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Hot nuclei and how to describe them
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Mean-field theory at finite temperature
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Start from grand-canonical 
potential:

internal energy entropy particle number

We consider a two-body Hamiltonian:

And density operator of independent particles:
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Finite-temperature Hartree-Fock equations are obtained by minimizing  
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ωω!

Mean-field Hamiltonian:
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Finite-temperature Hartree-Fock equations are obtained by minimizing  
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ωω!

Mean-field Hamiltonian:

T = 1 MeV for 202Sm
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Finite-temperature Hartree-Fock equations are obtained by minimizing  
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ωω!

Mean-field Hamiltonian:

Minimization should be performed with the subtracted 
grand-canonical potential:

And we obtain equations for two systems

Nucleus + Vapor System

Vapor System
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W. Nazarewicz, J. Phys. G: Nucl. Part. Phys. 43, 044002 (2016) 

• mean-field  ⇒ one-body densities

• zero-range ⇒ local densities

• finite-range ⇒ gradient terms

• particle-hole and pairing 
channels

•  A broken-symmetry generalized 
product state does surprisingly 
good job for nuclei.

Nuclear DFT

• two fermi liquids
• self-bound
• superfluid 
• breaks translational inv.

[Inference Review]

[Slide by W. Nazarewicz]



Practical calculations
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Interactions that I employ are covariant:

scalar field vector field

Pairing is treated within the Relativistic-Hartree Bogoliubov 
theory:

pairing field

Nuclear shape in the intrinsic frame is determined through 
constrained Lagrangian calculations
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Nucleus at finite temperature
Pairing collapses (superfluid à normal): Shape collapses to spherical configurations:



7

-20 0 20 0 20-20 0 20 0 20

-20 0 20 0 20 -20 0 20 0 20

194Nd

-20

-10

0

10

20 152Nd

x [fm]

z
[f
m
]

z
[f
m
]

x [fm] x [fm] x [fm]

80 90 100 110 120 1�0 140 150 1�0
N �������� ��m����

52

5�

�0

�4

�8

�
��
��
��
�
�
�
m
�
��
�

80 90 100 110 120 1�0 140 150 1�0
N �������� ��m����

52

5�

�0

�4

�8

�
��
��
��
�
�
�
m
�
��
�

152Nd

x [fm] x [fm]

194Nd

10 4

10 2

10 8

10 �

x [fm] x [fm]

T = 1 M��

T = � M��

a)

b)

N =
1.5
Z

N =
1.5
Z

Nucleus + Va��� Nucleus + Va���Nucleus ��l� Nucleus ��l�

Nucleus + Va��� Nucleus + Va���Nucleus ��l� Nucleus ��l�

N
=
1�
�

N
=
1�
�

�
�
[�
]

10 22

10 21

10 20

10 19

10 18

�
�
[�
]

�
[f
m

�
]

�
[f
m

�
]

-20

-10

0

10

20

10 22

10 21

10 20

10 19

10 18

10 4

10 2

10 8

10 �

Neutron emission lifetimes:
continuum treatment important for drip-line 
nuclei

[AR, E. Yüksel, T. Nikšić and N. Paar, Nat. Commun. 14, 4834 (2023).]

density of neutron ”gas”

[AR, E. Yüksel, T. Nikšić and N. Paar, Phys. Rev. C 109, 014318 (2024).] 
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stable nuclei at T = 0 MeV
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What happens with drip-lines as the temperature is increased?
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stable nuclei at T = 0 MeV
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What happens with drip-lines as the temperature is increased?

The vapor 
subtraction 
procedure is 
essential for the 
proper 
determination of 
the drip lines. 
Otherwise, the drip 
line is significantly 
extended as 
temperature 
increases.
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Quadrupole deformation: Binding energy per nucleon:

Neutron skin: Entropy per nucleon:



Weak decays in stellar conditions
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 X

Fe, Ni

++ νe
e−(N, Z) (N + 1,Z − 1)

νe

νe

νe

νe

MCh ∼ 1.4M⊙

R ∼ 3000 km

Initial phase of collapse
ρ ∼ 1010 g/cm3, T ∼ 10 GK

[H. T. Janka et al., Physics Reports, 442, 38-74 (2007)]

Lνe

Menclosed

v
t − tbounce

Electron capture (EC) and supernovae environment
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[AR, E. M. Ney, J. Engel, and N. Paar, Eur. Phys. J A 61(2) 37 (2025).]
[AR, E. Yüksel et al. PRC 102, 065804 (2020).]

<latexit sha1_base64="9Z3fdcEuSmnk5GO+oJ3m2X3EjSU=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVq56k1IvHCv2SdinZNNuGJtklyQpl6a/w4kERr/4cb/4b03YP2vpg4PHeDDPzgpgzbVz328mtrW9sbuW3Czu7e/sHxcOjlo4SRWiTRDxSnQBrypmkTcMMp51YUSwCTtvB+G7mt5+o0iySDTOJqS/wULKQEWys9Dju11AD3SK3Xyy5ZXcOtEq8jJQgQ71f/OoNIpIIKg3hWOuu58bGT7EyjHA6LfQSTWNMxnhIu5ZKLKj20/nBU3RmlQEKI2VLGjRXf0+kWGg9EYHtFNiM9LI3E//zuokJb/yUyTgxVJLFojDhyERo9j0aMEWJ4RNLMFHM3orICCtMjM2oYEPwll9eJa2LsndVrjxclqq1LI48nMApnIMH11CFe6hDEwgIeIZXeHOU8+K8Ox+L1pyTzRzDHzifP7NOjww=</latexit>

kBT > 0

Expression for electron capture rate in stellar environment:
<latexit sha1_base64="BH2TppbuiVPP6kv4yUrdJy+KOWo="></latexit>
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1
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0
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ec (W )fe(W,µe)dW
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�(i,f)
ec Requires knowledge on nuclear matrix elements at finite-temperature

Fermi-Dirac factor – takes into account density dependence of rates
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fe(W,µe)

à Calculated using finite-temperature QRPA (FT-QRPA or FT-PNRQRPA)
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Data available at: www.remcozegers.com/weak-rate-library

Large scale calculations of EC rates for core-collapse supernovae:
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• Dataset including around 1700 nuclei (from Z = 20 to 52)
• Includes allowed (Δ𝐽! = 0", 1") and first-forbidden transitions 

(Δ𝐽! = 0#, 1#, 2^ −)
• FT-QRPA with relativistic mom-dep D3C* interaction
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[AR, S. Giraud, R. Zegers and N. Paar, PRC 112, L032801 (2025).]
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Ye =
#of electrons

#of barions
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Data available at: https://github.com/ascsn/rpx

What about stellar β-decay rates ?
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β-decay rates and supernovae environment

[T. Dasher, AR, S. Lalit, E. O’Connor, K. Godbey, Phys. Rev. D 113, 123041 (2026). ]

Work by Troy Dasher @ MSU

1) 2) 3)

4) 5) 6)

NuLib + GR1D framework 
[CQG 27(11), 114103 (2010), Astrophys. J. Suppl. Ser. 219, 24 (2015).] Antineutrino emissivity:

abundance spectral function 
(depends on rate)
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[T. Dasher, AR, S. Lalit, E. O’Connor, K. Godbey, Phys. Rev. D 113, 123041 (2026). ]

Work by Troy Dasher @ MSU

(anti)

no β

yes β

yes β

no β

1) 2) 3)

4) 5) 6)

NuLib + GR1D framework 
[CQG 27(11), 114103 (2010), Astrophys. J. Suppl. Ser. 219, 24 (2015).]

β-decay rates and supernovae environment
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[T. Dasher, A. Ravlic, S. Lalit, E. O’Connor, K. Godbey, Phys. Rev. D 113, 123041 (2026). ]

(anti)

no β

yes β

yes β

no β

We can study the impact of the enhanced luminosity on 
antineutrino detection events 

β-decay rates and supernovae environment
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