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The coherence time of sunlight 
in the context of natural 
and artificial light‑harvesting
Berke Vow Ricketti *, Erik M. Gauger  & Alessandro Fedrizzi 

The suggestion that quantum coherence might enhance biological processes such as photosynthesis 
is not only of fundamental importance but also leads to hopes of developing bio‑inspired ‘green’ 
quantum technologies that mimic nature. A key question is how the timescale of coherent processes 
in molecular systems compare to that of the driving light source—the Sun. Across the quantum 
biology literature on light‑harvesting, the coherence time quoted for sunlight spans about two 
orders of magnitude, ranging from 0.6 to ‘10s’ of femtoseconds. This difference can potentially be 
significant in deciding whether the induced light‑matter coherence is long enough to affect dynamical 
processes following photoexcitation. Here we revisit the historic calculations of sunlight coherence 
starting with the black‑body spectrum and then proceed to provide values for the more realistic case 
of atmospherically filtered light. We corroborate these values with interferometric measurements 
of the complex degree of temporal coherence from which we calculate the coherence time of 
atmospherically filtered sunlight as 1.12± 0.04 fs , as well as the coherence time in a chlorophyll 
analogous filtered case as 4.87± 0.21 fs.

Photosynthesis, one of the most important biological processes on Earth, has been a primary interest to the 
quantum biology community ever since the first report of long-lived coherences in the Fenna–Matthews–Olson 
(FMO) protein trimer in  20071. This subsequently sparked a plethora of theoretical and experimental studies of 
coherence effects in light-harvesting systems and their potential role in enhancing light-harvesting  efficiency2–10. 
Experimentally, two-dimensional electronic spectroscopy (2DES) was utilized to observe long-lived coherences 
in FMO proteins on ∼ 1 ps  timescales1,5. However, 2DES uses highly coherent femtosecond lasers, which have 
low intrapulse coherence, but high interpulse coherence within pulse trains. This is fundamentally different 
from natural sunlight, which is a continuous-wave source with a short coherence time due to its spectral range 
spanning from the ultraviolet to the mid-infrared, making it strongly incoherent on long-term timescales. These 
differences have raised questions about to what extent the observed coherences are an artefact of the light source 
used in the excitation, and if the coherences could occur under natural conditions from incoherent sunlight 
 excitation11–13. While the original coherences observed by 2DES are nowadays interpreted as being  vibrational 
rather than  electronic14, the broader question to what extent the properties of absorbed photons may affect the 
subsequent evolution of excitonic dynamics remains. For example, recent theoretical work shows that incoher-
ent but polarised illumination can induce excitonic coherences affecting the efficiency of exciton transfer from a 
donor to an  acceptor15,16. In any case, both the accurate modelling of natural photosynthetic processes as well as 
the endeavour to design optimally performing artificial light-harvesting  systems11,17–19 benefits from a thorough 
understanding of the coherence properties of natural sunlight.

While work has been done on the spatial coherence properties of  sunlight18,20–22, there is some disagreement 
in the community on what value to use for the coherence time of sunlight, with recent literature citing values that 
stretch two orders of magnitude from 0.6 to “10s” of  femtoseconds13,19,23–36. Some of the discrepancy originates 
in a lack of consistent definitions for coherence time, and in a somewhat indiscriminate reliance on theoretic 
coherence definitions for black-body  radiation37–39. Indeed, while solar spectroscopy has long been  studied40, 
comprehensive experimental studies on the temporal coherence properties of sunlight are surprisingly hard to 
find in the literature.

In this work, we discuss multiple definitions of coherence time, �τ , to determine what we suggest are the most 
reasonable. Next, we revisit the literature to survey the range of values quoted for the coherence time of sunlight, 
�τSun , in the quantum biology community and discuss their origins. Then, we validate our recommended �τ 
definition with interferometric measurements of sunlight to obtain �τSun and discuss how our experimentally 
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measured values compare to the theoretical calculations previously cited in the literature. Having established 
values for �τSun , we note that sunlight is never unfiltered, but rather progressively filtered as it propagates through 
Earth’s atmosphere, potentially water in a submerged case, but also more critically, the light harvesting/measure-
ment system itself. Therefore, we investigate the specific case of atmospherically filtered sunlight incident on a 
plant on Earth’s surface by emulating the absorption spectrum of Chlorophyll-a and Chlorophyll-b, showing that 
such filtering increases the coherence time in line with analytical modelling of filtered thermal light.

Theory
Light is an electromagnetic wave which can be represented completely by a complex wavefunction U(r, t)35. 
For monochromatic light, the complex wavefunction takes the form of U(r, t) = U(r) exp(iωt) , where both the 
spatial component, U(r) , and the temporal component exp(iωt) are deterministic. As such, these components 
of the wavefunction have perfect periodicity and predictability, and therefore monochromatic light represents 
a totally coherent light source. By definition, a monochromatic wave has no spectral bandwidth ( �ν = 0 ) and 
an infinitely long coherence time ( �τ = ∞ ). However, all real world lightwaves have some amount of spectral 
bandwidth, and thus, some quantifiable �τ , which can span from the order seconds for ultra-stable, single-
frequency linewidth lasers to femtoseconds for broadband white  light35,36,39.

The statistical properties, such as optical intensity and spatial, longitudinal, and temporal coherence of 
a stationary and ergodic stochastic light source, like natural sunlight, can be determined from the complex 
 wavefunction20,35. A comprehensive study of these properties is beyond the scope of this work, but is covered in 
detail by most standard optics textbooks. In this work, we will be focusing only on temporal coherence, which is 
represented by the complex degree of temporal coherence (sometimes called the complex autocorrelation func-
tion or the complex autocorrelator), γ (t) . This function acts as a measure of how coherent or incoherent a light 
source is. For a fixed spatial position r , γ (t) can be calculated from the complex wavefunction as

where ∗ is the complex conjugate, �· · · � represents the temporal ensemble average (i.e. 
limT→∞

1
2T

∫ T
−T U∗(t′)U(t ′ + t)dt′ ), and Io is the intensity. By definition, 1 ≥ |γ (t)| ≥ 0 and |γ (0)| = 1 . For 

monochromatic light, |γ (t)| = 1 for all  t. Equivalently, it can be shown that γ (t) is the Fourier transform of the 
normalized spectral density of the light  source41.

The coherence time, �τ , represents the time over which “appreciable amplitude and phase correlations of 
the light waves persist”42. Two of the most common coherence time definitions were introduced by  Wolf38 and 
 Mandel37 as, respectively, 

 Both definitions are, effectively, a measure of the width of |γ (t)|37. Specifically, Wolf ’s definition is the normalized 
root-mean-square of the  distribution38, while Mandel’s can be seen as the “power-equivalent width”35. For most 
simple spectral profiles (e.g. Gaussian or Lorentzian), Eq. (2) yield results that are approximately the same order 
of magnitude, i.e. �τMandel/�τWolf ∼ 1 . For more complex spectral profiles (e.g. the double-peaked spectral 
distribution), it has been shown that this relationship does not always  hold42. Therefore, for anything but a simple 
spectrum, one must be careful when defining and calculating the coherence time using Eq. (2). Meanwhile, Saleh 
and  Teich35 define �τ as the width of |γ (t)| , noting that width could have multiple definitions itself, including 
for example the full-width-at-half-maximum (FWHM) of |γ (t)|.

With multiple definitions to choose from when calculating �τ , it is not surprising that the community has 
quoted a wide range of values for �τSun . However, when discussing the coherence time of sunlight, the spectral 
profile of sunlight must be considered, which is complex and cannot be well represented by generic rectangular, 
Gaussian, or Lorentzian spectral lineshapes. Instead, extraterrestrial sunlight is well approximated by Planck’s 
Law as a random, continuous-wave black-body source at 5777  K due to its similar spectral irradiance at 1 
 AU40,43, see Fig. 1, and given by B(ν) = C ν3

exp(αν)−1 , where α = h/kBT , h and kB are Planck’s and Boltzmann’s 
constants, respectively, and C is the normalization constant such that 

∫∞

0 B(ν)dν = 1 . The individual optical 
frequency components of B(v) may each have a random, time-dependent phase, but this is lost to us due to 
the numerator of Eq. (1), where the time delayed complex wavefunction is multiplied with its complex con-
jugate, thereby eliminating any spectral phase information.  Mehta34 used the Wiener–Khinchin theorem to 
show that the complex degree of temporal coherence and the normalized spectral density are a Fourier pair, 
as γ (t) = F

−1{B(ν)} =
∫∞

−∞
B(ν)ei2π tνdν , and that the coherence time for a black-body at temperature T 

can be calculated using Eq. (2). We can calculate �τSun for a black-body at 5777  K as �τSun,Wolf = 0.58 fs 
and �τSun,Mandel = 1.28 fs . Meanwhile,  Hecht36, and Saleh and  Teich35 disregard sunlight’s black-body spectral 
profile, and instead define the frequency bandwidth of white light in the visible spectrum, �ν , as 0.3e15  Hz and 
3.74e14  Hz, respectively. By using �τ = 1/�ν , they then calculate two widely cited �τSun values in the literature: 
�τSun,Hecht = 3 fs and �τSun,Saleh = 2.67 fs.

Clearly, there is neither a single universally accepted expression for calculating �τ , nor an standard value 
for �τSun . Having surveyed the possible definitions of �τ , we proceed to experimentally measuring γ (t) . Then, 

(1)γ (t) =
�U∗(t′)U(t ′ + t)�

�U∗(t′)U(t ′)�
=

�U∗(t′)U(t ′ + t)�

Io
,

(2a)(�τWolf )
2 =

∫∞

−∞
t2|γ (t)|2dt∫∞

−∞
|γ (t)|2dt

,

(2b)�τMandel =

∫ ∞

−∞

|γ (t)|2dt.
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once experimental measurements have been completed, we will revisit these definitions to consider which ones 
best match our empirical findings.

Consider a light beam with intensity Io whose complex wavefunction satisfies our definition from the begin-
ning of this section. The superposition of two copies of this wavefunction result in an interferogram given by 
Ire(t) = 2Io[1+ Re{γ (t)}] . This interferogram (whose equation is derived from the interference formula found 
in standard optics textbooks) is real and time dependent. Since γ (t) is complex valued, Ire(t) does not capture 
the information contained in the imaginary part of γ (t) . Without both the real and imaginary parts of γ (t) , we 
are unable to calculate �τ directly using Eq. (2). Therefore, a recorded interferogram alone contains insufficient 
information to calculate the coherence time. However, we can recover the complete complex valued γ (t) by first 
recovering the single-beam spectrum.

From Fourier-transform spectroscopy (FTS), we know that we can reproduce the input single-beam spectrum, 
B(ν) , by taking the inverse Fourier transform of the recorded interferogram as B(ν) = F

−1{Ire(t)} . Since Ire(t) is 
a real and even function, B(ν) will also be a real and even function, symmetrically aliased around ν = 0 , resulting 
in negative spectral frequencies such that B(ν) = B(−ν) . This spectrum is not realistic and we now assume that 
the original input spectrum used to record the interferogram, Bo(ν) , was real for all positive frequencies and zero 
otherwise. We can define the unaliased spectrum computed from the interferogram as B̃(ν) = B(ν) for ν > 0 . 
Since B̃(ν) is a subset of spectral data, it represents the same function as Bo(ν) except with a lower resolution, 
specifically half the number of data points recorded in Ire(t).

B̃(ν) is now a real and odd function whose Fourier transform back to the temporal domain will result in a 
complex valued function, γ̃ (t) = F {B̃(ν)} . γ̃ (t) represents our complex degree of temporal coherence, except 
at a reduced resolution with the same number of data points as B̃(ν) . With access to both the real and imaginary 
parts of γ̃ (t) , we can calculate �τ using Eq. (2), at the cost of decreased resolution compared to the original 
recorded interferogram.

Method
Figure 2 shows a diagram of the experimental set-up. A heliostat was constructed by mounting a free-space 
multimode fibre coupler atop a telescope tripod with the ability to track celestial objects. A broadband Michelson 
interferometer with high temporal resolution was required to observe the interference pattern of sunlight and 
calculate �τSun . The interferometer was constructed to be portable and stable on a small footprint breadboard. 
A Michelson interferometer is preferable to a spectrometer for measuring coherence time since interferometers 
offer higher optical throughput (the Jacquinot advantage) and all wavelengths of the light can be measured 
simultaneously (the Fellgett advantage)46–48.

The light beams were split with a beamsplitter cube with a 50:50 splitting ratio for 400–700 nm. Beyond 
700 nm , the splitting ratio performance degrades to 15% transmission and 45% reflection at 1100 nm due to 
the influence of the beamsplitter’s AR-coating on light in the infrared portion of the spectrum. The output 
was detected with an amplified silicon photodetector with switchable gain and a spectral responsivity range of 
340–1100 nm. In this state, the input sunlight is subjected to both atmospheric filtering and intrinsic instrument 

Figure 1.  Solar spectral irradiance. The composite solar spectral irradiance curve (orange) compiled by 
 Wehrli44 and the Physikalisch-Meteorologisches Observatorium Davos / World Radiation Center (WRC) is 
often cited as the standard extraterrestrial spectral irradiance. This curve is well approximated by a black-body 
at 5777  K at 1 AU (blue). The Simple Model of the Atmospheric Radiative Transfer of Sunshine (SMARTS) by 
 Gueymard45 and hosted by the National Renewable Energy Laboratory (NREL), is used to model solar spectral 
irradiance on Earth’s surface. The yellow curve shows the Direct Normal Irradiance in Edinburgh, Scotland in 
May 2020 using SMARTS version 2.9.5. Compared to the extraterrestrial curve, the SMARTS irradiance shows 
noticeable atmospheric filtering, including the characteristic absorption bands of O2 , H2O , and CO2 . The purple 
window represents the 340–1100 nm spectral responsivity range for the silicon photodetector used to measure 
�τSun in this work.
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filtering by the experimental set-up. As there are no additional external optical filters applied in this scenario, all 
references to measurements and results using this set-up will be labeled as “instrument-filtered”.

It is well known in FTS that experimentally recorded interferograms differ from theoretically calculated ones 
due to phase errors induced by the measurement apparatus. These differences include poorly defined centre-
bursts and zero path difference (ZPD), as well as asymmetries in the overall interferogram. In FTS, phase errors 
are corrected by using one of several well established methods; in this work, we implement the Forman phase 
correction  method48–50. Once applied to the raw interferograms, these phase corrected interferograms, IPC(t) 
can then be used to measure �τ.

Results
For each phase corrected sunlight interferogram, �τWolf  and �τMandel were calculated using two different meth-
ods. In the first method, IPC(t) was Fourier transformed back into the single-beam spectrum to extract γ (t) . 
The �τWolf  and �τMandel results calculated using this method are labelled as “ |γ (t)| ” in Table 1. In the second 
method, coherence times were calculated directly from IPC(t) without extracting the complex-valued γ (t) . This 
is equivalent to replacing |γ (t)| with Re{γ (t)} in Eq. (2), and allows for a direct comparison to understand the 
influence of Iim on the �τWolf  and �τMandel calculations. In this case, these values are labelled as “ Re{γ (t)} ” in 
Table 1. Table 1 provides the mean coherence time value in femtoseconds from 30 experimental measurements 
for the instrument-filtered case. Figure 3 shows an example of phase corrected sunlight interferograms and the 
extracted γ (t) components.

Theoretical calculations for �τWolf  and �τMandel assume a truncated black-body at 5777  K. In all cases, 
wavelength cut-offs are modelled as sigmoidal filter functions of the form ς(�) = 1

1+e−c1(�−c2)
 . Here c1 is the slope 

parameter which dictates the steepness of the wavelength cut-off and c2 is the centring parameter which is the 
wavelength at which the filter function yields 50% transmission. Sigmoid functions were chosen as they do not 
have sharp cut-offs or discontinuities, since the hard cut-offs of a step filter function are neither practically 

Figure 2.  Experimental set-up. Sunlight is captured by a heliostat, consisting of a free-space fibre coupling cage 
system controlled by a slewing drive with solar system alignment, and coupled into a multimode fibre (MMF). 
At the MMF output, the sunlight is collimated and is passed into the Michelson Interferometer, where it is split 
by a non-polarizing 50:50 beamsplitter (BS). Mirror 2 is mounted on a piezo-actuated translation stage with 
sub-nanometer resolution. The piezo stage is controlled by a strain gauge and piezo controller in closed-loop 
operation mode. Upon recombination, the light beams are sent through a silicon response-flattening filter (SiF) 
before being detected by the silicon photodetector. The output of the detector is visualized on an oscilloscope 
(OSC). Piezo stage translation, stage position readout, and oscilloscope readout are automated by a Matlab 
measurement sequence running on a PC connected via USB. The analogous filter package (AFP), represented 
by the purple dashed inset, is removable and was not present for the instrument-filtered data collection. When 
present, sunlight incident on the dichroic filter (DF) is split based on wavelength: green light is reflected and 
blocked, magenta light is transmitted and sent to through a 700 nm shortpass filter (SF) before passing to the 
rest of the Michelson Interferometer.
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Table 1.  Coherence time of sunlight: experimental vs. theory. The error for the experimental values are 
calculated as the standard uncertainty of the mean from 30 and 24 measurements collected between August 
2019—September 2020 in Edinburgh, Scotland for the instrument-filtered and chlorophyll-filtered cases, 
respectively. �τWolf  and �τMandel are calculated using Eqs. (2a) and (2b), respectively. For the theoretical 
calculations, a black-body temperature of 5777  K was used. All values have been rounded to two decimal 
places.

Instrument-filtered Chlorophyll-filtered

�τWolf  (fs) �τMandel (fs) �τWolf  (fs) �τMandel (fs)

Experimental (|γ (t)|) 1.12± 0.04 1.08± 0.04 4.87± 0.21 0.92± 0.03

Experimental (Re{γ (t)}) 1.13± 0.03 0.61± 0.02 4.49± 0.15 0.61± 0.02

Theory (Sigmoid Model) 1.13 1.89 5.00 3.27
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Figure 3.  Instrument and chlorophyll-filtered sunlight interferograms. The raw instrument-filtered 
interferogram was recorded on August 23rd, 2019, at 11:36 and the raw chlorophyll-filtered interferogram was 
recorded on September 18th, 2020, at 12:54. All interferograms were recorded in Edinburgh, Scotland between 
August 2019 and September 2020. (a,b) both show well defined centre bursts and strong symmetry around 
the ZPD due to successful phase correction using the Forman method. The interferogram in (b) shows more 
prominent sidelobe oscillations compared to (a) due to the additional filtering by the chlorophyll analogous 
filter package. Raw data for each phase corrected interferogram can be seen in the respective inset. The complex 
degree of temporal coherence components of (c,d) have lower resolution compared to the phase corrected 
interferograms of (a,b), respectively, due to the method by which the γ (t) is extracted from the single-beam 
spectrum.
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realistic nor computationally convenient as they lead to undesirable artefacts upon Fourier transforming and 
applying to Eqs. (2a) and (2b). Sigmoidal filter functions were stacked to emulate bandpass filters, and the filtered 
spectrum is given by multiplying the input spectrum (e.g. a blackbody at 5777 K ) by the filter function. The 
instrument-filtered results assume c2 parameters centred at 340 nm and 1100 nm , the wavelength range of our 
photodetector, and c1 parameters such that the cut-off is sufficiently steep.

While discussing the theoretical or actual coherence time of sunlight at Earth’s surface is interesting, this 
cannot be directly applied to plants without first regarding the additional filtering imposed by photosynthetic 
structures. Land plants and green algae on Earth capture sunlight using their pigment-protein complexes (PPCs), 
which are comprised of a number of Chlorophyll-a and Chlorophyll-b  molecules30,51,52. Each molecule possesses 
a specific, well defined, and well known absorption  spectrum53. Specifically, both Chlorophyll-a and Chlorophyll-
b have twin peak absorption spectra in the visible wavelength range of 400–700 nm. When taken together, the 
combined spectrum absorbs from approximately 400–500 nm and 600–700 nm, with negligible absorption below 
400 nm (the ultraviolet region), between 500–600 nm, and above 700 nm (the near-infrared region).

To emulate the combined Chlorophyll-a and Chlorophyll-b absorption profile, additional filters were added to 
the Michelson interferometer. The first was a magenta dichroic filter with a transmission window of 500–600 nm 
(green) and reflection windows of 400–500 nm and 600–700 nm (magenta) when positioned at 45◦ with respect 
to the incident light. The second filter was a 700 nm shortpass filter to cut off wavelengths in the near-infrared. 
Combined, these two filters effectively emulate the absorption bands of Chlorophyll-a and Chlorophyll-b in 
diethyl  ether54,55, as shown in Fig. 4. Sunlight interferograms recorded with this filter package will be designated 
as “chlorophyll-filtered” from here on. Table 1 provides the mean coherence time value from 24 experimental 
measurements for the chlorophyll-filtered case.

Theoretical models of the chlorophyll-filtered case were also developed using sigmoidal filter functions, with 
c2 cut-off parameters at 340 nm , 500 nm , 625 nm , and 710 nm . In this case, 500 nm , 625 nm , and 710 nm were 
chosen as they correspond to the ∼ 50% transmission levels in the analogous filter package (see Fig. 4), and c1 
parameters were chosen to emulate the slopes at each of these cut-offs.

Discussion
In the instrument-filtered case, the measurement of �τWolf = 1.12± 0.04 fs using |γ (t)| agrees with the theoreti-
cal sigmoid modelled calculations of 1.13  fs. Similarly for the chlorophyll-filtered case, �τWolf = 4.87± 0.21 fs 
using |γ (t)| agrees with the theoretical calculation of 5.00  fs. In both experimental and theoretical results, we 
see the �τWolf  coherence time increasing when moving from the instrument-filtered case to the chlorophyll-
filtered case, an expected result due to the increased filtering. These �τWolf  results fall within the 0.6 to ‘10s’ of 
femtoseconds range often cited in literature for �τSun and suggest that Wolf ’s Eq. 2a is suitable for use with our 
sunlight interferograms.

Conversely, calculations of �τMandel using Eq. 2b did not yield expected results, with all experimental �τMandel 
measurements failing to agree with their respective theoretical calculations. For both the instrument and chlo-
rophyll-filtered cases, the theoretical values of �τMandel = 1.89 fs and �τMandel = 3.27 fs , respectively, fall far 
outside the error bounds of the experimental calculations for �τMandel . Furthermore, the experimental results 
would suggest that the additional filtering of the chlorophyll-filtered case would decrease the coherence time, 
rather than increase it. Therefore, Mandel’s Eq. 2b is not suitable for use with our sunlight interferograms.

Comparing the �τWolf  calculations which used |γ (t)| against those that used Re{γ (t)} , we see that there 
is little difference in the instrument-filtered case, but a larger difference in the chlorophyll-filtered case. This 

Figure 4.  Chlorophyll Filtering. The absorption profile of Chlorophyll-a and Chlorophyll-b in diethyl  ether54,55 
is emulated by the combination of a 45◦ magenta dichroic filter and a 700 nm shortpass filter. The filter package 
effectively cuts out the green light band from 500–600 nm and the near-IR above 700 nm. It is important to 
note that the dip in measured transmission percentage between 370–450 nm is not due to filtering by the filter 
package, but rather a limitation of the light sources used to measure the transmission. It is reasonable to expect 
the actual transmission percentage to be near 100%, based on the transmission specifications of the components 
used.
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difference is most likely due to the more complex shape of |γ (t)| in the chlorophyll-filtered case, and as such, 
Im{γ (t)} has a larger contribution than in the instrument-filtered case. Regardless, we see closer agreement 
between the experimental and theoretical results when calculating �τWolf  with |γ (t)| . This agreement suggests 
that IPC(t) alone, without any transformation into the single-beam spectrum, is insufficient for accurately cal-
culating the coherence time of the light, as expected. As previously mentioned, the method of extracting |γ (t)| 
from the single-beam spectrum required halving the number of data points, reducing the resolution of |γ (t)| . 
The resolution could be improved by sampling the raw interferograms at larger delays, but this exceeded the 
available range of our piezo stage.

The absorption bands of Chlorophyll depend on the electrostatic interactions, with the Qx and Qy transi-
tions in Chlorophyll-a being the two lowest absorption bands with orthogonal transition dipole  moments56,57. 
The absorption spectra of these transitions falls in the 600–700 nm, and by applying our sigmoidal filter method 
with these cut-offs, we can calculate the filtered coherence time of a blackbody at 5777 K using Wolf ’s and Man-
del’s definitions as: �τWolf ,QxQy = 6.34 fs and �τMandel,QxQy = 12.58 fs , respectively. If we expand our scope to 
include both Chlorophyll- and Chlorophyll-b, we can predict the coherence time of chlorophyll-filtered light 
by producing a toy model of the filter function of a combined Chlorophyll-a/b system ( ChlAB(�) ). Consider the 
absorption spectra of Chlorophyll-a ( ChlA(�) ) and Chlorophyll-b ( ChlB(�) ) (blue curves in Fig. 4). If we were to 
assume the total absorption spectrum of a combined system is the linear combination of the two sub-systems, 
such that ChlAB(�) = ChlAB(�)+ ChlB(�) , and then scaled ChlAB(�) such that the maximum value of is 100, we 
can essentially treat this combined spectrum as a Chlorophyll-a/b filter function of transmission percentage 
with respect to wavelength (similar to the orange curve of Fig. 4). Furthermore, we will assume ChlAB(�) = 0 
for � < 340 nm and � > 700 nm . If we then apply this filter function to a black-body at 5777  K, we can calculate 
the coherence time for the toy model filter function of a Chlorophyll-a/b system as �τWolf ,ChlAB = 11.37 fs and 
�τMandel,ChlAB = 4.94 fs.

While many photosynthetic organisms utilize Chlorophyll-a and Chlorophyll-b in their PPCs, other organ-
isms, such as purple bacteria, green sulphur bacteria, and brown and red algae, do not. These organisms use 
other molecules for photosynthesis, including Chlorophyll-c, Bacteriochlorophyll-a and Bacteriochlorophyll-
b51. Since these molecules each have individual absorption spectra which differ from those of Chlorophyll-a 
and Chlorophyll-b, the �τSun values discussed in this paper only relate to plants and green algae. Different filter 
packages could be utilized to try and match the absorption spectra of other organisms or Chlorophyll/Bacte-
riochlorophyll combinations, and therefore, measure the �τSun which would be observed by them. Indeed, a 
study of the observed �τSun values for different types of organisms, based on their own PPC absorption spectral 
profile, would be novel application of this work, and would be of particular interest to the quantum biology 
community if surprisingly large coherence times were found in specific systems. Furthermore, this work focused 
on filtered sunlight on Earth’s surface, but does not consider photosynthesis underwater. It is well known that 
many photosynthetic organisms, including green sulphur bacteria, have been found in low light environments, 
and as deep 145  m  underwater58. A study of the coherence time of sunlight in underwater environments could 
also be of interest.

Finally, it is straightforward to model networks of coupled chromophores interacting with a radiation field 
in the fully coherent limit (using a coherent driving term in the Hamiltonian) and in the fully incoherent limit 
(i.e. coupling to a thermal radiation bath via the standard quantum optical master equation)30. By contrast, the 
partially coherent case (e.g. incoherent sunlight progressively beginning filtered by Earth’s atmosphere and 
Chlorophyll molecules) poses a bigger challenge. Work has been done to show how to deal with weak excitation 
(e.g. sunlight), linking the ensuing dynamics to the autocorrelation function of a semi-coherent light  field59,60. 
The results of our work could inform the parameters going into this, or related modelling approaches.

Conclusion
Proper characterisation of the coherence properties of sunlight is essential when modelling photosynthetic 
complexes or developing artificial light-harvesting systems. Inconsistencies in quoted values for the coherence 
time of sunlight abound and span over an order of magnitude. In this work, we examined the origins of these 
various values and how they were calculated. Then, we established a baseline method for calculating �τ directly 
from an experimentally measured interferogram and performed interferometric experiments to measure γ (t) . 
Using the complex degree of temporal coherence, we calculate �τSun using Wolf and Mandel’s equations. We 
find that Wolf ’s coherence time definition as the normalized root-mean-square width of the complex degree of 
temporal coherence yields the most reliable results, and we calculate coherence times of 1.12± 0.04 fs in the 
instrument-filtered case and 4.87± 0.21 fs in the chlorophyll-filtered case. By comparison, Wolf ’s definition 
using theoretical models of a black-body at 5777 K yield coherence times of 0.58 fs in the unfiltered case, 1.13 fs 
in the instrument-filtered case, and 5.00 fs in the chlorophyll-filtered case. We show that Mandel’s definition 
for coherence time cannot reliably be applied to more complex spectra of the type relevant for photosynthesis, 
and we discuss possible future calculations with different spectral filtering cases which may be useful for the 
community. It is our hope that this work can act as a useful reference in the future.

Received: 15 September 2021; Accepted: 11 March 2022

References
 1. Engel, G. S. et al. Evidence for wavelike energy transfer through quantum coherence in photosynthetic systems. Nature 446, 

782–786. https:// doi. org/ 10. 1038/ natur e05678 (2007).
 2. Cheng, Y. C. & Fleming, G. R. Dynamics of light harvesting in photosynthesis. Annu. Rev. Phys. Chem. 60, 241–262. https:// doi. 

org/ 10. 1146/ annur ev. physc hem. 040808. 090259 (2009).

https://doi.org/10.1038/nature05678
https://doi.org/10.1146/annurev.physchem.040808.090259
https://doi.org/10.1146/annurev.physchem.040808.090259


8

Vol:.(1234567890)

Scientific Reports |         (2022) 12:5438  | https://doi.org/10.1038/s41598-022-08693-0

www.nature.com/scientificreports/

 3. Ishizaki, A. & Fleming, G. R. Theoretical examination of quantum coherence in a photosynthetic system at physiological tempera-
ture. Proc. Natl. Acad. Sci. U. S. A. 106, 17255–17260. https:// doi. org/ 10. 1073/ pnas. 09089 89106 (2009).

 4. Lee, H., Cheng, Y. C. & Fleming, G. R. Coherence dynamics in photosynthesis: Protein protection of excitonic coherence. Science. 
316, 1462–1465. https:// doi. org/ 10. 1126/ scien ce. 11421 88 (2007).

 5. Collini, E. et al. Coherently wired light-harvesting in photosynthetic marine algae at ambient temperature. Nature 463, 644–647. 
https:// doi. org/ 10. 1038/ natur e08811 (2010).

 6. Panitchayangkoon, G. et al. Long-lived quantum coherence in photosynthetic complexes at physiological temperature. Proc. Natl. 
Acad. Sci. U. S. A. 107, 12766–12770. https:// doi. org/ 10. 1073/ pnas. 10054 84107 (2010).

 7. Harel, E. & Engel, G. S. Quantum coherence spectroscopy reveals complex dynamics in bacterial light-harvesting complex 2 (LH2). 
Proc. Natl. Acad. Sci. U. S. A. 109, 706–711. https:// doi. org/ 10. 1073/ pnas. 11103 12109 (2012).

 8. Turner, D. B. et al. Quantitative investigations of quantum coherence for a light-harvesting protein at conditions simulating pho-
tosynthesis. Phys. Chem. Chem. Phys. 14, 4857–4874. https:// doi. org/ 10. 1039/ c2cp2 3670b (2012).

 9. Anna, J. M., Scholes, G. D. & Van Grondelle, R. A little coherence in photosynthetic light harvesting. Bioscience 64, 14–25. https:// 
doi. org/ 10. 1093/ biosci/ bit002 (2014).

 10. Ishizaki, A. & Fleming, G. R. Insights into photosynthetic energy transfer gained from free-energy structure: Coherent transport, 
incoherent hopping, and vibrational assistance revisited. arXiv Prepr.arXiv: 2011. 00489 (2020).

 11. Mančal, T. & Valkunas, L. Exciton dynamics in photosynthetic complexes: Excitation by coherent and incoherent light. New J. 
Phys. 12, 065044. https:// doi. org/ 10. 1088/ 1367- 2630/ 12/6/ 065044 (2010).

 12. Brumer, P. & Shapiro, M. Molecular response in one-photon absorption via natural thermal light vs. pulsed laser excitation. Proc. 
Natl. Acad. Sci. U. S. A.109, 19575–19578, https:// doi. org/ 10. 1073/ pnas. 12112 09109 (2012).

 13. Olšina, J. et al. Can Natural Sunlight Induce Coherent Exciton Dynamics? arXiv Prepr.arXiv: 1408. 5385 1–12 (2014).
 14. Cao, J. et al. Quantum biology revisited. Sci. Adv. 6, 4888. https:// doi. org/ 10. 1126/ sciadv. aaz48 88 (2020).
 15. Tomasi, S., Baghbanzadeh, S., Rahimi-Keshari, S. & Kassal, I. Coherent and controllable enhancement of light-harvesting efficiency. 

Phys. Rev. A100, 43411, https:// doi. org/ 10. 1103/ PhysR evA. 100. 043411 (2019). arXiv: 1810. 03251.
 16. Tomasi, S., Rouse, D. M., Gauger, E. M., Lovett, B. W. & Kassal, I. Environmentally improved coherent light harvesting. J. Phys. 

Chem. Lett. 12, 6143–6151. https:// doi. org/ 10. 1021/ acs. jpcle tt. 1c013 03 (2021).
 17. Herman, A., Sarrazin, M. & Deparis, O. Solar cell optimization should take into account sunlight incoherence. In Opt. InfoBase 

Conf. Pap., PW1C–3, https:// doi. org/ 10. 1364/ pv. 2013. pw1c.3 (Optical Society of America, 2013).
 18. Divitt, S. & Novotny, L. Spatial coherence of sunlight and its implications for light management in photovoltaics. Optica 2, 95. 

https:// doi. org/ 10. 1364/ optica. 2. 000095 (2015).
 19. Herman, A., Sarrazin, M. & Deparis, O. Roles of surface pattern morphology and sunlight incoherence on solar cell optimization. 

In Nano-Structures Opt. Photonics Opt. Strateg. Enhancing Sensing, Imaging, Commun. Energy Convers., 509, https:// doi. org/ 10. 
1007/ 978- 94- 017- 9133-5_ 47 (Springer, 2015).

 20. Mandel, L. & Wolf, E. Coherence properties of optical fields. Rev. Mod. Phys. 37, 231–287. https:// doi. org/ 10. 1103/ RevMo dPhys. 
37. 231 (1965).

 21. Mandel, L. Photon occupation numbers in black body radiation. J. Opt. Soc. Am. 69, 1038. https:// doi. org/ 10. 1364/ josa. 69. 001038 
(1979).

 22. Mashaal, H., Goldstein, A., Feuermann, D. & Gordon, J. M. First direct measurement of the spatial coherence of sunlight. Opt. 
Lett. 37, 3516. https:// doi. org/ 10. 1364/ ol. 37. 003516 (2012).

 23. Kassal, I., Yuen-Zhou, J. & Rahimi-Keshari, S. Does coherence enhance transport in photosynthesis? J. Phys. Chem. Lett.4, 362–367, 
https:// doi. org/ 10. 1021/ jz301 872b (2013). arXiv: 1210. 5022.

 24. Chenu, A., Brańczyk, A. M., Scholes, G. D. & Sipe, J. E. Thermal light cannot be represented as a statistical mixture of single pulses. 
Phys. Rev. Lett.114, 1–5, https:// doi. org/ 10. 1103/ PhysR evLett. 114. 213601 (2015). arXiv: 1409. 1926.

 25. Chenu, A., Brańczyk, A. M. & Sipe, J. E. First-order decomposition of thermal light in terms of a statistical mixture of single pulses. 
Phys. Rev. A - At. Mol. Opt. Phys.91, 63813, https:// doi. org/ 10. 1103/ PhysR evA. 91. 063813 (2015). arXiv: 1412. 0017.

 26. Tscherbul, T. V. & Brumer, P. Quantum coherence effects in natural light-induced processes: Cis-trans photoisomerization of model 
retinal under incoherent excitation. Phys. Chem. Chem. Phys. 17, 30904–30913. https:// doi. org/ 10. 1039/ c5cp0 1388g (2015).

 27. Donges, A. The coherence length of black-body radiation. Eur. J. Phys. 19, 245–249. https:// doi. org/ 10. 1088/ 0143- 0807/ 19/3/ 006 
(1998).

 28. Dellieu, L. et al. Light coherence time modifies color perception of living beings. Mater. Today Proc. 4, 4952–4958. https:// doi. org/ 
10. 1016/j. matpr. 2017. 04. 101 (2017).

 29. Alaibakhsh, H. & Darvish, G. Optical modeling of sunlight by using partially coherent sources in organic solar cells. Appl. Opt. 
55, 1808. https:// doi. org/ 10. 1364/ ao. 55. 001808 (2016).

 30. Chan, H. C., Gamel, O. E., Fleming, G. R. & Birgitta Whaley, K. Single-photon absorption by single photosynthetic light-harvesting 
complexes. J. Phys. B At. Mol. Opt. Phys. 51, 54002 (2018).

 31. Tan, P. K., Yeo, G. H., Poh, H. S., Chan, A. H. & Kurtsiefer, C. MEASURING TEMPORAL PHOTON BUNCHING IN BLACK-
BODY RADIATION. Astrophys. J.789, L10, https:// doi. org/ 10. 1088/ 2041- 8205/ 789/1/ L10 (2014). arXiv: 1403. 7432.

 32. Kato, S., Loeb, N. G., Rutan, D. A. & Rose, F. G. Effects of electromagnetic wave interference on observations of the Earth radiation 
budget. J. Quant. Spectrosc. Radiat. Transf. 253, 107157. https:// doi. org/ 10. 1016/j. jqsrt. 2020. 107157 (2020).

 33. Fujihashi, Y., Shimizu, R. & Ishizaki, A. Generation of pseudo-sunlight via quantum entangled photons and the interaction with 
molecules. Phys. Rev. Res. 2, 23256. https:// doi. org/ 10. 1103/ PhysR evRes earch.2. 023256 (2020).

 34. Mehta, C. L. Coherence-time and effective bandwidth of blackbody radiation. Nuovo Cim. 28, 401–408. https:// doi. org/ 10. 1007/ 
BF028 28589 (1963).

 35. Saleh, B. E. A. & Teich, M. C. Fundamentals of Photonics (John Wiley/Sons, New York, 2019).
 36. Hecht, E. Optics (Pearson Education, 2016).
 37. Mandel, L. Fluctuations of photon beams: The distribution of the photo-electrons. Proc. Phys. Soc. 74, 233–243. https:// doi. org/ 

10. 1088/ 0370- 1328/ 74/3/ 301 (1959).
 38. Wolf, E. Reciprocity inequalities, coherence time and bandwidth in signal analysis and optics. Proc. Phys. Soc. 71, 257–269. https:// 

doi. org/ 10. 1088/ 0370- 1328/ 71/2/ 315 (1958).
 39. Mandel, L. & Wolf, E. Optical Coherence and Quantum Optics (Cambridge University Press, 1995).
 40. Iqbal, M. An introduction to solar radiation (Elsevier, 2012).
 41. Born, M. & Wolf, E. Principles of Optics: Electromagnetic Theory of Propagation, Interference and Diffraction of Light (Elsevier, 

2013).
 42. Mandel, L. & Wolf, E. The measures of bandwidth and coherence time in optics. Proc. Phys. Soc. 80, 894–897. https:// doi. org/ 10. 

1088/ 0370- 1328/ 80/4/ 311 (1962).
 43. Jagoo, Z. The physics of the Sun. In Track. Sol. Conc., 5–15 (Springer, 2013).
 44. Wehrli, C. WRC Reference Spectrum (1985).
 45. Gueymard, C. A. SMARTS (2005).
 46. Jacquinot, P. New developments in interference spectroscopy. Rep. Prog. Phys. 23, 267 (1960).
 47. Fellgett, P. A propos de la théorie du spectromètre interférentiel multiplex. J. Phys. Radium 19, 187–191 (1958).
 48. Griffiths, P. R. & De Haseth, J. A. Fourier Transform Infrared Spectrometry Vol. 171 (John Wiley/Sons, New York, 2007).

https://doi.org/10.1073/pnas.0908989106
https://doi.org/10.1126/science.1142188
https://doi.org/10.1038/nature08811
https://doi.org/10.1073/pnas.1005484107
https://doi.org/10.1073/pnas.1110312109
https://doi.org/10.1039/c2cp23670b
https://doi.org/10.1093/biosci/bit002
https://doi.org/10.1093/biosci/bit002
http://arxiv.org/abs/2011.00489
https://doi.org/10.1088/1367-2630/12/6/065044
https://doi.org/10.1073/pnas.1211209109
http://arxiv.org/abs/1408.5385
https://doi.org/10.1126/sciadv.aaz4888
https://doi.org/10.1103/PhysRevA.100.043411
http://arxiv.org/abs/1810.03251
https://doi.org/10.1021/acs.jpclett.1c01303
https://doi.org/10.1364/pv.2013.pw1c.3
https://doi.org/10.1364/optica.2.000095
https://doi.org/10.1007/978-94-017-9133-5_47
https://doi.org/10.1007/978-94-017-9133-5_47
https://doi.org/10.1103/RevModPhys.37.231
https://doi.org/10.1103/RevModPhys.37.231
https://doi.org/10.1364/josa.69.001038
https://doi.org/10.1364/ol.37.003516
https://doi.org/10.1021/jz301872b
http://arxiv.org/abs/1210.5022
https://doi.org/10.1103/PhysRevLett.114.213601
http://arxiv.org/abs/1409.1926
https://doi.org/10.1103/PhysRevA.91.063813
http://arxiv.org/abs/1412.0017
https://doi.org/10.1039/c5cp01388g
https://doi.org/10.1088/0143-0807/19/3/006
https://doi.org/10.1016/j.matpr.2017.04.101
https://doi.org/10.1016/j.matpr.2017.04.101
https://doi.org/10.1364/ao.55.001808
https://doi.org/10.1088/2041-8205/789/1/L10
http://arxiv.org/abs/1403.7432
https://doi.org/10.1016/j.jqsrt.2020.107157
https://doi.org/10.1103/PhysRevResearch.2.023256
https://doi.org/10.1007/BF02828589
https://doi.org/10.1007/BF02828589
https://doi.org/10.1088/0370-1328/74/3/301
https://doi.org/10.1088/0370-1328/74/3/301
https://doi.org/10.1088/0370-1328/71/2/315
https://doi.org/10.1088/0370-1328/71/2/315
https://doi.org/10.1088/0370-1328/80/4/311
https://doi.org/10.1088/0370-1328/80/4/311


9

Vol.:(0123456789)

Scientific Reports |         (2022) 12:5438  | https://doi.org/10.1038/s41598-022-08693-0

www.nature.com/scientificreports/

 49. Forman, M. L., Steel, W. H. & Vanasse, G. A. Correction of asymmetric interferograms obtained in fourier spectroscopy. J. Opt. 
Soc. Am. 56, 59. https:// doi. org/ 10. 1364/ josa. 56. 000059 (1966).

 50. Chase, D. B. Phase correction in FT-IR. Appl. Spectrosc. 36, 240–244 (1982).
 51. Blankenship, R. E. Molecular Mechanisms of Photosynthesis (John Wiley/Sons, New York, 2008).
 52. Mohseni, M., Omar, Y., Engel, G. S. & Plenio, M. B. Quantum Effects in Biology (Cambridge University Press, 2014).
 53. Larkum, A. W. D., Douglas, S. & Raven, J. A. Photosynthesis in algae Vol. 14 (Springer Science Business Media, Berlin, 2012).
 54. Dixon, J. M., Taniguchi, M. & Lindsey, J. S. PhotochemCAD 2: a refined program with accompanying spectral databases for pho-

tochemical calculations. Photochem. Photobiol. 81, 212–213 (2005).
 55. Prahl, S. & Jacques, S. Chlorophyll b (2017).
 56. Romero, E., Novoderezhkin, V. I. & van Grondelle, R. Quantum design of photosynthesis for bio-inspired solar-energy conversion. 

Nature 543, 355 (2017).
 57. Saito, K., Mitsuhashi, K. & Ishikita, H. Dependence of the chlorophyll wavelength on the orientation of a charged group: Why 

does the accessory chlorophyll have a low site energy in photosystem II?. J. Photochem. Photobiol., A: Chem. 402, 112799 (2020).
 58. Marschall, E., Jogler, M., Henßge, U. & Overmann, J. Large-scale distribution and activity patterns of an extremely low-light-

adapted population of green sulfur bacteria in the Black Sea. Environ. Microbiol. 12, 1348–1362. https:// doi. org/ 10. 1111/j. 1462- 
2920. 2010. 02178.x (2010).

 59. Tomasi, S. Controlled Quantum Enhancement of Light-Harvesting Systems. Ph.D. thesis, University of Sydney (2020).
 60. Rouse, D. The effects of strong environmental coupling on light harvesting systems. Ph.D. thesis, University of St. Andrews (2021).

Acknowledgements
We acknowledge the Royal Society for support via a Theo Murphy Blue Skies award. B.V.R. acknowledges 
studentship funding from EPSRC under Grant No. EP/L015110/1. E.M.G. acknowledges funding from EPSRC 
under Grant No. EP/T007214/1.

Author contributions
B.V.R., E.M.G., and A.F. conceived the experiments and reviewed the manuscript. B.V.R. conducted the experi-
ments, analysed the results, wrote the main manuscript text, and prepared all figures.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to B.V.R.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2022

https://doi.org/10.1364/josa.56.000059
https://doi.org/10.1111/j.1462-2920.2010.02178.x
https://doi.org/10.1111/j.1462-2920.2010.02178.x
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	The coherence time of sunlight in the context of natural and artificial light-harvesting
	Theory
	Method
	Results
	Discussion
	Conclusion
	References
	Acknowledgements


