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ASTRO-H

HXI (Hard X-ray Imager)

SGD (Soft 
Gamma-ray 

Detector)

SXS  (Micro Calorimeter)
SXI  (X-ray CCD)

ASTRO-H is an international X-ray observatory, which is the 
6th Japanese X-ray satellite scheduled for launch in 2015 FY 
from Tanegashima Space Center, Kagoshima, Japan.

Takahashi et al. 2012, 2014, SPIE





Neutron Star: Unique Lab

A neutron star (NS) is a unique physics laboratory where 
we can see a macroscopic amount of matter in extreme 
physical conditions.!

We can investigate via neutron stars!
✓ strong gravitational field!
✓ strong radiation field !
✓ strong magnetic field 

 (typically 108-12 G; >1014 G for magnetars)!
✓ high density matter 

    Equation of state beyond nuclear density

physics of accretion



Equation of State (EOS)

Demorest et al. 2010!
Nature, 467, 1081

An EOS, which relates pressure and energy density, gives a mass-
radius relation. Macroscopic properties of neutron stars such as 
mass, radius, or mass-to-radius ratio (or moment of inertia) can be 
constrained by astrophysical observations.



Types of Neutron Stars
Rotation powered!
Radio pulsars (isolated)!
Millisecond pulsars (binary)!
Accretion powered!
Low-mass X-ray binaries!
High-mass X-ray binaries!
Magnetically powered: magnetars!
X-ray dim isolated neutron stars (emit thermal X-rays)

All types may be useful for the study of the EOS.



Accretion-Powered NS

Low-mass X-ray binary (LMXB)!
low-mass star + old NS

High-mass X-ray binary (HMXB)!
high-mass star + young NS

A neutron star in a binary system can accrete matter from the 
other star. Being a binary allows us to measure masses of the 
stars by observing their orbital motion via Doppler shifts.

ESA

stellar wind

accretion disk

B: 109-10 G!
Spin period: 1-10 ms  

B: 1012 G!
Spin period: 1-1000 s  

can be an X-ray burster can be an X-ray pulsar

Roche-lobe overflow



How to get M-R relation

All methods should give consistent solutions within their 
uncertainties for obtaining the true physical model. 

Gravitational redshift!

✓ narrow absorption lines from NS surface!
✓ broad iron line from inner edge of accretion disk!

Pulse profile!

✓ (rotation-powered) millisecond pulsars!
✓ X-ray pulsars (high-mass X-ray binaries)!

Thermal emission from NS surface

Done, Tsujimoto+ ASTRO-H White Paper on LMXBs;!
Review by Ozel 2013;



Narrow absorption lines from the neutron star surface should 
be red-shifted by the GR effect.!

     an unambiguous, model-independent way to determine M/R.!

Despite many attempts there have been no significant results.

When can we see the lines?!
✓ Ions are not fully ionized. => low temperature: < 1 keV!
✓ The stellar surface is not hidden by accreted matter.  

=> low accretion rate!
✓ The lines are not broadened. 

=> slow spin (or low inclination) + weak B-field
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NS, phase resolved small spot on NS), and that the magnetic field is low.
Any target meeting these requirements should be a high priority PV observation.

2.3 Targets & Feasibility

2.3.1 Low inclination

Normal spin systems which are viewed at low inclination (< 30◦) can still show a narrow core to the line
profile, even though the majority of the line is rotationally broadened (Baubock, Psaltis & Ozel 2013). There
is one atoll system, Ser X-1, where optical spectroscopy of the 2 hour binary orbit indicates a low inclination,
i < 10◦ (Cornelisse et al 2013). A low inclination is also consistent with the non-detection of dips in the X-ray
lightcurves (the structures in the MAXI long term light curves are not real: Shidatsu, private communication),
and the lack of any burst oscillations in the X-ray burst lightcurves (Galloway et al 2008). This persistent
system is always in the soft state (mid banana branch, L/LEdd ∼ 0.3 for 7.7 kpc), so the disk should extend
down close to the NS surface, consistent with the iron line broadening seen by NuSTAR (Miller et al 2013).

We fit the Suzaku XIS (black) and HXD (grey) data with a model incorporating the disk (diskbb: red), NS sur-
face (bb: magenta), Comptonised boundary layer (nthcomp: blue) and its reflection (kdblur*rfxconv*nthcomp:
cyan). This gives χ2

ν = 1115/598. The observed blackbody temperature from the NS surface is ∼ 0.6 keV.
This is gravitationally redshifted, so the intrinsic surface temperature is a factor 1.2 − 1.3× higher. This intrin-
sic photospheric emission is not a true blackbody, but can be approximated by a colour temperature corrected
blackbody, where the colour temperature correction factor fcol ∼ 1.4−1.5 (Suleimanov et al 2012). This cancels
out most of the redshift, so the intrinsic photosphere temperature should be similar to the observed blackbody
temperature at ∼ 0.6 keV. This is cool enough that there can easily be atomic features present.

We replace the blackbody in the fit with a NS photosphere model at 6M K (V. Suleimanov, private commu-
nication). We convolve this with the full transfer function expected from a NS rotating at 400 Hz (a typical
spin) viewed at 10◦, assuming a mass of 1.4M⊙ and 10 km radius (M. Baubock, private communication), cor-
responding to log g = 14.27. This is effectively the same as convolving the photosphere model with gsmooth
with ∆E = 0.05 keV at 6 keV, and ∆E/E = 1, together with a redshift zsur f ace = 0.305. This shows that
there are 4 main absorption features at this temperature (see Fig 1a), FeXXV at 1.8508Å, a blend of ArXVII
Lyα (3.9493Å) with SXVI Lyβ (3.9908Å) at mean wavelength of 3.9700Å, CaXIX at 3.1773Åand SXVI at
4.7328Å.

We fit the full photosphere/transfer function model to the Suzaku data, but allow the NS temperature to
be slightly different than the tabulated model by multipling the 6M K template by a further redshift (za-
shift=0.039), showing that the data prefer a slightly lower intrinsic photosphere temperature. We get a slightly
better fit for this more realistic photosphere model than with the pure blackbody, with χ2 = 997/597 (one
fewer degree of freedom as the seed photons for Comptonisation are no longer tied to the NS temperature)
but this is due to the fact that the data prefer the broader continuum over a narrower blackbody, rather than
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Figure 2: a) Ser X-1 Suzaku XIS (black) and HXD (grey) data, fit with diskbb (red) + 6 M K NS surface convolved with the transfer
function expected for 10◦ inclination (green) + Comptonised boundary layer with seed photons at ∼ 6 M K (blue) and its reflection
(cyan). b) The spectrum in a) simulated through the SXS with the neutral density filter for 50 ks. The model is as in a) except that the
NS surface is replaced by a blackbody (green). c) residuals from the data/model fit in b) clearly showing the 4 main absorption lines
seen in the model in a).
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Feasible Target: Ser X-1
- persistent radiation!
- low inclination: 10 degrees!
- not fully ionized. kT: 0.6 keV!
- weak B-field

50 ks SXS simulation

Cornelisse et al. 2013

Done, Tsujimoto & ASTRO-H Science Team

Radiation model data-model residuals 

For a 50 ks exposure, z=0.356 is measured with 1% error.

FeXXVCaXIX

ArXVII+SXVI

SXVI

Compton

NS surface

reflection
black body



Done, Tsujimoto & ASTRO-H Science Team

Feasible Target: Tarzan 5 X2
- IGR J17480-2446 (Terzan 5 X2)!
- transient; observable in an X-ray burst phase.!
- very slow spin 11 Hz => delta E = 30 eV!
- B = 109-10 G => delta E ~ 100 eV (?)

100 ks SXS simulationRadiation model for SAX J1808.4-3658!
(similar object) data-model residuals 

FeXXV
CaXIX

ArXVII+SXVI

SXVI

Compton

NS surface

black body

Cavecchi et al. 2011, ApJ, 740, L8

above, the largest features seen correspond to the same 4 lines, SXVI at 4.7328Å, a blend of ArXVII/SXVI
at mean wavelength of 3.9700Å, CaXIX at 3.1773Åand FeXXV at 1.8508Å. We fit four negative gaussians at
these energies, with redshift and broadening tied between them. While the SXVI line is the most significant
(Fig 4c), it has EW of only 5 eV. The FeXXV line by contrast has an EW of 10 eV but the detector is less
senstive at energies of ∼ 5 keV than at ∼ 2 keV, The fit statistic decreases by χ2 = 350 for the addition of the
four lines so the derived redshift is well constrained at zsur f ace = 0.3± 0.003 and is unambiguous as it uses all 4
lines rather than relying on the identification of a single feature. The presence of other, weaker features means
that the broadening is slighly overestimated, at 65 ± 10 eV at 6 keV.

There is a drop in the effective area of the SXS feature in the response matrix at 2.18-2.3 keV. Sharp features
in the response can cause narrow residuals if the energy scale is not properly calibrated. However, the edge in
the current detector response is not particularly sharp, so is unlikely to cause confusion with a narrow line.

2.3.4 Beyond Feasibility: slow spin

Long observations in the island state are almost certain to sample X-ray bursts, with an average of 10 expected
per 100ks observation (Galloway et al 2008). There is the possibility that there are photospheric features in
the burst spectra, especially at the coolest temperatures seen which are < 1.5 keV where iron should not be
completely ionised. Bursts from T5X2 give the possibility of seeing these features (Blidstein, Chang & Paerels
2003; Rauch, Suleimanov & Werner 2008). The burst continuum luminosity and temperature will also give
constraints on M/R.

The T5X2 island state data show a low frequency (LF) QPO, which already challenges the Lense-Thirring
model for this feature as the very slow spin in this system means that any torque between the spin and a
misaligned accretion flow is small (Altamirano et al 2013). Nonetheless, the LF QPO signal can still be split up
as a function of QPO phase to search for the ’smoking gun’ signature of precession of a vertically tilted flow,
where the iron line profile shifts bluer before the phase of peak intensity of the QPO, and redder afterwards
(Ingram & Done 2012; see the Astro-H Black Holes white paper: Miller et al 2014).

Island states should also show reflection from the accretion disk. The width of the broad line and the solid
angle of the reflecting material together can show whether or not the inner thin disk is replaced by a hot flow
as proposed in the truncated disk models. This can be constrained by spectral fitting alone, but the continuum
is complex, with contributions from the disk, NS photosphere and Comptonisation spectrum as well as the
reflected emission from the disk and perhaps some component of reflection from the NS surface (e.g. compare
Cackett et al 2010 and Egron et al 2012; see also Sanna et al 2013). However, the iron line and reflected
continuum should also be lagged on a light crossing time, so a combination of spectral-timing techniques
(which are currently being developed) may give better constraints.
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Figure 4: a) The model spectrum (black line) of an island state observation of J1808 from Kajava et al (2011). The red, green and
blue lines show the accretion disk, NS surface and corona, respectively. The grey line shows an NS surface photosphere model, scaled
to best match the inferred surface emission in J1808. b) The model from a) including the NS photosphere, scaled to the distance of
T5X2 and with NH = 1.5 × 1022 cm−2 simulated through the SXS response for 100ks. This is fit with a continuum model with a disc
(red) and corona (blue) but the NS surface is asumed to be a blackbody (green), i.e. without spectral features. c) Residuals to the fit in
b), showing the absorption lines from SXVI (∼ 2 keV), ArXVII/SXVI blend, CaXIX and FeXXV (∼ 5 keV). Together these give an
unambiguous, accurate measurement of M/R.
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For a 100 ks exposure, z=0.300 is measured with 1% error.



Pulse Profile

Here the calculation is reformulated: the ray-tracing inte-
gration is done for a small subset of the parameters to yield
beam patterns. The fan and pencil beam patterns for the top
or side of cone 1 or cone 2 are approximated by separating the
! and " dependence: F1(!1; "1) ¼ F1(!1) f 1("1), P1(!1;"1) ¼
P1(!1) f 1("1), F2(!2;"2) ¼ F2(!2) f 2("2), and P2(!2;"2) ¼
P2(!2) f 2("2). The !-dependence is calculated by the ray-
tracing integration, and the "-dependence is specified by a
smooth analytic function. In Paper I, the azimuthal depen-
dence of the emissivity was taken as a function with one pa-
rameter (1þ cos2½("1 $ "m1)=2% for pole 1). Here f 1("1) for
pole 1 is given by

f 1("1) ¼ 1þ # cos2("1 $ "m1)=2)
! "

: ð1Þ

For pole 2, f 2("2) ¼ ½1þ # cos2("2 $ "m2)=2%, with "m2 ¼
"m1 þ $. The peak of f 2("2) is shifted since the maximum
mass flux from the accretion disk for a tilted dipole is shifted
by 180( from one pole to the other.

In summary, to allow a least-squares fitting the "-
dependences are applied after the ray-tracing calculation to
each beam profile. In x 5 the exact case is considered, with
the "-dependence applied at the emission surface before the
ray tracing, and it is shown that the resulting pulse shapes are
essentially the same if a normalization correction is applied.
Thus, the slow numerical integration is restricted to parame-
ters that affect the beam shape of a single axisymmetric sur-
face, i.e., M, R, !cone, h=R, and %. Since the ray tracing
depends only on M=R, this set of calculations only needs to
be explored in a four-dimensional parameter space. The other
parameters enter analytically into the pulse shape calculation
from the beam patterns. This allows parameter space to be
fully explored and a least-squares fitting of the model to the
observed pulse profile to be carried out.

The full-beam pattern from all four emitting surfaces is
given by

B(!; ")¼ I1P1(!1; "1)þ I2F1(!1;"1)

þ I3P2(!2; "2)þ I4F2(!2;"2); ð2Þ

with !, " coordinates with respect to the rotation axis. The pulse
shape is given by the value of the full-beam pattern at the
observers’s coordinates in the frame rotating with the pulsar,
i.e., ! ¼ !r, " ¼ !t ¼ ! ¼ pulse phase; !, " are expressed in
terms of !1, "1 using spherical trigonometry:

cos !1 ¼ cos !m1 cos !r þ sin !m1 sin !r cos (!$ !m1);

cos "1 ¼ ( cos !m1 cos !1 $ cos !r)=( sin !m1 sin !1);

sin "1 ¼ $ sin !r sin (!$ !m1)= sin !1: ð3Þ

For pole 2, an antipodal beam function F2(!2) or P2(!2) is
obtained by replacing !2 by $$ !2. Thus, the relation between
!, " and !2, "2 is given by the above equations with subscript 1
replaced by subscript 2.
Her X-1 has an inner-disk edge that subtends a substantial

solid angle viewed from the neutron star (Leahy 2002), which is
expected to reflect a significant flux of X-rays. The main effect
in the 9–14 keV band of reflected X-rays from the inner disk
and also from diffuse ambient matter in the vicinity of the neu-
tron star is a constant background of flux. Thus, the pulse shape
model includes a constant flux c0 in addition to the flux cal-
culated directly from the emission regions on the neutron star.
The parameter dependence is linear for the normalizations of

the emissivities (I1, I2, I3, and I4), the background flux (c0),
and the azimuthal dependence for the beam functions (# ). The

TABLE 1

Model Parameters

Parameter Description

Neutron Star

M ............................................ Neutron star mass

R ............................................. Neutron star radius

Cone Shape

h.............................................. Cone height above surface
!cone ........................................ Cone half-angle

Cone Position

!r ............................................ Rotation axis, line of sight angle

!m1 .......................................... Rotation axis, pole 1 axis angle

!m1 ......................................... OffAset phase angle of pole 1 axis

!m2 .......................................... Rotation axis, pole 2 axis angle

!m2 ......................................... Offset phase angle of pole 2 axis

Emissivity

% ............................................. 1 % width of emissivity function

I1............................................ Normalization of emissivity, pole 1 top

I2............................................ Normalization of emissivity, pole 1 side

I3............................................ Normalization of emissivity, pole 2 top

I4............................................ Normalization of emissivity, pole 2 side

#a ........................................... "-dependence of emissivity

"m1
b ........................................ " of pole 1 peak emissivity

c0............................................ Background countrate

a Dependence is 1þ # cos2½("1 $ "m1)=2%.
b Peak emissivity for pole 2 is at "m2 ¼ "m1 þ $.

Fig. 1.—Flat space wire-frame picture of the emission regions on the
neutron star. Emission region 2 is on the back side of the neutron star.
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dependence is nonlinear on the remaining parameters (!r, !m1,
!m1, !m2, !m2, and "m1) for the viewing geometries for the
two poles. The model is fitted to the observed pulse shape by
minimizing the #2 function,

#2 ¼
X

j

(mj " dj)
2

e2j
; ð4Þ

where mj is the model count rate in pulse phase bin j, dj is
the data count rate in pulse phase bin j, and ej ¼ ½(mjTj)=Tj&1=2
is the statistical count rate uncertainty in bin j, with Tj ’
2000 s=64 bins as the integration time per bin. The mini-
mization was carried out using the Levenberg-Marquardt
method. Confidence ranges for the model parameters can be
derived using standard techniques (Press et al. 1992). For
the four parameters M=R, !cone, h=R, and $, the 2 and 3 $
confidence regions were determined by stepping through
values of the parameter of interest while minimizing all NA

analytic parameters at each step, until upper and lower limits
of the parameter of interest are reached for which %#2 ¼
9:7 (2 $) or 16.3 (3 $). For the NA analytic parameters, one
steps through the parameter of interest (with M=R, !cone, h=R,
and $ fixed) while minimizing the remaining NA " 1 analytic
parameters at each step, until upper and lower limits of the
parameter of interest are reached for which %#2 ¼ 11:3 (2 $)
or 18.2 (3 $).

About 150 sets of R, !cone, h=R, and $ were chosen itera-
tively to ensure the four-parameter space was sampled densely
enough: Eight to 15 different values of each parameter were
considered: R in the range 10–15 km; !cone in the range 0.03–
0.3 rad; h=R in the range 0.01–0.2; and $ in the range 3'–20'.
The parameters were chosen spaced closely enough to ob-
tain %#2 ’ 1 around the global minimum. For each beam
pattern the #2 minimization of the remaining 11 parameters
was carried out. For Her X-1, as shown in Paper I, the
emission from the top of pole 2 is never seen, so I3 was set
equal to I1. No significant improvement was obtained in
allowing I2 different than I4, so they were set equal. As
discussed in Paper I, the bump in the pulse shape at pulse
phase 0.9 is not explained by the combined fan and pencil
beam model. This bump is omitted from the calculation of #2

and from the least-squares fitting. The origin of the bump is
discussed below.

4. RESULTS OF MODEL FITTING

Figure 2 shows the best-fit model compared to the
RXTE PCA observed 9–14 keV pulse profile. Table 2 gives
the best-fit parameter values and the 2 and 3 $ ranges for each
parameter. The parameters R, I1, and I4 scale with the mass as
indicated. Most parameters are determined within a narrow
range: !r, !m1, !m2, and R are determined to within a range of
’(2%; h=R is the least restricted parameter. The #2 for the
best-fit model is 881 for 56 fitted data points and 14 param-
eters and so is formally unacceptable. The data errors were
taken as solely due to counting statistics, which were typically
very small (2.5 counts s"1). If, e.g., the errors are increased
by a factor of 2, then the #2 drops by a factor of 4 to 220 for
42 degrees of freedom, still unacceptable, and the previously
quoted 3 $ ranges become ’1 $ ranges. Likely the actual data
errors are intermediate between the two cases just given.

To test the effects of separating the ! and " dependence of
the beam function, an exact calculation was carried out. For

the exact calculation, f 1("1) and f 2("2) were applied as fac-
tors in the emissivity instead of the beam function. The best-fit
model was recalculated using the ray-tracing integration with
the 13 parameters (all except c0) fixed. The resulting exact fan
beam pulse shape is nearly the same as the approximate one,
as shown in Figure 3. The exact pencil beam 1 pulse shape is
nearly the same shape but smaller in peak amplitude. This can
be explained as follows: for the fan beam, the line of sight
passes across the normal of the surface, so the flux is domi-
nated by emission near the normal because of the narrow
Gaussian emissivity; for the pencil beam near peak flux, the
line of sight passes at a constant angle to the normal, so the
flux has contributions from a large range of azimuth that acts
to smooth the peak of the observed pulse shape. The net result
is that the best-fit pulse shape can be obtained by increasing
the pencil beam normalization of the exact calculation by a
factor of 1.2, as shown in Figure 3. This validates using the
latter for the least-squares fitting above. The 9–14 keV lu-
minosities of the fan and pencil beams for the exact model, for

TABLE 2

Best-Fit Emission Model Parameters

Parameter a Best-Fit Value 2 $ Range 3 $ Range

xR (km) .................... 11.25 .10.95–11.45 .10.9–11.55

h=R ........................... 0.075 .0.04–0.12 .0.03–0.14

!cone (rad) ................. 0.26 .0.24–0.275 .0.23–0.28

$ (rad) ...................... 0.131 .0.125–0.136 0.123–0.138

!r (rad) ..................... 1.12 .1.100–1.132 1.095–1.137

!m1 (rad) ................... 0.91 .0.890–0.923 0.886–0.928

!m1 (rad) .................. 3.27 .3.262–3.280 3.258–3.283

!m2 (rad) ................... 0.51 .0.488–0.539 0.482–0.545

!m2 (rad) .................. 3.44 .3.435–3.451 3.433–3.453

"m1 (rad)................... "0.37 ."0.42–0.34 "0.435–0.33

I1=x2b,c .................... 0.80d .0.71–0.98 .0.68–1.01

I4=x2e....................... 12.6d 11.6–14.3 .11.2–14.8

& ............................... 7.1 5.4–9.2 . 5.0–9.6

c0 (counts s-1) .......... 163.4 160.8–166.0 .159.4–166.9

a x ¼ 1:4 M)=M .
b I3 ¼ I1.
c Exact calculation gives I1 larger by a factor 1.2 (see text).
d In units of 1024 ergs cm"2 s"1 sr"1 in the 9–14 keV band.
e I2 ¼ I4.

Fig. 2.—Observed RXTE PCA 9–14 keV pulse profile and best-fit model.
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and only one of the four strange star equations of state (SS1),
although SS2 touches the right-hand boundary of the allowed
region. Analysis of the pulse shape of SAX J1808.4!3658
(Poutanen & Gierlinski 2003) yielded radius constraints for
specific values of masses: the 1.4 M" fit is consistent with

BPAL12; the 1.6 M" fit is consistent with BBB1, BBB2, SS1,
and SS2; and the 1.2 M" fit is consistent with DEY1 and
DEY2. This current results are consistent with those for
SAX J1808.4!3658 but more restrictive, leaving only BBB1,
BBB2, BPAL12, and SS1 as equations of state consistent with
the data and pulse shape models.

6. CONCLUSIONS

A cone-shaped accretion column model has been con-
structed with nonaxisymmetric emissivity. Light-bending and
shadowing effects are included to calculate beam profiles and
pulse shapes seen by an observer. Inclusion of higher order
effects such as vertical structure and illumination of the neu-
tron star surface by the column (Kraus et al. 2003) is left to
future work.

Statistical uncertainties on the M=R ratio, viewing angles,
and geometry of the accretion region are derived from fitting
the model to the observed pulse shape of Her X-1. Combining
thisM=R constraint with theM constraint from the orbit results
in a narrow allowed region in the M -R plane, which includes
only very soft neutron star equations of state or strange star
equations of state.

D. L. thanks D. M. Scott for constructing the observed pulse
profiles and Z. Y. Zhang for running many of the compu-
tations. This work is supported by the Natural Sciences and
Engineering Research Council of Canada.
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PULSE MODEL FOR HER X-1 521No. 1, 2004

X-ray pulsation (HMXB)!
A detailed modeling of the X-ray pulsation 
in gives M/R.!
Caveat: dependence on the radiation model!
Similar analysis is applicable to rotation-
powered millisecond pulsars.

Leahy 2004, ApJ, 613, 517

Her X-1 M-R relation



Precise Modeling of Radiation

There are many methods to measure the macroscopic properties of neutron 
stars.!
However, most of them depend on radiation models that include radiative 
processes & astrophysical properties of the emitting sites.!
High S/N data obtained with ASTRO-H would require even more precise 
astrophysical models.!
In addition, we should understand uncertainties due to the models, not only 
due to instruments.

Astrophysical model Observations
Radiation



Case of X-ray pulsars
Accretion column!

 (Becker & Wolff 2007)
supersonic!

flow

X-ray
X-ray

magnetic 
pole

subsonic!
flow

neutron 
star

X-ray radiation mechanism of X-ray pulsars has still been 
unclear, so their X-ray spectra have been analyzed based 
only on phenomenological models.
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Vela X-1

0.5B-type 
star

NS

Earth

Suzaku 
observation

phase 
0.0

The brightest wind-fed 
accreting pulsar 

The origin of the strong time variability is unknown:!
clumpiness of the stellar wind or magnetic barrier? 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Monte Carlo Approach

(E1,Ω1, t1,x1)

(E0,Ω0, t0,x0)

X-ray source
initial condition

emission
the last interaction

to an observer
(escaping)

cloud

Tracking photons by calculating their propagation 
and interactions based on Monte Carlo method

MC simulations can treat!
- discrete process!
- competing processes!
- multiple interactions!
- complicated geometry

We have developed a multi-purpose photon tracking simulator in 
the framework of Monte Carlo methods.!
MONACO: MONte Carlo simulation for Astrophysics & COsmology

Odaka PhD thesis (2011) 
Odaka et al. (2011)



Lab 
frame

Bulk motion’s!
frame

Target electron’s 
frame

•determine the 
next interaction 
point!

•see the bulk 
motion

•select the target 
electron!

•see the thermal 
motion

Lorentz 
transformation

•calculate scattering 
by a rest electron

pµ

Using Lorentz transformation (Odaka et al. 2014)

p�µ p��µ

p��µ
1p�µ

1pµ
1

Lorentz 
transformation

supersonic!
flow

subsonic!
flow

neutron star magnetic pole

X-ray
X-ray

Thermal & bulk Comptonization

Optically thick Analytical/numerical methods of differential Equation

Optically thin!
Complicated geometry!

High energy band

Processes are essentially discrete.  
=> Monte Carlo approach is suitable.

Magnetic field effects can be included.

Comptonization in Accretion Flow



Model parameters!
✓ Electron temperature kT=6 keV!
✓ Velocity profile <= height of the sonic point!
✓ Column radius r0!
✓ Magnetic field B=2x1012 G  

its effect is approximately modeled!
✓ Mass loss rate <= X-ray luminosity!
Here, we assumed typical values of M & R.

Physical process!
Compton scattering by electrons in the 
accreted plasma!
✓ thermal motion of the target electron!
✓ bulk motion of the target electron!
✓ reduction of interaction cross section by 

the strong magnetic field (depending on 
energy, direction & polarization mode)

Accretion Column Model

r0

z

v(z)

n(z)

3D tracking



Solutions
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fit NPEX!
negative power-law component 
positive power-law component

We found a set of self-consistent solutions 
that agree with the observations and have 
reasonable model parameters. We successfully 
estimate the physical parameters of the 
accretion column.!
We are going to make this model more robust 
and apply it to NS observations. This analysis 
can be applied to spin-phase resolved 
spectroscopy and may provide new constraint 
on the NS measurement.

10 Odaka et al.

TABLE 4
Fitted values of the simulated spectra for different column radii

r0 L0 A1 Γ A2 Ef LX A2/A1

m erg s−1 ph s−1cm−2keV−1 ph s−1cm−2keV−1 keV erg s−1

200 2.26× 1036 5.6× 10−2 0.15 3.0× 10−4 6.7 3.8× 1036 5.4× 10−3

300 3.05× 1036 1.2× 10−1 0.45 3.4× 10−4 6.6 4.0× 1036 2.8× 10−3

400 3.67× 1036 1.9× 10−1 0.58 2.5× 10−4 6.9 4.0× 1036 1.3× 10−3

TABLE 5
The self-consistent solutions of the accretion column spectrum

Lobs r0 L0 A1 Γ A2 Ef LX A2/A1

erg s−1 m erg s−1 ph s−1cm−2keV−1 ph s−1cm−2keV−1 keV erg s−1

1.5× 1036 150 9.19× 1035 3.4× 10−2 0.58 0.0 17 1.2× 1036 0
3.0× 1036 150 1.68× 1036 5.3× 10−1 0.34 2.9× 10−4 6.6 3.0× 1036 5.5× 10−4

4.5× 1036 200 2.37× 1036 5.5× 10−1 0.17 4.4× 10−4 6.6 4.4× 1036 8.0× 10−4

6.0× 1036 300 3.51× 1036 6.7× 10−1 0.03 4.4× 10−4 6.9 6.2× 1036 6.6× 10−4

most likely produced via Comptonization dominated by
the bulk motion rather than thermal processes.

The authors are grateful to Prof. Chris Done for her
useful comments on the manuscript. H. Odaka and
Y. Tanaka had been supported by research fellowships of
the Japan Society for the Promotion of Science for Young
Scientists. This work was supported by JSPS KAKENHI
Grant Number 24740190. This work was supported in
part by Global COE Program (Global Center of Excel-
lence for Physical Sciences Frontier), MEXT, Japan.

Odaka et al. 2014



We build a truncated disk + a geometrically thick inner flow model 
with MONACO.

blackbody disk

inner flow

spectra

Odaka, Done, & Takahashi submitted.

The QPO and its harmonic from Monte-Carlo simulations of the hot inner flow Comptonisation 5
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Figure 4. The left panel shows photon index Γ of the spectrum in an energy range of 8–30 keV as a function of the radial Thomson thickness τ for the flow
parameters of the hard state (see §4.1). The right panel is the same plot but for the hard intermediate state (see §4.2). The observational value of Γ is indicated
by the horizontal dashed line in each panel.

Energy [keV]
-110 1 10

210

]
-1

 p
ho

to
ns

 k
eV

2
 [k

eV
νF

ν

710

810

910

Energy [keV]
-110 1 10

210

]
-1

 p
ho

to
ns

 k
eV

2
 [k

eV
νF

ν

610

710

810

910

Figure 5. X-ray spectra of the hard state (the left panel) and of the hard intermediate state (the right panel) for different viewing angles in the νFν representa-
tion. The angular bins are equally divided into 8 bins in µ = cos θ, e.g. black: 0.875 < µ < 1, red: 0.75 < µ < 0.875,. . . , orange: 0 < µ < 0.125.

]2r [GM/c
0 5 10 15 20 25 30 35 40 45 50

]2
z 

[G
M

/c

-15

-10

-5

0

5

10

15

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

]2r [GM/c
0 2 4 6 8 10 12 14 16 18

]2
z 

[G
M

/c

-4

-2

0

2

4

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Figure 6. Spatial distribution of Compton scattering for the hard state (the left panel) and for the hard intermediate state (the right panel). The number of the
interactions are normalised so that the maximum value is unity.

c⃝ RAS, MNRAS 000, 1–??

The QPO and its harmonic from Monte-Carlo simulations of the hot inner flow Comptonisation 7

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

[p
ho

to
ns

/b
in

]

5000

10000

15000

cos i
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

de
gr

ee
 o

f p
ol

ar
is

at
io

n 
[%

]

-2

-1.5

-1

-0.5

0

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

[p
ho

to
ns

/b
in

]

1000

2000

3000

4000

5000

cos i
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

de
gr

ee
 o

f p
ol

ar
is

at
io

n 
[%

]

-2

-1.5

-1

-0.5

0

Figure 7. The left panel shows angular dependence of the number of photons (top) and the degree of polarisation (bottom) for the hard state. The right panel
is the same but for the hard intermediate state. The angular bins are equally separated in cos i. In the top plots, the data are shown black, and 7th order
polynomials fitted to the data are drawn in red. The photons and the polarisation are extracted in an energy range of 8–30 keV.

νfrequency 
0.5 1 1.5 2 2.5 3 3.5 4 4.5

fre
qu

en
cy

 ti
m

es
 P

SD
 [r

m
s/

m
ea

n]

-7
10

-6
10

-5
10

-4
10

-3
10

-2
10

-1
10

1

νfrequency 
0.5 1 1.5 2 2.5 3 3.5 4 4.5

fre
qu

en
cy

 ti
m

es
 P

SD
 [r

m
s/

m
ea

n]

-7
10

-6
10

-5
10

-4
10

-3
10

-2
10

-1
10

1
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2012 Aug (TTM) 



2013 May (Acoustic Test) 



2014 April (EIC/MIC) 



2014 May (EIC/MIC) 


