
【アブスト】 大規模分光サーベイによるハロー星の元素組成測定から、天の川銀河やM31の恒星ハローについて星形成史や化学進化を探ることができ

る。この論文ではFIRE-2 シミュレーション（Latte suite）から７つの恒星ハローについて、Chemical Abundance Ratio Distributions (CARDs)から恒星ハ
ローの矮小銀河合体史を、どのくらい精度よく見積もることができるか調べた。その結果、７つのうち４つの恒星ハローでは、合体した矮小銀河の質量分
布を<10%の精度で再現できることがわかった。
【ゴール】 【オリジナリティ】

【ロジック】

先行研究（L15）で提案された手法を、観測への応用を見据え、より現実的な状況のもとで検証した。
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I.  背景:
・ 天の川銀河やM31の分光サーベイによって恒星ハローの化学組成分布の観測が急速に進んでいる。しかし化学組成分布の情報から、どのくらい精度
よく、ハローの矮小銀河合体史について推定できるのだろうか？
・ Lee et al. (2015)では化学組成比分布（”CARDs”）を様々な星質量/accretion time を持つ矮小銀河の「テンプレート」CARDsの線形結合でモデル化した。
これをBullock & Johnston 05のN体シミュレーション+準解析的化学進化モデルに適用することで、様々な星質量の矮小銀河の相対的な寄与を推定するこ

とに成功している。
・ この論文では、化学進化までself-consistent に計算し、より複雑な物理過程を追ったFIRE-2シミュレーションに適用し、CARDsの有用性を検証した。

矮小銀河と恒星ハローの元素組成分布からハローの降着史に定量的な制限を得る方法を示した。観測データで実現するにはどれくらいのサンプルが必要
かが気になるところ

II. シミュレーション: Feedback in Realistic Environments (FIRE)-2 simulation で再現された天の川銀河サイズの銀河（Latte suite)から７つの恒星ハローを取得。
高解像度（~7000Msunの星粒子）、Type II/Type Ia超新星・恒星風による化学元素汚染。 図１はそのうち３つの恒星ハローの星形星史
III. モデル： 恒星ハローのCARDsをテンプレートの線形結合で表現。（１）Phase-Mixed またはStream（図２左）、（２）Dwarf Galaxy （図２右）のCARDsから２種
のテンプレートを準備

図３ (上：[Mg/Fe]-[Fe/H]、下: [Mg/C]-[Fe/H])
19

Figure 7. CARDs results for the simulation m12f. The true simulation CARDs (using the streams and phase-mixed debris identified in P21)
are shown in the far left panels, with [Mg/Fe] vs [Fe/H] plotted in the top row and [Mg/C] vs [Fe/H]shown in the bottom row. The resulting
model CARDs using the S/PM templates are shown in the second from the left panels, and the CARDs using the DG templates are in the center.
Residuals from all models are shown in the righthand panels; the magnitude of the residuals is shown by the colorbar. For the case of m12f, the
models utilizing all of the different template sets produce a good fit to the data, as demonstrated by the very low residuals.

Figure 8. Same as Figure 7, but for the simulation m12c. In contrast to the m12f results, none of the models shown here are a good fit to the
data: the high density feature in the simulation CARD at [Fe/H]⇠ �1 is not well represented by the templates. As a result, all templates result
in model CARDs with very high residuals.

the template abundance distribution, the technique will not
derive the correct parameters for the assembly history. How-
ever, signatures of these interesting formation histories are
encoded in the abundance patterns. We therefore emphasize
the fact that measuring stellar parameters and abundances
within the MW stellar halo provides a unique window into
galaxy formation in the high redshift universe.

6.2. Future Work Within the Simulations

While there are limitations to using CARDs to constrain
assembly histories, as discussed in the previous section, there
are also prospects for further improving and expanding this

method. First of all, a natural extension of the work pre-
sented here is to supplement the P21 catalog with the ear-
lier accretion events identified and presented in Horta et al.
(2021, in prep). The Horta catalog includes accreted galaxies
down to a stellar mass limit of 107M�; extending the catalog
of known accretion events in the Latte suite down to lower
mass limits at earlier times is an ongoing effort. Once we
have complete catalogs in hand for the progenitors of all the
Latte halos, it will be possible to test the effectiveness of the
CARDs framework at recovering the full assembly histories
of the Latte suite.
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Figure 11. Summary of our results for all simulations. Colors across all panels correspond to results from specific simulations. Top panels
show the resulting precision from inferring the mass spectrum of accreted dwarfs, and bottom panels show resulting precision from inferring
mass as a function of t100. Left panels: inferred precision of mass spectrum and t100 versus the RMS dispersion of the model CARDS. Middle
panels: comparison of the results from the DG templates vs the S/PM templates. Results from the [Mg/C] templates are shown as squares while
the results from the [Mg/Fe] templates are shown as circles. The DG templates perform comparably or better than the S/PM templates. Right
panels: Comparison of the results from the [Mg/C] templates versus the [Mg/Fe] templates. S/PM template results are shown as open symbols,
while DG template results are filled circles. We see some marginal improvement in the inferred mass spectra by including [Mg/C], though no
real improvement in the inferred quenching times.

Figure 12. Mean iron abundance as a function of stellar age for
the massive streams and dwarf galaxy in the P21 catalog. Errorbars
indicate the sample variance in each age bin. The iron abundance
of m12c is lower than the other dwarfs/halo progenitors in its mass
range at all stellar ages.

1. Does the method proposed by L15 of modeling the stel-
lar halo CARD as a linear combination of templates
work in a more realistic setting? We find that CARDs
can be effectively used to explore histories in a real-
istic setting.

• We demonstrate the link between formation his-
tory and CARDs in the Latte simulations. Each
of the Latte halos has distinct CARDs, as a result
of their diverse formation histories.

• The CARDs method recovers the mass spectrum
very accurately (to within 10%) for four out of
the seven presented here. The CARDs method
shows promise for accurately inferring the mass
spectrum of accreted dwarfs in LG galaxies.

• The fraction of mass accreted as a function of
halo progenitor quenching time is generally in-
ferred less accurately than the mass spectrum.
We infer the accreted mass fraction as a function
of progenitor quenching time with a precision of

IV. 結果
図３：Simulation で得られた恒星ハローのCARDs (左)と、図２のテンプレー
トの線形結合で得られたモデルのCARDs（左から２−３番目）
図４：７つの恒星ハローについて結果のまとめ。
・ 質量分布は4/7の恒星ハローで１０％以下の精度で再現している（DG 
テンプレートを使った場合）
・ DGテンプレートでもStream/PMテンプレートと同等の精度が得られる

図４

【コメント】



図２ [Mg/Fe] vs [Fe/H] for the template CARDs

図1 恒星ハローの星形成史と元素組成比分布
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Figure 5. Templates for accretion events (constructed from the streams and phase mixed debris, used to define the stellar halos in this work)
for different stellar masses and age ranges. Stellar mass of the event increases from the top row (106M� < M? < 10

6.5M�) to the bottom
row (108.5M� < M? < 10

9M�). Age range, or duration of star formation, increases from left to right. The number in the lower right of each
panel indicates the number of dwarf galaxies that were used to construct a given template. We see the general expected trends in the CARDs in
these templates; more massive dwarf galaxies have CARDs extending to higher metallicities. At fixed stellar mass, galaxies that assemble more
quickly (i.e. have shorter age ranges) have more density in their CARDs at higher [Mg/Fe] values than their counterparts with more extended
star formation histories.

we generally refer to a given grid cell with indices (i, j) as
containing the template CARDtemp,ij for a halo progenitor
with properties (M?,i, t100,j).

4.2.2. Creating Templates

The observed CARDs from present-day dwarf galaxies in
the LG provide one avenue for constructing empirical CARD
templates for MW and M31 halo progenitors. One challenge,
as discussed in Section 2.2 and shown in Figure 3, is that
dwarf galaxies occupy a different region in the (M?, t100)
plane from halo progenitors (though there is substantial over-
lap). On average, at fixed stellar mass, dwarf galaxies will
have longer quenching times than the phase-mixed debris and
stellar streams, as a result of the fact that the surviving dwarf
galaxies are not quenched as a result of being accreted by the
host. If we are to construct empirical template sets from the
observations, we will want to use the abundance distributions
from local low mass dwarfs in creating our templates. Given
that dwarf galaxies tend to have larger t100 than streams and
phase-mixed debris (as seen in Figure 3), how can we use

dwarf galaxy CARD templates to recover the properties (in-
cluding t100) of the halo progenitors?

In order to compare the abundance distributions of dwarf
galaxies and halo progenitors, we have to account for the fact
that, at fixed stellar mass, the t100 distributions for these two
populations are not the same. Therefore, we define two ver-
sions of t100:

• t100,source: the time a template source (either a halo
progenitor or present-day dwarf galaxy) from the P21
catalog takes to form 100% of its stars. This is the
quantity plotted on the y-axis in Figure 3.

• t100,temp: the time a halo progenitor represented by
specific CARDtemp,ij template takes to form 100% of
its stars. This is the quantity shown in Figure 4 (as well
as subsequent Figures containing CARD templates).

Figure 4 demonstrates the structure of our template grid,
with stellar mass increasing from the top row to the bottom
row and t100,temp increasing from left to right. To construct

13

Figure 6. Same as Figure 5, but for templates constructed from dwarf galaxies.

our templates, we begin by specifying a column j, and work
from left to right. Given a specified column j, we then work
with one source at a time. For each object in the source cata-
log:

1. We select all star particles that formed before
t100,temp,max,j . For example, to make the leftmost col-
umn of templates, which are for accretion events with
0 < t100,temp < 2 Gyr, we use all the star particles
from a given accretion event that formed in the first 2
Gyr of the simulation.

2. We compute the stellar mass of the subset of star parti-
cles with tform < t100,temp,max,j . Based on this stellar
mass, the accretion event is assigned to a stellar mass
bin i (or row in Figure 4).

3. We compute the CARD for the subset of star particles
with tform < t100,temp,max,j . This CARD is then av-
eraged with the CARDs from other template sources
that contribute to the same bin (i, j), to create the
CARDtemp,ij .

Once we have assigned each source to a bin (i, j), we
compute the average normalized density of all accretion
events that contribute to each bin to create the template

CARDtemp,ij . The distributions from individual events are
normalized before averaging so that the most massive events
do not dominate the average densities. We then repeat
this procedure for each column (i.e., the next interval for
t100,temp). We note that once the template source is no longer
forming stars (due to tidal disruption, quenching, etc.), it no
longer contributes to templates. Accretion events only con-
tribute to templates with t100,temp  t100,source.

Figure 4 demonstrates our procedure for creating tem-
plates, using two sources from the P21 catalog: a present-
day coherent stream (M? = 10

7.15M�, t100,source = 10.0
Gyr; outlined in pink) and a present day dwarf galaxy (M? =

10
8.7M�, t100,source = 13.25 Gyr; outlined in blue). While

we only used two sources, as a result of our procedure for
creating templates, each source contributes to multiple tem-
plates on the grid in Figure 4. The present day dwarf galaxy
contributes to seven different templates: one for each time in-
terval (as the dwarf galaxy is forming stars over the full dura-
tion of the simulation) and all with stellar mass M? > 10

7.5

M�. As the dwarf’s stellar mass increases over time, it con-
tributes to templates in higher stellar mass bins. In con-
trast, the present day stream contributes to only five tem-
plates, all with M? < 10

7.5 M�: because the stream has
t100 = 10.0 Gyr, it no longer contributes to templates beyond

Stellar mass: 𝑀*

Quenching time: 𝑡100

現在の位置や速度分布によって、星粒子を分類
① Phase Mixed
② Coherent Stream 
③ Dwarf Galaxy
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Figure 1. Top panels: Formation histories for three of the Latte simulations (m12m, m12f and m12r), as shown by 2D histograms of formation
distance versus formation time (defined such that tform = 0 at the beginning of the simulation), for all star particles. Density is normalized
on a logarithmic scale. In this plane, the thick regions of high density at small values of formation distance show star particles forming in the
disks of the main host galaxies. The lower density streaks that start at larger formation distance and move towards lower formation distances
indicate star particles forming in dwarf galaxies and falling into the host. From these figures, we see that m12m’s assembly history (left) is
characterized by early accretion, though it also has several massive dwarfs in the halo at present day. In contrast, m12r (right) experiences
several recent, massive accretion events, with less activity at early times. The intermediate case is shown by m12f (center), which experiences
a relatively recent massive accretion (⇠ 2 Gyr ago) event as well as one ⇠ 6 Gyr ago. Lower panels: the corresponding CARD for the stellar
halo of each for galaxy, taking star particles that have formation distances greater than 30 kpc from the main host, but that lie within 100 kpc
of the main host at present day. These visibly different distributions reflect the formation histories of each of their hosts. For example, m12m
(left), characterized by early accretion, has higher density at lower [Fe/H]and higher [Mg/Fe]. In contrast, the recent accretion experienced by
m12r (left) results in an abundance distribution that has high density at high [Fe/H]and lower [Mg/Fe].

also been shown to agree with many observed properties,
such as their masses and velocity dispersions (Wetzel et al.
2016; Garrison-Kimmel et al. 2019a), star formation histo-
ries (Garrison-Kimmel et al. 2019b), and radial distributions
(Samuel et al. 2020).

While the satellite galaxies in these simulations have been
shown to have many properties in common with the observed
satellites around the MW and M31, they are generally found
to be too metal-poor compared to the observed dwarf galax-
ies (Escala et al. 2018, Wheeler et al. 2019, Panithanpaisal
et al. 2021). This is likely at least in part because of the
assumed delay-time distributions for SNe Ia. These simula-
tions adopt a SNe Ia rate with prompt and delayed compo-
nents (Mannucci et al. 2006); adopting a SNe Ia delay time
distribution that results in a larger total number of SNe Ia
events (e.g., a power-law rate; Maoz & Graur 2017) helps to

resolve the discrepancy between the simulated and observed
iron abundances (Gandhi et al., in prep). For this work, we
emphasize that we do not require quantitative agreement with
simulated and observed abundances. The empirical CARD
templates we construct in this work from the simulations
are intended for use within the simulations only. While
the method presented here of using empirical templates to
infer halo progenitor properties can be applied to observa-
tional data, we emphasize that the template CARDs from the
simulations should not be applied to the observations.

2.2. Halo Progenitors and Dwarf Galaxies

In investigating how CARDs of stellar halos can be used
to infer assembly histories, and in comparing the abundance
distributions of disrupted dwarfs with the present-day dwarfs,
we must first define our stellar halo and dwarf galaxy sam-
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