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ABSTRACT

Tidal streams of disrupted clusters are powerful probes of the gravitational potential of the Galaxy and they are routinely detected in
the stellar halo of the Milky Way. It was recently shown that tidal streams of open clusters can now also be detected within the Milky
Way disc. In this work, we highlight the fact that disc tidal streams also provide a powerful new diagnostic of the non-axisymmetric
disc potential and may, in principle, provide a new constraint on the pattern speed of the Galactic bar. In particular, we show how the
stream-orbit misalignment for an open cluster on a quasi-circular disk orbit in the solar vicinity varies as a function of the position
with respect to the bar resonances. The angular shift rises beyond corotation, reaching values as high as 30° close to the outer Lindblad
resonance (OLR), then dropping again and reversing its sign beyond the OLR. We applied this mechanism to the recently detected
tidal stream of the Hyades open cluster and we note that the detected stream stars would be very similar when taking a potential a
priori with no bar or with a fast pattern speed of 55km s~ kpc™" (or lower than 30 kms~! kpc™"). However, we find that candidate
stream stars are different than previously detected ones when adopting a potential with a bar pattern speed of 39 kms™! kpc™', which
is consistent with the most recent determinations of the actual Galactic bar pattern speed. Previously detected Hyades candidate
members would, on the other hand, favour a barless galaxy or a fast bar of pattern speed 55 kms~! kpc™'. Interestingly, the previously
reported asymmetry in star counts within the leading and trailing tails of the Hyades tidal stream persists in all cases. Our study
conclusively demonstrates that the effect of disc non-axisymmetries cannot be neglected when searching for tidal streams of open
clusters and that current candidate members of the Hyades stream should not be trusted beyond a distance of 200 pc from the cluster.
Moreover, our study allows for ideal targets to be provided for high-resolution spectroscopy follow-ups, which will enable conclusive

identifications of the Hyades stream track and provide novel independent constraints on the bar pattern speed in the Milky Way.

Key words. open clusters and associations: individual: Hyades — Galaxy: kinematics and dynamics — Galaxy: structure —

Galaxy: evolution — Galaxy: disk

1. Introduction

Tidal streams from dissolving globular clusters in the halo of
the Galaxy have long been known to be an incredibly power-
ful probe of the gravitational potential of the Galaxy, its dark
matter distribution, and the laws of gravitation itself. In prin-
ciple, such dynamically cold stellar streams offer an opportu-
nity to directly probe the acceleration field over the extent of
the detected streams because when the progenitors are of low
mass and dissolve slowly, the ejected stars are lost and sub-
sequently characterised by a low relative energy. This leads
to streams that tend to closely (although not perfectly) fol-
low the orbits of their progenitors. While the situation may
become more complicated for massive progenitors, the picture
for low-mass progenitors can also be complicated by perturba-
tions, either from local disturbances (e.g. giant molecular clouds
or putative dark matter sub-halos; Erkal & Belokurov 2015;

Erkal et al. 2016; Amorisco et al. 2016) or by global ones such
as the effects brought on by the infall of the Large Magellanic
Cloud (Erkal et al. 2019; Vasiliev et al. 2021; Koposov et al.
2023; Lilleengen et al. 2023) or of the Sagittarius dwarf galaxy
(Dillamore et al. 2022) or the presence of the Galactic bar at
the center of the Galaxy (Hattori et al. 2016; Pearson et al. 2017,
Thomas et al. 2020; Dillamore et al. 2023).

Recently, detailed analyses of Gaia data have allowed the
realm of the study of tidal streams to be extended to those
coming from open clusters inside the Galactic disc. Such tidal
streams have been detected up to 1 kpc from the Hyades clus-
ter (Oh & Evans 2020; Jerabkova et al. 2021), but also around
Praesepe, Coma Berenices, or NGC 752 (Boffin et al. 2022;
Kroupa et al. 2022). Interesting asymmetries have been found
in these streams, which could potentially be attributed to close
encounters with massive dark matter sub-halos, although such
asymmetries are also reminiscent of asymmetries in some
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globular cluster streams (Thomas et al. 2018) and could chal-
lenge Newtonian gravity (Kroupa et al. 2022); also, they could
argue in favour of a type of dark matter that breaks the
weak equivalence principle (Kesden & Kamionkowski 2006;
Naik et al. 2020).

However, such detections assume a priori that the progenitor
orbits within an axisymmetric potential, while the Milky Way
disc is actually known to harbor a massive central bar compo-
nent. Here, we investigate in detail the effects that the bar could
have on the orientation of such disc tidal streams and how this
can affect the selections of candidate stream stars. We show that
these selections can, in principle, serve as powerful new probes
for constraining the bar pattern speed.

The pattern speed of the Galactic bar has been historically
known as being difficult to estimate, with some contradictory indi-
cations coming from different data. For a long time, the prevalent
value was estimated to be around ~55 km s~ kpc ™!, following the
work of Dehnen (1999, 2000a) and Fux (2001), which showed
that the prominent Hercules moving group (e.g. Dehnen 1998;
Famaey et al. 2005) in local velocity space could be explained
if the Sun is placed just outside the 2:1 Outer Lindblad Reso-
nance (OLR) of the bar (see also Antoja et al. 2014). This was
confirmed by an analysis of the local non-axisymmetric Oort
constant (Minchev et al. 2007) as well as various other lines
of evidence (Quillen et al. 2011; Fragkoudi et al. 2019). How-
ever, subsequent works on the density of red clump stars in the
disc (Wegg et al. 2015) and on the gas kinematics (Sormani et al.
2015; Lietal. 2016), followed by dynamical modelling of the
stellar kinematics in the inner Galaxy (Portail et al. 2017), as
well as by an analysis of proper motion data from the VVV sur-
vey (Sanders et al. 2019; Clarke et al. 2019) all point to a pat-
tern speed of ~40kms~'kpc™'. This value was also favoured
by Dillamore et al. (2023) to explain the presence of the ridge
structure in the energy-angular momentum space of local stars.
Monari et al. (2019a) then showed that the Galactic model of
Portail et al. (2017) could reproduce most of the observed features
in local velocity space, including the Hercules moving group with
a characteristic dependence on azimuth (Monari et al. 2019b) if
the Sun is placed a bit outside of the co-rotation resonance of the
bar. To this day, many different possible pattern speeds are still
considered for the Galactic bar (Trick 2022) and it is conceiv-
able that this pattern speed actually varies with time (Hilmi et al.
2020). Therefore, gaining access to a new independent probe of
the pattern speed of the bar in the form of tidal streams of open
clusters in the disc is most desirable.

In the present paper, we first describe the bar potential that
we use for our simulations (Sect. 2) before describing the set-up
of our simulation of the stream of the Hyades cluster (Sect. 3). In
that section, we show that a ‘fast’ rotating bar with pattern speed
~55km s~ kpc™! yields very similar results to a potential with-
out bar, whilst a slower pattern speed of 39 km s~ kpc™! presents
a very strong stream-orbit misalignment. We then apply those
models to observations to re-assess the probability of candidate
stream members for different bar pattern speeds (Sect. 4) and we
conclude that high-resolution spectroscopy will be needed to dis-
entangle both types of models. Our conclusions are summarised
in Sect. 5.

2. Bar potential

We start by setting (R, 6, z) as the Galactocentric cylindrical coor-
dinates. The plane z = 0 corresponds to the Galactic plane.
The angle 6 increases in the clockwise sense, and the line
0 = 0 passes through the Sun and the Galactic centre. We can
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Table 1. Parameters used in the bar potential.

m Km [ bm {m(kpc)
2 0.25 1.80 5.08 0.05
4 8.40 4.08 10.70 0.025
6 21041 596 16.06 0.05

define corresponding Cartesian Galactocentric coordinates as
x = —Rcosf,y = Rsin 6, so that the Sun lies at (x,y) = (—Rp, 0),
if Ry is the cylindrical distance of the Sun from the Galactic
centre.

The model of the Milky Way used in this paper con-
sists of a time-dependent Galactic potential (¢y;) composed of
a background axisymmetric potential (¢o) and of three non-
axisymmetric components corresponding to the three first even
modes (¢,,) of the bar potential, such that:
¢t0l(R9 072’ t) = ¢0(R’Z) + Z ¢m(Rs sz’ t)' (])

m=2,4,6

The contribution to the total potential of each mode m of the bar
can be computed from the amplitude of the mode with respect to
the axisymmetric potential (4,,)0 = A, /Ao), as follows:

cos[m(0—Qpt+ ap)l
1+ [2/zmpn(R)]?

where (), is the pattern speed of the bar (positive in the clockwise
sense), while the scale height z,,;, is defined as:

¢m(R’ 9’ Z9 t) = ¢0(R’ O) Am/O(R)

, @

Zmh(R) = 0.45R + 4, 3)
and ¢, is a height. The relative amplitude A, is defined as:
Amo(R) = Ky (R/Rinax)™ (1 = R/Ripa)™ ™", )

where K, is a scale factor, R, is a scale length that we take to
be Rmax = 12kpc.

The initial phase ag at t = 0 is the same for all modes com-
posing the bar potential and chosen such that the inclination of
the m = 2 mode compared to the x-axis at the present time #,ow
is 28° (i.e. @p — Qptpow = —28°).

Therefore, the o angle will refer to the ‘inclination of the
bar’ at the beginning of the simulation. As it is apparent from
this equation, we imposed that the phase of the different modes
of the bar do not change with time. It is important to note that
in the following, we are working within the Galactic plane and
thus we do not use the z-dependence that introduces a vertical
dimming of the contribution of each mode of the bar with z. The
parameters used for each potential mode ¢,, are summarised in
Table 1 and are chosen to roughly resemble the first three even
modes of the bar potential by Portail et al. (2017).

This model of the Milky Way has been introduced into
the GYRFALCON N-body integrator (Dehnen 2000b, 2002,
2014) from the NEMO stellar toolbox (Teuben 1995) as an
external acceleration field by modifying the GALPOT program
(Dehnen & Binney 1998). In this modified version, which we
call GALBAR!, the classical GALPOT program is used to com-
pute the background axisymmetric component of the potential.
Equation (2) is used to compute the contribution of each non-
zero mode to the total Galactic potential, as expressed in Eq. (1).

! GALBAR is publicly available at

GFThomas/GalBar.git

https://github.com/
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Fig. 1. Ratio of amplitude of the different Fourier modes of the bar

(m = 2,4, and 6) to m = 0 along its major axis used in the simulations
where the bar is included.

Then, the corresponding acceleration field is computed locally
by measuring the finite difference of potential in a Cartesian grid
where the points are spaced in intervals of 1077 kpc (=20 AU)?.
We verified that this method gives a similar acceleration field
than the classical GALPOT for different axisymmetric potentials.

3. Simulation of disc tidal streams: The Hyades

The main objective of this paper is to study the impact of the
Galactic bar on the morphology and on the dynamics of stellar
streams inhabiting the Galactic disc. One of the best candidates
for this analysis is the Hyades tidal stream, due to the proxim-
ity of its progenitor with the Sun (45.7 pc, Gaia Collaboration
2018) and for which 6D phase-space information is available for
numerous of its stars thanks to the successive Gaia data releases.
Using DR2 and eDR3 data, the stream has been measured
to be 800 pc long (Roser et al. 2019; Jerabkova et al. 2021), a
value that is similar to what was predicted in early simulations
(Chumak et al. 2005; Ernstetal. 2011), in which its progeni-
tor, the Hyades open cluster, had a total mass of 1230 M, at
the moment of its formation 600—700 Myr ago (Perryman 1998;
Lebreton et al. 2001; De Gennaro et al. 2009; Reino et al. 2018;
Douglas et al. 2019; Lodieu 2020).

3.1. Simulation setups

The simulations of the Hyades stream were made with the
GYRFALCON N-body integrator using the barred potential of the
Milky Way implemented in GALBAR, as described in the pre-
vious section. The adopted axisymmetric component is sim-
ilar to the Galactic potential used by Ibata et al. (2020) and
Thomas et al. (2020) to model the GD-1 and the M92 streams.
This potential is composed of the bulge, thin disk, thick disk, and
interstellar medium from the first model of Dehnen & Binney
(1998) and of a dark matter halo following a Navarro et al.
(1997) profile, with a virial radius of 206kpc (Cautun et al.
2020), a concentration of ¢ = 12, an oblateness of ¢ = 0.82
(Malhan & Ibata 2019), and a mass of 9.6 x 10! M. With this
model, the circular velocity at the solar radius (R, = 8.129 kpc,
GRAVITY Collaboration 2018) is of 229 kms™!, consistent with
the value found by Eilers et al. (2019). For the simulations where
a bar is present, the Galactic potential is computed using Egs. (1)
and (2), with the ratio of amplitude of the different modes with
respect to the axisymmetric potential shown on Fig. 1 and with

2 The choice of this value has been made to avoid propagating round-
ing errors.

Table 2. Current dynamical properties of the Hyades cluster from
Gaia Collaboration (2018).

Parameter Value

RA 67.985 deg
Dec 17.012 deg
Distance 45.7pc
i 101.005 mas yr~!
Us -28.490 mas yr~!
Vios 39.96kms™!

a current bar angle for the bar of 28° with respect to the solar
azimuth (Portail et al. 2017). The face-on view of the potential
and of the density of this model at the current time are presented
in Fig. 2.

The initial Hyades cluster was modelled with 1230 equal-
mass particles, based on the previous work of Jerabkova et al.
(2021, hereafter, J21) and following a Plummer profile
(Plummer 1911) of a total mass of Mo = 1230 Mg and a
scale length of ry = 2.62 pc, found using the MKPLUM program
included in NEMO. We chose to have equal-mass particles, rather
than having the individual masses distributed assuming an initial
mass function (IMF), as chosen, for example, by J21. This is
driven by our choice of the noncollisional GYRFALCON N-body
integrator with the goal of studying the general morphology and
dynamics of the tidal stream in the presence or absence of a bar,
rather than the detailed variations along it, which would require
taking into account, for instance, mass segregation in the pro-
genitor (Evans & Oh 2022).

For all the simulations, the initial position of the Hyades
cluster was computed by integrating backward a point mass
from the current position of the cluster over 655 Myr, following
the prescription of J21. The current Galactocentric position and
velocity of the cluster are computed from its observed parame-
ters, listed in Table 2, assuming that the Sun is slightly above the
Galactic plane (zo = 25 pc; Bland-Hawthorn & Gerhard 2016)
and with the solar peculiar motion adopted from Schonrich et al.
(2010), namely (Ug, Vo, Wo) =(11.1, 12.24, 7.25)kms~! in the
local standard of rest coordinates. However, it is important to
note here that the oscillations of the cluster around the Galactic
plane were removed in order to have a cluster orbiting in the
Galactic plane, such that z,; = Opc and v, = 0kms~'. The rea-
son behind this choice is that the stream formed on non-planar
orbit had a strong vertical dispersion, with non-physical borders
of the stream around 40 pc above the Galactic plane. Our inves-
tigation tends to suggest that this is due to the scale height of
the thin disc used in the simulations, but we did not manage
to remove this artificial border completely®. Therefore, in order
to have a realistic stream morphology, we decided to constrain
the orbit of the cluster to be in the plane of the Galaxy. This
does not significantly impact our study, as J21 noted that the
vertical oscillations of the Hyades cluster do not have a signifi-
cant impact on the morphology of the stream. While neglecting
these vertical oscillations leads to a slight overestimation of the
response to the bar, we found that this overestimation is actu-
ally marginal, namely, at around ~1% of the amount of torque
transfer from the bar to the progenitor, regardless of its pattern
speed.

3 This feature is not caused by our implementation of the acceleration
field in GALBAR, as the acceleration field computed with GALPOT gen-
erates the same effect.
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Fig. 2. Present-day Galactic potential (left panel) and density distribution (right panel) in the plane of the disc (z = 0 kpc) of the Milky Way model
used by the simulations, with the bar orientated at 28° compared to the solar azimuth. In both panels, the representation is Galactocentric, with the

current location of the Sun represented by the yellow circle.

Because the cluster is losing stars with time, its orbit is
slightly different from that of a point mass. Therefore, the posi-
tion of the cluster at the end of the simulation is very slightly
different from its present day position. Therefore, in order to
have simulations that are directly comparable with the observed
Hyades stream, we shifted the final simulation snapshot such
that the remnant simulated cluster has the same position as the
present-day position of the cluster and we rotated it so that the
velocity vector of the simulated cluster was aligned with the
observed one. This standard operation ensures that the simu-
lated stream is correctly projected on the sky without changing
its internal kinematics.

All simulations were made with the same setup of GYR-
FALCON, with a Plummer softening kernel having a smoothing
length of 0.004 pc, a maximum level of refinement of kp,x = 17,
leading to a maximum time-step of 277 = 7.6 x 10~ yr and a
tolerance parameter of 6y = 0.4, which is smaller than the one
usually used (see Dehnen 2002). These parameters were cho-
sen such that an isolated progenitor of the Hyades cluster does
not lose more than 20% of its mass over 700 Myr and to have a
relative energy error per time step lower than 1077, The choice
of parameters used here is also supported by the fact that the
simulated cluster has an average mass loss of 0.8 M yr™! in the
non-barred Milky Way potential, similar to what was found by
J21 with a fully collisional simulation.

3.2. Results

The present-time morphology of the simulated Hyades stream
embedded in a barred Milky Way with a wide range of pattern
speed and in a non-barred MW is shown in Fig. 3. The extent and
the global morphology of the Hyades stream evolving in a bar-
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less MW is similar to previous simulations (Chumak et al. 2005;
Ernst et al. 2011; Jerabkova et al. 2021), with a mean inclina-
tion of the stream of ~5° and the plane being tangent to the
Solar azimuth (i.e. the y-axis). In this axisymmetric potential,
the Hyades cluster is on a near-circular orbit (e = 0.1), with
a pericentre of 7.14 kpc and an apocentre of 8.78 kpc. Because
the Hyades cluster is currently not near its apses, the stream
is globally aligned with the orbit of the cluster, as is com-
monly the case for dynamically cold streams formed by the
disruption of star clusters (e.g. Price-Whelan & Bonaca 2018;
Malhan et al. 2018; Ibata et al. 2020, but see Thomas et al. 2020
for a counter-example). However, when the Hyades cluster is
located between the corotation and OLR of the bar, the stream-
orbit misalignment becomes highly significant, reaching deflec-
tion angle values as high as 30°. If the Hyades were inside the
corotation of the bar, that is, in the case of slow-moving bars with
Q, < 29km s~ kpc~!, all particles of the stream would approach
the bar at a similar time and receive similar torques (Hattori et al.
2016), leading to a present-day Hyades stream that is globally
similar to the case of the MW without a bar.

For faster bars, it is striking to see that the position, the mor-
phology, the length and the average density of stars along the
stream are strongly impacted by the bar pattern speed. Indeed,
regarding the length of the stream, it reaches a maximum elonga-
tion of ~3.5 kpc for a pattern speed of Q, = 35kms~!, decreas-
ing down to a few hundred parsecs around €, = 50kms~!,
rising up again for faster bars. This effect, called shepherding by
Hattori et al. (2016), results from the different times at which the
particles along the stream approach the Galactic bar. As a result,
the particles along the stream receive different torques from the
bar, and the resulting variation of energy is different for each
particle. As depicted in Hattori et al. (2016), the stream’s growth
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Fig. 4. Deflection angle of the plane of the Hyades stream for different
pattern speeds of the Galactic bar w.r.t. the plane of the stream without
a bar. The red triangle highlights the deflection angle for a bar hav-
ing Q, = 39kms~'kpc~!, and the green vertical line corresponds to
Q, = 55kms~! kpc~!. The dashed vertical black line indicates the pat-
tern speed for which the guiding radius of the Hyades cluster will be
located at the co-rotation radius (€, ~ 29kms~' kpc™'). The orange
line shows the angle in the absence of bar (set to 0° by definition).

rate depends on the location of the pericentre of the cluster with
respect to the bar; a pericentre near the major axis of the bar will
enhance the differences of energy resulting in a growing stream,
and on the contrary, while a pericentre near the minor axis of the
bar will shrink the stream.

As already noted, Fig. 3 clearly shows that the pattern speed
of the bar also has an impact on stream-orbit misalignment.
The analysis of this specific feature is detailed in the following
section.

3.3. Stream-orbit misalignment

Figure 4 presents the deflection angle (6), namely, the angle
between the track of the stream in presence of a bar with the
track of the stream embedded in an axisymmetric MW poten-
tial, for different pattern speeds between 0 and 60 km s~ kpc~'.
The track of the stream was obtained by fitting a straight line on
the position of the particles located within a distance of 800 pc
from each side of the remnant cluster, and the quoted systematic
uncertainties correspond to the difference of inclination when
halving the maximum distance to the cluster on each side. A neg-
ative deflection angle indicates that the leading arm of the stream
is closer to the Galactic centre (i.e. have higher value along the
x-axis) than in the case of an axisymmetric MW, and recipro-
cally for a positive angle. Because the length of the stream varies
widely with the pattern speed of the bar — and because the most
extended streams tend to be curved (see the present-day stream
for Q, = 35kms~!'kpc™') — the deflection angle is measured
using exclusively the particles within a fixed distance of 800 pc
from the cluster.

In this figure, the vertical dashed line corresponds to the pat-
tern speed for which the co-rotation radius is similar to the guid-
ing radius of the centre of mass of the Hyades cluster in the
axisymmetric potential (€, =~ 29kms~!' kpc™'). Therefore, we
can see that when the Hyades cluster is located inside the co-
rotation radius (i.e. for Q, < 29kms~! kpc™!), the track of the
stream is similar to the case of a stream formed in an axisym-
metric MW (6 = 0°).
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For a Hyades cluster located outside the co-rotation radius
(i.e. Q, > 29kms~' kpc™!), the deflection angle of the stream
track decreases slowly until Q, = 43kms™'kpc~!. For a
faster bar, the deflection angle changes drastically, reach-
ing a maximum deflection with an angle of 8§ = -30° for
Q, = 47kms 'kpc~'. Beyond that value, the deflection angle
increases again, reaches § = 0° for Q@ = 52kms 'kpc™', up
to a plateau of # = 4° between Q, = 53 and 56kms~! kpc~!,
before rising up again for even larger values. This plateau cor-
responds approximately to the pattern speed of the bar if the
guiding radius of the Hyades stream were located at the OLR
(Qy ~ 50kms~ ! kpc™).

It is important to note that because stellar streams are spa-
tially coherent over several dynamical timescales (Johnston et al.
2008), a deflection of the position of a stream necessarily implies
a deflection of the velocity vectors all along it.

As mentioned in the introduction, several recent works
(Weggetal. 2015; Sormanietal. 2015; Lietal. 2016;
Portail et al. 2017; Bovyetal. 2019; Sandersetal. 2019;
Clarke et al. 2019; Monari et al. 2019b; Tepper-Garcia et al.
2021; Leungetal. 2023; Luceyetal. 2023), measured
the bar pattern speed in the MW to be in the range of
Qp = 39-41kms~' kpc~!. For these values, the Hyades stream
track will have a non-negligible deflection angle of § ~ —11°,
which might be in contradiction with the previous detection of
candidate stream members, as we discuss in Sect. 4.

We can see that the Hyades stream has a similar inclina-
tion as in the case without a bar for a pattern speed around
Q, ~ 52kms~ ! kpc™!. However, for this specific pattern speed,
the stream is less extended and thicker than without a bar, as
visible on Fig. 3. A slightly faster bar, with a pattern speed of
Qp, = 55kms 'kpc™! produces a present-day Hyades stream
similar in morphology and length as without a bar, although
the stream track presents a small deflection angle of 8 = 4°.
Nevertheless, this deflection is almost three times less than in
the case of a stream formed in a Q, = 39kms~' kpc™! barred
Galaxy. As discussed in the introduction, this result is inter-
esting since this pattern speed value is close to the older mea-
surements (see Bland-Hawthorn & Gerhard 2016, for a review),
and in particular of the measurement of Mincheyv et al. (2007) of
Qp, = 53 + 1.5kms™ ' kpc™! using the variation of the Oort C
constant. A similar pattern speed has also been estimated, from
the position of the Hercules moving group in the local veloc-
ity plane (e.g. Antoja et al. 2014). Although (as explained in the
introduction) this last measurement is debatable because the Her-
cules moving group may also be comprised of stars whose orbits
are trapped at the co-rotation resonance of a slower bar, which
gives the right dependence for its location in velocity space with
azimuth (Pérez-Villegas et al. 2017; Monari et al. 2019a,b).

4. Comparison with observations

We undertook a comparison of the simulated streams to the
observed Hyades stream and, in particular, to the candidate
members selected by J21 using astrometric data from the Gaia
early Data Release 3 (eDR3).

Thanks to the deflection angle of the Hyades stream in pres-
ence of a bar, it is in principle possible to use the position and the
kinematics of the observed stream to select the best model and,
ultimately, to give a constraint on the pattern speed of the Galac-
tic bar. Here, we are particularly interested in three models of
the Hyades stream: the streams formed in a MW with a pattern
speed of ©Q, = 39 and 55km s~ kpc~!, and the stream formed in
anon-barred Galaxy. The reasons behind our choice of focussing
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on these three models are that for the two barred models, they
correspond to the two typical measurements of the pattern speed
of the bar in the MW. For the barless model, the justification is
that previous state-of-the-art simulations of the Hyades stream
were made in an axisymmetric Galaxy model without a bar
(Chumak et al. 2005; Ernst et al. 2011; Jerabkova et al. 2021).
For clarity, in the rest of the paper, we refer to the barred-Galaxy
with a pattern speed of €, 39kms~'kpc~! as the “slow”
barred-MW, and to the barred-Galaxy with a pattern speed of
Q, = 55kms ' kpc™! as the “fast” barred-MW, which for our
present analysis is actually very similar to the “barless” case.

4.1. Comparison with the Jerabkova et al. (2021) sample

Figure 5 shows the comparison between the Galactocentric posi-
tion of the simulated streams with the observed eDR3 sample of
J21. As we can clearly see, the candidate members selected in
this work are better reproduced by a stream formed in a barless
MW, or in a fast barred-Galaxy, than with in a slow barred-MW,
especially at a distance beyond ~150 pc from the Hyades clus-
ter, where the differences between the models are the strongest.
As we already noted in the previous Section, the streams formed
in a non-barred Galaxy and in a fast barred-MW are relatively
similar. Because the existence of the bar in the Milky Way has
been known for decades, one would at first like to conclude
that the observations of the Hyades stream favour a fast rotat-
ing bar with Qp, = 55km s~ kpc™!, in contradiction with the lat-
est measurements, but in agreement with the older estimations
(see Sect. 3.3). However, it has to be noted here that, to make
their selection, J21 used an N-body model that was run in an
‘axisymmetric’ potential. Therefore, it is not completely surpris-
ing that the simulations made in the barless MW or in a fast

0.5

triangles indicate the position of the candi-
date members of the Hyades stream from the
eDR3 sample of Jerabkova et al. (2021).

1.0

barred-MW better fit these observations, as it might be possible
that some actual stars of the Hyades stream are missing and/or
that their sample contains a non-negligible number of contami-
nant stars from the disc. This is especially relevant in the most
distant region of the stream, where the differences between the
different model are the strongest.

Indeed, the presence of contaminant stars from the disc in the
J21 sample is clearly attested by the high dispersion of the line-
of-sight (LoS) velocities of those stars, especially in the farthest
region of the stream, as shown on the upper panel of Fig. 6. The
LoS velocities used here were measured by the Radial Velocity
Spectrometer (RVS) instrument onboard of the Gaia satellite,
and they were obtained by cross-matching the J21 sample with
the Gaia third Data Release (DR3; Gaia Collaboration 2021)
based on the SOURCE_ID parameters. Over the 862 stars initially
present in the J21 sample, 430 have LoS velocities, most of them
contained in the central region of the stream and in the Hyades
cluster itself, with a typical individual uncertainty of 2.9 kms™".
Although the majority of the stars beyond ~150 pc do not have
LoS measurements, the high velocity dispersion of several tens
of kms™! tends to indicate that the J21 sample is dominated by
contaminants in that region.

Therefore, due to the method used to select the stars, and
due to the presence of a high fraction of contaminants in the
furthest parts of the stream, we conclude that the J21 sample
is not suited to discriminate which stream models (and, hence,
which bar models) are in best agreement with the observations.

4.2. Bayesian membership selection

To circumvent the problem of having to rely on a sample
of observed Hyades stars for which the membership selection

A180, page 7 of 14



Thomas, G. F,, et al.: A&A 678, A180 (2023)

Fig. 6. LoS velocity (upper panel) and
the Galactocentric position (lower panel)
of the Hyades stream simulated in a bar-
less galaxy (in blue) and with a bar hav-
ing a pattern speed of Q, = 39kms~! kpc™!
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is biased toward a barless Galaxy, we developed a Bayesian
method using the two simulated streams mentioned above to
determine the membership probability of each star to belong to
the Hyades stream.

The adopted approach is similar to the method described in
Thomas & Battaglia (2022), itself inspired by the methods used
to assign a membership probability to the stars of dwarf galax-
ies (Martin et al. 2013a; Longeard et al. 2018; Pace & Li 2019;
McConnachie & Venn 2020a,b; Battaglia et al. 2022). These
methods assume that the observations are well described by a
two-component distribution, describing the distribution of the
stars of the Milky Way and of the stars from a given structure
(here, the Hyades stream). Therefore, the likelihood, p(u|fy), of
a given star with data u given a fraction of stars present in the
Hyades stream fi; can be defined as

p@lfu) = fapu@) + (1 — fu) pmw (), )

where py and pyvw are, respectively, the probability distribu-
tions of the Hyades stream and of the MW foreground and back-
ground.

Both py and pmw can be decomposed as a spatial projection
density (ppos), a kinematic (pyin) and a distance (pgis) compo-
nents, assuming that each of them are independent of each other.
Using the LoS velocities from the Gaia DR3 it would be possible
to add an additional component to the likelihood, but we prefer
to use them as an independent validation check of our method.
Moreover, not all stars have an LoS velocity, so that with this
other component of the likelihood, the spatial coverage of the
stream will not be uniform and may potentially bias our selec-
tion.

The Gaia data were downloaded from the ESA archive*
using the same ADQL query as J21, except that we relaxed the
parallax cut to be @ > 1 mas (GS.PARALLAX > 1.0), instead of
@ > 2mas, to be able to detect the stream up to a heliocen-
tric distance of 1kpc. We also included the extinction inferred
by GSP-Phot Aeneas from the BP and RP spectra (AG_GSPPHOT
and EBPMINRP_GSPPHOT; Delchambre et al. 2023). This query
includes a cut on the renormalised unit weight error (RUWE)
associated to each source, such as RUWE < 1.4, to remove poten-
tial non-single sources or sources with problematic astrometric

4 https://gea.esac.esa.int/archive/
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(in green). The candidate members of the
Hyades stream from the eDR3 sample of
J21 are shown by the red triangles.

0.8

solution. This query results in 38 256 266 objects, among which
~32 million have a value of the extinction, which we will refer
to as the “initial” sample.

4.2.1. Photometric filtering

In the following section and in the rest of the paper, the Gaia
photometry has been corrected from reddening using the extinc-
tion values provided on the Gaia ESA archive as mentioned in
the previous section.

Given the Hyades make up a stellar cluster, the colour-
absolute magnitude diagram (CaMD) track is aptly described
by a PARSEC isochrone (Bressan et al. 2012) of 790 Myr and
of metallicity Z = 0.02 ([Fe/H] = —0.03), as shown by J21.
Therefore, it is possible to use the CaMD to pre-filter the stars
that are potential members of the Hyades cluster and to exclude
the obvious contaminants. However, as is visible on Fig. 7, the
CaMD of the stars from the J21 sample located in the inner 5 r,
(rn = 2.62pc) of the Hyades cluster is not ‘perfectly’ described
by the PARSEC isochrone (orange dashed line), especially for
magnitudes fainter than Mgz ~ 10.0 mag where the isochrone
has a steeper CaMD track than the Hyades. For this reason, the
isochrone used to filter the initial sample is modified by hand to
better fit the CaMD of the Hyades cluster. The modified isochone
is shown by the green line on Fig. 7. From the ~38 million stars
on the initial sample, ~19.4 million of them are located within
0.1 mag of these CaMD tracks and pass the pre-filtering crite-
ria. These stars are highlighted in blue on Fig. 7. We note that
without taking extinction into account, the total number of stars
selected after this pre-filtering would be similar, but less crowded
in the blue (luminous) part of the track and more crowded in the
red part.

It is important to note in this case that other extinction
maps are available (i.e. Green et al. 2019; Lallement et al. 2019,
2022), each having different extinction estimates, particularly
outside of the Galactic disc (see discussions in Andrae et al.
2023). Therefore, our choice of a specific map here might have
a non-negligible impact on the selection made by the photomet-
ric pre-filter, in particular for the redder stars (BP — RP 2 2),
for which the impact of the extinction is more important. For
instance, stars from the selection made by Oh & Evans (2020),
with their membership probability estimated >0.9, which reach
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Fig. 7. Colour-absolute magnitude diagram of the Gaia DR3 query
in grey. On top of it are shown in the orange dashed line and the
green plain line, the original and the modified PARSEC isochrone of a
stellar population of metallicity Z = 0.02 and age 790 Myr, respec-
tively. The black points correspond to the stars from the J21 selection
located in the inner 5 r;, of the Hyades cluster. The blue shaded region
highlights the stars from the Gaia DR3 query that are photometrically
pre-filtered.

a maximum distance of 150pc from the Hyades cluster and
a heliocentric distance of up to 180pc, the extinction of the
stars from GSP-Phot Aeneas ranges from A = 0 to 0.9 mag
with a typical uncertainty of 0.08 mag, while the same stars
have extinction values up to only 0.08 mag using the extinc-
tion map from Lallement et al. (2022), with the difference being
the most important for the reddest stars. The extinction val-
ues from Gaia GSP-Phot chosen here are (on average) similar
to the extinction measured from Planck and to the extinction
measured by Schlegel et al. (1998) at a high galactic latitude
(Delchambre et al. 2023); it also seems to better catch the region
of high extinction compared to other extinction maps (see
Sect. 3.6 of Andrae et al. 2023). We defer the exploration of the
detailed effect of the choice of different extinction maps to later
studies.

4.2.2. Distribution of the Milky Way foreground and
background

Because the MW foreground and background distribution
largely dominates the signal, it can be empirically determined
from the filtered Gaia data.

The spatial density distribution is made by counting the
number of stars in each of the 49 152 HEALPIX of level 6
(Gérski et al. 2005), which have an average area of 0.92 deg?.
This distribution is smoothed with a Gaussian over 10° before
being normalised.

Along the Hyades stream, the proper motion distribution
presents a wide dispersion due to the heliocentric distance gra-
dient of the stream. Therefore, we preferred to use the physi-
cal transversal velocities (v}, vs) rather than the proper motions.
The distances used to compute the velocities are obtained by
inverting the parallaxes. This is possible since our Gaia sample
contains only stars with relative precision on the parallax higher
than 10 (Luri et al. 2018). Because the kinematic distribution of
the Milky Way is spatially dependent, the kinematic distribu-
tion is determined locally, at the centre of each HEALPIX. For
each location, the local kinematic distribution is made from the
stars located in the 121 nearest HEALPIX, which at the equa-
torial coordinate equator typically correspond to all the stars
located within a radius of 3.36°. The local kinematic distribu-
tions are binned on a fine grid of 0.5kms™! x 0.5kms~! bins
ranging between —70 and 70kms~! in both v?, vs. The size of
the bins have been chosen to have a similar size as the velocity
dispersion along the stream measured by Oh & Evans (2020),
0.4-0.8 kms~!, which is similar to the dispersion found in our
models. This grid is smoothed over 0.5kms~! to remove the
local kinematic inhomogeneities. This method leads to a smooth,
spatially dependent, kinematic distribution of the Milky Way,
and is largely inspired by previous works that used a similar
method to make spatially dependent colour-(colour)-magnitude
diagrams (Martin et al. 2013b; Thomas et al. 2020).

Similarly, the heliocentric distance distribution of the Milky
Way depends on the position on the sky and is built in the same
way as the kinematic distribution. The local distribution is made
of 100 bins of 10 pc width between 0 and 1 kpc, and smoothed
by a 10 pc width Gaussian before being normalised.

4.2.3. Distribution of the Hyades stream

For the distribution of the Hyades stream, we explored two sce-
narios, a Hyades stream formed in a non-barred MW and one
formed in a MW with a rotating bar of pattern speed Q, =
39km s~ kpc~!. For simplicity, in the rest of the paper, we will
refer to these two scenarios as the ‘barless’ and ‘slow bar’ model,
respectively. As the stream formed in a non-barred MW and in a
fast-barred MW of pattern speed Qp, = 55kms~! kpc™! are rel-
atively similar, the conclusions that we will draw for the barless
MW will also stand for the fast-barred MW. For each model,
the spatial, kinematic and distance distributions of the Hyades
stream were built from 20 realisations of the stream formation
simulations.

For the spatial density distribution, the 20 simulations are
used to estimate the track of the stream on the sky. However, we
decided not to use the simulations to constrain the density varia-
tion along the stream itself for two reasons: (1) Due to the non-
collisional nature of the simulations we carried out, the actual
density of stars along the simulated stream might not be realistic.
(2) The observations are largely dominated by the MW distribu-
tion and the density variation along the stream can be neglected
to find the stream members. Therefore, as for the Milky Way dis-
tribution, the sky is split into HEALPIX at level 6, but the prob-
ability of the pixels having at least one simulated particle is set
to a constant. To avoid having some gaps due to the discretisa-
tion of the simulations that lead to a non-smooth distribution, we
smoothed the distribution with a Gaussian that is 0.5° in width.
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Table 3. Number of candidate members of the Hyades stream for dif-
ferent threshold of Py, for the two models explored.

Model Prem  Nsars  Ngtars With LoS
>0.5 580 453
Barless >0.7 415 355
>0.9 308 260
>0.5 569 437
Slow bar  >0.7 420 340
>0.9 314 259

The kinematic and distance distributions were obtained in
the same manner as for the MW, but using the particles from the
simulations.

4.2.4. Results

The fraction of stellar members of the Hyades stream (fy) was
found by exploring the parameter space of the posterior distri-
bution with the EMCEE Python package (Foreman-Mackey et al.
2013). According to the Bayes theorem, the posterior probabil-
ity distribution function for the fraction of stars in the Hyades
stream fy, given the filtered data of N stars D = {uy,...,uy},
is p(fulD) o p(D|fy) X P(fur), where p(D|fy) = IIY p(u;fir)
is the total likelihood of the data given fi and P(fy) is a flat
prior on fy between 0 and 1. We found that the posterior dis-
tribution of the fraction of stars in the Hyades stream is well
approximated near its mode by a Gaussian of mean and standard
deviation (u, o) = (82.81,2.72) x 1073 for the barless model, and
(u, o) = (165.77,4.89) % 107 for the slow bar model. From this
distribution, it is possible to compute the membership probabil-
ity of each star of data, u, of belonging to the Hyades stream, as
follows:

' fu pr(w)
o pulfa)

where p(u|fy) is given by Eq. (5).

Applying this method to the photometrically pre-filtered
sample led to 580 (569) candidate members with Ppey > 0.5
for the barless (slow bar) model, of which 453 (437) have LoS
velocity measurements from Gaia RVS. 327 stars are in common
between the two selections, the majority of them being within
150 pc of the cluster. This is not surprising as both models have
a very similar distribution in that region, as already mentioned in
Sect. 4.1. The number of stars for different thresholds of Py, for
both models are listed in Table 3. The barless and slow bar selec-
tions have 228 (229) stars in common with the sample of 1003
stars selected by Oh & Evans (2020) that extends up to ~150 pc
too, with their membership probability above 0.9 for almost all
of them in both case (99%). This difference between the num-
ber of stars in common with our selection and the total number
of stars selected by Oh & Evans (2020) is due to the fact that
stars of the latter sample not present in ours either do not have
Gaia GSP-Phot extinction measurement or are located outside
the CaMD selection region.

The Galactic position and the LoS velocity of these two
selections with Py, > 0.5 is shown on Fig. 8. A visual inspec-
tion of the LoS velocity distribution from the RVS shows that
both selections are far from being devoid of contaminants. We
estimated the contamination levels using two methods. For the
first method, for each sample, we compared the number of

Prem(n) = p(fH|D) de7 (6)
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stars confined within a distance of 1 pc along the y-axis and of
5kms~! in vy, from a particle in the corresponding set of 20
simulations to the total number of stars with LoS measurement.
With this method, we found that the contamination level is of
at least 34% (28%) for stars located in the stream in the barless
(slow-bar) selection. We note that this is a lower limit, since at
least one of the two selections must be wrong and should contain
more contaminant stars coming from the MW disc, especially far
away from the cluster center. In the second method, the contam-
ination fraction is crudely estimated by measuring the fraction
of stars of the stream with a velocity compatible at a 30~ level
with the velocity dispersion and the velocity gradient measured
by Oh & Evans (2020) along the stream. However, this method
is valid only up to a distance of 150 pc from the cluster. With this
method, we found that the contamination level goes up to 50%
(45%) for the barless (slow-bar) samples. In comparison, using
the same crude method, we found that the Oh & Evans (2020)
sample would have a contamination fraction of 23%.

Both selections present a stream with a typical length of
800 pc as found by J21. The slow-bar selection is more extended
than the barless selection, but this can be explained by the fact
that the stream, in the simulations on which the former selec-
tion is based, is more extended than the latter one. It is par-
ticularly interesting to see that both selections, while different,
are still quite well populated, especially in the regions where
the two models are clearly distinct (i.e. >150 pc from the clus-
ter). Indeed, in these regions one would expect that the selection
based on the model that reproduced the best the morphology and
the dynamics of the real Hyades stream would be substantially
more populated than the other one; it would be mostly, if not
entirely, populated by disc contaminants. However, both samples
have the same number of candidates, even in that distant region
(237 stars), making it not possible to favour a scenario over the
other with only this information at hand.

When comparing the morphology and the kinematics of the
two selections with the two models they are based on, both
possess a significant number of stars that have the expected
dynamical characteristics especially at large distances, where
the models are the most different. This is particularly striking
on Fig. 9, where the LoS velocities are used to clean each sam-
ple from contaminant stars with the first method described here-
above, that is, by selecting only those stars that are at a maximum
distance of 5 kms™! in v}, and 1 pc along the y-axis of a particle
from the corresponding set of 20 simulations. The stars belong-
ing to these two cleaned samples are highlighted by the black
circles on Fig. 9. Even then, we can see that both cleaned selec-
tions still possess a significant number of stars up to ~400 pc in
each arm of the stream, making it impossible to discard or to
favour one scenario over the other, especially since both sample
have a similar number of stars, even outside the cluster itself.

Our interpretation of the fact that both selections are largely
populated by stars that exhibit a kinematic behaviour that is
consistent with the two scenarios that we explored is that the
number of stars from the disc having similar dynamical prop-
erties as the Hyades stream exceeds the number of stars from
the stream itself, particularly at large distances from the cluster.
Here, it should be additionally noted that the presence of spiral
arms, possibly generating the resonant Hyades “moving group”
(e.g. Famaey et al. 2007, 2008; Pompéia et al. 2011; McMillan
2011, 2013), could complicate the picture even further. Many
disc stars seem to have a similar metallicity to the cluster, as
they passed the photometric pre-filter. This explains why in both
scenarios, we can detect stars with similar dynamical properties
as the Hyades tidal stream, even in regions where the stream
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simulated within the two scenarios has clearly distinct dynam-
ical signatures. Another caveat here is that the simulations the
selections are based on do not capture the full complexity of
the actual Hyades stream, due to their non-collisional nature or
due to the MW models used here (neglecting the spiral arms, as
explained above), which remain rather simple with respect to the
true complexity of our Galaxy.

To push our analysis a bit further, we used the calibrated
atmospheric parameters derived from the Gaia RVS spectra
by the MatisseGauguin pipeline to check the consistency with
the abundances from the Hyades cluster. Following the guide-
lines from Recio-Blanco et al. (2023), we selected stars having
reliable parameters using the FLAGS_GSPSPEC® from the Gaia
dataset:

— VbroadT =0
— VbroadG=0
— VbroadM =0

— KMgiantPar = 0.
The first three parameters assume that the impact of rotation is
minimal in the temperature, surface gravity, and metallicity esti-
mates, whilst the last one guarantees that the parametrisation for
K and M-giant is correct® with these criteria, 149 (145) stars with
a vy for the barless (slow bar) selection have a metallicity and a-
abundance estimate. Among these, 117 stars are included in both
selections. A total of 77 (75) of these stars are located within 5 ry,
(~13 pc) of the Hyades center in the barless (slow-bar) sample,
of which 74 are in common. These stars have [M/H] +0.14
with a dispersion of 0.16 and [@/Fe] = —0.01 with a dispersion of
0.14, fully consistent with the values found in the literature for
the Hyades cluster itself, with [M/H] +0.14 and [a/Fe] =
0.0 (Strobel 1991; Cayrel de Strobel et al. 1997; Perryman 1998;
Pompéia et al. 2011). In the barless (slow bar) selection, only 2 (5)
of these stars are further than 300 pc from the cluster, namely,
where the spatial and kinematic differences between the two selec-
tions are the most important. For the barless sample, 1 out of 2 stars
has a metallicity and a-abundance similar to the core of the clus-
ter, while this fraction is of 2/5 for the slow bar sample. Obviously,

~

5 See Table 2 from Recio-Blanco et al. (2023).
6 This last parameter is negligible, as our sample should not, in princi-
ple, include such stars.

panel to separate both selections.

this small number statistics for abundances does not allow us to
favour one scenario over the other, but these results nevertheless
tend to confirm the hypothesis that many contaminant disc stars
with metallicity (and a-abundance) values similar to the cluster
did indeed pass the photometric pre-filter.

Our analysis shows that to have the ability to favour a sce-
nario over the other, a high-resolution follow-up of the highly
probable member stars of the Hyades stream is required to dis-
entangle the stars originated from the Hyades cluster from the
contaminant ones originated from the thin disc. Indeed, the stars
of the Hyades cluster present a homogeneous chemical distri-
bution and display individual element abundances that differ
from the rest of the thin disc population of similar metallicity
(Gebran et al. 2010; de Silva et al. 2011; Pompéia et al. 2011;
Cummings et al. 2017). The most promising element to discrim-
inate which scenario is favoured by the data is lithium: it has
been shown by Boesgaard & King (2002) and Pompéia et al.
(2011) that stars in the Hyades cluster follow a tight Li—Tg rela-
tion in a narrow temperature range of 5000-6500 K (see Fig. 11
of Pompéia et al. 2011), whereas the field stars present a large
dispersion in Li-abundance (~2 dex) at every temperature. This
tight correlation between Li and temperature follows from the
fact that stars of the Hyades cluster are coeval (Deliyannis 2000).
We note that this tight correlation is only visible for stars in a
narrow range of temperature (5000-6500 K) since outside that
range, Li gets destroyed by diffusive or convective downward
motions (see Sestito & Randich 2005, and references therein).
The Li-abundances have also been used to find likely member
candidates for 20 other clusters (Gutiérrez Albarran et al. 2020).
Therefore, with a spectroscopic high-resolution follow-up for the
stars of our selected samples within a range of 5000 < Tg <
6500 K, it will be possible to check whether the stars selected
based on one or the other scenario present a Li—T g relation sim-
ilar to the one seen in the Hyades cluster, or if it spans a wide
range of Li-abundance values that are characteristic of field stars.
In particular, it will be interesting to focus this analysis on stars
of the trailing arm, located at a distance of 250-300 pc of the
cluster, since in that region the candidate members are mutu-
ally exclusive due to the different trend in Vjos. Our candidate
members in both scenarios will therefore be ideal targets for a
WEAVE follow-up study (Jin et al. 2023).
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Table 4. Number of stars of the Hyades stream located at a range of
50-200 pc from the cluster in the leading (Nje,q) and trailing (Nyi)
arms, and the derived number ratio for the sampled made from the two
scenario we explored and for different criteria, as well as for the J21
sample.

Dataset

Criteria Niead  Nwail  §50-200pc
Prem > 0.5 86 57 1.51 £0.25
Barless Prem > 0.8 62 42 1.48 +£0.30
Vios cleaned 76 55 1.63 +£0.40
Prem > 0.5 71 58 1.22+0.22
Slow bar  Ppem > 0.8 56 41 1.37 £0.28
Vios cleaned 42 31 1.35+0.32
All 158 61 2.59 +0.39
J21 Vios cleaned 40 14 2.86+0.89

4.2.5. Leading and trailing arm asymmetry

Previous observations of the Hyades stream have found that the
trailing arm is less extended and less populated than the lead-
ing arm (Roser et al. 2019; Jerabkova et al. 2021), possibly indi-
cating either a disturbance from a putative massive dark matter
sub-halo or a departure from the standard gravitational frame-
work (Thomas etal. 2018; Kroupa et al. 2022) in accordance
with MOND (Milgrom 1983; Famaey & McGaugh 2012). For
instance, based on the J21 sample, Kroupa et al. (2022) measured
that the ratio between the number of stars located in a distance
range of 50-200 pc from the cluster in the leading (Njeaq) and in
the trailing (Nyr,i1) arms is of g50-200 pc = Niead/Nirait = 2.53 £0.37,
while the simulations of this stream made in Newtonian dynamics
found a ratio that did not exceed 1 by more than 3%.

Next, we aim to revise the ratio of the number of stars in the
leading or trailing arms in the selections of Hyades stream candi-
dates that we established previously. As in Kroupa et al. (2022),
we focus on the region in a distance range of 50-200 pc from the
cluster in both arms. However, here, we used the distance of the
stars along the stream — and not the projected 2D distance — to
take into account the fact that the Hyades stream that is formed in
the barless scenario is slightly wider than that formed in the slow
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their selection is based.

bar scenario within that distance range. Nevertheless, this small
modification does not significantly change the results, since we
measured a number ratio of gso—z00pc = 2.59 + 0.39 for the J21
sample, similar to the value reported in Kroupa et al. (2022).

As we report in Table 4, for both selections, we found a num-
berratio lower than with the J21 sample, of gs0_200pc = 1.51£0.25
and 1.25 +0.22 for the selection based on the barless-and-fast-bar
and on the slow bar scenario, respectively. This difference can be
explained by the lower number of stars that our method selected
in the leading arm. Even when selecting stars with the highest
probability of membership, the number ratio is lower than pre-
viously measured. However, this does not change the conclusion
drawn by Kroupa et al. (2022) since a value of gso_200pc Tanging
between 1.2—1.6, as we found in our selections, is closer to the
number ratio they measured in the simulation of a Hyades-like
stream made in the MOND framework (see their Fig. 13), and is
systematically above the typical Newtonian value. Yet it is inter-
esting to note that the slow bar scenario brings the ratio closer to
the Newtonian expectation of 1. We also note that the number ratio
measured here is not impacted by the slight difference in heliocen-
tric distance between the two arms of the stream, as the ratios are
similar for different ranges of magnitude. However, these results
have to be taken with care, as the potential high fraction of con-
taminant stars and the use of different extinction maps could alter
the conclusions drawn in this work.

A final interesting point to note here is that the bar does
not produce a clear asymmetry in the leading or trailing arm in
the case of the Hyades stream, regardless of its pattern speed,
since we found a number ratio around unity in the simulations
made with a fast or slow bar, contrary to what we measured
in real candidate stars based on those models. This is thus dif-
ferent from what had been found in the case of the Palomar 5
stream, whose asymmetry had been tentatively attributed to the
bar (Pearson et al. 2017).

5. Discussions and conclusions

In this work, we applied a new implementation of a multi-modal
Galactic bar in the GYRFALCON N-body code to the simulation
of the tidal stream of the Hyades open cluster. We analysed
how the Galactic bar affects the morphology and the dynamics



Thomas, G. F,, et al.: A&A 678, A180 (2023)

of such a stellar stream inhabiting the solar vicinity on a low-
eccentricity disk orbit. The (collisionless) N-body simulations
of the Hyades stream formation shows that its length and (more
importantly) its orientation with respect to the Galactic frame are
largely impacted by the pattern speed of the Galactic bar, partic-
ularly when the cluster is located between the co-rotation radius
and the OLR of the bar. We have not considered a change in the
length of the bar when varying its pattern speed, but the most
important quantities for our results to hold are the amplitudes of
the different modes close to the Sun’s position — and not their
shape in the inner Galaxy. Also, our model does not include the
effect of spiral arms, which could actually have a non-negligible
effect and it does not consider possible rapid changes in the bar’s
pattern speed. On the other hand, secular changes in the pattern
speed related to such effects as dynamical friction with the dark
matter halo would happen on timescales that are much longer
than the lifetime of typical open clusters such as the Hyades.

From these simulations, we found that the stream is more
inclined toward the Galactic centre in the presence of a slow
bar having a pattern speed of Q, = 39kms~'kpc~', consis-
tent with the latest direct measurements, than in the absence of
a bar. Moreover, the simulations also show that a Hyades stream
formed in a fast bar model with Q, = 55kms~' kpc™! is compa-
rable in length and inclination to one formed in a barless Galaxy.

The comparison of the simulations with the sample of
Hyades candidates selected by Jerabkova et al. (2021) shows
that these selected stars favour a fast bar scenario. However,
using radial velocity measurements from the Gaia RVS instru-
ment, we found that the sample of J21 presents a high num-
ber of possible disc contaminants, especially in the most distant
region of the stream, where the difference of position generated
by the pattern speed is the strongest. The method used to select
these Hyades candidates is model-dependent, which is biased
toward a stream having a very small stream-orbit misalignment,
that is, as measured in the presence of a fast bar or in a barless
Galaxy.

Therefore, in the second part of the paper, we present a
Bayesian method to select member candidates of the Hyades
stream using the astrometry and photometry from the Gaia DR3
based on two scenarios, a barless (equivalent to fast-barred) and
a slow barred MW. Both selections present a stream with a typ-
ical length of 800 pc and they are both populated by a similar
number of candidates in the regions where the two selections
are clearly distinct (i.e. each has 237 candidates at d > 150 pc
from the cluster). This, in turn, does not allow to favour one sce-
nario over the other, a problem related to the presence of a non-
negligible number of residual disc contaminants in both cases,
which is confirmed by the metallicities and alpha-abundances
measurements from Gaia GSP-SPEC.

Unfortunately, the LoS velocities that are available for a
large number of stars cannot remove all disc contaminants, espe-
cially beyond distances ~150 pc from the cluster. Because many
of these contaminants have similar photometry and kinematics
as the stars of the Hyades tidal stream, we argue that a high-
resolution follow-up of our candidate members is required to
decrease the contamination from the disc population to increase
the purity of the Hyades stream sample and to disentangle which
stream track is the correct one, as the Hyades cluster has some
peculiar individual abundance ratios with respect to the thin disc
(Gebran et al. 2010; de Silva et al. 2011; Pompéia et al. 2011).
In particular, stars in the Hyades clusters present a tight Li—T g
relation in the range of 5000 < T < 6500 K, whereas field stars
span a wide range of ~2 dex at every temperature (Pompéia et al.
2011). Our study indicates that measuring this Li-abundance for

stars at a distance of 250-300 pc from the cluster within the trail-
ing arm region, with, for instance, a WEAVE follow-up (Jin et al.
2023), will allow for a conclusive determination of which stream
track is favoured, thereby providing novel constraints on the
Galactic bar at the same time.

Finally, we note that in almost all cases, we found that the
observed Hyades stream has a leading arm which is more pop-
ulated than the trailing arm, as previously reported (Roser et al.
2019; Jerabkova et al. 2021; Kroupa et al. 2022). However, the
number ratio is lower than measured by Kroupa et al. (2022)
using the J21 sample, and is closer to the value they found in
their simulations of a Hyades-like stream formed in MOND
dynamics.

While the simulations presented here certainly do not cap-
ture the full complexity of the actual Hyades tidal stream
(for instance by neglecting the effect of spiral arms on the
stream track), they nevertheless demonstrate how complicated
the dynamics of streams residing within the Galactic disc can
be in comparison to those residing in the stellar halo. Thus,
there is a strong argument for chemistry and dynamics going
hand in hand to disentangle this complexity. Our study con-
clusively demonstrates that current candidate members of the
Hyades stream should not be trusted beyond 200 pc from the
cluster.
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