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Abstract

Context. Close-in rocky planets are the most common type of exoplanets around late M dwarfs, ranging from more temperate worlds to highly irradiated lava planets with molten surfaces, and many theoretical studies have attempted to explain their formation. However, the origin of rocky planets with orbital periods shorter than one day, known as ultra-short-period (USP) planets, remains uncertain.

Aims. We aim to investigate whether the formation and survival of USP planets is connected to the location of the inner edge of the protoplanetary disk, considering different disk edge prescriptions.

Methods. We used N-body simulations that include planet-disk interactions, star-planet tidal interactions, and relativistic corrections, applied to a sample of lunar-mass planetary seeds growing via pebble accretion in a low-viscosity disk (αt = 10−4). The inner edge of the disk was modeled in three ways: as a fixed close-in edge, as an outward-evolving edge set by the magnetospheric truncation radius, and as an inward-evolving edge defined by the corotation radius.

Results. Ultra-short-period planet formation appears to be tightly controlled by the location of the disk’s inner edge. Our simulations show that only the close-in-fixed-edge scenario and the inward-evolving-edge scenario are capable of producing USP planets, as planets tend to follow the movement of the disk’s inner edge. This suggests that USP planet formation is favored when the inner edge remains close to the corotation radius of a rapidly rotating star.
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1 Introduction
Close-in rocky exoplanets are especially common around M dwarfs (e.g., Dressing & Charbonneau 2015; Mulders et al. 2015; Sabotta et al. 2021). Within this population, a non-negligible subset occupies ultra-short-period (USP) orbits, with orbital periods of P < 1 day. These planets are estimated to orbit roughly ~0.5% of G dwarfs, ~0.8% of K dwarfs, and ~1.1% of M dwarfs, indicating a mild increase in frequency toward lower-mass hosts (Winn et al. 2018; Uzsoy et al. 2021; Hirano et al. 2021). Ultra-short-period planets are likely rocky (with radii Rp < 2R⊕; Sanchis-Ojeda et al. 2014) and inhabit intensely irradiated and tidal environments (Léger et al. 2009; Winn et al. 2018). Many USPs approach the “lava-world” regime, whereby the day sides of short-period rocky planets reach silicate-melting conditions, potentially forming global magma oceans. This scenario was first proposed for CoRoT-7b and has since been explored for other systems (Léger et al. 2011, 2009; Winn et al. 2017; Zilinskas et al. 2022).
Mass inferences for USPs point to small rocky bodies: using Kepler data and an Earth-like composition prior, Uzsoy et al. (2021) find that most USPs should have M ~ 0.4-8 M⊕. Because their sample is dominated by FGK hosts and M-dwarf disks are typically less massive, USPs around M dwarfs may on average possess even lower masses (Manara et al. 2023; van der Marel & Pinilla 2024).
Recent demographic analyses suggest that the planets below the P ~1 day boundary form a dynamically distinct population. Their radii are systematically smaller than those at 1 < P < 5 days, and their period ratios to the nearest companion increase sharply for P ≲ 2 days (Goyal & Wang 2025). Ultra-short-period planets rarely occur in isolation: in multi-planetary systems, they typically have at least one companion within P < 50 days (Sanchis-Ojeda et al. 2014; Adams et al. 2021). These trends point to specialized formation and migration pathways operating at the shortest periods.
Short-period (SP) and USP planets have been modeled with a variety of migration and mass-loss scenarios, with most population studies implementing a fixed inner disk edge, and focusing on solar-type hosts (e.g., Cossou et al. 2014; Lee & Chiang 2017; Izidoro et al. 2017). Around M dwarfs, recent modeling adopts fixed inner cavities as well (e.g., Coleman et al. 2019; Miguel et al. 2020; Ataiee & Kley 2021; Sanchez et al. 2024). Although such models reproduce the overall excess of close-in super-Earths, they generally underproduce USPs. Other studies have allowed the inner edge to evolve in time, usually tying it to the magnetospheric radius so that the cavity moves outward over the disk lifetime. For Sun-like hosts, it was shown that such outward-moving edges capture and carry resonant chains with the receding disk, and in the giant-planet regime, the subsequent gas dispersal can trigger instabilities within those chains (e.g., Liu et al. 2017, 2022). Recent modeling of the TRAPPIST-1 system also employs an outward-moving inner edge and emphasizes resonance trapping and release as the primary mechanism shaping the system (Pichierri et al. 2024). However, these works focus on resonance dynamics and have not yet established whether inner-edge evolution can robustly produce USP systems, especially around late M dwarfs (stars with M* ≲ 0.35 M⊙).
Building on this indication that close-in planet architectures are likely regulated by the disk’s inner edge, and given the lack of a clear connection between inner-edge physics and USP formation, we explore this phenomenon explicitly with this new study where the inner disk edge is time-dependent and test how its location and evolution shape USP and SP rocky systems around late M dwarfs. We developed N-body simulations that include planet-disk interactions, star-planet tidal interactions, and general relativistic corrections, applied to a sample of lunar-mass embryos that grow by pebble accretion in a low-viscosity disk set by α = 10−4, following Sanchez et al. (2024). Our key novelty is the incorporation of new routines that implement distinct, physically motivated prescriptions for the inner-edge evolution. We compare three scenarios: a static, very close-in edge; a magnetospheric-truncation edge that expands outward over the disk lifetime; and a corotation-locked edge that drifts inward as the star spins up. We then assess which prescription reproduces observed features the best, thereby isolating the inner-disk physics required to form USPs around M dwarfs.
This paper is organized as follows. Section 2 details the numerical framework, with a description of the N-body code, the gas and dust disk characterization, and the three inner-edge models (FIX, OUT[M], IN[C]). Section 3 presents the simulation outcomes, from dynamical evolution to encounter and collision statistics, and the resulting planetary system architectures. Section 4 presents the comparison between our simulated systems and the observed USP population, including the planetary mass-period distribution, the detectability of the simulated planets with TESS and CARMENES, and adjacent period ratios. Section 5 puts the results in context by contrasting fixed versus evolving inner-edge models, noting caveats (tides, magnetic torques, and detection biases), and outlining implications for USP demographics and a possible lava-world overlap. Section 6 rounds up the paper with the final conclusions.
2 Methods
This section describes the planet formation model used to simulate the formation and evolution of close-in planetary systems. It summarizes our numerical setup: the N -body integrator and its added physics, the host star characterization, the gas and dust disk model, and the simulation setup.
2.1 Physical processes
We simulated the formation of close-in planetary systems around a late M dwarf of 0.1 M⊙ with a modified version of the N-body code MERCURY (Chambers 1999). We used the identical modifications that add early evolutionary processes relevant to close-in planets as in Sanchez et al. (2024):

	Planet-disk interactions. During the gas-disk phase, we included additional, nongravitational accelerations arising from the torques exerted by the gas disk on embedded embryos and planets. These disk-driven forces modify the planetary dynamics by driving Type-I orbital migration and eccentricity and inclination damping. We adapted the torque prescriptions for low-mass planets from Paardekooper et al. (2010, 2011) and the dynamical friction formulation from Ida et al. (2020) to account for acceleration corrections of planets embedded in the disk. These were applied within a time-evolving gas- disk model based on Ida et al. (2016), which includes two heating mechanisms: viscous heating in the inner disk and irradiation heating in the outer disk. We assumed a smooth surface-density taper at the inner gas-disk edge and computed the standard (two-sided) Type-I torque expressions there using this tapered surface-density profile. In general, the Type-I torque drives inward migration. Nevertheless, close to the inner disk edge, the modified surface-density gradient can alter the torque balance, allowing very low-mass planets (below 0.5 M⊕) to undergo outward migration (see Sánchez et al. (2022) and Sanchez et al. (2024) for details);


	Star-planet tidal interactions. We included acceleration corrections considering both the tides raised by the planet on the star and the tides raised by the star on the planet. These interactions lead to precession of the argument of periastron, secular evolution of the semimajor axis, and eccentricity damping. We modeled tides by using the equilibrium tide formalism of Hut (1981), adapted to M dwarfs and low-mass planets following Bolmont et al. (2011). Stellar contraction and rotational evolution were treated following Bolmont et al. (2011), using the stellar evolutionary tracks of Baraffe et al. (2015) (for further details, refer to Sánchez et al. 2020);


	General relativistic corrections. We accounted for accelerations acting on the embryos and planets due to general relativistic effects, which induce precession of the argument of periastron. These were implemented via post-Newtonian corrections following Anderson et al. (1975) (see details in Sánchez et al. 2020);


	Pebble accretion. We assumed that planets grow through pebble accretion following the framework of Lambrechts & Johansen (2014), including pebble efficiency prescriptions for noncircular orbits from Liu & Ormel (2018) and Ormel & Liu (2018). The model distinguishes between 2D and 3D accretion regimes and halts accretion once embryos reach their pebble isolation mass (roughly between 0.5 and 1 M⊕ within 0.1 au), computed as in Bitsch et al. (2018).




2.2 Host star characterization
We assumed a 0.1 M⊙ host star and accounted for its pre-main-sequence contraction and the associated spin-up over the course of the integration. The resulting time evolution of the stellar radius and the rotational period is included both in the star-planet tidal interaction calculations and in one of the scenarios explored in this work to evolve the inner edge of the disk.
We adopted the stellar radius evolution R*(t) from the models of Baraffe et al. (2015) and followed the stellar rotation period evolution model of Bolmont et al. (2011). In that work, the rotational evolution of very low-mass stars was modeled primarily as contraction-driven spin-up, with an additional term accounting for the influence of orbiting planets. The model was calibrated against observationally inferred rotation rates at different ages from Herbst et al. (2007). The early spin-up of very low-mass stars during the first few hundred million years (see, e.g., Bolmont et al. 2012) is dominated by stellar contraction. For simplicity, we neglected the rocky planetary contribution, as also assumed in Bolmont et al. (2011). The resulting evolution of the stellar rotation period was mainly determined by the conservation of angular momentum and strongly dependends on the initial stellar rotation period, as follows:
[image: Mathematical equation: P_\star(t) = P_{\star, \text{ini}}\, \left(\frac{r_{\mathrm{gyr}}(t)}{r_{\mathrm{gyr}}(t_0)}\right)^{2} \left( \frac{R_\star(t)}{R_0} \right)^{2} ,](1)
where P*,ini denotes the initial rotational period of the star, R0 is the initial stellar radius, and rgyr is the radius of gyration, defined as [image: Mathematical equation: $r_{\textrm{gyr}}^{2}=I/M_\star R_\star^{2}$], with I the moment of inertia of the host star (Hut 1981). Therefore, assuming spherical symmetry for the host star and a fixed structure constant, the evolution of the stellar rotation period becomes directly linked to the evolution of the stellar radius, as follows:
[image: Mathematical equation: P_\star(t) = P_{\star, \text{ini}}\, \left( \frac{R_\star(t)}{R_0} \right)^{2} .](2)
We used this relation to compute the stellar rotation period at each timestep of the simulations. This allowed us to consistently track the rotational evolution of the host star throughout the disk lifetime.
2.3 Disk model
The dust disk model employed in this study follows the compact, drift-dominated disk model for M dwarfs from Sanchez et al. (2024), motivated by the evolutionary scenario of compact disks proposed by van der Marel & Mulders (2021) and ALMA observations of compact disks around K and M dwarfs showing typical dust radii of only 2-5 au (Guerra-Alvarado et al. 2025). The disk was initialized at 1 Myr with a 2 au outer dust radius and an initial pebble mass of −10 M⊕, delivered from an initially extended disk of −20 au inward at a constant pebble mass flux of 5 × 10−5 M⊕ yr−1 (as in Sanchez et al. 2024). For the turbulence parameter, αt = 10−4 was adopted, consistent with the low mid-plane viscosity expected in such disks (Rosotti 2023; Tabone et al. 2025). Pebble sizes, scale heights, and compositions follow the prescription of Lambrechts & Johansen (2014) with icy pebbles outside the snowline and dry pebbles within. Under this prescription, the particle Stokes number is typically St ~ 0.02-0.05.
For the gas disk model, the two-zone model of Ida et al. (2016) was adopted as implemented in Sanchez et al. (2024), with an inner viscous region and an outer irradiation-dominated region. Profiles for Σg, Tg, and hg were computed using the stellar luminosity from Baraffe et al. (2015) and a time-evolving accretion rate based on the empirical fit by Manara et al. (2012). We adopted a viscosity parameter, αg = 10−4, which results in an initial gas disk mass of approximately 10% of the host star mass. We evolved the disk for 10 Myr, consistent with disk lifetimes inferred for low-mass stars (Bayo et al. 2012; Downes et al. 2015; Pfalzner et al. 2022). For simplicity, we assumed that the disk is fully dispersed at this time. While we do not explicitly model the physical removal of gas, processes such as photoevaporation and magnetically driven winds are expected to clear the remaining gas on comparable timescales (e.g., Alexander et al. 2014). This approach follows common practice in planet formation studies (e.g., Lambrechts & Johansen 2014; Bitsch et al. 2015; Sanchez et al. 2024).
We note that we assumed a smooth surface-density decay at the inner gas-disk edge as in (Sánchez et al. 2022; Sanchez et al. 2024):
[image: Mathematical equation: \Sigma_{g,\mathrm{vis}}^{\mathrm{taper}}(r) = \Sigma_{g,\mathrm{vis}}^{0}(r)\, \tanh\!\left(\frac{r-r_{\mathrm{inner}}}{r_{\mathrm{inner}}\,h_{\mathrm{inner}}}\right) ,](3)
where rinner and hinner are the radius and aspect ratio at the inner edge, respectively, and Σg,vis is the viscous gas surface density profile. The resulting disk structure sets the torque and damping timescales that govern migration, as well as eccentricity and inclination evolution in the simulations.
In this work new routines were implemented in the N-body code to account for an evolving inner edge of the gas-disk. We explore both static and time-dependent inner edge prescriptions. These are expected to directly impact the planet-disk interactions and pebble accretion processes and are described in the following section.
2.4 Inner gas-disk edge models
We explore three prescriptions that differ only in the movement and the physical driver of the inner edge of the disk, rin, as shown schematically in Fig. 1. They are labeled accordingly: FIX = constant rin, OUT = rin increases with time, IN = rin decreases with time. One-letter tags indicate the driver: [M] = magnetospheric truncation, [C] = corotation.
2.4.1 Scenario OUT[M]: Outward-drifting inner edge
Here, the inner disk edge, rin, is set by the magnetospheric truncation radius, which is located where the stellar magnetosphere disrupts the accreting gas flow (e.g., Frank et al. 1992). Following the normalized approach by Miguel et al. (2020), we calculated it via
[image: Mathematical equation: \begin{aligned} r_{\text{in}}(t) &= r_{\text{m}}(t) = 0.01 \left( \frac{B_{\star}(t)}{180\,\mathrm{G}} \right)^{\tfrac{4}{7}} \left( \frac{R_{\star}(t)}{0.5\,R_{\odot}} \right)^{\tfrac{12}{7}} \left( \frac{M_{\star}}{0.1\,M_{\odot}} \right)^{-\tfrac{1}{7}} \\ &\quad\times \left( \frac{\dot{M}_\star(t)}{10^{-10}\,M_{\odot}\,\mathrm{yr}^{-1}} \right)^{-\tfrac{2}{7}} \, \text{au}, \end{aligned}](4)
where R*(t) is the evolving stellar radius, based on evolutionary tracks by Baraffe et al. (2015), M* is the stellar mass, and M* the stellar mass accretion rate based on the empirical fit by Manara et al. (2012):
[image: Mathematical equation: \begin{split} \log\!\left(\frac{\dot{M}_\star(t)}{M_\odot\,\mathrm{yr}^{-1}}\right) &= -5.12 - 0.46\,\log\!\left(\frac{t}{\mathrm{yr}}\right) - 5.75\,\log\!\left(\frac{M_\star}{M_\odot}\right) \\ &\quad + 1.17\,\log\!\left(\frac{t}{\mathrm{yr}}\right) \log\!\left(\frac{M_\star}{M_\odot}\right). \end{split}](5)
In this scenario, we let rin evolve by assuming magnetic-flux conservation as the star contracts (e.g., Reiners et al. 2009). The surface dipole is then
[image: Mathematical equation: B_\star(t)=B_0\,\left(\frac{R_0}{R_\star(t)}\right)^2,\quad B_0=200\,\mathrm{G},\ R_0=1.003\,R_\odot.]
We note that this approximation is valid only over short timescales, and in our model specifically during the disk lifetime (~10 Myr). Over this period, the stellar radius decreases to about 0.4 R⊙ and the magnetic field strength approaches −1 kG, which is consistent with measured early-age values for very low-mass stars (Morin et al. 2008; Donati et al. 2008). Over the disk lifetime, rin increases from ≃0.02 to ≃0.036 au. The outward evolution of rin is primarily driven by the decline of Ṁ* (t) through the [image: Mathematical equation: $\dot{M}_\star^{-2/7}$] dependence in Eq. (4). Nevertheless, the magnetic-flux conservation assumed in this study allows the stellar magnetic field to increase over time, contributing roughly a factor of two to the outward evolution. We want to stress that assuming a fixed field would not produce the noticeable outward migration observed. Finally, for comparison, around t ~ 1 Myr, rin lies close to the corotation radius rcor for P* ≈ 3 days (see the following section).
	[image: Thumbnail: Fig. 1 Refer to the following caption and surrounding text.]	Fig. 1 Inner disk edge scenarios cartoons. From left to right: FIX Scenario with close-in fixed inner disk edge; OUT[M] Scenario with outwardmoving edge based on magnetic flux conservation; IN[C] Scenario with inward-moving edge based on stellar corotation.



Table 1 
Summary of scenarios explored in this study.

2.4.2 Scenario IN[C]: Inward-drifting inner edge
In this prescription, we tied the inner disk edge directly to the evolving stellar corotation radius, which is defined as the distance from the star at which the orbital period equals the stellar rotation period, i.e.,
[image: Mathematical equation: r_{\rm in }(t) = r_{\rm cor} (t) =\left(\frac{G M_\star P_\star(t)^2}{4\pi^2}\right)^{1/3},](6)
where P*,ini = 5 days and P*(t) follows Eq. (2) (see Sect. 2.2 for details). As the star contracts during the pre-main-sequence phase, its rotation period decreases and the corotation radius migrates inward accordingly. Across the disk lifetime, the inner edge therefore moves from ≃0.027 to ≃0.008 au, representing continuous disk-locking to the evolving stellar spin.
2.4.3 Scenario FIX: Fixed inner edge
In our simplest case, we fixed the inner disk edge at rin = 0.01 au for the entire disk lifetime. This fixed edge can be interpreted in two ways: if tied to corotation, it corresponds to P* = 1 day for a 0.1 M⊙ star (see Eq. (6)), i.e., right at the USP limit. Alternatively, if interpreted as the magnetospheric truncation radius, this location would imply a very low field of B* = 60 G (see Eq. (4)). Thus, this scenario mimics the common “fixed edge” assumption in formation studies, though at a closer-in radius than typically adopted.
Table 1 summarizes the assumptions and resulting rin ranges for each case. Figure 2 shows the temporal evolution of rin for the three scenarios explored in this work.
Note that this study extends the work of Sanchez et al. (2024), who adopted a fixed inner disk edge of ≈0.02 au and found that no USP planets could be formed with this inner disk edge location in their scenarios. To enable a direct comparison with their results, scenarios OUT[M] and IN[C] were therefore initialized with a truncation radius of ≈0.02 au. Scenario FIX instead adopts a smaller inner edge to probe more extreme truncation conditions that may favor USP formation, whereas Scenario IN[C] represents an intermediate configuration among the evolving-edge cases, starting slightly farther out than OUT[M] and ending slightly closer-in than the fixed configuration. We highlight that the initial stellar periods assumed in these scenarios are consistent with the observed range for young low-mass stars (e.g., Irwin & Bouvier 2009; Newton et al. 2016). Together, these three prescriptions span a wide range of plausible inner disk edge evolutions, from fixed to inward- or outward-drifting, enabling us to test how each pathway affects the formation of USP and SP planets.
	[image: Thumbnail: Fig. 2 Refer to the following caption and surrounding text.]	Fig. 2 Inner disk edge evolution. Fixed inner edge (FIX; dashed green line), outward-migrating edge (OUT[M]; dotted red line; see Eq. (4)), and inward-migrating edge (IN[C]; solid purple line; see Eq. (6)). These rin(t) tracks set where Type-I migration halts.



	[image: Thumbnail: Fig. 3 Refer to the following caption and surrounding text.]	Fig. 3 Dynamical evolution of planetary embryos in a representative simulation of Scenario FIX. Each line corresponds to one embryo: gray lines show all embryos, while colored lines highlight those that survive until the end of the integration at ∼50 Myr. Panels display the semimajor axis (top left), eccentricity (top right), inclination (bottom left), and planetary mass (bottom right). The horizontal dashed blue line in the semimajor-axis panel marks the fixed inner disk edge at 0.01 au, which is applied only during the gas-disk phase (up to 10 Myr).



2.5 Code setup
We conducted 30 N-body simulations, corresponding to ten integrations per scenario. All simulations use the same integration settings, stellar properties, and initial embryo distributions to enable a direct comparison across scenarios.
2.5.1 Code characterization
To resolve both long-term evolution and close encounters efficiently, we adopted MERCURY’s “hybrid symplectic/Bulirsch-Stoer integrator” for this study. Collisions between embryos were treated as perfect mergers. We adopted 50 Myr as our nominal integration time to capture late dynamical evolution after disk dispersal (at 10 Myr). A subset of simulations was extended up to 100 Myr to test the impact of longer-term evolution, while a small number were stopped earlier, once their architectures had stabilized (typically after ≳30 Myr). These variations in integration time do not affect our main statistical conclusions. An ejection threshold of 100 au was applied and the integration counts a close encounter whenever the separation between any pair of bodies falls below three mutual Hill radius. To sufficiently resolve the orbits of USP planets, we chose a time step of 0.04 days, which corresponds to approximately 1/10 of the shortest orbital periods observed around late M dwarfs (1Nasa Exoplanet Archive; Christiansen et al. 2025). The stellar radius to account for collisions with the star was assumed to be ~0.4 R⊙, which is an average value for the stellar radius during integration time.
2.5.2 Initial embryo distribution
Each simulation starts with 25 planetary embryos of lunar mass (0.01 M⊕), distributed between 0.5 and 2 au, i.e., exterior to the snowline at rsnow = 0.28 au. The choice of lunar-mass embryos follows the standard setup used in planet formation studies, also around M dwarfs (e.g., Kokubo & Ida 1998; Liu et al. 2019; Sanchez et al. 2024). Embryos are initially separated by 15 mutual Hill radii and shared identical bulk properties with a density of 5 g cm−3.
We initialized each embryo with a small eccentricity (e < 0.02) and inclination (i < 0.5°), drawing e and i independently from uniform distributions within these ranges. The angular orbital elements, such as argument of periastron (ω), longitude of ascending node (Ω), and mean anomaly (M), were likewise drawn independently from a uniform distribution between 0° and 360°. For a given system index, this complete set of orbital elements (for all 25 embryos) is generated once and then reused identically across all disk scenarios. This procedure ensures that differences between outcomes can be attributed exclusively to the treatment of the inner disk edge, rather than to stochastic variations in the initial conditions.
3 Numerical results
We present the outcome of 30 N-body simulations of planet formation around a late M dwarf of a stellar mass of 0.1 M⊙ with three different inner disk-edge prescriptions. We quantify how the location and time evolution of the inner disk edge shape orbital migration, dynamical activity (close encounters and collisions), and the final system architectures, including the incidence of USP planets.
3.1 Dynamical evolution
To illustrate the typical processes that shape our systems, we show in Fig. 3 the evolution of semimajor axis, eccentricity, inclination, and mass for one representative run of Scenario FIX (one of the two setups that produced USP planets). Overall, this representative system highlights the main evolutionary phases common across the simulations: (i) early convergent migration and collisions in the gas disk, (ii) pile-up and stabilization near the disk edge, and (iii) tidal reshaping of the innermost orbits after disk dispersal. The moving inner edge primarily controls the final semimajor-axis distribution, and thus the USP yield, while the eccentricity and inclination histories remain broadly similar across scenarios.
Across all 30 runs, the qualitative history is similar. Embryos undergo rapid inward Type-I migration and growth by pebble accretion and embryo-embryo collisions within -(1-3) × 105 yr. By this time, most of the mass budget is assembled, and later impacts only perturb masses slightly. Convergent migration drives the embryos to the inner disk edge, where they accumulate and near-commensurate resonant chains form. Typically, a subset of embryos can penetrate into the cavity. Gas damping keeps eccentricities low (typically e - 10−2) and inclinations are rapidly flattened to ≲0.1, leaving nearly coplanar chains.
Once the embryos are trapped in these near-commensurate chains, migration stalls as embryos accumulate at the cavity boundary. In the evolving-edge cases (OUT[M] and IN[C]), the moving truncation or corotation radius shears the chain, briefly breaking and re-capturing resonances. This repacking triggers close encounters and occasional late collisions between Earthmass planets, producing stair-step changes in the semimajor axis evolution as planets are redistributed to new resonances.
The main systematic difference is the final parking radius of the chain relative to the USP boundary, set by the inner-edge kinematics. Scenario FIX stalls planets at a constant radius, where usually many planets manage to penetrate into the cavity in the gas-rich phase. As the inner disk edge is located just at the USP boundary, the innermost planets therefore typically end up interior to the 1 day period line inside the cavity. In Scenario OUT[M], the magnetospheric truncation radius expands with time, shifting the chain outward. This means that systems that momentarily approach the USP regime early are carried back to longer periods. In Scenario IN[C], the corotation radius recedes inward, dragging the chain deeper into the cavity and within the USP boundary, efficiently producing USPs in the gas-rich phase.
Once the gas is gone (by ~10 Myr), occasional late collisions between embryos occur and tidal torques secularly reshape the innermost orbits: planets located outside the stellar corotation radius (which is very close-in at this point at ~0.008 au) experience positive torques and migrate outward, while the planetary eccentricities decrease. This tidal interaction explains why some systems retain USP planets while others shift their innermost planets beyond the one-day orbital period. The outward movement is strongest for the closest-in planets. As a result, several systems that produced USPs during the gas phase subsequently move just beyond the USP threshold by the end of the simulation. Over gigayear timescales, subsequent stellar spin-down could move the corotation radius outward again and further modify the innermost architecture (see Sect. 5).
3.2 Collisional history and close encounters
We evaluated the dynamical activity using four complementary indicators: close-encounter frequency, embryo-embryo mergers, embryo-star collisions, and ejections. Figure 4 displays the closeencounter statistics, and Fig. 5 summarizes embryo-embryo collision outcomes. We can see that the highest encounter rates occur in Scenario IN[C], which can possibly be attributed to the biggest movement of the disk: from the furthest location to innermost location in our scenarios, due to being linked to the stellar spin up. A high encounter rate, however, does not automatically imply stronger instability: in Scenario OUT[M] (second-highest encounter rate), gas damping moderates many interactions so that systems remain dynamically active yet settle into stable configurations.
Embryo-embryo mergers are likewise most frequent in IN[C], consistent with enhanced dynamical mixing as the edge moves inward. OUT[M] shows intermediate merger rates, whereas FIX produces the fewest. In contrast, collisions with the central star occur primarily in FIX and IN[C], reflecting their closer inner edges. In FIX, embryos collide with the star in all 10 systems, with an average of 3-4 planet-star collisions per system. In IN[C], collisions with the star occur in about 70% of runs, with only 1-2 such events per system on average. In OUT[M], the more distant edge tends to delay or prevent such infall. Planetary ejections are rare across all scenarios (two in IN[C], one in FIX, none in OUT[M]), and can be associated with scenarios in which many close interactions occur within resonant systems, which can excite the eccentricity of one of the planets, eventually unbinding it from the system.
	[image: Thumbnail: Fig. 4 Refer to the following caption and surrounding text.]	Fig. 4 Average close-encounter events per system for each inner-edge scenario (FIX, OUT[M], IN[C]). One Hill radius was applied as the threshold. For a given scenario, we sum the number of close-encounter records across all embryos and runs, and divide by the number of valid runs.



	[image: Thumbnail: Fig. 5 Refer to the following caption and surrounding text.]	Fig. 5 Fraction of initial embryos per system that experienced an embryo-embryo collision. Percentages are shown for all 10 systems in each scenario. Bar colors correspond to the three inner-edge prescriptions (green = FIX, orange = OUT[M], purple = IN[C]).



	[image: Thumbnail: Fig. 6 Refer to the following caption and surrounding text.]	Fig. 6 Final planetary architectures for the three inner-edge prescriptions at ∼50 Myr (FIX, OUT[M], and IN[C]). Circles mark planets at the end of each run, where the size and color correspond to their mass: ∼0.4-1 M⊕ in blue, 1-3 M⊕ in pink, and 3-6 M⊕ in brown. The dashed red line indicates the approximate 1-day period for a (0.1 M⊙) star (USP boundary). The shaded band shows the range swept by rin during the gas phase, with dashed gray snapshots at 1, 5, and 10 Myr (or constant) and an arrow for the direction of motion (constant in FIX, outward in OUT[M], inward in IN[C]).



3.3 Planetary architectures
In Fig. 6 the final semimajor axes and planetary masses are given for each system simulated in each scenario of the study, showing the resulting system architectures. Despite identical initial conditions, the different prescriptions for the inner disk edge lead to variations in planetary spacing, mass, and multiplicity. Only Scenarios FIX and IN[C] form planets interior to the one-day orbital limit, while Scenario OUT[M] yields compact multi-planetary systems without USPs.
In Scenario FIX, with the inner disk edge fixed at 0.01 au, USP planets consistently form in compact systems of 510 planets. 5 out of 10 systems include a USP at the end of the integration. A large majority of the planets is 0.4-2.7 M⊕, and this small range suggests that the mass is more uniformly distributed. The innermost reaches 0.0055 au (~0.5 d), while outer planets extend to 0.08 au (~26 d). The most massive planets typically accumulate just outside the disk edge, producing regular orbital spacing and a pronounced mass pile-up near the boundary.
In Scenario OUT[M], where the inner edge expands outward with time, systems host fewer but more massive planets (0.75 M⊕), typically 3-6 on wider orbits up to 0.08 au. No USP planets form, as the innermost orbits are larger than 0.013 au (1.8 d). The outward edge evolution compresses the migration zone, enhances collisions, and yields compact yet less crowded systems that are more massive and diverse than in Scenario FIX.
In Scenario IN[C], with the inner edge contracting inward, USP planets form in 3 out of 10 systems. The systems in this scenario are the least populated, with only 1-5 planets of 0.74.2 M⊕, typically between 0.007 and 0.03 au. Showing the lowest multiplicities overall, this scenario produced close-in compact systems that extend less far outward than in Scenario FIX but reach nearly as close to the star.
These architectural differences reflect the underlying dynamical histories. Scenarios with more frequent collisions (OUT[M] and especially IN[C]) yield fewer but more massive planets, whereas the low-collision environment of Scenario FIX preserves higher multiplicities of smaller planets.
4 Comparison with observations
In this section we test our simulations against observations of M-dwarf systems by analyzing the final planetary masses as a function of orbital period, the detectability of the simulated planets in current surveys, and the spacing between adjacent planets. This allows us to assess whether the models reproduce the observed compact architectures and remain consistent with current detection limits.
4.1 Planetary mass-orbital period distribution
We compared the final planetary masses and corresponding orbital periods of the simulated planets across all scenarios explored in this work, FIX, OUT[M], and IN[C], with those of confirmed systems around late M dwarfs (0.08 < M*/M⊙ < 0.35) hosting USP planets. In total, we identified 13 isolated USP planets and 2 systems containing USP planets with planetary companions, most of which were detected by either Kepler or TESS. A few of these systems have radial velocity followup observations (e.g., with CARMENES), although the majority lack direct mass measurements. Therefore, for the entire sample, we estimated planetary masses and their uncertainties using the mass-radius power law for rocky planets with radius Rp < 1.6 R⊕, given by Mp = Rp3.7 (Zeng et al. 2016), and for Rp > 1.6 R⊕, given by Mp = 2.7Rp2.3 (Wolfgang et al. 2016), with Rp in R⊕ and Mp in M⊕.
In Fig. 7 we present the comparison between our simulated planets and the observed USP sample, including both single and multi-planet systems. Overall, the agreement between simulations and observations is good for each simulation scenario, as we form planets with masses and orbital periods within the observed range. Both the observed systems and our simulations contain only a few planets with inferred masses below 0.5 M⊕, and for the observed planets these low masses are still associated with large error bars. Our simulations therefore suggest that such low-mass USP planets may exist, but dedicated high-precision radial-velocity follow-up will be required to confirm whether the currently observed candidates are indeed that low in mass. Detecting bodies with masses below 0.5 M⊕ remains challenging in current observational surveys. In the following section, we therefore quantify the detection probabilities of our simulated planets with representative surveys.
	[image: Thumbnail: Fig. 7 Refer to the following caption and surrounding text.]	Fig. 7 Planetary mass as a function of orbital period for our simulated planets in the three inner disk-edge scenarios (FIX, OUT[M], and IN[C]; open symbols) and for the observed USP systems around late M dwarfs (0.08 < M*/M⊙ < 0.35; filled symbols). Blue circles denote isolated USP planets and red circles USP planets with detected companions. The vertical dashed line marks the 1-day boundary that defines USPs. Asymmetric error bars indicate the 1σ uncertainties on the observational mass estimates.



4.2 Detection probabilities of simulated planets
To assess which of the simulated planets could be identified with current observational surveys, we constructed detection probability maps for TESS and CARMENES and performed a consistency check with a Kepler-based detection model. The maps are based on simplified signal-to-noise ratio (S/N) formulations and serve as first-order estimates of survey sensitivities. They are shown in Fig. 8.
For TESS, we modeled detectability with a logistic function of the transit S/N, using 7.3 as the threshold value and a steepness parameter of 1.0, following the criteria applied in the mission’s detection pipelines (e.g., Christiansen et al. 2015; Sullivan et al. 2015). A cadence of 2 minutes and a representative photometric noise level of 2000 ppm were assumed for nearby mid-to-late M dwarfs (values based on Sullivan et al. 2015; Barclay et al. 2018). In Figure 8, we present the resulting TESS detection map in the left panel. It shows that planets more massive than about 0.3 M⊕ at ultra-short periods would likely be within TESS’ sensitivity range. Known USP systems observed by TESS are overplotted for comparison (González-Álvarez et al. 2022; Goffo et al. 2023; Peterson et al. 2023), with missing masses calculated like above. Kepler probabilities were computed with the same procedure as TESS, using Kepler long-cadence noise and duty cycle (Dressing & Charbonneau 2015; Christiansen et al. 2015). However, the results are not shown as they are qualitatively similar.
For radial velocity detections, we modeled CARMENES’s sensitivity by computing the expected RV semi-amplitude K for circular, edge-on orbits and applying a smooth detection probability function (hyperbolic tangent) centered on a conservative S/N = 10. Instrumental performance was set to 3 m/s precision and 100 observations per target, representative of recent survey strategies (e.g., González-Álvarez et al. 2022; Ribas et al. 2023). The CARMENES map, shown in the right panel of Fig. 8, demonstrates that the instrument is primarily sensitive to higher-mass planets. The low-mass USP planets produced in our simulations fall below its detection threshold. A known USP system confirmed with CARMENES, TOI-1238, is shown for reference (González-Álvarez et al. 2022).
Overall, the comparison highlights the detection biases of current surveys. We see that TESS is generally sensitive to our simulated USP planets, whereas CARMENES is currently less likely to recover the low-mass short-period planets that dominate our synthetic populations. The known observed USP systems predominantly align with the high-probability regions of the detection maps, lending confidence to the robustness of our modeling approach. Having established which simulated planets are likely to be detectable with current surveys, we now turn to the orbital architectures of the systems they inhabit.
4.3 Period ratios of planet pairs
The spacing of adjacent planets, expressed as orbital period ratios, provides a sensitive diagnostic of system architecture, migration history, and resonance structure. Kepler-wide studies (dominated by FGK hosts) find that USP planets are typically dynamically isolated: their nearest detected neighbor often lies at wide spacings of P2/P1 ≳ 3 (Steffen & Farr 2013), which is on average larger than the ~ 1.3-4 period-ratio range seen among other adjacent planet pairs in Kepler multi-planet systems (Fabrycky et al. 2014).
To test whether our models reproduce this behavior, we computed period ratios for all adjacent planet pairs at the end of the simulations. For scenarios that produced USPs (FIX and IN[C]), we include both, planets that already satisfy Pinner < 1 day and those whose innermost periods are slightly longer (“USP candidates”). These are expected to evolve into the USP regime through potential long-term tidal decay (see Sect. 5). We distinguish this combined USP + candidate set from all other adjacent pairs in the corresponding scenario. For the observational comparison, we retrieved Kepler DR25 M-dwarf systems from the NASA Exoplanet Archive (Kepler DR25, Teff < 4000 K or M* < 0.6M⊙; candidates and confirmed planets). Additionally, we compiled a subsample of confirmed systems hosting USP planets detected by other instruments around late M dwarfs (Teff < 3400 K or M* < 0.35 M⊙). Note that the FGK-dominated literature distribution and our M-dwarf-only comparison need not coincide, owing likely to host-type selection and smallnumber statistics. Figure 9 shows the cumulative period-ratio distributions, including their associated Poissonian errors, for systems in Scenario IN[C] at the end of the integration time (~50 Myr) that are associated with detection probabilities higher than 0.9 (see TESS probability map in Fig. 8). We note that Scenario IN[C] has a slightly better agreement with observations than Scenario FIX in terms of the period-ratios of innermost-neighbor pairs. For comparison, we also show the observed sample of M-dwarf systems hosting USP planets, as well as the subsample of such systems around late M dwarfs.
In both cases, we find good agreement between the simulated and observed period-ratio distributions for non-USP pairs. However, the simulated USP neighbors are systematically more tightly packed than those observed around M dwarfs, while they show a closer match with the subsample of systems around late M dwarfs. This may indicate that our models underproduce the degree of dynamical isolation inferred for observed USP planets, or that additional planets remain undetected in the current sample. The observational sample is still small, with only four USP-hosting systems around M dwarfs, and just two around late M dwarfs, and is therefore subject to relatively large uncertainties. Moreover, there appears to be a trend toward more compact system architectures around late M dwarfs, which is more consistent with our model predictions.
Figure 10 shows period-ratio histograms of all adjacent pairs in all systems of all scenarios. These illustrate that the simulations populate common mean-motion resonances (MMRs), especially 4:3 and 3:2, with some pairs near 2:1 and 5:3. Scenario FIX produces the most compact configurations, while Scenario OUT[M] yields a broader distribution, consistent with extended dynamical activity during the gas phase. In Scenario IN[C], the populations concentrate mostly around 4:3 and 3:2, indicating also typical compact architectures.
Together, these comparisons suggest that while our simulations capture the general orbital spacing of multi-planet M-dwarf systems, they do not reproduce the unusually wide USP-neighbor separations seen in observations. Undetected intermediate planets, late collisions between close-in planets, or long-term starplanet tidal interactions could be responsible for these wider separations. However, because long-term simulations are computationally expensive, exploring such effects is outside the scope of this work (see further details in Sect. 5).
	[image: Thumbnail: Fig. 8 Refer to the following caption and surrounding text.]	Fig. 8 Left: detection probability map for TESS as a function of orbital period and planetary mass. Colors indicate the probability of detecting a transit signal, modeled as a logistic function of S/N with a threshold of 7.3. Known USP systems (TOI-1238, GJ 367, and LP 791-18) detected by TESS are shown for reference. Right: detection probability map for CARMENES as a function of orbital period and planetary mass. The model assumes 3 m/s radial velocity precision and 100 observations per target, with a logistic function centered on a S/N of 10. The USP system TOI-1238, which was confirmed by CARMENES, is overplotted. While CARMENES has strong sensitivity to higher-mass planets, the simulated low-mass USP planets fall below the detection threshold, underscoring the challenges of RV confirmation for this population.



	[image: Thumbnail: Fig. 9 Refer to the following caption and surrounding text.]	Fig. 9 Cumulative distributions of adjacent period ratios. Simulated systems in Scenario IN[C] at 50 Myr (solid lines) with detection probabilities associated with TESS higher than 0.9 (see Fig. 8). Observed exoplanetary systems around stars with masses 0.08 < M*/M⊙ < 0.6 (top panel) and around stars with masses 0.08 < M*/M⊙ < 0.35 (bottom panel) that host a USP planet (dashed lines). Observed USP-neighbor pairs are compared to simulated USP + candidate neighbors (blue lines). Other adjacent pairs around M dwarfs are compared to all other adjacent pairs in our simulations (orange lines). Vertical dotted lines mark common MMRs: 4:3, 3:2, 2:1, and 3:1. Poissonian errors for each distribution are shown as shadow areas. The comparison tests whether the early-epoch orbital spacing of prospective USPs resembles the presentday spacing observed for mature USP systems.



5 Discussion
In this work, we focus on understanding the mechanisms required at the inner edge of the protoplanetary disk to form USP planets or USP planet candidates during the gas disk phase. We find that USP planets form when the disk’s inner edge is located close to the star, around the one-day orbital period limit. In these cases, close-in rocky planets that migrate rapidly inward and remain near the star in compact, resonant or near-resonant chains, tend to follow the evolution of the disk’s inner edge.
Consequently, we observe the formation of USPs in the scenarios where the disk’s inner edge is fixed close to the star assuming an initially fast stellar rotator (with a 1-day period), and in cases where the edge evolves inward following the corotation radius of a star initially rotating with a 5-day period. In contrast, scenarios in which the inner edge migrates outward do not produce USPs. In these cases, no planets are found within 0.015 au (for stellar magnetic field strengths ≳200 G).
These results highlight that USP formation depends both on the absolute location of the inner disk edge and on its evolutionary direction. A fixed inner edge at 0.02 au fails to produce USPs in an otherwise identical setup (see Sanchez et al. 2024), while outward migration further suppresses formation by shifting the trapping location away from the star during the gas disk phase. Therefore, our results suggest that USP formation requires that the inner disk edge either starts near the 1-day orbital period or migrates inward to reach this close-in location during the gas-disk phase. In the inward-migration case, planetplanet interactions are enhanced and collisions become more frequent, which can produce more massive USP planets. Diskedge evolution is thus linked not only to whether USPs form, but also to their final masses.
Additional test runs assuming a stellar rotator with a 3-day period, where the disk’s inner edge corresponds to corotation, place the edge as close as 0.0057 au by the end of the gas disk phase. These configurations produce only 0-1 surviving planets per system due to frequent stellar and mutual collisions inside the cavity. This suggests that an inner edge located too close to the star may over-clear the innermost region, drastically reducing system multiplicity and favoring the formation of isolated USPs. Overall, our results emphasize that both the position and temporal evolution of the disk’s inner edge play key roles in regulating USP formation efficiency and the final planetary multiplicity. Close-in architectures thus preserve a dynamical fingerprint of early disk conditions as shown in previous works (e.g. Izidoro et al. 2017; Lambrechts et al. 2019; Raymond & Morbidelli 2022; Sanchez et al. 2024). This interpretation is also supported by recent demographic evidence that the location of the innermost small planet correlates with stellar mass and is consistent with regulation by the pre-main-sequence dust sublimation radius of the inner dust disk (Sun, Meng-Fei et al. 2025).
Previous planet formation models that assume a fixed inner cavity for solar-type stars, or a fixed or outward-evolving cavity for M dwarfs, can reproduce close-in rocky planets but generally fail to form USP planets (e.g., Coleman et al. 2019; Miguel et al. 2020; Ataiee & Kley 2021; Sanchez et al. 2024). This is consistent with our finding that only very close-in or inwardevolving inner edges yield USPs. In contrast to models with outward-moving magnetospheric cavities that emphasize resonance trapping and release (e.g., Liu et al. 2017, 2022; Pichierri et al. 2024), our runs show that such evolution does not generate USPs around late-M stars. This points to the proximity and kinematics of the inner edge, rather than resonance dynamics alone, as the controlling ingredient for USP formation in low-mass systems.
Although we do not model thermal states, the innermost planets produced in Scenario FIX could plausibly reach lavaworld equilibrium temperatures. We can therefore interpret our results as also identifying possible dynamical pathways into the molten regime, noting that the lava-world label is temperature-defined and outside the scope of this study.
Our simulations address a disk-regulated pathway in which the inner-edge location and evolution shape the assembly and early dynamical evolution of close-in rocky systems. However, we note that alternative USP-formation channels exist that can appear largely decoupled from the inner disk edge, such as low-eccentricity tidal migration driven by secular interactions and angular-momentum-deficit (AMD) transfer from outer companions (e.g., Pu & Lai 2019). In such cases, the final USP orbit would be set primarily by long-term post-disk secular dynamics and tides, while the inner-edge configuration mainly determines the initial architecture.
For USP orbits, star-planet tidal interactions are important for damping eccentricities and can drive additional orbital migration. We therefore include both tidal forces and general relativistic corrections, as they contribute to the evolution of the argument of periastron and influence close-in orbital evolution (Sánchez et al. 2020). These effects are particularly relevant at USP separations. Previous work has shown that incorporating tidal interactions enhances the collisional evolution of the innermost planets near the disk’s inner edge, thereby affecting the final masses and compactness of the USP population (Sánchez et al. 2020). This remains true even while planets are still embedded in the gas disk and undergoing planet-disk interactions (Sánchez et al. 2022; Sanchez et al. 2024). Our simulations further show that, during the gas-disk phase, the location and evolution of the inner disk edge primarily set where planets are trapped and thus largely determine the emerging architecture. In this context, tidal effects act as a secondary contribution that further promotes collisions among the innermost planets.
We neglect magnetic star-planet interactions during our integration time. As shown by Ahuir et al. (2021), the relative importance of tides and magnetic torques evolves with age: during the first ~50-100 Myr, tidal torques dominate because the star is still inflated and tides are strongly enhanced. As the star contracts, tidal torques decrease rapidly and magnetic torques can become comparatively more important at later ages even if the stellar magnetic field decays. Once the star spins down (≳100 Myr), the combined effect of stellar spin evolution and magnetic torques may further affect long-term orbital migration. The sign of the tidal torque depends on the planet’s location relative to the corotation radius: planets located inside (outside) corotation experience inward (outward) tidal torques (Bolmont et al. 2012).
In our simulations, several systems that formed USP planets during the gas-rich phase experience a slight outward migration, reaching orbital periods just above one day by 20-30 Myr as a result of tidal interactions with the star. Extending the integrations to include stellar spin-down and magnetic torques could lead to the formation of additional USPs, particularly in systems where the final semimajor axes are smaller than 0.012 au, since secular changes in semimajor axis over gigayear timescales are expected to be less than 10% (Ahuir et al. 2021). Moreover, because the direction of migration depends on a planet’s position relative to the corotation radius, some USP planets may migrate inward while outer planets continue migrating outward. This differential migration could increase the separation between USPs and their nearest neighbors, potentially reproducing the characteristic 3:1 period ratios observed in real systems. Additionally, such long-term evolution could induce a new phase of dynamical instability, in which some of the closest planets in our simulations (with semimajor axis less than 0.006 au) might eventually collide with the star. However, due to the high computational cost of simulating gigayear timescales, this post-disk evolutionary stage lies beyond the scope of the present work and will be addressed in future studies.
Our relatively small sample size (10 runs per scenario) and the limited integration time of ~50 Myr, together with the detection biases inherent to current transit and radial velocity (RV) surveys (as discussed in Sect. 4), restrict a direct comparison with the ~1% occurrence rate of close-in planets inferred from observations around M dwarfs (Winn et al. 2018; Uzsoy et al. 2021; Hirano et al. 2021). A larger number of simulations extended over gigayear timescales would be required to establish a more quantitative comparison with these occurrence rates. In addition, a more detailed analysis between transit and radialvelocity surveys such as Kepler, TESS and CARMENES could help understand the fraction of low-mass, close-in planets that may be missing because they currently remain undetected in RV surveys. Candidate planets showing significant periodic signals are often dismissed when the same signal appears in stellar activity indicators (Rodríguez-López, C., in prep.), which may bias against the detection of such planets.
	[image: Thumbnail: Fig. 10 Refer to the following caption and surrounding text.]	Fig. 10 Period-ratio distribution of adjacent planet pairs, Pouter/Pinner, at the end of the integrations for the three inner-edge prescriptions (left to right: FIX, OUT[M], IN[C]). The histograms include all systems formed in each scenario. Vertical dashed lines mark common MMRs (4:3, 3:2, 5:3, 2:1).



6 Conclusions
We modeled the formation of close-in rocky planets around 0.1 M⊙ stars using a modified N-body code that includes the effects of migration, damping, and tidal interactions, starting from compact dust and gas disks extending to 20 au. With the new implementation of evolving inner disk edges in our simulations, we investigated how the resulting truncation shapes the architecture of the innermost planets, focusing on differences between three inner-edge prescriptions. Overall, we find that:

	Close-in planets get dynamically coupled to the evolving inner disk edge, migrating with it and assembling into resonant or near-resonant chains.


	Ultra-short-period planets only form if the inner edge already lies close to, or sweeps inward across, the USP regime during the gas-rich phase.


	A magnetically truncated, outward-moving inner edge (OUT[M]) produces no USPs for the adopted initial stellar magnetic field strength of 200 G.


	A corotation-locked inner edge (IN[C]) that sweeps inward can produce USPs with relatively low final multiplicities, whereas a fixed close-in edge (FIX) yields typically lowermass USPs and higher multiplicities.


	Faster initial stellar rotation enhances the USP yield in the corotation-locked scenario, by placing the disk edge initially closer to the star. However, if the edge is too close, the inner cavity is over-cleared.


	Stars with initially strong magnetic fields (≳200G) are less likely to form USP planets.




To conclude, USP formation likely demands a close-in, corotation-controlled inner disk edge during the gas phase. This assumes a fast rotator with a period of ≤5 days.

Acknowledgements
This research has made use of the NASA Exoplanet Archive, which is operated by the California Institute of Technology, under contract with the National Aeronautics and Space Administration under the Exoplanet Exploration Program. Furthermore, this work was performed using the compute resources from the Academic Leiden Interdisciplinary Cluster Environment (ALICE) provided by Leiden University. A.A.V. acknowledges funding from the Dutch Research Council (NWO), with project number VI.C.232.041 of the Talent Programme Vici. Y.M. acknowledges support from the European Research Council (ERC) under the European Union’s Horizon 2020 research and innovation programme (grant agreement no. 101088557, N-GINE).

References
	Adams, E. R., Jackson, B., Johnson, S., et al. 2021, PSJ, 2, 152[See]
	Ahuir, J., Strugarek, A., Brun, A. S., & Mathis, S. 2021, A&A, 650, A126[See]
	Alexander, R., Pascucci, I., Andrews, S., Armitage, P., & Cieza, L. 2014, in Protostars and Planets VI, eds. H. Beuther, R. S. Klessen, C. P. Dullemond, & T. Henning (Tucson: University of Arizona Press), 475[See]
	Anderson, J. D., Esposito, P. B., Martin, W., Thornton, C. L., & Muhleman, D. O. 1975, ApJ, 200, 221[See]
	Ataiee, S., & Kley, W. 2021, A&A, 648, A69[See]
	Baraffe, I., Homeier, D., Allard, F., & Chabrier, G. 2015, A&A, 577, A42[See]
	Barclay, T., Pepper, J., & Quintana, E. V. 2018, ApJS, 239, 2[See]
	Bayo, A., Barrado, D., Huélamo, N., et al. 2012, A&A, 547, A80[See]
	Bitsch, B., Lambrechts, M., & Johansen, A. 2015, A&A, 582, A112[See]
	Bitsch, B., Morbidelli, A., Johansen, A., et al. 2018, A&A, 612, A30[See]
	Bolmont, E., Raymond, S. N., & Leconte, J. 2011, A&A, 535, A94[See]
	Bolmont, E., Raymond, S. N., Leconte, J., & Matt, S. P. 2012, A&A, 544, A124[See]
	Chambers, J. E. 1999, MNRAS, 304, 793[See]
	Christiansen, J. L., Clarke, B. D., Burke, C. J., et al. 2015, ApJ, 810, 95[See]
	Christiansen, J. L., McElroy, D. L., Harbut, M., et al. 2025, psj, 6, 186[See]
	Coleman, G. A. L., Leleu, A., Alibert, Y., & Benz, W. 2019, A&A, 631, A7[See]
	Cossou, C., Raymond, S. N., Hersant, F., & Pierens, A. 2014, A&A, 569, A56[See]
	Donati, J. F., Morin, J., Petit, P., et al. 2008, MNRAS, 390, 545[See]
	Downes, J. J., Román-Zúñiga, C., Ballesteros-Paredes, J., et al. 2015, MNRAS, 450, 3490[See]
	Dressing, C. D., & Charbonneau, D. 2015, ApJ, 807, 45[See]
	Fabrycky, D. C., Lissauer, J. J., Ragozzine, D., et al. 2014, ApJ, 790, 146[See]
	Frank, J., King, A., & Raine, D. 1992, Accretion Power in Astrophysics (Cambridge: Cambridge University Press), 21[See]
	Goffo, E., Gandolfi, D., Egger, J. A., et al. 2023, ApJ, 955, L3[See]
	González-Álvarez, E., Zapatero Osorio, M. R., Sanz-Forcada, J., et al. 2022, A&A, 658, A138[See]
	Goyal, A. V., & Wang, S. 2025, AJ, 169, 191[See]
	Guerra-Alvarado, O. M., van der Marel, N., Williams, J. P., et al. 2025, A&A, 696, A232[See]
	Herbst, W., Eislöffel, J., Mundt, R., & Scholz, A. 2007, in Protostars and Planets V, eds. B. Reipurth, D. Jewitt, & K. Keil (Tucson: University of Arizona Press), 297[See]
	Hirano, T., Livingston, J. H., Fukui, A., et al. 2021, AJ, 162, 161[See]
	Hut, P. 1981, A&A, 99, 126[See]
	Ida, S., Guillot, T., & Morbidelli, A. 2016, A&A, 591, A72[See]
	Ida, S., Muto, T., Matsumura, S., & Brasser, R. 2020, MNRAS, 494, 5666[See]
	Irwin, J., & Bouvier, J. 2009, IAU Symp., 258, 363[See]
	Izidoro, A., Ogihara, M., Raymond, S. N., et al. 2017, MNRAS, 470, 1750[See]
	Kokubo, E., & Ida, S. 1998, Icarus, 131, 171[See]
	Lambrechts, M., & Johansen, A. 2014, A&A, 572, A107[See]
	Lambrechts, M., Morbidelli, A., Jacobson, S. A., et al. 2019, A&A, 627, A83[See]
	Lee, E. J., & Chiang, E. 2017, ApJ, 842, 40[See]
	Léger, A., Rouan, D., Schneider, J., et al. 2009, A&A, 506, 287[See]
	Léger, A., Grasset, O., Fegley, B., et al. 2011, Icarus, 213, 1[See]
	Liu, B., & Ormel, C. W. 2018, A&A, 615, A138[See]
	Liu, B., Ormel, C. W., & Lin, D. N. C. 2017, A&A, 601, A15[See]
	Liu, B., Lambrechts, M., Johansen, A., & Liu, F. 2019, A&A, 632, A7[See]
	Liu, B., Raymond, S. N., & Jacobson, S. A. 2022, Nature, 604, 643[See]
	Manara, C. F., Robberto, M., Da Rio, N., et al. 2012, ApJ, 755, 154[See]
	Manara, C. F., Ansdell, M., Rosotti, G. P., et al. 2023, Protostars and Planets VII, Demographics of young stars and their protoplanetary disks: lessons learned on disk evolution and its connection to planet formation (Tucson: University of Arizona Press)[See]
	Miguel, Y., Cridland, A., Ormel, C. W., Fortney, J. J., & Ida, S. 2020, MNRAS, 491, 1998[See]
	Morin, J., Donati, J. F., Petit, P., et al. 2008, MNRAS, 390, 567[See]
	Mulders, G. D., Ciesla, F. J., Min, M., & Pascucci, I. 2015, ApJ, 807, 9[See]
	Newton, E. R., Irwin, J., Charbonneau, D., et al. 2016, ApJ, 821, 93[See]
	Ormel, C. W., & Liu, B. 2018, A&A, 615, A178[See]
	Paardekooper, S. J., Baruteau, C., Crida, A., & Kley, W. 2010, MNRAS, 401, 1950[See]
	Paardekooper, S. J., Baruteau, C., & Kley, W. 2011, MNRAS, 410, 293[See]
	Peterson, M. S., Benneke, B., Collins, K., et al. 2023, Nature, 617, 701[See]
	Pfalzner, S., Dehghani, S., & Michel, A. 2022, ApJ, 939, L10[See]
	Pichierri, G., Morbidelli, A., Batygin, K., & Brasser, R. 2024, Nat. Astron., 8, 1408[See]
	Pu, B., & Lai, D. 2019, MNRAS, 488, 3568[See]
	Raymond, S. N., & Morbidelli, A. 2022, Planet Formation: Key Mechanisms and Global Models (Berlin: Springer International Publishing), 3[See]
	Reiners, A., Scholz, A., Eislöffel, J., et al. 2009, AIP Conf. Ser., 1094, 250[See]
	Ribas, I., Reiners, A., Zechmeister, M., et al. 2023, A&A, 670, A139[See]
	Rosotti, G. P. 2023, Nature, 96, 101674[See]
	Sabotta, S., Schlecker, M., Chaturvedi, P., et al. 2021, A&A, 653, A114[See]
	Sanchez, M., van der Marel, N., Lambrechts, M., Mulders, G. D., & Guerra-Alvarado, O. M. 2024, A&A, 689, A236[See]
	Sánchez, M. B., de Elía, G. C., & Downes, J. J. 2020, A&A, 637, A78[See]
	Sánchez, M. B., de Elía, G. C., & Downes, J. J. 2022, A&A, 663, A20[See]
	Sanchis-Ojeda, R., Rappaport, S., Winn, J. N., et al. 2014, ApJ, 787, 47[See]
	Steffen, J. H., & Farr, W. M. 2013, ApJ, 774, L12[See]
	Sullivan, P. W., Winn, J. N., Berta-Thompson, Z. K., et al. 2015, ApJ, 809, 77[See]
	Sun, M.-F., Xie, J.-W., Zhou, J.-L., et al. 2025, A&A, 699, A333[See]
	Tabone, B., Rosotti, G. P., Trapman, L., et al. 2025, ApJ, 989, 7[See]
	Uzsoy, A. S. M., Rogers, L. A., & Price, E. M. 2021, ApJ, 919, 26[See]
	van der Marel, N., & Mulders, G. D. 2021, AJ, 162, 28[See]
	van der Marel, N., & Pinilla, P. 2024, Protostars and Planets VI, Dust evolution in protoplanetary disks (Tucson: University of Arizona Press)[See]
	Winn, J. N., Sanchis-Ojeda, R., Rogers, L., et al. 2017, AJ, 154, 60[See]
	Winn, J. N., Sanchis-Ojeda, R., & Rappaport, S. 2018, New A Rev., 83, 37[See]
	Wolfgang, A., Rogers, L. A., & Ford, E. B. 2016, ApJ, 825, 19[See]
	Zeng, L., Sasselov, D. D., & Jacobsen, S. B. 2016, ApJ, 819, 127[See]
	Zilinskas, M., van Buchem, C. P. A., Miguel, Y., et al. 2022, A&A, 661, A126[See]



1 https://exoplanetarchive.ipac.caltech.edu/



All Tables
Table 1 
Summary of scenarios explored in this study.
In the text

All Figures
	[image: Thumbnail: Fig. 1 Refer to the following caption and surrounding text.]	Fig. 1 Inner disk edge scenarios cartoons. From left to right: FIX Scenario with close-in fixed inner disk edge; OUT[M] Scenario with outwardmoving edge based on magnetic flux conservation; IN[C] Scenario with inward-moving edge based on stellar corotation.
In the text



	[image: Thumbnail: Fig. 2 Refer to the following caption and surrounding text.]	Fig. 2 Inner disk edge evolution. Fixed inner edge (FIX; dashed green line), outward-migrating edge (OUT[M]; dotted red line; see Eq. (4)), and inward-migrating edge (IN[C]; solid purple line; see Eq. (6)). These rin(t) tracks set where Type-I migration halts.
In the text



	[image: Thumbnail: Fig. 3 Refer to the following caption and surrounding text.]	Fig. 3 Dynamical evolution of planetary embryos in a representative simulation of Scenario FIX. Each line corresponds to one embryo: gray lines show all embryos, while colored lines highlight those that survive until the end of the integration at ∼50 Myr. Panels display the semimajor axis (top left), eccentricity (top right), inclination (bottom left), and planetary mass (bottom right). The horizontal dashed blue line in the semimajor-axis panel marks the fixed inner disk edge at 0.01 au, which is applied only during the gas-disk phase (up to 10 Myr).
In the text



	[image: Thumbnail: Fig. 4 Refer to the following caption and surrounding text.]	Fig. 4 Average close-encounter events per system for each inner-edge scenario (FIX, OUT[M], IN[C]). One Hill radius was applied as the threshold. For a given scenario, we sum the number of close-encounter records across all embryos and runs, and divide by the number of valid runs.
In the text



	[image: Thumbnail: Fig. 5 Refer to the following caption and surrounding text.]	Fig. 5 Fraction of initial embryos per system that experienced an embryo-embryo collision. Percentages are shown for all 10 systems in each scenario. Bar colors correspond to the three inner-edge prescriptions (green = FIX, orange = OUT[M], purple = IN[C]).
In the text



	[image: Thumbnail: Fig. 6 Refer to the following caption and surrounding text.]	Fig. 6 Final planetary architectures for the three inner-edge prescriptions at ∼50 Myr (FIX, OUT[M], and IN[C]). Circles mark planets at the end of each run, where the size and color correspond to their mass: ∼0.4-1 M⊕ in blue, 1-3 M⊕ in pink, and 3-6 M⊕ in brown. The dashed red line indicates the approximate 1-day period for a (0.1 M⊙) star (USP boundary). The shaded band shows the range swept by rin during the gas phase, with dashed gray snapshots at 1, 5, and 10 Myr (or constant) and an arrow for the direction of motion (constant in FIX, outward in OUT[M], inward in IN[C]).
In the text



	[image: Thumbnail: Fig. 7 Refer to the following caption and surrounding text.]	Fig. 7 Planetary mass as a function of orbital period for our simulated planets in the three inner disk-edge scenarios (FIX, OUT[M], and IN[C]; open symbols) and for the observed USP systems around late M dwarfs (0.08 < M*/M⊙ < 0.35; filled symbols). Blue circles denote isolated USP planets and red circles USP planets with detected companions. The vertical dashed line marks the 1-day boundary that defines USPs. Asymmetric error bars indicate the 1σ uncertainties on the observational mass estimates.
In the text



	[image: Thumbnail: Fig. 8 Refer to the following caption and surrounding text.]	Fig. 8 Left: detection probability map for TESS as a function of orbital period and planetary mass. Colors indicate the probability of detecting a transit signal, modeled as a logistic function of S/N with a threshold of 7.3. Known USP systems (TOI-1238, GJ 367, and LP 791-18) detected by TESS are shown for reference. Right: detection probability map for CARMENES as a function of orbital period and planetary mass. The model assumes 3 m/s radial velocity precision and 100 observations per target, with a logistic function centered on a S/N of 10. The USP system TOI-1238, which was confirmed by CARMENES, is overplotted. While CARMENES has strong sensitivity to higher-mass planets, the simulated low-mass USP planets fall below the detection threshold, underscoring the challenges of RV confirmation for this population.
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	[image: Thumbnail: Fig. 9 Refer to the following caption and surrounding text.]	Fig. 9 Cumulative distributions of adjacent period ratios. Simulated systems in Scenario IN[C] at 50 Myr (solid lines) with detection probabilities associated with TESS higher than 0.9 (see Fig. 8). Observed exoplanetary systems around stars with masses 0.08 < M*/M⊙ < 0.6 (top panel) and around stars with masses 0.08 < M*/M⊙ < 0.35 (bottom panel) that host a USP planet (dashed lines). Observed USP-neighbor pairs are compared to simulated USP + candidate neighbors (blue lines). Other adjacent pairs around M dwarfs are compared to all other adjacent pairs in our simulations (orange lines). Vertical dotted lines mark common MMRs: 4:3, 3:2, 2:1, and 3:1. Poissonian errors for each distribution are shown as shadow areas. The comparison tests whether the early-epoch orbital spacing of prospective USPs resembles the presentday spacing observed for mature USP systems.
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        Inner disk edge scenarios cartoons. From left to right: FIX Scenario with close-in fixed inner disk edge; OUT[M] Scenario with outwardmoving edge based on magnetic flux conservation; IN[C] Scenario with inward-moving edge based on stellar corotation.

      

    

  
    
      Table 1 

      Summary of scenarios explored in this study.

      
        


	Scenario
	Prescription for rin
	Range of rin [au]





	FIX
	Fixed inner edge at P* = 1 d (near corotation).
	Constant at 0.01



	OUT[M]
	Magnetospheric truncation with [image: Mathematical equation: $B_\star \propto R_\star^{-2}$] (initial B0 = 200 G, R0 = 1.003 R⊙); rin = rm(t) drifts outward with time.
	0.020-0.036



	IN[C]
	rin = rcor(t) with P*,ini = 5 d; rin contracts → moves inward with stellar spin-up.
	0.027-0.008





      

      
Notes. Rotation values correspond to the stellar period for which rin ≈ rcor at 1 Myr. The resulting range of the inner disk edge during the disk lifetime (up to ~ 10 Myr) is also listed.
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        Inner disk edge evolution. Fixed inner edge (FIX; dashed green line), outward-migrating edge (OUT[M]; dotted red line; see Eq. (4)), and inward-migrating edge (IN[C]; solid purple line; see Eq. (6)). These rin(t) tracks set where Type-I migration halts.
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        Dynamical evolution of planetary embryos in a representative simulation of Scenario FIX. Each line corresponds to one embryo: gray lines show all embryos, while colored lines highlight those that survive until the end of the integration at ∼50 Myr. Panels display the semimajor axis (top left), eccentricity (top right), inclination (bottom left), and planetary mass (bottom right). The horizontal dashed blue line in the semimajor-axis panel marks the fixed inner disk edge at 0.01 au, which is applied only during the gas-disk phase (up to 10 Myr).
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        Average close-encounter events per system for each inner-edge scenario (FIX, OUT[M], IN[C]). One Hill radius was applied as the threshold. For a given scenario, we sum the number of close-encounter records across all embryos and runs, and divide by the number of valid runs.
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        Fraction of initial embryos per system that experienced an embryo-embryo collision. Percentages are shown for all 10 systems in each scenario. Bar colors correspond to the three inner-edge prescriptions (green = FIX, orange = OUT[M], purple = IN[C]).
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        Final planetary architectures for the three inner-edge prescriptions at ∼50 Myr (FIX, OUT[M], and IN[C]). Circles mark planets at the end of each run, where the size and color correspond to their mass: ∼0.4-1 M⊕ in blue, 1-3 M⊕ in pink, and 3-6 M⊕ in brown. The dashed red line indicates the approximate 1-day period for a (0.1 M⊙) star (USP boundary). The shaded band shows the range swept by rin during the gas phase, with dashed gray snapshots at 1, 5, and 10 Myr (or constant) and an arrow for the direction of motion (constant in FIX, outward in OUT[M], inward in IN[C]).
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        Planetary mass as a function of orbital period for our simulated planets in the three inner disk-edge scenarios (FIX, OUT[M], and IN[C]; open symbols) and for the observed USP systems around late M dwarfs (0.08 < M*/M⊙ < 0.35; filled symbols). Blue circles denote isolated USP planets and red circles USP planets with detected companions. The vertical dashed line marks the 1-day boundary that defines USPs. Asymmetric error bars indicate the 1σ uncertainties on the observational mass estimates.

      

    

  
    
      Fig. 8 
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        Left: detection probability map for TESS as a function of orbital period and planetary mass. Colors indicate the probability of detecting a transit signal, modeled as a logistic function of S/N with a threshold of 7.3. Known USP systems (TOI-1238, GJ 367, and LP 791-18) detected by TESS are shown for reference. Right: detection probability map for CARMENES as a function of orbital period and planetary mass. The model assumes 3 m/s radial velocity precision and 100 observations per target, with a logistic function centered on a S/N of 10. The USP system TOI-1238, which was confirmed by CARMENES, is overplotted. While CARMENES has strong sensitivity to higher-mass planets, the simulated low-mass USP planets fall below the detection threshold, underscoring the challenges of RV confirmation for this population.

      

    

  
    
      Fig. 9 
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        Cumulative distributions of adjacent period ratios. Simulated systems in Scenario IN[C] at 50 Myr (solid lines) with detection probabilities associated with TESS higher than 0.9 (see Fig. 8). Observed exoplanetary systems around stars with masses 0.08 < M*/M⊙ < 0.6 (top panel) and around stars with masses 0.08 < M*/M⊙ < 0.35 (bottom panel) that host a USP planet (dashed lines). Observed USP-neighbor pairs are compared to simulated USP + candidate neighbors (blue lines). Other adjacent pairs around M dwarfs are compared to all other adjacent pairs in our simulations (orange lines). Vertical dotted lines mark common MMRs: 4:3, 3:2, 2:1, and 3:1. Poissonian errors for each distribution are shown as shadow areas. The comparison tests whether the early-epoch orbital spacing of prospective USPs resembles the presentday spacing observed for mature USP systems.

      

    

  
    
      Fig. 10 
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        Period-ratio distribution of adjacent planet pairs, Pouter/Pinner, at the end of the integrations for the three inner-edge prescriptions (left to right: FIX, OUT[M], IN[C]). The histograms include all systems formed in each scenario. Vertical dashed lines mark common MMRs (4:3, 3:2, 5:3, 2:1).
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