
MNRAS 546, 1–8 (2026) ht tps://doi.org/10.1093/mnr as/stag110 
A dvance A ccess publication 2026 J anuary 16 

Gravitational potential drives the concentration dependence of the 

stellar mass–halo mass relation 

Kai Wang , 1 , 2 ‹ Joop Schaye , 3 Alejandro Benítez-Llamba y , 4 E vgenii Chaikin , 3 Carlos 
S. Frenk , 1 Filip Huško , 3 Robert J. McGibbon , 3 Sylvia Ploeckinger , 5 Alexander J. Richings , 6 , 7 
Matthieu Schaller 3 , 8 and James W. Trayford 

9 

1 Institute for Computational Cosmology, Department of Physics, Durham University, South Road, Durham DH1 3LE, UK 

2 Centre for Extragalactic Astronomy, Department of Physics, Durham University, South Road, Durham DH1 3LE, UK 

3 Leiden Observatory, Leiden University, PO Box 9513, NL-2300 RA Leiden, the Netherlands 
4 Dipartimento di Fisica G. Occhialini, Università degli Studi di Milano Bicocca, Piazza della Scienza, 3 I-20126 Milano MI, Italy 
5 Department of Astrophysics, University of Vienna, Türkenschanzstrasse 17, 1180 Vienna, Austria 
6 Centre for Data Science, Artificial Intelligence and Modelling, University of Hull, Cottingham Road, Hull HU6 7RX, UK 

7 E. A. Milne Centre for Astrophysics, University of Hull, Cottingham Road, Hull HU6 7RX, UK 

8 Lorentz Institute for Theoretical Physics, Leiden University, PO Box 9506, 2300 RA Leiden, the Netherlands 
9 Institute of Cosmology and Gravitation, University of Portsmouth, Dennis Sciama Building, Burnaby Road, Portsmouth PO1 3FX, UK 

Accepted 2026 January 14. Received 2026 January 9; in original form 2025 November 25 

A B S T R A C T 

We inv estigat e the origin of the scatter in the stellar mass–halo mass (SMHM) relation using the colibre cosmological 
hydr odynamical simulations. At fix ed halo mass, w e find a clear positiv e correlation betw een st ellar mass and halo 

concentr ation, particularly in low -mass haloes between 10 

11 and 10 

12 M �, where all halo pr operties ar e computed fr om the 
corresponding dark-matter-only simulation. Two scenarios have been proposed to explain this trend: the earlier formation 

of higher-concentration haloes allows more time for star formation, or the deeper gravitational potential wells of higher- 
concentration haloes enhance baryon retention. To distinguish between them, we examine correlations between halo 

concentration, stellar mass, stellar age, and stellar metallicity. While, at fixed halo mass, halo concentration correlates 
with stellar age, stellar age itself shows only a weak correlation with stellar mass, indicating that early formation alone 
cannot account for the concentration-dependence in the scatter of the SMHM relation. In contrast, both stellar metallicity 

and halo concentration exhibit correlations with stellar mass. The connection between halo concentration and stellar 
metallicity persists even when simultaneously controlling for both halo mass and stellar mass. These results support the 
scenario in which the deeper gravitational potentials in higher-concentration haloes suppress feedback-driven outflows, 
thereby enhancing both baryon and metal retention. 

Key words: methods: statistical – galaxies: evolution – galaxies: formation – galaxies: groups: general – dark matter. 
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 INTRODUCTION  

he connection between galaxies and their host dark matter 
aloes is a cornerstone of modern galaxy formation theory. In 

he lambda cold dark matter ( �CDM) cosmological framework, 
alaxies form through the condensation of baryons within grav- 
tational pot ential w ells of dark matt er haloes (S. D. M. White &
. S. Frenk 1991 ), whose assembly is governed by hierarchical 
r owth. A central empirical r elation that encodes this connection 

s the stellar mass–halo mass (SMHM) relation, which captures 
he efficiency with which haloes convert baryons into stars (e.g. 
. Yang, H. J. Mo & F. C. van den Bosch 2003 ; V. R. Eke et al.
004 ; B. P. Moster et al. 2010 ; R. H. Wechsler & J. L. Tinker 2018 ;
 E-mail: wkcosmology@gmail.com 

W  

a
R

The Author(s) 2026. 
ublished by Oxford University Press on behalf of R oy al Astronomical Society.
reative Commons A t tribution License ( https://creativecommons.org/licenses
 epr oduction in any medium, provided the original work is properly cited. 
. Behroozi et al. 2019 ). While the SMHM relation is relatively
ight on average, significant intrinsic scatter persists at fixed halo 

ass in both observations (e.g. S. More, F. C. van den Bosch &
. Cacciato 2009 ; X. Yang, H. J. Mo & F. C. van den Bosch 2009 ;

. Zu & R. Mandelbaum 2015 ; A. V. Kravtsov, A. A. Vikhlinin
 A. V. Meshcheryakov 2018 ; L. Scholz-Díaz et al. 2022 , 2024 )

nd simulations (e.g. M. Gu , C. Conroy & P. Behroozi 2016 ; J.
atthee et al. 2017 ; R. Tojeiro et al. 2017 ; M. C. Artale et al.

018 ; C. A. Correa & J. Schaye 2020 ; C. Lyu et al. 2023 ; W. Pei
t al. 2024 ). Understanding the origin of this scatter is crucial for
nderstanding the connection between halo assembly and galaxy 

ormation (e.g. R. Mandelbaum et al. 2006 ; L. Wang, G. De Lucia
 S. M. Weinmann 2013 ; W. Cui et al. 2021 ; Y. Zu et al. 2021 ; K.
ang et al. 2023a ; K. Wang & Y. Peng 2025 ; D. Zhao et al. 2025 ),

nd for developing empirical models for galaxy formation (e.g. 
. M. Reddick et al. 2013 ; I. Zehavi et al. 2018 , 2019 ). 
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Previous simulation-based studies hav e highlight ed the role
f secondary halo properties – such as concentration, forma-
ion time, spin, and envir onment – in shaping the g alaxy–halo
onnection beyond halo mass (e.g. J. Matthee et al. 2017 ; R. H.
echsler & J. L. Tinker 2018 ; S. Bose et al. 2019 ; A. Kulier et

l. 2019 ; I. Zehavi et al. 2019 ; C. Bradshaw et al. 2020 ; D. Martizzi
t al. 2020 ; A. D. Montero-Dorta et al. 2020 ). Among these, halo
oncentr ation, or equiv alently the maximum circular velocity,
hich can be computed directly from halo mass and concentra-

ion, has emerged as a r elatively str ong corr elate: at fix ed halo
ass, haloes with higher concentration tend to host central galax-

es with larger stellar masses. This trend is found in empirical
odels (e.g. C. Bradshaw et al. 2020 ), semi-analytical models

e.g . R. Tojeir o et al. 2017 ; I. Zehavi et al. 2019 ; W. Pei et al. 2024 ),
ydrodynamical simulations (e.g. J. Matthee et al. 2017 ; M. C.
rtale et al. 2018 ; S. Bose et al. 2019 ; D. Martizzi et al. 2020 ; W.
ei et al. 2024 ), and observations (e.g. P. E. Mancera Piña et al.
022 ). How ev er, the physical origin of this dependence remains
ncertain. 
J. Matthee et al. ( 2017 ) proposed two broad, physically mo-

ivat ed hypotheses t o explain the concentration dependence of 
tellar mass at fixed halo mass. The first links concentration to
alo formation history: haloes that assemble earlier t end t o be
or e concentrated (e.g . J. F. N avarr o, C. S. Fr enk & S. D. M.
hite 1997; R. H. Wechsler et al. 2002; D. H. Zhao et al. 2009;
. D. Ludlow et al. 2014; C. A. Correa et al. 2015 ), and may thus
ave had more time to form stars. In this scenario, stellar mass
ifferences at fixed halo mass arise primarily from temporal ef-
ects, with earlier-forming haloes building more massive galaxies
ue to their mor e e xtended star formation histories. The second
ypothesis emphasizes gravitational potential depth: at fixed halo
ass, more concentrated haloes have deeper gravitational poten-

ials, which can reduce the ability of stellar feedback to eject gas.
his mechanism leads to more efficient gas retention and thus
igher stellar mass. 
Disentangling these two explanations is challenging. While

alo formation time and gravitational potential depth are corre-
ated, they are not completely degenerate, and their respective
mprints on galaxy properties may differ in subtle but measurable
ays. For example, one might expect the formation-time-driven

cenario to imprint differences in stellar ages, whereas feedback-
 egulated gr owth may mor e dir ectly influence stellar metallic-
ty thr ough differ ences in g as r etention and r ecycling (e.g . Y.-J.
eng & R. Maiolino 2014 ; K. Wang 2025 ). 
Here we investigate the origin of the concentration dependence

f the SMHM relation using the new colibre cosmological h y -
rodynamical simulation suite (E. Chaikin et al. 2025a ; J. Schaye
t al. 2025 ). We focus on central galaxies at z = 0 , and examine
ow galaxy stellar mass correlates with halo concentration, stellar
ge, and stellar metallicity at fixed halo mass. By comparing the
 elative str ength of these correlations, we aim to assess whether
he primary driver of the SMHM scatter is the difference in the
alo formation time or the gravitational potential depth. This
ppr oach pr ovides a physically motivated diagnostic of the two
roposed mechanisms and offers a clear picture of how galaxy
ormation efficiency is modulated by halo structure. 

The remainder of this paper is organized as follows. Section 2
escribes the colibre simulations, the sample selection, and the
hysical quantities used in our analysis. In Section 3 , we examine
he correlation between stellar mass and halo concentration and
ts connection t o st ellar age and stellar metallicity, from which
e can interpret these trends in the context of the proposed
NRAS 546, 1–8 (2026) 
cenarios. Section 4 presents the summary of our conclusions.
e assume the same �CDM cosmology as colibre , which is

ased on the DES Y3 results (T. M. C. Abbott et al. 2022 ), where
 = 0 . 681 , �m 

= 0 . 306 , �b = 0 . 0486 , �� = 0 . 693922 . 

 S I M U L AT I O N S  

his study is based on the colibre simulation suite, which con-
ists of a set of hydrodynamical simulations and their corre-
ponding dark-matter-only (DMO) counterparts with different
ox sizes and resolutions (E. Chaikin et al. 2025a ; J. Schaye et al.
025 ). The colibre simulations were run with the swift code
M. Schaller et al. 2024 ) with significant improv ements t o all
ubgrid prescriptions. The most important new features include
llowing radiative cooling below 10 4 K (S. Ploeckinger et al. 2025 ),
tar formation with a gravitational instability criterion (F. S. J.
 obels et al. 2024 ), impr oved chemical enrichment (C. Correa,

. Schaye & E. E. A. Chaikin 2025 ), simulating the growth and
omposition of dust grains with coupling to self-shielding and
olecules (J. W. Trayford et al. 2025 ), modelling pre-supernova

tellar feedback (A. Benítez-Llambay et al. 2025 ), and improving
he sampling of supernova and active galactic nucleus (AGN)
eedback (E. Chaikin et al. 2023 ; J. Schaye et al. 2025 ). Most of 
he simulations have two flavours of AGN feedback: one ther-

ally driven AGN feedback (C. M. Booth & J. Schaye 2009 ), and
ne hybrid thermally driven/kinetic jet-driven AGN feedback (F.
uško et al. 2025 ). Spurious transfer of energy from dark matter

 o bary ons is suppr essed by using four times mor e dark matter
articles than baryonic particles (A. D. Ludlow et al. 2023 ). 
All colibre simulations are calibrated to match the observed

 ≈ 0 galaxy stellar mass function, stellar mass–size relation, and
tellar mass–black hole mass relation (E. Chaikin et al. 2025a ).
olibre r epr oduces other pr operties and scaling r elations that
re not used in calibration, including the stellar and gas-phase
etallicity relations, cosmic star formation history, galaxy quies-

ent fraction, atomic and molecular gas mass, X-ray luminosity
r om the cir cumg alactic medium (J. Schaye et al. 2025 ), and the
volution of the galaxy stellar mass function from z > 10 to z = 0
E. Chaikin et al. 2025b ). 

Here we focus on the L200m6 simulation with thermally
riven AGN feedback, which has a cubic length of 200 comoving
pc. The masses of dark matter particles and baryonic parti-

les are 2 . 42 × 10 6 M � and 1 . 84 × 10 6 M �, respectively. Haloes
re identified using the F riends-of-F riends (FoF) algorithm, and
ubhaloes are identified and tracked using the HBT-HERONS
ethod (V. J. For ouhar Mor eno et al. 2025 ). Halo and galaxy

r operties ar e calculated using the SOAP pipeline (R. McGibbon
t al. 2025 ). Halo masses are defined as the total mass enclosed
ithin a sphere whose mean density is 200 times the critical
ensity of the universe. Halo concentration, which characterizes
he shape of the NFW density profile (J. F. N avarr o et al. 1997 ),
s estimated from the first moment of the dark matter density
rofile (K. Wang et al. 2024 ). The stellar properties of galaxies
re calculated using all bound stellar particles within 50 physical
pc of the most-bound particle of each subhalo. Both stellar age
nd stellar metallicity are mass- weighted aver ages over all stellar
articles for each galaxy. 
To characterize the dark matter halo properties independently

f baryonic effects, such as halo contraction (e.g. G. R. Blumen-
hal et al. 1986 ; M. Schaller et al. 2015 ), we follow J. Matthee
t al. ( 2017 ) and use the corresponding DMO simulation with
he same initial conditions to compute the halo mass, M 

DMO ,
200c 



The c onc entration dependenc e of SMHMR 3 

Figure 1. The SMHM relation for central galaxies in the colibre L200m6 simulation, where colour encodes the logarithm of the halo concentration 
smoothed over 0.1-dex stellar mass and halo mass bins. Here both halo mass and halo concentration come from the corresponding DMO run. The error 
bars show the median and the 16th–84th stellar mass quantiles within 0.1-dex-width halo mass bins. The solid line shows the best-fitting result with the 
functional form in equation ( 1 ). Three inset panels show the scatter plot, as well as Spearman’s rank correlation coefficient, between stellar mass and 
halo concentration in three selected 0.1-dex-width halo mass bins, where the colour encodes the density of the scatter point distribution. The red crosses 
in the bottom panel show Spearman’s rank correlation coefficients betw een st ellar mass and halo concentration in 0.1-dex-width halo mass bins, where 
only bins with more than 30 data points are shown. The solid line is a smoothing B-spline line fitted to the data points to show the tr end. Ther e is a 
moderately str ong corr elation betw een st ellar mass and concentration at fixed halo mass, particularly below 10 12 M �, and the strength declines above 
this mass. 
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nd concentration, c DMO . Subhaloes in the two simulations are 
atched by identifying the 50 most bound dark matter particles 

n each subhalo. This matching yields a bijective success rate of 
ver 98 per cent for central subhaloes with masses above 10 11 M �,
nsuring a robust mapping between halo properties in the DMO 

nd hydrodynamical simulations 1 . 
In this w ork, w e focus e x clusively on central g alaxies 2 at z = 0

esiding in haloes with the corresponding DMO mass M 

DMO 
200c > 

0 11 M �. This selection yields a sample of � 77 000 haloes. These
 The L200m6 DMO run experienced a disc failure at z ≈ 0 . 22 and was 
 estarted fr om the most r ecent snapshot. This r estart intr oduced minor 
iscontinuities in the time integration of some particle trajectories, caus- 

ng a few massive haloes in the hydrodynamical run to be spuriously 
at ched t o low-mass haloes in the DMO run. To remove these arte- 

acts, we e x clude all matched haloes with mass differ ences e x ceeding 
.3 dex. After this filtering, the bijective matching success rate remains 
 98 per cent for haloes with 10 11 −12 M �, and w e v erified that this has 
o impact on the results presented in this paper. 
 As detailed in V. J. Forouhar Moreno et al. ( 2025 ), all HBT-HERONS sub- 
aloes are formed initially as centrals. During the subsequent hierarchical 
erging, the central subhalo is selected to be the one whose bound mass 

s at least 80 per cent of the most massive progenitor central subhalo, 
nd, if multiple subhaloes survive this threshold, the one with the lowest 
pecific orbital kinetic energy in the frame of the host FoF halo is the new 

entral. 
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aloes and their central galaxies are both w ell-resolv ed with
 50 000 and � 100 dark matter and stellar particles, respec-

ively . Correspondingly , central galaxies in haloes with M 

DMO 
200c �

0 11 . 5 M � and 10 12 M � are resolved by � 1000 and 10 000 stel-
ar particles, respectively. These better-resolved subsamples yield 

onsistent results, further supporting the robustness of our con- 
lusions. 

 R E S U LT S  

.1 The stellar mass–halo mass relation and its 
ependence on halo concentration 

e begin our analysis by examining the relationship between 

tellar mass and halo mass for central galaxies, and its depen-
ence on halo concentration. Fig. 1 shows the SMHM relation for
entral galaxies at z = 0 . Following J. Matthee et al. ( 2017 ), halo
asses and concentrations are taken from the matched haloes in 

he corresponding DMO simulation to better isolate the causal 
elationship, as the dark matter distribution in the hydrodynam- 
cal runs is influenced by baryonic processes (e.g. A. R. Duffy
t al. 2010 ; M. Schaller et al. 2015 ). As expected, the median
tellar mass increases monotonically across bins of increasing 
alo mass, though individual haloes exhibit noticeable scatter 

rom the median relation, particularly in the low-mass regime. 
MNRAS 546, 1–8 (2026) 
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e compute the median and 16th–84th percentile range of stellar
ass in bins of 0.1 dex in halo mass, and fit the median rela-

ion with equal weighting in 0.1-dex halo mass bins from 10 11 to
0 13 . 5 M � using an empirical function (J. Matthee et al. 2017 ): 

log 10 

(
M star 

M �

)
= 11 . 70 − exp 

[
−0 . 88 log 10 

(
M 

DMO 
200c 

M �

)
− 10 . 85 

]
, 

(1)

hich provides a good description of the overall trend across the
ull mass range considered. 

Overlaid on the SMHM relation, we use colour to encode the
oncentration of the matched DMO halo for each g alaxy. Ther e
s a moderately strong secondary dependence of stellar mass on
alo concentration: at fixed halo mass, central g alaxies r esiding in
igher-concentration haloes exhibit systematically higher stellar
asses than their lower-concentration counterparts. This con-

entration dependence is most pronounced in low-mass haloes.
o quantify this effect, the bottom panel of Fig. 1 shows Spear-
an’s rank correlation coefficient 3 , R s , betw een st ellar mass and
MO halo concentration as a function of halo mass with a bin

ize of 0.1 dex. We also present three scatter plots between halo
oncentration and stellar mass in three selected halo mass bins
n the smaller inset panels of Fig. 1 for a visual impression of the
orr elation str ength. We find a moderately str ong and statistically
ignificant correlation in low-mass haloes, with coefficients of 
 s ≈ 0 . 50 in the M 

DMO 
200c = 10 11 . 0 −11 . 1 M � bin and R s ≈ 0 . 46 in the

 

DMO 
200c = 10 11 . 5 −11 . 6 M � bin. The correlation becomes weaker at

igher halo mass, with a value of R s ≈ 0 . 15 –0 . 35 above 10 12 M �,
hough it remains positive. These results are consistent with the
ndings of J. Matthee et al. ( 2017 ) for the eagle simulation (J.
chaye et al. 2015 ). 

.2 Disentangling the physical origin of the concentration
ependence 

he correlation between stellar mass and halo concentration at
xed halo mass shown in Fig. 1 invites an investigation into its
nderlying cause. J. Matthee et al. ( 2017 ) proposed two possi-
le explanations for an analogous relation seen in eagle . The
rst takes halo concentration as a pr o xy for halo formation time
ince early-forming haloes are typically more concentrated (J. F.
 avarr o et al. 1997 ; R. H. Wechsler et al. 2002 ; D. H. Zhao et al.

009 ; A. D. Ludlow et al. 2014 ), and thus have more time to
onv ert gas int o stars. The second is based on the fact that higher-
oncentration haloes have deeper gravitational potentials, which
educes the effectiveness of stellar feedback and allows for more
fficient retention of baryons, compared to lower-concentration
aloes. 
To distinguish these two scenarios, we analyse how halo con-

entration correlates with stellar age and stellar metallicity, and
ow both properties relate to stellar mass. The motivation is that
tellar age serves as a pr o xy for star formation history, so that
f earlier halo assembly time results in higher stellar mass, we
 xpect, at fix ed halo mass, the correlation between halo con-
entration and stellar age with a strength similar to the corre-
ation between concentration and stellar mass. In contrast, stel-
ar metallicity reflects the int egrat ed effect of metal production
NRAS 546, 1–8 (2026) 

 Spearman’s rank correlation coefficient quantifies the rank correlation 
etw een tw o v ariables and r anges from 0 for no correlation to ±1 for a 
trictly monotonic relation. 

 

d  

b  

r  

d  
nd retention, so that in haloes with deeper gravitational poten-
ials, i.e. higher concentrations, stellar feedback is less efficient at
jecting metal-enriched gas, leading to higher metallicities and
igher stellar mass (e.g. C. Jia et al. 2025 ; C. Ma et al. 2024 ; Y.-
. Peng & R. Maiolino 2014 ). Nevertheless, at fixed halo mass, a
ositiv e correlation betw een st ellar mass and st ellar metallicity
ould alt ernativ ely be attribut ed t o mor e metal pr oduction during
he star formation process. How ev er, w e will shortly show that
t ellar metallicity correlat es moderat ely with halo concentration
ven when we control for both halo mass and stellar mass. 

We are mainly int erest ed in the halo mass range from 10 11 

o 10 12 M �. The lower limit is due to the mass resolution of the
imulation, as we r equir e at least ≈ 100 stellar particles to mini-
ally resolve the stellar population. The upper limit is chosen to

e 10 12 M � for two reasons. First, the correlation between stellar
ass and halo concentration above this halo mass becomes very
eak (see Fig. 1 and also J. Matthee et al. 2017 ; W. Pei et al. 2024 ).

econdly, AGN feedback starts to play a major role in the evo-
ution of central galaxies above this halo mass (e.g. R. G. Bower
t al. 2017 ). Previous studies found that the growth of supermas-
ive black holes correlates with halo concentration, which is also
ttribut ed t o the gravitational potential depth (C. M. Booth & J.
chaye 2010 , 2011 ). Meanwhile, AGN feedback can suppress star
ormation activity (e.g. R. G. Bower et al. 2006 ; T. Di Matteo et al.
008 ) and expel the metal-rich g as fr om the g alaxy centr er and
educe the global metallicity (e.g. M. E. De Rossi et al. 2017 ; K.
 ang, X. W ang & Y. Chen 2023b ). The additional physical pro-

esses inv olv ed in massiv e haloes complicat e the int erpretation,
o we will leave this regime to future work. 

The correlations between halo concentration, stellar mass, stel-
ar metallicity, and stellar age are summarized in Fig. 2 , which
hows pairwise Spearman’s rank correlation coefficients between
 elevant pr operties measur ed in 0.1-de x halo mass bins acr oss
0 11 −13 M �. For the low-mass r egime fr om 10 11 to 10 12 M �, the
 op tw o panels rev eal a moderat ely strong positiv e correlation
etween halo concentration and stellar age that increases with
alo mass from R s ≈ 0 . 40 to ≈ 0 . 60 , but only a weak correla-

ion between stellar age and stellar mass, ranging from R s ≈
0 . 2 to ≈ 0 . 2 , which is even negative below 10 11 . 2 M � (see W.

ei et al. 2024 , for consistent results in other simulations and
emi-analytical models). This suggests that while galaxies in
igher-concentration haloes formed earlier, this does not by itself 

ead t o syst ematically higher st ellar masses, falsifying the early-
ormation hypothesis. 

The bottom two panels of Fig. 2 show moderately strong and
oher ent tr ends inv olving st ellar metallicity for halo masses be-
ween 10 11 and 10 12 M �. The rank correlation coefficient between
alo concentration and stellar metallicity ranges from R s ≈ 0 . 60

o ≈ 0 . 30 , and the stellar metallicity–stellar mass correlation re-
ains consistently between R s ≈ 0 . 70 and ≈ 0 . 60 across the halo
ass range 10 11 − 10 12 M �. These aligned trends suggest that the

eeper gravitational potentials of higher-concentration haloes
nhance metal retention and reduce the impact of feedback, en-
bling more efficient star formation and, consequently, higher
tellar masses. The behaviour changes in haloes above 10 12 M �
ue to the involvement of AGN feedback; we leave this for future
ork. 
Although the results in Fig. 2 are consistent with the potential-

riven scenario, it remains possible that the observed correlation
etween halo concentration and stellar metallicity arises indi-
 ectly thr ough their mutual dependence on stellar mass. To ad-
r ess this possibility, Fig . 3 shows Spearman’s rank correlation co-
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Figure 2. Pairwise Spearman’s rank correlation coefficients for relations between halo and central g alaxy pr operties within 0.1-dex-width halo mass 
bins from 10 11 to 10 13 M �. The four panels correspond to correlations between halo concentration and st ellar age, st ellar age and stellar mass, halo 
concentration and stellar metallicity, and stellar metallicity and stellar mass, r espectively. Her e both stellar age and stellar metallicity are weighted by 
the mass of stellar particles, and all halo-related properties are from the matched haloes in the DMO run. In the halo mass range of 10 11 −12 M �, there 
is at most a weak correlation between stellar age and stellar mass while all other correlations are of moderate strength, so the correlation between halo 
concentration and stellar mass is mediated by stellar metallicity rather than by stellar age. 

Figure 3. Spearman’s rank correlation coefficients between halo concentration and stellar metallicity (red symbols), and between halo concentration 
and stellar mass (blue symbols) at fixed stellar and halo mass. Results for haloes within the mass ranges 10 11 −12 M � and 10 12 −13 M � are shown with filled 
and open symbols, respectiv ely. St ellar mass and halo mass are constrained within 0.1-dex and 0.3-dex bins, respectively. The two horizontal lines and 
the shaded regions are the mean values and standard deviations of the correlation coefficients for haloes of mass 10 11 −12 M �. The correlation coefficient 
is only evaluated when more than 30 galaxies are present in the bin. All halo-related quantities come from the matched haloes in the DMO run. As 
e xpected, ther e is no correlation between halo concentration and stellar mass when both halo mass and stellar mass are controlled. How ev er, there is 
still a moderately strong correlation between concentration and stellar metallicity. The fact that this correlation is present at fixed stellar mass implies 
that it is due to the potential depth rather than the amount of metals produced. 

e
c
a
s  

c
c  

e

c

s
c
s  

c
a
s
I  

d
t

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/546/2/stag110/8427312 by U
niversita di M

ilano Bicocca user on 03 February 2026
fficient for the relation between stellar metallicity and halo con- 
entration while simultaneously controlling for both stellar mass 
nd halo mass by binning central galaxies in narrow intervals of 
tellar mass (0.1 dex) and halo mass (0.3 dex). As a consistency
heck, we also measure the correlation between stellar mass and 

oncentration within the same bins t o v erify that stellar mass is
ffectively held fixed. 

Fig. 3 shows that the correlation between stellar mass and 

oncentration disappears under these controls, confirming the 
uccessful mitigation of stellar mass effects. In contrast, the 
oncentration–stellar metallicity correlation remains moderately 
trong with a value of R s ≈ 0 . 34 for haloes below 10 12 M �. This
onfirms that the stellar metallicity–concentration relation is not 
 byproduct of the correlation between stellar metallicity and 

tellar mass, and between halo concentration and stellar mass. 
nst ead, this indicat es a direct connection between halo potential
epth and metal retention efficiency. These results thus reinforce 
he interpretation that deeper gravitational potentials in higher- 
MNRAS 546, 1–8 (2026) 
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oncentration haloes reduce feedback-driven outflows, enhanc-
ng metal retention and leading to higher stellar masses. Again,
n haloes with masses above 10 12 M �, AGN feedback becomes

ore important than stellar feedback and changes the correlation
etween halo concentration and stellar metallicity. 

 DISCUSSION  AND  SUMMARY  

n this w ork, w e inv estigat e the origin of the scatter in the SMHM
elation using the L200m6 colibre cosmological hydrodynam-
cal simulation. Our analysis focuses on the role of halo con-
entration as a secondary parameter, and confirms the findings
f J. Matthee et al. ( 2017 ) that halo concentration is moderately
orrelat ed with st ellar mass at fixed halo mass, particularly for
aloes in the mass range 10 11 − 10 12 M � (see Fig. 1 ). We examine
hether this correlation is primarily driven by earlier halo for-
ation time or by deeper gravitational potential resulting in less

fficient feedback. 
We compare the pairwise correlations among halo concen-

ration, stellar age, stellar metallicity, and stellar mass, all with
alo mass fixed in 0.1-dex mass bins. We find that, for haloes of 
ass between 10 11 and 10 12 M �, although stellar age correlates
oderately with halo concentration, it correlates only weakly
ith stellar mass. In contrast, stellar metallicity exhibits moder-

tely strong correlations with both halo concentration and stellar
ass (see Fig. 2 ). This suggests that the deeper potential wells

f higher-concentration haloes enhance metal retention and star
ormation efficiency, and give rise to a correlation between halo
oncentration and galaxy stellar mass, rather than early forma-
ion time being responsible. 

Since a higher stellar mass could directly cause a higher metal-
icity through the larger amount of metals produced, we fur-
her test our interpretation by computing the stellar metallicity–
oncentration correlation while simultaneously controlling for
oth stellar mass and halo mass. The corr elation r emains signifi-
ant with a Spearman’s rank correlation coefficient of ≈ 0 . 34 (see
ig. 3 ). This confirms that the concentration–stellar metallicity

ink is not mediated through stellar mass and supports a direct
nd important role of halo potential depth in shaping galaxy
roperties at fixed halo mass. 
We verify the r obustness of our r esults using the colibre runs

ith hybrid AGN feedback (see F. Huško et al. 2025 ), as well
s simulations at differ ent r esolutions (see J. Schaye et al. 2025 )
see Appendix A ). The m5 and m7 runs have average baryonic
article masses of 2 . 30 × 10 5 M � and 1 . 47 × 10 7 M �, and the cor-
esponding dark matter particle masses are 3 . 03 × 10 5 M � and
 . 94 × 10 7 M �, r espectively. The corr elation tr ends obtained fr om
ll these runs are consistent with those in the L200m6 simu-
ation, confirming that our conclusions are insensitive to the
dopted AGN feedback model and to numerical resolution. 

We recognise that stellar age and metallicity are correlated,
s the stellar metallicity is shaped by the star formation history.
ow ev er, it is unlikely that, at fixed halo mass, the stellar mass–
etallicity correlation is driven by stellar age, given that stellar

ge exhibits only a weak correlation with stellar mass (see Fig. 2 ).
her efor e, the age–metallicity relation does not compromise our
ain conclusion r eg ar ding the role of halo concentration and its

ffects on gravitational potential in shaping stellar metallicity and
ass. Our r esults ther efor e pr ovide an appealing e xplanation for

he physical origin of the scatter in the fundamental relation be-
ween central galaxy stellar masses and the masses of the haloes
n which they reside. 
NRAS 546, 1–8 (2026) 
We also find that haloes with masses above 10 12 M � exhibit dif-
er ent behaviour compar ed t o low er-mass ones. In this high-mass
egime, AGN feedback plays a more dominant role than stellar
eedback in regulating galaxy evolution. A detailed investigation
f this mass range is beyond the scope of the current work and
ill be e xplor ed in future studies. 
Finally, our results offer promising avenues for observational

alidation, as stellar metallicity can be derived from spectroscopic
bservations and halo mass and concentration can be inferred
hrough gravitational lensing and galaxy kinematics. This makes
he predicted connection between stellar metallicity and halo
otential depth directly testable with current and upcoming ob-
ervations. 
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Table A1. colibre hydrodynamical simulations. The columns list the 
simulation identifier; the comoving box side length, L ; the initial mean 
baryonic particle mass, m g ; the mean CDM particle mass, m CDM 

; the AGN 

feedback prescription. We refer readers to J. Schaye et al. ( 2025 ) for details. 

Identifier L /cMpc m g / M � m CDM 

/ M � AGN feedback 

L200m6 200 1 . 84 × 10 6 2 . 42 × 10 6 Fiducial 
L200m7 200 1 . 47 × 10 7 1 . 94 × 10 7 Fiducial 
L025m5 50 2 . 30 × 10 5 3 . 03 × 10 5 Fiducial 

6 6 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/546/2/stag110/8427312 by U
niversita di M

ilano Bicocca user on 03 February 2026
ooth C. M. , Schaye J., 2011, MNRAS , 413, 1158 
orrow J. , Borrisov A., 2020, J. Open Source Softw. , 5, 2430 
ose S. , Eisenstein D. J., Hernquist L., Pillepich A., Nelson D., Marinacci

F., Springel V., Vogelsberger M., 2019, MNRAS , 490, 5693 
ower R. G. , Benson A. J., Malbon R., Helly J. C., Frenk C. S., Baugh C.

M., Cole S., Lacey C. G., 2006, MNRAS , 370, 645 
ower R. G . , Scha ye J., Frenk C. S., Theuns T., Schaller M., Crain R. A.,

McAlpine S., 2017, MNRAS , 465, 32 
radshaw C. , Leauthaud A., Hearin A., Huang S., Behroozi P., 2020,

MNRAS , 493, 337 
haikin E. , Schaye J., Schaller M., Ben ítez-Llambay A., Nobels F. S. J.,

Ploeckinger S., 2023, MNRAS , 523, 3709 
haikin E. et al., 2025a, preprint ( arXiv:2509.04067 ) 
haikin E. et al., 2025b, preprint ( arXiv:2509.07960 ) 
hen Y. , Wang K., 2023, HIPP: HIgh-Performance Package for sci- 

entific computation, Astrophysics Source Code Library, preprint 
(ascl:2301.030) 

orrea C. , Schaye J., Chaikin E. E. A., 2025, MNRAS (in-preparation) 
orrea C. A. , Schaye J., 2020, MNRAS , 499, 3578 
orrea C. A. , Wyithe J. S. B., Schaye J., Duffy A. R., 2015, MNRAS , 452,

1217 
ui W. , Davé R., Peacock J. A., Angl és-Alcázar D., Yang X., 2021, Nat.

Astron. , 5, 1069 
e Rossi M. E. , Bower R. G., Font A. S., Schaye J., Theuns T., 2017,

MNRAS , 472, 3354 
i Matteo T. , Colberg J., Springel V., Hernquist L., Sijacki D., 2008, ApJ ,

676, 33 
uffy A. R. , Schaye J., Kay S. T., Dalla Vecchia C., Battye R. A., Booth C.

M., 2010, MNRAS , 405, 2161 
ke V. R. et al., 2004, MNRAS , 355, 769 
or ouhar Mor eno V. J . , Helly J ., McGibbon R., Schaye J., Schaller M., Han

J., Kugel R., Bahé Y. M., 2025, MNRAS , 543, 1339 
u M. , Conroy C., Behroozi P., 2016, ApJ , 833, 2 
uško F. et al., 2025, preprint ( arXiv:2509.05179 ) 

ia C. et al., 2025, ApJ , 986, L24 
ravtsov A. V. , Vikhlinin A. A., Meshcheryakov A. V., 2018, Astron. Lett. ,

44, 8 
 ulier A. , Padilla N ., Scha ye J., Crain R. A., Schaller M., Bower R. G.,

Theuns T., Paillas E., 2019, MNRAS , 482, 3261 
udlow A. D. , N avarr o J. F., Angulo R. E., Boylan-Kolchin M., Springel V.,

Frenk C., White S. D. M., 2014, MNRAS , 441, 378 
udlow A. D. , Fall S. M., Wilkinson M. J., Schaye J., Obreschkow D., 2023,

MNRAS , 525, 5614 
yu C. et al., 2023, ApJ , 959, 5 
a C. et al., 2024, ApJ , 971, L14 
ancera Piña P. E. , Fraternali F., Oosterloo T., Adams E. A. K., di Teodoro

E., Bacchini C., Iorio G., 2022, MNRAS , 514, 3329 
andelbaum R. , Seljak U., Kauffmann G., Hirata C. M., Brinkmann J.,

2006, MNRAS , 368, 715 
artizzi D. , Vog elsberg er M., Torrey P., Pillepich A., Hansen S. H., Mari-

nacci F., Hernquist L., 2020, MNRAS , 491, 5747 
atthee J. , Schaye J., Crain R. A., Schaller M., Bower R., Theuns T., 2017,

MNRAS , 465, 2381 
cGibbon R. , Helly J., Schaye J., Schaller M., Vandenbroucke B., 2025, J.

Open Source Softw. , 10, 8252 
ontero-Dorta A. D. et al., 2020, MNRAS , 496, 1182 
ore S. , van den Bosch F. C., Cacciato M., 2009, MNRAS , 392, 917 
oster B. P. , Somerville R. S., Maulbetsch C., van den Bosch F. C., Macciò

A. V., Naab T., Oser L., 2010, ApJ , 710, 903 
 avarr o J. F. , Frenk C. S., White S. D. M., 1997, ApJ , 490, 493 
obels F. S. J. , Schaye J., Schaller M., Ploeckinger S., Chaikin E., Richings

A. J., 2024, MNRAS , 532, 3299 
man K. , 2025, J. Open Source Softw. , 10, 9278 
ei W. , Guo Q., Shao S., He Y., Gu Q., 2024, MNRAS , 531, 2262 
eng Y.-J. , Maiolino R., 2014, MNRAS , 443, 3643 
loeckinger S. , Richings A. J., Schaye J., Trayford J. W., Schaller M.,

Chaikin E., 2025, MNRAS , 543, 891 
L
eddick R. M. , Wechsler R. H., Tinker J. L., Behroozi P. S., 2013, ApJ , 771,
30 

challer M. et al., 2015, MNRAS , 451, 1247 
challer M. et al., 2024, MNRAS , 530, 2378 
chaye J. et al., 2015, MNRAS , 446, 521 
chaye J. et al., 2025, preprint ( arXiv:2508.21126 ) 
cholz-Díaz L. , Martín-N avarr o I., Falcón-Barr oso J., 2022, MNRAS , 511,

4900 
cholz-Díaz L. , Martín-N avarr o I., Falcón-Barr oso J., L yubenov a M., v an

de Ven G., 2024, Nat. Astron. , 8, 648 
ojeiro R. et al., 2017, MNRAS , 470, 3720 
rayford J. W. et al., 2025, preprint ( arXiv:2505.13056 ) 
ang K. , 2026, MNRAS , 545, 1 
ang K. , Peng Y., 2025, ApJ , 980, 233 
ang K. , Chen Y., Li Q., Yang X., 2023a, MNRAS , 522, 3188 
ang K. , Wang X., Chen Y., 2023b, ApJ , 951, 66 
ang K. , Mo H. J., Chen Y., Schaye J., 2024, MNRAS , 527, 10760 
ang L. , De Lucia G., Weinmann S. M., 2013, MNRAS , 431, 600 
echsler R. H. , Tinker J. L., 2018, ARA&A , 56, 435 
echsler R. H. , Bullock J . S., Primack J . R., Kravtsov A. V., Dekel A., 2002,

ApJ , 568, 52 
hite S. D. M. , Frenk C. S., 1991, ApJ , 379, 52 

ang X. , Mo H. J., van den Bosch F. C., 2003, MNRAS , 339, 1057 
ang X. , Mo H. J., van den Bosch F. C., 2009, ApJ , 695, 900 
ehavi I. , Contreras S., Padilla N., Smith N. J., Baugh C. M., Norberg P.,

2018, ApJ , 853, 84 
ehavi I. , Kerby S. E., Contreras S., Jim énez E., Padilla N., Baugh C. M.,

2019, ApJ , 887, 17 
hao D. et al., 2025, ApJ , 979, 42 
hao D. H. , Jing Y. P., Mo H. J., Börner G., 2009, ApJ , 707, 354 
u Y. , Mandelbaum R., 2015, MNRAS , 454, 1161 
u Y. et al., 2021, MNRAS , 505, 5117 

P P E N D I X  A:  ALTERNATIVE  RESOLUT IO NS  

ND  AGN  F E E D BAC K  

ig . A1 compar es the pairwise Spearman’s rank corr elation co-
fficients between halo and galaxy properties in high- and low- 
esolution simulations, L025m5 and L200m7 , respectively, and 

n the hybrid AGN simulation, L100m6h , as a function of M 

DMO 
200c .

or L200m7 we show results only above 10 11 . 5 M �, where central
 alaxies ar e r esolv ed with � 100 st ellar particles. Table A1 lists
he simulation parameters. 

A cr oss all simulations, the correlation between M star and the
MO concentration, c DMO , stays near R s � 0 . 4 –0 . 5 over M 

DMO 
200c ∼

0 11 –10 12 M �. The L025m5 results show larger fluctuations due
o the smaller number of haloes in this volume. Halo concentra-
ion also correlates with both stellar age and stellar metallicity, 
ith R s ≈ 0 . 5 in all suites. By contrast, the age–mass correlation

s weak and becomes slightly negative around M 

DMO 
200c ∼ 10 11 M �.

he metallicity–mass correlation remains strong throughout, 
ith R s � 0 . 8 , consistent with the main text. 
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M

Figure A1. Pairwise rank correlation coefficient between stellar mass and halo concentration (left big panel) within 0.3-dex-width halo mass bins 
from 10 11 to 10 13 M �. The four small panels correspond to correlations between halo concentration and stellar age, stellar age and stellar mass, halo 
concentration and stellar metallicity, and stellar metallicity and stellar mass, respectively. Results are shown for three different simulation resolutions 
( L200m6 , L200m7 , and L025m5 ), and for the hybrid AGN feedback ( L100m6h ). Filled symbols use halo mass and concentration fr om the corr esponding 
DMO simulation, and open symbols use halo mass and concentration from the hydrodynamical simulation. Error bars show the standard deviation from 

100 bootstrap realizations. Results for L200m7 are shown only for M 

DMO 
halo > 10 11 . 5 M �, where central galaxies are resolved with � 100 stellar particles. 
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We also present the results using halo mass and concentration
easured in the hydrodynamical runs (open symbols), which are
or e dir ectly comparable to observational inferences (e.g. P. E.
ancera Piña et al. 2022 ). This choice strengthens the correla-

ion between halo concentration and stellar mass from � 0 . 4 –0 . 5
o � 0 . 5 –0 . 6 , mainly because baryonic contraction increases the
entral mass density (e.g. M. Schaller et al. 2015 ). 

The suites differ in resolution and AGN feedback implementa-
ion and are independently recalibrated to r epr oduce the z = 0
tellar mass function and mass–size relation (E. Chaikin et al.
025a ; F. Huško et al. 2025 ; J. Schaye et al. 2025 ). Note that
NRAS 546, 1–8 (2026) 

Published by Oxford University Press on behalf of R oy al Astronomical Society. This is an Open
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ecause the calibration is imperfect and limited to these observ-
bles, differences between simulations with different resolutions
ay not be directly caused by the differences in resolution. All

imulations yield consistent rank correlation coefficients. The
rends we found therefore do not depend sensitively on numerical
esolution or on the details of the AGN prescription. 
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