Update on Orbital-based DFT
for Nuclel

Joaquin E. Drut

Los Alamos National Laboratory

UNEDF Collaboration meeting,
East Lansing, Ml

Summer solstice 2011. ya
)

“® UNEDF SciDAC Collaboration » Los Alamos

NATIONAL LABORATORY

Universal Nuclear Energy Density Functional
EST.1943




Colleagues

T - H - E
Dick Furnstahl OHIO
The Ohio State University SIALE

Lucas Platter
Chalmers University of Technology




More recently...

Created collaborative google site
“OEP in Nuclear Physics” (still private)

Gmail Calendar Documents Photos Reader Web more

GOUSIC SIteS Plan* & Pprivate to me + 8 more Updated Nov 11, 2010 7:50 PM

OEP in Nuclear Physics Search ths st
Welcome! *
Codes Plan
Meetings & Conference
calls *Always under construction. "Plans are nothing; planning is everything" D. D. Eisenhower.
Members
Qur papers Contents
Plan” TN n
Useful notes 2 Codes
Useful references
Sitemap
S Introduction

The OEP is a method that extends conventional GGA approaches to DFT by allowing for explicit KS orbital
dependence in the energy density functionals (EDFs). The prototypical example of an orbital-dependent EDF
is the so-called "exact exchange" functional, which is simply the Hartree-Fock (HF) energy where the HF
orbitals are replaced by the KS orbitals. Thus, the OEP enables a direct connection between microscopic
interactions (e.g. Coulomb) and EDFs, providing an avenue for ab initio DFT. More complex expressions for
the energy, such as those derived from perturbation theory beyond HF, are also within the realm of OEP-DFT. It
should be noted that this approach has been actively investigated in quantum chemistry, particularly in the last
decade, and is currently regarded as the state-of-the-art in that field.

The benefits of the OEP come at the price of increased formal sophistication and computational demand.
Indeed, the OEP method requires the solution of an integral equation (the OEP equation) in order to determine
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More recently...

Created collaborative google site
“OEP in Nuclear Physics” (still private)

Drawing more people into the OEP game
to tackle the various aspects of ab initio
orbital-based nuclear DFT.



Done / To-do (last time)

@ Implemented full OEP solution in 1D (Kimmel-Perdew algorithm) v
@ Allows for orbital-dependent functionals
@ Solves formal and practical problems of GGAs
@ Allows for exact exchange, RPA, Pairing, etc...
@ Tested 1D proof-of-concept against Hartree-Fock v
@ Derived OEP-HFB equations (first time) ¢
@ 3D code under development (framework in place, now debugging)
@ Minnesota potential & compare with HF, HF-DME, NCSM, GFMC
@ RPA?
@ QRPA?



Kohn-Sham DFT

@ Kohn-Sham approach

“The density functional can be extremized by solving a

Schrddinger-like problem...”
Fuk |p] = Ts|p] + Eint|p)

N
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» Kohn-Sham equations KS orbitals KS potential
B VQ ] m B OFE;n: [,0]
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,

» Solve recursively:

- Start with guess for orbitals
- Compute potential
- Solve for orbitals

Kohn-Sham Potentials

SP—

Energy Schrédinger
Functional -Eqn. Solver

w

Orbitals and Occupation Numbers




The Optimized Effective Potential

@ The OEP is just the KS auxiliary potential. It is called OEP when
the functional depends only implicitly on the density and explicitly

on the KS orbitals.

. 0 Eint [P]

So we can’t just do this: D sl 5
dp(r

Instead we have to solve an integral equation to

find the

potential, but other than that the KS loop remains

unchanged. y
Kohn-Sham Potentials
%
ws) We need an OEP solver - SP—
Energy Schrodinger
Functional -Eqn. Solver

v

Orbitals and Occupation Numbers




N

The OEP equation

v, (r) Kohn-Sham orbitals

Z Vi (2)pp(x) +cc. =0

k=1 V! (x) Orbital shifts
(his — )i (x) = — [Ai(x) — A;] @i (z)

Ai(2) = e () — Ui s () tge(a) = — O Pint




Solving the OEP equation

@ Kummel-Perdew iterative solution (KP algorithm)

» Guess xc potential and compute )] () Kummel-Perdew

PRL 90, 043004 (2003)
Ai(2) = vre(@) = txei ()

. _ Use
(hxs —e€i); (x) = — [Az(x) - Az’} pi(x)  Conjugate
gradients!
» Update xc potential
N
vt = ved FeS(x) S@) =Y Yl @)ei(a) + ce
1=1

» Recompute v, ()

N
» Repeat until Z¢Z($)¢k(x) +ce. =0
k=1

» Go back to KS equation and recompute ¢, ()



Results

Neutron drops with the Minnesota interaction
Various basis sizes and trap frequencies

Full 3D problem! (no symmetry assumed)

Exact-exchange (EXX) functional vs. Hartree-Fock
Solved OEP Eqgn. exactly with KP algorithm

J. E. Drut and L. Platter, [arXiv:1104.4357].
Under (positive) review in Phys. Rev. C.



Results: Neutron drops

@ Density profile

J. E. Drut and L. Platter, [arXiv:1104.4357].
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@ Form factor

Results: Neutron drops

J. E. Drut and L. Platter, [arXiv:1104.4357].
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@ Internal energy vs. radius
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Results: Neutron drops

J. E. Drut and L. Platter, [arXiv:1104.4357].
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Results: Neutron drops

@ Detall J. E. Drut and L. Platter, [arXiv:1104.4357].

TABLE I: Summary of results for the energies in MeV for
Hartree-Fock (HF) and Exact-Exchange DFT (EXX), broken
up into total (FE,..), kinetic (E,;, ), Hartree (Ey), Fock (Eg),
and internal (E; = E,,, — U.). Also shown is the r.m.s.

radius /(r2).
Method N hQ E,, BE,, FEuy FEpr B +/(r?)

HF 8 20 296.36 200.92 -225.18 159.35 135.09 2.0438
EXX 20 296.36 200.99 -225.24 159.39 135.14 2.0435

8

HF 8 10 142.43 111.22 -125.38 83.70 69.53 2.7484
8
8

EXX 10 142.44 111.27 -125.44 83.74 69.56 2.7478
HF 3 44.51 35.18 -30.51 19.05 23.72 4.8927
EXX 8 3 4451 35.19 -30.52 19.05 23.72 4.8921
HEF 20 20 941.75 707.69 -920.03 645.08 432.74 2.2965
EXX 20 20 941.77 707.83 -920.19 645.20 432.84 2.2963
HF 20 10 456.25 382.73 -488.61 326.55 220.68 3.1246
EXX 20 10 456.26 382.88 -488.80 326.69 220.77 3.1240

HF 20 3 143.52 119.55 -118.19 74.15 75.52 5.5958
EXX 20 3 143.52 119.57 -118.21 74.17 75.53 5.5954




What about pairing?

@ Hartree-Fock-Bogoliubov (with local fields)

HrsPy(x) = EpPp(x)

UT’kEX;
Hks = (;;{T _Z;I) D (x) = :i:(i)
U¢,k(x)

@ We have to worry about renormalization issues!

(Coupling a theory to a local pairing field leads to UV divergencies)



Superfluid OEP

|
=

Z\I’T )PP, (x) + c.c. ®,.(x) Kohn-Sham orbitals

¥} (x) Orbital shifts

|
=

Z Ul (x)PA®, (%) + c.c.

We just need to define some projectors:

]].0. 0 . O 'i0'2
Pa:<0 _110) PA_(—?IU2 O)

0 —2 10 B
"2—(z' 0)’ IlT—(oo)’ “i—(o 1)

Can we apply the KP algorithm here?



How can we solve it?

We can certainly determine the orbital shifts
from a differential equation, as before

(H-E) ¥ = [ dxBlxx)Klx)

By (X2, %) = (@4 (%) OL(X) — 1dxx, ) = D @, (x2)@}()
g7k

K0 = g5 o5 = D s s COBLCOR ~Aucs ()2 ()"

o)

However, the KP approach appears to fail in this case...



How can we solve it?

|
=

Z\PT )PP, (x) + c.c. ®,.(x) Kohn-Sham orbitals

U (x). Orbital shifts

|
=

Z Ul (x)PA®, (%) + c.c.

Not a good measure of how the one-body fields
differ from the true OEPSs, everything is mixed!

= We need a new solver!



Alternative OEP solvers

@ Self-consistent approach In coordinate space

U xeo(T) 2%(1, Z |@i(1)| Ltcio )+ @i =i
ﬁ2
+ o, —V+ 4 o
(PZO'(r) 2mV 810‘ ¢za(r) C.C
- Generalized to the superfluid case
- Use Broyden’s method?
@ Constrained minimization with known derivatives
Yang & Wu

VI(r) = v (r) + v,(r) + ) b7g,(r), PRL 89, 143002 (2002)
t )

aE[{¢w.}] 8E[{¢zo}] <¢aa|gt|¢za>
ab;f ,;,j 5¢ia'( ) ¢ao( ) €ic — €ac



Done / To-do update

Implemented full OEP solution in 1D (Kimmel-Perdew algorithm) v

@ Allows for orbital-dependent functionals
@ Solves formal and practical problems of GGAs

@ Allows for exact exchange, RPA, Pairing, etc...
Tested 1D proof-of-concept against Hartree-Fock v

Derived Superfluid OEP equations (first time) ¢

Tested EXX-DFT versus HF for 3D neutron drops with
Minnesota interaction. (first time a spin-dependent potential is OEP’d!)

J. E. Drut and L. Platter, [arXiv:1104.4357]. ¢/

Improved Superfluid-OEP formalism ¢

Coded Superfluid OEP ¢/
(all parts in place, KP algorithm seems to fail in this case)



What’s next?

We have performed test calculations for the OEP with 3-body
forces at the EXX level. The corresponding formalism is easy to
derive. It remains to write this up and post it.

We need to extend this to higher-body forces. The formalism is
easy at the EXX level.

We need a Superfluid OEP solver.
Proceed towards using low-momentum potentials.
Continue to pursue higher-order functionals (with 2-body forces for now)

Is there a useful KLI approximation in the superfluid case?

RPA? QRPA?



THE END

Thanks!






RPA?

» Use adiabatic connection: Dynamic response function

1 : - 62 1 1 i */‘ o
Exe=z | @ yidr =5 7] Jak f—— dw Im x, (7,7 ,0) — n(r)&r—-r")
2 F-7|J, —

- "'I =gt 4 =S xez - Wi TR
X757, @) = xgs(r,7 ,w)+fd3xfd3yXKs(r,x,w) (|f—)7| +M)Xx()’sr , )

Xks(7, ', @) = llm S D et @1.0") Pk (P ;. o) P o)

o=1,0 jk 0— (& o= 8ko) +iN

» Combine with short- and long-range splitting:

1 erf(ulr; —r|) 1 — erf(ul7; — 7))

i) i)



