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Bell inequality violation has been widely tested by using the bipartite entangled pure states and properly encoding the local observables in various experimental platforms, and the detector-, local-, and random loopholes have already been closed. A natural question is, how to deliver the Bell inequality violation by properly encoding the local observables? Here, we show that the Bell inequality violation is directly related to the coherence degree, which is controllable by encoding the different local observables into the entangled state. With the usual space-like correlation detections, we show that the coherence degree can be measured and thus the Bell nonlocality can be tested. The feasibility of the proposal is demonstrated by a numerical experiment typically with the cavity quantum electrodynamic system, in which the coherence degrees of the locally encoded bipartite entangled state can be conveniently measured by the spectral detection of the driven cavity. The present work might provide a feasible approach to verify the Gisin theorem, i.e., Bell inequality can be violated for any bipartite entangled pure state, once the local observables are properly encoded into the entangled state for keeping the desirable coherence.
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1 INTRODUCTION
It is well known that, the quantum entanglement is contradictory to the localization and reality in classical theory [1–4]. Bell provides a mathematical criterion called later as the Bell inequality [5–7] to test the existence of the nonlocal correlations between the distant particles. Until now, the violation of such inequality has been experimentally verified by using entangled states in various systems, and also the detector-, local-, and random loopholes have been closed [8–12]. Therefore, using the nonlocal correlations to implement quantum information processing, typically such as quantum communication [13, 14], quantum computation [15], and quantum metrology [16, 17], etc., have been paid much attention.
Basically, Gisin had proved that the Bell inequality can be violated for any entangled pure bipartite state, if it is encoded properly by the local observables [18, 19]. This implies that the violation of the Bell inequality not only depends on the existence of the bipartite entanglement, but is also related to the local encodes of the bipartite entangled state. Furthermore, Horodecki et.al. gave the necessary and sufficient conditions of the Bell inequality violation for the entangled mixed states Horodecki et al. [20], and thus entanglement and Bell nonlocality are practically different quantum resources [21]. However, the inherent physical mechanism for the violation of the Bell inequality seems still unclear. Recently, Liang et.al., showed that [22]; [23, 24] the violation of the Bell inequality originated from the nonlocality of the bipartite quantum state, i.e., the non-diagonal part of the corresponding density matrix. Given the density matrix [image: image] with only the non-diagonal elements does not exist, as [image: image] should be satisfied for any practical quantum state, here we investigate the relationship between the quantum coherence and the Bell inequality violation, as coherence degree is measurable [25]. Basically, quantum coherence can be quantified by such as fidelity, trace distance, relative entropy, and [image: image] norm, etc. [26–29]. In this paper, we use the [image: image]-norm to quantify quantum coherence, which can be measured by the proposed spectral detection.
The paper is organized as follows: In Sec. 2, beginning with a brief review of the basic concepts of quantum locality, nonlocality, and their relationships between the Bell inequality violations, we propose a quantum coherence condition for the Bell inequality violation. This argument is assisted with that from Gisin theorem Gisin [18], i.e., Bell inequality can be violated for any bipartite entangled pure state once the local observable encodes satisfy certain conditions. In Sec. 3, we provide a numerical experiment to test Bell inequality involved coherence measurements with a cavity QED system, wherein the coherence measurements are implemented by probing the spectral of the driven cavity. Finally, in Sec. 4, we summarize our work.
2 QUANTUM COHERENCE, NONLOCALITY, AND BELL INEQUALITY VIOLATION
The well-known Bell inequality for the experimental tests can be expressed as the following CHSH form [7].
[image: image]
where [image: image] is the CHSH function, which can be calculated by measuring the values of the correlation function [image: image] for the local observables: [image: image]. Gisin’s theorem states that, for any bipartite entangled pure state, the Bell-CHSH inequality Equation 1 can be violated by properly selecting the local observables [18, 19]. Indeed, by properly encoding the local observables into the generated entangled states, the violation of the Bell inequality has been tested experimentally (see, e.g., [30–34]). The question is how to properly select the local observables for the experimental violation of such an inequality.
2.1 The relationship between the nonlocality and the violation of bell inequality
Following Liang et al. [22–24], the local- and nonlocal features of a quantum system can be described by the diagonal part and the non-diagonal one of the relevant density matrix, respectively. For example, for the system in the pure state
[image: image]
with the density matrix:
[image: image]
where [image: image] (with [image: image] and [image: image] being the arbitrary [image: image]-number) and [image: image], its locality and nonlocality refer to.
[image: image]
and
[image: image]
respectively. Certainly, any quantum state is not a pure nonlocal, as its density matrix should satisfy the basic condition: [image: image], and thus, the diagonal elements should be included.
To test the Bell inequality Equation 1 with the entangled pure state Equation 2, the local observables [image: image] should be encoded into the state Equation 2 typically by performing the following single-qubit Hadamard-like gate operation [image: image] [35]:
[image: image]
Obviously, after the above operations, the density matrix [image: image] of the entangled pure state becomes
[image: image]
where
[image: image]
with
[image: image]
and
[image: image]
with
[image: image]
respectively. Above, [image: image], [image: image], [image: image].
Theoretically, the correlation between the bipartite in the state [image: image] can be calculated by the expected value of the operator [image: image] [35], i.e.,
[image: image]
One can easily check that [image: image], which means that the locality of the original entangled pure state [image: image] does not contribute to the correlation between the entangled bipartite, and thus only the nonlocality of the entangled state [image: image] determines the bipartite correlation, i.e.,
[image: image]
Obviously, the bipartite correlation [image: image] originated from the nonlocality of the bipartite entangled state, as argued previously in Ref. [22, 23]. Of course, the correlation function [image: image] and thus the value of the CHSH function [image: image] is dependent on not only the nonlocality of the entangled state [image: image] but also the local observables [image: image] encoded into such an entangled state. For the arbitrarily given entangled parameters in the state [image: image], e.g., [image: image], Figure 1 shows how the local observable encodings: [image: image], influence the value of the CHSH function thus the violation of the CHSH-Bell inequality (1). It is seen from Figures 1A–F that, for a given bipartite entangled pure state, the inequality is violated within the range of the white dotted lines, once the local observables are encoded properly. Specifically, the Bell inequality can be maximally violated, i.e., [image: image], if the local observables are encoded as [image: image]. Furthermore, it is shown in Figure 2 that, for arbitrarily selected local observable encodings, typically such as [image: image], one can always find the corresponding bipartite entangled pure state to demonstrate the Bell inequality violation. Following the Gisin [18, 19], Bell inequality can be violated with any bipartite entangled pure state, once the local observables are encoded properly. Therefore, the bipartite entanglement is the necessary but not the sufficient condition for the Bell inequality violation. Specifically, we verified the argument in Ref. [22, 23] that the Bell inequality violation is due to the nonlocality of the bipartite entangled pure state, and its locality does not contribute to the nonlocal correlation between the bipartite.
[image: Figure 1]FIGURE 1 | Testing the Bell inequality for a given bipartite entangled pure state [image: image] (with [image: image]) for the different local observable encodings; (A) [image: image], [image: image] and [image: image] are variables, (B) [image: image], [image: image] and [image: image] are variables, (C) [image: image], [image: image] and [image: image] are variables, (D) [image: image], [image: image] and [image: image] are variables, (E) [image: image], [image: image] and [image: image] are variables, and (F) [image: image], [image: image] and [image: image] are variables. Here, the inequality is violated within the range of the white dotted lines.
[image: Figure 2]FIGURE 2 | The value of the CHSH function [image: image] versus the entangled parameters [image: image] and [image: image] in the bipartite entangled pure states [image: image], wherein the local observable are encoded as: [image: image], and [image: image]. The inequality is violated within the range of the white dotted lines.
Given the nonlocality of the entangled pure state is described by a non-physical density matrix without diagonal elements, below we discuss the relationship between the coherence, rather than the nonlocality, of the bipartite entangled pure state and the Bell inequality violation by properly local observable encodings.
2.2 Coherence condition for the bell inequality violation
As demonstrated above, the nonlocality of the quantum state cannot be existed alone, as the density matrix for any experimental quantum state must be satisfied the condition: [image: image]. Physically, quantum coherence originates from the superposition of quantum states [25], and a series of approaches have been proposed to measure the coherence of quantum state, typically such as fidelity, trace distance, relative entropy, and [image: image] norm, etc. [27]. Without loss of the generality, we simply use the [image: image] norm [26]:
[image: image]
to quantify the quantum coherence of the quantum state described by the density matrix [image: image]. Specifically, for the bipartite entangled pure state Equation 2, we have [image: image]. Of course, for the maximal mixed state, whose density matrix contains only the diagonal elements, the degree of the coherence should be zero, i.e., [image: image]. While, for the maximally entangled Bell-state, i.e., the state Equation 2 with [image: image], we have [image: image], which is the maximal coherence.
Certainly, the degree of quantum coherence of a pure quantum system can be engineered by the unitary quantum operation. For example, for the entangled pure state Equation 2 with the density matrix [image: image], the [image: image] norm reads [image: image]. However, after the Hadamard-like operations for the local observable encodings, the state is changed as [image: image] with the coherence being changed accordingly as
[image: image]
Obviously, from Equation 12 we get
[image: image]
Therefore, the coherence of the state [image: image] originated from the state (2) by local observable encodings is measured by experimental measurement of the correlation function [image: image]. Consequently, by substituting Equation 16 into Equation 1, the CHSH inequality Equation 1 can be written as the following form:
[image: image]
which is determined by the coherence of the quantum states with different local observable encodings.
Figure 3 shows that the relationship between the coherence of the state Equation 7 and Bell inequality violation for the given local observable encoding: [image: image], and [image: image] for the different entangled pure state Equation 2. It is seen that, within the range of the white dotted lines, the Bell inequality is violated, i.e., [image: image]. The results are consistent with those tested by performing the correlation measurements shown in Figure 2. Therefore, by the measurements of coherence, instead of the nonlocal correlation, of the entangled pure state with the local observable encodings, the test of the Bell inequality is also feasible.
[image: Figure 3]FIGURE 3 | The CHSH function [image: image] defined by quantum coherence versus the entangled parameters [image: image] and [image: image] of the bipartite entangled pure states [image: image], which is locally encoded as: [image: image], and [image: image]. It is seen that the regime for the Bell inequality violation is the same as that shown in Figure 2.
3 NUMERICAL EXPERIMENTS TO TEST THE BELL INEQUALITY BY COHERENCE DETECTIONS
In what follows, we numerically simulate the violation of CHSH-Bell inequality Equation 17 by measuring the coherence of an arbitrarily given entangled pure state with the different local observable encodings. The experimental configuration considered here is shown in Figure 4, wherein a two-qubit entangled pure state is prepared, and its coherence for different local observable encodings is measured by probing the spectra of the driven cavity, which is coupled to the two qubits dispersively.
[image: Figure 4]FIGURE 4 | A cavity QED system for the numerical experiments of Bell inequality test. Here, the two-qubit state can be non-destructively detected by the transmitted spectral measurements of the driven cavity, which is dispersively coupled to the qubits [44–47].
3.1 A spectral method to implement the correlation detections of arbitrary two-qubit states
The system of two qubits being dispersively coupled to a driven cavity can be described by the Hamiltonian [image: image] [36–40].
[image: image]
here, [image: image] and [image: image] are respectively frequency and dissipation of the cavity, [image: image] is the coupling strength between the [image: image]th qubit (with the transition frequency [image: image]) and the cavity, [image: image] are the generation and annihilation operators of the left/right traveling wave photons, respectively. [image: image] is the coupling strength between the cavity and the left/right traveling wave photons, and [image: image] is the detuning between the cavity and the [image: image]th qubit.
Suppose that the system satisfies the dispersive condition: [image: image], and thus any interaction between the qubits can be safely neglected [39]. As a consequence, with the standard input-output theory, the transmitted amplitude [image: image] of the driven cavity can be obtained as [40, 41].
[image: image]
with the phase shift
[image: image]
Above, [image: image] is the effective interaction strength between the left/right traveling wave photons and the cavity, and [image: image] and [image: image] represent the output field operator and the input field one, respectively.
Specifically, for a given two-qubit quantum pure state: [image: image], Figure 5 shows the transmitted spectra of the driven cavity, wherein the peaks are located at [image: image][image: image], and [image: image], respectively. Here, [image: image] is the frequency of the empty cavity, [image: image] (with [image: image]) is the center frequency of the transmitted peak corresponding to the state [image: image] of the qubits. Interestingly Huang et al. [37], we found that the relative height [image: image] of the peak marking the state [image: image] is equivalent to its superposed probability [image: image] in the state [image: image].
[image: Figure 5]FIGURE 5 | The steady-state transmission spectra (A) and phase shift spectrum (B) of the driven cavity with the two-qubit superposed state: [image: image]. The relevant parameters are set as: [image: image], [image: image], [image: image], [image: image].
3.2 Testing bell inequality by the simulated coherence measurements
One can see easily from Equation 15 that, the value of coherence [image: image] for the bipartite entangled pure state Equation 7, delivered by encoding the local observables into the original entangled pure state Equation 2, is related to the parameter [image: image]. Theoretically, this parameter can be obtained by the observed relative heights of the transmitted peaks, i. e.,
[image: image]
Therefore, by arbitrarily measuring one of the diagonal elements (i.e., [image: image] with [image: image]) of the density matrix Equation 7, the value of [image: image] can be obtained.
Immediately, with the numerical experiments demonstrated above, all the diagonal elements of the density matrix Equation 7 can be obtained by observing the transmitted peaks of the driven cavity coupled dispersively to the two qubits, which are prepared in the state [image: image]. As motioned previously, the relative height [image: image] of the peak marking the two-qubit state [image: image] is related to the diagonal element [image: image], i.e.,
[image: image]
However, due to the practically existing measurement errors, the value of the [image: image]-parameter obtained by observing the different peaks might be different. As a consequence, the value of the CHSH function [image: image] defined in Equation 17 can be measured as [image: image] with [image: image], [image: image], and [image: image] is the standard deviation of the measured value of [image: image].
For example, by using the transmitted spectra shown in Figure 6 for the given quantum state Equation 2 with [image: image] and the corresponding local observable encodings, the values of the parameter [image: image] listed in Table 1 can be obtained. Consequently, the CHSH functions [image: image] defined by quantum coherence can be calculated, [image: image], which indicates that the inequality Equation 17 is not violated. Similarly, by using the transmitted spectra shown in Figure 7 for the given quantum state Equation 2 with [image: image] and the same local observable encodings, the values of parameter [image: image] can also be gotten, see Table 2. As a consequence, the CHSH functions [image: image], defined by quantum coherence, can be calculated as [image: image], showing that the inequality Equation 17 is now violated.
[image: Figure 6]FIGURE 6 | The steady-state transmission spectrums of the driving cavity versus the driving frequency when the local observables [image: image] are encoded on the quantum state Equation 2 (with [image: image], [image: image]). Here, the local observables corresponding to (A–D) are [image: image], [image: image], [image: image], respectively. The other parameters are the same as in Figure 5.
TABLE 1 | The relative heights [image: image] of the peaks, the [image: image]-parameters, and the CHSH functions [image: image] defined by quantum coherence, corresponding to the states [image: image] in the Figures 6A–D, respectively.
[image: Table 1][image: Figure 7]FIGURE 7 | The steady-state transmission spectrums of the driving cavity versus the driving frequency when the local observables [image: image] are encoded on the quantum state Equation 2. Wherein (A–D) shows the steady-state transmission spectrum of the quantum state Equation 2 with the superposition parameters of [image: image]. Here, the local observables corresponding to (A–D) are [image: image], [image: image], [image: image], respectively. Other parameters are the same as in Figure 5.
TABLE 2 | The relative heights [image: image] of the peaks, the [image: image]-parameters, and the CHSH functions [image: image] defined by quantum coherence, corresponding to the states [image: image] in the Figures 7A–D, respectively.
[image: Table 2]To check if only the nonlocality of the bipartite entangled pure state contributes to the Bell inequality violation, we now consider the contribution from the locality of the state Equation 2, which is described by the local density matrix Equation 4. The steady-state transmission spectra related to such a density matrix are shown in Figure 8. The observed values of the [image: image]-parameter and thus the calculated CHSH functions [image: image] are listed in Table 3. It is seen clearly that [image: image], which indicates that the locality of the bipartite entangled pure state does not contribute to the violation of the Bell inequality Equation 17, whatever the local observable encodings of the entangled state.
[image: Figure 8]FIGURE 8 | The steady-state transmission spectrums of the driving cavity versus the driving frequency when the local observables [image: image] are encoded on the local quantum state Equation 4. The local observables corresponding to (A–D) are [image: image], [image: image] and [image: image], and the other parameters are the same as in Figure 5.
TABLE 3 | The relative heights [image: image] of the peaks, the [image: image]-parameters, and the CHSH functions [image: image] defined by quantum coherence, corresponding to the states [image: image] in the Figures 8A–D, respectively.
[image: Table 3]The above discussions with the relevant numerical experiments showed clearly that the Bell inequality violation can be tested by measuring the coherence of the bipartite entangled pure state encoded by the proper local observable encodings. Physically, the coherence of the quantum pure state is related to the non-diagonal elements of the physical density matrix and thus can be experimentally measured. Test the Bell inequality Equation 17 provides a feasible approach to verify the arguments given in Refs. [22] on the relationship between the Bell inequality violation and nonlocality of the entangled pure state.
3.3 Numerical experiments to verify the equivalence between the inequalities Equation 1 and Equation 17
Usually, Bell’s theorem is verified by testing the violation of the inequality Equation 1 by performing the local space-like measurements. For a generic bipartite entangled pure state with the local observable encodings: [image: image] and [image: image]:
[image: image]
where [image: image] is the superposed probability amplitude of the two-qubit states [image: image], the nonlocal correlation function [image: image] can be theoretically calculated as [35, 42].
[image: image]
here, [image: image] represents the probability of the two qubits being at the same (different) logic states, i.e., [image: image] with [image: image]. Experimentally, the correlation function Equation 24 can be determined by performing the local space-like measurements on the bipartite. With the obtained correlation functions for different local observable encodings [image: image] and [image: image] sequentially, the CHSH-Bell function [image: image] can be obtained and then the inequality Equation 1 can be tested.
With the numerical experiments proposed above, the probabilities [image: image] for the different local observable encodings can also be determined by observing the relative height [image: image] of the peak in the spectra marking the state [image: image]. As a consequence, the correlation function [image: image]:
[image: image]
can be obtained by reading out the parameters [image: image] (with [image: image]) from the relevant spectra. Specifically, from the observed relative heights of the peaks shown in Figures 6A–D and thus the CHSH function [image: image] in Equation 1, defined by the correlation functions, can be calculated as [image: image]. Thus, the Bell inequality Equation 1 is not violated for the entangled pure state Equation 2 (in which [image: image]) encoded by the local observable encodings: [image: image]. Similarly, from the spectra shown in Figures 7A–D the relative heights [image: image] of the transmitted peaks and also the CHSH function is obtained as [image: image] for the entangled pure state Equation 2 (in which [image: image]) with the same local observable encodings. Therefore, the inequalities Equation 1 and Equation 17 are formally equivalent for Bell inequality tests.
Certainly, we can also check that the Bell inequality violation just originated from the nonlocality of the entangled pure state Equation 2, and its locality does not contribute practically to the nonlocal bipartite correlations and thus the Bell inequality violation. Again, with the transmitted spectra shown in Figure 8 for the two-qubit being prepared in the state [image: image], one can easily find that the values of all the correlation functions are zero, i.e., [image: image]. This indicates that the locality, described by the density matrix [image: image] in Equation 4, does not contribute to the nonlocal correlations of the bipartite, although it can still be locally encoded as [image: image]. Therefore, nonlocal correlations of the bipartite originated from the nonlocality, described by the density matrix [image: image] of the entangled pure state Equation 2, once the local observables are encoded properly. Given the nonlocal density matrix [image: image] is not physical, and thus we perform alternatively the numerical experiments to check if the Bell inequality violation, i.e., Equation 17, by performing the coherence measurements demonstrated in the above subsection.
4 CONCLUSION
In summary, based on the Gisin theorem and the basic idea proposed in Ref. [22], we confirm the relationship between the Bell inequality violation and the nonlocality of the bipartite entangled pure state, which can be encoded by different local observables. Given any quantum state is not the pure nonlocal, as its density matrix should satisfy the basic condition: [image: image], we treat the nonlocality of the entangled pure state by its coherence rather than the non-physics density matrix [image: image] without any diagonal elements, and deliver a new Bell inequality with the quantum coherence measurements, instead of the correlation function measurements. To confirm the validity of the proposal, we demonstrated the relevant numerical experiments with a cavity QED system, by which any elements of the density matrix of quantum state, encoded by arbitrarily chosen local observables, can be non-destructively measured via spectral measurements. As a consequence, both the local correlation function and the quantum coherence can be determined for the Bell inequality tests. Formally, instead of the usual Bell nonlocality tests by measuring the local correlation functions, here the Bell inequality violation is tested by the coherence measurements.
Note that Bell inequality has been tested by a series of cavity QED experiments. For example, with the cavity QED with the superconducting qubits (with the distance being about 3.1 mm), the Bell inequality violation had been confirmed by the correlation detections with the durations being about 30ns [30]. Furthermore, such an experiment has been generalized to that, wherein the distance of two qubits are lengthened to be 78 cm, and the duration of the correlation detections of the qubits is shortened to be about 20ns [43]. The result showed again that, the Bell inequality is really violated. Therefore, the application of the cavity QED systems to test Bell inequality by coherence degree measurements should be feasible, at least theoretically. It is expected that, the present proposal could be tested experimentally in future and also generalized to the cases with either the multiple entangled pure states or the entangled mixture states.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/supplementary material, further inquiries can be directed to the corresponding author.
AUTHOR CONTRIBUTIONS
SH: Conceptualization, Data curation, Formal Analysis, Methodology, Software, Visualization, Writing–original draft, Writing–review and editing. YL: Methodology, Software, Writing–review and editing. JL: Conceptualization, Methodology, Writing–review and editing. LW: Conceptualization, Funding acquisition, Methodology, Validation, Writing–original draft, Writing–review and editing.
FUNDING
The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. This work was partially supported in part by the National Key Research and Development Program of China under Grant No. 2021YFA0718803, the National Natural Science Foundation of China under Grant No. 11974290, and the Fundamental Research Funds for the Central Universities under Grant No. 2682024CX048.
GENERATIVE AI STATEMENT
The author(s) declare that no Generative AI was used in the creation of this manuscript.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 1. Einstein A, Podolsky B, Rosen N. Can quantum-mechanical description of physical reality be considered complete?Phys Rev (1935) 47:777–80. doi:10.1103/PhysRev.47.777
 2. Horodecki R, Horodecki P, Horodecki M, Horodecki K. Quantum entanglement. Rev Mod Phys (2009) 81:865–942. doi:10.1103/RevModPhys.81.865
 3. Paneru D, Cohen E, Fickler R, Boyd RW, Karimi E. Entanglement: quantum or classical?Rep Prog Phys (2020) 83:064001. doi:10.1088/1361-6633/ab85b9
 4. Anton Z. Quantum entanglement: a fundamental concept finding its applications. Phys Scr (1998) 1998:203. doi:10.1238/Physica.Topical.076a00203
 5. Bell JS. On the einstein podolsky rosen paradox. Phys Physique Fizika (1964) 1:195–200. doi:10.1103/PhysicsPhysiqueFizika.1.195
 6. Clauser JF, Horne MA, Shimony A, Aholt R. Proposed experiment to test local hidden-variable theories. Phys Rev Lett (1970) 23:880–4. doi:10.1103/PhysRevLett.23.880
 7. Brunner N, Cavalcanti D, Pironio S, Scarani V, Wehner S. Bell nonlocality. Rev Mod Phys (2014) 86:419–78. doi:10.1103/RevModPhys.86.419
 8. Barends R, Kelly J, Megrant A, Veitia A, Sank D Jeffrey E, et al. Loophole-free bell inequality violation using electron spins separated by 1.3 kilometres. Nature (2015) 526:682–6. doi:10.1038/nature15759
 9. Giustina M, Versteegh MAM, Wengerowsky S, Handsteiner J, Hochrainer A Phelan K, et al. Significant-loophole-free test of bell’s theorem with entangled photons. Phys Rev Lett (2015) 115:250401. doi:10.1103/PhysRevLett.115.250401
 10. Shalm LK, Meyer-Scott E, Christensen BG, Bierhorst P, Wayne MA Stevens MJ, et al. Strong loophole-free test of local realism. Phys Rev Lett (2015) 115:250402. doi:10.1103/PhysRevLett.115.250402
 11. Handsteiner J, Friedman AS, Rauch D, Gallicchio J, Liu B Hosp H, et al. Cosmic bell test: measurement settings from milky way stars. Phys Rev Lett (2017) 118:060401. doi:10.1103/PhysRevLett.118.060401
 12. Abellán C, Acín A, Alarcón A, Alibart O, Andersen CK Andreoli F, et al. Challenging local realism with human choices. Nature (2018) 557:212–6. doi:10.1038/s41586-018-0085-3
 13. Chen YA, Zhang Q, Chen T-Y, Cai W-Q, Liao S-K Zhang J, et al. An integrated space-to-ground quantum communication network over 4,600 kilometres. Nature (2021) 589:214–9. doi:10.1038/s41586-020-03093-8
 14. Wu J, Long GL, Hayashi M. Quantum secure direct communication with private dense coding using a general preshared quantum state. Phys Rev Appl (2022) 17:064011. doi:10.1103/PhysRevApplied.17.064011
 15. Huang HL, Wu D, Fan D, Zhu X. Superconducting quantum computing: a review. Sci China Inf Sci (2020) 63:180501. doi:10.1007/s11432-020-2881-9
 16. Degen CL, Reinhard F, Cappellaro P. Quantum sensing. Rev Mod Phys (2017) 89:035002. doi:10.1103/RevModPhys.89.035002
 17. Long X, He W-T, Zhang N-N, Tang K, Lin Z Liu H, et al. Entanglement-enhanced quantum metrology in colored noise by quantum zeno effect. Phys Rev Lett (2022) 129:070502. doi:10.1103/PhysRevLett.129.070502
 18. Gisin N. Bell’s inequality holds for all non-product states. Phys Lett A (1991) 154:201–2. doi:10.1016/0375-9601(91)90805-I
 19. Chen JL, Wu CF, Kwek LC, Oh CH. Gisin’s theorem for three qubits. Phys Rev Lett (2004) 93:140407. doi:10.1103/PhysRevLett.93.140407
 20. Horodecki R, Horodecki P, Horodecki M. Violating Bell inequality by mixed states: necessary and sufficient condition. Phys Lett A (1995) 200:340–4. doi:10.1016/0375-9601(95)00214-N
 21. Brunner N, Gisin N, Scarani V. Entanglement and non-locality are different resources. New J Phys (2005) 7:88. doi:10.1088/1367-2630/7/1/088
 22. Gu Y, Li WD, Hao XL, Liang JQ, Wei LF. Generalized bell-like inequality and maximum violation for multiparticle entangled Schrödinger cat states of spin s. Phys Rev A (2022) 105:052212. doi:10.1103/PhysRevA.105.052212
 23. Bai XM, Gao CP, Li JQ, Liu N, Liang JQ. Entanglement dynamics for two spins in an optical cavity-field interaction induced decoherence and coherence revival. Opt Express (2017) 25:17051. doi:10.1364/OE.25.017051
 24. Bai XY, Bai XM, Liu N, Li JQ, Liang JQ. The measurement-induced nonlocality of two spins in a single-model cavity system. Quan Inf. Process. (2021) 20:364. doi:10.1007/s11128-021-03315-6
 25. Streltsov A, Adesso G, Plenio MB. Colloquium: quantum coherence as a resource. Rev Mod Phys (2017) 89:041003. doi:10.1103/RevModPhys.89.041003
 26. Baumgratz T, Cramer M, Plenio MB. Quantifying coherence. Phys Rev Lett (2014) 113:140401. doi:10.1103/PhysRevLett.113.140401
 27. Hu ML, Hu X, Wang J, Peng Y, Zhang YR, Fan H. Quantum coherence and geometric quantum discord. Phys Rep (2018) 762-764:1–100. doi:10.1016/j.physrep.2018.07.004
 28. Blais A, Grimsmo AL, Girvin SM, Wallraff A. Circuit quantum electrodynamics. Rev Mod Phys (2021) 93:025005. doi:10.1103/RevModPhys.93.025005
 29. Wendin G. Quantum information processing with superconducting circuits: a review. Rep Prog Phys (2017) 80:106001. doi:10.1088/1361-6633/aa7e1a
 30. Ansmann H, Markus W, Bialczak RC, Hofheinz M, Lucero E Neeley M, et al. Violation of bell’s inequality in josephson phase qubits. Nature (2009) 461:504–6. doi:10.1038/nature08363
 31. Neeley M, Bialczak RC, Lenander M, Lucero E, Mariantoni M O’Connell AD, et al. Generation of three-qubit entangled states using superconducting phase qubits. Nature (2010) 467:570–3. doi:10.1038/nature09418
 32. DiCarlo L, Reed MD, Sun L, Johnson BR, Chow JM Gambetta JM, et al. Preparation and measurement of three-qubit entanglement in a superconducting circuit. Nature (2010) 467:574–8. doi:10.1038/nature09416
 33. Omran A, Levine H, Keesling A, Semeghini G, Wang TT Ebadi S, et al. Generation and manipulation of Schrödinger cat states in rydberg atom arrays. Science (2019) 365:570–4. doi:10.1126/science.aax9743
 34. Lu M, Ville J-L, Cohen J, Petrescu A, Schreppler S Chen L, et al. Multipartite entanglement in rabi-driven superconducting qubits. PRX Quan (2022) 3:040322. doi:10.1103/PRXQuantum.3.040322
 35. Wei LF, Liu YX, Nori F. Testing bell’s inequality in a constantly coupled josephson circuit by effective single-qubit operations. Phys Rev B (2005) 72:104516. doi:10.1103/PhysRevB.72.104516
 36. Blais A, Gambetta J, Wallraff A, Schuster DI, Girvin SM Devoret MH, et al. Quantum-information processing with circuit quantum electrodynamics. Phys Rev A (2007) 75:032329. doi:10.1103/PhysRevA.75.032329
 37. Huang JS, Oh CH, Wei LF. Testing tripartite mermin inequalities by spectral joint measurements of qubits. Phys Rev A (2011) 83:062108. doi:10.1103/PhysRevA.83.062108
 38. Filipp S, Maurer P, Leek PJ, Baur M, Bianchetti R Fink JM, et al. Two-qubit state tomography using a joint dispersive readout. Phys Rev Lett (2009) 102:200402. doi:10.1103/PhysRevLett.102.200402
 39. Guo W, Wang Y, Wei LF. Controllable photon bunching by atomic superpositions in a driven cavity. Phys Rev A (2016) 93:043809. doi:10.1103/PhysRevA.93.043809
 40. He S, Li Y, Wei LF. Group delay controls of the photons transmitting through two cavities coupled by an artificial atomic ensemble: controllable electromagnetically induced transparency-like effects. Opt Express (2022) 30:721. doi:10.1364/OE.440027
 41. Gardiner CW, Collett MJ. Input and output in damped quantum systems: quantum stochastic differential equations and the master equation. Phys Rev A (1985) 31:3761–74. doi:10.1103/PhysRevA.31.3761
 42. Yuan H, Wei LF, Huang JS, Vedral V. Quantum nonlocality test by spectral joint measurements of qubits in driven cavity. Europhys Lett (2012) 100:10007. doi:10.1209/0295-5075/100/10007
 43. Zhong YP, Chang HS, Satzinger KJ, Chou MH, Bienfait A Conner CR, et al. Violating bell’s inequality with remotely connected superconducting qubits. Nat Phys (2019) 15:741–4. doi:10.1038/s41567-019-0507-7
 44. Majer J, Chow JM, Gambetta JM, Koch J, Johnson BR Schreier JA, et al. Coupling superconducting qubits via a cavity bus. Nature (2007) 449:443–7. doi:10.1038/nature06184
 45. Chow JM, DiCarlo L, Gambetta JM, Nunnenkamp A, Bishop LS Frunzio L, et al. Detecting highly entangled states with a joint qubit readout. Phys Rev A (2010) 81:062325. doi:10.1103/PhysRevA.81.062325
 46. Yuan H, Wei LF. Testing hardy’s ladder proof of nonlocality by joint measurements of qubits. Quan Inf. Process. (2013) 12:3341–52. doi:10.1007/s11128-013-0602-0
 47. Xu P, Yang XC, Mei F, Xue ZY. Controllable high-fidelity quantum state transfer and entanglement generation in circuit qed. Sci Rep (2016) 6:18695. doi:10.1038/srep18695
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2025 He, Li, Liang and Wei. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/inline_189.gif





OPS/images/inline_80.gif






OPS/images/inline_19.gif





OPS/images/inline_81.gif






OPS/images/inline_79.gif





OPS/images/inline_188.gif
{6,,0,,0.,0,} = n/2,n/2,57/8,7/8





OPS/images/inline_8.gif
0s &,¢, = e sin &





OPS/images/inline_192.gif
h;',' 0.2451 0.2451 0.2451 02451
A"g ~0.0049 ~0.0049 ~0.0049 ~0.0049 0.0399
e 02451 02451 1 02451 02451
PP R R VS R B
h;' 0.2451 0.2451 j 02451 02451
A,’L,’ 0.0049 0.0049 1 0.0049 0.0049 0.0399
1
h 0.2451 0.2451 j 0.2451 02451
A | 00019 | 00049 \ 00019 | 00049 | 00399





OPS/images/inline_84.gif





OPS/images/inline_193.gif
L (6,0,





OPS/images/inline_85.gif





OPS/images/inline_190.gif
(6,0,) = (57/8,7/2)





OPS/images/inline_82.gif
yr)





OPS/images/inline_191.gif
(0,,0;) = (n/2,n/8),(0,,6,) = (57/8,1/8)





OPS/images/inline_83.gif
0, = 3n/4,0, = n/2,0,





OPS/images/inline_196.gif
(0,,0,)





OPS/images/inline_194.gif





OPS/images/inline_86.gif





OPS/images/inline_195.gif





OPS/images/inline_87.gif





OPS/images/inline_88.gif
S





OPS/images/inline_199.gif





OPS/images/inline_90.gif





OPS/images/inline_2.gif
I'r(p) =1





OPS/images/inline_91.gif
co(wg), cg(wg)(9=L,R)





OPS/images/inline_197.gif
(6,
1, 6,)





OPS/images/inline_89.gif





OPS/images/inline_198.gif





OPS/images/inline_9.gif





OPS/images/inline_201.gif





OPS/images/inline_94.gif





OPS/images/inline_202.gif





OPS/images/inline_95.gif
0 < |g;/Ajlgg; /(A5 |88y /(A Aji )| < Lj#j =12





OPS/images/inline_20.gif
' (6,,0,)) = R,(6,)R,(6,)|y)





OPS/images/inline_92.gif





OPS/images/inline_200.gif





OPS/images/inline_93.gif
A=

Wy~

w;





OPS/images/inline_203.gif





OPS/images/inline_96.gif
= (au(w)) /(@) (@)





OPS/images/inline_204.gif





OPS/images/inline_172.gif
(0,,0,)





OPS/images/inline_171.gif





OPS/images/inline_174.gif





OPS/images/inline_60.gif
0, = 3n/4,0, = n/2,0,





OPS/images/inline_173.gif
(6,
1, 6,)





OPS/images/inline_170.gif





OPS/images/inline_17.gif





OPS/images/inline_176.gif





OPS/images/inline_175.gif





OPS/images/inline_178.gif





OPS/images/inline_177.gif





OPS/images/inline_600.gif
/Ay = 098w, w,, = wy + 8,/ - & /4A; = 1.02w,






OPS/images/inline_61.gif





OPS/images/crossmark.jpg
©

|





OPS/images/inline_64.gif





OPS/images/inline_65.gif





OPS/images/inline_62.gif
I'r(p) =1





OPS/images/inline_63.gif





OPS/images/inline_68.gif





OPS/images/inline_69.gif
G (p)=1





OPS/images/inline_66.gif
Ci (p) = 2|c,c;| = |sin (28)





OPS/images/inline_67.gif
Ci (p) =0





OPS/images/inline_162.gif





OPS/images/inline_161.gif
h,.





OPS/images/inline_164.gif





OPS/images/inline_163.gif
{6,,0,,0.,0,} = n/2,n/2,57/8,7/8





OPS/images/inline_160.gif





OPS/images/inline_169.gif
L (6,0,





OPS/images/inline_166.gif
(6,0,) = (57/8,7/2)





OPS/images/inline_165.gif





OPS/images/inline_168.gif
(61,6,) ( (61,65) (63,65)
h"" 0.4901 04715 0.3389 02451
A"“ 0.9604 0886 0.3556 ~0.0196 4.3643
h"‘, 0 0.0187 0.1513 02451
AT 1 09252 0.3948 00196 46001
h"q 0 0.0187 0.1513 02451
A"q 1 0.9252 0.3948 0.0196 4.6001
W 0.4901 04715 0.3389 02451
A", | 060t 0386 03556 0019 | 43643






OPS/images/inline_167.gif
(0,,0;) = (n/2,n/8),(0,,6,) = (57/8,1/8)





OPS/images/inline_179.gif
e





OPS/images/inline_70.gif





OPS/images/inline_18.gif





OPS/images/inline_71.gif





OPS/images/inline_7.gif
o, =8,,0,,0,





OPS/images/inline_182.gif
eg





OPS/images/inline_74.gif





OPS/images/inline_183.gif
h"





OPS/images/inline_75.gif
E(6,,0,)





OPS/images/inline_180.gif





OPS/images/inline_72.gif
C; (p) = |sin (28)





OPS/images/inline_181.gif





OPS/images/inline_73.gif





OPS/images/inline_186.gif





OPS/images/inline_78.gif





OPS/images/inline_187.gif





OPS/images/inline_184.gif





OPS/images/inline_76.gif
0, = 3n/4,0, = n/2,0,





OPS/images/inline_185.gif
L (6,0,





OPS/images/inline_77.gif





OPS/images/inline_152.gif





OPS/images/inline_151.gif
(6,
1, 6,)





OPS/images/inline_154.gif





OPS/images/inline_153.gif





OPS/images/inline_16.gif





OPS/images/inline_159.gif





OPS/images/inline_156.gif





OPS/images/inline_155.gif





OPS/images/inline_158.gif





OPS/images/inline_157.gif





OPS/images/inline_142.gif





OPS/images/inline_144.gif
(6,0,) = (57/8,7/2)





OPS/images/inline_143.gif





OPS/images/inline_15.gif
R

(0,),j=1,2





OPS/images/inline_149.gif





OPS/images/inline_150.gif
(0,,0,)





OPS/images/inline_146.gif
(64,6,) [CA
h; 03389 03317 0.2809
03556 0.3268 0.1236 ~0.0196 15716
h’, 01513 0.1584 0.2092 0.2451
AL | o030 03664 01632 0019 18088
01513 0.1584 0.2092 0.2451
A," 03948 0.3664 0.1632 0.0196 1.8088
h 03389 03317 0.2809 0.2451
A, | osse 03268 01236 0019 | 15716






OPS/images/inline_145.gif
(0,,0;) = (n/2,n/8),(0,,6,) = (57/8,1/8)





OPS/images/inline_148.gif





OPS/images/inline_147.gif
A (6,,6,)





OPS/images/inline_52.gif
0
n





OPS/images/inline_55.gif
0,





OPS/images/inline_56.gif





OPS/images/inline_53.gif





OPS/images/inline_54.gif
0,





OPS/images/inline_59.gif
yr)





OPS/images/inline_6.gif





OPS/images/inline_57.gif





OPS/images/inline_58.gif





OPS/images/inline_134.gif





OPS/images/inline_133.gif
A (6,,6,)





OPS/images/inline_14.gif





OPS/images/inline_139.gif





OPS/images/inline_141.gif





OPS/images/inline_140.gif
{6,,0,,0.,0,} = n/2,n/2,57/8,7/8





OPS/images/inline_136.gif





OPS/images/inline_135.gif





OPS/images/inline_138.gif





OPS/images/inline_137.gif





OPS/images/inline_132.gif





OPS/images/inline_124.gif





OPS/images/inline_13.gif
I'r(p) =1





OPS/images/cover.jpg
& frontiers | Frontiers in Physics






OPS/images/inline_129.gif
dd .
1(0,,0,) = 142y 1-A2(6,,6,)





OPS/images/inline_131.gif





OPS/images/inline_130.gif





OPS/images/inline_126.gif





OPS/images/inline_125.gif
Aul0,,0,)





OPS/images/inline_128.gif
4= 1CH(0,,00) = 17+ \[4- [CH(6,00) - 17+ |4~ [C(0,,6) ~ 11~ 4~ [C](@},6)) - 1]






OPS/images/inline_127.gif





OPS/images/inline_123.gif





OPS/images/inline_122.gif





OPS/images/inline_12.gif
¢,

1F

+|c|*

1





OPS/images/inline_119.gif





OPS/images/inline_121.gif





OPS/images/inline_120.gif
A(0,,0,)





OPS/images/inline_116.gif
C (0,,0,)





OPS/images/inline_44.gif





OPS/images/inline_115.gif
2/,

0.02w,





OPS/images/inline_45.gif
0,





OPS/images/inline_118.gif





OPS/images/inline_117.gif
A(0,,0,)





OPS/images/inline_43.gif
B,





OPS/images/inline_48.gif
0,





OPS/images/inline_49.gif
B,





OPS/images/inline_46.gif
0
n





OPS/images/inline_47.gif
0, = n/2,6 =n/4





OPS/images/inline_113.gif





OPS/images/inline_51.gif
0,





OPS/images/inline_112.gif





OPS/images/inline_5.gif





OPS/images/inline_114.gif
g /A

0.04w,





OPS/images/inline_50.gif
0, = n,0, = n/2





OPS/images/inline_11.gif





OPS/images/inline_109.gif





OPS/images/inline_111.gif
W) = V0.1|gg) + V0.2|ge) + V0.3|eg) + V0.4|ee)





OPS/images/inline_110.gif
W) = ) culkl)





OPS/images/inline_106.gif





OPS/images/inline_108.gif





OPS/images/inline_107.gif
hkl





OPS/images/inline_103.gif





OPS/images/inline_102.gif
o+ 8, /4A+ 8, /4, = 1.06w,






OPS/images/inline_105.gif





OPS/images/inline_104.gif
Wi





OPS/images/inline_10.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Quantum coherence and the bell inequality violation: a numerical experiment with the cavity QEDs		1 Introduction

		2 Quantum coherence, nonlocality, and bell inequality violation		2.1 The relationship between the nonlocality and the violation of bell inequality

		2.2 Coherence condition for the bell inequality violation





		3 Numerical experiments to test the bell inequality by coherence detections		3.1 A spectral method to implement the correlation detections of arbitrary two-qubit states

		3.2 Testing bell inequality by the simulated coherence measurements

		3.3 Numerical experiments to verify the equivalence between the inequalities Equation 1 and Equation 17





		4 Conclusion

		Data availability statement

		Author contributions

		Funding

		Generative AI statement

		Publisher’s note

		References









OPS/images/inline_1.gif





OPS/images/inline_101.gif
o~ 81181 —&/8; =0.94w,,w,, = wy — g, /A +






OPS/images/inline_100.gif
W) = V0.1|gg) + V0.2|ge) + V0.3|eg) + V0.4|ee)





OPS/images/inline_25.gif
E(6,,0,)





OPS/images/fphy-13-1541888-t003.jpg
(61,65) (63,6,) (63,65) (o

e 02451 02451 02451 02451
A -0.0049 ~0.0049 ~0.0049 ~0.0049 0.0399
e 02451 02451 02451 02451
Al 0.0049 0.0049 0.0049 0.0049 0.0399
e 02451 02451 02451 02451
Al 0.0049 0.0049 0.0049 0.0049 0.0399
{4 0.2451 0.2451 0.2451 0.2451
Al ~0.0049 ~0.0049 ~0.0049 ~0.0049 0.0399






OPS/images/fphy-13-1541888-t002.jpg
0.4901 04715 03389 02451
Al 09604 0.886 03556 ~0.0196 43643
e 0 0.0187 01513 02451
Al 1 09252 03948 00196 4.6001
[ 0 0.0187 01513 02451
Al 1 09252 03948 00196 4.6001
| 29 0.4901 04715 03389 02451
A" 09604 0.886 03556 ~0.0196 43643






OPS/images/inline_28.gif
yr)





OPS/images/inline_29.gif





OPS/images/inline_26.gif
E(6,,0,)





OPS/images/inline_27.gif





OPS/images/inline_31.gif





OPS/images/inline_32.gif
{6,,0,,6,0,}

.05





OPS/images/inline_3.gif





OPS/images/inline_30.gif
yr)





OPS/images/inline_33.gif





OPS/images/fphy-13-1541888-g005.gif
(@) os, (®)

o lee) I

£ leg) £ o

i

fod lge) oo

ol 1

%% oms  wer ies 0 080 o5 100 105 110

. o





OPS/images/fphy-13-1541888-g006.gif
0% osf

fod 1) fee) Sod 1) Joo»

£oql £osl

g0z lge) leg) Eoa) 199 leg)

"o i o f

e T o T T R
© @

o o

i o

lee) lag) lge) leg) lee)

£ 99 e e 4O foil

cHENEEN

o o






OPS/images/fphy-13-1541888-g003.gif





OPS/images/fphy-13-1541888-g004.gif





OPS/images/fphy-13-1541888-t001.jpg
hy 03389 03317 02809 02451

03556 03268 01236 ~0.0196 15716
", 01513 0.1584 02092 02451
Al 03948 0.3664 0.1632 00196 18088
Hy 01513 01584 02092 02451
Al 03948 0.3664 0.1632 00196 18088
b, 0.3389 03317 0.2809 0.2451
Al 03556 03268 01236 ~0.0196 15716






OPS/images/fphy-13-1541888-g007.gif
(@) o ®

o] a9 lee) osf  log) lee)
£o. $odf
i i
041 o lge} leg)
Y% ems Te es a0 Y% s T es 10
= =
© o () o
o o
304 lgg) lee) 03]

lgg) 1ge) leg) lee)

B Toe] | HTIIT

e T ow T T T






OPS/images/fphy-13-1541888-g008.gif
lga) 1ge) leg) lee) §M 199) 1ge) leg) lee)

i i

lg9) 1ge) leg) lee) §“ 199) 1ge) leg) lee)

o e T e % ewm T
o o





OPS/images/fphy-13-1541888-g001.gif





OPS/images/inline_34.gif





OPS/images/fphy-13-1541888-g002.gif





OPS/images/inline_35.gif





OPS/images/inline_38.gif
mb, =m/2





OPS/images/inline_39.gif
0
n





OPS/images/inline_36.gif
yr)





OPS/images/inline_37.gif





OPS/images/inline_41.gif
0, = /4,6 =n/2





OPS/images/inline_42.gif
0,





OPS/images/inline_4.gif





OPS/images/inline_40.gif
B,





OPS/images/inline_224.gif





OPS/images/math_4.gif
=

o
o€
0
0

0
0
sin* €

0

@





OPS/images/inline_225.gif





OPS/images/math_5.gif
Pric=

0
0
esinEeos§

0

o
@ sin § cos §
0
0

e





OPS/images/math_25.gif
E(0,,0,) = h,(0,,0,)+h,(0,,0,)-h,(0,,0,) - h, (0,0, (25)





OPS/images/inline_223.gif
E(6,,0,)





OPS/images/math_3.gif
=Pt P ©






OPS/images/inline_228.gif





OPS/images/math_8.gif
= B ORI E O 0) =

Pis

P

®





OPS/images/inline_229.gif
{6,,0,,0,,0,} = {n/2,n/2,5n/8,n/8}





OPS/images/math_9.gif
Pl = P =Py = P = Ly = i€ 1 CQ.  py =ie2CD).

iy =iMCE), gl = —ie C(D.p}y = S, gy, =00,
phy =0, =gl ), ply =i C@,
ol = -idC(E), pl, =ie*C(H),

©






OPS/images/inline_226.gif





OPS/images/math_6.gif
R (6) =R (6/2)RY )R (-6,72) = lf(
5

©





OPS/images/inline_227.gif





OPS/images/math_7.gif
(6, R, (8,) (p + 0 )R, (B)R(6,) =p. +p . (7)





OPS/images/inline_231.gif





OPS/images/logo.jpg
P frontiers | Frontiers in Physics





OPS/images/inline_23.gif
yr)





OPS/images/inline_230.gif
h"
1(8,,0-
),)





OPS/images/inline_234.gif
E(6,,6,) = E(6,,60,) = E(6,,6,) = E(0,,0,) =






OPS/images/inline_235.gif
P





OPS/images/inline_232.gif





OPS/images/inline_233.gif





OPS/images/inline_238.gif





OPS/images/inline_239.gif
I'r(p) =1





OPS/images/inline_236.gif





OPS/images/inline_237.gif





OPS/images/inline_24.gif
yr)





OPS/images/inline_240.gif





OPS/images/inline_97.gif





OPS/images/inline_205.gif





OPS/images/inline_98.gif





OPS/images/inline_208.gif





OPS/images/math_10.gif
LA
Fa A= a0

= R O)R 05 K| 0) )
; @pRI O, e






OPS/images/inline_209.gif
0,





OPS/images/math_11.gif
Pu=p u=AGL0), sy =p"=-A0.0).p" ;= €"B(6,6,).
= B0, =P BO,0). = PBO,0).
=A@, = VAG6), an

OBAGG), Py = CEAWD,0).p",, = BO,0),
EANEN 0
OBO,.8,), o, =-*B@,8), p".=-c"B(0,0.),






OPS/images/inline_206.gif





OPS/images/inline_99.gif





OPS/images/inline_207.gif





OPS/images/math_1.gif
(6,,6,) +E(6,,

1)+ E(6,,8,)-E(8,,8,)<2,

(1)





OPS/images/inline_211.gif
9%





OPS/images/math_14.gif
(14)
G, @)= ). lemsh





OPS/images/inline_212.gif





OPS/images/math_15.gif
1421 14(6,,6,) . as)

G, (6,60 = 3 Ipy|






OPS/images/inline_21.gif
2, =0,,®0,,





OPS/images/math_12.gif
E(6,,0,) = tr(M,,p') = tr(M, ,p] )+ tr(M,,p!, ). (12)





OPS/images/inline_210.gif
0,





OPS/images/math_13.gif
E(6,,0,) = tr(

s (6, - 8, - 1) sin(26). (13)





OPS/images/inline_213.gif
E(6,,0,)





OPS/images/inline_214.gif
Piame(0),0,)(Pyil 0,,0,))





OPS/images/math_17.gif
g 2

=4~ (G, @0 -1]"+ \a-[C, (6}.6) 1]

+\4-[C, (6, 1] - a-[c, (6,69 1] 54,

a7





OPS/images/inline_215.gif





OPS/images/math_18.gif
o= ,nmz[f,,”.;{(m;),y]
+ 3 [ e ade as

'3 i) -y ) o





OPS/images/math_16.gif
G, (8,,8,) = 1421~ |E(6,,6,) . (16)





OPS/images/inline_218.gif





OPS/images/math_20.gif
z(mrm%(a:,).

gy =arctan )

PR





OPS/images/inline_219.gif





OPS/images/math_21.gif
ple=p! @





OPS/images/inline_216.gif





OPS/images/math_19.gif
19)

288 4wy - T+ Lo,y +





OPS/images/inline_217.gif





OPS/images/math_2.gif
y) = cos §leg) + ¢ sin |ge), (2)





OPS/images/inline_221.gif





OPS/images/math_24.gif
Piame (01202) = Py (0,,0,)
P (0.0, 7 P (0,07

E (0,0,

(1)






OPS/images/inline_222.gif





OPS/images/inline_22.gif
tr(M, ,p, ) =






OPS/images/math_22.gif
14A.(6,.6,)

LAl
A4(60,0)

—_—

@)






OPS/images/inline_220.gif





OPS/images/math_23.gif
y (0,,0,)) = a_lgg) +a,lge) +a,leg) +a,lee), (23)





