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超⼩型衛星 
- 複数の 1U-size (  ) を組み合わせた衛星 
- 近年、ミッション数が急激に増加 (X線天⽂分野でも) 

従来の⼤型衛星と⽐べて開発費⽤/期間を⼤幅に削減 
- 天体からのX線は地球の⼤気で吸収されてしまう 
- 衛星 (or 気球) の打ち上げが必要不可⽋ 
- お⾦も時間もかかる。。。 
柔軟な観測計画 
- ⼤型衛星では 観測時間を多くの研究者でシェア。  

→ 1天体あたりの観測時間に制限 (⻑期観測が難しい) 
- 超⼩型衛星 は少⼈数チームで開発‧運⽤ → 1週間から数ヶ⽉の⻑期観測が可能 + 突発天体の迅速な追観測

10 × 10 × 10 cm3

超⼩型衛星を活⽤したX線観測 4
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NinjaSat: ⽇本初の超⼩型汎⽤X線衛星 5

• 汎⽤X線衛星 for 時間領域天⽂学 
• 理研、京⼤、千葉⼤、東京理科⼤... のメンバーを中⼼に開発し、運⽤中 
• 観測戦略 

• 突発天体の迅速な追観測 (hr~day) 
• 定常/突発天体の⻑期観測  (week ~ month)
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U サイズ 衛星バス — NanoAvionics in リトアニア 
- 姿勢制御‧地上との通信‧電⼒供給など 
- NanoAvionics 社に委託 

→ 我々は検出器開発に集中することで開発期間を短縮 
- 総重量 8.14 kg (ペイロード 2.4 kg) 
- 総電⼒ 16.4 W 

計4台の観測機器 — NinjaSat チーム (理研中⼼) 
- ガスX線検出器 Gas Multiplier Counter (GMC)×  
- 放射線帯モニター Radiation Belt Monitor (RBM)×

6

宇宙実証済み 6U バス (MP)

超⼩型X線衛星 NinjaSat Tamagawa+



Gas Multiplier Counter (GMC)
⾮撮像型ガスX線検出器 
- サイズ ~ 1U ( cm ⽴⽅), 重量 ~1.2 kg 
- 観測エネルギー帯域: 2‒50 keV 
- 封⼊ガス: XeArDME (%/%/%) @. atm 
- 有効⾯積: 32 cm @ keV /台 (超⼩型衛星では過去最⼤) 
- 信号増幅: ガス電⼦増幅フォイル Gas Electron Multiplier (GEM)  

Be窓 光電吸収.
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10 cm
10 cm 約600 V の電圧印加で 電⼦数を~ 300 倍に増幅し S/N ⽐を向上

ガス電⼦増幅フォイル (GEM)
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Tamagawa+
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なぜガス検出器を採⽤したのか 8

検出器の有効⾯積 (有感領域 × 検出効率) を安価かつ容易に拡⼤可能 
- ガスセルを⼤きくするだけで、有効⾯積の拡⼤が可能 
- 他のタイプの検出器に⽐べて安価 
温度制御なしで動作可能 
- 超⼩型衛星ではスペース & 消費電⼒が制限。温度制御装置の搭載は不利 
- 半導体検出器をはじめとする多くの検出器は温度制御が必要 
ガスX線検出器の豊富な開発ノウハウ (⽟川研究室) 
- ⽟川研究室では NASA 主導のX線偏光観測衛星 IXPE (2021年打ち上げ) に GEM を提供 (Baldini+, Tamgawa+) 
- 宇宙実証済みの GEM を⽤いることで開発期間を短縮

Collimator 

Gas cell
FEC housing
DAQ housing

Iron-55 ~10 cm

~10 cm ~10 cm

GMC 衛星搭載品

明るいX線天体 (>  mCrab) を観測可能な検出器を最短で開発



9プロジェクトタイムライン : 開発から打ち上げまで約3.5年

GMC

©NanoAvionics

GMC

衛星全体組み⽴てGMC 地上試験GMC 組み⽴て 衛星運⽤‧科学観測

©NanoAvionics ©SpaceX

2023年11⽉11⽇  SpaceX Transporter-  により打ち上げ成功 !!

• 太陽同期極軌道 (⾼度 530 km) 
• 運⽤予定 > 1年

Sec. 3.2



運⽤体制 10NinjaSat

基地局  @スバールバル (北極圏)

オペレータ

AWS

データ確認 @理研 or オンライン

データ処理パイプライン

Amazon  Web  Service

NanoAvionics

NinjaSat チーム

ペイロード運⽤コマンド
コンタクト 3回/day 

S-band 通信 (< MB)衛星運⽤

ペイロード運⽤
運⽤@理研

QL モニタ
QL モニタ

若⼿研究者 (特に学⽣) が中⼼となって開発‧運⽤

衛星の位置

パイプライン

太陽同期極軌道 

(⾼度 530 km)

役割分担 
- 衛星運⽤ : NanoAvionics 
- ペイロード運⽤ : NinjaSat チーム 
ペイロード関連のソフトウェア開発 
- 運⽤コマンド/ポインティングリストの作成 
- 観測データのパイプライン処理 
- Quick Look モニタ



これまで (~1.5年) の観測状況まとめ 11

合計 28 天体を観測 
- 主に中性⼦星/ブラックホール連星 + α (AGN, WD) 

最⻑の連続モニタリング観測期間 ~3ヶ⽉  
- 増光が期待された再帰新星 T CrB の待ち受け観測 

追観測の最短記録 . hr → ⻘⼭さん, Haoさん講演 
- 新天体 MAXI J− (Aoyama+, submitted to ApJL) 

パルサー航法の実証実験 → ⼤⽥さん講演 
その他 

- Sco X- QPO探査 (⾼橋さんポスター) 
- AGN IC A のX線‧可視光同時観測 (岩⽥さんポスター) 
- 新天体 MAXI J− (⼭﨑さんポスター)

天体名
1 Crab Nebula
2 SRGA J144459.2−604207
3 Sco X-1
4 Her X-1
5 4U 0115+63
6 GX 301−2
7 MXB 1730−335
8 EXO 0748−676 
9 SMC X-1

10 GX 17+2
11 1E 1841−045
12 Aql X-1
13 GX 1+4 
14 Cyg X-2
15 4U 1636−536
16 Cen X-3
17 MAXI J1752−457
18 4U 1700-377
19 Cir X-1
20 4U 1538-52
21 4U 0614+091
22 Cyg X-1
23 GX 339−4
24 MAXI J1744-294
25 T CrB
26 NGC 4151
27 NGC 526
28 IC 4329A

NS 
BH 
WD  

AGN



合計 28 天体を観測 
- 主に中性⼦星/ブラックホール連星 + α (AGN, WD) 

最⻑の連続モニタリング観測期間 ~3ヶ⽉  
- 増光が期待された再帰新星 T CrB の待ち受け観測 

追観測の最短記録 . hr → ⻘⼭さん, Haoさん講演 
- MAXI J− (Aoyama+, submitted to ApJL) 

パルサー航法の実証実験 → ⼤⽥さん講演 
その他 

- Sco X- QPO探査 (⾼橋さんポスター) 
- AGN IC A のX線‧可視光同時観測 (岩⽥さんポスター) 
- 新天体 MAXI J− (⼭﨑さんポスター)

天体名
1 Crab Nebula
2 SRGA J144459.2−604207 (SRGA J1444)
3 Sco X-1
4 Her X-1
5 4U 0115+63
6 GX 301−2
7 MXB 1730−335
8 EXO 0748−676 
9 SMC X-1

10 GX 17+2
11 1E 1841−045
12 Aql X-1
13 GX 1+4 
14 Cyg X-2
15 4U 1636−536
16 Cen X-3
17 MAXI J1752−457
18 4U 1700-377
19 Cir X-1
20 4U 1538-52
21 4U 0614+091
22 Cyg X-1
23 GX 339−4
24 MAXI J1744-294
25 T CrB
26 NGC 4151
27 NGC 526
28 IC 4329A

NS 
BH 
WD  

AGN

12

最初の科学観測ターゲット :  新しい clocked X-ray burster SRGA J 
- 観測 (武⽥) : NinjaSat による⻑期モニタリング観測 (Takeda+) 
- 理論 (⼟肥さん) : X線バースト計算コード HERES によるモデリング (Dohi+)

これまで (~1.5年) の観測状況まとめ
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X線バーストの光度曲線 (ライトカーブ)

中性⼦星表⾯における核爆発現象 
- X線帯域 (黒体温度 ) の黒体放射 
- 継続時間 ~ 数10秒, 総エネルギー  
- これまでにおよそ 120天体から観測

kTbb ∼ 2 keV

∼ 1039 erg

X線バースト 14

中性子星

伴星  
( )< 1M⊙降着物

質 (H/He/ZCNO)

降着
円盤

低質量X線連星系

伴星から中性⼦星へ降着物質が流⼊

中性⼦星表⾯に降着物質が堆積
中性子星表面の温度上昇

X線バーストの流れ

20 秒
定常放射成分

© Gabriel Pérez Díaz, Instituto de Astrofísica de Canarias

Grindlay+1976

X線バースト

時間

カウ
ント

レー
ト (

cps
)

バースト間隔 
 (再帰時間)  
~ 数時間

ピーク光度 : ∼ 1038 erg s−1

(c) RIKEN/Souichi Takahashi ⼀般的なバースターの再帰時間は不規則
X線バースト  

(燃料を消費)
@ ∼ 0.2 GK



典型的なクロックX線バースター GS − のライトカーブ
X線バースト

定常放射

再帰時間 
 Δtrec ∼ 3.5 hr

(Thomas+)

クロックX線バースター 15

X線バースターの1種 - ~120天体のうち6天体のみ 
特徴 :  - 再帰時間  がほぼ⼀定 - プロファイルも毎回似ている

Δtrec

まるで “ししおどし”  のような天体

中性⼦星

伴星 降着物質 (H/He/ZCNO)

X線バースト

ししおどし

観測者



中性⼦星

伴星 降着物質 (H/He/ZCNO)

X線バースト

ししおどし

観測者

✓ 理論モデルとの⽐較に最適 
✓ η の値で中性⼦星質量と EOS を制限できる!?  

→ 野⽥さん講演 & ⼟肥さん講演 (Dohi+) 
✓ 典型的なバーストの再帰時間は数時間で、⻑期観測が必要 

→ NinjaSat の観測候補の1つ

• 再帰時間は質量降着率 (定常放射) に概ね反⽐例 
→1回のバーストに必要な燃料が毎回同じ (臨界質量が存在)

flux measurements appear to agree in general once the dif-
ference in the energy band is taken into account. However, the
burst fluence measured by both the BeppoSAX instruments are
around 40% lower than for ASCA and RXTE. The RXTE/PCA is
known to measure fluxes that are systematically !20% higher
than some other instruments (e.g., Kuulkers et al. 2003);
however, this offset is insufficient to explain the discrepancy in
the measured fluence. Furthermore, the estimate of ! from
RXTE should be independent of any systematic flux offset.
Despite the substantially higher burst fluence from the RXTE
and ASCA measurements of Kong et al. (2000), the calculated
! was still close to that measured by BeppoSAX (Ubertini et al.
1999; in ’t Zand et al. 1999). This appears to result from the
bolometric correction on the 2–10 keV RXTE/ASCA flux,
which is not quoted in the Kong et al. (2000) paper but we
estimate at 4–6. By comparison, the bolometric correction
implied by the 2–10 keV and 0.1–200 keV BeppoSAX/NFI
measurements by in ’t Zand et al. (1999) is 3.3. From our
broadband spectral fits in x 3.2, we estimate a bolometric cor-
rection for RXTE flux in the 2–10 keV band as 3:06 " 0:02.
Thus, we attribute the higher ! measured by Kong et al. (2000)
to an excessive bolometric correction factor.

4. COMPARISON WITH THEORETICAL
IGNITION MODELS

In this section, we compare the observed burst properties
with theoretical models of type I burst ignition. We calculate
ignition conditions following Cumming & Bildsten (2000) and
refer the reader to that paper for details. Since the calculation
depends only on the local vertical structure of the layer, we give
the results in terms of the local accretion rate per unit area ṁ and
the mass per unit area or column depth y. We assume a 1.4 M#
neutron star with radius R ¼ 10 km, giving a surface gravity
g ¼ ðGM=R2Þð1þ zÞ ¼ 2:45( 1014 cm s) 2, where 1þ z ¼
ð1) 2GM=Rc2Þ)1=2 ¼ 1:31 is the gravitational redshift. This
value for the redshift is close to that recently measured for
EXO 0748)676 (z ’ 0:35; Cottam et al. 2002).
We calculate the temperature profile of the accumulating

layer of hydrogen and helium and adjust its thickness until a
thermal runaway occurs at the base. The temperature is mostly
set by hydrogen burning via the hot CNO cycle and therefore
the CNO mass fraction Z, which we refer to as the metallicity.
Our models also include compressional heating and a flux
from the crust Fcrust, but the results are not sensitive to these
contributions. A factor of 2 change in Fcrust gives a 2% (25%)
change in ignition depth and burst energy for Z ¼ 0:02
(Z ¼ 0:001), with a much smaller change in the trend of these
properties with ṁ. We take Fcrust to be constant over the
timescale of the observations, i.e., Fcrust ¼ ṁh iQcrust, where
the time-averaged local accretion rate ṁh i is set equal to the
value for which the burst recurrence time is 5.7 hr, and
Qcrust ¼ 0:1 MeV nucleon)1 (Brown 2000).
To calculate the burst energy, we assume complete burning

of the H/He fuel layer and that the accreted material covers the
whole surface of the star. The total energy is then
4"R2yQnuc#)1

b =ð1þ zÞ, where y is the ignition column depth,
Qnuc is the energy per gram from nuclear burning, and the

Fig. 4.—Variation of the burst recurrence time (top) and the burst fluence
(bottom) as a function of the estimated bolometric persistent flux in GS
1826)24, from RXTE measurements between 1997 and 2002. Error bars
indicate the 1 $ errors. The curves show theoretical calculations for a range of
metallicities: Z ¼ 0:02, 0.01, 0.003, and 0.001. The solid angle ðR=dÞ and
gravitational energy have been chosen in each case to match the observed
fluence and recurrence time at Fp ¼ 2:25( 10)9 ergs cm)2 s)1. For Z ¼ 0:02,
0.01, 0.003, and 0.001, this gives R=d ¼ 13, 10, 8, and 6 km, 10 kpc, and
Qgrav ¼ 175, 196, 211, and 215 MeV nucleon)1.

Fig. 5.—Ratio of persistent to burst luminosity ! ¼ Lp=Lb (eq. [1]),
calculated from RXTE observations between 1997 and 2002. Error bars
represent the estimated 1 $ uncertainties. The curves show theoretical
calculations for the same values of metallicity as in Fig. 4.

GALLOWAY ET AL.470 Vol. 601
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Galloway+

再帰時間と質量降着率の関係

定常フラックス  (- erg s- cm-) 
∝ 質量降着率

Fper

flux measurements appear to agree in general once the dif-
ference in the energy band is taken into account. However, the
burst fluence measured by both the BeppoSAX instruments are
around 40% lower than for ASCA and RXTE. The RXTE/PCA is
known to measure fluxes that are systematically !20% higher
than some other instruments (e.g., Kuulkers et al. 2003);
however, this offset is insufficient to explain the discrepancy in
the measured fluence. Furthermore, the estimate of ! from
RXTE should be independent of any systematic flux offset.
Despite the substantially higher burst fluence from the RXTE
and ASCA measurements of Kong et al. (2000), the calculated
! was still close to that measured by BeppoSAX (Ubertini et al.
1999; in ’t Zand et al. 1999). This appears to result from the
bolometric correction on the 2–10 keV RXTE/ASCA flux,
which is not quoted in the Kong et al. (2000) paper but we
estimate at 4–6. By comparison, the bolometric correction
implied by the 2–10 keV and 0.1–200 keV BeppoSAX/NFI
measurements by in ’t Zand et al. (1999) is 3.3. From our
broadband spectral fits in x 3.2, we estimate a bolometric cor-
rection for RXTE flux in the 2–10 keV band as 3:06 " 0:02.
Thus, we attribute the higher ! measured by Kong et al. (2000)
to an excessive bolometric correction factor.

4. COMPARISON WITH THEORETICAL
IGNITION MODELS

In this section, we compare the observed burst properties
with theoretical models of type I burst ignition. We calculate
ignition conditions following Cumming & Bildsten (2000) and
refer the reader to that paper for details. Since the calculation
depends only on the local vertical structure of the layer, we give
the results in terms of the local accretion rate per unit area ṁ and
the mass per unit area or column depth y. We assume a 1.4 M#
neutron star with radius R ¼ 10 km, giving a surface gravity
g ¼ ðGM=R2Þð1þ zÞ ¼ 2:45( 1014 cm s) 2, where 1þ z ¼
ð1) 2GM=Rc2Þ)1=2 ¼ 1:31 is the gravitational redshift. This
value for the redshift is close to that recently measured for
EXO 0748)676 (z ’ 0:35; Cottam et al. 2002).
We calculate the temperature profile of the accumulating

layer of hydrogen and helium and adjust its thickness until a
thermal runaway occurs at the base. The temperature is mostly
set by hydrogen burning via the hot CNO cycle and therefore
the CNO mass fraction Z, which we refer to as the metallicity.
Our models also include compressional heating and a flux
from the crust Fcrust, but the results are not sensitive to these
contributions. A factor of 2 change in Fcrust gives a 2% (25%)
change in ignition depth and burst energy for Z ¼ 0:02
(Z ¼ 0:001), with a much smaller change in the trend of these
properties with ṁ. We take Fcrust to be constant over the
timescale of the observations, i.e., Fcrust ¼ ṁh iQcrust, where
the time-averaged local accretion rate ṁh i is set equal to the
value for which the burst recurrence time is 5.7 hr, and
Qcrust ¼ 0:1 MeV nucleon)1 (Brown 2000).
To calculate the burst energy, we assume complete burning

of the H/He fuel layer and that the accreted material covers the
whole surface of the star. The total energy is then
4"R2yQnuc#)1

b =ð1þ zÞ, where y is the ignition column depth,
Qnuc is the energy per gram from nuclear burning, and the

Fig. 4.—Variation of the burst recurrence time (top) and the burst fluence
(bottom) as a function of the estimated bolometric persistent flux in GS
1826)24, from RXTE measurements between 1997 and 2002. Error bars
indicate the 1 $ errors. The curves show theoretical calculations for a range of
metallicities: Z ¼ 0:02, 0.01, 0.003, and 0.001. The solid angle ðR=dÞ and
gravitational energy have been chosen in each case to match the observed
fluence and recurrence time at Fp ¼ 2:25( 10)9 ergs cm)2 s)1. For Z ¼ 0:02,
0.01, 0.003, and 0.001, this gives R=d ¼ 13, 10, 8, and 6 km, 10 kpc, and
Qgrav ¼ 175, 196, 211, and 215 MeV nucleon)1.

Fig. 5.—Ratio of persistent to burst luminosity ! ¼ Lp=Lb (eq. [1]),
calculated from RXTE observations between 1997 and 2002. Error bars
represent the estimated 1 $ uncertainties. The curves show theoretical
calculations for the same values of metallicity as in Fig. 4.
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17新たなクロックX線バースター:  SRGA J.−

Molkov+24X線ライトカーブ (SRG 衛星)

再帰時間 ~ 2 hr  
@ MJD 60365

Parameter Value

(RA, Dec) (221.2455833, −60.6986944)

距離 ~10 kpc 

伴星質量 0.3–0.4 M

スピン周期 447.9 Hz

連星周期 5.22 hr 

離心率 < 4 × 10−4

幸運にも、NinjaSat が科学観測を開始する2⽇前に新たなクロックX線バースターが発⾒!! 
6番⽬のクロックX線バースター SRGA J 
- 2024/2/21  に SRG 衛星が発⾒、その後およそ1ヶ⽉間、X線帯域で増光。複数の衛星が追観測 
- NinjaSat の観測期間中、再帰時間は 2 hr から 10 hr に徐々に変化

⊙

各パラメータの観測結果
Illiano+24

Fu+24

Dohi+24

Ng+24

Ng+24

Ng+24

バースト

可視光の対応天体は見つからず。。。
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定常フラックス (∝質量降着率) の⻑期モニタリング 18

Parameter MAXI NinjaSat

有効面積 ~5 cm2 ~16 cm2

観測時間 ~60 s/90 min ~2 ks/90 min 
(Max. case)

~3倍 

~30倍 

NinjaSat データでは、X線バーストにより増光している時間帯は除外

SRG
 衛星

によ
る発

⾒
25⽇間

- NinjaSat は増光の減衰部分をほぼ全てカバー 
- 約25⽇間の⻑期観測は 全天モニタ MAXI を除けば最⻑ 
- MAXI と⽐較しておよそ100倍の光⼦統計を実現 
- 定常フラックス (∝ 質量降着率) が減衰する際の細かな変動を精度良く観測
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NinjaSat データでは、X線バーストにより増光している時間帯は除外
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20合計 12 個のX線バーストを検出
11個のバーストの平均プロファイル
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合計12個のX線バーストを検出

※ 12個目のバーストはバースト
発生後から観測を開始したため
でここでは未使用

20 sec

- X線バーストの検出は超⼩型衛星では世界初 - 超⼩型衛星でもバーストプロファイルの変動を秒スケールで調べることができる!! (有効⾯積が2桁⼩さい従来の超⼩型衛星では不可能)

1秒ビン
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SRGA J: 個のバーストの平均 (本研究)τ ∼ 20 s

典型的なクロックX線バースター GS −

- SRGA J のバースト継続時間は   - 典型的なクロックX線バースター GS - ( ) と⽐べて短い → テールの⻑さは陽⼦過剰環境で起きる rp過程が担う。つまり、伴星の⽔素が少なめ？       (詳細なモデル計算との⽐較はこの後の⼟肥さん講演)       

τ ∼ 20 s
τ ∼ 40 s

21X線バーストの継続時間の⽐較

バーストの実効的な継続時間    
 バーストの fluence (積算値)/ピークの⾼さ

τ
≡
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22NS 質量への⽰唆  : バーストの再帰時間 vs. 定常フラックス

 : 再帰時間  : 定常フラックス  : 定数  : べき
Δtrec
Fper
C
η

Δtrec = CF−η
per (η ∼ 1)

経験式

定常フラックスが概ね⼀定の割合で低下しているのに対して、検出できたバーストの時刻差はバラバラ

バースト検出時刻

- 観測効率 10‒20% のため、複数のバーストを検出し損ねている - さらに、バースト検出間に定常フラックスが変動 → 経験式を適⽤できない...

概ね反⽐例の関係
NinjaSat でバーストが検出できた期間

 は NS 質量に依存  (Dohi+)η



マルコフ連鎖モンテカルロ (MCMC) 法を⽤いてパラメータ  を推定η, C, ni (i = 1,2,...,12)

NS 質量への⽰唆 : べき η の新たな推定⼿法 23

経験式をより⼀般的なモデルに拡張 
. 検出し損ねたバーストの個数  をパラメータ とする . バースト間のフラックス変化を考慮するために積分系とするni − 1

時間 ti  ti+1

バースト検出

検出し損ねたバースト  個ni − 1

バースト検出

C C C
C

定常フラックス  Fper

X線
フラ

ック
ス

インターバル数  ni

積分値   
は一定

C
⼀般化したモデル 
∫

ti+1

ti
Fper

ηdt = Cni

従来の経験式 
 Fper

ηΔtrec = C

→⾚ : 観測量 ,   
⻘ : パラメータ  

Fper ti
η, C, ni

バースト間のフラックス  の積分値 = 保存量  ×インターバル数  Fper
η C ni
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平均再帰時間 vs. 定常フラックス

•   
• 過去に  が観測された天体で最も⼩さな値 
•  の値が 1 よりも有意に⼩さい初めての天体

η = 0.84+0.02
−0.01 < 1
η

η

確率
密度

べき η の確率密度分布 (事後分布)

べき η

これまでの5天体の観測結果は η ≳ 1

σ 信頼区間   
η = 0.84+0.02

−0.01

Galloway+ 
Linares+ 
Bagnoli+ 
Li+ 
Dohi+

べき η ※ 推定したパラメータ  を⽤いて 
  平均再帰時間  を計算

ni

Δtrec
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25NS 質量への⽰唆 :   の解釈η = 0.84+0.02
−0.01 < 1

• η は中性⼦星質量 に依存することが理論計算によ
り指摘されている (Dohi+) 

• 中性⼦星質量が⼤きく、コンパクトな中性⼦星ほ
ど η が⼩さくなる傾向

重い中性子星
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26NS 質量への⽰唆 :   の解釈η = 0.84+0.02
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• SRGA J の観測結果は、中性⼦星質量  
では説明できず、重い中性⼦星 ( ) を⽰唆 

• 観測結果と詳細に⽐較するために、  の 
理論計算が必要 (future work)

MNS < 2M⊙
MNS > 2M⊙

MNS > 2M⊙

SRGA J (本研究)
エラーは全て1σ相当

これまでの5天体の観測結果は η ≳ 1

η の観測結果と理論計算の比較
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(一部修正)

EOS : Togashi
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NinjaSat 打ち上げ前を振り返る : 観測‧理論のコラボ
2021年ワークショップ 
 岩切さんスライド 「超⼩型X線衛星NinjaSatが⽬指すサイエンス」より
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is not required by the data ( ( ) ( )c =dof 0.90 2631red
2 ). The best-

fit parameters are listed in Table 2 (Model 2) and the spectrum
with residuals in sigma can be seen in the middle panel of
Figure 3.

3.1.3. The Soft State

The NuSTAR observation in the soft state and the SWIFT
observation number 15 (see Table 1) have previously been
reported by Degenaar et al. (2016). The simplest model to describe
these data consists of a thermal Comptonization component, a soft
disk blackbody component, and a reflection component. To build
an average broadband spectrum, we use the average SWIFT/XRT
spectrum of the observation numbers 15 and 16 (see Table 1) and
the INTEGRAL data extending the energy range up to ∼50keV.
Similarly as proposed by Degenaar et al. (2016), we fit the
broadband spectrum using a model including three emission
components (a thermal Comptonization, a soft disk blackbody,
and a model with reflection (CONSTANT∗TBABS∗(DISKBB
+NTHCOMP+RELXILL) in XSPEC). All physical parameters are
free in the fit with the exception of the following: a=0,

=R R1in ISCO, and =R R400out ISCO (values from Degenaar
et al. 2016). This model well describes the broadband 0.8–
50.0 keV spectrum, with a ( ) ( )c =dof 0.83 1600red

2 . Taking into
account that the single Comptonization component described the
high/soft state data well and, in order to study the behavior of
spectral parameters, we then fit these data also with Model 1,

similarly to what has been done for the hard and transitional states.
The best-fit parameters are listed in Table 2 and the spectrum for
the soft state with residuals with respect to the model are shown in
Figure 3 (bottom panel).

3.2. The Type I X-Ray Bursts

We searched for the presence of timing signatures such
as Type I X-ray bursts during the observations of 1RXS
J180408.9−342058. These were detected in a quasi-periodic
manner during the transitional state, when NuSTAR observed
1RXSJ180408.9−342058 for ∼57 ks. The top panel of
Figure 4 shows the light curve with a bin time of 1 s in the
3.5–30keV energy range. The presence of 10 thermonuclear
Type-I bursts can be seen clearly within the light curve (see
also Wijnands et al. 2017). The light curve does not show any
statistically significant intensity variations outside of the X-ray
bursts. Unfortunately, there are no data from INTEGRAL/JEM-
X or SWIFT/XRT during X-ray bursts detected with NuSTAR
instruments. To analyze the morphological properties of
these bursts, we modeled the burst shape with linear rise
( ( ) ( )= - -I I t T T Tpeak start peak start , for Tstart�T�Tpeak) fol-
lowed by an exponential decay ( ( )= t- -I I e t T

peak peak , for
T�Tpeak), adding a constant factor to take into account the
persistent flux. In Table 3 we report the start time (Tstart), peak
time (Tpeak), exponential decay time (τ), and peak intensity (in
unit of -c s 1) of each X-ray burst. All the bursts show the same

Figure 4. The 3.5–30keV NuSTAR light curve in the transitional state during epoch number 2 (top) and in the hard state during epoch number 1 (bottom) using a bin
size of 1 s.
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power law model fitted to the persistent (preburst) spectra.
The mean reduced-!2 for the persistent spectral fits was 1.07
(56 degrees of freedom). The neutral column density was in
most cases poorly constrained and not significantly differ-
ent from zero, and in the mean it was nH ¼ ð2:4 # 1:4Þ%
1022 cm &2. While this model provided a good fit to the PCA
data alone, combined fits including the HEXTE spectrum in
addition required modeling of the high-energy spectral cutoff
(see x 3.2).

3. BURST PROFILES, ENERGETICS, AND
RECURRENCE TIMES

The X-ray bursts observed by RXTEwere remarkably similar
to each other (Fig. 1). The rise times were relatively long, be-
tween 4.75 and 7 s (5:6 # 0:6 s on average). The first exponen-
tial decay timescale increased from 14:7 # 0:7 to 17:5 # 1:1 s
between the 1997–1998 and 2000 bursts and to 19:1 # 1:3 for
the 2002 bursts. The variation of the burst profile with epoch
is obvious in the averaged light curves (Fig. 2). The second
exponential timescale was, on average, 43 # 1 s. The peak
fluxes also showed weak evidence for a decrease with time; the
mean for the seven bursts observed in 1997–1998 was ð33:0 #

0:8Þ % 10&9 ergs cm&2 s&1, while for the bursts observed in
2000–2002 it was ð30:5 # 1:1Þ % 10&9 ergs cm&2 s&1 (note
that the averages of burst properties calculated here exclude
the bursts that we did not observe in their entirety). This
decrease was substantially larger than the variation in the
preburst persistent emission (see x 3.1, below). Thus, it
appears unlikely that the observed variation in the peak
burst flux arose as a side effect of subtracting the persistent
emission as background. The net effect of the variations in
peak flux and timescale was to keep the fluence approximately
constant, at '1:1% 10&6 ergs cm&2. None of the bursts
exhibited evidence for radius expansion, so that the maximum
burst flux is a lower limit to the Eddington luminosity. The
implied distance limit is consistent with that derived from
previous observations.

3.1. Long-term Burst Interval History

Because of its low Earth orbit, RXTE can typically observe
any given source for only 65% of each 90 minute orbit. Thus,
it is likely that some bursts were missed during the gaps
between observations. The shortest burst intervals were found
between pairs of bursts observed on 1997 November 5 and 6,
2000 June 30, and 2002 July 29, at !t ¼ 5:88, 4.00 hr, and
3.58 hr, respectively. While the first value is consistent with
other measurements around the same time (e.g., Ubertini et al.
1999; Cocchi et al. 2001), the latter two are substantially
shorter. The other burst intervals measured from the RXTE
observations are at least a factor of 2 greater than the shortest
intervals and were close to integer multiples of the two
shortest intervals in each epoch. Furthermore, in each of the
longer burst intervals, the predicted intermediate burst times
(assuming regular burst occurrence) fell within data gaps.
Thus, it was still possible for the bursts to be recurring on a
regular timescale.

Fig. 1.—Profiles of 20 X-ray bursts from GS 1826&24 observed by RXTE
between 1997 and 2002, plotted with varying vertical offsets for clarity. The
upper group of seven bursts were observed in 1997–1998, the middle group of
10 bursts in 2000, and the lower group of three in 2002. The bursts from each
epoch have been time-aligned by cross-correlating the first 8 s of the burst.
Error bars indicate the 1 " uncertainties.

Fig. 2.—Mean profiles of seven X-ray bursts from GS 1826&24 observed
by RXTE during 1997–1998 (gray histogram) and of 10 bursts observed
during 2000 (black histogram). The bursts from 2002 have similar profiles to
those from 2000. Error bars indicate the 1 " uncertainties, derived from the
scatter of the flux within each time bin over all the bursts. The inset shows the
same profiles, expanded to show more detail around the burst rise and peak.
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flux measurements appear to agree in general once the dif-
ference in the energy band is taken into account. However, the
burst fluence measured by both the BeppoSAX instruments are
around 40% lower than for ASCA and RXTE. The RXTE/PCA is
known to measure fluxes that are systematically !20% higher
than some other instruments (e.g., Kuulkers et al. 2003);
however, this offset is insufficient to explain the discrepancy in
the measured fluence. Furthermore, the estimate of ! from
RXTE should be independent of any systematic flux offset.
Despite the substantially higher burst fluence from the RXTE
and ASCA measurements of Kong et al. (2000), the calculated
! was still close to that measured by BeppoSAX (Ubertini et al.
1999; in ’t Zand et al. 1999). This appears to result from the
bolometric correction on the 2–10 keV RXTE/ASCA flux,
which is not quoted in the Kong et al. (2000) paper but we
estimate at 4–6. By comparison, the bolometric correction
implied by the 2–10 keV and 0.1–200 keV BeppoSAX/NFI
measurements by in ’t Zand et al. (1999) is 3.3. From our
broadband spectral fits in x 3.2, we estimate a bolometric cor-
rection for RXTE flux in the 2–10 keV band as 3:06 " 0:02.
Thus, we attribute the higher ! measured by Kong et al. (2000)
to an excessive bolometric correction factor.

4. COMPARISON WITH THEORETICAL
IGNITION MODELS

In this section, we compare the observed burst properties
with theoretical models of type I burst ignition. We calculate
ignition conditions following Cumming & Bildsten (2000) and
refer the reader to that paper for details. Since the calculation
depends only on the local vertical structure of the layer, we give
the results in terms of the local accretion rate per unit area ṁ and
the mass per unit area or column depth y. We assume a 1.4 M#
neutron star with radius R ¼ 10 km, giving a surface gravity
g ¼ ðGM=R2Þð1þ zÞ ¼ 2:45( 1014 cm s) 2, where 1þ z ¼
ð1) 2GM=Rc2Þ)1=2 ¼ 1:31 is the gravitational redshift. This
value for the redshift is close to that recently measured for
EXO 0748)676 (z ’ 0:35; Cottam et al. 2002).
We calculate the temperature profile of the accumulating

layer of hydrogen and helium and adjust its thickness until a
thermal runaway occurs at the base. The temperature is mostly
set by hydrogen burning via the hot CNO cycle and therefore
the CNO mass fraction Z, which we refer to as the metallicity.
Our models also include compressional heating and a flux
from the crust Fcrust, but the results are not sensitive to these
contributions. A factor of 2 change in Fcrust gives a 2% (25%)
change in ignition depth and burst energy for Z ¼ 0:02
(Z ¼ 0:001), with a much smaller change in the trend of these
properties with ṁ. We take Fcrust to be constant over the
timescale of the observations, i.e., Fcrust ¼ ṁh iQcrust, where
the time-averaged local accretion rate ṁh i is set equal to the
value for which the burst recurrence time is 5.7 hr, and
Qcrust ¼ 0:1 MeV nucleon)1 (Brown 2000).
To calculate the burst energy, we assume complete burning

of the H/He fuel layer and that the accreted material covers the
whole surface of the star. The total energy is then
4"R2yQnuc#)1

b =ð1þ zÞ, where y is the ignition column depth,
Qnuc is the energy per gram from nuclear burning, and the

Fig. 4.—Variation of the burst recurrence time (top) and the burst fluence
(bottom) as a function of the estimated bolometric persistent flux in GS
1826)24, from RXTE measurements between 1997 and 2002. Error bars
indicate the 1 $ errors. The curves show theoretical calculations for a range of
metallicities: Z ¼ 0:02, 0.01, 0.003, and 0.001. The solid angle ðR=dÞ and
gravitational energy have been chosen in each case to match the observed
fluence and recurrence time at Fp ¼ 2:25( 10)9 ergs cm)2 s)1. For Z ¼ 0:02,
0.01, 0.003, and 0.001, this gives R=d ¼ 13, 10, 8, and 6 km, 10 kpc, and
Qgrav ¼ 175, 196, 211, and 215 MeV nucleon)1.

Fig. 5.—Ratio of persistent to burst luminosity ! ¼ Lp=Lb (eq. [1]),
calculated from RXTE observations between 1997 and 2002. Error bars
represent the estimated 1 $ uncertainties. The curves show theoretical
calculations for the same values of metallicity as in Fig. 4.
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(新しい clocked buster が 
⾒つかったのは幸運だったが)  

打ち上げ前の⽬論⾒通り 
観測‧理論のコラボによる 

成果の創出に成功 
- 再帰時間  vs.  

→ NS 質量推定 
- バーストのプロファイル 

→ 伴星組成

Δtrec
·M

- →

NinjaSat で観測したX線バーストの再帰時間  vs. , バーストのプロファイルを観測‧理論で⽐較し、NS 質量‧EOS や伴星組成を制限したい!!Δtrec
·M



まとめ
超⼩型X線衛星 NinjaSat 

• 2023年11⽉11⽇に打ち上げられた 6U サイズ ( ×  m ×  cm) の超⼩型X線衛星 
• 開発から打ち上げまで約3.5年、その後およそ2年間の科学運⽤中 
• X線バースターをはじめとする明るいX線天体の迅速な追観測‧⻑期観測を実現 

クロックX線バースター SRGA J.− の⻑期観測 
• 超⼩型衛星が得意な⻑期観測を活かすことで、バースト再帰時間と定常フラックスの間に  の関係を発⾒。中性⼦星質量が  より重い可能性を⽰唆 
• バーストの継続時間を理論計算と⽐較することで、降着ガスの組成を推定 太陽組成ではない初めてのクロックX線バースターであることを⽰した

Δtrec ∝ F−0.84
per 2M⊙

• 超⼩型衛星でも、運⽤⽅法や天体選定を⼯夫することで科学成果を出せることを実証 • 打ち上げ前の⽬論⾒通り、観測‧理論のコラボによる成果の創出に成功 • NinjaSat は今年夏頃に⼤気圏突⼊予定。NinjaSat 後継機 (NinjaSat) へ


