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Abstract

Context. The long-term evolution of planetary systems around solar-type stars is governed by the interplay between stellar expansion, tidal interactions, and mass loss during the red giant branch (RGB) and asymptotic giant branch (AGB) phases. However, tidal dissipation efficiencies and AGB mass-loss rates both remain poorly constrained, leading to significant uncertainty in predicting the fate of planetary systems, in particular, that of the Earth orbiting the ageing Sun.

Aims. We reassess the survival of the Earth and the inner Solar System planets during the post-main-sequence evolution of the Sun, focusing on the impact of updated tidal dissipation prescriptions and varying AGB mass-loss rates.

Methods. We modelled the orbital evolution of the Earth using stellar evolution tracks for a solar-mass star that incorporate the most recent tidal dissipation prescriptions derived from ab initio calculations. We compared these results with outcomes obtained using previously published and commonly adopted tidal prescriptions, and we explored a range of AGB mass-loss rates.

Results. We find that the predicted fate of the Earth is highly sensitive to the tidal model and the assumed mass-loss rate. Based on updated tidal dissipation prescriptions, Earth survives the RGB and AGB phases of the Sun. In contrast, the use of earlier prescriptions of tidal dissipation prescriptions leads to engulfment during the AGB phase. Furthermore, low AGB mass-loss rates result in engulfment, and vice versa. Using the observed mass-loss rates of the AGB star L2 Pup as a proxy for the Sun’s future AGB mass-loss rate results in the survival of the Earth during the AGB phase when combined with our tidal dissipation evaluation.

Conclusions. Currently, the survival of the Earth and the inner Solar System is not robustly determined and critically depends on the treatment of tidal dissipation and stellar mass loss. Given the current observational uncertainties in AGB mass-loss rates, the ultimate fate of the Earth remains uncertain, highlighting the need for improved constraints on the late-stages of stellar evolution. However, considering observational proxies for the Sun during the AGB phase, it is likely that the Earth will survive the Sun’s red giant phase.
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1. Introduction
When stars deplete hydrogen in their core, they evolve off the main sequence (MS) and expand during the red giant branch (RGB) and asymptotic giant branch (AGB) phases (e.g. Kippenhahn & Weigert 1990). During this evolution, the star grows in size and loses mass through a stellar wind. For the Sun, this expansion will result in a star that is larger than the current orbit of Earth (1.2–1.5 M⊙ depending on the AGB mass-loss rate). This will have a significant impact on the orbital evolution of the Solar System planets. The fate of the inner Solar System planets, and in particular Earth, has been a topic of debate in the literature, with different studies reaching different conclusions. Some studies suggested that Earth will be engulfed by the expanding Sun during the RGB (e.g. Rybicki & Denis 2001; Schröder & Smith 2008; Lanza et al. 2023), while others suggested that Earth will survive the RGB phase (e.g. Sackmann et al. 1993; Rasio et al. 1996; Nordhaus et al. 2010; Guo et al. 2016). These studies often made different assumptions about the mass-loss rates and tidal interactions, which led to different conclusions. Additionally, some studies considered the impact of planet-planet interactions on the orbital evolution of the inner Solar System (e.g. Mogavero & Laskar 2021), although they did not take the structural evolution of the Sun into account. Observationally, there is evidence of Earth-like planets around white dwarfs (e.g. Zhang et al. 2024), which favours the survival of planets like Earth during the RGB and AGB phases. However, the exact fate of the Earth and the inner Solar System is still uncertain and requires further investigation.
The effect of mass loss on the orbital evolution of the Solar System planets was first studied by Sackmann et al. (1993), who assumed conservation of angular momentum when the star loses mass (effectively widening the orbit). Rybicki & Denis (2001) analysed effects in addition to the mass loss, such as tidal interactions, mass accretion by the wind, evaporation by stellar irradiation, and wind drag. The authors found that mass loss and tidal interactions dominate the orbital evolution. Schröder & Smith (2008) and Nordhaus et al. (2010) combined the effects of mass loss and tidal interactions and arrived at different conclusions (engulfment for Schröder & Smith 2008 and survival for Nordhaus et al. 2010). The difference in the conclusions of these studies can be attributed to the different assumptions made about the mass-loss rates during the RGB, where Nordhaus et al. (2010) assumed a higher RGB mass-loss rate than Schröder & Smith (2008). This dependence was further analysed by Guo et al. (2016), who performed a detailed analysis of the effect of different mass-loss rates during the RGB on the orbital evolution. For low mass-loss rates during the RGB, the star not only spends more time in the RGB phase, but also more crucially, the star grows more significantly. This extends the time and enables stronger tidal interactions to shrink the orbit of the Earth, leading to engulfment, and vice versa. Based on the observationally calibrated RGB mass-loss rates of McDonald & Zijlstra (2015), Guo et al. (2016) concluded that Earth will survive the RGB phase. Lanza et al. (2023) added the effect of residual eccentricity, which is a stochastic process in which density fluctuations around the planet lead to eccentricity fluctuations of about 10−5 during the MS that are enhanced to the order of 10−2 during the RGB, making the survival of the Earth a stochastic process.
These previous studies either neglected the effect of tidal interactions altogether (e.g. Sackmann et al. 1993) or used simplified prescriptions for the tidal interactions based on the equilibrium tide theory of Zahn (1966, 1977) (e.g. Rybicki & Denis 2001; Schröder & Smith 2008; Guo et al. 2016; Lanza et al. 2023). These prescriptions are based on the assumption that the tidal dissipation is dominated by the equilibrium tide and use parametrisations for stellar properties. However, recent studies have improved these prescriptions by using ab initio modelling of the tidal dissipation based on the latest understanding of the internal structure and dynamics of evolved stars and including dynamical tides associated with progressive internal gravity waves (see Esseldeurs et al. 2024, and references therein). Along the same lines, mass loss during the AGB phase is also still uncertain (Decin 2021) and can affect the orbital evolution of planetary or binary systems significantly.
We aim to improve the modelling of the tidal interactions by using the prescriptions of Esseldeurs et al. (2024) for the tidal dissipation. We also use the tools developed in Esseldeurs et al. (2026) to model the orbital evolution, which allows us to take the tidal interactions and the changes through stellar winds into account. Using these tools, we model the orbital evolution of the inner Solar System planets during the Sun’s RGB and AGB phases and determine their fate during these phases.
In Sect. 2 we describe the tools we used to model the orbital evolution of the inner Solar System. In Sect. 3 we outline the stellar evolutionary models we used for the Sun. In Sect. 4 we present the results of the orbital evolution of the inner Solar System and discuss the effect of different tidal dissipation prescriptions and AGB mass-loss rates on the fate of the Earth.
2. Modelling the orbital evolution
To model the orbital evolution of the inner Solar System, we used the tools developed in Esseldeurs et al. (2026). To follow changes in planetary orbital parameters, we considered tidal interactions in the Sun as well as stellar winds,
[image: Mathematical equation: $$ \begin{aligned} \frac{1}{a}\frac{\mathrm{d} a}{\mathrm{d} t} = \left.\frac{1}{a}\frac{\mathrm{d} a}{\mathrm{d} t}\right|_{\mathrm{wind}} + \left.\frac{1}{a}\frac{\mathrm{d} a}{\mathrm{d} t}\right|_{\mathrm{tides}}. \end{aligned} $$](1)
For all simulations, the eccentricity remained negligible, but was taken into account for consistency. The equations for their evolution are given in Appendix A. These differential equations were integrated for each planet independently, and we did not take the effect of planet-planet interactions into account. Earth only crosses the 5:3 mean motion resonance with Venus during the RGB phase, but this is expected to have only a minor effect on the orbital evolution of Earth (see Appendix D).
The changes through stellar winds are given by
[image: Mathematical equation: $$ \begin{aligned} \left.\left\langle \frac{1}{a}\frac{\mathrm{d} a}{\mathrm{d} t}\right\rangle \right|_{\mathrm{wind}} = - 2 \frac{\dot{m}_1}{m_1}\left(1-\frac{\beta }{q} - \eta (1-\beta )\frac{1+q}{q} - \frac{1-\beta }{2} \frac{1}{1+q}\right), \end{aligned} $$](2)
where ⟨⟩ denotes an orbit-averaged quantity, q is the mass fraction, η is the specific angular momentum of material lost in units of the orbital angular momentum of the system per reduced mass, and [image: Mathematical equation: $ \beta = \frac{1+e^2}{(1-e^2)^{3/2}} \beta_{\mathrm{c}} $] is the enhanced mass-accretion efficiency effect accounting for the change in the orbital separation for eccentric orbits. η and βc were calculated using the analytical prescriptions proposed by Saladino et al. (2019).
The changes through tides are given by
[image: Mathematical equation: $$ \begin{aligned} \left.\frac{1}{a}\frac{\mathrm{d} a}{\mathrm{d} t}\right|_{\mathrm{tides} } = - \frac{5}{4\pi } \frac{m_2}{m_1} {\left(\frac{R_\star }{a}\right)}^{5} \sum _{m = 0}^{\infty } \sum _{n=-\infty }^{\infty } n\Omega _o |A_{2, m, n}(e)|^2 \mathfrak{I} (k^{2, m}_n), \end{aligned} $$](3)
where A2, m, n(e) are the tidal coefficients (see Ogilvie 2014 Table 1 and Esseldeurs et al. 2026 for details), and ℑ(kn2, m) are the imaginary parts of the tidal Love numbers, which were calculated using the prescriptions of Esseldeurs et al. (2024). These equations assume a negligible stellar rotation, which is a good approximation for evolved stars that have not been spun up through tidal interactions. This is a valid approximation for our Solar System calculations since tidal interactions are too weak to significantly spin the Sun up (Madappatt et al. 2016). The simulation either ended at the end of the stellar evolution model (a cool WD with L = 10−1 L⊙) or when the planet was engulfed by the star (when the orbital separation was smaller than the Roche radius).
3. Stellar evolutionary models
We used the stellar evolutionary code MESA (Paxton et al. 2011, 2013, 2015, 2018, 2019; Jermyn et al. 2023) to compute the evolution of the Sun from the pre-main sequence to the white dwarf phase. We used the same input physics as in Esseldeurs et al. (2024), which were based on Cinquegrana & Joyce (2022) to be consistent with the Monash code (Karakas & Lattanzio 2007) during the evolved phases. The initial mass of the Sun was set to 1 M⊙, and we used a metallicity of Z = 0.0134 (Asplund et al. 2009). For the mass-loss rate during the RGB phase, we used the Reimers mass-loss rate prescription (Reimers 1975) with ηReimer = 0.477, as calibrated from observations by McDonald & Zijlstra (2015), and we used the Blöcker mass-loss rate prescription (Blöcker 1995) with ηBlöcker between 0.01 and 0.5 (0.1 in Esseldeurs et al. 2024) for the mass-loss rate during the AGB phase, where 0.05 was taken as a reference value. A Kippenhahn diagram is shown in Appendix B.
4. Orbital evolution predictions
Using the stellar and orbital evolution models described in the previous section, we predicted the orbital evolution of the inner Solar System planets from the PMS until the end of the WD phase. The results are shown in Fig. 1, where we show the evolution of the orbital separation of the planets as a function of time until the WD phase. During the RGB phase, the orbital separation of the planets increases due to the mass loss of the star, where the increase is larger for planets that are farther away from the star. Mercury and Venus are not able to move outward fast enough to avoid engulfment and are engulfed during the RGB phase. Earth and Mars are able to move outward fast enough to avoid engulfment during the RGB phase. During the HB phase, the orbital separation of the planets stabilises as the star contracts, while during the AGB phase, the orbital separation of the planets increases again due to the mass loss of the star. During this phase, Earth and Mars are able to move outward fast enough to avoid engulfment. During the WD phase, the orbital separation of the planets stabilises again as the star contracts.
	[image: Thumbnail: Fig. 1. Refer to the following caption and surrounding text.]	Fig. 1. Orbital evolution (solid line, and the corresponding Solar Roche lobe radius, dotted line) of the inner Solar System during the evolved phases of the Sun. The different lines correspond to different planets (Mercury in orange, Venus in green, Earth in red, and Mars in purple). The current age of the Sun is indicated by the vertical dashed line.



4.1. Impact of tidal dissipation modelling
To understand the effect of the different tidal dissipation prescriptions on the orbital evolution, we compared the results using the tidal prescriptions of Esseldeurs et al. (2024) to a Zahn (1966)-based prescription as used by Mustill & Villaver (2012) (see Appendix C for a comparisson). The main difference between the prescriptions is the treatment of the frequency dependence of the turbulent viscosity. At Earth’s orbit, the difference between the viscosity prescriptions is largest, making the choice of prescription crucial for Earth’s orbital evolution.
The results are shown in Fig. 2. The older prescriptions of Mustill & Villaver (2012) predict stronger tidal dissipation, which leads to a reduction in the orbital widening, and thus, to Earth leaving the RGB phase on a much closer orbit. Earth therefore starts at a shorter orbital distance at the start of the AGB phase, resulting in engulfment during the AGB phase. In contrast, our models predict Earth to be surviving the Sun’s RGB and subsequent AGB evolution, assuming ηBlöcker = 0.05. As Earth is expected to move farther outward compared to previous studies, the stochastic eccentricity fluctuations induced by Lanza et al. (2023) are less important for Earth.
	[image: Thumbnail: Fig. 2. Refer to the following caption and surrounding text.]	Fig. 2. Orbital evolution of the Earth during the evolved phases of the Sun for different tidal dissipation prescriptions. In orange, we plot Esseldeurs et al. (2024) and in green, we plot Mustill & Villaver (2012) (based on Zahn 1966; see Appendix C).



Observationally, the tidal dissipation was tested in evolved stars using the circularisation of binary systems. In the RGB phase, Beck et al. (2018, 2022, 2024), and Dewberry & Wu (2025) have shown that the equilibrium tide dominates the tidal dissipation, but that the observed circularisation is stronger than predicted by the equilibrium tide using the Duguid et al. (2020) viscosity. In the AGB phase, Esseldeurs et al. (2026) have shown that the observed circularity of the binary system π1 Gru is unexpected given current tidal predictions. This suggests that tidal dissipation in evolved stars might be stronger than predicted by current models, making Earth’s engulfment more likely. However, these observations are based on binary circularisation, which involves higher-frequency tides than circular migration of orbits such as in the Earth-Sun system, and it might therefore not be directly applicable.
4.2. Impact of mass-loss rate prescriptions
In the past, the importance of mass loss during the RGB and AGB phases was highlighted by several studies (e.g. Sackmann et al. 1993; Guo et al. 2016). Guo et al. (2016) investigated the effect of different ηReimers values (for describing the mass-loss rate during the RGB phase) on the orbital evolution and found that for values below ηReimers = 0.46, Earth is engulfed during the RGB phase, and vice versa. As our tidal dissipation is weaker, this value will decrease when recomputed using our model. Because ηReimers is relatively well constrained by observations as ηReimer = 0.477 ± 0.07 (McDonald & Zijlstra 2015), the fate of the Earth during the RGB phase is relatively well constrained, and the Earth is expected to survive the RGB phase, but the engulfment is still within the uncertainty.
The AGB mass-loss rates are more uncertain. Different prescriptions predict mass-loss rates that differ by more than one order of magnitude (Decin 2021). Additionally, within the same prescription, different values of the free parameter ηBlöcker are used in the literature. To constrain this parameter observationally for our Sun, we considered the observations of the AGB star L2 Pup, which is an AGB star with an initial mass close to the Sun’s (0.98 M⊙; Kervella et al. 2016) and can thus be used as a proxy for the Sun during the AGB phase. L2 Pup is surrounded by a dusty disk, inside which a potential planet of mass 12 ± 16 MJup was detected (Kervella et al. 2016). There have been two different estimates of the mass-loss rate of L2 Pup, one estimate based on the dust emission, which gives a mass-loss rate of ṁ1 = 1 × 10−6 M⊙ yr−1 (Haworth et al. 2018), and the other estimate based on the CO emission, which gives a much lower mass-loss rate of ṁ1 = 1.2 × 10−8 M⊙ yr−1 (Hoai et al. 2022). We refer to Appendix E for a discussion, but the large difference between the two estimates already highlights the uncertainty in the AGB mass-loss rates. With the Blöcker mass-loss rate prescription, the dust-based mass-loss rate corresponds to ηBlöcker = 2.5, while the CO-based mass-loss rate corresponds to ηBlöcker = 0.03. Values between 0.01 and 1 are commonly used in the literature. We took ηBlöcker = 0.05 as a reference value (see Appendix E), but we also explored the effect of different values between 0.01 and 0.5 for ηBlöcker on the orbital evolution of the Earth. It is worth noting that other AGB mass-loss prescriptions exist, such as the period-based prescription of Vassiliadis & Wood (1993), which cannot be directly compared to the luminosity-based Blöcker prescription. However, ηBlöcker can be calibrated to reproduce a similar mass-loss evolution within the explored parameter space.
The orbital evolution of Earth during the thermally pulsing AGB phase for different ηBlöcker values is shown in Fig. 3. For low ηBlöcker values (0.01 and 0.02), the Sun’s radius exceeds the Roche lobe radius. Under normal circumstances, this would lead to Earth’s engulfment. However, this occurs during a thermal pulse lasting only a few hundred years, making it unclear whether the interaction is strong enough to cause engulfment. For ηBlöcker = 0.01, the Solar radius grows nearly as large as Earth’s orbit, making engulfment likely. For ηBlöcker = 0.02 (and 0.03, not shown), the Solar radius exceeds the Roche lobe radius only slightly (filling factor of 7%), making the outcome uncertain. To anccurately model this would require stellar evolution calculations including the star-planet interaction during the thermally pulsing AGB phase (e.g. MESA in BINARY mode; Paxton et al. 2015), combined with an analytical model of the orbital evolution due to mass transfer (e.g. Parkosidis et al. 2026a,b), which is beyond the scope of this paper. For ηBlöcker ≥0.04, the Solar radius remains below the Roche lobe radius, allowing Earth to survive the AGB phase. Because the AGB mass-loss rates are uncertain, Earth’s fate remains uncertain, although the observational values of L2 Pup suggest that Earth will likely survive the AGB phase.
	[image: Thumbnail: Fig. 3. Refer to the following caption and surrounding text.]	Fig. 3. Orbital evolution of the Earth during the evolved phases of the Sun for different AGB mass-loss rates. The different lines correspond to different values for ηBlöcker. The dashed lines correspond to the Solar radius, and the dotted lines correspond to the Solar Roche lobe radius. After the radius of the Sun exceeds the Roche lobe radius, the solid line for the orbital distance is changed to a dashed line to highlight the uncertainty in the model after this point (see text).



5. Conclusion
Our results show that the fate of Earth and the inner Solar System during the Sun’s evolved phases strongly depends on tidal interactions and AGB mass-loss rates. Using updated tidal dissipation prescriptions based on ab initio modelling of evolved stars, we found that Earth survives the RGB and AGB phases. In contrast, previous tidal prescriptions predicted engulfment during the AGB phase. We also found that low AGB mass-loss rates lead to engulfment, while high rates allow Earth to survive. Since the AGB mass-loss rates remain observationally uncertain, the final fate of Earth is still unclear. However, the observed properties of L2 Pup, which we used as a proxy for the future Sun, suggest that Earth will likely survive the AGB phase. Future observational constraints, combining spatially resolved interferometric data with the most recent hydrochemical simulations, are needed to better constrain AGB mass-loss rates and hence the fate of the inner Solar System. Additionally, the number of detected planets around red giants is expected to increase substantially in the coming years, particularly with the PLATO mission (Rauer et al. 2025). This will enable us to conduct population studies of the planetary orbital evolution around evolved stars and help us to constrain the future evolution of the Earth-Sun system.
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1 Although the simulations of Duguid et al. (2020) are currently the best in the state of the art, they still don’t perfectly represent true stellar conditions. They only compute values of the Rayleigh number up to 103, where although their results are relatively robust against the Rayleigh number in their regime, deviations to the prescription when adopting more realistic Rayleigh numbers (and Prandtl numbers; for the current Sun Ra ∈ [1021, 1024] and Pr ∈ [10−7, 10−3] Hanasoge et al. 2016) would not be unexpected.




Appendix A:  Orbital evolution equations for eccentricity
The equations for the evolution of the eccentricity computed in Esseldeurs et al. (2026) are given by
[image: Mathematical equation: $$ \begin{aligned} \frac{\mathrm{d} e^2}{\mathrm{d} t} = \left.\frac{\mathrm{d} e^2}{\mathrm{d} t}\right|_{\rm wind} + \left.\frac{\mathrm{d} e^2}{\mathrm{d} t}\right|_{\rm tides} \end{aligned} $$](A.1)
where both the contributions of the stellar wind and the tides are given by
[image: Mathematical equation: $$ \begin{aligned} \left.\left\langle \frac{\mathrm{d} e^2}{\mathrm{d} t}\right\rangle \right|_{\rm wind} = - 4 e^2 \frac{\dot{m}_1}{m_1}\langle \beta \rangle \left( \frac{1}{q} - \eta \frac{1+q}{q} - \frac{1}{2}\frac{1}{1+q}\right) \end{aligned} $$](A.2)
where ⟨⟩ denotes orbit-averaged quantities, [image: Mathematical equation: $ \langle\beta\rangle = \beta_{\mathrm{c}} \frac{1}{\sqrt{1-e^2}} $], and
[image: Mathematical equation: $$ \begin{aligned} \left.\frac{\mathrm{d} e^2}{\mathrm{d} t}\right|_\mathrm{tides} = -\frac{5}{4\pi } \frac{m_2}{m_1} {\left(\frac{R_\star }{a}\right)}^5 \sqrt{1-e^2}\Omega _o & \sum _{m, n}\left(n\sqrt{1-e^2} - m\right)\\ &\times |A_{2, m, n}|^2 \mathfrak{I} (k^{2, m}_n)\end{aligned} $$](A.3)

Appendix B:  Kippenhahn diagram
For the ηBlöcker = 0.05 model the Kippenhahn diagram is shown in Fig. B.1, indicating the different stellar evolutionary phases, as well as the convective and radiative regions. The stellar age is visualised as the time until the end of the simulation, that is, the time until the WD is cool enough to produce a luminosity of L = 10−1 L⊙. During the main sequence, the Sun has a convective envelope and a radiative core. During the RGB phase, the convective envelope deepens and the star expands. During the helium flash, the star contracts and the convective envelope recedes, creating a radiative shell around a convective core (a three-layer structure). During the AGB phase, the star expands again and the convective envelope deepens again. Finally when the star sheds its envelope, it contracts again and becomes a white dwarf.
	[image: Thumbnail: Fig. B.1. Refer to the following caption and surrounding text.]	Fig. B.1. Kippenhahn diagram of the evolution of the Sun. The brown hatched regions indicate convective zones, while the yellow dotted regions indicate radiative zones. The stellar age (x-axis) is visualised as the time until the end of the simulation in logarithmic scale to better distinguish the different evolutionary phases.




Appendix C:  Previous tidal dissipation prescriptions
Following Zahn (1966, 1977), Hut (1981), Hurley et al. (2002), Mustill & Villaver (2012), and rewriting the equations in terms of the tidal Love numbers, the changes through tides can be written as
[image: Mathematical equation: $$ \begin{aligned} \mathfrak{I} (k^{2, 2}_2)_\mathrm{eq} = \frac{1}{27}\frac{1}{t_\text{ conv}}\frac{m_\text{ env}}{Gm_1^2}R_\star ^3 \omega _t F(\omega _t)\ , \end{aligned} $$](C.1)
where tconv is the convective turnover timescale, menv is the mass of the convective envelope, ωt is the tidal frequency, and F(ωt) is a frequency-dependent factor that accounts for the interaction between turbulent convection and tidal flows (see e.g. Duguid et al. 2020). This relation assumes that the tidal dissipation is dominated by the equilibrium tide, as well as parametrisations for stellar properties. For the frequency-dependent factor, we use the prescription of Mustill & Villaver (2012), where
[image: Mathematical equation: $$ \begin{aligned} t_\text{ conv} = \left(\frac{m_\text{ env} R_\text{ env}^2}{\eta _F L}\right)^{1/3},\ \ F(\omega _t) = f^\prime \min \left(1, \left|\frac{2\pi }{\omega _t c_F t_\text{ conv}}\right|^{\gamma _F}\right)\ , \end{aligned} $$](C.2)
where ηF, f′, cF, and γF are parameters of order unity. We adopt their parameters of ηF = 3, f′ = 9/2, cF = 1, and γF = 2.
A first difference with the prescriptions of Esseldeurs et al. (2024) is that in Esseldeurs et al. (2024) the dynamical tide associated with progressive internal gravity waves is also included, while in the prescriptions of Mustill & Villaver (2012) only the equilibrium tide is included. However, this dynamical tide is expected to be subdominant in the giant phases (see Beck et al. 2018, 2022, 2024; Esseldeurs et al. 2024; Dewberry & Wu 2025; Esseldeurs et al. 2026). A second difference comes from the different parametrisations of the equilibrium tide, where the prescriptions of Zahn (1966) evaluate the convective turnover timescale as one value for the entire convective envelope, while the prescriptions of Esseldeurs et al. (2024) evaluate the convective turnover timescale locally at each radius in the convective envelope, which leads to a more accurate evaluation of the tidal dissipation. The bulk of the convective envelope however has a relatively uniform convective turnover timescale, so the difference is not expected to be large. Lastly, the prescriptions of Esseldeurs et al. (2024) are calibrated on numerical simulations of convection of Duguid et al. (2020)1, while previous studies like Mustill & Villaver (2012) use the Goldreich & Keeley (1977)γF = 2 fast-tide scaling. The Earth-Sun system hovers around the transition between the fast and slow tide regime (ωttconv ≈ 1), exactly where the difference between the two prescriptions is the largest and can change up to an order of magnitude. This makes the choice of prescription for the interaction between convective turbulence and tidal flows crucial for the orbital evolution of the Earth.

Appendix D:  Mean motion resonances
In our modeling of the orbital evolution of the inner Solar System, we do not take into account the effect of planet-planet interactions on the orbital evolution. However, as the star evolves and the planets move outward, they can cross mean motion resonances with other planets, which can lead to changes in the eccentricity and inclination of the planets, and thus affect their orbital evolution. To check if this is the case for Earth, we show in Fig. D.1 the period ratio of the Earth with respect to Venus and Mars during the evolved phases of the Sun. It can be seen that Earth does not cross any first-order mean motion resonance with Venus or Mars during the evolved phases of the Sun, however Venus-Earth does cross the 5:3 second-order mean motion resonance during the RGB phase. This means that the effect of planet-planet interactions on the orbital evolution of the Earth could be important during the RGB phase, but is likely negligible during the AGB phase.
	[image: Thumbnail: Fig. D.1. Refer to the following caption and surrounding text.]	Fig. D.1. Period ratio of the Earth with respect to the closest planets, where green represents Venus and purple represents Mars.




Appendix E:  The mass-loss rate of L2 Pup
The AGB star L2 Pup is an important observational proxy for the Sun during the AGB phase, as its predicted initial mass is close to that of the Sun (0.98 M⊙; Kervella et al. 2016). There are two different estimates of the mass-loss rate of L2 Pup: one based on the dust emission, which gives a dust mass-loss rate of ṁ1,d = 2.5 × 10−9 M⊙ yr−1 and a gas-to-dust ratio of 400, corresponds to a total mass-loss rate of ṁ1 = 1 × 10−6 M⊙ yr−1 (Haworth et al. 2018); and one based on the CO emission, which gives a much lower mass-loss rate of ṁ1 = 1.2 × 10−8 M⊙ yr−1 (Hoai et al. 2022). Both estimates take into account the effect of the disk around L2 Pup and derive mass-loss rates similar to previous estimates that did not account for the disk (see, e.g., Olofsson et al. 2002; Bedding et al. 2002; Jura et al. 2002; Danilovich et al. 2015). The estimate based on the dust emission likely best traces the motion of material close to the star (i.e., within the disk), while the estimate based on the CO emission likely best traces the motion of material in the outer regions of the circumstellar environment. Both methods have their uncertainties; however, it is less clear whether the dust mass-loss rate can be directly converted into a gas mass-loss rate using a fixed gas-to-dust ratio, although this is unlikely to change the inferred value by more than an order of magnitude. Using a radius of 123 R⊙ for L2 Pup (Kervella et al. 2014), a mass of 0.66 M⊙ (Kervella et al. 2016), and a luminosity of 1480 L⊙ (Uttenthaler 2024), the dust-based mass-loss rate corresponds to ηBlöcker = 2.5, while the CO-based mass-loss rate corresponds to ηBlöcker = 0.03. Given the large difference between the two estimates, it remains unclear which one best represents the true AGB mass-loss rate of the Sun. For this reason, we adopt ηBlöcker = 0.05 as a reference value, as it lies within the uncertainty range of the CO-based estimate towards the dust-based estimate.
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	[image: Thumbnail: Fig. 1. Refer to the following caption and surrounding text.]	Fig. 1. Orbital evolution (solid line, and the corresponding Solar Roche lobe radius, dotted line) of the inner Solar System during the evolved phases of the Sun. The different lines correspond to different planets (Mercury in orange, Venus in green, Earth in red, and Mars in purple). The current age of the Sun is indicated by the vertical dashed line.
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        Orbital evolution (solid line, and the corresponding Solar Roche lobe radius, dotted line) of the inner Solar System during the evolved phases of the Sun. The different lines correspond to different planets (Mercury in orange, Venus in green, Earth in red, and Mars in purple). The current age of the Sun is indicated by the vertical dashed line.
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        Orbital evolution of the Earth during the evolved phases of the Sun for different tidal dissipation prescriptions. In orange, we plot Esseldeurs et al. (2024) and in green, we plot Mustill & Villaver (2012) (based on Zahn 1966; see Appendix C).
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        Orbital evolution of the Earth during the evolved phases of the Sun for different AGB mass-loss rates. The different lines correspond to different values for ηBlöcker. The dashed lines correspond to the Solar radius, and the dotted lines correspond to the Solar Roche lobe radius. After the radius of the Sun exceeds the Roche lobe radius, the solid line for the orbital distance is changed to a dashed line to highlight the uncertainty in the model after this point (see text).
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        Kippenhahn diagram of the evolution of the Sun. The brown hatched regions indicate convective zones, while the yellow dotted regions indicate radiative zones. The stellar age (x-axis) is visualised as the time until the end of the simulation in logarithmic scale to better distinguish the different evolutionary phases.

      

    

  
    
      Fig. D.1. 

      
        [image: Fig. D.1. Refer to the following caption and surrounding text.]
      

      
        Period ratio of the Earth with respect to the closest planets, where green represents Venus and purple represents Mars.
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