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PTEP 2016, 063E01 K. Toma and F. Takahara

Fig. 3. Schematic picture of the poloidal currents Jp (open arrows), the poloidal Poynting flux Sp (filled
arrows), and the poloidal particle energy flux Fp near the equatorial plane (i.e., the inflow of the particle
negative energies; striped arrow) in the steady state in the northern hemisphere in the KS coordinates. The BH
loses its rotational energy directly by Sp along the field lines threading the horizon (see Sects. 4 and 5) and by
Fp near the equatorial plane, which is associated with Sp along the field lines threading the equatorial plane in
the ergosphere (see Sect. 3).

For typical AGN jets, ℓgy is expected to be ∼ 10 orders of magnitude smaller than GM/c2 (cf. Ref.
[47]), so that the distance that a particle travels until it achieves the asymptotic azimuthal velocity is
tiny compared to the size of the ergosphere. This justifies our calculations of the particle motion in
the fixed orthonormal basis with uniform electromagnetic fields, and the asymptotic velocities can
be interpreted as the local velocities of the test particles.

Since the current crossing region is bounded at r < res, the positively charged particles do not
cross the last ergospheric field line and will gyrate around this field line. When they emerge from
the ergosphere, they contribute to the current flowing outward along the last ergospheric field line
(see Fig. 3). The particles outside the ergosphere generally have positive energies.

3.3. Comparison to the mechanical Penrose process
We argue that the BZ process for the ergospheric field lines threading the equatorial plane is similar
to the mechanical Penrose process, in which the rotational energy of a BH is extracted as mechanical
energy by making the BH absorb negative-energy particles [28,29]. For simplicity, let us consider
the positively and negatively charged particles in the geometrically thin current crossing region as a
one-fluid. The energy equation for this fluid in the steady state is written as

∂r
√

γ (−αT r
p,t) = E · Jp < 0, (36)

where T ν
p,µ is the energy–momentum tensor of the fluid. The boundary condition at r = res is

T r
p,t = 0. Therefore, the solutions of Eq. (36) should be Fr ≡ −αT r

p,t > 0 in the current crossing
region. Then one has −T r

p,t = −ρmUtU r > 0, where ρm and Uµ are the comoving mass density
and the four-velocity of the fluid, respectively. Since all the particles may have negative energy, it is

10/29
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Evolution of an accretion disc in BBHs 4407

Figure 1. Schematic evolutionary tracks of the disc mass (red), the mass
accretion rate (blue) and the binary separation (magenta). Note that this is
a double logarithmic plot and that phase II is much longer than the other
phases.

few thousands K. This causes the MRI activation tens of thousands
years before the merger.

In this paper, we improve the dead disc model and propose
another scenario, which predicts electromagnetic counterparts of
GWs whose luminosity increases with time. In Fig. 1, we show
the schematic evolutionary tracks of the disc mass md, the mass
accretion rate Ṁ and the binary separation Rsep. The disc expe-
riences three phases. At first, the disc forgets its initial condition
through viscous evolution. Then, the disc mass and the accretion
rate decrease with radiative cooling, which leads to decrease of
the ionization degree (phase I). This eventually suppresses MRI,
forming a dead disc that remains around the BH until the binary
separation sufficiently decreases (phase II). Then, the heating by
the tidal torque from the companion becomes effective, which re-
activates MRI in the entire region of the disc, restarting accretion
on to the BH (phase III-i). This disc ‘revival’ happens many years
before the merger.2 We describe this model in detail in Section 2.
The mass accretion rate increases as the separation decreases, and
a relativistic jet could be launched owing to high accretion rate

2 Perna et al. (2016) mentioned a low-luminosity and long-lasting transient
preceding the merger by the MRI reactivation due to photons from the outer
rim, although they did not discuss it in detail.

(phase III-ii). We estimate flux of electromagnetic emission from
the jet and discuss its detectability in Section 3. Section 4 is devoted
to summary and discussion.

2 EVOLUTION OF A DISC IN BBH SYSTEMS

2.1 Initial evolution

We consider an equal-mass binary of initial separation Rini and
mass of BHs MBH, where the separation should be small such that
the binary can merge in the Hubble time. Some mechanisms are
proposed to realize this situation, such as the common envelope
evolution (Kinugawa et al. 2014; Belczynski et al. 2016) and/or the
friction by dense gas (Bartos et al. 2016). We focus on an accretion
disc around one of the BHs. We do not discuss the origin of this disc,
which might be fallback material of supernova explosion (e.g. Perna
et al. 2014) or a tidally disrupted object (e.g. Seto & Muto 2011).

Consider a gas ring around a BH. The ring expands both inward
and outward due to the viscous diffusion to become an accretion
disc (e.g. Pringle 1981). When the outer radius of the disc, rout,
becomes close to Rini, the tidal torque from the companion pre-
vents the disc from expanding outward (Papaloizou & Pringle 1977;
Artymowicz & Lubow 1994; Ichikawa & Osaki 1994). The balance
between the viscous torque and the tidal torque determines the disc
radius, and it is expected that the outer radius of the disc is fixed
at rout ∼ asepRini, where we introduce a separation parameter asep.
We fix asep = 0.3 in this paper for simplicity (Paczynski 1977). The
disc expands to rout in the viscous time (e.g. Pringle 1981)

tvis = 1
α"K

( rout

H

)2

∼ 2.6 × 104a
3/2
−0.5R

3/2
i,12M

−1/2
1.5 α−1

−1

( rout

H

)2
s, (1)

where "K =
√

GMBH/r3 is the Keplerian angular velocity,
H = cs/"K is the scaleheight (cs is the sound speed),
M1.5 = MBH/30 M⊙, α−1 = α/0.1, Ri, 12 = Rini/(1012 cm) and
a−0.5 = asep/0.3. We use the alpha prescription for viscosity,
ν = αc2

s /"K. On the other hand, the time-scale of GW inspiral
is (e.g. Shapiro & Teukolsky 1983)

tmer = 5
512

c5

G3

R4
ini

M3
BH

∼ 3.8 × 1015R4
i,12M

−3
1.5 s. (2)

We can see tvis < tmer for rout/H ! 105, which is valid in all the
situations we usually expect. Thus, the disc forgets its initial mass
and/or radius due to viscous evolution before the merger.

For the well-known solution of an accretion disc around single
BHs, the disc outer radius increases with time as a result of the out-
ward angular momentum transport (Lynden-Bell & Pringle 1974).
On the other hand, in a binary system, the angular momentum of
the disc material is carried to the companion by the tidal torque.
Therefore, the disc material can accrete on to the BH without in-
creasing the disc outer radius. Note that the tidal heating and torque
are effective only in very thin outer rim located just outside rout

(Ichikawa & Osaki 1994). Almost all the mass is in the viscously
heated region of r ≤ rout, and the mass that expands beyond rout

is expected to be negligible. Note that the merging time, tmer, is
unchanged by the angular momentum transport from the disc to the
companion if the mass of the disc is much lower than that of the
companion.

We consider evolution of the disc in a binary system, assum-
ing opacity of the disc is constant, κ = 0.4 cm2 g−1, for simplicity.

MNRAS 465, 4406–4413 (2017)
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9. 李 宇珉 研究室：恒星物理学
脈動変光星の理論的研究

近年、MOST, CoRoT, Kepler衛星などを使った観測により極めて質の高い 
データが大量に提供されるようになり、脈動変光星の研究はほとんど革命的 
な変革を受けた。当研究室では、恒星脈動を使ってその内部構造を探る。

Chaplin & Miglio (2013)
中性子星の固有振動や安定性の研究

中性子星は質量は太陽程度であるが、半径は１０kmという極めてコンパクトな 
天体である。回転や磁場や超流動など様々な物理の影響を考慮して、中性子星の 
固有振動（脈動）の研究を行う。

Watts 2011

SGR 1900+14: Giant γ Flare
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x = 1 → forsterite, x = 0 → fayalite, 0 < x < 1 → olivine.

x = 1 → enstatite, x = 0 → ferrosilite, 0 < x < 1 → pyroxene.

Mg2xFe¹(1−º)SiO4 �²«µ(�µ±µD)
MgxFe(1-x)SiO3 ª�´��µ(WD)
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