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ABSTRACT

We analyse the sizes and specific angular momentum content of galaxies in the COLIBRE cosmological hydrodynamical
simulations spanning two orders of magnitude in mass resolution. We compare the predicted size-mass and angular
momentum-mass relations to a broad range of observational measurements spanning redshifts z =0 to 4. At z =0,
COLIBRE reproduces observed size-mass relations over the sampled mass range 108 < M, /Mg < 10''°, and for multiple
size definitions, including two- and three-dimensional stellar half-mass radii, half-light radii across several wavelengths,
as well as alternative measures such as baryonic half-mass radii and characteristic radii defined by stellar surface density
thresholds. The simulations also recover the observed segregation of galaxies in the size-mass plane by morphological
type and star formation rate, and reproduce the distinct, approximately parallel sequences followed by star-forming
discs and quenched spheroids in the stellar specific angular momentum-mass plane. The angular momentum content
of star-forming COLIBRE galaxies matches that of observed systems out to z &~ 1.5. At higher redshifts, massive galaxies
(105 < M, /Mg < 10'1) in the simulations are somewhat smaller than observed, and the separation between star forming
and passive populations in the size-mass plane is reduced relative to observations, while at lower masses the agreement
remains good. This apparent discrepancy may reflect the effects of dust attenuation, which is neglected in our analysis and
may preferentially obscure the central regions of observed systems. Overall, our findings highlight the close connection
between galaxy size, angular momentum, and morphology over cosmic time.

Key words: galaxies: structure-galaxies: kinematics and dynamics-methods: numerical - galaxies: evolution -
galaxies: formation.
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1 INTRODUCTION 2025). As a result, considerable effort has been devoted to charac-

The stellar mass (M, ) and size (R,) of galaxies are among their
most fundamental properties. These quantities are strongly cor-
related and vary systematically with morphology, star-formation
activity, and colour, among other properties (e.g. S. Shen et al.
2003; A. van der Wel et al. 2014; P. G. van Dokkum et al. 2015; R.
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terizing the galaxy size-mass relation (SMR) and its dependence
on secondary galaxy parameters in order to constrain models of
galaxy formation and evolution.

There is now broad consensus from observational studies on
a few key features of the SMR: (1) at fixed mass, late-type discs
are typically larger, bluer, and more actively star-forming than
early-type spheroids, which are generally smaller, redder, and
quenched (e.g. S. Shen et al. 2003; I. Trujillo et al. 2007; K. E.
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Whitaker et al. 2017); (2) at fixed redshift, galaxy size increases on
average with stellar mass, while at fixed stellar mass it decreases
with redshift (e.g. A. van der Wel et al. 2014; E. Ward et al. 2024);
and (3) size evolution is stronger for massive and quenched galaxy
populations than for low-mass or star-forming ones, although
individual galaxies may transition between these populations (I.
Trujillo et al. 2007; A. van der Wel et al. 2014; L. A. Mowla et al.
2019).

The SMR also depends on the underlying distribution of galaxy
morphologies. At z ~ 0, spheroid-dominated early-type galax-
ies follow a steep SMR with a logarithmic slope between ~
0.4 and 0.6, while late-type discs exhibit a shallower slope of
~ 0.3 (S. Shen et al. 2003; R. Lange et al. 2015). Since early-
types dominate the population above M, ~ 10!%°M - whereas
lower-mass systems comprise a more diverse range of morpholo-
gies — the global SMR is observed to steepen above this mass
threshold.

Although more difficult to directly observe, the stellar spe-
cific angular momentum (j,) provides a complementary probe
of galaxy structure. Early work by S. M. Fall (1983) demon-
strated that nearby spiral and elliptical galaxies occupy ap-
proximately parallel sequences in the log j, — log M, plane (the
angular momentum-mass relation, or AMR for short) with
slopes of ~ 0.7, but with spheroids offset to lower angular mo-
mentum at fixed mass by ~ 0.7 dex. S. M. Fall & A. J. Ro-
manowsky (2013) confirmed these relations using an updated
sample of galaxies that span a broader range of morphologi-
cal types. They reported similar slopes but larger offsets (=~ 0.9
dex) between pure discs and pure spheroids, and a normaliza-
tion that depends smoothly on the spheroid-to-total ratio (S/T)
between these extremes. K.-H. Huang et al. (2017) confirmed
that discs are larger than spheroids of the same stellar mass,
in a manner that is consistent with the morphology-dependent
normalization of the j, — M, relation inferred by these earlier
studies.

In the standard picture of disc formation, dark matter haloes
acquire angular momentum through tidal torques from sur-
rounding large-scale structure (F. Hoyle 1951; P. J. E. Peebles
1969; S. D. M. White 1984). Because baryons and dark matter
are initially well mixed, they are expected to gain similar specific
angular momenta at early times. However, simulations indicate
that present-day galaxies retain only a fraction of their initial
angular momentum (C. S. Frenk et al. 1985), which correlates
with the fraction of halo mass retained by galaxies (e.g. L. V.
Sales et al. 2009, 2010). In hydrodynamical simulations such as
TNG100, late-type galaxies retain ~50-60 per cent of their halo’s
specific angular momentum, while early types retain only ~10-
20 per cent (S. Genel et al. 2015; V. Rodriguez-Gomez et al. 2022),
broadly consistent with observational estimates of angular mo-
mentum retention fractions (S. M. Fall & A.J. Romanowsky 2013,
2018; L. Posti et al. 2018; E. M. Di Teodoro et al. 2021). Reproduc-
ing both the magnitude of angular momentum retention and its
dependence on morphology is therefore essential for matching
observed galaxy sizes.

Early hydrodynamical simulations of galaxy formation suf-
fered catastrophic angular momentum losses and produced
galaxies that were too small and had too little angular momen-
tum when compared to observed systems (e.g. J. F. Navarro,
C. S. Frenk & S. D. M. White 1995; J. F. Navarro & M. Stein-
metz 1997). This shortcoming was later attributed to limited
resolution and ineffective or absent stellar feedback (e.g. R.
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J. Thacker & H. M. P. Couchman 2001; A. H. Maller & A.
Dekel 2002), which allowed excessive radiative cooling and
efficient star formation in galaxy progenitors. Mergers between
these dense stellar clumps transferred orbital angular momen-
tum to the halo, reducing j, and leading to overly compact
galaxies.

The problem was alleviated in subsequent higher-resolution
simulations that incorporated efficient stellar and active galactic
nucleus (AGN) feedback (e.g. F. Governato et al. 2004, 2007; T.
Okamoto et al. 2005; C. Scannapieco et al. 2008). By reheating or
expelling gas, such feedback delays star formation and suppresses
early angular momentum loss. All modern simulations now in-
clude these processes, and some - though not all - successfully
reproduce the observed sizes and angular momentum distribu-
tions of galaxies, as well as their dependence on morphology,
colour, and star formation rate (e.g. J. Schaye et al. 2015; G. F.
Snyder et al. 2015; A. F. Teklu et al. 2015; M. Furlong et al. 2017; V.
Rodriguez-Gomez et al. 2022).

In the GIMIC simulations (R. A. Crain et al. 2009), galaxies with
10° < M, /Mg < 10 have realistic sizes and rotation velocities
(I. G. McCarthy et al. 2012), whereas more massive systems are
overly compact and excessively star forming, likely due to the
absence of feedback from supermassive black holes, which is
known to affect the properties of massive systems. Galaxies in
the original Illustris simulation (M. Vogelsberger et al. 2014) also
display an SMR that is systematic offset from the observed rela-
tion, with galaxies of M, < 10 Mg, being larger than observed
by roughly a factor of 2 (G. F. Snyder et al. 2015). Y. Dubois
et al. (2016) showed that the sizes of star-forming galaxies in
the Horizon-AGN simulation (Y. Dubois et al. 2014) are broadly
consistent with observations, but quiescent systems below M, ~
10"-3 M, are larger than star-forming ones, inconsistent with
what is observed. A similar trend in the size of star-forming
and passive galaxies has been reported for SIMBA (R. Davé et al.
2019).

Yet a number of simulations show good agreement with ob-
servations. The EAGLE simulation (M. Furlong et al. 2017), in
particular, reproduces the z =0 SMR of A. van der Wel et al.
(2014) to within ~ 0.1 dex for both star-forming and passive
galaxies, and matches the evolution of galaxy sizes from z ~ 2 to
z ~ 0 to within ~ 0.2 dex. Similarly, the Magneticum-Pathfinder
simulations produce a galaxy population with size distributions
consistent with observations, particularly for early-type galaxies
(F. Schulze et al. 2018; K. Dolag et al. 2025).

Simulations that broadly match the SMR and its dependence
on galaxy type also tend to reproduce the observed AMR. This
has been demonstrated for EAGLE (C. d. P. Lagos et al. 2017)
and Magneticum-Pathfinder (A. F. Teklu et al. 2015), where
discs and spheroids occupy distinct but approximately parallel
sequences in the log j,-log M, plane, as observed, with similar
behaviour also found in the Illustris simulation (S. Genel et al.
2015).

Despite this progress, quantitative comparisons between sim-
ulations and observations remain sensitive to measurement
methodology. In simulations, galaxy sizes are typically measured
directly from particle data within fixed three-dimensional aper-
tures that also define the stellar mass, so the inferred masses
and half-mass radii depend on the adopted aperture, at least for
massive systems (e.g. M. Furlong et al. 2017). In contrast, obser-
vational sizes are often light-weighted and therefore wavelength
dependent, reflecting dust attenuation and spatial variations in

920z 1snBny €0 U0 1sonB Aq £621€.8/61€ L BEIS/1/05G/aI01E/Seuw/Woo"dno-olWapeo.//:sdiy oy papeojumod



the stellar mass-to-light ratio. Galaxies generally appear larger at
shorter wavelengths (e.g. B. Vulcani et al. 2014; K. A. Suess et al.
2019), because young stars preferentially reside at large radii and
centrally concentrated dust attenuates blue light. To reduce bi-
ases when comparing simulations with observations, it is increas-
ingly common to construct mock images of simulated galaxies
by modelling the spectral energy distributions of stellar particles,
sometimes including additional effects such as dust attenuation,
background emission, and instrumental noise. Sizes measured
from such light-weighted images are systematically larger than
their mass-weighted counterparts (e.g. J. van de Sande et al. 2019;
A. de Graaff et al. 2022).

While sizes are traditionally measured using half-light or half-
mass radii, alternative definitions have been proposed that aim
to better capture the physical extent of galaxies. For example, I.
Trujillo, N. Chamba & J. H. Knapen (2020) introduced the radius
R,, defined by a stellar surface density threshold of 1 Mg pc2.
This roughly matches the typical gas density threshold for star
formation (e.g. J. Schaye 2004; S. H. A. Rajohnson et al. 2022)
and serves as a useful proxy for the ‘edge’ of the in situ stellar
component (e.g. N. Chamba, I. Trujillo & J. H. Knapen 2022).
Meanwhile, Z. Hua et al. (2025) used the complete census of
galactic baryons to measure the ‘baryonic size-mass relation’ of
galaxies in the Spitzer Photometry and Accurate Rotation Curves
sample (SPARC; F. Lelli, S. S. McGaugh & J. M. Schombert
2016).

In this paper, we study the sizes and angular momentum con-
tent of galaxies in the COLIBRE! cosmological hydrodynamical
simulations (J. Schaye et al. 2026; E. Chaikin et al. 2026a), which
reproduce a broad range of observed galaxy properties across cos-
mic time. These include the stellar mass function, star-formation
rates, passive fractions, and the masses of atomic and molecular
gas and dust (J. Schaye et al. 2026; E. Chaikin et al. 2026b), as well
as the resolved Kennicutt-Schmidt relation (C. d. P. Lagos et al.
2026). Focusing on galaxies at z < 4, we compare the simulated
size-mass and j,—M, relations to observational measurements,
and examine their dependence on morphology, star-formation
activity, and size definition. Our primary goal is to assess how
well COLIBRE reproduces these observed relations across galaxy
populations, redshifts, and size definitions. In this respect, the
paper is intentionally more descriptive than theoretical, with a fo-
cus on identifying where the model succeeds or fails to reproduce
observations, thereby helping to clarify the physical regimes and
galaxy populations for which the simulation provides a robust
description. We consider both standard measures (half-mass and
half-light radii) and alternative metrics such as R; and the half-
baryonic mass radius, Ryar s0- Results at z > 4, and those based
on mock observational imaging, including dust, will be presented
elsewhere.

This paper is organized as follows. Section 2.1 describes the
COLIBRE simulations, while Section 2.2 outlines our halo and
galaxy identification methods. Our analysis techniques are pre-
sented in Section 2.3. Section 3 presents our main results, includ-
ing (1) the SMR at z = 0 (Section 3.1) and its evolution with red-
shift (Section 3.2); and (2) the AMR relation at z = 0 (Section 3.3)
and its evolution with redshift (Section 3.4). We summarize our
findings in Section 4. We validate some of our choices and as-
sumptions in the appendices, including tests of the minimum

Lhttps://colibre.strw.leidenuniv.nl/

COLIBRE: galaxy size and angular momentum 3

stellar particle number (Appendix A), differences between cen-
tral and satellite galaxies (Appendix B), and the dependence on
aperture choice (Appendix C) and observational scatter in stellar
masses (Appendix D). In Appendix E, we compare the Sérsic
indices measured for simulated and observed galaxies.

2 SIMULATIONS AND ANALYSIS

2.1 The COLIBRE simulations

2.1.1 Cosmology and initial conditions

Our analysis is based on COLIBRE, a new suite of cosmological
hydrodynamical simulations of galaxy formation (J. Schaye et al.
2026). All simulations were run with the SWIFT code (M. Schaller
et al. 2024), using the SPHENIX smoothed particle hydrodynamics
(SPH) scheme to model hydrodynamic interactions between gas
elements (J. Borrow et al. 2022).

Initial conditions (ICs) were created at z = 63 using MONO-
FONIC (O. Hahn, C. Rampf & C. Uhlemann 2021; M. Michaux
etal. 2021) employing second order Lagrangian perturbation the-
ory. Cosmological parameters are from the Dark Energy Survey
Year 3 (DES Y3; T. M. C. Abbott et al. 2022) ‘3x 2pt + All Ext.’
Lambda cold dark matter (ACDM) model.

All of our initial conditions contain four times as many dark
matter particles as baryonic ones, whereas nearly all previous cos-
mological simulations adopted equal numbers for both species
(see M. Tremmel et al. 2017; A. D. Ludlow et al. 2023, for excep-
tions). This choice ensures that all particle species have compara-
ble masses, including stellar particles, which inherit the masses
of their gaseous progenitors. As a result, the effective resolu-
tion of stellar structures is increased by suppressing spurious,
irreversible energy transfer from dark matter to stellar particles,
which can artificially heat galaxies, inflate their sizes, and disrupt
ordered motions? (e.g. A. D. Ludlow et al. 2019, 2021, 2023; M. I.
Wilkinson et al. 2023).

COLIBRE features three resolution levels, with particle masses
of ~ 10°, 10°, and 107 M, and five box sizes ranging from 25 to
400 comoving Mpc (cMpc) in factors of 2. We will distinguish
runs using an identifier that encodes the box size (L) and approx-
imate base-10 logarithm of the particle mass (m); for example,
L200m6 refers to the (200 cMpc)® volume simulated with bary-
onic and dark matter particles of mass m ~ 10% M. Gravitational
forces between particles of all types are softened using a H. Wend-
land (1995) C2 kernel below a time- and resolution-dependent
spatial scale of 3 x €, where € is the ‘Plummer-equivalent’ soft-
ening length. At z = 0, these are e, = 0.35, 0.7, and 1.4 kpc for
the m5, m6, and m7 resolutions, respectively.

In this paper, we mainly present results from the highest res-
olution runs available for each volume (L025m5 or L0O50mS5,
L200m6, and L400m7), and reserve runs of lower resolution or
smaller volumes to assess convergence (see Appendix A). Table 1
provides details of the runs, including the box size, the numbers

2As discussed by A. D. Ludlow et al. (2021), the primary benefit of this
approach is not that dark matter and stellar particles have similar masses,
but that it increases the number of dark matter particles in haloes where
galaxies form. This, in turn, prolongs the local relaxation time and re-
duces numerical heating driven by two-body interactions. Disparate par-
ticle masses leads to a secondary effect, commonly referred to as mass
segregation.

MNRAS 550, 1-24 (2026)
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Table 1. Relevant numerical parameters of the COLIBRE simulations. Columns provide a simulation label, the
model for active galactic nucleus feedback, the comoving box side-length (L), the total number of dark matter and
baryonic particles (Npy and Ny, respectively), the initial dark matter and baryonic particle masses (mpy and my,y,
respectively), and the maximum comoving (ecom) and physical (eprop) softening lengths.

Label Model L NpMm Noar mpm Mpar €com €prop
(cMpc) Mp) Mp) (kpc)  (kpc)
L400m7 thermal-AGN 400 4 %3008  3008° 1.94x 107 1.47 x 10’ 3.6 1.4
L200m7 thermal-AGN 200 4 x 15043 1504  1.94 x 107 1.47 x 107 3.6 1.4
L200m6 thermal-AGN 200 4 %3008  3008° 2.42x10° 1.84 x10° 1.8 0.7
L100m6 thermal-AGN 100 4 x 15043 1504 242 x 10°  1.84 x 10° 1.8 0.7
L050m5 thermal-AGN 50 4x1504° 1504 3.03x10° 230x10° 0.9 0.35
L025m7 thermal-AGN 25 4 x 1883 1883 1.94 x 107 1.47 x 107 3.6 1.4
L025m6 thermal-AGN 25 4 x 3763 376° 242 x10° 1.84 x 10° 1.8 0.7
L025m5 thermal-AGN 25 4 x 7523 7523 3.03 x 10°  2.30 x 10° 0.9 0.35
L200m7h hybrid-AGN 200 4x1504° 1504  1.94x 107 1.47 x 107 3.6 1.4
L100m6h hybrid-AGN 100 4 x 1504 1504 242 x10° 1.84 x 10° 1.8 0.7

and initial masses of dark matter and baryonic particles, as well
as the maximum co-moving and proper gravitational softening
lengths.

2.1.2 Sub-resolution models and calibration

COLIBRE includes sub-resolution models for radiative cooling and
heating (S. Ploeckinger et al. 2025), star formation (F. S. J. Nobels
et al. 2024), black hole growth (Y. M. Bahé et al. 2022; F. S. J.
Nobels et al. 2022), dust formation and its role in the regulation
of molecular gas (J. W. Trayford et al. 2026), chemical enrich-
ment, and turbulent mixing (C. A. Correa et al. 2026). Stellar
feedback is implemented through stellar winds, radiation pres-
sure, H II region heating (A. Benitez-Llambay et al. 2026), and
supernovae (including a stochastic thermal component as well
as a kinetic component to drive turbulence; C. Dalla Vecchia &
J. Schaye 2012; E. Chaikin et al. 2023). COLIBRE includes two
models for black hole feedback: a purely thermal AGN mode (C.
M. Booth & J. Schaye 2009, thermal-AGN hereafter) and a hybrid
thermal/kinetic jet model (hybrid-AGN) that explicitly tracks the
spin of the central supermassive black hole (F. Husko et al. 2026;
runs that adopt this feedback scheme will be labelled with an ‘h’
suffix; e.g. L200m6h). The results presented in Sections 3.1 to 3.4
were obtained from the thermal-AGN model; we compare them
to results from the hybrid-AGN scheme in Section 3.5.
Complementing these feedback and enrichment processes,
COLIBRE’s treatment of the interstellar medium avoids imposing
an effective equation of state, enabling gas to cool radiatively
to temperatures ~ 10 K. Gas particles are eligible to form stars
when they satisfy a local gravitational instability criterion that
depends on gas density, particle mass, and the local thermal
and turbulent velocity dispersions, rather than being explicitly
linked to gas temperature. Consequently, star formation occurs
predominantly - but not exclusively - in cold (T < 10* K), dense
gas with low velocity dispersion, conditions that are important
for accurately modelling galaxy sizes and the vertical structure
of galactic discs. Because the instability criterion is evaluated
at the resolution limit of the simulation, the typical densities
of star-forming gas particles increase with increasing resolution,
while their temperatures and turbulent velocities decrease. To
achieve this, COLIBRE employs the chemistry solver CHIMES (A.
J. Richings, J. Schaye & B. D. Oppenheimer 2014a, b) to track the
non-equilibrium abundances of primordial elements, atomic and
molecular hydrogen, helium (in all neutral and ionized phases),

MNRAS 550, 1-24 (2026)

and dust within each fluid element, along with their associated
heating and cooling rates. Element-by-element metal-line cooling
rates are computed using HYBRID-CHIMES (S. Ploeckinger et al.
2025) for nine elements - C, N, O, Ne, Mg, Si, S, Ca, and Fe -
assuming chemical equilibrium, but are corrected to account for
the non-equilibrium free electron densities from the hydrogen
and helium reaction network.

Sub-grid models for stellar and AGN feedback were cali-
brated at m7 resolution using Gaussian process emulators that
were trained on ~ 200 simulations of the same (50 cMpc)? vol-
ume (see E. Chaikin et al. 2026a, for details). Parameters for
m7 runs were obtained by fitting the emulator to the Galaxy
and Mass Assembly (GAMA) Survey DR4 z =0 galaxy stel-
lar mass function from S. P. Driver et al. (2022, GSMF) and
to the (projected) SMR of J. A. Hardwick et al. (2022). The
fit was performed over the galaxy stellar mass range 10° <
M, /Mg < 103, applying equal weights to both data sets. At
the m5 and mé6 resolutions, sub-grid parameters were adjusted
manually to achieve convergence. The coupling efficiency of
AGN feedback was independently calibrated so that the black
hole mass-stellar mass relation agreed with the observed rela-
tion for massive galaxies for which robust black hole mass es-
timates are available. This calibration strategy yields excellent
weak convergence® in key galaxy properties across all resolution
levels.

More details about the calibration and convergence between
runs of different resolution can be found in J. Schaye et al. (2026),
E. Chaikin et al. (2026a), and in Appendix A.

2.2 Halo and galaxy identification

Dark matter particles are assigned to top-level haloes using a
Friends-of-Friends (FoF) algorithm (we employ a linking length
equal to 0.2 times the mean dark matter inter-particle separation;
M. Davis et al. 1985); gas, stellar, and black hole particles are

3As discussed in J. Schaye et al. (2015), ‘weak convergence’ refers to
agreement across resolution levels when sub-grid models are recalibrated
independently at each resolution. In this approach, sub-grid parame-
ters are allowed to compensate for changes in galaxy properties arising
from different numerical parameters, such as mass and force resolution.
Throughout this paper, remarks about ‘good convergence’ across reso-
lution levels explicitly refer to weak convergence rather than implying
insensitivity to unresolved physics.
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assigned to the same FoF halo as the nearest dark matter particle
within the linking length, provided it belongs to one.

Galaxies and their dark matter haloes were identified using
HBT-HERONS (V. J. Forouhar Moreno et al. 2025), an updated
version of HBT+ (J. Han et al. 2018) suitable for hydrodynami-
cal simulations. An iterative unbinding procedure that accounts
for the binding energies of all particle species was used to de-
compose FoF haloes into self-bound sub-structures. This process
leverages the hierarchical formation of structure in ACDM and
assumes each sub-halo originated as the central sub-halo of an
earlier FoF group. Snapshots were thus processed sequentially
from early to late times, using each sub-halo’s particles to identify
its descendant in subsequent snapshots. This particle-tracking
approach improves sub-halo identification, especially for deeply
nested satellites and those embedded in dense regions of their
hosts (A. Chandro-Gémez et al. 2025; V. J. Forouhar Moreno et al.
2025).

When multiple central sub-haloes merge on to a single descen-
dant FoF group between two adjacent snapshots, the central is
assigned to the most massive progenitor, provided no others are
within 20 per cent of its mass. Otherwise, the sub-halo with the
lowest orbital kinetic energy in the rest frame of the host FoF halo
is selected.

We associate central galaxies with central sub-haloes and satel-
lite galaxies with satellite sub-haloes, and exclude the latter from
our analysis unless stated otherwise (see Appendix B for an as-
sessment of how this choice affects the SMR and AMR).

2.3 Measurements of galaxy properties

The halo and galaxy catalogues were post-processed with the
Spherical Overdensity Aperture Processor (SOAP; R. McGibbon
et al. 2025), which calculates a wide range of sub-halo and galaxy
properties. We obtain the stellar mass of each galaxy, M,, by
summing the individual masses of bound stellar particles that
lie within 50 kpc of its centre. Stellar masses defined this way
reproduce those inferred from mock observations of EAGLE galax-
ies (A. de Graaff et al. 2022), and unless otherwise stated, this
definition is adopted in all figures that follow.

To obtain specific star formation rates (sSFRs) we sum the in-
stantaneous SFRs of bound gas particles within a 50 kpc aperture
and divide by M,. Galaxy morphologies are quantified using the
kinematic disc-to-total mass fraction, D/T. To estimate D/T, we
double the mass of bound stellar particles within 50 kpc that
counter-rotate with respect to their net rotation to approximate
the bulge component, subtract this mass from the total stellar
mass to obtain the disc mass, and divide it by M,. The resulting
D/T values correlate strongly with other kinematic morphology
indicators, such as the co-rotating stellar mass fraction, «, (e.g.
L. V. Sales et al. 2010; C. A. Correa et al. 2017), and the ratio of
azimuthal velocity to velocity dispersion (V. J. Forouhar Moreno
et al. 2026).

The 50 kpc apertures* used to calculate M,, sSFR, and D/T
are centred on the most-bound particle (of any type). All galaxy
properties presented hereafter are defined in a proper coordinate
system.

4See Appendix C for a comparison of the SMRs and AMRs obtained for
different choices of the spherical aperture.

COLIBRE: galaxy size and angular momentum 5

2.3.1 Galaxy sizes

In Sections 3.1 and 3.2, we compare the sizes of COLIBRE galax-
ies with several observational data sets. Our approach mimics
standard observational analysis methods, although we defer full
forward-modelling of the simulated galaxies to future work. Un-
less stated otherwise, we include only stellar particles bound to
each galaxy when estimating its size, and we have verified that
our results are not strongly affected by this choice.

In what follows, we consider several measures of galaxy size
motivated by these observational data sets. One is the three-
dimensional stellar half-mass radius, r, 5o, defined as the radius
of a sphere centred on the galaxy that encloses half of M,. This
simple measure provides a clear indication of a galaxy’s physical
extent and how it evolves over cosmic time.

We also compute several two-dimensional size measures di-
rectly from the particle data: the stellar half-mass radius, R, s,
and the u-, r-, and z-band’® half-light radii, denoted R, 50, R;.50
and Ry sp, respectively. For the u and z bands, we also com-
pute the radii enclosing 90 per cent of the light, R, g0 and Ry o,
respectively.

We also estimate R%, and R, by fitting single-component J.
L. Sérsic (1963) profiles to the stellar-mass and r-band surface-
density profiles [Z,(R) and X,(R), respectively]. Both X,(R)
and ¥,(R) are initially computed over the radial range —2 <
log(R/kpc) < 3inlogarithmic radial bins of width A logR = 0.1.
We then fit the profiles over a restricted range rmin < ¥ < Fmax,
where rpy, is the innermost bin that encloses 10 stellar particles.
The outermost bin, rpy,y, is the smaller of either 50kpc, or the
farthest bin that contains at least 10 stellar particles.® These mea-
surements use three orthogonal projections of each galaxy (along
the simulation’s native x-, y-, and z-axes); the two-dimensional
sizes presented below are averages over these orientations.

Fig. 1 shows median X,(R) profiles for galaxies within
+0.15 dex of M, = 10° Mg and 10! M. Coloured lines denote
different simulations; error bars indicate the 16th to 84th
percentile scatter among individual galaxies in each mass bin,
and are shown only for the L200m6 run for clarity. Grey lines
show the mean best-fitting Sérsic profiles in each mass bin,
obtained by averaging fits to the median profiles at fixed mass;
grey shading indicates the range of the individual fits. Thick line
segments mark the radial range used for fitting. Note that the two-
dimensional half-mass radii inferred from the Sérsic fits (upward
arrows) agree well with those measured directly from the particle
data (coloured circles). Note too that the profiles obtained for the
different resolution runs are in good agreement down to radii
that are much smaller than the gravitational softening lengths
(eprop; marked by downward pointing arrows), suggesting that
softening is not necessarily a limiting factor in resolving galaxy
sizes (see also A. D. Ludlow et al. 2020; A. D. Ludlow et al. 2023).
This justifies the choice of rmi, used for profile fitting, which is
typically smaller than the softening length.

5COLIBRE stores the rest-frame, dust-free AB magnitudes of star particles
in the GAMA bands, computed following J. W. Trayford et al. (2015).
These were calculated from G. Bruzual & S. Charlot (2003) (GALAXEV)
stellar population synthesis models convolved with the relevant filter
transmission curves, and depend on each particle’s age and metallicity.
®We have verified that the values of R§%}; and RS%, obtained this way are
in good agreement with those obtained directly from the particle data.
Note that we use the superscript ‘Ser’ to denote half-mass sizes estimated
from Sérsic fits.
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Figure1l. Median stellar surface density profiles, =, (R), for z = 0 central
galaxies of mass M, = 10° Mg and 10'! M. Different line styles corre-
spond to different simulations. Thick segments mark the radial range
used for profile fitting and error bars indicate the 16th to 84th percentile
scatter in ¥,(R) for individual galaxies in L200m6. Grey lines show the
mean of the best-fitting Sérsic profiles obtained separately for each sim-
ulation and mass bin; shaded grey regions span the range corresponding
to individual fits to each of the median X, (R) profiles. Coloured circles
show median R, s values measured directly from the particle data, and
upward arrows indicate the values inferred from the best-fitting Sérsic
profiles. Squares correspond to the radius R; at which ¥, = 1 Mg pc™2.
Downward arrows mark the z = 0 gravitational softening lengths, €prop,
for each simulation, which exceed the minimum radii where profiles from
runs with different resolutions converge.

Following I. Trujillo et al. (2020), we also consider another size
measure, the radius R; where the stellar surface density profile
drops below £; =1 Mg pc~2 (coloured squares in Fig. 1). We
calculate R, from the face-on projection of the stellar surface
mass density profiles — defined in the plane perpendicular to the
net angular momentum vector of the bound stellar particles - by
linearly interpolating between the radial bins that bracket ¥, . The
%.(R) profiles are constructed in the manner described above.
This mimics the observational analysis of I. Trujillo et al. (2020).
All bound stellar particles are used to calculate R;, regardless
of their distance from the galaxy centre.” For the lowest mass
galaxies, R, typically exceeds R, s by factors of a few, increasing
to ~ 10 for the most massive galaxies in our sample.

Finally, we examine the baryonic size-mass relation, which
accounts for both stellar and gaseous components. It is defined
by the half-baryonic-mass radius, Ryar 50, and the total baryonic
mass, My, Baryonic half-mass radii are derived from cumula-
tive mass profiles (i.e. curves of growth, CoGs) constructed by
integrating the face-on stellar and gas surface-density profiles.
For most galaxies, the gaseous component extends far into the
halo and has no obvious ‘edge’; the total baryonic masses and the

7For the vast majority of galaxies, similar values of R; are obtained when
all stellar particles are used to construct their surface mass density pro-
files, regardless of whether or not those particles are gravitationally bound
to a galaxy.

MNRAS 550, 1-24 (2026)

corresponding half-mass radii are thus poorly defined. To address
this, we follow the procedure that Z. Hua et al. (2025) applied to
SPARC galaxies and impose an outer boundary at the radius Ry;
where the H 1 column density first falls below 10%° cm~2 (which
is of order 1 M, pc~2). Gas surface-density profiles are computed
out to this limiting radius using the H 1 masses of gas particles,
multiplied by a factor of 1.33 to account for helium and heavier
elements.® Separate CoGs are constructed for the stellar and H 1
components and then combined to obtain Ry, 50. The total bary-
onic mass is the sum of the stellar mass, M,, and the H I mass
(scaled by 1.33) enclosed within Ryy.

To illustrate these size defintions, Fig. 2 shows two example
galaxies from L025mS5 as virtual Hubble Space Telescope (HST) ob-
servations. The left panel shows a star-forming disc galaxy (M, =
8.8 x 101 M, SFR = 2.5 Mg, yr!), while the right panel shows
a passive spheroid (M, = 1.5 x 10"* Mg, SFR = 0.2Mg yr 1). In
each panel, the circles indicate the projected stellar half-mass ra-
dius, R, 50, the baryonic half-mass radius, Ry,r 50, and the surface-
density radius Ry, defined by X,(R;) = 1 Mg pc2.

Both images were created using the algorithm described in
Husko et al. (in preparation), which uses SPH interpolation to
assign dust masses and stellar luminosities to cells of a Carte-
sian grid centred on each galaxy. Stellar light is attenuated by
dust, accounting for both chemical composition and grain size
using a one-dimensional radiative transfer model (light scattered
along the line of sight - a minor contribution to the total flux -
is neglected). The final images combine HST ACS/WFC°F475W
(blue), F625W (green), and F775W (red) filters.

To ensure that these size measurements are robust to numer-
ical resolution, we restrict our analysis to central galaxies with
stellar masses M, > 100 x my,; (see Appendix A for a justifica-
tion of this choice). For R{%, and R$%,, which are obtained from
profile fitting and are therefore more sensitive to particle noise,
we impose a more conservative requirement of M, > 500 x Mipy;.

2.3.2 Galaxy angular momentum

The angular momentum of each galaxy is computed with respect
to its most bound particle and centre-of-mass velocity of the rel-
evant component. Unlike our estimates of stellar mass and SFR,
the stellar particles used here are not restricted to any aperture;
instead, we include all particles that are gravitationally bound to
the central galaxy.!® We define the stellar specific angular mo-

8This approach mimics the observational analysis of SPARC galaxies by
Z. Hua et al. (2025), but neglects the contribution of H, and ionized hy-
drogen in the galaxy outskirts. However, the resulting baryonic mass-size
relations obtained as described above are consistent with those obtained
when including both ionized and molecular gas.
9Hubble Space Telescope Advanced Camera for Surveys Wide Field
Channel.
10Unlike our measurements of stellar mass and size, both of which are
restricted to a 50 kpc aperture, we do not impose an aperture when cal-
culating j,, but instead use all bound stellar particles. This better reflects
observational attempts to estimate j,, which typically derive cumulative
J«(< R) profiles out to large radii (often ~ 5-10 disc scale lengths) and
often require convergence at large R. When kinematic data or surface
brightness profiles are limited to smaller radii, they are commonly extrap-
olated to estimate the total angular momentum assuming a flat rotation
curve. For late-type galaxies, the resulting j, values are generally close to
total specific angular momentum of an exponential disc with scale length
Ry and flat rotation velocity Vp,, for which j, = 2 Ry Viyy.

In simulations and observations, j, is sensitive to aperture choice be-
cause stars at large radii contribute little to the total mass but can carry
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Figure 2. Virtual Hubble Space Telescope observations of a z = 0 star-forming disc galaxy (left panel; M, = 8.8 x 10 Mg, SFR = 2.5Mg yr~1) and a
passive elliptical galaxy (right panel; M, = 1.5 x 10!! Mg, SFR = 0.2 Mg yr~1). Both galaxies are viewed along a line of sight parallel to the total stellar
angular momentum vector. The circles in each panel highlight three measures of galaxy size used in this paper (see Section 2.3.1 for details). From
smallest to largest: (1) the two-dimensional half-stellar-mass radius, R, 5o (solid white circle); (2) the two-dimensional half-baryonic-mass radius, Ry 50
(dashed light blue circle); and (3) the radius R; at which the stellar surface density profile first drops below =, = 1 Mg pc~? (dot-dashed yellow circle).
The image scale is indicated by the horizontal line in the lower-right corner, which spans 15 kpc.

mentum as j, = J,/M, vound,» Where J, is the magnitude of the
angular momentum of bound stellar particles and M, pound is their
total mass.

We also compute the baryonic angular momentum, Jy,r = J, +
Jgas, Where Jg,s is obtained from gas particles within Ry;, weighted
by their H I fractions and multiplied by 1.33 to approximately
account for heavier elements (primarily helium). This follows the
procedure used for SPARC galaxies by Z. Hua et al. (2025); we
compare our results to theirs in Section 3.3.2. The specific bary-
onic angular momentum is then jpar = Joar/Mbpar, With Mpay =
M, vound + 1.33 My;. Gas fractions are defined as fgs = 1.33 x
MHI/ Mbar-

As with the baryonic half-mass radius, Jy,y does not capture
the full angular momentum of all baryonic material: it excludes
contributions from ionized and molecular gas, and treats heavy
elements only approximately. We adopt this simplified definition
to enable a fair comparison with observational measurements of
baryonic angular momentum by Z. Hua et al. (2025). A follow-up
paper will present a more comprehensive analysis of the evolu-
tion of the total galactic baryonic angular momentum content of
COLIBRE galaxies.

2.4 Calibration versus prediction in
simulation-observation comparisons

COLIBRE sub-grid models for supernova and AGN feedback were
calibrated to reproduce the median z = 0 galaxy size-mass rela-

substantial angular momentum. We quantify the impact of imposing a
finite aperture in Appendix C.

tion of J. A. Hardwick et al. (2022) over the stellar mass range
10° < M,/Mg < 10''3, Their galaxy sample is drawn from the
XGASS survey (The extended GALEX Arecibo SDSS Survey; B.
Catinella et al. 2010, 2018) and spans redshifts 0.01 < z < 0.05.
Sizes were inferred from projected stellar mass surface density
profiles. These were constructed from double- and single-J. L. Sér-
sic (1963) profile fits to g-, r-, and i-band images by R. H. W. Cook
et al. (2019), which were used to independently model the disc
and (if present) bulge components. The fitted profiles, obtained
using ProFit (A. S. G. Robotham et al. 2017), were combined
and converted to stellar mass surface density profiles using the
stellar mass-to-light conversion of S. Zibetti, S. Charlot & H.-W.
Rix (2009). The surface mass density profiles were then integrated
to 10 x Rso, (Where Rsg , is the r-band half-light radius from R.
H. W. Cook et al. 2019) to obtain the cumulative stellar mass;
the total stellar mass corresponds to the mass enclosed within
10 x Rsg r, which is used to define the half-mass radius.

COLIBRE’s calibration used two-dimensional stellar half-mass
radii measured directly from the particle data for galaxies of
mixed morphology. Stellar masses and sizes were measured at
z = 0 within 50 kpc apertures and therefore do not exactly match
the observational techniques used to infer the galaxy sizes to
which the sub-grid models were calibrated. Although obtaining
a good match to these observations, as COLIBRE does, is by no
means trivial, comparisons of simulated and observed size-mass
relations based on similar size definitions are not fully indepen-
dent tests of the model, and some level of agreement is expected
by construction if the calibration was successful.

To provide a more independent test, the comparisons presented
below employ data sets and measurement techniques that dif-
fer from the size estimates used for calibration. These include

MNRAS 550, 1-24 (2026)
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Figure 3. Three-dimensional stellar half-mass radius (r. so; upper panels) and stellar specific angular momentum (jj,; lower panels) as a function of
stellar mass at z = 0, 1, 2, and 3 (left to right). Median relations are constructed by combining galaxies from different runs above a resolution-dependent
mass limit. For m5 resolution (L025mS5 at z = 0, and L050m5 at z > 0) we include all galaxies with M, > 100 my,,; for L200m6 and L400m?7, we include
galaxies with M, > 500 my,, and > 1000 my,,, respectively. The line segments above the upper-left panel indicate the stellar-mass range where each
simulation contributes the highest number of galaxies. Connected circles show relations for central galaxies, while dashed lines show the entire galaxy
population (centrals plus satellites). Shaded regions denote the 16th-84th percentile scatter for the full distribution of centrals. Blue lines show the
median relations for galaxies within 0.5 dex of the redshift-dependent star-formation main sequence defined by equation (1) (star-forming systems),
while red lines show the medians for galaxies at least 0.5 dex below the main sequence (passive systems). Only bins that contain at least 25 galaxies are
plotted. The grey line segment in the lower panels shows the j, o Mf/ 3 scaling predicted by the virial theorem. For z < 2 and 10° < M, /Mg < 10', star-
forming central galaxies are larger (by &~ 0.1-0.3 dex) and have higher j, (by & 0.2-0.5 dex) than passive galaxies. Conversely, massive (M, > 101 M)
and low-mass (M, < 10° M) star forming and passive have similar sizes and angular momenta at all redshifts. Including satellite galaxies does not affect

the trends, which can be seen by comparing the dashed lines to the connected circles.

z = 0 size-mass relations based on alternative size definitions
(e.g. light-weighted sizes in multiple bands in Section 3.1.1, sizes
inferred from surface density thresholds in Section 3.1.2, or size
estimates obtained from the entire baryonic content of galaxies
in Section 3.1.3), different measurement procedures (particle-
based versus profile fitting; Section 3.1.1), or sub-samples de-
fined by morphology, star-formation activity, or gas fraction.
These choices can introduce systematic differences in the inferred
galaxy sizes, so the level of agreement with observations depends
on how robustly COLIBRE reproduces the internal structure of
galaxies in the local Universe.

Truly predictive tests arise from observables that were not part
of the calibration. These include the redshift evolution of the
size-mass relation (Section 3.2), relations obtained for indepen-
dent samples of different galaxy types, and all relations involving
baryonic or stellar specific angular momentum (Section 3.3). In
particular, the z > 0 size-mass relations and all j,—M, relations,
as well as their dependence on galaxy type, constitute genuine
predictions of the model. The level of agreement with observa-
tions therefore provides a non-trivial validation (or refutation) of
the underlying physical models implemented in COLIBRE.

2.5 Aninitial view of the r, 50 — M, and j, — M, relations

Fig. 3 shows the median r, 5o — M, (upper panels) and j, — M, re-
lations (lower panels) for central galaxies in L025m5 (or LOS0m5

MNRAS 550, 1-24 (2026)

for available redshifts), L200m6, and L400m7 using connected
circles. Dashed lines show relations for the full galaxy popula-
tion, including satellites. For clarity, galaxies from all simulations
have been combined to construct a single median relation. To
balance the requirements of high resolution and good statistics,
we adopt a resolution-dependent lower mass limit corresponding
to 100 Mypayr, 500 My, and 1000 my,, for the m5, mé6, and m7 reso-
lutions, respectively. The line segments above the upper-left panel
indicate the range of stellar mass over which each resolution level
contributes the largest number of galaxies. Convergence with
resolution is demonstrated explicitly in later figures.

Different columns correspond to results at z = 0, 1, 2, and 3.
Blue curves show the median relations for star-forming galaxies,
i.e. those lying within 0.5 dex of the redshift-dependent star for-
mation main sequence,!' approximated as

log [sSFR(z)/Gyr!] = 0.40z — 0.04z> — 0.73 €))

Red curves show medians for passive galaxies, i.e. those that lie
at least 0.5 dex below this sequence. We choose these thresholds

1Equation (1) provides a useful proxy for the star-forming main se-
quence. It was obtained by fitting a second-order polynomial to the com-
bined median sSFR-M, relations calculated independently for L025m5
(forz < 0.5), L050m5 (for z > 1), L200m6, and L400m7, at redshifts z = 0,
0.5,1, 2, 3,and 4, and over the stellar-mass range 7.5 < log(M,/Mg) < 10
in bins of width AlogM, = 0.2.
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in order to sample the full population of galaxies at all redshifts.
In subsequent figures, we adopt definitions of star-forming and
passive galaxies that are tailored to the observational data sets
against which COLIBRE is compared.

Key features of the size-mass relations in Fig. 3 are as fol-
lows. (i) The median r, 5o — M, relations for both galaxy types
are approximately flat below a characteristic mass of M, ~
10'% M, although star-forming galaxies at z < 1 exhibit a slight
increase in size with stellar mass. (ii) At all masses, galaxy
sizes increase towards lower redshift, irrespective of galaxy type.
(iii) At intermediate masses (10° < M, /Mg < 10! at z < 2 and
10° < M,/Mg < 10! at z > 2), star-forming galaxies are, on av-
erage, larger than passive systems by ~ 0.2-0.3 dex, regardless
of whether satellite galaxies are included. (iv) Among the most
massive systems, sizes increase sharply with mass at low red-
shift, but by z = 3 the relation develops a pronounced ‘U’-shape,
with sizes decreasing to a minimum near M, ~ 10'%° M, be-
fore rising rapidly at higher masses. (v) At z =3, this ‘com-
paction’ mass scale roughly separates galaxies with the high-
est sSFRs (log[sSFR/Gyr'] 2 0.5; typically less massive) from
quenched systems (log[sSFR/Gyr~!] < —2; typically more mas-
sive), although this is not shown explicitly in Fig. 3.

Key features of the j,—M, relations are as follows. (i) At in-
termediate mass and for all redshifts, star-forming galaxies have
higher median j, than passive ones by ~ 0.2 to 0.5 dex, depending
on mass. (ii) The j,—M, relations of both star-forming and passive
galaxies follow approximate power laws with slopes ~ 0.7 (cf.
the solid grey line). (iii) At the highest masses and for z < 1,
there is evidence for an upturn in j, for passive galaxies, though
this trend is sensitive to the aperture used to measure j, (see
Appendix C). (iv) At all redshifts, active and passive galaxies with
M, ~ 10'' My, have similar j, values regardless of their sSFR.
These results are unaffected by the exclusion of satellite galaxies.

3 RESULTS

3.1 Size-mass relationsatz =0

In this section, we compare the size-mass relations of COLIBRE
galaxies with observational data sets that were not used to cal-
ibrate the sub-grid models. Although each survey employs its
own methodology to estimate stellar masses and sizes, several
common elements can be summarized here.

Stellar masses are typically derived from multiband optical
imaging combined with stellar population synthesis modelling,
with corrections for dust and AGN and an assumed initial mass
function. For a fixed initial mass function, this results in random
uncertainties of ~ 0.1-0.3 dex in M,, depending on redshift and
data quality in addition to unknown systematic uncertainties (e.g.
C. Conroy, J. E. Gunn & M. White 2009; A. Gallazzi & E. F. Bell
2009; A. S. G. Robotham et al. 2020; C. Pacifici et al. 2023). When
comparing to observational results, we therefore apply a redshift-
dependent lognormal scatter to the simulated stellar masses to
mimic these uncertainties.!?

12Following E. Chaikin et al. (2026b), we add a lognormal scatter
to M, with mean zero and standard deviation ondom(z) = min(0.1 +
0.1z, 0.3)dex, consistent with the functional form advocated by P. S.
Behroozi, C. Conroy & R. H. Wechsler (2010), although with slightly
different parameters. Specific star formation rates and specific angular
momenta are calculated using the measured (i.e. unscattered) values of

COLIBRE: galaxy size and angular momentum 9

The data sets considered below span a range of depths and
modelling approaches. The z = 0 SMR of J. A. Hardwick et al.
(2022) is based on xGASS galaxies whose structural param-
eters were derived using PROFIT (A. S. G. Robotham et al.
2017). For GAMA galaxies, stellar masses, surface-density (and
surface-brightness) profiles, and sizes were obtained from up-
dated multiband photometry using the PROFUSE pipeline (A. S.
G. Robotham, S. Bellstedt & S. P. Driver 2022), adopting the stellar
population synthesis models of G. Bruzual & S. Charlot (2003), a
G. Chabrier (2003) initial mass function, and a D. Calzetti et al.
(2000) dust law. The IAC Stripe82 Legacy Project (J. Fliri & I.
Trujillo 2016; J. Romén & I. Trujillo 2018a), analysed by I. Tru-
jillo et al. (2020), provides deep multiband imaging corrected for
inclination and dust attenuation; stellar masses are derived by
integrating the surface mass-density profiles to an isophotal limit
of g = 29 mag arcsec 2. The SPARC survey comprises 175 nearby
late-type galaxies whose stellar mass distributions are inferred
from 3.6 um surface photometry obtained with the Spitzer Space
Telescope.

We compare these data sets in Fig. 4, which summarizes the
range of observationally inferred z = 0 size-mass relations con-
sidered in this work. The upper panel shows mass-weighted size
estimates, including the two-dimensional half-mass radii R, 5, of
GAMA galaxies from S. Bellstedt et al. (2024), the surface-density
threshold radius R; of I. Trujillo et al. (2020), and the baryonic
half-mass radii Ry, 5o of Z. Hua et al. (2025). Also shown is the
R, s50—M, relation of J. A. Hardwick et al. (2022), which was used
to calibrate COLIBRE’s sub-grid physics models. For reference, we
include the corresponding z = 0 R, 50—M, relations for all galaxies
in the L025m5, L200m6, and L400m7 simulations, where R, s is
measured directly from random projections of the stellar particle
distributions. These simulated relations show good convergence
and are in excellent agreement with the SMR of Hardwick et al.
The simulated R, s, values were used to calibrate COLIBRE’s sub-
grid physics models and should be compared only to this data
set; they are shown for completeness but are not analysed fur-
ther, as they have been presented previously by J. Schaye et al.
(2026) and E. Chaikin et al. (2026a). The different size definitions
exhibit substantial systematic differences, and we therefore defer
detailed comparisons with the corresponding observational data
sets to subsequent sections.

The lower panel shows light-weighted size estimates from
GAMA Data Release 4,'* including the half-light radii in the r—,
zZ—, and u-bands, and the radii R, g0 and R, ¢ enclosing 90 per
cent of the u- and z-band light, respectively.

In the following sections, we compare these observational re-
lations to COLIBRE’s simulated galaxy population. For more rig-
orous tests of COLIBRE’s predictions, we will sometimes present
results separately for disc and spheroid sub-samples, or for star-
forming and passive systems, using similar selection criteria for
the simulated and observed galaxies. Hereafter, we restrict our
analysis to central galaxies in the thermal-AGN model. For the
observational data sets we do not distinguish between central and
satellite galaxies; however, we demonstrate in Appendix B that
our z = 0 results are insensitive to the removal of satellites from
the simulated sample.

M,. We examine the impact of redshift-dependent scatter in M, on the
SMR and AMR in Appendix D.
Bhttps://www.gama-survey.org/dr4/.

MNRAS 550, 1-24 (2026)
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Figure 4. The upper panel shows mass-weighted size estimates: the two-
dimensional half-mass radii R, 5o from xGASS (J. A. Hardwick et al. 2022)
and GAMA (S. Bellstedt et al. 2024), the radius R; at which the stellar
surface density equals ¥, = 1 Mg pc~2 (I. Trujillo et al. 2020), and the
baryonic half-mass radii of SPARC galaxies (Z. Hua et al. 2025). Also
shown are the median z = 0 two-dimensional half-mass radii of COLIBRE
galaxies in L025m5, L200m6, and L400m?7 (coloured lines). The latter,
shown for all galaxies (centrals plus satellites), were computed directly
from the stellar particle data and were used to calibrate COLIBRE’s sub-
resolution physics models; these relations should only be compared with
the observed R, so — M, relations. The lower panel shows light-weighted
sizes from the GAMA Survey, including the r-band two-dimensional half-
light radii R, 5o (S. Casura et al. 2022), and the radii enclosing 50 and 90
per cent of the u- and z-band light. Error bars, where present, correspond
to the 16th to 84th percentile scatter.

In all subsequent figures, simulated and observed size-mass
and angular momentum-mass relations are constructed using
bins of fixed logarithmic width, A log M, = 0.2. The plots follow
a common visual scheme: connected symbols with error bars de-
note observed median relations and their 16th to 84th percentile
scatter, while lines and shaded regions show the corresponding
medians and scatter from the simulations. When galaxies are sep-
arated by morphological type, late-types are shown in blue and
early-types in red; different resolution levels are distinguished
by line style. When all galaxies are shown irrespective of type,
simulations are distinguished by line style and colour. Across all
figures, a given resolution level is represented by a consistent line
style.

3.1.1 Stellar size-mass relations

The upper panels of Fig. 5 show the median Rffsro—M* relations
obtained from single-component Sérsic fits to the stellar surface-
density profiles, ,(r), of z =0 central galaxies containing at
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least 500 stellar particles. The left panel shows results for the full
sample, regardless of morphology. The middle and right panels
separate galaxies by best-fitting Sérsic index, with ng < 1.5 for
late-types (middle) and ng > 2.5 for early-types (right). Different
resolution runs are plotted individually and demonstrate good
convergence. Thick lines denote mass bins containing more than
10 galaxies, while thin lines indicate bins with fewer; shaded
regions indicate the scatter in the L200m6 run. In COLIBRE, the
median RS is relatively flat below M, ~ 10'%> M, but increases
by roughly 1 dex over the subsequent - 1.5 dex increase in stellar
mass.

Circles with error bars show the observational relations for
GAMA galaxies from S. Bellstedt et al. (2024), who used updated
multiband photometry and the PROFUSE (A. S. G. Robotham et
al. 2022) pipeline to construct stellar mass maps that were used
to infer the surface mass density profiles. As for the simulations,
structural parameters for the observed sample are obtained from
single-component Sérsic fits, with galaxies classified as pure discs
(ns < 1.5; middle panel) or pure spheroids (ns > 2.5; right-hand
panels). Error bars indicate the 16th to 84th scatter.

The lower panels show the r-band SMRs, compared to the
measurements of S. Casura et al. (2022), derived from KiDS (Kilo-
Degree Survey) r-band imaging of the GAMA-II equatorial region
(S. P. Driver et al. 2011; J. T. A. de Jong et al. 2013). Sizes were
obtained from single-component Sérsic fits using PROFIT (A. S.
G. Robotham et al. 2017). The left panel shows the full popu-
lation, while the middle and right panels present the late- and
early-type sub-samples, adopting the same ng thresholds for the
simulations and observations. For comparison, these panels also
include the SDSS r-band power-law size-mass relations of S. Shen
et al. (2003) as dot-dashed lines.

Overall, we find excellent agreement between the simulated
and observed measurements of R and R}, across the entire
resolved stellar mass range. We have also compared size estimates
in other optical bands, again obtaining good consistency. Fig. 6
illustrates this using the R, so—M, (upper left) and R, so—M, (upper
right) relations, where sizes were measured directly from the par-
ticle data rather than from Sérsic fits. Grey points show the cor-
responding GAMA measurements derived in the same manner
as R, 5o from S. Casura et al. (2022). Although our measurements
do not account for dust attenuation, we nevertheless find good
agreement in both optical bands (which are separated by roughly
250-300 nm) in both the normalization of the relations and their
intrinsic scatter.

The lower panels of Fig. 6 show that this agreement extends to
Ry 90 and R o9, Which probe larger radii that were not considered
during calibration of COLIBRE’s sub-grid physics models. The
agreement is particularly good in the z-band. However, for simu-
lated galaxies with M, < 10'%5 M, the R, g values are on average
slightly smaller than observed (but still within the scatter), possi-
bly reflecting the stronger sensitivity of shorter-wavelength light
to dust, the effects of which are not included in our analysis of
simulated galaxy sizes.

3.1.2 The R, — M, relation

Fig. 7 compares the R; — M, relation for z = 0 central galaxies
in COLIBRE with observations from I. Trujillo et al. (2020). The
top panel shows the full sample of observed and simulated galax-
ies. The bottom panel splits the observed galaxies into discs and
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Figure 5. Size-mass relations for z = 0 central galaxies in the COLIBRE simulations compared with recent observations. The top panels show median
two-dimensional stellar half-mass radii, Rf,esro’ compared with observational measurements from S. Bellstedt et al. (2024). The bottom panels show the
median two-dimensional r-band half-light radii, Riesro, and are compared with the measurements of S. Casura et al. (2022) (connected circles) and S.
Shen et al. (2003) (dot-dashed lines). In both cases, galaxy sizes were measured from single-component Sérsic fits to the stellar mass surface density
or r-band surface brightness profiles, as described in Section 2.3. Results from L025m5, L200m6, and L400m?7 are shown using dot-dashed, solid, and
dashed lines, respectively, with thin line segments indicating mass bins that contain fewer than 10 galaxies. The shaded regions highlight the 16th to
84th percentile scatter for L200m6. Observed data are plotted as connected symbols, with error bars indicating the 16th-84th percentile range. The left
column shows results for all central galaxies, regardless of morphological type. The middle and right columns show late- and early-type central galaxies,
respectively, for which morphological classification is based on Sérsic index, ng: in the top (bottom) panels, galaxies with ng < 1.5 (2.5) are classified as
late-type, and those with ng > 2.5 as early-type. Overall, COLIBRE reproduces the size-mass relations for both early- and late-type galaxies, and achieves

good convergence across resolution levels.

spheroids based on visual classifications.* COLIBRE galaxies lack
visual classification and are divided by the kinematic D/T ratio:
D/T > 0.6 for late-types and D/T < 0.3 for early-types. The val-
ues of R; obtained for our simulated galaxies are converged and
agree well with the observational results over ~ 5 dex in stellar
mass (see also E. Arjona-Galvez et al. 2025; C. Dalla Vecchia & 1.
Trujillo 2025, for similar results from other cosmological simula-
tions). Low-mass galaxies (M, < 1035 M,,) exhibit a roughly con-
stant stellar surface density of X, ~ 10 Mg pc~2, which increases
to 2, ~ 100 My, pc~2 for more massive systems (M, > 101%5 My,).

~

141, Trujillo et al. (2020) use deep imaging data from the TAC Stripe82
Legacy Project (J. Fliri & I. Trujillo 2016; J. Roman & I. Trujillo 2018b), and
target galaxies have redshifts z < 0.09 and span the mass range 10’ Mg <
M, < 1012 Mg, Galaxies with M, > 10° M were taken from the cata-
logue of P. B. Nair & R. G. Abraham (2010), which includes visually
classified morphologies. These data were supplemented with lower mass
galaxies (10’ Mg < M, < 3 x 10° M) from the catalogue of C. Maraston
et al. (2013), which lacks morphological information.

COLIBRE also approximately reproduces the morphology depen-
dence of the R; — M, relation seen in the lower panel, which is
weak for both the simulations and observations.

3.1.3 The baryonic size-mass relation

Finally, Fig. 8 compares the z = 0 baryonic SMR of late-type
central COLIBRE galaxies (defined as kinematic D/T > 0.6) with
observations of late-type galaxies from the SPARC survey (Z. Hua
et al. 2025). Dotted, solid, and dashed curves show the median
relations for L025m5, L200m6, and L400m?7, respectively. Each
sample is split into gas-rich (fgs > 0.6; blue) and gas-poor (feas <
0.3; red) sub-samples, where fgs = 1.33 My /My, Connected
squares indicate the corresponding relations for SPARC galaxies,
selected using the same gas-fraction thresholds and plotted with
the same colour scheme. Both the simulated and observed rela-
tions show strong segregation by gas fraction.

There is good agreement between the median relations from
L025m5 and L200m6 for the gas-rich samples, and between all

MNRAS 550, 1-24 (2026)
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Figure 6. Characteristic radii Ry 5o (upper panels) and Ry o9 (lower pan-
els) where “x’ represents the u-band (left column) and z-band (right col-
umn) as a function of stellar mass. Coloured lines show the median
relations for simulated central galaxies at z = 0 and do not include the
effects of dust attenuation; thick and thin lines correspond to bins that
contain >10 and <10 galaxies, respectively. Shaded regions denote the
16th to 84th percentile scatter for L200m6. Connected circles show the
median observational relations from the GAMA survey, with error bars
indicating the 16th—84th percentile range.

simulations for the gas-poor samples, with all matching the ob-
servational relations within the observed scatter. This agreement
is noteworthy given the heterogeneous selection function of the
SPARC sample. The median relation from L400m7 for the gas-
rich sub-sample, however, is offset to smaller Ry, 50 at fixed bary-
onic mass, suggesting the presence of a population of compact
gas-rich galaxies in this low-resolution run.

Overall, these results demonstrate that COLIBRE accurately re-
produces the characteristic galaxy sizes at z = 0 inferred from op-
tical surface-brightness profiles, stellar surface-density profiles,
and the low-density outskirts of galaxies quantified by the radius
R;. This consistency across multiple, physically distinct size def-
initions provides confidence that at z = 0 the spatial distribution
of both stars and baryons in COLIBRE galaxies is realistic.

3.2 Redshift evolution of the stellar size-mass relation

For higher-redshifts, we compare COLIBRE with the recent mea-
surements of A. van der Wel et al. (2024), based on multiband
HST imaging. Stellar masses and star-formation rates are from
the J. Leja et al. (2020) catalogue, which used the Prospector-«
model (J. Leja et al. 2017; B. D. Johnson et al. 2021) to perform
non-parametric modelling that accounts for dust attenuation and
obscured AGN. We also compare our simulated galaxies to re-
cent observational results of J. Song et al. (2026), based on HST
+ JWST multiband imaging. Stellar masses for this data set were
obtained from dust-corrected multiband images using CIGALE
(M. Boquien et al. 2019).
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Figure 7. Size-mass relations for z = 0 central galaxies compared with
the observational results of I. Trujillo et al. (2020). Sizes are defined by
the radius R; where the (face-on) stellar surface mass density drops below
% = 1 Mg pc2. Different line styles correspond to median relations for
different resolution levels. Shaded regions and error bars show the 16th
to 84th percentile range for the (L200m6) simulations and observations,
respectively. The upper panel shows the full samples of observed and
simulated galaxies; the lower panel separates galaxies by morphological
type. Observed morphologies (available for galaxies with M, > 10° M)
are based on visual classifications: ellipticals (E0-S0+) are shown in red,
spirals (S0/a-Im) in blue. For COLIBRE, we use the kinematic disc-to-total
ratio, D/T, as a proxy for morphology, as indicated in the legend. The
grey dotted lines correspond to tracks of constant stellar surface density.
COLIBRE demonstrates excellent convergence across resolution levels and
aligns closely with the observed data.

Fig. 9 shows the (three-dimensional) stellar half-mass ra-
dius, r, s0, as a function of stellar mass for central COLIBRE galax-
ies across several redshift intervals. The upper panels present
results for central galaxies in the m5 resolution runs (combining
L025m5 and L050m5; dotted lines), L200mé6 (solid lines), and
L400m7 (dashed lines). We include measurements from all avail-
able snapshots that span each of the redshift intervals. Connected
grey circles represent observed galaxies from A. van der Wel et al.
(2024). Their three-dimensional half-mass radii were derived by
de-projecting two-dimensional half-mass radii, R, 50, measured
from stellar mass maps derived from multiband CANDELS HST
imaging.

The lower panels of Fig. 9 separate galaxies into star form-
ing and passive sub-samples based on their star formation rates,
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Figure 8. The z = 0 baryonic SMR for late-type (i.e. kinematic D/T >
0.6) central COLIBRE galaxies, compared with disc galaxies from the
SPARC survey (Z. Hua et al. 2025). Dotted, solid, and dashed curves
show the median relations for L025m5, L200m6, and L400m7, respec-
tively. Each simulation sample is divided into gas-rich (fgas > 0.6; blue)
and gas-poor (fgas < 0.3; red) sub-samples, where fgas = 1.33 Mu1/Mpar.
Connected circles denote the corresponding SPARC relations, selected
with the same gas-fraction thresholds and plotted using the same colour
scheme. Both simulated and observed relations show strong segregation
by gas fraction. Overall, COLIBRE reproduces the SPARC relations but the
lower-resolution run (L400m?7) contains an excess of overly compact gas-
rich systems.

using the same classification criteria for the simulated and ob-
served galaxies. Galaxies are classified as passive if their star
formation rates place them at least 0.8 dex below the star-forming
main sequence at their respective redshifts; otherwise, they are
classified as star forming. This scheme is the same as that adopted
by A. van der Wel et al. (2024), who define the main sequence us-
ing the parametrization of J. Leja et al. (2022). For COLIBRE galax-
ies, we approximate the redshift-dependent star-forming main
sequence using equation (1).

Overall, COLIBRE accurately reproduces the redshift evolution
of the observed stellar mass-size relation atz < 1.5, including the
qualitative differences between star-forming and passive popula-
tions. The agreement is particularly good atz < 0.75, and remains
so at higher redshifts for galaxies with M, < 10'° M. For higher
stellar masses, systematic offsets are apparent atz 2 0.75: passive
galaxies in COLIBRE tend to be larger than observed by ~ 0.1
dex, while star-forming galaxies are smaller by ~ 0.2 dex. As a
result, the separation of the SMRs for star-forming and passive
galaxies in COLIBRE is smaller than observed. These differences -
particularly for star-forming galaxies — may be reduced once the
effects of dust attenuation on inferred galaxy sizes are explicitly
modelled, as dust can preferentially obscure the central regions
of galaxies and increase measured sizes. Note, however, that star-
forming galaxies in the m5 runs approximately reproduce the
observed relations at all redshifts.

Fig. 10 extends the comparison up to z = 4. Observational
measurements are taken from J. Song et al. (2026), who
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combined multiband photometry to derive galaxy sizes corre-
sponding to rest-frame 1 um imaging. These wavelengths are ex-
pected to be less sensitive to stellar population gradients, metal-
licity variations, and dust attenuation than rest-frame optical
measurements. Sizes correspond to circularized half-light radii,
Rium,s0, and were obtained using GALFIT (C. Y. Peng et al. 2002)
after combining archival HST data with new James Webb Space
Telescope (JWST) observations of the CANDELS fields (N. A. Gro-
gin et al. 2011; A. M. Koekemoer et al. 2011). Only galaxies with
reliable GALFIT measurements and sizes exceeding the effective
pixel scale are included.

The median relations and 16th to 84th percentile scatter are in-
dicated by connected circles and error bars, respectively. For COL-
IBRE, median relations are shown using different line styles, as
in previous figures, with shaded regions indicating the 16th-84th
percentile scatter for L200m6. To facilitate a consistent compari-
son, simulated galaxy sizes correspond to rest-frame 1 pm half-
light radii, which we approximate using the two-dimensional
half-light radii measured in the GAMA Y —band (1.02 um). These
sizes were estimated from the corresponding surface brightness
profiles, calculated within 50 kpc apertures and for random ori-
entations. Galaxies whose sizes fall below the observational reso-
lution limit of the J. Song et al. (2026) sample are excluded.

As in Fig. 9, we find good agreement between the simu-
lated and observed size-mass relations at low and intermedi-
ate redshifts, i.e. z < 2. At higher redshifts, systematic differ-
ences emerge. In particular, for 10°° < M, /Mg < 104, simulated
galaxies are smaller than observed systems by ~ 0.1-0.5 dex de-
pending on their mass, while the size-mass relations at lower
masses and for the highest-mass galaxies remain in good agree-
ment. While we leave a comparison to virtual observations to
future work, preliminary tests indicate that accounting for dust
attenuation increases the apparent sizes of intermediate-mass
COLIBRE galaxies. At z = 3, for example, the sizes of galaxies
with M, > 10° M, increase by between ~ 0.1 and 0.4 dex, with
the largest increase occuring at M, ~ a few x 10'° My, which is
comparable to the mass scale where we find the largest size dif-
ferences between observed and simulated galaxies at this redshift
(see the lower panel, second from the right).

‘We have also compared the SMRs of star-forming and passive
COLIBRE galaxies to those of J. Song et al. (2026), although we
do not show these results explicitly. Consistent with the trends
seen in Fig. 9, we find that at redshifts z > 1 the separation
between the SMRs of star forming and passive galaxies is less
pronounced in COLIBRE than in the observations. In this regime,
star-forming simulated galaxies are typically smaller than their
observed counterparts, while passive simulated galaxies are typ-
ically larger. This suggests that differences in the structure of
star forming and quiescent systems at early times are somewhat
muted in the simulations, or that the effects of dust should not be
ignored when modelling the dependence of the simulated SMR
on star formation activity.'®

3.3 The specific angular momentum-mass relation at
z=0

The results above show that COLIBRE’s simulated galaxy popula-
tion reproduces the observed stellar SMR, including its systematic

15This result does not depend on whether or not observational errors are
added to the stellar masses.

MNRAS 550, 1-24 (2026)

920z 1snBny €0 U0 1sonB Aq £621€.8/61€ L BEIS/1/05G/aI01E/Seuw/Woo"dno-olWapeo.//:sdiy oy papeojumod



14 A.D. Ludlow et al.

T T T T T T T T T T T T T T T
L5 6-6-6 vanderWeletal. (2024) 1f cccee L025mS5 & LOSOmS IF 7]
— == L200m6
) .
é’* 10F 4| ==== L400m7 2 1Lk o
2
F05F Loseodoons JLE JLE ]
o0 soo00sF0 sunes? 5o
2 ° 000°° & 00000°°°° o 0000
0.0 05<z<0757F 075 <z < 125]f 125 <z< 157
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
T T T T T T T T T T T T T T T
1.5 ¢——¢ Observations : Star forming 7 [ = Colibre : Star forming 1rF b
- LH—3  Observations : Passive L2 Colibre : Passive .
Zob it it ]
s
205k 1F 1k ]
g
0.0F 1k | 1F
0.5<2z<0.75 075 <z < 1.25
1 1 1 1 1 1 1 1 1 1

7 8 9 10 11 12 7 8 9 10 11 127
log M, M) log M, [Mc)]

Figure 9. Median r, 5o—M, relations at redshifts 0.5 < z < 1.5. The upper panels show all observed galaxies and simulated central galaxies; the lower
panels show median trends for sub-sets of star-forming (blue) and passive (red) galaxies separately. These classifications are based on each galaxy’s
distance from the z-dependent star formation main sequence (see the text for details). Median relations for m5 (which combine L025m5 and L050m5),
L200m6, and L400m?7 are shown as dotted, solid, and dashed lines, respectively, to illustrate numerical convergence. In all panels, shaded regions indicate
the 16th to 84th percentile scatter for L200m6. Simulated data include all available outputs within the redshift intervals listed in each panel. Observational
results from A. van der Wel et al. (2024) are shown for comparison. Their medians are shown with connected circles for the full sample in the upper
panels and for the star-forming sample in the lower panels; connected squares in the lower panels show medians for the passive sample. Observational
error bars denote the 16th-84th percentile range. The simulations reproduce the observed redshift-dependence of the size-mass relation, as well as its
dependence on star formation activity for z < 0.75. However, for galaxies with M, > 101 M, at z > 0.75, the separation between the active and passive
relations is smaller than observed.
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Figure 10. Two-dimensional half-light radii, Ry ,.m s0, as a function of stellar mass, M,, for all observed and simulated central galaxies over the redshift
range 0 < z < 4. Sizes are estimated from 1um surface brightness profiles measured within 50 kpc apertures and for random orientations. Different
panels correspond to redshift bins of width Az = 0.5. Dotted, solid, and dashed coloured lines show the median relations for m5 (combining all available
outputs from L025m5 and L050m5), L200m6, and L400m?7, respectively; the orange shaded region shows the 16th to 84th percentile scatter for L200mé.
Median relations for observed galaxies from J. Song et al. (2026) are show using connected circles; error bars indicate the 16th-84th percentile range.
Observed sizes correspond to half-light radii measured from rest-frame 1 um images. We approximate these measurements in COLIBRE using half-light
radii derived for the GAMA Y —band (1.02 pum).

dependence on galaxy type, particularly for z < 1. Observational parallel sequences (e.g. S. M. Fall & A. J. Romanowsky 2018). Mo-

studies similarly reveal a strong morphological segregation in tivated by this, we now extend our analysis to the stellar specific
the stellar specific angular momentum-mass plane, with star- angular momentum-mass relation, adopting the same morpho-
forming discs and passive spheroids occupying distinct, roughly logical classifications that were used for galaxy sizes.
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Figure 11. Median stellar specific angular momentum (j,) as a function
of stellar mass (M,) for simulated central galaxies at z = 0. Early- and
late-type systems are shown in blue and red, respectively. Dotted lines
indicate L025mS5, solid lines L200m6, and dashed lines L400m?7. In the top
panel, galaxies are classified by their kinematic disc-to-total ratio, D/T’;
in the bottom panel by star-formation activity (see the text for selections).
Observational measurements for disc galaxies are shown from L. Posti et
al. (2018, plus signs) and E. M. Di Teodoro et al. (2021, diamonds). Results
from S. M. Fall & A. J. Romanowsky (2018) are included for systems with
D/T > 0.6 (blue squares) and D/T < 0.3 (red squares). For both classifi-
cation schemes, COLIBRE reproduces both the slope and normalization of
the observed j, — M, relations.

3.3.1 The stellar angular momentum-mass relation

In Fig. 11, we plot the median z =0 j, — M, relations, using
different line styles for the different resolution levels. Galaxies are
classified either by their kinematic disc-to-total ratio (D/T, top
panel) or by sSFR (bottom panel). In the latter case, star-forming
galaxies lie within 1 dex of the main sequence (i.e. equation 1),
while passive systems are at least 2 dex below it. In both cases,
the simulated population separates cleanly into two sequences
that persist over the full mass range and exhibit good convergence
between resolutions. Late-type or actively star-forming systems
define a higher-normalization relation, while early-type or pas-
sive galaxies populate a lower-j, sequence.

‘We compare these results to observational measurements from
L. Posti et al. (2018, blue plus signs), S. M. Fall & A. J. Ro-
manowsky (2018, blue and red squares), and E. M. Di Teodoro
et al. (2021, blue diamonds). The SPARC-based measurements of
L. Posti et al. (2018) and the massive spiral galaxies studied by E.
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Figure 12. The specific baryonic angular momentum-mass relation
for z = 0 late-type central galaxies (kinematic D/T > 0.6) in COLIBRE,
compared to SPARC galaxies from Z. Hua et al. (2025). Dotted, solid,
and dashed lines show the median relations for L025m5, L200m6, and
L400m7, respectively, computed separately for systems with gas frac-
tions fgas > 0.6 (blue) and fgas < 0.3 (red). Connected circles of matching
colour show the corresponding median relations for SPARC galaxies se-
lected using the same gas-fraction thresholds. The simulated relations are
well converged and closely reproduce the observed trends, including their
dependence on gas fraction.

M. Di Teodoro et al. (2021) trace the locus of late-type systems
in COLIBRE, while the morphologically diverse sample of S. M.
Fall & A.J. Romanowsky (2018) brackets the early- and late-type
sequences.

Overall, COLIBRE reproduces both the slopes and relative nor-
malizations of the observed z = 0 j, — M, relations. The offset
between late- and early-type systems, as well as the degree of
intrinsic scatter — both of which depend on stellar mass and
sample selection — are consistent with observational constraints,
indicating that the simulated galaxies capture the strong mor-
phology dependence of stellar angular momentum seen in the lo-
cal Universe. This mirrors the good agreement with the observed
morphology-dependence of the SMRs shown in Section 3.1.

3.3.2 The baryonic angular momentum-mass relation

Fig. 12 presents the baryonic angular momentum-mass rela-
tion for z = 0 late-type (kinematic D/T > 0.6) central galaxies
in COLIBRE. Median relations are computed separately for gas-
rich (fgas > 0.6) and gas-poor (fgs < 0.3) systems, where fgs =
1.33 My;/My,;. The different COLIBRE volumes are indicated
using the same line styles as in Fig. 11.

For comparison, we also show median relations for SPARC
galaxies (Z. Hua et al. 2025), selected using the same gas-
fraction thresholds and plotted as connected circles with the same
colour scheme as the simulations. At fixed gas fraction, galaxies
follow approximately parallel relations in the log juar—log Mpar
plane, with good convergence between the L025m5, L200mS6,
and L400m7 runs. All simulated measurements remain broadly
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Figure 13. The j,—M, relations for central simulated galaxies at z = 0.5, 1.0, and 1.5 (left to right, respectively) that lie within 1 dex of the redshift-
dependent star-formation main sequence. The distributions of galaxies in L200m6 are shown as a two-dimensional histogram; dotted, solid, and dashed
lines indicate the median relations from L025m5 or L0O50m5, L200m6 and L400m?7, respectively. In all panels, observational measurements from A. M.
Swinbank et al. (2017) are shown as green points. In the middle panel, observations from C. M. Harrison et al. (2017) are shown as a purple line, and
individual galaxies from P. E. Mancera Pifia et al. (2026) as blue circles. The right-hand panel shows the observed relation from S. Gillman et al. (2020,
purple line) and individual galaxies from J. M. Espejo Salcedo et al. (2025, yellow circles) that cover the redshift range 1.4 < z < 1.6. The simulations
demonstrate excellent convergence across resolution levels and align closely with observed relations.

consistent with the normalization and scatter of the correspond-
ing observational relations.

Overall, the angular-momentum content of z ~ 0 central galax-
ies in COLIBRE is in good agreement with observational con-
straints, including its dependence on galaxy type, and indepen-
dent of whether galaxies are classified by morphology or star-
formation activity, or whether angular momentum is defined for
the stellar or total baryonic component. This mirrors the level of
agreement found for the various size-mass relations discussed in
Sections 3.1 and 3.2.

3.4 Redshift evolution of the stellar specific angular
momentum-mass relation

Fig. 13 extends the comparison between simulated and observed
J» — M, relations to redshifts z ~ 0.5, 1.0, and 1.5. Grey hexagons
show two-dimensional histograms of the log j, — log M, distri-
bution for central star-forming galaxies (i.e. within 1 dex of the
redshift-dependent star formation main sequence) in L200m6,
while solid orange lines indicate the median relation. Dotted
blue and dashed red lines show the corresponding medians for
L050m5 and L400m7, respectively. At all redshifts, the relation
exhibits an upturn at M, > 10" My, above which j, rises more
steeply with mass - though measurements in this regime are
particularly sensitive to aperture effects (see Appendix C).

Green points show observational measurements from A.
M. Swinbank et al. (2017), which are based on the K-band
Multi-Object Spectrograph (KMOS) Survey and MUSE (Multi-
Unit Spectroscopic Explorer) observations of star-forming main-
sequence galaxies spanning 0.28 <z < 1.65. Galaxies with
0.28 < z < 0.75 appear in the left, those with 0.75 < z < 1.25in
the middle, and those with z > 1.25 in the right panel. At all red-
shifts, the simulated galaxies reproduce both the normalization
and scatter of these observations.

The middle and right panels also include observational fits
from C. M. Harrison et al. (2017) and S. Gillman et al. (2020),
derived from the KMOS Redshift One Spectroscopic Survey
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(KROSS) at 2~ 0.9 and the KMOS Galaxy Evolution Survey
(KGES) at z >~ 1.5, respectively. In the middle panel, we addi-
tionally show individual z >~ 0.9 galaxies from P. E. Mancera Pifia
et al. (2026) as blue circles, and in the right panel we show mea-
surements for star-forming galaxies at 1.4 <z < 1.6 from J. M.
Espejo Salcedo et al. (2025).

Overall, we find good agreement between simulated and ob-
served j, — M, relations across the full redshift range considered,
with most observational measurements lying within the intrin-
sic scatter of the simulated galaxy population. There is a hint
that massive simulated galaxies (M, > 10! M) at z = 1.5 have
somewhat less angular momentum than observed systems, but
the shape of the relation in this regime is sensitive to scatter in M,,
which tends to artificially flatten the relation (see Appendix D).

3.5 Comparison of the thermal-AGN and hybrid-AGN
feedback models

All results presented in the preceding sections were obtained
from runs that adopted the thermal-AGN feedback model. Here,
we compare those predictions with an alternative hybrid scheme,
in which thermal feedback is supplemented by kinetic jet-driven
outflows. Both models were calibrated at m7 resolution to repro-
duce the z &~ 0 galaxy stellar mass function of S. P. Driver et al.
(2022) and the size-mass relation of J. A. Hardwick et al. (2022)
over the stellar mass range 10° < M, /My < 1013, Other galaxy
properties, including angular momentum, were not part of the
calibration, nor was either model tuned to match z > 0 obser-
vations. Differences between the two schemes therefore provide
insight into the sensitivity of galaxy structure to the details of
AGN feedback.

In addition to their treatment of AGN feedback, the models
differ slightly in their implementation of supernova feedback:
the normalization of the gas-density-dependent heating temper-
ature, ATgn(pgas) X pgzés , is reduced in the hybrid-AGN model,
resulting in lower heating temperatures at fixed pg,s. This adjust-
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Figure 14. Comparison of the (100 cMpc)® m6 (orange) and (200 cMpc)?® m7 (red) COLIBRE volumes adopting the thermal- (solid lines) and hybrid-
AGN (dashed lines) feedback schemes. Shaded regions show the 16th to 84th percentile scatter for galaxies in L100mé6. Other runs exhibit comparable
scatter, and are not shown for clarity. Columns correspond to z = 0, 2, and 4. The top row shows the 3D size-mass relation for central galaxies with
M, > 100 X mp,,. Stellar masses and sizes are measured from bound stellar particles within 50 kpc of the galaxy centre. The bottom row shows the
stellar specific angular momentum-mass relation for M, > 100 x my,;, where j, is computed from all bound stellar material. The thermal- and hybrid-

AGN schemes produce similar galaxy properties at both resolutions.

ment is intended to partially offset the stronger AGN feedback in
the hybrid scheme (see F. Husko et al. 2026, for details).

We present this comparison at two resolution levels: L100m6
and L100mé6h, and L200m7 and L200m7h, the latter being
the largest simulation volume available for the hybrid-AGN
scheme. This choice maximizes the number of massive galaxies
while ensuring comparable statistics between the two volumes.
Fig. 14 summarizes the comparison between the size-mass rela-
tions (upper panels) and the specific angular momentum-mass
relations (middle panels) at redshifts z = 0, 2, and 4 (left to right).

Atz = 0, the feedback schemes produce closely matching r, so—
M, and j.-M, relations, as expected given the calibration.
Small differences between the median relations of L200m7 and
L200m7h lie well within the 16th-84th percentile scatter at all
masses. The same is true for L100m6 and L100m6h, although
there is some indication that the most massive galaxies at this
resolution, M, > 101 Mg, are ~ 0.1-0.2 dex smaller and have
correspondingly lower j, in the hybrid-AGN model.

At z = 2, the size-mass and angular momentum-mass rela-
tions remain very similar at low masses. In the mé runs, how-
ever, galaxies with M, > 10'%°> M, are systematically larger in
the thermal-AGN model (by ~ 0.3 dex), whereas in the m7 runs
differences appear only at M, > 10! M, (and typically remain
within ~ 0.2 dex). Above M, ~ 10! M, galaxies in the thermal-
AGN model also exhibit slightly higher specific angular momen-
tum (by ~ 0.2 dex), although these offsets are confined to the

most massive systems and are subject to small-number statis-
tics. These trends are consistent with more efficient removal of
low-angular-momentum gas in the thermal-AGN model at these
redshifts.

Atz = 4, the median size-mass and angular momentum-mass
relations are again very similar between the two schemes, with
each lying within the scatter of the other. Differences between
the models are therefore small across the full redshift range
considered here.

Overall, the two feedback schemes produce very similar size-
mass and angular momentum-mass relations, with only mod-
est differences emerging for the most massive galaxies at in-
termediate redshift. Taken together, these results indicate that
the structural properties of galaxies in COLIBRE are repro-
duced consistently across resolution levels and AGN feedback
implementations.

4 SUMMARY

We have presented the stellar size-mass and specific angular
momentum-mass relations for central galaxies in the COLIBRE
simulations (J. Schaye et al. 2026; E. Chaikin et al. 2026a), and
compared them to a wide range of observational data sets. COL-
IBRE improves upon previous cosmological simulations by offer-
ing: (i) a suite of volumes and resolutions that surpass previous
simulation programs; (ii) a supersampled dark matter density
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field (four dark matter particles per baryonic particle), which re-
duces spurious energy transfer and improves the effective resolu-
tion of baryonic structures; (iii) gas cooling below 10* K, enabling
star formation in dense and cold gas; and (iv) improved sub-grid
models and a calibration strategy anchored to observed z ~ 0
galaxy sizes, the stellar mass function, and black hole masses,
yielding improved convergence across resolutions.
The main results of our work are as follows:

(i) The stellar size-mass relation exhibits a shallow slope below
a characteristic mass M, ~ 10'%° M. Above this mass, galaxy
sizes increase strongly with stellar mass at z < 2, while atz ~ 3
they exhibit a ‘U-shaped’ trend, initially decreasing before in-
creasing again at the highest masses. Below the characteristic
mass, late-type galaxies are consistently larger (by &~ 0.2-0.3 dex)
and have higher specific angular momentum than early types at
fixed mass and redshift. Both populations follow approximately
parallel j,-M, relations, with offsets comparable to those ob-
served between spiral and elliptical galaxies in the local Universe
(Fig. 3).

(ii) Galaxy sizes in COLIBRE are in excellent agreement with
observations across a range of size definitions and samples.
We find good agreement between two-dimensional half-light
radii derived from single-component Sérsic fits to r-band sur-
face brightness profiles and measurements from S. Casura et al.
(2022), as well as between two-dimensional half-mass radii and
the mass-size relations of S. Bellstedt et al. (2024, Fig. 5). This
agreement extends to the u— and z—band , and to the radii Ry o0
and R, oo enclosing 90 per cent of the galaxy light in these bands
(Fig. 6).

(iii) We also find very good agreement between the simulated
R;-M, relations and the measurements of 1. Trujillo et al. (2020)
over 5 orders of magnitude in stellar mass, including when the
relations are split by galaxy morphology (Fig. 7). R, is the radius
at which the stellar surface density falls below %, = 1 Mg pc~2,
and is typically larger than the projected half-mass radii use
to calibrate COLIBRE’s sub-grid models by ~ 0.2 - 1.0 dex,
depending on stellar mass.

(iv) Similarly, the z = 0 ‘baryonic’ size-mass relations of late-
type galaxies in COLIBRE, in which both stellar and gaseous
components are included, agree very well with results from the
SPARC survey (Z. Hua et al. 2025, Fig. 8).

(v) At intermediate redshifts (0.5 < z < 1.5), the simulated
three-dimensional half-mass radii 7, 5o are in good agreement
with deprojected CANDELS size measurements from A. van der
Wel et al. (2024, Fig. 9). Comparisons of 1 pum half-light radii
over the range 0 <z < 4 to the observations of J. Song et al.
(2026) also show good agreement at z < 1.5. At higher red-
shifts (z 2> 2), galaxies with M, > 10°> M, are typically smaller
than observed by ~ 0.1-0.3 dex, depending on mass (Fig. 10).
While the size-mass relations of both star-forming and quenched
galaxies agree well with observations at z < 1, the separation
between these populations becomes less pronounced than ob-
served at higher redshift. Differences in the simulated and ob-
served size-mass relations at high redshift are possibly due to
the effects of dust attenuation, and will be addressed in future
work.

(vi) At z = 0, late-type, star-forming discs have higher stellar
specific angular momentum than quenched ellipticals, typically
by & 0.5-0.7 dex depending on mass. Early- and late-type galax-
ies, classified using either their kinematic disc-to-total ratio or
their offset from the star-forming main sequence, follow dis-
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tinct j,—M, relations with comparable scatter, in good agreement
with observations of spirals and spheroids in the local Universe
(Fig. 11). The baryonic angular momentum-mass relation - de-
fined using all baryons associated with a galaxy — also agrees well
with observations of late-type galaxies, including its dependence
on gas fraction (Fig. 12).

(vii) The good agreement between the simulated and observed
angular momentum-mass relations at z = 0 extends at least to
redshifts z 1.5, with most available observational measure-
ments lying within the intrinsic scatter of the simulated galaxy
population (Fig. 13). This mirrors the similarly strong agree-
ment found for the size-mass relations over the same redshift
range.

(viii) Our conclusions are robust to the adopted model for AGN
feedback (Fig. 14) and to the exclusion of satellite galaxies from
the analysis (Fig. B1). However, the inferred sizes, stellar masses,
and angular momenta (but not the kinematic morphology) do
depend on the choice of spherical aperture within which these
quantities are measured (Figs C1 and C2).

In summary, the COLIBRE simulations provide a self-consistent
and observationally successful framework for studying the evolu-
tion of galaxy sizes, angular momentum, and morphology across
cosmic time. The close correspondence between simulated and
observed scaling relations — across multiple size definitions, red-
shifts, galaxy populations, and resolution levels - implies that
COLIBRE is capturing the main physical processes that establish
these relations; namely, feedback from stars and black holes. In
addition, COLIBRE produces size-mass and angular-momentum-
mass relations that converge well across ~2 orders of magnitude
in stellar mass, including for both early- and late-type popula-
tions. This makes COLIBRE a powerful tool for future studies
aimed at disentangling the roles of angular momentum acquisi-
tion and retention, feedback, mergers, and environment in shap-
ing the galaxy population. We plan to address these issues in a
follow-up paper.

ACKNOWLEDGEMENTS

‘We thank Aaron Robotham, Jie Song, Zichen Hua, and Frederico
Lelli for providing their observational data and for helpful dis-
cussions. ADL acknowledges financial support from the Matariki
Network of Universities. DO is a recipient of an Australian
Research Council Future Fellowship (FT190100083) funded by
the Australian Government. EC acknowledges support from
STFC consolidated grant ST/X001075/1. FH acknowledges fund-
ing from the Netherlands Organization for Scientific Research
(NWO) through research programme Athena 184.034.002. KAO
acknowledges support by the Royal Society through Dorothy
Hodgkin Fellowship DHF/R1/231105. JT acknowledges sup-
port of an STFC Early Stage Research and Development grant
(ST/X004651/1). ABL acknowledges support by the Italian Min-
istry for Universities (MUR) programme ‘Dipartimenti di Eccel-
lenza 2023-2027" within the Centro Bicocca di Cosmologia Quan-
titativa (BiCoQ), and support by UNIMIB’s Fondo Di Ateneo
Quota Competitiva (project 2024ATEQC-0050) We also wish to
acknowledge various public PYTHON packages that have greatly
benefited our work: scipy (E. Jones T. Oliphant & P. Peter-
son 2001), NUMPY (S. van der Walt, S. C. Colbert & G. Varo-
quaux 2011), MATPLOTLIB (J. D. Hunter 2007), and IPYTHON (F.
Pérez & B. E. Granger 2007). This work used the DiRAC Data
Centric system at Durham University, operated by the Institute

920z 1snBny €0 U0 1sonB Aq £621€.8/61€ L BEIS/1/05G/aI01E/Seuw/Woo"dno-olWapeo.//:sdiy oy papeojumod



for Computational Cosmology on behalf of the STFC DiRAC
HPC Facility (www.dirac.ac.uk). This equipment was funded
by a BIS National E-infrastructure capital grant ST/K00042X/1,
STFC capital grant ST/K00087X/1, DiRAC Operations grant
ST/K003267/1, and Durham University. DiRAC is part of the
National E-Infrastructure.

DATA AVAILABILITY

The COLIBRE data underlying the figures and results presented in
this paper are available from the corresponding author upon rea-
sonable request. A public version of the SWIFT simulation code
(M. Schaller et al. 2024) is available at http://www.swiftsim.com.
The COLIBRE-specific modules implemented within SWIFT will
be released at a later stage alongside the public simulation data.

REFERENCES

Abbott T. M. C. et al., 2022, Phys. Rev. D, 105, 023520

Arjona-Galvez E. et al., 2025, A&A, 699, A301

Bahé Y. M. et al., 2022, MNRAS, 516, 167

Behroozi P. S., Conroy C., Wechsler R. H., 2010, ApJ, 717, 379

Bellstedt S., Robotham A. S. G., Driver S. P., Lagos C. d. P., Davies L. J. M.,
Cook R. H. W., 2024, MNRAS, 528, 5452

Benitez-Llambay A. et al., 2026, MNRAS, 546, stag268

Booth C. M., Schaye J., 2009, MNRAS, 398, 53

Boquien M., Burgarella D., Roehlly Y., Buat V., Ciesla L., Corre D., Inoue
A. K., Salas H., 2019, A&A, 622, A103

Borrow J., Schaller M., Bower R. G., Schaye J., 2022, MNRAS, 511, 2367

Bruzual G., Charlot S., 2003, MNRAS, 344, 1000

Calzetti D., Armus L., Bohlin R. C., Kinney A. L., Koornneef J., Storchi-
Bergmann T., 2000, ApJ, 533, 682

Casura S. etal., 2022, MNRAS, 516, 942

Catinella B. et al., 2010, MNRAS, 403, 683

Catinella B. et al., 2018, MNRAS, 476, 875

Chabrier G., 2003, PASP, 115, 763

Chaikin E., Schaye J., Schaller M., Benitez-Llambay A., Nobels F. S. J.,
Ploeckinger S., 2023, MNRAS, 523, 3709

Chaikin E. et al., 2026a, MNRAS, 548, stag300

Chaikin E. et al., 2026b, MNRAS, 548, stag740

Chamba N., Trujillo I., Knapen J. H., 2022, A&A, 667, A87

Chandro-Gomez A. et al., 2025, MNRAS, 539, 776

Conroy C., Gunn J. E., White M., 2009, ApJ, 699, 486

Cook R. H. W., Cortese L., Catinella B., Robotham A., 2019, MNRAS, 490,
4060

Cook R. H. W., Davies L. J. M., Bellstedt S., Robotham A. S. G., Driver S.
P., Siudek M., Wolf C., 2025, MNRAS, 539, 2829

Correa C. A., Schaye J., Clauwens B., Bower R. G., Crain R. A., Schaller
M., Theuns T., Thob A. C. R., 2017, MNRAS, 472, L45

Correa C. A. et al., 2026, MNRAS, 548, stag645

Crain R. A. et al., 2009, MNRAS, 399, 1773

Dalla Vecchia C., Schaye J., 2012, MNRAS, 426, 140

Dalla Vecchia C., Trujillo L., 2025, A&A, 704, A312

Davé R., Anglés-Alcazar D., Narayanan D., Li Q., Rafieferantsoa M. H.,
Appleby S., 2019, MNRAS, 486, 2827

Davis M., Efstathiou G., Frenk C. S., White S. D. M., 1985, ApJ, 292, 371

de Graaff A., Trayford J., Franx M., Schaller M., Schaye J., van der Wel A.,
2022, MNRAS, 511, 2544

de JongJ. T. A., Verdoes Kleijn G. A., Kuijken K. H., Valentijn E. A., 2013,
Exp. Astron., 35, 25

de Vaucouleurs G., 1948, Annales d’Astrophysique, 11, 247

Di Teodoro E. M., Posti L., Ogle P. M., Fall S. M., Jarrett T., 2021, MNRAS,
507, 5820

Dolag K. et al., 2025, preprint (arXiv:2504.01061)

Driver S. P. etal., 2011, MNRAS, 413, 971

Driver S. P. etal., 2022, MNRAS, 513, 439

COLIBRE: galaxy size and angular momentum 19

Dubois Y. et al., 2014, MNRAS, 444, 1453

Dubois Y., Peirani S., Pichon C., Devriendt J., Gavazzi R., Welker C.,
Volonteri M., 2016, MNRAS, 463, 3948

Espejo Salcedo J. M., Glazebrook K., Fisher D. B., Sweet S. M.,
Obreschkow D., Schreiber N. M. F., 2025, MNRAS, 536, 1188

Fall S. M., 1983, in Athanassoula E., ed., Internal kinematics and dynam-
ics of galaxies; Proceedings of the Symposium. D. Reidel Publishing
Co., Dordrecht, p. 391

Fall S. M., Romanowsky A. J., 2013, ApJ, 769, L26

Fall S. M., Romanowsky A. I., 2018, ApJ, 868, 133

Fliri J., Trujillo L., 2016, MNRAS, 456, 1359

Forouhar Moreno V. J., Helly J., McGibbon R., Schaye J., Schaller M., Han
J., Kugel R., Bahé Y. M, 2025, MNRAS, 543, 1339

Forouhar Moreno V. J. et al., 2026, preprint (arXiv:2604.03503)

Frenk C. S., White S. D. M., Efstathiou G., Davis M., 1985, Nature, 317,
595

Furlong M. et al., 2017, MNRAS, 465, 722

Gallazzi A., Bell E. F., 2009, ApJS, 185, 253

Genel S., Fall S. M., Hernquist L., Vogelsberger M., Snyder G. F,,
Rodriguez-Gomez V., Sijacki D., Springel V., 2015, ApJ, 804, L40

Gillman S. et al., 2020, MNRAS, 492, 1492

Governato F. et al., 2004, ApJ, 607, 688

Governato F., Willman B., Mayer L., Brooks A., Stinson G., Valenzuela O.,
Wadsley J., Quinn T., 2007, MNRAS, 374, 1479

Grogin N. A. et al., 2011, ApJS, 197, 35

Hahn O., Rampf C., Uhlemann C., 2021, MNRAS, 503, 426

Han J, Cole S., Frenk C. S., Benitez-Llambay A., Helly J., 2018, MNRAS,
474, 604

Hardwick J. A., Cortese L., Obreschkow D., Catinella B., Cook R. H. W.,,
2022, MNRAS, 509, 3751

Harrison C. M. et al., 2017, MNRAS, 467, 1965

Hoyle F., 1951, in Burgers J. M., van de Hulst H. C. eds, Problems of Cos-
mical Aerodynamics: Proceedings of the Symposium on the Motion of
Gaseous Masses of Cosmical Dimensions held at Paris, August 16-19,
1949. Central Air Documents Office, Dayton, OH, p. 195

Hua Z., Lelli F., Di Teodoro E., McGaugh S., Schombert J., 2025, A&A,
703, A223

Huang K.-H. et al., 2017, ApJ, 838, 6

Hunter J. D., 2007, Comput. Sci. Eng., 9, 90

Husko F. et al., 2026, MNRAS, 547, stag324

Johnson B. D., Leja J., Conroy C., Speagle J. S., 2021, ApJS, 254, 22

Jones E., Oliphant T., Peterson P., 2001, http://www.scipy.org/

Kelvin L. S. et al., 2012, MNRAS, 421, 1007

Koekemoer A. M. etal., 2011, ApJS, 197, 36

Lagos C. d. P, Theuns T., Stevens A. R. H., Cortese L., Padilla N. D., Davis
T. A., Contreras S., Croton D., 2017, MNRAS, 464, 3850

Lagos C. d. P. et al., 2026, MNRAS, 549, stag947

Lange R. et al., 2015, MNRAS, 447, 2603

Leja J., Johnson B. D., Conroy C., van Dokkum P. G., Byler N., 2017, ApJ,
837,170

Leja J., Speagle J. S., Johnson B. D., Conroy C., van Dokkum P., Franx M.,
2020, ApJ, 893, 111

Leja J. et al., 2022, ApJ, 936, 165

Lelli F., McGaugh S. S., Schombert J. M., 2016, AJ, 152, 157

Ludlow A. D., Schaye J., Schaller M., Richings J., 2019, MNRAS, 488, L123

Ludlow A. D., Schaye J., Schaller M., Bower R., 2020, MNRAS, 493, 2926

Ludlow A. D., Fall S. M., Schaye J., Obreschkow D., 2021, MNRAS, 508,
5114

Ludlow A. D., Fall S. M., Wilkinson M. J., Schaye J., Obreschkow D., 2023,
MNRAS, 525, 5614

Maller A. H., Dekel A., 2002, MNRAS, 335, 487

Mancera Pifia P. E., Di Teodoro E. M., Fall S. M., Marasco A., Kriek M.,
Martorano M., 2026, A&A, 705, A180

Maraston C. et al., 2013, MNRAS, 435, 2764

McCarthy I. G., Schaye J., Font A. S., Theuns T., Frenk C. S., Crain R. A.,
Dalla Vecchia C., 2012, MNRAS, 427, 379

McGibbon R., Helly J., Schaye J., Schaller M., Vandenbroucke B., 2025, J.
Open Source Softw., 10, 8252

MNRAS 550, 1-24 (2026)

920z 1snBny €0 U0 1sonB Aq £621€.8/61€ L BEIS/1/05G/aI01E/Seuw/Woo"dno-olWapeo.//:sdiy oy papeojumod


https://web.powerxeditor.com/ED6052/home/www.dirac.ac.uk
http://www.swiftsim.com
http://dx.doi.org/10.1103/PhysRevD.105.023520
http://dx.doi.org/10.1051/0004-6361/202554290
http://dx.doi.org/10.1093/mnras/stac1339
http://dx.doi.org/10.1088/0004-637X/717/1/379
http://dx.doi.org/10.1093/mnras/stae394
http://dx.doi.org/10.1093/mnras/stag268
http://dx.doi.org/10.1111/j.1365-2966.2009.15043.x
http://dx.doi.org/10.1051/0004-6361/201834156
http://dx.doi.org/10.1093/mnras/stab3166
http://dx.doi.org/10.1046/j.1365-8711.2003.06897.x
http://dx.doi.org/10.1086/308692
http://dx.doi.org/10.1093/mnras/stac2267
http://dx.doi.org/10.1111/j.1365-2966.2009.16180.x
http://dx.doi.org/10.1093/mnras/sty089
http://dx.doi.org/10.1086/376392
http://dx.doi.org/10.1093/mnras/stad1626
http://dx.doi.org/10.1093/mnras/stag300
http://dx.doi.org/10.1093/mnras/stag740
http://dx.doi.org/10.1051/0004-6361/202243612
http://dx.doi.org/10.1093/mnras/staf519
http://dx.doi.org/10.1088/0004-637X/699/1/486
http://dx.doi.org/10.1093/mnras/stz2789
http://dx.doi.org/10.1093/mnras/staf575
http://dx.doi.org/10.1093/mnrasl/slx133
http://dx.doi.org/10.1093/mnras/stag645
http://dx.doi.org/10.1111/j.1365-2966.2009.15402.x
http://dx.doi.org/10.1111/j.1365-2966.2012.21704.x
http://dx.doi.org/10.1051/0004-6361/202556635
http://dx.doi.org/10.1093/mnras/stz937
http://dx.doi.org/10.1086/163168
http://dx.doi.org/10.1093/mnras/stab3510
http://dx.doi.org/10.1007/s10686-012-9306-1
http://dx.doi.org/10.1093/mnras/stab2549
http://arxiv.org/abs/2504.01061
http://dx.doi.org/10.1111/j.1365-2966.2010.18188.x
http://dx.doi.org/10.1093/mnras/stac472
http://dx.doi.org/10.1093/mnras/stu1227
http://dx.doi.org/10.1093/mnras/stw2265
http://dx.doi.org/10.1093/mnras/stae2647
http://dx.doi.org/10.1088/2041-8205/769/2/L26
http://dx.doi.org/10.3847/1538-4357/aaeb27
http://dx.doi.org/10.1093/mnras/stv2686
http://dx.doi.org/10.1093/mnras/staf1478
http://arxiv.org/abs/2604.03503
http://dx.doi.org/10.1038/317595a0
http://dx.doi.org/10.1093/mnras/stw2740
http://dx.doi.org/10.1088/0067-0049/185/2/253
http://dx.doi.org/10.1088/2041-8205/804/2/L40
http://dx.doi.org/10.1093/mnras/stz3576
http://dx.doi.org/10.1086/383516
http://dx.doi.org/10.1111/j.1365-2966.2006.11266.x
http://dx.doi.org/10.1088/0067-0049/197/2/35
http://dx.doi.org/10.1093/mnras/staa3773
http://dx.doi.org/10.1093/mnras/stx2792
http://dx.doi.org/10.1093/mnras/stab3261
http://dx.doi.org/10.1093/mnras/stx217
http://dx.doi.org/10.1051/0004-6361/202555721
http://dx.doi.org/10.3847/1538-4357/aa62a6
http://dx.doi.org/10.1109/MCSE.2007.55
http://dx.doi.org/10.1093/mnras/stag324
http://dx.doi.org/10.3847/1538-4365/abef67
http://www.scipy.org/
http://dx.doi.org/10.1111/j.1365-2966.2012.20355.x
http://dx.doi.org/10.1088/0067-0049/197/2/36
http://dx.doi.org/10.1093/mnras/stw2610
http://dx.doi.org/10.1093/mnras/stag947
http://dx.doi.org/10.1093/mnras/stu2467
http://dx.doi.org/10.3847/1538-4357/aa5ffe
http://dx.doi.org/10.3847/1538-4357/ab7e27
http://dx.doi.org/10.3847/1538-4357/ac887d
http://dx.doi.org/10.3847/0004-6256/152/6/157
http://dx.doi.org/10.1093/mnrasl/slz110
http://dx.doi.org/10.1093/mnras/staa316
http://dx.doi.org/10.1093/mnras/stab2770
http://dx.doi.org/10.1093/mnras/stad2615
http://dx.doi.org/10.1046/j.1365-8711.2002.05646.x
http://dx.doi.org/10.1051/0004-6361/202557349
http://dx.doi.org/10.1093/mnras/stt1424
http://dx.doi.org/10.1111/j.1365-2966.2012.21951.x
http://dx.doi.org/10.21105/joss.08252

20 A.D. Ludlow et al.

Michaux M., Hahn O., Rampf C., Angulo R. E., 2021, MNRAS, 500, 663

Mowla L. A. et al., 2019, ApJ, 880, 57

Nair P. B., Abraham R. G., 2010, ApJS, 186, 427

Navarro J. F., Steinmetz M., 1997, ApJ, 478, 13

Navarro J. F., Frenk C. S., White S. D. M., 1995, MNRAS, 275, 56

Nobels F. S. J., Schaye J., Schaller M., Bahé Y. M., Chaikin E., 2022,
MNRAS, 515, 4838

Nobels F. S. I., Schaye J., Schaller M., Ploeckinger S., Chaikin E., Richings
A.J., 2024, MNRAS, 532, 3299

Okamoto T., Eke V. R., Frenk C. S., Jenkins A., 2005, MNRAS, 363, 1299

Pacifici C. et al., 2023, ApJ, 944, 141

Peebles P. J. E., 1969, ApJ, 155, 393

Peng C.Y., Ho L. C., Impey C. D., Rix H.-W., 2002, AJ, 124, 266

Pérez F., Granger B. E., 2007, Comput. Sci. Eng., 9, 21

Ploeckinger S., Richings A. J., Schaye J., Trayford J. W., Schaller M.,
Chaikin E., 2025, MNRAS, 543, 891

Posti L., Fraternali F., Di Teodoro E. M., Pezzulli G., 2018, A&A, 612, L6

Rajohnson S. H. A. et al., 2022, MNRAS, 512, 2697

Richings A. J., Schaye J., Oppenheimer B. D., 2014a, MNRAS, 440, 3349

Richings A. J., Schaye J., Oppenheimer B. D., 2014b, MNRAS, 442, 2780

Robotham A. S. G., Taranu D. S., Tobar R., Moffett A., Driver S. P., 2017,
MNRAS, 466, 1513

Robotham A. S. G., Bellstedt S., Lagos C. d. P., Thorne J. E., Davies L. J.,
Driver S. P., Bravo M., 2020, MNRAS, 495, 905

Robotham A. S. G., Bellstedt S., Driver S. P., 2022, MNRAS, 513, 2985

Rodriguez-Gomez V. et al., 2022, MNRAS, 512, 5978

Roman J., Trujillo L., 2018a, RNASS, 2, 144

Roman J., Trujillo L., 2018b, RNASS, 2, 144

Sales L. V., Navarro J. F., Schaye J., Dalla Vecchia C., Springel V., Haas M.
R., Helmi A., 2009, MNRAS, 399, L64

Sales L. V., Navarro J. F., Schaye J., Dalla Vecchia C., Springel V., Booth C.
M., 2010, MNRAS, 409, 1541

Scannapieco C., Tissera P. B., White S. D. M., Springel V., 2008, MNRAS,
389, 1137

Schaller M. et al., 2024, MNRAS, 530, 2378

Schaye J. et al., 2004, ApJ, 609, 667

Schaye J. et al., 2015, MNRAS, 446, 521

Schaye J. et al., 2026, MNRAS, 548, stag375

Schulze F., Remus R.-S., Dolag K., Burkert A., Emsellem E., van de Ven
G., 2018, MNRAS, 480, 4636

Sérsic J. L., 1963, Boletin de la Asociacion Argentina de Astronomia La
Plata Argentina, 6, 41

Shen S., Mo H. J., White S. D. M., Blanton M. R., Kauffmann G., Voges W.,
Brinkmann J., Csabai I., 2003, MNRAS, 343,978

Snyder G. F. et al., 2015, MNRAS, 454, 1886

Song J. et al., 2026, A&A, 709, A205

Suess K. A., Kriek M., Price S. H., Barro G., 2019, ApJ, 877, 103

Swinbank A. M. et al., 2017, MNRAS, 467, 3140

Teklu A. F., Remus R.-S., Dolag K., Beck A. M., Burkert A., Schmidt A. S.,
Schulze F., Steinborn L. K., 2015, ApJ, 812, 29

Thacker R. J., Couchman H. M. P., 2001, ApJ, 555, L17

Trayford J. W. et al., 2015, MNRAS, 452, 2879

Trayford J. W. et al., 2026, MNRAS, 545, staf2040

Tremmel M., Karcher M., Governato F., Volonteri M., Quinn T. R.,
Pontzen A., Anderson L., Bellovary J., 2017, MNRAS, 470, 1121

Trujillo I., Conselice C. J., Bundy K., Cooper M. C., Eisenhardt P., Ellis R.
S., 2007, MNRAS, 382, 109

Trujillo I., Chamba N., Knapen J. H., 2020, MNRAS, 493, 87

van de Sande J. et al., 2019, MNRAS, 484, 869

van der Walt S., Colbert S. C., Varoquaux G., 2011, CoRR, 13, 22

van der Wel A. et al., 2014, ApJ, 788, 28

van der Wel A. et al., 2024, ApJ, 960, 53

van Dokkum P. G. et al., 2015, ApJ, 813, 23

Vogelsberger M. et al., 2014, MNRAS, 444, 1518

Vulcani B. et al., 2014, MNRAS, 441, 1340

Ward E. et al., 2024, ApJ, 962, 176

Wendland H., 1995, Adv. Comput. Math., 4, 389

Whitaker K. E. et al., 2017, ApJ, 838, 19

MNRAS 550, 1-24 (2026)

White S. D. M., 1984, AplJ, 286, 38

Wilkinson M. J., Ludlow A. D., Lagos C. d. P., Fall S. M., Schaye J.,
Obreschkow D., 2023, MNRAS, 519, 5942

Zibetti S., Charlot S., Rix H.-W., 2009, MNRAS, 400, 1181

APPENDIX A: CONVERGENCE TESTS FOR
GALAXY SIZES AND ANGULAR MOMENTUM

Fig. Al compares the r, 50—-M, (upper panels) and j,—M, (lower
panels) relations for thermal-AGN models run with different nu-
merical resolutions. Stellar half-mass radii, r, 5o, are measured
directly from the particle data. To avoid mixing resolution effects
with differences arising from simulation volume, we compare
runs of varying resolution at fixed box size. Results for the avail-
able (25 cMpc)?® volumes are shown in the left-hand panels, while
those for the (200 cMpc)® volumes are shown in the right-hand
panels.

For each set of curves, thick lines indicate stellar mass bins
that both exceed M, = 100 x my,, (the nominal resolution limit
adopted throughout this paper for quantities measured directly
from particle data) and contain >10 galaxies. At lower masses,
the relations are shown with thin lines. We find that the sizes
and angular momentum content of galaxies resolved with =100
stellar particles converge well between simulations of different
resolution. This resolution threshold was therefore adopted in
the preceding analysis. At lower masses, the curves deviate, with
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Figure A1. Convergence of the three-dimensional stellar half-mass radii
(r.50; upper panels) and total stellar specific angular momentum (j,;
lower panels) of central galaxies at z = 0 in the thermal-AGN COLIBRE
simulations. Simulations of different numerical resolution are compared
at fixed box size: (25 cMpc)® volumes are shown in the left-hand panels,
while (200 cMpc)? volumes at the available resolutions are shown in the
right-hand panels. The colour scheme and line styles follow those adopted
throughout the paper. Thick lines span stellar mass bins from the nomi-
nal resolution limit, M, = 100 x my,, (Where my,, is the initial baryonic
particle mass), up to the highest mass bin containing >10 galaxies. Thin
lines extend to lower stellar masses. Runs of different resolution exhibit
good convergence for masses M, 2 100 X Mypy;.
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poorer resolution corresponding to larger galaxy sizes and higher
amounts of angular momentum.

APPENDIX B: CENTRALS VERSUS SATELLITES

The results presented in Section 3 focus exclusively on central
galaxies in COLIBRE. This raises the possibility that the inferred
relations between galaxy size, stellar angular momentum, and
stellar mass may be biased if satellite galaxies exhibit system-
atically different structural or kinematic properties due to, for
example, differences in their environmental evolution.

Fig. B1 compares the median r, so—-M, (top panels) and j,—M,
(bottom panels) relations for central galaxies at z = 0 with those
measured for the full galaxy population (left-hand panels) and
for satellites alone (right-hand panels) in L200mé6. We find that
the relations derived for centrals alone are in close agreement
with those obtained for the full population, indicating that re-
stricting our analysis to centrals does not significantly bias our
results.

When centrals and satellites are considered separately, the
correspondence remains good, although modest differences are
apparent. At 10° < M, /Mg < 10'%3, satellite galaxies are, on av-
erage, slightly more compact than centrals whereas lower-mass
satellites are larger. For all M, < 10" M, satellites have lower
stellar specific angular momentum than centrals of the same
mass. These offsets are small, however, and do not qualitatively
affect the trends discussed throughout this work.

Centrals
----- Satellites

Centrals
----- All Galaxies

log r, 50 [kpc]
= &

e
n

Figure B1. The median z = 0 r, so—M, (top panels) and j,—M, relations
(bottom panels) for different galaxy samples in the L200m6 (thermal-
AGN) simulation. The left-hand panels compare central galaxies (solid
black lines) with the full population of central and satellite galaxies
(dashed blue lines). The right-hand panels compare central galaxies with
satellites only (dashed green lines). Grey shaded regions indicate the 16th
to 84th percentile scatter for central galaxies. Note that the SMR and AMR
for the full galaxy sample (centrals plus satellites) is very similar to the
relations obtained for centrals alone.
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The results plotted in Fig. B1 are limited to z = 0, but we find
similar, often better agreement between the corresponding rela-
tions for centrals and satellites at higher redshifts.

APPENDIX C: THE EFFECT OF APERTURE
RADIUS ON GALAXY SIZE AND ANGULAR
MOMENTUM

The stellar masses, sizes, and D/T ratios used in this paper were
calculated using bound stellar or gas particles within 50 kpc of
the galaxy centre; stellar specific angular momentum was cal-
culated using all bound stellar material. Here, we examine how
these quantities depend on the choice of the three-dimensional
spherical aperture within which they are measured. Specifically,
we compare the fraction of bound stellar mass enclosed within
apertures of radius r,, = 10, 30, 50, and 100 kpc to the total bound
stellar mass, and assess the corresponding impact on galaxy size,
angular momentum, and morphology. We focus on central galax-
ies in the (400 cMpc)® volume run with the thermal-AGN feed-
back model, which maximizes the number of massive galaxies
for which aperture effects are expected to be most important.
Fig. C1 shows the fraction of bound stellar mass enclosed
within each aperture as a function of total bound stellar mass,
M, bound- Below M, poung & 10'%° M, all curves overlap, even for
the smallest aperture considered (,, = 10kpc), indicating that
essentially all bound stellar material in galaxies below this mass
lies within 10kpc of the galaxy centre. At higher masses the
curves diverge, with smaller apertures enclosing a progressively

T T T T
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Figure C1. Median fraction of bound stellar mass enclosed within dif-
ferent three-dimensional spherical apertures as a function of total bound
stellar mass, M, pound- Results are shown for z = 0 central galaxies in
L400m7 (thermal-AGN), which has the largest volume and therefore con-
tains the highest number of massive galaxies for which aperture effects
are most significant. For our fidcuial choice, r,p = 50kpc, we highlight
the 16th to 84th percentile scatter with a shaded region. While this fidu-
cial measure captures nearly all bound stellar material for systems be-
low M, pound S 105 M, an increasing fraction of bound mass resides
beyond 50 kpc in more massive systems.
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Figure C2. The median z = 0r, 50-M, (top), j.—M, (middle), and D/T-
M, (bottom) relations for central galaxies computed using bound stellar
particles within different three-dimensional apertures (coloured curves).
Dashed black curves show the relations obtained using all bound stellar
particles. Results are shown for L400m?7 (thermal-AGN), which maxi-
mizes the number of massive galaxies for which aperture effects are most
pronounced. In all cases, quantities plotted on the vertical and horizontal
axes were computed using the same aperture. For our fiducial choice
(rap = 50kpc), galaxy sizes for M, < 10'1-> M, are consistent with results
obtained using all bound stellar particles. Conversely, the specific angular
momentum of all bound stellar particles exceeds that measured within
any finite aperture considered for M, > 10" M. The kinematic disc-to-
total ratio remains largely insensitive to the choice of aperture across the
entire mass range.

smaller fraction of the total bound stellar mass. For example, at
M, bound = 10'> M, only & 15 per cent of the bound stellar mass is
contained within r,, = 10kpc; this increases to ~ 37, 48, and 64
per cent for r,, = 30, 50, and 100 kpc, respectively. Since galaxy
sizes decrease with increasing redshift, the fraction of bound
stellar mass enclosed within fixed physical apertures is found to
increase at earlier times (not shown explicitly here).

Fig. C2 illustrates the impact of aperture choice on the r, 5o-M,
(top), j«—M, (middle), and D/T-M, (bottom) relations for central
galaxies. In all cases, quantities plotted on the vertical and hori-

MNRAS 550, 1-24 (2026)

zontal axes were computed using the same aperture. For compari-
son, relations obtained using all bound stellar particles are shown
as dashed black curves. Consistent with Fig. C1, galaxy properties
at M, < 101> Mg, are insensitive to the choice of aperture. At
higher masses, larger apertures yield systematically larger galaxy
sizes and higher specific angular momenta.

When all bound stellar particles are included, the size-mass re-
lation is well described by a broken power law, with a transition at
M, ~ 10'%7 M. Below this mass, median sizes are approximately
constant at ~ 3kpc, while above it sizes increase steeply with
stellar mass. The angular momentum-mass relation obtained
using all bound stellar material follows an approximate power
law for M, < 10 M, steepens for M, > 10'! My, and exhibits
a shallower slope at intermediate masses. This curvature reflects
the combined influence of the mass-morphology relation, the
shape of the stellar-to-halo mass relation, and the morphology-
dependent normalisation of the j,-M, relation.

Throughout this paper, galaxy sizes and stellar masses are
measured within a three-dimensional 50 kpc aperture. For this
choice, median sizes closely track those obtained using all bound
stellar particles for M, < 10! M. At higher masses, sizes mea-
sured within 50 kpc are systematically smaller due to the exclu-
sion of loosely bound stellar material associated with extended
stellar haloes. For the most massive galaxies, sizes based on a
50 kpc aperture can differ from those measured using all bound
stellar mass by up to ~ 0.3 dex. This agrees with the results of M.
Furlong et al. (2017) based on the EAGLE simulation.

Specific angular momentum is considerably more sensitive to
aperture choice than galaxy size, but again only at high stellar
masses (M, > 10'%7 My,). This is because stellar particles at large
radii contribute disproportionately to the total angular momen-
tum budget. Had the nominal 50 kpc aperture been applied to the
calculation of j,, the median specific angular momentum would
differ substantially from that obtained using all bound stellar ma-
terial: by approximately 0.5 dex at M, =~ 102 M, increasing to
~ 1.2dex at M, ~ 10'* M. Aperture definitions should therefore
be treated with care when comparing the angular momentum
content of simulated galaxies to that inferred from observations.

Finally, the kinematic D/T ratios shown in the bottom panel
of Fig. C1 are largely insensitive to the choice of aperture. This
implies that our selection of early- and late-type galaxies based
on D/T is robust to aperture effects.

APPENDIX D: THE EFFECT OF
REDSHIFT-DEPENDENT SCATTER IN STELLAR
MASSES

Fig. D1 shows the r, s5o-M, (top) and j,-M, (bottom) relations
at z=0, 1, 2, and 4 (left to right, respectively). Thick dashed
lines represent the intrinsic relations measured directly from the
simulated particle data. Thin lines show these relations after ac-
counting for observational errors by adding a redshift-dependent
lognormal scatter, ojgy, (see footnote 12). 10 realizations of the
scatter are shown in each case. For clarity, we only plot L200m6
(orange) and L400m7 (red); L025m5 and LO50mS5 yield consistent
results.

The impact of scatter in M, depends on both mass and red-
shift. Where the intrinsic relations are relatively flat (e.g. 7, 50—M,
at M, <10%°M,, for z < 2, or M, < 10°° Mg, at z = 4), adding
scatter has little effect. In this regime, horizontal shifts in M, do
not significantly change the corresponding ordinate values, and
the medians remain stable.

920z 1snBny €0 U0 1sonB Aq £621€.8/61€ L BEIS/1/05G/aI01E/Seuw/Woo"dno-olWapeo.//:sdiy oy papeojumod



COLIBRE: galaxy size and angular momentum

23

T T T T T T
1.5 z2=2 4} Ologm, =0.3 z=4 4
2
= 1.0 , 1 b
R 05 ¢
x . (4 1rF T
% v
o P
— 0.0 === M, (intrinsic) 1 J1E 1L o==sg , ]
—— M, (with scatter) . ——u
0.5 S Raans s S Raans s s s
z=1 GlogM*:0~3 z=2 GlOgM*703 z=4
7/’
&499 = /<,“'7
- - = - - 4@ -
&
== _
1 1 1 1 1 1 1 1 1 1 1 1 e | 1 1 1
8 9 10 11 12 8 9 10 11 12 8 9 10 11 12 8 9 10 11 12
log M, [Mc)] log M, [Mc)] log M, [Mc)] log M, [Mc)]

Figure D1. The median r, so-M, (top) and j,—M, (bottom) relations atz = 0, 1, 2, and 4 (left to right, respectively). Thick dashed lines show the intrinsic
relations, where all quantities are measured directly from the simulated particle data. Thin solid lines show the corresponding relations after adding a
random lognormal scatter to the stellar masses and repeating this procedure 10 times. The standard deviation of log M, (010g 1, ) is indicated in each panel.
Orange and red lines show results for L200m6 and 1L.400m?7, respectively. When oog 1y, is small (leftmost panels), or when the relations are relatively flat,
adding scatter to M, has little effect. For steeper relations and larger ojog v, , the impact on the median relations can be significant (up to ~0.5 dex at some

masses and redshifts).

By contrast, when the intrinsic relations are steep and the scat-
ter is large (e.g. both relations for M, > 10! M, at z > 1), the
median relations becomes systematically shallower. This is due
to the shape of the galaxy stellar mass function, which decreases
towards higher masses. At fixed M, , more galaxies scatter upward
from lower masses - where sizes and angular momenta are typi-
cally smaller - than scatter downward from higher masses. This
Eddington bias leads to shallower r, 5p-M, and j,-M, relations.
For intrinsically declining relations, the effect is reversed, and the
slopes become steeper.

APPENDIX E: SERSICINDICES FROM FITS TO
STELLAR SURFACE MASS DENSITY PROFILES

The Sérsic index characterizes the shape of surface brightness
and stellar mass density profiles: late-type galaxies typically ex-
hibit exponential profiles with ng ~ 1, whereas early-type sys-
tems are better described by G. de Vaucouleurs (1948) profiles
with ng ~ 4. Fig. E1 shows distributions of Sérsic indices ob-
tained from fits to stellar mass surface density profiles (%,; top
panels) and unattenuated r-band surface brightness profiles (X,;
bottom panels) for GAMA galaxies and for z = 0 central galaxies
in L200m6 and L400m7.

The COLIBRE galaxies exhibit a relatively narrow range of Sér-
sic indices, with a weak stellar mass dependence. Median values
increase from ng ~ 1.7 (1.8) in the lowest stellar mass bin to ng ~
2.2(2.2) in the highest mass bin for the ¥, (Z,) profiles, indicating
that inferred Sérsic indices are largely independent of whether
they are measured from stellar mass or r-band light profiles.

In contrast, GAMA galaxies exhibit both a broader distribution
of Sérsic indices and a stronger stellar mass dependence, with
median values increasing from ng ~ 1.4 (1.2) to ng =~ 3.8 (3.4)
across the same stellar mass range for the X, (%,) profiles. Ob-

servationally inferred values also depend on the imaging tracer,
consistent with L. S. Kelvin et al. (2012), who reported systematic

differences between ng values inferred from optical and near-
infrared imaging.

Similar discrepancies between simulated and observed Sérsic
index distributions were reported for mock stellar mass and r-
band imaging of EAGLE galaxies by A. de Graaff et al. (2022),
who likewise found narrower distributions and a weaker stellar
mass dependence than observed, but a stronger dependence on
imaging technique than found here for COLIBRE.

However, several methodological differences should be noted
when comparing our results to observational measurements.
Our X, and %, profiles are spherically averaged and do not in-
clude dust attenuation, instrumental effects, background noise,
or point-spread-function convolution. In addition, we perform
one-dimensional fits to radial profiles, whereas observational
studies typically fit two-dimensional Sérsic models, often allow-
ing for radius-dependent ellipticity. Sérsic indices can also be
sensitive to the adopted fitting range. In our analysis, the inner
fitting radius corresponds to the innermost bin enclosing at least
10 stellar particles, while the outer fitting radius corresponds
to the outermost bin containing at least 10 stellar particles, or
50kpc if larger. If the inner regions are affected by numerical
resolution - although Fig. 1 suggests this is not the case - or if
the surface brightness at large radii falls below the observational
background level, then our fitting procedure may yield systemat-
ically different Sérsic indices from those inferred observationally.
Nevertheless, the similarity between our results and those of A.
de Graaffet al. (2022) suggests that simulated galaxies may exhibit
systematically different radial distributions of stellar mass and
light from those observed in real galaxies.

MNRAS 550, 1-24 (2026)
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Figure E1. Distributions of Sérsic indices for z = 0 galaxies in bins of stellar mass. Top panels show results from fits to stellar mass surface density
profiles, X, while bottom panels show fits to r-band surface brightness profiles, X,. Black histograms show all GAMA galaxies from S. Bellstedt et al.
(2024) (top) and S. Casura et al. (2022) (bottom); orange and red histograms show central COLIBRE galaxies from L200m6 and L400m7, respectively. The
%, and X, profiles of COLIBRE galaxies exhibit relatively low Sérsic indices, with median values ng ~ 2 and weak stellar mass dependence. In contrast,
GAMA galaxies span a broader range of ng and exhibit a stronger dependence on stellar mass. Morphologies inferred from Sérsic fits therefore suggest

A. D. Ludlow et al.
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that COLIBRE contains a lower fraction of bulge-dominated galaxies (ns ~ 4) than GAMA.

This paper has been typeset from a TeX/IKIgX file prepared by the author.
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