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ABSTRACT

We introduce a new kinematic disturbance parameter, AV, _; (pronounced ‘DVSG’), which takes advantage of integral field
spectroscopy (IFS) to quantify differences between a galaxy’s stellar and gas velocity maps. The motivation behind AV, _ is
to capture disturbances in the kinematics of a galaxy that might be missed by alternative methods, while also attempting
to minimize bias towards galaxy properties or features of the IFS data. We first detail the reasons for introducing this
parameter and explain how the AV,_, value of a galaxy can be calculated. We then present initial results using AV,_,
to quantify the kinematic disturbance of obscured active galactic nuclei (AGNs) found in the MaNGA (Mapping Nearby
Galaxies at Apache Point Observatory) survey. We find that there is no statistically significant difference between the AV, _,
distributions of AGN and a control sample (matched in mass and redshift) of inactive galaxies. This suggests that AGN
triggering may not be preferentially caused by any distinct kinematic disturbance process, or combination of processes,

beyond those observed in inactive galaxies.
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1 INTRODUCTION

Ever since the discovery that supermassive black holes (SMBHs)
coevolve with various properties of their host galaxies (e.g. J.
Magorrian et al. 1998; S. Tremaine et al. 2002; N. Hiring & H.-
W. Rix 2004; J. Kormendy & L. C. Ho 2013), galaxy mergers have
emerged as a plausible mechanism for SMBH growth (e.g. P. F.
Hopkins et al. 2006). However, the exact connection between
galaxy mergers and SMBH growth, or the triggering of active
galactic nuclei (AGNs), is still unclear. While galaxy mergers have
been shown to trigger AGN (e.g. M. S. Alonso et al. 2007; S. L. El-
lison et al. 2011, 2019; J. M. Gabor et al. 2016), answering whether
mergers are the dominant process behind AGN triggering is less
straightforward. Some studies find that AGNs are more likely to
be found in interacting systems, as well as reside in host galaxies
that exhibit greater degrees of morphological disturbance than
controls (e.g. S. L. Ellison et al. 2019; J. C. S. Pierce et al. 2022),
whereas other studies do not (e.g. J. S. Dunlop et al. 2003; J. M. Ga-
bor et al. 2009; M. Cisternas et al. 2011; M. Mechtley et al. 2016).
Moreover, evidence from observations (M. Cisternas et al. 2011;
B. D. Simmons, R. J. Smethurst & C. Lintott 2017; R. J. Smethurst
et al. 2021; I. L. Garland et al. 2024) and simulations (G. Martin
et al. 2018; S. McAlpine et al. 2020; R. J. Smethurst et al. 2024)
suggests that non-merger processes such as secular evolution or
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disc instabilities may play a significant, even dominant, role in
SMBH growth.

Photometric identification of close pairs and interacting galax-
ies has long been used to study galaxy mergers (e.g. R. De Propris
et al. 2007; A. S. G. Robotham et al. 2014); however, it cannot
provide a complete view of this process. Morphological distur-
bances, such as tidal features, are transient and often require deep
imaging to be detected (E. Sani 2014; S. L. Ellison et al. 2019), re-
stricting the maximum time-scale after which merger signatures
can be observed (J. M. Lotz et al. 2008). Moreover, simulations
suggest that galaxies can form or regrow discs following a merger
(A. S. Font et al. 2017; A. Pontzen et al. 2017; M. Sparre & V.
Springel 2017). This complicates the task of visually identifying
whether a galaxy has merged in the past, since a galaxy could
undergo a merger, form or regrow a disc, and still present as not
having experienced a merger.

Measurements of kinematics provide different but comple-
mentary information on the history of past galaxy interac-
tion (J. K. Barrera-Ballesteros et al. 2015; S.-1. Li et al. 2021).
Galaxy mergers tend to transfer stellar trajectories from rotation-
supported orbits to dispersion-supported orbits via the redistri-
bution of angular momentum. Additionally, mergers can dis-
turb the gas in a galaxy through gravitational torques, shocks,
and inflows/outflows (e.g. J. E. Barnes & L. E. Hernquist 1991;
V. Springel, T. Di Matteo & L. Hernquist 2005; M. Sparre
et al. 2022). These disturbances of the stellar and gas velocity
fields in a galaxy can be observed on longer post-coalescence
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time-scales than with photometric methods (R. McElroy et al.
2022).

Kinematic offsets can also be introduced between the stellar
and gas velocity fields themselves. While these are not univer-
sal across merging/merged galaxies (R. Nevin et al. 2021), and
are also present in the wider galaxy population (J. K. Barrera-
Ballesteros et al. 2015; A. Ristea et al. 2022), comparing kinematic
disturbance between AGN host galaxies and a control sample
of inactive galaxies will enable us to probe the processes that
grow SMBHs. If AGN host galaxies tend to be more kinematically
disturbed, then perhaps a process like a merger plays a special role
in growing these SMBHs. However, if AGN hosts are not more
kinematically disturbed, then other galaxy evolution processes
may play a similarly important role in SMBH growth.

Investigations of galaxy kinematics have been revolutionized
by integral field spectroscopy (IFS). A key advantage of IFS meth-
ods over photometric ones is that they can reveal observable kine-
matic signatures of a galaxy, such as stellar discs, at a large range
of inclinations (see section 3.1 of M. Cappellari 2016), leading to
the possibility of kinematic classification methods that apply to
large fractions of the galaxy population (M. Cappellari et al. 2007;
E. Emsellem et al. 2007).

Several parameters have been devised that exploit this capacity
of IFS data for robust kinematic classification to probe the kine-
matic disturbance of galaxies. One such parameter is the differ-
ence between the kinematic position angle (PA), or the azimuthal
angle from the projected major axis of the plane of the galaxy,
of the stellar and gas velocity maps. An approach for computing
kinematic PAs is the PAFIT! package, which minimizes the fit of
a symmetrized velocity field to the observed velocity map (see
appendix C of D. Krajnovi¢ et al. 2006). The kinematic distur-
bance of a galaxy is then quantified as the absolute difference
between the stellar PA and the gas PA, APA = |[PAgtars — PAgssl.
APA can be computed for a number of different systems, making
it a potentially powerful probe of kinematic disturbance (e.g.
D. Krajnovi¢ et al. 2011; G. S. Ilha et al. 2019; A. Ristea et al.
2022); however, it cannot be computed for all galaxies. There are
two requirements for computing a PA of a velocity field: a bi-
antisymmetric velocity distribution and a global velocity gradient
(D. Krajnovi¢ et al. 2006). For galaxies that have experienced large
kinematic disturbance, these assumptions cannot necessarily be
made, meaning that APA cannot always be accurately computed
for these systems. This biases APA towards quantifying kinematic
disturbance in galaxies with ordered rotation, thereby limiting its
universality.

Another kinematic parameter is a proxy for the flux-weighted
specific stellar angular momentum, Ag, (E. Emsellem et al. 2007).
A, is a commonly used parameter (e.g. R. J. Smethurst et al.
2018; A. Ristea et al. 2022; X. Zheng et al. 2023) and has been
shown to allow a robust kinematic classification of early-type
galaxies (ETGs) as either a dispersion-supported slow rotator or
a rotation-supported fast rotator (E. Emsellem et al. 2007, 2011;
M. Cappellari 2016). However, despite this success, Ag, faces two
issues when it comes to parametrizing kinematic disturbance.
First, since Ag, is a flux-weighted value, it will generally be bi-
ased towards brighter spaxels in the centre of a galaxy, thereby
limiting the contribution of kinematic information around the
edges of galaxies, such as tidal features, towards any quantifi-
cation of kinematic disturbance. Moreover, since Ag, only takes
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into account a galaxy’s stellar velocity, it neglects any kinematic
disturbance to the gas in a galaxy.

We therefore propose that other kinematic disturbance param-
eters should be devised that:

1. Draw together the strengths of each of these parameters,
probing differences between the stellar and gas kinematics in
the case of APA, and offering a clear kinematic classification of
galaxies in the case of Ag,.

2. Avoid the biases of these methods, towards particular galaxy
morphologies or less luminous regions of a galaxy for APA and
Ag,, respectively.

We present one such parameter here. This paper proceeds as
follows. In Section 2, we outline the data sources of our investiga-
tion and formally define our new kinematic disturbance param-
eter, AV,_,. We present initial results using AV,_, in Section 3,
and offer a discussion of these findings in Section 4. Throughout
this paper, all uncertainties on quoted median values are the 16th
and 84th percentiles of the distribution.

2 DATA AND METHODS

2.1 MaNGA survey

To explore the kinematic disturbance of galaxies, we use velocity
maps provided by the Sloan Digital Sky Survey IV (SDSS-IV) Map-
ping Nearby Galaxies at Apache Point Observatory (MaNGA)
survey (K. Bundy et al. 2015) data analysis pipeline (DAP; F.
Belfiore et al. 2019; K. B. Westfall et al. 2019). MaNGA is a multi-
object survey of ~10000 nearby galaxies (0.01 < z < 0.15), which
uses 17 integral field units (IFUs), made up of tightly packed
optical fibre bundles, to obtain spatially resolved spectra across
the face of the galaxy. MaNGA samples targets with M, > 10° My,
over an approximately a flat distribution in stellar mass, across a
wide range of environments, and makes no cuts based on size or
inclination. To obtain spectra of these targets, MaNGA uses the
Baryon Oscillation Spectroscopic Survey (BOSS) spectrograph (S.
A. Smee et al. 2013), which provides uninterrupted coverage be-
tween 3600 and 10 300 A at a spectral resolution R ~ 2000 with an
instrumental width ~70 km s™! (median value ~72kms™!; D. R.
Law et al. 2016; S. Chattopadhyay et al. 2024) across most of this
wavelength range.

All spectra are extracted, pre-processed, wavelength and flux
calibrated, and astrometrically registered by the MaNGA data
reduction pipeline (DRP; D. R. Law et al. 2016) to produce reduced
data cubes. These data cubes are then passed to the MaNGA DAP,
which provides fits for the continuum, absorption, and emission
lines. From this, two-dimensional maps of the stellar and gas
velocity are constructed from the absorption and emission line
fits, respectively. We refer the reader to D. R. Law et al. (2016)
for more detailed information about the MaNGA DRP, and K. B.
Westfall et al. (2019) and F. Belfiore et al. (2019) for more detailed
information about the MaNGA DAP.

2.2 AGN and control sample selection

To investigate the kinematic disturbance of galaxies and AGN
triggering, we study obscured AGN (i.e. with no broad emission
lines visible in optical wavelengths) found by MaNGA. We limit
our study to obscured AGN since the broad lines of unobscured
AGN can dominate the optical spectra of the galaxy. This would
lead to inaccurate fits by the MaNGA DAP, which only uses a
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single Gaussian component. Focusing only on obscured AGN
will therefore offer us the best data quality to probe kinematic
disturbance.

To select a sample of obscured AGN, we make use of the
MaNGA AGN catalogue provided by J. M. Comerford et al. (2024),
which selects AGN on the basis of mid-infrared colour cuts, hard
X-ray sources, 1.4 GHz radio sources, and broad emission lines.
Starting from 387 AGNs, we apply a conservative quality cut,
using the MaNGA DRP (D. R. Law et al. 2016) to only select AGNs
with the data cube quality flag, drp3qual, equal to 0. From
this, we then select AGNs that are not flagged either as being X-
ray detected or as having broad emission lines so as to eliminate
unobscured AGNs. After inspecting the SDSS images and central
spaxel spectra of each remaining AGN, two additional galaxies
(MaNGA Plate-IFU 8446—1901 and Plate-IFU 9181—12702) were
removed due to the presence of broad lines that were not flagged
previously. Additionally, four AGNs (Plate-IFU 10493—6103,
Plate-IFU 11020—9101, Plate-IFU 10497—12702, and Plate-IFU
10498—6101) were removed because the presence of other ob-
jects in their IFU frames affected the calculation of their AV, _g
values (see Section 4.3). This leaves us with a final sample of 209
obscured AGNS.

To explore differences between the AGNs and other galaxies,
we constructed a control sample matched in redshift and stel-
lar mass using data from the MaNGA DRP. First, all MaNGA
galaxies were cross-matched within 1 arcsec with the catalogue of
bulge and disc decompositions for SDSS galaxies provided by L.
Simard et al. (2011) as we use this data from this catalogue later
on. Additionally, we filtered all remaining galaxies by the same
drp3qual quality cut as the AGNs and removed any galaxies
with other objects inside the IFU frame, significantly affecting
the stellar and gas velocity maps. We then used the Hungarian
method (H. W. Kuhn 1955) to find the best matches to the AGN
sample in redshift and stellar mass. Testing the robustness of this
control sample with a two-sample Anderson-Darling test (AD
test; T. W. Anderson & D. A. Darling 1952), we find that the AGN
and control sample are unlikely to be drawn from different dis-
tributions to high statistical significance in both redshift (AD =
—1.21, p = 1.00) and stellar mass (AD = —1.01, p = 0.98), sug-
gesting that the control sample is well matched.

2.3 Data sources and collection

From the MaNGA AGN catalogue of J. M. Comerford et al.
(2024), we make use of the MANGA IDs of our obscured AGN.
We use the NASA-Sloan Atlas to access stellar masses from K-
correction fits for elliptical Petrosian fluxes as well as heliocen-
tric redshifts for all AGN and control galaxies. We obtain galaxy
bulge fraction, (B/T),, data from the catalogue of bulge and disc
decompositions for SDSS galaxies provided by L. Simard et al.
(2011). Finally, we use the MaNGA DAP to access the Voronoi
binned [M. Cappellari & Y. Copin 2003, target signal-to-noise
ratio (SNR) = 10] stellar and gas velocity maps for all the AGN
and control galaxies, as well as their associated masks and inverse
variance maps. Additionally, we made extensive use of the MAR-
VIN software to access the MaNGA data (B. Cherinka et al.
2019).

2.4 A new kinematic disturbance parameter: AV, _,

In this section, we introduce a new parameter, AV, (pro-
nounced ‘DVSG’), which measures the kinematic disturbance in
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a galaxy. AV,_, is a spatially discretized approach that works by
computing the mean absolute difference between the normalized
stellar velocity and gas velocity across all bins of a galaxy’s veloc-
ity map.

We take measures to minimize potential bias towards partic-
ular regions of a galaxy or galaxy morphologies. We choose not
to flux-weight AV,_, since this would likely bias the parame-
ter towards spaxels closer to the centre of the galaxy, meaning
that it could miss information about kinematic disturbance at
the edges of the galaxies. We also do not incorporate any in-
formation about a galaxy’s velocity dispersion, o, into AV,
because the BOSS spectrograph that MaNGA uses has an in-
strumental width of ~70kms™!, meaning that it is challeng-
ing to robustly constrain dispersions below this scale. Although
such dispersions can be inferred with careful modelling of the
instrumental line spread function (e.g. D. R. Law et al. 2021;
S. Chattopadhyay et al. 2024), doing so in a uniform manner
across our sample is non-trivial. Including information about
velocity dispersion into AV,_, would therefore bias the param-
eter towards dispersion-supported galaxies, since the kinematic
disturbance of galaxies with ¢ < 70kms™ may not be mea-
sured accurately. Given that we are introducing a new tech-
nique in this paper, we conservatively limit our parametriza-
tion of kinematic disturbance to the stellar and gas velocity
maps.

We now outline how to calculate the AV, _, value of a galaxy.
As stated above, this is performed using stellar and gas velocity
maps from the MaNGA survey; however, this calculation could,
in principle, be repeated for galaxies with velocity maps from
other IFU surveys or using another gas tracer.

We apply a series of checks to ensure good data quality
for the calculation. First, we use the masks from the MaNGA
DAP for a galaxy’s stellar and gas velocity maps. Only data un-
masked in both maps are used. We also add an SNR cut, re-
quiring that any bin used in the AV,_, calculation must have
a mean g-band weighted SNR greater than 10. We explored
different criteria for this threshold; however, this value offers
us the best trade-off between high data quality and availabil-
ity of data to use in the calculation. An alternative approach
is to apply an SNR cut using the gas flux. This can be espe-
cially important for ETGs, which can have high-SNR continua
but little to no ionized gas emission. Thus, other authors us-
ing AV,_, might consider this cut, especially if their samples
contain many ETGs. However, in this work, we continue with
the SNR threshold on the continuum. Following this step, we
apply a 30 clip to both stellar and gas velocity maps to further
reduce the sensitivity to outliers or bins with spurious velocity
values.

For the calculation itself, we min-max normalize each stel-
lar and gas velocity map so that its values range between —1
and 1, where these extrema correspond to the most negative
and most positive velocities relative to the galaxy’s systemic
velocity, respectively. These maps are normalized individually
since we are primarily interested in the offset of the gas veloc-
ity from the stellar velocity rather than differences in the mag-
nitudes of the stellar velocity and gas velocity. Next, we com-
pute the absolute difference between each bin in the stellar ve-
locity map and the corresponding bin in the gas velocity map,
IV norm — Vi norm|, Where Vo and V{oim are the normalized
stellar and gas velocities in the jth bin, respectively. Finally,
we take the mean of these residuals to obtain the AV,_, value.
Written as an equation, the AV,_, value for a given galaxy is as
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Figure 1. Illustration of AV, . Left column: Stellar velocity maps for four MaNGA galaxies (Plate-IFUs shown in the top-left corner for reference),
showing the normalized and unnormalized stellar velocity values in the colour bar ticks of each velocity map, with the latter enclosed in brackets. Second
column: Gas velocity maps for the same galaxies, also showing normalized and unnormalized velocity values indicated by the colour bar ticks. Third
column: Maps of the absolute difference between the normalized stellar and gas velocity for each galaxy, with the AV,_ value of the galaxy shown in the
bottom-right corner. Right column: SDSS images of the galaxies, overlaid with the MaNGA IFU field of view. All maps shown are processed following

the procedure in Section 2.4.

follows:
1 N

AV, g = NZ

j=1

vi o Vi , (1)

*,norm gas,norm

where le\]:l |V,J:norm — ng_mrm| denotes the sum over all bins, j, of
the absolute difference between the normalized stellar and gas
velocities. The calculation is implemented in the publicly avail-
able package DVSG (see Data Availability). For details about how
to compute uncertainties on AV,_, values, we refer the reader to
Appendix A.

When interpreting AV,_,, galaxies whose stellar and gas ve-
locity fields are less similar, indicative of kinematic disturbance,
tend to exhibit larger AV,_; values. A value of AV,_; = 0 cor-
responds to identical stellar and gas velocity field distributions.
In principle, the maximum possible value of AV,_, is 2, which
would occur in the extreme case where all corresponding spatial
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bins in the two maps take values of 1 and —1, respectively. In
practice, however, galaxy kinematics are usually characterized by
a mix of positive and negative velocity components that effec-
tively mitigate against large differences. This means that while
individual bins or regions of a galaxy can approach a residual
value of 2, galaxies have AV, _, values much lower than this. Both
our analysis and testing show that AV,_, values rarely exceed 1
for galaxies in this study.

This is illustrated in Fig. 1, which shows how the AV,_, val-
ues of four MaNGA galaxies have been calculated. The galaxy
in the top panel has stellar and gas velocity maps that are both
rotation-supported with little difference between them, leading
to a low AV,_, value. The galaxy in the upper-middle panel ex-
hibits reasonably symmetric stellar and gas velocity maps; how-
ever, discrepancies between the two, highlighted in the residual
map, indicate kinematic disturbance. This disturbance is likely
driven by the ongoing galaxy merger visible in the SDSS image.
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Figure 2. Scatter plot of AV,_, values for the four galaxies shown in
Fig. 1 as a function of the artificial rotation angle of the gas velocity map.
MaNGA Plate-IFUs in the legend indicate the galaxy to which each set of
markers corresponds.

Consequently, this galaxy has alarger AV, _, value than the galaxy
shown in the upper panel. The galaxy in the lower-middle panel
has a rotation-supported stellar velocity field, but a more dis-
turbed gas velocity field, which also leads to a higher AV, _ value.
Finally, the galaxy in the bottom panel has stellar and gas velocity
maps that are both rotation-supported but are counter-rotating
(APA ~ 180°), resulting in a near-maximally high AV, _, value.

To demonstrate how a galaxy’s AV,_, value would change for
different kinematic offsets between the stellar and gas compo-
nents, we calculate AV,_, values for the four example galaxies
in Fig. 1 after artificially rotating their gas velocity maps by an-
gles between 0° and 180°. Because the MaNGA data are Voronoi
binned, this is achieved by rotating the spaxel-level gas velocity
map while preserving the spatial coordinates of each bin. Follow-
ing each artificial rotation, we calculate AV,_; using the mean
residual between the stellar velocity field and the rotated gas
velocity field within each bin. As a validation step, we confirm
that the artificial rotation preserves the gas velocity distribution
relative to the original map. This means that we have created a
set of realistic velocity maps at a range of offset angles, allowing
us to test how AV, _, traces kinematic disturbance. The results of
this test are shown in Fig. 2.

The AV,_, values of galaxies with rotation-supported kinemat-
ics (top and bottom panels in Fig. 1) can change significantly as a
function of offset angle, going from around 1 when the stellar and
rotated gas maps are anti-aligned to between 0.1 and 0.3 when
they are aligned. Moreover, when the bottom (initially counter-
rotating) galaxy in Fig. 1 is artificially rotated close to 180°, the
galaxy’s AV, _, value approaches 0.3. On the other hand, galaxies
that show a greater degree of disturbed kinematics (middle panels
of Fig. 1) do not see the same variability, with their AV,_; values
ranging between 0.3 and 0.6. Although these tests only show how
AV, _g changes as a function of the artificial offset angle for four
galaxies, it suggests that galaxies with aligned, rotation-supported
stellar and gas kinematics can be distinguished from all other
combinations of rotation-supported or dispersion-supported stel-
lar and gas velocity profiles on the basis of their AV,_, value.
To ensure that our conclusions are not specific to the observed
galaxies, we repeat the same analysis using toy models of both
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Figure 4. Histogram plot of the AV, _, distribution for all galaxies (AGN
and control) in our sample. The dashed line shows a possible threshold
at AV, = 0.25, below which we find galaxies with aligned, rotation-
supported stellar and gas velocity maps, and above which significantly
fewer galaxies exhibit this kinematic morphology.

rotation-supported and dispersion-supported velocity fields and
find very similar results.

3 RESULTS

Fig. 3 shows the distributions of AV,_, for the AGN and inac-
tive control galaxies. An AD test (AD = 0.01, p = 0.35) indicates
that we cannot reject the null hypothesis that the AGN and con-
trol samples have statistically indistinguishable kinematic distur-
bance. Since we find the AV,_; distributions of AGN and control
galaxies to be statistically indistinguishable, this suggests that
AGN-host galaxies are unlikely to be affected by distinct kine-
matic disturbance processes, or combinations of processes, that
are not also present in inactive control galaxies.

We show the AV, _, distribution for all galaxies in our sample
in Fig. 4. We note that this distribution is bimodal, with peaks
at ~0.1 and 0.5, and a minimum between them at ~0.25. From
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Figure 5. Histograms of log; (M, /M) for galaxies classified as kinematically undisturbed and kinematically disturbed. Right: Corresponding his-
tograms of bulge fraction (B/T), for the same samples, using the same colour scheme. In each panel, dashed lines indicate the median value of each

population, and the AD test p-value is shown in the top-right corner.

visual inspection of our sample, we find that all galaxies below a
AV,_g value of ~0.25 show clear rotation-supported kinematics
and aligned stellar and gas velocity maps. Moreover, above this
AV,_, value, we find significantly fewer galaxies whose kinemat-
ics match this description. Since these AV, _, values correspond
strongly with the minimum of the AV,_, distribution for all galax-
ies, as well as the AV,_, values of the artificial rotation testing,
it suggests that this region of the parameter space is tracing the
population of galaxies with aligned, rotation-supported stellar
and gas kinematics.

In the interest of investigating this population further, we adopt
a threshold in AV,_ of 0.25. We refer to galaxies below this
threshold as ‘kinematically undisturbed’ (AV,_, < 0.25), and re-
fer to other galaxies in our sample, which display a set of different
kinematic profiles, as ‘kinematically disturbed’ (AV,_; > 0.25).
We emphasize here that, although this nomenclature is empir-
ically motivated, it is adopted in part for clarity of presentation
and may not align exactly with usage in other subfields. In par-
ticular, ‘kinematically undisturbed’ indicates minimal observed
kinematic disturbance, but does not rule out some degree of
past disturbance. Conversely, ‘kinematically disturbed’ reflects
observable irregularities in the stellar and gas kinematics, but
does not imply the absence of ordered rotation. Applying this
threshold to our sample, we identify 114 galaxies as kinematically
undisturbed and 304 galaxies as kinematically disturbed. This
threshold is not intended to be an exact constraint. As indicated
above, some galaxies with AV,_, > 0.25 show aligned, rotation-
supported stellar and gas kinematics. Additionally, by varying the
value of the SNR cut or o clip before the AV, _, calculation, we
find that the threshold value can shift by ~0.05. However, in all
these cases, we still find that a similar bimodality in the AV, _,
distribution emerges.

The left panel of Fig. 5 shows the distributions of stellar
mass for all AGN and control galaxies, separated between those
identified as kinematically disturbed or undisturbed. The me-
dian stellar mass values for each sample are 10'*%820:2 M, and

10'1%4%537 M, for the undisturbed and disturbed galaxies, respec-
tively. The p-value of an AD test suggests that we can reject
the null hypothesis that kinematically disturbed and undisturbed
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galaxies are drawn from the same distribution (AD = 63.22, p =
0.001), meaning that they are statistically distinguishable by their
stellar mass. This could suggest that AV, _, is tracing processes
that grow a galaxy’s stellar mass.

Similarly, the right panel of Fig. 5 shows the distribution of
galaxy bulge fraction for all AGN and control galaxies, with the
same separation into kinematically disturbed and kinematically
undisturbed as the left panel. The median galaxy bulge fraction
values for each sample are 0.397532 and 0.57792 for the undis-
turbed and disturbed galaxies, respectively. An AD test of the
galaxy bulge fraction distributions suggests that the two popu-
lations are statistically distinguishable (AD = 45.86, p = 0.001).
This could suggest that AV,_, is tracing processes that grow a
galaxy’s bulge.

4 DISCUSSION

4.1 Processes that AV, _, could be tracing in kinematically
disturbed and undisturbed galaxies

We argued in Section 3 that AV,_, may trace processes that grow
galaxy stellar masses and bulges. We consider one such process
to be galaxy mergers. Since mergers are associated with greater
kinematic disturbance in a galaxy and are known to increase
a galaxy’s stellar mass and bulge fraction (e.g. A. Toomre & J.
Toomre 1972; P. F. Hopkins et al. 2010; C. Tonini et al. 2017),
we argue that they are the most suitable candidate to explain the
observed relationship between a galaxy’s kinematic disturbance
and its stellar mass.

This is supported by recent analysis of the Horizon-AGN sim-
ulation by R. J. Smethurst et al. (2024), who found that the most
massive black holes, which reside in the most massive galaxies,
tend to grow by mergers. We note that this is consistent with say-
ing that mergers do not preferentially trigger AGN, since our re-
sults comparing kinematically disturbed and undisturbed galax-
ies consider both AGN and control galaxies. Our findings simply
suggest that, depending on whether a galaxy is kinematically dis-
turbed or undisturbed, we might expect different processes to be



responsible for increasing that galaxy’s stellar mass and galaxy’s
bulge fraction.

An interesting result for kinematically undisturbed galaxies is
that, while they are statistically distinguishable from disturbed
galaxies with respect to bulge fraction, some undisturbed galax-
ies have similar bulge fraction values as the disturbed galax-
ies. Although we cannot rule out the possibility that these may
be pseudo-bulges rather than the geometric bulges expected in
dispersion-supported and kinematically disturbed galaxies (e.g. J.
Kormendy 1993; T. Devergne et al. 2020), it is worth considering
what processes might be occurring in galaxies identified by AV, _
as kinematically undisturbed to grow such (pseudo-) bulges. A
strong candidate process here is disc instabilities. Analysis of the
Millennium simulation found that when M, < 10! M, the vast
majority of the stellar mass of the bulge component of the galaxy
is grown via instabilities (R. G. Bower et al. 2006; O. H. Parry,
V. R. Eke & C. S. Frenk 2009). Since kinematically undisturbed
galaxies have a median stellar mass value (10'*%632 M,,) within
the range that the Millennium simulation indicates stellar mass
growth occurs mostly via instabilities, while disturbed galaxies
have a median stellar mass value just above the 101! M, threshold
(1092503 M), disc instabilities may represent a plausible mech-
anism for the bulge growth process in kinematically undisturbed
galaxies. Though disc instabilities might still affect the kinemat-
ics of a galaxy, since this process tends to be less violent than
a merger, galaxies grown via instabilities may still be relatively
kinematically undisturbed.

Aroute for future investigation here is to calculate AV, _, values
for mock observations of zoom-in galaxy simulations to allow a
more controlled test of kinematic processes that AV,_; might be
tracing.

4.2 The role of kinematic disturbance processes in the
triggering of AGN

The results presented in Section 3 suggest that AGN may not
be preferentially triggered by any distinct kinematic disturbance
processes. The reasoning for this is that if there were a process
that dominated the triggering of AGN, then we would expect
the AV,_, distribution of the AGN sample to cluster around the
region of AV,_, values that might be associated with that process
compared with control galaxies. For example, if AGN were pref-
erentially triggered by galaxy mergers, then we would expect the
AGN sample to generally have higher AV, _, values than control
galaxies to reflect the greater kinematic disturbance caused by
mergers. Equally, if AGN were preferentially triggered by secular
evolution, then we would expect to see the AGN sample tend
towards lower AV,_, values than control galaxies to reflect the
lesser degree of kinematic disturbance that results from secular
evolution. Because we do not see such shifts in the AV, _, distribu-
tions of the AGN relative to the control sample - finding the two
populations to be statistically indistinguishable - it suggests that,
at least approximately, the same set of kinematic disturbance
processes that are happening in AGN host galaxies are also at play
in control galaxies. Put another way, this result might mean that
there is no galaxy evolution process that dominates the growth
history of SMBHs.

G. S. Ilha et al. (2019) investigated the kinematic disturbance
of 62 MaNGA AGN, using the catalogue of S. B. Rembold et al.
(2017), by comparing the APA values of their AGN to 109 inactive
control galaxies, and found no statistically significant difference
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between the APA distributions of the AGN and control samples.
When we calculate AV,_, values for all the AGN and control
galaxies used by G. S. Ilha et al. (2019), we also determine them
to have statistically indistinguishable AV,_, distributions (AD =
—0.42, p = 0.60). Comparing the APA and AV,_, values for this
sample, we find that the median AV,_, value for all galaxies
with APA less than 30° is 0.13%037, meaning that most of these
galaxies would also be classified as kinematically undisturbed
using AV,_, = 0.25 (71.25 per cent or 114/160). That the results
of G. S. Ilha et al. (2019) agree with our findings about the statis-
tically indistinguishable kinematic disturbance of AGN and con-
trol galaxies, and galaxies in their sample with low APA values
also tend to have low AV, _, values, corroborates our analysis and
demonstrates the success of AV,_, at probing galaxy kinematics.

In another study, J. M. Comerford et al. (2024) apply SDSS
merger classifications from a model trained on mock images of
merging and non-merging simulated galaxies (see R. Nevin et al.
2023) to the MaNGA AGN catalogue used in this work (J. M.
Comerford et al. 2024). They find that galaxies in MaNGA iden-
tified as mergers have an AGN fraction over twice that of galax-
ies identified as non-mergers (4.2 & 0.3 per cent versus 1.8 £ 0.2
per cent). We note that despite the different approach taken in this
paper (comparing the AGN fraction of galaxy mergers and non-
mergers, as opposed to comparing the kinematic disturbance of
AGN and inactive control galaxies as in this work), the results of
J. M. Comerford et al. (2024) are not incompatible with our own.
Inspecting the AGN in Fig. 3, it is clear that a larger proportion
of this sample is classified as kinematically disturbed rather than
kinematically undisturbed. Combined with the inference made
in Section 4.1 that the disturbed population is more likely to
contain merged galaxies than the undisturbed population, this
kinematic disturbance excess in AGN can be seen as concordant
with the AGN excess in mergers reported by J. M. Comerford
et al. (2024). Understanding this result in light of our findings
in Section 3 suggests a picture where mergers may be involved in
the triggering of AGN, but are not the sole dominant process, per-
haps because multiple galaxy evolution mechanisms are jointly
required to fuel AGN.

One concern with our results could be the discrepancy between
the time-scales of the AGN duty cycle and kinematic disturbance.
While the activity from an AGN can vary rapidly (~1-100 Myr;
e.g. R. C. Hickox et al. 2014; C. M. Harrison 2017), the time-
scales of observing kinematic disturbance from galaxy mergers
can range between ~0.25 and 1 Gyr, depending on the merger
type and kinematic tracer used (C.-L. Hung et al. 2016). From this
perspective, the results presented in Fig. 3 could be interpreted as
reflecting a temporal offset: if a merger event triggers an AGN that
subsequently fades by the epoch of observation, the galaxy would
retain the kinematic signature of the merger but would no longer
be classified as an AGN host. This could dilute any observable
connection between merger-induced kinematic disturbance and
AGN activity. While it is challenging to quantify this effect of the
AGN duty cycle on our sample, we argue that it is unlikely to play
a significant role.

Recent evidence suggests that secular processes, which are
thought to occur via planar galaxy-scale gas flow (S. Nayakshin,
C. Power & A. R. King 2012), are sufficient to fuel black hole
growth in the local Universe. R. J. Smethurst et al. (2019) stud-
ied the inflow and outflow rates of a sample of disc-dominated
AGN, which are assumed to have merger-free growth histories
since at least z ~ 2 (G. Martin et al. 2018). Compared with a
merger-dominated sample of AGN, the inflow rates for the disc-
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dominated sample were ~5 times higher, whereas the outflow
rates were ~5 times lower. Since our kinematically undisturbed
sample shows regularly rotating, aligned stellar and gas kinemat-
ics as well as low B/ T ratios, we can assume the AGNs have grown
via secular processes. We argue it is more likely that these galaxies
will continue to grow via secular feeding, and therefore that they
will not undergo rapid changes in their AGN variability within
the time-scales that AV,_, may be sensitive to disturbance.

The same argument cannot necessarily be made for our kine-
matically disturbed sample. Black hole growth in these galaxies
is more likely to be driven by less radiatively efficient quasi-
spherical inflows, which would result in stronger outflows than
secularly grown black holes (S. Nayakshin et al. 2012). However,
we note that the AV, _, distributions of the AGN and control sam-
ples are statistically indistinguishable. This could suggest that the
processes that are powering kinematically undisturbed galaxies
may also be powering kinematically disturbed galaxies, but fur-
ther studies would be needed to investigate this fully.

As mentioned in Section 2, the restriction of the MaNGA
DAP fitting procedure limits our study to obscured AGN. Future
work could therefore extend the calculation of AV,_; to unob-
scured AGN by refitting the data cubes to include a broad-line
component to account for unobscured AGN.

4.3 Caveats and robustness of AV, _,

In this section, we describe potential caveats of using AV,_; to
quantify kinematic disturbance, and evaluate the robustness of
the parameter to data preprocessing choices, steady-state dynam-
ical effects, and observational systematics.

As outlined in Section 2.4, there are several data preprocessing
steps that must be applied to the stellar and gas velocity maps
in order to calculate AV,_,, namely masking, o-clipping, and
normalization. We test the effect of using different normaliza-
tion schemes (e.g. z-score or maximum absolute deviation) in the
AV,_, calculation, and find no significant change to our results.
Another concern here is the impact of outliers in the velocity map
data on the AV,_; value. Image artefacts, unmasked objects in
the IFU, or inaccurate fits to the galaxy’s data cube can all lead to
some bins having spuriously high stellar and gas velocity values.
Since we normalize the stellar and gas velocity maps between
—1 and 1, significantly larger values can suppress values in other
bins, resulting in the sum across a galaxy being unrepresentative
of the kinematic disturbance. As mentioned above, we mitigate
this by employing an SNR cut of 10 (the same target SNR as the
MaNGA DAP) and excluding all bins with velocities more than
three standard deviations from the mean. These measures gen-
erally work well to reduce the influence of velocity map outliers
in the majority of our sample; however, some galaxies may need
to be dealt with on an individual basis. This can be done, for
example, by applying more stringent SNR cuts and o clips, or
excluding the galaxy from a sample if necessary. We therefore
conclude that while AV, is moderately sensitive to extreme
velocity outliers, standard quality cuts are sufficient for the ma-
jority of galaxies. Future work could employ more sophisticated
techniques to mask other objects that appear in the IFU frame or
alternative outlier removal strategies.

We next consider whether AV, _, may be driven by steady-state
dynamical effects rather than genuine kinematic disturbance.
One such effect is asymmetric drift (AD), which is caused by the
lower circular velocity of the stars in equilibrium disc galaxies
compared to the gas, leading to an offset between the stellar and
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gas velocity maps (e.g. M. A. Bershady et al. 2024). To quantify
the effect of AD on AV,_g, we calculate AV,_, values for seven
MaNGA galaxies,” selected by S. Shetty et al. (2020) as having
extremely regular stellar and gas velocity maps and clear signs
of AD from the MaNGA pipeline products. The resulting AV,
values are low, ranging from ~0.05 to ~0.08, with a mean of
~0.06. Because these galaxies have highly regular stellar and gas
velocity maps and lack other sources of kinematic disturbance,
we argue that AD is the main process that AV,_, is sensitive to
in these galaxies. The low AV,_, values, therefore, suggest that,
although we do not apply an explicit AD correction, our results
would only be minimally affected by AD.

Finally, we evaluate the influence of observational systemat-
ics. The median ratio of the uncertainty on AV,_, to its value
is 0.04700%, while the standard errors of the AV,_, distributions
for the kinematically undisturbed and kinematically disturbed
samples are 0.005 and 0.008, respectively. This indicates that mea-
surement error or sample variance does not impact our results.
We also report no strong correlation of AV,_, with either the
number of IFU fibres or the number of bins per galaxy. Together,
these checks suggest that AV,_, is robust to these potential obser-
vational systematics.

5 SUMMARY

In this paper, we set out a new parameter to measure the kine-
matic disturbance of a galaxy, AV, . This parameter is able
to trace differences between stellar and gas velocity fields that
are not captured by other parameters, while minimizing biases
towards any particular kinematic morphologies or region of a
galaxy. Obtaining measurements of AV,_ for 209 obscured AGN
from the SDSS-IV MaNGA survey, as well as a mass and redshift-
matched control sample, we investigated the connection between
kinematic disturbance and the triggering of AGN. Key results
from this paper are as follows:

(i) AGN and control galaxies, as measured by AV,_q, have a
statistically indistinguishable distribution in their kinematic dis-
turbance. This suggests that AGN may not be preferentially trig-
gered by any distinct kinematic disturbance processes, a result
supported by previous investigations of kinematic disturbance in
galaxies.

(ii) Different regions of the AV,_, parameter space contain
galaxies with distinct kinematic morphologies. Galaxies with
aligned, rotation-supported stellar and gas velocity fields tend
to have lower AV,_, values (AV,_; < 0.25), whereas galaxies
of other kinematic types, including dispersion-supported or
counter-rotating galaxies, have higher AV,_, values (AV,_; >
0.25). We refer to these two galaxy populations with low and
high AV, _, values as kinematically disturbed and kinematically
undisturbed, respectively.

(iii) The distributions of stellar mass and galaxy bulge frac-
tion for kinematically disturbed and undisturbed galaxies are
statistically distinguishable (>3¢ significance). This suggests that
AV, _, can trace kinematic disturbance processes that grow stellar
masses and galaxy bulge structures for these two populations.
Drawing on results from galaxy simulations, we argue that a
plausible process for triggering AGN in kinematically disturbed
galaxies is galaxy mergers, whereas in kinematically undisturbed
galaxies, a possible candidate is disc instabilities.

2None of which are present in our sample.



As mentioned above, there are opportunities for further
progress using both observations and simulations. Refitting the
MaNGA data cubes could extend calculations of AV,_; to unob-
scured AGN. Moreover, calculating AV, _, values for simulated
IFU kinematics could allow for a more accurate understanding
of the processes that AV,_, are tracing. We end by noting that
AV, _, has a wide range of potential applications within the field
of galaxy evolution, and encourage others to use this parameter
in future studies.
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APPENDIX A: UNCERTAINTIES ON AV,_,

In this appendix, we briefly detail the calculation of uncertainties
for AV, _, values. First, we make explicit the min-max normaliza-
tion of the stellar and gas velocity maps following the o clip:

J_ J
Vi _o VI — max(V/)

- — —1, Al
norm max(V/) — min(V/) (AL

where V' refers to the velocity in the jth bin of either the stellar or
gas velocity map. As mentioned in Section 2.4, each velocity map
is individually normalized (i.e. with respect to its own minimum
and maximum values). Under the assumption of independent
bins and fixed min-max bounds, the uncertainty on AV,_, values
can be calculated in quadrature using standard error propagation:

N

1 2 \? 2 A\’
U(AV*,g)zﬁ Z[(KG(VJ)> +<R—ga(vgf)> } (A2)

j=1

Here o(V,.j ) and cf(ng ) represent the uncertainties of the un-
normalized stellar and gas velocity map bins, respectively, while
R, and R, are the (o-clipped) velocity ranges used for the min-
max normalization in equation (A1). The factors of 2/R, and 2/R,
arise from rescaling by the normalized interval length. We note

that MaNGA bins or spaxels are known to be correlated; however,
incorporating such covariance into the AV,_, error calculation is

non-trivial, and we do not expect this to dramatically change our
results.
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