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ABSTRACT

Stellar line-of-sight velocity distributions are a powerful tool for studying galaxy kinematics and formation history,
with multiple-peaked line-of-sight velocity distributions (LOSVDs) often indicating the presence of complex kinematic
components. We extract stellar LOSVDs across the disc of a simulated spiral galaxy viewed edge-on, and study how often
and why we see multiple-peaked LOSVDs. We find that the multiple-peaked LOSVDs are mainly found close to the mid-
plane because they result from the presence of spiral arms. This is not because the spiral arms have significantly different
kinematics to the disc, but because they correspond to overdensities. Variations in the number of arms present along a line
of sight create variations in the number of peaks in LOSVDs. This can be used to quantify the strength of the spiral arms
above the mid-plane, and how the thickness of spiral arms varies across the disc. We find that the commonly used fourth-
order Gauss-Hermite moment, hy, is negative in the regions where there are multiple-peaked LOSVDs, and hence traces
spiral arms. Finally, we discuss the observability of the multiple-peaked regions and their associated h, measurements with
current integral field spectrographs. We find that the spectral resolution of MUSE might not be high enough to uncover
multiple peaks in LOSVDs when they result from spiral arms, but should allow for identification of the regions of negative
h4. On the other hand, higher resolution spectrographs like KOALA and WEAVE may be able to recover multiple peaks

in LOSVDs, representing a promising avenue for characterizing spiral arms in edge-on disc galaxies.
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1 INTRODUCTION

Line-of-sight velocity distributions (LOSVDs), specifically stellar
LOSVDs, represent the distribution of stars as a function of their
velocity along a particular line of sight. They are a powerful tool
for uncovering information about a galaxy’s kinematics and for-
mation history. In the simple case of an edge-on axisymmetric
exponential disc, the LOSVD along any given line of sight in-
cludes contributions from stars at a range of radii: this includes
stars that are in the middle of the disc (on the line of nodes) as
well as stars in the front and in the back of the galaxy. On the
line of nodes, stars on circular orbits move directly along the line
of sight; this results in a maximum line-of-sight velocity in these
regions (S. J. Wagner, R. J. Dettmar & R. Bender 1989; M. Kregel &
P. C. van der Kruit 2005). As the distance from the line of nodes
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increases, the projected line-of-sight velocity of stars decreases:
their orbit is not directly aligned with the line of sight. In addition,
density is also highest along the line of nodes. This means that
the LOSVD has a peak at high absolute velocity corresponding to
stars on the line of nodes, and a tail towards the galaxy systemic
velocity coming from stars in front of and behind the line of
nodes.

LOSVDs can also exhibit complex shapes. If stars on eccentric
orbits exist, LOSVDs can broaden or contain long tails towards
low or high velocities. LOSVDs may also contain multiple peaks,
often interpreted as arising from kinematically diverse compo-
nents within galaxies. Striking cases are galaxies such as NGC
4550 (H.-W. Rix et al. 1992; E. J. Johnston et al. 2013) and IC
719 (1. Y. Katkov, O. K. Sil’chenko & V. L. Afanasiev 2013), which
host counter-rotating discs, producing double-peaked LOSVDs.
Triple-peaked LOSVDs can also be a result of multiple kinemat-
ically distinct components coexisting, as in the central region of
FCC 47 (J. Lamprecht et al. 2026).
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Although the extraction of multiple-peaked LOSVDs is achiev-
able through non-parametric methods (H.-W. Rix & S. D. M.
White 1992; P. Saha & T. B. Williams 1994; K. Gebhardt et al.
2000; J. Falcon-Barroso & M. Martig 2021; K. Mehrgan et al. 2023;
P. Jethwa et al. 2026), this is rarely done. In many cases, the
LOSVD is instead described by a parametric function, most often
using Gauss-Hermite polynomials (O. E. Gerhard 1993; R. P. van
der Marel & M. Franx 1993). The Gauss-Hermite coefficients
measure how much an LOSVD deviates from a true Gaussian
distribution. The third-order coefficient & ; is a measure of how
asymmetric the distribution is. A tail towards larger velocities re-
sults in a positive & 3 and a tail towards lower velocities results in a
negative h 3. The fourth-order coefficient & 4 is a measure of how
peaked the distribution is and how broad the wings are. A more
flat-topped distribution with small wings results in a negative h
4+ and a more peaked distribution with broad wings results in a
positive h 4.

Such kinematic measurements are extremely useful in edge-
on galaxies as a way to better separate the bulge, disc, and bar
components. In an edge-on, axisymmetric rotating disc, hs is
anticorrelated with velocity (O. E. Gerhard 1993; R. P. van der
Marel & M. Franx 1993). This anticorrelation is seen within the
main discs of galaxies, but is also a way to identify nuclear discs
(A. Guérou et al. 2016; F. Pinna et al. 2019; M. Martig et al. 2021;
A. Fraser-McKelvie et al. 2025). When a bar is present, h; and
velocity become correlated within the extent of the bar (D. Fisher
1997; M. Bureau & E. Athanassoula 2005; A. Molaeinezhad et al.
2015). The strength of these signatures depends on bar strength
and viewing angle (F. Iannuzzi & E. Athanassoula 2015; Z.-Y. Li
et al. 2018). There is also complexity in the h, maps for galaxies
that contain a bar, with deep hy minima over the region of the
bar (A. Chung & M. Bureau 2004; M. Bureau & E. Athanas-
soula 2005; F. Iannuzzi & E. Athanassoula 2015; Z.-Y. Li et al.
2018).

Spiral arms are not usually discussed in the context of stel-
lar LOSVDs, but have been detected in observations of gas in
edge-on disc galaxies. M. Kregel & P. C. van der Kruit (2004)
show that P-V diagrams of H II regions trace the presence
of spiral arms and can be used to reconstruct their position
across the disc. Some other studies have used molecular gas;
e.g. D. Jiménez-Lopez et al. (2026) finds evidence for a spiral
structure in the P-V diagram of CO gas in the edge-on disc
galaxy NGC 891, with the spiral features appearing at lower
velocities.

Ultimately, studying the kinematics of stars in edge-on disc
galaxies may allow for a more precise classification of these galax-
ies within the Hubble sequence, whilst also allowing us to un-
cover the kinematic imprint of spiral structure on galactic discs.
This becomes particularly relevant given the increasing availabil-
ity of kinematic information from nearby edge-on disc galaxies,
provided by surveys such as GECKOS (J. van de Sande et al. 2024).
In this paper, we examine the detailed shape of stellar LOSVDs
throughout the disc of an edge-on simulated galaxy. We aim to
study where complex LOSVDs arise and how we can use these to
probe the structure of edge-on galaxies. In Section 2, we describe
the simulation we use and the methods we developed to extract
LOSVDs and characterize their shape. In Section 3, we explore
how frequent multiple-peaked LOSVDs are and show that they
can be used to trace the presence of spiral arms. In Section 4, we
discuss the observability of these signatures and in Section 5 we
present our conclusions.
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2 SIMULATIONS

The simulation used in this paper is part of a suite of 33
zoom cosmological resimulations first presented in M. Mar-
tig et al. (2012). In this section, we first describe the simu-
lation technique, then present the galaxy we chose for this
analysis, and finally describe the method we used to study its
kinematics.

2.1 Simulation technique

The simulations were built using a zoom-in resimulation tech-
nique consisting of two steps (see appendix A of M. Mar-
tig et al. 2009). First, a dark matter-only cosmological simula-
tion is run, and accretion histories are extracted for some tar-
get halos. Then, those histories are re-simulated at high res-
olution in new simulations containing both dark matter and
baryons.

The dark matter-only cosmological simulation is carried out
with the adaptive mesh refinement code, RAMSES (R. Teyssier
2002), using 5123 dark matter particles within a box of comoving
length 20h~! Mpc. It adopts a A cold dark matter cosmology
with Q, = 0.3, Q5 = 0.7, Hy = 70 kms~'Mpc~! and o3 = 0.9.
Within this simulation, we choose 33 target halos with a final
mass between 2.7 x 10'! and 2 x 102> M, that live in isolated
environments. We record their formation histories from z =5
to z = 0: A fixed spherical boundary is placed around the ha-
los and every halo or diffuse particle crossing that boundary is
recorded.

Those histories are then used to run 33 new individual sim-
ulations following the evolution of seed galaxies from z =5 to
z = 0. In these simulations, incoming dark matter halos are re-
placed with new galaxies containing dark matter, gas and stars,
and every diffuse dark matter particle is replaced with a ‘blob’
of higher resolution gas and dark matter particles. These simu-
lations are run using a Particle-Mesh code where gas dynamics
is modelled with a ‘sticky particles’ algorithm (F. Bournaud & F.
Combes 2002). The spatial resolution is 150 pc. The box size is
800 x 800 x 800 kpc, and the mass resolution is 3.0 x 10° M, for
dark matter particles, 1.5 x 10* M, for gas particles, 7.5 x 10* My
for star particles present in seed galaxies and 1.5 x 10* M, for star
particles formed during the simulation.

Star formation is modelled using the Schmidt-Kennicutt law
(R. C. Kennicutt 1998), with an exponent of 1.5 and an effi-
ciency of 2 percent. The threshold for star formation is set at
0.03 Mpc—3. Energy feedback from supernovae is also included
in the simulations, with 20 percent of the energy being dis-
tributed as kinetic energy to the neighbouring gas particles, and
stellar mass loss is implemented as described in M. Martig & F.
Bournaud (2010).

2.2 Galaxy 102

In this paper, we investigate the complexity of the LOSVDs ex-
tracted from Galaxy 102 (see Fig. 1 for a g-band face-on im-
age of the galaxy, computed as explained in M. Martig et al.
2012). Galaxy 102 has a stellar mass of 4.3 x 101°My and an
optical radius R,s of 21.9 kpc. A 2D photometric decomposi-
tion with GALFIT (C. Y. Peng et al. 2010) was used to calculate
a bulge fraction of 0.47 (M. Martig et al. 2012). When viewed
face-on Galaxy 102 has two main spiral arms. Both arms are
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Figure 1. Mock g-band image of Galaxy 102 viewed face-on (see M.
Martig et al. 2012). The galaxy has a strong spiral structure that is excited
by the satellite seen on the right of the image.

somewhat fractured and appear to be very uneven in density.
They are very tightly wound in the inner 10 kpc of the galaxy
and become more open at larger radii. The arm that exists in
the negative x region appears to be denser and longer than the
other arm.

The structure of Galaxy 102 is strongly affected by interactions.
Its early disc is perturbed by a 1:15 merger 8.5 Gyr after the Big
Bang, which resets the spiral structure and leaves the galaxy with
a thickened and flared disc (M. Martig, I. Minchev & C. Flynn
2014). After this, a thin disc forms and new spiral arms begin to
grow. Their strength and shape are affected by a satellite orbiting
around the disc for the last few Gyrs of the galaxy’s life. This
satellite has a nearly coplanar and corotating orbit and can be
seen in Fig. 1.

2.3 LOSVD extraction and peak detection

First, to align the galaxy edge-on, we compute the total angular
momentum of all the stellar particles within the optical radius,
and align it with the z-axis. The LOSVDs are then extracted as
if the galaxy were viewed edge-on, projected in the x—z plane.
The LOSVD is then the distribution of the velocity of the star
particles in the y direction, within a defined region. When extract-
ing LOSVDs, one of the most important factors to consider is the
number of particles that contribute to the histogram. We use the
PowerBin package developed by M. Cappellari (2025) to perform
adaptive spatial binning on the edge-on view of the galaxy, with
an original grid size of 0.5 kpc and a particle target number of
1000 particles per adaptive bin. During the initial extraction of
LOSVDs, it was found that a grid size smaller than 0.5 kpc and
fewer than 1000 particles per bin resulted in LOSVDs being too
sensitive to small fluctuations.

A visual inspection of LOSVDs revealed that they often ex-
hibit complex and asymmetrical shapes, sometimes with multi-
ple peaks. We thus developed an automated way to detect those

LOSVDs in edge-on galaxies 3

peaks first by smoothing the LOSVDs with a kernel density es-
timation (KDE) and then using a peak detection algorithm. The
KDE algorithm from the SciPy library (P. Virtanen et al. 2020)
was applied to the stellar line-of-sight velocity values weighted
by the luminosity of each particle in the g-band (as computed
by M. Martig et al. 2012). Each data point is represented by a
Gaussian kernel, and the sum of each kernel produces an overall
probability density function (B. W. Silverman 1986; S. Weglarczyk
2018). We use Scott’s factor to determine the bandwidth of each
kernel:

h=ons, €))

where h is the bandwidth, o is the standard deviation of the line-
of-sight velocities, and n is the number of data points (D. W.
Scott 2015). This allows for the automatic optimization of the
bandwidth to ensure the underlying distribution is properly rep-
resented. In Fig. 2, we compare the KDE to histograms with a bin
width equal to 10 km s~! to confirm that the KDE is performing
as expected.

Once the KDE has been applied, the find_peaks function from
the scipy.signal library is used to automatically detect peaks
in the smoothed LOSVDs. This allows for the detection of lo-
cal maxima by comparing the neighbouring values. Conditions
may also be set to optimize peak finding. The first condition is
on the minimum height of the peaks, represented by the pink
dashed line in Fig. 2. This height was set at 10 per cent of the
tallest peak: any peak below this height was disregarded as it
was deemed insignificant or noisy (see an example in the top-
right panel of Fig. 2). A prominence criterion was also applied,
which measures the height of the peak relative to its closest
minimum. Any peak with a prominence below 0.01 was dis-
regarded to prevent small fluctuations in the LOSVD from be-
ing misidentified as genuine features. In Fig. 2, the bottom-left
panel shows a situation in which the smaller peak is retained
because it has a prominence factor larger than 0.01, whereas in
the bottom-right panel the small fluctuation in the LOSVD is dis-
regarded as a peak because it has a prominence factor that is too
low.

This procedure allows us to robustly identify and count peaks
in LOSVDs across the galaxy.

3 RESULTS

In this section, we present the regions in which complex LOSVDs
are present within Galaxy 102, discuss the origin of the multiple
velocity peaks we observe, and show how this impacts the values
of hy measured throughout the disc.

3.1 Spatial distribution of multiple-peaked LOSVDs

We use the procedure described in Section 2.3 to extract LOSVDs
from an edge-on view of Galaxy 102 and to count the number
of peaks in those LOSVDs. We limit our analysis to particles
with x| < Rys, |y] < Rps and |z| < 5 kpc (see top panel of Fig. 3).
This excludes the satellite currently orbiting the galaxy. In the
middle panel of Fig. 3, we show a map of the number of peaks in
LOSVDs across the galaxy. Galaxy 102 exhibits multiple-peaked
LOSVDs throughout its disc and these multiple-peaked LOSVDs
are most prominent along the mid-plane. In most cases, we ob-
serve double-peaked LOSVDs, with a few examples of triple-
peaked LOSVDs.

MNRAS 552, 1-11 (2026)
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Figure 2. Examples of LOSVDs with their KDE representation and the peaks identified (red crosses). The KDEs (black solid line) are compared to
LOSVDs binned to 10 km s~! (blue step). The four panels illustrate how the peak detection algorithm works. The top panels show the effect of the
minimum height parameter (highlighted by the red dashed line): A peak below this height is disregarded (see top right panel). The bottom panels
illustrate how the prominence of the peaks is taken into account: Only a single peak is detected in the bottom-right panel.

The very centre of the galaxy has simple LOSVDs, and regions
with multiple-peaked LOSVDs begin ~ +2 kpc from the centre
and extend as far out as R,s in the negative x side. Up to x ~ +6
kpc, the complex regions are confined to |z] < 1 kpc, and also
exhibit a somewhat symmetric structure. Towards the edge of
the disc, the regions with double-peaked LOSVDs become more
patchy and can be found at larger heights. The two regions with
triple-peaked LOSVDs are only found very close to the mid-plane.
In the next section, we explore the physical origin of those multi-
ple peaks.

3.2 Origin of multiple-peaked LOSVDs

Given the active accretion history of Galaxy 102, and the cur-
rent interaction with a satellite, it could have been expected
that some of the peaks in LOSVDs would be due to accreted
stars or gas, creating complex kinematic components in this
galaxy. However, we find that it is not the case, and none of
the multiple peaks shown in Fig. 3 are due to interactions. In-
stead, they reflect the presence of strong spiral arms with the
disc.

MNRAS 552, 1-11 (2026)

To show this, we first focus on a region with a double-peaked
LOSVD, at —13 <x < —11 kpc and 0 < z < 0.5 kpc. The top-
left panel of Fig. 4 shows the face-on view of Galaxy 102 and
the top-right panel shows the corresponding LOSVD. We split
the line of sight into three separate boxes, and plot their individ-
ual contributions to the LOSVD in the top-right panel of Fig. 4.
The pink region encapsulates the line of nodes and is the main
contributor to the fastest and tallest peak. This is expected for a
circular orbit, as the stellar motion is directly aligned with the
line of sight, resulting in a large line-of-sight velocity. The density
is also expected to be larger, as the inner regions of a galaxy are
denser than the outer regions. The blue and yellow regions are
very different from the pink region. The blue region does not
contain many stars, making its contribution very low. In contrast,
the yellow region makes up the majority of the second peak.
Indeed, it contains a portion of a spiral arm, and the density of
the spiral arm is significant enough to produce a separate peak
in the distribution. The line-of-sight velocity value of the second
peak is lower than that of the central regions, as the projection of
the velocity vector on the line of sight is lower in the outer regions
of the galaxy.
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Figure 3. The top panel shows the luminosity-weighted, edge-on projec-
tion of Galaxy 102. The middle panel shows the number of peaks in each
LOSVD across the disc, where multiple-peaked regions are mostly close
to the mid-plane. The bottom panel shows the hy values across the disc;
low hy4 regions trace multiple-peaked LOSVDs.

We similarly study the origin of peaks in the triple-peaked
LOSVD extracted from the region defined by -8 <x < —5,0 <
Z < 0.5kpc (see bottom row of Fig. 4). This time, we split the face-
on view into four different components. The pink region is the
main contributor to the fastest and tallest peak, as expected. The
blue and yellow regions contain a section of the same spiral arm,
and together they contribute to the middle peak. As they are at a
similar radius from the galactic centre, and because the spiral arm
is quite uniform in density, those two regions have very similar
contributions to the global LOSVD.

The cyan region contributes mainly to the slowest peak. This is
because the stars that exist in the cyan box are moving almost
perpendicularly to the line of sight. Hence, the presence of a
spiral arm causes an overdensity within this region and produces
a separate peak at low line-of-sight velocity.

We note that spiral arms could also have an imprint on LOSVDs
by locally perturbing the kinematics of stars in the disc. However,
spiral arms are usually associated with peculiar velocities of or-
der of only 10 km s~! (R. I. J. Grand et al. 2015; G. Monari, B.
Famaey & A. Siebert 2016): This effect is thus very small and does
not impact our results, as the peaks we find have a separation of
more than ~50 km s~1. This shows that the multiple peaks we
observe in the LOSVDs are due to the overdensities of stars that
exist in spiral arms, and that variations in the number of arms
present along a line of sight create variations in the number of
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peaks found in LOSVDs. In the next section, we explore how this
might be used to study the strength of spiral arms across the disc
of an edge-on galaxy.

3.3 Variations in strength of spiral arms

As discussed in the previous section, the complexity observed in
LOSVDs might be used to trace spiral arms. In Fig. 3, we notice
that multiple-peaked LOSVDs are commonly found close to the
mid-plane, and that they tend to become single-peaked at large
heights. In this section, we explore whether the transition from
two peaks to one peak may be an indication of the decreasing
strength of the spiral arms as a function of height above the mid-
plane.

We investigate the vertical variations in LOSVDs taken from
a region —13 < x < —11 kpc (see top-right panel of Fig. 4). We
define vertical bins from z = 0 to z = 2.5 kpc with a step size
of 0.5 kpc, and show in Fig. 5 how the number of peaks in
LOSVDs varies as a function of z. Close to the mid-plane, the
LOSVDs are double peaked, as seen in the top panel of Fig. 4.
We then observe a transition from two peaks to one occurring at
z=1.25kpc.

To determine whether this change is due to the spiral structure
disappearing at large heights, we quantify the strength of spiral
arms as a function of z. We compute the A, Fourier mode of the
same spiral structure, calculated using

2 2
(Z cos 9i> + <Z sin@l) , 2)

where N is the number of stars per annulus and 6 is the angu-
lar position of the stars. The A, value is calculated within an
annulus with an inner radius of 13 kpc and an outer radius of
17 kpc. This encloses the part of the spiral arm that contributes
to the second peak in the LOSVD, as seen in the yellow box in
the top panel of Fig. 4. The A, value is calculated from z = 0 to
Z = 2.5 kpc with a step size of 0.25 kpc (see Fig. 5). In the mid-
plane, A, is close to 0.5, indicating a strong two-armed spiral
structure (A, > 0.1 is typical of a strong spiral structure; see
e.g. M. S. Fujii et al. 2011; C. Dobbs & J. Baba 2014). Then, A,
decreases until just after z = 1.25 kpc, where it begins to plateau
to a value below 0.1. This indicates that the strength of the spiral
arm and the number of peaks in LOSVDs both decrease at the
same height. Hence, multiple-peaked LOSVDs may be a use-
ful tool in determining the thickness of spiral arms in edge-on
galaxies.

As can be seen in Fig. 3, the multiple-peaked regions are the
thickest at larger radii. This indicates that the spiral arms that
exist at a larger galactocentric radius are thicker than the spiral
arms in the inner disc. To further investigate this, we extract
position-velocity diagrams (PVDs) both in the mid-plane (0-0.5
kpc) and above the mid-plane (0.5-1.5 kpc), as shown in Fig. 6.
In the mid-plane, the PVD shows multiple ridges that correspond
to different sections of spiral arms (see also fig. 10 in T. A. Davis
et al. 2013 for signatures of spiral arms in molecular gas tracers
in PVDs). First, we investigate the left-hand side of the PVDs.
The ridge that occurs at the lowest velocities corresponds to the
section of the arm found in the outer disc (crossing the yellow
box in the top panel of Fig. 4). Above the mid-plane, only this
ridge in the PVD remains throughout the disc and the ridges
corresponding to spiral arms found at smaller galactocentric radii
disappear. Next, we investigate the right-hand side of the PVDs.

MNRAS 552, 1-11 (2026)

920Z JaqWBAON G0 UO Jasn unjeq yeles Aq y£26988/588 | BeIS/b/2GS/8]101ue/Seluw/wod dno olWwapese Woll papeojumoc]



6 S. Townson et al.

blue box

=== pink box
yellow box
== combined

—_ > 0.6
Z £
& :
. R o4
0.2
0.01 _4__—>‘
~20 10 0 10 20 -250 -200 -150 ~100 -50
vios [km s™]
1.01
=== blue box
=== pink box
0.81 cyan box
yellow box
combined
_ 5. 0.6
Z £
= :
> Q04
0.21
0.01 — e ————
~20 ~10 0 10 20 -300 -250 -200 -150 —100 -50 0 50

x [kpc]

vros [km s™!]

Figure 4. Illustration of how different regions of the disc contribute to LOSVDs. The top row is focused on a region of the galaxy with a double-peaked
LOSVD. The left panel shows the face-on view of the galaxy, and three different boxes from which we extract LOSVDs. The top-right panel shows those
three LOSVDs, to illustrate how each region contributes to the total LOSVD. We find that the two peaks correspond to the central region of the galaxy
and to the spiral in the outer disc. The bottom row shows a similar result, but for a region where the LOSVD has three peaks, where we find that peaks

correspond to different spiral arms.

Close to the mid-plane the PVDs are dominated by stars on the
line of nodes, meaning that the spiral arms are too insignificant
in density compared to the main ridge to produce a prominent
second ridge. As the distance above the mid-plane increases, the
density on the line of nodes and in the main spiral arm become
more similar. This explains why, in Fig. 3, the number of peaks
in LOSVDs increases from one to two when moving above the
mid-plane between x = 10 kpc and x = 15 kpc.

The presence of low-velocity ridges in the PVD above the mid-
plane indicates that the spiral arms that exist at large galactocen-
tric radii are thicker than in the inner galaxy. This could simply
be due to the general increase of disc thickness as a function of
radius: M. Martig et al. (2014) have shown that the disc of Galaxy
102 is flared. However, it is also possible that the outer spiral arm
could have a different origin from the spiral arms in the inner disc
(it could be excited by the satellite orbiting the galaxy), and that
this could result in different thicknesses.

MNRAS 552, 1-11 (2026)

3.4 Gauss-Hermite parameters

Reconstructing full LOSVDs from spectra is not commonly done,
and most studies on galaxy kinematics parametrize LOSVDs us-
ing Gauss-Hermite coefficients. We thus fit LOSVDs in each spa-
tial bin with a 4"-order Gauss-Hermite polynomial to study the
impact of spiral arms on h; and hy. In a simple axisymmetric disc
viewed edge-on, we expect h; to be anticorrelated with V', and hy
to be positive in the outer disc (O. E. Gerhard 1993; R. P. van der
Marel & M. Franx 1993; M. Kregel & P. C. van der Kruit 2005; Z.
Wang et al. 2024).

Instead, we find that in Galaxy 102 the h; map is very complex
(see Fig. A1). A general anticorrelation between V and h; is seen
in the outer disc and at large heights, but many other regions
deviate from this simple pattern. The h; map is hard to interpret
as a result of the presence of spiral arms. The value of h; changes
based on the density contrast between the peaks, with the more
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Figure 5. Number of peaks in LOSVDs (black solid line) and strength
of spiral arms (pink dashed line) as a function of height above the mid-
plane. Starting from the same position within the disc as for the double-
peaked LOSVD shown in Fig. 4, we then iterate fromz = 0toz = 2.5 kpc
in steps of 0.5 kpc, and compute the number of peaks as a function of
z: The LOSVDs become single-peaked at large z. We compare this with
how the A, value changes as a function of z: It begins to plateau where
the double-peaked LOSVD becomes single-peaked, indicating that this is
where the spiral arm disappears.

prominent peak determining which way the LOSVD is skewed.
As discussed in Section 3.3, the peaks can shift in relative contri-
bution throughout the disc, meaning the h; values can also shift
dramatically. In contrast, the h, map (see Fig. 3) shows negative
regions where LOSVDs have multiple peaks. To illustrate why
this is the case, we show in Fig. 7 the triple-peaked LOSVD from
Fig. 4 with its Gauss-Hermite fit, where h, reaches a low value
of —0.16. Indeed, if an LOSVD has multiple peaks that occur
over a relatively small velocity range, the LOSVD appears very
flat-topped and the value of h4 will be negative. Therefore, the
regions of negative h, in Galaxy 102 arise as a result of multiple-
peaked LOSVDs due to spiral arms. It can be seen from Fig. 3 that
there are also negative values of i, in the regions surrounding the
multiple-peaked region. These are regions in which the overden-
sities do not meet the peak-detection criteria, but still influence
how flat-topped the LOSVDs are.

It is worth noting that there is no one-to-one association be-
tween negative hy and multiple-peaked LOSVDs. On the one
hand, negative hy values can arise even in certain areas of
axisymmetric discs (M. Kregel & P. C. van der Kruit 2005).
On the other hand, double-peaked LOSVDs can correspond to
positive values of h, if the second peak occurs far from the
main peak (see, for instance regions of positive h, values in
UGC 00903, a galaxy with two counter-rotating discs; A. Fraser-
McKelvie et al. 2025). Multiple-peaked regions only correspond
to a negative hy when the peaks are relatively close in veloc-
ity, which is the case for peaks produced by multiple spiral
arms.

4 OBSERVABILITY OF SPIRAL ARM
SIGNATURES

So far we have shown how to use multiple-peaked LOSVDs
and regions of negative hy to detect the presence of spiral
arms in a simulated edge-on disc galaxy. The first step of that
analysis involved applying a KDE to the distributions of line-
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Figure 6. Position-velocity diagrams at two different heights: The top
panel shows the PVD in the mid-plane (0 < z < 0.5 kpc) and the bottom
panel shows the PVD above the mid-plane (0.5 < z < 1.5kpc). The colour
bar represents the number of stars in each bin, in logarithmic scale. The
ridges arise due to spiral arms and only one lower-velocity ridge remains
above the mid-plane. This indicates that the spiral arm that exists at a
large galactocentric radius is thicker than the inner spiral arms.

of-sight velocities. The smoothness of each KDE is governed
by a bandwidth, which we computed using Scott’s factor (see
Section 2.3): this results in different bandwidths for each bin,
with values between 4 and 29 km s~!, and an average of
16 km s71.

However, in order to assess the observability of spiral arm
signatures using current spectrographs, we need all LOSVDs to
have the same bandwidth, which should be equal to the spectro-
graphs’ velocity resolution. We thus convolve each LOSVD with
a Gaussian of fixed width, and explore how much information is
retained when we decrease the velocity resolution. We consider
velocity resolutions varying from 20 km s~!, which is achievable
with WEAVE (S. Jin et al. 2024) and KOALA (S. C. Ellis et al. 2012)
in high-resolution mode, to 50 km s~?, achievable with MUSE (R.
Bacon et al. 2010).

Fig. 8 shows how the number of peaks in LOSVDs and the
values of h, change with a reduction in velocity resolution. At a
velocity resolution of 20 km s~ most of the structure of the peaks
map remains; however, the triple-peaked LOSVDs are no longer
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Figure 7. Gauss-Hermite polynomial fit (pink dashed line) to the triple-
peaked LOSVD from the bottom-right panel in Fig. 4 (black solid line).
This corresponds to hy = —0.16: this negative value arises due to multiple
peaks occurring over a small velocity range.

present along with some double-peaked regions also disappear-
ing. To explore why this is the case, we investigate how the triple-
peaked LOSVD first shown in Fig. 4 changes with decreasing
velocity resolution (see bottom left panel in Fig. 9). The peaks are
separated by only small velocity differences and can no longer
be resolved when the velocity resolution is above 10 km s!: the
LOSVD becomes double peaked at 20 km s!, and beyond this
becomes single-peaked. With the reduction in velocity resolution,
the wings also become broader.

Double peaks are usually easier to resolve than triple peaks
if they are separate enough in velocity. At a velocity resolution
of 20 km s7!, double-peaked LOSVDs can be resolved across
most of the disc (second row of Fig. 8). In contrast, the veloc-
ity resolution is reduced to 30 km s~!, only a small number
of double-peaked LOSVDs remain in the central regions of the
galaxy, where the velocity difference between peaks is the largest
because of projection effects (see e.g. the top-left panel of Fig.
9). Finally, at a resolution of 50 km s~! all LOSVDs become
single-peaked.

In contrast, we can see in Fig. 8 that the shape of the negative
h4 region in the map remains almost consistent as the resolution
decreases. The only significant change is that the values of hy
move closer to 0. To explain why this happens, in the right column
of Fig. 9, we show how the Gauss-Hermite fit to LOSVDs changes
with decreasing velocity resolution, for both the double-peaked
and triple-peaked LOSVD. As velocity resolution decreases, the
wings on Gauss-Hermite fits become broader and the distribu-
tions become slightly more peaked. This pushes the values of h,
closer to 0 and make the signals weaker in general. However, the
Gauss-Hermite fits do not vary drastically and all h, values still
remain negative.

Overall, it is evident that the multiple-peaked LOSVDs are
harder to detect with decreasing velocity resolution. MUSE will
unlikely resolve multiple peaked LOSVDs that are due to spiral
arms, but this should be achievable for WEAVE and KOALA at
resolutions of 15-20 km s~1. On the other hand, spiral signatures
may remain in the hy maps up to 50 km s~ resolution, and could
be detected with MUSE, within the GECKOS survey, for example
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(J. van de Sande et al. 2024; A. Fraser-McKelvie et al. 2025). If
MUSE were to detect regions of negative h, in the disc of a nearby
edge-on galaxy, this could then be followed-up with KOALA or
WEAVE in order to resolve multiple peaks in the LOSVDs and
confirm the presence of spiral arms.

In practice, detecting the imprint of spiral arms on observed
LOSVDs might be further complicated by the presence of dust,
given that many galaxies in GECKOS show prominent dust lanes.
The effect of dust on the observed kinematics of edge-on galaxies
is complex: stars that are closest to us along the line of sight
experience little attenuation, while the light from stars that are
in the far side of the galaxy might be entirely blocked. Even
when assuming a smooth distribution for the dust, this strongly
biases the observed kinematics (A. Bosma et al. 1992; M. Baes
et al. 2003; M. Kregel & P. C. van der Kruit 2005). A patchy
distribution of dust, concentrated within spiral arms, will further
complicate the interpretation of the observed LOSVDs: the ef-
fect of dust is easily seen in maps of V, o, h;, and hy shown in
A. Fraser-McKelvie et al. (2025), and will also be present when
extracting non-parametric LOSVDs for these galaxies. A better
understanding of these effects would require using a large set of
simulations, creating mock IFU observations including the effect
of dust (as for instance done by D. Barrientos Acevedo et al. 2023),
and running them through a code such as BAYES-LOSVD to see
if and when peaks can be detected, which we leave for future
work.

5 CONCLUSION

LOSVDs encode important information on the internal struc-
ture and formation histories of galaxies. With the advent of
GECKOS, a deep MUSE survey of nearby edge-on disc galaxies,
and given the availability of new codes to extract non-parametric
LOSVDs from observed spectra (J. Falcon-Barroso & M. Martig
2021; P. Jethwa et al. 2026), it becomes crucial to better un-
derstand the shape of LOSVDs in edge-on discs. In this paper,
we use a simulated galaxy to characterize how often we see
multiple-peaked LOSVDs in edge-on discs and uncover their
origin.

We found that many of the complex LOSVDs exist close to the
mid-plane and are formed as a result of the presence of spiral
arms in the disc. The formation of a separate peak is not due
to the spiral arms possessing different kinematics from that of
the surrounding disc. Instead, it is a result of projection effects
combined with the overdensities within the spiral arms.

We showed how this might be used to quantify the strength of
spiral arms above the mid-plane, by studying how the number
of peaks in LOSVDs decreases as a function of height. We also
found that the thickness of spiral arms could change as a function
of galactocentric radius: In this galaxy, the section of the spiral
arm that exists at a large galactocentric radius is thicker than the
arms in the inner disc. This leaves clear signatures in the PVDs
measured at different heights.

We also explored the effect of spiral arms on the Gauss-
Hermite coefficients measured across the galaxy. We compared
the multiple-peaked regions with the Gauss-Hermite coefficients
and found that h, is negative in the regions where there are
multiple-peaked LOSVDs, hence tracing the spiral arms. We
found that the value of h, is lower when peaks are more numer-
ous and are closer together in velocity.

Finally, we explored how much information is retained in the
hy and peaks map when the velocity resolution of the LOSVDs
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Figure 8. Effect of velocity resolution on maps of the number of peaks (left panels) and h4 (right panels). The top row shows the fiducial setup used
throughout the paper, and the next rows show results for velocity resolution degraded to 20, 30, and 50 km s~!. The number of peaks we can resolve
decreases as the velocity resolution decreases, and all multiple-peaked regions disappear beyond a velocity resolution of 30 km s~1. The h4 maps retain
their shape as the velocity resolution decreases; the only noticeable change is all values move closer to 0.

is degraded to that of current spectrographs such as MUSE,
WEAVE, and KOALA. MUSE will unlikely resolve multiple
peaked LOSVDs that are due to spiral arms, but this should be
achievable for WEAVE and KOALA. On the other hand, spiral
signatures in the hy maps could be detected with MUSE. If MUSE
were to detect regions of negative h, in the disc of a nearby

edge-on galaxy, this could then be followed-up with KOALA or
WEAVE in order to resolve multiple peaks in the LOSVDs and
confirm the presence of spiral arms.

A full assessment of the observability of spiral arm signatures
in LOSVDs of edge-on galaxies would require creating mock IFU
observations of a large set of simulations (including the effect of
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Figure 9. Illustration of the effect of velocity resolution on the shape of LOSVDs (left panels) and their Gauss-Hermite fits (right panels), with lines
corresponding to LOSVDs smoothed with a Gaussian kernel of 10, 20, 30, and 50 km s~! width. The top row corresponds to a region defined by —4 <
x < —2.5kpc and —0.5 < z < 0 kpc: in the inner disc, the two peaks are far enough apart in velocity to be resolved even at 30 km s~! resolution. The
bottom row shows the same for the triple-peaked LOSVD from Fig. 4: here, the information is lost much faster because peaks are close in velocity. Velocity
resolution also affects hy, which shifts closer to zero at low resolution; this effect is much stronger in the case of the three-peaked LOSVD.

dust), and running them through a code such as BAYES-LOSVD
to see if and when peaks can be detected, which we leave for
future work.
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APPENDIX A: KINEMATIC MAPS

In this appendix, we present the results from Gauss-Hermite fits
to the LOSVDs across the disc of Galaxy 102 (Fig. A1).
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