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ABSTRACT

The stellar mass Tully—Fisher relation (STFR) and its scatter encode valuable information about the processes shaping galaxy
evolution across cosmic time. However, we are still missing a proper quantification of the STFR slope and scatter dependence on
the baryonic tracer used to quantify rotational velocity, on the velocity measurement radius and on galaxy integrated properties.
We present a catalogue of stellar and ionized gas (traced by Ho emission) kinematic measurements for a sample of galaxies
drawn from the MaNGA Galaxy Survey, providing an ideal tool for galaxy formation model calibration and for comparison
with high-redshift studies. We compute the STFRs for stellar and gas rotation at 1, 1.3 and 2 effective radii (R.). The relations
for both baryonic components become shallower at 2R, compared to 1R, and 1.3R.. We report a steeper STFR for the stars in
the inner parts (<1.3R.) compared to the gas. At 2R., the relations for the two components are consistent. When accounting for
covariances with integrated v/o, scatter in the stellar and gas STFRs shows no strong correlation with: optical morphology, star
formation rate surface density, tidal interaction strength or gas accretion signatures. Our results suggest that the STFR scatter
is driven by an increase in stellar/gas dispersional support, from either external (mergers) or internal (feedback) processes. No
correlation between STFR scatter and environment is found. Nearby Universe galaxies have their stars and gas in statistically
different states of dynamical equilibrium in the inner parts (<1.3R.), while at 2R, the two components are dynamically coupled.
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1 INTRODUCTION

The Tully—Fisher relation (TFR; Tully & Fisher 1977) was introduced
as an empirical correlation between the HI velocity widths and
absolute magnitudes of spiral galaxies. Following its discovery, the
TFR has been used extensively as a secondary distance indicator
(e.g. Aaronson et al. 1986; Pierce & Tully 1988; Tully & Pierce
2000; Freedman et al. 2001), as a means of measuring the peculiar
distance field for cosmological applications (Willick et al. 1997;
Courteau et al. 2000; Boubel et al. 2023; Tully et al. 2023), or
for inferring information about the relative contribution of dark-
to-luminous matter on galaxy kinematics (e.g. Persic & Salucci
1988; Gnedin et al. 2007; Dutton et al. 2007). Early observational
studies of the TFR have found a dependence of this relation on the
wavelength band in which the magnitude is measured (Tully et al.
1998; Haynes et al. 1999; Verheijen 2001; Courteau et al. 2007;
Masters, Springob & Huchra 2008), hinting that a more fundamental
correlation can be found by considering an integrated quantity such
as total stellar or baryonic mass (McGaugh et al. 2000). The stellar
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mass TFR (STFR), together with the mass-size relation, constitute a
fundamental set of correlations for galaxies with a global rotational
component, akin to the fundamental plane of elliptical galaxies.

Studies of the cosmological origin of the STFR using simulation-
based work (Steinmetz & Navarro 1999; Koda, Sofue & Wada 2008;
Desmond & Wechsler 2015) have concluded that the relation can
be explained by hierarchical models, although the importance of
self-regulating mechanisms such as supernovae feedback and star
formation have been found to be critical ingredients in reproduc-
ing the STFR (Mo, Mao & White 1998; Elizondo et al. 1999;
Somerville & Primack 1999; Buchalter, Jimenez & Kamionkowski
2001; Lagos, Cora & Padilla 2008; Torrey et al. 2014). Given its
fundamental character for galaxy assembly, the STFR represents
one of the main calibrations that simulations must match. Ferrero
et al. (2017) used the Evolution and Assembly of GaLaxies and their
Environments (EAGLE, Schaye et al. 2015; Crain et al. 2015) suite of
cosmological hydrodynamical simulations to reproduce the STFR,
finding a good agreement with observations when using models that
match both the abundance and size of galaxies as a function of stellar
mass.

However, the comparison of STFRs produced by simulations with
observational-based works (e.g. Goddy et al. 2023) is impeded by
the lack of a large representative sample of galaxies with a variety
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of optical/kinematic morphologies and star forming properties, and
spanning various environments, to compare with. Previous STFR
studies including early-type (Heijer et al. 2015) or SO (Neistein et al.
1999) galaxies, or indeed a variety of optical morphologies (Cortese
etal. 2014) typically suffer from low number statistics (<100 objects)
in their early-type populations.

Recent observational studies of the STFR have typically focused
on finding the most fundamental correlation that minimizes the
scatter (e.g. Courteau 1997; Stone, Courteau & Arora 2021; Arora
et al. 2023), and in doing so have preferentially selected rotationally
supported late-type galaxies. It is a well-established fact that the
baryonic mass TFR is characterized by very low (<0.08 dex) scatter
(McGaugh et al. 2000; Trachternach et al. 2009; Hall et al. 2012;
Glowacki, Elson & Davé 2020; McQuinn et al. 2022), and its
residuals show no correlations with galaxy structural parameters
(Lelli, McGaugh & Schombert 2016). It has been argued by Lelli et al.
(2019) that the baryonic mass TFR represents the most fundamental
scaling relation of galaxy discs, more fundamental than the angular
momentum-galaxy mass relation.

Furthermore, studies of the TFR have found disagreement between
results from rotational velocities at different radii. Typically, the
minimum scatter in velocity at fixed stellar/baryonic mass was
found when using galaxy samples with flat rotation curves (RCs)
in the outer edges, and employing the velocity of the flat part
(e.g. Lelli et al. 2019). The radial dependence of the STFR has
been analysed extensively by Yegorova & Salucci (2007), who
reported a suite of different relations at various scale radii, with
slope increasing and scatter decreasing as the probed radius increases
(albeit with a relation cast in terms of magnitude, only selecting
Sb-Sd galaxies and reaching up to 1.2 effective radii). This set of
different relations is a result of RC shape changing with stellar mass
(Catinella, Giovanelli & Haynes 2006). Furthermore, understanding
the radial dependence of the STFR is of particular importance for
comparison with high-redshift studies, where a diverse range of radii
are used for velocity measurement, probing different scales of the
light distribution (e.g. Tiley et al. 2016, Ubler et al. 2017).

The larger scatter in the local STFR compared to the baryonic
relation has been theorized to encode information about the effect
of galaxy evolutionary processes such star formation in the disc (see
e.g. Buchalter, Jimenez & Kamionkowski 2001). Focusing on the
scatter in the STFR, Kannappan, Fabricant & Franx (2002) have
only found shallow correlations with B—R colour index and H o«
emission line width. Similar results have been reported by Pizagno
et al. (2007), who theorized that the scatter is driven by the ratio
of dark-to-luminous matter. Other shallow correlations of STFR
residuals have been reported with disc sizes (Reyes et al. 2011) and
environment (Ouellette et al. 2017). Analysing 16 elliptical galaxies
from the ATLAS®P project (Cappellari et al. 2011), Heijer et al.
(2015) reported that the residuals of this sample with respect to
the STFR computed for spirals correlate with mass-to-light ratio,
suggesting that the offset is driven by different stellar populations.
The effect of galactic bars on kinematics has been considered by
Courteau et al. (2003), who concluded that these morphological
features have no effect on the location of galaxies with respect to the
STFR. More recently, Bloom et al. (2017) studied the STFR using
the Sydney-AAO Multi-object Integral-field spectrograph (SAMI)
Galaxy Survey (Croom et al. 2012; Bryant et al. 2015), reporting
a correlation between the vertical scatter and Ho asymmetry as
well as a preference for galaxies with photometric-to-kinematic
angle misalignments to be found below the STFR. It is however
uncertain what physical processes cause the gas asymmetries in
objects scattered below the relation.
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It was previously found that the scatter in the STFR can be sig-
nificantly reduced by applying a correction based on a combination
of the velocity dispersion and the rotational velocity component
of the respective baryonic tracer. Using a sample of 544 galaxies
with strong emission lines, Kassin et al. (2007) have reported a
tight relation between stellar mass and the Sos5 = 1/0.5v2, + o2
parameter relating rotational velocity (v,,) and velocity dispersion
(o), with little evolution over the redshift range 0.1 < z < 1.2. The
same result has been recovered in the nearby Universe by Cortese
et al. (2014) using data for 244 galaxies from the SAMI Galaxy
Survey, who reported that all galaxies regardless of morphology can
be placed on a relation between stellar mass and Sy 5. Importantly,
Cortese et al. (2014) found this to be the case for both the stellar and
ionized gas (H ) kinematics, suggesting that no sample pruning is
necessary.

The results of Cortese et al. (2014) complemented the findings
of Catinella et al. (2012) who found that discs and spheroids can
be brought to the same dynamical relation by applying a correction
to the velocity dispersion that depends on a galaxy’s concentration
index. Similar results have also been recovered by semi-analytical
models of galaxy formation implemented by Tonini et al. (2014),
who concluded that the ratio of dispersional to rotational motion
o/v is a good tracer of the hierarchical assembly history of galaxies
and forms a fundamental plane together with galaxy luminosity and
rotational velocity.

These studies have demonstrated that the scatter in the TFR at fixed
stellar/baryonic mass can be reduced by replacing the rotational
velocity of a given baryonic tracer with its circular velocity. This
kinematic measure represents an estimate of the maximum velocity
that baryonic particles can have at a given radius if their entire
energy budget is used for ordered rotation, and is estimated observa-
tionally by taking into account the velocity dispersion component
corresponding to non-circular motions (e.g. Ubler et al. 2017).
The difference between using rotational versus circular velocities
in STFR computation is expected to make a larger difference for
stellar kinematics, with stars being able to form dispersion-supported
systems given their collisionless nature, and for high-redshift studies
tracing Heo, where gas turbulence and the presence of random
motions is significant (e.g. Tiley et al. 2016; Ubler et al. 2017).

However, it remains unclear whether the scatter in the STFR is
entirely specified by considering the velocity dispersion component
of a respective baryonic tracer, or whether the distribution of stellar
mass also plays an independent role. Furthermore, the role of
environment, tidal interactions, morphological features (bars/rings),
star formation, or gas accretion in driving the scatter in the STFR is
still poorly understood.

In this work, we compute the STFR at different multiples (1, 1.3,
and 2) of the effective radius R, for a representative sample of galaxies
drawn from the final data release of the Sloan Digital Sky Survey IV
— Mapping Nearby Galaxies at Apache Point Observatory (SDSS IV
—MaNGA; Bundy et al. 2015; Drory et al. 2015) Galaxy Survey Data
Release 17 (DR17, Abdurro’uf et al. 2022). We make measurements
at 1.3R. as this is the radius where the rotational velocity of a
purely exponential disc galaxy reaches its maximum, while 1R, and
2R. are probing the inner (potentially bulge-dominated) and outer
(flat, rising, or declining, depending on the galaxy’s stellar mass
and morphology; see Yoon et al. 2021) part of the velocity profile.
Our study provides a benchmark for comparison with cosmological
simulations of galaxy formation and with high-redshift studies of the
STFR. We undertake a comparative analysis of the STFR for stellar
and ionized gas rotation (traced by Ho emission), and analyse the
correlation between STFR residuals and galaxy optical/kinematic
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morphology, star formation rate (SFR) surface density, environment,
signatures of gas accretion and presence of bars/rings.

This paper is structured as follows: Section 2 describes the galaxy
sample used and kinematic extraction method; Section 3 presents
the STFR for ionized gas and stellar rotation at different radii, and
places our findings in the context of galaxy evolution; Section 4
analyses the physical causes of scatter in the STFR for stellar and
ionized gas rotation individually and discusses the implication of
these results for our understanding of the processes that shape the
evolution of these baryonic components; Section 5 summarises our
findings and provides concluding remarks. Throughout this paper, we
assume a flat ACold Dark Matter (CDM) concordance cosmology:
Hy =70 kms™! Mpc‘l, Qp=03,Q2, =0.7.

2 SAMPLE SELECTION AND KINEMATIC
EXTRACTION

2.1 The MaNGA galaxy survey

The MaNGA Galaxy Survey (Bundy et al. 2015; Drory et al. 2015)
is an SDSS-IV Project (Blanton et al. 2017) employing the Baryon
Oscillation Spectroscopic Survey (BOSS) spectrographs (Smee et al.
2013) on the 2.5-m telescope at Apache Point Observatory (Gunn
et al. 2006). The 17th and final data release of MaNGA (MaNGA
DR17; Abdurro’uf et al. 2022) contains integral field spectroscopic
observations of 10010 unique galaxies in the redshift range 0.01 <
z < 0.15, with a roughly uniform distribution in log (M,) between
5x 108 < M, <3 x 10" Mg A% (Wake et al. 2017), reduced by
the MaNGA data reduction pipeline (DRP; Law et al. 2015).

The MaNGA Primary+sample (Yan et al. 2015; Wake et al.
2017) contains spatial coverage out to ~1.5 effective radii (R.) for
~66 percent of the entire DR17 Sample. The remaining galaxies
constitute the secondary sample, for which observations reach
~2.5 R.. MaNGA DR17 includes the release of derived spectroscopic
products (stellar kinematics and emission-line diagnostic maps) from
the MaNGA data analysis pipeline (DAP; Belfiore et al. 2018;
Westfall et al. 2019), provided as a single data cube per galaxy
(Yan et al. 2016). In this work, we analyse the 2D kinematic maps
produced by the MaNGA DAP: stellar and ionized gas (traced by
H o emission) rotational velocities (and their associated error maps),
and velocity dispersions.

2.2 Galaxy properties

We make use of several galaxy physical and environmental properties
to compute the STFR and study the physical causes of its scatter:
stellar mass (M), SFR, r-band integrated Sérsic index (ny), elliptical
Petrosian 50 percent light radius in the r-band (R.), semiminor
to semimajor axis ratio (b/a), stellar and ionized gas velocity to
dispersion ratio (v/o)ngr, (integrated within Nx R., N = 1, 1.3,
2), T-type, galaxy group membership (isolated, satellite, central),
group tidal strength parameter Qgroup, galaxy morphological feature
indicator (i.e the presence of a bar or ring). The sources and/or
computation methods of these parameters are as follows:

(1) M, and SFR: Extracted from the GALEX-Sloan-WISE Legacy
Catalogue 2 (GSWLC-2, Salim et al. 2016; Salim, Boquien &
Lee 2018). This catalogue employs the deepest available GALEX
photometry to compute SFR and M, using the spectral energy
distribution (SED)-fitting Code Investigating GALaxy Evolution
(CIGALE; Burgarella, Buat & Iglesias-Paramo 2005; Noll et al.
2009; Boquien et al. 2019), and employing a Chabrier initial
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mass function (Chabrier 2003). This catalogue was matched to the
MaNGA DR17 sample using a sky match with a maximum separation
of 2 arcsec. Out of the galaxies in MaNGA DR17, 8637 have SFR
and M, values in GSWLC-2.

(i) R, ng, and b/a: Extracted from MaNGA’s DRP summary
table drpall_v3_1_1. These parameters are compiled from the
NASA Sloan Atlas catalogue (Blanton et al. 2011). In this work, we
use half-light radii computed from r-band SDSS imaging using the
elliptical Petrosian method [with the seeing point-spread function
(PSF) accounted for], as opposed to results from a Sérsic fit. The
latter method has been shown to suffer more catastrophic failures
while also producing R, values that are systematically overestimated
for galaxies with high concentrations, compared to the elliptical
Petrosian method (Wake et al. 2017).

(iii) (v/o)ng, (N = 1, 1.3, 2): Computed as described in equa-
tions (1) and (2) from Fraser-McKelvie & Cortese (2022), using the
definition of Emsellem et al. (2007, 2011) and with the weighted
averaging performed over all spaxels within 1R., 1.3R., and 2R,
that pass the quality cuts outlined in Fraser-McKelvie & Cortese
(2022). While this definition of v/o is rarely used in ionized gas
kinematic studies, we adopt it here to provide a one-to-one match
with what is performed for stellar kinematics. Throughout this
paper, we largely make use of non-corrected (for beam-smearing and
inclination) values of (v/o) for both stars and gas, in order to preserve
a consistency between the two tracers, since reliable corrections
are only available for the stellar kinematics. In cases where beam-
smearing and inclination-corrected values of (v/o) for stars are
used (as specified), we make use of the correction prescriptions of
Harborne et al. (2020) and Emsellem et al. (2011), respectively.

(iv) T-type: Extracted from the MaNGA Morphology Deep-
Learning DR17 value added catalogue (Fischer, Dominguez
Sanchez & Bernardi 2019; Dominguez Sanchez et al. 2021). Simi-
larly to Yoon et al. (2021), we use 14 T-type values from -3 to 10: E
(-3), E/SO (-2), SO (-1), S0/a (0), Sa, Sab, Sb, Sbc, Sc, Scd, Sd, Sdm
(1-8), Sm (9), Irr (10).

(v) Group membership and Qgroup: Extracted from the GEMA-
VAC: Galaxy Environment for MaNGA Value Added Catalogue.
This catalogue contains several environmental quantifications for
MaNGA galaxies, as described in Argudo-Fernandez et al. (2015),
Etherington & Thomas (2015), and Wang et al. (2016). In this work,
we use the metrics separating satellite galaxies from centrals/isolated
(identified as either the brightest or most massive galaxy in a group of
size > 2). We also employ the group tidal strength parameter Qgroup
which is a measure of the gravitational tidal force that a galaxy feels
from its group neighbours and is computed as described in Argudo-
Fernandez et al. (2015).

(vi) Morphological features: Extracted from the Galaxy Zoo
classifications for MaNGA DRI17 galaxies value added catalogue
(see Willett et al. 2013, Walmsley et al. 2022). This catalogue
provides a probability that a galaxy contains a particular feature
based on user identification, and weighting scorers on their accuracy.
In this work, we make use of the debiased probability that a given
galaxy contains a bar (TO3_BAR_A06_BAR DEBIASED) or ring
(TO8_ODD_FEATURE_A19_RING_DEBIASED). These values take
into account the redshift difference between the galaxies in the
classified sample and the fact that higher redshift galaxies are less
likely to have a certain feature identified [see Walmsley et al. (2022)
for a full description]. We employ the same selection criterion as
Fraser-McKelvie et al. (2020) for labelling a galaxy as having a
bar or ring, i.e. if the respective debiased probability is >0.5. All
galaxies with b/a <0.25 are considered too close to edge-on to
have an accurate classification, being labelled as ‘ambiguous’ for
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this categorization and thus not considered in any analysis when a
separation based on morphological features is required.

We also compute stellar mass and SFR surface densities: X, =
M, /27tR? and Sggr = SFR/27R2, respectively.

We note that the effect of beam-smearing will result in our
measured rotational velocities being lower than the real values. The
size of this reduction has been previously shown to depend on the
ratio of a galaxy’s effective radius to the seeing full width at half-
maximum (FWHM) of the PSF, R./FWHM (see e.g. Johnson et al.
2018). To mitigate this effect while also not biasing our final sample
towards large R. values, we only consider galaxies with R./FWHM
> 1 in any further analysis (7916 objects, 91 per cent of out initial
sample). The average FWHM for the MaNGA DR17 sample is 2.5
arcsec.

2.3 Quality cuts and kinematic PAs

In this work, we extract the rotational velocities of stars and ionized
gas at different radii (1R., 1.3R. and 2R.) from resolved 2D
kinematic maps. In addition to the MaNGA spaxel masks, we exclude
any spaxels in the stellar and gas rotational velocity maps (v, ) Where:

(i) (S/N) <5
(ii) error(vyo)>0.5 X |vyor| + 15 km s~

The S/N ratios for spaxels in the ionized gas maps are computed as
the ratio between the H « line intensity and its associated uncertainty.
The above cuts are applied individually to the stellar and gas velocity
maps and ensure that our analysis does not include spaxels with high
random uncertainties that might bias our kinematic measurements.

Following the application of quality cuts, we compute stellar and
gas kinematic position angles (PAs) using the method described
in Ristea et al. (2022). The PA calculation is done for all the
galaxies that have M, and SFR measurements, R./FWHM > 1
(Section 2.2), and Ngpaxels = 50 left in either the stellar or gas
velocity maps after the application of quality cuts. Briefly, we
compute kinematic PAs using both the Radon transform (Stark
et al. 2018) and Kinemetry (Krajnovic et al. 2006) methods. The
Radon transforms method is non-parametric and computes kinematic
PAs by integrating the difference between the mean and individual
spaxel velocities along a given line passing through the kinematic
centre. The kinematic PA is then given by the line for which this
integral is minimized. The Kinemetry method is implemented by
the FIT_KINEMATIC_PA! routine described by Cappellari et al.
(2007) and Krajnovic et al. (2011). This method assumes that the
velocity profile is bi-antisymmetric with respect to the minor and
major kinematic axes. Velocity maps are rotated in 1° increments
and at each step a bi-antisymmetric model map is computed, which
is then subtracted from the rotation map. The difference between
the data and the bi-antisymmetric model is minimized when the
kinematic PA is aligned with the horizontal axis.

Stellar and gas kinematic PAs are computed for 7888 and 6290
galaxies, respectively. We calculate the difference between the PAs
produced by the two methods, i.e. APAginemetry—Radon, fOr stars and
gas individually. The 16th and 84th percentiles of APAginemetry—Radon
are (—12°, 11°)gar and (—11°, 9°),,5 for stars and gas, respectively.
We visually inspect all stellar and gas velocity maps for which
APAKinemetry—Radon 18 Outside these values and identify the PA com-
putation method which best follows the direction of the maximum

Thttps://www-astro.physics.ox.ac.uk/~mxc/software/
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velocity gradient. We also identify all cases with no global rotation
pattern or highly disturbed kinematics (indicative of ongoing mergers
or interactions). These objects (1267 for stellar and 888 for gas
kinematics) are excluded from any further analysis, leaving 6621
and 5402 galaxies with stellar and gas kinematic PAs, respectively.
Finally, from our stellar (PAy) and gas (PA,) kinematic PA measure-
ments, we calculate the misalignments between the kinematic axes
of the two baryonic components as APAy_, = [PAg — PA,|.

2.4 RC extraction and centring

We extract stellar and gas RCs along the major kinematic axis for the
galaxies with kinematic PA measurements (Section 2.3). We rotate
velocity maps so that the major kinematic axes are aligned with the
x-axis and select a slit of width equal to the median FWHM for our
sample (2 arcsec), corresponding to 4 pixels. The same procedure is
applied to velocity error maps to extract uncertainties in rotational
velocities.

To account for shifts of the kinematic centre along the major axis
(rofr), we fit the extracted stellar and gas RCs with the velocity model
presented in Yoon et al. (2021). We further include a parameter to
account for global offsets in the RC in velocity, v, corresponding
to the velocity at a radius equal to O,

I — Foff
V(r) — Vot = Ve tanh(T) + Soul(r - roff)v (1)
t

where V., Ry, and s, represent the coefficient of the tanh term equal
to the maximum velocity at s, = O, the turnover radius where the
tanh term begins to flatten, and the slope of the RC at large radii r >
R, respectively. The above model is fitted with V¢, Ry, Sout, Tofr, and
Vofr as free parameters.

In this study, we measure rotational velocities at fixed scale
radii, i.e 1R, 1.3R., and 2R., which require a knowledge of the
kinematic centre. Given this necessity, it is advisable to exclude
rotational profiles with highly uncertain kinematic centres, either due
to physical reasons that disturb the kinematics, or due to measurement
errors or poor data quality. As such, we exclude the stellar and/or gas
kinematics of galaxies where the offset in the respective RC is rog >
0.3R.. This value is a conservative cut which excludes the galaxies
outside the 2nd and 98th percentiles (corresponding to 20 for a
normal distribution) of the ry/R. distributions for both stellar and
gas rotation, equal to (—0.34, 0.35)r and (—0.32, 0.32)4, for the
two components. This cut corresponds to an exclusion of galaxies
with |ryg| 2 1.36 arcsec for stellar kinematics, and |ro| = 1.17 arcsec
for gas. Following this selection, we centre our RC by subtracting the
best-fitting vog and ro values from each RC’s velocity and radius.

We correct for the effect of the inclination angle 6;,. of each galaxy
with respect to the line of sight by dividing our velocity measurements
by sin(fi,.). The inclination angle is calculated as

(b/a)’ — 45
1 —q5
where g is a galaxy’s intrinsic axis ratio. We calculate gy using
the prescription of Bottinelli et al. (1983), which takes into account
each galaxy’s light distribution parametrized by the T-type. For the
galaxies used in this work, the gy value is between 0.13 and 0.55,
with a median of 0.24. The inclination corrections computed using
this method are consistent with values obtained when considering
qo = 0.2 for discs (T-type > —1.5) and gy = 0.6 for ellipticals (T-
type < -1.5). The ratio of inclination correction coefficients obtained
using the two g prescriptions for the galaxy sample in this work has
a median of 0.99 and a standard deviation of 0.07. The inclination-

08> (Bine) =

: (@3]
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corrected and centred RCs are then folded in radial space, by taking
the average velocity at each radius about the kinematic centre.

From our centred, folded and inclination-corrected stellar and
gas RCs, we extract rotational velocities at 1R., 1.3R., and 2R,
by taking the average between the velocity measurements at the two
closest points on each side of the respective radius. This kinematic
extraction approach makes no assumption about the underlying
kinematic structure of stars and gas beyond that of rotation in a
plane that can be described by the specification of a major kinematic
axis. This method also provides consistency with the integrated v/o
measurements, which are extracted directly from the kinematics
without any prior modelling. As such, this approach is preferred
in this work to more parametric methods involving fitting of the 1D
or 2D galaxy kinematics. We also tested the approach of re-fitting the
RCs with the Yoon et al. (2021) model of equation (1) and extracting
the rotational velocities from the best-fitting models. The differences
between these approaches on our final results are very small, with
average ratios (velocity from fit to directly extracted velocity) of
(1.00, 1.00, 1.01)4qrs and (1.01, 1.01, 1.02),,, between the velocities
produced by the two methods at 1R., 1.3R. and 2R. for stars and
gas, respectively. For the remaining of this paper, we make use of
the rotational velocities measured directly from the RC (i.e. without
fitting).

Corrections for inclinations become unreliable for the most face-
on systems as 6i,. approaches 0°. We apply a conservative cut and
discard all galaxies where the inclination correction 1/sin(fiyc) is
larger than 1.7 (corresponding to 6;,c < 36°). We use this threshold
as the value for which the distribution in error(vg) for the stellar
kinematic sample reaches an average equal to 10 percent of the
average of the distribution in velocity at 1R, for the respective sample
(for the gas kinematic sample, the corresponding value is 3 per cent).
Furthermore, the presence of dust lanes can bias measurements of
light-weighted parameters (in this case, integrated stellar and gas v/o
ratios) for the most edge-on systems. We test this potential effect on
the computed v/o values by splitting our stellar and gas kinematic
samples reaching different radii in terms of inclination, at 6;,. = 60°.
The medians of v/o distributions for galaxies with inclinations above
and below 60° are always consistent within one standard deviation,
for both stellar and gas measurements, at all probed radii. The same
result is obtained if we instead change the inclination threshold in 1°
increments between 55°—65°.

2.5 Final samples

In this work, we select two samples of galaxies with reliable stellar
and gas rotational kinematic measurements from the parent MaNGA
DRI17 sample (hereafter, the stellar and gas kinematic samples).
We also consider the sample of galaxies which have both stellar
and gas kinematics, i.e. the intersection of the stellar and gas
kinematic samples, referred to as the common kinematic sample.
Some exclusion criteria have been presented in Sections 2.2-2.4.
Below, we present a compilation of our full sample selection cuts.
To be included in our final stellar/gas kinematic sample, a galaxy in
MaNGA DR17 must have:

(i) M,, SFR and R, measurements available (8616 galaxies);

(i) R/FWHM > 1 (7916 galaxies);

(iii) Ngpaxels > 50 in stellar or gas velocity maps (7888 and 6290
galaxies with stellar and gas kinematics, respectively);

(iv) Has not been identified as having unreliable/highly disturbed
kinematics by visual inspection, as described in Section 2.3 (6621
and 5402 galaxies with stellar and gas kinematics, respectively);

MNRAS 527, 7438-7458 (2024)

(V) rof < 0.3R. (6193 and 5124 galaxies with stellar and gas
kinematics, respectively);

(vi) sin(@ine) < 1.7 (3978 and 3445 galaxies with stellar and gas
kinematics, respectively);

(vii) Rpmax > 1R, (or 1.3R., 2R. — numbers of galaxies in each
sub-sample are displayed in the legend of Fig. 1).

We noted in Section 2.2 that beam-smearing will have an effect
on our measured rotational velocities. While this effect is expected
to be minimal given our cut in R,/FWHM > 1, we perform a test
by computing the beam-smearing corrections for the Ho rotational
velocity of galaxies in our gas kinematic sample at 1.3R. and 2R,
using the prescription of Johnson et al. (2018), noting that no
such corrections were computed by those authors for velocities
at 1R.. The mean velocity corrections at 1.3R. and 2R, are 1.04
and 1.03, respectively (with standard deviations equal to 0.06 and
0.04). Given that these values are well within measurement errors
for our velocities, and the fact that no beam-smearing correction for
stellar kinematics is available (although the effect of beam-smearing
is expected to be similar), for consistency between stellar and gas
kinematics we proceed without applying this correction.

Our stellar and gas kinematic samples are presented in Fig. 1 on the
SFR—M, and R.—M, planes, also highlighting the number of galaxies
in each sample. In the following, we discuss biases introduced by
our sample selection procedure, in terms of the galaxy parameters
shown in Fig. 1.

For our stellar kinematic sample (red), the selection criteria
induce a bias against low-M, (<10%3Mg) galaxies at all radii, albeit
more pronounced at 2R.. We use a Kolmogorov—Smirnoff (KS)
test to compare the log(M,) distributions for our stellar kinematic
and MaGNA DR17 samples. Under the null hypothesis that two
distributions are drawn from the same parent distribution, the KS
test p value returns the probability that the log(M,) distributions for
the two samples can be as different as observed. We reject the null
hypothesis for p values <0.05. This is the case when comparing
the log(M,) distributions of the stellar kinematic samples on the
left of Fig. 1 with that of the MaGNA DR17 parent sample, at all
radii (p values <4.8 x 1072%). At 2R., our stellar kinematic sample
lacks coverage of both the low (<10'°Mg) and high (2 10''"Mg)
end of the log(M, ) range probed by the MaNGA DR17 sample. The
gas kinematic sample used in this work (blue) probes the MaNGA
DR17 log(M,) distribution better than the stellar one for sub-samples
reaching all probed radii, with greater coverage at the lower stellar
mass end (log(M,) < 9.5), albeit still being statistically different (p
values < 1.8 x 10711,

A comparison with the MaNGA DR17 sample in terms of effective
radius reveals that the stellar sample is typically biased against the
lower end of the R, distribution of our parent sample at 1R, and 1.3R,
(p value < 0.05), unsurprising given our selection impact on the M,
distribution of our stellar kinematic sample. At 2R., this selection
bias is more pronounced (p value = 1.6 x 10~), although we are
preferentially selecting galaxies in the lower end of the MaNGA
DR17 R, distribution. Similar results are found in the case of the gas
kinematic sample, with the exception that the sub-sample reaching
2R. is undersampling both the lower and higher end of our parent
sample R, distribution.

The stellar kinematic sample’s distribution of SFRs compares well
with that of the parent MaNGA sample. On the other hand, we
note that the gas kinematic sample is biased towards main sequence
galaxies for all sub-samples in Fig. 1 (a KS test comparison with
the SFR distribution of the MaNGA DR17 sample yields a p value
< 0.05 in all cases). This is due to a lack of extended Ha emission
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Figure 1. A description of our stellar (left columns) and gas (right columns) kinematic galaxy samples used in this work, in terms of the SFR-M, and R.—M,
planes. Contours show the number density of galaxies. The rows show the sub-samples with kinematics that reach (from top to bottom) at least 1R, 1.3R., and
2R., as indicated on each panel. The number of galaxies in each sub-sample is shown on each panel. Each sub-sample is shown in comparison with the full
MaNGA DR17 parent sample, presented as grey contours. The black-cyan line in the SFR-M,, plots shows the star forming main sequence [SFMS, as computed
by Fraser-McKelvie et al. (2021)]. The black line on the R.—M, plots shows the running median of the MaNGA DR17 parent sample. The insert lines on the
sides of each plot show the normalized probability distribution function of the respective parameter (SFR, M,, or R.), for the sample with matching colour.

in quenched galaxies, given that this emission line is generally an
instantaneous tracer of star-formation (with the exception of emission
originating in low-ionization nuclear emission regions, or Seyfert
objects).

One of the goals of this study is to analyse the correlation between
the vertical scatter about the STFR at different radii, and various
galaxy properties and environmental metrics. To define a relation
with respect to which this scatter is to be calculated, we select
a sample of galaxies with rotational dominance (v/ic > 0.56, as
discussed below) in both stars and gas (hereafter, the rotator sample).
These objects are expected to have the tightest relation between
rotational velocity and stellar mass, as scatter in the STFR has been
shown to correlate with dispersional support (stars) and turbulence
(gas; e.g. Cortese et al. 2014, Lelli et al. 2019).

We employ the delimitation of Fraser-McKelvie & Cortese (2022)
at log(v/o) = —0.125 (v/o = 0.75, corrected for beam-smearing),
derived as a separation between dynamically cold discs and inter-
mediate systems. We note that while both of these classes are fast
rotators according to the definition of Cappellari et al. (2007), in
this work we aim to identify the most rotationally dominated objects
as our rotator sample, rather than perform a definitive separation
between cold discs and systems in other dynamical states. We re-
scale the log(v/o) threshold to make it applicable for non-beam-
smearing corrected values. This re-scaling implies multiplying by the
ratio between v/o not corrected versus corrected for beam-smearing,
which we are able to compute for our stellar kinematic sample.
The median of this ratio is equal to 0.74 for the stellar kinematic
sub-samples reaching all probed radii, with standard deviations
equal to 0.12, 0.11, and 0.12 at 1R, 1.3R., and 2R., respectively.

For consistency between all sub-samples considered in this work,
and between different kinematic tracers, we employ the median
correction factor of 0.74, which results in a threshold of v/o = 0.56.

This threshold correction factor is however not unique for galaxies
in our sample given their different R./FWHM ratios. We test the
application of a more stringent separation at v/o = 0.65 (computed
by adding the standard deviation to the median threshold correction
factor). The effect of this selection on the best-fitting STFR parame-
ters presented in Sections 3.1 and 3.2 are minimal, with differences
always being within uncertainties.

The criteria for selecting our rotator sample are as follows:

(i) Galaxies must be centrals or isolated, in order to ensure
the kinematics of such objects are not affected by group physical
processes that might act to disturb kinematics;

(ii) Galaxies must be in both the stellar and gas kinematic samples
at the respective radius (1R, 1.3R. or 2R.);

(iii) (v/o)nr, (not corrected for beam-smearing) > 0.56, N = 1,
1.3, 2. For a galaxy to be included in the rotator sample at 2R./1.3R.,
it must also pass the v/o threshold for the values within lower radii
(i.e 1R, and 1.3R. for the rotator sample reaching 2R., and 1R, for
the rotator sample reaching 1.3R.).

The rotator sample is shown on the SFR—M, and R.—M, planes
in Fig. 2. For sub-samples at all radii, these galaxies are typically
massive objects (96, 97, and 99 per cent of rotator sample galaxies
with kinematics reaching 1R., 1.3R,, and 2R, have M, > 10!°M)
located around the star forming main sequence (89, 90 and 90 per cent
of rotator sample galaxies with kinematics reaching 1R., 1.3R., and
2R. are within 0.5 dex of the star forming main sequence). The size
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Figure 2. The same as Fig. 1, for the rotator sample of galaxies.

distributions of the selected rotator galaxies are typically sampling
the higher end of the MaNGA DR17 sample’s distribution (76, 72
and 73 per cent of rotator sample galaxies with kinematics reaching
1R., 1.3R., and 2R, have R, larger than 4.14 kpc, corresponding to
the MaNGA DR17 median).

A lack of galaxies with low (<10°° M) stellar masses and sizes
in the stellar kinematic and rotator samples is due to our need for
measuring v/o in order for galaxies to be included in these samples.
For our spaxel quality cut of S/N > 5, in the case of stellar kinematics,
measuring v/ below ~ 50 km s~! becomes unreliable (uncertainty
>60 percent, see fig. 15 of Law et al. 2015). Given the scaling
relation between stellar mass and velocity dispersion, this cut will
preferentially exclude low-M, galaxies. The same velocity dispersion
limit given our S/N cut is lower in the case of emission line dispersion
measurements (~ 30 km s~ ).

In summary, our stellar kinematic samples (left of Fig. 1) provide
a good representation of the MaNGA DR17 parent sample outside
the low stellar mass regime, while the gas kinematic samples (right
of Fig. 1) lack a comprehensive coverage of the low-SFR population.
These two biases are both reflected in the rotator sample (Fig. 2),
which is representative of massive star forming galaxies.

3 VARIATIONS IN THE STFR: STARS AND GAS
AT DIFFERENT RADII

Throughout this paper, we will analyse the STFR for both stellar and
gas rotational velocity, at different radii. For the remainder of this
work, we will refer to these relations as the stellar and gas STFRs,
noting that in both cases, the independent variable is considered
to be stellar mass. The full catalogue of kinematic measurements
(rotational velocities and v/o ratios) used in this work is presented
in the Supporting Information section (available online only).

In this section, we analyse the effect of using different kinematic
tracers (stars and gas) on the STFR. We further test how the computed
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STFR changes depending on the radius at which the rotational
velocity is measured. This comparative analysis is complicated by
the different selection effects for the stellar and gas kinematic sub-
samples presented in Fig. 1. To alleviate this shortcoming, we proceed
as follows: In Section 3.1, we analyse the differences between stellar
and gas STFRs at 1R, 1.3R., and 2R, for the different sub-samples
in Fig. 1, i.e. without sample matching. This approach is similar to
those used in previous STFR studies, whereby results are compared
to literature computations for different galaxy samples (e.g. Bloom
et al. 2017, Arora et al. 2023).

Finally, in Section 3.2 we select the sample of galaxies with stellar
and gas kinematics that reach 2R., and re-compute the stellar and
gas STFRs at 1R., 1.3R., and 2R.. This sample selection allows us
to interpret the dissimilarities between the stellar and gas STFRs at
different radii in a physical manner. We further study the differences
in our results with and without sample matching to obtain an informed
picture of the biases introduced by comparing STFRs for different
galaxy samples.

In this work, we compute the best-fitting STFR using a least-
squares (LSQ) fit with intrinsic scatter, implemented using the EMCEE
sampler PYTHON package (Foreman-Mackey et al. 2013). This fit
minimizes the vertical scatter in velocity, which we aim to study in
terms of its physical drivers, while also accounting for the intrinsic
scatter in the dependent variable. We take into account the error in
velocity when performing the fit, to which we add the uncertainty
in the velocity offset v obtained when centring the stellar and gas
RCs (see Section 2.4). We fit a linear model of the form,

log(V [km s™']) = a log(M,/Mo) + b, 3)

where a and b are the slope and intercept of the STFR, respectively.

For completeness, we re-fit each data set using orthogonal linear
regression implemented by the HyperFit package (Robotham &
Obreschkow 2015). We present the results of these fits in Appendix A
(Table A1), and compare them to the best-fitting values from the LSQ
fit.

3.1 Stellar and gas STFRs at different radii without sample
matching

We present in Fig. 3 the stellar and gas STFRs for our MaNGA
kinematic samples. The dark red and blue solid lines show the result
of the LSQ fit. The shaded region and light red and blue lines show
the vertical scatter about the best-fitting relation s, (computed as half
the difference between the 84th and 16th percentiles of the offset
distribution from the best-fitting STFR) and the best-fitting intrinsic
scatter in the relations s, ivr, respectively. A full compilation of the
best-fitting parameters for the various kinematic samples used in this
work is given in Table 1.

We make the following observations when analysing the stellar
and gas STFRs individually: The STFRs for both baryonic tracers
become shallower between 1R, and 2R, (the slope a is decreasing).
The intercept b of the STFR for both tracers is also becoming higher
as the radius used to measure the velocity is increasing. The largest
differences are reported between the relations at 1.3R. and 2R., as
displayed on Fig. 3. The vertical scatter in the two relations s is
decreasing with radius used to probe the velocity (0.11, 0.11, 0.09
dex for stars, and 0.08, 0.07, 0.06 dex for gas at 1R., 1.3R., 2R.).
The same trend is valid when comparing intrinsic scatters (s, iNt),
as outlined in Table 1 (0.06-0.04 dex for stars and 0.04—0.03 dex for
gas).

When comparing the STFRs of stars and gas at each radius, we
note that the slopes of the two relations are consistent within errors
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Figure 3. The stellar and gas STFR for our stellar (fop row) and gas (bottom row) kinematic samples. The left/middle/right columns show the relation for
the velocity at N = (1, 1.3, 2)x R., respectively. Hexagonal bins are plotted for regions with at least five data points. The colour coding is showing the (v/o)
ratio, integrated within the radius at which the velocity is measured. The errors in the velocity measurements are shown in grey, which also account for the
uncertainty in the centring of RCs in velocity space (see Section 2.4). The dark red/blue lines and shaded regions show the result of a LSQ fit to the data, and the
vertical scatter about the best-fitting line s, respectively. The light red/blue dotted lines show the best-fitting intrinsic scatter 5|, vt. The best-fitting slope (a)
and intercept (b) values from the LSQ fit are displayed on each panel, with their associated uncertainties. The black error bar in the bottom right corner shows
the maximum uncertainty in stellar mass for our galaxy sample (see Appendix A).

Table 1. Compilation of the stellar and gas STFR best-fitting parameters from a LSQ fit with intrinsic scatter, for all the galaxy samples used in this work.

Stars Gas

Sample Radius (x Re) Ngalst Ngal,g slope (a) intercept (b) s, INT 8| slope (a) intercept (b) s, INT S|
Kinematic 1 2683 3430

2 SO0 024106l 031061 00421 009141 | 0241B] ~0283] 00321 00611
Common 1 1899 1899 0.284[3] —0.84[4] 0.03[2] 0.09[3] 0.299[3] —0.945[7] 0.03[2] 0.08[2]
(stars & gas) 1.3 1458 1458 0.280[4] —0.76[5]  0.03[3] 0.08[3] 0.290[4] —0.82[6] 0.03[2] 0.07[2]

2 235 235 0.26[1] —0.48[1] 0.02[4] 0.07[4]  0.264[1] —0.51[4] 0.02[3] 0.06[3]
Common 1 235 235 0.310[8] —1.13[6] 0.02[1] 0.08[3] 0.295[2] —0.90[2] 0.03[1] 0.07[2]
W/ Rmax > 2R 1.3 235 235 0.294[7] —0.90[9] 0.02[2] 0.06[3] 0.276[2] —0.67[2] 0.02[1] 0.06[3]
Rotators 1 879 879 0.282[3] —0.78[3] 0.02[2] 0.07[3]

1.3 644 644 0.279[2] —0.73[3] 0.02[3] 0.06[3]

79 79 0.27[2] —0.60[2] 0.01[3] 0.05[4]

Rotators 1 79 79 0.28[2] —0.82[2] 0.02[2] 0.06[2] 0.26[2] —0.55[9] 0.02[1] 0.06[2]
W/Rmax > 2Re 1.3 79 79 0.28[2] —0.8[1] 0.01[3] 0.05[3]  0.26[3] —0.438[5] 0.01[2]

We show results for our full stellar, gas and common kinematic samples as well as for the selected rotators, at 1R., 1.3R., and 2R.. We also present the
best-fitting relations at 1R, and 1.3R. only for the common kinematic and rotator samples with stellar and gas kinematics reaching 2R.. The number of galaxies
in each stellar and gas sub-sample at the respective radius is highlighted under the Ng,; st and Ngy1 ¢ columns, respectively. The values in square brackets show
the uncertainty in the last decimal place of each best-fitting value. s)| Nt is the best-fitting (vertical) intrinsic scatter, while sy is the vertical scatter about the
best-fitting line. Uncertainties in s); are computed by scattering the velocity values for the respective sample randomly about their uncertainties and re-fitting the
STFR; this process is repeated 100 times and the uncertainty in s is the standard error on the mean of the distribution of 5|, values. The mean of this distribution
agrees with the s); value computed with respect to the fit using the best estimate velocity values within 0.004 dex in all cases. Both s Nt and s}, values are
expressed in dex. The intercept (b) values are expressed in dex, while the slopes (a) are dimensionless. The coloured cells correspond to the relations shown in
Figs 3 (red and blue) and 4 ( and green).
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Figure 4. The stellar (top row) and gas (bottom row) STFRs for our rotator sample, in the same format as Fig. 3.

at 1R, (asiars = 0.278 £ 0.002 versus ag,s = 0.280 £ 0.001), 1.3R,
(Gstars = 0.269 £ 0.003 versus ay,s = 0.266 £ 0.003), and 2R,
(@stars = 0.241 £ 0.006 versus agys = 0.241 £ 0.003). The gas relation
is exhibiting slightly less vertical scatter about the best-fitting line
at all probed radii (0.06-0.08 dex) compared to the stellar relation
(0.09-0.11 dex). The same result is recovered when comparing the
intrinsic scatters in the relations, with s vt in the stellar STFR being
larger by 0.02 dex than in the gas at 1R, and 1.3R., and by 0.01 dex
at 2R.. The slope decrease and intercept increase for both stellar
and gas relations between 1R. and 2R. are qualitatively consistent
with the findings of Yegorova & Salucci (2007). Our study confirms
the existence of a family of independent STFRs up to 2R., for both
stellar and gas rotation, in accord with the presence of a dark matter
component exerting an influence on the kinematics of both stars and
gas that increases with radius (Yegorova & Salucci 2007).

The slightly larger intrinsic scatter in the stellar STFR at 1R, and
1.3R. compared to the gas (when the full stellar and gas kinematic
samples are considered) is easily explainable by the variation in
kinematic morphology for our sample. This variation is shown by
the colour coding in Fig. 3 that highlights a clear trend between
vertical scatter and v/o ratio within the respective radius for stellar
kinematics. While the same trend is present in the gas relation (i.e.
galaxies with more turbulent gas discs being preferentially found
below the STFR) the range of v/o for the gas is lower than for the
stars. This difference in v/o range is due to the collisionless nature
of stars that allows them to form into stable dispersion-supported
structures (classical bulges). Galaxies hosting such structures are
expected to lie below the SFMS (Fraser-McKelvie et al. 2021) at a
given stellar mass, and are thus expected to be found in the stellar
kinematic sample, but not the gas one (Fig. 1). On the other hand,
dispersive motions in the gas are reduced due to viscous friction
forces. At 2R. where the intrinsic scatters are consistent within
uncertainties, both our stellar and gas kinematic samples show little
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variation in their kinematic morphology, with (v/o),g, = 1 for most
galaxies.

We present the stellar and gas STFRs for our sample of rotators
(Section 2.5) in Fig. 4. In the case of the stellar relation (top row), we
find no significant variation between 1R. and 1.3R. in either slope
(Aa < 0.03), intercept (Ab < 0.05 dex) or intrinsic scatter (As), Nt
~ (), and a relation consistent with that present for the full kinematic
sample at 1R.. The stellar rotator STFR becomes slightly shallower at
2R., albeit with a slope still consistent with that of the relations in the
inner parts (1R, and 1.3R.). The gas STFR for rotators is consistent
with that of the stars at 1R, within uncertainties, but becomes slightly
shallower at 1.3R. and 2R., as shown by a decrease in slope (bottom
row of Fig. 4). Differences between stellar and gas relations for
rotators at different radii are within 0.1 dex in log(velocity) for the
entire range of stellar mass probed.

‘We look for variations in the STFR vertical scatter with stellar mass
by splitting our individual sub-samples in Figs 3 and 4 into 4 bins of
equal width in log(M,/Mg). The largest variations of s are found
for the stellar relations at 1R, and 1.3R., and are 0.06 dex from the
median at both radii. These variations are both found for the highest
stellar mass bins (10'1-10"° Mg and 10''2-10'" M, at 1R, and
1.3R., respectively), and are significant (the scatters scaled by the
median velocity uncertainties in each of the two respective bins are a
factor of 4.0 and 3.6 at 1R, and 1.3R,, respectively). This result is in
agreement with the findings of Fraser-McKelvie & Cortese (2022),
who reported that slow rotators only contribute significantly to the
mass budget of MaGNA DR17 galaxies above log(M, /Mg) = 11.25.
As such, we obtain a larger spread in rotational-to-dispersional
support (and scatter) in the higher stellar mass bins for the stellar
STFR, as the slow-rotator population is well sampled in these mass
bins. We note that, outside of these cases, the deviations from the
median s, for the sub-samples in Figs 3 and 4 are <0.02 dex across
each respective stellar mass range.
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Figure 5. A comparison of STFRs for the rotator samples in this study with
literature computations. Top: The stellar STFRs at 1R, 1.3R., and 2R, for
our rotator samples (dotted lines) in comparison with the relation computed
by Brownson et al. (2022). Bottom: A comparison between the gas STFRs
at 1R., 1.3R., and 2R, for rotators presented in this work (dashed lines), and
various literature sources, as indicated in the legend.

In Fig. 5, we present a comparison of our stellar and gas rotator
STFRs with various literature STFR computations, with stars (top),
Ha, and H1 (bottom) being used as kinematic tracers. We first note a
general agreement of our results with all of the comparison relations,
with differences in log(velocity) within 0.19 dex over the stellar
mass range probed by our samples. Our stellar STFR for rotators
agrees remarkably well with that of Simcha Brownson et al. (2022).
Differences in log(velocity) are <0.02 dex compared to our stellar
STFR at 2R., corresponding to a maximum ratio in velocity of 1.04.
The spread in relations based on gas rotation is larger, with stronger
divergences at lower stellar masses (<10'My,). This discrepancy
may be attributed to different methods of computing stellar masses,
e.g. i-band magnitudes and g-i colour in Bloom et al. (2017) and
Catinella et al. (2023), or g-r and g-z optical colours and luminosities
in Arora et al. (2023). Such discrepancies are expected to be more
pronounced in the low-M, regime. We also note that the selection
criteria for our rotator sample (Section 2.5) are expected to exclude
kinematically disturbed systems. Such objects have been shown to
predominantly scatter below the gas STFR in Bloom et al. (2017) and
Catinella et al. (2023), thus increasing the discrepancies between our
work and these studies. Differences from our gas STFR for rotators
at 2R, are within 0.13, 0.20, 0.12, 0.08 dex in log(velocity) for Bloom
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et al. (2017), Catinella et al. (2023; H «), Catinella et al. (2023; H1),
and Arora et al. (2023), respectively, corresponding to a maximum
ratio in velocity of 1.35, 1.58, 1.31, 1.19.

Differences in the gas relations may also be contributed to by
different radii used to estimate rotational velocities: 2.2R. and 1.3R.
for Bloom et al. (2017) and H @ measures in Catinella et al. (2023)
respectively (extrapolated if required), and the radius at which the
surface brightness is equal to 23.5 mag arcsec> for Arora et al.
(2023). The differences between our gas STFR and that of Catinella
et al. (2023) computed for HI rotation (more pronounced at low
stellar masses) can largely be explained by aperture effects, whereby
our Ha kinematic measurements do not reach the flat part of RCs
in dwarf galaxies. Furthermore, differences in the gas relations of
Fig. 5 can also be attributed to variations in the physical properties
of the galaxy samples used in each study: a morphologically limited
sample of massive late-type galaxies for Arora et al. (2023), a sample
of predominantly star forming systems with specific SFRs above
10~ yr~! for Catinella et al. (2023), and a sample of varied optical
morphology, but biased towards late-types for Bloom et al. (2017).

The spread in log(velocity) for rotator STFRs computed in this
work for the same kinematic tracer at different radii (<0.06 dex for
stars and <0.07 dex for gas) is significantly lower than the spread
in relations from various literature sources (within 0.19 dex for our
probed range of stellar masses, considering the relations for both
stars and gas), which are representative of different galaxy samples as
discussed. This finding suggests that differences in sample selection
dominate over systematic uncertainties introduced by differences in
radius at which the velocity is measured.

In summary, we report a variation of the STFR with radius for
both the stellar and gas kinematic samples, such that relations at
larger radii are shallower for both baryonic components. The stellar
and gas STFRs have slopes that are consistent at all probed radii
(Fig. 3). When selecting only rotationally dominated galaxies, the
stellar STFR remains constant for velocities at 1R, and 1.3R., and
becomes slightly shallower at 2R.. The gas STFR becomes shallower
as the radius used to estimate the velocity increases (Fig. 4). We find
a general agreement of our relations for rotators with previous studies
of the stellar and gas STFRs, although with slightly larger differences
between the gas relations below 10'° M, (Fig. 5). In the following
section, we present the stellar and gas STFRs after performing sample
matching, i.e. for the same sample of galaxies with kinematics for
both baryonic components that reach 2R..

3.2 Stellar and gas STFRs at different radii for the same galaxy
sample

The results presented in the above section are obtained using
different samples for stars and gas. As such, we need to assess
whether different selection criteria may impact any of the conclusions
presented. We select the common kinematic sample with stellar and
gas kinematics reaching 2R, (Section 2.5) and refit the stellar and
gas STFRs at 1R., 1.3R., and 2R, using the functional form of
equation (3). We also repeat the analysis in the section above for the
sub-sample of rotators with kinematics reaching 2R.. Fig. 6 shows
a compilation of these relations, in comparison with the STFRs for
the whole kinematic and rotator samples (presented in Figs 3 and 4)

In the case of the stellar STFRs (top left panel of Fig. 6), we
note that sample matching for the kinematic sample (purple versus
red lines) produces a more pronounced difference in the lower end
of the probed stellar mass range (below ~ 10'® Mg) such that
the relation becomes steeper when the same sample of galaxies
is considered. This difference, while within the scatter about the

MNRAS 527, 7438-7458 (2024)

20z Ateniged |0 uo 1senb Aq 6905 2/8E Y L/E/LZG/PI01HE/SEIUW WO dNO"0IWaPED.)/:SdY WOy papeojumoq



7448  A. Ristea et al.
Stars Gas
= Stellar Kinematic = Gas Kinematic
= Common Kinematic w/ Ryax=2Re = Common Kinematic w/ Rjax=2Re
2.5} = Vst at 1Re — V, at 1R,
.f._._’, - V,at1.3R, - V; at 1.3R,
Cdg » s Vg at2Re =nx Vg at 2R,
¥=
g g 2.0f >
s : aig, = 0.310 = 0.008 ajg, = 0.295 = 0.002
=CZ —_ big, = -1.13 £+ 0.06 big, = 0.90 = 0.02
ﬁ 1—'<_| a1 3r. = 0.294 + 0.007 a1 3r. = 0.276 = 0.002
- bisr, = 0.90 = 0.09 bisr, = -0.67 = 0.02
g 15 azg, = 0.26 = 0.01 azg, = 0.264 = 0.001
i * bagr, =-0.48 = 0.01 bagr, = -0.51 = 0.04
- Rotators Rotators
E« = Rotators with Ryax>2Re == Rotators with Ryax>2Re
D 2.5} == VaatiRre — Y, at 1R,
— w= s Vg at 1.3Re == Vgat1.3Re
= Vg at 2R, == Vjat2Re
E
2
S 2.01 aig, = 0.28 = 0.02 aig, = 0.26 = 0.02
=] big, = -0.82 = 0.02 bir. = -0.55 = 0.09
m a1.3R. = 0.28 = 0.02 d1.3R. = 0.26 = 0.03
bisr, = -0.8 = 0.1 by sr, = -0.48 = 0.05
axg, = 0.27 + 0.02 azg. = 0.26 = 0.02
1.5 ) bog, =-0.60 = 0. [12 bog, = -0.48 = 0.03
9 10 11 10 11 12

log(M*/Mo)

Figure 6. Top: A compilation of the differences in stellar (leff) and gas (right) STFRs at 1R., 1.3R., and 2R, between using the full kinematic samples (red/blue)
and using only the sub-samples with both stellar and gas kinematics reaching 2R, (purple). Bottom: The differences in stellar and gas STFR between using
the full rotator samples at each radius (yellow and green lines, respectively) and only the rotator sub-samples that reach 2R, (orange and light blue lines,
respectively). As such, the purple lines (top row) and the orange/blue lines (bottom row) reflect the STFRs for stars and gas at different radii, for the same
sample of galaxies (only selecting rotators in the case of the bottom row), and are directly comparable (differences are not driven by sample biases). We show the
best-fitting slope (a) and intercept (b) corresponding to these relations on each panel, matched in colour to the respective lines, and with the subscript indicating

the radius at which the velocity is measured.

best-fitting relation (below 0.07 dex in log(velocity), corresponding
to a maximum ratio in velocity of 1.17) at all radii, highlights the
contribution of the more gas-poor or dispersion-supported galaxies
not considered in the matched sample, which are predominantly
found below the stellar STFR (Fig. 3). We find a similar result when
considering the rotator galaxies that reach 2R, (bottom left panel of
Fig. 6), although with only very small differences (<0.01 dex in log
(velocity), corresponding to a maximum ratio in velocity of 1.02)
from the relations for the full rotator samples at the same radius.
When comparing the gas STFRs with and without sample match-
ing (top right of Fig. 6), we find similar trends as for the stars
(relations in the sample-matched case are steeper than when the full
kinematic sample is considered), although the differences are smaller
(below 0.03 dex in log(velocity), corresponding to a maximum ratio
in velocity of 1.08) at all radii. When only rotators are considered
(bottom right of Fig. 6), no radial variations are noted and the relations
are consistent within uncertainties (between the sample-matched and
unmatched cases). This finding highlights that the radial variations
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in the gas STFRs in Figs 3 and 4 are dominated by the requirement
of having H « emission traceable to sufficiently high radii, and the
further requirement of having high-enough stellar continuum does
not affect the results.

The relations shown in purple in the top row and orange/light
blue in the bottom row of Fig. 6 are representative of the same
galaxy sample and thus physically comparable between different
radii and kinematic tracers. The stellar and gas STFRs become
slightly shallower at larger radii (as indicated by the best-fitting
slope values displayed on Fig. 6), indicative of the change in the
gravitational potential between 1R, and 2R, (same trends as in Fig. 3).
When comparing the stellar and gas STFRs, a steeper relation for
stars at 1R, and 1.3R. compared to the gas is evident, while the slopes
of the two relations are consistent wihtin uncertainties at 2R..

This finding suggests that, statistically, the two baryonic com-
ponents are in different states of dynamical equilibrium in the inner
parts (<1.3R.). We note however that the gas STFR, while shallower,
is above the stellar one for the entire mass range probed by our galaxy
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samples (shown in Fig. 1) at 1R, and 1.3R.. The gas component is
collisional and thus affected by viscous forces that are not acting on
the stellar population. As such, while the gas may be subject to tur-
bulent motions, its dynamical support will be dominated by rotation
(as opposed to dispersion). The stars, on the other hand, can form
dispersion-supported structures (classical bulges) in the inner parts of
galaxies, in which random dispersive motions can dominate the dy-
namical support, thus explaining the stellar STFR being below the gas
one at 1R, and 1.3R. (with the note that such differences are decreas-
ing with increasing stellar mass). Such discrepancies are however not
present at 2R., suggesting that in the outer edges both components
are in the same state of dynamical equilibrium, when the sample of
galaxies with both stellar and gas kinematics is considered. We note,
however, the caveat of the kinematic sample used here not being rep-
resentative of the low (<10°° M) stellar masses (Fig. 1). This result
is indicative of an overall inside-out formation scenario for galaxies
in the nearby Universe, whereby stellar populations in the galactic
centres form first and are dynamically hotter than in the outskirts.

The vertical scatter s in the stellar STFR computed for the
common kinematic sample reaching 2R. shows only small (<0.02
dex) variations between the probed radii: 0.08, 0.06, and 0.07 dex at
1R., 1.3R., and 2R., respectively. This scatter is similar to that in the
gas relation for the same sample (0.07, 0.06, and 0.06 dex at 1R.,
1.3R., and 2R., respectively). The intrinsic scatter in these relations
is approximately constant between the probed radii, and consistent
within uncertainties between the relations for stars (0.02 dex at all
radii) and gas (0.03 dex at 1R, and 0.02 dex at 1.3R. and 2R.). This
result highlights that the larger intrinsic scatter in the stellar STFR
compared to the gas one for the entire kinematic sample (Fig. 3) is
the result of a different sample selection function.

When analysing the stellar STFR variation for our rotator sample
with kinematics reaching 2R. (bottom left panel of Fig. 6), there is
no variation between 1R, and 1.3R.. The relation at 2R, is slightly
shallower compared to the inner parts, albeit having a slope consistent
within uncertainties with those at 1R, and 1.3R. (ag, = 0.27 &+
0.02 compared to a; 3z, = 0.28 & 0.02and a;g, = 0.28 £ 0.02). The
same is valid for the gas STFR for rotators (bottom right panel
of Fig. 6). We recover a slightly shallower gas STFR for rotators
compared to the stellar relation (as shown by the best-fitting slopes
displayed on the bottom row of Fig. 6), albeit still consistent within
uncertainties at all radii. This result highlights a statistically similar
state of dynamical equilibrium for both kinematic tracers up to 2R.,
when only rotationally dominated galaxies are considered.

In summary, sample matching (considering the common kinematic
and rotator samples reaching 2R.) produces a slightly steeper stellar
STFR (compared to the case with no sample matching), whereas
the gas STFR remains largely unchanged (Fig. 6). The radial trends
between 1R, and 2R, present for the entire kinematic sample (Sec-
tion 3.1) are maintained in the sample matched case. A comparison
between the stellar and gas relations reveals a steeper stellar STFR
at 1R, and 1.3R. than the gas one, while the two are comparable in
the outer edges (2R.) Finally, the scatter in the stellar and gas STFRs
are consistent within 0.01 dex at all radii when sample matching is
performed.

4 PHYSICAL CAUSES OF SCATTER IN THE
STFR

In this section, we discuss the vertical scatter in the stellar and gas
STFRs (i.e the residuals in the STFR from a LSQ fit), and its variation
with radius. For the remaining of this paper, we refer to this scatter
as ATF (with subscripts indicating the stellar or gas relation). This
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measure is calculated, for each galaxy sample, with respect to the
best-fitting relation for rotators using a LSQ fit (Fig. 4), for either
stars or gas, and at that respective radius. We employ the rotator
sample since it produces the correlation with the least scatter at all
the probed radii (see Table 1 for an overview).

To test for correlations between ATF and different galaxy prop-
erties and environmental metrics, we calculate the Pearson partial
linear correlation coefficient opia. This coefficient takes values
between —1 and 1 such that a larger absolute value of a1 denotes
a stronger correlation. The two extreme values (£1) indicate a perfect
linear correlation/anticorrelation, and O indicates no degree of linear
correlation. The Pearson partial linear correlation coefficient also
takes into account the covariance between the two parameters being
studied and other quantities (see e.g. Varidel etal. 2016, Barsanti et al.
2023). While separations between strong and weak correlations based
on the value of ppqria are arbitrary, any degree of correlation inconsis-
tent with O can show statistical significance/insignificance given the
sample size. To assess the significance of the partial linear correlation
coefficient, we test the null hypothesis that the value of ppariar is
consistent with O (i.e. no linear correlation). This test returns the p
value (i.e. the probability) that the partial linear correlation returned
by ppartial s caused by statistical chance and hence is insignificant, i.e
there is no correlation between the two parameters in question for the
parent population from which our sample is drawn. We reject the null
hypothesis for p values below the critical level of 0.05. As such, a p
value <0.05 signifies a statistically significant correlation (whether
weak or strong) which is representative of the parent population and
not introduced by the selection of our sample. In all cases when pparial
is consistent with O within the 5-95 per cent parametric confidence
interval, we expect the null hypothesis to be accepted (p value > 0.05)
if the pparial value is a true representation of the lack of correlation
in the parent sample from which our data is drawn.

We analyse correlations between ATF and the following galaxy
properties and environmental metrics: (v/o)ng, (N = 1,1.3,2),
log(=./Mokpe2), log(Zsrr /Mo yr~'kpe~2), ng, T-type, Quroup» and
APA_,. For the remaining of this paper, whenever we calculate
Ppariat Detween ATF and any of the above parameters, we take
into account the covariance with M, and all the other parameters
mentioned, including integrated (v/c). This choice is motivated by
the fact that the rotational-to-dispersional support correlates strongly
with the scatter in the STFR (see Fig. 3). As such, accounting
for the covariance with (v/o) ensures that we are searching for
physical causes of scatter which are not correlated with rotational-
to-dispersional support themselves; in other words, we are analysing
contributions to the scatter of the STFR that are not related to an
increase in the velocity dispersion of the respective component.
The value returned by pparia thus reflects the degree of correlation
between ATF (A) and a given galaxy/environmental property (B),
while excluding the contribution to this correlation due to A and
B both being correlated or anticorrelated with any other metric.
The partial correlation analysis is ideal for this work given that a
number of parameters analysed to explain the scatter in the STFR
are correlated with each other (e.g. X spr increases with T-type, such
that late-type galaxies have higher SFR surface densities).

To assess the contribution of covariances with other parameters to
the observed trends, we compare ppaiiar With the Pearson absolute
linear correlation coefficient rp, equal to the covariance between the
two parameters being studied divided by the product of their stan-
dard deviations (i.e. without accounting for covariances with other
parameters). We also search for correlations of STFR scatter with
group membership (central/isolated or satellite), and the presence of
bars and rings.
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Figure 7. Dependence of stellar (left columns) and gas (right columns) STFRs vertical scatter from a LSQ fit (ATF) on: integrated log(v/o) and log(X,) for stars;
integrated log(v/o’) and log(Xspr) for gas. In the case of log(v/o), the parameter axis values show the corresponding non-logged values. The top/middle/bottom
rows show the residual dependence for the STFR computed using velocities at 1, 1.3, and 2R., respectively. The red/blue hexagonal bins and circles show the
distribution for the stellar/gas kinematic samples (bins are plotted for regions with at least five data points). The colour coding shows the stellar mass of the
respective galaxies. The dark red/blue lines and shaded regions show the running medians for the stellar/gas kinematic samples, and the 16th—84th percentile
intervals. The partial linear correlation coefficients (see Section 4.1) between ATF at the respective radius, and the parameter on the x-axis, is shown on each
panel in red or blue. We also show the absolute linear correlation coefficient rp in grey, for comparison. The running median for the common kinematic sample
is shown by the pink dashed line for comparison. The horizontal grey line is placed at ATF = 0. The uncertainties in pparial Show the 5 per cent and 95 per cent

parametric confidence intervals.

4.1 Galaxy physical properties and environmental metrics

For both the stellar and gas STFRs, the strongest correlation with
ATF are found, as expected, with integrated (v/o') within each radius
for the respective tracer, such that more dispersion-supported systems
are found below the stellar/gas STFRs at fixed M,. This correlation
is highlighted on the first and third columns of Fig. 7, showing a
strong dependence for the stars (ppaia between 0.61 and 0.77) and
a shallow correlation (pparial between 0.36 and 0.48) for the gas at
all probed radii. The same correlation is observed for the stellar and
gas STFRs when only considering the common kinematic sample
(pink line). The difference seen here between the two baryonic
components, as discussed in Section 3.1, can be attributed to the
collisionless nature of stars that allows them to form dispersion-
supported systems, resulting in the larger scatter in the stellar STFR
compared to the gas one. However, different selection criteria for
our stellar and gas kinematic samples are expected to play a role as
well, given that galaxies with the most dispersion-dominated stellar
kinematics often do not have rotation in the gas.

The trends showed in the second column of Fig. 7 indicate
a slight anticorrelation at 1R, and 1.3R. (rp = —0.14, —0.11,
respectively, without accounting for covariances) between stellar
STFR residuals and log(X,), i.e. a preference for more centrally
concentrated galaxies (larger X,) to be found below the stellar
STFR, and an approximately constant trend at 2R., although with a
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notable reduction in number statistics below log(%,) < 8. The same
observation can be made for the common kinematic sample (pink
line), highlighting that the individual result for the stellar kinematic
sample is not driven by selection effects. However, while accounting
for covariances with M, and the other parameters mentioned in the
section above, the result is a linear correlation with p = 0.30. This
is the result of the initial anticorrelation being suppressed by (i)
the correlation between ATF and (v/o) and (ii) the anticorrelation
between log(X,) and (v/0), and as such holds little physical meaning.
Furthermore, in all of these cases, the running medians for both the
stellar and common kinematic samples are consistent with ATF =0,
within the scatter (16th and 84th percentiles).

In the case of the gas STFR, the strongest correlations outside
of (v/o), albeit shallow (| ppartiai| <0.17), are found with log(Xgsrr)
and T-type. The partial correlation with T-type is a reflection of
covariances with the other considered parameters, since the absolute
linear correlation coefficient rp is consistent with O in all cases
(rp =0.02,0.01, and 0.07 at 1R., 1.3R., and 2R., without accounting
for covariance). This is not the case for the trends with log(Xspr)
which are highlighted in the rightmost column of Fig. 7 (albeit with
rp values only marginally inconsistent with 0). For both parameters,
however, the running medians for the gas and common kinematic
samples are always consistent with ATF = 0. We note similar
dependencies for both the gas and common (pink line) kinematic
samples, i.e. a slight anticorrelation between ATF and log(Xsgr).
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Figure 8. Grid plot showing the correlation between stellar STFR vertical scatter (ATFy) and the parameters shown on the top axis. Results are shown for
the stellar STFR at 1R, 1.3R., and 2R., as displayed on the left of each row. The fop grid shows the correlation for the stellar kinematic sample, while the
bottom displays the same results for the common kinematic sample. Each cell is colour-coded by the partial linear correlation coefficient ppartial, Which takes
into account the covariance with stellar mass and all the other parameters evaluated. The partial (opartial) and absolute (rp) linear correlation coefficients are
displayed on each cell. The grey squares highlight cells where there is a sign difference between the partial and absolute linear correlation coefficients, and both
are not consistent with 0, within uncertainties. The p value displayed on each cell tests the null hypothesis that ppariar is consistent with 0. Values below 0.05
are considered to reflect a statistically significant correlation at the 5 per cent confidence level, and are shown in green. In all cases where the pparial value is
consistent with 0 within the uncertainties (5-95 per cent confidence interval), we obtain a p value > 0.05 (shown in black), signifying that the lack of correlation
is significant. The 5-95 per cent confidence intervals for pparial are between 0.02 and £0.06 at 1R. and 1.3R., and between £0.05 and £0.10 at 2R...

This result is consistent with a framework in which star formation
feedback or gravitational instabilities associated with star forming
regions have the (relatively small) statistical effect of perturbing gas
kinematics, causing offsets from the STFR (which are not correlated
with an increase in gas v/o). This offset from the STFR potentially
caused by star formation feedback or gravitational instabilities is less
pronounced at 1R. (0pariat = —0.08), and somewhat higher at 2R,
(ppartiat = —0.18), potentially indicating a scenario in which there
is more star formation occurring in the outer edges (2R.) compared
to the inner parts (1R.) in the galaxies in our gas kinematic sample.
We note, however, the relative shallowness of this correlation, with
running medians that are consistent with ATF = 0 at all radii in the
case of log(Xspr).

We also keep track of underlying correlations with stellar mass,
visualized by the colour coding of Fig. 7. We note no correlations
of STFRs residuals with stellar mass, a result also confirmed
by computing the Durbin-Watson statistic which accounts for the
degree of correlation between consecutive STFR residuals (Durbin &
Watson 1950). For the entirety of our kinematic and rotator sub-
samples, the values of the Durbin-Watson statistic are in the range

1.75-2.14 and 1.51-2.05, respectively, which indicates randomly
distributed residuals that follow a normal distribution. As such, our
study finds no statistical evidence of a bending of the STFR at high
stellar masses, for either stellar or gas rotational velocity. Previous
studies have only reported very marginal evidence of such a bending
in the STFR (see e.g. Boubel et al. 2023 and references therein).

The linear correlation coefficients for the entire suite of parameters
analysed in this paper are shown in Figs 8 and 9 for the stellar and
gas STFRs, respectively. To keep track of sample biases, we show
the results for the common kinematic sample in the bottom part of
each figure as well. The cells highlighted in grey reflect cases where
the partial and absolute linear correlation coefficients have different
signs (and both coefficients are not consistent with 0). This scenario
suggests that the absolute correlation between two parameters (rp) is
smaller than the sum of their covariances with the other metrics con-
sidered in the partial correlation analysis. As such, the value of pparial
in these cases does not reflect the true (uncorrected for covariances)
correlation between the parameters of interest, but is rather only a
reflection of the strong covariances between the two parameters of
interest and the tertiary metrics that are being corrected for.
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Figure 9. The same as Fig. 8, for the gas STFR computed for the gas kinematic sample (fop) and common kinematic sample (bottom).

The p values on each cell test the null hypothesis that ppania
is consistent with 0, and are shown in green if p < 0.05 and the
hypothesis is rejected. In all cases where p > 0.05, the value of
Opartial 1 consistent with O within uncertainties, reflecting a lack of
statistically significant correlation.

In the case of the stellar STFR (Fig. 8), for both our stellar (top) and
common (bottom) kinematic samples, correlations with log(Xgsrr)
are very shallow (|p| < 0.19) at all radii. These correlations are only
statistically significant (p-value < 0.05, with ppqia and 7p having
the same sign) for the common kinematic sample, at all radii. In the
case of Qgroup> Ppartial 1S consistent with 0 at all radii and for both the
stellar kinematic and common samples. For the common kinematic
sample, we can assess correlations with the kinematic misalignment
angle between stars and gas APA_,, finding no correlations (|p|
< 0.05, consistent with 0) between this metric and STFR residuals
at any radius. Our proxies for optical morphology (XZ,, T-type and
ng) show no statistically significant correlations with STFR residuals
for all cases at 1R, and 1.3R., as shown by the sign difference
between the absolute and partial coefficients. While this is not
the case at 2R, for X,, T-type, and ng (except for ng when using
the stellar kinematic sample, and T-type when using the common
kinematic sample), the correlations recovered are relatively shallow
(p < 0.30). These results for the stellar STFR suggest that none of
the parameters probed in this work other than v/o ratio (global SFR
surface density, tidal interaction strength, or stellar-gas kinematic
misalignments indicating a recent accretion event; see e.g. Ristea
et al. 2022) correlate strongly with STFR residuals, while also not
being related with rotational-to-dispersional support. Once the v/o

MNRAS 527, 7438-7458 (2024)

dependence is taken into account, the remaining scatter does not
encode any strong physical meaning (i.e a strong correlation with
galaxy properties or environment) in the inner parts (1R, and 1.3R.),
as far as the parameters analysed in this work probe. At 2R., there
are only shallow correlations (albeit statistically significant) between
STFR scatter and optical morphology (log(X,), T-type and ny).

The full set of gas STFRs residuals correlations are shown in Fig. 9.
There are only shallow correlations with optical morphology and SFR
surface density (| ppariiat < 0.21]), albeit statistically significant except
for ng. Correlations with group tidal strength or stellar-gas kinematic
misalignments for both the gas and common kinematic samples are
consistent with 0 in all cases (p values < 0.05). As such, the above
considerations for the stellar STFR are valid in the case of the gas
as well: once the correlation of gas STFR scatter with turbulence
parametrized through v/o is taken into account, the remaining scatter
does not appear to encode any physical meaning, i.e. the intrinsic
scatter in the gas STFR appears to be largely explained by the
variation in v/o.

While the results in Figs 8 and 9 indicate no linear correlation
between stellar-gas kinematic misalignments (APAy_,) and the
scatter with respect to the stellar and gas STFRs, there is no physical
evidence suggesting that a larger misalignment angle would produce
alarger scatter from the relation. We therefore explore the possibility
that kinematically misaligned galaxies are scattered preferentially
below or above the stellar and gas STFRs in Appendix B. We find
that the majority of galaxies in our common kinematic sample are
found below both the stellar and gas STFRs, and have typically lower
v/o rations than aligned objects.
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We note that our trends at different radii in Figs 8 and 9 are
computed for different samples of decreasing size towards larger
probed radii. To keep track of the potential effect of the sample biases
presented in Section 2.5, we re-compute the correlation coefficients
for the STFRs at 1R. and 1.3R. only for the sample of galaxies
with both stellar and gas kinematics reaching 2R.. In the case of
correlations with integrated v/o, as expected, we see a reduction
in Ppariat by 0.16 and 0.17 for stellar kinematics at 1R, and 1.3R..
The reduction for gas kinematics at the same radii is by 0.31 and
0.28, respectively. This significant change is indicative of the lower
dynamical range in v/o for the common kinematic sample reaching
2R, (compared to sub-samples reaching 1R, and 1.3R.), as discussed
in Section 3.1. For all the other parameters in Figs 8 and 9, we find
relatively small changes in pparial (Within 0.18) for both stars and
gas at all radii, and in all cases resulting in correlations of a lower
magnitude than presented on the figures. The statistical significance
of each correlation as determined by the p values displayed in Figs 8
and 9 is maintained.

In summary, our results suggest that, once the dispersion support
in stars and gas is taken into account, the scatter in the stellar and gas
STFRs shows no strong correlations with either: optical morphology,
SFR surface density, group tidal interaction strength, or kinematic
misalignment angle (indicating a recent accretion event). These
findings are consistent with a scenario in which the increase in stellar
and/or gas velocity dispersion support from either external processes
(e.g. galaxy mergers, gas accretion) or internal ones (e.g. feedback
from star formation or active galactic nuclei) is the dominant and
fundamental cause of scatter in the stellar and gas STFRs.

4.2 Bars and rings

We also test whether the presence of bars and/or rings in galaxies
correlates with their position with respect to the STFRs. To ensure a
fair comparison between stellar and gas kinematics, we only analyse
our common kinematic sample (galaxies with both stellar and gas
kinematics; see Section 2.5). We split this sample into galaxies with
bars, rings or no morphological features (identified as described
in Section 2). The distributions of stellar/gas STFRs residuals for
each of these sub-samples are shown in Fig. 10, with the number of
galaxies in each sub-sample displayed in the legend. We compare the
distributions of ATF for galaxies with bars/rings and those with no
identified morphological feature using a KS test, with results shown
on each panel of Fig. 10.

At 1R, and 1.3R., we find statistical dissimilarities between the
STFR residual distributions of ring and non-feature galaxies (p values
between 2.2 x 1077 and 1.2 x 10™*), for both the stellar and gas
STFRs (top and middle rows of Fig. 10). In the case of bars, we only
note a borderline statistical difference at the 5 per cent level for the
gas STFR at 1R, (p value = 0.017).

While the above results are statistically significant, we must
first acknowledge the limitations of the visual classification scheme
employed by Galaxy Zoo, especially in terms of separating galaxies
which only have a ring/bar from those with both components, as well
as the uncertainties in defining effective radii in barred/ring galaxies,
given their light profiles. Due to the bar selection threshold applied
for our bar and ring selection (see Fraser-McKelvie et al. 2020), our
results are expected to include preferentially strong bars/rings, and
might fail to identify weak features.

Furthermore the comparison between results at different radii
in Fig. 10 is impeded by the fact that panels on the top, middle,
and bottom rows reflect results for different galaxy samples. We
perform a check by only considering the galaxies in the common
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Figure 10. The distribution of stellar (left) and gas (right) STFR residuals at
fixed stellar mass (ATFrs/gas) for the relations computed at 1R, 1.3Re, and
2R. (top, middle, and bottom, respectively), split according to the presence or
absence of bars/rings. The number of galaxies in each morphological category
is shown in the legend, in brackets. The distributions correspond to the
common kinematic sample (see Section 2.5). Distributions for galaxies with
bars/rings are shown in red/orange (stellar STFR) and blue/cyan (gas STFR),
while distributions for objects with no identified morphological features are
shown in grey. The p values displayed on each panel are the result of a
comparison (using a KS test) of the distributions of galaxies with no features
and those with bars/rings, as indicated in the subscript. The values in brackets
refer to the same results when considering only the common kinematic sample
reaching 2R, (i.e. the sample of galaxies on the last row).

kinematic sample with velocity measurements reaching 2R., and re-
compare the relevant distributions in Fig. 10 at 1R, and 1.3R. (with p
values displayed in brackets). This selection eliminates the statistical
differences noted between the STFR residuals distributions of ring
galaxies and those with no features, for both the stellar and gas
relations (top and middle of Fig. 10), with the p values being in the
range 0.09-0.88. This change is the result of the biases introduced
when only selecting galaxies with stellar and gas kinematics reaching
2R.. As such, the dissimilarities mentioned above do not hold for
the common kinematic sample reaching 2R., which largely includes
massive main-sequence galaxies. The differences noted for the entire
common kinematic sample at 1R, and 1.3R. are thus driven by low
stellar mass galaxies in the sub-samples reaching these radii (see
Section 2.5 and Fig. 1), for which ring and bar classifications are
expected to be more uncertain than in the massive galaxies with
kinematics reaching 2R..

If physically meaningful given the mentioned uncertainties, the
differences in ATF distributions between ringed and non-feature
galaxies at 1R, and 1.3R. for our entire common kinematic sample
are manifested in the form of ring galaxies being preferentially
found above the stellar and gas STFRs defined for rotators. Such
differences could potentially be attributed to a redistribution of
angular momentum associated with the ring formation process,
which largely occurs in cold rotating discs with a strong bulge or
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thick disc component. We note however that no such discrepancies
are found in the case of barred galaxies, in accord with the findings
of Courteau et al. (2003), and suggesting a similar dynamical
behaviour of barred and no-feature galaxies. While it is believed
that the formation pathways of bars and rings are interconnected,
the intricacies of this connection are not entirely understood, with
up to a third of galaxies hosting inner rings not having bars (Diaz-
Garcia et al. 2019). Given the inherent uncertainty of our feature
classification, we do not make a separation between galaxies that
only exhibit a bar/ring.

Our results indicate little contribution from processes forming
strong bars and rings on the position of galaxies withe respect to the
stellar and gas STFRs. When the entire common kinematic sample
is considered, tentative differences are noted in the form of ringed
galaxies being found preferentially more above the STFRs for stars
and gas compared to objects with no morphological features, albeit
with notable uncertainties given our bar/ring classification scheme,
as discussed.

4.3 Group membership

We test the possibility of the galactic environment having an effect
on the position of galaxies with respect to the stellar and/or gas
STFRs. We again select our common kinematic sample for this
purpose (Section 2.5) and split it into centrals or isolated galaxies
and group satellites. We show the distributions of stellar and gas
STFR residuals at 1R., 1.3R., and 2R, for the central/isolated and
satellite sub-samples in Fig. 11, with the number of galaxies in each
sub-sample displayed in the legend.

In all cases of the stellar STFR (Fig. 11, left side), the distributions
of ATF for centrals/isolated and satellites show statistical similarities
atthe 5 per cent level (p value between 0.06 and 0.45). The same result
is noted for the gas STFR (Fig. 11, right side), with the exception of
the case at 1R, where only marginal statistical differences are found
(p value = 0.049).

We acknowledge again that the results at different radii in Fig. 11
are representative of different galaxy sub-samples of the common
kinematic sample, and thus not directly comparable. We only
consider the galaxies with kinematics reaching 2R, and re-compare
the relevant distributions for the STFRs at 1R, and 1.3R.. The results
of this comparison are displayed in brackets in Fig. 11. We note
no changes in the statistical significance of our results when only
considering the common kinematic sample reaching 2R., compared
to the full common kinematic sample.

The similarities in stellar and gas ATF distributions at all radii
between centrals/isolated and satellite galaxies suggest a negligible
statistical effect of group environment processes on the position of
galaxies with respect to the STFR, with the mention that the largest
group probed by the MaNGA Survey is only numbering 623 galaxies.

5 SUMMARY AND CONCLUSIONS

We have performed an analysis of the STFR for stellar and gas
rotation at different radii in the nearby Universe, without any
selection based on optical or kinematic morphology. We have shown
how the stellar and gas STFRs change if we instead only select
rotationally dominated objects, as is the canonical method of STFR
studies. We have discussed the implications of sample matching on
the radial variation of the STFR, and on the differences between the
stellar and gas relations. We have also performed an analysis of the
scatter in the stellar and gas STFRs and examined its correlations
with various galaxy properties and environmental metrics.
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Figure 11. The distribution of stellar (left) and gas (right) STFR residuals
(ATFgtars/gas) for the relations computed at 1R., 1.3R., and 2R, (top, middle,
and bottom, respectively), split according to the group membership of
galaxies (centrals/isolated and satellites). The number of galaxies in each
environmental category is shown in the legend, in brackets. The distributions
correspond to the common kinematic sample (see Section 2.5). Distributions
for centrals or isolated galaxies are shown in red (stellar STFR) and blue (gas
STFR), while distributions for group satellites are shown in orange (stellar
STFR) and cyan (gas STFR). The p values displayed on each panel are the
result of a comparison (using a KS test) of the distributions of centrals/isolated
galaxies and those that are group satellites. The values in brackets refer to the
same results when considering only the common kinematic sample reaching
2R. (i.e. the sample of galaxies on the last row).

Our main conclusions are as follows:

(i) When the full samples (kinematic/rotator) are considered
(Section 3.1), the stellar and gas STFRs are becoming shallower
between 1R, and 2R. (Fig. 3) indicating the existence of different
independent relations up to 2R. for both components. This set of
relations is the result of different galaxy samples having different RC
shapes that vary depending on stellar mass (Catinella, Giovanelli &
Haynes 2006; Yoon et al. 2021). The stellar STFRs best-fitting
parameters are consistent within errors with those of the gas STFR at
all probed radii. In the case of our rotator samples, the radial variation
is the same as for the full kinematic samples, i.e the relations become
slightly shallower as the radius used to probe velocity increases, albeit
with the slopes being consistent within uncertainties at all radii, for
both baryonic components. This trend is highlighted in Fig. 4 and
indicates that our rotator sample selection includes galaxies with
little variation in stellar and gas dynamical state between 1R. and
2R.. The intrinsic scatter in the stellar STFR for the entire kinematic
sample is slightly larger than in the gas at 1R, and 1.3R., while the
two are consistent at 2R.. The intrinsic scatters in the stellar and gas
STFR are also consistent when only considering the rotator sample
(Table 1). Overall, these findings confirm results previously reported
by Yegorova & Salucci (2007), and extend them up to 2R..

(i) When comparing the stellar and gas STFRs for rotators with
previous literature computations of the STFR (Fig. 5), we recover
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a good agreement (<0.02 dex in log(velocity) at any given stellar
mass) in the case of stellar rotation (Brownson et al. 2022). When
considering relations that trace gas rotations from either H o (Bloom
et al. 2017; Arora et al. 2023; Catinella et al. 2023) or H1 (Catinella
et al. 2023), we identify a slightly larger spread (up to ~ 0.19 dex
in log(velocity) for our range of M,), especially at log(M,/Mg)
< 10. This discrepancy can be potentially attributed to either
the use of galaxy samples representative of different populations,
different radii used for velocity estimation or different stellar mass
computation methods (e.g using g-i magnitudes as opposed to
full SED fitting, which are expected to diverge at lower stellar
masses).

(iii) When only considering galaxies with stellar and gas Kkine-
matics reaching 2R, (Section 3.2), we recover steeper stellar and gas
STFR than in the unmatched case (Fig. 6), although differences in
the gas relation are smaller than in the stars between the matched and
unmatched cases. We also obtain the same radial trends of the STFRs
as in the case where the full kinematic samples are considered (i.e. the
relations for both components become shallower as the radius used
to probe the velocity increases). We report a shallower gas STFR at
1R, and 1.3R. compared to the stellar one, while in the outer edges
(2R.), the relations for the two components are consistent within
uncertainties. This finding indicates that, in the nearby Universe, the
stars and gas are following different states of dynamical equilibrium
in the inner parts (<1.3R.) due to larger contributions from random
motions for the stellar component. The two baryonic components
are dynamically coupled in the outer edges (2R.). The intrinsic
scatter in the stellar STFRs is consistent with the one in the gas
within 0.01 dex, when the same galaxy sample is considered. This
similarity indicates that the previously reported larger intrinsic scatter
at 1R, and 1.3R, in the stellar STFR when the full kinematic samples
were used is largely due to different sample selection effects. When
analysing the stellar and gas relations for our rotator samples, there
is no significant radial variation, while the relations for stars and
gas are consistent at each radius. This result suggests that when
only rotationally dominated galaxies in the nearby Universe are
considered, the two baryonic components are statistically found the
same state of dynamical equilibrium up to 2R..

(iv) No strong correlations with STFR vertical offset are noted for
any of the probed physical parameters and environmental metrics, for
either stars or gas (see Figs 8 and 9). This result suggests that, once
the dispersion support in galaxies is corrected for, the remaining
scatter shows only shallow correlations with optical morphology
and SFR surface density, and no correlation with environmental
tidal metrics or signatures of recent gas accretion. Ring galaxies
are only marginally found above the stellar and gas STFR compared
to objects with no features (Fig. 10, only valid when the full common
kinematic sample is considered), a result not recovered in the case
of barred galaxies. These findings indicate a negligible contribution
from the processes forming strong bars and rings to driving the scatter
in the STFR. Furthermore, the distributions of STFR residuals for
central/isolated and satellite galaxies are statistically similar at all
probed radii (Fig. 11). Group processes thus do not appear to have a
statistically significant effect on the position of galaxies with respect
to the stellar and gas STFRs.

Our results have reinforced the importance of considering biases
due to sample selection or the choice of a specific kinematic tracer
(stars or gas) when undertaking studies of the STFR. We report
evidence for the existence of different STFRs for stellar and gas
rotation at different radii, and for different kinematic morphologies,
indicative of statistically different states of dynamical equilibrium
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for the respective baryonic tracers. Finally, our findings suggest a
scenario in which the increase in the velocity dispersion support of
stars and/or gas (from either galaxy mergers, gas accretion, feedback
from star formation or active galactic nuclei) is the dominant and
fundamental cause of scatter in the stellar and gas STFRs. The
compendium of relations presented in Tables 1 and Al provides a
benchmark bias-informed calibration tool for simulations of galaxy
evolution, and a comparison point for high-redshift studies of the
STFR.
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APPENDIX A: ORTHOGONAL REGRESSION
FIT TO THE STFR

We re-fit each data set outlined in Table 1 using orthogonal linear
regression with intrinsic scatter implemented by the HyperFit
package (Robotham & Obreschkow 2015). In doing so, we assume

7457

a constant uncertainty in stellar mass based on the maximum uncer-
tainty in stellar mass for our galaxy sample (0.08 dex), computed as
described in Salim et al. (2016). We present the results of these fits
in Table A1.

A comparison between the results of the orthogonal fit (Table A1)
and those from the LSQ fit (Table 1) reveals a general agreement
between the two methods. In all cases, the slopes from the two fitting
methods agree within uncertainties. Disagreements in the intercepts
larger than the error are only found for the stellar STFR at 2R, in the
cases of the full kinematic and rotator samples, and for the gas STFR
at 1R, in the case of the common kinematic sample.

Finally, we find that the same trends with scatter reported in
Sections 3.1 and 3.2 are also valid for the orthogonal intrinsic scatter
s, . The intrinsic orthogonal scatter decreases as the radius used to
probe velocity increases. s, is slightly higher in the stellar STFR
compared to the gas one at the same radius for the full kinematic
sample (As; ~ 0.02-0.03 dex, albeit within uncertainties), and
comparable (within 0.01 dex) for the common kinematic and rotator
samples.

Table A1. Compilation of the stellar and gas STFR best-fitting parameters from an orthogonal regression fit, for all the galaxy samples used in this work.

Stars Gas

Sample Radius (x Re) Ngal,st Ngal g slope (a) intercept (b) S1 slope (a) intercept (b) S1
Kinematc ! S a0 02846l —0867) 0013 | 02832 | ~076(3] 0082
(ALL) 13 DIC i oeslsl  —063e] 0100 02673]  —0583]  0072]

2 SO o 02s] 0430 00904 | O24IE] | ~028[4] 0063
Common 1 1899 1899 0.289[6] —0.89[6] 0.07[3] 0.306[8] —1.03[5] 0.06[2]
(stars & gas) 1.3 1458 1458 0.281[6] —0.77[7] 0.06(3] 0.288[5] —0.80[6] 0.06[3]

2 235 235 0.25[2] —0.45[5] 0.06[4] 0.26[1] —0.43[9] 0.05[3]
Common 1 235 235 0.31[2] —1.13[2] 0.08[2] 0.30[1] —0.87[4] 0.07[2]
W/ Rmax > 2Re 1.3 235 235 0.30[2] —0.90[9] 0.07[4] 0.27[1] —0.64[9] 0.06[3]
Rotators 1 879 879 0.285[7] —0.82[7] 0.05[2]

1.3 644 644 0.285[7] —0.79[8] 0.05[3]

2 79 79 0.29(3] —0.82[9] 0.04[3]
Rotators 1 79 79 0.28[2] —0.8[2] 0.04[2] 0.27[2] —0.7[2] 0.04[2]
W/Rmax > 2R. 1.3 79 79 0.31[2] —1.1[3] 0.03[3] 0.26(2] —0.5[1] 0.03[2]

We show results for our full stellar, gas and common kinematic samples as well as for the selected rotators, at 1R., 1.3Re, and 2R.. We also present the best-fitting
relations at 1R, and 1.3R. only for the common kinematic and rotator samples with stellar and gas kinematics reaching 2R.. The number of galaxies in each
stellar and gas sub-sample at the respective radius is highlighted under the Ny, and Ng,1,¢ columns, respectively. The values in square brackets show the
uncertainty in the last decimal place of each best-fitting value. s is the best-fitting orthogonal intrinsic scatter, expressed in dex. The intercept (b) values are

expressed in dex, while the slopes (a) are dimensionless. The coloured cells correspond to the relations shown in Figs 3 (red and blue) and 4 (

and green).
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APPENDIX B: TULLY-FISHER OFFSET AS A
FUNCTION OF KINEMATIC MISALIGNMENT
ANGLE

In Fig. B1 we plot the offset from the stellar (left) and gas
(right) STFR at 1R, (top), 1.3R. (middle), and 2R, (bottom) as a
function of the kinematic misalignment angle between stars and
gas, APA_,. There is no obvious linear trend between the plotted
parameters, as reported in Figs 8 and 9. However, we find that
92 (65), 84 (67), and 73 (65) per cent of kinematically misaligned
(APAg_; > 30° e.g. Ristea et al. 2022) galaxies are found below the
stellar (gas) STFRs (ATF < 0) at 1R, 1.3R. and 2R, respectively.
We also note an association between the presence of misalignments
and a decrease in integrated v/o. The ratios between the median
stellar and gas v/o for aligned and misaligned galaxies within
IR., 1.3R. and 2R, are (2.1, 1.9, 2.0)gur and (2.6, 2.7, 2.3)g,,
respectively.

These result for the gas STFR could be explained by a scenario in
which misaligned gas accretion is increasing gas turbulence (Jiménez
et al. 2023), thus causing galaxies to scatter below the gas STFR. The
same findings for the stellar kinematics could potentially be attributed
to the fact that kinematic misalignments are more prevalent and
longer-lived in early-type high-dispersion galaxies (see e.g Bryant
et al. 2019; Ristea et al. 2022). These galaxies are scattered below
the stellar STFR due to an increase in dispersion compared to
ordered rotation, potentially from a past misaligned accretion episode
(from either a merger or the galaxy’s outer halo) which has not yet
stabilized.

0 75 100125150 175 25 50 75 100 125 150 175

APAg g APAy; g

Figure B1. Dependence of stellar (leff) and gas (right) STFRs vertical offsets
from a LSQ fit (ATF) on the kinematic misalignment angle between stars and
2as (APAg—g). Results are shown for the common kinematic sample reaching
1R, (top row), 1.3R. (middle row), and 2R, (bottom row). Hexagonal bins
are plotted for regions with at least five data points. The colour coding shows
the integrated v/o for stellar and gas kinematics within the respective radius,
as indicated on the top right on each panel. The pink lines and shaded regions
show the running medians and their scatter (16th and 84th percentiles), while
the grey shaded areas highlight the regions with APAg_, < 30°, i.e. the
galaxies which have aligned stellar and gas rotation (Ristea et al. 2022).
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