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Nuclear weak process for nucleosynthesis

neutron/proton capture rates

Electron capture in supernova

β-decay for nucleosynthesis

neutrino cooling (Urca)
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rp process: accreting neutron star

X-ray bursts

Urca cooling

EC : A
ZX + e− → A

Z−1Y + νe
β− : A

Z−1Y → A
ZX + e− + ν̄e

H. Schatz et al., Nature (2014)

L.-J. Wang et al., Phys. Rev. Lett. (2021)
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rp process: waiting-point nuclei

from Jokinen’s slides

X. Zhou et al., Nat. Phys. (2023)
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Neutron-star structure

Lattimer and Prakash: Science (2004)
Meisel et al: JPG (2018)
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Accreting neutron star

X-ray bursts

Urca cooling

EC : A
ZX + e− → A

Z−1Y + νe
β− : A

Z−1Y → A
ZX + e− + ν̄e

H. Schatz et al., Nature (2014)

L.-J. Wang et al., Phys. Rev. Lett. (2021)
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Urca cooling

H. Schatz: Nature (2014)

EC : A
ZX + e− → A

Z−1Y + νe
β− : A

Z−1Y → A
ZX + e− + ν̄e

Meisel et al: JPG (2018)
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Neutrino luminosity: Previous expression

Lν(Z,A, T ) ≈ L34(Z,A, T )× 1034erg s−1X(A) T 5
9

(g14
2

)−1
R2

10,

L34(Z,A) = 0.87

(
106 s

ft

)(
56

A

)(
|QEC|

4 MeV

)5(〈F 〉∗
0.5

)
.

Deibel, Meisel, Schatz, Brown & Cumming: ApJ (2016)

Schatz et al: Nature (2014)

Meisel et al: ApJ (2017)
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Nuclear excitations: odd-A
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Neutrino luminosity: modified expression

Lν(Z,A, T ) ≈ L34(Z,A, T )× 1034erg s−1X(A) T 5
9

(g14
2

)−1
R2

10 (1)

Previous: L34(Z,A) = 0.87

(
106 s

ft

)(
56

A

)(
|QEC|
4 MeV

)5(〈F 〉∗
0.5

)
(2)

Ours: L34(Z,A, T ) =
∑
if

0.87

(
106 s

〈ft〉if

)(
56

A

)[|Q(if)(Z,A)|
4 MeV

]5(〈F 〉∗
0.5

)
(3)

〈ft〉if ≡
〈F 〉+f̃ t

−
if + 〈F 〉−f̃ t

+

if

〈F 〉+ + 〈F 〉−

〈F 〉∗ ≡ 〈F 〉+〈F 〉−

〈F 〉+ + 〈F 〉−

〈F 〉± ≈ 2παZ∣∣1− e(∓2παZ)∣∣
f̃ t

+

if ≡
G+(Z,A, T )

(2Ji + 1)e−Ei/(kT )
ft+if

f̃ t
−
if ≡

G−(Z,A, T )

(2Jf + 1)e−Ef/(kT )
ft−if

Q(if)(Z,A) = Mpc
2 −Mdc

2 + Ei − Ef

L.-J. Wang*, L. Tan, Z. Li, G. W. Misch and Y. Sun*: Phys. Rev. Lett. (2021)
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Effects of nuclear excitations
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L.-J. Wang*, L. Tan, Z. Li, G. W. Misch and Y. Sun*: Phys. Rev. Lett. (2021)
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rp-process waiting points:

from Jokinen’s slides

X. Zhou et al., Nat. Phys. (2023)
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Stellar weak rates

β− : AZX→ A
Z+1Y + e− + ν̄e, EC : AZX + e− → A

Z−1Y + νe,

β+ : AZX→ A
Z−1Y + e+ + νe, PC : AZX + e+ → A

Z+1Y + ν̄e,

Without magnetic field:

λα =
∑
if

(2Ji + 1)e−Ei/kBT

G(Z,A, T )
λαif

λβ
−

if =
ln 2

K

∫ Qif

1

C(W )F0(Z + 1,W )pW (Qif −W )2[1− Se(W )]dW, (4)

λEC
if =

ln 2

K

∫ ∞
ωl

C(W )F0(Z,W )pW (Qif + W )2Se(W )dW, (5)

λβ
+

if =
ln 2

K

∫ Qif

1

C(W )F0(−Z + 1,W )pW (Qif −W )2[1− Sp(W )]dW, (6)

λPC
if =

ln 2

K

∫ ∞
ωl

C(W )F0(−Z,W )pW (Qif + W )2Sp(W )dW, (7)

ρYe =
1

π2NA

(mec

~

)3 ∫ ∞
0

(Se − Sp)p2dp, (8)
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Stellar weak rates

β− : AZX→ A
Z+1Y + e− + ν̄e, EC : AZX + e− → A

Z−1Y + νe,

β+ : AZX→ A
Z−1Y + e+ + νe, PC : AZX + e+ → A

Z+1Y + ν̄e,

With strong magnetic field:

λα =
∑
if

(2Ji + 1)e−Ei/kBT

G(Z,A, T )
λαif

λβ
−

if =
ln 2

K

B∗

2

Nmax∑
n=0

(2− δn0)
∫ √Q2

if−1−2nB∗

0

C(W )F0(Z + 1,W )(Qif −W )2[1− Se(W )]dpz, (9)

λECif =
ln 2

K

B∗

2

Nmax∑
n=0

(2− δn0)
∫ ∞
pznl

C(W )F0(Z,W )(Qif +W )2Se(W )dpz, (10)

λβ
+

if =
ln 2

K

B∗

2

Nmax∑
n=0

(2− δn0)
∫ √Q2

if−1−2nB∗

0

C(W )F0(−Z + 1,W )(Qif −W )2[1− Sp(W )]dpz, (11)

λPCif =
ln 2

K

B∗

2

Nmax∑
n=0

(2− δn0)
∫ ∞
pznl

C(W )F0(−Z,W )(Qif +W )2Sp(W )dpz, (12)

ρYe =
B∗

2π2λ3e

∞∑
n=0

(2− δn0)
∫ ∞
0

(Se − Sp)dpz, (13)
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Allowed transition

Reduced nuclear transition M.E.

C(W ) = Bif(GT+) =
(gA
gV

)2
eff

〈
Ψ
nf
Jf

∥∥∑
k σ̂

kτ̂ k+
∥∥Ψni

Ji

〉2
2Ji + 1

(14)

Transition operator: (gA
gV

)
eff

= fquench

(gA
gV

)
bare

(15)

Nuclear wave functions:

Langanke & Mart́ınez-Pinedo: RMP (2003)

https://www.physics.sjtu.edu.cn/ ysun/
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Stellar rates: PSM

Description in intrinsic system{
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Transform to laboratory frame

|Ψn
JM〉 =

∑
Kκ

F n
JKκP̂

J
MK|Φκ〉, (18)

P̂ J
MK =

2J + 1

8π2

∫
dΩDJ

MK(Ω)R̂(Ω), (19)

L.-J. Wang, Y. Sun* & S.K. Ghorui: PRC (2018); L. Tan, Y.X. Liu, L.-J. Wang* et al.,: PLB (2020)
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Waiting points: BGT
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Z.-R. Chen and L.-J. Wang*, Phys. Lett. B 848, 138338 (2024)
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Waiting points: stellar rates
l 

(s
-1

)

(a) 64Ge (b) 68Se

 r=105 6qp
 r=106 6qp
 r=107 6qp

 r=105 2qp
 r=106 2qp
 r=107 2qp

 b+-2qp
 b+-6qp

(c) 72Kr (d) 76Sr

l 
(s

-1
)

T (GK)

(e) 80Zr

T (GK)

(f) 84Mo

T (GK)

(g) 88Ru

T (GK)

(h) 92Pd

Z.-R. Chen and L.-J. Wang*, Phys. Lett. B 848, 138338 (2024)
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With strong magnetic field: Preliminary
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With strong magnetic field: Preliminary
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Summary
Effect of excited nuclear states for Urca neutrino cooling in ac-
creting neutron star.

Stellar weak-interaction rates for rp-process waiting-point nuclei
by projected shell model.

Outlook
Calculate β (neutrino) spectrum for experimentalists,

First-forbidden transition of β decay for astrophysics,

New updated data tables of stellar weak-process rates for s-, rp-,
r-processes ...

Two-body currents for β and 0νββ decay with qp excitation,

· · · · · ·
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