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Abstract

The recent discovery of the most extended ultra-diffuse galaxy (UDG), Nube, has raised yet another question about the validity of the cold dark matter (CDM) model. The studies using cosmological and zoom-in simulations, which assume CDM, failed to replicate galaxies with the structural properties of Nube. However, the simulation box or the examined population of UDGs may be too narrow to fully capture the range of effects that can lead to the formation of such extraordinary galaxies. In this work we present a case study of a Nube-like galaxy from TNG100, the most extended simulated UDG examined to date that closely mirrors the structural properties of the observed Nube galaxy. Since its formation, the simulated Nube-like galaxy has already been ultra-diffuse and evolved mainly in isolated regions with occasional interactions. Its last major merger was finalized about 1.336 Gyr ago and left no trace of interaction apart from further extending the stellar size. This evolutionary pathway, featuring a recent merger that expanded an already ultra-diffuse stellar system, is unique and innovative compared to previous studies. We argue that multiple proposed formation mechanisms can operate simultaneously, further expanding the UDGs and making them extreme outliers of the mass-size relation under favorable conditions. Therefore, it is essential to study these simulated extreme outliers, their formation, and, more importantly, their evolution. We also highlight the necessity of carefully analyzing and interpreting the simulated data and better understanding the limitations of a chosen simulation. Thus, if Nube is considered an extreme outlier, its properties are not in tension with the standard cosmological model.
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⋆ The project’s playful acronym refers to a character from the video game Dota 2, known for his large size.



1. Introduction
Ultra-diffuse galaxies (UDGs) are extremely low-luminosity galaxies with surface brightness μV, eff > 25 mag arcsec−2 and effective radius Re > 1.5 kpc (van Dokkum et al. 2015). Earlier studies (e.g., Sandage & Binggeli 1984; Impey et al. 1988; Conselice et al. 2003), which focused on the cluster population of UDGs, have found that the UDG subclass comprises galaxies that lack star-forming gas and harbor older populations of stars. Since then, as observational capabilities and techniques have vastly improved (van Dokkum et al. 2015; Ivezić et al. 2019; Lim et al. 2020; Tanoglidis et al. 2021; Zaritsky et al. 2024), UDGs have been observed in various environments (for the most complete, up-to-date catalogs of UDGs, see Zaritsky et al. 2023; Gannon et al. 2024), showing a diversity of fundamental characteristics (e.g., dark matter and gaseous content, stellar velocity dispersion, number of globular clusters), although not necessarily dependent on the environment.
Studying UDGs, both observationally and theoretically, can shed light on galaxy formation mechanisms and evolutionary paths, probe the nature of dark matter, and test different cosmological models. A recently discovered galaxy named Nube is the most extended massive UDG, seemingly in tension with the cold dark matter (CDM) model (Montes et al. 2024). The authors showed that the highly extended and flattened structure of Nube is consistent with the fuzzy dark matter model (for a review, see Ferreira 2021). It was also discussed, based on previous theoretical research (e.g., Di Cintio et al. 2017; Chan et al. 2018; Wright et al. 2021; Benavides et al. 2023), that current simulations, which assume the CDM model, do not reproduce UDGs with the structural properties of Nube. Another well-known and puzzling UDG, AGC 114905, was also recently tested against different models (Mancera Piña et al. 2024). Modified Newtonian dynamics was found not to fit the circular velocity of the galaxy. The observed kinematics of AGC 114905 may also be explained by fuzzy dark matter or even self-interacting dark matter (e.g., Spergel & Steinhardt 2000; Tulin & Yu 2018). The CDM has not been entirely ruled out, although the dark matter halo would require parameters rarely seen in cosmological simulations.
From a theoretical point of view, a few studies have already explored the fundamental properties and formation pathways of UDGs, utilizing cosmological and zoom-in simulations. Chan et al. (2018) showed that the FIRE-2 simulation suite (Hopkins et al. 2018) can produce UDGs that match observed properties such as surface brightness, effective radius, and stellar mass. In NIHAO simulations (Wang et al. 2015), UDGs naturally occur in isolated dwarf-sized halos, due to episodes of gas outflows associated with star formation (Di Cintio et al. 2017). Subsequently, Jiang et al. (2019a) explored the formation of UDGs in field and galaxy groups, finding that group UDGs can also form due to tidal puffing up and ram-pressure stripping, suggesting that multiple formation pathways are plausible. Exploring the formation and evolution of UDGs in different environments in the TNG50 simulation (Nelson et al. 2019a; Pillepich et al. 2019, part of the IllustrisTNG suite), Benavides et al. (2023) have concluded that UDGs form through multiple mechanisms, influenced by both intrinsic and extrinsic factors. The variety of origins was also confirmed by Sales et al. (2020), who focused on the subpopulation of UDGs in galaxy clusters in the TNG100 simulation. Likewise, the UDG cluster subpopulation in the RomulusC zoom-in simulation (Tremmel et al. 2019) has different origins, exhibits dynamical support by velocity dispersion, and is in broad agreement with observed galaxies (Tremmel et al. 2020).
The studies mentioned above failed to replicate rare galaxies such as Nube using cosmological and zoom-in simulations, which is often seen as conflicting with the CDM model. However, we must acknowledge the limitations. The simulation box may be too small to capture the full range of environmental effects that can lead to such rare cases, or the examined population of UDGs may be narrow. Given the circumstances, the question is whether Nube can be regarded as an outlier in the UDG population because of its exceptional and extreme nature. The overarching goal of the Puzzling Ultra-Diffuse Galaxy Evolution (PUDGE) project is a detailed examination of the properties and evolution of the simulated UDG population. To do so reliably, we must address the pressing issue that there are observed galaxies seemingly inconsistent with cosmological simulations. This first part of the series focuses on the most puzzling observational example, the extremely extended Nube galaxy. Thus, we present here a case study of a Nube-like galaxy from TNG100, and we provide insights into how such galaxies may form through a combination of effects, including environmental interactions and specific halo properties. This contributes to the ongoing debate about the nature and origins of UDGs in the Universe, as well as the nature of dark matter in general.
This paper is organized as follows. We describe our methods and candidate selection criteria in Sect. 2. In Sect. 3 we present the fundamental properties of the galaxy and its dark matter halo, as well as its evolutionary path. In Sect. 4 we discuss the results and implications, considering the previous work. Finally, we provide our concluding remarks and a summary of our work in Sect. 5.
2. Methods
The IllustrisTNG1 cosmological hydrodynamical simulations of galaxy formation (Weinberger et al. 2017; Pillepich et al. 2018a; Nelson et al. 2019b) were performed using the Arepo code (Springel 2010) and Planck Collaboration XIII (2016) cosmological parameters: matter density Ωm = 0.3089, baryon density Ωb = 0.0486, dark energy density ΩΛ = 0.6911, and Hubble constant H0 = 0.6774 km s−1 Mpc−1. In addition to self-consistent modeling of gravitational interactions and magnetohydrodynamical interactions of the gaseous component, the simulations also incorporate processes such as radiative cooling, star and supermassive black hole formation, and their feedback effects, along with chemical enrichment within galaxies (often on a subgrid level Weinberger et al. 2017; Pillepich et al. 2018a).
The simulation suite consists of three runs: TNG50, TNG100, and TNG300, named after the side length of the simulation box (50, 100, and 300 Mpc, respectively). The boxes differ in cubic volume and particle resolution. In this work we use TNG100 (Marinacci et al. 2018; Naiman et al. 2018; Nelson et al. 2018; Pillepich et al. 2018b; Springel et al. 2018), which perfectly balances volume and resolution. The TNG100 box simulates a larger volume compared to the TNG50 box at a reasonable expense of particle resolution, resulting in a larger sample of galaxies and massive galaxy groups and clusters; low-mass galaxies are not resolved with a large number of particles, which would allow a detailed analysis of their internal structure. The largest volume is simulated in the TNG300 box, which is the best choice for statistical analysis, but the particle resolution imposes a higher mass limit for examining low-mass galaxies. The mass resolution for the TNG100 simulation box is 7.5 × 106 M⊙ for dark matter and 1.4 × 106 M⊙ for baryonic particles. With roughly 250 particles, a galaxy of stellar mass similar to Nube can have its (stellar) fundamental properties recovered reliably (Onions et al. 2012). However, a more detailed examination of its internal structure typically requires more particles. Specifically, the stellar effective radius, the masses of stellar or gaseous components, and other similar parameters that describe the galaxy as a whole can be treated as reliable, while the internal structure of stars (such as stellar distribution, velocity fields, or stellar orbits) cannot be examined in detail due to the low number of particles.
We imposed the selection criteria based on the observed masses and effective radius to search for Nube-like galaxies in the present-day snapshot, corresponding to z = 0. The stellar mass is constrained within the range of 8 < log M⋆ [M⊙]< 9, and the stellar half-mass radius is within the range of 6 < Re [kpc]< 8. However, the gaseous and total dynamical mass is constrained with only the lower limit, log MG [M⊙]> 8 and log Mdyn [M⊙]> 10, respectively. This filter yields 23 candidate galaxies, but only one matches the observed properties of Nube. The remaining candidates have stellar populations embedded in much more massive dark matter halos and gaseous components (see Appendix B for a detailed comparison with other galaxies in TNG100). We examine this Nube-like galaxy with a SubfindID 149222 at z = 0.
3. Results
We list the fundamental properties of this galaxy in Table 1 along with the properties of Nube for comparison. The total gas mass of the Nube-like galaxy is log(MG [M⊙]) = 8.72; the total mass of neutral hydrogen, which is lower, is from the supplementary catalog (Diemer et al. 2018, 2019). Two values are given for the dynamical mass log Mdyn, where the lower value represents the dynamical mass calculated within 3 R0.5, ⋆ to allow direct comparison with Montes et al. (2024), and the higher value represents the total dynamical mass. We also include the average stellar age and axis ratio b/a, computed from the raw particle data. Similarly, based on the raw particle data, the stellar metallicity of the simulated Nube-like galaxy is [Fe/H]≃ − 3.72, while the same value for Nube is [Fe/H]≃ − 1.09. These discrepancies between the simulated and observed galaxy are due to the particle resolution. These values obtained from the raw particle data should not be considered reliable enough, given that the Nube-like galaxy is resolved with roughly 250 particles. We also include the central surface brightness in the V filter μV(0) (see Appendix A for mock images). Two values are also given for the effective surface density Σe: the lower limit is calculated with the effective (half-mass) radius of the galaxy, and the upper limit is corrected for projection effects (the effective radius is scaled with 0.75). There are multiple ways to derive the two-dimensional effective radius from the three-dimensional half-mass radius available in the Subhalo catalog. The simplest solution is to use a scaling factor, as we did here, adopting the optimal value for the scaling factor of Wellons et al. (2015).
Table 1. 
Fundamental properties of Nube (taken from Montes et al. 2024) and simulated Nube-like galaxy (ID149222) for comparison.

The structural parameters of this simulated Nube-like galaxy are, in general, in agreement with the observational values (Table 1), although there are differences in the parameters that depend on the internal structure and how well it is resolved (such as stellar age, axis ratio, or stellar metallicity). Since the internal structure cannot be reliably analyzed with such a low number of stellar particles, we do not expect the galaxy’s surface density profile to be as flat as the observed profile. However, we can look at the distribution of its stellar component in two projections (see Appendix A) to assess its overall shape and gradient. These two projections do not result in a strikingly different distributions of stars, which would be the case with late-type rotationally supported galaxies (although certain asymmetries are still noticeable). Thus, rotating the galaxy with respect to its stellar angular momentum vector appears to have little effect, indicating that the galaxy is dynamically supported by velocity dispersion (i.e., early-type). Moreover, the galaxy does not exhibit any definitive and distinct tidal features and distortions that could indicate recent interaction, even though the last major merger was completed only 1.336 Gyr ago, according to the SubLink (Rodriguez-Gomez et al. 2015) data.
At present, the galaxy is identified as a part of a massive group of galaxies (mass M200 = 6.68 ⋅ 1013 M⊙ and virial radius R200 = 855.35 kpc), located on the outskirts outside the virial radius, at a distance D = 1696.7 kpc from the center. It resides in a fairly secluded area, with more massive neighboring galaxies located at distances of 210.67 kpc, 724.25 kpc, and more. Despite the high mass of the host halo, we still recognize it as a galaxy group since, according to Paul et al. (2017), galaxy clusters are groups more massive than M200 = 8 ⋅ 1013 M⊙.
The dark matter density profile of the galaxy (Fig. 1) is fitted with the Navarro–Frenk–White (NFW) profile (Navarro et al. 1997) remarkably well. The scale radius rs = 6.4 ± 0.2 kpc, and the concentration parameter c200 = 9.2 ± 0.2 result in a virial radius Rvir ≃ 58.88 kpc. We also calculated the spin parameter as defined by Bullock et al. (2001a). The distribution of this parameter is log-normal, with a significant scatter, no mass dependence, and a mean value of λ′≃0.035. The calculated value for the Nube-like galaxy, λ′ = 0.038485, is very close to the typical one.
	[image: thumbnail]	Fig. 1. Dark matter halo density profile of a simulated Nube-like galaxy, with a NFW profile fit (dashed black line).



To unravel how the stellar component of this galaxy became so extended, we have to look at its history, specifically the evolution of the mass of all the components (dark matter, stars, and gas), as well as the evolution of the stellar half-mass radius (see Fig. 2). We also marked the time of its last major merger, but instead of marking the moment when the merger was finalized, we marked the whole duration of the merger. The moment when the merger started was chosen based on the mass history of the secondary galaxy: the merger starts when the secondary galaxy is at the peak of its total mass prior to the event, just before the mass transfer between galaxies has started.
	[image: thumbnail]	Fig. 2. Evolution of the galaxy’s mass (upper panel) and stellar effective (half-mass) radius (lower panel). The last merger event is shaded.



During the last 10 Gyr, the Nube-like galaxy has mainly evolved quietly in isolated regions, with occasional and brief interactions. One of those interactions, roughly 7 Gyr ago, triggered star formation (practically non-existent prior to that event) that slowly and gradually built up the stellar component of the galaxy. The galaxy was already very extended for its mass, making it ultra-diffuse most likely from its formation (i.e., 10 Gyr ago, the stellar mass was slightly higher than M⋆ ≃ 107 M⊙ with Re ≥ 2 kpc). As the stellar mass grew gradually, so did its radial extent.
At the beginning of the last merger about 3 Gyr ago, before mass transfer between the galaxies started, the secondary galaxy had a comparable stellar mass, but a lower total mass than the Nube-like galaxy. The merger can be classified as major even by the mass ratio based on their total masses, which is ∼0.36. The Nube-like galaxy absorbed almost the entirety of the stellar content of the secondary galaxy, and very little star formation has taken place since then. Only about 6% of the total stellar mass (at present) has formed since the merger started. Hence, the enormous gas content of the galaxy did not efficiently turn into stars, and the drop in gas mass we see before merging is most likely reflecting the outer layers being blown away in this violent process. This was to be expected since, before the merger, the gaseous content was very extended, with a half-mass radius well above 20 kpc and a low average density. Since this is the case, the abrupt increase in the effective radius we see during the merger is due to stellar particles from the secondary galaxy being absorbed, not the stellar content of the host being puffed up initially. The effective radius decreases as these stellar particles slowly settle in the Nube-like galaxy after the merger. However, the resulting host (a present-day Nube-like galaxy) still ends up more diffuse (compared to its state before the merger) and represents the most extended UDG (of the corresponding mass) found in simulations, which closely matches the fundamental properties of Nube (e.g., masses, effective radius).
4. Discussion
The global parameters of this examined galaxy, such as dynamical, stellar, and neutral hydrogen mass, effective radius, effective surface density, and central surface brightness, are in almost perfect agreement with the values derived from observation. However, other structural parameters, which are highly dependent on how well the galaxy is resolved, show discrepancies and should not be considered reliable due to the low number of stellar particles. That does not imply that the inherent limitations of the simulation, such as particle resolution, cannot truly reflect the formation, evolution, and global properties of UDGs. On the contrary, the global properties should be considered reliable (Onions et al. 2012), while only the finer internal structure is prone to inaccuracies. For example, Sales et al. (2020) explored the cluster population of UDGs in the TNG100 box, considering all galaxies with as few as 25 stellar particles.
We mentioned that the examined galaxy is immune to rotation with respect to its stellar angular momentum vector; the shape appears similar in the two projections. This has led us to conclude that the galaxy is an early-type galaxy, supported by velocity dispersion, which is consistent with the fact that most UDGs are dispersion-dominated (e.g., Sales et al. 2020; Tremmel et al. 2020).
Considering the immediate environment of the Nube-like galaxy, we have found that more massive galaxies are located at distances of 210.67 kpc, 724.25 kpc, and higher. In contrast, the closest massive neighbor to Nube, the galaxy UGC 929, is found to be at a distance of 435 kpc (Montes et al. 2024). Although the distances to more massive galaxies are not exactly the same as determined from observations, the secluded immediate environment of our examined galaxy is still in broad agreement.
4.1. Post-interaction signatures
We previously mentioned that the galaxy does not exhibit any distinctive tidal features or distortions despite the recent merger. That does not imply that such features cannot form or that the last merger was so extraordinary that it left no apparent traces. A more likely explanation is that the particle resolution is insufficient to reliably form faint low-mass tidal features. An inherent limitation of any simulation, cosmological or any other, is its particle resolution, which particularly impacts low-mass galaxies. In the low-mass regime, galaxies are resolved with a few hundred stellar particles or fewer (e.g., in the TNG100 box), making a formation of faint low-mass tidal features almost impossible. Furthermore, since those galaxies are not well-resolved, other traces of interactions (e.g., kinematical, disturbed stellar orbits) are of no use because they heavily rely on the number of particles in the system.
Observational efforts also face challenges in the low-mass regime. Detection of tidal features near low-mass galaxies is particularly challenging because of their intrinsically faint luminosities and low surface brightness, which make such features difficult to detect against the background noise. Instrumental improvements can help alleviate these challenges, although they are not the only solution. The application of complex procedures and techniques can also mitigate these issues, as demonstrated by Mićić et al. (2023), who applied adaptive smoothing to isolate a faint tidal tail and bridge. Hence, the absence of distinctive traces of recent interactions in the low-mass regime, whether related to simulated or observed galaxies, does not always imply a lack of interactions and could easily be attributed to the limitations mentioned above.
4.2. Dark matter halo of the galaxy
We found that the NFW profile (Navarro et al. 1997) fits the dark matter profile well, with the fitting parameters rs = 6.4 ± 0.2 and c200 = 9.2 ± 0.2. This value of the concentration parameter c200 may appear low for a dark matter halo of this mass log(MDM [M⊙]) = 10.4714, as low-mass halos typically have higher concentrations (e.g., Bullock et al. 2001b; Dutton & Macciò 2014). Although it appears lower, this value is still within the expected scatter (at the lower end) and does not represent an extreme outlier that would be impossible to see in simulations.
The fitting parameters result in a viral radius Rvir ≃ 58.88 kpc, which differs slightly from the expected virial radius of a dark matter halo with this mass, log(MDM [M⊙]) = 10.4714. Assuming a dark matter halo is virialized, and using the Planck Collaboration XIII (2016) data for the value of the critical density of the Universe, we would expect a virial radius Rvir ≃ 65.46 kpc. This difference implies that the dark matter halo is not in virial equilibrium, which we additionally confirmed by calculating its kinetic and potential energy. However, this is understandable, considering that the galaxy recently went through a merger.
One of the suggested formation mechanisms is that UDGs can form in higher-spin dark matter halos (e.g., Amorisco & Loeb 2016; Rong et al. 2017; Liao et al. 2019). Since we wanted to test whether this holds for the Nube-like galaxy, we calculated the spin parameter as defined by Bullock et al. (2001a), given in Sect. 3. The calculated value is close to the typical one, suggesting that the spin is not abnormally high. This is in line with some previous studies that found that the distribution of the halo spin in UDGs is typical (Di Cintio et al. 2017; Jiang et al. 2019a). Moreover, Jiang et al. (2019b) have also found that halo spin is not a good predictor of galaxy size.
4.3. Implications
The research of ultra-diffuse galaxies, as extreme examples of low surface brightness galaxies, is in its infancy. Although several formation pathways have been suggested (e.g., Amorisco & Loeb 2016; Di Cintio et al. 2017; Rong et al. 2017; Jiang et al. 2019a; Liao et al. 2019; Tremmel et al. 2019; Sales et al. 2020; Wright et al. 2021; Benavides et al. 2023), there is no complete consensus on the dominant one, due to the diversity of the UDG properties and their environments. To explain this diversity, there is increasing support for the idea that multiple formation pathways are viable, depending on the galaxy’s environment and history. The galaxy presented in this work contributes to the ongoing debate with the additional idea that these formation pathways can operate simultaneously: an already ultra-diffuse galaxy can expand its size even further under favorable conditions. This idea should not be considered controversial. For example, after studying observed UDGs, Fielder et al. (2024) could not conclusively dismiss that some galaxies were already formed in the field as UDGs before being processed and puffed up in the group environment.
Although several studies (e.g., Tremmel et al. 2019; Sales et al. 2020; Benavides et al. 2023) have emphasized the role of external tidal factors in the formation of UDG, Wright et al. (2021) was the only one that reported early mergers as a possible origin. They found that interactions could lower the central density of the gas, disperse it, and compress it in the outer regions of the galaxy, resulting in asymmetric star formation that leads to the formation of UDGs. However, the suggested merger-driven scenario differs from what we observed during the evolution of this galaxy. The merger that occurred here happened quite recently, and the final extent of the galaxy is not a product of asymmetric star formation, but a mass transfer and puffing up. It is also imperative to mention that this event did not leave definitive signs of interaction. This implies that not all mergers leave a distinctive trace that could be used to assess whether a galaxy has had a recent interaction. Tidal features, in general, strongly depend on the characteristics of a preceding interaction and on the geometry of a merger (Toomre & Toomre 1972); some interactions are expected to leave no distinguished trace. However, we cannot rule out the possibility that the merger has left undetected signatures simply due to resolution limitations. As discussed previously, there are also challenges in detecting faint tidal features in observations, meaning that interactions (whether mergers or non-mergers) cannot be easily ruled out. Since interactions still occur in isolation, albeit less frequently, even a fairly secluded environment of a galaxy should not be used to dismiss interactions as a possible origin.
The galaxy we presented here, as a Nube-like case study, not only represents the most extended UDG of its mass found in simulations so far, but also exhibits fundamental properties that closely mirror those of the observed Nube galaxy. This demonstrates that the observed galaxy is not in tension with the currently dominant cosmological model. Furthermore, the evolutionary pathway of this galaxy, with the recent major merger that expanded an already ultra-diffuse stellar system, is fairly unique compared to previous work. First, it broadens our pool of possible UDG formation mechanisms, contributing to the diversity of origins, and can be used to better constrain the diversity of structural and other properties of UDGs. Second, and perhaps more importantly, our finding suggests that UDGs are not the end product of a given galaxy evolution. Instead, we argue that galaxies, even after they reach the ultra-diffuse state, continue to evolve and have the ability to expand their size further, becoming extreme outliers of the mass-size relation (e.g., Shen et al. 2003; Du et al. 2024), given that the favorable conditions for such a scenario are met. These extreme outliers of the mass-size relation can certainly be found in cosmological simulations, although evidently not all of them exhibit the same fundamental and structural properties as Nube. They may also show diversity in their origins and in their evolutionary pathways, further complicating our efforts to fully understand the processes that lead to the formation of UDGs. Some of them may even prove to be the rare result of a series of circumstantial events, and as such they are likely to be found only in larger-volume cosmological simulations (e.g., Mitrašinović et al. 2023). However, exploring the formation and, more importantly, the evolution of the most extreme UDGs in cosmological simulations2 can provide invaluable insights and may prove to be the next logical step forward.
Finally, the galaxy presented in this work has significant implications for our understanding of the ecosystem of cosmological simulations. While previous research has suggested that simulations cannot reproduce UDGs as extended as Nube, our finding demonstrates the opposite. This challenges the notion that extreme UDGs are incompatible with the CDM model and highlights the need for careful analysis and interpretation of the simulated data, as well as a better understanding of the limitations of any given simulation.
5. Conclusions
The discovery of the most extended ultra-diffuse galaxy so far, named Nube, raised questions about the validity of the CDM model since studies using cosmological and zoom-in simulations, which assume CDM, were not able to reproduce galaxies with such extraordinary characteristics. If Nube represents the rare extreme example of an observed UDG population (and at the moment this does appear to be the case), it would be reasonable to assume that the conditions that led to its formation should be as equally rare. Under that assumption, it becomes understandable why such galaxies were not found in zoom-in simulations or during the explorations of a narrow population of UDGs: these simulations are not sufficient to capture the full range of effects that can lead to some of the most extreme cases.
In this work, as a first step in the PUDGE project whose aim is to explore the nature of simulated UDGs, we presented a case study of the most extended galaxy examined in cosmological simulations to date. This galaxy closely mirrors the fundamental properties of Nube (specifically its masses, effective radius, central surface brightness, and effective surface density), and challenges the notion that such extremely extended galaxies are in tension with the CDM model. We caution against practices when analyzing or interpreting the data generated with simulations that specifically neglect to account for simulated volume and everything it entails (such as a limited sample of galaxies, environments, and events). The simulated Nube-like galaxy has already formed as ultra-diffuse and spent the majority of its lifetime in isolated regions with occasional interactions; its last major merger interaction was recently finalized, just 1.336 Gyr ago, which further expanded the stellar size of the galaxy without leaving other more definitive signs of interaction. Therefore, we argue that the multiple proposed formation mechanisms of UDGs can operate in tandem and produce extreme outliers of the mass-size relation. Such scenarios require favorable evolutionary conditions and are not easily found in zoom-in simulations or when exploring subpopulations of UDGs in larger-volume cosmological simulations (e.g., galaxy cluster subpopulations). Moreover, the merger-driven expansion of the stellar content, particularly this late during the galaxy evolution, was not previously singled out as a possible formation mechanism of UDGs.
The fact that Nube is consistent with the current cosmological model (and can be reproduced in simulations) suggests that we should explore other simulated examples of UDGs that might have been overlooked. This must be done with greater rigor, care, and detail while considering the limitations of any given simulation (whether it is a particle resolution, simulated volume, or other advised cautions). Examining these extreme UDGs will also require a focus on their properties, formation mechanisms, and entire evolutionary pathways, allowing us to gain invaluable insights into the diversity of UDGs.
Ruling out the CDM model will require more observational effort and a significantly higher number of galaxies (detected with state-of-the-art tools and techniques or the upcoming missions) that appear to be in tension with the current models. Until then, we are justified in treating Nube as an extreme outlier, not a typical ultra-diffuse galaxy.


1 Publicly available at https://www.tng-project.org/data/


2 The endeavor that is central to our work in preparation.


3 Available at https://www.tng-project.org/data/vis/.
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Appendix A:  Mock images
Figure A.1 was generated using the IllustrisTNG visualization tool3. It shows mock images of the examined galaxy in two projections, face-on and edge-on, obtained by rotating the galaxy with respect to its stellar angular momentum vector. The galaxy’s shape is discussed in Sect. 3.
	[image: thumbnail]	Fig. A.1. Mock images of the Nube-like galaxy in V band, in two different projections: face-on (top panel) and edge-on (bottom panel). Colorbar represents surface brightness in V filter, μV, in units that are comparable to observations (i.e., mag/arcsec2)




Appendix B:  Comparison of a Nube-like galaxy with other galaxies in TNG100
To find a Nube-like galaxy among TNG100 candidates we proceed as follows. First, we excluded spurious self-gravitating baryonic clumps that the subhalo finder occasionally and wrongly identifies as galaxies. That leaves us with a sample of 28486 galaxies in total, which satisfies the initial filtering criterion based on the stellar mass (8 ≤ log(M⋆)≤9). Examining the galaxies in TNG50, Benavides et al. (2023) have defined UDGs as those that reside in the upper 5% part of the mass-size relation (i.e., the most extended ones). Here, we adopt the same definition, ending up with a sample of 1440 UDGs. The relevant part of the mass-size relation is shown in Fig. B.1 with the Nube-like galaxy and the critical line that separates the UDG population from the rest of the sample marked. The Nube-like galaxy is evidently very extended for its mass, although there are also other very extended examples.
	[image: thumbnail]	Fig. B.1. Mass-size relation in a narrow stellar mass range, color-coded for the number of galaxies. The Nube-like galaxy is marked, as indicated in the legend. The line (dashed, black) separating the upper 5% of the most extended galaxies for a given mass is also included.



Employing additional filtering criteria (conditions for effective radius, total masses of dark matter and gaseous component) has left us with only 23 candidates, as mentioned in Sect. 2. In Fig. B.2 we show two-dimensional distributions of three relevant parameters: total dynamical mass log(Mdyn), the baryonic gas fraction FGas, and stellar half-mass/effective radius log(Re), focusing on a sample of 1440 UDGs and separately marking the Nube-like galaxy examined in this work and other candidates from the curated subsample of 23 galaxies. In the upper panel, log(Mdyn) – log(Re) distribution, we can clearly notice two distinct clusters on the plot: galaxies cluster around log(Mdyn)≃10 and log(Mdyn)≃11, typically on lower effective radii. The most extended galaxies are scattered across all dynamical masses, while the candidates from our subsample are on an extended tail (in terms of effective radius) of the more massive cluster. In contrast, the Nube-like galaxy appears to be an outlier, distinct from both the general UDG population and the rest of the candidates. The unique nature of the Nube-like galaxy is also noticeable when we look at log(Mdyn) – FGas distribution, where the majority of extremely gas-rich galaxies (as well as all the other candidates) are clustered on higher dynamical masses, and gasless galaxies are typically less massive. Aside from the Nube-like galaxy, other outlier galaxies contain gas but are not extremely gas-rich and have lower masses. Moreover, the Nube-like galaxy is the most extended galaxy that contains gas but is not extremely gas-rich.
	[image: thumbnail]	Fig. B.2. Distributions of selected 1440 UDGs in dynamical mass log(Mdyn), the baryonic gas fraction FGas, and stellar half-mass/effective radius log(Re). The legend indicates that the Nube-like galaxy and other candidates are marked separately. The whole UDG sample is color-coded based on the number of galaxies.
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      Table 1. 

      Fundamental properties of Nube (taken from Montes et al. 2024) and simulated Nube-like galaxy (ID149222) for comparison.

      
        


	Galaxy
	log Mdyn
	log M⋆
	log MHI
	Re
	Σe
	μV(0)
	Age
	b/a



	
	(log M⊙)
	(log M⊙)
	(log M⊙)
	(kpc)
	(M⊙ pc−2)
	(mag arcsec−2)
	(Gyr)
	





	Nube
	10.42 ± 0.23
	8.6 ± 0.1
	8.35 ± 0.12
	6.9 ± 0.8
	0.9 ± 0.1
	26.23 ± 0.07
	10.2 [image: equation]
	0.97 ± 0.01



	
ID149222
	(10.12, 10.48)
	8.39
	8.17
	6.72
	(0.86, 1.53)
	∼26.3
	7.479
	∼0.758





      

    

  
    
      Fig. 1. 
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        Dark matter halo density profile of a simulated Nube-like galaxy, with a NFW profile fit (dashed black line).

      

    

  
    
      Fig. 2. 
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        Evolution of the galaxy’s mass (upper panel) and stellar effective (half-mass) radius (lower panel). The last merger event is shaded.

      

    

  
    
      Fig. A.1. 
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        Mock images of the Nube-like galaxy in V band, in two different projections: face-on (top panel) and edge-on (bottom panel). Colorbar represents surface brightness in V filter, μV, in units that are comparable to observations (i.e., mag/arcsec2)

      

    

  
    
      Fig. B.1. 
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        Mass-size relation in a narrow stellar mass range, color-coded for the number of galaxies. The Nube-like galaxy is marked, as indicated in the legend. The line (dashed, black) separating the upper 5% of the most extended galaxies for a given mass is also included.

      

    

  
    
      Fig. B.2. 
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        Distributions of selected 1440 UDGs in dynamical mass log(Mdyn), the baryonic gas fraction FGas, and stellar half-mass/effective radius log(Re). The legend indicates that the Nube-like galaxy and other candidates are marked separately. The whole UDG sample is color-coded based on the number of galaxies.
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