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Figure 1 (Color online) The photosynthetic tetramer model and physi-
cal system for NMR simulation. (a) The linear geometry with four chro-
mophores for photosynthetic EET. In the model, sites 1 and 2 form the
donor pair, and sites 3 and 4 are the acceptor pair. The total distance
between the two ends is fixed at R = 40 A, while the intrapair distances
(r) are varied to investigate geometrical effects. (b) The chemical struc-
ture of a '*C-labeled chloroform molecule, where H and '*C nuclear
spins are chosen as the two qubits for quantum simulation. The figure
is quoted from ref. [60]. Reproduced with the permission of ref. [60],
Copyright©2021, Higher Education Press.
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Figure 2 (Color online) The excitation energy transfer dynamics of the tetramer model calculated by the CMRT-NMQT method. The curves show
populations of excitation on each of the four molecules in the system. Population dynamics for the geometry (a) r = 13.4 Aand9=0;(b)r=114A
and 6 = 0; (¢) r = 8.0 A and 6 = 0. The insets display the coherent evolutions at the short times. The figure is quoted from ref. [69]. Adapted with

permission from ref. [69], Copyright©2013, American Chemical Society.
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Figure 3 (Color online) Simulations of the energy transfer by the HEOM (curves), GRAPE (symbols) and quantum simulation (broken curves) with:
(al) r = 134 A, bl r=113 A; (c) r = 8.0 A. The last two are averaged over 500 random realizations. The insets enlarge the simulations by
the HEOM to show the EET times and the coherent oscillation in the short-time regime. In these three simulations, we take ynmr = 27 X 50 Hz and
ANmr = 27 X 2 Hz. (a2)—(c2) all correspond to the geometry of » = 11.3 A. In the process of calculating (a2)—(c2), the reorganization energy of
the environmental spectral density is taken as Anyr = 27t X 2 Hz. And we take the peaks of environmental spectral density as ynmr = 27t X 0.5 kHz,
YNMR = 211X 2.668 kHz and ynmr = 271X 7 kHz, respectively. Among them, ynvr = 271%2.668 kHz is equal to the energy difference between low-level
molecules in donor clusters and high-energy molecules in acceptor clusters. The insets enlarge the simulations by the HEOM to show the EET times in
the short-time regime. The figure is quoted from ref. [60]. Reproduced with the permission of ref. [60], Copyright©2021, Higher Education Press.
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Figure 4 (Color online) Principles of quantum simulation. The three

main steps of a quantum simulator consist of preparing the input state,
evolving it over a time ¢ and carrying out measurements on the evolved
state. As shown in the figure, quantum simulation can be divided into
analog simulation and digital simulation according to different designs
of quantum state evolution. In an analog simulator, the time evolution
of the simulator is designed to match the time evolution of the simulated
model. In a digital simulator, the propagator describing the dynamical
evolution is constructed from a series of quantum gates. In the schematic,
the horizontal lines represent qubits or other elementary constituents of
the overall quantum system, and the grey boxes represent quantum oper-
ations that act on qubits or other components of the system.
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Figure 5 (Color online) Quantum simulation of the energy transfer
governed by Hs + Hppy for N = 150 random realizations. (a) Long-
time quantum dynamics; (b) short-time quantum dynamics. The sym-
bols show the experimental data, and the curves are obtained from the
numerical simulation using the HEOM. The figure is quoted from ref.
[59].
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Figure 6 (Color online) Effect of the ensemble size on the simulations.
The symbols show the theoretical results and the curves show the HEOM

results. The numbers of realizations in each ensemble are M = 50 (a),
M =500 (b), and M = 5000 (c). The figure is quoted from ref. [59].
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Figure 8 (Color online) Simulations of the charge tranfer quantum dy-
namics in a three-qubit system by the HEOM (curves), GRAPE (sym-
bols) and random ensemble (broken curves). The last two are averaged
over 600 random realizations. (a) Corresponding to energy levels 1—
4; (b) corresponding to energy levels 5-8. In all simulations, we take
YNMR = 27 X 200 Hz and Anmr = 27t X 0.5 Hz. This figure is from
ref. [60]. Reproduced with the permission of ref. [60], Copyright©2021,
Higher Education Press.
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Figure 9 (Color online) (a) Schematic diagram of the superconducting
circuit for simulating photosynthetic energy transfer; (b) a linear photo-
synthetic system; (c) energy configuration of the four qubits for energy
transfer. Adapted with permission from ref. [62], Copyright©2020 John
Wiley & Sons Ltd.
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Figure 10 (Color online) The curves (symbol) show the propaga-
tion of the populations of excitation on each of the four qubits by H;

o

(H,g) for three different geometries. (a) Equally spaced geometry with
Ji2 = J3a = Jp3 and r & R/3; (b) moderately clustered geometry with
Ji2 = Jza = 1.62J53 and r < R/3; (c) overclustered geometry with
Jiz = Jsa = 3.11Jn3, 1 < R/3. Py (P}), P2 (P3), P3 (P5) and Py (P})
represent the populations of excitation on each of the four qubits, respec-
tively. This figure is from ref. [62]. Adapted with permission from ref.
[62], Copyright©2020 John Wiley & Sons Ltd.
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Many biological phenomena including avian navigation and photosynthesis manifest quantum coherent effects. In avian
navigation, the weak geomagnetic field and spin-dependent chemical reactions are utilized for navigation. As one of
the most important energy sources on earth, photosynthesis has always been a point of discussion for scientists. The
study of energy transmission in photosynthetic systems can support the design or performance optimization of artificial
light-harvesting devices. Currently, the quantum coherent effect has been observed in photosynthetic complexes, and
the quantum efficiency of energy transmission in photosynthetic complexes is close to 100%. These important findings
prompted many experts in different disciplines to use quantum physical methods to explore the physical mechanism be-
hind the energy transmission in photosynthetic systems and the role of the quantum coherent effect in the exciton energy
transmission in photosynthetic complexes. It has been proven that energy transfer in pigment-protein complexes is mainly
in the form of coherent energy transfer. Moreover, the importance of the quantum coherent effect in energy transmission
has been proven. Furthermore, several researchers have used the quantum coherent effect to improve energy transmission
in photosynthetic systems and achieved some progress. For open quantum systems, such as photosynthetic systems, many
theoretical methods have been proposed to analyze their quantum dynamics. These theoretical methods can be divided
into two categories according to whether they can describe the diagonal term of the system density matrix, namely, co-
herent and incoherent theories. Moreover, the application conditions of these theoretical methods differ according to their
established processes. Recently, with the progress in research, several groups have proposed several quantum simulation
methods based on different quantum computing systems, including quantum simulation methods based on nuclear mag-
netic resonance systems, superconducting quantum circuit systems, and ion trap systems, to analyze the phenomena in
photosynthetic systems. Compared with the traditional theoretical calculation methods, these quantum simulation meth-
ods have higher computational efficiency and lower computational complexity. This paper mainly reviews the progress
in research on quantum coherent effects in photosynthesis and the related theoretical calculation and quantum simulation
methods.

photosynthesis, avian navigation, quantum coherent effect, quantum simulation
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