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Pulsar - a rotating neutron star

v' First discovery in August 1967

v"Since then, more than 2650 pulsars have been observed

v' It gradually spins down due to the EM radiation




P- P diagram for pulsars  (*not necessarily glitchers)

Period (P): milliseconds to seconds

Gradually spins down (P > 0)
due to the EM radiations

Very stable “clock”, especially for 7
millisecond pulsars, i.e. P ~ 1029

» Characteristic age:

T = P/(2P)

© Binary pulsars » Surface dipole magnetic field strength:

X High-energy pulsars | B =3.2x 1019(_PP) G

- Radio pulsars

-1 0 Figure taken from:
log P (sec) R.N. Manchester, J. Astrophys. Astr. 38, 42 (2017)




Glitch Table: http://www.jb.man.ac.uk/pulsar/glitches/gTable.html
- ) ) Glitch Catalogue: http://www.jb.man.ac.uk/pulsar/glitches/gTable.html
P- P diagram for pulsars  (*not necessarily glitchers) ’
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¢ Crbo” O | (typically, log(Av/v) ~ 10-10-10-5)
HRSI-00 Young pulsars (including magnetars)
exhibit larger glitches than older ones
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» Characteristic age:

T = P/(2P)
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» Surface dipole magnetic field strength:
B =32x10¥PP)G

Figure taken from:
log P (sec) R.N. Manchester, Proc. IAU Symp. 337, 197 (2017)



http://www.jb.man.ac.uk/pulsar/glitches/gTable.html
http://www.jb.man.ac.uk/pulsar/glitches/gTable.html

Typical example: glitches in the Vela pulsar

> lrregularity has been observed from continuous monitoring of the pulsation period
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Typical example: glitches in the Vela pulsar

-

N

v" Vela glitches roughly every 3 years v Most of them are “large” (Av/v ~ 109),
(quasi-periodic) but there are a few small glitches

v’ 21 glitches have been observed v" Increase of spin down rate have also been
since its discovery in 1969 observed: Av /v ~103-101 )

*Av: change of the rotation frequency due to a glitch

Vela: v~11.2 Hz (P ~89.3 ms)

Time between glitches (days)



What’s the cause of the glitches?

Dynamics of quantized vortices play a key role!



- . {
In daily life, a vortex is continuous..




W. Ketterle, MIT Physics Annual. 2001



The vortex mediated glitch: Naive picture

Superfluid neutrons
(decoupled from the crust)
cannot spin down if vortices
are “pinned” to the crust
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To fully understand the glitches, we need to clarify:

Glitch dynamics and, of course,

details of NS matter..
Spin-up followed by
post-glitch relaxation, ...

1 We attacked this problem using

the state-of-the-art microscopic nuclear theory




B*. \ortex-nucleus dynamics with in TDSLDA

G. Wlaztowski, K.S., P. Magierski, A. Bulgac, and M.M. Forbes,
Phys. Rev. Lett. 117, 232701 (2016)




DFT in Nuclear Physics

All nuclei can be described with a single EDF
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DFT in Nuclear Physics

All nuclei can be described with a single EDF

Neutron star
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I'DSLDA (Time-Dependent Superfluid Local Density Approximation)

TDSLDA: TDDFT with local treatment of pairing

Kohn-Sham scheme is extended for non-interacting quasiparticles

» TDSLDA equations (formally equivalent to TDHFB or TD-BdG equations)

Uk, (7, 1) hap(r,t)  hyy(r, 1) 0 A(r,t) g, (7, 1)
mﬁ u,(rt) | _ hpp(r,t)  hy(rt)  —A(r,1) 0 ug, (T, 1)
ot | vi4(r,t) 0 —A*(r,t) —h%\('r,t) —hﬁ(r,t) v (7, 1)
Vg, (7, 1) A*(r,t) 0 —hp(rt)  —h](r,¢) Vg, (7, 1)
_ 2, -
SE o ne(r,t) = Z Uk, (7,1)]* : number density
hy = 5 . S.p. Hamiltonian Ey<E.
7 Z uk+(r,t)vg | (r,t) : anomalous density
OF . . E,<E.
A=— . pairing field
sor - P Jo(r,t) =h Z Im[vy ,(r,t)Vvg (7, )] : current

Ek <Ec

A large number (104-10°) of 3D coupled non-linear PDEs have to be solved!!
# of qp orbitals ~ # of grid points
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TDSLDA: TDDFT with local treatment of pairing

Kohn-Sham scheme is extended for non-interacting quasiparticles

» TDSLDA equations (formally equivalent to TDHFB or TD-BdG equations)

uk, (7, ) hap(r,t) By (r, 1) 0 A(r, 1) k1 (7, 1)
h 0 U’kﬁlf(rﬂ t) hm*(?‘, t) (T, t) 0 ukﬁlf(ra t)
N— — *
ot | vr1(r.t) , —h3y(rt) | | ok (r)
’U;;’\L(?",t) A*(r, . _hi[,(rat) vk;i(rat)
_ 2 -
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hy = 5 . S.p. Hamiltonian Er<E.
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*The number indicates the rank according to the TOP500 list (June 2019)

Piz Daint, CSCS, Switzerland (No. 6) TITAN, ORNL, USA (No. 12) TSUBAMES3.0, Japan (No. 25)

The fastest machine:
Summit, ORNL, USA
GPU, 188 PFlops/s

Present computing capabilities:

/‘
v Full 3D (w/o symmetry restrictions)

v" Volume as large as 1002 lattice points

v" Evolution up to 10° time steps (as long as 1019 sec) = MP! communication =FFT

Multiply vectors by momentum (kx.ky kz) ™ Compute and subtruct gpe
~ W Other Normalize wave-functions
m ABM formulas (predictor, corrector) construct densities

H Compute potentials /




Applications of TDSLDA: Nuclear systems

TDSLDA is a versatile tool!!

Vortex-nucleus dynamics

500 -
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12 | 16 20 24 Phys. Rev. Lett. 117, 232701 (2016)
E [MeV] G. Wlaztowski, K.S., P. Magierski, A. Bulgac, and M.M. Forbes
Phys. Rev. C 84, 051309(R) (2011)
I. Stetcu, A. Bulgac, P. Magierski, and K.J. Roche LOW_energy heavy lon reactions

o Ti Ap =
Induced fission of 24°Pu e @"@ "o

QO
-

Phys. Rev. Lett. 116, 122504 (2016) Phys. Rev. Lett. 119, 042501 (2017)
A. Bulgac, P. Magierski, K.J. Roche, and I. Stetcu P. Magierski, K.S., and G. Wlaztowski
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A key to understand the glitches is:
\Vortex pinning mechanism in the inner crust of neutron stars

Q. Is the vortex-nucleus interaction

Attractive? or Repulsive?

“Nuclear pinning” “Interstitial pinning”




What we investigated - Vortex-nucleus dynamics

Response of a spinning gyroscope when pushed

Response
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Method - TDSLDA

We performed 3D, dynamical simulations by TDDFT with superfluidity

O TDSLDA equations (or TDHFB, TD-BdG)

ot

gy (ED - (A*(r)

B 5w Gin)

O Energy density functional (EDF)

50(1‘) .
E(r) =

K. Sekizawa

E(r) = &o(r) + Epair(r)

Fayans EDF (FaNDF°) w/o LS

Z Q[Pq("")”yq(r)’z

q=n,p
S.A. Fayans, JETP Lett. 68, 169 (1998)
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Method - TDSLDA

We performed 3D, dynamical simulations by TDDFT with superfluidity

O TDSLDA equations (or TDHFB, TD-BdG)
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Method - TDSLDA

We performed 3D, dynamical simulations by TDDFT with superfluidity

O TDSLDA equations (or TDHFB, TD-BdG)
o0 (ui(r)\ _ [ h(r) A(r)\ (ui(r)
"o (vm) - (A*(r) —h(r)) (w(r))

O Computational details

75 fm x 75 fm x 60 fm
(50 x 50 x 40, Az = 1.5 fm)

ke =7/Az>kp  kp = (3n%p,)Y?
Nuclear impurity: 7 = 50

pn =~ 0.014 fm > (N ~ 2,530)

pn =~ 0.031 fm > (N ~ 5,714)

# of quasi-particle w.f. ~ 100,000

K. Sekizawa TDDFT for Superfluid Dynamics in the Neutron Star Crust

a vortex line exists here
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Method - TDSLDA

We performed 3D, dynamical simulations by TDDFT with superfluidity

O TDSLDA equations (or TDHFB, TD-BdG)
o0 (ui(r)\ _ [ h(r) A(r)\ (ui(r)
"o (vm) - (A*(r) —h(r)) (w(r))

O Computational details

75 fm x 75 fm x 60 fm
(50 x 50 x 40, Az = 1.5 fm)

ke =7/Ax > kp  kp = (312p,)Y/?

: : MPI1+GPU
Nuclear impurity: Z = 50 —> 48h w/ 200GPUs
pn = 0.014 fm ™’ (N =~ 2,530) for 10,000 fm/c

pn ~ 0.031 fm ™ (N ~ 5,714)

# of quasi-particle w.f. = 100, 000 3 ‘ :
HA-PACS, Tsukuba

K. Sekizawa TDDFT for Superfluid Dynamics in the Neutron Star Crust Sat., Sep. 28, 2019



pn =~ 0.014 fm ™"

Results of TDSLDA calculation:

time= 0 fm/c
F,. (19.1)= unknown
Q= 28 fm? Blue line: vortex-core
Red dot: c.m. of protons + 60
™~ 50
™~ 40
+ 30

&) )
Vo: along|x-axis e

Force exerts on the nucleus
will be shown by a black arrow

<
Hor.\,?/

Y L N
—_ /,./ o 14
0 ~——. /o 40
A > 30
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Results of TDSLDA calculation: p, ~ 0.014 fm 3

time= 8032 fm/c
F,(10.6)= 0.17 MeV /fm

Q= 13 fmn*

“Repulsive”!!
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pn =~ 0.014 fm ™"

Results of TDSLDA calculation:

time= 0 fm/c

O= -11 fmn?
Pinned configuration is dynamically unstable
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\eka Pulsar

Our goal and strategy
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Goal: Unveil the mechanism of glitches - V
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Macroscopic
» observations
» hydrodynamics

Mesoscopic
» dynamics of vortices in a lattice of nuclei
(e.g. filament model)

e e e

Microscopic Nuclear Physics!!

» vortex-nucleus dynamics from neutrons and protons
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Our goal and strategy

Goal: Unveil the mechanism of glitches

Macroscopic
» observations
» hydrodynamics

Mesoscopic

» dynamics of vortices in a lattice of nuclei
odel ingredients (e.g. filament model)

Microscopic Nuclear Physics!!

» vortex-nucleus dynamics from neutrons and protons

N o o e e e e e i  — ————————————_——_——_—_——_—_—"

ﬁ.—.-L—.—._')



......

Our goal and strategy

reaY a bi 'al: 2 B - 2 aFai 2T 2 K 2 F o &

Goal: Unveil the mechanism of glitches

New collaboration started:
Nicolaus Copernicus Astronomical Centre
B. Haskell et al.

Macroscopic
» observations
» hydrodynamics

Mesoscopic

«—®
» dynamics of vortices in a lattice of nuclei
odel ingredients (e.g. filament model)
._.F._._.F._._.F._._._._._._._._._._._._._._._._._._._._._._._._._F.\‘
Microscopic Nuclear Physics!! i

» vortex-nucleus dynamics from neutrons and protons
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Ongoing project
Mesoscopic simulation of pinning force with the vortex filament model

Simulations by K. Kobczewski (PhD student at WUT)

nsk X (_’U-uor - ve:a:t) — f\-—""N + ftf:n..s.'i.on. + .fd-i..S.S'i.pa.t'i.on.

Talk by K. Kobczewski at POLNS18, March 26-28, 2018: https://indico.camk.edu.pl/event/10/contribution/8

Very preliminary


https://indico.camk.edu.pl/event/10/contribution/8

. Summary




Takeaway message

v TDSLDA is a powerful tool to study a variety of dynamics in superfluid Fermi systems!

Cold atoms: Atomic nuclet: Neutron star:
UFG Nuclear dynamics Inner crust
- solitonic cascades - solitonic excitations - vortex-nucleus interaction
- quantum turbulence - fusion hindrance - tension, M*, dissipations
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Takeaway message

v TDSLDA is a powerful tool to study a variety of dynamics in superfluid Fermi systems!

v We found Repulsive interaction for n, = 0.014 & 0.032 fm-3

— Needs systematic calculations: densities, EDFs

— Develop a mesoscopic model for vortices in a lattice

» \ortex dynamics in the pasta phase?

> Extension to core region? n-3P,, p-1S, and proton flux tubes Neutron star:
Inner crust

> ..any ideas?? _ .
- vortex-nucleus interaction

- tension, M*, dissipations

K. Sekizawa TDDEFT for Superfluid Dynamics in the Neutron Star Crust Sat., Sep. 28, 2019
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