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Abstract

Observations reveal a characteristic ‘golden mass’ (around 1012 M⊙ in halo mass and 5 × 1010 M⊙ in stellar mass) associated with a peak in star formation efficiency. Using the CAMELS simulations based on IllustrisTNG in a (50 h−1 Mpc)3 volume, we investigate how this scale arises and evolves under varying supernova (SN) and active galactic nucleus (AGN) feedback strengths and cosmological parameters (Ωm, σ8). We find a U-shaped relation between the dark-to-stellar mass ratio (within the half-mass radius) and stellar mass, with a minimum at the golden mass, in line with observations. Cosmology primarily shifts the normalization of the scaling relation, while SN and AGN feedback modify both the shape and the emergence of the golden mass. Stronger SN feedback shifts the golden mass to lower values, while AGN feedback–especially the radiative efficiency (i.e. the fraction of the accretion rest mass released in the accretion process), followed by the black hole feedback factor (i.e. the normalization factor for the energy in the AGN feedback in the high-accretion state) and the quasar threshold (i.e. the Eddington ratio)–affects the high-mass slope and shifts the golden mass value. The golden mass appears earlier in cosmic time for simulations with stronger feedback, which more rapidly quenches star formation in massive galaxies. Splitting galaxies by star formation activity reveals that passive galaxies preserve the U-shape, while star-forming galaxies show a decreasing dark matter fraction with stellar mass, with hints of a reversal at low redshift. Global stellar fractions also follow a U-shaped trend. However, in passive systems, the golden mass disappears, shifting to lower masses, while star-forming galaxies exhibit a peak only at low redshift. Our results highlight feedback as the primary driver behind the emergence of the golden mass up to z ∼ 1.5 − 2, while stream and virial shock processes play a secondary role. Comparing our results with other theoretical expectations and observational findings, we speculate that at z ≳ 1.5 − 2, a single characteristic (stream) mass regulates galaxy evolution, which later bifurcates into two: a low-mass gas-richness scale tied to gas availability, and a higher-mass golden mass governing star formation efficiency and quenching.
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1. Introduction
Research using spectroscopic and photometric data have led to the characterization of scaling relations among various galaxy parameters, including stellar populations (age, metallicity, luminosity, stellar mass, IMF slope), structural properties (e.g. galaxy size and light profile), and total mass and dark matter (DM) distributions (DM fraction, mass density slope). Understanding the origins of these scaling relations, the physical processes shaping them, and their role in galaxy evolution across a vast range of masses and cosmic time is central to modern studies of galaxy evolution (e.g. Courteau et al. 2014; D’Onofrio et al. 2021).
There is growing evidence that a critical stellar mass scale exists around ∼5 × 1010 M⊙, corresponding to ∼1012 M⊙ in virial mass (e.g. Dekel & Birnboim 2006). This characteristic mass, often referred to as the golden mass, the transition mass, or the bimodality mass, appears as a transition, break, or extremum in the trends of various scaling relations. Given the power-law nature of the DM power spectrum from simulations (Widrow et al. 2009), there is no reason to consider any particular mass scale as special. In contrast, the stellar mass function follows a Schechter form. As a result, near the break of the stellar mass function, star formation efficiency, i.e. the ratio of stellar to halo mass normalized by the cosmological baryon fraction (ϵSF = M⋆/(Mhfb)), reaches its peak, whereas at both higher- and lower-mass scales, feedback mechanisms reduce this efficiency. Thus, any characteristic mass scale is likely tied to baryonic processes rather than DM dynamics.
If this is indeed a fundamental mass scale in galaxy formation and evolution, it is plausible that the physical processes driving galaxy evolution also change when crossing this mass threshold. One well-studied scaling relation involves total virial mass and stellar mass, which can be translated into a relation between the star formation efficiency and stellar or virial mass (e.g. Moster et al. 2010). The bending observed in the virial-to-stellar mass relation translates into a peak in the correlation between stellar fraction (or star formation efficiency) and mass at the golden mass. Analysing the correlation between stellar fraction or star formation efficiency with mass can provide insights into the role of various galactic processes, for example SN and AGN feedback, which are believed to dominate at low and high masses, respectively. At the golden mass, supernova-driven winds and AGN feedback become less effective at depleting the galaxy’s gas supply and quenching star formation (e.g. Dekel & Birnboim 2006; Moster et al. 2010). Moreover, Dekel & Birnboim (2006) have proposed that one of the primary drivers of the bimodality in galaxy properties is the transition from cold gas inflows to virial shock heating at a critical virial mass scale of ∼ 1012 M⊙, in conjunction with cold streams at high redshifts, feedback processes, and gravitational clustering (Daddi et al. 2022a,b).
The dark matter fraction within the half-light radius in early-type systems exhibits a U-shaped trend (Tortora et al. 2016, 2019), the inverse counterpart of the bell-shaped behaviour of star formation efficiency on a global scale. However, tensions arise when considering different galaxy types. A bending in the trend of star formation efficiency with mass is not seen in recent analyses of rotation curves of star-forming galaxies (SFGs, Posti et al. 2019). Using the same data as in Posti et al. (2019), Tortora et al. (2019) only found some mild evidence of bending in such scaling relations.
Understanding the nature of the golden mass is therefore a central question to unravelling the physical processes governing galaxy formation. Despite the progress, the physics underlying these scaling relations remains unclear, and leaves key questions regarding the processes that shape the observed scaling relations and their extent, why the golden mass emerges and how it manifests, and whether this golden mass is constant in time or if it shows up at some specific epoch as a consequence of a dominating physical mechanism governing its appearance. We are also looking into how these relations and the golden mass vary with galaxy types and whether different extrema and bends in scaling relations all measure the same mass scale. In particular, it would be interesting to analyse whether feedback, virial shocks, and cold streams act independently, are interconnected, or if one plays a more dominant role than the others in explaining the golden mass. All these questions can be addressed by exploring the predictions of cosmological simulations and comparing them with observations (e.g. Mukherjee et al. 2018, 2021, 2022 Busillo et al. 2023, 2025).
We began exploring these issues in the first two papers of the Cosmological and AStrophysical parameters from Cosmological simulations and Observations (CASCO) series, using CAMELS simulations within a volume of (25 h−1 Mpc)3, one of the most advanced suites of cosmological simulations, which allows for variation in cosmological parameter values and, more relevantly for this paper, the strength of SN and AGN feedback (Villaescusa-Navarro et al. 2021, 2023; Ni et al. 2023). By identifying the best simulations that reproduce different observed scaling relations among central DM mass and fraction, total virial mass, and half-mass radius versus stellar mass for different data samples (for both passive and star-forming galaxies) in Busillo et al. (2023, Paper I hereafter) and Busillo et al. (2025, Paper II hereafter), we have constrained cosmological and astrophysical parameters.
In this third paper in the CASCO series, we address the aforementioned open questions from a theoretical point of view, focusing on the origin of the golden mass. We use the latest CAMELS simulations, which improve the galaxy count statistics by increasing the simulation volume eightfold to (50 h−1 Mpc)3. We examine the scaling relations between the DM-to-stellar mass ratio within the half-mass radius and stellar mass, as well as the correlation between half-mass radius and stellar mass, and total stellar mass fraction and stellar mass, as a function of redshift to decipher the impact of SN and AGN feedback.
The paper is organized as follows. We start by providing a summary of the observational and simulation findings on the golden mass in Sect. 2. In Sect. 3 we present the simulations. The results on the effect of astrophysical and cosmological parameters on the scaling relations and the golden mass are discussed in Sect. 4. The results are discussed in a broader context and compared with the literature in Sect. 5 and a summary of paper findings with future prospects is provided in Sect. 6.
2. The state of the art of the golden mass
2.1. Characteristic mass scales in galaxy evolution
Across the galaxy mass spectrum characteristic transition masses in galaxy properties exist. In particular, Kannappan et al. (2013) has identified two characteristic mass scales in galaxy morphology, gas fractions, and fueling regimes (see also Hunt et al. 2020), which separate three regimes: ‘accretion-dominated’ dwarf galaxies, ‘gas-equilibrium’ or ‘processing-dominated’ intermediate-mass galaxies, and ‘gas-poor’ or ‘quenched’ massive galaxies. Below a stellar mass threshold of ∼ 3 × 109 M⊙ dwarf galaxies are characterized by an overwhelming gas accretion, this mass scale can appear as a break in the HI-mass vs stellar mass relation (Hunt et al. 2020). The mass scale of ∼ 3 × 109 M⊙ is termed ‘gas-richness’ threshold. Above this mass we enter into a processing-dominated regime, where such intermediate-mass galaxies are able to consume gas through star formation as fast as it is accreted. This regime ends up at a mass threshold of ∼ 3 × 1010 M⊙, the bimodality or golden mass. Above this mass scale, we have a gas-poor or quenched regime, populated by spheroid-dominated gas-poor galaxies with low rates of star formation over the last billion year.
2.2. The golden mass from observations
The golden mass is observed in several contexts, including the trends of total mass-to-light ratio and halo mass with stellar mass (e.g. Benson et al. 2000; Marinoni & Hudson 2002; van den Bosch et al. 2007; Conroy & Wechsler 2009; Moster et al. 2010, 2013; Behroozi et al. 2013; Rodríguez-Puebla et al. 2015; Behroozi et al. 2019; Girelli et al. 2020). The stellar-to-halo mass relation (SHMR), or equivalently the star formation efficiency–mass relation, has been extensively studied in recent years, both in cumulative form and by separating galaxy samples by type. The bending in the SHMR translates into a peak in the trend between star formation efficiency and mass. This value is Mh ∼ 1012 M⊙ when DM halo masses are considered, corresponding to a stellar mass value of ∼ 3 × 1010 M⊙.
It also manifests in the half-light dynamical M/L and DM fraction (Wolf et al. 2010; Toloba et al. 2011; Cappellari et al. 2013; Tortora et al. 2016, 2019; Aquino-Ortíz et al. 2018; Lovell et al. 2018; Busillo et al. 2023, 2025), in the gradients of dynamical M/L profiles across several effective radii (Napolitano et al. 2005), and in the total mass density slope of galaxies (Tortora et al. 2019). Historically, this mass scale has emerged from structural analyses, such as the correlation between effective surface brightness and effective radius (Capaccioli et al. 1992, Tully & Verheijen 1997, Kormendy et al. 2009) and size-mass relations (Shen et al. 2003; Hyde & Bernardi 2009; Tortora et al. 2009; Nedkova et al. 2021), as well as in trends of optical colour, metallicity, and stellar M/L gradients (Kuntschner et al. 2010; Spolaor et al. 2010; Tortora et al. 2010, 2011). Different works also find a bending in the main sequence of star-forming galaxies, which is associated with the golden mass (Daddi et al. 2022a; Popesso et al. 2023; Stephenson et al. 2024; Euclid Collaboration: Enia et al. 2025). This extensive body of empirical evidence mostly converges on a value for the golden stellar mass around 1 − 5 × 1010 M⊙ at z ∼ 0.
Tensions arise when the SHMR is analysed considering different galaxy types (e.g. Dutton et al. 2010; More et al. 2011; Wojtak & Mamon 2013; Posti et al. 2019; Correa & Schaye 2020). A bending in the SHMR is not seen in the analyses of rotation curves of star-forming galaxies by Posti et al. (2019), pointing to larger star formation efficiencies of late-type systems when compared to early types of similar stellar mass above the golden mass. Building SHMRs through statistical approaches that combine various semi-empirical methods of galaxy–halo connection, Rodríguez-Puebla et al. (2015) found a segregation in colour for central galaxies, with bluer galaxies having a larger stellar fraction than red galaxies at fixed virial mass. Using SDSS data with visual classifications, Correa & Schaye (2020) found that disks have stellar masses (and hence star formation efficiencies) that are larger or equal to those of ellipticals at virial masses below 1013 M⊙, and less massive at larger virial masses; EAGLE simulations also indicate that disks are more massive than ellipticals at fixed virial mass. In contrast to Posti et al. (2019), both studies observed the golden mass in both galaxy types. When the same quantities are calculated in the central galactic regions and transformed into a DM fraction within the half-light radius, early-type galaxies exhibit a U-shaped trend (Tortora et al. 2016, 2019). Using the same data as in Posti et al. (2019), Tortora et al. (2019) only found some mild evidence of a bending in such scaling relations for late-type galaxies.
Some analysis, mostly concerning the SHMR and the main sequence of star-forming galaxies have probed bendings as a function of redshift. Behroozi et al. (2013) shows that the instantaneous star formation efficiency peaks at Mh ∼ 1011.7 M⊙ at z ∼ 0, and varies very little since z = 4. Modelling the main sequence of star-forming galaxies, using a power law with a turnover mass, Popesso et al. (2023) find a value, in stellar mass, of ∼ 1010 M⊙ at low redshifts, which increases to ∼ 1011 M⊙ at z ∼ 6. Translated to halo masses, these authors find a mass of ∼ 1011.4−11.5 M⊙ at z ∼ 0, with a steep increase at z  ≳  0.8, up to ∼ 1013 M⊙ at z ∼ 6 (see also Lee et al. 2015; Delvecchio et al. 2021; Daddi et al. 2022a; Euclid Collaboration: Enia et al. 2025). Analysing the size-mass relation as a function of redshift, Nedkova et al. (2021) find a monotonic trend in star-forming galaxies, while the relation is steeper for quiescent galaxies with stellar masses above ∼ 1010.3 M⊙ and flattens at lower masses. From their Figure 10 we observe that the bending mass for passive galaxies is increasing with redshift.
2.3. Theoretical interpretation of the golden mass
If historically SN and AGN feedback have been supposed to be the leading processes in galaxies evolution, with a varying role as a function of mass, more recently the role of the virial shock heating and cold streams have emerged as alternative or complementary processes. The interplay of such processes is supposed to influence the emergence of the golden mass.
In galaxies with stellar masses below the golden mass, SN feedback plays a crucial role in regulating star formation. The energy released by supernova explosions can heat the surrounding circum-galactic medium (CGM) and, in some cases, expel gas from the galaxy. This process is particularly effective in low-mass galaxies, where the gravitational potential wells are shallower, making it easier for the gas to escape. The effectiveness of SN feedback decreases with increasing galaxy mass, as the deeper gravitational potentials in more massive galaxies can better retain the heated gas. Using the theory of supernova bubble in Dekel & Silk (1986), equating the energy released in the interstellar medium to the binding energy of this gas in the DM halo potential well, gives an upper limit for the mass of a halo in which SN feedback can be effective of MSN ∼ 1011.7 M⊙ at z ∼ 0, scaling with redshift as (1 + z)−3/2 (Dekel & Birnboim 2006).
At low masses, SN feedback suppresses the supermassive black holes (SMBHs) growth. In more massive halos, the deep gravitational potential and hot CGM confine the central gas, enabling sustained accretion onto the black hole (Dubois et al. 2015; Bower et al. 2017; Habouzit et al. 2019). Therefore, above a critical mass scale the growth of SMBHs at the centres of galaxies becomes more pronounced. The energy and momentum output from AGN can drive powerful outflows, heating and expelling gas from the galaxy and its surrounding CGM. This AGN feedback further suppresses star formation by depleting the cold gas reservoir necessary for star formation and maintaining the hot state of the CGM. The onset of significant AGN activity around the golden mass is also associated with morphological transformations in galaxies, such as the transition from disk-like to spheroidal structures. From these considerations the maximum mass for effective SN feedback emerge as a lower limit for impactful AGN feedback (MAGN ∼ MSN).
Virial shock heating and cold streams are competing, complementary or supporting processes (Dekel & Birnboim 2006; Dekel et al. 2019; Stern et al. 2020; Aung et al. 2024; Waterval et al. 2025). Hydrodynamical simulations predict that for low halo masses gas accretes in cold filaments (‘cold-mode accretion’) directly to the galaxy disk, efficiently forming stars. However, as galaxies grow in mass, they reach a point where the infalling gas is shock-heated to the virial temperature of the DM halo (‘hot-mode accretion’) and star formation is rapidly quenched. This virial shock heating becomes significant in halos with masses around Mshock ∼ 1011.7 M⊙ (which is predicted to be redshift-independent for z < 3), which approximately corresponds to the mass where SN and AGN feedback efficiency is minimal. The shock-heated gas forms a hot, diffuse CGM that is less prone to cooling and condensing into the galaxy, thereby suppressing further star formation. This mechanism is supposed to contribute to the decline in star formation efficiency observed in more massive galaxies. However, at z ≳ 1.5, narrow cold streams are expected to penetrate the otherwise hot CGM and sustain efficient star formation, even in halos exceeding the critical mass for shock heating (e.g. Kereš et al. 2005).
Recent works show that the bending in the star-forming main sequence across redshift can be connected to virial shocks and cold streams (Daddi et al. 2022a; Popesso et al. 2023; Stephenson et al. 2024). In particular, when converting turnover mass in the main sequence of star-forming galaxies into hosting DM halo masses, Daddi et al. (2022a) find consistent results with the evolving cold- to hot-accretion transition mass, defined by the redshift-independent Mshock at z < 1.4 and by the rising Mstream at z > 1.4.
Given the considerations above, several key aspects remain unexplored. It is still unclear whether feedback processes, virial shocks, and the physics of the CGM represent competing scenarios, or whether they offer independent or interconnected explanations for the origin of the golden mass. The CAMELS cosmological simulations can help disentangle these effects by assessing the impact of feedback mechanisms and quantifying the role of virial shocks when feedback is suppressed.
Although less explored in the literature, we centre our analysis on the relationship between central DM content and stellar mass. These are measurable quantities that are expected to become increasingly accessible in the near future through dynamics using spectroscopic surveys (de Jong 2011; Iovino et al. 2023a,b) and strong lensing (Euclid Collaboration: Walmsley et al. 2025). Our goal is to derive theoretical expectations for the golden mass based on this correlation and compare them with independent observational findings.
3. Data
Following Papers I and II, we use the simulated galaxy data coming from CAMELS, a suite of cosmological simulations, originally within a cosmological volume of (25 h−1 Mpc)3 (Villaescusa-Navarro et al. 2021, 2023; Ni et al. 2023). In this paper, we also use a new suite of simulations, where the Universe volume is increased by eight times to (50 h−1 Mpc)3. The specific details of the simulations, other than the volume, are already described in detail in Paper I and II. Each simulation has the following cosmological parameter values fixed: Ωb = 0.049, ns = 0.9624 and h = 0.6711. We limit the data to the CAMELS simulations based on the IllustrisTNG subgrid physics. The masses and radii of the galaxies investigated in this paper significantly exceed particle mass resolutions and softening length, respectively.
The fiducial CAMELS simulation uses the same parameters of IllustrisTNG, which is calibrated to observations. These calibrations have been performed by using the galaxy stellar mass function, the stellar-to-halo mass relation, the total gas mass content within the virial radius r500 of massive groups, the stellar size – stellar mass and the black hole (BH) mass – galaxy mass relations, all at z = 0, and, finally, the functional shape of the cosmic star formation rate density for z ≲ 10 (Pillepich et al. 2018).
With respect to the original CAMELS suites, which allowed for the variation of only six parameters, the updated set of simulations allows us to explore the role of 28 astrophysical and cosmological parameters in total. In particular, we vary the two cosmological parameters (Ωm, σ8), the originally implemented SN- and AGN-feedback parameters (ASN1, ASN2, AAGN1, and AAGN2) and six more parameters regulating AGN feedback. In particular, ASN1 and ASN2 are related to the SN feedback mechanisms, wind energy and velocity, respectively. Instead, AAGN1 and AAGN2 are the normalization factors of energy and frequency of AGN feedback (Villaescusa-Navarro et al. 2021). However, previous papers have demonstrated that AAGN1 and AAGN2 have no effect on scaling relations (see for example Papers I and II), and therefore we only investigate the impact of the six other AGN feedback parameters, which have been implemented in the latest CAMELS release. The complete list of parameters we consider in this paper are listed in Table 1. We use the ‘1P’ simulations, where we can vary one of the parameters at a time, holding the rest of the parameters constant (e.g. Villaescusa-Navarro et al. 2021). The values of the simulation parameters varied in each ‘1P’ simulation set (including the fiducial simulation ones) are listed in Table 2. In the rest of the paper, astrophysical parameter values are normalized to the parameter value of the fiducial simulation, which corresponds to the unit value in our figures.
Table 1. 
Free parameters of CAMELS simulations used in this paper (for more details, see Ni et al. 2023).

Table 2. 
Values of the 1P simulation parameters listed in Table 1.

Differently from our previous papers, where we analysed different scaling relations, comparing simulations with observations, in the present paper we only use the simulations and mostly the scaling relation MDM, 1/2/M⋆, 1/2 vs. M⋆ where MDM, 1/2 and M⋆, 1/2 are the 3D DM and stellar mass calculated within the 3D stellar half-mass radius, respectively, M⋆ is the total stellar mass1, and Mtot is the total mass. For completeness, and for connecting the central galaxy regions to the whole galaxy, we also investigate the correlation between the total M⋆/MDM and stellar mass. We explore how these scaling relations are varying as a function of redshift, using simulations at the following redshift slices: 0, 0.5, 1.0, 1.5 and 2.
Similarly to the previous work, we performed a filtering of the subhalos detected by SUBFIND. We considered only subhalos that have R⋆, 1/2 > ϵmin, N⋆, 1/2 > 50 and fDM(< R⋆, 1/2)≡1 − M⋆, 1/2/Mtot, 1/2 > 0, where ϵmin = 2 ckpc is the gravitational softening length of the IllustrisTNG suite2. The selection criteria on R⋆, 1/2 and N⋆, 1/2 prevent strong resolution biases.
Similarly to Paper I and II, we follow Bisigello et al. (2020) for the selection of passive galaxies (PGs) and SFGs via specific SFR (sSFR := SFR/M⋆), choosing for the PGs only subhalos having log10(sSFR/yr−1) < −10.5, and the opposite for SFGs. We have verified that varying the sSFR threshold by ±0.5 dex does not affect our results (see Paper I)3. Although not a central focus of this paper, we also investigate the SFG main sequence and compare it with results from the literature in Appendix A.
The key observables from the simulations used in this paper are listed in Table 3.
Table 3. 
Observables used in the paper.

4. The golden mass
Using the same parameters of the reference IllustrisTNG, calibrated, among other factors, to the observed z = 0 size-stellar mass and halo-to-stellar mass relations, the fiducial CAMELS simulation reveals a bending in the simulated size-stellar mass and halo-to-stellar mass relations around a mass of approximately 5 × 1010 M⊙ (see also Paper I and II). This mass scale is transferred, for example, into the correlation among MDM, 1/2/M⋆, 1/2 and M⋆ and any other related scaling relation. Therefore this feature and the specific shape of these observed scaling relations are naturally and by construction introduced during the calibration of the reference simulation. However, since this calibration is not transferred to the other simulations with varied parameters, the scaling relations are no longer primarily influenced by the initial calibration. While the calibration process prevents a fully agnostic analysis of the emergence of the golden mass scale, it firmly enables us to assess the impact of cosmology and astrophysical processes on the shape of the scaling relations, as well as the emergence and value of the golden mass over cosmic time.
One significant limitation of the CAMELS simulations is the relatively small cosmological volume, which restricts the number of massive objects, especially in the mass range where the golden mass is expected to appear. However, compared to the original CAMELS simulations, which simulate a volume of (25 h−1 Mpc)3, the current suite increases the volume, resulting in a galaxy count eight times larger. This increase in sample size is particularly important in the high-mass range (M⋆ > 5 × 1010 M⊙), where galaxies are less abundant, as it facilitates the determination of the golden mass.
To estimate the golden mass as a function of the simulation parameters, for each simulation we fit a parabola to the simulation data in the vicinity of the minimum in the scaling relation. The results for the z = 0 snapshot are summarized in Table 44. The typical uncertainty in the (log) golden mass is approximately 0.1 − 0.2 dex.
Table 4. 
Golden mass estimates in log M⋆/M⊙, at z = 0.

4.1. Golden stellar mass
We investigate the impact of the twelve simulation parameters listed in Table 1 on the MDM, 1/2/M⋆, 1/2–M⋆ scaling relation in Figs. 1, 2 and 3. Following the results presented in Paper II, for most of the simulations a U-shaped curve, with a minimum at the golden stellar mass, is observed. In particular, for the reference simulation, it takes the value of ∼ 5 × 1010 M⊙. This result confirms what has been found combining observations for dwarf and giant early types and late types (Tortora et al. 2016, 2019) and not surprisingly results from Illustris TNG (Lovell et al. 2018).
	[image: thumbnail]	Fig. 1. MDM, 1/2/M⋆, 1/2 plotted against M⋆ for the CAMELS simulations. Each row shows variations in the cosmological parameters Ωm and σ8. The green lines represent the reference CAMELS simulation. To examine the evolution across redshift, simulation snapshots at z = 0, z = 0.5, z = 1, z = 1.5, and z = 2 are displayed from left to right. The medians in stellar mass bins are shown. For the reference simulation the 16-84th percentile range is also shown as a shaded green region.



	[image: thumbnail]	Fig. 2. MDM, 1/2/M⋆, 1/2 plotted against M⋆ for the CAMELS simulations. Each row shows variations in the SN-related parameters ASN1 and ASN2. The green lines represent the reference CAMELS simulation. To examine the evolution across redshift, simulation snapshots at z = 0, z = 0.5, z = 1, z = 1.5, and z = 2 are displayed from left to right. The medians in stellar mass bins are shown.



	[image: thumbnail]	Fig. 3. MDM, 1/2/M⋆, 1/2 plotted against M⋆. Each row shows variations in the AGN-related simulation parameters: AAGN1, AAGN2, BHaccr, BHEdd, BHFF, BHRE, QT, and QTP from top to bottom. The green lines represent the reference CAMELS simulation. To examine the evolution across redshift, simulation snapshots at z = 0, z = 0.5, z = 1, z = 1.5, and z = 2 are displayed from left to right. The medians in stellar mass bins are shown.



4.1.1. Cosmological parameters
In Fig. 1, where only the cosmological parameters are varied, and the rest of parameters are fixed to the values of the fiducial simulations, we show that the impact of Ωm on the scaling relation is more significant than that of σ8 (reconfirming the findings reported in Papers I and II). Higher values of both parameters result in galaxies with greater DM content, although their impact on the golden mass appears negligible. We observe only a very mild flattening at the high-mass end for the largest σ8 values. In general, we observe that the minimum in the scaling relation begins to emerge between z = 1.5 and z = 1, becoming definitively established around z = 0.5.
4.1.2. SN feedback parameters
In Fig. 2 we show the impact of SN feedback, by limiting the analysis to the two parameters ASN1 and ASN2, which determine the amplitude of the SN wind energy per unit star formation rate and the wind velocity, respectively. These are among the most influential parameters.
Consistent with findings in Papers I and II, we confirm that the SN energy per unit SFR parameter (ASN1) is one of the most significant astrophysical parameters affecting our scaling relation (Paper I). Specifically, stronger wind energy corresponds to higher values of MDM, 1/2/M⋆, 1/2 at a fixed stellar mass. We can now also quantify the effect on the golden mass scale and the steepness of the scaling relation at masses below and above this scale. Notably, for low wind energy values, the bending is mild, and the golden mass becomes more pronounced as this parameter increases, becoming particularly well-defined for very strong wind energy. While the slope of the correlation at masses below the golden mass remains almost constant, the correlation for massive galaxies – dominated by PGs – becomes increasingly steeper as a function of wind energy. In the simulation with the strongest wind energy (ASN1 = 4), the minimum–and thus the golden mass–occurs at z ∼ 1.5. In contrast, simulations with weaker wind energy show that the minimum occurs at lower redshifts, with most models only revealing it at z ∼ 0. In particular, at z = 0, we observe a decrease in the golden mass as ASN1 increases, dropping from 7 × 1010 M⊙ to 3 × 1010 M⊙.
The impact of the wind velocity amplitude, ASN2, is more complex. At a fixed mass, as discussed in Paper II, the trend at high mass is similar to that of ASN1, with larger values corresponding to higher DM content. However, the trend is reversed at lower masses, where LTGs dominate. Regarding the emergence of the golden mass, similar to ASN1, the bending in the scaling relation is almost absent for the lowest wind velocity values, with the golden mass appearing at around 1011 M⊙. The bending becomes stronger with increasing wind velocity. A stronger decrease in the golden mass value is observed with increasing ASN2, ranging from approximately 1011 to ∼ 3 × 1010 M⊙ for the extreme values of the parameter. When studying the correlations as a function of redshift, we find that a bend in the model with the highest wind velocity (ASN2 = 2) is already present at z = 2, but the minimum in the relation only emerges at z = 1. In most models with lower ASN2 values, the golden mass appears at z ≲ 0.5.
4.1.3. AGN feedback parameters
The impact of eight parameters which regulate the AGN feedback in CAMELS simulations are finally investigated in Fig. 3.
As noted in our previous papers (see also Villaescusa-Navarro et al. 2023 and Chawak et al. 2023), the normalization factors for the energy and the frequency of events, i.e. AAGN1 and AAGN2, have a negligible effect on scaling relations, which we confirm for both the normalization of these relations and their impact on the golden mass scale. We only observe a minor effect on the slope of the trend in massive galaxies varying AAGN1 at z < 0.5.
In contrast, the impact of other AGN feedback parameters on the scaling relation is more significant, as it is expected to happen in the most massive galaxies, hosting super-massive BHs.
Larger values of the BH accretion factor BHaccr, BH Eddington factor BHEdd, quasar threshold QT, and quasar threshold power QTP result in higher DM fractions at larger masses and introduce a bend in the scaling relation. For most of these parameters, and in simulations with their highest values, the golden mass is established around z ∼ 1. For lower values of these parameters, the golden mass emerges at later redshifts. For BH accretion factor, quasar threshold, and quasar threshold power, larger golden mass values correspond to smaller parameter values. Focusing on the z = 0 snapshot, smaller values of BHaccr, i.e. smaller values for the normalization factor of the Bondi rate, push the golden mass to ∼ 1011 M⊙, while it remains nearly stable for values greater than or equal to the fiducial. For BHEdd, models that show a clear minimum are those with values ≥ the fiducial, above which the golden mass stabilizes; therefore the normalization factor for the limiting Eddington rate is not impacting the golden mass value. QT regulates the threshold between the AGN feedback low- and high-accretion states, and is one of the parameters with the greatest impact on the golden mass, reducing it from 1011 M⊙ in the weaker models to 3 × 1010 M⊙ in the strongest models. Finally, the power-law index of the scaling relation of the low- to high-accretion state threshold with BH mass, i.e. the quasar threshold power (QTP), shows a bending trend starting from QTP = 0.5, with the golden mass and trends saturating for values ≥ the fiducial simulation.
The opposite trend is observed for the BH feedback factor BHFF, i.e. the normalization factor for the energy in AGN feedback in the high-accretion state, and the BH radiative efficiency BHRE, corresponding to the fraction of accretion rest mass released in the accretion process. In these cases, larger parameter values correspond to smaller DM fractions compared to lower values. For the smallest values of BHRE, the golden mass is already established at z ∼ 2, while for larger values, it never appears. Regarding the BH feedback factor, the golden mass emerges across all models at z < 1. For both parameters, larger golden mass values correspond to larger parameter values. At z = 0, although the BH feedback factor BHFF has a greater impact on DM normalization, the golden mass saturates at the lower end of the parameter range, increasing beyond the fiducial model up to ∼ 1011 M⊙ for the highest parameter values. Finally, the fraction of accretion rest mass that is released in the accretion process proves to be the most influential parameter. Indeed, for the weakest values of BHRE, the golden mass is approximately 2 × 1010 M⊙, whereas for the largest values, it exceeds 1011 M⊙.
4.1.4. The connection with the size-mass relation
We have seen that the golden mass is well defined and appears in earlier cosmic times in simulations with a stronger AGN and SN feedback, depending on the specific value of the parameters. These effect can also explained by a more rapid (or slower) size-mass evolution observed in these simulations.
By definition, the ratio MDM, 1/2/M⋆, 1/2 depends on R1/2, with larger DM fractions corresponding to larger R1/2 values (e.g. Napolitano et al. 2010). We therefore, as an example, present this correlation in terms of ASN1, ASN2, BHRE and QT in Fig. 4. The golden mass also emerges within these trends, although not as a minimum in the scaling relation, but as scale above which the scaling relation turns upwards. At masses below the golden mass, the stellar half-mass radius remains nearly constant, while at larger masses, it becomes positively correlated with mass (except for the largest values of BHRE), consistent with the trends observed in the data (see Papers I and II; e.g. Roy et al. 2018 and references therein). The trends with redshift indicate that galaxy sizes increase over cosmic time at all masses, but the effect is more pronounced at higher masses, where PGs dominate. For massive galaxies, the increase in the size (and consequently in the central DM fraction) is faster for models with stronger feedback (higher wind energy and velocity, smaller BHRE, and higher QT) as the local size-mass relation is already settled at earlier redshifts. The trends observed in relation to the SN feedback parameters mirror those found for the central DM fraction in Fig. 2, where higher wind energies correspond to larger galaxy sizes. The characteristic bending associated with the golden mass is challenging to pinpoint, but it appears to be relatively unaffected. Since MDM, 1/2/M⋆, 1/2 is positively correlated with R1/2, the complex behavior noted in Fig. 2 concerning ASN2 is also evident here: higher wind velocities lead to larger sizes at high masses and smaller sizes at lower masses. However, the impact of wind velocity on the golden mass seems consistent with that seen in DM fraction, with the bending occurring at smaller masses for higher wind velocities.
	[image: thumbnail]	Fig. 4. Half-mass radius, R*, 1/2 plotted against M⋆. The rows show variations in the two SN-related parameters ASN1 and ASN2 and the two AGN parameters BHRE and QT. The green lines represent the reference CAMELS simulation. Simulation snapshots at z = 0, z = 0.5, z = 1, z = 1.5, and z = 2 are displayed from left to right. The medians in stellar mass bins are shown. The dark and light grey regions indicate radii smaller than the softening length ϵmin and 2 × ϵmin, respectively.



Interestingly, for both the correlations the golden mass is absent at z = 2 for any set of parameters, except for extreme values of the AGN-feedback parameters. It first emerges at z ∼ 1 − 1.5 for high values of wind energy and velocity, and only at z = 0 for the lowest values of SN parameters. For extreme values of some AGN feedback parameters it emerges at z ∼ 2, for other at lower redshifts, in some cases it never appears. As an example, it emerges at z = 1.5 − 2 only for the smallest values of BHRE, and only at z = 0 for low values of BHaccr or QT and high values of BHRE. This is suggesting a link to the quenching of galaxies. In all cases where the golden mass is observed, it becomes more consolidated over cosmic time. This emergence is also related to the behavior of the most massive galaxies, which begin to show a positive correlation between DM fraction and mass only between z = 1 and z = 2. Stronger feedback halts star formation, creating galaxies with smaller stellar masses and leading to a higher DM fraction. Star formation quenching and mergers contribute to the increase in size and DM fraction in the most massive galaxies over cosmic time. A more systematic analysis of the size-mass relation as a function of redshift, and the comparison with observations, are beyond the scope of this paper and will be analysed in future papers.
Although we have selected only galaxies with R⋆, 1/2 > ϵmin, some residual resolution effects may still persist above this threshold. To assess their potential impact, in Fig. 4 we highlight sizes below the softening length (excluded from our sample) and those below twice the softening length, across different redshifts. Overall, the vast majority of simulations–across stellar masses and redshifts–would not be affected by resolution limitations. However, exceptions arise in specific cases, such as simulations with very low values of ASN1 or very high values of ASN2 at z ≲ 0.5. Overall, these exceptions may impact the scaling relations at the low-mass end–below the golden mass–but they do not affect our main conclusions.
4.2. Galaxy type dependency
Different types of galaxies are influenced by different processes and span different ranges of masses. Therefore, it is crucial to investigate whether scaling relations differ between these galaxy types. Figure 5 shows the relation between MDM, 1/2/M⋆, 1/2 and M⋆ for PGs and SFGs.
	[image: thumbnail]	Fig. 5. MDM, 1/2/M⋆, 1/2 plotted against M⋆. The rows show variations in the two SN-related parameters ASN1 and ASN2 and the two AGN parameters BRE and QT. The green lines represent the reference CAMELS simulation. Simulation snapshots at z = 0, z = 0.5, z = 1, z = 1.5, and z = 2 are displayed from left to right. The sample is divided in PGs (solid lines) and SFGs (dashed lines). The medians in stellar mass bins are shown. The binning in the two subclasses has been optimized based on the number of points in the bin, and trends based on very few data points have been omitted.



It is not surprising that the scaling relation for masses larger than the golden mass is predominantly driven by PGs. This is because the number density of star-forming galaxies decreases significantly at ∼ 1010.5−11 M⊙. Additionally, due to our selection criterion of constant sSFR with redshift, the number of PGs at z = 2 is notably low.
For any values of the parameters shown, the variation in central DM fraction with redshift is weaker for SFGs compared to PGs. The stronger variation observed in PGs is favoured by their greater size evolution. Except for the z = 0 snapshot, at fixed stellar mass, the DM fractions of SFGs are generally higher than those of PGs. The impact of SN feedback parameters remains consistent when galaxy types are explicitly considered. The trends observed for the entire sample at high masses apply to PGs, while some differences emerge at low masses and for SFGs.
In SFGs, the decreasing trend with M⋆ of the DM fraction is confirming the results obtained with data both at low- and high-z (Tortora et al. 2019; Sharma et al. 2022). Although the number density of SFGs approaches zero at high masses, a slight change in slope and the emergence of the golden mass is observed for extreme values of some parameters5. Some mild evidence of bending was found in Tortora et al. (2019), using SPARC star-forming galaxies with measured rotation curves (Lelli et al. 2016), tending to exclude simulations with very extreme values of SN- and AGN-feedback parameters. However, the presence of the bend found in observations contrasts with findings in Posti et al. (2019), which, using the sample used in Tortora et al. (2019), reported (relying on global quantities) no bending in the relation between stellar fraction (of star formation efficiency) and stellar mass in the most massive spirals.
To resolve this discrepancy or at least discover the possible cause, it is important to examine the simulations’ predictions for the correlation between the total M⋆/MDM and M⋆, the stellar-to-halo mass relation, obtained including all particles in the subhalos. The results are presented in Fig. 6.
We confirm the maximum in the relation when all galaxies are considered (e.g. Moster et al. 2010), which mirrors the trends observed for central DM fraction as a function of stellar mass (e.g. Fig. 2). The peak of this relation, or the golden mass, increases with higher redshifts. In the highest redshift bin, we observe a flattening at high masses. Models with higher wind energy and velocity tend to have larger central DM fraction, and lower global stellar fractions M⋆/MDM, indicating lower star formation efficiency. Similarly to Fig. 2, varying ASN2 influences the golden mass, whereas varying ASN1 has a smaller effect. Similitude with Fig. 3 can also be made by comparing the trends for AGN-feedback parameters shown in terms of scaling relation normalization and variation in the golden mass value. Limitations due to resolution and simulation volume are investigated in Appendix B, where we also compare with some semi-empirical SHMR from the literature. Except for some shift induced by the smaller resolution of our simulations and the lower number of massive galaxies, the results are quite conform to the original TNG simulations, while some disagreement emerge between both CAMELS and TNG simulations with literature results using halo abundance matching (Moster et al. 2010, 2013; Girelli et al. 2020).
	[image: thumbnail]	Fig. 6. M⋆/MDM plotted against M⋆. The rows show variations in the two SN-related parameters ASN1 and ASN2 and the two AGN parameters BHRE and QT. The green lines represent the reference CAMELS simulation. Simulation snapshots at z = 0, z = 0.5, z = 1, z = 1.5, and z = 2 are displayed from left to right. The sample is divided in PGs (solid lines) and SFGs (dashed lines). Thin lines are used for the median of the full sample. The medians in stellar mass bins are shown.



For SFGs alone, indications of a golden mass are observed (although very weak), for example in models with high ASN1 and QT values, which contradicts the findings of Posti et al. (2019). The absence of bending in the Posti et al. (2019) results would favour models with a weaker feedback. However, a larger volume would be beneficial to better sample the most massive end of the mass function where LTGs are extremely rare.
An interesting result pertains to the PG population. When considering global quantities, the stellar fraction in our case, no clear bending at the golden mass is observed. In contrast, there are mild indications of a peak at lower masses (∼ 109.5−10 M⊙), which increases for larger (smaller) values of, for example, BHRE (QT). This contrasts with the analysis of the central quantities, where the golden mass clearly emerges for the whole sample and PGs alone, driven by the bending observed in the size-mass relation in both samples (Fig. 5). This may be attributed to the fact that, on global scales, SN and AGN feedback have not yet had sufficient time to take effect.
At low stellar masses (≲ 1010−10.5 M⊙) PGs are characterized by lower halo masses with respect to SFGs of similar stellar masses. Instead, at larger masses halo masses of the two types are quite similar, with many simulations showing some mild indications of larger halo masses in SFGs. Except for the highest-masses in some of our simulations, for the rest we find results opposite to the literature (Rodríguez-Puebla et al. 2015; Correa & Schaye 2020). These results are qualitatively unaffected by a change in the sSFR threshold. We have also explored the impact on the trends of a different classification based on the ratio Vmax/σ, finding that, both cold late-type systems (low Vmax/σ) and hot early-type systems (high Vmax/σ) follow a similar trend with stellar mass, with larger stellar fractions in the former, which looks more consistent with results from Rodríguez-Puebla et al. (2015). In future analyses, we will explore the origin of this result in greater detail.
5. Discussion
The CAMELS simulations are constructed by varying a range of parameters associated with SN and AGN feedback. We have leveraged this flexibility to investigate how these parameters influence the MDM/M⋆–M⋆ scaling relation and the emergence of the golden mass, defined as the stellar mass corresponding to the minimum of this relation, across different redshifts.
Our analysis shows that cosmological parameters do not affect the golden mass. In contrast, several feedback-related parameters–particularly those governing supernova wind velocity and energy, as well as AGN feedback (in particular the fraction of accreted rest mass energy released, the Eddington ratio, and the normalization factor for the AGN energy feedback in the high-accretion state)–play a significant role in shaping this feature. Except in cases where the fraction of accretion rest mass (BHRE) is extremely low, the minimum in the scaling relation persists, allowing the golden mass to be identified up to z ∼ 2. For the remaining parameter variations, the golden mass consistently emerges from z = 1 onwards.
Before proceeding, we caution that beyond z ∼ 1, the limited simulation volume leads to a sharp decline in the number of galaxies with stellar masses above ∼ 1011 M⊙. This scarcity makes the identification of the golden mass increasingly uncertain–and potentially infeasible–at higher redshifts. Addressing this limitation requires simulations with larger volumes. To explore this issue, we derived the corresponding scaling relations using the Illustris TNG100-1 and TNG-300-1 simulations (Nelson et al. 2019b), which contain .approximately 3.4 and 69 times more galaxies than the CAMELS simulations analysed here, in Appendix B. We find that the shape of the scaling relations and the position of the golden mass are broadly consistent between TNG and CAMELS simulations. A similarity between TNG300-1 and CAMELS is expected due to their comparable resolution; however, it is particularly encouraging that the golden mass remains consistent even in the higher-resolution TNG100-1 simulation. The larger volumes of TNG100-1 and TNG300-1, however, enables the golden mass to be probed more robustly at z ≳ 1.
In this section we collect and present the results of the paper using CAMELS simulations in Fig. 7, where our golden mass estimates are compared with results from other simulations and different observational data. We discuss these results in the context of virial shocks, cold gas streams, and feedback from SN and AGN.
	[image: thumbnail]	Fig. 7. Golden mass determined from the central MDM/M⋆ − M⋆ relation assuming the reference CAMELS simulation (green line) is compared with other results from the literature. A qualitative range for the golden mass values determined from all the CAMELS simulations explored in this paper are shown as dark and light green regions (see text for more details). We also plot the results for the simulations corresponding to the lowest BHRE and highest ASN1 values. Then, we compare with the golden mass estimated from the same correlation for the TNG100-1 (dark green line) and TNG300-1 (dashed dark green line) simulations. From the theoretical point of view, we also show the shock heating stellar mass (Mshock) as a red line and the stream mass (Mstream) as solid cyan line (Dekel & Birnboim 2006), together with its two revised forms (dashed and dotted cyan lines) discussed in Daddi et al. (2022a). These curves for Mshock and Mstream are extracted from Daddi et al. (2022a), where more details can be found. The stream mass determined in Waterval et al. (2025) is also plotted as blue and dark blue lines (see details in the text). We show the typical mass above which SN feedback interrupts its quenching effect, using two conversions from halo to stellar mass (MSN, yellow lines; see text for details). From the observational point of view, we plot the range of golden masses in the local Universe from different observables (Tortora et al. 2010, 2016, 2019). Then, we also plot the stellar mass value of the bending in the SHMR determined from using halo-abundance matching in Moster et al. (2010, black dashed line), Moster et al. (2013, black solid line) and Girelli et al. (2020, grey solid line), and the bending mass in the main sequence of star-forming galaxies (Lee et al. 2015; Delvecchio et al. 2021; Euclid Collaboration: Enia et al. 2025).



5.1. Different mass scales from simulations and observations
As discussed in Sect. 2, simulations suggest that above a virial mass of Mshock ∼ 1011.7 M⊙, virial shocks heat the CGM, thereby suppressing new star formation. However, at z ≳ 1.5, cold gas streams are expected to continue fueling star formation in halos below a characteristic mass scale, Mstream, which increases with redshift. Consequently, we expect galaxies to be predominantly passive above Mshock at z ≲ 1.5, and above Mstream at higher redshifts. These trends are illustrated in Fig. 7, where halo masses Mshock and Mstream have been converted into stellar masses following Daddi et al. (2022a, Figure 2, left panel). For completeness, we also include the results from Waterval et al. (2025), who use cosmological hydrodynamical simulations from the High-z Evolution of Large and Luminous Objects (HELLO) and the Numerical Investigation of a Hundred Astrophysical Objects (NIHAO) projects. We convert the stream halo mass trend in their Figure 14 into stellar mass, using the SHMR in Girelli et al. (2020, blue) and Moster et al. (2013, darker blue). Interestingly the stream mass in Waterval et al. (2025) is about 1 dex smaller than the Dekel & Birnboim (2006) and Daddi et al. (2022a) relations. In the following we mostly refer to the Dekel & Birnboim (2006) and Daddi et al. (2022a) relations.
By analysing the bending of the SFR–stellar mass relation along the main sequence of star-forming galaxies, Daddi et al. (2022a)–building on measurements from Lee et al. (2015) and Delvecchio et al. (2021)–found that the characteristic bending mass increases with redshift, from ∼ 1010 M⊙ at z ∼ 0.35 to ∼ 1011 M⊙ at z ∼ 2 and beyond (see also Euclid Collaboration: Enia et al. 2025 for consistent results). Their bending mass seems to follow the redshift evolution of Mstream (or its revised versions obtained in Daddi et al. 2022a). Their analysis suggests that the main sequence bending is driven by a decline in cold gas accretion, which limits the fuel available for SF–a scenario consistent with the cold-stream model. Above the Mshock − Mstream mass threshold, the gas supply dwindles, leading to a plateau in the star formation rate rather than an abrupt quenching. Importantly, Daddi et al. (2022a) argue that quenching is governed by additional physical mechanisms beyond the suppression of cold accretion. They also emphasize that the characteristic mass associated with the bending of the main sequence differs from the knee of the stellar mass function, which tends to be higher at z ≲ 1.5.
However, their study does not include a direct measurement of the main sequence bending at z ∼ 0. By extrapolating the observed trends, we may estimate that the bending mass at z ∼ 0 likely falls within the range ∼109.5–1010 M⊙. Interestingly, this scale seems to be different from the typical golden mass values quoted in the literature (see Sect. 2). The bending mass, instead, resembles the first mass scale proposed by Kannappan et al. (2013), who identified a transition mass at z ∼ 0 separating an accretion-dominated regime from a processing-dominated one, where the galaxies start processing the remaining available gas reservoir. These initial considerations prompt us to raise a cautionary note regarding the definition of mass scales, as the transition mass observed in the star-forming main sequence–identified as the “gas-richness threshold” by Kannappan et al. (2013)–may not correspond to the same physical scale as the transition mass investigated in this work, which resembles the “bimodality mass” described in the same study.
In fact, plotting the stellar mass corresponding to the bending of the SHMR results from halo abundance matching (Moster et al. 2010, 2013; Girelli et al. 2020), we see that this mass value aligns better with numerous observational findings in the local Universe, particularly with the range of golden mass values identified through minima in colour gradients (Tortora et al. 2010), as well as through trends in stellar mass of total mass density slopes and DM fractions (Tortora et al. 2016, 2019).
Looking at the evolution with redshift, contrasting results are found. We see a mild evolution in Moster et al. (2010) and Moster et al. (2013), with a flattening at z ≳  1, A notable discrepancy arises when comparing these values with the shock and stream transition masses Mshock and Mstream. While at z ≲ 1.5 the star formation efficiency peak lies above Mshock, at higher redshifts it falls between Mshock and Mstream–a regime where cold gas flows are still expected to sustain star formation. This contrasts with the consideration that the peak of the star formation efficiency separate mostly passive and star-forming systems. Differently, the more recent results in Girelli et al. (2020), present a stronger evolution with redshift, reaching a value of ∼ 1011 M⊙ at z ∼ 3, and aligning with the Mstream redshift evolution above z ∼ 2. The SHMR for these papers are plotted in Fig. B.1.
In this work, we have provided a new set of predictions for the golden mass, identified as the minimum in the MDM/M⋆–M⋆ scaling relation. Across our suite of simulations, this minimum typically falls within the range ∼1010.3–1011.1 M⊙ at z ≲ 2 (darker green region in Fig. 7, Table 4). We cannot exclude that in a few extreme cases the mass can extend to even higher masses, though these lie in a regime where our simulations become increasingly limited due to low statistics (lighter green region in Fig. 7). At higher redshifts, most simulations do not exhibit a clear minimum in the relation, aside from a few outliers. This absence may reflect the genuine disappearance of the golden mass at early times or may indicate that its detection requires larger-volume simulations capable of massive systems with M⋆ ≳ 1011 M⊙.
In particular, to investigate the impact of the low galaxy statistics at large mass, we compare the trends from the CAMELS reference run with the TNG300-1 and TNG100-1 simulations, obtained with the central MDM/M⋆–M⋆ relation. The SHMRs for these simulations are compared in Fig. B.1. In Fig. 7 we can see that, as expected, the golden mass for CAMELS, TNG100-1 and TNG300-1 are quite the same, confirming the goodness of CAMELS simulations, although the limited volume. Therefore, at z ∼ 0 CAMELS and TNG simulations predict golden mass values that are systematically 0.1–0.2 dex higher than those inferred from observations (Tortora et al. 2010, 2019; Moster et al. 2013), and far more larger than the bending mass in the star formation main sequence. The trends with reshifts look quite similar to halo abundance matching results in Girelli et al. (2020). Also using the higher volume and resolution of TNG100-1 and the much more larger volume of TNG300-1, at z ≳ 1.5 − 2 no golden mass is found, and therefore it is natural to expect the same in simulations with similar or weaker SN and AGN feedback. No conclusion can be drawn for extreme strong feedback models.
Thanks to their larger volumes, the golden mass can be traced in TNG300-1 and TNG100-1 up to z ∼ 1.5, compared to the more limited range of z ∼ 0.5 − 1 accessible with the reference CAMELS simulation. These findings suggest that future studies would benefit from running CAMELS simulations in larger volumes, which would enable more robust tracking of redshift evolution and better characterization of the impact of varying SN and AGN feedback parameters.
The range of the golden mass in CAMELS and TNG simulations however seems to be within the region above Mshock − Mstream, where the availability of cold gas is limited.
5.2. Feedback, shocks and streams: Competing or alternative processes
We need to determine whether these results imply that our simulations are consistent with the shock-stream scenario, and whether virial shocks and cold streams are the fundamental drivers behind the emergence of the golden mass in the scaling relation or if these processes are acting in a complementary way. Furthermore, discrepancies might arise from the use of different mass definitions across studies.
We have shown and discussed that SN and AGN feedback parameters have a significant impact on the emergence of the golden mass. In particular, when the strength of SN and AGN feedback is reduced, the minimum in the scaling relations–even at z ∼ 0–tends to disappear. While we do not have access to simulations in which these feedback mechanisms are completely turned off, the trends observed in our results strongly suggest that such a scenario would likely prevent the formation of a well-defined golden mass. This reasoning is performed at z ≲ 0.5, where limitations due to the simulated volume are not affecting our inferences. However, these considerations seem to also hold at larger redshifts up to z ∼ 1.5 − 2, considering the higher volume and resolution of the original TNG simulations. We can extrapolate these results to hypothetical TNG simulations with weaker feedback models at z ≳ 1.5 − 2. This indicates that, on their own, shock and stream processes alone may not be sufficient to produce the minima seen in our scaling relations–at least within the CAMELS framework using the Illustris TNG subgrid model.
Further analysis is needed to disentangle the roles of these two feedback processes. At low stellar masses, SN feedback is known to be the dominant mechanism regulating star formation (Nelson et al. 2019a; Weinberger et al. 2018). Theoretical considerations (e.g. Dekel & Silk 1986) provide an estimate for the upper halo mass where SN feedback remains effective, MSN = MSN, 0(1 + z)−3/2. Assuming MSN,0 = 1011.7 M⊙, after converting this halo mass to a stellar mass, following Daddi et al. (2022a), we find a corresponding value of ∼ 1010.2 M⊙ at z = 0, which decreases rapidly with redshift to ∼ 109.5 M⊙ at z ∼ 2 (shown as solid yellow line in Fig. 7). A slightly different trend is found if the Moster et al. (2013) SHMR is used to convert from halo to stellar mass (dashed yellow line). However, this trend disagrees with our findings, since in Fig. 2, we also see that modifying SN feedback parameters can influence the scaling relation across a broad mass range, up to M⋆ ∼ 1011.5 M⊙. While the effect of wind velocity appears to diminish in massive galaxies at high redshift, wind energy continues to have a strong impact on galaxies at all masses and redshifts. This mass scale is much more larger than the MSN mass estimated by the above-mentioned theoretical calculations.
AGN feedback, in contrast, becomes increasingly dominant at higher stellar masses. It not only expels gas from central regions but also heats it significantly, driving powerful outflows, as shown in TNG simulations (Nelson et al. 2019a; Weinberger et al. 2018; Terrazas et al. 2020; Zinger et al. 2020). Our parameter studies confirm that the influence of AGN feedback grows with mass, becoming particularly relevant at M⋆ ≳ 1010 M⊙ in most of the models examined.
Finally, it is important to know whether we can constrain the strength of feedback processes. At this stage, we cannot fully adopt the methodology used in the previous CASCO papers, as we do not yet have the large ensemble of CAMELS simulations in which cosmological and astrophysical parameters are finely, uniformly and randomly sampled. Instead, we are limited to the 1P simulations, where only one parameter is varied at a time. We defer a more robust statistical analysis to a future study, once the full set of simulations becomes available. Nonetheless, we can offer some qualitative constraints by comparing the golden mass derived from the 1P simulations with observational benchmarks. Currently, central DM-to-stellar mass relations are primarily available at z ∼ 0, while at higher redshifts the limited mass range probed by observations makes it difficult to constrain the bending mass systematically. For this reason, we focus on the local Universe, comparing our results to the typical golden mass inferred from local central DM-to-stellar mass relations and other datasets (represented by the thick orange vertical line in Fig. 7).
A comparison with the higher-resolution reference TNG100-1 simulation shows that resolution has only a mild effect on the inferred golden mass in CAMELS, which allows us to neglect this source of systematics, which seems to have a larger effect on the normalization of the SHMR at fixed stellar mass, as seen in Fig. B.1. To match the observed golden mass values at z ∼ 0 or approach them, one would need to strengthen the effects of SN or AGN feedbacks. This could be achieved, for instance, by maximizing one of the SN feedback parameters (ASN1 or ASN2), reducing the value of the BH radiative efficiency BHRE to its lowest simulated level, or increasing the quasar threshold QT. The results for the highest ASN1 and lowest BHRE simulation are also shown for comparison in Fig. 7.
5.3. A unified scenario
Although both simulations and data require further refinement, the results summarized in Fig. 7 allow us to draw several overarching conclusions. The golden mass derived from the reference CAMELS simulation, along with results from TNG100-1, TNG300-1, and the recent halo abundance matching analysis by Girelli et al. (2020), are broadly consistent up to z ∼ 1.5. Above this redshift, also the TNG simulations no longer show a bending in the SHMR, whereas the golden mass from Girelli et al. (2020) continues to increase with redshift, eventually overlapping with the Mstream threshold beyond z ∼ 2.
At these high redshifts, the bending mass in the star-forming main sequence also aligns with Mstream, indicating that the maximum of star formation efficiency, the main sequence bending mass, and the cold-streaming threshold all converge onto the same physical mass scale. Conversely, below z ∼ 2, various simulations and observations–including those examining the SHMR (e.g. Girelli et al. 2020), the minimum in the DM fraction–stellar mass correlation in CAMELS and TNG, and different observations of local galaxies (e.g. Tortora et al. 2019)–point to a characteristic mass scale, which we refer to as the golden mass, in the range log M⋆/M⊙ ∼ 10.2–10.6.
However, the bending mass of the main sequence at low redshift decreases more steeply, reaching values of log M⋆/M⊙ ∼ 9.5–10, consistent with the gas-richness threshold identified by Kannappan et al. (2013).
In summary, above z ∼ 2, a single characteristic mass scale appears to mark the shutdown of gas accretion, leading to quenching, morphological transformation, and the emergence of red, spheroid-dominated galaxies. Below this redshift, instead, two mass scales are emerging, one tied to the gas availability, the “gas-richness” threshold, and the second to star formation quenching, i.e. the bimodality or golden mass.
6. Conclusions
In this paper we investigated the emergence of what is known as the golden mass, by studying the scaling relation between MDM, 1/2/M⋆, 1/2, the ratio of total-to-stellar mass within the half-mass radius (equivalent to a DM fraction), and stellar mass. We utilized a new suite of CAMELS simulations that enhanced previous simulations by increasing the volume to (50 h−1 Mpc)3, thus allowing for a more detailed examination of the most massive end of the galaxy mass function (Villaescusa-Navarro et al. 2021, 2023; Ni et al. 2023). These simulations enabled us to analyse the impact of various astrophysical and cosmological parameters, including SN and AGN feedback strengths as well as Ωm and σ8, across different redshifts. However, we note that larger volume simulations would be beneficial in order to determine whether a golden mass appears at masses greater than 1011 M⊙ at large redshifts.
For most astrophysical and cosmological parameter values across various redshifts, the MDM, 1/2/M⋆, 1/2–M⋆ relation follows a U-shaped curve, indicating the presence of a golden mass at the minimum of the curve (Tortora et al. 2019). However, at high redshifts, such as z = 2, this ratio decreases with stellar mass, and no golden mass is observed.
Cosmological parameters primarily influence the normalization of this scaling relation, but do not affect the emergence of the golden mass. The U-shaped trend becomes more pronounced with higher values of supernova feedback energy (ASN1) and wind velocity (ASN2); the latter has a stronger impact on the golden mass value. Our findings confirm that while the normalization factors for AGN energy and event frequency (AAGN1 and AAGN2) have only minor or negligible effects on the scaling relations, other AGN feedback-related parameters implemented in the CAMELS simulations play a more significant role. Specifically, larger values of the normalization factor for the Bondi rate for the accretion onto BHs (BH accretion rate BHaccr), the normalization factor for the limiting Eddington rate for the accretion onto BHs (Eddington factor BHEdd), the Eddington ratio that serves as the threshold between the low-accretion and high-accretion states of AGN feedback (quasar threshold QT), and the power-law index of the scaling of the low- to high-accretion state threshold with BH mass (quasar threshold power QTP) increase DM fractions at high masses and induce a bend in the scaling relation, while factors such as the normalization factor for the energy in AGN feedback, per unit accretion rate, in the high-accretion state (BH feedback factor BHFF) and the fraction of the accretion rest mass that is released in the accretion process (BH radiative efficiency BHRE) work in the opposite direction.
In summary, the fraction of the accretion rest mass that is released in the accretion process is the parameter that has the most impact on the golden mass value, followed by the normalization factor for the energy in AGN feedback, the threshold between the low-accretion and high-accretion states of AGN feedback, and SN wind velocity. The rest of the parameters induce milder trends or no trends.
In PGs, the U-shaped curve is clearly visible in the MDM, 1/2/M⋆, 1/2–M⋆ relation, while SFGs display a monotonically decreasing trend with stellar mass across all redshifts, with only mild indications of a turnover at very low redshifts. These results align with observational findings (Tortora et al. 2016, 2019). In SFGs, DM fractions decrease over cosmic time, while PGs show a significant increase, particularly in the most massive systems where size evolution contributes to the rise in central DM fractions (e.g. Tortora et al. 2014, 2018). Models with stronger SN and AGN feedback demonstrate faster evolution in both size and DM fractions.
Regarding global quantities, SFGs dominate the scaling relation below the golden mass and exhibit only marginal bending, which becomes more pronounced with stronger wind energy. PGs dominate at higher masses, but do not show a sharp peak at the golden mass. Instead, they exhibit a mild peak around 109.5−10 M⊙ (changing to larger values for extreme values of some AGN feedback parameters) and a decreasing trend at higher masses, a pattern that warrants further observational testing. While there are some hints of bending in the central and global properties of SFGs, larger-volume simulations are needed to explore the massive end of the mass function and to further investigate the star formation efficiency in the most massive spiral galaxies (Posti et al. 2019; Tortora et al. 2019).
We have finally discussed our results in a broader context, comparing them with mass variations predicted in the shock-stream scenario, together with literature results from the stellar-to-halo mass relation and the main sequence of star-forming galaxies. Our results point to the predominant role of SN and AGN feedback in leading the scaling relations, with SN feedback impacting also the most massive galaxies. From the comparison with the literature, however, some possible discrepancies emerge on the association of the bending mass of the main sequence and the minima of our scaling relations, which are possibly two distinct mass scales (as also Daddi et al. 2022a was reporting). We believe that the bending mass in the main sequence is equivalent to the gas-richness mass mentioned in Kannappan et al. (2013), separating accretion-dominated from processing-dominated galaxies, while the minima in our scaling relations are more connected to morphological differences and a quenching of star formation rather than on the availability of gas. We speculate that above z ∼ 2, all these characteristic mass scales converge, likely coinciding with the cold-streaming threshold mass (Mstream). Below this redshift, however, two distinct mass scales emerge: the gas-richness threshold at ∼109.5 − 10 M⊙, and the bimodality or golden mass at ∼1010.2 − 10.6 M⊙.
In future papers, following the procedure in Papers I and II, we will constrain these new simulations with this extended list of simulation parameters with observations (star-forming galaxies: Tortora et al. 2019; passive galaxies: Tortora et al. 2012; Zhu et al. 2023), weighting the role of SN and AGN feedback. Among the new data available, the Euclid mission’s > 100 000 strong lenses (Euclid Collaboration: Mellier et al. 2025; Acevedo Barroso et al. 2025; Euclid Collaboration: Walmsley et al. 2025), combined with weak lensing signals from stacked lenses and spectroscopic follow-ups (e.g. Collett et al. 2023), will provide precise data on central DM and total virial mass across a broad mass range and up to z = 2, allowing physical processes to be constrained, and in particular providing AGN feedback (e.g. Mukherjee et al. 2021), which is one of the most dominant phenomena in very massive galaxies. Moreover, discovering several systems with spiral galaxies as lenses will also help address questions about the star formation efficiency of the most massive spiral galaxies across cosmic time, constraining the golden mass as a function of time and galaxy type.


1 We limit the analysis to a Chabrier (2003) IMF, deferring the investigation of the IMF’s impact on stellar mass and DM fraction to a future paper (see more on the IMF in Tortora et al. 2009, 2013).


2 In physical units, the softening length takes the following values: 2.0, 1.3, 0.978, 0.806, and 0.666 kpc at redshifts z = 0, 0.5, 1.0, 1.5, and 2, respectively.


3 In our previous papers we adopted a different nomenclature–referring to early-type and late-type galaxies instead of passive and star-forming–even though the same selection criterion was applied. This choice was motivated by the direct comparison with observational data, which were classified primarily based on morphology rather than star formation activity.


4 Using Mtot, 1/2/M⋆, 1/2 instead of MDM, 1/2/M⋆, 1/2 increases the golden mass by less than 0.05–0.1 dex without affecting our conclusions.


5 In some panels, the same binning used across simulations obscures the detection of this bending.
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Appendix A:  Star-forming main sequence compared with the literature
In this paper we distinguished SFGs from PGs adopting a threshold of log(sSFR/yr−1) = − 10.5. However, measuring the SFR is also essential to study one of the most widely explored scaling relations in galaxy evolution: the star-forming main sequence (Speagle et al. 2014; Whitaker et al. 2014; Lee et al. 2015; Ginolfi et al. 2020; Delvecchio et al. 2021; Daddi et al. 2022a; Popesso et al. 2023).
In Fig. A.1, we show the star-forming main sequence for CAMELS galaxies. Differently from the rest of the paper, here we adopt a more conservative threshold of log(sSFR/yr−1) = − 12 to select SFGs. This choice reflects the fact that the main sequence in TNG simulations shows curvature depending on the specific sSFR cut adopted (e.g. Donnari et al. 2019). Nonetheless, applying the same selection used in this section to the other main scaling relations in the paper does not affect our main conclusions.
We find that the energy injected by SN winds (ASN1) has a smaller impact on the normalization of the main sequence compared to wind velocity (ASN2). At fixed stellar mass, higher wind velocities result in lower SFRs. Moreover, using the same sSFR threshold as in the rest of the paper tends to wash out the bending of the main sequence.
Due to the limited volume of our CAMELS boxes, we cannot probe the high-mass end where the bending becomes more prominent. To mitigate this, we compare our results with the larger-volume TNG100-1 and TNG300-1 simulations, which cover volumes 3.4 and 69 times larger, respectively, than the volume used in our CAMELS simulations. TNG100-1 offers higher mass and higher spatial resolution, while TNG300-1 has a resolution comparable to CAMELS. The CAMELS reference simulation is in excellent agreement with these runs at intermediate masses. At higher masses, some discrepancies emerge, likely driven by low number statistics. We also include in the z = 0, z = 1, and z = 2 panels the best-fit relations from Donnari et al. (2019), derived for galaxies in the stellar mass range log M⋆/M⊙ ∈ (9.0–10.5) in TNG300-1. Despite minor differences in the selection criteria, our trends in TNG300-1 match theirs very well.
Finally, we compare our results with empirical fits from Lee et al. (2015) and Delvecchio et al. (2021). These confirm that both the slope and the redshift evolution of the simulated main sequence are broadly consistent with observations. However, the TNG simulations systematically underpredict the SFR of real galaxies by about 0.5 dex. Interestingly, we find that adopting very low values of ASN2 (e.g. ∼0.5) can help reduce this discrepancy. Our results follow the findings in Donnari et al. (2019). For a detailed analysis of the main sequence and the quenched fraction in TNG simulations, we refer the reader to that paper (see also Hahn et al. 2019).
	[image: thumbnail]	Fig. A.1. Star-forming main sequence in the CAMELS simulations as a function of ASN1 (top panels) and ASN2 (bottom panels). To illustrate the redshift evolution, we present simulation snapshots at z = 0, z = 0.5, z = 1, z = 1.5, and z = 2, displayed from left to right. In each panel, we show the median SFR in stellar mass bins. We compare the CAMELS results with those from the larger-volume TNG100-1 (solid dark green) and TNG300-1 (dashed dark green) simulations (Nelson et al. 2019b). The thin dashed blue line represents the best-fit to the main sequence in the stellar mass range log(M⋆/M⊙) = 9–10.5, as derived in Donnari et al. (2019) using TNG300-1. We also include observational results from Delvecchio et al. (2021, solid black line) and Lee et al. (2015, dashed black line) in contiguous redshift bins (extracted from Table 1 in Daddi et al. 2022a).




Appendix B:  The stellar-to-halo-mass relation compared with the literature
The SHMR is one of the most extensively studied scaling relations in the literature. Results for CAMELS simulations, dividing galaxies in PGs and SFGs, are shown in Fig. 6. It is however important to compare our results with existing findings.
As a first step, in Fig. B.1 we compare our results with those obtained using a CAMELS simulation volume of (25 h−1 Mpc)3. This comparison shows that the SHMR remains largely unchanged; however, the smaller volume contains fewer galaxies, which affects the relation, especially at the high-mass end.
We also compared our results with those from the TNG100-1 and TNG300-1 simulations. At fixed stellar mass, TNG100-1 predicts higher halo masses (by ∼0.2–0.3 dex), whereas the SHMR from TNG300-1 more closely matches that from CAMELS. The benefits of the larger simulation volumes in TNG100-1 and TNG300-1 are evident, highlighting a clear path forwards for accurately mapping this and other scaling relations, particularly at the high-mass end.
Finally, we compared our results with semi-empirical models based on halo abundance matching. We invert Equation 2 in Moster et al. (2010) to obtain the correlation between halo and stellar mass, and use best-fitted parameters in Table 7 of Moster et al. (2010), Table 1 of Moster et al. (2013) and Table 3 of Girelli et al. (2020) and the respective functional forms for the evolving parameters with redshifts. The models of Moster et al. (2010) and Moster et al. (2013) predict stronger evolution at z < 0.5 than seen in both CAMELS and TNG, especially at stellar masses ≲ 1010.5 M⊙. At z ∼ 0, Moster et al. (2013) resembles TNG100-1, while at higher redshift they align more closely with CAMELS. Moster et al. (2010) is in better agreement with TNG300-1 and CAMELS. In contrast, the results from Girelli et al. (2020) closely follow TNG100-1 across all redshifts up to ≲ 1010.5 M⊙. Notably, all abundance matching models exhibit a steep decline at the high-mass end, a trend not seen in the TNG and CAMELS simulations, which instead show a more gradual decrease beyond ∼ 1010.5 M⊙.
	[image: thumbnail]	Fig. B.1. SHMR of the reference CAMELS simulation with a volume of (50 h−1 Mpc)3 showing the medians in stellar bins (solid green line) and the 16th–84th percentile range (shaded green region). To examine the evolution across redshift, simulation snapshots at z = 0, z = 0.5, z = 1, z = 1.5, and z = 2 are displayed from left to right. It is compared with the same simulation run in a smaller volume of (25 h−1 Mpc)3 (Villaescusa-Navarro et al. 2021, dotted green). We also show results from the TNG100-1 (dark green) and TNG300-1 (dark dashed green) simulations (Nelson et al. 2019b). For both CAMELS and TNG simulations, we plot the medians of the sample distribution divided in stellar mass bins. For comparison with semi-empirical models, we include abundance matching results from Moster et al. (2010, dashed black), Moster et al. (2013, solid black), and Girelli et al. (2020, Table 3, solid grey).
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In the text



	[image: thumbnail]	Fig. 4. Half-mass radius, R*, 1/2 plotted against M⋆. The rows show variations in the two SN-related parameters ASN1 and ASN2 and the two AGN parameters BHRE and QT. The green lines represent the reference CAMELS simulation. Simulation snapshots at z = 0, z = 0.5, z = 1, z = 1.5, and z = 2 are displayed from left to right. The medians in stellar mass bins are shown. The dark and light grey regions indicate radii smaller than the softening length ϵmin and 2 × ϵmin, respectively.
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	[image: thumbnail]	Fig. 5. MDM, 1/2/M⋆, 1/2 plotted against M⋆. The rows show variations in the two SN-related parameters ASN1 and ASN2 and the two AGN parameters BRE and QT. The green lines represent the reference CAMELS simulation. Simulation snapshots at z = 0, z = 0.5, z = 1, z = 1.5, and z = 2 are displayed from left to right. The sample is divided in PGs (solid lines) and SFGs (dashed lines). The medians in stellar mass bins are shown. The binning in the two subclasses has been optimized based on the number of points in the bin, and trends based on very few data points have been omitted.
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	[image: thumbnail]	Fig. 6. M⋆/MDM plotted against M⋆. The rows show variations in the two SN-related parameters ASN1 and ASN2 and the two AGN parameters BHRE and QT. The green lines represent the reference CAMELS simulation. Simulation snapshots at z = 0, z = 0.5, z = 1, z = 1.5, and z = 2 are displayed from left to right. The sample is divided in PGs (solid lines) and SFGs (dashed lines). Thin lines are used for the median of the full sample. The medians in stellar mass bins are shown.
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	[image: thumbnail]	Fig. 7. Golden mass determined from the central MDM/M⋆ − M⋆ relation assuming the reference CAMELS simulation (green line) is compared with other results from the literature. A qualitative range for the golden mass values determined from all the CAMELS simulations explored in this paper are shown as dark and light green regions (see text for more details). We also plot the results for the simulations corresponding to the lowest BHRE and highest ASN1 values. Then, we compare with the golden mass estimated from the same correlation for the TNG100-1 (dark green line) and TNG300-1 (dashed dark green line) simulations. From the theoretical point of view, we also show the shock heating stellar mass (Mshock) as a red line and the stream mass (Mstream) as solid cyan line (Dekel & Birnboim 2006), together with its two revised forms (dashed and dotted cyan lines) discussed in Daddi et al. (2022a). These curves for Mshock and Mstream are extracted from Daddi et al. (2022a), where more details can be found. The stream mass determined in Waterval et al. (2025) is also plotted as blue and dark blue lines (see details in the text). We show the typical mass above which SN feedback interrupts its quenching effect, using two conversions from halo to stellar mass (MSN, yellow lines; see text for details). From the observational point of view, we plot the range of golden masses in the local Universe from different observables (Tortora et al. 2010, 2016, 2019). Then, we also plot the stellar mass value of the bending in the SHMR determined from using halo-abundance matching in Moster et al. (2010, black dashed line), Moster et al. (2013, black solid line) and Girelli et al. (2020, grey solid line), and the bending mass in the main sequence of star-forming galaxies (Lee et al. 2015; Delvecchio et al. 2021; Euclid Collaboration: Enia et al. 2025).
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	[image: thumbnail]	Fig. A.1. Star-forming main sequence in the CAMELS simulations as a function of ASN1 (top panels) and ASN2 (bottom panels). To illustrate the redshift evolution, we present simulation snapshots at z = 0, z = 0.5, z = 1, z = 1.5, and z = 2, displayed from left to right. In each panel, we show the median SFR in stellar mass bins. We compare the CAMELS results with those from the larger-volume TNG100-1 (solid dark green) and TNG300-1 (dashed dark green) simulations (Nelson et al. 2019b). The thin dashed blue line represents the best-fit to the main sequence in the stellar mass range log(M⋆/M⊙) = 9–10.5, as derived in Donnari et al. (2019) using TNG300-1. We also include observational results from Delvecchio et al. (2021, solid black line) and Lee et al. (2015, dashed black line) in contiguous redshift bins (extracted from Table 1 in Daddi et al. 2022a).
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	[image: thumbnail]	Fig. B.1. SHMR of the reference CAMELS simulation with a volume of (50 h−1 Mpc)3 showing the medians in stellar bins (solid green line) and the 16th–84th percentile range (shaded green region). To examine the evolution across redshift, simulation snapshots at z = 0, z = 0.5, z = 1, z = 1.5, and z = 2 are displayed from left to right. It is compared with the same simulation run in a smaller volume of (25 h−1 Mpc)3 (Villaescusa-Navarro et al. 2021, dotted green). We also show results from the TNG100-1 (dark green) and TNG300-1 (dark dashed green) simulations (Nelson et al. 2019b). For both CAMELS and TNG simulations, we plot the medians of the sample distribution divided in stellar mass bins. For comparison with semi-empirical models, we include abundance matching results from Moster et al. (2010, dashed black), Moster et al. (2013, solid black), and Girelli et al. (2020, Table 3, solid grey).
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      Table 1. 

      Free parameters of CAMELS simulations used in this paper (for more details, see Ni et al. 2023).

      
        


	Parameter
	Description





	Ωm
	Cosmological mass density parameter



	σ8
	rms of the z = 0 linear overdensity in spheres of radius 8 h−1 Mpc



	




	ASN1
	Normalization factor for the energy in galactic winds per unit star formation



	ASN2
	Normalization factor for the galactic wind speed



	




	AAGN1
	Radio feedback factor, i.e. normalization factor for the energy in AGN feedback, per unit accretion rate, in the low-accretion state



	AAGN2
	Radio feedback reiorientation factor, i.e. normalization factor for the frequency of AGN feedback energy release events



	BHaccr
	BH accretion factor, i.e. normalization factor for the Bondi rate for the accretion onto BHs



	BHEdd
	BH Eddington factor, i.e. normalization factor for the limiting Eddington rate for the accretion onto BHs



	BHFF
	BH feedback factor, i.e. normalization factor for the energy in AGN feedback, per unit accretion rate, in the high-accretion state



	BHRE
	BH radiative efficiency, i.e. the fraction of the accretion rest mass that is released in the accretion process



	QT
	Quasar threshold, i.e. the Eddington ratio, that serves as the threshold between the low-accretion and high-accretion states of AGN feedback



	QTP
	Quasar threshold power, i.e. the power-law index of the scaling relation of the low- to high-accretion state threshold with BH mass





      

    

  
    
      Table 2. 

      Values of the 1P simulation parameters listed in Table 1.

      
        


	Parameter
	Variations



	
	n2
	n1
	fiducial
	p1
	p2





	Ωm
	0.1
	0.2
	0.3
	0.4
	0.5



	σ8
	0.6
	0.7
	0.8
	0.9
	1



	




	ASN1
	0.9
	1.8
	3.6
	7.2
	14.4



	ASN2
	3.7
	5.2
	7.4
	10.5
	14.8



	




	AAGN1
	0.25
	0.5
	1
	2
	4



	AAGN2
	10
	14.1
	20
	28.3
	40



	BHaccr
	0.25
	0.5
	1
	2
	4



	BHEdd
	0.1
	0.32
	1
	3.2
	10



	BHFF
	0.025
	0.05
	0.1
	0.2
	0.4



	BHRE
	0.05
	0.1
	0.2
	0.4
	0.8



	QT
	6.33 × 10−5
	3.6 × 10−4
	0.002
	0.011
	0.063



	QTP
	0
	1
	2
	3
	4





      

      
Notes. The parameter values are labelled as n2, n1, fiducial, p1, and p2, ranging from the lowest to the highest. In the figures, for the astrophysical parameters, values are normalized relative to the fiducial simulation. Each row in the table corresponds to a 1P simulation set; the parameter in the first column is varied, while the others remain fixed.



    

  
    
      Table 3. 

      Observables used in the paper.

      
        


	Observable
	Description





	R⋆, 1/2
	Half-mass radius



	M⋆
	Stellar mass



	Mtot
	Total mass



	Mtot, 1/2
	Total mass within R⋆, 1/2



	MDM, 1/2
	DM mass within R⋆, 1/2



	M⋆, 1/2
	Stellar mass within R⋆, 1/2



	N⋆, 1/2
	Number of particles within R⋆, 1/2



	SFR
	Current star formation rate





      

    

  
    
      Table 4. 

      Golden mass estimates in log M⋆/M⊙, at z = 0.

      
        


	Parameter
	Variations
	Trend



	
	n2
	n1
	fiducial
	p1
	p2
	





	Ωm
	10.5
	10.6
	10.6
	10.7
	10.7
	≈



	σ8
	10.6
	10.6
	10.6
	10.7
	10.8
	≈



	




	ASN1
	10.8
	10.7
	10.6
	10.6
	10.5
	↓



	ASN2
	11.1
	10.8
	10.6
	10.7
	10.4
	↓↓



	




	AAGN1
	10.8
	10.7
	10.6
	10.6
	10.6
	≈



	AAGN2
	10.6
	10.7
	10.6
	10.7
	10.7
	≈



	BHaccr
	–
	10.9
	10.6
	10.6
	10.6
	↓



	BHEdd
	–
	–
	10.6
	10.6
	10.6
	≈



	BHFF
	10.5
	10.5
	10.6
	10.8
	11
	↑↑



	BHRE
	10.3
	10.5
	10.6
	11.1
	–
	↑ ↑ ↑



	QT
	11
	10.9
	10.6
	10.6
	10.4
	↓↓



	QTP
	–
	10.8
	10.6
	10.5
	10.5
	↓





      

      
Notes. The parameter values corresponding to n2, n1, fiducial, p1, and p2, are listed in Table 2. The direction of the trend is shown in the last column, using the following symbols: ≈ indicates no statistically significant trend, ↓ and ↑ represent respectively negative and positive correlations, while double or triple arrows denote stronger correlations. The uncertainty on the estimated values is ∼0.1 − 0.2 dex.



    

  
    
      Fig. 1. 
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        MDM, 1/2/M⋆, 1/2 plotted against M⋆ for the CAMELS simulations. Each row shows variations in the cosmological parameters Ωm and σ8. The green lines represent the reference CAMELS simulation. To examine the evolution across redshift, simulation snapshots at z = 0, z = 0.5, z = 1, z = 1.5, and z = 2 are displayed from left to right. The medians in stellar mass bins are shown. For the reference simulation the 16-84th percentile range is also shown as a shaded green region.

      

    

  
    
      Fig. 2. 
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        MDM, 1/2/M⋆, 1/2 plotted against M⋆ for the CAMELS simulations. Each row shows variations in the SN-related parameters ASN1 and ASN2. The green lines represent the reference CAMELS simulation. To examine the evolution across redshift, simulation snapshots at z = 0, z = 0.5, z = 1, z = 1.5, and z = 2 are displayed from left to right. The medians in stellar mass bins are shown.

      

    

  
    
      Fig. 3. 
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        MDM, 1/2/M⋆, 1/2 plotted against M⋆. Each row shows variations in the AGN-related simulation parameters: AAGN1, AAGN2, BHaccr, BHEdd, BHFF, BHRE, QT, and QTP from top to bottom. The green lines represent the reference CAMELS simulation. To examine the evolution across redshift, simulation snapshots at z = 0, z = 0.5, z = 1, z = 1.5, and z = 2 are displayed from left to right. The medians in stellar mass bins are shown.

      

    

  
    
      Fig. 4. 
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        Half-mass radius, R*, 1/2 plotted against M⋆. The rows show variations in the two SN-related parameters ASN1 and ASN2 and the two AGN parameters BHRE and QT. The green lines represent the reference CAMELS simulation. Simulation snapshots at z = 0, z = 0.5, z = 1, z = 1.5, and z = 2 are displayed from left to right. The medians in stellar mass bins are shown. The dark and light grey regions indicate radii smaller than the softening length ϵmin and 2 × ϵmin, respectively.

      

    

  
    
      Fig. 5. 
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        MDM, 1/2/M⋆, 1/2 plotted against M⋆. The rows show variations in the two SN-related parameters ASN1 and ASN2 and the two AGN parameters BRE and QT. The green lines represent the reference CAMELS simulation. Simulation snapshots at z = 0, z = 0.5, z = 1, z = 1.5, and z = 2 are displayed from left to right. The sample is divided in PGs (solid lines) and SFGs (dashed lines). The medians in stellar mass bins are shown. The binning in the two subclasses has been optimized based on the number of points in the bin, and trends based on very few data points have been omitted.

      

    

  
    
      Fig. 6. 
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        M⋆/MDM plotted against M⋆. The rows show variations in the two SN-related parameters ASN1 and ASN2 and the two AGN parameters BHRE and QT. The green lines represent the reference CAMELS simulation. Simulation snapshots at z = 0, z = 0.5, z = 1, z = 1.5, and z = 2 are displayed from left to right. The sample is divided in PGs (solid lines) and SFGs (dashed lines). Thin lines are used for the median of the full sample. The medians in stellar mass bins are shown.

      

    

  
    
      Fig. 7. 
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        Golden mass determined from the central MDM/M⋆ − M⋆ relation assuming the reference CAMELS simulation (green line) is compared with other results from the literature. A qualitative range for the golden mass values determined from all the CAMELS simulations explored in this paper are shown as dark and light green regions (see text for more details). We also plot the results for the simulations corresponding to the lowest BHRE and highest ASN1 values. Then, we compare with the golden mass estimated from the same correlation for the TNG100-1 (dark green line) and TNG300-1 (dashed dark green line) simulations. From the theoretical point of view, we also show the shock heating stellar mass (Mshock) as a red line and the stream mass (Mstream) as solid cyan line (Dekel & Birnboim 2006), together with its two revised forms (dashed and dotted cyan lines) discussed in Daddi et al. (2022a). These curves for Mshock and Mstream are extracted from Daddi et al. (2022a), where more details can be found. The stream mass determined in Waterval et al. (2025) is also plotted as blue and dark blue lines (see details in the text). We show the typical mass above which SN feedback interrupts its quenching effect, using two conversions from halo to stellar mass (MSN, yellow lines; see text for details). From the observational point of view, we plot the range of golden masses in the local Universe from different observables (Tortora et al. 2010, 2016, 2019). Then, we also plot the stellar mass value of the bending in the SHMR determined from using halo-abundance matching in Moster et al. (2010, black dashed line), Moster et al. (2013, black solid line) and Girelli et al. (2020, grey solid line), and the bending mass in the main sequence of star-forming galaxies (Lee et al. 2015; Delvecchio et al. 2021; Euclid Collaboration: Enia et al. 2025).

      

    

  
    
      Fig. A.1. 
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        Star-forming main sequence in the CAMELS simulations as a function of ASN1 (top panels) and ASN2 (bottom panels). To illustrate the redshift evolution, we present simulation snapshots at z = 0, z = 0.5, z = 1, z = 1.5, and z = 2, displayed from left to right. In each panel, we show the median SFR in stellar mass bins. We compare the CAMELS results with those from the larger-volume TNG100-1 (solid dark green) and TNG300-1 (dashed dark green) simulations (Nelson et al. 2019b). The thin dashed blue line represents the best-fit to the main sequence in the stellar mass range log(M⋆/M⊙) = 9–10.5, as derived in Donnari et al. (2019) using TNG300-1. We also include observational results from Delvecchio et al. (2021, solid black line) and Lee et al. (2015, dashed black line) in contiguous redshift bins (extracted from Table 1 in Daddi et al. 2022a).

      

    

  
    
      Fig. B.1. 

      
        [image: thumbnail]
      

      
        SHMR of the reference CAMELS simulation with a volume of (50 h−1 Mpc)3 showing the medians in stellar bins (solid green line) and the 16th–84th percentile range (shaded green region). To examine the evolution across redshift, simulation snapshots at z = 0, z = 0.5, z = 1, z = 1.5, and z = 2 are displayed from left to right. It is compared with the same simulation run in a smaller volume of (25 h−1 Mpc)3 (Villaescusa-Navarro et al. 2021, dotted green). We also show results from the TNG100-1 (dark green) and TNG300-1 (dark dashed green) simulations (Nelson et al. 2019b). For both CAMELS and TNG simulations, we plot the medians of the sample distribution divided in stellar mass bins. For comparison with semi-empirical models, we include abundance matching results from Moster et al. (2010, dashed black), Moster et al. (2013, solid black), and Girelli et al. (2020, Table 3, solid grey).
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