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Fig. 1.—Synchrotron spectrum of a relativistic shock with a power-law
electron distribution. (a) Fast cooling, which is expected at early times (t !

). The spectrum consists of four segments, identified as A, B, C, and D. Self-t0
absorption is important below . The frequencies, , , and , decrease withn n n na m c a

time as indicated; the scalings above the arrows correspond to an adiabatic
evolution, and the scalings below, in square brackets, correspond to a fully
radiative evolution. (b) Slow cooling, which is expected at late times ( ).t 1 t0
The evolution is always adiabatic. The four segments are identified as E, F,
G, and H.

, where ; and an exponential cutoff for21/2n(g ) P ª n n 1e n

. The maximum emissivity occurs at and is given byn(g ) ne c

.Pn,max
To calculate the net spectrum from a power-law distribution

of electrons, we need to integrate over . There are now twoge
different cases, depending on whether or .g 1 g g ! gm c m c

Let the total number of swept-up electrons in the postshock
fluid be . When , all the electrons cool3N 5 4pR n/3 g 1 ge m c

down to roughly , and the spectral power at is approxi-g nc c

mately . We call this the case of fast cooling. The fluxN Pe n,max
at the observer, , is given byFn

1/3(n/n ) F , n 1 n,c n,max c
21/2F 5 (n/n ) F , n 1 n 1 n , (7)n c n,max m c{ 21/2 2p/2(n /n ) (n/n ) F , n 1 n ,m c m n,max m

where and is the observed2n { n(g ) F { N P /4pDm m n,max e n,max
peak flux at distance D from the source.
When , only those electrons with can cool.g 1 g g 1 gc m e c

We call this slow cooling, because the electrons with ,g ª ge m

which form the bulk of the population, do not cool within a
time t, and we have

1/3(n/n ) F , n 1 n,m n,max m
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The typical spectra corresponding to fast and slow cooling
are shown in Figures 1a and 1b. The low-energy part of these
spectra has empirical support even within the GRB itself (Co-
hen et al. 1997). In addition to the various power-law regimes
described above, self-absorption causes a steep cutoff of the
spectrum at low frequencies (Katz 1994; Waxman 1997b; Katz
& Piran 1997a). For completeness, we show this regime in
Figure 1, but we shall ignore it for the rest of this Letter since
it does not affect either the optical or the X-ray radiation in
which we are interested.

3. HYDRODYNAMIC EVOLUTION AND LIGHT CURVES

The instantaneous spectra do not depend on the hydrody-
namic evolution of the shock. The light curves at a given fre-
quency, however, depend on the temporal evolution of various
quantities, such as the break frequencies and and the peakn nm c

flux . These depend, in turn, on how g and scale as aF Nn,max e

function of t.
We limit the discussion here to a spherical shock of radius
propagating into a constant surrounding density n. WeR(t)

consider two extreme limits for the hydrodynamic evolution
of the shock: either fully radiative or fully adiabatic. In a ra-
diative evolution, all the internal energy generated in the shock
is radiated. This requires two conditions to be satisfied: (1) the
fraction of the energy going into the electrons must be large,
i.e., , and (2) we must be in the regime of fast cooling,e r 1e

.g ! gc m

In the adiabatic case, the energy E of the spherical shock is
constant and is given by (Blandford &2 3 2E 5 16pg R nm c /17p

McKee 1976; Sari 1997). In the radiative case, the energy varies
as , where . Here23 1/3E / g g ˘ (R/L) L 5 [17M/(16pm n)]p

(Blandford & McKee 1976; Vietri 1996; Katz & Piran 1997a)
is the radius at which the mass swept up from the external
medium equals the initial mass M of the ejecta (we used

instead of in order to be compatible with the adiabatic17/16 3/4
expression and to enable a smooth transition between the two);

we write M in terms of the initial energy of the explosion via
, where is the initial Lorentz factor of the ejecta.2M 5 E/g c g0 0

In both the adiabatic and radiative cases, there is a simple
relation connecting R, g, and t: , where the nu-2t 5 R/cg ct

merical value of varies between ª3 and ª7 depending onct
the details of the hydrodynamic evolution and the spectrum
(Sari 1997, 1998; Waxman 1997c; Panaitescu & Mészáros
1997). For simplicity, we use for all cases. We then2t ˘ R/4g c
have the following hydrodynamic evolution equations,

1/4(17Et/4pm nc) , adiabatic,pR(t) ˘ (9)1/7{(4ct/L) L, radiative,

5 3 1/8(17E/1024pnm c t ) , adiabatic,pg(t) ˘ (10)23/7{(4ct/L) , radiative.

Using these scalings and the results of the previous section,
we can calculate the variation with time of all the relevant
quantities. For an adiabatic evolution,

12 23/2 21/2 21 21/2n 5 2.7# 10 e E n t Hz,c B 52 1 d

14 1/2 2 1/2 23/2n 5 5.7# 10 e e E t Hz,m B e 52 d

5 1/2 1/2 22F 5 1.1# 10 e E n D mJy, (11)n,max B 52 1 28

where is the time in days, ergs, is n in units52t E 5 E/10 nd 52 1
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Parameter estimate

2.3 Simple calculation of the observed flux

We have derived
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The total emission power is approximately given by assuming that all the swept-up electrons in the
postshock fluid produce synchrotron radiation, where the number of the electrons is Ne = 4⇡R3n/3.
Assuming a power law distribution of the electrons, the spectral shape is given by equation (). So
the flux density is by
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Therefore, one can calculate the evolution of the flux density once �(t) and R(t) are given. In the
following, we derive the flux evolution in the ultra-relativistic regime (� � 1) and the non-relativistic
regime (� ⌧ 1).

Ultra-relativistic case: Using the Blandford-McKee solution, we have
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The relation between the shock radius and observer time is
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Using these, we get
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The observed flux at a given frequency evolves as
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m / t1/2, (⌫ < ⌫m) (156)
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Thus, the flux slowly increases as t1/2 until the observed frequency crosses ⌫m, which decreases with
time as t�3/2. Then the flux decreases almost linearly with time as / t�3(p�1)/4.

The Lorentz factor above which the cooling is important and the corresponding synchrotron
frequency (cooling frequency) can be calculated using equation (77). We find
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So the cooling frequency decreases with time. The flux density above ⌫c evolves as
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Therefore, the light curve starts to decline only slightly faster once the observed frequency crosses
the cooling frequency.

Non-relativistic case: We have
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4⇡R3nmpc2�2

3
. (160)

The blast wave expands at an initial velocity, �0, until the deceleration time
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The velocity evolves as
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Therefore, we obtain
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The observed flux at a given frequency is

F⌫(t) / F⌫,m / t3, (171)

for until tdec. After tdec, we have

F⌫(t) / F⌫,m⌫�1/3
m / t5/8, (172)

/ F⌫,m⌫(p�1)/2
m / t�(15p�21)/10. (173)

Therefore the flux increases until tdec when ⌫ > ⌫m(t = tdec) and until the observed frequency crosses
⌫m when ⌫ < ⌫m(t = tdec). The slope of the decline phase has a power-law index of �1 ⇠ �2.
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Afterglow light curve: GW170817

Figure 3: Afterglow light curve at 3 GHz and centroid motion from day 75 to 230. Also shown

are the light curves calculated with a PLJ (upper left) and a GJ model (upper right), where 50 sets

of the model parameters are randomly chosen from the MCMC samples. Bottom panels show the

histogram of the centroid motion with 3000 samples randomly chosen (lower left: a PLJ model

and lower right: a GJ model). These are the results of the combined GW-VLBI-LC analysis.
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Figure 1: Proper motion of the radio counterpart of GW170817. The centroid offset posi-

tions (shown by 1� errorbars) and 3�-12� contours of the radio source detected 75 d (black)

and 230 d (red) post-merger with Very Long Baseline Interferometry (VLBI) at 4.5 GHz. The

two VLBI epochs have image RMS noise of 5.0 µJy beam�1 and 5.6 µJy beam�1 (natural-

weighting) respectively, and the peak flux densities of GW170817 are 58 µJy beam�1 and 48 µJy

beam�1 respectively. The radio source is consistent with being unresolved at both epochs. The

shape of the synthesized beam for the images from both epochs are shown as dotted ellipses to the

lower right corner. The proper motion vector of the radio source has a magnitude of 2.7± 0.3 mas

and a position angle of 86o ± 18o, over 155 d.

Superluminal Jet in GW170817
VLBI resolve the motion of the radio source associated with GW170817 

Mooley et al (2018)

�app = 4.1± 0.4 at 41Mpc

Day 75Day 240
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Figure 3: Apparent velocity as a function of viewing angle.

The same relation is valid also for the source function S⌫ .
The optical depth, ⌧ , is a Lorentz invariant because e�⌧ gives the fraction of photons after

passing through some object, which involves only counting the photon number. Imagine material
Absorption coe�cient, ↵⌫ , is defined as ⌧ = ↵⌫ l/(sin ✓)

The above relations are useful when calculating observed quantities of relativistic emission.

3 Gamma-ray bursts

Gamma-ray bursts (GRBs) are extremely powerful emission and considered to be produced by
relativistic jets (Figure 4). Emission is highly collimated to the direction of the jet motion due to
the relativistic beaming e↵ect. The isotropic equivalent energy of ⇠ 1051–1053 erg is radiated on a
time scale of 1 s and the peak spectral energy is ⇠ 0.1–10 MeV. GRBs are far luminous compared
to the Eddington luminosity of stellar mass objects. Here we will first discuss briefly the emission
from relativistically expanding objects and the condition in order that such objects release a large
amount of high energy photons. Then we will discuss the properties of GRBs when we observe them
from o↵-axis.

3.1 Fireball model

One of the leading models to explain the emission of GRBs is the fireball model, in which an
expanding material radiates photons. In order to radiate high energy photons at GRB luminosities,
the expansion must be relativistic otherwise the material is optically thick to high energy photons
due to the pair production process.

3.2 On-axis: GRB 170817A

First, we consider the outflow’s properties that required from the observation of GRB 170817A.

6

GW170817

θ=1/Γ

Γ>4 at ~150d and Δθ<0.25 rad (point approx.)



Picture of GW170817 after VLBI
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Hubble constant
4

Figure 2. Inference on H0 and inclination. Pos-
terior density of H0 and cos ◆ from the joint GW-EM
analysis (blue contours). Shading levels are drawn at
every 5% credible level, with the 68.3% (1�, solid) and
95.4% (2�, dashed) contours in black. Values of H0 and
1- and 2� error bands are also displayed from Planck
(Planck Collaboration et al. 2016) and SHoES (Riess
et al. 2016). As noted in the text, inclination angles
near 180 deg (cos ◆ = �1) indicate that the orbital an-
gular momentum is anti-parallel with the direction from
the source to the detector.

of NGC 4993 by correcting for local peculiar mo-
tions.

NGC 4993 is part of a collection of galaxies,
ESO-508, whose center-of-mass recession veloc-
ity relative to the frame of the CMB (Hinshaw et al.
2009) is (Crook et al. 2007) 3327± 72 km s�1. We
correct the group velocity by 310 km s�1 due to
the coherent bulk flow (Springob et al. 2014; Car-
rick et al. 2015) towards The Great Attractor (see
Methods section for details). The standard error on
our estimate of the peculiar velocity is 69 km s�1,
but recognizing that this value may be sensitive
to details of the bulk flow motion that have been
imperfectly modelled, in our subsequent analysis
we adopt a more conservative estimate (Carrick
et al. 2015) of 150km s�1 for the uncertainty on
the peculiar velocity at the location of NGC 4993,
and fold this into our estimate of the uncertainty
on vH . From this, we obtain a Hubble velocity
vH = 3017± 166 km s�1.

Once the distance and Hubble velocity distribu-
tions have been determined from the GW and EM
data, respectively, we can constrain the value of
the Hubble constant. The measurement of the dis-
tance is strongly correlated with the measurement
of the inclination of the orbital plane of the bi-
nary. The analysis of the GW data also depends on
other parameters describing the source, such as the
masses of the components (Abbott et al. 2016a).
Here we treat the uncertainty in these other vari-
ables by marginalizing over the posterior distribu-
tion on system parameters (Abbott et al. 2017a),
with the exception of the position of the system on
the sky which is taken to be fixed at the location of
the optical counterpart.

We carry out a Bayesian analysis to infer
a posterior distribution on H0 and inclination,
marginalized over uncertainties in the recessional
and peculiar velocities; see the Methods sec-
tion for details. Figure 1 shows the marginal
posterior for H0. The maximum a posteri-
ori value with the minimal 68.3% credible in-
terval is H0 = 70.0+12.0

�8.0 km s�1 Mpc�1. Our
estimate agrees well with state-of-the-art de-
terminations of this quantity, including CMB
measurements from Planck (Planck Collabora-
tion et al. 2016) (67.74 ± 0.46 km s�1 Mpc�1,
“TT,TE,EE+lowP+lensing+ext”) and Type Ia su-
pernova measurements from SHoES (Riess et al.
2016) (73.24 ± 1.74 km s�1 Mpc�1), as well as
baryon acoustic oscillations measurements from
SDSS (Aubourg et al. 2015), strong lensing mea-
surements from H0LiCOW (Bonvin et al. 2017),
high-l CMB measurements from SPT (Henning
et al. 2017), and Cepheid measurements from the
HST key project (Freedman et al. 2001). Our mea-
surement is a new and independent determination
of this quantity. The close agreement indicates
that, although each method may be affected by dif-
ferent systematic uncertainties, we see no evidence
at present for a systematic difference between GW
and established EM-based estimates. As has been
much remarked upon, the Planck and SHoES re-

Abbott et al 2017



VLBI constraint
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Hubble constant (LIGO + VLBI + light curve)
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Summary



Last 10ms and after merger
Hotokezaka + 2013

1.3-1.6Msun, EOS=APR



Fates of mergers

Total binary mass

(Super)massive neutron star 
(SMNS)

Hypermassive neutron star 
(HMNS)

Black Hole + disk

Lifetime ~ 10 ms-1s



Dynamical mass ejection

1.6Msun and 1.3Msun

KH+ PRD 2013

1.5Msun and 1.2Msun

also Bauswein + 13, Piran + 13, Rosswog 2013, Kyutoku+15, Sekiguchi + 15, 16, Radice+16 



Gottlieb + 17



GRB 170817A
31

Figure 7. The 256 ms binned lightcurve of GRB 170817A in the 10–300 keV band for NaI 1, 2, and 5. The shaded regions are

the di↵erent time intervals selected for spectral analysis. The inclusion of the lower energies shows the soft tail out to T0+2 s.
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Figure 8. Spectral fits of the count rate spectrum for the [Left] main pulse (Comptonized) and [Right] softer emission (black

body). The blue bins are the forward-folded model fit to the count rate spectrum, the data points are colored based on the

detector, and 2� upper limits estimated from the model variance are shown as downward-pointing arrows. The residuals are

shown in the lower subpanels.

Goldstein et al 17

• 1.8 sec delay from the merger and Duration ~ 2 sec.



1 Scientific justification

The era of gravitational-wave (GW) astronomy has begun with the announcement of the discovery
of five double black hole (BH-BH) mergers (Abbott et al. 2016a, 2017a,b,c) and one double neutron
star (NS-NS) merger (GW170817; Abbott et al. 2017d). Localized to the lenticular galaxy NGC
4993 at 40Mpc (Coulter et al. 2017), GW170817 was the first GW event with an electromagnetic
(EM) counterpart. It was accompanied by prompt �-rays, fast-fading UV/optical/NIR, and long-
lived X-ray, optical, and radio emission (Abbott et al. 2017e and references therein; left panel of
Figure 1). GW170817 yielded a scientific bonanza in fields as wide-ranging as gravitational physics,
nucleosynthesis, extreme states of nuclear matter, relativistic explosions and jets, and cosmology.
The EM signatures of GW170817 were remarkably di↵erent from what prior models predicted. The

�-rays were a factor of ⇠ 103 weaker than for ordinary short �-ray bursts (SGRBs), there was an early
blue kilonova presumably due to lanthanide-free polar ejecta (Fernandez & Metzger 2016, Kasen et
al. 2017), and late onset of radio/X-ray emission (Abbott et al. 2017e and references therein). A
subsequent fainter, longer-lived, red kilonova emission was powered by lanthanide-rich tidal ejecta or
an accretion disk wind. The merger likely produced a hyper-massive NS, rapidly followed by collapse
to a BH on a short timescale (⇠ 100ms; Kasen et al. 2017, Pooley et al. 2018). A relativistic jet was
launched, but became entrenched in the dynamical ejecta, driving a wide-angled, mildly relativistic
outflow, commonly referred to as a “cocoon” or “structured jet”. This cocoon was likely responsible
for the early-time �-rays, as well as late time X-ray (Ruan et al. 2018, Margutti et al. 2018, Troja et
al. 2018) and radio emission (e.g. Mooley et al. 2018, Margutti et al. 2018). It is unclear whether
the jet eventually burrowed through the ejecta to successfully produce a SGRB (e.g. Margutti et al.
2018). See Figure 1 for a depiction of the di↵erent ejecta components and EM signals.

Figure 1: Left panel: The optical/NIR “kilonova” and the X-ray, radio afterglows of GW170817.
The short-lived kilonova signal is powered by the radioactive decay of r-process nuclei, while the long-
lived X-ray and radio are synchrotron emission from fast-moving, wide-angle shocks. X-ray, Optical,
and radio emission is expected in 30–80% of NS-NS and NS-BH mergers. Right panel: The variety
of ejecta components, labeled in black font, and resulting EM signals, labeled in colored font, from
NS-NS and NS-BH mergers (adapted from Ioka & Nakamura 2017).

Despite the smashing success of the observing campaign surrounding GW170817, many fundamen-
tal questions about the NS merger process remain unanswered. What fraction of mergers produce
central engines and relativistic jets? How long do they operate, and how often are they able to
successfully penetrate the merger ejecta and radiate to on-axis observers as a classical SGRB? How
much energy is released in total? What is the maximum mass for a stable NS remnant? What will

1

Kilonova & Afterglow
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Kilonova & Afterglow

Kinetic energy

Radioactivity

Kilonova: Ejecta mass 0.05Msun (radioactive material), v~0.2c 
Afterglow: Kinetic energy E~1050 erg, Γ>4



Kilonova Spectrum

Figure 3: Kilonova model compared to the AT 2017gfo spectra. X-shooter spectra (black line)

at the first four epochs and kilonova models: dynamical ejecta (Ye = 0.1 � 0.4, orange), wind

region with proton fraction Ye = 0.3 (blue) and Ye = 0.25 (green). The red curve represents the

sum of the three model components.
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Unsolved Issues
1, Central object and EM counterpart

• What is the merger remnant of GW170817? 

• Can we distinguish BH-NS merger from NS-NS using 
EM counterparts ? 

• How did the merger remnant produce a jet? 

• What is the role of magnetic field? 

• Do we understand the role of neutrinos well?



2, Blue and Red

Unsolved Issues

6

Table 1 Timeline of major developments in kilonova research

1974 Lattimer & Schramm: r-process from BH-NS mergers
1975 Hulse & Taylor: discovery of binary pulsar system PSR 1913+16
1982 Symbalisty & Schramm: r-process from NS-NS mergers
1989 Eichler et al.: GRBs from NS-NS mergers
1994 Davies et al.: first numerical simulation of mass ejection from NS-NS mergers
1998 Li & Paczynski: first kilonova model, with parametrized heating
1999 Freiburghaus et al.: NS-NS dynamical ejecta ) r-process abundances
2005 Kulkarni: kilonova powered by free neutron-decay (“macronova”), central engine
2009 Perley et al.: optical kilonova candidate following GRB 080503 (Fig. 9)
2010 Metzger et al., Roberts et al., Goriely et al.: kilonova powered by r-process heating
2013 Barnes & Kasen, Tanaka & Hotokezaka: La/Ac opacities ) NIR spectral peak
2013 Tanvir et al., Berger et al.: NIR kilonova candidate following GRB 130603B
2013 Yu, Zhang, Gao: magnetar-boosted kilonova (“merger-nova”)
2014 Metzger & Fernandez, Kasen et al.: blue kilonova from post-merger remnant disk winds

Fig. 1 Timeline of the development kilonova models in the space of peak luminosity and
peak timescale. The wavelength of the predicted spectral peak are indicated by color as
marked in the figure.

2 Historical Background

2.1 NS mergers as sources of the r-process

Burbidge et al (1957) and Cameron (1957) realized that approximately half of
the elements heavier than iron are synthesized via the capture of neutrons onto

Metzger 2017
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Figure 1 | Schematic illustration of the components of matter ejected from neutron-

star mergers. Red colours denote regions of heavy r-process elements, which radiate 

red/infrared light. Blue colours denote regions of light r-process elements which radiate 

blue/optical light. During the merger, tidal forces peel off tails of matter, forming a torus 

of heavy r-process ejecta in the plane of the binary. Material squeezed into the polar 

regions during the stellar collision can form a cone of light r-process material. Roughly 

spherical winds from a remnant accretion disk can also contribute, and are sensitive to the 

fate of the central merger remnant. a, If the remnant survives as a hot neutron star for tens 

of milliseconds, its neutrino irradiation lowers the neutron fraction and produces a blue 

wind. b, If the remnant collapses promptly to a black hole, neutrino irradiation is 

suppressed and the winds may be red. c, In the merger of a neutron star and a black hole, 

only a single tidal tail is ejected and the disk winds are more likely to be red. 
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2, Blue and Red

The photometry data and spectrum  
require both  
• low opacity (light elements) at early times 
• high opacity (heavy elements) at later times

The origin of these elements is not well understood.



Unsolved Issues
3, Late time kilonova behavior

Radioactive decay products in NS merger ejecta 3
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Figure 1. Energy generation rate in each type of particles (left) and its fraction to the total one (right) for NSM-solar (90 ! A ! 238),
NSM-fission (90 ! A ! 280), and NSM-wind (90 ! A ! 140) from the top to the bottom. Each curve shows the total rate (black long-
dashed), those in the forms of γ-rays (red solid), neutrino (green dashed), electrons (blue dotted), fission fragments (violet dash-dotted),
and α particles (magenta dash-two dotted).

Brennecka et al. 2010) and 244Pu is found in the Earth’s
material at present (Wallner et al. 2015). Furthermore, nu-
cleosynthesis studies of merger ejecta show that very heavy
nuclei up to mass numbers of ∼ 280 exist at the r-process
freezeout (see, e.g., Goriely et al. 2013; Eichler et al. 2015).
The spontaneous fission of such very heavy nuclei is also
suggested to affect the heating rate (Metzger et al. 2010;
Wanajo et al. 2014). In this work, we study three cases:
r-process nuclear distributions of (i) NSM (Neutron Star
Merger)-solar: 90 ! A ! 238 (fiducial), (ii) NSM-fission:
90 ! A ! 280, and (iii) NSM-wind: 90 ! A ! 140. The last
case, NSM-wind corresponds to the conditions within a pos-

sible lanthanide-free composition (from the wind, see below).
For NSM-fission, we add transuranic nuclei by assuming a
constant YA of 3.6 · 10−4 for 206 ! A ! 280. This value is
taken so that the solar abundance of 209Bi is reproduced af-
ter nuclear decay. Note that the bulk of 206,207,208Pb, 209Bi,
232Th, and 235,238U are the (α and β) decayed products of
actinides with 209 < A < 254. The reaction network in-
cludes the channels for (β-delayed and spontaneous) fission
and α-decay in addition to β-decay for this mass region.

To study the heating efficiencies and resulting γ-ray line
fluxes, one needs to specify the ejecta properties, e.g., the
mass Mej and expansion velocity v. In this work, we con-

c⃝ 2015 RAS, MNRAS 000, 1–??

Fission and alpha-decay can dominate  
the heating at late times. 

Can we identify these super-heavy 
elements?

How kilonova nebulae should look like? 
(τ<1)

4, What can be the proof of r-process in mergers? Radioactive decay products in NS merger ejecta 5
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Figure 2. Spectrum of γ-rays at 1, 3, 5 and 10 days after merger for NSM-solar. Black lines depict the γ-ray spectrum produced by
nuclei at rest. The red (blue) curve shows the spectrum with the Doppler broadening with an expansion velocity of 0.3c (0.05c). The
normalization is determined with the mass of ejected r-process elements of 0.01M⊙ and the observed distance of 3 Mpc. Here we do not
take any absorption and scattering processes into account.

we find

Ėe(t) ≈ 4 · 109 erg/s/g

„
t

1 day

«−1.3

, (2)

Ėγ(t) ≈ 8 · 109 erg/s/g

„
t

1 day

«−1.3

, (3)

Ėα(t) ≈ 7 · 108 erg/s/g

„
t

1 day

«−1 „
XA!210

3 · 10−2

«
, (4)

Ėf (t) ≈ 2 · 109 erg/s/g

„
t

1 day

«−1 „
XA!250

2 · 10−2

«
. (5)

where XA!210 (XA!250) is the total mass fraction of nuclei
with 210 ! A ! 280 (250 ! A ! 280). Note that the nu-
merical coefficients in Eqs. (2) and (3) are valid as long as
material has the solar-like r-process pattern containing the
second (A ∼ 130) and third (A ∼ 195) r-process peaks.

Although the form of ϵγ(t) should be computed with a
radiative transfer simulation, here we give rough estimates.
The optical depth of homologously expanding ejecta is given
by

τγ(t) =

„
ttr,γ

t

«2

, (6)

where ttr,γ ≈ (κγMej/4πv2)1/2 ≈
0.4 day(κγ/0.05 cm2/g)1/2(Mej/0.01M⊙)1/2(v/0.3c)−1

is the time that the ejecta become transparent to γ-rays.

Here we assume that the dominant interaction process of
γ-rays with matter is Compton scattering.

At the diffuse-out timescale of thermal photons (optical
to infrared: IR) tdiff,o when the optical depth to thermal
photons satisfies τopt = c/v, a significant amount of the
deposited energy starts to escape as thermal photons. We
rewrite Eq. (6) in terms of tdiff,o:

τγ(t) ≈ κγ

κo

c
v

„
tdiff,o

t

«2

, (7)

≈ 0.02

„
tdiff,o

t

«2 „
κγ

0.05 cm2/g

«

×
„

κo

10 cm2/g

«−1 “ v
0.3c

”−1
, (8)

where κo is the opacity of r-process elements to photons in
the optical bands. It is dominated by bound-bound tran-
sitions of lanthanides (Kasen et al. 2013; Tanaka & Ho-
tokezaka 2013). For the dynamical ejecta, on the timescale
of tdiff,o, the optical depth to γ-rays is much smaller than
unity, thereby only a small fraction of the γ-rays’ energy is
deposited in the ejecta on the peak timescale of macronovae.

For the slowly expanding wind ejecta, in particular lan-
thanide free cases, the γ-ray heating efficiency is significantly
different. The opacity to thermal photons and expansion ve-
locity of the wind ejecta are κo ∼ 1 cm2/g and v ∼ 0.05c (see
e.g., Tanaka & Hotokezaka 2013 for the opacity of the wind

c⃝ 2015 RAS, MNRAS 000, 1–??

e.g catch escaping γ-rays  
from beta decay



Success in type Ia supernova

2 

 

Matter consisting of equal numbers of protons and neutrons (such as in carbon and oxygen) 
binds these nucleons most-tightly in the form of the 56Ni nucleus. Therefore, 56Ni is believed to 
be the main product of nuclear burning under sufficiently hot and dense conditions, such as in 
SNe Ia. Radioactive decay of 56Ni then powers supernova light through its gamma-rays and 
positrons, with a decay chain from 56Ni (τ~8.8 days) through radioactive 56Co (τ~111.3 days) to 
stable 56Fe. The outer gas absorbs this radioactive energy input and re-radiates it at lower-energy 
wavebands (UV through IR). But neither the explosion dynamics nor the evolution towards 
explosions from white dwarf properties and from interactions with their companion stars can 
easily be assessed, as it remains difficult (13) to constrain different explosion models through 
observations. Some insights towards the nature of the binary companion star have been obtained 
from pre-explosion data (8; 14-17), and from its interactions with the supernova (18-20). 
 
Gamma-rays can help in constraining inner physical processes. Although initially the SN Ia 
remains opaque even to penetrating gamma-rays, within several weeks more and more of the 
56Ni decay chain gamma-rays are expected to leak out of the expanding supernova (21-22). The 
maximum of gamma-ray emission should be reached 70-100 days after the explosion, with 
intensity declining afterwards due to the radioactive decay of 56Co (23). Simulations of the 
explosion and radioactive energy release have been coupled with radiative transport to show 
that the gamma-ray emission of the supernova is characterized by nuclear transition lines 
between ~150 and 3000 keV and their secondary, Compton-scattered, continuum from keV 
energies up to MeV (22, 24-26).  
 
Here we describe the analysis of data from the Spectrometer (SPI) on the INTErnational 
Gamma-Ray Astrophysics Laboratory (INTEGRAL) space mission with respect to gamma-ray 
line emission from the 56Ni decay chain. INTEGRAL (27) started observing SN2014J on 
January 31, 2014 (28), about 16.6 days after the inferred explosion date. We analyzed sets of 
detector spectra from the Ge detectors of the SPI spectrometer (29,30), collected at the 
beginning of INTEGRAL’s SN2014J campaign. SPI measures photon interaction events for 
each of its 15 Ge detectors comprising the telescope camera. Imaging information is imprinted 
through a coded mask selectively shadowing parts of the camera for a celestial source (29). 
Changing the telescope pointing by ~2.1 degrees after each ~3000 seconds, the mask shadow is 
varied for the counts contributed from the sky, while the instrumental background counts should 

Fig.1: Gamma-ray spectra measured with SPI/INTEGRAL from SN2014J. The observed three-day interval around 
day 17.5 after the explosion shows the two main lines from 56Ni decay. In deriving these spectra, we adopt the 
known position of SN2014J, and use the instrumental response and background model. Error bars are shown as 1σ. 
The measured intensity corresponds to an initially-synthesized 56Ni mass of 0.06 M

!
.  

SN 2014J: 56Ni -> 56Co

Diehl + 2014
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SN 2014J there was not one close enough to detect. The recent type Ia SN 2011fe at a 

distance of D ≈ 6.4 Mpc yielded only an upper limit on the 56Co line flux15. 

SN 2014J in M82 was discovered16 on January 21, 2014. The reconstructed17 

date of the explosion is January 14.75 UT. This is the nearest type Ia supernova to be 

detected in at least four decades, at the M82 distance of D ≈ 3.5 Mpc (ref. 18). The 

European Space Agency satellite INTEGRAL19 started observing SN 2014J in 2014, 

from January 31 to April 24 and from May 27 to June 26. We use the INTEGRAL 

data taken between days 50 and 100 after the explosion, the period when the expected 

flux from γ-ray lines of 56Co is close to the maximum10. This set of observations by 

the SPI and ISGRI/IBIS instruments on board INTEGRAL has been analysed, 

excluding periods of strong solar flares, which cause large variations in the 

instrumental background (Methods and Extended Data Fig. 1). The spectrum derived 

assuming a point source at the position of SN 2014J is shown in Fig. 1 using red and 

blue points for SPI and ISGRI, respectively. 

 

Figure 1 Gamma-ray lines from Co decay at 847 and 1,238 keV in the spectrum of SN 2014J. The 
spectrum was obtained by INTEGRAL between days 50 and 100 after the outburst. Red and blue points 
show SPI and ISGRI/IBIS data, respectively. The flux below 60 keV is dominated by the emission of 
M82. The black curve shows a fiducial model of the supernova spectrum for day 75 after the explosion. 
Inset, lower-energy part of the spectrum (black). The expected contributions of three-photon 
positronium annihilation (magenta) and Compton down-scattered emission from 847 and 1,238 keV 
lines (green) are also shown. All error bars, 1 s.d.  

SN 2014J: 56Co -> 56Fe

Churazov + 2016



Unsolved Issues
• What outflow did produce GRB 170817A? 

• What is the mechanism created γ-rays? 

• How did the merger remnant produce a jet? 

• Why the jet is so narrowly collimated? 

• What is the origin of the structure of the jet? 

• How accurately the viewing angle can be measured 
from afterglows?

5, Jet and GRB



Thanks!


