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56Ni

np ~nn (Ye~0.5)かつT≳5x109Kで生成 

超新星光度曲線 

初期：ガンマ線→可視光に下方散乱 

後期：ガンマ線のまま抜けてくる 

ガンマ線直接検出例 
SN 1987A (CC, 56Co, 51.4 kpc) [Matz+ 1988] 

SN 2014J (Ia, 56Ni, 3.6 Mpc) [Churazov+ 2015] 

爆発機構と相関？ 
[Suwa-Tominaga-Maeda 2019; Sawada-Maeda 2019; Sawada-Suwa 
2021, 2023]
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Nuclear Statistical Equilibrium (NSE)
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Fig. 1.—Mass fractions of nuclei in NSE as a function of electron fraction
for a constant density g cm ( ) and relatively7 !3 30 !3r p 10 n p 6.0 # 10 cmB

high temperature . Shown are all nuclei with mass fractions9T p 9.0 # 10 K
larger than . The mass fractions exhibit large degree of (in the case of!210
nucleons complementary) symmetry across .Y p 0.5e

Fig. 2.—Mass fractions of nuclei in NSE as a function of electron fraction
for a constant density g cm ( ) and temperature7 !3 30 !3r p 10 n p 6.0 # 10 cmB

. Shown are some abundant nuclei with mass fractions larger9T p 6.5 # 10 K
than . The symmetry across is already broken.!510 Y p 0.5e

Fig. 3.—Mass fractions of nuclei in NSE as a function of electron fraction
for a constant density g cm ( ) and temperature7 !3 30 !3r p 10 n p 6.0 # 10 cmB

. Shown are some abundant nuclei with mass fractions larger9T p 3.5 # 10 K
than . The mass fractions on either side of exhibit qualitatively!510 Y p 0.5e

very different behavior.

3. RESULTS

The results presented here are all for a baryonic mass density
of g cm , which corresponds to a baryon number7 !3r p 10
density of . At high temperature (30 !3n ≈ 6.0 # 10 cm T pB 9

) the NSE mass fractions are dominated by free nucleons9.0
and . The mass fraction is symmetric across the line4 4He He

, and the mass fractions of free protons and neutronsY p 0.5e

are symmetric in a complementary sense—free protons are
more abundant for and free neutrons are more abundantY 1 0.5e

for (see Fig. 1).Y ! 0.5e

At somewhat lower temperature ( ), the symmetryT p 6.59

of the NSE mass fractions across the line of self-conjugacy is
broken and only qualitatively discernible. For , freeDY 1 0e

neutrons are less abundant for than are freeY p 0.5 ! DYe e

protons for (see Fig. 2). Furthermore, the massY p 0.5 " DYe e

fraction of is not symmetric anymore and the abundance4He
peaks of the Fe-peak nuclei are wider on the proton-rich side.

At even lower temperature ( ), the qualitative fea-T p 3.59

tures of the mass fractions of nuclei in NSE as a function of
at fixed density and temperature change dramatically in theYe

transition from the neutron-rich to the proton-rich side. For
, the mass fraction landscape is composed of a sequenceY ! 0.5e

of overlapping abundance peaks (e.g., Clifford & Tayler 1965;
Hartmann et al. 1985; Nadyozhin & Yudin 2004). Fe-peak
nuclei with a proton-to-nucleon ratio equal or close to the pre-
scribed of the ensemble and a large binding energy perYe

nucleon, , are the most abundant nuclei. For , theq/A Y 1 0.5e

picture changes abruptly (see Fig. 3). The mass fraction dis-
tributions of the Fe-peak nuclei are no longer peaked, but rather
either slowly rising or falling. remains the most abundant56 Ni
nuclear species by mass all the way out past . TheY p 0.6e

mass fraction of free protons continues to rise. shows a52 Fe
similar trend like , albeit at a smaller abundance level.56 Ni
There is only a slow rise in the mass fractions of proton-rich
Fe-peak nuclei for increasing ; the abundance peaks for theYe

Fe-peak nuclei with a proton-to-nucleon ratio equal to thatYe

are so prominent on the neutron-rich side are absent.10

10 Various animations of NSE in proton-rich environments may be down-
loaded from http://cococubed.asu.edu/code_pages/nse.shtml.

4. DISCUSSION

In NSE, the Helmholtz free energy isF p (U ! Q) ! TS
minimized with respect to the nuclide mass fractions (e.g.,
Nadyozhin & Yudin 2005). Before we discuss and compare
the terms that make up for different choices of compositions,F
it is instructive to review the dependence of on the numberq/A
of nucleons along an isotopic chain, the attributes of which
ultimately are responsible for the lack of symmetry.

4.1. The Nuclear Binding Energy

The ratio on the proton-rich side for the Ni isotopicq/A
chain decreases rapidly toward proton drip, whereas it gently
increases to a maximum at before slowly fallingA p 62max

off toward neutron drip (see Fig. 4). Other isotopic chains, such
as the one for Fe, look qualitatively very similar. The shape
of the -curve can be qualitatively understood by consideringq/A

 0.01

 0.1

 1

 3 4 5 6 7 8 9 10 11 12

M
as

s F
ra

ct
io

n

Temperature [109 K]

4He54Fe
56Fe56Ni

p
n

ρ=107 g cm-3、Ye=0.5

time evolution

56Ni is major element in SN ejecta for Ye ≳ 0.5

Seitenzahl+ 08 (ρ=107 g cm-3、T=3.5x109K)
NSE: chemical equilibrium of mixture of nucleons (n, p) and nuclei



諏訪雄大 (東大総文) @ 第１２回超新星ニュートリノ研究会（沼津） /92026/3/10

56Ni production site
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i) Explosive nucleosynthesis

PNS

ii) Downflow-outflow system

downflow

outflow
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56Ni+n→56Co+p = 56Ni(n,p)56Co
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·YNi = − λnp(T)YNiYn
·Yn = − λnp(T)YNiYn + λν̄ep(t)Yp
·Yp = + λnp(T)YNiYn − λν̄ep(t)Yp
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Result: 56Ni can be depleted
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Impacts of 56Ni(n,p)56Co on Lightcurve
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Eexpl = 3.8 × 1050 erg
Mej = 0.24M⊙
M56Ni = 0.042M⊙
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Probing the explosion mechanism w/ gamma rays from 56Ni decay
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Summary

56Niは超新星元素合成で最重要 
どこで作られる？二つの候補 
衝撃波での爆発的元素合成 
原始中性子星へのダウンフロー→アウトフロー（最近のシミュレーションはこちらを支持） 

56Ni+n → 56Co+p という新規のネットワークフロー 
ダウンフロー＋アウトフローシナリオだと、56Niとして出てこられない？ 
ultra-stripped SNのような早進化超新星のピーク付近が説明困難 
M56NiとM56Coの独立測定による爆発機構への新しい制限
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