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Abstract 
Life as we know it cannot exist without photosynthesis, and even though the main photosynthetic 

mechanisms have been well investigated, some aspects are still unresolved. One example is the energy 

transfer to the reaction centers by accessory photosynthetic pigments after the absorption of photons. 

This process has an extremely high efficiency, which cannot be explained by a classical Foerster 

resonance energy transfer. However, a quantum mechanical process based on a coherent or wave-like 
energy transfer may provide an explanation for the high efficiency. In order to determine whether nature 

makes use of such a coherent process, we influence the potential coherence of photosynthetic pigments 

in vivo using an optical microresonator, which consists of two parallel silver mirrors separated only by 

the distance of a few wavelengths. The electromagnetic field inside such a microcavity is strongly 

confined, enabling coherent light-matter coupling. Here, we embedded living cyanobacteria of the 

species Synechococcus elongatus (strain PCC 7492) into the microresonator and exposed them to the 

confined electromagnetic field. The observation of vacuum Rabi splitting and anti-crossing observed in 

the transmission- and fluorescence spectra provides evidence of coherent coupling of the pigments with 
the resonator modes without harming the bacteria. Furthermore, we showed that not only some 

photosynthesis pigments are involved in this coupling, but all pigments in the excitation focus are 

coupled coherently. Our findings shed light on the function of quantum coherence in the evolution of 

photosynthetic organisms. 
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Introduction 
The idea that quantum mechanical phenomena may play a significant role in biology has fascinated 

researchers for a long time. Erwin Schroedinger suspected, as early as 1944, that quantum mechanics 

have a direct influence on biology and evolution.1 Conversely, Alexander Sergejewitsch Davydov stated 

about 40 years later (1982) that quantum mechanical processes are only relevant for purely isolated 

systems and therefore of little relevance to biological systems.2 He assumed that fragile quantum 
phenomena were probably not important for the "warm, wet and loud" creatures.3 However, this opinion 

changed dramatically in 2010, when for the first time quantum biological phenomena, such as quantum 

coherence, were measured in isolated photosynthetic complexes at physiologically relevant 

temperatures.4 Besides the prime example of photosynthesis, other biological phenomena are also 

currently suspected of being driven by quantum mechanics. In proteins and enzymes, it is assumed that 

quantum mechanical effects, such as long-range electron transfer5 and proton tunneling6, are involved. 

Also under discussion is the magnetoreception7 of some animals for geomagnetic orientation. 

In photosynthesis, light energy is absorbed and converted into relatively stable chemical products by 
membrane-integral pigment-protein complexes called photosystems. Photosynthetic complexes are 

optimized to capture solar light and to transmit the excitation energy from the peripheral pigments to the 

photosynthetic reaction centers where the processes for long-term energy storage begin. 

The efficiency of this energy transfer is extremely high (close to 100	%3). Its mechanism is often 

described by classical models that involve “hopping”8 of excited-state populations along discrete energy 

levels (Fig. 1A). These energy levels and their coupling to the reaction centers were mapped and 

measured in isolated photosynthetic complexes from Chlorobium tepidum by 2D-Fourier transform 

electronic spectroscopy.9 However, these models do not fully explain the unusually high efficiency of 

energy transfer, requiring us to look beyond the classical approach to quantum mechanics. Wavelike 

energy transfer arising from the quantum coherence in the photosynthetic complexes was first predicted 

and then measured at 77	𝐾 and later at ambient temperature, again in isolated photosynthetic 

complexes from Chlorobium4, offering a possible explanation for the fast and almost lossless energy 

transfer from the peripheral pigments to the reaction centers (Fig. 1B). In addition, there are several 
other studies on the topic of coherence in the photosystem of bacteria in vivo and under physiological 

conditions. 9 10 11 12 13 14 15 16 17 

However, photosynthesis-related quantum mechanical processes and their physiological relevance 

have not yet been studied in living photosynthetic organisms. It is, therefore, not clear whether the 

occurrence of quantum phenomena, such as coherence, is an evolutionary byproduct or whether 

coherence might even be a pre-requisite for the function of the photosynthetic machinery, and thereby 

provide an active selection advantage in the development of photosynthetic organisms 

To address this open question, we chose the cyanobacterium Synechococcus elongatus (strain 
PCC 7942) to determine quantum mechanical effects in vivo. Comparably to the chloroplasts of higher 

plants, S. elongatus performs oxygenic photosynthesis using water as the electron donor. The 

photosynthetic light reactions of cyanobacteria, such as S. elongatus, are essentially carried out by two 

trans-membrane protein complexes located in the thylakoid membrane: photosystem II (PS2) and 

photosystem I (PS1)18 connected by the cytochrome b6f complex. Together with the cytochrome b6f 

complex, these molecular machines perform the light-driven electron transport to provide reduction 
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equivalents and generate an electrochemical proton gradient across the thylakoid membrane for the 

synthesis of ATP18. Light harvesting within the photosystems for the use of the captured energy in 

photosynthetic reaction centers is achieved by protein-anchored chlorophyll molecules18. In 

cyanobacteria, this intrinsic light-harvesting machinery is supported by peripheral pigment complexes - 

the phycobilisomes (PBS) - anchored to the photosynthetic reaction centers. With 3 to 7 MDa, PBS 

supercomplexes are comparably huge19, contain three different pigments and account for up to 60	% of 

the cyanobacterial soluble protein content20. The structure and spatial organization of the PBS and 

intrinsic antennae enables an energy transfer to the photosynthetic reaction centers within 

femtoseconds after light absorption21 22.23 Owing to the extensive data available on S. elongatus 
regarding structure, spatial organization, dynamics and function of the photosynthetic processes, it is a 

particularly well-suited model organism for elucidating quantum mechanical processes in living cells at 

relevant physiological conditions. 

 

 
Figure 1: Models of energy transfer during photosynthesis. (A) Classical description: after the absorption of a 
photon (blue wavy arrow), the energy transfer from the antenna pigments (green discs) to the reaction center (i.e. 

P680 in light harvesting complex II (LHC II), red disc) is described by incoherent energy “hopping” (orange arrows). 

(B) Quantum mechanical description: the photon absorbed in a light harvesting complex generates a collective 
excitation. A superposition of the excited states results in a coherent energy transfer, possibly being the cause for 

the very high light harvesting efficiency (close to 100 %)3.24  
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Methods 
A Fabry-Pérot microcavity as a novel device for the in vivo analysis of quantum mechanical 
effects 
To study possible quantum mechanical effects in the photosynthesis of living organisms at ambient 

conditions, we embedded cells of S. elongatus into a Fabry-Pérot optical microcavity (Fig. 2A). 

 

 
Figure 2: The spectral properties of the photosynthetic pigments of S. elongatus cells and a l/2 Fabry-Pérot 
microcavity. The survival of S. elongatus cells is not impaired by the light conditions prevailing in the 
microcavity. (A) Scheme of the Fabry-Pérot microcavity. The microcavity consists of a semitransparent mirrored 

lens and a cover glass serving as a second mirror. The distance between the mirrors can be fine-tuned with 

piezoelectric actuators. Due to constructive and destructive interference, only wavelengths fulfilling the resonance 
condition of the cavity are transmitted. The bacteria are placed in an agarose matrix inside the cavity. (B) White 

light transmission spectra of the empty cavity as a function of the mirror distance. For each consecutive spectrum, 

the mirror spacing is increased, which shifts the resonance wavelength of the cavity accordingly. (C) Light 
microscopy image of S. elongatus cells inside the microcavity. (D) Spot assay25 of S. elongatus cells in BG11 

medium. Top: Non-irradiated control in a dilution series (1:10), initial concentration: 𝑂𝐷*+, = 0.5, 3-fold reproduction. 

Below: Irradiated sample in a dilution series (1:10), initial concentration: 𝑂𝐷*+, = 0.5, 3-fold reproduction. The 

bacteria were irradiated with a laser (𝜆12 = 440	𝑛𝑚, power: 1.8	𝑚𝑊) for three minutes before preparation of a drop 

agar assay. The growth rate is comparable to the non-irradiated bacteria, indicating a negligible impact of the typical 
irradiation during the experiments on the bacterial survivability. (E) Normalized absorption (blue) and fluorescence 

(red) spectra (440	𝑛𝑚 exc.) of S. elongatus cells located inside the microcavity. The black dashed line indicates the 

wavelength where the bacteria emit and absorb photons of the same wavelength. 
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The microcavity consists of two semi-transparent mirrors whose distance from each other can be 

precisely tuned with a piezo actuator (Fig. 2A). The mirrors were produced by evaporating a 3	𝑛𝑚 thick 

chromium layer on a glass surface, which served as an adhesion layer for the following silver layer, 

which has a thickness of 30	𝑛𝑚 or 60	𝑛𝑚 for the lower and upper mirror, respectively. The thicknesses 

of the silver layers were optimized to give a reasonable quality factor (Q = 98) for the microcavity. Since 

silver is bactericidal and very susceptible to damage and oxidation, it was coated with a gold layer (5	𝑛𝑚) 

and a 𝑆𝑖𝑂; layer (20	𝑛𝑚).26 The microcavity was assembled in a custom-built holder with piezo actuators 

and mounted on a confocal microscope for the collection of both white light transmission and 

fluorescence spectra from the same spot in the sample. Transmission spectra were acquired via a high 

numerical aperture objective lens (NA = 1.4) from below while the microcavity was illuminated by a white 

light source from above (Fig. 2A). The white light transmission spectra were used to determine the cavity 
resonance for different mirror separations as shown in Fig. 2B. Here, the mirror distance of an empty 

microcavity was reduced by the piezo actuators from the top to the bottom and the spectral position of 

the cavity resonance was tuned from 𝜆 = 710	𝑛𝑚 to 640	𝑛𝑚. The upper, movable mirror was slightly 

curved so that the distance between the two mirrors is minimal in the center and increases radially 

leading to so-called Newton rings. This allows the tuning of the cavity resonance across the absorption 

and emission maximum of the cyanobacterial pigments in vivo. Fluorescence spectra and fluorescence 

decay curves were recorded as a function of the mirror distance by focusing a 440	𝑛𝑚 laser beam with 

the same high NA objective lens into the cavity.  

 

Bacterial cultivation conditions 
S. elongatus cells were cultivated under photoautotrophic conditions with continuous illumination at 

around 30	µ𝑚𝑜𝑙	photons	𝑠GH	𝑚G; (Lumilux de Lux, Daylight, Osram) at 28	°𝐶. The cultures were grown 

in 100	𝑚𝐿 Erlenmeyer flasks filled with 40	𝑚𝐿 BG1127 medium supplemented with 5	𝑚𝑀 𝑁𝑎𝐻𝐶𝑂P and 

shaken at 120 − 130	𝑟𝑝𝑚.  

 

The survival of cyanobacteria is not impaired by the light conditions in the microcavity 
The survival rate of the bacteria has to be assayed to validate the possible impact of the laser irradiation 
in the microcavity. Fig. 2C shows a light microscopy image of S. elongatus cells inside the microcavity. 

Due to the experimental configuration only, a single bacterium is exposed to focused laser irradiation 

inside the cavity and cannot be isolated after the experiment. Therefore, we designed an assay to 

analyze comparable irradiation intensities in bulk by embedding a bacterial culture in a low-melting 

agarose matrix outside the cavity. The bacteria were then exposed to high light intensities (440	𝑛𝑚, 

1.8	𝑚𝑊, 3	𝑚𝑖𝑛), while a non-irradiated culture served as a control. The survivability was analyzed by a 

spot assay: The S. elongatus cultures of both treatments were adjusted to an optical density (OD) of 0.5 

and a dilution series to the power of 10 was made in BG11 medium (10, − 10G+). 5	µ𝐿 of each dilution 

was dropped on BG11-agar plates and cultivated at 28	°𝐶28 under constant light with the intensity of 

30	µ𝑚𝑜𝑙	photons	sGH	mG; for 7 days. As shown in Fig. 2D, no obvious growth difference between the 

irradiated and non-irradiated sample was observed, indicating that light conditions in the microcavity 

have no discernible impact on the survivability of the cyanobacteria. 
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Results 
The spectral properties of S. elongatus´ photosynthetic machinery can be captured in the 
microcavity 
To characterize the spectral properties of the photosynthetic pigments, absorption and emission spectra 

were recorded from 20	µ𝐿 of cyanobacterial suspension, embedded in a low-melting agarose matrix to 

prevent cell movement (Fig. 2E). The absorption spectrum features four distinct bands: the soret band 

of chlorophyll at 440	𝑛𝑚29, the carotenoid band at 500	𝑛𝑚30, the PBS band at 630	𝑛𝑚31 and the 𝑄V band 

of chlorophyll at 680	𝑛𝑚32. Excitation of the soret band proved to be very efficient, taking additional 

advantage of the large Stokes shift separating the laser reflection at the cavity mirrors from the emission 

signal, which was dominated by the chlorophyll emission at 680	𝑛𝑚.30 Importantly, the absorption and 

emission spectra showed significant overlap (Fig. 2E), demonstrating that the bacteria are able to 

reabsorb their own emitted light. This unique photophysical feature of S. elongatus drastically increases 

the chance that its photosynthetic pigments can strongly couple to an optical field confined by a 

microcavity. 

 
The microcavity influences the photosynthetic processes in living cyanobacteria 
To determine whether the influence of the microcavity on the cyanobacterial photosynthetic system is 

detectable in vivo, fluorescence lifetimes (FLT) of the photosynthetic pigments by time correlated single 
photon counting (TCSPC) were acquired.33  

 

 
Figure 3: The average intensity-weighted FLT of the S. elongatus photosynthetic pigments is influenced in 
vivo by the microcavity. The bacterial cells were embedded in low-melting agarose and irradiated with ultrashort 

laser pulses (𝜆12 = 440	𝑛𝑚) with a duration of less than 80	𝑝𝑠 with a repetition rate of 80	𝑀𝐻𝑧. The average 

intensity-weighted FLTs after pigment excitation were recorded either outside of the cavity (red), inside the off-
resonance cavity (green) or inside the cavity in resonance with the light emission of the cyanobacteria (blue). An 

analysis of variances (ANOVA) confirms a significant difference between the fluorescence lifetimes for the off-

resonant cavity and the resonant cavity. 

 

The pigments of the photosynthetic light-harvesting complexes serve to rapidly transfer light energy to 

the reaction centers and, therefore, show very short individual FLTs in the sub-nano-second range.34 

The FLT properties of the pigments embedded in the light harvesting complexes of the bacteria are 
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more complex than those of a unimolecular dye, since every cell contains a different amount of pigments 

in a highly complex structural arrangement. However, these complex FLT properties can be described 

as a sum of exponential functions, from which an accurate average intensity-weighted FLT can be 

deduced (see Supporting Information for details). Therefore, the average intensity-weighted FLT can be 

regarded as an intrinsic property of the entire bacterial photosynthetic apparatus35 in free space (outside 

the microcavity). However, the FLT can be modified by the microcavity due to a change in the 
spontaneous emission rate, which is known as the Purcell effect36. Therefore, the FLT of photosynthetic 

pigments in vivo was analyzed for three cases: (i) free space, (ii) inside the cavity in off-resonance mode 

and (iii) inside the cavity in resonance mode. Short laser pulses (𝜆12 = 440	𝑛𝑚) of less than 80	𝑝𝑠 and 

with a pulse rate of 80	𝑀𝐻𝑧 were used. The measurement of the FLT of the pigments irradiated in free 

space (i) revealed a value of 𝜏Y = (0.26 ± 0.006)	𝑛𝑠 (Fig.  3). The FLT of the cyanobacterial pigments in 

the off-resonant microcavity (ii) was 𝜏Y = (0.29 ± 0.016)	𝑛𝑠 and did not significantly differ from the values 

recorded outside the cavity (Fig. 3). In contrast, the FLT in the resonant microcavity (ii) decreased to 

𝜏Y = (0.16 ± 0.006)	𝑛𝑠 and was significantly shorter compared to the data recorded in free space or in 

the off-resonant cavity. This result is consistent with the Purcell effect and demonstrates that there is a 

detectable interaction between the microcavity and the photosynthetic processes in living cyanobacteria. 

 

Strong coupling between the microcavity and the bacterial photosynthetic pigments exists in 
vivo 
To study the quantum optical interaction, i.e. strong coupling, between the optical field in the microcavity 

and the photosynthetic machinery in vivo, we investigated the dispersive behavior of the coupled 
system. In general, the coupling of a quantum system with the optical field in a microcavity can be 

separated into two regimes: the strong and the weak coupling regimes. In the weak coupling regime, 

the respective damping constants of the cavity mode and the photosynthetic pigments are larger than 

the respective coupling constant. In this case, the microcavity only influences the spontaneous emission 

rate by the Purcell effect that was observed in the FLT analysis (Fig. 3). However, if the coupling 

constant exceeds the individual damping constants, a coherent energy exchange between the cavity 

and the photosynthetic pigments does occur and leads to so-called strong coupling.37 The energy is 

then coherently transferred back and forth between the cavity mode and the photosynthetic pigments in 
the bacteria, which, in theory, should result in new cavity-bacteria hybrid modes. These modes are a 

coherent superposition of the cavity mode and the electronic state of the photosystems (polaritonic 

modes) as schematically illustrated in Fig. 4A/B. 
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Figure 4: Strong coupling between a microcavity and the photosynthetic machinery of living cyanobacteria. 
(A) The dashed green and red spectra represent the uncoupled bacteria emission/cavity mode. The blue spectrum 

illustrates the cavity transmission spectrum for the non-resonant but coupled case and is similar to the uncoupled 

system. The graph on the right illustrates the corresponding energy level scheme. (B) Illustration of the resonant 

case, where the cavity mode is spectrally overlapping with the bacteria emission and two polaritonic modes (blue 
lines) are clearly visible in the cavity transmission spectrum. The energy level scheme on the right shows that the 

energy difference between the uncoupled states and the polaritonic modes is strongest for this case. (C) 
Wavelength shift Dl of the coupled modes relative to the uncoupled ones. The largest splitting, i.e. the Rabi splitting, 

is observed when the cavity and bacteria are in resonance. (D) Simulated cavity transmission spectra without 
coupling as a function of the mirror distance (indicated by the spectrum number). The green dashed line is the 

spectral position of the uncoupled emission of the bacteria. (E) Simulated bacteria emission spectra as a function 

of the mirror distance without coupling between the cavity mode and the bacteria. The red dashed line represents 
the uncoupled cavity mode. No anti-crossing can be observed in D and E when the cavity mode is tuned across the 

bacteria emission. (F) Simulated cavity transmission spectra including strong coupling between the cavity mode 

and the bacteria emission. (G) Simulated emission spectra including strong coupling. Strong coupling is visible in 
F/G by the anti-crossing dispersion, when the cavity mode is close to the emission of the bacteria. (H) Experimental 
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transmission spectrum of the microcavity containing cyanobacteria. (I) Experimental bacteria emission spectrum 

inside the cavity. Strong coupling can be observed in H/I by the anti-crossing dispersion and is in excellent 

agreement with the simulation in F/G. 

 

The green (photosystem emission) and red (cavity mode) dashed lines in Fig. 4A/B illustrate the 

uncoupled bacteria emission and the cavity mode, respectively. Fig. 4A illustrates the case when there 

is no spectral overlap between the cavity mode and the emission of the bacteria. The transmission 

spectrum of such a coupled, but off-resonant, system is shown in blue and is similar to the uncoupled 

cavity mode. Conversely, when the cavity mode approaches the spectral position of the bacteria 
emission, a splitting into two polaritonic modes can be observed (Fig. 4B, blue line). Fig. 4C presents 

the wavelength shift Dl of the coupled modes relative to the uncoupled modes. The shift Dl caused by 

strong coupling is largest when the cavity is in resonance with the bacteria emission. In this case, the 

spectral distance between the two polaritonic modes is called Rabi splitting. Mathematically, such a 

coupled system can be modeled by two coupled damped harmonic oscillators, which is described in the 

supporting information or in [38]. First, the case is illustrated without coupling (𝜅 = 0	𝑒𝑉) between the 

cavity mode and the bacteria and the results were shown in Fig. 4D/E. Each line in Fig. 4D shows a 

calculated cavity transmission spectrum, which is indicated by spectrum number, and its intensity is 

given by the color map. In this simulation, the cavity length is gradually increased from the top to the 
bottom, which leads to a spectral redshift of the cavity resonance. The dashed lines in Fig. 4D/E 

represent the spectral position of the uncoupled bacteria emission and the cavity mode, respectively. 

Due to the absence of coupling, no splitting can be observed even when both modes have the same 

eigenfrequency and the bacteria emission in Fig. 4E is only influenced by the Purcell effect. However, 

this changes, when there is strong coupling between the cavity mode and the bacteria, which is 

calculated with a coupling constant 𝜅 = 0.14	𝑒𝑉 in Fig. 4F/G. The calculated cavity transmission spectra 

in Fig. 4F show (a) clear anti-crossing behavior when the cavity resonance approaches the spectral 

position of the bacteria emission at 680	𝑛𝑚. However, the mode splitting is less obvious in the calculated 

bacteria emission spectra in Fig. 4G because it is obscured by the spectrally broad fluorescence of the 

bacteria. 

By comparing the simulations in Fig. 4D/E with Fig. 4F/G, it was clearly possible to experimentally 

distinguish between no/weak and strong coupling in the microcavity-bacteria system. Excitingly, the 

experimental transmission and emission spectra from the living cyanobacteria showed a clear anti-

crossing behavior in the cavity transmission spectra (Fig. 4H) and to a lesser extent in the emission 
spectra (Fig. 4I). The experimental data is in perfect agreement with the calculated spectra of Fig. 4F/G, 

respectively, and proves that strong coupling between the microcavity and the cyanobacteria can be 

achieved in vivo.  

 

The coherent energy transfer involves all pigments of the cyanobacterial photosynthetic 
machinery 
The above result shows that there is a coherent energy exchange between the cavity mode and at least 

some pigments of the cyanobacteria. As already shown in [39] that the photosynthesis apparatus must 
be described as a quantum system and that there must be an entanglement of the pigments. However, 
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an important question is whether interaction with the cavity induces a coherence between all 

photosynthetic pigments. According to the Jaynes-Cummings model, the splitting energy 𝛥𝐸c can be 

calculated as follows37: 

𝛥𝐸 = 2√𝑛ħ𝑔g (1) 

where 𝑔, is the vacuum Rabi splitting and 𝑛 the number of fluorophores participating in the coupling. 

According to equation (1), the energy splitting is proportional to the square root of the number of 

fluorophores that coherently couple to the cavity mode. Therefore, the splitting energy should reduce 

when the number of fluorophores is diminished. 

 

 
Figure 5: By photo-bleaching fluorophores and thus reducing the number of fluorophores participation in 
the coupling it is shown that all pigments in the focus are coherently coupled. (A) Cavity transmission spectra 

with two cavity resonances as a function of the exposure time. Two resonances are visible, one strongly coupled 
(blue dashed line) and one not coupled (green dashed line). The splitting energy und hence the coupling becomes 

smaller due to the continuous illumination (photo-bleaching) of the bacteria. (B) First (blue line, 𝑡 = 0	𝑚𝑠) and last 

(red line, 𝑡 = 500	𝑚𝑠) spectrum of (A). (C) Splitting between the two coupling peaks at 680	𝑛𝑚 as a function of the 
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exposure time. The two series are obtained from different spatial locations in the cavity and show the same trend 

with increasing bleaching of the fluorophores. The solid lines show an exponential decay fitted to the experimental 

data. 
 

To experimentally reduce the number of functional pigments, the laser intensity was enhanced by the 

factor of 100 compared to the previous experiments, leading to photobleaching of the pigments. Two 

cavity resonances were observed (Fig. 5A): The first resonance at 𝜆 = 546	𝑛𝑚 did not strongly couple 

to the cyanobacteria and therefore no change in intensity or spectral position was observed, which 

proves that no spatial drift occurred during the experiment. However, the second mode at 𝜆 = 680	𝑛𝑚 

did couple strongly to the cyanobacteria and the splitting energy was reduced between the two modes 

during persistent irradiation (Fig. 5A, blue dashed line). Fig. 5B shows the first (blue line) and the last 

(red line) spectrum of the spectral series in Fig. 5A and obviously the splitting between the two modes 

is reduced. The temporal evolution for two different spatial positions is shown in Fig. 5C and regardless 

of the spatial position the spectral splitting is reduced. The number of molecules (n in Eq. 1) is reduced 
exponentially during irradiation, therefore the spectral splitting between the coupled modes does 

decrease with the square root of an exponential decay, which is shown by the solid lines in Fig. 5C. 

These results demonstrate that the splitting energy depends on the number of pigments participating in 

the coupling, and suggest that all fluorophores in the focus are coherently coupled to the cavity mode 

and consequently that the cavity induces a coherence of all pigments in the photosynthetic machinery 

at ambient conditions. 

 

Conclusion 

The results presented here demonstrate indubitably that an in vivo coherent, quantum optical energy 

exchange between the microcavity and the bacterial photosynthetic machinery exists. As the microcavity 

interferes with the coherence of the entire range of pigments in the photosynthetic complexes, which 

requires their defined spatial organization and compensation for thermodynamic fluctuations at ambient 

temperature, it is very likely that this quantum physical process is not merely a by-product of evolution. 

On the contrary, evolution has obviously selected for the quantum mechanical process of coherence to 

optimize photosynthesis to its highest efficiency. Accordingly, the model of a wave-like energy transfer 
should replace the classical model of energy hopping in the photosynthetic light-harvesting process 

(Fig. 1A/B). Our validation of coherent quantum mechanics in the photosynthetic machinery of living 

cyanobacteria, at physiologically relevant conditions, entails the re-evaluation of quantum mechanics in 

various other biological processes. 
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