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Overview of the X-Ray Binaries

v

1. Companion star supplies 
gas to the black hole 
through the wind or Roche 
Lobe overflow.

2. Formation of Accretion Disks 
The gas accretes inward due to the 
angular momentum transport

3. The gas finally falls onto BH. 
A part of the gas is ejected through the 
jets / outflow

Mass accretion rate determines activities 
such as jet and luminosity.

This system is powered by liberating the gravitational energy. 



Eddington Accretion Rate

	

There exists a critical accretion rate according to Eddington theory

Consider the spherical accretion to the compact star. 
And the the central star irradiates the accreting gas.

Radiation force ＜ Gravity force

©橋詰

Eddington luminosity

Critical Accretion rate

Dynamics of gas accretion drastically changes around the critical acc. rate.



Gas Accretion onto the Black Hole

10 solar mass
non rotating BH

Accretion Disks

jet (~0.3c)

B field

Takahashi+ ‘16

Super Critical Accretion is 
possible onto BH. 

How about onto the NS?



d 5 169u409 47.90) to be consistent with the location of M82 X-2 (Fig. 3).
Monitoring by the Swift satellite establishes that the decrease in the
nuclear region flux seen during observation (ObsID) 011 (see Extended
Data Table 1) is due to fading of M82 X-1. The persistence of pulsations
during this time further secures the association of the pulsating source,
NuSTAR J09555116940.8, with M82 X-2. We derive a flux Fx(0.5–
10 keV) 5 4.07 3 10212 erg cm22 s21, and an unabsorbed luminosity
of LX(0.5–10 keV) 5 (6.6 6 0.1) 3 1039 erg s21 for M82 X-2 during the
Chandra observation.

The detection of coherent pulsations, a binary orbit, and spin-up behav-
iour indicative of an accretion torque unambiguously identify NuSTAR
J09555116940.8 as a magnetized neutron star accreting from a stellar
companion. The highly circular orbit suggests the action of strong tidal
torques, which, combined with the high luminosity, point to accretion
via Roche lobe overflow. The orbital parameters give a Newtonian mass
function f 5 2.1M[ (here M[ indicates the solar mass), and the lack of
eclipses and assumption of a Roche-lobe-filling companion constrain the
inclination to be i , 60u. The corresponding minimum companion mass
assuming a 1.4M[ neutron star is Mc . 5.2M[, with radius Rc . 7R[.

It is challenging to explain the high luminosity using standard models
for accreting magnetic neutron stars. Adding the Chandra-measured
E , 10 keV luminosity to the E . 10 keV pulsed flux (NuSTAR cannot
directly spatially resolve the ULX), NuSTAR J09555116940.8 has a lumi-
nosity LX(0.5–30 keV) < 1040 erg s21. Theoretically, the X-ray luminosity
depends strongly on the magnetic field and the geometry of the accre-
tion channel, being largest for a thin, hollow funnel that can result from
the coupling of a disk onto the magnetic field10. A limiting luminosity

LX<
lo

2pdo
LEdd, where lo is the arc length of the funnel, do its thickness,

and LEdd the Eddington luminosity, can be reached if the magnetic field
is high enough (B $ 1013 G) to contain the accreting gas column8. Ratios
of lo/do < 40 are plausible, so that the limiting luminosity can reach
LX < 1039 erg s21, implying mass transfer rates exceeding the Eddington
value by many times. Beyond this, additional factors increasing LX could
result from increased LEdd due to very high (B . 1014 G) fields, which
can reduce the electron scattering opacity17, and/or a heavy neutron star.
Some geometric beaming is also likely to be present.

This scenario is, however, difficult to reconcile with the measured rate
of spin-up. The spin-up results from the torque applied by accreting
material threading onto the magnetic field18,19. NuSTAR J09555116940.8
is likely to be in spin equilibrium, given the short spin-up timescale,
P= _P<300yr. Near equilibrium, the magnetosphere radius, rm, is com-
parable to the co-rotation radius (the radius where a Keplerian orbit
co-rotates with the neutron star):

rco~
GMNSP2

4p2

! "1=3

~2:1|108 MNS

1:4M8

! "

Here G is the gravitational constant, MNS is the neutron star mass, and
rco is in cm. With this assumption we can convert the measured torque,
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Figure 1 | The X-ray light curve and pulsations from the region containing
NuSTAR J09555116940.8. a, The background-subtracted 3–30 keV light
curve extracted from a 700-radius region around the position of NuSTAR
J09555116940.8. Black and red indicate the count rate from each of the two
NuSTAR focal plane modules (FPMA and FPMB; 1s errors). The vertical grey
labels indicate different observations. b, Detection of the pulse period. Data
(black points) are fitted using the best sinusoidal ephemeris (blue dashed line).
The mean period is 1.37252266(12) seconds, with an orbital modulation period
of 2.51784(6) days. The dashed vertical lines through all panels delineate the
contemporaneous Chandra observation. c, Pulsed flux as a fraction of the
emission from the 700 region. Insets, pulse profile at indicated points,
normalized so that s 5 1.
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Figure 2 | The spin-up behaviour of NuSTAR J09555116940.8. a, The
residual period after correcting for the sinusoidal orbital modulation given in
Extended Data Table 2. The period, displayed through the best-fit in Extended
Data Table 3, decreases consistently, but the spin-up rate is changing. b, Time
of arrival (TOA) residuals after removing the best-fit sinusoidal orbital
modulation and a constant period derivative (the parameters are shown in
commonly used units26). PEPOCH, F0 and F1 are the reference time and the
pulse frequency and its derivative, respectively. There is a clear trend
independent of the choice of time binning (30, 40 or 50 ks) that results from the
variable spin-up. c, Residuals after a smooth curve is fitted to the TOA residuals.
Residual noise remains in the TOAs at the 100 ms level (1s uncertainties).
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Why Neutron Star?

X-ray pulsation has been 
detected from

NuSTAR (M82 X-2)

Bachetti ’14

ULX can be originated from 
Neutron star.

Fast outflow from Neutron 
star binary GX340+0

Miller ’16

Neutron star is more 
powerful than BH ?

Fe absorption line has been detected. 
The estimated velocity is 0.04c. 

-> The isotropic luminosity is 8x1038 erg/s.

see, also Osuga ’07, King & Lasota ’16

There exists the evidence of the gas accretion onto the neutron star.



Previous Study 

For the first step, we consider the weakly (non) 
magnetized case. 

Strongly Magnetized NS

assume） 
　without radiative cooling/force 
　      = low accretion rate 
　non-relativistic

MRI-driven accretion on to magnetized stars 71

Figure 7. A 3D view of accretion on to a star with a large magnetic field, B ′
⋆ = 10, at large " = 30◦ (left-hand panel) and small " = 2◦ tilts. The green

background shows one of the density levels, the blue colour shows the equatorial density slice, and the lines are sample magnetic field lines.

Figure 8. Slices of the density distribution (colour background) and sample field lines in the case of a star with a dynamically important magnetic field
(B ′

d = 10) and a large tilt (" = 30◦). The left-hand panels show the x–z and y–z slices, while the right-hand panel shows the equatorial x –y slice.

by the stellar magnetosphere and the matter flows towards the star
forming a funnel flow. One can see that the funnel streams are
not symmetric: the accretion rate is higher from the left side than
from the right side. This is in contrast with earlier 3D simulations
of accretion from α-discs, where the funnel streams are symmet-
ric (see e.g. fig. 4 of Romanova et al. 2004). The asymmetry is
connected with the fact that matter approaches the magnetosphere
of the star and then accretes in large-scale turbulent cells, which
are usually closer to one of the poles than to another. Fig. 7 (left-
hand panel) shows a typical process of accretion of the turbulent
cell.

The bottom panel of Fig. 9 shows the distribution of different
variables in the equatorial plane. One can see that the density ρ is
highly variable in the inner disc, and it is very small inside the mag-
netically dominated magnetosphere. The azimuthal component of
the field, Bφ , is a few times larger than the Bz-component. Inside the
magnetosphere, the toroidal field is much smaller than the poloidal
field.

The inner radius of the disc coincides with the point at which our
modified plasma parameter β1 (equation 2) is unity. The vertical
dashed lines in Fig. 8 show the radii where β1 = 1. One can see
that the magnetospheric radius to the left of the star, rm1 ≈ 2.4, is
smaller than to the right, rm2 ≈ 3. The asymmetric nature of the

magnetospheric surface is also seen in Fig. 8 (right-hand panel).
Top panel of the figure also shows that the funnel streams have a
finite width and some matter starts flowing to the funnel from larger
radii, r ≈ 3–4.

Matter moves to the funnel flow due to the gravitational force,
which dominates over the centrifugal force (in our case of a slowly
rotating star). The lifting of matter to |z| > 0 to the funnel starts
at the radius where the azimuthal motion of the inner disc matter
slows down due to an interaction with the magnetosphere. This oc-
curs at r ≈ 4–5. The magnetosphere is small, while the disc has a
finite thickness due to the turbulent nature of the flow. Hence, the
magnetosphere is not a large obstacle for the flow of matter towards
the star.12 The matter pressure gradient force also contributes to the
lifting, though the role of this force is not as significant as in the
case of the aligned dipole (e.g. Romanova et al. 2002; Campbell
2010). Note that axisymmetric simulations of the MRI-driven ac-
cretion were performed at a much lower, realistic temperature in

12 Note that the situation is different in cases of much large magnetospheres
of X-ray pulsars and strongly magnetized white dwarfs in cataclysmic vari-
ables, where the height of the magnetosphere may be orders of magnitude
larger than the thickness of the disc.

C⃝ 2012 The Authors, MNRAS 421, 63–77
Monthly Notices of the Royal Astronomical Society C⃝ 2012 RAS
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Romanova ’12 
also, Kawashima ‘16

assume） 
　α-viscosity (no B field) 
　diffusion approximation 
　Compton scattering is ignored 
　non-relativistic

Weakly MagnetizedNS

Ohsuga ’05



General Relativistic Radiation MHD

mass cons.

Gauss’s law

Induction eq.

energy momentum 
cons. for MHD
energy momentum 
cons. for radiation

radiation four 
fource
M1-closure

(see, Sadowski’13)

The adopted fixed Kerr-Schild metric. 
We assume ideal MHD. 
We consider the free-free emission, electron scattering, and Compton scattering 
for the source of opacity. 
　3D sim. (Nr, Nθ, Nφ)=(264, 132, 48), 1154 core 15days 
　2D sim. (Nr, Nθ, Nφ)=(264, 264, 1),   572core　２days



Accretion to Neutron Star

1.4 solar mass 
neutron star

Accretion Disks

Outflow

We ignore the magnetic field of the neutron star



Accretion to Neutron Star

Non-Rotating NS  
M=1.4Msun

Non-Rotating BH 
M=10Msun

For simplicity, we consider unmagnetized neutron star. 

ρρ EradErad

Takahashi & Ohsuga ’16

Energy/mass are 
accumulated



Inflow and Outflow

For the black hole,  
  Mass accretes to BH horizon = 2 rg.  
  The strong outflow is ejected beyond r >~ 6 rg. 
For Neutron star, 
  Mass inflow/outflow are suddenly dropped around the NS surface. 
  Strong outflow is ejected very close to the neutron star surface 

NS surface

BH horizon

outflow

inflow

outflow

inflow

def. of outflow/inflow rate

Non-Rotating Black Hole Non-Rotating Neutron Star
Takahashi & Ohsuga ’16

solid: inflow rate 
dashed: outflow rate 
dot: inflow-outflow

ISCO



Isotropic luminosity at r=200 rg

In both case, the isotropic luminosity has a peak near the rotation axis, which  
exceeds the Eddington value. 
For the non-rotating black hole, the radiative luminosity is highest, followed by 
the kinetic luminosity. 
For the Neutron star, kinetic luminosity much exceeds the radiative luminosity. 
The neutron star can be more powerful than the black hole.

Lkin  > Lrad > LEdd > Lmag

Lrad  ~> LEdd ~ Lkin > Lmag

Non-Rotating Neutron StarNon-Rotating Black Hole
Takahashi & Ohsuga ’16



Rotating case

Rapidly Rotating 
 Neutron Star

Rapidly Rotating 
Black Hole

ρ Erad ρ Erad



Isotropic luminosity from rotating objects

For the neutron star, the kinetic luminosity dominates over the other luminosities. 
The total luminosity much exceeds the Eddington value. These are consistent 
with the non-rotating case. 
For the black hole, the Poynting flux dominates over the other luminosities due to 
the Blandford-Znajek effects. 

Rotating BH > NS > non rotating BH

Lkin > Lrad > LEdd > Lmag
Lmag > Lkin > Lrad ~ LEdd

Rotating Neutron StarRotating Black Hole
Takahashi & Ohsuga ’16



Why the Supercritical Accretion possible?

NS

BH

Mineshige, Takahashi & Ohsuga in prep

Inside the A.D., the radiation dominates the thermal and 
radiation energy. → Supercritical Accretion occurs 
Why does the accretion rate exceed Eddington limit?

kinetic thermal magnetic radiation



Why the Supercritical Accretion possible?
radial force on the equatorial plane

Mineshige, Takahashi & Ohsuga in prep

inward rad. force
outward rad. force

Far from the central star, centrifugal force balances the gravity force 
BH case 
　the radiation is swallowed by BH. -> inward radiation force 
NS case 
　close to the NS, the outward rad. force due to the accumulation of rad. energy. 
　the radiation force is about 10% of grav. force because the radial profile of the 
   radiation energy is shallow. 

NS BH



Summary of my talk

Q: Which is more powerful, BH, or NS ? 
     A: Rapidly rotating BH is the most powerful source  
               ← BH spin energy is available 
       NS is powerful following to rapidly rotating BH  
               ← energy is not swallowed by NS 
       Non-rotating BH is the least powerful source. 
               ← energy is swallowed by BH 
Q: Is the super critical accretion possible onto the NS? 
    A: Yes. 
           Strong outflow appears for NS. 
           Most of energy is ejected through the outflow. 
           Inside the accretion disks, the radial radiation force positive. 
           But the it seems to be regulated that the gravity force overcomes  
           the radiation force. 


