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Experimental Progress on Quantum Coherence: Detection,
Quantification, and Manipulation

Kang-Da Wu, Alexander Streltsov, Bartosz Regula, Guo-Yong Xiang,* Chuan-Feng Li,
and Guang-Can Guo

Quantum coherence is a fundamental property of quantum systems,
separating quantum from classical physics. Recently, there has been
significant interest in the characterization of quantum coherence as a
resource, investigating how coherence can be extracted and used for quantum
technological applications. In this work, the progress of this research is
reviewed, focusing in particular on recent experimental efforts. After a brief
review of the underlying theory, the main platforms for realizing the
experiments are discussed: linear optics, nuclear magnetic resonance, and
superconducting systems. Experimental detection and quantification of
coherence, experimental state conversion and coherence distillation, and
experiments investigating the dynamics of quantum coherence are then
considered. Experiments exploring the connections between coherence and
uncertainty relations, path information, and coherence of operations and
measurements are also reviewed. Experimental efforts on multipartite and
multilevel coherence are also discussed.

1. Introduction

The phenomenon of quantum coherence — or superposition —
represents a fundamental difference between the quantum and
classical worlds. It forms the foundation of quantum effects such
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as multi-particle interference and quantum
entanglement, and it continues to play a
key role in the application of quantum
physics and quantum information science.
Although the origins of the study of quan-
tum coherence lie in the efforts to under-
stand properties of optical fields, the recent
years have seen the development of gen-
eral frameworks of superposition between
orthogonal quantum states,[1–4] focused in
particular on finite-dimensional quantum
systems.
The need to characterize the role that

coherence plays in driving applications in
quantum information science and quan-
tum technologies motivates a precise un-
derstanding of several aspects of this phe-
nomenon: its detection, that is, the ability
to certify when a state or device is truly clas-
sical and when it possesses quantum coher-
ence; its quantification, that is, measuring

and comparing the strength of coherence in different settings;
and its manipulation, that is, our capability to effectively trans-
form and use coherence in applications. The resource-theoretic
framework[5] provides rigorous tools to describe quantum coher-
ence in analogy with methods used to study quantum entangle-
ment and other nonclassical resources.
The formulation of a resource theory of quantum coherence

goes back to,[1,2] an approach which attracted significant atten-
tion, both on the theoretical and experimental side.[3] Coherence
quantification, and in particular the development of coherence
quantifiers which have an operational meaning in experiments,
have seen steady active progress within the resource-theoretic
framework.[6–19] Other important questions concern state trans-
formation, that is, the possibility to transform a quantum state
into another one by using quantum operations which do not cre-
ate coherence.[16,20–33] Coherence theory in multipartite system
has also been investigated, allowing to provide powerful links be-
tween the theories of entanglement and coherence.[13,34–39] Var-
ious applications rely on the presence of quantum coherence,
including quantum sensing and metrology[8,40,41] and quantum
computation.[23,42] Quantum coherence was also shown to play
an important role in quantum thermodynamics,[43–55] and for
transport phenomena relevant in biological systems.[56–64]

In this work, we aim to overview the recent developments in
the practical study of quantum coherence as a resource, and in
particular the experimental implementations of coherence detec-
tion, quantification, and manipulation protocols.
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We begin Section 2 with an introduction to the theoretical un-
derpinnings of the resource-theoretic approach to quantum co-
herence, before proceeding to review the experimental progress
on various aspects of characterizing and applying coherence in
Section 3. Conclusions are provided in Section 4.

2. Theoretical Background: Resource Theory of
Quantum Coherence

2.1. Incoherent States

A quantum resource theory is based on twomain ingredients, the
free states and the free operations,[3,5,65] both arising from physi-
cal restrictions on the set of quantum operations implementable
within the given setting. In the case of coherence theory, the free
states — states which do not possess any resource and are cheap
to prepare — are the incoherent states, that is, quantum states
which are diagonal in a fixed reference basis. Thus, the resource
theory of quantum coherence explicitly depends on the chosen
basis, which we will take to be some complete, orthogonal, and
normalized reference basis {|i⟩}. This choice is typically based on
the actual physical setting, such as the polarization states of pho-
tons ({|H⟩, |V⟩}) or the energy eigenstates of Hamiltonian of a
quantum system. In a given d-dimensional Hilbert space , we
will use  to denote the set of all incoherent quantum states, that
is, states which can be written in diagonal form as

𝛿 =
d−1∑
i=0

pi|i⟩⟨i| (1)

where
∑d−1

i=0 pi = 1, pi ≥ 0 for all i.
In multipartite quantum systems, the reference basis is typi-

cally chosen as the tensor product of the local reference bases of
each subsystem.[3,13,66] Consider n quantum systems, each with
corresponding Hilbert space k and local reference basis {|ik⟩}.
A pure incoherent state is then a tensor product of local incoher-
ent states: |i1⟩⊗ |j2⟩⊗⋯⊗ |ln⟩. Any general multipartite inco-
herent state can be written as a convex combination of such pure
incoherent states.
We stress here that the theory of coherence discussed in this

work — although conceptually related — is distinct from the no-
tion of “coherence” as found in the study of optical nonclassi-
cality based on the Glauber–Sudarshan coherent states,[67,68] of-
ten encountered in optical setups. Efforts have been made to ex-
tend the resource theory of quantum coherence to the setting of
continuous-variable quantum information[69–72] and even to ex-
plicitly connect the study of optical nonclassicality to the resource
theory of quantum coherence,[73] but the two theories are funda-
mentally different and typically require specialized approaches.
Here, we limit ourselves to the discussion of quantum coher-
ence in finite-dimensional spaces, which is how it is most com-
monly investigated.

2.2. Incoherent Operations

In order to study the dynamical behavior of coherence in quan-
tum systems, it is necessary to understand how it evolves under

the action of suitable transformations— the free operations. Ide-
ally, one would like to understand such channels as the opera-
tions naturally determined by the physical consideration of the
given resource. For instance, in the theory of entanglement, the
basic setting of spatially separated laboratories singles out the
class of local operations and classical communication (LOCC) as
the fundamental set of free operations[74] owing to the fact that
such operations can be performed without using any entangle-
ment between the distant parties. However, an issue arises in the
study of quantum coherence, as the structure of this resource
theory fails to identify a single, physically motivated class of op-
erations which should serve as the primary class of free trans-
formations. To address this problem, two main approaches have
been employed.
On the one hand, one can try to define the free operations

through axiomatic considerations. This is done by understanding
the natural constraints that a class of free operations should sat-
isfy and studying the sets of all channels obeying such properties.
The basic assumption of this type is that free operations should
not generate any coherence; the largest class of such coherence
non-generating channels are the maximally incoherent opera-
tions (MIO),[1] defined as all channels such that any Λ(𝜎) is in-
coherent for incoherent 𝜎. This constraint can be made stronger
by imposing that the operations should not generate any coher-
ence in any measurement outcome, that is, that Λ can be written
as Λ(𝜌) =

∑
n Kn𝜌K

†
n where each of the Kraus operators Kn satis-

fies

Kn𝛿K
†
n

Tr(Kn𝛿K
†
n )

∈  ∀ 𝛿 ∈ , n (2)

Such channels are known as the incoherent operations (IO).[2] Yet
another approach is to impose that the operations should not be
able to detect the coherence of the input state and use this coher-
ence in the transformation. This leads to the class of dephasing-
covariant incoherent operations (DIO),[8,20] which are channels
such that Λ◦Δ = Δ◦Λ, where Δ[𝜌] =

∑
i |i⟩⟨i|𝜌|i⟩⟨i| denotes com-

plete dephasing in the incoherent basis. If this is imposed at the
level of each Kraus operator Kn, this then leads to strictly incoher-
ent operations (SIO).[16,22] Various other constraints can be im-
posed similarly,[8,21,75,76], altogether leading to a diverse range of
classes of transformations (see ref. [3] for an overview). Although
such choices lead to a convenient mathematical description, a
common issue with operations defined axiomatically is that nei-
ther their physical meaning nor their practical implementability
are clear.
On the other hand, the problem can be approached from the

other direction, and one can instead ask: what kind of opera-
tions can we implement in practice without having to expend
any coherence? Clearly, such an approach could provide a nat-
ural bridge to experimental implementations of free operations,
making it very appealing from both a theoretical and an applied
perspective. This motivated the definition of the set of physically
incoherent operations (PIO),[20] which can be realized in prac-
tice with only incoherent unitary operations and incoherent mea-
surements. The class SIO also admits similar implementation
schemes — requiring only incoherent ancillae, although more
general measurements and unitary transformations[22] — mak-
ing them another type of experimentally-friendly free operations.
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However, such maps were found to be rather limited in their op-
erational power: for instance, both PIO and SIO are incapable
of distilling any coherence from general quantum states.[31,32,77]

This suggests that it is difficult to reconcile operational useful-
ness of free operations with their physical implementability.
Because of these issues, understanding the precise power and

limitations of each type of transformations has attracted signif-
icant attention. Fortunately, a number of useful equivalences
emerged: in many relevant operational tasks, the different sets
of transformations were found to have equal capabilities. For in-
stance: the sets DIO, IO, and SIO have exactly the same power in
deterministic pure-to-pure quantum state manipulation[9,21,26,76];
MIO and DIO are both equally powerful in one-shot coherence
distillation,[28] while IO and SIO have the same power in coher-
ence dilution[29]; DIO and SIO are equally capable in probabilistic
pure-state distillation protocols[30]; in the single-qubit case, SIO
and IO perform all probabilistic transformations equally well.[78]

Most importantly, the class SIO can even match the performance
of the largest class of free operationsMIO: this happens in coher-
ence distillation from pure states,[28] in the task of environment-
assisted coherence distillation of any state,[79] and in the deter-
ministic manipulation of all single-qubit systems.[21,25] Similar
equivalences can be found in the bipartite setting of distributed
coherence,[35,80] which we will discuss inmore detail in Section 3.
The results described above lead to the important conclu-

sion that, in many settings, it suffices to consider easily imple-
mentable classes of transformations such as SIO, since even
larger classes of operations cannot perform any better. This alle-
viates the issues associated with the different possible choices of
transformations to consider, allowing experimental implemen-
tations of coherence manipulation schemes to more easily ex-
ploit the full transformative potential of free operations. Indeed,
most of the tasks discussed in this work will be examples of
such operational equivalences, meaning that optimal manipula-
tion schemes can be devised using structurally simpler opera-
tions.

2.3. Quantifying Coherence

We will now reviewmethods for coherence quantification, focus-
ing in particular on quantifiers which have an experimental im-
plementation. Any measure of coherence C is nonnegative, zero
on all incoherent states, and nonincreasing under any free oper-
ation Λ:[2,3]

C(Λ[𝜌]) ≤ C(𝜌) (3)

For simplicity, we consider the class of incoherent operations IO
in our discussion here, as this is the most commonly studied
choice of free transformations in this context. Another desirable
feature of coherencemeasures is to be non-increasing on average
under incoherent operations:[2]∑
i

qiC(𝜎i) ≤ C(𝜌) (4)

with probabilities qi and states 𝜎i = Ki𝜌K
†
i ∕qi obtained from 𝜌

via an incoherent operation. Condition (4) is also called strong

monotonicity, and means that coherence does increase under in-
coherent measurements with postselection on the measurement
outcomes. Additionally, many coherence measures discussed
in the literature are convex, that is, C(

∑
i pi𝜌i) ≤

∑
i piC(𝜌i).

Note that any convex coherence measure which fulfills Equa-
tion (4) gives an upper bound on the optimal state conversion
probability:[78,81]

P(𝜌 → 𝜎) ≤ min
{

C(𝜌)
C(𝜎)

, 1
}

(5)

where P(𝜌 → 𝜎) is the maximal probability for converting 𝜌 into
𝜎 via incoherent operations.
For any distance measure between quantum states (𝜌, 𝜎), a

coherence quantifier can be defined as[2]

C(𝜌) = min
𝛿∈

(𝜌, 𝛿) (6)

corresponding to the minimal distance of 𝜌 to the set of in-
coherent states . Condition (3) is automatically satisfied for
any contractive distance , that is, any distance which fulfills
(Λ[𝜌],Λ[𝜎]) ≤ (𝜌, 𝜎) for any quantum operation Λ. An impor-
tant example is the relative entropy of coherence[2]

Cr(𝜌) = min
𝛿∈

S(𝜌||𝛿) (7)

with the quantum relative entropy

S(𝜌||𝛿) = Tr(𝜌 log2 𝜌) − Tr(𝜌 log2 𝛿) (8)

The optimal incoherent state in Equation (7) is found to be 𝛿 =
Δ[𝜌], which allows to express the relative entropy of coherence
as[2]

Cr(𝜌) = S[Δ(𝜌)] − S(𝜌) (9)

where S(𝜌) = −Tr[𝜌 log2 𝜌] is the von Neumann entropy. The rel-
ative entropy of coherence fulfills all requirements for coherence
measures mentioned above.[2] It has an operational meaning in
the asymptotic setting, corresponding to the rate ofmaximally co-
herent states |+⟩ = (|0⟩ + |1⟩)∕√2 obtainable via incoherent op-
erations from asymptotically many copies of a state 𝜌.[16]

Other examples for distance-based coherencemeasures are 𝓁1-
norm of coherence C𝓁1

[2] and geometric coherence Cg :
[13]

C𝓁1
(𝜌) = min

𝛿∈
‖𝜌 − 𝛿‖𝓁1 (10)

Cg (𝜌) = 1 −max
𝛿∈

F(𝜌, 𝜎) (11)

with 𝓁1-norm ||M||𝓁1 = ∑
i,j |Mij| and fidelity F(𝜌, 𝜎) =

(Tr[
√√

𝜌𝜎
√
𝜌])2. Both quantities fulfill all requirements for

coherence measures discussed above.[2,13] Moreover, C𝓁1
can be

expressed as C𝓁1
(𝜌) =

∑
i≠j |𝜌ij|.

Another class of coherence measures can be obtained via the
convex roof construction[1,3,7]

C(𝜌) = inf
∑
i

piC(|𝜓i⟩) (12)
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where C(|𝜓⟩) is a suitably defined coherence measure for pure
states, and the infimum is taken over all pure state decom-
positions of 𝜌. An important example is the coherence of
formation[1,7,16]

Cf (𝜌) = min
∑
i

piS(Δ[|𝜓i⟩⟨𝜓i|]) (13)

Coherence of formation has an operational meaning in asymp-
totic coherence theory, where it corresponds to the rate of max-
imally coherent states required to create asymptotically many
copies of a state 𝜌.[16] Geometric coherence Cg can also be re-
garded as a convex roof coherence measure, that is, it fulfills
Cg (𝜌) = min

∑
i piCg (|𝜓i⟩).[3]

Finally, we will also consider the robustness of coherence[6,12]

CR(𝜌) = min
𝜏

{
s ≥ 0 :

𝜌 + s𝜏
1 + s

∈ 

}
(14)

which can be interpreted as the minimal weight for mixing a
quantum state 𝜌 with another state 𝜏 to make it incoherent.
Robustness of coherence fulfills all requirements for coherence
measures and has an operational meaning in channel discrimi-
nation tasks.[6,12]

This completes our review on the theoretical aspects of the re-
source theory of coherence. In the next section, we will review
the experimental progress on coherence theory, discussing also
methods for experimental estimation of the coherence measures
introduced above.

3. Experimental Progress on The Resource Theory
of Quantum Coherence

Implementing relevant protocols in quantum resource theories
requires experimental platforms satisfying several crucial con-
ditions, such as the ability to prepare high-fidelity states, im-
plementation of sophisticated (often non-unital) quantum chan-
nels, and reliable quantum state reconstruction technologies.
The three main experimental platforms for realizing quantum
resource control and state conversion are linear optics, nuclear
magnetic resonance (NMR), and superconducting systems. We
will now briefly introduce these three platforms.
Photonics plays an important role in describing the founda-

tions of quantum mechanics[82] and more recently has led to ad-
vances in understanding new computational possibilities.[83,84]

Encoding qubits in the polarization degree of photons has been
particularly appealing for the ability to implement arbitrary linear
operations via combinations of wave plates.[85] Regarding path
encoding, the same linear operations can be realized via beam-
splitters and phase shifters. Because any linear optical circuit can
be described by a unitary operator and a specific array of elemen-
tary mode operations is sufficient to implement a unitary oper-
ator on different optical modes,[86] it is theoretically possible to
construct a single device with sufficient versatility to efficiently
implement any feasible operation up to the given number of op-
tical modes.
The basic principle of NMR is to use the spin- 1

2
nucleus as

the qubit, where the spin up and spin down states are taken as
the systems of interest, i.e., the states |0⟩ and |1⟩ of the qubit,

respectively. The single qubit unitary gate can be realized by elec-
tromagnetic wave. The energy of the electromagnetic wave and
the energy difference between different states of nuclear spin are
the same, which is used to control the transformation between
the states |0⟩ and |1⟩. A molecule with multiple nuclear spins is
regarded as a quantum information processor. Different kinds of
nuclei can be used as different qubits since different nuclei have
different transition frequencies, so they can use different fre-
quencies of electromagnetic waves to achieve independent ma-
nipulation of single bit, that is, addressing. NMR samples often
contain a large ensemble of similarmolecules, and eachmolecule
is a quantum information processor. Since the NMR signal of a
single molecule is very weak, all molecules in the sample are of-
ten manipulated simultaneously, and the processing results of
all molecules are read out, which is called ensemble quantum
computation.[87]

Superconducting circuits are macroscopic systems based on
electric oscillators, composed of a large number of atoms in the
shape of wire and metal plate. Despite their macroscopicity, they
still exhibit general quantum properties, such as quantized en-
ergy levels, superposition, and entanglement.[88,89] The working
principle of superconducting qubits is based on two phenom-
ena: superconductivity, that is, the frictionless flow of electric
fluid through metal at low temperature, and the Josephson ef-
fect, which allows nonlinear transformation without introducing
dissipation or dephasing.
Linear optical, NMR, and superconducting systems are the

most well-developed technologies for implementing quantum
gates with few qubits. They all have distinct properties and ex-
cel in different settings. For instance, long distance transmis-
sion with high fidelity is an advantage for linear optical systems
over the other two systems.However, the interaction between two
photons is weak, which means that building multi-qubit gates
is more difficult compared to NMR and superconducting sys-
tems. For example, the two-photon controlled-NOT gate has a
success probability of 1∕9,[85,90] while for NMR and supercon-
ducting qubit, they can be deterministic.[87,89] As such, none of
the three platforms appears to be universally more suitable than
the others, and indeed all three have found different applications
in the study of quantum information, including quantum coher-
ence.
In the following, we review recent advances in experimental

detection and quantification of quantum coherence.

3.1. Experimental Detection and Quantification of Coherence

A straightforward method to detect and quantify coherence in
experiments is to perform state tomography. The density matrix
obtained in this way can then be used to evaluate the correspond-
ing coherence measure using analytical and numerical methods,
as discussed in Section 2. Following this method, the essential
task for detection and estimation of coherence is the reconstruc-
tion of the quantum state. Quantum state tomography has be-
come a standard technology for inferring the state of a quantum
system through appropriate measurements and estimation.[91–94]

To reconstruct a quantum state, measurements are performed
on identically prepared copies of a quantum system. The mea-
surement statistic collected in this way then serves as a basis to
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estimate the density matrix elements using an appropriate algo-
rithm. Examples for such algorithms are maximum-likelihood
estimation,[95–97] Bayesianmean estimation,[98] and least-squares
inversion.[99]

The above method is reliable and is based on well-established
techniques for quantum state tomography. However, it is not the
most efficient, for example, when it comes to the precision of
coherence estimation, taking into consideration the number of
copies of the quantum state required to collect the statistics. One
reason for this is that quantum state tomography reveals the com-
plete information about a quantum state, while the number of
measurements grows exponentially with the number of qubits.
This makes it difficult to estimate properties such as coherence
from the experimental quantum state. On the other hand, only
partial information is needed to estimate quantum coherence of
a state, a fact which is used by several experimental methods,
leading to a higher precision for coherence estimation.
A general approach that dispenses with the need for full-state

tomography is to employ coherence witnesses. A witness is sim-
ply an observable W which satisfies Tr(𝜎W) ≥ 0 for all incoher-
ent 𝜎 ∈ . The expectation value of any such witness can then
be used to verify that a given system has coherence: measur-
ing Tr(𝜌W) < 0 for some state 𝜌 certifies that 𝜌 ∉ . Originally
conceived to detect the presence of entanglement in quantum
systems,[100] witnesses were later adapted to provide quantita-
tive bounds for entanglementmeasures,[101,102] and this approach
was also introduced to coherence theory.[15] Crucially, for some
monotones, an optimization over a carefully chosen set of wit-
nesses can yield the precise value of the measure. A representa-
tive example of this is the robustness of coherence CR defined in
Equation (14). It is possible to explicitly express CR in terms of
coherence witnesses:[6,12]

CR(𝜌) = max {−Tr(𝜌W) : W ∈  , ‖W‖∞ ≤ 1} (15)

where  denotes the set of all coherence witnesses and ‖ ⋅ ‖∞
is the operator norm (largest singular value). Therefore, there al-
ways exists a witnessW such that CR(𝜌) = −Tr(𝜌W), allowing for
the value of the robustness to be efficiently measured in exper-
iment without the need for state tomography. Importantly, any
coherence witness can provide a bound for the robustness sim-
ply by rescaling it by ‖W‖∞. More accurate bounds can then be
obtained bymeasuring several witnesses, not necessarily tailored
to a given state 𝜌, and then optimizing the combined experimen-
tal data to yield the best quantitative bound which is compatible
with the obtainedmeasurement results (see ref. [12]). Such an ap-
proach can also be adapted to provide bounds for other coherence
measures.[15,102–104]

The aforementioned approach was used in ref. [105] to esti-
mate the robustness of coherence with a coherence witness im-
plemented in a multiqubit NMR system. Moreover, the experi-
mental results of ref. [105] explicitly verify an operational aspect
of the robustness: its application in phase discrimination.[6] In
this task, a quantum system in the state 𝜌 enters into a ”black box”
implementing with probability 1∕d a unitary operation U𝜙k

=
exp(iN𝜙k), whereN =

∑d−1
j=0 j|j⟩⟨j| and𝜙k =

2𝜋k
d
. The goal of phase

discrimination is to guess which unitaryU𝜙k
was applied. For this

purpose, one can implement a generalized measurement with
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Figure 1. Experimental advantage of coherence for phase discrimination
with an NMR system.[105] The data are displayed in units of 𝜖, where
𝜖 ∼ 10−5 denotes the polarization of the NMR system in the experimen-
tal condition. Reproduced with permission.[105] Copyright 2018, American
Physical Society.

measurement operators {Mk} on the output state. The maximal
success probability for correctly guessing the unitary U𝜙k

in this
procedure is given by

psucc(𝜌) = max
Mk

1
d

d−1∑
k=0

Tr[U𝜙k
𝜌U†

𝜙k
Mk] (16)

As was shown in refs. [6, 12], states with nonzero coherence
lead to a larger success probability, when compared to incoher-
ent states. Moreover, it holds that[6,12]

psucc(𝜌)
psucc()

= 1 + CR(𝜌) (17)

where psucc() is the success probability maximized over all inco-
herent input states. Thus, the robustness of coherence captures
exactly the advantage achievable by having coherence in the input
state.[6,12] This was explicitly verified in a two-qubit experiment
carried out on an NMR quantum simulator in ref. [105], demon-
strating the relevance of quantum coherence for experimen-
tal phase discrimination. The experimental results presented in
ref. [105] are shown in Figure 1.
Another experimental method for evaluating the robustness

of coherence with linear optics was considered in ref. [106]. No-
tably, this work explicitly compares two methods for evaluating
the robustness: one is an interference-fringe method based on
the original definition of CR in Equation (14), and the other is
the witness approach discussed in Equation (15). In the former
method, the following two states are prepared in a linear optics
setup:

𝜌 = 1
2
[I + r𝜌(sin 𝜃𝜌 cos𝜙𝜌𝜎x + sin 𝜃𝜌 sin𝜙𝜌𝜎y + cos 𝜃𝜌𝜎z)]

𝜏 = 1
2
[I + r𝜏 (sin 𝜃𝜏 cos𝜙𝜏𝜎x + sin 𝜃𝜏 sin𝜙𝜏𝜎y + cos 𝜃𝜏𝜎z)] (18)

Robustness of coherence is then determined by experimentally
finding the minimal value s such that the interference fringes of

Adv. Quantum Technol. 2021, 4, 2100040 © 2021 Wiley-VCH GmbH2100040 (5 of 16)
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Figure 2. Experimental coherence estimation with linear optics.[106] Re-
sults of the three coherence-measurement methods based on interference
fringes, coherence witnesses, and state tomography are shown in (a), (b),
and (c), respectively. 𝜆 is the difference in optical path between H and
V polarized photons in the quartz crystal, with a decohering coefficient

𝜅(𝜆) = exp(−Δn2 l2𝜎2
2c2

). Reproduced with permission.[106] Copyright 2017,
American Physical Society.

the mixed state (𝜌 + s𝜏)∕(1 + s) vanish (cf. Equation (14)). In the
latter method, robustness is estimated by measuring the expec-
tation values Tr(𝜌W) of suitable witness operators. Noting that
CR(𝜌) = C𝓁1

(𝜌) for any single-qubit system,[12] one can then com-
pare three experimental quantitative approaches to measuring
coherence: the interference fringe method, the witness-based ap-
proach, and computation of the 𝓁1-norm of coherence through
full state tomography. The experimental implementation of this
comparison, as performed in ref. [106], is illustrated in Figure 2.
Most schemes for coherence detection are not device-

independent, they assume that the final measurement is real-
ized on a trusted device. To overcome this issue, the authors
of ref. [104] (see also ref. [103]) developed a measurement-device
independent coherence detection scheme, which was termed
measurement-device-independent coherence witness (MDICW).
The scheme uses additional decoy states in a known state, and
is robust against any bias on measurement devices. An experi-
mental demonstration of the protocol with linear optics has also
been presented.[104] While the conventional coherence witness
requires a trusted measurement device, this is not needed for
the MDICW method. Moreover, it requires only one measure-
ment setting, which provides an alternative way for detecting co-
herence and other quantum resources in a practical manner.
In ref. [107], the authors present a fidelity based method to de-

rive experimentally accessible lower bounds for measures of co-
herence. Indeed, this can be understood as the measurement of
a witness constructed asW = |𝜙max|𝟙 − |𝜙⟩⟨𝜙| where |𝜙⟩ is any
chosen pure state, and 𝜙max denotes the coefficient of |𝜙⟩ with

the largest magnitude in the basis {|i⟩}. The authors explicitly
show how the method can deliver observable lower bounds for
monotones such as the convex roof of the 𝓁1-norm of coherence,
the geometric coherence, and the coherence of formation (see
Section 2.3 for their definitions). The results are demonstrated
through an application to experimental data from leading exper-
imental multi-qubit entangled states.[108–110]

In ref. [111], the authors develop a collective measurement
scheme (based on one-dimensional photonic quantumwalks) for
directly measuring different coherence quantifiers, including 𝓁1-
norm of coherence and relative entropy of coherence. For single-
qubit states with Bloch vector r = (rx, ry, rz), the 𝓁1-norm of coher-
ence and the relative entropy of coherence can be represented by

C𝓁1
(𝜌) =

√
r2x + r2y (19)

Cr(𝜌) = h
(
1 + ||rz||

2

)
− h

(1 + r
2

)
(20)

where h(x) = −x log 2x − (1 − x) log 2(1 − x) is the binary entropy
and r = (r2x + r2y + r2z )

1∕2 is the Bloch vector length. Then it is
found in ref. [111] that both Cr and C𝓁1

can be expressed in terms
of outcome probabilities from a collective Bellmeasurement with
elements

M1 = |𝜓+⟩⟨𝜓+|, M2 = |𝜓−⟩⟨𝜓−| (21)

M3 = |𝜙+⟩⟨𝜙+|, M4 = |𝜙−⟩⟨𝜙−| (22)

acting on 𝜌 ⊗ 𝜌 with the Bell states |𝜓±⟩ = (|01⟩ ± |10⟩)∕√2 and|𝜙±⟩ = (|00⟩ ± |11⟩)∕√2 . Denoting Pi = Tr[Mi𝜌 ⊗ 𝜌], we have

r2x + r2y = 2(P1 − P2),

|rz| = √
2
(
P3 + P4

)
− 1,

r =
√
1 − 4P2

(23)

When compared to full quantum state tomography, the collective
measurement scheme presented in ref. [111] can significantly in-
crease the precision for estimating both 𝓁1-norm of coherence
and relative entropy of quantum coherence.
Collective measurements based on photonic quantum walks

are also useful for other aspects of quantum physics. In ref. [112],
the authors present new experimental technologies for the real-
ization of nonprojective collective measurement with a high fi-
delity over 0.99. In ref. [113], the authors apply collectivemeasure-
ments to optimal orienteering protocols based on parallel spins
and antiparallel spins. Experimental results also show that such
technologies can be used to reduce the backaction of projective
measurements in quantum thermodynamics.[114,115]

Although the methods discussed above constitute the leading
approaches for estimating the coherence of single quantum sys-
tems, a potential downside associated with their application is
that implementing global measurements can be difficult when
dealing with multi-qubit systems. For such systems, a spectrum-
based estimation method was proposed in ref. [116] which can
be used to provide bounds for coherence measures such as the
robustness of coherence CR, the relative entropy of coherence

Adv. Quantum Technol. 2021, 4, 2100040 © 2021 Wiley-VCH GmbH2100040 (6 of 16)
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Cr , or the 𝓁1-norm of coherence C𝓁1
. The crucial aspect of this

scheme is that a small number of local measurements can suf-
fice to provide useful bounds. This was recently experimentally
demonstrated in ref. [117] with an implementation of the spec-
trum estimation scheme in a photonic setup. Therein, the au-
thors generate highly entangled three- and four-qubit states—the
Greenberger–Horne–Zeilinger state, W state, and cluster state—
and use stabilizer measurements to ensure that measuring few
local observables can effectively and efficiently bound multipar-
tite coherence. In refs. [118, 119], the authors generated GHZ
states of up to 20 qubits using Rydberg atoms and a super-
conducting quantum processor, respectively. In the setup used
in ref. [118], the 𝓁1-norm of coherence of the experimentally ob-
tained state is related to the experimental GHZ state fidelity. Be-
sides quantum coherence concerning discrete variables, coher-
ence of continuous variables has also been experimentally stud-
ied recently.[120,121]

3.2. Quantum Coherence and Uncertainty Relations

The coherence of quantum state depends on the choice of refer-
ence basis. A natural question to ask is: if we use two or more
incompatible reference bases, is there a trade-off or uncertainty
relationship between coherence measures based on different ref-
erence bases? Several different theoretical approaches to this
problem have been studied.[122–129]

The entropic uncertainty relations and the coherence-based
uncertainty relations have been experimentally tested via an all-
optical platform.[130] The unilateral coherence, defined in a bipar-
tite system,[37,131] is quantified as

CAB
M (𝜌AB) = S(𝜌BM) − S(𝜌AB) (24)

where 𝜌BM =
∑

i TrA(M
A
i 𝜌

AB) with MA
i = |i⟩⟨i| denote a complete

set of orthogonal basis of subsystem A, and S is the von Neu-
mann entropy.
For a d2-dimensional bipartite state 𝜌AB, and a complete set

of d + 1 mutually unbiased bases (MUB) applied on subsystem
A, the entropic uncertainty relations and coherence-based uncer-
tainty relations in MUBs can be derived as[130,132]

d+1∑
m=1

S(Mm|B) ≥ log2 d + dS(A|B) (25)

d+1∑
m=1

CAB
M (𝜌AB) ≥ log2 d + S(A|B) (26)

where S(Mm|B) = S(𝜌ABM ) − S(𝜌B), and 𝜌ABM is the state 𝜌AB after a
local projective measurementMA

m, that is, 𝜌
AB
M =

∑
m M

A
m𝜌

ABMA
m.

The authors of ref. [130] perform a complete set of MUB mea-
surements on one of the subsystems consisting of three Pauli-
operator measurements. Quantum state tomography is then ap-
plied to reconstruct the density matrices of the initial states and
the postmeasured states. The experimental data is then used
to obtain the corresponding measurement probability, magni-
tude of the uncertainty, and the lower bounds in the uncertainty
inequalities.[130] Related results have been presented in ref. [133],

where the authors perform an optical experiment investigating
trade-off relations between coherence measures in two noncom-
muting reference bases. It is shown that the divergence between
the uncertainty quantified by coherence in two noncommuting
bases and the lower bound would be larger with the increase
of entanglement, contrary to the entropic uncertainty relations.
Both of the approaches[130,133] provide insight into the under-
standing of uncertainty relations and their connection to quan-
tum coherence.

3.3. Quantum Coherence and Path Information

A particle can exhibit the properties of both waves or particles
when going through an interferometer. The properties of parti-
cles are characterized by how much information one can have
about the path of the particles through the device. The wave-like
properties determine the visibility of interference pattern. There
is a trade-off between the properties of particles and waves: the
stronger one is, the weaker the other. This was theoretically stud-
ied in refs. [134, 135], leading to the inequality

D2 + V2 ≤ 1 (27)

whereD is ameasure of path information andV is the visibility of
the interference pattern. In particular, D = 2pmax − 1 where pmax
is the maximum probability for correctly guessing the path of the
particle with an ideal detector, andV = (Imax − Imin)∕(Imax + Imin),
where Imax (Imin) denotes maximum (minimum) of the interfer-
ence pattern. The problem of interferometric duality in multi-
beam experiments has also been studied intensely.[134,136–140] In
particular, quantitative measures of wave properties and particle
properties for multibeam interferometers have been studied in
refs. [134, 136, 137]. The complementarity in the double-slit ex-
periment has been investigated in refs. [138, 139].
The trade-off relation is generalized to duality in the N-

path interferometer between coherence and path information in
ref. [141], namely

(
Ps −

1
N

)2
+ X2 ≤

(
1 − 1

N

)2
(28)

where Ps denotes probability of successfully identifying the de-
tector states quantifying the available path information via opti-
mizedmeasurements, and X = (1∕N)C𝓁1

(𝜌). DenotingD = (Ps −
1∕N)∕(1 − 1∕N) and C = X∕(1 − 1∕N) (V), we get exactly the
form in Equation (27). The authors of [141] also give an entropic
version of the coherence-path information duality relation,

Cr(𝜌) +H(M : D) ≤ H({pi}) (29)

where Cr is given in Equation (9), H(M : D) = H(D) +H(M) −
H({pij}). Moreover, M, D denote the variables corresponding to
the measurement and detector states, respectively. They take val-
ues i ∈ {1, 2,… ., N} corresponding to 𝜌i, with probability pi. The
corresponding information content is given byH(D) = H({pi}) =
−
∑N

i=1 pi log pi.
Relation between coherence and path information is exper-

imentally tested based on linear optical systems in [142, 143],
where photonic quantum states encoded in path or polarization
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are used. The wave property, quantified by the 𝓁1-norm of coher-
ence and the relative entropy of coherence, can be experimentally
obtained via tomography of the target state. The particle property,
quantified by the path information, can be obtained via the dis-
crimination of detector states, which is encoded in the polariza-
tion degree. Both works[142,143] suggest that coherence measures
are promising candidates for the generalization of the interfer-
ence visibility to describe the wave property in a multipath inter-
ferometer, deepening the understanding of coherence and pro-
viding new perspectives regarding wave-particle duality.

3.4. Quantum Coherence in Distributed Scenarios

Besides the studies on uncertainty relations of coherence in
multipartite systems, there is a growing interest in quantum
coherence as a resource in distributed scenarios,[34,35,144] espe-
cially when it comes to state transformation and possible re-
source conversion. Local operation and classical communication
(LOCC) constitute one of the most important concepts in en-
tanglement theory.[74] They describe all the transformations that
can be performed when two separated parties apply local quan-
tum measurements and can only use a classical communication
channel. This concept has been extended to the resource theory
of coherence, by introducing local quantum-incoherent opera-
tions and classical communication (LQICC).[34,35] Relevant tasks
which are based on LQICC operations include assisted coherence
distillation,[34,35,79,145] where Alice helps Bob to extract quantum
coherence locally. The maximal rate of maximally coherent qubit
states |+⟩ on Bob’s side is given by the distillable coherence of
collaboration:[34,35]

CA|B
d (𝜌) = sup

{
R : lim

n→∞

(
inf
Λ

‖‖‖Λ(𝜌⊗n
)
− |+⟩⟨+|⊗⌊Rn⌋‖‖‖1

)
= 0

}
(30)

where the infimum is taken over all LQICC operations Λ. The
distillable coherence of collaboration is bounded above as[34]

CA|B
d (𝜌AB) ≤ CA|B

r (𝜌AB) (31)

Here, CA|B
r is the quantum-incoherent (QI) relative entropy,[34]

given as CA|B
r (𝜌AB) = S(ΔB(𝜌AB)) − S(𝜌AB), and ΔB denotes de-

phasing on Bob’s side in the incoherent basis.
Experimental assisted coherence distillation in the single-copy

regime has been performed in ref. [146], based on a linear opti-
cal system. If Alice and Bob share a pure two-photon state, then
Alice can help Bob to increase his local coherence in the single-
copy setup, and the maximal relative entropy of coherence Bob
can get is given by S(Δ(𝜌B)), as has also been shown experimen-
tally in ref. [146]. The authors of ref. [146] also consider assisted
coherence distillation ofmixed states, showing that in some cases
single-copy protocols can reach efficiencies close to the asymp-
totic upper bound in Equation (31).
Quantum coherence has also been investigated in the con-

text of quantum nonlocality and steering.[147] For this, the au-
thors of [147] derive a set of inequalities for various measures of
quantum coherence. A violation of any of these inequalities im-
plies that one party can steer quantum coherence of another re-
mote party beyond what would be achievable with a single system

and LOCC.[147] This phenomenon is called nonlocal advantage of
quantum coherence.[147] The inequalities derived in ref. [147] fur-
ther allow to conclude that the underlying quantum state is steer-
able. Based on these theoretical results, the authors of ref. [148]
report an experimental investigation of nonlocal advantage of
quantum coherence for two-qubit states in an all-optical setup.
Quantum state tomography is applied to reconstruct the initial
and the measured states. The nonlocal advantage of quantum
coherence is demonstrated for different coherence measures, in-
cluding 𝓁1-norm of coherence, relative entropy of coherence, and
a coherence measure based on the skew information.[148]

Distribution of quantum coherence inmultipartite system has
been studied in refs. [37, 150]. The authors of ref. [150] find the-
oretically that the metric properties allow quantum coherence to
be decomposed into various contributions, which arise from lo-
cal and intrinsic coherence. Several trade-off relations between
the various contributions of coherence are found, and an experi-
mental test of these relations has also been reported recently.[151]

The fact that both coherence and entanglement arise from
the superposition principle of quantum mechanics suggests an
equivalence between the resource theories of coherence and en-
tanglement. A theoretical investigation of this equivalence shows
that coherence can be converted into entanglement via incoher-
ent operations, leading also to a correspondence between co-
herence and entanglement quantifiers.[9,13] This equivalence has
also been explored for the resource theories of entanglement and
superposition,[38,152,153] and for coherence and general quantum
correlations beyond entanglement.[37]

In ref. [149], the authors illustrate a cyclic schemewhere coher-
ence initially in a quantum systemA is locally consumed to create
an equal amount of quantum correlations with an incoherent an-
cillary system B. The relation between consumed coherence and
generated quantum correlations reads[149]

D(𝜌ABI ) = D[ΛAB(𝜌A ⊗ 𝜏B)] ≤ Cr(𝜌
A) (32)

Here, 𝜌A is the initial quantum state ofA, 𝜏B is an incoherent state
of B, and ΛAB represents a bipartite incoherent operation. More-
over, D(𝜌AB) = min𝜎AB∈ S(𝜌

AB‖𝜎AB) is a quantifier of quantum
correlations beyond entanglement[154,155] with  denoting the
set of classically correlated states, that is, states of the form

𝜎AB =
∑
ij

pij|eAi ⟩⟨eAi |⊗ |eBj ⟩⟨eBj | (33)

where {|eAi ⟩}, {|eBi ⟩} are orthogonal bases for A and B. The up-
per bound in Equation (32) can be saturated and we denote with
𝜌ABImax the state with maximum quantum correlations. These cor-
relations are then harnessed to restore coherence in A, i.e.,

Cr(𝜌
A
LQICC) ≤ D(𝜌ABImax) = Cr(𝜌

A) (34)

where 𝜌ALQICC =
∑

j pj𝜌
A
j , pj = Tr(⟨eBj |𝜌ABImax|eBj ⟩) and 𝜌Aj =⟨eBj |𝜌ABImax|eBj ⟩∕pj.

Under ideal conditions, the cycle described above is lossless,
and can be repeated infinitely many times. The authors of ref.
[149] report one round of this cycle based on a bulk optical sys-
tem, showing explicitly how coherence encoded within a pho-
tonic qubit can be converted into quantum correlations between
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(a) (b)

Figure 3. Experimental inter-conversion of coherence and quantum correlations with a bulk optical system.[149] a) The initial states on A are prepared as|𝜙⟩ = cos 2𝜃|H⟩ + sin 2𝜃|V⟩. The experimentally obtained amount of quantum correlations (blue) and restored coherence (red) are plotted as functions
of 𝜃. Solid lines represent fitting curves with experimentally reconstructed optical CNOT gate. b) The initial states on A are prepared as 𝜌 = 1+a

2
|+⟩⟨+| +

1−a
2
|−⟩⟨−|. The experimentally obtained converted quantum correlations and restored coherence are plotted as functions of the initial coherence in A,

which are experimentally obtained by state tomography. Reproduced with permission.[149] Copyright 2018, American Physical Society.

it and an ancilla via incoherent operations. By measurement of
the ancillary photon, up to 80% of the coherence within the orig-
inal qubit is restored. The results presenting converted quantum
correlations and restored coherence are shown in Figure 3. Other
experimental tests of related resource conversion protocols have
been investigated in refs. [156, 157].
A protocol for witnessing spatial quantum superposition be-

tween two distant parties using only local measurements has
been proposed in ref. [158], opening the possibility of detecting
coherence without interference patterns.

3.5. Single-Shot State Conversion and Coherence Distillation

Our discussion in Section 3.4 focused on the asymptotic rates
of coherence transformations. Although such quantities are use-
ful as the ultimate bounds on achievable transformations, the
idealized assumption of coherently manipulating an unbounded
number of quantum systems can mean that these rates are far
from what is practically realizable in a lab. It is then of inter-
est to understand precisely the performance of coherence ma-
nipulation at the level of practical single- or multi-shot protocols.
Broadly speaking, the analysis of non-asymptotic coherence ma-
nipulation explicitly takes into consideration the fact that many
desired state transformations can be impossible to perform in
practice under the action of a chosen class of free operations. One
can then consider probabilistic protocols, in which the transfor-
mation 𝜌→ 𝜌′ is achieved only with some probability p but fails
with probability 1 − p, or approximate protocols, inwhich the out-
put state of the protocol, 𝜏, is not exactly the desired target state
𝜌′ but only a state close to it, and the transformation error can be
measured, for example, by the infidelity 1 − F(𝜏, 𝜌′).[159,160]

An important example of such a task is one-shot coherence
distillation, in which the target state is the maximally coherent
state |+⟩⟨+| or several copies thereof. On the theoretical side, the
single-shot investigation of this problem has been approached
using both approximate[28,31,32] and probabilistic[30] transforma-

tions. This task can be investigated also in the distributed sce-
nario described above, where two parties are collaborating to dis-
till maximal coherence on one side.[39,79]

The first experimental realization of approximate (determin-
istic) coherence distillation was performed in an optical setup in
ref. [161]. There, the authors introduce amethod of transforming
3D and 4D pure quantum states into states which approximate
a 2D or 3D maximally coherent state. The higher-dimensional
transformations are realized by a multi-step protocol divided into
a sequence of SIO operations, each acting on two qubits at a time.
Furthermore, the assisted coherence distillation experiment per-
formed in ref. [146] is also an example of a single-shot realiza-
tion of an assisted distillation protocol, although the quantitative
measures employed there are more closely related to the asymp-
totic rates.
More generally, one can study transformations of quantum

states beyond the task of distillation. Ref. [78] characterized gen-
eral probabilistic one-shot transformations of single-qubit sys-
tems under (strictly) incoherent operations and showcased the
optimal protocols in an explicit experimental implementation.
The insights were also extended to the problem of state conver-
sion in assisted (distributed) scenarios, obtaining exact optimal
solutions for relevant cases of states.

3.6. Dynamics of Quantum Coherence

Coherence is a vulnerable quantum resource, unavoid-
ably vanishing at macroscopic scales of space, time, and
temperature.[162,163] This becomes particularly clear when one
studies the dynamical behavior of coherence in the presence of
dissipation, where the system is rarely isolated and usually loses
its information to its environment.
Numerous studies have investigated the dynamics of quan-

tified coherence in open quantum systems.[164–174] The authors
of ref. [164] proposed a class of protocols for detecting and
quantifying the non-Markovianity of incoherent open system

Adv. Quantum Technol. 2021, 4, 2100040 © 2021 Wiley-VCH GmbH2100040 (9 of 16)
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dynamics (IOSD). This approach is broadly based on the fact that
any valid coherence measure monotonically decreases under in-
coherent operations (recall Section 2.3), which means that coher-
ence can be used to detect the non-Markovianity for quantum
dynamics which preserve the set of all incoherent states, that is,
IOSD. Consider a quantum system described by a state 𝜌 under-
going an IOSD characterized byΛt. Let 𝜌s, 𝜌t denote the quantum
state after evolution time s and t, respectively. For any coherence
measure C, the amount of quantum coherence decreases mono-
tonically:

C
(
𝜌t
)
≤ C

(
𝜌s
)
,∀t > s > 0 (35)

A similar approach has also been used with coherence measures
based on the Tsallis relative 𝛼 entropies.[166]

In ref. [165], the authors proposed an alternative non-
Markovianity measure based on the relative entropy of coherence
in a bipartite setup. Consider a bipartite system AB in a state 𝜌AB,
where only the system of Alice undergoes an IOSD characterized
by Λt. Let 𝜌

AB
s and 𝜌ABt denote the overall quantum state after evo-

lution time s and t, respectively. The relative entropy of coherence
of the total system decreases monotonically, that is,

Cr

(
𝜌ABt

)
≤ Cr

(
𝜌ABs

)
,∀t > s > 0 (36)

fromwhich the proposedmeasure can effectively capture the fea-
tures of non-Markovianity of open quantum systems.
While the methods just described allow to detect non-

Markovianity only for incoherent evolutions, the tools presented
in ref. [175] allow to characterize non-Markovianity of any evo-
lution based on the  relative entropy (see discussion below
Equation (31)). The authors of ref. [175] also experimentally in-
vestigated the evolution of the local coherence, the extended co-
herence, the  relative entropy of both the system of interest
and the ancillary particle, and the steering induced coherence of
the ancillary particle in both Markovian and non-Markovian pro-
cesses. In the optical experiments, the polarization photonic state
is regarded as the open system and the frequency of the corre-
sponding photons is used as the environment. The open system
dynamics is then realized by the coupling between the polariza-
tion and a birefringence crystal, where the non-Markovianity de-
pends on the spectral properties of the photons. The experimen-
tal results in ref. [175] show that information back-flow can be
experimentally detected with respect to different reference bases.
The authors of ref. [176] investigated the sudden change phe-

nomena of quantum coherence both theoretically and experi-
mentally. In particular, the authors use decoherence in the po-
larization basis of a single photon, where the open system is de-
termined by the difference in evolved phases at every spatial posi-
tion. Coherence dynamics occurs when the system and environ-
mental (spatial modes) interact in several tilted birefringent me-
dia. Thus, by tuning the graphics of the environment, the sudden
death phenomenon of quantum coherence can be observed.[176]

Related experimental results investigating the dynamical behav-
ior of quantum coherence in open quantum systems have been
reported in refs. [169, 174, 177].
Apart from the relations between coherence and non-

Markovianity, one of the most interesting phenomena observed
in the context of coherence dynamics is the possibility for its

freezing, which was first put forward in ref. [66] and developed
further in refs. [179, 180]. The authors of ref. [66] demonstrate
that the 𝓁1-norm of coherence is frozen for some initial states
under certain incoherent evolutions. Interestingly, in contrast to
the single-qubit case, universal freezing of quantum coherence
occurs in multi-qubit systems with an even number of qubits.
When initialized in a certain class of states, such systems demon-
strate measure-independent freezing of coherence under a cer-
tain class of incoherent qubit dynamics.[66]

The phenomenon of frozen quantum coherence has been
demonstrated experimentally in a room temperature NMR
setup.[178] In particular, after preparation in a generalized Bell
diagonal state, the multiqubit ensemble is left to evolve un-
der phase damping noise. Constant coherence is then observed
within the experimentally considered time scales up to 1 s. Ex-
perimental freezing of coherence is demonstrated explicitly for
the relative entropy of coherence, the geometric coherence, and
a coherence measure based on the trace distance. Moreover, the
authors of ref. [178] prove theoretically that coherence can decay
in the case of more general initial states, while it remains above
a guaranteed threshold at any time. This phenomenon is also ex-
perimentally observed with two-qubit states. In Figure 4, which
is taken from ref. [178], we show the experimentally obtained evo-
lution of correlation functions, coherence, and correlation quan-
tifiers.
Experimental freezing of coherence has also been investigated

in ref. [181]. The authors of ref. [181] develop a self-guided quan-
tum coherence freezing method, which can guide either the
quantum channels or the initial state to the coherence-freezing
zone from any starting estimate, and investigate the protocol us-
ing linear optics.
Another line of research explores practical applications

of frozen or resilient coherence in quantum parameter
estimation.[182–184] The authors of ref. [185] use a highly con-
trollable photonic system to study the resilience of quantum
coherence and metrology against transversal noise. In particular,
they demonstrate frozen quantum coherence in a 4-photon GHZ
state prepared in both the computational and 𝜎x bases and then
subjected to Markovian bit-flip noise. The phenomenon that
quantum Fisher information for estimating a phase encoded
along the 𝜎z basis is also frozen in the GHZ state prepared in
the 𝜎x basis is observed. Moreover, a frequency estimation task
with additional bit-flip noise is considered, and it is shown that
one can surpass the standard quantum limit using GHZ probes
of up to 6 qubits, despite their exposure to noise of comparable
strength to the signal.[185] Results in ref. [186] demonstrate that
local encoding provides an advantage for phase estimation in the
presence of noise.

3.7. Multilevel Coherence

Most of the experimental works on coherence quantification and
applications concerns coherence in qubit systems. Since higher-
dimensional coherence has a much richer structure, a precise
understanding of its properties requires one to be able to distin-
guish between the basic two-level coherence commonly found in
qubit systems and the fine-grained structure of superposition in
higher-dimensional systems. The quantification and certification

Adv. Quantum Technol. 2021, 4, 2100040 © 2021 Wiley-VCH GmbH2100040 (10 of 16)
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Figure 4. Experimental freezing of quantum coherence with an NMR setup.[178] a) Experimental values of |cj| (points), where cj = ⟨𝜎j ⊗ 𝜎j⟩, along
with theoretical predictions (solid lines) based on phase damping noise. b) Experimental observation of time-invariant coherence, measured by rel-
ative entropy of coherence (red circles), geometric coherence (blue triangles), and a coherence measure based on the trace distance (green dia-
monds). c) Experimental dynamics of coherence and different correlationmeasures. Reproducedwith permission.[178] Copyright 2016, American Physical
Society.

of such multilevel forms of quantum coherence has been stud-
ied in refs. [10, 11, 36, 187–189]. In particular, the multilevel na-
ture of coherence can be characterized by the number rC(|𝜓⟩) of
nonzero coefficients ci for a pure state |𝜓⟩ = ∑

i ci|i⟩ written in
a given reference basis {|i⟩}, which can be suitably extended to
mixed states by defining k as the set of convex combinations of
states with rC(|𝜓⟩) ≤ k. Specifically, k is then the set of (k + 1)-
level coherence-free states, with 1 reducing to the standard no-
tion of two-level coherence that we discussed before.
Within such a framework, analogous definitions of multilevel

coherence-free operations and k-decohering operations can be
introduced.[188,189] Mirroring the two-level cases, a number of
(k + 1)-coherence monotones can also be defined.[10,36,189,190] Of
particular importance is the robustness of (k + 1)-level coherence
RCk

, defined as the minimal amount of noise that has to be added
to a state to destroy all (k + 1)-level coherence[189]:

RCk+1
(𝜌) := inf

𝜏∈()

{
s ≥ 0 :

𝜌 + s𝜏
1 + s

∈ k

}
(37)

Thismeasure satisfies all properties desired from a valid resource
monotone also in themultilevel setting.[189] It is computable with
a semidefinite program in general, and an explicit expression can
be obtained for all pure states |𝜓⟩.[190] However, when the full to-
mographic knowledge of a given state cannot be assumed, many
of such methods become experimentally infeasible.
Ref. [189] studied the experimental quantification and certifi-

cation of coherence in this setting. The authors illustrated the
theoretical framework in practice using a single-photon interfer-
ometer with varying degrees and levels of coherence. Specifically,
a family of noisy maximally coherent states was considered,

𝜌(p) = (1 − p) I
d
+ p|𝜓+

d ⟩⟨𝜓+
d | (38)

where d denotes the dimension (d = 4 in the experiment) and|𝜓+
d ⟩ is a d-dimensional maximally coherent state. Such states

form a structurally simple testbed for the investigation of coher-
ence in the multilevel setting, since varying the noise parameter
p allows for a smooth interpolation from maximal (d-level) co-
herence through all lower coherence levels. The authors demon-

Figure 5. Experimental quantification of multilevel coherence.[189] The
(k+1)-level coherence for the class of states in Equation (38) is shown with
p ∈ [0, 1], as measured by the robustness of multilevel coherence (RMC).
The open squares denote the robustness of (k+1)-level coherence esti-
mated from the experimentally reconstructed density matrices, and the
data points with error bars show the absolute values of the negative expec-
tation values of the coherence witness. Reproduced with permission.[189]

Copyright 2018, American Physical Society.

strate that the robustness RCk+1
(𝜌) can be computed for such

states by a suitable choice of (k + 1)-coherence witnesses, extend-
ing the two-level case and enabling an efficient quantification of
multilevel coherence as well as certification of a given coherence
level (see Figure 5).

3.8. Quantum Coherence of Operations and Measurements

Various generalizations of the methods used to study the su-
perposition of quantum states were proposed in order to under-
stand the coherence of the dynamical aspects of state manipu-
lation: quantum channels and measurements. In the context of
the resource theory of quantum coherence, this was first stud-
ied in the form of coherence generating power,[191,192] that is, the
largest amount of coherence that can be created by a given op-
eration, or by asking the reverse question of how much coher-
ence is required to simulate the action of a given operation us-
ing only incoherent operations.[191,193] Following earlier studies of

Adv. Quantum Technol. 2021, 4, 2100040 © 2021 Wiley-VCH GmbH2100040 (11 of 16)
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nonclassical properties of quantum channels,[194] a more general
line of research was later proposed with the aim of understand-
ing the intrinsic coherence of quantum operations.[195,196] Frame-
works suited to the coherence of quantum measurements have
also been introduced.[197,198]

Experimental demonstrations of these methods have been re-
alized in several works. Ref. [197] first considered amethod of de-
tecting the coherence of a quantummeasurement based on com-
puting the variance of themeasurement statistics and comparing
it with classically (incoherently) achievable data. The practicality
of this approachwas demonstrated using data from a single-qubit
photonic experimental setup. In ref. [199], the authors experi-
mentally investigate a quantitative approach to characterizing the
coherence of quantum operations proposed earlier in ref. [195].
An improved algorithm for quantum detector tomography is de-
rived, and is applied to reconstruct the positive-operator-valued
measures of a weak-field homodyne detector in different config-
urations, which are then employed to evaluate how well the setup
can detect coherence using two computable measures. Finally,
ref. [198] proposed several other norm-based quantifiers of co-
herence of measurements, and investigated their practical com-
putability through an evaluation on the IBM Q quantum proces-
sor.

4. Conclusions

The study of quantum coherence as a resource has found a firm
foundation in the setting of quantum resource theories, leading
to a rich and active investigation of ways to measure and trans-
form coherence. This practically motivated framework is rele-
vant in any physical setting in which an experimenter is lim-
ited to quantum operations which cannot create or detect super-
position. Various experimental platforms, such as linear optics
and NMR systems, can be used to explicitly study the manipu-
lation and characterization of quantum coherence in these set-
tings. In this article, we reviewed recent experimental progress
on the implementation of such protocols. We saw that a num-
ber of efficient approaches have been devised to quantify and de-
tect coherencewithout requiring costlymethods such as full-state
tomography. We discussed schemes realizing coherence manip-
ulation in distributed scenarios, coherence distillation, and the
dynamical connections between quantum coherence and open
quantum systems. We also saw that close connections can be es-
tablished between coherence and other phenomena such as non-
Markovianity, quantum discord, and quantum uncertainty rela-
tions, also explicitly studied in experimental settings. Though
most of the recent works realize proof-of-principle demonstra-
tions of frameworks in the resource theory of quantum coher-
ence, these findings lay the groundwork for practical applica-
tions, and can specifically impact noisy quantum information
processing and nanoscale technologies.
So far, the experimental progress has been limited to

low-dimensional quantum systems, mostly single qubits. The
promising developments in the technology to prepare higher-
dimensional entangled states[200–204] and multipartite entangled
states with up to 20 qubits[118,119] suggest that the experimental
investigation of coherence, and in particular multi-level coher-
ence in multipartite scenarios might also expand in the very near
future. However, the difficulty ofmaintaining and coherentlyma-

nipulating superpositions of a large number of quantum systems
remains a major practical difficulty, and overcoming it will be the
main obstacle to efficient practical utilization of quantum coher-
ence as a resource.
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