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Outline

1. Method: DFT, TDDFT, and TDSLDA

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

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

4, Summary



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

A theory which may provide the exact solution

Equivalent!
(w/ special EDF) Hlp(rla o, PN) = EV(ry, ..., 7N)

o> ——

Quantum Many-

- Kohn-Shamequation

[——v2+v Lot oty = 61
-~ This i IS thek keyI
u@

<s[o(r)] —ZW’Z

ddddd

(Ele] = (wlol| | (o))

w.f. is a functional of density

P. Hohenberg and W. Kohn, Phys. RE36, B864 (1964)
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What is DFT?

A theory which may provide the exact solution

Equivalent!
(w/ special EDF) Hlp(rla o, PN) = EV(ry, ..., 7N)

o> ———

Quantum Many-

- Kohn-Shamequation

[——v2+v Lot oty = 61
-~ @Thls IS thek keyI

Vks [p('r)] - Gg[p o Z |d)3

\_ 1=1 y

Exi stence was proved,( b nknown
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DFT in a nutsfi¢l} Hohenbekghn theorem

Assumption: S S
. . H=T+W+V H=T+W+V'
Two different wave function®  an¥’

provide the same orgody densityp(r) H|\Ir> = E|¥) |9 = E'|¥")

Now, one finds:

~

E = (U|H|V) < (V|H|V)

= (W|H'|Y) + (V|V - V'|T)

=5+ o)) -] @

However, one also gets:

E' = (V) < (V|H|¥)

= FE + f,o('r)[v’('r)—v(r)] dr 7 " (b)

I

[@h@) E+E <E+E ?%

P. Hohenberg and W. Kohn, Phys. RE36, B864 (1964)
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DFT in a nutsfi¢l} Hohenbekghn theorem

Assumption:

~ ~ ~ ~

L E .- - Oy assumption was wrong!

p /& H [ —

Now, one finds:

~

H

E:(\p \p><<\p”ﬁ’\1ﬂ> ireducti o & sur

= (W|H'|Y) + (V|V - V'|T)

_ By fp(r)[fu('r)—vl('r)] a7 (a

However, one also gets:

E' = (V) < (V|H|¥)

= FE + fp('r) (V' (r) — v(r)] dr

?

[@w} E+E <E+E ?%

P. Hohenberg and W. Kohn, Phys. RE36, B864 (1964)
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DFT in a nutsfi¢l} Hohenbekghn theorem

(1st) HK theorem:

Thereisaomo-one correspondenc @eb;e(r)we

Now, one finds:
E =¥

~

H\D)<<\IJ”[§I’\IJ’> ireductio aG@ & sur

= (W[H|Y) + (V|V - V'|¥)
— 5+ [am)r) v
However, one also gets:

E' = (V|H'|V) < (¥|H'|V)

= FE + fp('r)[v’('r)—v(r)] dr " M)

?

[@w} E+E <E+E ?%

P. Hohenberg and W. Kohn, Phys. RE36, B864 (1964)
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DFT in a nutsfaM)} HK theorem and-Bbbm scheme

KS scheme makes DFT computationally solvable

-

~
(2nd) HK theorem:

SE HK
qQ can be writtegn VassV|g funcquka‘y(o_f)p(r)

B Any observable can be written as a functiongl:of O[] = (¥[0]|O|¥[p])

» Minimization of EDF with respect to } will provide E ¢ and}

Egs. = Epgs| = mm[ min E[p]] (E[p] = (U[p]|H|¥]p]) : EDF)

P ¥—p

/

- 2
Kohn-Sham scheme: W. Kohn and L.J. Shan®hys. Revi140, A1133 (1965)

V According to the HK theorenthere exists an EDF associated with thexacts o | ut i o

» The soltion of N coupled nonlinear equations can be equivalent to the exact solutic

~

h[p|¢pi(r) = =;¢;(r) : Kohn-Sham equation| (often called Hartre€ock eq.)

o

507 [E[P] — kaz(<¢k’¢z> — 51@5)} =0 fl[p] el Ut p(r) = il s () |2

kl 0p

n
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What is TDDFT?

TDDFT is a timedependent extension of DFT

Al nteractingo system

iﬁ%q)(?‘l,"',T'N,t):ﬁq)(rla"':rNat) ))

—

O /
t, Ti
Ime
¢ _>
ANeinnt eractingo syst
_h&bi('r,t) B —h—2v2+ om0 o) F/ /UKS (’I‘,f;)
! ot N 2m Vs |P\T, AN ))

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

Number of publications
12000
L . )
The Nobel Prizeiin Chemistry 11998 10000
8000
6000
4000
2000
? ‘ 0
Walter Kohn JohnPople SR8 R8R882888888¢8¢8
k J i - - L] N N N N N N N
Year
A. Galanoand J.R. Alvarezdadoy J. Compt. Chen85, 2019 (2014)
Fullerene Cq, Si crystal
~ I
1 D0a+000 25e-002 50e-002 75--002 10a-001
C-Z. Gao et al., Y. Shinohara, K. Yabana, Xawashita J-I. lwata, T.Otobe and G. F. Bertsch,
J. Phys. B: At. Mol. Opt. Phyg48, 105102 (2015) Phys. Rev. B2, 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&%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

S
q) : ‘ » A NEUTRON STAR: SURFACE and INTERIOR
O Y o mumieni
E LS CoRE N A CRUST
Matter
- | | ,
C = ATMOSPHERE
ENVELOPE
O K={38 CRUST
= OUTER CORE
INNER CORE
S
& Z=50
N=82
Ps
= J
7=20 “N=50
Z=8
7 TN=28
N=20
N=8

Neutron number
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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$

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)vi (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 qp orbitals ~ # of grid points
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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$

Uk,f(”',t) hrﬁ(’l",i’) hT¢(T,t) 0 A(T’,t) uk,T(r;t)
ﬁ 8 ukii('r,t) hyr(?’,?f) (T’,t) 0 ukﬁL(’r,t)
WN— — %
ot | vk +(r,1) : —h3, (r,1) v+ (7, 1)
Uk, (7, 1) A*(r, " R (11) ) \ vk (7, 8)
- > Joko(r.t)* : number density
hy = 5 . S.p Hamiltonian Er<E.
o v(rt) = Z ug,1(r,t)vg (7, 1) © anomalous density
Ao _OF pairing field ot
ov* Jo(r,t) =h > Imlvy (v, )V .(r,1)] : current

Ek <Ec

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




Applications of TDSLDA: Nuclear systems

TDSLDA is a versatile tool!!

: Vortex-nucleus dynamics
500

400
300
© 200}
100

[mb]

12 16 20 24 Phys. Rev. Lett117, 232701 (2016)

E [MeV] G.WI a z § ,Kvs 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\/y lon reactions

. Time Ap =
Induced fission of?*%Pu @"@ ’ 75

QO
-

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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B* . Solitonic cascades olarized Fermi gas

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




K. Sekizawa

Applications of TDSLDA

TDSLDA has been successfully applied for both UFG and nuclear systems

Unitary Fermi Gas (UFG { krpa — 00, kpreg — 0

A. Bulgacand S. Yoon, PRL02(2009)085302.

A. Bulgacet al, Science8322011)1288.
A. Bulgacet al, PRL1082012)150401.
A. Bulgacet al, PRL112(2014)025301.

G.WI a z § etwls ARA91(2015)031602(R).

Nuclear system:

|. Stetcuet al, PRG4(2011)051309(R).

|. Stetcuet al, PRL114(2015)012701.

A. Bulgacet al, PRL116(2016)122504.
G.WI a z § etwls AIRL117(2016)232701.

TDDFT for Superfluid Dynamics in the Neutron Star Crust

a . Swave scattering Iengtlj
Teff . effective range

Largeamplitude pairing field dynamics
Dynamics of quantum vortices

Quantum shock waves and domain walls
Dynamics of vortex rings

Quantum turbulence

Isovector giant dipole resonance (IVGDR)
Relativistic coulomb excitation

Induced fission of4%Pu

\Vortex-nucleus interaction

Sat., Nov. 24, 2018



Dynamic excitations of the pairing field

ThePairing field provides a variety aflynamic excitation modes

Im o (r 1) *Superfluid velocity
o |A(T’, t) |6 ? vs(7r,t) x V(r, t)
0
Re
<

. /. E N
. TR
T

t >
\ — /
—_>
Collective rotation Quantum vortex

(of the phase)




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

|Al (eF)
0.5
lo.zx

10.3

10.2

Twisted stirring

0.1 >
Vortex crossings

& reconnections
(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

7 ms

9 ms
16 ms Vortex ring
20 ms
85 ms \Vortex line
95 ms

04s
v 1s

AEEEEEEEEEEEEEEEEEEEEEEEEEEEEEER®

2 4

91 65 -39 -13 +13 +39 +65 401
x_|

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
85 ms

95 ms

04s

"+30  +65

13 +13
y (um)
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Computational/theoretical challenge
Microscopic simulation of quantum turbulence in superfluid fermi gas

. LU1] Lt

log[L(t)L(0)]
2 e
[4,] N

o
=

E( incompressible)

E(('olnprv.ssiblt )

Very preliminary




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

"""""" 0L kM ) Outer crust  Nuclei (Fe), electrons‘;
................................... 0.30.6km 5< Bup

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 n
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)

K. Sekizawa TDDFT for Superfluid Dynamics in the Neutron Star Crust Sat., Nov. 24, 2018



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

K. Sekizawa TDDFT for Superfluid Dynamics in the Neutron Star Crust Sat., Nov. 24, 2018



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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Glitch: a sudden increase of the rotational frequency

A Glitches in the Vela pulsar U Pulsar: a rotating neutron star
Period (sec) year
| 1970 1975 1980 ‘
,
s
0.8925 / |
(j: ; [
0.8924- e |
| _7/" 7
: (A | A8
0-892 //,\i_, E f ¥ /,
// i ’ http://svs.gsfc.nasa.gov/cdiin/details.cgi?aid=10205
G |
¢ «}{- ;
o a
!
!
I | t
Time

V.B. Bhatia, A Textbook of Astronomy and Astrophysics with Elements of Cosmology, Alpha Scienc
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A Glitches in the Vela pulsar

Period (sec)

Glitch: a sudden increase of the rotational frequency

|
|

0.8925-
0.8924
0.8923

0.8922-

U
s

0.8921¢>x
x\

-

1970

1975

Time

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

K. Sekizawa

TDDFT for Superfluid Dynamics in the Neutron Star Crust
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Studies of the pinning force

Representative studies of the pinning force

A HartreeFockBogoliubov theory

P. Avogadro, F. Barranco, R.A. Broglia, and E. Vigezzi,
PRC75(2007)012805(R)NPA7882007)130; NPA&11(2008)378

A ThomasFermi + LDA

P.M. Pizzochero, L. Viverit, and R. A. BrogliBRL79(1997)3347
P. Donati and P.M. Pizzochero, P&¥2003)211101; NPA422004)363;PLB640(2006)74
S. Seveso, P.MRizzocherpF. Grill, and B. Haskell, MNRA&52016)3952

A Hydrodynamics 4GinzburgLandau (for pairing)

M.A. Alpar et al.Astrophys J.2131977)5272761984)325
R.l. Epstein, GBaym Astrophys J.3281988)680
R.K. Link, R.I. EpsteinAstrophys J.3731991)592
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Superfluid hydrodynamics

Density dependence and asymptotic behavior of the force are predicted

(pin — pout)

1 pout
E = Eiension + = M*u? + 2R3
¢ 2 2pout ‘l_ Pin

(ZWT

Interaction energy between
a vortex line and an impurity

*Livout- Superfluid density inside/outside a nucle

dF 1
F=_— o o
dr X r3
1 D
E ension — 5 _ Fou 2L1 (_)
t 47T)0 th L1 26

* Am R3 (pout - pin)2

M
3 2pout + Pin
21h
K =
2my,

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

" )2+ O3 (r> ¢

Pin < Pout . attraction
Pin > Pout : repulsion

¥
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What was the-ofdteart?

Microscopic, static HFB calculations were performed assuming axial symmetry

r p—

o

— - | T

Epl]fl — E N I
Energy to create a vortex line Energy to create a vortex line

ona nuclear impurity In a uniform matter
E.g.) 0.026 fn? (SLy4)
6.19 MeV 13058.04 12954.02 13714.88 13617.05

P. Avogadro, FBarranco R.A. Broglia, and EVigezzi, PRCG752007)012805(R)NPA7882007)130; NR811(2008)378
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What was the-ofdteart?

Property of the pinning force was unclear

—i— HFB (Avogadro et al.)

— @ - TF+LDA (Donati & Pizzocherp

Interstitial pinning

6

Nuclear pinning -

P. Avogadro, FBarranco R.A. Broglia, and EVigezzi, PRC75(2007)012805(R)NPA811(2008)378
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Whatvehave investigat¥drterucleus dynamics

Response of a spinning gyroscope when pushed

y—

L— >
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MethodT DSLDA

We performed 3D, dynamical simulations by TDDFT with superfluidity

A TDSLDA equations (or TDHFB, TIBdG)

ih

ot

7 (i) = (&0

i) (o)

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
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MethodT DSLDA

We performed 3D, dynamical simulations by TDDFT with superfluidity
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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/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

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

a vortex line exists here
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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

K. Sekizawa TDDFT for Superfluid Dynamics in the Neutron Star Crust Sat., Nov. 24, 2018



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

TDDFT for Superfluid Dynamics in the Neutron Star Crust Sat., Nov. 24, 2018



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 4 N
B /,./ o0
0 ~——. /o 40
B < 30
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Results of TDSLDA calculatiomi4 fm=?

time= 8032 fin/c
F,(10.6)= 0.17 MeV /fm
Q= 13 fmn*

7

AwSLlzf aAdSE HH
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Measured force

F (MeV /fm)

= 2O O
o0 O U1 O

N
o

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

F. is negligibly small

. /l r . . Measured force

F.: negativefor repulsive

' F.: positive for anticlockwise
% 16 t p

Long-ranged for higher density
(smal l er o, | arger 3)

K. Sekizawa
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Force per unit length

We can predict the force for any vortex-nucleus configuration

U Force per unit length

; D DY Padéapproximant
F = /L f(r)sino e, dl fr) = [+ 57 B ph (=2 was used)
O -

-0.05

f(r) (MeV/fm?)

-0.10 / g :
5 Pn — 0.014 fm ™ 7 — ]

Pn = 0031 fm_g ....... :

_0.15"""""'-'---I---l...
8 10 12 14 16 18 20

r (fm)
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Results of TDSLDA calculatiomi4 fm=?

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

K. Sekizawa TDDFT for Superfluid Dynamics in the Neutron Star Crust Sat., Nov. 24, 2018
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Our goal and strateg) 2, NES

Goal: Unvell the mechanism of glitch

New collaboration started:
ECVT TP Stronomy
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