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Animation taken fromBrookhaven National Laboratory Website!((


http://www.bnl.gov/rhic/
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Remarks on TDHF (or TDDFT, TDEDF)

V There Is no adjustable parameter on reaction dynamics

t« 9 . . : .
g — / dt (?,ﬁ Z<(/)z(t)’2’d)z(t)> —'E[p(t)]\ Effective interaction
to i at S ' / _______ . /W_\
— Elp]i= (ofH]2)
di(rog.t) - A
ih ® (gjq ) = hlp(t)]|¢i(roq,t) :TDHF eq. Energy Density Functional (EDF)
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KS and K. Yabana, PREB(2013)014614; &, PRG&(2017014615
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“Ni+*3 atE,,=390 MeV KS and K. Yabana, PRI3(2016)054616
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**Ni+23 atE,;=390 MeV KS and K. Yabana, PRI3(2016)054616
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Expt.:E.M. Kozulin et al, PLB6862010)227
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Exploring Zeptosecond Quantum Equilibration Dynamics:
From Deep-Inelastic to Fusion-Fission Outcomes in **Ni + %Ni Reactions
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Method: Variational principle oBalianandVénéroni

Vari ational space can be contro

~ N
U The actionlike quantity defined byalianandVeénéroni

J = Te[A(t)D(t)] — /tl Tr [/Zi(t) (% +ilH(1), f)(t)]ﬂ dt

to

D(t) : describes the state of the system
}i(t) . describes the evolution of the observable in the Heisenberg picture

R.Balianand M.Vénéronj Phys. Rev. Let47, 1353 (1981); Ann. Phy216, 351 (1992).
C. Simene] Phys. Rev. Lettl06, 112501 (2011); Eur. Phys. J48, 152 (201Zb

\
4 )
A Unrestricted variation (w.r.t. eitherA or D) - TDSE
A Slater determinant & onebody observable q TDHF
A Slater determinant & fluctuations of onébody observable TDRPA
\_ .

K. Sekizawa A " Thu., Dec. 27, 2018



Numerical implementation of TDRPA for the mass width

Forward TDHF

~

oh = (V%) — (W)

O Aften:t1
TDHF: (,~ 1.5

to Experiment: 0, ~ 7.1 Initial state:t,

R. Balianand M.Vénéronj Phys. Rev. Let#d7, 1353 (1981); Ann. Phy216, 351 (1992).
C. Simene] Phys. Rev. Lettl06, 112502 (2011); Eur. Phys. J48, 152 (2012).



Numerical implementation of TDRPA for the mass width

The Balian-Vénéroni prescription (TDRPA):

2 (t4 Tr{[p(to) — px (to,<)]?
0% (t1) = lim 1{[[)(0)—[)\(0)]}

2
e—0 o

Backward TDHF

After collision:t;

oh = (N?) — ()’

TDHF: C, ~ 1.5 W o€
to Experiment: 0, ~ 7.1 Initial’stateA,,
TDRPA: U, ~7.5

R. Balianand M.Vénéronj Phys. Rev. Let#d7, 1353 (1981); Ann. Phy216, 351 (1992).
C. Simene] Phys. Rev. Lettl06, 112502 (2011); Eur. Phys. J48, 152 (2012).



58,60\ 60N; — . .
Ni+°Niat E/Vg=1.4 E. Williams, KS, D. Hindeet al, Phys. Rev. Letf120, 022501 (2018)
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58,60\[i+ 60N — . .
Ni+*Ni at E/Vg=1.4 E. Williams, KS, D. Hindet al, Phys. Rev. Lett120, 022501 (2018)
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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

K. Sekizawa eKum. n~f etziy ” Thu., Dec. 27, 2018



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 ol
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

K. Sekizawa eKum. n~f etziy " a Thu., Dec. 27, 2018



*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 /




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)




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

K. Sekizawa eKum. n~f etziy " a Thu., Dec. 27, 2018



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

K. Sekizawa ! Thu., Dec. 27, 2018



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

v s

K. Sekizawa A " Thu., Dec. 27, 2018



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

K. Sekizawa eKum. n~f etziy ” Thu., Dec. 27, 2018



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, 253002 (2018



Wh at 0 s - lmplicatidh toquantum turbulence

)
"
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4

X

1A onu] wina
(9' J “CRY m*'ﬂ""f" A docr wasead loni D . o Ky W

‘\

' A
chaatic,dissipation torsmaller:scales tangles, reconnections, -Kelvin.waves

Left: Work by Leonardo da Vinci Right: Fig. 1 taken from
A. Villois et al., Phys. Rev. B3, 061103(R) (2016



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




What we have investigated

3D, TDSLDA calculations(Fayansw/o LS) predicts
novel phenomena associated witkolitonic excitationd!

Q. What happens when twsuperfluid nuclei with differentohasescollide??

Ap (= v1 — ¢2)
|A1(T,t)|ei |A2(,rjt)’€i(,02(’r‘,t)

K. Sekizawa eKum. n~f etszid ” a Thu., Dec. 27, 2018



TDSLDA resuit®u+4Pu heazh collisionsEEL1.1)

The phase difference chandasetic energy of the fragments

Ap o 1) sin? > 88 Why?

d o ol A S

10 O]

10O Q]

%O O (i) A R E .
2 0 02 04 06 08 1

) O O A (7)
o4

P.Magierski K.S., GWI a z §,0Phys. Rev. Lettl19 042501 (2017)

K. Sekizawa eKum. n~f etszid ” a Thu., Dec. 27, 2018



TDSLDA resuit®u+4Pu heazh collisionsEEL1.1)

The phase difference chandasetic energy of the fragments

Note: A
It cannot be explained Rpsephson effelct sin? Why??

o sin A

l ,5 T I T I T [ '/V T

0 02 04 06 08 1
A ()

P.Magierski K.S., GWI a z § ,Phys. Rev. Lett119, 042501 (2017

K. Sekizawa . n i " a Thu., Dec. 27, 2018



Solitonic excitations

Additional energy is required to attach tagperfluidswith different phases

U The additional energlderived fromGinzburgLandau theory

L
e

S h? A S
E = ——nssinz—(p e
L2m 2

*It does not depend on the absolute value of the pairings: Attaching area

L: Length scale over which the phase varie
e.g.) S R? L~R=6 fm,n=0.08 fm®Y E~30 MeV ng Superfluid density

P.Magierski K.S., GWI a z §,0Phys. Rev. Lettl19 042501 (2017)

K. Sekizawa eKum. n~f etziy ” Thu., Dec. 27, 2018



Solitonic excitations

Additional energy is required to attach tagperfluidswith different phases

An(?",t) (1\*’16\/) 240PU+240PU (E/VB :1.1), A(,O =T

ass

Pairing field is vanishing!
(due to phase discontinuity)

P.Magierski K.S., GWI a z § ,Phys. Rev. Lett119, 042501 (2017

K. Sekizawa "oa Thu., Dec. 27, 2018



TDSLDA resi®r+%Zr heaon collisions

Fusion reaction is suppressed by the phase difference

E/VBass = 1.0

4/4 Pl

3/4 Pl

2/4 P

INE

O 0 0 O O

1/4 Pl

OO0 O 0 O
OO OO0
OO OO0

0/4 P

P.Magierski K.S., GWI a z §,0Phys. Rev. Lettl19 042501 (2017)

K. Sekizawa "a Thu., Dec. 27, 2018



TDSLDA resi®r+%Zr heaon collisions

Fusion reaction is suppressed by the phase difference

Ao E/Viass = 1.0
B SV AR 0.5
Non-Fusio %’T (X)) ) ()3
4 *e -y
Fusion ,——\\ -+ = ;.~\
&=

P.Magierski K.S., GWI a z §,0Phys. Rev. Lettl19 042501 (2017)

K. Sekizawa eKum. n~f etszid ”a Thu., Dec. 27, 2018



TDSLDA resi®r+%Zr heaon collisions

Fusion reaction is suppressed by the phase difference

*Eqsion: the lowest energy at which fusion reaction is observed

e
: .
9 - @ ]
3 0| g
g =
8 200 |- | _
LIJ_ e @
. . _
0 02 04 06 08 |
A (7)

P.Magierski K.S., GWI a z § ,Phys. Rev. Lett119, 042501 (2017

K. Sekizawa eKum. n~f etziy " a Thu., Dec. 27, 2018



What we have found

When two superfluid nuclei with different phases collide
solitonic excitations might be induced

Ap (= 1 — p2)
A1(7,t)|e [As(r, t)|el?2 (D)
v
solitonic l, Y 4 Y l,
excitations ‘1' YIY ‘L
vV
v |V
v

K. Sekizawa eKum. n~f etszid ” a Thu., Dec. 27, 2018



What we have found

When two superfluid nuclei with different phases collide
solitonic excitations might be induced

Ap (= o1 — p2)
|A1(T,t)|ei |A2(T’t)|eiipg(?"?t)

——
——
e

G

€—E—&—€

K. Sekizawa eKum. n~f etziy " a Thu., Dec. 27, 2018



What we have found

When two superfluid nuclei with different phases collide
solitonic excitations might be induced

Ap (= 1 — p2)
[Ao(r,t) |€i~;02(?"at)

Itlméy ‘!(fféct:
TKE (~10-30 MeV)

Fusion dynamics
Neck formation
Contact time

o Do Do To I»

Scattering angle

K. Sekizawa eKum. n~f etziy " a Thu., Dec. 27, 2018
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