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Density- and spin-density-functional theories through spin-free wave functions
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It is proven that entirely spin-free wave functions can be utilized in the basic definitions of the universal func-
tionals in density-functional theory and spin-density-functional theory. Then, for the purpose of approximating
these functionals, it is shown that the knowledge of certain properties of the functionals, such as those involving
the coordinate scaling of just one of the spin densities, is made feasible precisely because the wave functions
in the functional definitions are free of explicit spins. Among the examples, a conjectured spin-density scaling

relation for the correlation energy is studied.
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I. INTRODUCTION

Although density-functional theory (among the texts, see,
for instance [1-3]) simplifies the many-electron problem for
computations by replacing complicated wave functions with
functionals of the much simpler three-dimensional electron
densities and spin-densities, wave functions have clearly
played starring roles in establishing the existence of exact
energy functionals and for finding ways to approximate them.
With this in mind, we shall show that spin-free wave functions
may be nicely used for these purposes. In fact, the understand-
ing of how functionals are supposed to behave when individ-
ual spin densities change is made much easier through the
employment of spin-free wave functions. By “spin-free wave
function” we mean W(ri,ra, ..., y5 Fyst, P42, - - - IN),
where the first M coordinates are associated with the up-spin
electrons and the last (V-M) coordinates are associated with
the down-spin electrons, and where this wave function is
antisymmetric in the first M coordinates and is antisymmetric
in the last (V-M) coordinates.

In density-functional theory, the ground state energy Egs
and corresponding density pg(r), for the attractive potential
v(r), are given by

Egs = min { / v()p(r)dr + F[p]}

/ V() pgs (N)dr + F [ pg], 1

where the wuniversal functional [4]
constrained-search form [5,6] is

in its generalized

Flpl = min{((W|T + Ve |9)), 2)
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and where the kinetic part of the Hamiltonian is 7 =

—% D I<i<h V? and the electron-electron repulsion part of the

Hamiltonian is Vee = 3~ <;_jcy -

|ri—r;l”

Further, we now observe that '
F = min FJp;, , 3
(o] , i (o1, py] 3)

where p4(r) and p (r) are up- and down-spin densities, such
that

pr) = py(r) + p, (1), “4)
and where, of course,
Flpr.p)] = min  {(W|T + V,|W)}. (5)
V—(p1.p))

[Alternatively, wave functions can be replaced by ensemble
density matrices in expressions (2) and (5), where traces
would replace expectation values.]

If the external potential contains spin-dependent contri-
butions, such as with magnetism in spin-density functional
theory, then [7,8]

Egs = /1)131;1 {/ vy () + oy (M)]dr + / v (r)py (r)dr

+ [+ Fipy. m]}. (6)

The F[p], in expressions (2) and (3), and the F[p4, py 1,
in expressions (3) and (5), must be approximated for practi-
cal electronic structure calculations. For this purpose, exact
properties (constraints) of these functionals, such as equali-
ties and inequalities involving coordinate scaling, adiabatic-
connection relations, and asymptotic limits have been first
derived and then approximations to these functionals have
been constructed to satisfy as many of the known properties
(constraints) as feasible.

The traditional spin-wave functions in functional defini-
tions (2) and (5), which have been utilized for functional
property derivations, have contained spin coordinates as well

©2019 American Physical Society


https://orcid.org/0000-0002-3223-3576
https://orcid.org/0000-0002-8151-135X
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevA.100.062507&domain=pdf&date_stamp=2020-06-25
https://doi.org/10.1103/PhysRevA.100.062507

FEDERICO ZAHARIEV AND MEL LEVY

PHYSICAL REVIEW A 100, 062507 (2019)

as spatial coordinates. However, for the derivation of certain
important properties, such as those involving the coordinate
scaling of individual spin-densities in F[p4, oy ] and F[p] and
in their components, we have come to the realization that
it is greatly beneficial to employ spin-free wave functions
in the definitions, even when the external potential contains
spin-dependent contributions.

However, is the use of spin-free wave functions allowed?
As we shall show, the answer is yes. Then we shall illustrate
how the use of these spin-free wave functions allows for the
derivations of exact properties of F[p4, p;] and F[p] that

would otherwise be difficult to derive because of the indis-
tinguishability of all of the electrons in fully antisymmetric
spin-wave functions.

II. EQUIVALENCE OF SPIN-FREE AND CONVENTIONAL
DEFINITIONS OF F([p;, p,]

We present below two constrained-search definitions of the
universal functional F[p4, o] and prove their equivalence.
The first is the conventional one that is based on the use of
spin-wave functions, while the new one is based on the use of
purely spatial (spin-free) wave functions.

A. Conventional definition

Flpp, pyl = min (W, X, o xw)IT + Ve W01, 22, x00)s
W—(p1,0))
= (W, e X0, )| T 4 Ve[ WO (1, %2, - x0)), (7
where each spin-wave function
WXy, X2, ..., XN), Xi = (Fi, i), (8)

depends on both the spatial coordinates r; and spin variables s;, and W is a function that is antisymmetric in the interchange of
any of the x variables and normalized to unity. The corresponding (kinetic + electron-electron repulsion) energy expectation

value for each W in expression (7) is given by

(W1, X2, .o, XOIT + Ve [ W1, X2, - X))
= Z /\I/*(rl,surz,sz,...,rN,sN)(T + Vo )W(ry, 51,72, 52, - . -, Iy, Sy)dridrsy - - - dry, )
11
S1,82, 0 SN="73,73

1 1
where -3 and 3

down-spin densities, given by

pr)=N Y

correspond to “down” and “up” spins, and the spin-wave functions in Eq. (7) yield the same set of up- and

[1v(;
v r, -,rp, s, ..

2
dry -+ -dry,

-J‘N,SN)

2
pl(r) =N Z /‘W(r, E,TQ,SQ,...,TN,SN) dr2'~drN. (10)
s21in=—1.4
B. Spin-free definition
F[pT’pi] = \I/—>n(l,(£n/) )(‘I](rlvr2s RN 57 rM+17rM+21 "'arN)|T +Vee|\p(rlsr2a BN S rM+ler+27 ---»rN)>r
1P}

= (\I'I(r;:lypw(rher oS P41 42,5 - ~1rN)|T +‘/€e|\p([;‘):pl)(rlvr21 e M P41 M2, - - 7rN))rs (11)

where each spatial (spin-free) wave function
W1, 2, oo s M1 P42, -+ TN) (12)

is antisymmetric in the first M coordinates and is antisymmetric in the last (N-M) coordinates, and is normalized to unity.
The corresponding (kinetic + electron-electron repulsion) energy expectation value for each W in expression (11) is given by

(W(ri,ro, oo s T, T2, - ININT VeV, 1o, oo T Pyt P2y - TN -
= f‘lf*(rl,rz, e Iy P T2, - S I+ Ve )W, 1, oo P g1, 25 -2 -5 TN)

xdridry - - -drydry1dry o - - - dry,

13)
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where the above Dirac bracket differs from the one in expression (9), and all the spin-free wave functions in Eq. (11) yield the

same set of up- and down-spin densities, given by

m(r):M/I‘I’(r,...,rM; Faits - N)2dra, o drydryy, . dry,

py(r) = (N—M)/ |W(ry, ..., ry; r,...,rN)|2dr1,...,derrM+2,...,drN.

Theorem. The spin-free definition of F [o+, py] equals the
conventional definition of F[p4, p;], when the spin densities
in expression (14) are the same as those in expression (10).

Proof. The spin-wave function with M = N, (up-spin) and
N — M = N, (down-spin) electrons (N = N; + N,) can be
expanded into a sum of space-spin products as [9,10]

K
WXy, xo,...,Xy) = ZGi(rurz, o IN)EI(ST, 82, -1, ).
i1

15)

The spin functions ¢&;(sq, s2,...,Sy) are orthonormal,
where the first spin function, which is associated with
Gi(ry,ra, ..., ry), is conveniently chosen to be

C1(s1, 82, .-y sv) = alsy) -+ alsy,)Bsn,+1) -+ Blsw)-

(16)

The upper limit in the sum of Eq. (15) is K = 1%

K = ]% results from the fact that, in general, there are N'!
possibilities of ordering the N terms on the right-hand side of
Eq. (16). But since all the N4 ! possibilities of ordering the N;
terms of type o(s;) and all the N ! possibilities of ordering the
N, terms of type B(s;) are equivalent, N! has to be divided by
Ny!times N !.]

From the antisymmetry of the spin-wave function
W(xy,x2,...,Xxy), it follows that all the spatial functions
Gi(ry,ra, ..., ry) are equivalent to G((ry,r, ..., ry), after
relabeling of indices and a possible change of sign. From the
same argument, it also follows that each G;(ry,ra, ..., ry) is
antisymmetric in the interchange of like-spin coordinates.

In the following, we first observe that there is a one-
to-one correspondence between the first spatial compo-
nent Gi(ry,ry,...,ry) and the full spin-wave function
W(x1, X2, ..., %y). Then we show that the 7' + V,, expectation
values of the appropriately normalized G (r, r,, ..., ry) and
W(xy,xs,...,xy) equal each other. Further, we shall show
that the spin densities of the two wave functions are also equal,
according to the given in the formulation of the theorem.
Finally, since there is a one-to-one correspondence between
the two wave functions yielding the same spin densities as
well as the T + V,, expectation value at every point in the
minimization processes, their respective minima are, clearly,
also equivalent.

On the one
{¢i(s1, 52, -

Gi(ry,ra, ..

hand, since the spin functions
.,8y)} form an orthonormal set, it follows that
.,ry) can be projected from W(xy,xs,...,Xy)

(14)
[
through
Z Si(s1, 82, .o, sNW(XL, X2, ..o, XN)
815824000y SN
= G(r1,r2,...,rN). 17
The utility of this mapping from W(xi,x3,...,xy) to

Gi(ry,rp, ..., ry) will be evident later for expectation values
of operators that are independent of spin.

On the other hand, the spin-wave function
W(x,x3,...,Xxy)on the left-hand side of expression (15) can
be obtained by antisymmetrization of any component in the
sum on the right-hand side of this expression. In particular,
antisymmetrization of the first component gives

A{Gi(r1, 1o, .., PN)CI(S1, 82, .0, SN}

K
ZGi(i‘l,"z, e NG, 82, .o, SN)
i1

= \I/(x],xz,...,xN). (18)

Expressions (17) and (18) establish a one-to-one correspon-
dence between the spin-wave function W(xy, x,, ..., xy) and
its first spatial component G (ry, r2, . . ., ry). That is,

W(x(, X, ..., xN) < VKGi(r1,F2, ..., FN). (19)

Thus, the normalized first spatial component
«/I?Gl(rl,rz,...,rN) is equated with the spin-free wave
function W(r,ra, ..., x5 Fyet, a2, ..., Fy) in the
spin-free definition of F[p4, p; 1,

W(r,ry, o FMs Tyt P42, -+ - TN)

= «/EGl(rl,rz,...,rN). (20)

Indeed, v/K. G(ry,ry, ..., ry) is a function that is antisym-
metric in the first M, or N;, coordinates and in the last
(N — M), or N, coordinates. Also, \/EGl(rl, ry,...,ry)is
normalized to unity.

We now show that the expectation value of T+V,
in Eq. (9), with W(x;,x,,...,xy) given by Eq. (15),
equals the expectation value of 7'+ V,. in Eq. (13), with
W(r|,ry, ..., Fa5 Py+1s P42, - .-, Fy) given by Eq. (20).
To prove the equality of expectation values, use is made
of the fact that the orthonormality of the spin functions
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¢i(s1, 2, ..., Sy) causes the cross terms to vanish,
(ly(xlvx2s .. ,XN)lT + V€€|\Il(x17x27 e 3xN)>X
= Z / Wy, 51,72, 52, s Iy SN+ Vo) W(ry, 51,72, 82, - .., Py, sy)dridra..dry

g oo—_ 11
51,82, SN="73,73

K
= Z Z/G;k(rl,"z,--~J’N)§i(S1,S2,---,SN)(T-FVee)Gj(i’l,"z,-~-,rN)§j(Sl,S2,---,SN)dl‘ldrz"'d"N

11 j=
S1582, s SN=—75,73 i,j=1

K
= Z/G?(rl3r2’"'7rN)(7A—‘+‘7€€)Gi(r1’r29""rN)drldrz"’drN’
i=1

= K/G’;(rl,rz,...,rN)(f + V)G (r1, 72,y ... Fy)dridrs - - -dry

/ VKG(ri. 2, ..., 0T + Ve )IVKG(r1, 12, ... ry)ldrydrs - - dry

= <"I'[(rlvr21 '°"rM;rM+larM+27"'1rN)|T+Vee|q](rlvr23-'~’rM;rM+ler+27 ~'-er)>r’ (21)

where use is also made of the fact that each G;(ry, r, ..., ry) differs from G (r;, r,, ..., ry) by an antisymmetric interchange
of coordinates corresponding to the like-spin electrons.

For other purposes, instead of T + V.., other spin-free operators could be used in Eq. (21), including just T,V,.,or I.In the
latter case the equivalence of normalizations is established.

Next, we prove that W(xy, x», ..., Xy), as given by Eq. (15), and the corresponding W (r1, 72, ..., Far5 Fars1s Fyg42s - - - IN),
as given by Eq. (20), yield the same spin densities, through Eqgs. (10) and (14), respectively. We accomplish this by starting with
the definition of spin densities in Eq. (10) and transform it in a multistep fashion to the definition of the spin densities in Eq. (14).

First, on the right-hand side of the definition of the up-spin density in Eq. (10), replace W(r, %,rz, $2, ..., N, Sy) with
the expansion terms of Eq. (15) that all start with «(s;) in their spin components ¢;(s1, $2, ..., Sy), as the choice of s; = %
requires. Also, use the orthonormality of the spin components ¢;(s1, sz, ..., sy) as well as the fact that each spatial component

Gi(ry,ra, ..., ry)is equivalent to G| (ry, ry, . .., ry) up to an antisymmetric interchange of coordinates, to obtain

1
N \I/r,—,r, y oo TN,
Z /‘ < 3 25 52 N SN)
82,00 SN=—

% = % = % terms in the above expansion. [The number of terms, where the first spin in each

spin component Z;(sy, $2, . . ., sy ) s fixed to spin-up a(sy ), is the same as the number of terms of (N — 1) electrons with (Ny — 1)
up- and N, down-spin electrons. Note the definition of K below Eq. (16).]
Next, further modify Eq. (22) by using Eq. (20),

: KM )
dridry---dry = N ~ |Gi(ri, o, ..., rN)|"drdry - -dry ;. (22)

s

2=
=

Notice that there are

KM/|G1(r1,r2,...,rN)|2dr1dr2---drN :M[|\Il(r,...,rM;rM+1,...,rN)|2dr2,...,derrM+1,...,drN. (23)

Finally, observe that the right-hand side of Eq. (23) is equivalent to the definition of the up-spin density on the right-hand side
of Eq. (14).
The equivalence of the down-spin definitions in Egs. (10) and (14) proceeds in a similar manner, by first establishing

2
drldr2~~drN

1
N WVl lr,——,ry,8,...,Iy,
Z /‘ ( ) 2,82 N SN)
82,000

—_11
=722

2
drldrz i -drNTdrNTHdrz . -dl‘N. (24)

1
=N E [“Ij(rl,sl,rz,sz,--~,"NT,SNT,",—E,-uJ‘N,SN

SLyeessSNp SN 15000 SN =

B=

o=

That is, the coordinate that is not integrated on the right-hand side of the down-spin definition in Eq. (10) is moved from the
first position to the position that corresponds to the first down-spin electron in W(ry, 7y, ..., Fy3 Frrg1, Fars2, - - -, Fiv). Further,
proceed as in the up-spin density case.

We now proceed right to left in Eq. (21) and apply expression (18). We obtain that for every (7' + V,.),, with a
W(ry,ra, ... Py Fy+1,Tu+2, - - - » i), there is the same (f + Vee)x, with the corresponding W(xy, x>, ..., Xy).
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That is,
(W1, 12 oo Pats Pty Pt oo IONT Ve (UL P2y o P Pat s P2, o TN))
= /~/_G 1,12, PNEGST 525 oo ST 4 Ve N KGI (1,12, o P)EL(S1, 52, -5 Sy - - - dry
81,852,000, SN=— %%
= /A{fG*(n,rz, G152 SONT A+ Ve)AWVKG (11, )
8250 SN= % %
X 51(51, $2,...,8N)}dridry - - -dry
= (W1 %, . X)IT + Ve[ Wy, X0, X)) (25)
The combination of expressions (21) and (25), and the fact that W(x, x5, ..., xy) and W(ry, 72, ..., Fags Fre1, P42, - - - s N)
have the same spin densities, proves the desired result, which is of course,
min  (Wxy, Xa, .. 0| T+ Ve[ Wy, X0, LX)
W—(p1,0))
= H(lgnp )(‘I"(rl,rz, e 0 P T2y - INNT A Voo (W1 72, o PAgS Pag 1y P2, - - s TND) e (26)
= (pr.py

A generalization of the universal functional, where spin-free eignenfunctions of the spin operator $2 are used in the
constrained search, is given in the Appendix.
The theorem and proof can be further generalized to ensemble density matrices in the constrained searches.

III. SPIN-DEPENDENT COORDINATE SCALING

Our observation that space only (spin-free) wave functions may be used in the constrained search, for the expectation value
of T + V,,, enables the derivation of constraints, such as those involved in coordinate scaling, for approximating F o+, py] and
its components in spin-density-functional theory. Along these lines, spin-dependent coordinate scaling for the correlation energy
was introduced in Ref. [11], and the use of spin-free wave functions enables further significant progress.

As a fundamental example, we are now able to assert that

Flp*, p,] < A2 wmn O o AP T
rts ] < | o)L A2 MM Pty P2, - TN

VoA T WG, A, AT Py P, 7)) 27

follows from the reasoning [12-14] used in the study of the uniform scaling properties of F[p]. That is, the in-
equality in Eq. (27) arises from the fact that the scaled wave function on its right-hand side is not equal to
WM (p P, P Pyl M2, - - - TN, Where

(P}.py)
prIr) = p}(x, 3, 2) = 27 py Ohx, Ay, 22). (28)

More generally, we have
M 3(N-M)

FIpy o) < (A Ay 7 Wl Gt Aara, - Mgy A rgns AT, - dgr)| T

3N-M) .
+Vee|)\ )L R \IJE?)ITH»PU()\'Trl’ )LTI'Q, ey kTrM; )wrM_H, )wrM_ﬂ, ey )\irN)). (29)

Further generalizations include the use of nonuniform scale factors for the x, y, z components of the up- and down-spin densities.
But for the purposes here, inequality (27) should suffice.

Inequality (27) leads to

Flpy, p ) S KTilpr, py 1+ Tilpys pyd 4 WVeer [y, py 1+ Vee o1 £y +NTNi(‘I’&an%_;,M‘Wa?m)’ (30)
where
Tilpy. py] = M{WEE [T [WEE ), 1)
T\[pr, pyl =N — M)(\pm;np¢)|TN|w(p¢ pl)) (32)
Veeslorspi1 = L= Dagn, | L) @)
Vieulpy. py1 = = M)(AZI —M- 1)(‘1’&%) rl_rm K27 (34)

062507-5



FEDERICO ZAHARIEV AND MEL LEVY

PHYSICAL REVIEW A 100, 062507 (2019)

From inequality (30) and the corresponding one for F[p4, pﬁ], it follows that

. A . A < min 1 min <
}ILI_I;%F[,OT» pi] + }I_IR)F[PT, Pﬂ S F[Pm 'Oi] - NTN¢<\I}(,0T p¢)| Ir — ral | (Pmm)) = F[pT’ ,Ol] (35)
Also, inequality (30) and the corresponding one for F'[p4, pi] imply
Flo}, py] Floy, pil
am T K_)H;O T < Tilpr, py 1 + T, o1, py ], (36)
which means that
Flp}, py] Flpy, p}] IF[p}, py] IF[py, p}]
0< lim ——— + 1 < _— —F 37
Sin et e S ( 7 ) * ( 7 ) Lot £ oD
where use has been made of
dF[p}, py] dF [p1, p}]
Tilpr, py 1+ Ty Loy, oyl = (B—TA> + (a—)\¢> — Flpy. py], (38)
A=l A=l
which follows from the fact that expression (30) and its counterpart involving ,oﬁ are equalities at A = 1.
From the reasoning in Refs. [12—-14], the fundamental equality counterpart to inequality (27) is
Flpt. p]= <lI/(‘;‘]i$’yp¢)(r1,r2, N VI YRR VIE T S 1 A Vee"l’&?pw("l,h, e P PMAL T - TY)), (39)
or
F[,O%, pi] = ( \IJ(’E‘T“m)()\rl, N YRS GV SYRRTN 4 VAT, SN rN)|T
Ve W Gy A, A T T, D), (40)
or
F[p?s pJ,] = <\IJEnpm2 )(r11r27 ey rM+11rM+27 -"1rN)|B()V)|\IIm1Tn;1)(rlsr2a BN S rM+ler+27 "'9rN)>v (41)

mm .
Where\p p)(rlarz»"'er’ M1, "M425 -+ -
expectatlon value of B()), where

M M-1

ry) is the wave function that yields p4 and p, and simultaneously minimizes the

N
Boy = —-A2ZV2—-ZV~+*ZZ| m— 53 Z e TRAD DD Brree e
i=M+1 Jj=i+1 i=1 i r Jj= t+ll—M+1 l’ Jj=M+1 i=1 ’X r.
Upon the scaling of py, Fxs is given by
Fislph, py] = (qDésT,m)("l,"z, ce M TMA L TV, - ,"N)’é()»)@éi PRICSTE RN VRS SVIRT YRCTINN /) (43)
[
where, consistent with its most common spin-density defi- obtain
nition [15], q’%ii,m)(rl,rz, e M PMA L T2, - TN) =
®§f(r1,r2,...,rM)QDEf(rMH,rMH,...,rN), and where hmE ['OT PL1 < Ecl0, py . 47

®5S and ®p° are the antisymmetric Kohn-Sham wave
functions for p4 and p, respectively.

With F[,o%, p,] given by expression (41) and FKS[p%, ol
by expression (43), the corresponding correlation energy is

Eclp}, py]1 = Flpt, py] — Fxslp}, oy 1. (44)
It can be shown that expressions (41)—(44) lead to
lim Flp}, py] < FI0, py] (45)
and
PL% FKS[;O?’ py] = Fxsl0, o1, (46)

because B(L) approaches the down-spin Hamiltonian for
(N-M) electrons as A approaches zero. Consequently, we

However, expressions (45) and (47) are equalities if, and
only if, p, is such that the value of F[0, p;] cannot be
lowered by replacing wave functions with ensembles in its
constrained-search definition, as for example, when p; is
pure-state v-representable, for the all down-spin electron
case. In an alternative equality case, it can be shown that
expressions (45) and (47) are equalities for any p, when
the constrained-search minimizing wave functions are re-
placed by constrained-search minimizing ensembles in the
definitions of Fks [p’T\, p,] and F [,o%, p,]. In either equality
case,

. A —
lim E[pt, p1] = Ecl0, py], (48)

which is what has previously been conjectured [11].
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IV. CONCLUDING THOUGHTS

Incidentally, by using the connection of density-functional
theory and spin-density-functional theory in Eq. (3), it is
interesting to observe that with

pr) = py(r) + p, (1), (49)
and with the situation where
Flpl = Flps, py1, (50

the coordinate scaling on both sides of Eq. (50) leads to an
inequality rather than an equality,

Flp*1 < FLpf. pyl- (51)

Through our new expression for F'[p4, p, ] as a constrained
search with wave functions (or ensemble density matrices)
that are entirely spin free, one is now better able to find
exact properties of F[p4, p;] and its components, for ap-
proximation purposes. As examples, we were able to derive
coordinate scaling constraints for F[p4, p,] by utilizing the
basic inequality in expression (27) and the basic equality in
expression (41), which arise from the definition of F [,o%, o]
and by scaling the first M spatial coordinates of the appropri-
ate wave functions. It is significant that the use of spin-free
wave functions especially enables the derivation of important
exact constraints for approximating the correlation energy
functional.

Our spin-free constrained-search approach presented in
this paper can be further generalized to universal density-
matrix functional theories. It would also be interesting to
see if this approach could be generalized to the two- and
four-component relativistic versions of DFT, so that, for in-
stance, cases involving noncollinear magnetism and spin-orbit
coupling could be covered [16].

In closing, we observe that the spin-free constrained search
in the universal functional in expression (11) should be useful
for the explicit wave-function constructions of it [17-20] and
of its functional derivatives [20].
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APPENDIX

Universal functionals that are defined by constrained
search can be symmetry adapted [21]. In particular, they
can be restricted to the eigenstates of the spin operator §?
[1,2,16]. Since these universal functionals impose additional
constraints, they give higher energies compared to the con-
ventional universal functional but can be useful in a variety
of contexts, for example, in calculating excited states that are
also triplet ground states.

In the spin-explicit approach, a projection operator may be
used in the constrained search to restrict the wave functions to
the eigenfunctions Wg(x;, x;, ...,Xy) of 82 with eigenvalue
SS+1).

In the spin-free approach, the equivalent effect is achieved
by the following analog of the expansion in Eq. (15),

K
Ws(xy,x2, ... va):Z Gi(ri,ra, ..., FN)Ei(S1, 82, ..., SN),
i1

(AL)

where

Ns
Gi(ry,ry, ..., ry) = Z T;;Gj(ri,ra,...,ry),
j=1

Ns
Gi(s1, 52, osn) = Y Tigi(s1,82, .., sv). (A2)
j=1

Zi(s1, 52,...,sy) are the Ng spin eigenstates of $? with
the eigenvalue of S(S+1) and 7;; is an orthonormal
matrix [9,10].

The expectation value of Wg(xy, x>, ..
by an analog of Eq. (21),

.,Xy) is computed

(Ws(r1, 72y oo Pt Tty Tr2s + - s INIT + Ve \Ws(P1, Pay o Pt Pt s T2, - TN))
K Ns Ng
= 23D T [ G (T V)G s . (A3)
i=1 j=1 k=1

As in the case of Eq. (21), instead of T + V,., any other spin-free operator could be used in Eq. (A3), including just 7', V,., or /.

The densities of Wg(x1, X7, ..

K Ns Ns

., Xy ) are computed in analogy to Eq. (22-24),

,OT(I’) = MZZZT;,T;k / G;(}’, NN 57 Sy AN ,I‘N)Gk(l’, e M P4, - ,I'N)drz, ey derrM+1, ey drN

i=1 j=1 k=1

K N Ns

p,(r) = (N—M)ZZZ]}jY}k/G;‘-(rl,...,rM; Py PNGR(EL, o Pags Ty eN)dEL L drydr L dey. (A4)

i=1 j=1 k=1
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With all of the above in place, the following is the spin-free version of the universal functional with the S(S + 1) eigenfunctions

Wg(x1, X2, ..., xy) of 82 in the constrained search,
Fsloy, py]1 = ” _I)I(lxi)ﬂp )(‘I’s("h Pos o Ty Pt Tiag2s - s INIT 4 Ve[ WUs (1, P2, oo Py Pyt P2, - IV ) (AS)
N TPl

It can be shown that the spin-explicit and spin-free definitions are equivalent in this case as well.
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