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Reasons	
  to	
  Ignore	
  Temperature
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Low  energy  states  are  enough
• Occupy  electronic  ground  state  at  “normal”  temps

Implicit  temperature  dependence  in  XC  “works”
• Using  thermal  densities  as  inputs  into  ZTA  
captures  large  segment  of  the  free  energy

For  TDDFT,  formal  issues  unclear
• Non-­equilibrium  systems  don’t  have  defined  
temperatures;;  time-­dependent  weights?
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Higher  energy  states  become  accessible
• High  temperatures  or  low-­lying  excited  states

Properties  needed  seem  sensitive  to  FT  XC
• Optical,  electronic,  response,  or  spin  properties  
incorrect  or  clearly  temperature-­dependent

We  know  it  must  be  included  formally!
• As  temperatures  rise,  XC  is  known  to  be  
temperature-­dependent
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Trushin  and  Görling,  PRL,  120,  146401  (2018)
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Promotional Materials, SLAC, Stanford University (2015)
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“Warm”)Dense)Planetary)Cores

IPAM$DFT

http://newscenter.lbl.gov/2011/10/19/part;i;energy;stars;earth/
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Inertial)Confinement)Fusion

IPAM$DFT

Planetary 
cores

Materials 
under 
extreme 
conditions

Fusion 
capsules

R.A.  Valenza  et  al.,  Phys.  Rev.  B  93,  115135 (2016);;  Promotional  materials,  SLAC,  Stanford  University  (2015);;  LBL  website.
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Basic Research Needs for HEDLP: Report of the Workshop on HEDLP Research, DOE (2009)
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The)Malfunction)Junction

IPAM$DFT

Simulations are difficult!

• Quantum effects, strong correlation, partial 
ionization…

• Approximations affect calculated material 
properties

Simulations are important!

• Data used in core structure modeling, 
experimental design

• Experiments hard, expensive, limited
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Quantum)and)Classical

IPAM$DFT

Basic  Research  Needs  for  HEDLP:  Report  of  the  Workshop  on  HEDLP  Research,  DOE  (2009)
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a highly accurate density approximation in one dimension to illustrate our general result,

and (iv) perform (orbital-free) PFT calculations in the WDM regime. Our method gen-

erates highly accurate density and kentropy approximations, skirts the need for separate

kentropy approximations, provides a roadmap for systematically improved approximations,

and converges more quickly as temperatures increase while maintaining accuracy at low

temperatures. At the same time, it bridges low and high temperature methods, and so is

uniquely suited to WDM.

7.2 Theory

At non-zero temperature, the energy is replaced by the grand canonical potential as the

quantity of interest[56, 169]. The grand canonical Hamiltonian is written

⌦̂ = Ĥ � ⌧ Ŝ � µN̂, (7.1)

where Ĥ, Ŝ, and N̂ are the Hamiltonian, entropy, and particle-number operators. In elec-

tronic structure theory, we typically deal with non-relativistic electrons, most commonly

within the Born-Oppenheimer approximation. The electronic Hamiltonian (in atomic units

here and thereafter) reads

Ĥ = T̂ + V̂ee + V̂ , (7.2)

where T̂ denotes the kinetic energy operator, V̂ee the interelectronic repulsion, and v(r) the

static external potential in which the electrons move. (We suppress spin for simplicity of

notation.) The grand canonical potential can be written in terms of potential functionals
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Mermin,	
  N.D.	
  Phys.	
  Rev.	
  A, 137:	
  1441	
  (1965).
Pittalis,	
  S.	
  et	
  al.	
  Phys.	
  Rev.	
  Lett.,	
  107:	
  163001	
  (2011).

Grand  canonical  potential  operator

Electronic  Hamiltonian
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ground-state problem. The former is written

⌦̂ = Ĥ � ⌧ Ŝ � µN̂, (3.83)

where Ĥ, Ŝ, and N̂ are the Hamiltonian, entropy, and particle-number operators. The crucial

quantity by which the Hamiltonian di↵ers from its grand-canonical version is the entropy

operator:5

Ŝ = � kBln�̂ , (3.84)

where

�̂ =
X

N,i

wN,i| N,iih N,i| . (3.85)

| N,ii are orthonormal N -particle states (that are not necessarily eigenstates in general) and

wN,i are normalized statistical weights satisfying
P

N,i wN,i = 1. �̂ allows us to describe the

thermal ensembles of interest.

Observables are obtained from the statistical average of Hermitian operators

O[�̂] = Tr {�̂Ô} =
X

N

X

i

wN,ih N,i|Ô| N,ii . (3.86)

These expressions are similar to Eq. (3.53), but here the trace is not restricted to the ground-

state manifold.

In particular, consider the average of the ⌦̂, ⌦[�̂], and search for its minimum at a given

temperature, ⌧ , and chemical potential, µ. The quantum version of the Gibbs Principle en-

sures that the minimum exists and is unique (we shall not discuss the possible complications

5Note that, we eventually choose to work in a system of units such that the Boltzmann constant is kB = 1,
that is, temperature is measured in energy units.
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Entropy  operator:

Statistical  operator:

Observables:

w0
N,i =

e��(E0
N,i�µN)

P
N,i e

��(E0
N,i�µN)

<latexit sha1_base64="TknQEKfCP1PHcewRXB3FNB+FZEk="></latexit>

Weights:
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Finite-­temperature  Kohn-­Sham  equations:  temperature-­
dependent  eigenstates  and  eigenvalues:

Kohn	
  and	
  Sham,	
  1965.

KS  system  defined  to  have  same  density  and  same  
temperature  as  interacting  system:
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  Energies

www.hypugaea.com 10

Temperature-­dependent  free  energy,  interacting  and  KS  versions:

Kinetic,  potential,  entropic  exchange-­correlation:

Pittalis,	
  S.	
  et	
  al.	
  Phys.	
  Rev.	
  Lett.,	
  107:	
  163001	
  (2011).	
  
APJ	
  et	
  al.,	
  “Thermal	
  DFT	
  in	
  Context,”	
  Frontiers	
  and	
  Challenges	
  in	
  Warm	
  Dense	
  Matter,	
  Springer	
  Publishing	
  (2014),	
  p	
  25-­‐60.

Non-­interacting  kentropy  is  minimized  in  FT  KS:

A⌧
xc

[n] = T ⌧
xc

[n]� ⌧S⌧
xc

[n] + U⌧
xc

[n]
<latexit sha1_base64="CmpncYujpMrzXuOSgBYOBJL65F8=">AAACO3icbZDNS8MwGMbT+TXnV9Wjl+BQBHG0KuhFmHrxOHXdBl0daZZtY WlaklQcZf+XF/8Jb168eFDEq3fTbQddfSHk4fe8L8n7+BGjUlnWi5GbmZ2bX8gvFpaWV1bXzPWNmgxjgYmDQxaKho8kYZQTR1HFSCMSBAU+I3W/f5n69XsiJA15VQ0i4gWoy2mHYqQ0apk3562kKQL4gId3TYVil3tw96yagQfpDW8zfN/JoJZZtErWqGBW2BNRBJOqtMznZjvEcUC4wgxJ6dpWpLwECUUxI8NCM5YkQriPusTVkqOASC8Z7T6EO5q0YScU+nAFR/T3RIICKQeBrzsDpHpy2kvhf54bq86pl1AexYpwPH6oEzOoQpgGCdtUEKzYQAuEBdV/hbiHBMJKx13QIdjTK2dF7bBkH5Xs6+Ni+WISRx5sgW2wB2xwAsrgClSAAzB4BK/gHXwYT8ab8Wl8jVtzxmRmE/wp4/sH2aqunA==</latexit>

A⌧ [n] = T ⌧ [n]� ⌧S⌧ [n] + V ⌧
ee

[n] + V
ext

[n]

= T ⌧
s

[n]� ⌧S⌧
s

[n] + U [n] +A⌧
xc

[n] + V
ext

[n]
<latexit sha1_base64="wcBKWnqeoe7EmccNc6E05yrsxJ0="></latexit>

K⌧
s [n] = T ⌧

s [n]� ⌧S⌧
s [n]

<latexit sha1_base64="pVvSWc6AcoulFLk2IN3CbKlusqs=">AAACI3icbZBNS8MwGMdTX+d8q3r0EhyCF0ergiIIQy+Cl4l7g7aWNMu2sDQtSSqMsu/ixa/ixYMyvHjwu5huPWjnAyF/fv/nIXn+QcyoVJb1ZSwsLi2vrJbWyusbm1vb5s5uS0aJwKSJIxaJToAkYZSTpqKKkU4sCAoDRtrB8Cbz209ESBrxhhrFxAtRn9MexUhp5JuXd37qihDK8aOrUOJw76pRJMfZDR+K2DcrVtWaFpwXdi4qIK+6b07cboSTkHCFGZLSsa1YeSkSimJGxmU3kSRGeIj6xNGSo5BIL53uOIaHmnRhLxL6cAWn9PdEikIpR2GgO0OkBrLoZfA/z0lU78JLKY8TRTiePdRLGFQRzAKDXSoIVmykBcKC6r9CPEACYaVjLesQ7OLK86J1UrVPq/b9WaV2ncdRAvvgABwBG5yDGrgFddAEGDyDV/AOPowX482YGJ+z1gUjn9kDf8r4/gHWa6UB</latexit>
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distance

FS [n� ] = �2FS [n]
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Heating*Things*Up*in*DFT…Tied	
  to	
  Temperature	
  Scaling…
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APJ  et  al.,  Ann.  Rev.  Phys.  Chem  66  (2015),

F ⌧
S [n� ] = �2F ⌧/�2

S [n]
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0 1
(KS) (-­2/r)

APJ  et  al.,  Ann.  Rev.  Phys.  Chem  66  (2015),

�
F ⌧,�[n] = �2F ⌧/�2

[n1/�]
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For	
  discussion	
  with	
  your	
  neighbors:

1. Describe	
  what	
  happens	
  to	
  the	
  density	
  as	
  gamma	
  
increases.	
  Is	
  it	
  the	
  same	
  or	
  different	
  as	
  what	
  happens	
  as	
  
temperature	
  increases?	
  

2. Can	
  we	
  make	
  a	
  high	
  density	
  spread	
  out	
  by	
  scaling	
  to	
  
larger	
  or	
  smaller	
  temperatures?	
  

3. What	
  about	
  interaction	
  strength?	
  Does	
  it	
  squeeze	
  or	
  
spread	
  density	
  as	
  it	
  increases?


