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Abstract

Approximations to the many-fermion free energy density functional that include the Thomas-
Fermi (TF) form for the non-interacting part lead to singular densities for singular external poten-
tials (e.g. attractive Coulomb). This limitation of the TF approximation is addressed here by a
formal map of the exact Euler equation for the density onto an equivalent TF form characterized
by a modified Kohn-Sham potential. It is shown to be a “regularized” version of the Kohn-Sham
potential, tempered by convolution with a finite-temperature response function. The resulting den-
sity is non-singular, with the equilibrium properties obtained from the total free energy functional
evaluated at this density. This new representation is formally exact. Approximate expressions for
the regularized potential are given to leading order in a non-locality parameter and the limiting
behavior at high and low temperatures is described. The non-interacting part of the free energy in
this approximation is the usual Thomas-Fermi functional. These results generalize and extend to
finite temperatures the ground-state regularization by Parr and Ghosh (Proc. Nat. Acad. Sci. 83,
3577 (1986)) and by Pratt, Hoffman, and Harris (J. Chem. Phys. 92, 1818 (1988)) and formally

systematize the finite-temperature regularization given by the latter authors.



I. INTRODUCTION

Interest in orbital-free density functional theory (OFDFT) has revived recently, driven by
the unfavorable (polynomial in the number of states) cost scaling of conventional Kohn-Sham
(KS) calculations used to drive ab initio molecular dynamics simulations of ion-population
thermodynamics. High temperatures (compared to ambient), inherent to warm dense matter
simulations, worsen the cost problem. Details are irrelevant here; discussion with extensive
references can be found in Ref. [1]. Efforts to improve approximate OFDFT functionals
inexorably involve consideration of known, well-characterized approximations. Of those, the
Thomas-Fermi (TF) model [2, 3] is, without doubt, the most thoroughly studied in both
physics and mathematics [4-9].

Improper limiting behavior of the electron number density nrpr(r) is among the defects
of the TF scheme when applied to atoms. At T = 0 K, for an atom of nuclear charge 7,

elementary TF (no exchange or correlation) gives

nrr0) = { (52 |n+ 25— vat) }3/2 , 1)

with g the chemical potential, vy (r) the Hartree potential,

3 /3p3\ %3
CTrp = ( ) ) (2)

10m \ 87
m the electron mass, and e the electron charge magnitude. It is seen that npp(r) ~ r73/2
as r — 0. In contrast, the correct behavior at the origin is non-singular [10-14],
n(r) ~ (1 —22r/ag) + O(r?) , (3)

with ag = h?/mme? the Bohr radius. This difficulty extends to current problems of interest
for systems of electrons and positive ions comprising warm dense matter.

Attention to this difficulty dates at least to the Scott correction [15], which Schwinger [16]
rationalized by replacing the near-nucleus TF density with a Bohr-atom-like density grafted
smoothly to nyr in the exterior region. More recent work falls into two groups, schemes that
modify the non-interacting energy or free energy with additive corrections to the TF result,
and those that modify the Euler equation for the density with additive corrections to the
TF Euler equation. In the former group are those approaches based on linear combinations

of TF and von Weizsicker [17] free energy functionals, e.g. Ref. [18], or ad hoc constraints
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on the density, e.g. Ref. [19-22]. Phenomenological modifications of the Euler equation have
been explored extensively in Ref. [23] by imposition of known exact limits. It is argued
that the Euler equation is a more appropriate point at which to introduce approximations,
rather than directly for the non-interacting energy or free energy functional. However,
Euler equation methods determine only the density and a subsequent reconstruction of the
corresponding non-interacting free energy is required for the thermodynamics.

Here we start with a formal solution to the exact Euler equation (including exchange and
correlation) and write it in a TF representation by introduction of an effective potential.
This is the approach of Ref. [24] introduced at zero temperature and extended to finite
temperatures in Ref. [25]. Exact expressions for both the density and non-interacting free
energy are given in TF representations. The density is given by the usual TF form in
terms of the Kohn-Sham (KS) potential renormalized by the ideal gas non-linear response
function. The relationship to other recent work at finite temperatures is discussed. The
simplest approximation to these representations is shown to remove the problem of singular
densities for singular potentials. The work is primarily an elaboration and completion of the

ideas in Ref. [25].

II. THOMAS-FERMI AND THE PROBLEM FOR SINGULAR POTENTIALS

The essential element of finite-7" DFT for electrons is a free energy functional F\(5 | -)
that becomes the thermodynamic free energy when evaluated at the equilibrium density

n(r) [26, 27]. That density is determined from solution to the Euler equation

OF(B|n)
T(r) = u(r), (4)

with g, the chemical potential, p(r) = pe — v(r) the local chemical potential, and v(r) the
given external single-particle potential. The additional constraints of positivity, n(r) > 0,
and total number of electrons [ drn(r) = N (u.), are left implicit for the moment. The KS
approach separates the free energy functional into its non-interacting functional F©) (3 | -)
and the remainder FM (3 | -). Here the specific form for FM (3 | -) is not required (nor is
the typical further separation of it into a Hartree mean-field contribution and the rest, the

exchange-correlation free energy). Equation (4) thus can be written equivalently as

SFO(B | n)
T(r) = prs(r,8 [ n), (5)



with pgs(r,5 | n) identified as

SFM(B | n)
— i B 6
:U’KS(rvﬁ ‘ n) lu’(r) 571(1‘) ( )
If the chemical potential is extracted from ugg(r,5 | n), the remainder is known as the

(negative) KS potential

prcs(r,f | n) = pe —vis(r,f | n),  vks(r,f|n)=wv(r)+ %&'n) : (7)

As recognized by Kohn and Sham [28], (5) can be interpreted as the thermodynamic
derivative for a non-interacting system in the presence of a local chemical potential pxg(r,5 |
n). The corresponding density is therefore (see Appendix A for the definitions of the exact

quantum representations for the non-interacting system)

() = (x] <e(ﬁ(§i—um(aﬁn>)) . 1) - )

En(raﬁ | :uKS)> (8)

where (r| X |r) denotes a single-particle matrix element in coordinate representation. In
general, a caret over a symbol denotes it as a single-particle operator rather than one of
its eigenvalues. The notation in (8) makes the dependence of the density upon the external
potential explicit, an explicitness that will be useful in what follows. Evidently the condition
n(r) > 0 is satisfied, and the condition [ drn(r) = N (p.) is enforceable by the choice for
e whenever solutions to (8) exist. Equation (8) is entirely equivalent to the Euler equation
(5) for the determination of the density.

Of course, the exact “solution” (8) is only implicit since pgs(r,5 | n) is a functional of
the density through its dependence on F"). Furthermore, since pxs(q,3 | n) appears as
a function of the coordinate operator g, the right side of (8) is a non-local functional of
the density, beyond the dependence intrinsic to F(3 | n) (because of the non-commuting
operators p and q). A local approximation, wherein pgs(q,5 | n) is replaced by pgs(r,5 | n)
with r the same point as occurs on the left side of (8), leads to the familiar Thomas-Fermi

approximation (now with full exchange and correlation).

nre(B, prs(r)) = %/dp <6(6(%—M<s(rﬁm>) n 1>_ . ()



From this expression it is clear that pxg(r,5 | n) has the same relationship to the density
as for the uniform ideal Fermi gas chemical potential 4()(3,n). Thus, an equivalent form

for the Euler equation in the conventional TF approximation is

1O (B, nrp (r)) = prs(r,B | nrr). (10)

The corresponding TF non-interacting functional F}OF)(S | n) is (see Appendix A)

ﬂ%mm:/wMMmmx (1)
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/ﬁpm<y+amiﬂ““”m)+u@wnmﬂma> (12)

The approximate Euler equation obtained from (5) by the replacement F(© (3 | n) — F}(g(ﬁ |

n) is o

%@n) = prs(r,B [ n). (13)
It is easily checked that evaluation of the left side in (13) gives back (10) (as an equality).
The explicit equations (9) or (10) for the density, and the corresponding expression for F}(};
are the simplest example of an “orbital free” DFT (assuming that F()(3 | n) is also given
in orbital free form).

Consider an attractive external potential which is singular at r = 0 e.g., the electron-ion
Coulomb interaction. Then pgg(r,5 | n) — oo as r — 0. In turn, that implies n (r) — oo
as r — 0 (further details are provided in Appendix B). This unphysical consequence of the
local approximation is precisely the singularity discussed in the Introduction, recovered here
in the 7" > 0 K context. The representations of the next sections provide a natural removal

of that singularity.

III. FORMALLY EXACT THOMAS-FERMI-TYPE REPRESENTATIONS.

In this section Thomas-Fermi-type representations are defined for the solution to the
Euler equation (8) giving the equilibrium density n (r), and for the non-interacting free
energy FO(3 | n) evaluated at that density. The results are exact but formal. Simple

practical approximations are provided in the subsequent sections.



A. Representation for n(r)

A motivation for the following discussion is provided by extracting the TF free energy
explicitly from F©(3 | n)
FO = F9 4 AF©. (14)
Since the TF free energy results from a “local density approximation”, AF(© represents the
non-local contribution to F (3 | n). Then, we can write the exact Euler equation (5) in
the equivalent form

SESNS | n)

SAFO (B | n)
on(r) '

on(r) (15)

= prs(r,f | n) —

Note the distinction with the conventional TF approximation, equation (13). One thus sees
that the exact solution to the Euler equation can be given the TF form, but with an effective

external potential

n(r) = nee (8, 2(r) = / dp (6(5(;1_z<r>))+1>‘ . (16)

o
The effective potential z(r) is identified as

03| n
(0,8 ) = (e, ) = 22 B, (1

A more constructive identification is obtained from the equality of (8) and (16)

(I‘| (e(ﬁ(zﬁi_ﬂKS(aﬁm))) + 1) h |r> = %/dp (e(ﬁ(z{i—z r))) n 1) _1' (18)

Since (16) has the same form as for the uniform ideal Fermi gas, z(r) has the same

relationship to the density
KO (B, (1)) = 2(x), (19)
similar to the TF result (10) except with ugxg(r,8 | n) replaced by z(r). More explicitly,

this relationship is determined from the dimensionless form
Non(r) = 2fyp(eM 7O (20)

where A = (273h? /m)l/ ? is the thermal de Broglie wavelength and f3/2(x) is the Fermi
integral [29]
4 *° 2 -1
f32(z) = —/ dyy? (x_ley + 1) . (21)
P m
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Accurate analytic fits to f3)»(x) and its inverse are available [30].

More significantly, (18) defines z(r) = z(r,5 | pxs) as a functional of ugs(r). Con-
struction of such a z(r, 5 | pxs), hence demonstration of its existence, is the heart of the
present problem. If z(r,8 | uxs) can be determined to arbitrarily accurate approximation,
its equality with p(®(5,n (r)) then provides an explicit equation to determine n(r) for a
given figs(r),

w8, (r) = 2(r,8 | pxs) , (22)

n(e) :%/dp (e(ﬁ(é’i—zmwxs))) +1>_ | (23)

This is similar to the TF result (8), but now (23) is a formally exact TF-type representation

or, equivalently,

of the Euler equation through the definition of z(r,5 | pxs).
To illustrate a simple approximation to z(r, | pxs) and its consequences, return to (17)
and retain the leading contributions to non-uniformity in AF© [31]

Vn@)® 2v2n<r>] |

n?(r) n(r) (24)

2
2(r,B | prs) = prs(r,f | n) + 8?716 [

It can be shown that the term proportional to V2n(r) leads to non-singular solutions with
this z(r,8 | uks) in (22) or (23) for the case of an external positive ion. Hence even the
leading corrections to the local density approximation can cure the problem with singular
potentials.

Of course, determination of z(r,5 | ugs) more generally is as difficult as the original
problem of (8), namely, to determine n(r) = n(r,8 | pxs). However, the expectation here
is that simple systematic approximations to z(r,8 | uxs) directly from (14) will give signif-
icantly better approximations for n(r,5 | ugs) than from conventional TF theory (neglect
of AF© or phenomenological approximations to it). For this purpose an appropriate exact
representation for z(r,5 | pgs) in terms of the non-linear response function for the ideal

Fermi gas is obtained in Appendix C with the result

z(r,B | prs) = /dr’G(r,r’,B | 2, Apgs)prs(r') . (25)

Here G(r,r',5 | z, Aukg) is constructed from the ideal Fermi gas response functional for

local chemical potential z(r)

R(r,v' 3| 1) = ————~ | (26)



such that G(r,r',3 | z, pks) is the integral of this response function along a linear path in

function space from z(r) to pxs(r’)

fol dzR(r,v'.0 | z + vApks)

G(r, v, 3]z, = . 27
( |7 pcs) [ dr’ fol dzR(r,r' 8 | z + 2Auks) 27

Clearly, G is normalized to unity in the sense
/dr'G(r,r',ﬁ | 2, Augs) = 1. (28)

Finally, Apgs(r') is the difference between pgg (r’) at all points r’ and z (r) at the chosen

point r

Apgs(t') = pgs (r') — 2z (r),  forall ¢’ (29)

B. Representation for F(O)(3 | n)

Once the equilibrium density has been found it can be used in the given functional
FWO(B | n) to get the interacting part of the thermodynamic free energy. However, the non-
interacting contribution F® (8 | n) remains unknown to this point. One possibility would

be to construct it exactly from (see Appendix B)

FO(B | n) = / dr [—6‘1 (x| In <1+e‘ﬁ(f_m‘“’“m”)®)> [v) + pres(r,8 | myn(r) |, (30)

in terms of the eigenfunctions and eigenvalues of the KS Hamiltonian p? /2m+ vgs(r,3 | n).
This is a straightforward calculation once n has been determined.

However, in the context of an approximate evaluation of z(r,f | puks), it is not clear
that the approximate density from the corresponding form of (16) will be the same as that
constructed from the eigenvalues and eigenfunctions of the KS Hamiltonian. An alternative
approach is to construct the grand potential, Q) (3 | pks), from its functional derivative
(see Appendix C)

50O (B | pks)
dpxs (r)

= —n(r) = —nrp(B, 2(r,8 | pxs)), (31)

and then to determine F(©)(3 | n) from the Legendre transform

(0)
FOE | 0) =000 | cs) ~ [ depes(n) 5 ) 32
= QOB | pxs) + | drprs(e)nre(B, 2(v,6 | pxs)). (33)



The last equalities of (31) and (33) have made use of the exact TF representation for the
density (16). In this way, a TF-like representation for F®)(3 | n) also is obtained in Appendix
C, with the results

F(O)(B |n) = Frp(B|n)+ /drdr’dr”h(r; v v B | 2, Aprs)Augs () Augs (2),  (34)

where h(r,v',r”, 8 | z, Auks) is a second-order response function given by eq. (C12) of
Appendix C. Also, Frp(f | n) is the usual TF free energy, (11), now evaluated at the exact
density n. The definition of Aukg is the same as in (29).

Equations (23) and (34) with (25) are the primary exact reformulations of DFT thermo-
dynamics in a language most similar to the approximate TF results. The essential required
input is the functional z(r,5 | pxs), representing non-local corrections to pxs(r,S | n) in the
usual TF approximation. The next section shows that the simplest such correction removes

the singular density problem of TF.

IV. APPROXIMATION

The foregoing formal analysis is expressed in terms of Augg (r'). It can be written as

Apgs (v) = pres (') — 2 (r) = — /dr”G(r, v".B,n(r) | Apxs) (urs(r”) — prs(r’)), (35)

which is seen to vanish for uniform systems. More generally, in this section it is considered

to be small so as to obtain leading order approximations for z(r,3 | uxs) and FO(3 | n),
Z(I‘,ﬁ | MKS) - /dI‘lG(I',I',,ﬁ | 2 AMKS = O)IUKS(IJ) ) (36)

FOB | n) = Fre(8 | n). (37)
Note that this is not the same as a gradient expansion since all higher order derivatives are
retained in (36). Also, the density in (36) is determined from (16) using (36) so Frp(5 | n)
differs from Frp(8 | nrr) by all higher order derivatives as well.

At this leading order approximation

_ R(r = r],8,2 (1)
[ de"R(r", 3, z (r))

where R(|r — 1’|, 3,z (r)) is the response function for the homogeneous ideal Fermi gas as

Gr,r'B |z Apks =0)=G(lr—1' |, B,n(r)) (38)

a function of z (r),

_ on(r, 8| x)

R(|I‘—I'/| 7572(1')) - St (I‘l) (39>

z=2(r) )



Furthermore, from (19), z(r) can be replaced by the known function of the density

PO (B,n (r)),
R(|r —r'|, 8, n (8, n (r)))

G(lr—1 = ) 40
A P T )) o

This local linear response approximation for z (r) gives the desired practical forms
208 is) = [ dGlir = ¥, () ps(,5 | ). (41)

The corresponding equilibrium density is the solution to a TF form, except with a renor-

malized KS potential

o) - 2 /dp (e(ﬁ(iﬁm(r,mm—ue)) +1> - | (42)

)=

Ugs(r,f | n) = /dr'G(\r —1'|,8,n(r))vgs(r' .5 | n). (43)

The non-interacting TF free energy still is given by (11) and (12)

FG 1) = [ ar (—/%h [ dpin (1 i e—ﬂ%—ﬂ“’)w’nw) i u<°></3,n<r>>n<r>) ()

with now the density determined from (42) instead of (9). Equations (42) - (44) comprise
the simplest practical application of the present analysis.

The function G(r,5,n (r)) is calculated in Appendix C, with the result

Glr Bom) = %\/7?:_2 Ooodx 2p(z, B, 1O (8, (r))) sin (ﬁ(””) , (45)

(e‘ﬁ“(o) e + 1)_1
Jo da (e e + 1)_1 '

Note that all of the density dependence of G(r,3,n) occurs through (3,7 (r)). The non-

p(z, B, 1) (46)

degenerate limit of G(| r —r’ |, 8,n(r)) occurs at high temperatures or low densities for

which \n << 1

Gllr—1'|, Byn(x)) = 2F A manliori/n? (47)

A | r—1|

In this limit, G(| r — ' |, 5,n (r)) becomes independent of the density.
In the opposite limit, T'=0 K, G(|r —r’ |, 5,n (r)) becomes

R )zjl(ﬂm'”‘”"), (48)

Z\r-r|
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where (r is the density-dependent Fermi length and j; (x) is a spherical Bessel function

o 3\ 1
lp = — kF—2W<8) . n@)=—=

- o (sinz — xcosz) . (49)
Use has been made of the fact that (% (3,n) — h%k%/2m at zero temperature.

In summary, the approximations introduced in this section lead to the TF form for the
density except with a renormalized KS potential. That potential is “smoothed” over a length
scale that depends on the temperature or degree of degeneracy. In this same approximation,

zeroth order in Apgg, the non-interacting free energy of (34) becomes the TF result, except

evaluated at the improved density.

V. SINGULAR EXTERNAL POTENTIALS

To see how the revised Thomas-Fermi form (42) removes the problem of the local form
(9) for singular attractive potentials, consider the external potential from N; positive ions
with charges Z, and positions {R,},

Z

Z‘—Z €2 (50)

Obviously singular at the ionic sites, {R,}, its contribution to the renormalized KS potential
(43) is

Ni

o(r,5 | n)= /dr G(lr —1'|,8,n( Z‘I'/Zie‘

i 1
_ 2 /.12 ! /
= QEZI Zo€ /0 dr'r G(r,ﬁ,n(r))/dﬂ TR, (51)

The angular integral can be performed to get

N;

5,6 | n) = Z|rze = Ra|,n (), (52)

where

Ir—Ra|
S(lr — Ry, B,n(r)) =4r </0 dr'r?G(r', B,n (r))

o0

+ |r — R, dr'r'G(r', B, n (r)))

[r—Ra«|
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=R [ et o) | (g (1 s (YRR

Ha/T (%w S <4xﬁ ‘; — R ))} (53)

and Si(x) is the Sine integral

Si () = / g S (54)
0

:L./
Note also that in (53) x is an integration variable, not a Cartesian component of r.

For [r —R,| >> A, S(lr —R4|,8,n) — 1 and the Coulomb form for the potentials is

recovered. However, for |[r — R,| << A, one has
~R,| [™
(e = Ral 6 = 202 =R [ aripie ), (55)
0

and the Coulomb singularity is removed. At zero temperature, the length scale A no longer

is relevant and (53) becomes instead

EF . 47T|I'—RO|
S(‘I‘ Q‘ 5 n) ‘ﬁ ) |I‘ R | Sin < 7 )

ldrr —Ra| (. (47 |r — R4| 1 (47 |r — R,
—1—2 i <j1< " +27T Si i . (56)

One sees that S(lr —R,|,3,n(r)) |pg=c— 1 for distances large compared to the Fermi

length, and near |r — R,| = 0 behaves as

Ir — R,|

S(|r_Ra|7ﬁ7n) |B:00—> /
F

(57)

The singularity again is removed.

VI. PARR-GHOSH TF REGULARIZATION

As noted in the Introduction, the problem of singular densities within the TF approxi-
mation was addressed some time ago within zero temperature DFT. The resolution given
then is somewhat different from that given here. Our analysis essentially extends the local
TF approximation for the density to include non-local effects necessary to smooth the sin-
gularity. The earlier work of Parr and Ghosh [19, 20] addressed the problem instead within
the context of the standard TF functionals, but constrained the class of densities to be
considered. That type of analysis can be extended to finite temperatures also, as illustrated

in the following.

12



Return to the solution to the Euler equation in the TF approximation (13)

O o 6FWn]
on(r) = plr) on(r)

(58)

Consider again the case of an external potential due to N; ions, (50). Then, in addition to
the constraints of n(r) > 0 and total number of electrons [ drn(r) = N (u.), include the
additional constraints [19, 32]

/dr |Ve_r,n(r)|” = finite . (59)

This can be accomplished by introducing a corresponding term in the free energy,

ZaN=1 Ao [dr |Ve_r,n(r)|?, where \, are Lagrange multipliers

S / dr Vs rn(r)[?. (60)

The Euler equation then becomes

Ny 6 ron(r My,
= fe + Z (Z — 2 a|r al ( ) )\aaﬁ._Ra|n(r)) - 5?71(1'[)] (61)

In the vicinity of R,, assume that n(r) depends only on the relative radial coordinate, i.e.

n(r) = Ma(Jr —Ry|). Then, asr — R,

7.

Ir — R,|

Zo€? — 2\,

Ir — R,|

+ )‘av?v—Ran(r) - + AaTly, (62)

where 7/, and 7, are the first and second derivatives of i, (x). The singularity is therefore

removed by the choice
7.

_/ .
2n,

This is only implicit since 7, is not known a priori. Hence the non-singular Euler equation,

5FTF[ B Z0€® = 2X001r—ro (1) _ 0FW[n]
:U’e"i_Z( ‘I‘— a‘ + A a|1r R. | ( )) 5n(r> ’ (64>

Ay = (63)

must be solved self-consistently with (63).
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VII. DISCUSSION

Consideration of the relationship of our approach to that of Parr and Ghosh illustrates
the difference between revising the TF scheme as we have done and amending (or repairing)
it. The comparison proceeds as follows. The Euler equation of Section III in the form (22)

18

OB, 1 (r)) = pe — vies(r,8 | n) - /dr’G(\r — 1| ,B,n(r)) [vgs(t'.8 | n) — vgs(r,B | n)],
(65)
while the corresponding Parr-Ghosh type equation (64) is

©(8,n(r)) = pe — vrs(r,8 | n) Z)\ Vi-r,n(r (66)

Both provide non-local corrections to the local TF Euler equation to remove the singularity.
The Parr-Ghosh form involves terms through second order in the gradients while the ap-
proach here is fully non-local. Both require changes in the TF free energy functional. The
Parr-Ghosh form is an additive contribution from the Lagrange multiplier, while here the
modification is via global reweighting through G(r,r'.5 | u).

For at least two reasons, the present approach seems more systematic and general than
previous ones. First, it does not involve ad hoc choices of constraints or imposition of repairs.
Second, it is valid at all temperatures. As noted in the introduction, the approach here is
a formalization and extension of the idea proposed by Harris, Hoffman, and Pratt [24, 25].
In fact, egs. (10) and (11) of Ref. [25] are effectively the same as the simple approximation
of section IV here for the density.

In retrospect it is interesting to reflect on the TF limit itself. That corresponds to the

choice z(r,5 | prs) = prs(r). However, the exact result (25) gives for this choice

/ 'G(r,r' B | 2 Apxcs) (uxs(t’) — pures(r)) = 0, (67)

which implies that the system must be uniform over length scales of the response function.
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Appendix A: Non-interacting functionals

The starting point for the non-interacting functionals in statistical mechanics is the grand

potential QO (3 | u) for the grand ensemble. Its evaluation leads to the single particle form

3]
QOB | ) = — / drg" (x| n (1 + e‘ﬁ(f—m‘“@)) Ir) (A1)

where (r| X |r) denotes the diagonal matrix element of the operator X in coordinate repre-
sentation. The local chemical potential is given by u(r) = p. —v(r), where v(r) is the given

external potential. The conjugate thermodynamic variable is the density, defined by

S0G 8 o)y — g SE®) ) ) (A2)
op (r)

which follows by direct calculation. The non-interacting free energy is defined by the Leg-

endre transform

FO3 | 00) =90 | ) + [ deu(n® )

= /dr —47 (r|In (1 +e_6<§i_um)> r) +M(r)n(0)(r)] : (A3)

This definition gives the relation

W(—'(;” ). (Ad)

0

=

These equations give the non-interacting free energy as a functional of n(¥) (r), the density
following from pu(r) for the non-interacting system. However, in the main text that free en-
ergy functional is required at the density n (r) for the interacting system. That requirement
is met by replacing p(r) by the Kohn-Sham local chemical potential pxgs(r) given in Eq. (7)

in these non-interacting functional expressions.

Appendix B: Singularity of density

The dimensionless form of Eq. (9) written in terms of standard Fermi-Dirac integrals is

)\SnTF(r) _ 2f3/2(6ﬁuKS(rﬁ\")) ’ (B1)
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with A = hy//27m the thermal de Broglie wavelength. For large x

fojal) = ——(In(z))2 (B2)

Sufficiently close to the negative singularity of the attractive Coulomb potential,

eBlursTBin)=ne) > 1 50 (B1) goes as

nrr(r) = % ( o )3/2 pila(r, B n) = ( : )3/2 (te — vrs(r,8 ] n))*? .

2mh? ocrF

This agrees with Eq. (1).

Appendix C: Formal representations for z(r) and F©)

In this Appendix z(r,3 | pxs) and F© (3 |n) are written in terms of the non-linear
response to the spatial variations of ugg relative to z at a particular point, Apgg (r').
Recall from (16) that this is a measure of the non-uniformity of the system. Consider first

the density and write it is

n(r, B | prs) = (r| (6(5(%—um(a,ﬁm>)) N 1) -1 B (6(6(%_2(”_&%5@’6'”))) X 1) -1 .

(C1)
with
Apgs (9,8 | n) = prs () — 2(r,B | pxs). (C2)

As shown in (35), Augs(q,f|n) is a tempered measure of the non-uniformity of

trs (q,5 | n). A formal representation in terms of Apgg is obtained from the identity

1
e, ) = e, 312+ [ doon(e, 5] =+ )

=n(r,5 | 2) +/0 dx/dr’% |otaanes (s (¥') = 2 (1)) (C3)

Since z is the fized value z (r) at all points r’, the first term of (C3) becomes the TF form

(16) and is equal to n(r). As a consequence, the second term of (C3) must vanish

[ o [ s (s 0 = (1) = 0. ()
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Equation (C4) gives the formally exact representation for z (r) as a functional of ug

2(r,8 | uxs) = / d'G(r,t' B | 2, uxes)ires(r') (C5)

Here G(r,r',5 | z, uks) is constructed from the ideal Fermi gas response functional in terms
of Auggs as described by (26) and (27).

Next the grand potential QO (5 | ugg) is written in terms of its corresponding density
O(r, 8| )
Q0@ 1) = [ .5 ) (c6)

Then a corresponding representation in terms of Apgg follows from the identity correspond-

ing to (C3)

1
(0)(1'75 | IU’KS) = w(O)(ruﬁ ‘ Z) +/ dxiw((])(rvﬁ | < _'_xAMKS)

0 dx
1 (0)
—ore(Bx(e3 L) + [ o [ar® B0 s ). (e

The first term on the right is the TF result (local density approximation) since

Or,5|2)=—6"(r/In (1 + e‘ﬁ(m‘““ﬁ'w)) Ir)

— 55 [ dpln (1 e‘/f(?p"%‘“‘"’ﬁ“KS)))zw?%(@z(rﬁ\ws)). (C8)

Rewrite the second term of (C7) with the identity

/1d 5w(0)(r,ﬁ\u)‘ B ( 5\u / /d,d&u(o B|u)|
0 T (r') TAuKs T2 5u (r') dx’  du(r') ' Dpxs+z
r,[ | u) 02w (r, B | u) )
5u r’ | ‘ +/ dl’/ o /d / r’) r/’) ‘x/AHKs+Z A:LLKS (I'/)

_ w08 ) SR LTI ,,
SR [ [ar T2 AL s (). ()

Also, note that

/dr,cSw(O)(r,ﬁ | u) = Owrp(B,2(r,8 | pks))
du (r') ? 0z(r,0 | 1ks)

= —nrr(B, 2(r,8 | prs)). (C10)

With these results (C8) becomes

wO(r, B | pxs) = wrr(B,2(r.B | pxs)) +nrp(B,2(r,8 | pixs))z(r,B | txs)

17



Sw(©)
+ / dr’%ufw (') + / dr'de"h(r;r' v, B | Apges)Apcs (¥) Apges (r)  (C11)

. . o .
where the non-linear response function h(r;r’,r”, 8 | z, Augs) is

52w (r, B | u)
du (r') du (r")

1
hrrx", B | 2 Apircs) = / do (1— 2) leAscsts - (C12)
0

Finally, integrating over r gives the non-interacting grand potential in the form

QOB | prs) = r(B | 2) - / drnrp(B, 2(r,8 | uxes)) Aucs (r)

+/drdr’dr”h(r;r’,r”,ﬁ | 2, Apgs)Apgs (') Apgs () . (C13)

The non-interacting free energy follows directly from its definition as the Legendre trans-

form
FO(3 | )= 203 ucs) + [ denre(B. 2058 | pacs)ues (1)
= Fre(9 | )+ [ dvdv'dahies ", 5| 2 Spacs) Ss () Saes (). (C14)
Here

Fre(8 | n) = Qrw(B | 2) + / drnrp(8, ()= (r). (C15)

This is the result quoted in the text.

Appendix D: Response functions R(r,3,n) and G(r,5,n)

The normalized response function R(r,3,n) is defined in terms of the ideal Fermi gas
response function

nir xr p 7 7
R(r—r'|,B,2) = 555:67@‘)) [—_— /0 dy <ey(HN—ZN)ﬁ(r')e_y(HN_zN)ﬁ(r)> —n% (D1)

The Hamiltonian operator Hy is that for a uniform ideal Fermi gas, n(r) is the number
density operator, and the brackets (..) denote an average over the associated grand canonical
ensemble. The calculation is straightforward leading to
dk dk; (7 (€x—x,|) —n (€
R(r,3,z) = — (25 + 1)/ 36‘“”/ - (1 (€petal) ( kl)), (D2)
(2m) (2m) €k — €lk—k, |

where s is the particle spin, €, = h?k?/2m, and

n(ex) = (P 41)7. (D3)

18



Use cylindrical coordinates with the z axis along k to reduce (D2) further to

R(r8,2) = — (25 + 1) 22 ﬂe_ik.r/""d 1 1(1+6ﬁze—x ) o

i (2n) k2 T\ T ey
where k = k\/2/7 and A = (2r8h2/m)""*. Finally,

R(r,5,z) = (2s+1) ﬁi /OO dxx (e_ﬁze“"’2 + 1)_1 sin <x4\§%r) ) (D5)
0

T r2

To construct G(r,3,n) from (31) the integral of R(r,f3, z) is needed

_ B o7 (B 1) A
/drR(r,ﬂ,z) =4m (2s+1) vl dz (e e’ + 1) W (D6)
Then
G(r,B,n) = ﬁ:_z/o dxxp(x, B, z) sin (;l%\%r) . (D7)
with the normalized distribution
-1
(e‘ﬁzex2 + 1)
p(, B, 2) = (D8)

I da (e=Pev” + 1)~
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