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Abstract

Observed scaling relations in galaxies between baryons and dark matter global properties are key to shed light on
the process of galaxy formation and on the nature of dark matter. Here, we study the scaling relation between the
neutral hydrogen (H I) and dark matter mass in isolated rotationally supported disk galaxies at low redshift. We
first show that state-of-the-art galaxy formation simulations predict that the H I-to-dark-halo mass ratio decreases
with stellar mass for the most massive disk galaxies. We then infer dark matter halo masses from high-quality
rotation curve data for isolated disk galaxies in the local Universe and report on the actual universality of the H I-
to-dark halo mass ratio for these observed galaxies. This scaling relation holds for disks spanning a range of 4
orders of magnitude in stellar mass and 3 orders of magnitude in surface brightness. Accounting for the diversity of
rotation curve shapes in our observational fits decreases the scatter of the H I-to-dark halo mass ratio while keeping
it constant. This finding extends the previously reported discrepancy for the stellar-to-halo mass relation of massive
disk galaxies within galaxy formation simulations to the realm of neutral atomic gas. Our result reveals that
isolated galaxies with regularly rotating extended H I disks are surprisingly self-similar up to high masses, which
hints at mass-independent self-regulation mechanisms that have yet to be fully understood.

Unified Astronomy Thesaurus concepts: Spiral galaxies (1560); Dark matter distribution (356); Galaxy kinematics
(602); Galaxy dynamics (591); Irregular galaxies (864)
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1. Introduction

The detailed study of the observed dynamics of galaxies and
of the distribution of baryons within them led over the last
decades to the establishment of important scaling relations
linking the baryon content to the gravitational field of galaxies
(see, e.g., Lelli 2022), which could improve our understanding
of the galaxy formation process and possibly shed light on the
nature of dark matter (DM). Most of these scaling relations
either focus on the total amount of observable baryons in
galaxies, such as in the baryonic Tully-Fisher relation
(McGaugh et al. 2000; Lelli et al. 2019; Schombert et al.
2022), or on their stellar content, such as in the stellar-to-halo
mass relation (SHMR; e.g., Moster et al. 2010; Behroozi et al.
2010; Moster et al. 2013; Posti et al. 2019), connecting the
stellar mass of a galaxy to its DM halo mass.

The SHMR is particularly important as it indicates how
much stellar mass has assembled out of the primeval amount of
baryons expected in galaxies from the cosmic baryon fraction.
It can also be compared to expectations from abundance
matching, a technique that matches halos—from the theoretical
halo mass function expected in the standard ACDM cosmolo-
gical model—with observed galaxies, following a luminosity
function with a very different shape. The SHMR expected from
abundance matching cannot be represented by a simple power
law and displays a turnover at high mass (e.g., Behroozi et al.
2010; Moster et al. 2010). This characteristic shape of the
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SHMR is nowadays a clear constraint and output for most
galaxy formation simulations (Schaye et al. 2015; Pillepich
et al. 2018; Marasco et al. 2020). However, resolved galaxy
rotation curves have revealed that the SHMR of nearby isolated
disk galaxies is actually a simple power law with no turnover at
high mass (Posti et al. 2019; Marasco et al. 2020; Posti &
Fall 2021). Its linear shape on a logarithmic scale, together with
other such scale-free relations (e.g., the baryonic Tully—Fisher
relation and the mass—size relation), contribute to portraying
isolated disks as a rescalable population of objects, implying
self-regulating mechanisms that are yet to be fully understood.

On the other hand, less attention has been paid to the
relationship between the cold gas and the DM content of disk
galaxies, while it is known that cold gas plays a crucial role in
the process of star formation. Here, we therefore focus on the
less-explored neutral atomic hydrogen-to-halo mass relation
(H THMR). Similarly to the SHMR, various methods allow one
to probe the H THMR observationally, e.g., galaxy clustering
(Guo et al. 2017; Padmanabhan & Refregier 2017; Obuljen
et al. 2019; Calette et al. 2021), halo abundance matching
(Popping et al. 2015; Padmanabhan & Kulkarni 2017; Chauhan
et al. 2021), or H 1 spectral stacking (Guo et al. 2020).
However, the main assumption of abundance matching, namely
that there is a direct relation between the halo mass and a
galaxy property, certainly does not hold for H I, which can be
very sensitive to other factors, such as, e.g., its morphology.
Recent studies, such as that of Dutta et al. (2022), have, for
instance, attempted to derive the H IHMR for H I-selected
galaxies only, also separating the sample into blue and red
galaxies. Despite these various different methods and selec-
tions, a common finding of all these studies is that the relation


https://orcid.org/0000-0002-5882-610X
https://orcid.org/0000-0002-5882-610X
https://orcid.org/0000-0002-5882-610X
https://orcid.org/0000-0003-3180-9825
https://orcid.org/0000-0003-3180-9825
https://orcid.org/0000-0003-3180-9825
https://orcid.org/0000-0002-5245-7796
https://orcid.org/0000-0002-5245-7796
https://orcid.org/0000-0002-5245-7796
https://orcid.org/0000-0001-9072-5213
https://orcid.org/0000-0001-9072-5213
https://orcid.org/0000-0001-9072-5213
https://orcid.org/0000-0002-3292-9709
https://orcid.org/0000-0002-3292-9709
https://orcid.org/0000-0002-3292-9709
https://orcid.org/0000-0001-6180-0245
https://orcid.org/0000-0001-6180-0245
https://orcid.org/0000-0001-6180-0245
https://orcid.org/0000-0001-8353-649X
https://orcid.org/0000-0001-8353-649X
https://orcid.org/0000-0001-8353-649X
mailto:marie.korsaga@astro.unistra.fr
http://astrothesaurus.org/uat/1560
http://astrothesaurus.org/uat/356
http://astrothesaurus.org/uat/602
http://astrothesaurus.org/uat/602
http://astrothesaurus.org/uat/591
http://astrothesaurus.org/uat/864
https://doi.org/10.3847/2041-8213/ace364
https://crossmark.crossref.org/dialog/?doi=10.3847/2041-8213/ace364&domain=pdf&date_stamp=2023-08-02
https://crossmark.crossref.org/dialog/?doi=10.3847/2041-8213/ace364&domain=pdf&date_stamp=2023-08-02
http://creativecommons.org/licenses/by/4.0/

THE ASTROPHYSICAL JOURNAL LETTERS, 952:1.41 (10pp), 2023 August 1

11.5

== TNGS50 centrals
11.0 = SIMBA isolated disks

10.5
10.0
9.5
9.0

log(Mur) Mo

8.5
8.0
7.5

7.0

9 10 11 12 13
log(Mago) [Mc)]

Korsaga et al.

0
= TNGS50 centrals
== SIMBA isolated disks
TNGS50 massive disks
—1
E
=
=
=
2
o0
2
—4
-5
7 8 9 10 11 12
log(M,)[M¢]

Figure 1. Left panel: H I mass vs. halo mass for ~2.1 x 10* central galaxies (irrespective of morphology) in Ilustris-TNG50 (green) and for 3180 isolated disk
galaxies in SIMBA with M,g, > 10°M,, and v /0>0.8 (gray). The lines represent the median of the binned data, and the 1o band around the median is represented by
the green and gray bands, respectively. Right panel: H I mass to halo mass ratio vs. stellar mass. The 1o band around the median is represented by the green and gray
bands. Green: ~2.1 x 10* centrals in TNG50. Red dots: simulated galaxies with M, > 5 x 10'® M, in TNG50 and with the fractional mass of stars with a stellar
circularity € > 0.7 larger than 30%, hence disk galaxies in TNG50. Gray: 3180 isolated disk galaxies in SIMBA, with M,o > 10° M, and v/o > 0.8.

between H I mass and halo mass at z =0 is typically described
by a double power law with a turnoff halo mass between 10"
and 10'* M. This typically translates into a H I-to-halo mass
ratio that varies with the galaxy halo mass or stellar mass with a
peak and plateau around that characteristic mass and a decrease
on both ends of the relation. However, all these determinations
are slightly model dependent as they rely on an a priori
knowledge of the halo mass function, and none of them are
therefore direct determinations. Here, we will thus check
whether this result holds when analyzing individual observed
galaxy rotation curves of isolated disk galaxies in the local
Universe and directly compare these results to the predictions
of state-of-the-art galaxy formation simulations for disk
galaxies.

2. The H IHMR in State-of-the-Art Simulations
2.1. Hlustris-TNG50

We first investigate the H THMR in the N-body/hydro-
dynamical simulations Illustris-TNG (Nelson et al. 2018;
Pillepich et al. 2018; Nelson et al. 2019; Pillepich et al.
2019). We extracted from the highest-resolution realizations
TNG50-1 (for which the mean baryon and DM particle mass
resolutions are respectively 8.5 x 10* M., and 4.5 x 10° M..),
the central subhalos of stellar mass M,, and DM halo mass
M, from the group catalog (which contains about 4.4 million
subhalos) and cross-matched them with the supplementary
HIH, catalog, computed in post-processing with the methods
described in Diemer et al. (2018), to extract the corresponding
H I mass (~3 x 10* subhalos). Selecting only halo masses
2109 M., we end up with 21,168 TNGS50-1 central (and
mostly isolated) galaxies at redshift z =0 having H I mass
available. Their distribution of H I versus stellar mass is
displayed in Figure Al.

Figure 1 (left panel, green) is constructed using these 21168
TNG50-1 centrals, showing My; as a function of My, To
check whether massive disk galaxies follow the same trend as
the general population at high masses, we then concentrated on
the 271 central galaxies with M,y > 10"2M..: each of these

galaxies has H I mass associated to it in the supplementary
HIH, catalog. We then selected disk galaxies among those,
with a criterion based on having a stellar circularity parameter
fraction f(e > 0.7) > 0.3 (Tacchella et al. 2019): this stellar
circularity parameter for each stellar orbit, €, is the ratio
between the vertical component of the angular momentum and
its value for a circular orbit. The right panel of Fi%ure 1 shows
in red dots the 18 galaxies with M, >5 x 10'° M. and a
circularity parameter fraction f(e > 0.7) > 0.3, which clearly
shows that these galaxies do follow the break in Myy/My at
high stellar masses, suggesting that this predicted break is
independent of the morphological type in the TNGS50
simulation.

2.2. SIMBA

While it appears that massive disk galaxies in TNGS50
display a decrease of the H I-to-dark halo mass ratio at the
high-mass end, it should be noted that this conclusion is based
on rather small number statistics, and most importantly that
TNGS50 does not resolve H I gas masses, which are treated in
post-processing and therefore certainly subject to some non-
negligible uncertainty. It is thus desirable to also investigate the
H THMR relation for disk galaxies in simulations that can
compute H I masses self-consistently on the fly.

SIMBA’ (Davé et al. 2019) is a suite of cosmological
hydrodynamical simulations run with a modified version of the
gravity and hydrodynamics solver GIZMO (Hopkins 2015),
based on the GADGET-3 gravity solver (Springel 2005). It tracks
gas particles self-consistently, on the fly, via sub-grid
prescriptions to account for molecular gas production, destruc-
tion, and approximates self-shielding that results in neutral gas.
The H, is computed using the sub-grid prescription based on
the local metallicity and gas column density following
Krumholz & Gnedin (2011). The self-shielding that results in
the total neutral gas is based on the prescription of Rahmati
et al. (2013), with the ionizing flux strength attenuated

3 http:/ /simba.roe.ac.uk/
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depending on the gas density and assuming a spatially uniform
ionizing background from Haardt & Madau (2012). Subtracting
off the H, from the neutral gas then gives the H I contribution.

We analyze the SIMBA run following the evolution of 1024°
DM and 1024’ gas particles within a comoving volume of
(100 h! Mpc)3, but we checked that results are consistent if
we concentrate on a higher-resolution 25 4! Mpc volume with
less statistics. To describe the morphology of galaxies, we use
the kinematic ratio of their rotation- to dispersion-dominated
velocity, v/o. This quantity is computed from the 3D velocity
distribution of stellar particles of each galaxy, the tangential
velocity being computed in the plane perpendicular to the
angular momentum of the stellar component of a galaxy. Note
that this quantity is not directly comparable to observational
measures of v/o. We simply use it to separate rotation-
dominated from dispersion-dominated systems. We select the
3180 central galaxies that have My > 10° M, and v/c>0.8
and that are isolated, which we consider as isolated disks. For
the isolation criteria, we select those for which the number of
galaxies in the halo is equal to one. Their distribution of H I
versus stellar mass is displayed in Figure Al. It then appears
clearly from Figure 1 (gray bands) that the conclusion reached
from Illustris-TNG is confirmed with a much higher number of
identified isolated disks and a self-consistent treatment of the
gas in SIMBA.

3. Mass Modeling of Isolated Disks

After having analyzed the H ITHMR of disk galaxies in two
modern state-of-the-art galaxy formation simulations, we now
turn to a direct comparison to data. As outlined in Section 1,
most methods used to measure this relation are indirect and
somewhat model dependent. A precise assessment of the
H THMR in disk galaxies can actually only be achieved through
individual, detailed mass-modeling.

We start from a sample of 175 isolated nearby rotationally
supported galaxies, namely 158 SPARC (Spitzer Photometry
and Accurate Rotation Curves; Lelli et al. 2016) and 17
LITTLE THINGS (Local Irregulars That Trace Luminosity
Extremes, The H I Nearby Galaxy Survey; Hunter et al. 2012;
Oh et al. 2015; Iorio et al. 2017; Read et al. 2017) galaxies. To
avoid systematic uncertainties related to inclination in nearly
face-on systems, only SPARC galaxies with inclinations larger
than 30° were kept in our analysis. All these galaxies were
selected with observed extended H I disks and regular disklike
kinematics. One has to keep in mind that all the observational
results reported hereafter pertain to such regularly rotating
disks, especially when comparing data to simulations. With this
caveat in mind, we note that, in terms of My versus M,, the
observed galaxies analyzed here are not outliers from the
general population from the blind extragalactic H 1 survey
ALFALFA (Maddox et al. 2015) and compare well with
simulated ones.

To consider the contribution of the gas to the circular
velocity for the LITTLE THINGS galaxies, we derived the
expected circular velocity curve from the H I surface densities
taken from Iorio et al. (2017) for which we applied a
multiplicative factor of 1.33 to account for the presence of
helium. Since these galaxies are very gas rich, the stellar mass-
to-light ratios from their B-band photometry are less important
to know precisely than for most SPARC galaxies. For the latter,
3.6 um photometry allows to minimize the variations of the
stellar mass-to-light ratios from stellar population synthesis
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models (McGaugh & Schombert 2014; Meidt et al. 2014;
Schombert et al. 2019).

To investigate the relation between neutral hydrogen and
DM mass within the sample, we then produced mass models
with two analytical DM profiles: (i) the standard Navarro—
Frenk—White (NFW; Navarro et al. 1996) cuspy density profile,
characterized by a dimensionless concentration parameter ¢ and
the halo mass (M), and (ii) the so-called Dekel-Zhao (DZ;
Zhao 1996; Dekel et al. 2017; Freundlich et al. 2020) profile,
characterized by a variable inner slope (s;) defined as the
absolute value of the logarithmic slope at 1% of the virial
radius, a dimensionless concentration parameter ¢ and the halo
mass (M»qp). We assume a Gaussian prior for the logarithm of
the mass-to-light ratio of the stellar disk, centered on
M/Lgig =0.6 M, /L., with a dispersion o=0.2 dex for
SPARC data and centered on 1 M. /L. with 0 =0.2 dex for
the B-band LITTLE THINGS data, which broadly encom-
passes the values expected from stellar population synthesis
models (McGaugh & Schombert 2014; Meidt et al. 2014). For
the halo concentration ¢, we assume a Gaussian prior that
follows the c-M5q relation as estimated in Dutton & Maccio
(2014) with a scatter of 0.11. For the DM halo mass M5y, we
use a flat prior over a wide range of 0 < log Myy/M < 20.
For galaxies with a spherical bulge component, we assume that
M/Loyge = 1.4 X M/Lgs, as suggested by stellar population
synthesis models Schombert & McGaugh (2014). For the
additional free parameter s, of the DZ profile, we assume a flat
prior in the range 0 < sy < 5.

The parameters are then fitted using an affine-invariant
Markov Chain Monte Carlo (MCMC) sampling with the Python
implementation EMCEE (Foreman-Mackey et al. 2013). For
each parameter, we take the median of the marginalized posterior
as the best-fit value while lower and upper errors are taken at the
16th and 84th percentiles. For 25 galaxies, typically with
log(Mpp) < 9, the fits are of very bad quality in both cases, and
we left these galaxies out of our analysis, ending up with a
sample of 150 galaxies for both profiles NFW and DZ.

The reduced ? values for all NFW and DZ fits are given in
Table B1. The median reduced y* is 1.93 for NFW (with a
large dispersion of 5.3, toward very bad fits) and 1.05 for DZ
(with a dispersion of 2.8). An example is given in Figure B1. In
the following, we concentrate on the DZ profile, which gives
significantly better fits, taking into account the full diversity of
rotation curve shapes. The median stellar mass-to-light ratio for
the DZ fits of the SPARC galaxies is M/Lg;x = 0.53 M, /L.
The median is closer to the prior for NFW fits (0.57), but it is in
this case boosted by some high values from poor NFW fits.

4. Results

While we concentrate hereafter on the results obtained from
the DZ fits, most of the scaling relations reported hereafter are
unaltered when using NFW profiles, with one exception (the
independence on surface brightness), but the scatter around the
scaling relations typically increases when using NFW fits,
meaning that better individual fits lead to tighter scaling
relations. We have also checked that our results hold for all
parameterizations of the DM halos of SPARC galaxies used by
Li et al. (2020).

The main results of our analysis are all summarized in
Figure 2. The H I mass as a function of M5 of the 150 galaxies
of the sample displays a linear correlation between the two
parameters, without any sign of a break at high mass. This
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Figure 2. Top left: H I-mass vs. halo mass for the 150 rotation curve fits with DZ profiles (magenta dots). The black line corresponds to the relation
My = log(median(My;/Mhy)) X Magg. Top right: H I-to-halo-mass ratio vs. stellar mass for the same sample (magenta dots with their associated error bars): the
magenta line corresponds to the median value, and the band corresponds to the 1o zone (scatter = 0.37 dex; intrinsic scatter = 0.31 dex). Blue squares depict galaxies
hosting an AGN. The gray band indicates the 1o band from isolated disks in SIMBA as a comparison. Bottom left: H I-to-halo-mass ratio for the DZ fits of the SPARC
galaxies as a function of disk central surface brightness at 3.6 ym. Bottom right: same as a function of bulge-to-disk-luminosity ratio for 31 galaxies with bulge.

implies that the H I mass is linearly increasing with halo mass for
isolated disk galaxies in the local Universe. In other words, the
H I-mass-to-halo-mass ratio of disk galaxies appears to be
compatible with being constant. To check that this finding is
independent of stellar mass, we display the ratio My;/Ma as a
function of stellar mass, with the error bars as estimated from the
DZ profile parameterization. The ratio is indeed compatible with
a constant value of 1.25% (i.e., log (My1/M>go) = —1.903) and
an intrinsic scatter of 0.31 dex, namely a factor of 2, which is
remarkable given that the sample spans 4 orders of magnitude in
stellar mass. Note that this ratio does remain constant with stellar
mass when using the NFW parameterization, too, albeit with a
higher intrinsic scatter of 0.37 dex. Therefore, accounting for the
actual diversity of rotation curve shapes (and DM profile cores
and cusps) in our observational fits decreases the scatter of the
ratio while keeping the ratio itself constant, which strengthens
the robustness of the result. This is to be contrasted with the
results from state-of-the-art simulations where the ratio decreases
significantly at high masses. As a caveat, we note that the precise

selection function to get the exact same population in
simulations is not known, but we checked that the simulated
disk galaxies having the highest My /Moy, with M, /M., > 10"
fall below the median of the observations (Figure Al).

To assess the robustness of our finding on this relatively small
sample, we performed a Kolmogorov—Smirnov test on Myy/ Mo
based on stellar mass using our sample of 150 galaxies. The test
was run to compare the cumulative distributions of two data sets:
galaxies with 108<M, /M. <10'" and galaxies with
M, > lOlOMQ. We found a statistic of 0.194 and a p value of
0.154; hence, the null hypothesis that the two samples are indeed
drawn from the same distribution cannot be rejected. Although
not statistically significant based on our sample size, we
nevertheless note that when binning the data, a small downward
trend seems to appear at the lowest mass end (Figure Al).
Interestingly, we find that, at the high-mass end, massive disks
hosting active galactic nuclei (AGNs) identified based on their
X-ray emission (e.g., from XMM-Newton and Chandra) follow
exactly the same relation as the other galaxies (Figure 2).
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We also checked that the ratio remained constant over ~3
orders of magnitude in surface brightness in DZ fits (note that
NFW fits did lead to a dependency here but associated to the
fact that low surface brightness galaxies have a higher tendency
to be actually cored) and that it did not depend on whether the
galaxy hosts a bulge (which corresponds to 31 galaxies in
total).

5. Conclusion

In this Letter, we report on the unexpected universality of the
My /Mg ratio for isolated disk galaxies with extended H 1
rotation curves in the local Universe. From our study, there
appears to be no correlation between the halo mass, stellar
mass, or surface brightness of disk galaxies and their My /Mg
ratio, which remains remarkably universal at a value of
~1.25%, within a factor of 2 at 1o. While it has been known
for a long time that both stellar mass and total baryonic mass
vary strongly across the disk galaxy population, it appears that
this is not the case for H I in isolated disks. That the H I mass of
an isolated disk galaxy is a direct tracer of its halo mass appears
counterintuitive and could hint at interesting self-regulating
mechanisms. Studying how this My;/Mago ratio varies when
quenching takes place to transform star-forming galaxies into
gas-poor red and dead ones would be an interesting follow-up
to understand both the self-regulation mechanisms at play and
the dominant quenching mechanisms.

It had already been shown that the SHMR of isolated disk
galaxies appears to be a simple power law with no turnover at
high masses, indicating that the fundamental parameters of disk
galaxies may be single-slope monotonic functions of mass,
with a small scatter, instead of being complicated non-
monotonic functions (Posti et al. 2019). The present finding
confirms this picture in a spectacular fashion: the Myy/Maog
ratio of disks does not even depend on mass.

A corollary of the single power-law SHMR for isolated
disks is that massive disks are actually too DM dominated
within modern state-of-the-art simulations of galaxy formation
(Marasco et al. 2020). In other words, the simulated SHMR does
not vary with disk fraction and Hubble type as it should from
observations (Posti & Fall 2021), and AGN feedback does not
seem to work as expected from simulations in observed disk
galaxies, i.e., not expelling as many baryons from massive halos
as expected, a problem known as the “failed feedback™ problem.
Interestingly, AGN-hosting galaxies follow exactly the same
trend as other galaxies in our observed sample, supporting the
“failed feedback” interpretation of this discrepancy.

The discrepancy between our findings and the simulations
TNG50 and SIMBA, where the My /Mo ratio decreases with
mass for massive disks, is therefore yet another manifestation
of the fact that simulated massive disks are too DM dominated
indeed.

We note that alternative frameworks having the baryonic
Tully—Fisher built-in as a fundamental relation (Milgrom 1983;
Famaey & McGaugh 2012) do predict a monotonically rising
SHMR and baryonic-to-halo mass relation (BHMR), but the
universality of the H THMR reported here does not follow
naturally from there, as it results from a conspiracy between the
BHMR (following from the baryonic Tully—Fisher relation) and
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the scaling relation between the stellar and gas mass of galaxies
(Oria et al. 2021), so as to yield a universal Myy/Myq ratio.

In conclusion, this universal ratio points to isolated
rotationally supported star-forming disk galaxies of all masses
and surface densities being surprisingly self-similar, which
hints at mass-independent self-regulation mechanisms that are
yet to be fully understood.
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Appendix A
Stellar versus Gas Masses and Binned Data

To broadly compare the subpopulation of galaxies studied
here with the general population and with the simulations, we
show in Figure Al the distribution of gas versus stellar mass of
the TNGS50 centrals, the SIMBA disks, and the observed
galaxies analyzed here, together with isocontours from the
general population of the blind extragalactic H 1 survey
ALFALFA. One has, however, to keep in mind that all the
observational results reported in this Letter pertain to regularly
rotating extended H I disks. For instance, if observed earlier-
type galaxies were included at the high-mass end, the
observational data set would naturally also turn down to some
degree at the high-mass end. Also, since the simulated data is
binned in the rest of the paper, we display in Figure Al our
main result when the observed data is binned, showing a slight
downward trend at the low-mass end. Finally, Figure Al also
displays the two simulated disk galaxies in both TNG50 and
SIMBA having the highest My /Moo with M, /M. > 10"":
since those still fall below the median of the observations, it
confirms a tension independently of the above caveats.



THE ASTROPHYSICAL JOURNAL LETTERS, 952:L41 (10pp), 2023 August 1 Korsaga et al.

12
—— TNG50
= SIMBA isolated disks
111 = Maddox+2015
e  Ourdata

=)
5
=
~
T
=
en
2
—4 <4~ OurData
@® Binned data
B 2 most HI rich TNG50 with Mx > 10"
) % 2 most HI rich SIMBA with Mx > 10'!
: -5
66 7 8 9 10 11 12 7 8 9 10 11 12
log(M.)[M] log(M,)[Ms)]

Figure Al. Left panel: H I mass as a function of stellar mass. The individual measurements for the 150 galaxies are presented as magenta dots. The contours
correspond to the 9153 H 1-selected ALFALFA galaxies from Maddox et al. (2015; see that paper for details). The green and gray lines (bands) represent the median
(1o scatter) of the binned data of central galaxies in Illustris-TNGS50 and isolated disk galaxies in SIMBA, respectively. The diagonal dashed line marks the one-to-one
relation of equal H I and stellar masses. Right panel: H I-to-Halo-mass ratio vs. stellar mass for the 150 galaxies with blue circles indicating the median and scatter in
each bin. The two simulated disk galaxies in both Illustris-TNG50 and SIMBA having M, /M., > 10" and the highest Myy1/ My are represented as red squares and
green stars, respectively.
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Appendix B
Rotation Curve Fits

We show in Figure B1 the model rotation curve fit (posterior
distribution and rotation curve with its decomposition in
different components) for the galaxy F568-1, as an example.
The top panels show the results using the NFW parameteriza-
tion, while the bottom panels depict those using the DZ
parameterization. The fitted parameters for all 150 galaxies are
listed in Table B1.
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Figure B1. Galaxy F568-1. Top row: NFW; left panels: posterior distributions and mass model in right panel. Bottom row: DZ; left panels: posterior distributions and

mass model in right panel.
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Table B1
Fitted Parameters for All 150 Galaxies
Galaxy Mw 16th 84th M,p, 16th 84th My Miypw 16th 84th My, 16th 84th foFW XIZ‘DZ
(1 2 3) (C)] ) (6) @ 3) (O] (10) (11) (12) (13) (14) (15) (16)
D564-8 7.19 7.01 7.36 7.20 7.02 7.37 7.46 9.36 9.14 9.60 9.61 941 9.83 5.26 0.63
D631-7 7.84 7.67 7.99 7.87 7.70 8.02 8.46 10.84 10.60 11.10 10.76 10.56 10.97 9.86 2.22
DDO064 7.97 7.77 8.18 8.00 7.79 8.22 8.32 10.17 9.67 10.71 10.30 9.86 10.75 1.14 0.46
DDO154 7.19 7.04 7.33 7.35 7.19 7.50 8.43 10.77 10.66 10.89 10.36 10.30 10.43 11.52 2.51
DDO161 8.31 8.15 8.47 8.35 8.18 8.50 9.13 10.83 10.71 10.97 10.72 10.62 10.83 3.76 221
DDO168 7.91 7.73 8.07 7.95 7.77 8.11 8.61 11.08 10.80 11.41 10.85 10.67 11.05 14.91 4.94
DDO170 8.41 8.23 8.58 8.42 8.24 8.59 8.86 10.64 10.56 10.73 10.56 10.49 10.63 3.07 2.36

ESO079-G014 10.43 10.28 10.56 1036  10.21 10.51 9.49 12.31 12.08 12,58 11.76  11.66  11.86 4.40 1.70
ESO116-G012 9.32 9.18 9.44 9.38 9.22 9.51 9.03 11.72 11,52 1199  11.24  11.12  11.37 2.58 1.18
ES0444-G084 7.60 7.41 7.79 7.64 7.44 7.84 8.13 11.18 1092 11.53 10.81 10.64  10.98 0.89 0.17
ES0563-G021 11.38 11.32 1143 11.08 1094 11.20 10.38 12.88 1269  13.11 12.35 1229 1241 18.65 7.71

F563-1 9.05 8.86 9.25 9.05 8.86 9.25 9.50 11.41 11.19 1166 11.17 11.01 11.32 1.19 0.52
F563-V2 9.28 9.08 9.49 9.30 9.09 9.51 9.33 11.91 1148 1241 11.31 11.10  11.51 1.36 0.43
F565-V2 8.51 8.32 8.71 8.51 8.32 8.70 8.84 11.09 10.85 11.38 1091 10.75 11.08 1.39 0.44
F568-1 9.58 9.38 9.77 9.58 9.38 9.78 9.65 12.01 11.65 12.45 11.41 11.24  11.58 0.99 0.14
F568-V1 9.40 9.20 9.61 9.39 9.18 9.59 9.39 11.67 1136 12.07 11.30 11.12  11.47 0.53 0.18
F571-8 9.22 9.10 9.33 9.32 9.22 9.41 9.25 12.40 12.14 1272 11.66  11.55 11.78 5.34 1.10
F571-V1 9.01 8.82 9.20 9.01 8.82 9.20 9.08 10.97 10.79  11.18  10.85 10.71 10.99 0.91 0.49
F574-1 9.59 9.40 9.78 9.59 9.40 9.78 9.54 11.29 11.08  11.52 11.01 10.87 11.15 1.83 0.17
F579-V1 9.97 9.75 10.20 9.99 9.74 10.38 9.35 11.25 10.82  11.59  11.06 8.52 11.30 1.13 0.37
F583-1 8.75 8.55 8.94 8.75 8.56 8.94 9.32 11.00 10.73 11.30  10.85 10.65 11.05 2.41 0.46
F583-4 9.03 8.82 9.26 9.06 8.84 9.33 8.80 10.56 10.21 10.87 1044  10.09  10.67 0.61 0.37
1C2574 8.59 8.42 8.74 8.52 8.37 8.67 9.01 11.31 11.13 11.51 10.88  10.75 11.01 43.56 4.96
1C4202 10.61 10.48 10.73 1045 1033 1056  10.09 12.38 1228 1250 1199 1194 12.04  26.90 7.30
KK98-251 7.88 7.60 8.41 7.70 7.50 791 8.06 9.09 4.64 9.55 9.72 9.36 10.08 5.52 1.20
NGC0024 9.62 9.46 9.74 9.53 9.32 9.70 8.83 11.33 11.12 1159 1116 1099  11.32 0.89 0.84
NGCO0055 9.20 9.04 9.35 9.23 9.07 9.38 9.19 11.18 1098 1142 1097 10.83 11.12 4.66 1.39
NGC0100 9.16 8.99 9.31 9.18 9.01 9.33 9.29 11.24 1096  11.57  10.95 1076 11.15 1.76 0.18
NGC0247 9.62 9.44 9.79 9.68 9.47 9.90 9.24 11.32 11.09  11.55 10.89  10.67  11.07 2.12 2.09
NGC0289 10.61 10.50  10.70 1047 1033  10.58  10.43 11.84 11.75 1194  11.74  11.65 11.88 1.94 245
NGC0300 9.16 8.99 9.31 9.18 9.01 9.34 8.97 11.36 11.17  11.58  11.05 10.93 11.18 0.81 0.52
NGC0801 11.23 1120  11.26  11.13  11.04 11.20 10.36 11.98 11.89 1209 11.86 11.77  11.95 7.45 10.63
NGC0891 10.69 10.64  10.73 10.62  10.54  10.68 9.65 12.25 1206  12.51 11.82  11.73 11.93 5.67 3.54
NGC1003 9.49 9.35 9.61 9.46 9.31 9.59 9.76 11.48 11.39 11.58  11.34  11.27 11.41 3.18 4.83
NGC1090 10.55 1046  10.62 1044 1033  10.54 9.94 11.73 11.64 11.83 11.53 11.47 11.60 2.51 1.31
NGC1705 8.71 8.58 8.92 8.59 8.37 8.81 8.14 10.99 10.70 1140 1091 10.75 11.04 0.94 0.14
NGC2366 7.96 7.80 8.12 8.03 7.86 8.18 8.81 10.50 1028  10.76  10.33 10.16  10.53 4.83 1.05
NGC2403 9.67 9.58 9.74 9.60 9.48 9.74 9.50 11.44 11.37  11.52  11.43 11.36  11.50 9.92 9.48
NGC2683 10.73 10.67 10.77  10.66  10.58  10.72 9.14 11.65 1149 11.82 1151 11.39  11.66 1.34 0.99
NGC2841 11.24 1120 11.28 1097 10.86  11.08 9.99 12.55 1244 12,67 1234 1222 1251 1.82 2.32
NGC2903 10.51 1046  10.55 1046 1040 10.52 9.40 11.82 11.74 1192 11.64 11.57 11.73 8.95 6.00
NGC2915 8.56 8.37 8.74 8.56 8.37 8.74 8.70 11.14 1091 1142  10.95 10.79  11.12 1.24 0.97
NGC2955 11.21 11.18 11.24  11.08 1097 11.20 10.46 12.13 11.80 1245 11.93 11.61 12.11 4.80 2.76
NGC2998 10.96 10.87 11.03 1072 10.59  10.83  10.37 12.02 11.93 12.13 11.97  11.88 12.05 2.74 1.10
NGC3109 8.00 7.81 8.19 8.03 7.84 8.22 8.67 11.37 11.11 11.65 10.89  10.73 11.06 13.24 1.07
NGC3198 10.30 10.21 1036  10.18  10.06  10.28  10.03 11.68 11.62 1175 11.55 11.50  11.61 1.48 0.82
NGC3521 10.64 10.59  10.68 10.61 10.51 10.67 9.61 12.31 11.88  12.79 11.69 1145 11.90 0.28 0.69
NGC3726 10.44 10.35 1052 10.37 1026  10.47 9.81 11.76 11.58  11.95 1149  11.38 11.61 2.95 3.60
NGC3741 7.16 6.97 7.34 7.24 7.05 743 8.26 10.46 1026 10.70  10.35 10.18 10.52 1.58 1.04
NGC3769 9.90 9.78 10.00 9.85 9.72 9.96 9.74 11.42 11.27 1158 1126  11.14  11.38 0.91 0.69
NGC3893 10.47 1040  10.52 1041 10.31 10.49 9.76 12.06 11.82 1237 11.62 1149 11.75 1.40 0.41
NGC3917 10.21 10.06 1046  10.08 9.91 10.25 9.27 11.59 1040 1191 11.31 11.13 11.45 4.11 0.89
NGC3972 9.84 9.68 9.99 9.87 9.71 10.02 9.08 11.95 11.56 1237 1130 11.10 1148 1.43 0.76
NGC3992 11.25 11.19  11.30  11.05 1093  11.15 10.22 12.16 12.05 1229 12.03 11.94  12.16 0.85 0.61
NGC4010 9.83 9.68 9.97 9.84 9.69 9.97 9.45 11.79 1148 12.14  11.33 11.16  11.49 2.97 2.37
NGC4013 10.60 10.54  10.65 10.48 10.38  10.56 9.47 11.96 11.81 12.14  11.70  11.60  11.85 1.31 2.34
NGC4085 9.77 9.65 9.88 9.79 9.68 9.88 9.13 12.30 11.82 12.84 1147 1130 11.66 5.05 2.39
NGC4088 10.55 10.47 10.62  10.51 10.41 10.59 9.91 11.73 11.50 1198 1144 1129 11.59 0.66 0.97
NGC4100 10.62 10.55 10.68  10.54 1043  10.62 9.49 11.73 11.54 1194  11.53 11.39  11.69 1.31 0.93
NGC4138 10.50 10.43 10.56 1045 1036 10.52 9.17 11.52 11.19 11.84 1136  11.15 11.57 1.71 1.76
NGC4157 10.64 10.56  10.71 10.57 1047  10.66 9.91 11.96 11.76 ~ 12.18  11.63 11.51 11.75 0.56 0.93
NGC4183 9.86 9.68 10.01 9.82 9.64 9.99 9.54 11.18 11.00  11.36  11.06 1091 11.20 0.19 0.17
NGC4214 8.95 8.79 9.08 8.90 8.69 9.08 8.68 11.31 1092 11.81 1099 1079  11.17 0.91 0.48
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Table B1
(Continued)
Galaxy My  16th  84th M,  16th  84th  Mu My,  16th  84th M, 16th  84th  Xiny  Xooy
(€] @ 3 “ ® ©) (O] ® (©)] 10) an 12 13) 14 15) (16)
NGC4217 1033 1026 1040 1029 1020 1036 940 1241 1213 1277 1174 1164 1186 527 252
NGC4559 992 979 1003 988 974 1000 976 1139 1123 1158 1120 1107 1132 039 045
NGC5033 10.74 1066 1080 10.65 1056 1072 1005 1194  11.88 1199 1182 1178 11.88 521 251
NGC5055 1070 1066 1072 1066 10.56 1074 1006  11.83 1181 1186 1181 1177 1184 312 292
NGC5371 1122 1116 1127 1107 1100 1L14 1004 1161 1149 1172 1199 11.84 1212  9.65 155
NGC5585 892 880 903 922 916 927 922 1142 1127 1161 1113 1102 1124 625 522
NGC5907 1107 1100 1111 1083 1075 1090 1032 1202 1194 1212 1208 1193 1223 639 3.3
NGC5985 1143 1132 1149 1104 1086 1121 1006 11.99 1172 1218 1217 1202 1232 809 244
NGC6015 1039 1033 1043 1021 1012 1029 976 1167 1154 1183 1152 1143 1161 845 744
NGC6195 1129 1126 1131 1112 1099 1124 1032 1213 1194 1234 1200 1178 1219 347 343
NGC6503 978 971 985 974 962 983 924 1131 1124 1138 1125 1117 1136 18 156
NGC6674 1130 1126 1134 1097 1088 1104 1050 1241 1232 1251 1245 1237 1251 637 7.6l
NGC6946 1048 1043 1052 1045 1037 1050 975 1184  11.65 1209 1149 1137 1162 199 158
NGC7331 1097 1093 1100 1086 1075 1093 1004 1240 1224 1258 1201 1192 1213 080 254
NGC7814 1068 1063 1073 1059 1050 1066  9.02 1230  12.10 1256 1187 1177 1202 179 055
UGC00128 982 9.63 998 971 954 986 987 1156 1153 1159 1152 1148 1157 328  3.85
UGC00191 912 896 926 9.3 894 929 912 1094 1086 11.04 1074 1063 1085 385  2.69
UGC00731 829 809 849 830 810 850 925 1077 1064 1092 1063 1051 1077 038 0.1
UGC01230 970 950 990  9.68 948 987 980 1120 1101 1138 1109 1094 1123 120 038
UGC01281 831 811 852 831 811 849 846 1046 1010 1085 1049 1020 1079 284 029
UGC02259 9.18 897 938 907 887 924 869 1081 1071 1092 1097 1082 1109 142 101
UGC02487 1171 1166 1175 1140 1126 1151 1025 1259 1253 1267 1244 1240 1249 537 504
UGC02885 1141 1135 1146 11.14 1098 1131 1060 1260 1247 1276 1242 1226 1259 156  3.69
UGC02916 1071 1069 1074 1047 1034 1065 1036 1217 1200 1237 1202 1185 1216 1132  6.60
UGC02953 119 1L16 1121 1110 1102 1116  9.88 1232 1226 1240 1217 1210 1224 733 615
UGC03205 1093 1088 1096 1073 1062 1082 998 1210 1197 1227 1191 1179 1205 353  3.04
UGC03546 1068 1062 1073 1060 1053 1067 942 1198  11.86 1214 1174 1165 11.85 208 082
UGC03580 949 941 955 954 945 961  9.64 1158 1148 1169 1139 1131 1147  3.89 485
UGC04278 881 862 898 88 866 901 904 1123 1088 11.63 1097 1073 1121 311 151
UGC04325 938 914 959 929 905 954 88 1086 1056 1109 1083 1056 11.06 333  3.76
UGC04483 685 666 703 694 674 714 750 926 897 962 946 918 979 092 0.0
UGC04499 886 869 901 88 871 904 904 1085 1067 1106 1066 1053 1081 148 034
UGC05005 930 912 947 930 902 948 949 1103 1078 1126 1087 10.68 1106 199  1.88
UGC05253 1096 1094 1097 1096 1077 1099 1021 1220 1211 1230 1200 1191 1214 341 257
UGC05414 865 848 881 873 857 887 875 1092 1063 1126 1064 1045 1084 327 040
UGC05716 847 830 863 851 833 869 903 1083 1077 1089 1075 1067 1083 202 246
UGC05721 868 850 883 860 839 879 875 1101 1078 1133 1094 1075 1L11 220 172
UGC05764 775 754 796 774 753 795 821 1031 1022 1041 1016 1003 1036  7.85  5.02
UGC05829 852 832 872 853 833 873 901 1040 1013 1071 1037 1014 1060 110 033
UGC05918 815 795 836 817 796 837 847 1003 979 1031 1004 983 1025 039  0.04
UGC05986 9.48 935 959 949 934 961 942 1192 1167 1226 1125 1L14 1139 606 087
UGC06399 9.2 893 931 9.3 894 932 88 1120 1092 1152 1093 1075 1LI11 103 006
UGC06446 883 863  9.02 88 861 902 914 1098 1077 1122 1085 1068 1101 038 022
UGC06614 1067 1057 1076 1060 1047 1070 1034 1219 1201 1238 1181 1169 1192 059  2.86
UGC06667 893 873 913 893 873 913 890 1137 1115 1165 1097 1084 1111 163 028
UGC06786 1068 1062 1072 1054 1040 1064 970 1227 1216 1241 1201 1193 1211 192 099
UGC06787 1072 1067 1076 1063 1050 1070 970 1221 1213 1229 1210 1200 1222 28.04 2656
UGC06818 874 858 889 873 858 887  9.03 1086 1055 1120 1086 1063 1110  6.06 347
UGC06917 954 937 969 956 939 971 930 1145 1123 1172 1112 1098 1127 094 028
UGC06923 9.10 894 925 902 897 925 890  1LIl 1077 1152 1087 1067 1109 147 094
UGC06930 974 955 991 972 953 990 951 1117 1097 1139 1102 1086 1117 033 019
UGC06973 1004 1000 1008 1004 997 1009 924 1295 1246 1352 1178 1163 1193 137  LI2
UGC06983 954 936 971 951 932 968 947 1134 1115 1156 1113 1099 1127 072 050
UGC07125 9.06 890 921 907 890 922 966 1040 1028 1053 1037 1026 1048 183 091
UGC07151 921 906 933 927 912 938 879 1077 1048 1108 1049 1028 1070 276  1.08
UGC07261 905 887 920 9.04 885 920 914 1077 1051 1107 1068 1048 10.86 020  0.08
UGC07399 898 878 916 890 869 911 887 1149 1124 11.84 1122 1104 1139 175  1.05
UGC07524 913 893 931 916 897 935 925 1093 1073 1116 1074 1058 10.89 132 036
UGC07559 783 761 817 777 759 797 822 913 675 956 956 917 992 199 030
UGCO07603 830 813 846 840 821 856 841  11.00 1071 1138 1068 1047 1089 171  0.79
UGCO07608 819 799 838 820 800 839 872 1094 1059 1136 1076 1052 1102 L15 0.6
UGC07690 884 871 895 885 869 896 859 1022 990 1054 1026 998 1049 054 075
UGC08286 907 887 923 899 880 9.8 880 1093 1080 1109 1079 1065 1095 239 177
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Table B1
(Continued)
Galaxy My  16th  84th M,  16th  84th  Mu My,  16th  84th M, 16th  84th  Xiny  Xooy
(€] @ 3 “ ® ©) (O] ® (©)] 10) an 12 13) 14 15) (16)
UGC08490 895 877 910 889 868  9.08 88 1084 1070 11.02 1084 1068 1098 053 037
UGC08550 829 811 845 834 813 851 845 1050 1034 1070 1042 1026 1059 074 0.8
UGC08699 1049 1046 1052 1045 1035 1051 957 1200 11.81 1224 1167 1154 11.83 127  LI2
UGC09037 1019 1008 1030 1017 1005 1028 1028  11.88 1169 1210 1153 1141 1164 244 192
UGC09133 11.17 1114 1119 1096 1089 1104 1052 1222 1219 1226 1225 1219 1232 892 785
UGC10310 907 887 927 9.0 889 930 907 1065 1038 1093 1054 1033 1073 063 037
UGC11455 1122 1115 1127 1105 1094 1115 1012 1260 1242 1280 1213 1205 1220 560 193
UGC11820 869 851 885 877 857 896 929  1LI11 1102 1123 1101 1093 1109 215 531
UGC11914 11.02 1099 1104 11.00 1085 1104 894 1302 1250 1359 1190 1166 1221 254  2.68
UGC12506 1112 1095 1127 1097 1076 1117 1055 1216 1191 1237 1196 1178 1211 097 021
UGC12632 890 870  9.09 890 870 910 924 1071 1055 1088 1061 1048 1075 040  0.09
UGC12732 896 877 914 897 878 915 956 1109 1096 1125 1093 1082 1105 036  0.67
UGCA281 807 788 827 822 80l 840 779 978 923 1032 983 936 1025 092 035
UGCA442 787 769 806 790 771 809 842 1086 1072 11.03 1055 1045 1066 327 143
UGCA444 685 665 706 68 666 706 7.8 957 9.8 1001 978 941 1020 057  0.16
ddo101 843 823 862 845 825 865 725 1091 1060 1130 1065 1043 1087 043 020
ddo133 748 728 767 749 729 769 800 1056  10.19 1100 1040 10.14 1068 076  0.12
ddo154 690 670 709 691 671 711 840 1048 1031 1069 1030 10.16 1045 229 088
ddo168 772 753 790 773 754 792 840 1070 1036 1109 1068 1041 1097 380  0.79
ddos0 806 785 827 808 787 830 877 972 941 1000 979 949 1005 128 128
ddos2 770 751 789 771 751 791 834 1038 1011 1070 1034 1012 1057 142 017
ddo87 750 730 770 751 732 771 831 1039 1014 1069 1031 1011 1053 117 023
nge2366 783 763 803 783  7.63 803 880 1052 1027 1082 1048 1028 1071 433 LIS
wim 720 701 739 722 7.02 743 774 1018 986 1054 1008  9.82 1037 294 084

Note. Properties of the sample of 150 galaxies studied in this work: (1) name of the galaxy; (2)—(4) stellar mass in M., from NFW fits with their 16th-84th
percentiles; (5)—(7) stellar mass in M, from DZ fits with their 16th—84th percentiles; (8) total H I mass in M, from Iorio et al. (2017); (9)—(11) DM halo
mass Moo in M, from NFW fits with their 16th—84th percentiles; (12)-(14) DM halo mass M5oo in M, from DZ fits with their 16th—84th percentiles and (15)-(16)

reduced x? from NFW and DZ fits, respectively.
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