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[abstract] 
銀河のダイナミカルなモデルを立てる方法として、Schwarzschild モデルという方法がある。これは、天体の軌道を適切に重ね合わせることで実際の分布
を再現する手法である。観測データからこのモデルを立てる場合は、①ポテンシャルと分布関数が縮退して決定できない、②2次元投影データを一意に3次
元分布に復元できない、という問題が未解決であるものの、それさえクリアすれば、この手法で系のパラメータを正確に再現できる。 
 [goal] 

任意の形状の銀河のダイナミカ
ルなモデルを構築する。 

[originality] 
bar や diskを含む平坦な系でも使用できるSchwarzschild
モデルのコードを作成した。 
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Figure 3. Top row: kinematic maps of a barred disk galaxy (v,�, h3, h4), with overplotted
contours showing the surface density. The inclination is 45� and the bar is rotated by 45� from
the line of nodes; the equatorial plane is shown by a green rectangle.
Bottom row: likelihood surface as a function of two free parameters in Schwarzschild models:
pattern speed ⌦ and mass-to-light ratio ⌥. Red cross indicates the true values; contours and
color show the �2 values for each model: white area has �2 ⇡ 0 (except the rightmost panel),
and subsequent contour level show 1�, 2�, 3�, . . . uncertainty regions for 2 degrees of freedom
(��2 = 2.3, 6.2, 11.8, . . . ). The leftmost panel corresponds to the model shown in the top row.
The remaining panels show models observed at di↵erent orientations and hence having di↵erent
kinematic maps (not shown here): edge-on (inclination 90�) and bar seen end-on (↵ = 90�) or
sideways (↵ = 0). The rightmost panel corresponds to the models fitted to kinematic maps with
a realistic amount of added noise (5 km/s for v and �, and 0.05 for Gauss–Hermite moments).

contours of �2 as a function of the mass-to-light ratio ⌥ and the pattern speed ⌦. The
model with the true values of parameters is essentially a perfect fit, and even a 10%
deviation in ⌥ or a 20% deviation in ⌦ is noticeably worse. Other panels in the bottom
row show the results of the fit for models observed at less favorable orientations (assuming
that the orientation is known); they demonstrate that the constraints are weaker but still
unbiased, and even with a realistic amount of noise the true parameters are recovered
remarkably well.

7. Summary and outlook

The problem of dynamical modelling of barred galaxies has several conceptual di�cul-
ties. Non-uniqueness of deprojection is especially troublesome for bars, which do not have
ellipsoidally stratified density profiles. Incorrect assumptions about the intrinsic shape
may lead to biases in dynamical inference on the potential. This adds to a more general
problem of intrinsic degeneracy of recovering the potential and the DF simultaneously
from a noisy 3-dimensional kinematic datacube.
On the other hand, the new implementation of the Schwarzschild method correctly

recovers the potential and the pattern speed of mock galaxy models, when using the true
shape of the density profile. The code is designed to be very flexible and e�cient, and
made available to the community. More work is needed to develop su�ciently general
deprojection methods and reliably estimate the uncertainties on the potential parameters.

[logic] Schwarzschild モデルとは: パラメータでモデル化した空間をセルで区切り、多
数の軌道を計算する。その計算結果が観測された密度分布を再現するように軌道の重みを決
定する。その重みを用いて観測とモデルで物理量の差分をとり、その差分が最も小さくなる
ようなパラメータを探る手法。 
 
 
図 1:作成したコードが正しい結果を導くかの検証。上側が設定したモデルの空間分布。 
下側がモデル計算を行った、パラメータ空間(Ω,M/L)でのχ2分布。×印が実際のパタメータ
値。bar の角度を変えたりノイズを加えたりしても、よい精度でデータを再現できている。 

α：bar を見る角度。α = 90°が end-on、α = 0°が sideways に対応する。 
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Figure 2. Example of biases in dynamical modelling introduced by deprojection.
Top row shows an axisymmetric two-component (disk+bulge) galaxy seen edge-on, in which
case the deprojection is unique. The results of Schwarzschild modelling with two free parameters
(mass-to-light ratio ⌥ and the mass of the central SMBH M•) are shown in the right column:
the true values are marked by red cross, and the contours of �2 demonstrate that these can
be recovered well (with the innermost contour enclosing models with essentially perfect fits to
kinematics), although with a relative large uncertainty on M•.
In the bottom row, the same galaxy observed at an inclination 45� is fitted by an MGE (left
panel), which is then deprojected assuming the true inclination angle, resulting in a noticeably
thicker system without any pronounced bulge (middle panel). The best-fit parameters are now
substantially biased compared to the true ones (right column).

(Emsellem et al. 1994; Cappellari 2002) is widely used to represent a broad range of
galactic morphologies with O(10) Gaussian components. It can also be applied to triaxial
systems, in which the orientations of individual projected ellipses are not the same, but
the intrinsic ellipsoidal components are forced to be aligned.
Unfortunately, when the assumption of ellipsoidal shape is not satisfied (e.g., in the

case of boxy bars or “disky disks”), this method (or, in fact, any other similar approach)
can lead to incorrect inference on the 3d shape of the system, as illustrated in Figure 2.
Moreover, this may bias the results of dynamical modelling in a way that is hard to
control or compensate for. The problem is likely even more severe for triaxial systems
(including barred galaxies).
A detailed investigation of deprojection uncertainties and caveats is left for a future

study, and in testing the Schwarzschild code on mock datasets, we assume a perfect
knowledge of the shape of the 3d density profile.

6. Measurement of bar pattern speed

To demonstrate the correctness of the Schwarzschild code, we apply it to the problem
of measuring the pattern speed of a barred disk galaxy. We use the N -body simulation
from Fragkoudi et al. (2017), with 107 particles for the stellar component, embedded in
a live dark matter halo (for which we assume a fixed parametric profile). Figure 3 shows
the noise-free kinematic maps of v,�, h3, h4 (top row) of the system in the “optimistic”
case (45� inclination with the bar rotated by 45� from the line of nodes, producing a
clear photometric misalignment and kinematic twist). The bottom left panel shows the
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[comment] 
・銀河の構造を決定するのに有用な手法と考えられ、ダークマターの空間分布にも活用できることが期待されるため、今後積極的に利用したい。 
・観測データから、正確なポテンシャルの形状と、正確な星の3次元空間分布を計算する手法が欲しい。 
・著者が作成したコードをダウンロードして、現在その内容を調査中。 
 

𝜒" = $ %
∑ 𝑤(𝑢(* − 𝑈*
-./0
(12

𝛿𝑈*
4
"-.05

*12

 $ 𝑤(𝑡(7

-./0

(12

= 𝑀7 

図2:disk銀河を生成して、Schwarzschild モデルで再現した結果。上側はedge-onで観
測された場合で、実際のパラメータ値(×印)とχ2が最小になるパラメータがよい精度で一致
している。一方下側は i=45°で観測した場合の結果で、傾斜角は正しく設定したものの、モ
デル化の際に楕円体系であることを仮定したため、モデル計算と実際のパラメータ値がずれ
てしまっている。 
 


