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Methool We employ Time-Dependent Superfluid Local Density Approximation: TDSLDA

To describe superfluid dynamics In strongly-correlated Fermionic
systems, we use Time-Dependent Density Functional Theory
(TDDFT) extended to superfluid systems, TDSLDA [1]. We solve it

TDSLDA: TDDFT with local treatment of pairing

Kohn-Sham scheme is extended for non-interacting quasiparticles

» TDSLDA equations (formally equivalent to TDHFB or TD-BdG equations)

In 3D uniform grids without symmetry restrictions. Since It requires to win () hea(rt) A (rf) 0 A\ fuga(e )
solve a large number (104-108) of 3D, non-linear, coupled PDEs, we do | (Eﬁiﬁ::iﬁ) - (’mgr.t) A A _,.ﬁfw)) (j;;_;gjj;g)
vk, (7, 1) A*(r,t) 0 —hj.(r,t) —hj (r.t) vk, (7, 1)

need supercomputer. With local treatment of pairing, the equations could
be solved efficiently on GPUs: each thread takes care of each lattice .
- - - - he = —— : s.p. Hamiltonian Ey<E.
point. With the usage of supercomputers, It has been successfully applied 2 W) = 3 unr(r. )iy (r,t) : anomalous density

OF Ep<E.

to, e.g., collisions of two superfluid nuclei [2] as well as vortex-nucleus A=~ ¢ pairing field Jo(rt) = 1S Tmfug, (r. )V (r, )] curren
dynamics in the inner crust of neutron stars [3].
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A large number (104-10°) of 3D coupled non-linear PDEs have to be solved!!
# of gp orbitals ~ # of grid points

Results (1/ 3) Effects of superfluid dynamics on low-energy nuclear reactions
Synthesis of new superheavy elements is one of the most challenging 9000 -
subjects in nuclear physics. So far, the elements up to 118 (Ogannesson, Lgsooo R T e i
Og) have been synthesized using “¢Ca (proton number Z=20, neutron kL S B T i % s ¥
number N=28) as a projectile. To go beyond the element 118, one must el I e
use a projectile heavier than calcium (i.e., Z>20). However, in contrast to § 5000 Az I -
Ca, heavier projectiles are expected to show  superfluidity U N ey

(superconductivity), and its effects on the synthesis Is an open problem. obD 2‘20 2;0 ziﬁo ;80 o0

Within this project, we have thus carried out exploratory Centre of mass energy [MeV]
simulations for the Ca+252Cf and 5°Ti+252Cf reactions which may Fig.1: Sticking time is shown as a function of center-of-
. ] 48 252 i ]
lead to synthesis of the elements 118 and 120, respectively. From the Mass_energy for ©Ca+=°CT (filled triangles) and
. .. OTi+252Cf (filled circles) reactions. Abrupt changes of
results, we have found that superfluidity affects significantly the

. : . the sticking time are predicted.
reaction dynamics [4]. Intriguingly enough, we observed an

. o . . o5 015
unexpected abrupt increase of sticking time of colliding nuclel at a scg252c5 ‘ . wgsg ‘ - o M
certain energy range, which may enhance the probability of fusion E_ =230 MeV sy ) sty (42
(see Fig.l). This type of reaction dynamics has not been observed In ‘ " Iggig ‘ ) lﬂiii
mean-field approaches without taking into account superfluid dynamics. fozrs e
Moreover, we have found that superfluidity is induced in the initially- B e
normal 48Ca nucleus after collision, which offers new insight into the ‘ lggig !ggﬁg

reaCti On meChan ism (See F i ! I . 2) . proton pairing gap (MeV) proton pairing gap (MeV)

On the other hand, the inclusion of pairing gives rise to an additional E;?r'izr;gsgn;gf?ﬂisdgre ii%sggtg%)’bgfourtem(?zg??e%oatﬁg
degree of freedom—the phase of the complex order parameter. jfier (t=10,200 fm/c, right) collision.

Indeed, In our preceding study [2], we found novel effects of the pairing,
which may hinder fusion reactions. We have thus conducted simulations /\ = 0 e
for fusion reactions in medium mass systems varying the relative phase oo
of colliding nuclel, with a realistic nuclear interaction (EDF) including

the spin-orbit coupling. From the results, we have found that reaction

dynamics [e.g., quadrupole moment (see Fig.3) and pairing amplitude]

< 0.01 MeV, e.c.m = 184 MeV
=2.94 MeV, e.c.m =178 MeV
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Quadrupole moment

depend on the relative phase. Interestingly, shape evolution of a fusing VWA " S S
system exhibits quite different behavior depending on the relative 000 , , , , ,
phase difference and pairing strength, while the effect on fusion Time afer colison [

Fig.3: Time evolution of quadrupole moment In
NZr+397r and 2*°Zr+%°Zr collisions with Ag = 0 or = and
with different pairing strength.

nindrance has been found to be relatively small.
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Results (2/ 3) Dynamic generation and stability of the Higgs mode in spin-polarized Fermi gas

We have performed simulations that involved rapid quench of pairing coupling constant in ultracold atomic gases. The
Influence of the quench was studied as a function of spin polarization and dimensionality of the system. We have found that it
Induces large amplitude oscillation mode of the order parameter (Higgs mode) which is dynamically unstable and decays into
non-homogeneous state.

We track various quantities during the time evolution of the system after the interaction quench until it reaches equilibrium.
"he most important information is carried by the order parameter [top panels In Fig.4(a) and left top panel in Fig.4(b,c)] and
the local spin polarization (right bottom panel) across the system: depending on the initial spin imbalance of the system,
different patterns In the final state arise. We find that the spin polarization accumulates in nodal planes and stabilizes final
state leading to state resembling glass, or predicted by recently ferronic states [5]. Further investigation of this novel state and
perspectives for its detection through experiments with ultracold atoms is ongoing. As a future work we will examine of more
thermodynamic quantities and performing similar simulations for 3D states.
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Cycle: 1000 Time 70005 P=0% § ceise " Tmesioros =P%l Fig. 4: (a) Comparison between
’ | spin-symmetric (p=0%) UFG
(on the left) and p=5% (on the
right). Size of the system Is

\ | . k 128x128 for Delta and

S e ‘ : polarization panels. In panels
(b, c), the top right panel shows
profile iIn momentum space the
size Is 32x32 (0<=k,<32,
0<=k,<32). The right bottom
panel shows local polarization.

Results (3 /3) Peculiar excitation modes of spin-polarized Fermi gas have been explored

The dynamical formation of the spin-polarized impurity (ferron) in a || /Ef e B/
superfluid gas of two-component fermions is shown in Ref. [5]. Briefly,
the process includes a time-dependent, spin-selective, Gaussian R — S
spherical potential. After the potential Is turned off, the ferron Is stable e
within limits of the numerical stability. Here we present a deformed
ferron generated by an elliptical potential. On the left panels of Fig.5,
the configuration right after the polarizing potential Is turned off are
displayed. On the right panels of Fig.5, It is seen that during the time Fig.5: Spatial profiles of a deformed ferron. Absolute
evolution, the ferron shrinks rather than splitting into two separate Vvalue and relative phase of pairing field are shown in
ferrons. The results are shown within limits of the numerical stability of tOp and bottom panels, respectively. Left panels show
the time-dependent simulation. It can be seen that ultimately the ferron hose quantity right after polarizing potential is turned
will form a spherically symmetric configuration since it is energetically oft W1h'|e right panels show those after time evolution.
more favorable. On the upper and lower panels of Fig.5, the strength of
the pairing field (JA|) and the relative phase of the pairing field (¢) are
shown. These quantities are the indicators of a stable configuration; R == e
where the pairing field changes its sign it crosses through zero (as shown F a A
In Fi1g.5). This nodal surface is where the unpaired particles harbor as so |
called Andreev states. The size of ferron is governed by the amount of g L
the Andreev states it has [6], which could accurately be reproduced e T
using a semiclassical approximation (see Fig.6). We distinguish the Fig.6: Andreev states are shown for different sizes of
Andreev states by Introducing a small angular kick to the system ferron. Points: TDASLDA, dashed lines: semiclassical.
allowing us to observe their magnetic quantum numbers (m). 0.12- J

phase difference
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In addition, we have studied structure of a quantized vortex In spin- 0.101 vomoo I L ANGK A A
polarized Fermi gas. Our exploratory simulations revealed that there et Q- oie ¥
exists a reversed flow inside the vortex core region, as depicted in Fig./. Z;gzj . v
One can notice that for sufficiently large spin imbalance of the system 0.00-
the flow in the vortex core exhibits reversed circulation (red line, 0.001 - &
triangles). This particular case is visualized In the inset, in which arrows 5 T 3 3 7 z

shows the direction of the flow, while the colormap displays density riq 7: \elocity profiles (in Units of the Fermi velocity

distribution of the fluid. Dashed line corresponds to velocity profile of v_=p_/m) as a function of distance from the core of the
the ideal quantum vortex v(r)~1/r. vortex (in units of BCS coherence length &=e/k-|Al).
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