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Figure 7. The physical widths (w), and dispersions in the
z�component of angular momenta (�Lz ) and los velocities (�vlos )
for GC streams analysed in our study (Sec. 4.1). The Y axes de-
note di↵erent simulations. The red points correspond to streams
produced from in situ GCs (Sec. 2). The black (gray) markers
correspond to streams that accreted inside cuspy (cored) sub-
halos. The small (large) markers correspond to subhalos with
M0 = 108 M�(109 M�). For streams formed under a given sce-
nario, the mean and dispersion were calculated assuming Gaus-
sian distributions. One can see that GCs that accrete inside CDM
predicted cuspy subhalos produce streams that are physically
broader and dynamically hotter than streams that accrete inside
cored subhalos. As indicated in the legend of panel ‘c’, measure-
ments of some MW streams are also shown. For the two cases of
GD-1 and Jhelum, with likely accreted GC origin, the match of
data to simulations favors cored subhalos (see Sec. 6).

distributions of DM particles in Figure 8. In observations,
this point will be useful in correctly characterising the origin
and birth sites of the observed stellar streams of the MW.
This is discussed further in Section 5.

D) Time evolution of width estimators: It is important
to assess whether the physical properties of the streams
change significantly with time, since a large temporal change
in physical and dynamical width estimators could a↵ect our
ability to use them as probes of the density profiles of the
parent subhalos. This issue is briefly analyzed in Appendix D
(see Fig. D1) where we show that once a GC stream forms
under the accretion framework, the physical and dynami-
cal width estimators (w,�Lz ,�vr ) change by less than 10%
throughout the remaining evolution time.

E) Discriminatory power of streams: Over all, one con-
cludes from Figure 7 that GC streams produced in di↵er-
ent subhalo models occupy di↵erent regions on the x-axes
representing the physical and dynamical width estimators.
This signifies that GC streams accreted inside cuspy subha-
los possess higher dynamical dispersions in each of the three
width estimators, compared to those streams that accreted
inside cored subhalos. Also, as illustrated in Figures 5 and
6, the final morphologies of accreted GC streams are sensi-
tive to the orbital configuration of their progenitor GCs in-
side the parent subhalos. In di↵erent simulations, GCs move
on di↵erent orbits and lose stars over di↵erent ranges of
radii inside the subhalo. This dependency on orbital param-
eters is reflected in the widths of the Gaussians in Figure 7.
For instance, streams from simulations where the GC was
launched on a prograde orbit inside the subhalo (with re-
spect to the orbit of the subhalo inside the Galaxy) showed
relatively smaller widths, compared to the cases where GCs
were launched on retrograde orbits. However, this scatter is
generally much smaller than the distance between the mean
values of the Gaussians for di↵erent subhalo models. For
the simulations that were studied, we found that streams
with (w,�Lz ,�vr )

>⇠ (650 pc, 95 km s�1 kpc, 4 km s�1) re-
quire that they must be accreted in CDM moti-
vated cuspy subhalos. Smaller dispersion values with
(w,�Lz ,�vr )

<⇠ (90 pc, 15 km s�1 kpc, 1 km s�1) would imply
streams formed via disruption of in situ GCs. Values in be-
tween this range would favour a scenario where the progen-
itor GCs were accreted inside cored subhalos. This makes
us confident that the physical properties of accreted GC
streams are extremely sensitive probes of the properties of
the parent subhalos, meaning they can potentially be used
to discriminate between the cusp/core scenarios.

Some degeneracy is apparent between in situ streams
and accreted streams in �vlos , however, can be evaded by
accurately measuring the estimators w and �Lz . Moreover,
information about their multiple component morphologies
(Figs. 5 and 6) and transverse density profiles (Fig. 8) fur-
ther allows accreted GC streams to be distinguished from
narrow in situ GC streams. This discernment is possible ir-
respective of whether the GC were accreted inside cuspy
or cored subhalo. From similar arguments, accreted GC
streams can also be di↵erentiated from uniformly broad
dwarf galaxy streams.

While streams produced in di↵erent cuspy models (SCu
and LCu) can be easily di↵erentiated in all three width esti-
mators, the properties of streams produced in di↵erent cored
subhalos (SCo and LCo) overlap in �vlos (see Fig. 7c). This
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[abstract] 
サブハロー内の球状星団がホスト銀河に降着した後に発生するストリーム(GCS)の構造を手がかりに、そのサブハローのDM分布を明らかにする。具体的には、サブハロ
ーのDM分布がカスプ/コアであると仮定してN体シミュレーションを行い、この結果得られるGCSの構造が観測と合うかどうかを比較することで検証を行う。その結
果、現実のGCSはサブハローがコア構造を行う場合のシミュレーション結果に似た構造をしているものがあることが分かった。 
 
[goal] MWサブハローのDM分布を明らかにし、それを再現するようDMモデルに制限を与える。 
[originality] 恒星ストリームを利用してDM分布に制限を与えるシミュレーションを行った。 
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[comment] 
・図 8と図10を視覚的に比較できない、差分の程度が数値
的に評価されていないから、「似た構造」という結論の根拠
が不明確 
・現在のサブハローがコア型であったとしても、バリオンフ
ィードバックがどの程度の効果を及ぼすかが未知である以
上、CDMを誤りだと推察するのは早計では 
 

図 7 steamの 3つの「幅」の分布。 
上段:各シミュレーション結果と観測結果の値を
プロット。下段:シミュレーション結果の値をガウ
ス分布でフィッティングした場合の分布。 
 

図 7：それぞれのシミュレーションにおいて、GCSの「幅」がどう分布するかを記した。 
 ※「幅」・・・物理的幅wと、動力学的幅σLzおよびσvlos 
サブハローをコア構造とした場合の方が、GCSは細く、冷たい傾向にある。観測されたGCSには、コアの
場合の構造に似た特徴を持つものがある(GD-1 と Jhelum)。カスプサブハローのGCSに一致する観測結果
は存在しない。(Orphan は一致しているように見えるが、金属量の観点からはサブハロー由来ではないと予
想される。) →CDMを超える DM理論が必要になる 
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図 8：各シミュレーションにおけるGCSの横密度分布。 
in-situ の streamと比較して、降着してきたGCSの方が複雑な構造を有する。(cocoon 成分や第二の stream構造など。) 
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Figure 10. Schematic diagram of the trajectories of the MW streams GD-1 and PS1-E, and the spur and the cocoon component
associated with GD-1. These trajectories were produced by approximately curve fitting the on-sky extents of the respective structures as
observed in previous studies (Bernard et al. 2016; Bonaca et al. 2019a; Malhan et al. 2018a). GD-1, spur and cocoon lie along essentially
the same orbit. As for PS1-E, though it strongly overlaps in distance and proper motion space with GD-1, but the lack of los velocity
measurements has left us uninformed about its orbit. Interestingly, all of these components possess similar stellar population (in terms
of Age, [Fe/H]), as that of GD-1 itself, suggesting that they likely emerged from the same progenitor GC that accreted inside a dwarf
galaxy.

we proposed a new way to probe the nature of DM and
showed that the present day structural and dynamical prop-
erties of such accreted GC streams are very sensitive to the
inner DM density profiles (e.g., cusp or core) of their parent
satellite galaxies.

We generated and analysed a suite of over 100 N-body
simulations, in which the host galaxy was modeled as a re-
alistic Galactic potential (comprising of bulge, disk and DM
halo), and the subhalos were modeled with cuspy and cored
DM profiles with a few di↵erent values of mass and scale
radius (Sec. 3.1). The main results of our simulations are
presented in Section 4 and Section 5 and summarised in
Figures 5, 6, 7 and 8.

Figure 7 displays the physical properties of the ac-
creted GC streams in terms of their transverse physical
widths (w) and dynamical widths (�Lz , �vlos), the lat-
ter corresponding to dispersions in z-component of angu-
lar momenta and line-of-sight velocities respectively. For
the simulations we studied, we found that streams with
(w,�Lz ,�vlos)

>⇠ (650 pc, 95 km s�1 kpc, 4 km s�1) were only
produced when GCs were accreted in CDM motivated cuspy
subhalos. Somewhat smaller widths (w,�Lz ,�vlos) ⇠ (90 �
500 pc, 15 � 95 km s�1 kpc, < 4 km s�1) resulted when GCs
were accreted inside cored subhalos. This di↵erence in the
two cases emerges because the present day properties of
these streams are sensitive to the depth and radial pro-
file of the gravitational potential of the parent subhalo (i.e.,
w,�Lz ,�vlos / M0/r0). These physical and dynamical width
estimators were substantially smaller for streams that were
formed via tidal disruption of in situ GCs (GCs that were
likely formed early within the MW galaxy).

The second main result of our study is that in contrast
to the narrow, nearly one-dimensional in situ GC streams
(Fig. 1), accreted GC streams were found to be highly struc-
tured (e.g., see Figs 5, 6). Furthermore, their transverse den-
sity profiles are at least bi-modal, containing a narrow peak
(marking the presence of the primary narrow, dense compo-
nent of the stream) and a broad underlying component (that
reveals the presence of braoder, di↵use cocoon component
of the stream). These profiles are shown in Figure 8. Most

streams also possessed secondary narrow components (e.g.,
“spurs” and parallel streams). In contrast, the in situ GC
streams are extremely narrow and uni-modal.

These properties (dynamical widths and complex mor-
phologies) allow us to easily di↵erentiate accreted GC
streams from in situ streams. The complex morphologies
also enable us to distinguish between accreted GC streams
and tidal streams from dwarf galaxies which only have
broad, smooth and uni-modal transverse density profiles (see
Sec. 5). Intriguingly, the structure of our simulated streams
seem to be quite realistic when compared with the observed
streams of our Galaxy (see Sec. 6 for details).

While we have not run simulation to reproduce the com-
plex morphologies of any specific observed stream, the con-
frontation of the measured properties of GD-1 and Jhelum
streams (of likely accreted GC origin) with our simulations
favour a scenario where these two streams were accreted
inside cored subhalos (see Sec. 6, and Fig. 7). This tenta-
tive result implies that either CDM cusps of the ‘hypoth-
esized’ parent satellites of these streams were ‘heated up’
by episodic star formation, or we are seeing evidence for
physics beyond CDM. In particular, if the analysis of stel-
lar populations and widths of these stellar streams indicate
that their parent galaxies were ultra faint/classical dwarfs
with DM masses <⇠ 1010M� (and M⇤/Mhalo

<⇠ 10�3), then
we are driven to consider physics beyond CDM; in these
smaller galaxies, baryonic feedback has been found to be
inadequate to convert cusps to cores in their inner regions.
Since our simulations show that the physical and dynamical
widths of streams change only by <⇠ 10% over 8Gyr or more,
our novel approach allows us to even probe the density pro-
files of subhalos that might be partially or completely tidally
dissolved by the MW galaxy at the present epoch.

We have also discovered a novel mechanism for creating
“gaps” in stellar streams (see Sec. 4.2). Once inside the host,
the accreted stellar stream and the remnant of the parent
subhalo move on very similar orbits and therefore have small
relative velocities. This increases the chances that the rem-
nant of the subhalo (inside which the GC was accreted), will
impact the GC stream. Such impacts, while infrequent, can
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表1 各シミュレーションで採用したパラメータ値 

 

図 10：観測された stream (GD-1)の構造を示している。cocoon や spur、第二の stream構造が見られる。図8と比較して、 
コアサブハローの場合のシミュレーション結果に似た構造が現れている。 
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Table 1. Parameters for simulations (Sec. 3). From left to right: the subhalo model, subhalo’s mass (M0), the initialising radius of the
GC within the subhalo (rp), the local circular velocity inside the (isolated) subhalo (vcirc(rp)), the local radial velocity dispersion inside

the subhalo (v2r(rp)), the initial velocity provided to the GC within the subhalo (vt), and the ratio of the specific angular momentum of
the GC’s orbit within the subhalo (L0/Lcirc).

Model M0 rp vcirc(rp) v2r(rp) vt L0/Lcirc

[M�] [ kpc] [ km s�1] [ km s�1] [ km s�1]

SCu (small cuspy) 108 0.5 11.5 7.3 ±17.6,±18.6,±19.6,±20.5 ±1.5,±1.6,±1.7,±1.8

1.0 11.6 6.5 ±9.8,±10.8,±11.7,±12.7, ±0.8,±0.9,±1.0,±1.1,
±13.7,±14.7, 15.6 ±1.2,±1.3, 1.4

SCo (small cored) 108 0.5 7.3 5.7 ±7.8,±8.8,±9.8,±10.8, ±1.1,±1.2,±1.3,±1.5,
±11.7 ±1.6

1.0 8.8 5.5 ±1.0,±2.0,±2.9,±3.9, ±0.1,±0.2,±0.3,±0.4,
±4.9,±5.9,±6.8 ±0.6,±0.7,±0.8

LCu (large cuspy) 109 0.5 21.6 16.6 ±48.9,±49.9,±50.9,±51.8 ±2.2,±2.3,±2.4,±2.4

1.0 24.7 16.0 �40.1,�41.1,±42.1,±43.0 �1.6,�1.6,±1.7,±1.7
44.0, 45.0, 46.0 1.8, 1.8, 1.9

LCo (small cored) 109 0.5 10.5 12.0 ±14.7,±15.7,±16.7,±17.6, ±1.4,±1.5,±1.6,±1.7,
±18.6,±19.6,±20.5,±21.5, ±1.8,±1.9,±1.9,±2.0,

±22.5,±23.5,±24.5 ±2.1,±2.2,±2.3

1.0 15.3 12.4 ±13.7,±14.7,±15.6,±16.6, ±0.9,±1.0,±1.0,±1.1,
±17.6,±18.6,±19.6,±20.5, ±1.2,±1.2,±1.3,±1.3,

±21.5,±22.5 ±1.4,±1.5

narrow stream component. We found that to achieve the
required “gestation period”, one requires much higher val-
ues of vt for cuspy subhalos than for cored cases. For each
subhalo model, we uniformly sample the values for vt at
intervals of ⇡ 1 km s�1, resulting in ⇡ 10 � 20 di↵erent or-
bital configurations per subhalo model. These orbits can be
parameterised in terms of the ratio of the specific angular
momentum (L0 = rp ⇥ vt) to the specific angular momen-
tum of a circular orbit (Lcirc = rp ⇥ vcirc(rp)) at the same
radius, rp. This ratio at the time of initialisation of the GC
inside the subhalo is provided in Table 1.

Each subhalo+GC system was evolved for a time period
of T = 8Gyr in the host galaxy. This time interval was
adopted since we are assuming a static Galactic potential
for the host, and it is generally assumed that the Galactic
potential of the MW has not changed significantly in the
past ⇠ 8Gyr.

All the subhalos were launched on the same circular or-
bit inside the host to facilitate comparison between di↵erent
cases (however, in Section 5 we discuss a few cases where ec-
centric orbits were employed). This orbit was similar to the
one employed in Section 2 to model in situ GCs. We un-
dertook a few trial simulations for orbital radii less than
60 kpc; however, we found that the cored subhalo models
were quickly disrupted by galactic tides from the host3. In

3 A cored subhalo withM0 = 109 M� at a galactocentric distance
of ⇠ 15 (40) kpc was disrupted in ⇠ 1 (2)Gyr.

contrast, the cuspy subhalo models were never completely
disrupted and always retained a bound remnant even after
experiencing significant mass loss. This is because the steep
inner density profiles of the cuspy halos makes them much
more resilient to tides (Kazantzidis et al. 2004; D’Onghia
et al. 2010; Peñarrubia et al. 2010, 2017), while the low-
binding energies of cored models render them more suscep-
tible to tidal destruction (c.f. Du et al. 2018). For these
reasons, we adopted an orbital radius of 60 kpc to ensure
the survival times of both types of subhalos, at least un-
til such time that the GC forms a tidal stream within the
subhalo prior to the subhalos disruption. Even with orbits
with such large mean spherical radii, the cored subhalos dis-
rupted in ⇡ 5Gyr (see Appendix C, Fig. C1). Nevertheless,
this timescale seems to be su�cient for the subhalo to a↵ect
the dynamics of the GC (e.g., Goerdt et al. 2006, and also
see Fig. A1).

Although we do not explore such cases in this work,
more massive (e.g., M0 ⇠ 1010 M�) cored subhalos could
survive long enough to deliver their GCs to smaller galactic
distances (⇠ 10 � 30 kpc), where most of the MW streams
are observed. However, due to limitations in computational
resources, we do not simulate subhalos with M0 > 109 M�
in this paper. We return to this point later in Section 6.
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図10 観測された GD-1の構造と軌跡 

 

[logic]シミュレーション条件 
サブハローの密度分布: Dehnen モデル, ρ∝(r/r0)-γ(1+r/r0)γ-4, カスプ型:γ=1, コア型:γ=0 
サブハローの質量: 108 or 109 Msun  サブハローのカスプ/コアと質量の大小でモデルを4種類に区別した。 
GCモデル: サブハローのモデルに関わらず質量は5×104Msunで一定。 
  サブハローにはこのGC以外の星成分は含まれないと仮定。 
 その他のモデルパラメータは表1を参照。 

Dehnen モデル 
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Figure 8. Transverse density profiles of GC streams. Panel ‘a’ corresponds to the stream produced from in situ GC (Sec. 2), where
the stellar distribution is uni-modal. The rest of the panels correspond to streams formed under the accretion framework (Sec. 4.1). Each
panel corresponds to the final distribution of GC star (gray) and DM (blue) particles in a specific simulation. The labels in the legend
describe the corresonding parent subhalo. In all the panels (except ‘a’), the stellar distribution is multi-modal, that can be observed in
the form of a narrow peak (marking the presence of the narrow-dense stream) and a broadened distribution (marking the presence of the
di↵use cocoon component). Secondary narrow peaks can be observed in some cases that mark the presence of secondary (neighbouring)
narrow components (see Figs. 5 and 6). Interestingly, some of the MW streams qualitatively feature similar density profiles (see Sec. 6).

potential degeneracy implies some challenges in discriminat-
ing between cored subhalos using �vlos . However, since cored
subhalos are still well separated in w,�Lz , accurate deter-
mination of these parameters can still be used to di↵erenti-
ate between the two cases. Similarly, some degeneracy that
exists between SCu and LCo in panel ‘c’ (implying poten-
tial challenges in discriminating between a low-mass cuspy
subhalo and high-mass cored subhalo) can again be evaded
using similar procedure. This second problem can further
be tackled by analysing the morphology of the stream under
question. For example, if a given stream is highly structured,
or possesses a high contrast cocoon component, or if a faint
disrupting micro-galaxy is detected along its orbit, a cuspy
parent subhalo would be favoured over a cored one. Overall,

these results imply that the present day physical properties
of accreted GC streams can be a potentially powerful tool
for infering the central DM density distribution inside their
parent subhalos.

4.2 Stream density variations and “gap”
formation under the accretion framework

In this section we show that the accretion of GCs in subha-
los provides a novel mechanism for the formation of gaps in
streams, one that arises naturally and di↵ers slightly from
those previously considered in the literature. Density varia-
tions in narrow, dynamically-cold low-mass streams are con-
sidered potential probes of DM substructure (Ibata et al.
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図8 各シミュレーションで形成された streamの、横方向の密度分布 

 

 


