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GW170817
NS2 = Short GRB?

R-process elements

1st GW from NS2

Equation of state
Relativity,
Cosmology,
…

Pacynski 86, Goodman 86
Eichler, Livio, Piran & Schramm 89

Lattimer & Schramm 74

~100 sec chirp ⇒ NS-NS
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40yr-old hypothesis



New Era of
Multi-Messenger

LVC-EM 17
Band: GCN circ., Circles ∝ brightness

Follow-up observations
>3000 people

g-ray: ~1.734�0.054 sec
⇒ sGRB 170817A
UV-Opt-IR: 10.86 hr
⇒ Macronova/Kilonova
X, radio: ~10 day
⇒Afterglow
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GW170817 & GRB 170817A
3 (of 12) GBM NaI detectors
T0=1.74�0.05 sec (68%)
T90=2.0�0.5 sec

But very very weak

LVC-GBM-INTEGRAL 17

Eiso = 5�1046 erg

LVC-EM 17
Goldstein+ 17
Savchenko+ 17
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Merger  of  1.3-1.4 Msun NS:
EOS=APR4;  stiff  but  relatively  soft

r (g/cm3)

Orbital  plane X-Z plane

Relatively  wider  view

©Shibata, Hotokezaka
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Jet Breakout from Ejecta
2018/3/16 Kunihito IOKA 8

Similar to collapsars (long GRBs)
Weak jet ~1046 erg/s cannot break out

Nagakura+ 14
Murguia-Berthier + 14

Ejecta is also
on the pole
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Off-Axis Jet
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KI & Nakamura 17, 01
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LVC-GBM-INTEGRAL 17
Granot+ 17, Kasliwal+ 17



Off-Axis Eiso
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Dq: jet opening angle, qv: viewing angle

equally contributing region



Viewing Angle Probability

Schutz 11
Lamb & Kobayashi 17
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h+ ∝
1
2
1+ cos2 i( )

h× ∝ cosi

i~30� is
probable

On-axis GW
is strong

GW170817: i<~30�



Time Scales
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Granot+ 17
KI & Nakamura 17

Rγ < 6×1012 cm Δt
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Kasliwal+ 17
Gottlieb+ 17
Bromberg+ 17



X-ray Afterglow
Chandra 50ks
trise~9 day
LX,iso~1.1e39 erg/s

Troja+, Margutti+, Haggard+ 17
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Radio Afterglow

Hallinan+, Alexander+ 17

6GHz, 9 Sep.
6GHz, 22.6 
Aug.-1 Sep.

VLA, ATCA 
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~30 mJy@6GHz

trise~16 days

X/Radio ratio ~ Synchrotron p=2.2 (nm<n<nc)



Afterglow Spectrum

Consistent with
a single power-law
⇒ Synchrotron

nm<n<nc

"# $ ∝ &'.)$'.*
⇨ e spectrum:

, ≈ 2.2
Troja+ 18, Marugutti+ 18, Ruan+ 18,
D’Avanzo+ 18, Lyman+ 18, 
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Turnovers in Afterglows
2018/3/16 Kunihito IOKA 18

Alexander+ 18

Dobie+ 18

a1=0.85�0.05
a2=-2.1+0.6

-1.6

tp=157+22
-9 day

d1=0.84�0.05
d2=-1.6�0.2
tp=149�2 day

Sharp decline ⇒
Not a cocoon
Support a jet
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Ghirlanda+ 18



Superluminal Motion

70 days
230 days

vapp~4.1�0.5 c!

Mooley+ 1806.09693

VLBI sky position
Unresolved
R<0.2pc(1mas), 

<2pc(10mas)

Not consistent
with a spherical

source

G~4 
at t~tpeak
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Slowly Rising Afterglow

Mooley+ 17

Slowly rising 
up to ~100d

Inconsistent
with a simple jet

Energy injection
radial or polar:
Structured jet
or cocoon?

2018/3/16 Kunihito IOKA 22

X (GCN22201, 22203, 22206)
& Opt (GCN22207) also rise



Structured Jet?

Polar energy
injection

Jet+Coccon
or

Intrincially
structured?

Lazzati+ 17
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Structured Jet?
Margutti+ 18
Lazzati+ 17
D’Avanzo+ 18
Lyman+ 18
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Power-Law Jet?

D’Avanzo+ 17

!" # ∝ %&.(#&.) ⇨ e spectrum: + ≈ 2.2
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Gaussian Jet?
2018/3/16 Kunihito IOKA 26

! " = !$ − ⁄"' 2 ")'
Troja+ 18



Spectrum

Main pulse
power law (a=-0.62�0.40) 
+ cutoff (Epeak=185�62keV)

Weak tail 
34% the fluence
of the main pulse
kT=10.3�1.5keV
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Goldstein+ 17
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Scattered sGRB
Thompson scattering by cocoon
Copy spectrum w/ ~MeV cutoff
rsc<1010-1012 cm

Kisaka+ 17
Kisaka+ 15

Wide angle
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Surface Brightness
2018/2/9 Kunihito IOKA (YITP) 29
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High Energy g-Ray?
l Jet & Afterglow
– Extended & plateau emission to ~104-5 sec
– Off-axis de-beaming

l Central remnant
– Magnetar

l Merger ejecta
– Energy injection from central engine?
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Short GRBs are Not Short

~100 s >>
tvis ~ 0.1 s

⇒ Fallback
to BH? or
Magnetar?

Short GRB

GRB050724

Barthelmy+ 05

Extended emission
2x Energy

Too rapid decline: 
NOT afterglow 
BUT central engine

2017/08/25 Kunihito IOKA 31



Plateau Emission
2017/08/25 Kunihito IOKA 32

t ~ 10000 s!

Gompertz+ 13, 14; Rowlinson+ 13; Li+ 15
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EM Counterparts
2017/08/25 Kunihito IOKA 33

If on-axis &
FX~FHEg,

VERY EASY
to detect

CTA follow up
even no-detect.

is important

Kisaka, KI & Sakamoto 17



Limits on GW170817
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No detection so far
CTA is more powerful

Murase+ 18

HESS+ 18



HE g-ray from Afterglow
2018/3/16 Kunihito IOKA 35

Afterglow
HE electron
+ extended

X-ray emission
⇒ External
Compton

E=100 GeV
d=40Mpc

Murase+ 18



High Energy g-Ray?
l Jet & Afterglow
– Extended & plateau emission to ~104-5 sec
– Off-axis de-beaming

l Central remnant
– Magnetar

l Merger ejecta
– Energy injection from central engine?
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Magnetar
2018/3/16 Kunihito IOKA 37

Ejected
MNS-NS
<< MSN
⇒ t<1
earlier

Diversity
of MNS



Supernova Remnant
2018/10/12 HE counterparts to GWs by K. Ioka 38

Radio X-ray g-ray

NS merger remnant ~ Supernova remnant
⇒ High energy remnant for NS merger?



NS Merger Remnant
2018/10/12 HE counterparts to GWs by K. Ioka 39

Synchrotron

Inverse
Compton

Radio X-rayIR-Opt g-ray

Takami, Kyutoku & KI 13

@tSedov~5yr



Merger Remnant Spectrum
2015/06/30

EM Counterparts to GWs by Kunihito 
IOKA 40

Takami, Kyutoku & KI 13

@100Mpc
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Galactic BHs
2016/10/11 GW150914-like BHs by K. Ioka 42

70 Gpc-3 yr-1 ÷ 0.01 galaxy Mpc-3 × 1010 yr

~ 70000 Merged BHs/galaxy



Galactic BHs
2016/10/11 GW150914-like BHs by K. Ioka 43

70 Gpc-3 yr-1 ÷ 0.01 galaxy Mpc-3 × 1010 yr

~ 70000 Merged BHs/galaxy
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The most 
luminous
BH jet is 
~1036 erg/s
in cold HI

vGW reduces
Lj by ~10

KI+ 16, see also Tsuna+18



Gamma-Ray Burst

10 12
eV

proton

LHC

Particle Acceleration
l Hillas condition 

E<ZqBR
l LB~4pR2(B2/8p)c

∝(BR)2
l Emax>PeV

PeVatron!!!

Neutron star

GRB

Active Galactic Nuclei

Galaxy
Cluster

Dark
Matter?

2016/10/11 GW150914-like BHs by K. Ioka 45

Blandford 00
Waxman 04

Barkov+ 12
KI+ 16
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Flux dis. is similar 

BH nebula size:

BHs ⇔
TeV unIDs?

Disk-like

N(>F)∝R 2∝F -1

Lj

4πrh
2θ 2c

~ ρV 2

⇒  rh ~ 3 pc

CTA will see ~300 BHsKI+ 16



X-ray Nova?
2017/03/10 Astro in the GW Era by K. IOKA 47

6 C. Done et al.
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m. in

H ionised

H neutral

Fig. 1 The hydrogen ionization instability. The figure on the left shows the local effect of the instability,
where the mass accretion rate through the disc jumps discontinuously at a given radius. The right hand
panel shows results from theoretical models of the effect of this local instability on the global disc structure.
The entire disc alternates between periods of outburst and quiescence, matching very well to the observed
behaviour of dwarf novae such as SS Cyg, as shown in the top panel. From Cannizzo (1993)

back into the quiescent state after only a small fraction of the mass in the disc has been
accreted. Such alternating periods of disc outbursts and quiescence are seen in the
dwarf novae subclass of disc accreting white dwarf systems (Cataclysmic Variables).
The characteristic light curve of the disc is shown in Fig. 1 (KFM, FKR)

However, time-dependent disc codes can only produce this behaviour if the viscosity
is dramatically different above and below the H ionization instability. The observed
outburst behaviour of accreting white dwarfs (simpler laboratories of disc physics as
they are less extreme than neutron stars and black holes: see e.g. reviews by Osaki 1996
and Lasota 2001) can only be produced if the scaling of the stress with total pressure
changes by a factor 5–10 (Smak 1984). This may have a physical origin in the behaviour
of the MRI. H is neutral in quiescence, so there are very few free electrons to anchor the
magnetic fields. The MRI may be suppressed, and much less efficient hydrodynamic
processes such as spiral waves, probably dominate the stress (Gammie and Menou
1998). This may only be the case in the Galactic binary discs. Supermassive black
holes have Shakura–Sunyaev discs with much lower density, so recombination is not
so effective at suppressing free electrons from e.g. potassium, iron etc., so even when H
is mostly neutral then the MRI may still be able to operate. The disc instability is then
purely local, not global, and does not lead to the same outburst/quiescence behaviour
(Menou and Quataert 2001) despite the disc temperature crossing the H-ionization
regime (Siemiginowska et al. 1996; Burderi et al. 1998).

The disc instability in neutron star (hereafter NS) and black hole binaries (hereafter
BHB) gives very different behaviour to that of the white dwarfs. Figure 2 shows an
example of this. While the quiescent disc and fast rise to outburst can be modelled
by the same codes as work for the white dwarf discs, they cannot produce the quasi-
exponential decay (KFM; Lasota 2001). This is because the hugely luminous inner
disc in these X-ray binary systems means that irradiation is also important, which can
keep the disc hot even at large radii (van Paradijs 1996). If the irradiation is strong
enough to prevent H recombining then the disc is kept on the hot branch, with a

123
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FIG. 1.ÈConÐguration of the accretion Ñow in di†erent spectral states
shown schematically as a function of the total mass accretion rate Them5 .
ADAF is indicated by dots and the thin disk by the horizontal bars. The
lowest horizontal panel shows the quiescent state, which corresponds to a
low-mass accretion rate (and therefore, a low ADAF density) and a large
transition radius. The next panel shows the low state, where the mass
accretion rate is larger than in the quiescent state, but still below the
critical value In the intermediate state (middle panel),m5 crit D 0.08. m5 Z m5 critand the transition radius is smaller than in the quiescent/low state. In the
high state, the thin disk extends down to the last stable orbit and the
ADAF is conÐned to a low-density corona above the thin disk. Finally, in
the very high state, we make the tentative proposal that the corona has a
substantially larger than in the high state.m5

b, the geometry remains essentially the same as in the° 3.2),
quiescent state. However, since the radiative efficiency of
the Ñow increases rapidly with increasing & Yim5 (Narayan

the Ñow becomes quite luminous. We identify such1995b),
Ñows with the low state. Once exceeds the hotm5 m5 crit,ADAF zone radiates too efficiently to remain advection
dominated. As a result, the ADAF begins to shrink in size
and the inner edge of the thin disk moves inward to smaller
radii. We identify such Ñows, where the central ADAF is
still present but with a reduced size compared to the quiesc-
ent and low state, with the intermediate state. At still higher

the central ADAF zone disappears altogether and them5 ,
thin disk moves in all the way to the marginally stable orbit.
A somewhat weak corona is present above the disk. We
associate this conÐguration with the high state. Finally, at
accretion rates close to Eddington we assume that the Ñow
makes a transition to a di†erent state where the corona is
much more massive and active. We tentatively identify this
Ñow conÐguration with the very high state, although this is
the weakest aspect of our scenario.

In the calculations presented below, unless otherwise
stated, we use the ““ standard ÏÏ parameter set summarized in

For those quantities that can be derived fromTable 1.
observations we adopt system parameters corresponding to
the SXT Nova Muscae 1991 (see For the parameter d,° 4.1).
we invariably choose a value of 10~3, but this quantity
plays no role in the calculations presented here and could
equally well be set to zero. This still leaves two important
parameters, a and b. We choose what we consider to be the
most natural values for these. We assume that the magnetic
Ðeld is in equipartition with the gas pressure, which corre-
sponds to b \ 0.5. The assumption of equipartition Ðelds is
very common in many areas of high-energy astrophysics. In
particular, equipartition Ðelds are quite plausible in accre-
tion Ñows since the linear instability,Balbus-Hawley (1991)
which presumably is the mechanism whereby the Ðeld
grows, is known to shut o† when b D 0.5. For the viscosity
parameter a we follow the prescription suggested by

& Balbus see also Hawley, Gammie, &Hawley (1996,
Balbus viz. where1995, 1996), u

RÕ D 0.5pmag [ 0.6pmag, u
RÕis the shear stress. For b \ 0.5 this gives a value of a in the

range 0.2È0.3. We choose a value in the middle of the range,
a \ 0.25.

It should be emphasized that we have no adjustable
parameters in the calculations presented in this paper
except for the mass accretion rate (and to a very limitedm5
extent We could, in principle, optimize a and b so as tortr),obtain the best-Ðt between the model and the Nova Muscae
data discussed in but we feel that the data are not really° 4,
good enough for such an exercise, nor is the model suffi-
ciently well developed at this stage.

3.1. Quiescent State
Between successive outbursts, transient BHXBs are gen-

erally found in the quiescent state, where the observed lumi-
nosity is many orders of magnitude below Eddington. In
the systems for which optical and X-ray observations in
quiescence exist (A0620[00, V404 Cyg, and GRO
J1655[40), the data are explained quite well with the
model shown in the bottom panel of Figure 1 (NMY;

et al. In addition, the same modelNBM; Hameury 1997).
also explains observations of the underluminous super-
massive black hole at the center of our Galaxy, Sgr A*

et al. as well as the supermassive black hole(Narayan 1995),
in NGC 4258 et al. These applications rep-(Lasota 1996a).
resent the most important successes so far of the ADAF
model.

On the basis of the above work, we deÐne the quiescent
state of BHXBs to correspond to mass accretion rates m5 [
10~2. In we plot a sequence of spectra computedFigure 2
with our standard parameter set. The blackbody-like
optical/UV peak is produced by self-absorbed synchrotron

TABLE 1

STANDARD PARAMETER VALUES

Parameter Value

M (M
_

) . . . . . . . . . . . . . . . . 6
i (deg) . . . . . . . . . . . . . . . . . . 60
log rout . . . . . . . . . . . . . . . . . 4.9
log rtr a . . . . . . . . . . . . . . . . . 3.9
a . . . . . . . . . . . . . . . . . . . . . . . . 0.25
b . . . . . . . . . . . . . . . . . . . . . . . . 0.5
d . . . . . . . . . . . . . . . . . . . . . . . . 0.001

a In quiescence.

Hydrogen-ionization 
disk instability

ADAF + Standard disk
Outer disk is cold

Hydrogen recombines
H- ion opacity

⇒ S-shaped curve
for thermal equilibrium

⇒ X-ray nova-like?
Matsumoto+ 17



Summary
l sGRB170817 & GRB 170817A
– Off-axis jet
– Jet structure?, Spectrum?, Mechanism?

l High energy g-ray for CTA
– Jet, Afterglow, Magnetar, Merger ejecta
– CTA follow-up is important

l BH remnant in our Galaxy
– Some TeV unIDs? X-ray novae?

2018/3/16 Kunihito IOKA 48
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You


