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These lecture notes are intended for an introduction to pre-Born-Oppenheimer
(pre-BO) theory. Alternatively, they can also be considered as a short course on
variational techniques for the example of computing molecules without the BO

approximation.

Recommended literature:

e Y. Suzuki and K. Varga, Stochastic Variational Approach to Quantum-
Mechanical Few-Body Problems, Springer-Verlag (Berlin, 1998)



I. THE MANY-PARTICLE SCHRODINGER EQUATION

HU = EV (1)
with
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where the mass and electric charge, m; and ¢; (¢ = 1,2,...,n, + 1), are constant

parameters. In addition, physically meaningful solutions satisfy the spin-statistics
theorem for fermions and bosons (“Pauli principle”), so we have to consider the spin
(fermionic or bosonic character), s; (i = 1,2,...,n, + 1), for each particle as an
additional parameter.

There are in total 3(n, + 1) physical parameters, {m;, ¢;,s; (1 =1,2,...,n,+1)},
which specify an isolated molecule.

The Hamiltonian is invariant to space rotations and inversion, furthermore it is
independent of the particles’ spin. Thereby, the total angular momentum, N 2 its
projection, NZ, space inversion, 7, and the total spin angular momentum and its

projection for each particle type, e.g., a, S”g and S‘a,Z are conserved quantities, i.e.,

[ﬁ, Nﬂ ~0 [H NZ} ~0 (3)
[Hz} —0 (4)
.5 =0 [H#8,.] =0 (5)



where the total angular momentum vector is the vector sum of the angular momen-

tum of the particles

np+1

N = Z T X D;. (6)
i=1



II. VARIATIONAL PRINCIPLES

Ritz theorem: For an arbitrary ¢ function in the state space the Rayleigh quotient
15 an upper bound to the ground-state energy.

The Hamiltonian, H, is Hermitian operator, bounded from below and time indepen-

dent.
where the eigenvalues are ordered as: Fy < Ey < F3 < .... For some (normalizable)
¢ the Rayleigh quotient is
H
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The theorem states that
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Proof: Let us expand ¢ in terms of the ¥; eigenstates of H:
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Generalized Ritz theorem: The expectation value of H s stationary in the neigh-

borhood of its discrete eigenvalues.

§E =0 uponany 0¥ for HU = EV (12)

Proof: The energy functional is

p- ot (13)

The variation of the energy functional upon a small, 6 ¥ variation of the wave function

is:
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Linear variational method: Due to the generalized Ritz principle, the computa-
tion of eigenvalues and eigenvectors in a finite basis set is translated to a matriz-
eigenvalue problem. Let us consider a Vg subspace spanned by the ¥y, vs, ... Yk
functions. Then, we approximate the exact wave function on this subspace as a linear

combination

K
=1



Substituting this form into the generalized variational principle:
0= (6V|(H — E)V)

K A K
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So, for any small d¢; variation we require:

Z(H” — ESU)C] = 0, fOI' all 1= 17 ey K, (17)

K
j=1

which is equivalent to the matrix eigenvalue problem
Hc=ESec. (18)
The matrix elements of the Hamiltonian are
Hy = (il H ;) (19)

and the overlap matrix elements are

Siz = (Wily), (20)

which is the K x K unit matrix if ¥y, s, ..., ¥ are orthonormal functions.

Theorem about enlargement of the basis set and the variational property of excited
states: “Upon enlargement of the basis set, the eigenvalues never get worse.” (=
Figure)

Let 61 < &9 < ... < ek be the eigenvalues of H on a subspace Vg spanned by

the 91,19, ..., 1k independent functions.



Let €] <¢ef, <...<¢€l + 1 be the eigenvalues of H on a subspace Vi, spanned

by the independent functions ¥y, s, ..., VK, Vi 1.

Then:
1 <e <ey<ep <. <eg <egir (21)
Proof: Let ¢1, ¢o, ..., ¢ be the orthonormal eigenstates corresponding to the eigen-
values €1, €9, ...,ex. Then, any function ¥ in Vi1 can be expressed as
K+1

U= e, (22)
=1

where the (K + 1)th orthonormal function is obtained as follows.
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where the N normalization constant is
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The eigenvalue problem using the basis set ¢1, ¢a, ..., Ok, dxi1 is:
e 0 ... 0 M c1 1
0 Eo ... 0 hg Co Co
=F (25)
0 0 ... ex hg CK CK
hT h; . h*K hK+1 CK+1 CK+1




where

hj = (¢j| Hoxcs1). (26)

In order to solve this eigenvalue problem, we rearrange the equation to

ee—F 0 0 hy c1
0 e—F ... 0 ho Co
: : =0 (27)
0 0 ...ex—F hk CK
hi hy ... hy hxg—F CKi1

The new eigenvalues are obtained as the roots of the D(F) characteristic function,
the determinant of the matrix in the left hand side of Eq. (27). We expand the
determinant by its last column, and then, the corresponding minor is expanded

(trivially) by its last row: (= Figure)
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0 €9 — E . 0 h2
= det : '
0 0 ...ex—F hi
he b Wi hxi—E
K K
= (hicyr — B) [ [ (e — B) + D ha(=1)" " det(Aj xc41)

= H(gj —FB) |hgy — E— Z |hZ|E (28)



The new (K + 1) eigenvalues are obtained by finding the roots of the equation

K
(éj—E) hK-‘rl_E_Z

1 =1

K
il

0= . 29

I " (29)

Note that we assumed that all h; # 0. Thereby, for ' = ¢; the last term in the
second parentheses tends to infinity. Since E # ¢;, a rearranged form of Eq. (29)

results in the practical working equation (= Figure)

|hi]?

E—hK+1: E—g.'

(30)

]~

i=1

The theorem implies the variational property for not only the lowest but also for
excited states. Furthermore, it offers a practical and efficient technique to compute
the new eigenvalues upon the enlargement (or update) of the basis set if the “old”

eigenvalues and eigenvectors are known.

A variational recipe In order to define a variational approach, it is necessary to

specify the following details:
e coordinates

Hamiltonian in the selected coordinates

basis functions

(analytic) matrix elements

eigensolver

optional: parameterization of the basis functions



III. COORDINATES

The full many-particle Hamiltonian has a continuous spectrum due to the overall
translation of the system. Since we are interested in the “internal”, translationally
invariant properties, we shall introduce translationally invariant Cartesian coordi-
nates (TICCs).

The laboratory-fixed Cartesian coordinates (LFCCs) of a particle are labelled
with r; € R? (i = 1,2,...,n, + 1). We define new Cartesian coordinates as a linear

combination of r; with the following properties:

1. TI property: invariance upon a uniform translation, d € R3, of the overall

system:
JIZ({TZ‘i‘d}) = :cl({'rl}) ER3, 9 = 1,2,...,np; (31)

2. Overall translational motion:

X({ri+d)) =z({r;)) +deR, (32)

where we used the shorthand notation: {r;} = {r;,;i=1,2...,n,+ 1}.

A linear transformation of LFCCs

= (U @ I3)r, (33)
X

which satisfies the (1)—(2) conditions can be formulated in terms of conditions for

the elements of the U € Rw»+Dxmp+1) matrix:

10



1. TI condition:

Forall i=1,... ny:

np+1

xr; = Z Uij'rj (34)
j=1

np+1

w; = Z Uij(’l"j + d)
j=1
np+1 np+1

= Z Uij'rj + Z de (35)
P j=1

Due to the TI condition x; = «}, and thus the last term in the last equation

must vanish, which is fulfilled for any d € R? if
Y Uy=0, i=12...,m, (36)

2. Translational condition:

np+1

X = Z Unp+1,jlrj (37)

Jj=1
np+1

X'=) Unpirylr; +d)

J=1
np+1 np+1

= Z Unp—&-l,jlrj + Z Unp+l,jd- (38)
i=1 j=1

Due to the translational condition X’ = X +d, and thus the last term in the
last equation must equal to d, which is fulfilled if

np+1

> Uppsrj=1. (39)
j=1

Any U matrix which satisfies Egs. (36) and (39) will define a TICC set and can be

used to describe the internal motion.

11



Note that a convenient choice (see also the next section) to satisfy the transla-

tional condition, Eq. (39), is

m;

Unp—i-l,j =
Mot

with
np+1

Mot = Z m; (41)
i=1

and m; being the physical masses of the particles. For the following sections, we

shall adopt this choice, and thus X collects the center-of-mass Cartesian coordinates

(CMCCs):

m
XCM = : T 42
Z: Mot ' ( )
=1
For a short notation, we introduce @:
~ T
T = (43)
Xom

Also note that U is constant, hence the new coordinates are rectilinear.

There are various common choices for TICCs, for example (see also Figure 1)

Jacobi coordinates (orthogonal)

e heavy-particle-centered coordinates

center-of-mass-centered coordinates

12
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FIG. 1: Example for translationally invariant coordinate definitions.

A. Transformation of coordinates upon the permutation of identical par-

ticles

The permutation, P of identical particles can be represented by a linear trans-

formation of the LF Cartesian coordinates as
rp=Pr=(TpI;)r. (44)

Since identical particles have the same mass, the CMCCs are unaffected, however

the TICCs may change:

i‘P = (U@Ig)’f’p
= (U®I3)(TP®I3)T'

It can be shown that UT p also satisfies the TI and translational conditions, and
thus the permutation of identical particles does not affect translational invariance,

but it may result in another set of TICCs. (= Figure)

13



IV. QUANTUM HAMILTONIANS

IA{:T/—FVUTZ'—TJ'D (46)

The Coulomb potential energy depends on the distance between pairs of particles, so
it is translationally invariant. In this section, we focus on the separation of the overall
translation from the kinetic energy operator (KEO) and express the KEO in terms
of translationally invariant coordinates and center-of-mass Cartesian coordinates,
introduced in the previous section.

The (n, + 1)-particle kinetic-energy operator is

np+1 np+1

R 1 — 1 0? 0? 0?

T'==>" —N,==> 47
i1 2mi ' i1 2mi (87‘1295 + 87”%1 + 87”3) ’ ( )

which will be written in terms of the new coordinates by using the chain rule:

T
% — — (U I)r, (48)
XM

which is for the elements (o = x,y, 2):
np+1
jja = Z Ujirm. (49)
j=1
Then, we write down the first derivative in terms of 7;, as

np+1 np+1
0Tjq O

0
arm Z Oria 0 jq Z Uﬂa (50)

Tja
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The second derivative is rearranged as follows:

w1 o

1 o [ 9 \]
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2

82
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Z
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=

np+1

1 my; 2 82
— . 1
+ ; m; (mtot) 8XO%7 (5 )

where in the last equation the second term—which corresponds to the coupling of

the TI and center-of-mass coordinates—is zero due to the TI condition:

1 i
Y U =, (52)

and the last term corresponds to the a’s component of the kinetic energy of the

center of mass:

1 )2 1
I e (53)
- m; \ Mot Mot
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Thereby, we can introduce the translationally invariant kinetic energy operator (re-
member that the TT and CM coupling terms vanish):

T=T —Teu
1

2Myot

T -

Xom

Np  Np

—%ZZZAa‘ka—z

o i1 k=1 0xja8xka

Np  Np

_ _% SN AV v, (54)

j=1 k=1

with

np+1 1
Aj = Z —U;iUg;. (55)

=1
For a particular choice of the T1 Cartesian coordinates the elements of the mass-
scaled metric tensor, A, can be calculated. For example, Jacobi coordinates are

orthogonal, and thus A is diagonal: A;; = 6‘7% with the p; Jacobi reduced mass.
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V. BASIS FUNCTIONS

Ideally the basis functions span a space which include the exact eigenfunctions of
the Hamiltonian. In practice, the space is enlarged so that the best eigenfunction
approaches the exact solution. It is often preferred to define basis functions, which
are eigenfunctions of the conserved quantities (“variation after projection”), but it
is also possible to use basis functions which are not symmetry adapted and the
symmetry is restored numerically during the course of the variational computation.

In what follows, we shall apply basis functions which are symmetry-adapted func-

tions:
O = A{gPIx M}, (56)

which is an (anti)symmetrized product of spatial functions, ¢!, and spin functions,
x!s). The spatial and spin functions are eigenfunctions of the total angular momen-
tum and the parity, A = (N, My, p), and the spin angular momentum operators,
¢ = (S84, Ms,, Sp, Msg,,...) (a,b, ... denote the particle type), respectively. The sym-

metrization or antisymmetrization operator is

Nperm

A= (Npermyl/2 Z 5ppp (57)

p=1

for bosonic and fermionic-type particles. Pp € S,,®8,,®...1s an operator permuting
identical particles and ¢, = —1 if pp represents an odd number of interchanges of
fermions, otherwise ¢, = +1.

In a variational approach which uses symmetry-adapted basis functions, the quan-
tum numbers corresponding to the conserved quantities can be specified on the

“input” of a computation.

17



A. Spatial functions

We would like to use spatial functions which are

e square integrable

e positive definite

e analytic matrix elements for the common operators
e generally applicable for (n, 4+ 1)-particle systems

e form (or approach to) a complete basis set

There are few candidates, which are known to have analytic matrix elements with

the most common operators and are generally applicable to (n,+ 1)-particle systems
1. Gaussian-type orbital: exp (—%rf)
2. Gaussian-type geminal: exp (—%(r; — r;)?)
3. many-particle explicitly correlated Gaussian (ECG): exp (—%’I’T(A ® I3)'r)
4. primitive ECG: exp (—irT(A ® I3)r + sTr)
5. floating ECG: exp (—3(r — R)"(A ® I3})(r — R))
6. ECG with angular prefactor: 8(r) exp (—irT(A ® Is)r)
A few comments are in order:

e [t is non-trivial but it can be shown that a Gaussian basis set is complete

(“nodeless harmonic oscillator functions as a basis”. .. )
e Gaussian functions do not satisfy the cusp condition. ..

e Functions 1-3 are angular momentum and parity eigenfunctions with N = 0

and p = +1.

e Functions 4-5 are not angular momentum eigenfunctions unless s = 0 and

R = 0, respectively, when they are (N = 0,p = +1) functions.

e Function 6 can be made an angular momentum and parity eigenfunction (N >

0) with an appropriate choice of the angular prefactor.

18



1. Angular symmetry, 6(r)

Solutions of the

A f(r)=0, reR’ (58)
are the solid spherical harmonics (I =0,1,... and m = —1[,...,I)
Fr) = r'Yi(7) = Yim(r), (59)
where
sin ¥ cos ¢
r=|r| and 7= %r = | sin¥sinyp (60)
cos ¥
and
Vi (7) = (=1)Yi - (7). (61)

Thereby, for the single-particle case and natural parity, p = (—1)%, we may choose

the angular prefactor as:

GLM(’I") = yLM('f‘) = TLYLM(f). (62)

a. Vector-coupled product of solid spherical harmonics For the many-particle
case with N particles, the angular prefactor can be defined as a vector-coupled
product of solid spherical harmonics. (The total angular momentum is commonly
denoted by L in the physics literature, while it is labeled with N in molecular

spectroscopy. In this subsection, we shall use L for the total angular momentum and

19



N for the particle number to simplify notation.):

Oar(r) = | [0 (r1) X Va(r)l, X V()] % - X Vi ()

2 LM

= Z Cr Hylzmz(rl) (63)

k={m1,ma,...mn}

where ¢, is a product of Clebsch—Gordan coefficients needed to couple the orbital

angular momenta to the specified quantum numbers, e.g.,

cx = (lyma, lama|Liomy + ma)(Liamy + ma, lsmg| Ligsmy + mae + mg)

cL <L12,_,N,1m1+m2+...—|—mN,1,leN]LM> (64)

A few comments concerning this representation are collected in the following list:

e in this representation each relative motion has a definite angular momentum,

e.g., Lia, ..., Lia. N—1;

e since the subsystems’ angular momenta is not a conserved quantity,

it may be important to include several sets of angular momenta

(l17l27 ey lNa L127L1237 . )1

e when the inclusion of higher partial waves is necessary a faster convergence
can be achieved with a particular set of angular momenta using different sets

of relative coordinates;

e Since Oy (x) can be expressed by different partial-wave decompositions in
different coordinate systems, we conclude that the partial-wave decomposition

may not be so important after all.

e The evaluation of analytic matrix elements becomes intractable as the number
of particles increases and higher and higher number of partial-wave contribu-

tions are included.

e These observations led to a different generalization of )y s to the many-particle

case.

20



b. Global vector representation Let us define a global vector (GV) as a linear

combination of the particle coordinates

N
v = Zuiri = (u®I3)"r (65)
i=1
and introduce the angular prefactor for this global vector as
HLM(’I') = 02K+LYLM(1A)) = UQKyLM(’U). (66)

Minimization of the energy functional with respect to w will allow us to find the
most suitable angle or linear combination of angles. The parameters uy, ug, ..., uy
are continuous, which is an advantage in practice in comparison with the integer

arrays of subsystems’ angular momenta, (I1,1ls,...,Ix, L12, L123, . . .).

c.  Relationship between the two forms of the many-particle angular factors

Theorem about the equivalence of the global-vector representation (GVR)

and a vector-coupled product representation in a variational procedure.

Any GVR function

N
fr) =v*XYry(v) with v = Zuiri (67)
i=1

can be expressed as a linear combination of vector-coupled products of solid spherical

harmonics:

Li23

g(r) = rifrgt e “D’h(rl) X Vi (r2)lp,, X Vis(r3)], X .. X Viy(ry) .

(68)

where ki,liZOand 2/€1—|—l1+2k’2+12+2kN+lN:2K—|—L

Proof: Instead of presenting the full proof, which can be done by induction, we

sketched the main steps for a two-particle case with v = r{ + 7».
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We shall express the integral

7- / di Yyu(@)(a - v)25+E (69)

both by GVR and by a linear combination of vector-coupled products. During the

course of the calculations, we often use a known identity:

Z B a2k7,2k Z ylm ylm

2k+l=n m=—I1
= > Bud®r**(=1)V2 +1[V(a) x Vi(r)]y (70)
2k+l=n
with
4 (2k +1)!
By = . 1
HTOREN (2K + 20 + 1)1 (71)
Using this identity, we write the integral as
T-= /dd Yin(@) Y. Bua®o* Z a'Y}y, (@)0'Yin (0)
2het1= 2K+L m=—1
= Y Buad®® Z a 'Y (0) / da Yo (a)Y;:,(a)
2k+1=2K+1L m=—1
= Z Bya* v Z alv Yzm YO1LOmM
2+1=2K+1L m=—1
— BkLa2k+LU2k+LYLM(@) (72)
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An alternative way of writing Z starts with a direct expansion of the polynomial:
(@711 +a-ry)*TE

S (2K + L)!

(a-r)P(a-ry)!

1!
p+q=2K+L pq:
2K+ L
— Z ( — ) Z Bk1l1 2k1 2k1( )ll /2[1 +1 [yh (a) « yll ("“1)]00
p+q=2K+L Dq: | 2k1+l1=p
> Bina®™ 13 (—1)21/2l + 1 [V, (@) x Vi, (12)]g,
L2k2+l2=¢q i

(73)

It is possible to simplify the a-dependent integral of the multiple spherical harmonics

functions as
[ Vi@ (@) % D )y D) % V(o

2)\+1 l1+l2
Ly A
Z\/211+1 ARG

da YLM YA( ) D}ll (""1) X ylz <r2>]>\]00

2[1+1 2[2+1) V2L +1

DEC(1ly; L)
\/ (2l1 @y ) el (74)

= Z \/ Tl a2 C (1 ly; )\>5ALi Vi (1) x Voo (r2)] s

li+l2

where we used that a vector-coupled product of two spherical harmonics with the

same angles and an even [ + ' + L value can be written as

[Yi(7) x Y ()]0 = CU5 L)Yrn (7) (75)
with
Lo DR+,
Cl'; L) = \/ IRCTASY (101'0|L0). (76)
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By plugging Eqgs. (73) and (74) into the original integral, Eq. (69), we obtain

7- / di Yy (@) (a - v)2+
= /dd YLM(d)(a ‘r+a- 7‘2)2K+L

(2K + L)!
. Z Z Z Biy1, Bas ( 1)ll+l2 2k1+2ko 2k1 zkz

Cplgl
p+q=2K+L 2k1+1l1=p 2ka+la=q

/ A Yiar(@) [V (@) X Voo (1)]gp V(@) X Via ()]
_ Z 2K + L Z Z Bi.t Biy 1)zl+12 2k1+2k2T2k1T§k2

Coplgd
p+q=2K+L 2k1+l1=p 2k2+l2=¢

li+ls (—1)LC(Z1Z2QL) r r
a \/(2l1 Db D) (Vi (11) X Vi (12)] 1as

(2K + L)! (—1)LHh+eC(1y1y; L)
-y ¥ > Bt Braty

olgl
p+q=2K+L 2ki+l1=p 2k2+l2=q pla! \/(211 + 12k +1)

a2k1+l1+2k2+12 2k1 + x%’@ [yh (rl) X ylg (TQ)]LM . (77)

We repeat the final expression of Eq. (72)
T = Byra® o Y (9), (78)

which completes the proof for the two-particle case, i.e., the GVR angular function
can be expressed in terms of linear combination of vector-coupled product spherical
harmonics functions.

d. Generator integral for GVR There are many interesting mathematical prop-
erties of the angular functions in the different representations. We present in this
paragraph an important property, which is extensively used during the course of the
analytic calculation of the integrals of physical operators with GVR-ECG functions.

Statement about the relation of 725 +LYy,,(7) and e*™:

da v, ~ E Aa-r — B 2K+LY o 79
a Yru(a) INeK+L ¢ KLT L (7) (79)
A=0,a=1
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Proof:

an Aa-r - an G 1 m m
(ame >)\=0_ <8/\”Zm!/\ (a-7) )A_O

m=0

= (a-7)"

l
= S Bua® 3 Y (@)Yi(7) (50)

2k+l=n m=—1

Thus,

l
_ / di Vin(@) 3 B Sy,

2k+l=n m=—I1
= kl,,,,Qk—H Z |:/ da YLM )Y}fn(d):| Yzm(f)
2k+1l=n m=—I

= BM%H Z (55L5mMYzm(72)

2k+l=n m=—I

= BkLT‘2k+LYLM(’IQ) (81)

with &k = (n — L)/2.
During the integral evaluation we shall use the following form for the spatial basis
functions corresponding to the A = (N, My, p) quantum numbers with p = (=1)¥

natural parity, which is represented by an angular prefactor in the global vector

representation (GVR-ECG function):

1
1 82K+N
=— [deé Yyu, (&) ——x r;A,au®e} , (83
Bren NMN( ) {8a2K+Ng( ) a=0,e|=1 ( )

with the generating function

1
g(r; A au ® e) = exp (—ng(A®I3)r —|—au®eT'r) (84)
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and the global vector

np+1

v=(u®e)r= Z Ui T (85)

i=1
B. Spin functions

If one-particle basis functions, e.g., orbitals, are employed, it is straightforward to
introduce symmetry and antisymmetry for bosonic and fermionic particles by using
a Hartree product and Slater determinant, respectively. However, for many-particle
spatial functions, it is necessary to perform the (anti)symmetrization of the product
of the spin and spatial functions explicitly using Eqgs. (56) and (57). The previous
subsection was about the construction of symmetry-adapted spatial functions, this
subsection will introduce symmetry-adapted spin functions. By symmetry-adapted
we mean that the function, x¥), is an eigenfunction of the total spin operators with

the selected eigenvalues, S,, Mg, , Sy, Mg,, ... for each particle type a,b, .. .:

S%x = Sa(Sa + 1)x (86)

A

SazX = Mg, X (87)

In most of the cases, it is appropriate to consider the different particle types inde-
pendently (the positronium molecule, Pso, is a notable exception). In what follows,
we present examples for the explicit construction of two- and three-particle spin
eigenfunctions of spin-1/2 particles.

The elementary spin functions are labelled with

a=o011, (88)
which is an eigenfunction of the one-particle spin-operators:
1 1 3
) _ 1+ 4 2, 2
805’5—2(1—1-2)0;’% = o 4a
. 1 . 1
820%7%250%’% = SZOzZQOé (89)
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Similarly,

B=o1 1, (90)
which is an eigenfunction of the one-particle spin-operators:
. 1 1 . 3
820;_%(1):5(1—1—5) 0%7_%(1) = 825215
g 1) = L 1 W 91
5,01 1(1) = =501 _1(1) = &b=-3b (91)
In order to construct the many-particle spin function g (1,2, ...,n) with S and

Mg total spin quantum numbers, we shall couple the elementary spin function fol-
lowing the rules of angular momentum coupling. First of all, for n particles the
«a and (3 functions are distributed among the particles according to the following

restrictions:
No +Npg=n (92)
and

Mg = mg ngo + M,

1 1 (93)
= 27’La 2713.

How many uncoupled n-particle basis functions are there, which contribute to
Ysmg(1,2,...,n)? Since Xga(1,2,...,n) must contain n, = (n + 2Mg)/2 a-type

and ng = (n — 2Mg)/2 [-type one-particle spin functions, 01 msa (1), there is a total

n n
number of Ng = = uncoupled n-particle spin functions which may
Na ng
contribute to Xg (1,2, ..., n).
In what follows, we obtain the explicit formulae for g (1,2,...,n) as a lin-

ear combination of the uncoupled many-particle spin functions using the Clebsch—

Gordan expansion coefficients and the normalization requirement.
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Two spin-1/2 particles, Xy (1,2) (“singlet”,; 2-0+1=1):

n
n=2Msg=0 = nazl,nﬁzl,NSZ =2.

Ng

So, there are 2 uncoupled functions: 1 a-type and 1 -type functions.

Zoo(1,2) = [01(1) x 03 (2)]oo
= (523 7300,0) 031 (oy _1(2)
+(3-3:3:30,0) 01 _1(1)oy 1(2)
= 7330014 = 5 o3 (Do ()
— 1 (|aB) — 8a))
— (1) — )

n

I
N

n:2,M5:O = nazl,ngzl,NS:
Ng

and

21 0(]., 2) = [O’%(l)@'%(2)]1,0
= (333 —3L0) o1 1(Dos _1(2)
+(3:73:3:311,0) 01 _1(1)o1 1(2)
1
Joi _1(2)+ 75 01 _1(1)o1 1(2)
) .

Three spin-1/2 particles, X1 1
22
)

(94)

(97)

(1,2,3) (“doublet”, 2-1/2 + 1 = 2): For three

spin-1/2 particles the 2%7%(1,2,3 spin function has Mg = 1/2, and thus n, = 2

and ng = 1 with Ny = (") = (") = 3 uncoupled basis functions. Then, the total

Na ng

spin function expressed in terms of the uncoupled spin functions can be obtained by
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evaluating

5 (1,2,3):@[[0

1 1 1
2 2 2

N|=

)

N|=

(3)]

(98)

[NIES
[NIES

The normalization condition for 2%7%(1,2,3) requires ¢? + ¢ = 1, which can be

fulfilled by choosing ¢; = sin?; and ¢y = costy with ¥ € [—7/2,7/2]. Then,

we couple the one-particle spin functions, insert the corresponding Clebsch—Gordan

coefficients, and obtain:

by

11(1,2,3) = sindi(1,0,3, 515, 3) [01(Do1(2)],, 011
+sind (1,1, 5, —313, 3) [a%(l)U%(Z)Ll o1 _1
+ cos 91 (0,0, 3, 33, 3) [0%(1)0%(2)]0700%7%(3)

Il
=N
A
—~
<
— — —~ T~
)

33Moy 1oy

+ Ko(th 0%7%(1)0%7%(2)0% 7%(3)

—|—I€3(191 0%7_%(1)0%’%(2)0‘%7%(3) . (99)
where the calculation of the linear combination coefficients k(¥,) =
(k1(01), K2(1), k3(1)), is left for an exercise. The final result is

I€1(’L91) = %COS’&I — \/LéSiIl’ﬁl (100)
ka(01) = /2 sind, (101)
k3(V) = —\/Lﬁ cos )y — \/Lésinﬁl . (102)
If there are several types of identical particles, a,b,... in the system, the total

spin function can be written as the product of the coupled functions of each type:

XS Mg = ESmMSa(17 Ce ,na)ESvaSb(l, . 77’Lb) .

(103)

where (S, Mg) is a collective index for (S,, Mg, ), (Sy, Ms,), ... Since the total spin

function for any particle type a, X, arg, (1,...,74), can be written as a linear com-

bination of uncoupled many-particle spin functions, the xg s, function can also be
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written in a similar way, and thus for later convenience we introduce the shorthand

notation:

Ysats(8) = 3 ka(®) 1) (104)

where |n), denotes the product of uncoupled many-particle spin functions for each
particle type, Ny = Ng, N, ..., o refers to the spin degrees of freedom, and 9 con-
tains the free parameters if there are several “partial waves”. The value of k, () is
determined by the normalization condition, the Clebsch—Gordan coefficients, and the

angular momentum coupling procedure carried out for each particle types similarly

to Egs. (95)-(102).
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VI. MATRIX ELEMENTS

A matrix element of a spin-independent and permutationally invariant opera-
tor, O with (anti)symmetrized, symmetry-adapted, A = (N, My,p) and ¢ =

(Sas Ms,, Sp, Mg, , . ..), spin-spatial basis function is evaluated as

Oy = (@710125 )0
= (A{oP O AL\ B, (105)

The antisymmetrizer (which generates Npeym ~ (n,+1)! elements) can be eliminated

from the bra by using its quasi-idempotent property, AA = (Nperm)l/ 2 A:

Nperm

A, A Al A A
O =3 e (BN FI01B L6 ) v o
p=1

Nperm

- AT AT A A
=Y & 0B (0] 101 B0y
p=1

Nperm

= 5,00, (106)
p=1

where the spin and the spatial integrals are separated to

o =0 1B (107)
A Al AT B A
07y = (#|01P0), . (108)

Since the operator is spin-independent, the calculation of cﬁ,p requires simple alge-
bra. The calculation of OE’},]p is less trivial and certainly depends on O, which is, in
the present discussion, the identity, I , the kinetic, T, or the potential energy, \7, op-
erator. For the full calculation of the analytic matrix elements see the Recommended

Literature. In what follows, we highlight the most important steps of the derivation.
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First of all, a matrix element of an operator O is written using the exponential

generator integral for the angular prefactor, Eq. (83),

(0 (r; 4, u, K) |06 (r; A, v/, K7)),

BKNBK/N/de/d QNMN HNMN(é/)
82K+L 82K,+L A /AN /
!
{8@2K+L W=7 <g(r;ﬂ,s(a, u, e))|O|g(r;f4 ,s'(a u' e ))>T} ,

a=a'=0,le|=|e’|=1

(109)

which is evaluated according to the following steps

1. Calculation of the integral with respect to the spatial coordinates r and the
generating functions (floating ECGs) is usually straightforward for the most

comimon operators

Ioa(s,5') = (g(r; A4,5)[Olg(r; A/, 5)» (110)

2. The differentiation of the integral in Eq. (110) is carried out for 9?5+ /9a?5+N

and 0?K+N /9a 2K'+N and the result is expressed in terms of polynomials of

scalar products, eTe’,

(V)] aZK-&-N 82K’+N
/ / ! / !
Ipy (e €) = {8a2K+N aa/QKUrN]Ol( s(a,u,e),s'(a', u', e ))}

a=a'=0,|e|=|e/|=1

(111)
3. In the last step the angular integral is calculated:

_ - 1
[R=MY DN L / de / de’ Y3 (&) Ynar ()15 (e, €).
’ By Bgp N ’

(112)
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During the course of the evaluation of the angular integral, we make use of the

following identity of spherical harmonics

k !
€)= 3 Bui Y Vi@vi(@). (13)
1=0 m=-l
[(k—1)/2 € No]
which is for k =1
47 !
ele = 5 > Y (@)Yin(e) . (114)

Concerning practical applications, it is important to note that for large (2K +1L) > 4
values special care must be taken during the course of the implementation of the
analytic formulae in order to avoid numerical instabilities in finite number represen-
tation (double precision in Fortran). To ensure numerical stability we introduce a
so-called “quasi-normalization” of the basis functions, which allows us to cancel some

problematic terms. We call the normalization with respect to the spatial function,

sl = (g, )12 ALy lsIY | (115)

quasi-normalization. In a computer implementation it may also be useful to rely on

a logarithmic evaluation of products and fractions, e.g.,
(a-b)/(c-d) = sign(ab/cd) - 10(8aHeb-lgc-lgd) (116)

to calculate small numbers as ratios and products of large ones. Furthermore, it is

possible to factor out a term, which appears in the integrals,

- 2™(L +m +1)!
Fit = D (=K — m)imi(3L ¥ am ¥ 31 (117)

m=0

which is is pre-calculated with infinite precision arithmetics (e.g., using the Mathe-
matica program) for a series of K and L integer values. These numbers are stored in

a file and are read in by the Fortran program at the beginning of each computation.
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VII. COMPUTATION OF EIGENSTATES

In the previous sections we outlined how the matrix representation of the Hamilto-
nian is constructed in a finite basis set (with NV}, basis functions). It is often conve-
nient to use a basis set which is not orthonormal (such as the ECG-GVR functions)
and thus, we have to consider the generalized eigenproblem with a non-diagonal

overlap matrix, S # I:

Hc = ESCc, (118)

where H and S € R™*™ are real and symmetric matrices. In order to be able to
use standard direct eigensolver routines (e.g., LAPACK), we need to transform this
equation as follows.

We assume that the basis set is linearly independent, and multiply Eq. (118) with
S~1/2 from the left

S :Hc = ES:c (119)
S :HS :8ic= ES?c (120)
H'cd = Ec (121)

with
H =S HS: (122)

and
d=Sc = c=8":c. (123)

A few comments are collected as follows.

e Note that the transformation in Eqgs. (119)-(121) is related to Léwdin’s (sym-
metric) orthogonalization (which is different from the Gram-Schmidt orthog-

onalization scheme).
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e [f there is a linear dependence within the basis set, there are \; = 0 eigen-

value(s) of the S overlap matrix.

e Note that in finite precision arithmetics, near linear dependencies are also de-
structive, i.e., when there are \; ~ 1074, which is almost zero in the commonly
used 8-byte representation of real numbers. In this case, Lodwin’s generalized
orthogonalization scheme may be adopted, which allows us to carry out a
transformation similar to Eqgs. (119)—(121) but neglecting the near-linear de-
pendent part of the basis space. Alternatively, a better parameterization of

the basis set ensures to avoid near linear dependencies.

a. The stabilization method In a series of variational basis representation
(VBR) computations, we obtain approximations to the discrete eigenvalues of the
Hamiltonian, which converge from above to the exact eigenvalues (ensured by the
variational principle). In addition, by computing not only the few lowest-energy
eigenvalues, we may observe the onset of the dissociation threshold and a VBR rep-
resentation of continuum states. Beyond the dissociation threshold, we may observe
energy intervals with an increased density of states, which correspond to quasi-bound
states with a finite lifetime (although in this regime the variational principle is not
applicable). (= Figure) In practice, long-lived resonances can be observed in a series
of VBR computations by noticing the stabilization of an energy window within the
continuum regime over a series of computations.

b. Complex coordinate rotation method In an alternative mathematical descrip-
tion, in which we choose to scale the physical distances by a complex number,
r — rel?, and use VBR for the scaled Hamiltonian leads to a complex symmet-

ric eigenproblem.

A

H=T+V — H@O) =T+ V. (124)

The corresponding matrix equation is written as

H(9)&(0) = &(9)SE(0), (125)
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which, similarly to its real analogue, Eq. (118), is transformed to
H (9)€,(0) = &(9)€,(V) (126)

with
~ /

H (19) _ e—?iﬂs—1/2Ts—l/2 + e—iﬂs—1/2vs—1/2
= cos(29)T" + cos(P) V' —i(sin(29)T" + sin(9) V). (127)

The complex symmetric eigenproblem, Eq. (126), is solved using LAPACK library
routines [1], and the stabilization point, & = (E, —I'/2) with the E energy and T
width (the lifetime is 7 = A/T"), on the complex energy plane is identified visually.
The eigenvalues of the scaled Hamiltonian lie on the complex plane and cor-
respond to bound and resonance states of the original operator. (= Figure) For
the eigenvalues of this complex Hamiltonian, there are generalizations for the real
variational principle, which ensure their stationary property with respect to the
completeness of the basis set and the scaling angle, ¥. The complex variational prin-
ciple(s) is however less practical for the parameterization of the basis set than their

real analogue.
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VIII. PARAMETERIZATION OF THE BASIS FUNCTIONS
1. Non-linear parameterization strategy

a. Parameter selection The nonlinear parameters for each basis function are
selected and optimized based on the variational principle, which translates in prac-
tice to the simple rule: the lower the energy, the better the parameter set. The
parameter selection is carried in a stochastic manner, in which new basis functions
are generated randomly one after the other. Trial values for the parameters of the
spatial basis functions, Eq. (83), K, u;, In cy;, are drawn from discrete uniform, con-
tinuous uniform, and normal distributions, respectively. The optimal parameters of
each distribution are estimated from short exploratory computations. Due to the
one-by-one generation of the basis functions, the updated eigenvalues can be evalu-
ated very efficiently using the known eigenvalues and eigenvectors corresponding to
the old basis set, and this allows for a rapid assessment of a trial parameter set.

b. Refinement The refinement of the basis-function parameters generated by
the stochastic variational method is necessary if very accurate solutions are required.
Similarly to the enlargement of the basis set, the basis functions are refined one
after the other using the fast eigenvalue update algorithm, which is used also for the
selection of a new basis function from a set of randomly generated trials. Refined
parameters can be found by random walk or using the Powell method [2] started
from the originally selected parameters for each basis function. The random-walk
refinement can be used to adjust the K integer value (for which the Powell method
is not applicable), however in practice it is usually sufficient to generate K from a
discrete uniform distribution spread over a pre-optimized interval and to refine only
the continuous variables, u; and «;; by the Powell method. During the course of
and at the end of the enlargement of the basis set, every basis function is refined in

repeated cycles.

2. Parameterization strategy for resonances

Due to the lack of any practical approach relying on the complex variational

principle to select and optimize the non-linear parameters of the basis functions,
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we relied on the random generation of the parameters from some broad parameter

intervals. In addition, we have devised a parameter-transfer approach:

Ny
v =37 oM p(A)) (128)
I=1

in which a parameter set optimized based on the real variational principle for bound
states with one set of input parameters is transferred to a computation with other
input parameters (e.g., different quantum numbers). Note that the spatial symme-
tries of a basis function are determined by the quantum numbers, Eq. (82), and in

this sense, the parameters K, u;, and A, are transferable.
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(a) Non-linear parameters of the basis functions.
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(b) Sampling-importance resampling for the parameter generation.
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(¢) Multi-channel (multi-coordinate) optimization of the non-linear parameters.

FIG. 2: Parameterization of the basis functions
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IX. VARIATIONAL RESULTS FOR FEW-PARTICLE SYSTEMS
A. Atomic systems

1. "Li= {7Li3+,e*,e*,e*}

TABLE I: Calculated energy levels of "Li= {7Li3+, e ,e e_}.

N2& pd G2 EPb n° SE | uFpY Ref.

0 1 1/2 —7477451901 1.3-107° —0.029  [3]
1 -1 1/2 —7.409557349 8.8-107? —0.410  [4]
2 1 1/2 —7.334926959 1.1-107° —0.347 [5, 6]

& N: quantum number of the total angular momentum without the spins; p: parity; Se:
total spin quantum number of the electrons.

b Mgt /mer = 12786.393 The wave functions were optimized as a linear combination of
Ny, = 1500 basis functions and the exponents of the polynomial prefactors were 2K = 0
or 2, selected randomly.

© = [L+ (U|V]0)/(2(2/T] )]

4 §E = E(Ref.) — E.
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B. Positron-electron systems

1. Ps={et,e e}

parameterization of the basis functions:

e minimization of the energy

e random generation of parameters, sampling-importance resampling

TABLE II: Identified bound- and resonance-state energies and resonance widths, in Fy,

of Ps™ = {e",e,et}.?

(N,p,S_) " Re(€) © rj2c¢ Re(Eref) © FRret/2 ¢ Ref.
(0,+1,0) ~0.262 005 070 04 —0.262 005 070 0 [1]
E(Ps(n=1)) = —0.25 (lowest dissociation threshold)

(0,+1,0) —0.076 030 455 2.152-107° —0.076 030 442 2.151 7-107° [§]
(0,+1,0) —0.063 649 173 4.369 - 107% —0.063 649 175 4.339 3-107¢ [§]
(0,+1,0) —0.062 609 2.5-107° —0.062 550 5.0-1077 [9]

(Ps(n = 2)) = —0.062 5
(0,+1,0) —0.035 341 850 3.730-107° —0.035 341 885 3.7329-107° [§]
(0,+1,0) —0.029 845 700 2.781-107° —0.029 846 146 2.6356-107° [§]
(0,+1,0) —0.028 271 1.8 1075 —0.028 200 75-107% [9]

E(Ps(n = 3)) = —0.027 7
(0,+1,0) —0.020 199 000 8.800 - 107> —0.020 213 921 6.502 6- 107> [§]

E(Ps(n =1)) = —0.25 (lowest dissociation threshold)

(0,+1,1) —0.063 537 352 2.132-107% —0.063 537 354 1.570 0-107° [§]
(0,+1,1) —0.062 591 2.6 -1077 —0.062 550 2.5-1071° 9]

E(Ps(n = 2)) = —0.062 5
(0,+1,1) —0.029 369 870 1.300 - 1077 —0.029 370 687 9.3950-107% [§]
(0,+1,1) —0.028 21 1.9-107% —0.028 05 5.0-107% [9]

E(Ps(n =3)) = —0.027 7
(0,+1,1) —0.017 070 800 6.710-107% —0.017 101 172 3.560 9-10~7 [9]

@ The dissociation threshold energies, in Ej,, accessible for both the S_ =0 and 1

states are E(Ps(1)) = —1/4 = —0.25, E(Ps(2)) = —1/16 = —0.062 5, and

E(Ps(3)) = —1/36 = —0.027 7.

b N.p, and S_: total spatial angular momentum quantum number, parity, and

total spin quantum number of the electrons, respectively.
¢ Re(€) and I': resonance energy and width with I'/2 = —Im(E).

4 Bound state.
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2. Psy={et, et e, e}
parameterization of the basis functions:

e minimization of the energy

e random generation of parameters, sampling-importance resampling

TABLE III: Identified bound- and resonance-state energies and resonance widths, in FEy,
of Psg = {e",e",eT,eT}.2

(N,p,c)® (5_,5,)°¢ Re(&) ¢ r/2d Re(Exer) ¢ Tret/2 ¢ Ref.
(0,41,41)  (0,0)  —0.516 003 789 741 © 0°° —0.516 003 790 416 01
(0,41,41)  (0,0) —0.329 38 3.03-1073 —0.329 4 3.1-107% |1
(0,41,41)  (0,0) —0.2917 2.5-1073 —0.292 4 1.95-1073 [1
(0,+1.-1)  (0,0) —0.314 677 072 ° 0°—0.314 673 3 01
(0,41,-1)  (0,0) —0.289 789 3 7.7-107° —0.289 76 7-10° |1
(0,41,—1)  (0,0) —0.279 25 2.3-10~* —0.279 13 1-1074 [1
(0.41.+41)  (1,1)  —0.277 2 5.4-10~* —0.276 55 1.55-10~* [1
(0,41,—-1)  (1,1) —0.3090 5.7-1073 —0.308 14 121074 [11
(0,41,-1) (L1) —02733 2.3-1073 —0.273 6 8.5-107* [11
(0,+1.41) (1,0)/(0,1) —0.330 287 505 ° 0° —0.330 276 81 0 [11
(0,41,£1) (1,0)/(0,1) —0.294 3 3.1-107% —0.293 9 2.15-1073 [11
(0,+1,+1) (1,0)/(0,1) —0.282 2.107% —0.282 2 8.5-10~* [11

2 For the five symmetry blocks with different (V,p, ¢) quantum numbers and
(S_,Sy) labels the lowest accessible thresholds are Ps(1S)+Ps(1S),
Ps(15)+Ps(2P), Ps(15)+4Ps(2P), Ps(1S)+Ps(1S), Ps(15)+Ps(25.2P). respectively
[12]. The corresponding energies, in Ey,, are E(Ps(1) 4+ Ps(1)) = —1/2 = —0.5 and
E(Ps(l) 4+ Ps(2)) = —5/16 = —0.312 5. (The black and gray coloring is used to
help the orientation.)

b N, p, and ¢: total spatial angular momentum quantum number, parity, and
charge conjugation quantum number, respectively.

¢ S_ and S, : total spin quantum number for the electrons and the positrons,
respectively. In the last symmetry block, (S_,S;) = (0,1) and (S_,S5;) = (1,0),
are not good quantum numbers because these spin states are coupled due to the
charge-conjugation symmetry of the Hamiltonian.

4 Re(€) and I': resonance energy and width with T'/2 = —Im(£).

¢ Bound states.
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FIG. 3: Localization of the parameters for the lowest-energy resonance state of Psy with
N =0,p=+1,¢c=+1,and S- = 0, S; = 0. The stabilization of the trajectories
with respect to the rotation angle (circles) and the basis functions (colors) is shown. The
stabilization point is located at (Re(€),Im(&)) = (—0.329 38, —0.003 03) E},.
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C. Molecular systems
1. Hy ={p",p* e’}
parameterization of the basis functions:

e polynomial prefactors

e sampling-importance resampling, refinement with Powell’s method

—0.49970 1 | H(n=1) (L, Sp)
i e i TEiiTiiirisiiisirisiriziiisiion 2,11
—049975 b . fagr i
5 05T
&
g
=1
3 —058 | 511
E4}1103
31,1
2, 1,0
1-1,1
} 0, 1,0
—0.59 | X 2nf
E5,1,1i
4,10
3-1,1
2, 1,0
1-1,1
0, 1,0
—0.60

FIG. 4: Tllustration of the computed pre-BO energy levels of Hy = {p*,p",e"}. For
comparison the BO potential energy curves are also shown (on the left).

§é $o

even N: A2%} X 2%
odd N: X?2uf  A?st

TABLE IV: Energy levels, dissociation energies (examples) of Hf = {p™,pT,e"}.

N p S, E | B, D /cm™! Assignment
2 1 1 —0.499731516(7) 0.807(1) A 2%, v = 0; ortho

0 1 0 —0.597139060(4) 21379.290(2) X *%/, v = 0; para
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2. H2 - {p+7p+7eivei}
parameterization of the basis functions:

e polynomial prefactors

e sampling-importance resampling, refinement with Powell’s method

TABLE V: Assessment of the basis set parameterization: the lowest-lying bound-state

energies.

(N,p, Sy, Se) * E/E, " AFERet/1nEy © Ref. Assignment?
(0,41,0,0)  —1.164 025 030 —0.000 6 [13] X ¥
(1,-1,1,0)  —1.163 485 171 —0.0014 [13] X5}
(2,+1,0,0)  —1.162 410 408 —0.0019 [13] X !5t
(0,41,1,0)  —0.753 027 186 01354 [14 B'SE
(1,-1,0,0)  —0.752 850 233 0.8342 [14] B'SS
(1,41,1,0)  —0.752 498 022 09188 [14] B'SF
(0,+1,0,1) —0.730 825 193 —0.006 9 [15] a 32;
(1,-1,1,1) —0.730 521 418 0.008 0 [15] a 32;
(2,41,0,1)  —0.729 916 268 0.0479 [15] o357
(0,+1,1,1) [—0.999 450 102] © [-5.578] f b3uT
(1,-1,0,1) [-0.999 445 835] ¢ [-9.844] f  b3%F
(2,41,1,1) [-0.999 439 670] ¢ [~16.010] f 3%+

® N: total spatial angular momentum quantum number; p : parity, p = (—=1)V; S,
and S,: total spin quantum numbers for the protons and the electrons, respectively.
b E: the energy obtained with the largest parameter set, Py, used in this study
corresponding to 15 500 basis functions for each set of quantum numbers. The
proton-electron ratio was my/me = 1836.152 67247 [16].

¢ AFERet = Eret — F with Egrer being the best available theoretical energy value in
the literature.

4 Born-Oppenheimer electronic state label. Each energy level given here can be
assigned to the lowest-energy vibrational level of the electronic state.

¢ The lowest-energy eigenvalue of the Hamiltonian obtained for the given set of
quantum numbers.

! The non-relativistic energy of two ground-state hydrogen atoms,

E(H(1) + H(1)) = —0.999 455 679 Ey, was used as reference.
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FIG. 5: Tllustration of the computed pre-BO levels of Hy = {p*,p*,e~, e~ }. For compari-
son the BO potential energy curves are also shown (on the left).
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According to the spatial and permutational symmetry properties of the Hy molecule,

there are four different blocks with natural parity

B1:

B2:

B3:

B4:

“X 'S block”: N >0, p= (-1, S

(1 _p)/27 Se = Oa

“BIXf block™ N >0, p=(~1)N, S, = (1+p)/2, Se=0;

“a 3% block™: N >0, p=(—1)V, S

P:(l_p)/Qa Se = 1;

“b3%F block”™: N >0, p= (=1), S, = (1+p)/2, Se=1,

which can be accessed in independent runs of our computer program using basis

functions with the appropriate quantum numbers.
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FIG. 6: Orientation chart for the electronic states of Hy below the H(1)+H(2) dissociation
threshold (see for example Herzberg [17] or Brown and Carrington [18]). The same color
(red or green) and shape (rectangle or ellipse) coding indicate those states, which can be
obtained in the same pre-Born—Oppenheimer calculation. Empty objects indicate bound
states, while filled objects refer to the fact that the corresponding rovibronic states (if
there are any) are resonances embedded in the H(1)+H(1) continuum.
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FIG. 7: Rovibrational levels of excited electronic states in pre-BO theory: The
ladder structure of the pre-Born-Oppenheimer (pre-BO) energy levels (right). The left of
the figure visualizes the rovibrational states corresponding to their respective potential
energy surfaces in the Born—-Oppenheimer (BO) approximation. While in the BO picture,
the rovibrational states corresponding to the excited electronic state are bound states, they
appear as resonances in the full pre-BO treatment. [Reprinted with permission from E.
Miétyus, J. Phys. Chem. A 117, 7195 (2013). Copyright 2013 American Chemical Society.]
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FIG. 8: Part of the spectrum of the complex scaled Hamiltonian, #H(f) with 6 €

0.005,0.065] for the X 'Sf block [p = (~1)V, S,

(1 —p)/2,Se = 0] and for the

b3%F block [p = (~1)V, S, = (1+p)/2,S. = 1] with N = 0, 1, and 2 total spatial angular
momentum quantum numbers. The black triangles indicate the threshold energy of the dis-
sociation continua corresponding to H(1)-+H(1), H(1)+H(2), and H(1)+H(3). [Reprinted
with permission from E. Matyus, J. Phys. Chem. A 117, 7195 (2013). Copyright 2013

American Chemical Society.]
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TABLE VI: Identified resonance-state energies and widths, in Ey,, of Hy in the b 3%} block
p=(-1)N,S, = (1+p)/2,S. = 1] for N =0,1, and 2.

(N,p,Sp, Se) * Re(&) P r/2b ERefexp © ERef theo ¢ Assignment ©
(0,+1,1,1) [~0.999 450 1] [—0.999 455 7] H(1)+H(1) continuum
]

(0,41,1,1) —0.6779471 1-1077 —0.677 946 1 —0.677 9427 [19] ¢S, R=0,0=0
7+ (i) Y : B —VU. —U. e , =U,v=
0,+1,1,1 0.668 5493 9-107" 0.668 547 8 —0.668 541 0 (19 3Zj R=0 1
(1,—1,0,1) [~0.999 445 §] [—0.999 455 7] H(1)+H(1) continuum

]
(1 ,0, 1) —0.7314340 5-1077 —0.731 438 8 —0.731 469 1 [20] ¢ I, R=0,v =0
() — Y. . N —VuU. c , =0,v=
1,0,1 0.720 7175 2-1077 0.720 782 6 3Hj R=0 1
]
(1 -1,0,1) —0.677 7055 2-1077 —0.677 704 1 —0.677 698 2 [19] e3XF R=1,v=0
)y — Y. N N —VuU. —U. e , =1l,v=
—-1,0,1 0.668 3195 1-10° 0.668 319 7 —0.668 309 8 [19 3Zj R=1 1
(2 +1,1,1) [~0.999 439 7] f [—0.999 455 7] H(1)+H(1) continuum
(2,+1,1,1) —0.730 888 2  9-1077 —0.730 888 7 3l R=1,v=0
(2, +1,1, 1) —0.7202190 < 2-1077 —0.720 258 0 c 3Hj, R=1v=1
]
(2, +1,1, 1) —0.677 222 9 2-107% —0.677 222 2 32"' R=2v=0
(2,+1,1,1) —0.667 8632 7-1077 —0.667 865 3 32?{, R=2v=1

® N: total spatial angular momentum quantum number; p : parity, p = (=1)"; S,
and S,: total spin quantum numbers for the protons and electrons, respectively.

b Re(€) and T': calculated resonance energy and width with T'/2 = —Im(&). The
largest basis set contained 15 500 basis functions for each set of quantum numbers.
The proton-electron ratio was my/me = 1836.152 67247 [16].

¢ ERetexp €xperimental reference value, in Fy,, derived as Fey, = Fy + Teoxp with the
ground-state energy (X 12;, N =0,v=0) Ey = —1.164 025 030 E}. All Ty,
values were obtained by correcting the experimental term values of Dieke [21], with
—0.000 681 7 E, = —149.63 cm ™! (1 Ej, = 219 474.631 4 cm™!), since all triplet
term values were too high as it was also noted, for example, in Ref. [19].

4 FRet.theo: theoretical reference energy, in Ey, [19, 20]. The non-relativistic energy
of two ground-state hydrogen atoms is given in square brackets.

¢ Born—-Oppenheimer electronic- and vibrational-state labels. The (approximate)
rotational angular momentum quantum number, R, is also given.

! The lowest-energy eigenvalue of the real Hamiltonian obtained with the largest
parameter set and with the given quantum numbers.

e Also note the automated inclusion of the coupling of the orbital and rotational

angular momenta
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X. MOLECULAR STRUCTURE IN QUANTUM MECHANICS

Equilibrium geometry (IUPAC, Gold Book, last accessed: August 2017):

“Molecular geometry that corresponds to the true minimum on the respective po-
tential energy surface. While information relating to the equilibrium geometry is
provided by calculations within the adiabatic approximation (minimization of the
total energy with respect to any independent geometrical parameter), various ex-
periments yield some effective geometries for the molecule which are averaged over

molecular vibrations.”

e What is the definition of molecular structure without the BO ap-

proximation?

o Idea: let’s look at the wave function!

A. Probabilistic interpretation of the wave function

Claverie and Diner suggested in 1980 that appropriate marginal probability den-
sity functions calculated from the full wave function could be used to identify molec-
ular structural features in the full electron-nuclear wave function [22]. In other words,
structural parameters do not have sharp, dispersionless values, but they are charac-
terized by some probability density function.

In what follows, one- and two-particle probability density functions are introduced
which will be used for the structural analysis. The probability density of selected
particles measured from a “center point” P fixed to the body is

D (R, Rs,...,R,)

P,aias...an

= (U|0(ry —rp — R1)I(Te, —7Tp — Ry)...0(r, —Tp — R,)|V) (129)

with R; € R? and the three-dimensional Dirac delta distribution, §(r). The center

point P can be the center of mass (denoted by “0”) or another particle. For a single
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particle, this density function is
DY) (Ry) = (¥[8(ry —rp — Ry)|T). (130)

For P =0, D((fg is the spatial density of particle a around the center of mass (“0”),
while for P = b, D,Sl(z measures the probability density of the displacement vector
connecting a and b.

Due to the overall space rotation-inversion symmetry, Dg()l(Rl) is “round” for

N =0, p=+1 and the corresponding radial function is:
pra(R) = Dy (Ry) (131)

with R, = (0,0, R) and R € Rj. We normalize the density functions to one (so,
they measure the fraction of particles which can be found in an infinitesimally small

interval dR around R):
47r/ dR R? pp.(R) = 1. (132)
0

The probability density function for the included angle a—P-b is obtained by in-
tegrating out the radii in the two-particle density measured from a center point

P

FRab(a):/ deR%/ dRyR; Dglb(RlaRﬁ» (133)
0 0

with
DY) (Ri,Ry) = (U]o(ry — rp — R)S(m, —rp — Ry)|T). (134)

The center point, P, can be the center of mass (P = 0) or another particle (P = c).
Similarly to DgL(Rl), Dgzlb(Rl, R,) is also spherically symmetric for wave functions
with V =0, p = +1, and its numerical value depends only on the lengths Ry = |Ry|,
Ry = |Ry|, and the « included angle of the vectors R; and Ry (for non-zero lengths).
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FIG. 9: In the Born—Oppenheimer approzimation “[wfe discuss the very same type of

differential equation in an entirely different way”—Hans Primas, Ref. [23].

We normalize the angle density according to

87r2/ dasina I'pg(a) = 1. (135)
0

1. Numerical demonstration of the H- — H;' transition

In this section, we study the family of {a*, a*, bT}-type three-particle Coulomb
interacting systems with two identical particles and a third one (Figure 9). This

family of systems is described by the Hamiltonian

A 1 1 1 1 1 1
H as ; = T 5 /_r — _Ar - _Ar - - ;
(Ma, My, 7) 2m, ' 2mg 2 2my 0 ri—ro|  |ri—rs] o — 73

(136)

for various masses and unit charges. Note that the Hamiltonian is invariant to the
inversion of the electric charges. Furthermore, rescaling the masses by a factor 7 is

equivalent to scaling the energy and shrinking the length by the factor n
]:I(T/mmnmbar) = nﬁ(maambanr)7 VTI € R\ {0} (137)

Thereby, it is sufficient to consider only the m,/m; mass ratio to obtain qualitatively
different solutions. It is also known that the Hamiltonian in Eq. (136) has at least
one bound state for all mass ratios.

To numerically study the H- — Hj transition, the ground-state wave functions
were computed for several mass ratio values using the variational procedure described
earlier. Figure 10 shows the transition of the particle density, D[()(ll), upon the change

of mg,/my. It is interesting to note that the emergence of the particle shell is solely

23



1840

FIG. 10: Transition of the ground-state particle density, D(()(ll), by increasing the m,/my
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mass ratio in {a®,a®, b }-type systems [24]. The center (0) of each plot is the center of
mass.

induced by the increase of m,/my [24, 25], while the symmetry-properties of the
systems remain unchanged. All systems are “round” in their ground state with N = 0
and p = +1. In Ref. [24] the transition point was numerically estimated to be between
0.4 and 0.8, which also suggests that the positronium anion, Ps™, is slightly molecule-
like. In the figure the HJ molecular ion is seen as a shell, and thus, we may wonder
whether it is possible to identify the relative position of the protons within the shell.
For this purpose the angular density function, I'p,,, was calculated in Ref. [25],
which demonstrated that the protons are found at around the antipodal points of
the shell (remember that the center of each plot is the center of mass). Kinsey and
Froman [26] and later Woolley [27] have anticipated similar results by considering
the “mass polarization” term in the translationally invariant Hamiltonian arising
due to the separation of the center of mass. Furthermore, the proton shell has some
finite width, which can be interpreted as the zero-point vibration in the BO picture.
Recent work [28-30] has elaborated more on the transition properties and vibrational
dynamics of this family of three-particle systems and determined the mass ratio

where the transition takes place more accurately.

2. Numerical example for a triangular molecule

Larger molecules are also “round” in their eigenstates with zero total angular
momentum and positive parity (N = 0,p = +1), and localized particles form shells
around the molecular center of mass. In order to demonstrate a non-trivial arrange-
ment of the atomic nuclei in a molecule, the HoD* = {p*,p*,d", e~, e~} molecular

ion was studied in Ref. [25]. Interestingly, the qualitative features of the computed
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FIG. 11: Probability density functions computed for HoD' = {e~, e, pT,pT,d"}.

density functions (see Figure 11) converged very fast, small basis sets and a loose
parameterization was sufficient to observe converged structural features, whereas the
energies were far from spectroscopic accuracy.

Figure 11 summarizes the particle-density functions which highlight characteristic
structural features of the system. First, we can observe the delocalized electron cloud
(po.e), the proton shell (pg ), and the deuteron shell (pg 4) around the center of mass.
The deuteron shell is more peaked and more localized in comparison with the proton
shell. (Remember that these plots show the spherically symmetric density along a
ray and all density functions are normalized to one.)

Next, let’s look at the probability density functions for the included angle, I 45, of
two particles measured from the molecular center of mass (“0”). The dashed line in
the plots shows the angular density corresponding to a hypothetical system in which
the two particles (a and b) are independent. It is interesting to note that for the two
electrons e shows very small deviation from the (uncorrelated system’s) dashed
line. At the same time, we see a pronounced deviation from the dashed line for the
nuclei, Iy, and I pq. These numerical observations are in line with Claverie and
Diner’s suggestion based on theoretical considerations [22] that molecular structure
could be seen in an fully quantum-mechanical description as correlation effects for

the nuclei.
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As to the included angle of the two protons and the deuteron, the Iy, probability
density function has a maximum at around 60 degrees, which indicates the triangular
arrangement of the nuclei. Due to the almost negligible amplitude of Iy > at around
180 degrees the linear arrangement of the three nuclei (in the ground state) can be
excluded. Thus, the pre-BO numerical study is with the molecular (equilibrium)

structure known from BO electronic-structure computations.

B. Classical structure from quantum mechanics

Relying on the probabilistic interpretation of quantum mechanics the structure of
Hj was visualized as a proton shell (Figure 10) with the protons found at around the
antipodal points, and H,D* as a proton shell and a deuteron shell within which the
relative arrangement of the three nuclei is dominated by a triangle (Figure 11). This
analysis has demonstrated that elements of molecular structure can be recognized
in the appropriate marginal probability densities calculated from the full electron-
nuclear wave function. At the same time, a chemist would rather think about Hj
as a (classical) rotating dumbbell (Figure 12) and HoD" as a (nearly) equilateral
triangle. Although elements can be recognized in the probability density functions,
the link to the classical structure which chemists have used for more than a century
to understand and design new reaction pathways for new materials, is not obvious
[23, 27, 31-34]. In order to recover the the classical molecular structure from a fully

quantum mechanical treatment, it is necessary to obtain for a molecule
(a) the shape;

(b) the handedness: chiral molecules are found exclusively in their left- or right-
handed version or a classical mixture (called racemic mixture) of these mirror

images but “never” in their superposition;
(c) the individual labelling of the atomic nuclei (distinguishability).

Although it is possible to write down appropriate linear combinations (wave packets)
of eigenstates of the full Hamiltonian, which satisfy these requirements at certain

moments, the (a)—(c) properties are well-defined “molecular constants”.
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VS.

FIG. 12: Superposition vs. a rotating dumbbell

A very successful direction for the resolution of this puzzle is the description of the
molecule as an open quantum system being in interaction with an environment [35,
36]. According to decoherence theory pointer states are selected by the continuous
monitoring of the environment. As a result, the system’s reduced density matrix
(after tracing out the environmental degrees of freedom from the world’s density
matrix) written in this pointer basis evolves in time so that its off-diagonal elements
decay exponentially with some decoherence time characteristic to the underlying
microscopic interaction process with the environment (radiation or matter). This
decay of the off-diagonal elements leads to the suppression of the interference terms
between different pointer states, and results in a (reduced) density matrix the form
of which corresponds to that of mixed states. Hence, this result can be interpreted
as the emergence of the classical features in a quantum mechanical treatment. All in
all, decoherence theory allows us to identify pointer states, which are selected and
remain stable as a result of the molecule’s interaction with its environment.

It is interesting to note that important molecular properties (shape, handedness,
atomic labels) break the fundamental symmetries of an isolated quantum system:
the rotational and inversion symmetry, as well as the indistinguishability of identical
particles. It remains a task to explore on a detailed microscopic level how and why
these broken-symmetry states become pointer states of a molecular system.

a. Shape Following the pioneering studies which have identified pointer states
and confirmed their stability upon translational localization [37-39] Ref. [40] pro-
vides a detailed account of the rotational decoherence of mesoscopic objects induced
by a photon-gas environment or massive particles in thermal equilibrium. The qual-

itative conclusions are similar for the two different environments, however there are
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differences in the estimated decoherence time and its temperature dependence differ
for the two environments. Orientational localization of the mesoscopic ellipsoid takes
place only if there are at least two directions for which the electric polarizabilities
are different, and coherence is suppressed exponentially with the angular distance
between two orientations.

b. Handedness As to the chirality of molecules, the superselection phenomenon
has been demonstrated in Ref. [41] by using a master equation [42] which describes
the incoherent dynamics of the molecular state in the presence of the scattering
of a lighter, thermalized background gas. Experimental conditions are predicted
under which the tunneling dynamics is suppressed between the left and right-handed
configurations of DySs.

c. Individual labelling of the atomic nuclet Concerning the distinguishability of
atomic nuclei, it remains a challenge to work out the detailed theoretical equations
and to estimate the experimental conditions under which the individual labelling of
quantum mechanically identical atomic nuclei (e.g., protons) emerges, and gives rise

to the concept of chemical isomerism.
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Appendix

pdg.1bl.gov/2002/clebrpp.pdf (last accessed: 28 August 2017)

35. Clebsch-Gordan coefficients 1

35. CLEBSCH-GORDAN COEFFICIENTS, SPHERICAL HARMONICS,
AND d FUNCTIONS

J J
Note: A square-root sign is to be understood over every coefficient, e.g., for —8/15 read —/8/15. Notation: M M
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Figure 35.1: The sign convention is that of Wigner (Group Theory, Academic Press, New York, 1959), also used by Condon and Shortley ( The
Theory of Atomic Spectra, Cambridge Univ. Press, New York, 1953), Rose (Elementary Theory of Angular Momentum, Wiley, New York, 1957),
and Cohen (Tables of the Clebsch-Gordan Coefficients, North American Rockwell Science Center, Thousand Oaks, Calif., 1974). The coefficients
here have been calculated using computer programs written independently by Cohen and at LBNL.
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