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Formal connections between the high-density scaling limit of the correlation energy functional
E.[n] in density functional theory and second-order energy expressions from different perturbation
theory formulations are presented. It is demonstrated that the second-order correlation potential
considered by Grabowski al.[J. Chem. Physl16, 4415(2002] is equivalent to the high-density

limit of the exact correlation potential, and thus provides the first self-consistent finite-basis-set
implementation of a Kohn-Shan(KS) potential correct through second-order. A different
second-order correlation functional based on the exchange-only KS approach is introduced. It is
shown that this second-order correlation functional leads to the same self-consistent KS realization
as the one derived from the second-order componeriipfi]l. © 2003 American Institute of
Physics. [DOI: 10.1063/1.1522570

INTRODUCTION AND DEFINITIONS the high-Z limit of the common quantum chemistry correla-
. tion energy and different DFT correlation energy functionals
Very recently Grabowsket al. (GHIB) (Ref. 1) have  pave been made by Perdew, McMullen, and Zurgéay
presented exciting new results from computational schemeghakravorty and Davidsof, and by Ivanov and Lev§?*
based on the optimized effective potentiEP (Refs. e importance of PT considerations in DFT has been re-

2—-14) method with an inclusion of correlation potentials de- cently demonstrated by Eng&ln his work on van der Waals

rived from a second-order many-body perturbation theor)fnteractions

(MBPT) energy expression. Approximate second-order _ . ), PT-x
implementations have been considered and excellent numeri- dAlsé) of interest is the segﬁpd-or:der enﬁﬁg | de-
cal results have been reportedThe explicit orbital- 'v€d Dy means of PT within the exchange-only OEP

dependent correlation potentials proposed in Ref. 1 presemgthpﬂd' It will be shown that the potential derived from
an enormous improvement over the widely-used potential&<"' * can be a convenient choice for self-consistent KS
derived from explicit density approximations to the correla-Calculations. The potential derived froB{* "™ * has been
tion energy functional. However, because these potentials agonsidered by Ivanov and Le¥in their integral equation
obtained from somewhat different viewpoint, the questionformulation of density functional perturbation theory. This
has arisen about how the GHIB approach relates to the Pformulation enables one to derive correlation potentials with-
introduced by Gding and Levy(GL).>*® out explicitly taking functional derivatives. Their approach is
Here, we shall establish some connections between thgn extension of previous work by GIRef. 6 in which the
specific choices of the second-order correlation energy funGntegral equation treatment was initially applied to the zero-
tionals considered in Ref. 1, and the second-order componegtder Hamiltonian in GLPT, whereas in Ref. 32 the integral

2 .
Eg )[n] (Refs. 15-19 of the exact correlation energy func- equation perturbation formalism is applied to any appropriate
tional E.[n] (Refs. 16, 20—26in density functional theory zero-order Hamiltonian.

(DFT). We shall prove that second-order enefgg "' from
the conventional PT provides a lower bound E{f’[n]. In
that,E(®)PTis more negative thaB{®)[ n] for the same set of
Kohn-Sham(KS) orbitals. Previous connections between

We shall demonstrate that certain second-order approxi-
mations considered in Ref. 1, can lead to the finite-basis-set
realizations of exact KS schemes through second order. In
particular, we shall compare the computational scheme by
GHIB with the one developed by G(Ref. 6) based on their

dpresent address: Analytic Solutions, 422 Park Avenue, Clarendon Hillsgdiabatic perturbation theo?)}.5’33 We shall prove that the
lllinois 60514.

Ppresent address: Pacific Northwest National Laboratory, P.O. Box 999§econd-orQer corr.el_atlon p_Otentlal given by E86) _m Ref. )
Richland, Washington 99352, 1, GHIB, is the finite-basis-set analog of the high-density
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scaling limit of the correlation potential in DFT. We will
show thatE{®FP™* and E()[n] have the same functional

form and thus lead to the same final results when their re-

spective potentials are included in self-consistent KS

schemes.

We briefly review the KS scheme based on the OEP

method~** which, in turn, allows one to include explicit
orbital-dependent functionals and potentials

consistent KS calculations. In atomic units, define the Hamil-

tonian operatoﬁ[n] as

-, ®

whereh(r)=—3V2+uv([n];r), andve,[n];r) is the ex-
ternal spin-independent potential for theelectron system
of interest. According to the Hohenberg—Kohn theof@m,
the potentiab ([ n];r) is a unique functional of the ground-
state densityi(r).20343%

The ground-state energy &[n], Ecd nl, is given by

Ecd n]=(®XSH[n]|®KS) +E[n]

N(T

=2 2

o=1.] i=1

n(r’
()dr,

[(‘Pio|ﬁ|@ia>+ %<‘Pi0|f |

+5XH§([%CQT]H)|§%>}+Ec[n]. )

whered® S is the single determinant obtained through the KS

method. Here®K® is the wave function that minimizes the

lvanov et al.
X (1", Nvyg([n];r")dr
N, %
2 2 <QD|U|UXH¢'7:([QDOCQT] r)|‘Patr>
i=1 a=N_+
*
() o’(r)(P'O'(r)
in  self- x—2C % " tec, (4)
€is €ao

whered ([ @oc0,];T) is the nonlocal spin-dependent HF ex-
change operator built from thé,, occupied KS orbitals, and
wheren,(r) is the spin density. The kernel of the integral
equation(4) is given by

(1) @an(r) @an(r) @i(r)

€™

+c.c.
&)

The correlation energy function& [ n] in Eq. (2) is
defined by

N, oo
X, (r'n=2 >
i=1la=N,+1

€ac

N
Ec[n]:<‘yn|i21 I:\](ri)"_\A/ee|“];'n>

N
- <q)rlfs||21 h(r;) +Vee| QDES>

=(Wol T+ Ved W) —(PpT+Ved @75),  (6)
where W, is the true ground-state wave function of the in-
teracting HamiltoniatH[ n], and®}® is the KS single deter-
minant. The operatdv’ee is the electron—electron interaction
operator, i.e.Vee==]L; ;3 1/|r —r;|, and T is the ki-
netic energy operator, i.eT= E V2 The right-hand
side of Eq.(6) follows from the fact tha’d)"S is constructed
to yield the same density as the one obtained filbm>* In
other Words,d),*fS and W, yield the ground-state density

n(r):<q,n|ﬁ|\l,n>
=(@p%p|®1°)

expectation value of the kinetic energy operator and yields

the true ground-state densityr).3* In other words ®XS is

built from the N lowest energy solutions to the one-particle

KS equations,
? dr' +vyo([Ne]:r) Fvea([n]ir) { @po(r)

[ﬁ(r)+f ]

=g, ([N];r) pp(r)= o=1.1, €)

GDU(Pp(r)!

=n,(r)+n(r)
N

_2 |€D|T(r)|2+2 |‘P|L(r)| (7)

wherep is the density operator. In E¢3), the correlation

potential v.,([n];r) is formally defined as the functional
derivative ofE[n], i.e., v ([Nn];r)=S6E[Nn]/on,(r).

SECOND-ORDER CORRELATION ENERGY

wherehso([n] r) is the one-particle KS operator defined as gyncTIONALS

the sum of the operators in the curly parentheses, @and
denotes the spin orientation. Pure statepresentability’ is
assumed throughout our consideration.

In the above equatiom,([n,];r) is the solution to the
following Fredholm linear integral equation of first kind,

Since the exact form dE [ n] is intractable in practice,
E.Jn] must be approximated. Hence, we can consider an
initial approximation toE [ n] derived from a conventional
PT due to
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N, n(r’) three components in the curly parentheses. Each subscript
E f ; dr’ +uv,,([ny];r)) X, andc represents the Hartree, the exchange, and the corre-
omhiiEt ri=r| lation potentials, respectively. We note that E8). might be
Ny a typical choice for a perturbation treatment when the KS
Tveo([n];ri) 0 Z Vuxeo([N];1i),  (8)  Hamiltonian is chosen as zero-order approximation.

By assuming that all components of,,(r) are of the
wherev () is a short-hand notation for the sum of the same order, we consider

(D Vee = ge i ZN 0 uxen([N]; 1) D)2

(2) PT_ E

Eo—Ex
N o0
E |<CDk|Vee|(Do>|2+ E 3 E |<(PI0'|UX0'([(pOCQT] = vye([Ne]ir) —veo([N]; r)l‘Paa>|2
k 1 Eo_Ek o=1,] i=1 a=N,+1 €, €an
(2),PT Y - |<(p|0'|f0'([(POCC] r)|‘Paa>|2
=EZT+ 2 2 X 9
o=1, i=1 a=N_+1 €iv— €an
|
whereE{% T denotes the sum over all doubly-excitéiE) Since the approximations proposed in Ref. 1 are second-
states in the second line of E(). The one body-operator order, we also consider the second-order expression from a
f ([ ©ocd;l) iS given by specific type of PT advanced by G1>3*Their adiabatic PT,

which keeps the density fixed at each order of perturbation,

enables one to establish connections between the fully inter-
1:0([<pocc];r)=ﬁ(r)+vux0([<pocc] r. (100  acting Hamiltonian of the system of interest, and the respec-

tive KS Hamiltonian. In addition, the second-order energy in

GLPT can be identified with the high-density scaling limit of
In Eq. (10), we have made use of E(B) along with the fact  the full E[n].6:15-17:22:33

that By considering aifferentfirst-order perturbation,

fo([ @occliT) =hso([N];1) +U ([‘Pocc] r

—Uxo([Ng];7) —veg([N];1). (11) N
y < n(r’)
Veer 2 2 { f —dr +oy,([n,]in)
By considering Eqs(10) and (11), and by noticing that o=T.11=1 ri—r’|
(@ig|hse([N];1)|¢ae) =0, the last line of Eq(9) is readily N,
obtained. The subscriptsanda denote occupied and unoc- :{/ee_ vuxo([N1:1) (12
cupied KS orbitals, respectively. o=T,1i=1

GL arrived?® at

o Vee o= E'Nf uxo T (I)o 2
lim Edn,]= E@[n]= 2 (D 12 vuxe([NT1) [ Do) ]

y—® Eo_Ek
N % ~HF . ) 2
4 [ @iol Vo ([ PocarliT) —Uxol[No]i 1) | @ac)]
:Egﬁ))"‘ E 2 i X ocar X a , (13)
o=1,l 1I=1 a=N,+1 €y €Ear
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where the scaled density,(x,y,2) is defined” as

n,(X,y,2)= ¥*n(yX, vy, v2).

In order to establish some connections betwe&d' "™ and
E®)[n], we shall make use of the fact thef?""=EZ),
and of Eq.(4) re-expressed as

N, e
ngrl),GL(r)EE 2
i=1 a=N,+1

(19

<99io|axH<E([‘Pocw];r)

_UXU([nU];r)|¢aG>M+C'C'zoy

ic™ €ac

(19

lvanov et al.

or for any one-body multiplicative operatg(r),
N o0

s

~HF )
; <¢i0’|vxa([¢06&r]1r))
=1 a-N,+1

<(Pa0'|g(r)|¢i0'> +c.c

€ic~ €ar

_Ux{,-([n(,];r)|(Pa(,>

:f n'YCL(r)g(r)dr=0. (16)

As shown by Eq(15), its left-hand side can be readily iden-
tified as the first-order spin-density*) ®%(r) resulting from
the perturbation given by Eq12).

First, we note that

o

+_NZ(T 2 |<quo’|vco.([n];r)|(Pa0'>|2

i=1a=N_+1

€ic~ €ar

% 2 @1l 08 ([ @ocer]iT) — Uxo([No]iT) = 06o([N];1)| @20
i=1a=N,+1 € €an
¥y Kedd o in) a0 1i0) )
=1 a=N,+1 €~ €an
N

o

<(Pau'|UC(r([n];r)|(Piu'> +ec

(17)

NE (1ol V5 ([ PocarliT) = Vol [Na]i )| @an)

i=1a

The expression in the curly parentheses in @) is zero
because of Eq16). Hence, by combining Eq$9), (13), and
(17) we obtain

EE:2),PT: E(2)[n]

zz"z

|<(Pi0'|UC0([n];r)|(paa'>|2

(r—T | i=1 a=N,+1 €iv— €an
(18)

Equation(18) implies
E@PT<g@[n]. (19

Further, according to Eq(15), the first-order spin-
density ""®4r) in GLPT is zero at each point of
space, and thug{®)[ n] is a unique functional ofi(r). How-
ever, the perturbation given by E(B) does not keep the

€ic™ €acr

second-order approximation, the second term on the right-
hand side of Eq(18) is effectively a higher-order energy
contribution.

We point out some inferior features dE(FT to
E®[n] as possible approximations #®,n]. The second-
order energyE(®PTis not a functional of the ground-state
density n(r) only and, in general, the highest occupied
KS orbital corresponding to the potential derived from
E@PT will no longer bear a rigorous connection to the
ionization potentiaf®3’ For example, the converged
self-consistent density is not exacth(r), if the system
of interest is in the high-density limit. For such a system,

E@[n] becomes the exact correlation functional
and its functional derivative leads to the exact correlation
potential.

We also note thatE{®PT is more negative than

density fixed since the corresponding first-order density beE£2)[n], which is often already too negative when compared

comes

N, =
nfrl),PT(r):_E D
i=1a=N,+1

<(Pi(r|UC(r([n];r)|(Parr>

@;o(r)ﬂpi(r(r)
X——+¢C

€ig—

c., (20

€ao

and therefor&€(®"Tis not a functional ofh(r) only. In fact,
E()PTis a functional ofn(r)+n®-PT(r).

with E.[n]. The latter statement obviously follows from
Egs. (18) and (19) unless{;,|v.([n];r)|¢a,) =0 for all
pairs of occupied and unoccupied spin—orbitals. Following
Hirata et al,'? Eq. (19) will be equality if and only if
veo([N];r) is a constant. Since.,([n];r) is not generally a
constant, the contribution from single excitations involving
veo([N];r) is not zero and as a restl®® PT<E®[n], i
general. In conclusiorE{® """ would not be a better ch0|ce
than E?[n] as an approximation t&.n]. Even though

However, GHIB noted that the correlation potential there are numerical differences, they are expected to be very
ve([N];r) is at least one order higher thawv.,. small, and effectively these differences are one order higher
— 3,21 2N vy([N];r), SO in order to get a consistent when compared t&2)[n].
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If we consider an exchange-only scheme, wg,([n];r)=0 in Eqg.(3), we note that the PT approach leads to the same
perturbation as in GLPT, E@12). However, inthis case(r) must be replaced by the ground-state density from the exchange-
only calculation, namely*(r). With this in mind, we define

N o ~

OO R @b ardiT) = xo([NE T 1) [ @)
N €ro
Yoo & el I ([ekdin| @i ?

X
io

q

EEZ)’PT7X2E2?3PT7X+ 2 -
o=1,1

I
s

a=N_+1 €

a

(21)

Il
s

o=T,1 a=N,+1 € —eég

The superscriptx” indicates that the one-particle orbitals pnstrate that the second-order potenti&) ®"'®(r), given
and energies are associated with the exchange-only KBy Eq.(36) in Ref. 1, is the same as the second-order poten-
Hamiltonian. We note that Eq21) takes on the same func- tja| ,2)([n];r) from GLPT. Although the two potentials are
tional form as Eq(13), but with exchange-only orbitals and gerived in quite different ways, they assume the same func-
energies. tional form due to the fact that the first-order density
Very recently, lvanov and Levy have considered an n(1).6L(r) is zero at each point of space. As a result, the two
exchange-only scheme as one of their choices for a zergsotentials keep the second-order density ¥ees required
order Hamiltonian used to derive correlation potentials frompy G| adiabatic PT.
an integral equation DFT formulatidi?? In this approach, In order to establish connections betweef) SHE(r)

the respective correlation potentials are derived by imposingndU(Z)([n].r) we first note that Eq(36) in Ref. 1 repre-
specific density constraints for each order of perturbation. sentscghe projection af @ ¢"'8(r) in an auxiliary basis set
Cco
G SECOND-O co ON PO needed for the finite-basis-set implementation of
HIB SECOND-ORDER CORRELATION POTENTIAL v @ CHB(1y [Formula(36) is the closed-shell analog of the

Co
In this section, we address some issues associated witieneraly 2 €H8(r) ]

different second-order expressions for the correlation poten- In the following, we study the specifig-contribution to
tial as discussed and implemented by GHIB. We shall demthe sum over all single excitations in Ed.3), namely,

N
E(c?,s[n]=2

1 Nzl <soi,,|825<[%m];r>—vx(,qn(,]:r>|soaa><soaalax“5<[<pocm]:r>—vm<[n,,];r>|<pig>. 22

€~ €ar

We note that the contributions from double excitations in B6) in Ref. 1 are identical to the components stemming from
doubly-excited states in®([n];r). Hence, we shall concern ourselves with the terms associated with singly-excited states.

Cco

We take the functional derivative of E(R2) with respect ton,(r) to obtain

Nil {@ial 05 ([ @ocar)iT) = Uxa[Ne1iT) | @au)|?

(Eio_ eaa)z

Nﬂ'
v2([nlin=-2,

i=1 a=

f[|¢ia(f’)|2—|<Pag(f’)|2]xs}1(f',r)dr’

+

=

l%’ - <‘Pio|l’;;|¢'7:([¢ocw];r)_Uxa([n(r];r)|(Pacr>

a=N,+1 €is" €ay

% <¢So’|al>z|:([¢ocm'];r)_vxa([na];r”@i(r}

f<Ps<r(r’)¢§o(r’)x;,l(r’,r)dr’

€ac~ Eso

. 2 (@acl VP ([ @ocarliT) — Uxo([Ne]iT) | P

_ Gio(1) @l (r )X (r',rydr’
s=1s#i €ip—

€so

- <QD o o’|¢'0'g0'0'> , , _ , ,
-2 > —’f Peol(r )@ (r XA r)dr

€js~ Esg

- <QD o'go'a'l(P o—gD'0'> , , _ , ,
YD ’—f 01 (1) (T IXIA(r r)dr

}+c.c.—f nCL(rYywy (r',r)dr’,

€js Esg

(23
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where w,,(r’,r) is the static exchange kernel, i.e., <<Ppg<an| OsrPio)

Wy (1", r)= vy, ([n];r")/ n,(r). In the above equation,

XH(r',r) is the effective inverse o, (r’,r). The former (N @ae(r) @so() @ip(r”)
is defined on the restricted space excluding all constant func- f f Ir—r'|

tions to ensure proper invertibiliy?. In Eq. (23), c.c. indi-
cates the complex conjugate of the sum in the curly parenh our current notation, the contribution from single excita-
theses, and tions in Eqg.(36) in Ref. 1 can be readily re-expressed as

dr'dr. (29

@ GHlB(r):__”E” 2 (@il O ([ @ocar)iT) = Uxo ([N 1i1) [ @a0) 2
i=1 a=N_+1

UCa’S 2
(ei(r_ an)

f[|‘Pia(r,)|2_|@aa(r/)|2]xs_al(r,vr)dr,

+[“v % (1ol 0P @ocerlit) — o ([No]i 1) @ac)
a= N +l

i=1 €ic~ €ar

i <¢50|l7;'5([%cm];f)—Ux,r([na]if)|<Pia>

X Pso(1) @A (T )X r)dr
s=1s#a €30~ €Eso
o ~HF
PaclVxo ([ Pocar]iT) —Vxo([Ne]iT) | Psor
+ 2 ‘ < a| X 0CCo. X | S> lU(r )@SU(r )X (I’ r)dr,
s=1s#i € €so
W - <(Pao'€0sa'|§0ja(Pia'> N * , 1, ,
=2 D T o (1) ef, (1 )X ndr
j=1 s=15s#]j ejg— €5y
W - <(PaU(Pj(T|(IDSO'(Pi(I> N % , —1, ,
=2 X EETEETET (1) ek, (T XH(r rdr
J=1 s=15%#j eia— €sy
y . <()DS(T(PaO'|()Dj0'(Pi0'> -1
+22, R TTTI g, (1) (1) X dr!
j=1 s=15s#]j eja— €5y
W - <(Pj0'§0a0'|§030'(pi0'> -1
+2> T (P @k ()X rdr ' | | +c.c. (25)
]=1 s=15#] 6]0_ €5
|
To obtain Eq.(25), we have used the following defini- . .
tion: XJ ®jo(r") @s,(r")Xg, (r',rydr’
fUPqE6ﬂp‘qu+<‘Pprr|{);|(f([¢ocar];r)_err([n(r];r) ‘Pa (fz)qo.g( 2)
—ZJ f f z roXso(F1,1"
~0eo([N1:0)| g0, (26) T ror, el
along with the assumptidnthat the correlation potential XXs_U(r’,r)dr’drl
ve,([n];r) is at least one order higher thal ([ ¢oce,]:T)
—vyo([Ny];r). In this case, there is no term containing O (1) @i(r")
veo([N];r) in Eqg. (25). We note that all terms in Egs. = j W 27

(23) and(25) are identical except the last one in EB3), and
the terms in the last two lines of ER5). We further note

that The third line of Eq(27) is a consequence of E(), and the
Ny = fact that

22 <¢S(r(toa(r|§0j{r¢i(r>
i=1 s=15s%#] ejg—eSU

’ =1/ ’r_ _
Xf (,DSU(rI)QDTU(r,)Xs_Ul(r,,r)drl f Xsa(rlvr )XSa(r 'r)dr _5(rl r)-
NO'

+2>
j=1 s=1s%#j

w Formula (27) is further manipulated with the common

€jo— €sq term in front of the square brackets in Eg5) to give rise to
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N(f
22 2 <(Pi(r|l;xH(E([(Pocar];r)_Ux<r([n(r];r)|(Parr>

o]
i=1a=N_,+1

dr’+c.c.

Xf Cac(r)eig(r’)

[r=r’|
zzf

In their original contribution, GHIB have introduced

1),GL
(O

(28)
[r=r’|

o

[ o %r |<‘Pio|%u([(Pocc];r)|¢a(r>|2]

(Sn(r(r)o':T’i i=1a=N,+1 €is~ €ao

In this case, there is no term containimng,(r,r') whose

form is quite involved. The static kernel, (r,r’) is elimi-
nated by making use of

Sty(r) 8
Sn,(r')  any(r’)

{ﬁ(r)_"aﬁfo([@ocm];r)}
and

Fo()]op-0= D[ @ocarliT) ~ Uy [N, 1iF).

Similarly, the contributions from single excitations in
Eq. (25 can be viewed as derived froB{2 {n] by replac-
ing the functional derivative that appears in the last two line

of Eq. (23, i.e.,

~HF c .
6ng(r,){vxo([¢00w]lr) UXo’([no']lr)}

_ 55?5([@0(:&;]”)
ong(r’)

Wy, (r,r"), (30)

Cro(r") exo(r")
=7

2 n 5{};'5([‘»00000];")

ong(r') '

dr,+{);‘5([¢ocw];r)

= (31)
=]

By noticing the difference between Eq80) and (31), we
easily confirm that- [ n®-CYr")w, (r’,r)dr’ in Eq.(23) is
replaced by Z(n{®CX(r")/[r—r'|)dr’ in Eq. (25).

Clearly, the response functions,(r,r’) and 2|r—r’|

are different, and thereforel?)([n];r) andv® CH8([n];r)

would be different unless the integrals

—J N CLryw, (', r)dr’

and

(=0

Ve
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Zf(nf,l)'G"(r’)/|r—r’|)dr’
instead of

—f NG yw, (r',r)dr’.

In order to eliminate the possible appearancevgf(r,r’),
the contribution from single excitations ir}2)*°"'&(r) is ob-
tained by means of

(29

2f (NS G )| —r"|)dr

are identical. However, both integrals are equal to zero due
to the fact that the first-order densinf™®X(r) is zero at
each point of space according to E@5. As a result,

v @) CHB(1) is precisely the same ag?([n];r), when Eq.
(13) is used as a starting point. The implementation of Eq.
(36) in Ref. 1 is effectively the first finite-basis-set realiza-
tion of the potential derived frorE{*[n].

Furthermore, unlike the exchange-only OEP, the KS or-
Sbitals here are generated in the presenceuﬁ}([n];r),
which is added to the exchange-only KS Hamiltonian. When
the second-order energy is evaluated with @@), then we
have an exact correspondence with GIBTAlternatively,
if Eq. (9) is used, we can estimate the contribution of the
term containingvg,([n];r) on the right-hand side of Eq.
(18). We note that the second-order energies in E@sand
(13) can be related througtE? "}, y—o=EZ[n].

In order to demonstrate the validity of Eq&l8) and
(19), we refer to the numerical results in Table I, in Ref. 1.
For any two-electron diamagnetic density,E(cz)[n]
=E&PT,2%je., there is no contribution from single exci-
tations in Eq.(13). As a result, the scheme denoted by OEP-
MBPT(2)D corresponds to GLR®) in terms of the second-
order potential and functional. Note that in Eq23) and
(25), v (([n];r) =0 for any two-electron diamagnetic den-
ity SINCE (@ag|0 ([ PocarliT) ~vxo([Ne1i1) | @i4)=0. Fur-
ther, the scheme OEP-MBP2)SD (Ref. 1) uses the same
potential, and the converged KS orbitals are the same as the
ones associated with the potential from GLBJT To numeri-
cally support this fact, we point out that the exchange
energies corresponding to OEP-MBRJSD and OEP-
MBPT(2)D are identical. However, the correlation energies
from OEP-MBPT2)SD and OEP-MBPM2)D are not the
same even though the orbitals are the same. The difference is
exactly the contribution stemming from
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o {@10]0eo([N];1)| @an)|? pected to lead to an easier self-consistent field convergence
2> coer s o Tar since it does not require solving for the local exchange po-
a=2 €10~ €ac tential at each iteration.

Having established some connections between the func-
as Eq.(18) dictates. Clearly, for the same set of orbitals, thetignals and the potentials studied by GHIB, and the second-
functional E)"Tis more negative tha&{[n]. order components of different KS-type schemes, we can pur-

We emphasize the fact that the potential given in Eqsye further extensions by means of the adiabatic integration
(36) in Ref. 1, which was the objective of the study, is the formula?®*! In this approach, the full correlation functional
fir(gt)e basis-set realization of the potential associated WitfE [n] can be obtainéd*?~**via
ES[n].

It is worth mentioning that the potential derived from e JEZ[N]

E®) P in Eq. (21) accepts exactly the same form as the Ecdln]= 0 da da, (34)
one given by Eq.(25), with the KS orbitals and energies
being replaced by their exchange-only analogs. Ifwhere

(2),PT—x — (2),PT—x ; ; ;
V¢ (r)[=0JE; /on,(r)] is included in self- Ea
consistent calculations, then the final results are identical to |, a—la cln] =2E(2)[n]. (35)
those obtained from GLRZ) since both potentials have the a—0 da ¢

same functional form, and both expressions are evaluated at ) @) ] ) ] o
the converged orbitals. In addition, the implementation of' N quantity Z:~[n] is especially important because it is

(2).CHIB(y s equivalent to the second-order computationalthe initial slopé® (slope at zero coupling constarin the

UCO’ . . . .
schemes discussed in Ref. 32. See the potential given by tigliabatic ~ connection formula  for the correlation

combination of Eqs(22)—(24).%2 According to Ivanov and energy'5404145-4promising results in constructing correla-
Levy2 one starts with the OEP exchange-only Hamiltonian 10N €nergy functionals by making use of E¢84) and (35)

and considers a perturbation expansion for the unknown coffaveé been reported by Emzertfbfand by Perdew and

9-53
relation potential. Each correlation potential component inco-workers":_ o
Expressions similar to Eqs34) and (35), hold for

the series is determined by solving an integral equation de- QCr . Hr1 30,39 k _
rived from the constraint that density from the standard PTEc LN] 4_%2(1 ESTn"]. The latter functional is
as

approach is attainable from a generalized KS Hamiltorfan. defined
A generalization of the integral equation formulation to infi- N A
nite order in PT and coupled-cluster theory will be presented  EQGn"F]=(W | > h(r;)+Ved ¥p)
elsewherée® i=1

We also remark that the correlation functional and po- N
tential corresponding to OEP-MBRZID (Ref. 1) can be di- —(D"D h(r))+ Ved @R, (36)
rectly included in a generalized KS scheme. In this case, one i=1
uses the nonlocal HF exchange potential along with a loca)here the single determinadt"F minimizes the expectation
correlation potential derived frorE?F[n]’ls'msgor from the value ofl:|[n] without the constraint to yield(r). In other
integral equation approaéti? The correlation energy func- words, ®"F is the HF single determinant that yields the HF

tional Eg"[n] is defined™'***as density n"F(r). The functionalESYn"F] is meant to be
added to the converged HF energy as a tack-on correlation
functional to produce the exact ground-state engtgy
Formal extensions of the generalized Kohn-Sham and
hybrid formulations have been studied in depth in Refs. 59

N
EcHF[n]:<an|i21 ﬁ(ri)"'\A/eelqln>

N

. HFE ~ ~ HE: and 60
(Pn |i21 h(r)+Ved®n") A simple realization of a computational scheme based on
-~ o~ P e the exact second-order contribution might be given by
=(V | T+Vd V)= (D T+V D), (32
< n| GE| n> < n | ee| n > Ec[n]NEéz)[n]'f'{E?PP[n]_ lim E?Pp[ny]}, (37)

y—

where the single determina!iltﬁF minimizes the expectation
value ofH[n], but it is constrained to yield the true ground- where EZPn] is an explicit density approximation with
state density(r). When this generalized KS method is used, bounded high-density limit. In contrast to E4.3), the local-

one obtain:(r) upon self-consistency. SincE,t'F[n] satis- density approximatiofiLDA) correlation energy diverges as

fies the following scaling identity®%3° —In y, asy—, because of the Gell-Mann and Brueckner

contribution to the correlation energy per particle of a uni-

lim ESn, )= ECLPT, (33  form electron gaé’ In Eq. (37), the second-order component
Yoo ’ E@[n] is calculated by means of E(L3). We note that in

the finite-basis-set realization of KS schemes, the infinite
the hybrid scheme based on OEP-MBPD (Ref. 1) is ex- summation over unoccupied orbitals becomes finite. Simi-
act within the high-density scaling limit. This scheme will be larly, one can construct approximations &' [n] and
the method of choice for ground-state calculations. It is exE2In""] by usinge&Z)"".
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It is expected that Perdew—Burke—Ernzert®BE),*> or  only for very accurate ground-state calculations, but also for
Wilson—Levy (WL) (Ref. 62 functionals would be good developments of improved time-dependent approaches as re-
choices for using Eq(37) to generate improved approxima- cently demonstrated by Hiraet al®®
tions with particular emphasis on their potentials. As previ-  Different computational schemes based upon an explicit
ously demonstratéd® for certain model densities, the determination of the corresponding second-order energies are
second-order components of PBE and WL produce vergliscussed. Possible choices for conventiorfakplicit-
good results for some exact conditions. As a result, when Eqlensity-dependentorrelation energy functionals, which can
(37) is utilized, the new hybrid correlation functionals would be combined with orbital dependence second-order energies,
lead to substantially improved shapes of their correspondingre proposed.
potentials without worsening the quality of the new function-
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