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ABSTRACT

Context. The coupling between the dark matter (DM) halo and the stellar disc is a key factor in galactic evolution. While the interaction
between structures like the Galactic bar and DM halos has been explored (e.g. slowing down of the bar due to dynamical friction), the
effect of spiral arms on the DM halo distribution has received limited attention.

Aims. We aim to detect and characterize the interaction between the stellar spiral arms and the DM halo.

Methods. We analysed a suite of simulations featuring strong stellar spiral arms, ranging in complexity from test-particle models to
fully cosmological hydrodynamical simulations. Using Fourier transforms, we mapped the phase and amplitude of the stellar spirals at
different times and radii. We then applied the same methodology to DM particles near the stellar disc and compared trends in Fourier
coefficients and phases between the two components.

Results. We detect a clear spiral arm signal in the DM distribution, correlated with the stellar spirals, confirming the reaction of the
halo. The strength of the DM spirals consistently measures around 10% of that of the stellar spiral arms. In the N-body simulation, the
DM spiral persistently trails the stellar spiral arm by approximately 10°. A strong spiral signal of a few kilometres per second appears in
the radial, azimuthal, and vertical velocities of halo particles, distinct from the stellar kinematic signature. In a test-particle simulation
with an analytical spiral potential (omitting self-gravity), we reproduce a similar density and kinematic response, showing that the
test-particle halo responds in the same way as the N-body halo. This similarity confirms that we are observing the forced response of
the halo to the stellar spiral arms potential. Finally, we also find the presence of DM spiral arms in a pure N-body simulation with an
external perturber, and isolated and cosmological hydrodynamical simulations, indicating that the dynamical signatures of the forced
response in the DM halo are independent of the dynamical origin of the stellar spiral arms.

Conclusions. We reveal the ubiquitous presence of DM spiral arms in Milky Way-like galaxies, driven by a forced response to the

stellar spiral potential.
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1. Introduction

Dark matter (DM) is essential for galaxy formation and evo-
lution, making up about 84% of the matter of the Uni-
verse (Planck Collaboration 2020; Adame et al. 2025). It
provides the gravitational framework for the appearance of
galactic structure and helps explain discrepancies between
observed rotation curves and the distribution of baryonic mass

* Corresponding author; mbernet@fqga.ub.edu

(Rubin & Ford 1970; Rubin et al. 1980), large-scale structures
(Efstathiou et al. 1985), and colliding systems such as the Bullet
Cluster (Markevitch et al. 2004). The DM halo and the stellar
component of galaxies are dynamically coupled, meaning that
their gravitational interactions influence each other. While the
halo shapes the overall stellar structure of galaxies, the stel-
lar component, in turn, induces gravitational responses within
the halo, potentially leaving detectable signatures. Understand-
ing these interactions improves our knowledge of DM, galactic
dynamics, and the overall structure of the Universe.
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One notable effect of this coupling between components is
the gradual slowing down of the Galactic bar rotation, driven by
the exchange of angular momentum between the stellar disc and
the DM halo (e.g. Weinberg 1985; Hernquist & Weinberg 1992;
Debattista & Sellwood 1998, 2000; Athanassoula 2003; Chiba &
Schonrich 2022). This process is a result of the resonant nature
of the system. Indeed, Tremaine & Weinberg (1984) found that
the exchange of angular momentum in the halo is driven by par-
ticles that are nearly in resonance. The other classical example is
the orbital coupling of satellite galaxies, governed by dynamical
friction (Chandrasekhar 1943; Banik & van den Bosch 2022),
whereby satellites lose orbital energy as they move through the
DM halo, eventually spiralling inward (e.g., Tremaine et al. 1975;
Weinberg 1986).

In recent years several studies have focussed on the impact
of the interaction between the stellar and DM components on the
precise structure of the halos. One of the most studied cases is
the disturbance of the Milky Way (MW) halo caused by the infall
of the LMC (e.g. Weinberg 1998; Gémez et al. 2015; Laporte
et al. 2018a; Garavito-Camargo et al. 2019; Cunningham et al.
2020; Petersen & Pefiarrubia 2021; Amarante et al. 2024). In
addition, early theoretical works (Weinberg 1985; Hernquist &
Weinberg 1989) predicted that stellar bars generate a quadrupole
wake in the DM halo. Later N-body simulations confirmed the
emergence of a DM overdensity in response to the bar poten-
tial (e.g. Weinberg & Katz 2002), though these studies primarily
characterized the halo response as classical wakes. Petersen et al.
(2016) demonstrated that DM particles can become trapped in
the bar potential, along with stars, forming a persistent ‘shadow
bar’ that contributes ~10% of the total bar mass (see also
Collier et al. 2019; Collier & Madigan 2021; Frosst et al. 2024;
Marostica et al. 2024; Ash et al. 2024). Another example of
interactions between components is the trapping of halo stars
into bar-related resonances, proposed in Dillamore et al. (2023,
2024) as an explanation for the ‘chevrons’ observed in Gaia data
(Belokurov et al. 2023).

The stellar spiral arms and the DM halo interact similarly.
In general, the particles in the halo must respond to any per-
turbation in the potential. Therefore, a spiral perturbation in
the potential will create a response in the halo. However, the
nature and consequences of this response are surprisingly under-
examined in the literature. Mark (1976) predicted a significant
amplification of the stellar spiral density waves as a result of
the loss of angular momentum to the halo. Later, Fuchs (2004)
employed the shearing sheet model (Goldreich & Lynden-Bell
1965; Julian & Toomre 1966) to investigate spiral amplifica-
tion in the presence of a live DM halo. He predicted that the
maximum growth factor would increase significantly due to
the coupling with the halo and pointed out that the transfer
of momentum is exclusively mediated by halo particles whose
orbits are in resonance with the spiral waves. This response can
be described as a broader dynamical process: a ‘forced response’,
whereby periodic perturbations (e.g. a bar, a satellite, and the spi-
ral arms) systematically distort orbits, with the strongest effects
occurring near resonances. In the same set-up, he also studied the
response of the halo to a density wave in the disc, and reported
the development of a wake. Subsequent studies found that halos
with anisotropic velocity distribution increase the maximum
growth factor of the spirals considerably (Fuchs & Athanassoula
2005). More recently, Sellwood (2021) tested these predictions
using a complete N-body simulation and reported that a live DM
halo had no significant effect on the growth rate of the spiral
modes, although he showed hints of an increase in the final stellar
spiral amplitude of about 20%.
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In low-surface-brightness galaxies (LSBs), the disc-halo
coupling plays a key role in the evolution of spiral arms, due
to their low stellar densities and DM-dominated dynamics. The-
oretical studies have predicted that halos with a small local
vertical scale height near the disc or halos with a significant
angular momentum can strongly amplify disc density waves
through resonant interactions. Chiueh & Tseng (2000) proposed
that such coupling mechanisms could not only excite spiral-arm
formation but also influence their morphology, with tighter pitch
angles associated with smaller halo scale heights. Recent simu-
lations by Narayanan et al. (2024) confirm the importance of the
geometry of the halo in driving spiral patterns in LSBs, showing
that oblate halos can sustain long-lived global spirals.

While earlier studies have concentrated on the feedback
effects of coupling on the stellar component, our work shifts
focus to the morphology of the DM halo itself. In this work,
we find clear signs of a spiral-arm-shaped structure in the DM
halo in several MW-like simulations with cold DM. We start by
characterizing the overdensities created in the DM halo by the
stellar spiral arms in an isolated pure N-body simulation. We
reproduce the response of the DM halo to the gravitational per-
turbation induced by the stellar spiral arms using a simple test
particle simulation. This demonstrates that the relation between
the stellar spiral arms and the DM substructure observed in the
pure N-body simulation is dominated by a forced response to
the modification of the potential. Finally, we observe similar
interaction patterns in pure N-body simulations with a massive
perturber, isolated hydrodynamical simulations, and cosmolog-
ical simulations, proving the ubiquitous presence of DM spiral
arms in the state-of-the-art simulations of MW-like systems.

In this work, we show that in any MW-like system with cold
DM, fairly strong spiral arms will have an increase of about 10%
in their total mass, due to the forced response of the DM halo.
The existence of DM spirals implies that the local DM density
varies non-axisymmetrically across the galactic disc and, in par-
ticular, close to the Sun. Thus, the torques in a MW-like spiral
galaxy will have contributions from both the stellar and the DM
components. In the future, the kinematic and density maps of the
DM particles provided in our work might be used as test for the
halo distribution of our Galaxy.

In Sect. 2, we briefly describe the simulations and methods
used throughout the paper. In Sect. 3, we present our findings
for the isolated pure N-body model. These results are then com-
pared with a test particle model in Sect. 4, where we also perform
some tests on the characteristics of the response. In Sect. 5, we
test the presence of DM spiral arms in a set of different simula-
tions. These results are discussed in Sect. 6. Finally, in Sect. 7
we provide a summary of our results and list our conclusions.

2. Simulations and methods

In this study, we analyse several simulations that present strong
two-armed stellar spirals. The main analysis of this paper is
based on a pure N-body model of a MW-like isolated galaxy,
which we label Iso-NBody. This model is from our new suite
of simulations run in the awarded project in the call from the
Open Clouds for Research Environments (OCRE). The model is
a slight modification of the L2 model in Laporte et al. (2018b),
with three components (cold exponential stellar disc, stellar
Hernquist (1990) bulge, and a Hernquist DM halo) but with
no perturber. The resulting galaxy model displays a strong bar
and prominent two-armed stellar spirals, with a nearly constant
pattern speed of Q ~20 km s~ kpc™!, reaching a density con-
trast of 20% at R ~ 6 kpc (see Sect. 3.1).
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Fig. 1. Spiral arms in the Iso-NBody simulation, at r = 7 Gyr. Left: surface density plot of the stellar component. Middle: radially normalized
density (dp,) of the stellar component. The contours represent the regions where dp, = 0 (in black), and dp, = +0.2 (in white). Right: 5p, of the
DM particles around the stellar disc (|Z| < 4 kpc). The contours are the same as the middle panel. We observe a clear spiral arm pattern in the DM

halo, strongly correlated with the stellar spiral arms.

To complement the analysis, we also examine other simula-
tions, including a test particle model (TP), a tidal N-body model
with a Sagittarius-like perturber (Sgr-NBody), a high-resolution
hydrodynamical simulation (Hydro), and a cosmological sim-
ulation from the Auriga project (Au27). These models provide
additional insights and robustness into the formation and evolu-
tion of spiral arms under different physical conditions and simu-
lation set-ups. Further details of the simulations are provided in
Appendix A.

We analysed the response of the DM halo to stellar spiral
arms by focussing on the region |Z| < 4kpc and R < 30kpc. The
potential impact of the vertical cuts on our results is found to
be small (see Appendix B.1). Key measurables include: radially
normalized density (dp,), which is the fractional deviation of
the local density (integrating over the vertical dimension) with
respect to the average (over all azimuths) at the same radius
(Eq. (B.2)), which clearly emphasized the non-axisymmetric
variations; mean radial and azimuthal velocities ((Vz), (V4)); and
vertical breathing motion (Vz y:), which quantifies vertical veloc-
ity asymmetry between the upper and lower halves of the disc
(Eq. (B.3)). Vz 1, traces the compression and expansion caused
by the quadrupoles in the potential (spiral arms and bar). We
used a Fourier decomposition to detect the spiral structure, with
the m = 2 mode tracking the phase (¢,) and amplitude (Z;) of
the spirals. The spiral pattern speed (€s) was derived from a
linear regression of the phase over a +0.1 Gyr window. Face-
on images, smoothed with Gaussian kernels, were generated to
aid interpretation. For simulations with perturbers, we applied a
centro-symmetrization (rotate by 180° and average with the orig-
inal) to remove the dipole signatures coming from the response
to the perturber, and highlight the quadrupole signature of the
spiral arms. Further details about the methods used are provided
in Appendix B.

3. Dark spirals in a pure N-body simulation
3.1. Density

We start by studying the Iso-NBody model. In the stellar den-
sity we clearly observe strong two-armed spirals reaching to

R~ 15kpc with a peak 6p,~0.2 at R~6kpc (left and central
panels of Fig. 1). Studying the temporal series (ochre lines in
Fig. 2) of the amplitude (X;,/X() and phase (¢,), we observe that
these spirals appear at t ~4.5 Gyr and grow with time with an
approximately exponential profile to X, /%y ~20% at the end of
the simulation. The pattern speed (€)) of the stellar spiral arms
(central panel of Fig.?2) is ill-defined before the appearance of
the spiral, and stabilizes at Q; ~20 kms~' kpc™!' once the spiral
emerges.

Studying the radial profile of the stellar spiral arms at a given
time (t = 7 Gyr, solid ochre lines in Fig. 3), we confirm that the
strength of the spiral arms peaks at R~ 6 kpc, and observe that
their pattern speed is almost constant with the radius, going from
the bar region up to the outer parts of the disc (solid ochre line in
the third panel of Fig. 3). For discussion about the pattern speed
for different models, we refer to previous results (e.g. Grand et al.
2012; Roca-Fabrega et al. 2013; Antoja et al. 2022).

We now focus on the effect of the spirals on the DM halo
(right panel in Fig. 1). We observe a DM spiral arm-shaped over-
density, nearly coincident with the position of the stellar spiral
arms. The overdensity of the spiral arms in DM is dp, ~0.02,
one order of magnitude smaller than that of the stellar ones. In
fact, the density contrast in DM spirals is roughly one order of
magnitude lower than the density contrast of stellar spirals for all
the models that we have studied (see Sect. 5).

We see a strong correlation between the two spirals in
terms of temporal evolution (dashed grey line in Fig. 2, after
t ~4.5 Gyr). The relative amplitude of the DM spirals (top panel)
evolves linearly with the stellar one, and is about 10% of the stel-
lar relative amplitude at all times after 4.5 Gyr (as is indicated by
the auxiliary vertical axis in the plot). The pattern speed of the
spiral arms is also almost identical in the two components (stellar
and DM) once the signal is strong enough (¢ ~ 4.5 Gyr). Finally,
in the bottom panel of Fig.2 we show the phase lag between
the DM spiral arms and the stellar spiral (long-dashed red line).
We observe that initially there is no correlation: the dispersion is
o ~45°, which is the expected dispersion for a uniform distribu-
tion. Once the stellar and DM spirals are formed, the DM spiral
is consistently trailing the stellar spiral by ~10°. This phase lag

A214, page 3 of 14
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Fig. 2. Temporal evolution of the Iso-NBody simulation in the range
R € [5.5,6.5] kpc. Top: relative amplitude of the Fourier mode (2, /%),
i.e. strength of the spiral arms for the stellar (solid ochre) and DM
(dashed grey) components. We see that both spirals evolve in a cor-
related way, although the relative amplitude of the DM spirals is one
order of magnitude smaller (notice the auxiliary axis, which refers to
the amplitude of the DM spiral arms). Middle: pattern speed (€) of
the mode m = 2 structures in stars (solid ochre) and DM (dashed grey).
Bottom: phase difference between the mode m = 2 of the stellar and DM
structures (long-dashed red line). Shaded regions shows the dispersion
of the phase lag. Once the spirals are strong enough (¢ > 4.5 Gyr, ver-
tical lines), we detect a constant pattern speed of Q ~20 km s~ kpc™!
for the stellar and DM spirals, and a constant phase lag of A¢, ~10°,
showing a strong correlation between the two spiral arms.

is a natural consequence of the delayed response of the DM halo
to the evolving gravitational potential of the spiral arms, compa-
rable to the mechanism at work in barred galaxies (e.g. Weinberg
1985; Athanassoula 2003).

Finally, we focus on the radial profile of the DM spirals at
t = 7 Gyr (Fig. 3). In the top panel, we notice that the local den-
sity (Xo) of stars and DM is very similar in this model. The
relative amplitude, X, /%, of the DM spiral arms (second panel)
varies with radius but remains consistently 10% of the stellar
amplitude, as is shown by the secondary vertical axis on the
right. We thus reveal a linear relationship between the stellar
and DM amplitudes as a function of radius, matching the rela-
tionship observed in the temporal evolution (top panel of Fig. 2).
This corresponds to adding about 10% to the total mass of the
stellar spiral arm, since X, of both the stellar and DM compo-
nents are of the same order. Finally, we confirm the consistent
pattern speed of the stellar and DM spiral arms across all radii
(third panel in Fig.3), and the lagging of the DM spiral with
respect to the stellar spiral at all radii where the signal is strong
(bottom panel in Fig. 3). We see a small trend of the phase lag
with radius that is a consequence of the local properties of the
stellar spiral arms and DM distribution function (DF), which one
could potentially predict using perturbation theory.

3.2. Velocity space

In a dynamical system, the appearance of an overdensity in the
configuration space must leave a trace in the kinematics. In this
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Fig. 3. Radial profile of the Iso-NBody simulation at t = 7 Gyr. We
show the Fourier amplitude and phase for the stellar (solid ochre) and
DM (dashed grey) components. First: amplitude of the Oth Fourier
mode (Xy), in units of solar mass. We see that, close to the midplane, the
surface density of stars and DM is comparable. Second: relative ampli-
tude of the Fourier mode (Z,/Z) at all radii. The relative profile of the
spirals is similar, with the relative amplitude of the DM spirals being
one order of magnitude smaller than the stellar one (notice the auxiliary
axis). Third: pattern speed (€) of the mode m = 2. Fourth: phase lag
(A¢,, long-dashed red line) between the DM and stellar components.

section we study (Vg), (Vy), and Vg, of the stellar and DM
components in the Iso-NBody model.

We start by analysing the kinematic imprints in the stellar
spirals. In the top row of Fig.4, we show the kinematic maps
of the stellar component, compared with the position of the bar
and spiral arms (shown as contours in the figure). We observe
three clear regimes: the bar, the inner disc, and the outer disc.
In the third row of Fig. 4, we show the amplitude of the velocity
quadrupoles at each radius (solid ochre line), and confirm that
the in-plane velocity quadrupoles ((Vg)and (V,)) reach about
20kms~! in the inner part of the disc, and 5 km s~! in the outer
parts. As for the phase of the quadrupole (last row of Fig.4),
which we measure with respect to the phase of the stellar den-
sity structures, we observe a 90° change in the phase of the
quadrupole inside and outside the co-rotation' of the spirals
(vertical red line). The kinematic signature of the spirals in our
model is rather complex and depends on the radius and how the
spirals connect with the bar at each time. However, since this is
not the main focus of this article, we refer to the ongoing discus-
sion on the topic (Siebert et al. 2012; Grand et al. 2015; Monari
et al. 2016a,b; Antoja et al. 2016, 2022; Eilers et al. 2020).

In the DM particles (second row in Fig. 4), we also observe
quadrupoles in the kinematics. In (V) and (V,), we observe that
along all the stellar spiral overdensity (solid contours) we have
positive values, reaching amplitudes of ~2 km s~!, much smaller

I The co-rotation radius was calculated based on the mean pattern
speed within the range R € [4, 8], using the rotation curve of this model
derived from AGAMA (Vasiliev 2019).
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Fig. 4. Kinematic analysis of the Iso-NBody simulation, at # = 7 Gyr. The contours represent the regions where dp, = 0 (in black) and 6p, = +0.2
(in white). We show (Vi) (left column), (V,) (middle column), and Vy p, (right column). First row: kinematic maps of the stellar component.
Second row: kinematic maps of the DM component. Third row: radial profile of the kinematic amplitude of the Fourier mode (A,) for the stellar
(solid ochre) and DM (dashed grey) components. Fourth row: radial profile of the phase difference between each kinematic mode (¢,) and the
stellar spiral in density (¢, (Osiurs))- The co-rotation radii of the spirals (Rcg ~ 10kpce) is shown as a vertical red strip.

than the stellar kinematic amplitudes. In the third row of Fig.4
(dashed grey lines), we show the amplitudes of the kinematic
signatures. For (V), the amplitude of DM behaves qualitatively
similar to the stellar one, with a peak at R ~4kpc, and lower
values at outer radii. However, the radial profile of (V) shows
a different behaviour when comparing the stellar and the DM
components, with the latter peaking at R ~ 8 kpc. In the last row
of Fig. 4, we show the phase of the velocity quadrupoles in the

DM halo (dashed grey lines). The distinct in-plane kinematic
signatures between the stellar and DM spiral arms reflect their
differing intrinsic dynamics: the stellar component, governed
by rotationally dominated orbits, responds to the spiral poten-
tial through self-gravity and angular momentum exchange, while
the DM halo, with its near-isotropic distribution, exhibits a kine-
matic response shaped primarily by the forced response rather
than by self-gravity.
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Bernet, M., et al.: A&A, 697, A214 (2025)

(Vg) [kms™}
0.02 -2 0 2

0py
0.00

—0.02

(Vi) [kms™!] Vo [kms™!]
-2 0 2 —1 0 1

DM

4
NP
5

-

.

|
0 15
X [kpq]

—15 0
X [kpc]

—15 0 15 —15 0 15
X [kpc] X [kpq]

Fig. 5. Response of the halo test particles to an analytical spiral potential (Cox & Gdémez 2002), rotating at a constant pattern speed. From left
to right, we show the radially normalized density (6p,), the mean radial and azimuthal velocities ({(Vg), (V;)), and the vertical breathing motion
(Vzbr). In black and white, we show the 0 and 0.5p,,,, density contours of the potential, respectively. The response of the halo is compatible with

the results shown in Figs. 1 and 4.

In the vertical response of the stellar component (Vz p, top
right panel of Fig.4), we also observe a clear quadrupole, but
with a small amplitude of ~2kms~! in the inner parts of the
disc, and <1 kms~! in the outer regions. It should be noted that
Vz b 18 tracing the compression and expansion caused by the
spiral potential. Outside co-rotation (R > 10kpc), the breath-
ing motion is contracting (purple) in the leading part of the
arm and expanding (orange) in the trailing. Inside co-rotation
(R < 10kpc), where the stars orbit faster than the spiral arms and
‘overtake’ them, there is a change in the phasing of the vertical
force that leads to a change in the sign of the quadrupole (phase
shift of 90° in the bottom panels). These findings are compatible
with the predictions for the vertical kinematics induced by grand
design spirals (Debattista 2014; Faure et al. 2014).

The vertical response of the DM halo is shown in the third
column of Fig.4. In this case, the breathing motion contracts
(purple) in the leading part of the arm and expands (orange) in
the trailing part. This is similar to the stellar breathing motion
only outside co-rotation. In a non-rotating halo, on average the
particles encounter the spiral arm through the leading part at
all radii, explaining the similarities between components of the
vertical response outside co-rotation. Furthermore, in the third
and fourth rows of the figure we observe that the amplitude
(~1kms™") and phase of the DM mode are almost constant with
radius. While the differences in the planar motions of the stars
and DM particles hint that we are observing dynamically differ-
ent components, the similarities in the vertical breathing motions
are not unexpected as they naturally result from the response of
a passing overdensity corresponding to the spiral arms.

4. Response to a fixed potential

As we discussed in the introduction, we expect that the dom-
inating dynamical process creating the DM spiral arms is the
‘forced response’ of the halo to the stellar spiral arms. To test
this, we integrated halo orbits using a test particle set-up (TP;
Appendix A.2), whereby halo orbits were integrated in an analyt-
ical galactic potential including spiral arms, isolating the forced
response by removing self-gravity. By comparing the resulting
density and kinematic signatures with those observed in the
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Iso-NBody model, we verified that the forced response remains
identical even when self-gravity is absent.

In Fig. 5, we show the shape of the interaction signal in the
four measurables we are studying. We see the clear correlation
between DM and stars in density (first panel) and the slight lag
of the DM spiral. For the kinematic modes, we see exactly the
same patterns as for the Iso-NBody model. We observe clear
quadrupoles in velocity, with positive (Vz) and (V,4) on top of
the spiral arms (second and third panels in Fig.5), and ampli-
tudes of ~2kms™!, in the same range as the ones observed in
the Iso-NBody model. In the vertical breathing map, we also
observe the change of sign in Vzy, on top of the spiral, with
a breathing amplitude slightly smaller than the in-plane veloc-
ities. The signal approximately matches the one observed in
Iso-NBody. Therefore, we conclude that the dominant dynami-
cal process creating DM spiral arms in the Iso-NBody model is
the forced response of the halo to the spiral arm potential.

We emphasize that no fine-tuning of the model parame-
ters was required; we tested other combinations of spiral and
MW-like model parameters and all produced a similar response.
Thus, we conclude that the precise simulation parameters have a
second-order effect on the overall response of the halo, making
our conclusions robust to these variations.

4.1. Temporal response to the potential

The flexible TP set-up allows us to test the properties of the
response that creates DM spiral arms, such as its temporal evo-
lution. To do so, we conducted a different test in the same set-up
as the TP simulation but in which, instead of a smooth rise in the
spiral potential amplitude, we switched it on and off every 1 Gyr
(Fig. 6). At each snapshot, we computed the strength (Z,/%y) of
the DM spiral arm (grey line in Fig. 6). With this set-up, we can
study the temporal delay (or the impedance, here referring to
the resistance of the system to rapid change) of the response.
We observe that the response of the DM spirals to the sud-
den appearance or disappearance of a spiral potential is very
fast (~20Myr, as is shown in the lower panel of Fig.6). This
timescale closely matches the local dynamical timescale given
by the inverse epicyclic frequency (1/«x ~24 Myr) at R = 8kpc
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Fig. 6. Strength (X,/%,, grey line) of the DM spiral arm at R = 8 kpc
for the toy model. In this set-up, the potential amplitude is switched
on and off every 1 Gyr. The long-dashed red line represents the shape
of the potential (its height is arbitrary, for illustration purposes). Top:
whole evolution. Bottom: detail of the strength of the potential around
the three increasing steps of the potential (z = 1, 3, 5 Gyr). We observe
that the potential takes ~20 Myr to react to a change in the potential
(impedance).

in the TP model. This correspondence supports our interpretation
that the response is governed by local orbital dynamics.

We also checked whether the presence of a long-lived spiral
potential can align some halo orbits with the disc plane, increas-
ing the presence of DM particles with disc-like orbits. These
disc-aligned DM particles would be more sensitive to ‘tradi-
tional” spiral modes. To test this alignment, we extended the TP
model to ¢ = 6 Gyr. The fraction of DM particles with disc-like
orbits increased by less than 1%, indicating that this alignment
does not play a significant role.

4.2. Response dependence on the orbital structure of the
halo

As we reviewed in the introduction, the interactions between the
components of the Galaxy have a resonant nature (Tremaine &
Weinberg 1984). Therefore, we expect the halo particles that are
closer to co-rotation with the stellar spiral to be more affected
by it. In Petersen et al. (2016), the efficiency of torque trans-
fer is explained using a formal framework based on the torque
expressions derived in Weinberg (1985). Specifically, the LBK
torque (Lynden-Bell & Kalnajs 1972) and non-linear torque
(Egs. (29) and (41) in Weinberg 1985) depend on rotation matri-
ces, R(B), where 3 is the instantaneous angle between the angular
momentum vectors (L,) of the orbits and the disc plane. These
expressions show that the torque transfer efficiency varies with 3,
with low-8 orbits being more sensitive to the torque than high-8
orbits.

In Fig.7, we test this difference in response by splitting the
halo particles according to cos 8 in the TP and Iso-NBody sim-
ulations. At each snapshot, we evaluate the strength of the DM
spiral arms for each sub-population. We clearly observe that the
disc-like orbits in the halo (cos 8 ~ 1) are about twice as sensitive
to the stellar spirals as orbits that are counter-rotating or perpen-
dicular to the disc. It is worth noting, however, that even the DM
particles that are counter-rotating with respect to the disc (dark

TP Iso-NBody
T T T T T T T 1.0
—-= Al
0.03 | -
0.6
3 0.02 02 <
? IN=~SJIoos z
A 02 S
0.01 |
—0.6
f | |
0.00 % 5 1 -1.0
t [Gyr] t [Gyr]

Fig. 7. Strength (2,/%)) of the DM spiral arms at R = 6 kpc for the TP
(left) and Iso-NBody (right) models. The DM halo particles are split
according to (3, the instantaneous angle between the L, of the orbit and
the disc.

lines in Fig. 7) are influenced to some extent by the stellar spiral
arms.

There is evidence that the DM halo of the MW is triaxial
(e.g. Han et al. 2022), a common feature in MW-like galaxies,
as has been shown by cosmological simulations (e.g. Prada et al.
2019; Dillamore et al. 2022; Han et al. 2023). This could influ-
ence the strength of the DM spiral arms. To investigate the effect
that rotating and/or flattened halos have on the response of the
DM halo to the stellar spiral arms, we tentatively tried employ-
ing a novel AGAMA module. This tool enables the construction
of self-consistent, rotating, and flattened DM halos by fitting a
DoublePowerLaw DF to a target density profile’. We then per-
formed the same orbit integration as in the TP model for each
DF-potential pair generated. Flattening the halos unavoidably
introduced changes in the DF to maintain the self-consistency,
which made comparing the response of the flattened halos non-
trivial. On the other hand, prograde rotation clearly amplified the
spiral arm response, while retrograde motion diminished it.

5. Ubiquity of the dark spiral arms

To complement the analysis, we explored the presence of dark
spiral arms in other simulations: a pure N-body with a Sgr-like
perturber (Sgr-NBody), an isolated hydrodynamical (Hydro),
and a cosmological (Au27), all of which are described in
Appendix A. In Fig.8, we show the results for these models.
In the Sgr-NBody model, we have enough resolution to study
the velocity maps. However, the number of particles and the
lower strength of the stellar spiral in the models Hydro and Au27
makes it very difficult to observe the kinematic signature of the
DM spirals (Table A.1).

The Sgr-NBody model reveals a clear two-armed spiral pat-
tern after the second and third passages of the perturber. These
stellar spiral arms have a tidal origin, and thus their dynamical
characteristics, such as pattern speed and kinematic signatures,
are different compared to the Iso-NBody (e.g. Antoja et al.
2022). However, the observed response in the DM halo remains
consistent with that seen in the Iso-NBody and TP models. We
observe a clear DM spiral arm aligned with the stellar spiral
arms and a similar kinematic signature to that of the Iso-NBody
and TP models, with positive (V) and (V) values on top of the

2 We checked a flattening ¢ € (0.3, 1.2), covering the expected range
for cosmological halos seen both in simulations (e.g. Chua et al. 2022)
and observations (e.g. Das et al. 2023).
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Fig. 8. Dark matter spiral arms in other simulations. Sgr-NBody (upper two groups of panels): stellar density (first column), DM density (second
column), (V) (third column), and (V,;) (fourth column) after the second and third passages of a Sgr-like perturber (first and second rows, respec-
tively). Hydro (bottom left group): stellar and DM density for two snapshots with strong spiral arms. Au27 (bottom right group): stellar and DM
density for the last two snapshots in the simulation, z = 0 and z = 0.023.

spiral overdensity. In addition, we have studied the Sgr-NBody To show the DM spiral arms in the Hydrodynamic simulation
model with the same Fourier techniques as for the Iso-NBody, (Hydro), we selected an early snapshot (+ = 5 Gyr) and one near
and obtained very similar results in terms of strength of the DM  the end of the simulation (¢ = 12 Gyr), which are the ones with
spirals and lag in phase. Thus, we conclude that the dynamical a stronger two-armed spiral signature. In both cases, we observe
signatures of the forced response in the DM halo is independent ~ signatures of the interaction between the dominant stellar spi-
of the dynamical origin of the stellar spiral arms. rals and the DM halo in the density space (bottom left groups of
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panels in Fig. 8). As in previous models, we observe the slight
phase shift and the difference of about one order of magnitude
in strength.

Finally, we show the z = 0.023 and z = O snapshots of an
Auriga halo, 27 (Au27, Fig. 8, bottom right quadrant). Both snap-
shots show a small bar with two grand design spirals, with a
lower strength than the previously studied models (6p, ~0.4).
Once again, we can identify the signatures of interaction in the
density space quite clearly, shown by the spiral arm shaped over-
densities in the halo, located on top of the stellar overdensity,
with a slight lag in phase.

6. Discussion
6.1. Formation mechanism

Our results show that the DM halo responds to the perturba-
tion caused by the stellar spiral arm potential. This is consistent
with the predictions of the first-order perturbation theory (Mark
1976), which states that the response of the halo should be pro-
portional to the mass of the spiral arms. The novelty is that with
state-of-the-art simulations we can directly measure this interac-
tion (Sects. 3 and 5), and we can go a step further in studying its
nature. We find a DM spiral amplitude of ~10% of the stellar
spiral amplitude, a consistent phase lag (trailing with respect to
the stellar spirals by ~10°), and a characteristic kinematic signa-
ture in the halo. We also show that the DM halo responds to the
presence of a spiral density perturbation within ~20 Myr, a time
compatible to the expected timescale, 1/, and that DM particles
with disc-like orbits are more likely to be affected by the spiral
potential.

Throughout this work, we have shown evidence that the DM
spiral arms are formed through the forced response of the DM
halo to the stellar spiral arms. First, the amplitude of the response
of the halo is linear with respect to the amplitude of the stel-
lar spiral arms in all the studied simulations. Second, with the
TP (Sect.4) we are able to reproduce the DM halo response
to the spirals in both density and kinematic space. Since this
model excludes self-gravity, it prevents the emergence of self-
excited dynamical modes in the halo, meaning that we see a pure
response to the perturbation. In addition, using simple test parti-
cle set-ups, we show the fast response of the halo and the absence
of significant subsequent alignment of the orbits with the disc.
Therefore, we conclude that the signal observed in our simula-
tions is predominantly due to the forced response of the DM halo
to the stellar spiral arms.

6.2. Subdominant mechanisms

While the forced response dominates, secondary mechanisms
may also contribute to the DM spiral arms formation. Here, we
examine two of them: self-excited halo modes and stellar bar
imprints in the DM halo.

In an isolated, non-cosmological DM halo, the formation of
DM spiral-arm structures as self-excited gravitational modes is
unlikely. This is mainly due to two factors: the lack of coherent
rotation within the halo and its high velocity dispersion. These
prevent the alignment necessary to form spiral arms, making
coherent patterns unsustainable.

For the second mechanism, we note that here we have
used a barred spiral galaxy as our fiducial model (Iso-NBody).
Therefore, there is a possibility that the presence of a bar is con-
tributing to the appearance of DM spirals. To test whether DM
spiral arms could appear with ‘only’ a bar, we modified the test

L A&A, 697, A214 (2025)

particle set-up and changed the spiral arms potential (Cox &
Gomez 2002) for a Portail et al. (2017) bar (Appendix C). With
this set-up, we are able to easily reproduce the shadow bar sig-
nature mentioned in the introduction. The bar produces a spiral
signature in density in the DM halo. However, the strength is one
order of magnitude lower than the one observed when there is a
spiral potential. In the kinematic space, there is a spiral signa-
ture in (V,), with a smaller amplitude and a much larger pitch
angle than the spirals in Iso-NBody. In (V) and Vz y,, there is
no signature. In addition, we do not see evidence of DM particles
following invariant manifolds (e.g. Romero-Gémez et al. 2006;
Voglis et al. 2006) in the DM halo. Therefore, from this set-up we
do not expect a significant direct contribution from the stellar bar
to the appearance of the DM spiral arms of interest. Nonetheless,
bars have been proposed to be able to induce spiral arms in the
stellar disc (Dobbs & Baba 2014; Sellwood & Masters 2022),
which would generate DM spiral arms, again through a forced
response.

6.3. Implications for the spiral arms morphology

We have shown that, in MW-like halos, the relative amplitude
of the DM spiral arms is consistently one order of magni-
tude smaller than the stellar spiral arms (Figs. 1, 2, and 8). For
instance, for a stellar spiral with a relative over-density of 20%
(e.g. Widmark & Naik 2024), we predict a DM spiral arm with
a relative over-density of 2%. This is translated into an increase
of the total mass of the spiral arms of about 10% due to the
overdensity in the DM halo, very similar to the predictions of
the contribution of the “shadow bar” (Petersen et al. 2016). In
the planar kinematic space, we observe a similar relation: while
the signature of a stellar spiral arm is ~10kms™!, the measured
kinematic signature of the dark spiral is ~1 kms~' (Figs.4 and
8). Given these amplitudes, we expect the internal dynamics of
the stellar spiral arms in the MW to dominate over the coupling
with the DM halo.

However, these interaction effects are resonant, meaning that
certain configurations amplify the DM spiral arm response. In
Sect.4.2, we show that DM particles on orbits aligned with
the stellar disc are twice as sensitive to stellar spiral arms
perturbations. We argue that this is consistent with analytical
expectations: particles co-rotating with a spiral arm experience
its gravitational influence over longer timescales. We also found
that prograde rotating halos enhance the DM spiral response.
While we have attempted to link the DM spiral response to the
flattening of the halo, the interplay of the flattening with the other
DM halo properties complicates the dynamical interpretation. A
future statistical analysis of DM spiral amplitudes in cosmolog-
ical simulations — correlating them with stellar spiral and halo
properties — would be an interesting follow-up project.

7. Summary and conclusions

In this work, we present the first examination of the morpholog-
ical and kinematic imprint of stellar spiral arms on the DM halo.
We show that this interaction produces spiral-shaped overdensi-
ties in the DM halo. The appearance of a spiral overdensity in
the halo is expected by a pure gravitational response. Our anal-
ysis confirms that the dominant mechanism forming these DM
spiral arms is the forced response of the halo to the passage of
the stellar spirals. Halo modes and bar forcing are not expected
to form spirals with a density and kinematic signature consistent
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with the ones observed in the simulations. Our main findings and
conclusions are the following:

— Whenever we observe stellar spiral arms (with Z, /%y > 5%),
we see an increase in the total mass of the spiral arms
of about 10% due to the added mass from the DM halo
response. The exact value is likely to depend on the prop-
erties of the spirals (e.g. pitch angle and pattern speed) and
halo (e.g. rotation and anisotropy), and the region of the halo;

— The phase of the kinematic signature of the spiral arm in the
DM also correlates with the stellar spirals phase. However,
the DM spiral arms show a distinctive quadrupole kinematic
signature. On top of the spiral overdensity, we consistently
observe positive (Vg) and (V;), and a change in the sign of
the vertical breathing motion;

— The amplitude of the planar kinematic signature in the DM
halo is ~10% that of the stellar component. However, the
amplitude of the vertical breathing motion is similar in the
stellar and DM components;

— The interaction between the stellar spiral arms and the DM
halo is a resonant effect. The DM particles rotating with
disc-like orbits are more susceptible to the torque produced
by the spiral potential (Fig. 7). However, all the orbital fami-
lies of DM particles are somehow affected by the interaction
and produce spiral arm-shaped overdensities;

— We show the presence of DM spiral arms in a broad range
of different state-of-the-art simulations, indicating that DM
spiral arms are a common feature in simulated MW-like
galaxies.

With this work, we contribute to the understanding of a sur-
prisingly overlooked dynamical phenomenon: the interaction
between spiral arms and the DM halo. The expected signal in
density and kinematics is faint and convolved with the stellar spi-
rals. However, this interaction occurs close to the Sun, offering a
potential probe for exploring the nature of DM. If we were able
to measure both the dynamical and baryonic mass distribution
across a large region the MW disc, the difference between those
would reveal the spiral substructure of the DM halo, rather than
the expected first-order axisymmetric (or triaxial) distribution.
Infrared data modelled by Drimmel & Spergel (2001) suggest a
two-armed logarithmic spiral with a relative strength of 10%, yet
different samples and techniques produce results that can vary
from 10 to 20% (e.g. Eilers et al. 2020; Khanna et al. 2024).
As for the dynamical mass, Widmark & Naik (2024), using the
vertical Jeans equation and Gaia DR3 data, measured the distri-
butions in the disc and inferred a local relative over-density of
roughly 20%. The uncertainty in the current measurements of
both the baryonic and dynamical mass makes the detection of
DM spiral arms in the MW challenging but this could improve
in the future. Once we reach that point, detailed predictions of
the dark contributions will allow us to use the spiral arms as new
tools to explore the nature of DM.

Hopefully, though, continuous improvements in the preci-
sion of the kinematic measurements of the stars and in the
completeness of the samples used, aided by our ever-improving
understanding of the baryonic dynamics, will allow us to con-
firm the predictions of this work. Once we reach that point, we
shall be able to use the spiral arms as new tools to explore the
nature of DM.
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Table A.1. Properties of the simulations.

Label Ndisc Mdisc [M@] Nhalo Mhalo [Me]
x10°0 x10'0 x107 x10'2
Iso-NBody 10 6 4 1
TP - 4.56 17 1
Sgr-NBody 5 6 4 1
Hydro 11 6.47 0.5 1
Au27 15 9 1.9 1

Notes. The columns give the label of the model, the number of particles
in the disc (Ngisc), the mass of the disc (M), the number of particles
in the halo, (Nha10), and the mass of the halo (My,)-

Appendix A: Simulations

In this section we describe the different simulation set-ups and
the main characteristics of each model, summarized in Table A.1.

A.1. Isolated disc - Iso-NBody

The main analysis of this paper is based on a pure N-body model
of a MW-like isolated galaxy. For the DM halo, a Hernquist
(1990) profile with a scale length of R, = 52kpc and a mass
of M, = 10> M, is used. The initial stellar disc is exponen-
tial, with scale length R; = 3.5 kpc, scale height i; = 0.53 kpc,
and total mass My = 6 x 10'" M. Finally, a stellar bulge with
M, = 10'°M,, and a Hernquist profile with a scale length of
0.7 kpc is included. The ratio og/0, = 1.5 is fixed, so that the
Toomre Q parameter is ~ 1 in the disc (i.e. R € [3, 10] kpc). The
initial conditions were generated using GallC (Yurin & Springel
2014), and evolved using the AREPO code (Weinberger et al.
2020) for 7.12 Gyr.

A.2. Test particle (TP)

To compare the N-body response with a controlled set-up, we
used a suite of test particle simulations. We constructed a self-
consistent model of a galaxy in equilibrium using AGAMA
(Vasiliev 2019). We used a McMillan (2017) potential, and mod-
elled the DM halo DFs as DoublePowerLaw (Binney 2014; Posti
et al. 2015, implemented in AGAMA)>. Finally, we iterate the
model using the self-consistent-modeling (Binney 2014; Piffl
et al. 2015) module of AGAMA to obtain a self-consistent DF
of the halo.

Once the potential and DF are set up, we include a Cox &
Gomez (2002) spiral arm model (with a null total mass),

3
DR, 6,2 = ~4nGE e Y

n n

cosny [cosh(%)]_ﬂ",

n=1

(A1)

where X is the central surface density, R; is the scale radius,
and C,, are the amplitudes of the harmonic terms. The functional

3 Extracted from the example_self_consistent_model.py script
of AGAMA.
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parameters are:

_ nN
"7 Rsina’
Bn = K, hy(1 +0.4K,hy),
In (R/R; (A2)
7=N¢—¥—th—¢o,
tan
1
= Knth

Dy=———+
1+ 0.3K,hs

where N is the number of arms, A is the scale height, @ is the
pitch angle, and ¢y is the initial phase.

Following Dehnen (2000), the spiral amplitude is initial-
ized at Xy(r) = O for ¢+ = 0, then increases smoothly between
t =0.5Gyr and t = 2 Gyr as

3 5 15 1 t
— S_ gy = —1, =2——1, A3
Zo() = Zo s 16§ Sf + 16§+ 2 3 G (A.3)

and it remains at a fixed X for # > 2 Gyr until the end of the
simulation at r = 6 Gyr.

In this run, we select parameters that visually approxi-
mated the shape and amplitude of the stellar spirals in the
Iso-NBody model: N = 2, @ = n/2, Ry = 4kpc, C, = [8/(3n),
1/2,8/(15m)], hs = 1kpe, o p = 2.7%x 108 Mg kpe™2, ¢ = 0, and
Q, = 20 kms~' kpc™'. We integrate Npao = 1.7 X 108 particles
for 6 Gyr, sampling every 30 Myr.

For completeness, we rerun the same model using a Portail
et al. (2017) bar instead of spiral arm potential. Details of the
model and results are presented in Appendix C. In brief, we do
see signatures of interaction between the DM halo and the bar,
but the signature in configuration and kinematic space is very
different to the observed for the spiral arms.

A.3. Tidal pure N-body (Sgr-NBody)

To test the interaction between the spiral arms and the DM halo
in a perturbed galaxy, we also studied a pure N-body model from
the same OCRE suite as Iso-NBody with a Sagittarius (Sgr)-
like dwarf spheroidal galaxy perturber. Minor mergers like these
can excite spiral arms and bar formation (e.g. Toomre & Toomre
1972; Barnes & Hernquist 1992; Dobbs & Baba 2014; Sellwood
& Masters 2022; Jiménez-Arranz et al. 2024), and are thought to
be causing some of the substructure observed in the Gaia data
(e.g. Antoja et al. 2018; Binney & Schonrich 2018; Laporte et al.
2019).

The MW model is very similar to Iso-NBody, with a Sgr-
like satellite and a slightly hotter disc. The orbit of the perturber
and the MW properties of the simulation are almost identical to
the L2 model in Laporte et al. (2018b), while the Sgr-like per-
turber is modified to have a less concentrated DM halo, resulting
in an increased mass loss history, more compatible to current
observations (Laporte et al. in prep.).

From this simulation, we select two snapshots, at t = 4.94,
and ¢t = 6.06 Gyr, located slightly after the second and third
pericentres of the perturber. These are the moments where the
simulation contains stronger spirals (see Grion Filho et al. 2021
and Antoja et al. 2022 for a detailed description of the spirals in
L2).

A.4. Isolated hydrodynamical (Hydro)

We complement the set-up of pure N-body models with a self-
consistent, high-resolution simulation with star formation. The
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model we use is a hydrodynamic MW-like model, initially intro-
duced in Fiteni et al. (2021), as model M1_c_b. This model
develops through the cooling of a hot gas corona inside a DM
halo. From this model, we select two snapshots with strong spiral
arms (¢ = 5, and ¢ = 12 Gyr).

Roskar et al. (2012) investigate the general evolution of the
spiral structure using a lower-resolution version of the same
model. They identify different coexisting pattern speeds, some of
which are comparable to those obtained in the model Iso-NBody
(Q,~20 kms~' kpc™!). This is confirmed in Debattista et al.
(2025), which uses the high resolution model M1_c_b. Finally,
Ghosh et al. (2022) used one of the snapshots we use (t =
12 Gyr) to study the breathing motions induced by its prominent
spiral arms.

A.5. Cosmological (Au27)

Finally, we complement our analysis with a simulation from the
Auriga project, in order to test the presence of DM spiral arms
in cosmological state-of-art simulations. The Auriga project
(Grand et al. 2017) consists of 30 zoom-in cosmological mag-
netohydrodynamical high-resolution simulations of MW-mass
dark halos, that have been proved to form realistic spirals (Grand
et al. 2021). Using the latest public data release of the augmented
Auriga Project (Grand et al. 2024), we select the Original/3
version of the Au27 halo. From the Au27 halo, we select the two
last snapshots (z = 0.023, and z = 0), which present a MW-like
galaxy model with strong spiral arms.

Appendix B: Methods

In this section we describe the methodological details of each
step.

B.1. DM halo selection

We are interested in the response of the DM halo to the presence
of stellar spiral arms. Throughout this paper, when referring to
the DM halo, we will be applying the following cuts:
|Z] < 4kpe, R < 30kpc. B.1)
These cuts are applied to increase the signal of the faint inter-
action we are studying. We tested modifications of the vertical
cut over the range |Z| € (0.2, 20) kpc. The overall morphology
of the DM spiral arms remains very similar throughout these
tests. Notably, when selecting DM particles close to the disk
(i.e., |Z] < 1kpc), the DM spiral signal can increase by up to
40%. However, this increase does not alter our conclusions, as
the amplitude remains approximately one order of magnitude
lower than that of the stellar spiral. Additionally, a narrower ver-
tical range reduces the number of particles, thereby degrading
the signal quality. For these reasons, we adopted a compromise
by maintaining the cut at |Z| < 4 kpc.

B.2. Measurables

Radially normalized density (6p,): To highlight the non-
axisymmetric features, we normalize the particle count in each
bin by the mean density computed at that radius, where the
average is taken over all azimuthal angles (integrating over the
vertical dimension). This is defined as:

opr(x,y) = N(x,y)/N(R) - 1 (B.2)

with R = /x2 + 42 and N(R) representing the mean particle
count at radius R calculated by averaging over all azimuthal
angles. This normalization was used only in the density maps.
The same result is achieved with the O-th order mode of the
Fourier analysis.

Mean radial velocity (Vz) and mean azimuthal velocity (V,):
To study the overall dynamical properties of the samples, we
focus on the mean velocities. In the case of the (V), in the planar
maps we subtract the mean Vy at each radius ((Vj),) for visu-
alization and direct comparison with the other quantities. This
subtraction is not done in the Fourier transform, since, again, V,
is captured by the O-th order of the Fourier analysis.

Vertical breathing motion (Vz 1,): To study the vertical response
to the spiral arms, we compute the breathing motion of the disc,
which is the vertical asymmetry of the vertical velocity:

1
VZ,br(x’ !/) = §(<VZ(X7 Y, Z+)> - <VZ()C, Y, Z—)>) (B3)

where z, = z € [0,4]kpc, and z- = z € [-4,0] kpc (Debattista
2014; Widrow et al. 2014). The vertical breathing motion will be
positive in the regions where the disc is expanding vertically, and
negative where the disc is contracting.

B.3. Fourier decomposition

We also use a Fourier analysis at each radius and snapshot as our
quantitative measure to detect spirals. We split each snapshot in
radial bins of 1kpc with 100 bins in azimuth. For each bin in
radius, we compute the 1D Fourier transform of the azimuthal
profile of p, (Vg), {Vy), and V7 1. Since we are studying systems
with strong, two-armed spirals, the m = 2 mode is the dominant
one and we use it to track the phase (¢,) and amplitude (X,) of the
spiral. When studying the density, we refer to the relative ampli-
tude of the m = 2 mode (X,/%)). For the kinematic modes, we
refer directly to the amplitude of the 2nd mode (A,). To compute
the errors of the Fourier amplitude and phase, we use a window
of +0.1 Gyr (20 snapshots) around the given time and compute
the standard deviation of the value in the window.

We compute the pattern speed of the stellar and DM spi-
ral arms in the simulation Iso-NBody. To compute the pattern
speed (€)) of the m = 2 mode at a given time, we select the ¢,
values in a +0.1 Gyr window. We unwrap the phase values to
avoid the 27 discontinuity and compute the linear regression of
t — ¢, in the window. The slope of the regression is the pattern
speed at the center of the window, once it is transformed to have
km s~! kpc™! units. This method can be unstable if more than one
spiral is present. However, in the simulation where we compute
the pattern speed (Iso-NBody) there is only one pair of strong
spiral arms and this method provides robust and accurate results.

B.4. Face-on images

We include face-on representations of the studied quantities to
help the physical interpretation of the Fourier results. We smooth
the images using a Gaussian kernel of width 0.3kpc for the
stellar component and 0.6 kpc for the DM component.

In the simulations with perturbers (Sgr-NBody and Au27),
the motions in the DM halo ((Vg), (Vy), Vz br) are dominated by
the presence of a dipole in velocity (Weinberg 1994; Heggie et al.
2020; Johnson et al. 2023). Since we focus on the study of the
features with quadrupole signatures (two armed spiral arms), in
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opy (VR) [kms™} (Vi) [kms™!] Vz.br [kms’l]
—0.005 0.000 0.005 —-0.5 0.0 0.5 —-0.5 0.0 0.5 —-0.5 0.0 0.5

X [kpc] X [kpd] X [kpq] X [kpc]

Fig. C.1. Response of the halo test particles to an analytical bar potential
(Portail et al. 2017), rotating at a constant pattern speed. In black, we
show the 0.1 and 0.5p,,,, density contours of the bar potential.

Sect. 5 we show the centro-symmetrized component of the veloc-
ity maps of Sgr-NBody (average each pixel with its antipodal).
This is

~ 1
Ai,j = E(Ai’j + An—i,n—j) for all l,] S 0, (e 1 (B4)

where A is the 2D (n X n) grid of the studied quantity in Cartesian

coordinates, 7, j are the indices in the grid, and A its centro-
symmetrized component. In practice, we are blindly removing
all the odd modes of the image, highlighting the features we are
interested in.

Appendix C: Test particle simulation with bar

In this section we present the results of a test particle simu-
lation with a purely barred potential to test if we can create
DM spiral arms in this set-up. We start with the exact same
set-up as the one described in Sect. A.2, constructing a self-
consistent model of a galaxy in equilibrium using AGAMA. In
that set-up, we then include a Portail et al. (2017) bar, rotat-
ing at Q, = 20 kms~'kpc™!, and growing with the same law
as Eq. A.3.

The results are shown in Fig.C.1. In dp, (first panel), we
observe the clear presence of the shadow bar, and faint hints of
the presence of spiral arms in the outer parts of the disc, with
a strength below 0.1%. In (V) (third panel in Fig. C.1), there
is a clear spiral kinematic signature that could resemble the one
observed in the pure N-body models. However, the amplitude
of this kinematic signature is maximum in the inner part, and
significantly smaller than the observed in the other simulations.
Finally, we observe hints of a quadrupole structure in (V), very
different to the signature observed in the other models, and we
do not observe any signal in Vy p,.

In conclusion, we are able to produce substructure in the
DM halo when having only a bar, as expected from the results
in Dillamore et al. (2023, 2024). In addition, this substruc-
ture is shaped as spiral arms. However, the signature in density
and kinematics does not resemble the spiral signature we are
studying.
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