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A B S T R A C T 

We use numerical simulations to model Gaia DR3 data with the aim of constraining the Milky Way (MW) bar and spiral structure 
parameters. We show that both the morphology and the velocity field in MW-like galactic disc models are strong functions of 
time, changing dramatically o v er a few tens of Myr. This suggests that by finding a good match to the observed radial velocity 

field, v R ( x , y ), we can constrain the bar-spiral orientation. Incorporating uncertainties into our models is necessary to match 

the data; most importantly, a heliocentric distance uncertainty abo v e 10–15 per cent distorts the bar’s shape and v R quadrupole 
pattern morphology, and decreases its apparent angle with respect to the Sun-Galactocentric line. An excellent match to the Gaia 

DR3 v R ( x , y ) field is found for a simulation with a bar length R b ≈ 3.6 kpc. We argue that the data are consistent with an MW 

bar as short as ∼3 kpc, for moderate strength inner disc spiral structure ( A 2 / A 0 ≈ 0.25) or, alternatively, with a bar length up 

to ∼5.2 kpc, provided that spiral arms are quite weak ( A 2 / A 0 ≈ 0.1), and is most likely in the process of disconnecting from a 
spiral arm. We demonstrate that the bar angle and distance uncertainty can similarly affect the match between our models and 

the data – a smaller bar angle (20 

◦ instead of 30 

◦) requires smaller distance uncertainty (20 per cent instead of 30 per cent) to 

explain the observations. Fourier components of the face-on density distribution of our models suggest that the MW does not 
have strong m = 1 and/or m = 3 spirals near the solar radius. 

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

he most significant stellar component of the Milky Way (MW)
isc is its central bar. Stellar bars are non-axisymmetric elongated
eatures present in roughly two-thirds of disc galaxies in the local
niverse (Knapen, Shlosman & Peletier 2000 ; Marinova & Jogee
007 ; Men ́endez-Delmestre et al. 2007 ; Sheth et al. 2008 ; Masters
t al. 2011 ; Erwin 2018 ). Ho we ver, the genuine properties of bars,
uch as their length, pattern speed, and strength, are difficult to
esolve from the inner disc, bulge, and spiral arms due to their mutual
nterconnection. 

The MW bar was initially identified in near-infrared data (Blitz &
pergel 1991 ) and in the study of gas kinematics (Binney et al.
991 ). Due to the Sun’s position within the Galactic plane, it has
een difficult to study the bar directly from observations. At first, the
W bar was found to be quite short, with a half-length R b ∼ 2.5 kpc,

y studying the peaks in the radial distribution of CO gas emission
n the inner Galaxy (Blitz & Spergel 1991 ), and by decomposing the
 E-mail: evislosk@u.rochester.edu (EV); iminchev@aip.de (IM) 
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tellar density distribution about the Galactic Centre (GC; Weinberg
992 ). 
Refining indirect measurement techniques led to more consistent

esults, consistent with a fast, short bar with a pattern speed of
b ∼ 50–60 km s −1 kpc −1 and R b ∼ 3.5 kpc. These constraints
ere made by (1) matching hydrodynamic models of the interstellar
edium (ISM) with Galactic H I and molecular gas distributions in

he inner MW using longitude–velocity ( � –v) maps (Englmaier &
erhard 1999 ; Weiner & Sell w ood 1999 ), (2) matching the position
f the Hercules moving group (Dehnen 2000 ; Fux 2001 ; Antoja et al.
012 ; Monari et al. 2017 ) or the Pleiades and Sirius moving groups
Minchev et al. 2010 ) in the Hipparcos stellar velocity distribution,
3) reproducing the trend of the measured Oort’s constant C with
tellar velocity dispersion (Minchev & Quillen 2007 ), and (4)
omparing to NIR stellar density distributions (L ́opez-Corredoira
t al. 2001 ; Picaud, Cabrera-Lavers & Garz ́on 2003 ). 

More recently, direct observations of the inner MW disc have
uggested, ho we ver, that the bar is actually longer and slower than
reviously expected ( R b ∼ 5 kpc and �b ∼ 35 −45 kms −1 kpc −1 ).
his was determined by creating models for red clump magnitude
© 2024 The Author(s) 
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istributions from NIR stellar surv e ys (We gg, Gerhard & Portail
015 ; Portail et al. 2017 ), comparing MW � –v diagrams with
ydrodynamical simulations including the effect of the bar (Sormani, 
inney & Magorrian 2015 ; Li et al. 2016 ), and explaining the
ercules moving group with the bar’s corotation (CR; Portail et al. 
017 ; Monari et al. 2019 ) or the 4:1 Outer Lindblad Resonance
OLR; Hunt & Bovy 2018 ) of a long slow bar, rather than the 2:1
LR in the case of a faster bar. 
The transformative Gaia DR2 and DR3 (Gaia Collaboration 

018a , 2023a ) data sets revealed arches, ridges, and streams in
elocity and action space (Antoja et al. 2018 ; Kawata et al. 2018 ;
uillen et al. 2018b ; Bland-Hawthorn et al. 2019 ; Laporte et al. 2019 ;
rown 2021 ; Poggio et al. 2021 ; Queiroz et al. 2021 ), showing
nambiguously that the MW disc was out of equilibrium. This 
onfirmed previous expectations based on incomplete pre- Gaia data 
et (e.g. Hipparcos , RAVE, and SDSS), that a lot of disc phase-space
tructure could be explained as phase wrapping (mostly from the 
ffect of the Sagittarius Dwarf galaxy, hereafter Sgr; Ibata, Gilmore & 

rwin 1994 ; Laporte et al. 2018 ; Tepper-Garc ́ıa, Bland-Hawthorn &
reeman 2022 ), rather than self-gravity, e.g. the arches in the u –v
lane (Minchev et al. 2009 ; G ́omez et al. 2012a , b ), clumps in the u –v
lane (Quillen et al. 2009 ), disc asymmetries in the vertical direction
esembling bending and breathing modes (de la Vega et al. 2015 ).

any of these structures, ho we ver, have also been found consistent
ith the effect of a slow, long bar (e.g. Fragkoudi et al. 2019 ; Sanders,
mith & Evans 2019 ; D’Onghia & L. Aguerri 2020 ; Khoperskov et al.
020 ; Kawata et al. 2021 ; Khoperskov & Gerhard 2022 ), although
t has not been easy to break the de generac y between the tidal effect
f an external perturber (e.g. Sgr) and internal perturbations from 

isc asymmetries, such as the bar and self-sustained spiral arms (e.g. 
arrillo et al. 2018 ; Gaia Collaboration 2018b ; Carrillo et al. 2019 ;
aporte et al. 2020 ; Hunt et al. 2022 ). 
This drastic change in the bar length and pattern speed estimates, 

hen measured directly from data in the inner disc, rather than 
odelling the local velocity field, has been rather puzzling. One 
ay to understand this discrepancy was proposed recently by Hilmi 

t al. ( 2020 ). These authors showed that simulated galactic bars
xhibit fluctuations in length, amplitude, and pattern speed, due to 
he periodic bar o v erlap with the inner spiral structure, as already
oted by Quillen et al. ( 2011 ). Using the ellipse-fitting ( L prof ) and
ourier decomposition ( L m = 2 ) methods (Athanassoula & Misiriotis 
002 ), along with o v erdensity contour maps ( L cont ) of the central bar
f MW-like simulations, Hilmi et al. ( 2020 ) showed that, while the
ar is temporarily connected to a spiral arm it can appear up to twice
ts true size (see also Petersen, Weinberg & Katz 2023 ), slowing
own at the same time but by a smaller fraction, thus causing the
atio R = R CR /R b to become less than 1. This gives rise to ‘ultrafast’
ars, which have been found in observations (Buta & Zhang 2009 ;
guerri et al. 2015 ) but theoretically deemed unphysical. Unlike the 
 1 stellar orbits which support the bar, orbits outside the bar’s CR
re perpendicular to its major axis, and so R < 1 is not allowed
Contopoulos 1980 ; Contopoulos & Papayannopoulos 1980 ). The 
ork by Hilmi et al. ( 2020 ) could then explain the observed ultrafast
ars with an o v erestimation of their length, if they happened to be
onnected to spiral arms. Indeed, an investigation by Cuomo et al. 
 2021 ) of a set of disc galaxies with ultrafast bars from the CALIFA
urv e y, including those from Aguerri et al. ( 2015 ), found that they
ecome regular fast bars when the bar length measurement proposed 
y Lee et al. ( 2020 ) was used, based on the analysis of the maps
racing the transverse-to-radial force ratio Q T ( r , φ) of the galaxy
Combes & Sanders 1981 ). Another technique to o v ercome the
iases induced by traditional bar length measurements was recently 
roposed by Petersen, Weinberg & Katz ( 2023 ). Dubbed ‘dynamical
ength’, this method allows to measure the extent of x 1 orbits, which
efines the unambiguous bar length. 
While the MW bar length has been estimated to be ∼5 kpc or

v en larger (e.g. We gg, Gerhard & Portail 2015 ; Li et al. 2016 ;
ortail et al. 2017 ), the more recent work by Lucey et al. ( 2023 )
ound, via orbit integration, that trapped bar orbits extend out to only
3.5 kpc, although there is an o v erdensity of stars at the end of the

ar, out to 4.8 kpc, which could be related to an attached spiral arm.
nother recent study on exploring the bar pattern speed indirectly 

rom the effect on the tidal stream of the Hyades (Thomas et al.
023 ) found �b ≈ 55 km s −1 , which is in stark contrast to the direct
remaine–Weinberg (TW) method measurements (e.g. Bovy et al. 
019 ; Sanders, Smith & Evans 2019 ). Both of the abo v e results are
ery much in line with the predictions by Hilmi et al. ( 2020 ). 

Inspired by Gaia Collaboration ( 2023a ), the aim of this work is
o model the Gaia DR3 radial velocity field as a function of disc
osition and find out what we can learn about the Galactic bar length,
s well as its orientation with respect to the spiral structure. Gaia
ollaboration ( 2023a ) showed that the kinematic manifestation of 

he MW bar, namely the quadrupole, or butterfly-like radial velocity 
attern, when the disc is viewed face-on, seems to be aligned with
he Sun-GC line, implying that the bar angle, φb , is close to zero.
hese authors also pointed out that the apparent orientation of the
uadrupole is due to distance uncertainty and, based on comparison to
imulations, argued for bar angle of about 20 ◦. Indeed, the consensus
grees on a tilted bar with respect to the Sun-GC line in the range
f 20 ◦–30 ◦ ahead of the Sun (Bland-Hawthorn & Gerhard 2016 ).
ere, we also seek to explain this disagreement with a set of diverse
ydrodynamic simulations of MW-like galaxies by accounting for 
ncertainties in observable measurements similar to those present in 
he Gaia DR3 data set. 

 GAIA D R 3  DATA  SELECTI ON  

e use the third data release from the Gaia (ESA) space observatory
o study the velocity map of the inner disc region. The unfiltered
aia DR3 data set consists of o v er 33 million stars with six-
imensional phase space information (Gaia Collaboration 2023a ). 
e use multiple quality criteria to ensure the reliability of the

ositions and velocities of the MW stars, needed for our analysis.
ore specifically, we make quality cuts in the renormalized unit 
eight error (RUWE) < 1.4 (Gaia Collaboration 2023b ), rejection 
f duplicated sources (determined by the Gaia cross-matching 
lgorithm; Torra et al. 2021 ), and retention of only five-parameter
strometric solutions ( astrometric params solved = 31; 
aia Collaboration 2023b ). 
To calculate positions and velocities in the Galactocentric rest 

rame, we assumed an in-plane distance of the Sun from the GC of
.2 kpc, a velocity of the local standard of rest (LSR), of 240 km s −1 

Reid et al. 2014 ), and a peculiar velocity of the Sun with respect
o the LSR, U � = 11.1 km s −1 , V � = 12.24 km s −1 , and W � =
.25 km s −1 (Sch ̈onrich, Binney & Dehnen 2010 ). The heliocentric
istances were taken from the (Bailer-Jones et al. 2021 ) catalogue. 
Additional quality cuts include constraints on observable veloc- 

ties and the heliocentric distance, made to ensure the data are
ostly free from observation biases stemming from our location 

n the MW disc. To find out how these cuts affect the Galactocentric
ean radial velocity map, v R ( x , y ), in Fig. 1 we plot six panels
ith different combinations of cuts in the uncertainty in proper 
otion, σμ, distance, σ d , and line-of-sight velocity, σV los . It can 

e seen in the figure that the parameter which most significantly
MNRAS 528, 3576–3591 (2024) 
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M

Figure 1. Gaia DR3 radial velocity field, v R ( x , y ) for different uncertainty cuts, as indicated. Top: σd < 10 per cent and σV los < 5 km s −1 (top left), 
σd < 20 per cent and σV los < 5 km s −1 (top middle), and σd < 20 per cent and σV los < 2 km s −1 (top right). Proper motion uncertainty is σμ < 10 per cent in 
all top panels. Bottom: As in top, but with σμ < 5 per cent (left and middle) and σμ < 20 per cent (right). Significant difference in the disc area co v ered and the 
velocity map morphology are seen only when the distance measurement uncertainty changes. For comparison with our models, we use the top left and middle 
panels. An ellipse with a semimajor axis of 3.5 kpc depicts the bar, oriented at 30 ◦ ahead of the Sun-GC line. The panels with σd < 20 per cent reproduce well 
the top left panel of fig. 16 by Gaia Collaboration ( 2023a ), but show a larger range in v R and co v er a larger disc area. 
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ffects both structure in velocity space and the co v ered disc area
s the distance uncertainty, as any cuts below 20 per cent begin to
ubstantially decrease the amount of data beyond the GC (see the
eft column of Fig. 1 ). To compare to our simulations, we use two
istance uncertainty cut: σd < 20 per cent 1 (as in Gaia Collaboration
023a , b ) and σd < 10 per cent , which shows a different structure
nside R = 4 kpc. Looking at the various proper motion cuts
in both RA and Dec.), we notice that σμ < 5 per cent seems to
ntensify features in the radial velocity field ske wed to wards the
olar neighbourhood, so we maintain a 10 per cent uncertainty bound.
astly, decreasing σV los from 5 to 2 km s −1 makes little difference in

he radial velocity field of the data (see also Kordopatis et al. 2023 ),
ther than to slightly lessen the intensity of the butterfly pattern in the
ar region, while it cuts the data sample in half. We thus maintain a
 km s −1 error limit in V los . After all these quality cuts, we are left with
 star count of about 17.4 or 15.3 million for the σd < 20 per cent
nd σd < 10 per cent cuts, respectively. The variation of the radial
elocity field with the above-described combinations of uncertainty
uts is shown in Fig. 1 , as indicated in each panel. 

 SIMULATION S  

e use three hydrodynamical simulations of barred spiral galaxies
two in the cosmological context) with disc properties similar to those
f the MW. We only consider the last ∼1.4 Gyr of evolution in these
odels, as we aim at matching the Galactic disc dynamical state at

edshift zero. Since the latter is a very strong function of time, we
NRAS 528, 3576–3591 (2024) 

 When referring to uncertainty cuts, we use σd < 20 per cent , etc., to mean 

d < 0.2 d , etc., interchangeably within the paper. 

e  

t  

s  

s  
xamine closely spaced time outputs (from 4.5 to 10 Myr) in each
imulation. 

Models 1 and 2, as introduced below, were used under the same
ames by Hilmi et al. ( 2020 ) to study the bar length fluctuations
ue to the bar–spiral interaction resulting from their different pattern
peed. We keep the same names here for consistency, although the
caling we do is slightly different, as described below. Model 3 is a
re-assembled stellar disc simulation, including gas dynamics, star
ormation, and chemical evolution. The face-on and edge-on views
f the three models for the last time outputs can be seen in Fig. 2 . 
The angle the Galactic bar semimajor axis makes with the Sun-GC

ine is referred to as the bar angle, φb . In our simulations, we assume
 bar angle of φb = 30 ◦, which is consistent with the upper limit
f measurements found using distributions of red clump giants from
urv e ys such as the Via Lactea, (OGLE) III, and 2MASS, e.g. 27 ◦ ±
 

◦ (Wegg & Gerhard 2013 ), 29.4 ◦ (Cao et al. 2013 ), and 20 ◦−35 ◦

L ́opez-Corredoira, Cabrera-Lavers & Gerhard 2005 ). 
The velocities of our models are scaled so that the rotation curve

s 240 km s −1 , while we scale the distances (and thus the bar lengths)
uch that the observed radial velocity field, v R ( x , y ), is reproduced as
est as possible. The latter results in different bar lengths, as indicated
elow. 

.1 Model 1 

he first simulation (Model 1) we use was introduced by Buck
t al. ( 2018 ) as a higher resolution of the galaxy g2.79e12 from
he NIHAO project (Wang et al. 2015 ), with a notable boxy/peanut-
haped bulge similar to that of the MW (Buck et al. 2018 , 2019b ). The
imulation was made with a modified version of the smoothed particle
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Figure 2. Face-on (top) and edge-on (bottom) stellar density plots for our Model 1 (left), Model 2 (middle), and Model 3 (right panel). X-shaped side-on bar is 
seen for Models 1 and 3, which have gone through a buckling phase, in contrast to Model 2, which has not. 
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ydrodynamics (SPH) code GASOLINE2.0 (Wadsley, Keller & Quinn 
017 ). The updated hydrodynamics adopt a metal diffusion algorithm 

etween particles (Wadsley, Veeravalli & Couchman 2008 ). Star 
ormation in this model follows that described by Stinson et al. ( 2006 )
or dense and cool gas. Two modes of stellar feedback are used in the
imulation (Stinson et al. 2013 ); one modelled from luminous young 
tars before any supernovae, and the other mode from supernovae 
fter 4 Myr of star formation. 

This simulated galaxy is resolved with ∼5.2 × 10 6 dark mat- 
er particles (5.141 × 10 5 M �/particle), ∼8.2 × 10 6 star parti- 
les (3.13 × 10 4 M �/particle, total M star = 1 . 59 × 10 11 M �), and
2.2 × 10 6 gas particles (9.38 × 10 4 M �/particle, total M gas = 

 . 85 × 10 11 M �) – see tables 1 and 2 of Buck et al. ( 2020 ). Due to
ts similarity with the MW, this galaxy has been e xtensiv ely studied
or the birth radii of stars (Lu et al. 2022a , b , c ; Wang et al. 2024 ),
he chemical abundance distribution (Buck 2020 ; Sestito et al. 2021 ;
uck et al. 2023 ) and its satellite galaxy population (Buck et al.
019a ). 
Model 1 has a flat rotation curve at V c = 324 km s −1 , which

e scaled down to match current estimates for the MW of V c =
40 km s −1 (Bland-Hawthorn & Gerhard 2016 ). 
Unlike in Hilmi et al. ( 2020 ), we do not scale the distances down,

ince the Gaia DR3 radial velocity field is matched well with the
riginal bar length, R b ≈ 5.2 kpc, as measured from the minimum of
ts fluctuation in the last ∼1.4 Gyr (see Hilmi et al. 2020 for details).
he time outputs from this simulation are every 6.9 Myr. 

.2 Model 2 

he second simulation (Model2) is galaxy g106 from a suite of
3 hydrodynamic simulations by Martig et al. ( 2012 ) made by
xtracting merger and accretion histories of a particular halo from a 
osmological simulation, then re-simulating with the Particle-Mesh 
ode (Bournaud & Combes 2002 , 2003 ) at high resolution with a
alaxy in place of the halo (zoom-in technique introduced by Martig
t al. ( 2009 )). This simulation has a mass resolution of 1.5 × 10 4 M �
or gas particles, 7.5 × 10 4 M � for stars, and 3 × 10 5 M � for
ark matter particles; the spatial resolution is 150 pc. Within the 
ptical radius of 25 kpc, this simulation has a total stellar mass of
4.3 × 10 10 M � and a dark matter mass of ∼3.4 × 10 11 M �. This
imulation has also been studied e xtensiv ely due to its similarity to the

W (e.g. Martig, Minchev & Flynn 2014a , b ; Kraljic, Bournaud &
artig 2012 ; Minchev, Chiappini & Martig 2013 ; Minchev et al.

014 , 2015 , 2017 ; Carrillo et al. 2019 ; Hilmi et al. 2020 ). 
Similarly to Hilmi et al. ( 2020 ), we scale this simulation so that

he original rotation curve of V c ≈ 210 km/s matches the MW at
40 km s −1 and the bar length is fixed at ∼3.2 kpc at the final time,
y scaling distances down by a factor of 1.46. In the 1.37 Gyr period
onsidered, the bar length increases from ∼2.8 to ∼3.2 kpc with a
ime average of 3 kpc. Time outputs here are separated by 4.5 Myr. 

We re-scale Model 2 distances to shrink the bar, but do not do this
or Model 1, in order to show that both these models, with largely
iffering bar lengths, can reproduce the Gaia DR3 radial velocity 
eld, the reason for this being the weaker spiral structure in Model 1.

.3 Model 3 

ur Model 3 is an N -body/hydrodynamical simulation of a disc
alaxy with a total stellar mass and a rotation curve compatible
ith those of the MW. The simulation starts from a pre-existing

xisymmetric stellar disc, including gas and star formation coupled 
ith chemical evolution. The simulation lasts about 3 Gyr of which
e consider the last 1.37 Gyr as in our other two models and assume

his represents well the last 1.37 Gyr of MW evolution dynamically. 
 well-defined buckled bar is formed before the time period we

onsider, as can be seen in Fig. 2 . The detailed description of the
odel 3 set-up is as follows. 
Initially, stellar particles are redistributed following a Miyamoto–

agai density profile (Miyamoto & Nagai 1975 ) that has a char-
cteristic scale length of 4 kpc, vertical thicknesses of 0.2 kpc and
ass of 4.5 × 10 10 M �. Also included is a live dark matter halo

5 × 10 6 particles), whose density distribution follows a Plummer 
phere (Plummer 1911 ), with a total mass of 6.2 × 10 11 M � and a
adius of 21 kpc. The choice of parameters leads to a galaxy mass
odel with a circular velocity of ≈220 km s −1 . The gas component

s represented by an exponential disc with a scale length of 5 kpc and
 total mass of 1.5 × 10 10 M �. The initial equilibrium state has been
enerated using the iterative method from the AGAMA software 
MNRAS 528, 3576–3591 (2024) 
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Figure 3. Bar length variation for Model 3, measured using the L cont method of Hilmi et al. ( 2020 ). Very similar results are found with the L prof method from, 
e.g., Athanassoula & Misiriotis ( 2002 ) (not shown). After the bar is aligned along the x -axis in a face-on view as in the top panels of Fig. 2 , each bar half is 
measured separately, with the ‘left side’ (extending at x < 0) shown in the top panel and the ‘right side’ (at x > 0) shown in the bottom. The different curves 
represent different thresholds from 20 per cent to 80 per cent (drop in o v erdensity along the bar semimajor axis). The bar true length is ∼3.6 kpc, estimated 
as the minimum of the fluctuations for a 50 per cent threshold as done by Hilmi et al. ( 2020 ). Lower thresholds result in longer bar measurements, therefore 
50 per cent is the line right in the middle for any gi ven time. Fi ve main peaks are seen in both the left and right bar halves (a period of ∼270 Myr), ho we ver, a 
slight offset exists, since the two bar halves do not connect to spiral arms al w ays at the same time. The pink lines indicate the times of time outputs shown in 
Fig. 4 . The blue line indicates the time output for which we find the best match to the Gaia DR3 data (see Fig. 6 ). 
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Vasiliev 2019 ). A gaseous cell undergoes star formation if: i) the
as mass is > 2 × 10 5 M �, (ii) the temperature of the gas is lower than
00 K and (iii) if the cell is part of a converging flow. The efficiency
f star formation is set to 0.05, i.e. 5 per cent of the gas eligible to
orm a new star particle per dynamical time. We consider the ISM as
 mixture of several species (H, He, Si, Mg, O, Fe, and other metals),
hich is sufficient for modelling the Galactic chemical evolution and

he newborn stellar particles inherit both kinematics and elemental
bundances of their parent gas cells. No chemical information is used
n this work. 

Following the chemical evolution models by Snaith et al. ( 2015 )
nd Snaith et al. ( 2022 ), at each time step, for newly formed stars
e calculate the amount of gas returned, the mass of the various

pecies of metals, the number of SNII or SNIa for a given initial
ass and metallicity, the cumulative yield of various chemical

lements, the total metallicity, and the total gas released. Feedback
ssociated with the evolution of massive stars is implemented as
n injection of thermal energy in a nearby gas cell proportional to
he number of SNII, SNI, and asymptotic giant branch stars (see
hoperskov et al. 2021 , for more details). The hydrodynamical
art also includes gas-metallicity-dependent radiative cooling (see
etails in Khoperskov et al. 2021 ). The simulations were evolved
ith the N -body + total variation diminishing hydrodynamical code

Khoperskov et al. 2014 ). For the N -body system integration and
as self-gravity, we used our parallel version of the TREE-GRAPE

ode (Fukushige, Makino & Kawai 2005 ) with multithread usage
nder the SSE and AVX instructions. In recent years, we already
sed and e xtensiv ely tested our hardware-accelerator-based gravity
alculation routine in several galaxy dynamics studies where we
btained accurate results with a good performance (Saburova et al.
018 ; Khopersko v et al. 2018a , b , 2019 ). F or the time inte gration,
e used a leapfrog integrator with a fixed step size of 0.1 Myr. In

he simulation, we adopted the standard opening angle θ = 0.7. The
ynamics of the ISM is simulated on a Cartesian grid with static
esh refinement and a minimum cell size of ≈10 pc in the Galactic

lane. 
NRAS 528, 3576–3591 (2024) 

t  
Similarly to Model1 and Model2, we scale this simulation’s
otation curve from 220 km/s to 240 km/s and do not scale the
istances. The bar length during the period of time we consider is
3.6 kpc, as estimated from the minima of the 50 per cent threshold

n Fig. 3 . As in Model1 and Model2, we chose this bar length as
t happens to match well the Gaia DR3 radial velocity field. Time
utputs here are separated by 10 Myr. 

.4 Spiral structure 

he spiral arms of Model 1 are more tightly wound and multiarmed
see Fig. 2 and fig. 1 by Buck et al. 2018 ), compared to Models 2
r 3, where they are more open and dominated by two or four arms
see also fig. 1 by Minchev, Chiappini & Martig 2013 ), signifying
hat they are stronger. We measured the spiral structure o v erdensity
rom the ratio of the amplitude of the m = 1, 2, 3, and 4 components
o the m = 0 Fourier component of the stellar density, as a function
f galactic disc radius and that for three radii in Fig. A3 . We found
hat the spiral o v erdensity is typically 10 per cent for Model 1 and
bout 20–25 per cent Models 2 and 3. One important difference is
hat Model 3 displays the strongest odd modes: m = 1 and m = 3,
hich correspond to a one- and three-armed spirals (see Fig. A3 ). 
For the MW, we expect spiral-arm overdensity of ∼ 15 per cent

rom modelling the radial velocity field of RAVE data (Siebert et al.
012 ), ∼ 25 per cent from considering the migration rate of open
lusters near the Sun (Quillen et al. 2018a ), ∼ 20 per cent from
atching the radial velocity field of stars from a compilation of

ata (Eilers et al. 2020 ). These estimates are larger than the spiral
 v erdensity of Model 1, but consistent with our Models 2 and 3. 

.5 Matching the selection and uncertainties of Gaia DR3 

n order to compare properly to the observations, we need to match
he geometry of the Gaia DR3 sample and to introduce synthetic
ncertainties into our models, consistently with the data. 
We first transform our simulation data from the native Galac-

ocentric cylindrical coordinate system to a Galactic spher-
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Figure 4. Illustrating the changes to the Model 3 disc morphology (left col- 
umn) and its radial velocity field (right column) when the bar is disconnected 
from the inner spiral structure (top row), in the process of connecting (second 
row), fully connected and at a maximum measurable length (third row), in 
the process of disconnecting from spiral (fourth row), and disconnected once 
again (bottom row). Drastic differences are seen among different panels o v er 
these very short time intervals (40–120 Myr). In all the plots, the bar is 
oriented at 30 ◦ with respect to the Sun-galactocentric line. The Sun’s location 
is indicated by the black dot at x = 8.2 kpc and y = 0. The two dotted circles 
show the solar radius and 4 kpc. 
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cal coordinate frame centred on the Sun. This is done 
ith the astropy.coordinates module using the SkyCo- 
rd.transform to object method (see Astropy Collaboration 
022 ). In this transformation, we specify the position of the Sun’s
arycentre at ( x , y , z) = ( −8.2, 0, 0) kpc in the Galactocentric
rame, as this is shifted to the origin of the new Galactic frame.
o match the reference frame from which Gaia measures kinematic 
bservables, we perform another simple coordinate transformation 
f the simulated data, taking it from Galactic spherical to ICRS
oordinates. 

To match the geometry of our Gaia sample, we picked the Sun
osition in the disc so that the bar is oriented at 30 ◦ ahead of the
un-Galactocentric line (Bland-Hawthorn & Gerhard 2016 ), but we 

est the case of 20 ◦ as well. Moreo v er, we made a cut in Galactic
atitude, | b | < 1.0 ◦ about the mid-plane, in order to exclude the
ust-obscured regions in the data and match the Gaia footprint. This
chieves a similar effect as our quality cuts in the Gaia DR3 data,
hich preferentially reject stars within the Galactic mid-plane. 
The Gaia DR3 uncertainties for our data set revealed roughly 

aussian distributions in proper motion and line-of-sight veloc- 
ty uncertainties and a complex, skewed Gaussian distribution in 
istance uncertainty which is coupled to distance, as shown in 
he left panel of A1 . This skewing towards larger distances was
lready shown by Gaia Collaboration ( 2023a ). As for the data,
e introduced synthetic uncertainties in the line-of-sight velocity 
V los 

= 5 km s −1 , in heliocentric distance σ d = 0.2 d or σ d = 0.1 d ,
nd in both proper motions σμ = 0.1 μ, using Gaussian distributions.
o model the distribution of relative uncertainties in distance ( σd /d)

n two different ways. First, we use a Gaussian distribution of width
0 per cent or 10 per cent centred on zero, which is used for most of
he figures. We also fit the data using skewed probability distributions
tting the data in different distance bins. These functions are then 

nterpolated to create a continuous probability density function 
ependent on distance. The result is shown in the right panel of
ig. A1 and provides a very good match to the data on the left.
fter convolving the uncertainties, we converted from ICRS back 

o Galactocentric cylindrical coordinates. Now our models include 
he biases in the Gaia DR3 observables and can allow for proper
omparison to the data. 

 RESULTS  

.1 Gaia DR3 radial velocity map 

t has been previously shown (e.g. Bovy et al. 2019 ; Carrillo
t al. 2019 ; Fragkoudi et al. 2019 ) that a central bar produces a
uadruple pattern in the disc radial velocity field when viewed face- 
n. This signature was first identified for the MW by Bovy et al.
 2019 ) and then more clearly by Queiroz et al. ( 2021 ), combining
POGEE (Majewski et al. 2017 ) spectroscopy with earlier Gaia 
Rs astrometry, using a few tens of thousands of stars. The advent
f Gaia DR3 confirmed the existence of such a kinematic pattern 
sing millions of stars, and extended to spiral arms all the way outside
he solar circle. 

Fig. 1 presents the Gaia DR3 radial velocity field, v R ( x , y ) for
ifferent uncertainty cuts, as indicated at the top of each panel. 
he panels with σd < 20 per cent (all except for the top left one)

eproduce well the top-left panel of fig. 16 by Gaia Collaboration 
 2023a ), but show a larger range in v R (colour bar) and co v er a
arger disc area. This allows us to see better the positive and ne gativ e
elocity lobes on the other side of the GC, the emergence of an
dditional arm-like feature in ne gativ e v elocity (blue) at the upper-
MNRAS 528, 3576–3591 (2024) 
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Figure 5. The effect of Gaia DR3-like uncertainties on the bar shape and orientation. The left panel shows the face-on stellar density of Model 3 at t = 

12.4 Gyr (bar length near a peak, see Fig. 3 ) with the bar oriented at 30 ◦ ahead of the Sun-galactocentric line. The middle and right panels show the effect 
of 15 per cent and 30 per cent distance uncertainty , respectively . The measurement errors, most importantly the distance uncertainty, cause the bar angle to 
shift significantly towards the Sun-galactocentric line, as indicated at the bottom of each panel. Moreo v er, the central contours are affected more, resulting 
in a distorted bar shape. The white contour marks the same density level, which changes from the sixth, to the fifth, to the fourth most dense contour for a 
σd = 0 , 20 per cent , 30 per cent , respectively. This is caused by the central density spread out due to the distance uncertainty increase. We measured 25 ◦ for 
σd < 15 per cent and 12 ◦ for σd < 30 per cent taking all density inside the bar length (3.6 kpc) into account. Ho we ver, it is clear from the innermost couple of 
contours that the effect is even larger there due to the more circular initial distribution. 
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eft quadrant of the plots, and an area of ne gativ e radial v elocity in
he lower right corner. An ellipse with a semimajor axis of 3.5 kpc
epicts the MW bar in the figure, assumed to be 30 ◦ ahead of the
un-GC line (e.g. Bland-Hawthorn & Gerhard 2016 ). 
The expected orientation of the bar density (ellipse in Fig. 1 )

hould lie along the line delineating ne gativ e from positiv e v R lobes,
s shown in Fig. 4 . However, we find that the bar semimajor axis
s aligned with the blue lobe instead. We will show later that this
s the effect of the distance uncertainty. Note that once we cut at
d < 10 per cent , the inner ∼2 kpc velocity structure aligns better
ith the bar major axis. 

.2 Rapid variations in galactic disc morphology and radial 
elocity field 

hen more than one perturber is present in a galactic disc, such
s a central bar and spiral arms moving at different pattern speeds,
ne expects a strong variation of both the density and the velocity
eld on short timescales (e.g. Carrillo et al. 2019 ; Asano et al. 2022 ).
ndeed, using Models 1 and 2, Hilmi et al. ( 2020 ) showed that the bar
ength, amplitude, and pattern speed can all fluctuate on a dynamical
imescale consistent with the beat frequency between the bar and
nner spiral modes. 

In Fig. 3 , we show the bar length evolution with time for our Model
. The two half lengths are measured separately with the one near the
un shown in the top panel (left side) and the one farther from the
un in the bottom (right side). About five fluctuations are seen from

he number of peaks and troughs. The length measurement method
sed is L cont , tracing the drop in o v erdensity along the bar major axis,
s described by Hilmi et al. ( 2020 ), who reasoned that the minimum
n the 50 per cent threshold in the density drop was closest to the true
ar length, which happens when the spiral is fully disconnected from
t. We see that within this definition, the bar fluctuates between ∼3.6
nd ∼7 kpc in length, with a period of about 250–300 Myr (the beat
requency between the bar and the dominant inner spiral mode). 

To understand how the bar length fluctuations seen in Fig. 3 affect
he inner disc morphology and its radial velocity field, in Fig. 4 we
lot the disc face-on view for five snapshots from our Model 3. Those
re separated by 40–120 Myr and are picked according to the relative
rientation between the bar and spiral. The left column shows the
tellar o v erdensity, computed as δ	( r , φ) = ( 	( r , φ) − 	 0 ( r ))/ 	 0 ( r ),
NRAS 528, 3576–3591 (2024) 
here 	 ( r , φ) is the density as seen in the top panel of Fig. 2 and
 0 is the azimuthally averaged density for radial bins of 0.3 kpc.

n the right column, we plot the galactocentric radial velocity field,
 R ( x , y ). In all panels, the bar is oriented at 30 ◦ with respect to the
un-GC line for a Sun position indicated by the black dot at x =
.2 kpc and y = 0. The two dashed circles show the solar radius
nd 4 kpc to guide the eye. We can see that in different rows, spirals
ave different orientations with respect to the fixed bar, due to their
ower pattern speed. In the reference frame of the bar, spirals mo v e
ounterclockwise, although galactic rotation is clockwise. Note that
he Gaia DR3 uncertainties and sample selection, as described in
ection 3.5 , are not applied to Fig. 4 . 
The time outputs shown in Fig. 4 span about 290 Myr, starting

nd ending with a complete separation between the near bar half
nd the spiral arms. This corresponds to one period of the bar length
uctuations, seen in Fig. 3 (pink vertical lines). From top to bottom,

he bar half nearer the Sun is well separated from the spiral arm and
hus at a minimum in Fig. 3 , in the process of connecting (second
ow), fully connected (third row) and thus a maximum in Fig. 3 , in the
rocess of disconnecting (fourth row), and again fully disconnected
bottom row). 

It is easy to infer from both the o v erdensity and v R plots the times
or which the bar is separated from the spiral. In the top and bottom
anels, the bar fits well within the 4-kpc dashed circle, while in the
hird row (fully connected) it is extending well beyond it and the
ositive v R lobe covers roughly four times larger area. 
The abo v e-described variations outside the bar region in both

ensity and velocity mean that comparison between the Gaia DR3
ata and models should be done carefully, studying the detailed time
volution of the disc. To accomplish this, for all our models we use
ime outputs between 4.5 and 10 Myr, depending on the simulations
see Section 3 ). 

.3 Spiral arm in stellar mass near bar end due to o v erlap of 
ultiple modes 

o first order, when the bar is in the process of connecting to, or
isconnecting from, a spiral arm (second and fourth rows in Fig. 4 ,
espectively), a leading or trailing arm, respectively, appears attached
o the bar. Ov erall, the v elocity field seen in the right panels shows
imilar morphology in the positive v R nearby lobe. 
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Figure 6. A snapshot from our Model 3, exploring the effect of Gaia DR3 uncertainty and providing a match to the Gaia DR3 radial velocity field. Left 
column: Model 3 radial velocity field (top) and stellar overdensity (bottom). Middle column: As top left, but including 30 per cent (top) and 15 per cent (bottom) 
synthetic uncertainty in heliocentric distance, σ d . Right column: Radial velocity field of Gaia DR3 data with σd < 20 per cent (top) and σd < 10 per cent 
(bottom). The middle column provides an excellent match to the data. Examining Fig. 3 , the time 12.4 Gyr (blue vertical line) corresponds to an increase in the 
bar’s length, thus, the bar can be thought of as being in the process of connecting to a spiral arm. Looking at the morphology of the o v erdensity plot (bottom-left 
panel), ho we ver, it appears that the bar is in the process of disconnecting from an arm (see Section 4.3 for discussion on this conundrum in terms of material 
arms versus spiral density wave modes). The red arrows in the bottom middle and right panels indicate a feature, where the semimajor axis of the oval cleanly 
separates positive and negative velocities before it flattens sharply at ∼2 kpc from the GC in both model and data. 

 

w  

p  

b  

e  

(  

1  

2  

M  

T  

o  

a
I  

o
o  

s
p  

r  

j  

s  

o
 

f  

s  

h
M  

h  

t  

4
o

W  

m  

o  

u
t

 

f
t
(  

(  

σ

a  

t  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/528/2/3576/7602843 by Sarah D
akin user on 25 April 2025
It should be kept in mind, ho we ver, that multiple spiral modes
ith different multiplicity (typically m = 1, 2, 3, and 4) and different
attern speeds, are al w ays present just outside the bar, as seen in
oth numerical simulations (e.g. Sell w ood & Sparke 1988 ; Quillen
t al. 2011 ; Minchev et al. 2012 ; Hilmi et al. 2020 ) and observations
e.g. Elme green, Elme green & Montene gro 1992 ; Rix & Rieke
993 ; Henry, Quillen & Gutermuth 2003 ; Meidt, Rand & Merrifield
009 ). This has been shown to be the case also for Model1 and
odel2 by Hilmi et al. ( 2020 ), by constructing power spectrograms.

herefore, the spiral o v erdensity seen in the mass in the left column
f Fig. 4 is due to the o v erlap of all these modes and not caused by
 single spiral pattern (although dominated by the strongest mode). 
t is thus possible that while the bar appears to be connecting to,
r disconnecting from this apparent spiral (which, in fact, is an 
 v erdensity associated with the o v erlap of the multiple modes),
ignatures of both disconnecting and connecting spiral arms are 
resent in the v R field in the same snapshot. Indeed, in the second
ow of Fig. 4 we can see a trailing arm in positive v R (right column)
ust outside the 4-kpc dashed circle, in addition to the leading arm
een in the density we reported abo v e, although we see no spiral
 v erdensity in the left panel. 
We estimated the m = 1, 2, 3, and 4 Fourier components from the

ace-on density of each model as functions of time with the results

d  
hown in Fig. A3 . It can be seen there that as stated before, Model 1
as significantly weaker spiral structure than the other models. While 
odels 2 and 3 have similar two- and four-armed modes, Model 3

as stronger m = 1 and m = 3 components o v erall. We later argue
hat these odd modes are not expected to be very strong for the MW.

.4 Effect of Gaia DR3 uncertainties on the bar shape and 

rientation 

e now study the effect of Gaia DR3-like uncertainties on the disc
orphology of our Model 3, but the results are very similar for our

ther two Models. Fig. 5 shows the face-on stellar density when no
ncertainties are considered (left), for an adopted distance uncer- 
ainty of σd < 15 per cent (middle) and σd < 30 per cent (right). 

It is immediately obvious that the bar angle is strongly decreased
rom its true 30 ◦ when synthetic uncertainties are included in 
he simulation, as already expected from Gaia mock catalogues 
Romero-G ́omez et al. 2015 ) and the work by Gaia Collaboration
 2023a ). We measured ∼25 ◦ for σd < 15 per cent and 12 ◦ for
d < 30 per cent taking all density inside the bar length (3.6 kpc) into 
ccount. Ho we ver, it is clear from the innermost couple of contours
hat the effect is even larger there (close to zero in the right panel),
ue to the more circular initial distribution. The white contour in each
MNRAS 528, 3576–3591 (2024) 



3584 E. Vislosky et al. 

M

Figure 7. Exploring the interplay between distance uncertainty and bar angle. The left three columns show the Model 3 radial velocity field, v R ( x , y ), for the 
matching snapshot at 12.4 Gyr (see Fig. 6 ), but with different combinations of distance uncertainty and bar angle, as indicated. When the implemented distance 
uncertainty is 20 per cent and the bar angle is 30 ◦ (leftmost column), as in the data (rightmost column), an upward kink inside the oval representing the bar 
is seen for the positive v R lobe, which is not present in the data. To achieve the flatness of the transition between ne gativ e and positive v R , we propose two 
solutions: decreasing the bar angle from 30 ◦ to 20 ◦, while setting the distance error at 20 per cent (second column), or using an uncertainty of 30 per cent and 
a bar angle of 30 ◦ (third column, as in Fig. 6 ). The latter solution appears to give a better match to the data (rightmost column), suggesting that Gaia DR3 
distance uncertainties are underestimated. 
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2 The L cont method uses the disc o v erdensity, which requires knowledge of the 
correct Galactic density as a function of position and for all Galactic azimuths 
in the inner 5–6 kpc (see Hilmi et al. 2020 ). 
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anel marks the same density level, which shifts from the sixth, to the
fth, to the fourth most dense contour with an increase in uncertainty:
d = 0 , 20 per cent , 30 per cent , respectively. This indicates that the
entral density spreads out as the distance uncertainty increase. This
tretch in the initially circular central density contour can be also
een in the stellar velocity dispersion, as shown by Hey et al. ( 2023 ).

In addition to the decrease in bar angle, the uncertainties cause
he bar to appear less centrally concentrated and offset from the GC
owards the direction of the Sun, as seen in the figure (especially for
he 30 per cent error). It is notable that the contours that encapsulate
he bar are af fected dif ferently by σ d . The highest density contour
s almost aligned with the Sun-GC line for both distance uncertainty
uts, which can be linked to its originally nearly circular shape. 

As it can be already expected, we show in the next section that this
pparent decrease in the bar orientation strongly affects the observed
rientation of the central radial velocity field, v R ( x , y ), as well. 

.5 Matching the Gaia DR3 radial velocity field 

ig. 6 presents a snapshot at t = 12.4 Gyr from our Model 3, exploring
he effect of Gaia DR3 uncertainties and providing a match to the disc
adial velocity field. The left column shows the model v R ( x , y ) (top)
nd the stellar o v erdensity (bottom), with no uncertainties included.
ince this is a snapshot when the near half of the bar is connected to a
piral, the bar appears much longer than its true length, which at this
articular time is R b ≈ 3.2 (see minimum at t ≈ 12.37 Gyr in Fig. 3 ).
sing the ellipse fitting method, L prof , we measured R b ≈ 5.5 kpc

pparent bar length, ho we ver, due to the gap present in the stellar
 v erdensity along the bar semimajor axis (the bottom left panel of
ig. 6 ), the L cont method introduced by Hilmi et al. ( 2020 ), measured
 lower value, more consistent with the real length. It should be kept
NRAS 528, 3576–3591 (2024) 
n mind that observationally L cont cannot be applied to the MW, 2 thus
 bar at this configuration will be likely miss-measured by a factor
f ∼1.7. This also results in a larger positive radial velocity lobe,
ompared to when the bar is disconnected from the spiral structure,
s it was already illustrated in Fig. 4 . 

The middle column of Fig. 6 shows the radial velocity field as in top
eft, but including 30 per cent (top) and 15 per cent (bottom) synthetic
rror, in addition to the uncertainties in heliocentric radial velocity,
V los 

, and proper motion, σμ (see Section 2 ). As expected from the
ecrease in bar angle caused by the uncertainty that we saw in Fig. 5 ,
he butterfly pattern in the centre is rotated counterclockwise so that
he bar semimajor axis (dashed line) passes through the ne gativ e
elocity lobe (blue), instead of the interface between positive and
e gativ e (as in top left). We note that our results of the bar angle
ecreasing with distance error are in agreement with conclusions
y Gaia Collaboration ( 2023a ) and Hey et al. ( 2023 ). The more
mportant effect of the relative bar-spiral orientation, however, has
ot been discussed before. 
Finally, in the right column of Fig. 6 we show the radial velocity

eld of Gaia DR3 data with σ d < 0.2 d (top) and σ d < 0.1 d (bottom).
he middle column provides an excellent match to the entire Gaia
R3 data set, especially inside the solar circle in the following: 

(i) the sizes and shapes of the ne gativ e and positiv e radial v elocity
obes associated with the bar’s near half; 

(ii) the upward e xtending positiv e v R arm attached to the positive
 lobe; 
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Figure 8. A selection of matches to the Gaia DR3 radial velocity field (shown in bottom left panel) from our three different simulations, by visual inspection, 
considering different time outputs and focusing mostly on structure inside the solar circle. The top row shows Model 1 with a true bar length of ∼5.2 kpc, but 
weaker spiral arms. The second ro w sho ws Model 2, which has a true size of ∼3 kpc (varying from ∼2.8 to ∼3.2 kpc o v er the e xamined time period). The 
bottom row shows Model 3, with a true bar length of ∼3.6 kpc, which provided the best match the Gaia DR3 data in Fig. 6 (we do not repeat that time output 
here). For all snapshots we used the same synthetic uncertainties as in Fig. 6 . It is remarkable that this large range of bar lengths (from ∼3 to ∼5.2 kpc) among 
our three models can match relatively well the structure inside the solar circle. We attribute this mostly to the relative overdensity between the bar and spiral 
arms – the stronger the spiral arms, the smaller the bar that can reproduce the observations. 
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(iii) the innermost 2–3 kpc for the uncertainty in data of 10 per cent
15 per cent in model, see Section 4.6 ), where the semimajor axis
f the oval (3.5 kpc long) cleanly separates positive and ne gativ e
elocities before it flattens sharply at ∼2 kpc from the GC (see red
rrows); 

(iv) the sharp decrease in positive v R area below the positive v R 
obe; 

(v) the wide positive v R arm along the left side of the plot, with a
ifurcation in the upper left quadrant. 

The reason in Fig. 6 we compared data with 10 per cent and
0 per cent distance uncertainty cut to 15 per cent and 30 per cent
n the model is because increasing the distance uncertainty was the 
nly way to achieve the flatness of the transition between ne gativ e
nd positive v R lobes in Fig. 6 (see Section 4.6 and Fig. 7 for the
ffect of 10 per cent and 20 per cent uncertainties). This suggests that
he data distance uncertainties are underestimated, but see the next 
ection for more discussion on this. 

.6 Interplay between distance uncertainty and bar angle 

n Fig. 6 , we showed a time output from our Model 3 simulation,
hich provided an excellent match to the Gaia DR3 data. Ho we ver,

he implemented distance uncertainty in the simulation was 15 
er cent and 30 per cent, rather than the 10 per cent and 20 per cent
uts in the data. To justify this, in the top left panel of Fig. 7 we show
he same Model 3 snapshot but with 10 per cent and 20 per cent. It
an be seen that the flatness of the transition between ne gativ e and
ositive v R cannot be achieved with the 20 per cent error, although
he difference between 10 per cent and 15 per cent is not so dramatic.
herefore, an uncertainty of 30 per cent needs to be used, as we did

n Fig. 6 , to match the data cut of 20 per cent. 
We also considered the possibility that the bar angle is smaller than

0 ◦, which would then require smaller uncertainty in the simulation 
o align the bar with the Sun-GC line. In Fig. 7 , we explore how well
his particular Model 3 snapshot (at 12.4 Gyr) matches the data when
he implemented error is 20 per cent as in the data, but changing
he bar angle from 30 ◦ to 20 ◦, which can be seen as a lower limit
Bland-Hawthorn & Gerhard 2016 ; Gaia Collaboration 2023a ). 

Indeed, we can see that, even though σd = 20 per cent combined 
ith 30 ◦ (top left panel) does not provide a good match to the
ata (top rightmost panel), when the angle goes down to 20 ◦ the
omparison with Gaia DR3 is much better, though arguably not as
ood as in the top third panel (same as the top middle panel of 
ig. 6 . 
Finally, using the Gaussian distance uncertainty modeled as in the 

ata (Fig. A1 ), we show in Fig. A2 that we also require a bar angle
f 20 ◦ to match well the Gaia data. More work is needed to explore
he interplay between bar angle and distance uncertainties. 

.7 Matches to data, considering v R ( x , y ) inside solar circle 

ocusing mostly on the v R structure inside the solar circle, we
dentified good matches to the Gaia DR3 v R field, by visually
nspecting all snapshots from out three simulations in the studied 
eriod of 1.37 Gyr. A representative sample of those is displayed in
ig. 8 , with the Gaia DR3 data shown in the lower leftmost panel. It

s remarkable that Model 1, with a bar size R b ≈ 5.2 kpc, gives similar
 R morphology as a bar as short as ∼3 kpc (Model 2), or Model 3’s
3.6 kpc bar. This is, ho we ver, not surprising since we know that the
uctuation in bar parameters with time is strongly dependent on the
trength of spiral structure outside the bar region (Hilmi et al. 2020 ).
e scaled the distances in each model 3 so that we could obtain good
atches to the observed v R ( x , y ) field. This has naturally resulted in

n arrangement, such that smaller bars are accompanied by stronger 
piral structure (Models 2 and 3), as reported in Section 3.4 and seen
n Fig. A3 (see dominant m = 2 mode). 
MNRAS 528, 3576–3591 (2024) 
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M

Figure 9. Variation in bar length with time, as in Fig. 3 . The three blocks of two rows show Model 1 (top), Model 2 (middle), and Model 3 (bottom). Each 
block shows the left side (top) and right side (bottom) of the bar, as indicated. The vertical lines show the times when good matches to the Gaia DR3 data are 
achieved, some of which were presented in Fig. 8 . The higher frequency of oscillations in the top panels reflects the fast bar of Model 1, causing it to meet the 
spiral arms more often. From the number of w ave pack ets seen in Models 2 and 3, it is clear that these bars are both slower than that of Model 1, while the 
Model 2 bar is the slowest. 
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In Fig. 9 , we show all the times at which good matches to the data
re obtained for our three models (some of which were displayed in
ig. 8 ), in order to understand if they al w ays correspond to a certain
ar-spiral orientation. The three blocks of two ro ws each, sho w the
ime evolution of the bar half-length for Model 1 (top), Model 2
middle), and Model 3 (bottom). The vertical lines indicate the times
hen good matches to the Gaia DR3 data take place. The higher

requency of oscillations in the top panels reflects the fast bar of
odel 1, causing it to meet the spiral arms more often. From the

umber of wave packets seen in Models 2 and 3, it is clear that both
f these bars are slower than that of Model 1, while Model 2’s bar is
he slowest. 

It can be seen from Fig. 9 that, in the same period of time, many
ore matches are found for Model 1 than for the other models, as it

hould be expected if its bar encounters the spiral arms more often,
s discussed abo v e. F or all models, the number of good matches is
oughly equal to the number of peaks, i.e. to first order, it is expected
hat a good match occurs when the bar-spiral orientation is the same.
ut how do we determine the bar-spiral orientation? 
As discussed in Section 4.3 , the spiral seen in the stellar mass

Figs 4 and 6 ) results from the constructive interference of all spiral
odes of different multiplicities o v erlapping at a given time just

utside the bar. We can see that in most matching time outputs from
odel 1 (20 out of 35) and Model2 (12 out of 17), the bar is to the

ight of the nearest peak, indicating it is in the process of separating
rom the spiral. 

Ho we ver, only 5 out of the 14 matches from Model 3 are for a bar
isconnecting from a spiral, according to the abo v e criterion. This
ncludes our best match (see Fig. 6 ), shown by the blue vertical line
n the bottom panel of Fig. 9 . Upon another inspection of the bottom
anels of Fig. 8 , we can see that the Model 3 matches (mostly focused
n the upward positive v R leading arm, stemming from the positive 
 R lobe), have a common flaw outside the solar radius: a trailing
ositive v R arm extends also downward along the solar circle, which 
s not seen in the Gaia DR3 data, nor in the other two models. This
ay be due to a spiral mode present in this simulation, that either

oes not exist in the MW, or is simply not as strong as the one causing
he upward v R arm. In other words, the bar in Model 3 is connecting
o one spiral mode while disconnecting from another , as discussed
n Section 4.3 and seen in the bottom left panel of Fig. 6 . While this
ould also happen for the other two models, the difference is that

hese two modes in Model 3 are of similar strength, judging from the
imilar response seen in the radial velocity field. 

This expectation is confirmed in Fig. A3 , which shows the Fourier
omponents estimated from the face-on disc density for modes m 

 1 − m = 4 as functions of time. We can see that in the range
f 7.2–9.3 kpc, which is where the positive v R arm that stretches
ownward in most matching snapshots of Model 3 (bottom row of
ig. 8 ) is located, and which is not seen in the data, results from these
dd modes. Indeed, Model 3 shows the strongest m = 1 and m = 3
odes, corresponding to one-armed and three-armed spiral structure. 
he matches to the data appear to happen near m = 1 and/or m = 3
axima, including the best match shown in Fig. 6 (blue vertical). 
his suggests that the MW lacks such strong m = 1 or m = 3 modes

n the radial range shown. 
Although we found the best match to the data in Model 3

onsidering the o v erall radial v elocity field, Models 1 and 2 are
onsistently showing better matches to both the upper and lower right
uadrants of the v R ( x , y ) plane simultaneously. It should be noted
hat the spiral structure responsible for the radial velocity outside 
he solar circle is expected to be due to yet slower moving modes,
ifferent from the ones reaching the bar, which further complicates 
he problem. 
We conclude that most likely the MW near bar side is in the process
f disconnecting from a spiral arm, even though our best match is for
 connecting one according to the bar length fluctuation with time
Fig. 9 ), but a disconnecting one according to the o v erdensity seen
n the lower left panel of Fig. 6 . Again, this complication is due to
he presence of multiple modes and their interference as a function
f time. More work is needed to understand better this behaviour. 

 DI SCUSSI ON  A N D  C O N C L U S I O N S  

n this work we used three MW-like simulations of galactic discs to
tudy the Gaia DR3 radial velocity field, v R ( x , y ). For all models we
xamined the last 1.37 Gyr of evolution, using frequent time outputs,
rom 4.5 to 10 Myr depending on the simulation. This allowed to
esolve well the v R ( x , y ) time variation caused by the interaction of
ultiple patterns in the disc, most importantly for this project – the

ar-spiral periodic o v erlap. Our models’ true bar lengths, resulting
hen the bar is separated from the inner spiral structure, are about
.2, 3, and 3.6 kpc for Model 1, Model 2, and Model 3, respectively.
Our results can be summarized as follows: 

(i) We showed that the Galactic disc radial velocity field, v R ( x , y ),
s a strong function of time, due to the relative orientation between
he bar and spiral structure. The butterfly pattern in the bar region
an thus vary dramatically both in shape and size o v er periods of a
ew tens of Myr (see Fig. 4 ). 

(ii) Because of the abo v e, the morphology of the Gaia DR3 v R ( x ,
 ) field can be used to constrain the relative orientation between the
ar and the inner spiral structure, although this is not straightforward.
e found a very good match to the observations for a snapshot

rom our Model 3, for a bar in the process of connecting to a
piral arm. Ho we ver, identifying the times of all possible matches
o the inner disc radial velocity field morphology, for all three

odels, we concluded that most likely the MW bar is in the process
f disconnecting from a spiral, likely the Scutum-Centaurus (see 
iscussion in Section 4.7 ). 
(iii) The dominating factor distorting the bar’s shape and de- 

reasing its position angle with respect to the Sun-GC line is the
eliocentric distance uncertainty (Fig. 5 ). While this affects the v R ( x ,
 ) morphology, the bar-spiral orientation produces more important 
ariations in both the apparent bar length and the v R butterfly pattern
see Fig. 4 ). 

(iv) We require a distance uncertainty of σd < 30 per cent in the 
odels to match well the Gaia DR3 data with σd < 20 per cent , in

rder to reproduce the flatness of the transition between ne gativ e and
ositive v R , which cannot be achieved with the 20 per cent error in
he simulations (see Fig. 7 ). This may suggest that the data distance
ncertainties are underestimated or that the bar angle is 20 ◦, rather
han the nominal value of 30 ◦. 

(v) We also considered the possibility that the bar angle is smaller
han 30 ◦, which would require smaller distance uncertainty in the
imulation to align the transition in the bar butterfly pattern with
he Sun-Galactocentric line. We found that a bar at a 20 ◦ angle
nd σd < 20 per cent uncertainty can produce a good match to the
ata, although not as good as the 30 ◦ angle and σd < 30 per cent
ncertainty (see Fig. 7 ). More work is needed to explore the interplay
etween bar angle and distance uncertainties. 

(vi) We showed that a range in bar lengths can reproduce the Gaia
R3 radial velocity field (focusing on structure inside the solar circle; 

ee Fig. 8 ), provided smaller bars are accompanied by stronger spiral
tructure. Our simulations have bars with genuine lengths of about 
.2, 3.6, and 3 kpc and corresponding spiral structure o v erdensity of
MNRAS 528, 3576–3591 (2024) 
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bout 10 per cent for Model 1 and 20–25 per cent for Models 2 and
. Considering the MW spirals are expected to have ∼ 20 per cent
 v erdensity, it is tempting to conclude that the MW bar length is
onsistent with a bar of size below or around 4 kpc. 

(vii) We calculated the Fourier components for our three models
nd found that Model 3 has the strongest m = 1 and m = 3 spirals.
his likely results in an additional feature in the v R ( x , y ) field (a
ositive v R arm stretching downward from the positive v R lobe),
hich does not exist in the data. This suggests that the MW lacks

trong m = 1 and/or m = 3 modes. 
ur conclusion that the MW bar’s length is affected by an attached

piral is supported by the work by Rezaei et al. ( 2018 ), which
resented an extinction map using red clump and giant stars from the
POGEE surv e y, showing that the location of the Scutum–Centaurus

piral arm is likely connected to the bar’s near side (as shown in their
g. 4). Another piece of evidence is the recent work of Lucey et al.
 2023 ), who measured the maximal extent of trapped bar orbits in
POGEE DR17 to extend to ∼3.5 kpc, very much consistent with
ur best-match model ( ∼3.6 kpc). 
ne should be particularly careful in the interpretation of the velocity
eld when features are found along a line of sight from the solar
osition. It can be seen in the top left panel of Fig. 6 that the leading
ositive v R arm, stemming from the positive v R lobe associated with
he bar, which our simulation so well reproduces with the 30 per cent
istance error, is in fact broken at ( x , y ) ≈ ( −2, 5) when no uncertainty
s added. The 30 per cent distance error, ho we ver, causes the gap to
isappear and match the data. A hint of this gap is found for distance
ncertainty of 20 per cent in the top left and middle left panels of
ig. 7 , but we need probably less than 10–15 per cent error to identify

t unambiguously, as in the bottom panels of the figure. Note that the
0 per cent distance uncertainty cut in the Gaia DR3 data (bottom
ightmost panel) indeed seems to suggest the arm is broken at ( x , y )

( −4, 5) kpc. 
hile we found a very good match to the radial velocity field,

here are other constraints that should be considered in future work.
n obvious one is the tangential component of the velocity, v φ( x ,
 ), which would require to assume a rotation curve in order to
ubtract the Galactic disc rotation and exhibit the residuals. One
an also consider the velocity dispersion or velocity moments (e.g.
 ̈uhlbauer & Dehnen 2003 ; Hey et al. 2023 ). 

he effect of the beat frequency between the bar and spiral structure
eeds to be explored, by keeping all other parameters the same. It
s feasible that a lower beat frequency (i.e. a slow bar) would result
n a stronger effect on the central v R ( x , y ) morphology, since fast
ars will not have sufficient time for interaction with the spiral. This
ay be another reason why our Model 1, which hosts a bar at the

llo wed lo wer limit in terms of the fraction of CR radius to bar length,
 = R RC /R bar ≈ 1 . 02 (to be compared to R ≈ 1 . 75 for Model 2’s

low bar, see Hilmi et al. 2020 ), is not producing much variations in
he size of the velocity field butterfly pattern, in addition to its weak
piral structure. 
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igure A1. Left: Distribution of relative heliocentric distance uncertainties ( σd /d) 
aussian distributions for different distance bins. These are then interpolated to cre
ata. Yellow indicates higher density of stars. 

igure A2. Match from Model 3 to Gaia data, but using the Gaussian distance u
ell, suggesting that the upward positive v R arm may have a break as in the model.
ositive v R lobes, a 20 ◦ bar angle was required. 
einer B. J. , Sell w ood J. A., 1999, ApJ , 524, 112 

PPENDI X:  SUPPLEMENTA RY  PLOTS  

See Figs A1 –A3 . 
versus distance, d , for the data. Right: Fit to the data on the left, using skewed 
ate a continuous probability density function dependent on distance as in the 

ncertainties as in the data, shown in Fig. A1 . The data are still reproduced 
 In order to reproduce the flatness of the transition between the negative and 
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Figure A3. Fourier components estimated from the face-on disc density for modes m = 1 − m = 4, as functions of time (see e.g. Athanassoula & Misiriotis 
2002 ). Curves of different colour show three radii in the range of 7.2–9.3 kpc, as indicated. The vertical lines indicate the times when good matches to the Gaia 
DR3 data are achieved for the right side of the bar – same as in the bottom panels of the three blocks found in Fig. 9 . Model 3 shows the strongest m = 1 and m 

= 3 modes, corresponding to one-armed and three-armed spiral structure. The matches to the data appear to happen near m = 1 and/or m = 3 maxima, including 
the best match shown in Fig. 6 (blue vertical). we can conclude that the positive v R arm, which stretches downwards in the matching snapshots of Model 3 (the 
bottom row of Fig. 8 ), and which is not seen in the data, results from these odd modes. This would suggest that the MW lacks such strong m = 1 or m = 3 modes. 
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