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1. Introduction

The fundamental problem of describing a system of more than three interacting particles has
troubled physicists since the early days of Newton. A general analytic solution of the many-
body problem in classical mechanics turned out to be intractable but sophisticated N-body
simulations allow to calculate trajectories corresponding to thousands of interacting particles
with high numerical accuracy. In the quantum regime the dynamics requires the propagation
of the many-body wave function which renders the numerical treatment far more intricate. In
fact, a direct numerical solution of the Schrédinger equation in three dimensions is feasible
only for two interacting particles. Many-body quantum systems are pivotal in many differ-
ent areas of research ranging from atomic and molecular physics to solid state and nuclear
physics. The significance of quantum many-body problems has led to a dedicated search for
the basic laws underlying these systems. However, due to the complexity and the large num-
ber of degrees of freedom an exact treatment of quantum many-body systems is limited to
a few very specific model systems [1]. The generic case requires well suited approximations
that capture essential features of the complete problem. Starting with the 1920s, the need
for accurate approximations for atoms, the prime example for a quantum many-body system,
has led to the development of a wide range of different theories. One of the first approaches
was the Hartree-Fock method for fermions developed by D. R. Hartree, J. C. Slater and V.
A. Fock as a mean-field theory [2]. Within this approximation the many-body wave function
is assumed to be a single Slater determinant reducing the many-body problem to an effective
one-body problem. Originally this method has been developed for stationary states but it was
soon adapted to time-dependent problems by allowing the orbitals to vary in time [3]. This
approach explains crucial atomic properties like the Aufbau principle and gives a good esti-
mate for the energy spectrum and the dynamics induced by time-dependent external potentials.
However, it is not accurate enough to trace the behaviour of atomic and molecular systems if the
interaction between the electrons forces the wave function into superposition of several deter-
minants. The description of such correlated systems is significantly more complicated because
the electrons are no longer individual particles but rather a collective that has to be described
as a whole. In particular, time-dependent problems such as atoms in high-intense laser fields
triggering non-linear response such as high-harmonic generation or tunnel ionization require so-
phisticated time-dependent methods beyond the Hartree-Fock approximation. A quite recent
numerically demanding approach is based on a linear combination of Slater determinants whose
time-dependent coefficients and orbitals are determined by a time-dependent action principle.
The theory is referred to as the multiconfiguration time-dependent Hartree Fock (MCTDHF)
method and enables a quantitatively correct description of complex many-particle systems thus
providing a state of the art reference [4, 5|. A similar theory for bosons called multiconfiguration
time-dependent Hartree method for bosons (MCTDHB) enables to treat systems where mean
field approximations such as the Gross-Pitaevskii equation fail [6]. For systems including more



than a few particles the number of required orbital configurations increases rapidly rendering
calculations unfeasible. A computationally less demanding approach to many-body dynamics
which is based on the particle density is given by the time-dependent density functional theory
(TDDFT) [7]. This theory is an efficient alternative to MCTDHF calculations because it re-
duces to an effective one-particle problem. However, to account for correlation effects the use
of an exchange-correlation potential is required whose exact form is unknown. This fundamen-
tal drawback makes DFT hard to develop further from first principles. The unknown energy
functional can be circumvented by using the two-particle reduced density matrix (2-RDM) as
the basic object since in this case the energy functional is known exactly [8-10]. Such a theory
based on the 2-RDM has the key advantage of reducing the overwhelming information stored
in the wave function to the essential information necessary to calculate expectation values of
two-particle operators such as the Hamiltonian [11-13|. This suggests the intriguing possibility
of turning many-body problems into effective two-body problems. Variational calculations for
ground states based on the 2-RDM energy functional showed that it is crucial to take into
account additional constraints which assure that the 2-RDM can be obtained from an actual
many-body wave function [13]. Although great effort was dedicated to finding these constraints,
called the N-representability conditions, the problem still remains unsolved. However, recent
progress transformed the variational 2-RDM method into a convenient alternative to expensive
multiconfigurational calculations |14].

By now theories employing the 2-RDM directly without the use of the wave function have
primarily been used for ground state energies of molecular systems. The aim of this work is to
develop a new approach based on the 2-RDM to treat time-dependent problems. Central point
of our method is the reconstruction of the three-particle reduced density matrix (3-RDM) via
the 2-RDM. To deal with the N-representability problem we incorporate purification methods
known from the literature and in addition develop new approaches which take into account
further N-representability conditions. To test the accuracy of the new theory we calculate
the electron dynamics of a lithium hydrate molecule subject to high-intense laser fields. As
a suitable reference for the exact propagation we utilize the MCTDHF method in a twofold
way. First, we use the MCTDHF results to compare with the approximate 2-RDM results for
quantities such as the energy and the dipole moment. Second, the MCTDHF method allows
at each time step to estimate the error arising from the reconstruction of the 3-RDM and
from purification. This feedback is essential in further developing and optimizing the 2-RDM
method.

This thesis is organized as follows: In chapter 2 we review the theoretical basis for the time-
dependent 2-RDM method including the definition and general properties of reduced density
matrices as well as the 2-RDM energy functional and its theoretical consequences. Further, we
derive self-consistent equations of motion for RDMs using a reconstruction scheme to express
higher-order RDMs by lower-order ones. We exploit a time-dependent orbital basis to solve the
equations of motion in a numerically efficient way. Finally, we discuss the N-representability
problem and we develop a new purification scheme that extends the number of implemented
conditions. In chapter 3 we apply the theory to the one-dimensional lithium hydrate molecule
in intense laser fields and compare the results to those obtained from the MCTDHF method.
In addition, we identity the influence of the purification on the time evolution of the 2-RDM.
We summarize our results and give an outlook to further studies in chapter 4. In the Appendix
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detailed derivations of several properties discussed in chapter 2 are presented.






2. Theory

In this chapter we present an introduction to the mechanics of reduced density matrices (RDMs)
including their general definition and their application to the many-body problem. We show
that the total energy can be written as a two-particle RDM functional and discuss the asso-
ciated variational principle, before we turn to the contracted Schrodinger equation and the
approximation of higher-order density matrices by lower-order ones. Finally, we treat the N-
representability problem which lies at the heart of the reduced density matrix mechanics and
poses a challenge to every application.

2.1. Reduced density matrices

In 1927 [15] John von Neumann investigated the probabilistic character of the new born quan-
tum mechanics finding that every state of a quantum system can be described via an operator,
the density matrix p. Since then, density matrices have become an essential tool in describing
systems that are in a statistical ensemble of different states such as subsystems in contact with
an environment.

The defining property of the density matrix is that the probability to find a system in a
specific state |®) is given by the element Py = (®|p|®). This fundamental relation leads to
three basic characteristics of the density matrix:

1. Hermicity: Since for all |®) the probability Py must be real, Pj = (®|p'|®) = P, the
density matrix is hermitian pf = p.

2. Positivity: For all |®) the probability Ps must be positive Py = (®[p|P) > 0
3. Normalization: Tr(p) = > .(®;|p|P;) = 1.
For a system described by |W) the probability to measure the state |®) is given by
Py = [(Q]D)* = (9|T)(T|D), (2.1)
such that the corresponding density matrix is
p=[U)(¥, (2.2)

and the system is in a pure state in which case the density matrix is idempotent, i.e., p = p2.
Von Neumann’s description of quantum systems via density matrices is very general and the
set of physical states that can be described by density matrices includes not only pure sates
but also statistical ensembles of different states called mixed states with

ﬁ:Zpi\\IJM\I/] and Zpizl. (2.3)
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Such mixed states are essential for the description of subsystems embedded in a larger closed
system. In a natural way the Hilbert space of the closed supersystem can be divided into a sub-
system and an environment spanned by the associated basis functions |s;) and |e;), respectively.
Assuming the closed system to be in the pure state

W) = Zcmlsi>|ej>, (2.4)

the probability to find the subsystem in a specific state |®,) is given by

Py, = (V] (Z |<I>s>!6j><<1>s!<€j!> W) (2.5)

J
= (P, (Z |3i>0i,jcff,j<3z‘"> |Ds). (2.6)
758,48

Therefore, the appropriate description of the subsystem is given by the RDM

= Isieiich (sil. (2.7)

Jrisi!
Using the basis representation p; .+ i = (s;|(e;|ple;)|s#) the reduction of the density matrix of
the supersystem to the RDM of the subsystem has a very simple form:
Piit = Sz|ps|sz sz,jz,j (28)

The degrees of freedom corresponding to the environment have been traced out and the opera-
tion that leads to the RDM of the subsystem is known as partial trace. The resulting RDM of
the subsystem corresponds to a pure state only if the environment and the subsystem are not
entangled. In this case the expansion coefficients can be written as a dyadic product ¢; ; = a;b;.
In general, however, since the number of entangled states is much larger than the number of
product states the interaction between the subsystem and the environment creates a mixed
state for the subsystem. The reduction process (Equation 2.8) is one of the key ingredients in
modern decoherence theory [16].

Since many years the idea of decomposing a large system into a subsystem and an environment
has been applied to the quantum N-body problem by considering the subsystem of p-particles
to interact with the remaining (N — p)-particles which form the environment. In this spirit the
p-particle reduced density matrix (p-RDM) D(z; ...z, 2] ... 2;,) of the p-particle subspace is
determined by tracing out the coordinates of the remaining particles:

N

p) /\I/(xl Xy Ty - TN) (2] .a:;,, Tpi1 .- TN)dTpi...dTy.

(2.9)

D(zy...xp;a .. x) = (

Note that contrary to a classical system of N particles with (N ) different p-particle subsystems
the indistinguishability of particles in quantum mechanics renders all p-particle subsystems
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indistinguishable as well. Thereby, the p-RDM does not describe one specific p-particle sub-
system but rather all of them simultaneously as an ensemble of p-particle states. In the case
of a single determinant wave function, for example, the occupied orbitals representing different
one-particle subsystems are eigenfunctions of the 1-RDM (see Appendix A). Eigenvalues and
eigenfunctions of the 1-RDM are commonly used in quantum chemistry and are called nat-
ural occupation numbers and natural orbitals, respectively. In the general case of arbitrary
many-body wave functions of interacting particles the natural orbitals are the closest analogy
to individual one-particle states. In the same spirit, the eigenvectors and the eigenvalues of the
2-RDM are called geminals and geminal occupation numbers, respectively.

Most of the results presented in this work apply equally to fermions and bosons in one dimen-
sion. Therefore, we define the coordinates x; to comprise the space coordinates z; and the spin
coordinates s; to handle both spin-2%5 fermions and spin-2n bosons (n being a natural num-
ber) in the same manner. The fundamental difference between fermions and bosons is reflected
in the symmetry or antisymmetry of the density matrices with respect to a permutation of left
coordinates x; ...z, and right coordinates x} ...x;,. Both for fermions and bosons the RDM
is hermitian under the exchange of the left and the right coordinates as a whole. Throughout
this work we will use the convention that the number of indices implicitly specifies the particle
number of the reduced density matrix. For coordinate-independent formulations we denote the
p-RDM by D,,.

While the definition of the p-RDM in first quantization might be more familiar, some concepts
are easier to describe in second quantization. The wave function can be expressed in second
quantization using the field operator ®(z) and the vacuum state |0):

V(... o) = \/%«)@(m) b)WY, (2.10)

Note that |¥) is a N-particle state. To obtain the p-RDMs in second quantization we insert
this expression into Equation 2.9

1 (N A - . .
D(xy. . ap; ... x,) = N (p) /(\IJ|<I>T(x’1)...<I>T(xN)|O)(O|(I>(xN)...(I>(x1)|\If>d:pp+1...de.
(2.11)
This equation can be simplified using the fact that the wave function |V) is a N-particle state.

The annihilation operator acting N-times on |¥) gives a result that is proportional to |0) and
the inner projection operator |0)(0| acts as an identity:

D(xl...xp;xll...x;):%C;) /<\p|<i>f(xg)..,&T(xN)é(xN)...é(xl)|\11>dx,,+1...da:N. (2.12)

Further simplification can be achieved by using the particle number operator

N = /é*(az)cﬁ(m)dx (2.13)
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to get
1 (N i . . .
D(zy...xp .. =N\ p \I/|<I> LN an)P(2y).. (2 |W)drp .. Aoy
1 (N i ; . .
g ITN-1 IN=1)--- T Tpt1---ATN -1
=M\ <‘1’|<I> BN @y ) NO(2y-1)... (1) P)d d
1 (N i - s .
ﬁ P 1- <\If|(b l’l) O ($N_2)N(I)($N_2)...q)($1)|\If>d£l§'p+1...d$N_2
1 (N 5 (1 - . .
- <xp\c1>*< 0Bt (2 B(y).. D (1) | W) (2.14)

The expression for D, in second quantization has the advantage that the coordinates of the
additional (N — p) particles do not enter explicitly which simplifies many calculations.

For applications, the representation of RDMs in a given orbital basis ¢;(z) is often benefi-
cial. For electrons each spatial orbital comes in two different spin configurations ¢;(z,1) and
¢i(z, ) effectively doubling the number of actual orbitals. In our notation we merge the spin
configuration into the orbital index. In analogy to Equation 2.14 the representation of D, in
any (spin) orbital basis reads

o 1
Dl = —(Wlal .l ay,.a, W), (2.15)

with the creation and annihilation operators

& = / 64(2) B (2)dx o = / 61(2)0' () de (2.16)

The relation between the space and the orbital representation is given by

D;i ,,,,, ;;; = /D(xl ey 1) (1) ()0, (7)) - ¢y (2,)dy L dapda L da,

-----

D(wy...xp ). .al) = Dy r gy (21) . gy, (2) 85, () ... &) (ah), (2.17)

.....

where we apply Einstein notation whenever a sum over orbital indices appears. The expansion
of the RDM in an orbital basis is essential for technical reasons: The numerical discretization
of space requires, in general, a large number of grid points such that even the RDMs of lowest
order become very large matrices.

Following [9] the factor (];[ ) in the definition of the RDMs (see Equation 2.9) is chosen in
such a way that the p-RDM is normalized to

/D@;1 e ayian ). day — (N) (2.18)

p
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There is no general convention for the normalization of p-RDMs and many different conven-
tions can be found in literature. Our convention is convenient since the particle number N
does not enter the equations of motion (see Equation 2.79 below) and the diagonal elements
D(xy ...z ... 2,) have a nice interpretation in terms of expectation values for p-particle tu-
ples (see Appendix B). Tuples are the generalization of pairs and triples to arbitrary integers.
Another feature of this normalization is that p-RDMs obtained from single determinant wave
functions have exactly (];] ) eigenvalues equal to one while the remaining eigenvalues vanish
making the p-RDMs idempotent D, = Dz (see Appendix A). In particular for the 1-RDM the
idempotence D; = D? gives a necessary and sufficient condition for the wave function to be a
single determinant.’

2.2. Energy as a 2-RDM functional

As mentioned in section 2.1, the defining property of the density matrix is that the probability
to find the system in a specific state |®) is given by Py = (®|p|®). A similar result holds in
the case of p-RDMs, i.e., the element

Te = /CID*(xl...xp)D(xl...xp;a:'l...x;)q)(xﬁ...x;)dxldx'l....dxpdx;. (2.19)

is the mean number of p-particle tuples in the p-particle state ®(z;...z,). This gives a convenient
method for the calculation of expectation values and probabilities of p-particle operators with
the help of D, without using the wave function. For example, the average number of pairs in
the 2-particle state ®(xy, z5) is given by

Te = /@*(xl,xg)D(xl Tg; 1) 1) P(x), x4)dr droyda) da,. (2.20)

Similarly, the average number of pairs with coordinates (x,z) is given by the two-particle
density

p(x1,22) = D(x122; 2122), (2.21)

and the average number of pairs with momenta (ki, ks) is
1 ikq (:p’ 711) iko (Z/ 7:E2) / / / /
P(ky, ko) = 2n)? eI I o2 T02) [ (14 295 ) a0y )y daed e da),. (2.22)

This property of the 2-RDM has an important consequence for systems whose dynamics is fully
determined by pairwise interactions between the particles. In this case the Hamiltonian has
the general form

H(zy,...,zn) = th) + ) Vilai, xj), (2.23)

1<J

! Note that for RDMs normalized to one the idempotence is a necessary and sufficient condition for the p-
particle subsystem to be in a pure state. p-particle subsystems of Slater determinants cannot be described
by pure states and the p-RDM is idempotent if and only if it is normalized to (];[ )
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where h(z;) = —(h*/2m)A; + Ve (2;) is the one-particle operator containing the kinetic energy
and the external potential, and Vj, is the interaction potential between two particles. Such
systems include, e.g., atoms and molecules, ultra cold atoms in trapping potentials or electrons
in a solid. Since the Hamilton operator for such systems is given by a 2-particle operator the
2-RDM contains all information needed to calculate the total energy of the many-body system.
This result can be obtained by

E = <I:I> = /\I/*(xl, e TN) (Z h(zx;) +Z‘/int(:vi,xj)> U(zy,...,zy)de;...dey

i<j

:N/\If*(xl,...,xN)h(xl)\IJ(xl,...,xN)dajl...de

N
+< )/\I’*(I'l,...,I‘N)‘/int(Il,JZQ)\II(ZL‘l,...,fL’N)dZL'l...dZEN

2
= /h(x'l)D(x/l, 1) |ot oy Ay + /th(xl, T9) D(z129; 122)dx1d2s, (2.24)
where we have used the fact that the expression V*(zy,...,2y5)¥ (21, ..., 2y) remains invariant

under particle exchange. An alternative to obtain the expression for the energy is based on the
Hamiltonian in second quantization

H= / &f (1) h(x1)P(21)dwy + % / B (29) D (1) Ving (21, 22) P (1) P(22)dary s, (2.25)

On this level, the additional coordinates that make the expressions in first quantization some-
what clumsy are avoided from the start and the energy functional is obtained in a convenient
way by taking the expectation value £ = <\If]ﬁ |W) . Further simplification can be achieved by
rewriting the Hamiltonian as a pure 2-particle operator

1 . . . .
H = 5/(I)T(xg)(DT(l'l)HQ(iEl,.CCQ)(I)(QZ’l)(I)(.TQ)dxldl'Q (226)
with
h +h
Hg(l’l,xg) = M +‘/int(l'1,l‘2). (227)

N -1

Taking the expectation value leads to the formula for the total energy:
E = <.E[> = /Hg(Il,ZEQ)D(J/’lIQ;[El.CCQ)d[EldCCQ == TI‘(HQDQ). (228)

From a conceptual point of view this result has a nice interpretation. Each eigenstate Vg, (x1, 22)
of the Hamiltonian Hs(x1,z5) contains the average number of pairs Pp,

Pg,

K3

= /\I/*El (w1, 22) D(x1 29; ) 25)VE, (2], x4)dzydrada) das, (2.29)
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and the total energy is nothing else but the sum over all contributions?

E=) EPyg, (2.30)

The energy functional in terms of Dy has an important consequence known as Rosina’s theorem
[17] which states that the 2-RDM of a non-degenerate ground state contains the complete
information on the ground state many-body wave function, i.e., there exists only one wave
function whose partial trace is the ground state 2-RDM. The proof for this theorem uses
reductio ad absurdum and relies essentially on the 2-RDM energy functional: Consider two
wave functions that reduce to the same ground state 2-RDM. Then by Equation 2.28 their
expectation value for the energy is equal to the ground state energy which is only possible if
the ground state is degenerate which we have excluded from the beginning. We show that this
result can be generalized to arbitrary eigenstates of the Hamiltonian. We employ the fact that
the energy functional is stationary

SE[U] =0 (2.31)

under variations |W) + |0¥) constrained by (V|¥) = 1 if and only if |¥) is an eigenstate. Since
every variation of the 2-RDM subject to the N-representability® condition is represented by at
least one variation of the wave function, the variational principle for the wave function can be
mapped to a variational principle for the 2-RDM. In particular, the 2-RDM corresponding to
a wave function is stationary if and only the wave function itself is stationary and therefore an
eigenstate (see Figure 2.1). If the 2-RDM corresponds to two wave functions with the same
energy expectation value where one of them is an eigenstate the other has to be an eigenstate as
well. The 2-RDM of non-degenerate eigenstates thus contains enough information to reconstruct
the whole eigenstate. This theorem justifies the reconstruction procedure we will encounter in
subsection 2.3.2 since by this theorem all higher-order RDMs can be reconstructed from the
2-RDM, at least when the state can be associated with an eigenstate.

In the early 1950s, the 2-RDM energy functional triggered interest in the 2-RDM as a conve-
nient object for the description of many-body systems and the fascinating idea arose that the
problem of calculating the energy of many-body systems could be reduced to an effective two-
body problem [9, 10, 18, 19]. In a first try, the Rayleigh-Ritz variational principle based on the
2-RDM as a trial object for the ground state energy of a gas of electrons immersed in a uniform
positive charge produced ground state energies well below the exact result [18]. The reason for
this unsuccessful attempt is that within the variational process the energy is minimized such
that the trial 2-RDM takes on a form that cannot be derived from any actual many-body wave
function. Therefore, additional constraints have to be applied in such a way that the partial
trace of at least one wave function leads to the 2-RDM at hand. These sufficient and necessary
conditions have been called N-representability conditions [20, 21].

Simultaneously with first attempts based on the 2-RDM, Walter Kohn has launched one
of the great success stories in many-body quantum mechanics, i.e., density functional theory

2 Note that by summing over all pairs the one-particle contribution to the total energy is over-counted (N —1)
times giving rise to the denominator in Equation 2.27

3 N-representability means that the RDM can be obtained from at least one wave function, for more details
see section 2.5
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Hilbort S
1bert space /’ SE = Tr(Hy6D,)

N-representable 2-RDMs

Figure 2.1.: Every variation [0¥) of the wave function in Hilbert space can be mapped onto a
variation Dy of the corresponding 2-RDM and in return every variation of the 2-RDM under N-
representability condition can be assigned at least one variation of the associated wave function.
The variation of the energy is a functional of the variation of the 2-RDM and, therefore, the wave
function is stationary if and only if the corresponding 2-RDM is stationary.

(DFT) [22] building on previous work by Llewellyn Thomas and Enrico Fermi [23]. The key
fact of DFT is the existence of an energy functional depending solely on the electron density

p(2) =D(z 152 1) + D(z ]z 1) (2.32)

whose minimum yields the exact ground state energy. In contrast to the 2-RDM energy func-
tional, however, the exact form of this functional remains undetermined. The N-representability
conditions on the other hand are satisfied for any reasonable density. In particular, every elec-
tron density that is non-negative, normalizable, and fulfills

/\V\/p(z)|2dz < 00, (2.33)

corresponds to at least one wave function [23|. The present unsatisfying situation is that
within DFT the N-representability problem is solved but the energy functional remains un-
known, whereas within the 2-RDM approach the energy functional is known but a complete set
of N-representability conditions is inaccessible in general and one is restricted to an approxi-
mate set of conditions [14, 24| (see section 2.5). For many years the variational approach to the
ground state based on the 2-RDM was put aside due to the complexity of the N-representability
problem. Only in the late 1990’s with the help of semidefinite programming and new theoret-
ical insights this method became a feasible alternative for ground state calculations of highly
correlated molecules and atoms [14].

Beside the variational approach to the ground state another method based on the contracted
Schrodinger equation has emerged in the early 1990’s. Since our method of propagating the
2-RDM is based on a similar contraction of the time-dependent Schrédinger equation we review
this approach in the next section.
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2.3. Contracted Schrodinger equation

The fundamental equation that governs the dynamics of the N-body quantum wave function
U(zy,...,xn,t) is the Schédinger equation

W0 (1, ..., T t) = (Z h(zi) + Y Vi, g;j)> U(zy, ..., xN;1). (2.34)

i<j

Solving the Schrédinger equation yields a complete description of the N-body quantum system.
However, for more than two particles in three dimensions the direct (numerical) solution of this
partial differential equation is inaccessible, except for a few special cases. The source of this
complexity is the tremendous amount of information stored in the wave function. For many
applications the complete wave function contains much more information than necessary and
it is therefore of considerable interest to reduce the Schrédinger equation in such a way that
the obtained equation describes the propagation of the significant information only. Such a
reduced Schrodinger equation is known by the name contracted Schrodinger equation (CSE)
which is the central equation of this diploma thesis. Depending on whether the contraction is
applied to the time-dependent or the time-independent Schrédinger equation two related but
substantially different equations arise. For many years the time-independent CSE has been used
as the fundamental equation for the direct calculation of the ground state 2-RDM. The CSE
for D, is obtained by multiplying the Schrédinger equation with W*(z4, ..., xy) and tracing out
the coordinates of all but p particles. This results in the following expression for the p**-order
CSE:

ED(xy...xpa) ... 7)) =

N N
N
_ (p) /\p*(gj; T Ty T) (Z h(z:) + Y Vin(i, xj)> (21 ... 2y, Tpry . 2N )ATpy..
i i<j
p p
— (Z h(x;) + Z Vit (2, :L‘])> D(xy ... xp; @) ... xy,)
i=1 i<j

P
+(p+1) / (h(:rp+1) + Z Vint (@, xp+1)> D(xy .. xpTpyr; @ - Ty )diy
i=1

+<p+1><p+2>

o /
5 /Vim(mpﬂ, Tpr2) D(21 .. TpTp 1 Tp1 05 T -+ Ty 1 Tpy2) ATy 1day 0. (2.35)

By a result of Nakatsuji’s the p™-order CSE for p > 1 is necessary and sufficient for the
underlying wave function to be an eigenstate of the Schrodinger equation [25]|. This means
that there is a direct mapping between the eigenfunction with energy E and the chain of N-
representable RDMs D,,,D,11,D, 2 that solve the CSE for the same E. The second-order CSE
is the first equation in this hierarchy and by Nakatsuji theorem the 4-particle RDM is sufficient
to determine all non-degenerate eigenstates. While in principle, the second-order CSE is a
closed equation for the 4-RDM subject to N-representability conditions, the 4-RDM is not a
feasible object in any practical application due to its complexity and a more promising approach

.diL‘N
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was made by Valdemoro who derived reconstruction functionals for D3 and Dy in terms of Dy
and D in order to make the second order CSE a closed equation |26]. Before we turn to the
reconstruction we discuss in the next section the contraction of the time-dependent Schrodinger
equation.

2.3.1. Equations of motion for RDMs

A convenient starting point for the derivation of the time-dependent contracted Schrédinger
equation is the von Neumann equation for the density matrix

10, D(xq ... xN; T .. 2y t) = []:I, DN] =

N
[Zh T —i—Zth T, Tj) Zh( Zth x, ]] D(xy ... oy . 2y t) =

1<j % 1<J
=K(zy...on;2) . 2y t) — K*(2) . 2y oy . s t) (2.36)
with
K(zy...xn;2) ... 2y t) [thZ —i—ZV}nt xl,x]] D(xy ... oy ayst).  (2.37)
1<j

By tracing out all but p particles we arrive at the equation of motion for the p-RDM

i0,D(xy ... xp2) .. apit) = /K(xl coany o T t) — K2 2y oy t)dagg . day,
(2.38)

where the right hand side is given by the subtraction of two terms, one being equivalent to the
right hand side of Equation 2.35 and the other being the conjugated term with the replacement
of z; by «}. This subtraction causes the integration over Do and D, with h(z,+1) to cancel:

/ [A(@ps1) = h(@ps1)| D@y .. 2pTpyr; @) - 22y s t)da, g =0

/ [Vint(l‘pﬂa mp+2> - Vint<xp+1, $p+2)} D($1 <o TpTp1Tp42; x’1 e $;$p+1$p+2; t)dxp+1dxp+2 =0.

(2.39)
The remaining terms form the equations of motion for the p-RDM [27]
ihO,DP (21, ..., xp; @, .oy i t) — [H, DP(2)] = (p+ 1) F (21, ..., 2p; 27, ..y 25 1), (2.40)
where
P p p
[H,D"(t)] = (Zh(m + ) Vi, 75) Zh +vat p, ) D(zy...2p) ... 7))
i=1 i<j i<j
F(xy, . xp; 2, s t) = 12y, .o 25 2, ...,x;; t) = I" (2], oy 0 21, oy T3 1) (2.41)
and

P
(1, oy wp; @,y t) = /Z Vint (@5, Tpy1) D(21 .o ppy1; ) - 2 xpqr; t)dapy. (2.42)
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This equation is similar to the time-independent case but there are some major differences.
The most important point is that the time derivation of D, depends solely on D, and D,.
When combined, the set of all equations forms as coupled chain that is at least a complicated as
solving the original Schrédinger equation. In statistical physics a very similar result is known
as the Bogoliubov-Born-Green-Kirkwood-Yvon hierarchy [27]. In contrast to the p*™-order CSE
which is, in principle, a closed equation for D, .4, the time-dependent equation is not a closed
equation for the evolution of D, ;. In general, practical applications require a truncation of
this chain at some finite order p by approximating D, ; in terms of lower-order RDMs. Before
we turn to the approximation scheme we give an intuitive interpretation of Equation 2.40.
Since for systems with pairwise interaction the 2-RDM allows to calculate the total energy and
related 2-particle properties we focus on the equations of motions for the 2-RDM:

10, D(x1mo; 2l t) — [H, Do(t)] = 3F (x1m9; 2 2h; 1). (2.43)

For two-particle systems the 3-RDM is equal to zero and the equation reduces to the well known
von Neumann equation for the density matrix. In the case of more than two particles the F-
operator describes the pairwise interaction between pairs and the surrounding particles. The
similarity between Equation 2.40 and the Boltzmann equation for classical systems suggests to
interpret the F-operator as a two-body collision integral. Therefore, the physical meaning of
this term becomes more obvious in momentum representation where the diagonal element

Fg(k'lkfg, k‘lkfg, t) = I(k’lk’g, k’lk’Q, t) — I*(kll{ig, l{ilk’g,t) (244)

describes how the occupation number of pairs with momenta (ki, k2) changes in time due to
the presence of the surrounding particles.

The term with the positive sign corresponds to processes which increases the number of pairs
with (ky, k2) whereas the term with the negative sign stands for processes in which the pair is
scattered out of the momentum configuration (ki, k2). To investigate the mechanism behind
these processes we interpret the interaction potential in momentum space,

Vgnt(k:h kT; k,u,a ka) — /ei(kl_klt)xl—‘l_i(kT_kO’)xQ int(xlny)dxldx% (245)

as the coupling strength for a particle pair to undergo a transition from (k,, k) to (ki,k;).
Based on this interpretation the explicit formulas for the momentum representation of I(k1ko; k1ka;t)
and I*<k1k2, klkg; t)

I(k1ko; kvkost) = | Vi (ku, kos k1, ke ) D(kikrkos Ky ko kos t)dk,dk,dk, (2.46)
+ [ Vine(ky, ko k2, ke ) D(kok ks kyko ks t)dk,dk,dk,
I*(k’lkg, k1k2> = ‘/int(k:17 k?T, k?'u, k’g)D(kuka’Q; k’lk}kg; t)dk?udkgdkT

+

— e — —

Vit (o, ks ey ko) D (Kkioks Kok ke £)dk, dkpdk, (2.47)
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(a) (b)

ke g ko ko ko
k L}
o
V(kuaka;klakT) V(khk’r;ku?ka)
kO’ kT

Figure 2.2.: Scattering events leading to (a) the formation of a particle pair with momentum
configuration (k1, k2) and (b) to the annihilation of such a pair.

show that I(kyks; k1ko;t) contains the sum over all scattering events that lead to the momentum
configuration (kq, ko) whereas the negative contribution I*(kiks; k1ko;t) is the sum over all
possibilities to destroy such a momentum configuration (see Figure 2.2).

The interpretation of F' as a collision integral clarifies why the diagonal of F' in space rep-
resentation F'(zyx9;x1x9;t) is zero since the pair density D(xixs;x129;t) is not immediately
altered by scattering events. At first sight the equations of motion for the diagonal part of the
2-RDM,

iatD(l’l.TQ; T1T2; t) = [H, D2($1$2; T1T9; t)] R (248)

seems to be closed but since H contains derivations with respect to x; and x5 the diagonal of
the 2-RDM is not sufficient to calculate the right-hand side. Consequently the interaction with
the surrounding particles does effect the pair distribution via off-diagonal components.

2.3.2. Approximating higher-order density matrices

The indeterminate nature of the CSE requires a reconstruction procedure that allows to express
higher-order RDMs in terms of lower-order ones. The theoretical basis for this reconstruction is
that for eigenstates, in particular for ground states, all RDMs can be written as functionals of
the 2-RDM (see section 2.2). This theorem assures that the 2-RDM is a sufficient resource for
the reconstruction of the wave function if the 2-RDM can be associated with some eigenstate.
However, applications are restricted to approximations since the explicit form of this functional
is not known by now. The one-to-one correspondence between the 2-RDM and the wave function
breaks down for superpositions of eigenstates. In particular, if the ground state is perturbed by
time-dependent external fields (see subsection 3.1.2) the time-dependent method requires the
reconstruction of 3-RDMs for a wave packet. The reconstruction in this general time-dependent
case is based on neglecting the ambiguity in the 3-RDM originating from the lack of a direct
mapping between the time-dependent 2-RDM and a time-dependent wave function. Although
the theoretical basis for this assumption is not yet developed, the results in subsection 3.1.2
suggest that the assumption is well suited to describe the systems under consideration. The
first reconstruction procedure was developed in 1992 by Valdemoro [26, 28] via the particle-hole
duality in the search for an approximate solution of the second-order time-independent CSE,
see Appendix C. A more systematic approach to the reconstruction process is based on the



2. Theory 21

cumulant theory for RDMs developed by Mazziotti [29]. Starting point of this method is the
generating functional of the RDMs

T(J,J5) = (U0 exp ( / Of (z)J(2) + é(x)JT(x)dx) W), (2.49)

where J(z),J'(x) are anti-commutating variables [J(z), J(z')], = [J(:c),ﬁ(:c’)h = 0 for
fermions and commutating variables for bosons. The normal ordering operator O assures that
in the Taylor expansion of the exponential all creation operators are on the left side of the
annihilation operators which makes the exponential a well defined function. Similar to the
moment generating function in probability theory J(x), JT(z) have no physical meaning and
vanish in final expressions. The special property of the generating functional is that the RDMs
appear as the coefficients of its Taylor expansion:

orr
li )
10150 0T (21)...0T (2,)0] () ...0T ()

D(xy...axp; ... x,) =

(2.50)
For more details see Appendix F. In analogy with the definition of cumulants in probability
theory the cumulant generating functional in reduced density mechanics is given by W = In(I")
leading to the following expression for the p-particle cumulant A:

orw

A coxyxhxh) = i . 2.51
p(T1 iy zy) = 0 (21)..0T 1 (2,)0] ()0 () (2.51)

Using the chain rule several times the cumulants can be expanded in terms of the RDMs. In
a short hand calculation the coefficients can be derived from expanding %log(y(x))|x_,0 in
terms of the derivatives of y(x) and using y(0) = 1:

d _ y'(0) _

T loa(u(e)ln = L = 5/0)

% log(y(2)) a0 = 4"(0) — ¢/ (0)y/(0)

% log((x))]amso = 52(0) — 3y (0)y/(0) + 24/ (0)y/ (0)y/ (0)
d4

151 108(Y(7)) oo = y™(0) — 4y (0)y(0) — 3y"(0)y"(0) + 124”(0)y/'(0)y'(0)
— 6y/(0)y'(0)y'(0)y'(0).

A more involved calculation for the p-particle cumulants A, for fermions gives (see Appendix F):

Ay =D, (
Ay =Dy — Dy A Dy (2.53
As = D3 — 3Dy A Dy +2D? (
Ay = Dy —4D3 A Dy —3D3 A D3 + 12Dy A D} — 6D, (
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with D? = Dy A D; and the wedge product defined as the antisymmetrization of the tensor
product D, ® D,

D,AD, =
1 / / / /

- TR Z sgn(0)sgn(7) D(To(1) - - - To(p); Tr1y - - o)) D(To(pi1) - - - Topra)s Tripr1) - Tripig))
1 -

where sgn(o) denotes the sign of the permutation ¢ and A is the antisymmetrization operator.

To illustrate the significance of cumulants we consider a N-particle system that can be decom-
posed into a subsystem of Ng-particles and an environment consisting of (N — Ny) particles.
In general, if there is any interaction between the particles of the subsystem and the envi-
ronment both systems will be non-separable. However, if the total system decouples into a
non-interacting composition of subsystem and environment the wave function of the composite
systems is separable and may be expressed using the antisymmetrization operator as:

1
Vv N!

The wave functions U9 (zy, ..., z,) and WF(z,,1,...,2x) can be decomposed into determinants
build up exclusively by basis orbitals ¢ and ¢F associated with the corresponding system.
Together the combined set of orbitals {¢7, ¥} builds up a complete set of orbitals for the total
system. To see the structure of the 2-RDM for such a non-interacting composition we consider
its basis representation in the combined set of orbitals

(2, ..., TNn) = AN (24, ) U (200, 2y)]. (2.57)

1
(Ulal, ... a;,..a;| W), (2.58)

ityeip L
Jiyeendp pl

where each index now belongs either to the subsystem or to the environment. In general, D;ijzf’
is non-zero only if the number of indices associated with the subsystem is equal in the upper
and the lower row because in this case the number of creation operators equals the number
annihilation operators leaving the total number of particles in the subsystem unchanged. For
the 1-RDM this means that either both indices correspond to the subsystem or the environment

but mixed terms vanish making the 1-RDM a separable quantity
i _ Spryih , Epni
Dl =5Dph 4 Fph, (2.59)

S D;i and ¥ D;i are the 1-RDMs of the subsystem and the environment, respectively. The 2-
RDM, however, cannot be separated. This becomes obvious by assuming that such a separation
exists
iz _ S yinie | E i
Dy = Dy + " Diiga (2.60)
Taking the trace on both sides would lead to the statement that the number of pairs is additive
which is not the case. For example, a system with two particles consists of one pair but the
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combined system of two such systems contains six pairs. In contrast, the cumulant Aﬁ’:"”p is

an additive quantity in the case of non-interacting subsystems o
B yeenyl B yeenyl B yeenyl

A = TAG A (2.61)
because it is only non-zero if all indices correspond to the same subsystem [30]. The 1-RDM
is the only RDM that is equal to its cumulant and thereby the only RDM that is additive,
see Equation 2.52. Loosely speaking, this is a consequence of the logarithm appearing in the
definition of the cumulants. This property of cumulants has a very significant consequence. If
the number of particles in the subsystem N is smaller than the order Ny < p the cumulant of
the subsystem has to vanish ®A, = 0. Since for a quantum system all p-particle subsystems
are indistinguishable, assuming A, = 0 yields the approximation that the system contains at
most p simultaneously interacting particles where all other particles are sufficiently far away to
be considered statistically independent.

Therefore, setting A, to zero in the reconstruction functionals (see Equation 2.62) is a con-
venient way to approximate p-RDM by lower-order RDMs which becomes increasingly more
accurate with increasing p resembling the perturbation theory for many body systems. In anal-
ogy with the convention for Green’s functions in quantum field theory which follow a similar
construction the part of the p-RDM that cannot be written as a wedge product of lower-order
RDMs is called the connected p-RDM and corresponds to A, while the approximation by
lower-order RDMs represents the unconnected p-RDM [17].

The first order approximation, A, = 0, is equivalent to independent and non-interacting
particles. This corresponds to the Hartree-Fock approximation where the wave function is a
single Slater determinant constructed from NN orbitals. In this case the reconstruction is exact
and follows a simple scheme (see Appendix H). Since in the present work we want to propagate
the 2-RDM we assume Az = 0 and get the following approximation for the 3-RDM:

D3 ~ 3Dy A Dy —2D3. (2.62)

This approximation would be correct if at any time there are no three particles simultaneously
influencing each other. Higher order methods for the reconstruction of the 3-RDM that account
for three particle correlations are based on the reconstruction of the connected 3-RDM Aj
from lower-order RDMs. Such methods haven been proposed by Nakatsuji and Yasuda [31] or
Mazziotti [17]. As we show in subsection 3.3.1 the reconstruction via Equation 2.62 is accurate
enough to approximate the time-dependent 3-RDM for the systems investigated in the present
thesis.

2.4. Equations of motion in second quantization

In practical applications, propagating Ds(x1x9; 2} x5;t) in coordinate space is possible only for
sparse spatial grids. A more convenient approach is to expand Ds in some given orthonormal
orbital basis:

D(zy29; 2y, t) = D2 (1), (21, 8) iy (2, ), &5, (2, 1) 6%, (2, 1), (2.63)
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where both the expansion coefficients Dﬁg (t) and the orbitals ¢;, (x1,t) are time-dependent.
For the sake of simplicity we drop the time-dependence of operators in orbital representation.
With this expansion the propagation separates into two parts. First, the evolution of the

orbitals is given by

ihat¢i(x> t) = fz [gbk(m’ t)]’ (2'64)

where f; is a functional that ensures unitary propagation of the orbitals. Second, the equations
of motion for the 2-RDM expansion coefficients are obtained by inserting Equation 2.63 into
Equation 2.43:

iho, DIt =

J1,J2

= D;?:Jk; /Qb;kl ([El, t)¢;; (SEQ’ t) [H(xla x2)¢k1 (1‘1, t)¢k2 (1:27 t) - Z‘at (¢k1 (xlv t)¢k2 (va t))] dzydwy
+ Dlicll:ikQQ / ¢j1 (xly t)¢j2 (x2> t) [H('Z'la $2)¢Z1 (wl? t)¢zz (xQ’ t) B iat (¢Zl (xl’ t)¢22 (xQ’ t))} dzrda,
+ /F(xlzz:g; x125) 5 (21, 1)@y, (22, 1) g, (21, 1) By, (0, t) day dwoda dah,. (2.65)

At this point Equation 2.64 is in its most general form, where no specific form for the func-
tional f; is determined. Given any unitary propagation of the orbitals, Equation 2.65 describes
the time evolution of the expansion coefficients. As a particular choice one might, e.g., keep
the orbitals time independent and propagate only the expansion coefficients. However time
independent orbitals will, in general, require a large number of basis orbitals to account for
the full dynamics of the system. If for technical reasons the number of basis orbitals is too
low the dynamics will be unphysically truncated. Thus, one has to deal with the antagonism
that for technical reasons the number of orbitals should be as low as possible while for physical
reasons it should be large enough to capture the full dynamics. This calls for an optimization
algorithm for the equations of motion for the orbitals and ultimately to a time-dependent basis.
This optimization is incorporated within the multiconfigurational time-dependent Hartree-Fock
(MCTDHF) approach via the variational principle. As a consequence the orbital equations of
motion are coupled to the time evolution of the 2-RDM:

ihdyp; = MO, Do) (2.66)
To obtain the equations of motion for the orbitals we take a closer look at the MCTDHEF in

the next section.

2.4.1. Multiconfigurational time-dependent Hartree-Fock method

Starting point of the MCTDHF method is the expansion of the many-body wave function into
determinants build up from r orbitals ¢;

) = Zcﬁ|ﬁ>. (2.67)
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Each of the determinant is denoted by |7) = |ni,ns,...,n,), where n; is the occupation of the
orbital ¢;. For fermions, r is the number of spin orbitals and must be larger than N. The
equations of motion for the orbitals and the expansion coefficients C; can be determined via
the time-dependent variational principle for the action

S[W] = [m (f]—i@t> D), (2.68)

which gives
t A A
5= [ vl (#1v) - o)) + (v] (Hl5w) - idl5w)) ~o. (2.69)
to

For the time evolution of the wave function the action has to be stationary with respect to
independent variations of the expansion coefficients dC7 and variations of the orbitals d¢;.
Altogether, the total variation of the wave function can be expressed as

|6W) =3 " [i#)dCy + 0]i)Cis. (2.70)

This variation of the action leads, after some algebraic manipulations (see e.g. [32]), to the
equations of motion for the orbitals

iatﬁbi(‘r?t) - fMC[¢i7 D2] - Q <h(ZL’)¢Z(I,t) + fu{xv t)(D_l)?> ) (271)
where
Q=1-3 oMo (2.72)

is the orbital projection operator assuring unitary time evolution of the basis orbitals, (D~1)¥

is the inverse of the 1-RDM in the orbital representation, and

Tu(z,t) = Dy (1) /qbw ' )5 (2, 1) Vi (2, 2")da’ (2.73)

is the coupling term between the orbitals originating from the interaction between the particles.
Without this term the equations of motion for the orbitals reduce to

i0i(x,t) = h(x)di(x, 1), (2.74)

which is the Schrodinger equation for a single particle in the external potential. Equation 2.74
could, in principle, be used for the propagation of the 2-RDM as well but since the evolution
of the orbitals is not adapted to the evolution of the interacting system, this potentially would
lead to very large basis sets to describe the physical system accurately. The last term in
Equation 2.71 accounts for the optimization of the basis and couples the time evolution of the
orbitals to the equations of motion for the 2-RDM.
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In the MCTDHF approach the variation of the action with respect to the expansion coefhi-
cients leads to equations of motion for Cj

i0hCr = (| H|T) — 65, (V| H|¥) (2.75)

m

which in combination with the orbitals contain the complete information on the total many-
body wave function. Especially for systems with a large number of particles the equations
of motion for Cz become very time consuming since the number of determinants Ng scales
factorially with the number of particles NV for bosons

Ner+1
Ng_( ]§+ ) (2.76)

as well as for fermions

N = (;V) (2.77)

where the number of orbitals needed for convergence is roughly given by r ~ 2N [33].

Our approach is based on the assumption that the complete propagation of the expansion
coefficients is dispensable since the time propagation of the orbitals depends solely on the 2-
RDM and the 1-RDM. We thus replace the equations of motion for C5 by the equation of
motion for the 2-RDM coefficients Equation 2.65. Due to the projection operator the orbital
propagation is not only unitary but fulfills the more stringent condition

[ @000 =0, (2.78)
which can be used to simplify Equation 2.65 according to

thoy D35 = Hy g D3yt — Dy, Hyl P + 3 (2.79)

with
H;i;i = /H([El, T2) @5 (w1, )@, (22, 1), ¢, (w1, 1) By (@2, t)day daoda’ day (2.80)
=i ko yiiepiit gy i 2.81)

and
V7Z1177]Z22 = / V(l'l, I'Q)Qb;-kl ('rlv t>¢;k2 (x27 t)? gb]l (mla t)¢32 ('Z‘Qy t)dl‘ldedxlldx,Q (282)

Equation 2.79 in combination with Equation 2.71 constitutes the basic equation for the time-
dependent 2-RDM method.

The equations of motion for the 2-RDM coefficients have a different scaling than the equations
of motion for the C5; because they are independent of the actual number of particles N. The
computationally most demanding procedure is the evaluation of the F-operator in the orbital
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representation via Equation 2.82 which, in general, scales as r7. However, if the system under
consideration is in the electronic singlet spin state the required number of numerical operations
can be reduced because the 2-RDM vanishes if the total spin of the upper indices is not equal
to the total spin of the lower indices. Further, using the fact that the singlet state is invariant
under the spin flip (1) <> (}) the complete information on the 2-RDM is contained in the two
spin blocks

i1 1,527 z T2l
DJiT f;T 70 JiT JZ 7 0. (2.83)
Exploiting this property allows to reduce the number of required operations for the calculation
of the F-operator to 4 (5)7

2.4.2. Equations of motion within a two-particle basis

The rather complicated form of the equations of motion for the orbitals (Equation 2.71) is a
consequence of describing the dynamics of a many-body system with pairwise interactions in
terms of one-particle orbitals. A more natural choice would be to use a two-particle basis to
account for the interaction already on the level of the two-particle basis functions ®;(x1, x5, 1).
The expansion of Dy in such a basis is given by

Do (21395 2y wh; ) = Ni®; (w1, ma, 1)} (2], 7, 1), (2.84)

where the symmetry of the 2-RDM with respect to particle exchange is reflected in the symmetry
of ®;(z1,x9,t). The equations of motion for Aé can be derived by inserting Equation 2.84 into
Equation 2.43 which yields

z@t)\z = >\.l7€ / (I):(.’L'l, LEQ) [H(Il, wg)q)k(ﬂfl, LCQ) — z'@t(I)k(:cl, 132)] dxldl’g
—+ )‘L / CI)j(ZL’l, J]Q) [H(ZEl, JZQ)CI);;(ZL’l, J]Q) + z@f@k(ml, IQ)] d[Eldl’Q

+/F(mlxg;93’1:17’2)(1):(:161,932)<I>j(a:'1,xé)dxldxgdx’ldxé. (2.85)

This equation is analogous to Equation 2.65 within the one-particle basis. Although the sim-
ilarity is striking there are some major differences. The main difference is that odd number
RDMs like the 1-RDM or the 3-RDM do not have a similarly simple representation within the
two-particle basis. While for one-particle orbitals the F-operator can be obtained solely from
the orbital representation of the potential and the orbital representation of the 3-RDM via
Equation 2.82 this is not possible within the two-particle basis and requires the evaluation of
the integral

Fy = /F(a:lxg; 2 @) OF (w1, 22) P (2], 25)dry daeda’ day (2.86)
at each time step. By using the reconstruction functional for D3 (Equation 2.62) the F-operator
can be written in terms of )\é- as

Fl =1 -1 (2.87)
I = i AN — KB AR ARG (2.88)
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The quadratic term in /\3- originates from Dy A D1, the cubic term originates from D; A Dy A
D;. From a technical point of view Equation 2.88 is computationally more demanding than
Equation 2.82 because the evaluation of the coefficient mzﬁgfg’ requires, for general systems,
four integrals from Equation 2.86 and three additional integrals because of the projection of

the two particle basis into the one-particle subspace to evaluate the 1-RDM:

D(xq;2)) = /D(:clxg;x’lxg)dxg = )\;/@i(xl,xg)q)j(x’l,xg)dxg. (2.89)

This makes the evaluation of f@}’il’iﬂs via integration at each time step practically impossible.
However, for a system of bosons with short-range interaction the evaluation of the coefficients
v, k can be reduced to a sequence of one-dimensional integrals (see Appendix G). A possible
choice to decompose Equation 2.85 which circumvents many of the above difficulties is given

by the choice

1J1,J2573

10, ®; (1, x2) = H(x1, 22)P;(71, 22) (2.90)
and
i\, = F. (2.91)
In particular, if the two-particle basis functions are the eigenstates of H(xy, z2),
H (1, 20)®;(11, x2) = E;®;(x1, 22), (2.92)

the time propagation reduces to ®;(xy,x9,t) = exp(—iE;t)®;(z1,x9,0). The coefficients v, k
can be calculated at the beginning for the initial state and then evolve by accumulating the
phase

1,J1,J2 W(Ei—Ej)t i(Ej; —Ei )t i(Ej,—Fiy)t . J:j1,J2

Viir e (1) = e\ Fim )ttt m R Pt By — s Viinis (0) 2.93)
1,J1,42,J3 W(Bi— Bt i(Eyy —Es )t i(Bjy—Ei, )t i(Ej,—Eiy)t, 3.31,52,53

K iinis () = e\ Fim et B T R Pty =iy St iy~ i Ki'iy iais (0) (2.94)

A good estimate for the number of basis functions that have to be taken into account is the
mean energy of the many-body system (V|E|¥) which has to be much smaller than the largest
E;.

2.5. The N-representability problem

Every density matrix that is (i) hermitian, (ii) normalized, (iii) antisymmetric/symmetric under
particle permutation for fermions/bosons, and (iv) positive semidefinite accounting for positive
probabilities can be related to an actual physical state of a system. While these four conditions
are necessary and sufficient for density matrices the situation is much more complicated in the
case of reduced density matrices. A reduced density matrix is called N-representable if it can
be derived from a many-body wave function. It turns out that the four conditions for density
matrices (i)-(iv) are necessary but not sufficient for RDMs to be N-representable. A variational
procedure based on the energy functional (Equation 2.28) imposing only these four conditions
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leads to ground state energies well below the exact result [18]. Further conditions are necessary
to ensure the N-representability of RDMs called N-representability conditions. The search for
a complete set of conditions for the 2-RDM has lasted for over half a century [24, 34, 35]. Still
the actual form of such a complete set of conditions remains undetermined.

In this section we review the 2-positivity conditions which represent the most important set
of conditions. In Appendix D we discuss more complex conditions like the T /T conditions
and the general construction of higher-order conditions.

2.5.1. 2-positivity conditions

Condition (iv) states that any p-RDM has to be positive semidefinite which means that

X/ D“’ ’Z”X

1ye0y VARED J1s-- 7]]3

>0 VXj, , €C. (2.95)

This result is based on positivity of probabilities:

1 A At a4
AWl gy X, [0

7417 ,Zp 21"

X/ D“’ ’“’X

L1yl J1y--50p dp T

1 - . = O
SOEE)with )= X ) (2.96)
Note that we employ the Einstein sum convention to simplify notation. A direct generalization
can be made to arbitrary hermitian operators of the form

M Mlly -

= (UGl D), (2.97)
where C’p = éjl,...,jp is a polynomial of degree p in the creation/annihilation operators making
M, a p-particle operator. In this general formulation the positivity of the p-RDM occurs as a
special case with ), = aj,...aj,. The conditions that all matrices M, are positive semidefinite
denoted by M, > 0 are called p-positivity conditions:

M, = (U|C] . Ci..0)|T) >0 (2.98)
These conditions are always fulfilled for any physical state of the system. The crucial point is
that since M), is a p-particle operator the p-positivity conditions can be formulated in term of
the p-RDM only. In this way the p-positivity conditions represent a set of N-representability
conditions on the level of the p-RDM without involving the wave function.

Instead of testing the positivity for all matrices M, which leads to an infinite number of
conditions, it is sufficient to show the positivity for only a finite number of special matrices M,,.
These conditions are called extreme p-positivity conditions [36]. For the 1-positivity the set of
extreme conditions is given by

C; = a (2.99)
=, (2.100)
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corresponding to the positivity of the two matrices

D! = (¥|a}a;| V) (2.101)
Qi = (U]aaf|v). (2.102)

While the first matrix corresponds to the 1-RDM the second matrix describes the distribution of
holes rather than particles. This can be understood by interpreting the annihilation operator
a; as the creation operator l;;r of holes. In the case of fermions these holes fulfill the same
commutation relations. The particle-hole duality enables an equivalent description of the many-
particle system in terms of holes. A system of N fermions described by r orbitals can be
converted into a system of (7 — N) holes. Therefore, the matrix @’ describes the distribution of
holes and it is normalized to (r — N). In the case of bosons the particle-hole duality is broken
in the fact that bosonic holes obey a different canonical commutation relation which is reflected
by the normalization of the 1-hole-RDM to (r + N) in the bosonic case:

T

> Q=3 (wlasa|w)

%

= > (Vafa,|v) + ) 1
=N+r. (2.103)

Nonetheless, the construction of hole RDMs for bosons is still beneficial in the derivation of
bosonic N-representability conditions although their interpretation lacks intuition. We focus
on the fermionic case for the rest of this chapter, the corresponding expressions for bosons can
be derived in a similar way. Both descriptions in holes and particles can be converted into each
other by

Q; + D; = d;. (2.104)

Therefore, they carry the same information on the state of the system. Nevertheless, the
conditions ()1 > 0 and D; > 0 are independent. While D; > 0 demands positive natural
occupation numbers, (); > 0 requires the natural occupation numbers to be smaller than one.
Altogether, both conditions restrict the eigenvalues of the 1-RDM to the interval [0 : 1]. For
the 1-RDM these two conditions are already sufficient for the 1-RDM to be N-representable
[20]. In this exceptional case, the 1-positivity conditions for the 1-RDM form a complete set
of N-representability conditions. In general the p-positivity of the p-RDM is necessary but not
sufficient for N-representability.

The next conditions in this hierarchy are the 2-positivity conditions represented by the pos-
itivity of the three extreme matrices |14, 21, 37]

D2 = (Wlal,al,aza,|0) > 0 (2.105)
Q5 = (Play,aal,al, W) > 0 (2.106)
G = (Wlalazala, W) > 0. (2.107)



2. Theory 31

These conditions are called the D, Q and G-condition, respectively. The positivity of these
matrices represents independent conditions although the matrices are interconvertible by a
rearrangement of the creation/annihilation operators (for more details see Appendix C)

@, = 0 A G — 205 A D3 + Dy, (2.108)
s = 590 D5 — Dyis (2.109)

or in a basis independent notation
Q2 =06> =20 A Dy + D, (2.110)
1 _
G2 - §5D1 - DQ, (2111)

where Dol = Dyl and 6% = 61! A 622

Similar to the 1-positivity conditions the 2-positivity conditions require that the occupa-
tion number of particle pairs, hole pairs, or particle-hole pairs in any two-particle state is
always positive which is essential for the N-representability of the 2-RDM. In contrast to the
1-positivity of the 1-RDM, however, the 2-positivity conditions are necessary but not suffi-
cient for N-representability of the 2-RDM. Further positivity conditions and a constructive
method to generate a complete set of N-representability conditions for the 2-RDM is reviewed

in Appendix D.

2.5.2. Purifications

In the previous chapter we reviewed the conditions arising from N-representability on the 2-
RDM. These conditions are necessary to guarantee that the 2-RDM describes a physical state
of the many-body system. Since the equations of motion in Equation 2.43 determine the
propagation of the exact 2-RDM the N-representability is fulfilled at all times. This means
that by starting from an N-representable 2-RDM the time evolution incorporating the exact
3-RDM leaves the N-representability of the 2-RDM unchanged. However, as it turns out, the
reconstruction of the 3-RDM via the functional Equation 2.62 introduces an error that causes
the 2-RDM to violate N-representability after few iterations (see the results in subsection 3.3.2
below). Using an intuitive picture, the set of N-representable 2-RDMs forms a subspace of
all matrices in which the exact 2-RDM propagates. The error due to the approximation of
the 3-RDM, however, causes the 2-RDM to depart from this subspace. To prevent the 2-RDM
from leaving the subspace a procedure that projects the 2-RDM back onto the subspace at each
time step is essential. Such a procedure is called purification. Several types of purifications
have been discussed in literature and are used primarily for the iterative solution of the second
order CSE to find a self-consistent N-representable solution for the ground state of molecules
[38, 39].

The purification procedure that we follow was introduced by Mazziotti [38]. Starting point is
the following decomposition of antisymmetric hermitian matrices into three components which
contain different information on the contractions

Dy = Dsy.g + Doy + Do, (2.112)
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with
2Tr(Dy)
0= ——"20 2.113
20 r(r—1) ( )
4 ATe(Dy)
Dy = ;=5 Dind = 7 (2.114)

4 4TI"(D2) 2

Doy =Dy — ——D1 N6 — ——————0". 2.115

S (r—1)(r—2) (2:115)

Central property of this decomposition is that the contraction into the one-particle subspace
vanishes for Do,y

> Dyt =0, (2.116)
k

such that the complete information on the trace as well as the 1-RDM is contained in Dy, and
Dy.;. Since the definition is basis independent this decomposition is invariant under unitary
basis transformations and is called unitary decomposition for this reason.

The purification scheme is now divided into two steps. In the first step the 1-RDM is purified
by enforcing the eigenvalues to lie in the interval [0, 1] which is sufficient for the 1-RDM to be
N-representable. Following Mazziotti this is achieved by setting all negative eigenvalues to zero
and adding their sum to the largest eigenvalue before setting all eigenvalues larger one to one
and subtracting their sum from the smallest eigenvalue. This assures that the norm of the new
1-RDM, D;, remains invariant. To obtain the new 2-RDM, D,, which contracts to the new
1-RDM we employ the unitary decomposition and replace D; by Dy:

N 4 N
DQ = DQ —+ m(Dl - Dl) VAN 0 + TI'(Dl - D1)62 (2117)

As a technical side remark we note that if the traces of D; and D; are not exactly equal but
differ by a small complex number due to numerical inaccuracy, the error doubles each time
the purification is applied because of the term Tr(D; — D;)d%. To suppress this exponential
accumulation of error the trace of D; and f)l must be exactly equal.

The second step in the purification scheme involves the addition of an appropriate correction
term to [?2

D/2 :D2+Dcora (2118)

such that D) fulfills at least some of the N-representability conditions. The form of the correc-
tion matrix D, depends on the specific procedure employed. In a first step, by imposing the
D-condition all negative eigenvalues ¢; of the 2-RDM have to be removed from D,. This can
be achieved by subtracting the matrix eiuiy;r = ¢;A; from the 2-RDM

Dy =Dy + Deor = Dy = > &4, (2.119)

where v; are the eigenvectors corresponding to negative eigenvalues ¢; and A; denotes the dyadic
product of the eigenvectors, i.e., the projector onto the corresponding eigenspace. The resulting
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2-RDM is positive semidefinite, however, in general such a matrix will modify the trace as well
as the 1-RDM which is in conflict with the purification of the first step. Therefore, D, has
to vanish upon contraction into the one-particle subspace. Once again we employ the unitary
decomposition for the matrix A; = l/iug to obtain the component A;,. Contrary to A;, the

addition of Ai;?

D, = Dy + Z ;Ao (2.120)

does not alter the trace or the 1-RDM. The «; are determined through the system of linear
equations

Tr(A; D)) = 0. (2.121)

This procedure creates a D), whose negative eigenvalues are smaller than those of D, but, in
general, do not vanish. Only after several iterations the resulting D) satisfies the D-condition
without modifying the trace or the 1-RDM. However, enforcing the D-condition via Equa-
tion 2.120, in general, enhances the violation of other conditions like the )-condition. Fortu-
nately it is possible to impose the D and the ()-condition at the same time. One can exploit
the fact that altering the 2-RDM by D, with vanishing contraction into the one-particle space
modifies 2-hole-RDM by exactly the same matrix and vice versa:

Q5 = Q2+ Deor. (2.122)
This result follows from the formula
Q2 = 0> = 20 A Dy + Dy, (2.123)

and can be used in order to impose simultaneously both the D-condition as well as the Q-
condition

Qb =Q2+ Z Az + Z BiBi (2.125)

by solving the augmented system of linear equations
Tr(A;D5) =0 (2.126)
Tr(B;Q5) = 0, (2.127)

where the matrix B; = ui,uj corresponds to the negative eigenvalues ()5. As previously, this
purification leads to a reduction of the negative eigenvalues and after iterative application the
resulting 2-RDM, D, ultimately fulfills both the D and the @ condition.

We have extended Mazziotti’s purification procedure by incorporating also the G-condition.
Contrary to the 2-hole RDM the addition of a matrix with vanishing one-particle contraction
to the 2-RDM does not modify the G-matrix simply by addition of D, but according to

Gy = Gy + Doy (2.128)
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Consequently, Equation 2.124 and Equation 2.120 can be extended by

Dé = Dg -+ Z OéiArL';Q + Z ﬁiBi;g + Z ’)/iCZ‘;Q (2129)
Qy=Qs+ > adia+ Y BiBia+» %Cis (2.130)
GIQ = G2 + Z OéiAi;g + Z 61’31';2 + Z 'YZ'C'Z';Q, (2131)

where Cj.5 is obtained from C; = fl[é’l] which is the anti-symmetrized matrix C; = O'Z'O';r with
o; being the negative eigenvectors of G. The anti-symmetrization is necessary because Gy and
thereby C; do not have any symmetry under index permutation since holes and particles are
distinguishable. Therefore, the addition of C~’i;2 would violate the symmetry of the 2-RDM if
not anti-symmetrized. The system of linear equations determining the coefficients «;, 5; and ~;
is

Tr(A; D)) =0 (2.132)
Tr(B;Q,) =0 (2.133)
Tr(C;Gh) = 0. (2.134)

Despite the complicated form for the G-condition, Equations (2.132)-(2.134) converge after
several iterations such that D), fulfills both the D and @-condition, as well as the G-condition.



3. Results

In the first part of this chapter we review basic properties of one-dimensional (1D) multi-
electron model systems, in particular, the lithium hydrate (LiH) molecule. We calculate the
ground state of LiH which serves as the initial state for the time propagation. For the ground
state we show two-particle properties such as the probability distribution for the distance
between two particles and we demonstrate the high quality of the reconstruction functional.
In the second part we apply the time-dependent 2-RDM method to the laser driven electron
dynamics of the 1D LiH molecule. We show that the accumulation of error in the 2-RDM leads
to a strong violation of the N-representability creating instabilities in the time propagation.
These instabilities can be suppressed by implementing a purification scheme to the propagation.
Finally, we present challenges associated with a self-consistent propagation of 2-RDM elements
and orbitals, and discuss in chapter 4 how these difficulties might be overcome. Throughout
this chapter we use atomic units (e = 1,m, =1,h =1).

3.1. Basic properties of the 1D LiH

One-dimensional atoms and molecules serve as a numerically efficient testing ground for full
three-dimensional (3D) calculations and have been used in the past to study various atomic
properties like the double ionization of helium [40] and the response of lithium hydrate in strong
laser fields [32, 41]. Such 1D model calculations are capable of demonstrating advantages and
limitations of the method under investigation but do not necessarily lead to agreement with full
3D calculations [42|. The Hamiltonian of 1D molecules consisting of M nuclei fixed at positions
R, and N electrons in the time-dependent external laser field F(t) within dipole approximation
in length gauge is given by

N M

o) =32 [ 352 g 05 2 i 0

where z; are the spacial coordinates of electrons. The softening of the Coulomb interaction via
the parameters c, d is necessary because in 1D the ground state energy does not converge for
¢ =0,d = 0. In general, these parameters are empirical quantities which can be chosen in such
a way that the ground state energy and ionization energies correspond to the exact results in
3D.

For the numerical implementation, we solve the orbital equations of motion Equation 2.64
on an equidistant grid with 2000 points and grid spacing Az = 0.1. The second derivative
in the kinetic term is evaluated in eight-order finite difference. We employ the Runge-Kutta
propagator of fourth order to time propagation in real and imaginary time. These parameters
are used throughout the thesis unless stated otherwise.
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3.1.1. The ground state of LiH

The LiH molecule is one of the simplest multi-electron molecules and has been studied in the
context of electron dynamics in strong laser fields (see, e.g., [32] and references therein). The
bond length of LiH is given by a = 2.3 and the nuclear charge of lithium and hydrogen is
Z1; = 3 and Zy = 1, respectively (see Figure 3.1).

The parameters c, d entering the soft Coulomb potential are determined by two basic con-
ditions. First, the ground state energy within the 1D model has to be in agreement with the
ground state energy obtained from 3D calculations. Second, the total energy consisting of
electronic energy and configuration energy of the cores as a function of the bond length a,

B(a) = (¥]H(a)|¥) +°, (32

must have a minimum at the actual bond length of a = 2.3. These two conditions are fulfilled
for c = 0.5 and d =1 [32].

The ground state of LiH is determined by imaginary time propagation within the MCTDHF
method incorporating eight spin orbitals (i.e., four spatial orbitals). The ground state of LiH
is a spin singlet state. Since the Hamiltonian Equation 3.1 does not couple to the spin of the
electrons the spin singlet state is conserved during propagation.

A common observable to investigate the ground state properties is the spinless one-particle
densities p(z1)

p(z1) =D(z1 1521 1) + D(21 | 21 ). (3.3)

The spinless one-particle density p(z1), or briefly the electron density, describes the average
number of particles at the position z; irrespective of their spin configuration. The electron
density for the ground state shows a distinct maximum near the Li atom (see Figure 3.1) which
originates from a deeply bound spatial core orbital occupied by two electrons at the lithium
core. The remaining two electrons occupy the spatial valence orbital which is responsible for
the chemical bond.

0.8 ‘ ‘ ‘ ‘ ‘ Figure 3.1.: Electron den-
07 | sity for the 1D LiH molecule.
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g 0.3 1 cated near the lithium core,
g 02 . 1 see the large peak in the elec-
0.1} -~ > 1 tron density near z = —1.15.

+ 1+
R
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3.1.2. Two-particle properties of the ground state

To investigate the two-particle ground state properties beyond those derivable from the electron
density we consider the spinless two particle density p(z1, 22)

plz1,2) =Dtttz ?) +D(ar T2l 2l
+D(z1lzntatzat)+Dalznlizalanl) (3.4)

In general, the two-particle density p(z1,29) contains significantly more information than the
electron density since it reveals details on the pair distribution within the LiH molecule (see
Figure 3.2). For the LiH molecule most of the pairs are distributed such that one electron is
located near the lithium core and the other is located near the hydrogen core. We call these
pairs inter-atomic pairs. This configuration is energetically favourable since the separation in
space leads to a reduction of Coulomb repulsion. To study the average spacing between particles
in more detail we introduce the pair-distance distribution, i.e., the probability distribution to
find a pair with given distance [:

Pul) = m / o, 2+ 1)dz. (3.5)

This distribution has a pronounced peak near the bond length of LiH [see Figure 3.3 (a)]. The
deviation of the maximum from the bond length is caused by the contribution of pairs located
at the lithium core. We note that the reduced probability to find two particles close to each

(a) p(21, 22) (0) p(k1, ka)

-6 -4 -2 0 2 4 6 -3 -2 -1 0 1 2 3

z1 (a.u.) k1 (a.u.)

Figure 3.2.: The pair-density distribution in (a) coordinate space and (b) momentum space for the
ground state of the LiH molecule. The density distribution in coordinate space (a) shows distinct
peaks for inter-atomic pairs where on electron is close to the lithium core while the other one is
close to the hydrogen core (marked by arrows). The peaks in the momentum distribution (b) show
that counter propagating pairs are most probable (see text).
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Figure 3.3.: Probability distributions associated with pairs. Figure (a) shows the probability distri-
bution to find a pair with a given distance. The peak of the distribution is shifted towards smaller
distances compared to the bond length between lithium and hydrogen depicted by an arrow due to
the contribution of strongly localized pairs at the site of the lithium. Figure (b) shows the distri-
bution for the center of mass of the pairs. The dominant contribution is located approximately in
the middle of the bond line between the lithium and the hydrogen core depicted by arrows. The
asymmetry of the distribution is caused by the contribution of deeply bound pairs located at the
lithium core.

other represented by the minimum at vanishing distance [see Figure 3.3 (a)| is a very general
property of fermionic systems caused by the Pauli exclusion principle and the interaction and
is referred to as the exchange-correlation hole. Another probability distribution that reveals
the presence of inter-atomic pairs between lithium and hydrogen is the distribution of the pair
center. The pair-center distribution which we define as

2
—_ . — 2)dz, 3.6
determines the distribution of the center of mass averaged over all pairs regardless of their spin.
P.(z.) has a maximum approximately in the middle between both cores [see Figure 3.3 (b)].
To gain more insight into the momentum configuration of the ground state we consider the

two-particle momentum distribution

p(k1, k) = D(ky T ko Tkt Tha 1) + D(ky T ko Lk L ko 1)

+D(ki L ko Tk T he L)+ Dk L ko Lk L ko ]), (3.7)
where D(kiks; k1ks) is defined as the Fourier transform of the 2-RDM. Note that p(kq, ko)
is not the Fourier transform of p(z1,22). The symmetry of the pair momentum distribution
under point reflection at the origin, (ki, k) — (—k1, —ka) [see Figure 3.2 (b)], follows from
the fact that a non-degenerate ground state can always be described by a real wave function.
As a consequence, the density matrix of the ground state and the RDMs are real quantities.
Therefore, the Fourier transform of the RDMs for the ground state has the property

D(kyky; kiky) = D*(—ky, —ka; —k}, —k3)
= D(—K,, —kb; —ky1, —ks). (3.8)

Pc<zc) =
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For the ground state of LiH the pair-momentum distribution Figure 3.2 (b) shows that most
of the pairs have opposite momenta, i.e., the largest contribution originates from pairs with
vanishing total momentum and finite relative momentum. For LiH this effect can be explained
in the Hartree-Fock limit whereas a similar but less pronounced effect in the pair momentum
distribution of Helium relies on the correlation of the ground state [43]. In the Hartree-Fock
limit the wave function is a single determinant build up by two spatial orbitals ¢;(z), ¢2(2)
each fully occupied with two electrons of opposite spin. The spinless 2-RDM of such a wave
function is given by

D(z120; 21 25) = ¢1(21)P1(22) 07 (21) @7 (25) + Pa(21) P2 (22) 95 (27) P53 (22)
+ ¢1(21)da(22) 91 (21) 95 (25) + dal21)Pr(22) 95 (21) P71 (23)

+ (01(21)82(2) = a(2)en () ) (61 ()05() — B3 )01 (). (39)

which is obtained by employing Equation A.3 in Appendix A and summing over the spin
configuration. The corresponding momentum distribution is

pkr, ko) = |01(k) P01 (ko) [* + |2 (k1) [*] d2 (ko)
+ 2|6 (k) Plga (k)| + 2| da (k) [*] b1 (ko)
— Pa(k1) 1 (ko) b1 (K1) s (ko) — 1 (k1) da(ka)ds (k1)@ (K2). (3.10)
In the Hartree-Fock approximation of the LiH ground state ¢;(2) is the deeply bound spatial
core orbital at the lithium core while ¢9(2) is the spatial valence orbital that is responsible for
the chemical bond. A direct calculation shows that ¢;(z) has the form of a Gaussian located
at the lithium core while ¢o(2) resembles the first excited state of the harmonic oscillator with

one node in between both cores (see [32]). Consequently, ¢;(k) is symmetric and ¢o(k) is
antisymmetric. Thus, the last line in Equation 3.10 gives a negative contribution for k; = ko

pky = ka) = |d1 (k) [*| o1 (k1) |* 4 |d2(kr) P p2 (k)|
+ 2[ 1 (k) [*| g2 (k1) | + 2] (k) [P 1 (K1) P
— @1 (k)P da (k1) — |do (k)P |1 (Ka) (3.11)

while it is positive for k; = —ko

plky = —kz) = |p1 (k1) P2 (k1) [ + |d2(k1)[? |2 (k) >
+ 2|1 (k1) [*|d2 (k1) [? + 2| (k) [P 1 (Kn)?
+ @1 (k) [P |02 (1) [ + [da(r)|*[ 1 (R ) [P (3.12)

3.1.3. The F-operator for the ground state

A crucial quantity of the 2-RDM method is the F-operator Equation 2.41. The F-operator is
an anti-hermitian operator. For the ground state the F-operator in coordinate space is a real
quantity leading, in combination with anti-hermicity, to antisymmetric behaviour under point
reflection at the origin in momentum space, (ki, ka) — (—k1, —k2), (see Figure 3.4):

F(kiko; K\ Ky) = F*(—ky, —ko; —k}, —k3)
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Figure 3.4.: The imaginary diagonal elements of (a) the exact F-operator and (b) the approximated
F-operator from the reconstructed 3-RDM Equation 2.62. The positive contribution for pairs with
positive total momentum shows that the interactions with the surrounding particles create pairs
moving collectively toward the hydrogen core.

In particular, for systems with reflection symmetry all physical quantities including the F-
operator stay invariant under the replacement (kq, ko) — (—k1, —ko) which requires the diagonal
elements of the F-operator in momentum representation F'(kjks; k1ks) to vanish for the ground
state of such systems, e.g. the beryllium atom. We note that in coordinate space the diagonal of
the F-operator always vanishes, i.e. F(x1xq;x129) = 0 because I(z122; x125) in Equation 2.41
is a real quantity. The fact that F(kiks; k1ks) in Figure 3.4 does not vanish is, therefore, a direct
consequence of the broken parity symmetry of the LiH molecule. This effect can be understood
by an intuitive picture. Consider the equations of motion in momentum representation:

ihatD(k’lk’z; k’lk’g; t) = [H, Dg](klk’g; klk’g; t) + 3F(l€1k’2, kle; t) (314)
The stationarity of the 2-RDM in the ground state leads to the condition

this condition can be interpreted as the interplay between two competing mechanisms. The
commutator [H, D] describes the change in the momentum distribution of individual pairs in
the Coulomb field of the cores without the influence of surrounding particles and it can be
separated into the contribution of free electron pairs [Hpee, D2] and the potential generated by
the lithium and the hydrogen core [Viope, Dal:

[Ha DZ] = [Hfree; DZ] + [‘fcorea D2] (316)

In a qualitative picture the term [Hpgee, D] describes the motion of free electron pairs while the
contribution [Veoe, Do attracts the pairs towards the lithium core creating pairs with negative
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total momentum. This motion towards the lithium atom is compensated by F'(kiks; k1ko) which
accounts for the collisions of the pairs with the surrounding particles. The interaction of the pair
with the electron cloud at the Li atom repulses the pair into the opposite direction. This effect
is visible in the momentum representation of the F-operator as a maximum for positive total
momenta and minimum for negative total momenta (see Figure 3.4). In the ground state these
two competing mechanisms are in equilibrium, i.e., for every pair that leaves the momentum
configuration (ki, ks) due to the interaction with the environment the core potential creates
such a pair.

The number of particle pairs that have exactly opposite momenta, i.e., k; = —ko are unaf-
fected by collisions with the surrounding particles since the F-operator has a nodal line along
ki = —ky. To understand this effect consider that the replacement (ki,ks) — (—ka, —k1) in
momentum space can be interpreted as a combination of particle exchange and time reversal.
Therefore, in the ground state every process leading to the formation of a pair with momen-
tum configuration (k1, —k;) has by time reversal symmetry a compensating process with same
probability.

The F-operator is crucially dependent on the 3-RDM via

F(x1me; 22l t) = I(xy29; 2 2h; t) — T (2 2; w293 1), (3.17)

where
I(zy29; 2\ 2h;t) = / (Vint(:vl,xg) + Vint(xg,xg))D(xlxgxg;x’lx;xg;t)dxg. (3.18)

Central point for the propagation within the 2-RDM method is the reconstruction of the 3-
RDM via Equation 2.62. Replacing the 3-RDM in Equation 3.18 by the reconstructed 3-RDM
yields the approximated F-operator F'*PP which can be written as a functional of the 2-RDM
FP[Dy]. The comparison between F*P and the exact F-operator F** constructed with the
exact 3-RDM shows that there is no visual difference between both quantities for the present
system (see Figure 3.4). In section 3.3 we will introduce a quantitative measure for the quality
of the approximated F-operator and study its time evolution.

3.1.4. Quality of the 3-RDM reconstruction

In this subsection we study the quality of the 3-RDM reconstruction for the ground state in
more detail. As a first step, we set the coefficients in the reconstruction Equation 2.62 to
arbitrary parameters a, 8

D = aDy A Dy — BD5. (3.19)

The derivation of the reconstruction functional based on cumulants suggests that the best
reconstruction is found for the choice a = 3,5 = 2. To check this result we introduce the
square distance

|Dgpp(a7 /B Dez|2 Z Z |Dapp 21 12,13 Dea;u,zg,z;g |27 (320)

317J2733 3 Jj1,J2,73
11,12,13 J1,J2,J3
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Figure 3.5.: The comparison between the reconstructed and the exact 3-RDM measured by the
absolute square distance | D3 (v, 8) — D5*|? (see Equation 3.20).

as a measure for the accuracy of the reconstruction. Minimizing | D3™ (v, ) — D5%|* as a function
of the coefficients «a, 8 for the ground state of LiH gives ov = 2.953, 8 = 1.953 (see Figure 3.5).
This result is in very good agreement with the result « = 3,3 = 2 obtained from cumulant
theory. Nonetheless, it is interesting to inquire the source of this deviation. We show in the
following that the deviation can be understood by considering that for correlated states the
reconstructed 3-RDM is not correctly normalized. The normalization condition on the 3-RDM
leads to only one equation which is not sufficient to determine both o and /3, unless the terms
Dy A Dy and D3 are normalized separately

D3P = aDy A Dy — 3D}

. (5)
B 3Tr(D2 A Dy)

() D3. (3.21)

Dy A Dy —2
2O S T(D3)

We find that this renormalization is in excellent agreement with the minimum of the square
distance Equation 3.20 with numerical values

a=3¢=2953 5=2ﬁ:1953 (3.22)
TI'(DQ A Dl) . TI'(D%) ’ ' '

From a computational point of view the improvement obtained by renormalization has no
effect on the propagation and since it is computationally more demanding we employ the
reconstruction with o« = 3,8 = 2 for the time-propagation of the 2-RDM. Note that the
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normalization of Dj is not required in order to conserve the norm of the 2-RDM during time
propagation. The conservation of the norm of the 2-RDM is built in by construction since the
F-operator is traceless for any normalization of D3 (see Equation 2.41).

The minimum along the line @« — = 1 in Figure 3.5 originates from the fact that the
Hartree-Fock solution for the ground state of LiH is in good agreement with the actual wave
function. For the Hartree-Fock solution, where the wave function is approximated by a single
Slater determinant, the reconstruction of the 3-RDM reduces to D3 = D? which has the correct
norm if D; is normalized. Taking into account that D, = D? the Hartree-Fock 3-RDM is
obtained for all parameters satisfying the condition o — f = 1. The correlation of the ground
state, however, creates the minimum along oo — § = 1 (see Figure 3.5).

3.2. LiH in intense laser fields

In this section we apply the time-dependent 2-RDM method to the electron dynamics of 1D
LiH in strong field laser pulses and compare the results to the full MCTHDHF method. A
typical pulse shape for laser pulses is given by

E(t) = Eysin(wt) sin® (it> 0<t< NCZ—W (3.23)
N, w
where FEj is the amplitude of the electric field, w is the angular frequency, and N, is the number
of cycles. We use from now on 7 = th—” as a unit of time which varies between 0 < 7 < N,.
A characteristic observable for the response of the many-body system to the laser pulse is the
induced dipole moment

d(t) =dy — /zp(z,t)dz, (3.24)

which consists of the static dipole dy = 1 x 1.15 — 3 x 1.15 arising from the strongly polar
bond, and the time-dependent contribution depending on the electronic density. For weak
light fields the electric field of the electromagnetic wave is much smaller than the electric field
strength inside the molecule causing a linear relation between the induced dipole moment and
the external field. In this regime the induced dipole moment follows the form of the laser
pulse adiabatically and the system remains in the ground state after the pulse. To go beyond
this linear regime we use a high-intense laser pulses defined by the parameters Ey = 0.0534,
A =27mc/w = 750 nm, N, = 3 [see Figure 3.6 (a)]. For this high intensity the system is excited
such that additional Fourier components appear in the dipole moment originating from the
interference between the ground state and excited states. These additional frequencies in the
dipole moment are the source for electromagnetic waves of higher frequency than the incoming
radiation, an effect termed high-harmonic generation [44|. This non-linear effect is visible in
the dipole moment of LiH for the given pulse parameters starting at 7 ~ 2 and becomes clearly
apparent at the end of the pulse [see Figure 3.6 (b)]. The fluctuations with high frequency
are very small such that the average energy is almost unchanged after the pulse. The pulse is
strong enough to induce non-linear response but too weak for tunnel ionization.
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Figure 3.6.: The laser pulse according to Equation 3.23 for the parameters F, = 0.0534, \ =
2mc/w = 750 nm, N, = 3. The local extrema of the pulse are labeled by (1)-(4). (b) The induced
dipole moment as a function of time.

3.3. Results of the 2-RDM propagation

The dynamics of the 2-RDM is governed by the coupled set of equations, Equation 2.79 and
Equation 2.71, which we reproduce here for convenience

i0,Dy = [H|[®;], D] + 3F[D,] (3.25)
O = fM[di, Dal, (3.26)

where from now on Dy denotes the orbital representation of the 2-RDM and the notation H [¢;]
indicates that the Hamiltonian in orbital representation depends on the explicit form of the
orbitals. In all calculations presented in this section we use 8 spin orbitals. As shown in [32]
this is sufficient for accurate results for all observables discussed in this thesis. We approach the
solution of Equation 3.25 and Equation 3.26 such that we stepwise depart from the MCTDHF
method with the ultimate goal to solve the above equations self-consistently. We term all
objects derived from the MCTDHF calculation as exact. When the F-operator is calculated
from the exact 3-RDM the propagation according to the coupled equations Equation 3.25 and
Equation 3.26 is exact. On the first level of approximation, we use the exact propagation of the
orbitals obtained from the MCTDHF calculation and approximate the F-operator according to
the reconstruction functional Equation 2.62 where we insert the exact 2-RDM, D5*. We denote
this object as FP[DS*]. In this way we estimate the error that arises in the propagation
solely due to the inevitable error in the reconstruction functional. On the second level of
approximation, we still use the exact propagation of the orbitals but now the approximated
2-RDM, Dy" obtained from the propagation of Equation 3.25, is used to approximate the
F-operator at each time step. We denote the corresponding F-operator by FP[D3™]. At this
point we investigate the influence of the accumulated error in the 2-RDM on the propagation.
On the third level of approximation we couple Equation 3.25 and Equation 3.26 by solving both
equations self-consistently. At this level the 2-RDM method is self-consistent and independent
from results of the MCTDHF method.
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Figure 3.7.: (a) The time evolution of the absolute square distance between F*?P and F*** defined
in Equation 3.27. The local maxima can be associated with maxima in the reactivity defined in
Equation 3.31 and depicted in (b). The numbers (1)-(4) label extreme values of the pulse [see
Figure 3.6 (a)]. The fluctuations appearing in (a) as well as in (b) at the time 7 &~ 2 arise from
excited states and appear also in the dipole moment [see Figure 3.6 (b)].

3.3.1. The first level of approximation

On the first level of approximation, we identify the error in the propagation that arises by the
reconstruction of the 3-RDM via Equation 2.62. To measure the error in the approximated
F-operator we employ the square distance

[Fom = PP =) ) [F = PPy (3.27)

11,22 J1,J2

where F** is calculated from the exact 3-RDM and F*? is calculated from the 3-RDM recon-
structed from the exact 2-RDM. Note that Equation 3.27 is a coordinate independent measure.
It turns out that the quality of the reconstruction as measured by Equation 3.27 is very good
but not uniform during the laser pulse [see Figure 3.7 (a)]. The approximation is better when
the electric field is oriented towards the hydrogen core and worse when the direction is reversed
[see Figure 3.7 (a)]. To understand this effect we employ the mean energy Eﬁfr of a pair due
to interactions with surrounding particles as a measure for the mean interaction of pairs with
their environment. Considering that the expectation values for the interaction energy between
two particles is given by

~

(Vi) = / Vi (1, 22) D (2109 2129) 1 ey, (3.28)

and that both electrons of a pair interact with (N —2) surrounding particles the mean interaction
energy between a pair and the surrounding particles can be written as

A

EPY = (N — 2)(Vie). (3.29)

int

In the following we will show that EP*" in atomic units is equivalent to the scattering rate

between the pair and the surrounding particles. From subsection 2.3.1 we know that the
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scattering rate for the formation of pairs with momentum configuration (kq, ko) is given by
31(kyko; k1ks). Integrating over all configurations yields the total number of scattering events
per time interval between a pair and the surrounding particles. From Equation 2.42 we see that

3/[(k}1/{72, klkg)dkldk'g = 3/ (th(xl, l’g) -+ ‘/int(l’Q,Ig))D(xllUgﬂlg; I1$2$3) dl’ldﬂlgdl’g

=2(N — 2)/th(xl,xg)D(xle;xlxg)dxldxg

— BN = 2)(Vh) = B (3.30)

int 7
where we have used

N
N —2
D(zz923; x120973)dTs = %D(Jﬁl’g; T1T9) = g
() 3

D(l‘ll’g;l’ll‘g). (331)

Since EPY" in atomic units can be interpreted as a scattering rate we call this quantity the
reactivity. The reactivity is a non-negative quantity that is zero if and only if none of the pairs
is influenced by other particles. If the interaction potential Vi, (|z1 — x2|) is only dependent
on the absolute distance between z; and x5 the expression for the reactivity can be further
simplified by using the particle distance distribution P(l) (see Equation 3.6):

EPY = N(N — 1)(N — 2) / Vi () P(1)dL. (3.32)
In case of long-range Coulomb interactions the reactivity is non-zero since every pair is influ-
enced by other particles. The interaction between the particles is the source for the error in
the reconstruction such that the reactivity is also a qualitative measure for the accuracy of
the approximated F-operator. This result can be understood by considering the dynamics of
the electron cloud. At times (1) and (3) (see Figure 3.8) the electron cloud is shifted towards
the lithium core. The particles come closer to each other making the approximation of non-
interacting pairs worse. At times (2) and (4) the laser field shifts the electron cloud towards
the hydrogen core leading to a more dilute electron distribution and reducing the number of
scattering events between the particles. The two deeply bound electrons at the lithium core do
not participate in the oscillatory motion induced by the laser pulse. The shift of the valence
electrons toward the hydrogen core is visible in Figure 3.8 through a stronger population of
inter-atomic pairs with one electron at the lithium core and the other at the hydrogen core. The
larger population of inter-atomic pairs at times (2) and (4) leads to a broadening of the pair-
distance distribution as compared to (1) and (3) and, according to Equation 3.32, to a reduction
of reactivity. Note that the reactivity does not contain any information on the magnitude |F|
of the F-operator defined as the integral over the absolute value

7= [ POkt k) (3.33)
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Figure 3.8.: The exact (a)-(d) and the approximated (e)-(h) pair-density distribution on the first
level of approximation in coordinate space at four instances of times (1)-(4), defined for the electric
field in Figure 3.6 which is replotted for convenience. The approximated pair density is obtained by
propagation Equation 3.25 with F*PP[D§"].
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Figure 3.9.: The imaginary diagonal elements of the F-operator in momentum space for both the
exact calculation (a)-(d) and the approximation (e)-(h) on the first level of approximation at different
time steps (1)-(4) defined for the electric field in Figure 3.6 which is replotted for convenience.. The
approximated F-operator corresponds to F'*?P[D§*].
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Figure 3.10.: (a) The dipole moment and (b) the electronic energy £ = (V|H|¥) with H defined
in Equation 3.1 for LiH in the laser pulse Figure 3.6 on the first level of approximation. The
high-frequency fluctuations near 7 = 3 originate from superpositions between the ground state and
excited states. The total energy (b) takes on almost the same value as before the pulse showing
that excitations have only a very small amplitude.

Indeed the magnitude of the F-operator is smaller for times (1) and (3) than for (2) and
(4) although the reactivity of the system is larger at times (1) and (3) and smaller at (2) and
(4) (see Figure 3.9). This is not a contradiction. |F'(kiks,kiks)| measures the total change
in the number of pairs with momentum configuration (ki, ks), i.e., the sum over all created
and annihilated pairs with momentum configuration (kq,ks). If many positive and negative
contributions balance each other out the magnitude of the F-operator is reduced even thought
a large number of scattering events take place (see Figure 3.9).

The dipole moment as well as the energy within the first level of approximation show ex-
cellent agreement with the full MCTDHF calculation (see Figure 3.10). In the dipole moment
even small amplitude oscillations at the end of the pulse are reproduced with high accuracy
[Figure 3.10 (a)]. These oscillations arise from the superposition of the ground state with ex-
cited states. The contribution of the excited states is very small such that the dominant part
of the time evolution of the dipole moment comes from the linear response to the external
field which manifests itself also in the behaviour of the electronic energy which remains almost
unchanged after the pulse [see Figure 3.10 (b)]. Overall Figure 3.10 demonstrates that the error
arising from the replacement of the exact 3-RDM by the reconstructed 3-RDM is small enough
to obtain accurate results.

A direct measure for the quality of the approximated 2-RDM is the square distance |D5" —
D57 |? defined in analogy to Equation 3.27

D7 = DUP =3 ) IDTS, — DG (3:34)

11,12 J1,]2
For the propagation on the first level of approximation where F*PP[D§*] is used in Equation 3.25
the square distance | Dy — D5®|? is very small demonstrating that the error of the reconstruction
allows an accurate propagation of the 2-RDM [see Figure 3.11 (a)]. The influence of the error
in the reconstruction of the 3-RDM on the N-representability of the 2-RDM can be measured
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Figure 3.11.: (a) The error in the 2-RDM for the propagation on the first level of approximation.
The oscillatory behaviour originates from breaking N-representability as shown in (b) where the
representability errors defined in Equation 3.35 are plotted. Note that since the initial 2-RDM is
N-representable the representability errors are zero at the beginning, Rp(t = 0) = Rg(t = 0) =
Rg(t = 0) = 0 (marked by an arrow). As a guide for the eye we plot the line corresponding to
R=0.

via the violation of the D-condition. For this purpose we sum over all negative eigenvalues
D
e <0

Rp= Y e (3.35)

i e?<0

We call the above quantity the D-representability error. Likewise, the representability errors ¢
and Rg defined in analogy to Rp measure the violation of the ()-condition and the GG-condition,
respectively. Despite the fact that the propagation of the 2-RDM is very accurate as measured
by the dipole moment and the electronic energy (see Figure 3.10), the N-representability of
the 2-RDM is violated almost immediately [see Figure 3.11 (b)]. Approximately at 7 = 0.1 the
representability recovers again initializing an oscillatory behaviour with a period of T" & 0.2.
The same oscillations can be found in |D5” — D§*|? suggesting that this error in the 2-RDM
originates from by the violation of the N-representability. Therefore, a way to further improve
the result of the propagation is the application of a purification scheme which ensure that the
2-RDM stays N-representable during the propagation. In subsection 2.5.2 we discussed the
DQ@Q-purification which takes into account the D-condition and the (Q-condition. The purifica-
tion is an iterative procedure and the number of iterations is chosen such that the magnitude
of the smallest eigenvalue of both the 2-RDM and the 2-hole-RDM is smaller than a given
threshold y. We found empirically that the threshold parameter of y = —10~* for the smallest
eigenvalue is a reasonable choice. The purification procedure does not allow to set x to arbi-
trarily small values. Too many iterations within the purification lead at some point to further
increase in the violation of N-representability. Indeed, the enforcement of the D-condition and
the Q-condition via the D@Q-purification improves the agreement between the exact 2-RDM and
the approximated 2-RDM [see Figure 3.13 (a)]. In particular, the large amplitude fluctuations
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Figure 3.12.: The purification step D, that projects the 2-RDM into the set of N-representable
2-RDMs and contains an uncontrollable part which leads to deviations from the exact propagation.

arising from the violation of the N-representability disappear. The purification is employed
after each time step. Unfortunately, the purification has a major drawback which can be ob-
served already at this level of approximation although its overall effect is small. The error in the
F-operator creates at each time step a small error in N-representability. By applying the pu-
rification, we project the 2-RDM back into the set of matrices that fulfill the N-representability
conditions at hand. This projection, however, amounts to an additional effective propagation
step that is uncontrollable [see Figure 3.12|. Therefore, it is of great interest to understand
how the purification modifies the propagation. For this purpose we investigate the dynamics of
the natural occupation numbers. Due to the spin symmetry of the system the natural occupa-
tion numbers for spin up orbitals are equal to the natural occupation numbers for spin down
orbitals, i.e., the number of spin up electron in one spatial orbital is equal to the number of
spin down electrons causing the natural occupation numbers to be doubly degenerate. The four
electrons inside the LiH molecule can be divided into two core electrons deeply bound to the
lithium nucleus and two valence electrons responsible for the molecular bond. The core orbital
remains fully occupied during the pulse [see Figure 3.13 (b)]. Without purification and with
FPP[DS*] the occupation of the core orbitals is well reproduced [see Figure 3.13 (b)]. Note,
however that the smallest occupation number is negative. Purification, on one hand, removes
negative occupation numbers. On the other hand, the occupation numbers of all other orbitals
is significantly altered as well [see Figure 3.13 (b)]. This artificial effect of the purification
yields an error |DP — D®|? that is in this case of propagation with F*?[D5*] very small and
the actual form of the curve resembles |F*? — F**|? in Figure 3.7 (a). Note that the fourth
spatial orbital in Figure 3.13 (b) remains unoccupied throughout the whole laser pulse period
indicating that the result is converged within four spacial orbitals.
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Figure 3.13.: (a) The error in the 2-RDM for the propagation on the first level of approximation
with DQ-purification. (b) The time evolution of the natural occupation numbers for the exact
propagation as well as the propagation with F??[D5”] both with and without purification. Note
that the ordinate is split for graphical reasons.

3.3.2. The second level of approximation

On the second level of approximation, we solve Equation 3.25 self-consistently, i.e., Dy ()
propagated by Equation 3.25 is used to reconstruct the F-operator in order to determine the
next time step Dy (t + At). We denote this level of approximation as F*P[D3""]. The orbital
equations of motion for the orbitals are still propagated within the MCTDHF. The decisive
difference to the first level of approximation is that in the present case the accumulated error
in the propagated 2-RDM affects the quality of the approximated F-operator and in turn the
error in the F-operator affects the propagated 2-RDM. This feedback loop magnifies the error
in the 2-RDM. In particular, violation of N-representability strongly accumulates and leads to
instabilities within 7 ~ 1 [see Figure 3.14 (a)|]. At this time the representabilities Rp, Rg, R
fall to values below —1000 [see Figure 3.14 (b)]. The purification is able to suppress this feedback
loop and leads to reasonable results for the time evolution of the dipole moment d(¢) and the
energy (see Figure 3.15). However, the interplay between the error in the approximated F-
operator and the error in the 2-RDM limits the accuracy of the propagation. Compared to the
error of the in the F-operator on the first level of approximation Figure 3.7 the error in the F-
operator on the second level is increased by a factor of 10. This shows that for the second level
of approximation the error of the F-operator originates primarily from the accumulated error
in the 2-RDM. Consequently, |Fy?" — F5*|? closely resembles |D5?" — DS*|? (see Figure 3.16).
This shows that reducing the accumulation of error in the 2-RDM is the crucial point for an
improvement of the method. The present purification schemes itself introduces a considerable
error into the propagation due to the unphysical mixing of occupation numbers (see Figure 3.13).

We observe that D-purification alone is able to avoid strong instabilities but the agreement
with the MCTDHF result is very poor (see Figure 3.15). Better results are obtained by employ-
ing the DQ-purification which enforces, per constructionem, the D-representability condition
and the ()-condition up to a specific accuracy y while the G-condition is not enforced and
thus violated during the propagation [see Figure 3.17 (a)]. Nonetheless a rapid increase in the
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Figure 3.14.: The time evolution of (a) the dipole moment and (b) the representability error for
propagation with the F-operator constructed from the approximated 2-RDM at each time step, i.e.
on the second level of approximation. The blow-up of the equations of motion for the 2-RDM at
T & 1 is clearly visible in the dipole moment and is caused by the dramatic loss of representability
depicted in (b).
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Figure 3.15.: The time evolution of (a) the dipole moment and (b) the electronic energy for the
propagation on the second level of approximation including the D-purification, the DQ-purification
as well as the DQG-purification.
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Figure 3.16.: The absolute square error in (a) the 2-RDM and (b) the F-operator for the propa-
gation with F*PP[D3""] and several different purification schemes.

violation of the G-condition as it happens without DQ-purification [see Figure 3.14 (b)] is not
observed. This shows that the inclusion of the D@-purification leads to a stabilization of the
G-condition as well.

In addition to the DQ-purification we also investigated the results for the DQG-purification
introduced in subsection 2.5.2. We find that the DQG-purification is capable of correctly
restoring N-representability within the conditions at hand [see Figure 3.17 (b)]. However,
additional implementation of the G-condition does not yield any improvement over the DQ-
purification. Indeed the DQG-purification seems to have a stronger destructive effect on the
propagation than the DQ-purification alone as measured by | D5P? — DS¥|? [see Figure 3.16 (a)].
This originates from the fact that since the DQG-purification enforces more conditions than the
DQ-purification the number of iterations to reach the threshold y = 10~* is enlarged leading to a
stronger distortion of the 2-RDM and thus a larger uncontrollable part that ultimately increases
the error in the 2-RDM. Therefore, to identify and separate the part of the purification that
leads to an unphysical manipulation of occupation numbers with out improving representability

will be an essential step towards increasing the numerical accuracy of the time-dependent 2-
RDM method.

3.3.3. The selfconsistent propagation

In the previous sections the equation of motion for the orbitals was solved using the exact
2-RDM from a simultaneous MCTDHF propagation at each time step. In this section we will
approach the ultimate goal to propagate Equation 3.25 and Equation 3.26 fully self-consistently.
The challenge in the self-consistent propagation of the orbitals is the dependence of the orbital
equations of motion on the inverse 1-RDM. We reproduce Equation 2.71 for convenience

~

i0,6i(x,8) = Q (h(x)0:(w, 1) + Dule, ) (D7) (3.36)

The dependence on the inverse 1-RDM makes the propagation of the orbitals extremely sen-
sitive to small occupation numbers. In the presence of occupation numbers approaching zero
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Figure 3.17.: The time evolution of the representability errors R, R, and R for the propagation
with PP D3P, (a) DQ-purification, (b) DQG-purification.
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Figure 3.18.: The time evolution of the non-orthogonality measure © (see Equation 3.37) and the
smallest natural occupation number for the self-consistent propagation of orbitals and coefficients
Equation 3.25, Equation 3.26. At time 7 = 0.027 the non-orthogonality peaks to a value of © = 10*°
before the propagation breaks down.
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Figure 3.19.: The time evolution of (a) the dipole moment and () the energy for the selfconsistent
propagation according to Equation 3.25 and Equation 3.26 including the DQ-purification.

the contribution T, (z,t)(D~')* diverges. The divergence of the inverse 1-RDM for orbitals
with occupation numbers equal to zero can be suppressed by introducing a regularized inverse

whose eigenvalues ni are replaced by This regularization truncates all occupation

numbers below n; < 107% and stabilizes the propagation in the presence of unoccupied virtual
orbitals. Nonetheless we find that the self-consistent solution of the coupled set of equations
Equation 3.25 and Equation 3.26 without purification diverges at 7 = 0.0257. This divergence
originates from the fact that f‘u(az,t)(D_l);* becomes very large for almost vanishing occupa-
tion numbers leading to numerical errors in the application of the projection operator Q which
ultimately leads to a non-unitary time propagation. As a measure for the non-orthogonality of

the basis we introduce

0 =" l(ailonl* (3.37)
i7#]

The basis is orthogonal if and only if © = 0. Indeed the non-orthogonality diverges at 7 = 0.0257
for a self-consistent propagation without purification making a further propagation impossible
(see Figure 3.18). A detailed investigation of orthogonality and the behaviour of the smallest
eigenvalue reveals that both quantities are closely related. After only a short time of 7 = 0.019
the smallest natural occupation number reaches a minimum of n = 1.4 x 107°. At this point
the orthogonality measure has reached © = 0.1. For later times the natural occupation number
increases again and simultaneously the orthogonality improves. At 7 = 0.0257 the smallest
occupation number approaches zero a second time and at this point the propagation breaks
down. The same effect appears also in the MCTDHF calculation if the time step of the propa-
gator is too large or the type of the propagator is not appropriate such as the Euler propagator.
In this case the decay of the smallest natural occupation number towards zero is initiated by
the error arising from the numerical errors of the propagation. The sensibility of the orbital
propagation on the smallest natural occupation numbers is, therefore, a general problem that
is intrinsically contained in the equations of motions. The error in the MCTDHF propagation,
however, can be reduced by a smaller step size or a better propagator whereas the error in the
reconstruction functional is an integral component of the time-dependent 2-RDM method. A
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self-consistent propagation of the 2-RDM, therefore, essentially depends on a well suited purifi-
cation scheme. The procedures available at present, however, do not restore N-representability
without introducing artificial errors. In particular within the self-consistent propagation these
additional errors in the smallest occupation numbers lead to large errors in the inverse 1-RDM
causing large errors in the propagation of the orbitals (see Figure 3.19). To improve this results
there are two convenient ways to follow. The first is an advanced purification scheme that
consists of the iterative procedure extended by an infinitesimal rotation that accounts for the
unphysical change in the fully occupied orbitals. The second is to implement the propagation of
the two-particle basis into the 2-RDM method. Both and further alternatives will be discussed
in chapter 4.






4. Summary and conclusions

In the present thesis we have investigated a theoretical method to propagate the 2-RDM with-
out the knowledge of the N-particle wave function. The underlying idea is to reduce the
overwhelming information contained in the wave function required to solve the time-dependent
Schrodinger equation to the amount of information that is sufficient to correctly describe physi-
cal properties such as the total energy. We have derived the equations of motion for the 2-RDM
and have provided an intuitive interpretation in terms of the interaction between particle pairs
and the environment. The exact equations of motion for the 2-RDM crucially depend on the
3-RDM. We obtain a closed form of the equations of motion for the 2-RDM by approximating
the 3-RDM in terms of the 2-RDM and the 1-RDM according to the cumulant theory of RDMs.
At this point the time evolution of the 2-RDM is completely decoupled from the wave function
such that the 2-RDM may get distorted in such a way that it cannot be derived from an actual
many-body wave function anymore. This violation of N-representablity is a crucial problem of
the 2-RDM method and requires the restoration of N-representability via a procedure called
purification. In our calculations we have incorporated purification methods known in the liter-
ature and in addition developed a purification scheme that takes into account the D-condition,
the @-condition, as well as the G-condition.

To test the accuracy of the new method we have calculated the dynamics of a lithium hy-
drogen (LiH) molecule in 1D subject to high-intense laser fields. We have studied the electron
dynamics induced by the laser pulse on three levels of approximation. On the first level of
approximation we have used the exact 2-RDM obtained from a simultaneous MCTDHF calcu-
lation for propagation of the orbitals and for the reconstruction of the 3-RDM. We have found
on the first level of approximation near perfect agreement with full MCTDHF calculations. We
conclude that the error in the reconstruction functional allows, in principle, a very accurate
propagation for such systems. As an indicator for the quality of the reconstruction functional
we have introduced the reactivity which is a measure for the number of scattering events be-
tween a pair and the surrounding particles. We have found that the error in the 2-RDM is very
small and dominated by the violation of N-representability showing oscillations as a function
of time. Employing purification, the 2-RDM can be brought to even better agreement with
MCTDHEF.

Purification becomes particularly important on the second level of approximation where the
propagated 2-RDM is used to reconstruct the 3-RDM. In this case the error in the 2-RDM is
imprinted on the reconstruction functional and accumulates leading eventually to instabilities
in the propagation. The application of purification prevents instabilities and leads to results
that are in good agreement with full MCTDHF calculations. However, the purification proce-
dure unfortunately causes an unphysical mixing of natural occupation numbers. In particular,
the natural occupation numbers of core orbitals are artificially decreased due to the purifica-
tion while MCTDHF calculations show that they should be constant. This unphysical effect
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of the purification is an additional source of error for the propagation. We have tested dif-
ferent purification schemes including the DQ@Q-purification based on the D-condition and the
(2-condition, as well as the DQG-purification including also the G-condition. We find that the
DQ-purification yields slightly better results than the DQG-purification. This is due to the
fact that the DQG-condition requires more iterations to converge thus further increasing the
uncontrolable effect on the propagation.

Finally, we have studied the self-consistent propagation of the 2-RDM method where both the
equations of motion for the orbitals and the 2-RDM are solved self-consistently. At this point the
2-RDM method does not rely on any input from a simultaneous MCTDHF calculation. We find
that the inverse 1-RDM entering the equation of motion for the orbitals is very sensitive to small
natural occupation numbers and diverges if the natural occupation numbers approach to zero.
Without purification the self-consistent propagation of the orbitals is practically impossible.
Only by including the purification into the propagation the equations are stabilized leading
to reasonable results. Nonetheless, due to the strong sensitivity on small natural occupation
numbers errors in the 1-RDM have a large impact on the orbital propagation. This poses a
challenge for a selfconsistent propagation of both the orbitals and the 2-RDM coefficients. We
find that the purification schemes tested in this thesis are not yet able to provide an accurate
solution for the self-consistent 2-RDM equations of motion.

To overcome these difficulties two conceptually different approaches can be followed. The
first approach circumvents the instabilities of the orbital equations of motion arising from the
inverse 1-RDM by replacing the one-particle basis by a two-particle basis which intrinsically
accounts for pair interaction. Such a time-dependent method based on a two-particle basis
was sketched in subsection 2.4.2 and will be subject of further studies. The second approach
focuses on the improvement of the purification scheme. It has been observed previously [45]
that the purification schemes employed in this thesis do not strictly conserve the spin singlet
state of the wave function, i.e., the 2-RDM after the purification does not exactly correspond
to a spin singlet state anymore. Recently, a new purification scheme was presented that takes
into account the D-condition, the ()-condition, and the G-condition as well as the conservation
of the spin singlet state [45]. We will employ this purification scheme in further studies.

Conceptually, the purification schemes available today are designed for the iterative solution
of the contracted Schrodinger equation. In this iterative procedure the purification has the
single purpose of restoring N-representability after each iteration step. In the application to
time-dependent problems, however, the purification faces new challenges. It has to restore N-
representability after each propagation step but should not artificially modify the occupation
numbers. The major drawback of the present purification schemes in the context of time-
dependent problems is that purification and propagation steps are applied independently. At
present the input for the purification step is given by the 2-RDM of the last propagation
step and, consequently, the purification contains an uncontrollable part that is not adapted to
the actual propagation step. We observe that this uncontrollable part leads to an unphysical
redistribution of natural occupation numbers. A convenient approach to correct this part of
the purification is the implementation of a subsequent correction step

D5 = Dy + i[Heg, Do, (4.1)

with an appropriately chosen effective Hamiltonian H.g that ensures conservation of occupation
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numbers associated with highly occupied orbitals. In particular, for systems featuring deeply
bound core orbitals it is convenient to fix the natural occupation numbers associated with core
orbitals during the propagation following the recently developed TD-CASSCF method [32].

A convenient alternative to the purification of the 2-RDM is a purification scheme that acts
on the time derivative of the 2-RDM in order to keep N-representability from the start. The
purification of the time derivative has the advantage that the purification is correlated to the
propagation step. An ambitious goal is the development of a purification scheme that acts on the
approximated F-operator such that N-representability at least on the level of D@-conditions
is preserved during time-propagation. Further progress along these lines relies essentially on a
deeper understanding of the F-operator.

From a conceptual point of view the question arises whether the N-representability of the
3-RDM entering the F-operator is sufficient to guarantee N-representability of the 2-RDM
during propagation. If this is the case purification of the reconstructed 3-RDM may be a
convenient approach to enforce N-representability in combination with an increased accuracy
of the reconstruction. However, the enforcement of 3-positivity conditions on the basis of the
3-RDM is numerically very demanding.

Finally, the correlation between the accuracy of the approximated F-operator and the reactiv-
ity described in subsection 3.3.1 suggests to search for systems with a dilute electron distribution
as a testing ground for the propagation within the time-dependent 2-RDM method.
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A. Reduced density matrices of Slater
determinants

In this appendix we show that in the special case of a N-particle wave function equal to a single
Slater determinant consisting of N orbitals ¢; the RDMs have a simple form in terms of the
orbitals ¢;. In particular the p-RDM has exactly (];[ ) non-vanishing eigenvalues which are all
equal to one and the corresponding eigenfunctions are p-particle Slater determinants. To prove
this we start with the N-particle density matrix

1
D(zy...xN;2) ... 2ly) =

oi(@) dolrr) ... on(@)||d() L) ... Fhl(ah)
oi(e2) olwa) .. on(w)|[G1(eh) @(xh) ... l(ah)
bi(en) dalan) ... onlen)||B1() o) ... o ()

(A1)

and gradually reduce the number of variables by performing a partial trace over just one
variable. In the first step we obtain the (N — 1)-RDM by tracing out xy
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This relation is obtained by a Laplace expansion along the last row of the determinants inside
the integral. The terms in the resulting expression are proportional to [ ¢;(xy)¢;(xx)dxy such
that by orthonormality of the orbitals we arrive at the right hand side of Equation A.2. To
obtain the lower-order RDMs this relation for the partial trace of Slater determinants can be
applied iteratively leading to

D(xy...xp;ay ... x,) =

Po1)(@1) Do) (1) o Go ()| |Poy(T1) Drpg(T1) o (@)
¢

)
_ l' > 9250—(1).(%) %(2).(%) ¢a(p).($2) 2(1).(55'2) 3(2)‘(93/2) ¢§(p).(517/2) (A3)
b: : : " : : : T :
UGSn * / * / * /
Po)(Tp) Po@)(Tp) - Po)(@p)] G5y (7)) Phay(y) o Pl (),
where o is a permutation within the symmetric group S,,. The factor 1% = %(2{ ) (N —p)lis

obtained by considering that each determinant can be obtained in (N — p)! different ways. The
resulting p-RDM has the form of a spectral representation from which two important properties
can be extracted. First, all eigenvalues of the RDMs are zero or one. This is the necessary and
sufficient condition for the matrix to be idempotent, i.e., Dﬁ = D,. Contrary to density matrices
normalized to one where idempotence is the condition for the system to be in a pure state, the
idempotence of p-RDMs is a necessary condition for the many-body wave function to be in the
form of a single Slater determinant. While for arbitrary p this is just a necessary condition it is
also sufficient in the case of p = 1, i.e., the wave function has the form of a Slater determinant
if and only if Dy is idempotent [23]. The 2-RDM, for example, can be idempotent but if the
eigenfunctions do not have the form of Slater determinants the corresponding N-particle wave
function does not have this property neither.



B. p-RDM diagonal elements and
p-tuple expectation values

In section 2.2 we showed that the average number of pairs with coordinates (x1, x2) is given by
D(x1x9; x122). In this appendix we generalize this result and demonstrate that the diagonal
elements of the p-RDM can be interpreted in terms of expectation values of particle tuples,
where a particle tuple is the generalization of pairs and triples to p-particle configurations. In
particular we show that the average number (T) of s-particle tuples inside the volume V' is
given by the integral over the p-RDM diagonal

(Ty) = / D(zy...x521 ... x5) day ... du,. (B.1)
1%

This is in accordance with the normalization

/D(a:l...xs;xl...xs)d:cl...da:s:(N>, (B.2)

S

which gives the total number of s-particle tuples for a system of N-particles.
For the sake of simplicity we use the following notation

)L

p times

The probability Py (p) to find exactly p particles inside the volume V while the other (N — p)
particles are in the complementary volume denoted by V¢ is

Pr(p) = (JZ) (/V)p (/C>N_p|x11|2 dy . dox. (BA)

Due to particle conservation these probabilities have to add up to one which is in agreement
with the normalization of W:

> Pup) = (/VWC)N U2 day ... dey = 1. (B.5)

As a first step toward the general result we consider the particle number expectation value in
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the volume V

zijPV XN:p()(/>p</C>N_p|\I'|2dx1...d:cN

T ( ) </v)p (/C)NJD|‘P|2 dzy ... dzy
N/V (/VWC)N1|\If|2dx1...de:/VD(x1;m1) day. (B.6)

We can generalize this result by using the relation

G- -G)0) ©

to the general expectation number of s-particle tuples inside the volume V'
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C. Valdemoro's reconstruction
functionals derived from
particle-hole-duality

The first important step towards the reconstruction of RDMs by lower-order ones was achieved
by Valdemoro and co-workers in 1993 [26]. They used the fact that any N-body quantum system
can also be expressed in terms of holes instead of particles by interpreting the annihilation
operator a; as the creation operator ZA)I of holes, a concept that is very similar to antiparticles
in elementary particle physics.

C.1. Relation between particle-RDMs and hole RDMs

In general, holes can be defined for fermions as well as bosons. However, in the bosonic case
the fundamental commutator relation did} - d}di = 5f is not invariant under the replacement of
the annihilation operator for particles a; by the creation operator for holes EI Therefore, holes
in the bosonic case are not equivalent to particles. Nevertheless, in both cases we can define

the p-particle density operator F;lllﬁ'p and the p-hole density operator f‘;llzgp as

11 5e0ylp ~ AT A ] ~
o h = G 4G,y C.1
ileip _ A At At
ah = Ay Gh,a; 0y (C.2)

which are closely related to the p-RDM, D,,, and the p-hole RDM, @),, via

i1, rip 1 i1y

Dji,...,jp = H<‘I’|F311]p|\p> (C.3)
i1 emrip L =i ip

Q= IT!<\I]‘Fj11,...,jp’lI]>' (C.4)

To express the hole-RDMs in terms of particle-RDMs we rearrange the creation and annihilation
operators using [didﬁi = ¢]. This leads for the bosonic commutation relation &i&} = djdj + 47
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to the following equation
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where iy, ..., 0y \ {ir,, ir,, ir, } denotes the index set i1, ..., i, reduced by the three indices iy, , iy, , iy,-
A descriptive explanation for this formula is given by the interpretation of each term with s

Kronecker deltas as the term created by the extinction of s annihilation operators a;, ...a;, with
s creation operators d;_l ...d}r . To prove this relation with mathematical rigour we use com-

plete induction over the integer p. For p = 1 the formula reduces to the canonical commutation
relation. To prove the induction step from p to p + 1 we use the following equation
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a; I': "%~ a; which generates the additional terms. To treat the upper and the lower indices
p~ Jly--5Jp—1"JP

on the same footing we rewrite Equation C.5 as

which is obtained by rearranging the expression T’ = Qj,...Qj, djp...&;rl into the form a i
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In the next step we show that each term on the right hand side of Equation C.7 for fp can be
decomposed into five sums:
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To illustrate this decomposition we apply it to the special case s = 2,p = 3:

Z Zn 5“2 1,02,3\{ir sirg } _
z : Jtq “dts J17]27]3\{Jt1 Jto }
r1#£72 t1#t2

(00275 + 02T + 526 + 67201

Ji17J27 J3 J2 7 J1 J17J27 J3 J27J17 J3

J27 J3 737 J2 J2 .73 737 J2

+267 (5121““ 4§D 4 gz 4 ghe

J17J3 J37 1 J17 73 J37

+287 (§2T% 4 5l 4 g7 4 gieT2

J2- JiJ2 J2- J17 92

J2- JimJ2 J2 J17 92

+28% (§0Ti2 4 §iT2 4 52T 4 gleph

J1 ]2 J27 1 J2= J17 J2
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( )
20 (ST + 4T + 55T + 52T )

( )
(5’35@” 4 giagi iz 4 gisgiapi 4 513522?1) (C.10)

J17337 J2 J27337 1 J17337 J2 J27J37 J1

By the induction assumption we have assumed Equation C.7 to be correct up to p — 1. In the
next step we show that each term in Equation C.7 for F can be obtained from Fp 1 and Fp 2
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via Equation C.6.
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(C.11)
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1 1=1

On a similar line of reasoning the corresponding relation between hole-RDMs and particle-
RDMS in the fermionic case can be constructed by applying the commutation relation a;a T =

—ala; 4 07 to get the equation
fill,...7ip — (_1)p Fi.hm’ip

J1y-5Jp ]1,...7jp
_ i i1 eensip\{irs }
+ (=1)Pt Z sgn(m)sgn(ﬂj)éjtll Fji,...,j:)\{jzll}

1
t1

+ (=172 sgn(m)sgn(m;)0y 8,200 Vi \iry iy}

Jto = J1seedp \ Lty 780 }
r1<re
t1#£t2

F (=17 YT sen(msen(r,)dy 8y s e

Jto "Itz " J1sedp \ Lty 1JtoJts b

r1<ra<rs

t1F#ta#t3
+ > sen(m)sen(m)d; 0,0 53::, (C.12)
r1<re<..<rp
tiF£to £ Flp

where sgn(m;) is the sign of one permutation of i,,, %y, iry, 01, ..v, Iy \ {iry, 9ry, iry }. Using Equa-
tion C.3 the relation between hole-RDMs and particle-RDMs for bosons becomes

Wv—zﬂ_w ST gt g pitin i) (C.13)

J1ye5Jp Jts J1, 7.717\{.%17]752: Jts}
r1<re<..<rs
tl#tz;é #ts

o cr(l) 10(2) o'() io’(s+l)7io(s+2)7"'vi0(p)
- Z pl 8 |2 8' Z .77r(1) .771-(2) : .77\'(9)Djw(s+1)7j7r(s+2)a~~-»j7r(p)’ <Cl4)
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and for fermions

i1 o1 iy ciry  cirg goidoeesip\{irg sirgsoming }
Dy = Z(_l)p == s)! Z sgN()sgn(m; )05, 05,205 D
s=0 p: r1<re<...<rs
t1F£taF#.. FLs
(C.15)
p 1 1 1 ) ) ) ) ) .
o — 1o(1) ¢to(2) Lo (s) Lo (s4+1)s%0(s42) 55t (p)
- Z(_1>p S_l(p —s)! _ 12_1ZSgn(U)Sgn(T)éJ’fa)éjr(z)"'5J'T(s> Djf<s+1)vjr(s+2> ----- jT(Z>‘
— p! (p—9)1%s! -
(C.16)

With the definition of the antisymmetric wedge product A for fermions and the symmetric
product ® for bosons

Al},...,t; @ B7’3+17"‘77’P — A"T(l)’ ’.U(S)B,U(Sle)’ o (p) (Cl?)

J1yees]s Js+15-2Jp p'2 Jr(1)s3J7(s) JT(S+1)7"'?jT(p)
o,T

o . . 1
01,00t Tt lyenip
ARG N B T

Z sgn(o)sgn(T)Ai"(l)’""i"(” Bletery o (C.18)

j‘r(l)v"'»j‘r(s) jr(s+1)""’jT(P)7
o,

we can write Equation C.3 and Equation C.12 in a compact way

P
Fermions: D, = (—=1)?D,, + Z(—l)p_s (p) 8 N Dy_ (C.19)
s
s=1
~ P p
Bosons: D, = D, + Zl <5> 5 © D, _s. (C.20)

C.2. Reconstruction

The key point in the derivation of the reconstruction functionals is the observation that the
difference between hole-RDM and particle-RDM can be written as a sum of two contributions
that have the same functional form for both [26]

D,—(-1)’D, =Y (-1~ (Z) *AD,_y= f(Dy,....,Dp1) — (=1)Pf(Dy,...,D,_1) (C.21)
s=1
ﬁg——[%::zzz(Z)ésc>L%_s::f(Dl,“,Z%_Q-—f(Dlw“,fg_g. (C.22)
s=1

For fermions the functional f(Dy, ..., D,_1) can be determined by considering a system with as
many orbitals as particles. In this case there are no holes and therefore all hole RDMs have to
vanish Dy =0, ..., D, = 0. Due to the universality of Equation C.21 this leads in the fermionic
case to

6 =Dy + Dy = Dy, (C.23)
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and thus
- p
D, = ;1 (_1)5+1 (s) DiND,_,. (C.24)

This argument cannot be applied for bosons because each orbital can be occupied by an arbi-
trary number of particles. In fact it turns out that the reconstruction functional for bosons is
not correctly normalized even for the case of single permanent wave functions (see Appendix H).
Nonetheless with the appropriate normalization the same procedure as for fermions

5 == Dl - Dl == —D1 (025)
leads to
¢ p
D, = Z<_1)S+1 (S) D} ® D, (C.26)
s=1
(C.27)
and after normalization
P Tr(D;,) P ’

It is surprising that both reconstruction functionals have, except for the normalization and the
type of product, the same functional. In particular for p = 3 we obtain for the fermionic case

Ds =3D; ANDy —3D3A D, + D} (C.29)
= 3Dy A Dy — 2D3. (C.30)
This derivation based on the particle-hole duality has the large disadvantage that correction

terms that are symmetric under particle-hole exchange do not appear in the reconstruction.
Such terms are obtained in the more general derivation using cumulants (see Appendix F).



D. General structure of
N-representability conditions

In a search for further conditions Erdahl [37] imposed conditions which can be traced back to
3-positivity conditions. In general the 3-positivity conditions are given by the positivity of the
four matrices:

11,02,13

s = (¥ |1 2A13a330’]2d]1|qj> (D.1)
Qﬁ’ﬁ’?‘l (Wlay, a;,a,, dj3 aL ajl W) (D.2)
By, = (¥la 0 a3, 1,15, | ) (D.3)
G;?gﬂfs (af aj, zgajsdT G0, | V). (D.4)

Each of these four conditions separately represent N-representability conditions for the 3-RDM
and cannot be used directly as additional conditions on the 2-RDM. However, taking the sum

;1,;22;33 + Q;i’z’fj’s = <\Ij|dj1djz jsahamah + ahajzajsazgazzaumj) (D.5)
and rearranging the creation/annihilation operators shows that the sum of the 3-particle and
3-hole RDM is actually a 2-particle operator and, therefore, completely determined by elements
of the 2-RDM (see Equation C.19 in Appendix C). The same argument can be applied to the
sum

E'Ll,zz,Zg + G’Llﬂ%ls (D6)

J1,J2,]3 J1,J2,33°

This leads to new conditions on the 2-RDM

D3+ Q3 >0 (D.7
E;+ G35 >0, (D.8)

which are referred to as T} and T3 conditions [24]. Since these conditions on the 2-RDM arise
from the 3-positivity conditions they are classified as (2, 3)-conditions. In this notation the
ordinary 2-positivity condition may by denoted as (2, 2)-conditions [36].

Recently, a constructive approach was found which, in principle, characterizes all (2, q)-
conditions for any integer ¢ and shows that the sum of all (2, ¢)-conditions forms a complete
set of N-representability conditions for the 2-RDM [36]. Since for a system consisting of r
orbitals all p-particle operators with p > r are equal to zero and the (2, ¢)-conditions implicate
(2, p)-conditions if p < ¢, the (2,r)-conditions contain all (2, ¢)-conditions for any integer g.
Therefore, the (2, r)-conditions form a complete set of conditions.
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To understand this result consider that the set of N-representable p-RDMs forms a convex
set P,. The convex sum of two N-representable p-RDMs is again a /N-representable p-RDM.
This convex set is used to define the convex set P of p-particle operators

"Gy, (D.9)

which fulfill
Py = {0, (¥|0,|¥) = O D > 0 YD, € B,}. (D.10)

The set P is a generalization of the set of operators M, = <\P]C’gé’p\\b> we have already intro-
duced in Equation 2.98. It contains also p-particle operators M, i.e., operators calculated from
p-RDM elements, whose C are polynomials of higher degree than p and all convex combinations
of such operators. For example, P; contains Ds, ()2, G2 but also %(Dg + Q3) and %(Es + F3)
which can be written as

1 po I
§(D3 + Q?)) = <\I]|CTO‘\IJ> Wlth O = T(G’]Ba.ﬁa’]l + a“j3 12 Il) (D]‘]‘)
1 At A A 1
§(E3 + F3) = <\II|CTO|\IJ> with € = \/§(a]3a12 i1 + a aj2dj1)a (D'12)

as well as further p-particle operators that involve é'q with ¢ < r as long as they reduce to
p-particle operators in the end. The crucial point is that by the bipolar theorem [46] the set
By is sufficient to define the set of N-representable p-RDMs:

P, ={D,|(V|0,|¥) = ;i j’;D“ ..... Z” >0 VO € P} (D.13)
In particular, due to the convexity of the set F; the conditions can be reduced to a finite set of
conditions arising from the extreme elements in P} where an element is called extreme if it can-
not be expressed as the convex sum of other elements. This is a remarkable result indeed since
the set of extreme conditions in P; defines a complete set of conditions for N-representability
of a p-RDM. The extreme conditions can be constructed from p-particle operators that are
convex combinations of appropriated matrices M, = (¥|CiC,|¥) where all terms with more
than 2p-creation/annihilation operators vanish. Such a construction has lead to the discovery
of (2,4)-, (2,5)- and even (2,6)-conditions for the N-representability of the 2-RDM [47]. An
explicit list of all necessary and sufficient conditions, however, is still missing.



E. Equations of motion for p-RDMs in
second quantization

In this appendix we derive the equations of motion for RDMs of arbitrary order in second
quantization. The formulation in second quantization is very elegant because the explicit
calculation of partial traces does not show up. Nevertheless the derivation requires considerable
manipulation of expressions containing creation/annihilation operators. To simplify notation
we use Einstein’s sum convention. Starting point of the derivation is the Heisenberg equation

of motion for the reduced density operator F v ’;’p = dT &Ipdjp...djl:

. il,wﬂ:p _ ilw-,ip _ UA AT ~ _ oA 'i‘ T A'I' o~ .
oLy =10, H] = hyag, ...a; Gj,...G5 Q u h7a Ly GGy
1
orat  ata dataci — ~vVoratataaal al as i
+ 2VWJ Q- Q Q.05 00,070 2VMUaua,jaTagail. a; Qj,...aj
]
_gont ot . oot At oA At
= hya; ...a; a;,...a;,a,04, (h#ajl..ajpa@p a;, ata,

where we have used the Hamilton operator in second quantization

H = n%ala, + VUTT il . (E.2)

uuuu

Equation E.1 shows that the second term in the commutator is the adjoint operator of the first
one. Therefore, it is sufficient to evaluate the first terms of the commutator:

; it t ata R T T X
j,--0j, @), 05 = h7a; ...0; aagaj aﬁ—l— h a;, a ol Ay, .0

—+

hla,. ...

S SR (€3

14 ]17 5JpT jn ]17 7]7’L+17 sIn+1s--]p
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vo“j al aj,...ajal

Sto o _yorat ot ot y
a; aj, uQy A7y = V Q0 4G aTagajp...ajl

g 5T G ata E ‘”T Atata s & a 5
+ V v 21 , 4y ar Ajpee-Qjy iy Ao,y oGy + V @ a aaaﬂp Ay Ar Qg -Gy

n=1

or At ato . J . J .
+ E ijm el Qg Qe Qo (GGG, G,y
n#m

O, Ty +5bp oy o, 11,~,ip,;t 11, ip
V F]h 7JanT+ZZV#]n T In+1,Todn+1,e ,Jp,0+ Z JnJm 31, Jn415Todn41 s Jm+1,0JmA+1-:Jp "
n#m
(E.4)

The equations of motion for the reduced density operator F;lllp can be used to derive the
equations of motion for the p-RDM by taking the expectation value of Equation E.1:

ioy Dy p,(\PH e H|W). (E.5)

Using the results in Equation E.3 and Equation E.4 we get the following equations of motion
for the p-RDM

p
11, ol o yilsip _ pin )iletnt Libying1yetp
10, D ~~,J'p Z <h Djl, SJn4 1,000 415-0p hu Dj17~-7jp )
n=1
+ E 217"77:? ) ) ) R vln,lmD’le in+17M7in+17"'7im+17V7im+1“'7ip
]nv]m ]17"'7]n+1707]n+17"'7]m+177-7]m+1---aJ J1s- 7.]?
n;ém
p . . . . . .
0, 1)lLstp 1 _ Y/ 0tn )L otnd LYsing1heetpy b
_I— (p + 1) Z (Viu‘ ]'n,Djl,~~-,jn+1,T,jn+1,...;jp70' V.“ﬁ” Djl:'wjpvo' )‘ (E.6)
n=1

In the special case p = 2 this equation reads

0D} = (5,07, + 07, by, + Vi, ) Diste = (hiiolz + Githiz + Vi) DY, (B)

J1,J2 J1,J2

32— J1,7,0 JLVvTT 0,J2,T J1,J2,0 v J1,J2,T

+3(VIL D VLD — Ve DIt — VAT DY ). (E.8)



F. Reconstruction of the 3-RDM based
on the cumulant expansion

In this appendix we show how to derive the reconstruction functional for the 3-RDM from the
cumulant generating functional. We use an arbitrary orbital basis and the associated creation
and annihilation operators &;-r? a;. Considering the action of the normal ordering operator 0,
the RDM generating functional can be expressed as

D(J;, J1) = (W]O exp (ajJ,- + aijl.*) )
= (exp (ngi> exp (de))

=1
_ . N PN PO
= 1+ ZW«LHJZ& . ..aiinpaijjp .. .aj1Jj1>

- 1 ) %
:1+Zﬁji1...(]ip(]; JI D (F.1)

-5Jp’?

where the Einstein index summation convention was applied to sum over probe variables and
creation/annihilation operators. The last line of Equation F.1 corresponds to the multidimen-
sional Taylor expansion of I'(J;, JZ-T) and shows that the RDMs appear as the coefficients of this
expansion. Note, however, that a detailed calculation of the RDM elements via Equation 2.49
gives an additional anti-symmetrization (symmetrization) for fermions (bosons)

D 0T 1SS e sy
p! J,JTHO 8JT aJT aJ 81] p!2 ]0'(1)7 7]0(1)) J1s-- 7]1? :
g1 Y gp Y

0,TESY

Since the p-RDMs are already anti-symmetric (symmetric) the application of the anti-symmetrization
(symmetrization) leaves the RDM unchanged but it is essential in the formula for cumulants
as will be shown below.

The Taylor expansion of the cumulant generating functional W (.J;, J1) = In (F (J;, J) )) can

be determined from the Mac-Laurin Formula of the logarithmic function

In(1+x) = i (_1i)i+1xi, (F.3)

i=1

leading to the following form of the cumulant generating functional

T 00 7,+1 1 ,'_ T 0 i 7
W (J;, J}) Z Z—|< I/ SR A s (F.4)
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To derive the cumulants A, in terms of the p-RDMs we expand the two sums and order the
terms by the number of probe variables

W (J;, J}) = J,, | D

Ji

+ (1/2)J;, Ji, JL JT Dive

2927 J17" 1,72
—(1/2)Jiy I}, Jiu T}, DD}
- (1/2>Ji1 ‘]i2 JJT2 le Ji3 JJTJD;i:‘ZfQ D;z
T T T 11 712 T3
+ (1/3) i, J}, Jiy I}, Jiy S}, D5 D3 D3

= J, JI D

Ji

+(1/2) 0, J;, L JL (D2 — DY D)

29J2% j1 J1,J2

1/31)J;, Jiy Jiy T3 JE JT (Di2% — 3D Dis 4 2D D2 D's )

J3“ 3291 J1,J2,J3 Ji,J2

+ (
+ (1A Ty, Ty, Jo T LT JE
x (

4747937727 N1

01,02,83,04 11,02,83 Tyia 11,82 793,4 11,02 7yi3 Tyia 11 1)i2 13 i4)
D! 4Dii2d it 3pitia pisis 419 piti pis pis _ g pit iz pia pis

J1,32,73,J4 J1,J2,J3 J1,3277 33,04 Ji.j2
(F.5)
Using the formula for the cumulants
i orw
JAN (F.6)

VI lim — T T )
a0 pt 9l LAg) 0,0,

this leads to the decomposition of the p-RDM into a connected (cumulant) and an unconnected
part Ay

D1 == Al (F?
D2 == (D1 N Dl) + Ag (FS

1

o

Dy = (4D3 A Dy +3D3 A D3 — 12Dy A D} +6D7) + Ay (
(

The unconnected part for the p-RDM yields the best approximation in terms of wedge prod-
ucts of lower-order RDMs. For the p-RDM with p < 4 the connected part of the p-RDM
is in agreement with the reconstruction obtained by exploiting the particle-hole duality (see
Appendix C):

)
)
)
)
)

eSS

A1

p
D,~ Y (-1)*" (Z) D;AD,_,. (F.12)
s=1
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For p = 4, however, Valdemoro’s reconstruction functional reads
Dy~ 4Dy A D3 — 6D3 A Dy + 4D7, (F.13)

which is not in agreement with the connected part of D4. The difference between both recon-
structions is given by the term 3As A Ay and originates from the fact that the cumulant A, is
invariant under particle-hole exchange and, therefore, cancels in Equation C.21.






G. The v,k coefficients for bosons with
short range interaction

The major drawback of the time-dependent 2-RDM method within a two-particle basis is the
time consuming evaluation of the coefficients v, k entering the F-operator

Fi=1I -1 (G.1)
L= h A% — KRR ARALAL (G-2)

The calculation of v, k simplifies in the case of a system consisting of bosons with short-range
interaction that can be approximated by a delta function

Vint($1, iUz) = 955($1 - I2)~ (G-3)

Such a system for example is realized by ultra-cold atoms whose interaction can be reduced to
s-wave scattering. In this case the parameter g, contains the s-wave scattering length. Starting
with the F-operator in coordinate space (Equation 2.42) the integral over the delta function
can be evaluated and leads to

F(xyxo; ¥h2h) = I(x129; ) 2hy) — I (2 2hy; 19) (G.4)

I(z129; X1 25) = asD(x129my; 2y 2hw1) + asD(x129m0; ) 2h1). (G.5)

The two-particle basis representation of the F-operator is determined by the projection onto
the basis functions ¢;(xy, z2):

Fi=1 -1 (G.6)
]; = a, / [D(z1m0x1; Thahy) + D(x120m0; 2 xh20)] U7 (21, 22)1i (2], x5)dadeodaidal, (G.T)

= 2as/D(xlazgxl;x'lm/le)w;(ml,x2)¢j(x'17a:'z)dxldmgdx’ldasé. (G.8)

In the next step we use the reconstruction functional in Equation 2.62 to approximate the
3-RDM in terms of Dy and Dj:

D(xyw9x3; 7 2hal) ~ 3Dy A Dy — 2D3 (G.9)

3
~ @ Z D(0(1)To(2); Tr(1)T7(2) D (To(3); () (G.10)

T 3p ZD Ta(1); Tr(1)) D (To(2); 279)) D(To(3): 77(3))- (G.11)
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This expression can be further simplified by taking into account the symmetry of the 2-RDM
and by commuting the three terms in D3:

D(z120m3; ¥ 2hay) ~ 1/3[D(139; ' 2h) D (3 25)
/
2

—1/3[D x1;24) D(xo; ) D(23; 25) + D(w1; 7)) D(s; h) D(29; %)
+D(x9; ) D(21; 25) D(x3; 25) + D(xo; ) D(23; 25) D (21; 275)
+D(x3; 21) D(21; 7)) D(x0; 24) + D(xs; 27) D(wa; x5) D (w1 2|

(G.12)

Inserting this approximation into Equation G.6 gives an expression that can be further simplified
by using the fact that the replacement z; <> x, 9 <> x4 is merely a change in the integration
variables. Therefore, terms that differ solely by this replacement can be considered equal

;. 2ag

/ [ T1ZTo; w175) D(xy; x1) + D(21200; 2 0h) D (295 1)

D(
+4D(x129; ¥y 21) D(21; 2%) + 2D (21215 2 11) D(29; 735)
—AD(w1; 24) D(2; ) D(w1; 1)
(

+2D(xy;2})D (xg;wl)D(:Ul;x'z)}w;‘(xl,mg)iﬂj(x’l,x'z)dxldxgdx’ldx'z. (G.13)
Inserting the expression for the 1-RDM
D(xy;x}) /D T1T9; e )dTe = /@/}, x1, Lo w (2], x9)dxs, (G.14)

into Equation G.13 and comparing the result with Equation G.1 yields the reconstruction
coefficients

i =200 [ (200 Gorvma) 5, (0t 31, )5 o)
i, (21, 20)Y5, (T, 25) i, (T2, 23) 07, (21, 3)
+dti, (21, 22)05, (T, 1) Wiy (1, T3)05, (2, T3)
+20;, (1, 20)05, (), 210)i, (22, 23)05, (2, 23)
i (1, x9)1h; (2, ) drydreda) dryde; (G.15)

9
Kyt = —8/ [4%’1(531,xs)@l(ﬂ?ﬂ,xs)%Q(ﬁz,534)@5;2@,2,5154)%3(1161@5)@/1;3(951@5)

3
+2¢11 (.171, $3)¢]1 ('171’ x3)¢z2 (ZEQ; $4)¢]2 (ZEI; $4)¢13 (mla ZL’5)¢ (x2> ZL’5)]
X (1, x9)1h; (2, ) dry daeda) doydrsda,des. (G.16)
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In the case of a one-particle basis these integrations can be simplified significantly using the
orthonormality of orbitals. In the two-particle basis this is not possible due to the complicated
intertwining of the integration variables within the two-particle basis functions. Nonetheless,
some simplification can be achieved using the definitions

Tij(l'li ry) = /%’(wh Iz)ipj(l‘/pxz)d@ (G.17)
Tjhm(gjl’xl /1/)]1 xl?x?)wu (manS)wjg(mlaxS)dede (G18)
and rewriting the expressions for 7, x in the following way

Vjinsia

2a, 7
ijige _ 29 5]1/ [QTZ (Il,l’l)TJ (1’1;56’1)+l/fil(IlyIl)Ti]z’h(xl;xl)}dxl

2a,
3

+ /[4Tz (xl,xl)T (x2,x1)T (1; 75)

+21);, (21, :z:l)T] (xh; xl)T g2 (x1; x2)] dz,da),

R 2a, i
s i/ AT} (13 0)) T (s ) T (1;.21)

7,21,22,23 3

+2(T“’J(x1,x2)) T’”(xl,xl)T] (wq; 2h)da .






H. Reconstruction functionals for
Slater determinants

A necessary and sufficient condition for a fermionic many-body wave function to be a single
Slater determinant is given by the idempotence of the 1-RDM (see Appendix A). In this case
the 1-RDM contains enough information to reconstruct all p-RDMs according to

D, =D ADy..ADy =Dl (H.1)

p times

This reconstruction is obtained by setting A, to zero for all p > 1 which is equivalent to the
condition for independent particles (see subsection 2.3.2). In the following we will show that
in this case the reconstructed RDMs are appropriately normalized to

(0, = e(0f) = ). (1.2)

In general, if Ay # 0 the approximation of the p-RDM in terms of lower-order RDMs is not
correctly normalized and requires renormalization. To proof Equation H.2 we use complete
induction with respect to the integer p. For p = 1 the relation reduces to the normalization of
the 1-RDM D; = N. For the induction step from p to p + 1 we use the following theorem

r(1)soir(p) © br(p+1)

1 G (1)sl0(p) Pylo(p+1)
Tr(D, A Dy) = o8 ; sgn(o)sgn(r)D "D,

_ [p!D’fl ----- D — plp (Dj} ----- v D’“l)]

(p+1)' ey p+1 A\ T ip+1” " ip
1 iy yiptl
- (p+1) [Tr(Dp)Tr<D1) -Dp <Dzi ..... z‘pHDizf >] ) (H.3)

Using the idempotence of the 1-RDM and the fact that the p-RDM decomposes into the product
of 1-RDMs Equation H.3 can be written as

p+1y D _ 1 v( DP _ v( DP
TT(D1+ ) =Tr(DY A D) = p+1) [Tr(DY)N — pTr(DY)]
= uTr(le)
p+1

A0
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which proofs the assumption. In the case of a bosonic wave function having the form of a single
permanent whose occupation numbers are limited by one the corresponding formula gives

N+p—1>
p )

N+p

Tr(DPTH) =
(DY) P

Tr(DY) — Tr(DY) = < (H.5)

which is not in agreement with the normalization to (]: ) This shows that even for non-
interacting bosons the reconstruction functional is exact only after the appropriate renormal-
ization.
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