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A B S T R A C T 

Disc stars from the Gaia DR3 RVS catalogue are selected to explore the phase spiral in the Galaxy. The data reveal a two-armed 

phase spiral pattern in the local z–v z plane inside the solar radius, which appears clearly when colour-coded by 〈 v R 

〉 ( z, v z ): this 
is characteristic of a breathing mode that can in principle be produced by in-plane non-axisymmetric perturbations. The phase 
spiral pattern becomes single armed outside the solar radius. When a realistic analytic model with a steadily rotating bar and 

2-armed spiral arms as perturbation is used to perform particle test integrations, the pseudo-stars get a prominent spiral pattern in 

the 〈 v R 

〉 map in the x–y plane. Additionally, clear breathing mode evidence at a fe w km s −1 le vel can be seen in the 〈 v z 〉 map on 

the x–z plane, confirming that such breathing modes are non-negligible in the joint presence of a bar and spiral arms. Ho we ver, 
no phase spiral is perceptible in the ( z, v z ) plane. When an initial vertical perturbation is added to carry out the simulation, the 
one-armed phase spirals can clearly be seen 500 Myr after the perturbation and gradually disappear inside out. Finally, we show 

as a proof of concept how a toy model of a time-varying non-axisymmetric in-plane perturbation with varying pattern speed 

can produce a strong two-armed phase spiral. We conclude a time-varying strong internal perturbation together with an external 
vertical perturbation could perhaps explain the transition between the two-armed and one-armed phase spirals around the solar 
radius. 

Key words: Galaxy: disc – Galaxy: evolution – Galaxy: kinematics and dynamics – Galaxy: structure. 
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 I N T RO D U C T I O N  

he phase spiral structure in the vertical position and velocity ( z,
 z ) plane of the Milky Way is one of the most important disco v eries
ince the launch of the Gaia mission ( Gaia Collaboration et al. 2016 ).
his feature was first revealed in the solar vicinity with a population
f stars sharing similar Galactocentric radii and azimuthal angles 
Antoja et al. 2018 ). In that work, the spiral is prominent in the ( z,
 z ) plane colour-coded by 〈 v φ〉 , the mean value of the streaming
elocity in the direction of Galactic rotation, but not very clear in
tellar density ρ, or when colour-coded by 〈 v R 〉 , the mean radial
elocity in Galactic cylindrical coordinates. Some subsequent works, 
o we ver, sho wed that spirals can also be clearly seen in the stellar
ensity (Laporte et al. 2019 ; Li 2021 ; Gaia Collaboration et al.
022a ) and colour-coded by 〈 v R 〉 (Binney & Sch ̈onrich 2018 ) or
ngular momentum 〈 L z 〉 (Khanna et al. 2019 ). 

Since then, different attempts were carried out to elucidate the 
rigin and longevity of this spiral feature. Usually, the phase spiral
s supposed to be generated by an external perturber such as a dwarf
alaxy merging with the Milky Way. Binney & Sch ̈onrich ( 2018 ), for
nstance, developed a toy model based on the impulse approximation 
o show that the perturbation imposed by an intruder (such as a dwarf
alaxy or some dark matter subhalo) can cause a prominent phase 
piral in 〈 v φ〉 ( z, v z ). Darling & Widrow ( 2019 ) used both analytical
 E-mail: chengdong.li@astro.unistra.fr 
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ethods and numerical simulations to model the pure bending wave 
n the disc, obtaining that a passing satellite will cause the disc to bend
nd will generate spirals in the ( z, v z ) plane coloured by median v R or
 φ . Similarly, Laporte et al. ( 2019 ) analysed an N -body simulation
f the interaction between the Milky Way and a Sagittarius-like 
warf spheroidal galaxy, showing that it can produce a phase spiral,
ncluding in the ρ( z, v z ) map. Bland-Hawthorn & Tepper-Garc ́ıa
 2021 ) also carried out a high-resolution N -body simulation of an
mpulsive mass interacting with a cold stellar disc for a single transit,
howing that the phase spiral was excited by a dwarf galaxy transiting
he disc 1–2 Gyr ago. Another two simulations were carried out
y Hunt et al. ( 2021 ) to study the merger and evolution history of
he Milky Way. Both one-armed and two-armed phase spirals are 
itnessed in these simulations, which indicates that both bending 

nd breathing modes can be triggered by the interaction with an
xternal perturber. 

A concurrent explanation of the phase spiral associates it with 
nternal mechanisms within the disc. In particular, Khoperskov et al. 
 2019 ) used an N -body simulation of an isolated Milky Way type
alaxy to show that the vertical oscillations driven by bar buckling
an generate phase spirals in the solar neighbourhood. Additionally, 
rand et al. ( 2023 ) carried out a cosmological magnetohydrody-
amic simulation to investigate the formation of disequilibrium disc 
tructures, concluding that the phase spiral is induced by the dark
atter w ak es which lead to the formation of the disc warp. While

his is not an internal disc mechanism, it nevertheless does not rely
n a single external impact from the perturber but is building up o v er
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Figure 1. The spatial distribution of selected stars in the Gaia catalogue in 
the x–y and x –z plane, respectively. N � denotes the number of stars in each 
bin in the plots. 
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ime through the response of the dark matter halo. In a similar vein,
remaine, Frankel & Bovy ( 2023 ) showed that the phase spiral could
esult from Gaussian noise in the gravitational potential, potentially
elated to to substructures in the dark-matter halo. 

Recently, using Gaia DR3 observations of inner disc stars, Hunt
t al. ( 2022 ) spotted a two-armed spiral feature in ρ( z, v z ) when
tars are binned by guiding radius R g and θφ , the conjugate angle
f the action J φ (the vertical component of the angular momentum).
nterestingly, they also found such a two-armed phase spiral in an
solated simulation. Meanwhile, a two-armed phase spiral was also

easured in 〈 v R 〉 ( z, v z ) inside the solar radius by Antoja et al. ( 2023 ).
n a theoretical study based on linear perturbation theory, Banik,

einberg & van den Bosch ( 2022 ) showed that such two-armed
eatures –related to breathing modes – are prominently produced by
elatively fast more impulsive perturbations. Recently, the framework
f the shearing box approximation was adopted by Widrow ( 2023 )
o investigate the response of a disc to an impulsive excitation in the
resence of self-gravity of the disc and swing amplification. They
oncluded that a two-armed phase spiral pattern can be triggered by
n excitation that is symmetric about the mid-plane. 

The phase space can also be reformulated from the z–v z plane into
he frequency-angle �z –θz plane, which transforms the phase spirals
nto a ‘zebra diagram’ (Li & Widrow 2021 , e.g.). Here, �z is the
rbital frequency of vertical motion and θz is the conjugate angle to
he vertical action J z . The stripes in the �z –θz plane can be related to
pecific perturbation ages (e.g. Li & Widrow 2021 ). Recently, Frankel
t al. ( 2023 ) developed a method to fit the straight lines in the �z –θz 

lane, whose slope has the dimension of inverse time, to time the
erturbations: they found a perturbation age varying between 0.2
nd 0.6 Gyr. Widmark, Laporte & Monari ( 2022 ) previously found
onsistent times (between ∼ 0.35 and 0.767 Gyr) with a similar
ethod, but using stars in different volumes in the Galaxy. In that

ase, the phase spiral was fitted directly in the ( z, v z ) plane, adjusting
oth the time and the parameters of the background axisymmetric
otential at the same time. Finally, Tremaine et al. ( 2023 ) proposed
hat those stripes could also be generated by many small disturbances
ather than a large one. 

In light of the recently disco v ered two-armed phase spiral inside
he solar radius, which can be produced by internal plane-symmetric
erturbations, this paper aims at analysing what kind of phase spiral
ould potentially be produced by the bar and spiral arms of the
alaxy. To that end, we refine the representations of the phase spirals

long the disc on a finer grid, to try to characterize the transition
egion from one-armed to two-armed phase spirals within the disc.

e then compare the data, for the time being at the qualitative
evel, to test particle simulations in a galactic potential with different
ar and spiral arms perturbations added on top of a self-consistent
ackground axisymmetric model. 
The paper is organized as follows. In Section 2 , we describe

he features of the two-armed spiral pattern in phase space when
olour-coded by 〈 v R 〉 ( z, v z ) with the Gaia DR3 RVS sample. Then,
ur models for the axisymmetric galaxy and its perturbations are
ntroduced in Section 3 : we exhibit the perturbations produced
y a steadily rotating bar and a steadily rotating density wave
or the spiral arms, and we qualitatively compare them with the
bservations in Section 3.3 . In Section 3.4 , we add an initial vertical
erturbation to the test particles and demonstrate the response of
hose particles to the perturbation by the bar and spiral arms. We
nally show in Section 3.5 , how a toy model of non-axisymmetric

n-plane perturbations with varying amplitude and pattern speed can
n principle produce a strong two-armed phase spiral. Section 4
ummarizes and discusses directions for future plans. 
NRAS 524, 6331–6344 (2023) 

s  
 PHASE  SPAC E  SPIRALS  WI TH  GAIA D R 3  

.1 The Gaia DR3 RVS sample 

he stellar sample in this work is selected from the third release of
he Gaia catalogue ( Gaia Collaboration et al. 2022b ). The typical
ncertainties for parallax and proper motion are 0.02–0.03 mas and
.02–0.03 mas yr −1 at G = 9 ∼ 14, 0.07 mas and 0.07 mas yr −1 at G =
7 mag, and 0.5 mas and 0.5 mas yr −1 at G = 20 mag for 5-parameter
olutions (Lindegren et al. 2021 ). In addition, Gaia DR3 includes
ore than 33 million stars with radial velocity measurements, which

ave G RVS ≤ 14 and with 3100 ≤ T eff ≤ 14 500 K ( Gaia Collaboration
t al. 2022b ). 

We select the stars with �/ε� 

> 5, G > 5, and RUWE < 1.4.
he magnitude cut here is to a v oid the saturation of the brightest
nd of Gaia observations. The RUWE is the Renormalised Unit
eight Error, which is a scale of the quality of the astrometric

olution. The stars’ distances are from the di s tance gspphot from
he DR3 catalogue, which uses the GSP-Phot Aeneas best-fitting
alues (Andrae et al. 2022 ). 

Fig. 1 shows the stellar density distribution of our sample in the
 –y and x –z planes, respectively. The orange dot denotes the Sun
ith coordinates ( x , y , z) = ( −8 . 2 , 0 , 0 . 02) kpc . The positions and
elocities in Cartesian and cylindrical coordinates are computed
sing ASTR OPY ( ASTR OPY Collaboration et al. 2022 ). The Sun’s
elocity with respect to the LSR is taken to be ( U �, V �, W �) = (11.1,
2.24, 7.25) km s −1 (Sch ̈onrich, Binney & Dehnen 2010 ) and the
SR velocity is V LSR = 238 km s −1 (Sch ̈onrich 2012 ). 
The actions J and conjugate angles θ are computed from ( x , v ) via

he ‘St ̈ackel Fudge’, which is based on assuming that the Galaxy’s
otential is a St ̈ackel potential (Binney 2012 ). The AGAMA package
Vasiliev 2019 ) is adopted to compute the actions and angles. The
otential used to derive the actions is generated from a self-consistent
alaxy model introduced in detail in Binney & Vasiliev ( 2023 ). 

.2 Bending mode or breathing mode? 

ig. 2 shows the density plot of the sample stars in the z–v z phase
pace binned by the value of their angular momentum (azimuthal
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Figure 2. The phase space density plot for our selected Gaia RVS sample data. The plotted quantity is the relative overdensity w.r.t. an average local density, 
following a procedure introduced in the text in detail. Only one armed phase spirals are seen in different J φ intervals. 
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ction) J φ . 1 The o v erdensity map is shown, using the same method
s in Laporte et al. ( 2019 ): stars are binned in the ( z, v z ) space in
ixels of size 	 pix = 0 . 04 × 2 ( kpc × km s −1 ). The resulting density
( z, v z ) is then smoothed by convolution with a Gaussian filter of
idth 4 	 pix , yielding the smoothed density ρ̄( z, v z ). We then plot

he o v erdensity ˆ ρ = ρ( z , v z ) / ̄ρ( z , v z ) − 1. 
Different panels correspond to different azimuthal action bins, 

hich is an increasing function of the guiding radius R g : J φ = R g ×
 c ( R g ). As a consequence, the 9 panels in Fig. 2 are approximately
orted from the inner to the outer Galaxy. It should be noticed that
he plots of the first row with the lowest angular momenta bins only
nclude stars within 1.5 kpc from the Sun, which aims at eliminating
he influence of dust extinction towards the Galactic centre. 

A single spiral pattern appears clearly in most panels, although 
his is not clear for the three innermost (lowest angular momenta) 
ins due to the large scatters of the data points in these bins. This one-
rmed phase spiral, as discussed thoroughly in the literature, could 
e related to a bending mode in the local and outer Galaxy, which
ould be triggered by the impact of the Sagittarius dwarf galaxy (e.g.
inney & Sch ̈onrich 2018 ; Laporte et al. 2019 ; Bland-Hawthorn &
epper-Garc ́ıa 2021 ). 
Se veral pre vious works have shown that the phase spiral can

ometimes appear more clearly, and with different characteristics, 
ither in the 〈 v R 〉 ( z, v z ) and 〈 v φ〉 ( z, v z ) maps (e.g. Antoja et al.
 The absolute values of J φ are shown on top of the figures in this work, as 
e use a right-handed coordinate system and the angular momentum of stars 
ith prograde orbits is ne gativ e. 

s  

A  

o  

s  

i  
018 ; Binney & Sch ̈onrich 2018 ; Laporte et al. 2019 ; Bland-
awthorn & Tepper-Garc ́ıa 2021 ). Fig. 3 therefore displays the mean
alactocentric radial velocity maps 〈 v R 〉 ( z, v z ) in different J φ bins.
he results are particularly interesting in the inner Galaxy. The first

our panels, with 1400 km s −1 kpc < J φ < 1800 km s −1 kpc , indeed 
how clear two-armed spiral patterns. When J φ > 1800 km s −1 kpc
ne xt fiv e panels), only one-armed spiral features can be seen in
he plots, as in the density maps of Fig. 2 . The two-armed spirals in
 v R 〉 ( z, v z ) at low J φ , also seen in Fig. 4 of Antoja et al. ( 2023 ) around
 g � 6 . 7 kpc , showing that the inner Galaxy probably experiences
 different perturbation history from that in the outer galaxy. The
wo-armed phase spiral pattern corresponds to a breathing wave 
e.g. Widrow 2023 ) and is a strong hint for another perturbation
echanism than the perturbation causing the one-armed spiral in the 

uter disc (Hunt et al. 2022 ). 
Although sample stars are selected from the same Gaia DR3 RVS

atalogue in both this work and that of Hunt et al. ( 2022 ), the two-
rmed spiral at small guiding radius in the density plot disco v ered
n their work is not seen here. One possible reason is that they
ot only bin the stars by guiding radius R g but also by angles θφ ,
hich can emphasize the spiral features along specific azimuthal 

ngles, while we marginalized o v er azimuth. Secondly, the detailed
election criteria are different between this work and that of Hunt
t al. ( 2022 ), which can also lead to disparities among the z–v z phase
pace plots. On the other hand, the phase space features shown in
ntoja et al. ( 2023 ) are similar to those in this work, including the
ne-armed spirals in the density plots and two-armed spirals in some
pecific bins of the 〈 v R 〉 ( z, v z ) map. The difference is that the bin size
n Antoja et al. ( 2023 ) is twice as large as that in this work, which
MNRAS 524, 6331–6344 (2023) 
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Figure 3. The phase space plot colour-coded by 〈 v R 〉 for our selected Gaia RVS sample data. This plot is also Gaussian smoothed with the same width 4 	 pix 
for both z and v z axes. Unlike Fig. 2 , what we plot here is v R ( z, v z ). Two-armed phase spirals are clearly seen inside the solar radius when J φ < 1800. The 
phase spiral pattern becomes single armed when J φ > 1800. 
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educes the number of bins that can detect two-armed spirals in the
 v R 〉 ( z, v z ) map. 

Fig. 4 shows the density distribution of the stars in the �z –θz space.
he renormalized density for a given pixel is the number count of
oints in this pixel divided by the total number of points at this
requency �z , thus ˆ ρij = N ij ( θz , �z ) / 

∑ 

j N ij ( θz , �z ), where N ij ( θz ,
z ) is the number count in a given pixel in the �z –θz space. Some

lear ‘zebra’ stripes are observed on each panel of this plot. For the
lots in the first row, the stripes are in the shape of two arches. From
he fourth panel, the shape changes to one or two straight lines with
ositive slopes. These stripes shape can in principle be interpreted as
he consequence of a perturbation to the distribution function at time
 = 0, with the shape as 	f (0) = A cos [ m ( θz − θz0 )] . After a time
 , the perturbation becomes 	f ( t) = A cos [ m ( θz − �z t − θz0 )] ,
here θz0 is the phase angle, m represents the index of the Fourier

omponent, and �z t shows the change of the conjugate angle θz 

ince the event. The extreme values of this function are lines with
lope 1/ t on the �z –θz plane (Darragh-Ford et al. 2023 ; Frankel et al.
023 ; Tremaine et al. 2023 ). On the contrary, the arch-like stripes at
ow J φ probably result from selection effects due to dust obscuration
Frankel et al. 2023 ). 

As a conclusion, while the density map shows only one-armed
piral patterns in the outer Galactic disc, which corresponds to a
ending mode, no clear two-armed spiral can be detected in the inner
alaxy. Ho we ver, the 〈 v R 〉 ( z, v z ) map shows clear two-armed spiral
atterns in the inner Galaxy with guiding radii between about ∼6.0
o ∼7.7 kpc. 
NRAS 524, 6331–6344 (2023) 
This result raises the following questions: is it possible to have
ultiple triggers, both internal and external, to stimulate the phase

pirals, and do the stars respond differently in ρ and v R ? In order to
nvestigate the possible relationship between the observed two-armed
hase spiral features in the v R map and the internal perturbations,
e will now model the bar and spiral arms of the Galaxy and

nalyse the response of the test particles to the perturbations in
ection 3 . 

 M O D E L L I N G  P R E D I C T I O N S  U N D E R  

E RT U R BAT I O N S  

.1 Axisymmetric Galaxy model and test particle sampling 

n order to help interpret the observations presented in the pre-
ious section, we will now model the response of the Galactic
isc to internal plane-symmetric perturbations using a particle-
est approach. The Galaxy’s model used in this work contains
wo parts, the axisymmetric background and the non-axisymmetric
erturbation. The idea of the particle-test approach is generating the
est particles based on the axisymmetric distribution functions (DFs),
hen integrating the pseudo-stars’ orbits in a potential including the
on-axisymmetric perturbations. On the one hand, the advantage of
his approach is that it is adaptable to adjust the models producing
he perturbations and it takes only a few hours to run a simulation
ith 10 million test particles. Any response of the test particles

o the perturbations can be detected easily in both densities and



Gaia phase spiral 6335 

Figure 4. The density distribution of the stars in the �z –θz plane. The renormalized density is ˆ ρij = N ij ( θz , �z ) / 
∑ 

j N ij ( θz , �z ). Some stripes can be seen 
on each panel with positive slopes. The slopes of each stripe has a relation with the perturbation time-scale. 
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inematics based on each snapshot. On the other hand, the limitation 
f this approach is that self-gravity is ignored, while it has been
hown that it could play a role in shaping or sustaining phase spirals
e.g. Khoperskov et al. 2019 ; Widrow 2023 ). In addition, we do not
imulate the selection function of the Gaia RVS sample precisely. 
he results of the simulation can be only considered to mimic the real
ituation in the Galaxy approximately. Our present goal is therefore 
ot to quantitatively fit the observations, but to obtain qualitative 
nsights on the effect of internal non-axisymmetries on phase spirals 
ased on this test particle approach. 
The DF based axisymmetric Galaxy model that we construct with 

he AGAMA code (Vasiliev 2019 ) consists of a dark halo, a stellar
alo, a bulge, and a four-component stellar disc. The disc component 
onsists in the young, middle-age, and old thin discs, and a high- α
isc. The DF of each component is a specified function f ( J ) of the
ction integrals. In addition, a gas disc which is not included in the
F model is added to derive the total potential of the Galaxy. The
etails of the instruction of this Milky Way self-consistent model 
nd the various predictions by this model can be found in Binney &
asiliev ( 2023 ). 
The model used in this work is ho we ver slightly different from the
odel in Binney & Vasiliev ( 2023 ). For the dark halo, stellar halo

nd the bulge, we use a simple double power-law DF model which
s the same as Li & Binney ( 2022a ). Meanwhile, for the young
hin disc, a taper-exponential model is adopted according to Li & 

inney ( 2022b ). The circular velocity of this axisymmetric potential 
s displayed in the first panel of Fig. 5 . According to such a model,
he disc components have a maximum circular velocity at 6 − 8 kpc
way from the centre. 
f  
Finally, 10 million disc stars are sampled based on the DFs, which
ncludes 2 million young thin disc stars and high- α stars, 3 million

iddle age thin disc stars, and old age thin disc stars, respectively.
his choice of pseudo-star numbers is due to the relative fraction of
ach disc components. The normalization of the thick disc, which 
e use as the high- α component in this work, at ( R , z) = ( R �, 0)

s 0.10–0.15 (Juri ́c et al. 2008 ). We choose 0.2 as the fraction for
he high- α disc in this work since our test particles represent the
hole Galaxy (Bland-Hawthorn & Gerhard 2016 ). The ratios of the

hree thin disc components are roughly based on the normalization 
arameters in the self-consistent model. The DF used in this work
nd the Galaxy model can be found in the online supplementary
aterial. The velocity dispersions and surface densities of all four 

isc components are displayed in the middle and lower panels of
ig. 5 . In the middle panel, the velocity dispersions for various disc
omponents are shown with the solid lines denoting σ R and dashed 
ines denoting σ z . In the lower panel, the surface density curves all
how exponential profiles at large radii. 

.2 Steadily rotating bar and spiral arm model 

he internal perturbation that we first consider for the Galaxy 
ncludes two parts, a central bar, and spiral arms. 

The bar, rotating at a given pattern speed �b , is modelled following
hiba & Sch ̈onrich ( 2022 ) as 

 b ( r, θ, φ, t) = � br ( r) sin 2 θ cos m ( φ − �b t) , (1) 

here ( r , θ , φ) are the spherical coordinates and we consider m = 2
or the bar, i.e. we include only the quadrupole term. The radial
MNRAS 524, 6331–6344 (2023) 
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Figure 5. The circular velocity within 20 kpc from the Galactic centre is 
shown in the upper panel, in which the yellow curve represents the sum of all 
the spheroidal components of the model including the bulge and halo. The 
red curve denotes all four disc components. The blue and black dots are from 

Eilers et al. ( 2019 ) and Ablimit et al. ( 2020 ), respectively. The middle and 
lower panels respectively show the velocity dispersion and surface density 
profiles of the different disc components from which the pseudo-stars are 
sampled. In the middle panel, from top to bottom the velocity dispersion 
curves represent the high- α disc, the old thin disc, the middle-age thin disc, 
and the young thin disc. The solid and dashed curves represent the velocity 
dispersion profiles in σR and σz , respectively. The surface density of the 
young thin disc, which is in orange in the lower panel, shows a declining 
trend towards both the centre and the outskirts, as we applied a tapering of 
the DF at a distance of about 4 kpc from the Galactic centre. 
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Table 1. The parameters used for the bar and spiral arms in the model with 
steady rotation. � is in km s −1 kpc −1 , and v c in km s −1 . r CR , R s , and h s are 
in kpc . φb and φ0 denote the initial phase angles of the bar and the spiral 
arms, respectively. The unit of 
 0 is M � kpc −2 . 

Bar �b A v c b r CR φb 

Values −35 0.02 235 0.28 6.7 172 ◦

Spiral arm �p R s h s N α φ0 
 0 

Values −18.9 1.0 0.1 2 9.9 ◦ 103 ◦ 2.5 × 10 9 
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2 We use a right-handed coordinate system in this work, and since the bar 
rotates in the same sense as disc stars, its pattern speed is also ne gativ e. The 
pattern speed of spiral arms is also the same. In this coordinate system, the 
disc, bar, and spiral arms all rotate clockwise. 
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ependence of the bar potential � br ( r ) is 

 br ( r) = −A v 2 c 

2 

(
r 

r CR 

)2 (
b + 1 

b + r/r CR 

)5 

, (2) 

here A quantifies the strength of the bar, v c is the value of circular
elocity in the solar vicinity, i.e. v c = 235 km s −1 . The parameter
 describes the ratio between the bar scale length and the value of
he corotation radius r CR . The parameters used in this work are given
NRAS 524, 6331–6344 (2023) 
y Chiba & Sch ̈onrich ( 2022 ), with A = 0 . 02 and b = 0 . 28. The
arameters are all summarized in the upper panel of Table 1 . 
The spiral arm model used in this work is the one from Cox &
 ́omez ( 2002 ), 

 s ( R, φ, z) = −4 πG
 0 e 
−R/R s 

∑ 

n 

C n 

K n D n 

cos nγ

×
[

cosh 

(
K n z 

βn 

)]−βn 

, (3) 

here ( R , φ, z) are cylindrical coordinates, and 
 0 is the central
urface density. C n = 1, 2, 3 are C 1 = 8/3 π , C 2 = 1/2, C 3 = 8/15 π
epresenting the amplitudes of the three harmonic terms and the
unctional parameters are 

K n = 

nN 

R sin α
, 

βn = K n h s (1 + 0 . 4 K n h s ) , 

γ = N 

[
φ − ln ( R/R s ) 

tan α
− �p t − φ0 

]
, 

D n = 

1 

1 + 0 . 3 K n h s 
+ K n h s , (4) 

here N is the number of arms, h s is the scale height, α is the pitch
ngle, φ0 is the phase, and n = 1, 2, 3 denotes the three harmonic
erms. The parameters used in the spiral arm potential can be found
n the lower panel of Table 1 , most of which are from Monari et al.
 2016a , 2016b ) denoting a tightly wound spiral pattern. Ho we ver,
he pattern speed and phase angle have the opposite sign of Monari
t al. ( 2016a , 2016b ) as we use a right-handed coordinate system
n this work. The surface density we choose keeps the spiral arm
otential with a radial force of about 0.5 per cent compared with
he axisymmetric background potential in the solar vicinity (Siebert
t al. 2012 ). The example of this perturbation potential file used in
his work can be found in online supplementary files. 

The pattern speed of the bar is �b = −35 km s −1 kpc −1 (Bin-
ey 2020 ; Chiba & Sch ̈onrich 2021 ) in this coordinate system 

2 ,
nd the pattern speed of the N = 2 spiral arms is set to be
p = −18 . 9 km s −1 kpc −1 (Monari et al. 2016b ) without changing

hroughout the orbit integration. The total Galaxy’s potential file can
e found in the online supplementary material. 
We start the simulation by evolving the pseudo-stars in the ax-

symmetric background potential for 1 Gyr without any perturbation.
hen, we add the bar and spiral arms potential at T = 1 . 0 Gyr , and
o the orbital integration for another 4 Gyr . In summary, the orbital
ntegration routine in AGAMA is adopted to compute the trajectories
f all the mock stars o v er 5 Gyr and the trajectories are stored every
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Figure 6. The distribution of the density ρ, 〈 v R 〉 , 〈 v φ〉 , and 〈 v z 〉 in the 
x–y plane at T = 5 . 0 Gyr of the steadily rotating perturbers model. The 
perturbation in the x –y plane is clear to see in 〈 v R 〉 , 〈 v φ〉 , and ρ. The mean 
v ertical v elocity in the x –y plane is nearly zero everywhere due to symmetry 
w.r.t. the z = 0 plane. 
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Figure 7. The distribution of 〈 v z 〉 ( R , z) for pseudo-stars at T = 2 . 0 Gyr at 
azimuthal angles −10 ◦ < φ < 10 ◦. The result of a breathing mode triggered 
by the bar and spiral arms is visible for the stars with R < 5 kpc and R > 

10 kpc . This figure is smoothed with a Gaussian filter of 4 	 pix , with 	 pix = 

0 . 25 × 0 . 05 ( kpc × kpc ). The azimuthal angle φ = 0 coincides with the Y = 

0 axis from the Galactic centre to the opposite direction of the solar position. 

Figure 8. The face-on contour map of 〈 v R 〉 and 	v z for the test particles 
at T = 2 . 0 Gyr in the simulation with steadily rotating non-axisymmetries. 
The value of 	v z is the difference between 〈 v z 〉 for z > 0 and for z < 0, 
respectively. This map is Gaussian smoothed with a filter width of 4 	 pix , 
with 	 pix = 0 . 25 × 0 . 25 ( kpc × kpc ). 
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.02 Gyr . We simulate the phase angles of the bar and spiral arms so
hat they approximate their current orientation w.r.t the Sun at the end
f the simulation: at T = 5 Gyr , the bar is assumed to have a phase
ngle φ = 28 ◦ (Wegg, Gerhard & Portail 2015 ) and the spiral arms
re assumed to have a phase angle φ = 26 ◦ (Monari et al. 2016b ).
he initial values of the phase angles of the bar and spiral arms are
resented in Table 1 . 

.3 Results for steadily rotating perturbations 

he stellar distribution and velocity patterns in Cartesian coordinates 
ithin the disc plane are shown in Fig. 6 for mock stars at T =
 . 0 Gyr . The density plot shows an elliptical central dense region
nd two-armed spiral features outwards. The spiral features on 〈 v R 〉
re more prominent. The shape of the spiral arms is visible across
he disc, and this perturbation on 〈 v R 〉 is as predicted by Monari
t al. ( 2016a , 2016b ), both in terms of amplitudes and location with
espect to the the under and o v erdensities. 

What we plot as 〈 v z 〉 in this plot is the mean value of vertical
elocities including stars both above and below the plane: it is
onsistent with zero within Poisson noise, since the bar and spiral
rms are plane symmetric and only excite breathing modes and not 
ending modes. The projected mean v ertical v elocity is thus averaged
o 0 when summing in z. In Fig. 7 , the mean velocity in v z is shown
n the meridional plane abo v e and below the plane for pseudo-stars
ith azimuthal angle φ between −10 ◦ and 10 ◦. The velocity pattern 

s a consequence of the breathing mode perturbation can be seen in
his figure abo v e and below the Galactic plane for R < 5 kpc and
 > 10 kpc . The face-on contour maps of 〈 v R 〉 and 	v z for the test
articles at T = 2 . 0 Gyr are sho wn in Fig. 8 . The v alue of 	v z is
he difference between 〈 v z 〉 for z > 0 and for z < 0, respectively. The
uadrupole mode of the bar can be seen explicitly in the breathing
ode close to the centre of the Galaxy. Two tightly wound spiral arms

re also clear to see. The quadrupole mode of the bar is constrained
ithin 3 kpc from the centre because we use a rather slow bar pattern

peed �b = −35 km s −1 kpc −1 . The face-on density map shows 
hat the central bar and spiral arms can produce a breathing mode
MNRAS 524, 6331–6344 (2023) 
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Figure 9. Maps of ρ( z, v z ) (top) and 〈 v R 〉 ( z, v z ) (bottom) for the model including bar and spiral arms with constant pattern speeds, at T = 1 . 5 Gyr . The density 
ρ( z, v z ) shows no spiral arm features. 〈 v R 〉 ( z, v z ) does not show any signals of the phase spiral either. Note that here, and more generally in all figures from 

simulations, no Gaussian smoothing is applied. Densities represent number counts of stars in phase space bins. 

Figure 10. Maps of ρ( z, v z ) (top) and 〈 v R 〉 ( z, v z ) (bottom) for pseudo-stars 
selected in a square with −2 . 5 < x < 0 kpc and 0 < y < 2 . 5 kpc at T = 

1.5 Gyr for the model including bar and spiral arms with constant pattern 
speeds. There are still no phase spirals in this plot. Ho we ver, the ellipsoids 
in the centre are slightly inclined among all the panels, which is a sign of a 
breathing mode produced by the bar with constant pattern speed. 
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erturbation to the disc stars (Faure, Siebert & F amae y 2014 ; Monari
t al. 2015 , 2016a , 2016b ). 

Fig. 9 shows the phase space maps of ρ( z, v z ) (top row) and
 v R 〉 ( z, v z ) (bottom row) for different positions along the disc at
 = 1 . 5 Gyr . Fig. 9 (and the subsequent Fig. 11 ) only contains
seudo-stars within 6 kpc from the Sun, which aims at making
t roughly compatible with Gaia ’s observational region, assuming
hat the Sun is located at ( x , y , z) = ( −8 . 2 , 0 , 0 . 02) kpc . Unlike the
bservational data, the density plot ρ( z, v z ) shows no spiral arm
eatures among different azimuthal action intervals. Each plot has a
ertically elongated elliptical density distribution centred at around
 z, v z ) = (0 , 0). The vertically elongated shape is constrained by the
nitial conditions when sampling the pseudo-stars. At T = 1 . 5 Gyr ,
he potential of the central bar and spiral arms does not produce a
hase spiral pattern in the density plot among the pseudo-stars on
NRAS 524, 6331–6344 (2023) 
he z–v z plane in this simulation. Furthermore, the 〈 v R 〉 ( z, v z ) plots
o not show any sign of phase spirals either. The distribution of
 v R 〉 ( z, v z ) is smooth within the central region of the z–v z plane
nd gets progressively noisy outwards. We did test the pseudo-stars
hase space properties for other snapshots at various time-steps in
he simulation: there are no phase spiral structures either in the ( z,
 z ) plane, whether it is in density or colour-coded by velocities. 

In order to explore the breathing mode shown in Figs 6 and 8 ,
he density plot of ρ( z, v z ), and 〈 v R 〉 ( z, v z ) for the pseudo-stars at
 = 1.5 Gyr in the inner disc , where the breathing mode is most
isible, is shown on Fig. 10 . The breathing mode corresponds to
 compression–raref action w ave and the zone where pseudo-stars
ere selected in the x–y plane (see the caption) has been chosen

uch as to be dominated by rarefaction (expansion). If we follow
his zone in the frame rotating with the bar at later time-steps ( T =
.0 Gyr, T = 4.0 Gyr), it appears that the amplitude of the expansion
v z does not evolve with time, indicating that pseudo-stars have

eached near equilibrium in the bar’s rotating frame. It is clear
rom the plot in ρ( z, v z ) that the ellipsoid acquires an inclination,
learest in the third panel. This is a sign of the breathing mode
roduced by the perturbations with constant pattern speed, but, at
ear equilibrium within the bar’s steadily rotating potential, there
s no phase mixing happening and no phase spiral in the z–v z 
lane. 
Fig. 11 shows the density distribution of the stars in the �z –θz 

lane at T = 1 . 5 Gyr with the same renormalization method as in
ig. 4 . As a reminder, the observational plots display prominent
traight lines with positive slopes, which should have a strong corre-
ation with the timing of the perturbation on the specific disc regions.
n the contrary, no clear stripe patterns can be seen for the test
articles in this simulation. Again, it means that, despite the presence
f a breathing mode, the pseudo-stars are at equilibrium within the
otential of the background and steadily rotating perturbers, with no
lear signs of phase mixing. 

As a summary, according to Figs 7 and 8 , the breathing mode
roduced by the bar and spiral arms is clear to see in both the 〈 v z 〉 ( R ,
) and face-on contour maps. None the less, only an inclination of the
llipsoid in the z–v z plane is observed and no phase spiral structures
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Figure 11. Pseudo-star densities in the θz –�z plane for the model where the bar and spiral arms have constant pattern speeds, at T = 1 . 5 Gyr . The 
renormalization method is the same as in Fig. 4 . No obvious stripes can be observed in these diagrams. 

c  

s

3

I  

b
t
a
i
i
w  

p
p  

a

f
σ  

s
d
t  

t
A  

t  

b
S
s  

k
 

0  

t  

t  

r  

s  

t  

v  

d
t  

v  

l  

l
b  

n  

a  

s

c  

t  

s
u  

f
p  

m
w  

F
 

p  

o  

p  

a  

o  

F  

t  

p  

t  

a

3

A
t  

v  

o  

d  

a
t

b
t  

s
t  

i
 

a  

u  

p  

i
a  

a  

r  

d  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/524/4/6331/7229553 by guest on 12 February 2024
an be seen. In addition, the stripe patterns in �z –θz space cannot be
een in the pseudo-stars either. 

.4 Initial vertically perturbed test particles 

n Section 3.3 , we showed that the perturbation produced by central
ar and spiral arms with a constant pattern speed cannot stimulate 
wo-armed phase spiral structures among pseudo-stars sampled from 

n axisymmetric Galactic distribution. It is therefore worthwhile to 
nvestigate how the pseudo-stars evolve in this potential when an 
nitial vertical perturbation is imposed, mimicking an interaction 
ith an external perturber. Can the joint endea v ors of this external
erturbation and of the internal non-axisymmetric perturbations 
roduce a two-armed phase spiral in the central parts and a one-
rmed phase spiral in the outer parts? 

For this, we displace every pseudo-star by a random δz , sampled 
rom a Gaussian distribution centred on δz = 400 pc with dispersion 
δz 

= 150 pc . We also kick the initial velocities by a random δv z ,
ampled from a Gaussian distribution centred on 5 km s −1 with 
ispersion 2 km s −1 . Thus, the original positions and velocities in 
he z-direction for test particles all have some shifts away from
he axisymmetric background, which is similar to that used in 
ntoja et al. ( 2018 ). In the present toy-model, we apply this kick

o the whole disc, although only the region around the Sun will
e extracted: we analyse the test particles within 6 kpc from the 
un in order to mimic Gaia observations. The orbital integration 
cheme is the same as in the previous simulation without the vertical
ick. 
The resulting phase space plots ρ( z, v z ) and 〈 v R 〉 ( z, v z ) at T =

 . 5 Gyr are shown in Fig. 12 . Because of the initial perturbations to
he test particles, single armed phase spirals are very clear to see in
he density plots ρ( z, v z ). Although not as clear as those in the first
ow, single-armed phase spirals are also seen in 〈 v R 〉 ( z, v z ). We also
how the same figure at T = 1 . 5 Gyr , half a Gyr after the onset of
he bar and spiral arms. Only the last panel of the density plot ρ( z,
 z ) shows spiral arm features now. The spiral structure in 〈 v R 〉 ( z, v z )
isappears. We can therefore draw two important conclusions. First, 
he one-armed spiral structure in this simulation lives longer in ρ( z,
 z ) than in 〈 v R 〉 ( z, v z ): the orbits in the outer disc can store this feature
onger than the orbits in the inner disc, which can be attributed to the
onger dynamical times in the outer disc. Second, the steadily rotating 
ar and spiral arm potentials used in this simulation do not produce
ew phase spiral features in the test particles, meaning that the joint
ction of an initial e xternal v ertical perturbation and internal plane-
ymmetric non-axisymmetries with steady pattern speeds do not 
reate the observ ed v ertical phase space structures. Ho we ver, one has
o keep in mind that the abo v e conclusions only apply to the simplified
pecific simulation analysed here: the external perturbation used was 
niversal for the whole disc, which is not what is really expected
rom an intruder, and no additional self-consistent planar response 
erturbation was added as a response to the satellite. Moreo v er, no
easurement uncertainties are considered on top of the simulation, 
hich does not allow a direct visual comparison of, for instance,
igs 12 and 3 . 
We also plot the density of test particles with initial vertical

erturbation in the θz –�z space at T = 0 . 5 Gyr in the upper panel
f Fig. 13 . Clear stripes are shown in the θz –�z space. Since the
erturbation is imposed to test particles together at T = 0 . 0 Gyr ,
ll the stripes show the same slopes which can be related to the age
f this perturbation. The same plot is shown in the lower panel of
ig. 13 , but at T = 1 . 5 Gyr . The number of stripes is increasing and

hey become thinner throughout the disc. The stripes, again in this
lot, show the same slopes in all panels. The slopes become shallower
han those at T = 0 . 5 Gyr because the perturbation occurred further
way in the past. 

.5 Time varying strong bar toy model 

t this stage, we have shown that internal plane-symmetric perturba- 
ions with constant pattern speeds, with or without an initial vertical
elocity kick, are unable to produce a two-armed phase spiral as
bserved in the 〈 v R 〉 ( z, v z ) distribution of the inner disc in the Gaia
ata. Such a two-armed phase spiral is nevertheless a strong hint that
 plane-symmetric perturbation is probably acting on disc stars in 
he Galaxy. 

To demonstrate that such two-armed phase spirals can in principle 
e produced by plane-symmetric perturbations, we now explore a 
oy model of a strong bar with a time varying pattern speed, which
hould prevent the pseudo-stars from finding an equilibrium within 
he potential of the strongest internal perturber since its pattern speed
s constantly changing. 

We therefore consider a bar with a large initial pattern speed
nd let the pattern speed decrease with time. The bar model we
se in this toy simulation is from Sormani et al. ( 2022 ). The initial
attern speed is �b = −88 km s −1 kpc −1 at T = 0 Gyr . Then, it
mmediately starts to decrease and reach �b = −35 km s −1 kpc −1 

t T = 6 Gyr . Meanwhile, the mass and radial profile of the bar
re set to be multiplied by factors 2.5 and 1.5, respectively, which
oughly simulates the growth of the bar. The spiral arm model is also
ifferent from what we used in Section 3.2 . A four-armed spiral is
MNRAS 524, 6331–6344 (2023) 
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Figure 12. Maps of ρ( z, v z ) and 〈 v R 〉 ( z, v z ) for test particles with an initially perturbed distribution, at T = 0 . 5 Gyr (upper grid) and T = 1 . 5 Gyr (lower 
grid). In each grid, the top row shows the density ρ( z, v z ) and the bottom row 〈 v R 〉 ( z, v z ). At T = 0 . 5 Gyr , both show single-armed phase spiral features. At 
T = 1 . 5 Gyr , only the last panel of the density plot ρ( z, v z ) shows spiral arm features now. The spiral structures in 〈 v R 〉 ( z, v z ) disappear. 

a  

3  

W  

i  

m  

s  

p  

t
 

t  

B  

i  

�  

a  

o  

b  

t  

l  

(

 

a  

p  

a  

w  

o  

t  

p  

s  

T  

s  

m  

l
 

o  

t  

p  

c  

r  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/524/4/6331/7229553 by guest on 12 February 2024
dopted in this simulation, the scale length and scale height being
 . 0 and 0 . 5 kpc , respectively, larger than those used in Section 3.2 .
e then integrate test particle orbits for 8 Gyr . This extreme model

s not meant to represent the real Milky Way in any way, but is rather
eant, as a proof of concept, to strongly disturb the disc in a plane-

ymmetric way whilst not letting the pseudo-stars settling within the
otential of the perturber whose pattern speed constantly varies with
ime. 

In Fig. 14 , the face-on contour map of 〈 v r 〉 and 	v z for
he test particles are shown at T = 3 . 0 Gyr and T = 3 . 5 Gyr .
ased on the simulation scheme, the pattern speed of the bar

s approximately �b = −61 . 5 km s −1 kpc −1 at T = 3 . 0 Gyr and
b = −57 . 1 km s −1 kpc −1 at T = 3 . 5 Gyr , respectively. We notice

pparent quadruple features in 	v z between R ∼ 3 kpc and the
uter Lindblad resonance at R ∼ 7 kpc , which show that the strong
ar plays an important role in the breathing mode of this model out
o large radii. This breathing mode is additionally known to be non-
inearly amplified in the joint presence of strong bar and spiral arms
Monari et al. 2016b ). 
NRAS 524, 6331–6344 (2023) 
Fig. 15 then shows the z–v z phase space density of the pseudo-stars
t T = 3 . 0 Gyr in the upper panels and T = 3 . 5 Gyr in the lower
anels. It shows clear 2-armed spiral features in the first two panels
t T = 3 . 0 Gyr . We also tested constant pattern speed bar models
ith the same spiral arm potential as in this model, and only this
ne produced the bisymmetric phase spiral, which is strong evidence
hat a bar with varying pattern speed is likely the culprit generating
erturbations to the disc stars that lead to a 2-armed phase space
piral structure. The same pattern can also be seen in 〈 v R 〉 ( z, v z ) at
 = 3 . 0 Gyr in the first panel. At T = 3 . 5 Gyr , the phase space
pirals disappear in ρ( z, v z ), but are still clear to see in 〈 v R 〉 ( z, v z ),
eaning that in this case, the two-armed phase spiral is sustained

onger in 〈 v R 〉 ( z, v z ) than in density. 
Although this model is obviously not realistic at all as a model

f the Milky Way, it still can tell us something useful. First of all,
he decreasing of the bar’s pattern speed appears to be capable of
roducing a 2-armed spiral feature. The same model without the
hange in pattern speed does not produce a phase spiral. So this
esult could indicate that the real Galactic bar has seen its pattern
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Figure 13. Pseudo-star densities in the θz –�z plane for the model where an initial perturbation is added. Two time-steps are showed, corresponding to 
T = 0 . 5 Gyr in the upper panel and T = 1 . 5 Gyr in the lower panel. The renormalization method is the same as in Fig. 4 . Clear stripes appear in the θz –�z 

space, and the number of the stripes increases at T = 1 . 5 Gyr . 
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peed decrease from an initial large value up to its present day value.
econd, the time-scale to generate the phase spiral is long: in this
imulation, the inner part of the Galaxy needs about 3 Gyr to generate
he 2-armed phase spiral and the outer part needs a longer time of
bout 5–5.5 Gyr 3 Third, although the phase spiral patterns in ρ( z,
 z ) and 〈 v R 〉 ( z, v z ) have very strong relations, it is still possible to
bserve one without the other. The pattern in ρ( z, v z ) disappears in
ess than 1 Gyr and the pattern in 〈 v R 〉 ( z, v z ) can actually survive
or a longer time, which could explain why the observed 2-armed 
piral features in Gaia data are clearer in 〈 v R 〉 ( z, v z ) than in ρ( z,
 z ), although it is premature to draw definitive conclusions based on
he present toy model. Finally, the features appear from inside-out, 
he outer part needing a longer time to generate this phase spiral
eature. This can be associated to the decrease of the bar pattern
peed, implying that the corotation and outer Lindblad resonance 
nitially remain well within the inner disc before gradually moving 
ut. 

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

n this work, we investigated the Gaia phase spiral structure based on
bservational data from Gaia DR3. We see a clear two-armed phase 
piral structure in the inner disc (stars with low-azimuthal action) in 
he 〈 v R 〉 ( z, v z ) map, which is the same as fig. 4 of Antoja et al. ( 2023 ),
nd is a clear signature of a breathing wave around the disc. On the
ontrary, only a one-armed phase spiral structure is clearly seen in 
he ρ( z, v z ) plots. The density in the �z –θz plane displays some
traight lines with positive slopes in the outer parts of the Galaxy.
 Other phase space plots with different snapshots will be represented in the 
nline supplementary files. 

b  

f
f  

p

n the inner Galaxy, the �z –θz density map presents o v erdensities in
he form of a double arch, which is the consequence of a selection
ffect. 

The two-armed phase spiral observed in 〈 v R 〉 ( z, v z ) is a strong
int that the inner disc is influenced by an internal plane symmetric
erturbation. The obvious culprits for this are therefore the bar and
piral arms of the Galaxy. 

In order to analyse the influence of such internal perturbations 
n the phase spirals observed with Gaia data, we used test particle
imulations to investigate how such perturbations affect the vertical 
hase space structure of the Galactic disc. 
First, we showed that a realistic bar and spiral arm pattern with

onstant amplitude and pattern speed generates, as expected, non- 
ero mean v R values across the disc, while the mean v z remains
ull because the perturbations are plane symmetric. The subtraction 
f the mean v z values in the North and South hemisphere abo v e
nd below the Galactic plane demonstrate, as expected too, that the
alaxy undergoes a breathing mode, which is particularly visible in 

he inner Galaxy. Ho we ver, this breathing mode only translates itself
n an inclination of the z–v z ellipsoid but does not show any sign of
 two-armed phase spiral. 

We then added an initial perturbation to the vertical posi- 
ions and velocities of the test particles to mimic the interaction
f the disc with an external perturber. In that case, we found
hat a single armed phase spiral structure can be clearly seen
t T = 0 . 5 Gyr for ρ( z , v z ), 〈 v R 〉 ( z , v z ). On the contrary, at
 = 1 . 5 Gyr , there are no spiral features anymore in both 〈 v R 〉 ( z,
 z ) and 〈 v φ〉 ( z, v z ) plot. Only the outermost azimuthal action
in of the density plot ρ( z, v z ) shows a one-armed phase spiral
eature. The number of stripes on the �z – θz plane also increases 
rom T = 0 . 5 Gyr to T = 1 . 5 Gyr , as expected from efficient
hase-mixing. 
MNRAS 524, 6331–6344 (2023) 
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M

Figure 14. The face-on contour map of 〈 v R 〉 and 	v z for the test particles of the slowing bar simulation at T = 3 . 0 Gyr (bar pattern speed of 61 . 5 km s −1 kpc −1 ) 
in the left-hand panel and T = 3 . 5 Gyr (bar pattern speed of 57 . 1 km s −1 kpc −1 ) in the right-hand panel, respectively. This map is also Gaussian smoothed 
with a filter width of 4 	 pix , with 	 pix = 0 . 25 × 0 . 25 ( kpc × kpc ). 
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We have thus shown that internal plan symmetric perturbations
ith constant pattern speeds, with or without an initial vertical
elocity kick, are unable to produce a two-armed phase spiral as
bserved in the 〈 v R 〉 ( z, v z ) distribution of the inner disc in the Gaia
ata. Such a two-armed phase spiral is nevertheless a strong hint that
 plane symmetric perturbation is probably acting on disc stars in
he Galaxy. Therefore, we also tested the ability to disturb the disc
ith an (unrealistic) stronger bar with varying pattern speed, not

llowing the pseudo-stars to settle in the potential of the perturber
ue to a constantly evolving potential. The pattern speed of the bar
ecreases from a very high �b = −88 km s −1 kpc −1 at T = 0 Gyr
o �b = −35 km s −1 kpc −1 at T = 6 . 0 Gyr , whilst also increasing
n mass and radial extent with factors of 2.5 and 1.5, respectively.

eanwhile, a four-armed spiral model is adopted in this simulation.
n this toy model, we find that the phase space density ρ( z, v z )
oes show clear 2-armed spiral features at T = 3 . 0 Gyr , which
s strong evidence that a bar with a decreasing pattern speed is
ble to produce a 2-armed phase spiral. At T = 3 . 5 Gyr , the 2-
rmed spiral in ρ( z, v z ) disappears, but it is still clear in 〈 v R 〉 ( z,
 z ), as in the Gaia observations of the inner disc. This result
uggests that the pattern speed of the bar might not be constant
 v er time in the real Galaxy. We note that it takes a long time to
roduce these two-armed phase spirals and that the phase spiral
eatures appear from inside out, probably related to the growth
NRAS 524, 6331–6344 (2023) 
f the bar. The Milky Way’s bar has been previously reported to
oth decrease in its pattern speed and grow in its radial amplitude
Chiba, Friske & Sch ̈onrich 2021 ), which is in line with our present
ndings. 
Ho we ver, the decreasing pattern speed model of the bar that we

sed in this work was a toy one, and to be taken only as a proof of
oncept. It by no means can trace the real evolution of the bar in
he Galaxy. Given our present results, it is thus a natural perspective
o next improve our approach and model the evolution history of
he Milky Way bar in a more realistic model, to then compare the
hase spiral patterns between the observations and the simulations.
oreo v er, the self-gravity, which is proposed to be crucial in shaping

oth the amplitude and pitch angle of the phase space spirals (Widrow
023 ), is neglected throughout this work. As it is reported by
idrow ( 2023 ), with the effect of self-gravity, the surface density

ncreases rapidly and the disc experiences a compression in the z–v z 
hase space, which generates new vertical phase spirals during the
volution and leads to stronger phase spiral amplitude in contrast to
he case without self-gravity. This also reveals two possible flaws in
ur simulation regarding the absence of self-gravity: one is that the
ignal of the phase spiral structure might be present but too weak to
etect in the steady bar simulation due to the absence of self-gravity,
lthough we suspect that phase spirals would be difficult to sustain
nce an equilibrium state is reached in terms of the bar’s amplitude
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Figure 15. Maps of ρ( z, v z ) and 〈 v R 〉 ( z, v z ) for test particles in the model with decreasing bar pattern speed, at T = 3 . 0 Gyr (upper grid) and T = 3 . 5 Gyr 
(lower grid). In each grid, the top row shows the density ρ( z, v z ) and the bottom row 〈 v R 〉 ( z, v z ). The density plot ρ( z, v z ) shows clear 2-armed spiral features 
in the first two panels at T = 3 . 0 Gyr . The 2-armed spiral feature can also be seen in the first panel of 〈 v R 〉 ( z, v z ). At T = 3 . 5 Gyr , the 2-armed spiral feature 
in ρ( z, v z ) is eliminated but still clear in 〈 v R 〉 ( z, v z ). 

a  

a
b  

s  

p
T
w  

c

p  

o  

4

t
p
a
p

S  

G  

fi
t  

t  

a  

a  

t  

o  

d
a

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/524/4/6331/7229553 by guest on 12 February 2024
nd pattern speed 4 ; the other is the fact that we only see the two-
rmed phase spiral once within specific J φ bins in the time-varying 
ar model, which is probably related to the lack of self-gravity in our
imulation, since the N -body simulations are also able to generate the
hase spirals repeatedly throughout the evolution (Hunt et al. 2022 ). 
hus, the self-gravity should be considered carefully in the future 
hen the phase spiral features will be inv estigated quantitativ ely in

omparison to the observational data. 
We also note that the single-armed phase spiral pattern in the z–v z 

lane of the outer Galaxy is highly likely to be triggered by the impact
f the Sagittarius (Sgr) dwarf galaxy on the Galactic disc (Binney &
 Actually, Widrow ( 2023 ) found stationary phase spirals in some regions of 
he Galactic disc when treating the case of the self-gravitating response to a 
oint mass travelling on a circular orbit in the disc, but this is different from 

 bar at equilibrium which is itself the perturber and the response while the 
oint mass can be considered as an external perturber. 

f
e  

p  

w  

d  

s  
ch ̈onrich 2018 ; Laporte et al. 2019 ; Bland-Hawthorn & Tepper-
arc ́ıa 2021 ). Despite our neglecting of self-gravity, our present
ndings suggest that a time-varying strong internal perturbation 

ogether with an e xternal v ertical perturbation such as the one from
he Sgr dwarf could actually explain the transition between the two-
rmed and one-armed phase spirals that is observed in Gaia data
round the solar radius. Hence, in future work, we plan to include a
horough and realistic analytic model of the bar including a decrease
f its pattern speed and growth in the radial direction. Then, the Sgr
warf galaxy and Large Magellanic Cloud potentials will also be 
dded to the Galactic potential to investigate the total perturbation 
rom both internal and external origins. Together with a theoretical 
ndea v our to understand in detail the physics of the phase space
atterns found in this work, as well as the effects of self-gravity
hich were currently neglected, this should allow us, in the end, to
isentangle the origins of the subtle structure of the vertical phase
pace of our Galaxy, and infer from it its history from a holistic
MNRAS 524, 6331–6344 (2023) 
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oint of view, including both environmental and secular evolution 
ffects. 
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