
Milky Way total Mass derived by Rotation Curve and Globular Cluster kinematics from Gaia EDR3

【アブスト】

MWの総質量や密度分布を、Gaia EDR3の球状星団(GC)分布を基に推測した。また、LMCの質量を大きく設定する(1.5e11Msun)と、MW総質量が
より重く見積もられることが分かった。 未緩和のサブ構造による影響を考慮してMW総質量を推定しても、その結果は大して変わらない。本研究で見
積もられたMW総質量の範囲は狭く、かつ低質量であり、TBTF問題の緩和に繋がる結果であると言える。

【ゴール】 MWの総質量・動力学構造を明らかにする。

【オリジナリティ】 Gaia EDR3でのGCの固有運動データを使用して、MWの物理量を推定した。

GAゼミ@2021/12/14  佐藤 元太

【コメント】

・MW質量の見積もり値が小さいとはいえ、TBTF問題にメスを入れられる
ほどの影響が本当にあるのか？納得しきれていない。

【ロジック】

モデル :MWハローのモデルとして、ZhaoとEinastoの2つを用意した。
それ以外の成分(バルジ・星/ガスディスク)はMcMillan 2017のモデルを使用。
このモデル下で、作用DFのパラメータ値をMCMC法で決定し、そのDFから種々の物理量を計算する。

J. Wang, F. Hammer, Y. Yang arXiv:2111.09324v1 

The total mass of MW 15

Figure 13. Comparing modeling results with mock MW-like of model

’m12m’ of FIRE2, which is a MW-like galaxy from cosmological hydro-

dynamic simulations with unrelaxed substructures. The green-dashed line

indicates the true rotation curve for the model ’m12m’, while the cyan

points show the rotation curve data with random errors added following ob-

servational errors. The red-dashed line and pink shaded region denote the

modeling results and 68 percent credible region from the models of MCMC

run.

built dynamical models for the MW using the action-based distri-

bution function. From the new dynamical model we have derived

the rotation curve and the mass profile for MW, and have compared

them with recent results based on Gaia data. The local dark matter

density and local escaped velocity are all consistent with literature

values.

We have used mock simulation data to test the robustness

of our results. Firstly, we consider the perturbation of a possible

massive LMC passing by MW, which results in the reflex motion

of halo stars with velocity intensities and directions modified at

different positions (Figure 11). By modeling mock GCs system

from the simulations with action-based DF and comparing with

the input value, we found the modeling can well recover the input

rotation curve value including the contribution from the massive

LMC (1.5 × 1011 M!) within 100 kpc. At large distances, this

model overestimates the rotation curve ∼ 20 percent at 200 kpc.

Secondly, we consider the effect of unrelaxed substructures on the

results. We have used the realistic cosmological hydrodynamic

simulations from FIRE2 Latter simulation data suite. The model

”m12m” produce a MW-like galaxy with unrelaxed substructures.

From the data model, we select stars with age older than 10 Gyrs

to build mock GCs system. The unrelaxed substructure results in

the final rotation curve fluctuating around its true value by about

10 percent.

In this paper we have chosen the most objective view in adopt-

ing baryonic and DM mass, by avoiding a priori against or for a

given modeling. It results that the total mass of the MW ranges from

5.36+0.81
−0.68×1011 M! to 7.84+3.08

−1.97×1011 M#, which significantly

narrows the previous ranges for the MW mass in the literature.
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Figure 14. Comparing MW total mass results measured in this work

with that made use of Gaia DR2 or EDR3. This figure is an up-

date of Fig.5 in Wang et al. (2020). Different methods has been la-

beled with different color. DF(distribution function): Posti & Helmi (2019);

Vasiliev (2019b); Eadie & Jurić (2019); Callingham et al. (2019); Li et al.

(2020); Deason et al. (2021), Spherical Jeans Equation (SJE): Watkins et al.

(2019); Fritz et al. (2020), RC: Karukes et al. (2020); Cautun et al. (2019,

2020), Escaped Velocity(Vesc): Necib & Lin (2021); Monari et al. (2018);

Deason et al. (2019); Grand et al. (2019). Red-dashed line indicates result

of this work for Zhao’s DM profile, and black-dashed line show result from

Einasto’s DM profile. The pink shaded region shows the 68 percentile cred-

ible intervals.
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Figure 11. The simulated velocity vectors maps for dark matter halo particles at different positions after the perturbation of a massive LMC (1.5×1011 M!)

passing by. Only particles outside the disk region (r>20 kpc) are shown.

Figure 12. It compares the measured RC for the simulated GCs with observed values. The green-dashed line show the input RC of MW without LMC

perturbation. The blue-dahsed line shows the rotation curve for the MW perturbed by LMC calculated with Vc =
√

GM(<r)
r

, which include the contribution

by LMC. The black crosses show the measured streaming velocity of gas without LMC perturbation. The cyan-dots show the streaming velocity of gas disk

after LMC perturbation. The red-dash line shows the RC recovered by the action-based distribution method with shaded region indicate 68 per cent credible

regions. The black-dashed line indicates the RC derived with
√

R ∂Φ
∂R after LMC perturbation.

Vmax > 30 km/s, while this fraction increases to ∼ 70 per cent

for a MW mass of 7.5 × 1011 M!. The total mass of MW in

our measurement naturally includes the contribution for LMC in

our measurement, since the contribution by LMC has been added

into the measured velocity for GCs. By assuming the LMC mass is

1.5×1011 M!, leads to a MW total mass of 6.34×1011 M!.

7 CONCLUSION

Using Gaia EDR3 data, we derive proper motions for about 150

MW GCs. When comparing their proper motions with that from

Gaia DR2, errors decrease by about a factor 2, which is consistent

with the Gaia data reduction analysis.

With the newly derived proper motions for the MW GCs and

by combining them to the constraints from the rotation curve from

5 to 25 kpc and from the vertical force measurements, we have
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Figure 8. It compares rotation curves derived from posterior distribution of our models with literature. The Zhao’s dark matter model is used. The shaded

region indicate the 68 percentile. The black dashed-line indicates the contribution from dark matter, while the magenta dashed-line shows the contribution

from baryon matter.

Figure 9. The posterior distribution of the escaped velocity at the solar posi-

tion for the Zhao DM density model. The red-dashed line and shaded region

indicate the median and 68 percentiles for the distribution, and these values

are listed in Table 2

work with recent results by using Gaia DR2 and EDR3. This

figure is an update of Fig. 5 of Wang et al. (2020), in which

the results are grouped on the basis of the different methods

used to estimate the MW total mass. Our range of estimates is

at the low end of MW mass, which may alleviate the tension

Figure 10. The distribution of dark matter density at the solar position for

the Spheroid model. The median and associated 68 percentile of the poste-

rior distribution from our MCMC runs are indicated by red-dashed line and

shaded regions, and these values are listed in Table 2.

of the ’too-big-to fail’ problem. Recent studies have suggested

that only three MW satellites (MCs and Sagittarius dwarf, see

Wang et al. 2012) could inhabit in sub-halos with their value of

Vmax larger than a threshold Vth ∼ 30 km/s , which is defined by

Boylan-Kolchin, Bullock & Kaplinghat (2011) as the massive fail-

ure threshold. Wang et al. (2012) used ΛCDM cosmological sim-

ulations and showed that only ∼ 5 per cent of halos with mass

Mhalo ∼ 2 × 1012 M! have three or fewer sub-haloes with
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表2

表2 :見積もられるMWの各成分の質量、および総質量。

他のパラメータ→図4, 5
図14 :本研究の結果を先行研究と比較する。本研究はMW質量を小さく

見積もっていることがわかる(consistentではある)。MW質量が小さいことは、
too-big-to-fail問題の軽減に繋がる。
図8 :赤で本研究の結果(Zhaoの方)から導かれる回転曲線を示す。

内側の領域(disk領域)でも、外側の領域でも先行研究と合致する結果を
得られている(Eilers+19, Vasiliev+21, Eadie+19)。

Cautun+20は矮小衛星銀河の効果を考慮しているためか、遠方領域で
本結果よりも回転曲線を大きく見積もることになっている。
図13 :MW内に多くある未緩和のサブ構造が、MW動力学にどのような影

響を与えるのかを調べた。 FIRE2 Latteシミュレーションの「m12m」モデルの
回転曲線(緑線)や垂直方向の力に摂動(観測での不確定性、Hattori

+20)を与えて入力値とし、再びMCMC法で力学分布を導出し、回転曲
線を再計算した。その結果、サブ構造はMWの特徴に対して、10%程度の
変動を齎す程度の影響しかないことが明らかになった。

図12 :LMCの効果を調べた。Erkal+20のGC速度分布に摂動を与えたサン
プルの回転曲線を、異なる手法で計算した(赤、青、黒線)。LMC摂動を

与える前の回転曲線(緑線)と比較して、遠方(〜50kpc)で質量が大きく
見積もられることになる。メインの結果にも同じ特徴が見られることから、
LMCの効果が本研究には含まれていることが分かる。
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Figure 4. Posterior distribution of parameters for potential fields with model using the Zhao’s DM density profile (Eq.6). The parameters

log ρ0, log ascale, γ,β and α, are for parameters of dark matter mass distribution. The parameters Mthin,Mthick,Mbulge are total mass for the thin and

thick disk, and bulge components, with units in 1010 M!. The parameters hthin, hthick indicate the scale-length for thin and thick disk, respectively. Contour

lines in each panel and the vertical lines in the marginal histograms show the 16%, 50%, 84% percentiles.

However, the fact that the LMC could very massive is still

under discussion. For example, GC distributions show no signifi-

cant velocity shift (Erkal, Belokurov & Parkin 2020). Conroy et al.

(2021) found that halo K giants show a local wake and a North-

ern over-density, which can be explained by the passage of a mas-

sive LMC. However, as they showed a reasonable tilted triaxial

halo model can explain this phenomenon equally well. It has of-

ten acknowledged that the LMC is at first-passage to the MW

(Kallivayalil et al. 2013). The splendid Magellanic Stream has been

well reproduced under the frame of ’ram-pressure plus collision’

model (Hammer et al. 2015; Wang et al. 2019), which reproduces

well the neutral gas morphology including its structure into two fil-

aments, the observed hot ionized distribution, as well as the very

peculiar stellar morphology of the SMC. This model requires the

total mass of LMC to be less than 2 × 1010 M!, which is almost

one decade smaller than that of a very massive LMC.

To test the effect of LMC on the final MW mass measure-

ment, we make a simulation to test how a massive LMC passing

by MW may affect mass estimates. We follow the same method of

Vasiliev, Belokurov & Erkal (2021) and we have built the pair of
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Figure 5. Posterior distribution of parameters of DF (eq. 8) of GCs with model using the Zhao’s DM density profile (Eq.6). The parameters B and Γ related

to the outer and inner slopes of DF, while η determine the steepness of transition. The dimensionless parameters gr, gz, hr, hz control the density shape and

the velocity ellipsoid in the outer and inner region. The inner and outer regions are separated with actions J0. κ that control the rotation. Contour lines in each

panel and the vertical lines in the marginal histograms show the 16%, 50%, 84% percentiles.

MW and LMC. Vasiliev, Belokurov & Erkal (2021) built models of

the MW and LMC interaction to investigate the effect on the Sagit-

tarius stream track. Their MW model consist of a stellar disk, bulge,

and dark matter halo. The dark matter halo have axis-symmetric

or triaxial-symmetric shape. For simplicity, we have used a spher-

ical dark matter model. We also introduce a light gas component,

which does not produce an essential effect on the total mass profile,

but that is used to generate test particles for reproducing the mod-

eled rotation curve. The LMC has a truncated NFW profile with

total mass 1.5×1011 M!. We notice that the model of Vasiliev

et al (2021) does not reproduce the MW RC (Eilers et al. 2019)

and that it overestimates rotational velocities by about 5%. We then

slightly scale down the MW mass value to match the rotation curve.

We note that these small change have little effects on the final re-

sults. We also remark that this modeling does not intent to repro-

duce whole full properties of the MW and massive LMC. Instead,

its goal is to gauge the effect of a massive LMC to the constraints

from the MW RC. Details on the structure of the pairs of LMC and

MW and on the simulations of their interactions can be found in

Vasiliev, Belokurov & Erkal (2021).

The LMC starts from 427 kpc away and is launched to reach

the current observed position, at about 50 kpc to the MW center.

The top row of Figure 11 shows the final velocity vector map of

MW dark matter particles. The massive LMC induces a strong dis-
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