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In this talk: 

1. when and where do electron captures occur, 
and how they affect the explosion 

2. how to look for their effects 

3. nuclear physics inputs



to get an explosion to look (superficially) 
like a Ia…
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FIG. 13.ÈSame as Fig. 12, i.e., a deÑagration model treated exactly like
W7, but with an initial composition corresponding to zero metallicity
(50% mass fractions of 12C and 16O without 22Ne admixture, i.e., Y

e
\ 0.5).

The production of neutron-rich species 54Fe, 58Ni, and 62Ni is smaller
than in the original W7 model. Noticeable also is the almost complete
absence of intermediate odd-Z elements, which are produced in explosive
oxygen burning for a smaller than 0.5. The even-Z intermediate massY

eelements are also e†ected. They are not set o† by a constant factor in
comparison to 56Fe, as seen in Fig. 12 for W7, but increase with mass. The
increasing deviation between N \ Z and a line in the nuclear chart with

with increasing nuclear mass, does not occur.Y
e
\ 0.5,

features that can be analyzed in observed spectra (see
et al. 1998). This analysis covers one uncertaintyHo! Ñich

regarding the initial composition. Another one would be a
variation of the initial 12C/16O ratio, depending strongly on
the initial white dwarf mass and metallicity. This has also
been addressed recently by Umeda et al. (1999) and Ho! Ñich
et al. (1999). Thus, while the metallicity and initial composi-
tion are one set of parameters, the ignition density and
burning-front velocity represent another set, as outlined in
° 2. A burning front with a smaller velocity could reduce the
amount of material in the range 0.47È0.485, where 54Fe,Y

e58Ni, and 62Ni are produced in large amounts (see e.g.,
Table 2).

In Figures 15a and 15b, 16a and 16b, 17, and 18a and 18b
the ratios to solar abundances (normalized to 56Fe) are
displayed. Here the results of the central slow deÑagration
studies have been merged with (fast deÑagration) W7 com-
positions for the outer layers, where is given by the initialY

e22Ne and not by electron captures. Thus, these are not yet
full delayed detonation models (which will be discussed in
the next subsection), but more preliminary approximations
to test the central Fe-group results. In comparison to
Figure 12 we see that in all cases the 58Ni problem is strong-
ly reduced and would be fully resolved when using also
smaller metallicities (see W7 vs. W70). This is due to the
steeper gradient, which produces less matter in the inter-Y

emediate range 0.47È0.485. The smaller propagationY
espeed has, however, also the consequence that dipsY

edeeper in the central layers of WS15 and WS30 than in W7.
Such values lead to the overproduction of 50Ti and 54Cr.Y

eThis is not the case for CS15 and CS30, owing to the lower
ignition density.

Another interesting point surfaces, which was also
addressed preliminarily in Thielemann et al. (1996) and also
in Meyer, Krishnan, & Clayton (1996) and Woosley
(1997b). If one takes the results of presently existing and still
crude SNe II nucleosynthesis calculations from initiated
explosions as well as the results of W7, it turns out that for
some intermediate mass and all Fe-group elements the most
neutron-rich nuclei are drastically underproduced. The
central values of slow deÑagration models comes close toY

econditions, where these nuclei are produced in a normal
freeze-out. This has the e†ect that nuclei like 50Ti, 54Cr,
58Fe and partially 64Ni or 48Ca are produced for valuesY

ebelow 0.46 (or Whether this leads afterg \ 1È2Y
e
\ 0.1).

integration over all mass zones just to solar abundances or
to a strong overproduction will be tested here (see also
Table 2). Khokhlov et al. (1992) undertook already a pre-
liminary assessment of this question but did not consider all
of these nuclei in their calculations. Woosley (1997b) tested
models with higher ignition densities and burning-front
velocities, whether such elements can be produced. Here we
take again the philosophy to obtain constraints for the
““ average ÏÏ case of SNe Ia, to test on the one hand whether

FIG. 14.ÈComposition of W7 and W70. The major changes are given in the mass zones outside the central 0.3 where is inherited from the initialM
_

, Y
emetallicity in the form of 22Ne and not due to electron capture. This has e†ects on the Fe-group composition in the alpha-rich freeze-out region (on 58,57Ni

and 52Fe, the latter two decaying to 57Fe and 52Cr) and the incomplete Si-burning region (58,57Ni, 55Co, and 54,52Fe, the unstable species decaying to 57Fe,
55Mn, and 52Cr). 58,57Ni, 55Co, and 54Fe decrease below the plot limits in the incomplete burning region, while 52Fe (N \ Z) increases.

…detonate ≈ 1Msun C-
O WD with a central 
density ≈108 g cm-3 

(Woosley, yesterday) 

There are potentially 
many ways to do this.
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Evidence that at least some SNe Ia come from 
near MCh WDs with high central densities 

Abundance of 55Mn (Seitenzahl ’13; next talk) 

late-time NIR spectroscopy of 2005df 
suggests ρ ≈ 109 g cm-3 (Diamond et al. ’15)



MS CNO abundance sets starting 
neutron-to-proton ratio
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Explosion dynamics insensitive 
to 22Ne abundance; Townsley et 
al. ’09 

Can account for ≈10% of 56Ni 
variation (Howell et al. ’09)



Testing this relation with the “twins” 
2011fe, 2011by (see talk by Graham)

5

Twin SNe Ia 2011fe and 2011by 5

the Lick and Keck Observatories under the long-running
Berkeley Supernova Ia Program (BSNIP; Silverman et al.
2012), as listed in Table 2. At Lick Observatory we used
the Kast spectrograph (Miller & Stone 1993) on the 3m
Shane telescope. Coverage in the blue was obtained with the
600/4310 grism (λ = 3300–5520 Å, 1.02 Å/pixel), and cover-
age in the red with the 300/7500 grating (λ = 5400–10,400Å,
4.60 Å/pixel). At Keck Observatory we used LRIS to obtain
the two nebular phase spectra of SN2011by. Coverage in
the blue was obtained with the 600/4000 grism (λ = 3010–
5600 Å, 0.63 Å/pixel), and in the red with the 400/8500
grating (λ = 4500–9000 Å, 1.16 Å/pixel). The BSNIP spec-
tra were previously published by Silverman et al. (2013).
For ground-based optical spectroscopy, the slit was gener-
ally aligned along the parallactic angle (Filippenko 1982) to
minimize the effects of atmospheric dispersion (in addition,
LRIS has an atmospheric dispersion corrector).

3 ANALYSIS

Here we present and analyse the photometric and spectro-
scopic observations of SNe 2011fe and 2011by. This section
is organised by data type, starting with the light curves in
§3.1, including the apparent late-time photometric excess of
SN2011by in §3.1.1. The photospheric phase NUV-optical
spectra are compared in §3.2, where we demonstrate the
extreme similarity in optical evolution, but the relatively
depressed NUV flux of SN2011by. In §3.3 we present the
optical nebular phase spectra, including a comparison with
other nebular SNe Ia in §3.3.1, a careful examination of their
residual spectra in §3.3.2, and an evaluation of the flux, ve-
locity, and width of the nebular emission features in §3.3.3.
The results of these analyses are interpreted with physical
models in §4.

3.1 Light Curves of SNe 2011fe and 2011by

In Figure 1 we display the optical light curves of SNe 2011fe
and 2011by in apparent magnitudes. We find that they
are consistent with the previously published light-curve-
fit parameters listed in Table 1. In Figure 2 we show
the optical light curves in absolute magnitudes, after ap-
plying the Galactic extinction values and distance moduli
listed in §2 (using the Tully-Fisher distance modulus for
SN2011by). As established by FK13, SN2011by appears to
be ∼ 0.6mag less luminous than SN2011fe at peak bright-
ness, despite having a similar light-curve shape and decline
rate, ∆m15(B). According to the work of Phillips et al.
(1999), the dispersion in peak brightness for unreddened
SNe Ia is σ = 0.11mag. After accounting for the slightly
faster ∆m15(B) of SN2011by, we find that it lies ∼ 5σ from
the established width-luminosity relation for SNe Ia (Phillips
1993).

FK13 used the work of Arnett (1982) to show that,
using the Tully-Fisher distance modulus for SN2011by,
SN2011fe formed 1.7+0.7

−0.5 times as much radioactive 56Ni as
SN2011by. Pereira et al. (2013) determined that SN2011fe
synthesised 0.53 ± 0.11M⊙ of 56Ni. Together, we surmise
that SN2011by synthesised 0.310.190.16 M⊙ of 56Ni, which is
∼ 0.2M⊙ less than SN2011fe. These calculations rely on
their having similar rise times (which they do; see Table 1),

Figure 2. Absolute magnitude BV RI light curves of SN 2011fe
(open) and SN 2011by (filled), as a function of rest-frame time
from B-band peak magnitude, using the same symbol convention
as in Figure 1. Photometry from Dimitrov & Kjurkchieva (2014)
is shown only after 50 days past peak for clarity. Error bars are
mostly from the uncertainties in the host-galaxy distance modu-
lus. The magnitude differences, mfe−mby, at peak light in BV RI
are (respectively) −0.6, −0.7, −0.5, and −0.5; at +300 days they
appear to have decreased to (respectively) +0.2, +0.1, −0.3, and
−0.1.

Figure 3. To emphasise the similarity in light-curve shapes, we
apply a constant to all absolute magnitudes of SN 2011by (filled)
to match its peak B-band magnitude to that of SN2011fe (open).

and similar filter-to-bolometric luminosity corrections. De-
spite the depressed NUV flux for SN2011by, the latter as-
sumption is reasonable because the bolometric contribution
from the NUV flux is about an order of magnitude less than
that from the optical flux.

The abnormally low peak luminosity, and the inferred
low 56Ni mass, of SN2011by with respect to SN2011fe are
difficult to reconcile with their BV RI light-curve shapes and
colours being well matched. To emphasise their similarity in
shape, in Figure 3 we simply shift the absolute magnitudes
of SN2011by by a constant in all filters, such that its B-band
peak magnitude matches that of SN 2011fe. This illustrates

c⃝ 2014 RAS, MNRAS 000, 1–17
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Figure 8. Comparison of photospheric phase NUV-optical spectra of SN 2011fe (black) and SN 2011by (blue), for pre-maximum phases
−9 and −10 days (left), and near-maximum phases −2 and −1 days (right), for SNe 2011fe and 2011by (respectively). The near-maximum
phases were shown previously by FK13; we have included them for comparison. The top panels display the spectra, flux scaled to match
at optical wavelengths, and plotted on a logarithmic axis to emphasis the discrepancy at short wavelengths where the flux is low. Bottom
panels show the ratio of fluxes at each wavelength in black; the blue, green, orange, and red lines represent the predicted flux ratio from
an increasing difference in progenitor metallicity at that phase (Lentz et al. 2000).
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Figure 7. The velocity of Si II λ6355 in photospheric spectra
of SN 2011fe (black) and SN 2011by (blue) from BSNIP (circles)
and HST (squares) until ∼ 20 days past maximum brightness.
The Si II λ6355 velocity evolution of SNe 2011fe and 2011by are
quite similar. Velocities are not Gaussian fits, but simply mea-
sured from the minima, with a ±10 Å uncertainty (±500 km s−1).

the expanding ejecta and the Si II λ6355 line is created by
lower, slower-moving layers; in this way, the velocity gradient
of Si II λ6355 is directly related to the physical parameters
of the explosion. In Figure 6 we show the evolution of Si II
λ6355 from early to late times, with as close phase match-
ing as possible (the post-maximum spectra were taken less
frequently and the matching is not as close). For a more con-
tinuous evaluation, in Figure 7 we plot the Si II λ6355 line
velocity over time until 20 days past peak light. SNe 2011fe
and 2011by are classified as members of the “low velocity

gradient” (LVG) class (Benetti et al. 2005; Parrent et al.
2012; Silverman et al. 2013), and the evolution of Si II λ6355
is remarkably similar between them. Additionally, they both
show evidence of carbon as notches on the red side of the
Si II λ6355 line in the pre-maximum light spectra (see Figure
6), and we have confirmed the presence of C II with SYN++
(Thomas et al. 2011) fits for the first two optical spectra of
SN2011by. This is commonly interpreted as unburned pro-
genitor material, and the fact that it persists to ∼ −5 days
in both SNe2011fe and 2011by suggests that it is present
to a comparable depth in each SN. These parallels in the
optical spectral evolution of SNe 2011fe and 2011by indicate
that they experienced very similar physical explosions.

In the scenario where SN 2011fe synthesised 1.7+0.7
−0.5

times as much radioactive 56Ni as SN2011by, if we assume
the standard interpretation that SN Ia explosions have a
fixed mass budget ! 1.37M⊙, then SN2011fe should have
formed smaller amounts of stable nucleosynthetic products:
56Fe, 58Ni, and intermediate-mass elements (IMEs; e.g., sili-
con). The amount of IMEs can be estimated from the highest
and lowest velocity measurements of Si II λ6355 in the ex-
panding photosphere by using velocity is a proxy for radius.
If these two SNe Ia formed significantly different amounts of
IMEs, this fact would manifest as different silicon line veloc-
ity gradients. Instead, Figures 6 and 7 show that SNe2011fe
and 2011by are well matched in this respect.

In contrast to their outstanding optical similarity, the
spectra of SNe 2011fe and 2011by are different at NUVwave-
lengths. This distinction was first presented and discussed
for spectra near maximum light by FK13 (the −2 and −1
day spectra of SNe 2011fe and 2011by). Here we extend this
comparison to earlier times (the −9 and −10 day spectra of
SNe 2011fe and 2011by), and show both phases for compar-
ison in Figure 8. The top panels display the spectra, which

c⃝ 2014 RAS, MNRAS 000, 1–17

Foley & Kirshner ’13, 
Graham et al. ‘14

Production of stable 58Ni, 
54Fe affects NUV (Lentz et 

al., Sauer et al.)



simmering
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Nonaka et al. 2012; image courtesy M. Zingale

      

      

Dipole Convection
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previous calcula
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neutronization during simmering
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A reaction flow out of a nuclide i is defined by
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decrease in e- abundance (equivalent to 
X(22Ne) from Z≈ 2/3 Zsun)
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QSE products are sensitive to Ye
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Figure 4. Global abundances of 28Si, 32S, and 40Ca as a function of the electron
fraction Ye produced by the post-processed W7-like models (lines) and the
analytical QNSE results (symbols). As for the trends in the local abundances
(Figures 1–3), 28Si is independent of Ye, 32S shows a near linear dependence,
and 40Ca shows a more complex, but near quadratic, dependence with Ye.
(A color version of this figure is available in the online journal.)

4.1. Verification of QNSE at Freeze-out from
Simulation Models

Figure 1 shows the local abundances of the major SiG
and FeG elements between mass shells 0.7 M⊙ and 1.3 M⊙
at t = 1.125 s (solid colored lines) and t = 4.10 s (dashed
black lines) in one of our W7-like models. At t = 1.25 s
the burning front has just passed over the 1.28 M⊙ mass
coordinate and most of the synthesized 28Si, 32S, and 40Ca
have reached their equilibrium abundances. In this mass region,
the peak temperatures, (3–5) × 109 K, and peak densities,
(2–4) × 107 g cm−3, ensure QNSE conditions (Nomoto et al.
1984; Thielemann et al. 1986). The choice of t = 1.125 s
is arbitrary and can be replaced by any epoch in any model
when the material reaches QNSE conditions. At t = 4.10 s the
explosion has entered homologous expansion and synthesis of
all the elements has stopped due to the decreasing temperature.
Complete freeze-out does not occur for 54Fe interior to 0.95 M⊙
at t = 1.25 s due to residual weak reactions. Figure 1 suggests
that abundances generated when QNSE conditions apply are
preserved during the subsequent freeze-out. The abundance
levels at this epoch may be reflected in the observed spectra
over subsequent days. Therefore, applying the QNSE equations
to recover Ye from the major SiG and FeG elements as we have
done in Section 2 is justified.

4.2. Expected Change in Spectra Due to Change in Ye

The next step to mapping the observed abundances into Ye at
explosion involves estimating the change in flux and luminosity
as Ye changes. It is important to estimate this change which
dictates the level of resolution in Ye mapping accessible from
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Figure 5. Synthetic spectra for the W7-like models with 0.0, 1.0, 2.0, and
4.0 times the solar 22Ne abundance. Key abundance features are labeled.
(A color version of this figure is available in the online journal.)

the observed abundances, if determined accurately from the
spectra. There are several complicating factors that contribute
to estimating accurate abundances from an observed spectra.
Below we estimate the change in flux with respect to Ye using
synthetic spectra from radiative transfer modeling.

We use the PHOENIX radiation transfer code (Hauschildt
et al. 1997; Jack et al. 2009; Jack 2009; Jack et al. 2011)
to produce synthetic spectra from our W7-like models. The
thermodynamic profiles of the W7-like models end when
the explosion reaches homologous expansion, about 4 s after
ignition. The density, velocity, and abundance profiles are then
homologously and adiabatically expanded to 5 days after the
explosion using analytical expressions that account for the local
decay of 56Ni and 56Co. This is a reasonable assumption for SNIa
after the initial break out (Arnett 1982). From day 5 onward, we
address LTE radiative transfer through the expanding remnant
in 0.5 day increments to about 21 days to calculate synthetic
spectra. At each of these 0.5 day increments, we solve an
energy equation that includes the contribution of the adiabatic
expansion, the energy deposition by γ -rays, and absorption and
emission of radiation. As a result we always obtain a model
atmosphere that is in radiative equilibrium.

Figure 5 shows the synthetic spectra at day 15, near peak
luminosity, for the W7-like models with Q = 0.0, 1.0, 2.0,
and 4.0, representing 0.0, 1.0, 2.0, and 4.0 times the solar 22Ne
abundance, respectively. Changes in the synthetic spectra shown
in Figure 5 are due to changes in the abundance of a given
element. The SiG material has post-explosion homologous ex-
pansion velocities ranging between 9000–13,000 km s−1 (e.g.,
Nugent et al. 1997; Hachinger et al. 2009; Jack et al. 2011; van
Rossum 2012). The continuum optical depth of the SiG material
is between 0.2–0.8, which was evaluated from the continuum
opacity at 5500 Å at peak luminosity. The wavelength resolu-
tion of the PHOENIX calculation is set to 1 Å and the distance
for the flux scale shown on the y-axis is the velocity of the
outermost expanding shell times the time since the explosion.
The PHOENIX model uses complete redistribution, with the
same emission and absorption profile function with respect to
the frequency spread around the center of the line frequency.
Figure 5 suggests that the Ca ii feature changes the most with Ye
when compared to S II and Si ii features. The Si ii line changes
the least with variations in Ye. These trends, Ca being the most
sensitive, S having a near linear dependence, and Si the least

7

De et al. ‘14
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A more comprehensive study (post-
processing DDT) is in preparation (Miles, 
van Rossum, Townsley et al.)





convective Urca 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Hybrid C-O-Ne progenitors of type Ia supernovae 5

Figure 4. Mass fraction profiles of 23Na (solid curves) and 25Mg
(dashed curves) in the CO core of the AGB star withM

i

= 6.3M�
(black curves) after the first He-shell thermal pulse, and in the hy-
brid C-O-Ne cores of the super-AGB stars with the initial masses
6.9M� (blue curves) and 7.3M� (red curves) at the end of C
burning.

it is equal to
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The screening corrections to the electron potential and re-
action Q-value, V

s

and �Q, used in the last equation are also
provided by the tables. Note that �Q is negative for beta
decays and positive for e-captures.

Introducing the total number density of the Urca pair
nuclei n

U

= n
M

+ n
D

, equation (2) can be rewritten in the
following form:
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is an equilibrium number density of the mother nuclei, while

C = �

L+�� + L��+

�+ + �� (7)

and

H = �µ (�+ + ��)� L+ + L� (8)

are the cooling and heating factors (Lesa↵re, Podsiadlowski
& Tout 2005). Equation (5) shows that the Urca process
can cool the star down only in the vicinity of the Urca shell,
where the first term is negative and the second term is close
to zero. However, if the Urca shell is involved in convective
mixing that redistributes the Urca nuclei accross the Urca

Figure 5. The Urca cooling caused by neutrino and antineutrino
escaping from the Urca shell (the blue curve) and the combined
Urca cooling and heating (the red curve), the latter caused by
non-equilibrium electron captures and beta decays around the
Urca shell in the presence of convective mixing in the CO WD
with M

i

= 6.3M�. Both quantities are given in erg cm�3 s�1.

shell, then the second term turns out to be always posi-
tive and it starts to dominate over the cooling term at some
distance from the Urca shell (Fig. 5). Therefore, such a“con-
vective Urca process” should contribute to both cooling near
the Urca shell and heating outside it (Bruenn 1973).

Although MESA does take into account the Urca energy
loss/generation rate, e.g. as given by equation (5), it does
not modify the MLT equations correspondingly, ignoring the
fact that in the convective Urca process the kinetic energy of
convective motion serves as a source for both Urca cooling
and heating (Bisnovatyi-Kogan 2001). This means that in
MESA the Urca process can a↵ect convection only through
changes of star’s thermal structure.

Since the first discussion of convective Urca process by
Paczyński (1972), there has been found no satisfactory so-
lution of this problem. The proposed solutions contradict
each other, because some of them predict that the convec-
tive Urca process should stabilize C burning, thus allowing
the accreting WD to avoid the SN Ia explosion (Paczyński
1972; Iben 1982; Barkat & Wheeler 1990), while the others
claim that it should rather destabilize C burning sooner or
later, thus leading to an earlier or delayed thermonuclear
runaway (Bruenn 1973; Couch & Arnett 1975; Mochkovitch
1996; Stein, Barkat & Wheeler 1999).

The convective Urca process should probably decrease
the volume occupied by convection that is driven by C burn-
ing during the pre-explosion simmering phase (Lesa↵re, Pod-
siadlowski & Tout 2005; Stein &Wheeler 2006). However, we
believe that a final solution of the convective Urca problem
and, in particular, a reliable estimate of the limit imposed by
it on the size of the C convective core can be obtained only
in reactive-convective 3D hydrodynamical simulations. For
example, these kinds of simulations of H entrainment by He-
shell flash convection in the post-AGB star Sakurai’s object
has recently revealed a very interesting and complex mixing
behaviour which could never be predicted by a mixing length
theory (Herwig et al. 2014). Until such simulations are done

c� 2014 RAS, MNRAS 000, 1–11

Denissenkov et al. ‘15 electron captures/beta decays on 23Na, 
25Mg affect the convective flow 
(Paczynski, Barkat & Wheeler, Iben, 
Mochkovitch, Stein & Wheeler)

Energy loss via neutrinos acts as a 
bulk viscosity (Bisnovatyi-Kogan 
’01); confines convective zone.  
This is not accounted for in MLT 
(Lesaffre et al. ’05; Denissenkov et 
al. ’15)



Nuclear physics input

12

“Despite experimental and theoretical progress, lack of knowledge of 
relevant or accurate weak-interaction data still constitutes a major 
obstacle in the simulation of some astrophysical scenarios today.” 

Langanke & Martinez-Pineado 2003, RMP

• Supernovae (both core-collapse and white dwarf ) 

• Accreting neutron stars 

• Nucleosynthesis (r-, s-process)
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1. perform charge-exchange 
experiments (for example, 
56Ni(p,n)56Cu measures transition 
rates in β- direction; 46Ti(t,3He+γ)46Sc 
at intermediate energies to 
benchmark and test theoretical rate 
calculations 

2. work together hand-in-hand with 
nuclear theorists and astrophysicists 
to develop improved weak-rate sets 
and perform improved astrophysical 
simulations  



• Normally, 13N decays via β+ (Q = 
2.22 MeV) 

• Electron Fermi energy is 5.1 MeV, 
so capture into excited state (E = 
3.68 MeV) of 13C is possible 

• Increases capture rate 

• Increases heat deposition
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2

on the reduction of Ye, which is instead governed by the
production of 13N, not by the faster (under these con-
ditions) electron capture. The capture into the excited
state does contribute to the effective heat per 12C + 12C
reaction during simmering, however, and so a more accu-
rate determination of the branching into the excited state
is useful. Note that captures into states at higher excita-
tion energies are not important for the range of densities
found in white dwarf stars, so the heating from this re-
action is set by captures into this excited state and the
ground state.

The weak transition strength from the 13N ground
state to the 13C ground state is well determined using
the experimental log ft value of 3.6648 ± 0.0005 for β+-
decay [6]. Because the excitation energy of the 3.68
MeV state is higher than the Q-value for β+-decay (2.22
MeV), no such data are available for the transition to this
state. Therefore, in Ref. [4], the GT transition strength
from the 13N ground state to the excited state at 3.68
MeV in 13C was calculated (B(GT)=1.5) using the shell-
model code OXBASH [7] employing the CKII interac-
tion [8] in the p-shell model space, taking into account
a phenomenological quenching factor of 0.67 [9] for the
Gamow-Teller strength 1.

Experimental information about the Gamow-Teller
strength can be extracted, however, by studying the ana-
log transition from the 13C ground state to the Jπ =
3/2− state at 3.51 MeV in 13N, using a (p,n)-type charge-
exchange reaction and assuming isospin symmetry (the
validity of this assumption is discussed below). In the
simplified level-scheme of relevant A=13 nuclei depicted
in Fig. 1, these analog transitions are labeled 5 and 6.

The charge-exchange reaction studies rely on the pro-
portionality between B(GT) and the charge-exchange
cross section at zero momentum transfer (q = 0) (see
details below). Several experiments on 13C have been
performed using the (p,n) reaction at beam energies be-
tween 120 MeV and 200 MeV. In the earlier experiments
[10–12], a B(GT) of 0.82±0.05 2 was extracted. The un-
usually large discrepancy between the experimental value
and the theoretical one (B(GT)=1.5, taking into account
quenching) was the topic of considerable debate [11–13].
More recently, a measurement of the 13C(p,n) reaction
at 197 MeV gave B(GT)=1.06±0.05 [14]. This value is
closer but still significantly lower than the shell-model
predictions. Because of the significance of this transition
for the calculations performed for SNe Ia, further inves-
tigation is warranted.

As an alternative to the 13C(p,n) reaction, we studied
the 13C(3He,t) reaction at 420 MeV and combined the re-
sults with an earlier 13C(3He,t) experiment performed at
450 MeV [15]. The data at 420 MeV were taken as part of

1 This value is calculated by squaring the quenching factor of the
free-nucleon operator given by qs = 1 − 0.19( A

16 )0.35 [9].
2 This is the value from Ref. [12]. The B(GT) values in Refs.

[10, 11] are within the uncertainties consistent with this value

13 13 13 13
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1 2 3 4
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+
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β
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(Q=2.22 MeV)
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- - - -

- -

-   -

--

FIG. 1: Isospin analogous transitions in the A=13 and
Tz = ±1/2,±3/2 isobar system are schematically shown. The
Coulomb displacement energies are set to zero so that the
isospin symmetry of the system becomes clearer. For each
state, spin-parity Jπ and isospin T are indicated. Excitation
energies are given, where relevant for the present work, rela-
tive to the ground state of the nuclei. Transitions labeled by
1-4 are analogs and transitions with labels 5 and 6 are analogs.
For transitions labeled with β±, the logft’s are known from
β-decay experiments.

a program to study the extraction of GT strength using
the (3He,t) probe [16] over a wide mass range. Since the
targets used contained natural carbon (1.07% 13C) only
transitions to low-lying states in 13N could be studied.
The transition to the T = 3/2, Jπ = 3/2− state at 15.1
MeV in 13N is important for strength calibration pur-
poses. However, in targets made of natural carbon this
state is inseparable from the strong 12C(3He,t)12N(g.s.)
reaction since the Q-values are nearly identical. There-
fore, the data from the older experiment, in which a
highly-enriched 13C target was used, was needed as well.
Comparing the two sets also provides a good way to eval-
uate systematic errors in the extraction of cross sections.

This paper is structured as follows. After briefly de-
scribing the method of extracting GT strengths from
charge-exchange data and the particular methods used
for the A=13 analog transitions, the findings from the
13C(3He,t) experiments are presented and compared with
the shell-model calculations. It is shown that the results
from the 13C(3He,t) experiments and the shell-model cal-
culations are consistent. We then briefly discuss the com-
parison with the (p,n) results. Finally, we estimate the
uncertainties in the electron-capture rates on 13N in the
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The Gamow-Teller strength for the transition from the ground state of 13C to the T = 1/2, J π = 3/2− excited
state at 3.51 MeV in 13N is extracted via the 13C(3He, t) reaction at 420 MeV. In contrast to results from earlier
(p, n) studies on 13C, a good agreement with shell-model calculations and the empirical unit cross-section
systematics from other nuclei is found. The results are used to study the analog 13N(e−, νe)13C reaction, which
plays a role in the pre-explosion convective phase of type Ia supernovae. Although the differences between the
results from the (3He, t) and (p, n) data significantly affect the deduced electron-capture rate and the net heat
deposition in the star resulting from this transition, the overall effect on the pre-explosive evolution is small.

DOI: 10.1103/PhysRevC.77.024307 PACS number(s): 21.60.Cs, 24.50.+g, 25.40.Kv, 25.55.−e

I. INTRODUCTION

Type Ia supernovae (SNe Ia) are thought to be thermonu-
clear incinerations of carbon-oxygen white dwarf stars after
accretion from a companion has increased their mass to near
the Chandrasekar limit (for a review, see, e.g., Ref. [1]). It is
unclear, however, what type of binary systems produce SNe
Ia and how the structure of the progenitor affects the outcome
of the explosion. Observational studies show that the peak
brightness of SNe Ia and hence the mass of 56Ni synthesized
in the explosion are correlated with the properties of the host
galaxy [2]. One proposed explanation for this is that the ratio of
56Ni to stable nickel and iron isotopes depends on the electron
abundance Ye in the white dwarf at the time of the explosion.
A reduction in Ye shifts the isotopic distribution of iron-peak
ejecta to more neutron-rich isotopes [3] and decreases the mass
of 56Ni ejected, which in turn reduces the peak brightness of
the supernova. In the pre-explosion white dwarf, Ye is set by
the abundance of trace nuclides such as 22Ne [4].

In recent works [5,6] it was pointed out that reactions during
the pre-explosion “simmering” phase (during the ∼103 yr prior
to the explosion) also reduce Ye. During this period, protons

*zegers@nscl.msu.edu

formed from 12C(12C, p)23Na predominantly capture onto 12C
to form β-unstable 13N. The 13N(e−, νe)13C reaction thus plays
a role. Since the stellar density is ρ = (1–3) × 109, the electron
Fermi energy is sufficiently high (≈5 MeV) to allow electron
capture on the 13N ground state (spin parity J π = 1/2−) via
an allowed Gamow-Teller (GT) transition into the J π = 3/2−

state of 13C at 3.68 MeV [5], in addition to the capture to
the 13C ground state (J π = 1/2−). Note that captures into
states at higher excitation energies are not important for the
range of densities found in white dwarf stars, so the heating
from this reaction is set by captures into this excited state and
the ground state. As discussed briefly in Ref. [5], where a
shell-model calculation was used to estimate the contribution
of the excited state, the increased capture rate does not strongly
effect the reduction of Ye, which is instead governed by the
production of 13N, not by the faster (under these conditions)
electron capture. The capture into the excited state does
contribute to the effective heat per 12C +12C reaction during
simmering, however, and so a more accurate determination of
the branching into the excited state is useful for future studies
of the simmering stage of SNe Ia, including those focusing
on the hydrodynamics. Hydrodynamical simulations of the
simmering phase [7,8] require an accurate determination of the
effective heat released per 12C +12C reaction, since this heating
sets the amount of 12C consumed, and hence the neutronization

0556-2813/2008/77(2)/024307(10) 024307-1 ©2008 The American Physical Society
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Completed: Comprehensive  evaluation of theoretical 
electron-capture rates in pf-shell near stability.
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FIG. 2: (color online)Differential cross sections and the MDA
of the 56Ni(p,n)56Cu∗ data. Results are presented for θc.m. =
2◦ − 4◦ (a,c) and θc.m. = 10◦ − 12◦ (b,d). The spectra are
shown separately for events in which 56Cu does not decay by
proton emission and is detected in the focal plane of the spec-
trograph (a,b) and for events in which 56Cu decays by pro-
ton emission and 55Ni is detected in the spectrograph (c,d).
Above 10 MeV, events associated with the detection of 54Co
in the spectrograph (due to two decays by proton emission
from 56Cu) contribute. This energy is indicated by an ar-
row in (d), but these events are not included in the figures.
(e) shows the spectrum measured at θc.m. = 2◦ − 4◦ without
the artificial smearing applied to the data in (c) (see text for
details). Two peaks at Ex(

56Cu)=3 and 5 MeV are clearly
visible in this spectrum.

duction of low-energy recoil neutrons, but with fast
forward-peaked neutrons that could indirectly scatter
from the surroundings into LENDA. The featureless
shape of this background was found to be nearly inde-
pendent of the reaction channel and was estimated by
using 56Ni→53Co+2n + p events, since 53Co cannot be
created in the decay of 56Cu excited to energies under
consideration. The modeled background was scaled to
match the spectra containing the CE events for unphys-
ical values for Ex. The uncertainty in this subtraction
procedure was the largest source of systematic errors in
the analysis (∼ 15%).
The GT strength (B(GT)) can be extracted from the

data by using the well-established proportionality be-
tween the ∆L = 0 cross section at 0◦ (σ∆L=0(0◦)) and
B(GT) [26]:

σ∆L=0(0
◦) = σ̂GTF (q,ω)B(GT)/fGT , (1)

where σ̂GT is the GT unit cross section and F (q,ω)
represents the dependence of σ∆L=0 on the momentum
(q) and energy (ω) transfers. For a pure GT transi-
tion, fGT = 1 and for a transition that has both GT
and Fermi (∆L = 0,∆S = 0) components, fGT < 1.
For Fermi transitions, a proportionality similar to Eq.
(1) exists, but with a different unit cross section σ̂F.

0
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3
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Ex(
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B(
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) data (sta. error)
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FIG. 3: (color online) Extracted GT strength distribution in
56Cu and the comparison with shell-model calculations using
the KB3G and GXPF1A interactions. The indicated system-
atic error band does not include the uncertainty in the abso-
lute value of the GT unit cross section. Statistical errors are
dominated by the uncertainties in the MDA fitting and for
some data points are smaller than the markers.

The GT unit cross section was calibrated using the
55Co(7

2

−

,g.s.)(p,n)55Ni(7
2

−

,g.s.) excitation, for which the
measured differential cross sections are shown in Fig.
1(c). The value of fGT = 0.51 ± 0.03 for this transi-
tion was established by using the known Fermi (B(F ) =
N − Z = 1) and GT (B(GT ) = 0.267 [27]) strengths
and the ratio R2 = σ̂GT

σ̂F
= 4.0 ± 0.2, which was derived

from its well-established beam energy dependence [26].
The values of F (q,ω) for the Fermi and GT contributions
were determined in the Distorted-Wave Impulse Approx-
imation (DWIA; see below) and differed by less than 1%.
σ∆L=0(0◦) was extracted from the data by fitting the cal-
culated differential cross sections in DWIA (also shown
in Fig. 1(c)) to the experimental cross sections. By us-
ing Eq. (1), we found that σ̂GT = 3.2± 0.5 mb/sr, which
is consistent with the value of 3.5± 0.2 reported for the
58Ni(p,n) reaction at 120 MeV [26].

To apply Eq. (1) to the 56Ni(p,n) data, the forward-
peaking ∆L = 0 contributions to the full excitation en-
ergy spectrum must be isolated from contributions with
∆L > 0, whose angular distributions do not peak at 0◦.
This was done by performing a multipole decomposition
analysis (MDA) [28, 29] in which the angular distribution
for each bin in Ex(56Cu) was fitted with a linear combi-
nation of calculated angular distributions in DWIA with
∆L = 0, 1 and 2. The inclusion of additional components
with ∆L > 2 did not improve the quality of the fits. Be-
cause the resolution in Ex deteriorated with increasing
angle, the spectra at forward angles were smeared with
gaussian line shapes to avoid artificial biases in the MDA.
The DWIA calculations were performed with the code
dw81 [30], in conjunction with the effective interaction
at 140 MeV from Ref. [31] and optical potentials from
Ref. [32]. A normal-modes procedure [33] was used to
generate the transition densities, which can be regarded
as an average over all possible 1p− 1h contributions.

In Fig. 2(a-d) the results of the MDA are shown for

∝cross-section

GXPF1A, KB3G are different 
nuclear interaction models 
used to calculate EC rates
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3D simulation of a massive star 
just prior to collapse and 

explosion as a supernova. 
Couch et al. (2015)

Offers both  
graduate and undergraduate 
programs in computational 
science.  Astronomy faculty 
Brian O’Shea and Sean Couch 
have joint appointments. 

We are looking for talented 
graduate students interested in 
computational modeling!



Discussion

1. What important physics haven’t we included in the 
simmering phase? Is the convective Urca 
important? What could derail “ignition at only one 
point”? 

2. What is the greatest impediment to improving 
determinations of metallicity?

21


