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Quantum coherence is a basic concept in quantum mechanics, representing one of the most fundamental characteristics
that distinguishes quantum mechanics from classical physics. Quantum coherence is the basis for multi-particle interference
and quantum entanglement. It is also the essential ingredient for various physical phenomena in quantum optics, quantum
information, etc. In recent years, with the proposal of a quantum coherence measurement scheme based on a resource theory
framework, quantum coherence as a quantum resource has been extensively investigated. This article reviews the resource
theories of quantum coherence and introduces the important applications of quantum coherence in quantum computing,
quantum information, and interdisciplinary fields, particularly in quantum thermodynamics and quantum biology. Quantum
coherence and its applications are still being explored and developed. We hope this review can provide inspiration for
relevant research.
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1. Introduction

Quantum coherence describes the superposition of differ-
ent states of quantum systems and plays a very important role
in quantum information science. In 2014, Baumgratz et al.
proposed a theoretical framework for quantitative research on
quantum coherence from the perspective of resource theory.!!]
Since then, the coherence theory based on this theoretical
framework has developed explosively. Based on the view of
Baumgratz et al., coherence is different from entanglement. It
is a physical resource related to the selection of basis vectors.
After the reference basis is selected, the free state is a quantum
state diagonalized under this set of reference bases and called
an incoherent state. Otherwise, the quantum state is a coherent
state.

The next key problem is how to describe coherence math-
ematically, which is crucial for studying the role of coherence
in quantum systems. And it is also a basis for further study
of quantum coherence and quantum correlation. Baumgratz et
al. proposed a quantum coherence measurement scheme based
on the resource theory framework and four criteria that quan-
tum coherence measure functions must meet.!!! Respectively:
(A1) Non-negativity, the coherence should be zero for all in-
coherent states. (A2a) Monotonicity under incoherent com-
pletely positive and trace preserving maps. (A2b) Monotonic-
ity under selective measurements on average. (A3) Convex-
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Based

on these criteria, they proposed the relative entropy and /-

ity, nonincreasing under mixing of quantum states.

norm coherence measure functions. Inspired by the pioneer-
ing work of Baumgratz et al., a series of other quantum co-
herence measure functions that meet the above criteria have
been proposed, for example, coherence measures based on
quantum entanglement,[zl coherence robustness,3! coherence
weight,[* coherence of skew information,® and coherence
measures based on convex top combination.®® By changing
the four criteria proposed by Baumgratz et al., some other pos-
sible coherent metric functions were also considered.”!

In order to further explore the physical significance of
coherence measures, it is necessary to study the relationship
between coherence and other quantum resources. Coherence
resource theory benefits from the inspiration of entanglement
theory. There are several connections between them, for exam-
ple, geometric coherence!'’! and geometric entanglement!!!]

[12

based on fidelity, coherence of formation and entanglement

(131 genuine multipartite coherence!'*! and gen-

of formation,
uine multipartite entanglement.[ls] In addition, in Ref. [11],
the author studied the transformation relationship between co-
herence and entanglement and proposed coherent monotonic-
ity based on entanglement. On the other hand, entanglement
can also be quantified by coherence. Tan et al. proved that en-

tanglement monotonicity can be established by using the sym-
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metric part of correlation coherence.'% In addition, Chitam-
bar et al. investigated the relationship between coherence and
entanglement from the perspective of resource purification and
quantum state construction.!!”! They analyzed the task of pu-
rification or state construction of coherence and entanglement
simultaneously under the local incoherent operation supple-
mented by classical communication. The conversion rates for
purifying and constructing quantum states under asymptotic
limit conditions were given. This reveals how local coher-
ence and global entanglement affect each other. The above
relationships all reveal the internal connections between co-
herence and entanglement.

In addition to studying various measurement schemes,
quantum coherence as a useful physical resource is also very
fragile. It is highly susceptible to interference from the
surrounding environment and leads to decoherence. There-
fore, scientists have also conducted extensive research on the
evolution and maintenance of quantum coherence in open

(118,191 1 particular, it is found that the /;-norm co-

systems.
herence and relative entropy coherence of some noisy chan-
nels are frozen in the evolution process.!?°! The evolution of
quantum coherence for specific noise channels also satisfies
the decomposition rate of evolution. [211 In addition, the coher-
ent generation and coherent destruction ability of some chan-
nels were also studied.??!

Quantum coherence has been found to play an important
role in many quantum processes since it was proposed. For
example, quantum coherence is the cause of quantum interfer-
ence, as well as nonlocality, quantum steering, quantum en-
tanglement, quantum discord, and other two-body and many-
body quantum correlation phenomena. More importantly, as
the key theory driving quantum technology, quantum coher-
ence needs to be regarded as a physical resource for further
research.[>3-261 And now it has been widely used in quantum
computing, quantum information, quantum thermodynamics,
quantum biology, etc.

Quantum computing with the help of coherence can
achieve many tasks that are impossible or difficult to ac-
complish with classical information processing.>’-3%l Quan-
tum computing depends on the processing of information
qubits that may be in a superposition state. And maintain-
ing coherence is also very important for quantum algorithms
and quantum parallel processing.*!! In 1992, David Deutsch
and Richard Jozsa proposed the first quantum algorithm, the
Deutsch—Jozsa quantum algorithm (D-J algorithm).*?] This
was the first algorithm to demonstrate the significant differ-
ences between quantum computing and classical computing
in solving specific problems. In addition, when the D-J al-
gorithm solves the decision problem between two candidate
schemes, decoherence will reduce the decision-making abil-
ity of the algorithm. The smaller the coherence in the system,

the lower the ability of the algorithm to distinguish the two
cases. 33 Quantum coherence also plays an important role in

34351 Anand and Pati investigated

Grover search algorithms.|
a Grover-like algorithm and established the relationship be-
tween the search success probability and its corresponding
quantum state coherence value.!*®! In 2017, Shi er al. inves-
tigated the role of quantum coherence depletion (QCD) in the
Grover search algorithm and found that the success probabil-
ity depends on the QCD.[*”] Another important quantum al-
gorithm is known as the deterministic quantum computation
with one qubit (DQC1).18) DQCI challenges the idea that
only pure states can perform quantum calculations with ex-
ponential acceleration. It also opens up a new direction for
the experimental implementation of quantum computing. And
it was found that single qubit quantum computing also needs
coherence. In particular, Matera et al. showed that the pre-
cision of the algorithm is directly related to the recoverable
coherence.?%! In addition, a large number of studies have con-
firmed that quantum walking is a tool for designing quan-
tum algorithms, especially the design of search algorithms.
In 2003, Shenvi proposed the quantum random walk search
algorithm."1 In 2018, Su et al. studied the role of coherence
systemically in a quantum walk search algorithm.[*!l They
found that the consumption of coherence represents an in-
crease in the success probability of the searching. Coherence
is also very important in the realization of quantum comput-
ing. However, no quantum system can be completely isolated.
In the process of evolution, the system will become decoher-
ent with the environment coupling. So how to maintain its
coherence and improve the decoherence time has become an
important open question. In recent years, this field has re-
ceived extensive attention and research, which has promoted
the development of quantum computing. With the develop-
ment of quantum information science, the role of quantum co-
herence in information processing has also been investigated
extensively. Coherence is also closely related to parameter es-
timation in quantum metrology.*?! In some common param-
eter estimation schemes, coherence is the premise of efficient
detection.*3! In addition, when parameters are estimated, the
maximally coherent state can make the accuracy of parame-
ter estimation exceed the limit of classical estimation.** In
quantum channel discrimination, the existence of coherence
of a detection state will increase the success rate of identifi-
cation, and the degree to which the recognition success rate
increases can be described by the coherent robustness.[*>46]
In the related research of quantum phase transition, it is found
that some quantum phase transitions can be detected by quan-
tum coherence.*”*"! For example, Karpat et al. found that
in the anisotropic spin-1/2 XY chain in the transverse mag-
netic field, the local coherence is related to the critical point of

second-order quantum phase transition in the XY model.[*”!
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Last but not least, quantum coherence also plays a signif-
icant role in interdisciplinary research. The role of quantum
coherence in quantum thermodynamics and quantum biology
is briefly introduced. In recent years, with further study of
quantum thermodynamics, people have found that coherence
is closely related to the efficiency of some quantum heat en-
gines. For example, Scully et al. studied the effect of quantum
coherence on the efficiency of a photon Carnot machine.>’!
It is confirmed that quantum coherence can be used as a re-
source to improve the efficiency of a heat engine. Rahav et
al. found that coherence also affects the performance of quan-
tum heat engines and the heat exchange between heat engines
and reservoirs.[?*! In addition, coherence is also considered
as an important resource for extracting work from thermody-
namic tasks.!!*?>] Moreover, in quantum biology,®!=*! there
are also many studies on coherence. And as a resource, more
and more research shows that coherence plays a vital role in
the quantum process. Further research on the resource theory
of coherence has far-reaching significance for people to under-
stand and manipulate quantum systems.

The organization of this paper is as follows. In Section 2,
we discuss the utilization of quantum coherence in quantum
computing, mainly including quantum algorithms, decoher-
ence in superconducting quantum computing and quantum
simulation. In Section 3, we introduce the application of quan-
tum coherence in quantum information, including quantum
metrology, quantum simulation, quantum channel discrimi-
nation, witnessing quantum correlations and quantum phase
transitions. In Section 4, we briefly report on the role of co-
herence in interdisciplinary studies. In Section 5, we conclude
with a summary and discussion of some currently open issues
in the theoretical description of coherence and its role in quan-
tum physics.

2. Application of quantum coherence in quan-
tum computing

2.1. Quantum algorithm

Compared to traditional computers, quantum computers
utilizing quantum resources such as quantum coherence can
greatly improve computational efficiency and solve tasks that
classical computers cannot complete. The development of
quantum computers depends on quantum algorithms, which
are also related to quantum coherence. Therefore, it is very
meaningful to study the role of quantum coherence in quan-
tum algorithms. Next, we will use a series of typical examples

to illustrate some of the main developments in this field.

2.1.1. Deutsch—Jozsa algorithm

The Deutsch—Jozsa algorithm, *?! which is the earliest al-
gorithm in quantum algorithms, was proposed by Deutsch and
Jozsa in 1992. Although the problems it can solve are very

limited, it effectively demonstrates the advantages of quantum
computing over classical computing. If a Boolean function has
only two possibilities: constant values (for the entire domain,
the function values are either all O or all 1) or balanced val-
ues (exactly half of the function values are 0 and the other half
are 1), to distinguish between these two possibilities, classical
computers need up to 2¥~! + 1 function values. For N-qubit
quantum systems, the Deutsch—Jozsa algorithm only requires
1 function value to achieve this. In 2016, Hillery discussed
the impact of quantum coherence on the Deutsch-Jozsa algo-
rithm numerically by observing the impact of decoherence on
the performance of the Deutsch—Jozsa algorithm.*3! He used
l1-norm to measure coherence and multiple different metrics
to measure algorithm performance. It was found that decoher-
ence reduces the ability of the algorithm to determine alter-
natives. The smaller the coherence in the system, the poorer
the ability of the algorithm to distinguish between these two
situations. This indicates that coherence is a resource of the
algorithm. In addition, the Deutsch—Jozsa algorithm was ana-
lyzed in a probabilistic setting. It was proved that when there
is enough coherence present, there will be a quantum advan-
tage. For a fixed number of measurements, one has a higher
probability of making the correct decision using quantum pro-
cedures than by using classical procedures.

2.1.2. Grover algorithm

The Grover search algorithm is a unique algorithm among
all quantum algorithms. It has great significance and plays
an important role in quantum computation. The basic prin-
ciple of this algorithm was proposed by Grover in 1997.134]
The Grover search algorithm is mainly used to address the fol-
lowing issues. For example, given a search space of size N,
prior to this, there was no knowledge of the structural perfor-
mance of this space in all aspects. But we still hope to find
an element in this space that satisfies the properties we have
set. Generally, in classical algorithms, finding this unique el-
ement requires N operations. However, through the Grover
search algorithm, it usually only needs v/N operations to solve
this problem. In 2016, Anand and Pati systematically investi-
gated the behavior of quantum coherence in the discrete ana-
logue of the analog Grover search algorithm.[*®! The analog
Grover search algorithm is a continuous time quantum algo-
rithm based on the adiabatic Hamiltonian evolution that gives
a quadratic speed-up, similar to the original Grover search al-
gorithm. They found that the decrease of quantum coherence,
quantified using various coherence monotones, is a clear sig-
nature of attaining the maximum success probability in the
analog Grover search algorithm. They also found that for any
two qubit reduced density matrix of the system, the evolution
of concurrence is very close to the increase of success rate,
and established the relationship between the search success
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probability Py, and its corresponding quantum state coher-
ence value,

Cll (Psucc) =2 Psucc(l_Psucc)a (1
Cr(Psucc) = —Foce lng Pouee — (1 - Psucc) 10g2(1 - Psucc)- 2)

Figure 1 shows the changes of /;-norm, relative entropy of
coherence and the success probability of the Grover search
algorithm with time. It can be observed analytically from
Egs. (1) and (2) and numerically from Fig. 1, that the prob-
ability of Grover search algorithm success gradually increases
over time, while quantum coherence gradually decreases un-
der the /;-norm and relative entropy measure. When the suc-
cess probability of the Grover algorithm reaches 1, the two
coherence measures tend to 0, which indicates that the Grover
search algorithm has been successfully evolved, and quantum
coherence is an effective resource of the Grover search al-
gorithm. It was also shown that a maximally coherent state
ends up into an incoherent state as the Grover search algo-
rithm evolves and n-maximal coherence is actually consumed
during the search process. Hence quantum coherence acts as a
clear signature for the success of the Grover search algorithm.

Coherence / Probability of success

o
N

0.0,

Fig. 1. Variations of the /;-norm, the relative entropy of coherence and the
probability of success as a function of time. Reproduced with permission
from Ref. [36].

In 2017, Shi et al. investigated the role of quantum co-
herence depletion in the Grover search algorithm by using
several typical measures of quantum coherence and quantum
correlations.”) By using the /;-norm and relative entropy of
coherence measure (Cy,, C;), they found that the success prob-
ability depends on the QCD. In the limit case, the relationship
between the search success probability and its corresponding
quantum state coherence value is as follows:

Ci,(p) ~ —NP+N, 3)

N
C:(p) = —Plog, n +log, N. 4)

In the limit case, they also defined the cost performance to
characterize the behavior of QCD in enhancing the success

probability of the Grover search algorithm and represented it
as

dpP 1

W= — = s
dG:  log, %

&)

where j and N represent the number of solutions and the scale
of the database. They found that the cost performance  is
only related to the number of searcher items and the scale of
the database respectively, no matter whether C; or Cj, is used.

2.1.3. bQC1

Knill and Laflamme proposed a mixed state quantum
computing model in 1998,38) which is an n+ 1 qubit model.
In the initial state, except for the first qubit with polarization,
all other n qubits are in the maximum mixed state. This quan-
tum algorithm provides an exponential speed-up over the best
known classical procedure for estimating the trace of a unitary
matrix. And DQCI1 challenges the idea that only pure states
can perform quantum calculations with exponential accelera-
tion. It also opens up a new direction for the experimental
implementation of quantum computing.

After the DQC1 algorithm was proposed, scientists were
committed to reconsidering what makes quantum computing
different from classical computing. In 2005, Datta et al.
studied the role of entanglement in DQC1 and found that
this algorithm only requires very little entanglement. Ob-
viously, quantum entanglement cannot explain the quantum
advantage of DQCI1. Later, quantum discord was proposed,
which promotes the understanding of quantum correlation. [>°!
In 2008, 17! Datta et al. found that quantum discord can often
be observed in the calculated final state of the DQCI1 algo-
rithm. Therefore, quantum discord was likely to be the key to
explaining the quantum advantage of DQCI1. However, some
researchers questioned the role of quantum discord for DQCI,
since not all processes will result in a final state with quantum
discord. The acceleration for this process cannot be explained
by quantum discord. And in 2010,%8! Daki¢ er al. showed that
certain nontrivial instances do not involve any quantum corre-
lations. In addition, this issue was further discussed by Datta
and Shaji in 2011.5%) Others believed that DQC1’s advantage
comes from its quantum gate operation’s ability to entangle
some states in the largest mixed state of the first qubit and
other qubits. Therefore, the reason for the quantum advan-
tages of the mixed quantum computing model represented by
DQC1 and the most important quantum computing resource
are still important open questions.

Ma et al. first studied the role of coherence in DQCI in
2016.1991 In the same year, Matera et al. (611 showed how the
accuracy of outcome in DQC1 can be quantified in terms of
the recoverable coherence. The relationship between the ac-
curacy of DQCI protocol with mixed control qubit and the
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recoverable coherence was also given by

U 1
prec(TrU) ~ —log, |SE (dun) ’ ~ Elogz(CzREC(Po))y (6)

where SE (x) denotes the standard error of the mean associated
with the random variable x.

2.1.4. Quantum random walk search algorithm

Classical random walks provide some of the most well-
known algorithms for factorization, k-SAT, graph isomor-
phism and other problems. Similar to the classical continuous
and discrete random walks, quantum walks can be divided into
continuous time quantum walks and discrete time quantum
walks. And a large number of studies have confirmed that the
quantum walk is a tool for designing quantum algorithms, es-
pecially for quantum search algorithms. The quantum search
algorithm constructed from a discrete quantum walk on a hy-
percube is similar to the Grover search algorithm. A search al-
gorithm based on a continuous quantum walk also has similar
quadratic speed-up. Both are universal computational mod-
els. Among them, discrete quantum walks include the coin
quantum walk and scattering quantum walk. The coin quan-
tum walk on the graph is defined as a walk on a vertex that
requires an auxiliary coin space. Its dimension is the number
of vertices. The scattering quantum walk encodes all edges
of the graph into quantum states, which does not use the coin
operator. Reference [6] demonstrates the unitary equivalence
of these two discrete quantum walks. But the definition of the
scattering quantum walk on a nonregular graph is more natu-
ral and the physical realization is more direct. The quantum
walk is not only studied in theory but also realized experi-
mentally in various ways. Now, the scattering quantum walk
can be achieved using linear optical elements. And the search
algorithm based on such a quantum walk is constructed and
analyzed on a complete graph explicitly, which shows an anal-
ogous quadratic speed-up.

In 2003, Shenvi et al. proposed the quantum random walk
search algorithm. ) It iterates #; = 7v/27—1 /2 times with a
probability of algorithm success approaching 0.5. This first
algorithm achieved quadratic speed-up using a quantum ran-
dom walk on an unstructured 2n database. In 2009, Potocek
et al. proposed an optimized quantum random walk search al-
gorithm based on the above. 92 After 71/2" /4 iterations, this
algorithm has a success probability close to 1, achieving the
same results as the Grover search algorithm. And its coin
space is on the n-dimension database, while the Grover search
algorithm’s dimension is 2. So the optimized quantum ran-
dom walk search algorithm has certain advantages. In 2018,
Su et al. studied the role of coherence systemically in the scat-
tering quantum walk search.*!) In the progress of the algo-
rithm, they found that coherence decreases with the increase

of the probability of success. The coherence reaches its mini-
mum when the success probability is maximal. Besides, when
the coherence is not consumed, the quantum search algorithm
will have the same complexity as the classical blind search al-
gorithm. If the consumption of coherence is below a proper
value, the efficiency of the algorithm will be lower than a clas-
sical search with memory. So they concluded that search al-
gorithms cannot be executed using a state with no coherence.
The role of coherence in the quantum walk search algorithm
may be far more than that, which still has great research value.

1.2 1.2

1.0

0.8

0.6

Coherence

0.4

0.2

Probability of success

0.0

Steps

Fig. 2. The number of total vertices is 100 and the number of marked
vertices is 2. The phase shift is set to . The red line is the probability
of success. The green line is the coherence under C;(p) and the blue line
is the coherence under Cj(p). The values of two measures of coherence
are normalized to 1. The X axis is the iterations of this algorithm. The
left Y axis is the probability of success and the right Y axis is the value of
the normalized measure of coherence. Reproduced with permission from
Ref. [41].

2.2. Decoherence in superconducting quantum computing

With the continuous development of large-scale inte-
grated circuits, due to the limitations of classical physical prin-
ciples, the current classical computer has approached its pro-
cessing capacity limit. On the other hand, the quantum com-
puter has the advantage of fast computing speed, since it meets
the principle of superposition of quantum states and the char-
acteristics of quantum entanglement. Quantum computing not
only takes a big step forward from traditional computers, but
also makes the whole concept of computing take on a new
look. It uses the principles of quantum mechanics and has
the advantages of quantum parallel computing, which will be
more effective than classical computing. The process of quan-
tum computing is as follows. First, the information is stored on
some quantum parameters (such as spin, photons, atoms, etc.)
usually composed of qubits. Then these parameters interact
in some ways, but it does not destroy the quantum coherence
between them. Therefore, finding a suitable quantum system
to realize quantum bits is the key to the problem. These sys-
tems must meet the following conditions: easy to initialize,
easy to control, easy to read information, easy to couple with
other qubits, and maintain coherence for a long time.[63%41 At
present, the experimental schemes for the physical realization
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of quantum computing include a simple harmonic oscillator,
photon and nonlinear optical medium, cavity quantum electro-
dynamics device, molecular nuclear magnetic resonance, ion
trap, etc.[6%]

The basic physical processes of quantum computing
include the preparation, operation and measurement of
qubits.[%0-%8] No quantum system can be completely isolated.
There are universal and inevitable interactions between a real
environment and a quantum system. The effects of these in-
teractions are twofold. On the one hand, the evolution of the
system may no longer be unitary or reversible. On the other
hand, the system will gradually lose its original coherence
due to the interaction with the environment. The decoherence
effect is very important in quantum information processing,
and it is one of the important factors limiting quantum com-
puting. Increasing the coherence time of qubits will greatly
improve the practicability of quantum computing, which can
help us achieve the computing goal that is currently impos-
sible. Therefore, there are three key points in the study of
quantum computing. Firstly, we need to ensure that the phys-
ical processes involved in quantum computing are carried out
accurately. Secondly, we should study some important basic
problems, such as the coherence properties in quantum sys-
tems and the dissipation caused by the interaction between
quantum systems and the surrounding environment. Thirdly,
we should find out the origin and microscopic mechanism of
decoherence to obtain a method to suppress decoherence.

Although superconducting quantum computing is one of
the fastest developing, most powerful and most promising
quantum computing solutions for integrated circuits, it is still
in its infancy. Its shortcomings are mainly manifested in
two aspects. The amount of quantum bit coupling that peo-
ple can achieve is limited. Moreover, the coherence time
is relatively short. In recent years, there have been many
relevant reports on the scientific research into decoherence.
For example, Fedichkin et al. studied the long-term deco-
herence of photoelectrons in the Markov approximation. ]
Vorojtsov et al. studied the decoherence of double quantum

(681 Thorwart et al. investigated

dot qubits in the same way.
the long-term decoherence of double quantum dot qubits by
using the quasi-adiabatic path integral method. Liang et al.
discussed the short-term decoherence of a charge qubit sys-
tem under Markov and non-Markov approximation by using
various methods.!’”! Alosh has realized the quantum lossless
measurement of photon states in the cavity by using high-
Q resonators. In 2021, Place et al. fabricated a supercon-
ducting qubit new material platform with coherence time over
0.3 ms by replacing niobium with tantalum in the device.!!!
In 2021, Siddiqi identified the main source of superconducting
qubit decoherence by exploring pioneering qubit and resonator

experiments.”?] These studies show that the understanding of

the decoherence mechanism is constantly developing. In order
to realize large-scale quantum computing based on supercon-
ducting qubits, it is necessary to further improve the coherence
of superconducting qubits. As mentioned above, the microcos-
mic mechanism of superconducting qubit decoherence is not
very clear, so research in this area not only has important aca-
demic significance, but also has great application prospects.

2.3. Quantum simulation

Simulating quantum mechanics is widely recognized as
a challenging computational task, particularly for large-scale
systems. Nevertheless, this challenge can be overcome by em-
ploying a controllable quantum system to study another quan-
tum system that is less controllable or accessible, known as
quantum simulation.!”3! Quantum simulation holds great po-
tential for investigating various problems in condensed matter
physics, high-energy physics, atomic physics, quantum chem-
istry and cosmology.!”# Quantum simulation can be realized
using quantum computers, as well as simpler analog devices
that require less control and are easier to construct. When us-
ing an easy-to-control quantum system to simulate a complex
quantum system, maintaining quantum coherence is the ba-
sic requirement for simulating various quantum phenomena.
With the development of various quantum control technolo-
gies, the control technology for the coherence evolution of var-
ious quantum systems has made great progress, such as in the
coherent manipulation of atoms in optical lattices, supercon-
ducting circuits, photons, etc. All of them push the quantum
simulation forward on the road to practical application. !

Neutral atoms in optical lattices are highly suitable for
simulating solid-state systems. The optical potential can be
adjusted to allow for variations in the geometry and size of lat-
tices. Since the pioneering experiment!’®! by Greiner et al. in
2002, where a cold atomic gas in an optical lattice was used to
simulate the quantum phase transition from superfluid to Mott
insulator, there has been a growing interest in utilizing atoms
in optical lattices for the study of condensed matter physics.
In a comprehensive theoretical review!”’! by Lewenstein et al.
in 2007, the potential of atoms in optical lattices as quantum
simulators is discussed and many examples of quantum sys-
tems that can be simulated are provided. Another review!”8! by
Bloch et al. in 2012, highlighted experimental advancements
in this field.

Photons have the remarkable capability to transmit quan-
tum information over long distances with minimal impact
from noise or decoherence. They inherently possess the abil-
ity to encode qubit states, such as utilizing the polarization
of photons. Moreover, implementing one-qubit gates can be
achieved using linear optical components conveniently. Pho-
tons have been used to simulate frustrated Heisenberg spin

systems!”%! and relativistic field theories.3"!
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In superconducting circuits, by manipulating the currents
and voltage signals in the circuit, one can control the evo-
lution of the quantum states. The evolution results can be
measured using highly integrated devices. Although the en-
tire setup is at the macroscopic scale, superconducting circuits
exhibit atomic-like quantum behavior. Researchers have suc-
cessfully demonstrated individual control and measurement of
superconducting qubits.[3!] Moreover, high-fidelity quantum
gates involving one, two and even three qubits have been suc-
cessfully demonstrated in these systems, meaning that super-
conducting circuits can be produced in large numbers and have
great application prospects.

In addition, the dynamics of multi-particle systems in
quantum systems has also been explored. Barreiro et al. 3% re-
ported the first realization of a toolbox for simulating an open
quantum system with up to five qubits. Then, Schindler et
al.'8 extended the concept of dynamical maps to an open sys-
tem. They experimentally explore the stroboscopic dynamics
of a complex many-body spin model by means of a univer-
sal quantum simulator. Daley et al.[®* gave an overview of
the state-of-the-art and future perspectives for quantum simu-
lation.

As one of the important applications in the field of quan-
tum computing, quantum simulation provides us with new
ways to solve problems that cannot be handled by classical
computing. With the increase in the number of qubits and the
development of error correction and noise control techniques,
future quantum simulations will be able to handle larger-scale
and more complex problems. This will allow us to delve
deeper into areas such as the properties of matter, the mecha-
nisms of chemical reactions, the behavior of condensed matter
systems, etc.

3. Application of quantum coherence in quan-
tum information

The combination of quantum mechanics and information
science has produced a multidisciplinary field called quantum
information science. Compared with traditional information
technology, quantum information science not only shows un-
paralleled advantages, but also provides a revolutionary direc-
tion for its development. Moreover, the advancement of quan-
tum information science can enhance the refinement of quan-
tum theory and deepen our comprehension of the fundamental
essence of quantum mechanics. Quantum coherence plays a
key role in quantum information processing. And it is the po-
tential cause of quantum interference, non-locality, quantum
entanglement and quantum discord in two-body and many-
body quantum systems. The coherence of quantum states can
be used to achieve challenging or impossible tasks using clas-
sical information processing methods. Therefore, the field of

quantum information has received extensive attention and con-
tinued development.

3.1. Quantum metrology

Quantum metrology, utilizing quantum effects such as
quantum coherence and entanglement, aims to improve the
precision, efficiency and complexity reduction in the mea-
surement and identification processes. It is a significant ap-
plication area within quantum information science. Quan-
tum metrology has many scientific and technological applica-
tions, including time and frequency detection, remote sensing,
weak magnetic field detection, thermometry and optics.[3>-86]
Similar to quantum communication, different scenarios are
possible (see Fig. 3): either we do not employ quantum ef-
fects [classical—classical (CC) strategy] or quantum effects can
be used only in the probe measurement [classical-quantum
(CQ) strategy] or only in the probe preparation [quantum-—
classical (QC) strategy] or in both stages [quantum—quantum
(QQ) strategy].[**! In quantum metrology, the process of mea-
suring a physical quantity using an interferometer firstly re-
quires the preparation of a superposition of pointer states in
a quantum system. Then, it evolves under the Hamiltonian
containing the measured physical quantity, and obtains the fi-
nal state containing unknown parameter information. 871 How-
ever, if the pointers are unrelated to each other, the measure-
ment precision is still limited by the shot noise limit. It was
not until 1980 when Caves et al.!®8 first proposed the use of
photon squeezed states, when measurement precision beyond
the shot noise limit was achieved in gravitational wave detec-
tion by employing N photon squeezed states as pointer states.
Currently, there is extensive theoretical and experimental re-
search on quantum metrology methods that surpass classical
limits. Quantum states such as the two-mode Fock state[®]
and Schrodinger cat states!””) have been utilized to surpass the
shot noise limit.

In general, given an initial probe state p and assuming the
probing procedure is repeated n times, the mean square error
(A(p)2 in the estimation of @ is bounded below by the quantum

Cramér—Rao bound !l

(Ag)>

where I (p, H) is the quantum Fisher information,®?! which
can be defined (under a smoothness hypothesis) as

9*F (Pn pt+£)

2 )
dJe £—0

I(p,H)= -2 ®)
where F denotes the fidelity and p;, = e~ H!peiH! [93] The
quantum Fisher information measures the sensitivity of a state
p to changes in a parameter 7. This parameter ¢ characterizes a
unitary dynamics generated by H. Quantum Fisher informa-
tion directly quantifies the maximum achievable precision of
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the estimation procedure. Therefore, it is considered to be an

advantage of quantum metrology. (8]

- m
-~

CcC

QC

Fig. 3. Different strategies for the estimation of a parameter ¢ involving
N parallel samplings of a unitary operator Uy, (black squares). The trian-
gles on the left represent state preparation and the symbols on the right
represent measurements. The green boxes represent a unitary operation
involving multiple probes (Q strategies). Reproduced with permission
from Ref. [44].

When using probe states without any coherence or entan-
glement, the quantum Fisher information can scale at most lin-
early with n,I (p, H) ~ n. However, by starting with a probe
state p that possesses coherence and applying U, sequen-
tially n times before the final measurement, it becomes possi-
ble to achieve the Heisenberg scaling, denoted by I (p, H) ~

n*. This scaling leads to a genuine quantum enhancement

n.[**! Furthermore, in the study of coherence in

in precisio
quantum metrology, Joo et al.'®* proposed a phase estima-
tion scheme using entangled coherent states. Considering the
limited number of particles needed to show these advantages,
the optical version of entangled coherent states’ metrology is
achievable with current technology. Berrada et al.!®! pro-
posed an enhanced phase estimation scheme utilizing entan-
gled spin-coherent states (ESCSs). They showed that by in-
creasing the spin number, the phase parameter exhibits the
smallest variance compared to NOON states, both under per-

96] showed a re-

fect and lossy conditions. Giorda and Allegra!
lation between the statistical distance between infinitesimally
close quantum states and the second order variation of the co-
herence of the optimal measurement basis with respect to the
state of the probe. In quantum phase estimation protocols,
they proposed that coherence should be considered as a re-
source that can optimize estimation precision. In the past, the
Heisenberg limit was considered the ultimate limit achievable
with quantum methods and resources. Recently, Yin et al. used
indefinite causal order to achieve quantum precision measure-
ment beyond Heisenberg’s limit precision. This experiment
is of great significance for understanding the indefinite causal
order and quantum precision measurement. !

In the practical application of quantum measurement,
there are still significant challenges. These challenges pri-
marily stem from the difficulty in preparing and controlling
quantum correlation states, as well as reducing the effects of
noise and ensuring the persistence of multi-particle correla-
tions. Further research is needed to solve these problems.

3.2. Quantum channel discrimination

Quantum coherence also has a direct impact on quan-
tum channel discrimination, which is a variation of quan-
tum metrology. In traditional quantum metrology, the goal
is to determine the value of an unknown parameter ¢. But
in quantum channel discrimination, the objective is to distin-
guish a set of possible values that ¢ can take.[®®! Let’s con-
sider a d-dimensional probe and a set of unitary channels, !
denoted as {Uy}, which are generated by the Hamiltonian
H=y! ili)i
for the probe system. In this scenario, the parameter ¢ can
take any of the d values from the set {27k/d}¢_,, where k
ranges from 0 to d — 1, with a uniform probability of 1/d.

, where {|i)} sets a reference incoherent basis

When one of these unitary channels acts on the probe,
which is initially in a state p, the goal is to determine which
specific channel instance has occurred. If we use any probe
state o € Z, that is incoherent for the eigenbasis of H, no in-
formation about ¢ is imprinted on the state. In this case, the
probability ps(o) of correctly guessing the value of ¢ is sim-
ply 1/d, which corresponds to a random guess.

However, if we prepare a probe state p that exhibits co-
herence in the eigenbasis of H, and accompany it with an op-
timal measurement at the output, the probability of success
ps(p) in correctly identifying the value of ¢ is greater than or
equal to ps(o), where o is an incoherent probe state. As a
result, we can achieve better discrimination between the chan-
nels. These channels play significant roles in various quan-
tum information tasks, including quantum error correction, !
quantum cloning,'%! and dense coding.'°!1 These suggest a
prominent role of coherence.

3.3. Witnessing quantum correlations

In recent studies, several authors have made attempts to
discover Bell-type inequalities suitable for different quantifiers
of coherence. Bu and Wu have developed Bell-type inequal-
ities within the framework of quantum coherence theory,[!%?]
specifically tailored for product states and various measures of
coherence. Their findings revealed that the inequalities are vi-
olated by maximally entangled states. Moreover, they demon-
strated that Bell-type inequalities based on the relative en-
tropy of coherence are violated by all two-qubit pure entangled
states, effectively serving as an entanglement witness. Build-
ing on previous results using quantum Fisher information to

detect different classes of multipartite entanglement,[!93-106]
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Girolami and Yadin further showed that coherence detection

can also be used to witness multipartite entanglement. [107]

Coherence

Dispord

Fig. 4. The relationship between entanglement, discord and coherence in

composite quantum states. Reproduced with permission from Ref. [108].
In a scenario involving two atoms moving through an
external massless scalar field, Mondal and Mukhopadhyay
examined the relationship between steering and quantum
coherence.!'%! They demonstrated that, similar to entangle-
ment, the steering induced coherence of an equilibrium state
can increase or decrease with acceleration, depending on the
Mondal e al.l''%1 used different
coherence measures, including /;-norm, relative entropy and

initial state’s conditions.

skew information, to establish complementary relationships
between coherences measured on a mutually unbiased basis.
Using these relations, they derived conditions under which the
nonlocal advantage of quantum coherence can be achieved and
the state is steerable. Hu and Fan!'!!l investigated the maxi-

2] have designed

mal coherence of steered states. Asif et al.!
a classifier for detecting the separability and entanglement of
quantum states, using supervised learning and Bell-type in-

equality for the relative entropy of coherence.

3.4. Quantum phase transitions

Employing a quantum coherence metric to investigate the
quantum dynamics of many-body systems has emerged as a
highly effective approach. For instance, the widely recognized
nondiagonal long program in superconducting theory exhibits
a direct correlation with the coherence measure based on the
I1-norm.[®! Quantum entanglement has proven to be a criti-
cal tool for detecting and characterizing quantum phase tran-
sitions in various significant applications. Similarly, quantum
coherence measures, as important quantitative descriptors of
the quantum properties of systems, could play a similar role in
analyzing such transitions.

Karpat et al.'*”! and Cakmak et al.l''3] investigated the
utility of skew information in analyzing quantum phase transi-
tions. They focused on the spin-1/2 Heisenberg XY model in
the following form:

AN o . N :
H=-3Y [(1+7oloi+(1-7oioi] - Yol ©)

i

where o’iw are the usual Pauli operators at the i-th site,
A denotes the strength of the inverse field, y € [0,1] is
the anisotropy parameter, and N is the number of spins.
They showed that single-spin coherence reliably identifies the
second-order quantum phase transition in the thermal ground
states.

Chen et al.'*8 showed the application of coherence sen-
sitivity in the study of quantum phase transition. Coherence
sensitivity is defined as the first derivative of the relative en-
tropy quantum coherence,

co_ 9C(p)

0= (10)

and the singularity of the coherence sensitivity, determined

by the characteristic parameter A of the system Hamiltonian,
proves to be a powerful tool in accurately identifying the
quantum phase transition point for various models, includ-
ing the transverse field Ising model, spin-1/2 Heisenberg XX
model and Kitaev honeycomb model. Additionally, the coher-
ence sensitivity method can pinpoint the temperature frame
of quantum criticality, which perfectly coincides with experi-
ments.

By studying quantum discord, quantum mutual informa-
tion and different coherence measures, Malvezzi er al.[!!4
investigated the quantum phase transitions and special sym-
metry points in spin-1 Heisenberg chains. Work on study-
ing quantum phase transitions in other models using quan-
tum coherence metrics can be found in Refs. [49,115]. More-
over, Hu er al.!"'' proposed to use the steered quantum co-
herence as a signature of quantum phase transitions. Rossini
and Vicari!'!”! discussed coherence and dissipative dynamics
in quantum phase transitions.

4. Application of quantum coherence in interdis-
ciplinary research

Quantum mechanics is a theory that reflects the law of
motion of microscopic particles. It is the result of human in-
depth understanding of microscopic fields of nature and pro-
vides an important way to reveal the essence of physical phe-
nomena. Quantum mechanics has also been applied to biol-
ogy, thermodynamics and other fields, and combined to pro-
duce a number of interdisciplinary disciplines such as quantum
biology and quantum thermodynamics, promoting the produc-
tion of many new theories and achievements in science and
technology. With the development of quantum mechanics, the
role of quantum resources cannot be ignored. As a kind of
quantum resource, quantum coherence plays an essential role
in many systems and tasks. Obviously, quantum coherence
is indispensable in interdisciplinary studies. Next, we briefly
introduce the role of quantum coherence in quantum thermo-
dynamics and quantum biology.
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4.1. Quantum thermodynamics

With the development of quantum information science
and quantum mechanics, some problems in statistical thermo-
dynamics have been reconsidered. A goal of the study of quan-
tum thermodynamics is to find a quantum heat engine with bet-
ter performance than the classical heat engine by using quan-
tum effects such as quantum coherence. The quantum heat
engine is an important way for people to explore the thermo-
dynamic properties of quantum systems. It provides an ef-
fective way for people to reveal the physical essence behind
macro-thermodynamic phenomena from the micro-level, and
plays an important role in promoting the establishment and im-
provement of the theory of quantum thermodynamics. In this
section, we will mainly discuss the role of quantum coherence
in quantum heat engines and quantum batteries.

4.1.1. Quantum heat engine

The concept of a quantum heat engine was first pro-
posed in 1959.1'18] Quantum simulations of the famous clas-
sical Carnot and Otto heat engines have been extensively
studied!!'°~122] and implemented in the laboratory.[!23-123] In
the field of quantum information technology, quantum effects
such as quantum coherence have been considered as a key
quantum resource. This urges people to explore the influence
of quantum effects on thermodynamic processes and whether
the quantum heat engine has more advantages than the classi-
cal heat engine when it is as small as the quantum scale. Scully
et al. combined quantum coherence with thermodynamic pro-
cesses creatively, and studied the effect of quantum coherence
on the efficiency of a photon Carnot machine.’% It is con-
cluded that quantum coherence can be used as a resource to
improve the efficiency of a heat engine. This greatly encour-
aged researchers to utilize quantum coherence to improve the
efficiency of heat engines.!'?%-139 Moreover, quantum coher-
ence has also been proven to be useful for transient cooling of
absorption refrigerators (absorption refrigerators are refrigera-
tors that use heat sources to provide the energy needed to drive
the cooling process).!'3!]

In recent years, researchers have conducted exten-
sive research on quantum coherence in quantum heat
engines. 321371 Park er al. proposed the concept of a quan-
tum information heat engine and proved that energy can be
extracted from pure quantum information. 38! Since then, this
kind of heat engine has received extensive attention.[!39-142]
The above literature shows that quantum coherence can be
regarded as a high-quality thermodynamic resource. These
studies further deepen our understanding of the thermody-
namic properties of quantum coherence. Although quantum
resources such as quantum coherence are only one of the many
factors that contribute to the quantum heat engine, we expect
that with the continuous development of this field, its role will

become more important.

4.1.2. Quantum battery

The quantum battery (QB) was first proposed by Alicki
and Fannes,!"*3 and is a small quantum system that absorbs
and releases energy. The quantum battery is composed of
quantum systems and is expected to surpass its classical ana-
logues. This emerging field aims to find a battery that can
store energy more effectively after using quantum resources,
and that is convenient for subsequent energy extraction and
utilization. The quantum battery can be regarded as a d-
dimensional quantum system with nondegenerate energy lev-
els. The charging of a quantum battery means that the quan-
tum state changes from a low-energy state to a high-energy
state. The discharge process is a reversible extraction of work
from it through cyclic unitary operation. At the same time,
the quantum state changes from a high-energy state to a low-
energy state. As a kind of quantum heat engine, we will have
questions about whether quantum resources can promote more
energy storage or faster charging and discharging of the quan-
tum battery. Coherence is an important quantum resource, so
it has always been a hot topic in the study of whether quantum
resources can promote the performance of quantum batteries.
Next, we will introduce the role of coherence in the quantum
battery from two aspects: the extracted energy and the charge
and discharge power.

Extracting energy Ergotropy refers to the maximum en-
ergy that can be extracted from the charged energy in the ideal
discharge process. If the battery is closed, the Hamiltonian of
the battery can be written as H = Hy + H. + A4,V (¢), where
Hy, is the free Hamiltonian of the battery, H. is the Hamilto-
nian of the charger, V (¢) is the interaction term of the battery
and charger, and A, is a battery switch. The mathematical ex-
pression of ergotropy is

€ = max [Tr{prb}—Tr{Upr+}Hb], (1m)

where py, is the density operator of the quantum battery, U is
the unitary operator, and U p,U" is the density matrix of the
battery in the ideal discharge final state. At present, it has been
proven that the nontrivial relationship between entanglement
and high performance in a quantum battery is not universal,
and depends on the system that we deal with.[!44 Andolina et
al. and Liu et al. proved that the entanglement between bat-
tery and charger has an adverse effect on the storage of ex-

145.146] 5 what effect does coherence have on

tractable work. !
ergotropy? Shi et al. studied the effect of quantum resources
on extractable work in a quantum battery.*# Tt is proved that
the quantum coherence in the battery or the battery-charger
entanglement ensures the generation of non-zero extractable
work during the charging process. Examples of the central

spin battery, Tavis—Cummings battery and spin chain battery
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are given to illustrate this result. On the other hand, coher-
ence has a certain effect on the ergotropy of a quantum bat-
tery. Kamin ef al. used the spin chain model to explain that
coherence is a resource to improve the ergotropy of a quan-
tum battery.l'4”] And it shows that entanglement is not the
best resource for charging the quantum battery in all situa-
tions. When entanglement is not the best resource for charging
the quantum battery, the generation of coherence is the best
resource for charging the quantum battery. Considering the
need for experiments, a framework called waveguide quantum

d [148,149

electrodynamics is propose I This framework is usu-

ally implemented in superconducting!!**! and semiconductor

circuits. [131-153

1 Monsel et al. studied the initial quantum co-
herence in qubits embedded in the waveguide and how the
initial charge of the battery affects the work extraction.[!54!
It was found that the quantum coherence plays a key role in
controlling energy transfer under limited energy supply. The
quantum coherence of the external environment can also pro-
mote the charging performance of a quantum battery. Yu et al.
proved that the quantum coherence of the bath can be used as
the “fuel” of a quantum battery to improve the charging per-
formance of the quantum battery. [!5]

Charging and discharging power Power is an impor-
tant parameter for measuring the charge and discharge perfor-
mance. Charging power is defined as the amount of charging
and discharging energy per unit time, that is,

_AE(1)

P(t) P (12)

where AE (¢) is the charged energy of the battery at time z.
Similarly, the discharge power can be defined. Zhang et al.
proposed that in the ideal Dicke battery (the number of two-
level systems (TLSs) N is far less than the number of cavity
photons n), the average charging power of a quantum battery
when using the collective agreement is /N times that of the

1561 It is pointed out that the source

parallel charging protocol.!
of this quantum advantage is not quantum entanglement, but is
due to the coherent cooperative interactions among the TLSs.
Kamin et al. used the spin chain model to explain that coher-
ence is a resource to improve the charge and discharge power
of a QB.[157) In the open system, quantum coherence can also
promote the charging process of a quantum battery. Seah et al.
used the collision model to describe the charging process.!!>%]
For a battery prepared in the ground state, the unit prepared in
the coherent state can charge faster than the classical unit. It is
proved that the coherent protocol can generate higher charging

power than any possible incoherent protocol.

4.2. Quantum biology

Quantum biology is usually regarded as a new discipline,
but the origin of quantum biology can be traced back to Er-
win Schrodinger’s famous book “What is Life?” published in

199211391 Some of the insights provided by these pioneering
physicists are still relevant to our understanding of quantum
biology today. Quantum biology uses the theory of quantum
mechanics to study the process of molecular dynamic struc-
ture and energy transfer in biological processes. It is the in-
tersection between physics, which is the basis of modern nat-
ural science, and biology, which studies extremely complex
life phenomena. Studies have shown that biological phenom-
ena such as photosynthesis, transport phenomena, bird navi-
gation and consciousness can operate within the scope of clas-
sical physics. Some quantum features of quantum mechanics,
such as coherence, can also be used in these biological phe-
nomena. Quantum coherence and other phenomena are now
widely considered to be involved in all vital processes of living
cells, such as energy transfer. In this section, we will review
some works on these biological phenomena.

Photosynthesis usually refers to the process through
which green plants use light energy to synthesize carbon diox-
ide and water into organic matter, and release oxygen at the
same time. Photosynthesis mainly includes two stages: light
reaction and dark reaction. It involves light absorption, elec-
tron transfer, photosynthetic phosphorylation, carbon assimi-
lation and other important reaction steps. The realization of
energy conversion in nature and the maintenance of carbon-
oxygen balance in the atmosphere are inseparable from photo-
synthesis. Almost all life on earth depends on photosynthesis
for energy. The energy transformation of photosynthesis can
be divided into three stages. Firstly, light energy is absorbed
by the light capture antenna in the form of photons. And ex-
cited electrons (excitons) are generated through the primary
reaction.[1®%1611 Secondly, the excitons are transmitted from
each antenna to the reaction center. Thirdly, active chemical
energy is converted into more stable chemical energy through
carbon assimilation. The precise biological structure, pigment
composition, antenna and reaction center used by different or-
ganisms are different.l!®1192] The light collection device of
green sulfur bacteria has always been one of the models fa-
vored by researchers, as shown in Fig. 5.['63! It has a chloro-
some antenna that can absorb light in very weak light and
then transfer the light energy captured by these chlorosomes to
the reaction center through a Fenna—Matthews—Olson (FMO)
complex. In the photosynthesis of a bacterium, almost ev-
ery photon absorbed is successfully transferred to the reaction
center, even if the intermediate electron excitation will lose
energy very quickly. This shows that the energy of an exci-
ton is transferred to the reaction center in an extremely effec-
tive way. Engel et al. provided evidence of quantum coher-
ent energy transfer in the FMO complex.!'%*! In addition, they
also speculated that the electron excitation may explore differ-
ent transmission paths simultaneously in a coherent manner.
Thus, the energy transmission efficiency is very high. Since
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this breakthrough, more experiments have proved that other
photosynthetic systems have quantum coherence even at room
temperature.!'%-1671 Although quantum coherence has been
proved to be able to transfer energy rapidly in photosynthe-
sis, it is not clear how quantum coherence is generated. The
Hamiltonian describing the interaction between excitons and

excitons isH 68!

N
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Fig. 5. A quantum machine for efficient light-energy harvesting. (a) Di-
agram of the photosynthetic apparatus of green sulfur bacteria, includ-
ing antenna, energy-conducting baseplate and FMO complexes, and re-
action center. The chlorosome antenna (green discs) is composed of
roughly 200000 BChl-c molecules, and is an exceptionally large struc-
ture that is designed to capture as many photons as possible in the low-
light conditions the bacteria thrive in. Sunlight creates an excitation in
this antenna that is transferred (red arrows) to the reaction center through
one of several FMO complexes. (b) The BChl-a arrangements of one
of the FMO pigment-protein complexes through x-ray diffraction. The
FMO complex comprises eight (although only seven are shown here)
bacteriochlorophyll-a (BChl-a) molecules that are encased in a protein
scaffolding (not shown). The excitation arrives from the chlorosome at
one of the sites, typically thought to be the site denoted by 1. This ex-
citation is then transported from one BChl molecule to the next. Once
it arrives at site 3 it can irreversibly enter the reaction center and start a
charge-separation process. Reproduced with permission from Ref. [163].

It was found that the coherent part of the equation is not
enough to explain the high efficiency of energy transfer. New

[169-173] found that the interaction between an exciton

studies
and a protein vibration mode led to the quantum coherence
of these photosynthetic systems at room temperature. In ad-
dition, it is also recognized that quantum coherence plays an
important role in the transport process.[!7417]

Quantum coherence not only plays an important role in
photosynthesis and transport phenomena, but it has also been
speculated that there is a link between quantum coherence and
consciousness.!!7177 Unfortunately, the proposed model is
also controversial. Even if decoherence exists in nature, the
time required for decoherence is much earlier than the phys-
iological time scale and so it is not possible for coherence to
work on the physiological time scale.!!’®17°1 In addition, the
magnetic induction of birds is also speculated to be closely re-
lated to quantum coherence.>*189-182 Although there are dis-
putes, the experimental efforts to prove or refute these ideas
will bring new ideas and insights into the role of quantum co-
herence in life science and also effectively promote the devel-

opment of quantum biology.

5. Conclusion

Quantum coherence originates from the superposition of
quantum states. It is a fundamental concept in quantum the-
ory. It also plays an important role in emerging fields such
as quantum information. Studying the various properties of
quantum coherence in depth not only enables people to better
understand this basic physical concept, but can also promote
the development of related fields. First, we review the basic
framework of quantum coherent resource theory, including the
definition of an incoherent state and the basic conditions that
a quantum coherence metric function needs to meet. In ad-
dition, we also review the relationship between quantum co-
herence and other quantum resources and the dynamic evolu-
tion of quantum coherence in open systems. In this paper, we
mainly reviewed the typical applications of quantum coher-
ence in quantum computing, quantum information and quan-
tum interdisciplinary research.

Compared with classical computers, studying quantum
computing and quantum information can better speed-up clas-
sical computing, and it can greatly improve the computational
efficiency of existing classical computers. This is precisely
because quantum computing mainly involves parallel comput-
ing, and the core of parallel computing is quantum coherence.
Therefore, studying the specific changes of quantum coher-
ence under quantum algorithms plays an important role in the
development of quantum computing. In this paper, we intro-
duce the role of coherence in quantum computation. Firstly,
we introduce the role of quantum coherence in the Deutsch—
Jozsa algorithm, Grover algorithm, DQCI1 and quantum ran-
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dom walk search algorithm respectively. In the above algo-
rithms, quantum coherence is a resource that plays a key role.
For the Deutsch—Jozsa algorithm, quantum coherence can in-
crease the probability of correct decision-making. For the
Grover algorithm, the search success probability is linearly re-
lated to the quantum coherent depletion, which indicates that
the more coherence that is consumed, the higher the proba-
bility of success. For DQCI, the accuracy of outcome can
be quantified in terms of the recoverable coherence, which in-
dicates that the more coherence that is consumed, the higher
the accuracy of output results. Meanwhile, a similar conclu-
sion is drawn in the quantum walk search algorithm that the
search algorithm cannot be executed using a state without co-
herence. Secondly, we introduce the problem of decoherence
in superconducting qubits and briefly summarize the previous
research. Thirdly, we give a brief review of quantum simu-
lation and discuss the progress of quantum simulation using
atoms in optical lattices, photons and superconducting circuits.
Although there have been extensive and in-depth research re-
sults, the research in the field of quantum coherence is still full
of vitality, and many interesting and challenging problems still
need to be solved in the future. The research into quantum co-
herence has become an important research topic and direction
in the field of quantum computing. Moreover, as well as the
result above, the behaviors of quantum coherence under other
quantum algorithms and other metric measures also have great
research value, which may lead to more general results. The
application of coherence in engineering also needs further re-
search. Since this field has enormous application potential, it
will develop further in the coming years.

Quantum information science is a multidisciplinary field
combining quantum mechanics and information science.
Compared with traditional information technology, quantum
information science not only shows unparalleled advantages,
but also provides a revolutionary direction for development.
In addition, the development of quantum information science
has also promoted the refinement of quantum theory and deep-
ened the understanding of the basic essence of quantum me-
chanics. In this paper, the importance of coherence in quantum
metrology, quantum channel discrimination, witnessing quan-
tum correlations and quantum phase transition is introduced.
This paper also briefly introduces the role of quantum coher-
ence in quantum thermodynamics and quantum biology. But
coherence does more than that. We expect that a large amount
of future research will focus on all aspects of the overlap-
ping fields of physics, information theory, biology and other
branches of science and engineering.
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