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X-ray view of accreting objects

X-ray features emerging from Comptonization, disk black body, disk 
reflection, photoionized stellar wind, etc. tell us physical conditions 
of the system.

252 L. Hjalmarsdotter et al.

Table 1. The log of the RXTE observations. The spectral classes 1, 2, 3, 4
and 5 correspond to the observations (22–23, 25–30), (1–8, 24), (9–13, 19,
21), (41–42) and (14–18, 20, 31–40), respectively.

No. Obs. ID Start (MJD) End (MJD) Exposure (s)

1 10126-01-01-00 50319.456 50319.691 8368
2 10126-01-01-01 50321.456 50321.632 6224
3 10126-01-01-010 50321.151 50321.432 12 832
4 10126-01-01-02 50322.524 50322.763 7520
5 10126-01-01-020 50322.258 50322.499 10 512
6 10126-01-01-04 50323.664 50323.832 4976
7 10126-01-01-03 50324.665 50324.766 3328
8 10126-01-01-05 50325.666 50325.822 4032
9 20099-01-01-00 50495.017 50495.308 6992

10 20099-01-01-01 50500.285 50500.510 10 960
11 20099-01-01-010 50500.019 50500.259 8848
12 20099-01-01-020 50500.765 50501.060 7040
13 20099-01-01-02 50501.085 50501.126 1616
14 20101-01-01-00 50604.751 50604.846 1024
15 20101-01-02-00 50606.006 50606.101 5696
16 20101-01-03-00 50609.541 50609.644 1328
17 20101-01-05-00 50612.473 50612.576 1616
18 20101-01-06-00 50616.762 50616.852 4800
19 20101-01-04-00 50618.478 50618.579 864
20 20101-01-07-00 50624.724 50624.835 3824
21 20101-01-08-00 50632.690 50632.800 424
22 20101-01-09-00 50652.630 50652.724 3760
23 20101-01-10-00 50661.697 50661.792 4864
24 20099-02-01-00 50717.322 50717.498 9232
25 30082-04-02-00 50950.950 50951.051 4080
26 30082-04-03-00 50951.692 50951.784 3984
27 30082-04-04-00 50952.691 50952.783 3936
28 30082-04-05-00 50953.692 50953.783 3600
29 30082-04-06-00 50954.881 50954.983 4240
30 30082-04-01-00 50949.629 50949.717 4400
31 40061-01-02-00 51586.378 51586.402 352
32 40061-01-06-01 51590.299 51590.326 1360
33 40061-01-07-00 51590.954 51591.060 2240
34 50062-02-03-00 51641.043 51641.135 1920
35 50062-02-03-01 51641.253 51641.276 1392
36 50062-02-04-00 51642.968 51642.996 288
37 50062-02-06-00 51646.028 51646.050 1264
38 50062-02-06-01 51646.096 51646.125 880
39 50062-02-07-00 51648.814 51648.851 3136
40 50062-02-08-00 51650.038 51650.108 976
41 50062-01-01-00 51656.726 51656.830 2432
42 50062-01-02-00G 51661.113 51661.214 528

of increasing softness, as the hard state, the intermediate state, the
very high state, the soft non-thermal state and the ultrasoft state,
respectively.

3 SP E C T R A L M O D E L

3.1 Continuum model

We use a Comptonization model, EQPAIR (Coppi 1992, 1999), in
which soft seed photons are upscattered in a hot flow located in-
side the inner radius of or on top of an accretion disc. The source
of the soft seed photons is assumed to be an accretion disc with
the spectrum of a disc–blackbody (DISKBB; Mitsuda et al. 1984,
included in EQPAIR). The slope of the Comptonized spectrum is
determined by the ratio of heating of the Comptonizing electrons
(apart from Coloumb interactions and Compton heating) to cooling
due to the injection of soft seed photons. This can be expressed as

Figure 1. The absorbed spectral shapes of Cyg X-3 from Szostek &
Zdziarski (2004). The 42 observations are averaged into five groups, the
hard state (blue solid line), the intermediate state (cyan long-dashed line),
the very high state (magenta short-dashed line), the soft non-thermal state
(green dot–dashed line) and the ultrasoft state (red dotted line).

the ratio of the hard and soft compactnesses ℓh/ℓs where ℓ ≡ Lσ T/

(rmec3), L is the luminosity, σ T is the Thomson cross-section, r is
the characteristic size of the X-ray emitting region and me is the
electron mass. The model is weakly dependent on the value of ℓs,
through Coulomb interaction and pair production only, and thus ℓs

is poorly constrained in the fits. We therefore freeze it at a value
of ℓs = 100, corresponding to a high luminosity and a small radius
of the Comptonizing plasma, appropriate for the case of Cyg X-3,
and similar to the case of GRS 1915+105 (Hannikainen et al. 2005;
Zdziarski et al. 2005). The plasma optical depth, τ tot, includes a con-
tribution from electrons formed by ionization of the atoms in the
plasma, τ e, as well as a contribution from e± pairs, τ tot − τ e. The
electron distribution, including the temperature, Te, is calculated
self-consistently from energy balance and can be purely thermal or
hybrid if an acceleration process is present. The acceleration rate
is assumed to have a power-law shape with index $ for Lorentz
factors between 1.3 and 1000. In the case of a hybrid plasma ℓh =
ℓth + ℓnth, i.e. the thermal heating plus the power supplied to accel-
erated electrons. This model for the continuum intrinsic spectrum
is the same as used by Vilhu et al. 2003; Hjalmarsdotter et al. 2004,
Hj08 and SZ08, and its application to Cyg X-3 is discussed more
elaborately especially in Hj08. The model is also described in detail
by Gierliński et al. (1999).

Compton reflection is included (PEXRIV; Magdziarz & Zdziarski
1995), parametrized by a solid angle R = %/2π. In an unobscured
geometry R corresponds to the true solid angle of the reflector
as seen from the primary X-ray source. If the primary source is
obscured, R also involves the relative amount of emission seen in
reflection to that observed directly, and can thus greatly exceed
2, the maximum value for an isotropic source in an unobscured
situation (see further discussion in Hj08 and SZ08). The strength
of the reflected component also depends on the system inclination,
which is not well known in Cyg X-3. The strong orbital modulation

C⃝ 2008 The Authors. Journal compilation C⃝ 2008 RAS, MNRAS 392, 251–263
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Fig. 1.—The 1–10 Å spectrum of Cyg X-3 as observed with the HEG (top) and the MEG (bottom) binned in 0.005 Å bins. The positive and negative first
orders have been added, and the spectra have been smoothed with a 3 pixel boxcar filter. The labels indicate the positions of various discrete spectral features.
“Hea” is the inelegant label for the resonance, intercombination, and forbidden lines in the He-like ions, plotted at the average wavelength for the complex. High-
ionization features of interest that were not detected have been labeled in parentheses. The horizontal bars indicate the nominal positions of the gaps between the
ACIS chips; the dithering of the spacecraft will broaden the gaps and soften their edges.

for the HEG (MEG) (D. Dewey 2000, private communication).
The resolution in the Cyg X-3 spectrum can be checked self-
consistently by analyzing the width of the zero-order image.
Unfortunately, the zero-order image is affected by pileup. How-
ever, enough events arrive during the 41 ms CCD frame trans-
fer, forming a streak in the image, that we can construct an
unbiased one-dimensional zero-order distribution from them.
The width of this distribution is consistent with the widths of
narrow lines in the spectrum of Capella, which indicates that
the resolution in the Cyg X-3 spectrum is not affected by sys-
tematic effects (e.g., incorrect aspect solution, defocusing).

3. X-RAY PHOTOIONIZATION IN CYG X-3

Figure 1 shows the HEG and MEG first-order spectra; the
higher order spectra are unfortunately very weak, and we will
not discuss them here. We show the spectra as a function of
wavelength because this is the most natural unit for a diffractive
spectrometer: the instruments have approximately constant
wavelength resolution. The spectra have been smoothed with
a 3 pixel boxcar average to bring out coherent features. We
have indicated the positions of expected strong H- and He-like
discrete features. A cursory examination of the spectrum strik-
ingly confirms the photoionization-driven origin of the discrete
emission.
We detect the spectra of the H-like species of all abundant

elements from Mg through Fe. In Si and S, we detect well-
resolved narrow radiative recombination continua. This is il-
lustrated in Figure 2, which shows the 3.0–7.0 Å band on an

enlarged scale. The Si xiv and S xvi continua are readily ap-
parent. The width of these features is a direct measure of the
electron temperature in the recombining plasma, and a simple
eyeball fit to the shapes indicates eV, which is roughlykT ∼ 50e

in agreement with the result of model calculations for optically
thin X-ray–photoionized nebulae (Kallman & McCray 1982).
A more detailed, fully quantitative analysis of the spectrum
will be required to see whether we can also detect the expected
temperature gradient in the source (more highly ionized zones
are also expected to be hotter). In the Si xiv and S xvi spectra,
we estimate the ratio between the total photon flux in the RRC
to that in Lya to be about 0.8 and 0.7, respectively; here we
assume eV, and we have made an approximate cor-kT = 50e

rection for the differences in effective area at the various fea-
tures. These measured ratios are in reasonable agreement with
the expected ratio of (LP96), which in-!0.170.73(kT /20 eV)e

dicates that the H-like spectra are consistent with pure recom-
bination in optically thin gas.
The positions of the lowest members of the Fe xxvi Balmer

series are indicated in Figure 1 (the fine-structure splitting of
these transitions is appreciable in H-like Fe, as is evident from
the plot). The relative brightness of the Balmer spectrum is yet
another indication of recombination excitation. There is evi-
dence for line emission at the position of Hb, and possibly at
Hg and Hd; the spectrum is unfortunately too heavily absorbed
to permit a detection of Ha (ll9.52, 9.74). Unfortunately, the
long-wavelength member of the Hb “doublet” ( Å)l ≈ 7.17
almost precisely coincides with the expected position of Al xiii

Paerels et al. 2000
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Radiative Transfer
Modern X-ray observations bring us high-resolution and high-statistics 
data. Interpretation of the high-quality data requires more precise 
astrophysical models.

Optically thickOptically thin

easy

Statistical approach
continuous approximation

diffusion approximation
→differential equation

Reprocessing of X-ray photons
It is necessary to treat
• discrete processes of photons,
• competing processes,
• multiple interactions.
Moreover, it depends on geometry.

Black body if very thick
e.g. standard accretion disk

Monte Carlo approach

optical thickness

⌧ ⌧ 1 ⌧ � 1⌧ ⇠ 1

intermediate



MONACO—Monte Carlo approach

We have developed a new multi-purpose 
calculation framework of X-ray radiation 
based on Monte Carlo Simulations for 
observational study.

MONACO:  
Monte Carlo simulation for 
Astrophysics and Cosmology

Alphonse Mucha (1897)



MONACO—Monte Carlo approach
• Able to treat arbitrary geometry and gas motions. 

• Several physical processes important in accretion-powered 
sources are implemented. 

• Supports scattering cross section altered by a strong magnetic 
field. 

• Able to treat polarization. 

• General relativity is not included yet.

Physics Applications

Reflection X-ray reflection nebulae (Odaka et al. 2011)
AGN molecular tori (Furui et al. in prep.)

Photoionization Stellar winds in X-ray binaries (Watanabe et al. 2006)
AGN outflows (Hagino et al. 2015)

Comptonization Accretion flows onto NS (Odaka et al. 2014)
Accretion flows onto BH (Odaka et al. in prep.)



Photoionization

• Stellar winds illuminated by neutron stars or black holes are best 
studied X-ray photoionized plasma. e.g. Vela X-1, Cyg X-3 

• Watanabe et al. (2006) determined structure of the stellar wind of 
Vela X-1 including the wind mass-loss rate based on Chandra-
HETG specta and detailed Monte Carlo modeling at different 
orbital phases.

determine hydrodynamical structure of the plasma including temperatures, densities, velocities, and ion abun-
dances (chemical compositions and ion fractions). Although these properties can be all coupled, it is usually
su�cient to calculate the distributions of ion fractions and temperatures by balancing ionization and recombi-
nation, and also balancing heating and cooling with the assumption that other hydrodynamical properties such
as the density distribution can be fixed. The third step gives the resultant emission from the plasma. Since the
radiative transfer also a↵ects the photoionization and photoexcitation processes, the second and third steps are
strongly coupled, and the problem should be solved self-consistently. Many photoionization calculating codes,
e.g. XSTAR (Kallman & McCray, 1982), CLOUDY (Ferland et al., 1998), have adopted iterative algorithms to
obtain the final solution.

As the problem of radiative transfer is a major issue in astrophysics, we discuss it separately in the next
section, and here we briefly describe a strategy. If the system is optically thin, the degree of photoionization is
easily characterized by a ionization parameter ⇠ defined as

⇠ =
LX

ner2 =
4⇡FX

ne
, (5)

where LX , ne, and r denote the X-ray luminosity of the source, the electron density, and the distance to the
source, respectively. This parameter controls the ionization balance since the ionization and recombination rates
are proportional to the ionizing flux FX and the electron density ne, respectively. When the system becomes
optically thick, one-dimensional radiative transfer in a simplified geometry such as plane-parallel geometry or
spherical geometry provides an e↵ective approach. In more complicated case, a Monte Carlo simulation would
be preferred (Watanabe et al., 2006; Sim et al., 2008).

Photoionized stellar winds in high-mass X-ray binaries (HMXBs) provide ideal laboratories for study of
physics of photoionized plasmas (see HMXB chapter). Watanabe et al. (2006) analyzed Chandra grating spec-
tra of Vela X-1 and modeled the spectra by using Monte Carlo simulations. Figure 12 shows ion distributions of
Si XIV in the binary system, which were calculated by using XSTAR, assuming a standard stellar wind model
by Castor et al. (1975). Then, using these ion distributions, they performed the Monte Carlo simulation that
carefully treats photoionization and photoexcitation, as well as Compton scattering. In this framework, reso-
nance scattering is naturally included in a process of photoexcitation followed by a radiative decay. As shown
in Figure 13, the simulation reproduced the observed data with a mass-loss rate of 1.5 ⇥ 10�6 M

�

yr�1. This
approach, using detailed Monte Carlo simulations, will be applicable to a wide variety of astrophysical objects
including AGN outflows (e.g. Evans et al., 2010; Detmers et al., 2011; Tombesi et al., 2010).

Figure 12: The ion fraction maps of Si XIV (H-like) in the Vela X-1 system for di↵erent mass-loss rates Ṁ of the B-type donor star
(Watanabe et al., 2006).

22

Fraction of hydrogenic ion of silicon 
wind mass-loss rate dependence

See also Astro-H White Paper “New spectral features” (arXiv:1412.1172v1)

and 76 eV (phase 0.50). The observed values are still in excess of
these values by 18 and 40 eVat phases 0.25 and 0.5, respectively.

We note the presence of excess absorption of NH ¼ 1:7 ;
1023 cm"2 observed during phase 0.5 relative to that at phase 0.25.
This suggests that a distribution of cold localized material lies
along the line of centers somewhere behind the neutron star as
viewed from the companion. We therefore expect that at least
some amount of Fe K line photons are produced in this cloud.
This has already been pointed out by Inoue (1985) using the
Tenma data.

In order to estimate the contribution of the cloud to the iron
line flux, we have performed a Monte Carlo simulation of a par-

tially covered cloud irradiated by an X-ray source. The geomet-
rical configuration is shown schematically in Figure 20. The thick-
ness of the cloud is assumed to beNH ¼ 1:7 ; 1023 cm"2, andwe
assume a uniform density. The cloud is assumed to be neutral,
and its metal abundance is set to 0.75 cosmic. The resulting emis-
sion spectra as functions of the orbital phase with the solid angle
as the free parameter are computed through the same procedures
as in the previous simulations, and the simulated FeK! line equiv-
alent widths are measured at the three orbital phases.

Figure 21 shows the relation between the solid angle sub-
tended by the cloud and the iron line equivalent width. As can

Fig. 18.—Emission-line spectra obtained with ChandraMEG. The red lines represent the data and the green lines show the Monte Carlo data convolved with MEG
instrument response.

Fig. 19.—Plots of the intensity ratios of the simulated lines and the observed
lines. The filled and open circles show the results from phase 0.50 and eclipse, re-
spectively. Each of the measured line intensities is within a factor of 3 from the
predicted values.

Fig. 20.—Geometry of the cold cloud used in the Monte Carlo simulation to
calculate the iron K! equivalent width.

X-RAY SPECTRAL STUDY OF VELA X-1 433No. 1, 2006
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Super soft X-ray sources (SSS)

• Extremely bright in soft X-rays (below 0.8 keV) 

• Thermonuclear burning continuously occurs on a white dwarf 
surface, radiating at close to the Eddington luminosity ~ 1038 erg s-1. 

• Very high accretion rate ~ 10-7 M⦿ yr-1. 

• Possible progenitors of type Ia supernovae. 

• There exists an accretion disk corona (ADC) which displays plenty 
of emission lines via photoionization.

accretion disk (optically thick)

accretion dick corona

WD

observer



Accretion Disk Corona in SSS
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• We attempt to reproduce the high-resolution X-ray spectrum of 
CAL 87 (SSS in LMC) in the context of accurate photoionization 
modeling. 

• Line red shifts imply that the corona is outflowing. 

• Absence of features by resonance scattering suggests that 
optical depth is even thinner than reported by previous studies.  

XMM-RGS 
simulation

preliminary



Comptonizaton

We found a set of self-consistent solutions that agree with the observations 
of accreting NS Vela X-1 and have reasonable model parameters. 
column radius = 200 m, kTe = 6 keV, B field=2×1012 G

Optically thick Analytical/numerical methods are efficient.

Not optically thick
Complicated geometry

High energy band
The process is essentially discrete. 
→Monte Carlo approach is suitable.

Accretion column on NS
(Becker & Wolff 2007)
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Accretion flow onto black holes
• The scattering process would be much simpler than the NS case. 

No need to consider the strong B-field and the bulk motion. 

• However, the properties of the accretion flow are highly uncertain. 

• We investigate Comptonized radiation of microquasar XTE 
J1550–564 on its rise to outburst in 1998. 

• The source showed strong low frequency QPO, which can be 
explained in the context of a precessing inner hot flow. 1992 M. Axelsson, L. Hjalmarsdotter and C. Done

Figure 4. Sample of PCA (upper panel) and rms (lower panel) spectra
used in this study. Although the PCA spectrum changes considerably, the
spectrum of the rapid variability shows much less alteration.

Figure 6. Sketch of accretion geometry with different emission regions
indicated. Our results indicate that the region of rapid variability sees very
few disc photons, indicating that it is far away from the disc and close to the
black hole.

This has an obvious geometric interpretation in the truncated
disc/hot inner flow picture where the inner region of the flow inter-
cepts fewer seed photons from the disc (thus has a harder spectrum)
than the outer regions which are closer, or even over the disc. In
Fig. 6 we sketch a picture of our preferred geometry and origin of
the fast variability (see also Yamada et al. 2013). This framework
also explains the observed hard time lags seen in black hole binary
systems (see e.g. Miyamoto & Kitamoto 1989). If the variability
arises in the outer (softer) regions of the flow, and propagates in-
wards where the hard emission is produced, such lags are naturally
produced (Kotov et al. 2001; Arévalo & Uttley 2006). We note that
these lags will introduce decoherence, and so suppress variability
on the time-scale of the lag (Focke, Wai & Swank 2005). However,
Cui et al. (2000) show that the time lags in XTE J1550−564 are
below a few milliseconds at frequencies above 10 Hz so this effect
will be small.

The differences between continuum and fast variability rms spec-
tra are not as great in the harder observations. However, better
signal-to-noise ratio observations of Cyg X-1 reveals similar be-
haviour in the hard states also (Revnivtsev et al. 1999). Since the
time lags are also present in these states (see, e.g. Miyamoto &

Figure 5. Fit of PCA spectra to our model (left-hand panels), the PDS of the observation (middle panels) and spectra of rapid variability and QPO (right-hand
panels, QPO spectrum in black) for the observations 30188-06-01-02 (upper row) and 30188-06-08-00 (bottom row). The vertical line in the middle panels
shows the 10 Hz lower boundary for the rapid variability spectra.
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produced (Kotov et al. 2001; Arévalo & Uttley 2006). We note that
these lags will introduce decoherence, and so suppress variability
on the time-scale of the lag (Focke, Wai & Swank 2005). However,
Cui et al. (2000) show that the time lags in XTE J1550−564 are
below a few milliseconds at frequencies above 10 Hz so this effect
will be small.

The differences between continuum and fast variability rms spec-
tra are not as great in the harder observations. However, better
signal-to-noise ratio observations of Cyg X-1 reveals similar be-
haviour in the hard states also (Revnivtsev et al. 1999). Since the
time lags are also present in these states (see, e.g. Miyamoto &

Figure 5. Fit of PCA spectra to our model (left-hand panels), the PDS of the observation (middle panels) and spectra of rapid variability and QPO (right-hand
panels, QPO spectrum in black) for the observations 30188-06-01-02 (upper row) and 30188-06-08-00 (bottom row). The vertical line in the middle panels
shows the 10 Hz lower boundary for the rapid variability spectra.

 at U
chu K

agaku K
enkyujo on January 16, 2014

http://m
nras.oxfordjournals.org/

D
ow

nloaded from
 

Axelsson et al. 2013

QPOs in power spectral density



Comptonization model

Hot inner flow

cold diskH

R

• Assuming the vertical precession of 
the flow (i=70º±5º), we successfully 
reproduced the observed level of 
QPO. But the first harmonic was 
significantly weaker than observed.  

• This may implies that the flow has 
inhomogeneous structure with 
higher kTe or nonthermal electrons.

We assume cyclo-synchrotron (CS) origin of 
the seed photons as well as disk black body. 
CS can have a significant role in cooling the 
hot inner flow (e.g. Di Matteo et al. 1997).

the flow geometry 
kTe=14.8 keV, tau=12.8 

i=70º±5º

slab geometry 
kTe=200 keV, tau=0.15 

i=70º±8º

Odaka et al. in prep.

kTe=14.8 keV, tau=12.8

preliminary



Diagnostics of Molecular Clouds

cloud. Table 8.1 shows parameters of our cloud models in the simulation. We prepared

four models of different n0 values corresponding to total cloud masses from 2.5× 105M⊙

to 2× 106M⊙ (Models 1–4). In Models 1–4, the power-law index α = 1 was assumed, as

radio observations have reported values of 2 (Lis & Goldsmith, 1990) or 0.87 (de Vicente

et al., 1997). To investigate effects of different density profiles, we built a model with

α = 0 (Model 5) and a model with α = 2 (Model 6), fixing the total mass to 5× 105M⊙.

While we assumed a metal abundance of 1.5 protosolar value in Models 1–6 as a standard

value in the GC region (Nobukawa et al., 2010), we additionally checked two models of

different values of 1.0 protosolar (Model 7) and 2.0 protosolar (Model 8). We ignored the

third component surrounding the dense envelope to reduce computation costs; instead

we introduced absorption of the initial spectrum by the third component as

F (E) ∝ exp(−NHσabs(E))E−γ (1 keV < E < 400 keV), (8.2)

where NH = 6 × 1022 cm−2 is an equivalent hydrogen column density of the surrounding

diffuse component, and σabs(E) is the photoelectric absorption cross section at energy E

per hydrogen. The photon index γ of the initial spectrum is 1.8, which is consistent with

flares of Sgr A* or X-ray emission from Seyfert galaxies.

























Figure 8.1: Geometrical setup of the simulation. We assumed three different positions of
the Sgr B2 cloud, fixing the projected distance from Sgr A* to 100 pc.

129

Parameters:
• line-of-sight position of the cloud
• mass 
• density profile
• chemical composition
Imaging results show very different 
between the iron line and hard X-rays.








       

   

   

   

   

Figure 8.4: Time evolution of the morphology of the iron line (left panels) and the hard
X-ray (right panels) for Model 2 from the brightest moment at intervals of five years.
The observation time is marked at the top of each image and the cloud position along
the line of sight is marked at the left of each row. The colors are mapped on a linear
scale common to all the images of the same energy band.

In order to evaluate the spectra quantitatively, we extracted the hard-X-ray flux (20–

60 keV), the iron line flux, the equivalent width of the iron line, and the shoulder-to-peak

ratio of the Compton shoulder as a function of time. The iron line was divided into

a peak and a shoulder. The peak flux and shoulder flux are integrated over energy

ranges between 6.0 keV and 6.38 keV, and 6.38 keV and 6.42 keV, respectively. A

continuum is evaluated by fitting to a power law over a range between 5.5 keV and 6.8

keV without several fluorescent line energies, and is then subtracted from both the fluxes.

The equivalent width and the shoulder-to-peak ratio were calculated by these values thus

obtained.

Figure 8.6 shows the spectral parameters as a function of time elapsed since the end of

the Sgr A* flare. After t = 303 yr, the hard-X-ray and iron line fluxes gradually decrease

while the equivalent width and shoulder-to-peak ratio increase with time. Although the

iron line flux is almost independent of the cloud mass in the brightest phase, its decay

speed depends on the mass because of absorption. The equivalent width of the iron

line keeps constant and does not depend on the cloud mass when the whole cloud is

illuminated. In the fading phase, however, its variation significantly depends on the

mass; it shows rapid increase in the dense clouds. One reason for this is a difference

of photoelectric absorption probability (Sunyaev & Churazov, 1998). In a dense cloud,

continuum photons around 6 keV are largely absorbed but hard X-rays of about 10 keV

133

2000 2005 2010 2015 2000 2005 2010 2015

Odaka et al. 2011

Sgr A*

Earth

100 pc

Iron line (6.4 keV) Hard X-rays (20-60 keV)
behind
+100 pc

center
0 pc

before
-100 pc



Compton Shoulder
Compton shoulder, which is produced by Compton down-scattering of 
strong fluorescence lines (e.g. Fe Kα), has a potential diagnostic power.
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AGN Dusty Torus
The nature of AGN dusty torus is also investigable with MC simulations. 
MYTorus model is available to XSpec users (Yaqoob 2012).
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Conclusions

ASTRO-H衛星（今年度軌道投入予定） 
宇宙物理学も精密定量科学の時代 

モンテカルロ計算による正確な天体放射
モデルをデータ解析に用いることが必要
になってくる。

3D tracking  
(NS accretion column)

Collaborators of the MONACO project 
Framework: Shin Watanabe, Tadayuki Takahashi 
Reflection from molecular clouds: Felix Aharonian, Dmitry Khangulyan 
AGN torus: Shunya Furui, Yasushi Fukazawa, Toshihiro Kawaguchi 
Photoionized stellar winds: Shin Watanabe, Masao Sako 
AGN outflows: Kouichi Hagino, Chris Done, Poshak Ghandi 
Super soft X-ray sources: Kazuya Wada, Ken Ebisawa, Masahiro Tsujimoto 
Accretion onto NS: Dmitry Khangulyan, Yasuyuki Tanaka, Kazuo Makishima 
Accretion onto BH: Chris Done 
Polarization: Paolo Coppi



Monte Carlo Simulation

(E1,Ω1, t1,x1)

(E0,Ω0, t0,x0)

X-ray source
initial condition

emission
the last interaction

to an observer
(escaping)

cloud

The simulation tracks photons by calculating their propagation 
and interactions based on Monte Carlo method.

Process of one event
1) generate a photon, record 
initial conditions
2) calculate the next interaction 
point
3) invoke the interaction, 
reprocess photons
4) repeat 2-3
5) record the last interaction 
information if a photon escapes 
from the system.

A MC simulation generates a list of events which have information 
on a response of the system to the photon irradiation.



The MONACO Framework

• Initial conditions of photons 
(Source function)

•Observer’s direction

•Time of observation

•Distance of the source

MC Simulation
Geometry building (Geant4)
Particle tracking (Geant4)

Physical processes (original)

Analysis
Observation (Imaging/spectroscopy)

Output event list

Observed spectra/Images

• Initial conditions of photons 
for simulation

•Geometry

•Physical conditions of matter

• Building geometry and tracking particles: Geant4 toolkit library 
←Sophisticated treatment of complicated geometry (e.g. radiation detector simulation)

• Physical processes: original implementation. 
←Existing codes have been inadequate to treat binding effects of atoms and gas 
motion (Doppler effect of thermal/bulk/micro-turbulent motions). 
We also extend the Geant4 geometry builder for astrophysical objects.


