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Fig. 1.— Observed velocity distribution of local disc stars taken
from Figure 1 of ?. This is shown only for a reference. I will not
use this figure.

In this PDF file,
Bar+SR20m2 (!b =
!20 km s!1 kpc!1,
!s = !20 km s!1 kpc!1)
model is considered. Ini-
tial disc velocity disper-
sion is 44 km s!1.

• Figure 2 : R = 8kpc. Simulations with !Tform =
0.5, 1, 2, 4, 6, 8, 10, 12Gyr are combined. (Nearly
constant star formation history.)

• Figure 3 : R = 10 kpc. Simulations with !Tform =
0.5, 1, 2, 4, 6, 8, 10, 12Gyr are combined. (Nearly
constant star formation history.)

• Figure 4 : R = 13 kpc. Simulations with !Tform =
0.5, 1, 2, 4, 6, 8, 10, 12Gyr are combined. (Nearly
constant star formation history.)
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FIG. 3.ÈSimulated velocity distributions variation with integra-f0(u, v) :
tion time denotes the bar rotation period). The bar growth time is sett2 (T

bto t1 \ 0.5t2.

For the OLR does not create a clearROLR/R0 Z 1.05,
bimodality (at least not at / \ 25¡), but a distortion in

in the form of a ripple at roughly constant energyf0(u, v)
(curves of constant energy in the u-v plane are circles cen-
tered on u \ 0, For most stars arev \ [v0). ROLR/R0 \ 1.2,
on orbits between corotation and the outer Lindblad reso-
nance. Despite this proximity to two fundamental reso-
nances, the resulting is remarkably regular : apartf0(u, v)
from the ripple caused by the OLR, it forms a nice elliptical
distribution (Fig. 4, bottom).

2.3.4. Variations with Rotation-Curve Shape
Figure 5 plots for !ve di†erent choices of b, whichf0(u, v)

determines the shape of the rotation curve (eq. [2a]).
Changing b a†ects the orbital frequencies, in the sense that
they fall o† more steeply with energy for a falling rotation
curve (b \ 0) than for a rising one (b [ 0). For a !xed di†er-
ence in frequencies, a steeper fallo† results in a smaller
energy di†erence, which at !xed position yields a smaller
velocity distance. Therefore, reducing b squashes the struc-
tures of the velocity distribution in v : the extent in v of the
OLR mode shrinks, and its peak v-velocity becomes less
negative (the opposite happens when increasing b). Simi-
larly, the distance in v between the OLR and higher order
resonances (responsible for the ripples at v [ 0) decreases
with decreasing b.

2.3.5. Variations with Bar Strength
Figure 6 plots for three di†erent bar strengths,f0(u, v)

parameterized by the force ratio a (eq. [7]). Apparently,
stronger bars lead to more pronounced OLR (as well as
other resonant) features in the OLR mode containsf0(u, v) :
more stars and extends over a larger range in u-velocity.

The v-velocity dividing the LSR and OLR modes is
hardly changed. This is not what one would naively expect

FIG. 4.ÈSimulated velocity distributions variation withf0(u, v) :
ROLR/R0.

from linear theory, in which the amplitude of the orbital
changes is proportional to the amplitude of the pertur-
bation. However, large-amplitude orbital changes are not
suitably described by linear theory but result, in the case of
the OLR, in orbits that are detuned by the nonlinearity and
thus leave the near-resonant region of phase space. Thus,
the OLR mode is made from orbits that are shifted by
similar amplitudes largely independent of the strength of
the bar perturbation.

3. RELATION TO CLOSED ORBITS

When a bar is slowly grown, the initially circular orbits
will be mapped into (nearly) closed, but no longer circular,
orbits in the barred potential. These are also the orbits on
which gas is supposed to move, since encounters are
avoided. Thus, we expect most stars in a barred galaxy to
move on nearly closed orbits. Consequently, the properties
of the velocity distributions are better understood in light of
the properties of the closed orbits that exist in the outer
parts of a barred disk.

3.1. Closed Orbits in the Outer Disk of a Barred Galaxy
The only literature on this topic appears to be a review by

Contopoulos & (1989), who consider closed orbitsGrosbÔl
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FIG. 1.ÈClosed orbits (solid curves) just inside and outside the OLR of
a rotating central bar (hatched ellipse). The circles (dashed curves) depict the
positions of the ILR, CR, and OLR (from inside out) for circular orbits.
Note the change of the orbitsÏ orientation at the OLR, resulting in the
crossing of closed orbits at four azimuths. A possible position of the Sun is
shown as !lled circle. The bar angle / is indicated for the case of a
clockwise-rotating bar.

counterclockwise for a clockwise-rotating bar, like that of
the Milky Way. Thus, at bar angles / between 0¡ and 90¡,
the closed orbits inside the OLR move slightly outward,
while those outside the OLR move inward. Clearly, if all
disk stars moved on closed orbits, the stellar kinematics
would deviate from that of a nonbarred galaxy only at
positions very close to where the closed orbits areROLR,
signi!cantly noncircular. In particular, at azimuths where
the closed orbits from either side of the OLR cross, one
would expect two stellar streams, one moving inward and
the other outward.1

However, in general, stellar orbits are not closed but
exhibit radial oscillations. Many of these orbits are trapped
into resonance (Weinberg 1994) and may be described, to
lowest order in their eccentricity, as epicyclic oscillations
around a closed parent orbit. This means in particular that
such trapped eccentric orbits from inside the OLR, i.e., with

can visit locations outside and vice)
b
\ uÕ ] 12u

R
, ROLR,

versa. Thus, the stellar velocity distribution observable in
the solar neighborhood, will be a†ected by the OLRf0(¿),
whenever near-resonant orbits pass near the Sun and are
sufficiently populated. We may estimate, using the epicycle
approximation in a back-of-the-envelope calculation, that
for late-type disk stars this condition is satis!ed for inROLR

ÈÈÈÈÈÈÈÈÈÈÈÈÈÈÈ
1 Based on this consideration, Kalnajs (1991) suggested that the Hyades

and Sirius stellar streams in the solar neighborhood are caused by the Sun
being located almost exactly at one of the two possible positions in the
Galaxy where such orbit crossing occurs with the appropriate sign of the
radial velocity di†erence.

the range from2 6 to 9 kpc (for kpc). This coincidesR0 \ 8
with the above estimate for Thus, we expect the OLRROLR.
of the Galactic bar to a†ect the velocity distribution observ-
able locally for late-type stars. Based on the properties of
the closed orbits, one would expect also for stars moving on
nonclosed orbits di†erent typical velocities depending
whether they originate from inside or outside the OLR.
Thus, the expected e†ect on is a bimodality.f0(¿)

Weinberg (1994) has studied the orbital response to a
rotating bar using epicycle theory and assuming a Ñat rota-
tion curve. He found indeed that di†erent orbital families
may overlap, creating a bimodality in the velocity distribu-
tion (though he only considered the resulting increase in the
velocity dispersions). Weinberg also considered a slowly
decreasing pattern speed, which a†ects the relative number
of stars trapped into resonance with the bar but leaves the
!nal phase-space position of the resonance, and hence the
velocity of possible modes in unchanged.f0(¿),

In order to verify and quantify these estimates and expec-
tations of the response of a warm stellar disk to a stirring
bar and its OLR, I performed numerical simulations, pre-
sented in ° 2. In ° 3, I discuss the closed orbits in the outer
part of a barred disk galaxy and their relation to the fea-
tures apparent in the local while ° 4 gives quantitativef (¿),
estimates for the velocity of the secondary mode induced by
the OLR. In ° 5, the velocity distribution observed in the
solar neighborhood, which indeed shows a bimodality, is
compared both qualitatively and quantitatively with those
emerging from the simulations. Finally, ° 6 concludes and
sums up.

Throughout this paper, I will use units of kpc and km s~1
for radii and velocities, while frequencies and proper
motions are given in km s~1 kpc~1.

2. THE SIMULATIONS

In order to investigate the typical structure of a dynami-
cally warm stellar disk in the presence of a rotating bar, we
simulate the slow growth of a central bar with constant
rotation frequency in an initially axisymmetric equilibrium
representing a warm stellar disk. Clearly, this does not
simulate the true evolution of the Galaxy, since the stellar
disk was hardly dynamically warm already when the bar
formed. Moreover, the bar has presumably developed too,
both in strength and in pattern speed. However, we are not
aiming at simulating the formation of the Milky Way, but
at answering the question for the e†ect of the OLR, which
signi!cantly alters the phase-space structure, independently
of the formation history of the Galaxy.

2.1. Simulation Technique
Currently, traditional N-body simulations are not suit-

able for studying the inÑuence of the central bar on a stellar
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FIG. 1.ÈClosed orbits (solid curves) just inside and outside the OLR of
a rotating central bar (hatched ellipse). The circles (dashed curves) depict the
positions of the ILR, CR, and OLR (from inside out) for circular orbits.
Note the change of the orbitsÏ orientation at the OLR, resulting in the
crossing of closed orbits at four azimuths. A possible position of the Sun is
shown as !lled circle. The bar angle / is indicated for the case of a
clockwise-rotating bar.

counterclockwise for a clockwise-rotating bar, like that of
the Milky Way. Thus, at bar angles / between 0¡ and 90¡,
the closed orbits inside the OLR move slightly outward,
while those outside the OLR move inward. Clearly, if all
disk stars moved on closed orbits, the stellar kinematics
would deviate from that of a nonbarred galaxy only at
positions very close to where the closed orbits areROLR,
signi!cantly noncircular. In particular, at azimuths where
the closed orbits from either side of the OLR cross, one
would expect two stellar streams, one moving inward and
the other outward.1

However, in general, stellar orbits are not closed but
exhibit radial oscillations. Many of these orbits are trapped
into resonance (Weinberg 1994) and may be described, to
lowest order in their eccentricity, as epicyclic oscillations
around a closed parent orbit. This means in particular that
such trapped eccentric orbits from inside the OLR, i.e., with
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versa. Thus, the stellar velocity distribution observable in
the solar neighborhood, will be a†ected by the OLRf0(¿),
whenever near-resonant orbits pass near the Sun and are
sufficiently populated. We may estimate, using the epicycle
approximation in a back-of-the-envelope calculation, that
for late-type disk stars this condition is satis!ed for inROLR

ÈÈÈÈÈÈÈÈÈÈÈÈÈÈÈ
1 Based on this consideration, Kalnajs (1991) suggested that the Hyades

and Sirius stellar streams in the solar neighborhood are caused by the Sun
being located almost exactly at one of the two possible positions in the
Galaxy where such orbit crossing occurs with the appropriate sign of the
radial velocity di†erence.

the range from2 6 to 9 kpc (for kpc). This coincidesR0 \ 8
with the above estimate for Thus, we expect the OLRROLR.
of the Galactic bar to a†ect the velocity distribution observ-
able locally for late-type stars. Based on the properties of
the closed orbits, one would expect also for stars moving on
nonclosed orbits di†erent typical velocities depending
whether they originate from inside or outside the OLR.
Thus, the expected e†ect on is a bimodality.f0(¿)

Weinberg (1994) has studied the orbital response to a
rotating bar using epicycle theory and assuming a Ñat rota-
tion curve. He found indeed that di†erent orbital families
may overlap, creating a bimodality in the velocity distribu-
tion (though he only considered the resulting increase in the
velocity dispersions). Weinberg also considered a slowly
decreasing pattern speed, which a†ects the relative number
of stars trapped into resonance with the bar but leaves the
!nal phase-space position of the resonance, and hence the
velocity of possible modes in unchanged.f0(¿),

In order to verify and quantify these estimates and expec-
tations of the response of a warm stellar disk to a stirring
bar and its OLR, I performed numerical simulations, pre-
sented in ° 2. In ° 3, I discuss the closed orbits in the outer
part of a barred disk galaxy and their relation to the fea-
tures apparent in the local while ° 4 gives quantitativef (¿),
estimates for the velocity of the secondary mode induced by
the OLR. In ° 5, the velocity distribution observed in the
solar neighborhood, which indeed shows a bimodality, is
compared both qualitatively and quantitatively with those
emerging from the simulations. Finally, ° 6 concludes and
sums up.

Throughout this paper, I will use units of kpc and km s~1
for radii and velocities, while frequencies and proper
motions are given in km s~1 kpc~1.

2. THE SIMULATIONS

In order to investigate the typical structure of a dynami-
cally warm stellar disk in the presence of a rotating bar, we
simulate the slow growth of a central bar with constant
rotation frequency in an initially axisymmetric equilibrium
representing a warm stellar disk. Clearly, this does not
simulate the true evolution of the Galaxy, since the stellar
disk was hardly dynamically warm already when the bar
formed. Moreover, the bar has presumably developed too,
both in strength and in pattern speed. However, we are not
aiming at simulating the formation of the Milky Way, but
at answering the question for the e†ect of the OLR, which
signi!cantly alters the phase-space structure, independently
of the formation history of the Galaxy.

2.1. Simulation Technique
Currently, traditional N-body simulations are not suit-

able for studying the inÑuence of the central bar on a stellar
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FIG. 3.ÈSimulated velocity distributions variation with integra-f0(u, v) :
tion time denotes the bar rotation period). The bar growth time is sett2 (T

bto t1 \ 0.5t2.

For the OLR does not create a clearROLR/R0 Z 1.05,
bimodality (at least not at / \ 25¡), but a distortion in

in the form of a ripple at roughly constant energyf0(u, v)
(curves of constant energy in the u-v plane are circles cen-
tered on u \ 0, For most stars arev \ [v0). ROLR/R0 \ 1.2,
on orbits between corotation and the outer Lindblad reso-
nance. Despite this proximity to two fundamental reso-
nances, the resulting is remarkably regular : apartf0(u, v)
from the ripple caused by the OLR, it forms a nice elliptical
distribution (Fig. 4, bottom).

2.3.4. Variations with Rotation-Curve Shape
Figure 5 plots for !ve di†erent choices of b, whichf0(u, v)

determines the shape of the rotation curve (eq. [2a]).
Changing b a†ects the orbital frequencies, in the sense that
they fall o† more steeply with energy for a falling rotation
curve (b \ 0) than for a rising one (b [ 0). For a !xed di†er-
ence in frequencies, a steeper fallo† results in a smaller
energy di†erence, which at !xed position yields a smaller
velocity distance. Therefore, reducing b squashes the struc-
tures of the velocity distribution in v : the extent in v of the
OLR mode shrinks, and its peak v-velocity becomes less
negative (the opposite happens when increasing b). Simi-
larly, the distance in v between the OLR and higher order
resonances (responsible for the ripples at v [ 0) decreases
with decreasing b.

2.3.5. Variations with Bar Strength
Figure 6 plots for three di†erent bar strengths,f0(u, v)

parameterized by the force ratio a (eq. [7]). Apparently,
stronger bars lead to more pronounced OLR (as well as
other resonant) features in the OLR mode containsf0(u, v) :
more stars and extends over a larger range in u-velocity.

The v-velocity dividing the LSR and OLR modes is
hardly changed. This is not what one would naively expect

FIG. 4.ÈSimulated velocity distributions variation withf0(u, v) :
ROLR/R0.

from linear theory, in which the amplitude of the orbital
changes is proportional to the amplitude of the pertur-
bation. However, large-amplitude orbital changes are not
suitably described by linear theory but result, in the case of
the OLR, in orbits that are detuned by the nonlinearity and
thus leave the near-resonant region of phase space. Thus,
the OLR mode is made from orbits that are shifted by
similar amplitudes largely independent of the strength of
the bar perturbation.

3. RELATION TO CLOSED ORBITS

When a bar is slowly grown, the initially circular orbits
will be mapped into (nearly) closed, but no longer circular,
orbits in the barred potential. These are also the orbits on
which gas is supposed to move, since encounters are
avoided. Thus, we expect most stars in a barred galaxy to
move on nearly closed orbits. Consequently, the properties
of the velocity distributions are better understood in light of
the properties of the closed orbits that exist in the outer
parts of a barred disk.

3.1. Closed Orbits in the Outer Disk of a Barred Galaxy
The only literature on this topic appears to be a review by

Contopoulos & (1989), who consider closed orbitsGrosbÔl
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Fig. 1.— Observed velocity distribution of local disc stars taken
from Figure 1 of ?. This is shown only for a reference. I will not
use this figure.

In this PDF file,
Bar+SR20m2 (!b =
!20 km s!1 kpc!1,
!s = !20 km s!1 kpc!1)
model is considered. Ini-
tial disc velocity disper-
sion is 44 km s!1.

• Figure 2 : R = 8kpc. Simulations with !Tform =
0.5, 1, 2, 4, 6, 8, 10, 12Gyr are combined. (Nearly
constant star formation history.)

• Figure 3 : R = 10 kpc. Simulations with !Tform =
0.5, 1, 2, 4, 6, 8, 10, 12Gyr are combined. (Nearly
constant star formation history.)

• Figure 4 : R = 13 kpc. Simulations with !Tform =
0.5, 1, 2, 4, 6, 8, 10, 12Gyr are combined. (Nearly
constant star formation history.)

Minchev+(2009),Antoja+(2014), Monari+(2017)
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Fig. 1.— Observed velocity distribution of local disc stars taken
from Figure 1 of ?. This is shown only for a reference. I will not
use this figure.

In this PDF file,
Bar+SR20m2 (!b =
!20 km s!1 kpc!1,
!s = !20 km s!1 kpc!1)
model is considered. Ini-
tial disc velocity disper-
sion is 44 km s!1.

• Figure 2 : R = 8kpc. Simulations with !Tform =
0.5, 1, 2, 4, 6, 8, 10, 12Gyr are combined. (Nearly
constant star formation history.)

• Figure 3 : R = 10 kpc. Simulations with !Tform =
0.5, 1, 2, 4, 6, 8, 10, 12Gyr are combined. (Nearly
constant star formation history.)

• Figure 4 : R = 13 kpc. Simulations with !Tform =
0.5, 1, 2, 4, 6, 8, 10, 12Gyr are combined. (Nearly
constant star formation history.)

Similar idea :  Antoja+(2009,2011)
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FIG. 1.ÈClosed orbits (solid curves) just inside and outside the OLR of
a rotating central bar (hatched ellipse). The circles (dashed curves) depict the
positions of the ILR, CR, and OLR (from inside out) for circular orbits.
Note the change of the orbitsÏ orientation at the OLR, resulting in the
crossing of closed orbits at four azimuths. A possible position of the Sun is
shown as !lled circle. The bar angle / is indicated for the case of a
clockwise-rotating bar.

counterclockwise for a clockwise-rotating bar, like that of
the Milky Way. Thus, at bar angles / between 0¡ and 90¡,
the closed orbits inside the OLR move slightly outward,
while those outside the OLR move inward. Clearly, if all
disk stars moved on closed orbits, the stellar kinematics
would deviate from that of a nonbarred galaxy only at
positions very close to where the closed orbits areROLR,
signi!cantly noncircular. In particular, at azimuths where
the closed orbits from either side of the OLR cross, one
would expect two stellar streams, one moving inward and
the other outward.1

However, in general, stellar orbits are not closed but
exhibit radial oscillations. Many of these orbits are trapped
into resonance (Weinberg 1994) and may be described, to
lowest order in their eccentricity, as epicyclic oscillations
around a closed parent orbit. This means in particular that
such trapped eccentric orbits from inside the OLR, i.e., with

can visit locations outside and vice)
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versa. Thus, the stellar velocity distribution observable in
the solar neighborhood, will be a†ected by the OLRf0(¿),
whenever near-resonant orbits pass near the Sun and are
sufficiently populated. We may estimate, using the epicycle
approximation in a back-of-the-envelope calculation, that
for late-type disk stars this condition is satis!ed for inROLR

ÈÈÈÈÈÈÈÈÈÈÈÈÈÈÈ
1 Based on this consideration, Kalnajs (1991) suggested that the Hyades

and Sirius stellar streams in the solar neighborhood are caused by the Sun
being located almost exactly at one of the two possible positions in the
Galaxy where such orbit crossing occurs with the appropriate sign of the
radial velocity di†erence.

the range from2 6 to 9 kpc (for kpc). This coincidesR0 \ 8
with the above estimate for Thus, we expect the OLRROLR.
of the Galactic bar to a†ect the velocity distribution observ-
able locally for late-type stars. Based on the properties of
the closed orbits, one would expect also for stars moving on
nonclosed orbits di†erent typical velocities depending
whether they originate from inside or outside the OLR.
Thus, the expected e†ect on is a bimodality.f0(¿)

Weinberg (1994) has studied the orbital response to a
rotating bar using epicycle theory and assuming a Ñat rota-
tion curve. He found indeed that di†erent orbital families
may overlap, creating a bimodality in the velocity distribu-
tion (though he only considered the resulting increase in the
velocity dispersions). Weinberg also considered a slowly
decreasing pattern speed, which a†ects the relative number
of stars trapped into resonance with the bar but leaves the
!nal phase-space position of the resonance, and hence the
velocity of possible modes in unchanged.f0(¿),

In order to verify and quantify these estimates and expec-
tations of the response of a warm stellar disk to a stirring
bar and its OLR, I performed numerical simulations, pre-
sented in ° 2. In ° 3, I discuss the closed orbits in the outer
part of a barred disk galaxy and their relation to the fea-
tures apparent in the local while ° 4 gives quantitativef (¿),
estimates for the velocity of the secondary mode induced by
the OLR. In ° 5, the velocity distribution observed in the
solar neighborhood, which indeed shows a bimodality, is
compared both qualitatively and quantitatively with those
emerging from the simulations. Finally, ° 6 concludes and
sums up.

Throughout this paper, I will use units of kpc and km s~1
for radii and velocities, while frequencies and proper
motions are given in km s~1 kpc~1.

2. THE SIMULATIONS

In order to investigate the typical structure of a dynami-
cally warm stellar disk in the presence of a rotating bar, we
simulate the slow growth of a central bar with constant
rotation frequency in an initially axisymmetric equilibrium
representing a warm stellar disk. Clearly, this does not
simulate the true evolution of the Galaxy, since the stellar
disk was hardly dynamically warm already when the bar
formed. Moreover, the bar has presumably developed too,
both in strength and in pattern speed. However, we are not
aiming at simulating the formation of the Milky Way, but
at answering the question for the e†ect of the OLR, which
signi!cantly alters the phase-space structure, independently
of the formation history of the Galaxy.

2.1. Simulation Technique
Currently, traditional N-body simulations are not suit-

able for studying the inÑuence of the central bar on a stellar
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FIG. 1.ÈClosed orbits (solid curves) just inside and outside the OLR of
a rotating central bar (hatched ellipse). The circles (dashed curves) depict the
positions of the ILR, CR, and OLR (from inside out) for circular orbits.
Note the change of the orbitsÏ orientation at the OLR, resulting in the
crossing of closed orbits at four azimuths. A possible position of the Sun is
shown as !lled circle. The bar angle / is indicated for the case of a
clockwise-rotating bar.

counterclockwise for a clockwise-rotating bar, like that of
the Milky Way. Thus, at bar angles / between 0¡ and 90¡,
the closed orbits inside the OLR move slightly outward,
while those outside the OLR move inward. Clearly, if all
disk stars moved on closed orbits, the stellar kinematics
would deviate from that of a nonbarred galaxy only at
positions very close to where the closed orbits areROLR,
signi!cantly noncircular. In particular, at azimuths where
the closed orbits from either side of the OLR cross, one
would expect two stellar streams, one moving inward and
the other outward.1

However, in general, stellar orbits are not closed but
exhibit radial oscillations. Many of these orbits are trapped
into resonance (Weinberg 1994) and may be described, to
lowest order in their eccentricity, as epicyclic oscillations
around a closed parent orbit. This means in particular that
such trapped eccentric orbits from inside the OLR, i.e., with
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versa. Thus, the stellar velocity distribution observable in
the solar neighborhood, will be a†ected by the OLRf0(¿),
whenever near-resonant orbits pass near the Sun and are
sufficiently populated. We may estimate, using the epicycle
approximation in a back-of-the-envelope calculation, that
for late-type disk stars this condition is satis!ed for inROLR

ÈÈÈÈÈÈÈÈÈÈÈÈÈÈÈ
1 Based on this consideration, Kalnajs (1991) suggested that the Hyades

and Sirius stellar streams in the solar neighborhood are caused by the Sun
being located almost exactly at one of the two possible positions in the
Galaxy where such orbit crossing occurs with the appropriate sign of the
radial velocity di†erence.

the range from2 6 to 9 kpc (for kpc). This coincidesR0 \ 8
with the above estimate for Thus, we expect the OLRROLR.
of the Galactic bar to a†ect the velocity distribution observ-
able locally for late-type stars. Based on the properties of
the closed orbits, one would expect also for stars moving on
nonclosed orbits di†erent typical velocities depending
whether they originate from inside or outside the OLR.
Thus, the expected e†ect on is a bimodality.f0(¿)

Weinberg (1994) has studied the orbital response to a
rotating bar using epicycle theory and assuming a Ñat rota-
tion curve. He found indeed that di†erent orbital families
may overlap, creating a bimodality in the velocity distribu-
tion (though he only considered the resulting increase in the
velocity dispersions). Weinberg also considered a slowly
decreasing pattern speed, which a†ects the relative number
of stars trapped into resonance with the bar but leaves the
!nal phase-space position of the resonance, and hence the
velocity of possible modes in unchanged.f0(¿),

In order to verify and quantify these estimates and expec-
tations of the response of a warm stellar disk to a stirring
bar and its OLR, I performed numerical simulations, pre-
sented in ° 2. In ° 3, I discuss the closed orbits in the outer
part of a barred disk galaxy and their relation to the fea-
tures apparent in the local while ° 4 gives quantitativef (¿),
estimates for the velocity of the secondary mode induced by
the OLR. In ° 5, the velocity distribution observed in the
solar neighborhood, which indeed shows a bimodality, is
compared both qualitatively and quantitatively with those
emerging from the simulations. Finally, ° 6 concludes and
sums up.

Throughout this paper, I will use units of kpc and km s~1
for radii and velocities, while frequencies and proper
motions are given in km s~1 kpc~1.

2. THE SIMULATIONS

In order to investigate the typical structure of a dynami-
cally warm stellar disk in the presence of a rotating bar, we
simulate the slow growth of a central bar with constant
rotation frequency in an initially axisymmetric equilibrium
representing a warm stellar disk. Clearly, this does not
simulate the true evolution of the Galaxy, since the stellar
disk was hardly dynamically warm already when the bar
formed. Moreover, the bar has presumably developed too,
both in strength and in pattern speed. However, we are not
aiming at simulating the formation of the Milky Way, but
at answering the question for the e†ect of the OLR, which
signi!cantly alters the phase-space structure, independently
of the formation history of the Galaxy.

2.1. Simulation Technique
Currently, traditional N-body simulations are not suit-

able for studying the inÑuence of the central bar on a stellar
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FIG. 1.ÈClosed orbits (solid curves) just inside and outside the OLR of
a rotating central bar (hatched ellipse). The circles (dashed curves) depict the
positions of the ILR, CR, and OLR (from inside out) for circular orbits.
Note the change of the orbitsÏ orientation at the OLR, resulting in the
crossing of closed orbits at four azimuths. A possible position of the Sun is
shown as !lled circle. The bar angle / is indicated for the case of a
clockwise-rotating bar.
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the Milky Way. Thus, at bar angles / between 0¡ and 90¡,
the closed orbits inside the OLR move slightly outward,
while those outside the OLR move inward. Clearly, if all
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into resonance (Weinberg 1994) and may be described, to
lowest order in their eccentricity, as epicyclic oscillations
around a closed parent orbit. This means in particular that
such trapped eccentric orbits from inside the OLR, i.e., with
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versa. Thus, the stellar velocity distribution observable in
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approximation in a back-of-the-envelope calculation, that
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tures apparent in the local while ° 4 gives quantitativef (¿),
estimates for the velocity of the secondary mode induced by
the OLR. In ° 5, the velocity distribution observed in the
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emerging from the simulations. Finally, ° 6 concludes and
sums up.
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representing a warm stellar disk. Clearly, this does not
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disk was hardly dynamically warm already when the bar
formed. Moreover, the bar has presumably developed too,
both in strength and in pattern speed. However, we are not
aiming at simulating the formation of the Milky Way, but
at answering the question for the e†ect of the OLR, which
signi!cantly alters the phase-space structure, independently
of the formation history of the Galaxy.
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shape Dehnen (2000) bar  - m=2, 4
 - steady / transient
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speed         39, 52 km/s/kpc           20, 25 km/s/kpc
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(Dehnen 1999)

(Portail+2017)
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(1a) fast bar

-0.25 0 0.25 [Fe/H]-0.5

bar’s OLR
- cold kinematics
- easily affected by OLR

- hot kinematics
- not affected by OLR

52, Tform = 5 Gyr

Gaia



52, Tform = 5 Gyr(1a) fast bar

-0.25 0 0.25 [Fe/H]-0.5

5 GyrTform = 2 Gyr 7 Gyr
O O X O

9 Gyr

bar’s OLR
Similar results : Monari et al. (2013)
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bar’s OLR

52, Tform = 5 Gyr

39, Tform = 5 Gyr



Conclusion first !
Bar only

X : Slow bar
     No Bimodal structure.

Slow bar + spiral

O : Fast bar
     Naturally explains [Fe/H]-dependence of Hercules stream.

O : slow bar + 4-armed steady spiral

O : slow bar + 2-armed transient spiral
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     Naturally explains [Fe/H]-dependence of Hercules stream.
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(2) slow bar + steady spiral (m=4)
39, Tform = 8 Gyr20,
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(2) slow bar + steady spiral (m=4)
39, Tform = 8 Gyr20,

spiral’s 4:1 Inner Lindblad Resonance
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(2) slow bar + steady spiral (m=4)
39, Tform = 8 Gyr20,

spiral’s 4:1 Inner Lindblad Resonance

Tform = 7 Gyr
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(2) slow bar + steady spiral (m=4)
39, Tform = 8 Gyr20,

spiral’s 4:1 Inner Lindblad Resonance

- Bimodality is due to spiral.
- [Fe/H]-dependence is sensitive to Tform (due to chaotic orbits)
  → Observed [Fe/H]-dependence is not informative.
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(3) bar + transient spiral (m=2, lifetime = 100Myr)
39, Tform = 8 Gyr25,

Gaia
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(3) bar + transient spiral (m=2, lifetime = 100Myr)
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(3) bar + transient spiral (m=2, lifetime = 100Myr)
39, Tform = 8 Gyr25,

Tform = 10 Gyr
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(3) bar + transient spiral (m=2, lifetime = 100Myr)
39, Tform = 8 Gyr25,

- Bimodality is due to spiral’s lifetime.
- [Fe/H]-dependence is sensitive to Tform (due to chaotic orbits)
  → Observed [Fe/H]-dependence is not informative.
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Conclusion
Bar only

O : slow bar + steady spiral
     Bimodality : spiral’s inner Lindblad resonance.

X : Slow bar
     No Bimodal structure.

Slow bar + spiral

O : Fast bar
     Naturally explains [Fe/H]-dependence of Hercules.

O : slow bar + transient spiral
     Bimodality : due to spiral’s lifetime.

[Fe/H]-dependence is 
NOT informative
(chaotic orbits).

TGAS+RAVE : [Fe/H]-dependence of Hercules



Independent measurement for

A thin stellar stream in Ophiuchus L85

The Pan-STARRS1 (PS1; Kaiser et al. 2010) 3! Survey, ob-
serving the whole sky visible from Hawaii, has the advantage of
providing some of the first deep imaging of the dense inner regions
of our Galaxy. With a sky coverage spanning twice that of the SDSS
footprint, it offers the possibility to survey these less well-studied
areas to seek new tidal streams as well as further extensions of
already known ones.

In this Letter, we report the discovery of a very thin stellar
stream located in the inner Galaxy close to the Galactic bulge. It
was found serendipitously when analysing PS1 data of wide areas
around nearby globular clusters for the presence of tidal debris. We
briefly describe the PS1 survey in Section 2, and present the new
stream and measurements of its properties in Section 3. A summary
is given in Section 4.

2 TH E PS1 3! SURVEY

The PS1 3! Survey (Kaiser et al. 2010; Chambers et al., in prepara-
tion) is being carried out with the 1.8 m optical telescope installed
on the peak of Haleakala in Hawaii. Thanks to the 1.4-gigapixel
imager (Onaka et al. 2008; Tonry & Onaka 2009) covering a 7 deg2

field of view (!3."3 diameter), it is observing the whole sky north
of " > #30" in five optical to near-infrared bands (gP1rP1iP1zP1yP1;
Tonry et al. 2012b) up to four times per year. The exposure time
ranges from 30 to 45 s, leading to median 5# limiting AB magni-
tudes of 21.9, 21.8, 21.5, 20.7 and 19.7 for individual exposures in
the gP1rP1iP1zP1yP1bands, respectively (Morganson et al. 2012). At
the end of the survey, the 12 or so images per band will be stacked,
increasing the depth of the final photometry by !1.2 mag (Metcalfe
et al. 2013).

The individual frames are automatically processed with the Image
Processing Pipeline (Magnier 2006) to produce a photometrically
and astrometrically calibrated catalogue. A detailed description of
the general PS1 data processing is given in Tonry et al. (2012a).
The analysis presented in this Letter is based on the photometric
catalogue obtained by averaging the magnitudes of objects detected
in individual exposures (Schlafly et al. 2012). At the end of the
survey, the point source catalogue will be based on detections in the
stacked images, leading to a significantly deeper photometry and
better constraints on the tidal streams.

The catalogue used here was first corrected for foreground red-
dening by interpolating the extinction at the position of each source
using the Schlafly et al. (2014) dust maps with the extinction co-
efficients of Schlafly & Finkbeiner (2011). In this part of the sky,
E(B # V) ranges from 0.17 to !1.2 (see Fig. 1). We then cleaned
the catalogue by rejecting non-stellar objects using the difference
between point spread function and aperture magnitudes, as well as
poorly measured stars by keeping only objects with a signal-to-noise
ratio of 10 or higher.

3 A N E W ST R E A M IN O P H I U C H U S

The stream appears as a coherent structure in the maps showing
the stellar density of objects with colours and magnitudes corre-
sponding to the old, metal-poor main-sequence turn-off (MSTO) of
nearby globular clusters. The colour and magnitude cuts were then
refined based on the distribution of stars in the colour–magnitude
diagram (CMD) of the stream region (see below). The resulting
map is shown in Fig. 1 in both equatorial and Galactic coordinates,
along with the corresponding reddening maps from Schlafly et al.
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Figure 1. Top: density of stars with dereddened colours and magnitudes consistent with the main-sequence turn-off of an old and metal-poor population at
heliocentric distances of 8–12 kpc (see selection box in Fig. 2), shown in equatorial (left) and Galactic ( right) coordinates. Darker areas indicate higher stellar
density. Bottom: reddening maps of the corresponding fields, derived from Pan-STARRS1 stellar photometry (see Schlafly et al. 2014). The colour scale is
logarithmic; white (black) corresponds to E(B # V) = 0.17 (0.58). The stellar density and reddening maps have been smoothed with a Gaussian kernel with
full-width at half-maximum of 12 and 6 arcmin, respectively. The stream is located close to the centre of each panel. The thick lines in the right-hand panels
trace the best-fitting great circle containing the stream.
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A thin stellar stream in Ophiuchus L85

The Pan-STARRS1 (PS1; Kaiser et al. 2010) 3! Survey, ob-
serving the whole sky visible from Hawaii, has the advantage of
providing some of the first deep imaging of the dense inner regions
of our Galaxy. With a sky coverage spanning twice that of the SDSS
footprint, it offers the possibility to survey these less well-studied
areas to seek new tidal streams as well as further extensions of
already known ones.

In this Letter, we report the discovery of a very thin stellar
stream located in the inner Galaxy close to the Galactic bulge. It
was found serendipitously when analysing PS1 data of wide areas
around nearby globular clusters for the presence of tidal debris. We
briefly describe the PS1 survey in Section 2, and present the new
stream and measurements of its properties in Section 3. A summary
is given in Section 4.

2 TH E PS1 3! SURVEY

The PS1 3! Survey (Kaiser et al. 2010; Chambers et al., in prepara-
tion) is being carried out with the 1.8 m optical telescope installed
on the peak of Haleakala in Hawaii. Thanks to the 1.4-gigapixel
imager (Onaka et al. 2008; Tonry & Onaka 2009) covering a 7 deg2

field of view (!3."3 diameter), it is observing the whole sky north
of " > #30" in five optical to near-infrared bands (gP1rP1iP1zP1yP1;
Tonry et al. 2012b) up to four times per year. The exposure time
ranges from 30 to 45 s, leading to median 5# limiting AB magni-
tudes of 21.9, 21.8, 21.5, 20.7 and 19.7 for individual exposures in
the gP1rP1iP1zP1yP1bands, respectively (Morganson et al. 2012). At
the end of the survey, the 12 or so images per band will be stacked,
increasing the depth of the final photometry by !1.2 mag (Metcalfe
et al. 2013).

The individual frames are automatically processed with the Image
Processing Pipeline (Magnier 2006) to produce a photometrically
and astrometrically calibrated catalogue. A detailed description of
the general PS1 data processing is given in Tonry et al. (2012a).
The analysis presented in this Letter is based on the photometric
catalogue obtained by averaging the magnitudes of objects detected
in individual exposures (Schlafly et al. 2012). At the end of the
survey, the point source catalogue will be based on detections in the
stacked images, leading to a significantly deeper photometry and
better constraints on the tidal streams.

The catalogue used here was first corrected for foreground red-
dening by interpolating the extinction at the position of each source
using the Schlafly et al. (2014) dust maps with the extinction co-
efficients of Schlafly & Finkbeiner (2011). In this part of the sky,
E(B # V) ranges from 0.17 to !1.2 (see Fig. 1). We then cleaned
the catalogue by rejecting non-stellar objects using the difference
between point spread function and aperture magnitudes, as well as
poorly measured stars by keeping only objects with a signal-to-noise
ratio of 10 or higher.

3 A N E W ST R E A M IN O P H I U C H U S

The stream appears as a coherent structure in the maps showing
the stellar density of objects with colours and magnitudes corre-
sponding to the old, metal-poor main-sequence turn-off (MSTO) of
nearby globular clusters. The colour and magnitude cuts were then
refined based on the distribution of stars in the colour–magnitude
diagram (CMD) of the stream region (see below). The resulting
map is shown in Fig. 1 in both equatorial and Galactic coordinates,
along with the corresponding reddening maps from Schlafly et al.
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Figure 1. Top: density of stars with dereddened colours and magnitudes consistent with the main-sequence turn-off of an old and metal-poor population at
heliocentric distances of 8–12 kpc (see selection box in Fig. 2), shown in equatorial (left) and Galactic ( right) coordinates. Darker areas indicate higher stellar
density. Bottom: reddening maps of the corresponding fields, derived from Pan-STARRS1 stellar photometry (see Schlafly et al. 2014). The colour scale is
logarithmic; white (black) corresponds to E(B # V) = 0.17 (0.58). The stellar density and reddening maps have been smoothed with a Gaussian kernel with
full-width at half-maximum of 12 and 6 arcmin, respectively. The stream is located close to the centre of each panel. The thick lines in the right-hand panels
trace the best-fitting great circle containing the stream.
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4 kpc above the bar

Length: 1.6 kpc

Hattori, Erkal, Sanders (2016)

Ophiuchus stream
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