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ies in the sample 2 versus their Galactocentric distances. The top
panel shows the absolute value of the rotation, |+) |. Galaxies with
lower |+) | tend to be located at lower Galactocentric distances.
However, MCMC fitting yields a slope< = 0.02+0.05

�0.04 km s�1kpc�1,
which is compatible with zero at 1 sigma (note that Carina is not
included in the MCMC fit, as discussed in Section 4.2.1). Further-
more, the rotation support ratio, |+) | /fE , also shows no significant
trend with respect to the distance to the MW. This can be seen in
in the bottom panel of Figure 5, and indicates that, while farther
galaxies could show slightly larger rotation signal, the overall rota-
tion support remains mostly constant at all Galactocentric distances.
In principle, this di�ers from tidal stirring models predictions where
an increase of |+) | /fE is expected with increasing distance from
the MW.

Nevertheless, it is important to point out that all the galaxies
studied in this work lie within the virial radius of the MW, and that
all of them are expected to have su�ered several pericentres pas-
sages in a Hubble time. This could have significantly reduced the
|+) | /fE ratio in all of them up to the point to make them indistin-
guishable one from another in terms of their rotation support. Also,
the comparisons provided here use the galaxies’ current Galacto-
centric distance as a proxy for the strength of the tidal interactions
and thus for the e�ciency of the possible dIrr to dSph transforma-
tion. In reality, this would depend on the number of passages and
the pericentre distance, as well as a number of internal and external
parameters of the dwarfs that have not been taken into account here
e.g. the concentration of the dwarfs or the orientation of their inter-
nal angular momentum with respect to their orbital plane. Lastly, it
is worth noticing that a straight line may not be the correct model
to fit to this data.

Given all these caveats, we believe that no strong claim about
the transformation of dwarfs from dIrr to dSph due to interactions
with the MW can be drawn form this data. If anything, our results
could suggest that tidal stirring was either a weak mechanism in-
volved in the evolution of these particular systems, or that it a�ected
all the galaxies in our sample in a similar way (except Carina). These
results are consistent with those found by Wheeler et al. (2017) who,
analyzing line-of-sight velocity gradients in a much larger sample of
galaxies, did not find any strong trend between the rotation support
and the distances of the dwarfs to their massive hosts. However, we
stress the small number of galaxies used in this study, and the fact
that only the sky-projected components of the velocity are being
considered. Future studies including more galaxies, velocity disper-
sion in the plane of the sky, or the three components of the stellar
velocities may shed some light on this matter.

5 CONCLUSIONS

In this paper we have explored the kinematics of 58 satellites of
the MW using Gaia EDR3. We selected member stars using G��-
G���, and derived systemic PMs for fourteen of them, namely those
containing more than 10 identified members. We accounted for the
e�ects of possible small-scale systematic errors and local astromet-
ric zero-points. Our results are in agreement with previous studies
based on Gaia and HST, being generally compatible at 1f level.

Combining the information from the PMs with line-of-sight
velocities available in the literature, we derived the systemic 3D
motion of these galaxies. Six of them, namely Carina, Draco, For-
nax, Sculptor, Sextans, and Ursa Minor, have mean velocity com-
ponent errors smaller than the corresponding line-of-sight velocity
dispersion. The number of identified member stars ranged from 244

Figure 5. Internal kinematics of the galaxies as a function of their Galacto-
centric distance. Top panel: absolute values of the error-weighted mean of the
rotation velocities, |+) |, as a function of the Galactocentric distance, 3⌧⇠ .
Bottom panel: rotation support ratio, |+) | /fE , as a function of 3⌧⇠ . The
values of fE are along the line-of-sight and are taken from McConnachie &
Venn (2020b) (see Section 4.2.1). Dark blue lines represent the best linear
fits obtained with a MCMC. Light blue lines show a a thousand random
samples from the MCMC chain. Carina has been excluded from the fits.

(Sextans) to 5488 (Fornax). We studied the internal kinematics of
these six galaxies, projecting the stellar PMs into radial (expan-
sion/contraction), +' , and tangential (rotation), +) , components
with respect to their CM.

We found no evidence for expansion or contraction (+' <
0 km s�1 ) in the studied galaxies, except perhaps for Carina, which
shows expansion at 1f level. The mean tangential component of
the velocity in the plane of the sky, +) , reveals significant rotation
for Carina, Fornax and Sculptor in the clockwise direction. Apart
from that in Sagittarius dSph (del Pino et al. 2021), these are the
first measurements of internal rotation in the plane of the sky for
dSphs satellites of the MW. All the galaxies show rotation velocities
smaller than their velocity dispersion, |+) | /fE < 1, except Carina
albeit a�ected by a large error.

Comparing the mean internal rotation of the dwarfs to their
internal properties, we found that all the galaxies in our sample
show values of |+) | /fE below that expected for systems dominated
by their intrinsic rotation. While galaxies with lower |+) | /fE tend

MNRAS 000, 1–12 (2021)

8 A. M. Martínez-García et al.

Figure 3. Rotation support ratio, |+) |/fE , versus the ellipticity and dy-
namical mass. Top panel: |+) |/fE as a function of the projected ellipticity,
4. Bottom panel: |+) |/fE as a function of the dynamical mass within the
half-light radius, " (A⌘) . The values of fE are along the line-of-sight and
are taken from McConnachie & Venn (2020b) (see Section 4.2.1). Dark blue
lines represent the best linear fits obtained with a MCMC. Light blue lines
show a a thousand random samples from the MCMC chain. Carina has been
excluded from the fits.

4.2.2 Velocity profiles and kinematic maps

To study the spatially-resolved internal kinematics, we further re-
strict our galaxy sample to those containing at least 500 member
stars, to ensure statistically sound results. Therefore, in this section
we study Fornax, Sculptor, and Ursa Minor (sample 3). The qual-
ity of our data in these galaxies allows us to study their internal
kinematics averaged at di�erent galactocentric distances, position
angles, and 2D positions in the sky. To compute the averaged ve-
locity components, we use three di�erent binning schemes in each
galaxy: a 1D binning in radius, a 1D binning in angular position,
and a 2D binning in radius and angular position. For the first one, we
use bins defined by 5C⌘ quantiles in galactocentric elliptical radius;
for the second one, four equal angular sections starting from the
galaxy optical minor axis; for the third one, Voronoi cells (Cappel-

lari & Copin 2003; del Pino et al. 2017) of ⇠ 500 stars in Fornax
and Sculptor, and ⇠250 stars in Ursa Minor. For each bin in each
binning scheme, we compute error-weighted averages of the stellar
velocity components together with their corresponding standard er-
rors (Eq. 3). We denote Ẽ', 9 and Ẽ) , 9 the average values for bin
9 , within each binning scheme. The total error within each Voronoi
cell (�Ẽ 9 ) is computed as the square root of the quadratic sum of
the error of both velocity components.

In Figure 4 we show (from left to right) the mean velocity
components and their corresponding errors within the radial bins,
the angular bins, and the Voronoi cells. In the rightmost panels, the
systemic PMs are represented by large blue arrows, and are referred
to the Galactic Standard of Rest (GSR), i.e. after subtracting the
reflex motion of the Sun around the MW. The averages of both
internal velocity components, shown by black arrows, are referred
to the CM of each galaxy. In the following, we analyse the main
features for each galaxy.

Ursa Minor has the largest error bars both in the radial and an-
gular profiles (⇠ 5 km s�1). Nevertheless, the errors are below the
galaxy velocity dispersion, fE , in all the bins. Radial and angular
profiles show mean velocities mostly compatible with zero, with an
increase in Ẽ' along the semi-minor axis (Figure 4, second panel).
The galaxy shows a weak anticlockwise rotation (Figure 4, third
panel), although the velocity components are below their uncertain-
ties, being consistent with +) ⇠ 0.

Sculptor shows a consistent clockwise rotation signal, Ẽ) < 0,
within all sampled bins and no net radial expansion or contraction,
Ẽ' ' 0. This rotation pattern can be more easily observed in right-
most panel of Figure 4, and is compatible with Sculptor’s mean
tangential velocity, +) = �3.00 ± 1.02 km s�1 .

Overall, Fornax displays clockwise rotation, Ẽ) < 0, and no
net radial expansion or contraction, Ẽ' ' 0, at all radii. Both com-
ponents of the velocity show some dependence with the PA, with
positive values of Ẽ) , and negative values of Ẽ' along the southeast
semi-minor axis, \ ⇠ 180 deg. This can also be observed in the
Voronoi tessellation maps in the rightmost panel of Figure 4, with
the two cells located southeast from the center of Fornax showing
apparent contraction and one showing strong counter rotation.

The case of Fornax is especially interesting for a number of
reasons. The projected major axis and the systemic PM point in
perpendicular directions. This strengthens previous detections of
velocity gradients along its projected major axis (Battaglia et al.
2006; del Pino et al. 2017), pointing to the presence of internal
rotation along the line-of-sight. Apart from harboring five globu-
lar clusters, Fornax is known to have substructures and shell-like
clumps of stars in its young populations (Coleman et al. 2004;
Coleman & Da Costa 2005; de Boer et al. 2013), and to show asym-
metries in the spatial distribution of its stellar populations (Battaglia
et al. 2006; del Pino et al. 2015; Wang et al. 2019). We detect strong
counter rotation (> 1f) in a cell southeast from the galaxy center,
indicating that some of its stellar content may not be virialized.
Interestingly, this cell contains the stellar shell found by Coleman
et al. 2004. These findings could only be explained by processes
capable of asymetrically perturbing the system, such mergers with
other systems (Amorisco & Evans 2012; del Pino et al. 2015; del
Pino et al. 2017), or the accretion of previously expelled gas due to
secular star formation processes.

4.2.3 Environmental e�ects

Interaction with the MW is expected to have had an impact on the
evolution of the satellites. In the context of the tidal stirring scenario
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【アブスト】

Gaia EDR3のデータを元に、MWの衛星銀河6個の内部運動情報(収縮/膨張速度と回転速度)を明らかにした。そのほとんどが回転支持系ではなく圧力
支持系である結果が得られた。回転が遅い銀河ほど楕円率が大きく、かつMW中心からの距離が小さい傾向にあったものの、有意な差とは言えない程度
であった。また、MW本体が各衛星銀河に与える潮汐効果の大きさは、MWからの距離に依存しないと考えられた。

【ゴール】 MW衛星銀河の内部プロファイルを決定し、その進化過程を辿る

【オリジナリティ】 MW衛星銀河の内部運動情報を、天体単位で解析した

GAゼミ@2021/04/19  佐藤 元太

【コメント】・有意な差がない結果が多く、衛星銀河全体の傾向として何か示唆がほしいところ。
【コメント】・個々の衛星の形状がどう時間進化するのか示されないか？

【背景】

Gaiaデータの高い精度によって、dSphの内部運動情報を測定することができた。MW衛星銀河はこれまで圧力
支持系だと思われていたが、観測情報から回転運動もしていることが分かった。このことから何か、衛星銀河に
ついて新たな考察を得られるかもしれない。

【結果】
図3：衛星銀河のメンバー天体の運動を基に、天球面上での回転速度 !" 、視線速度の分
散#$、天球面上の楕円率%、半光度半径内の質量&(())を計算し、プロットした。
・全体的に !" /#$は1以下→圧力支持系であることは確認される。
・%は !" /#$と負の相関を有するが、誤差の範囲に含まれる程度。
・&(())と !" /#$には明確な関係性は見られない。 (Carinaを除く)

図3

Alberto Manuel Martínez-García, Andrés del Pino, Antonio Aparicio et al. arXiv:2104.00662v1 

図5
図5：MW本体からの潮汐効果によって、回転支持系の衛星は近点を通過するごとに圧力支
持系に変化していく、というシナリオがある。その場合、MWから遠いほど衛星銀河ほど回転運
動が支配的(= !" /#$大きくなる)はず。この説を検証した。確かに正の相関が見られるが、傾

きが予想されるより緩やかで、誤差の範囲内に収まってしまう。シナリオの修正が必要である。
・潮汐効果は衛星銀河の進化に大した影響を与えていない
・潮汐効果の強さは、実は距離に依存しない

図4：メンバー天体を500個以上有している3つの衛星銀河に着目し、速度分布を描画した。
・Ursa Minorは短軸に沿って ,-.が大きくなる。有意な回転運動は見られない。
・Sculptorは平均して収縮/膨張は0で、3.00km/sで回転運動している。
・Fornaxは主軸と垂直方向に重心運動している→視線方向に内部回転がある(?)。

回転運動の中に、1つだけ逆向きの回転運動がある→未だ平衡状態に至っていない？
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Figure 4. The spatially-resolved internal kinematics of the Ursa Minor, Sculptor, and Fornax dSphs. From left to right, the three columns show the error-weighted
mean of the tangential and radial components of the velocity ( Ẽ' , Ẽ) ) using the three di�erent schemes described in the text. The first column shows Ẽ' in red,
and Ẽ) in blue, computed within radial bins along the elliptical radii defined by the 5C⌘ quantile. The second column shows the same quantities, but derived
within four angular sectors starting from the semi-minor axis found in anticlockwise direction from the North direction, i.e. located in the East half of the
galaxy. Errors are shown by the shaded areas in the corresponding colours. Blue vertical lines represent the direction of the PM in GSR in the second column.
The third column shows the mean sky-projected 2D kinematics. Here, small black arrows show the mean internal velocities measured within the Voronoi cells
of ⇠ 250, ⇠ 500 and ⇠ 500 stars for Ursa Minor, Sculptor, and Fornax, respectively. The length of the arrows indicate the absolute value of the velocity, and the
scale is the same for all panels. Blue arrows indicate the direction of the galaxies’ systemic PM in the GSR. The projected stellar densities are shown by black
contours. The rest of the markers coincide with those of Figure 1.

(Mayer 2010 and references therein), rotation-supported dwarfs are
tidally shocked in successive pericentre passages to be gradually
transformed into pressure-supported dSphs, causing a drop in the
internal rotation of dwarfs closer to the MW. Therefore, if this sce-
nario is correct, the mostly pressure-supported dSphs we observe
today would be the evolved state of former rotation-supported sys-
tems that have retained a fraction of their original rotation.

We have investigated possible traces of such interaction in the

internal kinematics of the galaxies in our sample. To do so, we have
studied their mean internal velocity components and their positions
with respect to the MW. We have derived their Galactocentric dis-
tances assuming the Galactic center to be located at U = 266.4051
deg, X =–28.936175 deg (Reid & Brunthaler 2004), with a distance
of 8.3 kpc (Gillessen et al. 2009), and a height of the Sun above the
Galactic midplane of 27 pc (Chen et al. 2001).

Figure 5 shows the sky-projected internal rotation for the galax-
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