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Outline:

» TDSLDA and its implementation in the petascale regime

» Applications to various nuclear processes:
Spectral strength of collective excitations in nuclei
Coulomb excitation of nuclei with relativistic heavy-ions

Nuclear reactions — neutron scattering/capture
(Induced) nuclear fission
> (Applications to Unitary Fermi Gas)
» Why we need to extend the eterministic TDSLDA to a
Stochastic TDSLDA and why we need the exascale regime?
» How to implement Real-Time Path Integral for Interacting
Many Fermion Systems
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Towards a universal nuclear density functional

S. A Fayans

Fiarchatov Institute Russian Science Center, 123152 Moscow, Russia
The total energy density of a nuclear system is represented as

e=gyte,te,tect eyt e (1)
where e, 15 the kinetic energy term which, since we are constructing 2 Kohn—Sham type
functional, 15 taken with the free operator r=p</2m, 1e., with the effective mass
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The volume term in (1) is chosen to be in the form medium effects which may presumably be incorporated phenomenologically within the
EDF framework m a localized form by introducing a dependence on density gradients. It
! gadaep i
1-hi x7 . 1—-h_x. 15 taken as follows:

v -2

X, +a_

T1+h3xT

-
— 0

=3 €ppp| a
3 FPo

\‘“,

— 7 X\_
1+hi_x, - s
= a,ry(Va,)”

A1 \ Y €qp - - -
Here and m the following x. =(p, = p,)/2ps. pa(p) 15 the neutron ( RO x + h ora(Vx.)”
2py 1s the equilibrium density of symmetric nuclear matter wit

rTrTYTrTY A | rrTYTYTTTY T

—=8— Fayans et al, sym. nucl. mat

—=&— Fayans et al, pure neut. mat.
Baldo et al, sym. nucl. mat.
Baldo et al, pure neut. mat.

E/A [MeV]

W AW W W e arere e e e

0
o1 02 02 04 0% 06 or o9 pim™)

p (tm?) Baldo, Schuck, and Vinas, arXiv:0706.0658




Let us summarize some of the ingredients of the SLDA in nuclel

ED) describing the normal system

ED contribution due to superfluid correlations
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Isospin symmetry constraints
(Coulomb energy and other relatively small terms not shown here.)
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Nuclear energy functionals
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Galilean invariance
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From a talk given by lonel Stetcu recently at LANL
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A single universal parameter for pairing!




Time Dependent Phenomena

The time-dependent density functional theory is viewed in general as a

reformulation of the exact guantum mechanical time evolution of a many-body
system when only single-particle properties are considered.
TDDFT for normal systems:

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)
http://www.tddft.org

TDSLDA
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For time-dependent phenomena one has to add currents!




TDSLDA equations

« The system is placed on a 3D spatial lattice
* Derivatives are computed with FFTW
e Fully self-consistent treatment with Galilean invariance
« Adams-Bashforth-Milne fifth order preditor-corrector-modifier integrator
* No symmetry restrictions
 Number of PDEs is of the order of the number of spatial lattice points
— from O(10%4) to O(10°)
e Initial state is the ground state of the SLDA (formally like HFB/BdG)
* The code was implementated on JaguarPF, Franklin, Hopper, Hyak, Athena
« TDSLDA is about 1,000 times more complex than existing TDHF codes
e We used in 2010 and early 2011 about 75 million CPU hours on JaguarPF and
Hopper alone, and over 217,000 cores on JaguarPF.




TD formalism applications

**Nuclear physics:

»induced fission

» heavy-ion collisions

» neutron scattering/capture
» pairing vibrations

» electromagnetic response

* Neutron star crust: dynamics of vortices, vortex pinning
mechanism

* Cold atoms physics, optical lattices

Limitations:

* only one-body observables can be described accurately
** the results depend on how good the functional is

* large computational resources necessar

Several slides from a talk given by lonel Stetcu recently at LANL




RPA and linear response

RPA: small correlations on top of mean-field + excited states I p-1h
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o violates the Pauli principle mainly for non-collective states
O separates the spurious states associated w/ broken symmetry in mean field

Linear response from TD-DFT: exclusivelya model for excited states
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o Pauli principle preserved
O separates the spurious states associated w/ broken symmetries in mean field




Challenges for QRPA

HF: #s.p. states = # particles

HFB: #q.p. >> # partidles
~ 2,500

QRPA: dimension ~ (# @.p.)* ~ 1 07

very difficult for today’s computers:
* non-Hermitian matrix

QRPA w/ axial symmetry for '72Yb * middle of the spectrum

dimension ~ 160,000 (j-dependent)

~

NG
in TDHFB: ‘1(1)‘

fll ()(r
[ |

3! exX ){_’E’H" numerical aduantage can be easily
'\1‘("[ ) \V 0/ \(\4( ) parallelized

need latest generation computers to run




QRPA and TD

QRPA TD-SLDA

’ Dimensions # qp. squared #qp

Truncation identification of spurious states difficult N/A

’ Galilean invariance (usually) not implemented trivial (in functional)

L

QRPA w/ axial symmetry for '72Yb
Energies of spurious states:0.3 — 1.5 Me

Terasaki and Engel,PRC 82 (2010) 034326

Delta N

FIG. 1. Particle-hole character of the lowest 2* solutions. The
histogram displays the quantity AN defined in Eq. (1) for 155 nuckei
in the SLyd data sct (onc of which we drop—sce text). The values

2, 0. 42 comrespond to excitations of hole-hole, panticle-hole, and
particle-pantiche characicr, respectively




Formalism
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'72Yb dipole giant resonance

1 2 3 4 5 & 7
Voinoy et.al.; PRC 63 (2001) 04431
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Geometry of the collision of a relativistic heavy-ion with a nucleus
|. Stetcu et al.




GDR Coulomb excitation with a relativistic heavy-ion computed in
TDSLDA

l. Stetcu et al.
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Coulomb excitation of GDR with a relativistic heavy-ion computed in TDSLDA
l. Stetcu et al.




Coulomb excitation of GDR with relativistic heavy-ions computed in TDSLDA
l. Stetcu et al.




Neutron scattering of 233U computed in TDSLDA
l. Stetcu et al.




Real-time induced fission of 26°Cf computed in TDSLDA
|. Stetcu et al.




Very little about the Unitary Fermi Gas (UFG):
(arXiv:1011.5999, in press in XXXXXxXx)

» Qualitatively similar to dilute neutron matter
(Bertsch - Many Body Challenge, 1999)

» A number of new phenomena were observed:
Higgs modes, superfluid to normal transition under the
action of external quantum stirrers, generation of quantized
vortices, supercritical superfluid flow, crossing and
reconnection of vortex lines (quantum turbulence),
excitation of vortex rings, ...

» Excitation of dark solitons and shock waves in
the collision of unitary Fermi gas clouds

» One can study a large variety of time-dependent
phenomena when basically any parameters are varied
as function of time and space




The Superfluid Local Density Approximation Applied to Unitary

Fermi Gases -Supplementa " Matenial
All xunulanons can be found here: http://www.phys. washington. edw/groups; qm‘but'UF(w simtilal;ions ¢ € categorized by the excitations:
vall and rod, centered ball, benten ed small ball, centered big ball, centered superiomc ball, off-centered ball, twisted sturer. The following
table matches \unulahmﬁ witlpnumerical experiments. In several studies, We present multiplg perspectives o event as well as different
plotting xchemex to 1e\eal diffegent features of the dynamics:. - \ '

3D Simulations /’
W7

| Excitation]’vz',_l._.‘ f == -;f;hﬂg \ l
| Ball and R, "‘a_ﬂ_ ?‘1;

i dellcxly v olume plot of ngmtude of pairing field; front fac' with quarter segment slice;

nt-bal}:rod-dnmnm *11 1285 duration (20.9']

—

— ——

nt-ball-rod-dns- —— — e o :
density volume plot of magnitude of pairing field; 2D slice; 5m28s duration (9.8MB)

pln.m4v

nt-ball-rod-thin- density contour plot of magnitude of pauing field focused on vortices ; angled front-facing
angl. m4v with quarter segment slice; 5m28s duration (12.8MB)

Cenftered Ball

- e — density contour plot of magnitude of pauning field focused on vortices; full geometry : 3m29s
bl 2 : 2

The website will become accessible again on June 9%, 2011
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Dark solitons (domain walls) and shock waves in the collision of two UFG clouds




Present theoretical approaches and phenomenology for
LACM and fission studies:

o Pure phenomenogical stochastic dynamics :
Langevin/Kramers equations
Stochastic/Langevin TDHF

o Adiabatic Time-Dependent Hartree-Fock-Bogoliubov (ATDHFB) theory
The basic assumption is that LACM/nuclear fission can be described with a

many-body wave function with the GCM- structure:

_[quicDColl. (ql""’ qn)‘PSIater det. (Xl""’ XA’{ql""’ qn})
=1

0 Microscopic-macroscopic model
not based on ab intio input
no self-consistency
physical intuition drives the definition of relevant degrees of freedom




3D-Langevin Eq.

=—pv+F() (EOF)=D%6¢-1)
D? =2pT

q; = deformation
g, = neck size

q3 = mass asymmetry

Karpov, Nadtochy et al. Phys.Rev. (63, 2001

Talk of E. VVardaci at FISSION 2009




Extended, ... Stochastic TDHF approaches

Wong and Tang, Phys. Rev. Lett. 40, 1070 (1978)
Ayik, Z. Phys. A 298, 83 (1980)

Ayik Phys. Lett. B658, 174 (2008)

. Oy, (x,t) Gaussian random numbers
h—"= h[,O(X, y’t)]Wk (X’t) defined a prescribed temperature
ot ) M S

in a Fermi-Dirac distribution

/O(X’ y’t) = ZV/:(X't)nkl (t)l)”l (X’t)

<nkl (t)> = Oy,
(8N (t)Sn; (1)) =%5kj5,i |n@-n)+n;a-n)]

Subsequently these equations are projected on a collective subspace and
a Langevin equation is introduced for the collective DoF




While ATDHFB approximation has a great number of positive
aspects, it comes with a long series of great deficiencies:

®* The determination of the number of relevant degrees of freedom is as a rule determined
by the practioner using intuition/prejudice or prevailing attitudes.

There are knows methods on how to mechanize this process and eliminate arbitrariness,
but they are extremely difficult to implement in practice.

4 O1+state t 02+ state

,::_/4/ﬁ>\w//?\&:

1 2," state

/\/\

1 4" state

0 0102 03 04 05 06
Fcosy

f t y K:IO ¥ ¥ ¥ ¥
41 6," stateg- 1 65" state
Iy — 1

K=6  m—
L SUM —— |

Hinohara, Nakatsukasa, Matsuo, and 0 {}I —— 3 Sk

Matsuyanagi, Phys. Rev. C 80, 014305 (2009) Pq O Pq O




» Computing the potential energy surface alone for only 2-3 collective degrees of freedom
IS equivalent to computing the entire nuclear mass table.

P. Moller and collaborators need more than 5,000,000 shapes in a five dimensional space.

Is this the right and the entire complete set of collective coordinates?

Fission-Barrier and Associated Shapes for #2Am .
Five Essential Fission Shape Coordinates

0|

[ =—e— 5D Asym. path. 1 Q,~ Elongation (fission direction)

-5 | —@— pB-par. (r constr) Spar (B2 constr)
| +— Separating ridge 5D Saddles ‘
5D Sym. path v 50 Minima | g. ~ Left fragment deformation

I S S e, ~ Right fragment deformation

4 6 8 1 d ~ Neck

Nudear Deformation [(Qz/b)’ 2] = 5 315 625 grid points — 306 300 unphysical points
= 5 009 325 physical grid points

Potential Energy (MeV)

oy ~ (M1-M2)/(M1+M2) Mass asymmetry

P.Moller et al. Phys. Rev. C 79, 064304 (2009)




deq. con. (Ghrs Gy ) Slaterdet(xl "XA’{ql""’qn})

« In order to determine the collective part of the wave function one needs to solve
the Hill-Wheeler integral equation in the corresponding n-dimensional space.

This is routinely (but not always) performed by invoking a further approximation
(Gaussian Overlap Approximation) the accuracy of which is difficult to assess and

one generates a Schrodinger equation in collective coordinates.

« ATDHFB theory is based on the assumption that an expansion in velocities is
accurate up to second order terms. However there are clear examples where
this is wrong.

 The inertial tensor is usually hard to evaluate and often approximate
methods are used.




eIt is obvious that a significantly larger number of degrees of
freedom are necessary to describe LACM and fission in
particular.

One would like to have as well: charge asymmetry, shapes of the
fragments, excitation energy of the fragments, quantum
numbers, ...

The ATHFB approach becomes clearly unmanageable, even for
computers envisioned Iin the next decade, and the veracity of the
approximation is questionable .




““Spontaneous fission* of 32S
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Fig. 8: Collective motion path for the fission of ?*S in constrained mean-field
theory (dashed line) and in imaginary-time mean-field theory (solid line).
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Even though the initial and final states
have axial symmetry, along the fission path
this symmetry is broken in order to
rearrange occupation probabilities and
avoid a diabolical point/level crossing,
where a Dirac monopole resides.

S —.

J.W. Negele, Nucl. Phys. A502, 371c (1989)
An unpublished calculation due to R. Wolff, G. Puddu and J.W. Negele

® 8 occupied orbitals evolved in 3D and imaginary time on a mesh 203x1000
* no isospin dof, no pairing, simplified nuclear EDF




Generic adiabatic large amplitude potential energy SURFACES

ENERGY
DEFORMATION

(I "borrowed” this figure from a
paper a long time ago and | do
not remember where from.)
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* In LACM adiabaticity/isentropic or isothermal behavior is not a guaranteed

» The most efficient mechanism for transitions at level crossing is due to pairing

* Level crossings are a great source of : entropy production (dissipation), dynamical
symmetry breaking , non-abelian gauge fields (Dirac monopoles reside at level crossings)




Evolution operator of an interacting many-body system
(after a Trotter expansion and a Hubbard-Stratonovich transformation)

exp[_iH (tf _ti):| et IHH dGab (n) exp{l%z O-ab (n)vabchcd (ﬂ):|><

n ab abcd

exp| IAt [+ V. o, (n) |laa
ab abcd ™~ cd a’b
ab cd

This representation Is not unique!

The one-body evolution operator is arbitrary!!!

Kerman, Levit, and Troudet, Ann. Phys. 148, 443 (1983)




exp[_iH (tf _ti):| et IHH dGab (n) exp{l%z O-ab (n)vabcdgcd (ﬂ):|><

n ab

exp |:|Atz (Tab + Z Vabcd ch (n)j a;ab:|
ab cd

abcd

What is the best one-body propagator?

Stationary phase approximation leads to some
form of Time-Dependent Meanfield




However, there Is a bright spot if one Is interested In
one-body densities alone

Time-Dependent Density Functional Theory (TDDFT)
asserts that there exists an exact description, which formally
looks like Time-Dependent Selfconsistent Meanfield.

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)

http://www.tddft.org

There is a problem however!

Nobody knows how the true Time-Dependent Density Functional
looks like.

But we know that it exists.




DFT has another serious restriction.
One cannot extract any information about two-body observables.

For example, if we were to study the fission of a nucleus, we will
In principle determine the average masses of the daughters, but
we will have no information about the width of the mass distribution.




There Is a relatively simple solution in time-dependent
meanfield theory due to Balian and Veneroni
(late 1980’s and early 1990°s)

TDHF

pt,) = pt)

ot &) = exp(igcj) o(t,) exp(—igé)

TDHF
o(t,,e) < o(t,¢)

2| . _LE_ ~
(AQBV) = Ig'gg 22 Tl’[p(to) 0(’(0,8)]

b

This method allows in principle the evaluation of both
averages and widths.




The main problem however is that we have to consider the generic
situation with multiple potential energy surfaces.

Deformation =————>




John C. Tully suggested the following recipe for condensed matter
and chemistry applications
J. Chem. Phys. 93, 1061 (1990)

POTENTIAL

POTENTIAL
ENERGY

POTENTIAL
ENERGY

y(F,R1) =D ¢ (Rt (TR

TIME (ARBITRARY)




The questions is:

Can one even dream’’ of implementing the real-time path
integral for strongly interacting fermions?

Does such formalism even have any mathematical meaning

exp[_iH (tf _ti):| et IHH dGab (n) exp{l%z O-ab (n)vabchcd (ﬂ):|><

n ab abcd

exp |:|Atz (Tab + Z Vabcd ch (n)j a;ab:|
ab cd

This looks much worse that the infamous
fermion sign problem!!!




There is "'light of the end of the tunnel” and a
numerical implementation of real-time path

integral for interacting many-fermion appears
feasible.




We place several fermions on a square lattice

NB The coordinate and momentum creation/anihilation operators are linked by the
usual unitary transformations.

We evolve an initial many-fermion wave functions using
independent real-time path integral representations of the
propagators for the bra- and ket- many-body wave functions:

exp[_iH (tf _ti):| et IHH dGab (n) exp{l%z O-ab (n)vabchcd (ﬂ):|><

n ab abcd

exp |:|Atz (Tab + Z Vabcd ch (n)j a;ab:|
ab cd
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Results for two fermions, for g=1 (red), 2 (blue), and 3 (green), and a 16x16 lattice
Sample sizes for the propagator M= 2,500, 5,000, 10,000 and 20,000.

Lower plot shows that error scales as theoretically expected o exp(gt / 2) / / .




Theoretical analysis and further numerical simulations show that for
N interacting fermions the simulation error behaves as

< exp(Ngt/2) /M.

NB The error is independent of:
» the dimensionality of the space
» the spatial volume/size of lattice

» arelatively small number of samples is needed for a decent
accuracy




For the sake of discussion let us see what we could in principle be able to
calculate?

» We do not need to determine any collective coordinates, potential energy
surfaces, inertia tensor, non-abelian gauge fields, etc. as the system will find
naturally the right collective manifold

» We will not need to assume either isentropic, isothermal, ... meanfield solutions.
Instead the temperature and entropy of the collective subsystem will evolve according
to the rules of QM. This will be the most natural framework to describe dissipation

in collective nuclear motion.

» We should be able to compute directly the mass, charge distributions and the
excitation energy distributions of each fragment

*\We should be able to follow in real time a real experimental situation,
such as induced fission or fusion

All this is naturally not limited to nuclear physics alone, this is a
general approach to solve a large class of many-body problems
numerically exactly, with quantifying errors, within the next decade
... OF sooner.




