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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)

• Future Work
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Pulsar Glitch

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

• Observation 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. IE 2259+586(Magnetar), 

PSR B0540-69(Rotation-powered pulsar).
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Glitch Models

• Ideas of Glitch mechanism:
Quantized vortices of neutron superfluid.

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

• Dynamics of quantum vortices inside of 
neutron stars must be analyzed.
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Vortex avalanche model[3] Vortex network model[4]

4He quantum vortex[1]
Quantum Vortex quantize 

angular momentum.

[1] W. Ketterle, MIT Physics Annual. (2001)
[2] Paul S. Ray, et al., ApJ, 879(2):130, jul 2019.
[3] K. S. Cheng, et al., ApJ 330:835 (1988)
[4] G. Marmorini, S. Yasui, M. Nitta, Scientific Reports, 14:7857 (2024).

Superfluidity, Superconductivity critical 

temperatures depends on the density[1]

How superfluidity inside 

neutron stars make glitch.[2] 

Neutron Star Structure



Glitch and Magnetic Field

• Magnetic Field can affect Glitch?

• Stronger Magnetic Field→ Big Glitches[1] 

Analyze the effect of each term separately.
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Pulsars’ rotational period 𝑃 and its 

time derivative ሶ𝑃. The 〇 & △ 

are observed Glitches and the size 

of them represent the glitches size 

[1].

Tend to see larger glitches in 

neutron stars with stronger 

magnetic fields.

[1] R.N. Manchester, Proc. IAU Symp. 337, 197 (2017) 

Purpose:

Analize the vortices and flux tube interaction 

in the outer core

・Magnetic effect

・neutron-proton interaction

Quantum Vortex in superfluid:

Quantize angular momentum
Flux Tube in superconductor:

Quantize Magnetic Field

Neutron
3𝑃2

Proton
1𝑆0

𝐵

Outer Core:
Neutron

3𝑃2

Proton
1𝑆0

(+𝑒, 𝜇)

• In the Outer Core region:

• Neutron Stars have strong magnetic field (1010−14G):

• Proton type-II superconductor in outer core.
→ Quantized magnetic field (Flux Tube).

• Analyze the effect of each term separately.



Quantum Vortex and Flux Tube

• 1𝑆0 superfluidity neutron 

+ 1𝑆0 superconductivity proton
is already done [1,2].

• TODO:
3𝑃2 superfluidity neutron Vortex

+ 1𝑆0 superconductivity proton Flux-tube

• Here, we treat magnetic effect (polarization)  and 
proton-neutron interaction separately.
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Neutron vortex

Proton flux tube

Previous Work[1]

Proton Neutron Magnetic Field

Previous 

Work[1,2]

1𝑆0
1𝑆0 Fixed

Our Work 1𝑆0
3𝑃2 Fixed

[1] K. H. Thong , A. Melatos and L. V. Drummond, MNRAS 521, 5724-5737 (2023)
[2] L. V. Drummond and A. Melatos, MNRAS 475, 1, 910-920(2018)

Our Work

• Including polarization effect

• Make Half-Integer vortices



• 1𝑆0 superconductivity : using Ginzburg-Landau 
equation (GLE) [2] 

𝐸 = ∫ 𝑑𝑟3 −
ℏ2

2𝑀
∇ − 𝑖𝐴 𝜙 2 + 𝑈trap 𝜙

2 + 𝛼 𝜙 2 +
𝛽

2
𝜙 4

(𝐴:vector potential, 𝛼 < 0, 𝛽 > 0.)

• Interaction 𝑛 & 𝑝 Term [3]:

𝐻𝑖𝑛𝑡 = ∫ 𝑑𝑟3 ෍

𝑚=−2

2

𝜂 𝜓𝑚
2 𝜙 2 + ෍

𝑚=−2

2

𝜉𝐽𝑚 ⋅ 𝐽𝑝

Formalisms
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• 3𝑃2 superfluidity : using Gross-Pitaevskii equation 
(GPE)[1]

𝑝: linear Zeeman term, 𝑝 = −𝑔𝜇𝐵𝐵, 𝑞: quadratic Zeeman term𝑛 = ෍

𝑚=−2

2

𝜓𝑚
2

𝑐0, 𝑐1, 𝑐2 are parameter, we set 𝑐0 > 0, 𝑐1 > 0, 𝑐2 < 0.

+𝐻𝑖𝑛𝑡
+𝐻𝑖𝑛𝑡

𝑈𝑡𝑟𝑎𝑝(𝒓): 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)

[3] K. H. Thong , A. Melatos and L. V. Drummond, MNRAS 521, 5724-5737 (2023)

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



Results① Magnetic Field Effect

𝐵 = 0

𝑚 = 2
𝜓2

𝑚 = 0
𝜓0

𝑚 = −2
𝜓−2
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𝑝 = 3.2 × 102MeV, 𝑟FT = 0.5fm

N
u

m
b

e
r 

d
e
n

s
it

y 
𝜓
𝑚

2

A
rg

 𝜓
𝑚

• 𝑁𝑣 = 2

• Tube-like magnetic field can 
change vortex nature in outer 
core region due to the 
polarization.

4 Half-Integer Vortices 2 Integer vortices

𝑩 apply

Polarized

𝜓𝑚
2 Arg(𝜓𝑚)

density phase density phase
3𝑃2Vortex

Magnetic Field 𝑩
(artificial, fixed)

3𝑃2Vortex

? ?



Results② Proton and Neutron Interaction 

• 𝐻𝑖𝑛𝑡 = ∫ 𝑑𝑟3 𝜂 𝜓𝑚
2 𝜙𝑝

2
+ 𝜉𝑱𝑛 ⋅ 𝑱𝑝

• Both have small effect (Consistent with 1𝑆0 calculation[1])
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[1] L. V. Drummond and A. Melatos, MNRAS 475, 1, 910-920(2018)



Non-parallel situation
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Vortex of:

𝜓0

𝜓2

𝜓−2

𝜙𝑝(Flux Tube)

No Interaction

Add magnetic effect

(Linear Zeeman term 𝑝)

• 𝑁𝑣 = 2,𝑁𝐹𝑇 = 1, Angle 𝜃 = 30∘ (non-parallel)

• No Interaction btw. proton-neutron

• Compare magnetic effect.

• No interaction (top). 

• Only add linear Zeeman term (bottom).

• Vortex shape is changed by magnetic field

• Vortices in 𝜓2 and 𝜓−2are different position

• Position and angle of 𝜓0 vortex also changed



Future Works

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

• Solving magnetic field self consistently. 

• Zeeman term can affect on vortex shape and components density ratio.

• Feedback of neutron → magnetic field.
Can spin ≠ 0 neutron affect on magnetic field? 

• Magnetic Field Structure in neutron stars

• The effect of neutron star Glitch:

• Quantum vortices are reshaped by flux tube in outer core.

• Can vortex network be destroyed by magnetic field?
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𝑩 apply

Polarized
2 Half-integer vortices 1 integer vortex

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

Vortex network model[1]

Flux Tube



Summary

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

• Analise Interaction between 3𝑃2 neutron vortex and Flux-tube

• Vortex vs. Magnetic field

• Spin polarize → change vortex shape!

• 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
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𝑩 apply

Polarized
2 Half-integer vortices 1 integer vortex
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Thank you for your attention!
Terima kasih!
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