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Fig. 6. Time-averaged spectra of Swift J1753.5−0127 unfolded with the response in νFν form, extracted from the data of MJD 56037 (top left),
56041 (top right), 56049 (bottom left), and 56055 (bottom right) observed by Swift XRT. The best-fitting “tbabs*simpl*diskbb” model (green) and the
“tbabs*diskbb” component (red) are overlaid. Residuals between the data and best-fitting model are shown in the lower panels.

Tin is close to that obtained by Suzaku observation of the
low/hard state in 2007 (Reynolds et al. 2010). However,
a power law with a photon index of 2.06 on MJD 56055
still characterized the high/soft state. These results suggest
that the source is in the intermediate state. The values of Tin

and the disk flux in the 0.01–10 keV energy range (Fdisk)
changed from 0.48 to 0.22 keV and from 4.5 × 10−9 to
2.2 ×10−9 erg s−1 cm−2, respectively. Fdisk declined and fsc

increased from MJD 56045 to 56055, which indicates a
state transition from the soft to hard state, as shown in
figure 7.

To examine an existence of Fe Kα emission due to disk
reflection, we added a broad Gaussian to the model for
the data based on MJD 56041, but the fits were not sig-
nificantly improved, which was consistent with there being
little enhancement in the raw spectra and few observations
around 6 keV (see figure 5). Thus, we could not confirm the
existence of the broad iron lines, which would presumably

be due to the fitting methods: fitting the spectra ignoring
the 4–7 keV band, for instance (Reis et al. 2009).

To obtain the best-fitting parameters in S2 and S3 that
were not observed by the XRT, we analyzed the spectra
observed by the SSC and GSC in S2 and S3 in the same
way for S4. The S1 spectrum in the energy range of
0.7–10.0 keV could not be obtained, because the SSC data
lacked in S1. First, to check if Tin and Fdisk obtained from
the SSC and GSC spectra are consistent with those from
the XRT spectra, we fitted the “tbabs*(diskbb+powerlaw)”
and “tbabs*simpl*diskbb” models to the spectra observed
by the SSC and GSC in S4. Figure 8 shows the time average
spectrum observed. The best-fitting parameters of the
“tbabs*(diskbb+powerlaw)” and “tbabs*simpl*diskbb”
models are listed in tables 1 and 2, respectively. The dif-
ference between the observational results of the SSC and
GSC and those of the XRT in S4 was less than 20%. The
values of Tin and Fdisk in S2 and S3, which are almost

 at Institute of Physics Science, N
ihon U

niversity on A
pril 16, 2015

http://pasj.oxfordjournals.org/
D

ow
nloaded from

 

Publications of the Astronomical Society of Japan (2015), Vol. 67, No. 1 11-7
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56041 (top right), 56049 (bottom left), and 56055 (bottom right) observed by Swift XRT. The best-fitting “tbabs*simpl*diskbb” model (green) and the
“tbabs*diskbb” component (red) are overlaid. Residuals between the data and best-fitting model are shown in the lower panels.
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the SSC and GSC spectra are consistent with those from
the XRT spectra, we fitted the “tbabs*(diskbb+powerlaw)”
and “tbabs*simpl*diskbb” models to the spectra observed
by the SSC and GSC in S4. Figure 8 shows the time average
spectrum observed. The best-fitting parameters of the
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models are listed in tables 1 and 2, respectively. The dif-
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GSC and those of the XRT in S4 was less than 20%. The
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Observations	
  vs	
  Theories 
•  Low/Hard	
  State	
  

–  Power-­‐Law	
  (=	
  Advection	
  Flow,	
  Corona	
  or	
  jet	
  ?)	
  
–  Flickering	
  (=	
  Advection) 

•  Intermediate	
  State	
  
–  Steep	
  Power-­‐Law	
  dominant	
  (=	
  Corona	
  Dominant	
  Disk	
  ?)	
  
–  QPOs	
  (=inner	
  boundary	
  instability,	
  disk	
  warp,	
  	
  Lense-­‐Thirring	
  ??)	
  

•  High/Soft	
  State	
  
–  Thermal	
  Disk	
  	
  (=	
  S-­‐S	
  Standard	
  Disk)	
  +	
  Power-­‐Law	
  tail	
  (=	
  Corona	
  ?)	
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Basically,	
  all	
  the	
  spectra	
  can	
  be	
  described	
  by	
  	
  
a	
  disk	
  blackbody	
  +	
  thermal	
  Compton	
  model 
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Comptonization	
  Models 

nthcomp	
  (Tdbb/bb,	
  Te,	
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  Zdziarski+96,	
  Zycki+99) 
simpl(*diskbb)	
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  94,	
  95,	
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compbb	
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  τ	
  :	
  Nishimura+	
  86)	
  
..	
   

Good	
  fits,	
  but	
  no	
  geometry	
  info 

Complex	
  Models 
eqpair	
  (Coppi	
  02?)	
  
compps	
  (Poutanen+	
  96) 

Too	
  many	
  (~20)	
  parameters 

No	
  ADAF	
  
model,	
  yet! 

Swfit	
  J1753.5-­‐0127/Swift	
  (Yoshikawa+	
  2015) 
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FIG. 1.ÈConÐguration of the accretion Ñow in di†erent spectral states
shown schematically as a function of the total mass accretion rate Them5 .
ADAF is indicated by dots and the thin disk by the horizontal bars. The
lowest horizontal panel shows the quiescent state, which corresponds to a
low-mass accretion rate (and therefore, a low ADAF density) and a large
transition radius. The next panel shows the low state, where the mass
accretion rate is larger than in the quiescent state, but still below the
critical value In the intermediate state (middle panel),m5

crit
D 0.08. m5 Z m5

critand the transition radius is smaller than in the quiescent/low state. In the
high state, the thin disk extends down to the last stable orbit and the
ADAF is conÐned to a low-density corona above the thin disk. Finally, in
the very high state, we make the tentative proposal that the corona has a
substantially larger than in the high state.m5

b, the geometry remains essentially the same as in the° 3.2),
quiescent state. However, since the radiative efficiency of
the Ñow increases rapidly with increasing & Yim5 (Narayan

the Ñow becomes quite luminous. We identify such1995b),
Ñows with the low state. Once exceeds the hotm5 m5

crit
,

ADAF zone radiates too efficiently to remain advection
dominated. As a result, the ADAF begins to shrink in size
and the inner edge of the thin disk moves inward to smaller
radii. We identify such Ñows, where the central ADAF is
still present but with a reduced size compared to the quiesc-
ent and low state, with the intermediate state. At still higher

the central ADAF zone disappears altogether and them5 ,
thin disk moves in all the way to the marginally stable orbit.
A somewhat weak corona is present above the disk. We
associate this conÐguration with the high state. Finally, at
accretion rates close to Eddington we assume that the Ñow
makes a transition to a di†erent state where the corona is
much more massive and active. We tentatively identify this
Ñow conÐguration with the very high state, although this is
the weakest aspect of our scenario.

In the calculations presented below, unless otherwise
stated, we use the ““ standard ÏÏ parameter set summarized in

For those quantities that can be derived fromTable 1.
observations we adopt system parameters corresponding to
the SXT Nova Muscae 1991 (see For the parameter d,° 4.1).
we invariably choose a value of 10~3, but this quantity
plays no role in the calculations presented here and could
equally well be set to zero. This still leaves two important
parameters, a and b. We choose what we consider to be the
most natural values for these. We assume that the magnetic
Ðeld is in equipartition with the gas pressure, which corre-
sponds to b \ 0.5. The assumption of equipartition Ðelds is
very common in many areas of high-energy astrophysics. In
particular, equipartition Ðelds are quite plausible in accre-
tion Ñows since the linear instability,Balbus-Hawley (1991)
which presumably is the mechanism whereby the Ðeld
grows, is known to shut o† when b D 0.5. For the viscosity
parameter a we follow the prescription suggested by

& Balbus see also Hawley, Gammie, &Hawley (1996,
Balbus viz. where1995, 1996), u

RÕ D 0.5p
mag

[ 0.6p
mag

, u
RÕis the shear stress. For b \ 0.5 this gives a value of a in the

range 0.2È0.3. We choose a value in the middle of the range,
a \ 0.25.

It should be emphasized that we have no adjustable
parameters in the calculations presented in this paper
except for the mass accretion rate (and to a very limitedm5
extent We could, in principle, optimize a and b so as tor

tr
),

obtain the best-Ðt between the model and the Nova Muscae
data discussed in but we feel that the data are not really° 4,
good enough for such an exercise, nor is the model suffi-
ciently well developed at this stage.

3.1. Quiescent State
Between successive outbursts, transient BHXBs are gen-

erally found in the quiescent state, where the observed lumi-
nosity is many orders of magnitude below Eddington. In
the systems for which optical and X-ray observations in
quiescence exist (A0620[00, V404 Cyg, and GRO
J1655[40), the data are explained quite well with the
model shown in the bottom panel of Figure 1 (NMY;

et al. In addition, the same modelNBM; Hameury 1997).
also explains observations of the underluminous super-
massive black hole at the center of our Galaxy, Sgr A*

et al. as well as the supermassive black hole(Narayan 1995),
in NGC 4258 et al. These applications rep-(Lasota 1996a).
resent the most important successes so far of the ADAF
model.

On the basis of the above work, we deÐne the quiescent
state of BHXBs to correspond to mass accretion rates m5 [
10~2. In we plot a sequence of spectra computedFigure 2
with our standard parameter set. The blackbody-like
optical/UV peak is produced by self-absorbed synchrotron

TABLE 1

STANDARD PARAMETER VALUES

Parameter Value

M (M
_

) . . . . . . . . . . . . . . . . 6
i (deg) . . . . . . . . . . . . . . . . . . 60
log r

out
. . . . . . . . . . . . . . . . . 4.9

log r
tr
a . . . . . . . . . . . . . . . . . 3.9

a . . . . . . . . . . . . . . . . . . . . . . . . 0.25
b . . . . . . . . . . . . . . . . . . . . . . . . 0.5
d . . . . . . . . . . . . . . . . . . . . . . . . 0.001

a In quiescence.

Assuming	
  a	
  spherical	
  region,	
  fc	
  ≤	
  20%	
  (indep.	
  of	
  Rin)	
  
	
  	
  hard	
  state	
  :	
  fc	
  >	
  20%	
  
	
  	
  	
  	
  	
  -­‐>	
  simple	
  model	
  N.G.	
  
	
  	
  	
  	
  	
  -­‐>	
  seed	
  photon:	
  synchrotron,	
  brems?,	
  e.g.,ADAF	
  

	
  (or	
  jet!)	
  

if	
  Corona,	
  a	
  real	
  vertical	
  structure?	
  
	
  	
  soft	
  state	
  :	
  Rin	
  <=	
  color	
  temperature	
  correction	
  
	
  	
  	
  	
  	
  Tcolor/Teff	
  ~	
  1.7-­‐1.9	
  (Shimura+	
  1995),	
  	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  ~	
  1.5-­‐1.6	
  (e.g.,	
  	
  Devis+	
  2005)	
  
	
  	
  	
   	
  AND	
  competing	
  with	
  Corona!	
  
	
  	
  hard	
  state:	
  rapid	
  time	
  variations? 

Rin 
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Figure 13. Photon index ! versus the internal radius of the optically thick
disc. Colour/symbol code is the same as in Fig. 9.

Fig. 10, and looking at whole data set, the evolution of Lbol versus
Rin seems to be less discrepant and an increasing radius is consistent
with Lbol ! 10−2 LEdd.

This is emphasized by the analysis of Fig. 12, as the inner radius
values seem to roughly anticorrelate with the inner temperatures
when kT in ! 0.5 keV. The data seem to follow one of the dashed
lines for the relation between T in and Rin (equation 6) for an 8 M⊙
BH and a constant accretion rate in the disc, ṁd.

However, by using (equation 7) and taking into account the dif-
ferent BH masses, we infer the evolution of the disc accretion rate
ṁd. As shown in Fig. 14, the disc accretion rate seems to roughly
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Figure 14. Bolometric luminosity as function of the accretion rate in the
optically thick disc ṁd obtained for our sample, using equation (7). Points
are subject to global horizontal shifts due to the actual Eddington efficiency
value used. The set of curves shows theoretical relations. Dashed: Lbol ∼
Ldisc ∝ ṁd when Rin = 6Rg and the efficiency at Eddington luminosity
ηEdd = 0.1. Under ∼10−2LEdd, continuing relationship when Lbol ∝ ṁ2

d.
Supposing ṁtotal ∼ ṁd we have ADAF solutions (dotted), MH02 (Dot-
dot–dashed) and RC00 (Dot–dashed). The value of α and β are the same
as in Fig. 16. Errors on ṁd were computed by propagating those on the
temperature and the inner radius only. Colour/symbol code is the same as in
Fig. 9.

scale with the bolometric luminosity in the highest states, i.e. Lbol >

10−2 LEdd. The behaviour under this value is less clear. On the one
hand, XTE J1817−330 seems to exhibit a beginning of rapid decay
of the radiation efficiency (Lbol divided by a factor of 2 for a rather
constant ṁd between observations 15 and 17). On the other hand,
considering the whole data set at those low luminosities, the obvious
lack of disc detections and the larger uncertainties are insufficient
to draw the profile of Lbol as a function of ṁd with accuracy. It is
however compatible with Lbol/LEdd ∝ ṁ2

d by taking into account
the sources observed in quiescence. This corresponds to a scenario
in which a receding, but radiatively efficient, outer disc feeds an
inner, radiatively inefficient flow.

However, the canonical BHB states do not depend on luminosity
(see e.g. the classification scheme of McClintock & Remillard 2006
which is based on spectral, timing and radio behaviour or Homan &
Belloni 2005). Therefore, we plot the evolution of the inner radius
as function of the photon index, !, in Fig. 13. The evolution is
then as follows. In the softest states, radii remain quite constant,
as for example the average value obtained for XTE J1817−330 and
GX 339−4 when ! > 2.4 (14 observations) is Rin, avg = 4.91Rg,
with a standard deviation of σRin, rms = 0.59Rg. On the contrary, for
lower photon indices, the data are compatible with an increase of
the inner radius when the spectrum hardens, as long as quiescence
is not reached. Indeed, in quiescence the photon index values are
usually higher (! ∼ 2). This effect was noted in other sources as
well (e.g. in V404 Cyg ! ∼ 2.1; see Narayan et al. 1997).

Finally, we investigate the evolution of the relative strength of
each component (i.e. emission from the optically thick versus op-
tically thin medium) during the outburst. HID are commonly used
for such analysis because of their emission model independence
(see e.g. Belloni 2004). However, they are not easily adapted to
multi-instrument and multi-object analysis. Following the method
used by Körding, Jester & Fender (2006), we use the so-called ‘disc
fraction luminosity diagram’ (DFLD) that aims at generalizing the
concept of HID: in HIDs harder states are located on the right of the
diagram and correspond to higher power-law contribution. For bet-
ter resemblance, in DFLD we use on X-axis the ‘power-law fraction’
(PLF):

PLF = LPL

Ldisc + LPL
, (8)

which describes well the disc contribution as the ‘disc fraction’
(DF) is then in turn

DF = 1 − PLF. (9)

The DFLD corresponding to our data set is plotted in Fig. 15. Of
primary importance is first the pattern drawn by XTE J1817−330
during its decline. As the bolometric flux fades, the optically thick
component is dominating and even seems to increase its contribu-
tion (PLF falls by a factor of 2 between observations 3 and 13).
Then the PLF suddenly increases and this turnover corresponds to
the observations (15, 16 and 17) where a recessed disc begins to
appear. However, it is not accompanied by a drastic change in bolo-
metric luminosity, suggesting that the inner part of the disc has been
replaced by a quite efficient corona.

We also note that the PLF value in quiescence is equivalent to that
observed in the softest states. Therefore, we suggest that the track
followed by a BH X-ray binary should be roughly equivalent to the
one plotted in Fig. 15 (black arrow). From quiescence, the source
will progressively increase its PLF as it usually enters in outburst
by its LH state. Then, the PLF decreases due to the presence of the
thermal component in the former HS state and finally returns to the
hard and quiescent states.

C⃝ 2009 The Authors. Journal compilation C⃝ 2009 RAS, MNRAS 396, 1415–1440
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Near	
  future	
  by	
  MAXI.. 

2014 年、MAXI は 3 つのＸ線新星 MAXI J1421-613, J1932+091, J1619-383 と、11 の GRB らしき未同
定天体からの短時間爆発現象を検出した。これで MAXI が発見したＸ線新星は延べ 15 個となる。MAXI 
J1421-613 はＸ線バーストが観測され中性子星連星系とわかり、J1932+091は そのＸ線領域での振る舞いと可
視観測から Supergiant Fast X-ray Transient (SFXT) の可能性が指摘されている。J1619-383 は太陽角の制限
から他の衛星の追観測が行えず、正体が分かっていない。また、これまで明るいＸ線フレアが観測されてこなかった 
BL Lac 天体などからのフレアを検出するなど、MAXI の検出限界光度近くでの諸天体の活動も多く捉えた。SSC 
を用いた突発天体発見システムの開発も進み、今春より定常運用の予定である。 

g 

New Transients – Galactic Transients and GRBs�

Astronomer’s Telegram reports 

Development of the Nova Search  
System for SSC�

突発天体発見システム (MAXI/GSC Nova Search/Alert System, NS, Negoro et 
al. 2010) が検出光度限界近く (~15 mCrab, 1 日) まで全天を常時監視 
Topics 
-  ３つの新たなＸ線新星の発見: MAXI J1421-613, J1932+091, J1619-383（上、右図） 
-  SMC 天体: 02/27 Ｘ線新星 MAXI J0057-720/AX J0058-7203? (ATel #5925) 
-  BL Lac 天体: 03/03 2FGL J1931.1+0938 (#5943), 03/26 BZB J0244-5819 (#6012) (右図) 
-  過去最高強度: 06/04 Eta Car ~40 mCrab (#6289), 07/16 UX Ari ~280 mCrab (#6315) 
など, Astronomer’s Telegram (ATel) に計 32 の報告を行った。以下にその天体名のみを記す。 
BH : V4641 Sgr (#5803), Cyg X-1 (#6115) 
NS : 4U 1850-08 (#5978), GS 1826-238 (#6250), GX 13+1 (#6433), 4U 1608-52 (#6550),  
       4U 0614+091 (#6668) 
Pulsar: GRO J1744-28 (#5790, #5963), A0535+262 (#5931, #6569), Cep X-4 (#6212),  
       GRO J1008-57 (#6465, #6819), 4U 1700+24 (#6850) 
Star: UV Ceti (#6026), BY Dra (#6042), FK Aqr (#6120), IM Peg (#6296, #6322),  
       1RXS J043657.1-161258 (#6654), Sigma Gem (#6817) 
Unknown: MAXI J0645+043 (#6066) 
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　SSC は、純国産 X線CCD を用いて世界で初の 2 keV 以下の軟 X 
線領域での全天スキャン観測を行っている。観測データから新たな突
発天体の発見が期待されるが、これまでは太陽光によるバックグラ
ウンドの変動などの理由から GSC データの様に突発天体の検出は
行われていなかった。しかし、現在では、データのスクリーニング
が進んだため、太陽光による影響などをある程度取り除くことが可
能になった。 
　そこで、昨年度から GSC データの解析に最適化されたシステムを 
SSC データに対応させる改良を行っている。右記のバックグラウン
ド除去や有効面積・露光時間補正の改良により、誤検出が少なくな
り、GSC 同様に突発天体の検出が十分な精度で可能になったと考え
られ、SSC のリアルタイム及びアーカイブデータによる突発天体の
自動検出を開始する予定である。  

バックグラウンド除去 
　天体と太陽光の広がりを考慮することにより正確にバックグラウンド成分を計算でき
るようになり、誤報の数が100分の1になった。 

有効面積・露光時間補正 
　カメラの有効面積・露光時間を計算するための観測視野は、2つのX線の飛来方向と検
出器座標によって求めている。しかし、SSC データは X 線カウント数が少ないため視野
の補間などによって補正を行うことで、天体の変動を正確に捉えることが可能になった。 
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     July 18, 1996 20:47 Annual Reviews chapter15 AR12-15

X-RAY NOVAE 621

Figure 3 X-ray light curves of four bright black-hole X-ray novae. The observed X-ray fluxes are

shown in units of the Crab Nebula intensity in the energy band separately indicated for each source.

The dotted curve for A 0620�003 is from Elvis et al (1975), and the dots with vertical error bars

are from Kaluzienski et al (1977b). The GS 2000+251 data (open circles) are from Tsunemi et al

(1989) and Takizawa (1991). The GS 2023+338 data (thick vertical bars, which indicate actual

large flux excursions) are from Tanaka (1992a). The GS/GRS 1124�684 data (open squares) are

from Kitamoto et al (1992) and Ebisawa et al (1994).
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/ Days in 2014�

MAXI J1421-613�

BZB J0244-5819�

2FGL J1931.1+0938�

MAXI J1619-383�

photons/cm
2/s (2-20 keV

)�

1�

0.01�

100�

1/9 01:13 NS uyz5� ~15 mCrab  
     (Morooka+, ATel #5750) 
-  1/9 19:35 Swift i^W: (Kennea+ # 5751) 
-  1/11-12 ATCA e7;}5� (Coriat+ #5859) 
-  1/10 INTEGRAL �L����}5� (Bozzo+ #5765) 
-  1/31 Suzaku, 2/8 Chandra ^W:�5�b?�	
� 
YJwhSerino et al. 2015 (submitted)�

10/17 07:11 F@�
@U���� (NS) uyz5� 
g  ~18 mCrab  (Serino+, ATel #6708) 
-  �cX (~20 deg) �buyz Swift GW:sjp 
-  !������w
�*, 1.43 (-0.21, +0.43) v�
a,s]	AuSm|{g(Morii+ #6767) 

5/26 18:09gNS uyz5� ~40 mCrab  
gg3 �~���H 4.5h�frl5�m|{ 
   (Yamaoka+, ATel #6174) 
-  5/27 01:54 Swift v^W:uyz9
o
{-�
}DZ (Kennea+ #6177) 

-  5/29 �V
W:yz Be _/v�O)
�Itoh+ #6186� 

MAXI J1932+091�

10 mCrab�

GRB�  GCN�
Flux 


(4-10 keV)  
[mCrab]�

Note

(�u5�nq5��, xnkw MAXI 

�Ruy{^W:K2)�

140102A� Kimura+ 15663� ~100� Swift/BAT�

140219A� Serino+ 15882� (~2000 c/s)� (Out of FOV)�

140221A� Morooka+ 15868� 68 +/- 18� X (candidate)�

140509B� Kimura+ 16242� 98 +/- 23� n/a!
140515B� Morii+ 16276� 80 +/- 18� n/a�

140814A� Uchida+ 16686� 232 +/- 45� X, Opt Upper Limit!
140818A� Honda+ 16702� 1,125 +/- 62� X, γ, Opt detection�

140930A� Negoro+ 16855� 136 +/- 30� Opt Upper Limit�

140928A� Morii+ 16864� 29 +17/-14� Ferimi/GBM (Afterflow?)�

141121A� Honda+ 17077� 57 +/- 17� Swit/BAT (Ultra-long GRB)�

141229A� Fujita+ 17246� 179+/-29� X, γ, Opt detection�

MAXI が 2014 年に GRB として報告したバースト現象 

過去のブラックホールＸ線新星 (Tanaka &  
Shibazaki 1996) と MAXI が 2014 年に 
発見、検出した天体の光度曲線（明るさ比較） 

3 桁暗い 
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Fig. 4. Simultaneous fittings to the time-averaged XIS 2, HXD-PIN,
and HXD-GSO spectra of Cyg X-1, employing thermal Compton-
ization models. The derived best-fit parameters are given in table 1.
(a) The same spectra as in figure 3a, compared with the best-fit
wabs!(diskbb+compPS+compPS+gau) model. The two
compPS components are constrained to have the same Te, and
a common set of reflection parameters. (b) Fit residuals from a model
incorporating a single compPS continuum without reflection, together
with a diskbb. (c) The same as panel b, but reflection is incorporated,
and a Gaussian for the Fe-K line is added. (d) The residuals correspond
to the fit shown in panel a. Compared to panel c, the second compPS
component is added.

continua, which are constrained to have the same seed-
photon temperature (which in turn is the same as that of
diskbb), the same hot-electron temperature, and the same
reflection parameters, but are allowed to differ in their
normalization and optical depth. The model is hence wabs!
(diskbb+compPS+compPS+gau). As shown in figure 4d,
the fit was been improved drastically to !2=" = 1.13 (" =
349); the XIS, PIN, and GSO spectra are reproduced with
!2=" = 1.3, 0.9, and 0.9, respectively. The model removed the
data deficit in the highest XIS range, and reduced a residual
structure near 2 keV, where the two compPS components
now cross over. Furthermore, the XIS vs. HXD normalization
became 0.088, which is close to the value of 0.092 calibrated
using SS Cyg (subsection 2.2). We are therefore confident
that the Suzaku data require two (or possibly more) Compton
components. Although the fit is not yet formally acceptable,
we regard it as being satisfactory, because the data vs. model
discrepancy, typically within 4% over the entire 0.7–400 keV
range, is comparable to those obtained when we fit the Suzaku
spectra of bright objects, such as the Crab spectra, with simple
models.

Our final model obtained in this way is shown in figure 4a
in the convolved form, and in figure 5a in the incident "F "
form. Its model parameters are given in table 1. Hereafter,
we call the compPS components with the larger and smaller
y-parameters compPSh and compPSs, respectively, with the

Fig. 5. (a) Inferred best-fit "F " spectrum of Cyg X-1, shown with the
absorption removed. It corresponds to panels a and d of figure 4,
with the model parameters detailed in the column labeled “Average”
of table 1. Red, blue, orange, green, and purple specify compPSh,
compPSs, diskbb, reflection components, and a Gaussian for
the Fe-K line, respectively. (b) The same as panel a, but for
GRO J1655"40 observed with Suzaku on 2005 September 22 and 23.
It is identical to figure 7 of Paper I, except for the removal of the absorp-
tion.

suffix “h” standing for “hard” and “s” for “soft”. In figure 5, the
compPSs component includes not only the scattered photons
[/ 1" exp ("#)], but also those seed photons that traversed the
Compton cloud without being scattered [/ exp ("#)].

3.3. Examination of the Comptonization Model Results

Although the analysis conducted in the preceding subsection
has provided a plausible representation of the time-averaged
spectra, different spectral models could often degenerate.
Therefore, let us briefly examine our final spectral model for
its implications and physical consistency, leaving any detailed
discussion to section 5.

The obtained absorption, .6:6+0:8
"0:3 / ! 1021 cm"2, is close to

the value of (5.3 ˙ 0.2) ! 1021 cm"2, derived by Dotani et al.
(1997) with ASCA. The compPSh and compPSs compo-
nents, crossing at # 4 keV, are characterized by photon indices
of # 1.6 and # 2.4, respectively, with the former consistent
with the approximate X-ray slope of Cyg X-1 measured in
energies of a few to a few tens keV. The underlying param-
eters, Te # 100 keV, # of order unity, and Ω=(2$) # 0.4, are
consistent with a large number of past measurements (e.g.,
Gierliński et al. 1997; Di Salvo et al. 2001; Frontera et al.

Makishima+	
  2008,	
  Yamada+2013 

Cyg	
  X-­‐1	
  (Negoro+	
  1994,	
  Yamada+	
  2013) J. Malzac et al.: The optical and X-ray flickering of XTE J1118+480 341

Fig. 9. Results from the shot (panel a)) and dip (panel b)) superposition technique when the flares or dips are selected in band b1. The selection
parameters (see Sect. 4) are f = 2, tp = 8 s, tm = 32 s in both panels.

obtained from an average over time tm. The peak bin is further
required to have the maximum count-rate over bins within t p
before and after the peak bin. The selected shots are then peak
aligned and averaged. The corresponding pieces of light curves
in the b2, b3 and optical band are centered on the time bin
corresponding to the b1 peak and averaged in the same way.

Figure 9a shows the results for f = 2, tp = 8 s and
tm = 32 s. The light curves were rebinned on 30 ms time bins
before applying the shot selection. For such parameters the re-
sulting average X-ray shot is slightly asymetric, with a duration
of ∼10 s. The b2 and b3 bands appears to present shots that are
similar to that in the b1 band. This illustrates the high degree
of coherence between the different energy bands.

The shot in the b3 band has a lower amplitude than the
b1 and b2 shots. This is consistent with the energy depen-
dent power spectrum indicating a lower amplitude of variabil-
ity in the higher energy band. In addition, this enables us to
see in a more direct way the spectral evolution leading to the
anti-correlation between X-ray hardness and flux discussed in
Sect. 2. The average optical light curve corresponding to the
shots is similar in shape to that of the optical/ X-ray CCF. This
suggests, as previously noted by Spruit & Kanbach (2002), that
the shape of the CCF is representative of the shape of the opti-
cal light curve as a response to a shot event.

Then it is interesting to see whether the optical light curve
responds only to X-ray flares or is also correlated to other types
of events occuring in the X-ray light curve. We thus performed
a similar analysis but instead of flares, we selected dips in the
b1 band. The selecting criteria were that the minimum count
rate of the dip is lower than 1/ f times the local count rate as
obtained from an average over tm. The minimum bin is further
required to have the minimum count-rate over the bins within t p
on either side.

The results are shown in Fig. 9b. Surprisingly, the answer is
that the optical responds to X-ray dips in a similar but inverted

way as it responds to the X-ray flares. The optical flux rises
a few seconds before the minimum in the X-ray light curve,
at t = 0 it decays abruptly with a minimum half a second after
the X-ray dip. The panels (a) and (b) of Fig. 9 are actually very
similar but with inverted count-rate axis.

To learn about the response of the X-rays to optical fluctu-
ations we performed a similar shot and dip analysis using the
optical band as the selecting light curve. The results are shown
in Fig. 10. The X-ray shots and dips are not simply the same
as in Fig. 9 shifted by ∼0.5 s as one would expect if the corre-
lation was linked only to the X-ray dips and shots. The X-ray
response to optical shots and dips is very asymmetric. The op-
tical shots are associated with an X-ray flux that rises slowly
during a few seconds and decays sharply in ∼0.5 s. There is an
indication for the presence of an X-ray dip after the peak in the
optical. A similar asymmetry is apparent in the dip analysis.
Thus from Figs. 9 and 10, it appears that the correlated optical
and X-ray shots and dips all have a profile resembling that of
the optical/X-ray CCF (modulo the relevant symmetries).

The superposition method is far less rigorous than usual
time-domain and Fourier techniques. In particular the results
are affected by strong biases. It tends to favor a certain range
of time-scales and amplitude depending on the selection crite-
ria. In general, the selected events are not representative of the
whole variability of the source. It could be also, that the light
curves are not made of a superposition of shots at all. Moreover
a description of the variability of accreting black hole sources
in terms of shots models (e.g. Poutanen & Fabian 1999 and ref-
erence therein) requires, in general, events with a broad range
of time-scales and amplitude. The superposed events are not
representative of a clearly defined scale, rather, they represent
an average over a range of scales that is poorly controlled.

The drawbacks of the method can be taken into our ad-
vantage. By changing the selection criteria one can select (in
a very qualitative way) the time-scale and amplitude of the
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Fig. 1. Two fits to the GX 339−4 1981 data sets for the case of no particle acceleration in the jet, data references contained in CF02. The
solid thick line is the total spectrum, the dotted line is the multi-temperature blackbody SD disk plus irradiation blackbody contribution , the
short-dashed line is the synchrotron emission and the long-dashed line is the inverse Compton (IC) upscattered disk and jet photons. In both
panels, the IC components do not include the outer part of the jet as its contribution is orders of magnitude under the data. a) The fit for the
nearly non-relativistic initial electron temperature of 2× 109 K and r0 = 5× 103 rg, b) The fit for a temperature similar to the maximum derived
for another XRB source, XTE J1118+480 (see MFF), of 2 × 1010 K, with r0 = 2 × 103 rg.
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Fig. 2. Four fits for the 1981 data set shown in Fig. 1, with the radio point extrapolated from the correlation curves of C00 and C02. The solid
thick line is the total spectrum, the dotted line is the multi-temperature blackbody outer disk plus single blackbody irradiation contribution,
the short-dashed is the synchrotron emission from the jet before the shock acceleration region, the dot-dashed line is the synchrotron emission
after acceleration, and the long-dashed line is the inverse Compton upscattered disk and jet photons. a) The fit for the mildly relativistic case
of Te = 2 × 109 K, which requires an unrealistically large jet power of Qj ∼ 0.6LEdd. b) A fit with the highest temperature electrons allowed
which can give a good fit to the broadband spectrum, Te = 7 × 109. This solution also gives a more realistic jet power of Qj ∼ 0.3LEdd. c) The
case for the same temperature but with a much smaller inclination angle, requiring only Qj ∼ 3×10−2 LEdd, but which cannot fit the extrapolated
radio point. d) The resulting fit from a power-law of particles at the base of the jet, rather than a thermal distribution, as may be expected near
an accretion shock. This solution also requires a large jet power, Qj ∼ 0.5LEdd, however.
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the large discrepancy at that frequency between the
observed PSD and that of the superposed shot. This large
discrepancy is thought to be due to the selection of the shots
with such structures in the PSD from the entire light curves.
While, the wavy feature itself may be related to the sup-
pression of the shot occurrence in D5 s before and/or after
large shots (Negoro et al. 1995 ; Focke 1998).

The soft energy spectrum of the shots, compared with the
average spectrum, is also consistent with the results of the
energy-dependent NPSD analysis. This can be derived from
two panels c and d, of Figure 2 ; the observed NPSD in the
soft energy band is larger than that in the hard energy one
at f \ 5 Hz. A similar result was obtained in RXT E obser-
vations (Lin et al. 2000). Here we note again that some
structure exists around 1 Hz. At f \ 0.4 Hz, the NPSD in
the 1.2È7.3 keV band is 25% ^ 3% larger than that in the
7.3È14.6 keV band. This means that soft X-ray variability is
relatively larger than the hard one at low frequencies, f \ 5
Hz. In other words, the shots, which contribute the low-
frequency part of the PSD below 1 Hz, have a softer energy
spectrum. Then we obtain the following relation between
the Ñux ratios and the ratio of the NPSDs in the(Fhard/Fsoft)soft to hard energy bands (Ssoft/Shard),C (Fhard/Fsoft)all

(Fhard/Fsoft)shot

D2 \AFshot,soft
Fall,soft

Fall,hard
Fshot,hard

B2

^ Ssoft
Shard

\ 1.25 ^ 0.03 , (3)

where and (or and rep-Fshot,soft Fshot,hard Fall,soft Fall,hard)
resent the Ñuxes of the excess shot (on all the) components
in the 1.2È7.3 keV (soft) and 7.3È14.6 keV (hard) bands,
respectively. Together with the hardness ratio of all the
components, equation (3) leads to(Fhard/Fsoft)all \ 0.304,

which is in good agreement(Fhard/Fsoft)shot \ 0.27 ^ 0.01,
with the average of the observed hardness ratio of the excess
shot component, 0.26 ^ 0.01 (Fig. 1). Thus, it can be con-
cluded that the soft energy spectrum of the shot is consistent
with the values of the NPSDs quantitatively.

2.3. Phase of Power Spectra
Finally, we evaluate time lags (a cross spectrum) of the

superposed shot. First of all, coherence and time lags
between the entire hard (7.3È14.6 keV) and soft (1.2È7.3
keV) X-ray light curves are displayed in Figure 3 by the
solid line and the Ðlled circles, respectively. Apparently, this
hard-lag diagram shows a power-law relation as lag P f ~1 ;
however, we understand that this would not be the case if
viewed from the point of the superposed shot. The hard
X-ray variability lags behind the soft one by 30È50 ms at
frequencies of 0.03È0.5 Hz and by D10 ms at frequencies of
0.5È2.0 Hz. Time lags at even lower frequencies were com-
puted but no deÐnite values were obtained as a reult of large
uncertainties, thus not being plotted there. This stairlike
structure in the time lags is identical to the double-peaked
structure in the phase-lag diagram found by Miyamoto et
al. (1988, 1992) and conÐrmed by RXT E observations (e.g.,
Focke 1998 ; Nowak et al. 1999a ; Pottschmidt et al. 2000).

Time lags of the superposed shot are directly computed
from the shot proÐles in the di†erent energy bands and
depicted by the open circles in the same Ðgure. Surprisingly,
the time lags of the superposed shot can almost perfectly
reproduce those of the entire light curves below a few Hz,

FIG. 3.ÈCoherence function (solid line, right axis) and time lags of the
hard X-rays (7.3È14.6 keV) behind the soft X-rays (1.2È7.3 keV) against
frequencies ( Ðlled circles, left axis). (All these crosses indicate hard X-ray
lags behind soft X-ray.) Time lags of the superposed shot are denoted by
the open circles, which show common behavior below a few Hz, where the
coherence is high.

where the time variability due to the superposed shot is
dominant (see Fig. 2) and also good coherence is found in
the entire light curves. In addition to the unchanged, soft
energy spectrum in the rise phase of the shot shown in ° 2.2,
these indicate that the extended wings (the larger time com-
ponents in eq. [1]) are parts of the shot, because, for
instance, the coherence close to unity results from only
near-perfect coherent variations not only in the soft and
hard energy bands but also in the larger and smaller time
components (e.g., Vaughan & Nowak 1997 ; Nowak, Wilms,
& Dove 1999c : Nowak 2000).

It is rather complicated to obtain an analytic formula of
time lags of the superposed shot since hard lags mean di†er-
ences between shot proÐles in di†erent energy bands.
Approximate calculations show that time lags arise not
only from di†erent time constants in di†erent energy bands,
yielding the continuous spectral hardening observed after
the peak intensity (b in Fig. 1, panel c and Fig. 3 ; see Miya-
moto & Kitamoto 1989), but also from the discrepancy
between the peak intensities, AÏs and BÏs in the rise and
decay phases (see Table 1), which indicates the rapid spec-
tral hardening across the peak (a, see discussion). The origin
of the hard lags below 0.5 Hz is unknown, but the
rehardening (c) seen at D]0.5 s in the panel c in Figure 1 is
most likely as the cause from its timescale.

We demonstrate that low-frequency features of the
observed time lags just reÑect the speciÐc spectral changes
of the superposed (i.e., large) shot. At frequencies above a
few Hz, in contrast, the time lags of the superposed shot
slightly decrease and have a certain peak around 5 Hz,
whereas those of the entire light curves decrease with the
increase of f as Df~1. This discrepancy is not too surprising
because at those frequency the coherence rapidly decreases
and the large discrepancy was also recognized in the PSDs.
Thus, the observed time lags at the high frequencies exhibit
a mixture of some components and/or does not show real
time lags (e.g., Crary et al. 1998). In this respect, we note
that the dramatical, spectral hardening near the peak inten-
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図 62: XTE J1752-223のライトカーブ (2-20 keV、2-4 keV、4-10 keV、10-20 keV、MJD 55100-

55293 = 2009/09/26-2010/04/07)。low-high state (MJD 55134-55150 付近、約 140 mCrab)、
high-hard state (MJD 55188-55216付近、約 300 mCrab)、soft state (MJD 55218付近-)の 3つ
の状態が見られる
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図 63: low hard-state(青、2-20 keV、MJD55134-55150 = 2010/10/31-11/06) と high hard-

state(赤、2-20 keV、MJD55188-55216 = 2010/12/23-2011/01/20)のパワースペクトルの比較。

5.4 Sco X-1

Sco X-1は低質量X線連星 (LMXB：Low Mass X-ray Binary)と呼ばれる低質量の恒星と中性
子星の連星系である。この天体は全天で一番明るいX線天体で、X線強度が強過ぎる (約 10 Crab)

ために現在MAXI以外の観測衛星には観測がきわめて困難な天体である。現在 Sco X-1 は低周波
数から高周波数の広い領域に渡ってQPOが見られる時があり [7]、MAXIでも検出できるかの確
認を行った。図 66より、Sco X-1程の明るさがあれば、1日分のデータでもQPOを検出できるこ
とがわかった。

25

55150 55200 55250 55300 55210 55230

400

600

400

400

1000

2.0

1.0

0.0

500

200

400
200

200

200

0

0

0

0

MJD

F
lu

x
 (

m
cr

ab
)

MAXI/GSC 2- 20 keV

MAXI/GSC 2- 4 keV

MAXI/GSC 4- 10 keV

MAXI/GSC 10- 20 keV

Swift/BAT 15-50 keV

4- 10 keV/2-4 keV

0

A B

C
D E F

G H

H
R

Fig. 2. The MAXI light curve of XTE J1752–223 in four energy ranges (2–20, 2–4, 4–10, and 10–20
keV from the top to the fourth panel) in comparison with Swift/BAT (15–50 keV: the fifth panel). The
hardness ratio between the 2–4 keV and the 4–10 keV bands was also plotted in the bottom panel. Right
panel: The period in the left panel when the plasma ejection events were detected (January 21 as shown
by the dashed line) is expanded.

10

Fig. 3. A hardness–intensity diagram during the outburst of XTE J1752–223. Data points during the six
phases (A to H) are shown by the different symbols. 6 hours integration data are used in Phase E, F and
G, while one-day integration are used for the rests. The spectral evolution tracks on the Q-shaped curve
as shown by arrows. Filled diamonds show the data when the increased radio emissions, presumably jets,
were detected on 2010 January 21.
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FIG. 2.ÈQuiescent state spectra for models with M \ 6 logM
_

, (r
tr
) \

3.9, i \ 60¡, a \ 0.25, and b \ 0.5. The values of are indicated on them5
plot.

emission, while the peak at high energies D100 keV, visible
especially clearly at very low is due to bremsstrahlung.m5 ,
Inverse Compton scattering of synchrotron photons by the
hot ADAF electrons is responsible for the rest of the spec-
trum and produces one or more bumps between the syn-
chrotron and bremsstrahlung peaks.

With increasing two e†ects modify the shape of them5 ,
spectrum. Since gas pressure increases roughly linearly with

the magnetic Ðeld grows as (equipartition) ; conse-m5 , m5 1@2
quently, the synchrotron peak moves toward higher fre-

quencies. At the same time, the photon spectral index in the
1È10 keV X-ray band steepens from to D2.2. Thisa

N
D 1.7

is because at low high-energy photons are produced pri-m5
marily by bremsstrahlung emission, whereas at higher m5
Comptonization dominates, which results in a smoother
but steeper spectrum. Since the radiative efficiency of the
Ñow, deÐned as the ratio is proportionalv

~1
\ L

bol
/0.1M0 c2,

to & Yi the overall normalization of them5 (Narayan 1995b),
spectrum changes roughly as Even for them5 2. m5 D 0.01,
efficiency is quite low and these quiescent state(v

~1
D 0.02)

models are very underluminous.
In the models shown here, the radiation from the outer

thin disk is negligibly small compared to the emission from
the ADAF. This would not be true if the transition radius
were closer to the black hole, as we discuss at the end of

(see also below).° 3.2 Fig. 5

3.2. L ow State
The Ðve heavy curves in show a sequence ofFigure 3a

model spectra where the Ñow geometry is exactly the same
as in the quiescent state ; now, however, m5 º 10~2 (Fig. 1).
At these relatively high accretion rates, Comptonization of
synchrotron photons by the hot gas in the ADAF consti-
tutes the dominant cooling mechanism. As increases, them5
optical depth of the ADAF goes up causing a correspond-
ing increase in the Compton y-parameter. Consequently,
the high-energy part of the spectrum becomes harder and
smoother, and the photon index in the X-ray band reverts
from back to D1.5. The radiative efficiency for thea

N
D 2.2

highest model is reasonably high and the total energym5
output is on the order of 1037 ergs s~1, which corresponds
to a few percent of the Eddington luminosity (for the
assumed 6 black hole). Most of the Ñux is emitted atM

_around 100 keV and the spectrum falls o† exponentially at
higher energies. The model spectra shown in Figure 3a
reproduce well both the spectral shapes and X-ray lumi-
nosities of BHXBs observed in the low state &(Tanaka

FIG. 3.È(a) Low state spectra for models with M \ 6 log i \ 60¡, a \ 0.25, and b \ 0.5. The values of are indicated on the plot. TheM
_

, (r
tr
) \ 3.9, m5

largest is equal to the critical accretion rate Heavy lines show spectra computed with the electron advection term included ; for comparison, thin linesm5 m5
crit

.
show spectra of models where this term is omitted. (b) Variation of electron temperature with radius r for the models shown in (a). Note that the electronT

etemperature decreases with increasing For the model with log (solid line), the temperature proÐle is computed both with (heavy line) and withoutm5 . m5 \[2
(thin line) the electron advection term.

6 Coppi

annihilation
line
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lth=300

pair production

lth=200
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lth=100

lth=3
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lth=0

lth=1
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Figure 1. The transition from a non-thermal plasma (lth = 0)
to a thermally dominated plasma (lth/lnth = 30). The soft input
into the source has a compactness ls = 10 and has a blackbody
spectrum with Tbb = 15 eV. The assumed source radius is R =
1014 cm, and a background plasma is present with optical depth
τp = 0.1.

lh/ls ≫ 1 and a significant energy boost is required to sat-
isfy the energy conservation requirement lrad = lh + ls. The
final emergent spectrum in a thermal model is thus typically
composed of many so-called “orders” of Compton scattering.
(Each order of Compton scattering is calculated by comput-
ing the Compton scattered photon assuming the previous
order as the input photon spectrum. The initial soft photon
input spectrum is the zeroth order.) Since Compton scat-
tering by hot electrons smears out spectral features (an in-
put photon with a given initial energy can be scattered to
a range of final energies), the spectrum of each successive
Compton scattering order tends to appear smoother. The
end result is that any spectral features in the first order of
Compton scattering (e.g., due to the choice of electron en-
ergy distribution) tend to be washed out and the composite
emergent spectrum is usually a rather featureless power law.
As shown, e.g., in Rybicki & Lightman (1979), the slope of
this power law can be derived by basically knowing only the
mean photon energy change per scattering and the mean
number of scatterings a photon undergoes before escaping
(i.e., the Compton y parameter). If one replaces the thermal
electron distribution by another one that gives the same
mean photon energy shift per scattering and also insures
that the Thomson optical depth of the source remains con-
stant, then to first order, nothing changes in the preceding
chain of reasoning and the emergent spectrum will be the
same(!). This was noted by Zdziarski, Coppi, & Lightman
(1990) in the context of photon-starved plasmas and plas-
mas with very steep non-thermal injection (Q(γ) ∝ γ−Γ

with Γ >∼ 3) extending to a γmin close to unity, and by
Ghisellini, Haardt, & Fabian (1993) who showed that the

Figure 2. Comparison of spectra from photon-starved thermal
and hybrid models. The solid line is the emergent spectrum from a
purely thermal plasma (lnth = 0) with input parameters ls = 3.0
and lh = 160. (The other model parameters are R = 1015 cm,
τp = 0, and blackbody soft photon injection with Tbb = 5 eV.)
The plasma temperature and optical depth derived for this set of
parameters is Te = 114 keV and τT = 1.2 The dotted line shows
the spectrum obtained for the same model parameters except that
now lnth/lth = 4 and Q(γ) ∝ δ(γ−3.6), i.e., the model is a hybrid
plasma with low energy electron injection. The dashed line shows
the spectrum obtained using the same model parameters as the
dotted line, except that now Q(γ) ∝ δ(γ − 1000), i.e., the model
is a hybrid plasma with high energy injection.

non-thermal Comptonization spectra produced in plasmas
where Q(γ) goes to zero γ > γmax ∼ 2 − 4 are very close to
thermal ones where the mean energy per scattering is the
same. In other words, as long as most of the electrons in

the source are low energy and multiple orders of Compton

scattering are important, it makes little difference what en-

ergy distribution the electrons have. If non-thermal electron
acceleration near the black hole holes is not very effective,
i.e., if electrons never reach very high energies (perhaps be-
cause the radiative cooling times are so short), this might
help explain why objects like Cyg X-1 have thermal-looking
spectra in their hard state. It also explains why different
hybrid plasma codes can use rather different criteria for de-
ciding when exactly when an electron has thermalized and
still end up predicting similar emergent spectra.

As a further illustration of how spectra from different
electron distributions can be quite similar if multiple scat-
tering is important, we show in Fig. 2 the spectra produced
by a strictly thermal plasma, by a hybrid plasma where the
non-thermal electron injection function is a delta function
at γinj = 3.6, and by a hybrid plasma where γinj = 1000.
For all three plasmas, lh/ls ≈ 50, i.e., the plasma is photon-
starved and multiple scattering is important. The spectra
from the thermal plasma and the hybrid, low γinj plasma
are rather similar (particularly in the 1-100 keV range), even
though no effort was made to tune the non-thermal electron
injection (e.g., as in Ghisellini, Haardt, & Fabian 1993) to
match the mean photon energy change with that of the ther-
mal plasma. The first key reason for this is that the equi-
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Figure 1. Luminosity profiles from the GRMHD simulations (solid lines)
compared with those from the NT model (dashed lines) for a∗ = 0, 0.7, 0.9
and 0.98 (bottom to top). The disc thicknesses are |h/r| = 0.05, 0.04, 0.05
and 0.08 respectively for these runs. The ISCO is located at the radius where
the NT disc luminosity goes to zero.

calculation (e.g. Davis et al. 2005; S ↪adowski et al. 2011), which is
beyond the scope of this work.

At the end of this process, both components required to calculate
the spectra are available: the radial profile of the fluid four-velocity
uµ(r) in the equatorial plane and, from the energy removed by
the cooling prescription,4 the profile of the emitted flux F(r) ≡
dE/(rdrdφdt) (where E is the energy emitted from one side of the
disc as measured by an observer at infinity). When calculating the
spectrum, the effect of electron scattering in the disc is taken into
account indirectly using a colour correction (or spectral hardening)
factor f col. For the results presented here, we choose for simplicity
a fiducial value of f col = 1.7 (Shimura & Takahara 1995). Detailed
models of disc atmospheres by Davis et al. (2005) and Davis &
Hubeny (2006) indicate that f col can vary between 1.4 and 1.7,
but this extra sophistication is not necessary for the simple tests
described in the present paper.

The flux profiles obtained from the GRMHD simulations are
only reliable within a radius inside which the accretion flow has
reached steady state. Outside this radius, which we call the inflow
equilibrium radius rie (see Penna et al. 2010, for a definition), we
extend the profiles using the analytical disc model of Page & Thorne
(1974). The procedure we use is described in Appendix A. Within
a certain range, the exact choice of rie does not affect the results of
the extrapolation, as we show in that appendix.

Fig. 1 compares the luminosity profiles d(L/Ṁ)/d(ln r) that we
obtain to those in the standard NT disc model, for four values of
the spin: a∗ = 0, 0.7, 0.9, 0.98. Here, Ṁ is the accretion rate,
and the luminosity L ≡ 2dE/dt = 2

∫
Frdrdφ = 4π

∫
Frdr , so

d(L/Ṁ)/d(ln r) = 4πr2F (r)/Ṁ (the extra factor of 2 is to account
for emission from both sides of the disc).

The NT model has no radiation from inside the ISCO, whereas the
simulations show some emission from this region. In addition, the
peak of the emission in the simulated discs is seen to shift inwards
relative to the NT model. These effects are similar to those obtained
by S ↪adowski (2009) for slim discs. As explained in that work, for
large enough accretion rates (!0.3 Eddington), the accretion flow
starts becoming radiatively inefficient at moderate radii (r ∼ 10–
30M); as a result, some of the heat generated by viscous dissipation

4 We only include the energy removed from the bound gas, since including
all the gas results in an overestimate of the luminosity (Penna et al. 2010).

at larger radii is advected inwards and released at smaller radii.
Another important effect is that discs with finite thickness have a
non-vanishing stress at the ISCO (in contrast to the razor-thin discs
which the NT model considers for which the stress is expected to
vanish). This stress leads to additional viscous dissipation at radii
r ∼ rISCO. In our model, the inward shift in the emission peak due
to both of these effects mimics a decrease in rISCO (see Fig. 1), i.e.
an increase in the predicted black hole spin. As a result, fitting the
GRMHD disc spectrum using the NT model leads to an overestimate
of the black hole spin, as we shall see in Section 3.

2.2 Calculation of the spectra

To calculate the spectrum, we assume that the flux F(r) is emitted
in the form of colour-corrected blackbody radiation (f col = 1.7),
either isotropically or with limb-darkening, as seen in the comoving
frame of the fluid. We use a standard limb-darkening prescription
(equation 5 below). We assume that after emission the radiation
propagates in vacuum.

Were the accretion disc non-relativistic, the calculation of
the spectrum would be almost trivial (see e.g. Frank, King &
Raine 2002): one would divide the disc into annuli; define an
effective blackbody temperature Teff (r) = [F(r)/σ ]1/4 in each annu-
lus, where σ is the Stefan–Boltzmann constant; use the temperature
and colour-correction factor to obtain the specific intensity Iν,disc(r)
of the emitted radiation at the disc surface and integrate it over the
disc surface to obtain the observed spectrum.

Relativity introduces three complications: (1) The effective tem-
perature has to be defined in the comoving frame of the fluid, and
so we need to transform F(r) from the BL frame into the comoving
frame. (2) Redshift between the comoving frame and the observer’s
frame, both gravitational and due to Doppler boosting, has to be
taken into account. Since the photon paths around a black hole are
complicated, the direction in which a ray needs to be emitted in
the comoving frame such that it reaches the observer is not known
a priori, which is a problem for the redshift calculation. (3) One
needs to know the emission direction to take limb darkening into
account as well. Points (2) and (3) require integrating the geodesic
equations to calculate the photon paths, which is usually referred
to as ‘ray-tracing’. This approach has been applied extensively in
the literature to a variety of problems, starting with Cunningham &
Bardeen (1973) and Cunningham (1975) (see Dexter & Agol 2009
and references therein). In particular, KERRBB (Li et al. 2005) uses
this technique to compute thin-disc spectra.

We perform ray-tracing numerically using the routines developed
by Shcherbakov & Huang (2011) and applied in Shcherbakov, Penna
& McKinney (2010). We choose a line of sight to the observer with
an inclination angle of i relative to the black hole spin axis. At a
sufficiently large distance from the black hole (r ∼ 105), we set up
an image plane perpendicular to the line of sight and shoot rays
from it parallel to the line of sight. We follow these rays until they
hit the disc,5 by directly integrating the (second-order) geodesic
equations:

d2xα

dλ2
+ 'α

βγ

dxβ

dλ

dxγ

dλ
= 0, (1)

5 This is more straightforward than shooting rays from the disc, since as
mentioned earlier, the direction in which the rays need to be emitted from
the disc such that they reach the observer is not known a priori. This approach
was pioneered by Marck (1996); see also Hameury, Marck & Pelat (1994).
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where λ is an affine parameter along the geodesic, and "α
βγ are the

connection coefficients. The aim is to obtain the specific intensity
Iν of each ray, which can then be integrated over the image plane to
obtain the observed flux:

Fν,obs = 1
D2

∫
IνdA. (2)

Since Iν/ν
3 is a Lorentz invariant, we can immediately relate the

specific intensity Iν in the image plane to the intensity Iν,com in the
comoving frame of the fluid at the point of emission:

Iν = Iν,com (ν/νcom)3 ≡ Iν,comχ 3, (3)

where χ ≡ ν/νcom is the redshift factor, and

Iν,com = 2f −4
col ν

3
com

exp(νcom/kBfcolTcom) − 1
ϒ. (4)

Here, f col is the spectral hardening factor mentioned earlier, which
we set to 1.7 in this work, and ϒ is the limb-darkening factor (see
e.g. Li et al. 2005):

ϒ =
{

1, isotropic emission
1
2 + 3

4 cos θcom, limb-darkened emission.
(5)

So finally we have

Iν = 2f −4
col ν

3

exp(ν/kBfcolχTcom) − 1
ϒ, (6)

or

Fν,obs = 1
D2

∫
2f −4

col ν
3

exp(ν/kBfcolχTcom) − 1
ϒdA. (7)

Thus, to calculate the spectrum, we need the effective temperature
in the comoving frame Tcom, the redshift factor χ and the angle θ com

between the emitted ray and the disc normal in the comoving frame.
The first of these is obtained by transforming the emitted flux F(r),
which is initially calculated in the BL frame, into the comoving
frame, and the last two by transforming the ray four-momentum.
We show the details in Appendix B.

To calculate spectra using equation (7), we use the following
fiducial parameters: black hole mass M = 10 M⊙, accretion rate
Ṁ = 0.1ṀEdd and distance to the black hole D = 10 kpc. We
choose a spectral energy range of 0.1–10 keV, divided into 1000
logarithmically spaced bins. Fig. 2 compares the spectra from the
simulated and NT discs for a∗ = 0.9 and i = 75◦. The peak of the
spectrum of the simulated disc is shifted to a slightly higher energy

Figure 2. Spectra from the simulated (solid line) and NT (dashed line)
discs, for a∗ = 0.9 and i = 75◦.

Figure 3. High-energy portion of the spectra from the simulated (solid
lines) and NT (dashed lines) discs, for i = 75◦ and three values of the black
hole spin: a∗ = 0, 0.7, 0.9.

Figure 4. High-energy portion of the spectra from the simulated (solid
lines) and NT (dashed lines) discs, for a∗ = 0.9 and three inclinations: i =
15◦, 45◦, 75◦.

relative to the NT spectrum, and the peak flux is also higher. This is
precisely the effect that increasing the black hole spin would have
on the NT spectrum, and as we shall see in Section 3, fitting the
simulated spectra leads one to overestimate the spin.

Figs 3 and 4 show what happens to the difference between the
simulated and NT spectra when we vary the spin and the inclination,
respectively. The effect is visible at the high-energy end of the
spectrum. The effect of the inclination is very strong. This is because
of the excess luminosity from the inner region of the simulated disc;
this excess is more noticeable at higher inclinations due to beaming
of the emitted radiation.

2.3 Tests

We tested our code by comparing the spectra it produces for an NT
disc to those produced by KERRBB itself using the ‘fakeit’ command
in XSPEC, for the following range of parameters: black hole masses of
5, 10, 15 M⊙; spin parameters a∗ = 0, 0.7, 0.9; observer inclinations
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The thermal and principal component of our model is ker-
rbb2, a thin accretion disk model that includes all relativistic
effects, self-irradiation of the disk (“returning radiation”), limb
darkening, and the effects of spectral hardening (Li et al. 2005;
McClintock et al. 2006). During analysis, this latter effect is
handled on the fly via a look-up table of the spectral hardening
factor f for a given value of the disk viscosity parameter α (we
adopt α = 0.01 as default). These tables were computed us-
ing bhspec, a second relativistic disk model (Davis et al. 2006;
Davis & Hubeny 2006).

Our fit to the thermal component of the spectrum effectively
determines the solid angle subtended by the accretion disk:
Ω = π (Rin/D)2cos i, where D is the distance and i is the
inclination of the accretion disk with respect to the line of sight.
For D, we use the average distance to the LMC, D = 48.1 kpc
(e.g., Orosz et al. 2009), while for inclination we use i = 67◦

(Section 1). Finally, we express Rin in dimensionless form,
rin ≡ Rin/(GM/c2) using M = 10 M⊙ (Section 1). We have
recently shown that the choice of M, i, and D, which effectively
sets the absolute scale for rin and the luminosity, is quite
unimportant for testing the stability of rin (see Figure 3 and
text in Steiner et al. 2009a). (These values are crucial, however,
when it comes to estimating the spin of the BH.)

Using our adopted values of the source M, i, and D, our
source model has four fit parameters: two for kerrbb2, Rin
and the mass accretion rate Ṁ , and two for simpl, the photon
index Γ and fSC, which is the fraction of disk photons that
get re-directed via scattering into the power law. Our full
model is tbabs(simpl⊗kerrbb2), where tbabs models the
effects of photoelectric absorption; we fix its sole parameter:
NH = 4×1020 cm−2 (Page et al. 2003), using abundances from
Wilms et al. (2000). For kerrbb2 we include limb darkening and
returning radiation effects, set the torque at the inner boundary
of the accretion disk to zero, and fix the normalization to unity.
We use the efficient, upscattering-only version of simpl, and in
Section 5 we show that this choice is unimportant.

3.1. Data Selection

Our preliminary analysis of all the data showed that for many
spectra the power-law index Γ was essentially unconstrained,
even for the BeppoSAX, EXOSAT, Ginga, and RXTE missions,
which have the requisite coverage to detect this component.
This is because the source is relatively faint (! 50 mCrab)
and its Compton power-law component is generally very weak,
showing a median normalization fSC ≈ 0.3%. The extreme
dominance of the thermal component in LMC X-3 makes it an
ideal source for accretion disk studies like this.

Restricting our census to the 134 RXTE spectra for which the
photon index is measured to a precision better than σΓ = 0.5,
we find a strong clustering of values in the range Γ ≈ 2–2.6.
For our baseline model, we fix Γ = 2.35 which matches the
constant index derived from 22 deep RXTE pointings by Smith
et al. (2007), and in Section 5, we show that our results depend
very weakly on this choice for 2 ! Γ ! 3.

Meanwhile, three missions, ASCA, Swift, and XMM, have
no sensitivity above E ≈ 10 keV, and therefore only very
loosely measure the power-law normalization parameter, fSC.
At the same time, a self-consistent and fruitful analysis of the
thermal and Compton components requires that fSC be sensibly
constrained. Therefore, and because the power law is generally
so weak, we impose an additional data-selection requirement,
namely, that for each fit fSC falls within the lower 95% span of
the RXTE rank-ordered values.
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Figure 1. Top: accretion disk luminosity in Eddington-scaled units (M =
10 M⊙) vs. time for all the data considered in this study (766 spectra). Red
arrows show RXTE data which are off scale. Data in the unshaded region
satisfy our thin-disk selection criterion (H/R < 0.1, which implies lD < 0.3;
McClintock et al. 2006). The dotted line indicates the lower luminosity threshold
(5% LEdd) adopted in Section 3.1. Bottom: values of the dimensionless inner-
disk radius rin are shown for thin-disk data in the top panel that meet all of
our selection criteria (411 spectra; see Section 3.1). Despite large variations in
luminosity, rin remains constant to within ≈4% over time. The median value
for the RXTE data alone (rin = 3.77) is shown as a red dashed line.

We further adopt a goodness-of-fit requirement, χ2/ν < 2,
and a lower limit on the Eddington-scaled disk luminosity,
lD ≡ LD/LEdd > 0.05. This latter criterion removes any hard-
state data in which the disk is likely truncated at r > rin (e.g.,
Esin et al. 1997). Finally, in consonance with the thin-disk model
employed, we only select data for which lD < 0.3 (McClintock
et al. 2006).

4. RESULTS

The top panel of Figure 1 shows a 26 year record of the disk
luminosity of LMC X-3, which is seen to vary by orders of
magnitude. Two-thirds of the data meet our thin-disk selection
criterion lD < 0.3. In the lower panel, we show the time history
of the inner-disk radius rin for just those data that meet all of
our selection criteria (Section 3.1). The radius is constant over
the 26 years of monitoring to within ∼2% for RXTE alone and
∼4% considering all missions.

Figure 2 explores the dependence of rin on luminosity. In
this figure, we include the high-luminosity data (lD > 0.3)
that meet all of our other selection criteria (Section 3.1). For
lD < 0.3 there is a gentle, nonlinear rise of rin with luminosity.
Especially visible in the RXTE data, this rise becomes prominent
beyond lD ∼ 0.25, above which there is a ∼12% increase in rin.
No significant change in χ2/ν is associated with the apparent
increase of rin. We cannot say if this represents a real increase in
rin at high luminosities or is simply an artifact of using the thin-
disk model, which is expected to be increasingly inaccurate
at higher luminosities (Penna et al. 2010; Abramowicz et al.
2010) at which a transition may occur to an advective slim-
disk accretion mode. Interestingly, however, despite this rapid
rise, we note that the RXTE data appear tightly clustered
along a well-defined curve. We approximate this dependence
using a non-parametric curve fit (LOWESS; Cleveland 1979)
that allows us to detrend the data. We conclude that results from
all eight missions, including the high-luminosity data, are in
agreement with one another to within ≈6%.
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Figure 2. Dimensionless inner-disk radius rin vs. luminosity for the filtered data
(Section 3.1) and our baseline model. The vertical black line shows our adopted
thin-disk upper limit, lD = 0.3. As in Figure 1, the red dashed line shows the
RXTE average below this limit.

5. DISCUSSION

Figure 2 clearly demonstrates the limitations of the thin-disk
model at high luminosities. We further illustrate this point in
Figure 3 using LOWESS fits to the abundant RXTE data. We
vary, one-at-a-time, the model components and parameters of
our baseline model, grouping these trials into four separate
“families.” In order of increasing importance, these families
are (1) column density NH, (2) power-law index Γ, (3) choice
of power-law model, and (4) α. Figure 3 illustrates the changes
introduced by adjusting each family of settings.

We highlight two conclusions from Figure 3: (1) our results
are relatively insensitive to all settings with the single exception
of the choice of α-viscosity; the value α = 0.1 increases
significantly the dependence of rin on luminosity. (2) The
positive correlation between rin and luminosity is generally
present for all families over the full range of luminosity, but
it becomes prominent only above lD ≈ 0.2–0.3.

Inspecting the families of curves in Figure 3 from top to
bottom, one concludes the following: as the first two families
show, our results are insensitive to the choice of NH and only
modestly sensitive to the choice of Γ. In modeling the Compton
tail component (third family), one sees that our results are
essentially identical whether one uses our baseline upscattering-
only model simpl ≡simpl-1 or a two-sided scattering model
simpl-2 (Steiner et al. 2009a), while the results obtained using
the standard power-law model powerlaw differ only modestly
(!5%).

The fourth family considers the primary setting for bhspec,
the viscosity parameter α, used to compute spectral hardening
(Section 3). Here, we examine several distinct cases: our fiducial
value, α = 0.01 (dotted), the value α = 0.1 (Section 3; dark
blue), and alternative stress prescriptions αMD = 0.1 (orange)
and αβ = 0.1 (green). The parameter α typically refers to
viscosity in the disk which is proportional to the total pressure
at the disk mid-plane. However, other choices exist such as
“beta disk” and “mean disk” models in which αβ and αMD,
respectively, describe viscosities which scale proportionally to
the gas pressure or the geometric mean of the gas and total
pressures (Done & Davis 2008). Both latter options produce
spectral hardening values quite similar to those obtained for
α = 0.01. In conclusion, only the second option, α = 0.1, has
an important effect on our results.
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Figure 3. Four families of models showing how our baseline results in Figure 2
are affected when a single model component or parameter is varied. The black
dotted line drawn with each family of curves represents our fiducial model:
NH = 4 × 1020 cm−2; Γ = 2.35; simpl-1; and α = 0.01. The horizontal dashed
line for each family is set by the average value of rin (see Figures 1 and 2),
and each family is offset by 30% for clarity. Each curve represents a LOWESS
curve fit to the RXTE data alone. Both axes are scaled logarithmically.

Our results indicate that the value of the inner-disk radius
rin—and hence spin—is stable over decades, as is expected
given the minute effects of accretion torques on a BH over such
a timescale. We also confirm that rin is nearly independent of
luminosity provided that the disk is geometrically thin. The
stability of rin over time (for lD < 0.3) despite large fluctuations
in the mass accretion rate provides strong evidence that rin and
RISCO are closely associated, as we tacitly assume in measuring
BH spin (Section 1).

The inter-mission consistency of our results (≈4% below
lD < 0.3 and 6% overall) is very important for future X-ray
continuum measurements of BH spin: for some transient BH
sources (e.g., A0620–00 and GRS 1009–45), only one or a
few spectra are available in the data archives. Our results for
LMC X-3 show that, as long as the power-law component is
reliably measured, even a single, suitable spectrum can deliver
an estimate of the disk inner radius accurate to several percent,
and thereby a reliable measurement of spin.
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まとめ 
•  ブラックホール降着円盤からのスペクトルは（光学的に厚
い）熱的円盤成分とべき型成分からなる	
  

•  Low/Hard	
  State	
  
–  べき成分は、単純なコンプトン散乱ではない	
  

•  （熱的成分）内縁半径の見積もりには注意（色温度補正,	
  散乱成分の割合など）	
  
•  シンクロトロンジェットの寄与もあるはず	
  
•  ADAF	
  の検証はまだ半ば	
  
•  ガス圧、磁気圧で支えられた２種のハードステートの観測的違いは？	
  

•  High/Soft	
  State	
  
–  熱的成分は、相対論、inflow	
  に考慮して、モデル化はかなり進んでいる	
  

•  （質量,	
  距離が分かれば）スピンも決められる。HF-­‐QPO と一致しない	
  
•  べき成分との関係？そもそもべき成分の起源は？	
  
•  単純な diskbb	
  モデルとの関係は？	
  (常に bhspec	
  がベスト?)	
  

–  鉄輝線	
  
•  光源の起源、連続成分の寄与、モデル化にまだ不確定性が多い	
  

•  Jet,	
  (Low/High	
  frequency)	
  QPO	
  は理論的にはまだ未解決	
  


