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What are Type Ia Supernovae?

Transient events. Occur both in young and in old stellar
environments.
Light-curve is powered by radioactive decay
56Ni→56Co→56Fe

Figure : The standard B light curve (adapted from Cadonau 1987), based
on observations of 22 SNe Ia (Branch & Tamman 1992 ARAA, 30, 359).
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Type Ia Supernova Spectra

A large fraction of SNe Ia follow a stretch-luminosity
relationship (Phillips 1993).
These events can be standardized and used as
standard candles for measurements on cosmic distance
scales.

Figure : SNe Ia from the Calan/Tololo sample seen both as observed
(left) and as corrected according to the stretch-luminosity relation.
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Type Ia Supernova Spectral Classification

Spectroscopically classified based on the lack of H and
the presence of strong Si II lines.
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What are Type Ia Supernovae?

Based on the light curve behavior and the elements
present in their spectra, conventional wisdom is that
SNe Ia are thermonuclear explosions of carbon-oxygen
(CO) white dwarfs (WDs).
SN 2011fe: The radius of the exploding star was
consistent with that of a CO WD (Nugent et al. 2011,
Nature, 480 344; Bloom et al. 2012, ApJ, 744, L17).
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What are Type Ia Supernovae?

But theory predicts that a WDs are stable, so why
should a CO WD explode as a SN Ia?
A number of models have been proposed in an attempt
to explain how to make a CO WD explode.
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The Single-Degenerate (SD) Model

A WD in a close binary system with a non-degenerate
star. Accretion of material via Roche-lobe overflow,
stellar wind accretion, etc.
Pycnonuclear reactions close to the Chandrasekhar
mass (Mch).

Figure : An artist impression of a SD model (Credit: David A.
Hardy/AstroArt.org)

.
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The Double-Degenerate (SD) Model

A close binary system of two WDs. Mass transfer via a
merger event (angular momentum lost via gravitational
wave emission).

Figure : An artist impression of a DD model (Credit: GSFC/D. Berry)

.Mass transfer via Roche-lobe overflow is possible if the
companion is a He WD.
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The Core-Degenerate (CD) Model

Merger of a CO WD and
the core of an AGB star.
Either prompt or delayed
explosion.
Are the rates high
enough?

Figure : Taken from Ilkov & Soker
2011.
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Head-on Collisions

Kozai Mechanism: A head-on collision of two WDs in a
triple system (Kushnir et al. 2013 ApJ, 778L, 37).
Collision releases enough energy to induce an
explosion.
Are the rates high enough?
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Why is it Important to Know?

Cosmology: SNe Ia are used as standard candles to
measure distances on a cosmic scale. A standardizing
process is needed. Different progenitors might need a
slightly different treatment.
Astrophysics: Better understanding of the end-point of
certain binary/multiple systems’ evolution.
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Telling the Models Apart

Models can differ by,
Explosion mechanism.
Circumstellar environment at time of explosion.

Different progenitor models predict different
observables. Comparing predicted observables with
observations can allow us to constrain or even
invalidate models.
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Constraining the Explosion Mechanism

The prompt detonation model - A centered ignition of an
outgoing detonation wave. Produces enough energy to
unbind the WD, but presence of intermediate-mass
elements in SN Ia spectra rules out this scenario as a
way to produce normal SNe Ia.
The deflagration model - A subsonic burning. Possible
to produce enough energy to unbind the WD but hard to
produce enough 56Ni. Maybe explains lower luminosity
events?
The detonation-deflagration model - Seem to work.
Produce the required intermediate-mass elements.
Produces enough 56Ni
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Constraining the Explosion Mechanism

Double Detonation - Sub-Chandrasekhar explosions.

Figure : A double detonation of a sub-Chandrasekhar WD using a
helium shell of 0.084M� on top of a 0.92M� CO WD (Fink et al. 2010).
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Constraining the Explosion Mechanism

Head-on Collision - Seems to work, but due to the high
asymmetry there are viewing angle effects. Question of
rates.

No. 2, 2009 A NEW CHANNEL FOR SNe Ia L131
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Figure 3. Radiative transfer calculations of the light curves and spectra resulting from central collisions of 2 × 0.6 M� (run D) and 2 × 0.9 M� (run G) WD pairs.
The synthetic B-band light curves (central panel) closely resemble those of normal Type Ia supernovae. The peak brightness and decline rate of the light curves vary
somewhat with the viewing angle (left panel), but are broadly consistent with the slope and spread of the observed Phillips relation (gray shaded band). The maximum
light spectra (right panel) closely resemble that of the normal Type Ia supernova SN 1981B.

opacity. The velocity of the supernova photosphere, as measured
form the Doppler shift of the line absorption minima, is 13,000–
16,000 km s−1, similar to, though slightly higher than that
observed in average SNe Ia.

The light curves of the WD collisions (Figure 3, center
panel) also resemble those of SNe Ia. As expected, the models
which produced more 56Ni have brighter light curves which
decline more slowly. The calculated peak magnitudes and
B-band decline rates lie within the range of typical SNe Ia, and
are consistent with the slope and normalization of the observed
Phillips relation (Figure 3, left panel). This result is not totally
unexpected, given that the principle parameter underlying the
Phillips relation is the 56Ni mass, which influences both the
supernova luminosity and the ejecta opacity (Kasen & Woosley
2007, and references therein). On the other hand, the light curve
width is also sensitive to the total ejected mass. In collision
models, unlike most standard SN Ia scenarios, this value is
not constrained to be the Chandrasekhar mass. Thus, although
the particular models studied here roughly obey the Phillips
relation, in detail WD collisions could show small but systematic
deviations.

4.2. Diversity

The explosion mechanism reported here is not tied to a
particular mass scale and therefore allows for considerably more
diversity. As mentioned above, collisions between WDs provide
a pathway to ignite CO WDs that completely disintegrate the
WD pair. In contrast, for low-mass collisions (run A) or for
collisions between a CO and a He WD a remnant remains,
which, in the latter case, produces an identifiable outcome: a
hot, high-speed (∼ 1000 km s−1) CO WD engulfed by a cloud
of intermediate-mass elements.

The mechanism discussed here is found to work for the
collision of two 0.4 M� He WDs, but does not lead to an
explosion in the case of 2 × 0.5 M�. This is mainly the
result of the different available fuel–helium burning releases
more energy on the way to iron group elements (εHe→Fe =
1.73 MeV nucleon−1, εCO→Fe = 0.98 MeV nucleon−1). Due
to the WD mass function, collisions between 0.6 M� WDs are
expected to dominate unless they occur in a strongly mass-

segregated environments where more massive WDs would
then be preferred. On average, however, this SN Ia channel
will preferably ignite lighter WDs than standard channels
(Hillebrandt & Niemeyer 2000; Podsiadlowski et al. 2008) and,
as a result, the nucleosynthetic yields should be less neutron-rich
due to the slower Ye-evolution via electron captures.

4.3. Detection Prospects

In order to critically evaluate the outcome of these ideas,
the frequency of such encounters must be addressed. For a
core-collapsed GC, the high densities in the core completely
dominate the collision rate. We assume the WDs to be dis-
tributed homogeneously within a spherical core of radius rc.
We further assume that the total number density nwd and stellar
velocity dispersion σc are constant within rc. Together with the
dominating gravitational focusing, this means we can approxi-
mate the total collision rate as νcol = 20 Gyr−1 f1 f2(nc/3 ×
106 pc−3)2(rc/0.1 pc)3(σc/10 km s−1)−1([m1+m2]/1 M�)(rcol/
5 × 103 km), where fi � 1 is the fractional number of stars of
type i within rc and we use the properties of the well-studied, pro-
totypical core-collapsed GC M15 (van den Bosch et al. 2006).
Fokker–Planck model fits to M15 predict the presence of a sig-
nificant population of WDs with M > 0.7 M�, so that fi > 0.5.
By setting the distance of closest approach to the sum of the
radii of the two WDs, rcol = r1 + r2, an estimate of the col-
lision rate Rcol ≈ 102fccf1 f2 yr−1 Gpc −3 can be obtained
by multiplying νcol (per GC) with the average GC space den-
sity of ngc = 4.2 Mpc−3 (Brodie & Strader 2006). Here, ngc
is derived by combining the number of GCs per galaxy with
the galaxy luminosity density distribution, and fcc is the frac-
tion of core-collapsed clusters. This is most likely an under-
estimation since, for example, the effect of binaries in GCs
can increase νcol by a moderate factor (∼2; J. Fregeau 2009,
private communication). Moreover, if M 15 formed at higher
initial concentration, it might have been in (or around) deep-
est core collapse for a longer time, significantly increasing the
(average) νcol. Numerical experiments for the dominant 2 ×
0.6 M� case indicate that about 20% of the collisions may re-
sult in explosions.

Figure : Spectra, light curves, and B-band maximum magnitude vs.
B-band decline rate for tow head-on collisions taking viewing angle into
account. Taken from Rosswog et al. 2009.
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High-Velocity Features
High-Velocity Features in SNe Ia 5
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Figure 1. Fits to CaHK (left column) and CaIR3 (right column) showing PVFs (red) and HVFs (blue, where required). Individual

Gaussian components are short-dashed and their sum is solid. Also shown are the sum of the total fit (green), the data (black, solid),

the linear continuum (black, dotted), and a SYNAPPS (Thomas et al. 2011) fit (purple, long-dashed). Si II λ3858 is also required in the

bottom-left fit (orange, solid). Each spectrum is labeled with its object name and age relative to B-band maximum brightness.

c© 2015 RAS, MNRAS 000, 1–48

Figure : Gaussian fits of HVF (blue), PVF (red) and Si II λ3858 (orange).
taken from Silverman et al. arXiv:1502.07278v2.
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Strong Interaction with CSM

Silverman et al. (2013) claim to find a rare sub-class of
SNe Ia that exhibit strong H features. Some events
were initially classified as SN IIn.
H-rich CSM around at least a small sub-set of SNe Ia.
Not representative of normal SNe Ia.
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Single-Epoch High-Resolution Spectra

(Sternberg et al. 2011 Science 333, 856)
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Single-Epoch High-Resolution Spectra
not. Therefore, our sample provides a good rep-
resentation of SNe Ia in nearby (z ≤ 0.06) spiral
galaxies.

We calculated the velocities and column den-
sity (N) of the absorbing material by fitting them
with Voigt profiles using VPFIT [(30); see Fig.
3]. SN Ia features have a log(N) similar to that of
the MW features, lower on average than those in
CC SNe. The relative velocities of the SN Ia fea-
tures range between −150.8 and +139.4 km s−1

(with an additional single feature at +193.7 km s−1),
whereas the CC SN relative velocities range be-
tween −87.2 and +116.6 km s−1, and the MW ve-
locity ranges between −79.5 and +116.9 km s−1.
The cumulative distribution of the relative num-
ber of features as a function of the velocity for
each sample is given in Fig. 4.

The narrow absorption features that we mea-
sured could possibly be produced by (i) interven-
ing clouds of gas in the host galaxy; (ii) a systemic
wind blown by the host galaxy; (iii) nonrandomly
moving interstellar matter (ISM)—a relic from a
star-forming event; and (iv) material ejected from
the progenitor system before its explosion.

In the first case, intervening clouds of gas in
galaxies may have a small random velocity rel-
ative to the local rotation velocity; therefore, the
resulting absorption features are equally likely to
be either blueshifted or redshifted relative to the
SN, in contrast to the preference exhibited in our
SN Ia sample (shown to be inconsistent with a
random draw from a uniform parent distribution).
The structure of the absorption features observed
in theMilkyWay is due to the movement of ISM
gas clouds, and our results are in good agreement
with a uniform distribution from randomlymoving
clouds (see Table 1, Fig. 2, and fig. S1). The CC
SN sample is unfortunately quite small and is
consistent with either a uniform distribution or
one similar to that of the SN Ia sample.

If the second explanation was viable, we
would expect to see a signature of this wind in
the Milky Way sample, as a prevalence of blue-
shifted absorption (i.e., outflowing). However, the
MW could be a special case. We would also ex-
pect to see a similar, or even greater, effect in our
CC SN sample, but this is not the case. Never-
theless, the CC SN sample is too small to reach
statistical significance. Furthermore, if this model
were correct, blueshift due to galactic outflows
would be common and imply a large velocity
span, at small host inclination (i.e., hosts closer
to being face on). Figure S7 shows that the ab-
sorption features of SN Ia events that occurred
in spiral hosts (see figs. S9 to S11 for host im-
ages) show no preference toward low-inclination
hosts, nor is there a correlation between the ve-
locity span and the inclination.

In addition, galactic winds are observed mainly
in galaxies with a star-formation rate (SFR) sur-
face density threshold above ∼0.1M◉ (solar mass)
year−1 kpc−2 and are rare in local ordinary disk
galaxies (31). Moreover, galactic winds are thought
to be expelled into the halo and then cool and
fall back onto the disk [the “galactic fountain”

process (32, 33)]. Because of its low first ioniza-
tion potential (5.1 eV), sodium is a good tracer
for neutral gas; thus, Na I D absorption is ex-
pected to be observed mainly in the later stage
of the galactic fountain process (i.e., the inflow)
when the gas is mostly neutral, and less during
the earlier outflow stage when the gas is ex-

pected to be mostly ionized (34, 35), resulting
in a redshifted preference. Absorption from gas
in galactic halos has larger equivalent widths
and column densities of Ca II H and K, N(Ca II)
relative to Na I D, whereas ISM and CSM have
N(Na I)/N(Ca II) of order unity (36). We have
spectral coverage of Ca II H and K for 12 out of

Table 1. Classification of absorption features.

Sample Blueshifted Redshifted Single/Symmetric Total

SNe Ia 12 [16] 5 [6] 5 [6] 22 [28]
CC SNe 4 [8] 3 [5] 2 [3] 9 [16]
MW (SNe) 12 [13] 13 [16] 17 [22] 42 [51]
MW (QSO) 10 13 6 29
MW (QSO+SNe) 22 [23] 26 [29] 23 [28] 71 [80]

31%

36.6%

32.4%

Milky Way (QSO+SNe)
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Fig. 2. Pie-chart visualization of the results given in Table 1. The results for the extended samples
are shown in fig. S1.
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Fig. 3. A plot of log(N) of the absorbing material calculated with VPFIT as a function of velocity
relative to the zero-velocity component, for the blueshifted and redshifted components observed in
our sample. Zero-velocity components are omitted. The solid lines are the log(N) averages for the
different samples: SNe Ia (blue), log(N)avg = 11.67 T 0.054; CC SNe (red), log(N)avg = 12.07 T 0.075;
and MW (green), log(N)avg = 11.59 T 0.058. Column densities are given in cm−2. Dashed lines mark
the uncertainty in the mean of the corresponding solid lines.

12 AUGUST 2011 VOL 333 SCIENCE www.sciencemag.org858
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(Sternberg et al. 2011 Science 333, 856)
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CSM or ISM?

(Sternberg et al. 2011 Science 333, 856)
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Circumstellar Material (CSM) Signature

Circumstellar
Material

Type Ia
supernova

V (km/s)

F (normalized)

0

Epoch I

Epoch II

Epoch III

Epoch IV

Figure : Time-variable absorption features due to ionization-
recombination of CSM by the SN Ia UV radiation.
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Multi-Epoch High-Resolution Spectroscopy

SN 2006X SN 2007le

(Patat et al. 2007 Science 317, 924) (Simon et al. 2009 ApJ 702, 1157)

PTF 11kx

magnitude of∼−16.6, roughly 3magnitudes brighter
than expected, indicating that circumstellar interac-
tion is still ongoing. Circumstellar interaction, in-
cluding broad H emission and excess luminosity,
was observed previously in SN 2002ic and SN
2005gj, which had the appearance of the extreme
broad/bright SN 1991T, superposed with features
from strong CSM interaction. The strength of the
interaction casts some doubt on their identity as
SNe Ia, which is not the case for PTF11kx (Fig. 1).
Indeed, PTF 11kx bridges the observational gap

between broad/bright SNe Ia and SN 2002ic/SN
2005gj, showing that SNe Ia exist with CSM
interaction that is weaker and begins much later
after explosion. This supports and enhances the
interpretation that the earlier SNe with H emission
were SNe Ia, where the strength of the CSM
interaction depends on details of the progenitor
system, such as the mass-loss and accretion rates
and the time since the last nova eruption.

Measurements of the host-galaxy properties
for SNe Ia suggest that broad/bright SNe Ia arise

from relatively young stellar populations (25),
and a complete understanding of SN Ia progen-
itors must account for the occurrence of CSM in-
teraction preferentially in young progenitor systems
(10). The host galaxy of PTF 11kx is a spiral galaxy
with active star formation and therefore has a
substantial fraction of young stars. In contrast to
SN 2002ic/SN 2005gj, the host galaxy has typ-
ical values for mass and metallicity, so there is no
evidence that PTF 11kx must have come from an
atypical stellar population.

Fig. 2. The temporal evolution of narrow absorption
features in PTF 11kx. The panels show (a) Na I D2, (b) Fe II
l5018, (c) Fe II l5316, (d) Na I D1, (e) Fe II l5169, and
(f) He I l5876. Separate components of Na I D are labeled
as A, B, and C. Component A strengthens with time and is
interpreted as ionization from the SN followed by
recombination and thus is from CSM. Components B and
C are attributed to the interstellar medium. The velocities
are given relative to component B, which is taken as
indicative of the local velocity of the SN progenitor system.
The lower excitation states of Fe II [(b) and (e)] are seen to
vary with time, whereas the higher excitation Fe II line (c)
appears to be constant in time. He I absorption emerges in
the later spectra. The vertical dashed line marks the velocity
of the CSM at−65 km s–1. The horizontal dashed lines mark
1 and 0 in normalized flux units. A cosmic ray in the day −1
spectrum near Na I D1 is marked by CR; it produces a
spurious absorption feature near the C component.

Fig. 3. The temporal evolution of Ha and Ca II K
features in PTF 11kx. (A) Low-resolution Ha, (B) high-
resolution Ha, (C) low-resolution Ca II K, and (D)
high-resolution Ca II K. The +9 and +20 day high-
resolution Ca II spectra have been rebinned to 20 km
s–1 precision for clarity of presentation. The vertical
dashed line marks the velocity of the slower CSM at
−65 km s–1. The large optical depth in the Ha line
causes an apparent blueshift in the absorption mini-
mum, relative to the −65 km s–1 expansion velocity
of the narrow lines shown in Fig. 2. The horizontal
dashed lines mark 0 and 1 in normalized flux units
and show that at early times the Ca II lines are sat-
urated. Narrow absorption, indicated by an arrow, can
be seen superposed on the broad emission in the day
+44 spectrum (D). Narrow interstellar lines of Ca II,
corresponding to components B and C in panels (a) and
(d) of Fig. 1, can be seen at 0 and +45 km s–1. Several
spectra in (A) and (C) appear to show narrow absorp-
tion superposed on broad emission, although the ab-
sorption is not always resolved. This indicates that,
subsequent to the onset of CSM interaction, slower-
moving material external to the inner shell of inter-
acting material remains, possibly due to a decelerated
nova shell.

A

C D

B

24 AUGUST 2012 VOL 337 SCIENCE www.sciencemag.org944
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(Dilday et al. 2009 Science 337, 942)
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On the Other Hand . . .

(Sternberg et al. 2014, MNRAS, 443, 1849)
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Figure : ASASSN-14lp Multi-epoch high-resolution spectra showing the
Ca II H & K and Na I D1,2 regions (Sternberg et al., in preparation).
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Figure : A zoom-in of the time variable features observed in
ASASSN-14lp (Sternberg et al., in preparation).
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Å
)

−2

0

2

4

6

D
2
(1458)

−12 −8 −4 0 4 8 12 16 20 24 28 32 36 40 44 48 52 56
−2

0

2

4

6

8

10

D
1
(1458)

Days (relative to B−band maximum)

∆
E
W

(m
Å
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Figure : ∆EW, in mÅ, as a function of days relative to B-band maximum.
Blue squares represent values for the D2 features and red circles for the
D1 (Sternberg et al., in preparation).



SN Ia
Progenitors

A. Sternberg

Introduction
What are Type Ia
Supernovae?

Progenitor Models

Comparison
with Nature
Explosion
Mechanism

High-Velocity
Features

Ia-CSM

CSM Signatures

Summary

Summary

Spectra + light curves = CO WD.
Four main progenitor types (SD, DD, CD, and HoC)
IME + IGE = constraints on explosion mechanism.
High-Velocity features → H-rich CSM? He detonations?
Time-variable CSM signatures → SD? DD? Something
else?
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Thank you for your

Attention
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