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How much does pairing affect the reaction dynamics?

4. Solitonic excitations In heavy-ion reactions




TDSLDA (Time-Dependent Superfluid Local Density Approximation)

TDSLDA: TDDFT with local treatment of pairing

Kohn-Sham scheme is extended for non-interacting quasiparticles

U 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)vp | (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 gp orbitals ~ # of grid points
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*The number indicates the rank according to the TOP500 list (June 28, 2021)

TITAN, ORNL, USA TSUBAMES3.0, Japan (No. 50)

Summit, ORNL, USA (No. 2)
GPU, 200 PFlops/s



Why GPUs?



CPU 1s like a very fast “sushi-production” machine
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https://newswitch.jp/p/23807
https://www.kyouzan.jp/menu/

CPU 1s like a very fast “sushi-production” machine

The speed is out of reach by a human power :(
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Pictures: PAKUTAS; Nikkan Kogyo Shimbun on Sep. 15, 2020 (https://newswitch.jp/p/23807); Kyouzan Sushi (https://www.kyouzan.jp/menu/)



https://newswitch.jp/p/23807
https://www.kyouzan.jp/menu/

What if we gather manpower?
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Picture: 4.7” iPhone 6 Production to Start Next Week, July 18, 2014 (https://www.iphonefag.org/archives/973661)



https://www.iphonefaq.org/archives/973661

If a huge number of simple calculations are the bottleneck, and memory fits,
a GPU may surpass a CPU!

V Asingle GPU can launch thousands of computing units in parallel
V Memory (~16 GB/GPU) and data transfer cost (GPU-CPU) limit the applicability

CPU
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Notice: TDSLDA equation is “local” in space

V Each thread takes care of each spatial grid point.
V For spatial derivatives, we employ cuFFT which requires GPU-CPU data transfers.

uk (7, 1) hap(r, ) Dy (v, 1) 0 A(r,t)
zhﬁ ug (rot) | hyp(e,t)  hyy(r,t)  —A(r,t) 0
ot | viqp(r,t) | 0 —A*(r,t) —hip(r,t) —h3 (r,t)

v,y (7, 1) A*(r,t) 0 —hIT(r,t) —hl('r,t)

U Orbitals are distributed to
tens to thousands of GPUSs

At e e

l-.-..--.-.. =
- -

#.._ Data transfer
for cuFFT



*The number indicates the rank according to the TOP500 list (June 28, 2021)

Piz Daint, CSCS, Switzerland (No. 15) TITAN, ORNL, USA TSUBAME3.0, Japan (No. 50)

Summit, ORNL, USA (No. 2)
GPU, 200 PFlops/s

Present computing capabilities:

V Full 3D (w/o symmetry restrictions)

V  Volume as large as 10032 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 /
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Applications of TDSLDA

TDSLDA has been successfully applied for both UFG and nuclear systems

: ! _ a : s-wave scattering length J
Unitary Fermi Gas (UFG) { kpa — 00, kpreg — 0 Fet - effective range

A. Bulgac and S. Yoon, PRL102(2009)085302.

A. Bulgac et al., Science 332(2011)1288.
A. Bulgac et al., PRL108(2012)150401.
A. Bulgac et al., PRL112(2014)025301.

G. Wlaztowski et al., PRA91(2015)031602(R).

G. Wlaztowski et al., PRL120(2018)253002.
P. Magierski et al., PRA100(2019)033613.

Nuclear systems

|. Stetcu et al., PRC84(2011)051309(R).

|. Stetcu et al., PRL114(2015)012701.

A. Bulgac et al., PRL116(2016)122504;
PRC100(2019)034615.

G. Wlaztowski et al., PRL117(2016)232701.
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Large-amplitude pairing field dynamics
Dynamics of quantum vortices

Quantum shock waves and domain walls
Dynamics of vortex rings

Dynamics of vortices and quantum turbulence
Solitonic cascades in spin-polarized UFG
Spin-polarized droplet in UFG

Isovector giant dipole resonance (IVGDR)
Relativistic coulomb excitation
Induced fission of 240Py

\ortex-nucleus interaction

Fri., Nov. 19, 2021



Dynamic excitations of the pairing field

The Pairing field provides a variety of dynamic excitation modes

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

=

] /= N
.

S SRR
1

—>

NS
—_>
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. Bulgac, Y.-L. Luo, P. Magierski, K.J. Roche, Y. Yu . . ; . ] )
Science 332, 1288 (2011) Throwing a spherical projectile B Vortex rings/lines

Stirring B Quantized vortices

|Al (eF)
0.5
lo.zx

10.3

10.2

Twisted stirring

o ¥
' 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. Wlaztowski, A. Bulgac, M.M. Forbes, and K.J. Roche, Phys. Rev. A 91, 031602 (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

L L)

L

20 ms

85 ms Vortex line

ol 5

95 ms

0.4s S
.-
-91 -65 -39 -13 +13 +39 +65  +91 J
y (um)

M.J.H. Ku, B. Mukherjee, T. Yefsah, and M.W. Zwierlein, Phys. Rev. Lett. 116, 045304 (2016)
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Topological excitations in ultracold atomic gases

G. Wlaztowski, K.S., M. Marchwiany, and P. Magierki, Phys. Rev. Lett. 120, 253002 (2018)

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

/) “® solition”

y (um) x|
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B® Solitonic excitations in nuclear reactions

OO

P. Magierski, K.S., and G. Wlaztowski, Phys. Rev. Lett. 117, 232701 (2016).
P. Magierski, A. Makowski, M.C. Barton, K.S., and G. Wlaztowski, arXiv:2111.05135.




What we investigated

3D, TDSLDA calculations (Fayans w/o LS) predicts
novel phenomena associated with solitonic excitations!!

O. What happens when two superfluid nuclei with different phases collide??

Ap (= 1 — ¢2)
|A1(T,t)|ei |A2(,rjt)’€i(,02(’r‘,t)
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TDSLDA resuit®u+4Pu heazh collisionsEL1.1)

The phase difference changes kinetic energy of the fragments

p(r,1)

ST RN Ry

Q0000

TKE (MeV)

N

00000

K. Sekizawa

P

5 A
sin2 2S¢ Why??

2

610 -I | 1 | 1 | 1 | ]
0 02 04 06 08 1

AQ ()

P. Magierski, K.S., G. Wlaztowski, Phys. Rev. Lett. 119, 042501 (2017)
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TDSLDA resuit®u+4Pu heazh collisionsEL1.1)

P

The phase difference changes kinetic energy of the fragments

Note: A
It cannot be explained by Josephson effect! sin> ¥ Why??

o sin A

l ,5 T I T I T [ / T

0 02 04 06 08 1
A ()

P. Magierski, K.S., G. Wlaztowski, Phys. Rev. Lett. 119, 042501 (2017)
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Solitonic excitations

Additional energy Is required to attach two superfluids with different phases

U The additional energy (derived from Ginzburg-Landau theory)

L
e

S h? A S
E = ——nssinz—(p vd
L2m 2

*|t does not depend on the absolute value of the pairing!  S: Attaching area

L: Length scale over which the phase varies
e.g.) S=nR? L~R=6 fm, n;=0.08 fm= — E~30 MeV n.: Superfluid density

P. Magierski, K.S., G. Wlaztowski, Phys. Rev. Lett. 119, 042501 (2017)
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Solitonic excitations

Additional energy Is required to attach two superfluids with different phases

An(’f’, t) (NIGV) 24OPU+Z4OPU (E/V :1.1), A(,O =T

Bass

Pairing field is vanishing!
(due to phase discontinuity)

P. Magierski, K.S., G. Wlaztowski, Phys. Rev. Lett. 119, 042501 (2017)
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TDSLDA res®Br+%Zr headn collisions

Fusion reaction iIs suppressed by the phase difference

E/VBass = 1.0

4/4 Pl

3/4 Pl

2/4 P

O 0 O 0O
OO PO PO PO

INE

O 0 0 O O

1/4 Pl

OO OO0

O

P. Magierski, K.S., G. Wlaztowski, Phys. Rev. Lett. 119, 042501 (2017)

0/4 P
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TDSLDA res®Br+%Zr headn collisions

Fusion reaction iIs suppressed by the phase difference

Ap

: 37
Non-Fusiong — ( Z )
4

3/4 Pl

1

2/4 Pl

S

Fusion PR i ~+

)

P. Magierski, K.S., G. Wlaztowski, Phys. Rev. Lett. 119, 042501 (2017)
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TDSLDA resi®r+%r heaon collisions

Fusion reaction Is suppressed by the phase difference

*E¢sion: the lowest energy at which fusion reaction is observed

S
I .
s .
2 210 |- o’
§ 200 | i 5 _
L . |
190 @@ _
0 02 04 06 08 1

Ag (m)

P. Magierski, K.S., G. Wlaztowski, Phys. Rev. Lett. 119, 042501 (2017)

K. Sekizawa
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TDSLDA resHBr+%Zr nogentral collisions

For non-central collisions, contact time & scattering angle are also affected

K. Sekizawa

O

f 2/4 Pl
e

0/4 Pl

O

)

P. Magierski, K.S., G. Wlaztowski, Phys. Rev. Lett. 119, 042501 (2017)
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TDSLDA resudt®u+4Pu heawh collisions

Q0000

S

Phase difference prevents ternary quasifission

E/Viass = 1.3

4/4 Pl

3/4 Pl

2/4 Pl

1/4 Pl

00000
O0O000)
QOO0

0/4 Pl

Ay, (7r,t) (MeV)

P. Magierski, K.S., G. Wlaztowski, Phys. Rev. Lett. 119, 042501 (2017)

K. Sekizawa
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TDSLDA resudt®u+4Pu heawh collisions

Phase difference prevents ternary quasifission

' 0.08 3. . 0.5
37
Y 2 8 <@ !

3/4 Pl

Ao E/VBags = 1.3

Ay, (7r,t) (MeV)

ig

Gr o

2/4 Pl

)

1/4 Pl

0/4 Pl

P. Magierski, K.S., G. Wlaztowski, Phys. Rev. Lett. 119, 042501 (2017)
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Recently we put a further step forward:

TDSLDA calculations were carried out
with a full nuclear EDF with spin-orbit couplings

arXiv:2111.05135

Bottomline messages are:

U The solitonic excitation does emerge even with the inclusion of spin-orbit couplings.

U The effects are found to be weaker, e.g., AE; .~ 6 MeV, in %Zr+%Zr.

U Besides, we found novel dynamics: a collision-induced dynamical symmetry breaking
in the %9Zr+9%Zr reaction, which we interpret as Higgs mode excitations.




Relative phase dependence of fusion reactions

Dashed lines My Threshold energies from TDSLDA

~
V(R) with
frozen density <
approx.

S0Zr+90Zr
—— HZr+%Zr, Ap=n
BZr+9Zr, Ap=0

1 AE = 6.5MeV
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A, = 0.32

96 (A

Zr |An =2.44 178 187 9

A, = 0.33
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stronger pairing

TXE =E,,, - TKE (= TKEL)

A, (MeV)||  Fem (MeV) TXE (MeV)
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Sp = 0.32 AE=12 MeV
96 _
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stronger pairing
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Higgs mode excitations in 20Zr+%Zr

K. Sekizawa
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. Summary




| hope you enjoyed our exciting adventure!

“Flat Earth” by iStock; “Fanciful view of ship sailing over edge of Earth” by Georgia Studies Images; “Star Wars Spaceship” by Valérian Pierret @Artstation



https://www.istockphoto.com/au
https://georgiainfo.galileo.usg.edu/gastudiesimages/Ship%20Sailing%20Over%20Edge%20of%20Earth.htm
https://www.artstation.com/artwork/e0m4eJ

Summary of Lecture 1

Proton number

K. Sekizawa

Takeaway messages

V Inthe (TD)HF theory, the many-body wave function is approximated
by a single Slater determinant.

V In nuclear physics, a densitydependentlocal (i.e. vi; o< d(r; —7;) ),
“ef fect i v dasused)leading ta local (TD)RFP equations.

V We may regard (TD)HF equations as (TD)KS equations in (TD)DFT,
which lies behind the success of mean-field approaches.

Wﬁ)lem

Neutron star Quantu

UTRON STAR: SI

ANE URFACE and INTERIOR
P N S ‘
= ml ‘ =
|
Matt
/ |
ATMOSPHERE
ENVELOPE

CRUST

Z=50

Neutron number

Lecture 1: An introduction to mean -field approaches - TDHF and TDDFT Thu., Nov. 18, 2021



Summary of Lecture 2

Takeaway message

V' TDDFT can properly describe the main reaction outcomes in low-energy
heavy-ion reactions, and may be further improved with extended techniques

Main reaction outcomes

TDDFT

Average number of nucleons,
TKE, scattering angles,

Fluctuations/correlations cCMAact imes, ... Further extensions

SMF and TDRPA e.g. TDDFT+Langevin
Width of mass, charge distributions, Providing input information for
correlation between n/p transfers, other theoretical approaches

K. Sekizawa Lecture 2: TDHF and extended approaches for low-energy heavyion reactions Thu., Nov. 18, 2021



Summary of Lecture 3

When two superfluid nuclel with different phases collide

[Aq(r,t)]e

solitonic excitations might be induced

Ap (= 1 — p2)
[Ay(r,t) |€i<pz(?‘,t)

solitonic l, YI1Y l,
excitations l YIVY ‘L
vV |V

€—E—€—€

P. Magierski, K.S., G. Wlaztowski, Phys. Rev. Lett. 119, 042501 (2017)
P. Magierski, A. Makowski, M.C. Barton, K.S., and G. Wlaztowski, arXiv:2111.05135.
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Summary of Lecture 3

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

> A Scattering angle

Ap (= 1 — p2)
A1(r,t)|e [Ay(r,t)|el?2 (D)
It may affect:
V(R) A TKE (~10-30 MeV)
A A Fusion dynamics
A Neck formation
/\ A Contact time
R

P. Magierski, K.S., G. Wlaztowski, Phys. Rev. Lett. 119, 042501 (2017)
P. Magierski, A. Makowski, M.C. Barton, K.S., and G. Wlaztowski, arXiv:2111.05135.
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