Institute of
% SCIENCE TOKYO

GPE + GLE Calculations for Interaction

Between Neutron Quantum Vortices and

Proton Flux Tubes in the Outer Core of
Neutron Stars

T. Hattori, K. Sekizawa
School of Sci., Science Tokyo

Southeast Asian Workshop on Nuclear and Hadron Physics

19t Aug. 2025
Universitas Gadjah Mada @ Yogyakarta, Indonesia

Young researcher session: #2-2



Outline

* Introduction of Pulsar Glitch, Quantum Vortex and Flux Tube
* Method and Formalism (GPE & GLE)

* Results & Discussion
* Magnetic field effect (2D)
* Proton-neutron interaction effect (2D)
* 3D calculation (Non-parallel, magnetic field effect)

e Future Work



Pulsar Glitch

* “Glitch” phenomenon: Suddenly changing the
rotational speed of neutron stars (pulsars).

e (bservation of the Glitch:

* There are several types of pulsar:

* Rotational-powered pulsar:
Usually spin-down (lost angular momentum)

* Accretion-powered pulsar:
Usually spin-up (get angular momentum by
accretion)

* Magnetar: strong magnetic field
* Many types of glitch

* Spin recovery
e.g. Vela pulsar, NGC300 ULC-1

* Spin non-recover
e.g. [E 2259+586(Magnetar),
PSR B0540-69(Rotation-powered pulsar).
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Neutron star pulsar[1]

Name Types Glitch Pattern
Vela pulsar ~ Rotation-powered pulsar 4™~
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[E 2259 + 586 Magnetar
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NGC300 ULC-1  Accretion-powered pulsar "
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PSR B0540-69  Rotation-powered pulsar \
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Glitch Models
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* Ideas of Glitch mechanism:
Quantized vortices of neutron superfluid.

* There are some models of Glitch
mechanism[3][4]. Quantum

Vortices
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Glitch and Magnetic Field
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* Magnetic Field can affect Glitch?

 Stronger Magnetic Field=> Big Glitches[1] Quantum Vortex i uid
uantum Vvortex 1n superiluid: Flux Tube in superconductor:
Analyze the effect of each term separately. Quantize angular momentum Quantize Magnetic Field
* In the Outer Core region:

P— P diagram for pulsars (*not necessarily glitchers)
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Quantum Vortex and Flux Tube

« 15, superfluidity neutron
+ 15, superconductivity proton
is already done [1,2].

* TODO:
3P, superfluidity neutron Vortex
+ 1S, superconductivity proton Flux-tube

* Here, we treat magnetic effect (polarization) and

proton-neutron interaction separately.
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Formalisms

We describe 3P2 superfluid neutrons with GPE including Zeeman term, superconductor proton with GLE.

« 3P, superfluidity : using Gross-Pitaevskii equation « 1S, superconductivity : using Ginzburg-Landau
(GPE)[1] equation (GLI;Z) [2]
h
E[W] =(f) Co, €1, C; are parameter, we set ¢ > 0,¢; > 0,¢, < 0. (EY = [ dr?® (—Wl(V—iA)cplz + Uprap| 9% + a|p|? +§|¢)|4>

f? 2 ) . ) . 2
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* Interaction n & p Term [3]:
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Utrap(1): Cylindrical artificial potential

[1] M. Ueda, M. Koashi, Phys. Rev. A 65 (2002) 063602
[2] Schmid A. Physik der kondensierten Materie, 5, 302 (1966), Kopnin N. B., Journal of Low Temperature Physics, 129, 219 (2002),

Tinkham M., Introduction to Superconductivity, 2 edn. Dover Publications, New York (2004), Ebisawa H., Fukuyama H., Progress of Theoretical Physics, 46, 1042 (1971) 7
[3] K. H. Thong , A. Melatos and L. V. Drummond, MNRAS 521, 5724-5737 (2023)



[ ] [ ] _ é o.zo E
Results(D) Magnetic Field Effect :- || 2
S
B=0 p = 3.2 X 102MeV, rgp = 0.5fm
p,Vortex *p,\/ortex
m =
P!
m =
— Yo
Magnetic Field B
(artificial, fixed)
* N,=2 = 7
* Tube-like magnetic field can Y_,

change vortex nature in outer
core region due to the
polarization.

I IArg(‘Pm) B apply

Polarized ]
4 Half-Integer Vortices 2 Integer vortices 8



Results? Proton and Neutron Inte:*action
o
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Non-parallel situation

N, = 2, Ngr = 1, Angle 8 = 30° (non-parallel)

No Interaction btw. proton-neutron No Interaction

Compare magnetic effect.
* No interaction (top).

* Only add linear Zeeman term (bottom).

Vortex shape i1s changed by magnetic field
 Vortices in Y, and Y _,are different position

* Position and angle of Y, vortex also changed Vortex of:
i Yo
Add magnetic effect i P
(Linear Zeeman term p) U V2
[] ¢p(Flux Tube)




Future Works

* More realistic setup : density ratio, phenomenological parameters, etc.

* Solving magnetic field self consistently.
e Zeeman term can affect on vortex shape and components density ratio.

» Feedback of neutron = magnetic field.
: : S 1QV
Can spin # 0 neutron affect on magnetic field? — N Flux Tube

. . . p-wave
* Magnetic Field Structure in neutron stars

* The effect of neutron star Glitch:
* Quantum vortices are reshaped by flux tube in outer core.

rotation axis

* Can vortex network be destroyed by magnetic field? crust
B apply _ Vortex network model[1]
2 Half-integer vortices 1 integer vortex
Polar1zed

[1] G. Marmorini, S. Yasui, M. Nitta, Scientific Reports, 14:7857 (2024). 1 1



Summary

* Some Neutron Stars have Glitch phenomenon
* Neutron superfluid vortices apparently related to it.

« Analise Interaction between >P, neutron vortex and Flux-tube
* Vortex vs. Magnetic field
 Spin polarize = change vortex shape! D H | B apply > I
* Vortex vs. Proton
» small effect.
» Non-parallel = change vortices position & angle

Polarization may strongly affect on vortex structure!

* Future Work:
* More realistic setup, treat all interaction
» Feedback effect: Proton/Neutron = Magnetic field

2 Half-integer vortices Polarized | integer vortex
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