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ABSTRACT

Observational studies have established a remarkably tight power-law relationship between the H1 masses and sizes of
late-type galaxies, known as the HI mass—size relation. This relation has been shown to persist across various models
of a galaxy’s H1 surface density profile. Using the SIMBA cosmological simulations, we investigate the robustness of this
relation under different feedback prescriptions, including cases where specific feedback mechanisms are absent. While
the global properties of galaxies are significantly affected by changes in feedback, the H1 mass-size relation remains
intact. Moreover, its parameters consistently align with the best available empirical measurements. We analyse the H1
mass distributions of galaxies and demonstrate that, regardless of the feedback scenario, galaxies within a given HI mass
bin exhibit outer HT radial profiles well approximated by an exponential function. Furthermore, the exponential decline
rate remains remarkably similar across different physical prescriptions. This behaviour is only valid within the ~ 1 Mg
pc~2 contour. We attribute the persistence of the H1 mass-size relation to this inherent self-similarity in the HI mass

distributions.
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1 INTRODUCTION

The spatial distribution of neutral atomic hydrogen (H1) in galax-
ies provides crucial insights into their assembly histories, mech-
anisms of gas accretion, and the role of feedback processes in
shaping their evolution. Among the most robust observational
findings in this context is the tight empirical relation between a
galaxy’s H1 mass and its spatial extent, known as the HI mass—
size relation (H IMSR; A. H. Broeils & H. van Woerden 1994; A.
H. Broeils & M.-H. Rhee 1997; J. Wang 2016). This relation is well
described by a single power law over several orders of magnitude
in H1 mass and is characterized by remarkably low scatter, typi-
cally around 0.06 dex, indicating a high degree of regularity across
diverse galaxy populations.

The universality and tightness of the HIMSR are widely in-
terpreted as evidence for structural self-similarity in H1 discs,
suggesting that similar physical mechanisms govern the distribu-
tion of atomic hydrogen across a broad range of galaxy types and
environments (D. Obreschkow et al. 2009; J. Wang et al. 2014; A.
R. H. Stevens et al. 2019). Observational studies have found that
the average H1 surface density, Xy ,(r), within the HT radius is
nearly constant for most galaxies, further supporting the idea of a
common underlying process (V. Cayatte et al. 1994; R. A. Swaters
et al. 2002).

Despite this, the extent to which feedback processes - arising
from both stellar processes and active galactic nucleus (AGN)
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activity — might disrupt or regulate the H IMSR remains an open
question. Theoretical and semi-analytic models suggest that feed-
back can influence the structure of H1 discs, but the observed
tightness of the HIMSR places strong constraints on the degree
of disruption permissible. Recent hydrodynamical simulations,
such as EAGLE (R. A. Crain et al. 2015; Y. M. Bahé et al. 2016),
have shown that strong AGN feedback can suppress central HI
densities and potentially induce deviations from the canonical
HIMSR, highlighting the need to isolate the influence of individ-
ual feedback channels.

In this study, we investigate the impact of various feedback
prescriptions on the HIMSR using the SIMBA (R. Davé et al.
2019) suite of cosmological hydrodynamical simulations. SIMBA
incorporates both stellar and AGN feedback, including radiative,
jet, and X-ray heating modes, enabling a systematic exploration
of their respective roles. We analyse four variants of the simu-
lation: a fiducial run with full feedback physics, and three oth-
ers in which one or more AGN and stellar feedback modes are
selectively disabled. For each scenario, we measure the global
HIMSR and examine the radial H 1 surface density profiles to as-
sess whether the observed universality arises from structural self-
similarity and whether this is preserved under different feedback
regimes.

This paper is structured as follows. In Section 2, we describe
the simulation and the different variants. Section 3 focuses on
the methodology. Section 4 presents the sample selection for the
HIMSR. The results and discussion are presented in Sections 5
and 6, respectively.
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2 SIMBASIMULATIONS

In this study, we use the SIMBA suite of cosmological simulations
(R. Davé et al. 2019), a descendant of the MUFASA simulation (R.
Davé, R. Thompson & P. F. Hopkins 2016), which is built upon the
meshless finite mass hydrodynamics solver of the G1zmo0 code (P.
F. Hopkins 2015). SIMBA incorporates updated physics for black
hole (BH) growth and feedback and includes prescriptions for
star formation, BH seeding and accretion, as well as stellar and
AGN feedback. It also accounts for radiative cooling, photoioniza-
tion heating, metal cooling, and the out-of-equilibrium evolution
of primordial elements via the grackle-3.1 library (B. D. Smith et
al. 2017).

The molecular hydrogen content is calculated on-the-fly, and
star formation is implemented through a sub-grid model that
explicitly tracks the molecular phase of the gas. BH accretion is
modelled using two distinct mechanisms. For hot gas (T > 10°
K), siMBA adopts Bondi-Hoyle accretion H. Bondi (1952), while
cold gas (T < 10° K) follow a torque-limited accretion model
based on model P. F. Hopkins, E. Quataert & N. Murray (2011)
and implemented in the SIMBA framework following (D. Anglés-
Alcézar et al. 2017). This analytically motivated prescription ac-
counts for angular momentum transport within the accretion disc
and typically reduces accretion rates relative to the classical Bondi
formulation by one to two orders of magnitude. As a result, the
model produces realistic Eddington ratios and self-regulated BH
growth consistent with observational constraints.

SIMBA includes two primary feedback channels: stellar feed-
back and AGN feedback. Stellar feedback incorporates the effects
of supernova explosions, radiation pressure, and stellar winds.
These processes are implemented through a kinetic, supernova-
driven wind model within the GIzMO mesh-free Lagrangian hy-
drodynamics code (P. F. Hopkins 2015). In this model, newly
formed stars eject mass and metals through decoupled winds.
Approximately 30 per cent of the supernova energy is deposited
locally as thermal energy at temperatures of 108 K, while the
remaining 70 per cent drives cooler outflows (T ~ 10 K). The
velocities of these winds scale with the virial velocity of the host
halo (~ 300 — 1000 km.s™!), and the mass-loading factor follows
the scaling relation n o v 2 where v, is the circular velocity. This
scaling efficiently suppresses star formation in low-mass haloes
(M, < 10 Mg) while generating realistic galactic winds that
regulate the cold gas reservoir and influence the distribution of
neutral hydrogen (H1)

In addition to stellar feedback, AGN feedback operates in three
distinct modes, which regulate gas accretion and galaxy growth
across different regimes of BH activity (R. Davé et al. 2019) These
accretion prescriptions directly determine the feedback channels
implemented in the simulations, described below :

(i) AGN winds: Active when the Eddington ratio is high (fgq >
0.2). In this regime, BHs drive mass-loaded winds with veloc-
ities of ~ 1000 km-s™!, ejected radially in the direction of the
angular momentum of the inner accretion disk. These outflows
are launched with zero opening angle and do not alter the gas
temperature at injection.

(ii) AGN jets: Fully activated at low Eddington ratios (fgq <
0.02) for BH with masses > 107> M,. This mode produces highly
collimated, bipolar jets with zero initial aperture and velocities
reaching up to 7000 km-s~!. The outflowing gas is heated to
the halo virial temperature prior to ejection. In the intermediate
regime (0.02< fgq <0.2), wind velocity increases smoothly as fgq
decreases.
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(iii) X-ray heating: Activated concurrently with jet mode.
Based on the model of E. Choi et al. (2012), this mode differenti-
ates its treatment of gas by density. For non-interstellar medium
(ISM) gas, the injected X-ray energy directly increases the temper-
ature. For ISM gas, half the energy is used to impart a radial veloc-
ity kick, while the remainder is deposited as heat. This feedback
component is important for suppressing residual star formation
in quenched galaxies.

The AGN feedback implementations in SIMBA are designed
to reproduce the observed bimodality in BH growth in AGN,
as reported by T. M. Heckman & P. N. Best (2014). SIMBA also
implements a two-mode kinetic AGN feedback, with radiative
winds at high accretion rates and jet feedback at lower accretion
rates. The combination of these feedback mechanisms helps to
quench massive galaxies and match observed galaxy populations
and BH growth. Finally, SIMBA models the transformation of
ionized gas into atomic and molecular phases by incorporating
self-shielding and using a prescription for the H, fraction based
on the gas metallicity, as described in the A. Rahmati et al. (2013).
Since SIMBA has been extensively described in previous works,
we provide a brief overview of the main simulation parameters
and refer the reader to R. Davé et al. (2019) for a more detailed
description. Additional information on the feedback mechanism
modes of SIMBA can also be found in S. R. Ward et al. (2022), J. F.
Christiansen et al. (2020), I. S. Khrykin et al. (2024).

In SIMBA simulations, haloes are identified on the fly using
three-dimensional (3D) friends-of-friends (FOF) algorithm inte-
grated into GI1zMO (based on Gadget-3), with a linking length of
0.2 times the mean inter-particle separation. The YT-based pack-
age CAESAR! is then used in post-processing to cross-match galax-
ies and haloes and generate a catalogue of pre-cm properties.
Additionally, galaxies are identified using a 6D FOF galaxy finder
with a spatial linking length of 0.0056 times the mean inter-
particle separation (twice the minimum softening kernel) and a
velocity linking length set to the local velocity dispersion;this is
applied to all stars and ISM gas with ny > 0.13cm™>.

The H1 and H, fractions for individual gas particles are com-
puted on the fly during the simulation using the Grackle chem-
istry network, directly from the simulation, without global post-
processing. An additional post-processing correction is applied to
H1 only for particles satisfying Ny; > 10'° cm~2 (self-shielding)
of ng > 0.13 cm™3, following A. Rahmati et al. (2013) as imple-
mented in SIMBA variants. Gas particles are assigned to galaxies
using the maximum Myaryon /R criterion, with extremes capped for
numerical stability, ‘these simulations’ refer to SIMBA variants.

To compute the H1and H, contents of galaxies, each gas parti-
cle in a halo is assigned to the galaxy with the highest Mbaryon/R2
ratio, where Mparyon is the total baryonic mass and R is the dis-
tance from the particle to the galaxy’s centre of mass. This ensures
that cold gas, particularly H1can be assigned to a galaxy even if
it is not part of its ISM, as H I can be significant even for gas with
ny > 0.13. BHs and H1 gas are assigned to the galaxy to which
they are most gravitationally bound, with the most massive BH
particle designated as the central BH.

2.1 simBA feedback variants
This study utilizes five variants of the SIMBA suite of hydrody-

namic simulations, all initialized with identical conditions. Each

Thttps://caesar.readthedocs.io/en/latest
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Table1. Summary of feedback prescriptions used in the simulation runs.
Each column represents a specific feedback mechanism-stellar feedback,
AGN winds, AGN jets, and X-ray heating. A check mark (v) indicates that
the corresponding mechanism is included in a given run, while a dash (-
) denotes its absence. Rows correspond to individual simulation runs, as
described in the manuscript.

Feedback prescriptions

Name Stellar AGN winds AGN jet X-ray heating
s50 v v v v
s50noX v v v -
s50nojet v v - -
S50noAGN v - - -
s50nofb - - - -

simulation box spans a co-moving volume of 50 h~*Mpc per side
and contains an equal number of dark matter and gas particles,
specifically 5123 for each type, ensuring uniform mass resolution
of 9.6x 107 Mg, for the dark matter and 1.82x 107 My, the gas
particles. This corresponds to an H 1 mass resolution of ~ 108 M.
The cosmological framework for these simulations aligns with
the Planck-16 lambda cold dark matter model, characterized by
parameters: 2, = 0.3, 2, = 0.7, 2, = 0.048, h = 0.68, 05 = 0.82,
and ng; = 0.97. The s50 simulation serves as the fiducial run, in-
corporating all features outlined in Section 2. The other four runs
progressively deactivate the feedback modules, as summarized in
Table 1. The s50noX run excludes only the X-ray mode, while
the s50nojet run deactivates both jets and X-ray heating. In the
s50n0AGN run, all AGN feedback modes are turned off, leaving
only stellar feedback processes active. Lastly, the s50nofb run, all
feedback mechanisms - including both stellar and AGN feedback
- are turned off. It is important to note that SIMBA still spawns
BHs and includes metal cooling. Clarify that only stellar and AGN
feedback is removed, not cooling, enrichment or H, formation. It
is important to note that both the s50nofb and s50noAGN runs
still include BH seeds and the dual accretion mode. Due to the
self-regulation of the torque-limited accretion mode (as described
in D. Anglés-Alcazar et al. 2017; R. Davé et al. 2019), BH-galaxy
scaling relations remain intact, even when combined with Bondi
accretion and without feedback. For this study, only the z =0
snapshot from each of the five runs is used.

3 METHODS

In this work, we adopt an approach that provides a more ob-
servationally consistent method for measuring the HI masses
and sizes of galaxies, ensuring that our results are more directly
comparable to empirical studies by minimizing potential biases
arising from differences in measurement techniques. While di-
rectly using SIMBA particle lists offers a theoretically precise mea-
sure, it arguably lacks the observational realism necessary for a
meaningful comparison.

For each galaxy in our samples, we use the MARTINI (Mock
APERTIF-like Radio Telescope Interferometry of the Neutral
ISM) package (K. A. Oman et al. 2019; K. A. Oman 2019; K. Oman
2024) to generate a synthetic HI line data cube and derive an H1
total intensity map. All cubes have a spatial pixel size of 8 arcsec,
and a Gaussian point-spread function with a half-power width
of 24 arcsec is applied for spatial smoothing. A fixed distance of
4 Mpc is assumed for all galaxies. The HI disc of each galaxy
is inclined at 60° to the y-axis in all cubes. Martini attempts to
determine a preferred disc plane for each galaxy based on the
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angular momenta of the central one-third of its particles. Once
an H1 data cube is generated, its flux is spectrally integrated to
produce a total intensity map. After converting the map’s pixel
units from Jybeam™! to M pc~2 using the standard H1 column
density relation in the following equation:

Ny, = 1.823 x 10" / Ts(v) dv, (1)

where Ny is the H1 column density (cm™2), Tj is the brightness
temperature (K), and dv is the velocity width in km.s~2. The HI
surface density is obtained from the moment-0 map following
standard procedures. The moment-0 map is first converted to an
integrated flux by assuming a channel width of Av = 5 kms™.
The flux per pixel is computed by accounting for the number of
pixels per beam,

2
Npix/peam = 1.3412 Gbe%, )
pix
where Gpeam = 24 arcsec and 6y = 4 arcsec denote the beam size
and pixel size in arcseconds, respectively, and the factor 1.3412
accounts for the area of a Gaussian beam. The velocity-integrated
flux per pixel, expressed in Jykm s, is then converted to an H1
mass via

Mig; = 2.36 x 10°D? / S)dv, 3

where D is the distance to the galaxy in Mpc. The H1 surface
density is finally obtained by dividing the HI mass in each pixel
by the physical pixel area,

My,
T =, )
H.1 Ao
where the pixel area is defined as
D x 10° pc\’
Apix = | Opix ——— ) - 5
jube ( pIX 206265 ) ( )

This yields X in units of Mg pc~2.

We identify a thin mass surface density contour centred on ~ 1
Mg pc~? and fit it with an ellipse. The major axis of the fitted
ellipse defines the galaxy’s HI diameter, while the HI mass is
obtained by summing the flux of all pixels with a surface density
> 1 M, pc~2. To identify galaxies with outer H1 distributions too
disturbed to yield reliable size estimates, we compute a quality-
of-fit parameter for each fitted ellipse. For every point along the
ellipse, we calculate its distance to the nearest map pixel.> The
mean of these distances is then normalized by the semi-major
axis of the fitted ellipse, providing a relative measure of fit quality.
In Section 4, we describe how this quality parameter is used to
refine our galaxy samples. Fig. 1 presents the HTI total intensity

maps and fitted ellipses for 20 galaxies that uniformly span the
mass range 8 < log,, (%) < 10 from the full-physics (s50) run,
ordered by increasing H I mass.

4 SAMPLE

To create a suitable sample, we use the CAESAR-computed galaxy
properties to select a subset best suited for measuring the quan-
tities required to construct the H IMSR. Previous studies such as
M. Glowacki, E. Elson & R. Davé (2020), M. Glowacki, E. Elson

2Within the thin mass surface density contour centred on 1 Mg pc™2.
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Figure 1. Twenty selected H I total intensity maps of galaxies from the full-physics (s50) run. The H I mass increases from left to right and top to bottom.
The yellow contour in each panel marks the 1 M pc~2 surface density level, while the fitted ellipse is shown in red. The text in each panel provides the
physical size of the fitted ellipse (Dy;) and the galaxy’s total HT mass, between the fitted ellipse and the 1 Mg, pc~? density contour. The galaxy ID is

shown on the bottom right of each panel.

& R. Davé (2021), E. Elson, M. Glowacki & R. Davé (2023) ap-
plied stellar and H 1 mass cuts of M, > 7.25x10% My and My, >
1.25x10% M,,, respectively. These cuts ensure that galaxies from
the 25 Mpc® SIMBA run are well above the mass resolution limit,
making their measured properties accurate and reliable. In this
work, we apply the same mass cuts to galaxies in the 50 Mpc?
runs, even though their typical mass resolutions are expected to
be significantly higher.? The analysis limited to 50 cMpc® box,
allowing us to explore how far below the expected resolution limit
our measured HIMSR extends. However, when parametrizing
the relation, we adopt more appropriate mass limits. Further
details are provided in Section (5).

To minimize the impact of galaxy-galaxy interactions on our
H1measurements, we exclude all galaxies with at least one neigh-
bour within ~30 kpc. Additionally, to ensure our sample consists
primarily of galaxies with extended, regular, rotating H 1 discs, we
impose a dynamical morphology cut. Following L. V. Sales et al.

3These cuts match 25 cMpc? resolution which is 8 x finer than 50 cMpc3.

MNRAS 549, 1-9 (2026)

(2012), we define

K
Krot = % s (6)

where K, is the kinetic energy in ordered rotation and KX is the
total kinetic energy of the galaxy. We retain only galaxies with
Kkrot > 0.8, as measured for their H1 component.

As described in Section 3, each galaxy is fitted with an el-
lipse along a thin mass surface density contour centred on ~1
Mg pc?. We retain only those galaxies for which the mean
deviation between the ellipse and the contour is less than 5
per cent of the semi-major axis length. This selection criterion
effectively removes galaxies with significantly disturbed outer H1
discs.

For each of the 50 Mpc? runs used in this study, Fig. 2 shows
the distribution of various galaxy properties. The blue histograms
represent the full galaxy sample, while the orange histograms
correspond to the subset used to generate the H1 MSR.

In the s50 run, the stellar and H1 mass distributions are rel-
atively narrow and centred around ~ 10°71° M, reflecting a
self-regulated galaxy population. In contrast, runs lacking one or
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Figure 2. Distributions of key galaxy properties - logarithmic HI mass, stellar mass, HI fraction, and stellar half-mass radius - are shown for five
simulation variants: s50, s50n0AGN, s50no0X, s50nojet, and s50nofb. In each panel, histograms compare the full galaxy sample (blue) with the selected
study sample (orange). The variant name is indicated to the right of each row. The fourth panel also includes the number of galaxies in each sample.
Blue: full sample (N = 25 962); orange: study sample (N = 6481). Vertical red dashed lines denote resolution limits: My; > 10°! M, for HI mass and
M, > 103 M, the threshold in SIMBA where black holes are seeded once a galaxy reaches this stellar mass limit, the latter corresponding to the stellar
mass threshold in SIMBA above which black holes are seeded. Bin sizes are 0.5 dex for all properties except Rsp . which uses 1 dex bins.

more key feedback prescriptions — such as AGN winds, jets, or X-
ray feedback - exhibit broader distributions with extended tails
towards both higher and lower masses. For example, the s50nofb
variant shows a clear shift to lower HI masses, as the absence
of feedback allows for excessive cooling. Gas fractions also vary
significantly: Runs with full feedback maintain moderate, bal-
anced gas reservoirs, while feedback-deficient runs display ex-
treme values due to either rapid gas consumption or inefficient
gas retention. Additionally, galaxies in the no-feedback variants
tend to be more compact and show a wider spread in star for-
mation rates — from bursty to quenched - compared to the more
uniform 2-5 kpc half-light radius and moderate star formation
rates seen in the full-physics sample. The excessive cooling in the
no feedback variant increases H1but coarser resolution under-
resolves cold clumps. All of these trends exemplify the expected

impact of missing feedback: without proper regulation, galaxies
can form across a wider range of masses and exhibit more diverse
gas content, sizes, and star formation histories. The main aim of
this study is to determine the resilience of the H1 MSR to these
differences.

5 RESULTS

Fig. 3 presents the fitted H1 diameters as a function of HI mass
for the five simulation variants. Galaxies in the SIMBA 50 Mpc/h
boxes simulations are well resolved at log,,(Mu[Mg]) > 9. The
resolution limit for the 25 Mpc/h box is approximately 1.25x
108M,,, which is eight times finer than that of the 50 Mpc/h
box, where the corresponding limit is therefore expected to be
close to 1x 10°Mg,. To ensure a reliable fit to the HISMR, we

MNRAS 549, 1-9 (2026)
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Figure 3. This plot represents five different H1 mass-size relations (HIMSR) from the SIMBA-50 feedback variants. Each subplot shows the kernel
density estimate of the data with a colour map, along with the linear best-fit line (in red) derived from ODR algorithm. The blue line represents the
relation from J. Wang (2016), with the grey shaded region indicating the 1o uncertainty of their fit. A vertical dashed line at log;o(Mu:[M]) = 9.1 marks

the threshold at which the best-fit line is fitted.

Table 2. HIMSR fits to our sample of 50 Mpc? box for the different feedback variants.

Wang et al 2016 s50 s50nox s50nojet s50noagn s50nofb
Sample 562 904 1171 1301 896 6481
o 0.506 £ 0.003 0.504 + 0.010 0.530 % 0.008 0.522 + 0.006 0.506 £ 0.009 0.531 4 0.006
B —3.293 £+ 0.009 —3.279 £ 0.093 —3.541 £ 0.075 —3.458 £ 0.059 —3.294+ 0.085 —3.507 £ 0.056
o (dex) 0.06 0.096 0.103 0.083 0.097 0.122

adopt a conservative threshold of log;o(Mp[Mg]) > 9.1, provid-
ing a small, additional safety margin above the resolution limit.
This criterion increases the chances that galaxies included in the
HISMR are well resolved (numerically), minimizing biases from
under-resolved systems and enabling a robust characterization of
the relation across the full sample.

Overlaid on each panel is the best-fitting power-law model for
our fits

D M,
log,, (ﬁ) =« -log, <M721> - B. (7

This is obtained via orthogonal distance regression (ODR; P. J.
Brown & W. A. Fuller 1990), which minimizes perpendicular dis-
tance by accounting for errors in both variables. We quantify the
model’s performance using the root-mean-square perpendicular
distance for galaxies above the 10°! Mythreshold. Table 2 sum-
marizes the best-fitting parameters and the associated scatters.

Also shown in each panel (blue solid line) is the empirical

HIMSR from J. Wang (2016). When fitting equation (7) to all
M

with the empirical relation despite the absence of certain feed-
back prescriptions. In the following section, we discuss why these

relations persist.

galaxies with log,, ( ) > 9.1. All simulation runs agree well

6 DISCUSSION

The HIMSR has been shown to be well described by a single
power-law spanning a wide range of HI masses (e.g. J. Wang

MNRAS 549, 1-9 (2026)

2016). This apparent universality is often interpreted as evidence
for the self-similarity in the spatial distribution of gas within
galaxies, where similar physical processes govern both the acqui-
sition and distribution of H1irrespective of galaxy size or mass.
Analytical work by A. R. H. Stevens et al. (2019) demonstrates
that when H1 mass distributions exhibit self-similarity - partic-
ularly in their outer radial regions - a natural scaling arises be-
tween total HI content and spatial extent. Observational studies
by A. H. Broeils & M.-H. Rhee (1997), M. A. W. Verheijen (2001), J.
Wang (2016), and E. Naluminsa, E. C. Elson & T. H. Jarrett (2021)
further support this interpretation, showing that the tightness of
the relation is likely underpinned by the structural uniformity of
H1discs.

Here, we investigate whether a similar self-similarity holds for
the different samples of SIMBA galaxies, all of which have been
shown to yield similar H IMSRs. For each galaxy in a given sam-
ple, the orientation parameters of its best-fitting ellipse* are used
to divide its H1 total intensity map into concentric elliptical rings.
The H1 flux in each ring is azimuthally averaged to generate a
radial mass profile. Each profile is then normalized in radius by
the galaxy’s measured, Ry;. Galaxies are grouped into HI mass
bins of width 0.25 dex over the range log(My,;/Mg) = 8-10.75,
and within each bin, the radial profiles are averaged.

From left to right and top to bottom, the panels in Fig. 4 show
the HI radial profiles normalized in radius from the various

4Used to measure its diameter for the H IMSR.
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Figure 4. The scaled H1 radial profiles from the SIMBA-50 z = 0 are shown. These profiles are scaled to Ry, and by definition, they overlap at a surface
density of ©y; = 1 Mg.pc~2. Each panel corresponds to a different mass bins, with a width of 0.25 in log scale, covering the range logio(My;) = [8,10.75].
The number of galaxies per mass bin is denoted as Ng;. The grey lines represent the individual galaxy profiles, the red line shows the mean H1 radial
profile. The green dashed line indicates Ryrn, the turning point that separates the inner and outer regions of the HI profiles. The blue line represents
the fit to the mean H 1 radial profile, obtained using the piecewise linear fitting (PWLF) method in PYTHON. «;, and «y, represents the inner and outer

slopes.

SIMBA 50 Mpc runs. In each panel, grey curves represent the
profiles of individual galaxies in the give mass bin, while the red
curve represents the mean profile. In this study, we model each
mean H1radial profile as a piecewise linear function comprising
two segments - representing the inner and outer parts — naturally
capturing the turnover radius, Ry,m. This is modelled using the
PWLF Python package, with the resulting fits shown as blue lines
in Fig. 4 the corresponding turnover radius, Ry,m, is indicated by
the dashed green line.

The panels in Fig. 5 show the mean HI radial profiles for
the different galaxy samples of the different runs, arranged in
order of increasing H I mass. It is evident from Fig. 5 that across
all mass bins, the mean radial profiles of the various runs dif-
fer somewhat at small radii (R/Ry; < 0.5), but tend to con-
verge at larger radii, R/Ry; > 0.5. Specifically, the outer pro-
files are well described by exponential functions with similar
rates of decline whereas the inner profiles tend to be more con-
stant with possible depressions at the centre. For the outer seg-
ments, we extract the fitted gradients and plot them as a func-
tion of HI mass in Fig. 6. While the slope of the outer pro-
files gradually decreases with increasing HI mass, it remains
highly consistent across all physics runs at fixed HI mass. The
outer H1 distributions of SIMBA galaxies are therefore quan-
tifiably self-similar, which we interpret as the underlying rea-
son why the HIMSR remains robust across different feedback
implementations.

In contrast to results from the EAGLE simulation (R. A. Crain
et al. 2015; J. Schaye et al. 2015) — where strong feedback mech-
anisms led to central H1 depressions and notable deviations in
the HIMSR (Y. M. Bahé et al. 2016) - our findings reveal no
such anomalies, even when individual feedback modes are dis-
abled. Both the H IMSRs and the H 1 radial profiles remain closely

aligned across all scenarios, with only minor variations, mostly
in terms of scatter. This consistency strengthens the case that
galaxies adhere to the observed H IMSR irrespective of feedback
strength. In semi-analytic models with resolved disc structure
- J. Fu et al. (2013), the universal shape of outer gas discs has
been attributed to assumptions of exponentially declining gas
infall and the ‘inside-out’ formation of discs (J. Wang et al. 2014).
Feedback is expected to modulate this growth by regulating the
availability of cold gas, thereby influencing the pace and nature of
inside—out evolution (W. M. Baker et al. 2025). In contrast to ana-
lytical models assuming exponential HI profiles (A. R. H. Stevens
et al. 2019), major cosmological simulations including SIMBA,
TNG (B. Diemer et al. 2019), EAGLE (R. A. Crain et al. 2015),
FIRE (K. El-Badry et al. 2018), and Auriga (F. Marinacci et al.
2017) infer HI distributions directly from simulation output with-
out presupposing functional forms, yielding consistent mass-size
relations.

The persistence of the HIMSR across the various SIMBA runs
may stem from the standard methodology used to define H1 disc
extents. Typically, a surface density threshold of 1 Mg pc~2 is
adopted, corresponding to galactocentric radii of several kilopar-
secs. At these scales, the gas lies beyond the immediate influ-
ence of AGN-driven feedback from the galactic centre, thereby
preserving the integrity of the HIMSR. Moreover, this contour
generally encloses regions deep within the galaxy’s gravitational
potential, where HT1 is relatively stable against environmental
processes such as ram-pressure stripping. However, at lower sur-
face density thresholds (e.g. 0.1 or 0.01 My, pc™2), where the H1is
more weakly bound, external perturbations are expected to play
a more prominent role. Investigating potential deviations in the
HIMSR within these low-density regimes is deferred to future
work.
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Figure 5. The scaled mean H 1 radial profiles from the SIMBA-50 simulation at z = 0 for different feedback variants. When normalized by each galaxy’s
characteristic H 1 disc size, the profiles reveal a universal exponential shape across all H I mass bins and feedback scenarios, highlighting the self-similarity

of the outer H 1 distributions regardless of feedback strength.

-1.251

-1.501 m_.\

-1.751

—2.501

=2.751
s50

s50n0AGN
s50noX
s50nojet
s50nofb

b4

—3.00 -

-3.254 T T T T T
8.0 8.5 9.0 9.5 10.0 10.5

0g10(Mo [Mui])

Figure 6. The outer slope as a functions of the mass bin mid-point
for different simulation variants. This figure illustrates that the outer
slope steepens with increasing mass, with feedback mechanisms influ-
encing the rate of decline, but the behaviour is generally in agreement for
logi1o(Mu:[Mo]) < 10.1. The s50nofb case consistently shows the most
extreme trends, highlighting the crucial role of feedback in shaping galaxy
structure.

7 CONCLUSION

This study systematically probes the physical origins and robust-
ness of the tight empirical H1 mass-size relation (HI MSR; e.g.
log,, Dy =~ 0.510g;, Mu; — 3.3,0 ~ 0.06 dex; A. H. Broeils & M.-
H. Rhee 1997; J. Wang 2016) using z = 0 galaxies from five SIMBA
variants in a 50 h~'Mpc box. By disabling AGN X-ray, jets, all AGN
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(retaining stellar feedback), or all feedback, we isolate effects on
H1discs measured observationally (Martini cubes at £y, = 1 Mg
pc2).

Key findings: (i) the H1 MSR is invariant (¢ = 0.50 £ 0.01,
offsets within 0.1 dex of J. Wang 2016, o ~ 0.10 dex; Table 2; Fig.
3), despite different feedbacks being altering/disabled.

(ii) Azimuthally averaged radial profiles (r/Ry) show univer-
sal outer exponential declines (aq, = —1.5 to —2.5, mass-bin de-
pendent but feedback-insensitive; Figs 5 and 6); inner profiles
(r £ 0.5Ry,) vary mildly. These results reveal the H1 MSR’s origin
in outer-disc self-similarity: Constant Xy; ~ 1 Mg pc™2 across 5
dex in My, implies Dy, o /My, for exponential profiles, with
low scatter (< 0.1 dex) requiring homologous truncation radii
(J. Wang 2016; A. R. H. Stevens et al. 2019). Feedback primarily
affects centrals (molecular conversion, outflows) but not expo-
nential outskirts regulated by accretion torques and stability —
explaining resilience even without feedback (excess cooling offset
by resolution).

Comparatively, SIMBA’s direct H I post-processing aligns with
EAGLE (R. Davé et al. 2020), TNG (B. Diemer et al. 2019), FIRE
(K. El-Badry et al. 2018), and Auriga (F. Marinacci et al. 2017),
all reproducing o = 0.5 without assumed profiles - unlike semi-
analytics needing exponential infall (Y. M. Bahé et al. 2016). The
H1 MSR’s tightness (o0 < 0.1 dex) constrains galaxy formation,
demanding inside-out disc growth with steady cold-mode ac-
cretion sustaining exponential outskirts, largely independent of
feedback details.

Implications: (i) weak feedback diagnostics - insensitive to
sub-grid physics; (ii) environmental probes — low-Xy, thresh-
olds (0.1 Mg pc2) isolate ram-pressure stripping; (iii)
SKA synergy - predicts uniform Xy, for pathfinder surveys.
Only catastrophic disruptions (major mergers) break this re-
lation, cementing self-similar H1 structure as a fundamental
outcome of disc galaxy formation (A. R. H. Stevens et al.
2019).
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