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Outline

Dense Quantum Plasma / Warm Dense Matter
* Physical regime and theoretic approaches

Kohn-Sham Density Functional Theory Quantum Molecular Dynamics
» State of the art approaches and issues

Orbital-Free (Pure) DFT QMD
e Scalable alternative to Kohn-Sham method

Beyond QMD
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Dense Quantum Plasmas
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Parameters of WDM
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Computational approaches to WDM

Emerged standards

Path Integral Monte Carlo

«  Computationally expensive to begin
 More expensive as temperature is lowered
 More expensive as Z increases

Kohn-Sham Density Functional Theory MD

«  Pseudopotential approximation (transferability)

« Exchange-correlation approximation

«  Scaling with orbitals cubed

* More expensive as temperature increases
(Kohn-Sham)

Alternatives

Average atom models
 Model dependent
 Boundary conditions
* lon-ion correlations
Mixtures

Orbital-free Density Functional Theory MD

*  Local pseudopotential approximation

« Exchange-correlation approximation

*  Kinetic Energy functional approximation
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Quantum Molecular Dynamics

Classical MD for nuclei with forces derived
from quantum mechanical electrons.
Born-Oppenheimer approximation,
non-dynamic electrons.

10000 ¢ ———ry
- This work -

Kohn-Sham DFT:
C Kohn-Sham ——
- Thomas-Fermi ---%---

Computationally prohibitive for
large systems or high temperature. 1000

— Orbital-free DFT: FRERRLCY:
Requires approximate kinetic energy "~
functional. 10 |

Time for single density optimization for
5

hydrogen at 2 g/cc.

Temperature (eV)
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Orbital-free Density Functional Theory

Total free energy functional for the electrons:

Fin,Tl= Fsln T]+ Eylnl+ £ ln. Tl Foln] Requires approximate

F . [n,T] } Unknown exact form.
functionals.

Minimize free energy with respect to density.
lon forces for QMD:

Solved by Euler-Lagrange eq. with constraint _
for conserved number of electrons, N F) ==V F[n,T]

(additionally n(r) > 0 must be enforced) ___9 (F,+F,)
SF 4 ,
on “
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Kohn-Sham Density Functional Theory

Total free energy functional for the electrons:

Kohn- Sham

Hy = 5 Z fi /(/r() )V 2 (1)

—kp ) [filn fi + (1= i) In(1 — f3)]

F[naT]:FS[naT]+FH[n]+Fxc[n>T]+F;i[n]

Minimize free energy with respect to orbitals,
Kohn-Sham equations:

(—5 ¥+ vcs(r) ) (o) = () z-

g M
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Kohn-Sham eigenvalue problem

h* _, Alternative diagonalization is residual
" om, V= +uks(r) | i(r) = eigi(r) minimization method — direct inversion of
the iterative subspace (RMM-DIIS).

Parallelizable, with technical issues.
PRB 54, 11169 (1996)

Hamiltonian must be diagonalized, here in a
plane wave basis.

lterative techniques to get lowest eigenstates Linear scaling methods have been
(Lanczos, Davidson, CG) developed.

Problems with extended orbitals.
Costly orthonormalization. Preconditioning?

Electronic Structure: Basic Theory and Practical Methods,
Richard M. Martin, (Cambridge University Press, 2004).
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Kohn-Sham SCF

R, Alternative to extrapolation/mixing for

(—2m V*+ ’UKs(I')> ¢i(r) = i (1) MD is integrated coupling of ions and

c electrons via extended Lagrangian
n(r) SFy[n) method.
Vi s(r) = vei(r) + €2 / — 7 dr + == PRL 100, 123004 (2008)
Ir — 1| on(r)

The potential depends on the solution, and Hybrid method using KS corrected OF
requires iteration to self-consistency. method may speed up SCF.

Typically 10-20 iterations for SCF. Mixing

scheme is crucial for efficiency (Linear, Direct minimization of the Kohn-Sham
Pulay, Broyden). functional?
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Kohn-Sham pseudopotential
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Plane wave basis requires coulomb regularization near nucleus.
Compression testing is straightforward, temperature validation is difficult.
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Non-interacting F,

Total free energy functional for the electrons:

Kohn-Sham:
Fn,T=Fn, T+ F,[n]+F_[n,T]+F,[n]
F*——Zf,./‘(/r() V()()
At finite-T both kinetic and entropic — kg Z filn f; + (1= £) In(1 = f)]
contributions are needed: -
F.=T.n,T]1-TS.[n,T] | 1
5 S s ft 1_|_eﬁezu ? Ne = Z‘fz

Single Euler equation

oF

—u=0
on “
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Local orbital-free functionals

Fpeln,T1= [ for (n(7), T) dF
Jre (0, T) = (Fupe ' V) |,z

‘Vn (17

FGEz[naT] = FTF[naT]+h_2j§(naT)—
me

8n (7

va(F )

8n(?)

Frpwn,T]= Fp[n, T+ F,,[n]

F,,[n]= sz

Thomas-Fermi is LDA for free energy
Exact in uniform electron gas limit
Moderate improvement with gradient
expansion, GE2. (Perrot, Brack)

(11
4(n,T).(9,3j

von Weizsacker is lower bound for the kinetic
energy

Exact for single orbital systems

Same form as gradient expansion

4/27/16 | 15



Los Alamos National Laboratory

Local functional response

Should reproduce the Lindhard function,

In the noninteractin
J But all functionals shown so far do not.

uniform electron gas limit:

-1

L S*F[n,T]

gl T)=— S >
Z(r rin,, ) [5.”(7)5”(77,)”]

' ~
E(D
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An Accurate Orbital-Free DFT (sometimes)

FS:FTF+FVW+FNL

Foe = [ S (n(7)) dF

w[vn (R
F, = d
" me-[ 8n(7) '
Fy= ([0 (F)w (F = #)n* (7' dF'dF

+[[vn'? (7 )w, (7 =7)Va'? (7') dFdF

Kernels W, and W,, determined by
enforcing exact density-density response

for HEG. [ Jl

Z(F_’?,;”O’T):_
wy (k)= f (k)w(k)
f(k)=exp(-Kk*/47k})

S5°F[n,T]
on (7)511 (}7')

Phys. Rev. Lett. 113, 155006 (2014)
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An Accurate Orbital-Free DFT - Kernels
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FFT scaling
OoF . . : :
Recall: S, M= 0 Evaluated many times in conjugate gradient method.

* lon-ion and ion-electron implemented via particle-particle particle-mesh
(P3M) and particle-mesh-Ewald (PME), and so require 3D FFT.
« Other terms then utilize 3D FTT.

§Fa,b _ a-1 (= = b (=1 =
5(r) = n(r) OF _OF &¢ 5o = an (r)jw(r Fling, T )n" (F')dr'+
on  0¢ on

bn"™ (F) [ w(F = Fne, T )0 (') dF’

=an"! (77)15_1 [W(Q)nb (q)] +
b (F)E [w(g)n, (¢)]

Caveat: Prohibitive parallel scaling issues.

Amelioration possible in SmallBox FFT, divide and conquer.
CPC 184, 2693 (2013)
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An Accurate Orbital-Free DFT - Tests
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Simple-cubic hydrogen at 2 g/cc and
elevated temperatures shows excellent
agreement between KS and non-local OF.
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lon-electron pair distribution function for
aluminum (3e) shows electron density is the
same in non-local OF and KS calculations.
Random configuration at 2.8 g/cc and100 K.
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An Accurate Orbital-Free DFT - Results

350 LSRR > LI AL | 4 T T T T T
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Pressure for hydrogen at 4.04 g/cc, showing Pair distribution function for aluminum at 2.7
very good agreement with Kohn-Sham and g/cc and 5 eV, and 2.35 g/cc and 1025 K.

PIMC calculations
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Local pseudopotentials
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* Significant issues of construction and transferability properties of accurate local pseudopotentials.
Eliminating pseudopotentials would be ideal through real-space multigrid method.

* Functional breaks down at large density gradients.
Resolution: Design better functionals, i.e. density decomposed, hybrid with Kohn-Sham.
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Thomas-Fermi-Weizsacker DFT Matching
Non-interacting free energy:

Fs[n? T] — FTF[nv T] + AF"UWW]

HEG n(r
Fre[n, T] :fF (V( 1 T) gy

o [ 1Vl
Fatr = [ S
A * determined by matching Kohn-Sham isochore (n;)

pressure curves at a temperature between 5 and 10 eV

* mostly material dependent, only moderately density
dependent, ~ 1/5

A norm-conserving pseudopotential is available
by simple prescriptive average atom method,
Phys. Rev. B 92 115104 (2015) Phys. Rev. E 73, 016403 (2006).
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Orbital-free matching for SiO2

] 3500
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Results at 6.9 g/cc, shows correct high 11-5.5 g/cc, match is at 6 eV
and low temperature limits. slope with temperature validates method

A = 0.288-0.0114p

Y
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lonic transport — self-diffusion

N reo
= 1 Z / (Vi(t) - V;(0)) dt Green-Kubo formalism
3N ' Jo
- L I — v 7T 10
1 _I This work —+— | P2 T A ' ' .
F Kohn-Sham O - pa=8.1  x
: ] 8 | Kohn-Sham O -
)
s 01} 5 g I ]
o~ 2 ] G
LE> mlC) 4 |+ -7
~ = —}(”"
' a e
/”x’
0.01 : 5 2 L /x_,,,* -
-—’X’
_g*"/k)
| . 0 /,E’ | | | 1 | ]
0.001 L e ] 0 2 4 6 8 10
1 10 100 T (eV)
Tie¥) Aluminum

Hydrogen
Phys. Rev. E 92, 063304 (2015)
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lonic transport — shear viscosity

1 2 ' 4 LA L ! LA N A

1 o ' This work —+— K

= o.3(t)oa 5(0)) dt [ Kohn-Sham' -84 ]

"= T 2 | (o s ) _ ]

01 F ¢

N ) .

g = Z mV;V; + o'l + o!E o i |

=1

%‘ 0.01 3 8 glc 3

Good agreement for hydrogen § ; ]

viscosity compared with KS at > 1

low temperatures. 0.001 g 2 glce E
Issues: Long run time even for 0.0001 L o o

OFMD, lack of electron contribution. 1 10 100
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Effective Potential Theory + Average Atom
- H | Fe /
-1 ¢ E it ,
0.01 ¢ I
] 0.0t |-
= QOFMD ] o TFMD
SR & _ ngAA E % _ ngfm&
T (eV) T (eV)

EPT — kinetic theory based on interacting potentials, requiring input pair distribution function.
AA-TCP — AA model with coupling between ions found through integral fluid equations, providing g(r).

Phys. Rev. Lett. 116, 075002 (2016)
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Electronic Transport

Kubo-Greenwood formalism requires orbitals.

1 L2
o=Ly, k== (LQQ—L)

/¥ L1
271'64_”7_71 A "
Linn (@) ==57—— > _[(kv[Blkp)[” (fiow = ficu)
* krp
m-+n—2
Ekp T+ Ekpu -
(TI - h‘(f) O("Ek/.r. — Ekr — hu))
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Here we use both the ion positions and
the electron density to determine the KS
orbital by a single diagonalization.

This saves an order of magnitude or
more in computation time.

Still requires memory of KS calculation.
Dynamic electrons in the form of TDDFT
particularly in OF DFT can allow direct
calculation.

PRL 116, 115004 (2016)
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Electrical and thermal conductivity, Al
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Electrical conductivity Al

This work 2.7 g/cmg ——

This work 2.35 g/em_ ——%---
6 Recoules et al. KS-DFT 2.35 g/cm3 A 7]

Faussurier et al. AA 2.7 g/cmg ----------------

5 | Sperling et al. Experiment 2.7 g/cm3 -

Sperling et al. Improved Born 2.7 g/cm3
E Desjarlais et al. KS-DFT 2.0 g/cm3 -
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B . Benage et al. Experiment 1.95 g/cm3 F——

o -
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© R
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Summary

Diagonalization is the Kohn-Sham bottleneck.
FFT is the orbital-free bottleneck.

» Relatively general problems, that have seen significant work, but major
improvements would have substantial impact.

« Exascale?

More reasonable improvements likely
* i.e. limiting KS SCF iterations, and possible near linear scaling

Orbital-Free DFT remains a promising alternative
« Efforts to design more advanced functionals including hybrid KS efforts.
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V (au)

-5
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1 ! I |
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Pseudopotetnial / Coulomb regularization

T

I
pseudo
-Zir

A norm-conserving
pseudopotential is
available by simple
prescriptive average
atom method, Phys.
Rev. E 73, 016403
(2006), and allows for
OFMD on regular grid.
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Finite temperature Lindhard

...or density-density response of the noninteracting uniform electron gas.

. 2 Je=Tes -
ZO(Q7a):O; nODT): 3_[ - L dk
(27) 7 & = &ry
(N
_n? 1 xcu
20 (g7 =0)= T ke by 1oy, (140 £
h r 2n -7 N
(V]
flam
G
q 5 1/3 L
=— k.=\37"n '
n 2kF F ( )
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A nonlocal orbital-free functional

Fe' = F +F, +F,  FunTl=|[[n"(F)w(F-7,T)n" (F')dFdr

For the nonlocal functional, the correct linear response is enforced:

1 R §2Fa,b 1 1 1 Nk: O I | I |
—= | s = « 05Ff e m—
o\ On(F)on(F) | X X Xw = 0=0.25 -------

0 X 1rF b O=l).D senniss .
o i D= s .
-1 -1 -1 [ -1.5 ,

o = = — Xee T Xow — Xo ¥ e ——
Fwir—-r,T)=w = 8 o L p——— w
( ) (Q) 2abnéa+b_2) g 2 }‘_a -------------
é -2'5 i ..—:'.\nr..-' ........ =
a and b chosen by considering small variations from _So -3} =
the UEG in both the large and small g limit. A judicious © 35| .
choice is used here. = '
\ZS 4 I T

a=b=5/6 345 L—t L L

Phys. Rev. B 88, 195103 (2013) a/ke
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