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ABSTRACT

Context. Galaxy sizes are a key parameter to distinguish between different galaxy types and morphologies, which in turn reflect
distinct formation and assembly histories. Several methods have been proposed to define the boundaries of galaxies, often relying on
light concentration or isophotal densities. However, these approaches are often constrained by observational limitations and do not
necessarily provide a clear physical boundary for galaxy outskirts.
Aims. With the advent of modern multi-wavelength deep imaging surveys, recent observational studies have introduced a new, phys-
ically motivated definition for determining galaxy sizes. This method takes the current or past radial position of the star formation
threshold as the size of the galaxy. In practice, a proxy for measuring this position in the present-day Universe is the radial position of
the stellar mass density contour at 1 M� pc−2, defined as R1. In this study, we aim to test the validity of this new definition and assess
its consistency across different redshifts and galaxy formation models.
Methods. We analysed three state-of-the-art hydrodynamical simulation suites to explore the proposed size-stellar mass relation. For
each simulation suite, we examined the stellar surface density profiles across a wide range of stellar masses and redshifts. We mea-
sured the galaxy sizes according to this new definition and compared them with the most traditional size metric, the stellar half-mass
radius.
Results. Our analysis demonstrates that the R1−M? relation exhibits consistent behaviour across both low and high stellar mass
galaxies, with remarkably low scatter. This relation is independent of redshift and holds across the three different cosmological hy-
drodynamical simulation suites, highlighting its robustness to variations in galaxy formation models. Furthermore, we explore the
connection between a galaxy’s total mass within R1 and its stellar mass, finding very little scatter in this relation. This suggests that
R1 could serve as a reliable observational tracer for a galaxy’s dynamical mass.
Conclusions. The size-stellar mass relation proposed provides a reliable and physically motivated method of defining the outskirts of
galaxies. This method remains consistent not only at z = 0 but also throughout the evolutionary history of galaxies, offering a robust
and meaningful framework for galaxy evolution studies.

Key words. methods: data analysis – methods: numerical – galaxies: evolution – galaxies: formation –
galaxies: fundamental parameters – galaxies: halos

1. Introduction

Measuring the size of galaxies has always been crucial in the
astrophysics community, as it strongly correlates with the for-
mation and evolution of these objects (Sersic 1968). However,
the unclear boundaries of galaxy outskirts have led to signif-
icant discrepancies within the community. Traditionally, two
? Corresponding author: eag@iac.es,
alu0101295794@ull.edu.es

main approaches have been used in the literature. The first
approach is based on the radius containing a certain fraction
of the galaxy’s light. Behind this definition, the most popu-
lar way to define the size of a galaxy has been the effective
radius, Reff , defined as the radial distance containing half a
galaxy’s total flux (de Vaucouleurs 1948). Other examples have
also been widely used, such as the radial distance contain-
ing 90 percent of the galaxy’s light, R90, and the Petrosian or
Kron radii (Nair et al. 2011; Petrosian 1976; Kron 1980). The
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second approach involves measuring the size of galaxies based
on the radial location of fixed surface brightness isophotes.
Among these, the most commonly used definitions are R25
(Redman 1936), which is based on the isophote at µB =
25 mag arcsec−2, and the Holmberg radius (Holmberg 1958), RH,
defined by the isophote at µB = 26.4 mag arcsec−2.

Among the various definitions of galaxy size, Reff has
become the most popular, and it has even been recently used
as a size proxy to investigate the connection between galax-
ies and halos (Scholz-Díaz et al. 2024). This approach is par-
ticularly relevant given the observational difficulties in directly
determining dark matter halo masses for large samples of
galaxies. They are often estimated with alternative methods
that have different caveats and limitations (e.g. weak lensing
(Mandelbaum et al. 2019) and satellite kinematics (More et al.
2011), among other quantities that scale with the halo mass).
Recently, Scholz-Díaz et al. (2024) proposed the stellar-to-total
dynamical mass relation (STMR) as an alternative metric to link
baryons and dark matter within the galaxies, instead of the com-
monly used stellar mass-halo mass relation (SHMR). The scatter
of the SHMR is related to the efficiency of the star formation,
and therefore influenced by a variety of galaxy properties (see
Wechsler & Tinker (2018) and references therein for detailed
explanation). On this framework, Scholz-Díaz et al. (2024) used
the total dynamical mass within 3Reff , finding that the stel-
lar population properties correlate both with the scatter of the
STMR and the one in the SHMR, in a very similar manner, with
the total dynamical mass also correlating with the halo mass at
fixed stellar mass.

However, Reff is strongly dependent on the shape of the
galaxy’s light distribution and does not describe the global size
of galaxies. Like other methods of defining the size of a galaxy,
Reff was initially introduced for operational purposes, driven by
the typical depth of optical images available at the time, and was
not intended to either convey any physical meaning or describe
the full extent of galaxies (Graham 2019; Trujillo et al. 2001).
Graham (2019) points out that such arbitrary effective param-
eters need to be carefully considered, and explores a range of
alternative radii, including the position at which the projected
intensity drops by a fixed percentage. Despite these limitations,
such size definitions have been used in the calibration of state-of-
the-art hydrodynamical simulations, such as EAGLE (Crain et al.
2015) and IllustrisTNG (Pillepich et al. 2018), as well as in
significant theoretical studies on the connection between size
and internal galaxy properties (see Chamba 2020 and the ref-
erences therein, for a comprehensive review on galaxy size mea-
surements). On the other hand, those definitions that did have
a physical basis were often difficult to reproduce by different
authors due to their complexity (e.g. the scale length rd size defi-
nition Mo et al. 1998, 2010). To address this issue, Trujillo et al.
(2020) proposed a new physically motivated definition, taking
advantage of the new deep imaging survey era. They define the
size of a galaxy as the farthest radial location where the gas
has enough density to collapse and form stars. The critical gas
surface density threshold for star formation is estimated to be
between 3 and 10 M� pc−2 (Schaye 2004). Trujillo et al. (2020)
used a stellar mass density isocontour of 1 M� pc−2 as a proxy for
this critical gas density threshold required for the star formation
(Martínez-Lombilla et al. 2019), referring to the radial location
of this isodensity contour as R1. Their study found a size-stellar
mass relation with an intrinsic dispersion of approximately 0.06
dex for galaxies with M? > 107 M�, which is about three times
smaller than the dispersion observed when using the effective
radius (∼0.15 dex). SanchezAlmeida20 examined the reason for

this reduced scatter, demonstrating that any two galaxies with
the same stellar mass share at least one radius with an identical
surface density, thereby leading to a more consistent size mea-
surement.

The above galaxy size definition can not only be easily repro-
duced for other deep galaxy observations but also tested across
different state-of-the-art simulations. However, while the proxy
value for the surface density threshold of 1 M� pc−2 has been
adopted to define the edges of Milky Way (MW)-like galax-
ies (Martínez-Lombilla et al. 2019), the question of whether this
proxy value is appropriate to define the edges of galaxies of
different stellar mass and morphology arises. In this context,
Chamba et al. (2022) examined the star formation threshold by
identifying changes in slope or truncation in the radial stellar
mass density profiles of different types of galaxies. They define
the edge of a galaxy, Redge, as the outermost radial location where
a significant drop occurs, finding an average stellar mass surface
density threshold of ∼3 M� pc−2 for elliptical, ∼1 M� pc−2 for
spiral, and ∼0.6 M� pc−2 for dwarf galaxies. Their results sug-
gest that while Redge is, by definition, more accurate, it does not
have a major impact on the structure of the size-stellar mass rela-
tion compared to that using R1 at z = 0.

Following the methodology prescribed by Chamba2022 to
estimate Redge, Buitrago & Trujillo (2024) studied the size evolu-
tion of MW-like disc galaxies, finding that galaxies with a stellar
mass of approximately ∼5 × 1010 M� have doubled in size since
z = 1. This finding contrasts with previous studies that used the
effective radius as a size indicator (see Nedkova et al. (2021),
Kawinwanichakij et al. (2021) and references therein), which
did not observe a significant increase in size as they evolved.
Although these two results are not contradictory, as they reflect
the different nature of the size measurements used, other obser-
vational studies using Reff also found a dependence between
galaxy sizes and redshift (see for example van der Wel et al.
2014). How R1 evolves with time remains an open question,
which is compounded by the fact that observations are unable to
track the size evolution of individual galaxies or the same sam-
ple of galaxies over time. To shed light on these aspects of galaxy
evolution, we must turn to cosmological simulations.

In a companion work, Dalla Vecchia & Trujillo, in prep.
inspect the implications of using a specific gas density thresh-
old to measure galaxy sizes in two simulated cosmological vol-
umes of different resolutions from the EAGLE simulation project
(Crain et al. 2015), calibrated to give similar global relations at
z = 0. In this paper, we explore this same size definition for three
different suites of state-of-the-art hydrodynamical cosmological
simulations in different environments. The motivation for exam-
ining several hydrodynamical simulation suites arises from the
fact that the different baryonic processes implemented in each
of them, such as star formation and feedback, strongly influ-
ence the in situ evolution of the galaxy and, consequently, their
extension. By selecting different suites from different galaxy for-
mation models, we aim to assess how variations in these mod-
els impact galaxy formation and how this is reflected in the
size-stellar mass relation. In Section 2, we describe the zoom-
in simulations used in this work: NIHAO (Wang et al. 2015),
AURIGA (Grand et al. 2017), and HESTIA (Libeskind et al. 2020).
We explain the method of computing the physically motivated
parameter used in Trujillo et al. (2020) for each simulated galaxy
with stellar masses between 106 M� < M? < 1012 M� in
Section 3. We show that a tight correlation exists between R1
and the stellar mass of galaxies, for the same stellar mass range
studied in observations (Section 4.1). To investigate the evolu-
tion of R1 versus M? with redshift, we examine the relation from
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Table 1. Resolution parameters and number of total galaxies retained in
the three different simulation suites at z=0.

AURIGA HESTIA NIHAO

Resolution parameters

mdm [M�] 3×105 1.2×106 1.7×106-3.4×103

mgas [M�] 5×104 1.8×105 3.2×105-6.2×102

εz=0 [pc] 369 340 931.4-116.4

Selection criteria
fMhires > 0.99

630 402 162
Nstars > 100

Notes. The selection criteria used in each case can be found in the bot-
tom left box. Host galaxies were selected based on a mass fraction of
dark matter in high-resolution particles (fMhires) and a minimum num-
ber of star particles (Nstars) for each halo. For NIHAO simulation suites,
we only show the maximum and minimum values of the resolution
parameters, as well as the dark matter softening length.

z ∼ 1 to the present in Section 4.2, finding that the scatter in the
relation decreases at higher redshifts. Finally, the dependence of
this new galaxy size definition on halo properties and morphol-
ogy is discussed in Sections 4.4 and 4.3. Our main conclusions
are summarised in Section 5.

2. Data and sample selection

This work utilises state-of-the-art hydrodynamical simulations,
which are widely used for comparison to observational studies.
Specifically, we employed cosmological zoom-in simulations,
AURIGA and NIHAO, as well as full Local Group (LG) simula-
tions – HESTIA – to cover a broad range of masses, resolutions
and environments. The resolution parameters for the three sim-
ulations are detailed in Table 1. Both the AURIGA and HESTIA
simulations were run with AREPO (Springel 2010; Pakmor et al.
2016), a parallel N-body, second-order accurate magnetohydro-
dynamics (MHD) code. In addition, NIHAO is based on the N-
body SPH solver GASOLINE2 (Wadsley et al. 2017). Both AREPO
and GASOLINE2 use the cosmological parameters obtained by
Planck Collaboration XVI (2014): Ωm = 0.307, Ωb = 0.048,
ΩΛ = 0.693, σ8=0.8288, and a Hubble constant of H0 =
100 h km s−1 Mpc−1, where h = 0.6777.

The three simulation suites in this study were chosen due
to their different galaxy evolution models and environments.
The AURIGA sample includes 30 isolated halos1, with a halo
mass range between 9× 1011 and 2× 1012 M�, selected to rep-
resent a mass range that encompasses the halo mass of the MW
(Fritz et al. 2020); however, recent estimates have extended the
MW halo mass range to lower values, i.e. ∼1.81+0.06

−0.05 × 1011 M�
(Ou et al. 2024). Our HESTIA sample consists of the three
highest-resolution simulations of the LG, run within the CLUES
framework (Gottloeber et al. 2010) using initial conditions con-
strained by the cosmic flows-2 (Tully et al. 2013) catalogue of
peculiar velocities (see Carlesi et al. 2016 and Libeskind et al.
2020 for a more in-depth description) and employing the AURIGA
galaxy formation model (Grand et al. 2017). This allows us
to analyse the same physics model for both isolated MW-
like galaxies and their surrounding galaxies, as well as those
in a LG environment. The NIHAO project includes a sample

1 These simulations correspond to the Original/4 set of publicly
available simulations described in Grand et al. (2024).
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Fig. 1. Left-hand panels: Stellar surface density profile for three MW-
like galaxies in the sample at z = 0. Right-hand panels: face-on pro-
jected stellar light images of the corresponding galaxies. The colours
are based on the i-, g-, and u- band luminosities of stars. As is indicated
in the right-hand panels, every row refers to a simulation suite. From
top to bottom: AURIGA, HESTIA, and NIHAOwith the corresponding stel-
lar masses of 1.07× 1010 M�, 1.56× 1010 M�, and 2.15× 1010 M�. Solid
green and dash-dotted orange lines indicate the stellar half-mass and R1
radius, respectively. In the right-hand panels, a dashed green line is also
incorporated to show the position of twice the stellar half-mass radius.

of approximately 100 isolated hydrodynamical cosmological
zoom-in simulations, covering a large range of halo masses, from
2.8× 1012 M� to 3.5× 109 M�. Each simulation sample employs
different feedback schemes, which play a crucial role in regulat-
ing the size and evolution of their galaxies. For more details on
the feedback processes used in each sample, we refer readers to
Grand et al. (2017) (AURIGA), Libeskind et al. (2020) (HESTIA),
and Wang et al. (2015) (NIHAO).

For each simulation, halos and subhalos were identified
using the Amiga Halo Finder, AHF (Knollmann & Knebe 2009),
following the same standard parameters across all simulations to
identify the halos. The halo masses, M200, were defined as the
mass contained within a sphere of radius R200, which contains a
density of ∆200 ' 200 times the critical density of the Universe
at z = 0. Central halos, also known as host halos, were iden-
tified as those with the minimum gravitational potential in the
group, while all other subhalos within the same group were clas-
sified as satellites of the host. Subhalos were considered resolved
if they contain at least 200 particles. The primary analysis was
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Fig. 2. Top panels: size–stellar mass relation for each of the simulation suites used in this work, where the stellar mass is measured within 20%
of R200. The median values and 1σ scatter of the stellar half-mass radius in each stellar mass bin are shown by the grey lines and shaded regions,
respectively. Likewise, the median values and 1σ scatter of galaxy size defined as R1 is shown for AURIGA (orange), HESTIA (blue), and NIHAO
(green) by the lines and shaded regions, respectively. The sizes of individual galaxies are shown with dots (AURIGA), crosses (HESTIA), and squares
(NIHAO), using the same colour criteria. Bottom panels: Normalised histograms of the distribution of galaxy sizes relative to the median (R) for
each simulation suite. In each case, the global σ of the relation was found by fitting a Gaussian distribution (solid line following the same colour of
the respective histogram) and σ was defined as the standard deviation of the respective Gaussian, whose errors were computed via bootstrapping.

conducted using a modified version of PYNBODY (Pontzen et al.
2013), which is compatible with AURIGA, HESTIA, and NIHAO.

To ensure a fair comparison between samples, we applied
the same selection criteria to all zoom-in simulations: central
galaxies from isolated halos were selected if their make-up is
less than 1% of low-resolution particles and at least 100 star
particles (see Table 1). We selected 1251 central galaxies for
AURIGA, 710 for HESTIA, and 350 for NIHAO using these cri-
teria. Of these, we retained only those galaxies that have a stellar
surface density value of 1 M�/pc2 at a radius beyond the phys-
ical softening length (see Grand et al. (2017), Libeskind et al.
(2020), Wang et al. (2015) for more details about the physical
softening length for each simulation), which gives final samples
of 630 galaxies for AURIGA, 402 for HESTIA, and 162 for NIHAO,
with stellar mass ranges of (3.6 × 106, 1.1 × 1011), (3.1 × 106,
1.3 × 1011), and (4.9 × 105, 1.9 × 1011) M� for galaxies at z = 0,
respectively (see Table 1).

3. Methodology

In this paper, we explore a new definition of galaxy size intro-
duced by Trujillo et al. (2020), and apply it to several zoom-
in hydrodynamical simulations. Each simulation has used the

Amiga Halo Finder code, AHF (Knollmann & Knebe 2009), to
identify halos and subhalos inside the simulations. We selected
galaxies at z = 0 following the selection criteria (see Section 2
and Table 1 for further discussion) and also examined galaxy
evolution by applying the same criteria at z ∼ 0.2, 0.5, 0.7, and
1. Additionally, we tracked the size evolution of z = 0 galax-
ies across four different stellar mass ranges – 107, 108, 109, and
1010 M� – throughout their evolutionary history.

For each of the galaxies in the sample, we first defined its
centre using the most bound particle of the halo. We then re-
centred each galaxy on the position of the stellar minimum
potential within 20% of R200 and computed the face-on 2D stel-
lar mass-density profile. The face-on projection is defined as the
plane perpendicular to the stellar spin axis, taken to be the z axis
of the total stellar angular momentum within 20% of R200. The
2D profile was computed from the centre out to R200 using cir-
cular annuli that were logarithmically spaced (up to 100 bins).
These bins were then adaptively merged to ensure a minimum
of 20 particles per bin. In addition, we excluded the inner region
within the simulation softening length from the 2D stellar den-
sity profile and restricted the profile up to the first ‘peak’ found
beyond 10 kpc from the galaxy centre. These peaks typically
correspond to incoming mergers or nearby satellites, included
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within the host halo due to the inclusive nature of the halo
finder.

After this post-processing, R1 was determined by interpolat-
ing the remaining profile to find the radius at which the face-on
2D stellar surface density equals 1 M�/pc2. The use of a face-
on orientation followed the approach of Trujillo et al. (2020),
who applied inclination corrections to their observed galaxies to
derive face-on profiles for consistent R1 measurements (see their
Section 5.2 for more details). However, although not shown, we
find that varying the inclination introduces only a scatter of 0.06–
0.08 dex, suggesting that orientation has a negligible effect on
the R1 measurements in our sample. In addition, the stellar mass
of each galaxy has been measured within 20% of R200. While
the choice of 20% of R200 as the aperture radius is larger than the
commonly used 10% of R200 (e.g. Grand et al. 2017), we find
that the choice between 10% or 20% of R200 has a negligible
effect on the size-stellar mass relation (not shown).

Fig. 1 illustrates our methodology applied to a MW-like
galaxy from each simulation suite. The left-hand panels show
the 2D stellar density profile of each galaxy in purple, with cir-
cled markers indicating the profile after removing the soften-
ing length and potential artefacts. The vertical lines represent
the stellar half-mass radius (solid green) and R1 (dash-dotted
orange). In the right-hand renderings, we can appreciate the sizes
of the stellar half-mass radius, R1, as well as twice the stellar
half-mass radius (indicated by a dashed green line). In each case,
even twice the stellar half-mass radius captures only the inner
part of the galaxy and does not encapsulate the full extent of the
disk. In contrast, R1 encloses most of the visible galaxy, includ-
ing the majority of the disk, in each simulation.

4. Results

4.1. The R1−M∗ relation

In this section, we present the R1–stellar mass relation for over
1000 galaxies with stellar masses between 4.9× 105 M� and
1.9× 1011 M�, using AURIGA, HESTIA, and NIHAO (Figs. 2 and
3). We compare our R1 measurement with the stellar half-mass
radius, R1/2, i.e. we divide the stellar mass range into 20 stellar
mass bins and compute the median and 1-sigma scatter of R1 and
R1/2 for the galaxies falling into each bin.

The top panel of Fig. 2 shows the size–stellar mass rela-
tion for the three different simulations used in this work, in
which we plot the 1-sigma scatter of the median values as a
shaded area. Over the entire stellar mass range, the relation dif-
fers when using R1 compared to R1/2 as a proxy for the size
of galaxies. For the AURIGA and HESTIA samples, the R1−M?

relation becomes steeper and larger than R1/2−M? for galaxies
with stellar masses larger than 107 M�. In contrast, for NIHAO,
R1/2 exceeds R1 for M? < 108 M�. This is because NIHAO sim-
ulations produce ‘cored’ dark matter haloes, which in turn give
rise to ultra-diffuse galaxies at M? ∼ 108 M� that therefore have
larger R1/2 than HESTIA or AURIGA galaxies at the same stellar
mass (Di Cintio et al. 2014b,a; Tollet et al. 2016; Di Cintio et al.
2017).

The bottom panel of Fig. 2 shows the scatter within each of
the simulation samples. Such a scatter is quantified as the stan-
dard deviation of a Gaussian distribution fitted to the residuals,
defined as the difference between individual size measurements
and their corresponding bin means. In the legend of each plot, we
indicate that the numerical values of the global scatter for R1/2
is consistently larger than that of R1 at every stellar mass bin
by factors of approximately 1.74 (AURIGA), 1.86 (HESTIA), and
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Fig. 3. R1 as a function of the stellar mass of galaxies, measured within
20% of R200, for different simulation suites, as is indicated in the leg-
end. We show the median value of R1 measured within 20 stellar mass
bins, equally spaced. Orange, blue, and green relations correspond to
the AURIGA, HESTIA, and NIHAO samples. In addition, we also show in
pink single FIRE-2 low-mass galaxies and the relation found by Dalla
Vecchia & Trujillo in prep., using public data from EAGLE simulations in
red. To compare with Trujillo et al. (2020), we add in grey their obser-
vational results as well as dashed lines, corresponding to locations in
the place with a constant projected stellar mass density of (from top to
bottom) 0.1, 1, 10, and 100 M�/pc2.

1.34 (NIHAO), respectively. This is consistent with the observa-
tion results of Trujillo et al. (2020) when comparing the scatter
of the size-stellar mass using R1 and Reff .

To assess the robustness of the R1–stellar mass relation found
in the simulations, we plot, in Fig. 3, the relation for the AURIGA
(orange), HESTIA (blue), and NIHAO (green) samples alongside
one another. For comparison with observational data, we include
dashed grey lines indicating constant projected stellar mass den-
sities of 0.1, 1, 10 and 100 M�/pc2, from top to bottom, given
by S ? = M?/πr2 2 . We also show, with a dashed red line, the
corresponding values for EAGLE galaxies (Dalla Vecchia & Tru-
jillo in prep.), with stellar masses between 107.5 M� and 1012 M�.
Additionally, we extend our comparison with a sample of eight
low-mass galaxies from the public FIRE-2 simulations (pink
markers). Note that FIRE-2 galaxies were not included in the
main analysis due to the limited number of galaxies available
across the stellar mass range. However, it can be appreciated that
both EAGLE and FIRE-2 follow the same trend as our simulation
suites.

In agreement with Trujillo et al. (2020), the median stellar
density within R1 lies above the 10 M�/pc2 line for galaxies with
a stellar mass of M? < 5×108 M�, heading towards higher stellar
mass densities for the most massive galaxies with M? > 109 M�.
Chamba et al. (2024) suggest that feedback and environmental
processes may regulate galaxy sizes more rapidly in the low

2 Note that in this paper we plot lines of constant M?/πr2, which is a
factor of π different from the lines plotted in Trujillo et al. (2020).
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Fig. 4. R1 as a function of galaxy stellar mass over redshift for all the galaxies in our sample, where the stellar mass is measured within 20% of
R200. The left-hand panel shows the median value of the galaxy size, measured using the R1 criteria, for all simulations. Each colour represents a
different redshift, from z = 0 (in blue) to z = 1 (in yellow). The median value of the size has been measured within 20 stellar mass bins in each
case. We also show the 1σ error as shaded regions. The right-hand panel shows a normalised histogram of the scatter between each singular size
value and its corresponding bin value, R, for z = 0.0, z = 0.5, and z = 1 in blue, grey, and yellow, respectively. In every case, the global σ of
the relation was found by fitting a Gaussian distribution (solid line following the same colour as the respective histogram). The respective σ was
defined as the standard deviation of the respective Gaussian distribution, whose errors were computed via bootstrapping.

mass regime, compared to their massive counterpart, leading to
a break in the size–stellar mass relation at ∼4 × 108 M�, where
it crosses the 10 M�/pc2 line. We note that the transition occurs
at different stellar masses in NIHAO compared to AURIGA and
HESTIA. This discrepancy may result from the different mor-
phology of galaxies in each simulation sample: AURIGA and
HESTIAmassive galaxies tend to be disc-dominated spiral galax-
ies, while NIHAO’s massive galaxies predominantly exhibit an
elliptical morphology (see Sec. 4.3 for more details). Observa-
tions suggest that the transition of R1 at the 10 M�/pc2 line likely
reflects differences in the formation and accretion history of the
most massive galaxies compared to lower-mass galaxies. Differ-
ent predominant morphologies in each simulation could affect
the stellar mass range in which this deviation occurs. All in
all, galaxies with stellar masses from 107 to 1011 M� follow a
power law of R1 = Mβ

? with β = 0.375, consistent with obser-
vations that find similar behaviour with β = 0.35 (Trujillo et al.
2020) and β = 0.377 (Hall et al. 2012). While different feed-
back schemes play a key role in defining the stellar half-mass
radius (Crain et al. 2015), potentially explaining the discrepan-
cies among simulations, R1 remains independent of the specific
simulation suite and feedback scheme chosen. This suggests that
R1 intrinsically captures the physics regulating star formation at
the edges of galaxies.

4.2. Redshift evolution

In the previous sections, we demonstrated that R1 is a robust
quantity for estimating galaxy size: it is consistent across the
simulations suites probed. We now explore how R1 and its asso-
ciated scatter evolve with redshift for all simulation suites.

In the left panel of Fig. 4, we present the median R1 val-
ues in each stellar mass bin over different redshifts: z ∼ 0.0,

z ∼ 0.2, z ∼ 0.5, z ∼ 0.7 and z ∼ 1.0. Each redshift is coloured
following the colour bar on the right, with the 1σ scatter for
each redshift shown as a shaded region. The evolution of the
normalisation and slope of the mean size-stellar mass relation
does not change notably over redshift; however, the scatter at
fixed stellar mass appears to decrease with increasing redshift.
The right-hand panel shows the distribution of sizes at z ∼ 1.0,
z ∼ 0.5, and z ∼ 0.0, which quantifies the decreasing scatter
with increasing redshift. This evolutionary trend in the scatter
may be linked to the cumulative effect of merger activity. In
other words, galaxies at higher redshifts have experienced fewer
mergers, leading to less diversity in galaxy sizes. This result
aligns with previous studies using Reff , such as Nedkova et al.
(2021) or Kawinwanichakij et al. (2021), which did not find
significant changes in galaxy sizes across redshift. In contrast,
Buitrago & Trujillo (2024) found that, using Redge as a proxy for
the size, MW-like galaxies have doubled in size since z = 1.
Although Chamba et al. (2020) found no significant differences
when using Redge instead of R1, there is no guarantee that such
a proxy based on MW-like galaxies should be able to character-
ize the radius to which in situ star formation takes places for all
galaxies regardless of their evolution. However, due to the com-
plexity of measuring Redge for non-massive galaxies, we opted
to use R1. A more detailed study of size evolution across higher
redshifts, based on a truncation in the stellar density profile, is
deferred to future research.

In addition to studying the evolution of the size–stellar mass
relation, simulations provide the opportunity to examine the evo-
lution of the sizes of individual galaxies. A question that arises is
whether the galaxies evolve along this relation. To address this,
we selected galaxies at z = 0 from each simulation sample in
four stellar mass ranges within a bin of ±0.5 dex: 107, 108, 109,
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Fig. 5. Evolution of R1 as a function of galaxy stellar mass, measured
within 20% of R200, over four different stellar mass ranges. For each
simulation suite, we selected z = 0 galaxies at 107, 108, 109, and
1010 M�, within a bin of ±0.5 dex, and tracked their size-evolution over
redshift up to z = 1, using five increasing z, from left to right. Each of
the stellar mass ranges selected is indicated and zoomed in with brown,
pink, yellow, and blue regions, respectively. The median value of the
size and the stellar mass has been measured for each of the redshifts.
Orange dots represent the size evolution of the AURIGA suite, while
blue crosses and green squares indicate the HESTIA and NIHAO samples,
respectively. The whole sample at z = 0, regardless of the simulation
suite, is also shown as grey dots.

and 1010 M�. We tracked these galaxies back in time up to z = 13,
using five increasing z. Fig. 5 illustrates the median evolution for
each stellar mass range and simulation suite. Generally, galax-
ies evolve along the size-stellar mass relation, regardless of the
stellar mass range and simulation suite. An exception is found
in the NIHAO sample, where galaxies that lie in the size–stellar
mass relation at z = 1 for the stellar mass bin ∼109 M� ended
with larger sizes at present-day redshift compared to galax-
ies in other simulation suites. Note that, even when present-
day galaxies have larger sizes than the average, their progeni-
tors still lie in the R1 relation at earlier redshifts. The discrep-
ancy in NIHAO galaxies for this stellar mass range is explained
by repeated SNe-driven gas outflows, which build up larger
galaxies with time, particularly in the stellar mass range M? ∼

108−9 M� (Di Cintio et al. 2014b,a, 2017; Pontzen & Governato
2012). The initial selection and morphology of NIHAO galax-
ies (see Fig. 3) indicate that they tend to be larger than those
in AURIGA and HESTIA samples for stellar masses between 108

and 109 M�. Another exception is the evolution in the low mass
range. While the stellar mass in AURIGA and HESTIA galaxies
seems to evolve continuously and monotonically along the rela-
tion over the four stellar mass ranges, the NIHAO galaxies exhibit

3 We select those galaxies that can be tracked up to z = 1 by using
the most massive progenitor at each snapshot defined by AHF’s merger
tree.

a different evolution for dwarfs: galaxies with 107 M� stellar
masses evolve very little in stellar mass or size, and galaxies
in the ∼108 M� stellar mass range at z = 0 are larger at higher
redshifts compared to those from AURIGA and HESTIA. Different
feedback schemes could be the reason for evolution discrepan-
cies between the simulation samples. This may be particularly
true in the low mass regime, where the modelling and imple-
mentation of a relatively low number of feedback events in rela-
tively shallow dark matter halo potentials can significantly shape
galaxy properties. Overall, we demonstrate that galaxies evolve
along the R1−M? relation at various z, despite the specific stellar
mass or simulation used.

4.3. Morphology dependence

We have shown that using R1 to measure the global size-stellar
mass relation of galaxies decreases the scatter by about twice as
much as using R1/2. We now check whether this is also the case
for different morphologies. We examined the R1–stellar mass
relation by categorising sample galaxies into two groups, regard-
less of the simulation used: rotationally supported and non-
rotationally supported, i.e. dispersionally supported. We clas-
sified galaxies as rotationally supported following the criteria
from Correa et al. (2017), in which galaxies with κco > 0.4
are distinguished as spiral galaxies and ones with κco < 0.4 as
ellipticals. Here, κco is the fraction of the kinetic energy of the
galaxy invested in ordered co-rotation (see Sales et al. (2010)
and Correa et al. (2017) for more details). Fig. 6 illustrates the
correlation between larger sizes and higher co-rotational veloc-
ities, showing that spiral galaxies tend to have larger R1 sizes
than elliptical galaxies at a fixed stellar mass, for a stellar
mass larger than ∼4 × 107 M�. This finding agrees with obser-
vational results from Trujillo et al. (2020). Below this stellar
mass, we can appreciate a change in behaviour, in which the
trend reverses. Dispersion-supported galaxies host larger sizes
than rotational galaxies at lower stellar masses. However, this
could be due to statistical limitations – since the sample of rota-
tional galaxies at those stellar masses may not be representa-
tive in this case (see top panel of Fig. 6) – dispersion-dominated
dwarfs tend to be cored galaxies and might have larger sizes
than the more discy ones. It is important to note that in our sam-
ple elliptical and spiral galaxies coexist within the same stellar
mass range. As is discussed in Section 4.1, observed galaxies
from Trujillo et al. (2020) reach higher stellar masses, where the
distinction between ellipticals and spirals becomes more pro-
nounced, with limited overlap between the two morphologies.
While we cannot replicate galaxies in this most massive region,
we still observe differences in the slope between elliptical and
spiral morphologies, consistent with their findings in the stellar
mass range where both morphologies coexist.

For both cases, we have measured the 1σ scatter, finding a
smaller scatter, σ ∼ 0.073 ± 0.003 dex, in those galaxies sup-
ported by dispersion. This result may seem in contradiction with
previous discussions, primarily since R1 was designed for MW-
like galaxies. However, the scatter has been measured across the
entire stellar mass range – from 107 M� to 1011 M� for rotation-
supported galaxies and 106−1010 M� for dispersion-supported
galaxies. Thus, the scatter found for disk galaxies cannot be
interpreted as the general behaviour of MW-like galaxies.

Fig. 7 shows the general co-rotational behaviour concern-
ing the galaxy’s stellar mass for each simulation suite. In the
low-mass regime, all galaxies, regardless of the simulation, tend
to exhibit elliptical morphologies, with the median co-rotational
value remaining below 0.4, until the galaxies reach a stellar mass
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Fig. 6. R1 as a function of galaxy stellar mass, measured within 20%
of R200, for all galaxies in the three simulations of our sample. Each
of them is characterised as rotational (shown in blue) or dispersion
(shown in pink) supported, following the criteria of Sales et al. (2010)
and Correa et al. (2017). The median size value has been measured
across 20 stellar mass bins in each case. We also show as shaded regions
the 1σ error for both classifications. The top panel represents the per-
centage of galaxies in each morphology per bin, following the same
colour code as the main panel. The global FWHM of the relation was
found by fitting a Gaussian distribution, and it is indicated in the legend
as σ, whose errors were computed via bootstrapping.

of about 109 M�. For more massive galaxies, we can appreci-
ate a large difference between AURIGA and HESTIA galaxies and
NIHAO galaxies. The reason for this difference can be ascribed to
the different selection criteria originally adopted in constructing
the three simulated samples. While HESTIA and AURIGA galaxies
are popularly used for the study of MW-like galaxies and their
environment, NIHAO galaxies do not target any particular mor-
phological type. However, NIHAO tends to harbour a high popu-
lation of elliptical galaxies. An exception to this trend occurs in
those galaxies with a stellar mass range between 108 and 109 M�,
where the NIHAO sample has a greater number of spirals than
their counterparts in the other simulations. This behaviour is also
reflected in Figs. 3 and 5, where higher values of R1 are found
for NIHAO galaxies within this stellar mass regime.

4.4. The connection with halo properties

In the previous section, we showed that the scatter in R1 is gen-
erally a factor of almost two smaller than that found in R1/2. We
now explore R1 as an alternative metric to R1/2 when investigat-
ing the connection between galaxies and their host dark matter
halos.

The scatter of the SHMR is an interesting quantity because
it reflects the efficiency of galaxy formation at a fixed halo mass:
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Fig. 7. Fraction of kinetic energy invested in ordered co-rotation versus
stellar mass for each simulation suite. We show the median value of the
co-rotation fraction measured within 20 stellar mass bins. Orange, blue,
and green relations correspond to the AURIGA, HESTIA, and NIHAO sam-
ples. We also show as orange, blue, and green shaded regions the 1σ
scatter for AURIGA, HESTIA, and NIHAO, respectively. Galaxies above
the horizontal dashed line are considered rotationally supported and
vice versa (see Sales et al. 2010 and Correa et al. 2017 for more details
about the selection criteria).

galaxies with higher stellar masses have been more efficient in
forming stars than their less massive counterparts. Thus, this
scatter is expected to be linked to the baryonic cycle of galaxies;
however, how it connects to galaxy properties remains a matter
of debate (Wechsler & Tinker 2018). With uncertainties in halo
mass estimations being one of the main challenges in explor-
ing this issue observationally, Scholz-Díaz et al. (2024) intro-
duce the STMR as a direct observational alternative to studying
the galaxy-halo connection, with total dynamical masses mea-
sured within 3Reff . They find that galaxy properties exhibit sim-
ilar trends across the scatter of both the SHMR and the STMR,
with total dynamical masses correlating with halo masses at a
fixed stellar mass. Based on this, they argue that total dynami-
cal mass measured within 3Reff serves as a proxy for halo mass
and that the scatter of the STMR can be used as an alternative to
that of the SHMR. In this section, we investigate whether total
masses measured within R1 are able to trace their halo masses. If
so, R1 could serve not only as a reliable size measure but also as
a direct method of studying the connection between galaxies and
their halo properties. Analogous to the work of Dalla Vecchia &
Trujillo in prep. – who explore the R1−R200 for EAGLE galaxies,
finding a notable small scatter that can be used to infer proper-
ties of their host halos – we measure the total mass as contained
within R1, and later compare it with the observational results
from Scholz-Díaz et al. (2024), who computed the total dynam-
ical mass following 3D Jeans equations (see Zhu et al. 2023 for
more details).

Fig. 8 shows both the SHMR (top panel) and the STMR
inside R1 and 3R1/2 (bottom panel) using coloured and grey
markers, analogous to the STMR measured within 3Reff from
Scholz-Díaz et al. (2024). Note that Reff in observational studies
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Fig. 8. Upper panel: stellar-to-halo mass relation (SHMR) for each of
the simulation suites. In solid purple, the abundance matching relation
from Moster et al. (2013) is shown with a 0.2 dex scatter. The dashed
dark and dash-dotted magenta lines represent estimates by Guo et al.
(2010) and Girelli et al. (2020), respectively. Thick lines correspond to
the range where the abundance matching relations are constrained by
observations, while the thin lines are extrapolations. Bottom panel: stel-
lar mass versus total mass within R1 (STMR), where the stellar mass
is measured within 20% of R200. The dashed line represents the 1:1
relation. The universal baryon fraction is shown with a dotted line in
both cases. Empty orange dots, blue crosses, green squares, and pink
triangles represent the AURIGA, HESTIA, NIHAO, and FIRE-2 samples,
respectively. For comparison, we also show in grey squares, dots, and
crosses the STMR within 3R1/2.

is derived from a photometric band that is not always available
in our sample. For this reason, we use R1/2 for comparison, as it
provides a more consistent measurement across different simu-
lations. In the top panel, the purple, dark, and magenta curves

represent semi-empirical relations from Moster et al. (2013),
Guo et al. (2010), and Girelli et al. (2020), respectively. While
NIHAO galaxies follow the Moster et al. (2013) semi-empirical
relation, AURIGA and HESTIA are placed above this relation
for the M200 < 1011 M� range. However, note that below this
halo mass a large uncertainty exists in the predicted relation
(see Girelli et al. (2020) for more details). Whether a simulation
matches the abundance matching relations depends significantly
on how feedback mechanisms are implemented. For example,
while EAGLE is calibrated to match the abundance matching rela-
tion across their high mass ranges (see Fig. 8. of Schaye et al.
(2015)), the NIHAO sample used in this paper does not include
active galactic nucleus (AGN) feedback (see Blank et al. (2019)
for AGN implementation in NIHAO) and yet reproduces the
SHMR across a large galaxy mass range. In contrast, AURIGA
and HESTIA, though not explicitly calibrated to match the abun-
dance matching relation, incorporate both AGN and SN feed-
back.

Given the robustness of the R1–stellar mass relation across
the different simulation suites demonstrated in the previous
section, we can expect a stronger correlation between the total
mass within R1 and the stellar mass (STMR) compared to the
SHMR. The bottom panel of Fig. 8 shows the former for each
simulation suite, with notably reduced scatter at the low-mass
end compared to the SHMR. Additionally, the STMR within
3R1/2 is shown in grey. In both STMR cases, the scatter for each
simulation suite has been measured (not shown), revealing a sys-
tematic reduction when using R1. The median scatter of STMR
within R1 is found to be σR1 ∼ 0.15±0.01 dex, whereas the scat-
ter measured within 3R1/2 is σ3R1/2 ∼ 0.28±0.02 dex. Alongside
the STMR relation, we also show the 1:1 line and the universal
baryon fraction with dashed and dotted lines, respectively. The
fact that galaxies closely follow the universal baryon fraction
line can be explained by R1 corresponding to the radius where
the gas density required for SF reaches a minimum. Under this
assumption, all stellar mass is enclosed within R1. Galaxies with
stellar mass below 109 M� fall below the universal baryon frac-
tion relation, while MW-like galaxies seem to match it. We found
several outliers below 108 M� for the NIHAO sample, with stel-
lar masses larger than expected for a fixed total mass, even sur-
passing the 1:1 line. For galaxies above this line, we inspected
the stellar surface density profile (not shown here). In each of
these galaxies, the maximum values in their stellar density barely
reach the Σ? = 1 M�/pc2 threshold, leading to R1 values not
capable of enclosing the whole galaxy. This threshold is defined
for MW-like galaxies and differs for dwarfs or elliptical galaxies
(see Trujillo et al. 2020 and references therein for more details);
thus, low-mass galaxies whose sizes cannot be explained by
using R1 are to be expected. However, note that for galaxies
for which the maximum value of the stellar surface density pro-
file is well above the density threshold, we can still recover the
expected size-stellar mass relation.

For a visual inspection, we extend our results with eight low-
mass FIRE-2 galaxies, shown with single pink markers, which
lie in the same space as other simulation suites. In addition, we
present in Appendix A the total cumulative mass versus radius
for four different stellar masses: ∼1010, 109, 108, and 107 M�.
While the cumulative total mass distribution evolves differently
across the entire radius depending on the simulation suite used,
the median profiles of each sample consistently intersect at ∼R1,
regardless of the stellar mass range. This implies that AURIGA,
HESTIA, and NIHAO galaxies tend to have the same amount of
total mass at the R1 range (shown in grey), diverging again at
larger radii. Galaxies from the FIRE-2 sample that fall within
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the corresponding stellar mass ranges are also shown, intersect-
ing with the other samples at R1 as well. However, since only a
few FIRE-2 galaxies fall into this range, we may not be able to
interpret them as a systematic trend.

Although the focus of this work is not on the baryonic pro-
cesses that influence the scatter in the SHMR, examining the
halo mass derived from the total mass within R1 could provide
valuable insights into the relationship between these processes.
To assess whether the total mass within R1 accurately traces the
halo mass – and thus whether the scatter in the STMR could
serve as an alternative to the SHMR – we conduct an analy-
sis similar to that of Scholz-Díaz et al. (2024) in Appendix B.
It is important to note, however, that we assume R1 fully encom-
passes the stellar mass of galaxies, independent of their mor-
phology. A more detailed exploration of the baryonic processes
influencing halo properties will be addressed in future work.

5. Conclusions

The sizes of galaxies have been a subject of extensive study
over the past few decades, as they are essential in our under-
standing of how galaxies form and evolve. However, it is only
in recent years that observational studies have begun to explore
the borders of galaxies using physically motivated definitions.
Specifically, these studies have employed the location of the
gas density threshold for star formation as a natural size indica-
tor (Trujillo et al. 2020; Chamba et al. 2022; Buitrago & Trujillo
2024). The radius R1, which serves as a proxy for this critical
gas density threshold (Martínez-Lombilla et al. 2019), has been
shown observationally to reduce the scatter in the size-stellar
mass relation of galaxies. In this paper, we aim to assess the
reliability of this new definition across different state-of-the-art
hydrodynamical simulation suites. The key findings of our work
are summarised as follows:

– The size–stellar mass relation obtained using R1 shows a sys-
tematic reduction in scatter by a factor of ∼2 dex compared to
the relation defined by R1/2, for all simulation suites (Figs. 2
and 3). These results are in agreement with observations of
Trujillo et al. (2020), including the general trend, whereby
massive galaxies above 109 M� begin to exhibit a shallower
size-stellar mass slope, as is shown in Fig. 3.

– We study the evolution of the size–stellar mass relation up to
z ∼ 1 and find that the slope and normalisation of the rela-
tion are redshift-independent, and that the scatter decreases
with increasing redshift (Fig. 4). We find that most simulated
galaxies have evolutionary tracks that lie along the median
R1–stellar mass relation.

– Regarding morphology, we divided the whole sample into
rotational and dispersion-supported galaxies, based on the
criteria of Correa et al. (2017) (Fig. 6). For stellar masses
above 107 M�, rotationally supported galaxies generally
exhibit larger sizes compared to those that are dispersion-
supported, indicating that the new size definition, R1, is cor-
related with the morphology of galaxies. Below 107 M�, we
find larger sizes in galaxies supported by dispersion. How-
ever, it is important to note that, in this lower mass range, the
number of rotationally supported galaxies is low.

– Although each simulation suite is strongly influenced by the
feedback models implemented, the use of R1, not only as
a measure of galaxy size but also as a means to study the
connection with halo properties, yields a stronger correla-
tion between stellar mass and total mass enclosed within
R1 compared to the traditionally used SHMR (Fig. 8). For
galaxies with stellar masses above 109 M�, we observe a

consistent correlation in the scatter between SHMR and
STMR (Fig. B.1), which is also consistent with properties
that correlate to the SHMR scatter, similar to the findings of
Scholz-Díaz et al. (2024) using 3Reff . This suggests that R1
could also serve as a viable observational tracer of the halo
mass. Those baryonic processes that influence the galaxy at
fixed stellar mass, shaping the scatter of SHMR, can also be
inferred by studying the scatter in the STMR.
We caution the reader that the stellar and halo mass ranges

explored in this work are limited at the upper end by MW-
size galaxies and do not cover the most massive range. In the
future, extending the sample to include larger galaxies will pro-
vide valuable insights into identifying the slope change between
elliptical and MW-like galaxies, discussed throughout the paper.
Additionally, while we used R1 as a size indicator instead of
Redge, it is important to note that although both quantities are
observed to be very similar at z ∼ 0, their differences may
become significant at higher redshifts. A thorough investigation
of Redge will be essential for understanding changes in galaxy
sizes and their evolution over time.
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Appendix A: Cumulative total mass profiles
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Fig. A.1. Cumulative total mass versus radius across four stellar mass ranges. Each simulation suite is coloured according to the colour code of
the simulation suite. For each simulation suite, we select z = 0 galaxies at 1010, 109, 108 and 107 M� (from top left to bottom right), within a bin
of ±0.5dex. The median cumulative total mass profile is shown with a solid thick line in orange, blue, green and pink for the AURIGA, HESTIA,
NIHAO and FIRE-2 galaxies, respectively. The vertical grey region covers all the R1 values found for each stellar mass range.
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Appendix B: Total mass versus halo mass

We conduct an analogous analysis from Scholz-Díaz et al.
(2024) (see their Fig. Extended Data Fig. 2 and Methods section)
to investigate whether the scatter of the STMR can be used as an
alternative metric to the SHMR. Fig. B.1 reflects the residuals of
M200 and MT for galaxies above M? > 109 M�. We choose this
stellar mass range to exclude low-mass dwarf galaxies for which
the scatter in stellar mass (at fixed M200) is heavily influenced by
baryonic physics. The scatter has been measured by assuming
both SHMR and STMR for galaxies above a stellar mass of 109

M� follow a linear distribution.
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HESTIA ρ=0.71

NIHAO ρ=0.895

Fig. B.1. Halo mass versus total mass within R1. We show the δM200 and
δMT(< R1) residuals from the log M200 − log M? versus log MT(< R1)
− log M? relations, for galaxies with M? > 109M�. AURIGA, HESTIA
and NIHAO galaxies are shown with orange dots, blue crosses and green
squares. Every galaxy is coloured by the concentration of its halo, with
darker colours referring to higher concentration and vice versa. Every
suite is upper and lower limited by a halo concentration value of 40 and
7, respectively. Best-fitting is shown following the same colour code
used for each simulation suite, along with their Spearman rank corre-
lation coefficients. We also show, within dashed grey, the 1:1 line for
reference.

The positive correlation indicated by the Spearman rank
coefficients means that, at fixed stellar mass, galaxies with higher
total masses within R1, MT, tend to have larger M200. To high-
light the importance of the correlation between STMR’s and
SHMR’s scatters, we have coloured every galaxy by its halo con-
centration4, one of the properties that correlate with the SHMR
scatter (Matthee et al. 2017; Zu et al. 2021). Dark colours refer
to higher concentration values and vice versa. At fixed stellar
mass, halos with positive scatter values, i.e. larger halo and total
masses, have a lower concentration than those with smaller halo
and/or total masses. Such behaviour indicates that those proper-
ties responsible for the scatter in the SHMR could be inferred
by inspecting their scatter in STMR. This result aligns with the
observational findings of Scholz-Díaz et al. (2024), who used the
total dynamical mass within 3Reff to investigate several baryonic
processes that affect the STMR scatter.

4 We use the halo concentration values from AHF, which numerically
computes the concentration using Eq. 9 from Prada et al. (2012).
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