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- catek po trajektoriach (Monte Carlo),
- funkcjonatu gestosci energii (stacjonarnej i zaleznej od czasu),
do badania kwantowych gazéw atomowych i uktadéw jadrowych (jgdra atomowe,

materia neutronowa, materia jgdrowa.)




What is a unitary gas?

A gas of Interacting fermions is in the unitary regime if the average
separation between particles is large compared to their size (range of
Interaction), but small compared to their scattering length.
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System is dilute but
strongly interacting!

Universality: E(X)=&(X)Ers ; X= %
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EFG - Energy of noninteracting Fermi gas




Cold atomic gases and high Tc superconductors
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From Fischer et al., Rev. Mod. Phys. 79, 353 (2007) & P. Magierski, G. Wlaztowski, A. Bulgac, Phys. Rev. Lett. 107, 145304 (2011)



Equation of state of the unitary Fermi gas - current status
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Experiment: M.J.H. Ku, A.T. Sommer, L.W. Cheuk, M.W. Zwierlein , Science 335, 563 (2012)

MC (PIMC + Hybrid Monte Carlo):
J.E.Drut, T.Lahde, G.Wlaztowski, P.Magierski, Phys. Rev. A 85, 051601 (2012)




From Sa de Melo,
Physics Today (2008)
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Pairing pseudogap: suppression of low-energy spectral weight
function due to incoherent pairing in the normal state (7 > T)

Important issue related to pairing pseudogap:
- Are there sharp gapless quasiparticles in a normal Fermi liquid
YES: Landau's Fermi liquid theory:
NO: breakdown of Fermi liquid paradigm




In the sinqgle particle fermionic spectrum - theor

Normal Fermi gas

Onset of
the pseudogap

Ab initio result: The onset of pseudogap phase at 1/ak_

Magierski, Wlaztowski, Bulgac, Phys. Rev. Lett.107,145304(2011)
Magierski, Wlaztowski, Bulgac, Drut, Phys. Rev. Lett.103,210403(2009)



Spin susceptibility and spin drag rate
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FIG. 2: (Color online) The static spin susceptibility as a func-
tion of temperature for an 8% lattice solid (red) circles, 10°
lattice (blue) squares and 122 lattice (green) diamonds. Ver-
tical black dotted line indicates the critical temperature of
superfluid to normal phase transition 7. = 0.15 2. For com-
parison Fermi liquid theory prediction and recent results of
the T-matrix theory produced by Enss and Haussmann [25]
are plotted with solid and dashed (brown) lines, respectively.
The experimental data point from Ref. [15] is also shown.

Wlaztowski, Magierski, Bulgac, Drut, Roche,

Phys. Rev. Lett. 110, 090401,(2013)
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FIG. 3: (Color online) The spin drag rate I'., = n/o. in
units of Fermi energy as a function of temperature for an 8%
lattice solid (red) cireles, 10% lattice (blue) squares and 12°
lattice (green) diamonds. WVertical black dotted line locates
the critical temperature of superfluid to normal phase tran-
sition. Results of the T-matrix theory are plotted by dashed
(brown) line [25]. The inset shows extracted value of the
contact density as funetion of the temperature. The (purple)
asterisk shows the contact density from the QMC calculations
of Ref. [29] at T = 0.
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Hydrodynamics at unitarity

No intrinsic length scale mmmp Uniform expansion keeps the unitary gas in equilibrium

Consequence:
uniform expansion does not produce entropy = bulk viscosity is zero!

Shear viscosity:

For any physical fluid:

Q > h KSS conjecture
S — 4 k Kovtun, Son, Starinets, Phys.Rev.Lett. 94, 111601, (2005)
7T B | from AdS/CFT correspondence

Maxwell classical estimate:77 ~ mean free path

No well defined
quasiparticles

Perfect fluid g: - strongly interacting quantum system =

47Ky

Candidates: unitary Fermi gas, quark-gluon plasma



Shear viscosity to entropy density ratio
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G.WIlaztowski, P.Magierski,J.E.Drut,
Phys. Rev. Lett. 109, 020406 (2012)




Shear viscosity to entropy ratio — experiment vs. theory
(from A. Adams et al.1205.5180)
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Lattice QCD ( SU(3) gluodynamics ): QMC calculations for UFG:
H.B. Meyer, Phys. Rev. D 76, 101701 (2007) G. Wlaztowski, P. Magierski, J.E. Drut,
Phys. Rev. Lett. 109, 020406 (2012)




Formalism for Time Dependent Phenomena: TDSLDA

A.K. Rajagopal and J. Callaway, Phys. Rev. B 7, 1912 (1973)
V. Peuckert, J. Phys. C 11, 4945 (1978)
E. Runge and E.K.U. Gross, Phys. Rev. Lett. 52, 997 (1984)
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Density functional contains normal densities, anomalous density (pairing) and currents:

E(t) = [d’r [ e.0,7(F.0v G0, jGE OV, F OnGE, D+ ]

' Nuclear
Density e
functional for -gy _
unitaryv Fermi functional:
);5 SLy4, SkP,
- SkM*,...

Both codes: SLDA and TDSLDA are formulated on the 3D lattice without
any symmetry restrictions.
SLDA generates initial conditions for TDSLDA.



Fig. 3. (A to D) Two vortex ptoach each other, connect at two points, form a rina and exchanae between them a portion of the vortex line, and subseauently
separate. Segment (a), which i y belonged to the vortex line attached to t

Vortex dynamics:
Bulgac, Luo, Magierski, Roche, Yu,
Science 332, 1288 (2011)

Photoabsorption cross section
for heavy, deformed nuclel.

(gamma,n) reaction
through the excitation of GDR

|.Stetcu, A.Bulgac, P. Magierski, K.J. Roche, i 5 18 o0
Phys. Rev. C84 051309 (2011) E [MeV]




LONG RANGE GOAL:

Microscopic description of induced nuclear fission process
(induced either by neutron or gamma capture)

Selected capabilities of the SLDA/TDSLDA codes:

* Full 3D simulations with no symmetry restrictions

 Number of evolved quasiparticle wave functions is of the order of the lattice size: O(10%)- O(10°)

« For TD high-accuracy and numerically stable Adams—Bashforth—Milne 5" order predictor-corrector-
modifier algorithm with only 2 evaluations of the rhs per time step and with no matrix operations

« Very fast I/O capabilities

 Volumes of the order of (L = 80%) capable of simulating time evolution of 42000 neutrons at
saturation density (possible application: neutron stars)

» capable of simulating up to times of the order of 10-1° s (a few million time steps)

 Presented calculations for unitary Fermi gas required over 200,000 cores of Titan (Oak Ridge Nat.
Lab.)

* Recently the TDSLDA code for the unitary gas has been rewritten for GPUs
(reaching the speed up of factor 10)




Aspekty techniczne obliczen

Przestrzei MPI Organizacja obliczen typu
GRUPA 1 CRUBAI ,JKwantowe Monte Carlo”

CPU | | CPU CPU | | CPU v/ Przestrzen MPI zostaje podzielona na grupy
L 2 > B ¢ / Kazda grupa niezaleznie wykonuje prébkowanie
[ wPi_] [ wP_] Monte Carlo
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v Funkcje falowe oraz elementy macierzowe
zostajg rozdzielone pomiedzy rdzenie

Brak komunikacji MPl pomiedzy grupami (Block Cyclic Data Distribution)

/" Na koniec symulacji wyniki sg zbierane z
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Wykorzystane oprogramowanie:

+ Kompilator Fortran 30 Wykorzystane komputery (2012);
(module pgi/10.9) |
. OpenMP| - Halo
(module openmpi/1.4.2/pgi10.9) . Halo2
- BLAS/LAPACK Sumaryczne zuzycie CPU:
. AMD Core Math Library (ACML) 1211 673
. FFTW
. Python Czas generacji nieskorelowanej probki - kod Hybrydowe Monte Carlo
120
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Nuclear DFT
E = / d>rH(r)

where
H(r) = CPp*+C°5-§+CPpV2p+ C25 - V25 + CT(pr — - J) +
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o density: p(r) = p(r, )|, =

e spin density: §(r) = s(r, '), =

e current: j(r) = Ql(\:/; — V) p(r. x|y

e spin current (2nd rank tensor): J(r) = %(ﬁ — V) @ 3(r,v)|
e kinetic energy density: 7(r) = V- V/p(r.v/)|,—

e spin kinetic energy density: T(r) = V - V/'3(r.v/)|p—p

e anomalous (pairing) density: x(r) = x(r,r")|,—



