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Abstract

The impact of the dynamical state of gas-rich satellite galaxies at the early moments of their infall into their host systems and the relation to their quenching process are not completely understood at the low-mass regime. Two such nearby systems are the infalling Milky Way (MW) dwarfs Leo T and Phoenix located near the MW virial radius at 414 kpc (1.4Rvir), both of which present intriguing offsets between their gaseous and stellar distributions. Here we present hydrodynamic simulations with RAMSES to reproduce the observed dynamics of Leo T: its 80 pc stellar-HI offset and the 35 pc offset between its older (≳5 Gyr) and younger (∼200 − 1000 Myr) stellar population. We considered internal and environmental properties such as stellar winds, two HI components, cored and cuspy dark matter profiles, and different satellite orbits considering the MW circumgalactic medium. We find that the models that best match the observed morphology of the gas and stars include mild stellar winds that interact with the HI generating the observed offset, and dark matter profiles with extended cores. The latter allow long oscillations of the off-centred younger stellar component, due to long mixing timescales (≳200 Myr), and the slow precession of near-closed orbits in the cored potentials; instead, cuspy and compact cored dark matter models result in the rapid mixing of the material (≲200 Myr). These models predict that non-equilibrium substructures, such as spatial and kinematic offsets, are likely to persist in cored low-mass dwarfs and to remain detectable on long timescales in systems with recent star formation.
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1. Introduction
Dynamical equilibrium is a fundamental and common assumption in the dynamical and mass modelling of observed galaxies, and of the material used to trace the potential (Binney & Tremaine 2008). However, this material could be under different degrees of perturbation, depending on the specific system. The Gaia observatory, for example, has revolutionised the understanding of our home galaxy, revealing a number of transient stellar substructures in the Milky Way (MW) or ‘digging up’ satellite galaxy ‘fossils’ from previous accretion events (Belokurov et al. 2018; Deason et al. 2018; Haywood et al. 2018; Helmi et al. 2018). The most massive dwarf galaxy satellites, the Magellanic Clouds, show substructures in a much more obvious state of perturbation. Furthermore, Gaia has also allowed us to determine the internal kinematic structure of the closest dwarf spheroidal galaxies (dSphs) (≲150 kpc) (Martínez-García et al. 2021; Qi et al. 2022; Tolstoy et al. 2023), as well as their orbital properties around the MW halo (Fritz et al. 2018; McConnachie & Venn 2020; McConnachie et al. 2020). However, the more distant population of satellites, located in the outskirts of the MW, near or beyond its virial radius (Rvir), has significantly larger proper motion errors given their large distances, which only allow us to determine some constraints on their orbital properties, determining, for example, if some of these are falling into the Galaxy for the first time (Blaña et al. 2020, hereafter B20; McConnachie & Venn 2020; McConnachie et al. 2020).
Furthermore, this outskirts population, with Leo T, Phoenix, Eridanus II, and others as members, is particularly interesting for studying the accretion history of the MW at later times (Diemer 2017, 2020b; Deason et al. 2020; Fritz et al. 2020; Diemer 2021; Bakels et al. 2021; O’Neil et al. 2021; B20), and also for understanding the quenching process of satellites that fall into their host (Rodriguez Wimberly et al. 2019; Simpson et al. 2018; Buck et al. 2018), allowing us to understand the transformation of gas-rich dwarf galaxies into dSph galaxies.
In addition, dwarf galaxies are the most abundant type of galaxy and play an important role as laboratories to study the nature of dark matter, which remains one of the most important challenges in astrophysics today. Dwarf galaxies can help us probe dark-matter models at the low-mass regime and address studies such as the cuspy versus cored dark-matter profile subject. We have known for some time that dwarfs can contain cored dark-matter densities (Burkert 1995) instead of the predicted cuspy Navarro-Frenk-White (NFW) profile produced in ΛCDM dark matter-only simulations (Navarro et al. 1996b). Many theories have addressed this phenomenon, suggesting that it is a consequence of gravitational interactions with the baryonic mass components (Navarro et al. 1996a; Read et al. 2006; Ogiya et al. 2014; Ogiya & Mori 2014) or an intrinsic property of dark matter such as warm dark matter (Feng 2010; Bullock & Boylan-Kolchin 2017), fuzzy dark matter (Hu et al. 2000; Burkert 2020), self-interacting dark matter (Burkert 2000; Markevitch et al. 2004; Harvey et al. 2018; Nishikawa et al. 2020), or more common external mechanisms such as tidal stripping and shocking due to interactions with the host or a nearby galaxy.
Therefore, it is of interest to identify pristine isolated dwarfs falling for the first time on the MW and to distinguish them from backsplash satellites (B20), which could have been affected by the MW in the past, or even by the Andromeda galaxy in the case of more exotic ‘renegade’ satellites (Knebe et al. 2011; Fouquet et al. 2012; Teyssier et al. 2012) (also called Hermeian satellites; Newton et al. 2021), or to distinguish them from satellites that arrive within smaller groups such as the Magellanic Cloud subgroup (Sales et al. 2017; Kallivayalil et al. 2018; Pardy et al. 2020).
In this paper we complement the satellite orbital study of Leo T performed in B20, in which the authors explored first infall and backsplash orbital solutions, where both solutions lay within the proper motions measurements given the large observational errors (McConnachie & Venn 2020). Here we investigate the internal dynamics of Leo T and possible perturbations generated by the interaction with the environment as it enters the MW, or due to internal processes. In particular, we focus on qualitatively reproducing the main properties of the exquisite HI observations of Adams & Oosterloo (2018, hereafter AO18), and the observed offset between the distributions of the HI and the younger and older stellar populations. The article continues with Sect. 2 where we describe the set-up of our models based on the main observational properties of Leo T, its environment, and the scenarios that we explored. In Sect. 3 we present the results, with separate subsections for the analysis of environmental effects and the analysis of internal processes. We conclude with a summary and discussion in Sect. 4.
2. Modelling Leo T and its environment
Here we describe the set-up of the simulations, starting with the environment Leo T and its orbit, followed by the dynamical and mass models for the dwarf galaxy models, and finally the set-up of the three main scenarios (I,II,III) that we designed to explore possible solutions for the current dynamical state of the gas and stars in Leo T. In Table 1 are summarised the main parameters for each model and simulation1.
2.1. The satellite’s environment, orbit, and orientation
Given that Leo T is located at a large distance from the Galactic centre with rGC = 414 kpc ∼ 1.4Rvir (B20) (or a heliocentric distance of [image: equation] Clementini et al. 2012), the weak effects of the MW gravitational tidal forces can be neglected. For example, a satellite with a virial mass of 107 M⊙ or 108 M⊙ would result in a Jacobi radius that is larger than its virial radius. Furthermore, even the backsplash orbital solutions found by B20 for Leo T place the pericentre passages between 6 and 8 Gyr ago, while here we focus only in the last 1–2 Gyr of evolution, being still beyond the MW virial radius (see their Figs. 5 and 9). This allows us to implement a wind tunnel box simulation approximation that significantly reduces the computational time and cost of each run, which is performed with grid-based adaptive mesh refinement code RAMSES (Teyssier 2002). The domain is a box with sides of 20 kpc that reaches a maximum resolution of 2–4 pc (see Sect. 2.4 for more details). As the satellite moves in the outskirts of the MW, it feels the ram pressure of the environment. We compute the resulting wind speed of this environment based on the precomputed orbital positions and velocities for different orbits of Leo T using the software DELOREAN (B20). The wind is injected on one side of the box, while the remaining sides have open boundary conditions.
The line-of-sight (LOS) velocity of the satellite is well determined, being [image: equation] for the stars in the Galactic Standard of Rest (GSR), or [image: equation] in the heliocentric system (Simon & Geha 2007) and for the HI gas is [image: equation] ([image: equation]) (AO18). However, the stellar proper motions have large errors given the large distance to the satellite ([image: equation] and [image: equation]), which result in tangential velocity measurement with errors Δ ∼ 5 times larger than the estimated value (McConnachie & Venn 2020, see their Table 4). The orbital analysis of B20 finds that the observational constrains encompass the backsplash orbital solutions as well as the first infall solutions. Therefore, we explore the orbits for both solutions where B20 determined that the range of magnitude of the (GSR) tangential velocity values (ut) that allow backsplash solutions is [image: equation], with the uncertainty range given by the different MW and M31 mass models. The selected orbits are:

	
Backsplash orbit (BA): we use an orbit with a final GSR tangential velocity of [image: equation], that combined with the [image: equation] results in a final velocity of V = 83 km s−1. As we are interested in the more recent history of Leo T we model the last 2 Gyr of evolution for Scenario I, and the last 1 Gyr for Scenario II and III, which are defined in Sect. 2.3. As this is a wide BA orbit, the apocentre is at 500 kpc from the MW, which was reached −3 Gyr ago with a velocity of 34 km s−1, while −1 Gyr ago it reached a velocity of 58 km s−1, revealing the slow increase of velocity at those distances.



	
First infall orbit (FI): here we explore two orbits that result in Leo T being on its first infall onto the MW. One has a final velocity of [image: equation] and V = 210 km s−1, and velocities of 195 and 182 km s−1 at −1 and −2 Gyr ago, respectively. The extreme fast FI orbit [image: equation] and V = 307 km s−1, allowed by the large observational proper motion errors, has velocities of 292 and 280 km s−1 at −1 and −2 Gyr ago, respectively.



	
BA–FI orbit: here we take an orbit at the limit of BA and FI orbits, with a final velocity of [image: equation] and V = 120 km s−1, and velocities of 100 and 86 km s−1 at −1 and −2 Gyr ago, respectively.




These different tangential velocities result in trajectories that cross the plane of the sky with different entrance vectors and possible orientations for Leo T on the sky. Therefore, we define here this ‘angle of attack’ derived from the GSR tangential and LOS velocities,
[image: thumbnail](1)
which defines the instantaneous motion of the satellite with respect to the plane of the sky where, for example, θsky = 0° would only correspond to a motion in the plane of the sky and θsky = 90° only to an inward radial motion and perpendicular to the plane of the sky. For simplicity and that the direction of motion of Leo T is not well constrained, we decided to project θsky along the negative vertical axis of the images, meaning that in this frame the relative motion of the Galactic wind would move into the plane of the sky and in the direction of the positive vertical axis when [image: equation]. Following B20 we adopt [image: equation] from the stellar velocity, where for simplicity here we assume that this value corresponds to the galactocentric radial velocity, as the large distance to Leo T (420 kpc) results in an angular difference of the helio-galactocentric vector of only 0.9°. It is worth mentioning that the explored velocities encompass a range of values of Emerick et al. (2016), who showed how the wind properties affect the overall properties of the gas stripping in Leo T-type systems. Furthermore, Tonnesen (2019) showed that a variable wind driven by the orbital history of a satellite around its host can affect its gas morphology, when compared to constant winds.
We need to model the gas of the environment of Leo T, which is currently at a galactocentric distance of r = 415 kpc ∼ 1.4Rvir from the MW centre. At these distances, the environment changes from the circumgalactic medium (CGM) to the intergalactic medium (IGM) at the convention of ∼1Rvir (Tumlinson et al. 2017). Here we name the medium density model as IGM, given that the satellite orbits explored for Leo T in B20, (see their Fig. 5) place it in the IGM region in the last 2 Gyr for both orbital solutions (BA and FI). We model the density of this medium [image: equation] with an extrapolation of the hot halo beta model from Salem et al. (2015), where the density varies as a function of the orbital distance r, while keeping the temperature constant to T = 106.3K. This temperature would correspond to a sound speed of 207 km s−1 for a fully ionised plasma of hydrogen with a cosmic helium mass fraction of 0.24. Extrapolating two hot halo models to Leo T’s current position the mass and number (n) densities would correspond to [image: equation] (Salem et al. 2015), or 120 M⊙ kpc−3 (3.6 × 10−6 cm−3) (Miller & Bregman 2015) (see Fig. 3 in B20).
In addition, hot gas halos can present substructures and density perturbations in their spatial distribution. We notice that Leo T is located at 1.4Rvir distance from the MW, a location where cosmological simulations predict the presence of shocks and a splashback (caustic) radius, which is a transition zone in the shape of the distribution of dark matter and gas (Hurier et al. 2019; Diemer 2020a; Deason et al. 2020; Aung et al. 2021; O’Neil et al. 2021). Cosmological simulations of a MW-type galaxy also show strong gas density perturbations over the background density of more than one order magnitude, resulting from a substructure in the hot halo (Dolag et al. 2015). In addition, cosmological simulations suggest the presence of a colder phase component in the IGM (103 < T/K < 105, −8 < log(n[cm−3]) < −4) associated with cosmic web filaments (Galarraga-Espinosa et al. 2021); however, additional physical processes, such as thermal conduction, may impact these results (Nipoti & Binney 2004; Armillotta et al. 2017; Kooij et al. 2021). Motivated by these findings we also explore models where we include strong gas density perturbations on top of the MW hot halo beta profile to test how our dwarf models react to these strong density variations while aiming at reproducing the gas-stellar densities offset observed in Leo T. For simplicity, we adopt a sinusoidal perturbation of the form
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which avoids negative values when going below the local IGM density value, with a maximum amplitude a factor ϵ times over the local IGM density. We note that we also include perturbations in the temperature to impose a local isobaric state, in order to avoid pressure gradients that could generate additional undesired secondary perturbations in the wind.
2.2. Dwarf galaxy models
We built a sample of dwarf galaxy models for Leo T with stellar, gaseous, and dark matter properties based on observational and theoretical estimates from the literature, which were then used to run wind tunnel simulations under various conditions to explore a range of different parameters, summarised in Table 1. The dark matter distribution is the most uncertain mass component, making this the main quantity that differs between dwarf models. We used full N-body modelling for the stellar and dark-matter distributions, which allowed us to explore different types of perturbation to reproduce the gaseous and stellar morphology observed in Leo T, particularly its HI-stellar offsets. We generated the initial conditions for the dwarf models with the software DICE (Perret et al. 2014; Perret 2016), which were then inserted into the wind tunnel models that were performed with RAMSES. These models are defined as follows.
2.2.1. Dark matter component
Due to the large distance to Leo T and its faint stellar distribution, the determination of its dark-matter distribution and concentration is difficult to constrain. Many dark matter mass estimates in the literature explore cuspy density profiles with NFW models. However, cored dark-matter profiles are probed with different functional forms such as the Burkert model, the cored NFW model, the soliton model, or the pseudo-isothermal model. This makes discriminating between different cored models difficult. Simon & Geha (2007) measured stellar kinematics of 19 stars, determining a velocity dispersion of 7.5 ± 1.6 km s−1. Using analytical mass estimators they obtained a dynamical mass of 8.2 ± 3.6 × 106 M⊙ within the half-light radius, [image: equation], which here we re-scaled to 7.6 × 106 M⊙, considering the new closer distance estimates of Clementini et al. (2012). Faerman et al. (2013) fit hydrostatic models to the HI observations of Ryan-Weber et al. (2008) and find M300 = 8.0 ± 0.2 × 106 M⊙ within 300 pc, while AO18 use their global HI velocity dispersion and a dynamical equilibrium (virial) relation to find a value of M400 = 19 × 106 M⊙ within 400 pc. Furthermore, Patra (2018) finds the lowest dark-matter mass estimates to date, which are derived from fitting hydrostatic models to the HI density and velocity dispersion data of AO18. The author also used pseudo-isothermal dark-halo models, finding models with dark-matter masses of M300 = 2.7 − 3.7 × 106 M⊙ measured at 300 pc for a wide range of estimates for the core radius and central density of the dark-matter halo. Dwarf galaxy evolution simulations find dark matter cores with sizes comparable to their stellar half-mass radius, which are produced by the gravitational perturbations of the baryonic components that are driven by star formation processes, which then gravitationally perturb the dark matter centre (Read et al. 2006; Ogiya et al. 2014). Moreover, recent mass estimates of Zoutendijk et al. (2021) used MUSE observations to increase the number of stellar radial velocity measurements by up to 75 members to fit cuspy (NFW) and different cored models, finding more massive and compact cores with rc = 66 pc for the model profiles of Lin & Loeb (2016).
In summary, the dynamical mass estimates of Leo T in the literature reveal a degree of degeneracy between the scale length and the central halo density of the dark-matter models, which would require more observations to solve. Therefore, here we proceeded to explore dwarf galaxy models with a range of masses and densities with cuspy and cored dark-matter models with different core sizes, as shown in Table 1. The mass profiles of these models are shown in Fig. 1, which were derived from fits to the dynamical mass estimates from the literature. In the following, we explain the dark-matter models used for the different dwarf galaxy models, which is then followed by the set-ups of the stellar and gaseous components:

	
Dwarf Model D1 (Fiducial): We set our fiducial dwarf model D1 with a Burkert dark-matter density profile, which has a density core in the centre while beyond its scale length the density closely follows an NFW profile (Burkert 1995, 2015). We took a dark-matter core radius comparable in size to the gas distribution with r0 = 400 pc, and an enclosed mass at 1 kpc that matches the estimate of Patra (2018), who used a pseudo-isothermal halo. Therefore, the mass profile decreases faster in the inner region, having an enclosed mass at 300 pc of M300 = 1.7 × 106 M⊙. Although these values are arbitrary, they set a low-mass model, which allows us to explore the dynamics of models that are more sensitive to perturbations.



	
Dwarf Models D2 and D3: We set model D2 with a more massive cored dwarf galaxy model that follows the mass estimates derived from HI kinematics of Faerman et al. (2013) at 300 pc and AO18 at 400 pc, also choosing a core radius of r0 = 400 pc and M300 = 8 × 106 M⊙. Model D3 also has a Burkert halo, but fitted to match the halo model of Zoutendijk et al. (2021) within 300 pc obtaining M300 = 15.5 × 106 M⊙ and r0 = 142 pc, as shown by the mass profiles in Fig. 1. These more massive models better match the upper-mass estimates in the literature and help us explore the effect of perturbations on Leo T for a more massive scenario. However, while model D3 agrees with the mass estimates from the stellar kinematics, it has ∼2 times more mass within 300 pc than the mass estimates from gas kinematics.



	
Dwarf Model D4: Finally, we set dwarf model D4 with a cuspy dark matter density model using an NFW profile with the same mass at 300 pc as model D2 (M300 = 8 × 106 M⊙) with a scale length of rs = 770 pc. We note that due to its high central density, within 30 pc it has a mass larger than that of the dwarf model D3, as seen in Fig. 1.




	[image: thumbnail]	Fig. 1. Cumulative mass radial profiles of the dwarf galaxy models used for Leo T shown in Table 1: Our fiducial Burkert model D1, the massive Burkert model D2, and the NFW model D3. We also show the pseudo-isothermal dark halo model of Patra (2018) (P18) fitted to HI kinematic data of AO18, and the model of Zoutendijk et al. (2021) (Z21) with our adapted model D4 fitted to match a Burkert model within 400 pc. The models include gaseous and stellar components; we also plotted them separately modelled by Plummer mass profiles with parameters determined from observations (de Jong et al. 2008; Weisz et al. 2012; Adams & Oosterloo 2018; Blaña et al. 2020). We include dynamical mass estimates derived from gaseous kinematics (F13, A18, P18; Faerman et al. 2013; Adams & Oosterloo 2018; Patra 2018) and stellar kinematic observations (W09; Walker et al. 2009). The dashed black line indicates the relation between the virial mass (Mvir) and radius (Rvir) where we truncate the halos. The vertical dotted line marks the standard mass radius M300 at 300 pc (Strigari et al. 2008), used here to compare the masses between dwarf models in Table 1.



These settings generate a diverse range of dark-matter profiles which allow us to probe the effects of external and internal perturbations with different magnitudes and configurations. The total virial mass in each dwarf model is determined in DICE by truncating the galaxy’s cumulative mass profile at the virial radius R200, where the mean density is 200 times higher than the density of cosmic matter, as shown in Fig. 1. We use 106 particles for the dark-matter component.
2.2.2. Stellar component(s)
de Jong et al. (2008) find an old stellar component in Leo T with a luminosity of ∼105 L⊙ and half light radius Rh = 145 pc (73 arcsec), as well as a younger component with a luminosity of ∼104 L⊙, an age ranging ∼200 Myr − 1000 Myr, and a slightly more concentrated spatial distribution with half light radius [image: equation]. The existence of this younger component is consistent with their estimates of the star formation history in Leo T and also with the study of Weisz et al. (2012) (and the more recent Vaz et al. 2023), showing a bursty star formation history with a recent drop, attributed to a quenching or to an IMF sampling effect. Moreover, spectroscopy of 19 stars revealed a metal-poor population with [Fe/H] = −2.19 ± 0.10 ± (0.35)σ[Fe/H] (Simon & Geha 2007), while recent estimates find [Fe/H] = −1.53 ± 0.05 ± (0.26 ± 0.06)σ[Fe/H] (Vaz et al. 2023). We set up all dwarf models with both stellar distributions using Plummer profiles based on the observed photometric structural parameters determined in Irwin et al. (2007), de Jong et al. (2008), considering 90% of the total stellar mass in the old stellar component with 1.3 × 105 M⊙ (Weisz et al. 2012), and the younger stellar component with 1.4 × 104 M⊙ de Jong et al. (2008), each with a particle mass resolution of 1 M⊙. de Jong et al. (2008) also reported an intriguing offset between the old and the younger stellar components of about ΔRo|y = 35.7 pc (18 arcsec) in projection, significant to within 2 sigma and that could be even larger in de-projection. Furthermore, this spatial offset has a phase-space counterpart, where recent observations revealed that the older stellar component has a velocity and dispersion of [image: equation] and [image: equation], while the younger stellar population has [image: equation] and [image: equation] (Vaz et al. 2023). Such offsets are plausible if younger stars were formed in star clusters displaced from the dwarf’s centre, as seen, for example, in the MW dwarf galaxy Eridanus II with a star cluster shifted 23 − 45 pc in projection from the dwarf centre (Crnojević et al. 2016; Amorisco 2017; Simon et al. 2021). Furthermore, clusters in disruption within cored dwarf galaxies can present stellar substructures for long timescales (Alarcón Jara et al. 2018). Depending on the scenario considered in Sect. 2.3, we provide an initial offset to the younger stellar component and study its decaying time, or explore mechanisms that could generate such offsets.
2.2.3. Gaseous component(s)
While a first glance of Leo T shows a HI gas morphology with a global spherical distribution centred near the older stellar distribution, the deeper interferometric radio observations revealed a more complex distribution and kinematics (Ryan-Weber et al. 2008). In particular, the rich HI observations of AO18, shown in Fig. 2, reveal a gas distribution with Mgas = 5.2 ± 0.5 × 105 M⊙2 that extends to ∼400 pc in radius with a velocity dispersion of 8.1 km s−1. They found that the outer HI isocontours (R ∼ 400 pc) are round, with the centre of a fitted ellipse roughly overlaying with the stellar (optical) centre (see Fig. 1 in AO18), while the inner region (R < 200 pc) the isocontours are flatter and shifted south and have a major axis almost perpendicular to the North, with its HI surface density peak shifted to the south from the stellar centre by ∼80 pc in projection (see Fig. 2). They also determined that the total HI flux centre is between the optical and the HI peak centres, as expected. Furthermore, the HI velocity map in Fig. 2 shows a velocity difference of ∼4 km s−1 between the central region (R ∼ 150 pc) and the outer region (∼400 pc). The dispersion map also shows strong variations and a kinetically colder state of the density peak. Consequently, the set-up for the gas component(s) and properties are the following:
	[image: thumbnail]	Fig. 2. HI observations from AO18 taken with the Westerbork Synthesis Radio Telescope (WSRT), showing the HI gas surface mass density map (top left), the HI line-of-sight velocity dispersion map (top right), the HI line-of-sight velocity map where the heliocentric systemic CNM velocity is subtracted (37.4 km s−1 (bottom left), and the HI line-of-sight heliocentric velocity map where the heliocentric systemic WNM velocity is subtracted (39.6 km s−1) (bottom right). The stellar heliocentric systemic velocity lies between the two gas velocity estimates, with 38 ± 2 km s−1. All panels show the HI iso-contours separated by 0.1 dex, the HI peak marked with a white cross. The old and younger stellar population positions and their respective (projected) half-light radii of 1.22′ (145 pc),0.86′ (102 pc) are marked with stars and circles coloured in white (old stars) and cyan (younger stars), according to de Jong et al. (2008). AO18 fitted an ellipse to the external HI contours (R ∼ 400 pc), finding its centre near the old stellar component position. Here [image: equation] corresponds to NHI = 1.2 × 1020 cm−2. The WSRT beam size of (15.7 × 57.3) arcsec = (31, 113) pc is displayed with the white ellipse in the lower left corner of the top left panel.




	
HI Warm neutral medium: We set up a gas component for our fiducial dwarf model D1 along with models D2, D3 and D4 mentioned in Table 1 using the structural Plummer parameters from the profiles fitted to the azimuthally averaged radial profile (B20) of the HI observational data (AO18), namely a Plummer radius and HI mass of 193.9 pc and 4.1 × 105 M⊙ (or 5.5 × 105 M⊙ with Helium), respectively. This profile has a Plummer HI number and mass densities of [image: equation] and [image: equation], and central column number and mass surface densities of [image: equation] and [image: equation], respectively.

Table 1. 
Main parameters of the simulation set-up.




	
Equation of state (EoS): The gas temperature profiles of the initial conditions of the models are set iteratively in the code DICE to reach the hydrostatic equilibrium solution, where we checked that these have values below 104 K, as suggested by the thermal equilibrium models for the HI warm neutral medium (WNM; see Fig. 30.2 in Draine 2011). For our fiducial simulation models with RAMSES shown in Table 1 we adopted an adiabatic EoS for two main reasons. First, as we want to explore hydrodynamical solutions where mechanical de/compression could explain the perturbed shape of the gas, we must remove instabilities that could be driven by radiative processes. And second, observations suggest that the gas in Leo T has been stable to thermal collapse in the last < 1 Gyr without signatures of (significant) star formation in that period. For example, Ryan-Weber et al. (2008) estimates that Leo T’s HI distribution is stable to collapse, finding a Jeans mass an order of magnitude larger than the measured enclosed dynamical mass. In addition, the scarcity of information on the ISM chemical composition in Leo T makes a precise estimation of the thermal stability of the gas difficult. The stellar metallicity estimates could be used as a proxy for the gas metallicity; however, dwarf galaxies can expel large fractions of their metals due to their low escape velocities. Estimates in the literature consider low-density and metal-poor environments for Leo T, finding long cooling timescale values: τcool ∼ 1 Gyr where (Wadekar & Farrar 2019) considered a low cooling rate, or τcool ∼ 400 Myr considering a gas metallicity of [Z/H]= − 1 and the cooling functions of Kim (2021), which agrees with the more general estimates for a metal-poor WNM gas (Glover & Clark 2013). Furthermore, currently there are no molecular hydrogen measurements available for Leo T (see paragraph point 4), with this being an important source of cooling lines in cool gas. Here we estimate some values for τcool defined as in Mo et al. (2010, see Eq. (8.94)), and written as
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with the Boltzmann constant [image: equation]. An accurate estimate of τcool can be affected by uncertainties in Leo T’s gas properties, such as its 3D density and temperature distributions, and lack of chemical composition (no gas metallicity estimates, nor H2 nor dust information available). An MCMC τcool estimate with 106 draws from uniform random distributions for the parameters in Eq. (4) using ranges from observed and theoretical values (n = 0.1 − 0.5 cm−3, T < 104 K) and cooling function Λ values from the literature (for Z/H < −1, and no heating) are in the range [image: equation] (Kim et al. 2023, see their Figs. 3 and 18) or Maio et al. (2007, their Fig. 4) results in a distribution of [image: equation] with a maximum of [image: equation]. However, these cooling times could be longer when heating terms are added in the cooling function, which would be comparable to the dynamical time scale of the evolution we considered here. For example, a cooling time of 1 Gyr would require a cooling function value of Λ = 10−28erg cm3 s−1 for n ∼ 0.5 cm−3 and T = 8000 K. Nonetheless, we ran test simulations that use an isothermal EoS which assumes a cooling-heating equilibrium by construction, and models with heating-cooling equations where we tested gas metallicities ([Z/H]) between −3 and −2. The tests showed in general a behaviour of the gas that is similar to the adiabatic cases, except for models with gas metallicities higher than [Z/H]>  − 1, where the cooling of the implementation is more effective and collapses the gas distribution in less than 100 Myr (see more details in Sect. 2.4). Therefore, given that Leo T shows a mean (stellar) metallicity lower than −1.5 and that there is no current star formation, nor had important star formation events in the last ∼200 − 1000 Myr (de Jong et al. 2008; Weisz et al. 2012; Vaz et al. 2023), it suggests that the gas should be currently radiatively stable at a global scale, supporting the adiabatic approximation. Further exploration of these processes on a longer timescale is out of the scope of this work and it will be addressed in a future publication, while here we focus instead on the present dynamical state of this dwarf.



	
Cold neutral medium: In addition, the HI in the interstellar medium (ISM) of a galaxy could be constituted of two coexisting regimes in heating-cooling equilibrium, a WNM and a cold neutral medium (CNM) (Draine 2011). Therefore, AO18 decomposed the HI spectra into two Gaussian components, resulting in a less massive CNM component with a velocity dispersion of ∼2.5 km s−1 with 10% (5 × 104 M⊙) of the more massive WNM component, the latter having a dispersion of 7.5 km s−1. Furthermore, they also found slightly different systemic (heliocentric) velocities, with 39.6 km s−1 for the WNM and 37.4 km s−1 for the CNM. Therefore, we also set up models with two gas components, indicated in Table 1, including a second central denser component with constant densities between 11 − 20 cm−3 (3.7 − 6.6 × 108 M⊙ kpc−3) and an initial temperature of 300 K which are set in equilibrium with the WNM in DICE by producing a temperature gradient, where we checked that its temperature has values lower than T < 1000 K. Later, the gas is evolved with RAMSES with an adiabatic EoS. We set the initial CNM mass at a factor of 2 higher than the estimates of AO18 (exchanging this by the WNM mass to keep the total gas mass constant), as perturbations can heat the CNM by mechanical compression heating or gas mixing with the WNM, reducing its amount by the end of the simulation, and also to enhance the effects of its interaction with the lower density component.



	
Current Star Formation & Molecular gas: the authors of AO18 suggest that, despite the potential presence of a CNM component, there would be little or no molecular gas, as the observed surface density ([image: equation] (AO18; B20) is at the lower limit of the Kennicutt–Schmidt relation (Kennicutt & Evans 2012). Furthermore, recent Hα observations place an upper limit star formation rate estimate of [image: equation] and SFR surface density [image: equation] (Vaz et al. 2023)3, which agrees with other studies showing a lack of star formation in the last 200–1000 Myr (de Jong et al. 2008; Weisz et al. 2012), which adds to the lack of strong star formation signatures such as dust or OB stars. This also puts Leo T below the KS relation for metal-poor dwarf galaxies (Filho et al. 2016), and below empirical and theoretical threshold estimates for the transition from atomic to molecular gas (Skillman 1987; Schaye 2004; Krumholz et al. 2009; Elmegreen 2018). Of course, another possibility is that the molecular gas is in a diffuse state, or that Leo T is currently forming dense cores at the bring of a star formation episode, which could be better revealed by future observations. Therefore, we leave the star formation modelling for a follow-up publication (Blaña et al., in prep.), while focussing here in reproducing the current dynamical state of Leo T.




2.3. Set-up of scenarios: Reproducing the HI – stellar offsets
We set up three different scenarios where we explored variations of the environmental and internal conditions to reproduce the observed properties of Leo T, focussing on the 80 pc offset between the peak of the HI distribution and the old stellar distribution, and the 35 pc offset between the older and younger stellar distributions. Briefly these are: In Scenario I we explored if it is possible to generate these offsets with environmental perturbations produced by the motion of the satellite in the IGM. In Scenario II we generated the offsets with stellar winds from an offset (perturbed) AGB stellar population (no initial gas offset is given). Finally, in Scenario III we imposed an initial gas offset and estimate if its decaying timescale is comparable to the last star formation episode in Leo T (≳200 Myr). All scenarios include a Galactic wind produced by the motion of the satellite in the IGM. The simulation parameters that are associated with the different scenarios are described in Table 1. The detailed descriptions of each scenario are in the following sections.
2.3.1. Scenario I: Interaction with the environment
Here we explored the effects of the ram pressure of the IGM on the morphology and equilibrium of the gas distribution of the satellite alone. We considered slow wind velocities due to the slower trajectories of the backsplash orbital solutions and fast winds due to the first infall orbital solutions, both calculated 2 Gyr in the past until the present as explored in B20. No stellar winds are included here. More details of orbital properties are given in Sect. 2.1. We also considered strong IGM density perturbations that mimic possible substructures in the outer regions of the MW.
2.3.2. Scenario II: Stellar winds and initial offset of the younger stellar population
Here we explored the effects of including internal perturbations to the dwarf models while having environmental perturbations due to the satellite orbit described in Sect. 2.1. To have a significant but no overwhelming ram pressure effects from the Galactic wind, we chose the FI orbit with a final velocity of 210 km s−1, which implies an attack angle on the sky of θsky = 18° for all these models (see Table 1). In addition to the younger stellar population and its offset reported by de Jong et al. (2008), Weisz et al. (2012) identified a handful of bright stars detected using Hubble Space Telescope observations, whose location on colour diagrams suggests that they are part of the red giant branch (RGB) population, or a population of intermediate-age asymptotic giant branch (AGB) stars. In particular, we focused on the second alternative for presenting the interesting possibility of a hydrodynamical interaction with the surrounding HI gas in Leo T, explaining the observed HI offset. AGB stars have masses of 0.8 − 8 M⊙, effective temperatures > 3000 K, and mass outflows of [image: equation] of slow and adiabatically cooled winds with terminal velocities of w ∼ 3 − 30 km s−1 (Höfner & Olofsson 2018), which are comparable to the stellar and gaseous velocity and velocity dispersion measured in Leo T (∼4 − 9 km s−1, see Fig. 2). Moreover, the wind velocity could be effectively increased by the orbital velocity of the AGB stars relative to the centre of Leo T.
Therefore, we explored the possible effects that winds of AGB star candidates could have in a system like Leo T, while testing on different dwarf models shown in Table 1. For this we introduced a single wind source term that mimics the combined contribution of an AGB population winds with outflow and momentum parameters defined in the table mentioned above. We note that while each AGB star lifetime spans only 1–3 Myr, we aim to mimic the outflow produced by a population of ∼10 AGB stars, assumed to be constantly populated by ageing stars entering this stage. Consequently, we expect the massive members of the AGB stellar population to be associated with the younger component. The stellar wind source treatment follows Calderón et al. (2020a,b), but with parameters adapted to slower and colder winds. The wind source outflows from a sphere with a 15 pc radius which is locked to follow the centre of mass of the younger stellar component.
In order to explore the offset between the gas and the stars we shift the younger stellar distribution from the centre of the dark matter distribution and measure its relaxation time decay into the dwarf’s centre while measuring the magnitude of the oscillations. This is motivated by the 80 pc offset between the gas and the stars, and also by the ΔRo|y = 35 pc offset between the younger and older stellar populations mentioned in Sect. 2.2.2 and reported by (de Jong et al. 2008; Vaz et al. 2023). It is likely that the older and more massive stellar population is in equilibrium, tracing the gravitational potential, which is dominated by dark matter, while the younger population could have formed in a gas cloud displaced from the centre during the last star formation episode ∼200 − 1000 Myr ago (de Jong et al. 2008; Weisz et al. 2012), which would be currently mixing with the main stellar component. The fragmentation of the main gas distribution into an inhomogenious distribution of clouds can imprint their kinematics into the newly formed star clusters, as shown in smaller scale high-resolution star formation simulations (Bate 2009; Krumholz et al. 2011).
We chose an initial offset for the younger stellar component of r = 141 pc, which is slightly larger than the observed projected offsets (35 and 80 pc) and accounts for the expected orbital decay due to phase-mixing of the younger stellar component. The angle of the direction of the initial offset (IO) is set with the angle θIO measured anticlockwise from the dwarf orbital trajectory vector (wind tunnel direction), which is perpendicular to the horizontal axis. This angle is related to the position angle as
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which results from the rotation around the horizontal-axis by θsky. This rotation means that the orbital trajectory axis is coplanar with the vertical axis in the figures. For most models in Table 1 we take θIO = 45° to explore an internal perturbation that is at an intermediate axis with respect to the vertical motion of the satellite in the IGM. Although we tested other angels, we show one model with θIO = 0° (see Table 1). The resulting position angle values are quite similar (PA = 46° and 0°, respectively), due to θsky = 18° for all models in this scenario. The initial offsets of the shifted young stellar component are set with zero velocities to explore radial infalls. However, we also consider initial circular orbits for the shifted stellar component in dwarf models with NFW halos to explore how the infall-time decay changes, as indicated in Table 1.
2.3.3. Scenario III: Initial gaseous offset
We also considered a third scenario to explore whether the whole gas distribution could be oscillating and sloshing in the overall potential. This has been suggested, for example for the MW dwarf galaxy Phoenix I, which exhibits an even larger offset of ∼500 pc in projection between its stellar and gaseous components (Young et al. 2007), being this large considering its stellar half-light radius of 274 pc (Battaglia et al. 2012). Young et al. (2007) hypothesised that that offset could be the result of a previous supernova explosion that could have pushed the gas outside the dwarf’s centre. Therefore, we explored a gas sloshing scenario on Leo T by shifting the gas distribution 141 pc from the centre of the dark matter potential, PA = 45° from the north axis, and measured its properties while it decays back to the centre, while the satellite moves in the galactic wind with the FI orbit with final velocity. We explored models with cored and cuspy dark matter profiles, as indicated in Table 1.
2.4. Additional physical and numerical parameters
As mentioned in Section 2.2, we set the initial conditions (IC) for the dwarf galaxy models with the software DICE (Perret et al. 2014; Perret 2016), which are then used in the wind tunnel simulations using RAMSES (Teyssier 2002) inside a 20 kpc side box. The software is compatible with RAMSES, but designed for SPH codes, so it may experience some mild radial gas expansions that eventually settle, and that can be improved by increasing the number of iterations in the IC generation. As we are not interested here in modelling star formation scenarios with RAMSES, we simply choose a geometrically nested variable spatial resolution centred on the dwarf location, which allows cell sizes down to 2–4 pc. The fiducial set-up for the simulations includes self-gravity forces for all mass components, which is well resolved given the large number of particles for the stellar (∼105) and dark matter (106) components and the collisionless regime of the dwarf galaxy. The hydrodynamic equations are solved with the exact Riemann solver together with a MonCen slope limiter (Toro 2009). The simulation models in Table 1 use the adiabatic EoS of an ideal gas with an adiabatic index of 5/3 for the monoatomic gas. However, we also tested simulations with the setup of dwarf model D1 in Scenario I (M3), but with an isothermal EoS, and three additional models with [Z/H]= − 3, −2 and −1, respectively, that included the heating and cooling models available in RAMSES (model courty) based on Few et al. (2012).
3. Results
3.1. Scenario I: Interaction with the environment
In this section we present how the dwarf galaxy models react to different environmental conditions of the wind produced by the relative motion of the satellite in the IGM surrounding the MW. We focus on the distribution of the cold gas to reproduce three main features observed in Leo T, visible in Fig. 2: i) the general bullet-shape of the outer HI contours of Leo T, ii) the faint HI material that could be trailing the dwarf, iii) the offset between the peak of the gas surface density and the stellar centre.
3.1.1. Scenario I: Dwarf mass models and orbital velocity
We start by showing the effects of the IGM wind considering different satellite orbits and dwarf mass models. To explore this, we choose the fiducial dwarf model D1 which has the lowest dark-matter content making it the most sensitive dwarf model to external perturbations. We also show comparisons with the more massive dwarf model D2. We do not include the more massive or concentrated dwarf galaxy models D3 or D4, as we find that their deeper gravitational potentials make the formation of instabilities, velocity gradients, and the gaseous tail more difficult. For example, considering the current distance of Leo T (412 kpc), an IGM density of [image: equation], and a satellite orbital velocity at that position (IGM wind) of [image: equation], we can calculate the instantaneous ram pressure (Gunn et al. 1972):
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which results in a value of [image: equation]. On the other hand, taking a mean gas density of 1.79 × 107 M⊙ kpc−3, a core size of 300 pc, and central masses of Table 1 to estimate the restoring thermal pressure as in Mori & Burkert (2000),
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results in [image: equation] for the dwarf model D1, and [image: equation] for model D2, making them resilient to instantaneous ram pressure stripping effects, with model D2 having a PT 4 times larger than D1. However, the ram pressure of the IGM environment can still produce environmental perturbations driven by other mechanisms such as the Kelvin-Helmholtz instability, which can strip the outer layers of gas of the dwarf through laminar or turbulent flows (Mori & Burkert 2000). Therefore, we proceed to explore a range of orbits for model D1 that have final tangential GSR velocities ut of 50, 100, 200, and 300 km s−1 corresponding to models M1, M2, M3, and M4. For model D2 we explore the fast orbits with ut of 200 and 300 km s−1 in models M6 and M7. This range includes backsplash and first-fall orbital solutions, as indicated in Table 1.
As expected, slow orbits affect only mildly the outer morphology of the gas of the dwarf, given that the IGM density is low at that distance, which results in a weak ram pressure. Therefore, in Fig. 3 we show models M3, M4, and M7 selected for having the most noticeable perturbations of their gas morphology and kinematics. However, we also show the models with slower orbits in Fig. A.1 that reveal the much milder environmental effects of models with slow orbits. We note that all maps of the simulations are calculated with gas with temperatures below T ≤ 104 K that better represent the HI observations. Furthermore, if we include the IGM and hotter gas surrounding the satellite, we find only negligible changes of the morphology and kinematics of the edges of the dwarf models, as can be deduced by the density cuts in Fig. A.2.
In general we see that the models match the overall extension the gas distribution in Leo T. As shown in Fig. 3, the gas of the dwarf is compressed on the leading face, whereas the trailing part of the dwarf is slightly more extended, generating a global mild bullet or trapezoidal-shaped morphology. This is already noticeable in dwarf model D1 with a final [image: equation] in model M3 and stronger in model M4 with 300 km s−1. This is more noticeable when looking at profile cuts of the density, pressure, and temperature, shown in Fig. A.2, where we can see that the asymmetry is generated not only in the shocked region in the leading face at 400 pc from the dwarf centre, but also in the inner region around the centre of the dwarf within 200 pc. The more massive dwarf model D2 needs velocities as high as ∼300 km s−1 to generate this feature (model M7). Slow orbits barely deform the outer layers of gas, where for the low-mass model D1 velocities below [image: equation] show a rounder shape with a mild leading compression, similar to dwarf model D2 with velocities lower than 200 km s−1, as shown in Fig. A.1 with models M1, M2 and M6.
	[image: thumbnail]	Fig. 3. Scenario I: Final snapshots of three models evolved from −2 Gyr until the current position of Leo T. We show two models that used the fiducial dwarf model D1, model M3 (S4M6) (left column) with a final tangential velocity of [image: equation] and model M4 (S4M7) (middle column) with [image: equation]. We also show model M7 (S11M11) (right column), which uses the more massive dwarf model D2 and [image: equation]. The first and second rows show the surface mass and line-of-sight (LOS) velocity maps projected according to attack angles θsky expected from the orbital orientation (Eq. (1)). We note that vlos are in the dark matter centre of mass rest frame. In the bottom row we include images with a projection of θsky = 90° to reveal the morphology and the maximum velocity gradients along the orbits. The centre of mass of the combined stellar and dark matter distributions is marked with white stars, and the gas peaks are marked with white crosses. To better represent the HI observations we made the calculations with gas colder than T < 104 K. The vlos maps are in the rest frame of the dwarf’s dark matter centre of mass, and the centre of mass of the stellar and dark matter components overlap in all panels. The contours on the leading side may cover the velocity map due to the strong compression; this can be avoided by zooming in the pdf version. We note that [image: equation] corresponds here to NHI = 1.2 × 1020 cm−2, and the spacing between contours is [image: equation] for all simulation figures.



We find that the resulting pressure gradient within the dwarf due to the IGM ram pressure is not strong enough to reproduce the offset between the gas and the centre of mass of the stars, as observed in Leo T. We also performed an inspection of the temporal evolution of all these simulations, searching whether the instabilities or the leading-trailing density asymmetry could generate an offset between the stellar centre and gas density peak, finding only weak transient perturbations, but not detecting any significant offset.
As the gas is stripped from the dwarf it is expected to slow down by the IGM ram pressure and mixing, producing a gradient of the line-of-sight velocity gradient map (vlos) where the material in the outer gas layers is redshifed with respect to the dwarf’s centre of mass and central gas distribution. An inspection of the kinematics in Fig. 3 reveals only a slight vlos gradient in the outskirts of the dwarf models. After inspecting the models, we see that rotating them with an angle of θsky = 90° produces a stronger gradient of vlos, which is stronger for fast orbits with [image: equation]. A consequence of the anti-correlation implied by Eq. (1) is that the faster the select satellite orbital solution is (and larger ut), the weaker the gradient along the line-of-sight velocity will result, which confines the motion to the plane of the sky. Furthermore, the more dense central region within R < 200 pc does not show velocity gradients. On the other hand Leo T shows a velocity difference of [image: equation] between the central gas ( − 2 km s−1) and the outer gas layer (3 km s−1) in Fig. 2 (bottom right panel), which also results in a difference of ∼2 km s−1 between the systemic velocities of the CNM and WNM gas components (AO18). Furthermore, the centre of the galaxy model shows no significant turbulent gas motions, mainly supported by pressure, whereas observations show a more turbulent internal region.
Inspecting the region with the material trailing the dwarf models in Fig. 3, we see that the stripped colder gas of the dwarf mixes with the hot component of the IGM gas creating a warmer and turbulent region that can quickly vary its motion due to its mixing, making it difficult to identify a clear nonturbulent gradient. Given that Leo T shows some material that could be trailing in the northern region at the limit of detection (see Fig. 2), suggests that a high tangential velocity ([image: equation]) would be required for significant stripping.
3.1.2. Scenario I: IGM overdensities
Motivated by cosmological simulations that find gas substructures in the distribution of the CGM and IGM of galaxies, such as the splashback radius (see Sect. 2.1), we included an overdensity above the background IGM gas density to explore how a satellite passing over these substructures would react. In Fig. 4 we show model M5 (S4M9) that used the dwarf galaxy model D1 and the orbit with a final tangential velocity of [image: equation], where we selected a snapshot that presented an offset between the gas and the stars. The offset is formed in a transient configuration, occurring only when the dwarf is in the process of leaving the IGM density perturbation and requiring a strong perturbation with an overdensity with a factor of 100 over the background density to produce a significant offset (i.e. [image: equation]. The offset has a short duration (≲50 Myr), shifting the gas to the leading side from the centre by 50 pc when observed from the side θsky = 0°, but shows a weaker offset for the correct orbital orientation of 33°. We also tested the effects of the WSRT observations beam size on the apparent morphology of the perturbed dwarf model. For this we convolved the image of model M5 with a (2D) Gaussian function kernel with the observed beam size of 2(σz, σx) = (15.7, 57.3) arcsec = (31, 113) pc. As shown in Fig. A.3 (left column), the resulting morphology has rounder gas contours due to the asymmetric beam size. However, the gas peak still remains shifted forward from the stellar centre.
	[image: thumbnail]	Fig. 4. Scenario I: Snapshot of the model M5 (S4M9) surface mass (left) and LOS velocity (right) projected with θsky = 18° corresponding to the BA–FI+P orbital solution with a final tangential velocity of [image: equation] (top rows). This model uses the low-mass dwarf model D1. The combined centre of mass for the stellar and dark matter distributions is marked with the white star, and the gas peak is marked with the white cross. Here the satellite is found passing over the perturbation added to the IGM with [image: equation]. We also project the model with 0° (bottom row) to better reveal the transient offset between the gas and stars; however, this causes the transient LOS velocity gradient to vanish due the projection. The vlos maps are in the rest frame of the dwarf’s dark matter centre of mass. The contours on the leading side may cover the velocity map due to the strong compression, which can be avoided by zooming in the pdf version. We note that [image: equation] corresponds here to NHI = 1.2 × 1020 cm−2.



In the inspection of the kinematics we find that the velocity gradient with the corresponding orientation of 33° is stronger than in the case without the IGM perturbation and the same final orbital velocity [image: equation] shown in Fig. A.1 (middle column). The redshifted region within R ∼ 400 pc in the model has similar qualities to the redshifted region to the north in Leo T. This could offer a possible solution to the velocity gradient observed in the outer region of Leo T, and it is an intriguing coincidence, that Leo T is located near the splashback radius of the MW at 1.4Rvir, where such substructures are expected. However, the central region in the model remains in hydrostatic equilibrium while in Leo T the centre appears the as a strongly blue-shifted region with negative Δvlos values (see bottom panels in Fig. 2).
3.2. Scenario II: Stellar winds and internal perturbations
The observations of Leo T of de Jong et al. (2008) reveal an old stellar population (> 7 Gyr) and a younger population (∼200 − 1000 Gyr) separated by 35 pc in projection, while the HI observations reveal a 80 pc offset with the old stellar centre (AO18), as shown in Fig. 2. In this section we explore the scenario where the younger stellar component could be oscillating around the dwarf centre while observed AGB star candidates (Weisz et al. 2012) could be associated with this component and generate stellar winds that interact with the dwarf’s ISM, producing the HI offset and morphology while the satellite travels trough the MW IGM.
3.2.1. Scenario II: Gas morphology and kinematics
For this scenario we used a range of dwarf galaxy models with different dark matter mass profiles, ISM composition (WNM, CNM), and AGB stellar wind strengths, which are listed in Table 1 (models M8 to M14). As we wanted to explore and include environmental effects driven by the IGM ram pressure, we used the orbital solution with a final tangential velocity of [image: equation]. As shown in Sect. 3.1 for the analysis of Scenario I, velocities slower than this results very week environmental perturbations, while larger than this it might dominate over the internal processes that we address in this scenario.
After a careful inspection of the evolution of all the simulations, we selected the models with snapshots that have gas morphologies similar to Leo T in that they have flatter gas isocontours within 200 pc, shifted from the stellar and dark matter centres of the dwarf models. These correspond to models M8 (A1M1), M9 (A1M6) and M10 (S1M12), which are shown in Fig. 5. We find that model M8, with the dwarf model D1, shows a stellar-gas offset distance similar to the one observed in Leo T, which is produced while the younger stellar component oscillates through the dwarf’s centre. In Sect. 3.2.2, we analyse these oscillations and explain further how the offsets is generated. We notice that the location of the offset in the model is not perfectly aligned on the sky as in Leo T, but this can be simply corrected by rotating the position of the initial stellar offset around the dwarf’s centre. In the figure, we include the results for model M9, which has the massive cored dwarf model D2, also showing central gas isocontours that are shifted from the centre. This model requires slightly stronger stellar winds to be able to push the gas due to the stronger gravitational potential, but still within the AGB star wind literature estimates. We also tested a model with no stellar winds, which also presented a periodic offset of the younger stellar component with the gas and old stellar distributions due to its oscillations, but the gas showed no offset with the older stellar component, as it is not being pushed and it remains in the dwarf centre with round gas isocontours. The gravitational force of the younger stellar distribution alone is unable to significantly perturb the gas distribution, given that the potential is predominantly governed by the dark-matter component, as shown by the mass profiles in Fig. 1.
	[image: thumbnail]	Fig. 5. Scenario II: Snapshots of model M8 (A1M1) at 957 Myr with the dwarf model D1 (top row), model M9 (A1M6) at 358 Myr with D2 (middle row), and model M10 (S1M12) at 407 Myr with D1t that has two gas components (bottom row). Surface mass density maps (left column) and the LOS velocity maps (right column) and contours are calculated with gas colder than T < 104 K. The orbit corresponds to a first infall solution (FI) with a final tangential velocity of [image: equation] that corresponds to a projection angle of θsky = 18°. The centre of mass of the old stellar and dark matter components is marked with a white star, while the younger stellar component centre of mass is marked with a cyan star, and the gas peak with a white cross. The snapshots were selected to qualitatively match the HI morphology of Leo T, showing the central gas isocontours displaced from the centre of mass of the dwarf, and with the younger component slightly offset as well. We note that the vlos maps are in the rest frame of the dwarf’s dark matter centre of mass. We note that [image: equation] corresponds here to NHI = 1.2 × 1020 cm−2.



The line-of-sight velocity maps shown in Fig. 5 of the simulations also reveal that the internal gas kinematics is much more complex than in the models of Scenario I where no internal perturbations are included (see Fig. 3). In particular, Scenario II models better resemble the (turbulent) variability observed in the velocity map of Leo T (see Fig. 2). For example, model M9 (A1M6) shows in Fig. 5 that the central region R < 100 pc has velocity differences of [image: equation] with respect to the outer region with a blue-shifted zone near the central peak of the gas density, similar to observations.
In Fig. 5 we also show a snapshot of model M10 (S1M12), which uses the dwarf model D1t, which has two gas components (CNM,WNM) and the same dark halo as D1 (see Table 1). To show a case where the stellar winds have motions that oppose the perturbation produced by the IGM wind, we chose PA = 0°. The resulting morphology also successfully presents flatter gas isocontours in the centre and an offset between the gas peak and the younger stellar component. It takes a slightly longer time for the stellar winds to push the denser CNM component off the centre, but still faster than the age of the younger stellar component, which supports a scenario where Leo T could indeed present a fraction of HI in the form of CNM. The LOS gas velocity map shows a velocity offset between the outer layers and the central region within 100 pc.
We also used our models to test the effects of the beam size on the gas morphology of the WSRT observational data and the stellar-HI offset. For this we convolved the images of models M8 (A1M1) and M10 (S1M12), originally shown in Fig. 3, with a (2D) Gaussian function kernel with the beam size 2(σz, σx) = (15.7, 57.3) arcsec = (31, 113) pc. As shown in Fig. A.3 the resulting morphology can be affected within the beam size scales, while preserving the original morphology and flattening for larger scales. For example, Model 8 has more extended flattened contours up to R ∼ 300 pc and aligned with the horizontal axis, while model M10 shows a central flattening aligned with the vertical axis (x) within the size of the longer kernel (2σz ≳ 113 pc). However, contours at larger distances R > 150 pc recover a morphology similar to the resolved image in Fig. 3. Moreover, the offset between the gas and the stars persists in both tests. Given that Leo T shows a flattened contours roughly aligned with the horizontal axis up to R < 300 pc would indicate that this is unaffected on beam size scales. The comparison with the model would indicate that the central region (R < 130 pc) where the CNM component is located, could be in fact more elongated and aligned with the horizontal axis, following the general central distribution. Future higher resolution observations could potentially better reveal the CNM structure in Leo T.
We also explored the effects of stellar winds on the massive compact cored dwarf model D3, corresponding to model M11 (SZM4) in Table 1. We find that even though a gas offset is also generated, it reaches only 50 pc from the dwarf centre, even when doubling the strength of the stellar winds used in model M9 (A1M6) with the dwarf model D2. And finally, we explored the effects of the stellar winds in the dwarf model D4 with the cuspy (NFW) dark halos in models M12 (A1M7), M13 (S7M3) and M14 (S7M4). Similarly to the case of the massive compact core dwarf (M11), we find that within the range of explored stellar wind parameters considered for AGB stars, the winds only weakly perturb the gas distribution in the inner region and no gas-stellar offset is observed. The cuspy and compact core dwarf models have deep gravitational potentials in their centres, which confine the gas there more easily, making it difficult for the stellar winds to displace the gas from the centre. This could suggest that if Leo T is more massive or if it has a cuspy dark matter distribution (e.g. NFW), other mechanisms more powerful than (AGB) stellar winds should be responsible for the gas perturbation.
3.2.2. Scenario II: Mixing timescale of the younger stellar component
Here we compare the orbit of the younger stellar component in the dwarf galaxy model, with the observed 35 pc offset between the older and younger stellar components in Leo T. To do so, we measured the oscillations of the centre of mass of the younger stellar component with respect to the centre of mass of the dark-matter distribution as it orbits through the centre of the dwarf galaxy model while the stellar winds are being blown, showing the results of models M8 (A1M1), M9 (A1M6) and M12 (A1M7) in Fig. 6. We measured these distances in a frame where the younger stellar component oscillates perpendicular to the LOS to measure the maximum effect of the stellar winds, reducing projection effects. We also tested the effects of the beam size on the oscillations, shown in Fig. A.4, which basically results in a smoother version of Fig. 6.
	[image: thumbnail]	Fig. 6. Scenario II: Temporal evolution of model M8 (A1M1) (left), which uses the dwarf model D1; model M9 (A1M6) using D2 (middle); and model M12 (A1M7) using D4 (right). We show the distances with respect to the centre of mass of the dark matter halo of the younger stellar component (red curve), and to the peak of the gas surface mass density (blue) measured with θsky = 0deg to quantify the maximum distances it could reach. We also show the distance between the younger stellar component centre and the gas surface density peak (turquoise). The observed 80 pc offset between the gas density peak and the stellar component in Leo T is indicated with a blue horizontal line (AO18). The 35 pc offset between the younger and older stellar components is shown with the red horizontal line, while the vertical line indicates the lower age estimate of the younger stellar component (de Jong et al. 2008).



In general we find that the oscillations through the dwarf centre get dampened and eventually stop, mixing the younger stellar material with the rest of the dwarf as the disruption occurs. Given that the potential is dominated by dark matter and that no significant redistribution of dark matter occurs, it suggests that the disruption is driven by phase-space mixing and/or chaotic mixing (Merritt & Valluri 1996; Merritt 1999). By comparing models, we find that model M8 with the fiducial dwarf model D1 and model M9 during a time interval, showed oscillations with maximum offsets larger than the observed 35 pc offset between the young and older stellar components. This, however, is not in conflict with observations, which could simply predict that the offset could reach larger distances in the future, supported by the velocity difference, or in could mean that the projection of Leo T partially hides this oscillation along the line-of-sight axis.
Furthermore, the oscillations of the younger stellar component of model M8 last longer than 1 Gyr, while model M9 with the dwarf model D2 lasts up to 600 Myr. These long timescales are in agreement with the lifetime estimates for the younger stellar component, which is between ∼200 Myr and 1000 Myr old. Therefore, we consider models that last longer than > 200 Myr as possible solution candidates to the observed offsets between stellar components and also the gas distribution, while shorter timescales would have erased an offset signature by now, or the offset would strongly depend on the distance of the initial offset that we use for the younger stellar component. Particularly on this last option, it is possible to select larger initial values, we are able to find stable solutions with the cored dwarf models D1 and D2 that naturally produce lasting oscillatory solutions that survive extremely long timescales after the initial offset is generated. Such offsets could be generated in a previous star formation episode, as demonstrated by the observed offset between the younger and older stellar components in Leo T.
The younger stellar component also presents a kinematic signature in its oscillation, as shown in see Fig. 7 by the change of total velocity of this component with respect to the dwarf’s dark-matter centre of mass. Depending on the dwarf model, it can reach velocities of Δv ∼ 5 km s−1 at 200 Myr and ∼2 km s−1 after 800 Myr. Of course, the LOS velocity could be lower if the motion of the younger stellar component is in the plane of the sky, as low as the measured [image: equation] between both stellar components in Leo T (Vaz et al. 2023).
	[image: thumbnail]	Fig. 7. Scenario II: Distance (top panel) and relative velocity (bottom panel) between the centre of mass of the dark matter component and the younger stellar component for different models as a function of time: Model M8 (A1M1) with the Burkert dwarf model D1, model M9 (A1M6), with the more massive Burkert D2, model M11 (SZM4) with the compact massive dwarf model D3, and models M13 (S7M3) and M14 (S7M4) with the NFW dark halos dwarf model D4. The red line corresponds to the offset between the old and younger stellar components in Leo T (35 pc), and the blue line to the 80 pc HI-stellar offset. The gray vertical line marks the lower age limit of the younger stellar component (de Jong et al. 2008). The simulations show that the younger stellar component decays faster in the models with a compact cored M11 (SZM4) and cuspy M13 (S7M3 with radial offset), M14 (S7M4, with circular orbit offset) dark halos, than in the models with large dark matter cores M8(A1M1) and M9(A1M6).



Moreover, we find that our models also generate the stellar-gas offset and it has a size comparable to the one measured in Leo T (80 pc). As shown in Fig. 6 the distance from the dwarf centre of mass to the gas surface density peak and the younger stellar component, showing a clear correlation between both of them. Initially as the younger component with its associated AGB wind source approaches the central gas distribution, it pushes and compresses the gas, generating a momentary shift of the overdensity away from the centre. Then they break through the gas distribution moving outwards to its apocenter, which allows the gas to momentarily redistribute at the centre because of the strong gravitational force of the dwarf. At this point the centre of the younger stellar component and the gas density peak can reach the largest separations (Fig. 6 model M8 (A1M1) turquoise curves reaching ∼200 pc). After this, the younger stellar component starts to fall again inwards due to the dwarf potential, and the oscillatory cycle of ISM gas compression and shifting by the stellar winds is repeated4.
We also detected a dependence with the central dark matter distribution. While the cored dark matter models D1 and D2 with masses M300 = 1.7 × 106 M⊙ and 8 × 106 M⊙ produce lasting oscillations of the young stellar component, model D3 with the compact cored dark matter profile with 15.5 × 106 M⊙ and D4 with the cuspy dark matter profile with 8 × 106 M⊙, result in oscillations that are quickly dampened. The simulation model M11 (SZM4) with model D3 has oscillations of the younger stellar component that last roughly 50 Myr, which is shorter than the minimum age estimate of the younger stellar population of Leo T. Similarly, models M12 (A1M7), M13 (S7M3) and M14 (S7M4) that use the NFW dwarf model D4 show even shorter mixing timescales of < 100 Myr, as shown for M12 in Fig. 6. We can extend the oscillation timescale by setting the inital offset (c) of the younger stellar component in a circular orbit, or making the younger stellar component more compact, setting the half-light radius to 20 pc, extending the oscillation to 200 Myr after which the younger stellar component mixes with the older component changing into a more extended distribution (see S7M3 and S7M4 Fig. 7). However, as mentioned in Sect. 3.2.1, the gas offset reaches only 50 pc, because the stellar winds are marginally able to overcome the central gravitational force that confines the gas. Stronger winds would better reproduce the gas shift; however, the wind parameters would exceed the estimates for AGB stars.
We also notice in Fig. 6 the large gas offset at 900 Myr for models M9 and M12. This is produced when the younger stellar component settles in the centre of the dwarf, and the stellar winds push the central gas, lowering the central density generating a cavity and a sporadic semi-circle shaped gaseous distribution in projection that is shifted from the dwarf centre. Moreover, usually the semi-circle’s outer edge is more prominent at the leading side of the dwarf due to the ram pressure compression with the IGM. After inspecting its gas distribution, we discard these solutions as its morphology differs from the flattened HI isocontours observed in Leo T.
Based on the comparisons between different dwarf models and their dark matter profiles, we suggest two main factors that could contribute to the perdurance of the stellar offset observed in Leo T: i) for a given mass at a fixed radius (e.g. M300), the region within < 100 pc will be less massive in cored models than in cuspy (NFW) models (see Fig. 1), which naturally extends the orbital timescales, and ii) the orbits confined within the cored region in cored potentials have near closed orbits given that the potential resembles a harmonic potential (constant density), which can extend the mixing timescale of the new material. We illustrate this in Fig. 8 with the test particle orbits in the potentials of the dwarf model D2, which have a Burkert model, and the dwarf model D4 with the NFW model, which are calculated semi-analytically with DELOREAN (B20). The potentials of the gas and the old stellar distributions are also included. We placed test particles at the projected position of the younger stellar component and the gaseous peak to visualise the precession of their orbits. The Rosetta orbits in the NFW models are clearly revealed with rapid orbital precessions. On the other hand, the Burkert models show slower precessions, which naturally increase when we place the test particles at 300 pc, since the Burkert profile behaves as an NFW for distances close to or larger than the core radius, but still with a precession that is much slower than with the NFW profile. We also calculated the orbits for the dwarf model D1. Given that this potential is just a re-scaling of model D2, it results in the same orbital family as D2, but with much longer orbital periods.
	[image: thumbnail]	Fig. 8. Scenario II: Stellar orbits (test particles) are calculated during 1 Gyr in the potentials of dwarf models D2 (massive Burkert) in the left panel and D4 (NFW) in the right panel. Both potentials have the same mass at 300 pc, but the NFW has more mass in the inner region. The inner radial orbits in each potential are selected to have an apocentre of 35 pc, corresponding to the observed projected offset between the younger and older stellar component in Leo T (inner red star), and the two outer orbits (one radial and another near-circular) have apocentres at 80 pc, similar to the offset between the gas density peak and the old stellar component (outer red star). The radial orbits are set with tangential velocities with 20 per cent of the local circular velocity, whereas the outer near-circular orbit was set with 90 per cent. These orbits highlight how much faster the mixing of the material is in model D4 due to a stronger precession produced in cuspy dark-matter potentials. The orbits are calculated with DELOREAN (B20).



3.3. Scenario III: Initial gas sloshing
We explored a third scenario to see whether the whole gas distribution could be sloshing in the overall potential, caused by a displacement formed by stellar feedback from a previous star formation episode as, for example, it has been suggested for the more massive dwarf Phoenix I to explain a 500 pc offset between the HI and stellar components (see Young et al. 2007). We need to know how plausible this is, at least in energetic terms. For example, a supernova (SNe) (Type Ia) and core-collapse supernova (Type II) can output radiation and kinetic energies in the range of [image: equation] (Woosley & Weaver 1986; Smartt 2009; Janka 2012, and references therein). Given the measured gas mass of Leo T ([image: equation]) and considering an initial bulk motion velocity with a value of the 7.5 km s−1 dispersion, results in a motion kinetic energy of [image: equation], to move the whole distribution of HI to that velocity. This value falls within the energy output of a SNe, making it at least feasible. However, the complexity of supernova explosions and its effects on the ISM make accurate estimations difficult.
Nonetheless, what we can study here is: given an initial displacement for the whole gas distribution, how would be the dynamics of the infalling gas, the timescales of the instabilities and relaxation of gas while it settles in the centre of the dwarf’s potential. Therefore, in the set-ups of models M15 to M21, shown in Table 1, we shift at the beginning of the simulations the gas distribution of the dwarf models from the dark-matter centre of mass by 140 pc at PA = 45° and measure the resulting oscillations and time decay into the dwarf’s centre. In these set-ups we do not include stellar winds to explore only the hydrodynamical response. Furthermore, given that AO18 infers the possible presence of a central CNM component in Leo T, we also set-up models with both gas components (e.g. D1t, D2t, D3t, and D4t). In Fig. 9 we present the resulting gas morphology of model M19 (S8M7), with the dwarf model D2t, showing two snapshots; at 173 and 277 Myr, and at different orientations. We choose to show this model considering that: i) D2t is more massive than D1t and reacts more strongly to the gas sloshing, and ii) the CNM gas component generates a transient elongated structure within the less dense WNM component as they slosh at different periods within the dwarf potential. However, models with only one gas component always maintain a simpler gas morphology with rounder iso-contours, unlike Leo T.
	[image: thumbnail]	Fig. 9. Scenario III: Snapshots of the gas surface mass density map of the model M19 (S8M7) taken at two different times; at 173 Myr (top row) and at 277 Myr (middle and bottom row) after the initial gas offset. This model uses the dwarf model D2t, similar to model D2, but with two gas components. This uses a first infall orbital solution with a final tangential velocity of [image: equation], corresponding to a projection angle of θsky = 18° (top and middle rows). We also include a projection of 90° to analyse the kinematic features of this solution (bottom row). The combined centre of mass of the stellar and dark matter components is marked with a white star, while the gas surface density peak is marked with a white cross. The vlos maps are in the rest frame of the dwarf’s dark matter centre of mass. We note that [image: equation] corresponds here to NHI = 1.2 × 1020 cm−2.



We also show the oscillations of the gaseous and stellar components for models M15 to M20 in Fig. A.5. We find that it can generate an offset for a long period while the gas oscillates around the centre with timescale as long as ∼800 Myr for simulations that use the dwarf model D1, while simulations that use the dwarf models D4 and D4t with NFW profiles (M17, M20, M21) the oscillations stopped before 200 Myr. An interesting effect is that, given the relatively high gas mass content of 5.5 × 105 M⊙, a factor of 2.8 larger than the stellar mass (1.4 × 105 M⊙), the stellar distribution reacts to the gas distribution as it is gravitationally attracted by the gas, starting to oscillate while both orbit in the dark-matter-dominated potential. For the cored models, the effect is stronger, where model M15 with the dwarf model D1 shows its stellar components oscillating and reaching a maximum distance of 90 pc at 450 Myr and decreasing afterwards. An important implication here is that if such a shift for the whole gas distribution had occurred in the past, then both stellar components would be equally perturbed and out of equilibrium. Moreover, we find that the massive dark-matter models are only slightly affected.
In general, we find that dwarf models with cored dark-matter profiles can sustain oscillations for long periods and reproduce the offset between the gas and the stellar distribution, while these are quickly suppressed in the NFW models. However, as the gas oscillates through the centre of the dwarf, the morphology of the gas maintains near-circular isocontours, contrary to the flatter shape observed in the centre of Leo T (< 200 pc). Only the cored models with two gas components (D1t and D2t) present a flatter isocontorus, as the dense cold gas sloshes in the centre. While at first the WNM and the CNM oscillate together, the slow mixing of the cored models and the different periodicity that develops for the oscillation of each gas component result in the CNM component having a strong kinematic motion that can be decoupled from the WNM component even by [image: equation] for perturbations along the LOS (θsky = 90°), as shown in Fig. 9, and as it is also observed in Leo T. However, the predominantly rounder morphology suggests that additional mechanisms, such as the stellar winds explored in Scenario II in Sect. 3.2, could better reproduce to flatter morphology and more complex hydrodynamics in the observations.
4. Summary and conclusions
We developed models of the distant (409 kpc) Milky Way (MW) gas-rich dwarf galaxy satellite Leo T to study its observed properties and current dynamical state, such as the three offsets between its old and younger stellar components (de Jong et al. 2008; Vaz et al. 2023), and the HI gas component (Adams & Oosterloo 2018; AO18). For this, we set up hydrodynamic N-body simulations5 for Leo T conducted in a wind tunnel configuration, modelling the last 2 Gyr and 1 Gyr of orbital history until the present in a MW IGM environment. We set up three main scenarios where we explored dwarf galaxy models with a range of properties based on estimates from the literature, such as different dark matter masses and profiles (cusped, cored), gas components (WNM without CNM), first infall (FI), and backsplash (BA) orbital solutions with different GSR tangential velocities (ut). These models are listed in Table 1. The summary and conclusions are as follows:

	
In Scenario I we used dwarf galaxy models to explore the environmental ram pressure perturbations produced by the MW intergalactic medium (IGM). As expected, dwarf ISM gas is compressed on the leading side, thus producing round gas isophotes for slow BA orbits ([image: equation]), while fast FI orbits (> 200 km s−1) generate a bullet-shaped gas morphology, with an extended trailing region. The well-constrained LOS velocity in Leo T implies that fast orbits must have high tangential (sky) velocities, which as a consequence produce a weak gas LOS velocity gradient. We also conclude that if the faint material observed to the north of Leo T is trailing stripped material, then fast FI orbits are required to generate significant amounts of trailing cold gas, finding [image: equation] for the dwarf model D1 (M300 = 1.7 × 106 M⊙), and > 300 km s−1 for D2 (8 × 106 M⊙). Moreover, slower (BA–FI) orbits ∼100 km s−1 could be considered if the MW IGM has large overdensities of [image: equation], which can momentarily increase the gas stripping and velocity gradients and generate a central offset between the stellar and gas distributions. However, this offset is smaller than the 80 pc offset observed in Leo T (AO18) and quickly settles in equilibrium as soon as the satellite leaves the perturbation (≲30 Myr).



	
In Scenario II we explored states out of equilibrium for the younger stellar component motivated by the observed offset of 35 pc between the old and younger stellar components in Leo T (de Jong et al. 2008). We find that models M8, M9, and M10 with extended dark matter cores (dwarf models D1, D1t, and D2) can better reproduce Leo T’s observed gaseous and stellar offsets simultaneously, where the younger stellar component oscillates around the dwarf centre for periods as long as the age estimates of the younger stellar population in Leo T ≲ 200 − 1000 Myr (de Jong et al. 2008; Weisz et al. 2012; Vaz et al. 2023). This is compatible with a scenario where the younger lower mass stellar component (∼104 M⊙) could have been formed in a gas cloud displaced from the centre of the dwarf, accreting and mixing the star cluster with the old massive stellar component later (∼1.3 × 105 M⊙, Irwin et al. 2007; de Jong et al. 2008; Weisz et al. 2012). Dwarf galaxy evolution studies indicate that cored halos can sustain primordial complex stellar substructures for longer timescales than cuspy halos (Kleyna et al. 2003; Peñarrubia et al. 2009; Alarcón Jara et al. 2018; Aravena et al. 2019; Lora et al. 2019), like the MW dwarf Eridanus II with its star cluster separated by 23–45 pc in projection (Crnojević et al. 2016; Simon et al. 2021). Moreover, we find, as expected, that oscillations aligned with the sky plane rather than the LOS axis increase the visible offsets between the gas and younger stars, while decreasing the vlos signature, and vice versa. This suggests that Leo T central perturbations are likely along an intermediate axis (this also applies for Scenario III models).



	
The best matching models (M8, M9, M10) also reproduce the flat morphology of the HI isocontours observed in Leo T (R < 200 pc). We included a mild stellar wind source (∼10 − 20 km s−1) attributed to an observed AGB stellar population candidate (Weisz et al. 2012). As this wind source oscillates with the younger stellar component, it can push the gas off centre, compressing it and generating the flatter distribution periodically. Moreover, models with one or two gas components (CNM, WNM) manage to reproduce this flat morphology. Our beam size tests also revealed the possibility that the CNM core component in Leo T could be in fact more elongated and reach higher surface densities, which could be probed in future observations. We also find that the periodic stirring of the gas delays its settling until the younger stellar component fully phase mixes, sinking the wind source to centre where it cannot overcome the gravitational force and high densities. This provides a viable mechanism that could modulate the bursty (variable) star formation rate history estimated for some low-mass dwarf galaxies (Grebel 2000). Furthermore, we find that stellar winds induce a turbulent interior similar to Leo T (unlike models in Scenario III), generate mild outflows that perturb the external gas layers facilitating gas stripping, and drive gas ejections misaligned with the orbital trajectory.



	
We explored dwarf galaxy models with cored (Burkert) and cuspy (NFW) dark matter halos with a range of parameters based on observational estimates from the literature. We find that only cored halos with core sizes comparable to the stellar and gas distribution (∼200 − 400 pc) allow oscillations of the younger stellar component to persist for 200 Myr or longer, which is consistent with the age of this component in Leo T. On the other hand, cuspy and compact cored halos favour a quick mixing of the gaseous and stellar material in the centre due to faster timescales and the rapid orbital precession, while cored halos have near closed orbits that contribute to delaying the mixing of the material.



	
In Scenario III, motivated by larger stellar-gas offset configurations observed in other dwarf galaxies, such as Phoenix I (Young et al. 2007), and by the last star formation event of Leo T, we explored the gas sloshing generated by a preceding global larger offset of the total gas with respect to the dark matter and stellar mass distributions. This scenario also generated a periodic offset between the gas and the stellar components, which is enhanced if we include a denser cold gas component. In particular, models with two gas components (e.g. model M19, with dwarf model D2t) produced transient slightly flattened iso-contours of the CNM dense component sloshing and kinetically decoupled within the WNM for long timescales (> 200 Myr) (models M18, M19), as the HI observations in Leo T suggest (AO18). Moreover, we also find that a global gas offset is able to perturb both the older and the younger stellar populations out of equilibrium as the system relaxes. However, we find that the gas iso-contours of the models of this scenario are not flat enough to match the HI morphology in the central 200 pc of Leo T, nor its turbulence, and therefore, the models of Scenario II still more closely match the overall main properties of Leo T.




Here we model the current dynamical state of Leo T, finding a rich dynamical coupling between the stellar, gaseous, dark matter substructures and the IGM environment. The models reveal that stellar populations recently formed in low-mass dwarfs require long mixing timescales to reach equilibrium, proving how helpful spectral and chemo-dynamical information is to disentangling tracers of different stellar populations used to measure dynamical properties (Vaz et al. 2023). Moreover, these findings strongly motivate future observations to better understand the evolution of gas-rich and recently quenched dwarf galaxies, starting with the better-resolved dwarfs in the Local Group (Spekkens et al. 2014; Rubio et al. 2015; Putman et al. 2021). While deeper observations of HI, ionised gas (e.g. OIII) and X-ray data would improve the estimates of dwarf gas stripping and mixing with the IGM environment, observations of the dwarf interstellar medium (ISM) from molecular gas, dust properties (IR, NIR) and gas chemical abundances will improve star formation and cooling models in low-mass dwarf galaxy simulations (M⋆ = 102 − 106 M⊙); this will be addressed in a follow-up publication (Blaña et al., in prep.).


1 Videos of the simulations can be found at this link https://www.youtube.com/playlist?list=PLoegIUZ3yJ9FuDldEF-USJWd-ohyLavl.


2 Where we have rescaled their value to an updated heliocentric distance, as reported in B20.


3 Private communication.


4 Videos of these simulations can be found at this link https://www.youtube.com/playlist?list=PLoegIUZ3yJ9FuDldEF-USJWd-ohyLavl.


5 Videos of these simulations can be found at this link https://www.youtube.com/playlist?list=PLoegIUZ3yJ9FuDldEF-USJWd-ohyLavl.
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Appendix A:  Additional figures
	[image: thumbnail]	Fig. A.1. Scenario I: Surface densities (top) and LOS velocity maps (bottom) of snapshots of models that use the dwarf model D1 with two different orbits, showing model M1 (S4M4) with a tangential velocity of [image: equation] that projects with θ = 54° (left) and model M2 (S4M5) with 100 km s−1 and 33° (middle). We also show model M6 (S11M12), which uses the more massive dwarf model D2 with a final velocity of 200 km s−1 and an angle of 18°. The vlos maps are in the rest frame of the dwarf’s dark matter centre of mass. We note that [image: equation] corresponds here to NHI = 1.2 × 1020 cm−2.



	[image: thumbnail]	Fig. A.2. Scenario I: Snapshot of model M4 (S4M7) evolved from −2 Gyr until the current position of Leo T, where we show slit cuts along the Declination axis through the dwarf’s centre for the gas density (left panel), pressure (middle) and temperature (right). The orbit corresponds to a first infall solution, reaching 300 km s−1 tangential GSR velocity. The dwarf centre is located at 1.1 kpc, and the IGM wind is injected from the left side of the panels, following a beta density profile that depends on the distance between Leo T and the Milky Way. We note that a gas density of [image: equation] here corresponds to nHI = 0.4 cm−3.



	[image: thumbnail]	Fig. A.3. Testing the effects of the WSRT data beam size in models from Scenario I (left column) with the IGM perturbed model M5 (S4M9) and from Scenario II with models M8 (A1M1) and M10 (S1M12) in the middle and right columns, respectively. The maps of the gas surface mass density (top row) and the velocity field (bottom row) are convolved with a Gaussian (2D) kernel with the observed beam size (AO18) of 2(σz,σx) = (15.7, 57.3) arcsec = (31, 113) pc, showed in the top right panel (black ellipse). The centre of mass of the dark-matter/old stellar population (white star), the younger stellar population (cyan star), and the gas surface density peak (cross) are marked. We note that 1) the Gaussian smoothing with the masked hot gas results in some masked cold gas cells as well, and 2) [image: equation] corresponds here to NHI = 1.2 × 1020 cm−2.



	[image: thumbnail]	Fig. A.4. Scenario II: Temporal evolution of model M8 (A1M1) (left panel), which uses the dwarf model D1, model M9 (A1M6) using D2 (right panel) measured after convoluting the images with the WSRT observations beam size of 2(σz, σx) = (15.7, 57.3) arcsec = (31, 113) pc (AO18). The measurements without the beam size effect are shown in Fig. 6. We show the distances with respect to the centre of mass of the dark-matter halo of the younger stellar component (red curve) and of the peak of the gas surface mass density (blue) measured with θsky = 0deg to quantify the maximum distances it could reach. We also show the distance between the younger stellar component centre and the gas surface density peak (turquoise). The observed 80 pc offset between the gas density peak and the stellar component in Leo T is indicated with a blue horizontal line (AO18). The 35 pc offset between the younger and older stellar components is shown with the red horizontal line, while the vertical line indicates the lower age estimate of the younger stellar component (de Jong et al. 2008).



	[image: thumbnail]	Fig. A.5. Scenario III: Gas offset models, showing the temporal evolution of the centre of mass of the stellar components (red), the peak of the surface gas density (blue) to the dark matter centre of mass. The top panels show models with one gas component, whereas the bottom panels show models with two gas components. We also show the distance between the stellar centre of mass and the gas surface density peak (turquoise). The respective simulations and used dwarf models are listed in the Table 1 correspond to model M15 with the dwarf model D1 (top left, S10M1), M16 with D2 (top middle, S10M2), M17 with D4 (top right, S10M3), M18 with D1t (bottom left, S8M2), M19 with D2t (bottom middle, S8M7) and M20 with D4t (bottom right, S8M8).
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	[image: thumbnail]	Fig. 1. Cumulative mass radial profiles of the dwarf galaxy models used for Leo T shown in Table 1: Our fiducial Burkert model D1, the massive Burkert model D2, and the NFW model D3. We also show the pseudo-isothermal dark halo model of Patra (2018) (P18) fitted to HI kinematic data of AO18, and the model of Zoutendijk et al. (2021) (Z21) with our adapted model D4 fitted to match a Burkert model within 400 pc. The models include gaseous and stellar components; we also plotted them separately modelled by Plummer mass profiles with parameters determined from observations (de Jong et al. 2008; Weisz et al. 2012; Adams & Oosterloo 2018; Blaña et al. 2020). We include dynamical mass estimates derived from gaseous kinematics (F13, A18, P18; Faerman et al. 2013; Adams & Oosterloo 2018; Patra 2018) and stellar kinematic observations (W09; Walker et al. 2009). The dashed black line indicates the relation between the virial mass (Mvir) and radius (Rvir) where we truncate the halos. The vertical dotted line marks the standard mass radius M300 at 300 pc (Strigari et al. 2008), used here to compare the masses between dwarf models in Table 1.
In the text



	[image: thumbnail]	Fig. 2. HI observations from AO18 taken with the Westerbork Synthesis Radio Telescope (WSRT), showing the HI gas surface mass density map (top left), the HI line-of-sight velocity dispersion map (top right), the HI line-of-sight velocity map where the heliocentric systemic CNM velocity is subtracted (37.4 km s−1 (bottom left), and the HI line-of-sight heliocentric velocity map where the heliocentric systemic WNM velocity is subtracted (39.6 km s−1) (bottom right). The stellar heliocentric systemic velocity lies between the two gas velocity estimates, with 38 ± 2 km s−1. All panels show the HI iso-contours separated by 0.1 dex, the HI peak marked with a white cross. The old and younger stellar population positions and their respective (projected) half-light radii of 1.22′ (145 pc),0.86′ (102 pc) are marked with stars and circles coloured in white (old stars) and cyan (younger stars), according to de Jong et al. (2008). AO18 fitted an ellipse to the external HI contours (R ∼ 400 pc), finding its centre near the old stellar component position. Here [image: equation] corresponds to NHI = 1.2 × 1020 cm−2. The WSRT beam size of (15.7 × 57.3) arcsec = (31, 113) pc is displayed with the white ellipse in the lower left corner of the top left panel.
In the text



	[image: thumbnail]	Fig. 3. Scenario I: Final snapshots of three models evolved from −2 Gyr until the current position of Leo T. We show two models that used the fiducial dwarf model D1, model M3 (S4M6) (left column) with a final tangential velocity of [image: equation] and model M4 (S4M7) (middle column) with [image: equation]. We also show model M7 (S11M11) (right column), which uses the more massive dwarf model D2 and [image: equation]. The first and second rows show the surface mass and line-of-sight (LOS) velocity maps projected according to attack angles θsky expected from the orbital orientation (Eq. (1)). We note that vlos are in the dark matter centre of mass rest frame. In the bottom row we include images with a projection of θsky = 90° to reveal the morphology and the maximum velocity gradients along the orbits. The centre of mass of the combined stellar and dark matter distributions is marked with white stars, and the gas peaks are marked with white crosses. To better represent the HI observations we made the calculations with gas colder than T < 104 K. The vlos maps are in the rest frame of the dwarf’s dark matter centre of mass, and the centre of mass of the stellar and dark matter components overlap in all panels. The contours on the leading side may cover the velocity map due to the strong compression; this can be avoided by zooming in the pdf version. We note that [image: equation] corresponds here to NHI = 1.2 × 1020 cm−2, and the spacing between contours is [image: equation] for all simulation figures.
In the text



	[image: thumbnail]	Fig. 4. Scenario I: Snapshot of the model M5 (S4M9) surface mass (left) and LOS velocity (right) projected with θsky = 18° corresponding to the BA–FI+P orbital solution with a final tangential velocity of [image: equation] (top rows). This model uses the low-mass dwarf model D1. The combined centre of mass for the stellar and dark matter distributions is marked with the white star, and the gas peak is marked with the white cross. Here the satellite is found passing over the perturbation added to the IGM with [image: equation]. We also project the model with 0° (bottom row) to better reveal the transient offset between the gas and stars; however, this causes the transient LOS velocity gradient to vanish due the projection. The vlos maps are in the rest frame of the dwarf’s dark matter centre of mass. The contours on the leading side may cover the velocity map due to the strong compression, which can be avoided by zooming in the pdf version. We note that [image: equation] corresponds here to NHI = 1.2 × 1020 cm−2.
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	[image: thumbnail]	Fig. 5. Scenario II: Snapshots of model M8 (A1M1) at 957 Myr with the dwarf model D1 (top row), model M9 (A1M6) at 358 Myr with D2 (middle row), and model M10 (S1M12) at 407 Myr with D1t that has two gas components (bottom row). Surface mass density maps (left column) and the LOS velocity maps (right column) and contours are calculated with gas colder than T < 104 K. The orbit corresponds to a first infall solution (FI) with a final tangential velocity of [image: equation] that corresponds to a projection angle of θsky = 18°. The centre of mass of the old stellar and dark matter components is marked with a white star, while the younger stellar component centre of mass is marked with a cyan star, and the gas peak with a white cross. The snapshots were selected to qualitatively match the HI morphology of Leo T, showing the central gas isocontours displaced from the centre of mass of the dwarf, and with the younger component slightly offset as well. We note that the vlos maps are in the rest frame of the dwarf’s dark matter centre of mass. We note that [image: equation] corresponds here to NHI = 1.2 × 1020 cm−2.
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	[image: thumbnail]	Fig. 6. Scenario II: Temporal evolution of model M8 (A1M1) (left), which uses the dwarf model D1; model M9 (A1M6) using D2 (middle); and model M12 (A1M7) using D4 (right). We show the distances with respect to the centre of mass of the dark matter halo of the younger stellar component (red curve), and to the peak of the gas surface mass density (blue) measured with θsky = 0deg to quantify the maximum distances it could reach. We also show the distance between the younger stellar component centre and the gas surface density peak (turquoise). The observed 80 pc offset between the gas density peak and the stellar component in Leo T is indicated with a blue horizontal line (AO18). The 35 pc offset between the younger and older stellar components is shown with the red horizontal line, while the vertical line indicates the lower age estimate of the younger stellar component (de Jong et al. 2008).
In the text



	[image: thumbnail]	Fig. 7. Scenario II: Distance (top panel) and relative velocity (bottom panel) between the centre of mass of the dark matter component and the younger stellar component for different models as a function of time: Model M8 (A1M1) with the Burkert dwarf model D1, model M9 (A1M6), with the more massive Burkert D2, model M11 (SZM4) with the compact massive dwarf model D3, and models M13 (S7M3) and M14 (S7M4) with the NFW dark halos dwarf model D4. The red line corresponds to the offset between the old and younger stellar components in Leo T (35 pc), and the blue line to the 80 pc HI-stellar offset. The gray vertical line marks the lower age limit of the younger stellar component (de Jong et al. 2008). The simulations show that the younger stellar component decays faster in the models with a compact cored M11 (SZM4) and cuspy M13 (S7M3 with radial offset), M14 (S7M4, with circular orbit offset) dark halos, than in the models with large dark matter cores M8(A1M1) and M9(A1M6).
In the text



	[image: thumbnail]	Fig. 8. Scenario II: Stellar orbits (test particles) are calculated during 1 Gyr in the potentials of dwarf models D2 (massive Burkert) in the left panel and D4 (NFW) in the right panel. Both potentials have the same mass at 300 pc, but the NFW has more mass in the inner region. The inner radial orbits in each potential are selected to have an apocentre of 35 pc, corresponding to the observed projected offset between the younger and older stellar component in Leo T (inner red star), and the two outer orbits (one radial and another near-circular) have apocentres at 80 pc, similar to the offset between the gas density peak and the old stellar component (outer red star). The radial orbits are set with tangential velocities with 20 per cent of the local circular velocity, whereas the outer near-circular orbit was set with 90 per cent. These orbits highlight how much faster the mixing of the material is in model D4 due to a stronger precession produced in cuspy dark-matter potentials. The orbits are calculated with DELOREAN (B20).
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	[image: thumbnail]	Fig. 9. Scenario III: Snapshots of the gas surface mass density map of the model M19 (S8M7) taken at two different times; at 173 Myr (top row) and at 277 Myr (middle and bottom row) after the initial gas offset. This model uses the dwarf model D2t, similar to model D2, but with two gas components. This uses a first infall orbital solution with a final tangential velocity of [image: equation], corresponding to a projection angle of θsky = 18° (top and middle rows). We also include a projection of 90° to analyse the kinematic features of this solution (bottom row). The combined centre of mass of the stellar and dark matter components is marked with a white star, while the gas surface density peak is marked with a white cross. The vlos maps are in the rest frame of the dwarf’s dark matter centre of mass. We note that [image: equation] corresponds here to NHI = 1.2 × 1020 cm−2.
In the text



	[image: thumbnail]	Fig. A.1. Scenario I: Surface densities (top) and LOS velocity maps (bottom) of snapshots of models that use the dwarf model D1 with two different orbits, showing model M1 (S4M4) with a tangential velocity of [image: equation] that projects with θ = 54° (left) and model M2 (S4M5) with 100 km s−1 and 33° (middle). We also show model M6 (S11M12), which uses the more massive dwarf model D2 with a final velocity of 200 km s−1 and an angle of 18°. The vlos maps are in the rest frame of the dwarf’s dark matter centre of mass. We note that [image: equation] corresponds here to NHI = 1.2 × 1020 cm−2.
In the text



	[image: thumbnail]	Fig. A.2. Scenario I: Snapshot of model M4 (S4M7) evolved from −2 Gyr until the current position of Leo T, where we show slit cuts along the Declination axis through the dwarf’s centre for the gas density (left panel), pressure (middle) and temperature (right). The orbit corresponds to a first infall solution, reaching 300 km s−1 tangential GSR velocity. The dwarf centre is located at 1.1 kpc, and the IGM wind is injected from the left side of the panels, following a beta density profile that depends on the distance between Leo T and the Milky Way. We note that a gas density of [image: equation] here corresponds to nHI = 0.4 cm−3.
In the text



	[image: thumbnail]	Fig. A.3. Testing the effects of the WSRT data beam size in models from Scenario I (left column) with the IGM perturbed model M5 (S4M9) and from Scenario II with models M8 (A1M1) and M10 (S1M12) in the middle and right columns, respectively. The maps of the gas surface mass density (top row) and the velocity field (bottom row) are convolved with a Gaussian (2D) kernel with the observed beam size (AO18) of 2(σz,σx) = (15.7, 57.3) arcsec = (31, 113) pc, showed in the top right panel (black ellipse). The centre of mass of the dark-matter/old stellar population (white star), the younger stellar population (cyan star), and the gas surface density peak (cross) are marked. We note that 1) the Gaussian smoothing with the masked hot gas results in some masked cold gas cells as well, and 2) [image: equation] corresponds here to NHI = 1.2 × 1020 cm−2.
In the text



	[image: thumbnail]	Fig. A.4. Scenario II: Temporal evolution of model M8 (A1M1) (left panel), which uses the dwarf model D1, model M9 (A1M6) using D2 (right panel) measured after convoluting the images with the WSRT observations beam size of 2(σz, σx) = (15.7, 57.3) arcsec = (31, 113) pc (AO18). The measurements without the beam size effect are shown in Fig. 6. We show the distances with respect to the centre of mass of the dark-matter halo of the younger stellar component (red curve) and of the peak of the gas surface mass density (blue) measured with θsky = 0deg to quantify the maximum distances it could reach. We also show the distance between the younger stellar component centre and the gas surface density peak (turquoise). The observed 80 pc offset between the gas density peak and the stellar component in Leo T is indicated with a blue horizontal line (AO18). The 35 pc offset between the younger and older stellar components is shown with the red horizontal line, while the vertical line indicates the lower age estimate of the younger stellar component (de Jong et al. 2008).
In the text



	[image: thumbnail]	Fig. A.5. Scenario III: Gas offset models, showing the temporal evolution of the centre of mass of the stellar components (red), the peak of the surface gas density (blue) to the dark matter centre of mass. The top panels show models with one gas component, whereas the bottom panels show models with two gas components. We also show the distance between the stellar centre of mass and the gas surface density peak (turquoise). The respective simulations and used dwarf models are listed in the Table 1 correspond to model M15 with the dwarf model D1 (top left, S10M1), M16 with D2 (top middle, S10M2), M17 with D4 (top right, S10M3), M18 with D1t (bottom left, S8M2), M19 with D2t (bottom middle, S8M7) and M20 with D4t (bottom right, S8M8).
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        Scenario I: Final snapshots of three models evolved from −2 Gyr until the current position of Leo T. We show two models that used the fiducial dwarf model D1, model M3 (S4M6) (left column) with a final tangential velocity of [image: equation] and model M4 (S4M7) (middle column) with [image: equation]. We also show model M7 (S11M11) (right column), which uses the more massive dwarf model D2 and [image: equation]. The first and second rows show the surface mass and line-of-sight (LOS) velocity maps projected according to attack angles θsky expected from the orbital orientation (Eq. (1)). We note that vlos are in the dark matter centre of mass rest frame. In the bottom row we include images with a projection of θsky = 90° to reveal the morphology and the maximum velocity gradients along the orbits. The centre of mass of the combined stellar and dark matter distributions is marked with white stars, and the gas peaks are marked with white crosses. To better represent the HI observations we made the calculations with gas colder than T < 104 K. The vlos maps are in the rest frame of the dwarf’s dark matter centre of mass, and the centre of mass of the stellar and dark matter components overlap in all panels. The contours on the leading side may cover the velocity map due to the strong compression; this can be avoided by zooming in the pdf version. We note that [image: equation] corresponds here to NHI = 1.2 × 1020 cm−2, and the spacing between contours is [image: equation] for all simulation figures.

      

    

  
    
      Fig. 5. 
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        Scenario II: Snapshots of model M8 (A1M1) at 957 Myr with the dwarf model D1 (top row), model M9 (A1M6) at 358 Myr with D2 (middle row), and model M10 (S1M12) at 407 Myr with D1t that has two gas components (bottom row). Surface mass density maps (left column) and the LOS velocity maps (right column) and contours are calculated with gas colder than T < 104 K. The orbit corresponds to a first infall solution (FI) with a final tangential velocity of [image: equation] that corresponds to a projection angle of θsky = 18°. The centre of mass of the old stellar and dark matter components is marked with a white star, while the younger stellar component centre of mass is marked with a cyan star, and the gas peak with a white cross. The snapshots were selected to qualitatively match the HI morphology of Leo T, showing the central gas isocontours displaced from the centre of mass of the dwarf, and with the younger component slightly offset as well. We note that the vlos maps are in the rest frame of the dwarf’s dark matter centre of mass. We note that [image: equation] corresponds here to NHI = 1.2 × 1020 cm−2.

      

    

  
    
      Fig. 7. 
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        Scenario II: Distance (top panel) and relative velocity (bottom panel) between the centre of mass of the dark matter component and the younger stellar component for different models as a function of time: Model M8 (A1M1) with the Burkert dwarf model D1, model M9 (A1M6), with the more massive Burkert D2, model M11 (SZM4) with the compact massive dwarf model D3, and models M13 (S7M3) and M14 (S7M4) with the NFW dark halos dwarf model D4. The red line corresponds to the offset between the old and younger stellar components in Leo T (35 pc), and the blue line to the 80 pc HI-stellar offset. The gray vertical line marks the lower age limit of the younger stellar component (de Jong et al. 2008). The simulations show that the younger stellar component decays faster in the models with a compact cored M11 (SZM4) and cuspy M13 (S7M3 with radial offset), M14 (S7M4, with circular orbit offset) dark halos, than in the models with large dark matter cores M8(A1M1) and M9(A1M6).

      

    

  
    
      Fig. A.1. 
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        Scenario I: Surface densities (top) and LOS velocity maps (bottom) of snapshots of models that use the dwarf model D1 with two different orbits, showing model M1 (S4M4) with a tangential velocity of [image: equation] that projects with θ = 54° (left) and model M2 (S4M5) with 100 km s−1 and 33° (middle). We also show model M6 (S11M12), which uses the more massive dwarf model D2 with a final velocity of 200 km s−1 and an angle of 18°. The vlos maps are in the rest frame of the dwarf’s dark matter centre of mass. We note that [image: equation] corresponds here to NHI = 1.2 × 1020 cm−2.

      

    

  
    
      Fig. A.2. 

      
        [image: thumbnail]
      

      
        Scenario I: Snapshot of model M4 (S4M7) evolved from −2 Gyr until the current position of Leo T, where we show slit cuts along the Declination axis through the dwarf’s centre for the gas density (left panel), pressure (middle) and temperature (right). The orbit corresponds to a first infall solution, reaching 300 km s−1 tangential GSR velocity. The dwarf centre is located at 1.1 kpc, and the IGM wind is injected from the left side of the panels, following a beta density profile that depends on the distance between Leo T and the Milky Way. We note that a gas density of [image: equation] here corresponds to nHI = 0.4 cm−3.

      

    

  
    
      Fig. A.3. 
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        Testing the effects of the WSRT data beam size in models from Scenario I (left column) with the IGM perturbed model M5 (S4M9) and from Scenario II with models M8 (A1M1) and M10 (S1M12) in the middle and right columns, respectively. The maps of the gas surface mass density (top row) and the velocity field (bottom row) are convolved with a Gaussian (2D) kernel with the observed beam size (AO18) of 2(σz,σx) = (15.7, 57.3) arcsec = (31, 113) pc, showed in the top right panel (black ellipse). The centre of mass of the dark-matter/old stellar population (white star), the younger stellar population (cyan star), and the gas surface density peak (cross) are marked. We note that 1) the Gaussian smoothing with the masked hot gas results in some masked cold gas cells as well, and 2) [image: equation] corresponds here to NHI = 1.2 × 1020 cm−2.

      

    

  
    
      Fig. A.4. 
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        Scenario II: Temporal evolution of model M8 (A1M1) (left panel), which uses the dwarf model D1, model M9 (A1M6) using D2 (right panel) measured after convoluting the images with the WSRT observations beam size of 2(σz, σx) = (15.7, 57.3) arcsec = (31, 113) pc (AO18). The measurements without the beam size effect are shown in Fig. 6. We show the distances with respect to the centre of mass of the dark-matter halo of the younger stellar component (red curve) and of the peak of the gas surface mass density (blue) measured with θsky = 0deg to quantify the maximum distances it could reach. We also show the distance between the younger stellar component centre and the gas surface density peak (turquoise). The observed 80 pc offset between the gas density peak and the stellar component in Leo T is indicated with a blue horizontal line (AO18). The 35 pc offset between the younger and older stellar components is shown with the red horizontal line, while the vertical line indicates the lower age estimate of the younger stellar component (de Jong et al. 2008).

      

    

  
    
      Fig. A.5. 
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        Scenario III: Gas offset models, showing the temporal evolution of the centre of mass of the stellar components (red), the peak of the surface gas density (blue) to the dark matter centre of mass. The top panels show models with one gas component, whereas the bottom panels show models with two gas components. We also show the distance between the stellar centre of mass and the gas surface density peak (turquoise). The respective simulations and used dwarf models are listed in the Table 1 correspond to model M15 with the dwarf model D1 (top left, S10M1), M16 with D2 (top middle, S10M2), M17 with D4 (top right, S10M3), M18 with D1t (bottom left, S8M2), M19 with D2t (bottom middle, S8M7) and M20 with D4t (bottom right, S8M8).
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