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【アブスト】	
  
球状星団Palomar5で見られる恒星ストリームは、星の表面密度にclumpやgapが検出されている。本研究ではN体シュミレーション
を使ってsmoothなハローでストリームの表面密度の分布にclumpが生じるか調べた。その結果、Pal5で観測されているものと同じよ
うな位置に密度のclumpが見られた。これは、Carlberg(2012)などで提唱されているサブハローとの相互作用によるものとは異なり、
星のepicyclic	
  mo;onによってclumpが形成された可能性を示唆している。	
  
【ゴール】	
  
ストリームのdensity	
  clumpの起源を調べる。	
  
【オリジナリティ】	
  
smoothなハローでclumpが生じるか調べた。	
  
【ロジック】	
  
Model	
  
host	
  poten;al	
  :	
  Allen	
  &	
  San;llan	
  (1991)	
  
	
  
halo	
  model:　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　	
  
	
  
globular	
  cluster:	
  Dehnen	
  et	
  al(2004)	
  
Pal5の現在の位置から2.95Gyr軌道を戻し、そこからモデルの計算を行う。	
  
	
  
図１：N体シミュレーションによって得られたtrailing	
  tailの表面密度の分布（上）。	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  α<230°と230.5°<α<232°の位置にclumpが見られる。	
  
　　　	
  right	
  ascension(横軸)とlinear	
  density(縦軸)の分布（下）。　	
  
図２：ある時刻にPal5から脱出した星が最終的にどのような位置に分布するかを表したもの。	
  
　　　 色はそれぞれ、現在から0~0.5Gyr(赤)、0.5~1.0Gyr(緑)、1.0~1.5Gyr(青)、	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  1.5~2.0Gyr(紫)、2.0~2.5Gyr(水色)、2.5~2.95Gyr(黒)前に脱出したものに対応している。	
  
【コメント】	
  
clumpの位置やlinear	
  densityの大きさは観測から得られているものとほぼ一致している。	
  
制限三体のシミュレーションでもclumpが見られた（図３）。ジーンズ不安定性はclumpを作るメカニズムから除外できる。	
  
【感想】	
  
Dehnen	
  et	
  al(2004)ではsmooth	
  haloではclumpを作ることができないという結果になっている。	
  
今回もGCは同じモデルを使用しているのに何故clumpができたのか？                       	


図１	


Mastrobuono-Battisti et al.: Substructures in Pal 5’s tidal tails

 0

 500

 1000

 1500

 2000

 229 230 231 232 233 234 235

Λ
 (d

eg
-1

)

α (deg)

Fig. 2. Upper panel: The trailing tail at the end of the N-body
simulation. The contour lines in the tails refer to 740, 2200,
4800, 6300 and 7400 M!/deg2. Bottom panel: Linear density
of the trailing tail shown in the upper panel, as a function of the
right ascension α. The cluster is on the right of the panel. Error
bars are Poisson errors.

the present location of the Sun) vt = 90 km/s with a P.A.= 231◦
with respect to the direction pointing to the northern equatorial
pole, and 280◦ with respect to Galactic north, as implied by the
fit of the local orbit (Odenkirchen et al. 2003). These data yield
a spatial velocity with components (−40.7,−89.3,−21.0) km/s
in the Galactic reference frame mentioned above.

3. Results and discussion
After 2.95 Gyr of evolution, 15 disk crossings and 11 pericenter
passages, which every ∼ 270 Myr bring the cluster to distances
of ∼ 5.9 kpc from the Galaxy center, the N-body simulation
shows that the cluster has lost most of its initial mass (88%),
now redistributed into two long and narrow tidal tails. The ap-
parently smoothness of the tails hides a complex and inhomoge-
neous stellar distribution that becomes evident only when plot-
ting the isodensity contours, as in Fig. 1 for the whole stellar
stream. This plot reveals that indeed the tails are characterized
by several substructures, and it shows that currently the dens-
est are all localized in the trailing tail at distances between 0.5◦
and 3.5◦ from the cluster center. In this portion of the tail, our
N-body simulation predicts there are two prominent density en-
hancements (see top panel of Fig. 2): the first located very close
to the cluster (α < 230◦) and the second starting at α=230.5◦
and ending at α=232◦. The second region shows an underdense
region in it, whose extension is ∼ 0.5◦. All these characteris-
tics, at the same location, are also found in the observed streams
(cf, for example, Fig. 3, in Odenkirchen et al. 2003). Not only
does the position of these clumps closely resemble the loca-
tion of those observed in Pal 5’s tails, but their linear densities

Fig. 3. The trailing tail of the cluster in the restricted three-body
model. The contour lines in the tails refer to 470, 940, 1410,
1970, 2500 and 3300 M!/deg2.

(bottom panel of Fig. 2) – 2–3 times above the density of the
surrounding streams – and the presence of underdense regions,
with sizes of 0.5◦-1◦, also agree with those measured for Pal
5 (see Fig. 4, Odenkirchen et al. 2003). These substructures are
also visible in the isodensity contours of the simplified numer-
ical model (in Fig. 3), at few degrees from the cluster center.
When compared to the full N-body simulation, the differences in
the exact location and amplitude of the clumps in the restricted
three-body problem occur because the former does not take the
internal evolution of the cluster into account. The gravitational
potential of the cluster is kept fixed with time, and thus the in-
stantaneous mass loss that affects the density of the innermost
regions of the tails can only be captured approximatively un-
like in the N-body simulation, where these phenomena are mod-
eled self-consistently. This ultimately leads to some differences
in the density distribution along the streams, with clumps arising
in the simplified numerical model that are less massive and less
dense. Nevertheless, both approaches unequivocally show sub-
structures in models of Pal 5’s tidal tails, a few degrees from the
cluster center (see Appendix A for the dependency of the sub-
structures on the orbital parameters).
These regions of over- and underdensities are due to the
epicyclic motion of star escaping from the cluster: stars lost
at different times redistribute along the tail following a com-
plex path, as shown by the streaklines in Fig. 4. This kine-
matic process, described and studied in a number of papers
(Küpper et al. 2008; Just et al. 2009; Küpper et al. 2010, 2012;
Lane et al. 2012), is applied here for the first time to reproduce
observed stellar streams, including both the position and the in-
tensity of the observed stellar inhomogeneities. Also the absence
of overdensities in the trailing tail at distances greater than 4◦–5◦
is simply because we have integrated Pal 5’s orbit for the last ∼3
Gyr. With this choice, at the current cluster position, most of the
escaped stars do not reach projected distances over 4◦–5◦ from
the center of the cluster 2. If the orbit is integrated over much
longer times (∼8 Gyr), streaklines show that epicycle loops also
form at distances of several kpc from the center. This process is
thus able to form over- and underdensities in several regions of
the tails, at a variety of distances from Pal 5.

2 The length of tidal tails depends on the location of the GC along
its orbit: for example, at the last pericenter passage, 160Myr ago, our
models show that stars were spread along a 12 kpc stream, 2.2 times
longer than the extension of the simulated Pal 5’s stream at the current
position.
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Fig. 4. Streaklines which show the positions, at the present time,
of stars that have escaped from Pal 5 in the last 2.95 Gyrs.
Different colors correspond to stars lost between 0. and 0.5 Gyr
ago (red dots), between 0.5 and 1.0 Gyr ago (green dots), be-
tween 1.0 and 1.5 Gyr ago (blue dots), between 1.5 and 2.0 Gyr
ago (magenta dots), between 2.0 and 2.5 Gyr ago (cyan dots),
between 2.5 Gyr and 2.95 Gyr ago (black dots).

Moreover, that these substructures are also reproduced in
models where the mutual gravity is neglected rules out Jeans
instability as a possible mechanism responsible for their forma-
tion, as suggested by Quillen & Comparetta (2010). This hy-
pothesis has been already questioned by Schneider & Moore
(2011), and here we confirm that it can be excluded as the mech-
anism at the origin of the substructures observed in Pal 5.

The association of overdense regions along the tails to the
location of epicycles (upper panel of Fig. 2, Figs 3, and 4) also
rules out the possibility that they are due to an episodic mass loss
from the cluster (see Appendix B for further details).

4. Conclusions
We have studied the formation and characteristics of the tidal
tails of the GC Pal 5 along its orbit in a smooth Milky Way po-
tential by means of N-body simulations and simplified numerical
models. Our main results can be summarized as follows:

– The trailing tail of the cluster is more inhomogeneous than
the leading tail.

– The densest overdensities are found in the trailing tail at dis-
tances between 0.5◦ and 3.5◦ from the cluster center.

– In this portion of the tail, our N-body simulation predicts
there are two prominent density enhancements, the first lo-
cated very close to the cluster (α < 230◦) and the second
starting at α=230.5◦ and ending at α=232◦. The second en-
hancement shows an underdense region, whose extension is
∼ 0.5◦. These characteristics, at the same location, are found
in the observed streams.

– The linear density in the clumps is two to three times above
the density of the surrounding streams and the underdense
regions in between clumps have sizes of 0.5◦-1◦, comparable
to those measured for Pal 5.

– Pal 5’s clumpy streams can also be formed in a smooth
dark halo, unlike in previous findings (Quinn et al. 2008;
Yoon et al. 2011), as a simple consequence of the epicyclic
motion of stars in the tails.

– Jeans instability and episodic mass loss can be ruled out as
mechanisms at the origin of the observed substructures.

To conclude, our models can reproduce the density contrast
between the clumps and the surrounding tails found in the ob-
served streams, without including any lumpiness in the dark
matter halo. At the same time, many works (among others, see
Ibata et al. 2002; Johnston et al. 2002) have shown that the struc-
ture, as well as the kinematics (Siegal-Gaskins & Valluri 2008),
of stellar streams can be very sensitive to heating by encounters
with massive dark-matter subhalos. It would be thus interesting
to reconsider the impact of these substructures on the character-
istics of Pal 5’s stellar streams in light of these new results and,
in particular, to set new upper limits on the granularity of the
Milky Way dark halo. Finally, future models may want to take
also inhomogeneities in the Milky Way stellar disk into account
(molecular clouds, spiral arms) to derive a complete picture of
the morphological evolution of stellar streams.
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Fig. 2. Upper panel: The trailing tail at the end of the N-body
simulation. The contour lines in the tails refer to 740, 2200,
4800, 6300 and 7400 M!/deg2. Bottom panel: Linear density
of the trailing tail shown in the upper panel, as a function of the
right ascension α. The cluster is on the right of the panel. Error
bars are Poisson errors.

the present location of the Sun) vt = 90 km/s with a P.A.= 231◦
with respect to the direction pointing to the northern equatorial
pole, and 280◦ with respect to Galactic north, as implied by the
fit of the local orbit (Odenkirchen et al. 2003). These data yield
a spatial velocity with components (−40.7,−89.3,−21.0) km/s
in the Galactic reference frame mentioned above.

3. Results and discussion
After 2.95 Gyr of evolution, 15 disk crossings and 11 pericenter
passages, which every ∼ 270 Myr bring the cluster to distances
of ∼ 5.9 kpc from the Galaxy center, the N-body simulation
shows that the cluster has lost most of its initial mass (88%),
now redistributed into two long and narrow tidal tails. The ap-
parently smoothness of the tails hides a complex and inhomoge-
neous stellar distribution that becomes evident only when plot-
ting the isodensity contours, as in Fig. 1 for the whole stellar
stream. This plot reveals that indeed the tails are characterized
by several substructures, and it shows that currently the dens-
est are all localized in the trailing tail at distances between 0.5◦
and 3.5◦ from the cluster center. In this portion of the tail, our
N-body simulation predicts there are two prominent density en-
hancements (see top panel of Fig. 2): the first located very close
to the cluster (α < 230◦) and the second starting at α=230.5◦
and ending at α=232◦. The second region shows an underdense
region in it, whose extension is ∼ 0.5◦. All these characteris-
tics, at the same location, are also found in the observed streams
(cf, for example, Fig. 3, in Odenkirchen et al. 2003). Not only
does the position of these clumps closely resemble the loca-
tion of those observed in Pal 5’s tails, but their linear densities

Fig. 3. The trailing tail of the cluster in the restricted three-body
model. The contour lines in the tails refer to 470, 940, 1410,
1970, 2500 and 3300 M!/deg2.

(bottom panel of Fig. 2) – 2–3 times above the density of the
surrounding streams – and the presence of underdense regions,
with sizes of 0.5◦-1◦, also agree with those measured for Pal
5 (see Fig. 4, Odenkirchen et al. 2003). These substructures are
also visible in the isodensity contours of the simplified numer-
ical model (in Fig. 3), at few degrees from the cluster center.
When compared to the full N-body simulation, the differences in
the exact location and amplitude of the clumps in the restricted
three-body problem occur because the former does not take the
internal evolution of the cluster into account. The gravitational
potential of the cluster is kept fixed with time, and thus the in-
stantaneous mass loss that affects the density of the innermost
regions of the tails can only be captured approximatively un-
like in the N-body simulation, where these phenomena are mod-
eled self-consistently. This ultimately leads to some differences
in the density distribution along the streams, with clumps arising
in the simplified numerical model that are less massive and less
dense. Nevertheless, both approaches unequivocally show sub-
structures in models of Pal 5’s tidal tails, a few degrees from the
cluster center (see Appendix A for the dependency of the sub-
structures on the orbital parameters).
These regions of over- and underdensities are due to the
epicyclic motion of star escaping from the cluster: stars lost
at different times redistribute along the tail following a com-
plex path, as shown by the streaklines in Fig. 4. This kine-
matic process, described and studied in a number of papers
(Küpper et al. 2008; Just et al. 2009; Küpper et al. 2010, 2012;
Lane et al. 2012), is applied here for the first time to reproduce
observed stellar streams, including both the position and the in-
tensity of the observed stellar inhomogeneities. Also the absence
of overdensities in the trailing tail at distances greater than 4◦–5◦
is simply because we have integrated Pal 5’s orbit for the last ∼3
Gyr. With this choice, at the current cluster position, most of the
escaped stars do not reach projected distances over 4◦–5◦ from
the center of the cluster 2. If the orbit is integrated over much
longer times (∼8 Gyr), streaklines show that epicycle loops also
form at distances of several kpc from the center. This process is
thus able to form over- and underdensities in several regions of
the tails, at a variety of distances from Pal 5.

2 The length of tidal tails depends on the location of the GC along
its orbit: for example, at the last pericenter passage, 160Myr ago, our
models show that stars were spread along a 12 kpc stream, 2.2 times
longer than the extension of the simulated Pal 5’s stream at the current
position.
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