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X線観測はブラックホールや中性⼦星(NS)の周囲などに
存在する、数千万度を超えるプラズマを探るのに有効
←地球⼤気はX線に不透明

⼈⼯衛星や、国際宇宙ス
テーション(ISS)に検出器
を搭載して観測
→⽇本は1979年から今⽇
まで断続的にX線ミッショ
ンを続けているSuzaku

電磁波の強度
が半分になる
⾼度（波⻑
毎）
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NSと恒星の連星系
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NSが若い（磁場が強い~108 T） NSが年寄り（磁場が弱い~104 T）
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• NS-LMXB (Low Mass X-ray Binary)
• 伴星の質量が太陽よりも⼩さい
• 軌道周期が1時間以下のものは

UCXB(Ultra Compact X-ray Binary, 
~0.01 M⊙)

• ⾃転周期が数ミリ秒（パルスは弱い）
• 近年、定常重⼒波源の候補としても期待
• 降着物質(H、He)がNS表⾯に堆積、X線

バーストを起こす• 磁極に⾼温プラズマの柱→X線で強いパルス
• サイクロトロン共鳴線が⾒られる 3
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X線バースト
• 1975年にANS衛星によって発⾒
• 中性⼦星表⾯で起こる爆発的な核融合反応

(H,He)。
• 継続時間は数⼗秒
• X線のエネルギースペクトルは、半径~10 kmの

⿊体輻射で再現できる
• ⽇本の初代X線天⽂衛星はくちょうなどの活躍

により、定常放射の光度（降着率を表す）と
バーストのプロファイルに関係

Thermonuclear Burst Reference Catalogue 9

The redshift 1 + z and (Newtonian) surface gravity gare fixed
in the SETTLE code, at the values listed in Table 1 so the re-
sults are implicitly for those values.

The best-fit parameters we report are dependent on the
fidelity of the model, which does not take into account all
of the underlying physics, such as the effects of thermal and
compositional inertia. More detailed models, such as KEPLER

(Woosley et al. 2004) can provide more rigorous modelling of
the underlying physics, however are computationally expen-
sive and so impractical for the Monte Carlo approach adopted
here. However, KEPLER simulations to reproduce the bursts
observed from SAX J1808.4−3658 during the 2002 outburst
have been performed recently, demonstrating that the as-
sumption of a constant accretion rate between bursts results
in the recurrence time being underestimated, when compared
to the scenario in which the accretion rate decreases between
bursts (Johnston et al., in preparation). To account for this
bias, we corrected the recurrence time predictions of SETTLE

using correction factors determined by KEPLER. The correc-
tion factor depends on the ṁ gradient, and thus is different for
each burst. We adopt correction factors for each of the seven
predicted bursts of SAX J1808.4−3658, which vary from ≈1
for the first burst to ≈1.2 for the final burst.

We infer the persistent and burst anisotropy factors (ξp and
ξb, respectively) from the scaling factors and find ξp = 1.05
± 0.01 and ξb = 0.91+0.04

−0.03. This implies an inclination of 62
± 1◦. Note that the error on the inclination is statistical only,
and does not include the contribution from uncertainties in
the mass and radius, due to the fixed values adopted in the
SETTLE model.

As with the analysis of Galloway & Cumming (2006),
our maximum-likelihood solution predicts an additional pair
of bursts between the first pair of observed bursts, on
MJD 52562.41363 and 52564.30515 (#1 and 2 from Gal-
loway et al. 2008). These events would have fallen in data
gaps, which explains why they were not observed. We thus
report the burst separations for the last two bursts observed
during the 2002 October outburst as the recurrence time; for
the second burst, we estimate the recurrence time inferred
from the burst train modelling based on the simulated time
of the preceding event. We note that the inferred recurrence
time of 16.55 h for the second burst observed with RXTE is
comfortably within the overall range for the source, with the
minimum separation of 12.6 h set by a pair of bursts observed
by BeppoSAX (in ’t Zand et al. 1998).

4 RESULTS

The derived (or adopted) properties for the sources of inter-
est are listed in Table 1. The properties of the bursts selected
for our sample are summarised in Table 2. We plot the burst
lightcurves for each of the sequences in Figure 3. The ac-
companying material for this paper includes lightcurves (av-
eraged in cases where there are more than one RXTE burst in
the sequence) for comparison with numerical model results.

Figure 3. Representative burst lightcurves from 4U 1820−303,
SAX J1808.4−3658, GS 1826−24, and 4U 1636−536 observed by
the Rossi X-ray Timing Explorer. In each panel, we plot the lightcurve at the
indicated recurrence time, with flux converted to luminosity at the distances
indicated in Table 1. The bursts contributing to each profile are listed in
Table 2; where more than one profile is observed by RXTE in the train, we
show the average profile. Note the change in x- and y-axis between the top
panels (4U 1820−303 and SAX J1808.4−3658) and the lower two panels.

The burst lightcurves show clear differences related to the
inferred composition and accretion rate. For 4U 1820−303,
the burst lightcurves are short, with durations (defined as the
interval over which the luminosity exceeds 10% of the max-
imum) of 15 s or so. Each of these bursts exhibits strong
photospheric radius expansion, and the quality of the spec-
tral fits during the radius expansion episodes are relatively
poor (reduced-χ2 values in the range 2–8). As ṁ increases,
the burst timescale increases slightly (τ = 6.24 to 6.55 s),
which qualitatively supports the presence of a small amount
of H in the accreted fuel. With smaller recurrence time, there
is less time to burn the accreted H, and the mass fraction at
ignition will be larger.

The bursts from SAX J1808.4−3658, although also
thought to be powered primarily by He, have a notably dif-
ferent morphology, with an extended radius-expansion phase

PASA, 34, e019 (2017)
doi:10.1017/pasa.2017.12
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lightcurves for each of the sequences in Figure 3. The ac-
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eraged in cases where there are more than one RXTE burst in
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imum) of 15 s or so. Each of these bursts exhibits strong
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which qualitatively supports the presence of a small amount
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Galloway+2017

定常放射

• 1999年に打ち上げられた⼤有効⾯積の
RXTE衛星によって、詳細なバースト
のプロファイルが取得→核燃焼の反応
率、NSのEOS、NSの温度情報などの
良いプローブ
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X線バースト中の元素のラインスペクトル？

19
84
PA
SJ
..
.3
6.
.8
19
W

Waki+1984

⾚⽅偏移したFe?
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Cottam+2002

スペクトル中に元素のラインが⾒えると、NSの質量、半径情報や、X線バーストで合成される
元素、組成⽐の情報を直接得ることができる
→しかし、10年に⼀回ぐらい報告されるも、追認されることが無い → 観測が難しい
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広視野X線観測装置の発展とスーパーバーストの発⾒

BeppoSAX/
WFC ©SRON ©SRON
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光度曲線
Kuulkers+2002

BeppoSAX衛星搭載の広視野検出器WFC
は、ガンマ線バーストの残光の発⾒で有名

継続時間が、数時間にも及ぶ
X線バーストを発⾒(Cornelisse+2000)
安定的なHe燃焼、通常のX線バーストのトリプルα
によって⽣成された12Cの燃焼か？（⼟肥さんの
talk）
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(定義が難しいが)
ここから最近の話し
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継続時間による3つのX線バースト分類

Intermediate duration burst : 継続時間が100 ‒ 3600秒。Ignition column depth〜108 g/cm2。
UCXB（候補含む）から観測されるため、厚いHe層の燃焼と考えられている。
スーパーバースト : 継続時間が1時間以上。Ignition column depth〜1012 g/cm2。oceanの底で
起きる炭素の核融合と考えられる。

From Keek
Dthesis

Fig. 2. Preliminary histogram of burst durations as determined from

bursts in the MINBAR archive (Galloway et al., in prep.)

(Nelson et al. 1986) and that is indeed what observations
show (in ’t Zand et al. 2007; in ’t Zand &Weinberg 2010).
Peng et al. (2007) predict a small regime in accretion

rate of H-rich systems (≈ 0.003 times Eddington) where
also long helium bursts can happen after long series of
pure H bursts. However, this is a very small range of al-
lowed accretion rates and pure H-bursts have never been
detected yet. Nevertheless, there are sporadic reports of
intermediate duration bursts from H-rich systems (De-
genaar et al. 2010; Chenevez et al. 2007).
Identifying superbursts, particularly when data cover-

age is sporadic, can be cumbersome. One should, for in-
stance, be careful about long bursts that are discovered
from UCXBs at low mass accretion rates. These may
be intermediate duration bursts. In fact, in a few cases
superburst detections had to be revised, see the careful
evaluation by Serino et al. (2016) . Furthermore, in my
opinion this qualifies the identifications as superbursts
in 4U 0614+09 and SAX J1818-1036 as less certain (see
also Kuulkers et al. 2010 for 4U 0614+09).

2.4. Peak luminosities

Roughly 20% of type-I bursts have peak luminosities
near the Eddington limit (Galloway et al. 2008): 2.0 ×
1038 erg s−1 for H-rich atmospheres and 3.4×1038 erg s−1

for H-poor atmospheres. The situation is different for
superbursts. All superbursts except the PCA one from
4U 1820-30 (Strohmayer & Brown 2002) and possible
the JEM-X burst of SAX J1747.0-2853 (Chenevez et al.
2011) are sub-Eddington. This immediately shows that
the fuel layer is not burning completely.

2.5. Precursors

Most superbursts are discovered with low duty-cycle in-
struments, particularly the ASM on RXTE and MAXI

Fig. 3. PCA-measured light curves of two bursts from 4U 1820-30.

Top panel: first 30 s of the superburst. Bottom panel: a type-I

burst from the same source. From Strohmayer & Brown (2002).

on the ISS. These devices observe more than 80% of the
sky every 90-min satellite orbit, but only for about 1 min.
Therefore, it is easy to detect superbursts because they
generally last longer than 90-min, but it is also difficult
to catch the onset of superbursts. The onset has been
observed in 8 of the 26 superbursts. Interestingly, in each
of these cases the onset is marked by a short burst. This
is often called a precursor, but actually there is only one
case (the PCA superburst of 4U 1820-30) where there is
truly a brief period without burst emission between the
precursor and the main burst.

Figure 3 shows the onsets of a superburst and an or-
dinary burst from 4U 1820-30, detected with the high-
throughput PCA. The superburst onset is characterized
by the precursor (from 5-18 s) and the superburst (start-
ing at 18 s), and the dips in both these bursts. The dip
in the precursor is very short (less than the time resolu-
tion of 1

8
s) and possibly not complete to the pre-burst

flux level. The dip in the superburst drops to below the
pre-burst level. Both of these dips are consistent with
photospheric expansion (Lewin et al. 1984) with adia-
batic cooling, whereby the cooling in the second dip is
so strong that the X-ray signal is lost (Keek 2012). The
drop to below the pre-burst level is due to the photo-
sphere covering up the X-ray emitting part of the accre-
tion disk (e.g., in ’t Zand & Weinberg 2010).

10 s 1000 s
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継続時間が⻑い→発⽣場所が深い
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Fig. 1. Nine-day long light curve of 4U 1735-44 as observed with Bep-

poSAX-WFC, with the first detection of a superburst on August

22, 1996 (from Cornelisse et al. 2000)

In this paper, we briefly discuss the observational facts
(§2.) and theoretical considerations (§3.) that define our
current understanding of superbursts, summarize the im-
portance of superburst research (§4.) and touch on future
prospects (§5.).

2. Observational overview

2.1. Catalog & recurrence time

Table 1 presents a list of all 26 superbursts and their
characteristics that have been reported up to January
2017. The most recent one is reported in these proceed-
ings (Iwakiri et al. 2016a, see also Iwakiri et al. 2016b). It
is from 4U 1705-44, a LMXB that was already predicted
to be a superburster a decade ago (in ’t Zand et al. 2003).
The 26 superbursts are emitted by 15 low-mass X-ray bi-
naries that are also emitters of type-I bursts. Currently,
MAXI on the ISS is the most efficient superburst dis-
covering machine. All six superbursts since 2011 were
discovered with this device.

Five sources have exhibited multiple superbursts.
They have high accretion rates except 4U 0614+09. The
range of superburst recurrence times is between 10 d
(for GX 17+2) to 10.5 yr (for 4U 1820-30). The av-
erage recurrence time is 4 yr, but this should be taken
as an upper limit because there are data gaps. in ’t
Zand et al. (2003) perform a statistical analysis of the
recurrence time and find 2 ± 1 yr. Keek et al. (2006)
determine on a source-by-source basis and on the basis
of the BeppoSAX-WFC database a lower limit to the
recurrence time of usually 2 months. These determina-
tions can probably be improved upon considerably with
the much larger data sets that is now available through
for instance INTEGRAL and MAXI.

2.2. Host binaries

While in the early years (2000-2004) host binaries of
superbursts were all found to be LMXBs that are per-
sistently accreting at a level of at least 0.1 times the
Eddington limit, the picture changed as the data grew.
There are now 4 transients among the 15 superbursters,
and one system (SAX J1828.5-1037) with an unknown
nature, but for certain with a low long-term average ac-
cretion rate like the 4 transients. Of the 7 host binaries
with (tentatively) known orbital periods, 2 are ultracom-
pact X-ray binaries (UCXBs), meaning that the compo-
sition of the donors, and therefore that on on the neutron
star, is strongly deficient in hydrogen (4U 1820-30 and
4U 0614+09).

There are a number of prolific bursters that are semi-
persistent and did not exhibit a superburst yet: 4U 1728-
34, EXO 0748-676 (off since 2011), 4U 1702-429, 1E
1724.3045 (in Terzan 2), A 1742-294, 4U 1812-12, GS
1826-24 and Cyg X-2. While it is too early to derive
a physical meaning of this, it is something to keep in
mind. It may be related to the question of fuel accu-
mulation for superbursts and ignition conditions. in ’t
Zand et al. (2003) did an investigation of the average
α parameter among a number of persistent bursters. α
is the ratio of the gravitational energy released by ac-
cretion since the last burst to the nuclear energy re-
leased through the present burst. It should be between
about 30 and 200 (Lewin et al. 1993). in ’t Zand et al.
(2003) found a clear distinction between superbursters
and non-superbursters. The former ones have a signifi-
cantly higher α value (>∼ 1000).

2.3. Distinguishing superbursts from other long bursts

After the discovery of superbursts, another kind of ther-
monuclear X-ray burst was discovered that is also long
but generally not as long as superbursts: intermediate
duration bursts (in ’t Zand et al. 2005; Cumming et al.
2006), the qualification intermediate referring to a dura-
tion between that of type-I bursts and superbursts (see
Fig. 2). Since this may incur uncertainty in the identi-
fication of short superbursts, we discuss this somewhat
more.

Most intermediate duration bursts are thought to re-
sult from the ignition of thick helium piles on cold neu-
tron stars. Due to the low temperature, ignition is
reached at higher pressure and larger column depths,
and the helium needs much more time to reach ignition
(days to weeks instead of hours) and bursts last longer.
The thicker piles and the fast 3α helium-burning nuclear
reaction will usually result in very high nuclear powers
that easily surpass the Eddington limit and result in very
strong photospheric expansion. The low temperatures go
hand in hand with low accretion rates. All these circum-
stances are found in ultracompact X-ray binaries with
orbital periods shorter than about one and a half hour
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Fig. 1. A MAXI image of galactic sources in 4–10 keV, based on data collection in 4.7 years. The previously known superburst sources

(dashed) and the sources in Table 1 (solid) are marked with circles.
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Fig. 2. Light curves of the outbursts of SAX J1747.0−2853 (left) and Aql X-1 (right). A point correspond to a scan. The short flares at

time= 0 are superbursts. 9

3つのスーパーバーストタイプ

MAXIは、打ち上げ10年間
で12個のスーパーバース
トを検出している(Serino, 
Iwakiri et al., 16, Iwakiri+17
proceedings)。。

Real	MAXI	
in	space	�

2009/8/15	First	light	

NASA	photo	taken	from	the	Space	Shuttle�

H-FOV	

160	deg	

×$	deg	

Z-FOV		
160	deg×$	deg	

Scans dwell time ~60 s
Sensitivity (&5σ)
   1scan 100 mCrab	
   1day     30 mCrab
   1month  5 mCrab
   1year      1 mCrab

MAXI(Monitor of 
All- sky X-ray 
Image)

• 2-20 keV (⽐例計数管)
• ISSの軌道周期に合わせて

全天を⾛査観測

1, クラシカルタイプ

定常放射

2, アウトバーストタイプ

時間(day)
Serino, 
Iwakiri+17

アウトバースト
（降着起源）

スーパー
バースト

91-2 M. Serino et al. [Vol. 64,

Fig. 1. MAXI/GSC light curves of Terzan 5 in 2–4 keV (top), 4–10 keV (middle), and 10–20 keV (bottom) energy bands. The data represent the flux
for each scan, and the error bars represent the 1-! statistical uncertainties. The time is the center of the scan. The left panels show light curves
between MJD 55854 (October 20) and MJD 55867 (November 2). The light curves between MJD 55858 and MJD 55860 are expanded in the right panels.
The time intervals used for hardness plots are labeled in the top panels (see figures 3 and 4).

2. Observations and Data Analysis

MAXI/GSC (Mihara et al. 2011b) observed the Terzan 5
region with two GSC cameras (GSC-5 and GSC-B),
throughout this brightening episode. Since GSC-B was oper-
ated with a reduced high voltage, the data was not included
in the preliminary analysis of Astron. Telegram (Mihara et al.
2011a). In this paper, we use all of the data from both cameras.

A GSC camera scans a source every 92 min with a typical
transit time of ! 60 s (Sugizaki et al. 2011). Figure 1 shows the
light curve of Terzan 5 with MAXI/GSC. The observed count-
rates are converted to fluxes in units of photons cm"2 s"1 by
assuming the Crab spectrum in each energy band. The 1 Crab
is 1.87, 1.24, and 0.40 photons cm"2 s"1 in the 2–4, 4–10,
10–20 keV band, respectively.1

2.1. Light Curves and Persistent Emissions

The light curve shows two peaks. The initial peak
was observed only by MAXI/GSC. The flux increased
suddenly at MJD 55858.5589 from the nominal flux level
of 0.02 photons cm"2 s"1 to 0.51 photons cm"2 s"1 (4–10 keV).
There was no flux variation during the scan (! 60 s). The flux
was nominal in the previous scan at MJD 55858.4949, which
was 92 min before. The 4–10 keV light curve showed an expo-
nential decay after it. The e-folding time was obtained to be
0.3 d by a fitting, which is typical for a superburst. The total
fluence between 55858.5 and 55859.5 is 2 # 104 photons cm"2

in the 2–20 keV band. It corresponds to the total energy of
1.4 # 1042 erg in 2–20 keV if the spectrum is 1.7 keV black-
body, which is an average spectrum, as shown in subsection 2.2
and table 1. The first other observation than MAXI was done
by INTEGRAL in 55859.7–55859.9. It was after the initial
component faded out; the upper limit of 6 mCrab in 3–10 keV
is consistent with the MAXI light curve.

After the intermission, GSC observed a re-brightening
of the source (figure 1). This re-brightening started at
MJD 55859.9 and lasted for about 5 d. The flux at the peak

1 hhttp://maxi.riken.jp/top/index.php?cid=36i.

time (MJD 55862.1) was 0.13 photons cm"2 s"1 in 4–10 keV.
This light curve is consistent with the flux observed by
RXTE/PCA in 2–16 keV, 8, 83, and 90 mCrab at 55860.2,
55860.96, and 55861.03, respectively. The total photon fluence
between 55859.9 and 55864.4 is 6 # 104 photons cm"2 in 2–
20 keV. Assuming the spectrum of 2.55 keV disk blackbody
(Altamirano et al. 2011b), it corresponds to a total energy
of 4.3 # 1042 erg.

Averaging over 2 years of observation, the persistent flux
from the source is 0.02 ˙ 0.01 photons cm"2 s"1, or 16 mCrab
in 4–10 keV. This flux may contain those from other X-ray
sources in Terzan 5. The maximum 4–10 keV flux from
Terzan 5 observed with MAXI/GSC was 0.05 photons cm"2 s"1

or 40 mCrab in one-day average, excluding the time interval
between MJD 55478 and 55535, when another X-ray source in
Terzan 5, IGR J17480"2446, was on outburst.

2.2. Spectral Analysis and Hardness Ratio

We performed a time-resolved spectral analysis for the initial
part. Both a blackbody model and a power-law model (Γ ! 1)
gave an acceptable fit. Figure 2 shows the spectra of the
first and the second scan with the best-fit blackbody model.
The best-fit parameters (kTfit and Rfit) are summarized in
table 1. The photo-electric absorption was not included in the
model, because the expected Galactic column density2 towards
Terzan 5, NH = (5–6) # 1021 cm"2, was negligible in fitting the
GSC data. The obtained temperature and radius are typical for
a superburst. The best-fit temperature decreased from 2.2 keV
(MJD 55585.56) to 1.2 keV (MJD 55589.20), indicating a soft-
ening. The luminosity in the time interval A (= superburst
peak) was 1.1 # 1038 erg s"1 if the emission was isotropic. The
temperature, softening, radius, fluence, and e-folding time are
typical for a superburst. We thus conclude that this is a super-
burst from Terzan 5.

In order to investigate the spectral evolution of the super-
burst and the following outburst, we plotted color–color
diagram (figure 3) and hardness–intensity diagram (figure 4).

2 hhttp://heasarc.gsfc.nasa.gov/cgi-bin/Tools/w3nh/w3nh.pli.
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Fig. 1. MAXI/GSC light curves of Terzan 5 in 2–4 keV (top), 4–10 keV (middle), and 10–20 keV (bottom) energy bands. The data represent the flux
for each scan, and the error bars represent the 1-! statistical uncertainties. The time is the center of the scan. The left panels show light curves
between MJD 55854 (October 20) and MJD 55867 (November 2). The light curves between MJD 55858 and MJD 55860 are expanded in the right panels.
The time intervals used for hardness plots are labeled in the top panels (see figures 3 and 4).

2. Observations and Data Analysis

MAXI/GSC (Mihara et al. 2011b) observed the Terzan 5
region with two GSC cameras (GSC-5 and GSC-B),
throughout this brightening episode. Since GSC-B was oper-
ated with a reduced high voltage, the data was not included
in the preliminary analysis of Astron. Telegram (Mihara et al.
2011a). In this paper, we use all of the data from both cameras.

A GSC camera scans a source every 92 min with a typical
transit time of ! 60 s (Sugizaki et al. 2011). Figure 1 shows the
light curve of Terzan 5 with MAXI/GSC. The observed count-
rates are converted to fluxes in units of photons cm"2 s"1 by
assuming the Crab spectrum in each energy band. The 1 Crab
is 1.87, 1.24, and 0.40 photons cm"2 s"1 in the 2–4, 4–10,
10–20 keV band, respectively.1

2.1. Light Curves and Persistent Emissions

The light curve shows two peaks. The initial peak
was observed only by MAXI/GSC. The flux increased
suddenly at MJD 55858.5589 from the nominal flux level
of 0.02 photons cm"2 s"1 to 0.51 photons cm"2 s"1 (4–10 keV).
There was no flux variation during the scan (! 60 s). The flux
was nominal in the previous scan at MJD 55858.4949, which
was 92 min before. The 4–10 keV light curve showed an expo-
nential decay after it. The e-folding time was obtained to be
0.3 d by a fitting, which is typical for a superburst. The total
fluence between 55858.5 and 55859.5 is 2 # 104 photons cm"2

in the 2–20 keV band. It corresponds to the total energy of
1.4 # 1042 erg in 2–20 keV if the spectrum is 1.7 keV black-
body, which is an average spectrum, as shown in subsection 2.2
and table 1. The first other observation than MAXI was done
by INTEGRAL in 55859.7–55859.9. It was after the initial
component faded out; the upper limit of 6 mCrab in 3–10 keV
is consistent with the MAXI light curve.

After the intermission, GSC observed a re-brightening
of the source (figure 1). This re-brightening started at
MJD 55859.9 and lasted for about 5 d. The flux at the peak
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time (MJD 55862.1) was 0.13 photons cm"2 s"1 in 4–10 keV.
This light curve is consistent with the flux observed by
RXTE/PCA in 2–16 keV, 8, 83, and 90 mCrab at 55860.2,
55860.96, and 55861.03, respectively. The total photon fluence
between 55859.9 and 55864.4 is 6 # 104 photons cm"2 in 2–
20 keV. Assuming the spectrum of 2.55 keV disk blackbody
(Altamirano et al. 2011b), it corresponds to a total energy
of 4.3 # 1042 erg.

Averaging over 2 years of observation, the persistent flux
from the source is 0.02 ˙ 0.01 photons cm"2 s"1, or 16 mCrab
in 4–10 keV. This flux may contain those from other X-ray
sources in Terzan 5. The maximum 4–10 keV flux from
Terzan 5 observed with MAXI/GSC was 0.05 photons cm"2 s"1

or 40 mCrab in one-day average, excluding the time interval
between MJD 55478 and 55535, when another X-ray source in
Terzan 5, IGR J17480"2446, was on outburst.

2.2. Spectral Analysis and Hardness Ratio

We performed a time-resolved spectral analysis for the initial
part. Both a blackbody model and a power-law model (Γ ! 1)
gave an acceptable fit. Figure 2 shows the spectra of the
first and the second scan with the best-fit blackbody model.
The best-fit parameters (kTfit and Rfit) are summarized in
table 1. The photo-electric absorption was not included in the
model, because the expected Galactic column density2 towards
Terzan 5, NH = (5–6) # 1021 cm"2, was negligible in fitting the
GSC data. The obtained temperature and radius are typical for
a superburst. The best-fit temperature decreased from 2.2 keV
(MJD 55585.56) to 1.2 keV (MJD 55589.20), indicating a soft-
ening. The luminosity in the time interval A (= superburst
peak) was 1.1 # 1038 erg s"1 if the emission was isotropic. The
temperature, softening, radius, fluence, and e-folding time are
typical for a superburst. We thus conclude that this is a super-
burst from Terzan 5.

In order to investigate the spectral evolution of the super-
burst and the following outburst, we plotted color–color
diagram (figure 3) and hardness–intensity diagram (figure 4).
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• ほとんど降着が起きていないのにスーパーバースト。
He起源?(Altamirano+12)

• 定常放射が⾒えないので、重元素の痕跡が⾒やすいのでは？

MAXI

MAXI

3, エクストリームタイプ

炭素
核融合？

炭素？点⽕しない？
(Keek+2008) 

ヘリウム？
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176 R. Cornelisse et al.: A four-hours long burst from SerpensX–1

Fig. 1. a) RXTE/ASM lightcurve of Ser X–1. Each bin is a
2 day average, and normalized to that of the Crab; only data
with more than one dwell per day were included. The time span
between the dashed lines has been blown up in b), where we
also show the data of the WFC (2–28 keV), and RXTE/PCA
(indicated by small horizontal bars underneath). The WFC
bins are one orbit averages and the PCA bins are 5 min aver-
ages; data points are connected to guide the eye when less than
0.2 days apart. The ASM points are one day averages (with
more than one dwell per day). All observations are normalized
to the Crab. A sharp increase can be seen at MJD 50507. The
vertical tick-marks at the middle-right indicate the occurrence
of “normal” type I bursts. Panels c)–e) show again a blow-up,
indicated by the dashed line in b), of the superburst in two
different energy-bands, i.e. 2–5 keV c) and 5–28 keV d), and
their ratio in e). Each bin is 5 min. In panel c) individual ASM
dwells are also over-plotted.

As suggested by Cumming & Bildsten (2001), superbursts
can occur at higher luminosities, where they are more dif-
ficult to detect due to the smaller contrast with the per-
sistent flux. The total energy emitted during the burst,

Fig. 2. Results from time resolved spectroscopy from the be-
ginning of the burst back to the persistent emission level.
We show the black-body flux (Fbb), black-body temperature
(kTbb) and black-body radius (Rbb) of the burst, respectively.
We have taken the persistent emission level, modeled by a
bremsstrahlung spectrum, as fixed at the same values as used
with the spectral fit of the total burst (see Table 2). Also the
absorption column is fixed at NH = 0.5 × 1022 atoms cm−2

(Christian & Swank 1997). During the first part of the burst
each bin is 180 s. After the first gap due to earth occultation
the bin size becomes 300 s and the last two intervals have bin
sizes of 420 s. The black body radius is for a source at 8.4 kpc
distance.

Eb = (7.3±1.4)×1041 erg, and the exponential decay time,
are also comparable to those of the other superbursts.

Cornelisse et al. (2000) noticed the absence of normal
type I bursts in the regular burster 4U1735–44 through-
out the 9-day observation. In the case of KS1731–260,
no type I bursts were seen after the superburst, whereas
they were present beforehand (Kuulkers et al. 2001). From
Fig. 1 we see a similar effect in SerX–1. The first normal
burst is observed about 34 days after the superburst, at
MJD 50541.32. After that, SerX–1 is seen to burst rather
regularly, having a total of seven bursts in 210.7 ks (about
3 bursts per day). For this burst-rate the Poisson distri-
bution predicts a probability of 24% that no bursts are
detected in the 55 ks WFC observations before the su-
perburst, so it is possible that the lack of observed bursts
before the superburst is due to chance. The probability
that the absence of ordinary bursts in the 34 days after
the superburst is due to chance is 1.2%.

We also performed Monte Carlo simulations to verify
in more detail the significance of finding no bursts around
the superburst. We randomly varied the burst waiting
time in an interval symmetric around 0.38 day (i.e. the av-
erage waiting time), and taking as the lower limit 0.04 day
(the lowest waiting time observed by Sztajno et al. 1983).
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Serpens (へび座) X-1
• Persistent flux is 4-6 x 10-9 

ergs/cm2/s (Galloway+08).
• Accretion rate ： 38-50% Mdot

Eddington (Galloway+08). 
• Type-Ⅰ burst α range is 230 ‒

5800 (Sztajno+83, inʼt Zand+2003). 
• Cooper+2006 suggested the CNO 

abundance is greater than solar
(because of higher α).

• 3 superbursts have been observed.



MAXI/GSC observations of new superbursts from Ser X-1

and 4U 1705−44
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Abstract

Two hours-long flares were detected with MAXI/GSC, each from a type-I X-ray bursting low-mass
X-ray binary. The first one was observed on December 12th, 2011, from Ser X-1. The second one was
observed on 2016 Oct 22 from 4U 1705−44. On the basis of the results from the timing and spectral
analysis, we concluded that the flares are the fourth superburst from Ser X-1 and first superburst from 4U
1705−44, respectively.

Key words: thermonuclear burning — stars: neutron

1. Superburst candidate from Ser X-1
Ser X-1 is a persistent source whose persistent brightness
is about 0.15 – 0.25 Crab (Figure 1). Three superbursts
were reported previously from this source (Cornelisse et
al. 2002; Kuulkers 2009). The new event was found in
MAXI/GSC observations on 2011 Dec 12 (MJD 55901).
The event was detected at 08:10 UT and lasted for at
least 4 hours with a fast-rise and exponential-decay light
curve (Figure 2).
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Fig. 1. Long-trend light curve of Ser X-1 obtained by RXTE/ASM

(Black : 1.5 – 12.0 keV) and MAXI/GSC (Red : 2.0 – 10.0 keV) in

Crab units. The arrows denote the detection times of superbursts.

To obtain the information on the spectral variation
during a burst, we perform the spectral analysis. Assum-
ing that the persistent emission did not change during
the burst, we extracted the spectrum from 10 consecu-
tive scans just before the burst as the persistent emission
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Fig. 2. The lightcurves from Ser X-1 observed by MAXI/GSC in the

2 – 4 keV (upper panel) and 4 – 10 keV (lower panel).

and simultaneously fitted it with the burst spectrum ex-
tracted from each scan. The spectrum of each of the first
three scan transits is well fitted by an absorbed black-
body model with temperatures kT = 2.1+0.3

−0.2, 1.5
+0.3
−0.2 and

1.1+0.6
−0.4 keV at 08:10, 09:42 and 11:15 UT, respectively.

The hydrogen column density was fixed at 0.5×1022

cm−2 (Bhattacharyya & Strohmayer 2007). The re-
sults prove cooling along the decay. The bolometric
flux declined from (6.7± 1.1) ×10−9 to (1.9± 0.7)×10−9

erg/s/cm2 over the course of 3 hours. From the obtained
bolometric fluxes, the e-folding decay time is 2.3±0.7
hours. Since the interval of each MAXI scan is 92 min
and the observation time of each scan transit is about 40
s, the peak flux could be larger than the observed values.
Taking into account the interval of each MAXI scan, the

MJD

efolding time : 
2.3±1.1 hour

• fast rise and exponential decay.
• cooling properties (2 keV to 1 keV).
• blackbody radius is almost constant .

Observed the long-duration burst shows :

→Typical properties of type-I X-ray bursts!
We conclude this is the fourth superburst from 
Ser X-1.

Burst
persistent

Bin interval is 
1.5 hour

Serpens (へび座) X-1 のスーパーバースト

Bolometri
c
Flux

kT

radius

MAXI/GSC



1st（Cornelisse+2002） 2nd（Kuulkers+2009） 3rd（Kuulkers+2009） 4th（This work)
Date 50507.08 51399.14 54753.28 55901.34
Detector SAX/WFC RXTE/ASM RXTE/ASM MAXI/GSC
Recurrence time --- 892 3354 1148
e-folding time (hour) 1.15±0.05  (2 ‒

25 keV)
3.6±0.3  (1.5 ‒

12 keV)
1.4±0.2  (1.5 ‒ 12 

keV)
2.3±1.1 

(bolometric)
fpeak (10-9 ergs/s/cm-2) 19 11 13 7-13

E17, y12 (Cumming+2004) 2.3, 0.5 
(Cumming+2006)

--- --- 1.4-6.5, 1.7 ‒ 2.5

（イベントを⾒逃している可能性があるものの）
回帰周期と継続時間(深さ)に関連？
回帰周期が⻑い⽅が、浅いところで発⽣？

Future works:
• 系統誤差の⾒積もり
• この関係が正しいとすると、物理的な解釈は？

e-folding time V.S 
superburst α2nd

3rd

4th

４回のスーパーバーストのまとめ



4U 1705-44からのスーパーバースト

5×104 5.2×104 5.4×104 5.6×104 5.8×104

MJD (day)

0
0

.1
0

.2
0

.3
0
.4

F
lu

x
 (

C
ra

b
)

Fig. 3. Long-trend light curve of 4U 1705−44 obtained by RXTE/ASM (Black : 1.5 – 12.0 keV) and MAXI/GSC (Red : 2.0 – 10.0 keV) in

Crab units. The arrow denotes the detection time of the superburst.

extrapolating peak flux is (7 – 13) ×10−9 erg/s/cm2. On
the basis of these results, we conclude that this is the 4th
superburst event from Ser X-1.
We also calculated the ignition column depth y and

energy release per unit mass E using the cooling model
given by (Cumming & Macbeth 2004). Assuming the
distance is 6 kpc, the derived y and E are (1.7 – 2.5)
×1012 g/cm2 and (1.4 – 6.5) ×1017 ergs/g, respectively.
Comparing with the 1st superburst results (Cumming
et al. 2006), the ignition depth is significantly deeper.
These results are summarized in Table 1 in in ′t Zand
(2017). The recurrence time between the 3rd and the 4th
superburst is 1178 days although there is a possibility of
missing events during data gaps.

2. Superburst candidate from 4U 1705−44

4U 1705−44 is persistent source and the long-trend
lightcurve (Figure 3) clearly shows the low and high in-
tensity state. Because of the high-α value observed from
this source (α is the ratio of the average persistent flux
times the average wait times between two type-I burst
and the burst fluence), it was predicted that 4U 1705−44
is a prospective superburster by in ′t Zand et al. (2003).
However, no superburst was observed from this source
yet.
The new candidate superburst from 4U 1705−44 was

found in observations on 2016 Oct 22 (MJD 57683). Fig-
ure 4 shows the burst lightcurves. The observed new
event detected at 20:21 UT lasted for at least 2 hours
with a fast-rise and exponential-decay light curve. The
energy-resolved lightcurves show that the X-ray emission
softens throughout the decay. We performed the spec-
tral analysis following the same method described in the
previous section. The spectrum obtained during the first
and second scan transits are well fitted by an absorbed
blackbody model with temperatures of kT = 1.8 ± 0.1
and 1.8 ± 0.2 keV. The hydrogen column density was
fixed at 1.9×1022 cm−2 (Piraino et al. 2007). This result
shows that the blackbody temperature did not decrease
significantly but is typical of superbursts. The bolomet-

ric flux declined from (1.4 ± 0.1) ×10−8 to (0.7 ± 0.1)
×10−8 erg/s/cm2 over the course of 1.5 hours. The e-
folding decay time is 2.2 ± 0.6 hours. From these results
we conclude that this is the first superburst observed
from 4U 1705−44.
Interestingly, their type-I burst activity depends on

the intensity state; type-I bursts are more frequently oc-
curred in the low intensity state (Langmeier et al. 1987).
On the other hand, we detected the superburst candidate
in the high intensity state. It might be related to the pre-
diction that the carbon fuel of the superburst could be
destroyed in type-I X-ray burst (Woosley et al. 2004).
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Fig. 4. The lightcurves from 4U 1705−44 observed by MAXI/GSC

in the 2 – 4 keV (upper panel) and 4 – 10 keV (lower panel).
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Fig. 3. Long-trend light curve of 4U 1705−44 obtained by RXTE/ASM (Black : 1.5 – 12.0 keV) and MAXI/GSC (Red : 2.0 – 10.0 keV) in

Crab units. The arrow denotes the detection time of the superburst.

extrapolating peak flux is (7 – 13) ×10−9 erg/s/cm2. On
the basis of these results, we conclude that this is the 4th
superburst event from Ser X-1.
We also calculated the ignition column depth y and

energy release per unit mass E using the cooling model
given by (Cumming & Macbeth 2004). Assuming the
distance is 6 kpc, the derived y and E are (1.7 – 2.5)
×1012 g/cm2 and (1.4 – 6.5) ×1017 ergs/g, respectively.
Comparing with the 1st superburst results (Cumming
et al. 2006), the ignition depth is significantly deeper.
These results are summarized in Table 1 in in ′t Zand
(2017). The recurrence time between the 3rd and the 4th
superburst is 1178 days although there is a possibility of
missing events during data gaps.

2. Superburst candidate from 4U 1705−44

4U 1705−44 is persistent source and the long-trend
lightcurve (Figure 3) clearly shows the low and high in-
tensity state. Because of the high-α value observed from
this source (α is the ratio of the average persistent flux
times the average wait times between two type-I burst
and the burst fluence), it was predicted that 4U 1705−44
is a prospective superburster by in ′t Zand et al. (2003).
However, no superburst was observed from this source
yet.
The new candidate superburst from 4U 1705−44 was

found in observations on 2016 Oct 22 (MJD 57683). Fig-
ure 4 shows the burst lightcurves. The observed new
event detected at 20:21 UT lasted for at least 2 hours
with a fast-rise and exponential-decay light curve. The
energy-resolved lightcurves show that the X-ray emission
softens throughout the decay. We performed the spec-
tral analysis following the same method described in the
previous section. The spectrum obtained during the first
and second scan transits are well fitted by an absorbed
blackbody model with temperatures of kT = 1.8 ± 0.1
and 1.8 ± 0.2 keV. The hydrogen column density was
fixed at 1.9×1022 cm−2 (Piraino et al. 2007). This result
shows that the blackbody temperature did not decrease
significantly but is typical of superbursts. The bolomet-

ric flux declined from (1.4 ± 0.1) ×10−8 to (0.7 ± 0.1)
×10−8 erg/s/cm2 over the course of 1.5 hours. The e-
folding decay time is 2.2 ± 0.6 hours. From these results
we conclude that this is the first superburst observed
from 4U 1705−44.
Interestingly, their type-I burst activity depends on

the intensity state; type-I bursts are more frequently oc-
curred in the low intensity state (Langmeier et al. 1987).
On the other hand, we detected the superburst candidate
in the high intensity state. It might be related to the pre-
diction that the carbon fuel of the superburst could be
destroyed in type-I X-ray burst (Woosley et al. 2004).
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Table 1. Characteristics of 4U 1254-69 superburst. A distance of
13 kpc has been assumed (see text). For comparison the range of
values for the other seven superbursts has been provided in the last
column if useful (in the same units; from Kuulkers et al. 2002 and
Strohmayer & Markwardt 2002).

Duration 14 ± 2 hr 4–12
Precursor? Yes 3 times
⌧exp (hr) 6.0 ± 0.3 1–2
kTmax (keV) 1.8 ± 0.1 2–3.0
Lpeak (1038 erg s�1) 0.44 ± 0.2 0.8–3.4
Lpers (Ledd) 0.13 ± 0.03 0.1–0.25
Eb (1042 erg) 0.8 ± 0.2 0.5�>1.4
⌧ (=Eb/Lpeak) (hr) 5.0 ± 1.7 1.2–2.0
� (=Lpers/Lpeak) 0.66 ± 0.16 0.1–0.5
tno bursts (d) <124.7 >7
Donor H/He‡ He and H/He

‡From Motch et al. (1987).

before the superburst. Iaria et al. (2001) determined the 2–
10 keV flux at 6.9⇥10�10 erg cm�2 s�1 which compares well to
the flux in the days after the superburst. The unabsorbed 0.1 to
100 keV flux on 23December 1998was 1.4⇥10�9 erg cm�2 s�1.
For a distance of 13 kpc this translates to a luminosity of
2.9 ⇥ 1037 erg s�1. This is roughly 15% of the Eddington limit
for a 1.4 M� neutron star with a hydrogen-dominated atmo-
sphere (2 ⇥ 1038 erg s�1). Thus, the superburst follows the rule
of the other superbursts in occurring on objects that accrete at 5
to 10 times below Eddington (Wijnands 2001; Kuulkers et al.
2002).

The suggestion is strong in three previous cases that a su-
perburst quenches normal type-I bursting activity for tens of
days (Cornelisse et al. 2000, 2002; Kuulkers et al. 2002). For
4U 1254-69 this is hard to prove, given the low burst frequency.
The last normal burst prior to the superburst was seen 51 days
earlier, and the first one following the superburst 125 days later
(while it should be noted that there is a long data gap from 20 to
120 days after the superburst). Therefore, our data do not prove
nor disprove the presence of quenching in 4U 1254-69.

The superburst from 4U 1254-69 shows extremes in two
parameters (Table 1): the peak luminosity is two times lower
than the previous minimum value and the decay time is three
times longer than the previous maximum. These two extremes
approximately cancel out in the total burst energetics. The long
decay must be due to either a relatively deep flash location,
a smaller neutron star mass, the presence of relatively heavy
elements, or a combination of these circumstances (Cumming
& Bildsten 2001).

The superburst from 4U 1254-69 is the fourth for which
coincidence with a normal type-I burst could be proven.
Like in 4U 1636-536 (Strohmayer & Markwardt 2002) and
KS 1731-260 (Kuulkers et al. 2002), the precursor from
4U 1254-69 has a peak flux that is higher than that of the su-
perburst (roughly three times). This emphasizes the exceptional
superburst from 4U 1820-30 (Strohmayer & Brown 2002) with

Table 2. Average burst properties of all superbursters (above
the dividing line) and six non-superbursters, as observed with
BeppoSAX-WFC.

Object name T (a)C ↵(b) ↵(c) ⌧(d) [s]
4U 1254-69 4.6 4800 6 ± 2 (15)
4U 1636-536 0.6 440 44–336[1] 6.2 ± 0.1 (67)
KS 1731-260(e) 0.8 780 30–690[2] 5.6 ± 0.2 (37)
4U 1735-444 2.4 4400 220–7728[3] 3.2 ± 0.3 (34)
GX 3+1 1.2 2100 1700–

21 000[4] 4.6 ± 0.1 (61)
4U 1820-303 1.5 2200 4.5 ± 0.2 (47)
Ser X-1 2.9 5800 5.7 ± 0.9 (7)
EXO 0748-676 1.0 140 18-34[5] 12.8 ± 0.4 (155)
4U 1702-429 0.3 58 7.7 ± 0.2 (107)
4U 1705-44 1.1 1600 55–1455[6] 8.7 ± 0.4 (74)
GX 354–0 0.2 97 105–140[7] 4.7 ± 0.1 (417)
A 1742-294 0.4 130 16.8 ± 1.0 (141)
GS 1826-24 0.2 32 41[8] 30.8 ± 1.5 (248)

(a) Average wait time between bursts in days. (b) ↵ is ratio of average
persistent 2–28 keV flux (in WFC c s�1 cm�2) times average wait time
between two bursts (2nd column) and burst fluence (in WFC c cm�2).
(c) ↵ from literature if covering the largest persistent flux range known
([1] Lewin et al. 1987; [2] Muno et al. 2000, [3] van Paradijs et al. 1988b;
[4] den Hartog et al. 2003; [5] Gottwald et al. 1987; [6] Gottwald et al.
1989; [7] Basinska et al. 1984; [8] Galloway et al. 2003). (d) e-folding
decay time of the average 2–28 keV burst profile; between parentheses
the number of bursts averaged. (e) This is a transient and only data
are given for persistent flux levels comparable to when the superburst
occurred.

a precursor that was weaker than the superburst which must be
related to the exceptional nature of the donor star.

In Table 2 we list a few burst properties for all superbursters
and for six bursters which have not yet shown superbursts. The
properties are averaged over the complete WFC database. One
is the ↵-parameter which is defined as the ratio of the persistent
fluence between bursts and the burst fluence. Since there has
not yet been a systematic spectral analysis of the thousands
of WFC-detected bursts, we employ an alternative ↵ which is
based on the ratio of the number of observed photons rather
than on intrinsic radiation energy. This is a useful alternative
since we only compare data from a single instrument. For a few
sources, verification with the literature of the alternative ↵ with
the true ↵ (see Table 2) shows that the two are not far apart. It
turns out that superbursters generally havemuch higher average
↵-values1 than the other bursters.

Another property is the e-folding decay time of the average
2–28 keV burst profile. We generated such profiles by select-
ing bursts with peak significances in excess of 3� at 1 s resolu-
tion, aligning the bursts at their peaks, and averaging the fluxes
weighted by the inverse square of the statistical 1� error. An

1 ↵ may occasionally be low while not significantly a↵ecting the
high average over long time scales. This is particularly well docu-
mented for 4U 1820-303 (e.g., Cornelisse et al. 2003).
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αが⼤きいことから、有⼒な
スーパーバースター候補だっ
たが(in ʻt Zand+04)、
ついに2016年10⽉に観測

Cに⽕がつくためには、ある
程度Hi状態が続く必要がある
のか？今後の課題。
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2018年2⽉12⽇に初めて検出されて、
以降は観測されず。



Fig. 1. Nine-day long light curve of 4U 1735-44 as observed with Bep-

poSAX-WFC, with the first detection of a superburst on August

22, 1996 (from Cornelisse et al. 2000)

In this paper, we briefly discuss the observational facts
(§2.) and theoretical considerations (§3.) that define our
current understanding of superbursts, summarize the im-
portance of superburst research (§4.) and touch on future
prospects (§5.).

2. Observational overview

2.1. Catalog & recurrence time

Table 1 presents a list of all 26 superbursts and their
characteristics that have been reported up to January
2017. The most recent one is reported in these proceed-
ings (Iwakiri et al. 2016a, see also Iwakiri et al. 2016b). It
is from 4U 1705-44, a LMXB that was already predicted
to be a superburster a decade ago (in ’t Zand et al. 2003).
The 26 superbursts are emitted by 15 low-mass X-ray bi-
naries that are also emitters of type-I bursts. Currently,
MAXI on the ISS is the most efficient superburst dis-
covering machine. All six superbursts since 2011 were
discovered with this device.

Five sources have exhibited multiple superbursts.
They have high accretion rates except 4U 0614+09. The
range of superburst recurrence times is between 10 d
(for GX 17+2) to 10.5 yr (for 4U 1820-30). The av-
erage recurrence time is 4 yr, but this should be taken
as an upper limit because there are data gaps. in ’t
Zand et al. (2003) perform a statistical analysis of the
recurrence time and find 2 ± 1 yr. Keek et al. (2006)
determine on a source-by-source basis and on the basis
of the BeppoSAX-WFC database a lower limit to the
recurrence time of usually 2 months. These determina-
tions can probably be improved upon considerably with
the much larger data sets that is now available through
for instance INTEGRAL and MAXI.

2.2. Host binaries

While in the early years (2000-2004) host binaries of
superbursts were all found to be LMXBs that are per-
sistently accreting at a level of at least 0.1 times the
Eddington limit, the picture changed as the data grew.
There are now 4 transients among the 15 superbursters,
and one system (SAX J1828.5-1037) with an unknown
nature, but for certain with a low long-term average ac-
cretion rate like the 4 transients. Of the 7 host binaries
with (tentatively) known orbital periods, 2 are ultracom-
pact X-ray binaries (UCXBs), meaning that the compo-
sition of the donors, and therefore that on on the neutron
star, is strongly deficient in hydrogen (4U 1820-30 and
4U 0614+09).

There are a number of prolific bursters that are semi-
persistent and did not exhibit a superburst yet: 4U 1728-
34, EXO 0748-676 (off since 2011), 4U 1702-429, 1E
1724.3045 (in Terzan 2), A 1742-294, 4U 1812-12, GS
1826-24 and Cyg X-2. While it is too early to derive
a physical meaning of this, it is something to keep in
mind. It may be related to the question of fuel accu-
mulation for superbursts and ignition conditions. in ’t
Zand et al. (2003) did an investigation of the average
α parameter among a number of persistent bursters. α
is the ratio of the gravitational energy released by ac-
cretion since the last burst to the nuclear energy re-
leased through the present burst. It should be between
about 30 and 200 (Lewin et al. 1993). in ’t Zand et al.
(2003) found a clear distinction between superbursters
and non-superbursters. The former ones have a signifi-
cantly higher α value (>∼ 1000).

2.3. Distinguishing superbursts from other long bursts

After the discovery of superbursts, another kind of ther-
monuclear X-ray burst was discovered that is also long
but generally not as long as superbursts: intermediate
duration bursts (in ’t Zand et al. 2005; Cumming et al.
2006), the qualification intermediate referring to a dura-
tion between that of type-I bursts and superbursts (see
Fig. 2). Since this may incur uncertainty in the identi-
fication of short superbursts, we discuss this somewhat
more.

Most intermediate duration bursts are thought to re-
sult from the ignition of thick helium piles on cold neu-
tron stars. Due to the low temperature, ignition is
reached at higher pressure and larger column depths,
and the helium needs much more time to reach ignition
(days to weeks instead of hours) and bursts last longer.
The thicker piles and the fast 3α helium-burning nuclear
reaction will usually result in very high nuclear powers
that easily surpass the Eddington limit and result in very
strong photospheric expansion. The low temperatures go
hand in hand with low accretion rates. All these circum-
stances are found in ultracompact X-ray binaries with
orbital periods shorter than about one and a half hour

300310320330340350010203040

-1
0

0
10

Ser X-1

4U 1820-30

GX 17+2 GX 3+1

4U 1735-444

KS 1731-260

H 1636-536

4U 1608-52

4U 1254-690

Aql X-1 4U 1850-086

SAX J1828.5-1037      
EXO 1745-248            

                   SAX J1747.0-2853
4U 1705-44

             SLX 1735-269

IGR J17062-6143

Fig. 1. A MAXI image of galactic sources in 4–10 keV, based on data collection in 4.7 years. The previously known superburst sources

(dashed) and the sources in Table 1 (solid) are marked with circles.
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Fig. 2. Light curves of the outbursts of SAX J1747.0−2853 (left) and Aql X-1 (right). A point correspond to a scan. The short flares at
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3つのスーパーバーストタイプ

MAXIは、打ち上げ10年間
で12個のスーパーバース
トを検出している(Serino, 
Iwakiri et al., 16, Iwakiri+17
proceedings)。。

Real	MAXI	
in	space	�

2009/8/15	First	light	

NASA	photo	taken	from	the	Space	Shuttle�

H-FOV	

160	deg	

×$	deg	

Z-FOV		
160	deg×$	deg	

Scans dwell time ~60 s
Sensitivity (&5σ)
   1scan 100 mCrab	
   1day     30 mCrab
   1month  5 mCrab
   1year      1 mCrab

MAXI(Monitor of 
All- sky X-ray 
Image)

• 2-20 keV (⽐例計数管)
• ISSの軌道周期に合わせて

全天を⾛査観測

1, クラシカルタイプ

定常放射

2, アウトバーストタイプ

時間(day)
Serino, 
Iwakiri+17

アウトバースト
（降着起源）

スーパー
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91-2 M. Serino et al. [Vol. 64,

Fig. 1. MAXI/GSC light curves of Terzan 5 in 2–4 keV (top), 4–10 keV (middle), and 10–20 keV (bottom) energy bands. The data represent the flux
for each scan, and the error bars represent the 1-! statistical uncertainties. The time is the center of the scan. The left panels show light curves
between MJD 55854 (October 20) and MJD 55867 (November 2). The light curves between MJD 55858 and MJD 55860 are expanded in the right panels.
The time intervals used for hardness plots are labeled in the top panels (see figures 3 and 4).

2. Observations and Data Analysis

MAXI/GSC (Mihara et al. 2011b) observed the Terzan 5
region with two GSC cameras (GSC-5 and GSC-B),
throughout this brightening episode. Since GSC-B was oper-
ated with a reduced high voltage, the data was not included
in the preliminary analysis of Astron. Telegram (Mihara et al.
2011a). In this paper, we use all of the data from both cameras.

A GSC camera scans a source every 92 min with a typical
transit time of ! 60 s (Sugizaki et al. 2011). Figure 1 shows the
light curve of Terzan 5 with MAXI/GSC. The observed count-
rates are converted to fluxes in units of photons cm"2 s"1 by
assuming the Crab spectrum in each energy band. The 1 Crab
is 1.87, 1.24, and 0.40 photons cm"2 s"1 in the 2–4, 4–10,
10–20 keV band, respectively.1

2.1. Light Curves and Persistent Emissions

The light curve shows two peaks. The initial peak
was observed only by MAXI/GSC. The flux increased
suddenly at MJD 55858.5589 from the nominal flux level
of 0.02 photons cm"2 s"1 to 0.51 photons cm"2 s"1 (4–10 keV).
There was no flux variation during the scan (! 60 s). The flux
was nominal in the previous scan at MJD 55858.4949, which
was 92 min before. The 4–10 keV light curve showed an expo-
nential decay after it. The e-folding time was obtained to be
0.3 d by a fitting, which is typical for a superburst. The total
fluence between 55858.5 and 55859.5 is 2 # 104 photons cm"2

in the 2–20 keV band. It corresponds to the total energy of
1.4 # 1042 erg in 2–20 keV if the spectrum is 1.7 keV black-
body, which is an average spectrum, as shown in subsection 2.2
and table 1. The first other observation than MAXI was done
by INTEGRAL in 55859.7–55859.9. It was after the initial
component faded out; the upper limit of 6 mCrab in 3–10 keV
is consistent with the MAXI light curve.

After the intermission, GSC observed a re-brightening
of the source (figure 1). This re-brightening started at
MJD 55859.9 and lasted for about 5 d. The flux at the peak

1 hhttp://maxi.riken.jp/top/index.php?cid=36i.

time (MJD 55862.1) was 0.13 photons cm"2 s"1 in 4–10 keV.
This light curve is consistent with the flux observed by
RXTE/PCA in 2–16 keV, 8, 83, and 90 mCrab at 55860.2,
55860.96, and 55861.03, respectively. The total photon fluence
between 55859.9 and 55864.4 is 6 # 104 photons cm"2 in 2–
20 keV. Assuming the spectrum of 2.55 keV disk blackbody
(Altamirano et al. 2011b), it corresponds to a total energy
of 4.3 # 1042 erg.

Averaging over 2 years of observation, the persistent flux
from the source is 0.02 ˙ 0.01 photons cm"2 s"1, or 16 mCrab
in 4–10 keV. This flux may contain those from other X-ray
sources in Terzan 5. The maximum 4–10 keV flux from
Terzan 5 observed with MAXI/GSC was 0.05 photons cm"2 s"1

or 40 mCrab in one-day average, excluding the time interval
between MJD 55478 and 55535, when another X-ray source in
Terzan 5, IGR J17480"2446, was on outburst.

2.2. Spectral Analysis and Hardness Ratio

We performed a time-resolved spectral analysis for the initial
part. Both a blackbody model and a power-law model (Γ ! 1)
gave an acceptable fit. Figure 2 shows the spectra of the
first and the second scan with the best-fit blackbody model.
The best-fit parameters (kTfit and Rfit) are summarized in
table 1. The photo-electric absorption was not included in the
model, because the expected Galactic column density2 towards
Terzan 5, NH = (5–6) # 1021 cm"2, was negligible in fitting the
GSC data. The obtained temperature and radius are typical for
a superburst. The best-fit temperature decreased from 2.2 keV
(MJD 55585.56) to 1.2 keV (MJD 55589.20), indicating a soft-
ening. The luminosity in the time interval A (= superburst
peak) was 1.1 # 1038 erg s"1 if the emission was isotropic. The
temperature, softening, radius, fluence, and e-folding time are
typical for a superburst. We thus conclude that this is a super-
burst from Terzan 5.

In order to investigate the spectral evolution of the super-
burst and the following outburst, we plotted color–color
diagram (figure 3) and hardness–intensity diagram (figure 4).

2 hhttp://heasarc.gsfc.nasa.gov/cgi-bin/Tools/w3nh/w3nh.pli.
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Fig. 1. MAXI/GSC light curves of Terzan 5 in 2–4 keV (top), 4–10 keV (middle), and 10–20 keV (bottom) energy bands. The data represent the flux
for each scan, and the error bars represent the 1-! statistical uncertainties. The time is the center of the scan. The left panels show light curves
between MJD 55854 (October 20) and MJD 55867 (November 2). The light curves between MJD 55858 and MJD 55860 are expanded in the right panels.
The time intervals used for hardness plots are labeled in the top panels (see figures 3 and 4).

2. Observations and Data Analysis

MAXI/GSC (Mihara et al. 2011b) observed the Terzan 5
region with two GSC cameras (GSC-5 and GSC-B),
throughout this brightening episode. Since GSC-B was oper-
ated with a reduced high voltage, the data was not included
in the preliminary analysis of Astron. Telegram (Mihara et al.
2011a). In this paper, we use all of the data from both cameras.

A GSC camera scans a source every 92 min with a typical
transit time of ! 60 s (Sugizaki et al. 2011). Figure 1 shows the
light curve of Terzan 5 with MAXI/GSC. The observed count-
rates are converted to fluxes in units of photons cm"2 s"1 by
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is 1.87, 1.24, and 0.40 photons cm"2 s"1 in the 2–4, 4–10,
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2.1. Light Curves and Persistent Emissions

The light curve shows two peaks. The initial peak
was observed only by MAXI/GSC. The flux increased
suddenly at MJD 55858.5589 from the nominal flux level
of 0.02 photons cm"2 s"1 to 0.51 photons cm"2 s"1 (4–10 keV).
There was no flux variation during the scan (! 60 s). The flux
was nominal in the previous scan at MJD 55858.4949, which
was 92 min before. The 4–10 keV light curve showed an expo-
nential decay after it. The e-folding time was obtained to be
0.3 d by a fitting, which is typical for a superburst. The total
fluence between 55858.5 and 55859.5 is 2 # 104 photons cm"2

in the 2–20 keV band. It corresponds to the total energy of
1.4 # 1042 erg in 2–20 keV if the spectrum is 1.7 keV black-
body, which is an average spectrum, as shown in subsection 2.2
and table 1. The first other observation than MAXI was done
by INTEGRAL in 55859.7–55859.9. It was after the initial
component faded out; the upper limit of 6 mCrab in 3–10 keV
is consistent with the MAXI light curve.

After the intermission, GSC observed a re-brightening
of the source (figure 1). This re-brightening started at
MJD 55859.9 and lasted for about 5 d. The flux at the peak

1 hhttp://maxi.riken.jp/top/index.php?cid=36i.

time (MJD 55862.1) was 0.13 photons cm"2 s"1 in 4–10 keV.
This light curve is consistent with the flux observed by
RXTE/PCA in 2–16 keV, 8, 83, and 90 mCrab at 55860.2,
55860.96, and 55861.03, respectively. The total photon fluence
between 55859.9 and 55864.4 is 6 # 104 photons cm"2 in 2–
20 keV. Assuming the spectrum of 2.55 keV disk blackbody
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of 4.3 # 1042 erg.
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in 4–10 keV. This flux may contain those from other X-ray
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or 40 mCrab in one-day average, excluding the time interval
between MJD 55478 and 55535, when another X-ray source in
Terzan 5, IGR J17480"2446, was on outburst.

2.2. Spectral Analysis and Hardness Ratio

We performed a time-resolved spectral analysis for the initial
part. Both a blackbody model and a power-law model (Γ ! 1)
gave an acceptable fit. Figure 2 shows the spectra of the
first and the second scan with the best-fit blackbody model.
The best-fit parameters (kTfit and Rfit) are summarized in
table 1. The photo-electric absorption was not included in the
model, because the expected Galactic column density2 towards
Terzan 5, NH = (5–6) # 1021 cm"2, was negligible in fitting the
GSC data. The obtained temperature and radius are typical for
a superburst. The best-fit temperature decreased from 2.2 keV
(MJD 55585.56) to 1.2 keV (MJD 55589.20), indicating a soft-
ening. The luminosity in the time interval A (= superburst
peak) was 1.1 # 1038 erg s"1 if the emission was isotropic. The
temperature, softening, radius, fluence, and e-folding time are
typical for a superburst. We thus conclude that this is a super-
burst from Terzan 5.

In order to investigate the spectral evolution of the super-
burst and the following outburst, we plotted color–color
diagram (figure 3) and hardness–intensity diagram (figure 4).

2 hhttp://heasarc.gsfc.nasa.gov/cgi-bin/Tools/w3nh/w3nh.pli.
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Fig. 2. Spectral fits to the PCA bursts from 4U 0614+09 and 4U 1722-30 during time intervals when the absorbed black body plus reflection model
fails to fit the data (see Fig. B.1 for example time intervals when the black body plus reflection model provides a good fit to these bursts). Left
plots: the 4U 0614+09 spectrum between 1.65 and 1.78 s after burst onset (this is the second data point after the superexpansion phase in Fig. 3).
Middle plots: the 4U 0614+09 spectrum between 2.53 and 2.65 s after burst onset (ninth data point). Right plots: the 4U 1722-30 spectrum for
the 7 s long interval indicated by the grey bar in Fig. 3. The upper panels show the observed photon flux (crosses) and the fitted black body plus
reflection model (histogram). The middle panels show the fractional deviation of the data points from the black body plus reflection model. The
lower panels show the deviations after an absorption edge is included in the model.

reflection model does fit the data, it often yields unreasonable
results; for instance, it requires that the majority of the flux be in
the reflection component rather than the direct black body com-
ponent. This results in unreasonable values for the black body
luminosity and radius.

The failure of the reflection model to fit some of the spec-
tral data from 4U 0614+091 and 4U 1722-30 prompted us
to add another component to the spectral model: an absorp-
tion edge stemming from the primary (non-reflected) spheri-
cally symmetric burst emission. Weinberg et al. (2006b) have
suggested that such a signature should appear in the spectra of
radius expansion bursts due to the presence of heavy ashes of
nuclear burning in the photosphere (see Sect. 6.2). To model
such an edge, we multiply the spectral energy distribution by
M(E) = exp[−τopt (E/Eedge)−3] for photon energies E > Eedge

and M(E) = 1 otherwise1. The fit parameters are the optical
depth of the line τopt and the edge energy Eedge. Our full spectral
model thus accounts for three features: an absorbed black body,
the reflection of the burst flux from an inner accretion disk, and
an absorption edge formed in the photosphere.

We find that including such an edge significantly improves
the fits2, as illustrated in the lower row of plots in Fig. 2.
The evolution of the absorption edge parameters τopt and Eedge
is shown in Fig. 3 for the three PCA bursts. The absorption

1 This is multiplicative model edge in XSPEC.
2 For some spectra the edge can be satisfactorily fit by allowing for
unrealistic values of NH, the black body temperature and the accretion
flux. However, for the 4U 0614+091 burst, the edge immediately after
the superexpansion has such a low energy (see below) that a good fit
cannot be obtained even if one allows for unrealistic values of these
standard spectral parameters.

edge from 4U 0614+091 exhibits a peculiar increase in Eedge
from 4.63 ± 0.05 keV just after the superexpansion to 8.5 ±
0.1 keV less than 2 s later (see also left and middle panels of
Fig. 2). For the next 2 s, Eedge remains nearly constant at 8.5 keV,
after which no significant edge is detected. While Eedge is in-
creasing, τopt is large (between 2 and 3), after which it becomes
substantially less than 1.

The fit to the first spectral data point from 4U 1722-30 (8 s
after burst onset) yields an absorption edge with Eedge " 11 keV
and τopt " 1. The parameters remain near these values until the
temperature peaks at 23 s after onset, after which the parameters
quickly change to Eedge " 6−7 keV and τopt " 0.5. Since there
is no spectral data immediately following the superexpansion
(from 3 to 8 s), we do not know if the increase in Eedge seen in the
spectra from 4U 0614+091 occurs in the case of 4U 1722-30.

The absorption edge from 4U 1820-30 is shallow, but still
detected with significance thanks to the high quality signal pro-
vided by the long duration of the burst. This is particularly clear
when co-adding all the data accumulated over a long time span
(e.g., all data between 5000 and 10 000 s).

Although we obtain reasonable fits to the data once we in-
clude an edge in the model, the limited spectral resolution of
the PCA precludes an unambiguous identification of these fea-
tures as absorption edges. Higher spectral resolution observa-
tions of superexpansion bursts, for instance with XMM-Newton
or Chandra, would be extremely useful.

3.2. Other spectral features of the 3 PCA bursts

The evolution of some of the other spectral parameters is shown
in Fig. 3. We do not show the results for the reflection parameters
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Fig. 2. Spectral fits to the PCA bursts from 4U 0614+09 and 4U 1722-30 during time intervals when the absorbed black body plus reflection model
fails to fit the data (see Fig. B.1 for example time intervals when the black body plus reflection model provides a good fit to these bursts). Left
plots: the 4U 0614+09 spectrum between 1.65 and 1.78 s after burst onset (this is the second data point after the superexpansion phase in Fig. 3).
Middle plots: the 4U 0614+09 spectrum between 2.53 and 2.65 s after burst onset (ninth data point). Right plots: the 4U 1722-30 spectrum for
the 7 s long interval indicated by the grey bar in Fig. 3. The upper panels show the observed photon flux (crosses) and the fitted black body plus
reflection model (histogram). The middle panels show the fractional deviation of the data points from the black body plus reflection model. The
lower panels show the deviations after an absorption edge is included in the model.

reflection model does fit the data, it often yields unreasonable
results; for instance, it requires that the majority of the flux be in
the reflection component rather than the direct black body com-
ponent. This results in unreasonable values for the black body
luminosity and radius.

The failure of the reflection model to fit some of the spec-
tral data from 4U 0614+091 and 4U 1722-30 prompted us
to add another component to the spectral model: an absorp-
tion edge stemming from the primary (non-reflected) spheri-
cally symmetric burst emission. Weinberg et al. (2006b) have
suggested that such a signature should appear in the spectra of
radius expansion bursts due to the presence of heavy ashes of
nuclear burning in the photosphere (see Sect. 6.2). To model
such an edge, we multiply the spectral energy distribution by
M(E) = exp[−τopt (E/Eedge)−3] for photon energies E > Eedge

and M(E) = 1 otherwise1. The fit parameters are the optical
depth of the line τopt and the edge energy Eedge. Our full spectral
model thus accounts for three features: an absorbed black body,
the reflection of the burst flux from an inner accretion disk, and
an absorption edge formed in the photosphere.

We find that including such an edge significantly improves
the fits2, as illustrated in the lower row of plots in Fig. 2.
The evolution of the absorption edge parameters τopt and Eedge
is shown in Fig. 3 for the three PCA bursts. The absorption

1 This is multiplicative model edge in XSPEC.
2 For some spectra the edge can be satisfactorily fit by allowing for
unrealistic values of NH, the black body temperature and the accretion
flux. However, for the 4U 0614+091 burst, the edge immediately after
the superexpansion has such a low energy (see below) that a good fit
cannot be obtained even if one allows for unrealistic values of these
standard spectral parameters.

edge from 4U 0614+091 exhibits a peculiar increase in Eedge
from 4.63 ± 0.05 keV just after the superexpansion to 8.5 ±
0.1 keV less than 2 s later (see also left and middle panels of
Fig. 2). For the next 2 s, Eedge remains nearly constant at 8.5 keV,
after which no significant edge is detected. While Eedge is in-
creasing, τopt is large (between 2 and 3), after which it becomes
substantially less than 1.

The fit to the first spectral data point from 4U 1722-30 (8 s
after burst onset) yields an absorption edge with Eedge " 11 keV
and τopt " 1. The parameters remain near these values until the
temperature peaks at 23 s after onset, after which the parameters
quickly change to Eedge " 6−7 keV and τopt " 0.5. Since there
is no spectral data immediately following the superexpansion
(from 3 to 8 s), we do not know if the increase in Eedge seen in the
spectra from 4U 0614+091 occurs in the case of 4U 1722-30.

The absorption edge from 4U 1820-30 is shallow, but still
detected with significance thanks to the high quality signal pro-
vided by the long duration of the burst. This is particularly clear
when co-adding all the data accumulated over a long time span
(e.g., all data between 5000 and 10 000 s).

Although we obtain reasonable fits to the data once we in-
clude an edge in the model, the limited spectral resolution of
the PCA precludes an unambiguous identification of these fea-
tures as absorption edges. Higher spectral resolution observa-
tions of superexpansion bursts, for instance with XMM-Newton
or Chandra, would be extremely useful.

3.2. Other spectral features of the 3 PCA bursts

The evolution of some of the other spectral parameters is shown
in Fig. 3. We do not show the results for the reflection parameters
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エディントン光度（星の重⼒とバーストの輻射圧が釣り合う光度）を超えるバーストが起きた
場合、輻射圧によるバースト⾵が、重元素の灰を中性⼦星の外に撒き散らす or NSの表⾯が曝露
する？

in ʻt Zand+2010

継続時間が⻑く、明るいバーストのスペクトルの例
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Fig. 1. (Left) : MAXI/GSC lightcurve of EXO 1745�248 in the 4 - 10 keV band from MJD 55853 (2011 Oct 19) to 55868 (2011 Nov 3). The dotted line shows
the INTEGRAL observation, whereas the arrows show the 6 RXTE observations. (Right) : Energy spectra of EXO 1745�248 divided by the canonical model
of Crab Nebula (Kuulkers et al. 2003) observed by RXTE 6 times. The black, red, green, blue, cyan and magenta corresponds to the observation A to F defined
as Table. 1, respectively. The arrrow denotes the INTEGRAL 3 – 10 keV 6 mCrab upper limits (Vovk et al. 2011).

about 5 day. The RXTE observation phases are classified into
three; the vicinity of the superburst and re-brightening (obs A),
during the rebrightrning (B,C and D) and after the rebrightening
(E and F).

The ratio of each spectra to that of Crab nebura and pulsar
are shown in figure 1 (right). Surprisingly, an anomalous broad
emission line structure is clearly seen in the spectrum of Obs.A
around 6.5 keV. To evaluate the intensity of the emission struc-
ture, first we modeled the Obs.A spectrum using an absorbed
powerlaw and a Gaussian emission model for the broad line
structure. The hydrogen column density is fixed at 2.4⇥ 1022

according to the fitting results of hard state spectra obtained by
Swift/XRT(Parikh et al. 2017). The simple model fails to repro-
duce the Obs.A spectrum with poor residuals (�2/d.o.f = 87.42
/ 28) in the 5 - 9 keV region (figure 2(a)). Therefore, next we
added an narrow Gaussian emission to describe the structure.
The fitting results are shown in Table 2. The emission stru-
cute is well reproduced by a powerlaw with narrow and broad
Gaussain model (figure 2(b) and Table 2). The equivalent width
of the two Gaussian emission structure reaches to 2.8 keV. Since
there are no absorption edge structures in the Obs.A spectrum,
the emission structure must not be a reflection component from
an accretion disk. (Wijnands et al. 2015) studied the relation be-
tween the powerlaw photon index and 0.5 - 10 keV luminosity
obtained by other NS-LMXB observations; the results show that
the photon indices are distributed ⇠1.5 – 2.0 in the 1035��36

ergs /s luminosity level. The 0.5 – 10 keV unabsorbed flux of
the Obs.A powerlaw component estimated from the best-fit re-
sults is 1.4⇥ 10�10ergs/cm2/s. Assuming the distance of 5.9
kpc(Valenti et al. 2007), the flux corresponds to an X-ray lu-
minosity 5.8⇥1035 ergs/s. The observed X-ray luminosity and
best-fit powerlaw slope of 1.84± 0.05 are consistent with the
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Fig. 2. Top panel shows the background-subtracted spectrum of EXO
1745�248 obtained with RXTE/PCA at the observation A. The lower two
panels show the residuals in unit of standard deviations. �, from fitting by
(a) the powerlaw plus single Gaussian emission model and (b) the powerlaw
plus narrow and broad Gaussian emission models.

relation of them obtained by other NS-LMXB observationsWi-
jnands et al. (2015). Therefore, the observed continuum emis-
sion shape is normal in this luminosity level of NS-LMXB but
the strong emission structure is abnormal.

To investigate the time variation of the emission structure
during the Obs.A, first, we performed a time-resolved spectral
analysis for the Obs.A data dividing the event into two intervals;
we defined the first half of the Obs.A as A1, whereas the latter
half as A2. The fitting results of the Obs.A1 and A2 spectra us-
ing the same powerlaw with the two Gaussian emission model
are shown in Figure 3 and Table 2. Comparing the count-rate

EXO 1745-248 のスーパーバースト発⽣後のX線スペクトル

EXO 1745-248 MAXI lightcurves
(Serino+12)
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スーパーバーストのピークから：⿊(39時間
後)、緑（58時間後）、⻘(3⽇後)、シアン（4
⽇後）、マゼンタ（5⽇後）
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Crab⽐
スペクトル

17

スーパー
バースト

アウトバースト
（降着による）

30時間後

Iwakiri+2021



2 Publications of the Astronomical Society of Japan, (2014), Vol. 00, No. 0

5.5855×104 5.586×104 5.5865×104

0
0
.1

0
.2

0
.3

4
 −

 1
0
 k

eV
 f

lu
x
 (

C
ra

b
)

MJD

BC D E FA

105

0
.0

1
0
.1

2
×

1
0
−

3
5
×

1
0
−

3
0
.0

2
0
.0

5

C
ra

b
 r

at
io

Energy (keV)

B

C

D

E

F

A

INTEGRAL 

upper limit

Fig. 1. (Left) : MAXI/GSC lightcurve of EXO 1745�248 in the 4 - 10 keV band from MJD 55853 (2011 Oct 19) to 55868 (2011 Nov 3). The dotted line shows
the INTEGRAL observation, whereas the arrows show the 6 RXTE observations. (Right) : Energy spectra of EXO 1745�248 divided by the canonical model
of Crab Nebula (Kuulkers et al. 2003) observed by RXTE 6 times. The black, red, green, blue, cyan and magenta corresponds to the observation A to F defined
as Table. 1, respectively. The arrrow denotes the INTEGRAL 3 – 10 keV 6 mCrab upper limits (Vovk et al. 2011).

about 5 day. The RXTE observation phases are classified into
three; the vicinity of the superburst and re-brightening (obs A),
during the rebrightrning (B,C and D) and after the rebrightening
(E and F).

The ratio of each spectra to that of Crab nebura and pulsar
are shown in figure 1 (right). Surprisingly, an anomalous broad
emission line structure is clearly seen in the spectrum of Obs.A
around 6.5 keV. To evaluate the intensity of the emission struc-
ture, first we modeled the Obs.A spectrum using an absorbed
powerlaw and a Gaussian emission model for the broad line
structure. The hydrogen column density is fixed at 2.4⇥ 1022

according to the fitting results of hard state spectra obtained by
Swift/XRT(Parikh et al. 2017). The simple model fails to repro-
duce the Obs.A spectrum with poor residuals (�2/d.o.f = 87.42
/ 28) in the 5 - 9 keV region (figure 2(a)). Therefore, next we
added an narrow Gaussian emission to describe the structure.
The fitting results are shown in Table 2. The emission stru-
cute is well reproduced by a powerlaw with narrow and broad
Gaussain model (figure 2(b) and Table 2). The equivalent width
of the two Gaussian emission structure reaches to 2.8 keV. Since
there are no absorption edge structures in the Obs.A spectrum,
the emission structure must not be a reflection component from
an accretion disk. (Wijnands et al. 2015) studied the relation be-
tween the powerlaw photon index and 0.5 - 10 keV luminosity
obtained by other NS-LMXB observations; the results show that
the photon indices are distributed ⇠1.5 – 2.0 in the 1035��36

ergs /s luminosity level. The 0.5 – 10 keV unabsorbed flux of
the Obs.A powerlaw component estimated from the best-fit re-
sults is 1.4⇥ 10�10ergs/cm2/s. Assuming the distance of 5.9
kpc(Valenti et al. 2007), the flux corresponds to an X-ray lu-
minosity 5.8⇥1035 ergs/s. The observed X-ray luminosity and
best-fit powerlaw slope of 1.84± 0.05 are consistent with the
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Fig. 2. Top panel shows the background-subtracted spectrum of EXO
1745�248 obtained with RXTE/PCA at the observation A. The lower two
panels show the residuals in unit of standard deviations. �, from fitting by
(a) the powerlaw plus single Gaussian emission model and (b) the powerlaw
plus narrow and broad Gaussian emission models.

relation of them obtained by other NS-LMXB observationsWi-
jnands et al. (2015). Therefore, the observed continuum emis-
sion shape is normal in this luminosity level of NS-LMXB but
the strong emission structure is abnormal.

To investigate the time variation of the emission structure
during the Obs.A, first, we performed a time-resolved spectral
analysis for the Obs.A data dividing the event into two intervals;
we defined the first half of the Obs.A as A1, whereas the latter
half as A2. The fitting results of the Obs.A1 and A2 spectra us-
ing the same powerlaw with the two Gaussian emission model
are shown in Figure 3 and Table 2. Comparing the count-rate
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Fig. 1. (Left) : MAXI/GSC lightcurve of EXO 1745�248 in the 4 - 10 keV band from MJD 55853 (2011 Oct 19) to 55868 (2011 Nov 3). The dotted line shows
the INTEGRAL observation, whereas the arrows show the 6 RXTE observations. (Right) : Energy spectra of EXO 1745�248 divided by the canonical model
of Crab Nebula (Kuulkers et al. 2003) observed by RXTE 6 times. The black, red, green, blue, cyan and magenta corresponds to the observation A to F defined
as Table. 1, respectively. The arrrow denotes the INTEGRAL 3 – 10 keV 6 mCrab upper limits (Vovk et al. 2011).

about 5 day. The RXTE observation phases are classified into
three; the vicinity of the superburst and re-brightening (obs A),
during the rebrightrning (B,C and D) and after the rebrightening
(E and F).

The ratio of each spectra to that of Crab nebura and pulsar
are shown in figure 1 (right). Surprisingly, an anomalous broad
emission line structure is clearly seen in the spectrum of Obs.A
around 6.5 keV. To evaluate the intensity of the emission struc-
ture, first we modeled the Obs.A spectrum using an absorbed
powerlaw and a Gaussian emission model for the broad line
structure. The hydrogen column density is fixed at 2.4⇥ 1022

according to the fitting results of hard state spectra obtained by
Swift/XRT(Parikh et al. 2017). The simple model fails to repro-
duce the Obs.A spectrum with poor residuals (�2/d.o.f = 87.42
/ 28) in the 5 - 9 keV region (figure 2(a)). Therefore, next we
added an narrow Gaussian emission to describe the structure.
The fitting results are shown in Table 2. The emission stru-
cute is well reproduced by a powerlaw with narrow and broad
Gaussain model (figure 2(b) and Table 2). The equivalent width
of the two Gaussian emission structure reaches to 2.8 keV. Since
there are no absorption edge structures in the Obs.A spectrum,
the emission structure must not be a reflection component from
an accretion disk. (Wijnands et al. 2015) studied the relation be-
tween the powerlaw photon index and 0.5 - 10 keV luminosity
obtained by other NS-LMXB observations; the results show that
the photon indices are distributed ⇠1.5 – 2.0 in the 1035��36

ergs /s luminosity level. The 0.5 – 10 keV unabsorbed flux of
the Obs.A powerlaw component estimated from the best-fit re-
sults is 1.4⇥ 10�10ergs/cm2/s. Assuming the distance of 5.9
kpc(Valenti et al. 2007), the flux corresponds to an X-ray lu-
minosity 5.8⇥1035 ergs/s. The observed X-ray luminosity and
best-fit powerlaw slope of 1.84± 0.05 are consistent with the
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Fig. 2. Top panel shows the background-subtracted spectrum of EXO
1745�248 obtained with RXTE/PCA at the observation A. The lower two
panels show the residuals in unit of standard deviations. �, from fitting by
(a) the powerlaw plus single Gaussian emission model and (b) the powerlaw
plus narrow and broad Gaussian emission models.

relation of them obtained by other NS-LMXB observationsWi-
jnands et al. (2015). Therefore, the observed continuum emis-
sion shape is normal in this luminosity level of NS-LMXB but
the strong emission structure is abnormal.

To investigate the time variation of the emission structure
during the Obs.A, first, we performed a time-resolved spectral
analysis for the Obs.A data dividing the event into two intervals;
we defined the first half of the Obs.A as A1, whereas the latter
half as A2. The fitting results of the Obs.A1 and A2 spectra us-
ing the same powerlaw with the two Gaussian emission model
are shown in Figure 3 and Table 2. Comparing the count-rate

EXO 1745-248 MAXI lightcurves
(Serino+12)

2⽇

スーパーバーストのピークから：⿊(40時間
後)、緑（58時間後）、⻘(3⽇後)、シアン（4
⽇後）、マゼンタ（5⽇後）
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後

30時間後

EXO 1745-248 のスーパーバースト発⽣後のX線スペクトル
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Fig. 1. (Left) : MAXI/GSC lightcurve of EXO 1745�248 in the 4 - 10 keV band from MJD 55853 (2011 Oct 19) to 55868 (2011 Nov 3). The dotted line shows
the INTEGRAL observation, whereas the arrows show the 6 RXTE observations. (Right) : Energy spectra of EXO 1745�248 divided by the canonical model
of Crab Nebula (Kuulkers et al. 2003) observed by RXTE 6 times. The black, red, green, blue, cyan and magenta corresponds to the observation A to F defined
as Table. 1, respectively. The arrrow denotes the INTEGRAL 3 – 10 keV 6 mCrab upper limits (Vovk et al. 2011).

about 5 day. The RXTE observation phases are classified into
three; the vicinity of the superburst and re-brightening (obs A),
during the rebrightrning (B,C and D) and after the rebrightening
(E and F).

The ratio of each spectra to that of Crab nebura and pulsar
are shown in figure 1 (right). Surprisingly, an anomalous broad
emission line structure is clearly seen in the spectrum of Obs.A
around 6.5 keV. To evaluate the intensity of the emission struc-
ture, first we modeled the Obs.A spectrum using an absorbed
powerlaw and a Gaussian emission model for the broad line
structure. The hydrogen column density is fixed at 2.4⇥ 1022

according to the fitting results of hard state spectra obtained by
Swift/XRT(Parikh et al. 2017). The simple model fails to repro-
duce the Obs.A spectrum with poor residuals (�2/d.o.f = 87.42
/ 28) in the 5 - 9 keV region (figure 2(a)). Therefore, next we
added an narrow Gaussian emission to describe the structure.
The fitting results are shown in Table 2. The emission stru-
cute is well reproduced by a powerlaw with narrow and broad
Gaussain model (figure 2(b) and Table 2). The equivalent width
of the two Gaussian emission structure reaches to 2.8 keV. Since
there are no absorption edge structures in the Obs.A spectrum,
the emission structure must not be a reflection component from
an accretion disk. (Wijnands et al. 2015) studied the relation be-
tween the powerlaw photon index and 0.5 - 10 keV luminosity
obtained by other NS-LMXB observations; the results show that
the photon indices are distributed ⇠1.5 – 2.0 in the 1035��36

ergs /s luminosity level. The 0.5 – 10 keV unabsorbed flux of
the Obs.A powerlaw component estimated from the best-fit re-
sults is 1.4⇥ 10�10ergs/cm2/s. Assuming the distance of 5.9
kpc(Valenti et al. 2007), the flux corresponds to an X-ray lu-
minosity 5.8⇥1035 ergs/s. The observed X-ray luminosity and
best-fit powerlaw slope of 1.84± 0.05 are consistent with the
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Fig. 2. Top panel shows the background-subtracted spectrum of EXO
1745�248 obtained with RXTE/PCA at the observation A. The lower two
panels show the residuals in unit of standard deviations. �, from fitting by
(a) the powerlaw plus single Gaussian emission model and (b) the powerlaw
plus narrow and broad Gaussian emission models.

relation of them obtained by other NS-LMXB observationsWi-
jnands et al. (2015). Therefore, the observed continuum emis-
sion shape is normal in this luminosity level of NS-LMXB but
the strong emission structure is abnormal.

To investigate the time variation of the emission structure
during the Obs.A, first, we performed a time-resolved spectral
analysis for the Obs.A data dividing the event into two intervals;
we defined the first half of the Obs.A as A1, whereas the latter
half as A2. The fitting results of the Obs.A1 and A2 spectra us-
ing the same powerlaw with the two Gaussian emission model
are shown in Figure 3 and Table 2. Comparing the count-rate

EXO 1745-248 MAXI lightcurves
(Serino+12)
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Fig. 1. (Left) : MAXI/GSC lightcurve of EXO 1745�248 in the 4 - 10 keV band from MJD 55853 (2011 Oct 19) to 55868 (2011 Nov 3). The dotted line shows
the INTEGRAL observation, whereas the arrows show the 6 RXTE observations. (Right) : Energy spectra of EXO 1745�248 divided by the canonical model
of Crab Nebula (Kuulkers et al. 2003) observed by RXTE 6 times. The black, red, green, blue, cyan and magenta corresponds to the observation A to F defined
as Table. 1, respectively. The arrrow denotes the INTEGRAL 3 – 10 keV 6 mCrab upper limits (Vovk et al. 2011).

about 5 day. The RXTE observation phases are classified into
three; the vicinity of the superburst and re-brightening (obs A),
during the rebrightrning (B,C and D) and after the rebrightening
(E and F).

The ratio of each spectra to that of Crab nebura and pulsar
are shown in figure 1 (right). Surprisingly, an anomalous broad
emission line structure is clearly seen in the spectrum of Obs.A
around 6.5 keV. To evaluate the intensity of the emission struc-
ture, first we modeled the Obs.A spectrum using an absorbed
powerlaw and a Gaussian emission model for the broad line
structure. The hydrogen column density is fixed at 2.4⇥ 1022

according to the fitting results of hard state spectra obtained by
Swift/XRT(Parikh et al. 2017). The simple model fails to repro-
duce the Obs.A spectrum with poor residuals (�2/d.o.f = 87.42
/ 28) in the 5 - 9 keV region (figure 2(a)). Therefore, next we
added an narrow Gaussian emission to describe the structure.
The fitting results are shown in Table 2. The emission stru-
cute is well reproduced by a powerlaw with narrow and broad
Gaussain model (figure 2(b) and Table 2). The equivalent width
of the two Gaussian emission structure reaches to 2.8 keV. Since
there are no absorption edge structures in the Obs.A spectrum,
the emission structure must not be a reflection component from
an accretion disk. (Wijnands et al. 2015) studied the relation be-
tween the powerlaw photon index and 0.5 - 10 keV luminosity
obtained by other NS-LMXB observations; the results show that
the photon indices are distributed ⇠1.5 – 2.0 in the 1035��36

ergs /s luminosity level. The 0.5 – 10 keV unabsorbed flux of
the Obs.A powerlaw component estimated from the best-fit re-
sults is 1.4⇥ 10�10ergs/cm2/s. Assuming the distance of 5.9
kpc(Valenti et al. 2007), the flux corresponds to an X-ray lu-
minosity 5.8⇥1035 ergs/s. The observed X-ray luminosity and
best-fit powerlaw slope of 1.84± 0.05 are consistent with the
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Fig. 2. Top panel shows the background-subtracted spectrum of EXO
1745�248 obtained with RXTE/PCA at the observation A. The lower two
panels show the residuals in unit of standard deviations. �, from fitting by
(a) the powerlaw plus single Gaussian emission model and (b) the powerlaw
plus narrow and broad Gaussian emission models.

relation of them obtained by other NS-LMXB observationsWi-
jnands et al. (2015). Therefore, the observed continuum emis-
sion shape is normal in this luminosity level of NS-LMXB but
the strong emission structure is abnormal.

To investigate the time variation of the emission structure
during the Obs.A, first, we performed a time-resolved spectral
analysis for the Obs.A data dividing the event into two intervals;
we defined the first half of the Obs.A as A1, whereas the latter
half as A2. The fitting results of the Obs.A1 and A2 spectra us-
ing the same powerlaw with the two Gaussian emission model
are shown in Figure 3 and Table 2. Comparing the count-rate

EXO 1745-248 MAXI lightcurves
(Serino+12)

2⽇

スーパーバーストのピークから：⿊(40時間
後)、緑（58時間後）、⻘(3⽇後)、シアン（4
⽇後）、マゼンタ（5⽇後）

RXTE/PCA
Crab⽐
スペクトル

A 40時間後

21

B,C 58時間
後

D 3⽇後

E,F 4,5⽇後
30時間後

EXO 1745-248 のスーパーバースト発⽣後のX線スペクトル

その後、数⽇にわたるアウトバーストが発⽣し(スーパーバーストが周囲の環境を変
えたため？)、数⽇後にAと同程度のfluxに落ちた時には、輝線構造が消えている。

スーパーバースト後(MAXIのピークから39.6時間後)の、Aのスペクトルに異常な輝線
成分を検出。しかし、その10時間前には⾒えていない。

スーパー
バースト

アウトバースト
（降着による）

Iwakiri+2021
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輝線構造の起源は？
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Fig. 1. (Left) MAXI/GSC lightcurve of EXO 1745−248 in the 4–10 keV band from MJD 55857 (2011 October 23) to 55868 (2011 November 3). The dashed
line shows the INTEGRAL observation, whereas the arrows indicate the six RXTE observations. The inset shows a zoom of the lightcurve around
the superburst. (Right) Energy spectra of EXO 1745−248 obtained by RXTE/PCA, divided by that of the Crab nebula (see text). The black, red, green,
blue, cyan, and magenta plots specify the observations A to F defined in table 1, respectively. The arrow indicates the INTEGRAL 5 σ upper limit of
6 mCrab in the 3–10 keV band (Vovk et al. 2011). (Color online)

Fig. 2. (a1) Background-subtracted Obs.A spectrum of EXO 1745−248 obtained with RXTE/PCA, fitted with an absorbed power law plus broad and
narrow Gaussians. (a2) Residuals when only a broad Gaussian is used to express the UES. (a3) Residuals from the fit in panel (a1), using a power
law and two Gaussians. (b1) The same RXTE spectrum as in panel (a1), fitted with an ionized reflection model xilconv. (b2) Residuals from the fit
in panel (b1). (b3) Best-fit xilconv model determined in panel (b1). (c1) The same spectrum, fitted with an absorbed power law and redshifted CX
emission. The abundances of Ti, Cr, and Co were allowed to vary, whereas those of the other elements were fixed to their solar values. (c2) Residuals
when only the Cr abundance is allowed to vary. (c3) Residuals corresponding to panel (c1), which is the best-fit result. (c4) The best-fit CX model
determined in panel (c1), shown in its incident form. (Color online)

certainly have detected the UES if its flux were as strong as in
Obs.A. Assuming the same continuum flux as in Obs.A, the
line photon flux during the INTEGRAL observation must
have been less than 1.5 × 10−3 ph cm−2 s−1, or one third of
that in Obs.A, in order to meet the INTEGRAL upper limit
of 6 mCrab. If we alternatively assume the extreme case
where the flux of the continuum is zero, then the upper limit
of the UES line photon flux during the INTEGRAL obser-
vation is 9.7 × 10−3 ph cm−2 s−1, or twice that in Obs.A.

We also utilize the MAXI 5 σ upper limit of 35 mCrab in
4–10 keV, obtained between the INTEGRAL observation
and Obs.A. This means that the UES flux during this period
was less than 34.9 × 10−3 ph cm−2 s−1, or eight times that
in Obs.A.

Since the energy resolution of the RXTE/PCA does not
allow us to determine whether the UES is an extended
structure or a superposition of narrow emission lines,
we investigated whether the Obs.A spectrum could be
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nloaded from
 https://academ

ic.oup.com
/pasj/advance-article/doi/10.1093/pasj/psab085/6359250 by C

huo U
niversity user on 30 August 2021

経験的なモデル 反射成分モデル

電荷交換反応(Charge 
exchange)モデル

Iwakiri+2021
輝線構造を再現できる、唯⼀の物理モデルは、⾚⽅偏移したTi、
Cr、Fe、Coによる電荷交換反応モデル
→NSから~50 km程度の距離で、バーストの輻射で電離した不安
定核44Ti、48Cr、52Fe、55Coと、中性の降着円盤との電荷交換反
応では？(Iwakiri+2021)
Ti/Fe、Cr/Fe、Co/Feは太陽組成と100~1000倍程度違う。
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観測の問題点
残
差
χ

エネルギースペクトル
（連続成分からの残差）
Strohmayer+2003

エネルギー(keV)
10 40

重元素(Ni,Zn,Ge)の
吸収？
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Fig. 1. (Left) MAXI/GSC lightcurve of EXO 1745−248 in the 4–10 keV band from MJD 55857 (2011 October 23) to 55868 (2011 November 3). The dashed
line shows the INTEGRAL observation, whereas the arrows indicate the six RXTE observations. The inset shows a zoom of the lightcurve around
the superburst. (Right) Energy spectra of EXO 1745−248 obtained by RXTE/PCA, divided by that of the Crab nebula (see text). The black, red, green,
blue, cyan, and magenta plots specify the observations A to F defined in table 1, respectively. The arrow indicates the INTEGRAL 5 σ upper limit of
6 mCrab in the 3–10 keV band (Vovk et al. 2011). (Color online)

Fig. 2. (a1) Background-subtracted Obs.A spectrum of EXO 1745−248 obtained with RXTE/PCA, fitted with an absorbed power law plus broad and
narrow Gaussians. (a2) Residuals when only a broad Gaussian is used to express the UES. (a3) Residuals from the fit in panel (a1), using a power
law and two Gaussians. (b1) The same RXTE spectrum as in panel (a1), fitted with an ionized reflection model xilconv. (b2) Residuals from the fit
in panel (b1). (b3) Best-fit xilconv model determined in panel (b1). (c1) The same spectrum, fitted with an absorbed power law and redshifted CX
emission. The abundances of Ti, Cr, and Co were allowed to vary, whereas those of the other elements were fixed to their solar values. (c2) Residuals
when only the Cr abundance is allowed to vary. (c3) Residuals corresponding to panel (c1), which is the best-fit result. (c4) The best-fit CX model
determined in panel (c1), shown in its incident form. (Color online)

certainly have detected the UES if its flux were as strong as in
Obs.A. Assuming the same continuum flux as in Obs.A, the
line photon flux during the INTEGRAL observation must
have been less than 1.5 × 10−3 ph cm−2 s−1, or one third of
that in Obs.A, in order to meet the INTEGRAL upper limit
of 6 mCrab. If we alternatively assume the extreme case
where the flux of the continuum is zero, then the upper limit
of the UES line photon flux during the INTEGRAL obser-
vation is 9.7 × 10−3 ph cm−2 s−1, or twice that in Obs.A.

We also utilize the MAXI 5 σ upper limit of 35 mCrab in
4–10 keV, obtained between the INTEGRAL observation
and Obs.A. This means that the UES flux during this period
was less than 34.9 × 10−3 ph cm−2 s−1, or eight times that
in Obs.A.

Since the energy resolution of the RXTE/PCA does not
allow us to determine whether the UES is an extended
structure or a superposition of narrow emission lines,
we investigated whether the Obs.A spectrum could be
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Iwakiri+2021

よりエネルギー分解能の良いX線検出器を使って、貴重な継続時間の
⻑いバーストを観測できる体制を構築することが重要
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OHMAN (On-orbit Hookup of MAXI And NICER) 

MAXIもNICERもISSに搭載。
MAXIはバーストは⾒つけられるが、詳細なスペクトルは取れない。NICERはバーストは⾒つけら
れないが、詳細なスペクトルは取れる。
→2つの検出器をISS内のPCを介して繋いで、MAXIで⾒つけた突発現象をNICERで2分以内に観測
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Continued on page 7

VROXWLRQ�DJDLQVW�ORFDWLRQ�GDWD�JDWKHUHG�E\�WKH�*36�
UHFHLYHU�DERDUG�1,&(5�

³)RU�WKH�RQERDUG�PHDVXUHPHQWV�WR�EH�PHDQLQJIXO��
we needed to develop a model that predicted the 
arrival times using ground-
EDVHG�REVHUYDWLRQV�SUR-
YLGHG�E\�RXU�FROODERUDWRUV�
at radio telescopes around 
WKH�ZRUOG�´�VDLG�3DXO�5D\��
D�6(;7$17�FR�LQYHVWLJD-
WRU�IURP�WKH�8��6��1DYDO�
5HVHDUFK�/DERUDWRU\��
³7KH�GLIIHUHQFH�EHWZHHQ�
the measurement and the 
model prediction is what 
gives us our navigation 
LQIRUPDWLRQ�´�

7KH�JRDO�ZDV�WR�GHPRQVWUDWH�WKDW�WKH�V\VWHP�FRXOG�
ORFDWH�1,&(5�ZLWKLQ�D����PLOH�UDGLXV�DV�WKH�VSDFH�
VWDWLRQ�VSHG�DURXQG�WKH�(DUWK�DW�VOLJKWO\�PRUH�WKDQ�
�������PLOHV�SHU�KRXU��:LWKLQ�HLJKW�KRXUV�RI�VWDUW-
LQJ�WKH�H[SHULPHQW�RQ�1RYHPEHU����WKH�V\VWHP�
converged on a location within the targeted range 
RI����PLOHV�DQG�UHPDLQHG�ZHOO�EHORZ�WKDW�WKUHVKROG�
IRU�WKH�UHVW�RI�WKH�H[SHULPHQW��0LWFKHOO�VDLG��,Q�IDFW��
“a good portion” of the data showed positions that 
ZHUH�DFFXUDWH�WR�ZLWKLQ�WKUHH�PLOHV���

³7KLV�ZDV�PXFK�IDVWHU�WKDQ�WKH�WZR�ZHHNV�ZH�DO-
ORWWHG�IRU�WKH�H[SHULPHQW�´�VDLG�6(;7$17�6\VWHP�
$UFKLWHFW�/XNH�:LQWHUQLW]��³:H�KDG�LQGLFDWLRQV�WKDW�
RXU�V\VWHP�ZRXOG�ZRUN��EXW�WKH�ZHHNHQG�H[SHUL-

PHQW�¿QDOO\�GHPRQVWUDWHG�WKH�V\VWHP¶V�DELOLW\�WR�
ZRUN�DXWRQRPRXVO\�´

$OWKRXJK�WKH�XELTXLWRXVO\�XVHG�*36�V\VWHP�LV�
DFFXUDWH�WR�ZLWKLQ�D�IHZ�IHHW�IRU�(DUWKERXQG�XVHUV��

this level of accuracy 
typically is not necessary 
when navigating to the 
far reaches of the solar 
system where distances 
EHWZHHQ�REMHFWV�PHDVXUH�
LQ�WKH�PLOOLRQV�RI�PLOHV��
+RZHYHU��³LQ�GHHS�VSDFH��
we hope to reach accura-
cies in the hundreds of 
IHHW�´�0LWFKHOO�VDLG�

³+DYLQJ�ZDWFKHG�WKH�
development of this 

WHFKQRORJ\�RYHU�WKH�\HDUV��,¶P�FRQ¿GHQW�WKDW�WKLV�
WHDP�ZLOO�UHDFK�WKLV�DPELWLRXV�JRDO�´�VDLG�*RGGDUG�
&KLHI�7HFKQRORJLVW�3HWHU�+XJKHV��ZKR�PDQDJHV�
*RGGDUG¶V�,QWHUQDO�5HVHDUFK�DQG�'HYHORSPHQW��
RU�,5$'��SURJUDP��³7KH�,5$'�SURJUDP�VXSSRUWHG�
1,&(5�WHFKQRORJLHV�ORQJ�EHIRUH�WKH�PLVVLRQ�EH-
FDPH�D�1$6$�([SORUHU�0LVVLRQ�RI�2SSRUWXQLW\��,W¶V�
gratifying to see how successful the technology is 
SURYLQJ�WR�EH�LQ�RXU�TXHVW�WR�GHYHORS�WHFKQRORJLHV�
IRU�H[SORULQJ�GHHSHU�LQWR�VSDFH�´

Scientists operate the NICER mission and the X-ray navigation experiment, SEXTANT, from the operations center at Goddard.
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“This was much faster than the two 
weeks we allotted for the experiment. 
We had indications that our system 
would work, but the weekend experi-
PHQW�¿QDOO\�GHPRQVWUDWHG�WKH�V\VWHP¶V�
ability to work autonomously.”
                   – Luke Winternitz,
                               SEXTANT System Architect
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Principal Investigator Keith Gendreau — the scientist who advanced the dual-purpose NICER/SEXTANT mission — works at the mission’s operations 
center at Goddard.

7KH�GXDO�SXUSRVH�1HXWURQ�VWDU�,QWHULRU�&RPSRVLWLRQ�
([SORUHU��RU�1,&(5�²�WKH�SD\ORDG�WKDW�KRVWHG�DQ�
H[SHULPHQW�GHPRQVWUDWLQJ�DXWRQRPRXV��UHDO�WLPH�
;�UD\�QDYLJDWLRQ��RU�;1$9��LQ�VSDFH��VHH�UHODWHG�
VWRU\��SDJH����²�KDV�VR�IDU�REVHUYHG�����FHOHV-
tial targets since its successful deployment on the 
,QWHUQDWLRQDO�6SDFH�6WDWLRQ�LQ������

³:H¶UH�GRLQJ�YHU\�FRRO�VFLHQFH�DQG�XVLQJ�WKH�VSDFH�
VWDWLRQ�DV�D�SODWIRUP�WR�H[HFXWH�WKDW�VFLHQFH��ZKLFK�
LQ�WXUQ�HQDEOHV�;1$9�´�VDLG�.HLWK�*HQGUHDX��WKH�
1,&(5�SULQFLSDO�LQYHVWLJDWRU�DW�*RGGDUG��

1,&(5�LV�D�GXDO�SXUSRVH�SD\ORDG��7KH�1,&(5�
team primarily designed the mission to study 
QHXWURQ�VWDUV�DQG�WKHLU�SXOVDWLQJ�FRKRUWV��SXOVDUV��
+RZHYHU��LWV�PLVVLRQ�DOVR�HQDEOHG�WKH�WHDP�WR�
develop algorithms and other hardware to demon-
VWUDWH�;1$9�LQ�VSDFH���

6LQFH�LWV�GHSOR\PHQW��WKH�SD\ORDG�KDV�REVHUYHG�
primarily neutron stars and is on track to derive the 
LQWHULRU�FRPSRVLWLRQ�RI�WKHVH�XOWUD�GHQVH��\HW�VWDEOH��
REMHFWV��7KH�WHDP��ZKLFK�PDGH�1,&(5�GDWD�DYDLODEOH�
in mid-January 2018, hopes the mission will discover 
PRUH�SXOVDUV�WKDW�ZLOO�EH�VXLWDEOH�IRU�IXWXUH�QDYLJDWLRQ�
GHPRQVWUDWLRQV�
 
³2QH�RI�1,&(5¶V�JRDOV�LV�WR�¿QG�QHZ�SXOVDUV�´�VDLG�
WKH�PLVVLRQ¶V�VFLHQFH�OHDG��=DYHQ�$U]RXPDQLDQ��
“With higher sensitivity than past X-ray timing mis-
VLRQV��ZH�FDQ�GHWHFW�QHZ�QHXWURQ�VWDUV�ERWK�IRU�
RXU�VFLHQFH�REMHFWLYHV�DQG�DV�µEHDFRQ¶�SXOVDUV�IRU�
IXWXUH�QDYLJDWLRQ�DSSOLFDWLRQV�´�Y

NICER Observes 174 Celestial Targets Since
Its Deployment

Keith.C.Gendreau@nasa.gov or 301.286.6188
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NICER PI : Keith Gendreau

NASA Goddard
NICER Operation room

Ｎ
Ｉ

TDRS
(Tracking and Data 

Relay Satellite)

TKSC
Nova

search
NASA
GSFC

internet

Test transient 
observations for OHMAN

• OHMAN実現に向けた、地上経由でのMAXI-NICER連携観測

Stellar 
flare, 12

New 
source, 

13
BH, 15

NS, 21

61 MANGA observation have done 

me

NICERは⼈⼯衛星のように姿勢制御を失う危険性
がないため、早い追観測が可能



MANGA observation for Long X-ray bursts
MAXI detection of the long X-ray 
burst from IGR J17062-6143 and 
4U 1820+30

Successful NICER 
observation 3 hours 

after detection.

Successfully observed the tail of 
the burst, and discovered that 
there is a dip after the burst. 
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Table 2. Spectral parameters of the pionbb fits.

Parameter Value Scale Unit

Burst spectrum

Ionization (log ⇠) 2.73+0.07
�0.11 erg s cm�2

Column density (nH) 1.19± 0.76 ⇥1020 cm�2

Temperate (kT) 0.71± 0.02 keV

Flux (1� 10 keV) 2.1± 0.3 ⇥10�11 erg s�1 cm�2

Persistent spectrum

Ionization (log ⇠) 2.82± 0.04 erg s cm�2

Column density (nH) 1.0± 0.7 ⇥1020 cm�2

Temperate (kT) 0.31± 0.01 keV

Flux (1� 10 keV) 1.3± 0.2 ⇥10�12 erg s�1 cm�2

Note—Best-fit parameters of the pionbb model as applied

to the burst emission spectrum (Figure 5) and the

persistent emission spectrum (Figure 2). The associated

residuals are shown in Figure 6. See Section 4.4 for more

details. Uncertainties are quoted at 90% confidence.

Figure 6. Residuals of the best-fit pionbb model fits as ap-

plied to the burst emission spectrum (top) and the persistent

emission spectrum (bottom).

ergies (see Figure 6, bottom panel). For comparison,
adopting a simple Gaussian line component resulted in
best fit �2 of 326. To ensure that the poor fit did was not
caused by the slightly di↵erent treatment of the disk re-
flection component, we repeated the pionbb modelling
using the phenomenological continuum model as well.
For both the burst and persistent spectra we obtain the
same outcome: the pionbb model works well for the
burst spectrum, but fails for persistent emission.

Figure 7. X-ray flux of IGR J17062 in the 1�10 keV band.

The black points show the data as measured, with apparent

discontinuous jumps at t = 0.6 and t = 1.9. The orange

points show the six measurements between these two jumps

when multiplied with an ad hoc constant factor of 2.8.

5. DISCUSSION

We have presented a spectroscopic analysis of
IGR J17062 in the aftermath of one of its energetic in-
termediate duration X-ray bursts. We detected a sig-
nificant absorption line in the source emission when the
burst emission was still bright. Further, we have in-
vestigated the spectral evolution as the source moves
through a dip in overall intensity directly after the burst
has cooled. In the following we discuss the implications
of these findings.

5.1. The intensity dip

As the X-ray burst emission decays, we find that the
source emission drops well below the long-term persis-
tent rate. This intensity dip lasts about three days,
starting at t = 0.6 d and ending at t = 3.5 d, and is fur-
ther punctuated by two sharp transitions in the inten-
sity. These transitions are already apparent in the light
curve (Figure 1), where the count-rate drops sharply at
t = 0.6 d, and jumps up again at about t = 1.9 d. These
same transitions are even more pronounced in the evo-
lution of the 1�10 keV X-ray flux (Figure 3), where the
six pointings collected while the source passes through
its lowest intensities appear to be shifted in flux by a
constant factor. Indeed, if we increase these six flux
measurements by an (ad hoc) factor of 2.8, then the re-
sulting light curve becomes a smoothly varying trend
(see Figure 7). This suggests that there are two super-
imposed parts to the intensity dip: firstly there is the
wider three day period during which the source drops
below the persistent intensity, and secondly there is the
narrower 1.5 day interval during which we are seeing
only about 35% of the expected emission.
What could cause this complex evolution in the ob-

served X-ray flux? The evolution of the spectral pa-
rameters o↵er some clues here (Figure 4). As the X-ray
burst emission cools, the blackbody temperature evolves
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Redshifted 40Ca or 44Ti ?

Bult+2021

• 6.4 σの有意度で吸収
線を検出

• NS表⾯の40Ca or 44Ti
では？

• dipの原因として、バースト
によってNS周囲の降着円盤
が⼀旦破壊され、それが
戻っていく様⼦がみえてい
る？

IGR J17062-6143

Spectral feature

Mysterious dip after the burst
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2013). These data revealed a significant emission line at 1 keV,
as well as absorption features in the Fe–K band (Degenaar et al.
2013), both of which point to the burst emission reflecting off
the accretion disk. Further, Degenaar et al. (2013) found that
the burst light curve showed a 10 minute episode during which
the flux fluctuated by a factor of 3 over a timescale of seconds.
Such variability episodes are a particularly rare feature of the
most energetic bursts, and may be associated with super-
expansion of the stellar photosphere (in’t Zand et al. 2019). In
particular, in’t Zand et al. (2011) suggested that such variability
episodes may be caused by cloudlike structures above the disk,
which intermittently scatter the burst radiation into or out of the
observer’s line of sight.

A second burst was detected in 2015 (Negoro et al. 2015;
Iwakiri et al. 2015) and studied in detail by Keek et al. (2017).
These authors estimated the source flux during its photospheric
radius expansion (PRE) phase and derived a source distance of
7.3± 0.5 kpc. From the burst fluence, they further estimated
the burst ignition column to be≈ 5× 1010 g cm−2, indicating
that the bursts are powered by the ignition of a thick helium
layer deep in the stellar envelope. Finally, they found that at the
end of the burst the flux dropped below the cooling trend
before returning to the long-term persistent luminosity after
about four days, suggesting a disruption of the accretion flow
that outlasts the duration of the X-ray burst itself.

On 2020 June 22, the MAXI/GSC detected a third X-ray
burst from IGR J17062 (Nishida et al. 2020), offering a new
opportunity to investigate the impact of these powerful X-ray
bursts on the accretion environment. We therefore executed a
follow-up monitoring campaign with the Neutron Star Interior
Composition Explorer (NICER; Gendreau & Arzouma-
nian 2017). Our observations began about 3 hr after the MAXI
trigger, and continued to follow the source evolution for 12
days. A timing analysis of the pulsar properties during this
epoch was previously included in Bult et al. (2021). In this
paper we present spectroscopic analysis of these data.

2. Observations and Data Processing

We observed IGR J17062 with NICER between 2020 June
22 and 2020 July 7 for a total unfiltered exposure of 40 ks.
These data are available under ObsIDs 30341001nn, where nn
runs from 01 through 12, with each ObsID storing all
continuous pointings collected over the course of one day.
Throughout this paper we will refer to these ObsIDs using just
the final two digits. All data were processed using NICERDAS
version 7a, as released with HEASOFT v6.27.2, using the most
recent version of the instrument calibration (release 20200727).
Following the standard screening criteria, we filtered the data to
retain only those epochs collected when the pointing offset
was< 54″, the bright Earth limb angle was> 30°, the dark
Earth limb angle was> 15°, the rate of reset triggers (under-
shoots) was< 200 count s−1 det−1, and the instrument was
outside of the South Atlantic Anomaly. By default, the pipeline
also attempts to reduce the background contamination by
filtering on the rate of high-energy events (overshoots). In the
case of IGR J17062 this overshoot filtering was found to be too
conservative, introducing many spurious 1 s gaps into the data
(see also Bult et al. 2021). We therefore applied a more relaxed
screening approach in which we first smoothed the overshoot
rate using 5 s bins to reduce noise, and then retained only those
epochs when the absolute overshoot rate was< 1.5 count s−1

det−1 (default threshold is 1.0), and <2× COR_SAX−0.633

count s−1 det−1 (default scale is 1.52).12 Using these screening
criteria, we were left with 26 ks of good time exposure.

3. Light Curve

To construct a light curve of our NICER observations, we
grouped the data by continuous pointing. Across the 12 ObsIDs
included in this analysis, there were 43 such pointings. The
good time exposure per pointing ranges between 50 and 1200 s,
with the majority of exposures clustered around 400 s and
900 s. For each pointing we proceeded to extract an energy
spectrum and generated an associated background spectrum
using the 3C50 background model (Remillard et al., 2021).13

The source is detected above the background level between
about 0.3–6.0 keV, hence, we calculated the background-
subtracted source rate in this energy band. In Figure 1 we show
the resulting light curve, where we expressed all observation
times relative to the MAXI burst trigger.
Further observations of IGR J17062 were collected with

NICER over a 2 week period in 2020 August, at which time the
mean count rate was found to be 36± 1 count s−1 (Bult et al.
2021). We adopt this rate as our estimate of the long-term
persistent (nonburst) rate. Comparing the present observations
with this persistent rate, we see from Figure 1 that the source
was initially detected well above the long-term mean intensity,
but showed a rapid decay in its count rate. At t≈ 0.6 days, this
decay evolves into a sharp drop: during a 3 hr data gap between
pointings, the source rate decreased from 55 count s−1 to 18
count s−1—well below the persistent rate. Over the following
three-day period, we observed the source reach a minimum
count rate of about 10 count s−1 before recovering back to the
persistent rate of 36 count s−1. From t= 4 days and onward, the
observed count rate appears to show a small amplitude
oscillation around the long-term mean, however, we caution
against overinterpreting this trend; it is entirely consistent with
gradual intensity variations seen in long-term NICER monitor-
ing of this source (Bult et al. 2021).
Finally, we constructed a source light curve using a 1 s time

resolution and searched for periods of rapid variability similar

Figure 1. Background-subtracted 0.3–6 keV NICER light curve of IGR J17062
relative to the MAXI/GSC trigger on 2020 June 22 (MJD 59,022.34403,
Nishida et al. 2020). Each point shows the average count rate of a single
continuous pointing, while the alternating colors indicate the even- and odd-
numbered ObsIDs. The black dashed line shows the count rate observed in
2020 August (Bult et al. 2021). The energy spectra of the three highlighted
pointings are shown in Figure 2.

12 The COR_SAX parameter is a measure for the cutoff rigidity of Earth’s
magnetic field in units of GeV c−1.
13 https://heasarc.gsfc.nasa.gov/docs/nicer/tools/nicer_bkg_est_tools.html

2

The Astrophysical Journal, 920:59 (11pp), 2021 October 10 Bult et al.

Bult+2021



27

直近の新たなX線ミッション

OHMANは6⽉後半より開始
されました！
→現在最初のイベントを待っ
ている最中（レートはおよそ
１ヶ⽉に1イベント）

30 cm 10 
cm

20 
cm

NinjaSat超⼩型衛星NinjaSat
• 2023年10⽉打ち上げ予定
• monthオーダーで明るいLMXBを観測できるの

で、クラシカルなスーパーバースト(炭素核融
合)の新たな情報が得られることを期待
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まとめ

• 広視野のX線検出器によって、継続時間の⻑いX線バーストが⾒つか
るようになってきた。

• MAXIによって、3つ⽬のタイプのスーパーバーストが発⾒された。
• MAXIによって、2回⽬以降のスーパーバーストの検出も増えてきた。
• EXO 1745-248のスーパーバーストのケース（恐らく燃料はHe）で

は、 44Ti、48Cr、52Fe、55Coによるものと思われるスペクトル構造が
観測された。

• よりエネルギー分解能の良い観測で元素の情報を得るために、
MAXI-NICER連携を推進。 40Ca or 44Tiによる吸収線の観測に成功

• 開始されたOHMANによってさらに観測例が増えることを期待


