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Detection of Circumstellar Material
in a Normal Type la Supernova

F. Patat,®* P. Chandra,? R. Chevalier,? S. Justham,® Ph. Podsiadlowski,> C. Wolf,3

A. Gal-Yam,* L. Pasquini,® I. A. Crawford,” P. A. Mazzali,%’ A. W. A. Pauldrach,®

K. Nomoto,® S. Benetti,’® E. Cappellaro,’® N. Elias-Rosa,®** W. Hillebrandt,®

D. C. Leonard,*? A. Pastorello,®® A. Renzini,’° F. Sabbadin,® ]. D. Simon,* M. Turatto°

Type la supernovae are important cosmological distance indicators. Each of these bright supernovae
supposedly results from the thermonuclear explosion of a white dwarf star that, after accreting material
from a companion star, exceeds some mass limit, but the true nature of the progenitor star system
remains controversial. Here we report the spectroscopic detection of circumstellar material in a normal
type la supernova explosion. The expansion velocities, densities, and dimensions of the circumstellar
envelope indicate that this material was ejected from the progenitor system. In particular, the relatively
low expansion velocities suggest that the white dwarf was accreting material from a companion star that
was in the red-giant phase at the time of the explosion.

s a result of their extreme luminosities
Aand high homogeneity, type la super-

novae (SNe la) have been used exten-
sively as cosmological reference beacons to trace
the evolution of the universe (/, 2). However,
despite recent progress, the nature of the pro-
genitor stars and the physics that govern these
powerful explosions remain poorly understood
(3, 4). In the presently favored single-degenerate
model, the supernova (SN) progenitor is a white
dwarf that accretes material from a nondegener-
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ate companion star in a close binary system (5);
when it approaches the Chandrasekhar limit, the
white dwarf explodes in a thermonuclear blast. A
direct method for investigating the nature of the
progenitor systems of SNe la is to search for
signatures of the material transferred to the ac-

creting white dwarf in the circumstellar material
(CSM). Previous attempts have aimed at detect-
ing the radiation that would arise from the
interaction between the fast-moving SN ejecta
and the slow-moving CSM in the form of narrow
emission lines (6), radio emission (7), and x-ray
emission (8). The most stringent upper limit to
the mass-loss rate set by radio observations is as
low as 3 x 10”® solar masses per year (Mo year ')
for an assumed wind velocity of 10 km s™' (7).
Two notable exceptions are represented by two
peculiar SNe Ia, SN 2002ic and SN 2005gj,
which have shown extremely pronounced hydro-
gen emission lines (9, 10) that have been inter-
preted as a sign of strong ejecta-CSM interaction
(11). However, the classification of these super-
novae as SNe Ia has recently been questioned
(12), and even if they were SNe Ia, these
supernovae are unlikely to account for normal
SNe Ia explosions (7) that, of those observed so
far, lack any signature of mass transfer from a
hypothetical donor. Here we report direct evi-
dence of CSM in a SN Ia that has shown
normal behavior at x-ray, optical, and radio
wavelengths.

SN 2006X was discovered in the Virgo clus-
ter spiral galaxy NGC 4321 (13). A few days
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after its detection, the object was classified as a
normal SN Ia event occurring 1 to 2 weeks before
maximum light, which was affected by substan-
tial extinction (/4). Prompt observations with the
Very Large Array (VLA) telescope have shown
no radio source at the SN position (75), establish-
ing one of the deepest and earliest limits for radio
emission from a SN Ia and implying a mass-loss
rate of less than a few 10~® Me year ' (for a low
wind velocity of 10 km s ). The SN was not
visible in the 0.2-t0-10 keV x-ray band down to
the detection limit of the Swift satellite (8).

We have observed SN 2006X with the Ultra-
violet (UV) and Visual Echelle Spectrograph
mounted at the ESO 8.2-m Very Large Tele-
scope. Observations were carried out on four
different epochs, which correspond to days —2,
+14, +61, and +121 with respect to B-band
maximum light. Additionally, a fifth epoch (day
+105) was covered with the High Resolution
Echelle Spectrometer mounted at the 10-m Keck
telescope (/6). The most notable finding from
our data is the clear evolution seen in the profile
of the Na I D doublet lines (5889.95, 5895.92 A).
Indeed, besides a strongly saturated and constant
component arising in the host galaxy disk
[supporting online material (SOM) text S2 and
fig. S1], a number of features spanning a velocity
range of about 100 km s ' appear to vary
substantially with time (Fig. 1 and fig. S2). SN
2006X is projected onto the receding side of the
galaxy, and the component of the rotation
velocity along the line of sight at the apparent
SN location is about +75 km s™' (/7), which
coincides with the strongly saturated Na I D
component, the saturated Ca Il H&K lines, and a
weakly saturated CN molecular vibrational band
(0-0) (Fig. 2 and fig. S1). This and the lack of
time evolution prove that the deep absorption

arises within the disk of NGC 4321 in an
interstellar molecular cloud (or system of clouds)
that is responsible for the bulk of the reddening
suffered by SN 2006X (SOM text S2).

In contrast, the relatively blue-shifted struc-
tures of the Na I D lines show a rather complex
evolution. The number of features, their intensity,
and their width are difficult to establish.
Nevertheless, for the sake of discussion, four
main components, which we will indicate as “A,”
“B,” “C,” and “D,” can be tentatively identified
in the first two epochs (Fig. 2). Components B,
C, and D strengthen between day —2 and day +14
while component A remains constant during this
time interval. The situation becomes more com-
plicated on day +61: Components C and D clear-
ly start to decrease in strength, but component B
remains almost constant, and component A
becomes deeper and is accompanied by a wide
absorption that extends down to a rest-frame
heliocentric velocity v, = —50 km s ' (Fig. | and
fig. S2). After this epoch, there is no evidence of
evolution, and component A remains the most
intense feature up to the last phase covered by our
observations, more than 4 months after the
explosion.

Variable interstellar absorption on compara-
bly short time scales has been claimed for some
gamma-ray bursts (GRBs), and it has been
attributed by some authors to line-of-sight
geometrical effects, resulting from the fast GRB
expansion coupled to the patchy nature of the
intervening absorbing clouds (/8). Our data
clearly show that despite the marked evolution
in the Na I D lines, Ca Il H&K components do
not change with time (Fig. 2, fig. S3, and SOM
text S3 and S4). Therefore, in the case of SN
2006X, transverse motions in the absorbing
material and line-of-sight effects due to the fast
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SN photosphere expansion (typically 10% km s ™)
can be definitely excluded, because they would
cause variations in all absorption features.

For this reason, we conclude that the Na I
features seen in SN 2006X, arising in a number
of expanding shells (or clumps), evolve because
of changes in the CSM ionization conditions
induced by the variable SN radiation field. In this
context, the different behavior that is seen in the
Naland Call lines is explained in terms of (i) the
lower ionization potential of Na I (5.1 eV,
corresponding to 2417 A) with respect to Ca Il
(11.9 eV, corresponding to 1045 A), (ii) their dif-
ferent recombination coefficients, and (iii) their
photoionization cross sections coupled to a UV-
deficient radiation field (SOM text S4). Regret-
tably, not much is known about the UV emission
of SNe Ia shortward of 1100 A (8, 19). Theo-
retically, a severe UV line blocking, by heavy
elements such as Fe, Co, and Mg, is expected
(20). An estimate of the Na I ionizing flux, Sy,
can be derived from a synthetic spectrum of a SN
Ia at maximum light (27), which turns out to be
Suv ~ 5 % 10° photons s '. One can verify that
this flux is largely sufficient to fully ionize Na I
up to rather large distances (~5 x 10'® cm).

Nevertheless, because the recombination time
scale 1, must be of the order of 10 days, this re-
quires an electron density 7. as large as 10° cm >
(SOM text S4). Given the low abundance of any
other element besides hydrogen, such a high
electron density can be produced only by partial
hydrogen ionization. As a result of the severe line
blocking suffered by SNe Ia (20), the flux of
photons capable of ionizing H is very small (~4 x
10* photons s '), and this requires that the gas
where the Na I time-dependent absorptions arise
must be confined within a few 10'® cm from the
SN (SOM text S4). In a SN of this type, the flux
in the 1120-t0-2640 A band decreases by a factor
of 10 in the first 2 weeks after maximum light
(8, 19). Because, at a distance of ~10'® cm from
the SN, the ionization time scale t; for Na I is
much shorter than 7., the ionization fraction
grows with time following the increase of the UV
flux during the pre-maximum phase, whereas,
after the maximum phase, the ionization fraction
decreases following t,. This result would explain
the overall growth of the blue components’ depth,
as shown by our data, in terms of an increasing
fraction of neutral Na, whereas the different evo-
lution of individual components would be dictated
by differences in the densities and distances from
the SN. Moreover, once all the Na II has re-
combined [which should happen within a few 1,
(i.e., ~1 month)], there should be no further
evolution, which is in qualitative agreement with
the observations. Additionally, because the flux
of photons that can ionize Ca II is more than four
orders of magnitude less than that of Na I (SOM
text S4), the corresponding ionization fraction is
expected to be only a few percent. Therefore, the
recombination of Ca III to Ca II does not produce
measurable effects on the depth of the Ca Il H&K
lines, as is indeed observed (SOM text S3).
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The H mass [M(H)] contained in the shells
generating the observed absorptions can be esti-
mated from our observations after some conserv-
ative assumptions are made. The Na I column
density N(Na I) deduced from the most intense
feature (component D, day +14) is N(Na T) = 10"
cm 2. Assuming that the material generating this
component is homogeneously distributed in a
thin spherical shell with radius 10'” cm, a solar
Na/H ratio (log Na/H = —6.3), and complete Na
recombination, an upper limit to the shell mass
can be estimated as M(H) <3 x 10™* Me (this
value is reduced by a factor of 100 for material at
about 10'® cm, the most likely distance for
components C and D). Even in the case of
complete ionization, such a H mass would
produce an Ha luminosity of ~4 x 10°* erg s ',
which is two orders of magnitude below the 3-c
upper limits set by our observations at all epochs
(table S2) and by any other SN Ia observed so far
(6). Therefore, the absence of narrow emission
lines above the detection limit does not contradict
the presence of partially ionized H up to masses
of the order of 0.01 Me.

However, photoionization alone cannot ac-
count for the fact that not all features increase in
depth with time (Fig. 2). Indeed, on day +61,
components C and D return to the same low
intensity values that they had on day —2. One
possible explanation is that the gas is re-ionized
by some other mechanism, like the ejecta-CSM
interaction. In this case, the absorbing material
generating components C and D must be close
enough to the SN so that the ejecta can reach it in
about 1 month after the explosion (~10'® cm for
maximum ejecta velocities of 4 x 10* km s ™).
Similarly, in order not to be reached by the ejecta
more than 4 months after the explosion,
component A, component B, and the broad
high-velocity components must arise at larger
distances (>5 x 10'® cm). This scenario is not
ruled out by the lack of radio emission from SN
2006X (15). Indeed, in light of our current
understanding of the ejecta-CSM interaction
mechanism (22), the presence of similar shells
with masses smaller than a few 10 Me cannot
be excluded by radio nondetections of SNe la in
general (7). Our findings are consistent with
upper limits on the radio flux set by our VLA
observations, obtained about 10 months after the
explosion (SOM text S1), which are comparable
to the best upper limits set on the radio luminosity
of other normal SNe Ia (7).

If we adopt the velocity of the CN lines as
indicative of the host galaxy rotation component
along the line of sight at the SN location, then our
observations provide solid evidence of CSM
expanding at velocities that span a range of about
100 km s ' (Fig. 2).

The most important implication of these
observations is that this CSM was ejected from
the progenitor system in the recent past. For
instance, with a shell radius of 10'® cm and a
wind velocity of ~50 km s !, the material would
have been ejected some 50 years before the

explosion. This almost certainly rules out a
double-degenerate scenario for SN 2006X,
where the supernova would have been triggered
by the merger of two carbon-oxygen white
dwarfs. In this case, no substantial mass loss
would be expected in the phase immediately pre-
ceding the supernova. Thus, a single-degenerate
model is the favored model for SN 2006X, where
the progenitor accreted from a nondegenerate
companion star.

Mean velocities for the CSM of ~50 km s '
are comparable to those reported for the winds of
early red giant (RG) stars (22); velocities
matching our observations are also expected for
late subgiants. The observed material is moving
more slowly than would be expected for winds
from main sequence donor stars or from compact
helium stars. These wind velocities seem more
consistent with the shorter-period end of the
symbiotic formation channel than with the other
major formation channel proposed for a SN Ia
with a nondegenerate donor star (23). The
observed structure of the CSM could be due to
variability in the wind from the companion RG;
considerable variability of RG mass loss is
generally expected (24).

An alternative interpretation of these distinct
features is that they arise in the remnant shells of
successive novae, which can create dense shells
in the slow-moving material released by the
companion star (25, 26). This scenario seems to
require an aspherical shell geometry in order to
match the observed low velocities (SOM text
S6). Not only might this be expected a priori (27),
but observations of the 2006 outburst of RS
Ophiuchi also show that there is an equatorial
density enhancement that strongly restrains the
expansion of the nova shell (28-30).

One crucial issue to resolve regarding what
we have seen in SN 2006X is whether it rep-
resents the rule or whether it is an exceptional
case. Other cases of SNe Ia showing negative
velocity components are known, such as SN
1991T and SN 1998es (fig. S5 and SOM text S5).
Unfortunately, multi-epoch high-resolution spec-
troscopy is not available for these objects (to our
knowledge, the SN 2006X data set is distinctive
in this respect), and therefore time variability
cannot be demonstrated. Nevertheless, the data
clearly show components approaching the ob-
server at velocities that reach at least 50 km s *
with respect to the deep absorption that we infer
to be produced within the disks of the respective
host galaxies. This, and the fact that SN 2006X
has shown no optical, UV, and radio peculiarities
whatsoever, supports the conclusion that what we
have witnessed for this object is common to
normal SNe Ia, and possibly to all SNe Ia, even
though variations resulting from different incli-
nations of the line of sight with respect to the
orbital plane may exist.
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