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ABSTRACT

The Radcliffe wave (RW) is a recently discovered sinusoidal vertical feature of dense gas in the proximity of the Sun. In the disk
plane, it is aligned with the Local Arm. However, the origin of its vertical undulation is still unknown. This study constrains the
kinematics of the RW, using young stars and open clusters as tracers, and explores the possibility of this oscillation being part of a
more extended vertical mode. We study the median vertical velocity trends of the young stars and clusters along with the RW and
extend it further to the region beyond it. We discovered a kinematic wave in the Galaxy, distinct from the warp, with the amplitude of
oscillation depending on the age of the stellar population. We performed a similar analysis in the N-body simulation of a satellite as
massive as the Sagittarius dwarf galaxy impacting the galactic disk. When projected in the plane, the spiral density wave induced by
the satellite impact is aligned with the RW, suggesting that both may be the response of the disk to an external perturbation. However,
the observed kinematic wave is misaligned. It appears as a kinematic wave travelling radially, winding up faster than the density wave
matched by the RW, setting its origins into question. If a satellite galaxy is indeed responsible for the presence of this kinematic wave,
we predict the existence of a vertical velocity dipole that would be expected to form across the disk. The reality of this prediction may
be measurable with the upcoming Gaia DR3 and DR4.

Key words. solar neighborhood – Galaxy: kinematics and dynamics – Galaxy: halo – Galaxy: disk – Galaxy: structure –
stars: kinematics and dynamics

1. Introduction

The Radcliffe wave (RW) is a spatially and kinematically coher-
ent, 2.7 kpc long arrangement of dense gas in the solar neigh-
bourhood that was recently discovered by Alves et al. (2020),
in the work hereafter denoted as A20. It can be traced by the
young star forming regions such as Orion, Perseus, Taurus,
Cepheus, and Cygnus. Using the precise distance measurements
from Zucker et al. (2020), it was found that the molecular
clouds in this region align themselves to form a damped sinu-
soidal wave-like structure with a maximum vertical displace-
ment of around 160 pc. Recent revelations in astrometry have
unveiled the kinematics of individual star-forming regions of
the RW (Kounkel et al. 2018; Galli et al. 2019; Kuhn et al.
2019, 2020; Zari et al. 2019; Pavlidou et al. 2021; Großschedl
et al. 2021; Swiggum et al. 2021). However, a dynamical con-
nection between the regions along the wave remains elusive
and the nature and origin of this feature found in the dense
gas are not well understood. Studies have shown similar dis-
tortions in the vertical direction for the nearby disk-galaxies
(Edelsohn & Elmegreen 1997; Matthews & Juan 2008; Narayan
et al. 2020), which are likely generated by a perturbation

such as the passage of a satellite galaxy. Calculations also
point to the possibility of the RW resulting from a Kelvin–
Helmholtz instability (Fleck 2020). A corrugation with a sim-
ilar sinusoidal wave-like morphology discovered towards the
inner galaxy, the Gangotri Wave, might be a potential RW sib-
ling (Veena et al. 2021). Another recently discovered corru-
gation feature in the solar neighbourhood traced by the OB
stars, the Cepheus spur, may be related to the RW as well
(Pantaleoni González et al. 2021).

Our primary motivation behind this work is to identify the
RW signature in the kinematics of young stars and clusters, as
well as to understand the nature of this undulation using the ver-
tical component of velocity. Thanks to the Gaia mission (Gaia
Collaboration 2016, 2018a, 2021), we now have parallax and
proper motion measurements for over a billion stars, which have
helped in tracing the spiral arms in the solar neighbourhood
using dynamically cold stellar populations (Cantat-Gaudin et al.
2018, 2020; Khoperskov et al. 2020; Kounkel et al. 2020; Xu
et al. 2020, 2021; Poggio et al. 2021a; Zari et al. 2021; Martinez-
Medina et al. 2022; Castro-Ginard et al. 2021) and also to map
out the Galactic warp in different stellar populations based on
their age (Poggio et al. 2018; López-Corredoira et al. 2019;
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Romero-Gómez et al. 2019; Li et al. 2019; Cheng et al. 2020;
Cantat-Gaudin et al. 2020).

Evidence of north-south asymmetry in number density and
bulk velocity of stars (Widrow et al. 2012; Bennett & Bovy
2019) along with the recent discovery of phase-space spiral in
the solar neighbourhood (Antoja et al. 2018) have established
that the Milky Way (MW) disk is out of equilibrium, possibly
due to the Sagittarius dwarf galaxy (Sgr) impact (Gómez et al.
2013; Binney & Schönrich 2018; Bland-Hawthorn et al. 2019;
Laporte et al. 2019; Bland-Hawthorn & Tepper-Garcia 2021;
Hunt et al. 2021; Poggio et al. 2021b). In this work, we test,
for the first time, the possibility of RW being a part of a large
scale vertical mode (not the warp), using the kinematics of young
stars and clusters. We then qualitatively compare our observa-
tions with the results from an N-body simulation to explore the
scenario of this oscillation being caused by the impact of a satel-
lite as massive as the Sgr in the Galactic disk.

Our paper is organised as follows. In Sect. 2, we describe
the data samples used in our analysis, followed by our results in
Sect. 3. Finally, in Sect. 4, we summarise and discuss our results
and the open questions.

2. Data sample

In this section, we give an overview of the datasets that we used
for this analysis. As shown in A20, molecular clouds are the best
tracers of the RW. Thus, to constrain RW kinematics, we should
ideally use the vertical velocities of these clouds, which are diffi-
cult to obtain due to the lack of proper motions. However, since
this vertical oscillation is a feature mapped by the dense gas in
the solar neighbourhood, we expect the young stars and clus-
ters closer to this region to inherit the kinematic features of the
RW. In contrast, older stars are dynamically more relaxed and,
hence, they are not responsive to gas perturbations in the disk
potential. Therefore, they are unlikely to show the signature of
such vertical oscillations in their kinematics. For our analysis,
we have taken three different young star samples available in
the literature, namely the open cluster sample (Cantat-Gaudin
et al. 2020) and the Alma catalogue of OB stars II (Pantaleoni
González et al. 2021), both of which are based on Gaia-DR2
data, as well as the upper main sequence (UMS) sample con-
sisting of OB and A stars, with updated astrometry from Gaia-
EDR3 (Poggio et al. 2021a). We cross-matched the UMS sample
with the Alma catalogue to remove the common OB stars from
the former. In addition to this, as a fiducial dataset, we use a
sample of an older star population, the red giants from Poggio
et al. (2018), updated with Gaia-EDR3 astrometry. It may be
worth mentioning here that the pre-main sequence (PMS) stars
from Zari et al. (2018), as they are more closely associated with
gas, may be better tracers for RW compared to the young stellar
samples considered here. However, the sample only covered a
portion of the RW from the first trough to first crest (blue curve
in Fig. 1), not the entire range of RW.

We selected the stars and clusters with $/σ$ >5 and then
we converted the sky coordinates and distances of these sources
to 3D Galactic cartesian coordinates (X,Y,Z) using the Astropy
package in python (Astropy Collaboration 2018). Since most of
the young stars lack line-of-sight velocities, we derive their verti-
cal velocity V ′z from proper motions, after correcting for differen-
tial Galactic rotation and solar motion using Eq. (8) in Drimmel
et al. (2000). This adopted approximation for the vertical veloc-
ity is only valid for stars which are close to the Galactic mid-
plane, where the contribution of the line-of-sight velocity com-
ponent of the stellar peculiar motion to the vertical velocity is

Fig. 1. Kinematics of stars along the RW. The dual axis plot shows
the position fit of RW model (blue curve) from A20 compared against
the median vertical velocities of stars (red markers) in the respective
overlapping bins of width 0.28 kpc. The vertical axes are coloured the
same as that of their corresponding data points. The black solid lines
represent the bootstrap uncertainties of the median.

very small. We assume the recent rotation curve from Eilers et al.
(2019) with Vc = 229 km s−1, the components of Solar motion
(U�,V�,W�) = (11.1, 12.24, 7.25) km s−1 from Schönrich et al.
(2010) and the Galactocentric radius of the Sun R0 = 8.15 kpc
as in Reid et al. (2019).

We selected young stars with |b| ≤ 20◦, based on the afore-
mentioned explanation, and we removed those with R < 5 kpc, as
the assumed rotation curve is not valid in this range of Galacto-
centric radii. In addition, for the open cluster sample, we applied
an age cut at 100 Myr to ensure the selection of only the young
clusters. We note that for giants, we only selected the subset of
stars that have line-of-sight velocity measurements available, so
that full 3D space velocities can be derived. Our final sample
consists of 598 446 UMS stars, 12 398 Alma OB stars, 620 open
clusters, and 3 039 875 giants.

To study the kinematics of the RW, we chose those stars
(both young and old) and the open clusters lying inside a cylin-
drical region that runs along the RW, with a radius of 80 pc and
160 pc, respectively. This choice of radius is motivated by the
amplitude of the RW, however, changing the radius does not
affect our results (see Fig. 2). This selection results in 2862 UMS
stars, 368 Alma OB stars, 54 open clusters, and 1670 giants. We
then looked for signatures of vertical oscillations in the kinemat-
ics of young stars on a larger scale in the solar neighbourhood,
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Fig. 2. Vertical velocity maps of our samples showing a perturbation that extends beyond the RW (see text for details). Top row: cross at the centre
shows the position of the sun, the black curve is the RW and black dashed curves from right to left corresponds to different Galactocentric radii
from 6 to 12 kpc. Bottom row: rotated coordinate system divided into five panels with panel C containing the RW.

beyond the RW. We then compared these signatures to those of
the giants.

3. Results

3.1. Constraining the kinematics of the RW

Figure 1 displays the median vertical velocity (Ṽ ′z) distribution of
different data samples selected along a cylinder that runs along
the RW. The blue curve is a fit to the vertical displacement of the
RW taken from A20 and we plot the Ṽ ′z (shown in red) of young
stars and clusters in overlapping bins of width 0.28 kpc along the
RW and compare it against the red giants. The black solid lines
represent the standard median of error calculated using bootstrap
strategy.

We note that while the young stars and clusters show an
oscillation in Ṽ ′z distribution, this trend is not seen in the sam-
ple of giant stars. Unlike the giant sample, young stars exhibit
statistically significant deviations (larger than 3-σ) from Ṽ ′z =

0 km s−1 (black solid line in Fig. 1). A consistent wave-like
behaviour is apparent in the UMS, OB, and open cluster sam-
ples, particularly in the region starting from the first trough to the
first crest of the RW, namely, from around −0.33 kpc to 0.33 kpc
in Y . To demonstrate the damped wave-like behaviour mathe-

matically, we fit a simple 1D harmonic oscillator model to the
Ṽ ′z for UMS stars and open clusters (see Fig. A.1). We note that
the maximum amplitude in Ṽ ′z depends on the age of the star
population, with the open clusters and OB sample showing a
more prominent oscillation. To ensure that our cylindrical selec-
tion of stars along the RW do not force a wave-like feature in
the kinematics, in addition to comparing the velocity features in
young stars with the red giants, we placed the RW at random
locations and random orientations in the disk and carried out the
same analysis for different samples. We didn’t observe similar
consistent wave-like features in the kinematics of the stars at
other locations, meaning that this undulation in the solar neigh-
bourhood is real. In addition to this, using the Pingouin package
in python (Vallat 2018), we perform the Pearson rank correla-
tion test on the Ṽ ′z distribution of different stellar populations
along the RW. We find a strong correlation between OB, UMS
and the open cluster samples (OB-UMS with p-value = 0.0025,
UMS-open cluster with p-value = 0.000009 and OB-open clus-
ter with p-value = 0.00014). However, no significant relation-
ship has been noted among the young stellar samples and the
giants (p-value∼ 0.6–0.8).

If the disk’s self-gravity were found to be driving the RW, we
would expect a phase shift in the velocity by 90◦ with respect to
the position, as in the case of a simple harmonic oscillator. By
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taking the derivative of the RW model from A20, we can pre-
dict where the peaks and troughs should ideally be. However, the
observed Ṽ ′z distribution is out of phase with such a distribution,
as the peaks and dips in the data deviates from the expected, with
a phase difference corresponding to around 0.16 kpc in position
towards the left. This motivated us to extend our analysis beyond
the region of RW, to look for signatures of vertical oscillations
in the kinematics of young stars and to explore the possibility of
the RW being a part of a more global vertical oscillation in the
MW disk.

3.2. Kinematic maps

We compared the V ′z distribution of different data samples within
a cylinder of radius 3 kpc, with the Sun at the centre and the
Galactic centre to the right, as shown in Fig. 2 (top row). We
divided the X−Y plane into bins of width 100 pc for the UMS
sample, 200 pc for the OB sample and 100 pc for the Giant sam-
ple, and we determined the median V ′z of each bin. We also
applied a simple Gaussian filter of kernel size 17 × 17 px for
UMS and giant stars, and a filter of size 9 × 9 px for OB stars, to
reduce noise and to better illustrate the vertical velocity trends in
the data.

The young star samples show comparable distribution in Ṽ ′z ,
with the OB sample being the most perturbed. Most of the fea-
tures seen in the OB stars seem to be washed out in the UMS
sample as it contains the A-type stars. The Giant sample, con-
sisting of older stars, does not show any significant signature of
perturbations, as it is dominated by the Galactic warp starting
within 2 kpc radius from the Sun. Due to the limited statistics,
we are not showing the vertical velocity map of the open clus-
ters, although the features on a larger scale are similar to those
of the OB sample, which is quite expected. The velocity maps
show that, in the young stars, there may be an oscillation in the
vertical direction on a much larger scale than the RW (and even
going beyond it), but is not part of the systematic warp signature.
This perturbation is more evident in the youngest star population,
which is dynamically colder and is thus more responsive, which,
in our case, is represented by the OB sample.

3.3. Beyond the RW

The RW appears as a nearly straight line when projected in the
X−Y plane, which makes it convenient to define a coordinate
system aligned with this feature. We rotated the coordinate sys-
tem 25◦ anticlockwise with respect to the Z axis, so that the
rotated Y axis (hereafter Y ′) lies tangential and the rotated X
axis (hereafter X′) lies perpendicular to the RW. We then divided
each of our samples into five panels A, B, C, D, and E starting
from the left as in Fig. 2 (bottom row), with panel C centred on
the RW. Each panel is a rectangular region with 1 kpc in width
and 3 kpc in length. We divided Y ′ into different bins and then
calculate Ṽ ′z in each bin to look for oscillations beyond the RW.

The results are summarised in Fig. 3. This plot shows the
existence of a vertical kinematic oscillation in the region paral-
lel to the RW, which appears to be ‘travelling’ radially towards
the Galactic anti-centre. The wavelength of this kinematic wave
is around 2.5 − 2.7 kpc and the maximum oscillation is seen
in the panel C, which contains the RW and panel D. We also
observe an age gradient in the oscillation of stars in each panel,
with the youngest sample (here, OB stars) showing a maximum
response to the perturbation. The maximum velocity amplitude
of the wave in the OB sample is around 3.77 km s−1 in panel
C and 4.28 km s−1 in panel D, compared to 1.49 km s−1 in C

Fig. 3. Age gradient in the oscillation of stars with the OB stars
(youngest) showing a larger amplitude of oscillation in the kinematics.
Each plot from top to bottom corresponds to the panels A to E as shown
in the bottom row of Fig. 2. Here, Y ′ is the coordinate along the Rad-
cliffe wave, as explained in the text. The solid black lines correspond to
the bootstrap uncertainties of Ṽ ′z .

and 1.78 km s−1 in D in the UMS sample, at Y ′ = −1.33 kpc
and −2.0 kpc, respectively. We also performed the Pearson rank
correlation test between the median vertical velocities of the
three stellar samples and found a strong association between
the undulations seen in OB and UMS stars (for e.g., p-value of
0.0002 in panel C). At the same time, OB-Giant and UMS-Giant
combinations do not show any significant correlation in any of
the panels (for e.g., p-value of 0.13 and 0.52, respectively, for
panel C).

We performed the same analysis in the N-body simulation of
a galactic disk perturbed by a satellite as massive as the Sgr. We
added a live substructure to the stellar disk, with the total mass
of 2 × 1010 M�, which hits the disk at roughly 2.2 kpc from the
galactic centre. The initial position of the satellite was at 20 kpc
with an eccentric orbit (e = 0.7). It completed one orbit around
the Galactic centre over approximately 1.7 Gyrs. In the numeri-
cal experiment, the satellite excites the stellar disk, as seen by the
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Fig. 4. Median Vz distribution of disk stars: (a) projected in the X−Y plane from the N-body simulation of a galactic disk perturbed by a satellite
comparable in mass to the Sagittarius dwarf galaxy; (b) from the dashed rectangular region of the left plot, with the Sun placed at the interface of
underdense (blue) and overdense (red) region in velocity space (as seen from the velocity maps in Fig. 2), showing a maximum amplitude close to
4 km s−1, comparable to that of the OB stars as seen from Fig. 2.

Fig. 5. Overdensity contours of UMS data along with the Radcliffe wave (black curve) overlapped with the simulation of a satellite galaxy
perturbing the disk. The residual features are observed after t = 0.6 Gyr of satellite punching the disk.The surface density residuals are computed
as Σ − Σfit/Σfit and displayed in polar coordinates.

formation of a long-wavelength bending mode (D’Onghia et al.
2016).

Figure 4 displays the median vertical velocity of the sim-
ulated disk stars projected in the X−Y plane after ∼0.6 Gyr
of evolution past the impact (left panel). The interaction with
the satellite causes a dipole in the vertical velocity. When the
Sun (marked with the black star) is located in an underdense
region of the disk, we note that the predicted velocity map of
the simulation (dashed rectangular area) qualitatively matches
the observed one (left panel of Fig. 2). Also, the disk oscillates
with an amplitude of 4–5 km s−1 (right panel of Fig. 4), compa-

rable to the observed OB stars in the experimental data (Fig. 3).
The wavelength of the bending mode in the simulation is around
10 kpc, which is greater than the disk scale length (Rs = 4 kpc)
and is much greater than the wavelength of the kinematic ver-
tical oscillation observed in the data. We note that the spatial
and mass resolution of the simulation are insufficient to resolve
the region observed in the current data in the phase space and,
hence, to describe the response of the perturbation at the scale of
the observations reported here. The orbital configuration of the
satellite-MW disk does not represent the interaction with Sagit-
tarius but a more general interaction with a satellite impacting
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the disk and the simulation does not include the gas compo-
nent. However, the velocity dipole in the median of the stellar
vertical velocity is expected to form similarly as a general case
and may be observable with the upcoming Gaia DR3 and DR4.
Figure 5 shows the relative surface density residuals of the sim-
ulated disk after ∼0.6 Gyr of the evolution of the disk after the
impact of the satellite on the galactic disk. We used the Fourier
transform analysis to estimate the residuals of the surface den-
sity, computed by subtracting the azimuthally averaged surface
density from the surface density distribution and normalising it
according to Res = Σ − Σfit/Σfit. The overdensity contours of the
UMS data, as mapped by Poggio et al. (2021a), are projected in
the polar plane and overlap the simulated disk and enclose the
observed RW (solid black line). We note that the pitch angle of
the RW qualitatively agrees in density with the spiral structure
induced in the simulation by the satellite impact. While this out-
come supports the evidence that the RW (or, at least, its stellar
counterpart) may be part of the disk response to the perturba-
tion induced by a satellite galaxy, Fig. 2 shows that, in terms of
kinematics, the RW and the large-scale vertical oscillation are
not aligned, calling into question the assumption of their having
a common origin.

4. Discussion and conclusions

The existence of the RW as a vertical undulation that connects
the nearby known star-forming regions is now well established
(but see Donada & Figueras 2021, for a different view). We find
that the young stars associated with the RW show a wave-like
pattern in their kinematics, suggesting that the vertical oscil-
lation of RW indeed has a kinematic origin. In particular, we
showed that the stellar counterpart of the RW relates to a more
extended vertical oscillation measurable across a larger radius
from X′ = 2 kpc to −3 kpc in a frame centred on the Sun.
Our analysis shows that this sinusoidal feature, which extends
radially beyond the RW, has an amplitude of oscillation that
depends on the age of the stellar population. The dynamically
cool younger stars are taking part, whereas the dynamically
warmer older stars are not responsive to the perturbation. These
findings bring the nature of this vertical feature into question.

A recent study suggested that the RW might be due to the
Kelvin–Helmholtz instability (Fleck 2020). However, the verti-
cal displacement of this oscillation is close to 200 pc above and
below the disk mid-plane – a large extension that might suggest
a different origin. Another feature possibly related to the RW
is the Cepheus spur (Pantaleoni González et al. 2021), a bridge
connecting the Orion-Cygnus spiral arm with the arm of Perseus,
near the vicinity of the Sun. It is possible that what we see here
may be a continuation of that spur. However, the kinematic wave
that we observe here is extended at greater radii than the Cepheus
structure, indicating that we may be witnessing evidence of a
corrugation in the disk.

Recent simulations have investigated the Large Magellanic
Cloud (LMC) interaction with the MW. Those studies showed
that in allowing the MW dark halo to be ‘alive’ and respond-
ing actively to the potential, the LMC might produce a wake in
the halo, which then distorts the disk (Weinberg 1998; Garavito-
Camargo et al. 2019; Lucchini et al. 2021). While the inter-
action of the Large Magellanic Cloud (LMC) with the MW
may have induced the formation of the gas and stellar warp
(Binney 1992; Weinberg & Blitz 2006; Poggio et al. 2020), the
Sagittarius dwarf galaxy may also disturb the halo forming an
overdensity in the satellite’s proximity (Laporte et al. 2018).
There are reasons to believe the halo perturbation induced by

the dwarf galaxy may also have affected the disk, producing the
oscillation we observe. The analysis of a numerical experiment
with an MW-satellite interaction (D’Onghia et al. 2016) shows
that a satellite impacting the disk may generate a wobble in the
disk with an associated vertical velocity dipole.

We speculate that the undulation reported here may, in fact,
be the local disk response to this external perturbation. We ques-
tion whether the RW has taken part in this process. Because
the gas is dynamically colder than the stellar disk, the RW and
the young stars will be more responsive to the perturbation than
the older stars in the disk, explaining the gradient in the ampli-
tude of the oscillation observed in Fig. 3, as well as the shorter
wavelength. We note that the amplitude of the simulated kine-
matic vertical oscillation of a dynamically cold disk matches the
observed behaviour of the stars in the region where the RW is
located, suggesting a possible common origin.

While the pitch angle of the RW is similar to the simu-
lated spiral structure formed by the impact of a satellite dwarf
galaxy, which appears round, in the form of rings propagat-
ing outwards (see e.g., D’Onghia et al. 2016; Laporte et al.
2019), the kinematic wave beyond the RW has a different align-
ment. Recent simulations by Bland-Hawthorn & Tepper-Garcia
(2021) showed that m = 2 density spiral waves induced by an
external perturber wind up faster than the associated kinematic
waves. Our analysis of the data points to the opposite conclusion.
Figure 2 shows that the observed kinematic oscillation indeed
has a different alignment than the RW, but with a smaller pitch
angle, suggesting it winds up faster than the spiral density wave.
Another possibility is that is is a radial wave, indicating that the
picture is more complex, perhaps due to the superposition of dif-
ferent Fourier terms or to multiple passages of a satellite, or both
(see panels c and d of Fig. 12 in Poggio et al. 2021b). This evi-
dence questions whether RW is a part of this disk response, or
rather a local in-plane density perturbation ‘riding on top’ of the
wave-like kinematic perturbation induced by a satellite galaxy.

The upcoming Gaia DR3 and DR4 will confirm the existence
of the vertical oscillations that we display in Fig. 3, by inferring
vertical velocity maps of stars across the disk and measuring its
associated dipole. At the same time, this test may elucidate the
nature of the RW.
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Appendix A: Damped sinusoidal model for Radcliffe
Wave

In order to mathematically demonstrate the damped wave-like
feature seen with different tracers along with the Radcliffe Wave
as shown in Figure 1, we fit a 1-D damped harmonic oscillator
model to the Ṽ ′z (Figure A.1). We define Z(y) = Ae−γy sinωy and
its derivative Vz(y) = −Aγe−γy sinωy + Aωe−γy cosωy, where γ
is the damping coefficient and ω is the oscillation frequency.

We studied the median vertical velocity behaviour and we do
not have enough data points to produce a well-defined fit for the
velocity profile. However, the Ṽ ′z distribution follows a damped
wave-like profile.

Fig. A.1. Fit for Open clusters and UMS stars assuming a 1D damped
harmonic oscillator model where we define Z(y) = Ae−γy sinωy and its
derivative Vz(y) = −Aγe−γy sinωy + Aωe−γy cosωy.
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