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ABSTRACT
We present a catalogue of dynamical properties for 2368 late-type galaxies from the MaNGA
survey. The latter complements the catalogue of photometric properties for the same sample
based on deep optical DESI photometry processed with AutoProf. Rotation curves (RCs),
extracted by model fitting H𝛼 velocity maps from the MaNGA Data Analysis Pipeline, ex-
tend out to 1.4 (1.9) R𝑒 for the primary (secondary) MaNGA samples. The RCs and ancillary
MaNGA Pipe3D data products were used to construct various fundamental galaxy scaling
relations that are also compared uniformly with similar relations from NIHAO zoom-in sim-
ulations. Simulated NIHAO galaxies were found to broadly reproduce the observed MaNGA
galaxy population for log(𝑀∗/M�) > 8.5. Some discrepancies remain, such as those pertain-
ing to central stellar densities and the diversity of RCs due to strong feedback schemes. Also
presented are spatially-resolved scatters for the velocity-size-stellar mass (VRM∗) structural
relations using MaNGA and NIHAO samples. The scatter for these relations in the galaxian
interiors is a consequence of the diversity of inner RC shapes, while scatter in the outskirts is
dictated by the large range of stellar surface densities which itself is driven by sporadic star
formation. The detailed spatially-resolved scatter analysis highlights the complex interplay
between local and global astrophysical processes and provides a strong constraint to numerical
simulations.
Key words: galaxies: general – galaxies: photometry – galaxies: structure – galaxies: formation
– galaxies: fundamental parameters – galaxies: spiral – methods: numerical

1 INTRODUCTION

Given their importance for constraining galaxy formation and evo-
lution models, studies of galaxy scaling relations have enjoyed a
rich history (Faber & Jackson 1976; Tully & Fisher 1977; Bender
et al. 1992; Mo et al. 1998; Steinmetz & Navarro 1999; Courteau
et al. 2007; Mo et al. 2010; Kormendy & Ho 2013; Lelli et al. 2017;
Stone et al. 2021b; D’Onofrio et al. 2021). The slope, zero-point,
and scatter of scaling relations (Courteau et al. 2007; Kormendy
& Ho 2013; Lange et al. 2015) encode critical information about
the structure of galaxies and provide stringent constraints to galaxy
formation models (Dutton et al. 2007; Brook et al. 2012; Koch et al.
2017; Dutton et al. 2017; van de Sande et al. 2019; Starkenburg et al.
2019). Such data-model comparisons require large unbiased multi-
band observed galaxy data (Jarrett et al. 2000; York et al. 2000;
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Driver et al. 2009) and modern state-of-the-art galaxy formation
simulations (see Vogelsberger et al. 2020, for a review).

The advent of galaxy surveys with large scale integral field
spectroscopy such as MaNGA (Bundy et al. 2015; Wake et al.
2017), SAMI (Allen et al. 2015), ATLAS3D (Cappellari et al.
2011) and CALIFA (Walcher et al. 2014) has opened up new ar-
eas of investigations with high quality spatially-resolved dynamical
and chemical properties of galaxies. For instance, the coupling of
IFU data with deep multi-band photometric observations (Courteau
1996; Hall et al. 2012; Gilhuly & Courteau 2018; Ouellette et al.
2017; Arora et al. 2021, hereafter A21) allows detailed studies of
different astrophysical processes such as star formation (Pandya
et al. 2017), baryonic feedback, dynamics, interactions between
baryon and dark matter (Dutton et al. 2011b), impact of environ-
ment (Peng et al. 2012), chemical evolution (Gallazzi et al. 2005;
Sánchez-Menguiano et al. 2020), angular momentum distributions
(Romanowsky & Fall 2012; Obreschkow & Glazebrook 2014), and
more. On the theoretical front, modern state-of-the-art cosmologi-
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cal simulations in a cosmological cold dark matter paradigm allow
tracking of the co-evolution of baryons and dark matter (Wang et al.
2015; Crain et al. 2015; Remus et al. 2017; Pillepich et al. 2018;
Hopkins et al. 2018; Habouzit et al. 2019). While the distribution
(but not the nature) of darkmatter in theUniverse is fairlywell under-
stood, especially on large-scales, modelling stars, their formation,
and gas distributions within galaxies still challenges most galaxy
formation and evolution theories (Avila-Reese et al. 2011; Sawala
et al. 2011; Weinmann et al. 2012; Agertz & Kravtsov 2015). Mod-
ern large-scale surveys such as the ones mentioned above provide
rich and versatile data that can be used to constrain the distribution
of various baryonic properties in cosmological simulations.

Providing the most recent, up-to date and uniform comparison
between simulations and observations of galaxies is the motivation
for this study. Such comparisons highlight not only benchmarks for
our current understanding of galaxy formation and evolution, they
also identify specific areas of improvement for galaxy formation
models. Different approaches can be taken to enable uniform data-
model comparisons of galaxies. Cosmological simulations can be
post-processed to generate mock images and spectra of galaxies
that include observational characteristics such as atmosphere blur,
background sky noise, photometric bandpasses, etc (Torrey et al.
2015; Bottrell et al. 2017; Elagali et al. 2018; Deeley et al. 2021;
Bottrell & Hani 2022; Camps et al. 2022). These can then be com-
pared directly with observations. Conversely, all known biases and
sources of error from observations (such as extragalactic and Galac-
tic dust extinction, photometric band effects, inclination effects, sky
noise, sample completion, etc.) can be modeled and removed from
the inferred data for direct comparison with intrinsic properties of
simulated galaxies (Arora et al. 2019; Stone et al. 2021a; Frosst
et al. 2022). The consistency of these different data-model compar-
isons can provide an internal validation of our methods and results
(Stoppa et al. 2023).

Combining theMaNGAphotometric catalogue (A21) and aux-
iliary data from Pipe3D (Sánchez et al. 2018) with robust rotation
curves yields an extensive catalogue of inferred galaxy structural
data which is ideal for comparison with galaxy formation mod-
els. For this paper, the latter is based on the Numerical Investiga-
tion of a Hundred Astrophysical Object (NIHAO) project which
provides ∼60 zoom-in late-type galaxy simulations. Data-model
comparisons of galaxies often focus on various informative prop-
erties of galaxies such as star formation rates (Starkenburg et al.
2019), galaxy sizes (de Graaff et al. 2022), shapes of rotation curves
(Santos-Santos et al. 2018), black hole scaling laws (Çatmabacak
et al. 2022), etc.With the substantial MaNGA data presented in A21
and here, we can create 12 galaxy scaling relations out of 7 galaxy
structural parameters. The multiple scaling relations (Dutton et al.
2011a; Trujillo-Gomez et al. 2011; Brook et al. 2012) allow for a
multi-dimensional data-model comparison that identifies specific
parameters which simulations struggle to reproduce.

Another important aspect of observation-simulation compar-
isons is the quantification of fit parameters of scaling relations, such
as their slope and scatter. While slope comparisons between simu-
lations and observations are relatively trivial, scatter comparisons
require the removal of observed biases (distance uncertainty, disk
thickness, inclination, mass-to-light conversions, etc.) A common
approach to handling such biases consists of removing observa-
tional errors in quadrature to retrieve the intrinsic scatter of galaxy
scaling relations (Strauss & Willick 1995; Saintonge & Spekkens
2011; Hall et al. 2012; Lelli et al. 2017). However, such a method
ignores the correlations between the different biases leading to an
underestimation of intrinsic scatter. A Bayesian formalism to calcu-

late intrinsic scatter (Stone et al. 2021b) takes correlated observed
errors into account and returns robust estimates of intrinsic scatter.
The Bayesian intrinsic scatters for scaling relations determined here
can serve as an accurate robust test for galaxy formation simulations.

Modern deep multi-band imaging and large IFU surveys also
allow the study of spatially-resolved scaling relations (e.g., Radial
AccelerationRelation (Lelli et al. 2017; Stone&Courteau 2019) and
the Star Formation Main Sequence (hereafter “SFMS”; Cano-Díaz
et al. 2016; Hall et al. 2018)). Recent studies of spatially-resolved
scaling relations have already revealed new aspects of galaxy for-
mation and evolution. For example, the presence of a tight spatially-
resolved SFMS is comparable to the global SFMS (Wuyts et al.
2013; González Delgado et al. 2016; Wang et al. 2017; Hall et al.
2018; Ellison et al. 2018). The existence of a spatially-resolved star
formation law requires a strongly dependent on small-scale local
gas and stellar surface density.

Spatially-resolved scaling relations based on a wide array of
structural parameters are still largely lacking. The variations of slope
and scatter as a function of galactocentric radius for scaling relations
(such as size-mass, size-velocity, and Tully-Fisher relations) can be
a powerful tool in identifying the drivers of diversity in galaxy
structure. Spatially-resolved scatter diagnostics can simultaneously
constrain the overall distribution of galaxy properties and inform us
about more advanced tests for cosmological simulations (especially
pertaining to astrophysical processes on sub-galactic scales). With
our deep photometric and dynamical data, for the first time, we
study the variations and drivers of scatter as a function of location
in observed and simulated galaxies.

This paper is organized as follows: Section 2 describes the pho-
tometry and rotation curves (RCs) from the MaNGA galaxy survey
and the process of extracting and correcting various galaxy prop-
erties. We also compare our RCs against other observed rotation
curves and scaling relations. Section 3 gives a brief description of
the NIHAO galaxy formation simulations that are compared against
observations. We begin our data-model comparison in Section 4 to
show one dimensional comparisons of various galaxy properties. A
simultaneous comparison of twelve major galaxy scaling relations
between MaNGA and NIHAO, including their observed Bayesian
intrinsic scatter, is then presented in Section 5. In Section 6, we
examine the radial variations of the spatially-resolved slopes and
scatters for structural galaxy scaling relations for MaNGA and NI-
HAO. Concluding remarks are offered in Section 7, with an eye
towards improving numerical simulations of galaxy formation and
evolution. All of our processed data, including the observed light
profiles (in A21) and RCs (Appendix A) are publicly available.

2 OBSERVATIONAL DATA

In this section, we briefly describe our extraction of photometric
properties for the MaNGA galaxies (Bundy et al. 2015; Law et al.
2016; Wake et al. 2017) using deep imaging from the DESI survey.
A detailed description of the extensive imaging catalogue is found in
A21. RCs rotation curves and dynamical properties are also derived
below, and compared against other published rotation curves and
scaling relations.

2.1 Photometry

In order to lay the foundations for our study of the photometric and
dynamical properties of MaNGA galaxies, we first take advantage

MNRAS 000, 1–20 (2022)
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Figure 1. Surface brightness depth versus maximal spatial extent (in units of R23.5) for MaNGA galaxies. The surface brightness profiles for LTG (left) and
ETGs (right) were extracted through autoprof in the 𝑧-band. The text insets give the number of galaxies, mean maximal spatial extent, and mean surface
brightness depth in the 𝑧-band.

of the extensive catalogue of non-parametric multi-band photomet-
ric and environmental properties for ∼4500 MaNGA galaxies, as
presented in A21. This photometric catalogue relied on the deep
optical grz-band imaging from the Dark Energy Sky Instrument
Legacy Imaging Survey 1 (DESI Collaboration et al. 2016; Dey
et al. 2019, hereafter DESI) and the WISE Large Galaxy Atlas and
the Extended Source catalogue (WXSC; Jarrett et al. 2019). Non-
parametric azimuthally-averaged surface brightness (SB) profiles
were extracted using the automated astronomical image analysis
tool, autoprof (Stone et al. 2021a). autoprof performs a robust
background subtraction and finds an accurate galaxian center for
each galaxy image before fitting elliptical isophotes.

The center, position angle (PA), and ellipticities of each
isophote is fit to the DESI r-band images for MaNGA galaxies. The
r-band imaging is chosen for the extraction of isophotal profiles due
to its high signal-to-noise ratio and low dust extinction relative to
the other bands (A21). To obtain multi-band photometry, the r-band
isophotes are applied to the other gz-band images via forced pho-
tometry, resulting in complimentary grz surface brightness profiles.
The “forced photometry” component of autoprof ensures unifor-
mity in measurement of surface brightness, ellipticities, fluxes, and
color gradients. For a more comprehensive description of the au-
toprof software package and its capabilities, the reader is referred
to Stone et al. (2021a).

Because of their lowest sensitivity to dust extinction, all pho-
tometric properties were calculated using the DESI z-band surface
brightness profiles. This also ensures uniformity with other studies
(Stone et al. 2021b; Arora et al. 2021; Frosst et al. 2022; Stone et al.
2022).

While the photometric data presented in A21were based on the
galaxies selected using the public SDSS-DR16 catalogue (Ahumada
et al. 2020), the MaNGA photometric data used in this study are

1 https://www.legacysurvey.org

based on the SDSS-DR17 (Abdurro’uf et al. 2022). The cross-
correlation between MaNGA data release from SDSS-DR17 and
the DESI sky survey yielded 7864 galaxies; 5166 of which were
classified as LTGs (Domínguez Sánchez et al. 2018), and used in our
comparison between simulations and observations. Fig. 1 presents
the maximal SB depth in the z-band of our photometric LTG (left)
and ETG (right) samples. Thanks to the deep DESI imaging and
the versatility of autoprof, we can probe SBs down to (on average)
∼26.3mag arcsec−2 and ∼2R/R𝑧23.5 for MaNGA LTGs. Our robust
non-parametric photometry through DESI imaging and autoprof
results in gathering 0.1 dex more light and 0.3 dex more stellar mass
for the same galaxies than presented in the NSA catalogue as shown
in A21.

Any differences between the photometric data presented here
and in A21 is due to sample size (using the updated SDSS-DR17).
The method of extracting and analysing surface brightness profiles
is the same in both studies.

2.2 Rotation Curves

A key aspect of this study is the coupling of kinematic data, pre-
sented here, with the photometric information from A21 for the
same galaxies. Our spectroscopic analysis takes advantage of the
H𝛼 emission line-of-sight (LOS) velocity maps (hereafter H𝛼 ve-
locity maps) provided through the MaNGA Data Analysis Pipeline
(MaNGA-dap; Westfall et al. 2019; Belfiore et al. 2018) and ac-
cessed via the “Marvin” toolkit (Cherinka et al. 2019) for the
MaNGA-DR17. Voronoi binned data are used for the H𝛼 emission
LOS velocity maps.

MNRAS 000, 1–20 (2022)
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Figure 2. MaNGA H𝛼 velocity maps and extracted RCs. For each row, corresponding to a different MaNGA target, panel a) shows the composite SDSS-gri
image with the MaNGA IFU footprint (in magenta); panel b) shows the matching H𝛼 velocity map from the MaNGA IFU; and panels c), d) and e) present the
tanh model velocity maps, residual maps (𝑉obs − 𝑉model), and the corresponding rotation curve. The inset in panel e) also gives the MaNGA-ID and average
data-model residual Δ𝑉 ≡

√︁
〈𝛿𝑉 2 〉 (see Eq. 5).
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2.2.1 Velocity model

RCs were obtained by fitting the following model to the H𝛼 velocity
map

𝑉LOS (𝑅, \) = 𝑉sys +𝑉 (𝑅) cos(\) sin(𝑖), (1)

where 𝑉LOS (𝑅) is the observed LOS velocity at radius R, 𝑉sys
is the systematic (heliocentric) velocity, \ is the azimuthal angle
relative to the positions angle, 𝑖 is the inclination of the galaxy on
the sky, and𝑉 (𝑅) is the adopted rotational velocity model. In Eq. 1,
𝑅 =

√︃
𝑥2g + 𝑦2g and \ = tan−1 (𝑦g/𝑥g) are calculated using Cartesian

coordinates within the disk of the galaxy. These are defined as:

𝑥g = 𝑥′s cos(−PA) + 𝑦′s sin(−PA), (2)

and

𝑦g =
𝑦′s cos(−PA) − 𝑥′s sin(−PA)

cos(𝑖) , (3)

where 𝑥′s = 𝑥s − 𝑥c and 𝑦′s = 𝑦s − 𝑦c are centred projected
coordinates on the sky with the observed galaxy center given by
(𝑥c, 𝑦c), and PA is the observed position angle. For this study, and
for uniformity with other studies (Courteau 1997; Aquino-Ortíz
et al. 2020; Brownson et al. 2022), we write:

𝑉 (𝑅) = 𝑉max × tanh(𝑅/𝑅t), (4)

for the rotational velocity model in Eq. 1, where 𝑉max is the maxi-
mum velocity, and 𝑅t is a turnover radius between the rising and flat
portion of the RC. Therefore, the kinematic modeling of MaNGA
galaxies requires fitting a dynamical model with seven parameters;
(𝑥c, 𝑦c), 𝑖, PA, 𝑉sys, 𝑉max, and 𝑅t. The fit parameters are presented
in Appendix A.

For the fit initialization, (𝑥c, 𝑦c), and 𝑉sys are first set to zero,
while the inclination and PA use values calculated through the DESI
photometry (A21). 𝑉max, and 𝑅t are initialized by fitting Eq. 4 to
a “mock rotation curve”, calculated by interpolating observed H𝛼
velocity map along to the photometric major axis. These initialized
values are then run through an optimization routine to find the best
fit values for the rotation curves. The quality of the dynamical model
is evaluated as the “mean square error”,

〈𝛿𝑉2〉 = 〈(𝑉obs −𝑉model)2〉. (5)

. We calculate robust fit parameters of our dynamical model by run-
ning our fitting algorithm 20 times with initialization values ran-
domly chosen within ±50 per cent of the first fit evaluated with the
initial values mentioned above. The final fit is calculate with the set
of fit parameters which return the lowest 〈𝛿𝑉2〉 out of the random
20 runs. Fig. 2 shows the composite SDSS gri image, the corre-
sponding H𝛼 velocity map, the model velocity map, the residual
and the rotation curves for six late-type MaNGA galaxies. The top
row of Fig. 2 shows a galaxywith a foreground object; in general, we
find that our fitting routine is robust against background/foreground
objects within the MaNGA IFU.

Our dynamical models fit the observed MaNGA H𝛼 velocity
maps very well. The average 〈𝛿𝑉〉 for all the MaNGA galaxies is
7 km s−1 (see Fig. 3). However, the distribution of 〈𝛿𝑉〉 has a non-
negligible tail at high 〈𝛿𝑉〉. Indeed, objects with 〈𝛿𝑉〉 ≥ 10 km s−1
present signatures of non-circular motions (caused by bars and
bulges) that are unaccounted for within our dynamical model. These
non-circular motions (caused by e.g., bars and bulges) are mainly
dominant in the central parts of galaxies and have an amplitude of
∼15 km −1. Given the stellar mass distribution of MaNGA galaxies
(log(𝑀∗/M�) > 8.5); such non-circular motions would not make

0 10 20 30
V [km s 1]

0.00

0.04

0.08

0.12

N
no

rm

N = 2715
V = 7.1km s 1

1.5 2.0 2.5
log(Vmax/km s 1)

0.0

0.5

1.0

1.5

N
no

rm

0.0 0.5 1.0
log(Rt/arcsec)

0.0

0.5

1.0

1.5

N
no

rm

Figure 3. Probability Density Functions normalized using area for the fit
quality, Δ𝑉 (see Eq. 5; left panel), as well as the model maximum (asymp-
totic) velocity, 𝑉max (middle), and turnover radius, 𝑅t (right).
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Figure 4. Probability Density Functions for the MaNGA RC extents in
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respectively, the luminosity-weightedmaximum radius for theMaNGA IFU,
the effective radius, and the isophotal radiusmeasured at a surface brightness
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obtained from DESI photometry of MaNGA galaxies (A21). The left and
right panels show primary (+ colour enhanced) and secondary samples,
separately. The insets give the median RC extents with an error of 1𝜎.

a large impact on the results presented here. Given that the galaxy
scaling relations that we primarily study trace the outer galaxy re-
gions, the central non-circular motions should be insignificant in
our analysis (Sellwood et al. 2021).

Furthermore, a slight trend is observed between photometric
and kinematic inclinations as a function of inclination. For more
edge-on systems, this offset is ∼ 5−7◦. This is a result of the strong
degeneracy between theV𝑚𝑎𝑥 and the inclination in the tanhmodel.
However, the inclination offset is negligible for tilts below ∼ 65◦.

The coupling of the MaNGA spectroscopic data with our
photometry from A21 enables us to quantify the physical extent
of the MaNGA spectral data. The MaNGA primary and color-
enhanced samples (primary+) have indeed been claimed to probe
regions out to 1.5Re, and the secondary sample would extend out to
2.5Re(Bundy et al. 2015). The effective radii came from the NASA
Sloan Atlas (NSA) catalog (Blanton & Roweis 2007). The distri-
bution of the extent of the spectroscopic data scaled with various
characteristic radii extracted from A21 is shown in Fig. 4. The ex-
tent of both primary+ and secondary sample is found to be lower
than the nominal 1.5 and 2.5Re. This is because our non-parametric
approach and more sensitive DESI imaging yield ∼0.3mag more
light for MaNGA-LTGs (A21) than conventional SDSS imaging.
Indeed, A21’s effective radii are larger than those from the NSA
catalog. As a result, the MaNGA primary+ and secondary samples
extend out to 1.43 ± 0.35Re and 1.92 ± 0.41Re, respectively.

Fig. 4 also shows the MaNGA RC extents scaled by isophotal
radius. The isophotal (or mass density) measurements for galaxy
sizes are more robust, accurate, and reproducible. Furthermore,
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the use of isophotal radii (either calibrated by surface brightness
and/or stellarmass surface density) tomeasure structural parameters
reduces the scatter of related structural scaling relations (Hall et al.
2012; Trujillo et al. 2020, A21). In term of isophotal size, measured
at the 23.5mag arcsec−2 isophote, the MaNGA spectroscopic data
extends out to 0.78 ± 0.19 (1.02 ± 0.17) R23.5 for the primary+
(secondary) samples, respectively.

2.2.2 Error estimation

We use “Jackknife resampling” (Quenouille 1949) to estimate the
fit parameter errors of our dynamical models (Eq. 1). A spaxel is
randomly selected and all spaxels within 2.5′′ radius are removed
to produce a new truncated velocity map. The new velocity map is
then fit again with Eq. 1 to calculate truncated fit parameters. The
Jackknife resampling process is repeated 100 times. The error on the
fit parameters is the 16-84 per centile range for the 100 Jackknife
runs. These errors are also reported in the (public) catalogue of
dynamical properties presented in Appendix A. No velocity data
were rejected during the fitting process; rather, galaxieswere excised
from the sample (if at all) during the error estimation process.

2.2.3 Quality cuts

OurMaNGALTG sample (Domínguez Sánchez et al. 2018) consists
of 5166 galaxies for which DESI-grz imaging and robust photome-
try through AUTOPROF is available . To obtain RCs for MaNGA LTGs,
we only use galaxies which achieve photometric inclinations be-
tween 30-80 degrees. This inclination cut ensures robust inclination
corrections for the RC. For galaxies with DESI photometric data
and favourable inclinations, we run our velocity model to extract
RCs. For the galaxies with both photometry and RCs, we only use
systemswhere the seven fits parameters for the velocity models have
errors < 20%. In the end, we are left for the remainder of this study
with a final set of 2368 galaxies which have robust photometry and
RCs.

2.3 Parameter Extraction and Correction

While the photometric (A21) and dynamical catalogues presented
here are highly versatile, we are primarily concerned with the sizes,
stellar mass, velocity metrics, dynamical masses, and stellar mass
surface density within a physical radius (e.g., 1 kpc).

The photometric properties were extracted and corrected using
methods described in A21. These are briefly described below; see
A21 for more details.

2.3.1 Corrections

All SB profiles used in this study were corrected for Galactic and
internal extinction, as well as for cosmological K-corrections. The
Galactic extinction corrections were retrieved from the NSA cat-
alogue (Blanton et al. 2011), originally taken from Schlegel et al.
(1998). These corrections are available for the optical grz photomet-
ric bands. The cosmological K-corrections were calculated using
templates from Blanton & Roweis (2007).

Our corrections for internal dust extinction and geome-
try/inclination were applied after extracting the structural param-
eters. The inclination corrections were calculated using a linear fit
between each structural parameter and the log of the cosine of the

inclination (Giovanelli et al. 1994). The inclination correction can
be written as:

log 𝑋0 = log 𝑋𝑖 + 𝛾 log(cos 𝑖), (6)

where 𝑋0 is the galaxy property corrected to face-on view, 𝑋𝑖 is
the observed galaxy property, 𝛾 is the inclination correction factor,
and 𝑖 is the observed inclination of the galaxy disk on the sky. The
photometric inclination, 𝑖, is related to the projected axis ratio (𝑏/𝑎)
of the object as

cos2 𝑖 =
(𝑏/𝑎)2 − 𝑞20
1 − 𝑞20

, (𝑞0 = 0.13) (7)

where 𝑞0 is the assumed stellar disk thickness (Hall et al. 2012).
For more details about the various corrections to the MaNGA pho-
tometric data, see A21.

The RCs are also corrected for inclination by dividing the
sin of the disk inclination (see Eq. 1). It should be noted that the
kinematic inclinations are independent of the photometry as the
former is a fit parameter in our dynamical model. The difference
between kinematic and photometric inclinations was found to be
∼ 5 ± 9◦; where the error presents the standard deviation.

2.3.2 Parameter extraction

The sizes, stellar masses, and surface densities were estimated us-
ing the photometric data. For greater compatibility with simulations
(which predict mass rather than light), we convert all of our light-
weighted properties into mass-weighted properties. Stellar mass
estimates for the MaNGA galaxies were calculated using various
stellar mass-to-light color relations (MLCRs Courteau et al. 2014).
To achieve the maximum robustness for our stellar mass estimates,
five different MLCRs were averaged from Roediger & Courteau
(2015a), Zhang et al. (2017), and García-Benito et al. (2019). The
stellar mass estimates use 𝑔 − 𝑟 and 𝑔 − 𝑧 optical colours and lumi-
nosities from all three DESI bands. As a result, the stellar masses
are calculated as the average of 30 different measurements. The av-
erage scatter on stellar mass measurements from different MLCRs
is ∼ 0.2 dex. This is consistent with systematic errors in stellar mass
based on extensive MLCRs calibrations reported in Courteau et al.
(2014) and Roediger & Courteau (2015b).

The physically-motivated galaxy sizes used in this study rep-
resent the semi-major axis of various isophotal levels, measured in
mag arcsec−2 or M� pc−2. As shown by Trujillo et al. (2020), such
a representation of sizes yields a tighter scatter for the size–mass
relation.

We use the quantity, Σ1 = 𝑀∗,1 kpc/𝜋 [𝑀� pc−2], as a repre-
sentation of stellar mass surface density within a projected radius;
specifically 1 kpc.

Velocitymetricswere calculated by interpolating/extrapolating
the inclination-corrected RCs at various radii. Finally dynamical
masses, 𝑀dyn (𝑅), are calculated using the velocity, 𝑉 (𝑅), at pro-
jected radius, R, assuming a spherical halo:

𝑀dyn (𝑅) =

√︄
𝑉2 (𝑅)𝑅

𝐺
. (8)

The error in the dynamical mass at radius R is calculated in
quadrature as

𝛿𝑀dyn (𝑅) =
[(
2𝑉 (𝑅)𝑅𝛿𝑉 (𝑅)

𝐺

)2
+

(
𝑉 (𝑅)2𝛿𝑅

𝐺

)2]1/2
. (9)

In Eq. 9, 𝛿𝑉 (𝑅) and 𝛿𝑅 are the measured uncertainties.
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Figure 5. Comparison of inclination-corrected RCs for the ten galaxies in
common between MaNGA and the PROBES sample (Stone et al. 2021b).
Each panel compares the long slit H𝛼 RC (purple points with error bars)
from PROBES with the RC (pink solid lines with shaded regions) extracted
from the MaNGA H𝛼 velocity map. The inset text gives the MaNGA object
ID and the RMS between the MaNGA/PROBES data sets.

2.4 Structural Scaling Relations

We confirm the validity of our MaNGA RCs by comparing them
with similar independent observations for the same object. Fig. 5
shows such a comparison for the ten galaxies overlapping between
MaNGA and the PROBES (“Photometry and Rotation CurveObser-
vations from Extragalactic Surveys”) sample (hereafter PROBES;
Stone & Courteau 2019; Stone et al. 2021b, 2022). MaNGA’s spec-
troscopic data were taken with an IFU, while most PROBES RCs
were obtained via H𝛼 long-slit spectra (except 1-135468 taken in
HI). While the MaNGA RCs can be extrapolated to infinity (as a
result of the tanh fit), the extent of the models shown in Fig. 5
is limited to the IFU spatial coverage. The inclinations for the
PROBES-MaNGA comparisons use the same photometric elliptic-
ities obtained via AutoProf (A21). This ensures a uniform (“apples-
to-apples”) comparison for the RCs. The pair of 10 RCs between
PROBES and MaNGA trace each other quite well; on average the
RCs from both samples differ by ∼24 km s−1 or ∼0.1𝑉max. The
match is nearly perfect for galaxies (MaNGA-ID) 1-446131 and
1-605088. Galaxy (MaNGA-ID) 1-135468 shows a great match
between the MaNGA IFU and HI observations (which naturally ex-
tends further). While PROBES RCs have typically greater spatial
extent, MaNGA velocity maps provide better coverage in the central
parts of disk galaxies and take advantage of the two dimensional
velocity fields.

At this point, it is worth mentioning that our velocity models
are not corrected for any beam-smearing correction. Our decision is
two-fold. Firstly, the excellent agreement between the MaNGA and
PROBES rotation curves presented in Fig. 5 confirms that the effect
of beam smearing is minimal for our galaxy sample. Secondly,
for the spatially resolved analysis, we ignore the inner two most
data points (corresponding roughly to 2 arcseconds). This lessens
any beam smearing effect in the centrals parts of galaxies. Beam
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Figure 6. MaNGA VRM∗ scaling relations measured at an isophote of
23.5mag arcsec−2 in the 𝑧-band. The three panels show the stellar TFR
(top-left), R–V relation (bottom-left), and the R–M∗ relation (bottom-right).
In each panel, the density contours show the underlying MaNGA data fitted
with a linear orthogonal distance regression (orange solid line; the 1𝜎
scatter is shown as an orange dotted line); the points are presented in the low
density regions. Each scaling relation is compared with various literature
sources. The legend (top-right) highlights those sourceswith relevant scaling
relations in parenthesis.

smearing ought to bemore pronounced for stellar velocity dispersion
measurements, an effect that we shall revisit elsewhere.

The full catalogue enables us construct scaling relations which
can also be compared with the literature. Fig. 6 presents the VRM∗
scaling relations for ∼2300 LTGs compared with other sources.
The orthogonal distance regression (hereafter ODR) linear fits and
scatters for each relation are given in Table 1. In general, our pho-
tometry and RC modelling yield scaling relations that match other
studies. For the sake of uniformity and unless otherwise stated, the
selected comparisons in Fig. 6 use isophotal radii measured at the
23.5 mag arcsec−2 isophote. In what follows, we briefly discuss and
compare each scaling relation.

2.4.1 Projected size – stellar mass relation

The MaNGA size-mass (R – M∗) relation, shown in the bottom-
right panel of Fig. 6, has an ODR slope of log(𝑅23.5,𝑧/kpc) =

(0.35 ± 0.01) log(𝑀∗,23.5/M�) + (−2.57 ± 0.03) and an observed
scatter of 0.10 ± 0.01 dex. That relation, the same as that presented
in A21, can be compared with similar ones presented by Ouellette
et al. (2017), Trujillo et al. (2020), and Stone et al. (2021b) for
different samples. For instance, Ouellette et al. (2017) used SDSS
i-band photometry for the SHIVir survey of Virgo cluster galaxies
to derive a R –M∗ relation with a similar ODR slope of 0.34±0.02,
shown as the dark orange solid line, though with a larger scatter
of 0.15 dex. That larger scatter is due to a much lower sample
size (69 galaxies) in the SHIVir survey. Stone et al. (2021b) also
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Scaling Relation N 𝑦 𝑥 𝛼 𝛽 𝜎obs 𝜎⊥
(1) (2) (3) (4) (5) (6) (7) (8)

Stellar Tully-Fisher 2368 log𝑀∗,23.5 log𝑉23.5 3.59 ± 0.04 2.21 ± 0.08 0.24 ± 0.01 0.06±0.01
Projected size–velocity 2368 log𝑉23.5 log𝑅23.5,𝑧 1.28 ± 0.02 −1.85 ± 0.05 0.14 ± 0.01 0.09±0.01
Projected size–stellar mass 2368 log𝑅23.5,z log𝑀∗,23.5 0.35 ± 0.01 −2.57 ± 0.03 0.10 ± 0.01 0.09±0.01

Table 1. VRM∗ scaling relations for the 2368 MaNGA galaxies. Each scaling relation is modelled as 𝑦 = 𝛼𝑥 + 𝛽 through orthogonal distance regression.
Column (1) gives the scaling relation, column (2) shows the number of points fit; columns (3-4) present the 𝑥 and 𝑦 variables for the fit; columns (5-6) show
the slope (𝛼), zero-point (𝛽), and the observed scatter (𝜎obs), respectively; and, column (8) gives the orthogonal scatter (𝜎⊥) for the scaling relation.

constructed a R – M∗ relation for 1152 PROBES galaxies with
structural parameters measured using similar methods as ours. Both
analyses of the PROBES and MaNGA data sets used DESI imaging
and SB profiles extracted through the Autoprof. It is therefore
not surprising that their ODR slope of 0.3340.0090.004 and scatter of
0.0990.0020.003 should be so close to ours for MaNGA. Any (very small)
difference ought to be explained by the use of two different samples.

Studying 464 LTGs from the SDSS IAC Stripe82 survey, Tru-
jillo et al. (2020) found an isophotal ODR slope of 0.318 ± 0.014
(light green solid line) and a scatter of 0.087 ± 0.005. Isophotal
sizes are sensitive to the choice of photometric bands; while we use
z-band, Trujillo et al. (2020) used the SDSS-i band. The difference
in the fit parameters are a result of choice of photometric band for
our respective analysis.

2.4.2 Projected size – velocity relation

The size – velocity (RV) relation for MaNGA LTGs, shown in the
bottom-left panel in Fig. 6, has an ODR fit of log(𝑅23.5,𝑧/kpc) =
(1.28±0.02) log(𝑉23.5/km s−1) + (−1.85±0.05) with an observed
scatter of 0.14±0.01. The PROBES galaxies also benefit from long-
slit H𝛼 RCs and yield an RV relation whose parameters are closely
matched with MaNGA’s; 𝛼 = 1.3250.0740.034 and 𝜎obs = 0.128±0.004.
The RV relation for the SHIVir galaxies (Ouellette et al. 2017)
has a much smaller slope of 1.1 ± 0.1. The difference could be
due to environmental effects, or small number statistics. The latter
actually thwarts a conclusive answer. Hall et al. (2012) used SDSS
photometry and rotational velocities from integrated HI linewidths
from Springob et al. (2005, 2007) to find a steeper RV slope of
1.518 ± 0.065 and an observed scatter of 0.152 dex. While our
scatters agree within the error, the slopes for our respective RV
relations differ significantly. While integrated HI linewidths are
often shown to reproduce various well-defined spatially-resolved
rotational velocities (Courteau 1997), an exhaustive study should be
conducted to characterize the spatial coverage of the HI linewidths
used by Hall et al. (2012). The latter is beyond the scope of this
paper.

Different velocity measurements can definitely result in dif-
ferent slopes for our respective R – V relation. Other sources of
uncertainties include distance measurements.

2.4.3 Stellar Tully – Fisher relation

The combination of our photometry (A21) and RC analysis yields
a stellar Tully-Fisher (STFR), or M∗–V relation, which informs us
about the cross-talk between the stellar and dark matter in MaNGA
galaxies (Dutton et al. 2010; Hall et al. 2012; Ouellette et al. 2017;
Stone et al. 2021b;Aquino-Ortíz et al. 2020). The STFR forMaNGA
LTGs, measured at R23.5, shown in the top-left panel of Fig. 6, is
described by log(𝑀∗,23.5/M�) = (3.59±0.04) log(𝑉23.5/km s−1)+

(2.21 ± 0.08) with an observed scatter of 0.24 ± 0.01 dex. This
ODR fit slope agrees with theoretical derivations of 𝛼 ∼ 3 − 4
(Courteau 1997). Moreover, of the three VRM scaling relations
studied here, the STFR is the tightest with a small orthogonal scatter
(𝜎⊥ = 𝜎obs/(1 + 𝑚2)0.5), as shown in Table 1. The study of 1152
PROBES galaxies by Stone et al. (2021b) yielded a STFR slope
of 3.9970.1440.039 and an observed scatter of 0.248

0.009
0.007 dex. Similarly,

Ouellette et al. (2017) found a STFR slope of 3.99±0.18 for SHIVir
galaxies. These two STFRs are actually steeper than the one found
here for MaNGA galaxies. This discrepancy can be explained by the
sample differences; SHIVir and PROBES sample consists of more
dwarf galaxies thanMaNGA.As is seen in theBaryonic Tully-Fisher
relation, dwarfs have a different stellar TFR slope until corrected
for gas mass.

Brownson et al. (2022) also studied the correlation between
dynamical tracers and star formation quenching in galaxies with
MaNGA galaxies. Their modelling of stellar velocities used a for-
malism similar to ours with Eq. 1, Brownson et al. (2022) yiedling
a STFR slope of 3.62±0.13. The stellar velocity used by Brownson
et al. (2022) would further suffer from asymmetric drift and would
also be a source of differences between our respective STFR. The
latter is certainly a closer match to our H𝛼 velocity-based STFR
slope than those measured by Ouellette et al. (2017) or Stone et al.
(2021b). However, the scatters differ, 0.24 dex in this study versus
0.09 dex in Brownson et al. (2022), as a result of the definition
of scatter interquartile range versus root mean square error. The
zero-points also differ by ∼0.2 dex, due to the different stellar mea-
surements and various assumptions such as the choice of IMFs and
the location of stellar mass measurements.

2.5 Selection Functions

A discussion about the selection functions of the observed and
simulated galaxy sample is warranted. For the sake of uniformity
within our data-model comparison, we down-sample the complete
observed MaNGA sample to a morphologically-limited massive
LTG sample (Domínguez Sánchez et al. 2018). While the conclu-
sions of the comparison presented in this paper remain valid, they
are only limited to the structure of massive disk systems. Our aim
is not to achieve a volume-complete or bias-corrected observed
sample for comparison with simulations but rather to examine the
ability of current simulations to reproduce various observed prop-
erties and scaling relations for a segment of the galaxy population.
Similar data-model comparisons have indeed already served as a
guide for cosmological simulations (Starkenburg et al. 2019; Nanni
et al. 2022; Cannarozzo et al. 2022; Frankel et al. 2022; Goddy et al.
2023).
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Figure 7. Stellar mass surface density profiles for NIHAO-AGN (left panel) and NIHAO-LG (right panel) galaxies. The colour of each line represents the
stellar mass of each galaxy at 𝑧 = 0. The radial axis is normalized by 𝑅200 (= 600𝐻 20 /8𝜋𝐺) . The stellar mass density profiles are calculated for the halo
aligned face-on.
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Figure 8. RCs for NIHAO-AGN (left panel) and NIHAO-LG (right panel) galaxies. The colour of each line represents the stellar mass of each galaxy. The
radial axis is normalized by 𝑅200. RCs are calculated for halos viewed edge-on.

3 NIHAO GALAXY FORMATION SIMULATIONS

Having established a solid baseline of observed disk galaxy scal-
ing relations for MaNGA sample, we are now poised to make
direct comparisons with numerical simulations of galaxy forma-
tion in order to tease out any differences that could either indi-
cate limitations of our theoretical formalism or biases in the way
that structural parameters are being measured. For the sake of
this comparison, we use galaxies from the “Numerical Investiga-
tion of a Hundred Astrophysical Objects" (NIHAO) cosmologi-
cal zoom-in simulations (Wang et al. 2015). The NIHAO simula-
tions were run with a flat ΛCDM cosmology with parameters from
the Planck Satellite Investigation: H0 = 100h km s−1Mpc−1 with
h = 0.671, Ωm = 0.3175, ΩΛ = 0.6824, Ωb = 0.049, 𝜎8 = 0.8344
and n = 0.9624 (Planck Collaboration et al. 2014). The hydrody-
namics used an updated N-body SPH solver GASOLINE (Wadsley et al.
2017). All NIHAO galaxies were allowed to form stars following the
Kennicutt-Schmidt law (Kennicutt 1998) with suitable density and
temperature thresholds, T < 15000K and nth > 10.3 cm−3. Energy

is re-injected back into the interstellar medium (ISM) from stars
through blast wave supernova feedback. Massive stars also ionize
the ISM before their supernova explosion referred to as “early stellar
feedback" (Stinson et al. 2006; Wang et al. 2015). The “early stellar
feedback" (ESF) mode allows 13% of the total stellar flux to be
injected into the ISM. This differs from the original prescription of
Stinson et al. (2013) to account for increased mixing and conform to
the abundance matching presented in Behroozi et al. (2013). For the
supernova feedback, massive stars with 8M� < Mstar < 40M� in-
ject energy and metals into the the ISM. The energy is injected into
high density gas and is radiated away due to efficient cooling. For
gas particles inside the blast radius, cooling is delayed by 30𝑀𝑦𝑟

(Stinson et al. 2013).
Supermassive black holes (SMBH) and their associated feed-

back are also included in the latest version of the NIHAO sim-
ulation (Blank et al. 2019). All NIHAO galaxies with halo mass
𝑀200 > 5×1010M� were seeded with a SMBHwith mass 105M� .
SMBH accretion in NIHAO galaxies follows the Bondi-Hoyle-
Lyttleton parametrization (Bondi 1952) where the accretion is lim-
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ited by the Eddington rate. The feedback from SMBH is a result
of the accretion where 15 per cent of the generated luminosity is
deposited into the nearby gas thermal energy. Simulated NIHAO
galaxies have been shown to match various observed galaxy prop-
erties and scaling relations (Macciò et al. 2016; Obreja et al. 2016;
Buck et al. 2017; Dutton et al. 2017). However, our detailed anal-
ysis below will shed some contrasting light on these assertions.
Some genuine challenges, such as matching the galaxy population
diversity, do indeed exist (Frosst et al. 2022).

For the present analysis, we use all NIHAO galaxies with AGN
feedback, which are centrals, and that have log(𝑀∗/M�) > 8.5.
The latter stellar mass restriction is made to match the MaNGA
stellar mass distribution. Out of the 91 galaxies from the NIHAO
project, 45 NIHAO objects satisfy the stellar mass criteria. All
NIHAO-AGN galaxies were simulated with a dark matter particle
mass 1.38 × 107M� with a softening length of 1.86 kpc and gas
softening of 782 pc. To further increase the size of our simulated
sample, we use massive galaxies from the NIHAO-LG simulations
performed with the same hydrodynamics (no AGN feedback) but
constrained to reproduce the Local Group environment (Arora et al.
2022). For the NIHAO-LG simulations, we also utilize all galaxies
with log(𝑀∗/M�) > 8.5. NIHAO-LGgalaxies were runwith a dark
matter particle mass of 1.62 × 106M� with a softening length of
860.3 pc and a gas softening length of 487 pc. Figs. 7 and 8 show the
individual stellar mass surface density profile and rotation curves for
NIHAO-AGN and NIHAO-LG galaxies. Both NIHAO simulations
span a large range of stellar mass surface densities and velocities,
similar to the MaNGA observations.

4 ONE-DIMENSIONAL COMPARISONS

With our observed and simulated galaxy samples in place, we
can now perform a multi-dimensional comparison. The simplest
data-model comparisons use one dimensional probability density
functions (PDF). In general, the comparison of data-model PDFs
highlights clear areas of agreement/disagreement between galaxy
simulations and observations. Fig. 9 presents such a comparison for
eight galaxy properties extracted for MaNGA and NIHAO galaxies
measured at a radius corresponding to Σ∗ = 10M� pc−2. Qualita-
tively, certain differences between the MaNGA and NIHAO galaxy
properties stand out, with the largest differences being found for𝑀∗,
Σ1, 𝑓g (≡ 𝑀g/𝑀∗), and star formation rate. For instance, the NI-
HAO sample has smaller values of 𝑀∗, Σ1 and SFR than MaNGA
observations. NIHAO zoom-in simulations were designed with a
roughly uniform stellar mass distribution, which explains the dis-
crepancies for the PDFs in 𝑀∗. On the other hand the gas fractions,
𝑓g, in NIHAO have values higher relative to observed galaxies.
For a quantitative comparison, we perform a Kol-

mogorov–Smirnov (KS) test on the simulated and observed dis-
tributions of galaxy properties. The text inset in each panel of Fig. 9
shows the p-value for the KS test applied to the MaNGA and NI-
HAO samples. Generally, a value of 𝑝KS < 0.05 is indicative of two
samples being drawn from statistically different samples. This is in-
deed what we find for all eight galaxy properties shown in Fig. 9.
However, the disagreement between observations and simulations is
largely due to the incompleteness of our samples. The NIHAO and
MaNGA galaxy samples were designed to have a roughly uniform
stellar mass distribution with a non-trivial selection function; both
samples are also statistically incomplete in different ways. While
volume corrected statistics exist for the MaNGA sample (Wake
et al. 2017), these are not applied here. Furthermore, most zoom-in

simulations involves non-trivial, complex stellar mass distribution
functions and large scale observations are often volume incomplete.
Therefore, caution is advised in the calculation and interpretation
of such comparisons.

5 GALAXY SCALING RELATIONS

The next level of complexity in data-model comparisons is to use
galaxy scaling relations. Our approach is to construct multiple
galaxy scaling relations to build a more complete picture. This can
capture the multi-faceted nature of galaxy formation and avenues of
progress for hydrodynamical simulations. Typically, structural pa-
rameters would be measured at a light-based radius such as R23.5,𝑧 ,
however isophotal levels are challenging to evaluate for numerical
simulations. To uniformly compare simulated and observed galax-
ies, we measure all structural properties at a physically-motivated
radius defined by a stellar mass surface density. Through the DESI
photometry of MaNGA galaxies, we find that R23.5,𝑧 corresponds
to a median Σ∗ ∼ 13M� pc−2 with 16-84 per cent quartile range of
9.5-16.7M� pc−2. Therefore, tomatch closelywith previous studies
based on R23.5,𝑧 , we measure all properties at the Σ∗ = 10M� pc−2
radius.

5.1 Qualitative Comparisons

Fig. 10 presents a qualitative comparison of various structural scal-
ing relations between MaNGA and NIHAO. The corresponding fit-
ting parameters are reported in Table 2 below. The top row of Fig. 10
shows the structural VRM∗ scaling relations; size-stellar mass, size-
velocity, and STFR. Overall, the simulated NIHAO galaxies follow
similar relations as the observed galaxies, as the pink stars scatter
more or less evenly about the best fit cyan line, but some differences
exist. Most conspicuously, it is seen that simulated disk galaxies,
with large sizes, high stellar masses and circular velocities, are
underrepresented. The under-representation of such galaxies is pri-
marily due to NIHAO’s selection function.

For the parameter spaces where NIHAO and MaNGA galaxies
overlap, both 𝑅 − 𝑀∗ and 𝑅 − 𝑉 relations are in broad agreement
between simulations and observations. With respect to the STFR,
BTFR, 𝑀∗ − 𝑀dyn, and 𝑅 − 𝑀dyn, all NIHAO galaxies scatter
within observed 1𝜎 region. The comparison of scaling relations
involving Σ1 also shows that NIHAO galaxies with high stellar mass
(𝑀∗ & 1010) have higher central stellar densities than observed. All
massive NIHAO galaxies consistently lie at or above the upper 1𝜎
observed line. These high central stellar densities for massive spiral
galaxies are indicative of the weaker baryonic feedback which fails
to remove material to prevent over-cooling (see also McCarthy et al.
2012). At the lowmass end, simulatedNIHAOgalaxies have slightly
lower Σ1 than the observed MaNGA sample (see Panels d, e, g, and
i of Fig. 10). For low mass galaxies, the strong stellar feedback
removes baryons perhaps too efficiently from the central parts to
depress Σ1 relative to observations. The strong stellar feedback in
NIHAO also leads to an overall expansion of the halo (Dutton et al.
2016) causing slightly larger sizes compared to MaNGA systems
for low mass systems.

Finally, the bottom panel of Fig. 10 shows comparison of scal-
ing relations for gas masses (Panel j) and star formation rates (SFRs;
Panel l). Gas masses and SFRs were taken from the Pipe3D out-
puts for the MaNGA IFU data (Sánchez et al. 2016). The observed
gas masses are estimated from the dust attenuation while taking
the oxygen abundance into account, while SFRs are derived from
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Figure 9. Comparison of the probability density function for eight galaxy properties between MaNGA observations (cyan line) and NIHAO simulations
(pink line). The text inset on each panel gives the p-value for the KS test applied to the MaNGA and NIHAO samples. All properties for both observed and
simulated galaxies were calculated at a radius corresponding to a stellar surface density of 10M� pc−2 (with the exception of the gas mass, used for log( 𝑓g)
and log(𝑀bar/M�) , and SFR obtained by Pipe3D).

Pipe3D’s simple stellar population (SSP) template fitting for the last
100 Myr. 2 For simulated NIHAO galaxies, gas mass estimates cor-
respond to the total mass of gas particles within a radius where the
stellar surface density is 10M� pc−2. SFR estimates are an average
SFR within the last 100 Myr. We note that the gas mass estimates
between simulations and observations are not uniformly assessed,
since Pipe3D uses MaNGA data that are limited to the extent of the
IFU (1.5/2.5 R𝑒). Furthermore, the Pipe3D outputs do not provide
errors for the gas mass and SFR estimates, and therefore intrinsic
scatter for scaling relations involving these properties cannot be
robustly calculated.

Panel j) in Fig. 10 shows the fraction of gas ( 𝑓𝑔 ≡ 𝑀𝑔/𝑀∗)
as a function of stellar mass for the MaNGA and NIHAO galaxies.
As expected, low stellar mass galaxies have a larger fraction of gas
relative to high stellar mass galaxies (Catinella et al. 2010; Cortese
et al. 2011; Huang et al. 2012). In general, and especially for the
lower mass systems, the NIHAO simulated galaxies retain more
gas than observed MaNGA distributions; the opposite is true at
higher masses. As stated above, the low and intermediate stellar
mass NIHAO galaxies show signatures of excess cooling (Arora
et al. 2022). However, the excess gas could also be a result of the
mis-match between the observed and simulated gas measurements.
A few massive NIHAO galaxies have reduced gas content, however
consistent with MaNGA observations.

Panel k) of Fig. 10 shows the baryonic Tully-Fisher relation
(BTFR) for MaNGA and NIHAO galaxies. Unlike the STFR, which
showed a great simulation-observation match (Panel c), the simu-

2 For a subset of MaNGA galaxies, neutral hydrogen gas measurements
were made through the ALFALFA survey (Haynes et al. 2018) and the
Robert C. Bryd Green Bank Telescope. Details of the MaNGA-HI catalogue
are found in Masters et al. (2019) and Stark et al. (2021).

lated galaxies rotate too slow for a given baryonic mass. This is a
systematic trend at most masses, but especially at the low mass end,
possibly as a result of over-cooling. The significant discrepancy at
the low-mass end of the BTFR has also been observed in other
simulation-observation comparisons (Brook et al. 2012; McQuinn
et al. 2022).

Finally, panel l) features the SFR−𝑀∗ relation for MaNGA
and NIHAO. Along with the star formation main sequence (SFMS;
Whitaker et al. 2012; Cano-Díaz et al. 2016; Hall et al. 2018), some
of the MaNGA LTGs are also found in the “green valley” (Salim
2014). As with many other scaling relations presented here, NI-
HAO galaxies lie on the distribution of observed MaNGA galaxies.
However, for a given mass, some NIHAO galaxies have much lower
SFRs than observed. Again, this is likely cause by the strong stellar
feedback within NIHAO galaxies, leading to lower SFRs than ob-
servations. Massive NIHAO galaxies with high star formation rates
are also missing.

Qualitatively, NIHAO galaxies reproduce the broad observed
MaNGA spiral galaxy properties. However, some discrepancies re-
main. In the next section, we quantify our model-observation com-
parisons by measuring ODR slopes and intrinsic scatters for the 12
scaling relations presented in Fig. 10.

5.2 Quantitative Comparisons

With the observed MaNGA sample being two orders of magnitude
larger than the simulated NIHAO sample, a fair quantitative com-
parison of the respective scaling relations requires similar numbers
of observed and simulated galaxies. The selection of the MaNGA
galaxies is performed randomly to match the size of the smaller
NIHAO samples while keeping the NIHAO stellar mass distribu-
tion. Specific scaling relation fits are then carried out. The random
selection of MaNGA sub-samples and measurements of the scal-
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Figure 10. Comparison of 12 scaling relations between MaNGA and simulated NIHAO galaxies. The density contours match the underlying MaNGA
observations; the cyan solid and dotted lines present the ODR best fit and scatter respectively. The pink stars represent the simulated NIHAO galaxies. All
properties for both observed and simulated galaxies are calculated at a radius which corresponds to a stellar surface density of 10M� pc−2 (with the exception
of the gas mass (Panel j) and SFR (Panel l) which are obtained using Pipe3D). The inset label identifies the scaling relation.
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Figure 11. Comparison of the slopes and orthogonal scatters for the MaNGA and NIHAO scaling relations presented in Fig. 10. The top panel shows the slopes,
𝛼, of the scaling relations, while the bottom panel gives the orthogonal scatters, 𝜎⊥. All properties for both observed and simulated galaxies are calculated at
a radius which corresponds to a stellar surface density of 10M� pc−2 (with the exception of the gas mass and SFR which are obtained using Pipe3D). The pink
and teal dots represent simulated NIHAO and observed fits, respectively. The x-axis shows each scaling relation. The black dashed line in the bottom panel
shows scaling relations based on galaxy properties from Pipe3D.

ing relation fits were carried out 500 times; the slope and scatter
and their corresponding errors were calculated as the median and
standard deviations of the distribution. It is noted that the fit param-
eters (slope, zero-point, and scatter) for the NIHAO-sized MaNGA
sub-samples differ only marginally (< 1𝜎) from the fit parameters
based on the complete sample. These results are presented in Fig. 11.
However, the dearth of data points in the both the observed and sim-
ulated samples thwarts the assessment of robust Bayesian intrinsic
scatters for our scaling relation comparisons. For observed galaxy
scaling relations, the Bayesian intrinsic scatters were calculated and
presented in Table 2.

The results presented in Fig. 11 show decent agreement for
slopes and scatter of scaling relations, though differences exist.
Agreements are found for the derived slopes of various scaling re-
lations, including the 𝑅 − 𝑀∗, Σ1 − 𝑀∗, 𝑀∗ − 𝑀dyn, and 𝑓g − 𝑀∗
relations. Stellar mass is a common denominator in these scaling re-
lations. Conversely, disagreements between observed and simulated
slopes exist for relations involving velocity estimates (specifically
STFR, Σ1 − 𝑉 , and BTFR). Disagreements for scaling relations
involving velocity metrics are also reflective of the simulations in-
abililty to reproduce the diversity of observed RCs and central stel-
lar densities (Oman et al. 2015; Frosst et al. 2022). Indeed, NIHAO
galaxies show excess halo expansion due to over-efficient stellar
feedback which results in lower central densities and different RC
slopes than observations (Dutton et al. 2017; Frosst et al. 2022). For
STFR and BTFR, NIHAO galaxies agree with theoretical scaling
relation slope expectations (Courteau et al. 2007) but a 1𝜎 disagree-
ment with observations exists. NIHAO galaxies have been shown to
qualitatively reproduce observed slopes for the BTFR (Dutton et al.
2017; McQuinn et al. 2022); albeit with fewer galaxies.

Along with the slope of scaling relations, the scatter informs us

about the cosmic variations within galaxy formation and evolution
processes. The bottom panel of Fig. 11 shows the observational and
simulated orthogonal scatters for the MaNGA sample. All galaxy
structural scaling relations presented in Fig. 11 show reasonable
agreement between simulations and observations. Roughly, 1𝜎 dis-
agreements exist for STF, BTF, and SFMS relations. A source of
discrepancies betweenMaNGAandNIHAO, and specifically for the
SFMS, owes to the differences in measured or inferred SFRs. While
both simulations and observations infer SFRs over the last 100Myr,
SFR values retrieved from Pipe3D (Sánchez et al. 2018) are mea-
sured within 1.5𝑅e (the extent of the MaNGA IFU) while NIHAO
properties are measured within a spatial location corresponding
to 10M� pc−2. Measurement differences also exist for the BTFR
which involves gas masses (retrieved from Pipe3D); however, as
gas contributions to the mass budget for massive LTGs are rela-
tively small ( 𝑓g ∼ 10%), the slope and scatter disagreements for our
data-model comparison remain small.

In conclusion, while NIHAO structural scaling relations agree
reasonably well with MaNGA observations, some differences are
observed. The latter can be attributed to the lack of RC diversity
(Santos-Santos et al. 2018; Frosst et al. 2022) and lower central
stellar densities as a result of the strong feedback prescriptions
in NIHAO. However, some of the differences (specifically scaling
relations involving gas masses and SFR) stem from different mea-
surement techniques. This is evidenced by the large scatters of the
𝑓g − 𝑀∗ and SFMS relations.
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Sample MaNGA NIHAO

Scaling Relation 𝑦 𝑥 𝛼 𝜎obs 𝜎𝑖,⊥ 𝛼 𝜎𝑖 𝜎𝑖,⊥
(1) (2) (3) (4) (5) (6) (7) (8) (9)

Project size-stellar mass log𝑅 log𝑀∗ 0.37±0.01 0.09±0.01 0.07±0.01 0.35±0.01 0.08±0.01 0.08±0.01
Project size-velocity log𝑅 log𝑉 1.33±0.02 0.14±0.01 0.09±0.01 0.99±0.05 0.08±0.01 0.06±0.01
Stellar Tully-Fisher log𝑀∗ log𝑉 3.59±0.04 0.24±0.01 0.08±0.01 2.84±0.15 0.15±0.03 0.05±0.01
Σ1-stellar mass logΣ1 log𝑀∗ 0.93±0.01 0.24±0.01 0.17±0.01 0.83±0.08 0.29±0.05 0.22±0.04
Σ1-velocity logΣ1 log𝑉 3.59±0.05 0.34±0.01 0.11±0.01 2.62±0.32 0.34±0.06 0.12±0.04
Stellar mass-halo mass log𝑀∗ log𝑀dyn 1.05±0.01 0.16±0.01 0.13±0.01 0.94±0.05 0.16±0.02 0.12±0.02
Σ1-size logΣ1 log𝑅 0.33±0.01 0.16±0.01 0.15±0.01 0.36±0.06 0.18±0.04 0.17±0.04
Size-halo mass log𝑅 log𝑀dyn 0.38±0.01 0.10±0.01 0.09±0.01 0.33±0.01 0.05±0.01 0.05±0.01
Σ1-halo mass logΣ1 log𝑀dyn 0.97±0.02 0.32±0.01 0.24±0.01 0.75±0.12 0.42±0.06 0.34±0.05
Gas mass-stellar mass∗ log 𝑓𝑔 log𝑀∗ -0.65±0.03 0.39±0.01 – -0.37±0.14 0.42±0.11 0.39±0.13
Baryonic Tully Fisher∗ log𝑀bar log𝑉 3.32±0.04 0.24±0.01 – 2.65±0.08 0.13±0.02 0.05±0.01
Star formation main sequence∗ log 𝑆𝐹𝑅 log𝑀∗ 0.72±0.02 0.41±0.02 – 0.26±0.22 0.68±0.14 0.66±0.14

Table 2. ODR linear fits for various scaling relations using MaNGA and NIHAO galaxies evaluated at the radius corresponding to a stellar surface density of
10M� pc−2. Column (1) shows the scaling relation, and columns (2-3) give the variables for the corresponding relation. Columns (4-6) show the slope (𝛼),
observed scatter (𝜎obs), and orthogonal Bayesian intrinsic scatter (𝜎𝑖,⊥ = 𝜎𝑖/

√
1 + 𝛼2) of each scaling relation for the observed MaNGA sample. Likewise,

columns (7-9) give the slope, scatter (𝜎𝑖) and orthogonal scatter (𝜎𝑖,⊥) for the NIHAO galaxies. The errors in each fit parameters are calculated using 1000
bootstrap runs. The “ – ” indicate the scaling relations for which Bayesian intrinsic scatter could not be calculated.

6 SPATIALLY-RESOLVED PROPERTIES

We now take advantage of our spatially-resolved data to address
the notion of spatially-resolved scaling relations in the fundamental
VRM∗ parameter space. Once again galaxy scaling relations, along
with the observational errors, reflect fluctuations in the different
processes that contribute to the distribution of galaxy properties in
the Universe.

To infer the VRM∗ properties, the rotation curves and stellar
mass profiles were interpolated (or in some cases extrapolated) at
radii based on stellar mass surface density. If a certain stellar mass
density does not exist, the object is discarded; i.e. no extrapolation
is performed. The process is applied consistently between MaNGA
and NIHAO objects. Ideally, the proper analysis of spatially re-
solved galaxy scaling relations should involve a Bayesian intrinsic
fit parameter to analyse the amplitude of such a slope/scatter curve
as a function of radius. For the computation of Bayesian intrinsic fit
parameters, the variation of each galaxy structural property and its
associated error with galactocentric radius must be known (Stone &
Courteau 2019; Stone et al. 2021b). Major sources of error on most
structural parameters, and their corresponding scaling relations, in-
clude mass-to-light ratios, distance, and intrinsic disk thickness.
Some of these vary with radius (e.g., M*/L, disk thickness), others
not (distance). However, in all cases, we assume the error profile to
be constant with galactocentric radius. As a result, the presentation
of such spatially resolved parameter would only alter the amplitude
of the function and not the shape (which is of interest here).

6.1 Slopes

Fig. 12 shows the spatially-resolved slopes for the VRM∗ as a func-
tion of stellar mass surface density for the MaNGA and NIHAO
galaxies. As expected, all three scaling relations for MaNGA and
NIHAO galaxies show significant local (spatially-resolved) varia-
tions in galaxies. The slope of the 𝑅 − 𝑀∗ relation varies from
0.411 ± 0.003 in the inner parts to the 0.544 ± 0.017 in the out-
skirts. However, at Σ∗ ∼ 6M� pc−2 the slope of ∼ 0.36 is closer to
theoretical expectations, 𝑅 ∝ 𝑀∼1/3 (Courteau et al. 2007). In the
outskirts of MaNGA galaxies (Σ∗ < 2M� pc−2), the slope of the
𝑅−𝑀∗ relation is less stable with fewer extended galaxies and larger
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Figure 12. Variation of observed and simulated VRM∗ slopes as a function
of radius scaled using stellar mass surface density. The solid and dashed-
dotted lines represent the MaNGA observations and NIHAO simulations
respectively. The green vertical line and shaded regions correspond to an
isophotal level of 23.5mag arcsec−2 in the z-band for the MaNGA sample.
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size errors. On the other hand, NIHAO simulations have the oppo-
site trends for the spatially-resolved slopes for the 𝑅 − 𝑀∗. While
agreement is found for Σ∗ & 2M� pc−2 for simulations and obser-
vations, differences are found at low stellar mass surface densities
where scatter in our size metric is high.

The slope of the 𝑅 − 𝑉 relation shows great variation, mono-
tonically increasing from 𝛼obs ∼ 0.7 in the inner parts of galaxies to
𝛼obs ∼ 2.4 in the outskirts. The 𝑅 −𝑉 relation has a constant slope
of ∼ 1.2 in regions corresponding to Σ∗ ∼ 2 − 10M� pc−2 which
represents the plateau in galaxy RCs. In very low stellar surface
density regimes, the 𝑅 −𝑉 slope increases greatly and shows larger
errors. This once again corresponds to the large diversity in low
stellar mass surface densities in the outer regions of galaxies due
to sporadic star formation. The NIHAO simulated galaxies show a
roughly constant slope for the 𝑅 −𝑉 relation as a function of stellar
mass surface density. While in tension with the observations, the
constant slope for the NIHAO 𝑅−𝑉 relation agrees with theoretical
expectations, 𝑅 ∝ 𝑉∼1.1 (Courteau et al. 2007).

Finally for the STFR, the observed slopes increase with radius
to reach an agreement with the theoretical expectations of 𝛼 ∼ 3−4
for values of Σ∗ ∼ 10M� pc−2 or less. Beyond this characteris-
tic stellar surface density, the observed STFR slope remains con-
stant. This is explained by a combination of the cumulative stellar
mass profile and RC flattening leading to a constant contribution of
baryons. NIHAO simulations show slightly increasing slopes for the
STFR up to a threshold surface density of Σ∗ ∼ 2M� pc−2, beyond
which the slope sharply rises. Such behaviour is indicative of rising
RC and/or stellar mass profiles (Figs. 7 and 8) for NIHAO galaxies
(also Frosst et al. 2022).

In conclusion, similar to the spatially-resolved scatters, the
range of VRM∗ slopes changes greatly with the adopted size met-
rics (calculated here using stellar mass surface density). The simu-
lated NIHAO galaxies result in smaller VRM∗ slopes than inferred
observationally; the disagreement is at the 2−𝜎 level and so repre-
sents only weak tension. Similar to the scatter, the spatially-resolved
slopes of scaling relations as a function radius can effectively con-
strain realistic numerical models of galaxies.

6.2 Scatters

The variation of scatter as a function of spatial position within
galaxies traces the degree to which the universe creates a uniform
(or variable) set of mass (baryon and dark matter) distributions.
The variation of scatter as a function of spatial positions within
galaxies is a powerful tool to connect astrophysics at the different
scales of galaxy formation. To understand the variation of the scatter
for a scaling relation, we study the variation of the “normalized
scatter” (𝜎⊥/𝜎‖) as a function of a physically-motivated size metric
(measured here using projected stellar mass surface densities). If a
scaling relation is constructed using galaxy properties 𝑋 and 𝑌

with a slope, 𝛼, and observed scatter, 𝜎obs, then the orthogonal
scatter, 𝜎⊥ = 𝜎obs/

√
1 + 𝛼2, informs us about the scatter normal

to that scaling relation. The choice of orthogonal scatter enables
a uniform comparison of spatially-resolved scatters while taking
into account the variations in the slope as well. 𝜎‖ represents the
scatter parallel to a scaling relation; in other words, it corresponds
to the dynamical range of a scaling relation in a two-dimensional
space. Mathematically, the parallel scatter is the standard deviation
calculated as:

𝜎‖ = 𝑠𝑡𝑑

[
−𝑋

√
𝛼2 + 1

+ −𝛼𝑌
√
𝛼2 + 1

]
. (10)

The ratio, 𝜎⊥/𝜎‖ , is therefore, able to represent how informative
a scaling relation is. Since for the same orthogonal scatter, if a
relation was spread over a greater dynamic range (𝜎‖) then there is
more meaningful diversity in that population. This can be seen by
considering the opposite limit of 𝜎⊥ = 𝜎‖ in which the data is an
uninformative circle.

Fig. 13 shows variations of the scatter metric as a function
of stellar mass surface density for the VRM∗ scaling relations for
MaNGA and NIHAO galaxies. The green vertical line represents
the normalized and orthogonal scatter calculated for a stellar surface
density range of 9.5−16.7M� pc−2, which itself corresponds to an
isophotal level of approximately 23.5mag arcsec−2 in the z-band for
MaNGA LTGs. Independent of the scatter metric, the VRM∗ scal-
ing relations show a significant variation of ∼0.2 dex for different
sub-galactic regions within the MaNGA sample. Thus, regardless
of the size metric, the scatter variations of VRM∗ scaling relations
can inform us about the radial dependence of processes control-
ling the evolution of galaxy structures. Analysing spatially-resolved
scatter for scaling relations (e.g., for the radial acceleration relation
(Lelli et al. 2017) and the SFMS (?Cano-Díaz et al. 2016; González
Delgado et al. 2016; Wang et al. 2017; Hall et al. 2018; Ellison
et al. 2018)) provides a more complete understanding of the physics
shaping galaxy properties in the Universe. As with the spatially re-
solved SFMS, this spatially resolved scatter can allow us to connect
the physics on the local scale to the global astrophysics.

The top panel in the left-hand column of Fig. 13 shows varia-
tions of the scatter metrics for the observedMaNGA size-mass rela-
tion. The dashed vertical black line represents the density where the
lowest normalized scatter is recorded. The minimized normalized
scatter shows the region where a particular scaling relation provides
the most information; this is a region where the dynamic range (𝜎‖)
is maximized and the orthogonal scatter (𝜎⊥) is minimized. For
the 𝑅 − 𝑀∗ relation, the minimum normalized scatter is found at
Σ∗ ∼ 444M� pc−2 or 19.6 ± 0.3mag arcsec−2 in the z-band. The
minimum density and SB level are found in the inner parts of the
LTGs where the bulge component dominates the light and mass
budget. From this analysis, it is evident that the stellar contents
of galaxy bulges are quite uniform while disk components show
greater diversity. The orthogonal scatter (dashed-dotted line) for
the 𝑅 −𝑀∗ relation decreases with increasing stellar surface densi-
ties. The larger stellar surface densities probe inner/bulge dominated
regions within LTGs; these regions behave similarly to the tighter
(smaller scatter) size-mass projections for ETGs (Lange et al. 2015;
Trujillo et al. 2020; Arora et al. 2021). The smaller scatter is the
result of bulge growth via repeated wet/dry mergers (Shen et al.
2003; Huertas-Company et al. 2013).

The correlation between galaxy sizes and velocity informs
us about the growth of angular momentum in galaxies, via the
connection between luminous and dark content in galaxies. The
lowest normalized scatter in the 𝑅 − 𝑉 relation is found at
Σ∗ ∼ 196M� pc−2. This corresponds to a z-band isophotal level
of 20.4 ± 0.04mag arcsec−2, which is typically found in the inner
parts of LTGs. The larger normalized scatter for higher stellar sur-
face densities results from the wide variations in the rising parts of
LTG RCs (Oman et al. 2015, 2019; Frosst et al. 2022).

We contrast the diversity of inner RCs with the larger inner
scatter of the size-velocity and stellar TFR. The larger diversity of
the low stellar surface density (Σ∗ < 196M� pc−2) is the result of a
broader distribution of galaxy sizes. The quartile range of isophotal
radius increases as lower stellar surface density are examined. This
behaviour is similar to the 𝑅−𝑀∗ relation where larger normalized
scatters are obtained in the disk-dominated regions of LTGs. The
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Figure 13. Variation of the scatter as a function of stellar surface density for the VRM∗ scaling relations. (Left) Showing observational MaNGA data. (Right)
Showing the simulated NIHAO data. The dashed-dotted and solid lines represent the orthogonal scatter (𝜎⊥)and the normalized scatter (𝜎⊥/𝜎‖ ), respectively.
The shaded regions show the error calculated for the scatter using 1000 bootstrap runs. For clarity, the shaded region represents twice the error. For the left
column (all three windows), the dashed black vertical line shows the isophotal radius where 𝜎⊥/𝜎‖ is minimized. The green vertical line and shaded regions
correspond to an isophotal level of 23.5mag arcsec−2 in the z-band for the MaNGA sample. The x-axis baseline is the same in all windows to facilitate a direct
comparison.

larger scatters on both sides of the minimum density are indeed a
result of the parameter diversities for LTGs. In the inner parts of
galaxies, velocity metrics show significant diversity (Oman et al.
2015, 2019; Frosst et al. 2022), while physically-motivated galaxy
sizes (corresponding to stellar mass surface densities) show larger
diversities in the galaxies outskirts. Such diversity in physically-
motivated galaxy sizes are a result sporadic star formation in the
outer regions of galaxies (Rodríguez-Baras et al. 2018).

The combination of 𝑅 − 𝑀∗ and 𝑅 − 𝑉 relations also yields
the STFR which directly relates the luminous and dark matter
content in galaxies. The minimum scatter of the STFR is found
at Σ∗ ∼ 17M� pc−2, which corresponds to an isophotal level of
23.2±0.7mag arcsec−2 (in the 𝑧-band). This result agreeswith other
findings that the Tully-Fisher relation has its scatter minimized at an
isophotal size of 23.5mag arcsec−2 (in the 𝑖-band) (Giovanelli et al.
1994; Courteau 1996; Hall et al. 2012). Slight differences between
specific isophotal levels emerge from our measure of scatter based
on normalized scatter. The larger scatters for (Σ∗ > 17M� pc−2)
are due to the inner shapes of the stellar mass and velocity profiles.
The larger diversity in the shapes of the stellar mass and velocity
profiles leads to a large inner normalized and orthogonal scatter.
The smaller, near constant, normalized and orthogonal scatter are a

result of the flat nature of stellar mass profiles and rotation curves
in the outer/disk dominated regions of the MaNGA galaxies.

The study of spatially-resolved scatters (normalized and or-
thogonal) has shown that the inner scatters of the combined VRM∗
scaling relations are dominated by the great diversity of galaxy
RCs; only reflected in the scaling relation involving a velocity met-
ric. Conversely, scaling relations built on parameters measured in
the galaxy’s outskirts are controlled by the non-uniformity in stellar
surface density, likely driven by stochastic star formation and feed-
back. It is evident from the left-hand panel of Fig. 13 that the scatter
varies significantly as a function of radius. Therefore, for a more
complete understanding of the physics of galaxy scaling relations,
we caution against the use of scatter based on a single radial metric.
Given the availability of IFU surveys, such as MaNGA(Bundy et al.
2015; Wake et al. 2017), CALIFA (Walcher et al. 2014), and SAMI
(Allen et al. 2015); and deep imaging such as provided by DESI
(Dey et al. 2019) and LSST (Ivezić et al. 2019); spatially-resolved
scaling relations must be investigated in order to achieve a thorough
understanding of structure evolution on local and global scales.

We note that the interpretation of the spatially-resolved scatter
for VRM∗ scaling relations in NIHAO simulations depends greatly
on sample definition and the size metric. For example, the trends
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in Fig. 13 can differ for dwarf only samples and if size defini-
tions are based on fractions of total light (see A21 for more de-
tails). However, with MaNGA’s target selection being restricted to
log(𝑀∗/M�) > 8.5, our conclusions applymostly tomassiveLTGs.

The right-hand column in Fig. 13 shows spatially-resolved scat-
ters for the VRM∗ scaling relations using the NIHAO simulations.
Given the (small) central densities observed in Fig. 7 for NIHAO
galaxies, we cannot achieve the large stellar surface densities seen
for MaNGA galaxies in Fig. 13. We can only study resolved scatters
for Σ∗ < 50M� pc−2 using NIHAO galaxies. The x-axis baseline
for the left and right panels in Fig. 13 were made equal to en-
able uniform model-observation comparisons. The lower number
of zoom-in simulations slightly increases the random errors within
our simulated fits for the VRM∗ relations.

Qualitatively, for all the VRM∗ relations, NIHAO andMaNGA
galaxies have similar spatially resolved scatter trends. For exam-
ple, the spatially resolved scatter (orthogonal and normalized) for
NIHAO and observed galaxies increases with decreasing stellar
surface density. Similarly, the STFR normalized spatially resolved
scatters for both MaNGA and NIHAO stay roughly constant for
Σ∗ ≤ 50M� pc−2. The same is broadly true for the 𝑅 −𝑉 relations.

However, though these scatter trends are similar, their absolute
values differ (∼ 0.05 dex) due to the contribution of observed er-
rors in MaNGA galaxies. Furthermore, NIHAO simulations strug-
gle to produce the high stellar surface densities found in the ob-
served MaNGA galaxies. While we have demonstrated the useful-
ness of spatially-resolved scatters, a larger, morphologically-diverse
observed sample would enable a less-biased study.

7 CONCLUSIONS

Wehave presented a dynamical catalogue of galaxyRCs forMaNGA
LTGs, as a complement to the extensive photometric and environ-
mental catalogue of A21. Based on these data and the NIHAO
zoom-in simulations, an extensive comparison between galaxy ob-
servations and simulations of galaxies was established to highlight
similarities and differences.

The MaNGA H𝛼 velocity maps were fitted with an inclined
rotating diskmodel assuming a hyperbolic tangent model for the cir-
cular velocities as a function galactocentric radius. The fitting pro-
cedure allowed us to extract inclination-corrected RCs for MaNGA
galaxies which provided us with accurate dynamical properties. The
tanh velocities fit the MaNGA H𝛼 velocity cubes very well, with
an average error of ∼7 km s−1. However, errors as high as ∼15-
20 km s−1 were recorded due to non-circular flows and PSF effects
in the galaxy’s central parts. While non-circular motions affect our
study only weakly, their investigations would greatly benefit the
comprehensive and rigorous analysis of galaxy velocity fields.

The combination of RCs with robust photometry for the
MaNGA galaxy reveals the full extent of the MaNGA spec-
tral data. With robust photometry based on deep imaging
(`𝑧 ∼26mag arcsec−2), we establish that the primary+ (secondary)
MaNGA samples extend out to 1.4± 0.4 (1.9± 0.4) R𝑒. In general,
our DESI photometry collects 0.3 mag more light than the NSA
SDSS photometry which explains the lesser extent of the MaNGA
velocity fields in units of effective radii. On the other hand, the use
of isophotal radius is independent of total light and provides a more
accurate extent for the MaNGA IFU. In units of R23.5 (𝑧-band),
the primary+ (secondary) MaNGA spectroscopic data extend out to
0.8 ± 0.2 (1.0 ± 0.2).

The ten RCs overlapping the MaNGA and PROBES surveys

(the former using H𝛼 velocity maps, the latter long-slit H𝛼 RCs)
show excellent agreement, with average differences no greater than
∼20 km s−1. MaNGA velocity maps and extracted RCs are indeed
well suited for analyzing the dynamics of a galaxy’s interiors. The
RCs for MaNGA allow for the construction of spatially-resolved
structural scaling relations. ODR fit parameters for the VRM∗ scal-
ing relations (measured at isophotal levels) are provided in Ta-
ble 1 and Fig. 6. The VRM∗ scaling relations from MaNGA agree
well with other similar relations presented in the literature (see
Stone et al. 2021b, for more comparisons), including studies using
MaNGA galaxies.

For uniform comparisons between simulations and observa-
tions, the metric at which structural parameters are measured is no
longer isophotal but rather corresponding to a stellar mass surface
density threshold. A stellar mass density of 10M� pc−2 was chosen
for this comparison as it closely relates to the common isophotal
R23.5. The versatility and richness of the MaNGA data enable com-
parisons of observations and simulations through multiple scaling
relations. Using dynamical information, DESI photometry (A21),
gas and SF properties, we construct 12 galaxy scaling relations to
compare observed MaNGA and simulated NIHAO galaxies. NI-
HAO simulations broadly reproduce the observed LTG populations
(log(𝑀∗/M�) > 8.5) seen in the MaNGA data. Qualitatively, most
NIHAO galaxies lie within the observed 1𝜎 region (see Fig. 10).
Goodmatches are indeed found for the 𝑅−𝑀∗,Σ1−𝑀∗,𝑀∗−𝑀dyn,
and 𝑓g−𝑀∗ relations. The simultaneous comparison using multiple
scaling relations is beneficial in constraining various astrophysical
phenomena (star formations, dynamics, stellar populations, etc.)

However, as a result of their complex selection function, NI-
HAO simulations also lack galaxies with high stellar mass, high
circular velocity, and high star formation rates. The largest discrep-
ancies between NIHAO andMaNGA are found for scaling relations
involving velocity metrics. Both of these are controlled by the feed-
back prescription and halo response to feedback (McCarthy et al.
2012;Dutton et al. 2016). For scaling relations involving gasmasses,
NIHAO galaxies produce a larger gas fraction than observed in low
stellar mass galaxies (∼0.3 dex) due to excess cooling. However,
part of that discrepancy may be due heterogeneous measurements
for gas masses. Any excess gas does not result in high SFR for
NIHAO galaxies; rather, the NIHAO SFMS show broad agreement
with the observed one (see also Blank et al. 2021).

The spatially-resolved scatter for VRM∗ scaling relations for
MaNGA and NIHAO systems is also studied. The scatter of scaling
relations encodes astrophysical processes that cause cosmic vari-
ation in galaxy formation and evolution. We study the variations
of the normalized scatter, which provides information about the
orthogonal dispersion as well as the dynamical range of a scaling
relation, as a function of stellar mass surface densities. In the inner
parts, the larger scatter of the 𝑅 − 𝑉 and STFR are dominated by
the diversity of galaxy RCs (Frosst et al. 2022). Conversely, for the
𝑅−𝑀∗ relation, the normalized scatter in the inner regions remains
low likely due to uniform bulge populations and formation mech-
anisms (Courteau et al. 1996; Kormendy & Kennicutt 2004). The
scatter for the VRM∗ scaling relations at large galactocentric radii is
dominated by the diverse stellar mass surface densities. The effect
of the diverse stellar mass surface density is most evident in the
𝑅 − 𝑀∗ relation where the scatters, both orthogonal and normal-
ized, continue to increase with decreasing stellar surface density.
The larger scatter in stellar mass surface density could result from
sporadic star formation at larger galactic radii due to mergers and
interactions.

We also compare the spatially-resolved scatters of observed
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MaNGA and simulated NIHAO galaxies. For the surface densities
available in NIHAO, the simulated 𝑅 − 𝑀∗ relation is broadly con-
sistent with MaNGA data. Furthermore, both the 𝑅 − 𝑉 and STFR
relations are broadly consistent with a constant scatter as a function
of stellar surface density, albeit for lower surface stellar density.
The spatially-resolved scatters also show that NIHAO fails to pro-
duce the diverse range of observed RCs (Frosst et al. 2022). Most
conspicuously, NIHAO simulations do not produce the high stellar
masses and central densities that are seen in MaNGA data. Other
similar numerical simulations fail in similar fashion (Oman et al.
2015, 2019; Roper et al. 2022).

While NIHAO can broadly reproduce properties of the ob-
served LTG galaxy population, some discrepancies remain such as
those pertaining to central stellar densities and the diversity of RCs
due to AGN feedback. With the spatially-resolved data presented
here, we may now constrain simulations at all possible physically-
motivated radiiwhich represent different sub-galactic environments.
Not only should simulations be able to reproduce global galaxy scal-
ing relations (size-mass, SFMS, TFR), they should also match the
observed spatially-resolved properties and relations (such as the
diversity of inner RC slopes, spatially-resolved SFMS, RAR, metal-
licity gradients, etc.) These detailed comparisons bring together the
complex interplay between local and global astrophysical processes.
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Column Name Description Unit Data Type
(1) (2) (3) (4)

MaNGA-ID MaNGA Identification — string
RA Right Ascension of the object (J2000) ◦ float
DEC Declination of the object (J2000) ◦ float
Z NSA or SDSS redshift — float
TType Morphological T-Type (from MDLM-VAC) — float
XC X coordinate for the centre of the observed galaxy arcsec float
dXC Error in XC arcsec float
YC Y coordinate for the centre of the observed galaxy arcsec float
dYC Error in YC arcsec float
Vsys Systemic (heliocentric) velocity of the object km s−1 float
dVsys Error in V_sys km s−1 float
PA Fit position angle rad float
dPA Error in PA rad float
I Fit inclination rad float
dI Error in inclination rad float
Vm Fit Vmax for the tanh function (Eq. 4) km s−1 float
dVm Error in Vm km s−1 float
Rt Fit Rt for the tanh function (Eq. 4) arcsec float
dRt Error in rt arcsec float

Table A1. Kinematic quantities for the MaNGA galaxies. Columns (1), (2) and (3) present the column name, description, units, and type for a given kinematic
parameter, respectively. The table is found in the supplementary material in a comma separated values file format.
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