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Type la supernovae are thought to occur as a white dwarf made of car-



bon and oxygen accretes sufficient mass to trigger a thermonuclear explosion'.
The accretion could occur slowly from an unevolved (main-sequence) or evolved
(subgiant or giant) star®3, that being dubbed the single-degenerate channel,
or rapidly as it breaks up a smaller orbiting white dwarf (the double- degener-
ate channel)®?. Obviously, a companion will survive the explosion only in the
single-degenerate channel®’. Both channels might contribute to the production
of type Ia supernovae®’ but their relative proportions still remain a funda-
mental puzzle in astronomy. Previous searches for remnant companions have
revealed one possible case for SN 1572%° though that has been criticized!’.
More recently, observations have restricted surviving companions to be small,

112,13 * puling out giant companions, though still allowing

main-sequence stars
the single-degenerate channel. Here we report the result of a search for sur-
viving companions to the progenitor of SN 1006'*. None of the stars within 4’
of the apparent site of the explosion is associated with the supernova remnant,
so we can firmly exclude all giant and subgiant companions to the progenitor.

Combined with the previous results, less than 20 per cent of type Iae occur

through the single degenerate channel.

Together with SN 1572 (Tycho Brahe’s supernova), SN 1604 (Kepler’s supernova)
and the recently identified SN 185, SN 1006 is one of only four known historical Galactic
type la supernova events (SNela). It is also the only one whose Ia type has never been
disputed. While a survey of the stars close to the centre of Tycho’s supernova remnant

(SNR) produced a likely candidate for the SN companion®® and thus may be attributed



to the single-degenerate channel, the absence of any ex-companion in the supernova rem-
nant SNR 0509-67.5, in the Large Magellanic Cloud (LMC), down to very faint magni-
tudes, strongly suggests that the SN explosion there was produced by a double-degenerate

®. Although the aforementioned direct searches have excluded, up to now, red-

system?
giant companions, there is some evidence from nearby spiral galaxies that a fraction of
SNela may have had companions of this type!®. This hypothesis, however, is challenged
by the absence of ultraviolet emission that would be expected at the beginning of the SN

outburst!”.

The distance to the remnant of SN 1006 (2.18 £ 0.08 kpc away, as determined
from the expansion velocity and the proper motion of the ejecta!®), is much more precisely
known than that of SN 1572 SNR (2.83+0.70 kpc). The interstellar extinction is also
much smaller, which makes the distances to the stars less uncertain. To be a possible
candidate, a star must first be at the correct distance and, depending on its spectral type
and luminosity class, show some spectral peculiarity, or an enhancement of the abundances
of Fe-peak elements such as that seen in star G of Tycho”. Because of its relative vicinity
compared with SN 1572 and the lower extinction (A4, = 0.3 mag, vs. 2.0-2.4 mag in
Tycho), going down to a red magnitude mgr = 15 allows us to include, up to the SN
distance and beyond, all red giants, all subgiants, and also main-sequence stars down to
an absolute magnitude Mp ~ +3.1. Inspecting the 2MASS* photometric catalogue for
possible unevolved companions (Supplementary Information), we found no main-sequence
stars brighter that mg ~ 16.4, which brings the limit down to Mg ~ +4.5, corresponding

to My ~ +4.9 (approximately equal to, or slightly less than, solar luminosity). Slightly



evolved companions could be somewhat brigher: mpg ~ 16.0 (just about twice as luminous
as the Sun). Only in the case of SNR 0509-67.5 in the LMC'® has a fainter limit has been

reached in a direct search.

We derive the stellar atmosphere parameters of the sample stars (Fig. 1) using
the high-resolution UVES spectroscopic data (Table 1). The spectra of four giants, and
F- and G-type dwarfs of the sample are shown in Fig. 2, and in Supplementary Fig. S2,
respectively. In Table 1 we also provide the radial velocities of sample stars measured
from the UVES spectra, and distances determined from five photometric magnitudes,
taking into account the stellar parameters (Supplementary Information). In Fig. 3 we
compare the abundances of Fe-peak elements in the stars of our sample with the Galactic
trends?, for F-, G- and K-type unevolved stars. Unlike in SN 1572, where star G shows
an overabundance of Ni, [Ni/Fe|= 0.16 & 0.04 (Here [A/B]=log(Na/Ng) —1log(Na/Ng)e
for the number N of atoms of elements A and B, and subscript ® indicates the solar
value), the stars in SN 1006 are all within the dispersion of the [Ni/Fe|] Galactic trend.
No enhancement is seen for any other element. In Supplementary Fig. S3, we also show
the Galactic trends of several a-elements and we do not see any clear anomaly in these

element abundances either.

None of the stars in the sample shows any significant rotation. High rotation
speeds have been claimed to be a characteristic of the surviving companions of SNela!,
based on the assumptions that, owing to tidal interaction and in spite of the angular
mometum loss due to mass transfer, the rotation periods before explosion are equal to the

(short) orbital periods, and that the radius of the star remains basically unchanged after



the explosion?. It has recently been shown??, however, that the impact of the SNIa ejecta
on the companion does indeed reduce those speeds by a large factor, which would make

the rotation criterion irrelevant.

Only four stars are at distances (marginally) compatible with that of the SNR.
All of them are red giants: B16564 (G9-KO III), B97341 (G9 III), B99810 (K1 III) and

B93571 (K1 III) and none shows any spectroscopic peculiarity.

Two-dimensional hydrodynamic simulations of the impact of the ejecta of a SNla
on a red-giant binary companion have been performed?®. More recently, the emission
of supernova debris, arising from their impact with a similar companion, has been also
considered!”. As for the effects of the explosion on the companion star, the results agree:
most of the envelope is stripped away and what is left are the degenerate core and a very
small fraction (amounting to a few per cent) of the original envelope. This hydrogen-
rich envelope initially extends up to ~350 R and then contracts on a thermal timescale.
The star should be evolving at constant luminosity (~10° L) towards increasing effective
temperatures for 10°-10% yr. The same conclusion is reached when extrapolating to the
red-giant case the results of simulations of the impact of SNIa ejecta on a main-sequence
companion?’: the red giant should have been stripped off most of its hydrogen envelope.
Nothing similar to any of the above four normal red giants would be seen. On the other
hand, the peculiar type of objects that would result from the interaction of the SNla
ejecta with a red-giant companion would be luminous enough to have been seen at the
distance of SN 1006 and within our magnitude limit. A subgiant star similar to star

G in Tycho would equally have been seen, but the only three subgiants in the sample



(B20292, B15360 and B14707) lie much closer than the SNR. We are thus left only with
main-sequence stars, which lie at shorter distances than the SNR, which have luminosities
similar to, or lower than, the solar luminosity, and which are not predicted by any of
the hydrodynamic simulations of the impact of SNIa ejecta with either a main-sequence

8 a main-sequence companion of 1

star or a subgiant. In these hydrodynamic simulations?
solar mass is puffed up and heated, reaching ~5,000 times the solar luminosity; it is then
predicted to contract and cool down on a thermal time scale. It has been found®” that the
return to luminosities of the order of those prior to the explosion could be faster because
of the short cooling times of the outermost layers of the star, but, even so, in only ~1000

yr the object does not have enough time to become dimmer than the Sun (Supplementary

Information).

Accordingly, SN 1006, the brightest event ever observed in our Galaxy, should have
been produced either by mass accretion from an unevolved star, similar to, or less massive
than, the Sun (with the above caveats), or by merging with another white dwarf. Adding
this result to the evidence from the other direct searches, the single-degenerate channel
appears either to encompass only a clear minority of cases (20% or less), or preferentially

it involves main-sequence companions with masses more probably below that of the Sun.
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Table 1 | Parameters of the sample stars.

Name Toq log g Vturb [Fe/H] Vrad d
K] [cgs] [km /s] [dex] [km/s]  [kpc]

B09472 5853+£75 4.52+0.17 1.2114+0.105 -0.04+0.06 -20.74+2.14 1.2310.53
B11408 467768  2.91+£0.23 2.136+0.082 -0.2940.05 -123.54+1.48 1.62+0.68
B05723 5910487 4.50+0.23 1.24940.107 0.30+0.07 -12.81+3.06 0.76+0.32
B17720 5300486 4.65+0.22 1.1904+0.193 0.33+0.06 -60.13+1.30 0.58+0.25
B16564 4845439 3.13£0.16 1.607£0.049 -0.37+£0.03 -116.07£1.86 3.03£1.27
B97338 5707+42 4.21+£0.12 1.292+0.054 0.014+0.04 -5.53+£2.25 1.05+0.45
B05518 6327463 4.85+0.13 1.3864+0.090 0.1440.04 -4.384+1.92 0.50+£0.21
B20292 5196+33 3.67+0.09 1.372+0.051 -0.66+0.03 2.924+2.52 1.13£0.48
B14130 6177+44 4.61£0.09 1.5284+0.052 0.31£0.03 -21.26+£2.09 0.8940.38
B03395 5517+49 4.36+0.13 1.165+0.074 0.22+0.04 -56.184+5.21 0.954+0.41
B97341 4881451 2.98+0.18 1.641+0.057 -0.16+0.04 —41.76+£1.96 2.48+1.04
B99810 4658+39 2.514+0.15 1.782+0.039 -0.72+0.03 33.53+1.50 2.4241.02
B15360 4960+70 3.40£0.21 1.886+£0.086 0.07+0.05 -37.03£1.61 1.29+0.54
B93571 4579458  2.51£0.22 2.182+0.066 -0.21+0.05 -100.33+1.58 2.39+1.01
B18024 6083+58 4.44+0.13 1.545+0.095 -0.3640.04 22.614+2.35 0.6040.26
B98&R824 *

BO&277 5693+34 4.39+0.09 1.123+0.044 0.17£0.03 -49.50£2.08 0.454+0.19
B24215 5729445 4.4440.12 1.189+0.058 0.16+0.04 3.024+2.39 0.954+0.41
B14707 5065+47 3.36+£0.15 1.270+0.060 0.1640.04 22.144+1.83 1.3740.58
B90474 5051438 3.05+0.12 1.87440.046 -0.294+0.03 -98.10+1.95 4.7842.00
B90102 5650+33 4.21+0.10 1.076+£0.049 -0.11£0.03 85.57+1.16 0.9140.39
B10074 5601+£63 4.52+0.14 1.036+0.102 0.05+0.05 -30.26+£1.38 0.71+0.30
B95979 6776+94 4.19+0.16 1.832+0.131 0.02+0.06 -32.944+6.81 0.94+0.40
B09749 616365 4.53+0.14 1.362+0.082 0.144+0.05 -13.15£2.60 0.40+0.17
B21185*

B26090 6101£39 4.584+0.09 1.238+0.053 0.154£0.03 -48.08+2.52 0.37+0.16

*Spectroscopic binary
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TABLE CAPTIONS

Table 1 | Parameters of the sample stars. We provide the stellar atmosphere
parameters (effective temperature, Teog, surface gravity, log g, and microturbulent velocity,
vpurp ), metallicities, [Fe/H], radial velocities, vraq, and distances, d, of the sample stars,
together with 1-o uncertainties. The stellar parameters and metallicities were obtained
from Fe I and Fe II excitation and ionization equilibria, using the STEPAR* code, which
makes use of the MOOG?* code and ATLAS9 model atmospheres?®®. Our analysis has
been performed assuming local thermodynamic equilibrium (LTE). SN 1006 is located
about 500 pc above the Galactic plane. Unlike the case of SN 1572, which lies close to
the Galactic plane, the radial velocities of the stars along the line of sight do not follow a
regular pattern (this can be seen in the sixth column), since most of them belong either to
the thick disc or to the halo of the Galaxy (see the dispersion in metallicities in the fifth

column).
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FIGURE CAPTIONS

Figure 1 | DSS2 R-band image of the SN 1006 field. The positions and names of the
26 stars included in the spectroscopic survey (selected from the USNO-A2.0 Catalogue®!)
are given. The centre of our search is the geometrical centre of the quite symmetrical
X-ray emission of the SNR?® (green cross), at RA = 15" 2 ™ 55 ¢ Dec = —41 ° 55’
12”. Also shown are the boundary of the surveyed region (large green circle) and the
geometrical centre of the H-alpha emission'® (small yellow circle). Giant stars are marked
by red squares. See also Supplementary Fig. S1, for a full view of the SNR. Another centre
has been proposed more recently??, based on the distribution of the ejecta along the line of
sight. It is, however, still located within our surveyed area. For a star at a distance d ~ 2.2
kpc and a velocity perpendicular to the line of sight of ~100 km s~! (roughly the orbital
velocity before the explosion), the angular displacement on the sky in 1000 years would be
10” only. However, given the asymmetry of the SNR, and also that in core-collapse SNe
the distance between the compact object and the X-ray centroid of the SNR can be 15%
of the radius of the SNR or more, we adopted a much wider radius for the search: 4’. That
amounts to 27% of the radius of the SNR, which is 15" (Supplementary Fig. S1). Positions,
magnitudes and angular distances to the centre of the survey are given in Supplementary

Table S1.

Figure 2 | Observed UVES spectra of the candidate giant stars. The spectra are
labelled by their names in Table 1 and sorted in decreasing effective temperature order

from top to bottom. These high-resolution spectra were obtained at the 8.2-m Kueyen
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VLT (UT?2) telescope equipped with UVES at the Cerro Paranal Observatory in Chile.
They were obtained on 13, 14, 25, 28-30 April 2002 and on 1 May 2002, covering the
spectral regions 32955595 A, 56806645 A, 6705-8515 A, and 867510420 A at resolving
power A\/AX ~ 43000. The S/N of the spectra is in the range 50-170 and typically 80.
The data were reduced in a standard manner, and later normalized within IRAF, using

low-order polynomial fits to the observed continuum.

Figure 3 | Stellar abundance ratios [X/Fe| of several Fe-peak elements. The
chemical abundances have been derived using the EW technique for all of the elements. We
performed a differential analysis on a line-by-line basis, using the solar UVES spectrum of
the Moon as reference (see the Supplementary Section 3 for more details). The abundances
of several Fe-peak elements are listed in Supplementary Table S4b relative to iron are
compared with the Galactic trends of these elements in the relevant range of metallicities®.
Red triangles correspond to the four giant stars whose distances are marginally compatible
with that of the remnant of SN 1006. Blue squares, to the rest of the stars in the sample.
The error bars are the 1-o uncertainties associated with the dispersion of the measurements

from different spectral features.
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