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Density functional theory (DFT) has become an enormously successful tool for electronic structure 
calculations. The Kohn-Sham scheme is now used in over 10,000 papers per year. Literally hundreds 
of distinct approximations are now available in modern electronic structure codes in both chemistry 
and materials science. The best of these are non-empirical interpolations among known limits of 
quantum mechanics; the worst are mere fits of empirical data. Starting with the original work of 
Thomas and Fermi, strong connections were developed between density functional approximations 
and semiclassical methods. Recent work has sought to re-examine the link between DFT, 
semiclassical approximations, and functional analysis. Numerical and heuristic results suggest a 
close (but subtle) underlying link. Understanding of these links, and using them to build new and 
more powerful approximations, could have tremendous impact in modern electronic structure  
calculations. The aim of this workshop is to reunite these disparate strands and begin a conversation 
among the different communities, including researchers from mathematics, physics, and theoretical 
chemistry.

Participation
Additional information about this workshop including links to register and to apply for funding, can be 
found on the webpage listed below. Encouraging the careers of women and minority 
mathematicians and scientists is an important component of IPAM's mission, and we welcome their 
applications. 

www.ipam.ucla.edu/programs/dft2013

IPAM is an NSF funded institute
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Scientific Overview

Idea behind workshop 

•  DFT	
  is	
  now	
  used	
  worldwide	
  to	
  simulate	
  and	
  
find	
  new	
  materials	
  and	
  drugs.	
  

•  Conjecture:	
  	
  The	
  reason	
  for	
  its	
  success	
  is	
  very	
  
poorly	
  understood,	
  and	
  reflects	
  power	
  of	
  
asymptoTc	
  semiclassical	
  expansions.	
  

•  Different	
  groups	
  approach	
  this	
  problem	
  from	
  
different	
  angles.	
  

•  Try	
  to	
  find	
  unifying	
  themes	
  and	
  create	
  
pracTcal	
  framework	
  for	
  improving	
  DFT.	
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Participants 

•  All	
  speakers	
  carefully	
  chosen	
  
•  Represent	
  a	
  wide	
  range	
  of	
  disparate	
  interests	
  
•  About	
  half	
  have	
  made	
  direct	
  contribuTons	
  to	
  
this	
  subject	
  (not	
  necessarily	
  recently)	
  

•  Others	
  are	
  working	
  with	
  various	
  techiques	
  of	
  
great	
  relevance,	
  e.g.,	
  semiclassics,	
  mulTple	
  
length	
  scales,	
  etc.	
  

•  Challenge:	
  Find	
  common	
  language.	
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  electronic	
  structure	
  problem	
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  roseGa	
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  ParTcles	
  in	
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•  Back	
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  world	
  
•  A	
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  formalism:	
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  funcTonal	
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•  Some	
  current	
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•  Conclusions	
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Electronic structure problem 
What	
  atoms,	
  molecules,	
  and	
  solids	
  exist,	
  and	
  

what	
  are	
  their	
  properTes?	
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Traditional first-principles 
approaches 

•  Make	
  Born-­‐Oppenheimer	
  approximaTon	
  
•  Must	
  solve	
  the	
  Schrödinger	
  equaTon	
  for	
  electrons	
  to	
  find	
  ground-­‐state	
  

energy	
  
•  Huge	
  number	
  of	
  material-­‐specific	
  properTes	
  (e.g.,	
  geometries,	
  vibraTons,	
  

bond	
  energies,	
  reacTon	
  rates,	
  etc.)	
  available	
  
•  Tough	
  differenTal	
  equaTon,	
  with	
  nuclear-­‐electron	
  aGracTon	
  and	
  electron-­‐

electron	
  repulsion,	
  coupling	
  3N	
  coordinates.	
  
•  Chemistry	
  

–  VariaTonal	
  methods:	
  HF,	
  CI,	
  CC,	
  CASSCF,…	
  
–  PerturbaTve:	
  MP2,	
  MP4,	
  CISD(T),…	
  

•  Solid-­‐state	
  physics	
  
–  Many-­‐body	
  methods:	
  GW	
  
–  WavefuncTon	
  methods:	
  QMC	
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First DFT: Thomas-Fermi Theory  
•  Around	
  since	
  1926,	
  before	
  Schrödinger	
  equa/onExact	
  

energy:	
  E0	
  =	
  T	
  +	
  Vee	
  +	
  V	
  
–  T	
  =	
  kineTc	
  energy	
  
–  Vee	
  =	
  electron-­‐electron	
  repulsion	
  
–  V	
  =	
  All	
  forces	
  on	
  electrons,	
  such	
  as	
  nuclei	
  and	
  external	
  fields	
  

•  Thomas-­‐Fermi	
  Theory	
  (TF):	
  
–  T	
  ≈	
  TTF	
  =	
  0.3	
  (3π)2/3∫dr	
  n5/3(r)	
  
–  Vee≈	
  U	
  =	
  Hartree	
  energy	
  =	
  ½	
  ∫dr	
  ∫dr’	
  n(r)	
  n(r’)/|r-­‐r’|	
  
–  V	
  =	
  ∫dr	
  n	
  (r)	
  v(r)	
  
–  Minimize	
  E0[n]	
  	
  for	
  fixed	
  N	
  

•  ProperTes:	
  
–  Exact	
  for	
  neutral	
  atoms	
  as	
  Z	
  gets	
  large	
  (Lieb+Simon,	
  73)	
  
–  Typical	
  error	
  of	
  order	
  10%	
  
–  Teller’s	
  unbinding	
  theorem:	
  	
  Molecules	
  don’t	
  bind.	
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Kohn-Sham equations (1965) 
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Also	
  introduced	
  local	
  density	
  approximaTon	
  for	
  Exc[n]	
  

The present 
•  KS	
  DFT	
  ubiquitous	
  in	
  

quantum	
  chemistry,	
  
materials	
  science,..	
  

•  More	
  than	
  10,000	
  paper/
year.	
  

•  Codes	
  available	
  for	
  free	
  or	
  
small	
  charge	
  

•  But	
  an	
  abundance	
  of	
  
approximaTons	
  

•  Annoyances:	
  
"   No	
  simple	
  rule	
  for	
  reliability	
  
"   No	
  systemaTc	
  route	
  to	
  

improvement	
  
"   If	
  your	
  property	
  turns	
  out	
  

to	
  be	
  inaccurate,	
  must	
  wait	
  
several	
  decades	
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150901-2 Kieron Burke J. Chem. Phys. 136, 150901 (2012)

FIG. 1. Numbers of papers when DFT is searched as a topic in Web of
Knowledge (grey), B3LYP citations (blue), and PBE citations (green, on top
of blue).

correlated systems poorly treated, and (iv) no good scheme for
excitations. Of course, there are many others, but this sample
will give us some idea of how things work. The rest of this
article interweaves sections labeled progress, indicating ar-
eas where substantial progress has been made since that time,
with general background, explaining relevant concepts, and
challenges, areas that need improvement and where we can
hope for progress in the next decade.

III. PROGRESS: MATERIALS AND NANOSCIENCE

As shown in Fig. 1, materials applications now share
the limelight with chemistry. Nanoscience completely inter-
weaves these two, such as when a molecule is adsorbed
on a surface. Many areas of materials research, especially
those related to energy, desperately need input from elec-
tronic structure methods. Most calculations of materials use
codes that differ from traditional quantum chemistry codes,
because they employ plane waves that satisfy periodic bound-
ary conditions.27 Such calculations converge much faster to
the bulk limit than by taking ever larger finite clusters of the
material. In fact, almost all popular codes are designed either
for finite molecular systems28 or for extended bulk systems,29

although codes that treat both are beginning to appear.30, 31

In solid-state physics, DFT has always been more pop-
ular than traditional approaches to the Schrödinger equation,
because the Hartree-Fock approximation has unpleasant sin-
gularities for zero-gap materials, i.e., metals. The next logical
step32 beyond the standard approximations are meta-GGAs,
which include the kinetic energy density as an input, and
can yield accurate ground-state energies simultaneously for
molecules, solids, and surfaces.33 But an outstanding failure
has been DFT’s inability to provide good estimates of the
fundamental gaps of semiconductors and insulators, a crucial
quantity for much materials research, such as impurity levels
in doped semiconductors.34

The fundamental (or transport) gap is I − A, where I is
the ionization potential and A is the electron affinity. It is well
established that the KS gap, i.e., the difference between the
KS HOMO and LUMO energies, does not equal this value,
even with the exact XC functional.35, 36 Calculations suggest

that the KS gap is typically substantially smaller (by about
50%) than the fundamental gap for semiconducting solids.37

The LDA and GGA approximations yield accurate KS gaps,
but it is the fundamental gap that is of real interest. In princi-
ple, I − A can be found by adding and subtracting electrons
from a large cluster of the material. Unfortunately, in LDA
or GGA, this gap, found by total energy differences, incor-
rectly collapses to the KS gap, because these approximations
wrongly allow electrons to completely delocalize over insu-
lating solids. Such approximations lack a derivative disconti-
nuity that prevents this over delocalization.36

A practical way around this problem is to use a hybrid,
but treating the exchange term as orbital dependent, via gen-
eralized KS theory.38 With mixing parameters of about 20%,
this typically yields much better gaps for semiconductor ma-
terials. A recent functional, called HSE,39, 40 not only mixes
in some HF, but also performs a range-separation. Based on
exact theorems of Savin,41 the short-range part of the HF is
treated exactly, while the long-range contribution is treated by
approximate DFT. The resulting functional, used to calculate
gaps in the generalized scheme, appears to work accurately
for a large variety of moderate-gap semiconductors,40 over-
coming the problems of LDA and GGA. It yields accurate
fundamental gaps when excitonic effects are negligible, and
is closer to optical gaps when they are not.42, 43

This kind of progress is very welcome in an era in
which we must accurately tackle moderately correlated sys-
tems. Transition metal oxides play vital roles in many energy-
related problems, such as creation of efficient photovoltaics.44

The standard approximations over-delocalize the d-electrons,
leading to highly incorrect descriptions. Many practical
schemes (HSE,39 GGA + U,45, 46 and dynamical mean-field
theory (Ref. 47)) can correct these difficulties, but none has
yet become a universal tool of known performance for such
systems. Very recently, a promising non-empirical scheme
has been suggested for extracting gaps using any approximate
functional.48

An alternative approach to directly tackling such prob-
lems is to study them in simpler situations, and test sug-
gested remedies on cases where exact, unambiguous answers
can be easily obtained. Recently, an extremely powerful tech-
nique for direct solution of many-body problems, called den-
sity matrix renormalization group (DMRG), has been adapted
to tackle a one-dimensional (1D) analog of the real world.49

DMRG is powerful enough to calculate the exact XC func-
tional on systems of 100 atoms or more.24 We will see how the
exact functional deals with strongly correlated insulators and
which new approximations are working for the right reasons.

For more than a decade, researchers have been perform-
ing DFT calculations of molecular conductance, calculating
the current in response to a bias applied to a molecule caught
between two metal leads.50 This problem is prototypically
difficult for present electronic structure methods.51 This is a
steady state situation, not a ground-state one. Model Hamil-
tonians typically used to study this kind of physics are insuf-
ficiently accurate, as several hundred atoms must be treated
to achieve chemical realism.52 A standard approach, combin-
ing the Landauer formula53 with ground-state DFT and of-
ten called non-equilibrium Green’s functions (NEGF),54 is

Downloaded 11 May 2012 to 178.195.192.227. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions
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  J.	
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Essential questions 
•  When	
  do	
  local	
  density	
  approximaTons	
  become	
  
relaTvely	
  exact	
  for	
  quantum	
  system?	
  

•  What	
  is	
  nature	
  of	
  expansion?	
  
•  What	
  are	
  leading	
  correcTons?	
  
•  Lieb/Simon	
  proved	
  true	
  for	
  TF	
  theory	
  as	
  Z-­‐>∞	
  
•  Schwinger/Englert	
  demonstrated	
  true	
  for	
  LDA	
  
for	
  XC	
  in	
  atoms.	
  

•  Best	
  modern	
  GGA’s	
  constructed	
  to	
  ‘improve’	
  
over	
  LDA	
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Lieb and Simon 
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ROSETTA STONE: 
1d particles in wavy box 
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One particle in 1d 
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N fermions in 1d 
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Rough sums 
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Inversion 

Sep	
  4,	
  2013	
   IPAM	
   16	
  

Next order:  gradient expansion 
for slowly varying potentials 
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Wavy boxes Boxes

00

Simplest example: Insert hard walls at x = 0 and x = L.
WKB traveling wavefunction no longer correct, even for flat box.
Need to impose boundaries: choose ± combination so that
�(0) = �(L) = 0.
Even yields simple condition for bound states,

R
dx p(x) = j⇡~, j an

integer.
Works well even for not-too-bumpy box or high enough, i.e., E !1,
or ~! 0 or v(x) flat.

Kieron (UC Irvine) Reconnecting... IMA 16 / 48
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Semiclassical density for 1d box 
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Classical	
  momentum:	
  
	
  
Classical	
  phase:	
  
	
  
Fermi	
  energy:	
  
	
  
Classical	
  transit	
  Tme:	
  

TF	
  

EllioG,	
  Cangi,	
  Lee,	
  KB,	
  PRL	
  2008	
  

Density in bumpy box 

•  Exact	
  density:	
  
–  TTF[n]=153.0	
  

•  Thomas-­‐Fermi	
  
density:	
  
–  TTF[nTF]=115	
  

•  Semiclassical	
  
density:	
  
–  TTF[nsemi]=151.4	
  
–  ΔN	
  <	
  0.2%	
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A different continuum 
1.  ScaGering	
  states:	
  

For	
  a	
  finite	
  system,	
  E	
  >	
  0	
  
2.  Solid-­‐state:	
  Thermodynamic	
  limit	
  

For	
  a	
  periodic	
  potenTal,	
  have	
  conTnuum	
  bands	
  
3.  Classical	
  conTnuum	
  

–  Consider	
  some	
  simple	
  problem,	
  e.g.,	
  harmonic	
  oscillator.	
  
–  Find	
  ground-­‐state	
  for	
  one	
  parTcle	
  in	
  well.	
  
–  Add	
  a	
  second	
  parTcle	
  in	
  first	
  excited	
  state,	
  but	
  divide	
  ħ	
  by	
  
2,	
  and	
  resulTng	
  density	
  by	
  2.	
  

–  Add	
  another	
  in	
  next	
  state,	
  and	
  divide	
  ħ	
  by	
  3,	
  and	
  density	
  
by	
  3	
  

–  …	
  
– →∞	
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Classical Continuum limit 

Sep	
  4,	
  2013	
   IPAM	
   22	
  

Leading	
  correc/ons	
  to	
  local	
  
approxima/ons	
  A�la	
  Cangi,	
  
Donghyung	
  Lee,	
  Peter	
  EllioG,	
  
and	
  Kieron	
  Burke,	
  Phys.	
  Rev.	
  
B	
  81,	
  235128	
  (2010).	
  

	
  
A�la	
  Cangi	
  

Example of utility of formulas 

•  Worst	
  case	
  (N=1)	
  
•  Note	
  accuracy	
  
outside	
  of	
  
turning	
  points	
  

•  No	
  evanescent	
  
contribuTons	
  in	
  
formula	
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BACK TO REALITY: 
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Many aspects of this problem 
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Semiclassical	
  
density,	
  EllioG,	
  
PRL	
  2008	
  

PBEsol,	
  Perdew	
  et	
  
al,	
  PRL	
  2008.	
  

CorrecTons	
  to	
  
local	
  approx,	
  
Cangi,	
  PRB	
  2010	
  

Bohr	
  atoms,	
  
Snyder,	
  in	
  prep	
  

Slowly	
  varying	
  
densiTes,	
  with	
  
Perdew,	
  PRL	
  2006	
  

IonizaTon	
  in	
  large	
  Z	
  
limit,	
  ConstanTn,	
  	
  
JCP,	
  2010	
  

DerivaTon	
  of	
  B88,	
  
EllioG,	
  Can	
  J	
  Chem,	
  
2009	
  

Exact	
  condiTons	
  on	
  
TS,	
  D.	
  Lee	
  et	
  al,	
  PRA,	
  
2009	
  

PFT,	
  Cangi	
  and	
  
Gross,	
  PRL	
  2011	
  

Classical continuum limit for 
neutral atoms 

•  For	
  interacTng	
  
systems	
  in	
  3d,	
  
increasing	
  Z	
  in	
  an	
  
atom,	
  keeping	
  it	
  
neutral,	
  approaches	
  
the	
  classical	
  
conTnuum,	
  i.e.	
  
same	
  as	
  ħ→0	
  

•  Can	
  study	
  Ex	
  as	
  
Z→∞,	
  find	
  universal	
  
limit	
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A major ultimate aim: EXC[n] 

•  Explains	
  why	
  gradient	
  expansion	
  needed	
  to	
  be	
  
generalized	
  (Relevance	
  of	
  the	
  slowly-­‐varying	
  electron	
  gas	
  to	
  atoms,	
  molecules,	
  and	
  solids	
  J.	
  
P.	
  Perdew,	
  L.	
  A.	
  ConstanTn,	
  E.	
  Sagvolden,	
  and	
  K.	
  Burke,	
  Phys.	
  Rev.	
  LeG.	
  97,	
  223002	
  (2006).)	
  

•  DerivaTon	
  of	
  β	
  parameter	
  in	
  B88	
  (Non-­‐empirical	
  'deriva/on'	
  of	
  
B88	
  exchange	
  func/onal	
  P.	
  EllioG	
  and	
  K.	
  Burke,	
  Can.	
  J.	
  Chem.	
  87,	
  1485	
  (2009).).	
  

•  PBEsol	
  Restoring	
  the	
  density-­‐gradient	
  expansion	
  for	
  exchange	
  in	
  solids	
  and	
  surfaces	
  J.P.	
  Perdew,	
  A.	
  Ruzsinszky,	
  
G.I.	
  Csonka,	
  O.A.	
  Vydrov,	
  G.E.	
  Scuseria,	
  L.A.	
  ConstanTn,	
  X.	
  Zhou,	
  and	
  K.	
  Burke,	
  Phys.	
  Rev.	
  LeG.	
  100,	
  136406	
  (2008))	
  	
  
– fixes	
  failure	
  of	
  PBE	
  for	
  la�ce	
  constants	
  (but	
  at	
  
cost	
  of	
  good	
  thermochemistry)	
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What about energy differences? 

•  wikipedia	
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I along first row 
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alkalis	
  

N
oble	
  gases	
  

s-­‐group	
   	
  	
  	
  	
  	
  	
  	
  p-­‐group	
  

Li	
  

Ne	
  

I along first and second rows 
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alkalis	
  

N
oble	
  gases	
  

s-­‐group	
   	
  	
  	
  	
  	
  	
  	
  p-­‐group	
  

Na	
  

Ar	
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Ionization as Z→∞ 
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Lucian	
  ConstanTn	
  

Using	
  code	
  of	
  
Eberhard	
  Engel,	
  
do	
  HF	
  for	
  upto	
  
3000	
  electrons	
  

Going down to last row 
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alkalis	
  

N
oble	
  gases	
  

s-­‐group	
   	
  	
  	
  	
  	
  	
  	
  p-­‐group	
  
First	
  row	
  

Second	
  row	
  

Infinith	
  row	
  

 along ‘last’ row 
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alkalis	
  

N
oble	
  gases	
  

s-­‐group	
   	
  	
  	
  	
  	
  	
  	
  p-­‐group	
  

HF	
  

XC	
  

ETF	
  

Z→∞	
  limit	
  of	
  ionizaTon	
  potenTal 
•  Shows	
  even	
  energy	
  

differences	
  can	
  be	
  found	
  
•  Bounded!	
  (Solovej,	
  2003)	
  
•  Looks	
  like	
  LDA	
  exact	
  for	
  EX	
  

as	
  Z-­‐>	
  ∞.	
  
•  Looks	
  like	
  finite	
  EC	
  

correcTons	
  
•  Looks	
  like	
  extended	
  TF	
  

(treated	
  as	
  a	
  potenTal	
  
funcTonal)	
  gives	
  some	
  sort	
  
of	
  average	
  (Englert	
  1988).	
  

•  Lucian	
  ConstanTn,	
  John	
  
Snyder,	
  JP	
  Perdew,	
  and	
  
KB,	
  JCP	
  (2010).	
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  2013	
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A DIFFERENT FORMALISM 

Sep	
  4,	
  2013	
   IPAM	
   35	
  

Potential functional theory 

Sep	
  4,	
  2013	
   IPAM	
   36	
  

lconstan@tulane.edu 
 

    

Phys.	
  Rev.	
  Le-.	
  106,	
  236404	
  (2011)	
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New results in PFT 

•  Universal	
  funcTonal	
  of	
  v(r):	
  

•  Direct	
  evaluaTon	
  of	
  energy:	
  

Sep	
  4,	
  2013	
   IPAM	
   37	
  

Coupling constant: 

	
  

•  New	
  expression	
  for	
  F:	
  

Sep	
  4,	
  2013	
   IPAM	
   38	
  

Variational principle 

	
  

•  Necessary	
  and	
  sufficient	
  condiTon	
  for	
  same	
  
result:	
  

Sep	
  4,	
  2013	
   IPAM	
   39	
  

All you need is n[v](r) 

•  Any	
  approximaTon	
  for	
  the	
  non-­‐interacTng	
  
density	
  as	
  a	
  funcTonal	
  of	
  v(r)	
  produces	
  
immediate	
  self-­‐consistent	
  KS	
  potenTal	
  and	
  
density	
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  4,	
  2013	
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Evaluating the energy 

•  With	
  a	
  pair	
  TsA[v]	
  and	
  nsA[v](r),	
  can	
  get	
  E	
  two	
  
ways:	
  

•  Both	
  yield	
  same	
  answer	
  if	
  

Sep	
  4,	
  2013	
   IPAM	
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Coupling constant formula for 
energy 

•  Choose	
  any	
  reference	
  (e.g.,	
  v0(r)=0)	
  and	
  write	
  

•  Do	
  usual	
  Pauli	
  trick	
  

•  Yields	
  	
  Ts[v]	
  directly	
  from	
  n[v]:	
  

Sep	
  4,	
  2013	
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   42	
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Different kinetic energy density 
•  CC	
  formula	
  gives	
  
DIFFERENT	
  kineTc	
  
energy	
  density	
  
(from	
  any	
  usual	
  
definiTons)	
  

•  But	
  approximaTon	
  
much	
  more	
  accurate	
  
globally	
  and	
  point-­‐
wise	
  than	
  with	
  
direct	
  
approximaTon	
  

Sep	
  4,	
  2013	
   IPAM	
   43	
  

AREAS WE’RE WORKING 
ON 

Sep	
  4,	
  2013	
   IPAM	
   44	
  

Lieb, RMP 1981 

Sep	
  4,	
  2013	
   IPAM	
   45	
  

Bohr atom 

•  Atoms	
  with	
  e-­‐e	
  repulsion	
  made	
  infinitesimal	
  

Sep	
  4,	
  2013	
   IPAM	
   46	
  

x=Z1/3r,	
  
Z=28	
  

Orbital-free potential-functional 
for C density (Dongyung Lee) 

Sep	
  4,	
  2013	
   IPAM	
   47	
  

4πr2n(r)	
  

r	
  
• I(LSD)=11.67eV	
  
• 	
  I(PFT)=11.43	
  eV	
  
• I(expt)=11.26eV	
  

attila.cangi@uci.edu 
 

    
Selected other projects in motion 

•  In	
  1d	
  
– Exchange	
  energies	
  from	
  semiclassical	
  density	
  
matrix	
  

– Results	
  for	
  1d	
  systems	
  with	
  proper	
  turning	
  points	
  
– Orbital	
  energies	
  and	
  densiTes	
  by	
  subtracTon	
  	
  

•  Beyond	
  1d	
  
– Long	
  paper	
  on	
  potenTal	
  funcTonal	
  theory	
  (arXiv)	
  
–  Is	
  LDA	
  exact	
  for	
  Ec	
  in	
  large	
  Z	
  limit?	
  (PiGalis)	
  
– Path	
  integral	
  formulaTon	
  of	
  problem	
  (Cangi)	
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  4,	
  2013	
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Need help 

•  AsymptoTc	
  analysis	
  
•  Semiclassical	
  theory,	
  including	
  periodic	
  orbits	
  
•  Boundary	
  layer	
  theory	
  
•  Path	
  integrals	
  
•  Green’s	
  funcTons	
  for	
  many-­‐body	
  problems	
  
•  Random	
  matrix	
  theory(?)	
  	
  

Sep	
  4,	
  2013	
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Simple questions 
•  Do universal corrections exist, as functionals of the 

potential, at least for each class of problem? 

•  Can they be identified for a general 3D potential, even 
just numerically? 

•  Are they useful as necessary limits of density functionals, 
or should we simply replace DFT with PFT? 

•  A general procedure for even just TS[n] would 
revolutionize all DFT calculations! 

Sep	
  4,	
  2013	
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Harder questions 
•  What is relation between gradient expansion to all 

orders and expansion in terms of smooth and oscillating 
pieces? 

•  Can all corrections be extracted from semiclassical 
approximate methods, especially in more than 1D? 

•  How does correlation fit into this picture? 

Sep	
  4,	
  2013	
   IPAM	
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Conclusions 
•  For	
  TS:	
  

–  Strongly	
  suggests	
  orbital-­‐free	
  calculaTons	
  should	
  use	
  
potenTal	
  not	
  density	
  

– Now	
  have	
  improved	
  formula	
  for	
  ge�ng	
  T	
  directly	
  
from	
  any	
  n[v](r)	
  

– Developing	
  path-­‐integral	
  formulaTon	
  
•  For	
  EXC:	
  	
  

– Already	
  have	
  bits	
  and	
  pieces	
  
–  Beginning	
  assault	
  on	
  EX[n]	
  

•  Only	
  7th	
  year	
  of	
  project,	
  but	
  Rome	
  was	
  not	
  burnt	
  
in	
  a	
  day	
  

•  Thanks	
  to	
  students,	
  collaborators,	
  and	
  NSF	
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