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A B S T R A C T 

We extract with PPXF and analyse the high-order stellar kinematic moments h3 (related to skewness) and h4 (related to kurtosis) 
in a complete subsample of 2230 galaxies with well-sampled line-of-sight velocity distributions ( σe � 140 km s−1 ) from the 
final data release of 10 010 unique galaxies of the MaNGA survey. To reduce template mismatch, we created a stellar library 

based on MaStar. We used proxies for the specific angular momentum parameter ( λRe ) and ellipticity ( ε) to distinguish between 

fast and slow rotators. Using the Pearson correlation coefficient between spatially resolved h3 and V /σ within the isophotes of 
2.5 half-light radii ( Re ), we classified 1599 fast rotators into (i) 1073 galaxies showing a strong h3 versus V /σ anticorrelation, 
indicative of normal rotating stellar discs as observed in earlier studies, and (ii) 526 galaxies exhibiting weak or no correlation 

between h3 and V /σ . These galaxies are likely disturbed, showing signs of bars or merging. Further inspection revealed that 
85 galaxies from the latter group contain an anticorrelated inner disc, with half of these inner discs composed of younger stellar 
populations, indicative of recent gas accretion and nuclear star formation. This catalogue presents measurements of high-order 
stellar kinematic moments, providing a basis for exploring their potential links with the kinematic structures of galaxies. We 
have made the newly extracted high-order kinematics publicly available for further studies on stellar dynamics and galaxy 

formation. 
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 I N T RO D U C T I O N  

he line-of-sight velocity distribution (LOSVD) encodes key infor-
ation about a galaxy’s dynamics and assembly. In practice, the
OSVD is well described by a Gauss–Hermite expansion whose

ow-order moments provide the mean velocity ( V ) and velocity
ispersion ( σ ), while the higher-order coefficients h3 and h4 quantify
epartures from a Gaussian (O. E. Gerhard 1993 ; R. P. der Marel &
. Franx 1993 ; R. Bender, R. P. Saglia & O. E. Gerhard 1994 ). The

oefficient h3 traces skewness and thus asymmetry in the LOSVD,
hereas h4 traces kurtosis and thus symmetric deviations. In non-

otating systems, flat-topped or peaked profiles are common, with
4 > 0 typically associated with radial anisotropy and h4 < 0 with

angential anisotropy (O. E. Gerhard 1993 ; R. P. der Marel &
. Franx 1993 ; O. Gerhard et al. 1998 ; J. Thomas et al. 2007 ).
ecent work further suggests that h4 carries information on star

ormation and lookback time in massive galaxies (F. D’Eugenio et al.
023a , b ). 
A key discovery linking galaxy structure to kinematics emerged

rom the SAURON project, which kinematically separated early-
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Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), whi
ype galaxies into fast rotators and slow rotators based on their
rojected specific angular momentum, λR (E. Emsellem et al. 2007 ).
ast rotators are typically flattened, disc-like systems with regular,

arge-scale rotation, while slow rotators are rounder, often triaxial
ystems with little net rotation. In a companion paper from that
urvey, M. Cappellari et al. ( 2007 ) used dynamical models to demon-
trate that the λR kinematic classification is robust to inclination
ffects, showing that fast rotators are physically consistent with disc-
ike systems seen at various viewing angles, while slow rotators
re physically quite different, weakly triaxial, systems. We adopt
his standard kinematic classification terminology throughout the
aper. 

For rotation-supported discs, projection effects generate a well-
nown anticorrelation between V /σ and h3 (e.g. R. P. der Marel
 M. Franx 1993 ; D. Krajnović et al. 2006 , 2011 ; D. R. Cole et al.

014 ; Z. Wang et al. 2024 ). This trend is observed from early long-slit
tudies (e.g. R. Bender et al. 1994 ; R. P. Marel et al. 1994 ; A. Chung
 M. Bureau 2004 ) to two-dimensional integral field unit (IFU)

urveys such as SAURON (Spectroscopic Areal Unit for Research
n Optical Nebulae; e.g. D. Krajnović et al. 2008 ; D. Krajnović
t al. 2013 ), as well as in larger modern programmes like the
AMI (Sydney-Australian-Astronomical-Observatory Multi-object 
ntegral-Field Spectrograph; e.g. J. de Sande et al. 2017 ) and in high-
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1 We want to use 〈 σ 〉 here, not the Vrms ≡
√ 

V 2 + σ 2 , which is commonly 
used to study galaxy properties, because the undersampling is affected by the 
broadening of the lines, but not by the resolved rotation. 
uality MUSE (Multi-Unit Spectroscopic Explorer) data (e.g. S. I. 
oubser et al. 2022 ; A. Fraser-McKelvie et al. 2025 ). Simulations

eproduce the same behaviour and connect distinct patterns to 
pecific formation channels: internal disc dynamics and bars generate 
he characteristic h3 versus V /σ signature (e.g. M. Bureau & E. 
thanassoula 2005 ; V. P. Debattista et al. 2005 ; R. Jesseit, T. Naab &
. Burkert 2005 ; M. Bois et al. 2011 ; F. Iannuzzi & E. Athanassoula
015 ; A. Rantala et al. 2019 ; D. Zakharova et al. 2023 ), while gas-
ich and gas-poor mergers imprint different loci at fixed V /σ (e.g. 
. Naab, R. Jesseit & A. Burkert 2006a ; T. Naab, S. Khochfar & A.
urkert 2006b ; R. Jesseit et al. 2007 ). 
T. Naab et al. ( 2014 ) used cosmological hydrodynamical zoom-in 

imulations of 44 individual central galaxies to link the high-order 
tellar kinematic features of these galaxies to their assembly history. 
heir Class A and B galaxies are fast rotators that experienced gas-

ich mergers, and show a strong anticorrelation between h3 and 
 /σ . Class D consists of fast rotators formed through gas-poor
ergers, where h3 and V /σ are not anticorrelated. Class C, E, and 
 are slow-rotating galaxies that either had late gas-rich mergers or
as-poor minor and/or major mergers. They find that fast rotators 
ith a gas-rich merger history show the anticorrelation between 
3 and V /σ , whereas fast rotators with a gas-poor merger history
o not. 
J. de Sande et al. ( 2017 ) applied Gaussian mixture models to

lassify individual h3 versus V /σ signatures of galaxies in the 
AMI Galaxy Survey (J. J. Bryant et al. 2015 ) into five classes.
rom Class 1 to Class 5, galaxies gradually change from slowly 
otating systems that exhibit no correlation between h3 and V /σ

Class 1), to a strong anticorrelation in Class 3–4, and finally to fast
otating systems with a weak or nearly non-correlation in Class 5 
see Fig. 12 in J. de Sande et al. 2017 ). They find that weak or absent
orrelations often signal disturbed systems or the presence of counter- 
otating bulges or bars, potentially exacerbated by limited spatial 
esolution. 

Integral-field spectroscopy has enabled these advances by de- 
ivering spatially resolved kinematics for large samples. Surveys 
uch as ATLAS3D (M. Cappellari et al. 2011 ), CALIFA (S. F. 
ánchez et al. 2012 ), and SAMI (J. J. Bryant et al. 2015 ) have

ransformed our view of galaxy formation and evolution (see reviews 
y M. Cappellari 2016 ; M. Cappellari 2026 ). The Sloan Digital
ky Survey IV (SDSS-IV) Mapping Nearby Galaxies at Apache 
oint Observatory (MaNGA) survey (K. Bundy et al. 2015 ) is the

argest of these efforts, providing IFU spectroscopy for more than 
10, 000 galaxies. The official MaNGA Data Analysis Pipeline (K. 

. Westfall et al. 2019 ) reports V and σ , but was not designed
o deliver robust higher-order moments. Accurate measurement of 
3 and h4 requires intrinsic dispersions that are at least a few 

imes larger than the instrumental sampling (M. Cappellari & E. 
msellem 2004 ; M. Cappellari 2017 ), which for MaNGA is typically
instr ≈ 70 km s −1 . As a result, higher-order moments are unreliable 
or a substantial fraction of the sample, though they can be mea-
ured robustly for a well-defined subset. This motivates the present 
ork. 
In this paper we measure stellar kinematic parameters for MaNGA 

alaxies, with particular attention to the higher-order moments h3 and 
4 . We then identify and interpret the principal classes of h3 and h4 

ignatures in nearby galaxies and connect the observed moments to 
tellar population properties. These measurements will be used to 
onstrain dynamical models in subsequent papers, and the resulting 
roducts will be released publicly. 
This paper is organized as follows. In Section 2 , we define a sample

f slow and fast rotators with regular kinematic maps. In Section 3 , we
escribe our extraction of high-order stellar kinematics. In Section 4 ,
e present global properties of the high-order kinematics, introduce 
ur classification for individual galaxies, and discuss the implications 
f this work. 

 DATA  A N D  SAMPLE  

his section shows the selection criteria for our sample galaxies from
aNGA survey. 

.1 The MaNGA Survey 

he MaNGA survey (K. Bundy et al. 2015 ) is currently the largest
FU survey that provides a three-dimensional view of galaxies. 
he MaNGA data include a sample of 10 010 high-quality unique
alaxy observations with spatially resolved spectra within the redshift 
ange of 0.01 < z < 0.15 (D. A. Wake et al. 2017 ). The spaxel
ize of MaNGA is 0.5 arcmin and the average full width at half-
aximum (FWHM) g -band point spread function (PSF) through- 

ut the survey is approximately 2.54 arcmin (D. R. Law et al.
016 ). 
The spectra provided by MaNGA cover a wavelength range of 

600 to 10 300 Å, with a spectral resolution R ∼ 2200 (N. Drory
t al. 2015 ; D. R. Law et al. 2016 ). Raw spectra are processed by the
ata Reduction Pipeline (DRP) (D. R. Law et al. 2016 ), and products

uch as stellar kinematics and emission line properties are produced 
y the Data Analysis Pipline (DAP) (F. Belfiore et al. 2019 ; K. B.
estfall et al. 2019 ). 

.2 Sample Selection 

n total, we have the DAP outputs of 10 010 high-quality
nique galaxies and 135 repeat observations in SDSS DR17. For 
hose with repeat observations, we have taken the better-quality 
bservation. 
The MaNGA spectrograph has a median spectral resolution of σin 

 72 km s−1 (D. R. Law et al. 2016 ) and the spectra are logarithmi-
ally rebinned with velocity steps �V = σin by the DRP, to achieve
 Nyquist sampling of the data. D. R. Law et al. ( 2021 ) concluded
hat it is possible to recover velocity and dispersion well below the
nstrumental resolution. However, the same is not true for the h3 and
4 . Fig. 9 in M. Cappellari ( 2017 ) illustrates the PPXF recovery of the
inematics, when the astrophysical velocity dispersion σ � 2 �V , it
ecomes difficult to constrain the Gauss-Hermite moments due to 
ndersampling (M. Cappellari & E. Emsellem 2004 ; M. Cappellari 
017 ). For MaNGA, 2 �V ≈ 140 km s−1 . To avoid undersampling,
e used the flux-weighted mean stellar velocity dispersion. 1 〈 σ 〉e of 

ll spaxels within one effective radius (1Re ) provided by the DAP and
estricted our sample to MaNGA galaxies with 〈 σ 〉e � 140 km s −1 . 
his yields 2583 galaxies. 
We then remove galaxies with low data quality (Qual = −1)

ccording to the kinematic quality flags in K. Zhu et al. ( 2023 ),
hich provides a visual quality classification of stellar kinematics. 
he quality flags used here are based on visual inspection of the

ecovered Vrms and V maps with the MFL (mass follow light) model,
aken from the catalogue of K. Zhu et al. ( 2023 , section 5.1) under
he keyword ‘Qual’ . Qual = −1 means these galaxies are of very
MNRAS 544, 1038–1055 (2025)
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Figure 1. Distribution of our galaxy sample in comparison to the full 
MaNGA sample in the stellar mass–redshift plane. Black lines and dots 
represent all galaxies from the MaNGA survey, while red and blue ones 
correspond to galaxies in our sample belonging to the primary + and 
secondary subsamples, respectively. 
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2 Python PPXF package v8.2 from https://pypi.org/project/ppxf/. 
3 We used the procedure SPECLUS available on https://github.com/micappe/ 
speclus 
ow quality. We should not trust any of the kinematic properties of
hese galaxies. After removing all the Qual = −1 galaxies from our
ample, there are 2230 galaxies left. 

The full MaNGA sample consists of three main subsamples. The
ombination of primary and colour-enhanced samples is called the
rimary + sample, which makes up 67 per cent of the targets, is
esigned to be covered by the IFUs to 1.5R e . The Secondary sample,
hich makes up the rest 33 per cent, is designed to cover 2.5 Re 

D. A. Wake et al. 2017 ). Fig. 1 compares the sample used in
his work with the overall MaNGA sample. Our sample consists
f 1341 galaxies ( ∼60 per cent) from the primary + sample and
89 galaxies ( ∼40 per cent) from the Secondary sample, showing a
odest 7 per cent bias toward the Secondary sample. Our sample

s significantly biased toward the high-mass end compared to
he overall MaNGA sample. This is an expected consequence of
electing galaxies with a high central velocity dispersion, as the
alaxies are in virial equilibrium (e.g. J. Binney & G. A. Mamon
982 ). 

 M E T H O D S  

n this section, we show how we derive four kinematic mo-
ents ( V , σ , h3 , h4 ) with the help of the PPXF software (M.
appellari & E. Emsellem 2004 ; M. Cappellari 2017 , 2023 ). In
ection 3.1 , we shall first briefly introduce PPXF . In Section 3.2 ,
e describe how we construct stellar templates based on the
aStar stellar library. In Section 3.3 , we discuss how we deter-
ine the level of bias when running PPXF . In Section 3.4 , we

stimate the systematic errors introduced during the model-fitting
rocess. 
NRAS 544, 1038–1055 (2025)
.1 The PPXF software 

ur stellar kinematic fitting is based on the version 8.2 2 of PPXF .
his penalized pixel-fitting software ( PPXF ) pioneered a robust pixel-
tting method, particularly optimized for extracting the kinematics
f the stars and gas in galaxies from integral field spectroscopic (IFS)
ata. 
When fitting the stellar kinematics, an additive Legendre poly-

omial is used to correct for possible mismatches between the
tellar continuum emission from the observed galaxy spectrum
nd the template due to small errors in the flux calibration and
inor template mismatch effects. We applied an 8th-order additive
egendre polynomial to remove residuals. 

.2 Optimal subset of templates from the Mastar Library 

n DR17, stellar kinematics measurements are based on the MILES-
C library (Abdurro’uf et al. 2022 ). Since MILES (A. Vazdekis

t al. 2010 , 2015 ) only spans between 3575 and 7400 Å, this means
hat stellar kinematics does not include, for example, contributions
rom the calcium NIR triplet near 8600 Å. The MaStar stellar
ibrary (R. Yan et al. 2019 ; Abdurro’uf et al. 2022 ) allows us
o take advantage of the full MaNGA spectral range (3600 to
0 000 Å). 
To reduce computation time when using large stellar libraries

s templates, we applied the hierarchical clustering method and
oftware 3 described in K. B. Westfall et al. ( 2019 , Section 5)
o select subsamples of stars that are representative of the entire
ibrary. 

The spectral resolution of the spectra in the MaStar library varies
ith wavelength. The resolution curve also differs from star to star

nd from visit to visit. In order to provide subsets of spectra that have
een unified in their resolution curves, we adopt the 60th percentile
esolution curve in Abdurro’uf et al. ( 2022 , section 6.3). For this
esolution curve, Abdurro’uf et al. ( 2022 ) has selected visit spectra
hat have sharper line spread-functions (LSFs) (higher resolution)
han it at all wavelengths. We use equation (5) from M. Cappellari
 2017 ) to homogenize the resolution of all stars in the library to
he same σinst of the adopted 60th percentile resolution curve, while
ccounting for the variable instrumental dispersion σtemp of each
elected visit spectra. We broaden the visit spectra to the 60th
ercentile resolution curve using the procedure VARSMOOTH within
he PPXF package, which allows for a variable convolution kernel.
s an upgrade of what has been done in Abdurro’uf et al. ( 2022 ),

his new function uses the fast Fourier transform and the analytic
ourier transform of a Gaussian to avoid under-sampling issues (M.
appellari 2023 , algorithm 1). 
After convolving every selected visit spectra to uniform resolution,

he multiple visit spectra for each star are combined into one spectrum
er star. The key idea of the hierarchical clustering method is to apply
 clustering algorithm (A. K. Jain, M. N. Murty & P. J. Flynn 1999 ) to
he N spectral templates composed of M spectral channels by treating
hem as N vectors in an M-dimensional space (K. B. Westfall et al.
019 , section 5). The distance between two spectra is calculated as
ne-half of the interval enclosing 95.45 per cent (2 σ confidence) of
he residuals, in a PPXF fit of one spectrum using another spectrum
s the template. The distances are used to construct a distance matrix
or input to a hierarchical clustering algorithm. To avoid a large

https://pypi.org/project/ppxf/
https://github.com/micappe/speclus
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Figure 2. The 54 templates in the template library. The spectra are ordered 
ystematic error at the blue and red end of the star spectrum, we used
680–9900 Å instead of the full wavelength coverage of the MaStar 
pectrum when fitting. For this exercise, we include an eighth-order 
dditive Legendre polynomial in the PPXF fits to be consistent with 
he method used when fitting the stellar kinematics of the galaxy 
pectra. 

The SPECLUS procedure generated 56 clusters (i.e. groups of 
tars) out of 5090 high-resolution stars. We normalize all stars for
very cluster and take the average. We remove two templates with 
rominent emission lines, resulting in a final set of 54 spectra in
ur template library, as shown in Fig. 2 . Although the clustering of
he stellar templates does not use any information on their stellar
opulation parameters, as one would expect, the clusters tend to 
oncentrate in regions of similar population parameters, as shown in 
ig. 3 . 
The MaNGA DAP constructed similar MASTARHC2 templates 

Abdurro’uf et al. 2022 ) to model the galaxy continuum for emission
ine measurements in DR17. Our new templates are constructed 
ncluding additive polynomial in the fit, consistent with what we used 
hen fitting the stellar kinematics of the galaxy spectra. Moreover, 

n our approach we homogenize the stellar spectra to the same 
esolution using new VARSMOOTH procedure to avoid undersampling 
see section 3.1 in M. Cappellari 2023 ). Our stellar templates are
vailable online 4 

.3 Kinematic extraction including h3 and h4 

efore extracting the kinematic it is important to spatially bin the 
ata to increase the S/N . This is to reduce possible biases to the
inematics which can happen when the fitted solution is allowed to 
trongly deviate from the true one, due to the too low S/N . For this
eason, we Voronoi binned 5 (M. Cappellari & Y. Copin 2003 ) the
FU spectra to S/N = 30 before the kinematic extraction. Unlike 
hat was done in the DAP pipeline, we ignore the spatial correlation
etween spaxels. This is to reduce the loss of spatial resolution at
arge radii and low S/N , at the expense of a slightly smaller S/N than
he target value. 

To extract the Gauss-Hermite moments with PPXF it is rec- 
mmended to penalize the kinematics to reduce the noise. This 
equires determining the penalty parameter ( bias keyword in PPXF ), 
hich depends on the S/N of the spectrum and fitted wavelength 

ange (M. Cappellari & E. Emsellem 2004 ). Now we determine 
he level of bias. As discussed in detail in M. Cappellari & E.
msellem ( 2004 ) and M. Cappellari et al. ( 2011 ), we adjusted

he penalty in PPXF through Monte Carlo simulation in Fig. 4 .
ollowing the PPXF documentation, we ensure for the extracted 
alues not to deviate significantly from the true values at the 
dopted S/N = 30 and for σin > 2 �V . The recovered values can
nly deviate at smaller σin , where the data do not contain enough
nformation to recover the full LOSVD. The resulting adopted level is 
ias = 0 . 3. 
When running PPXF , we remove emission lines by masking around 

he following lines [O II ] , H δ, H γ, H β, [O III ] , [O I ] , H α, [N II ], and
S II ]. The outliers in the spectrum are removed using the ‘fit-
nd-clean’ method, which means that we run PPXF twice on 
ach binned spectrum. The first fit includes only the masks for the
mission lines. After the first fit, we perform a 3 σ outlier clipping
MNRAS 544, 1038–1055 (2025)

 Available from https://github.com/Fuyq42/MaNGA High Order stellar
inematic , see Mastar hierarchical clusters.fits. 
 We used v3.1 of the VORBIN package from https://pypi.org/project/vorbin/. 

from cold to hot according to median temperature of their cluster. Note that 
some hot spectra appear red due to reddening. The spectra are normalized by 
their median value. 

https://github.com/Fuyq42/MaNGA_High_Order_stellar_kinematic
https://pypi.org/project/vorbin/
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Figure 3. Effective temperature ( Teff ), metallicity, and log surface gravity 
g of the stars in the MaStar stellar library. Each datum is assigned a colour 
based on its assigned cluster from the hierarchical-clustering algorithm. The 
population parameters come from L. Hill et al. ( 2022 ). 

Figure 4. Testing penalization in PPXF . We simulated spectra with the S/N = 

30 of our data and an LOSVD with h3 = 0.1, h4 = 0.1 and σ in the range 
between 30 and 300 km s−1 . We extracted the kinematics with PPXF and 
a penalty bias = 0.3. The solid blue lines in the top two panels show 

the median of the differences between the measured values and the input 
values of the mean velocity and the velocity dispersion. The shaded area 
represent the 16th and 84th percentiles of the same differences (1 σ ). The 
bottom panels show the same lines for the recovered values of h3 and 
h4 . The blue dashed lines are reference lines of one and two times the 
MaNGA spectrum resolution. Compared with the input values (0.1, red line), 
The h3 and h4 parameters can only be recovered without bias when σin ≥
140 km s−1 . 
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Figure 5. The Voronoi bins of our example galaxy (MaNGA-ID: 1–149878). 
The contour lines indicate the surface brightness of the example galaxy. 
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6 Python v8.0 from https://pypi.org/project/jampy/. 
ased on the residual between the best-fitting template and the
bserved galaxy spectrum and add clipped pixels to the original
asked emission line regions and repeat the fit. Removing emission

ines and outliers ensures a nearly smooth residual across the entire
pectrum. 
NRAS 544, 1038–1055 (2025)
.4 Negligible effect of spatial binning on h3 and h4 

he process of co-adding multiple spectra, such as through see-
ng effects (PSF convolution) or Voronoi binning, can artificially
enerate non-zero higher-order kinematic moments ( h3 and h4 ).
his occurs because summing spectra with different line-of-sight
elocities produces a combined line profile that is no longer perfectly
aussian, even if each individual spectrum was. To ensure our

esults are robust, we performed a simulation to precisely quantify
he magnitude of this systematic effect and demonstrate that it is
egligible for our analysis. 
Our simulation strategy involves three steps: 

(i) Create an idealized mock datacube where the kinematics are
erfectly Gaussian everywhere. 
(ii) Degrade this cube by simulating our exact observational and

inning procedure. 
(iii) Measure the resulting kinematics to isolate the systematic

rror. 

First, we constructed the ‘ground truth’ model. We selected a
epresentative galaxy (MaNGA-ID: 1–149878) with regular kine-
atics and used the JAMPY package 6 (M. Cappellari 2008 , 2020 )

o generate smooth, noise-free 50 × 50 spaxel maps, sampled at 0.′′ 5
er spaxel, of the velocity ( V ) and velocity dispersion ( σ ). For the
odels, we adopted a cylindrically aligned velocity ellipsoid and

sed the mass-follows-light models with the corresponding best-
tting parameters from K. Zhu et al. ( 2023 ). We then used these
aps to build a mock datacube. At each spaxel, a single stellar

emplate was convolved with a perfect Gaussian LOSVD defined by
he local V and σ . The flux in each spaxel was scaled according
o a Multi-Gaussian Expansion model derived from the galaxy’s
DSS r -band image (see Section 3.2 in K. Zhu et al. 2023 ). By
esign, this mock datacube has a perfectly Gaussian LOSVD at
very single spaxel. Therefore, in this idealized model, the true
ntrinsic values are h3 = 0 and h4 = 0 everywhere before any spatial
ixing. 
Next, we simulated our measurement process. Each wavelength

lice of the mock cube was convolved with the MaNGA PSF (FWHM

https://pypi.org/project/jampy/
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Figure 6. The simulation of systematic errors induced by the PSF and spatial binning. The columns correspond to the four moments of the LOSVD. The first 
row shows the velocity and dispersion maps generated from JAM, which are assumed to be noiseless and do not include h3 and h4 . The second row presents the 
fitting results from the convolved datacube after Voronoi binning. Any non-zero h3 and h4 measured at this stage are, by definition, purely systematic artefacts. 
Magenta contour lines indicate the surface brightness distribution of the example galaxy. The maps are colour-coded by V , σ , h3 , and h4 , respectively. The tick 
labels on the spatial axes are in units of arcseconds. 

Figure 7. These two histograms compare the random and systematic errors 
from binning of h3 and h4 . The random errors are the output formal error of 
each bin by pPXF , while the black dashed lines indicate the systematic errors 
from binning. For h3 , the systematic error is 0.012; for h4 , it is 0.014. 

=
u
o

m  

A
p
t
m  

l

t
a  

s
o
a  

�  

e  

s
t  

s
a

4

I  

t  

a
A
p  

f  

w  

A

l  

t
q
t
I  

m
s

4

F  

(

7 Available from https://github.com/Fuyq42/MaNGA High Order stellar
kinematic . The total size of the kinematic files for our galaxies is about 
900 MB. 
 2.′′ 54). Afterwards, we binned the spaxels in this convolved cube 
sing the exact Voronoi binning scheme from the real observations 
f the galaxy (see Fig. 5 ). 
Finally, we fitted the spectrum of each bin with pPXF to 
easure the kinematics, as shown in the bottom row of Fig. 6 .
ny non-zero h3 and h4 measured at this stage are, by definition, 
urely systematic artefacts , as they were generated entirely by 
he process of PSF convolution and Voronoi binning acting on a 
odel that was constructed to have h3 = 0 and h4 = 0 at every

ocation. 
The results of this simulation provide a robust upper limit on 

he systematic errors. The maximum absolute values introduced are 
pproximately 0.012 for h3 and 0.014 for h4 . As shown in Fig. 7 , this
ystematic error is significantly smaller than the random errors from 

ur actual measurements. The median measured absolute values of h3 

nd h4 in our galaxy sample are 0.11, with median random errors of
h3 = 0 . 023 and �h4 = 0 . 025. Indeed, 94 per cent of the random
rrors in h3 and 91 per cent of those in h4 are larger than these
ystematic effects. We can therefore safely conclude that, although 
he biases are not entirely negligible, our scientific results are not
ignificantly impacted by systematics introduced by spatial binning 
nd seeing. 

 RESULTS  

n this section, we present the results of our kinematics extrac-
ion (Section 3 ) of h3 and h4 for the sample of 2230 galaxies
s described in Section 2.2 and present some global properties. 
 comparison between 4-moments LOSVD present in this pa- 
er and the best-fitting Gaussian moments in DAP (K. B. West-
all et al. 2019 ) is shown in Appendix A . The kinematic maps
ill be available online 7 The format of data are presented in
ppendix B . 
We will study the qualitative appearance of the galaxy ve- 

ocity moments based on 2D kinematic. In Section 4.3 , we try
o identify high-order kinematic signatures that occur more fre- 
uently than others and sort them into separate classes. Sec- 
ion 4.4 presents the integrated galaxy properties of these classes. 
n Section 4.5 , we discuss the impact of galaxy bars and
ergers in higher-order terms by comparing observations with 

imulations. 

.1 Separating fast and slow rotators 

ollowing E. Emsellem et al. ( 2007 , 2011 ), we use the spin parameter
 λRe ) to separate fast-rotating galaxies from slow-rotating galaxies. 
MNRAS 544, 1038–1055 (2025)
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Figure 8. Local h3 – V / σ relation for all bins of fast rotators (left) and slow 

rotators (right). The panels are colour-coded by the number density of bins. 
In low number density regions at the periphery of each panel, the number 
density is displayed by contour lines. These bins with larger velocities and 
h3 are mainly located in regions with lower SNR at the outer part of a galaxy. 

Figure 9. Local h4 – V/ σ relation for all bins of fast rotators (left) and slow 

rotators (right). The panels are colour-coded as in Fig. 8 . 
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Figure 10. The distribution of the Pearson correlation coefficient in our 
sample of 2230 galaxies. Fast rotators are coloured in blue and slow rotators 
are coloured in red. We are using the Pearson correlation coefficient −0.8 
(dashed red line) as the dividing line to classify fast rotators into two 
categories. 
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Re is derived from the following definition (E. Emsellem et al. 2007 ):

Re =
∑ 

k Fk Rk | Vk | ∑ 

k Fk Rk 

√ 

V 2 
k + σ 2 

k 

, (1) 

here Fk , Vk , and σk are the flux, stellar velocity, and stellar velocity
ispersion in the kth IFU spaxel. Rk is the distance of k-th spaxel
o the galaxy centre. The summation is defined within the elliptical
alf-light isophote. We use the λRe measurement in K. Zhu et al.
 2024 ), where the beam smearing effect has been corrected following

. T. Graham et al. ( 2018 ). 8 The λRe values are not inclination-
orrected. We define the slow rotators (SRs) as the galaxies satisfying
Re < 0 . 08 + ε/ 4 and ε < 0 . 4 (where ε is the observed ellipticity
ithin the half-light isophote, see the shaded region in Fig. 16 )

ollowing M. Cappellari ( 2016 , equation 19), while the fast rotators
FRs) are defined to be the galaxies outside the region occupied by
he slow rotators. Under this definition, the galaxies used in this
aper consist of 631 slow rotators and 1599 fast rotators. Compared
ith the distribution of fast and slow rotators in the overall MaNGA

ample shown in Fig. 8 of K. Zhu et al. ( 2023 ), our sample exhibits
 strong bias toward slow rotators. This selection bias is expected, as
aNGA slow rotators are typically more massive and possess higher
NRAS 544, 1038–1055 (2025)
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elocity dispersions (M. T. Graham et al. 2018 ; K. Zhu et al. 2023 ,
024 ). 

.2 Correlations of h3 and h4 with V /σ

n Fig. 8 , we plot the local h3 – V / σ relation for all data points in
ur galaxies. There are distinct differences between the distribution
f fast and slow rotators. We confirm the classical anticorrelation
e.g. R. Bender et al. 1994 ; D. Krajnović et al. 2008 ; J. de Sande
t al. 2017 ) of h3 and V/ σ in fast rotators. The slow rotators
ave smaller V / σ values by definition and generally small ampli-
udes of h3 . There is no clear correlation between h3 and V / σ
n slow rotators. This makes sense since slow rotators have no
iscs and are instead dominated by random motion rather than
otation. 

In Fig. 9 we plot the local h4 – V / σ relation for all data points
n our galaxies. The distribution of h4 for fast and slow rotators
s mildly positive on average. The positive h4 is consistent with
ig. 3 (b) in J. de Sande et al. ( 2017 ) where they find the median
4 in the SAMI data is 0.05. Unlike h3 , there is no significant
ifference in the range of values for h4 between fast rotators and
low rotators. The median h4 is slightly lower in fast rotators
0.03) compared to slow rotators (0.05). This difference may arise
ecause a large fraction of fast rotators exhibit relatively low
4 values near their centres. This feature is further illustrated in
ection 4.3 . 

.3 Galaxy kinematic classification with h3 and h4 

imulations provide us with three distinct patterns in h3 versus V / σ
T. Naab et al. 2014 , Fig. 9). Following the high-order patterns as
resented in T. Naab et al. ( 2014 ) and the similar classification
y J. de Sande et al. ( 2017 ), we explore the classification of
ndividual galaxies for MaNGA data using their h3 – V / σ dia-
ram and the distance of bins to the galaxy centre (in units of
e ). We do this by calculating the Pearson correlation coefficient
etween h3 and V / σ within 0.5Re and 2.5Re isophotes for our
alaxies. 

https://github.com/marktgraham/lambdaR_e_calc
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Figure 11. Examples of six Class A fast rotators with anticorrelated h3 − V /σ relation (MaNGA-ID: 1–44536, 1–137799, 1–217050, 1–277161, 1–613211, 
1–269085 from top to bottom). For each galaxy, the two left panels are local values within 2.5Re of h3 and h4 versus V / σ , coloured by the mean distance from 

the centre in units of Re . The range for the colourbar is shown in the bottom right. From the third one from the left, we show the galaxy images from MaNGA and 
two-dimensional stellar kinematics maps for these galaxies. The range for the colourbar is written in the upper left. The solid magenta contour lines represent 
the surface brightness. The tick labels on the spatial axes of rows 4–7 are in units of arcseconds. 
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For galaxies in the primary + sample whose field of view does
ot extend to 2 . 5 Re , all available Voronoi bins are included in
ur analysis. The inclusion of these outermost bins makes our 
esults depend mildly on whether we ignore the covariance in the 
oronoi binning process. The Voronoi binning method provides a 
eneral framework for computing the signal-to-noise ratio (S/N) of 
 bin resulting from the co-addition of multiple spaxels. A common 
pproach, and the one we adopt, is to co-add the noise from individual
paxels in quadrature, which assumes the noise between spaxels is 
ncorrelated. An alternative is to account for the spatial covariance 
etween spaxels, which results in a slower S/N increase as spaxels are
o-added. We choose to ignore covariance to favour a higher spatial 
esolution. As demonstrated in fig. 9 of K. B. Westfall et al. ( 2019 ),
or a given target S/N, this choice leads to a larger number of bins in
he outer regions of galaxies. Since these outer regions are typically 
isc-dominated and exhibit a strong h3 – V / σ anticorrelation (e.g. 
. Krajnović et al. 2011 ), our method populates the anticorrelation
n Fig. 8 with more data points. While this may alter the density
ontours, it does not change the fundamental shape of the observed
elation. 

The distribution of the Pearson correlation coefficient within 2.5Re 

s shown in Fig. 10 . It can be seen from the histogram that there
s a significant difference between fast and slow rotators. As a
uantitative measure of the trend shown in Fig. 8 , the fast rotators
how a clear anticorrelation between h3 and V/ σ while there are no
orrelation in most slow rotators. 

After manually inspecting kinematic maps with different Pear- 
on correlation coefficients, we find that the Pearson correlation 
oefficient −0.8 can be used as the dividing line to classify fast
otators into two categories. 1073 fast rotating galaxies with Pearson 
orrelation coefficient smaller than −0.8 are normal fast rotators with 
nticorrelated h3 – V / σ . These galaxies account for two-thirds of the
MNRAS 544, 1038–1055 (2025)
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Figure 12. Examples of six Class B fast rotators with non-correlated h3 − V /σ relation (MaNGA-ID: 1–378148, 1–585632, 1–594505, 1–378881, 1–631278, 
1–560826 from top to bottom). The symbols are the same as in Fig. 11 . 

Table 1. Example catalogue of Pearson coefficient within 2.5Re and 0.5Re isophote for 5 fast rotators in our sample. A machine- 
readable version of the full table is available as supplementary material on the journal website. 

MaNGA-ID Pearson coefficient (2.5Re ) Inner Pearson coefficient (0.5Re ) Class Target Flag 

1–382273 −0.933 −0.962 Anticorrelated 0 
1–547191 −0.877 −0.921 Anticorrelated 2 
1–378148 −0.542 −0.688 Non-correlated 0 
1–585632 −0.275 −0.401 Non-correlated 0 
1–605551 −0.626 −0.962 Inner Anticorrelated 0 

Note. Column (1) is the MaNGA identification ID. Column (2–3) are Pearson coefficients between h3 and V/ σ within 2.5Re and 
0.5Re isophote. Column (4) gives the classification results. Column (5) is the target flag for subsample of MaNGA (primary: 0, 
secondary: 1, colour enhanced: 2) 
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599 fast rotators, corresponding to model Classes A and B in T. Naab
t al. ( 2014 ) and Class 3–4 in J. de Sande et al. ( 2017 ). There are no
alaxies with a Pearson coefficient greater than + 0.8, indicating that
o galaxies in our sample show a positive correlation between h3 and
NRAS 544, 1038–1055 (2025)
 / σ with equal credibility. 526 fast rotating galaxies with Pearson
orrelation coefficient larger than −0.8 are classified as fast rotators
ith non-correlated h3 and V / σ . This global classification does not

ccount for the presence of multiple kinematic components or strong

https://academic.oup.com/mnras/advance-article/doi/10.1093/mnras/staf1760/8275910#supplementary-data
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Figure 13. Examples of six Class C fast rotators with inner-correlated h3 − V /σ relation (MaNGA-ID: 1–38101, 1–90190, 1–605551, 1–605195, 1–54539, 
1–457427 from top to bottom). The symbols are the same as in Fig. 11 . 
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erger signatures, which can blend correlations and anticorrelations, 
esulting in a Pearson correlation coefficient near zero. Galaxies with 
ultiple kinematic structures may be classified as non-correlated. 
low rotators are not further classified based on this h3 – V / σ diagram
ithin 2.5Re isophotes. 
Fig. 11 shows examples of fast rotators with anticorrelation, which 

ccount for two-thirds of fast rotators. This is consistent with the 
esults of simulations and previous observations of rotating discs 
e.g. R. Bender et al. 1994 ; T. Naab et al. 2006a ; R. Jesseit et al.
007 ; D. Krajnović et al. 2008 ; J. de Sande et al. 2017 ). A large
raction of galaxies in this class also shows low h4 values around the
entre, corresponding to Class A galaxies in T. Naab et al. ( 2014 ) that
isplay a V -shaped structure in the h4 –V / σ diagram. J. de Sande et al.
 2017 ) also finds a heart-shaped pattern in h4 versus V / σ diagram for
egular rotators (J. de Sande et al. 2017 , see their fig. 9). 

Fig. 12 shows the kinematic maps of non-correlated fast rotators. 
e found that this type of galaxy can still be divided into two

ubclasses: the majority, consisting of 441 galaxies, shows steep 
nd insignificant correlation, while the rest (85 galaxies) have inner 
nticorrelations. The first subclass corresponds to model Class D 

n T. Naab et al. ( 2014 ). The simulation reveals that these galaxies
ave recently undergone gas-poor major merger. However, manual 
nspection revealed that many of these galaxies exhibit features of 
erging or bars morphologically. We will discuss the influence 

f galaxy bars and mergers on h3 in Section 4.5 . Examples for
he second subclass (85 galaxies) are shown in Fig. 13 . For these
alaxies, even though the Pearson coefficient calculated within 
.5Re isophote is larger than −0.8, we can still observe a h3 disc
ear the centres (usually within 0.5Re ) of these galaxies, showing 
n distinct anticorrelation between h3 and V / σ . Table 1 includes
he Pearson coefficient within 2.5Re and 0.5Re isophote for fast 
otators. A machine-readable version of the table is available as 
upplementary material on the journal website. 1599 fast rotators 
re classified into three categories: anticorrelated, non-correlated, 
nd inner anticorrelated galaxies. Similar to fig. 9 in T. Naab et al.
 2014 ), we present the local relation between V / σ and h3 as well
s h4 of all data points within one effective radius for all example
alaxies of every class in Fig. 14 (example galaxies are shown in
MNRAS 544, 1038–1055 (2025)
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Figure 14. Local values of h3 and h4 versus V /σ diagrams for all example galaxies in the three kinematic classes, coloured by the mean distance from the 
centre in units of Re . Anticorrelated FRs are fast rotators with anticorrelated h3 and V/ σ (the Pearson correlation coefficient smaller than −0.8 within 2.5Re ). 
Non-correlated FRs are galaxies with Pearson correlation coefficient larger than −0.8 within both 2.5Re and 0.5Re isophote. Inner anticorrelated FRs are galaxies 
where Pearson correlation coefficient are larger than −0.8 within 2.5Re but smaller within 0.5Re isophote. 
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igs 11 –13 , six per class). We provide the detailed definitions of
he three types of galaxies below, referring to them as Class A,
, and C. The flowchart in Fig. 15 provides a clearer and more

ntuitive illustration of how we arrive at this classification step
y step. 

(i) Anticorrelated fast rotators (Class A) : Fast rotators with a
earson correlation coefficient r(2 . 5Re ) < −0 . 8. 
(ii) Non-correlated fast rotators (Class B) : Fast rotators with

(2 . 5Re ) > −0 . 8 and r(0 . 5Re ) > −0 . 8. 
(iii) Inner anticorrelated fast rotators (Class C) : Fast rotators

ith r(2 . 5Re ) > −0 . 8 but r(0 . 5Re ) < −0 . 8. 

.4 Galaxy properties of high-order stellar kinematic classes 

n the previous section, the fast rotators were separated into three
lasses based on their h3 − V /σ diagrams within 2.5Re isophotes.
ere, we will look at the integrated galaxy properties of these classes.
The distribution of galaxies in the ( λRe , ε) plane is shown in Fig. 16 .

he definition of λRe and ε are mentioned in Section 4.1 . Non-
orrelated galaxies rotate more slowly. The majority of this class
ies in region consistent with simulations (0.1 � λRe � 0.3) (T. Naab
t al. 2014 , Class D in their fig. 7). This feature also resembles the
lass 2 galaxies in (J. de Sande et al. 2017 , see their Fig. 14). The
alaxies with inner anticorrelated discs are rounder and rotate faster
NRAS 544, 1038–1055 (2025)
han non-correlated galaxies. This also indicates that this category of
alaxies is distinct on its own. 

In Fig. 17 , we show the location of the fast rotators in the
ass-size plane coloured by their kinematic classes based on high-

rder moments. The stellar masses used here are twice the stellar
asses calculated within the elliptical half-light isophotes, taken

rom the catalogue of S. Lu et al. ( 2023 ) under the keyword
Mstar Re’ . The ages and metallicities used in Figs 18 and
9 are the SDSS r−band (C. Stoughton et al. 2002 ) luminosity-
eighted average value within the half-light isophote under keyword
LW Age Re’ and ‘LW Metal Re’ , also from S. Lu et al. ( 2023 ).
he selection criteria in Section 2.2 ( 〈 σ 〉e � 140 km s −1 ) makes
ur sample dominated by massive galaxies. As confirmed by the
olmogorov–Smirnov (KS) test (A. N. Kolmogorov 1933 ; N. V.
mirnov 1939 ; F. J. Massey 1951 ) with a p -value of ∼ 10−6 , the
iagram shows that non-correlated galaxies are larger and more
assive, while the galaxies with inner anticorrelated discs are

maller and less massive compared with common anticorrelated fast
otators. 

In Figs 18 and 19 , although there are no significant differences in
etallicity among the three types of galaxies, the inner disc galaxies

re slightly younger compared to the other two classes as indicated
y a KS test with a p -value of 0.012. The star formation rates of
he smaller-mass galaxies in inner disc galaxies are similar to those
f the other two classes, resulting in higher specific star formation
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Figure 15. Galaxies are first classified as slow or fast rotators based 
on their kinematic morphology. Slow rotators do not show significant 
V / σ–h3 correlations and are not further subdivided. Fast rotators are 
further divided into three classes according to the Pearson correlation 
coefficients between V / σ and h3 : Class A ( r(2 . 5Re ) < −0 . 8), Class B 

( r(2 . 5Re ) > −0 . 8 and r(2 . 5Re ) > −0 . 8), and Class C ( r(2 . 5Re ) > −0 . 8 but 
r(0 . 5Re ) < −0 . 8). 

Figure 16. The λR -parameter versus projected edge-on ellipticities at Re . 
The galaxies are colour coded by their class: green for anticorrelated galaxies, 
red for non-correlated galaxies and blue for galaxies with inner anticorrelated 
discs. The solid magenta line is the theoretical prediction for the edge-on 
view of axisymmetric galaxies with βz = 0 . 7 × εintr (M. Cappellari et al. 
2007 , fig. 9). The contour lines are kernel density estimate of all the galaxies 
in MaNGA. The shaded area are for slow rotators. 

Figure 17. The stellar mass versus effective radius of our galaxy samples. 
The galaxies are colour coded by their classes as in Fig. 16 . The contour lines 
are kernel density estimate of all the galaxies in MaNGA. 

Figure 18. The age vs. metallicity of our galaxy samples. The galaxies are 
colour coded by their classes as in Fig. 16 . The contour lines are kernel density 
estimate of all the galaxies in MaNGA. 
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ates. Further investigation of the age and dust maps finds that 42
ut of 85 galaxies’ inner discs are younger, as shown in the top two
alaxies in Fig. 20 . There is no clear evidence of a younger stellar
opulation at the centre of the remaining galaxies. However, we find
ust lanes in 11 galaxies, indicating possible recent star-forming 
ctivities. 

The inner, anticorrelated h3 disc indicates the formation of a 
inematically decoupled core structure (e.g. M. Bois et al. 2011 ;
MNRAS 544, 1038–1055 (2025)
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Figure 19. The stellar mass versus star formation rate of our galaxy samples. 
The galaxies are colour coded by their classes as in Fig. 16 . The contour lines 
are kernel density estimate of all the galaxies in MaNGA. 
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. Rantala et al. 2019 ; D. A. Gadotti et al. 2020 ). For some galaxies,
he formation of the discs was more recent, so we can observe a
ounger stellar population. For other galaxies, the formation time of
 young inner-disc is not seen in their ages but is revealed by the
resence of dust in 11 galaxies. 

.5 Impact of galaxy bars and mergers 

ultiple kinematic components such as a bar or strong merger
ignatures can blend correlations and anticorrelations. Accordingly,
e aim to investigate specifically how galaxy bars and mergers affect

he correlation between h3 and V/ σ . 

.5.1 Impact of galaxy bars on h3 

revious N -body simulations of barred galaxies show a weak positive
orrelation between h3 and V/ σ in the bar region (M. Bureau & E.
thanassoula 2005 ; F. Iannuzzi & E. Athanassoula 2015 ; Z.-Y. Li

t al. 2018 ). We identify barred galaxies in our sample using the
atalogue of barred galaxies in MaNGA by H. Domı́nguez Sánchez
t al. ( 2022 ). We adopt the recommended classification scheme in
he article. The barred galaxies are those with keywords ‘P bar’
reater than 0.8 (section 3.1 of H. Domı́nguez Sánchez et al. 2022 ).
here are 121 barred galaxies in our sample of 1599 fast rotators. We
uild a control sample by selecting the closest unbarred fast rotator
or every barred galaxy in the mass–size plane of Fig. 17 . We show
he local h3 − V /σ relation for all data points in barred galaxies and
he control sample in Fig. 21 . The negative correlation is weakened
nd becomes more vertical. 

Overall, barred galaxies show a steeper relation in the h3 versus
 / σ diagram. We do not observe a statistically significant posi-

ive correlation predicted by simulations in barred galaxies. This
ay be due to the rotation-dominated nuclear discs in the central

egions of barred galaxies. Z.-Y. Li et al. ( 2018 ) points out that
dditional nuclear substructures in the central region of a bar could
NRAS 544, 1038–1055 (2025)
verwhelm the weak positive correlation predicted by simulation. D.
. Gadotti et al. ( 2020 ) discovers the presence of nuclear discs in
9 galaxies out of 21 nearby massive barred galaxies. The rotation-
upported nuclear discs show a significant anticorrelation between
3 and V/ σ in the galaxy central region ( ∼ 1kpc) (D. A. Gadotti
t al. 2020 , see their table 2 and Appendix A). In simulation,
ositive correlations exist on spatial scales around 4 kpc (Z.-Y.
i et al. 2018 , their section 3). The presence of nuclear discs in

he majority of barred galaxies may reduce our ability to detect
ositive correlations. At the median physical resolutions of 1.37 and
.5 kpc for the MaNGA Primary and Secondary samples (D. A.
ake et al. 2017 ), the positive h3 –V /σ correlation induced by bars

an be easily blended with the anticorrelation signal of the disc,
esulting in a non-correlation feature. All of these could be reasons
or the discrepancies between our observations and the simulation
esults. 

.5.2 Impact of mergers on h3 

e identify galaxy pairs and mergers using the catalogue of
aNGA galaxy mergers by J. M. Comerford et al. ( 2024 ). We

dopt their recommended classification scheme. Following the prac-
ice recommended in R. Nevin et al. ( 2023 ), the galaxy mergers
re those with keywords ‘p merg stat 50 major merger’
r ‘p merg stat 50 minor merger’ greater than 0.5. This
esults in 561 galaxies classified pairs or mergers in our sample of
599 fast rotators. Similarly, we build a control sample by selecting
he closest non-merging fast rotator for every merger in the mass–size
lane (Fig. 17 ). 
Fig. 22 shows the local h3 − V /σ relation for all data points in
ergers and the control sample. The anticorrelation still maintains

ut becomes weaker in pairs and mergers. In the centre where the
ins are most densely concentrated, mergers exhibit a more irregular
istribution in the h3 − V /σ diagram. The result is in line with
xpectations. J. de Sande et al. ( 2017 ) also finds that fast rotators
howing a weaker anticorrelation (Class 5 in their classification) are
ore likely disturbed galaxies. This may originate from the complex

ynamical processes and multiple kinematic components in galaxy
airs and mergers. At the spatial resolution of MaNGA and SAMI,
hese components cannot be fully resolved, resulting in these galaxies
xhibiting a weaker anticorrelation. 

 DI SCUSSI ON  

his section interprets our kinematic classifications by comparing
hem with cosmological simulations, primarily the hydrodynamical
oom-in simulations of T. Naab et al. ( 2014 ). This comparison allows
s to connect the observed kinematic features of galaxies in our
ample to their likely formation and merger histories. 

A significant fraction of our sample – approximately two-thirds of
ll fast rotators – are classified as having anticorrelated kinematics.
hese galaxies align well with the ‘Class A and B’ fast rotators in
. Naab et al. ( 2014 ). Key shared features include a distinct h3 –V / σ
nticorrelation and the V -shaped structure in the h4 – V / σ plane (as
een in our Figs 11 and 9 of their study). This strong correspondence
upports the prevailing theory that most fast-rotating galaxies are the
roducts of gas-rich mergers, a scenario corroborated by multiple
tudies (T. Naab et al. 2006a , 2014 ; J. de Sande et al. 2017 ). 

Conversely, our non-correlated fast rotators exhibit kinematics
onsistent with the ‘Class D’ galaxies from T. Naab et al. ( 2014 ),
haracterized by angular momentum values in the range 0 . 1 � λRe �
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Figure 20. Examples of three fast rotators with anticorrelated h3 − V /σ relation (MaNGA-ID: 1–38101, 1–90190, 1–605551 from top to bottom). The top 
rows are two-dimensional stellar kinematics maps for three galaxies. The solid magenta contour lines represent the surface brightness. The left panels in the 
bottom rows show the galaxy images from MaNGA. The star-forming activities in each galaxy are represented by the relative flux of the H α emission line in 
the second left panel. The age and dust maps are shown in the right two panels. The tick labels on the spatial axes are in units of arcseconds. 
MNRAS 544, 1038–1055 (2025)
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M

Figure 21. Local h3 − V /σ relation for all bins of barred galaxies (right) and 
control fast rotator sample (left). The panels are colour-coded as in Fig. 8 . 
The dashed magenta lines with a slope of −0.1 plotted in both panels for 
references, which is approximately the slope of the linear fit in R. Bender 
et al. ( 1994 ). 

Figure 22. Local h3 − V /σ relation for all bins of fast rotator mergers 
(right) and control fast rotator sample (left). The panels are colour-coded as 
in Fig. 8 . The dashed magenta lines with a slope of −0.1 plotted in both 
panels for references, which is approximately the slope of the linear fit in R. 
Bender et al. ( 1994 ). 
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 . 3. The defining feature of this class is the absence of a clear anticor-
elation between h3 and V /σ , which suggests they lack significant
mbedded, disc-like components. Cosmological simulations trace
he origin of such galaxies to recent, gas-poor major mergers (T.
aab et al. 2006a , b ; R. Jesseit et al. 2007 ). 
When comparing the population statistics, T. Naab et al. ( 2014 )

redict that non-correlated fast rotators (Class D) should constitute
bout 31 per cent (5/16) of the fast-rotator population. In our sample,
he observed ratio of non-correlated (our Class B) to anticorrelated
our Class A) galaxies is 41 per cent (441/1073), a fraction somewhat
igher than expected. 
It is crucial, however, to approach this quantitative comparison

ith caution. Cosmological simulations are not complete, volume-
imited samples; by design, they are often biased towards massive
alaxies, due to numerical resolution issues, and our subsample
s by design focused on high-dispersion galaxies, for which we
an measure higher-order moments. Given that achieving perfectly
atched samples between observations and simulations is difficult,
 direct comparison of population fractions may not be meaningful.
he difference we find could therefore reflect intrinsic differences
etween the samples as much as a physical insight. 

Beyond this fundamental limitation, another possible reason for
he difference may be that our global classification metric oversimpli-
NRAS 544, 1038–1055 (2025)
es the kinematics of galaxies with complex internal structures. For
nstance, systems with prominent bars or recent merger signatures
an host multiple, co-spatial kinematic components where local
nticorrelations and positive correlations coexist (e.g. D. A. Gadotti
t al. 2020 ). The global Pearson coefficient in such cases could
e suppressed, leading to a misclassification of these structurally
omplex galaxies as simple non-correlated rotators. 

Furthermore, our identification of Class C galaxies – those with
trong central anticorrelations indicative of kinematically distinct
ores – is highly sensitive to spatial resolution. It is plausible that
n many galaxies, these compact central structures are blurred by
eeing effects and blended with the larger-scale disc kinematics,
aking them difficult to detect. This would lead to an undercounting

f Class C systems. To have an idea of the effect one can compare
he fraction of nuclear discs in the ATLAS3D survey (D. Krajnović
t al. 2011 ) with the much lower fraction in the lower-resolution
aNGA survey (M. T. Graham et al. 2018 ). Future observations
ith high-resolution integral-field spectrographs, such as MUSE,
ill be crucial for resolving these ambiguities. By resolving fine-
rained kinematic details, we can refine the link between the high-
rder kinematic signatures we observe today and the rich assembly
istories of galaxies seen in simulations. 

 C O N C L U S I O N  

n this paper, we have selected a subsample of 2230 galaxies with
egular kinematic maps and well-resolved LOSVD (i.e. σe � 140 km
−1 ) from the MaNGA survey to study high-order stellar kinematic
ignatures. One of the goals of this paper is to describe the extraction
f the stellar kinematics, which will be used in a subsequent paper
or dynamical modelling using the M. Schwarzschild ( 1979 ) method.
ollowing K. B. Westfall et al. ( 2019 ), we constructed new stellar

emplates of 54 spectra based on the MaStar stellar library. These
ew templates minimize the problems of template mismatch and
ndersampling, reducing systemic error when fitting higher-order
erms. 

We describe our measurements of stellar kinematics in the
aNGA data using PPXF (M. Cappellari 2023 ). We show that

ystemic error due to the combination of pixel spectra with different
nitial velocities by Voronoi binning has a completely negligible
ffect on the Gauss-Hermite moments h3 and h4 (R. P. der Marel
 M. Franx 1993 ). Following the classical procedure, we use the

pin parameter ( λRe ) (E. Emsellem et al. 2007 ) and ellipticity ( ε) to
eparate galaxies into fast and slow rotators. We confirm the classical
nticorrelation of h3 and V /σ for fast rotators (R. Bender et al. 1994 ).
owever, we find no clear statistical correlation between h3 and V /σ

n slow rotators. 
Fast rotators are further classified into subclasses based on the

earson correlation coefficient between h3 and V /σ . We identify
hree classes with different high-order stellar kinematic signatures:
073 fast rotators show a distinct anticorrelation in the h3 –V /σ

iagram within the 2.5 Re field of view. Among the remainder, 85
ast rotators have an anticorrelated h3 inner disc within around 0.5 Re .
urther analyses of their stellar populations find that half of these
ave young star-forming discs. Additionally, 441 fast rotators do
ot show an h3 versus V /σ anticorrelation. Detailed morphological
nspection reveals that many of these galaxies are disturbed, showing
arred or merging signatures. 
We compare our high-order kinematic classes to the hydrodynami-

al cosmological zoom-in simulations of T. Naab et al. ( 2014 ) and the
bservation catalogue from J. de Sande et al. ( 2017 ). Following their
orks, our classification focused primarily on the h3 signatures. Two-
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hirds of the fast rotators in our sample show a strong anticorrelation
etween h3 and V /σ corresponding to Class 3 −4 in J. de Sande et al.
 2017 ). Our non-correlated fast rotators closely resemble the features 
f Class 2 galaxies in their work with smaller spin parameters (J. de
ande et al. 2017 ). We also confirm the finding of the V -shaped
tructure in h4 versus V /σ diagram in simulation (T. Naab et al. 
014 , see their Fig. 9). Interesting patterns like this warrant further
tudy. 

Our large catalogue of galaxies with reliable h3 and h4 measure- 
ents will be useful for further studies of stellar dynamics and galaxy

ormation. The kinematics, including h3 and h4 , will be used to 
onstrain dynamical models in a subsequent paper to understand the 
ynamical structure and formation history of galaxies. 
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UPPORTING  I N F O R M AT I O N  

upplementary data are available at MNRAS online. 
able 1 : The catalogue of Pearson coefficient within 2.5Re and 0.5Re

sophote for fast rotators in our sample. 
lease note: Oxford University Press is not responsible for the content
r functionality of any supporting materials supplied by the authors.
ny queries (other than missing material) should be directed to the

orresponding author for the article. 

PPENDIX  A :  A  C O M PA R I S O N  TO  T H E  

E LOC ITY  A N D  DISPERSION  VA LUES  

ROV IDED  BY  T H E  M A N G A  DA P  

n Fig. A1 , we present a comparison of the velocity and velocity
ispersion measurements with those of the data analysis pipeline (K.
. Westfall et al. 2019 ) of the MaNGA survey. 
The DAP measurements is based on a Gaussian LOSVD. If the

OSVD is purely Gaussian, the Gaussian measurements and Gauss–
ermite parameters are identical. However, for a non-Gaussian
OSVD, the Gauss–Hermite parametrization, accounting for the
kewness and kurtosis of the distribution, leads to deviations in the
easured velocity VGH and velocity dispersion σGH from those of a

urely Gaussian LOSVD, denoted as VGauss and σGauss . Furthermore,
he best-estimates of the true LOSVD moments can be calculated by
quations A1 and A2 (equation 18 in R. P. der Marel & M. Franx
993 ). A useful comparison can be seen in fig. 3 of J. de Sande et al.
 2017 ). 

Gauss ≈ VGH +
√ 

3 σGH h3 , (A1) 

Gauss ≈ σGH 

(
1 +

√ 

6 h4 

)
. (A2) 
NRAS 544, 1038–1055 (2025)
To account for differences in binning schemes, we adopt the
oronoi binning approach described in this paper. The velocity and
ispersion values from the DAP MAPS files (section 12.1 in K. B.
estfall et al. 2019 ) are combined within each bin with flux-weighted

veraging. As can be seen, our values agree well with the expected
alues from the DAP. 

PPENDI X  B:  KI NEMATI C  PROPERTIES  

N C L U D E D  IN  T H E  C ATA L O G U E  

e present the data model of this catalogue in Table B1 , which lists
he dynamical properties derived from the analysis described in this
aper. 

We choose to include two sets of kinematics in our catalogue:
PXF fits using a pure Gaussian LOSVD as well as PPXF fits using
 Gauss–Hermite LOSVD out to h4 . We do this because there are
ome applications, such as dynamical modelling, where it may be
referable to only fit a Gaussian LOSVD rather than include higher
rder moments. This is because the wings of the LOSVD are not
s well constrained by the data as the central Gaussian peak. In
ases where there is template mismatch or the underlying kinematics
re not well approximated by the lowest order terms in the Gauss–
ermite series, this can lead to residuals which may bias the results.
his is especially true for Jeans Modelling, which uses the second
elocity moment, given by 

rms ≡
√ 

V 2 + σ 2 (B1) 

here V and σ are the mean and standard deviation of the LOSVD.
or a pure Gaussian LOSVD these are just the parameters V and

of the Gaussian, but for a Gauss–Hermite LOSVD these must
e calculated from the shape of the LOSVD. In practice, when
nly considering moments up to h4 , these are well approximated
y equations A1 and A2. 
On top of issues related to data quality, an important complicating

actor is that, as shown in Simon et al. (in preparation) measurements
f the second moment do not uniformly improve when including
igher order terms in the Gauss–Hermite series. This is because,
hile including higher order moments will, in the idealized case,

mprove the overall fit to the LOSVD, this is primarily due to
he addition of smaller contributions to the LOSVD wings. These
ontributions can induce some small residuals which the second
oment is sensitive to. For this reason, we provide both Gaussian-

nly and Gauss–Hermite fits, allowing catalogue users to select the
ersion most appropriate to their studies. 
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Figure A1. In the panels, we show the comparison between best-fitted 4-moments LOSVD present in this paper and the best-fitted Gaussian moments in DAP 
(K. B. Westfall et al. 2019 ). The grey scale shows the density of spaxels. The solid red lines show the equality line. 

Table B1. Kinematic moments for each galaxy. For each galaxy, the Header Data Unit (HDU) in which it is stored, the name, its units, and a brief description 
are presented. The properties with prefix ‘DAP’ are taken from the DAP MAPS file (section 12.1 in K. B. Westfall et al. 2019 ). 

HDU (1) Name (2) Dimensions (3) Units (4) Description (5) 
0 Primary Empty primary header 

1 DAP SPX SKYCOO (N, N,2) arcsec Sky-right offsets + x toward + RA and + y toward + DEC—of 
each spaxel from the galaxy centre. Same as the 
‘SPX SKYCOO’ in corresponding MAPS file. 

2 DAP SPX MFLUX (N, N) 10−17 erg s−1 cm−2 

Å−1 spaxel−1 
g -band-weighted mean flux, not corrected for Galactic 
extinction or internal attenuation. Same as the ‘SPX MFLUX’ 
in corresponding MAPS file. 

3 BINID (N, N) Numerical ID for spatial bins binned to S/N = 30 
4 Stellar Vel Gauss (N, N) km s−1 Gaussian line-of-sight stellar velocity derived with moments 

= 2. 
5 Stellar Vel Ivar Gauss (N, N) Inverse variance in STELLAR VEL Gauss. 
6 Stellar Sigma Gauss (N, N) km s−1 Gaussian line-of-sight stellar velocity dispersion derived with 

moments = 2. 
7 Stellar Sigma ivar Gauss (N, N) Inverse variance in Stellar Sigma Gauss 
8 Stellar Vel GH (N, N) km s−1 Line-of-sight stellar velocity derived from fitting four 

kinematic moments ( V , σ , h3 , h4 ) with moments = 4. 
9 Stellar Vel Ivar GH (N, N) Inverse variance in STELLAR VEL GH. 
10 Stellar Sigma GH (N, N) km s−1 Line-of-sight stellar velocity dispersion derived from fitting 

four kinematic moments ( V , σ , h3 , h4 ) with moments = 4. 
11 Stellar Sigma ivar GH (N, N) Inverse variance in Stellar Sigma GH 

12 Stellar h3 GH (N, N) Line-of-sight stellar h3 derived from fitting four kinematic 
moments (V, σ , h3 , h4 ) with moments = 4. 

13 Stellar h3 ivar GH (N, N) Inverse variance in Stellar h3 GH 

14 Stellar h4 GH (N, N) Line-of-sight stellar h4 derived from fitting four kinematic 
moments (V, σ , h3 , h4 ) with moments = 4. 

15 Stellar h4 ivar GH (N, N) Inverse variance in Stellar h4 GH 
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