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2Division of Theoretical Chemistry, Vrije Two (so-called left and right) variants of N-centered ensemble density-functional
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Netherlands theory (DFT) are presented. Unlike the original formulation of the theory, these

SLaboratoire de Chimie Quantique, Institut de variants allow for the description of systems with a fractional electron number.

Chimie, CNRS/Université de Strasbourg, While conventional DFT for open systems uses only the true electron density as
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basic variable, left/right N-centered ensemble DFT relies instead on (a) a fictitious

Correspondence ensemble density that integrates to a central (integral) number N of electrons, and
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Leiden, P.O. Box 9506, 2300 RA, Leiden, The (b) a grand canonical ensemble weight a which is equal to the deviation of the true
Netherlands. electron number from N. Within such a formalism, the infamous derivative discon-
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tinuity that appears when crossing an integral number of electrons is described

exactly through the dependence in a of the left and right N-centered ensemble
Hartree-exchange-correlation density functionals. Incorporating N-centered
ensembles into existing density-functional embedding theories is expected to pave
the way toward the in-principle-exact description of an open fragment by means
of a pure-state N-electron many-body wavefunction. Work is currently in progress

in this direction.
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1 | INTRODUCTION

Density-functional theory (DFT) has become over the last two decades the method of choice for performing routine large-scale electronic struc-
ture calculations. This success is essentially due to the relatively low computational cost of the method and its (often but not always) good accu-
racy. In most applications, DFT is applied to closed electronic systems, that is, systems with an integral number N of electrons. However, at the
formal level, there is no such a restriction. In other words, DFT is in principle able to describe also systems with a fractional electron number, as
shown in the pioneering work of Perdew, Parr, Levy, and Balduz (PPLB).[Y The extension of DFT to open systems plays a crucial role in the
description of charged electronic excitations.’! More recently, it became a key ingredient in the derivation of DFT-based embedding approaches

such as partition DFT,[>~%% potential-functional embedding theory,**!

[12]

and frozen density embedding theory for noninteger subsystems' particle
numbers.
The density n(r) of an open system integrates to a fractional number A of electrons. As shown in Perdew et al™ and Perdew and Levy,'? the

ground-state energy of such a system varies linearly with the deviation a=A —|A| of the true electron number from its floor integral value.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,
provided the original work is properly cited.
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In the language of ensemble DFT,®*3! the density is nothing but a weighted sum of ground-state densities "™~ (r) and n"(r) integrating to
N-1=|N] and N=[N] electrons, respectively:

n(r) = (1-a)n" =} (r) +a n"(r), (1)

where, as readily seen, the ensemble weights are a and (1 — a), respectively. As shown in Kraisler and Kronik,'*®! the explicit expression in Equa-
tion (1) is convenient for constructing density-functional approximations to the open-system exchange-correlation (xc) energy E,.[n] as functions
of a.

Quite recently, the authors have proposed an in-principle-exact reformulation of the fundamental gap problem in DFT.[*4! For that purpose,
they introduced the concept of N-centered ensemble where, unlike in the true physical ensemble described in Equation (1), the ensemble density
integrates to an integral number of electrons. The practical advantage of such a reformulation is that the infamous derivative discontinuity contri-
bution to the true gapm can be expressed as an ensemble Hartree (H) xc energy derivative with respect to the ensemble weight,[l‘” exactly like in
DFT for canonical ensembles.! In the original formulation of the theory,[*4 the ensemble weights have no physical meaning. They are just auxil-
iary variables which, through their variations, enable the extraction of quantities of interest like the ionization potential (IP), the electron affinity
(EA) or, when a single weight is used, the fundamental gap. In fact, N-centered ensemble DFT allows for a direct extraction of individual energies

(141 which are all closed systems, in a single calculation. In this work, we show how the theory can be

for the neutral, anionic and cationic systems,
adapted to open systems. By considering ionization and affinity processes separately, we obtain two variants (referred to as left and right) of N-
centered ensemble DFT where the ensemble weight is now connected to « (see Equation 1).

The article is organized as follows. After a brief review on the original formulation of N-centered ensemble DFT in Section 2.1, the concept of
left and right N-centered ensembles is introduced (Section 2.2). The left/right variants of N-centered ensemble DFT are then derived in
Section 2.3. In this context, we obtain an in-principle-exact reformulation of the IP/EA theorem, as discussed in Section 2.4. An explicit connec-
tion (through scaling relations) between left and right ensemble density functionals is then made in Section 2.5. Finally, a brief discussion on

d,[%6-18 is proposed in Section 2.6. As a conclu-

density-driven correlation effects, whose importance in canonical ensembles was recently reveale
sion to the “Theory” Section 2, we compare left/right N-centered ensemble DFT with conventional PPLB-DFT for open systems (Section 2.7). A
proof of concept study of the Hubbard dimer model is presented in Section 3, with a particular emphasis on the weight-dependence of the Hxc

left/right ensemble functionals. Conclusions and perspectives are finally given in Section 4.

2 | THEORY
21 | N-centered ensembles

In a previous work,** we introduced the concept of N-centered ensemble for the purpose of calculating fundamental gaps, in principle exactly,
within DFT. In standard approaches, the number of electrons is considered to vary continuously between two integers, thus allowing for the
description of ionization or affinity processes.'3174%! The situation is completely different in an N-centered ensemble where, by construction,
the number of electrons (which is obtained by integration of the N-centered ensemble density) is not affected by the charged excitation. It
remains equal to the so-called central number N of electrons which is an integer. Formally, an N-centered ensemble is described by the following

density matrix operator**:

pNe- &) =§_fN-1+§+fN+1 . (1_ (Ngl) __(N;l)&)f_w’ @)

where £_ and &, are ensemble weights assigned to the cationic (N — 1)-electron and anionic (N + 1)-electron systems, respectively. Each individual
density matrix operator fNe, where N, = N, N+ 1, is used to describe an N.-electron ground state. If the latter can be described with a pure-state
wavefunction ¥ then I =|'@Ne) (PN |, In case of degeneracy, it may be written as a convex combination of pure N,-electron states = >
‘I’:VEM‘{’{VE |, where >4 = 1. As readily seen from Equation (2), the number of electrons within the N-centered ensemble is Tr [f{N'é"é*}N] =N
where Tr[...] denotes the trace, N= Jdr A(r) is the electron counting operator, and A(r) is the density operator at position r.

As shown in Senjean and Fromager,*¥

using two independent weights £_ and &, allows for a separate extraction of the IP and EA from the
N-centered ensemble energy Tr {IA“{N’L’:*}FI} , where H is the (second-quantized) Hamiltonian. In the particular case where £_ = &, = &, the N-

centered ensemble density matrix operator simplifies as follows:

N =§fN—1 +§fN+1 +(1_2§)1;Ny 3)
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so that the fundamental gap can be extracted directly by differentiating the corresponding N-centered ensemble energy Tr [f{N'i}H] with respect
to £ The potential advantage of such a formalism over conventional approaches is that the infamous derivative discontinuity contribution to
the gap can be written as the derivative of the N-centered ensemble Hxc density functional with respect to the ensemble weight &, exactly like in
DFT for canonical ensembles.>41

Let us stress that, in the current formulation of N-centered ensemble DFT, the ensemble weights have no physical meaning. They are just
convenient auxiliary variables. Actually, the properties of interest (namely the ground-state energies of the neutral [N-electron], cationic, and
anionic systems) should not depend on the value of the ensemble weights. In the rest of this work, we explore two variants of the theory which
are directly applicable to open systems. For such systems, a convenient and physical choice for the ensemble weight value is the deviation of the

(fractional) electron number N from either its integral floor value || or the ceiling one [A/].

2.2 | Leftand right N-centered ensembles

Starting from Equation (2), we explore in this section different choices of N-centered ensemble weights £_ and &, for the purpose of describing an
open N -electron system. In order to treat both [AN'] =N and |N] =N scenarios, thus, allowing for the description of fluctuations around the cen-
tral (integral) number N of electrons, we introduce what we will refer to as left (subscript “—") and right (subscript “+") N-centered ensemble den-

sity matrix operators, respectively:

~{Na} N Na .n-1
r =(1-a)' + r -, 4
M=ot + 5 @
ANl _ . eN Na -N+1
. =(1-a' + N+1F , (5)
where O < a < 1. Note that, by construction, the number of electrons within these two ensembles is the central number N:
Tr [f‘,“’“’/\?] =Tr [f&”’“}/\?] =N. 6)
Moreover, left and right ensembles can be connected to each other as follows:
N ~(N-1a} ~{Ni-a}
v =T . 7
N1l Z (7)

These ensembles are just special cases of the original N-centered one introduced in Senjean and Fromager.[l‘” Indeed, with the notations of Equa-

tion (2), we have

N N - Na g _
F{_N,a}=F{N,5, &, =0} ®)

)

and

~{N,a o = s
p bopMe soe =g} )

The original (two-weight) N-centered ensemble can actually be recovered from the left and right ones as follows:

aqng gy - (N=D) vz | (N+ 1) aqnze, )
r TR e S (10)

Following the standard description of open systems in DFT,! we propose to use for the value of a in Equations (4) and (5) the deviation of

the true (fractional) electron number A/, that we assume to vary in the range N—1 <N <N+ 1, from the central number N, that is,

a=|N=NJ|. (11)
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FIGURE 1 Graphicalillustration of left and right N-centered
ensembles. The shorthand notation n{iN’“} (r) =N (1) is used

N-1

N—-1+a =N-a N+«

If [N]=N, then a=N-N\ and the open system will be described by the left N-centered ensemble of Equation (4). If |[A/| =N, then a=A =N and

the right N-centered ensemble of Equation (5) will be used instead. This is illustrated graphically in Figure 1.
Let us stress that these ensembles are not the physical ones, which are described by the following density matrix operators

[13].

1
(12)

W) "ENEN=-a) = (1-a)i + o™
NN+ a) = (- o™

W)=

Nevertheless, they can be used as auxiliary ensembles from which the exact properties of the true physical open system can be extracted. Indeed,

according to Equations (4) and (5),

and

thus, leading to the final expressions

and

~{Na}
N _ ~{Na=0} =~{Na} JU
I =r; =TI} —aaiT (13)
gt N+1 aritel o
N da
(14)
~{Na}
N1 [ Nay ary
(W) [ME=N1A“(N—(1)
_ (1_2)1;{N,(1} _a(l—a)&fiN'“} (15)
N/~ N da ’
W) LA‘JE=NIA"(N +a)
_ <1 + g)f,{N,a} . a(l-a) 91;{:1,(1} (16)
N/ N da

A direct consequence of Equations (15) and (16) is that the physical energy E(N) =Tr [IA“(N)FI} of an open system can be extracted from a left or

right N-centered ensemble as follows:

(17)

_ {N,a}
< (1- %\ giNg _a(1=a)IE2
(1 N>g’ N da
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and
EN) " LVEN+a)

{N.a}
_ a\ Na} a(l-a)d&y
(1+Q)E™ 5 Ja

(18)

where %LN"'} =Tr [f{iN’a}H] are the left/right N-centered ensemble energies.
Similarly, the true density nf<N)(r)=Tr[lA“(N)ﬁ(r)] can be obtained as follows from the left or right N-centered ensemble ones
~{Na}
N (1) = Tr [Fi ”’n(r)} :

V=N

Ney ()= Nen_gy (1)
_(1-° a(1-a) g (7) 19
= (1R =S
and
N]=N
an)(r) = nf(Nw(r)
o a(1-a) P (1) (20)
= (1 + 7)”»(;\1,") N+ ————-
N/ T N da
Let us finally point out that, according to Equations (13) and (14),
~{Na}
AN-1 =N 1 .iNa} ar-
r -r = N(l" +(1-a—N) Erall b (21)
and
e{Na}
AN aN+1 1 Na} ar,
r-r N(F* +(1-a+N) Erall b (22)
Consequently, the IP and EA can be extracted from the left and right N-centered ensemble energies as follows:
N —Tr{(f“’l—r”)ﬂ]
1 o9& Na} (23)
= _— | o{Na} _ -
N(% +(1-a—N) il
and
AN =Tr[(fN-fN”)Fl]
a 24)
Y 9z (
——N<%+ +(1-a+N) Eralt

As shown in the following, by deriving a DFT for left and right N-centered ensembles, we obtain from Equations (17)-(20) a novel and in-prin-

ciple-exact density-functional description of open systems.

23 | Left/right N-centered ensemble DFT

In this section, we derive a variational Kohn-Sham (KS) DFT expression for the left/right N-centered ensemble energies. As a result, the open sys-
tem problem will be mapped (via Equations 17 and 18) onto an auxiliary N-electron noninteracting ensemble, where the (central) number N is an

integer. The derivation follows closely the one presented in Senjean and Fromager“‘” for two-weight N-centered ensembles (see Equation 2).
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Let us consider the usual ab initio quantum chemical Hamiltonian H =T+ Wee + Ve where T and Wee are the kinetic energy and two-
electron repulsion operators, respectively, and Vey = Jdr vext(r) A(r) is the external potential operator. For an isolated molecule, the external local
potential Ve,(r) is simply the nuclear potential. If we introduce the analog for left/right N-centered ensembles of Levy's constrained-search universal

functional,

N al

F{iN’“}[n]— m|n {Tr[ {Na} (T+Wee>]}

(25)
N,a
=Tr[r; ol (T+Wee)]
where the minimization is performed over left/right N-centered ensemble density matrix operators ?ftN’”} that fulfill the density constraint
N,a
i (1) =Tr[7{A(0)] =n(r), (26)
then it becomes possible to express the exact left/right N-centered ensemble energies variationally as follows:

501 = mind £ n]+ e vea(rn(e) | (27)

The minimum is reached when the density equals the exact left/right N-centered ensemble one n. pita) - Note that the true (ie, interacting) density

(N

matrix operators I'| |n Equations (4) and (5) would be obtained by solving the ground-state Schrodlnger equation HPNe = ENewNe for N, = N and

Ne = N+ 1 electrons. Like in regular DFT, we bypass this complicated task by introducing the following KS decomposition,
N, N, N,
F ] = 712 ) + XS, (28)
where the noninteracting density-functional kinetic energy contribution reads

e g (11}
7 (29)
=Tr [yii' ) [n] f] ,

and E“:'(é’i} [n] is the left/right N-centered ensemble Hxc functional. Note that this functional is, for a fixed density n, a-dependent. It differs from

the conventional (N-electron) ground-state Hxc functional E[n], which is recovered when a = 0:
N,a=0
Effes '] = Evcln] (30)

As shown in the following, modeling the dependence in a of the Hxc functional in this context is analogous to modeling the

s [42]

derivative discontinuity in conventional DFT for open systems. In the light of Gould and Pittalis, we define the exact Hx contribution

as follows:

El ] =Tr[728) ] Wee (31)

where f/ii' b [n] is the minimizing left/right N-centered ensemble density matrix operator in Equation (29). According to Equations (25), (28), and

(29), the correlation contribution can then be expressed as
EN [q] = Tr[F{N”} In] <T+Wee>] Tr[ Ny ](hwee)] <0. (32)

Let us now return to the variational ensemble energy expression of Equation (27). By inserting the exact decomposition of Equation (28), we
obtain, according to Equation (29), the final expressions

g = mm{Tr[ {N”}h] +E}{—|xca:i[ ‘”"’}]}
(33)
—Tr[ Sn] + £ [me |,
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where h =T+ Vey. Like in regular ensemble DFTs, the minimizing (noninteracting) density matrix operators }/{ '} in Equation (33) reproduce the

exact interacting left/right N-centered ensemble densities,

)

g (1) = (14 Nal)NZ A0+ (1-a)ol o)

(34)
= nf‘{_N,a) (I’),
and
_ 1 a N {N,a) 2 + N(l {Na 2
o (1) = ( _N+1) z; i (r)‘ N+1l? N+1>+(r)‘ ’ (35)
= nﬂN_,” (I‘)
The KS orbitals are obtained by solving the following self-consistent equations,
vz a a a »a
(=% #7022 ), (36)
where the KS potential reads
VN (1) = Ve (1) + v{H'ié’i} [n?ﬁ,,,,)} (r), (37)
and
{N.a}
N, oE [n]
Vi inl(r) = )" (38)

The final step in the formulation of left/right N-centered ensemble DFT consists in connecting the true energy of the (interacting) open system

under study to the KS orbital energies. For convenience, we use the Levy-Zahariev (LZ) shift-in-potential procedure,[*44344]

Vi in)(r) — Vi n)(r), -
where
N} g 1)
LR e (40)

Note that like in the original version of N-centered ensemble DFT," since

N,a —{N,a
el )= [dr viied ) i (1)
the total left/right N-centered ensemble KS energies match the interacting ones once the LZ shift s{N“} E'.{f“” has been applied to the orbital
energies (see Equations 36 and 37), that is
{Na} a \2 {Na}
La} — + —{N,a + a
gl (1 N—1) > e+ (1-ape, (42)

and

N
a — N — X
s = (1 N+1)ZE RN “3)
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Moreover, by applying the Hellmann-Feynman theorem to the variational energy expressions in Equation (33), it comes

ggNa EL [n)

N Nt N
_ {Na} Z {N.a}
N-1 14 -

da da - —
1N (N (Na) (44)
'N—1;( - TEN- )
N-1
_ 1 <{Na} ,{N,a}>
N-14 - )
i=1
and, similarly,
N {N.a} N
z?gi ! aEch+[] - _ 1 Z(E{N,u}_E{N,a} ) (45)
C da da N+1+< i* (N+1)+
n=n Na i=1

s+

By combining Equations (17), (18), and (42)-(45) we can finally express the exact open-system energy in terms of the LZ-shifted KS orbital ener-
gies as follows:

N]=N
EN) " EVEN=-a)
_ N_lg__{N,a}_'_(l_a)E_{N,a} a(l- a)aEl{ﬂ:}[ nj (46)
- N~ N da ’
i=1 ":"?{N,a)
and
EN) "EVEN+a)
- ZN:E,{N"‘} rgeiNa all= @) et In] (47)
- i+ (N+1)+ N Jda
= N=n (Na}

s+

Equations (46) and (47) are the central result of this work.

As readily seen from these equations, the exact physical energies are recovered by summing up the LZ-shifted occupied KS orbital energies
not only in the N-electron system (ie, when a = 0), as expected from Levy and Zahariev,*®! but also in the (N £ 1)-electron ones (ie, when a = 1).
This is a nontrivial result since the left/right N-centered ensemble densities do not reduce exactly to the physical ones when a = 1 (see the pre-
factors 1 + (a/N) in Equations 19 and 20). In addition, keeping in mind that the physical energies E(N + a) vary linearly with a, we expect the total
LZ-shifted KS energies

e + (1—a)el (48)

and

N,a —{N,a
Z &+ }+( ({N+J;. (49)

i=

for N — a and N + «a electrons, respectively, to vary (at least) quadratically with a. Linearity should then be recovered when adding the ensemble
Hxc first-order-derivative corrections (third terms on the right-hand side of Equations 46 and 47). This is illustrated in Figure 2 with the Hubbard
dimer model (see Section 3 for further details).

24 | Reformulation of the IP/EA theorem

As shown in Section 2.2, the left/right N-centered ensemble energies (and their first-order derivatives in ) give directly access not only to the

physical energy for any fractional electron number A (ie, any value of a), but also to the IP and the EA (see Equations 23 and 24). From the KS-
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FIGURE 2 Total LZ-shifted KS (dashed lines) and exact (full lines) 2 "oft N-contered enserbl

energies plotted as functions of the electron number for the - 73 N:iiﬁtgjd iﬁ:igbl: /

asymmetric Hubbard dimer with Av,,/t = 10 and U/t = 5. Results are 0 gnt Y-cetitered ensemble /

shown for the value N = 2 of the central number. See 1

Equations (48) and (49), and the text that follows for further details

-3 _,
4 s
-5 /
3 I B LT PP
1 1.5 2 2.5 3
N

[45]

DFT expressions in Equations (42)-(45) we obtain the following reformulation of Janak's theorem,"*> which holds for any value of N or, equiva-

lently, for any value of ¢ in the range O<a<1:

dN
L), (1=a=N)IEG [n] (50)
N- N da ’
n=N.(Na)
and
dE(N)N:L\“”_AN
dN
ey (L=a+ N)IEE [n) (51)
S T

n=n (Na
This is the second key result of the article.

In the limits A" — N+5 where 5 — 0%, which consists in taking the « = O limit in both left and right N-centered ensembles, the density
becomes simply the conventional N-electron ground-state density:
(52)

=n.(r),

n:/{N,:FO) (r) R

st
and the left/right ensemble Hxc functionals reduce to the conventional (N-electron) ground-state one (see Equation 30). The KS potential in Equa-
tion (36) is unique up to a constant, as we systematically search for the N- and (N + 1)-electron ground states of a noninteracting system in order
to construct left or right N-centered KS ensembles. As a result, vi*= O}( r) and v{N” 0}( r) may differ by a constant. However, once the LZ shift is

applied, the potential becomes truly unique (see Equation 40), thus, leading to

VMO () = v ). (53)
Consequently, we have
g =g, (54)
and, in particular,
R T R (55)

=EN+1—EN,

where ey and ey + 1 are, respectively, the energies of the HOMO and LUMO obtained from a regular N-electron KS-DFT calculation. Note that
the LZ shift does not affect the HOMO-LUMO gap. Therefore, according to the IP/EA expressions in Equations (50) and (51), the exact funda-

mental gap can be written as follows:

(N+ 1)9Ech+ {nw] N (N—1)3E$<:} [n N]

N da N da
a=0

IN_AN =eN+1—ENT

a=0
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where the last two terms on the right-hand side play all together the role of the derivative discontinuity correction to the gap in conventional KS-

DFT. Note that, according to Equations (8) and (9), the left and right N-centered ensemble Hxc functionals are connected to the original N-

[14]

centered ensemble functional E{N’E"i*}[n] of Senjean and Fromager (the latter describes the Hxc energy of the ensemble defined in

Hxc

Equation (2)) as follows:

Nt Nz =g, =0
BN ) = E{ps "5 O ) (57)
and
o NE =08, =g
ELN) ] = B~ 0% "), (58)

Thus, we recover the compact expression:™*4

aEf_ﬁif’é} {nrw ]
T

IN—AN =gy, g —ey + (59)

Interestingly, designing density-functional approximations for the original (two-weight) N-centered ensembles benefits automatically to the left/
right variants of the theory through Equations (57) and (58).

2.5 | Leftorright?

For clarity and convenience, we have derived explicitly both left and right variants of N-centered ensemble DFT. This is in principle not necessary
as we may opt for one of the ensemble (left or right) and simply increment or decrement the central number of electrons. As illustrated in Figure 1,
an open N -electron system with [A/] =N can be described either by a left ensemble centered on N or a right ensemble centered on (N —1). In

other words, one may express the number of electrons as

N=N-aqa, (60)

or, equivalently,

N=N-1+d, (61)

where o’ = 1 — a. The two descriptions should of course lead to the same physical density and energy. It is actually quite simple to obtain the left
ensemble Hxc density functional from the right one, and vice versa. Indeed, according to Equations (7) and (25),

F{_Nvi‘”’}[n] N1 X . {J‘Hl; {Tr[?iNfl’a} (7’+Wee>]}

=

N-1/+ —n

N
% min {Tl' [?iNiLa} (T"' Wee)} } (62)
N

1 §iN-1a} H(N;f)n

FiN-1a} {(N— 1)”} ,

+

N
N

-

N

where n is an N-electron density. Similarly, we can show that, if n is an (N — 1)-electron density, then

F&N—l,a}[n]=¥F{_N,1—a} {%} (63)

As these scaling relations apply also to the noninteracting kinetic energy, we conclude that

-a N —1a N-1)n
e = g | S (64
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and

N-1la N-1_n1-oy[ Nn
EI{—|xc+ }[n]_ N E}{—b(c }|:(N—1):| (65)

In summary, a single (left or right) N-centered Hxc functional is needed for describing the variation of the electron number between two integers.
One functional is obtained from the other via the scaling relations of Equations (64) and (65).
Note that these relations enable to understand why, in the a = 1 limit of left and right N-centered ensembles, the sum of the LZ-shifted occu-

pied KS orbital energies matches the physical (N — 1)- and (N + 1)-electron energies, respectively (see Equations 38, 40, 46, and 47).

2.6 | Density-driven correlations in N-centered ensembles

Very recently, Gould and Pittalis!*®”! revealed that direct approximations to Gross-Oliveira-Kohn (GOK) ensemble DFT, where the ensemble con-

151 miss an important correlation effect that they refer to as density-driven correlation. The latter

sists of N-electron ground and excited states,
originates from the deviation in density of the individual KS states within the ensemble from the true interacting ones, as shown explicitly by one
of the author."® One may naturally wonder if this kind of correlation exists also in N-centered ensemble DFT. In the following, we will briefly
explain how density-driven correlations can be defined in this context. We leave their detailed study for future work.

18] and adapt it to (say left) N-centered ensembles. We start by extracting the individual M-electron

Let us follow the derivation of Fromager
(M =N orN — 1) total energies E(M) =Tr {IA“MFI]. For that purpose we use Equations (13) and (14), and the variational N-centered ensemble energy

expression of Equation (33), thus, leading to the following (exact) expression:

E(M) =Tr[#{¥0h] +E), [nw ,n?w,(,}} : (66)

where ;”/iNﬁ,}, is the M-electron component of the KS N-centered ensemble density matrix operator:

»a N{l ~ »a
P = (=M + (67)

The individual N- and (N — 1)-electron Hxc bifunctionals in Equation (66) read

{Na)
el )= (1= )€ i+ [ar et ) ), (68)
and
{N,a}
Bl 1) = N0 (1 (1) el e [ (ot () ), (69)

respectively. One should then realize that the density constraint in Equation (29) does not necessarily imply that the individual KS densities match

the true interacting ones:

a} 7'5 nﬁM . (70)

This can be illustrated easily with the asymmetric Hubbard dimer model, which will be studied in detail in Section 3. In this model, the one-
electron ground-state density (which is an atomic site occupation) reads

l + Av
2 2VaZ+ Av?

M=1_

n (71)

where t is the strength of the kinetic energy and Av is the analog of the local potential (here it is just a number that controls the asymmetry in
the dimer). When the dimer is asymmetric (ie, Av # 0), the Hxc potential (which is the difference in potential between the KS noninteracting
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N-centered ensemble and the interacting one) is nonzero. In the weakly correlated regime, this can be readily seen from Equation (79). Therefore,
according to Equation (71), the true and KS one-electron states (each of them being a component of a [left] N-centered ensemble with N = 2) do
not have the same density. If we now return to the general case, it is then relevant to decompose each individual correlation energy into state-

driven (SD) and density-driven (DD) contributions, by analogy with GOK ensembles:*®!

Eeri {”fgw"mﬂ =E L™ (72)
where
Na}SD__ (N,
Eé-,M} ::E({}’,\‘/”} [n?wﬂ,nfm} . (73)

While we do not expect the conventional ground-state functional E.,[n] to be a good approximation to (neutrally) excited-state Hxc energies,
one may wonder how good the approximation Emc”)M [n,nM} ~ Epxc [n""} is since an N-centered ensemble consists of ground states only. Answering
this question is expected to pave the way toward the rationalization and development of density-functional approximations that incorporate

derivative discontinuity corrections. Work is currently in progress in this direction.

2.7 | Comparison with conventional DFT for open systems

In standard PPLB-DFT for open systems,!!) the density n of the true physical open system is used as basic variable. It gives, by integration, the

total (fractional) number A of electrons:

N = [dr n(r). (74)

The Hxc energy is then obtained from the universal ground-state functional Ey,.[n] which is defined over the domain of densities that can inte-
grate to any integral or fractional number of electrons. Despite its formal beauty, this grand canonical formulation of DFT is not necessarily the
most appealing one when it comes to perform practical calculations. Indeed, modeling Ey,.[n] accurately for any number of electrons (including
fractional ones) is not straightforward. Most importantly, the model should be able to reproduce the derivative discontinuity that the functional is
expected to exhibit when crossing an integer.[zl Note that, for open systems, the KS potential is truly unique (not up to a constant anymore).
Indeed, the chemical potential has to be adjusted such that the grand canonical ground-state energies of the (N — 1)- and N-electron systems
(we assume that N—1 < N < N) are equal.

The situation is completely different in (say) left N-centered ensemble DFT, where we use two variables instead. The first one is the left N-
centered ensemble density that integrates to the so-called central number N = [N] of electrons. The second variable a= N— N\ is the deviation of
the central number from the true electron number A/. Even though alternative ensemble DFT approaches!*®3%! do not rely on a centered density,
they use information about the (N —1) and N-electron systems (ie, systems with an integral number of electrons) as N-centered ensemble DFT
does. They are similar from this point of view.

Since a density n that integrates to N can be reproduced by either a pure N-electron ground state or a left N-centered ensemble, it is essential
to construct a functional E{H'i’g} [n] that is both density- and a-dependent. At first sight, this version of DFT for open systems looks much more
complicated than the PPLB one. What makes the N-centered formulation appealing is that the infamous derivative discontinuity is now obtained
through the derivative in a of the N-centered ensemble density-functional Hxc energy. As a result, if one can model the dependence in a of the

latter functional, one can in principle solve the derivative discontinuity problem.

3 | APPLICATIONTO THE HUBBARD DIMER
3.1 | Hamiltonian and density functionals

A proof of concept study of the (not necessarily symmetric) Hubbard dimer is presented in this section. This is one of the simplest solvable
models exhibiting a nontrivial interplay between electron-electron interaction and inhomogeneity. It is often used as a lab for testing new ideas in
DFT, gaining more insight into those and their approximate formulations.*#444¢=53] | this model, the ab initio Hamiltonian H is simplified as

follows:
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1
T 3 (6,610 + 1,800 ) Wee = U iy, Vet = AVexc (A1 = o) /2, hip = & (75)
o=T] i=0

where nj=%" Lﬁ,-[, is the density operator on site i (i = O, 1). Note that the external potential reduces to a single number Av,,; which controls the

o=1
asymmetry of the dimer. The density also reduces to a single number n = ng which is the occupation of site O given that ny = N—n for an N-

centered ensemble. In the following, the central number of electrons will be fixed to N = 2 and the hopping parameter will be set to t = 1. All den-

sity functionals can be derived analytically except the correlation ones that can be computed to arbitrary accuracy via Lieb maximizations.[244448!

As shown in Appendix A, within left/right N-centered ensemble DFT, the exact ground-state energy of an open system with A/ =24« elec-

trons reads

2+a =2a =2a
S5 (TR )+ 2 () + Ve x (1) ) &

a(1-a) T (n) | a(1-a)Ec > (n)
2

EW2) = 2 da 2 da

(76)

N=2a
n=n{""2 (Aveq)

According to Equations (8), (9), (29), and (31), the expressions for the left/right N-centered ensemble noninteracting kinetic and Hx energy func-
tionals can be obtained from the two-weight N-centered ensemble functionals of our previous work."* Indeed, the left functionals correspond to
&= and &, = 0, thus, leading to

TiN=24 (n) = =2t1/1—(n-1)* =TV ?(n), (77)

Avii2a )= 2021 (78)

1-(1-n)?

where Av{K'\S'_z 2} () = aTN=24} () /an is the KS potential for the left ensemble, and

B ()=

U(lz_“) (1 + (n_1)2). (79)

Na

Similarly for the right functionals, we have §_ =0 and ¢, = %,

thus, leading to

TIN=2) (o) = _ ¢ (% _1>2 _(h-17%, (80)
el R Gl N (81)

%-1)"-(n-1)°

and

g U a 91-a
E|{_|'\)I(+2y }(n)=2|:1+3+(2(a—3))2(n_1)2:|. (82)

As readily seen from Equation (81), the noninteracting v-representability condition for the right N-centered ensemble is a-dependent:

%<n<2—%. (83)

Various density-functional approximations are tested in the following. For simplicity, we will restrict our study to functional-driven errorsi>¥

which means that all density-functional energies will be computed with the exact N-centered ensemble densities. The investigation of density-

driven errors®¥

is left for future work. Let us start with two approximations that would be applicable also to ab initio problems. The simplest one
consists in neglecting correlation effects and using a regular (a-independent) Ground-State exchange functional. In this model, we simply have to
consider the a = 0 limit of Equations (79) and (82). The approximation will be referred to as GS-Hx. A conventional (a-independent) Ground-State

correlation functional might then be added, thus, leading to a second approximation referred to as GS-Hxc. In this context, we use the correlation
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functional of Carrascal et al.*”!

which has been parameterized on the two-electron Hubbard dimer. Finally, in order to investigate the importance
of the a-dependence in both exchange and correlation ensemble energies, we consider two additional approximations. In the first one, which is
referred to as ensemble exact exchange (EEXX), Equations (79) and (82) are employed, and correlation effects are neglected. Adding the Ground-
State correlation functional of Carrascal et al.*”! leads to our last (so-called GS-c) approximation. The four approximations are summarized in

Table 1.

3.2 | Influence of the ensemble derivative-in-a Hxc density functional

As shown in Equations (46) and (47), the true physical energy of an open system cannot be expressed solely as a function of the shifted KS orbital
energies. An additional ensemble Hxc first-order-derivative correction has to be accounted for as soon as the true number of electrons deviates
from an integer. In Figure 2, we plot the exact expressions for the true physical energy using the left and right (N = 2)-centered ensembles, with
and without the ensemble derivative-in-a Hxc corrections. As expected, the exact energy is a piecewise linear function of the electron number.
Removing the derivative-in-a correction induces curvature. Hence, in the language of left/right N-centered ensemble DFT, describing the piece-
wise linearity of the energy consists in modeling the dependence in a of the ensemble Hxc density functional. As clearly shown in Figure 2, no
derivative-in-a correction is needed when the number of electrons is an integer. This is a direct consequence of the scaling relations in Equa-
tions (64) and (65), and the fact that, by construction, summing up the LZ-shifted occupied KS orbital energies gives the exact energy for an inte-

gral number of electrons.[*?

3.3 | Symmetric case

In this section, we investigate the performance of the various approximations (see Table 1) in the symmetric dimer (Ave,/t = O) for different
values of U/t, as shown in Figure 3. As expected, the GS-Hxc energy is always below the GS-Hx one, because the correlation energy functional is
always negative (and there is no additional derivative-in-a correction). This statement also holds when comparing GS-c with EEXX. Since we use
the highly accurate parametrization of Carrascal et al.l”] for the two-electron GS correlation energy functional, the GS-Hxc and GS-c approxima-
tions are on top of the exact curve for A/ = 2. This is definitely not the case for the GS-Hx approximation which describes neither the correlation
effects nor the a-dependence. This is the reason why GS-Hx performs so poorly for any A/ value, especially when U/t is large. Note that it also
gives a wrong energy for A'=1. Indeed, even if there is only one electron (and therefore no correlation), the Hx part of the functional is still
a-independent within GS-Hx, and therefore only meaningful when N =2 (ie, a = 0).

Returning to the GS-Hxc and GS-c approximations, they are both exact for A'=2. When deviating from this central electron number, the
a-independent correlation functional of Carrascal et al. becomes an approximation, as one cannot expect the correlation energy to be the same
for systems with different numbers of electrons. In contrast, EEXX is exact for A" =1, by construction. It is also exact for ' =3, which is due to
the particle-hole symmetry of the model. In the range 1 < A/ < 3, EEXX is not exact anymore due to the lack of the a-dependent correlation func-
tional. The effect of the latter on the true physical energy can be directly evaluated by comparing EEXX to the exact curve.

Interestingly, all the approximations give physical energies that vary linearly with A/ (or ). As shown in Appendix B, this is due to the fact that,
in the symmetric dimer, the left and right (N = 2)-centered ensemble densities are equal to n = 1.

3.4 | Asymmetric case

Let us now investigate the asymmetric case (we choose Av,,:/t = 5) for different values of U/t. As shown in Figure 4, unlike in the symmetric case,
approximate energies exhibit curvature in V. In the particular case of GS-Hx and GS-Hxc (which are a-independent functionals), the curvature is
due to the a-dependence in both the noninteracting kinetic energy density functional and the interacting N-centered ensemble density. In the

weakly correlated regime (U/t = 1 and U/Ave, = 1/5) one cannot distinguish the exact curve from the EEXX one, showing that the ensemble

Py Em:iz,a} )= References TABL.E 1 . Den5|ty-f.unct.|onal
approximations tested in this work

GS-Hx Eny(n) Equation (79) with a = 0

GS-Hxc Epy(n) + Eo(n) Carrascal et al”!

EEXX E,‘_{;z’“}(n) Equations (79) and (82)

GS-c EN=2 (n) + Ec(n) Equations (79) and (82), Carrascal et al'*”!
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FIGURE 3 Exact and approximate energies of the symmetric 0.4
(Aveyt/t = 0) Hubbard dimer plotted as functions of the electron 0.2
number N (or, equivalently, as functions of ). The central number of 0 (2) s
electrons is N = 2. Results are shown for U/t = 1, 5, and 10. = _0:4
Approximations are detailed in Table 1 g 0.6

(a-dependent) correlation density functional is equal to O in this regime, for any a. This is due to the fact that the ensemble densities reach the
border of their noninteracting v-representability domain when |Ave, | > U and |Ave | > t. For this particular value of the ensemble density, the
ensemble correlation density functional vanishes. Note that the same behavior occurred in the original N-centered ensemble DFT, for which the
explanation can be found in appendix C.3 of our previous work.[**! Because the v-representability domain of the left N-centered ensemble density
is a-independent, the two-electron (a = 0) correlation density functional is also very close to O in between 1 < A <2, such that GS-c is now on top
of the exact curve just like EEXX. It also explains why GS-Hxc and GS-Hx give the same true physical energy here but, in contrast to EEXX and
GS-c, they are not exact, thus, highlighting the importance of the (a-dependent) ensemble Hx functional in this regime. For 2 < A/ < 3, the two-
electron correlation energy is not equal to zero such that EEXX and GS-Hx differ slightly from GS-c and GS-Hxc, respectively. Hence, GS-c is not
exact anymore, in contrast to EEXX.

As shown in the lower panels of Figure 4, the curvature of the approximate energies becomes more pronounced as U/t increases. As
expected, EEXX is not accurate anymore, especially around A = 2, where the correlation energy becomes important. Unlike in the strongly corre-
lated symmetric case, GS-c reproduces essentially the exact energy when N =1 (ie, « = 1). In this case, the left N-centered ensemble density is

actually equal to n{N=24=1} = 1 + Avg,s /1 /42 + AVZ

(see Equation A11), thus, leading to
piN=2a=1} ‘Avext‘/_t)“*'mz‘ (84)

ext

Similarly, it can be shown that, for a = 1, the right N-centered ensemble density reads nﬂN=2"'= Yoq4 AVext/ <31 /4t% + Av2 > such that

2= ext|/t—+o0 o 2
-2t Bty 2 5

Thus, we conclude that, for large Av,,/t values, the two ensemble densities reach the border of their noninteracting v-representability domains
(see Equations 78 and 81), such that the exact (a-dependent) ensemble density-functional correlation energy becomes zero. For the left ensemble,
it is clear that the a-independent correlation energy used in the GS-c approximation is also equal to zero, as the border of the v-representability
domain does not depend on a. Therefore, both GS-c and EEXX become exact when N = 1. However, when N =3, GS-c introduces a spurious cor-
relation energy contribution obtained by inserting the right ensemble density value n = 2 —2/3 into the two-electron (a = 0) ground-state correla-

tion functional.



16 of 21 WI LEY— LTANTUM SENJEAN ano FROMAGER

HEMISTRY
-0.5 FIGURE 4 Exact and approximate energies of the asymmetric
-1t / (Aveyt/t = 5) Hubbard dimer plotted as functions of the electron
-1.5 number N (or, equivalently, as functions of a). The central number of
-2 electrons is N = 2. Results are shown for U/t = 1, 5, and 10.
25 e / Approximations are detailed in Table 1

EWN)/t

4 | CONCLUSIONS AND PERSPECTIVES

So-called left and right variants of N-centered ensemble DFT have been explored. Unlike in the original formulation of the theory,[**! both open
and closed electronic systems can be described. In left/right N-centered ensemble DFT, the key variables are the left/right ensemble density,
which integrates to the central integral number N of electrons, and the (absolute) deviation a of the true electron number from N. Within such a
formalism, the infamous derivative discontinuity is taken care of by the a-dependent N-centered ensemble Hxc functional. Its a-dependence plays
also a key role in reproducing the correct piecewise linearity of the energy, as illustrated in this work with the Hubbard dimer model. What we
learn from this model is that conventional (a-independent) xc functionals are not sufficient for describing open systems in the context of N-
centered ensemble DFT. Developing ab initio a-dependent density-functional approximations is a challenging but necessary task. As a starting
point, a (semi-)local approximation could be obtained, for example, by applying the theory to finite uniform electron gases.[ss] Work is currently in
progress in this direction.

Various applications of left/right N-centered ensemble DFT can already be foreseen. Regarding density-functional embedding techniques, it
could be used in place of conventional DFT for grand canonical ensembles when describing open fragments. The practical advantage would come
from the explicit description of derivative discontinuity contributions to the energy through the dependence in a of the Hxc functional. Another
even more appealing feature of the N-centered formalism is the possibility to use a (pure-state) N-electron many-body wavefunction for describ-
ing an open fragment. Even though such an idea seems counterintuitive and difficult to implement, it can be made formally exact if appropriate

density-functional corrections are introduced. The basic idea is to consider the following decomposition:

F{iN,a} [nww-a)} =F {nf{j,ﬂ}] + AF{iNya} {nfgwx}], (86)

Iy

where N is the left/right N-centered ensemble density (from which the density of the open system can be extracted, according to Equa-
+
tions 19 and 20), and

AFEH ] = ) o] - F=O ). (87)
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Since F[n] = FLN’“:O} [n] is the standard Levy's constrained-search functional, the first term on the right-hand side of Equation (86) can be rewrit-

ten as

F[nﬁ(m] = min <‘P|T+Wee|‘y>
I Hnr{Nv(,}
+

(88)
= (W0 [T+ Weo ),

where ‘P{iN’“} is an auxiliary many-body wavefunction with density Nyt - Combining Equations (27), (86), and (88) leads to the following hybrid

wavefunction/DFT N-centered ensemble energy expression,

N _ <.P{iN,u}‘-i- Wes +\7ext|‘l‘{iN’”}> + AFIN [”\vﬁN""]’ (89)

from which the energy of an open fragment can be extracted, in principle exactly (see Equations 17 and 18). Further exploration of this formalism

is left for future work.
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APPENDIX A: EXACT ANALYTICAL EXPRESSIONS FOR THE HUBBARD DIMER

In the following, the central number of electrons will be set to N = 2. The ensemble energies read

N2 (Aveq) = min{TIY 2 (m) + E[L 72 () + Avexe x (1-n)}, (A1)
where the minimizing densities are n{isz"'} (AVeyt). Note that
1072 (Avge) = T &;} () , 2 ELNXC;{ ") o (A2)
n=nY"2%(Avex)

where the Hx and the noninteracting kinetic density functionals are given in Equations (77), (79), (80) and (82), such that
Tl ;} " _q (A3)
‘955‘&;7?(”):_%(“(1%)2), (A4)
aTé " (n) 4t (2a-3) (A5)

da 9 (237‘1_1)2_('1_1)2
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and

_ _1)2
% + 79(2?2;_)(;)3 J } . (A6)

Hx + -

GENT2 ) U
da 2

Plugging Equations (A1) and (A2) into Equations (17) and (18), one recovers the exact analytical expression for the true physical energies in Equa-

tion (76). In this article, we choose to focus on the functional-driven errors only, such that the exact left and right N-centered ensemble densities

are used. The latter are obtained by differentiating the left and right N-centered ensemble energies,
EN=20} (Avgyt) = (1—a)EN2(AVext) + 2ae (AVext) (A7)
and

2a

G2 (Aveq) = (1-a)E" "2 (Aven) +

(en(Avext) +U), (A8)

with respect to Aveyt, Where ey (AVex) = —(1/2)4 /4t + Avgxt is the HOMO energy. According to the Hellmann-Feynman theorem,

N2 AVe) 1 [eiN=2a),. .
Tt L D]
1 [a{N=2a} /¢, na (A9)
ETr[ri (N—2n0>]

N -
N2 (v,

thus, leading to the following expressions for the left and right N-centered densities:

{N=2,a}
{N=2a} 4 9%% (AVext)
ny (Avext) =1 hVor . (A10)
Inserting Equations (A7) and (A8) into the latter expression leads to
- Oen(AVext) FEN2(AVer)
{N=2,a} _1_ H ext) 4 _ ext
nv (AVext) =1 2a78Avext (1 a)iaAvext (A11)
and
=2
{N=2,a} - _&aSH(AVext) 1 IQEN (Avext)
2 (Ave) = 1= FHH P — (1—a) =g~ (A12)
where
den(Av) _ Av (A13)

dAv 2V4t2 + Av?’

The expressions for the ground-state energy of the two-electron Hubbard dimer and its derivatives are given in the appendix of Deur
et al.l4®!

APPENDIX B: PIECEWISE LINEARITY IN THE SYMMETRIC CASE

In this appendix, we derive the analytical formulas for the approximate grand canonical energies in the symmetric case (Av = 0). Let us start from

the expressions of the left and right ensemble energies
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&N=24) (Av) = (1—a)EN"2(Av) + 2aEN " 1(AV) (B1)
g{*.N=2,a}(Av)=(1_a)EN=2(AV)+%EN=3(Av)y (B2)

where EN=YAav=0)= —t, EN“3Av=0)=U-tand

E'"2(av=0)=3 (u V2 + 16t2) (B3)
Note that %{iN’”} (Av=0)= F{iN'”} (n=1), thus, leading to,
FiN=2a}(p=1)= 17 (u V2 + 16t2) 2at, (B4)
FiN=24) (= 1) = (u \/U2+16t2)+& U=t). (B5)
As the noninteracting kinetic energy functionals read
Ti_N=2,a}(n:]_)= —2t, (B6)
T2 (n=1)= —2t<1—23—“> (B7)

one obtains the following expression for the left and right Hxc energy functionals:

EN=24)(n=1)= %(u VU2 + 1682 +4t), (B8)
EN-2(n=1)= %(1U+E,{_|'ic=_2"’}(n=1). (B9)

The grand canonical energies are then given by

2220 (i a(1-a) e (n=1)

EW =2-a)= 2% (El) (n=1)-2t) - T e S (B10)

YN (Na) a(1-a) ) (n=1)
E(N-2+a)-—2t(1——) (1+ )EHXH(n )+ 55 = (B11)

By realizing that
« aE{N 2,a} n=1
EfNe > (n=1)= (a—1) =t == aa( ) (B12)
{N=2,a}

EfNc 2 (n=1)= (a—l)aiE““*aa(" 1 %UY (B13)

where &E,ﬁﬁcf“}(n 1)/da is constant (a-independent), it is straightforward to see that all quadratic terms (with respect to ) in Equations (B10)

and (B11) cancel out as expected. The slopes of the true physical energies are, according to Equations (12) and (B3),

Wﬁ(w—zn \/U2+16t2). (B14)

N

Turning to the different approximations considered in Section 3 of this article, we follow the same reasoning and end up with the following con-

stant slopes for Av = O for GS-Hx,
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8E(Na=a2jza) =ti%, (B15)
for EEXX,
8E(N(9=a2:ta)=ti% (B16)
for GS-Hxc,

w:_%(u—m), (B17)

da
w=2t+1(u-\/m), (B18)
da 4
and finally for GS-c,
EWN=2-a) __U, 1 /716, (819)
da 2 4
WQH%-%W. (B20)
a

Note that in the case N =2 —a, the slope with respect to A/ in Figures 3 and 4 are the same as the above but with opposite sign. As readily seen
from Equations (B14) and (B17) in the atomic limit t — O, the energy of the open system within GS-Hxc has the same slope (equal to zero) as the
exact one for 1 < A < 2. As GS-Hxc is exact at N =2, GS-Hxc is also exact in the range 1 <A <2 in the atomic limit. Another interesting behavior,
in the symmetric case and in the atomic limit, is that none of the approximations considered in this article can describe the derivative discontinuity
of the grand canonical energy when crossing N =N = 2. Indeed, all the approximations feature a constant slope in between 1 < A/ < 3, making no
difference between the ionization potential and the electronic affinity, and thus, no fundamental gap. This is obviously not correct, as the exact
fundamental gap is equal to U in this limit. Therefore, in order to reproduce the correct behavior, weight-dependent correlation functionals are

required. Such developments are left for future work.
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