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Supplementary Information section 1. RCW 86 as the result of a SN explosion near the edge
of a wind-blown bubble

RCW 86 (also G315.4-2.30, MSH 14-63) is a young Galactic shell-like SNR with an angular
diameter of about 40/, which — for a distance to the remnant of 2.3 kpc (ref.!?) — corresponds to
~26 pc. The almost complete shell of RCW 86, visible in X-ray>!, optical'®, radio'® and infrared*
wavelengths, has a bright peculiar protrusion to the south-west, what gives the SNR a pyriform
appearance (see fig. 6 in ref.'%). At optical wavelengths, the protrusion appears as a ragged arc-like
nebula’*>* (Fig. 1) with a radius of about 2 (1.1 pc). Spectroscopic observations of the arc indicate
that the SN blast wave expands with a velocity of ~ 100 kms™! at this location. Deep imaging
of RCW 86 revealed that almost the whole periphery of the SNR is encompassed by Balmer-
dominated filaments'6. Spectra of these filaments indicate shock velocities of ~ 500 — 900 kms~!
(ref.195%). Similar velocities of the SN blast wave were also inferred from observations of thermal
X-ray emission in RCW 86°!, while the detection of nonthermal X-ray emission in this SNR3!-36:57
implies the existence of shocks with even higher speeds. Recent proper motion measurement of a
nonthermal X-ray filament in the north-east rim of RCW 86 showed™® that the blast wave expands
there with a speed of ~ 3000 kms~!.

The striking asymmetry in expansion velocity of the SN blast wave was interpreted as an
indication that the SN explosion has occurred within a low-density bubble created by the wind of
the progenitor star®”, and that the actual SN explosion centre is closer to the south-west edge of
the bubble because the ambient medium in this direction is denser than in the opposite (north-east)
one®. Correspondingly, it was suggested that the SN blast wave has already hit the nearest (south-
west) edge of the bubble and slowed down its velocity to ~ 600 kms™!, while in the opposite
direction it still freely expands within the bubble. This scenario is widely accepted in subsequent
papers®>°! on RCW 86.

Gvaramadze & Vikhlinin!” supplemented the cavity explosion scenario by Vink et al.> by
suggesting that the cavity was created by a moving star and that the SN explosion in RCW 86 has
occurred near the edge of the cavity — in the centre of the south-west protrusion, which is similar to
the model put forward by Wang et al.%? to explain the origin of large-scale structures (in particular
the Napoleon’s Hat) around the SN 1987A (cf. ref.%}). Including our results, we arrive at the
following scenario. The SN progenitor was a ~ 10 M, star in a tight binary system with a low-
mass companion and the SN explosion was of Type Ib. This means that before the SN explosion
the binary system has lost a significant fraction of its initial mass, M;, through a common-envelope
ejection. The ejected mass is expected to be about 5 M, since (single) 10 M, stars lose only
about 10% of M; during their lives, and the pre-SN mass of the exploding star is constrained to
<4 M. After the common-envelope ejection, the stripped star could still be surrounded by a thin
hydrogen envelope®, which is blown off later on through a fast line-driven wind. This wind would
sweep-up the material of the common-envelope ejecta in a dense shell, which we now observe as
an arc-like nebula in the south-west corner of RCW 86.

From the expected ejection velocity of the common envelope of several tens of kms™! and

given the radius of the optical arc of ~ 1.1 pc, one finds that the envelope ejection event occurred
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a few 10" yr before the SN explosion. This time-scale is similar to the duration of the shell helium
burning phase of ~ 10 M, stars®®, which implies that a case C Roche-lobe overflow initiated
the common envelope evolution. Using the number density of the local interstellar medium of
~ 0.5 cm™3 (ref.>?), one finds that the common-envelope ejecta so far swept-up only ~ 0.1 M, of
the ambient gas, which in turn implies that the arc should be composed mostly of the material lost
by the binary system, and that it should therefore be overabundant in nitrogen by a factor of three or
s0%. Optical spectroscopy of filaments at several positions in the optical arc revealed®’ a factor of
two overabundance of nitrogen with respect to the value typical of old Galactic SNRs. Although
this overabundance is slightly lower than what is expected from our scenario, we note that the
observed spectra could be a superposition of spectra produced in regions with different physical
conditions (e.g. because of the presence of shocks with different velocities along the same line-
of-sight), which makes it difficult to determine the nitrogen and other chemical abundances with
standard methods (cf. ref.®”).

Although there are no doubts that RCW 86 is the result of a cavity SN explosion, there is no
consensus>>3+36-6! on whether the progenitor of the SN was a massive star or a white dwarf (WD).
It was suggested that an accreting WD in a binary system might be a source of strong wind lasting
~ 108 yr before the WD will reach the Chandrasekhar limit and explode as a Typela SN, and
that RCW 86 is the remnant of SN explosion within a bubble created by such a wind®. Two often
cited arguments in support of the Type Ia origin for RCW 86 are the lack of a compact remnant
in RCW 86 and the non-detection of super-solar oxygen abundances anywhere in this SNR. Our
findings indicate that RCW 86 stems from a core-collapse SN and naturally explain why searches
for a compact remnant within RCW 86, based on the standard wisdom that it should be located near
the geometric centre of the SNR, gave a null result’®"!. The lack of a significant amount of oxygen
in the SN ejecta can also be naturally explained: the lowest mass progenitors of the core-collapse
SNe eject a very small amount of this element’2.

Supplementary Information section 2. Simulated effects of a SN explosion in a tight binary

We performed Monte Carlo calculations of 10 000 asymmetric SN explosions to simulate the
resulting kinematics on the surviving binary system containing a NS and a 0.9 M, G-dwarf, based
on the equations of Tauris & Takens’?. The impact of the SN shell is modelled according to the
three-dimensional hydrodynamical simulations results of Liu et al.”*, by applying their power-law
fit (see their fig. 6) for a 0.9 M main-sequence companion star which experiences shell impact
from a nearby, stripped exploding core of 3.0 M.

The mass of the exploding star and the pre-SN orbital period are randomly drawn from the
intervals 2.9 — 3.7 M, and 0.28 — 1.0 d. We only considered circular pre-SN orbits as the pre-SN
binary evolved through a common envelope phase. The chosen mass interval corresponds to MM in
the range 10 — 13 M, (see main text). A minimum pre-SN orbital period of 0.28 d was adopted to
prevent the 0.9 M, star from filling its Roche lobe, which would most likely lead to a merger event.
The upper limit of the orbital period is given by the strong pollution of the companion star with
heavy elements from the SN ejecta, which means that the pre-SN orbit must have been tight. The
momentum kicks are randomly drawn from the range of 0 — 500 km s, assuming an isotropic
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distribution of kick directions. We assume a NS with a mass of 1.4 M, is formed, releasing a
gravitational binding energy of 0.16 M, c? (ref.”). Since we estimate a post-SN orbital period in
the range of 10 — 40 d (Methods) we consider only cases where this is achieved.

Supplementary Fig. 2 (left panel) shows that the most likely obtained systemic velocities are
of the order of 80 kms™!, in agreement with observational constraints based on the location of the
NS relative to the centre of the optical arc in the south-west of RCW 86. We found a minimum
orbital eccentricity of 0.7. Liu et al.”* obtained the mass of accreted SN ejecta by the companion
star as function of Fgy and the pre-SN binary separation. We parameterized their results, and
applied them to our calculations. Supplementary Fig. 2 (right panel) shows that using the canonical
value of Egy = 105! erg results in very small accreted amounts of SN ejecta (blue histogram, left),
but a five times smaller SN energy yields values (red histogram, right) which are well compatible
with the enrichments seen in [GV2003] N (see main text). A smaller than canonical supernova
energy is also consistent with our initial mass estimate of the SN progenitor of about 10 M, (cf.
ref.+76).

The magnitude of the kick imparted onto a newborn NS is, in general, poorly known. The
commonly used kick velocity distribution of Hobbs et al.”” is based on isolated radio pulsars and
suffers from selection effects such that slow moving radio pulsars, for which no proper motions
have been measured yet, are not included in the sample. In addition, there is amble evidence that
the kick velocities added onto newborn NSs depend on whether the exploding star was stripped
prior to its SN explosion. It has been demonstrated’® that kick velocities of the order 400 —
500 km s~ (similar to typical velocities from the Hobbs et al. distribution) cannot reproduce the
observed transverse velocities of binary millisecond pulsars (typically ~ 80 kms~!). Similarly,
an analysis of the distribution and the peculiar velocities of high-mass X-ray binaries’ (often
being only ~ 10 — 20 kms~!) also support the hypothesis that exploding stars generally produce
smaller kicks if they have lost (at least) their hydrogen-rich envelope via mass transfer prior to the
SN. Finally, it is known that the kick produced in the second SN in the production of double NS
systems is often less than 50 kms~! (ref.”® and references therein).

If the kicks applied in our simulations are instead chosen in the range of 300 — 500 kms~*

or 0 — 200 km s~!, the number of surviving binaries decreases (increases) by 57% (42%), respec-
tively, compared to our default range of 0 — 500 kms~!. However, using the large kick velocity
interval always results in systemic velocities of the surviving binaries in excess of 210 kms™!, in
contradiction with observational constraints for the NS binary in RCW 86.

Supplementary Information section3. Chemical abundances in LMXBs

Heavy element enrichment due to an exploding binary companion have been measured in a
handful of stars8°=%2, all in active X-ray binaries, where the X-rays produced by mass transfer
from a low mass main sequence star to a compact companion prove the physical connection of
both components. Except for one object (Nova Scorpius), the pollution of the low mass star with
SN products is rather mild, i.e., some metal abundances are typically enhanced by a factor of two,
with an oxygen enhancement of ten in Nova Scorpius as the record holder®®. Remarkably, the

NATURE ASTRONOMY | DOI: 10.1038/541550-017-0116 | www.nature.com/natureastronomy 4

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.


http://dx.doi.org/s41551-016-XXXX

SUPPLEMENTARY INFORMATION

Ca overabundances of all objects so far are small, i.e. [Ca/H]~0.2+0.2 including that in Nova
Scorpius (see table 5 in ref.!), and further on their enhancement in silicon is larger than that in
calcium. This is to be contrasted with the Ca enhancement of [Ca/H]~0.8+0.05 in [GV2003] N,
which exceeds its Si enhancement by a factor of ~4. We stress that the Ca overabundance is
not caused by non-LTE (NLTE) effects. Mashonkina et al.®} showed that for a star like the one
analysed in this work the NLTE effects for the measured CaT lines are smaller (in modulus) than
—0.02 dex, too small to compensate for the measured overabundance.

More importantly, in the known post-SN binaries Si is more overabundant than Ca'. This is
consistent with studies’>% of explosive yields from (single) stars with M; > 11 M, which show
that Si is generally produced in larger amounts than Ca (see Supplementary Fig.3). A possible
explanation of the observed abundance pattern in [GV2003] N is that the element distribution in
the SN ejecta was highly asymmetric because of 3D instabilities in the core collapse and that
the Ca-rich clumps (observed in a number of young SNRs?*:*?) were ejected by chance mostly
towards the G-star. Another possibility is that the elevated overabundance of Ca with respect to Si
is intrinsic to the SN ejecta as a whole, which implies that RCW 86 might be the result of a Ca-rich
SN explosion (see Supplementary Information section 4).

Supplementary Information section4. Calcium-rich SNe

Ca-rich SNe are a recently defined class of transients with peak absolute magnitudes of
Mp > —16, intermediate between Type Ia SNe and novae*?®5, whose observational properties
appear challenging to explain. While at maximum light, the optical spectra resemble those of
Type Ib SNe, thus showing lines of helium but not of hydrogen?, these objects evolve very quickly
to the optically thin nebular phase (at ~2 months). Their nebular phase spectra are dominated by
[Ca11], with lines from oxygen or other intermediate mass elements being weak or absent.

The question which progenitors can produce Ca-rich SNe is not settled. A significant fraction
of these SNe (8/13)% occurs in early-type galaxies and many of them (6/13) are found at large
(> 10 kpc) galactocentric distances®*%%7, This points towards relatively large progenitor lifetimes
(from tens to hundreds of Myr) and/or high (up to ~ 1000 kms~!) space velocities®®, which in
turn implies low-mass SN progenitor stars. However, four Ca-rich SNe are found within (at least
in projection) or close to the disks of late type galaxies, and nearly all (11/13) of the Ca-rich SNe
host galaxies show signs of galaxy-galaxy interaction or merger®®8%. This implies that recent star
formation might occur in the host galaxies of some Ca-rich SNe (as indeed is evidenced by the
Hubble Space Telescope observations of the host galaxy of the Ca-rich SN 2003H%"), allowing for
the possibility that these objects originate from massive stars*% (though see ref.%’ for the case of
SN 2005c¢z).

Thermonuclear events involving WDs?%%0=92 and core-collapse events produced from strip-

ped* (and ultra-stripped®) lowest mass (M; ~ 10 M) massive stars have been proposed to explain
Ca-rich SNe. In both cases, explosive helium burning is expected to occur. Whereas SN simula-
tions of stripped stars are available only for stars with rather large M; (e.g. ref.”> and references
therein), Waldman et al.® found in simulations of helium shell detonations on CO WDs that Ca
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may be the most abundant product in such events, together with large amounts of unburnt helium.

In parameterized explosive helium burning conditions, Hashimoto et al.** find Ca to be the
main product for a peak temperature of ~ 1.3 x 10° K. Assuming the core radius of a white
dwarf of 7 = 0.01 R, and adopting the SN post-shock temperature T}, = [3Esy/(4mr?a)]t/4
from ref.””, with Fsy being the SN kinetic energy and a = 7.57 x 10~ ergcm 3 K=* being
the radiation constant, one finds that 7}, would reach the above value if Fgy = 3 x 10% erg.
Weaver & Woosley”’ argue for a shock-induced production of Ca at somewhat higher temperature
of Tps &3.5 x 10 K, which would require Esy~ 10°! erg.

In any case, we emphasize that the chemical structure, and thus the expected nucleosynthesis
in the lowest mass core-collapse SNe is different in single stars compared to stripped envelope
stars. While in both cases, the metal core mass is close to the Chandrasekhar mass and therefore
the mass of the mantle of intermediate mass elements surrounding the innermost strongly electron-
degenerate core is very small® %, the second dredge-up largely diminishes the mass of the helium
shell in single stars, while this does not happen in the stripped stars”’. The stripped stars thus
possess a massive helium shell, whose lower boundary is located at a very small radius and can
therefore be exposed to very high temperatures when the SN shock wave passes through. It thus
appears possible, but remains to be shown with detailed models, that SNe from stripped stars of
relatively low M; produce fast and faint transients with Ca- and helium-rich ejecta.
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Supplementary Figure 1 | Observed spectral energy distribution of [GV2003] N. Data points
(filled red circles) show the GROND ¢'r'i’'2’ J H K, magnitudes. The horizontal error bars repre-
sent the full-width at half maximum of the GROND filters. The quadratic sum of the statistical
uncertainties and the systematic uncertainties of the brightness measurement are shown as vertical
error bars (in most cases they are within the size of the data points). The best fitting spectral energy
distribution (solid line) is that of a star with an effective temperature of ~5200 K and the colour
excess of (B — V)=0.9 mag.
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Supplementary Figure 2 | Results of simulations of 10 000 asymmetric SNe in tight binary
systems. The binary systems were assumed to be composed of an exploding 2.9 — 3.7 Mg, core
and a 0.9 M, main sequence star with an orbital period between 0.28 and 1.0d. Kick velocities
were chosen randomly in the range from O to 500 kms~!. The left panel shows the resulting
systemic velocities of the post-SN binaries. The right panel gives the amount of SN ejecta accreted
by the main sequence star, calculated for two values of the SN kinetic energy: Esy = 10°! erg
(blue histogram, left) and Egy = 2 x 10° erg (red histogram, right).
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Supplementary Figure 3 | Comparison of the measured atmospheric abundances of [GV2003] N
(green dots with error bars, replicated from Fig. 4), with predicted supernova yields from the
11 M., model of Woosley & Weaver (ref.”?; blue triangles) and the 15 M. model of Rauscher
et al. (ref.3*; orange squares). For the supernova models we assumed that all the predicted metals
plus 0.2 M, of helium were ejected and well mixed, of which 0.01 M were accreted and then
diluted in a convective envelope of 0.2 M, (see main text).
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Supplementary Table 1 | Results of the Keplerian fit to the measured radial velocity. The first
and second columns give the considered range of periods and the maximum allowed eccentricity.
Columns three, four, and five list the obtained best fitting period, eccentricity, and semi-amplitude
of the radial velocity variation. The last column gives the x? of the fit.

Period range epay | P e K, x?
(d) (d) (kms™)

0-10 0.5 3 0.2 78 1077
1020 0.5 11 0.0 96 10~
20-30 0.5 26 0.0 77 107?
30-40 0.5 35 04 52 10-6
40-50 0.5 40 0.5 25 0.8
40-50 0.999 1 40 0.9 41 1074
50-60 0.5 50 0.5 25 2.6
50-60 0.999 | 50 0.99 63 0.1

Supplementary Table 2 | Surface element abundances of [GV2003] N. Abundances for ele-
ments are X/H = log[N(X)/N(H)]sar — log[N(X)/N(H)]s, where N(X) is number density
of atoms. For the Li abundance only an upper limit is derived (see Methods). The uncertainties
quoted for the abundances are statistical and maximum systematic (in brackets). The true uncer-
tainties lie in between. In the third column we provide the implied amount of accreted mass per
element assuming dilution in a convective envelope of 0.2 M.

Element X/H Mo /(1075 Mp)
Li <0.29 -
Si 0.24-+£0.10(0.13) 8
Ca 0.81+£0.05(0.24) 7
Ti 0.50+0.18(0.46) 0.09
\% 0.67+0.01(0.37) 0.028
Cr 0.47+£0.10(0.23) 0.6
Mn 0.6240.18(0.27) 0.8
Fe 0.22+0.10(0.19) 15
Co 0.3840.04(0.23) 0.09
Ni 0.4540.33(0.35) 1.8
Ba —0.04£0.10(0.43) 0
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