N
N

N

HAL

open science

Computing Electronic Structures: a New
Multiconfiguration Approach for Excited States

Eric Cances, Hervé Galicher, Mathieu Lewin

» To cite this version:

Eric Cances, Hervé Galicher, Mathieu Lewin. Computing Electronic Structures: a New Multiconfigu-
ration Approach for Excited States. [Research Report] RR-5289, INRIA. 2004, pp.36. inria-00070711

HAL 1d: inria-00070711
https://inria.hal.science/inria-00070711
Submitted on 19 May 2006

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://inria.hal.science/inria-00070711
https://hal.archives-ouvertes.fr

ISRN INRIA/RR--5289--FR+ENG

ISSN 0249-6399

ZIINRIA

INSTITUT NATIONAL DE RECHERCHE EN INFORMATIQUE ET EN AUTOMATIQUE

Computing Electronic Structures:
a New Multiconfiguration Approach for Excited
States

Eric CANCES — Hervé GALICHER — Mathieu LEWIN

N° 5289
Aout 2004

Théme NUM

apport
derecherche







Zd I N RIA

ROCQUENCOURT

Computing Electronic Structures:
a New Multiconfiguration Approach for Excited States

Eric CANCES*, Hervé GALICHER* , Mathieu LEWINT

Théme NUM — Systémes numeériques
Projet MicMac : Méthodes et ingénierie du calcul multi-échelle de I'atome au continuum

Rapport de recherche n° 5289 — Aout 2004 — 36 pages

Abstract: We present a new method for the computation of electronic excited states of
molecular systems. This method is based upon a recent theoretical definition of multicon-
figuration excited states (due to one of us, see M. Lewin, Solutions of the Multiconfiguration
Equations in Quantum Chemistry, Arch. Rat. Mech. Anal. 171 (2004) 83-114). Contrarily
to previously used methods, our algorithm always converges to a stationary state of the
multiconfiguration model, which can be interpreted as an approximate excited state of the
molecule.

We also compare our method to other approaches and give some explanation of the
unsatisfactory behaviours which are sometimes observed when using the latter.

The definition is variational. To compute the first excited state, one has to deform
paths on a manifold, like this is usually done in the search for transition states between
reactants and products on potential energy surfaces. We propose here a general method for
the deformation of paths which could also be useful in other settings.

Numerical results for the special case of two-electrons systems are provided. We compute
the first singlet excited state potential energy surface of the Hy molecule, and give some
numerical results concerning Helium-like atoms.
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Une nouvelle approche pour le calcul d’états excités
électroniques, basée sur les méthodes
multi-configurations

Résumé : Nous présentons une nouvelle méthode pour le calcul d’états excités de molé-
cules dans le cadre des modéles multi-configurations, basée sur une définition récemment
introduite par 'un d’entre nous (voir M. Lewin, Solutions of the Multiconfiguration Equa-
tions in Quantum Chemistry, Arch. Rat. Mech. Anal. 171 (2004) 83-114). Contrairement
aux méthodes existantes, notre algorithme converge toujours vers un état stationnaire du
modéle, qui peut étre interprété comme un état excité approché de la molécule.

Nous comparons également notre nouveau procédé aux autres approches et tentons
d’expliquer les défauts de convergence qui sont parfois observés avec ces derniéres.

La définition utilisée est variationnelle. Pour calculer le premier état excité, des chemins
doivent étre déformés sur une certaine variété, comme pour le calcul d’un état de transition
entre réactants et produits sur une surface d’énergie potentielle. Nous proposons ici une
méthode générale pour la déformation de chemins, pouvant étre utile dans d’autres contextes.

Enfin, nous présentons des résultats numériques pour le cas de systémes a deux électrons :
nous tragons I'énergie du premier état excité de la molécule Hs en fonction de la distance
inter-atomique, et donnons des résultats pour des atomes a deux électrons comme I’Hélium.

Mots-clés : Méthodes multi-configurations, états excités, équation de Schroédinger, chi-
mie quantique, lemme du col, principes de type min-max, théorie Hartree-Fock, méthodes
d’Interactions de Configurations



A New Multiconfiguration Approach for Excited States 3

Electronic excited states play an essential role in various phenomena of high interest, such
as photo-induced chemical reactions, femtosecond spectroscopy, or laser control of molecular
processes. Whereas most of the currently used electronic structure models, notably the
Hartree-Fock and the Kohn-Sham models, are rigorously founded and quite successful in
the description of ground states, their approach to excited states is questionable [20]. The
method which seems to be best-adapted to this issue is to date the multiconfiguration self-
consistent field (denoted by MCSCF in the following) method [37, 38, 45]; loosely speaking,
this approach leads to variational models which fill the gap between the mean-field Hartree-
Fock and the N-body Schrédinger models [38]. However the definition of what actually is an
excited state for a nonlinear theory such as MCSCEF is still unclear; it is indeed observed that
nonlinear electronic structure models have a lot of spurious critical points that cannot be
interpreted as approximations of excited states. In other words, solving the equations of the
model is clearly not sufficient to obtain a state which really approximates some excited state.
In addition, even if we leave aside the above mentioned difficulty, the practical calculation of
MCSCEF critical points is difficult and numerical algorithms available to date do not always
converge. More precisely, they sometimes lead to oscillations between two states of different
energies, none of them being a critical point. For all these reasons, the computation of
electronic excited states remains one of the main challenges of modern Quantum Chemistry.

In [31], it is emphasized that those difficulties are likely to stem from the currently used
definitions of MCSCF excited states that are not correct, for they do not fully take into
account the nonlinearity of the model. The purpose of [31] was to provide a more rigorous
definition of MCSCF excited states. Our goal in this paper is to show that this theoretical
definition can actually be used in practice, at least for the computation of the first excited
state.

The paper is organized as follows. In Section 1, we introduce the MCSCF description of
electronic structures. In Section 2, we present the new definition of MCSCF excited states
and compare it to other definitions currently used in Computational Chemistry. Finally, in
Section 3, we describe in details our new algorithm and present numerical results for the
case of two-electrons systems.

1 MCSCEF approximation of the time-independent Schro-
dinger equation

In this section we recall some classical properties of the N-body time-independent Schrédinger
equation, and briefly present the MCSCF approximation. We refer the reader to [2, 4, 31, 45]
for more details.

Let us consider a molecular system consisting of IV electrons, and of M nuclei of positive
charges z1,- -+, zps. The nuclei are supposed to be correctly described by a classical model
and are represented by pointwise charges clamped at positions Z1,--- ,Zy (Z,, € R? for
1 <m < M). This is the so-called Born-Oppenheimer approximation [3]. The electrons are
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4 E. Cances, H. Galicher € M. Lewin

described by the N-body quantum Hamiltonian (written in atomic units, see e.g. [4])

N

Hy =Y <_%Azi + V(xi)) + > ﬁ (1)

i=1 1<i<j<N

which acts on normalized electronic wavefunctions ¥(z1,...,xx) € L2((R®)N), |¥]2 = 1.
The subscript a indicates that, due to the fermionic nature of the electrons, one solely
considers wavefunctions W which are antisymmetric under permutations of variables:

VYo € Sy, \11(331, ...,xN) = 6(0’)\11(1‘0.(1), ...,xU(N)) a.e.

Here and below, Sy denotes the set of the permutations of the indices {1,..., N} and (o)
the signature of the permutation o. Finally, V is the electrostatic potential generated by
the nuclei

M z
V(z) = — Z _wm
m=1

|z — T |

In what follows, we denote by Z = Zf\le zm the total nuclear charge which is an integer as
we work in atomic units.

For the sake of clarity, we do not take the spin into account in the first two sections of the
article, but the following arguments can be straightforwardly adapted to the case of spin-
dependent wavefunctions. The spin will be reintroduced in Section 3, in which numerical
examples on real molecular systems will be provided.

The operator Hy is self-adjoint in L2((R3)"), with domain H2((R?)") and form domain
HI((R*)Y). When Z > N — 1 (an assumption that we will make throughout this article),
it is known [49] that its spectrum o(Hy) has the form

o(Hy)={ENn =M <A < - <A < U [E +00)

where (\;);>1 are eigenvalues strictly below and which converge to X, the bottom of the

essential spectrum. The N-body ground state energy is the lowest eigenvalue of Hy also
defined by
En = inf{(¥, Hy¥), ¥ € Hy(R*™), [¥]L2@sv) = 1}. (2)

The eigenfunctions corresponding to the \; > En are called excited states. Both the ground
states and the excited states obviously solve the time-independent Schrodinger equation

HyU = )\ 0. (3)

Recall that the excited state energies A4, d > 1, can be obtained by the Rayleigh-Ritz
principle

A¢ = min max (U, HP) (4)
dim(W)=d WeW,
1) p2=1

INRIA



A New Multiconfiguration Approach for Excited States 5

where the first minimum is taken over all d-dimensional subspaces W of the domain of Hy.

The Schrodinger equation is a model of extremely high accuracy (except for heavy atoms
for which core electrons are relativistic). For systems involving a few (say today six or seven)
electrons, a direct Galerkin discretization of problem (3) is possible; such a technique is
refered to as Full CI in Computational Chemistry. For larger systems, this direct approach
is out of reach, due to the excessive dimension of the space R3" on which the wavefunctions
are defined, and problem (3) must then be approximated. To date, the most commonly
used approximations are the Hartree-Fock model (see e.g. [36]) on the one hand, and the
Kohn-Sham model (see e.g. [27, 12]) on the other hand. Both of them have been designed
for the calculation of ground states and are not really adapted to the calculation of excited
states. On the contrary, the MCSCF approximation can be applied to both ground and
excited state calculations.

The MCSCF method is based on the following remark:
N

Li(RH)Y) = A\ L*(R%),
n=1

an equality which can be explicited in the following way. Consider an orthonormal basis
(¢i)1<i<too of L2(R?). It is well-known that the sequence (p;, ® -+ ® @iy )1<ip <o forms an
orthonormal basis of L2((R3)N) = ®™_, L2(R3), where by definition

n=1
(iy @ @ iy ) (1, oy TN) = iy (T1) - Qi (TN).

An orthonormal basis of the subspace L2((R*)V) of L2((R3)") can then be obtained by
simply considering the antisymmetrized product (p;; A- - -A@iy )1<ii < <in <+oo Where (@i, A
-+ A iy ) denotes the so-called Slater determinant of the ¢;, :

(i Ao  ANpiy ) (@1, TN) = Nl Z (0)piy (To(1)) + Pin (To(n))

‘oESN

ﬁdetmk (21)).

In other words every antisymmetric wavefunction ¥ is an infinite linear combination of such
Slater determinants:

\IJ: E Cil...iNSOil/\"'/\gp'LN)
1<i <<y <400

the sum being convergent in L2((R*)™). Remark that |¥|;2 = 1 is then equivalent to the
condition Y7, _ lei,in]? = 1.

An integer K > N being fixed, we now consider the subset of L2((R3)") consisting
of the wavefuntions ¥ which are finite linear combinations of the (%) Slater determinants
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6 E. Cances, H. Galicher € M. Lewin

constructed from a set of K orthonormal functions (¢1,- -+ , @) of L2(R?), i.e.

= Z Ciy...inPis ARERWAN Pin - (5)

1<ip < <in<K

The MCSCF approach is a variational method for approximating (3) in which both the co-
efficients ¢;, . ;, and the functions (1, - , k) are variational parameters. Let us mention
incidently that the MCSCF method differs from the Configuration-Interaction (CI) method
[35], for in the latter, only the coefficients ¢;, . ;, are variational parameters (in a CI calcu-
lation, the functions (1, ,pK) are issued from a previous Hartree-Fock or Kohn-Sham
calculation and are kept fixed).

Following our purpose to describe the MCSCF approach, we therefore introduce the
manifold

MK={<c,<I>>eR<§>x(Hl(R?'))K, S e =1, / <m<ﬂj=5ij} (6)
i< <IN k3

where we have denoted by
K
c=(ciyin) ERM) @ = (p1,...,0K) € H'(R}E

(we arrange the ¢;,...;, in a column vector ¢ using for instance the lexicographical order).
Let us note that the functions (¢1,--- , @) are now requested to have a H' regularity, in
order to ensure that the MCSCF energy (see formula (9) below) is well defined. Indeed, the
MCSCF energy functional that we denote here by £, is defined by the formula

EN(c,®) = (V(ea), HNY (0a)) (7)

\Ij(c’q)) = Z Ciy...inPis VANRRIAN Pin -
1<ip < <in<K

The MCSCF ground state energy is then

EX = inf K. 8
N T kN (8)
If we write ¥ (. ¢) as
Vea)y= D Qi in®i @ D@y,
1<y, in <K
with
iy iy = 0 if #{i1.in} <N
= ﬂc otherwise,

m ig(l) ...i(.,(N)

INRIA



A New Multiconfiguration Approach for Excited States 7

where o is the permutation of the indices {1,2,---, N} such that i,y < ... < iy, the
MCSCF energy functional reads [31]

2 X 2
1
EN(e, @) =N »_ / 5 +V<Zai,k2,,.,w<pi>
1<ks, . kn<K ’R? i=1

. N(N2— 1) Z //RG (Zlgi,jgx ai,;‘ji.;ﬁ%(ﬁf)% (y)) dzdy. (9)

K
E Qi ko ki VPi
i=1

1<ks, .. kN <K

Let us point out that, whereas the Schrédinger energy functional (¥, HyW¥) is quadratic,
the MCSCF energy functional is not. Consequently, the MCSCF equations, namely the
first order stationarity conditions for the critical points of £ on the manifold ME, will be
nonlinear.

Remark that when K = N, the set MY reduces to the set of Slater determinants and
one recovers the celebrated Hartree-Fock approximation [36, 33, 34]. The difference between
the Hartree-Fock and the exact (non-relativistic) ground state energy [3§]

Eeorr — E% _ EN

is called the correlation energy, for it originates from correlations between the positions
of individual electrons, which are averaged out by the mean-field Hartree-Fock scheme.
Estimating the correlation energy is essential for reliably calculating many of the properties
of molecules [2, 20|, in particular in situations where the Hartree-Fock method fails. Since

lim E¥ = Ey,
K—+o00

the MCSCF method is a method of choice for computing the correlation energy.

Mathematically, it is known that a minimizer of (8) exists, and that the associated
wavefunction converges to the ground state of Hy as K goes to infinity [29, 16, 31]. A
minimizer of (8) can be numerically computed by a Newton-like method [47, 48, 45, 13,
39] in which the orbitals ¢; and the coefficients ¢ are optimized simultaneously. For the
Hartree-Fock model, efficient numerical methods based on combinations of fixed-point and
optimization strategies are available [4]. Unfortunately, such algorithms are specifically
designed for solving the Hartree-Fock problem and seem to be difficult to adapt to the more
general MCSCF setting.

Remark that in (5), all the Slater determinants that can be built with the functions
w; are taken into account. Most often, this cannot be done in practice for (ﬁ) is too
large a number. It is then necessary to resort to an additional approximation consisting
in dividing the electrons into two groups, the inactive electrons that are supposed to be
correctly described by a Hartree-Fock type model, and the active electrons that mostly
contribute to the correlation energy, and in using the MCSCF methodology for the active

RR n° 5289



8 E. Cances, H. Galicher € M. Lewin

electrons only. This is the so-called CASSCF (Complete Active Space Self-Consistent Field)
approach [43]. All what we shall mention here can be straightforwardly adapted to the
CASSCEF setting. In particular, the first excited state of a CASSCF model can be computed
using a slightly modified version of the numerical algorithm presented in Section 2.3.

2  On the definition of MCSCF excited states

Numerical investigations show that the MCSCF energy €5 possesses a lot of critical points
on the manifold M (this is probably due to the nonlinearity of the energy functional). In
[31, Theorem 2 (i)] it is shown how an infinity of critical points can be exhibited, following
a variational method previously applied for the Hartree-Fock theory in [34]. It seems very
difficult to decide in practice whether some critical point can be interpreted as an excited
state of the molecular system (in particular, considering the Morse index' is not enough).
To achieve this goal, we need to be able to “follow” the critical points as K grows to infinity,
and see whether they actually converge to the true excited states of the linear N-body
Schrodinger model (3).

2.1 Currently used definition of MCSCF excited states

Since there are two sets of parameters (the orbitals ¢; and the coefficients of ¢), the multi-
configuration equations take the following general form

K
A 1 ‘
1<,k I<K J=1
Hq> cC= ﬂC,

where the b;;x; are real numbers which can be expressed in terms of ¢ (see [16] and [31], where
a compact form of the first equations is also given). The first line of (10) is in fact a system of
K nonlinear coupled partial differential equations accounting for the stationarity conditions
with respect to ®; the symmetric matrix (A;;) is the Lagrange multiplier matrix associated
with the orthonormality constraints on ®. The numbers ~; are called the occupation numbers
and satisfy 0 < ; < 1 (see [31] for details); they are all equal to 1 in the Hartree-Fock
method. The second equation conveys the stationarity condition with respect to c¢. As
both the energy and the constraints are quadratic with respect to ¢, it has the form of an
eigenvalue problem. It follows from (7) that the matrix He is defined by

(Ho)rg = (®r, HN® ),

where
@]Z(Qil/\"'/\gOiN, when Iz{i1<"'<iN}.

1Recall that the Morse index of a critical point is the number of negative eigenvalues of the Hessian
matrix.

INRIA



A New Multiconfiguration Approach for Excited States 9

In other words, Hg is the (§) x (§) matrix of the quadratic form associated with Hy when
it is restricted to the (% )-dimensional space

Vq,zSpan(apil AN ANpiy, 1 <0 <+ <iN§K).
Let us introduce pf(®), d =1,---, (§), the eigenvalues of the matrix He. Obviously,
i < pk (@)

for all K and d such that d < (§), and all ® € H'(R*)X such that [, pip; = ;5. This
inequality suggests the currently used definition of excited state energies [38, 45, 48, 5, 47, 39]

pg = inf pf(®), (11)
deH' (R?)
Jes @2 =1k

that is to say, quoting [45]|, “the MCSCF energy results from minimizing the appropriate
etgenvalue of the hamiltonian matriz with respect to orbital variations”. It can be shown
that the expected condition

lim pf% =Xy

K—oo

is actually fulfilled. We nevertheless believe that this commonly admitted definition of
MCSCF excited state energies is the source of various difficulties of both practical and
theoretical nature. We now draw up a list of the latter.

i) Practical difficulties in eigenvalue optimization. Solving problem (11) amounts
to minimizing the d** eigenvalue of a matrix depending on a set of parameters ®. This
is known to be a challenging task. Indeed no completely satisfactory numerical method
dedicated to solving such problems is available to date, except for very special cases (for
instance when the matrix linearly depends on the parameters, see e.g. [32]). In fact, we
shall see in the next paragraph that the algorithms which are currently implemented in the
Quantum Chemistry simulation packages are not fully adapted to this issue [45, 48, 5, 47].

ii) Problems of degeneracies and non-existence of stationary points. Serious
difficulties can occur when optimizing pf (®), due to a possible loss of differentiability of
this function in case of degeneracies. As an illustration, let us simply mention a celebrated
example due to Rellich and reported on in [42]: consider the family of 2 x 2 matrices
(A(z,9))(z,y)cr? defined by

siny sinx

Alz,y) = ( —sinz  siny )7 (12)

with eigenvalues Aj(x,y) = —\/sin2(a:) +sin?(y) and Ay (z,y) = \/sin2(a:) +sin?(y). The
second eigenvalue A2 degenerates and is not differentiable at its minimum (xg,y0) = (0,0).
Moreover, it is easily seen that there exists no critical point of the form (0,0,v) € R? x S!, of
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10 E. Cances, H. Galicher € M. Lewin

the associated energy (z,y,v) € R? x St — (A(x,y)v,v). Coming back to our main context,
if no stationary MCSCF state exists at the energy level | it is not clear whether definition
(11) is relevant.

iii) The nonlinearity of 5]{? is not fully accounted for. An explanation of the
difficulties mentioned above can be given in the following way. According to the Rayleigh-
Ritz principle, we may write

K : ; K : K
= inf inf sup Ex(c,®) = inf sup &y (c, @), 13
d PcH'(R3)X WcR(g ceW () A€AM! (0. d)eA n(e®) (13)
JooT=Ix Jimw=g lcI=1
where

A = {f(sd—l) x (@}, fe (s, s(N)-1) odd, ® € H' (R, /qxpT = IK}.

Such an inf —sup method cannot give a priori a critical point of £X, for the set A9~!
appearing in the outer infimum in (13) is not a homotopy family of dimension d — 1 [18].
A new inf —sup definition of MCSCF excited states which fully takes into account the
nonlinearity of the model is proposed below.

But before proceeding further in this direction, we would like to make some comments
on the numerical methods used to solve (11). Following [45, 48, 5, 47], the general form
of the numerical algorithms currently used to calculate the (d — 1) excited state can be
summarized as follows:

1. Start with some (¢, ®) obtained for instance from a previous Hartree-Fock or Configu-
ration-Interaction calculation.

2. Compute the matrix Hg of the quadratic form associated to Hxy on the subspace
Vo =span{pi, A ANiy, i1 < <in}.

3. Find ¢ as the d'" eigenvector of this matrix.
4. This ¢ being fixed, minimize the energy with respect to ® to obtain a new ®’.

5. Replace (¢, ®) by (¢/, ®') and return to step 2.

The main difficulty with this method is that the energy is not necessarily decreasing
during the computation; it can in fact oscillate, as this can be easily seen when this algorithm
is applied to the following toy problem [31]: find the first excited state for the energy
functional

5 7 —sin® 0

E(c,®) =c ( 0 sin ® )
with ¢ € S! and ® €] — 7, 7| (an oscillation between ® = —7/2 and ® = 7/2 is obtained).
This phenomenon is observed in practice in MCSCF calculations (see, e.g., [5, page 1092]).
This is a severe limitation of the above numerical method.

INRIA



A New Multiconfiguration Approach for Excited States 11

2.2 A new definition of MCSCF excited states

In this section, we present the new definition of MCSCF excited states introduced in [31].
Let be

BT = {f(S8UY) | £ € COSTLME), f(2) = (®) > f(—a) = (~e. @)} (14)

The definition of an excited state energy used in [31] is

MC= inf  sup EE(c,® 15
= pdp s N (c®) (15)

and the following result has been established

Theorem 1 (Existence of MCSCF excited states [31]). Assume Z > N — 1 and
1<d< (ﬁ) Then there exists a critical point (cq, ®4) of the energy EX on ME, with a
Morse index lower than or equal to d — 1, and which satisfies Eﬁ(cd, b, = )\ff. Moreover,
NS satisfies

M SAG < g (16)

and therefore
Jim ME =\

Notice that the inequality A < ukf is a simple consequence of the relation A9~! ¢ B4-1.

This result shows that contrarily to what occurs with the definition (11), one always
obtains with (15) a critical point which is solution to the MCSCF equations (10), together
with a possibly better estimate of the true excited state energy as shown by (16). We have
no general criterion to decide whether the strict inequality A5 < pX holds or not. In our
simulations (see section 3.3.1 below), we have observed cases where it is true and other
cases for which it is not. One can guess that it holds in practice when, due to a problem of
degeneracy, no critical point exists at the level uX (A¥ is always a critical value by Theorem
1). For the Rellich example defined above (12), a simple calculation indeed shows that, with
obvious notations, —1 = Ay < o = 0.

Remark. In a non-interacting system, i.e. when the interaction term

1
2 |zi — ]

1<i<j<N

in the expression (1) of Hy is turned off, one can see that for any d < (¥), A = A4 (i.e. the
MCSCF and the Schrédinger excited state energies coincide). Moreover, the critical point
which is found in Theorem 1 is precisely in this case the d*" eigenfunction of the N-body
hamiltonian.

Remark. Notice that when K = N, (%) = 1, which implies that Theorem 1 does not
provide any definition of excited states for the Hartree-Fock method. This strengthens the

RR n° 5289



12 E. Cances, H. Galicher € M. Lewin

argument that the Hartree-Fock method is not adapted to excited state calculations [20].
Let us point out that the infinitely many solutions to the Hartree-Fock equations constructed
by P.-L. Lions in [34] cannot be interpreted as excited states of the molecule. Indeed, the
sequence (v4)q>1 of the critical values of [34] satisfies v4 — 0 as d — oo, whereas \y — X <0
when N > 2 (recall that X is the bottom of the essential spectrum of Hy). Moreover, using
the fact that

(cos g1 + sinfpg) A (—sinbp1 + cosOpa) = 1 A pa

for all (p1,¢2) € H'(R?)? with [s @ip; = dij and 6 € [0;27], it can be easily seen that
11 = vy for two-electrons systems. Finally, in a non-interacting system, the vy do not equal
the Ay, and they satisfy in particular voq_1 > 2)\g when N = 2. The same remarks apply
to the sequence constructed in [31, Theorem 2 (i)]. Let us also mention that a definition
of Hartree-Fock excited states has been proposed by J.F. Léon in [30]: the first excited
state is defined as a minimizer of the Hartree-Fock energy, restricted to the set of Slater
determinants which are orthogonal to the Hartree-Fock ground state, and so on for the
higher excited states. Note that the so-obtained excited states are not solutions to the
Hartree-Fock equations and we therefore do not know whether this definition can be useful
in practice.

2.3 A new method for the computation of the first excited state

We can deduce from (15) a new computational approach for the calculation of excited states.
In this section, we explain the main lines of this algorithm for the case of the first excited
state.

Let us emphasize that the definition (15) is valid for all the excited states for which
1<d< (ﬁ) However, the exploitation of (15) for numerical purposes when d > 2 is not
obvious (one has to deform surfaces of dimension d — 1), and will be the subject of a future
work. For the first excited state (i.e. for d = 2), our definition can be easily transformed
into a computational method, that we present here.

Let us first clarify the structure of the set B! defined in (14). Using the parametrization
t € [0;2] — (cos(mt),sin(mt)) of ST, we see that a function satisfying the conditions of (14)
can be written t € [0;2] — (c(t), ®(t)) € ME with ¢(1 +t) = —c(t) and ®(1 +t) = d(2).
Since £X is even with regards to ¢ which means

S]I\g(_g CI)) = g]I\?(C, (I))7
we obtain

sup EF (c(t), ®(t)) = sup Ex (c(t), (1))
te[0;2] te[0;1]

Therefore, we can rewrite (15) as

ME = inf {inf sup 5}5(7@))} (17)

(c,@)eMy | 7€ @) te[0;1]
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A New Multiconfiguration Approach for Excited States 13

where
1—‘(c7<I>) = {7 € c’ ([Oa l]vM%) ) ’Y(O) = (67‘1))’ 7(1) = (_Cv (I’)} .

Notice that the inf —sup problem which is in brackets in (17) is a mountain-pass problem
(between (¢, p) and (—c¢, ¢)), similar to those encountered in molecular simulation in the
search for transition states between reactants and products on potential energy surfaces
[44, 40]. To compute the term in brackets, one thus has to deform paths, as this is usually
done in the latter setting.

We propose to simplify the resolution of problem (17) as follows: we simply assume that
a global minimizer of the MCSCF energy (¢, ®) is also a minimizer of the outer minimization
in (17). Therefore, we clamp both ends of the trial paths at (¢, ®) and (—¢, ®) respectively,
and solve the mountain pass problem

2K = inf sup EX(y(t)). (18)
vec®([0:1],ME),  telo;1]
7(0)=(c,®), v(1)=(~¢,®)

The equality \X = 5\§< will be fulfilled provided there exists a path linking (¢, ®) and an
actual minimizer of the outer minimization of (17), along which the energy does not exceed
M. Tt is indeed likely to be the case, at least for K large enough. Notice that (18) mimics a
well-known formula which allows, in the linear case, to obtain the second eigenfunction ¥q
of Hy, as a mountain pass point between ¥; and —W¥q, where HyU; = A\ V5.

Thus, our algorithm to compute the first excited state can be summarized as follows
(details will be given in the next section):

1. Use a Newton-like method to compute a ground state (¢, ®) of the MCSCF energy.

2. Find the path 4 on the manifold M% such that v(0) = (¢, ®) and v(1) = (¢, ®),
which minimizes
max £y (v([051]))-

3. The first MCSCF excited state is the state which possesses the highest energy on this
optimal path.

In practice, solving the mountain-pass problem (Step 2) is rather demanding in terms of
CPU time. Therefore, we shall always choose a not too tight convergence criteria to stop
the path optimization step. The state of highest energy on the final path is then used as
initial guess in a Newton-like procedure to solve (10).

We have found many algorithms in the literature for the optimization of paths (often
applied to the simulation of chemical reactions on potential energy surfaces) [44, 22, 23,
25, 24, 6, 15, 26, 40, 41, 11, 46], some of them being quite peculiar in our opinion. The
method that we propose below for the deformation of paths, and which seems to give good
results on our problem, is of general concern and could therefore also be useful for some
other problems.
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14 E. Cances, H. Galicher € M. Lewin

2.4 Solving the mountain pass problem: a method of deformation
of paths

Let us first point out that solving a mountain pass problem is by no means equivalent to
finding a saddle point somewhere “between” two minima. The example of the search of the
first excited state of the Helium atom (Section 3.3.1) is an illustration of this statement.
In this example indeed, the optimal path obtained with our algorithm contains two saddle
points of different energies; an algorithm of saddle point localization could converge toward
the one of lower energy, and thus underestimate the mountain pass energy.

The best way for properly solving a mountain pass problem is in fact to deform paths.
A mathematical study of an algorithm of this type can be found in [7, 8]. Our method has
been inspired by the one described in these references, but it is not identical (see below). In
this section, we present it in the following abstract setting: solve the mountain pass problem
on the energy surface defined by the functional £ on the Riemann manifold M between the
two points My and M of M, or in other words, find a minimizer of

inf max E(v(t)).
ve oo (o my  EIO
7(0) = Mo, (1) = Mg

Like in [22, 25, 24, 11, 46], the main idea is to sample a given path linking My and M|
with a sequence of points My, My, -+, My41 of M, such that My, = M/. During the
optimization process, the number N of points used to represent the current path is not
necessarily fixed. In our method, we associate with each sequence (tx, Mi)o<p<n+1 Where
0=ty <t < - <ty <tnyy1 = 1 are real numbers and where My, My, -+, My41 are
points on M, a uniquely defined continuous path « : [0; 1] — M which satisfies y(tx) = M.
This is done by selecting once and for all, a convenient interpolation scheme. A possible
choice is to take for v(t) some piecewise geodesic curve on the manifold M. Simplest
interpolation schemes can also be chosen, for in practice, M} and My, will be close together.
In some cases, spline-type interpolation functions can also be used.

A sequence (t, My )o<k<n+1 being given, one can use the gradient field of the functional
& to deform the associated continuous path. A naive approach consists in simply moving
each Mj, in the direction opposite to the gradient with a step-length aj. Remark that since
the new point M} has to lay on the (curved) manifold M, one has to make precise the
statement “in the direction opposite to the gradient”. The most intrinsic rule is to move M
on the geodesic curve which spurts out from M} in the direction opposite to the gradient
[14]. A simpler alternative is first to move M} in the tangent space, then to project the
so-obtained point on the manifold (we shall use this method in our problem).

When this naive procedure is iterated, each point M}, falls down in one of the valleys
of the function. In [22, 25, 24], it is suggested to circumvent this problem by linking the
points (My)o<r<n+1 with strings or elastic bands. Our main contribution is to propose a
simpler but apparently more efficient solution: it consists in first computing the path +’
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A New Multiconfiguration Approach for Excited States 15

associated with (¢x, MJ), and then finding new points (¢, M}') which are better distributed
in some sense on the (uniquely defined) continuous path 4’. We have observed that for
stability reasons, the points need to be redistributed after each minimization step. We use
in addition the following rule: the larger the difference between the maximum of the energy
on «y and the £(Mj,), the smallest the step-length oy, in the direction opposite to the gradient.
This simple trick helps in preventing the points M} from falling down in the valleys.

(_67 (i))

Figure 1: The deformation method

We have applied the above method to several test cases (notably to the ones described
in [41]) and we have observed a convergence to the saddle point in all the cases, when the
number N of points is large enough. We have also checked on these test cases that switching
to a Newton-like method once the mountain-pass algorithm has found a state close enough
to the saddle point, is an efficient strategy.

In the following section, we apply this method to the calculation of the first MCSCF
excited state.

3 Computation of the first excited state of two-electrons
systems

3.1 Singlet and triplet states

In order to be able to simulate real molecular systems, we now need to reintroduce the spin
variables. As the N-body hamiltonian Hy and the spin operators S? and S, (see e.g. [28])
commute, it is convenient to search for eigenfunctions of Hx that also are eigenfunctions of
S2 and S,.
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16 E. Cances, H. Galicher € M. Lewin

For two-electron systems, the situation is particularly simple. There are only two types
of wavefunctions which are eigenfunctions of both S? and S, namely the so-called singlet
and triplet states.

A singlet state is a wavefunction of the form

U (x,03y,0") = ¢(x,y)|af)(o,0")

where ) (z,y) is symmetric in L?>(R3 x R?), i.e. such that (y,z) = ¢¥(z,y). The antisym-
metry is carried by the spin function |a3)(c,¢’) which is defined for (o,0’) € {| 1),| 1)} x

{111 1)} by X
laB)(0,0") = == (a(0) (o) = Blo)a(a")

where

o) =1 «l))=0, B(N)=0, B(L)=1
A triplet state takes the form

Vi (2,01y,0") = (2, y)a(o)a(o’)

where 9 (z,y) is antisymmetric in L*(R3 x R3), i.e. ¥(y,x) = —(x,y) (the spin func-
tion a(o)a(c’) is symmetric and the antisymmetry is carried by the function of the space
variables).

For two electron systems, the MCSCF wavefunctions thus read

p= Y cypi®y, (19)

1<i,j<K

where the K x K matrix C = (¢;;) is symmetric for singlet states and antisymmetric for
triplet states. The condition ||¢]| > = 1 also reads |C|| = 1 where |C| = tr(CCT)'/2.

For numerical simulations, one most often resorts to a Galerkin approximation. One expands
each ¢; on a finite basis (x,.)1<u<n, of H!(R?) functions specially designed for electronic
structure calculations, the so-called atomic orbitals. This approximation is refered to as
the Linear Combination of Atomic Orbitals (LCAO) approximation in the Computational
Chemistry literature (see e.g. [21]). Let S be the matrix defined by

S,uu:/ XuXvs
R3

and ¢ = (pui) be the Ny x K coordinate matrix of the functions (¢;)1<i<kx in the basis
(Xu)1<u<n,. The condition fRS pip; = 0;; also reads ©T'Sp = Ik (of course, N must be
chosen greater or equal to K) and the energy of a state ¥* or W*, as a function of C' and ¢,
has the following expression:

E(C ) =2 tr(CTe"heC) + tr ((pC™ )" W(pC")) (20)
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A New Multiconfiguration Approach for Excited States 17

where h is the N, x N, matrix defined by

1
huw = —/ qu-quwL/ Vxuxe
2 Jps RS

and where W is the linear map associated with the tensor W defined by

Wor = / xu(x)xu(y)jm(x)m(y) du dy,
R3xR3 |z =yl

i.e. for any Ny X N matrix X

Ny

[W(X)]Hy = Z WMVH)\XH)\' (21)
K,A=1

Remark that expression (20) is valid for both singlet and triplet states, but that the matrix
C appearing in this formula is symmetric for singlet states and antisymmetric for triplet
states.

For the sake of brevity, we only deal with the singlet state case. The manifold of admis-
sible singlet states is

M={(C,¢) € M(K,K) x M(Ny,K), CT =C, tr(CTC) =1, ¢"Sp =1Ix},

where M (K, K') denotes the set of K x K’ matrices. The MCSCF equations (i.e. the
stationarity conditions of the MCSCF energy (20) on the manifold M) take the form

(¢TheC + CT T hy) + TW(pCpT ) = BC (22)
hpCCT +W(pCpT) pC = SpA

where 6 € R and where A is a K x K symmetric matrix.
The problem can be dramatically simplified by using a rotation invariance property.
Indeed, using the constraint o7 S = I, we see that £(C, ) only depends on X = pC¢T:

E(C,p) =2 tr(SXThX) + tr (XTW(X)) . (23)

Notice now that for any rotation matrix U € Ok (R), one has X = pC¢T = ¢'C"p'T with
¢’ = U and C' = UTCU. Since ¢’ obviously satisfies the constraint ¢'7' Sy’ = Ik, we see
that the energy functional £ is invariant under the action U - (C, ) = (UTCU, ¢U) of the
orthogonal group Ok (R). Since C' is symmetric and real, there exists a U € O (R) such
that ¢’ = diag(cy, ...,cx). Up to a rotation of the orbitals, ¢’ = ¢U, this means that there
is no restriction in assuming that the matrix C is diagonal. When using this reduced model
(which is not an approximation), the manifold of admissible singlet states reads

red _ gK-1 Ny
M =8 x Wy
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18 E. Cances, H. Galicher € M. Lewin

with
Wit ={pe M(Ny,,K), o"Sp=1Ix},

and the energy functional is given by
£ (e, ) = E(C%(0), )
where C*®(c) = diag(cy, ..., cx ). Lastly, the MCSCF equations become
{ s r (21)
ho(C*())? + W(pC®(c)p™) 9C*(c) = S
with
H(p)ij = 2] hibij + 0] W(p;0] )i

Notice that the same reduction can be done in M (see [16, 1, 9, 10] and [31, Appendix]).
Triplet states can also be simplified with the same type of argument since for any antisym-
metric matrix C, there exists a rotation matrix U such that UTCU = ¢’ = diag(C1, ..., Cp)
if K =2p, and C" = diag(Ch, ...,C)p,0) if K = 2p + 1, where

1 0 C;
-7 6)

3.2 Description of the algorithm

For the sake of brevity, we only deal with the reduced model of the singlet state.

We shall make use of the following interpolation rule: a discrete path on M*ed = §K-1 x
ng being given as a finite sequence (tk, (¥, @k))0<k<N+l where

e th=0<1t; <--- <ty <tyyi1 =1 are real numbers ;

o (cF, @k)ongNH are points of S~ x ng,

we define the associated continuous path v € C°([0, 1], SK~1 x ng) according to

vt €10,1], ~(t) = (c(t), o(t))

where
VO<k<N, Vtel[tptes],  c(t) =cos(0x(t))c* +sin (0 (1)) !
with k+1 k1 kY Lk
b1 © — (M, cF) e
R = () o
0 (t) = =Y arccos (ML, k)
Tet1 — tk ’ )
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and
VO<KkSN,  VEE[trter], o) =3(t) [2t)"Sa(t)]
with

~ t— 1y k1 k
t) = f 4 —— (k)
B(t) = " o (P =)

We can now describe our algorithm for computing the first excited state of two-electron
systems.

Step A: search for a MCSCF ground state (¢, @), i.e. solve
inf {Sred(c, ©), (c,p)€SK 1 x Wﬁb} .

with the Newton-like algorithm described in Appendix; a convenient initial guess is the
Hartree-Fock ground state, which can itself be obtained by a self-consistent field algorithm
[4].

Step B: construction of an initial trial path.
As already mentioned in Section 2.3, we get rid of the outer minimization in (17) and
concentrate on solving

= inf max £ (v(t)).
2 ~ECO([0,1], M) reto) (v(¥)
V(0)=(&,8), v(1)=(—&,@)
Let ¢; be the second eigenvector of the hamiltonian matrix

[H(@)]i; = 2@, hi bi; + &, W(5; 85 )P (25)

(note that ¢ is the ground state of H(®)). A possible initial trial path is a path on which
the parameter ¢ is constant, for instance

7°(t) = (c(t), 9) (26)

with ¢(t) = cos(tm) ¢+ sin(tm) 1. A better initial guess can however be obtained by random
perturbations of that reference path. In practice, we randomly choose a collection of N,
states (¢}, @) € (vect(c) N SK™1) x WE* such that for all j

Iej — el <eles] and |2 — o] < el

for a small ¢, and we consider the N, continuous paths 7 (t) associated with the three-point
discrete paths

We then selects, among the Ny, paths 77, the path ~y(t) for which the maximal energy
max £ (47 ([0; 1])) is minimum. The above method can obviously be generalized to discrete
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20 E. Cances, H. Galicher € M. Lewin

paths containing more than three points and can also be used to improve the following step
C (path optimization) when necessary.
We then set m = 0, tp = k/(N + 1), 7§ = (P, 0*0) = o (tx) for 1 <k < N, and

Emin _ gred = = Emax _ gred k
0 @), 0 = max £ (7).

smax

i = argmax £ ('yg) .
1<k<N

Step C: path optimization.
For the sake of simplicity, we displace the nodes in the direction opposite to the gradient;
for this purpose,

1. we compute for each 1 < k < N, the MCSCF energy at the point ¥ = (c®™, pF™)
Efn — gred(vfn) _ (H((pk,m)ck,m7ck,m) :
2. we project the components V£ (v},) and V3E™d(yf) of the gradients of the energy
at the points 7% on the tangent spaces of the underlying manifolds:
grkn — vc(c;red(ckﬂn7 (pkﬂn) _ (vcgred(ckﬂn’ QDk’m), ckﬂn) ck,m
= 2 (H(gMm) — Bh) s
an _ 4P5km [571 (h(pk7mcs(ck7m)2 V.Y (kaﬂncs(cknn)(goknn)T) @k’mcs(0k7m))] ’

where Pfk,m is the orthogonal projector of M (N, K) on the tangent space ka,mW;(Vb
for the scalar product (-,-) g (defined on M(Ny, K) by (A, B) g = tr(ATSB)). One has

1
VQOGW;(V*», VZ € M(Ny, K), PEZ:Z_i@(QOTSZ—i-ZTS(p); 27)
3. we set
Emax _ red k max __ red k .
w0 Om) s = angmax £ ()

smax

4. if |[ERex — Emax || < g, M times consecutively, set (¢,¢) = v and go to Step D
(i.e. switch to a Newton-like algorithm);

5. for all 1 < k < N, we search for an optimal step 0 < afn <1 and set

k k Kk k _ k ~k .
dm__amgmﬂ Dm__a G

INRIA



A New Multiconfiguration Approach for Excited States 21

6. we displace the nodes v*, along the descent directions:

1
km+l _ =  (.km dk
¢ HCk7m + dfn” (C + m)

1/2 with &: wk,'m—!—l + Dk .

m

o = (357 ”
7. we reparametrize the path. For this purpose, define the length of the discrete path by

N+1
L = Z ||Ck,m+1 _ Ck—l,m+1|| + ||<pk,m+1 _ (pk—l,m+1H
k=1

and search for a sequence of points v,,.1(tx) of the continuous path v**1(t) satisfying

[ymt1 (1) = Ymia ()l € [L/N, L/N + €]

where &’ is a small enough threshold. The points 7,41 (tx) define a reparametrized
rep

path 7,1 (t); we finally set
%];Jrl = vfﬁﬂl(/ﬂ/N);

8. we set m = m + 1 and return to step C.1.

Step D: we use the Newton algorithm described in Appendix, with (¢, @) as initial guess,
to solve (24).

3.3 Numerical results

In this section, we present numerical results concerning the calculation of the first singlet
excited state of some two-electrons systems, namely the Hs molecule and Helium-like atoms.

These results have been obtained with a Scilab [19] program, interfaced with a few C
routines aiming in particular at speeding up the tensor-matrix products (21). Let us mention
that the overlap matrices S, the core hamiltonians h, and the bielectronic integral tensors
W have been extracted from Gaussian 98 calculations [17].

3.3.1 The H; molecule

We have computed the first singlet excited state of the Hs molecule, for various interatomic
distances R. We have used for these calculations the double zeta Dunning’s correlation
consistent atomic basis set (CC-PVDZ), for which N, = 10. The number of iterations
in Step C (path optimization) necessary to reach a given convergence criterion strongly
depends on the choice of the initial guess. In that respect, the randomly perturbed initial
paths constucted in Step B of our algorithm are of better quality than the one given by
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formula (26). Let us mention that one iteration of the path optimization procedure for
N, =10 and N = 100 is about five seconds long on a Pentium IV 2.4 GHz.

Let us first analyze the results for a fixed interatomic distance equal to R = 0.5 jx The
energy profiles of the successive paths generated by the path optimization procedure (Step
C) have been reported on the same graph (Figure 2). One can see that the energy profile of
the initial trial path is a single hump and that the energy profiles of the iterates progressively
turn into a double hump shape. The energy profiles of the earlier iterates have a rough shape
for the initial trial path results from a stochastic local deformation of a reference path (Step
B of the algorithm). The optimization process rapidly smoothes the trial path. Notice that
due to the reparametrization procedure, the graph of £79(vy;) is not necessarily below the
graph of 74 (vy,_1).

The optimal path v obtained with our algorithm exhibits a double hump energy profile
(see Figure 3) with two local maxima. Let us point out that we have run on this case many
tests with different stochastic initial trial paths; we have always obtained a double hump
profile at convergence.

Our method thus provides two saddle points of Morse index equal to one. According to
our definition of MCSCF excited states, the one of higher energy (denoted by M on Figure
3) corresponds to the first singlet excited state. On the other hand, the saddle point M’
cannot be interpreted as a MCSCF excited state; it is rather a spurious solution of the
MCSCEF equations (24). Notice that the energy of M’ corresponds to the first eigenvalue of
the matrix H(y) appearing in equation (24), whereas the energy of M corresponds to the
second eigenvalue of H (). We therefore obtain A\X = 1 in this case.

Let us now display the vectors ¢ for the three points I, M and M’ introduced in Figure 3
(of course cp = —cy

I 0.9953010 7 r 0.7009818 1 r —0.7069785 T
—0.0369945 0.7009818 0.7072304
—0.0087985 —0.0139024 —1.029 10798
—0.0369945 —0.0536869 —0.0021659

| —0.0441540 | —0.0458169 | —1.15910708
I = | _0.0441540 M= _0.0536868 M= 132110708
—0.0498874 —0.0942362 0.0009807
—0.0088056 —0.0141266 —8.252 10799
—0.0088057 —0.0074823 0.0009807
L —0.0042793 | | —0.0074823 | L —8.25210799 |

It appears that cp; possesses two dominant coeflficients. This shows the usefulness of the
MCSCF method for the calculation of excited states: the Hartree-Fock method is not able
to correctly describe such a two-configuration state (recall that the square of the coefficients
of ¢ are the weights of the different configurations of the multiconfiguration wavefunction).
The structure of ¢y is very similar to the one of ¢js, apart from a change of sign.

We can have an insight into the shape of the optimal path « by displaying the projection of
~ on several 3D representative subspaces selected by principal components analysis. Figure 4
shows the projection of the component ¢(t) of v(t) as well as that of three different columns
of ¢(t) (each of them representing a partially occupied one-electron wavefunction). The
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Figure 2: Energy profiles of the successive paths generated by the path optimization proce-

dure (Hs molecule, interatomic distance equal to 0.5 K)
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Figure 3: Path at convergence for Hs with R = 0.5 K
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approximate location of the points I, M, M’ and F introduced in Figure 3 are reported on
the graphs.

Let us now present our results for different values of the interatomic distance R. Figure 5
puts together three potential energy surfaces (PES) of Hsy: the Hartree-Fock and MCSCF
ground state PES and the first MCSCF singlet excited state PES.

For values of R in the range [1.5 ;; 2.5 K], the optimal path exhibits the same character-

istics as for the case R = 0.5 ; reported above. However, the optimal path is more difficult
to obtain than for smaller values of R. We have actually observed that in this range of values
of R, the choice of the convergence criteria plays a crucial role in the quality of the results.
Indeed, the difference || max(£7°4 (%)) — max(£74(y411)| can be very small during many
consecutive iterations, just as if convergence was reached. But if we run many additional
iterations, the algorithm finally escapes this trap and converges toward the (supposed) opti-
mal path. We have observed that such a sequence of small changes in max(£4(y;)) occurs
when the energy profile of the trial path turns from a single hump shape into a double hump
shape (see Figure 6).

Many solutions can be proposed to avoid this drawback. One of them consists in using
a continuation method. Actually, there are two ways for “propagating” an optimal path
by a continuation method. The first way is to choose for the continuation parameter, the
interatomic distance R (i.e. inject the optimal path obtained for R = Ry as initial guess in
the calculation for R = Ry + dR). The second way is to introduce an additional parameter
s, varying in the range [0; 1], allowing to progressively switch on the electronic interaction
term. For instance, one can simply multiply by s the second term of the right-hand side
of (20). When s = 0, the two electrons are independent and an optimal path is easy to
construct. We have observed that an efficient numerical strategy consists in making the
continuation parameter s increase logarithmically from 0 to 0.1, then linearly from 0.1 to
1. Numerical simulations also show that it is more efficient to progressively turn on the
electronic interaction than to use the interatomic distance as a continuation parameter. The
former method has thus been used in the calculation of the excited state PES of the Hs
molecule for values of R in the range [1.5;2.5].

For R = 1.5 and R = 2, the first singlet excited state that we obtain with our method
corresponds to the first eigenvalue of the matrix Hg (see formula (24). This means that,
using the notations of Sections 2.1 and 2.2, we have in these cases

M <k

Therefore, the definition (15) of MCSCF excited states provides better results than the usual
definition (11).

We notice that when R grows, the values of the local maxima M and M’ get closer and
closer, until some critical value of R (between 2 and 2.5) for which both values are equal.
Beyond this critical value, we obtain, depending on the initial guess, optimal paths that
have either one or two humps and give the same excited state (see Figure 7).
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Figure 4: Projections of c(t) (top left), 1 (top right), ¢2 (bottom left) and 7 (bottom
right) on 3D representative subspaces selected by principal components analysis.
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Figure 5: Potential energy surfaces (PES) of the Ho molecule.
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Our numerical experiments thus show that there is a bifurcation phenomenon between
single and double hump paths, in the vicinity of the minimum of the first excited state PES.
It apparently corresponds to situations for which our method gives better results than the
other methods currently used in Computational Chemistry.

3.3.2 Helium-like atoms

We have also tested our algorithm on the calculation of the first singlet excited state of
Helium-like atoms (one nucleus of charge Z > 2 and two electrons). For these calculations,
we have used a simple basis set made of the first six radial eigenstates of the corresponding
Hydrogen-like atom (one nucleus of the same charge Z and one electron), that are known
analytically (see e.g. [28]). The results are shown on Table 1 for the values Z = 2,3,4. It
is to be noticed that the energy profiles of the optimal paths present double humps. This is
consistent with the results obtained with the Hs molecule for small interatomic distances.
The energy profiles of the sequence of paths obtained during the optimization process are
put together on Figure 8.

Appendix: the Newton algorithm
We describe here the Newton-like algorithm which is used in our method. Define
P.=1- cc”
the orthogonal projector on {c}+,
Qp =P

where P3 is defined in formula (27), and
N 1
QuZ=2-38p (0" Z+2Z"y)

the adjoint of @, for the euclidian scalar product. Note that @, is an orthogonal projector,
only for the scalar product defined by the matrix S (see page 20).

The Newton equations take the form, (c, ¢, u, A) € RE x M (N, N) x R x M,(K) being
given,

Find (d,¢,v, M) € RE x M(Ny, K) x R x M(K) such that
[H(p) — pld+ [H'(¢) - {Je=ve— (H(p) - c— pe)

Licounn) - (d:0) = SpM = (hoC*(e)” + W(pC(e)e") 9C*(c) = Sh) (28)
cd=- (cTc— 1)

T SC+(TSe=— (9" Sp — Ik)
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-0.8

-1.1

=1.4

a5

-0.61

Figure 7: Path at convergence and iterates of the path during the optimization process for
o
Hy with R=3 A.
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-1.94

2.1

2.3

-25-

2.7

Figure 8: Optimal path and iterates of the path during the optimization process for the

Helium atom.

Z =2 Z=3 Z =4
HF ground state energy —2.835374 | —7.200180 | —13.570185
MCSCF ground state energy —2.844340 | —7.204910 | —13.573562
MCSCEF first singlet excited state | —1.741472 | —4.4432095 | —8.4031421

Table 1: Results for Helium-like atoms (one nucleus of charge Z and two electrons).
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with

‘C(c,go,p,,/\) : (da C) = hCOS(C)Q + 2h(pcs(c)cs (d)+

+W(pC*(e)¢" + CC*(e)™) 9C*(c) + W(C* (c)pT) CC*(c)+
FW(pC*(d)p") pC*(c) + W(eC*(c)p") pC*(d) — SCA.  (29)
Note that
K
[(H'(p)- (e, = [H'(p) - C]ij ¢j

=1

<.

= 2(¢hpi + oI hG) i + (CiTW (C*(c)e™) @i

K
+ol W (9C* (0)9T) Ci) + Y (GWlie))es + 0] W] )G5) ¢
j=1

= 2(¢Thpi +oIRG) i + (QTW (C*(c)™) i +

STW (9C*(0)¢7) ci) fu (wwﬂ (6O (ECT + ¢C*()pT) ) .

Let us consider a MCSCF state (¢, ) € SK=1 x Wi satisfying the constraints, and let
p=c"H(ple,  A=¢" (hpC*(e)’ + W(C* ()™ )pC*(c)) -
We define the linear map 6(¢) : M (N, K) — RE by
8(C) = — [P (H(p) — ) P) ™"+ (P ([H' () - ] 0)) -
Notice that §(¢) is well defined as soon as H () — p is invertible on {c}*. Let be
o =[P (H(@) =) P} (Pe ([H(9) = ] o).

‘We then introduce
L(c7ga7u7A) : C = QZ‘C(C7¢7M7A) (5(Q<P<)a Q%C)

and
T <h<p08(0)2+W(9005(0)<PT)sDCS(C)—SsDA

—2hpC*(c)C% (ar) — W(pC*® ()" )pC*(c) — W(wCS(C)wT)SOCS(a))-
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Newton algorithm
Initial guess. Some (co, o) € SE~1 x WRP. Set k = 0.

Iterates.
1. Set
wr = ch H(or)er, Ay = of {hepC®(cr)” + W(prC®(ck)pr ) oxC®(ck) }

and (the symmetry of Ay is imposed)

A =5 (A + (ADT).

N =

2. Compute
e = H(pr) - cx — pc

Ry = hopC* (ck)® + W(piC* (ci) et ) rC® (ck) — Sior .
If 4]l < e and if | Ry|| < e, STOP.

3. Use an orthonormalization method (Gramm-Schmidt for instance) to build a matrix
By € M(K,K — 1) such that [c|Bg] € U(K). Then, let

T, = (BY [Hpw) — ] Bi)

Qp = BkaBgT‘k

and
—" (Rk — ShpC () C (o)
WkC ()T ok (er) — WO (ex) T mc%aw),
with Q3 Z = Z — 1501 (0f Z + Z"¢1).

4. Solve the linear symmetric system
LyCr, = bg,

where Ly = Lc, ¢, u.,Ax)- L0 this end, one can use for instance the GMRes method.
To apply the operator Ly to some vector (, one follows :
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(a) Compute Qr¢ where Qi = Q.,,
(b) Compute
8(Qr¢) = — BT By, ([H'(ox) - (QrQ)] ck) -

(c) Compute Lr¢ = Q1 L(cp o un,Ar) (0(QrC), Qr() using formula (29).

5. Set
k= Qrlrs

dy = =BTy Bj, ([H'(¢pr) - Gkl k) — .
6. Set
o1 = llew + dil| ™ (cx + d),
Pk+1 = @k + Ck,

- ~ —1/2
Pri1 = Prr1 (Php1 SPrar)
7. Set k =k + 1 and return to Step 1.

This Newton-like method has been used on the one hand to find the MCSCF ground
state, and on the other hand to achieve the convergence of the mountain pass point.

For the minimization of £7°9, the step 6 has to be improved by using a line search method
to minimize the energy on the curve (c(t), ¢(t))¢cjo,1] With

c(t) = |lex + tde|| ™" (cr + tdp),

(1) = 3(t) (B)7S3(1) 7.

Acknowledgment: We would like to thank Claude Le Bris and Eric Séré for useful
discussions and advice.
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