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Kilonova

✤ Afterglow of GRB130603B at 
day 9!

✤ Berger+ 13, Tanvir+ 13!

✤ NIR detection!

✤ no detection of optical band
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Figure 2. Absolute magnitude versus rest-frame time based on our ground-based
observations from Magellan (Section 2), on Gemini data (Cucchiara et al. 2013),
and on our HST photometry (Section 2; blue: F606W; red: F160W). Also shown
is an afterglow model with a single power law decline of Fν ∝ t−2.6, required
by the ground-based observations. This model underpredicts the WFC3/F160W
detection by about 3.5 mag. The thick solid and dashed lines are kilonova
model light curves generated from the data in Barnes & Kasen (2013) and
convolved with the response functions of the ACS/F606W and WFC3/F160W
filters (solid: Mej = 0.1 M⊙; dashed: Mej = 0.01 M⊙). Finally, we also plot
the light curves of GRB-SN 2006aj in the same filters (thin dashed; Ferrero
et al. 2006; Kocevski et al. 2007), demonstrating the much fainter emission in
GRB 130603B, and ruling out the presence of a Type Ic supernova (Section 3).
(A color version of this figure is available in the online journal.)

at the afterglow position with the IRAF addstar routine,
followed by subtraction with ISIS, leading to a 3σ limit of
mF606W ! 27.7 mag. Finally, to obtain a limit on the brightness
of the source in the second epoch of WFC/F160W imaging, we
add fake sources of varying magnitudes at the source position
and perform aperture photometry in a 0.′′15 radius aperture and
a background annulus immediately surrounding the position of
the source to account for the raised background level from the
host galaxy. We find a 3σ limit of mF160W ! 26.4 mag. We
note that our detection of the near-IR source was subsequently
confirmed by an independent analysis of the HST data (Tanvir
et al. 2013). At the redshift of GRB 130603B, the resulting
absolute magnitudes at 9.4 days are MH ≈ −15.2 mag and
MV ! −13.3 mag.

3. AN r-PROCESS KILONOVA

In principle, the simplest explanation for the near-IR emission
detected in the HST data is the fading afterglow. To assess
this possibility, we note that our Magellan optical data at
8.2 and 32.2 hr require a minimum afterglow decline rate of
α " −2.2 (Fν ∝ tα); r-band data from Gemini (Cucchiara
et al. 2013) require an even steeper decline of α " −2.6.
Similarly, the Gemini gri-band photometry at 8.4 hr indicates
a spectral index of β ≈ −1.5 (Cucchiara et al. 2013), leading
to inferred magnitudes in the HST filters of mF606W ≈ 21.6 mag
and mF160W ≈ 20.0 mag (see Figure 2). Extrapolating these
magnitudes with the observed decline rate to the time of the
first HST observation, we find expected values of mF606W !
30.9 mag and mF160W ! 29.3 mag. While the inferred afterglow
brightness in F606W is consistent with the observed upper limit,
the expected F160W brightness is at least 3.5 mag fainter than
observed. Moreover, the afterglow color at 8.4 hr is mF606W −
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Figure 3. Contours of constant kilonova rest-frame J-band absolute magnitude
at a rest-frame time of 6.9 days as a function of ejecta velocity and mass.
The contours were calculated by convolving the kilonova models from Barnes
& Kasen (2013), redshifted to z = 0.356, with the response functions of the
ACS/F606W and WFC3/F160W filters. The solid region marks the F160W
absolute magnitude of the kilonova associated with GRB 130603B. The
observed brightness requires an ejecta mass of Mej ≈ 0.03–0.08 M⊙ for
vej ≈ 0.1–0.3c.
(A color version of this figure is available in the online journal.)

mF160W ≈ 1.6 mag, while at 9.4 days it is somewhat redder,
mF606W − mF160W ! 1.9 mag, suggestive of a distinct emission
component.

The excess near-IR flux at 9.4 days, with a redder color
than the early afterglow, can be explained by emission from
an r-process powered kilonova, subject to the large rest-frame
optical opacities of r-process elements (Figure 2). In the models
of Barnes & Kasen (2013), the expected rest-frame B − J
color at a rest-frame time of 7 days (corresponding to the
observed F606W − F160W color at 9.4 days) is exceedingly
red, B − J ≈ 12 mag, in agreement with the observed color.
As shown in Figure 2, kilonova models with a fiducial velocity
of vej = 0.2c and ejecta masses of Mej = 0.01–0.1 M⊙ bracket
the observed near-IR brightness, and agree with the optical non-
detection.

In Figure 3, we compare the observed F160W absolute
magnitude to a grid of models from Barnes & Kasen (2013),
calculated in terms of Mej and vej. The grid is interpolated from
the fiducial set of models in Barnes & Kasen (2013), with Mej =
10−3, 10−2, 10−1 M⊙ and vej = 0.1c, 0.2c, 0.3c. We then
redshift the models, convolve them with the response function
of the WFC3/F160W filter, and compare the results to contours
of fixed absolute magnitude to determine the model parameters.
We find that for GRB 130603B the observed absolute magnitude
requires Mej = 0.03–0.08 M⊙ for vej = 0.1–0.3c. Thus,
a kilonova can account for the observed emission, and the
observations place a scale of ∼ few × 10−2M⊙ for the ejected
mass. We note that using other recent kilonova models (Rosswog
et al. 2013; Tanaka & Hotokezaka 2011) leads to similar
results. The inferred ejecta mass agrees with the results of
merger simulations, which predict Mej ∼ (0.5–5) × 10−2 M⊙
(depending on the mass ratio of the binary constituents; Goriely
et al. 2011; Piran et al. 2013).

Finally, we stress that the faint emission detected in the
HST data rules out the presence of an associated Type Ic
supernova. In particular, at a rest-frame time of seven days
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Kilonova

✤ Afterglow of GRB130603B at 
day 9!

✤ Berger+ 13, Tanvir+ 13!

✤ NIR detection!

✤ no detection of optical band

this field. The redshifts of the afterglow21 and the host galaxy22 were
both found to be z 5 0.356.

Another proposed signature of the merger of two neutron stars or a
neutron star and a black hole is the production of a kilonova (some-
times also termed a ‘macronova’ or an ‘r-process supernova’) due to
the decay of radioactive species produced and initially ejected during
the merger process—in other words, an event similar to a faint, short-
lived supernova6–8. Detailed calculations suggest that the spectra of
such kilonova sources will be determined by the heavy r-process ions
created in the neutron-rich material. Although these models10–13 are
still far from being fully realistic, a robust conclusion is that the optical
flux will be greatly diminished by line blanketing in the rapidly expan-
ding ejecta, with the radiation emerging instead in the near-infrared
(NIR) and being produced over a longer timescale than would other-
wise be the case. This makes previous limits on early optical kilonova
emission unsurprising23. Specifically, the NIR light curves are expected
to have a broad peak, rising after a few days and lasting a week or more
in the rest frame. The relatively modest redshift and intensive study of
GRB 130603B made it a prime candidate for searching for such a kilonova.

We imaged of the location of the burst with the NASA/ESA Hubble
Space Telescope (HST) at two epochs, the first ,9 d after the burst
(epoch 1) and the second ,30 d after the burst (epoch 2). On each occa-
sion, a single orbit integration was obtained in both the optical F606W
filter (0.6mm) and the NIR F160W filter (1.6mm) (full details of the imag-
ing and photometric analysis discussed here are given in Supplemen-
tary Information). The HST images are shown in Fig. 1; the key result is
seen in the difference frames (right-hand panels), which provide clear
evidence for a compact transient source in the NIR in epoch 1 (we note
that this source was also identified24 as a candidate kilonova in indepen-
dent analysis of our data on epoch 1) that seems to have disappeared by
epoch 2 and is absent to the depth of the data in the optical.

At the position of the SGRB in the difference images, our photo-
metric analysis gives a magnitude limit in the F606W filter of
R606,AB . 28.25 mag (2s upper limit) and a magnitude in the F160W
filter of H160,AB 5 25.73 6 0.20 mag. In both cases, we fitted a model
point-spread function and estimated the errors from the variance of
the flux at a large number of locations chosen to have a similar back-
ground to that at the position of the SGRB. We note that some tran-
sient emission may remain in the second NIR epoch; experimenting
with adding synthetic stars to the image leads us to conclude that any
such late-time emission is likely to be less than ,25% of the level in
epoch 1 if it is not to appear visually as a faint point source in epoch 2,
however, that would still allow the NIR magnitude in epoch 1 to be up
to ,0.3 mag brighter.

To assess the significance of this result, it is important to establish
whether any emission seen in the first HST epoch could have a con-
tribution from the SGRB afterglow. A compilation of optical and NIR
photometry, gathered by a variety of ground-based telescopes in the
few days following the burst, is plotted in Fig. 2 along with our HST
results. Although initially bright, the optical afterglow light curve dec-
lines steeply after about ,10 h, requiring a late-time power-law decay
rate of a < 2.7 (where F / t2a describes the flux). The NIR flux, on the
other hand, is significantly in excess of the same extrapolated power
law. This point is made most forcibly by considering the colour evolu-
tion of the transient, defined as the difference between the magnitudes
in each filter, which evolves from R606 2 H160 < 1.7 6 0.15 mag at about
14 h to greater than R606 2 H160 < 2.5 mag at about 9 d. It would be
very unusual, and in conflict with predictions of the standard external-
shock theory25, for such a large colour change to be a consequence of
late-time afterglow behaviour. The most natural explanation is there-
fore that the HST transient source is largely due to kilonova emission,
and the brightness is in fact well within the range of recent models
plotted in Fig. 2, thus supporting the proposition that kilonovae are
likely to be important sites of r-process element production. We note
that this phenomenon is strikingly reminiscent, in a qualitative sense,
of the humps in the optical light curves of long-duration c-ray bursts

produced by underlying type Ic supernovae, although here the lumino-
sity is considerably fainter and the emission is redder. The ubiquity and
range of properties of the late-time red transient emission in SGRBs
will undoubtedly be tested by future observations.

The next generation of gravitational-wave detectors (Advanced LIGO
and Advanced VIRGO) is expected ultimately to reach sensitivity levels
allowing them to detect neutron-star/neutron-star and neutron-star/
black-hole inspirals out to distances of a few hundred megaparsecs26

(z < 0.05–0.1). However, no SGRB has been definitively found at any
redshift less than z 5 0.12 over the 8.5 yr of the Swift mission to date27.
This suggests either that the rate of compact binary mergers is low,
implying a correspondingly low expected rate of gravitational-wave
transient detections, or that most such mergers are not observed as
bright SGRBs. The latter case could be understood if the beaming of
SGRBs was rather narrow, for example, and the intrinsic event rate was,
as a result, two or three orders of magnitude higher than that observed
by Swift. Although the evidence constraining SGRB jet opening angles
is limited at present28 (indeed, the light-curve break seen in GRB 130603B
may be further evidence for such beaming), it is clear that an alterna-
tive electromagnetic signature, particularly if approximately isotropic,
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Figure 2 | Optical, NIR and X-ray light curves of GRB 130603B. Left axis,
optical and NIR; right axis, X-ray. Upper limits are 2s and error bars are 1s. The
optical data (g, r and i bands) have been interpolated to the F606W band and
the NIR data have been interpolated to the F160W band using an average
spectral energy distribution at ,0.6 d (Supplementary Information). HST
epoch-1 points are given by bold symbols. The optical afterglow decays steeply
after the first ,0.3 d and is modelled here as a smoothly broken power law
(dashed blue line). We note that the complete absence of late-time optical
emission also places a limit on any separate 56Ni-driven decay component. The
0.3–10-keV X-ray data29 are also consistent with breaking to a similarly steep
decay (the dashed black line shows the optical light curve simply rescaled to
match the X-ray points in this time frame), although the source had dropped
below Swift sensitivity by ,48 h after the burst. The key conclusion from this
plot is that the source seen in the NIR requires an additional component above
the extrapolation of the afterglow (red dashed line), assuming that it also decays
at the same rate. This excess NIR flux corresponds to a source with absolute
magnitude M(J)AB < 215.35 mag at ,7 d after the burst in the rest frame. This
is consistent with the favoured range of kilonova behaviour from recent
calculations (despite their known significant uncertainties11–13), as illustrated by
the model11 lines (orange curves correspond to ejected masses of 1022 solar
masses (lower curve) and 1021 solar masses (upper curve), and these are added
to the afterglow decay curves to produce predictions for the total NIR emission,
shown as solid red curves). The cyan curve shows that even the brightest
predicted r-process kilonova optical emission is negligible.
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Summary of Kilonova

✤ short GRB is a result of neutron star merger (NSM)!

1.ejects r-process rich matter!

2.Mass~0.01 M⦿!

3.speeds~>0.1c!

✤ 1 & 2 motivate us to revisit NSM as a major production site of r-
process elements



Transfer 
properties

✤ The speed of ejecta = 0.1-0.3c (γ=1.010-1.099) !

✤ Stopping length !

✤  !

✤ Fe (from SN): ls~0.1/n kpc!

✤ Most of ejecta escape from a galaxy?

lS ~ 400 kpc v
0.2c
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Effects of magnetic fields
✤ If B~1 μG!

✤ rg~2×1015 cm<<size of a galaxy!

✤ r-process elements propagate along B fields (kinetic 
pressure<<magnetic pressure)!

✤ Structure of B decides the dissipation of kinetic energy of r-process 
elements!

✤ turbulent B may stop r-process elements through ionizations!

✤ r-process elements pervade the entire proto-galactic cloud (with some 
leakage)
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Transfer 
properties

✤ The speed of ejecta = 0.1-0.3c 
(γ=1.010-1.099) !

✤ Energy per nucleon 
=muc2(γ-1)=10-100 MeV/A!

✤ If 0.3c, then spallation occurs 
before traveling through the 
stopping length!

✤ If 0.1c, then below the 
threshold energy



r-process elements in extremely 
metal-poor stars(EMP stars) in 
the Milky Way

From SAGA (Suda+ 08)

✤ Large dispersion in [Eu/Fe]!

✤ Supernova supplies ~0.1 M⦿Fe!

✤ SNR sweeps and mixes ISM 
of mass ~105 M⦿: [Fe/H]~-3!

✤ Assume that stars are 
formed in the swept up gas



r-process elements in EMP stars

✤ in ~7/n Myr after a NS merger!

✤ r-process elements could be uniformly distributed!

✤ concentration of r-process elements is determined by the cloud mass!

✤ How much fraction is trapped inside the cloud is unknown 
(Assume 100% here)!

✤ High(Low) [r-process/Fe]→low (high) cloud mass !

✤ EMP stars were formed in gas swept up by individual SNe!

✤ Fe abundance is determined by the SN+ISM
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evolution model
✤ Fe is mixed in a shell swept up by a 

SNR (the mass~105 M⦿)!

✤ r-process elements diffuse over the 
entire proto-galactic cloud.!

✤ NSM rate: Eu/H-Fe/H relation in 
massive dSphs!

✤ Chemical evolution in clouds with 
different masses!
✤ Blue: ~109 M⦿!
✤ Red: 107-2×107 M⦿!
✤ Green: 5×105, 2×106 M⦿(with a few 

NSM events)
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Chemical 
evolution model
✤ Fe is mixed in a shell swept up by a 

SNR (the mass~105 M⦿)!

✤ r-process elements diffuse over the 
entire proto-galactic cloud.!

✤ NSM rate: Eu/H-Fe/H relation in 
massive dSphs!

✤ Chemical evolution in clouds with 
different masses!
✤ Blue: ~109 M⦿!
✤ Red: 107-2×107 M⦿!
✤ Green: 5×105, 2×106 M⦿(with a few 

NSM events)

Cannot rule out NSM as the 
origin of r-process elements.



A few comments on faint dSphs



r-process elements 
in dSphs

✤ no evolution or sudden increase 
of Eu in small mass dSphs !

✤ Eu/H independent of the 
masses of dSphs!

✤ dSph masses are small!

✤ Suppose NSM supplies Eu!

✤ very few NSM events!

✤ a small fraction of Eu were 
trapped (High velocity!)
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r-process elements 
in dSphs

✤ Suppose SNe supply Eu in 
Draco!

✤ [Fe/H]=-2.3 requires ~500 
SNe!

✤ The mass of the proto-
galactic cloud~107 M⦿ 

(L~2×105 L⦿)!

✤ No enrichment in Eu/H by 
the subsequent 2500 SNe!

✤ disfavors SNe as a source 
of r-process elements

Ultra Faint 
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Fig. 9. Comparison of the [Ba/H], [La/H] and [Eu/H] values with the stellar parameters from C09. Errors on [Ba/H] and [La/H] are spectrum
synthesis fitting errors. Errors on [Eu/H] are the spectrum synthesis fitting errors if just one line was measured, otherwise the standard deviation
of the two Eu lines summed in quadrature with the fitting error.
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Fig. 10. a) [Ba/H] and b) [La/H] compared with [Eu/H] for the W13
(black dot) sample compared with S97 (blue plus), S00a (red square),
O06 (blue triangle), and Sk11 (RGB: red cross, RHB: pink asterix) sam-
ples where available.

Included on each graph is the line of best fit to each dataset where
the weighting of each point was defined as the inverse of the
errors summed in quadrature. The slope (m), correlation coeffi-
cient (r) and p-value (p) for each comparison is given. Also in-
cluded in red are upper limits in the cases for which a line could
not be accurately measured but was still detectable. The limits
derived from the two summed spectra are also included in grey.

For each comparison of the W13 samples the calculated
p-value is less than 0.05 which indicates that the linear relation
of these data is unlikely to have been produced by chance and
is therefore significant in each case (i.e. the null hypothesis, that
there is no correlation, is rejected). However the S97W13 sample
fails this test. The strongest correlation is between La and Ba,
with the La to Eu correlation being of a similar magnitude and
both with values of the correlation co-efficient (r) being greater
than 0.7, which indicates a strong positive linear relationship.

For W13 the correlation between Ba and Eu is also signifi-
cant based on the p-value, but the value of r indicates only a mod-
erate positive linear relationship. The graph itsself shows a great
deal of dispersion with at least three extrema, unlike the compa-
rably clean (albeit smaller sample) relation of La to Eu. There is

some dispersion in the La and Ba relation. The correlations of La
to Eu have been confirmed for three other GCs, as well as M 15,
in the investigation of literature sources in Roederer (2011).

However for both samples, there does appear to be evidence
of a bimodal distribution in [Ba/H] as seen in Fig. 11c and d.
For W13, at [Ba/H] ∼ –2.20 there is a clear separation in the
distribution, with the low Ba abundance group being more dis-
persed in both Ba and Eu than the high Ba abundance group,
which appears to have a much tighter distribution (ignoring the
high Ba extrema). For S97W13 the separation occurs at [Ba/H] ∼
–2.30 with the low Ba abundance group showing a more scatter
though uniform distribution while the high Ba abundance group
has a tight core and is more dispersed in extrema. But the W13
and S97W13 samples are in reasonable agreement, if globally off-
set, in the two groupings so as to emphasise rather than diminish
the separation in [Ba/H].

In Fig. 11c the upper limits on the determination of Eu for
6 noisy W13 spectra are shown in red and also fall so as to agree
with the bimodal distribution. The upper limits on the two sets of
summed spectra are also shown in grey. The two sets of spectra
were selected as having components of low Ba abundances in
order to explore the low Eu regime, the key line of which was
not resolved in the majority of the individual W13 spectra. One
set (with higher S/N) clearly falls within the low Ba abundance
mode. The second set, comprised of much noisier spectra, lies
well below this mode and given how noisy the spectra are should
probably be discounted.

5.3. Bimodal Ba distribution in M 15?

The existence of a bimodal distribution in Ba and Eu in M 15
was raised in Sneden et al. (1997). A re-analysis of key sets of
stars from Sneden et al. (1997, 2000a), Preston et al. (2006)
and Otsuki et al. (2006) in the study of Sobeck et al. (2011)
determined that such a bimodal distribution is not evident but
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r-process 
elements in 
globular cluster

✤ M15(Otsuki+ 2011, Roederer 2013, 
Worley+ 2013)!

✤ massive and metal-poor ([Fe/H]~-2.3)!

✤ hosts some double pulsars!

✤ variation in [Eu/H], [La/H], and [Ba/
H]!

✤ no significant variation in [Fe/H]

Worley+ 2013



Stellar surface polluted with NSM 
ejecta?
✤ Red-giants with r-process excess!

✤ Possible scenario !

✤ First star formation event!

✤ all supernovae went off!

✤ all the gas component removed!

✤ less massive stars evolved to AGB and supplied gas!

✤ NSM enriched the gas with r-process elements!

✤ still less massive dwarfs have accreted the r-process rich gas
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✤ some dwarfs become extremely r-process rich!

✤ the dwarfs evolved to red-giants to be observed!

✤ The distribution with respect to r-process elements 
becomes bimodal.



Summary

✤ Milky way halo!

✤ mixing of r-process elements different from heavy 
elements ejected by SNe!

✤ Eu/Fe determined by proto-galactic cloud mass!

✤ Milky way halo composed of stars formed in various 
proto-clouds with different masses



✤ dSph galaxies!

✤ Discrete increases in Eu/H!

✤ Common plateau of Eu/H with increasing Fe/H 
prefers NSM but needs early occurrence(~10 Myr)!

✤ Globular cluster M15!

✤ Stars with different Eu/H ratios with the same Fe/H!

✤ apparently rule out SNe as the source of r-process!

✤ SNe that eject r-process elements always eject Fe


