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Abstract. Nearby disc stars in Gaia DR1 (TGAS) and RAVE DR5 show a bimodal velocity
distribution in the metal-rich region (characterized by the Hercules stream) and mono-modal
velocity distribution in the metal-poor region. We investigate the origin of this [Fe/H] depen-
dence of the local velocity distribution by using 2D test particle simulations. We found that
this [Fe/H] dependence can be well reproduced if we assume fast rotating bar models with
Ωbar � 52 km s−1 kpc−1 . A possible explanation for this result is that the metal-rich, relatively
young stars are more likely to be affected by bar’s outer Lindblad resonance due to their relatively
cold kinematics. We also found that slowly rotating bar models with Ωbar � 39 km s−1 kpc−1 can
not reproduce the observed data. Interestingly, when we additionally consider spiral arms, some
models can reproduce the observed velocity distribution even when the bar is slowly rotating.
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1. Introduction: Does Hercules stream arise from slow-bar + spirals?
Since the discovery of the bimodal velocity distribution of the local disc stars, many

authors have tried to explain the origin of the secondary peak, or the Hercules stream. The
pioneering work by Dehnen (2000) demonstrated that the under-dense region between the
Local Standard of Rest mode (LSR mode; first peak) and the Hercules stream (secondary
peak) can arise from the bar’s outer Lindblad resonance (OLR). Based on this idea,
Dehnen (1999) estimated the bar’s pattern speed to be Ωb = (53 ± 3) km s−1 kpc−1 .
Later studies refined this estimation by using other samples of nearby stars and obtained
similar values of Ωb (Minchev et al. 2007; Antoja et al. 2014; Monari et al. 2017).

Unfortunately, this fast bar model is inconsistent with recent claims of long Galactic
bar (half-length of 5 kpc; Wegg et al. 2015). Portail et al. (2017) argued that slowly
rotating bar with Ωb = (39 ± 3.5) km s−1 kpc−1 is required to sustain the long bar.

This ∼ 30% difference in Ωb between the fast bar and slow bar models is more serious
than it sounds. For example, if Ωb � 39 km s−1 kpc−1 (slow bar), OLR is unimportant in
the Solar neighborhood, so the bimodal structure cannot be reproduced. Here we consider
bar + spiral models to investigate the origin of the Hercules stream.

2. Data: TGAS+RAVE
Here we explain the observed data with which our models are compared.
First, we cross match the sample stars in Tycho Gaia Astrometric Solutions (TGAS)

from the Gaia DR1 (Lindegren et al. 2016) and RAVE DR5 (Kunder et al. 2017). Then
we use the 5D astrometric data from TGAS and the line-of-sight velocity and [Fe/H]
from RAVE to derive the velocity distribution of stars within 200 pc from the Sun. Our
sample is defined by the following criteria: (1) positive parallax (� > 0); (2) distance cut
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Figure 1. Distribution of nearby stars in the (U, V )-space at various [Fe/H] regions revealed by
Gaia (TGAS) and RAVE data. Here we assume Solar motion of (U�, V�) = (11.1, 240) km s−1 .

(1/� < 200 pc); (3) small fractional error in parallax (δ�/� < 0.2); (4) small line-of-
sight velocity error (0 < δvlos/( km s−1) < 5); (5) metallicity cut (−1 � [Fe/H] � 0.5);
and (6) large S/N ratio in RAVE spectra (SNR> 40).

Figure 1 shows the [Fe/H] dependence of the velocity distribution. In the most metal-
poor regions (−1 � [Fe/H] � −0.75 and −0.75 � [Fe/H] � −0.5), we see a mono-modal
distribution, which is associated with a large velocity dispersion (hot kinematics). As
the [Fe/H] increases, the velocity dispersion becomes smaller (colder kinematics). At the
most metal-rich regions (0 � [Fe/H] � 0.25 and 0.25 � [Fe/H] � 0.5), we see a clear
secondary peak at (U, V ) = (−10, 195) km s−1 (see also Pérez-Villegas et al. 2017).

3. Model
Here we describe our 2D test particle simulations. We assume that the stellar disc is

formed at t = −12Gyr and that the star formation rate is constant as a function of time,
t. Initially, the stellar disc is axisymmetric, and the non-axisymmetric components are
adiabatically introduced at t = Tform . At t < Tform , we assume that the stellar disc is
evolved due to internal heating. At Tform < t, we follow the stellar orbits. Also, we use a
simple model to assign the metallicity of stars based on the initial radius and the age.

The Galactic potential is modeled by the following components:
Axisymmetric component. For this component, we assume a singular isothermal po-

tential of Φ0(R) = v2
0 ln(R/R0) with (R0 , v0) = (8 kpc, 220 km s−1).

Bar component. We assume a quadratic bar model introduced by Dehnen (2000), with
the bar strength of α = 0.015 (for bar-only models) or α = 0.01 (for bar+spiral models).
The current bar’s angle with respect to the Sun-Galactic center line is set to be 25◦.

Spiral component. We assume rigidly-rotating, two- or four-armed (m = 2, 4) logarith-
mic spirals. The maximum amplitude of the spiral potential at R = R0 is (20 km s−1)2

and (15 km s−1)2 for m = 2 and 4, respectively. The amplitude is varied as a function
of R, in a manner that is motivated by Steiman-Cameron et al. (2010). We consider
steady spirals without t-dependence of the amplitude, as well as transient spirals where
the amplitude oscillates with a period of 200Myr. In all the models, one of the spirals at
R = R0 is currently located at 45◦ ahead of the Sun.
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Figure 2. [Fe/H] dependence of the (U, V )-diagram in the fast-bar model (Tform = −5 Gyr).

4. Results
Fast-bar model (no spirals). In the fast-bar model (Ωb = 52.16 km s−1 kpc−1), a promi-

nent bimodal structure is seen at the metal-rich region but is not seen in metal-poor
region (Fig 2), almost independent of Tform . The value of V that separates the LSR and
Hercules-like modes corresponds to the bar’s OLR. These results are consistent with the
Gaia+RAVE data (Fig 1). A possible explanation for these results is as follows: Disc stars
with high (low) [Fe/H] tend to be young (old) and have cold (hot) kinematics, so they
are more (less) likely to be affected by OLR. However, further investigation is required
for a better understanding of these results.

Slow-bar model (no spirals). In the slow-bar model (Ωb = 39.12 km s−1 kpc−1), in
contrast, we do not see bimodal structure in any [Fe/H] range.

Slow-bar + steady spirals. When m = 4 and Ωs = 20 km s−1 kpc−1 , the [Fe/H] de-
pendence of the (U, V )-diagram is similar to the observed one for certain values of Tform
(Fig 3, top row); but if we slightly change Tform , we see bimodal structure not only in
metal-rich region but also in metal-poor region (Fig 3, bottom row), unlike Gaia data.
It turned out that when bar and spirals have different pattern speeds, most of the disc
orbits become chaotic. It seems that the [Fe/H] dependence of the bimodality behaves in
a unpredictable manner due to the chaotic nature of disc orbits. Interestingly, the value
of V that separates the two modes is the spiral’s 4:1 inner Lindblad resonance (ILR), al-
most independent of Tform . Therefore, the observed location of the Hercules stream may
indicate the spiral’s nature (Ωs that determines ILR in this model), while the [Fe/H]
dependence of the bimodality is uninformative. Therefore, in this case we should not
over-interpret the [Fe/H] dependence of the Hercules stream.

Slow-bar + transient spirals. When m = 2 and Ωs = 25 km s−1 kpc−1 , the [Fe/H] de-
pendence of the (U, V )-diagram is similar to the observed one for certain values of Tform
(Fig 4); but it is not the case for other values of Tform . Again, it seems this unpredictable
[Fe/H] dependence of the bimodal structure is due to the chaoticity of disc orbits. Inter-
estingly, the value of V of the secondary peak approximately satisfy a condition of (stellar
radial period) � (spiral’s half-period) (= 100Myr in our case), almost independent of
Tform . Therefore, the observed location of the Hercules stream may indicate the spiral’s
properties (lifetime of the spirals in this model).

5. Conclusions
We show that fast-bar model can reproduce the observed [Fe/H] dependence of the

local velocity distribution, while slow-bar model fails to explain it.
Also, when spiral arms are additionally considered, some models can explain the ob-

served data even when the bar is slowly rotating. In such cases, the location of the
bimodal structure may indicate some properties of spiral arms, such as Ωs or the lifetime
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Figure 3. Slow-bar+steady spiral model (m = 4). (Tform = −7 Gyr (top), −8 Gyr (bottom)).
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Figure 4. Slow-bar+transient spiral model (m = 2, Tform = −8 Gyr).

of the spiral arms. However, in such cases, due to the chaotic nature of disc orbits, we
should not over-interpret the [Fe/H] dependence of the bimodality.
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