
太陽は凝縮温度（Tc）の高いrefractory （難揮発性）元素が周囲の太陽型星に比べて欠乏（”Depleted”）していることが知られており、惑星形成の
痕跡ではないかと考えられている。欠乏の度合いは非常に小さく、検証には非常に高精度、高波長分解能の恒星分光データを用いるのが一般的だ。本件
研究ではこれまでにない規模のサンプル（太陽類似星1700天体）を使った統計解析により、組成とTcの相関を調べた。その結果、太陽と同様のrefractory 
元素欠乏を示す星が高い割合で存在することを示した。
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VI. 議論：
・ 太陽と同様にdepleted の組成パターンを持つ星が高い割合で存在する ➡ Depleted パターンが岩石惑星の形成によって生じるとすると、多くの恒
星で岩石惑星が見つかっていることと整合する。
太陽はDepletedグループの平均より大きいDepleted パターンを示す➡太陽のような巨大惑星＋岩石惑星を持つ星でより顕著になるとすると、巨大惑
星形成とも関連しているかもしれない

I.  背景:
・ 太陽では周囲の太陽類似星に比べてrefractory元素（図１）が欠乏する特徴的な元素組成パターン見られることが知られている。
・ 元素の凝縮温度（Tc）が高いほど組成が低い傾向の原因
① refractory元素が岩石惑星の材料となった
② 巨大ガス惑星ができることで、原始惑星系円盤に間隙が作られ、refractory元素が親星に降着するのが妨げられる。

・元素組成とTcの相関を検証するには、高精度（<0.05 dex）の組成解析が必要 ➡ < 100未満のサンプルについての相対解析を実施するのが普通

・ DepleCon の傾向が他
の要素（年齢、金属量、軌
道）とも関連するかどうか、
GALAH等のデータを使って
検証できないか

II. データ: APOGEE-2で得られた太陽類似星（<350pc、Teff, log g, [Fe/H]が太陽と近い星） 1556天体。Mg, Al, Si, Ca, Niの元素組成比（[X/Fe]）を使用（図２）
III. モデル：
・ [X/Fe] = m Tc + b    (m: 傾き、b: 切片)
・m, b の異なる２つのグループ（”Depleted”, “Not-Depleted”）が存在すると仮定し、”Depleted”の割合（f）をパラメータのひとつとする
・ [X/Fe]の本来のばらつき、観測誤差を考慮
・Likelihood funcCon（尤度関数）を構築し、事前分布は一様として、事後分布を求める（図３）
IV.結果： 図4： Depleted とNot-Depleted とで、[X/Fe]のTcに対する傾きが有意に異なる、図5： Depleted の割合は８４％、組成比を一つずつ取り除いて
同様の解析をしても結果は大きく変わらない
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Figure 3. Model constraints (68% CL) from APOGEE data for the elements Si, Mg, Ni, Ca, Al. The [X/Fe]-Tc trend is
illustrated by plotting a realization of the model at each step in the MCMC parameter chain. Blue and red correspond to
not-depleted and depleted, respectively. Dashed vertical lines are placed at the condensation temperature of each element, while
the colored dashed lines depict the best fit mean trend for D and ND stars (i.e. µmTc + µb). The APOGEE solar reference
spectrum, measured in reflected sunlight from the asteroid Vesta, is shown in purple.

the full picture. Instead, it is more instructive to eval-
uate the ND and D abundances as a function of Tc, as
shown in Fig. 3. Additionally, in Appendix E we provide
contour plots of the model posterior.

We find evidence of two populations of stars – one
with near zero (solar) abundance vs. Tc slopes (D), and
another with significantly steeper slopes (ND) indicat-
ing a higher ratio of refractory to volatile (i.e. high Tc

to low Tc) abundances compared to the Sun. In Fig. 4,
we plot constraints on the fraction (f) of stars drawn
from the depleted model component. When incorporat-
ing only statistical uncertainty, we find f = 0.84±0.01

0.03

at 68% confidence. In order to evaluate the robustness
of our fit and provide a systematic error bar on f , we
repeat the analysis multiple times by removing each el-
ement in turn. The labels on the y-axis of Fig. 4 specify
the element removed for each constraint, with “None”
corresponding to the case of no elements removed (i.e.
Si, Mg, Ni, Ca, Al all included). In order to derive a
systematic error bar from the six constraints illustrated
in Fig. 4, we add the probability density functions on
f from the MCMC parameters chains across all six tri-
als, and determine the 68% confidence interval on the
resulting distribution. This assumes that the true re-
sult could be any of the six trials illustrated in Fig. 4.

Figure 4. Constraints on the fraction (f) of stars in the de-
pleted population. In order to evaluate the robustness of our
constraint on f , we remove each element in turn and repeat
the analysis. The labels on the y-axis specify which element
is removed for each constraint, with “None” corresponding
to the case for which none of the five elements are removed.
The red band corresponds to our estimate of the combined
statistical and systematic error (68% CL).
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（先行研究ではe.g., Bedell+18: R~110000, S/N~ 800, ~80天体）
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3.2. Outlier Rejection

We assume that the distributions of m and b are Gaus-
sian. In order to ensure that the model fit is not be-
ing driven by departures from our Gaussian assump-
tion, particularly in the tails of the abundance distri-
butions, we employ outlier rejection. In particular, we
calculate the standard deviation of the abundance mea-
surements for each element, �

�
[X/Fe]

�
, after the se-

lections described in §2.1.1 and §2.1.2. We adopt a
fiducial outlier rejection of 2�, such that any star with��[X/Fe] � h[X/Fe]i

�� > 2�
�
[X/Fe]

�
is removed from the

analysis. Since the expected depletion trend is of the
order ⇠ 0.05 dex, the signal of interest should not be
driven by the tails of abundance distributions regard-
less. Outlier rejection removes roughly 200 stars from
our Sun-like sample, with 1556 remaining. We note that
on simulated data, we recover the correct input param-
eters with 2� outlier rejection.

We explore variations on the 2� outlier rejection in
§3.3 for simulated data and in Appendix D.1 for actual
APOGEE data. In both cases, we find that model con-
straints are robust to various rejection choices overall.

3.3. Analysis of Simulated Data

We test our analysis pipelines and evaluate the ex-
tent to which we are able to recover input parameters
with realistic levels of noise using simulated data. We
generate mock data by drawing from the distributions
described in §3.1, using the real APOGEE uncertainty
estimates. Mock abundances are simulated for the five
elements used in the data analysis. We assume ⇠ 2000
stars, meant to roughly match the APOGEE sample dis-
cussed in §2.1.1.

The true parameter values describing the distributions
of m and b are chosen based on the distribution of abun-
dance vs. Tc slopes provided by Bedell et al. (2018) for a
Sun-like sample. The intrinsic dispersion for each mock
element (given by �intr,j) is chosen to fall between 0.02
and 0.05 dex for both depleted and not-depleted stars,
since this is roughly the range of standard deviations
for a typical chemical abundance distribution from our
APOGEE solar analog sample. Our fiducial parameter
choice is f = 0.5, based on the large population of stars
near solar abundances in Ramı́rez et al. (2009); Bedell
et al. (2018).

Results on simulated data are presented in Ap-
pendix B. We find that for five elements with uncer-
tainties sampled directly from APOGEE data, all input
parameters are recovered without bias. Additionally,
when simulating data with only a single population of
stars and APOGEE abundance uncertainties, the anal-
ysis correctly recovers f = 0.

We test our sensitivity to the assumptions of Gaussian
distributions in Appendix B.1, and find our analysis to
be generally robust to small departures from Gaussinity.

4. RESULTS

4.1. Abundances from APOGEE

We now present the results of applying the statistical
methodology developed in §3 to APOGEE data for the
selection of stars described in §2, using the five elements
Si, Mg, Ni, Ca, and Al.

In Fig. 3, we illustrate our constraints on the ele-
mental abundance of solar analogs as a function of ele-
ment condensation temperature, Tc. Because APOGEE
calibrates to solar neighborhood stars (see §2.1), we
also plot abundances from the APOGEE solar reference
spectrum (purple) which is measured in reflected sun-
light from the asteroid Vesta (Jönsson et al. 2020). A
linear fit to these points is illustrated by the purple line.
We note that the solar reference spectrum is roughly
consistent with an abundance vs. Tc slope and intercept
of zero (horizontal dashed line in Fig. 3), indicating that
the APOGEE solar neighborhood calibration is not un-
usually di↵erent from calibrations relative to the Sun.3

In §5.3, we discuss the potential impact of the APOGEE
ASPCAP calibrations on our results and comparisons to
other studies.

We find the mean slope of the abundance vs. Tc rela-
tion for not-depleted (ND) and depleted (D) stars to be
significantly di↵erent, with

µm =

(
3.47 ±0.269

0.358 ⇥10�4 dex K�1 for ND,

1.65 ±0.448
0.307 ⇥10�5 dex K�1 for D

(7)

at 68% confidence. We find that the D band in Fig. 3
is not in fact below the ND band for the entire range of
Tc. While we are primarily interested in the slope of the
abundance vs. Tc relation—from which the ND popu-
lation is refractory enriched relative to the more volatile
elements—the absolute abundances of both populations
are potentially complicated by ASCAP calibrations, as
discussed in §2.1 and §5. Our constraints place an abun-
dance vs. Tc slope of zero (i.e., the Sun’s pattern) to
reside at roughly 1.2� from the D mean, towards the
more refractory depleted tail of the slope distribution.
We note that due to degeneracies between µm and µb,
the marginalized uncertainty on µm does not capture

3 A more direct comparison to the Sun can be achieved by mea-
suring the raw APOGEE elemental abundances relative to those
from the asteroid Vesta. Given the small o↵sets between the so-
lar neighborhood calibration and the solar reference abundances,
however, we postpone this to a future work.
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Figure E6. Posterior on model parameters derived from APOGEE data (blue) and data from Bedell et al. (green). Given the
large number of parameters, we plot intrinsic scatter constraints for only Si and Al in each case. We note that the mean intercept
parameter, µb, is defined at Tc = 1300 K rather than zero in order to reduce degeneracy with the mean slope parameter, µm.
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Figure A1. Top: Mollweide projection of the APOGEE sample in Galactocentric coordinates. Orange points indicate the
population of stars used in our analysis, described in §2.1.1. Bottom: APOGEE abundance ratios relative to iron plotted against
[Fe/H] for the population of Sun-like stars used in this work (described in §2.1.1). These distributions show no evidence for
↵-bimodality known to exist in the Galaxy for this sample of stars.

The Galaxy contains two clear chemical populations
that are separated by their behavior in the [↵/Fe] and
[Fe/H] diagram into an ↵-high and ↵-low population.
The relative numbers of stars in either population varies
as a function of location in the Galaxy, which is shown
vividly by Hayden et al. (2015, their Fig. 4). The two
populations, however, merge in the solar neighborhood
to more-or-less Solar-like values. Weinberg et al. (2019)
specifically investigated chemical evolution trends in the
two sequences and found, more or less, that the chemical
evolution within the two ↵-sequences appears to occur
in a similar fashion (with exceptions for elements with
more complicated yields); stated di↵erently, the over-
all chemical trends within the populations are similar,
but the ↵-abundance is o↵set. In Weinberg et al. (2019,
their Fig. 7), the nucleosynthetic pathways for the ele-
ments are summarized and from this the elements used
in our analysis (Si, Mg, Ni, Ca, and Al) all have some
component from core-collapse supernova that drive ↵-
element abundances at early times. Given our model
looks for the presence of two populations and most of
our elements have some core-collapse SN origins, it is
not unreasonable to ensure that our sample shows no ↵-
bimodality that in turn could be driving the depletion
signal.

In Fig. A1 (bottom panel), we plot abundances rel-
ative to iron against [Fe/H] for the five elements from

APOGEE data used in this analysis. Points are only
plotted for stars passing our analysis cuts. We do not
find clear evidence of multiple modes for any of the el-
ements in Fig. A1, indicating that our model fit should
not be driven by two populations of stars with vastly dif-
ferent chemical origins. There are slight trends for Mg
and Ni over the full range of [Fe/H], but these trends
are not likely to drive the conclusions found in the main
text.

B. ANALYSIS OF SIMULATED DATA

Constraints on simulated chemical abundance data for
five elements and 2000 stars with uncertainties sampled
directly from APOGEE are provided in the top panel
of Fig. A2. A more complete description of simulation
procedures is provided in §3.3. Red and blue lines cor-
respond to the true parameters values for depleted (D)
and not-depleted (ND) stars, respectively. We note that
the abundance vs. Tc intercept in Fig. A2 is defined at
Tc = 1300 K rather than zero in order to reduce de-
generacy with µm. We find that our analysis pipeline
is successful in recovering the true parameters on simu-
lated data for various choices of input parameters.

B.1. Departures from Gaussian Assumption

In order to evaluate how reasonable departures from
our Gaussian assumption impacts model constraints,

h"ps://en.wikipedia.org/wiki/Refractory_(planetary_science)
図１

図２

青：APOGEE footprint
オレンジ：本研究のサンプル
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Figure E6. Posterior on model parameters derived from APOGEE data (blue) and data from Bedell et al. (green). Given the
large number of parameters, we plot intrinsic scatter constraints for only Si and Al in each case. We note that the mean intercept
parameter, µb, is defined at Tc = 1300 K rather than zero in order to reduce degeneracy with the mean slope parameter, µm.

図３ Depletedの割合（青：本研究、

緑：Bedell+18）


