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Abstract

:

Isotopologue ratios are anticipated to be one of the most promising signs of life that can be observed remotely. On Earth, carbon isotopes have been used for decades as evidence of modern and early metabolic processes. In fact, carbon isotopes may be the oldest evidence for life on Earth, though there are alternative geological processes that can lead to the same magnitude of fractionation. However, using isotopologues as biosignature gases in exoplanet atmospheres presents several challenges. Most significantly, we will only have limited knowledge of the underlying abiotic carbon reservoir of an exoplanet. Atmospheric carbon isotope ratios will thus have to be compared against the local interstellar medium or, better yet, their host star. A further substantial complication is the limited precision of remote atmospheric measurements using spectroscopy. The various metabolic processes that cause isotope fractionation cause less fractionation than anticipated measurement precision (biological fractionation is typically 2 to 7%). While this level of precision is easily reachable in the laboratory or with special in situ instruments, it is out of reach of current telescope technology to measure isotope ratios for terrestrial exoplanet atmospheres. Thus, gas isotopologues are poor biosignatures for exoplanets given our current and foreseeable technological limitations.
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1. Introduction


As a human species, we have long gazed at the heavens and wondered if we are alone. Despite the thousands of exoplanets discovered over the last decade, we still have not found any definitive signs of life on other planets. However, the technology gap limiting detections of exoplanet atmospheric biosignature gases may be closing with the recent launch of JWST [1]. For the first time, we can now measure the atmospheric constituents and properties of potentially habitable, rocky worlds. In anticipation of our upcoming observations, we must sort out the pros and cons of possible biosignature gases.



Carbon isotope data are potentially the oldest geochemical evidence for ancient life on Earth [2,3]. Biotic deposits of carbon have a higher ratio of    12  C-to-   13  C than abiotic deposits [4]. Differences in carbon isotope ratios between inorganic and organic carbon sources as far back as 3.5 Ga could be evidence of a metabolic processes like photosynthesis, though this is not conclusive [5] and references therein. Bell et al. [6] measured isotopically light graphite preserved in a 4.1 Ga zircon   δ 13  C    PDB  =     − 24 ± 5  ‰  where PDB refers to the Pee Dee Belemnite standard terrestrial reference carbon isotope ratio. The measurement could be indicative of early enzymatic carbon fixation, though there are plausible abiotic false positives such as post-depositional processes like metamorphism [3,6]. Intriguingly, over this vast timescale, the difference between the abiotic and biotic reservoirs has remained largely constant, despite the evolution of life on Earth, variations in rainfall, and changes in the partial pressure of atmospheric carbon dioxide [5,7]. Today, we can measure small seasonal changes in the isotopic composition of key photosynthetic gases [8]. Given our success using isotopic compositions as evidence of past and current life on Earth, isotopic data are also thought to be among the strongest signs of life that can be remotely detected on other planets [9].



Before we can consider using isotopes as a sign of life on other planets, we must review if it will be possible to detect isotopologues at all—whether their fractionation is a byproduct of biological or planetary processes. As such, we will focus this review mainly on the detectability of isotopic spectral signatures that can be created through biological processes rather than discussing those processes in detail. Isotopologues are molecules that contain one or more isotope substitutions. While the number of protons determines which element is which, the same element can have different numbers of neutrons. Elements with different numbers of neutrons are refereed to as isotopes. Molecules made of the same elements, but with different isotopes of those elements, are called isotopologues. For example,    1  H    2  16  O and    1  H   2  H   16  O (also known as HDO) are both isotopologues of water. The successful detection of an isotopologue gas in an exoplanet atmosphere requires a large aperture, high spectral resolution telescope capable of observing the spectral separation between isotopologues. In the last few years, simulations have assessed the possibility of detecting isotope fractionation caused by planetary processes using near-future instruments on JWST, Very Large Telescope (VLT), and Extremely Large Telescope (ELT) [10,11,12]. Simulations showed the deuterium-to-hydrogen ratio was detectable for cool brown dwarfs with JWST with CH   3  D, but not with HDO [10]. Furthermore, simulations showed that    18  O/   16  O could be measured in the atmospheres of the terrestrial planets TRAPPIST-1 b and d with upcoming JWST transmission observations and could be used as evidence of ocean loss [11]. Molliere and Snellen [12] found that    13  CO was detectable in the atmospheres of hot Jupiters from the ground with the CRIRES+ instrument on the VLT, while HDO and CH   3  D were accessible with METIS on the ELT for self-luminous planets. In 2021, the pioneering work of Zhang et al. [13] successfully detected the isotopologue    13  CO in the atmosphere of a young super-Jupiter using ESO’s Very Large Telescope. Soon after, Line et al. [14] detected    13  CO in the atmosphere of WASP-77Ab using the Gemini South Observatory. While    13  CO has been successfully detected in two exoplanet atmospheres using ground-based instruments,    13  CO   2   is an objectively better target for space-based observations with JWST and will play an important roll in observational programs of future high resolution giant ground-based telescopes.



The ratio    13  CO   2  /   12  CO   2   presents the best opportunity to detect evidence for carbon isotope fractionation in an exoplanet atmosphere, including biological fractionation, with JWST. The strong CO   2   feature around 4.3 μm has only recently become accessible due to JWST [15]. In anticipation of JWST observations, we evaluated the detectability of    13  CO   2   in the atmospheres of temperate sub-Neptunes as evidence of an aerial biosphere [16]. We were motivated to explore measuring    13  CO   2   as a biosignature gas, as CO   2   is an incredibly strong absorber, making it easier to detect its presence than most other molecules. Additionally, no other metabolically generated gas has as large of a spectral separation between the maximum intensity of its first and second most abundant isotopologue as CO   2   with a maximum separation of 0.121 μm compared with 0.105 μm for CO and 0.010 μm for CH   4   within 1 to 5 μm. Furthermore, for temperate planets, CO   2   will be more abundant than CO and CH   4   if the planet’s atmosphere is in chemical equilibrium. Thus, our best chance at detecting metabolically driven isotope fractionation is via    13  CO   2  . Unfortunately, we found that    13  CO   2   could only be distinguished from    12  CO   2   using JWST for the most idealized case of a sub-Neptune or larger sized planet with a large scale height atmosphere around a small, bright star [16].



Here, we further evaluate the usefulness of isotopologues—in particular    13  CO   2  —as biosignature gases in exoplanetary atmospheres in general. In Section 2, we consider how isotopes may provide evidence of metabolic processes in the solar system. Next, in Section 3, we discuss the current status of detecting isotopologues in exoplanet atmospheres. Then, in Section 4, we evaluate the difficulties associated with using isotopologues as biosignature gases. In particular, we discuss the importance of establishing a baseline value for carbon isotope ratios; abiotic and biotic isotope fractionation processes and how they can be distinguished; and the limited number of suitable targets. In Section 5, we outline possible solutions for using isotopologues as supportive evidence for life in exoplanet atmospheres. Finally, in Section 6, we summarize our findings.




2. Isotopes as Biosignatures in the Solar System: Possible Evidence of Metabolic Processes on Nearby Worlds from Surface and Atmospheric Measurements


Isotopologues have long been considered possible bioindicators on solar system bodies. Over three decades ago, Rothschild and Desmarais [4] investigated using carbon isotope ratios as evidence of life on Mars. Understanding how isotopologues have been used as bioindicators in our solar system provides the foundation for their potential future use as biosignature gases in exoplanet atmospheres. However, most simulations and measurements of isotopes on Mars have focused on abiotic processes.



Carbon isotope ratios for Mars have been measured many times using observations from Earth, gas trapped in Martian meteorites, and in situ by Martian rovers, e.g., [17,18,19,20,21,22]. Atmospheric measurements taken by Mars landers of atmospheric CO   2   have been used to interpret geological processes, e.g., [19,20,21]. Here, we will discuss some of the most recent measurements.



Recently, Alday et al. [23] used solar occultations to measure the Martian atmospheric isotopic composition of CO   2   to better understand the history of Mars’ climate. They found largely Earth-like isotope compositions for both oxygen and carbon, and they focus their discussion on how their measurements inform on the atmospheric escape of carbon and photochemical processes rather than positing any potential metabolic explanation. Alday et al. [23] suggest that   20 %  –  40 %   of Mars’ atmospheric carbon has been lost to space.



Several processes are responsible for the escape of carbon to space, including photodissociation of CO, dissociative recombination of CO+, and sputtering by pick-up ions, e.g., [23,24,25] and references therein. Processes such as photodissociation, dissociative recombination, and sputtering also preferentially remove the lighter    12  C, enriching Mars’ atmosphere in    13  C over time [24]. Modeling by Hu et al. [25] predicted the impact of escape processes on atmospheric isotopic compositions. Additionally, differences in the cross-sections of CO   2   isotopologues can lead to photoinduced isotope fractionation [26].



Using the Sample Analysis at Mars instrument on the Curiosity Rover, House et al. [27] measured a large range of carbon isotope ratios using methane gas released from surface samples from   δ 13  C    PDB  =     − 137 ± 8  ‰ to   22 ± 10  ‰. Of their measurements, ten had a    δ 13   C of less than −70‰. If such a depletion in    13  C was measured on Earth, it would be seen as evidence of a past microbial metabolic process. House et al. [27] attribute the paucity of    13  C in the methane samples analyzed to three possible mechanisms: (1) microbial oxidation of methane, (2) deposited interstellar dust from passing through a giant molecular cloud depleted in    13  C, or (3) abiotic photochemical reduction of CO   2  . The surface measurements made by House et al. [27] were unable to conclusively prove nor rule out the presence of ancient life on Mars.



Recently, Yoshida et al. [28] modeled differences in    13  C between CO and CO   2   at various heights in the Martian atmosphere. At every measured height, they found that CO   2   photolysis had caused a depletion in    13  C in CO relative to the degree of fractionation seen in CO   2  . Yoshida et al. [28] use their carbon isotope ratio measurements to inform on past atmospheric loss. Additionally, changes in the    13  CO   2   and    12  CO   2   were measured in the lower atmosphere of Mars over time and altitude with ExoMars Gas Trace Orbiter [29]. Their results showed that temporal changes in the two most abundant CO   2   isotopologues largely varied together and likely correspond to changes in the amount of dust rather than seasonal variations. Likewise, the carbon isotope ratio did not show a trend with altitude. With the launch of JWST,    13  CO   2   will be increasingly commonly measured on other terrestrial solar system bodies such as Pluto and Callisto. Atmospheric measurements of isotope ratios for exoplanets will be limited to bulk atmospheric average measurements initially.



In addition to carbon, sulfur isotopes have also been considered as evidence for life in our solar system [30]. Marine sediments are depleted in heavier sulfur isotopes as the lightest sulfur isotope (   32  S) is preferentially reduced by sulfur-reducing microbes, enriching sulfates (e.g., evaporites) [31] and references therein. As such, sulfur isotopes may prove to be a valuable biosignature for solar system bodies such as Mars and Europa where in situ and sample return measurements will be possible [30].    δ 34   S has already been measured on Mars as   − 0.24 ± 0.05  ‰ [32] and sulfur has been detected on the surface of Europa [33]. Chela-Flores [34] posit that sulfur isotope fractionation of −70‰ or more is caused by a metabolic process and could be used as evidence for life on solar system bodies. Unfortunately, however, in situ geochemical tests on solar system ocean world surfaces in the near future will be challenging [34,35] and references therein.



Other gases are also fractionated by life, such as hydrogen and nitrogen. However, there have yet to be studies about their accessibility as biosignatures in our solar system or beyond. Furthermore, when considering isotopes as evidence of metabolic processes outside of the solar system, only metabolically fractionated gases—which could potentially alter the spectroscopic atmospheric signature—are relevant. Restricting our analysis to gases severely limits which isotopologues are worthy of assessment as possible bioindicators outside of the solar system. As discussed in Section 1, isotopologues of CO   2   followed by CO are our best potential isotopologue biosignature gas as (1) all known life is carbon-based and carbon remains the best candidate building block of life, no matter its chemical makeup [36], (2) CO   2   has a large absorption cross-section, making it readily observable using spectroscopy, and (3) CO   2   has the largest spectral separation between the first and second most abundant isotopologues among the most common carbon-bearing species for wavelengths relative to JWST. However, while    13  CO   2   represents our best opportunity of using an isotopologue as a biosignature gas, there are still many challenges which we discuss in Section 4.




3. Detectability of Isotopes in Exoplanet Atmospheres


Before we can evaluate the usefulness of isotopologues as biosignature gases in exoplanetary atmospheres, we must understand the current state of the field and what observations are possible with modern instrumentation. At present, we can study exoplanet atmospheres to detect molecules such as water, carbon monoxide, carbon dioxide, hydrogen cyanide, and ammonia. Over the next few years, JWST will provide an unprecedented understanding of the molecular composition of a range of exoplanets. Atmospheric measurements via transmission spectroscopy will not only inform on the composition, but can also be used to detect the presence of clouds and place constraints on the atmospheric temperature-pressure profile. With this knowledge, we can assess the habitability of a planet.



3.1. Recent Measurements and Simulated Detections


Today atmospheric signals can be detected remotely through direct imaging, transit spectroscopy, and High-Resolution Cross-Correlation Spectroscopy (HRCCS). In order to detect isotopologues, instruments must be capable of resolving their features spectroscopically. Resolving isotopologues necessitates instruments with a high spectral resolution and large aperture.



As a prelude to isotopologue detection in the atmospheres of large exoplanets, Crossfield et al. [37] measured    13  CO spectroscopically in the photospheres of two small, M dwarf stars. Crossfield et al. [37] found the binary system GJ 745AB to be considerably depleted in    13  C with a    12  C/   13  C of   296 ± 45   and   224 ± 26   relative to the solar photosphere value of ∼80 [38,39]. The authors the enhancement in    12  C to the accretion of supernovae ejecta [37].



Isotopes have only recently been quantified in an exoplanet atmosphere. Using the ground-based SINFONI instrument on the Very Large Telescope,    12  CO/   13  CO was measured in the atmosphere of super-Jupiter TYC 8998-760-1 b [13]. They found that the atmosphere was significantly enriched in the heavier isotope relative to both the local interstellar medium (ISM) (  68 ± 15   [40]) and solar system (∼89 [38] and references therein) with a ratio of   31  − 10   + 17   , which is equivalent to    δ 13   C of   1900  − 1000   + 1400    [41] and references therein. The authors ascribe the enhancement to the accretion of enriched ices during TYC 8998-760-1 b’s formation past the CO snowline [13]. Ices are enriched in    13  CO due to low-temperature isotope exchange reactions in the gas phase, which then freeze the enriched CO into ice past the snowline [42,43,44]. Similarly, Line et al. [14] also measured    12  CO/   13  CO in an exoplanet atmosphere, finding a range of 10.2–42.6 at 68% confidence for hot Jupiter WASP-77Ab. The enrichment in    13  C suggests that WASP-77Ab may have formed past the CO snowline and migrated into its current location.



The detectability of isotopologues in planets smaller than giant exoplanets has also been evaluated. Glidden et al. [16] modeled observations of    13  CO   2   in the atmospheres of temperate sub-Neptunes using JWST. Such worlds have recently been proposed as potential hosts to aerial biospheres [45].    13  CO   2   could potentially be used as evidence of an aerial biosphere. As isotopologues of carbon-bearing species have been used as potential evidence for life on Earth, Glidden et al. [16] sought to evaluate this technique for exoplanet atmospheres. Given their larger size, atmospheric constituents of sub-Neptunes are more readily observable than those of terrestrial planets for two important reasons. First, their size makes the contrast between the planet and host star larger during the transit. Second, the larger size leads to more gravitational attraction between the planet and its atmosphere, allowing the planet to retain lighter gases like hydrogen and helium. Lighter gases are important as they lead to larger, puffier atmospheres, which are much easier to detect using transit spectroscopy then atmospheres dominated by heavier gasses like CO   2   and H   2  O. However, existing theories of abiogenesis predict that life would not emerge in a gaseous exoplanet, as life requires a rocky surface to arise [16] and references therein. Thus, the detection of bioindicators on gaseous exoplanets would falsify existing theories of the origin of life, providing a unique opportunity to empirically test whether rocky planetary surfaces are required for abiogenesis. The key parameters that influence detectability of atmospheric spectral features are the magnitude of the host star, the stellar type (size of the star), planet size, scale height (atmospheric composition), and the transit duration. Glidden et al. [16] found that    13  CO   2   could only be distinguished from    12  CO   2   for the most ideal target (cooler, larger sub-Neptune, around a bright, small star with a low mean molecular weight atmosphere), which has yet to be conclusively discovered. Other carbon-bearing isotopologues, such as    13  CH   4   and    13  CO, will be difficult to distinguish at the resolution of JWST for small planets given the spectral resolution and unknown atmospheric constituents. Current on-going observations with JWST have so far focused on evaluating if terrestrial planets around M dwarfs even have atmospheres using the 4.3 μm feature of CO   2   and 3.3 μm CH   4   feature (JWST GO #1981, PIs: Stevenson & Lustig-Yaeger). Observations of    13  CO   2   in potentially habitable planets using ground-based instruments will be challenging for current instruments due to the low contrast between host stars and temperate planets. The future Extremely Large Telescopes will have large apertures, high resolution, and may be able to reach the contrast necessary for temperate worlds [46,47,48].




3.2. Why    13  CO   2   Is the Most Detectable Isotopologue from Space


With the successful launch of JWST, CO   2   now presents our best opportunity to distinguish multiple isotopologues of the same gas in an exoplanet atmosphere. CO   2   is expected to be present in large abundances in exoplanetary atmospheres [49,50] and references therein, and it has a strong spectral signature, accessible to JWST with several instrument modes. Biological processes also fractionate other elements, such as nitrogen, sulfur, oxygen, hydrogen, and iron, e.g., [51,52,53,54,55,56,57,58,59] and references therein. On Earth, biologically mediated isotopologues are often measured in the soil or rock record. Here, we focus on volatiles as they may be detectable in an exoplanet atmosphere.



Figure 1 shows the intensity of the strongest features of key gas isotopologues of CO   2  , CH   4  , N   2  O, NH   3  , and H   2  O at various wavelengths covered by JWST. The line lists in the figure come from the High-Resolution Transmission Molecular Absorption (HITRAN) database [60] and are processed using the HITRAN Application Programming Interface (HAPI) [61]. The intensity for each molecule in HITRAN assumes a temperature of 296 K [62]. For each isotopologue, we normalize the intensity by its terrestrial abundance to account for the weighting used by HITRAN [63,64]. CO   2   is clearly the strongest absorber and has the largest spectral separation between its first and second most abundant isotopologue. Given its shape and bond strength, the CO   2   molecule is more altered by the additional neutron than CO and CH   4  . The relatively large shift between    13  CO   2   and    12  CO   2   makes the isotopologues most likely to be accessible to instruments such as JWST. Within the JWST wavelength coverage, the two most abundant isotopologues of CO   2   are maximally separated by 0.121 μm compared with 0.105 μm for CO and 0.010 μm for CH   4  .



The bond strength of the molecule influences how much the additional neutron affects the isotopologues’ spectral signature. Differences between    13  CO   2   and    12  CO   2   can be attributed to the addition of a single neutron to the nucleus of the carbon atom. CO   2   is a small, linear molecule. Adding an additional neutron to the carbon atom does not impact the symmetry of the molecule. Imagining the molecule as masses connected by springs, we can understand that increasing the mass of the central molecule will increase the reduced mass of the molecule, thereby decreasing the vibrational energy levels. This is well illustrated by the asymmetric stretch band in CO   2   around 4.3 μm, shown in Figure 1.



The detectability of a given isotopologue is also dependent on its abundance within the exoplanet’s atmosphere. Figure 2 shows the relative mass fraction of gases in planetary atmospheres, assuming chemical equilibrium with C/O of 0.5 and a pressure of 1 bar for a range or temperatures and metallicities, as calculated using petitRADTRANS [65]. Temperature increases down the rows, while metallicity increases across the columns. For temperate atmospheres, CO   2   dominates for low C/O ratios, while CH   4   dominates for higher C/O ratios.




3.3. Formation of Carbon Isotopes


For completion, we discuss where carbon isotopes in planet-forming materials originate. Nucleosynthesis in stars is responsible for the formation of carbon isotopes. In particular,    12  C is produced through helium burning using the triple-alpha process while the carbon–nitrogen–oxygen cycle of hydrogen burning also synthesizes both    12  C and    13  C. Asymptotic giant branch (AGB) stars are largely responsible for the production of carbon [67]. During the third dredge-up, deeper products of nuclear fusion are brought to the surface through convection [67]. The outer envelope of the star becomes enriched in carbon, which can be jettisoned into the surrounding ISM and eventually used to form new stars and planets. The mass of the AGB star affects if    12  C or    13  C is produced.    12  C is generally fused in stars of 1–4 M   ⊙  , while    13  C is largely created in intermediate mass stars of 4–7 M   ⊙   [67]. Carbon is also synthesized though core-collapse supernovae at a similar yield to AGB stars.



When a newborn star is formed from a collapsing molecular cloud, the carbon isotope composition of the new solar system is tied to the ratio of the star-forming region. Areas with more low-mass AGB stars have higher    12  C/    13  C than areas with intermediate-mass AGB stars [67]. However,    12  C/    13  C is not homogenized throughout a protoplanetary disk [38]. After formation, carbon can further fractionate through two abiotic processes: chemical exchange reactions and photodissociation [38]. The dominant isotope exchange reaction is    13  C    +   + 12   CO ⇌    13  CO  + 12  C    +  + Δ E   [38,68,69]. Photodissociation more strongly impacts    13  CO as it is relatively less shielded than    12  CO [38,70]. Thus, the    12  C/   13  C ratio differs across the disk, largely dependent on temperature differences within the disk. Modeling suggests that carbon isotope ratios should vary radially and axially within a protoplanetary disk [71]. Recently, Yoshida et al. [72] were able to measure radial variations in    12  C/   13  C in a protoplanetary disk for the first time. They found differences based on both molecular species and radial location within the disk.





4. Major Challenges with Using Isotopologues as Biosignature Gases


Despite the increasing ease of detecting isotopologues with new and near-future instruments, there are several major challenges with their use as biosignature gases. Here, we outline the three most significant challenges.



4.1. Establishing an Abiotic Baseline for    12  C/   13  C in Exoplanet Atmospheres


A baseline value for    12  C/   13  C is essential to be able to compare against any measured values of    13  C or    12  C to determine if an enhancement in atmospheric    13  C can be attributed to a metabolic process, such as photosynthesis. Planetary isotope ratios should be similar to those of their host star and local ISM. Thus, the host star or the local ISM could be used to roughly benchmark the abiotic isotope ratio of the exoplanet’s atmosphere [12]. Carbon isotope ratios from exocomets could also be used, but such measurements are far beyond our detection capabilities.



If we are to make inroads measuring deviations in    12  C/   13  C in planetary atmospheres, we must first make isotopologue measurements (using    12  CO/   13  CO) in host stars. The striking difference between    12  C/   13  C in M dwarfs GJ 745AB [37] (  296 ± 45   and   224 ± 26  ) and our Sun (  93.5 ± 3   [73]) underscores the importance of spectroscopically measuring host stars to determine if the enhancement seen in GJ 745AB is specific to that particular region of the Galaxy (due to enrichment from neighboring supernovae) or a more generalized characteristic of M dwarf stars. Furthermore,    12  C/   13  C was measured in seven young stellar objects (YSOs) to be between ∼85 and 165 [74]. The YSOs were more depleted in    13  C compared with our solar system (∼89 [38] and references therein) and local ISM (  68 ± 15   [40]). Current models of galactic chemical evolution do not explain this discrepancy [74]. Stellar measurements of carbon isotope ratios are especially important for better refining our understanding of galactic evolution and isotope enrichment as well as setting a benchmark for isotopologue measurements in exoplanet atmospheres. However, as carbon isotopes have only been measured in two M dwarfs, the local ISM could also be used as a proxy until better stellar spectral measurements are obtained.



However, even if we could measure carbon isotope ratios in host stars, we would still be unable to use remote atmospheric measurements of carbon isotope ratios as strong evidence of life. Consider our own solar system where    12  C/   13  C has been measured extensively for the Sun, Venus, Earth, the Moon, Mars, Jupiter, Saturn, Titan, Neptune, and many meteorites and comets, e.g., [38,73] and references therein. Since the beginning of remote observations, significant progress has been made in the error estimation of carbon isotope ratios, in particular those of the Sun. While subtle differences between solar system bodies have been used to suss out their formation histories, the bulk carbon isotope ratios measured across the various solar system bodies are largely homogeneous. As shown in Table 1 and Figure 3, the    12  C/   13  C ratios are generally consistent within the solar system. For example, the mean value of Venus is   88.3 ± 4.9  ; the mean value for Earth is   89.8 ± 1.4  ; the mean value for Mars is   90 .  1  − 2.9   + 3.0    , and the mean value of Jupiter is   89 .  9  − 6.8   + 6.9     [38].



Given these values, it is clear that (1) as measured in the bulk, carbon isotope ratios are largely similar across different solar system bodies, and (2) Earth does not stand out as a living world—within the solar system—despite billions of years of metabolic activity reprocessing carbon. Life only drives small (∼0.5 to 7%) changes in carbon isotope composition, which will be next to impossible to detect remotely with enough precision in a terrestrial exoplanet atmosphere.




4.2. Disentangling Abiotic and Biotic Isotope Fractionation


Another difficulty with using isotopologues as biosignature gases is disentangling abiotic and biotic isotope fractionation. Carbon isotope fractionation can occur through several metabolic processes. Photosynthesis is the most well known, but other metabolisms such as chemosynthesis also cause fractionation [75,76,77]. Photosynthesis is broadly accepted as likely to occur on other planets with life, e.g., [78,79]. Biotic carbon isotope fractionation can occur on Earth when plants, algae, and cyanobacteria photosynthesize through two main processes [80]. First, the lighter    12  CO   2   more readily diffuses through the stomata on plant leaves [80]. Secondly, the Rubisco enzyme used in photosynthesis preferentially removes    12  C as it binds more efficiently than    13  C to one of the enzyme’s active sites due to the kinetic isotope effect [81]. The magnitude of carbon isotope fractionation is quite small (∼1–4%) and differs between different photosynthetic pathways, e.g., [82,83] and references therein.



There are many abiotic processes that fractionate carbon. Abiotic processes can lead to false positive detections or potentially erase biological fractionation. For example, carbon isotope fractionation can be caused through volcanism [84,85]. The degassing of basaltic magma enriches the melt in    12  CO   2  , while enhancing the gas in    13  CO   2   [84]. The magnitude of this effect is only   ∼  2‰ [84]. In addition, Ricci et al. [86] reported    13  C and D-depleted abotic methane from high temperate volcanic gas. Volcanism is of particular interest as it may be necessary for the origin of life. Our only example of a habitable planet (Earth) is subject to volcanic activity. Thus, carbon isotope fractionation through magma outgassing will likely prove an important false positive that will need to be disentangled from biotic fractionation in exoplanet atmospheres. As volcanism may be a necessary component of the “recipe for life”, e.g., [87], this may confound the use of carbon isotope composition as a bioindicator.




4.3. Limited Number of Known and Anticipated Targets


To detect isotopologues, we need not only the right instrument, but also the right targets. There are few suitable temperate (habitable zone) targets around small, bright stars. There are only approximately 20 known temperate terrestrial planets and 49 temperate sub-Neptunes. Of these potential candidates, most have a low Transit Spectroscopy Metric (TSM) [88]. The TSM is calculated using the radius of the planet and host star, the mass of the planet, the equilibrium temperature of the planet, and the magnitude of the target. The TSM approximates the expected signal of the target’s spectral features, assuming the atmosphere is clear (a large caveat). To be a good candidate for atmospheric transmission spectroscopy, terrestrial planets (R    p  < 1.5   R   ⊕  ) should have a TSM   >   ∼  10 (ln(TSM)   >   ∼  2.3), while sub-Neptune planets (4 R   ⊕   < R    p  < 10   R   ⊕  ) should have a TSM of at least   > ∼  90 (ln(TSM)   >   ∼  4.5) [88]. Of the temperate small planets known to date, 10 have a ln(TSM) > 2 and only 3 (K2-18 b, TOI-2257 b, and TRAPPIST-1 d) have a ln(TSM) > 3. Figure 4 shows known temperate small planets. Temperature is on the x-axis, planet name is on the y-axis, and ln(TSM) dictates the color.



The Transiting Exoplanet Survey Satellite (TESS) mission has finished its nearly all-sky survey, looking for transiting planets on our nearest and brightest stellar neighbors [89]. Considered the “finder scope” for JWST follow-up observations, TESS continues to look for more promising candidates during its ongoing extended mission (currently in mission year 5). To date, there are 6213 TESS Targets of Interest, 282 confirmed planets, 151 of which with a radius, R < 4 R   ⊕  , where R   ⊕   is the radius of the Earth (NASA). It is likely that some TESS planet candidates larger than a super-Earth will be favorable for future detections of CO   2   isotopologues. The longer TESS observes the sky during its extended mission, the higher chance we have of detecting longer period, and thus cooler, planets. Additionally, the longer integration time can also boost the signal-to-noise of a planet’s transit depth, potentially revealing more small planet candidates. Recent simulations predict that TESS will find   601 ± 44   planets with R < 2 R   ⊕   and   3027 ± 202   planets between 2 R    ⊕  <   R < 4 R   ⊕   during its primary and first two extended missions (∼7 years of observations) [90].





5. Carbon Isotope Ratios as Supportive Evidence for Life


Despite the many difficulties associated with using carbon isotope ratios as unambiguous evidence for life, there are still strategies for using measurements of carbon isotopes as supportive evidence for the presence of life. Indeed, Rothschild and Desmarais [4] concluded that carbon isotope ratios could only be used as supportive evidence for past metabolic activities even on Mars due to (1) the number of false positive scenarios and (2) the relatively large range of isotope fractionation possible due to different types of metabolic activity. Here, we outline possible solutions for exoplanets to mitigate our uncertainty that any detected fractionation could be abiotic in origin.



5.1. Seasonality of Carbon Isotope Fractionation: A Possible Solution


The Earth’s atmospheric carbon isotopic composition varies seasonally [80,91]. During the warmer growing season,    13  CO   2   increases in Earth’s atmosphere relative to    12  CO   2   as plants grow and photosynthesize more, preferentially using    12  C to build more plant material. The reverse happens during the winter months when photosynthesis decreases. Periodic changes in the carbon isotope ratio can also be seen in the photosynthetic day–night cycle on Earth [80,91].



Thus, a possible way to rule out the abiotic fractionation of carbon on remote planets is to look for oscillations in the    13  C/   12  C ratio that corresponds to the planet’s seasonal cycle. If seasonal variations can be seen, it would strongly increase our confidence that any observed carbon isotope fractionation was driven by a metabolic rather than a planetary process. However, as we are unable to even distinguish carbon dioxide isotopologues in the atmospheres of terrestrial planets with upcoming telescopes, detecting seasonal changes will remain well out of reach for decades to come. While seasonal variations in atmospheric carbon isotope ratios on Earth are just ∼1‰ (according to data from NOAA’s Global Monitoring Lab [92]), the magnitude of seasonality could be larger for a planet with less CO   2   and higher productivity. While we will not be able to measure seasonality for carbon isotope ratios, observing the seasonality of gases produced through photosynthesis would increase our confidence in the likelihood that a planet hosts life. Freeze–thaw cycles can also lead to seasonal changes in atmospheric gases through both abiotic and biotic processes, i.e., [93].



Olson et al. [94] evaluated how seasonality in O   2  , CO   2  , and other gases could be used to rule out false positive detections. As the transit method intrinsically selects for planets at shorter periods, many known transiting planets are tidally locked with their host star. Tidally locked planets lack a day–night cycle and also lack the seasonal cycle caused by a tilt in the spin axis relative to the orbital plane. Only the eccentricity (if any) of their orbits would cause seasonality. In addition, the viewing angle of a transiting planet will limit our ability to view different seasons [94,95]. Thus, seasonality will not be expected in most transiting planets. Additionally, seasonality will be best observed through direct imaging as the system can be viewed face-on. It will be difficult, if not impossible, to perform follow-up observations of transiting planets with direct imaging to look for seasonality given the edge-on transit geometry.




5.2. The Case for Observing Carbon Isotope Fractionation in Non-Terrestrial Planet Atmospheres: Isotopes as a Tool to Discern Formation Mechanisms


Giant planets offer a proving ground for adding isotopologue detections to our spectroscopic toolkit. We can use the observations of giant planets to test our theories and refine our modeling capabilities. In addition, as the detection of carbon isotope fractionation in non-terrestrial planets would not be due to life, any detection would help us to establish a baseline for false positive detection of carbon isotope fractionation as a biosignature. Furthermore, isotopes can be used to unravel exoplanet mysteries unrelated to the search for life. The isotopic composition of a planetary system is originally inherited from the molecular cloud out of which it formed [96], and references therein. As such, understanding what process produces different isotope fractionation and how it varies on a galactic scale is important for providing context for future measurements of isotopologues as biosignature gases.



Temperature often dictates which isotope fractionation reaction dominates [96]. Different reactions are possible in the gas and solid phases and within different temperature regimes within these phases. In the gas phase, isotope fractionation is caused by isotope exchange reactions and isotope selective photodissociation, e.g., [96] and references therein. At their freezing point, enriched gases can freeze onto the surface of dust grains as ice, e.g., [96,97,98]. Within the disk, gas pressure gradients are responsible for the redistribution and migration of enriched species [96]. Therefore, it may be possible to use the isotopic composition of a planetary body to work out where it formed in the protoplanetary disk as different regions are subject to different temperature regimes. For example, it has been hypothesized that    12  CO/   13  CO can be used to assess if a planet formed via ice-accretion past the CO snowline or via gas-accretion interior to the CO snowline [13]. Atmospheres enriched in    13  CO are likely formed through ice-accretion past the snowline. If planets with high    13  CO are found close to their host star, it may be evidence of migration.



Recently, JWST has been used to measure    13  CO   2   for both a protoplanetary disk [99] and molecular cloud ices [100]. The observation of    13  CO   2   in the GW Lup disk marks the first time this isotopologue has been measured in a protoplanetary disk, the birthplace of future exoplanets. Expanding on these observations is key for using    13  CO   2   as a tracer of planet formation, from the origin of planetary materials in a molecular cloud through the formation of a planetesimal up to the final stage of planet formation. The pioneering work of Grant et al. [99] and McClure et al. [100] lays the foundation for what we will be able to learn with JWST about exoplanet formation through the lens of isotopologue measurements.





6. Conclusions


Isotopologues are unlikely to prove fruitful biosignature gases in exoplanetary atmospheres in the foreseeable future. While metabolically mediated carbon isotope fractionation is the most readily detectable using    13  CO   2   due to CO   2  ’s significant spectral separation and large absorption cross-section followed closely by CO, there are still significant challenges associated with using carbon isotope ratios as a bioindicator outside of the solar system. CO   2   isotopologues are most accessible to JWST for cool, large planets around small, bright stars. However, the number of such targets is extremely limited. For smaller, potentially habitable sub-Neptunes and terrestrial planets, isotopologues are only accessible for the most idealized targets with large-scale heights. While we have focused largely on CO   2  , the key challenges associated with using carbon isotope ratios as biosignature gases in exoplanet atmospheres are universal to other species. Carbon isotope ratios in exoplanet atmospheres will need to be compared with a known abiotic reservoir to look for changes that may be caused by life. Baseline carbon isotope ratios values in other exoplanetary systems are yet to be established. While the ISM and host star could serve as a proxy, life only causes small changes in isotope ratios and different metabolic processes cause varied amounts of fractionation. As Rothschild and Desmarais [4] found true for Mars in 1989, carbon isotope data will only ever prove itself to be supportive evidence for life on exoplanets. Thus, isotopologues as biosignature are best left as a solar system endeavor where values can be precisely measured in situ over a range of surface locations.



However, isotopologues are still worth detecting in exoplanet atmospheres as they inform on planetary formation history and evolution. Within a protoplanetary disk, isotope composition varies both radially and axially [71]. Carbon isotope ratios are believed to change corresponding to snowlines [41]. Thus, measuring carbon isotope ratios in an exoplanet atmosphere may be able to provide clues about the chemical environment in which the atmosphere formed and evolved. In particular, ice accretion may drive    13  CO enrichment and thus, if enriched planets are found close to their host star, they likely migrated to that location rather than forming in situ. Thus, isotopologue measurements outside of the solar system should focus on sussing out formation location and evolutionary processes rather than being used as evidence of microbial activity.
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Figure 1. Intensity of key gas isotopologues, which could potentially be metabolically fractionated. The wavelength range shown on the x-axis includes the strongest features of each isotopologue relevant to JWST. The    13  CO   2   and    12  CO   2   isotopologues (in green) are both the strongest absorbers and the most well spectrally separated, making them the best isotopologue pair for spectroscopic detection with JWST. 
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Figure 2. Relative mass fraction composition of planetary atmospheres assuming chemical equilibrium. Each pie plot is colored according to molecular composition for C/O = 0.5 (solar value) and pressure of 1 bar (Earth’s surface value) [66]. Each column corresponds to a metallicity ([Fe/H]), as given at the bottom of the figure. Each row corresponds to a temperature, labeled along the left side. For temperate values, CO   2   and CH   4   dominate over CO in all cases. For carbon-bearing species, CO   2   dominates for low C/O and CH   4   dominates for higher C/O. 
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Figure 3. Carbon isotope ratios for the solar system (average values from Woods [38] and Lyons et al. [73]) and the two measured exoplanet atmospheres [13,14]. The object name is shown on the y-axis and the carbon isotope ratio is shown on the x-axis. There is a clear clustering of solar system carbon isotope ratios around ∼89 [38] The two measured carbon isotope ratios for exoplanets both show an enrichment in    13  C, likely attributed to ice accretion. While TYC 8998-760-1b is located far (<160 AU) from its host star, WASP-77Ab is a close-in, hot Jupiter. The enrichment in    13  CO suggests that WASP-77Ab formed past the CO snowline and migrated to its current location. 
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Figure 4. Cool (T < 389 K) terrestrial and sub-Neptune planets (R    p  <   4 R   ⊕  ) shown along an x-axis of temperature and the y-axis by alphabetical order. Marker size is relative to planet size. Marker color is coded to the ln(TSM). There are very few small, cool planets with a high TSM. The best temperate terrestrial candidates by TSM are TRAPPIST-1 c, d, e, f, and g. The highest TSM small sub-Neptunes (1.5 R   ⊕   < R    p  < 2.75   R   ⊕  ) candidates are LP 791-18 c and TOI-270 d. The highest TSM of cool planets between from 2.75 R   ⊕   < R    p  < 4   R   ⊕   are Kepler-51 d and TOI-1231 b. 
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Table 1. Bulk carbon isotope compositions for solar system bodies.
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	Object
	    12   C/    13   C





	Sun 1
	   93.5  ±   3.0    



	Venus 2
	   88.3  ±  4.9   



	Earth 2
	   89.8  ±  1.4   



	Moon 2
	   90.7  ±  0.6   



	Mars 2
	   90 .  1  − 2.9   + 3.0     



	Terrestrial 2
	   89.7  ±  1.5   



	Jupiter 2
	   89 .  9  − 6.8   + 6.9     



	Saturn 2
	   77 .  6  − 6.8   + 13.3     



	Neptune 2
	   79 .  7  − 14.5   + 14.5     



	TYC 8998-760-1 b  3
	   31  − 10   + 17    



	WASP-77A b  4
	10.2–42.6 at 68% confidence



	GJ 745A  5
	   296  ±  45   



	GJ 745B  5
	   224  ±  26   







1 Lyons et al. [73]. 2 Mean values from compiled list of sources within Woods [38]. For context, we also include carbon isotope ratios for exoplanets 3 Zhang et al. [13] and 4 Line et al. [14] and for two M dwarf stars 5 Crossfield et al. [37].
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