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ABSTRACT

Context. The physical processes driving the formation of Galactic spiral arms are still under debate. Studies using open clusters
favour the description of the Milky Way spiral arms as long-lived structures following the classical density wave theory. Current
studies comparing the Gaia DR2 field stars kinematic information of the solar neighbourhood to simulations, find a better agreement
with short-lived arms with a transient behaviour.
Aims. Our aim is to provide an observational, data-driven view of the Milky Way spiral structure and its dynamics using open clusters
as the main tracers, and to contrast it with simulation-based approaches. We used the most complete catalogue of Milky Way open
clusters, with astrometric Gaia EDR3 updated parameters, estimated astrophysical information, and radial velocities, to revisit the
nature of the spiral pattern of the Galaxy.
Methods. We used a Gaussian mixture model to detect overdensities of open clusters younger than 30 Myr that correspond to the
Perseus, Local, Sagittarius, and Scutum spiral Arms, respectively. We used the birthplaces of the open cluster population younger
than 80 Myr to trace the evolution of the different spiral arms and compute their pattern speed. We analysed the age-distribution of the
open clusters across the spiral arms to explore the differences in the rotational velocity of stars and spiral arms.
Results. We are able to increase the range in Galactic azimuth where present-day spiral arms are described, better estimating its
parameters by adding 264 young open clusters to the 84 high-mass star-forming regions used so far, thus increasing the number of
tracers by 314%. We used the evolution of the open clusters from their birth positions to find that spiral arms nearly co-rotate with
field stars at any given radius, discarding a common spiral pattern speed for the spiral arms explored.
Conclusions. The derivation of different spiral pattern speeds for the different spiral arms disfavours classical density waves as the
main drivers for the formation of the Milky Way spiral structure, and it is in better agreement with simulation-based approaches that
tend to favour transient spirals. The increase in the number of known open clusters, as well as in their derived properties, allows us to
use them as effective spiral structure tracers and homogenise the view from open clusters and field stars on the nature of the Galactic
spiral arms.
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1. Introduction

The location of our Solar System within the Milky Way disc
makes it challenging to obtain a detailed picture of its struc-
ture. This is particularly true for the spiral structure. The num-
ber, location, and nature of the spiral arms still remain unclear.
Lin & Shu (1964) proposed a theoretical mechanism for the for-
mation of spiral arms, widely known as the density wave theory,
where the spiral arms rotate like a rigid solid at a constant angu-
lar velocity (i.e. pattern speed) in spite of the differential rotation
of the stars and interstellar medium, causing the spiral arms to
be long lived (see Shu 2016, for a review of the classic theory).
Alternatively, Toomre (1964) proposed that spiral arms could
reform short-lived structures composed by individual arms, each
of them behaving as a wave at a constant pattern speed and
overlapping causing transient spiral arms with no global spiral
pattern speed (Quillen et al. 2011; Sellwood & Carlberg 2014).
The latter short-lived arms can also be explained with material
arms that co-rotate with disc stars (Wada et al. 2011; Grand et al.
2012), causing the spiral pattern to grow from local gravitational
instabilities and then to disappear, with continuous instabilities
regenerating the pattern again.

Since the first attempts to explain the nature of the arms
almost 60 years ago, no clear conclusion has been reached.
Dobbs & Baba (2014) proposed types of observational evidence
to shed light on the nature of the spiral structure, based on the
different rotation velocities for the spiral pattern and disc stars.
These strategies include the direct derivation of the spiral pattern
speed for each arm, which will help in favouring either a density
wave theory, where the arms share a global constant spiral pattern
speed, or a transient behaviour which shows a spiral pattern speed
decreasing with galactocentric radius (Shabani et al. 2018). The
distribution of ages of the stellar clusters across any spiral arm
also indicates a difference in the velocities of both structures,
the distribution of stars and the arm. Given the improvements
on the open cluster catalogue made in light of Gaia’s second
data release (Gaia DR2, Gaia Collaboration 2018a), and using
them as main tracers of Galactic spiral structure, both elements
of observational evidence can be pursued for the first time pro-
viding a new view of the nature of the Milky Way spiral arms.

Open clusters (OCs) are excellent tracers of the spatial struc-
ture of the young stellar population in the Galactic disc. They
are groups of gravitationally bound stars that were born from the
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same molecular cloud and therefore have very similar positions,
velocities, ages, and initial chemical compositions (Lada & Lada
2003). For an OC, the estimation of its properties such as the par-
allax, proper motion, radial velocity, age, or extinction is more
reliable than for individual field stars because it relies on a (large)
number of members, whose parameters are averaged.

Using OCs as the spiral arms’ main tracers, Naoz & Shaviv
(2007) found that spiral pattern speeds for the Perseus, Local,
and Sagittarius spiral Arms decrease with galactocentric radius,
finding evidence for multiple spiral sets. Again, using young
OCs as the spiral arms’ main tracers and Gaia DR2, Dias et al.
(2019) obtained a common pattern speed for the Perseus, Local,
and Sagittarius spiral Arms of 28.2 ± 2.1 km s−1 kpc−1, support-
ing the idea of the density wave nature of the spiral structure.
This results in a co-rotation radius, meaning a galactocentric
radius at which the spiral pattern speed coincides with the veloc-
ity from the Galactic rotation curve, of Rc = 8.51 ± 0.64 kpc.
Junqueira et al. (2015) used a sample of giant stars from OCs
observed by APOGEE DR10 (Anders et al. 2014) to find a pat-
tern speed of 23.0 ± 0.5 km s−1 kpc−1, with a corresponding
co-rotation radius of Rc = 8.74 kpc, compatible with the pre-
vious result within uncertainties. However, even though Rc is
a fundamental parameter in the density wave scenario, there is
not a consensus on its value yet. Different studies using different
tracers place it from 6.7 kpc to beyond the Perseus arm, which
is located at ∼10 kpc (Drimmel & Spergel 2001; Monguió et al.
2015; Michtchenko et al. 2018).

From a complementary point of view, by comparing the
kinematic substructure of field stars in the solar neighbour-
hood to simulated data, Hunt et al. (2018) showed that a sim-
ulated galaxy with transient spiral arms reproduces the arches
and ridges seen in the velocity distribution of Gaia DR2
(Gaia Collaboration 2018b; Antoja et al. 2018; Ramos et al.
2018). In this transient scenario, Rc is not an important parame-
ter since the spiral arms would co-rotate with stars at their galac-
tocentric radii, causing short-lived arms. A number of authors
looking at the field population, some using simulation-based
approaches, tend to favour a transient nature for the spirals
(Quillen et al. 2018; Hunt et al. 2020; Kamdar et al. 2020).

Since the publication of Gaia DR2, hundreds of new OCs
have been detected (Castro-Ginard et al. 2018, 2019, 2020;
Liu & Pang 2019; Sim et al. 2019) and have been added to the
OCs that were already known and confirmed by Gaia DR2
(Cantat-Gaudin et al. 2018). For this compendium of OCs, infor-
mation about age, distance, and line-of-sight extinction was
computed (Cantat-Gaudin et al. 2020), and radial velocities were
compiled from different ground-based spectroscopic surveys
(Tarricq et al. 2021). Altogether, this results in a robust OC cat-
alogue that offers the chance to trace the spiral structure of the
Galactic disc (in the solar neighbourhood) and its evolution over
the past few hundred Myr.

Our aim for this paper is to use this recent and homoge-
neous OC sample with information on astrometric mean param-
eters, radial velocities, and astrophysical parameters available to
discriminate as far as possible among different theories for the
nature of the spiral structure of the Milky Way, supporting either
classical density waves or transient spiral arms.

The paper is organised as follows. In Sect. 2, we describe
the OC sample that we used throughout the analysis. In Sect. 3,
we study the spatial distribution of the reported OCs, par-
ticularly the youngest ones, and derive the present-day spiral
arms structure. In Sect. 4, we use the astrophysical informa-
tion of OCs (i.e. phase-space coordinates and ages) to test
the density wave nature of the spiral arms, by computing the

spiral pattern speed for the Perseus, Local, Sagittarius, and
Scutum spiral Arm segments. In Sect. 5, we explore the imprints
left in the age distribution of the open clusters across the spiral
arms by the differences in the rotational velocity of the stars and
the arms. The discussion on the results obtained can be found in
Sect. 6, and our conclusions are given in Sect. 7.

2. The open cluster sample

The data used throughout the paper are those from the OCs
identified in Gaia DR2 (Gaia Collaboration 2018a), with their
mean astrometric values updated with Gaia EDR3 measure-
ments (Gaia Collaboration 2021). The use of OCs allows us
to have better constrained parameters than using field stars.
The parameters needed for our methodology are the mean
astrometric parameters, meaning (l, b, µα∗ , µδ); the astrophys-
ical parameters derived from Gaia astrometry and photome-
try, which are OC age, distance and line-of-sight extinction
(Cantat-Gaudin et al. 2020); and radial velocity measurements
for each OC (Tarricq et al. 2021).

2.1. Gaia EDR3 astrometry

The sample of OCs used in this work includes those
known prior to (and that were confirmed by) Gaia DR2
(Cantat-Gaudin et al. 2018). Additionally, we have included the
large number of clusters which have been found in Gaia DR2
data (e.g. Castro-Ginard et al. 2018, 2019, 2020; Sim et al. 2019;
Liu & Pang 2019). We updated the OC mean astrometric param-
eters with the Gaia EDR3 astrometric information, in which
measurements are more precise given the longer time baseline
for the observations. In total, there are 2017 OCs in these cat-
alogues. For those clusters, we used the sky coordinates and
proper motions for the centre of the OC (l, b, µα∗ , µδ), which were
computed from its member stars. The uncertainties in the posi-
tion (l, b) can be neglected. The uncertainties in the mean proper
motions are below 0.2 mas yr−1, generally around 0.1 mas yr−1.

2.2. Age, distance, and line-of-sight extinction

Cantat-Gaudin et al. (2020) published a catalogue of ages, dis-
tances, and line-of-sight extinctions for the OCs known to date.
They used an artificial neural network to infer these parameters
for each OC from its colour-magnitude diagram (CMD) in the
Gaia passbands (G,GBP,GRP) and parallax information ($). The
authors were able to compute these astrophysical parameters for
1878 of the 2017 OCs reported. For the 139 others, the OC had
too few members or its CMD was too red, and no reliable esti-
mation could be obtained using Gaia data alone.

The uncertainties in those quantities depend on the num-
ber of cluster members (see Sect. 3.4 of Cantat-Gaudin et al.
2020, for details). We took the one sigma uncertainty for the
age as σlog t ∈ [0.15, 0.25] dex, which are the values for the
young OCs’ uncertainties recommended by Cantat-Gaudin et al.
(2020). The uncertainty on the distance modulus is from 0.1
to 0.2 mag, corresponding to a 5%−10% distance uncertainty.
Cantat-Gaudin et al. (2020) reported that they found no system-
atic effects on the determination of the parameters with respect
to the literature.

2.3. Radial velocities

Radial velocities used in this work are those compiled by
Tarricq et al. (2021). The authors crossmatched the OC members
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Fig. 1. Histogram of OC ages. Solid line shows OCs with age estimation
available, whilst solid bars show the subset of OCs with radial veloc-
ity measurements. Red dash-dotted vertical lines correspond to 10 and
80 Myr.

with several radial velocity catalogues. In addition to Gaia-RVS
(Katz et al. 2019), they used data from ground-based large spec-
troscopic surveys: the latest public version of the Gaia-ESO
survey (Randich et al. 2013), APOGEE DR16 (Ahumada et al.
2020), RAVE DR6 (Steinmetz et al. 2020), and GALAH DR2
(Buder et al. 2018; Zwitter et al. 2018). They also included
data from other radial velocity catalogues: Nordström et al.
(2004), Mermilliod et al. (2008, 2009), Worley et al. (2012), the
OCCASO survey (Casamiquela et al. 2016), and Soubiran et al.
(2018).

This catalogue consists of radial velocity estimates for 1382
clusters, with 1321 of them having astrophysical parameters esti-
mated by Cantat-Gaudin et al. (2020). The median radial veloc-
ity uncertainty of the full catalogue is 1.13 km s−1. We refer the
reader to the original paper for the details concerning the com-
putation of the cluster radial velocities.

2.4. Final OC sample

Figure 1 shows the distribution of ages of the two sub-samples
of OCs. The one with age, distance, and line-of-sight extinction
determination is represented as a solid black line; whilst the grey
bars represent the clusters with radial velocity measurements.
The red dash-dotted lines correspond to ages equal to 10 and
80 Myr, and they show the subset of OCs that we used to com-
pute the spiral pattern speed in Sect. 4.

3. Present-day OC spatial distribution

The spiral pattern is clearly seen in a heliocentric X−Y projec-
tion of the OCs with ages below 150 Myr (see Fig. 8 and Fig. 1
of Cantat-Gaudin et al. 2020; Kounkel et al. 2020, respectively),
while for older bins this pattern disappears. Further dividing this
0−150 Myr range in four bins, we are able to spot the OCs’ over-
densities corresponding to the spiral arms in a range of ages. This
traces the evolution of the spiral pattern during the time inter-
val where the overdensities are seen (see Sect. 4.2). Figure 2
shows how spiral arm segments in the solar neighbourhood are
clearly seen in OC overdensities for the youngest age inter-
val explored (0−30 Myr) and how these overdensities show an
increasing dispersion with time, and hence a slow dilution. The

Fig. 2. Distribution of OCs in heliocentric X–Y in different age bins.
The Galactic centre is towards positive X values, and the direction of
the Galactic rotation is towards positive Y values. Blue crosses are OC
with age estimations; regardless of whether they have available radial
velocity measurements or not, from left to right and from top to bottom
they correspond to: ages below 30 Myr, from 10 to 50 Myr, from 20 to
60 Myr, and from 40 to 80 Myr. The spiral arms defined by Reid et al.
(2014) are overplotted.

black shaded regions represent the spiral arms as modelled by
Reid et al. (2014).

Re-determination of current spiral arms

We re-determined the parameters of the present-day spiral arms
using the hypothesis that OCs are born in spiral arms (Roberts
1969) and that the youngest OCs (≤30 Myr) have not moved
far from their birth places (Dias & Lépine 2005). Thus, con-
sidering the usual log-periodic spiral arms, each arm should
be detected as an overdensity following the relation used by
Reid et al. (2014):

ln
RG

RG,ref
= −(θG − θG,ref) tanψ, (1)

where RG and θG are galactocentric radius and azimuth along the
arm, respectively. RG,ref , θG,ref (taken to be near the median value
of θG), and ψ are a reference galactocentric radius and azimuth,
and the pitch angle for a given arm. The galactocentric azimuth is
taken to be θG = 0 on the Sun-Galactic centre line, and growing
towards the Galactic rotation direction.

We detected the overdensities using a Gaussian mixture
model (GMM) in the (ln RG, θG) space. A GMM is able to
describe all the points in the parameter space as a weighted
sum of Gaussians. This representation of our sample allows us
to describe each arm, expected to follow Eq. (1) with some
dispersion, as a Gaussian in that direction (straight line in the
(ln RG, θG) space). The number of Gaussians to fit is automati-
cally selected using the Bayesian information criterion (BIC).

Once the Gaussian field was obtained, we selected the Gaus-
sian components with the four highest weights, corresponding to
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Table 1. Fitted parameters, including statistical errors, for present-day
spiral arms.

Arm Ntracers

OC+HMSFR
θG,ref

[deg]
θG,range

[deg]
RG,ref

[kpc]
ψ

[deg]

Perseus 56 + 24 −13.0 (−20.9, 88.2) 10.88±0.04 9.8 ± 0.9
Local 121 + 25 −2.3 (−26.9, 26.6) 8.69 ± 0.01 8.9 ± 1.3
Sagittarius 61 + 18 3.5 (−39.3, 67.7) 7.10 ± 0.01 10.6± 0.8
Scutum 26 + 17 −4.8 (−32.7, 100.9) 6.02 ± 0.02 14.9± 1.6

Fig. 3. Heliocentric X–Y distribution of OCs (crosses) younger than
30 Myr and HMSFRs (dots) from Reid et al. (2014), used to fit the spiral
arms. Different colours correspond to different arms. The assignments
to each arm are computed using a GMM. Solid black lines are the fitted
spiral arms with the parameters in Table 1, while shaded regions account
for 1σ uncertainties. Dash-dotted lines correspond to the spiral arms
defined by HMSFRs only. The Galactic centre is towards positive X
and the Galactic rotation direction is towards positive Y .

the four arm segments. We find 56, 121, 61, and 26 OCs younger
than 30 Myr assigned to the Perseus, Local, Sagittarius, and
Scutum Arms, respectively. To increase the number of spiral arm
tracers and be able to trace the arm in a wider range of Galac-
tic azimuth, we included the data from Reid et al. (2014) used
to fit the spiral arms. These data correspond to 103 high-mass
star-forming regions (HMSFRs) with parallax and proper motion
measurements obtained using very-long-baseline interferometry
(VLBI) techniques, 84 of which are assigned to one of the four
explored spiral arms. In order to obtain the parameters for each
arm, we fitted Eq. (1) to the OCs and HMSFRs assigned to each
arm by the minimum least-squares method (348 tracers in total,
264 OCs and 84 HMSFRs). The parameters obtained for each
arm are listed in Table 1.

Figure 3 shows the representation of the spiral arms defined
by the OCs and HMSFRs. The black solid lines correspond to the
best-fit value for each arm, and the shaded regions correspond
to the 1σ uncertainty taken into account from the correlations
among the estimated parameters. Our all-sky OC sample pro-
vides a good complement to the ground-based observations used
by Reid et al. (2014), who did not cover the fourth quadrant.
By increasing the number of total tracers by factor of 4, we

can better constrain the estimation of the mean galactocentric
radius (RG) and pitch angle (ψ), finding lower uncertainties in
these values as well as increasing the θG range where the arms
are defined. The spiral arms defined by Reid et al. (2014) using
HMSFRs are shown via dash-dotted lines to compare them
with our definition, for which we use both young OCs and
HMSFRs.

4. Spiral pattern speed

The spiral pattern speed is indicative of the nature of the spi-
ral arms. As described in Gerhard (2011), the most direct way
to estimate the pattern speed of the spiral arms is through
the OC population, due to the robustness with which their
parameters can be estimated, by averaging over their mem-
bers. With the assumption that the OCs are born in spiral
arms (Roberts 1969) and integrating the present OCs’ positions
back to their birthplaces, it is possible to compute the rotation
rate at which a spiral arm has moved to reach its present-day
position.

To allow for the orbit integration, we used the OC sample
with radial velocity measurements available (see Fig. 1 for ref-
erence). We computed the birthplace of the OCs by integrating
backwards in time following each OC orbit. The orbits were inte-
grated following a gravitational potential composed by a spheri-
cal nucleus and bulge, a Navarro-Frenk-White dark matter halo,
and a Miyamoto-Nagai disc, where its parameters have been
adapted to follow the observed rotation curve of the Milky Way
(Bovy 2015). The numerical processing is done using the Python
package GALPY (Bovy 2015), which uses a Leapfrog integra-
tion scheme to trace back the orbits in time steps of 0.1 Myr.
The determination of the uncertainties on the birth position is
done via Monte Carlo sampling from the uncertainties on the
age of each OC, which is the biggest source of error in our
case (see description of the OC sample in Sect. 2). The assumed
values to normalise the rotation curve for the integration are
R� = 8.178 kpc (Gravity Collaboration 2019) and Z� = 20.8
pc (Bennett & Bovy 2019) for the solar position and the solar
motion of U� = 11.1, Θ0 + V� = 248.5, W� = 7.25 km s−1

(Schönrich et al. 2010; Reid & Brunthaler 2020).
It is important to note that the birth position of each OC

reveals the location of a spiral arm at a time equal to the
birth time of the OC. Similarly to the method described in
Dias & Lépine (2005), the arm at this previous epoch is rotated
forward with a rotational velocity equal to the pattern speed of
that arm, Ωp, during a time equal to the age of the OC. We con-
sidered each arm to have a unique pattern speed, which was con-
stant during the whole time interval considered, and free to be
different from other arms’ pattern speeds.

The procedure to compute the pattern speed Ωp that best
describes the data for each arm is as follows:
1. Detect overdensities that correspond to the Perseus, Local,

Sagittarius, and Scutum spiral Arms (see Sect. 3). Study each
arm separately.

2. Integrate each OC orbit backwards to find its birthplace.
These OC birthplaces represent the location of the spiral arm
at the time the OC was born.

3. Rotate past the location of the arm with a circular motion
at a given pattern speed (Ωp) during the age of the clus-
ter (t) to find its expected present-day location, meaning
θG,now = θG,birth + Ωp ∗ t.

4. Iterate over Ωp to find the optimal value by minimising
the distance of the recovered present-day locations of the
spiral arms to their analytical present-day description. The

A162, page 4 of 9



A. Castro-Ginard et al.: Milky Way spiral arms from open clusters in Gaia EDR3

minimisation is done in the present day to avoid having mul-
tiple spiral arm representations for multiple ages (one for
each OC).

5. Repeat the procedure for 1000 Monte Carlo realisations to
account for the uncertainties in the birthplace of the OC.

6. For each arm, report the best value for Ωp as the mean value
of all the pattern speeds obtained, with the standard deviation
as its dispersion.

4.1. Test simulation

To test our ability to recover the pattern speed, we set up a basic
simulation following the evolution of both a density wave spiral
pattern and the objects born in it. We generated a log-periodic
spiral arm with the parameters taken from Reid et al. (2014,
Table 2, Local Arm), which we consider to be the present-day
position. In this case, the actual spiral arms are described using
the parameters found by Reid et al. (2014), and not our own esti-
mation (Table 1); this is because we want to keep the position of
the spiral arm and its velocity defined by independent tracers (by
HMSFR and OCs, respectively). We rotated the arm backwards,
keeping its shape parameters unchanged, at a constant pattern
speed that we set. At times T = 10, 20, 30, 40, 50, and 60 Myr,
a set of simulated clusters (equivalent to OCs) is generated and
used as tracers of the spiral pattern speed.

Firstly, we tested the effect of the definition of the present-
day spiral arm on the determination of its pattern speed, in the
ideal case of the OCs moving with circular orbits (Test 1). We let
the simulated clusters with different ages evolve to their present-
day position with circular orbits using the Milky Way rotation
curve from Bovy (2015). In this case, the spiral pattern speed is
fixed at 50 km s−1 kpc−1, while the mean circular velocity of the
simulated clusters is 26.37 ± 1.91 km s−1 kpc−1. Figure 4 shows
the capabilities of the method to compute the spiral pattern speed
when the present-day spiral arm is defined by i) independent
means (HMSFR), or ii) the youngest simulated clusters. In the
first case (blue dots), the imposed value for the spiral pattern
speed (black dash-dotted line) is always recovered. In the second
case (green dots), we recover the value for the circular velocity
(red dotted line) when the exact same tracers are used to define
the present-day spiral arm and its pattern speed. However, we
can asymptotically approach the true value when older tracers
are considered for the spiral pattern speed computation. From
Test 1, we learn that the tracers to define the present-day spiral
arms should be independent of the tracers used to compute their
pattern speed. This is achieved by defining the present-day spiral
arms using the HMSFRs reported in Reid et al. (2014), which
are younger than 10 Myr, and using OCs older than 10 Myr to
compute the spiral pattern speed.

Secondly, we tested whether the methodology is able to dis-
tinguish two different spiral pattern speeds in a more realis-
tic situation (Test 2). The simulated clusters are now evolved
using circular velocities and non-zero peculiar velocities, which
are drawn from a Gaussian distribution N(0, 5) km s−1. We also
added errors to the age of the simulated clusters, consistently
with those in our catalogues (see Sect. 2.2). We used the method
for spiral pattern speeds of 20 and 50 km s−1 kpc−1 and assumed
that the present-day spiral arm is known from independent trac-
ers, which are HMSFRs. In Fig. 4, we show the obtained values
for the two different experiments. We can recover the imposed
pattern speed with a systematic error that ranges from 0.8 to
6 km s−1 kpc−1 for these different cases of Ωp. From Test 2,
we see that even though the accuracy is not enough to recover
the exact individual pattern speeds, the methodology is accurate

Fig. 4. Recovered Ωp for two tests. The y-axis represents the value of the
pattern speed, and the x-axis represents the minimum age of the stellar
objects considered for the computation; hence, for x = 10 we consider
objects with age ≥10 Myr. The dash-dotted lines represent the imposed
value and dots represent the recovered value. The dotted red line shows
the mean circular velocity of the stellar objects. Panel a: Test 1. Imposed
Ωp = 50 km s−1 kpc−1. Blue dots show the recovered Ωp value when
considering the present-day spiral arm defined by the HMSFRs, while
green dots represent the recovered value when the present-day arm is
defined with 10 Myr clusters. Panel b: Test 2. Pattern speed obtained for
the cases of Ωp = 20 and 50 km s−1 kpc−1: orange and blue, respectively.
Dots show the recovered value, including error bars.

enough to differentiate between two scenarios: the 20 and the
50 km s−1 kpc−1 cases.

4.2. Estimation of Ωp

As seen in the test simulations, the success of the methodology
relies on the ability to define the present-day spiral structure by
tracers other than OCs, which are used to trace the spiral pattern
speed. As already mentioned, we consider that this is achieved
by describing the present-day spiral structure with the HMS-
FRs reported in Reid et al. (2014), and therefore we used this
definition of the present-day spiral arms to compute Ωp. The
authors provide the parameters from a fitting using 84 HMS-
FRs, younger than 10 Myr, with parallax and proper motion mea-
surements from VLBI, as is said in Sect. 3. This information is
available for the Perseus, Local, Sagittarius, and Scutum Arms.
Reid et al. (2019) updated the spiral arms parameters by allow-
ing kinks in the arm that change the pitch angle at a given θG.
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Table 2. Pattern speed (in km s−1 kpc−1) obtained for different age bins for each spiral arm analysed.

Arm Ωp (10−50 Myr) Ωp (20−60 Myr) Ωp (40−80 Myr) Ωp (10−80 Myr)

Perseus 17.82 ± 2.98 18.52 ± 2.60 21.66 ± 2.57 21.25 ± 2.16
Local 33.76 ± 0.94 34.31 ± 1.00 30.92 ± 0.85 31.85 ± 0.77

Sagittarius 26.10 ± 4.05 29.68 ± 3.49 26.47 ± 2.18 26.52 ± 2.03
Scutum 49.81 ± 1.90 47.67 ± 2.39 46.43 ± 2.24 46.85 ± 1.73

Fig. 5. Computed spiral pattern speed for the Scutum, Sagittarius,
Local, and Perseus Arms (from left to right). Solid dots show the first
column in Table 2, corresponding to a 10−50 Myr interval. The trans-
parent dots are for the rest of the columns. The shaded violin plots in the
x-axis show the distribution of RG for the OCs in the 10−50 Myr inter-
val. The dotted line shows the circular velocity from the Milky Way
rotation curve. The estimated Ωp values show a decreasing trend with
galactocentric radius.

This effect is small for most of the arms we analysed, meaning
there is no pitch angle variation in the Local Arm and the varia-
tions in the Perseus and Scutum Arms are within the uncertain-
ties. Since these updates do not lead to significant changes in our
calculations, we used the Reid et al. (2014) model for simplicity.

Once the present-day spiral arms are defined, we have to find
the present position of the OCs born in each of these arms. In the
density wave theory, the OCs may have evolved differently from
their mother spiral arms, i.e OCs move at a velocity approxi-
mately given by the Milky Way rotation curve, while the spiral
pattern moves at Ωp. Even though the evolution follows different
paths, an overdensity of very young OCs in (RG, θG) will come
from the same arm (see Fig. 2). As described in Sect. 3, the OCs
belonging to each of the arms are selected using a GMM in the
(ln RG, θG) space.

We applied the described methodology to the OCs younger
than 80 Myr for different age ranges to account for the effects
seen in Test 1 of Sect. 4.1. Table 2 shows the computed spiral
pattern speed for the four spiral arms explored, and they show
a similar trend as in the test simulation scenario. Following the
same argument, we can say that the methodology is good enough
to distinguish among different true spiral pattern speeds.

The recovered values for Ωp, shown in Fig. 5, are decreas-
ing as the galactocentric reference radius (RG,ref) of the spiral
arm increases. The Ωp for the explored arms decreases closely
following the Galactic rotation curve which is represented by
the dotted line, except for the case of the Local Arm, which
breaks this trend. This can be related to the fact that the Local
Arm could be considered not a long arm but a small armlet

or a growing arm instead; however, this deserves further study
(Xu et al. 2016; Liu et al. 2017; Eilers et al. 2020). Our results
are in agreement with the findings of Quillen et al. (2018), who
estimated the spiral pattern speeds for different spiral features
to explain the arcs and ridges seen in the velocity distribution
of the solar neighbourhood in Gaia DR2. The authors studied
how the orbits of known moving groups could be perturbed by
the presence of a spiral arm, and found that a spiral arm seg-
ment in the outer disc located at ∼2 kpc from the Sun with a
pattern speed of 20± 3 km s−1 kpc−1 could be responsible for the
outer boundary of the Sirius/UMa moving group. This finding
is in agreement with the spiral speed of the Perseus arm seg-
ment we computed using OCs as the main tracers, with a Ωp =

17.82±2.98 km s−1 kpc−1 at a galactocentric radius of 10.88 kpc.
Our results for the rest of the spiral arm segments explored are
in a similar agreement (see Table 1 from Quillen et al. 2018),
also for the case of the Local Arm where the authors found a
pattern speed higher than the angular velocity from the rota-
tion curve. The spiral pattern speed decreases with galactocentric
radius, and spiral arms nearly co-rotate with Galactic rotation,
as expected if the spiral arms are short-lived transient structures
(Grand et al. 2012; Kawata et al. 2014).

5. Cluster ages across the spiral arms

The analysis of the distribution of the OCs as a function of age
across a given arm can provide clues to the nature of the spiral
arms (Dobbs & Baba 2014), and therefore it offers an indepen-
dent approach to support the findings of the previous section. As
studied by Dobbs & Pringle (2010), the differences in the rota-
tional velocity of the stellar distribution and the spiral arms lead
to different distributions of the OCs across the present-day spi-
ral arms. Such distributions depend on the spiral arm formation
mechanisms. The authors considered a set of four simulations
where the spiral structure has been excited by different possi-
ble mechanisms: i) a global density wave, ii) a central rotating
bar, iii) a flocculent spiral, or iv) tidally induced arms. They also
discussed the potential age distribution of the clusters across a
given spiral arm in each of the explored cases. A density wave
and/or bar-induced spiral arms yield a trend in age across the
arms. Flocculent or tidally induced mechanisms yield several
individual peaks across the arm, with no age gradient. This age
gradient, in the density wave or bar-induced-spirals scenario, is
due to the difference in velocity with which the different struc-
tures (spiral pattern and clusters) are moving, while the spiral
pattern moves with a fixed, constant-pattern speed, and the clus-
ters move following the Galactic rotation curve. That results in
older (younger) clusters leading the spiral arm if the clusters are
inside (outside) the co-rotation radius. In the opposite case, for
the flocculent and tidally induced arms where the spiral pattern
and the stars move at roughly the same speed, the section of
the arm contains clusters of different ages with no clear gradient
across the arm.
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Fig. 6. Fraction of OCs for different age bins across the Perseus (left), Local (middle), and Sagittarius (right) Arms. The x-axis represents the
Galactic azimuth (θG) explored for a circular section centred at the Galactic centre, at a distance of 10 (left), 8.3 (middle), and 7 (right) kpc. The
y-axis gives the number of OCs in each θG bin over the total number of OCs in the whole circular section. Solid blue lines, dotted orange lines,
and dash-dotted green lines correspond to clusters in 0−30 Myr, 30−80 Myr, and 80−120 Myr age bins. The numbers of OCs in each panel for the
0−30 Myr, 30−80 Myr, and 80−120 Myr age bins are as follows: 40, 35, and 13 for the Perseus Arm; 46, 56, and 24 for the Local Arm; and 21,
15, and 9 for the Sagittarius Arm, respectively.

In Fig. 6, we show a plot reproducing Fig. 4 of
Dobbs & Pringle (2010) but using our OCs sample. The differ-
ent panels show histograms of the number of OCs, for different
cluster ages, across a circular section (500 pc wide) located at
distances of 10 kpc, 8.3 kpc, and 7 kpc from the Galactic centre,
meaning approximately along the Perseus, Local, and Sagittarius
Arms, respectively. None of the arms show the aforementioned
age gradient, which should be clearer as we move away from a
hypothetical co-rotation radius. This indicates that the velocity
of the clusters, meaning the stellar distribution velocity, is very
similar to the rotation velocity of the spiral arms, and therefore
co-rotates with them. We explored different sizes of the age bins,
reaching the same conclusion in all cases. The absence of the age
gradient favours the flocculent spirals or the external tidal inter-
action, where spiral arms tend to be transient, as the mechanisms
for the excitation of the spiral structure.

The completeness of the OC population may play a role in
the interpretation of Fig. 6. Castro-Ginard et al. (2020) tested
how many known (prior to Gaia) OCs could be recovered using
their detection algorithm. This recovery fraction was then used
by Anders et al. (2021) to estimate the completeness of the OC
population as a function of age, finding that the recovered frac-
tion of OCs is .60% for the very young OCs (in the range of
1−10 Myr) and reaches &90% for older OCs. Therefore, even
if the fraction of youngest population in Fig. 6 may be under-
estimated, the older populations (defining the age gradient) are
nearly complete, reaching the same conclusions of no age gradi-
ent at all.

6. Discussion

The nature of the spiral arms has been studied in other galax-
ies, taking advantage of our external point of view. Shabani et al.
(2018) studied the distribution of stellar clusters across the spi-
ral arms in NGC 1566, M 51, and NGC 628. They find an age
gradient across the arm only in NGC 1566 (a grand design spiral
galaxy with a strong bar), which is compatible with the density
wave scenario (Dobbs & Pringle 2010). For the case of M 51, the
spiral structure is excited by the tidal interactions with its com-
panion, and for NGC 628 the spiral arms are consistent with a

pattern speed decreasing with radius, both leading to a transient
spiral nature. Also in external galaxies, the measurements of spi-
ral pattern speeds that vary as a function of radius (Meidt et al.
2008; Speights & Westpfahl 2012) or the evolution of the spi-
ral arms’ pitch angle (Pringle & Dobbs 2019), support a tran-
sient nature for their spiral structure. This transient behaviour
of the spiral structure, with the arms co-rotating with disc stars,
is also expected from N-body simulations for unbarred galaxies
or galaxies with a weak bar (Roca-Fàbrega et al. 2013); while
galaxies with a strong bar quickly develop a spiral pattern of
which the speed is constant with the radius, behaving as a global
density wave as for the case of NGC 1566.

For the case of the Milky Way, the lack of a homogeneous
OC catalogue (before Gaia) prevented us from reaching a firm
conclusion (Monguió et al. 2017). Thanks to the Gaia mission,
the study of OCs has reached maturity in terms of purity and
homogeneity of the catalogue, and robustness of its estimated
parameters, which allows us to apply different approaches to
revisit the spiral nature of the Milky Way.

We explored the nature of the spiral structure of the Milky
Way by comparing the angular velocities in which the stellar
distribution and the spiral pattern move. The spiral arms should
move with a global constant pattern speed in the density wave
scenario, regardless of the galactocentric reference radius of the
arm. This is not what we deduce from our sample of young OCs
as main tracers. We see that different spiral arm segments move
with a different angular velocity, which tends to decrease with
their galactocentric reference radius. This behaviour is related to
a short-lived transient spiral structure.

The procedure applied in this work to compute the spiral pat-
tern speed uses the hypothesis of spiral arms with a constant
shape during the time interval explored. Our tests using simu-
lations show that the methodology is accurate enough to discard
a unique pattern speed for all the spiral arms studied. The com-
puted Ωp values for the arms are discrepant in more than 5σ for
all the arms, except for the case of the Sagittarius with Local
Arms and Sagittarius with Perseus Arms, where the discrepancy
is of 1.8σ and 1.6σ, respectively. For these cases, the uncertainty
weighted mean of the Ωp values is 32.03 ± 0.87 km s−1 kpc−1.
Therefore, we consider each arm to have its own spiral pattern
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speed, which is also supported by the age gradient of the OC
seen across the spiral arms studied in Sect. 5. This is in con-
trast with the work done by Dias et al. (2019), who used the
same methodology to report a spiral pattern speed of Ωp =

28.2 ± 2.1 km s−1 kpc−1, common for all the explored spiral
arms. Here, the inclusion of hundreds of newly discovered OCs
(Castro-Ginard et al. 2020), with an updated estimation of ages,
distances, and line-of-sight extinctions for the whole OC sam-
ple (Cantat-Gaudin et al. 2020), along with radial velocities for
a large fraction of them (Tarricq et al. 2021) and robust statisti-
cal methodology, allows us to distinguish among different true
pattern speeds for different spiral arms (Fig. 5, Table 2).

The effects that may change the shape of the spiral arms (e.g.
the shear of the Galactic disc or the evolution of the pitch angle)
are not included in the assumptions of this work, nor in works
using similar procedures (Dias & Lépine 2005; Junqueira et al.
2015; Dias et al. 2019). However, if we consider that these
effects are small over the course of ∼50 Myr, the values obtained
for the spiral pattern speeds suggest that spiral arms are struc-
tures that co-rotate with stars at any radii, revealing a transient
nature of these arms (Grand et al. 2012). Therefore, our results
with OCs agree with other works dealing with the kinematic sub-
structure in the solar neighbourhood. These works, some includ-
ing simulations, tend to explain the kinematics of moving groups
or features in the action-angle space, with a transient behaviour
of the Galactic spiral arms (Quillen et al. 2018, 2020; Hunt et al.
2018; Sellwood et al. 2019).

In addition, we explored the imprint in the age-distribution
of the OCs across the spiral arms, and we do not see the pre-
dicted age gradient of density wave or bar-driven spiral arms
(Dobbs & Pringle 2010), even when the effects due to the incom-
pleteness of our OC sample are taken into account. The com-
bination of both results allow us to favour a flocculent Milky
Way with transient spiral arms, disfavouring the density wave
scenario with a grand design morphology. This idea of a floc-
culent Milky Way was already studied by Quillen (2002), who
found multiple spiral features, each with a different pattern speed
decreasing with galactocentric radius. From the morphology
of the spiral arms, a flocculent Milky Way was favoured by
Xu et al. (2016) due to a long Local Arm located between the
Perseus and Sagittarius Arms, which could not be explained by
a density wave theory with a pure grand design morphology.
N-body simulations are also in agreement with density waves
not explaining the spiral structure in our Galaxy (Honig & Reid
2015).

7. Conclusions

We analysed the OC population with Gaia EDR3 astrometric
parameters, radial velocities compiled from different surveys,
and astrophysical parameters computed from Gaia DR2 astrom-
etry and photometry, in order to derive the structure of the spiral
arms in the solar neighbourhood and to discriminate among sev-
eral hypotheses about their nature.

We show that each of the four investigated arms exhibits a
different pattern speed. Using a combination of statistical and
data-mining techniques, we find that each spiral arm has a spiral
pattern speed that tends to decrease with galactocentric radius,
following the Galactic rotation curve and favouring transient
behaviour for these arms.

We analysed the age-distribution of the OC population across
the spiral arms to see the imprint of the different angular veloc-
ities of the stellar distribution and the spiral arm segments,
if any. We see no indication of the age gradient predicted by

Dobbs & Pringle (2010) to be a sign of a density wave-like foot-
print, thus favouring a flocculent Milky Way.

These two independent experiments, based on the most com-
plete OC sample to date, allow us to disfavour the density wave
theory of spiral structure and point towards a transient nature
of the spiral arms. This behaviour is seen here for the first time
using OC data. This is thanks to the increase of data available in
the OC sample, with radial velocities available and better estima-
tions of ages and distances. This points in the same direction as
the conclusions obtained by other authors comparing Gaia DR2
kinematic information in the solar neighbourhood with simula-
tions including different kinds of spiral arms, representing an
agreement of the results using these two different (complemen-
tary) datasets.

Given the transient nature of the spiral arms proposed here,
where the stellar objects co-rotate with the arm at any radius, we
can increase the number of tracers of these spiral arms by adding
the youngest OCs (≤30 Myr) to the HMSFRs used to define the
present-day arms. As a result, we increase the number of tracers
by 314% (adding 264 OCs to the 84 HMSFRs used in Reid et al.
2014), and we report updated parameters for the Perseus, Local,
Sagittarius, and Scutum spiral Arms, spanning a wider range in
the Galactic azimuth (Table 1).
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