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Abstract: Only a low percentage of the radiation from our Sun is captured by photosynthesis, but
this conversion of solar to chemical energy sustains all life on Earth. Photosynthesis could be present
in any exoplanetary system fulfilling the main three ingredients for this metabolic route: light, water,
and carbon dioxide. To deepen into this idea, the ExoPhot project aims to study the relation between
photosynthetic systems and exoplanet conditions around different types of stars by focusing on two
aspects: (i) Assessing the photosynthetic fitness of a variety of photopigments (either found on Earth
or theoretical) as a function of stellar spectral type, star-exoplanet separation, and planet atmosphere
basic parameters, and (ii) delineating a range of stellar, exoplanet, and atmospheric parameters for
which photosynthetic activity might be feasible. In order to address these goals, we make use of a
new metric, the absorption rate γ, for the evaluation of the exoplanet photosynthetic activity that,
based on state-of-the-art planet atmosphere and stellar photosphere spectroscopic models, quantifies
the overlap between those models with the absorption spectra of photosynthetic pigments, both
terrestrial and theoretical. We provide with a set of results for a combination of photosystems and
exoplanetary environments revealing the importance of our metric when compared to previous
photosynthesis indicators.

Keywords: astrobiology; exoplanets; planetary systems; atmospheres; terrestrial planets

1. Introduction

Astrobiology is an interdisciplinary scientific field that integrates concepts of astron-
omy, biology, chemistry, geology, and physics. Although its name was first coined in
1953 [1], astrobiology has grown very fast in the last decades due to space missions to
Solar System planets and moons, the studies of extremophiles on our Earth, and, especially,
the discovery and characterization of exoplanets, which began with 51 Pegasi b, the first
confirmed exoplanet around a Sun-like star [2]. The latest advances in technology and
data analysis allow us now to dream of the exoplanet discoveries that the next generation
of facilities and astrobiologists will achieve. With the James Webb Space Telescope now
in operation, the Extremely Large Telescope and Giant Magellan Telescope under con-
struction, and PLATO (PLAnetary Transits and Oscillations of stars), ARIEL (Atmospheric
Remote-sensing Infrared Exoplanet Large-survey), and the Nancy Grace Roman Space
Telescope to be launched no later than 2030, we are increasingly closer to the discovery
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of the first true Earth analogue, a 1 Earth-mass, 1 Earth-radius planet in orbit at 1 au to a
G2 V star. The next generation of space telescopes envisioned by the US Decadal Survey on
Astronomy and Astrophysics and the European Space Agency Voyage 2050 plan, still to
be defined, will play a pivotal role in the detection of incontrovertible biomarkers in the
atmospheres of exo-Earths in the habitable zone (HZ) around their host stars [3–7].

As discussed below, particular emphasis has been placed on the search for biomarkers
associated with photosynthesis, the physicochemical process by which plants and other
organisms obtain nutrients from water and carbon dioxide [8,9], and it is considered
one of the first metabolic routes on the planet. Photosynthesis modified the atmosphere
of the early Earth by producing oxygen as a byproduct and transformed the metabolic
possibilities for the rest of the organisms [10], so it could also happen on other planets.
Photosynthesis could be present in any exoplanet that retains an atmosphere [11,12], orbits
the adequate stellar host at the right Goldilocks separation (neither too hot nor too cold, as a
wee bear’s porridge; [3]), and have access to light, water, and carbon dioxide. Consequently,
the development of astronomical facilities capable of detecting biomarkers associated with
photosynthesis could provide further clues about exobiology.

Here, we pave the way for the following generation of facilities that will shed light
on the biochemistry of exoplanets’ ecosystems. The overarching goal of the “Photosys-
tems in exoplanets” (ExoPhot1) project is to study the photosystems that might generate
biomarkers and their detectability conditions by a twofold approach: understanding the
evolutionary steps that led to the highly evolved chlorophylls and analogues [13] and
assessing the feasibility or likelihood to trigger photosynthetic activity in an exoplanetary
system (this paper).

The conversion of light to chemical energy through photosynthesis occurs on Earth
following different reactions involving a chain of physical and chemical processes, but they
are all ignited by the absorption of solar radiation by the photosynthetic pigments [14,15]
(photopigments hereafter) in the antenna complexes in the thylakoids of photosynthetic
organisms. Accordingly, a key step in assessing the photosynthetic fitness—or how likely it
is that a certain “system” (composed of an exoplanet, its atmosphere, its host star, and a
determined photopigment) can withstand photosynthetic activity—is to check whether
the photopigment would absorb enough light from the host star to trigger the chain re-
action. Based on an evolutionary Darwinian hypothesis and assuming long-term, stable,
and suitable for life conditions, those photosystems whose light absorption best match the
spectral energy distribution of the star at the planet’s surface would be more prone to thriv-
ing [6,16]. Thus, the higher this photosynthetic fitness is, the larger the chances are that the
photosystem has evolved and, therefore, we can make use of those quantitative parameters
to infer how likely is for the exoplanet to host evolved photosynthetic organisms.

Earlier studies have tackled this matter by following different strategies to relate the
spectral type of the host star, the composition and properties of the atmosphere of the
planet, and the different varieties of photopigments that they might host [10,16–25]. Most
of these studies considered the stellar flux density at the surface of Earth-like exoplanets
around F-, G-, K-, and, overall, M-type stars (assuming Earth-like or anoxic atmospheres)
and compared the flux values with those on Earth. While promising, the scope of these
works was still limited, as some of them did not include the effects of the atmosphere,
others did not take into consideration the photopigments absorbance, and others were
limited to Earth-like exoplanets. Therefore, many questions remain unanswered.

The main aim of the ExoPhot project is to study the relation between photosynthetic
systems and exoplanets around different types of stars from an astrobiological and multi-
disciplinary point of view. In this work, we report a new metric that provides a quantitative
value of the photosynthetic fitness of any photopigment in an exoplanet that takes into
account the emission spectrum of the host star, the filtering effect of the atmosphere, and the
absorptive properties of the photopigment. This metric is applied to the assessment of
the photosynthetic fitness of a variety of photopigments (either found on Earth or theo-
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retical), as a function of stellar spectral type, exoplanet semi-major axis, and atmospheric
composition for which photosynthetic activity might be feasible.

2. Materials and Methods
2.1. Photosynthetic Feasibility Metrics

In order to assess the photosynthetic fitness of a photopigment in a given system, we
resorted to metrics that quantify the level of spectral overlap between the photopigment
absorption spectrum and the emission spectrum of the host star at the exoplanet surface
(i.e., once filtered by its atmosphere). Figure 1 shows an example of the three ingredients
required to determine the spectral overlap: the stellar spectral flux density at the top of
the exoplanet atmosphere (Fλ), the atmosphere transmittance (T ), and the photopigment
absorption cross section (σabs). The overlap of these three components renders the spectral
absorption rate (Γλ), which accounts for the number of photons absorbed by a molecule per
unit of time and wavelength, and provides quantitative and very insightful information.
This parameter is calculated as follows:

Γλ(λ) = σabs(λ)Fλ(λ)T (λ)
λ

hc
. (1)

The parameter σabs(λ) in Equation (1) is related to the molar extinction coefficient εabs(λ)
through:

σabs(λ) =
1000 log 10

NA
εabs(λ), (2)

where NA is the Avogadro number, and σabs(λ) and εabs(λ) are given in units of cm2 and
M−1 cm−1, respectively.

We defined T as the atmosphere transmittance, but other extinction effects on the
incident radiation (clouds, haze, water, ice, scattering, etc.) could be easily incorporated
into T (λ). However, these possible effects will be the subject of forthcoming publication.
Furthermore, photopigment absorption σabs as used in Equation (1) could implicitly contain
the environmental effects and interactions undergone in antenna complexes, such as those
with protein fragments, aminoacids, or secondary pigments (carotene, etc.), which can
significantly modify their spectroscopic signatures [26]. For demonstration purposes,
and for the time being, we will restrict ourselves to photopigments in simple solution
or vacuum.

A useful single-valued variable that summarizes the information contained in Γλ is
the total absorption rate, γt (in units of s−1), which is obtained by integrating Equation (1)
over all wavelengths. In practice, though, it is integrated only over the wavelength range
in which the photopigment absorbs. Furthermore, this range is in general not coincidental
with the conventional photosynthetic active radiation (PAR) span (4000–7000 Å) [27]. More
importantly, this allows accommodating any spectral range covered by non-Earthly pho-
topigments, increasing the generality and applicability of our approach. This is one of the
main differences between the absorption rate γt and alternative metrics that rely on the
previous bandwidth (see below).

When dealing with hundreds or thousands of trios of star-atmosphere-pigment, the
analysis of Γλ combinations on a one-by-one basis becomes impractical, whereas the use of
γt might entail the loss of important information in some cases. Besides this, the absorption
spectra of photopigments show bands that are usually clustered around two different
spectral regions (Figues 1 and A1). The B band (or Soret band) covers the absorption at
the high energy range, while the Q band does the corresponding at the low energy range.
Accordingly, for those cases, the total absorption rate (γt) can be split into contributions of
the B and Q bands (γB and γQ) as:

γt = γB + γQ =
∫ λc

0
Γλ(λ)dλ +

∫ ∞

λc
Γλ(λ)dλ, (3)
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where λc is the cut-off wavelength separating both bands. This separation allows to recover
important information on the absorption bands that would be lost otherwise. In this
work, we chose λc = 5000 Å, being a reasonable separator between the higher and lower
absorption regions for the five pigments in our sample as illustrated by Figure A1. The
absorption rate γt (Equations (1) and (3)) bears a resemblance to the photolysis rate J used
in atmospheric chemistry [28].
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Figure 1. Example of spectral absorption rate calculation: Stellar flux Fλ from a Sun-like star (G2 V)
at the top of the planet atmosphere (blue), transmittance (T ) of an Earth-like atmosphere (orange),
absorption cross section σabs of chlorophyll a (green), and spectral absorption rate Γλ from the
combination of the three previous elements (black).

There are other related metrics that are widely extended, such as the total stellar
irradiance (S, in W m−2) at the top of the planet atmosphere, which provides information
on the stellar bolometric flux received by a planet at the top of its atmosphere:

S =
L?

4πa2 (4)

where L? is the star luminosity (in W) and a is the exoplanet orbital semi-major axis (in m).
As a result, S depends on the stellar spectral type and the star-planet separation, and is
independent of the Bond albedo.

Moreover, the photosynthetic photon flux density (pp f d) is a standard metric to
assess the PAR that quantifies the amount of radiation available for photosynthesis in the
range between 4000 and 7000 Å [27,29,30], expressed in units of µmol photon m−2 s−1 and
computed as:

pp f d =
1

NA

∫ 7000

4000
Fλ(λ)T (λ)

λ

hc
dλ. (5)

2.2. Stellar Spectral Types

We selected a sample of stars that covered all spectral types whose planets could host
photosynthetic systems in their atmospheres. In this work, the sample only covers a solar
type (G2 V, Teff = 5750 K) and two extreme cases at the hot (A5 V, Teff = 8250 K) and cool
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ends (M8 V, Teff = 2500 K) of the main sequence, while for future development the sample
will cover a denser mesh.

The sample does not include stars with spectral types O, B, and early A spectral
types (i.e., warmer than Teff ≈ 8250 K) because their soft X-ray emission and far ultraviolet
radiation eliminate the possibility of complex organic molecule formation in their vicinity.
Moreover, these stars reside in the main sequence for only a few tens of millions of years
before becoming giant stars and, after a cataclysmic event incompatible with life, concluding
as white dwarfs, neutron stars, or even black holes.

On the other hand, we did not include either stars and brown dwarfs with late L, T,
and Y spectral types (i.e., cooler than Teff ≈ 2200 K) because they are so faint that their HZ
lie very close to their Roche radius and, therefore, do not have temperate planets where
photosystems can exist [23,31,32]. Exoplanets in the HZ around late-M- and early-L-type
dwarfs have very short orbital periods [33–35] and are, thus, tidally locked to their stars,
although this fact does not apply to their moons, if retained [36]. Early- and mid-M dwarfs
have, in general, a high frequency of flares, which can be intense enough to erode the
atmospheres of their planets [37]. However, since there are hints for M-dwarf exoplanet
atmospheres even inside the HZ [38], we did consider them in the analysis.

We used the ATLAS9 parameters and models of Castelli and Kurucz [39] to obtain
the fluxes of A5 V and G2 V stars, and the BTSettl-CIFIST models of Baraffe et al. [40] with
the parameters of Cifuentes et al. [41] for the M8 V star, both with solar metallicities (i.e.,
[Fe/H] = 0). We obtained the spectral energy distributions (SEDs) through the Virtual
Observatory2 SED Analyser (VOSA, [42]). The flux for G2 V is presented in Figure 1,
and those for A5 V and M8 V are displayed in Figure A2.

2.3. Modelling of Exoplanets Atmospheres

In order to tackle the wide variety of possible exoplanetary atmospheres, we consid-
ered four different scenarios: Earth-like (78% N2, 21% O2), highly oxidizing (90% CO2,
10% N2), weakly oxidizing (>99% N2), and reducing (90% H2, 10% N2). We took the last
three scenarios from Hu et al. [11], while the Earth-like atmosphere was taken from the
Planetary Spectrum Generator3 (PSG, [43]). The highly oxidizing atmosphere scenario may
correspond, as well, to an early Earth-like exoplanet [44]. This sample was intended to
cover a very wide range of possible atmospheres suitable for life, with particular emphasis
on the Earth conditions. In all cases, we considered planet scenarios with 1 M⊕ and 1 R⊕.
Again, the study of the variation of the photosynthetic system upon the size of the planet
and different atmospheric heights is deferred to forthcoming works.

We placed these scenarios into three different positions on the habitability zone: inner,
middle, and outer (HZi, HZm, and HZo), characterized by their equilibrium temperature,
Teq (300 K, 255 K, and 240 K, respectively). These temperatures were derived, after set-
ting the Bond albedo (ABond) at 0.30, from surface temperatures of 333 K (60 ◦C), 288 K
(15 ◦C), and 273 K (0 ◦C) after subtraction of a fixed greenhouse effect of 33 K, identical
to the currently found on Earth. Although they cover the range between the thermophile
limit (60 ◦C,) and water in a liquid state (0 ◦C). This thermophile limit approximately
coincides with the atmosphere temperature at which an Earth-like planet suffers a runaway
greenhouse [3,45].

The exoplanet orbital semi-major axis a at the different HZs corresponding to each
spectral type was derived from the radiative equilibrium formula, which relates a with the
stellar luminosity L?, ABond, and Teq as:

a =

√
L?(1− ABond)

16πσT4
eq

(6)

where σ is the Stefan-Boltzmann constant. The luminosity is a function of the stellar
radius, R?, and effective temperature, Teff, which depends on the spectral type, through
L? = 4πσR2

?Teff
4. These values served as input to the atmosphere transmittance calculation.
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We used the PSG to synthesize and retrieve the planetary atmospheric transmittances
for each of the oxidizing states mentioned above. For each host star, we set its Teff, R?,
and mass (which is an input for the planet surface gravity and, therefore, the atmosphere
length scale) according to the parameters determined for its corresponding SED model.
The star-planet separation was set as determined for each of the HZs. The resulting
transmittance spectra for all possible combinations can be found in Figure A3. For a
given atmosphere scenario, there is almost no difference in the atmospheric transmittance
between spectral types and ranges of HZs because there are few variations in the exoplanet’s
parameters in the narrow band of its own HZ.

2.4. Calculation of Absorption Cross-Section of Pigments

We applied Equation (2) to calculate the absorption cross-section of five different
photopigments: the existing natural pigments chlorophyll a (Chl a), chlorophyll b (Chl b),
bacteriochlorophyll a (BChl a), and bacteriochlorophyll b (BChl b), and a new theoretical
photopigment, namely, Phot0 [13]. The molar extinction coefficient, εabs(λ), of the natural
pigments in diethyl ether was retrieved from the database accompanying the article by
Taniguchi and Lindsey [46].

Phot0 is a plausible primeval molecule that shares the spectroscopic characteristics
and structural rigidity of common photopigments such as chlorophylls and bacteriochloro-
phylls, but is much simpler, as it contains only the central macrocycle that surrounds
the metallic center [13]. Considering the proposed geochemical conditions (the plume of
volcanic eruptions) and raw materials (acetylene and hydrogen cyanide) yielding Phot0, it
could be abundant in rocky exoplanets. For the calculation of the ultraviolet and visible
(UV/Vis) spectrum of the theoretical pigment Phot0, we followed the same methodology
used previously for the calculation of the absorption spectrum of Chl a [47]. In short,
the vertical excitation energies were computed within the time-dependent formalism with
the double hybrid B2PLYP functional on optimized CAM-B3LYP geometries. A total of ten
roots were computed, and the transition line widths were set to 0.1 eV. For more details, see
García de la Concepción et al. [13]. The resulting absorption cross-section spectra for the
five photopigments are displayed in Figure A1.

2.5. Code and Data Availability

We developed Jupyter notebooks describing and implementing all these calculations,
together with the Python code required to execute them. Our code takes separated input
files for each component (εabs, Fλ, T ) as column-separated wavelength value arrays and
performs a data preprocessing before computing Equations (1), (3) and (5). The pre-
processing step consists of a unit conversion of wavelengths and fluxes, the calculation of
σabs (Equation (2)), a search for the maximum wavelength span for which there are data
available for σabs, Fλ, and T , and a final cubic spline interpolation so that all variables share
the same wavelength values. The integration is performed using the standard trapezoidal
rule. The original datasets, processing methods and algorithms required to reproduce the
figures, tables, and results presented in this work are publicly available on the ExoPhot
Github website.4

3. Results and Discussion

Table 1 summarizes the resulting values of γt, γQ, and γB obtained for an exoplanet
in HZm around a G2 V star. The ppfd is provided for comparison purposes. The stellar
irradiance is also provided in the caption for completeness. Figure 1 shows an example
of Γλ resulting from the spectral overlap between three components: the stellar flux of
a Sun-like star (G2 V) reaching the top of an Earth-like exoplanet, the transmittance of
an Earth-like atmosphere, and the absorption cross-section of Chl a. Integration over
wavelength of the curve Γλ provides the number of photons per second that Chl a absorbs
under Earth conditions, resulting in γt = 9.20, s−1 (third row of Table 1). In other words,
since energy transfer is the dominant de-excitation process of Chl a within the antenna
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complex [48], this value of γt allows inferring that each Chl a molecule could contribute up
to 9.20 photons per second to the photosynthetic reaction, in agreement with experimental
evidence [48].

In addition, as illustrated by Figure 1, the Γλ value at the peak of the Q band (∼6600 Å)
is higher than that at the B band (∼4000 Å), even when its absorbance is weaker. However,
in spite of this difference, both bands contribute with a similar number of electrons or
absorbed photons (γQ = 4.55 s−1 vs. γB = 4.65 s−1). Upon absorption of a photon,
irrespective of the electronic state involved (e.g., Q, or B band), the excited molecule will
undergo a series of ultrafast non-radiative transitions towards the lowest lying electronic
excited state, from where the energy transfer takes place. From this perspective, γQ ∼ γB
could be understood as both bands contributing similarly to the overall photosynthetic
process. These results highlight the relevance of our metric to explore the photosynthetic
fitness, at least from a photophysical point of view.

Table 1. Photosynthetic fitness metrics for Earth-like exoplanets with different atmospheres in the
middle of the HZ around a G2 V star a.

Exopl. Atmos. ppfd Pigment γt γB γQ
[µmol photon m−2 s−1] [s−1] [s−1] [s−1 ]

Earth- 2115.69 BChl a 11.51 2.47 9.04
like BChl b 14.07 4.54 9.52

Chl a 9.20 4.65 4.55
Chl b 11.14 7.51 3.63
Phot0 6.72 1.33 5.39

Highly 1950.40 BChl a 13.35 3.32 10.02
oxidizing BChl b 16.30 5.77 10.53

Chl a 10.82 5.92 4.90
Chl b 12.90 8.95 3.95
Phot0 8.00 2.01 5.99

Weakly 2168.68 BChl a 12.23 2.46 9.77
oxidizing BChl b 14.79 4.50 10.28

Chl a 9.37 4.65 4.72
Chl b 11.26 7.48 3.78
Phot0 7.15 1.32 5.84

Reducing 2338.10 BChl a 11.03 1.64 9.39
BChl b 13.13 3.21 9.92
Chl a 7.82 3.36 4.46
Chl b 9.39 5.84 3.54
Phot0 6.34 0.73 5.61

a In all exoplanet atmosphere types, the stellar irradiance (S) at the atmosphere top of an exoplanet in HZm
around a G2 V star is 1370.042 W m−2.

The application of ppfd to assess photosynthetic feasibility in exoplanets is widely
extended [20,22,23]. This parameter measures the amount of light that reaches the photo-
synthetic organism but, as mentioned before, is usually limited to the range between 4000
and 7000 (Equation (5)). However, in view of recent experimental evidence suggesting the
feasibility of photosynthetic activity under exclusive far-red radiation [49,50], wider range
versions of the ppfd are being used [18,24]. Nevertheless, none of them considers pigment
absorption, as shown in Table 1. Alternative metrics that explicitly include the absorption
properties of the photosynthetic pigment or organism have also been proposed, but do not
provide absolute quantitative results [17,19]. Therefore, existing metrics, although aimed
in the direction of photosynthetic viability assessment, cannot complete the picture of the
whole system as our proposed photosynthetic fitness parameter does. In this sense, the ab-
sorption rate, either spectrally resolved (Γλ, Equation (1)) or integrated (γt, γB, and γQ,
Equation (3)), allows great flexibility to assess the photosynthetic fitness of a given pigment
in a star–exoplanet–atmosphere system, and could also serve as an assessment metric for
photosynthetic biomarkers.
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Besides the absorption rate properties of our simulated modern Earth conditions (G2 V
spectral type, HZm, and Earth-like atmosphere), the inner and outer boundaries of the
habitable zone (HZi and HZo, respectively, [51]) for the G2 V star are presented in Table A3
as an extended version of Table 1. The results for exoplanets (only in their HZm) around
A5 V and M8 V stars are also presented in Tables A2 and A4, respectively. Figure 2 illustrates
the photopigments spectral absorption rate, Γλ, for the 60 combinations of exoplanets in the
HZm for A5 V, G2 V, and M8 V stars. This plot (and Tables A2–A4) indicates that, whereas
the composition of the atmosphere would have an impact on the photosynthesis chemistry
and organisms survival likelihood, it does not have a major influence on the absorption of
photons by any pigment or spectral type of star.
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Figure 2. Spectral absorption rates for five photopigments (Chl a, Chl b, BChl a, BChl b, and Phot0) on
Earth-like exoplanets with four different atmospheres (Earth-like, highly oxidizing, weakly oxidizing,
and reducing, in their respective rows) in the HZm around stars of three different spectral types
(A5 V, G2 V, and M8 V, in columns). The vertical dashed lines mark the cut-off wavelength separating
the Q and B bands at 5000 Å. All panels follow the same color code (cf. upper left panel legend). For
the sake of visualization, we smoothed the M8 V star spectra with a 25-point running average and
displayed zoom-ins of the region of interest.

Regarding the exoplanet atmosphere composition, variations of around 20% in γt are
observed regardless of the photopigments, more noticeably in the highest energy band
(γB). These variations are mainly due to the atmosphere transmittance drop in the B
band (see Figure A3), which depends on the composition of the atmosphere. Furthermore,
the reducing atmosphere systematically shows the largest values of γt, γB, and γQ (Table 1).
Under these conditions, our theoretically proposed photosynthetic primordial pigment,
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Phot0, presents absorption rates that are smaller than those observed for more complex
photopigments (Table 1), but still sufficiently high to sustain photosynthetic activity [52].
Remarkably, while Phot0 γQ values barely change with the atmosphere oxidizing state, its
γB values vary significantly, being maximized in the reducing atmosphere type (Figure 2).
This result suggests that Phot0 could particularly thrive as a photosynthetic pigment in
highly oxidizing atmospheres that, incidentally, could serve as an approximate analogue
for a primeval Earth [53]. Therefore, these results back up the hypothesis that Phot0 could
be a primeval pigment preceding the highly evolved chlorophylls in the early Earth or even
young, habitable rocky exoplanets [13], and highlight the relevance and usefulness of the
absorption rates to assess the photosynthetic fitness in an exoplanetary context. Analogous
results and trends are observed for exoplanets in the HZo and HZi of G2 V stars, as well as
those orbiting A5 V and M8 V stars in HZm (Tables A2–A4).

In relation to the location of the exoplanet within the HZ, moving away from the star
diminishes the amount of light available for photosynthesis. This is noticeable by compar-
ing both γt and ppfd for different atmosphere types for the inner, middle, and outer HZ of
G2 V stars (see Table A3). Nevertheless, the ppfd at the outer boundary is enough to perform
photosynthesis. In fact, in Earth-based photosynthetic systems, the CO2 assimilation, which
is a manifestation of photosynthesis, starts to saturate around those ppfd values, meaning
that the amount of light is so high that it puts at risk the survival of the photosystem as a
whole. Accordingly, the standard HZ definition based on the existence of liquid water is
more stringent than that of the existence of photosynthesis, at least in G-type stars.

M dwarfs are the most common stars in our galaxy [54,55] and thus have received
a great deal of attention in the study of exoplanetary photosynthesis [18–20,22]. These
studies, mostly based on evaluations of ppfd, concluded that, in general, oxygenic photo-
synthesis could not be successful in mid and late M stars. The ppfd for exoplanets orbiting
M8 V dwarfs in HZm is below 20µmol photon m−2 s−1 (Table A4), an amount considered
insufficient for higher plants based on the common Earth (they would be in the dark
respiration rate region where CO2 is released [30]). This low ppfd would translate into
no photosynthesis, at least for higher plants based on chlorophylls, but it could be oth-
erwise for hypothetical bacteriochlorophyll-based plants and/or bacteria. In fact, some
organisms have been found sustaining photosynthetic activity at ppfd values down to
0.01µmol photon m−2 s−1 [52]). However, our study shows that the sole contribution to
the absorption rates in M stars comes from the Q bands (longer wavelengths in Figure 2) as
the stellar emission in the B band is negligible. The absorption rate in the Q band ascends
to approximately 1 s−1, at least for BChl a and b (Table 1). This value is on par with the
total absorption rate (Q+B bands) that would experience both BChls on Earth under a ppfd
of approximately 200µmol photon m−2 s−1 (cf. Table 1), which is sufficient to activate
photosynthesis [30,52]. Thus, if we followed the advice of the ppfd, the hypothesis of the
feasibility of the photosynthetic activity on M8 V stars would be rejected, but our metric
suggests otherwise. The relevance of our proposed metric is again highlighted to account
for new factors and to draw meaningful conclusions that, in this particular case, are in
line with recent laboratory results proving that the growth and photosynthetic activity of
cyanobacteria under simulated M7 V-type stars irradiation is possible [50]. The situation
would be more favorable if the exoplanet did orbit closer to the star, where the radiation
is stronger. Furthermore, it has been suggested that the radiation resulting from flares in
M dwarfs could even help sustain photosynthetic activity [19]. Finally, the evolutionary
pressure exerted by the dim illumination conditions might lead to the survival of photo-
synthetic antennae with a larger number of chromophoric units per complex, and/or a
larger number of antenna complexes per reaction center, as compared with Earth-based
systems. Accordingly, the existence of photosynthetic activity in exoplanets orbiting M
dwarfs cannot simply be ruled out by inspecting the ppfd.

The total absorption rates (γt) in exoplanets orbiting the HZm of A5 V and G2 V stars
are very similar irrespective of the type of atmosphere and pigment (Table A3), even when
the former stars intrinsically emit more photons than the latter ones. Two facts contribute
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to this similarity: the star-planet separation at HZm is shorter in G2 V stars, and their
atmospheres absorb most of the UV radiation, where the difference in flux between A5 V
and G2 V stars is the highest (see Figure A2). The combination of these two facts results in
a drastic decrease in the number of photons arriving at the exoplanet surface. In any case,
in A5 V stars, the maximum contribution to the spectral absorption rate Γλ comes from the
energetic B band (Figure 2), but it does not necessarily translate into γB > γQ in general
(Table A3); there are atmospheres and pigments combinations where actually the opposite
is true. The fact that the main contribution to photosynthesis comes from the Q band [29]
could mean that, even when there is more radiation in A-type stars, there could be less
photosynthetic activity. This is another case where our γ metric becomes useful.

4. Conclusions

A new metric for assessing the feasibility or likelihood to identify photosynthetic
activity in an exoplanetary system has been presented as a cornerstone of the ExoPhot
project. This metric, the total absorption rate, γt, quantifies the level of spectral overlap
between the absorption spectrum of a photosynthetic pigment, the transmittance spectra of
an exoplanet atmosphere, and the emission spectrum of its host star. Therefore, it can shed
light on the potential biochemistry of exoplanet ecosystems, the biomarkers that might
generate, and their detectability conditions. It can also be considered an indicator of the
evolutionary path of primeval pigments and can help us understand the steps that led to
highly evolved chlorophylls and analogues [13], being this research line the twofold aim of
the ExoPhot project.

Compared to other widely extended related metrics such as S and ppfd, γt (and γB and
γQ) provides more meaningful information in terms of photosynthetic activity. The former
metrics solely rely on the net radiation received by an exoplanet—at its top atmosphere (S)
or surface (ppfd)—for comparing the photosynthetic viability as a function of the separation
between star and exoplanet, stellar type, and planet atmosphere. The γt allows these
comparisons but, on top of that, can discriminate which pigment is more suitable for
each case. In this work, we demonstrate that an A5 V star is not necessarily more prone
to photosynthesis than a G2 V in spite of emitting more flux, since it depends on the
pigment. The same conclusion stands for different exoplanet atmospheres with respect
to the pigments, and the other way around: BChl b is the most favorable pigment for an
exoplanet around a G2 V star, irrespective of the exoplanet atmosphere. But that is not the
case for an A5 V star, where Chl b presents a higher γt value.

The ExoPhot project will be extending the number of photosynthetic pigments, stellar
spectral types, exoplanets separations and atmospheres in which to evaluate the photo-
synthetic fitness parameters. More precisely, we intend to cover all known chlorophyll
analogues on Earth [46] plus some other theoretical pigments precursors of them [13]. This
project will continue extending the range of parameters to be considered in order to refine
the most likely family of pigments to exist in a concrete system. It might, therefore, give
hints to the spectral features in exoplanets that we must search for when the facilities for
discerning them are available. Before that, however, there are many other questions to
be tackled, such as if BChl b, present in purple bacteria, would be the “fittest” pigment
for temperate rocky exoplanets around M dwarfs, the most abundant stars in our Galaxy;
if the metallicity of the host star could affect the planet’s biochemistry and its atmosphere
composition; if pigments could have zinc instead of magnesium in the center of their cyclic
tetrapyrrole rings; or what the best wavelength range for observing the corresponding
absorption features would be.
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Abbreviations
The following abbreviations are used in this manuscript:

Chl a chlorophyll a
Chl b chlorophyll b
BChl a bacteriochlorophyll a
BChl b bacteriochlorophyll b
Phot0 synthetic photosystem 0
pp f d photosynthetic photon flux density
HZ habitability zone
HZi inner part of the HZ
HZm middle part of the HZ
HZo outer part of the HZ
PAR photosynthetic active radiation
S stellar irradiance
au astronomical unit

Appendix A. Figures and Tables
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Figure A1. Spectra of the calculated absorption cross sections of the photopigments used in the
overlap: Chl a (green), Chl b (red), BChl a (brown), BChl b (magenta), and Phot0 (gray).
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Figure A2. Spectral energy distribution from the far ultraviolet to the near infrared of the A5 V-,
G2 V-, and M8 V-type stars used in the overlap.
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Figure A3. Atmospheric transmittance of exoplanets for different stellar spectral types and planet
separations. Middle column: Transmittance in the middle of the exoplanet habitable zone (HZm) for
A5 V, G2 V, and M8 V stars. Left and right columns: Inner and outer habitable zones (HZi and HZo,
respectively) for a G2 V star.
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Table A1. Stellar parameters, exoplanet separations at inner, medium, and outer HZs, and corre-
sponding irradiances.

Spectral Teff R L HZi HZm HZo SHZi SHZm SHZo
Type [K] [R�] [L�] [au] [au] [au] [W m−2] [W m−2] [W m−2]

A5 V 8250 1.70 12.08 2.50 3.46 3.91 2624.57 1370.04 1075.02
G2 V 5750 1.00 0.99 0.71 0.99 a 1.12 2624.57 1370.04 1075.02
M8 V 2500 0.12 5.2 × 10−4 0.02 0.02 0.02 2624.57 1370.04 1075.02

a The separation at the middle of the habitable zone, HZm, is different from unity due the use of a standard G2 V
model instead of an Earth model.

Table A2. Photosynthetic fitness metrics for Earth-like exoplanets with different atmospheres at the
middle of the habitable zone (HZm) around an A5 V star.

Exoplanet Pigment γt γB γQ pp f d S
Atmosphere [s−1] [s−1] [s−1] [µmol photon m−2 s−1] [W m−2]

Earth- BChlA 11.42 4.78 6.65 2400.48 1370.04
like BChlB 15.68 8.92 6.77 2400.48 1370.04

ChlA 13.54 9.79 3.75 2400.48 1370.04
ChlB 16.24 12.96 3.27 2400.48 1370.04
Phot0 6.37 1.91 4.46 2400.48 1370.04

Highly BChlA 10.06 3.20 6.87 2146.82 1370.04
oxidizing BChlB 13.31 6.29 7.02 2146.82 1370.04

ChlA 10.78 7.12 3.66 2146.82 1370.04
ChlB 13.21 10.03 3.18 2146.82 1370.04
Phot0 5.23 1.01 4.22 2146.82 1370.04

Weakly BChlA 11.93 4.76 7.17 2442.12 1370.04
oxidizing BChlB 16.14 8.83 7.31 2442.12 1370.04

ChlA 13.76 9.88 3.88 2442.12 1370.04
ChlB 16.32 12.92 3.40 2442.12 1370.04
Phot0 6.47 1.87 4.60 2442.12 1370.04

Reducing BChlA 13.77 6.39 7.38 2676.98 1370.04
BChlB 18.80 11.30 7.51 2676.98 1370.04
ChlA 16.77 12.73 4.04 2676.98 1370.04
ChlB 19.10 15.54 3.56 2676.98 1370.04
Phot0 7.78 2.90 4.88 2676.98 1370.04

Table A3. Photosynthetic fitness metrics for Earth-like exoplanets with different atmospheres at
different separations (HZi, HZm, HZo) around a G2 V star.

HZ Exoplanet Pigment γt γB γQ pp f d S
Atmosphere [s−1] [s−1] [s−1] [µmol photon m−2 s−1] [W m−2]

HZi Earth- BChlA 22.05 4.73 17.32 4052.63 2624.57
HZi like BChlB 26.94 8.71 18.24 4052.63 2624.57
HZi ChlA 17.63 8.91 8.72 4052.63 2624.57
HZi ChlB 21.35 14.39 6.96 4052.63 2624.57
HZi Phot0 10.42 2.07 8.35 4052.63 2624.57

HZi Highly BChlA 21.16 3.15 18.00 3741.48 2624.57
HZi oxidizing BChlB 25.19 6.17 19.02 3741.48 2624.57
HZi ChlA 15.02 6.47 8.56 3741.48 2624.57
HZi ChlB 18.02 11.23 6.79 3741.48 2624.57
HZi Phot0 9.01 1.11 7.90 3741.48 2624.57
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Table A3. Cont.

HZ Exoplanet Pigment γt γB γQ pp f d S
Atmosphere [s−1] [s−1] [s−1] [µmol photon m−2 s−1] [W m−2]

HZi Weakly BChlA 23.44 4.73 18.72 4157.44 2624.57
HZi oxidizing BChlB 28.35 8.64 19.71 4157.44 2624.57
HZi ChlA 17.98 8.94 9.04 4157.44 2624.57
HZi ChlB 21.59 14.35 7.25 4157.44 2624.57
HZi Phot0 10.65 2.04 8.62 4157.44 2624.57

HZi Reducing BChlA 25.57 6.37 19.20 4480.02 2624.57
HZi BChlB 31.23 11.06 20.17 4480.02 2624.57
HZi ChlA 20.73 11.34 9.39 4480.02 2624.57
HZi ChlB 24.73 17.16 7.57 4480.02 2624.57
HZi Phot0 12.30 3.16 9.14 4480.02 2624.57

HZm Earth- BChlA 11.51 2.47 9.04 2115.69 1370.04
HZm like BChlB 14.07 4.54 9.52 2115.69 1370.04
HZm ChlA 9.20 4.65 4.55 2115.69 1370.04
HZm ChlB 11.14 7.51 3.63 2115.69 1370.04
HZm Phot0 5.44 1.08 4.36 2115.69 1370.04

HZm Highly BChlA 11.03 1.64 9.39 1950.40 1370.04
HZm oxidizing BChlB 13.13 3.21 9.92 1950.40 1370.04
HZm ChlA 7.82 3.36 4.46 1950.40 1370.04
HZm ChlB 9.39 5.84 3.54 1950.40 1370.04
HZm Phot0 4.70 0.57 4.12 1950.40 1370.04

HZm Weakly BChlA 12.23 2.46 9.77 2168.68 1370.04
HZm oxidizing BChlB 14.79 4.50 10.28 2168.68 1370.04
HZm ChlA 9.37 4.65 4.72 2168.68 1370.04
HZm ChlB 11.26 7.48 3.78 2168.68 1370.04
HZm Phot0 5.55 1.06 4.50 2168.68 1370.04

HZm Reducing BChlA 13.35 3.32 10.02 2338.10 1370.04
HZm BChlB 16.30 5.77 10.53 2338.10 1370.04
HZm ChlA 10.82 5.92 4.90 2338.10 1370.04
HZm ChlB 12.90 8.95 3.95 2338.10 1370.04
HZm Phot0 6.42 1.65 4.77 2338.10 1370.04

HZo Earth- BChlA 9.03 1.94 7.10 1660.29 1075.02
HZo like BChlB 11.04 3.57 7.47 1660.29 1075.02
HZo ChlA 7.22 3.65 3.57 1660.29 1075.02
HZo ChlB 8.74 5.89 2.85 1660.29 1075.02
HZo Phot0 4.27 0.85 3.42 1660.29 1075.02

HZo Highly BChlA 8.68 1.30 7.38 1534.67 1075.02
HZo oxidizing BChlB 10.33 2.54 7.79 1534.67 1075.02
HZo ChlA 6.17 2.66 3.51 1534.67 1075.02
HZo ChlB 7.40 4.61 2.79 1534.67 1075.02
HZo Phot0 3.70 0.46 3.24 1534.67 1075.02

HZo Weakly BChlA 9.61 1.94 7.67 1704.13 1075.02
HZo oxidizing BChlB 11.62 3.55 8.07 1704.13 1075.02
HZo ChlA 7.37 3.67 3.70 1704.13 1075.02
HZo ChlB 8.86 5.89 2.97 1704.13 1075.02
HZo Phot0 4.37 0.84 3.53 1704.13 1075.02

HZo Reducing BChlA 10.48 2.61 7.87 1835.42 1075.02
HZo BChlB 12.80 4.53 8.26 1835.42 1075.02
HZo ChlA 8.49 4.65 3.85 1835.42 1075.02
HZo ChlB 10.13 7.03 3.10 1835.42 1075.02
HZo Phot0 5.04 1.30 3.74 1835.42 1075.02
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Table A4. Photosynthetic fitness metrics for Earth-like exoplanets with different atmospheres at the
middle of the habitable zone (HZm) around a M8 V star.

Exoplanet Pigment γt γB γQ pp f d S
Atmosphere [s−1] [s−1] [s−1] [µmol photon m−2 s−1] [W m−2]

Earth- BChlA 0.95 1.42 × 10−3 0.94 16.48 1370.04
like BChlB 1.63 3.59 × 10−3 1.62 16.48 1370.04

ChlA 0.07 2.20 ×10 −3 0.07 16.48 1370.04
ChlB 0.06 1.46 × 10−2 0.05 16.48 1370.04
Phot0 0.02 2.99 × 10−4 0.02 16.48 1370.04

Highly BChlA 0.98 1.09× 10−3 0.98 16.07 1370.04
oxidizing BChlB 1.75 2.84 × 10−3 1.75 16.07 1370.04

ChlA 0.07 1.67 × 10−3 0.07 16.07 1370.04
ChlB 0.06 1.18 × 10−2 0.04 16.07 1370.04
Phot0 0.02 1.56 × 10−4 0.02 16.07 1370.04

Weakly BChlA 1.01 1.41 × 10−3 1.01 17.17 1370.04
oxidizing BChlB 1.79 3.57 × 10−3 1.79 17.17 1370.04

ChlA 0.07 2.17 × 10−3 0.07 17.17 1370.04
ChlB 0.06 1.45 × 10−2 0.05 17.17 1370.04
Phot0 0.02 2.93 × 10−4 0.02 17.17 1370.04

Reducing BChlA 1.03 1.72 × 10−3 1.03 17.98 1370.04
BChlB 1.82 4.20 × 10−3 1.82 17.98 1370.04
ChlA 0.08 2.62 × 10−3 0.07 17.98 1370.04
ChlB 0.07 1.67 × 10−2 0.05 17.98 1370.04
Phot0 0.02 4.64 × 10−4 0.02 17.98 1370.04

Notes
1 Further information on the ExoPhot project, data, and processing details can be found at http://github.com/ExoPhotProject

(accessed on 22 November 2022).
2 http://svo2.cab.inta-csic.es/theory/vosa/ (accessed on 22 November 2022).
3 https://psg.gsfc.nasa.gov/ (accessed on 22 November 2022).
4 http://github.com/ExoPhotProject (accessed on 22 November 2022).
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