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Abstract

We investigate the scaling relation between black hole (BH) and stellar mass (M• − M*), diagnosing the residual Δlog(M•/M⊙) (Δ) in this relation to understand the coevolution of galaxies and BHs in the cosmological hydrodynamic simulation SIMBA. We show that SIMBA reproduces the observed M• − M* relation well, with little difference between central and satellite galaxies. By using the median value to determine the residuals, we find that the residual correlates with galaxy cold gas content, star formation rate, colour, and BH accretion properties. Both torque and Bondi models implemented in SIMBA contribute to this residual, with torque accretion playing a major role in high-redshift and low-mass galaxies, while Bondi (including BH mergers) dominates at low redshift and massive galaxies. By dividing the sample into two populations (Δ > 0 and Δ < 0), we compare their evolutionary paths by following the main progenitors. From this evolutionary tracking, we propose a simple picture for BH-galaxy coevolution: early-formed galaxies seed BHs earlier, with stellar mass increasing rapidly to reach the point of triggering ‘jet mode’ feedback. This process reduces the cold gas content and halts the growth of M*, effectively quenching galaxies. Meanwhile, during the initial phase of torque accretion growth, the BH mass is comparable between galaxies formed early and those formed later. However, galaxies that formed earlier appear to attain a marginally greater BH mass when transitioning to Bondi accretion, aligning with the galaxy transition time. As the early-formed galaxies reach this point earlier – leaving a longer period for Bondi accretion and mergers – their residuals become positive, i.e. having more massive BHs at z = 0 compared to these late-formed galaxies at the same M*. This picture is further supported by the strong positive correlation between the residuals and the galaxy age, which we propose as a validation with observation data of the scenario suggested by SIMBA.
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1. Introduction
Galaxies of any substantial size are believed to host a central black hole (BH), with its mass, M•, scaling with the galaxy stellar mass, M*, even in dwarf galaxies (e.g. Mezcua et al. 2018a; Reines et al. 2020; Birchall et al. 2020), and at extremely high redshift (e.g. Larson et al. 2023; Kocevski et al. 2023). The initial states of these BHs, such as the ‘seeding’ mass and mass growth from the earliest phases to the massive BH stage, are still unknown (e.g. Wise et al. 2019; Haemmerlé et al. 2020; Volonteri et al. 2021, and references therein). Recent studies reveal that at high redshifts (z > 7), BH masses already exceed 108 M⊙ (e.g. Bañados et al. 2018; Wang et al. 2021a), which requires super-Eddington accretion (e.g. Alexander & Natarajan 2014). Along with their mass growth through gas accretion, BHs release large amounts of energy to galaxies through active galactic nucleus (AGN) feedback, which is observed across a broad range of redshifts (e.g. Bongiorno et al. 2014; Reines & Volonteri 2015; Mezcua et al. 2018b; Yang et al. 2023; Maiolino et al. 2024a). Such a large amount of energy is critical in hydrodynamical simulations and semi-analytic models to regulate star formation (see Heckman & Best 2014, and references therein and after) and to reproduce the observed galaxy properties (e.g. Di Matteo et al. 2005; McCarthy et al. 2011; Beckmann et al. 2017; Donnari et al. 2021; Cui et al. 2021). Whether this energy is responsible for galaxy quenching remains a topic of debate in observations; we therefore refer interested readers to detailed studies such as Aird et al. (2012), Page et al. (2012), Bongiorno et al. (2016), Bluck et al. (2020).
It has long been recognised that the growth of BHs and their host galaxies is correlated, as seen in their properties. Many observational studies report a tight correlation between the BH mass, M•, and the stellar mass, M* (e.g. Magorrian et al. 1998; Reines & Volonteri 2015; Mountrichas 2023), bulge luminosity, Lbulge (e.g. Kormendy & Richstone 1995; Kim et al. 2008; Gültekin et al. 2009; Sani et al. 2011), bulge mass, Mbulge (e.g. McLure & Dunlop 2002; Häring & Rix 2004; Kormendy & Ho 2013), and stellar velocity dispersion, σ (e.g. Merritt & Ferrarese 2001; Graham 2008; McConnell & Ma 2013; Molina et al. 2024). These scaling relations suggest the coevolution of BHs and their host galaxies, although there is considerable scatter around the median relations. This scatter, more specifically the residuals in these relations, indicates the intrinsic differences between the BHs at the same galaxy mass. Therefore, to understand the origin of this residual, it is crucial to explore how BHs form and evolve and how they interact with their host galaxies. Through this investigation, we probe the role of BHs in their coevolution with their host galaxies.
In recent decades, observational research on the M• − M* relation has primarily focused on relatively low redshifts (e.g. Cisternas et al. 2011; Sun et al. 2015; Ding et al. 2020). However, some clues about BH-galaxy coevolution remain evident through scaling relations. For example, Zhuang & Ho (2023) measure ∼11 500 broad-line AGNs at z ≤ 0.35 and find that galaxies tend to evolve towards the local M• − M* relation; i.e. when objects lie above the relation, they experience a significant increase in M*, resulting in more horizontal evolution. In contrast, objects below the relation exhibit a more pronounced growth in M•, evolving vertically, while those aligned with the relation tend to progress along it. Nevertheless, studies of faint objects and at high redshift remain scarce. This situation improved dramatically following the launch of the James Webb Space Telescope (JWST). Several studies based on the JWST have investigated the M• − M* relation at early cosmic times (z > 4) (e.g. Kocevski et al. 2023; Harikane et al. 2023; Maiolino et al. 2024b; Stone et al. 2024). Some of these studies show that galaxies at high redshift tend to host overmassive BHs compared to the local M• − M* relation (e.g. Übler et al. 2023; Harikane et al. 2023; Pacucci et al. 2023; Kokorev et al. 2023), although this difference may be enhanced by mass uncertainties and selection effects (Li et al. 2025).
Nevertheless, scaling relations at a given redshift are cumulative results over time, which makes it difficult to probe the coevolution of galaxy formation and their hosted central BHs. Comparisons between different redshifts, used to study coevolution, are also problematic because they do not directly track the progenitors. Over the last decade, this has been studied numerically by implementing empirical models into cosmological simulations and semi-analytic models (e.g. Wang et al. 2015; Nelson et al. 2015; Crain et al. 2015; Schaye et al. 2015; Dubois et al. 2016; Weinberger et al. 2017; Bower et al. 2017; Pillepich et al. 2018; McAlpine et al. 2018; Davé et al. 2019; Blank et al. 2019). However, in simulations, different BH and galaxy formation models lead to variations in their predictions of the M• − M* relation at z = 0. From the standpoint of BH mass growth, several processes are expected to affect this relation:
1.1. BH seeding mass.
To include BH particles, many simulations (e.g. Vogelsberger et al. 2014; Schaye et al. 2015; Davé et al. 2019) initialise BHs as intermediate mass (Greene et al. 2020) in the range of M• ∼ 103 − 105 M⊙, depending on conditions such as halo or galaxy mass. Therefore, different BH seeding models noticeably influence the low-mass end of the M• − M* relation and also have a substantial impact across all mass ranges at high redshift (e.g. Wang et al. 2019; Hu et al. 2022; Bhowmick et al. 2025).
1.2. BH accretion and mergers.
In simulations, BH mass mainly increases through accretion and mergers, which also play an important role in regulating the M• − M* relation (Zhu & Springel 2025). For the former, most simulations, such as TNG and EAGLE, adopt the commonly used Bondi accretion. While SIMBA additionally includes the torque model, which can bring different BH growth trajectories (e.g. Habouzit et al. 2021, 2022). Although the contribution of BH mergers to the final mass remains unclear, upcoming gravitational wave observations will allow us to quantify it more accurately.
1.3. AGN feedback.
AGNs Feedback, which releases significant amounts of energy into galactic, halo, and extragalactic environments, primarily affects the galaxy stellar mass in the M• − M* relation by regulating galaxy cold gas content and star formation activities (e.g. Ma et al. 2022; Liu et al. 2025), especially at the high-mass end (e.g. Li et al. 2020; Habouzit et al. 2021). As the key connection between the BH and its host galaxy, AGN feedback plays an important role in their coevolution.
To shed light on BH-galaxy coevolution, we propose using BH mass residuals, i.e. the relative BH mass difference at a given galaxy stellar mass, which provide a unique perspective. In this work, we use the SIMBA simulation (Davé et al. 2019) to explore the origin of the residual in the M• − M* scaling relation and its implications for BH-galaxy coevolution. We correlate the residual with galaxy and BH properties and investigate how BH accretion and cold gas evolution influence the residual and the growth path of M• − M*.
This paper is organised as follows: In Section 2, we present basic information about the SIMBA simulation and describe its BH accretion and feedback models. In Section 3, we show the residual of the M• − M* scaling relation and its correlation with galaxy and BH properties. In Section 4, we investigate the origin of the residual and BH-galaxy coevolution. Section 5 provides a discussion, and we summarise our main findings in Section 6.
2. The SIMBA simulation
The SIMBA simulation (Davé et al. 2019) is a cosmological hydrodynamic simulation based on MUFASA (Davé et al. 2016), running in the meshless-finite-mass mode of the GIZMO code (Hopkins 2015). We focus on the simulation run m100n1024, which has a box size of 100 h−1 Mpc on the side, containing 10243 gas particles and 10243 dark matter particles. The mass resolution is 9.6 × 107 M⊙ for dark matter and 1.82 × 107 M⊙ for gas particles. The adopted cosmology is based on Planck Collaboration XIII (2016) with parameters: ΩM = 0.3, ΩΛ = 0.7, Ωb = 0.048, and H0 = 68 km s−1 Mpc−1.
In SIMBA, galaxies are identified using a 6D friends-of-friends (FoF) algorithm with a linking length of 0.0056 times the mean particle separation. The Galaxy properties, such as stellar mass, M*, star formation rate (SFR), and metallicity, are characterised by the CAESAR analysis package1. Star formation is directly modelled following the relation of Schmidt (1959), by calculating the molecular gas fraction of the total gas, fH2, following the subgrid prescription of Krumholz & Gnedin (2011). The SFR is calculated as [image: equation], where ϵ* = 0.02 (Kennicutt 1998), ρ is the gas density, and tdyn is the local dynamical time. Star formation occurs when [image: equation]. The H I fraction is calculated based on the prescription of Rahmati et al. (2013), which accounts for the self-shielding effect. The H I and H2 are computed on the fly self-consistently in SIMBA, with their combined amount representing the total neutral gas.
SIMBA adopts the on-the-fly FoF algorithm to seed BHs in galaxies. BHs are placed in galaxies when M* > γBH × Mseed, with Mseed = 104 M⊙/h and γBH = 3 × 105. After seeding, BHs grow through a two-mode accretion model. Torque accretion (Anglés-Alcázar et al. 2015, 2017) is for cold (T < 105K) gas within the BH kernel, with gas inflow rate ṀTorque driven by disc gravitational instabilities (Hopkins & Quataert 2011). Bondi accretion (Bondi 1952) is for hot (T > 105 K) non-ISM gas, with the gas inflow rate referred to as ṀBondi. The total accretion rate is calculated as Ṁ∙ = (1−η) × (ṀTorque + ṀBondi, where the radiative efficiency η is set to 0.1.
The BH feedback in SIMBA consists of kinetic feedback and X-ray feedback. The kinetic feedback model is motivated by two-mode AGN feedback in observations: the ‘radiative mode’ at high accretion rate, and ‘jet mode’ at low accretion rate. These are divided by the Eddington ratio, [image: equation], where Medd is the Eddington accretion rate: [image: equation]. The radiative mode mimics the radiative AGN winds; the outflow velocity is based on M• and is typically around 1000 km s−1. The jet mode arises when fedd < 0.2 and [image: equation]. The outflow velocity increases strongly as fedd drops and reaches the full speed ∼8000 km s−1 when fedd ≤ 0.02. When the full-velocity jet is triggered and the gas fraction is fgas = Mgas/M* < 0.2, X-ray feedback is included to heat the surrounding gas. We refer the reader to Davé et al. (2019) for more details. In this study, we restricted the analysis to galaxies with stellar mass [image: equation] and BH mass M• > 5.0 × 106 M⊙ at all redshifts, to ensure that only well-resolved galaxies and BHs are included.
3. Black hole – galaxy scaling relations
The connection between the mass a galaxy and its central supermassive BH has been shown to be linearly correlated over orders of magnitude in logarithmic space, in the form
[image: thumbnail](1)
Thanks to the torque accretion model (Anglés-Alcázar et al. 2013, 2015, 2017), the SIMBA simulation is able to reproduce this scaling relation, as presented in Davé et al. (2019), along with other BH and AGN statistics (Thomas et al. 2019). In Figure 1, we revisit this relation by separating central galaxies from satellite galaxies and fitting the M• − M* relation using the median values of M• in each M* bin. The median values and corresponding fits for both central and satellite galaxies agree well with the observational line from the M• − Mbulge relation in Kormendy & Ho (2013) (KH2013). Although the best fit for satellite galaxies tends to deviate from that of centrals and from observations at low M* (with slightly higher M•), the median data points are well aligned. A plausible explanation is that satellite galaxies in massive haloes tend to be stripped to lower M* compared to centrals. Because this difference is minimal, we do not separate central and satellite galaxies in this study unless noted.
	[image: thumbnail]	Fig. 1. Scaling relation between M• and M* for central and satellite galaxies, shown as red and cyan dots, respectively. The best-fit power-law relations for central (red line) and satellite galaxies (blue line) are compared to the observational results from Kormendy & Ho (2013) (KH2013, dashed black line), and the best-fit parameters are given in the lower-right legend. The plot highlights the very small discrepancy between central and satellite galaxies and the observed relation.



In Figure 2, we show the M• − M* relation for galaxies at z = 0, z = 1, z = 2 and z = 3, from left to right, colour-coded by [image: equation]. At a given stellar mass, galaxies tend to have higher BH masses as SFR decreases. Quiescent galaxies host more massive BHs and show a smoother decline in SFR with M• at z ≤ 2, a trend also seen in Illustris, IllustisTNG, and EAGLE (Terrazas et al. 2016, 2020). We fit the median log M• in each log M* bin (black crosses). The best-fit results are shown as solid black lines, with the linear fitting parameters given in the bottom legend. Instead of using the original fit to all the data (e.g. Shankar et al. 2025), we used the median points to avoid the fitting line tilting lower at low galaxy stellar mass due to the large spread of data points in that region. Our results show a mild evolution from z = 3 to z = 0. At a given stellar mass bin, more massive BHs are found at lower redshift. The SFRs of massive galaxies above the scaling relation begin to decrease earlier than those below it, and galaxies quench when M• > 108 M⊙. This is caused by the jet mode AGN feedback in SIMBA, as discussed in the following sections.
	[image: thumbnail]	Fig. 2. Scaling relation between M• − M* for galaxies at z = 0, z = 1, z = 2, and z = 3, shown from left to right, colour-coded by log SFR. The median M• value in each M* bin is shown as black dots. The black lines represent the best-fit relation to these median values and are used as the median M• − M* scaling relation when calculating residuals. The best-fit parameters are presented in the legend at the bottom. Galaxies with lower SFR at a given M* tend to host more massive BHs.



As shown in Habouzit et al. (2021), SIMBA agrees with TNG simulations and shows the relation evolving from a lower normalisation to higher values at z = 0. In contrast, Illustris, Horizon-AGN, and EAGLE show the opposite redshift evolution, i.e. a higher M• − M* normalisation at higher redshift. In the BRAHMA simulation, Bhowmick et al. (2025) explores five different BH seeding models, finding that the seeding models noticeably affect the M• − M* relation, particularly at the low-mass end, and substantially impact all mass ranges at high redshift. Although recent discoveries of supermassive BHs at very high redshift tend to favour a decreasing evolution (see, Ding et al. 2020, for example), as suggested by Illustris, Horizon-AGN, EAGLE, and UniverseMachine (Terrazas et al. 2024), larger samples and more consistent studies are needed to reach a firm conclusion.
As indicated by the colour bar in Figure 2, there is a meaningful scatter around the median M• − M* relation. To better quantify this, we defined the residual Δlog(M•/M⊙) (Δ) in the M• − M* scaling relation as the difference between the actual galaxy log(M•/M⊙) values and their corresponding best-fit log(M•/M⊙) values at the given stellar mass log(M*/M⊙), i.e.
[image: thumbnail](2)
We explore the correlation between the residual and galaxy and BH properties in Section 3.1 and Section 3.2.
3.1. Relation between residuals and galaxy properties
Figure 3 shows the correlations between the residuals and various galaxy properties. Panels from top to bottom display galaxy SFR, H I mass ([image: equation]), H2 mass (MH2), and metallicity (Z). From left to right, the panels show these relations at z = 0, z = 1, z = 2, and z = 3. Data points are colour-coded by log M*. Correlation coefficients are shown at the bottom of each panel. For all correlations, we used the Pearson correlation coefficient, which is based on the proportion of covariance to the standard deviation of the initial data. These coefficients are provided to roughly indicate their relevance and are mainly used to compare different redshifts. We also examined other galaxy properties, but only those with high correlation coefficient values are shown in Figure 3. For example, although the SFR is closely related to galaxy colour2, the correlation between galaxy colour and the residual is much weaker, as shown in Figure 4 at z = 0. The correlations between residuals and galaxy colour become even weaker at higher redshift.
	[image: thumbnail]	Fig. 3. Correlations between residuals and galaxy properties. Panels from top to bottom show galaxy SFR, H I mass ([image: equation]), H2 mass (MH2), and metallicity (Z), colour-coded by their stellar mass (log M*). Panels from left to right show these relations at z = 0, z = 1, z = 2, and z = 3. The correlation coefficients for these relations are shown at the bottom of each panel.



	[image: thumbnail]	Fig. 4. Correlation between residual and galaxy colour g − r at z = 0, colour-coded by log M*. The correlation coefficient between colour and the residual is shown at the bottom.



The SFR shows a strong negative correlation with the residual, consistent with Figure 2. In addition, galaxies with higher BH mass (larger Δlog M• ) tend to have smaller cold gas reservoirs (both H I and H2), but higher metallicity and redder colour at z = 0 (see also Cui et al. 2024). This indicates that star formation activity and cold gas content play a significant role in regulating the M• − M* relation. Phenomenally, large cold gas reservoirs fuel star formation, keeping galaxies blue and enabling them to have larger M* with lower residuals, i.e. lying below the relation. When cold gas is consumed, expelled, or heated, galaxies begin to quench: the growth of M* slows, galaxies tend to redden and have less cold gas and higher metallicity. This leads to increased and larger residuals, i.e. lying above the relation. Here we focus only on the effect of galaxy stellar masses on the residual, without considering variations in BH mass, which will be examined in the following section.
3.2. The relation between the residual and BH accretion
Similar to Figure 3, Figure 5 shows the correlation between the residual and BH accretion properties at z = 0, z = 1, z = 2, and z = 3. Panels from top to bottom show the BH mass attributed to torque accretion (MTorque), the torque accretion rate (ṀTorque), the BH mass attributed to Bondi accretion (MBondi), the Bondi accretion rate (ṀBondi), and the Eddington ratio (fedd), colour-coded by log M*. We show the BH accretion rate ∼0 as 10−7 at each redshift.
	[image: thumbnail]	Fig. 5. Correlations between the residual and BH properties. Panels from top to bottom show BH mass attributed to torque accretion (MTorque), the torque accretion rate (ṀTorque), BH mass attributed to Bondi accretion (MBondi), the Bondi accretion rate (ṀBondi) and the Eddington ratio (fedd), colour-coded by log M*. Red dashed lines in the bottom row indicate fedd = 0.2, where jet mode feedback is triggered. In the panels for ṀTorque, ṀBondi, and fedd, BHs with zero accretion rate are assigned a value of 10−7. Panels from left to right show these relations at z = 0, z = 1, z = 2, and z = 3, respectively. Correlation coefficients between these relations are shown at the bottom of each panel.



As expected, MTorque and MBondi correlate positively with the residual. As discussed in Section 2, torque accretion primarily drives BH growth by accreting cold gas near the BH, whereas Bondi accretion facilitates growth through the accretion of hot gas. The increasing masses associated with these accretion modes lead to the growth of BH mass and a larger residual. Residuals of galaxies with similar M* follow the same linear correlation with MTorque, unlike the relation with MBondi. This indicates that torque accretion does not significantly impede the growth of M*, suggesting that the growth of the BH and M* are synchronised during this phase. Therefore, we expect that Bondi accretion plays a more important role in increasing this scatter in SIMBA, as indicated by the stronger correlation coefficients of residuals with MBondi compared to MTorque, especially at lower redshift. However, the relation between MBondi and the residual truncates at log(MBondi/M⊙)∼5. This truncation occurs when log(M•/M⊙)∼8, where jet-mode feedback begins. This indicates that when BHs grow larger, jet-mode feedback plays a crucial role in heating cold gas, substantially enhancing the Bondi accretion rate and quenching galaxies by increasing the amount of hot gas, thereby modulating the growth of the BH and its host galaxy.
Overall, ṀTorque exhibits a negative correlation with the residual, whereas ṀBondi correlates positively. However, at z > 0, for BHs with residuals smaller than 0 (Δ < 0), ṀTorque positively correlates with the residual. In these cases, ṀTorque is relatively high, and only a small fraction of BHs have initiated Bondi accretion, so BH growth is primarily driven by torque accretion. In contrast, for BHs with residuals Δ > 0, ṀTorque is negatively correlated with the residual. In these systems, the BH has grown above the M• − M* scaling relation and Bondi accretion increases, leading to rapid BH growth as torque accretion diminishes. A positive correlation is observed between ṀBondi, the residual, and stellar mass for BHs with Δ > 0, suggesting that once Bondi accretion becomes strong, it significantly enhances the mass growth of all BHs.
The Eddington ratio, fedd, is defined as Ṁ∙/Ṁedd, where Ṁedd is proportional to the BH mass. In terms of Ṁ∙, more than 80% of BHs have fedd dominated by ṀTorque, which is also the dominant component of Ṁ∙ as seen in Figure 5. Although ṀBondi is positively correlated with the residual, fewer than 40% of BHs have ṀBondi > 0 at each redshift, and only ∼10% at z = 3. These BHs with ṀBondi > 0 are mostly hosted by the most massive galaxies at z = 0. Residuals therefore anti-correlate with fedd, similar to ṀTorque. If we naively take fedd as Ṁ∙, the negative correlation of residuals with fedd and the galaxy SFR will imply a positive correlation between Ṁ∙ and galaxy SFR, consistent with previous studies (e.g. Chen et al. 2013; Aird et al. 2019). In Figure 5, vertical red dashed lines mark fedd = 0.2, which denote the starting point of jet-mode feedback in SIMBA. Interestingly, most (∼95%) BHs enter jet-mode feedback (fedd < 0.2 and [image: equation]) after z ∼ 1, but these systems remain dominated by torque accretion, which naturally produces declining median Eddington ratios at lower redshift (Anglés-Alcázar et al. 2015). More massive BHs tend to have lower fedd. On the one hand, this potentially increases the BH mass, especially in low-mass galaxies, as suggested by Manzano-King et al. (2019), because AGN outflow is an important and potentially dominant source of feedback in low-mass galaxies, capable of suppressing stellar mass growth and thereby elevating M•. On the other hand, this does not seem to agree with AGN activity in dwarf galaxies found in observations. For example, Mezcua & Domínguez Sánchez (2024) found only ∼20 per cent of dwarf galaxies in MaNGA host AGN activity.
3.3. Indication of the M• − M* scaling relation
From Figures 2 to 5, we see that in SIMBA, the residuals correlate with both galaxy and BH properties. This is a meaningful and interesting quantity for interpreting and investigating the M• − M* relation and its evolution. Properties such as the cold gas content and BH growth may be responsible for the residuals in the M• − M* relation. From these figures, we hypothesise that galaxies have a large amount of cold gas at high redshift, fuelling star formation to grow stellar mass and maintain galaxies blue, while also providing the torque accretion required for rapid BH growth. Galaxies below the scaling relation are expected to have slightly more cold gas and lower metallicity. When BHs reach ∼108 M⊙, jet-mode AGN feedback activates. Bipolar jets eject gas particles surrounding the central BH vertically at high velocity. These gas particles will become wind particles, which first decouple from the hydrodynamic calculation in the simulation to travel almost freely for 0.0001 Hubble time (Davé et al. 2019). It then becomes a normal gas particle, entering the hydrodynamic calculations and heating up their surrounding gas particles through shock heating. This significantly reduces the total cold gas within and around galaxies (Ma et al. 2022) and further promotes BH growth through Bondi accretion. Galaxies then lose cold gas and start to quench and, as a result, the residuals begin to grow.
This coevolution process is also suggested by observations. Terrazas et al. (2016) find that quiescent galaxies host more massive BHs than star-forming galaxies with similar stellar masses at z < 0.034, i.e. quiescent galaxies have a positive residual in the M• − M* relation, where AGN feedback supresses star formation. Similarly, Martín-Navarro & Mezcua (2018) points out that BHs above the mean M• − σ scaling relations tend to reside in galaxies with lower SFR. With the advantage of simulations that allow us to track galaxy and BH evolution over time, we verify that assumption in the following sections.
4. Coevolution of BHs and galaxies
4.1. BH and galaxy coevolution
To further investigate how galaxies and BHs coevolve from high redshift to z = 0 in SIMBA, we traced the growth of BHs with [image: equation] and their host galaxies with [image: equation] at z = 0. Figure 6 shows the distributions of M• − M*, MTorque − M*, and MBondi − M*, from top to bottom. The most massive progenitor in the previous snapshot is defined as the main progenitor. Each data point in Figure 6 marks the position of a progenitor galaxy and its BH in the M• − M* relation. Thus, the growth path of each galaxy can be traced as a series of dots with the same colour, colour-coded by the residual at z = 0 (Δz = 0). We show the evolution for galaxies in different stellar mass ranges and with Δ. To calculate the median lines, we used median stellar and BH masses for each snapshot when there are at least 20 galaxies in each snapshot. When a galaxy lacks a BH, its BH mass was considered as zero, and these values were included in the calculation of the median.
	[image: thumbnail]	Fig. 6. Galaxy and BH coevolution history traced by M* and BH masses. Panels from top to bottom show the M• − M*, MTorque − M* and MBondi − M* relations as data points colour-coded by their residuals at z = 0 (Δz = 0). Columns from left to right show galaxies with stellar mass at z = 0 in the ranges 10.0 < log(M*/M⊙) < 10.5, 10.5 < log(M*/M⊙) < 11, and 11.0 < log(M*/M⊙) < 13. The galaxy number (n) in each stellar mass bin at z = 0 is given in the top-left corner. For reference, we show the scaling relation at z = 0 from Figure 2 as a black solid line. Median growth histories for galaxies with Δ > 0 and Δ < 0 are shown as red and blue solid lines, respectively, with the start redshifts of growth labelled. The separation time ZΔ,  sep of M• − M* growth histories for the Δ > 0 and Δ < 0 populations, defined as the epoch when variance between their median growth trajectories first exceeds 0.1 dex, is indicated by large black dots. The separation time ZTorque, sep between the median M• − M* and MTorque − M* is marked with filled stars: red for Δ > 0 and blue for Δ < 0. To highlight these differences, the redshifts of ZΔ,  sep and ZTorque, separe labelled in the first row, in red for Δ > 0 and blue for Δ < 0.



To identify when the M• − M* growth histories of Δ > 0 and Δ < 0 populations diverge, we defined a separation time ZΔ, sep, at which the variance between their BH masses of median growth trajectories exceeds 0.1 dex for the last time. We likewise defined the separation time ZTorque, sep, when the differences between the median growth trajectories of M• − M* and MTorque − M* exceed 0.05 dex, which is marked as filled stars. These stars mark when the total BH mass growth is no longer dominated by the torque mass.
Figure 6 does not explicitly show redshift information, that is, data points at the same position can correspond to galaxies at different redshifts. To highlight this, we include several redshifts in the plot (red for Δ > 0 and blue for Δ < 0), with the redshifts at the bottom indicating the median starting redshift of each median line. Galaxies with Δ > 0 have higher starting redshifts than those with Δ < 0 in all three stellar-mass bins. The quantity ZΔ, sep is shown in the middle of the plots in the top row, which agrees with the starting redshift difference. This indicates that the torque model is affected by the galaxy growth history, driving the first deviations in the M• − M* relation. The ZTorque, sep values are shown at the top of the first-row panels, which highlights the influences of the Bondi module on the residuals. Bondi accretion contributes much later but drives the deviations to a larger value. This plot also explains why the M• − M* relation at high redshift lies lower than at low redshift: the initial growth of BH falls below the relation at z = 0. From the perspective of the galaxy, stellar mass growth is much more efficient at high-z compared with low-z, because star formation and the amount of cold gas systematically decrease over time due to AGN feedback3. As a result, low-z galaxies are more affected by the growth of M*, and the M• − M* relation is higher at low redshift.
In all stellar-mass bins, the growth of the M• − M* relation for galaxies with either Δ > 0 or Δ < 0 almost overlaps before ZΔ, sep. Almost all data points lie in the same region without clear separation until a very late redshift. The subtle difference can only be seen through the median lines. Galaxies with Δ > 0 then have higher BH masses than those with Δ < 0. Before ZTorque, sep, the M• − M* relation closely follows the MTorque − M* growth trajectory for all galaxies. After ZTorque, sep, i.e. when z ∼ 0 and log(M•/M⊙)∼8, jet-mode AGN feedback is triggered. It expels cold gas from galaxies and heats the cold gas within them. This process rapidly promotes Bondi accretion, which applies to hot gas. The significant growth of MBondi drives the rapid growth of M•. Simultaneously, torque accretion slows, causing the separation of M• − M* and MTorque − M*. As a consequence, the M• − M* growth trajectory moves vertically towards the scaling relation at z = 0 for galaxies with log(M*/M⊙) > 10.5. Galaxies that begin Bondi accretion earlier move above the scaling relation at z = 0 and become quenched. For galaxies with log(M*/M⊙) > 11 and Δ > 0, the growth of MBondi slows as redshift approaches zero. The growth of these massive galaxies is also influenced by mergers, which further contribute to the increase in BH and stellar masses (e.g. Hirschmann et al. 2015; Habouzit et al. 2021).
4.2. Physical drivers of the residual
Figure 6 shows the general M• − M* evolution trend: BHs and galaxies simultaneously increase towards the relation at z = 0, particularly at high redshift. The plot highlights the information on the initial state, which depends on the simulation resolution and the BH seeding mass. At lower redshifts, it is unclear when BH and galaxy stellar masses stabilise, i.e. no clear evolution results in the intermediate phase of growth trajectory in Figure 6. Furthermore, distinct mass-assembly phases driven by accretion mechanisms and feedback processes are inferred only by several hypotheses. This raises the question of what factors lead to the different mass assembly phases and how these individual evolutions can be quantitatively characterised. More importantly, whether the same mass growth of BHs and galaxies drives the similarity in the M• − M* relations between different redshifts remains an open question. In the following, we investigate in more detail how BHs accumulate mass via accretion processes and mergers, and how galaxies grow through star formation and the evolution of their cold gas reservoirs over time.
Figure 7, presents the growth history of BHs and galaxies in different stellar-mass ranges and Δ. The top row shows the median evolution of M•, and the mass fractions of torque accretion (fTorque = MTorque/M•), Bondi accretion (fBondi = MBondi/M•), and BH mergers (fMerge = MMerge/M•). The bottom row shows the evolution of M*, [image: equation], MH2, and SFR. We also marked ZΔ,  sep and ZTorque, sep in the panels.
	[image: thumbnail]	Fig. 7. Median growth histories for different galaxy quantities. The top row shows the evolution of M•, fTorque, fBondi, and fMerge with time from left to right. The bottom row shows the evolution of M*, [image: equation], MH2, and SFR with time from left to right. Galaxies with stellar masse ranges 10.0 < log(M*/M⊙) < 10.5, 10.5 < log(M*/M⊙) < 11, and 11.0 < log(M*/M⊙) < 13 are shown as navy, cyan, and yellow lines, respectively. Galaxies with Δ > 0 and Δ < 0 are represented by thick and thin lines, respectively. The separation times ZΔ,  sep (for theM• − M* relation between Δ > 0 and Δ < 0) and ZTorque, sep (for the M• − M* and MTorque − M* relation; see the description in Figure 6) are indicated as filled circles and stars for Δ > 0, and by open symbols for Δ < 0.



Figure 7 shows that BHs with Δ > 0 begin their growth earlier than those with Δ < 0. This also applies to their host galaxies, owing to the seeding scheme in SIMBA in which BHs are seeded based on the host galaxy mass. Consequently, earlier-forming galaxies will have BH seeded earlier. For BHs in galaxies with log(M*/M⊙) < 11, torque accretion (fTorque) dominates the growth of BH mass, contributing a larger fraction than Bondi accretion (fBondi) or mergers (fMerge). Specifically, BHs in galaxies with 10 < log(M*/M⊙) < 10.5 and Δ < 0 rely almost entirely on torque accretion. With time, the relative contribution of torque accretion diminishes, while Bondi accretion and mergers become increasingly significant. In the most massive systems (11 < log(M*/M⊙) < 13), Bondi accretion and mergers surpass the contribution from torque accretion and dominate BH growth at z = 0. For BHs with Δ > 0, merger contribution tends to become more significant slightly later than Bondi accretion.
On the galaxy side (Figure 7, bottom panels), stellar mass growth is primarily driven by star formation from cold gas reservoirs (MH I and MH2). In the early Universe, rapid M* growth is due to the large amount of cold gas and high SFRs. In Figure 6, galaxies with Δ > 0 and Δ < 0 share similar M• − M* growth trajectories before ZΔ,  sep, which corresponds to the epoch when MH I peaks (the second panel in the bottom row of Figure 7). Subsequently, in galaxies with log(M*/M⊙) < 11, those with Δ > 0 experience a faster decline in MH I after reaching the peak, slowing torque accretion and the growth of M* earlier compared to those with Δ < 0. For the most massive galaxies (11 < log(M*/M⊙) < 13), the differences between Δ > 0 and Δ < 0 become smaller: they exhibit similar MH I, undergo substantial mergers, and their M• − M* growth histories show little variation, consistent with what is shown in Figure 6. H I is located on the outskirts of galaxies, acting as the supply of H2 and revealing the total cold gas reservoir of galaxies (e.g. Wong & Blitz 2002; Kennicutt et al. 2007; Bigiel et al. 2008). As SIMBA uses an H2-based star formation model, SFR evolution closely follows H2 mass evolution (bottom-right panel). The longer and higher SFR in these Δ < 0 galaxies yield higher stellar masses at z = 0, and their BHs remain less massive than those galaxies of the same M* with Δ > 0. We also find that galaxies with Δ > 0 occupy denser environments than those with Δ < 0 after ZΔ,  sep, which would deplete their H I more quickly. For the underlying physical mechanism behind this rapid H I depletion, we propose two main causes: (1) environmental effects such as ram pressure stripping or tidal events (e.g. Brown et al. 2017; Cortese et al. 2021; Wang et al. 2021b, 2022), or (2) earlier, and thus longer AGN feedback heating the gas and reducing the H I mass (discussed further below).
Before ZTorque, sep, H2, and SFR increase continuously, ensuring that torque accretion remains dominant and that growth of M• − M* and MTorque − M* remains consistent, as shown in Figure 6. When cold gas reservoirs and SFRs peak, that is, after ZTorque, sep, BH masses have already reached 108 M⊙. At this point, jet mode feedback is triggered, ejecting cold gas and increasing the density of hot gas within subhaloes. The reduced cold gas suppresses torque accretion and star formation, gradually quenching galaxies. Meanwhile, BH growth begins to increase by Bondi accretion. At this stage, the growth trajectories of M• − M* and MTorque − M* diverge (as indicated by star symbols in Figure 6). In galaxies with Δ > 0, BHs experience more significant and earlier Bondi accretion, along with more mergers, leading to overmassive BHs. In the most massive galaxies, BH mergers contribute comparably to Bondi accretion at z = 0. Both contributions decrease with galaxy stellar mass, with the BH mass in low-mass galaxies still dominated by torque accretion. Meanwhile, galaxies that host undermassive BHs (Δ < 0) experience a longer period of star formation, which declines slowly, delaying the cessation of M* growth to a later stage compared to galaxies with overmassive BHs. This behaviour occurs despite galaxies have similar SFRs in the early Universe, which has also been reported in Martín-Navarro et al. (2018) and suggested in Cui et al. (2021).
Most galaxies with Δ > 0 begin their growth earlier than those with Δ < 0, as indicated by the redshifts at the bottom of each panel in Figure 6. This provides Δ > 0 galaxies with more time to form stars and accumulate torque and Bondi accretion, allowing their BHs to grow more significantly than in the Δ < 0 population and therefore produces a larger residual. The different residuals of galaxies are partially attributed to differences in the times of galaxy formation. To quantify the relation between growth time and residual, we fit the galaxy formation history as an error function and defined the transition time (ZG, tran) for each galaxy following Eq. 1 of Cui et al. (2021). This is the redshift when the growth slope is less than 0.1, i.e.
[image: thumbnail](3)
Unsurprisingly, this ZG, tran aligns with ZTorque, sep (Figure 7). We also consider the observable mass-weighted galaxy age, which is closely connected to the galaxy transition time. For consistency, the galaxy mass-weighted age is converted to the redshift through the Universe’s look-back time. With this quantity, which can be measured observationally, the SIMBA model of M• − M* coevolution can be verified against observational results.
Figure 8 shows the correlations between the residuals Δ and the redshift when BHs seeded (ZBH, seed), galaxy transition time (ZG, tran), and galaxy age (for uniformity, we converted the galaxy age to the redshift when they formed, ZG, form). The same three galaxy stellar mass bins (10.0 < log(M*/M⊙) < 10.5, 10.5 < log(M*/M⊙) < 11, and 11.0 < log(M*/M⊙) < 13) are presented. To highlight the significance, we also include the correlation coefficient between Δ and these quantities for each mass bin. The positive correlations between Δ and the three quantities confirm our earlier claims regarding why some galaxies host low-mass BHs while others can nurture massive BHs.
	[image: thumbnail]	Fig. 8. Relation between residuals and the redshifts of BH seeding (ZBH,  seed, left panel), galaxy transition (ZG,  tran, middle panel), and galaxy formation (ZG,  form, right panel). Galaxies with stellar mass ranges 10.0 < log(M*/M⊙) < 10.5, 10.5 < log(M*/M⊙) < 11, and 11.0 < log(M*/M⊙) < 13 are shown as navy, cyan, and yellow lines, respectively, with errors estimated from the 16th to 84th percentile ranges. Correlation coefficients for each stellar mass bin are shown in each panel in the corresponding colours.



However, the correlation between residuals and ZBH, seed appears saturated when ZBH, seed is high and Δ > 0.2. The correlation curve plateaus at slightly different redshifts for different mass bins, being somewhat higher for the more massive bins. This implies two things: (1) there may be a maximum BH mass of the galaxy at a given mass, which cannot be exceeded, even if it is seeded at the highest possible redshift. Because the BH mass residual is anti-correlated with the galaxy SFR, these galaxies with high ZBH, seed are formed considerably earlier and are quenched earlier. After quenching, both the galaxy stellar mass and the BH mass almost halt, as shown in the left panels of Figure 7. (2) The plateau also indicates that above a certain ZBH, seed, even early-formed galaxies will not push the BH mass even higher. This implies that the coevolution between the BH and galaxy after quenching becomes self-similar: either both the BH and the galaxy masses stop growing entirely, or they both increase along the M• − M* relation.
The effects of BH seeding mass, particularly on the scatter of the M• − M*, are presented in several studies (e.g. Habouzit et al. 2021; Zhu & Springel 2025). As noted in Habouzit et al. (2021), the BH seeding mass should affect these simulations with only the Bondi accretion model ([image: equation] more than SIMBA, where the torque accretion only weakly depends on the BH mass as the form of [image: equation] (Anglés-Alcázar et al. 2013, 2015)). This is consistent with our result that the final BH mass is related to the BH seeding time, not the seeding mass. Furthermore, we show that the scatter arises from both accretion models, with the Bondi model, as well as mergers, contributing more strongly for massive galaxies at low redshift (see e.g. Zou et al. 2024).
Since BH seeding in SIMBA is based on the galaxy stellar mass, an early BH seeding time corresponds to an early-formed galaxy and, as such, a higher galaxy transition redshift. Following Cui et al. (2021), at the same stellar mass, galaxies with higher transition redshift tend to reside in late-forming haloes, i.e. smaller haloes at high redshift. This facilitates faster consumption of cold gas, transferring the BH accretion to Bondi mode. Higher BH mass at the galaxy transition time and an extended Bondi accretion period further increase the BH mass, resulting in positive residuals. The relation between Bondi accretion and BH mergers can be viewed as mutually reinforcing; for example, Bhowmick et al. (2020) suggested that merging BHs tend to have high Eddington ratios, indicating elevated BH accretion rates.
These assumptions are supported by the previous figures. However, to confirm this observationally, we need to connect these results to observable quantities. Given that early transition times lead to red galaxies (Cui et al. 2021), it is not surprising to see the positive correlation between Δ and ZG, form. This allows our theoretical predictions to be tested with observational data. As suggested by Habouzit et al. (2022), the BH mass offsets of the simulated faint quasar population at z ≥ 4 represent the offsets of the entire BH population across all simulations, which can be used to present the entire BH offsets.
5. Discussion
5.1. Scatter and residuals
In observations, the scatter in the M* − M• relation is often related to observation uncertainties, systematics, and quantity-derivation methods. Observations generally report a scatter larger than 0.5 dex, (see Graham 2012; Davis et al. 2018; Baron & Ménard 2019; Li et al. 2023, for example), while the scatter from simulations is typically smaller than 1 dex (Habouzit et al. 2021; Zhu & Springel 2025). On the one hand, simulations probe the intrinsic scatter, which is expected to be smaller than in observations; on the other hand, this could be related to the lack of stochasticity in the galaxy-BH subgrid. Zhu & Springel (2025) found that the scatter in low-mass galaxies can be significantly reduced by AGN feedback, while at the high-mass end, it is decreased by the hierarchical merging of quenched systems. This was also found by Hirschmann et al. (2010), who showed that the intrinsic scatter of the M• − Mbulge relation decreases with an increasing number of mergers and, consequently, with time. However, these scatter studies can only reflect certain systematics, making it difficult to extract useful information on the BH-galaxy relation. Unlike scatter, which only quantifies standard deviations, the residual can be directly linked to differences in BH mass growth, allowing us to ask why some BHs accrete more mass than others at the same M*
It is well known from observation that the M• − M* relation has different slopes depending on the galaxy types used for the fitting function (e.g. Davis et al. 2019; Graham & Sahu 2023, for more recent results). Shankar et al. (2025) report that the correlation between the residuals of the BH scaling relations (M• − Mbulge, M• − σ) may result from kinetic AGN feedback. However, increasing the kinetic output of AGN feedback does not improve alignment with observational data. Marasco et al. (2021) investigated the residuals in the galaxy global star formation efficiency f* − M• relation versus those in the M• − Mhalo relation, finding that galaxies in lighter haloes have larger f* at the same M•. Although this is not directly presented in our study, it qualitatively agrees when combining the findings of Cui et al. (2021), which indicated that blue galaxies generally inhabit lower-mass haloes, with the results shown in Figure 2, which demonstrate that massive galaxies are more likely to be star-forming at a fixed BH mass. In addition, combining the results from Cui et al. (2021), we expect that low-mass BHs tend to reside in low-mass haloes at the same galaxy stellar mass4. This theoretically explains why the M• − Mhalo relation is also very tight. Nevertheless, directly linking this residual to galaxy properties provides a novel insight into BH growth and how it connects with galaxy evolution. Furthermore, the BH mass residuals computed for the entire BH population are crucial to understand the build-up of BHs (Habouzit et al. 2022), which we discuss in the next subsection.
5.2. Coevolution from the perspective of residuals
Li et al. (2024) separate BH growth in the TNG simulation into four distinct phases. Their Figure 2 shows minimal differences in the cumulative distributions between phase one (star formation, BH seed dominates) and phase two (rapid SMBH growth), as well as between phase three (self-regulation and galaxy quenching) and phase four (mergers). A similar feature can also be found in SIMBA, but for simplicity, we merged the two initial phases as the torque growth stage and the last phases into a Bondi and merger stage, following the approach of Mo et al. (2024) (see also Boco et al. 2023). The first stage is dominated by torque accretion. Early in galaxy formation, the amount of cold gas rapidly increases, which can supply star formation and rapid BH growth via torque accretion. During this phase, earlier-forming galaxies have more cold gas in the early Universe, growing M* and M• faster, leading to higher stellar and BH masses relative to those galaxies formed later after ZΔ,  sep. The second stage begins at ZTorque, sep. Once the BH mass increases to ∼108 M⊙, jet-mode feedback starts, rapidly depleting and heating the cold gas. The BH growth supplied by torque accretion slows and begins to be dominated by Bondi accretion. The growth trajectories of M• − M* and MTorque − M* separate, H I is consumed, and both H2 and SFR begin to decrease. Galaxies experience a deceleration in M* growth and initiate quenching. Black holes seeded later result in a slower decline of cold gas and SFR, allowing for a longer period of star formation and a smaller fraction of Bondi accretion, maintaining Δ < 0. Furthermore, the evolution of neutral hydrogen gas mass (including both H2 and H I) with SFR in massive central disk galaxies is suggested as a critical constraint of BH feedback models across several simulations (Shi et al. 2022).
6. Conclusions
This work uses the SIMBA simulation (Davé et al. 2019) to extend the studies of Thomas et al. (2019) by providing a detailed analysis of the residuals in the M• − M* relation. Thanks to its BH accretion and AGN feedback models, the SIMBA simulation successfully reproduces the observed M• − M* relations. Our analysis focuses on galaxies that are well resolved in SIMBA, with [image: equation] and [image: equation]. Our main findings are as follows.

	
The SIMBA simulation reproduces the observed M• − M* relations from Kormendy & Ho (2013). There is little difference between the satellite and central galaxies for this relation. The evolution of the M• − M* relation is weak from z = 0 to z = 3 in SIMBA, with a slight increase in normalisation.



	
Residuals, defined as the relative difference between the galaxy M• and the M• − M* relation, are correlated with several galaxy and BH properties. Specifically, residuals are anti-correlated with the galaxy SFR, H2, H I masses, BH ṀTorque, and fedd, while positively correlated with galaxy metallicity, colour, BH MTorque, MBondi, and ṀBondi. These correlations indicate that residuals are a meaningful indicator of BH-galaxy coevolution rather than random noise.



	
We investigated the drivers of residuals by tracing BH and galaxy growth. We defined the separation time, ZΔ,  sep, when the M• − M* growth trajectories of galaxies with Δ > 0 and Δ < 0 separate, and ZTorque, sep, when the BH mass deviates from the torque mass. We find that ZΔ, sep correlates with the time when MH I peaks. After ZΔ, sep, galaxies with Δ > 0 experience a faster decline in MH I than those with Δ < 0, resulting in a decrease in the total cold gas content and the M* growth. The ZTorque, sep is related to the epoch when the SFR and MH2 reach their peaks. At this time, M• reaches ∼108 M⊙, jet-mode AGN feedback is activated, and the amount of cold gas decreases, gradually suppressing torque accretion, quenching galaxies, and promoting Bondi accretion, which leads to the separation of M• − M* and MTorque − M*. Subsequently, BH growth is dominated by Bondi accretion and mergers. As galaxies cease stellar mass growth after quenching, the relation begins to grow vertically.



	
Our results reveal that the BH-galaxy growth history in SIMBA consists of two stages. The first stage is dominated by torque accretion. The amount of cold gas rapidly increases, fuelling star formation and rapid BH growth through torque accretion. The second stage begins at ZTorque, sep, when torque-driven BH growth slows and begins to be dominated by Bondi accretion, which is caused by jet-mode AGN feedback.



	
Residuals are also partially attributed to differences in ZG, tran, ZG, form, and ZBH, seed. Earlier-forming galaxies tend to host massive BHs and quench earlier. These galaxies that formed stars earlier accumulated greater torque mass, owing to the abundance of cold gas, and gained more Bondi mass (including merged mass) because of a longer period of accretion. Consequently, their BH masses are higher than those of galaxies that formed later, leading to positive residuals.




As our results are specific to the SIMBA simulation, it would be interesting to verify them using other simulations with different baryon models. Furthermore, it remains to be seen whether observational results agree with the SIMBA predicted correlations between BH residuals and the colours or ages of their host galaxies. Although the BH mass estimated from observations is highly uncertain and relies on various assumptions, the residuals, being relative differences, should be free of these systematics and assumptions. Therefore, residual measurements provide a more robust probe of BH-galaxy coevolution if proved to be true. Finally, we find no clear differences at the galaxy cluster scale, M* ≳ 1012, likely due to the limited number statistics. We are currently investigating this relation in more detail using galaxy clusters from The Three Hundred project (Cui et al. 2018, 2022), focusing on residual correlations with galaxy cluster properties.


1 http://caesar.readthedocs.org/


2 SFR is an instantaneous value, while colour requires longer time to become distinctive; see the discussions in the supplement of Cui et al. (2021)


3 The AGN feedback in SIMBA can affect the gas properties far outside of the halo; see Yang et al. (2024) for further discussion.


4 Note that we further directly verified this with the simulation data.
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All Figures
	[image: thumbnail]	Fig. 1. Scaling relation between M• and M* for central and satellite galaxies, shown as red and cyan dots, respectively. The best-fit power-law relations for central (red line) and satellite galaxies (blue line) are compared to the observational results from Kormendy & Ho (2013) (KH2013, dashed black line), and the best-fit parameters are given in the lower-right legend. The plot highlights the very small discrepancy between central and satellite galaxies and the observed relation.
In the text



	[image: thumbnail]	Fig. 2. Scaling relation between M• − M* for galaxies at z = 0, z = 1, z = 2, and z = 3, shown from left to right, colour-coded by log SFR. The median M• value in each M* bin is shown as black dots. The black lines represent the best-fit relation to these median values and are used as the median M• − M* scaling relation when calculating residuals. The best-fit parameters are presented in the legend at the bottom. Galaxies with lower SFR at a given M* tend to host more massive BHs.
In the text



	[image: thumbnail]	Fig. 3. Correlations between residuals and galaxy properties. Panels from top to bottom show galaxy SFR, H I mass ([image: equation]), H2 mass (MH2), and metallicity (Z), colour-coded by their stellar mass (log M*). Panels from left to right show these relations at z = 0, z = 1, z = 2, and z = 3. The correlation coefficients for these relations are shown at the bottom of each panel.
In the text



	[image: thumbnail]	Fig. 4. Correlation between residual and galaxy colour g − r at z = 0, colour-coded by log M*. The correlation coefficient between colour and the residual is shown at the bottom.
In the text



	[image: thumbnail]	Fig. 5. Correlations between the residual and BH properties. Panels from top to bottom show BH mass attributed to torque accretion (MTorque), the torque accretion rate (ṀTorque), BH mass attributed to Bondi accretion (MBondi), the Bondi accretion rate (ṀBondi) and the Eddington ratio (fedd), colour-coded by log M*. Red dashed lines in the bottom row indicate fedd = 0.2, where jet mode feedback is triggered. In the panels for ṀTorque, ṀBondi, and fedd, BHs with zero accretion rate are assigned a value of 10−7. Panels from left to right show these relations at z = 0, z = 1, z = 2, and z = 3, respectively. Correlation coefficients between these relations are shown at the bottom of each panel.
In the text



	[image: thumbnail]	Fig. 6. Galaxy and BH coevolution history traced by M* and BH masses. Panels from top to bottom show the M• − M*, MTorque − M* and MBondi − M* relations as data points colour-coded by their residuals at z = 0 (Δz = 0). Columns from left to right show galaxies with stellar mass at z = 0 in the ranges 10.0 < log(M*/M⊙) < 10.5, 10.5 < log(M*/M⊙) < 11, and 11.0 < log(M*/M⊙) < 13. The galaxy number (n) in each stellar mass bin at z = 0 is given in the top-left corner. For reference, we show the scaling relation at z = 0 from Figure 2 as a black solid line. Median growth histories for galaxies with Δ > 0 and Δ < 0 are shown as red and blue solid lines, respectively, with the start redshifts of growth labelled. The separation time ZΔ,  sep of M• − M* growth histories for the Δ > 0 and Δ < 0 populations, defined as the epoch when variance between their median growth trajectories first exceeds 0.1 dex, is indicated by large black dots. The separation time ZTorque, sep between the median M• − M* and MTorque − M* is marked with filled stars: red for Δ > 0 and blue for Δ < 0. To highlight these differences, the redshifts of ZΔ,  sep and ZTorque, separe labelled in the first row, in red for Δ > 0 and blue for Δ < 0.
In the text



	[image: thumbnail]	Fig. 7. Median growth histories for different galaxy quantities. The top row shows the evolution of M•, fTorque, fBondi, and fMerge with time from left to right. The bottom row shows the evolution of M*, [image: equation], MH2, and SFR with time from left to right. Galaxies with stellar masse ranges 10.0 < log(M*/M⊙) < 10.5, 10.5 < log(M*/M⊙) < 11, and 11.0 < log(M*/M⊙) < 13 are shown as navy, cyan, and yellow lines, respectively. Galaxies with Δ > 0 and Δ < 0 are represented by thick and thin lines, respectively. The separation times ZΔ,  sep (for theM• − M* relation between Δ > 0 and Δ < 0) and ZTorque, sep (for the M• − M* and MTorque − M* relation; see the description in Figure 6) are indicated as filled circles and stars for Δ > 0, and by open symbols for Δ < 0.
In the text



	[image: thumbnail]	Fig. 8. Relation between residuals and the redshifts of BH seeding (ZBH,  seed, left panel), galaxy transition (ZG,  tran, middle panel), and galaxy formation (ZG,  form, right panel). Galaxies with stellar mass ranges 10.0 < log(M*/M⊙) < 10.5, 10.5 < log(M*/M⊙) < 11, and 11.0 < log(M*/M⊙) < 13 are shown as navy, cyan, and yellow lines, respectively, with errors estimated from the 16th to 84th percentile ranges. Correlation coefficients for each stellar mass bin are shown in each panel in the corresponding colours.
In the text
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        Scaling relation between M• − M* for galaxies at z = 0, z = 1, z = 2, and z = 3, shown from left to right, colour-coded by log SFR. The median M• value in each M* bin is shown as black dots. The black lines represent the best-fit relation to these median values and are used as the median M• − M* scaling relation when calculating residuals. The best-fit parameters are presented in the legend at the bottom. Galaxies with lower SFR at a given M* tend to host more massive BHs.
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        Correlations between residuals and galaxy properties. Panels from top to bottom show galaxy SFR, H I mass ([image: equation]), H2 mass (MH2), and metallicity (Z), colour-coded by their stellar mass (log M*). Panels from left to right show these relations at z = 0, z = 1, z = 2, and z = 3. The correlation coefficients for these relations are shown at the bottom of each panel.
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        Correlations between the residual and BH properties. Panels from top to bottom show BH mass attributed to torque accretion (MTorque), the torque accretion rate (ṀTorque), BH mass attributed to Bondi accretion (MBondi), the Bondi accretion rate (ṀBondi) and the Eddington ratio (fedd), colour-coded by log M*. Red dashed lines in the bottom row indicate fedd = 0.2, where jet mode feedback is triggered. In the panels for ṀTorque, ṀBondi, and fedd, BHs with zero accretion rate are assigned a value of 10−7. Panels from left to right show these relations at z = 0, z = 1, z = 2, and z = 3, respectively. Correlation coefficients between these relations are shown at the bottom of each panel.
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        Median growth histories for different galaxy quantities. The top row shows the evolution of M•, fTorque, fBondi, and fMerge with time from left to right. The bottom row shows the evolution of M*, [image: equation], MH2, and SFR with time from left to right. Galaxies with stellar masse ranges 10.0 < log(M*/M⊙) < 10.5, 10.5 < log(M*/M⊙) < 11, and 11.0 < log(M*/M⊙) < 13 are shown as navy, cyan, and yellow lines, respectively. Galaxies with Δ > 0 and Δ < 0 are represented by thick and thin lines, respectively. The separation times ZΔ,  sep (for theM• − M* relation between Δ > 0 and Δ < 0) and ZTorque, sep (for the M• − M* and MTorque − M* relation; see the description in Figure 6) are indicated as filled circles and stars for Δ > 0, and by open symbols for Δ < 0.
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