
r-process enrichment by neutron 
star mergers

Based on Tsujimoto & TS 2014

RIKEN-IPMU-RESCEU Joint meeting, 140707



Kilonova

✤ NIR counterpart of neutron 
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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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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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Figure 1. Magellan and HST observations of the afterglow and host galaxy of GRB 130603B. Top: Magellan/IMACS and LDSS3 r-band observations at 8.2 hr and
36.4 days, respectively, with the location of the afterglow marked. Middle: HST/ACS/F606W images. Bottom: HST/WFC3/F160W images. In all three rows, the
circle marks the location of GRB 130603B, with a radius of 10 times the rms of the astrometric match between the Magellan and HST images (1σ ≈ 34 mas). A
fading source coincident with the afterglow position is clearly visible in the WFC3/F160W image, with no corresponding counterpart in the ACS/F606W image.
(A color version of this figure is available in the online journal.)

landri et al. 2013; Golenetskii et al. 2013). The spectral lags
are 0.6 ± 0.7 ms (15–25 to 50–100 keV) and −2.5 ± 0.7 ms
(25–50 to 100–350 keV), and there is no evidence for ex-
tended emission (Norris et al. 2013). The combination of these
properties indicates that GRB 130603B is a short-hard burst.
Swift/X-ray Telescope (XRT) observations commenced about
59 s after the burst and led to the identification of a fading source,
with a UVOT-enhanced position of R.A. = 11h28m48.s15,
decl. = + 17◦04′16.′′9 (1.′′4 radius, 90% containment; Evans et al.
2013).

Ground-based observations starting at about 2.7 hr revealed
a point source slightly offset from a galaxy visible in Sloan
Digital Sky Survey (SDSS) images (Levan et al. 2013; de Ugarte
Postigo et al. 2013; Foley et al. 2013; Sanchez-Ramı́rez et al.
2013; Cucchiara et al. 2013). The point source subsequently
faded away indicating that it is the afterglow of GRB 130603B
(Cucchiara et al. 2013). Spectroscopy of the host galaxy and
afterglow revealed a common redshift of z = 0.356 (Thone et al.
2013; Foley et al. 2013; Sanchez-Ramı́rez et al. 2013; Cucchiara
et al. 2013; Xu et al. 2013). We obtained three sets of r-band
observations of GRB 130603B with the Inamori Magellan Areal
Camera and Spectrograph (IMACS) mounted on the Magellan/
Baade 6.5 m telescope on June 4.00 (t = 8.2 hr) and 5.00
UT (t = 32.2 hr), and at late time with the Low Dispersion
Survey Spectrograph (LDSS3) on the Magellan/Clay telescope
on July 10.04 UT (t = 36.4 days; W. Fong et al. in preparation).
Using digital image subtraction of the IMACS observations
relative to the LDSS3 template image with the ISIS software
package (Alard 2000), we detect the fading afterglow at a
position of R.A. = 11h28m48.s166 and decl. = + 17◦04′18.′′03,
with an uncertainty of 85 mas determined relative to SDSS. The
centroid uncertainty in the afterglow position is about 10 mas

(Figure 1). The afterglow has r = 21.56 ± 0.02 mag at 8.2 hr
and r ! 24.8 mag (3σ ) at 32.2 hr (all magnitudes are in the AB
system and corrected for Galactic extinction).

Two epochs of HST Director’s Discretionary Time observa-
tions were undertaken on 2013 June 13.03 UT (ACS/F606W;
2216 s) and 13.15 UT (WFC3/F160W; 2612 s), as well as
on 2013 July 3.29 UT (ACS/F606W; 2216 s) and 3.23 UT
(WFC3/F160W; 2612 s). We retrieved the pre-processed im-
ages from the HST archive, and distortion-corrected and com-
bined the individual exposures using the astrodrizzle pack-
age in PyRAF (Gonzaga et al. 2012). For the ACS image we
used pixfrac = 1.0 and pixscale = 0.05 arcsec pixel−1, while
for the WFC3 image we used pixfrac = 1.0 and pixscale =
0.0642 arcsec pixel−1, half of the native pixel scale. The
final drizzled images, and subtractions of the two epochs with
ISIS, are shown in Figure 1. To locate the afterglow position
on the HST images, we perform relative astrometry between the
IMACS and HST observations using 12 and 9 common sources
for the WFC3/F160W and ACS/F606W images, respectively.
The resulting rms uncertainty is 34 mas (1σ ). The subtractions
reveal a fading point source in the WFC3/F160W observations,
coincident with the afterglow position, with no corresponding
counterpart in the ACS/F606W observations (Figure 1).

To measure the brightness of the source we use point-
spread-function (PSF) photometry with the standard PSF-fitting
routines in the IRAF daophot package. We model the PSF
in each image using four bright stars to a radius of 0.′′85,
and apply the WFC3/F160W PSF to the point source in
the subtracted image. Using the tabulated zeropoint, we ob-
tain mF160W = 25.8 ± 0.2 mag. To determine the limit at
the corresponding position in the ACS/F606W observation,
we use the PSF to add fake sources of varying magnitudes

2

GRB130603B

✤ short duration GRB!

✤ T90~0.18±0.02 s in 14-350 
keV!

✤ z=0.356



Neutron star merger v.s. Kilonova

✤ Mass ejection from neutron star merger!

✤ Bauswein+ 2013!

✤ SPH simulation (GR)!

✤ 1.35+1.35 M⦿ neutron star coalescences (1.2+1.5)!

✤ various EOSs!

✤ ejects matter enriched by r-process elements!

✤ 0.001-0.01 M⦿ at speeds of ~0.2c
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Figure 3. Amount of unbound material for 1.35–1.35 M⊙ mergers (top left) and 1.2–1.5 M⊙ mergers (top right) for different EOSs characterized by the corresponding
radius R1.35 of a nonrotating NS. Red crosses denote EOSs which include thermal effects consistently, while black (blue) symbols indicate zero-temperature EOSs
that are supplemented by a thermal ideal-gas component with Γth = 2 (Γth = 1.5) (see main text). Small symbols represent EOSs which are incompatible with current
NS mass measurements (Demorest et al. 2010; Antoniadis et al. 2013). Circles display EOSs which lead to the prompt collapse to a black hole. The lower panels
display the sum of the maxima of the coordinate velocities of the mass centers of the two binary components as a function of R1.35 for symmetric (bottom left) and
asymmetric (bottom right) binaries.
(A color version of this figure is available in the online journal.)

2013; Rosswog 2013), whereas the relativistic calculations of
this study and in Oechslin et al. (2007) and Goriely et al.
(2011) yield only a few 10−3 M⊙ of unbound material for the
1.35–1.35 M⊙ binary with the same EOS. Comparing the re-
sults of our study with the likewise relativistic calculations in
Hotokezaka et al. (2013) shows very good agreement for all
four EOSs used in Hotokezaka et al. (2013). For example, for
the APR EOS with Γth = 2 both groups find about 5×10−3 M⊙
of unbound matter. This is remarkable because the implementa-
tions differ with respect to the hydrodynamics scheme, which is
an SPH algorithm here but a grid-based, high-resolution central
scheme in Hotokezaka et al. (2013). (Note that we employ the
conformal flatness approximation whereas the calculations in
Hotokezaka et al. 2013 are conducted within full general rela-
tivity.) These findings provide confidence in the results on the
quantitative level and point toward fundamental differences be-
tween Newtonian and relativistic treatments. Such differences
are not unexpected because NSs are more compact in general
relativity than in Newtonian gravity. The stronger gravitational
attraction prevents the formation of pronounced tidal tails at the
outer faces of the colliding stars and increases the strength of
the collision.

3.2. Equation of State Dependence

Several NS EOSs have been employed in merger simulations
by different groups, but a large, systematic investigation of the

EOS dependence of the ejecta production is still missing in
particular with a consistent description of thermal effects. For a
given EOS the radius R1.35 of a nonrotating NS with 1.35 M⊙
is a characteristic quantity specifying the compactness of NSs.
Therefore, we use R1.35 to describe the influence of the high-
density EOS on the amount of NS merger ejecta.

The upper left panel of Figure 3 displays the amount
of unbound material as a function of R1.35 for all 40 EOSs
used in our study (see also Table 1). Red crosses identify
EOSs which provide the full temperature dependence. The
black symbols correspond to barotropic zero-temperature EOSs,
which are supplemented by a thermal ideal-gas component
choosing Γth = 2 (see Section 2). Results based on the same
zero-temperature EOS but with Γth = 1.5 are given in blue
at the same radius R1.35. Small symbols indicate results for
EOSs which are excluded by the pulsar mass measurement of
Antoniadis et al. (2013). Circles mark cases which lead to the
prompt collapse to a black hole.

One can recognize a clear EOS dependence of the ejecta mass,
where EOSs with a high compactness of the NSs lead to an
enhanced production of unbound material. The ejecta mass can
be as big as about 0.01 M⊙ for symmetric mergers with a total
binary mass Mtot = M1 + M2 = 2.7 M⊙. EOSs with relatively
large NS radii lead to outflow masses of about 0.001–0.002 M⊙.
For EOSs with approximately the same R1.35 the ejecta masses
show a scatter of up to 0.003 M⊙. However, considering only
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Figure 2. Merger and mass ejection dynamics of the 1.35–1.35 M⊙ binary with the DD2 EOS, visualized by the color-coded conserved rest-mass density (logarithmically
plotted in g cm−3) in the equatorial plane. The dots mark SPH particles which represent ultimately gravitationally unbound matter. Their positions are projections of
the three-dimensional locations anywhere in the merging stars onto the orbital plane. Black and white indicate the origin from the one or the other NS. For every tenth
particle the coordinate velocity is indicated by an arrow with a length proportional to the absolute value of the velocity (the speed of light corresponds to a line length
of 50 km). The time is indicated below the color bar of each panel. Note that the side length of the bottom panels is enlarged. The visualization tool SPLASH was
used to convert SPH data to grid data (Price 2007).
(A color version of this figure is available in the online journal.)
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Figure 8. Nuclear abundance pattern for the 1.35–1.35 M⊙ mergers with the
NL3 (blue), DD2 (red), and SFHO (green) EOSs compared to the solar r-process
abundance distribution (black).
(A color version of this figure is available in the online journal.)

a few high-density EOSs (two EOSs were used in Goriely et al.
2011). Since the NS EOS affects sensitively the dynamics of NS
mergers and thus the properties of the ejecta (amount, expansion
velocity, electron fraction, temperature), we explore here the
influence of the NS EOS on the r-process nucleosynthesis in a
systematic way.

For a selected, representative set of EOSs we extract the
thermodynamical histories of fluid elements which get gravita-
tionally unbound. For these trajectories nuclear network calcu-
lations were performed as in Goriely et al. (2011), where details
on the reaction network, the temperature postprocessing, and
the density extrapolation beyond the end of the hydrodynam-
ical simulations can be found. The reaction network includes
all 5000 species from protons up to Z = 110 lying between
the valley of β-stability and the neutron-drip line. All fusion
reactions on light elements, as well as radiative neutron cap-
tures, photodisintegrations, β-decays, and fission processes, are
included. The corresponding rates are based on experimental
data whenever available or on theoretical predictions otherwise,
as prescribed in the BRUSLIB nuclear astrophysics library (Xu
et al. 2013).

Figure 8 shows the final nuclear abundance patterns for the
1.35–1.35 M⊙ mergers described by the NL3 (blue), DD2 (red),
and SFHO (green) EOSs. For every model about 200 trajectories
were processed, which roughly correspond to about 1/10 of the
total ejecta. Comparing the final abundance distributions of the
DD2 EOS for about 200 and the full set of 1000 fluid-element
histories reveals a very good quantitative agreement, which
proves that a properly chosen sample of about 200 trajectories
is sufficient to be representative for the total amount of unbound
matter.

The scaled abundance patterns displayed in Figure 8 match
closely the solar r-process composition above mass number
A ≈ 140. In particular the third r-process peak around A = 195
is robustly reproduced by all models. Above mass number
A ≈ 100 the results for the different NS EOSs hardly differ.
For all three displayed models the peak around A ≈ 140 is
produced by fission recycling, which occurs when the nuclear
flow reaches fissioning nuclei around 280No at the end of the
neutron irradiation during the β-decay cascade. The exact shape
and location of this peak are therefore strongly affected by
the theoretical modeling of the fission processes (including
in particular the fission fragment distribution of the fissioning

Figure 9. Nuclear abundance pattern for the 1.2–1.5 M⊙ mergers with the NL3
(blue), DD2 (red), and SFHO (green) EOSs compared to the solar r-process
abundance distribution (black).
(A color version of this figure is available in the online journal.)

nuclei), which are still subject to large uncertainties (Goriely
et al. 2009b). Hence, the deviations from the solar abundance
pattern between A ≈ 130 and A ≈ 170 are not unexpected,
while the third r-process peak around A = 195 is a consequence
of the closed neutron shell at N = 126, which is robustly
predicted by theoretical models. Very similar results were
obtained for NS merger models performed with the LS220 and
Shen EOSs in Goriely et al. (2011).

In Figure 9 the normalized abundance patterns are shown for
asymmetric 1.2–1.5 M⊙ mergers employing the same represen-
tative EOSs as in Figure 8. Again a very good agreement be-
tween the solar r-process abundances and the calculated element
distributions above A ≈ 130 is found for all three high-density
EOSs. This confirms earlier findings that the binary mass ra-
tio has a negligible effect on the abundance yield distribution
(Goriely et al. 2011). It also confirms that the ejected abundance
distribution is rather insensitive to the adopted EOS.

Besides the three temperature-dependent EOSs considered
above, we conducted network calculations also for merger mod-
els computed with zero-temperature EOSs supplemented by an
approximate treatment of thermal effects with a Γth = 2 ideal-
gas component (BSk20, BSk21). In this case the temperature
is estimated following a procedure described in Etienne et al.
(2008), which converts the specific internal energy to tempera-
ture values. Doing so, it is assumed that the energy of the thermal
ideal-gas component is composed of the thermal energy of an
ideal nucleon gas and a contribution from ultrarelativistic parti-
cles (photons, possibly electrons, positrons, and neutrinos).

The network calculations for the BSk20 and BSk21 EOSs
yield an abundance pattern above A ≈ 130 very similar to the
other fully temperature-dependent EOSs (see Figure 10). Differ-
ences between the fully consistent models and the simulations
with approximate temperature treatment are found below mass
number A ≈ 50, where the calculations with the BSk EOSs
yield a lower amount of elements with 5 < A < 50 but a higher
mass fraction of hydrogen, deuterium, and helium. The reason
is the higher temperatures found with the BSk EOSs at the be-
ginning of the network calculations which lead to a reduced
recombination of nucleons and α-particles and consequently a
smaller production of heavier nuclei. In this respect the condi-
tions in the outflows of these models resemble the situation in
the neutrino-driven winds of core-collapse supernovae but for
significantly higher neutron excesses.
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Figure 1. Wavelength-dependent expansion opacities for ejecta with ρ =
10−13 g cm−3, T = 5000 K, and texp = 1 day. The opacity of iron is cal-
culated using both the VALD and Autostructure linelists to demonstrate
the reliability of the latter approach. The r-process opacity calculated using
Autostructure data for Nd is in fairly good agreement with that using the
VALD linelist (which only includes extensive line data for a few heavy el-
ements). The boosted r-process opacity takes into account the diversity of
species in an r-process mixture by assuming that all lanthanides have an opacity
comparable to Nd.
(A color version of this figure is available in the online journal.)

Given the limitations of the VALD line data, we instead
use the theoretical lanthanide line data of K13 derived from
the atomic structure modeling code Autostructure (Badnell
2011). This supplies approximate radiative data for neodymium
(Z = 60) and a few other elements over the entire wavelength
range of interest (∼100 –100000 Å). We tested the reliability of
the Autostructure data by comparing predicted expansion
opacities of select species, including Fe and Ce, to those
calculated using existing line data in VALD. Overall, the results
from both data sets are found to be in good agreement (Figure 1).

Until Autostructure models for all lanthanides are calcu-
lated, we use an averaging scheme to predict ejecta opacities
based on a few representative species. We recast the ejecta
composition computed by Roberts et al. (2011) in terms of
two groups of elements: iron-like elements (i.e., the d-block of
the periodic table) and neodymium-like elements (i.e., the lan-
thanides). The line data for iron are taken from Kurucz & Bell
(1995), while those of Nd are derived from Autostructure
calculations. We take the mass fraction of Nd (Fe) to be equal to
the average mass fraction of the lanthanides (d-block elements).
The remainder of the composition is taken to be calcium, which
serves as a low-opacity filler with an appropriate ionization po-
tential.

Since each ion species in the ejecta has a unique set of strong
lines, and since κexp increases with the number of strong lines,
mixtures with a greater diversity of elements will have higher
opacity. Since both Nd and Fe have intermediate complexity
for their respective blocks, their opacities can presumably be
taken as representative of other elements in the same region of
the periodic table. We therefore assume that each lanthanide or

d-block element in the original compositions provides an opacity
equal to that of Nd or Fe, respectively, and arrive at a generalized
expression for the extinction coefficient

αexp = 1
ctexp

!

Z

NZ

!

i

λi

∆λc

(1 − e−τi (ρZ )), (3)

where Z runs over the representative elements (here Fe and Nd),
NZ is the number of elements in the block represented by Z, and
ρZ = χZρ, with χZ the mean mass fraction of the representative
elements. Since lanthanide contributions dominate the opacity,
the boosting procedure effectively increases the opacity by a
factor of 14, the number of lanthanide species.

Figure 1 shows the expansion opacity calculated for typical
parameters of NSM ejecta (ρ = 10−13 g cm−3, T = 5 ×
103 K, and texp = 1 day). The values vary with temperature
and density, but in general our calculations indicate r-process
opacities many orders of magnitude higher than those calculated
for iron group elements. The r-process elements also have a
greater density of strong lines at long wavelengths; thus, the
bound–bound opacity in NSM ejecta remains relatively high
even in the infrared and provides the dominate source of opacity
over the relevant range of the electromagnetic spectrum.

3. LIGHT CURVES OF r-PROCESS TRANSIENTS

The surprisingly high opacity of r-process material, discussed
in Section 2, has important implications for the EM emission
from NSMs. In this section, we present radiation transport
calculations using our refined opacity estimates to determine the
bolometric and broadband light curves of r-process outflows.
Our predictions diverge from those of earlier studies, which
assumed that the opacities were similar to those of iron.

3.1. Ejecta Model

We model the NSM ejecta as a spherically symmetric outflow
undergoing homologous expansion. In reality, the ejecta may
have a highly asymmetric, “tidal tail” geometry (Rosswog
2005). Three-dimensional transport calculations suggest that
this asphericity makes the emission moderately anisotropic but
does not qualitatively change the shape of the light curves
(Roberts et al. 2011). We describe the density of the ejecta
using the broken power-law profile introduced by Chevalier &
Soker (1989), in which density decreases as r−δ in the inner
layers of the atmosphere and as r−n (with n > δ) in the outer
layers. The shift from n to δ occurs at the transition velocity

vt = 7.1 × 108ζv (E51/M)1/2 cm s−1, (4)

where E51 is the explosion energy E/1051 erg, M is the ejecta
mass Mej in units of M⊙, and ζv is a numerical constant. For
v < vt , the density is given by

ρ(r, t) = ζρ

Mej

v3
t t

3

"
r

vt t

#−δ

, (5)

and an analogous expression describes the outer layers. The
constants ζv and ζρ satisfy the requirement that the density
profile integrates to the specified mass and energy. We also tried
using an exponentially decreasing density profile, but found
that the light curves were mostly insensitive to the details of
the density structure. The results presented here were generated
using the broken power-law profile with (δ, n) = (1, 10).
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Figure 1. Wavelength-dependent expansion opacities for ejecta with ρ =
10−13 g cm−3, T = 5000 K, and texp = 1 day. The opacity of iron is cal-
culated using both the VALD and Autostructure linelists to demonstrate
the reliability of the latter approach. The r-process opacity calculated using
Autostructure data for Nd is in fairly good agreement with that using the
VALD linelist (which only includes extensive line data for a few heavy el-
ements). The boosted r-process opacity takes into account the diversity of
species in an r-process mixture by assuming that all lanthanides have an opacity
comparable to Nd.
(A color version of this figure is available in the online journal.)

Given the limitations of the VALD line data, we instead
use the theoretical lanthanide line data of K13 derived from
the atomic structure modeling code Autostructure (Badnell
2011). This supplies approximate radiative data for neodymium
(Z = 60) and a few other elements over the entire wavelength
range of interest (∼100 –100000 Å). We tested the reliability of
the Autostructure data by comparing predicted expansion
opacities of select species, including Fe and Ce, to those
calculated using existing line data in VALD. Overall, the results
from both data sets are found to be in good agreement (Figure 1).

Until Autostructure models for all lanthanides are calcu-
lated, we use an averaging scheme to predict ejecta opacities
based on a few representative species. We recast the ejecta
composition computed by Roberts et al. (2011) in terms of
two groups of elements: iron-like elements (i.e., the d-block of
the periodic table) and neodymium-like elements (i.e., the lan-
thanides). The line data for iron are taken from Kurucz & Bell
(1995), while those of Nd are derived from Autostructure
calculations. We take the mass fraction of Nd (Fe) to be equal to
the average mass fraction of the lanthanides (d-block elements).
The remainder of the composition is taken to be calcium, which
serves as a low-opacity filler with an appropriate ionization po-
tential.

Since each ion species in the ejecta has a unique set of strong
lines, and since κexp increases with the number of strong lines,
mixtures with a greater diversity of elements will have higher
opacity. Since both Nd and Fe have intermediate complexity
for their respective blocks, their opacities can presumably be
taken as representative of other elements in the same region of
the periodic table. We therefore assume that each lanthanide or

d-block element in the original compositions provides an opacity
equal to that of Nd or Fe, respectively, and arrive at a generalized
expression for the extinction coefficient

αexp = 1
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where Z runs over the representative elements (here Fe and Nd),
NZ is the number of elements in the block represented by Z, and
ρZ = χZρ, with χZ the mean mass fraction of the representative
elements. Since lanthanide contributions dominate the opacity,
the boosting procedure effectively increases the opacity by a
factor of 14, the number of lanthanide species.

Figure 1 shows the expansion opacity calculated for typical
parameters of NSM ejecta (ρ = 10−13 g cm−3, T = 5 ×
103 K, and texp = 1 day). The values vary with temperature
and density, but in general our calculations indicate r-process
opacities many orders of magnitude higher than those calculated
for iron group elements. The r-process elements also have a
greater density of strong lines at long wavelengths; thus, the
bound–bound opacity in NSM ejecta remains relatively high
even in the infrared and provides the dominate source of opacity
over the relevant range of the electromagnetic spectrum.

3. LIGHT CURVES OF r-PROCESS TRANSIENTS

The surprisingly high opacity of r-process material, discussed
in Section 2, has important implications for the EM emission
from NSMs. In this section, we present radiation transport
calculations using our refined opacity estimates to determine the
bolometric and broadband light curves of r-process outflows.
Our predictions diverge from those of earlier studies, which
assumed that the opacities were similar to those of iron.

3.1. Ejecta Model

We model the NSM ejecta as a spherically symmetric outflow
undergoing homologous expansion. In reality, the ejecta may
have a highly asymmetric, “tidal tail” geometry (Rosswog
2005). Three-dimensional transport calculations suggest that
this asphericity makes the emission moderately anisotropic but
does not qualitatively change the shape of the light curves
(Roberts et al. 2011). We describe the density of the ejecta
using the broken power-law profile introduced by Chevalier &
Soker (1989), in which density decreases as r−δ in the inner
layers of the atmosphere and as r−n (with n > δ) in the outer
layers. The shift from n to δ occurs at the transition velocity

vt = 7.1 × 108ζv (E51/M)1/2 cm s−1, (4)

where E51 is the explosion energy E/1051 erg, M is the ejecta
mass Mej in units of M⊙, and ζv is a numerical constant. For
v < vt , the density is given by

ρ(r, t) = ζρ
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and an analogous expression describes the outer layers. The
constants ζv and ζρ satisfy the requirement that the density
profile integrates to the specified mass and energy. We also tried
using an exponentially decreasing density profile, but found
that the light curves were mostly insensitive to the details of
the density structure. The results presented here were generated
using the broken power-law profile with (δ, n) = (1, 10).
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Figure 6. Bolometric light curves for βchar = 0.1 and a range of ejecta masses,
calculated using line data from two different Autostructure models of Nd,
each with a somewhat different energy level structure. Solid curves correspond
to our preferred Autostructure model (opt3), while dashed curves show
results from an alternative model (opt2). The moderate differences can be taken
as a rough estimate of the error resulting from uncertainties in the Nd structure
models.
(A color version of this figure is available in the online journal.)

velocity and temperature decline steadily, reflecting the decrease
in density and the cooling of the ejecta due to expansion.
At ∼2 days, however, the photospheric temperature stabilizes
at T ≃ 2500 K. Since this is close to the first ionization
temperature of the lanthanides, this plateau probably reflects
the sharp drop in opacity that occurs when these elements
recombine to neutral (K13). Recombination occurs in the cooler
outer layers first, and a sharp ionization front forms in the ejecta.
Photons pass easily through the cooler, neutral outer layers, but
are trapped in the ionized inner regions—the photosphere thus
forms at the ionization front. During this phase, the emergent
colors are roughly constant in time and resemble those of a
blackbody at the lanthanide recombination temperature. Over
time, the recombination front recedes inward, reaching the
center at around 14 days. At this point, the ejecta is nearly
entirely neutral and transparent.

3.3. Uncertainties in the Opacities

Though our r-process opacities represent an improvement
over previously available data, the Autostructure models
of Nd are subject to uncertainties. In particular, the structure
models rely on an ab initio optimization, such that the predicted
atomic level energies and line wavelengths generally differ
from the experimental values. To explore the effects of these
uncertainties, we calculated bolometric and broadband light
curves using two different Autostructure models of Nd (opt2
and opt3 from K13) each with a somewhat different energy
level structure. The opt3 model reproduces the low-lying energy
levels of NdII quite well, while the opt2 model has generally
higher excitation energies which are harder to populate under
our assumption of LTE. The result is fewer strong lines and a
lower overall opacity for the opt2 case.

In Figure 6, we plot bolometric light curves for ejecta models
with βchar = 0.1 and a variety of masses. The light curves

Figure 7. A comparison of broadband curves of the fiducial model, calculated
using line data from two different Autostructure models of Nd, each with a
somewhat different energy level structure. Calculations using the opt2 line data
(dashed lines) predict higher magnitudes for the optical B and R bands than
those with the opt3 line data (solid lines).
(A color version of this figure is available in the online journal.)

calculated using the opt2 line data have somewhat sharper,
more luminous peaks and swifter declines, consistent with the
expected lower opacities. The differences, however, are fairly
modest, and the bolometric luminosity never differs by more
than a factor of ∼3. The effects are more noticeable in the
broadband light curves (Figure 7). In particular, the R-band
light curves are ∼1–2 mag brighter for the opt2 data, which
could have important implications for detectability. Based on
comparison to experiment, we expect the opt3 data to be more
reliable; however, further work refining the opacities is clearly
warranted.

In addition to errors inherent in the individual structure
models, a perhaps larger uncertainty in our r-process opacities
arises from the fact that we represent all lanthanides with the
radiative data of Nd. In fact, the lanthanides with a nearly half
open f shell (in particular gadolinium) will be significantly more
complex, with perhaps ∼10 times as many lines of Nd. We
therefore suspect that our current calculations underestimate
the true opacity. The light curves we present here suggest
that increasing the opacity further will lead to an even greater
suppression of optical emission.

3.4. A 56Ni-powered Transient

Given that the radioactive light curves of NSMs depend
strongly on the composition of the ejecta, it is worth considering
whether any elements lighter than the lanthanides may be
produced in these events. While the material dynamically
ejected in the merger itself (the tidal tails) is thought to
undergo robust r-process nucleosynthesis, it is plausible that
a comparable amount of mass may subsequently be blown
off in winds from an accretion disk surrounding the merged
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at blue wavelengths drop dramatically in the first five days. The
light curves in the redder band evolve more slowly. This trend is
also consistent with the results of Kasen et al. (2013) and Barnes
& Kasen (2013).

Since our simulations include all the r-process elements,
spectral features are of interest. As the simulations of Kasen et al.
(2013) and Barnes & Kasen (2013) include only a few lanthanoid
elements, these authors do not discuss detailed spectral features.
Figure 6 shows the spectra of the model NSM-all at t = 1.5, 5.0,
and 10.0 days after the merger. Our spectra are almost featureless
at all epochs. This trend arises because of the overlap of many
bound–bound transitions of different r-process elements. As a
result, compared with the results of Kasen et al. (2013) and
Barnes & Kasen (2013), the spectral features here are more
smeared out.

Note that we can identify possible broad absorption features
around 1.4 µm (in the spectrum at t = 5 days) and around
1.2 µm and 1.5 µm (t = 10 days). In our line list, these bumps
are mostly made by a cluster of the transitions of Y i, Y ii,
and Lu i. However, we are cautious about such identifications
because the bound–bound transitions in the VALD database
are not likely to be complete at NIR wavelengths, even for
neutral and singly ionized ions. In fact, Kasen et al. (2013)
showed that the opacity of Ce from the VALD database drops
at NIR wavelengths, compared with the opacity based on their
atomic models. Although we cannot exclude the possibility that
a cluster of bound–bound transitions of some ions can make a
clear absorption line in NS mergers, our current simulations do
not make predictions for such features.

5. DEPENDENCE ON THE EOS AND MASS RATIO

Figure 7 shows the bolometric light curves of realistic models.
The luminosity is averaged over all solid angles. Since the angle
dependence is within a factor of two (see Roberts et al. 2011),
we focus only on the averaged luminosity.

The models with the soft EOS APR4 (red) are brighter than
the models with the stiff EOS H4 (blue). This result is interpreted
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Figure 5. Multi-color light curves of the model NSM-all (in Vega magnitudes).
The light curves in redder bands are brighter and decay more slowly.
(A color version of this figure is available in the online journal.)

as follows. When the total radioactive power is proportional to
the ejecta mass (Equation (10)), the peak luminosity is expected
to scale as L ∝ M

1/2
ej v

1/2
ch (Li & Paczyński 1998). We confirmed

that the peak luminosity of our models roughly follows this
relation (the effective opacity is κ ∼ 10 cm2 g−1, irrespective
of model). For a soft EOS (i.e., a smaller radius of the NS),
the mass ejection occurs at a more compact orbit and shock
heating is efficient. As a result, the mass of the ejecta is higher
for softer EOSs (see Table 1, and also Hotokezaka et al. 2013;
Bauswein et al. 2013). Therefore, the NS merger with the soft
EOS APR4 is brighter. Note that the light curve of the fiducial
model NSM-all (black) is similar to those of the models APR4-
1215 and APR4-1314 because these models have a similar mass
and characteristic velocity (Table 1).

For the soft EOS APR4, the brightness does not depend
strongly on the mass ratio of the binary NSs (red solid and
dashed lines in Figure 7). This result arises because, for a
soft EOS such as APR4, the mass ejection by shock heating
is efficient. By contrast, for the stiff EOS H4, the mass ejection
occurs primarily by tidal effects (the effect of shock heating
is weak; Hotokezaka et al. 2013). Thus, mass ejection is more
efficient for a higher mass ratio. As a result, the model H4-1215
(mass ratio of 1.25) is brighter than the model H4-1314 (mass
ratio of 1.08).

These results open a new window on the study of the nature
of NS mergers and EOSs. By adding the information of EM
radiation to the analysis of GW signals, we may be able to pin
down the masses of the two NSs and/or the stiffness of the
EOSs more accurately. Note that in the current simulations, the
heating rate per mass is fixed. To fully understand the connection
between the initial conditions of the NS merger and the expected
emission, detailed nucleosynthesis calculations are necessary.

6. IMPLICATIONS FOR OBSERVATIONS

6.1. Follow-up Observations of EM Counterparts

In this section, we discuss the detectability of UVOIR
emission from NS merger ejecta. Figure 8 shows the expected
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Short summary

✤ detection of H-band emission by HST is Kilonova !

✤ sGRB is a result of neutron star merger!

✤ ejects r-process rich matter!
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Rarity of NSM in faint dSphs
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kilonova remnant

✤ Energy ~1050 erg!

✤ ejected mass of Ba~10-4-10-2 M⦿!

✤ Swept up mass ~104 M⦿ (Fluid approximation is applied)!

✤ If a star forms from the swept up gas: [Ba/H]~0-2!

✤ [Fe/H] determined by other SNe!

✤ If [Fe/H]=-3, then [Ba/Fe]~3-5 too high !!?
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Transfer 
properties

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

✤ Stopping length ~ 400/n kpc @0.2c 
Fluid approximation is bad!

✤ 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



Effects of magnetic fields

✤ If B~1 μG!

✤ rg~2×1015 cm<<size of a galaxy!

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

✤ ordered B fields does not stop r-process elements!

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

✤ r-process elements propagate along tangled B fields and pervade the 
entire proto-galactic cloud



r-process elements in EMP stars

✤ in ~7/n Myr after a single event of NS merger!

✤ r-process elements are uniformly distributed!

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

✤ EMP stars form in gas swept up by individual SNe!

✤ Fe abundance is determined by the SN!

✤ High(Low) [r-process/Fe]→low (high) cloud mass
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Chemical 
evolution model
✤ Fe is distributed in a swept up shell 

with the mass of 105 M⦿!

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

✤ NSM rate: dSphs!

✤ Chemical evolution in clouds with 
different masses!

✤ Blue: 109 M⦿!
✤ Red: 107-2×107 M⦿!
✤ Green: 2×105, 2×106 M⦿
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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!

✤ variation in [Eu/H] and 
[Ba/H]!

✤ no significant variation in 
[Fe/H]!

✤ massive GC!

✤ core collapsed!

✤ hosts some double pulsars
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Fig. 12. Histograms exploring the three key samples of M 15 giants in [Ba/H]: a) all 63 W13 stars (blue) and 24 bright W13 stars (green); b) all
57 DO10W13 stars (blue) and 21 bright DO10W13 stars (green); and c) the W13 sample combined with the further 12 S97W13 stars and the further
19 DO10W13 stars with offsets applied.

Table 10. Mean and standard deviations of [Fe/H], [Ba/H], [Eu/H], and [La/H] derived (where possible) for the three samples of W13, DO10W13
and S97W13, for each whole sample and separated into the respective low (I) and high (II) Ba modes.

N [Fe/H] NBa [Ba/H] NEu [Eu/H] NLa [La/H] [Ba/Eu] [La/Eu]

W13 63 –2.34 ± 0.06 63 –2.20 ± 0.26 20 –1.70 ± 0.13 13 –2.04 ± 0.16 –0.50 ± 0.29 –0.24 ± 0.21
DO10W13 57 –2.33 ± 0.06 57 –2.47 ± 0.31 − − − − − −
S97W13 18 –2.33 ± 0.03 18 –2.36 ± 0.28 18 –1.78 ± 0.17 − − –0.58 ± 0.33 −

W13 Mode I [Ba/H] < –2.20 –2.36 ± 0.06 30 –2.41 ± 0.16 7 –1.80 ± 0.08 5 –2.19 ± 0.13 –0.61 ± 0.18 –0.39 ± 0.15
W13 Mode II [Ba/H] ≥ –2.20 –2.33 ± 0.05 33 –2.00 ± 0.16 13 –1.65 ± 0.13 8 –1.95 ± 0.11 –0.35 ± 0.21 –0.30 ± 0.17

DO10W13 Mode I [Ba/H] < –2.47 –2.33 ± 0.05 29 –2.74 ± 0.18 − − − − − −
DO10W13 Mode II [Ba/H] ≥ –2.47 –2.34 ± 0.07 28 –2.22 ± 0.16 − − − − − −

S97W13 Mode I [Ba/H] < –2.36 –2.34 ± 0.01 10 –2.56 ± 0.12 10 –1.92 ± 0.15 − − –0.64 ± 0.19 −
S97W13 Mode II [Ba/H] ≥ –2.36 –2.33 ± 0.05 8 –2.11 ± 0.19 8 –1.76 ± 0.18 − − –0.35 ± 0.26 −

Notes. The number of stars (N) use to calculate the element abundance.

compared to the mean of Mode II for W13. The spread in Eu val-
ues within each mode is of similar magnitude and not signifi-
cantly smaller than that of the spread in the Ba values. While
La abundances are only available for W13 the spread on the
whole sample and for each mode are again similar in magnitude
to the corresponding spread in Eu.

Certainly for each sample and each element, there is a clear
separation in mean values between the modes. Even for Eu and
La the separation between the means of Mode I and Mode II are
outside the 1σ limit.

5.4. s-process residuals: [Ba/Eu], [La/Eu]

The combination of the various studies confirmed the correlation
of [Ba/H] with [Eu/H], and [La/H] with [Eu/H] and the analy-
sis here has confirmed a bimodal distribution in Ba and Eu and
possibly also in La. To further explore these heavy element abun-
dances in M 15 Fig. 13 compares [Ba/Eu] and [La/Eu] to [Eu/H],
[Ba/H] and [La/H] for both the W13 (black) and S97W13 (blue)
samples.

The ratios of [Ba/Eu] and [La/Eu] can be considered as
the contribution of the s-process to the heavy element abun-
dances once the contribution from the r-process (Eu) has been
removed. For W13 in Figs. 13b and f there is no trend of either

[Ba/Eu] nor [La/Eu] with [Eu/H]. This is not unexpected, as if
all the contribution from the r-process has been removed then
the s-process contribution would not trend with increasing r-
process abundances. This is borne out by the distribution lying
closer to the estimated solar r-process only yield abundance (in-
dicated as red dashed lines, Simmerer et al. 2004) than to the
solar abundance (red dotted lines), which is a combination of
both r- and s-process contributions. However the distribution
does not lie exactly on the estimated solar r-process only yield
implying that there is some contribution of the heavy elements
from some other process. This is replicated in Fig. 13a for the
S97W13 sample.

Figure 13c is particularly interesting as it shows whether
[Ba/Eu] shows any trend with increasing [Ba/H], thus s-process
contribution increasing with s-process abundance. The bimodal
distribution in Ba can be seen as a plateau for Mode I, imply-
ing that this mode has had no further heavy element contribu-
tion from the s-process, but a distinct linear trend of increasing
[Ba/Eu] with [Ba/H] for Mode II. Both of these distributions for
each mode are replicated in the S97W13, with the linear trend in
Mode II appearing to extend to the outliers of each sample. This
would imply that the stars in Mode I have undergone further
Ba enhancement processes (i.e. the s-process).

Is this linear relation in Mode II real? As La and Ba are
both s-process elements then an interchange of these parameters
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Summary of M15 observations



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



✤ 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.
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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.

0

5

10

15

-2.4 -2.2 -2 -1.8 -1.6 -1.4 -1.2
dN
/d
[E
u/
H
]

[Eu/H]

0

5

10

15

-2.4 -2.2 -2 -1.8 -1.6 -1.4 -1.2
dN
/d
[E
u/
H
]

[Eu/H]

Prel
im

in
ary



Future prospects
✤ gravitational wave detections from NS mergers!

✤ sensitive to events closer than short duration GRBs!

✤ follow up observations (γ-ray, X-ray, optical, NIR)!

✤ direct measurement of spectral sign of r-process elements!

✤ abundance and velocities!

✤ estimate of mass from light curve analyses!

✤ Origin of r-process elements!

✤ EOS of dense matter


