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Neutron Stars (Ns) & Black Holes (BHs) 

Soria et al. 2012

NS
-a few Msun / 10km
-produced by supernovae

Stellar mass BH 
-about 10 Msun / 30km
-produced by supernovae

Supermassive BH
-106-9 Msun
-located at the galactic center
-formation mechanism is unknown



High-energy phenomena

Soria et al. 2012

NSs/BHs are thought to be engine 
of powerful compact objects

Cyg X-1

SS433



Ultra-luminous X-ray sources (ULXs) 

Soria et al. 2012

ULX; 
-Very large X-ray luminosity 
                  (>>1039erg/s)
-NOT located at the galactic center



Soria et al. 2012

NS
-a few Msun / 10km
-produced by supernovae

Stellar mass BH 
-about 10 Msun / 30km
-produced by supernovae

Supermassive BH
-106-9 Msun
-located at the galactic center
-formation mechanism is unknown

Central object of ULX ? 

←NO
ULXs are off-
center X-ray 
sources. 

Big difficulty
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Eddington Luminosity
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Eddington luminosity

-Gas accretion stops if luminosity is larger than Eddington luminosity 
because of GRAVITY < RADIATION FORCE.
-Thus, the Eddington luminosity is the upper limit of the luminosity.

Neither stellar mass BH (~10Msun) nor NS (~Msun) 
cannot explain large luminosity of ULXs (>>1039erg/s) 



Pulsed ULXs

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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However, X-ray pulse is 
detected in some ULXs.

Central objects of Pulsed 
ULXs are probably NSs !

Bachetti et al.14



Inconsistency
-Pulsed emission can be explained by NS. 
-But NS is rejected if the Eddington luminosity is 
upper limit of the luminosity.  

Summary
-By performing numerical simulations, we reveal that 
the NS luminosity can exceed the Eddington limit. 
-Accretion onto magnetized NS can explain basic 
features of ULXs. 



Basic equations

energy momentum
cons. for radiation

mass cons.

Gauss’s law

Induction eq.

energy momentum
cons. for MHD

MHD

Radiation

We solve a full set of general relativistic radiation-
magnetohydrodynamic equations



Non-magnetized NS
Density Radiation 

energy

NS

Takahashi et al. 2018
see also Ohsuga 2007

100km

Accretion 
disk

Powerful 
outflow Disk luminosity largely 

exceeds the Eddington 
luminosity.

Eddington luminosity is 
NOT upper limit!



Why is super-Eddington feasible?

Radiation

Accretion
disk

Outflow

Mass density

Ohsuga et al. 2009 
Ohsuga & Mineshige 2011 
see also Ohsuga et al. 2005

~50Rs

Radiation energy mainly 
goes in the vertical 
direction.
→Radiation force deos 
not prevent disk accretion. 



Magnetorotational instability

Hawley & Balbus 1991

図7-4
水平方向への磁力線の引き伸ばし

円盤

・真上から見た図

・真横から見た断面図

ブラック
ホール

A BB
A B

A B

A
B

1/2 ページ =左右 80ミリ×天地70ミリ

Angular momentum transport 
induced by magnetorotational 
instability (MRI) leads to mass 

accretion

See also Velikhov 1959
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Magnetized NS
計算ボックス

Takahashi, Ohsuga 2017

NS
~1010G

density
radiation 
energy density

radiation 
energy

50km



Sim. of Accretion column 
Sim. Box

Kawashima et al. 2016

NS NS

simulation box

mass density Radiation energy



Model for ULX Pulsar



SUMMARY
• We performed general relativistic radiation 
magnetohydrodynamics simulations of gas 
accretion and outflow around NSs. 

• Our simulation revealed that the luminosity can 
exceed the Eddington luminosity (super-
Eddington flow is feasible).  

• The central objects of pulsed ULXs would be 
super-Eddington flows onto the magnetized NSs.  


