
due to depletion on the red giant branch rather than an indication
of primordial lithium25. Limberg et al.26 independently identi-
fied this star in Gaia spectra. Their 1D LTE abundance analysis
of a lower quality spectrum is consistent with our analysis, but
without a stringent carbon (and thus total metallicity) constraint
(see Methods).

Figure 2: Carbon and iron abundances of ultra-metal-poor
stars. J0715→7334 is shown as a large red star. Black points
show a literature sample27, 28. Colored points highlight eight
other notable stars, with 1D LTE abundances shown as small
open symbols and a combination of 1D NLTE, 3D LTE, and
3D NLTE analyses shown as large solid colored symbols. The
dashed blue contours indicate an approximate total metallicity
assuming [Mg/Fe] = +0.4 (see Methods).

Figure 2 shows J0715→7334 ’s iron and carbon abundance
compared to 38 literature stars with [Fe/H]LTE ↭ →4 that have
detailed chemical abundance measurements. Approximate total
metallicity contours are shown as dashed blue lines (see Meth-
ods). We highlight eight of the stars with the lowest total metal-
licities as colored points4, 9, 29–34. We find that J0715→7334 is
the most metal-poor star known, with Z < 7.8 ↑ 10

→7, or
logZ/Z↑ < →4.3 using Z↑ = 0.016

35 after including NLTE,
3D, and evolutionary effects. This is about two times more
metal-poor than the previous record holder, J1029+17295, 6

(Z < 1.4↑ 10
→6). It is over ten times more metal-poor than the

most iron-poor star known SMSS J0313→6708 ([Fe/H] <→7.0,
[C/H] = →2.55)36, emphasizing that iron does not track total
metallicity at low [Fe/H]. The exact metallicity of J0715→7334
depends on assumptions for unmeasured elements, which dom-
inates the uncertainty. Here we assumed missing elements are
solar-scaled with [X/Fe] = 0, but other assumptions result in
metallicities ranging from (6.7 → 18.0) ↑ 10

→7 (or →4.38 <

logZ/Z↑ < →3.95, see Methods). In all cases, J0715→7334
remains the most metal-poor star known if other stars’ metal-
licities are recomputed using the same assumptions. Similarly,
J0715→7334 remains the most metal-poor star known if 1D LTE
abundances are assumed for all stars (Z1D,LTE < 5.0↑ 10

→7).
We measure a radial velocity from MIKE of +427.2 ± 0.9

km/s and infer a spectrophotometric distance of 26.1
+1.5
→1.6 kpc

Figure 3: Kinematic properties. Top: Past orbit of
J0715→7334 over 4 Gyr in Galactocentric coordinates, inte-
grated in a potential that includes the gravitational influence
of the LMC (solid lines). Circular markers are placed every
1 Gyr. For comparison, the past orbit of the LMC itself is shown,
along with orbits of the stars J1029+1729 (confined to the disk)
and LMC-119 (closely bound to the LMC). The dashed red line
shows the unbound orbit of J0715→7334 in a MW-only poten-
tial. Bottom: The past orbit of J0715→7334 and the LMC in
Galactic coordinates on-sky, overlaid on the distribution of all
stars observed by Gaia.

(see Methods). J0715→7334 initially appeared to be unbound
from the Milky Way (dashed red line in the top panel of Fig-
ure 3), but its angular momentum and energy is similar to that
of the Magellanic Clouds, suggesting a possible association (see
Methods). We thus integrated the orbit of J0715→7334 in a
combined time-evolving potential including the Milky Way and
Large Magellanic Cloud (LMC, see Methods). A typical orbit
is shown in Figure 3, which follows the LMC as it falls into the
Milky Way. This realization has a long-period high-eccentricity
orbit around the LMC, but more circular and shorter period or-
bits around the LMC are also allowed given the observational
uncertainties. Some past orbital realizations are not bound to
the LMC, but in this case they are unbound to the Milky Way
as well, so we do not consider them to be plausible solutions
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【アブスト】 知られている中で最も金属量の低い星SDSS J0715-7334（[Fe/H]=−4.5, [C/Fe] <−0.2）が見つかった。軌道計算により、この星
はもともとLMCに付随していた可能性が高い。理論的にはこのような星が誕生する条件として、ダストの熱放射によるガス冷却が有力であ
る。元素組成パターンから、元素の供給源として、30太陽質量程度の初代星の超新星爆発が示唆された。
【ロジック】

GAゼミ@20250929 石垣A nearly pristine star from the Large Magellanic Cloud (Ji, A. et al. https://arxiv.org/pdf/2509.21643)

I. 背景:　宇宙初期の星形成過程として、始原ガスで期待されるTop-heavy な質量関数での星形成か
ら、現在の質量関数への変遷が、何に起因するのかが問題になっている。一つの可能性は、金属元素
による星形成ガスの冷却機構の変化である。金属量がlogZ/Z_sun > -3.5 であれば、CおよびO原子の微
細構造による冷却が可能である。一方それより低くlogZ/Z_sun>-5であれば、ダストによる熱放射が必
要である。観測される超金属欠乏星の組成は、こうしたガス冷却のシナリオを見分ける手掛かり。

図1

図３：初代星超新星元素合成モデルとの比較。３０太陽
質量、爆発エネルギー5 x 10^51 ergのモデルがベストフ
ィット

III. 結果:　
図１：SDSS J0715-7334で観測された鉄と炭素組成と、他の星との比較。波線は全部の金属元素を
考慮した金属量を示している。この星の金属量は、最も低いlogZ/Z_sun < -4.3 と見積もられた。e.g., 
以前までの記録では、SDSS J1029+1729, “Caffau star”。同様の[Fe/H]をもつ銀河系のほとんどの星
は炭素過剰なので、金属量としてはこれらの天体ほど低くはない。LMCでこれまでに見つかっている
低金属量星LMC119（[Fe/H]<-4）も炭素過剰ではない。炭素過剰となる原因が、銀河環境にある可能
性を示唆している。
図２：SDSS J0715-7334の軌道。重力ポテンシャルとして、MWのみ（赤波線）、MW+LMC（赤実
線）の２通りを示している。比較としてJ1029+1729の軌道（厚い円盤）、LMC119（LMCに束縛）
の軌道を示している。 

II. 観測:　 
・SDSS-Vで超金属欠乏星候補として発見され、MIKE spectrographでR~30000で追観測
・恒星パラメータ: Teff=4700K, logg=1.10, [Fe/H]=-4.53, RV=+427.2 km/s, [C/Fe]<-0.2 図2

due to depletion on the red giant branch rather than an indication
of primordial lithium25. Limberg et al.26 independently identi-
fied this star in Gaia spectra. Their 1D LTE abundance analysis
of a lower quality spectrum is consistent with our analysis, but
without a stringent carbon (and thus total metallicity) constraint
(see Methods).

Figure 2: Carbon and iron abundances of ultra-metal-poor
stars. J0715→7334 is shown as a large red star. Black points
show a literature sample27, 28. Colored points highlight eight
other notable stars, with 1D LTE abundances shown as small
open symbols and a combination of 1D NLTE, 3D LTE, and
3D NLTE analyses shown as large solid colored symbols. The
dashed blue contours indicate an approximate total metallicity
assuming [Mg/Fe] = +0.4 (see Methods).

Figure 2 shows J0715→7334 ’s iron and carbon abundance
compared to 38 literature stars with [Fe/H]LTE ↭ →4 that have
detailed chemical abundance measurements. Approximate total
metallicity contours are shown as dashed blue lines (see Meth-
ods). We highlight eight of the stars with the lowest total metal-
licities as colored points4, 9, 29–34. We find that J0715→7334 is
the most metal-poor star known, with Z < 7.8 ↑ 10
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logZ/Z↑ < →4.3 using Z↑ = 0.016

35 after including NLTE,
3D, and evolutionary effects. This is about two times more
metal-poor than the previous record holder, J1029+17295, 6
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→6). It is over ten times more metal-poor than the

most iron-poor star known SMSS J0313→6708 ([Fe/H] <→7.0,
[C/H] = →2.55)36, emphasizing that iron does not track total
metallicity at low [Fe/H]. The exact metallicity of J0715→7334
depends on assumptions for unmeasured elements, which dom-
inates the uncertainty. Here we assumed missing elements are
solar-scaled with [X/Fe] = 0, but other assumptions result in
metallicities ranging from (6.7 → 18.0) ↑ 10

→7 (or →4.38 <

logZ/Z↑ < →3.95, see Methods). In all cases, J0715→7334
remains the most metal-poor star known if other stars’ metal-
licities are recomputed using the same assumptions. Similarly,
J0715→7334 remains the most metal-poor star known if 1D LTE
abundances are assumed for all stars (Z1D,LTE < 5.0↑ 10

→7).
We measure a radial velocity from MIKE of +427.2 ± 0.9

km/s and infer a spectrophotometric distance of 26.1
+1.5
→1.6 kpc

Figure 3: Kinematic properties. Top: Past orbit of
J0715→7334 over 4 Gyr in Galactocentric coordinates, inte-
grated in a potential that includes the gravitational influence
of the LMC (solid lines). Circular markers are placed every
1 Gyr. For comparison, the past orbit of the LMC itself is shown,
along with orbits of the stars J1029+1729 (confined to the disk)
and LMC-119 (closely bound to the LMC). The dashed red line
shows the unbound orbit of J0715→7334 in a MW-only poten-
tial. Bottom: The past orbit of J0715→7334 and the LMC in
Galactic coordinates on-sky, overlaid on the distribution of all
stars observed by Gaia.

(see Methods). J0715→7334 initially appeared to be unbound
from the Milky Way (dashed red line in the top panel of Fig-
ure 3), but its angular momentum and energy is similar to that
of the Magellanic Clouds, suggesting a possible association (see
Methods). We thus integrated the orbit of J0715→7334 in a
combined time-evolving potential including the Milky Way and
Large Magellanic Cloud (LMC, see Methods). A typical orbit
is shown in Figure 3, which follows the LMC as it falls into the
Milky Way. This realization has a long-period high-eccentricity
orbit around the LMC, but more circular and shorter period or-
bits around the LMC are also allowed given the observational
uncertainties. Some past orbital realizations are not bound to
the LMC, but in this case they are unbound to the Milky Way
as well, so we do not consider them to be plausible solutions
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(see Methods). J0715→7334 is thus a galactic immigrant, born
in or near the LMC and recently captured by the Milky Way.
This contrasts with J1029+1729, which has a Milky Way thick
disk orbit6, 28 and was thus likely born in the Milky Way itself.
The other known star in the LMC with [Fe/H]LTE < →4, LMC-
11934, is much more tightly bound to the LMC (Fig 3, solid
yellow line). LMC-119 is also not carbon enhanced, in contrast
to the dominant population in the Milky Way halo3, 7, 8 and the
lowest mass ultra-faint dwarf galaxies37, 38, suggesting that car-
bon enhancement may be environment dependent34.

It is a long-standing question what physics causes the tran-
sition from metal-free star formation with a top-heavy initial
mass function to the present-day initial mass function1–3. One
idea is that metals change the thermal evolution of gas, caus-
ing fragmentation primarily either through carbon and oxygen
fine structure line cooling or dust thermal cooling11, 12, 39. The
minimum “critical metallicity” to allow low mass star forma-
tion is logZ/Z→ ↭ →3.5 for fine structure cooling39, 40 or
logZ/Z→ ↭ →5 for dust thermal cooling11, 12, 41, 42. Previously,
J1029+1729 was the only star known with total metallicity
clearly below logZ/Z→ < →3.5

4. With logZ/Z→ < →4.3

and originating from the LMC, J0715→7334 is now the second
star clearly below the fine structure cooling threshold, proving
that dust cooling is required and also operates in environments
beyond the Milky Way.

The detailed chemical abundances of the most metal-poor
stars can be linked back to the properties of metal-free Pop-
ulation III stars through supernova nucleosynthesis models1–3.
J0715→7334 is an especially clean probe of Population III, as
its distant halo orbit completely precludes significant surface
contamination from the interstellar medium43, 44 and its large
convective envelope removes any diffusive settling effects. Fig-
ure 4 shows the result of a fit to the detailed elemental com-
position of J0715→7334 using theoretical metal-free supernova
yields10 (see Methods). Overall, this star is best explained by
a 30 M→ progenitor star and a high explosion energy around
5 ↑ 10

51 erg. A weighted average and standard deviation gives
Mprog = 29.0 ± 3.4M→ and Eexpl = 4.9 ± 1.6 ↑ 10

51 erg
(see Methods). Leave-one-element-out tests show that the ini-
tial mass fit is driven by the C upper limit (ruling out models
around 10 → 15M→) and Na and Mg (shifting the best fit mass
up from 25M→ to 30M→). Elements affecting the explosion en-
ergy are Ca and Mn (ruling out the 10

52 erg models) and Co
(preferring models > 3↑ 10

51 erg).
As the two most metal-poor stars known, it is worth com-

paring the Population III progenitors for J0715→7334 with
J1029+1729. J1029+1729 has a Population III progenitor
with low initial mass 10 → 20M→

5 and a low explosion energy
↫1.5 ↑ 10

51 erg, while J0715→7334 has a Population III pro-
genitor with much higher initial mass 25 → 35M→ and a high
explosion energy ↭5 ↑ 10

51 erg. These two stars originate in
clearly different environments. We speculate that this could
be an early indication of environment dependence in Popula-
tion III star formation, a scenario known as Population III.245, 46.
The LMC forms several comoving megaparsecs away from the
proto-Milky Way34, close enough for radiative feedback but not
chemical feedback47. Thus, its Population III star formation
could be affected by Lyman Werner or ionizing radiation from

the proto-Milky Way, which in turn may change the Popula-
tion III initial mass function1, 2, 48. However, many more simi-
larly metal-poor stars will need to be found in different environ-
ments to test this hypothesis.

Figure 4: Population III Supernova Progenitor Constraints.
Top: Chemical abundance pattern of J0715→7334. Filled red
stars show measured abundances with 1ω uncertainties; open
red stars with arrows are upper limits (treated as hard cutoffs).
Sc is treated as an upper limit due to model uncertainties; Cr and
Zn are excluded10. The blue line and caption shows the best-fit
model; black lines show other models within 95% confidence,
with opacity indicating fit quality. Bottom left: Progenitor mass
distribution of models weighted using total absolute error (see
Methods). Bottom right: Explosion energy vs. progenitor mass
for the same models; point size scales with fit quality. Best-fit
model shown in blue.

The launch of the James Webb Space Telescope has led to
a flurry of discoveries of extremely metal-poor high-redshift
galaxies13–15. The metallicity upper limits have been claimed
to be as low as [Z/H] < →3. These are undoubtedly excit-
ing objects, but the metallicity constraints remain an order of
magnitude away from legitimate claims of detecting Popula-
tion III stars. The lowest [OIII]/Hε ratio measured so far is
< 0.22

15, but a galaxy with the same metallicity as J0715→7334
would have [OIII]/Hε < 0.01

16. Thus, at least 10 times bet-
ter signal-to-noise ratios are needed in order to show that these
high-redshift galaxies are not Population II galaxies composed
of stars like J0715→7334. The search for Population III stars
continues.
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図3

IV. 議論
CおよびO原子の微細構造によるガス冷却では説明で
きない。この星が形成されるにはダスト熱放射による
冷却過程が必要で、LMCでそのような環境があったこ
とを示唆。


