
Canada-France Imaging Survey (CFIS) で得られたu-band 撮像データとGaiaDR2を用いて、銀河系ハローの球状星団NGC 5466に付随するBHB星
と赤色巨星を同定した。これらの星は空間的にはNGC5466に付随するストリーム構造になっており、同じ方向へ固有運動している。またストリームに沿っ
た３１°の範囲で、距離の勾配が 10<R<30 kpc ほどあることもわかった。球対称の銀河系重力ポテンシャルを仮定して計算した軌道で、ストリームの空間
分布と運動がおおよそ再現できることを示した。
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VI. 議論：
・ 図３、図５のモデルによれば、50Myr 前に
近銀点を通過し、ほぼ同時に円盤を横切っ
ている ➡比較的最近に質量の多くを失っ
た。”disk-shocking”を受けた可能性が指摘さ
れている。
・ 先行研究Lux+12 では、当時の観測結果
をもとにストリームを再現する銀河系ポテン
シャルを調べ、球対称ポテンシャルが棄却さ
れると結論づけた。しかしこのモデルは今回
の観測（Rhelioやvr）を再現できず、結論の
再考が必要

I.  背景:
・ 球状星団に付随する恒星ストリームは、銀河系の重力ポテンシャルのトレーサーとして広く用いられてきた。
・ Gaia によって太陽近傍の星については三角視差（parallax）が精密に測定されている一方、遠方については不定性が大きい。固有運動については比
較的遠方まで測定可能
・ この論文では、CFIS(u)、Pan-Starrs1 (griz)、Gaia (G) の撮像データを組み合わせることで、星の距離と[Fe/H]の見積もりを遠方の外部ハローにおいても
可能にした。

・円盤通過時にストリームがどのような影響を受けるか、観測的に検証できたら面白そう

II. データ: ①Blue Horizontal Branch (BHB)星: CFIS + Pan-Starrs1 によるcolor-color cutとrandom forest classifierで選んだ ~10,200天体（うち~25%がblue 
strangler のコンタミ） ② Red-giant branch (RGB)星:  CFIS + Pan-Stars1 + Gaia をもとに抽出、Gaia parallaxをもとに<5kpc以内の天体を除いた ~103,000天体
IV. 結果
・ 図１： OPTICS （クラスターを検出するアルゴリズム）を用いて、球状星団NGC5466 と同じ固有運動を持ち、ストリームメンバー星と同定されたBHB星
・ 図２： RGB星に固有運動、[Fe/H]、距離でカットをかけて見えてきたストリーム構造
・ 図３： 同定されたストリームメンバー星の固有運動、距離、視線速度と、par`cle-spray 法（星団のラグランジュ点から一定の割合で星を放出、その軌道
を+-2 Gyr計算）との比較。モデルでは球対称重力ポテンシャルを仮定。Proper mo`on, vrでは観測をおおよそ再現できている。Rhelio （左下） では観測とず
れており、球対称重力ポテンシャルの仮定が正しくない可能性
・ 図５： Par`cle-Spray 法（左の3D図）と質点の軌道計算（右図）で得られたNGC 5466 ストリームのモデル計算結果 The NGC 5466 Stellar Stream 13

Figure 10. Comparison of kinematics against q1 in the gold sample stars (grey error bars) and sprayed particles from the dynamical model (black points).
The top panels show uncorrected proper motions in U and X, where the highlighted ranges show the upper and lower bounds of the fitted lines (same as in
Figure 8). We show the heliocentric distances in the bottom left panel. Based on their discrepant distances, three gold sample members are highlighted in each
panel with red circles. The final panel in the bottom right show the line-of-sight velocities for six stars present in LAMOST. Note that one particular outlier at
(q1, R⌘4;8>) = (-13.7�, 11.2 kpc) corresponds to the red circle in the final panel, which further confirms this star is an outlier based on its inconsistent radial
velocity.

anticipate that the dynamical properties of the stream quantified in
Section 4.2 will help in identifying additional member stars. This
is a particular priority for the trailing arm, which could well extend
beyond the SDSS and CFIS footprints. The other obvious observa-
tional constraint currently lacking from our analysis are the radial
velocities for member stars. In this era of Gaia, it is increasingly
the case that tangential velocities are more readily available than
radial velocities, the exact opposite of what it has been for many
decades. However, obtaining the stream’s full 6-D kinematics will
allow us to explore the phase-space distribution in detail� including
deriving energies and angular momenta for our member stars. With
spectra of su�ciently high resolution, we can also better explore the
chemical abundances of our stream sample. Already, this type of
analysis on the main body has shown trends in U-elements similarly
observed in dwarf galaxies (Venn et al. 2004; Lamb et al. 2015),
and follow-up spectra of [U/Fe] abundances along the NGC 5466
stream should soon be possible with WEAVE (Dalton et al. 2012).

It is notable that this stream was identified in Gaia DR2 when
combined with photometric parallaxes from CFIS, that currently do
not cover the full intended footprint of this survey. Using the all-sky
power of Gaia, and the wide field u-band perspective of CFIS for
10,000 deg2 in the north, soon to be followed by the Legacy Survey
of Space and Time (LSST at the Vera C. Rubin Observatory) in the
south, our exploration of the outer Galaxy is only just beginning.
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Figure 3. Left: Tangent plane projection of the OPTICS BHBs identified as part of the NGC 5466 group (orange valley in Figure 2). The red dashed circle
corresponds to the tidal radius of the cluster, and the red arrow represents the proper motion of the cluster (Baumgardt et al. 2019) corrected for Solar reflex
motion. Right: Proper motion vector point diagram for the OPTICS BHBs of NGC 5466. The cluster of stars within the green circle correspond to stars moving
with the same systemic proper motion as the cluster. We highlight the BHBs corresponding to stars moving with the cluster (outside rC ) as cyan stars in both
panels. Their (Solar reflex-corrected) proper motion vectors are also shown as black arrows in the tangent plane.

stream’s properties. It is with these considerations in mind that we
decided to conduct a more complete examination of this structure.
We summarize the relevant observational parameters of NGC 5466
in Table 1.

Figure 3 shows the resulting OPTICS grouping for NGC 5466.
The left panel shows a zoom-in of the tangent plane as seen in
Figure 2 and the right shows their associated proper motions and
uncertainties as reported by Gaia DR2. Proper motion errors are
corrected by a factor of 1.1, as these values are typically underesti-
mated by 7 � 10% for fainter sources (G > 16 mag; Lindegren et al.
2018). The centroid of the green circle is located at the cluster’s
proper motion (`U⇤, `X) = (�5.41, �0.79) mas yr�1 as derived by
Baumgardt et al. (2019). We also represent the cluster’s motion in
the tangent plane as the red vector, after correcting for Solar re-
flex motion assuming a distance to the cluster of 16.0 kpc (Harris
1996, 2010 edition). For this calculation, we adopt Local Standard
of Rest (LSR) values from Schönrich et al. (2010) ([U, V, W]� =
[11.1, 12.24, 7.25] km s�1) assuming the circular velocity at the Sun
is 229 km s�1 (Eilers et al. 2019) and the Sun’s position is the same
as in Section 3.1.2.

The right panel of Figure 3 shows a clear clustering of points
corresponding to the systemic proper motions of NGC 5466. Inter-
estingly, there are six BHBs outside rC (red dashed circle) whose
proper motions are consistent with stars in the cluster’s main body,
shown in both panels as the cyan stars. As done previously with the
cluster’s proper motion vector, we correct these cyan stars for So-
lar reflex motion using their photometric distances and previously
assumed values for the motion and position of the Sun. We overlay
their corrected proper motion vectors on the tangent plane to show
these BHBs are clearly moving in a similar fashion as the globu-
lar cluster itself, suggesting they are an extra-tidal population from
NGC 5466. Our detection of a co-moving group of BHBs is consis-
tent with earlier findings of the stream from Belokurov et al. (2006)
and Grillmair & Johnson (2006). However, the BHB population by
itself is too sparse to clearly define the path of this putative stream.

Figure 4. Vector point diagram of all giants (P680=C > 50%) in the CFIS
dataset. Stars within 1 � 2r⌘ of the cluster are shown as red points. The red
dashed circle is the 2 mas yr�1 boundary chosen to select stars with broadly
similar proper motions to the globular cluster.

3.2 Using red giant branch stars to trace NGC 5466

3.2.1 Filtering the red giant branch stars

Here, we use the more numerous RGB stars to better trace the
extended NGC 5466 system. We begin with the sample selected
in Section 2.2 of ⇠103,000 stars, and first perform a simple cut
in proper motion-space to remove obvious non-members. Figure 4
shows the vector point diagram of all RGBs in the current sample.
Red points in this figure show stars within 1 � 2 half-light radii (r

⌘
)

of NGC 5466, which form a tight clumping around the systemic
proper motion of the cluster. We remove a large fraction of back-
ground contamination by only retaining stars whose proper motions
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Figure 5. Tangent plane projection of giants in CFIS, centered on NGC 5466
(magenta circle). (a): Giants with P680=C > 50%. (b): Grey points are
the full sample as shown in (a), black points are the sample after filter-
ing for proper motion. (c): Stars remaining after filtering for metallicity,
[Fe/H] = [�2.3, �1.7] dex. (d): Stars remaining after filtering for distance,
R⌘4;8> = [10, 22] kpc. Data within the green area are retained for further
analysis.

fall within a 2 mas yr�1 radius around the mean value for the cluster
(red dashed circle). This radius is nearly 10 times larger than the
average proper motion uncertainties of stars in the cluster’s core,
and is therefore unlikely to remove any stars associated to the clus-
ter. This cut greatly reduces the sample down to ⇠6,600 stars. The
top panel in Figure 5 shows the tangent plane for all giants in the
original dataset, while the second panel shows the RGBs remaining
after the proper motion cut.

NGC 5466 has a metallicity of [Fe/H] ' �2 dex (Harris 1996,
2010 edition) and no reported evidence of a spread in iron. There-
fore, we require the metallicity for candidate stream members to be
limited to a range of [Fe/H] = [�2.3, �1.7] dex. The range is set by
the global uncertainty on the metallicity of the giants in our dataset
(±0.3 dex; see T19). The stars that remain after this cut are shown
in the third panel of Figure 5.

Finally, we restricted the allowable heliocentric distance range
for the RGB stars. This selection was made primarily based on two
factors: firstly, NGC 5466 is located 16 kpc away, and secondly,
typical distance uncertainties for our stars are ⇠25%. Further, the
distance of stars along the stream are as of yet, unknown. It is quite
possible that the putative stream may exhibit a significant distance
gradient. For these reasons, we require R

⌘4;8>
= [10, 22] kpc. The

remaining stars in our dataset are shown in the lower panel of
Figure 5.

3.2.2 Identifying stream members

The descending panels of Figure 5 show tentative evidence of an
extended structure south-east and north-west of NGC 5466. If this
structure is real, then there should be a gradient in the proper mo-
tions of the relevant stars seen on-sky, i.e. a coherent phase-space
structure. To investigate this possibility, we selected stars within a
generous polygon defined by the green box in panel (d) of Figure
5. This selection is made to broadly cover the area of the putative
stream, without being too restrictive. We then automatically search
for any stars that are consistent with displaying a gradient in their
proper motions. Specifically:

(i) We first examine the behaviour of `U* as a function of U for
all stars. We fit a straight line to all the data, where the weights are
given by the uncertainties in the individual proper motions;

(ii) We retain those stars that are less then 3f from the fitted
line. We then generate a new fit to these data;

(iii) Using the fit from the previous step, we compare this fit to
all the data (i.e. including stars that were rejected in the previous
iteration), again only retaining stars less then 3f from the fitted line.

(iv) We repeat step (iii) until convergence;
(v) For the stars that survive the sigma-clipping in `U* vs U, we

repeat the process for `X vs X.

Figure 6 shows the impact of applying this procedure to the
dataset. Red points in this figure are the surviving members of the
sigma-clipping. It is notable that these form a clear, coherent, and
extended stream-like structure on the sky as shown in the right panel,
with only a few outliers. We note that we have repeated this analysis
for di�erent polygon shapes of the selection box in panel (d) of
Figure 5, and we have verified that our conclusions are independent
of the exact shape of the polygon. We conclude that the red data
shown in Figure 6 are a real detection of stars belonging to an
extended stellar stream from NGC 5466. In what follows, we refer
to these stars (beyond the tidal radius of NGC 5466) as our “gold”
sample, and we additionally include the extra-tidal BHBs identified
in Section 3.1.3. Properties of these stars are provided in Table 2.

4 QUANTIFYING THE PROPERTIES OF THE STELLAR
STREAM FROM NGC 5466

In this section, we use the gold sample to quantify the path of the
stream and search for additional members. We then quantify the
stream’s morphology and estimate its luminosity.

4.1 Defining a native coordinate system

As a satellite orbits the Galaxy, its trajectory follows a path that is
closely represented by the best fit great circle (Johnston et al. 1996;
Ibata et al. 2001). For a relatively distant stream such as NGC 5466
that clearly spans several tens of degrees, a great circle fit in the
heliocentric frame is a good approximation to the Galactocentric
equivalent, and is highly convenient as a frame in which to quantify
the stream’s properties. Positions on the celestial sphere are given
in (q1, q2) which describe the longitude and latitude, respectively,
of the great circle.

For the NGC 5466 reference frame, we determined the best fit
pole of the great circle plane using stars from the gold sample. We
used a least-squares minimization to minimize the scatter of stars in
the q2 coordinate such that the origin of this system is centered on
the cluster. The resulting plane is defined by its pole at (U% , X%) =
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Table 3. Galactic potential parameters.

Component Parameter Value

Bulge M1 5 ⇥ 109 M�
a 1 kpc

Disk M3 5.56 ⇥ 1010 M�
b 3.5 kpc
c 280 pc

Halo ME8A 8.2 ⇥ 1011 M�
RE8A 207 kpc
c⌘ 12
rB 17.25 kpc

Figure 9. Orbit integrations of NGC 5466 in the Galactic frame. The left
plot shows a 3D representation of the sprayed particles, where the scaled
colors correspond to Galactocentric radius (R). We also show the Solar circle
where the Sun is located at the blue point. In the right panel, the blue and red
trajectories are the backwards and forwards point-mass orbit integrations of
NGC 5466.

For our particle-spraying simulations, we account for the in-
ternal gravity of the satellite, represented as a spherical Plummer
(1911) profile:

�? (A) =
�⌧"B0Cp
A2 + 32

(7)

We used the present-day stellar mass of NGC 5466 and a scale
length (d) of 6.7 pc derived from the core radius of the cluster (see
Table 1).

The point-mass orbit of NGC 5466 was integrated forwards
and backwards in time by 1 Gyr to examine the trajectory of the
cluster in our chosen Galactic potential. This serves as a rough
estimate to the most likely path of the stream.

For the particle-spray method, we initiated the cluster 2 Gyrs
ago and ran the model forward in time, releasing one particle at
each Lagrange point per timestep (for a total of 1,000 timesteps
every 100 Myrs). Mass loss is not explicitly tracked in this method,
therefore saving on computation time; however, each ejected particle
is provided orbit information based on the current position and
velocity of the progenitor and integrated forward with the cluster,
allowing the stream’s evolution to be mapped in phase-space. We
examine the qualitative resemblances between the observational
data and dynamical model in the following section.

6 DISCUSSION

We show the point-mass trajectory of the cluster in Figure 9, where
the backwards and forwards orbit integrations are represented as
blue and red lines, respectively. From this estimation, we find that
the pericenter is approximately 6.42 kpc, apocenter is 42.99 kpc,
and the eccentricity of NGC 5466’s orbit is 0.74. These values agree
closely with those estimated in Baumgardt et al. (2019).

We note two significant points from the (R, z) panel on the
right in Figure 9: firstly, the cluster’s most recent pericentric passage
occurred ⇠50 Myrs ago, and secondly, NGC 5466 recently crossed
the Galactic disk. Both interactions (especially at nearly the same
time) suggest significant and recent mass loss. Previous simulations
modeling the cluster’s detailed disruption have obtained similar
conclusions, claiming that NGC 5466 has su�ered disk-shocking
(Odenkirchen & Grebel 2004; Fellhauer et al. 2007). In particular,
Fellhauer et al. (2007) used �������� particle-mesh simulations
fit to the stream’s surface density and width based on the matched
filter path given by the Grillmair & Johnson (2006) detection, and
present-day cluster measurements given by H�������� and Harris
(1996). Their work suggested that the tidal tails of NGC 5466 could
be as lengthy as 100� on the sky � for comparison, this is nearly
the same order as the length of the Sagittarius stream (Ibata et al.
2002; Majewski et al. 2003). Though it would be worthwhile to
calculate an updated, post-Gaia estimate for the cluster’s disruption,
we consider it beyond the present scope of this work. We leave
it to future e�orts to utilize Gaia astrometry with more detailed
simulations matched to the gold sample.

Though the purpose of the particle-spray model was to com-
pare the kinematic trends of star particles to our gold sample (and
not to model the disruption of NGC 5466 over time), we find good
agreement between observations and our simple model. Figure 10
shows the proper motions and heliocentric distances as functions
of q1, where the particles are represented as black points and the
gold sample members are shown as grey error bars. We find that
the global behavior of the proper motions is well-replicated by the
model as a function of longitude. However, our simplistic model
appears to systematically underestimate the distances in the leading
arm (although there are not as many identified points at these larger
distances). It is quite possible that this divergence may be a result of
the spherical dark matter halo shape we implemented; alternatively,
it could perhaps be due to an interaction with another satellite. Our
preliminary analysis suggests NGC 5466 may have passed close
to the LMC in its recent trajectory; however, this requires more
investigation with a time-dependent potential.

There are three gold sample members in Figure 10 whose
proper motions are consistent with the rest of the data and the
model, but whose distances do not follow the global trends. We
consider these three points, highlighted with red circles, as out-
liers/contamination, and they are noted in Table 2 with an asterisk.
We note that these additional members do not greatly a�ect esti-
mates for the stream width, mass, or length.

Lastly, we cross-matched the gold sample to spectra available
from LAMOST (Large sky Area Multi-Object Fiber Spectroscopic
Telescope; Luo et al. 2015) and obtained radial velocities for six
gold sample members. We show the comparison between in LAM-
OST DR6 radial velocities to ���� particles, which indeed appear
consistent for all except one star that has already been labeled a
contaminant based on its heliocentric distance. Summarized obser-
vational data for these stars are located in Table 4.

Given that we find broad agreement between data and model,
we also compare to previous simulations of NGC 5466. Two works
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