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Structure of rapidly rotating neutron stars

Topic I

H. Kwon and K. Sekizawa, Phys. Rev. C (in press); arXiv:2505.20990 [nucl-th]

H. Kwon and K. Sekizawa, arXiv:2511.22894 [nucl-th]

H. Kwon, K. Yoshimura, T. Miyatsu, K. Sekizawa, and M.-K. Cheoun, ApJ 1001, 15 (2026)



Hyperon mixing in rapidly rotating neutron stars

K. Sekizawa (Science Tokyo)

Letôs consider hyperon mixing with FSUGarnet+SU(6) RMF EOS

H. Kwon, J. Kim, and K. Sekizawa, in progress!

New Perspectives in the Study of Neutron Stars Sat., May. 2, 2026
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Angular frequency distributions: ╡Ἥȟ╡Ἰ [kHz]

ɱ υττ Hz ɱ χσφ Hz ɱ ρπφφ Hz ɱ ρςσφ Hz

Density distributions: ▪╡Ἥȟ╡Ἰ [  ἯȾἫἵ ]

Ὑ πȢχ
ὝȾὡ πȢπχ

Ὑ πȢυ
ὝȾὡ πȢρτ

Ὑ πȢσ
ὝȾὡ πȢςς

Ὑ πȢρ
ὝȾὡ πȢσπ

EOS: RMF, FSUGarnet+SU(6)

Central density: ὲḗσȢςὲ (Hyperons exist!)

Playing with ñdifferential rotationò (Preliminary)

K. Sekizawa (Science Tokyo)

H. Kwon, J. Kim, and K. Sekizawa, in progress!

Differential rotation can support massive NS even with hyperon mixing!
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Hyukjin Kwon (D2)

Effects of rotation on 

NS structure based on 

the KEH method



Topic II

Data-driven exploration of 3P2 pairing gap
using Cassiopeia A data

Y. Nam and K. Sekizawa, Phys. Rev. C 113, 045807 (2026)

See also (about the Vortex Creep Heating study):

Y. Nam and K. Sekizawa, arXiv:2510.24167 [nucl-th]

Y. Nam and K. Sekizawa, arXiv:2511.13263 [nucl-th]



How to describe neutron-star cooling

ü Thermal evolution equations

ɮ : Gravitational potential

ὲ : Baryon number density

ὃ: Baryon number

Those quantities can be

obtained from TOV eq.

: Red-shifted temperature

: Red-shifted luminosity

ⱦ: Thermal conductivity

Crust: Electron-Ion scattering Electron-Electron scattering

Core: Lepton scattering (e-e, ɛ-ɛ)Baryon scattering (n-n, n-p)

╒╥: Heat capacity

Crust: Electron gas Ions (Plasmaor Lattice)˴Neutrons

Core: Lepton gas Baryons (Neutrons or Protons)

*Neutrons are 1S0 superfluid at low Ὕ

*Neutrons are 3P2 superfluid at low Ὕ

*Protons are 1S0 superconductor at low Ὕ

ü Solve the thermal evolution equations with physics at each density and temperature!

╠▐: Heating rate

╠ⱨ: Neutrino emissivity

ʾAccretion of matter

ʾVortex creep heating, etc.

K. Sekizawa (Science Tokyo) New Perspectives in the Study of Neutron Stars Sat., May. 2, 2026



╠ⱨ: Neutrino emissibity

Crust:

ʿElectron-positron pair annihilation

ʿPlasmon decay

ʿElectron-ion bremsstrahlung

ʿNeutron-neutron bremsstrahlung

ʿPair Breaking and Formation (PBF)
(Thermal distraction)

Core:
ʿBaryon-baryon bremsstrahlung (╫ȟ╫ ▪ȟ▬ȟȟȣ)

ʿPair breaking and Formation (PBF)
(Thermal distraction)

ʿModified Urca (■  e or ɛ)

ʿDirect Urca (■  e or ɛ)

V Rapid neutrino emission via repeated (inverse) ‍-decays

V An additional baryon assists momentum conservation

ü Taking all the effects, we solve the thermal evolution equation!

How to describe neutron-star cooling
bremsstrahlung

K. Sekizawa (Science Tokyo) New Perspectives in the Study of Neutron Stars Sat., May. 2, 2026



ʾPairing Type : (ὲ1S0, ὲ
3P2, ὴ

1S0)=(SFB, TToa, CCDK)

ʾInitial Temperature Distribution : ὝὩ ρπ K  (Isothermal)

ὝὩὗ

ὅ ‗

Å ╣▄  : Red shifted temperature

Å ╠ⱨ   : Neutrino emissivity

Å ╒╥   : Heat capacity

Å ⱦ      : Thermal conductivity
Note: Radial coordinate in the right figure is not radius,

but density in logarithmic scale

Neutron star cooling simulation

Yoonhak Nam (M2)

Neutron star cooling

for pairing gap exploration

and vortex creep heating

VWe have successfully developed a neutron star cooling code from scratch!

K. Sekizawa (Science Tokyo) New Perspectives in the Study of Neutron Stars Sat., May. 2, 2026



Idea: Data-driven optimization

We aim to deduce
the 3P2 pairing gap in

a data-driven manner!

K. Sekizawa (Science Tokyo)

Y. Nam and K. Sekizawa, Phys. Rev. C 113, 045807 (2026)

New Perspectives in the Study of Neutron Stars Sat., May. 2, 2026

Neutron 3P2 pairing gap has been yet uncertain :(



Idea: Data-driven optimization

K. Sekizawa (Science Tokyo)

ü Our new pairing gap function Y. Nam and K. Sekizawa, Phys. Rev. C 113, 045807 (2026)

Y. Nam and K. Sekizawa, Phys. Rev. C 113, 045807 (2026)

~1000 iterations

Workflow:

Optuna Fortran90

1. Read & analyze data files 

2. Deduce the promising set of parameters 

3. Update the gap model parameters

to best fit the CasA NS data

I. Simulate the cooling

II. Save data files

Python

with

*Optuna:

A hyperparameter optimization framework

BSk24, 

 ὓ ρȢτὓṩ
 ɝὓ ρπ ὓṩ
ὲρSπ : SFB

ὴρSπ : CCDK

Cooling curve

New gap model parameters

Optimization

Cooling

n3P2ôs {ɝ ȟὯ ȟὯȟὯȟ‌ȟύ}

New Perspectives in the Study of Neutron Stars Sat., May. 2, 2026



Cooling curves with Cassiopeia A data

CasA was born in:

K. Sekizawa (Science Tokyo)

Example of 1000 cooling curves obtained during the optimization procedure

Y. Nam and K. Sekizawa, Phys. Rev. C 113, 045807 (2026)

New Perspectives in the Study of Neutron Stars Sat., May. 2, 2026



Results:  3P2 pairing gap for 1.4ὓṩ NS

K. Sekizawa (Science Tokyo)

ü There remains uncertainty in the efficiency factor ñήò in the Pair-Breaking and Formation (PBF) process

ü Conventionally, an empirical value of ήḗπȢχφ has been used [D. Page et al., Astrophys. J. 707, 1131 (2009)]

ü However, a microscopic theory predicts ήḗπȢρω[L.B. Leinson, Phys. Rev. C 81, 025501 (2010)]

Y. Nam and K. Sekizawa, Phys. Rev. C 113, 045807 (2026)

New Perspectives in the Study of Neutron Stars Sat., May. 2, 2026



Results:  3P2 pairing gap for 1.4ὓṩ NS

K. Sekizawa (Science Tokyo)

Y. Nam and K. Sekizawa, Phys. Rev. C 113, 045807 (2026)

Data-driven optimization prefers ▲ Ȣ  for ╜ Ȣ╜ṩ

Bayesian analyses (with n1S0, p
1S0, n

3P2, mass and envelope) are in progress..!!

New Perspectives in the Study of Neutron Stars Sat., May. 2, 2026



Topic III

Inner crust, pasta, and the band theory of solids

K. Yoshimura and K. Sekizawa, Phys. Rev. C 109, 065804 (2024)

K. Yoshimura and K. Sekizawa, Phys. Rev. C 112, 065804 (2025)

K. Yoshimura and K. Sekizawa, arXiv:2601.13636 [nucl-th]

T. Hattori and K. Sekizawa, arXiv:2512.22577 [nucl-th]

Y. Nakamura and K. Sekizawa, in preparation.



Outer crust

Inner  crust

Nuclei (Z=26~42), electrons

Nuclei, electrons,

ñdrippedò neutrons

Uniform nuclear matter:
n, p, e-Σ ˃-

Outer/inner c ore

0.3-0.6 km

0.5-0.8 km

9-12 km

ȍ < ȍdrip

ȍdrip Ò ȍ Ò 0.6ȍ0

0.6ȍ0 <ȍÒ 3-5ȍ0

Quark matter?

Hyperons? 

Meson condensates?

ȍdrip~ 0.0014ȍ0 ;  Above ȍdrip unbound neutrons exist outside nuclei

ȍ0=2.8x1014 g/cm 3=0.16 fm -3 ;  Nuclear saturation density

Outer crust

Inner crust

Ocean
Hot plasma

~ 0.1 km

Ocean

Structure of a neutron star

Neutron star is a great playground for nuclear physicists

K. Sekizawa (Science Tokyo) New Perspectives in the Study of Neutron Stars Sat., May. 2, 2026
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ȍ0=2.8x1014 g/cm 3=0.16 fm -3 ;  Nuclear saturation density

Outer crust

Ocean
Hot plasma

~ 0.1 km

Ocean

Structure of a neutron star

ñNuclear Pastaò may exist!

Inner crust

Neutron star is a great playground for nuclear physicists

K. Sekizawa (Science Tokyo) New Perspectives in the Study of Neutron Stars Sat., May. 2, 2026



What is Nuclear Pasta?

Gnocchi Lasagna
Spaghetti

M. E. Caplan and C. J. Horowitz, Rev. Mod. Phys. 89, 041002 (2017)



We have developed an efficient method for 

describing various nuclear pasta structures



ὒ ρφfm, ‘ ρςMeV, ὲ πȢπχσφ ÆÍὒ ρφfm, ‘ ρπMeV, ὲ πȢπυψω ÆÍ

Y. Nakamura and K. Sekizawa, in preparation!

VBased on the variational principle, we can obtain various structures 

from randomly generated initial states in a self-consistent manner 

Ὁὲȟ​ὲ (EDF from 2nd-order ETF) Ҧ Minimization w.r.t. ‰ ὶ ὲ ὶ

3DñOrbital-freeò DFT calculations for nuclear pasta

K. Sekizawa (Science Tokyo) New Perspectives in the Study of Neutron Stars Sat., May. 2, 2026
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3DñOrbital-freeò DFT calculations for nuclear pastaY. Nakamura and K. Sekizawa, in preparation!

VBased on the variational principle, we can obtain various structures 

from randomly generated initial states in a self-consistent manner 

Ὁὲȟ​ὲ (EDF from 2nd-order ETF) Ҧ Minimization w.r.t. ‰ ὶ ὲ ὶ

Yo Nakamura (M2)

Orbital -free DFT 

for nuclear pasta

We are getting non-trivial structures!

K. Sekizawa (Science Tokyo) New Perspectives in the Study of Neutron Stars Sat., May. 2, 2026



Picture: https://astronomy.com/magazine/ask-astro/2017/12/stellar-magnets

Neutron-star 
ñglitchò

https://astronomy.com/magazine/ask-astro/2017/12/stellar-magnets
https://astronomy.com/magazine/ask-astro/2017/12/stellar-magnets
https://astronomy.com/magazine/ask-astro/2017/12/stellar-magnets
https://astronomy.com/magazine/ask-astro/2017/12/stellar-magnets
https://astronomy.com/magazine/ask-astro/2017/12/stellar-magnets


Pulsar - a rotating neutron star

V First discovery in August 1967 Ÿ ñLittle Green Manò LGM-1Ÿ PSR B1919+21

V Since then, more than 2650 pulsars have been observed

V It gradually spins down due to the EM radiation



What is the glitch?



Period (ms)

1970 1975 1980

Year

89.25

89.24

89.22

89.21

89.20

89.23

Time

Spin down

PSR B0833-45

(or PSR J0835-4510)

P:  89.3 ms

ɜ: 11.2 Hz

Űc:  11.3 kyr

Typical example:  the Vela pulsar

ü Irregularity has been observed from continuous monitoring of the pulsation period

V Glitch:  sudden increase of 

the rotational frequency

Spin up!



What happened?



W. Ketterle, MIT Physics Annual. 2001

Vortex-number density

In rotating superfluid, an array of quantum vortices is generated

Å Observation in ultra-cold atomic gases

Rotation speed HighLow

Quantum vortices in a neutron star

K. Sekizawa (Science Tokyo) New Perspectives in the Study of Neutron Stars Sat., May. 2, 2026



W. Ketterle, MIT Physics Annual. 2001

Rotation speed HighLow

Vortex-number densityÅ Observation in ultra-cold atomic gases

Quantum vortices in a neutron star

In rotating superfluid, an array of quantum vortices is generated
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W. Ketterle, MIT Physics Annual. 2001

Rotation speed HighLow

Vortex-number density

Quantum vortices in a neutron star

There must be a huge number (~1018) of vortices inside a neutron star!!

A. Sedrakian and J.W. Clark, Eur. Phys. J. A 55, 167 (2019)

0.1 1

1

2

0

Neutron-rich nucleus

Electron gasDripped neutrons

V Quantum vortices coexist with a Coulomb lattice

..vortex pinning may happen!

K. Sekizawa (Science Tokyo) New Perspectives in the Study of Neutron Stars Sat., May. 2, 2026



However, we are facing debatable situation..



Open problems on pulsar glitches

Due to band structure effects (called ñentrainment effectsò),

superfluid fraction in the inner crust could be significantly reduced.

N. Chamel, PRC85(2012)035801; PRC111(2025)045803

The inner crust cannot sustain enough angular momentum to explain large glitches!

G. Marmori, S. Yasui, and M. Nitta, Scientific Reports 14, 7857 (2024)

Connecting 1S0 and 3P2 vortices
We are developing a GPE+GLE code for

3P2 superfluid vortices and 1S0 proton fluxtubes!

Preliminary

T. Hattori and K. Sekizawa, arXiv:2512.22577 [nucl-th]

K. Sekizawa (Science Tokyo) New Perspectives in the Study of Neutron Stars Sat., May. 2, 2026
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superfluid fraction in the inner crust could be significantly reduced.

N. Chamel, PRC85(2012)035801; PRC111(2025)045803

The inner crust cannot sustain enough angular momentum to explain large glitches!

G. Marmori, S. Yasui, and M. Nitta, Scientific Reports 14, 7857 (2024)

Connecting 1S0 and 3P2 vortices
We are developing a GPE+GLE code for

3P2 superfluid vortices and 1S0 proton fluxtubes!

Preliminary

Tatsuhiro Hattori (D1)

3D (TD) GPE + GL model

for pulsar glitches

(3P2 vortices & flux tubes)

T. Hattori and K. Sekizawa, arXiv:2512.22577 [nucl-th]
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We are developing a fully self-consistent 

superfluid band theory for describing

the inner crust of neutron stars!



ҦExtended to superfluid at finite T & B!!

We have recently developed a superfluid band theory based on TDDFT!

in collaboration with

Masayuki Matsuo Kenta Yoshimura [3rd -year PhD, JSPS Fellow (DC1)]Sorataka Kobayashi
(Finished MSc in Mar. 2019)


