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My recent studies: TDDFT for Nuclear MaBpdy Problem
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Outline

. Method: DFT, TDDFT, and TDSLDA

. Dynamics of quantized vortices within TDSLDA:
Topological excitations in spimbalanced superfluid Fermi gas

. Application to Neutron Star physics:
Vortex-nucleus interaction in the neutron star crust

. Application to low-energy heavyion reactions
Solitonic excitations, multinucleon transfer, quasifission, fusion

. Summary



B®. DFT TDDFT, and TDSLDA
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What is DFT?

A theory which can provide the exact solution
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What is TDDFT?

TDDFT is a timedependent extension of DFT

Al nteractingo system
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E. Runge and E.K.U. Gross, Phys. Rev. L%2{.997 (1984); R. vaheeuwen Phys. Rev. Leti82, 3863 (1999).
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Great success of the Density Functional Theory
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P. Hohenberg and W. Kohn, Phys. RE36, B864 (1964)% 19,015 citations!
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W. Kohn and L.J. Sham, Phys. R&%0 A1133 (1965)% 24,384 citations!



DFT in Nuclear Physics
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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

Proton number

Neutron number
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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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TDSLDA (Tibwpendent 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$
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A large number (10*-10°) of 3D coupled nonlinear PDEs have to be solved!!
# of qp orbitals ~ # of grid points

K. Sekizawa TDDFT calculations for quantum many -body dynamics Mon., May 20, 2019



*The number indicates the rank according to the TOP500 list (June 2

Piz Daint, CSCS, Switzerland (No. 6) TITAN, ORNL, USA (No. 7) TSUBAME3.0, Japan (No. 19)

The fastest machine:
Summit, ORNL, USA
GPU, 188PFlopsg's

Present computing capabilities:

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

V Volume as large as 18ttice points

V Evolution up to 10time steps (as long as-1Vsec) = 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 /




B* . Solitonic cascades olarized Fermi gas

G.WI a z g &KwsekizawaM. Marchwiany and PMagierski
Phys. Rev. Lett120, 2530022018)




Dynamic excitations of the pairing field

ThePairing field provides a variety aflynamic excitation modes
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Applications of TDSLDA: Unitary Fermi Gas

Real Time Dynamics of ' Quantized Vortices:in a Unitary-Fermi-Superfluid

A.Bulgag Y-L. Luo, P.Magierski K.J. Roche; Y..Yl . i ) ) i )
Science332, 1288/(2011) Throwing a spherical projectile B Vortex rings/lines

Stirring Quantized vortices
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(quantum turbulence)
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Topological excitations in ultracold atomic gases

Result of TDSLDA simulation:
Phase discontinuity creates a vortex ring which decays into a vortex line

32 x 32 x 128 lattice
N ~ 1000

‘:)

Tihe“eF= 0

G.WI a z g ,AAvBsilgac M.M. Forbes, and K.J. Roche, Phys. Re®1A031602 (2015
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Topological excitations in ultracold atomic gases

The cascades of solitonic excitations have been identified experimentally
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M.J.H. Ku, B. Mukherjee, TYefsah and M.W.Zwierlein, Phys. Rev. Lettl16, 045304 (2016
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Topological excitations in ultracold atomic gases

Each stage of solitonic cascade could be reproduced with TDSLDA!

Time 3ms

7 ms
9 ms
16 ms
20 ms
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Having a validated tool at hand
we explore new physics particular to fermionic systems

Spirimbalance (polarization)!!



Fermionic superfluidity is due to the Cooper pairing mechanisir



Then, what:happens ifithe numbers:of men/womem.are imbhalanced??

But, what about dynamics??

Answer:
phase:separation

superfluid (paired) gas is
surrounded by normal ga

M.W. Zwierleinet al., Scienc&11, 492 (2006)



Topological excitations in ultracold atomic gases

Spin polarization affects the stability of topological defects

domain wall vortex ring vortex line

_ V Unpaired particles prefer to stay inside the defects
R: radius of the cloud

3 coherence length TR’ XS 2R 7T52 QR'WfQ

Local polari(z?tion( :
P(T) = e ()
pm 0.70

-0.35

— 0.00 G.WI a z § Kves M.Marchwiany and PMagierski Phys. Rev. Lett120, 2530022018)
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Wh at 0 s - lmplicatidh toquantum turbulence
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Spin polarization may hinder vortex crossings/reconnections

vortex-antivortexpair reconnection

P=0%

P=20%

. = S o
repelling.. vortex ring

G.WI a z § Kws M.Marchwiany and PMagierski Phys. Rev. Lett120, 2530022018)



Computational/theoretical challenge
Microscopic simulation of quantum turbulence in superfluid fermi gas
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Summary (1/3)

V TDSLDA is capable of describing topological excitations in superfluid Fermi system

V Unpaired particles may dramatically alter dynamics of-gpimalanced Fermi gas

Next steps

U Exploration of turbulence phenomenon in spibalanced Fermi gas
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B*. \ortex-nucleus dynamics in the NS crust

G.WI a z g Kws RMagierski A. Bulgag and M.M. Forbes,
Phys. Rev. Lettl17, 232701 (2016)




The fate of a massive star

Nuclear reactions:
IHY 4HeY 2CY 150Y 2NeY Mgy 28SiY ..Y S¢Fe
After forming t he

~ : . Y no more fuel
hOni on structureo . -
Y gravitational collapse

Y supernova explosion

The Crab Nebu‘la
Remnant of the SN in 1054




Structure of a neutron star

Neutron star is a great playground for nuclear theorists

"""""" ~01km ) Outer crust  Nuclei (Fe), electrons‘;
................................... 0.30.6km 0 < 6drip

Ogrip~ 0.00148,; Aboved,,;, unbound neutrons exist outside nuclei
0,=2.8x104g/cm3=0.16fm-3; Nuclear saturation density

Inner crust Nuclei, electrons,
Adri ppedo

0.50.8km 8y, 00 00.65,

Hyperons?

Outer/inner c ore
: 9-12km  0.680,< d 03-59,

Meson condensa

.

.
s
s
----
.
s
e
s

Quark matter?
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Structure of the inner crust

A lattice of neutron -rich nuclei are immersed in a neutron superfluid

Quantum vortices may exist!

_Pre_ssu_re Neutronization Neutron drip Nuclear
Ionization pasta
10 104 10” lDlJ IOM dCIISity (g-"cmi)
9 o
o @ .
@ 9
Outside) |[@ @ o o @ @ (Inside)
| , @ O -
o o
Envelope Outer crust Inner crust
iron atoms neutron rich nuclei, e nuclear clusters,
— — n,e —-'"A—Y—ﬂ“ ~ s
Solid crust Mantle Liquid core

Fig.4 in N.Chameland PHaenselLiving Rev. Relativityll, 10 (2008)
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Quantum vortices

The Nobel PrizeiinIPhysies 2003

In rotating superfluid, an array

A Observation in ultraold atomic gase

AAbrikosovl at t |

W. Ketterle MIT Physics Annual. 2001
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Quantum vortices

In rotating superfluid, an array of quantum vortices is generated

A Observation in ultraold atomic gases \Vortex-number density
&
Low Rotation speed High

W. Ketterle MIT Physics Annual. 2001
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Quantum vortices

In rotating superfluid, an array of quantum vortices is generated

A Observation in ultrold atomic gases \Vortex-number density
ANEUTRON»S‘VI'AR: SURFACE and INTERIOR ES
. Low Rotation speed High

Homogeneous|

ATMOSPHERE
ENVELOPE
CRUST
OUTER CORE

W. Ketterle MIT Physics Annual. 2001
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A Glitches in the Vela pulsar

Period (sec)

Glitch: a sudden increase of the rotational frequency
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U Pulsar: a rotating neutron star

Repulsive?

A conjectured scenario:
Vortex pinning/unpinningn the neutron star crust

P.W. Anderson and N. Itoh, Natu2ég, 25 (1975)

EIP

or

Attractive?

Q

.

ENP

V.B. Bhatia, A Textbook of Astronomy and Astrophysics with Elements of Cosmology, Alpha Scienc
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What was the-ofdteart?

Property of the pinning force is still unclear

—i— HFB (Avogadro et al.)

— @ - TF+LDA (Donati & Pizzocherp
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Interstitial pinning

Nuclear pinning &

P. Avogadro, FBarranco R.A. Broglia, and EVigezzi, PRC75(2007)012805(R)NPA811(2008)378
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MethodT DSLDA

We performed 3D, dynamical simulations by TDDFT with superfluidity

a vortex line exists here

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/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 quasiparticle w.f.~ 100,000
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MethodT DSLDA

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/ 200GPUs}
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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Whatvehave investigat¥orterucleus interaction

Response of a spinning gyroscope when pushed

y—

L— >
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How to extract the force

K. Sekizawa

We directly measure the force F'(R) in dynamical simulation

A Newtonds | aw
dv dv
F = M— — =0 if F=0
dt dt

A We keep a nuclear motion in a constant velocity U (<< Ucrit)

Superfluid neutrons
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Results of TDSLDA calculatiomi4 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

® sé |

Vo: along xaxis }

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

<
«—® or .\,?/

Y N
/,./ o 14

~— < a0
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Results of TDSLDA calculatiomi4 fm=?

K. Sekizawa

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

Q= 13 fmn*
d w S LJdzt

TDDFT calculations for quantum many -body dynamics
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Ourgoal and strategy I @<
L

Goal: Unveil the mechanism of glitch ‘ r | / |
a2 L4 ‘
10°m _
Macroscopic
U observations
Mesoescopic

U dynamics ofvorticesin a lattice onuclel
Providemodelingredients (e.g. filament model

105-1013m .. : _
Micrescopic Nuclear Physics!!

1
|
:
U vortex-nucleusidynamics fromeutrons.and protong
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