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https://youtu.be/8Are9dDbW24

Neutron stars, NS merger, nucleosynthesis, GW, ...
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Neutron stars, NS merger, nucleosynthesis, GW, ...

Hierarchy: of
Scales in
the Universe

Our Mission:

To establish a concrete microscopic
foundation of macroscopic models
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Today, | will talk about:

Dynamics ofguantum vortices  Time-dependent band theoryfor
of superfluid neutrons the inner crust of neutron stars
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“ Neutronstar glitches Quastperiodic oscillations



B*.  (TD)DFT in atiny nutshell

)




What is DFT?

A theory which gives us access to thexactsolution

Equivalent!
(for a special EDF) Hlp(rla ., N) = EY(ry, ..., 7N)
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Quantum Many-

- Kohn-Shamequation
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w.f. is a functional of density

P. Hohenberg and W. Kohn, Phys. Rel 35, 864 (1964)
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CAUTION!

The existence was proven, but its shape is unknown..
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Developing a better functional is
an important subject in nuclear theory!
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Great Success of the Density Functional Theory

Number of publications
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C-Z. Gao et al., : Y. Shinohara, K. Yabana, Xawashita J-|. lwata, T.Otobe and G. F. Bertsch,
J. Phys. B: At. Mol. Opt. Phy48, 105102 (2015) Phys. Rev. BB2, 155110 (2010)

P. Hohenberg and W. Kohn, Phys. RE36, B864 (1964) % 19,015 citations!

The seminal papers on D o
W. Kohn and L.J. Sham, Phys. R&40, A1133 (1965)% 24,384 citations!



DFT in Nuclear Physics

All nuclei can be described withsangleEDF
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DFT in Nuclear Physics

All nuclei can be described withsangleEDF

Neutron star
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TDDFT in Nuclear Physics

TDDFT is a versatile tool!!

: Vortex-nucleus dynamics
500

400
300
© 200}
100

[mb]

12 16 20 24 Phys. Rev. Lettl17, 232701 (2016)

E [MeV] G.WI a z §,Kves RMagierski A. Bulgag and M.M. Forbes
Phys. Rev. B4, 051309(R) (2011)
|. Stetcy A. Bulgag P.Magierski and K.J. Roche LOW_energy hea\/yion reactions

L Time Ap =
Induced fission of24%Puy OO "o

ime= 12235.5 fm/c . ‘%7

Phys. Rev. Lettl16, 122504 (2016) Phys. Rev. Lett119, 042501(2017)
A. Bulgag P.Magierski K.J. Roche, and Btetcu P.Magierski K.S.,and GWI a z § o ws
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Neutronstar
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Picture:https://astronomy.com/magazine/ssro/2017/12/stellamagnets



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

What is the glitch?



Pulsar- a rotating neutron star

V FirstdiscoveryinAugust 1967 i Li t t | e Gr eleYnPSRIBI9I0+21l GM

V Since thenmore than 2650 pulsahsve been observed

V It graduallyspins dowrdue to the EM radiation




Typical example: the Vela pulsar

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

Period (s Year
i pamem e eme. | . = <7

1970 1975 1980
89.25 |-V Glitch: sudden increase of ~

the rotational frequenc ‘/
89.24 | %

Spin up!

8923~/\/ @

Spin down
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In daily life, a vortex is continuous..




In superfluid, vortices a

W. Ketterle MIT Physics Annual. 2001



The vortex mediated glitch: Naive picture

Superfluid neutrons
(decoupled from the crust)
cannot spin downf vortices
I NE GLIAYYSRE
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. Post glitch relaxation
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Glitch days to years

Solid crust ™
(strongly coupled to the™~-__
core by magnetic field)

spins down
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To fully understand the glitches, we need to clarify:

Glitch dymamics and, of course,

details of NS matter..
How do vortices move?

1 We attacked this problem using

the stateof-the-art microscopic nuclear theory




We attack this problem with HPC on GPU supercomputc
with TDDFT for superfluid systems, TDSLDA!



TDSLDA (TimeDependent Superfluid Local Density Approximation)

TDSLDA: TDDFT with local treatment of pairing

Kohn-Sham scheme is extended for finteracting quasiparticles

U TDSLDA equationsformally equivalent to TDHFB or TEBAG equation$

ug, (7, t) hap(r,t)  hyy(r,t) 0 A(r,t) ug, (7, t)
’iﬁg ’Ufkﬁl,('rn t) _ hm*(?‘, t) hJ,J,(rv t) —A(?’, t) 0 uk,¢(rﬂ t)
ot | vk +(r,1) 0 —A*(r,t) —hi(r,t) —hy(r,t) v+ (7, 1)
Vg, (7, 1) A*(r,t) 0 —hj}(r,t) —hl('r,t) Vg, (7, 1)
- o no(r,t) = Y |vko(r,t)]* : number density
hy = 5 . S.p Hamiltonian Er<E.
? v(r,t)= > wugq(r,t)v (r,t) 1 anomalous density
Ao _OF pairing field ot
ov* Jo(r,t) =h > Imlvy (v, )V .(r,1)] : current
E;.<E.

A large number (10*-10°) of 3D coupled nonlinear PDEs have to be solved!!
# of gp orbitals ~ # of grid points
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TDSLDA (TimeDependent Superfluid Local Density Approximation)

TDSLDA: TDDFT with local treatment of pairing

Kohn-Sham scheme is extended for finteracting quasiparticles

U TDSLDA equationsformally equivalent to TDHFB or TEBAG equation$

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 .
SE - ne(r,t) Z lvg.o(7,)|° : number density
hy = 5 . S.p Hamiltonian Er<E.
o v(rt) = Z ug,1(r,t)vg (7, 1) © anomalous density
A= _2F pairing field R
Iz Jo(r,t)=h Y Imfv; ,(r,t)Vuro(r,t)] : current

Ek <Ec

A large number (10*-10°) of 3D coupled nonlinear PDEs have to be solved!!
# of gp orbitals ~ # of grid points
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B*. \ortex-nucleus dynamics within TDSLDA

G.WI a z g &KwSeKizawaP.Magierski A. Bulgag and M.M. Forbes,
Phys. Rev. Lettl17, 232701 (2016)




A key to understand the glitches is:
Vortex pinning mechanism the inner crust of neutron stars

Q. Is the vortexucleus interaction

Attractive? or Repulsive

RWH ]
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ear pinnimdmnterstit.]




Whatweinvestigated- Vortexnucleus dynamics

Response of a spinning gyroscope when pushed

Response
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Method- TDSLDA

We performed 3D, dynamical simulations by TDDFT with superfluidity

A TDSLDA equations (or TDHFB, TIBdG)

ih

z (ED - (A*(r)

ot

B 5w Gin)

A Energy density functional (EDF)

K. Sekizawa

50(1‘) .
E(r) =

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

FayansEDF (FaNDR) w/o LS

Z Q[Pq("")”yq(r)’z

q=n,p

S.A.FayansJETP Lett68, 169 (1998)

Time-Dependent Density Functional Theory for the Inner Crust of Neutron Stars
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Method- TDSLDA

We performed 3D, dynamical simulations by TDDFT with superfluidity

A TDSLDA equations (or TDHFB, TIBdG)
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FayansEDF (FaNDR) w/o LS
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Method- TDSLDA

A TDSLDA equations (or TDHFB, TIBdG)

m% (EEQ) - (Ah(g) —Afffg)) (Q’;Eg)

A

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

K. Sekizawa

We performed 3D, dynamical simulations by TDDFT with superfluidity

a vortex line exists here

Computational details

75 fm x 75 fm x 60 fm

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

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

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

# of quasiparticle w.f.~ 100,000
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Method- TDSLDA

We performed 3D, dynamical simulations by TDDFT with superfluidity

A TDSLDA equations (or TDHFB, TIBdG)
3 (- (1) )6

A 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/?

. . MPI+GPU
Nuclear impurity: 7 = 50 v 48h w/ 200GPUsj
pn = 0.014 fm ™’ (N =~ 2,530) for 10,000 fm/c

pn ~ 0.031 fm ™ (N ~ 5,714)

# of quasiparticle w.f.~ 100,000 5 -
HA-PACS, Tsukuba
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Results of TDSLDA calculation;,, ~ 0.014 fm ™’

time= 0 fm/c
F,. (19.1)= unknown _

Q= 28 fm? Blue line: vortexcore
Red dot: c.m. of protons + 60
T 50
™ 40
+~ 30

® §C |

Vo: along xaxis }

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

<
«—® or .\,?/

Y 4 N
B /,./ o0
0 ~——. /o 40
B < 30
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Results of TDSLDA calculation;,, ~ 0.014 fm ™’

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

Q= 13 fmn*

v

AwSLlzf aAdSE HH

@p)

60

u
o

Thu., Aug. 4, 2022

Time-Dependent Density Functional Theory for the Inner Crust of Neutron Stars

K. Sekizawa



Results of TDSLDA calculation;,, ~ 0.014 fm ™’

time= 0 fm/c
O= -11 fmn?
Pinned configuration is dynamically unstable
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Our goal and strategy

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

Goal: Unvelil the mechanism of glitch

wl:ulL !

/ |

9210 2 1/¢/ ‘1
—

i

New collaboration started:

Nicolaus Copernicus Astronomical Centr
B. Haskell et al.

Macroscopic
U observations
U hydrodynamics

Mesoscopic

U dynamicscofvorticesin a latticecomuclel
eimodelingredients (e.g. filamentimaodel

[ [ [ [,
) - . j
Micrescopic Nuclear Physics!! I

U vortex-nucleusidynamics fromeutrons.and protong
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https://www.newsweek.com/nuclear-pasta-neutron-star-strongest-material-universe-1127491

The rest of the talk is based on one of my most recent publications:

PHYSICAL REVIEW C 105, 045807 (2022)

Time-dependent extension of the self-consistent band theory for neutron star matter:
Anti-entrainment effects in the slab phase

Kazuyuki Sekizawa®,>" Sorataka Kobayashi.? and Masayuki Matsuo®**

YCenter for Transdisciplinary Research, Institute for Research Promotion, Niigata University, Niigata 950-2181, Japan
2Nuclear Physics Division, Center for Computational Sciences, University of Tsukuba, Ibaraki 305-8577, Japan
3Graduate School of Science and Technology, Niigata University, Niigata 950-2181, Japan
*Department of Physics, Faculty of Science, Niigata University, Niigata 950-2181, Japan

M (Received 28 December 2021; accepted 4 April 2022; published 25 April 2022)
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AEntrainmento I s a phenomenon bet wee
where a motion of one component attracts the other.

Neutrons



