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モデルは軸対称・定常なので、vR, vZ の分布予測は常に左右対称。いくつかの(R, |z|)-binでモデル予想からずれているが、これはspiral摂動の効果などと解釈されている。 
→このようなズレがある場所では、(R, |z|)でまとめるのではなく、(R, z)-bin vs (R, -z)-bin, (R, phi, |z|)-bin などで速度分布を見ると面白いかも。

モデルの決定に、星の多次元分布自体を用いるのではなく、ある方向に射影した分布（ヒストグラム）を用いている。最尤モデルの推定に、一部の情報を捨てている。

ロジック

APOGEE DR17のデータを用いて、DM及び６つの星成分から構成される、MWの化学動力学分布関数モデルを構築。

分布関数モデルは f (J, Fe/H, Mg/Fe) = f(J) f (Fe/H, Mg/Fe | J)  のように、力学部分と化学部分の掛け算で表現(J = (Jr, Jz, Jphi) は、orbital action)。

化学部分は、[Fe/H], [Mg/Fe] 空間の2次元ガウス分布でモデル化し、ガウス分布の中心は J の線形関数として表現。

「72箇所の空間領域における速度分布」「30箇所の J 領域における化学組成分布」をフィットして良いモデルを探索した。

・サンプルの圧倒的多数は Jphi > 0 (prograde)であり、円盤に属する。バルジも、retrograde の星が少ないので、spheroidではなくfat diskでモデルするのが適切。

・High-α stars は Jphi < Jphi,solar [=2000 kpc km/s] でtruncate された分布を示す。

MWのself-consistentな化学動力学モデルの構築。 化学組成分布にJ依存性を入れたので、分布関数にmetallicity gradient などの情報が自然と導入された。

Gaia DR3。 APOGEE DR17の化学組成([Fe/H], [Mg/Fe])。StarHorseカタログによる距離（距離の誤差 < 0.75 kpc を選択）。星の分布は 1 < R < 14 kpc, |z| < 4 kpc

化学組成・軌道は、MWの歴史のさまざまな情報を保持する。化学組成は星の一生の間に変化しないが、 
ディスク星の軌道は散乱 / radial migration などで変化する。 
現在の化学動力学分布を調べると、MWの内部の進化の様子がわかる。 
DMと星（とガス）の分布関数を推定することで、重力場の推定も可能となる。

結果と考察

ナイーブにモデルフィットを行うと、APOGEE DR17のselection function (例：ダスト減光が少ない領域は星が多く観測される)の影響を除去不可能。 
そこで、星を空間領域に分割して、「その領域の星の速度分布」などを調べるようにしている。

データを観察すると、以下のような指針がたつ： 
（１）バルジも結構見えている。しかし、retrogradeの星がいない。バルジはfat diskである。 
（２） high-alpha disc は、Jphi > 3000 kpc km/s  にほとんどいない。Truncated diskみたいなモデルが良さそう。 

それをもとにモデル化すると、 
・速度分布も、化学組成分布も、一部の例外を除いてそれなりにうまくいく。 
・むしろ、解釈できない構造や再現できない構造が見えたら、今後のモデルの向上の指針となる。
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The actual surface density of stars and dark matter within
1.1 kpc of the plane is slightly lower than the naive estimate
based on Kz because the gravitational field has a large, po-
sition dependent, radial component. It is

Σ(R0, 1.1 kpc) = 63.9M! pc−2. (16)

and comprises 26.5M! pc−2 in stars, 24.7M! pc−2 in dark
matter and 12.6M! pc−2 in gas.

In Table 4 the mass of the dark halo is given as
0.94× 1012 M! but the great majority of this mass lies out-
side the volume for which we have data. The scale radius rs
of the dark halo is set by the parameter Jφ0, which was arbi-
trarily set to 10 000 kpc kms−1, so the volume modelled lies
inside rs, where, in the absence of the stars, the dark-matter
density would satisfy ρ ∼ r−2. As explained by BV23, the
actual density profile of the dark halo is more complex on
account of the pull of the stars.

5.2 Fits to chemistry

Figs. 15 to 17 show predicted (left panels) and observed
distributions in the ([Fe/H],[Mg/Fe]) plane within 30 bins
in the (Jφ, Jz) plane – the actions at the centre of the bin
are given at the bottom of the bin’s model panel. As one
proceeds up each column, the mean value of Jz increases,
so the bulge or thin disc dominates the bottom panels of
each column. As one proceeds from column to column, the
mean value of Jφ increases, so the typical Galactocentric
radius of stars increases from the left column of Fig. 15 to
the right column of Fig. 17. Fig. 10 of Eilers et al. (2022)
show similar data in a slightly different representation by
plotting

√
J2
r + J2

z vertically rather than Jz.
In Fig. 15 the largest discrepancies between data and

model occur around Jφ = 0. This region of action space will
be dominated by the stellar halo and the bulge and we have
no confidence in the functional forms we have have adopted
for their DFs, so it is not surprising that the model performs
least well there. In fact it is encouraging that the model
does capture the main features of the chemistry even there:
in particular a strongly populated ridge that slopes from
([Fe/H],[Mg/Fe])$ (0.4, 0.05) up towards (−0.08, 0.38), and
a less well populated ridge ∼ 0.8 dex to the left of it.

At Jφ ∼ 500 kpc km s−1 and Jz < 50 kpc kms−1 (bot-
tom of the right column of Fig. 15) the model under-
populates the principal ridge at high [Fe/H] and low
[Mg/Fe].

Fig. 16, which covers 750 kpc km s−1 < Jφ <
1750 kpc kms−1, shows good agreement between model and
data at all values of Jz except the largest: at the top of each
column the model struggles to reproduce a population of
metal-rich, low-α stars. This issue with a deficit of metal-
rich, low-α stars at high Jz is the only significant short-
coming of the fits shown in Fig. 17 for the largest angular
momenta. Data for the stars that the model fails to provide
is sparse and most liable to observational error, so it is not
clear how significant the deficit in the model is.

5.2.1 Chemical parameters

Table 5 gives the values of the parameters of the chemical
model that yields the fits shown in Figs. 15 to 17, while

Figure 18. The components in chemical space. Each row shows
the structure of the component listed on the right-hand edge.
Contours show the density of stars of the given chemistry while
colours show, from left to right, the mean values of Jφ, Jz and
Jr. The numbers in brackets give the values in kpc km s−1 corre-
sponding to red and blue hues. The density increases by a factor
2 between adjacent contours.

each row of Fig. 18 displays the chemodynamical structure
of the component listed along the figure’s right-hand edge.
Contours show the density of stars with a given chemistry
that one obtains by sampling the DF without any selection
function and then using the chemical model of Table 5 to
assign a chemistry to each selected star. This plot differs
from all our other plots in being representative of what the
model claims is out there, rather than what APOGEE can
see. In the left column each pixel is coloured by the mean of
the Jφ values of the stars in that pixel, while the centre and
right columns are coloured by the mean values of Jz and Jr,
respectively. The numbers in brackets in each panel show
the values (in kpc km s−1) associated with red and blue.

The contours in the top row of Fig. 18 show that
the main body of the bulge is modelled as a very metal-
rich, roughly α-normal structure. From this there extends a
tail of stars with progressively lower metallicity and higher
[Mg/Fe]. The ridge line is similar to the standard evolu-
tionary trajectory of a population (e.g. Schönrich & Binney
2009b). The colours in the top row show that in the bulge
the dominant dependence of chemistry upon action is that
on Jz, the dependence on Jr is also strong.

The second row in Fig. 18 shows that the stellar halo is
modelled as a metal-poor, moderately α-enhanced structure
(x0 = −1.1, y0 = 0.27) widely scattered over the chemical
plane (σx = 0.47, σy = 0.11). Its chemistry depends princi-
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Figure 1. The spatial distribution of the stellar sample: projec-
tions along the z axis (upper panel) and the y axis (lower panel).
The colour scale is (base 10) logarithmic.

Figure 2. Mean values of [Mg/Fe] of stars as a function of posi-
tion in action space. Values are shown for four bands in Jr (left
column) and Jz as marked in the upper right of each panel.

istics, the figure shows that the survey provides good cover-
age of the Sun’s side of the Galaxy below |z| ∼ 4 kpc in the
radial range 1 kpc ! R ! 14 kpc.

Figure 3. Mean values of [Fe/H] of stars as a function of posi-
tion in action space. Values are shown for four bands in Jr) (left
column) and Jz as marked in the upper right of each panel.

Figure 4. The number of stars in each cell shown in the top and
bottom panels of the left columns of Figs. 2 and 3.

3 ACTION-SPACE CHEMISTRY

We computed the giants’ phase-space coordinates and from
them computed the actions Jr, Jz and Jφ in the gravita-
tional potential of the self-consistent Galaxy model that is
presented in Section 5 below. In this potential 217 863 stars
are bound and 97 unbound; actions cannot be computed
for unbound stars, so these stars were eliminated from the
sample.

The panels of Fig. 2 show the mean value of [Mg/Fe]
in cells in action space, while Fig. 3 shows mean values of
[Fe/H]. The left columns show projections onto the (Jφ, Jz)
plane grouped by their values of Jr, while the right columns
show projections onto the (Jφ, Jr) plane grouped by values
of Jz. In the left columns the values of Jr increase from the
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Jphi < 0ほとんど星がいない。
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バルジも結構見えているのに、 バルジ= fat disk

データを観察
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4 MODELLING THE DATA

We now turn to the construction of a chemodynamical model
of our Galaxy that reproduces as closely as possible the
trends discovered in the last section.

4.1 EDF structure

Sanders & Binney (2015) introduced the concept of an ex-

tended distribution function (EDF), that is a density of stars
in the five-dimensional space spanned by J and chemistry,

c ≡
(

[Fe/H], [Mg/Fe]
)

. (1)

An excellent way of summarising the chemodynamical struc-
ture of our Galaxy would be to decompose it into compo-
nents that individually have simple EDFs. Specifically, we
seek components that have analytic dynamical DFs f(J)
that are extended to EDFs by multiplication by an ana-
lytic probability density P (c|J) that gives the probability
that a star with actions J has the chemistry c. Any EDF
F (c,J) can be written as a product f(J)P (c|J) – simply
define f(J) ≡

∫

d2cF (c,J) and P (c|J) ≡ F (c,J)/f(J) and
is trivial to show that

∫

d2cP = 1 – but we want to define
our components so P (c|J) can be approximated by a Gaus-
sian distribution in c with mean and dispersion depending
on J.

The general Gaussian two-dimensional probability den-
sity can be written

P (c|J) =
√

det(K)
2π

exp
(

1
2 (c− cJ)

T ·K · (c− cJ)
)

, (2)

where K is a 2 × 2 symmetric matrix and the subscripts
imply dependence on J – in order to limit the number of
parameters to determine, we assume that K is independent
of J. A simple assumption is that cJ depends linearly on J:

cJ = c0 +C · (J− J0), (3)

where c0 is a two-component object and C is a 2 × 3 ma-
trix. Without loss of generality, we can choose the reference
actions J0 = (0, 0, VcR0) to be similar to those of the Sun,
with the implication that c0 becomes the mean chemistry of
stars in the given component that are on solar-type orbits.

4.2 DFs of the components

We follow BV23 in modelling the stellar component of our
Galaxy with six DFs f(J). Five of these are instances of a
generalisation of the exponential DF introduced by Vasiliev
(2019). The overall DF is a product of factors

f(J) = fφ(Jφ)fr(Jr, Jφ)fz(Jz, Jφ)fint(Jφ)fext(Jφ) (4)

The function fr controls the breadth of the distribution in Jr

and thus the velocity dispersions σR and σφ near the equato-
rial plane. The function fz similarly controls the breadth of
the distribution in Jz and hence controls both the thickness
of the disc and the velocity dispersion σz. The other three
factors control the disc’s radial profile. On its own, the fac-
tor fφ generates a roughly exponentially declining surface
density Σ(R) % exp(−R/Rd). The factor fint tapers this
profile towards the centre. At a theoretical level, this factor
is motivated by the notion that the central portion of the
disc has morphed into the bar/bulge leaving a depression at

Figure 7. The action-space distributions of low- and high-α stars.
The colour scale gives the base-10 logarithm of the star density
when projected onto the (Jφ, Jz) plane in the upper panels and
the (Jφ, Jr) plane in the lower panels. In each pair the upper panel
is for [Mg/Fe] > 0.2 and the lower panel is for [Mg/Fe] < 0.15. It
is worth noting how much the bottom panel differs from similar
plots of stellar density in (Jφ, Jr) for stars near the Sun (e.g. Hunt
et al. 2019): here we see no lines associated with resonances. To
see these features the sample must be restricted to a narrow band
in radius or Jφ.

the centre of the surviving disc. At an empirical level, mod-
elling the young disc through the observed distribution of
OB stars, Li & Binney (2022) concluded that an exponen-
tial that extends right to the centre predicts too many stars
at small radii. The factor fext truncates the disc at some
outer radius. This feature is motivated by the sharp transi-
tion from blue to yellow at Jφ % 2000 kpc km s−1 in Fig. 2,
which suggests that the high-α disc has a sharp outer edge.
These factors take the form

fi(Jφ) =
E

E + 1/E
(5)

where

E =

{

exp
[

(Jφ − Jint)/Dint

]

for i = int,

exp
[

− (Jφ − Jext)/Dext

]

for i = ext.
(6)

Here the action Jint determines the characteristic radius of
the central depression and Dint is a parameter that deter-
mines the sharpness of its boundary. Similarly, the action
Jext determines the disc’s outer truncation radius and Dext

sets the sharpness of the cutoff there. If Di is set to a neg-
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データを観察

観察の結果、


・ high-alpha disc は、Jphi > 3000 kpc km/s  にほとんどいない。

・Truncated diskみたいなモデルが良さそう。


こういうのをモデルできるようにしましょう。
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Figure 5. The standard deviation in [Mg/Fe] in a slice of action
space. The dotted lines mark the regions for which chemical pdfs
are presented in Fig. 6.

3.1 The ([Fe/H], [Mg/Fe]) plane

Figs. 2 and 3 show just mean values of [Mg/Fe] and [Fe/H].
To gain further insight we now explore distributions in the
([Fe/H],[Mg/Fe]) plane for the four regions of the (Jφ, Jz)
plane that are marked in Fig. 5 over a plot of the stan-
dard deviation in [Mg/Fe] in the slice of action space with
smallest Jr. The standard deviation tends to be large where
components with differing chemistry overlap.

The first of these regions, labelled A, lies along the Jz

axis at Jz > 10 kpc kms−1 and Jφ < 300 kpc kms−1. Stars
in this region are on highly inclined orbits, so they dom-
inate the stellar density near the z axis. We call this the
bulge/halo region. The second region, B, occupies the heart
of the high-α region of action-space – Jz > 50 kpc km s−1

and 300 < Jφ < 2000 kpc km s−1. The third region, la-
belled C, lies just above the Jφ axis at Jφ > 300 kpc kms−1.
Stars in this region are on nearly planar orbits, so will
be predominantly thin-disc stars. The fourth region, D, at
Jφ > 2500 kpc kms−1, is dominated by the outer, flaring
disc.

The contours in Fig. 6 show the chemical structure of
these four regions: the bulge/halo, high-α disc, thin-disc and
outer disc regions are depicted by rows from top to bot-
tom. In the left, centre and right columns the colours show
mean values of Jφ, Jz and Jr, respectively. It should be
borne in mind that the stellar densities contoured, unlike
the mean values plotted in Fig. 2, reflect the APOGEE se-
lection function. Most significantly, stars near the Sun are
over-represented.

• The top row of Fig. 6 shows that the bulge/halo re-
gion is indeed a superposition of two components, one cen-
tred on ([Fe/H],[Mg/Fe]) ! (−0.65, 0.35) and the other on
([Fe/H],[Mg/Fe]) ! (0.36, 0.03). The first population has a
tail that extends to [Fe/H] ∼ −1 at slightly lower [Mg/Fe]. It
is probably a mixture of the high-α disc and the stellar halo
with the former dominating. The metal-rich, low-α compo-
nent is presumably the bulge. The mean values of Jφ and
Jr shown by the colours vary little with chemistry, although
there is a marginal tendency for 〈Jφ〉 to decrease with [Fe/H]
and to be negative at [Fe/H]< −1. The central panel shows
that 〈Jz〉 increases systematically with decreasing [Fe/H].

That is, 〈Jz〉 is lowest in the bulge, highest in the halo and
intermediate in the high-α disc.

• The second row in Fig. 6 shows the chemistry of
the high-α region. The dominant component is centred on
([Fe/H],[Mg/Fe]) ! (−0.49, 0.33), with a tail sloping down
to solar chemistry (0,0) and beyond. Within the dominant,
high-α component, the left panel shows that any gradient in
〈Jφ〉 is weak, although at [Fe/H]< −1 there is a slight ten-
dency for 〈Jφ〉 to decrease with [Fe/H]. The central panel
shows a systematic increase in 〈Jz〉 with decreasing [Fe/H]
within the high-α component but no evidence of an analo-
gous gradient in the low-α component.

• The thin-disc region shown in the third row of
Fig. 6 comprises a dominant component centred on
([Fe/H],[Mg/Fe]) ! (−0.06, 0.036) that must be the main
body of the low-α disc. On top we see a significant tail from
the high-α disc. Thus the high-α disc makes a significant
contribution to the thin-disc region. The right panel of the
third row shows that in the dominant component, 〈Jr〉 in-
creases with [Mg/Fe] – this is likely the signature of stochas-
tic heating: stars with larger [Mg/Fe] are older and kinemat-
ically hotter. Another effect of age increasing with [Mg/Fe]
is the widening spread in [Fe/H] with increasing [Mg/Fe]:
older stars have migrated further with the consequence that
in the over-represented solar-neighbourhood group an older
population displays a wider spread in [Fe/H]. The colours
in the left panel of the third row indicate that the domi-
nant component has a clear gradient in 〈Jφ〉, which must
be a manifestation of the familiar metallicity gradient in the
disc (e.g. Méndez-Delgado et al. 2022, and references therin).
There is no sign of an analogous gradient in the high-α com-
ponent. Surprisingly, the third row shows a tendency for 〈Jz〉
to increase with [Mg/Fe] – given that stars contributing to
this row have by construction Jz < 10 kpc kms−1, it is puz-
zling to observe significant variation of 〈Jz〉. The signal is
unmistakable nonetheless. Stars with exceptionally low Jz

must lie very close to the plane, so they are either very close
to the Sun or are significantly extincted. Could high extinc-
tion artificially lower their measured values of [Mg/Fe]?

Taken together the second and third rows confirm the
presence of two populations that coexist at many points in
action space. The low-α population dominates at low Jz and
the high-α population dominates at high Jz.

The first and second rows show that stars metal-poorer
than [Fe/H] ! −0.8 are only encountered at [Mg/Fe] ! 0.2.
Moreover, these stars are confined to Jz ! 200 kpc kms−1

and Jr ! 100 kpc kms−1.
• The bottom panels of Fig. 6 show the chemistry of the

outer, flaring disc. It is almost entirely accounted for by a
single population centred on ([Fe/H],[Mg/Fe]) ! (−0.4, 0.1).
This low-α population shows the gradient in 〈Jφ〉 that we
encountered in the inner low-α disc, so we have every rea-
son to suppose that this population is just an extension of
the dominant component in the third row (the low-α disc).
Moreover, the central and right panels of the fourth row
show the same trends in 〈Jz〉 and 〈Jr〉 we encountered in
the third row, and attributed to increasing age and stochas-
tic heating with [Mg/Fe].

Perhaps the most striking aspects of Fig. 6 are two ‘dogs
that didn’t bark’: (i) the absence of stars at low-metallicity
and low-α in the top row (bulge/halo region) and (ii) the
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Figure 6. Contours show the chemistry of the four regions A–D marked by dotted lines in Fig. 5. The top row is for the bulge/halo
region A around the Jz axis. The second row is for the high-α region B. The third row is for the thin-disc region C just above the Jφ
axis, and the bottom row is for the outer, flaring low-α disc, D. The panels are coloured by mean Jφ, Jz and Jr in the left, centre and
right columns, respectively. Note that while the [Fe/H] axis covers the same range (−1.2, 0.5) in the lower three rows, in the top row it
extends to metal-poorer stars: [Fe/H] = −1.7.

complete disappearance of the high-α population between
the second and fourth rows (high-α and outer disc regions).
Another notable result is the contrast between the strong
gradients in 〈Jφ〉, 〈Jz〉 and 〈Jr〉 in the low-α disc and the
extremely weak gradients in mean actions in the high-α com-
ponent.

Fig. 7 reveals key differences in how low- and high-α
stars are distributed in action space by plotting projections
of the sample onto the (Jφ, Jz) plane in the upper, and the
(Jφ, Jr) plane in the lower, pairs of panels. The absence of
high-α stars at Jφ > 3000 kpc km s−1 is striking, as is the

extent to which the low-α stars extend to high Jz at both
small and large Jφ while being restricted to lower Jz at in-
termediate Jφ. In Jr, the pattern of the low-α stars is very
different: the populated region reaches highest in Jr at in-
termediate Jφ even though stars with large |Jφ − Jφ"| can
reach the Sun, and thus boost their chances of entering the
sample, only if they have large Jr. The wide spread in Jr

at Jφ $ Jφ" may be the result of resonant scattering by
spirals, while the wide spread in Jz at large Jφ might be a
legacy of tidal interactions with objects in the dark halo.
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Figure 6. Contours show the chemistry of the four regions A–D marked by dotted lines in Fig. 5. The top row is for the bulge/halo
region A around the Jz axis. The second row is for the high-α region B. The third row is for the thin-disc region C just above the Jφ
axis, and the bottom row is for the outer, flaring low-α disc, D. The panels are coloured by mean Jφ, Jz and Jr in the left, centre and
right columns, respectively. Note that while the [Fe/H] axis covers the same range (−1.2, 0.5) in the lower three rows, in the top row it
extends to metal-poorer stars: [Fe/H] = −1.7.
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stars are distributed in action space by plotting projections
of the sample onto the (Jφ, Jz) plane in the upper, and the
(Jφ, Jr) plane in the lower, pairs of panels. The absence of
high-α stars at Jφ > 3000 kpc km s−1 is striking, as is the

extent to which the low-α stars extend to high Jz at both
small and large Jφ while being restricted to lower Jz at in-
termediate Jφ. In Jr, the pattern of the low-α stars is very
different: the populated region reaches highest in Jr at in-
termediate Jφ even though stars with large |Jφ − Jφ"| can
reach the Sun, and thus boost their chances of entering the
sample, only if they have large Jr. The wide spread in Jr

at Jφ $ Jφ" may be the result of resonant scattering by
spirals, while the wide spread in Jz at large Jφ might be a
legacy of tidal interactions with objects in the dark halo.

© 0000 RAS, MNRAS 000, 000–000
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Figure 12. Velocity distributions within 24 spatial cells. The left column shows the distributions in VR, Vz and Vφ in the cells that
cover the equatorial plane and have Galactocentric radii R that increase from 1.1 kpc at the bottom to 13.5 kpc at the top. The right
column shows the corresponding velocity distributions for the adjacent cells – these have barycentres at |z| ∼ 0.5 kpc. The numbers in
the panels for Vz give the exact coordinates of the relevant barycentre. In each panel the velocity scale covers ±3σi, where σi is the
standard deviation of the data histogram – the numbers along the bottom refer only to the bottom row of panels.

(black dashed curve) along with several previous estimates of
Vc(R) derived from tracers presumed to be on near-circular
(Mróz et al. 2019; Ablimit et al. 2020), and a study of 23 000
red giants by Eilers et al. (2019). At R ! 4 kpc, where circu-
lar orbits are prohibited by the bar, the model curve deviates
significantly from the triangular points from Wegg & Ger-
hard (2013), which describe the axisymmetric component
of a non-axisymmetric potential. Clearly we cannot expect
an axisymmetric model to reproduce the data for this re-

gion, but the extent of the conflict with earlier work suggests
that our bulge is too massive and insufficiently compact. At
R " 4 kpc the model curve in Fig. 8 runs just above most
of the points from previous studies. This is a consequence of
taking Vφ! = 251 kms−1 for the Sun: when Vφ! is increased,
the black (data) curves in the right columns of Figs. 12 to
14 move to the right and the potential has to be adjusted
to make the red (model) curves follow them. Our value for
Vφ! follows directly from the observations of Sgr A* and the

© 0000 RAS, MNRAS 000, 000–000
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Figure 1. The spatial distribution of the stellar sample: projec-
tions along the z axis (upper panel) and the y axis (lower panel).
The colour scale is (base 10) logarithmic.

Figure 2. Mean values of [Mg/Fe] of stars as a function of posi-
tion in action space. Values are shown for four bands in Jr (left
column) and Jz as marked in the upper right of each panel.

istics, the figure shows that the survey provides good cover-
age of the Sun’s side of the Galaxy below |z| ∼ 4 kpc in the
radial range 1 kpc ! R ! 14 kpc.

Figure 3. Mean values of [Fe/H] of stars as a function of posi-
tion in action space. Values are shown for four bands in Jr) (left
column) and Jz as marked in the upper right of each panel.

Figure 4. The number of stars in each cell shown in the top and
bottom panels of the left columns of Figs. 2 and 3.

3 ACTION-SPACE CHEMISTRY

We computed the giants’ phase-space coordinates and from
them computed the actions Jr, Jz and Jφ in the gravita-
tional potential of the self-consistent Galaxy model that is
presented in Section 5 below. In this potential 217 863 stars
are bound and 97 unbound; actions cannot be computed
for unbound stars, so these stars were eliminated from the
sample.

The panels of Fig. 2 show the mean value of [Mg/Fe]
in cells in action space, while Fig. 3 shows mean values of
[Fe/H]. The left columns show projections onto the (Jφ, Jz)
plane grouped by their values of Jr, while the right columns
show projections onto the (Jφ, Jr) plane grouped by values
of Jz. In the left columns the values of Jr increase from the

© 0000 RAS, MNRAS 000, 000–000

outer disk

モデル（赤）は、ショットノイズを無視すればVz, VRの分布は左右対称。 
outer disk は、左右対称なモデルからずれている。 
spiralなどの摂動かもしれない。

速度分布のフィットの例

VR Vz Vphi

bulge 領域は結構モデルが良くない。 
軸対称モデルで無理やりbarなどを見ているので仕方ない。
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Figure 16. The same as Fig. 15 but for Jφ ∈ (800, 1200) kpc km s−1 (left column) Jφ ∈ (1300, 1700) kpc km s−1 (right column).

Figure 17. The same as Fig. 15 but for Jφ ∈ (1800, 2200) kpc km s−1 (left column) Jφ ∈ (2300, 2700) kpc km s−1 (right column).

© 0000 RAS, MNRAS 000, 000–000

化学組成分布のフィットの例
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Table 3. Parameters of the disc DFs. Masses are in units of 1010 M! and actions in kpc km s−1.

Component M Jφ0 Jr0 Jz0 Jint Dint Jext Dext pr pz Jv0 Jd0

young disk 0.45 977.9 2.806 1.296 186.9 278 – – −0.76 −0.23 152.1 102.1
middle disk 1.2 1030 22.82 3.24 – – – – −0.23 −0.7 146.4 731.9
old disk 0.87 508 47.14 24.04 – – – – 0.034 −0.043 132.7 733.9
high-α disk 0.766 399 116.4 64.6 – – 2212 207.8 0.1 0.17 150 40
bulge 1.27 127.5 122.2 34.21 – – 611.2 217.5 0.82 −0.13 150 20

Table 4. Parameters of the spheroidal DFs. Masses are in units of 1010 M! and actions in kpc km s−1

Component M J0 Jcore Jcutoff αin αout Fin Fout

dark halo 94 1e+ 04 100 2e+ 04 1.6 2.7 1.4 1.2
stellar halo 0.03969 583.2 6.148 1e+ 05 1.6 4.2 1.8 1.2

Figure 15. The chemical composition of stars that lie in 10 cells in action space. The left column is for cells with Jφ ∈
(−200, 200) kpc km s−1 and Jz in intervals that increase from bottom to top; specifically (0, 20), (25, 55), (60, 90), (95, 125) and
(130, 160) kpc km s−1. The right column is for Jφ ∈ (300, 700) kpc km s−1 and the same intervals in Jz . Within each column the right
panels show the distribution of real stars, while the left panels show mock stars.

Table 5. Parameters of the fitted chemical pdfs. The units of θ are degrees while x0, y0, σx, σy are given in dex. The values quoted
for the gradient matrices C (eqn 3) are in dex per Mpc km s−1. C1,Jr ≡ C[Fe/H],Jr

while C2,Jr ≡ C[Mg/Fe],Jr
, etc. The conventional

radial metallicity gradient, d[Fe/H]/dR $ C1,Jφ
× Vc $ −0.00035 × 234 $ −0.082 dex kpc−1 for the middle disc.

Component θ x0 y0 σx σy C1,Jr C1,Jz C1,Jφ
C2,Jr C2,Jz C2,Jφ

young disk −6.94 0.00119 0.0138 0.132 0.0586 1.18 8.19 −0.447 2.27 24.8 0.00923
middle disk −6.93 −0.0553 0.0376 0.117 0.0104 0.246 0.00967 −0.347 −0.034 1.81 0.0231
old disk −7.89 −0.292 0.129 0.129 0.0316 1.33 −0.687 −0.288 −0.263 0.138 0.0207
high-α disk −7.96 −0.471 0.323 0.131 0.0113 1.19 −1.13 0.071 −0.394 0.21 −0.0196
stellar halo −3 −1.1 0.272 0.497 0.114 −0.444 0.0862 −0.0743 0.159 −0.171 0.0562
bulge −6 0.409 0.0598 0.383 0.0879 −1.64 −17.8 −0.0464 2.01 6.39 0.204

© 0000 RAS, MNRAS 000, 000–000
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バルジあたりは変だが、軸対称モデルの割には頑張っている Jphi が大きい領域はそれなりに良いモデル



Chemodynamical models of our Galaxy 17

The actual surface density of stars and dark matter within
1.1 kpc of the plane is slightly lower than the naive estimate
based on Kz because the gravitational field has a large, po-
sition dependent, radial component. It is

Σ(R0, 1.1 kpc) = 63.9M! pc−2. (16)

and comprises 26.5M! pc−2 in stars, 24.7M! pc−2 in dark
matter and 12.6M! pc−2 in gas.

In Table 4 the mass of the dark halo is given as
0.94× 1012 M! but the great majority of this mass lies out-
side the volume for which we have data. The scale radius rs
of the dark halo is set by the parameter Jφ0, which was arbi-
trarily set to 10 000 kpc kms−1, so the volume modelled lies
inside rs, where, in the absence of the stars, the dark-matter
density would satisfy ρ ∼ r−2. As explained by BV23, the
actual density profile of the dark halo is more complex on
account of the pull of the stars.

5.2 Fits to chemistry

Figs. 15 to 17 show predicted (left panels) and observed
distributions in the ([Fe/H],[Mg/Fe]) plane within 30 bins
in the (Jφ, Jz) plane – the actions at the centre of the bin
are given at the bottom of the bin’s model panel. As one
proceeds up each column, the mean value of Jz increases,
so the bulge or thin disc dominates the bottom panels of
each column. As one proceeds from column to column, the
mean value of Jφ increases, so the typical Galactocentric
radius of stars increases from the left column of Fig. 15 to
the right column of Fig. 17. Fig. 10 of Eilers et al. (2022)
show similar data in a slightly different representation by
plotting

√
J2
r + J2

z vertically rather than Jz.
In Fig. 15 the largest discrepancies between data and

model occur around Jφ = 0. This region of action space will
be dominated by the stellar halo and the bulge and we have
no confidence in the functional forms we have have adopted
for their DFs, so it is not surprising that the model performs
least well there. In fact it is encouraging that the model
does capture the main features of the chemistry even there:
in particular a strongly populated ridge that slopes from
([Fe/H],[Mg/Fe])$ (0.4, 0.05) up towards (−0.08, 0.38), and
a less well populated ridge ∼ 0.8 dex to the left of it.

At Jφ ∼ 500 kpc km s−1 and Jz < 50 kpc kms−1 (bot-
tom of the right column of Fig. 15) the model under-
populates the principal ridge at high [Fe/H] and low
[Mg/Fe].

Fig. 16, which covers 750 kpc km s−1 < Jφ <
1750 kpc kms−1, shows good agreement between model and
data at all values of Jz except the largest: at the top of each
column the model struggles to reproduce a population of
metal-rich, low-α stars. This issue with a deficit of metal-
rich, low-α stars at high Jz is the only significant short-
coming of the fits shown in Fig. 17 for the largest angular
momenta. Data for the stars that the model fails to provide
is sparse and most liable to observational error, so it is not
clear how significant the deficit in the model is.

5.2.1 Chemical parameters

Table 5 gives the values of the parameters of the chemical
model that yields the fits shown in Figs. 15 to 17, while

Figure 18. The components in chemical space. Each row shows
the structure of the component listed on the right-hand edge.
Contours show the density of stars of the given chemistry while
colours show, from left to right, the mean values of Jφ, Jz and
Jr. The numbers in brackets give the values in kpc km s−1 corre-
sponding to red and blue hues. The density increases by a factor
2 between adjacent contours.

each row of Fig. 18 displays the chemodynamical structure
of the component listed along the figure’s right-hand edge.
Contours show the density of stars with a given chemistry
that one obtains by sampling the DF without any selection
function and then using the chemical model of Table 5 to
assign a chemistry to each selected star. This plot differs
from all our other plots in being representative of what the
model claims is out there, rather than what APOGEE can
see. In the left column each pixel is coloured by the mean of
the Jφ values of the stars in that pixel, while the centre and
right columns are coloured by the mean values of Jz and Jr,
respectively. The numbers in brackets in each panel show
the values (in kpc km s−1) associated with red and blue.

The contours in the top row of Fig. 18 show that
the main body of the bulge is modelled as a very metal-
rich, roughly α-normal structure. From this there extends a
tail of stars with progressively lower metallicity and higher
[Mg/Fe]. The ridge line is similar to the standard evolu-
tionary trajectory of a population (e.g. Schönrich & Binney
2009b). The colours in the top row show that in the bulge
the dominant dependence of chemistry upon action is that
on Jz, the dependence on Jr is also strong.

The second row in Fig. 18 shows that the stellar halo is
modelled as a metal-poor, moderately α-enhanced structure
(x0 = −1.1, y0 = 0.27) widely scattered over the chemical
plane (σx = 0.47, σy = 0.11). Its chemistry depends princi-

© 0000 RAS, MNRAS 000, 000–000

halo 領域は  
metal-poor … Jr が大きい(離心率が大きい) 
metal-rich … Jr が小さい(離心率が小さい) 
だが、これはBinney曰く、 
「mildly retrograde Enceladusが降着したというシナリオとは真逆」 
と書かれている。 
服部はこの論拠を完全には理解できていないが、Binneyは 
「Enceladus が徐々にradicalize されたはず」 
「それならば、metal-rich ほどJr が大きいはず」 
と解釈しているのだろう。

化学組成分布の予言

low-alpha disc は  
metal-poor … Jphi が大きい(半径が大きい) 
metal-rich … Jphi が小さい(半径が小さい) 
だが、これはmetallicity gradient があることに対応。 

 d [Fe/H] / d R = - 0.081 dex /kpc  

これは先行研究とも一致する。 
このような議論ができるのが、今回のモデルの優位性。
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ABSTRACT
A chemodynamical model of our galaxy is fitted to data from DR17 of the APOGEE
survey supplemented with data from the StarHorse catalogue and gaia DR3. Dynam-
ically, the model is defined by action-based distribution functions for dark matter and
six stellar components plus a gas disc. The gravitational potential jointly generated by
the model’s components is used to examine the galaxy’s chemical composition within
action space. The observational data probably cover all parts of action space that
are populated by stars. The overwhelming majority of stars have angular momentum
Jφ > 0 implying that they were born in the Galactic disc. High-α stars dominate
in a region that is sharply bounded by Jφ ! Jφ(solar). Chemically the model is de-
fined by giving each stellar component a Gaussian distribution in ([Fe/H],[Mg/Fe])
space about a mean that is a linear function of the actions. The model’s 47 dynamical
and 70 chemical parameters are chosen to maximise the likelihood of the data given
the model in 72 three-dimensional velocity spaces and 30 two-dimensional chemical
spaces. The circular speed falls steadily from 237 km s−1 at R = 4kpc to 218 km s−1

at R = 20 kpc. Dark matter contributes half the radial force on the Sun and has local
density 0.011M" pc−3, there being 24.5M" pc−2 in dark matter and 26.5M" pc−2 in
stars within 1.1 kpc of the plane.

Key words: Galaxies, stars: kinematics and dynamics – star, Galaxy: abundances
– The Galaxy, Galaxy: disc – The Galaxy, Galaxy: fundamental parameters – The
Galaxy, Galaxy: structure

1 INTRODUCTION

ESA’s Gaia satellite provides locations and space velocities
for tens of millions of stars (Gaia Collaboration et al. 2021,
2022). In anticipation of the arrival of Gaia astrometry, sev-
eral teams around the world have been accumulating the
spectra of millions of stars at higher resolution than Gaia can
achieve and using these spectra to derive the stars’ chem-
ical compositions, which are expected to yield insight into
our Galaxy’s history. The APOGEE survey (Majewski et al.
2017) is particularly powerful in this respect because, being
based on the mid-infrared H band, it can probe the disc
nearer the plane and over a wider radial range than other
surveys, which are more strongly restricted by dust.

Since the middle of the 20th century we have known
that the ages and chemical compositions of stars vary sys-
tematically with their locations and velocities (Roman 1950,
1999; Eggen et al. 1962; Gilmore & Wyse 1998; Fuhrmann
2011). With the emergence of the theory of nucleosynthesis
(Burbidge et al. 1957) and models of the chemical evolution
of the ISM (Tinsley 1980; Pagel 1997) conviction grew that

! E-mail: binney@physics.ox.ac.uk

by studying the chemodynamical structure of our Galaxy
we should be able to trace its history (Freeman & Bland-
Hawthorn 2002). Over the last two decades efforts to realise
this goal have taken two lines of attack. One line centres on
simulations of galaxy formation that include gas, stars and
dark matter, usually in some sort of cosmological context
(e.g. Brook et al. 2004; Grand et al. 2017). Another line of
attack models the Galaxy as a series of annuli within which
stars form from gas that they simultaneously enrich (Mat-
teucci & Francois 1989; Chiappini et al. 1997; Schönrich &
Binney 2009a; Schönrich & McMillan 2017; Sharma et al.
2021; Chen et al. 2022). Strengths of the latter line of at-
tack include the ability to fit models to the very detailed
data now available for our Galaxy and to develop under-
standing of how specific physical processes, such as radial
migration and the late arrival of type Ia supernovae mani-
fest themselves in observational data.

The central premise of Schönrich & Binney (2009a,
hereafter SB09) and much prior work is that all disc stars
were born on nearly circular orbits in the plane from gas
that is azimuthally well mixed, so its metallicity [Fe/H] and
α-abundance [Mg/Fe] are functions of Galactocentric radius
R and look-back time τ . Since the gross chemistry of stel-
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(Figs. 2 and 19) show a sharp boundary at Jφ = 0 that
is a testament to the accuracy of the StarHorse distances
we have used. It also implies that within the (wide) spatial
region covered by the data, few bulge stars counter-rotate,
so the bulge should not be modelled as a spheroidal compo-
nent but as a hot disc. In addition to the sharp boundary
at Jφ = 0, plots of 〈[Mg/Fe]〉 show a sharp transition at
Jφ # 2000 kpc km s−1 that we interpret as radial truncation
of the high-α disc.

We started this work in the hope that it would prove
possible to model the chemical structure of action space sat-
isfactorily by assigning a simple chemical pdf to each stellar
component. To an extent the quality of the fits displayed
by Figs 15 to 19 dashes this hope. Eleven parameters are
required to specify the pdf of each component and yet the
model fails to capture some significant aspects of the data.
Complete success in our endeavour would have vindicated
the reality of the components that we represent with indi-
vidual DFs. The limited success actually achieved leaves the
reality of the standard components open to doubt.

It is likely that the replacement of the halo and bulge
DFs by better functional forms would make it possible to
obtain better fits even without restructuring the chemical
model. DFs that are not confined to one sign of Jφ are
subject to subtle constraints, as will be explained elsewhere
(Binney in preparation). The parameters of the functional
form used for the stellar and dark-matter DFs cannot be
freely varied if unphysical kinematics are to be avoided, with
the consequence that in the model neither component is as
radially biased as it probably should be. The data imply that
the bulge like the discs lies overwhelmingly at Jφ > 0 but its
DF should surely not vanish completely at Jφ < 0, as it does
in the model. This artificial vanishing of the bulge DF may
be responsible for the poor match of the model’s circular-
speed curve to the points from Wegg & Gerhard (2013) in
Fig. 8. Including in the modelling some observational bias
against low-metallicity stars may also improve fits.

So long as we use DFs of the current forms, it seems
we must contemplate assigning chemistry in a more sophis-
ticated way than we have here. Fig. 6, which examines the
distribution of stars over the ([Fe/H],[Mg/Fe]) plane at lo-
cations in action space that are dominated by particular
components indicates the nature of the challenge through
the extent to which mean values of the actions (represented
by colour) vary with chemistry.

C1,Jφ
is the only gradient coefficient conventionally con-

sidered, but Table 5 shows that it is by no means the only
significant coefficient, even bearing in mind that Jφ spans a
wider range than the other two actions.

A model such as ours can be used to make innumer-
able predictions regarding orbits around the Galaxy and the
density of stars of given chemistry at any location in phase-
space; here we have shown only a tiny selection of such pre-
dictions. For example, it would be interesting to produce
plots like Fig. 10 of Eilers et al. (2022) or to fit the func-
tional forms of Lian et al. (2022) to the spatial structures of
our low- and high-α discs and compare with the values Lian
et al obtained. Using the agama package it is easy to make
predictions in seconds by drawing from the model samples
of stars with known component memberships. In addition
to yielding mock observations, such samples can be used as
initial conditions for an N-body simulation. Vasiliev (2019)

showed that simulations started in this way form precisely
equilibrium systems, and subtle departures from equilibrium
can be explored by slightly shifting the phase-space coor-
dinated returned by agama before advancing the N-body
model in time.

DATA AVAILABILITY

The code that generates Galaxy models and fits the present
chemical models can be downloaded from the agama web-
site https://github.com/GalacticDynamics-Oxford/Agama.
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