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Goal: To clarify the mechanism of glitches

We can extract these ingredients from microscopic, dynamical simulations

Need to describe pinning/unpinning dynamics of a huge number of vortices

Superfluid neutrons

Vortex tension

Effective mass



1. Introduction
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Glitch:  a sudden increase of the rotational frequency

V.B. Bhatia, A Textbook of Astronomy and Astrophysics with Elements of Cosmology, Alpha Science, 2001.

http://svs.gsfc.nasa.gov/cgi-bin/details.cgi?aid=10205

 Pulsar:  a rotating neutron star Glitches in the Vela pulsar
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Sudden decrease of the period

= Sudden increase of the frequency

What is the “glitch”?



Vortices and glitches
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In rotating superfluid, an array of quantum vortices is generated

 Observation in ultra-cold atomic gases

W. Ketterle, MIT Physics Annual. 2001
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Studies of the pinning force
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M.A. Alpar et al. Astrophys. J. 213(1977)527; 276(1984)325

R.I. Epstein, G. Baym, Astrophys. J. 328(1988)680

R.K. Link, R.I. Epstein, Astrophys. J. 373(1991)592

 Hydrodynamics + Ginzburg-Landau (for pairing)

 Thomas-Fermi + LDA

P.M. Pizzochero, L. Viverit, and R. A. Broglia, PRL79(1997)3347

P. Donati and P.M. Pizzochero, PRL90(2003)211101; NPA742(2004)363; PLB640(2006)74

S. Seveso, P.M. Pizzochero, F. Grill, and B. Haskell, MNRAS455(2016)3952

Representative studies of the pinning force

 Hartree-Fock-Bogoliubov theory

P. Avogadro, F. Barranco, R.A. Broglia, and E. Vigezzi,

PRC75(2007)012805(R); NPA788(2007)130; NPA811(2008)378
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Superfluid hydrodynamics
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Density dependence and asymptotic behavior of the force are predicted

: attraction

: repulsion

vortex

*ρin/out : superfluid density inside/outside a nucleus

Interaction energy between

a vortex line and an impurity
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What was the state-of-the-art?
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Microscopic, static HFB calculations were performed assuming axial symmetry

P. Avogadro, F. Barranco, R.A. Broglia, and E. Vigezzi, PRC75(2007)012805(R); NPA788(2007)130; NPA811(2008)378

Energy to create a vortex line

in a uniform matter

Energy to create a vortex line

on a nuclear impurity

E.g.)  0.026 fm-3 (SLy4)

13058.04 12954.02 13714.88 13617.056.19 MeV
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What was the state-of-the-art?
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P. Avogadro, F. Barranco, R.A. Broglia, and E. Vigezzi, PRC75(2007)012805(R); NPA811(2008)378

Property of the pinning force is still unclear

Interstitial pinning

Nuclear pinning

HFB (Avogadro et al.)

TF+LDA (Donati & Pizzochero)
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2. Methods



We performed 3D, dynamical simulations by TDDFT with superfluidity

 Energy density functional (EDF)

S.A. Fayans and D. Zawischa, arXiv:nucl-th/0009034

:  Fayans EDF (FaNDF0) w/o LS
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 TDSLDA equations (or TDHFB, TD-BdG)

PNM

SNM

What we have performed
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We performed 3D, dynamical simulations by TDDFT with superfluidity
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 TDSLDA equations (or TDHFB, TD-BdG)

What we have performed

 Computational details

Nuclear impurity:

# of quasi-particle w.f.

a vortex line exists here

E.g.
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We performed 3D, dynamical simulations by TDDFT with superfluidity
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 TDSLDA equations (or TDHFB, TD-BdG)

What we have performed

TITAN, Oak Ridge

NERSC Edison, Berkeley

HA-PACS, Tsukuba

 Computational details

Nuclear impurity:

# of quasi-particle w.f.

MPI+GPU

→ 48h w/ 200GPUs

for 10,000 fm/c
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3. Results

Superfluid neutrons

Vortex tension

Effective mass



 Newton’s law

vortex
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if

Superfluid neutrons

We directly measure the force              in dynamical simulation

 We keep a nuclear motion in a constant velocity

How to extract the force
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Results of TDSLDA calculation:
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Blue line:  vortex-core

Red dot:  c.m. of protons

v0: along x-axis

Force exerts on the nucleus

will be shown by a black arrow

or ?
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Results of TDSLDA calculation:

“Repulsive”!!
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Measured force

-Fc

Fc : negative for repulsive

Ft : positive for anti-clockwise

Ft

R

The force is essentially central, not a simple function of R

Ft is negligibly small

Measured force

Long-ranged for higher density

(smaller Δ, larger ξ)
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Force per unit length
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We can predict the force for any vortex-nucleus configuration
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 Force per unit length

Padé approximant

(n=2 was used)
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Results of TDSLDA calculation:

Pinned configuration is dynamically unstable
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Superfluid neutrons

Vortex tension

Effective mass



Vortex tension

We can evaluate the vortex tension from the dynamical simulations
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Work done by Fext

cf. hydrodynamic approx.:
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Superfluid neutrons

Vortex tension

Effective mass



How to extract the effective mass
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Dragging by a constant force provides the effective mass

 We accelerate a nuclear impurity by a constant force

Superfluid neutrons

 Newton’s law

Time

v(t)
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Effective mass
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Dynamical effects may reduce the effective mass

x

ρ(x)

Preliminary
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Effective mass:  future work
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We are going to calculate M* and vc through out the inner crust

 We have prepared initial states for dynamical simulations
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4. Conclusion



Conclusion
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Superfluid neutrons

Vortex tension

We can compute various ingredients of the inner crust

by microscopic, dynamical simulations!

: critical velocity

Effective mass
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