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Abstract

Spatial, temporal and coherent superposition of quantum states is considered.
A consistent interpretation of the simultaneous superposition of stationary
quantum states within material wave packets is proposed.
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1. Introduction

The principle of superposition is one of the fundamental principles in physics. It
takes place in various fields of physics for physical system having linear response
to external perturbations. This includes the important class of wave phenomena
due to the linearity of the basic wave equation. The principle of superposition, in
particular, the quantum superposition principle, holds for the quantum phenom-
ena. According to the quantum superposition principle, if a number of quantum
states |l// (F, t)>i are states of a given quantum system, any linear combination of

these states is also a state |l// (F,t)> of the same quantum system:
|(//(f,t)> = Zi G (t)|l//(F,t)>i

Equation (1) represents the conventional superposition principle of quantum

(1

states, which is correct from a mathematical point of view due to the linearity of
the Schrédinger equation.
It is widely accepted that the superposition of quantum states in Equation (1) is

simultaneous, coherent and holds for any kind of states of a given quantum
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system. It means that the quantum states are superposed simultaneously, but not
consequently. The characteristic time of the electron motion inside atoms falls in
the attosecond time range, 1as = 10"%s. The current ultrafast laser technology can
generate attosecond pulses, but no experimental test on the simultaneity of super-
position of quantum states has been done so far. The coherence is related to the
ability of the quantum system to interfere. In order to interfere, the quantum sys-
tem must be simultaneously in the superposed quantum states. Hence, the simul-
taneity is a key point in the superposition of quantum states. More precisely speak-
ing, the coherence means that the superposed states must have a definite and sta-
ble in time phase relations, which will result in a stable interference pattern. It is
also considered that any kind of states can be superposed simultaneously, includ-
ing the most widely used stationary eigenstates of the quantum systems. Finally,
for completeness, one more aspect to the quantum superposition must be added,
requiring, as in the superposition of the macroscopic waves, not only temporal
but also spatial overlapping of the quantum states. The importance of the spatial,
temporal and coherence superposition of the quantum states is confirmed by the
experiments on the interference of intraatomic [1] and intramolecular wave pack-
ets [2] [3]. The superposition of quantum states is an inherent feature of the quan-
tum phenomena and its correct understanding has crucial importance for the
quantum theory and its application in the fields of quantum computing, quantum
communications, quantum information science, etc.

In this work we show that the above mentioned features of the quantum super-
position, 7.e., the simultaneity and the coherence of the real physical superposition
of quantum states is not automatically guaranteed according to Equation (1).
More particularly, it does not take place if the superposed states are eigenstates of
adiabatic or stationary Hamiltonians. We have found quantum states which can
be superposed simultaneously and coherently. The present results are based on
the adiabatic theorem of quantum mechanics [4], phase-sensitive nonadiabatic
dressed states [5], and experimental studies on the population dynamics of real
and virtual quantum states [6]-[8]. A reinterpretation of the quantum superposi-
tion principle is proposed in order to understand the superposition of quantum

states in intraatomic and intramolecular wave packets.

2. Spatial Superposition of Quantum States

The spatial overlapping is required for the interference of any kind of waves, in-
cluding the quantum states. Here we will focus our attention on the internal states
of atomic type quantum systems (atoms, ions, molecules). While the subatomic
constituents of such quantum systems (electrons, nuclei) are highly localized ob-
jects, their internal stationary eigenstates, e.g., the electronic bound states, are
nonlocal and become distributed in a definite way within the space occupied by
the quantum systems. This, in principle, strongly simplifies the problem of spatial
superposition because there is a good natural space overlapping of the stationary

states within such quantum systems. More attention must be paid to the interference
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of intraatomic [1] and intramolecular wave packets [2] [3], which are much

stronger confined in space than the stationary eigenstates.

3. Temporal Superposition of Quantum States

The temporal overlapping of the quantum states is the main problem of the quan-
tum superposition because the real time tracing of, e.g., the electron motion, is
still a hard and challenging experimental task. This is why, our approach to this
problem will be based on general physical principles and theorems, suitable quan-
tum states and experimental studies, which allow making decisive conclusions

about the temporal dynamic of the different quantum states.

3.1. Adiabatic Theorem of Quantum Mechanics

The adiabatic theorem of quantum mechanics [4] states that a quantum system
remains in an instantaneous eigenstate i (t) of its time dependent Hamiltonian
H (t), ie, H (H)w (t)=E(t)w(t), if the Hamiltonian H (t) changes slow
enough, ie, adiabatically, due to a given perturbation, and if there is an energy
gap between the energy of this state and the rest part of the Hamiltonian spectrum.
At the end of the perturbation, the quantum system will be in the same quantum
state, from which the adiabatic evolution begins, and no transition to other state
will occur. This, in fact, means that the quantum system cannot be simultaneously
in more than one eigenstate of the adiabatic Hamiltonian. The adiabatic theorem,
with even higher power, can also be applied to the particular case of stationary
eigenstates of a closed quantum system, e.g., the bare states (BS) y, of the un-
perturbed Hamiltonian I:I0 , Le, I:|0 ¥, =E, ¥, , because the Hamiltonian
I:IO (t) is not simply adiabatic but it is even stationary, I:lo (t) = const . The adia-
batic theorem in this perfect adiabatic case claims that if a quantum system is in
given BS, it will remain in that state and no transition to other BS will occur. Con-
sequently, a quantum system cannot be simultaneously in more than one eigen-
state of adiabatic or stationary Hamiltonian.

Extrapolating further the adiabatic theorem, the physical reasons for quantum
transitions are nonadiabatic factors acting on the quantum system. 7he nonadi-
abatic factors are rapid (nonadiabatic) variations of electromagnetic field, colli-
sions with other particles (atoms, molecules, etc.), zero point vacuum fluctuations,
etc., which, in principle, have a stochastic character and does not, in general, pre-

serve the coherent properties of the quantum states.

3.2. Phase-Sensitive Nonadiabatic Dressed States

The two-level counterpart of the quantum superposition, Equation (1), for the
case of stationary BS, e.g., ground | g) and excited |e) BS, of a quantum system,

Figure 1, is:
[y (r.6) = (V)] g)+c. (t)]e) (1a)

In agreement with the properties specified above, the superposition of the most
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widely used quantum states, Ze., the stationary BS, Equation (1) or Equation (1a),
is neither simultaneous nor coherent. In order to reconcile the quantum superpo-
sition principle and the adiabatic theorem, we have to find quantum states that
can be superposed simultaneously and coherently. We will show that such features
possess (but, probably, not only these states) the phase-sensitive nonadiabatic
dressed states (PSNADS) [5] [9]". The simultaneity has been already proved [10]
for the case of nonadiabatic dressed states (NADS) [11] but as they do not take
into account all phase contributions, the PSNADS will be used in the present con-
siderations. In addition, a mutual relation between the quantum superposition
(creation of superposition of quantum states) and the collapse of wave function
(destruction of superposition of quantum states) as two opposite directions of
same physical process has been formulated for the first time in [10].

The PSNADS are derived from an analytic solution of the Schrodinger equation
for an open two-level quantum system subject to electric-dipole interaction with
a near-resonant electromagnetic field and the environment. The relevant physical
factors are taken into account by the Hamiltonian of the quantum system [5]. The
nonadiabatic factors from the field (field time derivatives) and the environment
(damping) as well as all phase contributions from the field and the matter, includ-
ing the initial phases ¢, and ¢, of the ground |g) and excited |e) BS, re-
spectively, participate explicitly in the PSNADS. Each PSNADS, ground ‘G>
and excited | E> , Equations (2), represents a linear superposition of a real (index
“r’) and a virtual (index “v’) components (states), Figure 1:

The real and virtual components of PSNADS (at ground states initial condi-

tions) are:

le) —-->""" — e
ho ho

|9) _ g)
bare states i PSNADS ‘G,> o bare states

Figure 1. Evolution of the initial BS toward PSNADS and back to the BS with switching
on/off the electromagnetic field. The full lines show the real components, the broken lines
show the virtual components. The full arrows show radiative transitions, the hollow arrows
show nonadiabatic transitions.

|G)=C0s(6/2)|G,)+SIN(6/2)|G,) (2a)

"The PSNADS were initially called “adiabatic” because a generalized adiabatic condition is used in the
derivation of these states but as the nonadiabatic factors from the field and the environment present
in the PSNADS, they have been latter called “nonadiabatic’, see, e.g., [9].
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|E)=cos(6/2)

E,)-SIN(6/2)

E.) (2b)

The real and the virtual components of the PSNADS, e.g., at ground state initial

conditions, are given by Equations (3):

|Gr> =|g>exp{—i [(og +_[;cb¢dt‘}} (3a)
GV> = |e)exp{—i [(pg +¢(t)+'[;(cb('; +a>)dt ]} (3b)
|Er>=|e)exp{—i [(pg +go(t)+j;a~)'Edt }} (3¢)

Ev>=|g>exp{—i [(pg +I;(5’E —a))dt'}} (3d)

The superposition coefficients COS(6/2) and SIN(6/2) determine the
“intensiveness” of the real and virtual components, respectively, in a given
PSNADS and play the key role for the simultaneity of the superposition. At zero
field, E, (t) =0, the partial representation of the virtual components in the su-
perposition given by Equations (2), is zero, SIN (9/ 2) =0, and the PSNADS con-
sist of a real component only—the initial BS from which it originates. Increasing
the field magnitude, the partial representation of the virtual component in-
creases while this of the real components decreases and at extremely strong fields,
E, (t) — 0 , they become equal. Thus, the virtual components appear with
switching the field on and disappear with switching the field off. Consequently,
the superposition of a real and a virtual component in a given PSNADS, Equations
(2), is simultaneous within the overlap time between the lifetime of the real com-

ponent and the time of action of the field that creates the virtual components.

3.3. Experimental Studies on the Population of Quantum States

There are some key experiments [6]-[8], which, while having only nanosecond
time resolution, allow distinguishing some general features of the population dy-
namic of real and virtual states based on spectral resolution and difference in the
time behavior of the states. To get a closer relation to such a work [6], we will
apply our notations and terms to the energy levels involved in this study, Figure 2.
Atoms are excited adiabatically by a pump laser pulse at frequency @ from the
ground state real component |C§r> to the ground state virtual component |(§V>

of the ground PSNADS |G> . Two other laser fields at frequency @,, and @,
probe the population of the virtual |(§V> and the real | Er> components, respec-
tively, by means of absorption to a high-lying state |n) .

The results from these experiments can be summarized in the following. Real

population on the virtual state

GV> (an order of magnitude larger than that of
the real state

Er> , in this case) is detected experimentally, which means that the
virtual components of the PSNADS are real physical states but not simply a
G

to the intensity of the laser pulse following “coherently” (for the strict phase

mathematical construct. The population of the virtual state |G,

> is proportional
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P, Population of ‘Er>state

‘Er> ___—__ time

Y ‘év> Population of GV> state

Laser pulse JL
J\\ time

time

Figure 2. Energy level diagram for experimental measurement of population of real and
virtual components of dressed quantum states [6]. The insets (broken line rectangles) show

the time shape of the laser pulse, which creates the virtual component |(§v> , and the cor-

responding population of the real | Er> and virtual |GV> components. The decreasing

of population of the real component, once the pulse terminates, results from the decay of
the states.

coherence, see below) its time shape. Although the laser pulse in this experiment
is adiabatic, population of the real state |Er> is observed due to nonadiabatic
factors from the environment (collisions with other atoms), which transfer inco-
GV> to | Er> . The population on the real state | Er>

is proportional to the time integral from the intensity of the laser pulse because

herently population from

the population in | Er> is captured and accumulated there within the lifetime of
the state. Capturing the population in the real state | Er> brakes the evolution of
the quantum system within the ground PSNADS |(§> (the central left arrow in
Figure 1) and initiates similar evolution within the excited PSNADS |I§> (the
central right arrow in Figure 1). Thus, the evolution of the quantum system within
ground PSNADS |(§> and excited PSNADS | E> is decoupled in time and can-
not develop simultaneously in both states. The same takes place for the ground
and excited BS, | g) and |e) , because each of these BS form the real component
of ground and excited PSNADS,

tionary BS, being a (quasi)stable state, may capture the quantum system and does

(§> and |I§> , respectively, Figure 1. Any sta-

not allow a simultaneous and coherent superposition with other stationary BS be-
cause the population of the latter takes place by means of well separated in time
incoherent nonadiabatic process.

Above theoretical and experimental results are in a mutual agreement and show
that the quantum system cannot be simultaneously in two (or more) different BS
or PSNADS. Simultaneous evolution takes place between the real and virtual com-
ponents within given PSNADS. On the other hand, the quantum superposition
expressed by Equation (1) or Equation (1a) is a perfectly legitimate mathematical
operation. Thus, it turns out that the superposition of quantum states is a well-
defined physical process having a well-definite physical mechanism rather than a

pure mathematical formalism.
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4. Coherent Superposition of Quantum States

The coherence means a well-defined phase relation between the states of particu-
lar physical objects (different kind of waves, fields, etc.), which thus are capable to
interfere. The same takes place for the quantum states. The direct application of
such an approach to the quantum states, however, contradicts to the most widely
accepted interpretation of quantum mechanics, the Copenhagen interpretation,
according to which only the amplitude, but not the phase, of wave function has
physical meaning. The present approach, however, can be well understood within
dynamics-statistical interpretation of quantum mechanics, which recognizes the
physical meaning not only of the amplitude, but also of the phase of wave func-
tion, based on a number of theoretical and experimental evidences for the causal
relation of the phase of wave function with the physical reality [12]. In agreement
with such a concept, quantum states which account for all phase contributions as,
e.g., the PSNADS, must be used.

Closed form solution for the PSNADS is known for a two-level quantum sys-
tem. To better understand the quantum coherence, the PSNADS will be extrapo-
lated toward the multilevel case [13]. The multilevel PSNADS consists of a single
real component (the initial BS from which its formation begins) and a number of
virtual components arising from the contribution of each electric-dipole allowed
state (from the initial real state) of the energy spectrum. The structure of, eg,
ground multilevel PSNADS and the phases of the respective components are
shown in Figure 3. All ground state virtual components |Gvi > » 1=1,2,3,..., have
same energy (Bohr frequency) &g +® because the energy of each virtual com-
ponent |Gvi> is equal to the energy (Bohr frequency) @, of the ground state
real component |Gr> plus one photon energy (frequency) @ . The same Bohr
frequency of all virtual components means same time rate of phase acquisition of
these components. As the phase is a time integral of Bohr frequency, this means
that the total phases @, ; of the different virtual components |Gvi> may differ
only by a constant phase shift ¢, ;, Figure 3. Taking into account the general

understanding for coherence of oscillating fields, ie., same frequency and

I%‘“>3
E’>z
E'>1 ¢
16 [6), |8, == g =~ Doy = Poy+ 0y + (1) + [ (@ + @)t
&)< ho | . = ot+p()
I\’ ‘ér> cl)G,r = ¢g +I;£)é dt,

Figure 3. The energy structure and phases of multilevel PSNADS due to the contribution
of a number of excited states. The real/virtual states are shown with full/broken lines, re-
spectively.
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constant phase difference, one may conclude that al/ virtual components |évi>

are mutually coherent.

5. Reinterpretation of the Quantum Superposition Principle

To formalize the requirements for physical simultaneity and coherence of the
superposition of quantum states, the quantum superposition principle has been
reformulated accordingly [13]. For a reason of general validity, the quantum
superposition principle must encompass all possible scenarios. In this relation, a
careful consideration of experiments with material wave packets [1]-[3] is re-
quired because the wave packets exist even after termination of action of the field
when the virtual states do not exist and the wave packets are considered as a
simultaneous superposition of stationary eigenstates. This is illustrated in Figure
4 by a wave packet within a molecule. According to the ordinary understanding,
the laser pulse excites simultaneously a number of stationary vibrational eigen-
states |1//(F, t)>i of energies E,, E,, E, ..., respectively, which fall within the
spectral bandwidth Aw of the laser pulse and it forms in this way a vibrational
wave packet |¢// (T, t)> . Below, we propose an interpretation that is not based on
a simultaneous superposition of stationary states. The laser pulse creates a multi-
level PSNADS, whose virtual states fall within the laser bandwidth Aw and
form a wave packet of virtual states excited around the stationary vibrational
states. The virtual wave packet appears and disappears following the time depend-
ence of the laser pulse. If the quantum system does not absorb irreversibly a
photon from the field, it will be in the ground electronic state after the laser pulse
terminates. If the quantum system absorbs irreversibly a photon from the field, it
will be in the excited electronic state after the laser pulse terminates. As the wave
packet of virtual state is localized due to the time localization of the laser pulse, it
creates similarly localized quantum state, a wave packet |1// (F, t)> , on the excited
electronic state. This wave packet is not an eigenstate of the unperturbed Hamil-
tonian of the quantum system and it will evolve and change during the propaga-
tion over the excited electronic state, Figure 4, until after amplitude and phase
nonadiabatic perturbations (collision with other atoms, zero-point vacuum fluc-
tuations, etc.), it will be finally captured in some of the stationary vibrational

states of the excited electronic state. Although, mathematically, the wave packet

wave packet |w(F, t)
spectrum of P | )
laser pulse —o /N :
Aw 3 =E 5 excited state
1

laser pulse ground state

Figure 4. Creation and evolution of wave packet within a molecule.

DOI: 10.4236/jamp.2024.1211244

4017 Journal of Applied Mathematics and Physics


https://doi.org/10.4236/jamp.2024.1211244

I. G. Koprinkov

|y/ (T, t)> can always be expressed as a superposition of stationary vibrational ei-
genstates |y/ (F, t)>i , Equation (1), because the eigenstates of a Hermitian Ham-

iltonian form a basis, physically, the quantum system is always in a single quan-

tum state |y/(F, t)> but not in all stationary vibrational eigenstates |1,y (F, t)>i

simultaneously. This interpretation of the quantum superposition principle is in
agreement with the adiabatic theorem of quantum mechanics and it can be ex-
tended beyond the case under consideration.

6. Conclusion

Spatial, temporal and coherent superposition of real and virtual components within
given multilevel PSNADS created under a forcing coherent physical factor, e.g., elec-
tromagnetic field, is established. A consistent interpretation of the quantum super-

position principle with the adiabatic theorem of quantum mechanics is proposed.
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