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Photochemistry is expected to change the chemical composition of the upper atmospheres of irradiated exoplanets through the dissociation of species, such as methane and ammonia, and the association of others, such as hydrogen cyanide. Although primarily the high altitude day side should be affected by photochemistry, it is still unclear how dynamical processes transport photochemical species throughout the atmosphere, and how these chemical disequilibrium effects scale with different parameters. In this work we investigate the influence of photochemistry in a two-dimensional context, by synthesizing a grid of photochemical models across a large range of temperatures. We find that photochemistry can strongly change the atmospheric composition, even up to depths of several bar in cool exoplanets. We further identify a sweet spot for the photochemical production of hydrogen cyanide and acetylene, two important haze precursors, between effective temperatures of 800 and 1400 K. The night sides of most cool planets (𝑇 eff < 1800 K) are shown to host photochemistry products, transported from the day side by horizontal advection. Synthetic transmission spectra are only marginally affected by photochemistry, but we suggest that observational studies probing higher altitudes, such as high-resolution spectroscopy, take photochemistry into account.

INTRODUCTION

The day-side hemispheres of tidally locked exoplanets are constantly being irradiated by ultraviolet (UV) radiation originating from the stellar host. This irradiation in turn leads to photochemistry in the planet's atmosphere, by which we mean the set of chemical reactions and reaction mechanisms that incorporate interactions with a photon. In the Solar System planets, photochemistry is ubiquitous (e.g. [START_REF] Yung | Photochemistry of planetary atmospheres[END_REF]Strobel 2005;Moses et al. 2020, and references therein). Because of their strong one-sided irradiation, gaseous tidally locked exoplanets are likewise expected to have their chemical composition, and their potential transmission signatures, altered by photochemistry. Indeed, effects of disequilibrium chemistry are just starting to be probed through exoplanet observations (Baxter et al. 2021;Roudier et al. 2021).

Another potential impact of photochemistry is the formation of hazes. Given the common detections of haze in exoplanetary atmospheres (e.g. Pont et al. 2008Pont et al. , 2013;;Sing et al. 2016), photo-★ E-mail: robin.baeyens@kuleuven.be chemistry of long hydrocarbons has been proposed as a formation mechanism for these haze species, in analogy to the formation of hazes in the atmospheres of the Earth (Jacobson et al. 2000) and the Solar System giant planets (e.g. [START_REF] Yung | [END_REF]Gladstone et al. 1996;Moses et al. 2000;Wong et al. 2003). For this reason, photochemical models (Liang et al. 2004;Zahnle et al. 2009aZahnle et al. , 2016;;Kawashima & Ikoma 2018, 2019) and laboratory experiments (He et al. 2018;Hörst et al. 2018;Fleury et al. 2019Fleury et al. , 2020;;Yu et al. 2021) have specifically targeted the formation and evolution of hydrocarbon hazes via photochemistry.

Previous 1D photochemical studies of irradiated exoplanets found that the upper layers (𝑝 < 10 -3 bar) of hot Jupiters can be strongly affected by photochemistry, in particular through the photolysis (i.e. dissociation after interaction with a photon) of molecules such as CH 4 and NH 3 (Zahnle et al. 2009a;Moses et al. 2011;Venot et al. 2012;Rimmer & Helling 2016;Drummond et al. 2016;Hobbs et al. 2019). The resulting large amounts of H (Liang et al. 2003) and other atomic components (Moses 2014) are then free to diffuse and recombine into different species, such as HCN and C 2 H 2 . Photochemical kinetics studies have demonstrated a greater effect of photochemistry -and chemical disequilibrium in general -in exoplanets with lower effective temperatures, both because cooler atmospheres have slower chemical timescales, as well as high abundances of photochemically active species (Moses 2014). The above photochemistry findings, established with hot Jupiter models, are likewise supported by hydrogen-rich sub-Neptune models (Miller-Ricci Kempton et al. 2012;Moses et al. 2013b;Hu & Seager 2014;Miguel & Kaltenegger 2014). However, the relative importance of photochemistry varies with modelling choices such as the thermal profile (Venot et al. 2014), elemental composition (Line et al. 2011;Moses et al. 2013b), and vertical mixing efficiency (Agúndez et al. 2014b;Miguel & Kaltenegger 2014). Additionally, photochemical networks including sulfur have been used to infer relatively high abundances of H 2 S and HS, as well as abundance discrepancies of non-sulfurous species relative to pure C/N/O/H networks (Zahnle et al. 2009b;Hobbs et al. 2021;Hu 2021;Tsai et al. 2021). Other studies, still, have focused on the uppermost layers of the atmosphere, including ion photochemistry (Yelle 2004;García Muñoz 2007;Koskinen et al. 2013;Lavvas et al. 2014;Rimmer & Helling 2016;Helling & Rimmer 2019;Barth et al. 2021;Locci et al. 2022). Connecting the different physical regimes in the upper and lower atmospheres of exoplanets is still an active topic of research.

Given the unique day-night dichotomy of tidally locked exoplanets, several two-dimensional (Agúndez et al. 2014a;Venot et al. 2020b;[START_REF] Moses | Experimental Astronomy[END_REF]Baeyens et al. 2021) and threedimensional (Cooper & Showman 2006;Mendonça et al. 2018;Steinrueck et al. 2019;Drummond et al. 2018aDrummond et al. ,b,c, 2020) models have been employed to investigate the spatial variations in the atmospheric chemistry of exoplanets. These studies have demonstrated the potential of efficient zonal (and meridional, Drummond et al. 2018c(and meridional, Drummond et al. , 2020) ) advection to remove longitudinal chemical variations, primarily in cooler planets (Baeyens et al. 2021). The averaged chemical composition is then mostly similar to that of the day side. However, because of the computational cost of 3D chemistrycoupled GCMs, most studies have relied on parametrized chemistry rather than chemical kinetics, and as such have not included photochemistry. The pseudo-2D studies that did include photochemical reactions (Agúndez et al. 2014a;Venot et al. 2020b;[START_REF] Moses | Experimental Astronomy[END_REF] have found zonal variations down to 10 -4 bar due to photodissociation, and a potentially large photochemical production of HCN. Vigorous atmospheric mixing processes transport photodissociated day-side species to deeper layers, or to the night side of the planet, where they recombine. Cool planets with 𝑇 eff = 500 -700 K potentially experience the strongest impact of photochemistry [START_REF] Moses | Experimental Astronomy[END_REF].

The parameter space for photochemistry is nevertheless largely unexplored in a 2D context. [START_REF] Moses | Experimental Astronomy[END_REF] have varied the effective temperature and metallicity of photochemical models, but they did not explicitly investigate the impact of the host star. The stellar spectrum, size, and distance, all influence the UV flux impinging on the planetary atmosphere and the strength of photochemical processes. Moreover, it remains unclear in which planets photochemistry could affect also the middle, photospheric region of the atmosphere (∼1-100 mbar), where it could play a role in the formation of infrared transmission features.

In this paper, we aim to find out which planets experience large effects of photochemistry impacting their atmospheric composition, and which planets do not. To this end, we build upon the grid of pseudo-2D chemistry models developed in Baeyens et al. (2021), by incorporating photochemical reactions, in addition to the previously included processes of vertical and horizontal mixing. We further synthesize transmission spectra for each model, estimating the extent to which photochemistry modifies the observations. The outline of this paper is as follows. In Section 2, the chemical kinetics code and the framework of the model grid are presented. Since we build upon the results of Baeyens et al. (2021), we focus mostly on describing the implementation of photochemistry. The new photochemical models are presented in Section 3, and discussed in a broader context in Section 4. Specifically, we focus on whether photochemistry affects the deep atmosphere or the night side (Section 4.1). We also discuss the impact of a hot thermosphere (Section 4.2), a comparison to past photochemical models (Section 4.3), and possible implications for high-resolution spectroscopy (Section 4.4) and hazes (Section 4.5). Finally, our conclusions are presented in Section 5.

MODELLING TOOLS

The chemical models are computed with the pseudo-2D chemical kinetics code developed by Agúndez et al. (2014a), which includes disequilibrium chemistry via vertical mixing (𝐾 𝑧𝑧 ), horizontal advection and photochemical reactions. We compute our grid of photochemical models in largely the same way as described in Baeyens et al. (2021), namely by post-processing the outcomes of a 3D GCM grid with the chemical kinetics code. However, the inclusion of photochemistry requires some changes to the modelling setup, which are detailed below.

As in Baeyens et al. (2021), we assume a solar elemental composition, which implies a C/O ratio of 0.55. The pseudo-2D code is initialized with a fully converged, one-dimensional photochemical kinetics model, corresponding to the substellar point. It is then integrated for a total of 50 rotations, so that a periodic steady-state can be reached.

Upper Atmosphere Extension

Because photochemistry mainly occurs in the upper atmosphere, we have extended the pressure domain of the simulation from 10 -4 bar (Baeyens et al. 2021) to 10 -8 bar. For some cold models, an upper boundary of 10 -7 bar was chosen to avoid numerical issues. Although a 10 -8 -10 -7 bar upper boundary pressure is not unusual for chemical kinetics models (e.g. Agúndez et al. 2014a;Venot et al. 2020b;[START_REF] Moses | Experimental Astronomy[END_REF], it is not a conservative choice, since it reaches well into the outer regions of the planet's atmosphere.1 Accordingly, we have increased the number of vertical layers in the chemical model from 45 to up to 120.

The GCM models in our grid did not reach the low pressures up to 10 -8 bar, so assumptions have been made to extrapolate the temperature-and 𝐾 𝑧𝑧 -profiles, needed for the chemistry code, from 10 -4 bar upward. Analytic calculations (Guillot 2010) andGCM simulations (e.g. Fig. 4, Baeyens et al. 2021) alike suggest that the temperature becomes approximately isothermal at pressures below 10 -2 bar. Therefore, we have taken the simplest approach: to extend the temperature profiles isothermally upward from their value at 10 -4 bar. It should nevertheless be noted that thermospheric models predict a strong temperature increase at pressures of 𝑝 < 10 -6 bar (Yelle 2004;García Muñoz 2007;Koskinen et al. 2013), challenging the isothermal assumption made here. However, since we are mostly concerned with the impact of photochemistry on the atmospheric layers around 10-100 mbar that are probed with transmission spectroscopy, our isothermal extension should be sufficiently accurate. Still, the potential influence of thermospheric heating on our photochemical models is examined in Section 4.2.

Analogously, because we cannot derive the eddy diffusion coefficient at high altitudes from a GCM simulation, we simply adopt the value of 𝐾 𝑧𝑧 at 10 -4 bar (see Fig. 7, Baeyens et al. 2021) for lower pressures as well. Although 𝐾 𝑧𝑧 generally increases with height (Parmentier et al. 2013;Komacek et al. 2019;Baeyens et al. 2021), it is expected to reach approximately constant values in the upper atmosphere (Steinrueck et al. 2021;Moses et al. 2021, and references therein). Given the uncertainties to this parameter, we opt again for a simple approach in all models. Finally, a molecular diffusive term is also included in the model, although it is not expected to play an important role at pressures greater than 10 -8 bar (Venot et al. 2012).

Photochemical Network

Another difference between the models computed in this work and the models presented in Baeyens et al. (2021), is the chemical network. Here, we exchanged the reduced chemical network of Venot et al. (2020a) for the full network. Using the full network of Venot et al. (2020a) is required when including photochemistry, because the reduced network does not include photolysis reactions, nor is it optimized to accurately represent the upper atmosphere when photochemically active species are included. As such, the network we use here is the full network of Venot et al. (2020a) O 3 . For each of these species, wavelength-dependent crosssections and quantum yields are used to determine the probability of a molecule absorbing a photon, and the fraction of such absorption events that result in molecular dissociation. For many reactions, multiple dissociation pathways are possible. Almost all photoabsorption cross-sections reside in the (X)UV domain and fall off quickly for wavelengths larger than 200 nm (Fig. 1). Some species have cross-sections that reach into the blue visible light, and three of them (HCO, NO 2 , and NO 3 ) absorb in the full visible wavelength range. The photochemical data consist of mixed laboratory measurements and theoretical calculations, and are described in detail in Venot et al. (2012); Hébrard et al. (2013) and Dobrijevic et al. (2014). Although photochemical cross-sections are known to be temperature dependent (e.g. Venot et al. 2018, and references therein), the exact temperature-dependence is usually not well measured. Therefore, and since the effect of temperaturedependent cross-sections on transmission spectra is expected to be small (Venot et al. 2018), we do not take temperature-dependence of photochemical cross-sections into account here.

Stellar Spectra

To compute the photochemical dissociation rates, the incoming (UV) flux needs to be known. This quantity is provided via stellar spectral energy distributions, which are assumed to be constant in time. Given the framework of our grid, we adopt four spectral energy distributions ranging from 1 nm to 800 nm, which we apply for the M5, K5, G5, and F5 simulations (Fig. 2).

For the M-and K-star simulations, the spectral energy distributions are part of the MUSCLES2 Treasury Survey (France et al. 2016;Youngblood et al. 2016;Loyd et al. 2016), a sample of panchromatic spectra for 11 low-mass exoplanet host stars that is made available via MAST3 . These spectra are composed of PHOENIX stellar atmosphere models (Husser et al. 2013) in the visible wavelength range, Hubble Space Telescope observations in the UV range (with spectral reconstructions of Lyman 𝛼 and extreme UV (Youngblood et al. 2016)), and Chandra and XMM-Newton observations with plasma emission models (Smith et al. 2001) in the X-ray range. From this survey, we choose the star GJ 876 as a representative for the M5star spectrum, and HD 85512 for the K5-spectrum (Fig. 2), since these two stars correspond well to the photospheric temperatures assumed in our grid (France et al. 2016). Flaring activity has been detected in the former star (Walkowicz et al. 2008;Poppenhaeger et al. 2010;[START_REF] France | [END_REF]), but both spectral energy distributions have been constructed by making use of observations during low levels of activity (Loyd et al. 2016).

For the G5-star spectral energy distribution, we have adopted the present-day solar spectrum (Claire et al. 2012). The Sun provides a sufficiently close match to the 5650 K effective temperature of the paradigmatic G5-host star needed for our grid, with an excellent data quality (Fig. 2). However, it should be kept in mind that the present-day Sun is rather inactive compared to the stage when it was younger or to other G-type stars (e.g. Ribas et al. 2005), so the adopted spectrum again represents a reasonable lower limit on the UV flux.

For the F-type star, we have composed an F5-spectrum from different sources, due to a lack of spectral energy distributions covering the wavelength range from the X-ray regime to visible light. First, for the optical part up to 200 nm, again a PHOENIX model atmosphere is employed, with 𝑇 eff = 6500 K, log 𝑔 = 4.5, and solar metallicity (Husser et al. 2013). In the UV range between 115 and 200 nm, we use the composite spectrum of the F-type star HD 128167, in units of flux, prepared by Segura et al. (2003) based on observations by the International Ultraviolet Explorer satellite. Finally, in the shortest wavelength range, between 1 and 115 nm, we have scaled the solar spectrum in such a way that the integrated luminosity in this bandwidth attains 10 30 erg/s. This is a realistic value for F-stars, although luminosities between 10 28 and 10 31 erg/s seem possible [START_REF] Moses | Experimental Astronomy[END_REF]Wang et al. 2020;Johnstone et al. 2021). For the luminosity scaling, a value of 1.35 𝑅 was used as F5-star radius [START_REF] Hubeny | Theory of Stellar Atmospheres[END_REF]. The resulting spectral energy distribution has the highest intensity of the four spectra used in this paper (Fig. 2).

Because most parameters in our atmospheric model grid are self-consistently coupled under the assumption of synchronous rotation, each model is at a different orbital distance from its host star (see Section 3 and Table 1 in Baeyens et al. 2021). The flux impinging on the top of the atmosphere depends on the stellar intensity, stellar radius and semi-major axis, and will thus also be different for each model. The stellar radii for each stellar type are adopted from Hubeny & Mihalas (2014) (their table 2.4) and equal 0.27, 0.68, 0.91, and 1.35 𝑅 for the M5-, K5-, G5-, and F5-stars respectively. In order to compare the expected rate of photochemical dissociations between models, we have computed the UV irradiance at the top of the atmosphere of each model (Fig. 3). It appears that for the M-, K-, and G-type hosts, the distance-dependence of the planetary effective temperature approximately compensates for changes in the stellar luminosity, so that planets with the same effective temperature experience comparable UV irradiance. The planets with an F-type host, on the other hand, see a consistently higher UV flux for the same temperature, in line with their comparatively high UV intensity (Fig. 2).

Finally, we note that the chromospheric emission, and equivalently the UV flux, of stars is correlated with stellar activity, as well as stellar parameters such as age and rotation (Linsky et al. 2020). Therefore, the scatter among stars is large, and it is not a trivial )
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The UV irradiance as computed for the wavelength range between 10 nm to 200 nm, based on the four different stellar spectra shown in Fig. 2. The UV irradiance is plotted as a function of the orbital distance. The models of our grid are situated on the figure with squares. For a given planetary temperature, the M-, K-, and G-type stars give rise to comparable UV irradiance; the difference being a factor of a few. Given our choice of spectra, the planets orbiting F-type stars can be considered relatively highly irradiated.

exercise to typify the X-ray and UV spectrum of a certain stellar type, nor is it evident to capture the diversity in the observed stellar population. Even within the small MUSCLES sample, the estimated photodissociation rates can vary by an order of magnitude (Loyd et al. 2016). The scope of this work is to investigate the impact of photochemistry in a 2D-chemistry context for different planets. However, a future study investigating the chemical response to different parametrized stellar fluxes (cfr. Kawashima & Ikoma 2019) would be beneficial.

Model Runtimes

We briefly discuss the computational cost of taking into account photochemical reactions in the chemical kinetics code. To quickly reach model convergence, we adopted the same approach as laid out in Appendix A2 of Baeyens et al. (2021), which consists of initializing the code with a converged 1D chemical kinetics model at the substellar point. Since the vertical advection timescales are slower than those associated with photochemical dissociations, we did not notice a difference in the simulation time needed for convergence when photochemical reactions are included. We note that our similar runtimes for the cases with and without photochemistry should not necessarily be viewed as a general result, since the model setup and exact implementation of photochemical reactions in the kinetics model dictate the computation time.

Moreover, the necessary inclusion of a new chemical network with additional species and more reactions (Section 2.2) as well as an extension of the vertical grid (Section 2.1) lead to considerably longer runtimes when photochemistry is included. Specifically, a simulation making use of the full chemical network was recorded to run up to 80 times slower than a simulation with the reduced network. Thus, future studies would do well to balance the need for accurate photochemistry with the computational constraints introduced by using the complete chemical network, especially regarding the implementation in 2D or 3D models (e.g. Drummond et al. 2020).

SIMULATION RESULTS

Chemical Composition

Some of the most abundant molecular species, not counting H 2 and He, resulting from our pseudo-2D photochemical models with 𝑔 = 10 m/s 2 , are shown as a function of pressure at different longitudes (Fig. 4 for 𝑇 eff = 400-1400 K; Fig. 5 for 𝑇 eff = 1600-2600 K). The influence of photochemistry can clearly be seen, especially in the upper atmosphere (𝑝 < 10 -4 bar), where the chemical composition for all temperatures is characterized by rapid drops in the abundances of some species, as well as large variations with longitude. Furthermore, some photochemically active species, such as HCN, C 2 H 2 or atomic hydrogen, display generally rising trends with altitude. Although the inclusion of photochemistry in our simulations modifies the chemical abundances strongly compared to a case with only mixing (Fig. 8 in Baeyens et al. 2021), the general conclusions that have been established using models without photochemistry remain valid.

On comparing the outcomes of our models to the chemistry simulations that did not include photochemistry (Fig. 8 in Baeyens et al. 2021), one can see that there is a good agreement in the abundances of species situated in the lower and middle atmospheres (𝑝 > 1 mbar). Chemical equilibrium and the quenching points are well reproduced, as we would indeed expect when switching between the reduced and full Venot et al. (2020a)-networks. The dominant molecules in the atmosphere, not taking into account H 2 and He, are still H 2 O, supplemented by CH 4 in the cold atmospheres (𝑇 eff 1000 K) and by CO in the hot atmospheres (𝑇 eff 1000 K). In the uppermost layers of the atmosphere (𝑝 < 10 -6 bar), however, photolysis of CH 4 and H 2 O, can trigger CO production, making it the most abundant carbon-species at high altitudes even in cold atmospheres (e.g. at 600 K, Fig. 4). Moreover, in the 400 K Fhost model it can even be seen that photochemically produced CO and CO 2 are mixed downward in sufficient quantities such that the overall tropospheric abundance is raised by an order of magnitude above the quenched abundance. This is evidenced by abrupt variations where the vertical profiles of CO and CO 2 connect to their respective quench points near 10 bar.

The dichotomy identified by Baeyens et al. (2021), in which cool atmospheres below 1400 K are zonally homogeneous, whereas warmer atmospheres are not, is still mostly valid, but only for pressures greater than 1 mbar. At lower pressures, photochemically driven day-night variations become noticeable, as the horizontal advection timescale is too slow to remove perturbations introduced by the increasing UV flux at the day side. Moreover, some photochemically produced species such as C 2 H 2 or H vary zonally at even higher pressures.

An important consequence of the photodissociations of some species, is the increased amount of hydrogen cyanide (HCN) and acetylene (C 2 H 2 ). Acetylene is more abundant in cool atmospheres, where it can reach a mixing ratio of 10 -7 in the middle part (∼10 mbar) and of 10 -4 in the upper part (10 -4 bar) of the atmosphere. In simulations with 𝑇 eff > 1400 K, the acetylene abundance drops quickly, together with that of methane. HCN reaches even higher abundances in the middle atmosphere, up to 10 -6 , as it is produced at altitudes above the quenching point from dissociated ammonia and methane, according to the net reaction NH 3 + CH 4 → HCN + 3H 2 (Moses 2014). At higher temperatures, the quenching points of HCN and its parent species shift to lower pressures, resulting in a lower abundance in the mid-atmospheric region (∼1-100 mbar). In the upper regions, even for hotter cases, appreciable day-side quantities of HCN can potentially be retained (Fig. 5).

A sweet spot for photochemistry, exemplified by high abundances of HCN and C 2 H 2 and photolysis of CH 4 and NH 3 , appears to exist between 800 and 1400 K. In these models, dynamical mixing brings the atmosphere out of equilibrium, resulting in relatively high abundances of parent species like ammonia and methane. At higher effective temperatures, a larger part of the atmosphere remains in chemical equilibrium, and parent species have lower concentrations, so photochemical products are less easily formed. At lower effective temperatures than ∼ 800 K, parent species are plentifully available, but the UV flux is lower, owing to the larger orbital separation, so photochemistry is less effective. The UV irradiance is not the only factor, however, because the F-host simulation of 400 K receives about the same UV irradiance as the G/K-host simulations of 1000 K (Fig. 3), without showing similarly high abundances of HCN and C 2 H 2 . Rather, in the 400 K F-host model, production of CO and CO 2 is observed above the quench point, demonstrating that the effective temperature is still a major factor influencing the chemical composition (see also [START_REF] Moses | Experimental Astronomy[END_REF].

The host-star type's effect on the chemical composition was mainly attributed to rotation and heat redistribution in Baeyens et al. (2021). Here, additionally the UV flux becomes an important parameter depending on the stellar host. In fact, a slight enhancement of photochemical processes is to be expected in our simulations as the stellar type changes from M to G, with a bigger jump for the F-types (Miguel & Kaltenegger 2014, and Fig. 3). Such a trend seems to be present indeed, with the F-type models consistently showing signs of molecular dissociation at greater depths than the other simulations with equal effective temperature (Figs 4 and5). However, due to the inherent scatter in stellar XUV fluxes (see also Section 2.3), this trend can be viewed as a demonstration of the possible diversity in, rather than a strictly monotonous relationship of stellar type with, irradiation-driven photochemistry.

Finally, in the hot atmosphere simulations, the strong UV flux causes large parts of the upper day-side atmosphere to be depleted in CO and H 2 O. In our isothermal upper atmosphere, which may not be a good assumption for these ultra-hot models (e.g. Lothringer et al. 2018;Arcangeli et al. 2018;Parmentier et al. 2018) or in general (see Section 4.2), most water is destroyed at the day side at pressures lower than 10 -4 bar, and CO at pressures lower than 10 -6 bar. This photolysis comes on top of the thermal dissociation that is expected in ultra-hot Jupiters (e.g. Parmentier et al. 2018). At the night side, on the other hand, the atomic constituents recombine into CO and H 2 O. As such, photolysis of H 2 O could exacerbate thermally driven limb asymmetries in ultra-hot exoplanets. Furthermore, molecular dissociation and recombination have been shown to affect the planetary heat redistribution (Bell & Cowan 2018;Tan & Komacek 2019;Roth et al. 2021) and potentially bias retrievals (Pluriel et al. 2020). It could therefore be worthwhile to take into account both thermal and photochemical dissociations when studying ultra-hot Jupiters, as was already indicated by Shulyak et al. (2020).

The Effect of Gravity

The influence of gravity on two-dimensional photochemistry is investigated by running pseudo-2D chemical kinetics models corresponding to three different values of the planet's gravity, namely 1 m/s 2 , 10 m/s 2 , and 100 m/s 2 . The other parameters of the simulation are an effective temperature of 1200 K and a K5-star host. The configuration with 10 m/s 2 is comparable to the hot Jupiter HD 189733 b. The necessary input data, such as temperature structures and vertical mixing efficiencies, are adopted from the GCMs of Baeyens et al. (2021). As such, they are being self-consistently varied together with the gravity in order to obtain physically realistic simulations. In the models of Baeyens et al. (2021), the gravity is changed by varying the mass while keeping the radius fixed.

The three models with different gravity show clear changes in the pressure level that corresponds to the onset of photochemical dissociation (Fig. 6). In the low-gravity model, ammonia and methane get dissociated at pressures of 10 -5 bar or lower. In the high-gravity case, on the other hand, photodissociation already affects the chemical composition at pressures slightly lower than 1 mbar. These differences are partly due to the underlying discrepancies in thermal structure and mixing efficiency. Additionally, this phenomenon is explained when considering the optical depth as a function of pressure 𝜏 𝜈 ( 𝑝) in a hydrostatic atmosphere. This quantity is computed as

𝜏 𝜈 ( 𝑝) = ∫ 0 𝑝 𝜅 𝜈 𝑔 d𝑝 , (1) 
where 𝜅 𝜈 is the opacity per unit mass. We note that, since the opacity depends on the chemical composition and thermodynamic state of the atmosphere, it also depends on the gravity itself. So equation ( 1) is weakly non-linear in gravity. Nevertheless, for comparable atmospheric structures with different gravity, the factor 𝑔 in (1) dominates (e.g. see Fortney 2018). Thus, for a high-gravity planet, the optical depth becomes comparatively small and radiation will be able to penetrate to larger pressures. As such, high-gravity planets are more affected by photochemical processes. Given the relatively high gravity of HD 189733 b itself (𝑔 = 22 m/s 2 ), it is conceivable that photochemical dissociation plays a role in the non-detection of methane in this planet via high-resolution spectroscopy (Brogi et al. 2018). However, a more tailored modelling effort of the high-resolution spectrum of HD 189733 b would be necessary to verify this hypothesis.

An additional result of the increased photochemistry at high pressures in the case of high gravity are the elevated abundances of acetylene and atomic hydrogen. These two species both attain molar fractions higher than 10 -6 in the 1 -100 mbar range, on the day-side of medium-and high-gravity planets (Fig. 6). In these cases, acetylene could be sufficiently abundant to enable its detection with the James Webb Space Telescope (Gasman et al. 2022). The low-gravity model, however, only contains appreciable fractional abundances of C 2 H 2 and H in the upper part of the atmosphere (𝑝 < 1 mbar).

Synthetic Spectrum

To quantify the observational impact of photochemistry, we have computed synthetic transmission spectra for each model with the radiative transfer code petitRADTRANS (Mollière et al. 2019). We have used the same approach as in Baeyens et al. (2021), namely computing the transmission spectrum for the morning and evening limbs separately, and then averaging the squared results. The effect of photochemistry on transmission spectra is relatively subtle for cool planets (𝑇 eff ≤ 1400 K, Fig. 7), and practically negligible for hot planets (not shown here), when low-to-medium resolution transmission spectroscopy from the Hubble or James Webb Space Telescopes is considered. Although we have shown that the impact of photochemistry on the chemical abundances is considerable, the transmission signature is formed near 10-100 mbar. These pressures are too high to experience the substantial photolysis of the upper atmosphere (Fig. 4). The photochemical acetylene production at these pressures is probably also insufficient to be detectable in transmission.

HCN thus appears to be the most promising observable sig- Figure 7. The synthetic transmission spectra computed with petitRADTRANS, corresponding to cool atmospheres with F-star hosts, show only small differences when photochemistry is included (teal) or not (light grey). Still, around 14 micron, increased HCN absorption can be seen, as well as CO and CO 2 absorption in the coldest models. In the warm (∼1400 K) models, a reduced opacity caused by CH 4 -dissociation is noticeable as well. Note that the vertical axes are scaled differently.

nature of photochemistry. Especially in the effective temperature region of 800-1200 K, which we identified as a sweet spot for photochemistry earlier, HCN shows a prominent absorption signature at 14 𝜇m, in the same wavelength region where acetylene shows a strong opacity spike. The HCN spectral profile is also broader than the narrow C 2 H 2 absorption. The signature of HCN, potentially combined with acetylene, can thus result in transit depth differences of ∼ 70-100 ppm in our models with F-and G-star hosts (Fig. 7).

The atmospheric chemistry for planets around different host stars is comparable (Figs 4 and 5), so a relatively small host star will be the most favourable to obtain a large transmission signature. Indeed, the difference in transit radius between the model spectra with and without photochemistry would result in a detectable transit depth difference of 1000 ppm for M-star hosts.

Another possible photochemistry signature arising from our synthetic transmission spectra, are the surprisingly large quantities of CO and CO 2 present in the 400 K models. This results in prominent opacity bumps for both species in the 4.3-4.6 𝜇m wavelength range, as well as around 15 𝜇m for CO 2 . In our models, photochemical enhancements of CO and CO 2 can give rise to a transit depth that is up to 100 ppm larger than when photochemistry is ignored. Photochemistry of CO and CO 2 has been studied before (Line et al. 2011;Moses 2014), but not for effective temperatures as cold as 400 K and for strong UV irradiance.

Finally, we note that photochemistry can give rise to a decrease in CH 4 through photolysis in the 1200-1400 K range (Fig. 7), as well as modest middle-atmosphere enhancements of NH 3 in the 1600-1800 K range (Fig. 5). Our synthetic observations suggest that such differences could give rise to 50-150 ppm changes in transmission spectroscopy. However, given the broad transmission signatures of methane and ammonia, we argue that such photochemical influences would be very degenerate with changes to the metallicity, C/O ratio, or 𝐾 𝑧𝑧 , all of which can affect the abundances of methane and ammonia in this temperature regime (see e.g. Venot et al. 2014). A higher C/O ratio in particular would result in more HCN and C 2 H 2 production (Venot et al. 2015), similar to what is expected from photochemistry.

We note that in this work we have focused on the analysis of exoplanet observations using transmission spectra rather than emission spectra or phase curves [START_REF] Moses | Experimental Astronomy[END_REF], because of two reasons. First, the climate models underlying our chemistry simulations have been performed using parametrized radiative forcing. Thus, the climate models lack a self-consistent energy budget, making this method not ideal for the quantitative synthesis of emission spectra (see also the discussions on Newtonian cooling in Showman et al. 2020;Baeyens et al. 2021;Schneider et al. 2022). Second, we expect the effect of photochemistry to be more prominent in transmission spectra, because generally higher altitudes are probed (10 -100 mbar, compared to 10 mbar -10 bar for emission spectra). While it could be conceived that emission spectra at eclipse phase are especially sensitive to photochemistry, given their origin from the planetary day-side, we expect efficient horizontal mixing to skew the whole atmosphere toward the day-side composition anyway (see Agúndez et al. 2014a;Baeyens et al. 2021, and Section 4.1).

DISCUSSION

Photochemistry in the Deep Atmosphere and Night Side

That photochemistry affects the upper atmospheric day side, is evident. However, dynamical mixing processes can transport products of photolysis to the deep atmosphere, or to the night side, thereby affecting the chemical composition as a whole. By subtracting the abundances of simulations with and without photochemistry, but using an otherwise equivalent setup, the wider impact of day-side irradiance on the planetary atmosphere is gauged.

The depth at which photochemistry starts to have a strong impact on the chemical composition, appears to decrease with effective temperature (Fig. 8). In cold models, atmospheric layers at 4 bar already experience strongly increased acetylene and atomic hydrogen concentrations. This maximal pressure of influence for photochemistry is reduced to 10 -2 bar for intermediate temperatures (𝑇 eff = 1600 K), and even 10 -4 bar for the hottest case, ignoring the consistent night-side enhancement of acetylene here 4 . Although the UV irradiance increases strongly with effective temperature (Fig. 3), it appears that the high day-side temperature of hot atmospheres gives rise to fast chemical reactions and efficient recombination of photolysed species. Hence, the atmosphere does not go out of chemical equilibrium.

Indirectly, photochemistry also affects the night-side composition, as the species that have been formed through photochemical processes on the day side of the planet are advected via the horizontal jet stream. Especially cool planets exhibit such efficient horizontal advection, as evidenced by the roughly coinciding abundances of photochemically produced species at the day side and night side of the planet (Fig. 8, H, C 2 H 2 , CO, and CO 2 for 𝑇 eff = 400-600 K; HCN and C 2 H 2 for 𝑇 eff = 800-1600 K). The efficient day-night transport of photochemically produced species is in agreement with our finding that cool planets tend to be horizontally homogeneous, and globally evolve towards the day-side composition (Baeyens et al. 2021).

Species that are destroyed through photolysis on the day side also get advected towards the night side of the planet, resulting in moderate night-side depletions of ammonia and methane for effective temperatures between 800 and 1800 K (Fig. 8). However, in these cases, day-side depletion is much more pronounced, which indicates that, by the time methane-and ammonia-deficient air is advected, some photochemistry products have already been recycled into NH 3 and CH 4 . The partial replenishment of NH 3 and CH 4 after it has been destroyed through photolysis at the planetary day side can be attributed to vertical mixing. Indeed, an additional simulation without vertical mixing demonstrates that the night-side abundances of ammonia and methane remain low, despite them being thermochemically favoured here. The gradual replenishment of photodissociated species, as gas is advected across the night side of the planet, further implies that the morning and evening terminator have different compositions, with the latter being more depleted in ammonia and methane (see also Fig. 4).

Regarding exoplanet atmospheres with effective temperatures above 1800 K, our models suggest that photochemically enhanced or depleted species display discrepant concentrations on the day side and night side (Fig. 8), indicating that thermal effects dominate over horizontal advection. This is likely exacerbated when a temperature inversion or a hot thermosphere (Section 4.2) is taken into account.

We note that our model only takes into account horizontal advection in the eastward direction along the equator. Previous climate simulations (e.g. Rauscher & Kempton 2014;Carone et al. 2020;Figure 8. The difference between pseudo-2D photochemical models with photochemistry and without photochemistry, for the cases with 𝑔 = 10 m/s 2 and a G5-host, indicates the depth up to which photochemical processes change the atmospheric composition. For each species, the differential abundance at substellar (full) and antistellar point (dashed) are shown. A positive difference indicates a higher abundance of a species in the photochemical kinetics model. Steinrueck et al. 2021;Baeyens et al. 2021) have demonstrated that the predominant wind direction at high altitudes is a direct day-tonight flow. Thus, it would be interesting to investigate whether such wind advection would increase the transport of photochemically produced species towards the night side. This would require a 3D chemistry-coupled GCM with photochemistry, which as of yet has not been developed for hot Jupiters.

Upper Atmosphere Temperature

Theoretical models for the upper atmospheres (𝑝 < 10 -6 bar) of hot Jupiters have suggested that strong irradiation and ionization cause the temperature to rise again, reaching values of up to 10000 K in the upper thermosphere (Yelle 2004;García Muñoz 2007;Koskinen et al. 2013). Similar trends have been confirmed by detections of the atomic line profiles of sodium, formed high in the atmospheres of hot Jupiters (Vidal-Madjar et al. 2011;[START_REF] Huitson | [END_REF]Pino et al. 2018). Therefore, our simple assumption of an isothermal extension of the pressure-temperature profiles is not expected to hold up to the upper boundary of 𝑝 = 10 -8 bar. In order to gauge the sensitivity of our results to the upper atmospheric thermal structure, we investigate the chemical composition for a higher background temperature in the upper atmosphere.

We run our photochemical model again for typical hot Jupiter values (𝑇 eff = 1400 K, 𝑔 = 10 m/s 2 , G5-star host), but with a hotter upper atmosphere. Instead of an isothermal extension for layers above 10 -4 bar, we employ a parametrized thermosphere, constructed as follows. The pressure-temperature profiles are still derived from the GCM models in Baeyens et al. (2021), and isothermally extended for pressures between 10 -4 -10 -6 bar, but for higher pressures we perform a logarithmic interpolation to an upper boundary temperature of 5000 K at 10 -8 bar. This upper boundary temperature is further weighted with cos 𝜆, where 𝜆 is the longitude with substellar point at 0 • , so that only the day side is affected, and there is a smoother transition to the isothermal night side. While this is a crude parametrization of thermospheric heating, it should be sufficient to investigate the impact of the upper atmosphere temperature structure on the chemical composition in the layers below.

From a comparison between a 1400 K-model with an isothermal photosphere, and one with parametrized thermospheric heating, we find that differences are generally restricted to pressures lower than 10 -6 bar, i.e. the region where the heating is implemented (Fig. 9). Most notably different, the model with a hot thermosphere displays strong thermal dissociation of CO, HCN, and water in the uppermost layers at the day side of the atmosphere. However, at the night side, where no thermospheric heating is assumed, the chemical composition is unaffected. We notice a small effect of a hot thermosphere on lower lying layers, namely a slightly higher acetylene abundance, mostly on the night side of the planet (Fig. 9). In absolute values, however, the acetylene concentration is not strongly affected.

Thus, we conclude that thermospheric heating only has a minor influence on composition at intermediate or high atmospheric pressures (𝑝 < 10 -4 bar). The regions where the heating takes place (𝑝 < 10 -6 bar), however, are markedly changed. Hence, our simple assumption of an isothermal extension of the pressure-temperature profiles into the upper atmosphere is valid for the purposes of this study. A similar conclusion was reached by Moses et al. (2011), and we confirm it here in a pseudo-2D framework.

Comparison to Earlier Works

In their one-dimensional chemical kinetics study, Moses et al. (2011) raised the question whether horizontal quenching could lead to the reconversion of photochemically produced species (HCN, C 2 H 2 , and H) back into their parent species (NH 3 , CH 4 , and H 2 respectively) on the terminators or night side of irradiated planets. Using pseudo-2D models including photochemistry, it was found that HCN remains stable in high quantities after advection to the night side in hot Jupiter atmospheres of 1200-1400 K (Agúndez et al. 2014a;Venot et al. 2020b). In these models, HCN shows little to no horizontal variations, except at high altitudes (𝑝 < 10 -4 bar). Furthermore, a qualitatively similar conclusion was reached for a suite of Neptune-sized exoplanet models [START_REF] Moses | Experimental Astronomy[END_REF]. These authors also examined different effective temperatures, and found that acetylene and HCN remain horizontally quenched in cool atmospheres, up until ∼1100 K and ∼1500 K respectively. This is in good qualitative agreement with our findings of strong photo-chemical contamination of the night side at low effective temperatures, although we obtain more zonal variation in the abundance of acetylene. Additionally, our models demonstrate a higher zonal variation for planets around lower-mass stars (e.g. compare HCN in the 1400 K, M5-, K5-, G5-models, Fig. 4), because planets around cooler stars rotate faster and experience a higher day-night temperature contrast, with slower and narrower horizontal wind jets (Baeyens et al. 2021). A comparatively high XUV irradiance, however, can counteract this effect (F5-models, Fig. 4). Shulyak et al. (2020) have examined the impact of stellar irradiation on the exoplanet atmospheric chemistry in a 1D context, and have found a strong impact of photochemistry in hot stars (A0, F0) relative to cool stars (G2, K0). The authors suggest that disequilibrium chemistry can be detected in transmission spectra of 1000 K planets, through enhanced CO, CO 2 , and HCN concentrations, but becomes undetectable in models of 2000 K. In this work, with a finer effective temperature grid and pseudo-2D chemistry, we find that HCN is best observed in the 800-1200 K temperature range, in agreement with Shulyak et al. (2020), although our HCN mixing ratio and transmission signal are somewhat lower. This can be attributed to a different thermal structure, 𝐾 𝑧𝑧 -profile, or (for altitudes above 𝑝 = 10 -2 bar) reduced HCN concentrations at the terminators in the pseudo-2D configuration. The enhanced CO and CO 2 abundances found by Shulyak et al. (2020) have also been addressed by [START_REF] Blumenthal | [END_REF] as a good indicator of disequilibrium chemistry around 4.5 𝜇m in the 700-800 K effective temperature range. The additional absorption appears to stem mostly from vertical mixing, as highlighted in Baeyens et al. (2021) (Section 5.4) and in atmospheric retrievals (Kawashima & Min 2021). Here, we additionally find a photochemical enhancement below effective temperatures of 600 K (Fig. 7), reconfirming the wavelength region around 4.5 𝜇m as a spectral region of interest in future transmission spectroscopy studies, such as those with the James Webb Space Telescope (JWST).

Finally, Hu (2021) has investigated in detail the chemistry occurring in cold to temperate (𝑇 eff < 300 K) gas planets. Here, an effect of the stellar type was identified through a low ammonia mixing ratio in the middle atmosphere (0.1-10 mbar) of planets orbiting K-and G-type stars, whereas M-stars allow for a higher ammonia content. A possible explanation is the reduced UV radiation of Mstars compared to their hotter counterparts (Hu 2021). We do not find such effect in our coldest, 400 K-models, which all yield similar NH 3 abundances in the middle atmosphere. An additional outcome of the models by Hu (2021) are CO and CO 2 as the most important photochemical products in cold environments where photolysis of ammonia is not taking place. This is likewise seen in our 400 K-and 600 K-models (Fig. 4), where photolysis of CH 4 and H 2 O results in increased CO abundances. If NH 3 gets dissociated, an increased HCN abundance can be found as well. Additionally, we have highlighted the potential impact of CO and CO 2 on transmission spectra of cold planets (Fig. 7).

We note that for most of the works discussed here direct quantitative comparisons with our models are not straightforward due to different input physics. Potential sources for discrepancies include the temperature structure, vertical mixing, condensation, horizontal advection, and irradiation power. Thus, benchmarking efforts between different chemical models would be useful to reveal quantitative disagreements between different modelling tools. 

Implications for High-Resolution Spectroscopy

In Section 3.3, we have demonstrated the effect of photochemistry on the transmission spectra of irradiated exoplanets, which turns out to be limited. The reason is that photochemistry mostly affects the upper atmosphere, whereas the transmission spectrum is formed in the middle atmosphere at about 10-100 mbar. The HCN/C 2 H 2 absorption peak around 14 𝜇m is therefore one of the only signatures of photochemistry in transit spectroscopy. Unfortunately, this signal will be difficult to detect as well, as it falls outside of the wavelength range of the JWST/MIRI low-resolution mode5 . Potentially, high-resolution spectroscopy of exoplanet atmospheres (e.g. Snellen et al. 2010;[START_REF] Birkby | Handbook of Exoplanets[END_REF]) could be very valuable for providing constraints on photochemical processes, and viceversa. The technique is namely sensitive to the mid-to upper atmosphere, depending on the strength of the spectral lines measured. Indeed, detections of HCN indicate its presence in the upper atmosphere of the hot Jupiters HD 209458 b (𝑇 eff = 1400 K, G-type host) and HD 189733 b (𝑇 eff = 1200 K, K-type host) in relatively high amounts (Hawker et al. 2018;Cabot et al. 2019). These measurements suggest a lower limit of 10 -6.5 for the concentration of HCN. Such a limit is compatible with our pseudo-2D models at around 1 mbar or lower pressures (Fig. 4), assuming a solar metallicity and C/O ratio. However, additional detected molecules in the atmosphere of HD 209458 b have provided evidence of a high C/O ratio (Giacobbe et al. 2021). Likewise, a depletion of water with respect to CO in another hot Jupiter, has led to the same conclusion of a high C/O ratio (Pelletier et al. 2021). Both of these studies rely on the assumption of chemical equilibrium to infer high C/O ratios. However, we have shown here and in Baeyens et al. (2021) how disequilibrium chemistry can affect the atmospheric composition. In particular, photolysis of water at high altitudes could potentially play a role in explaining the water depletion. This motivates further investigation expanding the parameter space of chemical kinetics models to different metallicities and C/O ratios (see also Moses et al. 2013a[START_REF] Moses | Experimental Astronomy[END_REF].

Recently, it has also become possible for high-resolution spectroscopy to probe thermal and chemical gradients in exoplanet atmospheres, such as day-night or limb asymmetries (Ehrenreich et al. 2020;Kesseli & Snellen 2021;Wardenier et al. 2021). Such effects cannot be adequately captured via one-dimensional photochemical kinetics. Thus, 2D or 3D models that include photochemistry will remain uniquely useful tools in the interpretation and prediction of the spatial distribution of molecular species at high altitudes.

Acetylene and Haze Formation

Acetylene (C 2 H 2 ) is a commonly detected molecule in the Solar System gas giants, with an abundance following the solar insolation (e.g. Guerlet et al. 2009;Giles et al. 2021). Recent development of a high-temperature line list (Chubb et al. 2020) has enabled its detection in a hot Jupiter atmosphere as well (Giacobbe et al. 2021). We identified a sweet spot of acetylene formation in exoplanet atmospheres between 800 and 1400 K (Section 3). In this temperature range, acetylene can attain molar fractions higher than 10 -7 in the mid-to upper atmosphere (𝑝 < 10 mbar). At these molar fractions, it could be detected with retrieval modelling of JWST data (Gasman et al. 2022). As mentioned in Section 3.3, efforts of detecting acetylene with transmission spectroscopy will likely be hampered, however, due to the decreasing abundance of acetylene at higher pressures.

With acetylene being a photochemical haze precursor molecule (Zahnle et al. 2009a), we hypothesize that the 800-1400 K temperature region could also be a sweet spot for the efficient formation of photochemical hazes in exoplanet atmospheres. Gao et al. (2020) have predicted that hydrocarbon hazes could be the dominant aerosol opacity source in the atmospheres of planets with equilibrium temperatures below 950 K (down to 700 K, the lower limit in their study). They find that haze formation becomes efficient when the atmosphere transitions from CO-dominated to CH 4 -dominated, a requirement that has been formulated before by Liang et al. (2004).

The transition temperature of 950 K is based on thermochemical equilibrium models. However, we have shown that appreciable methane concentrations can persist up until 1400 K with disequilibrium chemistry (Fig. 4), so potentially, photochemical hazes follow this trend. Indeed, photochemical microphysics models (Lavvas & Koskinen 2017;Helling et al. 2020) have demonstrated the potential for haze formation in HD 189733 b and WASP-43 b, which have equilibrium temperatures of 1200 K and 1400 K respectively. Thus, even though haze production is expected to slow down at higher temperatures (Kawashima & Ikoma 2019), it appears that the relatively efficient acetylene production in our photochemical models corresponds to the temperature range in which haze formation can be expected. Finally, we note that laboratory experiments at 800 K have demonstrated that photochemical haze formation does not necessitate methane photolysis (He et al. 2020), and depends strongly on the initial mixture and atmospheric influences. Additional physics, such as ionizing radiation of stellar or cosmic origin, may also enhance the hydrocarbon concentration and facilitate haze production (Rimmer et al. 2014;Barth et al. 2021). It is clear that more sophisticated models, coupling disequilibrium chemistry, microphysics and radiative feedback, are necessary to pin down the exact dependencies of photochemical haze formation in exoplanet atmospheres.

CONCLUSIONS

In this study, we have investigated photochemistry in a suite of irradiated exoplanet atmospheres in order to gauge its impact on the atmospheric composition and on transmission spectra. To achieve this, we have used the pseudo-2D chemical kinetics code of Agúndez et al. (2014a) with the full chemical network of Venot et al. (2020a), and updated our grid of models for irradiated exoplanet atmospheres by extending them to higher altitudes and including photochemistry.

In our photochemical models, we find that the upper atmospheres are depleted in CH 4 and NH 3 , and for high UV irradiance also H 2 O and CO. On the other hand, in the middle atmosphere, HCN and C 2 H 2 are being produced from photolysed ammonia and methane in cool planetary atmospheres. The maximal pressure at which photochemical processes affect the chemical composition, decreases with effective temperature, and is about 4 bar in the coolest planet. Furthermore, we identify a sweet spot for the photochemical production of C 2 H 2 and HCN between 800 K and 1400 K, and discuss the potential for photochemical haze formation in this temperature region.

Our models suggest an efficient longitudinal transport for effective temperatures below 1800 K, with a strong contamination of the night side by photochemically produced species from the day side, in agreement with other pseudo-2D models (Agúndez et al. 2014a;Venot et al. 2020b;[START_REF] Moses | Experimental Astronomy[END_REF]. Photolysed ammonia and methane, however, are partially replenished on their way to the night side, suggesting a zonal chemical gradient with limb asymmetries.

The impact of the host star on the chemical composition asserts itself mostly through the changing UV irradiance. In our models, photochemical processes are enhanced when the host star temperature increases, in agreement with Shulyak et al. (2020). However, we note that this trend not necessarily applies universally, due to the large intrinsic scatter in stellar X-ray and UV luminosities (Linsky et al. 2020). Hence, future work continuing to quantify the spread of XUV luminosities of exoplanet host stars, as well as the corresponding variations that can be expected for planetary atmospheric photochemistry, would be very beneficial.

Despite the considerable impact of photochemistry on the atmospheric composition, the impact on transmission spectra was found to be feeble for planets with effective temperatures below 1400 K, and nearly negligible for planets with higher effective temperatures. The most prominent signature of photochemistry in transmission, is the enhanced absorption at 14 𝜇m, but it will be difficult to detect, as it lies outside the wavelength range of the JWST/MIRI stable, spectrophotometric observing mode. Potentially, a 50 to 150 ppm variation because of photochemically reduced methane or enhanced ammonia concentrations is detectable, although it will be degenerate with other exoplanet properties. A potentially important effect of photochemistry on transmission spectroscopy, which is, however, not probed by our chemical network is photo-ionization and the increased abundance of H -. The latter has been shown to be an important opacity source in the hydrogen-rich atmospheres of exoplanets (Arcangeli et al. 2018;Lewis et al. 2020;Rathcke et al. 2021).

In high-resolution spectroscopy observations, which typically probe higher altitudes than transmission spectroscopy, photochemistry potentially has a bigger role to play. HCN and C 2 H 2 have already been detected in some exoplanets (Hawker et al. 2018;Cabot et al. 2019;Giacobbe et al. 2021), and are being used to constrain their elemental abundances. Photochemistry, and disequilibrium chemistry in general, are important to understand such results. In addition, a pseudo-2D or 3D framework is particularly favourable to interpret the spatial distribution of chemical species at high altitudes, which can also be probed with high-resolution spectroscopy (Ehrenreich et al. 2020;Kesseli & Snellen 2021).

Finally, we note that in our models, we have adopted constant stellar spectra and discussed time-invariant, steady-state chemistry. As such we did not incorporate the effect of stellar flares, which could alter the chemical composition of exoplanet atmospheres on short to long timescales (Venot et al. 2016). We will investigate the impact of stellar flares on exoplanetary chemistry in a 2D context in an upcoming study (Konings et al., subm.).
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 12 Figure 1. The photo-absorption (dashed lines) and photodissociation (full lines) cross-sections for a selection of abundant molecules in exoplanet atmospheres are highest in the UV wavelength range, and drop rapidly towards the visible wavelengths.
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 4 Figure 4. The cool (400-1400 K) photochemical models in our grid show strong photolysis in the upper atmosphere, with substantial number fractions of acetylene (C 2 H 2 ). For each species (see colour legend), twelve profiles are plotted, corresponding to longitudes -180 • , -150 • , . . . , 150 • . The dashed lines show the chemical equilibrium composition at the substellar point for comparison.
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 5 Figure 5. The hot (1600-2600 K) photochemical models in our grid have molecular number fractions that vary strongly with pressure and longitude. For each species (see colour legend), twelve profiles are plotted, corresponding to longitudes -180 • , -150 • , . . . , 150 • . The dashed lines show the chemical equilibrium composition at the substellar point for comparison.
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 6 Figure 6. Upon comparing the chemical composition of a 1200 K-simulation with K5-host star and three different values for the gravity: 1 m/s 2 (left), 10 m/s 2 (middle), and 100 m/s 2 (right), we find that a higher gravity results in a generally increased impact of photochemistry. This is exemplified by dissociation of CH 4 and NH 3 at higher pressures, and increased horizontal gradients of H and C 2 H 2 . Chemical species are plotted at longitudes -180 • , -150 • , . . . , 150 • , and colour coded the same way as Figs 4 and 5.
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 9 Figure9. Our photochemical model (𝑇 eff = 1400 K, 𝑔 = 10 m/s 2 , and G5-host) that has an isothermally extended upper atmosphere (left), and an equivalent photochemical model that has a hot thermosphere (middle), are subtracted to illustrate the abundance differences (right). The major differences are restricted to the upper atmosphere at pressures lower than 10 -6 bar. Chemical species are plotted at longitudes -180 • , -150 • , . . . , 150 • , and colour coded the same way as Figs 4 and 5.
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For comparison, in the Earth's atmosphere, a pressure of 10 -8 bar is attained at altitudes between 100 and 150 km(COESA 1976). This is above the Kármán line of 100 km, the conventional boundary for outer space.MNRAS 000,1-16 (2022) 
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Note that, although the night side of hot photochemical simulations appears strongly enhanced in C 2 H 2 , its concentration is still very low in absolute terms. In the 2600 K model, the molar fraction of C 2 H 2 increases from 10 -22 to 10 -14 when photochemistry is included.MNRAS 000,1-16 (2022) 

Although the JWST/MIRI medium-resolution observing mode (MRS) will have a wavelength range of up to 28 𝜇m, this mode will not be suitable for transmission spectroscopy due to read-out constraints.
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