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We present a quantum electronic embedding method derived from the exact factorization approach
to calculate static properties of a many-electron system. The method is exact in principle but the practical
power lies in utilizing input from a low-level calculation on the entire system in a high-level
method computed on a small fragment, as in other embedding methods. Here, the exact factorization
approach defines an embedding Hamiltonian on the fragment. Various Hubbard models demonstrate that
remarkably accurate ground-state energies are obtained over the full range of weak to strongly correlated

systems.
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The computational challenge of performing a quantum
calculation of a complex many-body system remains a
primary research area in condensed matter physics and
quantum chemistry. Density functional theory (DFT) is
often turned to, due to its favorable system-size scaling,
however limitations of available functional approximations
deem it inaccurate for strongly correlated systems. When
even DFT gets too expensive for a system of more than a
thousand atoms or so, a collection of DFT calculations on
subsystems with functionals modified by couplings to the
rest of the system can be used [1-4]; however, such an
approach remains inadequate for problems involving strong
correlation. Instead, one approach in recent years has been
to use a quantum embedding method where the full system
is described as an ensemble of two or more fragments:
On the one hand, when the fragments are chosen to be
weakly interacting with each other, the essential idea is that
properties of the total system can be obtained by a high
level calculation on one modified by input from the other.
This can be particularly useful when only part of the system
is actually of interest, or is strongly correlated, but such that
its environment affects its behavior, and the idea is to
calculate accurately properties of the system of interest
without having to compute the full problem accurately. On
the other hand, when the entire system is of interest and
requires a better description of correlation than provided by
density functional approximations, GW [5], and the like,
then the high-level calculation can be done successively on
different fragments in a self-consistent way, to get a full
description of the entire system from several smaller
calculations. Several different approaches have been devel-
oped in recent decades; ranging from the basic embedding
variable being the Green’s function [6,7] or directly the
self-energy [8], to the density-matrix [9—11] or density
[12], as well as density-functional based embeddings [13].

Here, we develop a novel embedding method based on
the exact factorization (EF) approach. EF separates the
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wave function into a single correlated product of a marginal
and a conditional wave function [14-19]. Most of the
previous EF work focused on separating the electronic from
the nuclear part of a molecular wave function, providing an
“exactification” of the Born-Oppenheimer (BO) approxima-
tion: Y(R;,Ry..;ry,15..) = y(Ry,..)®@g, (ry,..), where
the marginal y(R,,..) is the nuclear wave function and
®p, (ry...) the electronic part parametrized by nuclear
coordinates. This approach has given insight into the
effects of electronic-nuclear coupling on dynamics (e.g.,
Refs. [19,20]) and yielded practical nonadiabatic quantum-
classical methods [21-27]. There have been generalizations
in several directions; most notably for the present purposes
are the exact single-active electron approach arising from
factorizing a purely electronic wave function into a
one-electron marginal and the rest [16,28,29], and the formal
generalization to arbitrary many-body non-real-space
Hamiltonians [30].

The present work extends EF to a completely new class
of applications. In our embedding via the exact factoriza-
tion (EVEF), we factorize the full electronic wave function
in Fock space. The idea is to solve the full system with a
low-level calculation [e.g., Hartree-Fock (HF)], and use the
solution to generate an approximate Hamiltonian for the
marginal corresponding to a fragment which is then solved
with a high-level method (e.g., exact diagonalization). The
fragment is a chosen set of single-particle orbitals in the
basis defining the Fock space, e.g., selected to be the more
strongly correlated orbitals in the one-electron Hilbert
space. We present three levels of EVEEF, each increasingly
refined. The results on different Hubbard systems show that
EVEF is able to capture the range from weak to strong
correlation in an efficient and accurate way.

The Fock space electronic wave function in a space
of M single-particle orbitals, W¥(n;...ny,), is defined via
W) =2 =01y ¥(ni..ony)|ny..ny), where [ny...ny)
represents a single Slater determinant with n; =0 or 1
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representing the occupation of spin-orbital i. Choosing
the first K spin orbitals to span the fragment space, the
factorization reads

Y(ny, ny, .ng, ngyy,.ny) = y(n)®,(m), (1)

where the marginal wave function ;((n) is a function of the
fragment configuration and @, (m) is the conditional part.
The factorization is unique up to an n-dependent phase,
F(n), that represents a gauge freedom, provided the partial
normalization condition (PNC),

Zcp* m) =1, (2)

is satisfied, adapting the proof of Refs. [17,19]. Then, it

)= /S ¥l P (612 ot

m; going over K+ 1 to M spin orbitals). EF usually
proceeds by finding a coupled set of equations for the
marginal and conditional factors, which contain terms that
exactly account for coupling of the two subsystems.
However, at this point we deviate from what is usually
done in EF: here, we find an equation for y that emulates
the effect of ®@,, without ever having to solve the numeri-
cally challenging nonlinear and non-Hermitian equation for
the conditional factor [30,31].

To obtain the equation for y(n), consider first the
Schrodinger equation for W, which involves the full exact
Hamiltonian H:

follows that y(n

Ha,m;n’,m’qj(ﬂlv m') = E¥(n, m), 3)

n'.n’

where H,, .0 o = (1, m|H|n', m'). Inserting the factorized

form Eq. (1), multiplying on the left by @j(m), and
summing over m gives our eigenproblem for y(n):

> hyux (') = Ex(n), (4)

where we have used the PNC Eq. (2) on the right-hand side,
and identified the embedded Hamiltonian

_12’ = Zq)*

Hy i ﬁ’q)a/(m/)- (5)

So far, everything is exact, and E could be any eigenvalue of
the full Hamiltonian; it need not be the ground-state energy.
If it was possible to somehow obtain this embedded
Hamiltonian exactly, then the exact ground-state energy of
the full system could be obtained by solving the eigenpro-
blem Eq. (4) in the small Hilbert space of just the fragment,
regardless of how small it is, even for a single-orbital

fragment. Further, if we could somehow obtain the embedded
observable, 0.y = D @ (1) O iy @y (m'), for any
many-body operator on the full system O, then the solution of
Eq. (4) yields the expectation value of O,
through (¥|0|¥) = ZE;Q/)(* (E)Oﬂ;a’){(i’)‘

Finding the exact embedded Hamiltonian Eq. (5) is of
course as hard as solving the original problem. The
practical power of this set-up depends on making an
approximation, so this enters in the first step in EVEF.
We first solve the HF Hamiltonian AMF for the whole
system to obtain the HF state:

PF) = II(EZC @> ’ (6)

where &:f is the creation operator in a given single-particle
basis (e.g., the site basis in lattice models), and |) is the
vacuum state. In the second step, the embedded Hamiltonian
Eq. (5) is computed using ®MF (m) = YMF (n, m) /M (n).
F(k) = 0, ®MF(m) becomes
ill defined and is set to zero. Using the resulting mean-field-
derived embedded Hamiltonian to solve Eq. (4) exactly or
with a high-level method gives us directly an approximation
for the total energy. In the Supplemental Material [32],
we rewrite the formalism in a second quantization which
allows us to compute the embedded Hamiltonian using
Wick’s theorem.

The two steps above describe the central approach of this
Letter and it is what we call EVEF-1. It can be recast as the
minimization problem:

ErNVxlrIb}Iillll Z X*(E)q)glp(m)Hﬂmﬂ’,’q’MF( m' )y (n'),
AT !

\n,m

For configurations k, where yM

(7)

with ®MF kept fixed. After minimization, the resulting
wave function y(n)®MF(m) is typically not a single Slater
determinant, that is, the procedure introduces some corre-
lation, and the resulting energy lies between the mean-field
result and the exact energy.

EVEF-1 is most effective in giving a significant energy
correction when, for most fragment configurations, yMF(n)
are nonzero. This can be understood from realizing that
configurations k for which yMF(k) = 0 do not contribute to
the computation of the energy, since the zeroing of the
corresponding conditional part results in /., = h, ; = 0.
An extreme case would be if EF is performed in the basis of
HF orbitals. In this case y™M¥(n) is zero for all n except for
the one corresponding to the configuration of occupied
orbitals and the matrix £, ,, reduces to a 1 x 1 matrix equal
to the HF energy. In contrast, EVEF-1 is very effective in a
case where yMF(n) has a similar amplitude for every n, and
n are chosen such that there is strong correlation between
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the orbitals of the fragment while the environment-
fragment interaction is mean-field-like.

In rare cases, however, the choice of fragment leads to
ZME(n) = 0 for a large fraction of configurations. It could
even be possible that if the full system is treated as the
fragment, EVEF-1 will not reproduce the exact energy,
because of the zeroing of the conditional wave function for
configurations where WMF(n, m) = 0. This implies that
|PMF) is a bad starting point and a higher-level approach for
the initial full wave function is needed. A pedagogical
illustration of the effects of the choice of the fragment is
given in the Supplemental Material [32].

EVEF-1 is expected to work well when only one sub-
system (chosen as fragment) is strongly correlated while the
rest is well described by a mean field. In the case of strong
correlation throughout, we instead partition the system as an
ensemble of N, nonoverlapping fragments, each of which is
computed with a high-level method using an embedded
Hamiltonian generated from HF, and combine the results.
We describe this method, EVEF-2, next.

In an exact calculation, each and any fragment would
correspond to a different embedded Hamiltonian in Eq. (4),
denoted now fza, where o labels the fragment, yet each
would yield the same eigenvalue E, the total energy of the
system. However, with an approximate ¥, each fragment
gives a different answer for the energy. Moreover, in any
fragment calculation, some contributions to the matrix
elements of fza yield no new correlations beyond HF. To
see this, consider a Hamiltonian of the form

H= Zt’/j —l—Zw,jk]a a aay, (8)

ik,

where w;j; = (ij|W|lk). If none of i, j, k, I are contained in
fragment a, that term contributes only to the diagonal of /1,
and has no corrections to its HF value, but it does yield
nontrivial correlations in other fragments. This suggests
that a better approach would be to extract, for each
fragment, only the part of the energy altered by the
high-level method, and then sum this over fragments.
That is, we partition the full Hamiltonian as a sum of
fragment contributions, H= > H loc'where H loc js “local,”
defined by

Hle = Zzﬂa, + Y wiwdldaay,  (9)
i€a,j i€a,j.k,l
where only terms with the first index inside the fragment
are included. We then define a local embedded matrix /49
for a fragment « in an environment consisting of the other
(Ny — 1) fragments:

! ®(t;g; (mfz% (10)

[which is similar in spirit to the density-matrix embedding
theory (DMET) fragment energy defined in Ref. [10]].

The total energy is obtained by first computing the energy
of each fragment a using y,, where y, is the solution of
Eq. (4) with h, on the left, and then summing over all the
fragments:

Ny
E=YE, with E,=ylhly,. (11)

a
In the case no approximation is made for &, or hl%¢, this
energy is exact and equal to the E appearing in Eq. (4). One
can partition any many-body observable O in the same way
as a sum of O0', embedding it analogously to Eq. (10),
. (P|O[¥) = 3, k0%,

Of course, in practice, an approximation is used, and the
steps then for EVEF-2 are as follows: First, as in EVEF-1,
the HF problem for the whole system is solved yielding
Eq. (6), and for each fragment y!IF is computed in terms of
C; ; in the same way. In the second step, for each fragment,
the embedded Hamiltonian /4, is computed from Eq. (5)
using ®MF and the full A, and Eq. (4) is solved for each
fragment a: hyy, = Ey, to find y,. Third, the local matrix
hl% is formed using [¥MF) in Eq. (10), and the fragment
energy E, and total energy are computed from Eq. (11).
Unlike EVEF-1 however, EVEF-2 does not provide a wave
function for the whole system and is not variational, so,
like in DMET and dynamical mean field theory (DMFT),
the EVEF-2 energy may fall below the exact ground-state
energy.

A refinement of EVEF-2 follows from introducing a self-
consistency criterium and modifying the mean field with
a local or nonlocal potential to fit an observable in each
fragment. This is in a similar spirit to what is done in
DMET and DMFT. Here, in EVEF-3, we consider fitting
the orbital occupation. The procedure follows that of
EVEF-2, but at the end of the second step we include a
chemical potential on the fragment orbitals y;, j € a to
minimize ||n; — n¥*||, where n; is the average occupation
of orbital j that can be directly obtained from y(n) using
np=7 u =) l¥(n)|*>. We then iterate the first two steps

ni#nj
until convergence is obtained.

To test our approach, we computed the energy in
different Hubbard systems, with a general Hamiltonian

— —Zl‘u al,a;,+ ZU,ﬁi,Tﬁw. (12)

There is no local potential but the on-site repulsion may be
site dependent. We set the gauge freedom F(n) to zero, but
a few tests with a different choice showed no difference
here. All units are arbitrary.

Our first system is a molecule represented by the
Hubbard tetramer depicted in the inset in Fig. 1, with a
variable on-site repulsion U on two of the sites, while the
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FIG. 1. Hubbard tetramer, sketched in the inset. We take

t=1/2, U =0.1, and U as variable. Total energy E as a
function of U, for a UHF full-system calculation (left) and RHF
(right), using EVEF-1 or EVEF-2 with fragments as indicated in
the legend.

other two sites are weakly interacting with a fixed U’ = 0.1.
Results of EVEF-1 and EVEF-2 for the total energy E as a
function of U are shown in Fig. 1.

Consider first the left panel that corresponds to the
calculation using unrestricted HF (UHF) for WMF. The
exact curve (black solid) is indistinguishable from HF at
small U since the total correlation is small, and it saturates

around U = 5, becoming nearly constant with £ = —1.5.
UHF (blue dash-dotted) follows the same trend but satu-
rates later and at higher energy, around E = —1.38.

The green dashed curve is the result from EVEF-1 with
the natural choice of fragment being the two sites with local
repulsion U. This gives a dramatic improvement over UHF
for intermediate and strong correlations U. One can also
make the counterintuitive choice to treat the U’ part at
higher level in the bath of the U sites (orange dotted line).
Interestingly, this also considerably improves the energy at
large U even though the correlation is almost entirely in the
two sites that are not treated at the higher level. The effect
of U is partially contained in the definition of the embedded
Hamiltonian /4 and the ensuing diagonalization brings back
some of the correlation.

The two previous fragment calculations can also be used
as partition for EVEF-2 [gray rectangles in the inset of
Fig. 1]. Doing so gives a remarkably accurate energy (the
violet solid curve), which is almost on top of the exact
result. Another possibility is to treat each site as an
independent fragment as a 4 x 1 partition for EVEF-2.
This is the solid red curve, very close to the violet and black
ones (but slightly worse around U = 5).

The right panel of Fig. 1 instead takes $MF as restricted
HF (RHF). In this case all EVEF (1,2,3) approaches are
equivalent and, although a huge improvement over RHF is
obtained especially at large U, they generate the same
energy, lying between the exact and RHF results. The HF
determinant in RHF provides a y"'F(n) which is zero for too
many configurations n (see earlier discussion) that are
significant for the exact y. The Hilbert space in which 4 is
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FIG. 2. Energy per site as a function of the occupation per site n
in a Hubbard ring of 100 sites for U values indicated. Left panel
shows exact (solid) and EVEF-3 using 1-site fragment (dash-
dotted), middle panel uses the 2-site fragment (dash-dotted). The
right panel shows double occupation (fi;4 ;| ) as a function of the
ratio U/t for the three different n indicated; exact (solid), EVEF-3
with 1-site fragment (dotted), and 2-site fragment (dash-dotted).

actually diagonalized is too small and is the limiting factor
for improvement of the energy.

Our next model system is the uniform 100-site Hubbard
ring with = 1/2 and the same U on each site. We
calculate the energy from EVEF as a function of filling
fraction n per site for different values of U = 1, 4, 8, 20 and
compare with the Bethe-Ansatz solution for an infinite
chain [33] as a reference.

The results shown in Fig. 2 are from EVEF-3 using RHF
as the mean field. We found that without a chemical
potential (as in EVEF-2), the number of electrons in the
fragment turned out unphysical; for example, as n — 0, the
average number of electrons in the fragment did not go to
zero. The left panel takes the fragments to have one site
while the middle panel has two-site fragments. Because of
the homogeneity of the system, only one fragment calcu-
lation (one /'°°) needs to be done and only one chemical
potential y is needed.

In both cases, EVEF-3 produces very good results for
small and intermediate U, but is increasingly worse at
larger U for the 1-site fragment. The 2-site fragment
calculation greatly improves the energy, making the curve
very close to the exact one even for very strong interaction
strengths U. The worst results are obtained when approach-
ing n = 1 where both the derivative and the value of the
energy are overestimated.

As another observable, we display, in the third panel, the
double occupation in the site basis, (714 72; ). This is directly
available from y, e.g., as (A ;) = |y(1,1)|* when using a
1-site fragment. For intermediate filling n, both 1-site and
2-site fragments generate almost the exact result; the 1-site
fragment calculation is even better for this observable than
it is for the total energy. The EVEF error is greater at half
filling n = 1, consistent with the larger energy error at this 7.

In comparison with DMET calculations for this system
(Figs 1 and 2 of Ref. [9]), a similar deviation is seen.
In fact, while DMET performs better for the energy
but worse for double occupation than 1-site fragment
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EVEF, EVEF appears to outperform DMET for the 2-site
fragment at larger U. Since the n-site fragment calculation
in DMET requires the high-level calculation in a 2n-site
Hilbert space, one could argue that the EVEF 2-site
fragment calculation should be compared against the
1-site DMET one, and in such a comparison the errors
in EVEF are much less. Calculations for a larger fragment
size will likely improve the results further and are left for
future work.

In summary, we have derived a practical embedding
method from the EF approach, establishing a new class of
applications for the EF idea. We proposed three levels of
refinement, EVEF-1, -2, and -3. The formalism is general
enough to be applied directly to any quantum system; for
example, to study molecular dissociation, metal-insulator
transitions, transition metal oxides, stripe or supercon-
ducting phases, and through projection, any fragment
observable could in theory be obtained. The method
produces results that are quantitatively good when tested
on different Hubbard systems: a tetramer and a uniform
ring, for the full range from weak to strong correlation.
The accuracy is comparable to other embedding methods
like DMET, and in some cases better, but the Hilbert space
of the fragment in our approach is smaller. As in DMET,
EVEF is based on a wave function rather than the Green’s
function that DMFT and self-energy embedding theory are
based on, and this may have practical advantages due to
using a frequency-independent quantity. Unlike DMET,
the single product form of our wave function enables us to
bypass the embedding basis which offers possible further
numerical advantage, and it can be straightforwardly
applied with approximate wave functions beyond Slater
determinants. One advantage of EVEF is its flexibility as
it can be used with any method that provides the expect-
ation values needed in the definition of 4, and further, it
can be directly extended to excited states. One question
that needs to be addressed is whether the nonvariational
aspect of EVEF-2 and -3 is serious enough in practice to
impede their use. A detailed comparison with other
methods and molecular or solid-state systems is left for
future work, as are improvements and extensions, such as
improving the stability of the self-consistency loop in
EVEEF-3, choosing different observables to match between
the HF and fragment calculations, application to excited
states, and a real-time extension via a time-dependent
variational principle.

We thank Ryan Requist for helpful discussions. We thank
the anonymous referees for valuable suggestions on the
manuscript. Financial support from the U.S. National
Science Foundation CHE-1940333 (N.T.M.) and the
Department of Energy Office of Basic Energy Sciences,
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Note added.—Recently, we became aware of work by
Requist and Gross [34] developing a similar EF-based
embedding method.

“liolacombe @ gmail.com
"neepa.maitra@rutgers.edu
[1] P. Cortona, Phys. Rev. B 44, 8454 (1991).
[2] T. A. Wesolowski and A. Warshel, J. Phys. Chem. 97, 8050
(1993).
[3] A. Krishtal, D. Sinha, A. Genova, and M. Pavanello, J. Phys.
Condens. Matter 27, 183202 (2015).
[4] S.J.R. Lee, M. Welborn, F. R. Manby, and T. F. Miller, Acc.
Chem. Res. 52, 1359 (2019).
[5] L. Reining, Comput. Mol. Sci. 8, e1344 (2018).
[6] A. Georges and G. Kotliar, Phys. Rev. B 45, 6479
(1992).
[7]1 A. Georges, G. Kotliar, W. Krauth, and M. J. Rozenberg,
Rev. Mod. Phys. 68, 13 (1996).
[8] A. A. Kananenka, E. Gull, and D. Zgid, Phys. Rev. B 91,
121111(R) (2015).
[9] G. Knizia and G. K.-L. Chan, Phys. Rev. Lett. 109, 186404
(2012).
[10] G. Knizia and G. K.-L. Chan, J. Chem. Theory Comput. 9,
1428 (2013).
[11] Q. Sun and G.K.-L. Chan, Acc. Chem. Res. 49, 2705
(2016).
[12] I. W. Bulik, G. E. Scuseria, and J. Dukelsky, Phys. Rev. B
89, 035140 (2014).
[13] E. Fromager, Mol. Phys. 113, 419 (2015).
[14] G. Hunter, Int. J. Quantum Chem. 8, 413 (1974).
[15] G. Hunter, Int. J. Quantum Chem. 9, 311 (1975).
[16] G. Hunter, Int. J. Quantum Chem. 29, 197 (1986).
[17] A. Abedi, N. T. Maitra, and E. K. U. Gross, Phys. Rev. Lett.
105, 123002 (2010).
[18] N.I. Gidopoulos and E. K. U. Gross, Phil. Trans. R. Soc. A
372, 20130059 (2014).
[19] A. Abedi, N. T. Maitra, and E. K. U. Gross, J. Chem. Phys.
137, 22A530 (2012).
[20] A. Abedi, F. Agostini, Y. Suzuki, and E. K. U. Gross, Phys.
Rev. Lett. 110, 263001 (2013).
[21] S. K. Min, F. Agostini, and E. K. U. Gross, Phys. Rev. Lett.
115, 073001 (2015).
[22] F. Agostini, S.K. Min, A. Abedi, and E. K. U. Gross, J.
Chem. Theory Comput. 12, 2127 (2016).
[23] S. K. Min, E. Agostini, I. Tavernelli, and E. K. U. Gross, J.
Phys. Chem. Lett. 8, 3048 (2017).
[24] J.-K. Ha, L. S. Lee, and S. K. Min, J. Phys. Chem. Lett. 9,
1097 (2018).
[25] F. Agostini and B.F.E. Curchod, Comput. Mol. Sci. 9,
el417 (2019).
[26] M. Filatov, S. K. Min, and C. H. Choi, Phys. Chem. Chem.
Phys. 21, 2489 (2019).
[27] M. Filatov, M. Paolino, S. K. Min, and C. H. Choi, Chem.
Commun. 55, 5247 (2019).
[28] L.S. Cederbaum, Chem. Phys. 457, 129 (2015).
[29] A. Schild and E. K. U. Gross, Phys. Rev. Lett. 118, 163202
(2017).

206401-5


https://doi.org/10.1103/PhysRevB.44.8454
https://doi.org/10.1021/j100132a040
https://doi.org/10.1021/j100132a040
https://doi.org/10.1088/0953-8984/27/18/183202
https://doi.org/10.1088/0953-8984/27/18/183202
https://doi.org/10.1021/acs.accounts.8b00672
https://doi.org/10.1021/acs.accounts.8b00672
https://doi.org/10.1002/wcms.1344
https://doi.org/10.1103/PhysRevB.45.6479
https://doi.org/10.1103/PhysRevB.45.6479
https://doi.org/10.1103/RevModPhys.68.13
https://doi.org/10.1103/PhysRevB.91.121111
https://doi.org/10.1103/PhysRevB.91.121111
https://doi.org/10.1103/PhysRevLett.109.186404
https://doi.org/10.1103/PhysRevLett.109.186404
https://doi.org/10.1021/ct301044e
https://doi.org/10.1021/ct301044e
https://doi.org/10.1021/acs.accounts.6b00356
https://doi.org/10.1021/acs.accounts.6b00356
https://doi.org/10.1103/PhysRevB.89.035140
https://doi.org/10.1103/PhysRevB.89.035140
https://doi.org/10.1080/00268976.2014.993342
https://doi.org/10.1002/qua.560080844
https://doi.org/10.1002/qua.560090839
https://doi.org/10.1002/qua.560290209
https://doi.org/10.1103/PhysRevLett.105.123002
https://doi.org/10.1103/PhysRevLett.105.123002
https://doi.org/10.1098/rsta.2013.0059
https://doi.org/10.1098/rsta.2013.0059
https://doi.org/10.1063/1.4745836
https://doi.org/10.1063/1.4745836
https://doi.org/10.1103/PhysRevLett.110.263001
https://doi.org/10.1103/PhysRevLett.110.263001
https://doi.org/10.1103/PhysRevLett.115.073001
https://doi.org/10.1103/PhysRevLett.115.073001
https://doi.org/10.1021/acs.jctc.5b01180
https://doi.org/10.1021/acs.jctc.5b01180
https://doi.org/10.1021/acs.jpclett.7b01249
https://doi.org/10.1021/acs.jpclett.7b01249
https://doi.org/10.1021/acs.jpclett.8b00060
https://doi.org/10.1021/acs.jpclett.8b00060
https://doi.org/10.1002/wcms.1417
https://doi.org/10.1002/wcms.1417
https://doi.org/10.1039/C8CP07104G
https://doi.org/10.1039/C8CP07104G
https://doi.org/10.1039/C9CC01955C
https://doi.org/10.1039/C9CC01955C
https://doi.org/10.1016/j.chemphys.2015.05.021
https://doi.org/10.1103/PhysRevLett.118.163202
https://doi.org/10.1103/PhysRevLett.118.163202

PHYSICAL REVIEW LETTERS 124, 206401 (2020)

[30] X. Gonze, J.S. Zhou, and L. Reining, Eur. Phys. J. B 91, introduces the formalism of EVEF in second quantization

224 (2018). and demonstrates it on a pedagogical example, the Hubbard
[31] G. H. Gossel, L. Lacombe, and N. T. Maitra, J. Chem. Phys. dimer.
150, 154112 (2019). [33] H. Shiba, Phys. Rev. B 6, 930 (1972).

[32] See  Supplemental Material at  http:/link.aps.org/ [34] R. Requist and E. K. U. Gross, arXiv:1909.07933.
supplemental/10.1103/PhysRevLett.124.206401 which re-

206401-6


https://doi.org/10.1140/epjb/e2018-90278-2
https://doi.org/10.1140/epjb/e2018-90278-2
https://doi.org/10.1063/1.5090802
https://doi.org/10.1063/1.5090802
http://link.aps.org/supplemental/10.1103/PhysRevLett.124.206401
http://link.aps.org/supplemental/10.1103/PhysRevLett.124.206401
http://link.aps.org/supplemental/10.1103/PhysRevLett.124.206401
http://link.aps.org/supplemental/10.1103/PhysRevLett.124.206401
http://link.aps.org/supplemental/10.1103/PhysRevLett.124.206401
http://link.aps.org/supplemental/10.1103/PhysRevLett.124.206401
http://link.aps.org/supplemental/10.1103/PhysRevLett.124.206401
https://doi.org/10.1103/PhysRevB.6.930
https://arXiv.org/abs/1909.07933

