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ABSTRACT

Context. Manganese is predominantly synthesised in Type Ia supernova (SN Ia) explosions. Owing to the entropy dependence of the
Mn yield in explosive thermonuclear burning, SNe Ia involving near Chandrasekhar-mass (Mcy,) white dwarfs (WDs) are predicted to
produce Mn-to-Fe ratios that significantly exceed those of SN Ia explosions involving sub-Chandrasekhar mass primary WDs. Of all
current supernova explosion models, only SN Ia models involving near-M¢, WDs produce [Mn/Fe] > 0.0.

Aims. Using the specific yields for competing SN Ia scenarios, we aim to constrain the relative fractions of exploding near-Mcy, to
sub-M¢y, primary WDs in the Galaxy.

Methods. We extract the Mn yields from three-dimensional thermonuclear supernova simulations that refer to different initial setups
and progenitor channels. We then compute the chemical evolution of Mn in the solar neighborhood, assuming SNe la are made up of
different relative fractions of the considered explosion models.

Results. We find that due to the entropy dependence of freeze-out yields from nuclear statistical equilibrium, [Mn/Fe] depends
strongly on the mass of the exploding WD, with near-Mc, WDs producing substantially higher [Mn/Fe] than sub-M¢, WDs. Of all
nucleosynthetic sources potentially influencing the chemical evolution of Mn, only explosion models involving the thermonuclear
incineration of near-Mc, WDs predict solar or super-solar [Mn/Fe]. Consequently, we find in our chemical evolution calculations that
the observed [Mn/Fe] in the solar neighborhood at [Fe/H] > 0.0 cannot be reproduced without near-Mcy, SN Ia primaries. Assuming

that 50% of all SNe Ia stem from explosive thermonuclear burning in near-Mc, WDs results in a good match to data.

Key words. supernovae: general — nuclear reactions, nucleosynthesis, abundances — Galaxy: abundances — Galaxy: evolution

1. Introduction

There is general consensus that thermonuclear explosions of
carbon-oxygen WDs are the underlying physical process lead-
ing to Type Ia supernova (SN Ia) explosions (for a recent review
on SNe Ia see, for instance, Hillebrandt et al. 2013). In spite
of this general agreement on the basic underlying physical pic-
ture, neither the exact explosion mechanism(s) nor the formation
channel(s) of binary stellar evolution leading up to the explosion
have reached a consensus model.

Loosely speaking, two main evolutionary scenarios have
emerged. In the single-degenerate scenario (SDS) first described
by Whelan & Iben (1973), a WD accretes mass from a stel-
lar companion until it explodes following the onset of a car-
bon fusion runaway as it approaches the Chandrasekhar-mass
(Mcp) limit. Recent multi-dimensional simulations of explo-
sions of near-Mc, WDs include pure deflagration (e.g. Ropke
et al. 2007; Jordan et al. 2012b; Ma et al. 2013; Fink et al.
2013), deflagration-to-detonation transition (e.g. Gamezo et al.
2005; Ropke & Niemeyer 2007; Bravo & Garcia-Senz 2008;
Kasen et al. 2009; Seitenzahl et al. 2011, 2013), pulsational
reverse detonation (e.g. Bravo & Garcia-Senz 2009), and vari-
ants of gravitational confined detonation models (e.g. Plewa
2007; Meakin et al. 2009; Jordan et al. 2012a). In the double-
degenerate scenario (DDS) first proposed by Iben & Tutukov
(1984) and Webbink (1984), the progenitor system is a binary
system of two WDs. For sufficiently close binaries, the emission
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of gravitational waves will lead to orbital decay, potentially re-
sulting in a thermonuclear explosion triggered by the merger of
the two WDs. Proposed explosion mechanisms in the DDS can
be divided into two categories, depending on the existence of an
accretion torus.

(1) Although it is generally believed that accretion from the
thick disc around the primary (e.g. Tutukov & Yungelson
1979; Mochkovitch & Livio 1990) leads to its collapse to
a neutron star (e.g. Nomoto & Kondo 1991; Dessart et al.
2006; Yoon et al. 2007) following its transformation to an
O-Ne-Mg core (Saio & Nomoto 1985; Timmes 1994; Saio &
Nomoto 1998), Piersanti et al. (2003a,b) and Saio & Nomoto
(2004) argue that for rapidly rotating primaries, central car-
bon ignition may be possible. The latter case would result in
a near-Mc¢y, SN Ia event, with the same potential explosion
mechanisms listed above.

Recent multi-dimensional hydrodynamical simulations have
shown that an accretion disc need not form, and the resulting
violent merger of the two WDs may lead to a detonation in
the primary (Pakmor et al. 2010,2011,2012; Dan et al. 2011;
Raskin et al. 2012). In this violent merger model, the explo-
sion is essentially driven by a pure detonation of a nearly
hydrostatic sub-Mc, WD.

Q@

~

From the point of view of explosion modelling, the important
question is whether the primary WD is near-Mcy, (resulting from
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the SDS or mergers with accretion from a torus) or significantly
sub-M¢y, (from violent mergers or double detonations in He-
accreting systems, e.g. Woosley & Weaver 1994). Mazzali et al.
(2007) argue for the former case, while Stritzinger et al. (2006)
support the latter. We show that the two possibilities lead to sig-
nificant differences in the Mn-to-Fe production ratio, and we ar-
gue that a significant fraction of Galactic SNe Ia must arise from
explosions of near-Mc, WDs. We continue by analyzing the im-
pact of the difference in Mn on chemical evolution models and
comparing the results to observational data on Mn abundances
in the Sun and in Galactic stars.

2. Nucleosynthesis of Mn in SN la

A key focus of this work is on the production of manganese
in explosive nucleosynthesis. Mn (atomic number 25) has only
one stable isotope, *>Mn. Most of the »Mn produced in ther-
monuclear explosive burning is synthesised as >>Co (e.g. Truran
et al. 1967), which then decays via 55Fe to the stable >>Mn. The
two main nucleosynthetic processes synthesising >>Co, hence
Mn, are “normal” freeze-out from nuclear statistical equilibrium
(NSE) and incomplete Si-burning. For freeze-out from NSE to
be “normal” as opposed to “alpha-rich”, the mass fraction of “He
has to remain rather low during the freeze-out phase (<1 per cent
according to Woosley et al. 1973). For explosive nuclear burning
this is the case at relatively high density (p = 2x 108 g cm™3, see
Thielemann et al. 1986; Bravo & Martinez-Pinedo 2012), which
implies relatively low entropy. At lower density, the >>Co present
in NSE is readily destroyed during the alpha-rich freeze-out via
3Co(p,y)*°Ni (see Jordan et al. 2003), resulting in a much lower
final [Mn/Fe]. We note that a recent study has shown that the
3Co to *°Ni production ratio is rather insensitive to nuclear re-
action rate uncertainties (Parikh et al. 2013).

To put this critical density into context, note that the mass
of a cold WD (Y. = 0.5) in hydrostatic equilibrium with cen-
tral density p. = 2 x 108 gem™ is M = 1.22 M. Only ex-
plosions of near-M¢y, WDs involve densities high enough to re-
sult in “normal” freeze-out from NSE. Violent mergers (Pakmor
et al. 2012), as well as sub-Mcy, double detonations (e.g. Fink
et al. 2010; Kromer et al. 2010) of typical SN Ia brighness
have primary core masses below 1.2 M, (Sim et al. 2010; Ruiter
et al. 2011). We therefore have a robust, physical reason for the
large difference in [Mn/Fe]. Delayed-detonation models, which
undergo significant thermonuclear explosive burning at densi-
ties above p = 2 x 10® gcm™ will have an enhanced pro-
duction of Mn from the contribution of “normal” freeze-out
from NSE, which is not the case for violent merger or double-
detonation models. This division between “normal” and “alpha-
rich” freeze-out is also the reason for the predicted differences
of the late-time bolometric light curves (Seitenzahl et al. 2009;
Ropke et al. 2012).

We note that for very neutron-rich environments, >>Mn could
also be directly synthesised. Therefore, it is natural to ask the
question of whether gravitational settling of >Ne in sub-Mcy,
WDs can significantly affect our main point that [Mn/Fe] for
SNe Ia resulting from these objects is significantly sub-solar.
In contrast to canonical ignition in near-Mc, WDs, convective
burning is not expeced to precede the explosion here. The poten-
tial effects of concentrating neutron-rich material near the WD’s
core are therefore possible in principle. For gravitational settling
to play a role, i) the sub-Mc, WD has to remain liquid; and ii)
sufficient time must pass to allow for appreciable *’Ne to fall
from low- to high-density regions where iron-group nucleosyn-
thesis occurs. That the sub-Mcy, primary WD in a DDS system
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remains liquid for the 2>Ne to settle is already unlikely, since for
cooling and non-accreting WDs the 2*Ne settling time scale (z;)
is longer than the crystallisation time scale in the core (Bildsten
& Hall 2001). Even if the WD were to remain liquid, the relevant
time scales are too long to significantly affect our conclusions.
For example, for a hot (T = 108 K) 1.2M, WD, t; = 5Gyr,
and for a cold (T = 10°K) 1.2 M, WD, t, ~ 23 Gyr (Bravo
et al. 1992). Furthermore, the settling time scale f#; is increas-
ing strongly with decreasing WD mass (e.g. Bildsten & Hall
2001). Consequently, less massive WDs around 1.0 M, would
show even less of an effect. Since most SNe Ia have much shorter
delay times (e.g. Maoz & Mannucci 2012), we expect that grav-
itational settling of >*Ne will not change our conclusions.

3. Galactic chemical evolution of Mn

Observational data show that halo stars have an average abun-
dance ratio for [Mn/Fe] ~ —0.5 (see Sobeck et al. 2006), provid-
ing a strong indication that SNe II produce a sub-solar ratio of
Mn to Fe. Theoretical nucleosynthesis calculations of massive
stars agree with these observational findings; most of the models
(e.g. Woosley & Weaver 1995; Limongi & Chieffi 2003; Nomoto
et al. 2006) predict [Mn/Fe] yields that are typically three times
lower than the one observed in the Sun. The solar value for the
mass ratio of Fe to Mn can be computed from the photospheric
abundances (Grevesse et al. 2010) by assuming the same mean
atomic weights observed on Earth. Assuming uncorrelated er-
rors, we obtain Fe/Mn = 119 + 15 for the elemental mass ratio.

SNe Ia enrich the interstellar medium with a time delay
compared to the first core-collapse SNe, which means that they
did not significantly affect the chemical evolution in the solar
vicinity until [Fe/H] ~ —1.0 (see e.g. Matteucci & Greggio
1986). Indeed, from around this metallicity, [Mn/Fe] derived
from observed stellar abundances displays a strong increase (e.g.
Gratton & Sneden 1988, 1991). Although Feltzing et al. (2007)
invoke strongly metallicity-dependent SNe II Mn yields, the rise
in [Mn/Fe] for [Fe/H] > —1.0 to the value observed in the
Sun is typically attributed to the nucleosynthesis contribution of
SNe Ia (e.g. Gratton 1989; Timmes et al. 1995; Francois et al.
2004; Cescutti et al. 2008; Kobayashi et al. 2006; Kobayashi &
Nomoto 2009; Kobayashi et al. 2011).

We perform chemical evolution calculations (see Sect. 4)
that only differ in the yields assumed for SNe Ia (see Sect. 3.1).
Our model for the solar vicinity, which is essentially the same
as adopted in Cescutti et al. (2008), is based on the model intro-
duced by Chiappini et al. (1997) (called “two infall model”). For
all cases, we use the same delay time distribution (DTD; Greggio
& Renzini 1983), although we are aware that this is a simplistic
approach. Assuming a different DTD for, say, the merger sce-
nario from analytical formalisms (e.g. as in Greggio 2005) or
binary evolution calculations (Ruiter et al. 2009) could modify
the trend obtained by our chemical evolution model. Examples
of the sensitivity on the DTD can be found in Matteucci et al.
(2009) for the case of [O/Fe] and in Kobayashi & Nomoto
(2009). However, assuming yields for SNe Ia lower than solar
will always result in a Mn to Fe ratio below the solar value, in-
dependent of the assumed DTD. For the contribution of massive
star explosions we assume the metallicity-dependent yields cal-
culated by Woosley & Weaver (1995). We note that these yields
do not substantially differ from the yields calculated by other
groups (see e.g. Limongi & Chieffi 2003; Nomoto et al. 2006;
Kobayashi et al. 2011). We did not include the contribution of
low- and intermediate-mass stars here (e.g. Pignatari et al. 2013),
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Table 1. [Mn/Fe] yields for selected thermonuclear (Ia), core collapse
(II), and hypernova (HN) models of solar-metallicity progenitors.

Model name SN type Masses [Mn/Fe] Ref.
N100 Ia near-Mc, 0.33 (D
N5def Ia near-Mcy, 0.36 2)
N150def Ia near-Mcy 0.42 )
W7 Ia near-Mcy, 0.15 3)
W7 la near-Mcy, 0.02 4)
1.1_0.9 Ia sub-Mcy, —0.15¢ 5)
1.06 Mg Ia sub-Mcy -0.13¢ (6)
WWO95B? 11 11 <M/M, <40  -0.15¢ @)
LCO3D? 11 13 <M/M, <35 -0.27¢ )
NO6 II+HN 13 <M/M, <40 -0.31¢ 9)

Notes. Only models of near-Mcy, SNe Ia predict [Mn/Fe] > 0.0. @ The
given reference is for the explosion model; the respective [Mn/Fe]
yields are published here for the first time, assuming that the main se-
quence progenitor had a solar metallicity (Asplund et al. 2009) and pri-
mary C, N, O was converted to ?Ne during core He-burning. » We use
model B for M > 30 M. © Weighted with a Salpeter IMF.  We use
model sequence D throughout.

References. (1) Seitenzahl et al. (2013); (2) Fink et al. (2013);
(3) Iwamoto et al. (1999); (4) Maeda et al. (2010); (5) Pakmor
et al. (2012); (6) Ruiter et al. (2013); (7) Woosley & Weaver (1995);
(8) Limongi & Chieffi (2003); (9) Nomoto et al. (2006).

since they do not produce or destroy enough Mn or Fe to signif-
icantly affect our results.

3.1. SN la yield data

We use different yields for near-Mcy, and sub-Mcy, explosion
models. As our main representative for near-Mcy, primaries
(often likened to the SDS), we use the N100 model of a de-
layed detonation from Seitenzahl et al. (2013). For sub-Mcy, pri-
maries, we use the violent merger model of two WDs with 1.1
and 0.9 M, published in Pakmor et al. (2012), which can also be
thought of as a representative of the DDS. We have chosen these
two models since they produce rather typical *’Ni masses of
~0.6 My and have already been compared in their optical (Ropke
et al. 2012) and gamma-ray (Summa et al. 2013) emission. Due
to a significant difference in central density, the production of
Mn is a factor ~3 less for the merger model than for the delayed-
detonation model (see Sect. 2 and Table 1).

Pakmor et al. (2013) suggest that all SNe Ia derive from
mergers of two WDs, except for pure deflagrations in near-
Mcn, WDs that leave bound remnants behind — a model that
matches the observables of SN 2002cx-like SNe well (see
Phillips et al. 2007; Kromer et al. 2013). We therefore also in-
clude the N5def model of Fink et al. (2013).

4. Results

In Table 1, we have compiled a selection of [Mn/Fe] yields for
different supernova types from the literature. It is evident that
currently only models involving thermonuclear explosions of
near-Mcp, WDs predict [Mn/Fe] > 0.0. Assuming that we are not
missing a significant nucleosynthetic production site of Mn, this
alone already tells us that near-Mcy, WDs primaries must con-
tribute significantly to the production of Mn and Fe, and there-
fore constitute a significant fraction of SNe Ia. To corroborate
this result and to place further constraints on the relative frac-
tions of near-M¢y, and sub-Mc, WD primaries, we consider five
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Fig. 1. [Mn/Fe] vs. [Fe/H] in the solar vicinity. Open black squares
are data from Sobeck et al. (2006), blue stars are from Reddy et al.
(2003), and red open dots are thin-disc data from Feltzing et al. (2007).
Top panel: thin lines are for massive star yields from Woosley & Weaver
(1995), thick lines enhanced their Mn yields by 25 per cent. Red lines
are for case Mcy, blue lines for case sub-Mcy,, and case mix are the
purple lines. Bottom panel: dashed thick blue line is for case sub-
M, +2002c¢x, dashed thick red line is for case Mc,+. Thin blue and
red lines are as in the top panel.

different chemical evolution cases, each case only differing in
the nucleosynthetic yields assumed for SN Ia as listed here:

— case M¢y: SN Iayields are from the N100 model of a delayed
detonation in a near-Mc, WD (Seitenzahl et al. 2013).

— case sub-Mcj,: SN Ia yields are from the violent merger of a
1.1 with a 0.9 M, WD (Pakmor et al. 2012).

— case mix: 50% of SNe la explode as in case M¢;, and 50% as
in case sub-Mcy,.

— case Mcy+: similar to case Mcy, but SN Ia yields de-
pend on progenitor metallicity (using models N100_Z0.01,
N100_Z0.1, and N100 from Seitenzahl et al. 2013).

— case sub-Mcy+2002cx: 20% of SNe Ia explode as pure defla-
grations leaving remnants (model N5def from Kromer et al.
2013), and the remaining 80% explode as in case sub-Mcy,.

In Fig. 1 (top), we compare the results of the chemical evolu-
tion calculations for [Mn/Fe] of case Mc;,, case sub-Mcy,, and
case mix to observational data from the Galaxy. In addition to
the standard yields from Woosley & Weaver (1995) (which trace
the data along the lower edge at [Fe/H] < —1.0), we also include
evolution models with their Mn yield enhanced by 25 per cent.
These Mn-enhanced models demonstrate that the final Mn at
high metallicity is rather insensitive to the assumed massive star
yields at low metallicity. Naturally, owing to the sub-solar pro-
duction ratio of [Mn/Fe] of sub-Mcy-based SNe Ia explosions,
case sub-Mc¢y, falls short of reproducing the observed trend. The
results of case M¢; on the other hand reach and actually ex-
ceed the solar abundance. The data are best reproduced by a sce-
nario where both sub-M¢y, and near-Mcy, primaries are present
at roughly equal proportions. These results are a clear indica-
tion that SNe Ia cannot exclusively stem from sub-Mcy, WD pri-
maries, owing to their inability to produce enough Mn, as com-
pared to the solar abundance.

In Fig. 1 (bottom), we show the results of the chemical evo-
lution calculations for [Mn/Fe] of case Mc,+ and case sub-
Mcp+2002c¢x. Tt is evident that using the metallicity-dependent
yields reduces [Mn/Fe] somewhat, but the effect is secondary. In
light of Pakmor et al. (2013), we note that case sub-Mc,+2002cx
also falls significantly short of reaching solar [Mn/Fe], even
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though case sub-Mc;,+2002cx assumes a very high fraction of
2002cx-like SNe. The expected relative fraction SN 2002cx-
like SNe is around 4 per cent, Li et al. 2011. Although model
N5def almost has the same [Mn/Fe] production factor as the
N100 model, it produces much less Fe and Mn in total (a
factor ~3.5 less, which is expeced to be typical for the faint
SN 2002cx-like objects), which explains its relatively small im-
pact on [Mn/Fe].

5. Conclusions

The observed abundance trend of [Mn/Fe] at [Fe/H] > 0.0 sug-
gests that sub-Mcy, WD primaries cannot be the only progenitors
producing SNe Ia in the Galaxy; either only near-Mcy, primary
WDs or a combination of near-M¢y, and sub-Mcy, primaries (a
mix of equal parts results in a good match to data) is needed to
reach the observed [Mn/Fe] in the Sun. Matteucci et al. (2009)
reaches a similar conclusion. They find that to reproduce [O/Fe]
as a function of [Fe/H] and the metallicity distribution of G-type
stars in the solar neighbourhood, both SDS and DDS progenitors
must contribute to the Galactic population of SNe Ia. Based on
our chemical evolution calculations, we can also exclude that a
combination of sub-Mc¢, WD primaries and near-Mc, WD pri-
maries exploding as pure deflagrations that only partially un-
bind the primary (i.e. 2002cx-like SNe) constitute the entirety
of SN Ia progenitors.

We speculate that the discrepancy between the chemical evo-
lution of Mn in dwarf spheroidal galaxies (dSph) and in the
Milky Way (see McWilliam et al. 2003; North et al. 2012) could
also be explained if SNe Ia did not arise from a unique chan-
nel. A different relative frequency of near-Mcy, and sub-Mcy, pri-
maries (e.g. due to star formation history or metallicity) could
also be a solution to the Mn problem in dSph, since this would
have an overall similar effect to the strong intrinsic dependency
on metallicity of the Mn yields invoked by Cescutti et al. (2008).
In closing, we caution that any effect that raises [Mn/Fe] for sub-
Mcp primary explosion models to super-solar would remove the
need for a large portion of near-Mcy, primaries.
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