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銀河系における小スケール暗黒物質への制限：
GD-1 stream と球状星団の近接遭遇確率の計算

　　人類の住む銀河系は、星団（恒星の集団）が階層的に合体・衝
突を繰り返して形成されたと考えられている。この描像を裏付
けるように、銀河系には、破壊された星団の残骸である「スト
リーム」と呼ばれる構造が数多く発見されている（図１）。

　　密度ギャップを説明する有力な説は、以下の説である：
　（学説）銀河系には、図４のような小さな暗黒物質の塊（サブハ
ロー ）が多数存在する。このサブハロー がGD-1と近接遭遇する
ことで、GD-1が摂動をうけ、密度ギャップが形成された

　　したがって、ストリームに沿った星の個数密度に揺らぎが存在すれ
ば、銀河系の重力場が滑らかではなく、微細構造を持つ（でこぼこ
している）ことの証拠であるとみなすことができる。

　　太陽から近い位置に存在するGD-1ストリームは、近年の人工衛星
Gaiaの詳細な観測により、ストリームに沿った星の個数密度に揺ら
ぎが存在することが判明し、銀河系の重力場の揺らぎを測定する研
究対象として注目を集めている。特に興味深い点は、GD-1には、密
度の低い場所が３箇所存在することである（図３）。

　　ストリームは、母体となった星団の軌道に沿って筋状に星が並んだ
構造であり、銀河系の重力場が滑らかであれば、ストリームに沿っ
た星の個数密度も滑らかになることが知られている（図２）。

　　この説が正しければ、目には見えないサブハロー を間接的に発
見できたことになるため、この説を徹底的に検証することは、暗
黒物質の性質を調べる上で非常に重要である。本研究では、あえ
てこの説に否定的な立場を取り、上記の説を検証した。

　　具体的には、GD-1が他の星団（球状星団）と近接遭遇して密度
ギャップが形成される確率を数値計算によって求めた。
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Figure 3. Matched filter map in GD-1 centric coordinates after applying the distance and PM relations shown in Figs 1 and 2, using spatial bins of 2 × 0.1 deg
bins. The top panel shows a convolved matched filter density map, while the bottom panel shows a column normalized version of the convolved map to increase
the stream track contrast. The maps have been convolved using a Gaussian kernel of 1 x 1 pixel to smooth over stochastic noise. The black lines show the fitted
stream track (and widths), while the red lines show the fit to the spur track.

readily apparent in Fig. 3, most notably the increasing width toward
lower ϕ1. The recovered track is mostly consistent with the track
determined from deep photometric data in de Boer et al. (2018),
given the uncertainties. The difference in the track location is most
pronounced in the region covering −45 < ϕ1 < −36 deg, and
likely influenced by the spur feature (Price-Whelan & Bonaca 2018)
connecting on to the main stream track.

Given the relevance of the spur feature for the formation of the
stream, we also constrain the track of the spur itself, by repeating
the fitting in the spatial region showing the spur (−40 < ϕ1 <

−15 deg) using a double Gaussian fit. The recovered parameters
for the spur track are shown in Table 3. We stress that the fitting of
two simultaneous Gaussian profile does not lead to changes in the
nominal stream track, which is well separated from the spur in the
regions studied. The spur track is shown in Fig. 3 as a red line along
with dashed lines indicating the recovered width.

To discuss the stream morphology in more detail, Fig. 4 shows a
zoom of the convolved density map highlighting some of the more
interesting regions of the stream. Once again, the stream clearly
shows wiggles, similar to those found in de Boer et al. (2018). Three
clear underdense regions can be identified, at ϕ1 ≈ −36, −20, and
−3 deg respectively. The stellar spur coming off the stream is clearly
visible and seen to extend slightly further and farther out than found
in Price-Whelan & Bonaca (2018). The feature also appears to arc
back toward the stream track at ϕ1 ≈ −20 deg. However, it is hard
to determine the significance of this given the small sample sizes
involved. Deep follow-up observations of this region are needed to
unambiguously nail down the track of the spur feature.

Our fit of the spur track shows that the spur feature is still well
separated from the main stream (>0.8 deg) at ϕ1 = −38 deg and
therefore does not connect to the higher ϕ1 gap edge as suggested
by Bonaca et al. (2019). While we cannot conclude that the spur
connects to the other side of the gap due to insufficient data quality,
it is interesting that the spur across most of the nearby gap. This
is also consistent with the deep photometric study performed in
de Boer et al. (2018) as visible in their fig. 8. We will discuss the
interpretation of this in more detail in Section 6.6.

The blob feature from Price-Whelan & Bonaca (2018) is also
visible in Fig. 4 at [ϕ1, ϕ2] ≈ [−14.7, 1.0] deg ([RA,Dec.] ≈
[176.3,52.7]), composed of ≈70 stars. The feature covers roughly
8 deg along the stream and cannot be connected to the stream with
the present data. Finally, we find an underdense feature at ϕ1 ≈
−3 deg, which was neither seen in data from de Boer et al. (2018)
nor Price-Whelan & Bonaca (2018) but was detected in Malhan
et al. (2019). This feature is especially intriguing given the distinct
sinusoidal wiggles in the stream track on each side of the under
density. We argue that this feature is likely a perturbation to the
stream in Section 6.7.

4 ST R E A M D E N S I T Y A N D TOTA L M A S S

Following the stream track determination, we will now constrain
the surface brightness and density of the GD-1 stream. This will
reveal the location and depth of the under densities shown in Fig. 3
as well as the overall density evolution of the stream. To determine
the stream densities, we construct another matched filter map of
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Figure 1. Schematic diagram for our simulations in this paper.

orbit of these 105 particles forward in time from t =
�T to t = 0 (current epoch) under the unperturbed
Galactic potential. After some experiments, we chose
�v = (0.5 km s�1)(T/6Gyr)�1 so that the length of the
GD-1 stream model at the current epoch is comparable
to the observed extent of the GD-1 stream. We recorded
the snapshot of these particles every 1 Myr and used this
information in Step 2.
Fig. 2 shows the stellar distribution of the unper-

turbed model at the current epoch. We see that the
unperturbed model reproduces the observed phase-space
distribution of the stars except for the apparent outlier
stars. This unperturbed model is used as the benchmark
model with which we quantify the strength of perturba-
tion from GCs (see Section 3.6 and Appendix B). We
note that randomly chosen 100 stars in the unperturbed
model is used in Step 2 to find GCs that may have ex-
perienced a close encounter with the GD-1 stream.

3.3. Step 1 (ii): Unperturbed orbits of the Globular
clusters with observational uncertainty

The GCs in the catalog of Vasiliev & Baumgardt
(2021) typically have ⇠ 3 percent error in distance. This
slight di↵erence makes a noticeable di↵erence in evaluat-
ing whether a given GC could have experienced a close
encounter with the GD-1 stream in the last few Gyr,
because a slight di↵erence in the initial condition can
cause a kpc scale di↵erence in predicting the location of
the GC in a few Gyr.
To account for the observational uncertainty, we sam-

pled the current position and velocity of each GC for
NMC = 1000 times from the error distribution. Namely,
we randomly sampled (d, µ↵⇤, µ�, vlos) for each GC, by
fully taking into account the correlation between the er-
ror in (µ↵⇤, µ�). We neglected the small uncertainty in
(↵, �). For each GC, we integrated the orbit backward
in time from t = 0 to t = �T under the unperturbed
Galactic potential. We recorded the position and veloc-
ity of each GC every 1 Myr (and used this information
in Step 2). For convenience, we enumerated each of
these Monte Carlo orbits by two integers (j, k), where
j (0  j  169) denotes jth GC in the catalog of Vasiliev
& Baumgardt (2021) and k (0  k  999) denotes kth

　　その結果、球状星団でもGD-1に密度ギャップは形成できること
が判明した。

　　ただし、３つの密度ギャップを球状星団だけで作るためには、
GD-1が３つの球状星団と過去に近接遭遇しなければならないた
め、その確率は10万分の1程度の確率であることが判明した。こ
の結果は、球状星団だけで密度ギャップを説明することは困難で
あることを意味し、サブハロー による密度ギャップ形成シナリオ
に傍証を与える結果であると言える。

図６　球状星団との近接遭遇による、GD-1 密度ギャップのモデル

図５　モデル計算の詳細

図４
サブハロー の
概念図

図３　GD-1ストリームの密度ギャップ

図２　ストリームの理論モデル

図１　
銀河系におけるストリーム
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