
【アブスト】 赤方偏移10を超える遠方で、GN-z11（Bunker+23）をはじめとする窒素過剰な銀河がいくつか見つかっている。窒素が過剰な点
は、銀河系の球状星団の星に見られる特徴の１つであり、高赤方偏移で球状星団の祖先を見ている可能性が指摘されている。窒素過剰になる
原因と、窒素の輝線が球状星団由来なのかについて、議論が分かれており、まだ決着はついていない。high-z銀河の輝線の空間分解や、銀河
系球状星団でのmultiple populationの起源の解明がますます重要になってくる。
【ロジック】

GAゼミ@20240823 石垣JWSTで見つかった赤方偏移>10の窒素過剰な銀河の起源について
銀河IGM workshop（ https://sites.google.com/view/galaxy-igmws24）での議論のまとめ

I. 背景:　JWST/NIRSpecによる観測から、z=10.6の星形成銀河GN-z11で窒素の高階電離輝線が
観測され、[N/O]~0.5と見積もられた（Bunker+23, Cameron+23, Senchyna+23, Watanabe+23: 
図１）。高いN/Oは、銀河系の球状星団の１部の星に見られる傾向で、高赤方偏移でできた球状
星団の祖先によるものではないか、ということで注目されている。

図15.3.1. Origin of Rich Nitrogen

Recently, Bunker et al. (2023) reported bright nitrogen
emission N IV] λ1486 and N III] λ1748 in a star-forming
galaxy, dubbed GN-z11, at z= 10.6 with a high-quality JWST/
NIRSpec spectrum. Cameron et al. (2023) Amayo (2021), and
Senchyna et al. (2023) derive a nitrogen-oxygen abundance
ratio of [N/O]  0.5, greater than four times solar. Generally,
nitrogen in the ISM is enriched by the AGB star or the rotation
of a star. This high [N/O] is difficult to explain at z= 10.6
because the timescale of nitrogen enrichment by AGB stars is
longer than that of oxygen enrichment. In contrast with AGB
stars, intermediate-mass stars enrich nitrogen early in stellar
evolution (∼3Myr) by rotation. The rotation of stars induces
the mixing of the outer hydrogen and helium layers, making the
CNO cycle more active. This process enhances nitrogen
abundance on the stellar surface (Limongi & Chieffi 2018).

Cameron et al. (2023) argue that Wolf–Rayet (W-R) stars
would produce the rich nitrogen of GN-z11. In W-R stars, a
large amount of nitrogen is ejected by the stellar wind. On the
other hand, Charbonnel et al. (2023) claim that the nucleo-
synthesis within supermassive stars (SMS) with 104Me can
reproduce the abundance ratios of GN-z11.

Figure 6 compares our galaxies and models with GN-z11 in
log(N/O) versus log(O/H), and explores the major physical
origin of the rich nitrogen of GN-z11, following the previous
studies (Cameron et al. 2023; Senchyna et al. 2023). Senchyna
et al. (2023) claim that the abundance ratio of GN-z11 is
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([N/O]> 0.77 and +12 log(O/H)= 8.58–9.23) in the case
of stellar (AGN) photoionization. In Figure 6, we show our
EMPGs samples, JWST samples, the local dwarf galaxies
(Izotov et al. 2006), the local HII regions (Pilyugin et al. 2012;
Berg et al. 2020), and the stars in the globular cluster NGC
6752 (Carretta et al. 2005) whose N/O values are as large as
those of GN-z11 (Senchyna et al. 2023). We develop the
rotating PISN models to consider the effect of the rotation. The
PISN models are made in the same manner as Section 4.2, but
with the rotating PISN yields obtained in Takahashi et al.
(2018). We calculate the N/O values of the ejecta from the
60Me W-R stars with stellar winds, referred to as “W-R (wind
only),” and the stars with stellar winds and the subsequent
CCSNe, referred to as “W-R (wind+SN)” (Meynet et al. 2006).
Because the rotating PISN models and the W-R star models do
not have values of 12+logO/H, we show the region and lines
of the [N/O] values for each model. We use the N13 model
that includes AGB stars.

The [N/O] values of GN-z11 and NGC 6752 are much
higher than the other objects. Our EMPGs and some of the
local H II regions have lower oxygen abundance than GN-z11,
while no other objects show [N/O] values as large as those of
GN-z11 and NGC 6752. The majority of local galaxies do not
have N/O values as large as GN-z11 and NGC 6752, while
N/O values of high-z galaxies are poorly constrained except for
GN-z11. There is a possibility that rich nitrogen galaxies may
be more commonly found in the early universe. The rotating
PISN model and N13 model with AGB stars present richer
[N/O] values than the N13 model with no AGB stars, while
these [N/O] values are not as high as the one of GN-z11.

The W-R (wind only) model can produce high [N/O] values
of [N/O]∼2.43. As shown in the W-R (wind only) model, once

CCSNe take place, the [N/O] values decrease to ∼ −0.78.
Because typical W-R stars are massive stars and the stellar
lifetime is short, it is difficult to keep the high N/O values for
more than 7Myr if they explode as CCSNe. However, W-R
stars with a mass of  25Me may directly collapse into black
holes in low metallicity because they have massive Fe cores
(Ebinger et al. 2020).
Here, in the same manner as Section 4.2, we develop a

chemical evolution model with W-R stars that directly collapse
(hereafter the W-R/DC model). We use the yields and lifetimes
predicted by Limongi & Chieffi (2018) for rotating W-R stars
with direct collapse (DC), such as those formed in a low-
metallicity environment, in a mass range of 25−120Me. We
adopt the yields of W-R stars with metallicity [Fe/H] =−3 and
rotation velocity v= 300 km s−1. We use the yields of rotating
CCSNe with progenitor masses of 13–25Me derived in
Limongi & Chieffi (2018). In our W-R/DC model, we assume
that 25Me is a transition mass for DC (>25Me) and no-DC
(�25Me) and that the stars with 25–120 and 13–25Me end up
as DC W-R stars and CCSNe, respectively. These are metal-

Figure 6. Comparison of GN-z11 with the models. The red-dashed line defines
the region indicating abundance ratio constraints of GN-z11 placed by
Cameron et al. (2023). The red square and triangle denote the abundance ratios
of GN-z11 estimated by Senchyna et al. (2023). The red-filled (open) circles
show the abundance ratios of GN-z11 estimated by Isobe et al. (2023) in the
case of stellar (AGN) photoionization. The purple circles represent dwarf
turnoff stars in the globular cluster NGC 6752 (Carretta et al. 2005), while the
green circles show z ∼ 0 HII regions (Pilyugin et al. 2012; Berg et al. 2020).
The black circles present the JWST galaxies at z = 4–5 (Isobe et al. 2023). The
magenta diamonds and the gray circles denote the EMPGs and the local dwarf
galaxies (Izotov et al. 2006), respectively. The orange (purple) curve indicates
the chemical evolution model including CCSNe, HNe, and Type Ia SNe with
(no) AGB stars (N13). The pink shading shows the range of abundance ratios
for the rotating PISN model (Takahashi et al. 2018). The green solid (dashed–
dotted) line represents the abundance ratios of the ejecta from W-R stars via
stellar winds (and CCSNe; Meynet et al. 2006). The blue line indicates the
abundance ratios for the DC of massive W-R stars (Limongi & Chieffi 2018).
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[2] 球状星団との関連：高赤方偏移銀河で、星団の誕生現場と見られるようなクランプ構造を持つ銀河
が見つかってきている（福島さんのスライド）。こうした構造の起源として、円盤不安定や銀河合体
などが考えられている。

II. 議論:　
[1] 元素汚染源：N/Oが高くなる元素合成は、CNOサイクルによる水素燃焼がある。 恒星進化の途上で
CNOサイクルによってN/Oが高くなる水素燃焼殻の核融合生成物が、恒星風などを通して銀河間ガス
を汚染することによって、GN-z11の組成を説明できるかもしれない。以下のシナリオが考えられてい
る
①中質量星のAGB進化段階で起こす星風。ただ中質量星がAGBに至るまで40-100Myrの時間がかかる
のに、GN-z11の年齢の見積もりは<20Myrしかない。
②大質量星の恒星風（WR星）。しかし大質量星の存在を示すUV輝線や、P-Cygniプロファイルの兆候
などは見つかっていない。また、大質量星が超新星爆発を起こすとOが放出され、急激にN/Oを減少さ
せてしまうため、恒星風の親星が爆発する前の短い期間しか、N/Oが高いフェーズが持続しない。
③大質量星同士の合体・相互作用。恒星風に比べて放出されるN-richガスが局所的に留まりやすい。
④Tidal disruption event：Black hole の近傍で星の外層が剥がれる。GN-z11にはAGNの存在を示す証
拠がある
⑤Super massive star:  ~104 Msun のような星が高密度領域でできる。

II. 観測:　 
・この銀河の輝線比の解析からは、高密度でかつ高いN/O比のガスの存在が示唆されている。このよ
うな高い密度のガスはlow-z銀河では見つかっていない。
・似たような特徴を持つ銀河としてMrk 996 (local blue compact dwarf)、Sunburst Arc (z=2.4)

図2 Senchyna+23


