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ABSTRACT

Misalignments between the rotation of stars and gas are an indication of external processes shaping galaxies throughout their
evolution. Using observations of 3068 galaxies in the SAMI Galaxy Survey, we compute global kinematic position angles for
1445 objects with reliable kinematics and identify 169 (12%) galaxies which show stellar-gas misalignments. Kinematicallydecoupled features are more prevalent in early-type/passive galaxies compared to late-type/star-forming systems. Star formation
is the main source of gas ionisation in only 22% of misaligned galaxies; 17% are Seyfert objects, while 61% show LINER
features. We identify the most probable physical cause of the kinematic decoupling and find that, while accretion-driven cases
are dominant, for 8% of our sample, the misalignment is likely tracing outflowing gas. However, contrary to what is generally
assumed, the newly-accreted gas is feeding active star formation in only ∼24% of cases. As a population, misaligned galaxies
have higher Sérsic indices (𝑛Sérsic ) and lower stellar spin than aligned systems at fixed 𝑀★ and SFR, and lower sSFR at fixed 𝑀★
and 𝑛Sérsic . This suggests that both morphology and star formation/gas content are significantly correlated with the prevalence and
timescales of misalignments. Specifically, torques on misaligned gas disks are smaller for more centrally-concentrated galaxies,
while the newly-acquired gas feels lower viscous drag forces when accreted in more gas-poor objects. Marginal evidence of
star formation not being correlated with misalignment likelihood for late-type galaxies suggests that such morphologies in the
present-day Universe might be the result of preferentially aligned accretion at higher redshifts.
Key words: techniques: imaging spectroscopy – galaxies: evolution – galaxies: statistics – galaxies: kinematics and dynamics

1 INTRODUCTION
In the Lambda Cold Dark Matter (ΛCDM) paradigm, galaxies form
from perturbations in the primordial density field. Baryons collapse
into the gravitational potential of dark matter halos and gain angular
momentum from interactions with the background tidal field, as
predicted by tidal torque theory (TTT) (Hoyle 1951; Peebles 1969;
Doroshkevich 1970). If the angular momentum is weakly conserved
during this process, a stable rotating gaseous disk will take shape,
from which stars will then form (Fall & Efstathiou 1980; Mo, Mao
& White 1998). The newly-formed stars will inherit the kinematic
properties of the gas, which will be depleted through star formation.
While depletion timescales are typically of the order of a few Gyrs,
a significant fraction of galaxies in the present-day Universe are
observed to be still forming stars (Kennicutt, Tamblyn & Congdon
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1994), implying a replenishment of the gas supply to maintain star
formation (Putman, Peek & Joung 2012; Sánchez Almeida et al.
2014).
Galaxies can acquire new gas through both internal and external
processes. Internal mechanisms that replenish the gas supply refer to
stellar mass loss through e.g. supernovae explosions or stellar winds,
and in such cases the newly-acquired gas inherits the dynamical
properties of the stars. External processes include cold gas accretion
from filaments (Kereš et al. 2005; Chung et al. 2012), accretion of
hot gas from a galaxy’s outer halo (Lagos et al. 2015) or clumpy
accretion from gas-rich galaxy interactions/mergers (Di Teodoro &
Fraternali 2014; Barrera-Ballesteros et al. 2015). Recycled gas may
also appear to have an external origin when re-accreted in a galactic
fountain (Houck & Bregman 1990). The newly-acquired gas from
these processes can have an angular momentum offset from that of
the stars by any angle, potentially resulting in an observed stellargas kinematic misalignment. Consequently, such kinematic features
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provide evidence for a possible external origin of the gas, making
galaxies with kinematically-decoupled stellar-gas rotation the ideal
sample for studying the processes of gas accretion and settling, and
their impact on galaxy evolution.
Gas accreted in a misaligned configuration will feel a torque from
the stellar disk, causing it to settle into a stable state over a given
timescale. Such a process was simulated by van de Voort et al.
(2015) for a 1011 𝑀⊙ early-type galaxy, who found that misaligned
configurations remain in place while new gas is being accreted since
the angular momentum of the incoming material is dominant. After
accretion stops, the torque exerted by the stellar disk causes the gas to
settle into a stable co-rotating state. Furthermore, the counter-rotating
configuration between stars and gas (i.e rotation in the same plane, in
opposite directions, corresponding to a position angle offset of 180o )
was also found to be stable in observational studies (e.g. Bryant et al.
2019; Duckworth et al. 2020). Notably, Osman & Bekki (2017) found
that gas in this state can remain stable until it is consumed by star
formation. Such a configuration can result from accretion of a gas
reservoir in a retrograde orbit, with the accreted gas dominating the
in-situ component in terms of mass (Kannappan & Fabricant 2001;
Bassett et al. 2017; Bryant et al. 2019).
The time that a misaligned gas disk spends in an unstable state before settling can vary greatly, depending on the stellar mass distribution of a galaxy. Intuitively, more centrally-concentrated distributions
will result in smaller torques on misaligned gas disks, thus increasing
the lifetime of the decoupled configuration. Such results have been
ubiquitously reported in observational studies (Davis & Bureau 2016;
Bryant et al. 2019; Duckworth et al. 2020), who found that misalignments are more frequent in galaxies with early-type morphologies
(i.e. with more centrally-concentrated stellar mass distributions).The
correlation between morphology and misalignments has also been
extensively analysed in simulation-based works set in the ΛCDM
framework, with similar results (e.g. Lagos et al. 2015; Khim et al.
2020; Casanueva et al. 2022).
In a misaligned accretion event, the incoming gas will interact with
the in-situ component, resulting in viscous drag forces between the
two gas reservoirs that will cause a decrease in angular momentum,
speeding up the settling process. Notably, this process is expected
to affect misaligned gas at any angle, including in a counter-rotating
configuration (Davis et al. 2011). Circumstantial evidence of this
phenomenon was previously reported in studies based on the Sloan
Digital Sky Survey IV (SDSS-IV) - Mapping Nearby Galaxies at
Apache Point Observatory (MaNGA) Galaxy Survey (Bundy et al.
2015), in the form of misaligned galaxies having either lower angular
momentum or rotational to dispersion support than aligned ones, for
both stars and gas (Chen et al. 2016; Jin et al. 2016; Duckworth
et al. 2020; Xu et al. 2022). The direct effect of cold gas mass in
driving misalignment timescales has been previously addressed in
simulation-based works, where the computation of such quantities
is straightforward, with Lagos et al. (2015) and Khim et al. (2020)
finding that galaxies with lower gas fractions are more likely to
display kinematically-decoupled configurations.
If the cold gas fraction is significantly associated with the prevalence of misalignments, one would expect such features to occur
less often in more star-forming galaxies. While the correlation between morphology and misalignment likelihood is relatively well
established in observational work, the contribution of star formation
remains uncertain. Since the two properties are expected to be interconnected, a study of the independent effects of morphology and star
formation/gas content on the likelihood of misalignment development is required in order establish whether one property is dominant
over the other.
MNRAS 000, 1–21 (2022)

Furthermore, if the newly-accreted misaligned gas is forming stars,
it will be depleted within a given timescale equal to the gas mass
divided by the rate of star formation. Davis & Bureau (2016) proposed
that the absence of a significant number of counter-rotating objects
in a sample of galaxies from the ATLAS3D project (Cappellari et al.
2011) implies that the accreted gas is depleted by star formation
before it can settle in this configuration. While observational evidence
of a peak around the counter-rotating region has been since reported
(Bryant et al. 2019), the extent to which newly-acquired gas traced
by kinematic misalignments in the present-day Universe is feeding
new star formation is still not well established.
Finally, while samples of galaxies displaying stellar-gas kinematic
milsalignments are archetypal when studying the phenomenon of gas
accretion and settling, it is important to note that such features can
also be caused by gas being expelled from the galaxy in an AGNdriven galactic outflow (e.g. Dumas et al. 2007; Luo et al. 2019) or
ram-pressure stripping events (Bryant et al. 2019). Typically, in previous observational-based studies of misaligned galaxies mentioned
above, the assumption was made that gas accretion (from either filaments, outer halo, or galaxy interactions/mergers) is the exclusive
physical cause of the feature (Davis et al. 2011; Davis & Bureau 2016;
Jin et al. 2016; Duckworth et al. 2020), while Bryant et al. (2019)
also considered the possibility of gas stripping causing kinematic
decouplings. Barrera-Ballesteros et al. (2014, 2015) focused on the
effect of galaxy interactions/mergers on producing kinematic decouplings between stars and gas. Simulation-based work in the ΛCDM
framework, such as Lagos et al. (2015) and Casanueva et al. (2022)
similarly consider external gas accretion (and internal processes, in
the case of the latter study) to be the cause(s) of stellar-gas misalignments. Khim et al. (2021) also take into account group environmental
effects and interactions with the brightest group galaxy as potentially
resulting in a kinematic decoupling between stars and gas. When
selecting a sample of misaligned galaxies with externally-acquired
gas for a statistical analysis, it is important to consider the possibility
of gas expulsion being the cause of the kinematic decoupling, in case
such features contribute to observed numbers by a non-negligible
fraction.
In this paper, we make use of the final data release from the SydneyAAO Multi-object Integral-field spectrograph (SAMI) Galaxy Survey (Bryant et al. 2015; Croom et al. 2021) and identify galaxies
exhibiting misalignments between the stellar and ionised gas rotation. Using a combination of the spectral classification of misaligned galaxies, their position angle offset measurement and optical
morphology, we determine the most probable physical cause of the
misalignment. This provides an estimate of the contribution of gas
inflows and outflows to observed misalignment numbers. Finally, we
study the independent correlation between morphology, star formation, and the prevalence and timescales of stellar-gas kinematicallydecoupled configurations.
This paper is structured as follows: Section 2 presents the SAMI
Galaxy Survey data, the quality cuts implemented, kinematic position angle computation and final sample selection process; Section 3
describes our results regarding the distributions of PA offsets for different galaxy populations, spectral properties of misaligned galaxies,
the most probable physical processes causing them and the influence
of morphology and star formation on misalignment timescale and
prevalence; Section 4 discusses our results in the context of gas accretion and settling while Section 5 summarises our findings and
provides concluding remarks.
Throughout this paper, we assume a flat ΛCDM concordance cosmology: 𝐻0 = 70 𝑘𝑚 𝑠−1 𝑀 𝑝𝑐−1 , Ω0 = 0.3, ΩΛ = 0.7.
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2 DATA AND METHODOLOGY
2.1 The SAMI galaxy survey - structure and data reduction
The SAMI Galaxy Survey (Bryant et al. 2015) is an integral-field
spectroscopic (IFS) survey on the 3.9 m Anglo-Australian Telescope (AAO), which observed 3068 galaxies between 2013-2018.
The SAMI multi-object spectrograph (Croom et al. 2012) uses 13
integral-field units (IFUs), deployable over a 1o field of view to each
observe a galaxy (Bland-Hawthorn et al. 2011; Bryant et al. 2011,
2014). Each IFU (or hexabundle) comprises 61 individual fibre-cores,
resulting in a 15” diameter field-of-view. The fibres from the hexabundle IFUs are fed to the AAOmega dual-beamed spectrograph
(Saunders et al. 2004; Smith et al. 2004; Sharp et al. 2006).
The SAMI Galaxy Survey consists of a sample drawn from the
Galaxy and Mass Assembly (GAMA) Survey equatorial regions G09,
G12 and G15 (Driver et al. 2011), including field and group galaxies,
as well as a sample of eight clusters (Owers et al. 2017). The final
data release of the SAMI Survey (SAMI Data Release 3, hereafter
DR3), described in Croom et al. (2021), comprises observations of
3068 galaxies spanning 0.04 < 𝑧 < 0.128. The stellar mass range of
SAMI DR3 is 7.42 < log(𝑀★/𝑀⊙ ) < 11.89.
The data reduction process employed for SAMI observations is
described in Sharp et al. (2015), Allen et al. (2015) and Green et al.
(2018). In summary, the 2DFDR pipeline is used (Croom, Saunders
& Heald 2004; Sharp & Birchall 2010), complemented by further
corrections for telluric absorption features and atmospheric dispersion, made using secondary standard stars. The resulting row-stacked
spectra are then combined into an IFS data cube of 50 × 50 spaxels
of width 0.5” spaxel−1 each.
In this work, we employ the two-moment Gaussian line-of-sight
velocity distribution stellar (van de Sande et al. 2017) and H𝛼 (Ho
et al. 2016a) kinematic maps, including the rotational and dispersion (𝜎) velocity maps. The stellar signal-to-noise ratio (hereafter
𝑆/𝑁stars ) was calculated as the median across the entire blue wavelength range, from the flux and variance spectra in each spaxel. The
H𝛼 signal-to-noise ratio (hereafter 𝑆/𝑁H𝛼 ) was computed as the ratio of the emission line intensity to its associated error, as given by
the linear least-squares fitting process. The average seeing full-width
at half maximum (FWHM) of the point-spread function (PSF) for
the SAMI DR3 sample is ∼2”.

2.2 Quality cuts and parent sample selection
The degree of certainty to which we can determine global kinematic
position angles (PAs) is influenced by the quality of the resolved
stellar and gas kinematic fits. In turn, the quality of these fits depends
on a number of factors, including the S/N of spectra, the brightness of
the H𝛼 emission line and how close the velocity dispersion measure
is to the instrumental resolution. Similarly to van de Sande et al.
(2017), who analysed the stellar kinematics of galaxies in SAMI
DR2, we apply quality cuts to the stellar velocity maps based on the
S/N, rotational (𝑣 stars ) and dispersion (𝜎stars ) velocity uncertainties.
We initially exclude all stellar velocity map spaxels with 𝑆/𝑁stars <
5 in the stellar continuum (𝑸★
). This is done in order to eliminate the
1
spaxels where high random uncertainties result in unreliable velocity
measurements which may influence our PA estimates. Following
this cut, we implement the same selection criteria for stellar velocity
maps as van de Sande et al. (2017) (with one exception as mentioned)
and exclude all spaxels with: (𝑸★
) 𝜎stars < 35𝑘𝑚 𝑠−1 (see Fogarty
2
★
et al. 2015); (𝑸 3 ) err (𝑣 stars ) > 50 𝑘𝑚 𝑠−1 (instead of a more
stringent cut at 30 𝑘𝑚 𝑠−1 since the computation of global kinematic

3

PAs is less sensitive than the high-order stellar kinematics moments
computed by van de Sande et al. 2017); (𝑸★
) err (𝜎stars ) < 0.1 ×
4
𝜎stars + 25 𝑘𝑚 𝑠−1 . The four selection criteria for stellar velocity
maps (𝑄★
− 𝑄★
) are met by 41.3% of SAMI DR3 spaxels.
1
4
Building on the work of van de Sande et al. (2017), we implement
similar quality cuts for the ionised gas rotational velocity maps in
SAMI DR3. Figure 1 (a) shows the H𝛼 velocity dispersion versus
(𝑆/𝑁)H𝛼 for all 2159409 spaxels in the gas velocity maps in SAMI
DR3. We exclude all gas velocity map spaxels with 𝑆/𝑁H𝛼 < 3, as
gas
shown by the vertical dashed line in Figure 1 (a) (𝑸 1 ). To minimise
the effect of systematic errors in spaxel spectra where the dispersion
is close to the instrumental resolution, we further exclude all spaxels
with 𝜎gas < 15 𝑘𝑚 𝑠−1 , as indicated by the horizontal dashed line
gas
in Figure 1 (a) (𝑸 2 ). This excludes the spaxels in the high density
gas
region between 3 ≲ 𝑆/𝑁H𝛼 ≲ 5 and below the 𝑄 2 line in Figure
1 (a), without the need of a stricter cut in 𝑆/𝑁H𝛼 which would bias
our data toward low 𝜎gas values. We note that, while lower than the
gas
SAMI spectral resolution, a higher threshold in 𝜎gas for 𝑄 2 was
found to exclude a significant number of high-𝑆/𝑁H𝛼 spaxels. After
gas
gas
implementing 𝑄 1 and 𝑄 2 , the majority of the remaining spaxels
have velocity uncertainties below 50 𝑘𝑚 𝑠−1 . As shown in Figure 1
(b), the remaining spaxels with err(𝑣 gas ) > 50 𝑘𝑚 𝑠−1 tend to have
relatively high fractional uncertainties in the gas rotational velocity
gas
and are excluded from the gas velocity maps (𝑸 3 - dashed line in
Figure 1 b).
Next, similarly to 𝑄★
, we consider a number of cuts based on the
4
ionised gas velocity dispersion and its uncertainty. These are shown
in Figure 1 (c) by the green (err 𝜎gas < 0.25 × 𝜎gas + 15 𝑘𝑚 𝑠−1 ), red
(err 𝜎gas < 0.25×𝜎gas ) and blue (err 𝜎gas < 0.25×𝜎gas −15 𝑘𝑚 𝑠−1 )
dashed lines respectively, such that all the spaxels above each line
would be excluded (spaxels shown are those remaining after the
gas
gas
application of 𝑄 1 −𝑄 3 ). We find that the quality cut corresponding
to the blue line tends to severely bias the resulting spaxel sample
toward large velocity dispersions. For the red and green lines, the
differences in the mean 𝜎gas of the remaining spaxels, after applying
after−before = 0.11 𝑘𝑚 𝑠 −1 and Δ𝜎 after−before =
the cuts, are Δ𝜎mean,red
mean,green

1.79 𝑘𝑚 𝑠−1 . We therefore adopt the quality cut shown by the red
gas
dashed line in Figure 1 (c) (𝑸 4 ). This excludes all the left spaxels
with low (∼ 20 − 25 𝑘𝑚 𝑠−1 ) gas velocity dispersions and high
associated uncertainties (∼ 20 − 30 𝑘𝑚 𝑠−1 ) in the dark blue region
gas
above the 𝑄 4 line, without biasing our resulting spaxel sample
towards large 𝜎gas values. The four selection criteria applied to gas
gas
gas
velocity maps (𝑄 1 − 𝑄 4 ) are met by 44.8% of the initial number
of spaxels.
Following the implementation of the quality cuts, we exclude from
any further analysis all 1324 galaxies where the number of spaxels
in either the stellar or gas velocity maps are below 50 and 100,
respectively. This takes into account the fact that our QCs have the
effect of removing a relatively larger number of spaxels from stellar
velocity maps than from gas, while also ensuring that the spatial scale
probed by the kinematic is, in all cases, larger than ∼ 2 × FWHM.
We further inspect all galaxies where the number of spaxels in the
stellar/gas velocity maps is between 50-100/100-200, and exclude
a further 299 objects where the global kinematic trend in either
component is uncertain due to low data quality. This results in a final
parent sample of 1445 galaxies (1141 from the GAMA regions and
304 from the cluster sample) for which we compute both stellar and
gas kinematic PAs, as detailed in Section 2.3.
MNRAS 000, 1–21 (2022)
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Figure 1. Illustration of quality cuts applied to spaxels in gas velocity maps: (a) 2D histogram showing the H𝛼 ionised gas velocity dispersion (𝜎gas ) of spaxels
gas
gas
in SAMI DR3 as a function of their H𝛼 S/N. The vertical and horizontal dashed green lines show the 𝑄1 and 𝑄2 quality cuts, respectively. (b) 2D histogram
gas
gas
showing the error in the ionised gas rotational velocity (𝑣gas ) vs the respective velocity value for spaxels that have passed the 𝑄1 and 𝑄2 quality cuts. The
gas
gas
gas
horizontal dashed green line shows the 𝑄3 selection criterion. (c) Scatter plot showing the error in 𝜎gas vs 𝜎gas . Spaxels passing 𝑄1 - 𝑄3 are shown,
color-coded according to their 𝑆/𝑁H𝛼 , while those with (𝑆/𝑁H𝛼 ) < 3 are shown in grey. The dashed lines correspond to prospective quality cuts: (green)
gas
err( 𝜎) = 0.25 × 𝜎 + 15 𝑘𝑚 𝑠 −1 (𝑄4 ); (red) err( 𝜎) = 0.25 × 𝜎; (blue) err( 𝜎) = 0.25 × 𝜎 − 15 𝑘𝑚 𝑠 −1 .

2.3 Kinematic position angles
In this work, we compute global kinematic PAs using both the
Kinemetry-based method described in Krajnović et al. (2006), and a
technique which implements the Radon transforms (Stark et al. 2018).
A brief description of each technique, and its associated advantages
and shortcomings, is presented in this section. We also discuss the
procedure used to decide which of the two methods is more appropriate for tracing the global rotation of each galaxy. For both methods,
kinematic PAs are measured from North = 0, counter-clockwise to
the receding side of the velocity map, in the range 0o − 360o .
Kinemetry is a parametric method of modelling the line-of-sight
velocity distribution of a galaxy which also allows for the computation of global PAs, and is described in Krajnović et al. (2006).
The latter is implemented through the FIT_KINEMATIC_PA1 routine
developed by Cappellari et al. (2007) and Krajnović et al. (2011)
(hereafter, referred to as Kinemetry). This method works with the
underlying assumption that the velocity field is bi-antisymmetric.
However, physical processes such as past mergers, tidal interactions,
gas accretion, stripping, etc., or non-axisymmetric morphological
features such as bars, can cause disturbances in the rotation fields of
both stars and gas. In some cases of galaxies in this work, such perturbations cause deviations from bi-antisymmetry, while also maintaining a global velocity gradient which allows for the measurement
of a PA.
To alleviate any potential shortcomings associated with Kinemetry, we also compute kinematic PAs using the Radon Transform
method introduced by Stark et al. (2018). Briefly, this is a nonparametric method of computing global kinematic PAs which works
by integrating the difference between the velocity of each spaxel
along a given line passing through the kinematic centre, and the
mean velocity along that line. The angle between the direction that
minimises the line integral, and the y-axis, is then equal to the kinematic PA. The integration is performed within a set boundary called
the Radon aperture. Larger values of the Radon aperture tend to
reduce random errors by being less sensitive to small-scale perturbations (e.g. turbulent motions) in the velocity fields. On the other hand,
as the Radon aperture increases, variations in the PA get smoothed

out. As such, the choice of the integration interval is a matter of
balancing out these two effects.
Similarly to Stark et al. (2018), we use a value for the Radon aperture equal to 𝑅e × (𝑏/𝑎), where 𝑅e is the elliptical half-light radius
and 𝑏/𝑎 is the minor-to-major axial ratio (see Section 2.5.2). This
ensures that the integration is performed over similar physical scales,
projected onto the face of each galactic disk. In the cases where the
Radon aperture is smaller than the spatial resolution of the SAMI
DR3 observations, we set it to be equal to the FWHM of the PSF.
While the Radon method makes no assumptions about the underlying rotational structure of a galaxy, it tends to be quite sensitive to
relatively small numbers of spaxels with unphysical velocity values,
which have been omitted by our quality cuts.
For the parent sample passing our quality cuts (1445 galaxies - see
Section 2.2), we compute kinematic PAs using both the Kinemetric
(𝑃 𝐴Kin ) and Radon (𝑃 𝐴Radon ) methods. The resulting distribution
of 𝑃 𝐴Kin − 𝑃 𝐴Radon has a median of 0.0o for both stellar and gas
rotation, confirming that there is no systematic offset between the
methods. The 16th and 84th percentiles of 𝑃 𝐴Kin − 𝑃 𝐴Radon are
(−11o , 14o )stars and (−13o , 14o )gas for the two components, respectively. We visually inspect the velocity fields where the disagreement
between the two methods is larger than one standard deviation and
decide on the method which best determines the global kinematic PA.
This is the case for 181 (13%) and 144 (10%) out of 1445 stellar and
gas velocity fields, respectively. Out of these, Radon kinematic PAs
were found to be the better choice for 42 (23%) and 43 (30%) stellar
and gas rotation fields, respectively, showing an overall higher reliability of Kinemetry. As a result, for the cases where the difference in
PAs between the two methods is within one standard deviation, we
choose the kinematic PA given by Kinemetry.
Stellar and gas velocity maps of galaxies in our parent sample extend, on average, out to 1.2 and 1.7 effective radii. As a consequence,
our analysis presented in the next section identifies definitive cases
of stellar-gas global misalignments and is not sensitive to potential
decouplings between the two components at larger radii.

2.4 Misaligned sample definition
1
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The projected misalignment angle between the stellar and gas kinematic PAs is computed as Δ𝑃 𝐴stars−gas = 𝑃 𝐴stars − 𝑃 𝐴gas , with
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𝑃 𝐴stars and 𝑃 𝐴gas being the stellar and gas kinematic PAs, calculated as described in Section 2.3.
Similarly to previous studies (e.g. Davis et al. 2011; Lagos et al.
2015; Jin et al. 2016; Bryant et al. 2019; Casanueva et al. 2022; Xu
et al. 2022), we define a galaxy as being kinematically misaligned if
|Δ𝑃 𝐴stars−gas | ≥ 30o . While this is a somewhat arbitrary distinction,
we note that such a threshold accounts for the PA measurement errors
for galaxies in this sample. As mentioned in Section 2.3, the 16th and
84th percentiles of 𝑃 𝐴Kin − 𝑃 𝐴Radon distribution are (−11o , 14o )stars
and (−13o , 14o )gas , respectively. In addition, our measured PAs are
projected values and the 3-dimensional misalignments will be further affected by orientation. As such, the above values provide an
upper limit for the uncertainties in our computed PAs, which is well
covered by the chosen misalignment threshold. Notably, Bryant et al.
(2019) and Duckworth et al. (2020) tested the effect of increasing the
misalignment threshold from 30o to 40o and reported that this does
not affect the main conclusions of their works significantly.
Furthermore, 21 galaxies in our parent sample have unconstrained
stellar and/or gas kinematic PAs. These are either galaxies where the
respective kinematics have been affected by recent mergers, accretion
events or cluster processes, or slow rotators in the stellar component
(or alternatively, a combination of these situations). The physical
processes that generate such kinematic features are the same as those
that cause misalignments, where both the stellar and gas components
are rotating in a disk and global PAs can be measured. As such, we
include these galaxies (hereafter referred to as kinematically unconstrained) in our misaligned sample, with the caveat that these systems
do not have an associated Δ𝑃 𝐴stars−gas value. This results in a total
misaligned sample of 169 galaxies (148 having a misalignment angle
measurement and 21 being kinematically unconstrained).

5

This provides us with an homogeneous set of stellar mass values for
all SAMI DR3, with a typical scatter of ∼0.14 dex. To compute SFRs,
we proceed as follows:
For GAMA galaxies with no SFRs in GSWLC-2, we take advantage of the recent compilation by Bellstedt et al. (2020) and Driver
et al. (2022), presenting SFRs obtained using the spectral energy
distribution (SED)-fitting code ProSPECT (Robotham et al. 2020).
For galaxies in common, the two indicators agree with a scatter of ∼
0.24 dex, but show a systematic offset of ∼ 0.1 dex which we add to
the ProSPECT values to correct for this effect. This is not surprising,
due to the different photometry and SED-fitting techniques used. In
addition, it is worth noting that the two fitting codes deal very differently with passive galaxies. In GSWLC-2, most passive galaxies
do not show specific star formation rates below 10−13 𝑦𝑟 −1 , while
ProSPECT values do reach several orders of magnitudes lower specific SFRs (sSFRs). As such, to be consistent with GSWL, we force
galaxies with sSFR in ProSPECT below 10−13 𝑦𝑟 −1 to this threshold
value. The combination of GSWLC-2 and ProSPECT SFRs provides
us with SFRs for 2548 galaxies out of the 3068 in the SAMI DR3
sample. For an additional 81 galaxies detected by both GALEX and
WISE but not included in the catalogues listed above, we follow
Janowiecki et al. (2017) and determine global SFRs by combining
NUV photometry with WISE W3 fluxes. The comparison of these
SFR estimates with those from GSWLC-2 shows a scatter of 0.2 dex
and a systematic offset of 0.2 dex that we correct for by adding it
to our derived SFRs. In summary, our technique allows us to determine homogeneous SFRs for 2629 galaxies, corresponding to 86%
of the whole SAMI DR3 sample. Out of the 1445 galaxies in our
parent sample, 1369 (95%) have SFR measurements available. For
the misaligned sample, 163/169 galaxies (96%) have SFR values
computed.

2.5 Ancillary data
2.5.2 Structural parameters
2.5.1 Stellar mass and star formation rate
Given that the SAMI survey sample is a combination of galaxies
extracted from the GAMA survey footprint and eight galaxy clusters,
there are no homogeneous estimates of global star formation rates
(SFR) for the entire DR3 sample. It has been shown that using SFR
estimates based on the H𝛼 flux for SAMI galaxies can be significantly
affected by contamination from AGN emission and aperture corrections (Medling et al. 2018). To improve the situation with respect to
previous SAMI studies, here we have taken advantage of 3 different
SFR estimates to obtain the best catalogue of homogeneous SFRs for
the entire SAMI sample. We stress that our goal here is not to have
very accurate (i.e. < 0.1 dex) SFRs, but to be able to determine in
which area of the 𝑀★-SFR plane our misaligned sample lies. As discussed below, our homogenization procedure provides us with SFRs
having statistical uncertainties of the order of 0.25 dex or less. This
is smaller than the typical scatter in the star-forming main sequence
(SFMS) and, as such, more than enough for our goals.
Following on from Fraser-McKelvie et al. (2021), we start from
the GALEX SDSS WISE Legacy Catalog version 2 (GSWLC-2;
Salim et al. 2016; Salim, Boquien & Lee 2018) which provides SFRs
and stellar masses obtained via the (SED-fitting) Code Investigating
GALaxy Emission (CIGALE) (Burgarella, Buat & Iglesias-Páramo
2005; Noll et al. 2009; Boquien et al. 2019) for 1891 SAMI galaxies
in both the GAMA and cluster fields. We use these galaxies to derive
an empirical recipe to rescale the stellar masses of SAMI galaxies
presented in Bryant et al. (2015) to the GSWLC-2 stellar masses. For
galaxies not in GSWLC-2, we determine stellar masses by rescaling
the values presented in Bryant et al. (2015), using the derived recipe.

Effective radii and ellipticities for galaxies in the SAMI DR3 sample
were determined using the Multi-Gaussian expansion (MGE, Emsellem, Monnet & Bacon 1994) technique, implemented in the code
from Cappellari (2002) (see D’Eugenio et al. 2021). Throughout this
paper, we make use of the elliptical effective radius (𝑅e ) and the
minor-to-major axial ratio (𝑏/𝑎). Sérsic indices (Sérsic 1963) are
used in this work to quantify the shape of a galaxy’s stellar mass
distribution, in order to study its contribution to the prevalence of the
kinematic misalignment phenomenon. These were computed from a
single-component Sérsic fit to the r-band photometry by Kelvin et al.
(2012) for GAMA galaxies, and Owers et al. (2019) for the cluster
sample. Out of 1445 galaxies in our parent sample, 1405 (97%) have
reliable Sérsic index measurements. For the misaligned sample, this
is the case for 165/169 galaxies (98%).
2.5.3 Stellar spin parameter 𝜆 𝑅𝑒
In this study, we use a proxy for the spin parameter (inclinationcorrected) within one effective radius (𝜆 𝑅𝑒 ) to quantify the ratio of
rotational to dispersion motion in each galaxy. Following the method
described in Emsellem et al. (2007) and Emsellem et al. (2011), we
compute the spin parameter 𝜆 𝑅𝑒 as the flux-weighted ratio of ordered
to disordered motion within a galaxy:
Í 𝑁𝑠 𝑝𝑥
𝐹𝑖 𝑅𝑖 |𝑉𝑖 |
⟨𝑅|𝑉 |⟩
𝑖=0
𝜆 𝑅𝑒 = √
=
,
√︃
Í
𝑁
2
2
𝑠
𝑝𝑥
⟨𝑅 𝑉 + 𝜎 ⟩
𝐹𝑖 𝑅𝑖 𝑉 2 + 𝜎 2
𝑖=0

𝑖

(1)

𝑖
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where 𝐹𝑖 , 𝑉𝑖 and 𝜎𝑖 are the flux, stellar rotational velocity and stellar
velocity dispersion of the 𝑖 𝑡 ℎ spaxel respectively, 𝑁 𝑠 𝑝𝑥 is the number
of spaxels within one 𝑅e and ⟨⟩ denotes a luminosity count weighting.
𝑅𝑖 is defined as the semi-major axis of the ellipse on which the 𝑖 𝑡 ℎ
spaxel lies (Cortese et al. 2016). The quality cuts applied to velocity
maps and criteria required for 𝜆 𝑅𝑒 values to be considered reliable are
described in van de Sande et al. (2017). Out of the 1445 galaxies in the
parent sample, 1149 (80%) pass the quality criteria for computing
𝜆 𝑅𝑒 estimates. This is the case for 123/169 (72%) galaxies in the
misaligned sample.
The computed 𝜆 𝑅𝑒 values are influenced by both the seeing conditions (FWHM of the PSF), and by a galaxy’s inclination angle with
respect to the line-of-sight (Cappellari 2016, Graham et al. 2018). To
account for seeing effects, the correction of Harborne et al. (2020)
was applied, optimised for the SAMI Galaxy survey as described by
van de Sande et al. (2021a). When correcting for inclination, we use
the method of Emsellem et al. (2011), in the manner implemented
by del Moral-Castro et al. (2020). This method is dependent on a
galaxy’s edge-on axis ratio (𝑞 0 ), for which we use the values adopted
by Cortese et al. (2016) depending on whether a galaxy has a clear
disk component or not (the SAMI visual morphological classification technique is outlined in Cortese et al. 2016). The inclination
correction also takes into account a galaxy’s anisotropy parameter
in the meridional plane (𝛽z ), for which we use a value of 𝛽z = 0.3
(Santucci et al. 2022).

sample. We note that our quality cuts introduce a bias against low
𝑀★ as shown by a statistical comparison of the parent and SAMI
DR3 samples using a Kolmogorov-Smirnoff (KS) test (p-value =
2.7 × 10−15 ). This is because low-𝑀★ (≲ 109 𝑀⊙ ) galaxies tend to
have lower S/N in the stellar continuum (Bryant et al. 2019). There
is also a bias introduced by our quality cuts towards galaxies with
higher SFRs (p-value = 2.7 × 10−15 ) due to the fact that we require
a sufficiently-high S/N in the H𝛼 line in order to measure PAs, and
this emission line arises mostly from ionized gas associated with
star-forming regions.
We use a threshold at 0.5 dex below the SFMS (dashed line in
Figure 2 - left) to separate the galaxies in the two samples into star
forming (SF - above the threshold) and non star forming (non-SF below the threshold). Furthermore, we classify the misaligned and
parent sample galaxies in this work based on their morphology, into
early- and late-types. This is done based on a cut in Sérsic index at
𝑛Sérsic = 2.5 (dashed line in Figure 2 - right), with galaxies above this
threshold being classified as early-types and those below, late-types.
The results of these separations into SF/non-SF and late/early-type
sub-samples are summarised in Table 1. Overall, we find that a significantly higher fraction of misaligned galaxies are early-types/non SF
than late-types/SF, while the opposite is the case for our parent sample (a result contributed to by our QC-introduced biases discussed
above).
3.2 Misalignment angle distribution

2.6 Spectroscopic classification from emission line properties
In this work, we use the SAMI aperture spectra to identify the main
source of gas ionisation for our kinematically-decoupled galaxies. We
classify our misaligned sample spectroscopically, based on the main
gas ionisation mechanism, into star-forming (SF), Low Ionisation Nuclear Emission Line Region (LINER; Heckman 1980) and Seyfert objects. This is achieved using the [O iii]𝜆5007/H𝛽, [N ii]𝜆6583/H𝛼 and
[S ii]𝜆𝜆6717,31/H𝛼 (hereafter [O iii]/H𝛽, [N ii]/H𝛼 and [S ii]/H𝛼)
emission line ratios from integrated spectra within one 𝑅e . Individual emission line intensities from aperture spectra were computed using the LZIFU fitting software (see Ho et al. 2016a). Measurements
within one 𝑅e were not available for 2 galaxies in our misaligned
sample, cases in which we used the spectra integrated within a 4”
aperture. We only consider an emission line to be detected if the
S/N within the given integrated spectrum is > 5. Where this is not
the case, we estimate the respective emission line intensity as being
equal to I=5×err(I), which represents an upper limit on its value. In
our misaligned sample, the H𝛽, [S ii], [N ii] and [O iii] emission lines
are not detected up to S/N = 5 in 43, 18, 1 and 1 case(s), respectively.

3 RESULTS
Throughout this section, we refer to the SAMI DR3, parent (Section
2.2) and misaligned (Section 2.4) samples of galaxies in relation
to a number of physical parameters outlined in Section 2.5. The
completeness to which each of these parameters are measured for
each respective sample, given the quality of the data, is summarised
in Table 1. Stellar mass measurements are available for all galaxies
in SAMI DR3.
3.1 Physical properties of parent and misaligned samples
The parent and misaligned samples are shown on the 𝑀★ - SFR and
𝑀★ − 𝑛Sérsic planes in Figure 2, together with the whole SAMI DR3
MNRAS 000, 1–21 (2022)

A total of 12 % of galaxies in our parent sample show global stellargas kinematic misalignments. Figure 3 shows the distributions of
|Δ𝑃 𝐴stars−gas | for parent sample galaxies with misalignment angle
measurements available (Section 2.4), split into SF and non-SF (top
row) sub-samples, as well as early- and late-types (bottom row).
We first note that the fraction of SF parent sample galaxies which
are misaligned is 4%, while this number goes up to 31% for nonSF objects. When splitting our sample by morphology, we find that
only 3% of late-type galaxies are misaligned, while for early-type
morphologies, this fraction is 30%.
In this work, we distinguish between two different types of misaligned galaxies. These are expected to trace different stages in the
process of gas settling, or alternatively, different physical processes
causing them (Section 3.4):
• Unstable configuration misalignments [30o −150o ] : Galaxies
which are tracing misaligned gas still in the process of stabilising into
the co- or counter-rotating configurations, or alternatively, gas being
expelled from the galaxy in an outflow (see Section 3.4);
• Counter-rotating misalignments (150o − 180o ] : Galaxies
where gas has either been accreted in a counter-rotating configuration, or alternatively, galaxies where the misaligned gas disk had a
different kinematic offset angle initially, and has now precessed into
the stable counter-rotating state (within PA measurement uncertainties).
We decide not to isolate a third class of polar rings/close-toperpendicular misalignments as none of the distributions in Figure
3 show deviations from being uniform between 60o − 120o at a significant level (with p-values in the range 0.29-0.97 when comparing
with a uniform distribution using a KS-test). Conversely, we find a
counter-rotating peak that is always statistically significant (with pvalues below 0.9 × 10−3 when comparing with a uniform distribution
using a KS-test), motivating the choice to separate clearly unstable
from stable configurations.
The counter-rotating peak for the whole misaligned sample has a
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Table 1. Number of galaxies and percentage of the SAMI DR3, parent and misaligned samples that have 𝑛Sérsic , 𝜆 𝑅𝑒 and SFR measurements available, as well
as the split of each respective sample into star forming, non star-forming, late- and early-type galaxies.
Sample
SAMI DR3
Parent sample (PAs computed)
Misaligned sample

Parameter completeness
𝑛Sérsic
𝜆 𝑅𝑒
SFR
2963 (97%)
1824 (59%)
2629 (86%)
1399 (97%)
1149 (80%)
1369 (95%)
165 (98%)
123 (73%)
163 (96%)

Total
3068
1445
169

SF
1619 (62%)
982 (72%)
43 (25%)

Split between sub-samples
Non SF
Late-type
1010 (38%)
1760 (59%)
387 (28%)
947 (68%)
120 (75%)
28 (17%)

Early-type
1203 (41%)
452 (32%)
137 (83%)

Figure 2. The 𝑀★ - SFR (left) and 𝑀★ − 𝑛Sérsic (right) planes for the misaligned (purple), parent (green) and full SAMI DR3 (grey) samples. The teal-cyan
solid line shows the star-forming main sequence, as computed by Fraser-McKelvie et al. (2021). The black dashed lines are placed, in the left and right panels,
at 0.5 dex below the star-forming main sequence and at 𝑛Sérsic = 2.5, and are used in this work to separate the star-forming/non-star-forming and late/early-type
populations, respectively. The distributions of SFR, Sérsic index and stellar mass for each sample (normalised to the total sample size) are shown adjacently. The
KS-statistics and p-values displayed are computed from a Kolmogorov-Smirnoff test comparing the respective parameter distributions of the SAMI DR3 sample
(grey), and the parent sample (green), as indicated by the markers placed next to the values. The black error bars in the left plot show median uncertainties in
𝑀★ and SFR for the parent sample.

size equal to 4% of the co-rotating one. For both the non-SF and
early-type misaligned sub-samples, this fraction increases to ∼12%,
while for the SF and early-type ones, we find that the counter-rotating
galaxies represent only 2% and 1% of the kinematically-aligned peak,
respectively. These ratios are summarised in Table A1 (Appendix A),
together with their associated errors.
The fraction of galaxies in our parent sample that display a
kinematic decoupling still in the process of migrating to a coor counter-rotating state (i.e. in an unstable configuration, 30o ≤
|Δ𝑃 𝐴stars−gas | ≤ 150o ) is 7%. For the early-type and non-SF subsamples individually (Figure 3 - right column), this percentage increases to 19% and 20%, respectively. Conversely, for the SF and
late-type populations (Figure 3 - left column), the fractions of galaxies in an unstable misaligned configurations are only 2% and 1%. A
breakdown of the percentages of parent sample galaxies (and their
uncertainties) found in each misaligned category, for the different
populations in Figure 3, is shown in Table A1 (Appendix A) .
We note that there is no visible difference in the misalignment
angle distribution shapes between the SF and late-type populations,
within the misaligned angular range [30o −180o ], or equivalently between the non-SF and early-types. A comparison of the |Δ𝑃 𝐴stars−gas |

distributions using a KS-test reveals that they are statistically-similar
for the SF and late-type populations (KS-stat = 0.18; p-value = 0.66);
this is also the case for the non-SF and early-type ones (KS-stat =
0.03; p-value = 0.99). The statistical similarity is also shown by the
percentages of misaligned galaxies in each category (unstable and
counter-rotating configurations) being consistent between the mentioned sub-sample distributions (as displayed on Figure 3). However,
this is not a result of the two populations being the same as we note
that only 11/22 (50%) of misaligned late-type galaxies with PAs computed are classified as SF, while 96/122 (79%) misaligned early-type
galaxies are also in the non-SF sub-sample.
We find a clear difference in the shapes of the misalignment angle
distributions between SF and non-SF populations (top row of Figure
3), as well as between the late- and early-type ones (bottom row
of Figure 3), within [30o − 180o ]. A statistical comparison shows
dissimilarities between the |Δ𝑃 𝐴stars−gas | distributions of the SF and
non-SF sub-samples (KS-stat = 0.25 ; p-value = 0.06), which is also
the case when comparing the late- and early-type ones (KS-stat =
0.34; p-value = 0.02). Notably, the statistical difference is driven by
the fact that a higher fraction of kinematically-decoupled objects are
counter-rotating in the SF (∼ 53%) and late-type (∼59%) misaligned
MNRAS 000, 1–21 (2022)
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Figure 3. Distributions of the absolute values of misalignment angles between stellar and gas rotation, |Δ𝑃 𝐴stars−gas | (Section 2.4) for our parent sample, split
into star-forming (top left) and non star-forming (top right). The bottom row shows the distributions for the parent sample, split into early-types (bottom left)
and late-types (bottom right). The vertical axis on the right side of each panel shows the corresponding fraction of the respective sub-sample. The hatched
bins show the galaxies with aligned stellar-gas rotation, separated from the misaligned sample by the vertical yellow line. The vertical black line shows the
separation between the two misalignment categories: unstable configuration [30o − 150o ] and counter-rotating (150o − 180o ]. The percentages in red/blue show
the number of misaligned galaxies in each respective angular range relative to the total number of misaligned objects in that sub-sample (i.e. SF, NSF, late and
early-type), while the ones shown in grey are computed relative to the entire misaligned sample.

sub-samples than the non-SF and early-type ones (∼30% and ∼31%),
respectively.
In summary, our |Δ𝑃 𝐴stars−gas | distribution is consistent with 2
separate classes of misaligned objects: stable (counter-rotating) and
unstable. The exact shapes of the distributions appear to be sensitive
to both morphology and SFR. We will further investigate this in
Sections 3.5 and 3.6; the next step in our analysis is to investigate the
spectral properties of misaligned galaxies and determine what the
physical origin of kinematically-decoupled features in our sample is.

3.3 Spectral classes of misaligned galaxies
Figure 4 shows the Baldwin, Phillips & Terlevich (BPT) diagrams
(Baldwin, Phillips & Terlevich 1981) plotting the [O iii]/H𝛽 emission line ratio versus [N ii]/H𝛼 (left panel, hereafter [N ii]-BPT) and
[S ii]/H𝛼 (right panel, hereafter [S ii]-BPT) for our misaligned samMNRAS 000, 1–21 (2022)

ple. We use a combination of the two emission line diagrams for
our spectroscopic classification. We employ the semi-empirical prediction of Kauffmann et al. (2003; hereafter Ka03) for the extreme
starburst limit (black solid line on the [N ii]-BPT) to identify the
SF-dominated objects. The Ka03 limit represents a revision of the
Kewley et al. (2001; hereafter Ke01) upper starburst threshold and we
consider the region between the two as containing composite objects
where ionization is due to both stars and AGN.
Kewley et al. (2006; hereafter Ke06) identified a split of the right
wing in the [N ii]-BPT, into Seyfert and LINER branches, which is
clearly more visible on the [S ii]-BPT. This is because the [N ii]/H𝛼
line ratio saturates at high metallicities where it is no longer a linear
function of the nebular metallicity (Kewley & Dopita 2002; Denicoló, Terlevich & Terlevich 2002) To distinguish between the Seyfert
and LINER galaxies in our sample, we employ the (semi-empirical)
separation determined by Ke06 and classify all galaxies above the
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Figure 4. [N ii]-BPT (left) and [S ii]-BPT (right) for our misaligned and parent samples. Circles show misaligned galaxies for which all lines have been detected
at a 5-sigma level (or higher) while arrows indicate upper/lower limits of the emission line ratios. The demarcations used to separate various classes are shown
in the [N ii]-BPT by the the solid black (Ka03), solid purple (CF10) and dashed black (Ke01) lines, and in the [S ii]-BPT by the black (Ke01) and purple (Ke06)
lines. Points are color-coded according to their final classification. Galaxies where no H𝛽 intensity measurement is available are placed at -1.1 on the vertical
axis (circles with crosses), while those with no [S ii] detected are placed at -1.1 on the horizontal axis. The parent sample galaxies are shown in green.

Ke01 extreme starburst limit on the [S ii]-BPT (black line), and
above/below the Ke06 delimitation (purple line) as Seyfert/LINER
galaxies. The galaxies which do not fall in any of the above categories
are classified using a combination of the two BPTs, as follows:
• galaxies in the SF region on the [S ii]-BPT and the composite
region on the [N ii]-BPT are classified as SF;
• galaxies in the SF region below the Ke06 line on the [S ii]-BPT,
and in the LINER region on the [N ii]-BPT are classified as LINERS.
The LINER-Seyfert delimitation on the [N ii]-BPT was made using
the parametrisation of Cid Fernandes et al. (2010; CF10);
• galaxies in the SF region and above the Ke06 line on the [S ii]BPT, and in either the LINER or Seyfert region on the [N ii]-BPT are
classified as Seyferts.
We note that 3 galaxies in our misaligned sample are classified
solely based on their position on the [N ii]-BPT due to not having
integrated [S ii] measurements in any aperture. A further 3 objects
have unconstrained [O iii]/H𝛽 emission line ratios and are therefore
labelled as having an uncertain spectral classification .
To confirm that the spectral properties within one 𝑅e are representative for the whole spatial scale probed by the kinematics, we
analyse resolved [N ii]/H𝛼 and [S ii]/H𝛼 emission-line ratio maps
for our misaligned sample, matched to the sizes of H𝛼 rotational
velocity maps, after the application of QCs (including the exclusion
of pixels where any of the emission lines has S/N<3). Our spectral
classifications are not confirmed for 9 galaxies in the sample (2 SF, 4
LINERs and 3 Seyfert objects) and we label these galaxies as having
an unconfirmed spectral classification (cyan dots in Figure 4).
Our resulting classification displayed in Figure 4 shows that energetic feedback from newly-formed stars is not the dominant mech-

anism for hydrogen ionization in misaligned galaxies, with only
+7 /166 (22 +4 %) such objects being spectrally classified as SF
37−3
−2
(blue circles in Figure 4)
The majority of misaligned galaxies in our sample are in the nonstar-forming region of the parameter space. According to our clas+3 /166 (61 ± 2 %) kinematically-decoupled
sification scheme, 101−4
galaxies have a dominant LINER component, while the remaining
28 ± 3 (17 ± 2 %) are classified as Seyferts. The uncertainties in the
reported numbers and fractions reflect the galaxies with unconfirmed
spectral classifications from the analysis of their resolved emission
line ratio maps presented above.
Finally, we note that, 31/37 (84 %) of misaligned galaxies where
ionization is dominated by star formation are also classified as being
SF based on their position with respect to the SFMS. From the
remaining 129 galaxies with an AGN component, only 12 (9%) are
classified as being SF from the 𝑀★ - SFR plane. For the analysis
presented in Sections 3.5 and 3.6, the separation between SF and NSF
objects is made based on their position with respect to the SFMS as
we are interested in how a galaxy’s cold gas content (for which our
best available proxy is sSFR) is associated with the prevalence and
timescales of misalignment.
3.4 Physical causes of stellar-gas kinematic misalignments
With the additional information on the source of gas ionisation (Section 3.3) combined with the multiwavelength information at our disposal, and PA offset measurements, our next goal to determine the
origin of the misaligned gas. This is important before further investigating the properties (and potential origin) of our misaligned sample.
To this end, we make use of optical Hyper Suprime-Cam (HSC) rgb
MNRAS 000, 1–21 (2022)
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Figure 5. Example misaligned galaxies in SAMI DR3, showcasing each of the dominant physical causes of the kinematic decoupling, classified as described in
Section 3.4: (1) CATID 30847: gas outflow (Seyfert object with |Δ𝑃 𝐴stars−gas | = 63o ); (2) CATID 272822: recent merger (galaxy in a post-merger stage); (3)
CATID 301381: tidal interaction / close pair; (4) CATID 321059: gas accretion from other sources, i.e. filaments, outer halo or a past merger (this galaxy does
not fall in any of the above three categories). The columns show, from left to right: HSC rgb image of the galaxy; SAMI H𝛼 flux map; stellar rotational velocity
map; ionised gas rotational velocity map. The number in the bottom-left corner of the HSC image corresponds to its position on the 𝑀★ - SFR plane in Figure
6. The spectral class (Section 3.3) of each galaxy is highlighted under the HSC image. The white/black circle in the bottom left corner of the H𝛼 intensity and
velocity maps shows the FWHM of the PSF, while the magenta circles shows the extent of the half-light radius (𝑅e ) around the optical centre. The kinematic PA
of each stellar and gas velocity map is shown by the dark green line, with the angle’s value (measured counterclockwise from North=0) displayed on the plot.

images for misaligned galaxies in the GAMA fields, and a combination of SDSS and VLT Survey Telescope (VST) imaging for our
cluster sample.
Seyfert objects make up 17% of the misaligned sample in this
study. Given the energetic feedback from the AGN at the centre of
such objects, we consider the possibility that their observed misalignments are due to outflowing gas. Furthermore, the optical imaging
available for our field/group misaligned galaxies allows us to identify
clear signs of mergers and tidal interactions. We first want to separate misalignments caused by outflows from those caused by new gas
being accreted. For cases where gas has an external origin, we try
MNRAS 000, 1–21 (2022)

to separate between mergers, tidal interactions (which are not clear
mergers) and systems that do not show any clear signs of gravitational interaction. We will refer to this last category as gas accretion
from other sources (i.e. from a galaxy’s outer halo or filaments),
noting that objects in this category may still include mergers/tidal
interactions that happened in the past and for which now there is no
sign left in the optical data at our disposal.
We identify galaxies with clear post-merger/merger remnant signatures in our misaligned sample using the criteria outlined in BarreraBallesteros et al. (2015). Given that the merger remnant feature time
(for a 1:1 mass ratio) was found to be in the range ∼2.1-7.5 Gyr
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depending on the galaxy’s magnitude (Ji et al. 2014), our study is expected to identify past merging events within this threshold. Tidallyinteracting/close-pair objects are identified as having asymmetries
in both the optical and kinematic maps (e.g. tidal tails, bridges,
warps, plumes), as well as a companion object displaying similar
features (e.g. the third row of Figure 5). While the mergers and
tidally-interacting galaxies might have similar morphological tracers, a galaxy is classified as the latter only if two distinct nuclei are
present in the optical image.
After the identification of objects with merger and tidal interaction
signatures in our sample, we employ the following method to classify
misaligned galaxies according to the most-probable physical cause
of the kinematic decoupling:
• Outflows: galaxies spectrally classified as Seyfert objects, with
kinematic offset angles in the range [30o − 150o ) (i.e. non counterrotating) are classified as having misalignments due to outflowing
gas;
• Mergers and tidal interactions/close pairs: galaxies with clear
merger or tidal interaction signatures, which have not been identified
as having outflow-driven misalignments, are classified as having the
respective process (merger or tidal interaction) as the cause of the
kinematic decoupling;
• Gas accretion from other sources: Galaxies which do not fall
within the two categories above are classified as having misalignments due to gas accretion from other sources.
Although AGN-driven outflows are believed to be preferentially
oriented perpendicular to the galactic disk, following the path of least
resistance (e.g. Hartwig, Volonteri & Dashyan 2018), observational
studies have reported outflows significantly closer to aligned with
the stellar component (e.g. Barbosa et al. 2009; Husemann et al.
2019), which have also been recovered in simulations (e.g. Tanner
& Weaver 2022). While counter-rotating stellar-gas configurations
(in projection) have been previously interpreted as outflow-driven
(Luo et al. 2019), such scenarios have not been recovered in simulations. We therefore make the conservative choice of only considering
outflows to produce observed stellar-gas misalignment angles in the
range [30o − 150o ). The median |Δ𝑃 𝐴stars−gas | of our outflow-driven
misaligned galaxies is 63o (102o for all the Seyfert objects). We visually inspect all such galaxies in our sample, noting than one of these
objects (CATID 618993) displays clear signs of having suffered a
head-on collision which shock-heated the gas in the central parts,
resulting in the observed spectral properties. The galaxy is tidallyinteracting with a nearby companion and is therefore re-classified as
such.Our outflow classification is based on the assumption that, given
the energetic feedback from the AGN at the centre of Seyfert galaxies, misalignments in such objects are unlikely to have been caused
by smooth gas accretion. This scenario has been recovered in cosmological hydrodynamic simulations, e.g. Nelson et al. (2015) who
found that when feedback is considered, gas accretion from the intergalactic medium in the ’smooth mode’ is significantly suppressed.
Furthermore, van de Voort et al. (2011) found that AGN feedback
prevents gas that enters haloes in the hot mode from collapsing onto
the central galaxy. Finally, while, while (Ho et al. 2016b) found evidence of star formation-driven galactic winds generating outflows
in SAMI galaxies, we note that all such galaxies have been found to
have globally aligned stellar-gas rotation.
As expected, none of the galaxies classified as tidally-interacting
in our sample have counter-rotating configurations (their stellar-gas
kinematic offset angles are < 92o in all cases). We note that in this
work, we include the tidally-interacting galaxies into the category of
misalignments caused by gas accretion (i.e. gas exchange between
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the interacting galaxies). While we cannot exclude the possibility that
the gravitational interaction alone (or indeed another process, e.g. gas
accretion from another source) is the cause of the misalignment, we
note that one of the five such galaxies in our sample (CATID 22633)
displays a clear evidence of gas exchange with a close-by, lower-mass,
more tidally-disturbed companion in the optical image. Notably, this
assumption does not affect the results described in the next section,
given the small number (5) of tidally-interacting galaxies in our
sample.
Furthermore, Bryant et al. (2019) considered the possibility of
kinematic misalignments in the cluster environment being due to
gas stripped from the disk via hydrodynamical effects, as a galaxy
falls through the intra-cluster medium. Such a process will produce
a gradient in the gas velocity field in the direction of infall. However,
after careful inspection of our data, we find only 1 galaxy (<1%)
supporting a ram-pressure stripping origin for the misalignment.
This galaxy (CATID 9008500100) has been previously identified by
Owers et al. (2019) as having one-sided/extra-planar H𝛼 emission.
None of the other SAMI cluster galaxies with such properties in
Owers et al. (2019) have been found to be globally misaligned here.
The results of our classification are presented in Figure 6, with
misaligned galaxies shown on the 𝑀★ - SFR plane, color-coded
according to the main 4 physical causes of misalignments identified
in this work, as described above: outflows (14 galaxies; 8%), tidal
interactions (5 galaxies; 3%), recent or ongoing mergers (24 galaxies;
14%) or accretion from other sources (125 galaxies; 74%), with one
other cluster galaxy (<1%) being identified as having a misalignment
due to gas stripping. In summary, while this analysis confirms that
the bulk of our misaligned sample is consistent with a gas accretion
origin, we find a non-negligible fraction of galaxies for which gas
being expelled in an outflow is more likely to be the cause of the
kinematic decoupling.
3.5 Misalignment fractions dependency on stellar mass and
SFR
The results in Section 3.1 suggest that misaligned galaxies generally
populate the high-𝑀★, low-SFR region of the parameter space. Figure
7 shows the fraction of parent sample galaxies which are misaligned,
with respect to stellar mass (left column) and SFR (right column).
The bottom row shows the contribution to the observed fractions
from SF and non-SF misaligned galaxies, respectively. Our results
are consistent with an increase in misalignment fractions with 𝑀★
between ∼ 109 𝑀⊙ − 1011 𝑀⊙ , while our number statistics outside
this range do not allow us to discern between different trends (Figure
7 - top left). The observed dependency of misaligned fractions on 𝑀★
is driven by non-SF galaxies above ∼ 109.5 𝑀⊙ , with the fractions
of misaligned SF galaxies being approximately constant across the
probed stellar mass range, within uncertainties.
Our findings show increasing misalignment fractions going to
lower SFRs, in the range 0.5 ≲ log(SFR/𝑀⊙ 𝑦𝑟 −1 ) ≲ −2, while at
lower SFR our results become highly uncertain due to low number
statistics (Figure 7 - top right). This trend is unsurprisingly driven by
the non-SF population below ∼ 10−0.5 𝑀⊙ 𝑦𝑟 −1 , and by the SF one
above this value.
We also evaluate the contribution of outflow-driven cases and
Seyfert objects to observed misalignment fractions. We note that considering only the accretion-driven kinematically-decoupled galaxies
(i.e. excluding outflows - light red curve in Figure 7) or the nonSeyfert objects (dark red curve) does not change the observed trends
with 𝑀★ and SFR, but rather only produces systematically lower fractions. Therefore, the observed trends of misaligned fractions with 𝑀★
MNRAS 000, 1–21 (2022)

12

A. Ristea et al.

Figure 6. SFR vs stellar mass for the misaligned (colored circles) and parent samples (green contours). The colour of each misaligned galaxy reflects the most
probable physical cause of the misalignment (see Section 3.4). Circles with an ’x’ marker depict cluster galaxies in our misaligned sample. The teal-cyan solid
line and error bars are the same as in Figure 2. The circled galaxies are shown in Figure 5, as indicated by the numbers (1-4). The adjacent histograms show the
distribution of misaligned galaxies in SFR and 𝑀★ , separated by the most probable cause of the misalignment (the tidal interactions and mergers combined in
the orange histogram). The one cluster galaxy classified as having gas stripping causing the misalignment does not have a SFR measurement and is not shown
here.

and SFR are shaped by accretion-driven misalignments and are not
significantly affected by AGN-driven outflowing gas.

3.6 Morphology, stellar kinematics and gas content
Previous studies of stellar-gas kinematic misalignments have suggested that the prevalence of such features is correlated with the
shape of the stellar mass distribution (e.g. Davis et al. 2011; Lagos
et al. 2015; Bryant et al. 2019; Duckworth et al. 2020; Khim et al.
2020), the kinematic morphology (i.e. the ratio of ordered to disordered motion, 𝑣/𝜎; e.g. Xu et al. 2022; Khim et al. 2021) and the
cold gas fraction (Lagos et al. 2015; Duckworth et al. 2020; Khim
et al. 2020) of a galaxy. In this picture, newly-accreted misaligned
gas takes longer to settle into a stable configuration in galaxies with
early-type morphologies or lower (pre-existing) gas content.
In this work, we study the interplay between galaxy morphology
MNRAS 000, 1–21 (2022)

& sSFR (used here as our best proxy for cold gas content), and
the phenomena of gas accretion and dynamical settling into stable
configurations. Since both properties are interconnected, we attempt
to determine whether they are both playing a major role in driving
the timescales of misalignments, or if there is a dominant one. To this
end, galaxies where outflows or gas stripping have been identified as
likely causing the kinematic decoupling (15 out of 169 objects) are
excluded from this analysis.
First, we study the interplay between gas accretion and galaxy morphology/stellar kinematics by analysing the distribution of accretiondriven misaligned galaxies with Sérsic index (𝑛Sérsic ) and stellar spin
parameter (𝜆 𝑅𝑒 ), in comparison with those of aligned parent sample
galaxies, at fixed stellar mass and SFR. To match our misaligned sample in 𝑀★ and SFR, for each kinematically-decoupled object we find
the aligned parent sample galaxy with the closest 𝑀★ and SFR values, i.e. that minimises the sum of the differences in the two param-
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Figure 7. (Top row) Fraction of parent sample galaxies that are misaligned, as a function of stellar mass (left) and SFR (right). The brown and yellow lines
show the fractions when excluding the galaxies classified as having misalignments due to outflows, and those spectrally classified as Seyfert objects, respectively.
The error bars and shaded areas reflect the Poisson uncertainties in the fractions, given the number of galaxies in each bin. (Bottom row) The contribution to
the fraction of misaligned galaxies in each bin from SF (blue) and non-SF (red) galaxies, respectively.

eters (|Δlog(M★)misaligned−aligned | + |Δlog(SFR)misaligned−aligned |).
An aligned parent sample galaxy can only be matched with one single misaligned object. This is presented in Figure 8, where the top
row shows the whole misaligned (purple) and parent (green) samples, together with the relevant control sample (orange), while the
middle and bottom rows display the same results when the match
is done for SF and non-SF galaxies, separately. As our misaligned
sample is dominated by passive systems, matching SF and non-SF
populations individually allows us to establish whether the same conclusions can be reached for both samples, independently. The left and
right columns show the distributions in 𝑛Sérsic and 𝜆 𝑅𝑒 for galaxies
where measurements of each parameter are available.
Controlling for 𝑀★ and SFR has a larger effect when considering
the whole misaligned and parent distributions, as is reflected in the
difference between the green (parent sample) and orange (control
sample) histograms in the top row of Figure 8. When splitting our
samples into SF and non-SF, the parent and misaligned sub-samples
are expected to be more closely matched in SFR as they occupy the
same parameter space around the SFMS and thus the matching has a
smaller effect. The misaligned and control sample distributions with
𝑛Sérsic and 𝜆 𝑅𝑒 were compared using a KS-test, as displayed on each
panel of Figure 8. Our results show that distributions of misaligned
and (SFR- & 𝑀★-matched) aligned galaxies are statistically different in all cases. Kinematically-decoupled galaxies have larger Sérsic
indices and lower stellar spin than aligned ones with similar distributions in stellar mass and SFR. The differences are reduced when
considering the SF and non-SF populations individually (middle and
bottom rows of Figure 8). We note, however, that the number statistics
are reduced when looking at trends with the stellar spin parameter

since misaligned galaxy distributions with 𝜆 𝑅𝑒 typically contain ∼
73-75 % of the total sample, while for the parent sample, the fraction
is in the range ∼ 79-86 %. Overall, this shows that morphology (visual and kinematic) is a key property associated with misalignment
prevalence both above and below the SFMS.

Second, we look at the effect of sSFR by performing a similar
analysis and controlling for stellar mass and morphology (𝑛Sérsic ).
The results are shown in Figure 9, where we split our misaligned and
parent samples into late- and early-type galaxies (middle and bottom
respectively - see section 3.1). We note that an equivalent matching
in 𝜆 𝑅𝑒 is not possible here, given that reliable measurements for
the stellar spin parameter are not available for our entire misaligned
sample. The only case when the misaligned and control sample distributions are statistically similar is for the late-type sub-sample (Figure 9 - bottom), with the caveat that only 25 of our (non-outflow)
kinematically-decoupled galaxies are in this morphological classification. If confirmed to be significant, this would suggests that sSFR
is correlated with misalignment occurrence only for the early-type
galaxy population.

As shown in Appendix B, our conclusions are unaffected if we
remove counter-rotating galaxies (which are likely already stable
systems, within errors) from the analysis. In summary, our results
indicate that the likelihood of showing misalignments depend on
both SFR and morphology. As discussed in Section 4.1, this is a
critical point for understanding the origin of our misaligned sample.
MNRAS 000, 1–21 (2022)
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Figure 8. Distributions of the log of Sérsic indices (𝑛Sérsic - left column) and spin parameters (𝜆 𝑅𝑒 - right column), with the parameter axes values showing
the corresponding (non-logged) 𝑛Sérsic and 𝜆 𝑅𝑒 values. The top row displays the distributions for the whole parent (green) and misaligned (purple) samples.
The orange histograms show control samples of aligned galaxies matched in 𝑀★ and SFR to the misaligned ones (and of the same size), drawn from the whole
parent sample. The middle and bottom rows show the distributions for the SF (blue) and non-SF (red) sub-samples of the parent (dark blue/red) and misaligned
(purple) populations. The light blue and red histograms show control samples of aligned SF and non-SF galaxies matched in 𝑀★ and SFR to the misaligned
ones (and of the same size), drawn (only) from the respective SF/non-SF parent sub-samples. The number of galaxies in each population is displayed in the
legend. The KS-statistics and p-values correspond to a statistical comparison of the control and misaligned samples in each panel. The error bars reflect the
Poisson uncertainties given the number of galaxies in each bin.
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4 DISCUSSION
In this section, we begin by discussing the implications of the position angle offset (|Δ𝑃 𝐴stars−gas |) distributions of different galaxy
populations for the timescale of gas settling, as well as the influence of morphology and sSFR on driving misalignment timescales
(Section 4.1).
Following this, we discuss our spectral classification results for
kinematically-decoupled galaxies in the context of gas accretion, as
well as the contributions of different physical processes to misalignment numbers. Finally, the effect of stellar mass and SFR on driving
the fractions of kinematically-decoupled galaxies is analysed. These
aspects are presented in Section 4.2.

4.1 Galaxy properties associated with misalignments - the
effect of morphology and star formation
4.1.1 Misalignment fractions
+1.9 ) agrees well with
Our total fraction of misaligned galaxies (11.7−0.9
the estimates of Bryant et al. (2019) (11 ± 1%) for the previous data
release of SAMI. Past studies based on the MaNGA Survey found
slightly lower misalignment fractions, for example Xu et al. (2022)
(∼6.6 %) and Duckworth et al. (2020) (∼9.2 %), across all morphological types, with the mention that the former study excludes all
non-rotators, on-going mergers or broad-line AGN from their misaligned sample. Excluding all such objects from our sample (as well
as tidally-interacting galaxies) reduces our fraction of kinematicallydecoupled objects to ∼7.7 %.
When splitting by morphology using a cut at 𝑛Sérsic = 2.5, we found
+2 % of galaxies with early-type morphologies are misaligned.
that 30−1
This is again consistent with the fraction determined by Bryant et al.
(2019) across all environments (∼33 ± 5 %) as well as the results of
Davis et al. (2011) based on the ATLAS3D project, who found that a
fraction of ∼ 36 ± 5 % fast-rotating early-type galaxies (in both the
field and cluster environments) have misaligned stellar and ionised
gas rotation.

4.1.2 Comparison of PA offset distributions and the effect of
morphology & sSFR on driving misalignment timescales
The |Δ𝑃 𝐴stars−gas | distribution encodes information about the relaxation, depletion and accretion timescales of gas. In our current understanding of the evolution of (accretion-driven) misaligned configurations, the newly-introduced gas has an angular momentum vector
that leads it to form a rotating disk, setting the initial PA. The gravitational potential of the stellar component exerts a torque on this disk,
causing it to settle into the same plane, into a co- or counter-rotating
configuration (Tohline, Simonson & Caldwell 1982). Furthermore,
any pre-existing gas reservoir (i.e. present in the galaxy before the
accretion event) will exert a viscous drag on the newly-acquired gas,
speeding up the alignment process (Davis et al. 2011). Our results in
Section 3.2 seem to confirm that both the shape of the stellar mass
distribution and the pre-existing gas content play a dominant role in
regulating the misalignment process. We tested the effect of excluding all outflow-driven misalignments and Seyfert objects from our
sample (Appendix C - Figure C1), noting that this did not change the
statistical significance of our results regarding |Δ𝑃 𝐴stars−gas | distributions in Section 3.2.
The fraction of parent sample galaxies displaying kinematicallydecoupled configurations still in the process of stabilising (i.e. not
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counter-rotating) is significantly higher for the non-SF and earlytype sub-samples (20% and 19%) than for the SF and late-type ones
+2 times more misaligned galaxies in
(2% and 1%). There are 12−6
an unstable configuration in the non-SF population than in the SF
+7 times more in the early-type sub-sample than in the
one, and 19−12
late-type one. The errors in these fractions are significant, especially
at the lower end, given the small number statistics in the SF/latetype misaligned populations. Within these conservative limits, our
fraction comparing the late- and early-type population is consistent with the value found by Bryant et al. (2019) (15 ± 7), with the
mention that our morphological classifications is based on Sérsic
index, while Bryant et al. (2019) separate their populations based on
visual morphology. These results suggest that misaligned configurations have significantly longer timescales in galaxies with a more
centrally-concentrated stellar mass distribution, or alternatively in
objects with low SFR (i.e. more gas poor).
If we consider the effect of morphology/stellar distribution alone,
we can follow Lake & Norman (1983) who proposed that the relaxation time of a misaligned gas disk due to the torque of the stellar
component is a fraction 1/𝜖 (where 𝜖 represents the ellipticity) of
the dynamical time (i.e. the time taken for a full precession of the
gas disk). This agreees relatively well with the result of van de Voort
et al. (2015), who found that the gas settling time in a misaligned
early-type galaxy is ∼ 6 dynamical times (after accretion rate has
dropped significantly).
Similarly, Bryant et al. (2019), following on from Tohline et al.
(1982), suggest that the dynamical torque exerted by the stellar component depends on ellipticity, gas angular velocity and initial misalignment angles. Considering the typical range of ellipiticities for
our sample (0.16-0.74), this implies that the effect of morphology
alone would result in fractions of (unstable) misalignments up to
∼3.2 times higher in early-types compared to late-types (considering
the extremes of the ellipticity range). However, in our sample, we
find that the difference in misalignment fraction between early-types
and late-types is several factors higher, albeit with a significant un+7 ). These results suggests that morphology is not the
certainty (19−12
only galaxy property driving the timescales of gas settling. Thus,
part of the surplus of misaligned galaxies in unstable configurations
for the non-SF/early-type populations compared to the SF/late-type
ones can be explained by considering the viscous drag froces between accreted and pre-existing gas, which speeds up the process of
alignment. In this picture, galaxies which have larger gas reservoirs
before a misaligned accretion event will tend to stabilise over shorter
periods of time.
The need for both morphology and gas content/star formation playing a simultaneous role in setting the fraction of misalignments is
reinforced by the analysis presented in Section 3.6. There, we have
shown that misaligned systems have higher 𝑛Sérsic and lower 𝜆 𝑅𝑒 than
aligned galaxies at fixed 𝑀★ and SFR, as well as lower sSFR at fixed
𝑀★ and 𝑛Sérsic . When separating into different sub-populations, our
results show that morphology is significantly associated with misalignment prevalence both above and below the SFMS, while sSFR
might only have an important role for the early-type population. Interestingly, the same result is recovered if we focus only on misaligned
galaxies in unstable configurations (non counter-rotating), as seen
in Figure B1 (Appendix B), suggesting that these galaxy properties
are not only associated with the likelihood of misalignment, but also
have a dominant effect on the timescale for gas precession in a stable
configuration.
The results above are qualitatively consistent with those found in
previous studies of stellar-gas kinematic misalignments which addressed the correlation between morphology (Davis et al. 2011; LaMNRAS 000, 1–21 (2022)
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gos et al. 2015; Bryant et al. 2019; Duckworth et al. 2020; Khim et al.
2020) and gas fraction (Lagos et al. 2015; Duckworth et al. 2020;
Khim et al. 2020), and the likelihood and timescales of kinematicallydecoupled features. The physical implications of our findings can be
formulated considering our arguments regarding the timescale for
the settling of a misaligned gas disk in a stable configuration: the
gravitational torque exerted by the stellar disk on the misaligned gas
component is lower for more centrally-concentrated stellar mass distributions (i.e lower ellipticity), resulting in kinematically-decoupled
configurations having larger timescales in galaxies with early-type
morphologies. Furthermore, in a misaligned accretion event, the
newly-acquired gas interacts dynamically with the gas reservoir already in the galaxy, with viscous drag forces between the two speeding up the settling process of accreted gas in a stable configuration.
Such a scenario has been recovered in the toy model presented by
Khim et al. (2021) for the relaxation of gravitationally self-interacting
rings of stars and gas, which considers both gravity and viscous drags
between different gas components.
Alternatively, preferentially-aligned accretion in late-type galaxies
(Bryant et al. 2019) would lower the average gravitational torquing
timescale in this population. It has been shown by previous work
based on the GIMIC (Sales et al. 2012) and Horizon-AGN (Welker
et al. 2017) simulations that disk galaxies tend to form predominantly
from aligned gas accretion, whereas more spheroidal morphologies
are the result of accretion episodes in which the angular momentum
of the infalling gas is misaligned with respect to that of the host
galaxy. In this picture, the fact that we observe significantly fewer
misaligned late-type galaxies than early-types would simply be the
result of the fact that the morphology of late-types is the product of
predominantly aligned accretion.
While our results for the entire misaligned sample show that both
𝑛Sérsic and sSFR have significant contributions in driving misalignment timescales, the marginal evidence (given the low number statistics) of sSFR being less significant than morphology for the latetype misaligned population (Figure 9 - middle) is consistent with
the framework in which disk morphologies are largely the result
of aligned gas accretion (Sales et al. 2012; Welker et al. 2017),
which would act to explain the low numbers of misalignments in this
populations. If such results were confirmed with more statisticallypowerful samples, it would suggest that the stellar-gas misalignment
phenomenon is driven by an interplay between three key elements:
(1) morphology (shape of the stellar mass distribution); (2) preexisting gas content influencing the settling timescale of accreted,
kinematically-decoupled gas in a stable configuration; (3) late-type
morphologies in the present-day Universe being the result of preferentially aligned gas accretion at higher redshifts. We note, however,
that our study only provides significant observational evidence for
the contribution of the first two. The extent to which the latter phenomenon contributes to our results can be better understood with a
more statistically powerful sample of misaligned late-type galaxies.
4.1.3 Counter-rotating misalignments
Our results confirm the statistical significance of the counter-rotating
(150o − 180o ] peak in the |Δ𝑃 𝐴stars−gas | distribution, as seen in Figure 3, suggesting that this configuration is stable. This is in agreement
with the simulation-based work of Osman & Bekki (2017), which
found counter-rotating gas disks to be permanently stable, i.e. until
the gas is consumed by star formation. The existence of this peak
has been previously reported by Bryant et al. (2019), with Duckworth et al. (2020) only finding a small increase in the number of
misaligned galaxies around 180o , which was not present in their
MNRAS 000, 1–21 (2022)

matched Illustris TNG100 sample. Works based on the Evolution
and Assembly of GaLaxies and their Environments (EAGLE) simulation, looking at the offset between angular momenta of stars and
star-forming gas (Lagos et al. 2015; Casanueva et al. 2022) have
also failed to find a counter-rotating peak. Furthermore, Davis et al.
(2011) found no counter-rotating peak in the kinematic offset angle distribution for a sample of early-type fast-rotating galaxies in
the field/group and Virgo cluster, albeit with relatively low number
statistics (111 galaxies). This was interpreted by Davis & Bureau
(2016) as a potential evidence for the fact that the gas depletion
timescales from star-formation (Bigiel et al. 2011; Kennicutt 1998)
or distruction timescales from AGN feedback (Hopkins et al. 2006)
are shorter than previously believed, or alternatively that the settling
of misaligned gas occurs over longer periods of time than assumed
(e.g Lake & Norman 1983). Such assumptions are inconsistent with
the existence of a significant counter-rotating peak found in our study.
Furthermore, Stevens, Croton & Mutch (2016) showed that precession of the gas disk angular momentum around that of the stars
is required in order to obtain a |Δ𝑃 𝐴stars−gas | distribution with a
peak in both the aligned and counter-rotating regions. The counterrotating peak in the precession-on mode was found to be ≈10 % of
the co-rotating one, while the precession-off prescription produced a
gradually declining distribution with increasing |Δ𝑃 𝐴stars−gas |. Our
results confirm the importance of gas disk precession due to the
gravitational torque of the stellar disk. The ∼10:1 size ratio of the
co- and counter-rotating peaks found by Stevens et al. (2016) is consistent with our results for the non-SF and early-type populations
individually (12.2% and 12.1%); however, for our entire sample of
galaxies, the counter-rotating peak is only 4.2% of the aligned one,
while this percentage drops to 2.0% and 1.4% for the SF and late-type
sub-samples.
While both the aligned and counter-rotating peaks include galaxies with externally-accreted gas which has settled due to stellar disk
torques, the co-rotating one also contains cases where the interaction
with the pre-existing gas reservoir has exerted a drag on the newlyaccreted gas, causing it to align. This is the case for accretion events
where the angular momentum of the infalling gas is smaller than that
of the pre-existing component and acts to align the newly-acquired
gas into a co-rotating configuration regardless of its initial misalignment angle, i.e. acts on counter-rotating accreted gas as well (Davis
& Bureau 2016). Such a scenario is expected to be more prevalent in
SF galaxies with a significant cold gas component, or alternatively in
late-type galaxies where any potential previous gas reservoir would
have higher angular momentum, in accord with our findings on stable configuration peak size ratios. This effect is not considered in
the Stevens et al. (2016) semi-analytic model and could explain the
discrepancies of the co- to counter-rotating peak sizes.
In summary, our findings highlight the important role of the precession of misaligned gas disks and friction between different gas
components in shaping |Δ𝑃 𝐴stars−gas | distributions, and appear to
rule out unusually short gas depletion or destruction timescales previously reported (Davis & Bureau 2016).

4.2 Properties of misaligned galaxies and the contribution of
different physical processes to their creation
4.2.1 Ionisation mechanisms in misaligned galaxies
We performed a spectral classification of misaligned galaxies in our
sample (Section 3.3) based on the [N ii]- and [S ii]-BPTs (Figure 4)
in order to identify the main gas ionisation mechanisms in these ob+4 % of kinematically-decoupled
jects. Our results show that only 22−2
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galaxies have ionisation dominated by star formation, while the majority (61 ± 2 %) are classified as LINERS. From the remaining
28 galaxies with a significant AGN component (Seyfert objects), 14
were classified as having their misalignment driven by an outflow
(Section 3.4), leaving a total of 155 galaxies where gas accretion
(from any source) is the most probable cause of the feature. Out
+7 objects, corresponding to 24 +4 %, have their
of these, only 37−3
−2
+5 % of all non-Seyfert
ionisation dominated by star-formation (26−2
misaligned galaxies galaxies). This suggests that the newly-accreted
+2 %) cases, a
gas is not fuelling new star formation in most (76−4
picture which is qualitatively consistent with the distribution of SFR
for misaligned galaxies in Figure 2 (left). While these numbers refer
to the dominant ionisation mechanism within 1 𝑅e , as discussed in
Section 3.3, our findings should be statistically representative for the
entire misaligned gas component.

4.2.2 Census of physical processes causing misalignments

Figure 9. (Top) Distributions of log(sSFR) for the whole misaligned (purple)
and parent (green) samples, as well as a control sample of aligned galaxies
(orange) matched in 𝑛Sérsic and 𝑀★ to the misaligned one, and of the same
size. (Middle & Bottom). The same as the top plot, for the late- and earlytype parent (dark blue/red) and misaligned (purple) sub-samples, respectively.
The light blue and red histograms show control samples matched in 𝑛Sérsic
and 𝑀★ to the misaligned ones (and of the same size). The galaxies in
these control samples are drawn only from the respective late/early-type
parent sub-samples and therefore do not correspond to the matching made
for the whole misaligned population. The number of galaxies in each sample
is displayed in the legend. The KS-statistics and p-values correspond to a
statistical comparison of the control and misaligned samples in each panel.
The error bars reflect the Poisson uncertainty given the number of galaxies in
the respective bin.

In this work, we combined stellar-gas position angle offset measurements with spectral properties and optical imaging of misaligned galaxies to identify the most probable physical cause of
the kinematically-decoupled configuration. This classification was
presented in Section 3.4 and shows that stellar-gas misalignments in
our sample are caused by: galactic outflows (8 %); recent or ongoing
gas-rich mergers (14 %); tidal interactions (3 %); gas accretion from
other sources such as outer halo, filaments, or a past merger (74 %),
and ram-pressure stripping (1 galaxy, < 1 %).
The result of our classification of physical processes causing misalignments is shown in Figure 6 for the four main formation channels
identified. We note that cases of on-going mergers, merger remnants
and tidal interactions (orange and yellow points) are typically found
at high stellar masses (∼ 90 % of cases above 1010.5 𝑀⊙ ). This
suggests that such objects are predominantly tracing accretion from
a major gas-rich merger and that more minor merging events are less
likely to produce a global PA offset. We note, however, that this result
is expected to be influenced to a small extent by the fact that merger
and interaction signatures are less visible in the optical images of
low-𝑀★ galaxies. Outflow-driven misaligned galaxies have SFR values lower than -0.78 dex below the SFMS for their corresponding
𝑀★ in all cases, as expected given the energetic AGN feedback in
these objects.
While our assumption that counter-rotating configurations cannot
be the result of outflowing gas is physically warranted, given our measurement errors for kinematic PAs, the total number of Seyfert objects in our misaligned sample (17 %) provides an upper limit on the
contribution of outflows to causing kinematically-decoupled configurations. Furthermore, the identification of merger- and interactiondriven misalignments in this work gives an absolute lower limit on
the contribution of gas accretion from these processes towards causing a stellar-gas kinematic decoupling in the present-day Universe.
We cannot exclude the possibility that a number of misalignments
which have not been identified as either mergers, tidal interactions
or outflows have been caused by accretion from a past merger which
is no longer visible in the optical image. The time taken for gas
settling in a simulated elliptical galaxy initially misaligned by 120o
was found by van de Voort et al. (2015) to be ∼ 3 Gyrs (including
the period of continuous gas accretion). However, this is expected to
vary significantly depending on morphology, initial gas content and
initial misalignment angle. On the other hand, merger features were
found by Ji et al. (2014) to persist for ∼ 2.1-7.5 Gyrs, depending on
the galaxy’s brightness.
MNRAS 000, 1–21 (2022)
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We note that large-scale environment appears to play a role in
driving stellar-gas misalignments, with only 18/304 (6 %) cluster
galaxies in our parent sample being kinematically-decoupled, while
this is the case for 151/1141 (13 %) galaxies in the field/group.
Using the group membership classification based on the GAMA
galaxy group catalogue of Robotham et al. (2011) (see also van
de Sande et al. 2021b), we find that 51 (30 %) misaligned galaxies
are satellites in groups with halo masses above 1013 𝑀⊙ , while 84
(50 %) are centrals and 34 (20 %) are classified as being isolated
objects. Of the 51 misaligned satellite galaxies, 44 (26 % of the total
misaligned sample) are classified as being caused by gas accretion
from other sources (i.e. not mergers or tidal interactions), which
provides a potential upper limit to the number of galaxies in our
sample where the misalignment cause could involves environmental
processes such as gas stripping in the group/cluster, as this is expected
to predominantly affect satellites (Cortese, Catinella & Smith 2021).
Distinguishing between the possible physical causes of misalignments on a case-by-case basis has only been previously attempted
in simulation-based studies, most notably the work of Khim et al.
(2021) who studied a sample of ∼27900 galaxies in the HorizonAGN cosmological simulation, identifying four main channels for
misalignment formation: mergers (35 %), interactions with other
galaxies (23 %), environmental processes (for which the main candidate identified was ram-pressure stripping) & interactions with
central galaxies (21 %), and secular evolution involving smooth accretion via neighboring filaments (21 %), with typical uncertainties
on these values quoted at 10 %. While these processes do not entirely
coincide with the ones identified in this work, it was noted by Khim
et al. (2021) that the misalignments induced by secular evolution
may include cases of outflowing gas driven by AGN feedback or star
formation.
Overall, our results appear to be at odds with the findings of
Khim et al. (2021). However, this is likely to showcase, as previously
noted, that a potentially significant fraction of our misaligned galaxies
classified as being caused by accretion from other sources are the
result of past mergers. The other notable difference is in the fraction of
environmentally-driven misalignments, although in this case the two
classifications are not comparable at face value. It was also noted by
Khim et al. (2021) that some environmentally-driven misalignments
in their sample show a temporary increase in their gas mass, contrary
to what would be expected from ram-pressure stripping. Overall,
this comparison highlights the difficulty in identifying the origins
of stellar-gas misalignments in both observations and simulations,
and how multiple physical processes are expected to play a role in
shaping the properties of our kinematically-decoupled sample.
4.2.3 The dependency of misaligned fractions on stellar mass and
SFR
Our results presented in Figure 7 show an increase in misalignment
fractions with stellar mass between 109 − 1011 𝑀⊙ (top left), and
a decrease with SFR between 0.5 ≲ log(SFR/𝑀⊙ 𝑦𝑟 −1 ) ≲ −2. Outside of these ranges, the significance of our results is affected by
uncertainties pertaining to low number statistics.
Previous studies of galaxies with kinematically-decoupled stellargas rotation, both observational (e.g. Jin et al. 2016, Davis et al.
2011) and simulation-based (Lagos et al. 2015) have reported increasing misalignment fractions with stellar mass up to a turnover
value, followed by a steep decrease. Davis et al. (2011) mentioned that
a potential explanation for low fractions of kinematically-decoupled
objects at high 𝑀★ could be the presence of AGN and/or X-ray halos
which prevent external gas from entering the galaxy, especially in
MNRAS 000, 1–21 (2022)

the cold accretion mode. Our results do not recover a turnover in the
increasing trend of misalignment fractions with 𝑀★ up to 1011 𝑀⊙ ,
although we cannot exclude the possibility of a drop at higher stellar masses, given the number statistics available. The decrease in
misalignment fractions with SFR for our sample is qualitatively consistent with that reported by Jin et al. (2016), within the range where
our results are statistically significant.
The observed trends remain the same when excluding all outflows
or Seyfert objects from our sample, thus ruling out the possibility that
AGN feedback is resulting in a decrease in misalignment fractions,
at least up to 1011 𝑀⊙ . This is still in relative agreement with Davis
et al. (2011), who reported a decrease in misalignment fractions
beginning around 𝑀K ≈ −24 mag (≈ 1011 𝑀⊙ ; similarly for Jin
et al. 2016), although this turnover was found to be at ∼ 1010.5 𝑀⊙
by Lagos et al. (2015).

5 CONCLUSIONS
In this paper, we computed stellar and gas kinematic PAs for a sample
of 1445 galaxies in the present-day Universe selected from SAMI
DR3. From this, we identified a sample of 169 galaxies showing
kinematic misalignments between the stellar and gas components.
We compared the distributions of stellar-gas PA offset angles between misaligned sub-samples with different morphological and starforming properties. We identified the main ionisation mechanisms in
misaligned galaxies and used this information to determine the most
probable physical process causing the kinematic decoupling. Finally,
we analysed the degree to which 𝑛Sérsic , 𝜆 𝑅𝑒 and sSFR correlate with
the prevalence and timescales of misalignments. Our main results are
as follows:
• Misalignment fractions increase towards larger 𝑀★ and
lower SFR; the trends are unchanged when considering only
accretion-driven cases. The majority of misaligned galaxies are
scattered below the SFMS, at high stellar masses and Sérsic indices
(Figure 2). The fractions of misaligned galaxies increases towards
larger 𝑀★ in the range 109−11 𝑀⊙ , and decreases towards larger
SFR, between 10−2 𝑀⊙ 𝑦𝑟 −1 and 100.5 𝑀⊙ 𝑦𝑟 −1 (Figure 7).
The trends observed did not change after excluding all outflows/Seyfert objects in our misaligned sample, showing that AGN
feedback disturbing accreted gas is not resulting in lower observed
misaligned fractions towards high stellar masses (up to 1011 𝑀⊙ ).
• Misalignment prevalence and timescales are associated
with both morphology and sSFR. Statistical differences in the
|Δ𝑃 𝐴stars−gas | distributions between the late- and early-type misaligned sub-samples cannot be explained by morphology alone. The
same differences are found between the SF and non-SF misaligned
populations, indicating that viscous drag forces between pre-existing
and newly-acquired gas are also influencing this process. Misaligned
galaxies have higher 𝑛Sérsic and lower 𝜆 𝑅𝑒 than aligned galaxies
matched in 𝑀★ and SFR, as well as lower sSFR when controlling for
𝑀★ and 𝑛Sérsic . While the latter is valid for the early-type population
separately, the same is not found for the late-type misaligned galaxies,
with the caveat of low-number statistics. Overall, we found evidence
that the prevalence and timescales of misalignments are significantly
affected by an interplay between morphology and sSFR. If confirmed,
our trends with sSFR for late-type galaxies could provide evidence
for disk-like morphologies being the result of preferentially-aligned
gas accretion at higher redshifts.
• The counter-rotating misaligned configuration is found to be
stable. Our results show a statistically-significant counter-rotating
peak in the position angle offset distribution around 150o − 180o
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(Figure 3). This provides observational evidence of the stability of
this configuration. The relative size of the counter-rotating peak in
comparison to the co-rotating one (4.2 % for our whole misaligned
sample) was found to be smaller than previously predicted by semianalytic models of disk formation (∼ 10 %, Stevens et al. 2016). This
can be explained by considering the effect of drag forces between
newly-acquired and a-prori gas components, since this would also
affect gas accreted in a counter-rotating orbit.
• Newly-accreted gas is not feeding star formation in most
(accretion-driven) misaligned galaxies. We provided a spectral
classification of misaligned galaxies based on the main gas ionisation mechanisms, into star-forming, LINERS and Seyferts (Figure
4). We found that only 22% of misaligned objects have ionisation
driven by star formation, 61% are showing LINER spectral properties, while 17% have a significant AGN component ionising the
gas. When considering only accretion-driven misalignments, merely
24% of such objects have star formation as the main gas ionisation
mechanism, indicating that the newly-acquired gas is not feeding new
star formation, in most (76%) cases.
• Stellar-gas kinematic misalignments in the present-day Universe are caused by both gas accretion (from filaments, outer
halo, mergers or galaxy interactions) as well as gas outflows
driven by AGN feedback. In this work, we identified the most
probable physical process causing the kinematic decoupling in our
misaligned sample (Figure 6). We found that such features are caused
by: outflows (8 %); ongoing/recent gas-rich mergers (14 %); tidal interactions (3 %); gas accretion from any other sources, including past
mergers (74 %); ram-pressure stripping (1 galaxy, < 1 %). 51 misaligned galaxies in our sample are group satellites (45 of which are
not classified as outflows, mergers or tidally-interacting), which sets
an upper limit to the number of cases where environmental processes
(e.g. gas stripping) could play a direct role.
Our results have shown show that kinematic misalignments in
the present-day Universe are caused by both gas accretion (from
filaments, outer halo, mergers or interactions) and gas being expelled
from the galaxy in an outflow. For accretion-driven cases, the new
gas does not appear to be feeding star formation, in most cases. The
likelihood and timescales of misalignments are correlated with both
morphology and sSFR, with misaligned galaxies typically having
higher 𝑛Sérsic as well as lower 𝜆 𝑅𝑒 and sSFR than appropriatelymatched samples of aligned galaxies. Our results also show marginal
evidence (given the low number statistics) in favor of the scenario in
which late-type morphologies are produced by preferentially-aligned
gas accretion. More statistically-significant results in relation to this
will be achievable with the Hector Galaxy Survey (Lawrence et al.
2014), currently underway on the Anglo-Australian Telescope. The
interpretation of our results would be facilitated by a better theoretical
understanding of the expected contribution of morphology and gas
content to driving misalignment timescales, potentially achieved with
the aid of hydrodynamic simulations.
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APPENDIX A: MISALIGNMENT FRACTION STATISTICS
A breakdown of the fractions of parent sample galaxies in different
misalignment ranges, split between the SF/non-SF and late/early-
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type populations, is shown in Table A1. The uncertainties in the
fractions reflect the number of galaxies which could become misaligned/aligned, given the uncertainties in their PAs. The table also
shows the ratios between the sizes of the counter- and co- rotating
peaks in the |Δ𝑃 𝐴stars−gas | distributions, for each respective galaxy
population.

APPENDIX B: GALAXY PROPERTIES DRIVING
MISALIGNMENT TIMESCALES
The results presented in Section 3.6 include our (non-outflow) misalignments across the whole range of kinematic PA offsets. Galaxies
with |Δ𝑃 𝐴stars−gas | between 30o − 150o are considered to involve
gas still in the process of aligning with the stellar component, while
counter-rotating systems (150o − 180o ) have already reached a stable
state, within uncertainties (or alternatively, gas was initially accreted
in a retrograde orbit).
We split our misaligned sample into stable (counter-rotating) and
unstable (non counter-rotating) configurations and re-plot the distributions in 𝑛Sérsic , 𝜆 𝑅𝑒 and sSFR for the former in Figure B1.
This is expected to show how the plotted galaxy properties are influencing gas settling timescales. The trends are statistically similar
to those in Figures 8 (top row) and 9 (top), confirming that these
are driven by misaligned galaxies in unstable configurations (non
counter-rotating), rather than counter-rotating ones. This shows that
misalignment timescales are longer in galaxies with early-type morphologies (higher 𝑛Sérsic and lower 𝜆 𝑅𝑒 ) and lower sSFR.

APPENDIX C: MISALIGNMENT ANGLE DISTRIBUTIONS
WITHOUT OUTFLOW-DRIVEN CASES AND SEYFERT
OBJECTS
Figure C1 shows the contribution of outflows and Seyfert objects to
observed misalignments in the non-SF and early-type sub-samples.
We found that the exclusion of such galaxies does not change the
statistical significance of the results in Section 3.2. The three Seyfert
objects outside of the counter-rotating region, which are not classified
as outflows are: CATID:618993, which displays clear signs of having
recently suffered a head-on collision with another galaxy that likely
shock-heated the gas in the central parts, resulting in the observed
spectral properties (this object is classified as SF and does not appear
on the top panel); CATID:9008500100, which was identified as
having a misalignment due to gas stripping in the cluster environment
(this object does not have a SFR estimate and does not appear on the
top panel); CATID:56181, which is identified as having an uncertain
spectral classification (Section 3.3; this object is classified as latetype and does not appear on the bottom panel).
This paper has been typeset from a TEX/LATEX file prepared by the author.

Figure B1. (Top & Middle) Same as Figure 8 - top row, but excluding the
counter-rotating galaxies from the misaligned and parent samples. (Bottom)
Same as Figure 9 - top, but again excluding the counter-rotating galaxies from
the misaligned and parent samples. Note that fractions on the vertical axis
are calculated with respect to the revised misaligned and parent samples (i.e.
excluding the counter-rotating misalignments).
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Table A1. Fractions of parent sample galaxies (split into star-forming/non star-forming and late/early-types) which are in a given misalignment category (as
shown by the misalignment angular range in brackets), and the counter-rotating to aligned galaxy number ratio. The ’All misaligned’ category includes the
kinematically-unconstrained misaligned galaxies (see Sec. 2.4)
Fraction of parent (sub)sample galaxies that are in a given misalignment range
Misalignment range
Whole
All misaligned

[30o

− 180o ]

(+ kin. unc.)

+1.9 %
11.7−0.9

(169/1445)

SF
+1.5 %
4.4−0.4

(43/982)

Non SF
+2 % (120/387)
31−1

Late-type
+1.5 %
3.0−0.3

(28/947)

Early-type
+2 % (137/452)
30−1

Unstable [30o − 150o )

+1.5 % (95/1445)
6.6−0.6

+1.4 % (17/982)
1.7−0.2

+3 % (76/387)
20−1

+1.4 % (9/947)
1.0−0.2

+3 % (84/452)
19−1

Stable/counter-rotating [150o − 180o ]

+0.1 % (53/1445)
3.7−0.3

+0.1 % (19/982)
1.9−0.2

+0.3 % (32/387)
8.3−0.5

+0.1 % (13/947)
1.4−0.1

+0.2 % (38/452)
8.4−0.9

Aligned [0o − 30o )

+0.9 % (1276/1445)
88.3−1.9

+0.4 % (939/982)
95.6−1.4

+1 % (267/387)
69−2

+0.3 % (919/947)
97.0−1.5

+1 % (315/452)
70−2

Counter-rotating to aligned ratio

+0.5 %
4.2−0.4

+0.1 %
2.0−0.3

+0.8 %
12.0−0.9

+0.2 %
1.4−0.1

+0.6 %
12.1−1.5

Figure C1. Same distributions as in the right column of Figure 3, highlighting
the contribution of Seyfert objects and outflows to observed misaligned numbers. The percentages displayed on the plots show the fraction of early-type
misaligned objects in each category after excluding all outflow-driven cases.
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