et all_2010; Rodriguez-Gil et al. 2010). In narfe strip of hydrogen-rich material from the companion and mix it
them, the combined mass exceeds the Chandrasekhar limitintto the ejecta, which may be in conflict with observationthé
addition, the DD channel has been suggested to lead to amount of hydrogen is large enough to be observable. Thus, we
accretion-induced collapse rather than an SN [a (Nomotoet Ibmay be able to identify the progenitors of SNe la based on the
[1985;/ Saio & Nomoto _1998). Recently, however, Pakmor et @xact amount of hydrogen stripped from the surface of the-com
(2010,[2011) found that violent mergers of equal-mass whipanion star. So far, there is no direct detection of the stxighy-
dwarfs with masses 0.9 M, can directly trigger thermonucleardrogen. Based on high-resolution spectroscopy of the twraex
explosions which resemble sub-luminous 1991bg-like SNe Igalactic SNe la SN 2005am and SN ZOOﬁéd@]ZOO?) es-
The violent merger of two CO WDs with masses & M, and timated an upper limit of @1 M, applying the model described
1.1 M, can lead to events that reproduce observational charagiMattila et al. (2005).
teristics of normal SNe la (Pakmor etlal. 2012b). Marietta et al. I_(ZQ_OO) (hereafter MOO) explored the impact
With detailed binary population synthesis (BPS) calculaf SN la ejecta on a variety of binary companions (MS, sub-
tions, some research groups investigated the delay-tista-di giants, RGs) in the SD formation channel with two dimensiona
butions (DTD) and birthrates of SNe la forfidirent forma- Eulerian hydrodynamics simulations. They found that theesu
tion channels. Theoretical predictions are compared with onova explosion can strip05 Mg to 0.17 M, of material from the
servations to constrain the progenitor systems of SNe la aswtface of MS and subgiant companions, while RGs lose almost
their forming scenarios (Ruiter etlal. 2009; Mannlcci 200%heir entire envelope in the impact. However, they ignotesl t
%’ 9; Wang & Han 2010; Maoz & Badeénes 2016ffect of the mass transfer phase on the structure of the compan-
[2010). However, there is no evidence that the $@n star when they constructed their initial model. To irtigeste
scenario alone explains the shape of the observed deladisn how the mass transfer changes the mass stripping by sugernov
tribution, while this may be possible for the DD scenario or explosions, Meng et al. (2007) used an analytical methog+o a
combination of both channels (Mennekens &t al. 2010). proximate the mass loss in the impact. They found a lowet limi
The obvious dierence between the SD and DD scenario &f 0.035M,, for the stripped mass, but their analytic method was
that the companion stars in the SD channel will survive ang mhased on an oversimplified description of the interactioysfits.
affect the observational display of the explosth An updated study has been presented by Pakmor &t al. (2008,
[2000; Pakmor et al. 2008). In contrast, no stellar remnaistex hereafter PRWHO08) based on three-dimensional (3D) smdothe
in the case of the merger of two WDs in the DD channel. It isfarticle hydrodynamics (SPH) simulations. By mimicking th
promising approach to constrain the nature of SN la progenit models of_Ivanova & Taam (2004) in their setups, they found
by directly searching for the surviving companion starséms stripped masses in the range frotB DM, to 0.06 Mg, which is
nants of SNe la. A prominent example is Tycho Brahe’s supefery close to the observational limits ef 0.01 M. Therefore,
nova (SN 1572) for which Ruiz-Lapuente et al. (2004) presgntthey concluded that the SD scenario remains a valid possibil
a survey of the central region of its remnant, around thetiposi ity for SN la progenitors. Although mass-loss from the compa
of the explosion. They identified a subgiant star (Tycho @);s ion star was included in their study, it was modeled by rerhova
ilar to the Sun in surface temperature but with very low stefa of material from a main sequence star with a constant rate in
gravity, which moves at more than three times the mean wglocsingle-star evolution code. This is an oversimplification ave
of the stars in the neighborhood and suggested that thistmitfrerefore aim at reexamining the impact of supernova eftta
be the surviving companion of SN 1572. However, the study afcompanion star that was modeled consistently in a detaided
Kerzendorf et al.(2009) casts some doubts on this idertiifita nary evolution calculation.
Recently, Schaefer & Pagnotta (2012) analyzed the centaeof ~ Very recently, Pan et al. (2012) studied the impact of SN la
LMC SN laremnant SNR 0509-67.5 which does not contain amjecta on binary companions in the SD scenario with the
stars down to the observational limit. Thus, all possibleneo Eulerian hydrodynamics code FLASH for MS, RG and He star
panion star types except white dwarfs can be excluded fer tisiompanions. They were able to quantify the amount of contami
object. nation with explosion ashes on the companion star by thersupe
In the SD scenario, hydrogen-rich or helium-rich circumAova ejecta in their simulations which might help to idenaf
stellar material (CSM) is expected to exist around SNe ldas tcompanion star even a long time after the explosion.
result of mass transfer from the companion, as wellas WD svind Based on the prescription of Hachisu et al. (1999b) for the
(Nomotol 1982| Hachisu et al. 1999b). Therefore, anotheir inanass growth of CO WDs, and including the possibility of the
rect way of identifying SN la progenitor systems is to sedach instability of an accretion disk around the WD on the evalati
the material transferred to the accreting white dwarf in@i$M of binary systems, detailed binary evolution calculatibase
(Patat et al. 2007). Following this approach Patat et aD{26e- been performed for about 2400 close WD binariels by Wand et al.
ported detection of such CSM. They suggested that the SD s{@810, hereafter WLH10). They confirmed that WDs in the
tem consisting of a WD and RG is the favored progenitor faWD + MS channel with an initial mass as low a$0M, can
SN 2006X 7). Moreovier, Sternberg et al. fp0laccrete #iciently and reach the Chandrasekhar mass limit. Their
showed that the velocity structure of absorbing materiah@! calculations also showed that the disk instability couldstan-
the line of sight to 35 SNe la tends to be blueshifted. Thuey thtially increase the mass-accumulatiofii@ency for accreting
concluded that many SNe la in nearby spiral galaxies may oriy/Ds and cause SNe la to occur in systems witB Mg, donor
inate in SD systems (Sternberg et al. 2011). Note, howenat, tstars. They found that the Galactic SN Ia birth rate from the
abundant CSM is in conflict with the missing radio signal fowwD + MS channel is- 1.8 x 10-3 yr~! according to their stan-
other events, e.g. SN 2011fe (Chomiuk € 012; Horesh et@ard model, which can account foi32of the observed SNe la.
). In this work, we use the same method as WLH10 to carry out
SNe la are characterized by the lack of hydrogen in theipnsistent binary evolution calculations for the singlgeteer-
spectra. This is explained naturally in the DD progenita@-scate MS channel of SNe la. With these more realistic companion
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Table 1. Main-sequence companion star models.

Model?  Myg Mg Mcs Ps & /Ry Mstripped  Viick SNe la®

[Mo] [Mo] [Mo] [d] [10*'cm] [Mo] [kms™]
ms20a 0.70 2.00 0.74 0.98 3.72 3.06 0.181 51.01 disk instpbilit
ms.20b 0.90 2.00 1.17 0.46 2.40 2.75 0.105 58.78 disk instgbilit
ms.22a 0.80 2.20 1.21 0.29 1.77 2.72 0.173 105.29 weak H-shsti fla
ms.20c 0.80 2.00 1.22 0.56 2.74 2.71 0.171 64.32 weak H-sheli flas
ms.24a 0.90 2.40 1.40 0.33 1.95 2.63 0.172 94.95 stable H burning
ms.20d 1.00 2.00 1.40 0.57 2.83 2.63 0.113 53.32 weak H-sheli flas
ms23a 090 230 1.50 0.35 2.08 2.59 0.162 85.66 stable H burning
ms.24b 1.00 2.40 1.88 0.37 2.25 2.46 0.116 66.91 stable H burning
ms.28a 1.10 2.80 2.00 0.33 2.11 2.43 0.159 84.50 optically thickd
ms.30a 1.20 3.00 2.45 0.44 2.64 2.33 0.141 65.34 optically thicid

Notes. M,,q and M; are the initial masses of WD and its companion at the beginafrmass transfer, respectiveMc¢, P, & andR, denote
the final mass of companion star, the orbital period, thergisaparation and the radius of secondary at the moment efrisoga explosion,
respectivelyMsippea@NdViick are the stripped mass and the kick velocity caused by supeingact.

@ All models have been named with the same way. For example2Q&sb,c,d), the “ms” corresponds to CO WDMS system, the middle
number “20” means th¥l.; is 20 M. The final alphabet “a”, “b”, “c” or “d” denote the ffierent models with the ffierentM.; but the samé;.
) The WD explodes as an SN la in the disk instability phase,érofftically thick wind phase, in the stable H-shell burniigge and in the weak
H-shell flash phase, respectively.

models, we expand and update the 3D hydrodynamical simate,|l\7lz|, is higher than the critical mass-transfer rate for a sta-
lations performed in PRWHO8 to Investigate the interactibn ble accretion diSkor,disk' we will assume that the WD accretes

SN la ejecta with MS companion stars. We then explore h%’i’noothly at a ratM,e. = |M2|. Otherwise, the disk is unstable
the ejecta structure, the stripped mass and the kick videaft nd the mass-accretion rate of the WVs... — |M |/d where
the surviving companion depend on parameters of the prtcgenfi is the duty cvcle. set to.0 in this work fec = |M2] /0,

model. Sectiofi]2 describes the codes and initial modelsil:lsecﬁj y cycle, ’ :

this paper. The SPH impact simulations and numerical reuit DWe do r:]ot solve the stellﬁr structure e?Uﬁtions for the
ten consistent MS companion models are presented in S&tiod' D Star when we construct the structure of the companion
The comparisons with PRWHO08 and some implications of ogfar for our simulation. Instead, we adopt the prescriptbn

simulations are discussed in Sectian 4. We summarize and coichisu et al. (1999b) for the mass growth of a CO WD by ac-
clude in Sectiofl. cretion of hydrogen-rich material from a companion. If thess-

accretion rate of the WDV, is above a critical valuéMewo,
we assume that hydrogen burns steadily on the surface of the

2. Numerical methods and models WD and that the hydrogen-rich material is converted into he-
lium at a rateM¢wp, while the unprocessed matter is assumed

2.1. Numerical codes to be lost from the system as an optically thick wind at a mass-

We use Eggleton's stellar evolution codie (Eggiéton 1677219 loss ratel\/ll\gmd = [My| — Merwo. The critical mass-accretion rate

[1973) to follow the detailed binary evolution of SD progeni'—S

tor systems. The latest input physics have been implemented 17X

by [Wang et al. [(2009,_20110). Roche lobe overflow .(RLOFQ/lcr,wo —53x 10—7( : )(MWD/MQ —04)Moyrt. (1)

is treated in the code as described by Han & Podsiadlowski X

(2004). The opacity tables in our code have been compiled

by [Chen & Todt [(2007) fron_Iglesias & Rogers (1996) anwhereX is the hydrogen mass fraction aMiyp is the mass of

/Alexander & Ferguson (1994). We use a typical Populationthie accreting Wi d_(2011) pointed out that this WD wind

composition with hydrogen abundance=X0.70, helium abun- case may correspond to the quasi-regular transient sufpXrso

dance Y= 0.28 and metallicity Z= 0.02. We set the ratio ray source (SSS) such as V Sge.

of the typical mixing length to the local pressure scale hgig When|Mac is smaller tharMc;wp, the following assump-

a = |/Hp, to 2, and the convective overshooting parametgr, tions have been adopted:

to 0.12 (Pals et al. 1997; Schroder etlal. 1997), which roughl _ _ _

corresponds to an overshooting length~00.25 pressure scale 1. If :—ZLMcr,WD < |Maed < Merwp, it is assumed that there

heights Hp). is no mass loss and that hydrogen-shell burning is steady.
In this paper, we start our binary evolution calculatiomsir In this case, before the supernova explosion, the system

WD+MS binary systems. In a WEMS binary system, mass  may be observed as the persistent SSS (Hachisli et al. 2008;

transfer occurs through RLOF when the companion star fills it [Meng & Yang 2010; Kaio 2011).

Roche lobe. If the mass transfer is dynamically stable,rdest 2. If %Mcr,WD < |Macc| < %Mcr,WD, hydrogen-shell burning is

ferred material will form an accretion disk surrounding ®. unstable, triggering very weak shell flashes, where we as-

This accretion disk can become thermally unstable when the sume that the processed mass can be retained. Before the

effective temperature in the disk falls below the hydrogen ion- supernova explosion, this case may be observed as recur-

ization temperature 6500K (van Paradijs 1906; Lasota 2001). rent nova of U Sco-type (Hachisu eflal. 2008; Meng & Yang

Here, as a possibility, thefect of the instability of the accretion  [2010{Katd 201/1).

disk on the evolution of WD+ MS binaries has been included 3. If |Macc| < %Mcr,WD, hydrogen-shell flashes are so strong that

to constrain the accretion rate of the WD. If the mass-temsf no mass can be accumulated by the WD.
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Fig. 1. Time evolution of density distribution in the impact simtiten with model ms22a. For visualization (not for the simulation,
though), we use cylindrical coordinates. The radial camati is averaged over angle accounting for the intrinsicsgtry of the
star. The logarithm of density is color-coded.

These three cases are accounted for in constructing the s¢4CV [] scenario of MO0, PRWHO08 showed that the SPH-based
MS companion stars for our impact simulations. Furthermorapproach is capable of reproducing previous results oddain
the mass-growth rate of the WD star was linearly interpdlatevith a grid-based 2D scheme by M0O. This confirms that the
from a grid computed by _Kato & Hachisli_(2004). The inpuBPH approach with the GADGET code captures the main dy-
physics in our binary evolution calculations is consisteith namical éfects of the supernova impact on its companion star.
WLH10 (see also_Han & Podsiadlowski 2004). From our one-
dimensional binary evolution calculations, we selectedpo-
genitor systems with a representative range of orbitabgerand 2.2. Basic setup

initial companion star masses. All resulting models arersam ) _
rized in TabléL. In our simulation, we use the same method as PRWHO08 to map

the one-dimensional profiles of density, internal energy, iau-

clear composition of the companion star as obtained from a bi
nary evolution calculation to a particle distribution siite for

éhe SPH code. Here, the smoothing length is chosen such that a

For our hydrodynamical simulation of the impact of SN |
ejecta on their companion stars, we use the GADGET3 code
(Springel et all. 2001; Springel 2005). Originally, the GABG 1 |, the HCV scenario, a CO WD accretes hydrogen by RLOF from
code was intended for cosmological simulations, but it fe®b 5 jower mass MS secondary. Such a system is formed when a CO WD
modified to make it applicable to stellar astrophysics pgotd s left in a close binary orbit by an earlier episode of comreawelope
(Pakmor et dIl_2012a). By using the initial parameters of theolution in its asymptotic giant branch phase [see Marietal[ 2000).
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Table 2. Resolution test for m&2a model.

Nstar

Ntotal

mparticle
[Mo]

Mstripped
[Mq]

Vkick
[km s7Y]

50 000
100 000
1 000 000
2 000 000
4 000 000
6 000 000
10 000 000

107 092
214170
2141 336
4282671
8 565 284
12 847 824
21413 009

2.4010°
1.2010°
1.210°
6.64.07
3.6407
2.6407
1.21077

0.329
0.215
0.190
0.185
0.175
0.173
0.173

138.17
123.92
111.75
108.90
106.54
105.29
105.31

Notes. Ngtar and Nyt are the number of particles used to represent tt
companion star and the binary system, respectively. Aliglas have
the same massparicie

sphere of its radius enclosed 60 neighboring particles.réke
of the basic setup corresponds to that of PRWHO08.

To reduce numerical noise introduced by the mapping to e
sure that they are in hydrostatic equilibrium before wetgstes
actual simulation, the MS companion stars are relaxed.fox 1
10*s (several dynamical timescales). If the relaxation sutsee

Table 3. Fitting parameters of equatiadl (2) afd (3).

0.40

Models

3o

4

a1

[

ms.22a
ms.24a
ms.28a
rp3.20a

4.092
3.786
2.503
6.105

-3.137
-3.156
-3.095
-3.489

3.84L0°
4.300
3.38.0
6.08.0"

-1.309
-1.509
-1.573
-1.450

0.35

o o o
N N w
(=] Ul (=]

mass loss [ Mg ]
o
o
ul

R RN

AnAmSER RN A

Number of particles:
— 107 092

8 565 284 |1

12 847 824 ]
21 413 009 []

214 170

the velocities of the particles stay close to zero. Othexwige A 2141 336
reject the SPH model, and redo the relaxation after adjgigie -~ 4282671 ]
relaxation parameters (Pakmor et al. 2012a). 0.00F s T T TR TR T IR 2500

The supernova explosion is represented by the W7 model times [ s ]

Nomoto et al.[(1984). This model has been shown to provide a

good fit to the observational light curves of SNe la. Its tetel Fig.2. Temporal evolution of the mass loss from the compan-
plosion energy is 1.28 10° erg, and the average velocity of thdon star for simulations with dierent numbers of SPH particles.
ejecta is 16km s*. We place the supernova at a distance to théote that the number of particles gives the total of parsidte
companion star given by the last separation of the binary sybe simulation (both supernova and companion star).

tem. The impact of the SN la ejecta on their binary companions
is then simulated for 5000 s, at which point the mass striggfied
from the companion star and its kick velocity due to the intpa
have reached constant values (see SeCfidn 3.2).

In order to check theftect of the gravitational field of the
WD, we run the impact simulation for the n22a model, in-
cluding a 14 My WD during relaxation of the companion star.
The ms22a model has the smallest separation (see Table 1)
should therefore be influenced most strongly by the WD. Tt
results show that the companion star is basically not distor
due to the tidal force. The distortion should only be at the pe
centlevel in radius anyway, and our spatial resolution @wibry
outer layers of the star is notfficient to resolve this. However,
the mass in these outer layers is orders of magnitudes sms
than the total stripped mass. Therefore, we run all otheulsim 015 F ; . ; ; ; ; : 1
tions in this work ignoring theféect of gravitational field of the 40°  70°  100° 130° 160° 190° 220° 250° 280°
WD when the companion stars are relaxed. Number of particles

0.35 T T T T T T T

0.30 v : : ‘ ; -

—

Mass loss ( M
o
&

e

b

S
T

Fig. 3. Mass loss vs. dierent number of SPH particles used in

3. Simulations ms.22a model simulations.

In this section, we present the numerical results of our SRH i

pact simulations for updated MS companion star models. 70 @he companion star, which corresponds th3 million total SPH
sure the reliability of the results from our simulations, &also particles being used in the simulation. The supernova igrep
perform a numerical convergence test for one selected compgented by the W7 model and set up with an initial separation of
ion star model. We then explore the dependence of stripped ma 77x 10 cm as obtained from the binary evolution simulation.
and kick velocity on the ratios of initial binary orbital sajation Figure[d illustrates the density distribution of the comipan

to companion radiusk /Ry, for a given companion star. star for model m22a from the onset of the supernova explosion
until the star starts to relax again (5000 s). At the begigrh
the impact simulation, the MS star is in equilibrium. The sup
nova explodes on the right side of the companion star. Affier t
We discuss the evolution of the model 182a (Tabl€1l) as a typ- explosion, the SN ejecta expand freely, approach the coimpan
ical case. Figurgll shows the snapshots from our SPH impatzr from the right side, and a shock wave develops as thég hit
simulation. We use a total of % 10° SPH particles to representsurface (see first snapshot). The second snapshot shows-the i

3.1. Typical evolution
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logyy p [g em ™ ]

—8.0 —7.0 —6.0 —5.0 —4.0 —3.0 —2.0 —1.0 0.0 1.0
2.0 ‘ , . ‘ ) 2.0
1 x10° particles 1 x10° particles 2 x10° particles 4 x10% particles 6 x10° particles 1 x10" particles
= =
o (]
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: B y » ) L
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r [ 10" cm]

Fig. 4. Density distribution of the companion star in the_2%a model at 3000 s after supernova explosion wiffecknt resolutions.
Density is color-coded logarithmically.

05 T 0.20 T B e o A
F E o * dels in thi {1 = F % Models in this paper |1
; I S VTR IR S PR
— o ] i 1 = ]
2 0.3 3 . 2 * 1 — wf * 3
)
= C ool k3 a ]l 3 By
0.2 - - 2 60 f % A 3
2 i E B e, -
E £ 005 | 4 ] 5 o 3
- = A A = r A,
20 |- 3
S o1 | T 0.00 PR T P R
,S 25 5.0 75 25 5.0 75
g ag/ R, a;/ R,
i
5 8 Fig. 6. Final stripped mass and kick velocity versus the ratio of
separation to the radius of companion s&fR;, for different
180 S companion star models. The pentacles and filled triangles de
160 E N 4 : note the models simulated in this paper and models in PRWHO08
o140 B XN, E respectively.
|m E \‘\ \\'. E
= 120 - N E
2 - X ]
— 100 N 3 . -
o i ’ 3 passed the stellar core, and the supernova ejecta are mitted w
5 sk E hydrogen-rich material stripped from the companion stéwe T
= N R ms_22a ] last two snapshots show the interaction at 3000 s and 5000 s af
Z whl ™ ms_24a B ter SN explosion. This is the end of the phase of mass-sirippi
g T ms_28a by the impact; the remnant of the companion star shrinks and
fP3_2|03 N 1 relaxes to be almost spherical again. The mass strippedeby th
T T impact of the SN ejecta stays constant from this time onwards

a/ R, (see FiglR). In Fid.11, it can be seen that the companion aar h
moved to left by~ 4.5 x 10'°cm from Q0 s to 5000 s due to the
kick caused by the impact.

Fig.5. Final stripped mass and kick velocity vs. the ratio of or-
bital separation to the companion radius foffelient compan-
ion models. The data are fitted by using the power law of eq
tion (2) or [3) in this paper. The solid line corresponds te thto ensure reliability of our numerical results, we perforcoa-
rp3.20a model of PRWHO8. Note that we use logarithmic cooergence test. We use model 128a and carry out the sim-
dinates here. All fitting parameters are given in Table 3. ulations for diferent resolutions ranging fromQ7 x 10° to
2.14 x 10" SPH particles (see Tallé 2). For each resolution, the
mass stripped from the companion star #eglent times after the
pact 100 s after the supernova explosion, when the shodk staupernova explosion is calculated (seeHig. 2). The totabund
to propagate through the companion star. At 400 s (third snapass and the kick velocity obtained from the impact 5000 s af-
shot), the shock wave reaches its center. The supernova ejéer explosion with dierent resolutions are listed in Table 2. The
flow around the companion and a hole forms in them. In thetripped mass is calculated by summing up the mass of all par-
fourth snapshot (1500 s), the shock wave in the companion liates that are not bound to the star any more, but were part of

2 Numerical convergence test
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Table 4. Stripped mass. 0.25 , , , , .

Model M a&/R. AM!? AM? Difference "o 0.20F J
[Mo] [Me]  [Mo] [%] bR e

ms20a 0.74 3.06 0.18 0.19 5 = ooaski e ]
ms20b 1.17 275 011 0.14 27 : ]
ms22a 121 272 017 0.18 6 i ]
ms20c 1.22 271 017 0.14 18 5 ]
ms24a 140 263 017 0.19 12 2 ]
ms20d 1.40 2.63 0.11 0.15 36 ® 0050 .
ms23a 150 259  0.16 0.19 19
ms24b  1.88 2.46 0.12 0.17 42 PRI RPN R RS R
ms28a 2.00 243 016 0.21 32 0.0 1000~ 2000 3000 4000 5000
ms30a 245 233 014 0.20 43 times since explosion [ ]

1 Numerical calculation of stripped mass in our simulations. Fig. 7. Unbound mass vs. simulation time in rd&a model. The

2 Stripped mass analytically estimated by using the method 8Plid line shows the total mass of all particles with a totergy
Wheeler et dI.[(1975). Here, we directly use the density leobf (_kmetlc pllus potential .energy) larger t_han zero. The ddwtted
companion models from the 1D stellar evolution calculaion line also includes the internal energy in the sum.

the star in the initial setup. In order to determine whetherat
a particle is bound to the star, we calculated the sum of the ki
netic energy (positive) and potential energy (negativeefich
particle. If the total energy is positive, the particle ig bound.
Note that the center-of-mass motion of star is subtracteeiwh
calculating the kinetic energy for each particle. §
Figurd2 shows that the mass loss decreases when the numberse
of the SPH particles used in the simulations increases (see a
Fig.[3). However, it is numerically well converged for mohai
about 8 million SPH particles in the simulation (this copesds
about 4 million particles in the companion star). Thfetience
in stripped mass between simulations witB@x 10° (the short
dashed line) and.28 x 10’ (the dotted line) SPH particles is
smaller than 2%, the flerence between28x10° and 214x 10’
(the narrow dash-dotted line) SPH particles is less thansEs (
Table[2). After 3000s, the amount of unbound mass becomes
constant in good approximation. The density distributibthe
companion star corresponding tdfdrent resolutions is shown _ » ) ] ) )
in Fig.[. There are also no morphologicafdiences among the Fi9- 8. Initial density profiles of five companion star models at
simulations with 86x 10° , 1.28x 107 and 214x 107 SPH par- the onset of the_ SN la explosion. Model r@Ba (dashed line)
ticles (the last three snapshots in . 4). Therefore, weleale  @nd rp320b (solid line) are from PRWHO8.
that it is suficient to represent the companion stars with about 6
million SPH particles in our SPH impact simulations.

ms_20a

density [

1 0'6 1 1 1 | 1 Ml 1 | 1

0.0 4.0x10" 8.0x10"
radius [ cm ]

1.2x10"

on its evolutionary track in the Hertzsprung-Russell (Hel)-
gram towards the giant phase. The density profile of companio
Based on a selection of ten realistic MS companion star nsodetar ms20a is shown in next section. Compared with other main
we simulate the interaction of supernova ejecta with thigiaty ~Sequence stars in our sample, this star has a very largesrauiiu
companions. The initial parameters of all binary systenesliis a higher density in the core. The shrinking of its inner card a
this paper are listed in Tal[g 1. the subsequent expansion of the outer layers make its qrevelo
The amount of hydrogen-rich material stripped from the suless bound. This explains why more hydrogen-rich matesial i
face of the companion star®sippes @nd the kick velocities stripped @f when the supernova blast wave hits the companion
caused by the supernova impagl, are also shown in Tab[é 1 star in this model.
(see also Fid.]5). The stripped masses range framtd Q18 M, For a given companion star model, we investigate the de-
and we measure kick velocities between 51 and 105 Rni\ote pendence of stripped masddsyippes and kick velocityviick, on
that this kick velocity is defined as the center of mass velaxfi  the ratio of orbital separation to companion star radaggRo.
all particles bound to the companion star 5000 s after théoexpAll parameters but the orbital separation are kept congiant
sion of the supernova. means that we only change the value of the separatjofor the
The largest stripped mass of our simulations is found feame companion model artificially). Figlile 5 shows the g&ip
model ms20a (018 M,). Further analysis shows that the hydromass and kick velocity versag/R, for models ms22a, ms24a
gen in the center of this companion star has already beedymosind ms28a. For a given companion star, we find a similar re-
depleted at the time the white dwarf explodes in a supernolatjonship as previous studies (Marietta et al. 2000; Meradle
and its outer layers already begin to expand. This movesdane £2007; Pakmor et al. 2008; Pan etlal. 2012). The dependence of

3.3. Results
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Fig. 9. Final velocity distribution of the stripped hydrogen-rictaterial that originally belonged to the companion stait lanel)
and supernova ejecta (right panel) 5000 s after the supamqiosions for model m22a.

the stripped mass on this ratio follows a power law to good ap- Using a 10M; solar-like companion star model,
proximation (see Fid.l5): Marietta et al. [(2000) found about.1® M, hydrogen-rich
material to be stripped from the surface of MS companion by
the impact of the supernova explosions. The mass of stripped
hydrogen-rich material in our simulation is consistenttieir
results. Note that compared to the study of PRWHO08 our simula
Likewise, the dependence of the kick velocitye onas /Ry can  tions bring the results back to the original wor

af 4
Mstripped= @0 - (EZ) Mo. (2)

be fitted by a power law (see FIg. 5) (2000) only by chance — the setups of the companion stars
u are very dfferent. While we construct our companion star
Viiek = 1 - (ﬁ) em st 3) models from consistent binary evolution calculations,irthe
Ry model ignores thefBect of mass transfer on the structure of the

o i companion star altogether. Although PRWHO08 included such
Here,ap anda; are two fitting constants, which, however, are nojn gfect in the construction of their companion stars, it was not
unique but depend on the companion star models. The paragigne in a consistent binary evolution calculation.
ters v andy. are the corresponding power law indices. Values The amount of the unbound mass in our work is also consis-

for these fitting parameters are listed in Table 3. For compatr ; S . : .
t with the new multi-dimensional adaptive mesh refinemen
son, we also show the result from model 3a of PRWH08. - Wi FPan et hl (20 X :
Comparing our models with PRWHO08, all simulations follow |mulat|0.ns oftan cf al_(2012). But, again, t_hey dld.ndt)fml
power law of some kind, but we do not obtain the same fittin € ftuII blnalry evoltutlor;] but use? |n|tt_|al f{:r?n.d';'/losns wit can-
S : N ant mass-loss rate when constructing their comparéon s
parameters. This implies the importance of the structurdef odels with the MESA code 6f Paxton L (2011). Therefore,

companion star for the stripped mass and kick velocity in o e ‘oo, Pa
impact simulations. Furthermore, we put all models usedim t € agreement can be regarde_d as cplnmde_ntal Q0. Pan et al
paper and the PRWH08 models together as a whole sampl ) argue that the mass stripping is dominated by abiatio

examine the #ect of a;/R,. Figure[6 shows the dependence of! their simulations for the MS companion. They used a shght
the stripped mass and kick velocity on the parametgR,, for different criterion for the unbound mass in which they included
all these models. However, we do not find a power law relati(Seﬂe 'ntTeﬁigaéfgse;g& Irrr]w;I?edg:f(;gcttofé?eolﬁ)roé?;ﬂ?;t%nnds ﬁgggﬁse

is still holding in Fig[6. Therefore, again, it indicategtfesults gyére mainly interested in the unbound mass at late enouah
of our impact simulations are also dependent on the detils'¥ y 9

the structure of the companion stars due to the history osmdines When the internal energy is negligible to the kinetie e
ergy. Figuré¥ shows the unbound mass of a companion star as a

transfer. function of time after the supernova explosion in our SPHsIim
lation. Whether or not a particle is unbound is decided by-sum
4. Discussion ming its potential energy, kinetic energy and internal gpeor
) ) ) ] without the internal energy, which corresponds to the dotiel
4.1. Comparison with previous studies in Fig.[7). Already 5000 s after the explosion most of therinae

Wheeler et al.[(1975) derived a simple analytic formula fe t €Nergy deposited by the impact has been converted intoikinet
calculation of stripped mass, and their results were coefirm€nergy. Therefore, as in PRWH08, we neglect the internal en-
by some of the early numerical simulations (5ee Mariettalet §'9Y When we flag particles as bound or unbound at late times in

). Here, we also estimate the stripped mass using thair 22Ur simulation.
lytic method based on our MS companion models (see Table 4). In our study we find that a minimum of DM, of hydrogen-
As shown in Tablé14, the order of magnitude of stripped massh material being stripped from the companion star. Thisg-
predicted by the analytic estimate agrees with our reshits, nificantly larger than the.035 M, for stripped hydrogen found

is usually overestimated by the analytic formula compared by Meng et al.[(2007). This might be caused by their oversim-
the result obtained from our simulations, with deviatioasg- plified description of the interaction physics, e.g. tlikeet of
ing from 5% to 43%. the shock formed between the supernova ejecta and the com-



Z.W. Liu et al.: 3D simulations of interaction between SN jacta and their MS companions

panion star was not calculated in their analytic model. Rége
[Pan et al.[(2012) argued that since they neglected the msss lo 1.0
due to the ablation from the hot surface of the companion star TR T e m
IMeng et al.[(2007) underestimate the final unbound mass. o e PRWHOS model |’
PRWHO8 found stripped masses in the range fro@d 0/, E ]
to 0.06 Mo, which is very close the observational limit obtained 0.8F ]
by [LeonarH[(2007), but significantly lower than the values we : ]
find for the models presented here. In order to determine the
origin of this diference, we select two models, @8c and
ms.22a (see Tablgl 1), in comparison to the models2pa8 and
rp3.20b of PRWHO08. The density profiles of these four mod-
els at the moment of the explosion of the supernova are showr
in Fig.[8. Models m22a and rp320b have the same radius of
0.65 x 10'*cm. Although there are some smalifdrences in
the density profiles in the inner cores, the outer layers eagly 0.2k
identical. In our simulations, only the properties of outgrers :
of the companions can significantlffect the results of the inter-

o
o
T

mass fraction

o
=~

action between supernova ejecta and companion star. bineyef 0.0 TR — ]
we chose these two models to carry out a comparison. PRWHO¢ ’ 1.0 20 30 40 50 6.0 7.0
had set up the binary with a separation a2@x 10'*cm for velocity [ 10° km s~ |

their Model rp320b. They found a stripped mass aD0 M,
and a kick velocity of 24 kms®. Our model m22a, how-
ever, has an orbital separation at the time of the explosfonfgg. 10. Fraction of the material stripped from the companion in
1.77 x 10" cm only. Running this model we obtain a signifvelocity space for m22a model 5000 s after the supernova ex-
icantly larger stripped mass ofl¥ M, and a higher kick ve- plosion relative to the total contaminated supernova ajéite
locity of 10529 kms™. This is to be expected for changing thelashed line corresponds to the PRWHO08 model.
initial separation, as discussed above. Furthermore, lgalate
the stripped mass and kick velocity with the same separation
4.26 x 10 cm as for Model rp30b by using the power law
relation of equation{2) and(3) for our Model @8a. We find Moreover, the larger radius causes an extended interatem
a stripped mass of.01 M, and kick velocity of 3302kms?, that also leads to a slightly larger kick velocity of.82kms*
which is excellent agreement with Model r@®b. Therefore, compared with the 46 km s of Model rp320a. Finally, in our
excluding the densityfect, the orbital separation at the time ofnodel, a larger conical hole is created in the supernovésleér
the explosion is the primary factor to cause thffedence be- hind the companion star. Without th&ect of orbital separation,
tween the simulations of the two models_22a and rp320b. the more compact structure of the companion star significant
The difference in orbital separations originates frofiietient reduces the stripped mass. Thus, the degree of compactness o
treatments of the progenitor evolution. The binary systeras @ companion star, especially the compactness of its outer la
examine here fill their Roche-lobe at the time of the explosioiS very important to determine the influence of the impachef t
This fixes the orbital separations of the binary systemgetms SN la ejecta on its binary companion star.
of detailed binary evolution calculations, PRWHO08 dirgttiok What causes this flerence of companion star structures
parameters from the study lof lvanova & Tadm (2004) to mimizetween the models nz0c and rp320a? PRWHO08 computed
the dfect of the binary evolution phase. lvanova & Taam (2004heir companion star models by constantly removing masgewhi
analyzed the evolution of possible SN la progenitor systeans they evolved a single main sequence star. They did not censid
sisting of a WD and an evolved MS star. In PRWHO08, all valugbe detailed mass-transfer processes in a binary systetmeimn
adopted by model rp30a come from a WBMS binary sys- one-dimensional stellar evolution, the mass loss procestter
tem evolved by Ivanova & Taam (2004) with initial WD massapidly: the duration of the mass transfer is about a factd0o
Mwp = 0.8 My, companion masdly; = 2.0 My, and orbital pe- less than the Kelvin-Helmholtz timescale of their starghéugh
riod P; = 1d (lvanova & Taarr 2004). These parameters hathey mimicked the total mass loss and the total time of mass
been presented in Table 2 of PRWHO08. For comparison, we k&ts from Ivanova & Taam (2004) when constructing their com-
up our new Model m&20c with the same initial binary param-panion star models, this does not lead to realistic companio
eters Mwp = 0.8 Mg, Mgj = 2.0M, andP; = 1d) and carry star structures such as obtained from consistent binarly-evo
out the fully detailed binary evolution calculation to ctmst tion. The result are more compact objects and the binary sys-
the structure of companion star. Properties of ModeRfis are tems of PRWHO8 are characterized by very large values of the
listed in Tabld L. The final orbital separation at the momént parameteras/R,, since they used less evolved companion stars
the supernova explosion is72 x 10cm, which is very close to start the mass accretion phase from, which were too campac
to the 268x 10** cm of Model rp320a by PRWHO08. Moreover, to actually fill their Roche-lobe (see FIg. 6). In contradt@F is
the final companion masses agree very welP?M,, for our taken into accountfor the mass transfer of a binary systesuin
Model ms20c versus 1.7 M, for Model rp320a). However, detailed binary evolution calculations, and we also cagrsilde
Fig.[8 shows that the m80c model has a larger radius comprocess of WD accretion by including the optically thick win
pared to Model rp20a. Therefore, it is not surprising that thenodel of Hachisu et al! (1999b). The structures of companion
impact simulation for this model leads to a stripped mass sfars are properly adjusted due to the detailed modelingagbm
0.171M,, (see Tablgll), while only.032M, were stripped in the transfer in the binary system. Consequently, our work prisse
rp3.20a model. Since our Model n#)c has a larger radius, itan update to the PRWHO08 study with more realistic companion
has a less bound envelope that can be stripped away morng easibr models.
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Fig. 11. Relative fraction of material that belonged originally hetcompanion with respect to the total amount of materiad. rEal
and blue color correspond to companion and supernova ragtespectively.

In our SPH impact simulations, the stripped mass and tiidey argued that the presence of stripped material at high ve
kick velocity depend sensitively on the ratio of the orb&ap- locities implies that traces of hydrogen from the comparsiomn
aration to the radius of companion stay/R,. More compact swept up in the oxygen and silicon layer of the supernovdajec
companion stars with a larger orbital separation lead tgrifsi They also argued that given the upper limits on the hydrogen
cant reduction of the amount of stripped hydrogen-rich mite abundance from SN la observations near maximum light, this
However,as /R, is not the only parameter to determine the outhay provide a criterion for discriminating between SN la-pro
come of the supernova impact, the companion structure @s afgenitor scenarios (M0O0). Figurell11 illustrates the retadimount
important (see Fid.l6). of material that originally belonged to the companion wi¢h r

spect to the total amount of material foffédirent companion star

models. This figure shows how the supernova ejecta are mixed
4.2. Distribution of the stripped material in velocity space with the material stripped from the surface of the companion

. . . .. star. Most of the stripped material, however, will only bewo

The hydrogen-rich material stripped from the companionista \gjhje at very late times when the ejecta are mostly trarespa
mixed into the supernova ejecta. Figlire 9 shows the veldty 5 it is possible to see very deep into the center of theaeject
tribution of the hydrogen-rich material stripped from thae
panion star (left panel) and the supernova ejecta (righelpan  FigureI2 shows how the spatial distribution of stripped ma-
Most of the stripped material is concentrated at velocities terial evolves with time for model mg0c. The left column
low ~ 800 km's*, which is much slower than the typical velocshows both, the SN Ia and companion star at 1000s, 3000 s and
ities of the supernova ejecta of 10 000 km s*(Chugai 1986; 5000, respectively. The right column shows the materigi-or
Marietta et al. 2000), placing it at the very center of th&®e  nally belonging to the supernova only — all companion materi

In Fig.[10 we plot the mass fraction of material stripped frorhas been cut out. We see that the supernova ejecta are signifi-
the companion star in velocity space (all bound materiableasn cantly dfected by the companion star when the supernova im-
cut out). We also show the result of PRWHO08 (dashed line) fpacts the binary companion. The interaction creates a a&bnic
comparison. In the low velocity region, the mass fractiothaf hole in the supernova debris with an opening angle of about 50
stripped material is very high and it dominates over theinaly (see the right snapshot at 1000s of [Figl 12). Comparing with
supernova material. But this fraction sharply decreasethe@s PRWHO0S8, our simulation shows a larger cone-like hole behind
velocity becomes larger than 3km s™. Clearly, the supernova the companion star. This is not surprising, because at tine sa
ejecta dominate at high velocities. However, some strippad initial separation our companion star has a larger radiais the
terial is present also in the outer ejecta as already notddidy models used in PRWHO08. Additionally, Fig.]12 shows that the
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Fig. 12. Density distributions of all material (left panel) and thgsrnova ejecta (right panel) at 1000 s, 3000 s and 5000rtadte
explosion for model m&0c. The logarithm of density is color-coded.

material is shocked at the companion star which leads taothe fMoreover, most of the stripped hydrogen in our models ends up
mation of a bow shock. Ejecta passing through the shock arevelocities below 19km s so that it is confined to the inner-
heated and compressed into a thin shell, and their veloeity v most part of the explosion ejecta which are usually rich émir

tor is redirectedmm). group elements. Whether or not, lémission will be detectable
under these conditions, is a highly complex question whah ¢
only be answered by performing sophisticated radiativestier
simulations on the abundance structure of our explosionatsod
(;I'his is beyond the scope of the current paper.

4.3. Detection of hydrogen

In our simulations, we find that the supernova impact striips

0.11Mo to 0.18 M,, of hydrogen-rich material from the compan-  Note also that there are some possibilities to reduce the
ion star (see Table 1). This is far more than the most stringefimount of stripped hydrogen. In our detailed binary evohuti
upper limit of Q01 M, which[Leonard((2007) derived from thecalculations, we adopt the prescriptiori of Hachisu &
non-deteqtion of Kl emission in late time_sp_ectra. Therefore OUfor the mass growth of a CO WD by accretion of hydrogen-rich
results might challenge the SD scenario if the systemsetudinaterial from its companion. According to this model unpro-
here are representative and the objects, from which the'ebse cessed matter is assumed to be lost from the binary systeto due
tional constraints were derived, originate from SD prog®si  an optically thick wind if the mass accretion rate exceedsta ¢
However, it is important to note that the model otal value ofMcwp = 5.3 x 10°(1.7/X — 1)(Mwp — 0.4) Myr—*
Mattila et al. (2005) which was employed by Leonard (2007pere, X is the hydrogen mass fraction amdiyp the mass of
to obtain the upper limit mentioned above is quite simpléhe accreting WD)._Hachisu etlal. (1999a, 2008) proposed tha
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Fig. 13. Density evolution of the remnant star in i2a model simulations. Only the bound material that oriyrtzelonged to the
companion star are included. The logarithm of density isreobded.

this optically thick wind will strip dt parts of the outer layer of 4.4. Surviving companion stars
the companion star. This “mass-strippingfext is currently ne-
glected in our simulations. However, it could reduce the anto In the SD scenario of SNe la, the companion star survives the
of hydrogen in the SN ejecta since the mass-stripping redlu&ipernova explosion. Because the interaction with the SN la
the companion size and therefore also the mass lost in tre-sugjecta and its orbital velocity at the time of the explosiits,
nova impact. spatial velocity might distinguish it from stars in its nbeigpr-
hood. In our simulation, the kick velocity reaches valuesrfr
51 kms! to 105 kms?, which is comparable to the orbital ve-
locity of 96— 281 km s®. Thus, the spatial velocity of the rem-

Another possibility to reduce the amount of stripped hydro-
gen arises if the MS companion in the binary has a helium-ri€¥&nt staryspatia = \/Vﬁick + V2, ranges from 108 knt$ (model
envelopel(Pan et al. (2010) find the stripped helium mass to Bg 20a) to 287 kms' (model ms30a).[Ruiz-Lapuente etlal.

consistent with observational constraints in this caseghSa  (2004) showed that Tycho G star has a spatial velocity of

system is possible if a massive primary undergoes a first RL@B6 km s, which is located in the range of spatial velocities
during its red giant phase and the resulting helium star €Xgg our models.

riences a second RLOF episode during core helium burning

(Hachisu et al. 19942, b). Furthermore, a surviving companion star will be strongly af

fected by the impact of an SN la and show distinguishing prop-
erties. The identification of a surviving companion starfist
torical supernova remnants is a promising method to test pro
Finally, we note that also the recently proposed “spin-ugenitor models of SNe la. Figufe]13 shows the evolution of a
and spin-down” model_(Justham 2011; Di Stefano et al. 20lrEmnant companion star up to 5000 s after the supernova-explo
Hachisu et dl. 2012) is likely to reduce hydrogen stripping.  sion for model m22a. The remnant companion star idfed
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