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Abstract

Aims. The relative roles of the physical mechanisms involved in quenching galaxy star formation are still unclear. We tackle this fundamental problem with our cosmological semi-empirical model DECODE (Discrete statistical sEmi-empiriCal mODEl), designed to predict galaxy stellar mass assembly histories, from minimal input assumptions.

Methods. Specifically, in this work the star formation history of each galaxy is calculated along its progenitor dark matter halo by assigning at each redshift a star formation rate extracted from a monotonic star formation rate-halo accretion rate (SFR-HAR) relation derived from abundance matching between the (observed) SFR function and the (numerically predicted) HAR function, a relation that is also predicted by the TNG100 simulation. SFRs are integrated across cosmic time to build up the mass of galaxies, which may halt their star formation following input physical quenching recipes.

Results. In this work we test the popular halo quenching scenario and we find that (1) the assumption of a monotonic relation between the SFR and HAR allows us to reproduce the number densities of the bulk of star-forming galaxies in the local Universe; (2) the halo quenching is sufficient to reproduce the statistics of the quenched galaxies and flat (steep) high-mass end of the stellar mass-halo mass relation (or SMF); and (3) to align with the observed steep (flat) low-mass end of the stellar mass-halo mass (or SMF) additional quenching processes in the least massive haloes are needed.

Conclusions. DECODE is an invaluable tool and will pave the way to investigate the origin of newly observed high-redshift objects from the latest ongoing facilities such as JWST and Euclid.
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1. Introduction
Galaxies are among the most fascinating and mysterious objects in the Universe. They are believed to form and grow inside host dark matter haloes. However, while the evolution of dark matter haloes is somewhat well-established by cosmological N-body simulations, the evolution of the baryonic matter inside them is still hotly debated and subject to many uncertainties. One of the most intriguing facts is that while haloes evolve hierarchically, with larger structures being formed later by mergers of smaller ones, galaxies seem to follow a contrasting trend called downsizing. Observations and simulations suggest that massive galaxies are formed earlier in a burst of star formation and smaller galaxies formed over longer timescales, showing different trends even for galaxies of the same stellar mass (e.g. Cowie et al. 1996; Thomas et al. 2010; Martín-Navarro et al. 2018; Baker et al. 2024). Explaining these multiple, and sometimes opposite, behaviours from a theoretical point of view is complex as they involve a deep understanding of the processes regulating star formation and quenching, i.e., the halting or significant reduction of star formation in some galaxies.
Several observations have shown the existence of two main categories of galaxies: (1) star-forming and (2) quiescent or quenched. Star-forming galaxies are galaxies that are actively forming stars; they are bluer, less massive and younger on average. Quenched galaxies have low or no ongoing star formation, and are redder, more massive and older on average (Blanton et al. 2003; Baldry et al. 2004; Wuyts et al. 2011; Wetzel et al. 2012; van der Wel et al. 2014; Dimauro et al. 2019). The origins of these differences are rooted in the physical mechanisms responsible for quenching, which is still highly debated in the literature, with many works advocating different reasons for the shutdown of star formation (Granato et al. 2004; Dekel & Birnboim 2006; Martig et al. 2009; Lapi et al. 2018a; Gensior et al. 2020).
Quenching scenarios are typically classified into two categories: (1) internal quenching and (2) environmental quenching. Internal quenching, or mass quenching (Peng et al. 2010, 2012) includes all those mechanisms related to internal galactic processes, such as gas heating and outflow due to stellar winds, supernova feedback (e.g. Larson 1974; Dekel & Silk 1986), active galactic nucleus (AGN) feedback from the central supermassive black hole (SMBH) (e.g. Silk & Rees 1998; Granato et al. 2004; Bower et al. 2006; Croton et al. 2006; Somerville et al. 2008; Fabian 2012; Fang et al. 2013; Cicone et al. 2014; Lapi et al. 2018a), mergers (e.g. Schawinski et al. 2010), morphological quenching (e.g. Martig et al. 2009) and halo quenching, where the hot gas of the galaxy is prevented from cooling when the mass of the host halo surpasses a certain threshold, due to the shock heating that heats the interstellar medium (Birnboim & Dekel 2003; Dekel & Birnboim 2006). Environmental quenching includes several distinct mechanisms due to the interaction between the galaxy and the environment. Renowned quenching mechanisms, such as ram-pressure stripping, starvation and strangulation, fall in this category (e.g. Larson et al. 1980; Gunn & Gott 1972; Cowie & Songaila 1977).
Many works have attempted to model galaxy quenching. Semi-analytical models use parametric recipes for implementing the physical processes involved in quenching (e.g. Cattaneo et al. 2020; Ayromlou et al. 2021; Koutsouridou & Cattaneo 2022; Lagos et al. 2024). Hydrodynamical simulations combine subgrid prescriptions with the solution of the equations for feedback physics (e.g. Donnari et al. 2021a,b; Joshi et al. 2021; Piotrowska et al. 2022). Despite this great effort, different models produce quite different ranges of predictions, where the number and redshift of quiescent galaxies vary from model to model. For this reason, the primary physical mechanism leading to quenching, as well as the relation among quenching, mass, and galaxy morphology, are still not fully understood.
In this paper we present a new semi-empirical model, DECODE, an updated version of the Discrete statistical sEmi-empiriCal mODEl presented in Fu et al. (2022, 2024). DECODE is a semi-empirical model originally designed to explore, in a fully data-driven fashion, the connection between star formation histories and merger rates of galaxies for a given input stellar mass-halo mass (SMHM) relation. By marginalizing over the specifics of the complex baryonic physics, DECODE’s main goal is to pin down the star formation histories of galaxies of different stellar mass in a robust manner, only guided by the data and an assumed underlying dark matter assembly history. Although it is less ambitious than a numerical simulation or a semi-analytic model, DECODE relies on a very limited set of assumptions and parameters, making it an extremely transparent and model-independent framework to test various quenching mechanisms. Given the data-driven nature, DECODE departs from more traditional ab initio approaches, as it requires in input some data sets in order to predict some specific outputs, in a flexible and transparent way, that are then tested against other independent data sets. Our approach is thus particularly useful to highlight possible inconsistencies in different data sets and to test some basic assumptions, for example on the process of halo quenching, as carried out in this work.
In this work we further upgraded DECODE to follow the evolution of galaxy assembly in each single dark matter halo extracted from a cosmological box. In the previous work, we followed mean growth histories of galaxies by making use of the (mean) SMHM relation to assign at each epoch galaxies to the main progenitor halo. Here instead we enabled DECODE to predict the mass growth via accretion and mergers of each galaxy by making use of the abundance matching between star formation rates and dark matter halo accretion rates. The reason behind the choice of this new type of abundance matching is twofold. On the one hand, quenching mechanisms decouple the co-evolution of galaxies and dark matter haloes on the SMHM relation (e.g. Peng et al. 2012; Man et al. 2019; Lyu et al. 2023), making the abundance matching between stellar mass and halo mass less robust, especially at the bright end. On the other hand, the connection between mass accretion rates provides a much more flexible and straightforward way to test the quenching mechanisms without degeneracies with many others parameters of the model.
We made use of the upgraded DECODE to specifically focus on the role of the halo quenching due to shock heating, which is one of the possibly invoked mechanisms responsible for the halting of star formation in massive central galaxies at least at z ≲ 2. We show how this mechanism regulates the star formation activity in galaxies, by analysing the predicted mass growth histories, stellar mass functions (SMFs), fractions of quenched galaxies, and SMHM relation as a function of cosmic time compared to current available data. In the next papers of this series we will investigate the role of various other quenching mechanisms such as the black hole feedback, mergers, morphological and environmental quenching, with the final goal of unveiling the most effective physical processes that, in fully data-driven cosmological setting, are able to reproduce current data sets.
This paper is structured as follows. In Sect. 2 we define the main lines of our methodology, and we describe the abundance matching and the way we grow our galaxies. In Sect. 3 we test our input assumption on the abundance matching between galaxy star formation rate and dark matter halo accretion rate. In Sect. 4 we show our results on the galaxy abundances, fraction of quenched and SMHM relation. Finally, in Sects. 5 and 6 we discuss our findings and draw our conclusions. In this paper we adopt the ΛCDM cosmology with best fit parameters from Planck Collaboration VI (2020) (i.e. (Ωm, ΩΛ, Ωb, h, nS, σ8) = (0.31, 0.69, 0.049, 0.68, 0.97, 0.81)); all the input and reference data sets adopted here use a Chabrier (2003) stellar initial mass function.
2. The DECODE implementation
In this Section, we describe DECODE and how we use it to evolve galaxies within their host dark matter haloes. DECODE relies on merger trees generated analytically, and halo accretion histories are converted into galaxy stellar mass assemblies via a scaling relation between the galaxy star formation rate (SFR) and dark matter halo accretion rate (HAR), called the SFR-HAR relation. On top of this semi-empirical baseline, one can test any quenching scenario, which will generate a diverse set of outputs. In this first paper of the series, we test the halo quenching scenario, whose outputs are compared with up-to-date observational data. In future work, we will investigate the role of AGN feedback and morphological transformations in shaping the galaxy star formation histories.
The main steps of the methodology are summarised as follows:

	
computing the SFR-HAR relation;



	
assigning SFRs to galaxies;



	
building galaxy stellar mass growth histories;



	
quenching the star formation.




Figure 1 shows a schematic of DECODE. In brief, we first compute the star formation rate-halo accretion rate (SFR-HAR) relation via abundance matching between the dark matter HAR function and the SFR function; the latter is derived from observed luminosity functions. Secondly, galaxies are assigned with a SFR as a function of redshift via the SFR-HAR relation following the mass accretion history of their host haloes, and their star formation is quenched following the tested quenching recipe. Finally, we make our predictions for the galaxy SMF, quenched fraction and SMHM relation, and we compare them with the same quantities derived from independent and distinct data sets.
	[image: thumbnail]	Fig. 1. Cartoon showing the methodology used to form and evolve galaxies in DECODE. The SFR-HAR relation at each redshift is computed via abundance matching between the observed SFR function and HAR function from simulations. SFRs are assigned to galaxies following the accretion rate history of their dark matter haloes. We drop the SFR instantaneously when the galaxy is quenched. Galaxy stellar mass growths are constructed by integrating the SFR and quenching the star formation via the mechanism we are testing. Finally, we make our predictions on the SMHM relation, SMF, and quiescent fraction, and compare them with the observations.



In the build-up of the stellar mass growths, DECODE is inspired by various semi-empirical models in the literature (e.g. Moster et al. 2018; Behroozi et al. 2019). However, the approach presented here is significantly distinct from previous attempts in two main respects. Firstly, our method relies on the direct connection between the galaxy SFR and the HAR (and not, e.g. halo circular velocity), which is a physically grounded assumption and indeed also seen in hydrodynamical simulations, as discussed in Sect. 3. Secondly, the SFR-HAR relation is derived from abundance matching techniques at any given redshift, thus bypassing any heavy fitting and minimizing the input assumptions and parameters. Our methodology is closer to the one devised in the semi-empirical model TOPSEM, presented in Boco et al. (2023), although it still differs from it in some crucial aspects. DECODE avoids the initialization of galaxies through an input SMF at redshift z = 0 as it builds up the stellar mass directly integrating the star formation rate across time rather than using the specific SFR. Moreover, in the present rendition of DECODE, quenched galaxies are not empirically assigned as input in the model, as in TOPSEM, but they are progressively generated through time via some physically motivated recipe (Fig. 1) which can then be tested against observations. In this work we assume star formation is halted uniquely by halo quenching.
2.1. From dark matter haloes to galaxies
We started at a given redshift of interest z creating a catalogue of N = 105 parent dark matter haloes with mass Mh, par > 1011 M⊙, equivalent to a box of 180 Mpc on a side, randomly extracted from the halo mass function (HMF) from Tinker et al. (2008) (similarly to what was done in Fu et al. 2022, 2024; Boco et al. 2023). This choice represents a good balance between mass resolution, computational efficiency and statistical significance of the sample for massive haloes. We computed the mass accretion history of each dark matter halo in the box using the SatGen code presented in Jiang et al. (2021), which is based on the Parkinson et al. (2008) algorithm and well reproduces the mean mass accretion and halo mass variance of dark matter haloes of the MultiDark Planck simulation up to redshift z ∼ 9 with mass resolution down to Mh ∼ 109 M⊙. To each dark matter halo we also assigned the masses and redshifts of infall of its first-order satellites, merging with the main progenitor. As discussed in Fu et al. (2022), the first-order satellites are sufficient to well represent the full merger history undergone by the central galaxy, composing ≳85% of the number of merging satellites at any halo mass (as shown in Sect. 4.2 of Fu et al. 2022). Central galaxies then self-consistently grow in stellar mass via direct integration of their SFRs along the main progenitors and additional mergers with galactic satellites. We repeated the above procedure at any given redshift of interest and build the SMF as the sum of the central galaxies and (surviving) satellites surviving down to that redshift.
2.2. Abundance matching
The key element of DECODE is the mapping between the galaxy SFR and host halo accretion rate, the SFR-HAR relation. We computed the latter via the abundance matching between observed SFR distributions and the HAR distributions following the same formalism put forward in Aversa et al. (2015, Eq. 37 therein), through which we calculate the mean SFR at given HAR using the equation
[image: thumbnail](1)
where [image: equation]. Here, [image: equation] is the Gaussian scatter in star formation rate at fixed halo accretion rate, and μ = d log Ṁ⋆,SFR/d log Ṁh is the derivative of the star formation rate with respect to the halo accretion rate. This recipe provides a fast and flexible tool to compute the SFR-HAR relation numerically with only two ingredients, namely the HAR and SFR distributions, and one input parameter, namely the scatter in log10(SFR) at fixed log10(HAR), without any pre-defined analytic fitting formula that requires a heavy Markov chain Monte Carlo (MCMC) exploration and the introduction of free parameters in the model. The SFR-HAR relation computed from Eq. (1) was then used to grow galaxies within dark matter haloes. We chose a scatter in SFR at fixed HAR of 0.4 dex, suggested by the results of the TNG simulation, even though we found that DECODE’s stellar mass growths do not change appreciably by changing this scatter within reasonable values (0.3 − 0.5 dex).
The two main ingredients entering in Eq. (1) are the observational star formation rate function and the theoretical halo accretion rate function. We made use of the HAR function sampled from the mock catalogue at any redshift, described in Sect. 2.1. Given the focus on the halo quenching scenario in this paper, where galaxies within haloes with mass Mh, lim ≳ 1012 M⊙ are considered quiescent (as we describe in Sect. 2.4), we removed all those haloes from the abundance matching. As for the SFR function, we made use of the determination of Mancuso et al. (2016) (see also Boco et al. 2019, 2021), who derived a fitting formula for the SFR function starting from the galaxy luminosity functions (LFs) and converted luminosity to SFR. Specifically, Mancuso et al. (2016) combines LF reconstructions in UV band, from HST and GALEX data, and in far-IR band, from the Herschel data, to be unbiased by dust obscuration at the bright end. The fit extends up to z ≲ 3, given the sensitivity limit of far-IR surveys. However, the SFR function fit at z > 3 was validated via a continuity equation approach against a number of independent observables: galaxy number counts at far-IR and radio wavelengths, the main sequence of star-forming galaxies, and the stellar mass function (Lapi et al. 2017). In the present paper we limit our analysis to z < 3 to avoid any untested extrapolations of the Mancuso et al. (2016) fit to the SFR function. Figure 2 shows the HAR (upper panel) and SFR (lower panel) number densities from Mancuso et al. (2016) at different redshifts. The SFR function does not evolve much at redshifts z ∼ 1.5 − 3 and drops quickly below z ≲ 1, both at the faint and the bright ends, possibly due to a more rapid increase in the fraction of quiescent galaxies as well as a general decrease in the SFR density of galaxies below z ∼ 1 − 2 (e.g. Bouwens et al. 2009; Cucciati et al. 2012; Madau & Dickinson 2014; Katsianis et al. 2017; Magnelli et al. 2024). In Appendix A, we show that the Mancuso et al. (2016) fits are aligned with other determinations of the SFR functions in the literature at z < 3, and we verified that switching to any of these alternative estimates yields qualitatively similar results.
	[image: thumbnail]	Fig. 2. Upper panel: Halo accretion rate function at redshifts z = 0, 1, 2 and 3, for the halo quenching scenario where haloes hosting star-forming galaxies are removed by the mass threshold Mh ∼ 1012 M⊙. Lower panel: Star formation rate function from Mancuso et al. (2016) in the same redshift bins, as labelled.



2.3. Tracking stellar mass evolution in galaxies
2.3.1. Central galaxies
The SFR-HAR relation generated via abundance matching was used to assign the SFR to galaxies following the accretion rate of the host dark matter haloes at each redshift. We then simply integrated the SFR forward across cosmic time to predict the stellar mass growth of each galaxy. Following the quenching mechanism that we aim to test (i.e. shock heating) we instantaneously halted the star formation, as detailed in Sect. 2.4. When computing the stellar mass, we corrected the SFR to include the loss rate of the stellar mass that goes into the interstellar medium using the Reimers (1975) factor, 1 − ℛ, with ℛ = 0.4 (e.g. Renzini & Fusi Pecci 1988; Girardi et al. 2000; Pietrinferni et al. 2004)1.
At each redshift, we obtained a population of surviving2 central galaxies, for which we were able to compute the relative amount of star-forming and quenched galaxies, according to the level of their SFRs. We stress that the fraction of quenched galaxies is an actual prediction of the model, which makes this work distinct from previous, more descriptive semi-empirical models, since it allows us to directly test the quenching physical mechanisms.
2.3.2. Satellite galaxies
An additional important process that cannot be neglected in the galaxy mass assembly, especially in more massive galaxies, is the merger with other galaxies (e.g. Guo & White 2008; Oser et al. 2010; Cattaneo et al. 2011; Lackner et al. 2012; Lee & Yi 2013; Pillepich et al. 2014, 2018a; Rodriguez-Gomez et al. 2016; Qu et al. 2017; Clauwens et al. 2018; Monachesi et al. 2019; Davison et al. 2020; Grylls et al. 2020a; Fu et al. 2022, 2024). We accounted for the contribution of mergers to the stellar mass growth in each galaxy via the analytical merger tree generated via SatGen, as described in Sect. 2.1, and the merging timescale following the recipe described in Sects. 3.4 and 3.6 of Fu et al. (2022), who provided an accurate fit to the fudge factor to correct the dynamical timescales of dark matter subhaloes from numerical simulations (e.g. Boylan-Kolchin et al. 2008; McCavana et al. 2012). We then converted the dark matter merger histories into cumulative stellar mass merger histories using the SMHM relation predicted by the model itself for central galaxies. The stellar masses of the satellite galaxies at the centre of infalling dark matter subhaloes were initialised from the mean and scatter of the SMHM relation characterizing central galaxies at that epoch of infall. We note that simply initializing infalling subhaloes by randomly extracting from the population of parent haloes of similar mass as in, e.g. Hopkins et al. (2009) or Shankar et al. (2014), yields very similar results.
Also when predicting the galaxy SMF one should take into account the satellite galaxies. While in the massive part of the SMF satellites are approximately negligible, in the fainter part below the knee (M⋆ ≲ 1011 M⊙) they gradually become more significant (e.g. Behroozi et al. 2010; Grylls et al. 2020b; Fu et al. 2022). Therefore, it is important to have a good recipe to account for the satellite abundances before computing the total galaxy population, as for example the bright end of the SMF may be significantly underestimated in the case that the contribution of satellites is missing.
2.4. Treatment of halo quenching
The main quenching mechanism that we consider in this paper is the halo quenching (e.g. Birnboim & Dekel 2003; Kereš et al. 2005; Dekel & Birnboim 2006, 2008). The aforementioned works have shown that in massive haloes (e.g. massive galaxies, groups, lately formed clusters) the supersonic infalling gas becomes shock-heated at the virial temperature, heating the interstellar medium and preventing gas from cooling and triggering star formation. On the other hand, below this threshold rapid cooling dominates over the shock gas pressure. Birnboim & Dekel (2003) and Dekel & Birnboim (2006) computed the typical threshold halo mass (known as golden halo mass) as being equal to Mh, lim ∼ 1012 M⊙.
As described in Sect. 2.3, for each galaxy in our catalogue, we assigned the SFR via the SFR-HAR relation computed via abundance matching, and we integrated the SFR across cosmic time to build up the stellar mass of each galaxy. Then, we truncated the star formation when the dark matter halo mass exceeded the threshold value Mh, lim and we labelled the galaxy as quenched. Since physically not all galaxies quench when their host halo reaches exactly Mh, lim ∼ 1012 M⊙, we included some dispersion around this quenching halo mass, for which we found a value of 0.4 dex to best suit the outputs to the data. By increasing or decreasing this parameter the shape of the quenched fractions as a function of stellar mass would simply flatten or sharpen.
Figure 3 shows a schematic of the halo quenching threshold. All haloes above the threshold mass limit (black solid line) undergo shock heating that prevents gas from cooling (blue and red areas). Dekel & Birnboim (2006) suggested that at z ≳ 1.5, even in haloes above the canonical mass threshold of Mh, lim ∼ 1012 M⊙ there is still room for cooling, at least below a certain redshift-dependent mass (see dashed line in Fig. 3). Only below the limit marked by the dashed and solid lines, cold streams could be formed, allowing disc growth and star formation. We checked that the effect of the inclusion of the cold-in-hot mode was minimal in our results. Therefore, we set our quenching threshold simply as that marked by the blue and red areas.
	[image: thumbnail]	Fig. 3. Schematic view of the halo quenching mass threshold. Galaxy living in haloes with mass above the threshold (black solid line) suppress their star formation due to shock heating. The area below the threshold and below the dashed line represents the region where cold streams can exist and still allow star formation.



3. Testing the SFR-HAR assumption
Before applying DECODE to predict the star formation histories and abundances of galaxies, we tested the input assumption on the SFR-HAR connection via the TNG simulation. Specifically, our aim was to test in a self-consistent model like TNG, whether the galaxy SFRs and host dark matter HARs are connected by a monotonically increasing relation, and to determine the impact of the inclusion of a time delay between the two quantities possibly due to the cooling time of the accreted gas. Moreover, we checked if, by starting from the SFR function and HAR function generated by the TNG simulation, the mean SFR-HAR relation of the TNG can be reproduced via our abundance matching technique described in Sect. 2.2 using TNG’s inputs.
3.1. The TNG simulation
In this test we made use of the data from the TNG100 simulation, a component of the IllustrisTNG project (hereafter TNG; Nelson et al. 2019; Pillepich et al. 2018b; Springel et al. 2018; Marinacci et al. 2018; Naiman et al. 2018). The TNG simulations were performed using the moving-mesh AREPO code (Springel 2010). The TNG employs subgrid modelling of galaxy formation-related processes such as gas cooling, star formation, stellar evolution, AGN feedback, and black hole processes (e.g. Pillepich et al. 2018b; Weinberger et al. 2017). The TNG simulations encompass different volume box sizes and mass resolutions. Here, we utilised the TNG100 simulation, which was run on a 100 Mpc box.
In order to test our assumptions of monotonicity between SFR and HAR and whether this relation can be recovered via a direct abundance matching technique, we retraced each step of our methodology described above but directly applied to the TNG outputs. More specifically, we first traced each halo and its central galaxy back in time to their first appearance in the simulation. This was done using subhalo merger trees produced by the SubLink algorithm, which constructs merger trees at the subhalo level (Rodriguez-Gomez et al. 2015). We then measured the changes in stellar mass and halo mass for each galaxy and halo over time, computing the SFR and HAR for each central galaxy and its host dark matter halo, between each snapshot and the previous one (corresponding to a ∼100 Myr step in cosmic time).
3.2. The SFR-HAR connection
Figure 4 shows the SFR-HAR relation at different redshifts as computed from the TNG simulation. The plot shows that galaxy SFRs and host halo accretion rates appear connected via a monotonically increasing relationship and, as checked, with a symmetric dispersion around the mean, which supports our assumption of a Gaussian dispersion in the abundance matching algorithm. Moreover, when taking the TNG’s SFR function, HAR function and scatter as input, DECODE’s abundance matching is able to well reproduce the mean SFR-HAR relation of the simulation at all redshifts. The SFR and HAR functions in the TNG are computed by sampling the SFRs and HARs of the subhaloes in the simulation hosting star-forming galaxies, distinguished via the cut in specific SFR Ṁ⋆,SFR/M⋆ ≲ 10−11 yr−1 without any further assumption. We note that the conclusions on the robustness of the abundance matching do not alter since it is merely a self-consistency test. We also checked that by employing the TNG’s SFR-HAR relation in DECODE’s framework, as expected by design, we can reproduce TNG’s predicted star formation histories in star-forming galaxies at z ≲ 3 using DECODE’s methodology of integrating the SFRs assigned via abundance matching forward in time.
	[image: thumbnail]	Fig. 4. Distribution of the TNG central subhaloes/galaxies on the star formation rate-halo accretion rate plane (blue dots), and mean scaling relation from the TNG (blue lines) and computed using the TNG’s inputs via the abundance matching described in Sect. 2.2 (orange dashed lines) at redshifts 0, 1 and 2.



State-of-the-art hydrodynamic simulations such as TNG predict a close correlation between the SFR and HAR. Figure 5 shows an example of co-evolution of the SFR of a galaxy of stellar mass M⋆ ∼ 1011.9 M⊙ at z = 0 and the accretion rate of its host dark matter halo versus lookback time in the TNG simulation. The trend shows that an overall increase (or decrease) in halo accretion rate is mirrored by an increase (or decrease) in SFR, and that there is no apparent time delay between SFR and HAR. We checked that this behaviour is followed by all galaxies in the TNG with any stellar mass at the present day, further supporting the robustness of DECODE’s methodology. We stress that the HARs and SFRs in the TNG simulation were computed over a time binning of ∼100 Myr, whereas the gas cooling timescales could be shorter and its effect washed out due to resolution effects. Irrespective of this, we checked that adding a delay of 100 Myr between SFR and HAR, when applying the abundance matching procedure, does not significantly alter the predicted SFR-HAR relation.
	[image: thumbnail]	Fig. 5. Example of evolution of the star formation rate and halo accretion rate of one central galaxy of stellar mass M⋆ ∼ 1011.9 M⊙ at z = 0 from the TNG simulation.



4. Results
In this Section, we present DECODE’s predictions for the galaxy stellar mass assembly when adopting as input the SFR-HAR relation and employing the halo quenching as dominant quenching process for the massive galaxies below z ≲ 2. In particular, we show the output stellar mass-halo mass (SMHM) relations, stellar mass function (SMF), and fraction of quenched galaxies, and discuss how DECODE’s predictions compare to the latest observational determinations in the literature.
4.1. The SFR-HAR relation
Figure 6 shows the SFR-HAR relation at z = 0, 1, 2, and 3 computed from abundance matching using the Mancuso et al. (2016) SFR function and the HAR function described in Sect. 2. In particular, at redshifts z ≳ 1 the relation is well represented by a log-linear function with constant slope of ∼1.5, while towards lower redshifts the SFR-HAR relation is characterised by a bending at high HARs. These SFR-HAR relations are then used to assign SFRs to galaxies. As described in Sect. 2, the stellar mass assembly histories are computed by assigning SFRs following the HAR histories and by subsequently integrating the SFRs across cosmic time. In addition, the stellar mass accreted by mergers with other galaxies is added from the infalling satellites with stellar mass initialised at infall, as described in Sect. 2.3.
	[image: thumbnail]	Fig. 6. Star formation rate-halo accretion rate relation at redshifts z = 0, 1, 2 and 3, from the abundance matching using as input the star formation rate function from Mancuso et al. (2016).



Figure 7 shows an example of evolution of a quenched galaxy and its host dark matter halo in DECODE’s catalogue. The galaxy initially forms stars at a rate given by the SFR-HAR relation following the dark matter HAR evolution. Then, at z ∼ 0.9, when the halo reaches the critical mass of quenching, the SFR drops instantaneously and the galaxy is labelled as quenched in the catalogue. After being quenched, the galaxy can still continue to grow in stellar mass ex-situ via mergers.
	[image: thumbnail]	Fig. 7. Example of evolution of a galaxy of stellar mass M⋆ ∼ 1011.5 M⊙ from the catalogue, for the case of halo quenching. The upper and lower panels show the evolution in mass and growth rate, respectively. The blue solid and dotted lines show the halo mass assembly and accretion rate history, respectively. The orange solid and dotted lines show the stellar mass growth and star formation rate, respectively. Additionally the orange dashed line shows the case of star formation-only without mergers. At redshift z ∼ 0.9, when the halo mass reaches the threshold value, the star formation rate drops and the galaxy is quenched.



4.2. The stellar mass-halo mass relation and stellar mass function
Equipped with the stellar mass assembly tracks of the galaxies along with the host dark matter accretion histories, a first quantity that DECODE can naturally predict is the SMHM relation at any redshift. We stress again that the SMHM relation and its scatter are both predictions of DECODE here, and not used as inputs as, e.g. in Grylls et al. (2020b) or Fu et al. (2022). Similarly, also the statistical abundances of galaxies, described by the SMF is an output of the model.
Figure 8 shows how the galaxies in DECODE’s mock catalogue are distributed on the stellar mass-halo mass plane at different redshifts (z = 0, 1, and 2) depending on their SFRs. We also show, for comparison, the SMHM relations from different quenching scenarios (red lines) which we discuss below, as well as those from the semi-empirical models EMERGE (Moster et al. 2018) and UniverseMachine (Behroozi et al. 2019). The SFRs of galaxies are shown via the colour bar. We see that at high redshifts most galaxies are low mass and are forming stars at higher rates, due to the higher accretion rate of their dark matter haloes. When moving towards lower redshifts, more massive galaxies are being formed and the number of quenched galaxies increases gradually, as the accretion rate of the cold gas available for star formation gradually drops, a phenomenon known as cosmological starvation (Feldmann & Mayer 2015). Furthermore, in the upper panel of Fig. 9 we compare our predictions to the SMHM relations inferred by weak lensing determinations from the KiDS and GAMA surveys (van Uitert et al. 2016; Dvornik et al. 2020) and the Hyper Suprime-Cam survey (Huang et al. 2020), along with the relation of blue spirals from Lapi et al. (2018b) and Posti et al. (2019).
	[image: thumbnail]	Fig. 8. Distribution of the galaxies in DECODE’s catalogue on the M⋆ − Mh plane at redshifts z = 0, 1 and 2, for the halo quenching scenario. The colour bar represents the star formation rate of the galaxies. The red dotted, solid and dashed lines show the scenarios with no quenching, halo quenching-only, and both halo and low-mass quenching, respectively. We also show the stellar mass-halo mass relations from Moster et al. (2018) (violet dash-dotted lines) and Behroozi et al. (2019) (yellow dotted lines), at the same redshifts.



The lower panel of Fig. 9 shows the SMF for our galaxies at redshift z = 0. We compare DECODE’s predictions with the latest data sets on the SMF at the same redshifts from COSMOS2015 (cyan triangles with error bars; Davidzon et al. 2017), COSMOS2020 (red squares with error bars; Weaver et al. 2023), 3D-HST+COSMOS (brown solid lines; Leja et al. 2020), as well as those in the local Universe of MASSIVE (pink solid line; Liepold & Ma 2024) and SDSS (grey dots with error bars; Bernardi et al. 2017). The blue, orange and green solid lines show the SMF of all galaxies, quiescent galaxies, and star-forming central galaxies in the catalogue, respectively, and the red solid lines show the SMF of all galaxies including the addition of satellite galaxies (see Sect. 2.3.2). We comment on the results in more detail below.
4.2.1. The low-mass end
In the first instance, when assuming no quenching at all, the integration of the SFRs implied by the input SFR-HAR relation produces SMFs that are close in shape to the single Schechter halo mass functions, but simply rescaled by the mean ratio between SFR and HAR, as expected. It is interesting to note that this basic recipe yields a local SMF consistent with the one recently calibrated by Leja et al. (2020) and Liepold & Ma (2024), at least in the low-mass range at M⋆ ≲ 3 × 1010 M⊙, but overestimating any other determination of the local SMF (lower panel of Fig. 9). The same no-quenching model also yields a single power law correlation between stellar mass and halo mass for the star-forming galaxies3 which is broadly consistent with the direct estimates of the SMHM relation in star-forming spirals in the local Universe performed by Lapi et al. (2018b) and Posti et al. (2019), as shown in the upper panel of Fig. 9, further supporting the scenario in which massive local spirals follow a SMHM relation steeper than that of quenched galaxies. Even after switching on halo quenching, several of our massive galaxies, namely those residing at the centre of lower mass haloes with M⋆ ≲ 5 × 1011 M⊙, avoid the quenching and conserve a high SMHM ratio, in agreement with the dynamical data. In the present framework therefore, these local massive spirals would be consistent with an evolution clear of mergers but sustained by continuous gas cooling, ultimately linked to the rate of mass accretion onto the parent halo, which would be in line with the theory of conservation of angular momentum between haloes and galaxies (e.g. Zanisi et al. 2020).
	[image: thumbnail]	Fig. 9. Upper panel: Same as Fig. 8 at redshift z = 0 with comparison to observations. The predictions of DECODE are compared to the stellar mass-halo mass relation from weak lensing determinations at low redshifts from van Uitert et al. (2016) (orange shaded area), Dvornik et al. (2020) (blue shaded area) and Huang et al. (2020) (grey dots with error bars), as well as the local spiral galaxies data from Lapi et al. (2018b) (blue dots with error bars) and Posti et al. (2019) (blue stars with error bars). Lower panel: Stellar mass function predicted by DECODE at redshift z = 0. The blue, orange, and green lines show the stellar mass function for all galaxies, quenched galaxies and star-forming central galaxies. The red solid lines show the total stellar mass function inclusive of the population of satellite galaxies. The red dashed lines show the case where low-mass quenching is included (Sect. 4.2.1). The brown solid line shows the 3D-HST+COSMOS data (Leja et al. 2020) and the pink solid line shows the determination from MASSIVE (Liepold & Ma 2024). The grey dots, red squares and cyan triangles with error bars show the observational total stellar mass functions from the SDSS at z = 0.1 (Bernardi et al. 2017), COSMOS2020 (Weaver et al. 2023) and COSMOS2015 (Davidzon et al. 2017) surveys.



Furthermore, we have also checked that the contribution of merging satellites does not appreciably affect the total stellar mass growth of the less massive central galaxies (with present-day stellar mass below M⋆ ≲ 1011 M⊙), and therefore the slope of the low-mass end of the SMHM relation and SMF, suggesting the need for additional physics to reproduce the more steeper slope of the SMHM relation and flatter slope of the double-Schechter SMF below the knee (M⋆ ≲ 1011 M⊙). The excess at the low-mass end of DECODE’s SMF with respect to the observational SMF could be due to the inefficiency of the halo quenching process, suggesting that the action of other types of quenching mechanisms halts star formation in less massive galaxies. As shown by the red dashed lines in the lower panel of Fig. 9, if we include the energy release, for example from strong supernova (SN) feedback that heats the gas, by simply shutting down the star formation in haloes with mass ≲1011 M⊙ (hereafter referred to as low-mass quenching) following what was done in several analytical models in the literature (e.g. Springel et al. 2001; Springel & Hernquist 2003; Cirasuolo et al. 2005; Shankar et al. 2006; Cattaneo et al. 2008; Governato et al. 2010; Brook et al. 2011; Pontzen et al. 2017; Henriques et al. 2019), the resulting SMF is much more compatible with observations and also the slope of the SMHM relation’s faint end is much steeper, supporting the need for additional processes at low stellar masses.
4.2.2. The high-mass end
We now move our attention to the high-mass end of the SMHM relation and SMF. On the assumption of continuous star formation, the slope of the SMHM relation would be much steeper with respect to other predictions and weak-lensing determinations of early-type galaxies for example. Also the slope of the SMF’s bright end would be much flatter, being heavily overestimated with respect to the observational measurements. By activating the halo quenching mechanism with the threshold mass at Mh ∼ 1012 M⊙, above which galaxies are mostly all quenched, the SMF’s high-mass end is steepened due to the halting of star formation in more massive galaxies, leading also to a corresponding flattening in the SMHM relation, in better agreement also with other semi-empirical models, such as EMERGE and UniverseMachine, especially at z = 0, and with other independent estimates of the SMHM relation from weak lensing in the local Universe. We also find that the scatter in stellar mass at fixed halo mass increases with redshift and decreases with halo mass, as also suggested by other works (e.g. Matthee et al. 2017; Allen et al. 2019; Erfanianfar et al. 2019), but without any apparent dependence on SFR at fixed halo mass. In other words, the dispersion in the scatter in this approach is mostly induced by the varied host halo mass assembly tracks, and not by variations in SFRs at fixed halo mass. These findings do not change by altering the scatter in SFR at fixed HAR within reasonable values, as anticipated in Sect. 2.2.
Furthermore, as DECODE is currently implemented, the halo quenching scenario predicts a SMF broadly in agreement with the COSMOS2015 and COSMOS2020 observed SMFs, and with SDSS, in the local Universe. In particular, the high-mass end of the SMF produced by DECODE is in relatively good agreement with the observed SMFs at z ∼ 0, showing the efficacy of this quenching mechanism at low redshift.
4.3. The fraction of quenched galaxies
We show in the previous Sections that, all in all, a proportionality between SFR and HAR is sufficient to generate a SMF with a Schechter shape broadly aligned with the data in the local Universe. Nevertheless, this approach tends to somewhat underproduce the number density of galaxies around the knee, especially with respect to the SDSS SMF by Bernardi et al. (2017). This discrepancy could be ascribed to an underlying inconsistency between the determinations of the SFRs and the estimates of stellar masses in the SMF. We have verified that when using the SFR-HAR relation from the TNG, with SFRs self-consistently linked to the stellar masses in the simulation, the resulting SMF is in better agreement with the SDSS data.
Irrespective of the quality of the match with the total SMF, the predicted relative fractions of quenched galaxies as a function of stellar mass or environment could be considered an independent and robust test of the quenching mechanism. Figure 10 shows the fraction of quenched (central) galaxies as a function of stellar mass predicted by DECODE at redshifts z = 0, 1 and 2, compared to those observationally inferred from the COSMOS/UltraVISTA (green rhombuses; Muzzin et al. 2013), SDSS (orange triangles; Wetzel et al. 2013), Pan-STARRS1 Medium-Deep (purple pentagons; Lin et al. 2014), COSMOS2015 (cyan shaded areas; Davidzon et al. 2017), COSMOS2020 (red squares; Weaver et al. 2023) and JWST-CEERS (violet shaded areas; Bluck et al. 2024) surveys. The general behaviour of the quenched fraction is broadly reproduced. We note that towards higher stellar masses above the halo mass threshold, all galaxies are quenched, agreeing overall with the quiescent fraction from observations, while towards low stellar masses all galaxies in our catalogue are star-forming, as they live in dark matter haloes below the critical mass for quenching. We also note that the latest data from JWST-CEERS from Bluck et al. (2024) point to somewhat larger fractions of quenched galaxies at z > 2 with respect to other data and also to what DECODE can predict. This slight but significant discrepancy may be induced by either differences in stellar mass and SFR estimates between data and the input SFR functions from Mancuso et al. (2016), or could indicate the action of alternative and/or additional quenching mechanisms acting at high masses and/or at higher redshifts. We will further study the very high redshift Universe from the latest data from DECODE in a separate dedicated paper where we will test the effectiveness of different quenching mechanisms against the latest high-z JWST data.
	[image: thumbnail]	Fig. 10. Fraction of quenched galaxies as a function of stellar mass at redshifts in the same redshift bins. The predictions from DECODE are shown for central galaxies only (blue solid lines). We compare DECODE’s predictions with the observed quenched fractions from the COSMOS2015 (cyan solid lines and shaded areas; Davidzon et al. 2017) and COSMOS2020 (red squares with error bars; Weaver et al. 2023) surveys. Further data from Muzzin et al. (2013) (green rhombuses with error bars), Wetzel et al. (2013) (orange triangles with error bars), Lin et al. (2014) (purple pentagons with error bars), and Bluck et al. (2024) (JWST-CEERS at 1 < z < 2 and 2 < z < 4, violet dashed lines and shaded areas) are shown for comparison.



Finally, in Fig. 11, we show the SMF of quenched galaxies, compared to the observationally determined SMFs from Davidzon et al. (2017) and Weaver et al. (2023). A comparison with the SMFs of quenched galaxies better highlights any shortfall of the quenching model. The comparison shows that there is good agreement between DECODE’s prediction and the observed SMF above M⋆ ≳ 1010 M⊙, proving the efficiency of the halo quenching in massive galaxies. The disagreement at redshifts z = 0 and 1 below M⋆ ≲ 1010 M⊙ could be associated with the need for additional quenching mechanisms (e.g. morphological quenching or feedback processes), or some environmental quenching for the satellite quenched population which could slightly affect the overall statistics. We will show the impact of these factors in the next papers of this series. Finally, the overestimation of DECODE’s quenched SMF with respect to the inferred SMFs is simply due to an excess of low-mass galaxies in the entire galaxy population in DECODE.
	[image: thumbnail]	Fig. 11. Stellar mass function of quenched galaxies as predicted by DECODE (coloured solid lines) at redshifts z = 0, 1, and 2, compared to those inferred by COSMOS2015 (Davidzon et al. 2017, coloured triangles with error bars) and COSMOS2020 (Weaver et al. 2023, coloured squares with error bars).



5. Discussion
In this work, we put forward a new data-driven semi-empirical methodology and its proof-of-concept application to test the role of several physical processes, such as star formation and quenching, involved in the galaxy stellar mass assembly. We showed that this semi-empirical approach, based on a minimal number of assumptions and parameters, can be extremely useful to address such problems in a transparent way. In particular, DECODE is a data-driven model that uses as input observational quantities, such as the SFR distribution, to build-up galaxy stellar mass across cosmic time.
First of all we showed that the hypothesis of monotonicity between galaxy SFR and dark matter HAR, corroborated also by simulations recent observations (e.g. Daddi et al. 2022; Sillassen et al. 2024), produces galaxy abundances in agreement with the latest determinations of the SMF. This is also in agreement with the results from Lapi et al. (2017), who showed an impressive agreement between the SFR function found by Mancuso et al. (2016) and the SMF, using a continuity equation approach. Here, we confirm that a similar broad agreement can be obtained even with the abundance matching between SFR and HAR and with the halo quenching mechanism to regulate the halting of star formation. This finding highlights the response of the gas cooling rate (i.e. SFR) to the infalling gas rate of the host dark matter halo (i.e. HAR), whereas in previous models it was mostly connected to the available gas amount (i.e. halo mass). However, in the current implementation of DECODE, the galaxy SMF around the knee (M⋆ ∼ 1011 M⊙), which is a key stellar mass range where quenching and morphological transition typically happen, is slightly underestimated with respect to observations. The reason behind this deviation is the following. Should one exclude quenching at all, the input observed SFRs are enough to produce enough low- and intermediate-mass galaxies, but heavily overestimate the bright end of the SMF, and produce a single Schechter shape, which is a simple reflection of the accretion histories of the dark matter encoded in the HMF. Therefore, a strong and instantaneous halo quenching could be not a realist scenario for modelling quenching processes in massive galaxies at low redshifts. Therefore, we tested a time-delayed quenching model (e.g. Wetzel et al. 2013; Haines et al. 2013, 2015; Lian et al. 2016; Foltz et al. 2018; Akins et al. 2021; Tacchella et al. 2022; Reeves et al. 2023; Bravo et al. 2023) according to which the SFR declines exponentially over ∼1 − 2 Gyr instead of instantaneously which, however, yields resulting galaxy stellar mass assemblies and therefore the SMF that does not change appreciably. Additionally, state-of-the-art hydrodynamical simulations have shown that, e.g. AGN feedback has also an extremely important role in quenching massive ellipticals (e.g. Su et al. 2021; Wellons et al. 2023). We will incorporate the AGN physics in the model in the next paper of this series where we will investigate the role of each model and how their combination will better align with the observed galaxy abundances at each redshift. Lastly, in our model we assume the halo mass quenching threshold to be 1012 M⊙, as suggested by Dekel & Birnboim (2006), but its actual value and the dispersion around it can also sensibly alter the output stellar mass growths.
We proved that the halo quenching mechanism is efficient in halting star formation in massive galaxies (M⋆ ≳ 3 × 1010 M⊙), being able to match the observed quiescent SMF and quenched fractions up to z ∼ 2. DECODE is also able to reproduce the vast majority of the local determinations of the SMHM relation from weak lensing and spirals. We also found some dependence for the galaxy stellar mass on the formation age of the host dark matter halo (i.e. when it reaches half of the present-day mass), with more massive galaxies favouring older haloes and vice versa, also found in the recent work of Oyarzún et al. (2024) from the SDSS catalogue. In addition, at redshifts z ≃ 2 DECODE’s predictions for the quenched abundances are slightly below the JWST data (Bluck et al. 2024), as shown in Fig. 10, because the halo quenching mechanism is not efficient at z ≳ 2. This tiny deviation with the data may be induced by other quenching mechanisms at those redshifts, such as AGN feedback. The recent work of Dekel et al. (2023) showed that the high-redshift luminous galaxies may grow with feedback-free starburst and with their star formation being suppressed by feedback at later epochs. This work will be a pathfinder for our dedicated analysis on high-z galaxies in the next papers of this series.
Finally and interestingly, the very recent determinations from JWST (e.g. Nanayakkara et al. 2022; Carnall et al. 2023; Valentino et al. 2023; Dome et al. 2024; Weibel et al. 2024) showed a relatively large population of quenched galaxies even at higher redshifts (z ≳ 5), in contrast to the predictions of numerical simulations (see e.g. Vani et al. 2025). This unexpectedly large amount of observed quenched galaxies from JWST could further indicate the need for additional or simply different, more widespread and efficient quenching mechanisms. To disentangle this, a possible way to address quenching at high redshifts with DECODE could be to start building up galaxies at a higher redshift, instead of z = 3. The recent high-redshift (z ≳ 8) determination of the UV luminosity function (e.g. Donnan et al. 2023, 2024; Harikane et al. 2023), combined with the available data at lower redshifts, will be a precious input in DECODE to extend our investigation in the early Universe. With these inputs, DECODE will shed light on the newly observed massive galaxies at high redshifts that were missing in the previous cosmic census and cosmological models.
6. Conclusions
In this paper, we have presented our new semi-empirical model, DECODE, to study the stellar mass formation and evolution of galaxies. To this purpose, we made use of DECODE in a ΛCDM framework and converted dark matter assembly into galaxy star formation histories via the input SFR-HAR relation. We started by testing DECODE’s assumption on the existence of a connection between the galaxy SFR and the host dark matter halo accretion rate. We found in the TNG that the galaxy SFR and the accretion rate of the host dark matter halo are connected to each other and can be modelled via the abundance matching technique. We then switched to real data and made our prediction using observationally determined SFRs as input.
The main results of this paper can be summarised as follows:

	
We showed the presence of a monotonic proportionality between the galaxy SFR and dark matter HAR, as also supported by cosmological hydrodynamical simulations like the TNG, which is relatively constant in the range 1 < z < 3, and dropping in normalization only at z < 1 (Fig. 4).



	
We showed that such a relation is capable of reproducing the bulk of the observed galaxy population and SMHM relation in the local Universe.



	
We showed that the scatter in stellar mass at fixed halo mass decreases with increasing halo mass, consistently with what is predicted by other models.



	
We showed via DECODE that the star formation activity in most massive galaxies is efficiently halted by the halo quenching process, at least at redshifts z ≲ 1 − 2, which allows to significantly improve the alignment of the model predictions with the local SMF and SMHM relation at high stellar masses.



	
To produce the steep (flat) faint end of the SMHM relation (SMF) observed in some data sets, some quenching mechanism in lower mass haloes is needed. By setting a cut in halo mass, below 1011 M⊙ to mimic, for example, the effect of SN feedback or even the putative effect of AGN feedback in low mass galaxies (Sect. 4.2.1), we induced a steeper slope in the SMHM relation. However, some of the latest current data on the SMF do not require this additional ingredient, as they have steeper faint end slopes.




In conclusion, the SFR-HAR mapping is a powerful new way of modelling galaxy evolution and star formation histories, along with some assumption on the quenching of star formation. It can accurately and rapidly reproduce galaxy stellar mass assemblies, stellar mass functions, relative amounts of star-forming and quiescent galaxies, and SMHM relations. DECODE will also constitute a very valuable tool for studying galaxies at very high redshifts thanks to the advent of new high-quality data from the ongoing missions such as JWST (Gardner et al. 2006) and Euclid (Amiaux et al. 2012; Euclid Collaboration: Mellier et al. 2024).


1 We have checked that employing the Leitner & Kravtsov (2011) recipe yields the same results.


2 We use the term ‘surviving’ to define those centrals that have become satellites of another galaxy before a given redshift.


3 The star-forming galaxies follow a steeper relation with respect to the mean overall relation.
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Appendix A:  Additional star formation rate functions
In this Appendix, we comment how the results on the galaxy stellar mass growths would change by employing different data sets for the SFR function. Figure A.1 shows the SFR function from Sargent et al. (2012) and Fujimoto et al. (2024), in addition to that from Mancuso et al. (2016) already presented in Sect. 4.1. The Fujimoto et al. (2024) SFR function is much steeper at the faint end compared to the others at all redshifts and at the bright end contains a higher number of bright objects. Instead, the SFR function of Sargent et al. (2012) has a flatter faint end with respect to the others at z > 0. The corresponding SFR-HAR is consequently characterised by a flatter slope for a steeper SFR function and vice versa.
	[image: thumbnail]	Fig. A.1. Star formation rate function from Mancuso et al. (2016, red dash-dotted lines), Sargent et al. (2012, blue shaded areas), and Fujimoto et al. (2024, orange squares with error bars) at different redshifts.



The flatter SFR-HAR relation from the Fujimoto et al. (2024) inputs produces a SMF with a high excess of low-mass galaxies due to the high SFR, and results into lower quenched fractions. On the other hand, the Sargent et al. (2012) input SFR function predicts opposite results.

Appendix B:  Major merger rates
As an additional application of DECODE, we show its ability in predicting the galaxy merger rates. Mergers are an extremely important factor in the galaxy evolution and, in addition to the stellar mass assembly, they also play a crucial role in shaping galaxy morphologies and bulge formation (e.g. Cole et al. 2000; Hatton et al. 2003; Bournaud et al. 2007; Hopkins et al. 2010a; Guo et al. 2011; Shankar et al. 2013; Fontanot et al. 2015; Croton et al. 2016; Cattaneo et al. 2017). In Fig. B.1, we show the average number of major mergers as a function of the final galaxy stellar mass at z = 0. The plot shows that DECODE also predicts an increasing number of mergers as a function of stellar mass, similarly to what was found in Fu et al. (2022), which is due to the broken power law shape of the SMHM relation. We stress that the presence of major mergers due to the flatting of the SMHM relation, without which they would not take place, is a direct product of the quenching in DECODE. Such shape of the merger rates also allows to predict a comparable fraction of elliptical galaxies and bulge-to-total ratio distributions, by adopting a toy major merger model as in Fu et al. (2022).
	[image: thumbnail]	Fig. B.1. Number of galaxy major mergers, with mass ratio M⋆, sat/M⋆, cen > 0.25, as a function of the central galaxy mass from DECODE (blue solid line) and the Fu et al. 2022 Models 1 and 2 (red dash-dotted and dashed lines, respectively).



Finally, interestingly, the mergers implemented following the recipe described in Sect. 2.3 and shown in Fig. B.1 are characterised by slightly slower increasing rate and mostly constant rate for the less massive galaxies, unlike what was found by previous works (e.g. Hopkins et al. 2010b; Grylls et al. 2020a; Fu et al. 2022), even though the overall trend is consistent. This is due to the shape of the SMHM relation, which does not present a remarkable bending between the low-mass and high-mass ranges. Instead, we tested that by using a visible double power law-shaped relation the output number of major mergers would be increasing as a function of stellar mass, further supporting the findings that we presented in Fu et al. (2022).


All Figures
	[image: thumbnail]	Fig. 1. Cartoon showing the methodology used to form and evolve galaxies in DECODE. The SFR-HAR relation at each redshift is computed via abundance matching between the observed SFR function and HAR function from simulations. SFRs are assigned to galaxies following the accretion rate history of their dark matter haloes. We drop the SFR instantaneously when the galaxy is quenched. Galaxy stellar mass growths are constructed by integrating the SFR and quenching the star formation via the mechanism we are testing. Finally, we make our predictions on the SMHM relation, SMF, and quiescent fraction, and compare them with the observations.
In the text



	[image: thumbnail]	Fig. 2. Upper panel: Halo accretion rate function at redshifts z = 0, 1, 2 and 3, for the halo quenching scenario where haloes hosting star-forming galaxies are removed by the mass threshold Mh ∼ 1012 M⊙. Lower panel: Star formation rate function from Mancuso et al. (2016) in the same redshift bins, as labelled.
In the text



	[image: thumbnail]	Fig. 3. Schematic view of the halo quenching mass threshold. Galaxy living in haloes with mass above the threshold (black solid line) suppress their star formation due to shock heating. The area below the threshold and below the dashed line represents the region where cold streams can exist and still allow star formation.
In the text



	[image: thumbnail]	Fig. 4. Distribution of the TNG central subhaloes/galaxies on the star formation rate-halo accretion rate plane (blue dots), and mean scaling relation from the TNG (blue lines) and computed using the TNG’s inputs via the abundance matching described in Sect. 2.2 (orange dashed lines) at redshifts 0, 1 and 2.
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	[image: thumbnail]	Fig. 5. Example of evolution of the star formation rate and halo accretion rate of one central galaxy of stellar mass M⋆ ∼ 1011.9 M⊙ at z = 0 from the TNG simulation.
In the text



	[image: thumbnail]	Fig. 6. Star formation rate-halo accretion rate relation at redshifts z = 0, 1, 2 and 3, from the abundance matching using as input the star formation rate function from Mancuso et al. (2016).
In the text



	[image: thumbnail]	Fig. 7. Example of evolution of a galaxy of stellar mass M⋆ ∼ 1011.5 M⊙ from the catalogue, for the case of halo quenching. The upper and lower panels show the evolution in mass and growth rate, respectively. The blue solid and dotted lines show the halo mass assembly and accretion rate history, respectively. The orange solid and dotted lines show the stellar mass growth and star formation rate, respectively. Additionally the orange dashed line shows the case of star formation-only without mergers. At redshift z ∼ 0.9, when the halo mass reaches the threshold value, the star formation rate drops and the galaxy is quenched.
In the text



	[image: thumbnail]	Fig. 8. Distribution of the galaxies in DECODE’s catalogue on the M⋆ − Mh plane at redshifts z = 0, 1 and 2, for the halo quenching scenario. The colour bar represents the star formation rate of the galaxies. The red dotted, solid and dashed lines show the scenarios with no quenching, halo quenching-only, and both halo and low-mass quenching, respectively. We also show the stellar mass-halo mass relations from Moster et al. (2018) (violet dash-dotted lines) and Behroozi et al. (2019) (yellow dotted lines), at the same redshifts.
In the text



	[image: thumbnail]	Fig. 9. Upper panel: Same as Fig. 8 at redshift z = 0 with comparison to observations. The predictions of DECODE are compared to the stellar mass-halo mass relation from weak lensing determinations at low redshifts from van Uitert et al. (2016) (orange shaded area), Dvornik et al. (2020) (blue shaded area) and Huang et al. (2020) (grey dots with error bars), as well as the local spiral galaxies data from Lapi et al. (2018b) (blue dots with error bars) and Posti et al. (2019) (blue stars with error bars). Lower panel: Stellar mass function predicted by DECODE at redshift z = 0. The blue, orange, and green lines show the stellar mass function for all galaxies, quenched galaxies and star-forming central galaxies. The red solid lines show the total stellar mass function inclusive of the population of satellite galaxies. The red dashed lines show the case where low-mass quenching is included (Sect. 4.2.1). The brown solid line shows the 3D-HST+COSMOS data (Leja et al. 2020) and the pink solid line shows the determination from MASSIVE (Liepold & Ma 2024). The grey dots, red squares and cyan triangles with error bars show the observational total stellar mass functions from the SDSS at z = 0.1 (Bernardi et al. 2017), COSMOS2020 (Weaver et al. 2023) and COSMOS2015 (Davidzon et al. 2017) surveys.
In the text



	[image: thumbnail]	Fig. 10. Fraction of quenched galaxies as a function of stellar mass at redshifts in the same redshift bins. The predictions from DECODE are shown for central galaxies only (blue solid lines). We compare DECODE’s predictions with the observed quenched fractions from the COSMOS2015 (cyan solid lines and shaded areas; Davidzon et al. 2017) and COSMOS2020 (red squares with error bars; Weaver et al. 2023) surveys. Further data from Muzzin et al. (2013) (green rhombuses with error bars), Wetzel et al. (2013) (orange triangles with error bars), Lin et al. (2014) (purple pentagons with error bars), and Bluck et al. (2024) (JWST-CEERS at 1 < z < 2 and 2 < z < 4, violet dashed lines and shaded areas) are shown for comparison.
In the text



	[image: thumbnail]	Fig. 11. Stellar mass function of quenched galaxies as predicted by DECODE (coloured solid lines) at redshifts z = 0, 1, and 2, compared to those inferred by COSMOS2015 (Davidzon et al. 2017, coloured triangles with error bars) and COSMOS2020 (Weaver et al. 2023, coloured squares with error bars).
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	[image: thumbnail]	Fig. A.1. Star formation rate function from Mancuso et al. (2016, red dash-dotted lines), Sargent et al. (2012, blue shaded areas), and Fujimoto et al. (2024, orange squares with error bars) at different redshifts.
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	[image: thumbnail]	Fig. B.1. Number of galaxy major mergers, with mass ratio M⋆, sat/M⋆, cen > 0.25, as a function of the central galaxy mass from DECODE (blue solid line) and the Fu et al. 2022 Models 1 and 2 (red dash-dotted and dashed lines, respectively).
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