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A B S T R A C T 

We study the vertical perturbations in the galactic disc of the Milky Way-size high-resolution hydrodynamical cosmological 
simulation named GARR O TXA. We detect phase spirals in the vertical projection Z − V Z of disc’s stellar particles for the first 
time in this type of simulations. Qualitatively similar structures were detected in the recent Gaia data, and their origin is still 
under study. In our model, the spiral-like structures in the phase space are present in a wide range of times and locations across 
the disc. By accounting for an evolving mix of stellar populations, we observe that, as seen in the data, the phase spirals are better 
observed in the range of younger-intermediate star particles. We measure the intensity of the spiral with a Fourier decomposition 

and find that these structures appear stronger near satellite pericentres. Current dynamical models of the phase spiral considering 

a single perturber required a mass at least of the order of 10 

10 M �, but all three of our satellites have masses of the order of 
∼10 

8 M �. We suggest that there are other mechanisms at play which appear naturally in our model such as the physics of gas, 
collecti ve ef fect of multiple perturbers, and a dynamically cold population that is continuously renov ated by the star formation. 
Complementing collisionless isolated N -body models with the use of fully cosmological simulations with enough resolution can 

provide new insights into the nature/origin of the phase spiral. 

Key words: methods: numerical – Galaxy: kinematics and dynamics – galaxies: evolution; stars: kinematics and dynamics. 
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 I N T RO D U C T I O N  

ne of the current goals in astrophysics is to understand how disc
alaxies, and in particular our own Milky Way, form and evolve and to
dentify the processes that gave them shape. Recently several studies
howed that our Galaxy’s disc is highly perturbed (e.g. Widrow et al.
012 ; Williams et al. 2013 ; Antoja et al. 2018 ; Ramos, Antoja &
igueras 2018 ; Gaia Collaboration 2021 ), which is especially evident
ith Gaia data (Gaia Collaboration 2018 ). The effects of these
erturbations can be observed, for instance, as a one-armed spiral
n the vertical phase space ( Z − V Z ) of the solar neighbourhood, also
hen weighted by the rotational, V φ , or radial, V R , velocities (Antoja

t al. 2018 ). That study suggested that the phase spiral is a phase
ixing signature after a perturbation. Further modelling has con-
rmed that the phase spiral can be a consequence of the Sagittarius
warf galaxy tidal interaction (Binney & Sch ̈onrich 2018 ; Laporte
t al. 2019 ; Li & Shen 2020 ; Bland-Hawthorn & Tepper-Garc ́ıa
021 ; Gandhi et al. 2021 ; Hunt et al. 2021 ; Widmark et al. 2021 ).
ndeed, the estimated time of the perturbation roughly coincides
ith some of the previous pericentres of Sagittarius, estimated to be
etween 200 and 1000 Myr ago (Law & Majewski 2010 ; Purcell et al.
011 ; Vasiliev & Belokurov 2020 ). Nonetheless, other authors have
resented alternative hypothesis where the bar buckling (Khoperskov
t al. 2019 ) or the halo substructure (Darling & Widrow 2019 )
enerate bending waves that can also result in phase spirals. 
 E-mail: begona01@ucm.es 
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The studies mentioned abo v e consist of analytical models using the
mpulse approximation or isolated N -Body simulations considering
 single perturber aimed at reproducing the formation of the phase
piral in simplified and controlled conditions. Although a single
atellite galaxy could be the dominant cause of the phase spiral, it is
ot straightforward to infer how the addition of processes such as the
as effects or multiple perturbers and their deri ved collecti ve ef fects
Weinberg 1989 ) will influence the vertical perturbations. 

In this work, we go one step further by studying the phase spiral in
 high-resolution cosmological ( N -body + hydrodynamics) zoom-in
imulation for the first time. At the cost of having lower resolution
nd a larger analysis complexity than pure N -body galaxy models, we
ain on realism by including most of the known physical mechanisms
hat shape g alaxies: g as, star formation, formation of a galactic bar,
nd multiple satellites perturbing the disc. In addition, we are able to
tudy the full history of the galaxy, all in a self-consistent manner. 

The detection of disc phase spirals in cosmological simulations
as a challenge due its complexity, lack of tuning, and especially the

esolution limits of these type of simulations, which may lead to a
lurring of the phase space structures due to numerical diffusion
Sell w ood 2012 ; Colombi 2021 ). Ho we ver, our model, which is
escribed in Section 2, allows us to explore the disc phase space at a
esolution of ∼100 pc. Here, we report the detection of resolved phase
pirals in a cosmological simulation for the first time (Section 3)
hich appear to be common throughout the evolution of the galaxy.
e study its correlation with the pericentre passages of the three
ain satellites, as well as with the star formation history (Section 4).
e conclude in Section 5 discussing the possible origin of the
© 2021 The Author(s) 
lished by Oxford University Press on behalf of Royal Astronomical Society 
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Table 1. Properties of the three largest satellite galaxies in the simulation. 
From left to the right: total mass at first infall (we give two different values 
corresponding to the mass inside the virial radius M v and the one from 

abundance matching at z ∼ 2, respectively); tidal radius, total mass, stellar 
mass, and orbit inclination with respect to the galactic plane with the two 
values being at 6 and 0 Gyr lookback time. 

M inf R t M T M ∗ i 
Satellite (10 10 M �) (kpc) (10 8 M �) (10 8 M �) (deg) 

Arania 1.3 | 6.6 3.0–2.0 5.4–2.5 2.30–1.50 103–120 
Grillo 0.1 | 0.9 1.4–1.0 1.8–1.1 0.15–0.07 34–23 
Mosquito 0.2 | 2.5 1.0–1.0 0.7–0.6 0.04–0.03 75–97 

p
k

2

T  

o
g  

m  

∼  

a  

w
t
t
c  

(
o  

s  

a  

(  

M  

o
T
p
h  

a  

3  

5  

e  

s
e

 

h
s  

n  

t  

q
t  

w  

d  

t  

fi
t  

h
m  

C  

w  

v
o

Figure 1. Phase space spirals ( Z − V Z ) observed in the 0–5 Gyr stellar 
particles’ age population of the GARR O TXA simulation at 2.74 Gyr in 
lookback time, that is 1.1 Gyr after the pericentre of the most massive satellite 
(Arania) and 0.7 Gyr after the second most massive (Grillo). From left to right: 
a 2D histogram with no weighting, V φ weighted, and V R weighted. 
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hase spiral and describing the new avenues opened by analysing 
inematics of galaxies in a fully cosmological context. 

 M E T H O D O L O G Y  

he GARR O TXA simulations (Roca-F ̀abrega et al. 2016 ) are a set
f zoom-in cosmological simulations of Milky Way (MW)-mass 
alaxies. The spatial resolution of these models is of 100 pc, with a
inimum dark matter particle mass of 10 5 M �, a mean stellar mass of
4 × 10 3 M �, and a minimum time-step of 10 3 yr. This resolution

llows us to resolve the disc scale length and height. The model
e analyse here was generated using the hydrodinamical version of 

he ART code (Kravtsov, Klypin & Khokhlov 1997 ) and contains 
wo galactic systems: a MW-mass galaxy, and an Andromeda-mass 
ompanion at 1 Mpc at z = 0. We focus on the MW-mass system
model G.322 in Roca-F ̀abrega et al. 2016 ) that has a virial radius R v 

f 160 kpc, computed following Bryan & Norman ( 1998 ) where the
pherical collapse model is used to determine the virial o v erdensity
s a function of the redshift � v ( z) and taking this value to be 333
i.e. R 333 = R v , hereafter). The enclosed mass within this radius is
 v of 6.5 × 10 11 M �. Roca-F ̀abrega et al. ( 2016 ) give more details

n the spatial, mass and temporal resolution, cosmology (see their 
able 1), galaxy’s rotation curve, and on the disc’s surface density 
rofile, which agree well with observations for the MW. The disc 
as a persistent two exponential profile (see their figs 8 and 9) with
 boxy-peanut galactic bar that has a secular origin (see their section
.1.1 and Fig. 2 ), and shows a slowly decreasing pattern speed from
0 km s −1 kpc −1 at z = 1 to ∼ 40 km s −1 kpc −1 at z = 0 and a length
volving from ∼3 to ∼5 kpc. We focus on the late times of the
imulation which we re-simulated for this work, saving a snapshot 
very 10–50 Myr of evolution. 

The galaxy suffered its last major merger at z = 1.5, and at z = 0 it
as a complex environment that includes multiple tidal streams and 
atellites. Obtaining the mass of satellites is not trivial in simulations,
or in observations. Once the satellite enters the densest regions of
he host galaxy dark matter halo the outer parts of its own halo are
uickly disrupted. Also, inside the virial/tidal radius of the satellite 
here is a mixture of the dark matter particles that are bound to the host
ith the ones that are to the satellite. Therefore, the dynamical mass
oes not reflect the total mass enclosed within a sphere centered on
he satellite’s center of mass at each time, and it is not fully correct to
t an NFW density profile either. Consequently, we decided to obtain 

he satellites’ mass at z ∼2, when satellites are still outside R v of the
ost galaxy, using two independent techniques: computing the total 
ass enclosed in its own R v , and via abundance matching (Behroozi,
onroy & Wechsler 2010 ; Rodr ́ıguez-Puebla et al. 2017 ). In Table 1 ,
e show both results in the column labelled as M inf . Results from the
irial approximation (first value) are systematically lower than the 
nes from abundance matching (second). This result is not surprising 
s dwarf satellites may suffer tidally induced star formation and dark
atter stripping well before entering the host’s virial radius (Guo 

t al. 2020 ; Jackson et al. 2021 ), both acting against the theoretical
 ∗/ M v relation used in the abundance matching approach. 
From 6 to 0 Gyr in lookback time we defined their radii as their

idal radius at apocentre (where it is easier to calculate) and computed
he mass within. This radius is updated at each apocentre to account
or the mass loss at pericentre. These values are shown in the second
olumn of the table. 

To read and analyse the simulation we adapt the yt-based AGORA
oolkit (Turk et al. 2011 ), used by the AGORA community (Roca-
 ̀abrega et al. 2021 ). For each snapshot, we localize the galactic
enter in the cosmological box and align the disc with the Z -axis
efined by the angular momentum of stellar particles. Our method 
onsists in a two step alignment. First, we use yt to calculate the
ngular momentum vector in a sphere containing the disc (0.1 R v ),
ith stellar particles less than 5 Gyr old, that dominate the angular
omentum of the thin disc. We align the Z -axis with this vector.
fter that, we take all stellar data and apply a second alignment, this

ime taking a cylinder with 15 kpc of radius and recalculating L with
ll stars within. 

We then mo v e to a reference frame where the cold gas at R � ∼
 kpc rotates at V circ . We use galactocentric cylindrical coordinates
, R , and Z , with φ and V φ being positive in the direction of rotation.

 PHASE  SPIRALS  T H RO U G H  SPAC E  A N D  

IME  

n this section, we analyse the vertical projection of the phase space
f the disc in GARR O TXA at different times, different volumes, and
or different populations. 

Initially, we focus our analysis on stellar particles with ages 
etween 0 and 5 Gyr (but see below an exploration with age).
e first take stellar particles with galactocentric radii from 10 to

2 kpc and vertical position | Z | < 2.5 kpc, then divide this annulus
n twelve adjacent sectors spanning 30 deg in φ, and we follow their
emporal evolution from lookback time of 6–0 Gyr. We present a
rst example of the phase-space spirals ( Z − V Z ) in Fig. 1 . In this
gure, we display a single volume for a snapshot that is at 1.1 Gyr
fter the pericenter of the most massive satellite Arania. We show the
ertical projection of phase space in the range of [-2.5, 2.5] kpc in
he vertical position axis and [-80,80] km/s in the velocity axis with
 35 x 35 binning, in density (first column), weighted by the velocity
 φ (second column), and by V R (third column). Like in most of the
revious studies using N-Body simulations, we also note that the 
greement with the phase spiral in Gaia is only qualitative, since we
ave much larger volumes and a much smaller number of particles.
e see that the phase spirals are clearer when coloured by velocities,

specially V φ , as in observations (Antoja et al. 2018 ). However, we
MNRAS 510, 154–160 (2022) 
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o not see as many wraps of winded phase spirals as in the Gaia
ata. Of course, this can be due in part to the numerical diffusion.
e want to emphasise, though, that our objective is not to reproduce

he Gaia phase spiral in its details, which is a really challenging task
n a cosmological simulation, but to detect qualitatively similar phase
pirals originating in a more complex model than the ones seen so
ar. 

In Fig. 2 , we show the vertical phase space density in each of
hese 12 regions defined above but for all snapshots, between 6 and
 Gyr, in density (first column), weighted by the velocity V φ (second
olumn), and by V R (third column). Typically, in each region we
nd about 5000–19 000 stellar particles. In all panels we see a non-
niform distribution, with most of them having a spiral shape. In
act, for the first snapshots that we study there is already a certain
egree of spirality. We note that there are previous passages of the
atellites before 5.5 Gyr in lookback time, being the first infall of
hese satellites at ∼11–12 Gyr. The formation of the stellar thin disc
n our model is enhanced by these first pericentres, and, once formed,
t remains almost permanently disturbed by the many following
nteractions with the satellites. Ho we ver, we can see that the phase
piral becomes more perceptible around the 4 Gyr. At later times, the
ertical phase space contains also thin short phase spirals, separated
rom the main distribution. Some of them seem to be formed by
articles of similar ages, and therefore they could be phase mixing
tructures from particular star-forming groups. 

If we analyse the panels as a whole we observe diagonal patterns
hat go from top-left to bottom right. There are also bands in fig. 12 of
land-Hawthorn & Tepper-Garc ́ıa ( 2021 ), who presented a similar
gure, b ut they ha ve different slope and a clear m = 2 mode consistent
ith their bending wave model (the Z –V Z distribution repeats twice

zimuthally) instead of an m = 1 like in our case. These patterns
ndicate that the perturbation has an angular dependence, and it mo v es
hrough the disc. These bands are better observed in Fig. 5 and we
ome back to this later on. 

In Fig. 3 , we explore the vertical phase space structures as a
unction of radius for a single azimuth. We show the phase space
ensity (top), V φ-weighted (middle), and V R -weighted (bottom). We
ee that the global distribution changes from elongated in the velocity
xis at small radii to elongated in Z in the outer disc. This has been
etected in the Gaia data (Laporte et al. 2019 ) and is a consequence
f the smaller restoring vertical force in the outer parts of the disc.
he phase spiral becomes detectable at radii larger than 6 kpc and is
resent up to very large radius, showing that they are not e xclusiv e
f the range of 10–12 kpc chosen before. The short vertical extent
f the distribution at inner radii, combined with the limitations in
esolution, may be hampering our ability to see clear structure there.

We show in Fig. 4 seven stellar populations with increasing age,
tarting with the cold gas ( < 8000 K) and newborn stellar particles.
e see that the global phase spiral is more pronounced in stellar

articles with ages of about 1–5 Gyr confirming the age analysis in
ian et al. ( 2018 ) and Bland-Hawthorn et al. ( 2019 ). Although there
re some hints of structure in the older groups, it definitively fades
ut for particles older than 5 Gyr. This is due to younger stars being
ynamically colder, thus reflecting more prominently the effects of
erturbing phenomena. Also, as described in Li & Shen ( 2020 ),
roups of older stars whose orbits are kinematically hot have a larger
ange of vertical frequencies, which may blur the phase spiral. We
ote here that the spiral pattern observed in the V φ-weighted maps
central ro w) dif fers from one age population to another (e.g. the
–3 Gyr group versus the 3–4 Gyr one). This result suggests that
ifferent stellar populations may have been perturbed and/or phase-
ixed differently . Finally , we see that the very young stellar particles
NRAS 510, 154–160 (2022) 
less than 1 Gyr) are found in groups that do not fully co v er the phase
pace but present some sort of spiralility. In fact, we see in the first
olumn that the cold gas appears to be distributed in non-isotropic
hase space patterns and the newborn stellar particles (black dots)
re not born close to Z ∼ 0 and V Z ∼ 0. This will lead to subsequent
hase mixing of the young populations which could create the thin
pirals in the vertical phase space projection. 

Abo v e we sho w qualitati vely that we detect phase spirals at
ultiple times and locations, but it is not trivial to distinguish

he moment of their appearance. Here we present a method to
uantitatively discern the emergence and development of said phase
pirals. We do a Fourier analysis of the vertical phase space of the
ame disc regions and young and intermediate age population (0–
 Gyr) as in Fig. 2 . We normalize V Z with the dispersion of Z so
hat both axis have the same scale. In this way, the distribution of the
hase space have a circular shape, which can be divided in annular
ins to proceed with the Fourier modes calculation at each one. A
hase spiral will present a high amplitude of the m = 1 mode in the
 –V Z space (or m = 2 mode if two-armed) and will have a phase of
aximum amplitude ( φmax ) varying with distance to the ( Z , V Z ) =

0, 0) point. We require that the m = 1 amplitude relative to m = 0 is
.1 times larger than for higher modes (from m = 3 to m = 6), and that
max has a standard deviation of more than 30 deg across the annular
ins. If these conditions are not fulfilled, we set the amplitude to 0,
hich will reduce the number of false positives due to noise or to

he presence of a bi-modal distribution without angular dependence.
e exclude the two first and last bins, since those are the ones which

ften are more prone to generate noise. 
The result of this analysis is the map of the temporal and spatial

volution of the strength of the phase spiral in density and also V φ

nd V R -weighted (first three panels of Fig. 5 ). In these panels we
ee how spirals appear and propagate in time (left to right) and
zimuth (bottom to top), following diagonal patterns consistent to
he ones seen in 2 . We estimate that the azimuth propagation of
hase spirals with high Fourier amplitude has a period of about
00 Myr, which is of the order of or slightly smaller than the rotation
eriod at the range of 10–12 kpc in radius (250–320 Myr). We note
hat times measured in Fig. 5 are approximate estimations of the
eriods since they are measured in the reference system explained
n Section 2 that we build by imposing that the gas at 8 kpc of
adius mo v es with the circular v elocity of the galaxy, while it is
ossible that this gas has some streaming motion. These bands are
f unknown origin but we remark that they are not equivalent to the
ands seen in fig. 12 of Bland-Hawthorn & Tepper-Garc ́ıa ( 2021 )
here these bands correspond to volumes that are re-aligned with

he impact site of the perturber at outer radius. Our bands have a
igher frequency than the re-encounters with impact sites. In fact,
n our model most of the pericentres occur outside the disc region
nd even if we consider those points, we get re-encounter times
f about 400 Myr or larger. We note that the differences between
ur bands and those of Bland-Hawthorn & Tepper-Garc ́ıa ( 2021 )
re not surprising since the models that we are comparing here are
ignificantly different (our satellites impact points are outside of the
isc in most of the cases, the interactions are not as impulsive as in
heir model, and we may hav e collectiv e effects due to the presence
f many satellites at once, with pericentres at very similar times,
s discussed in Section 5). Nonetheless, the period of these bands
ust be related to the physics of such phenomena and are worth

nvestigating in the future. 
Globally, the phase spirals are significantly more intense at certain

imes, which was already noticed in Fig. 2 , but is now quantified using
ur Fourier technique. The first three rows of Fig. 5 present interesting
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Figure 2. Phase spirals in the vertical phase space at different azimuths and times of the GARR O TXA simulation. We consider particles at radius between 10 
and 12 kpc and with ages younger than 5 Gyr. From top to bottom we show the evolution between 5.3 and 1 Gyr in lookback time. From left to right, the first set 
of 12 columns show the vertical phase space in 12 azimuthal equispaced regions (30 deg ). The next 12 columns show the V φ − < V φ > weighted maps, where 
< V φ > is the mean for each region. The last set shows the V R weighted maps. The horizontal thick lines indicate the pericentres of the three main satellites 
(Arania in blue, Grillo in red, and Mosquito in magenta). 

MNRAS 510, 154–160 (2022) 
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Figure 3. Vertical phase space distributions of stellar particles with age of 
0–5 Gyr at seven different radial bins (see top labels) and at a fixed azimuthal 
direction of 300 ◦ inside the disc, from the snapshot at 2.74 Gyr of lookback 
time. We show the phase space density (top), V φ − < V φ > weighted (middle), 
and V R weighted (bottom). < V φ > is the mean azimuthal velocity at each 
region. 

Figure 4. Vertical phase space of seven age populations within a region 
with fixed azimuth (240 ◦) and distance to the galactic center (10–12 kpc), at 
lookback time of 2.2 Gyr. From top to bottom we show: density of stars; V φ

− < V φ > weighted; V R weighted. Additionally, the first column shows the 
cold gas and the newborn stellar particles as black dots. 

d
w  

a  

a  

d  

V  

p  

w  

d

4

I  

t  

e  

o  

p
 

h  

a  

p  

b  

(  

t  

Figure 5. Amplitude of the phase spiral with time and relation with satellite 
orbits and star formation. First three panels: m = 1 Fourier amplitude in the Z–
V Z space, for the same regions and ages as in Fig. 2 , computed for the density, 
V φ -weighted, and V R -weighted, respectiv ely. F ourth panel: acceleration on 
to the disc by the main satellites with darker colours indicating a lower 
v ertical distance abo v e/below the disc plane. Here, the small discontinuities 
are artificially caused by our re-calculation of the tidal radius at apocentres. 
Bottom panel: star formation efficiency (histogram) and gas inflow histories 
(blue dots and line). Coloured vertical lines indicate the times of pericentres. 
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ifferences. F or e xample, the amplitudes of the V φ weighted and V R 

eighted spirals (second and third ro ws, respecti vely) are higher
round 4 Gyr while the ones for the density (first row) are higher
round 2 Gyr. Moreo v er, the duration of high intensity phases is
ifferent, with the V R -weighted coefficients decaying faster than for
 φ . Ho we ver, at recent times ( < 2 Gyr), there are progressively less
articles and the distribution is more compact in the Z –V Z space,
hich may have some effect on our strength estimator applied to
ifferent quantities (density or velocity weighted). 

 SATELLITES  A N D  STAR  F O R M AT I O N  

n this section, we analyse the relation of the phase spiral with the
hree main satellites in our model. We first characterized their prop-
rties and orbits (Table 1 ). We then computed the mean acceleration
n to the disc applied by each satellite as a function of time (fourth
anel of Fig. 5 ). 

The satellites present different levels of impulsiv eness. The y also
ave different orbital inclinations, with Arania and Mosquito having
lmost polar orbits and Grillo, a more planar one. Also, some
ericentres coincide with the point along the orbit of smallest altitude
elow/abo v e the plane, as indicated by the darker colours in Fig. 5
e.g. the pericenters at 2 Gyr). Some other pericenters occur while
he influence of previous ones must still be ongoing (e.g. Grillo’s
NRAS 510, 154–160 (2022) 
ericentres at 3.5 Gyr happens after the recent pericentres at 4 Gyr
f Arania and Mosquito). Interestingly, we also see that, although
he main satellites have different infall times, their pericentres tend
o synchronize, occurring almost simultaneously by z = 0. 

Comparing the fourth panel with the results from the Fourier anal-
sis (three top panels) we see low amplitudes of the phase spiral at ini-
ial times but a clear coincidence between the presence of well defined
hase spirals (warmer colours) and the pericentres (coloured vertical
ines), for example after lookback times of 4 and 2 Gyr. All the
omplexity in the history of external perturbations described above
ight be the cause of the differences among the first three panels of
ig. 5 . Although as mentioned previously, some differences might be
aused by the estimator used, some others, might be telling us about
spects of the perturber’s orbits beyond merely pericentre times and
asses, a characteristic that would be worth exploring further. 
We have the advantage of having multiple pericentres (of different

atellites) that appear naturally in our simulation. This, combined
ith the fact that in our model dynamically cold stars are being

ormed all along the evolution of the galaxy, results in different stellar
opulations responding differently to the new perturbations, which
s something not captured by isolated models without star formation
nd gas. Moreo v er, the maximum strength of the gravitational pull of
ur satellites remains rather constant with time, in contrast with an
nteraction with a Sagittarius-like system, where every new pericentre
nduces a larger kick in velocity than the previous one, making it
asier to ‘o v erwrite’ the e xisting phase-space substructure. In an y
ase, although we see a decrease of the signal after the 4 Gyr rise and
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 small increase/stabilization at about the time of the next pericentre, 
e can not confirm if the ‘reset’ proposed by Laporte et al. ( 2019 )

nd Bland-Hawthorn & Tepper-Garc ́ıa ( 2021 ) occurs in our model
fter each pericentre. 

For the sake of completeness, we also analysed the evolution of
he gas and star formation in the disc. In the last panel of Fig. 5 , we
how the cold gas inflow rate (blue curve) defined as the amount of
as that penetrates a thin shell of 0.5 kpc at a radius of 0.15 R v with
 significant ne gativ e radial v elocity ( < −50 km s −1 ). We also show
he star formation efficiency ( εSF , blue histogram) computed as the 
raction of stellar mass formed since the previous snapshot to the 
ass of gas available in the disc. This gas meets the star forming

riteria of temperature ( T < 8000 K) and density ( nH > 1) just as in
oca-F ̀abrega et al. ( 2016 ). With this panel we confirm that satellite
ericentres not only perturb the disc’s dynamics but also boost its
tar formation efficiency, with some coinciding with an increase in 
he cold gas inflow as well (e.g. at 2 Gyr). 

 DISCUSSION  A N D  C O N C L U S I O N S  

e report, for the first time, the detection of phase spirals in a realistic
oom-in cosmological model of a MW-like system. These spirals are 
resent throughout the last several Gyr of the evolution, suggesting 
hat this phenomenon might be common in the life of certain galaxies. 
he spirals are more notable for younger to intermediate-age stars 
nd are especially prominent near pericenter passages of the three 
ain galaxy satellites. These passages coincide with the time when 
e observe star formation enhancements, an effect that has already 
een directly related to accretion events (see Ruiz-Lara et al. 2020 ,
or a discussion on the particular case of the MW). 

Most of the recent studies that modelled the phase spiral considered 
agittarius as the main culprit and used a heavy Sagittarius dwarf 
alaxy ( � 10 10 M � at the time of impact. For example, in Binney &
ch ̈onrich ( 2018 ) only a massive perturber was able to generate
rominent phase spiral signals. Similarly, the masses considered in 
aporte et al. ( 2019 ) and Bland-Hawthorn & Tepper-Garc ́ıa ( 2021 )
re 6 × 10 10 and 2 × 10 10 M �, respectiv ely. Ev en more, although
heir work is based in a simplified 1D model, Bennett & Bovy
 2021 ) recently claimed that even a heavy Sagittarius would not
e able to generate the phase spirals seen in Gaia DR2, invoking the
eed for a combination of other effects. By contrast, our heaviest 
atellite (Arania), which has a mass at first infall of ∼10 10 M �,
nds up with ∼ 10 8 M � after se veral pericentres. These v alues are
n approximate agreement with the initial mass of Sagittarius (e.g. 

10 10 M � in Niederste-Ostholt et al. 2010 ) and with some recent
mpirical deri v ations of the total Sagittarius mass at current times
e.g. ∼4 × 10 8 M � in Vasiliev & Belokurov 2020 ). Ho we ver, the
ericentre distance of our heaviest satellite is larger than the ones of
ecent Sagittarius pericentres, and thus the effects of our perturbers 
hould be far less strong. In conclusion, our satellites seem to belong
o the low mass regime, yet we do observe phase spirals and a
orrelation between pericentres and the strength of the phase spirals. 

This can be attributed to the many extra ingredients that our 
odel has with respect to previous models (e.g. the evolution in 
 cosmological framework, hydrodynamical processes, disc secular 
volution) that can play a combined role in shaping the phase space.
 or e xample, we note that in our model pericentres get synchronized
 v er time, and that there is a combined mass of up to ∼ 10 9 M � by the
ime they start affecting the disc. Collective effects such as the w ak e
nduced in the halo by infalling satellites have been shown recently 
o be of large importance (Weinberg 1998 ; Conroy et al. 2021 ) and
n particular, coe v al infalls can lead to the generation of a collective
ffect with strong impact on the disc kinematics (Trelles et al., in
reparation). Other possible mechanisms that could be expected 
o produce perturbations in the phase space are: highly anisotropic 
istribution of dark matter left o v er from the satellites, multiple dark
ubhalos, misalignment between disc and halo, resonances, and the 
resence of non-axisymetric structures in the disc. In particular, the 
ole of the internal structures such as the bar and spiral arms needs
o be e v aluated in detail since these phenomena can trigger vertical
erturbations as suggested in Khoperskov et al. ( 2019 ). Nonetheless,
n our model we do not see signatures of a bar buckling in the studied
nterval of time. 

Another important aspect that no other model of the phase spiral
ncluded before is the gas. The in-falling cold gas and the newborn
tars can keep the disc kinematically cold and thus more unstable to
nternal and external perturbations. Additionally, as is the case of our

odel, the gas might be vertically perturbed and the young stellar
articles could inherit its dynamical properties. We have observed 
he appearance of thin segments of phase spirals which seem to be
onnected to phase mixing of star formation comple x es born from
his perturbed gas. At this stage, ho we ver, it is not clear how these
hin spirals are related to the global phase spirals. Interestingly, star-
orming regions organized in certain vertical patterns (Alves et al. 
020 ) and global vertical disturbances in the gas (Lallement et al.
019 ) have been observed in the Milky Way. 
We can still not claim a perfect match between the phase spirals

bserved in the Gaia data and the ones found in our model, yet
t was not in the scope of this paper to find the same structures
s the ones observ ed. Nev ertheless, using simulations like the ones
nalysed here allows us to study the dynamical processes that give
ise to the phase space spiral (or any other phase space structure,
or that matter) in a much more realistic scenario for a MW-like
alaxy. Moreo v er, the possibility of connecting local dynamical 
henomena with global perturbations from satellites, gas behaviour 
nd star formation processes in the same model in the context of a
osmological simulation is definitively a promising future avenue of 
ork that we open with this paper. 
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