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Abstract

In this article, we prove a priori error estimates for the perturbation-based post-processing of the
plane-wave approximation of Schrédinger equations introduced and tested numerically in previous works
[6, 7). We consider here a Schrédinger operator H = —2A+V on L*(€), where €2 is a cubic box with pe-
riodic boundary conditions, and where V is a multiplicative operator by a regular-enough function V. The
quantities of interest are, on the one hand, the ground-state energy defined as the sum of the lowest N
eigenvalues of H , and, on the other hand, the ground-state density matrix, that is the spectral projector
on the vector space spanned by the associated eigenvectors. Such a problem is central in first-principle
molecular simulation, since it corresponds to the so-called linear subproblem in Kohn—Sham density func-
tional theory (DFT). Interpreting the exact eigenpairs of 3 as perturbations of the numerical eigenpairs
obtained by a variational approximation in a plane-wave (i.e. Fourier) basis, we compute first-order
corrections for the eigenfunctions, which are turned into corrections on the ground-state density matrix.
This allows us to increase the accuracy by a factor proportional to the inverse of the kinetic energy cutoff
E.~! of both the ground-state energy and the ground-state density matrix in Hilbert-Schmidt norm at
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a low computational extra-cost. Indeed, the computation of the corrections only requires the compu-
tation of the residual of the solution in a larger plane-wave basis and two Fast Fourier Transforms per
eigenvalue. Schrodinger operator, perturbation method, planewave approximation, eigenvalue problem,
post-processing.

1 Introduction

First-principle molecular simulation is a major tool to predict the properties of matter from the atomic to
the macroscopic scales. It is widely used in different fields such as chemistry, condensed matter physics,
or materials science. As a main advantage, it requires no empirical parameter except a few fundamental
constants of physics (the reduced Planck constant %, the electron mass me, the elementary charge e, the
dielectric permittivity of the vacuum eg, the Boltzmann constant kp), as well as the masses and atomic
numbers of the nuclei contained in the system under consideration.

At this scale, matter is described as a system of M nuclei and N electrons. In the Born—-Oppenheimer
approximation [1], the nuclei, which are thousands times heavier than electrons, are considered as point-like
classical particles, and the electrons are supposed to be, at each time ¢, in their ground-state. The resulting
many-body Schrodinger equation describing the electronic ground state, a partial differential equation on a
3N-dimensional space, is way too costly to be solved in practice, hence approximations have to be resorted
to, starting with considering a simpler model.

Many different approaches have been proposed to compute the electronic ground-state, among which
wavefunction methods (see [12] and [4] for a mathematical introduction), density functional theory consisting
of orbital-free and Kohn—-Sham models [9, 16] and quantum Monte Carlo methods [17, 18].

The Kohn-Sham models are among the most widely used in physics and chemistry, as they provide a
good compromise between accuracy and computational cost, being posed only in a 3-dimensional space. In
condensed matter physics and materials science, most Kohn—Sham calculations are performed in a rectangular
box €, called a supercell, with periodic boundary conditions (Born—von Karman PBC). The most common
method to discretize the Kohn—Sham equations then is to use a variational approximation in a plane-wave
(Fourier) basis. For very large systems, unfortunately, using a fine discretization basis is too expensive, while
using a coarse discretization basis leads to insufficiently accurate results.

In order to limit the computational cost of the method while preserving the quality of the numerical
results, several post-processing methods have been proposed. Usually, the approach is to perform a full
computation in a coarse basis, for which the computational cost is not excessively high, and then to make
some not-too-expensive computation in a finer basis leading to a substantial improvement in accuracy.

In general, our approach falls into the category of two-grid methods, which have been applied to the case
of a linear eigenvalue problem originally in [22], and nonlinear eigenvalue problems in [2, 13, 19]. In [22], the
proposed method contains two steps: first, a linear eigenvalue problem is solved on a coarse finite element
basis, and second, the computed eigenvectors are improved through a post-processing step, consisting of
solving a boundary problem on a fine basis. The latter allows to increase the convergence rate of the
eigenvectors in energy norm by at most the square of the discretization parameter of the coarse basis. For
the nonlinear eigenvalue problems treated in [2, 13, 19], the two steps are similar: first a nonlinear eigenvalue
problem is solved on a coarse basis, then a boundary problem is solved on a fine basis. In [2], an alternative
approach for the post-processing step consisting of solving a linear eigenvalue problem is also proposed. Also,
a preprocessing step is added in [13] in order to better choose the coarse basis. In terms of improvement,
the convergence rate of the post-processed eigenvectors in energy norm is doubled compared to the coarse
quantities in [19] for the Hartree-Fock problem. It is improved by the square of the coarse discretization
parameter in [2], and by its cube in [13], thanks to the proposed preprocessing step.

In [6, 7], we introduced a new post-processing method for periodic Kohn—Sham calculations in a plane-
wave basis, leading to a significant gain in accuracy at a very limited computational extra-cost. This approach
is based on the Rayleigh—Schrodinger perturbation method, considering the exact Kohn-Sham ground-state
as a perturbation of the approximate ground-state computed in a finite basis set. Theoretical estimates
in the asymptotic regime for the energy were announced and illustrated by numerical simulations. These



simulations showed that the accuracy on the ground-state energy could be improved by a factor of 10 to 100
at a very limited extra-cost (about 3%).

Compared to the existing post-processing methods [2, 13, 19], we avoid here the resolution of a boundary
value problem or an eigenvalue problem in the fine basis, because the considered operator to invert is diagonal.
The gain in accuracy is proportional to the square of the plane-wave discretization parameter for the energy
norm of the eigenvectors, which is comparable to what is obtained in [2] and [22]. Note that the proposed
method is specific to a plane-wave discretisation. A theoretical and numerical comparison of these different
approaches for nonlinear eigenvalue problems will be presented in the following article [11].

In this contribution, we focus on the linear subproblem of the Kohn—Sham model, and we present the
proofs of the improved accuracy for the post-processing of the plane-wave approximation of Schrodinger
equations stated in [7]. Corresponding proofs for the nonlinear Kohn—Sham model will be dealt with in a
forthcoming paper [10].

The linear Kohn—Sham subproblem considered in this article consists in computing the rank—N ground-
state density matrix vy of a linear Schrodinger operator H = —%A + V, acting on the space LQ#(Q) of real-
valued square-integrable periodic functions on R? with ) as a periodic cell. For V € Li(ﬂ), the Hamiltonian
X is diagonalizable in an orthonormal basis and its eigenvalues A\{ < AJ < - (counting multiplicities) form
a non-decreasing sequence of real numbers that tends to +o0o. Denoting by (¢?);>; an orthonormal basis
of associated eigenvectors, and assuming that there is a gap g := A%, i1 A > 0 between the N*!' and the
(N +1)%t eigenvalue of H , the rank—N ground-state density matrix is defined, using Dirac’s bra-ket notation,
as

N
Y=Y 169)(e)l.
=1

It is therefore the orthogonal projector on the N-dimensional vector subspace of Li&(ﬂ) spanned by the
eigenvectors associated with the lowest N eigenvalues of H . The ground-state energy is then defined as the

scalar quantity
N
Eo = N
i=1

Note that &g is not equal to the Kohn-Sham ground-state energy when JH is the Kohn-Sham Hamiltonian
due to nonlinear effects, called double-counting in the chemistry and physics literatures.

Our main result is summarized in Theorem 4.1. We show that, in the asymptotic regime where the
discretization space is large enough, the convergence rates of both the post-processed ground-state density
matrix (built from the post-processed eigenvectors defined in [6]) measured in Hilbert—Schmidt norm and
the post-processed ground-state energy are improved by a factor proportional to N2 where N, is the
discretization parameter. Since the kinetic energy cutoff E. is itself proportional to N2, this improvement
factor corresponds to E. !, i.e. the inverse of the kinetic energy cutoff.

Note that we do not make any non-degeneracy assumption on the lowest N eigenvalues of H ; only the
presence of a positive gap between the N*'*' and the (N + 1)5* eigenvalues of H is required. As in [6, 7],
our approach strongly relies on the fact that, in plane-wave approximations, the kinetic energy operator
—%A, which is the leading term in the Hamiltonian J{, commutes with the orthogonal projector on the
discretization space. The constant C' appearing in the estimations is generic and may depend on N but is
always independent of the discretization parameter N.

This article is organized as follows. In Section 1, we summarize the main notation used in the article. In
Section 2.1, we present in detail the linear subproblem of the Kohn—Sham model, as well as the characteriza-
tion of 7y as the unique solution to some constrained optimization problem, and some other useful classical
results. In Section 2.3, we describe the plane-wave discretization of this optimization problem. In Section 2.4,
we translate the a priori error analysis results of [3] into the density matrix formalism. Our post-processing
method based on Rayleigh—Schrodinger perturbation theory is described in Section 3. In Section 4.1, we
present the main results of this paper, i.e. an improved convergence rate on the post-processed ground-state



density matrix and energy. The proofs are given in Section 4.2. Some numerical simulations are presented
in Section 5.

List of notation

To help the reader navigate through the paper, we summarize below the principal notation, and refer to the
definitions when needed.

To start with, N denotes the number of computed eigenvalues. The quantities related to the choice of
discretisation (Section 2.3) are

e FE.: kinetic energy cutoff,
o N, = \/% %: discretisation parameter,
e Xy : discretisation space.

The quantities related to energies are

e &y: exact ground state energy (Section 2.1),

o & n,.: variational approximation of the ground state energy (2.19),

o 8/(:/1\/6: perturbed ground state energy (3.10).

The different eigenfunctions, corresponding eigenvalues and Lagrange multiplier matrices defined in this
article are

o 0 = (¢9,---  #%)T and (A,--- ,AQ): lowest N eigenfunctions and corresponding eigenvalues of the
Hamiltonian. The matrix of Lagrange multipliers A° is diagonal A® = diag(\{,---,A%).
e dn. = (1N, OnN)T and (A1 N, ..., AnN.): lowest eigenfunctions diagonalizing the Hamilto-

nian on the discretisation space and corresponding eigenvalues (Section 2.3). The corresponding matrix
of Lagrange multiplier is diagonal as well.

o % = (¢ noo-- - O n.)T s eigenfunctions given by a unitary transform of @y, such that ®% is
as much aligned with ®° as possible. The corresponding matrix of Lagrange multipliers A(I)VC =

()‘?j,Nc)lﬁiJﬁN = (< ?,NC|H|¢?7NC>)1Si1jSN S RNXN is not diagonal.
. (m, cee M) and ()T;;w ..., AN.N,): perturbed eigenfunctions and perturbed eigenvalues (Defi-
nition 3.1).

The different density matrices involved in the following are:
e 7o: exact ground state density matrix (Section 2.1),
® 7o.n,.: approximate density matrix (2.21),

e Yo.n.: perturbed density matrix (Definition 3.1). Note that this density matrix is not an orthogonal
projector, as mentioned in Remark 3.1.



2 Post-processing for the Kohn—Sham linear subproblem

In order to simplify the notation, we consider a cubic lattice R = LZ? (L > 0) corresponding to the supercell
Q = [0,L)3, but all our arguments straightforwardly apply to the general case of a lattice with lower or no
point symmetry. For 1 < p < oo and s € Ry, we denote by

L5 (Q) = {ue L} (R %, R) | u is R-periodic} ,
H5(Q) = {u € H{ (R R) | u is R-periodic}

the spaces of real-valued R-periodic LP and H?® functions, and by L(Li) the vector space of the bounded
linear operators on Li(Q)

2.1 Problem setting

Let N € N* and V € L%(Q). In Kohn-Sham models, N is the number of electrons (or of electron pairs in
closed-shell models) in the simulation cell, and V is an approximation of the Kohn—Sham effective potential.
Let 3 be the operator on Li& (Q) with domain H;& (Q) defined by

1
Yu € H;é(Q), Hu= —§Au + Vu. (2.1)

Since the operator J{ is a perturbation of the laplace operator on a torus, it is self-adjoint, bounded be-
low, with compact resolvent [21]. It can therefore be diagonalized in an orthonormal basis: there exists a
non-decreasing sequence (\?);>; of real numbers and an orthonormal basis (¢?);>1 of Li (Q) consisting of
functions of H;& (Q) such that
Vi>1, He) =Y. (2.2)
We denote by ®° = (¢9,---, %) and A® = diag(A\?,--- ,AQ)).
A key assumption for our analysis is the following:

ASSUMPTION 2.1. There is a gap between the N* and the (N + 1) eigenvalues of 3, i.e
9=y — Ay > 0.
We denote by ep := % the Fermi level. Note that, in this setting, any real number in the range
(A% A4 1) is an admissible Fermi level.

As already mentioned in the introduction, the purpose of the linear subproblem is to compute two
quantities of interest:

1. the ground-state density matrix

0 1= (o) (H Z|¢>O TG

2. the ground-state energy

80 =Tr J‘C’)/o Z)\

where Tr denotes the trace, and will be properly introduced in Section 2.2.
The linear subproblem can be formulated as a variational problem in several ways. First, introducing
the quadratic form

HL(Q) 5 ¢ — ([ 1) - /|w\2 /QWWGR



associated with H , the energy functional € defined by

N
_ T 1 N 1 |2 |2
W= ()" € [HL0))Y, E(0) = ;Wﬂwz =3 (5w [vmr). @9

and the (infinite-dimensional) Stiefel manifold

Ny .
M= {fo = (¢1,...,¥n)" € [Hu()] ‘w,; =1,...,N, /Qwiwj = 5”}, (2.4)
we have
&o =inf {E(T), ¥ € M}. (2.5)
Besides, ®° = ( ,...,qbo ) is a minimizer of (2.5). Note that ®° is not the unique minimizer of (2.5).
Indeed, denoting by O(N) := {U € RN*N | UTU =1y} the orthogonal group in dimension N (1y is the

identity matrix of rank N ), we have
YO eM, VYUe€O(N), U¥eM, and EUY)=E(D). (2.6)

Therefore, U®? is a minimizer of (2.5) for all U € O(N). In fact, under Assumption 2.1, the set of minimizers
of (2.5) is exactly equal to O(N)®Y. For the sake of completeness, let us recall the proof of this elementary,
but key, property. Let ¥ = (1,--- ,9n)T be a critical point of (2.5). The first-order optimality conditions
satisfied by ¥ read

N
Vij=1,...,N, Hi=3 Aoy, /Qwiwizéij.
j=1

The N x N symmetric matrix A = (A;j); j=1,....n is the Lagrange multiplier of the matrix constraint fQ iy =
di;. It is not diagonal in general. On the other hand, since it is symmetric, there exists U € O(N) such that
UAUT = diag(\y, -+, Ax) with Ay < Xy < -+ < Ay. Then, ® = (¢1,--- ,¢n)7 := UV also is a critical
point of (2.5) with the same energy as ¥, and we have

Q

i=1

For ¥ to be a minimizer of (2.5), we must have \; = A} for all 1 <i < N. Under Assumption 2.1, we have
in addition Span(vn,--- ,%¥N) = Span(¢1,--+ ,dn) = Span( -+, ¢%) = Ran(yp). Therefore, there exists
U € O(N) such that ¥ = U®y.

To get rid of the gauge invariance (2.6), it is possible to identify the elements of the Stiefel manifold (2.4)
spanning the same subspace, introducing the Grassmann manifold as the quotient of the Stiefel manifold
M/ ~ with respect to the equivalence relation ¥ ~ W if ¥ = UW for some U € O(N). Alternatively, as there
exists a one-to-one correspondence between the subspace spanned by ¥ € M and the orthogonal projector
onto this space, it is possible to define the Grassmann manifold in terms of the orthogonal projectors called
density matrices, and to reformulate problem (2.5) in terms of these density matrices. To this end, we define
the (infinite-dimensional) Grassmann manifold

YT={yel(Iy) |7 =v =7 Tr(y) =N, Tr(-A7) < oo}, (2.7)

its convex hull
K={vel(Ly) |7 =7 0=v=21 Tr(y) =N, Tr(-Ay) < oo}, (2.8)

and the energy functional F defined on X by

VyeX, E(y)=Tr(H~). (2.9)



There holds
o =inf{E(y), ye€ T}, (2.10)
and
o =inf{E(y), v € X}. (2.11)
Besides, under Assumption 2.1, v is the unique minimizer of both (2.10) and (2.11). Here +* denotes the
adjoint of v, 0 < 7y < 1 means Vu € L%(Q), 0 < (u[yu) < |lul|7,. The precise meaning of the terms
#

Tr (—A7) and Tr (K ), as well as the proof of the fact that 7o is the unique minimizer of (2.10) and (2.11),
will be given in the next section.

2.2 Functional setting

We denote by || - || the operator norm on £(L%), the space of bounded linear operators on L% (€2). We also
need to introduce the Banach space &; (Li) of trace-class operators on Li& (©) and the Hilbert space 62(1@)
of Hilbert-Schmidt operators on L% (f2), respectively endowed with the norm defined by [|Allg, 1) =

Tr (|A]) = Tr (v A*A) and the inner product defined by (A, B)Gz(Li) = Tr (A*B). We refer to [20, Chapter

VI] for an introduction to trace-class and Hilbert—Schmidt operators. Let us just recall here the properties
which will be used in the sequel:

o for any orthonormal basis (e, )nen of L% (), we have

VAEGI(LY), Tr(A) =) (enlden),

neN

1/2
VA€ Ga(LE), Al sz =Tr(A™4)? = (Z IIAenIIi;> :

neN

If A€ L(L%) is a positive operator, that is if for all u € L% (), there holds that (u[Au) > 0, then the
value of the sum
Tr(A) =) (en|Aen) € Ry U {400}

neN

is independent of the choice of the orthonormal basis (e, )nen. If A € L(Li) is positive and self-adjoint,
then A € &(L3,) if and only if Tr (A) < oo;

o 81(L%) C 62(L%) C £(L) and for all A € &,(L,),
1Al < [|Alley(z2,) < 1Alley(z2,); (2.12)
o forall A€ &,(L%) and B € L(L3,), we have AB € &,(L3,), BA € 61(L%),

Tr(AB) = Tr(BA), [ABlls,3) < 1Bl [ Alle,z2):  [1BAls,wz) < 1Bl [Alle,z)  (2.13)

o forall Ae 61(L§¢), there exists a unique function pa € L} (), called the density associated with the
operator A, such that for all V' € L3 (€2),

TI“(AV)Z//)AV,
Q

where on the left-hand side of the above equality, V € L(Li) denotes the multiplication operator by
the function V;



o for all A € &3(L%) and B € L(L3,), we have AB € &5(L3,), BA € G5(L%),

IABlls,z,) < 1Bl Allsyz2):  [1BAlsarz) < 1B Allsy(z2); (2.14)

e forall A e GQ(LZ#) and B € 62([13#), AB € 61(L2#), BA € Gl(Li),

Tr (AB) = Tr (BA) < [[Alls,r2) I Blles(z2,)- (2.15)

We set
1/2
U= (¢, w7 € LR, | 1]z, == (Z ||wZ|L2> ;

N 1/2
W= (e on)” € [HRO) 0y = 11— 2)2) 5 = (Z win‘i@) ,
i=1

and more generally, for any operator A on Liﬁ(ﬂ) with domain D(A),

N 1/2

VP € DAY, AV = (;mwin‘i;) :
Let R* = 273 be the dual lattice of the periodic lattice R = LZ3. For k € R*, we denote by ex the
plane-wave with wavevector k, defined by

ek : R?’ — C
X = |Q|71/2eik-x7

where || = L3. The family (ey)ker+ forms an orthonormal basis of the complex Hilbert space

L2 2(0,C) = ={u e L} (R* C) | uis R-periodic}

endowed with the scalar product

Vu,v € I4(,C), {ulo) :/va(r) dr,

where u(r) denotes the complex conjugate of u(r), and for all v € Li (Q,0),
=Y Beex(r)  with B = (ewfv) = |Q|—1/2/ v(r)e T dr,
keR* Q

Recall that the periodic Sobolev spaces Hj (©) can be characterized in a simple way using Fourier series:
for s € R, we have

H;E(Q) = {U = Z 61(61(

keR*

vk Ok=0k [ulldg = Y0 (U k) < OO} )
KeR*

where the Hj, inner product is defined by

Vu,v € H3(Q),  (u,v)ms, = Z (1 + |k|?) vy
keR*



Let us now clarify the meaning of the terms Tr (=Ay) and Tr (¥ ) appearing in (2.7)~(2.9). Let v € £(L%)
be self-adjoint and positive. Since |V| (i.e. the multiplication operator by |k| in Fourier representation) is a
bounded linear operator from H3(f2) to H;_I(Q), |V]7|V| defines a bounded linear operator from H(Q2)

to Hy;l(Q) If in addition, Ran(|V|y|V]) C Li(Q) and
3C € Ry such that Vu € Hy (1), IV 1V lull 2, < Clullzz,,

then |V|v|V| can be uniquely extended to a bounded, self-adjoint, positive operator on Li (€2), also denoted
by |V|y|V] for simplicity. In this case, Tr (|V|y|V]) is well-defined in R} U {4+o00}. In view of the fact that
—A = |V|?, the notation

Tt (—A) i= Tr (V] |V])

is commonly used in the mathematical physics literature. Let us emphasize that Tr (—A~y) < oo only means
that Tr (]V]v|V|) < oo; in particular, it does not imply that the operator —Avy is in 61(L§#).

It follows from the Hoffmann-Ostenhof inequality [14] that for all v € X, p, > 0 and ,/p; € H%E(Q) —
L%(9). The real number Tr (3 ) can therefore be defined for all v € X as

Tr (3r) = %TY(—MH/QMV-

It is known in addition (see e.g. [5]) that, under Assumption 2.1, there exist 0 < ¢ < C' < oo such that
c(1-=A)<|H —ep| <C(1-A), (2.16)

where the operator |H — ep| is defined as |H — ep| = —70(H —er)y0 + (1 — 70)(H — er)(1 — Y0), and can
be written using the eigendecomposition of H as

400
M —er| =AY — epllo)) (4],
i=1
where (¢9,\?);>1 are eigenpairs of 3 defined in (2.2). There also holds
VX, Tr(H0) —Tr(30) = 19— e 20 = )3, s (217)
We deduce from (2.16) and (2.17) that there exist two constants 0 < ¢ < C < oo such that

ek, el(l- A0y —0)l, iz, < BO) ~ €0 < O~ &)y = 30)l3, 02, (2.18)

This implies in particular that 7 is the unique minimizer of (2.10) and (2.11).
Note that for all ¥ € T, as 42 = ~ and by the cyclicity of the trace, there also holds Tr (3 ) = Tr (yH ) =
Tr (v3H ).

2.3 Discretization

In order to solve problem (2.5) numerically, we use a plane-wave discretization. For each k € R*, the
kinetic energy of the plane-wave ey is given by %|k|2, where | - | denotes the Euclidean norm. To construct
a discretization space, we introduce some energy cut-off E. > 0 and consider all plane-waves whose kinetic

energy is smaller than F., i.e. |k| < +/2F.. For each cut-off energy E., we set N, = %% and

Xy, = > Bk ex | Tk = Bk, Yk p C [ H().
keR*,[k|<2E N, seR



For all s € R, for all r < s, and for each v € Hj(2), the best approximation of v in Xy, in any HJ-norm is

HNC’U = E ﬁkek.
keR*,|k\§2T”NC

We denote by Iy, = (1 — Ily,) the orthogonal projector on Xy , the orthogonal of Xy,. The variational
approximation to the ground-state energy in Xy, is defined as

&N, =inf {E(Ty,), Uy, e MN [ Xn IV}, (2.19)

with € and M defined in (2.3) and (2.4). Let Ay v, < Aoy, < -+ < ’\dim(XN,) N, be the dim(Xy,) eigenvalues
(counting multiplicites) of the Hermitian linear operator Hy, proj : Xn, — X, defined as

1
T proj = Ty H Ty, = — Ty, Ally, + iy VIly,. (2.20)

Let (¢1,N,,---,¢n,N.) be an orthonormal family of eigenvectors of H N.,proj associated with the eigenvalues
AN, << AN

HN, projPi,N. = Ni,N.Pi,N., / $i,N.9jN. = 0ij,  V1<i,j<N,
Q

and let ®n, = (d1,N,,-- - ¢N’NC)T. Then @y, is a minimizer of (2.19). Denoting by

N
YoN. = D |din) (i (2.21)
i=1
the associated density matrix, we have
N
Eon, =Tr (Hyon,) =D Ajn.. (2.22)
j=1

2.4 A priori results on the density matrices
From now on, we make the following technical assumption:
ASSUMPTION 2.2. V is a R—periodic potential satisfying V € H3, () for s > 3/2.

Note that this assumption implies that V € L3 (Q) and VV € L% (Q).

The a priori error estimates established in [3] for the nonlinear Kohn—-Sham model also hold true for the
linear subproblem. In order to use these results in the present setting, it is convenient to reformulate them
in terms of density matrices. As in [3], we introduce

M = {\1/ eM ‘ @ —®°|;2 = min ||UT — ®°||,- }
# UcO(N) #

where ®° = (¢7,...,0%)7, (¢9,...,9%) being a family of orthonormal eigenvectors of 3 associated with
the eigenvalues A < --- < A} fixed once and for all.
Proceeding as in [3], it can be shown that, for N, large enough, (2.19) has a unique minimizer <I>9VC =

(69 no» oo O n.)" belonging to M®", that the set of minimizers of (2.19) is O(N)®%, , and that, conse-
quently, all the minimizers of (2.19) share the same density matrix. In particular

N

Y0,N. = Z \¢?,NC>< ?,NC|'

=1
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We denote by . . . . N
AN = (N v )i<iien = (5 n b3 y)1<ij<n € RTX (2.23)

the Lagrange multiplier matrix of the orthonormality constraints. Note that the matrix A?VC is not diagonal
in general, but that we have
Eo.v. = Tr(AR,).

The following lemma allows one to translate the a priori results of [3, Theorem 4.2] in terms of density
matrices.

Lemma 2.1. Under Assumption 2.1, there exist 0 < ¢ < C < oo and N? € N, such that for all N. > N2,
19%, = 2%ll2 < lho. — vollesirz) < VZI8%, — 2%z, (2.24)
(1= A28, — 8% < (1 - 8) (0, —0)llsyz) < CIIL— A)/2(@%, — 8%)] 5. (225)

The proof is given in the Appendix.

We then immediately infer from [3, Theorem 4.2] that under Assumptions 2.1 and 2.2, there exist C' € R
and N? € N such that for all N, > N2,

70 = v0.nllezr2) < CN;?, (2.26)
170 = v0.nlle,(22) < ONSHI(L — A2 (yg = Yo.n)les(z2,)- (2.27)

Moreover, there exists C' € R such that
[A% = A% lle < CII(1 = A)/2 (30 — 70,N0)||262(Li)7 (2.28)

where || . ||r denotes the Frobenius norm.

3 Post-processing of the plane-wave approximation

3.1 A key remark
Let us introduce the Hamiltonian on Li(Q) with domain Hi(Q) defined by

1
Yu e HZ(Q), Hyu= — 5 Au Iy, VIl .

Since Xy, and X f\-,c are invariant subspaces of Hy,_, the Hamiltonian 3y, can be represented in term of
H N, proj as follows:

j-(:NC7pTOj 0 XNC
N,
XN, X5,

The eigenvalues of the Laplace operator, which is diagonal in plane-wave bases, are explicitly known and its

smallest eigenvalue on the invariant subspace X J%fc is larger than % (%)2 Therefore, as soon as
1 (27N \?
)\]\{71\/C < 5 ( 7 C) R (32)
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where we recall that A\; n, < --- < Ay n, are the lowest N eigenvalues (counting multiplicities) of the
operator Hy, proj defined in (2.20), we have

VJ =1,..., N7 U_CNc(bj,Nc = )\j,Nc ¢j,Nca and V’Lm] =1,..., Na / d)iJVc ¢j,]\7c = 6ij, (33)
Q

and A1y, < -+ < An,n, are also the lowest N eigenvalues (counting multiplicities) of the operator Hy,. A
key observation is that the lowest energy eigenmodes of H satisfy

Vi=1,...,N, (Hn +Vy,)e)=r¢, and  Vi,j=1,...,N, Aﬁ@:%, (3.4)

where
Vy, =V —1IIy Viy,. (3.5)

We can therefore apply the Rayleigh-Schrédinger perturbation method [15] using (¢; v, , Aj N, )j=1,...,~ as the
reference solution and (gb?, )\2) j=1,...,N as the perturbed solution, in order to build improved approximations

of the orbitals and eigenvalues respectively denoted by (m)jzl,m,]\/ and ()\/j;v:)jzl,__ﬂ]v, as well as an

improved density matrix 7o v, and improved energy &gy, .

3.2 Corrections computation

More precisely, we apply first-order perturbation to the analytic family of operators H (5) = Hn, + ﬂ\?ﬁc,
where 8 € R is a parameter, which amounts to considering H (0) = Hy. and (3.3) as the unperturbed
eigenvalue problem, and H (1) = H and (3.4) as the perturbed eigenvalue problem. Assuming that the
eigenvalues are not degenerate, we obtain at first order for the eigenfunctions, and at second order for the
eigenvalues,

Vj:L...,N; ¢?2¢(]?,Nc+¢§',ll)\/c’ A?Z/\j7Nc+>‘§‘,21)\/Ca
where
-1
1) 1 L
PN =\ 3B N i € XN, (3.6)
with r; being the residual
1
Ty = <_2A + V- >\j7Nc) ¢j,NC = (j{]\/‘C + Vﬁc — Aj’Nc) ¢j7Nc — Vﬁc(bj,Nw (37)
and
2) (1) 1 -1
)‘.E',Nc = (®jnIr) = —(rjl (—2A - Aj,m) |75)- (3.8)

We observe that the corrections on the eigenfunctions given in (3.6) are well-defined even if A; n, is degenerate.
We therefore define the perturbed eigenvectors, density matrix, and energy for the general case as follows.

DEFINITION 3.1 (Perturbed eigenvectors, eigenvalues, density matrix, and energy). For all N. > N9 and all
j=1,...,N, the perturbed eigenvectors are defined as

- 1
¢)jaNc - ¢j7Nc + ¢§',J)VC7

the perturbed eigenvalues as
T 2
MM:Mm+§M

the perturbed density matriz as

— 1
Y0,N. = Yo,N. T+ 71(\/37
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with

N N
1 1 1
! = 105N @] + D 105v) (05 (3.9)
j=1 j=1
and the perturbed energy as
N
Eone = D Njne = Tr (qo,n.H Ao N.)- (3.10)
j=1

—~— %

Remark 3.1. Note that even if we call o n. a density matriz, yo.n, ¢ K in general. Indeed, Yo N. = Yo.N.
and Tr (Jo.n.) = N, but we do not have in general 0 < Ao n. < 1. Hence, the perturbed energy, which is
defined as the sum of the perturbed eigenvalues, is not equal to the energy of the perturbed density matrix,

i.e. 8/(;/1\76 # Tr (HAo.n,). Nevertheless definition (3.10) corresponds to the correction on the eigenvalues
(AjN.)j=1,...N gien by perturbation theory at second-order as in [6], the contribution at first-order on the
etgenvalues being zero.

Remark 3.2. As we shall see in Section 5, the quantities ¢§11)Vc are easily computable.

4 Convergence improvement on the density matrix and the energy

4.1 Main results

The main results of this article are collected in the following theorem.

Theorem 4.1. Under Assumptions 2.1-2.2, there exist C € Ry and NO € N, such that for all N. > N?,

10— 2)2G0m, — 10)lsaz) < CNZ2I = A (o, —10)lss22), (4.1)
and
‘SO}NC_EO‘ SCNC_Q‘EQNC—E()’. (42)
4.2 Proofs

In order to prove Theorem 4.1, we first provide in Section 4.2.1 a decomposition of «y based on spectral
projection in Lemma 4.2, relying on Lemma 4.1 for a rigorous justification of the contour integral. In Section
4.2.2, we decompose the difference v — 4o.n, into three parts in Lemma 4.3, and we then estimate each of
these terms in three of the following Lemmas 4.4, 4.6, and 4.7, relying on an intermediary estimate presented
in Lemma 4.5, in order to prove estimate (4.1). Finally, in Section 4.2.3, we provide a proof for estimate
(4.2).

4.2.1 Exact density matrix in terms of approximate density matrix

Lemma 4.1. Let T' be the circle in the complex plane symmetric with respect to the real axis and containing
the real numbers \) — 1 and ep. There exists N0 € N such that for all N. > N2, T encloses the lowest
N eigenvalues of both the operators H and Hy, (respectively defined in (2.1) and (3.1)), and none of the
higher ones.

Proof. As H and Hy, are self-adjoint operators, their eigenvalues noted respectively (A?);en+ and (A; N )ien+
(with increasing values and counting multiplicities) are real. From the gap assumption 2.1, and the definition
of the Fermi level, we have

Vi=1,...,N, AN <ep, and Vi>N, A >ep. (4.3)
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The plane-wave discretization being variational, there holds
Vi=1,...,dim(Xyn,), A} <Ain.,

and the sequence (A\; n,)n

. is decreasing. Moreover, classical convergence results (see e.g. [8, Chapter 5])
guarantee that

max |\ Nc—)\?| — 0.
i=1,...,N ’ N.—+oo

Therefore, there exists NC0 € N such that for all N, > Ng, An.N, < /\N,Ng < ey, and the eigenvalues of the
Laplace operator on Xy, are larger than A} ; > ep, so that

VN, > N?, Vi=1,...,N, Xn <Avno<er, and Vi>N, Xy >y > ep. (4.4)
Combining (4.3) and (4.4) concludes the proof of the lemma. O

Using the Cauchy residue theorem and functional calculus for self-adjoint operators, the ground-state
density matrix of H can be written as

1
C 2w )

_ 1 _
Yo z—H) tde = — (z — Hn, —V7,) 'z, (4.5)
2 Jr ©

Since V € LF (), V4, is Hy,-bounded, and we can perform a Dyson expansion of (4.5) at second order.
We obtain

1 1
= — Hn ) Mz + — — Hy)IVE (2 —Hy )N
=5 F(Z N.) v F(Z N) V(2 = Hn,) dz
1
+% (z—iH)*lVJI\‘,C(z—f]{]\;c)*lw\‘,c(z—iHNC)*ldz7 (4.6)
T

where each term of the right-hand side is well-defined.

Lemma 4.2 (Second order expansion of ). There holds

Yo = Yo,N. T+ ’YI(\}) + QNM (4.7)

where 71(\}0) is the finite-rank operator defined in (3.9) and where

9
Qn. = %ir F(z - 3{)71\7?\‘,0(2 — :HNC)AVJI\_/C(Z — Hn.) tdz. (4.8)

Proof. The operator Hy, being self-adjoint with compact resolvent, it can be diagonalized in an orthonormal
basis. Hence, there exists a sequence (9, ¢cx)r>1 With (¢5)r>1 an orthonormal basis of Li(Q) consisting of
functions of H3(2) and (ex)r>1 a non-decreasing sequence of real numbers such that

Vk>1, Hy, k= eptr-

Without loss of generality, we can choose a basis such that, in addition, for £k = 1,..., N, ¥ = ¢ v, and
€k = Ag,N,. The operator Hy, can then be written as

Hu. = D enlvn) (nl-

k>1

Let us show that the expansions (4.6) and (4.7) are identical. First, we have
1 1
Yo,N. = 72 ‘ f (Z - }CNC) dz.
™ Jr
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Let us now prove that the second term in the right hand side, that is
1 _
MU ]{ (2= Fn) " V(2 — 9y "t (4.9)

is in fact equal to the operator 7](\}3 defined in (3.9). We have
N
" 1 1
U LENY, (b = S o B b+ el 65 1)
j=1 j=1

Asforall j =1,...,N, ¢;n. € Xn, and ¢ € Xz , we have <1/)k|’YN)|1/)l> = 0 for all k,! € N* such that
either k,I > N, or k [ < N. Moreover, for all k<N and [ > N, we have

Wy 1) = (D ) = (84N 1) = —(dr v |V (v, — Aew,) )

1 1 1 1
= — - ’\7
JVpe—— (D, N[V, [¥n) p—— (Vr|Va, [¥1),
and likewise
Wi 19k = =WV )-
Thus, for all k,1 € N*, we have
(1) 1 1
Wil [ = ——— (eevlisn = Lo v lisn) W[V 0.

On the other hand, for all k,l € N*, using the Cauchy residue theorem,

Wy ) = %(W\(z — Hn,) 'V (2 — Hy) " Hbn)dz

1
21
1

€k — €1

<£(z —er) Mz - 51)1d2) (Vr|V, ltbr)

(LpenLisn — LsnLi<n) (W] Vi, [90)-

Therefore, for all k,1 € N*, (¢ |y |oy) = <¢k|'y](\}) |41). Finally v(1) = 'y](\}c), and the definition of Qy, in (4.8)
allows one to conclude the proof of the lemma. O

4.2.2 Proof of estimate (4.1)
Lemma 4.3. There holds
Yo —Jo.n. = (Y0 —o.n5.)% + QVNC'YO,NC + ’YO,NC@;C, (4.10)
with Q, defined in (4.8).
Proof. Let us first remark, from (4.7), and the property Va N. = 70,N,, that
(1)

Yo,NYo = Yo,N. T Y0,N VN, +Y0,N N,

(1)

YoYo,N. = Yo,N. T YN.V0,N. + QNN -
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Moreover, as for all ¢,7 = 1,2,..., N, ¢; n, € Xn, and (b( N, € X , ¢i.n, is orthogonal to ¢J ~,» and

therefore

Yo TN + TN N0.N. =0 (Z S (bine| + 1bi v ) (0% |>

(1
(Z |¢@ N D]+ (i) (@) 1)v|> Y0,N.
=70,N. Z |pi,N) (@ (1) |+Z|¢(1) ) (@i, N 70,
1=1

N
=3 [din ) (B | + Z 160 (@] = 7Y

i=1 i=1

Hence

Yo0,N. Yo + YoYo,N. = 27Y0,N, + 7 —I— QN Yo,N. + Yo,N. QN = yo,n. + Yo.n. + QNn.Y0,N, + Y0,N. QN

so that

(y0 — ’Yo,NC)2 =% — (Yo,~.7% + Y0Y0,N.) + Yo,N. = Y0 — ’7(_)\17 - @Qn.Y0,N. — Yo,N.@N.,

from which we deduce (4.10). O
Lemma 4.4. There exist C € Ry and N? € N, such that for all N. > N?,
(1= A2 (y0 — WO,NC)QHGQ(L;) < CONZ2|(1 = D)2 (50 — Yo.n)le(z2,)-
Proof. By cyclicity of the trace, noting that (7o — 7o,n.) is of finite rank, and using (2.13) and (2.12),
1= 2)2(v0 = 70818, 22) = Tr (0 = 208> (1 = A) (90 = 70.n.)°)
=Tr (70 — 70,5.)* (0 — Yo,n.) (1 — A) (Y0 — Yo,n.))
< l(v0 = Y0,5)* (Y0 — Yo,5.) (1 — A) (70 — Yo.n) ey (z2)
< o = 0,5 1Pl (v0 = Yo,30 ) (1 = A) (0 — Yo.n)lei(r2,)
< o = 0. llg, (22, 11 = A2 (yo — Yo.8) g, 22)-
Using the a priori estimate of ||vo — Yo, n, \\62(L ) given in (2.26) finishes the proof. O
We now provide an estimate for [(1 — A)~Y2Vy o, Nc||62(L2) which will be useful in the proof of
Lemma 4.6 and estimate (4.2).
Lemma 4.5. There exist C € Ry and N? € N, such that for N, > N,
(1= A)~ 2y 7o, NC||62(L2 < CJ(1— A (y0 - WO,NC)HGQ(L@ (4.11)
Proof. Decomposing V4, _Yo,N, as
Va8 = H(vown — %)+ Hvo — Hn.vo,n.
we get
11 = 2)72Vx qov sz < 11— 2)723 (qo,n. —0)lles (22
+ (1= A) T2 (FH o — Hvon) ez (r2,) (4.12)
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Since (1 — A)~1/23((1 — A)~'/? is a bounded operator (see e.g. [5, Lemma 1] for a proof of this classical
result) and from (2.14), there exists C' € Ry such that for all N, € N,

(1= A) 72K (on. —)llenzzy < CIL—2)2(v0,n5, = 70) (22 (4.13)

In order to bound the second term of the right-hand side of (4.12), we first rewrite the operator H -~y —
H v, Yo,n. as follows, denoting by )\O = A\%;;, and using A} ; n, defined in (2.23):

Hyo —Hnyon, = Z/\O|¢O ) 97| — Z NG, (95 x|
3,j=1

N N

= Z (|¢0><¢0| - |¢z Nc i NC Z)\O|¢z NC f NC| - Z )‘?j,NC|¢?,NC><¢2,NC|
i=1 i,j=1
N N

= Z (|¢0><¢0| - |¢ N ?,Ncl) + Z ()‘0 )\ng) 'LQ,NC>< ?,NC|'
i=1 i,j=1

Using the triangle and the Cauchy—Schwarz inequality, we get

N
1390 = Hvvonvlleazzy < |[D2AT (160)(@7] = 603, ) (S n.])
i=1 GQ(Li)
N
+ Z()‘O )\ZjN) ?,NC><¢2,NC‘
=t &>(L%)
N
< D01 = 190w 00 D s a,
i=1
N
+ AL — A\
1;' =N ol sy
N /2 , N 1/2
< (Zu?ﬁ) (ZH|¢?><¢?||¢?,NC>< 6@2))
=1 1=1
1/2
2
HIA® = A% e [ D2 190000
;1 & &2(L3)
N 1/2
< 2<Z|A?|2> 190 — ©% Iz, + NIIA® — AR |17
i=1

Using (2.24), (2.27), and (2.28), we obtain that there exist C € Ry and N? € N such that for all N, > N?,

[H 0 = Hnonllearz,) < CNZHI(1 = A)Y2 (5o — Yo.n ) ez rz) + ClI(L = A2 (o — yo,n3.)|I2

Since ||(1 — A)~/2|| < 1, this shows in particular that
(1= A)~2(H v — Hv, 0, Nllezrz) < Ol = A2 (9 = o,n.) &, (L%)" (4.14)

Inserting (4.13) and (4.14) in (4.12) concludes the proof of the lemma. O
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Lemma 4.6. There exist C € Ry and N? € N such that for all N. > N?,
(1= A)

Proof. Using the definition (4.8) and the fact that (z — Hy,)~! and 7o, n, commute, we obtain

2) < CNZ2|(1 = A)Y2 (v —v0.8.) le 2)-
— 1
(1—A)Y2Qn.von. = P ]{(1 — A2z = 3)TVR (2 — Hn) T VN 0N (2 — Hy,) Tz
T

Since Ran(Vy vo,n,) C Xy, we have Vi v0,n, = Iy V§_ 0,5, Observing that

(z = Hw,) "'y, =TIy, <Z + ;AXJ{,C>1 Iy, ,
we thus obtain
-1
(z = Hn) " V08, = (2 = Hn) " Iy, V. v0,n, = Ty, (Z + ;Axﬁ) VN Y08, -
Therefore,

— 1
1— A)/2 _ 7%
( )2 QN.Yo,N. 5em

(1= 2)2(z =307 (1= A)2] (1= 2)7 /2% (1 - &)V nig,

1
x {nfvcu — AP+ A1 - A)l/Qn}vc]
X [(1 — A)TV2VE o (2 — H{NC)*] dz. (4.15)

First,

11— )12V, (1 - )21y, | 11— 2)2v(1 — A) 21y |
Ty, (1= A)~29(1 - 8)~ 12|

<, (= 8) 7Y = A2V - A) 2.

Since [|(1 — A)Y2V(1 — A)~/2|| equals the operator norm of V, considered as a multiplicative operator from
H,(Q) to Hy(9), it can be shown using classical Sobolev embeddings that there exists C' € R, such that

10— A)Y29(1 — A) 2] < C (V] + [9V]125),

which is bounded under Assumption 2.2. Since |[II§ (1 — A)7!| < (1 + N2)~! for all N € N, there exist
C € R, and N? € N such that for all N, > N?,

11— )12V, (1 - 8) 2y || < ONG2. (4.16)

Finally,

N 1/2
mane (1= A) 72V 0, (2 = 3v) ez = (Z;glgg<|z—/\i,Nc|2||(1— A)2vg @an)

1/2
< max |z =i 2(2 ¢ ”WLCWCHZL;)
i=1,...,N
= max |z —Ain|” 211 = A) T2V 0. a2, -
i=1,....,N
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From the definition of the contour T, max |z — XiN, \_2 is bounded uniformly in N, for N, large enough.
zel,
i=1,...,N
Hence, combining the above inequality with (4.11), we obtain that there exist C € R, and N? € N such
that for all N, > NCO,

max (1= A)7Y2V4 0w (2 = 3w) Mz < O = A) (0,5, = 20)llsa(z) (4.17)

We are now in position to estimate ||(1 — A)l/Qéﬁc%}NCHGz(Liy We start from (4.15). It is classical that
max [(1=A)Y2(z—3)~ (1 - A)Y?|| is bounded (see e.g. [5, Lemma 1]). Moreover, max Iy, (1 ~ A2 (24
ze z€

1
§A)_1(1 = A)1/2HJJ\‘,C || is also bounded. Using estimates (4.16) and (4.17) allows one to conclude the proof
of the lemma. O

Lemma 4.7. There exist C € Ry and N? € N such that for all N, > N?,

(1 — A0 n.Qn.

Ga(L2) S CNZ2||(1 = A)Y2 (v — v0,n.) |62(Li)'

Proof. Noting that ’yg’ N, = Y0,N,, using (2.15) and the cyclicity of the trace, we obtain

(1 — A) Y20 n.Qn.

ear2) < 11— A2 N, 222 o.n. Q. e (22,)

=1~ A)l/QWO,NCHGZ(L;)||QNC’YO,N0H62(L§¢)7

since 7o, n, is a finite-rank orthogonal projector. Moreover, as the orbitals (¢; n,)i=1,..,n are bounded in
H,(Q) uniformly in N, [|(1 — A)l/z’YO,NC”GQ(Li) is also bounded uniformly in N.. On top of that, noting

that [|(1 — A)~Y2|| < 1, we have

QN0 N Nezrz) < 11— A1 = A)V2Qn,o,n. &) < (1= A)'2Qn.vo,n, &(12)"

Therefore, we can use the estimate of Lemma 4.6 to conclude. O]
From Lemma 4.3, and using the estimates of Lemmas 4.4, 4.6 and 4.7, we easily get estimate (4.1).

4.2.3 Proof of estimate (4.2)

If the perturbed density matrix were satisfying 4o n. € K, we could deduce from (2.18) that the error

€o.n, — €0 would be non-negative and converge to zero as ||(1 — A)Y?(o.n. — 70)l1%, (12, when Ne goes to
#

infinity, yielding an improvement factor for the energy of order N, 4. However, as pointed out in Remark 3.1,
Yo.n, does not belong to X in general. Yet, the perturbed energy, written as a sum of second-order corrected
eigenvalues, can be seen as a second-order correction of the discrete energy. Therefore, we are going to show
that the improvement factor for the energy is in fact of order N 2.

We have o n, — & = Tr (Yon.HY0n.) — Tr (voH ). As Tr ((70)?) = N and Tr (yo,n.Yon.) =
Tr (’y& ~.) = IV, the energy difference can be written as follows

8/(;7\;“ —€=Tr (707Nc (3 - EF)M) —Tr (v0(H — er)0)
=Tr ((vo.v. = 70)(H — er)(Fo.n. —70)) + Tr (7(H — er)(Jo.n. + 0.8, — 270))

= Tr (0.5, = %0)(H — er) (o, = 70)) +2Tx (30(3 — em) (0.5, = 70))+Tr (20(I — ex)§) -
(4.18)
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We now estimate each of these three terms. First, noting that (H —er) = —y|H — er| + (1 — ¥0)|H — eF|,
using the triangle and the Cauchy—Schwarz inequalities, the fact that |3 — ep|, 70 and (1 — 7p) commute,
and (2.15), we get

ITr ((Yo,5. —Y0)(H —er)(Fo,n. —0)) | = [T (0.5, —70)(1 = 70)[H — er|(Fo.n. —0))

—Tr ((’YO,Nc - ’Yo)’Yo|3'f - 6F|(%\,17c - 70)) ‘
< (I19¢ = erl2(1 = 30) (0.8, = W0 la(z2,)

+ 119€ = e M250(v0,5. = 20)lsaz2) ) IIF = ex[2(0N, = v0)lleazs,)
< 2|3 — e (0.n, = 0)llcaz 13 — el Gorwe =20 lesn2)-

From (2.16) and (4.1), there exist C € Ry and N? € N, such that for all N. > N2,

ITe (0.8, = 20)(I€ = ) Go, —0)) | < ONZI(1 = 8) (o, —20)l3y ) (419)

Second, noting that for all i = 1,..., N, (¢?|70 — yo,n.|9Y) > 0, we get

N
Tr (Y0(H = er)(Yo.v. —Y0))| = | >_ (A — er)(@ 70,5, — Y0/0Y)
i=1
< [Wax A} — exl Z o310 = vo,8.147)
""" =1
= ey |)\? — €| (N —Tr (’YO,NC’VO))

1
=5 ,max IA? = er| [In0 = 7o,n. ”62(L2)'

From (2.27), there exist C € Ry and N? € N, such that for all N, > N2,

ITr (Yo(H — er)(Yo,n. —70))| < ONG[[(1 = A)V3 (70 — %,NC)”?eQ(Li)- (4.20)

Third, noting that for i, =1,..., N, ( (1) |gz5 ) =0, ||¢?”Li =1, ||¢j’N°||L§¢ =1, and using (3.9) and the
Cauchy—Schwarz inequality, we get

N
Tr (303 —eral))| = SO0 = )0l 160)
=1
N N
= 23N N - ) (@010sn) (0% [69)
=1 j=1
< 2 r{lax |\ —6F|ZZ’¢O|¢3N ¢ |¢O N.)
1= 1] 1
< 2 max [N fep|21||¢° Nellzz, Z||¢§ ez
N 1/2
<

0 0 0 (1)
2N max |\ = enl[8° — @Iz Z;Hebj wlzz,
J
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Let us now estimate » ;-Vzl ||¢§1])V |2, . Using (3.6)-(3.7) and noting that II3;, and (1 — A)~/2 commute, we
9 c # c
get

N N
1
1 _
SoleiR iy = DoI-5A = Aw) IR VR G 7y

i=1 i=1

N
1 _ _
< max (-5A =) TN = A)PIR P Y10 - 2) 72V b

i=1,, ;
=1

IA

22
L#

i=1,-,

N
_ 1 _ _
(1 N2 max (=58 = Awd) L= A2 = A) 720k 6w,
=1

_ 1 _ _
(N2 max =54 = Aiwd) ™ (L= A)PIL = )72V 50w 13, 15

1=1

Therefore, since max;—1.... v [[(—3A = X x.) 7' (1 = A)[|? is bounded uniformly in N, we deduce from (4.11)
that there exist C' € Ry and N? € N, such that for all N, > N9,

N

1 _
S eR s < ONSZIL = A) (0w, = 10l 02 (4.21)
i=1

From (2.24), (2.27) and (4.21), we obtain that there exist C € R, and N2 € N, such that for all N, > N?,

Tr (709 — er)yl))) | < ONC2L = 8)2 (0.3, = 201, 0 (4.22)

Putting together (4.18), (4.19), (4.20), (4.22), and (2.18), we obtain estimate (4.2).

5 Numerical results

We present in this section some results to illustrate the statements of Theorem 4.1 for several eigenvalue
clusters and potentials with different regularities. First note that the quantities ¢§11)vc defined in (3.6) are
easily computable. Indeed, the operator (—%A — A}, NC) is diagonal in plane-wave bases, hence very easy to
invert. Moreover, only two FFT’s are needed to compute the residual or V]L\,C ®;, N, on a larger grid, via a
product in the physical space. Since we demonstrated the improvement brought by the method as well as
its low computational cost on the nonlinear problem of Kohn—Sham equations in [7], we focus in this article
on the convergence rate improvement that we illustrate on examples for which we explicitely control the
regularity.

In all what follows, we consider a domain £ = (0,10)3 in atomic units (a.u.). The computed solutions
are compared to a reference solution, computed in a very large basis with a kinetic energy cutoff E.of = 800
a.u., which corresponds to a discretization parameter Ny ~ 58.5, and 382,323 Fourier basis functions. In
each case, we denote the reference energy by £y and the reference density matrix by ~g.

The coarse solutions are computed in a basis with cutoff F. and corresponding N., and have energy
€o,n, and density matrix yo n,. In order to avoid errors coming from the size of the finite basis used for the
computation of the corrections, we compute the post-processed solutions in the same basis as the reference
solution, i.e. in a basis with energy cutoff E..s. Note that the components of the orbitals in the coarse
basis are not modified by the post-processing. One only needs to compute the coefficients corresponding to
Fourier modes with kinetic energy larger than E..

The implementation is based on KSSOLV [23], a Matlab library for solving Kohn—Sham equations, which
we use here to solve the linear eigenvalue problem (3.3).

The tested potentials denoted by V, are defined by their Fourier coefficients as

Cs

i\?s,o = O7 and Vk c :R*\{O}, ’vs’k = —W,
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where s € [1,2] is a regularity parameter, and ¢, is a multiplicative constant. For s > 3/2, the potential Vy
is smooth enough to verify Assumption 2.2, hence we expect to observe the improvement in the convergence
rate given in Theorem 4.1. For s < 3/2, the potential does not verify Assumption 2.2, but we can nevertheless
compute post-processed eigenfunctions and eigenvalues. As we will see, it actually still yields an improvement
on the energy and the density matrix. Note that for s = 1, this potential has the same regularity as the
Coulomb potential.

The lowest eigenvalue of the Hamiltonian —%A + V is simple. For all the tested potentials, there are
gaps between the 5" and 6" eigenvalues and the 10" and 11" eigenvalues. Therefore, in the following, we
present the results of the post-processing method for clusters including one, five, and ten eigenvalues. This
guarantees that the gap Assumption 2.1 is satisfied. Let us remind that we consider the cluster of lowest
eigenvalues of the Hamiltonian.

In Subsection 5.1, we show how the post-processing procedure decreases both the energy error €g n, — Eo
and the energy norm ||(1—A)"2 (v x. —70) H62(Li) of the density matrix error in the case of a potential with
regularity parameter s = 2 and a cluster of five eigenvalues. In Subsection 5.2, we study the convergence
rate improvement of both the energy and the density matrix for different clusters of eigenvalues, still in the
case of a potential with regularity parameter s = 2. Finally, we study in Subsection 5.3 the influence of the
potential regularity s on the convergence rate improvement for the energy and the density matrix, in the
case of the cluster composed of the lowest five eigenvalues.

5.1 Convergence of the density matrix and the energy
We consider the potential Vo with Fourier coefficients

= o 0.01
VQ70 = O, and Vk € iR*\{O}7 ’\72,1( = —W.
For all energy cutoffs E. between 10 and 200 a.u. by steps of 10, we compute the lowest five eigenvalues
and eigenvectors of the discrete Hamiltonian. We build the discrete density matrix v n, as in (2.21), and
compute the discrete energy € n, (2.22). Then, we apply the post-processing as described in Section 3

and we compute the post-processed density matrix 7o n. as well as the perturbed energy 8/07\/1\/0 . For the
potential, we choose such a small multiplicative constant (¢s = 0.01) to better observe the asymptotic
regime numerically within the range of tested cutoffs F..

As we can see /og/the top part of Figure 1, the energy error between the post-processed energy and the
reference energy €g n, — o is 5 to 50 times smaller than the energy error between the coarse energy and
the reference energy €g v, — €o. More precisely, the energy error is reduced by a factor of about 5 for small
values of N, and up to 50 for large values of N..

We observe a similar behavior for the density matrix error on the bottom part of Figure 1. Indeed,
the Hilbert—Schmidt norm of the difference between the reference and the coarse density matrices ||(1 —
A)Y2(g — 707NC)||62(L;&) is 5 to 50 times larger than the error between the reference and the post-processed

density matrix [[(1 — A)Y2(yo — M)HGNL;&)'

5.2 Comparison between different eigenvalue clusters

We now consider three different eigenvalue clusters composed of one, five and ten eigenvalues, still with
the same potential V5. The three corresponding gaps are respectively equal to 8.84 - 107!, 1.80 - 10~! and
3.42-1071.

For these three clusters, we compute a reference solution, and then we compute discrete solutions within
cutoffs E. varying between 10 and 200 a.u. On the top (E\F/‘igure 2, we plot the ratio between the energy

error with post-processing and without post-processing % for the three different cases. According

to Theorem 4.1, this ratio should at least decrease as N, 2 in the asymptotic regime of large N.’s. This
is approximately satisfied with the decay N 1™ observed in the numerical simulations. The difference
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Figure 1: Top: plot of the energy errors S/OT/NC —&p and &g,y —E&p for energy cutoffs E. between 10 and 200 a.u.
Bottom: plot of the density matrix errors ||(1—A)Y2(yo —o.n.) ”62(1@) and [|(1—A)Y2 (v — ’YO,NC)”GQ(L;&)
for energy cutoffs between 10 and 200 a.u. This corresponds to values of N, between 7 and 31.

between the expected and observed rate might come from a pre-asymptotic effect. Likewise, the ratio

11=2)"2(v0=30. N ey (22, ) ) ) ] )
7 #- of the energy norms of the density matrix errors behaves in the asymptotic regime
NA=2)200—v0.ne 6512,

like N 18 for one and five eigenvalues, and N2 for the cluster with ten eigenvalues, as shown on the bottom
of Figure 2.

In Figure 2, the preconstant in the improvement factor does not seem to depend on the number of com-
puted eigenvectors N, while the theoretical constants in Theorems 4.1 can depend on IV, even superlinearly.
This suggests that the sharpness of the bounds with respect to N could be improved. This is left for future
work.

5.3 Comparison of different regularities

Lastly, we perform the post-processing in the case of the cluster containing the lowest five eigenvalues
with four potentials having different regularity coefficients. More precisely, we consider the potentials
V1,V1.95, V15, and Vo, again taking ¢; = 0.01. In theory, the potential Vo satisfies Assumption 2.2, the
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Figure 2: Plots of the energy error ratio (top) and the density matrix error ratio (bottom) for three different
clusters of eigenvalues (1, 5 and 10 eigenvalues) with a potential with regularity coefficient s = 2. The
convergence rates are computed with the largest 10 values of N. respectively yielding to N %73 N_1-74

chl‘74 (top), and NC71.79, Ngl'84, N;ZOI (bottom).
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Figure 3: Plots of the energy error improvement (top) and the density matrix error improvement (bottom)
for four different regularities for the potential: s = 1,1.25,1.5, 2, cluster of five eigenvalues. The convergence
rates are computed with the largest 10 values of N, respectively yielding to N 159 N71-58 N-1.67 N-1.74
(top), and N7129 N7169 N-18L0 N=184 (hottom).

potential V; 5 is just at the limit, and V; o5, V1 do not satisfy the assumption. It is nevertheless possible to
compute the post-processed energy and density matrix for each of these potentials. Numerically, we observe
an improved convergence rate both for the energy error ratio (on the top of Figure 3) and for the density
matrix error ratio (on the bottom of Figure 3) for all potentials, which slowly and monotonically decreases as
the regularity of the potential decreases. Hence, this post-processing method seems to yield an improvement
also in a larger setting than what is covered by the proof of this article. Also, note that for the potentials
V195 and V; with low regularity, the tested E. are far from convergence, so the asymptotic regime might

not have been reached.
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Appendix: proof of Lemma 2.1

We start by proving (2.24). Denoting by My,_ the N x N overlap matrix with entries (M)
we have

ii = (S0 n.195),

N
rove =l 02y =2 [ N = 32 10 160 | =2 (¥ = Tr (M, M5, )
i,j=1
and

N

|8, — 292, =2 (N -3 ?,Nc|¢?>> = 2(N — Tr (My,))

i=1
We therefore have to show that

2N — 2Tr (My,) < 2N — 2Tr (My, M%) < 2(2N — 2Tr (My,)).
Since @Y belongs to M*°, we have from [3, Lemma 4.3]

My, = Mj = (My, M%) and 0< My, <1.

c

Hence,
Tr (My My,) = Tr (MR,) < Tr (Mn,),

from which we deduce the left inequality in (2.24). The right inequality in (2.24) holds since
2N — 4Tr (My,) + 2Tr (My, Mf; ) = 2N — 4Tr (My,) + 2Tr (MR,) = 2Tr ((My, — In)?) > 0.

Let us now show (2.25). From [3, Theorem 4.2], there exist two constants 0 < ¢ < C' < oo and N? € N such
that for all N, > NCO,

(1 - A)/2(@Y, — @)[2, < Eon. — &0 < CII(1— A2 (@, — ),

Hence, using (2.18) finishes the proof.
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