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Figure 1 HST imaging of the location of SGRB 130603B. The host is well resolved 

and displays a disturbed, late-type morphology.  The position (coordinates RAJ2000 = 11 

28 48.16, DecJ2000 = +17 04 18.2) at which the SGRB occurred (determined from 

ground-based imaging) is marked as a red circle, lying slightly off a tidally distorted 

spiral arm.  The left-hand panel shows the host and surrounding field from the higher 

resolution optical image. The next panels show in sequence the first epoch and second 

epoch imaging, and difference (upper row F606W/optical and lower row F160W/nIR).  

The difference images have been smoothed with a Gaussian of width similar to the psf, 

to enhance any point-source emission. Although the resolution of the nIR image is 

inferior to the optical, we clearly detect a transient point source, which is absent in the 

optical. 
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Question: How about other GRBs?

HST image in nIR 

Tanvir+13

There are 12 possibly non-collapsar  
GRBs with z<0.4.  

Late-time observations suitable for the macronova search are 
available. 
=> We have 7 samples => 3 macronova candidates.



Short GRB 050709

L124 D. Watson et al.: A flare but no break in GRB 050709

Table 1. Optical observations of GRB 050709 in 2005. Colour-
corrected fluxes used in Fig. 1 are given in Col. 5.

Observation ∆t Magnitude Band R-band flux
Date Time (days) (µJy)

July
a11 08:37 1.4166 22.71 ± 0.06 R 2.7 ± 0.1
a12 07:53 2.3862 23.46 ± 0.28 R 1.4+0.4

−0.3
b12 09:32 2.4551 >23.25 I <1.2
b12 09:44 2.4635 24.38 ± 0.10 V 0.93+0.08

−0.07
b12 09:57 2.4725 23.83 ± 0.07 R 1.01 ± 0.06
b14 07:21 4.3642 >25.00 V <0.6
b14 07:21 4.3718 >24.10 I <0.6
c15 13:49 5.6336 25.08 ± 0.02 F814W 0.248 ± 0.005
c15 14:06 5.6454 22.1 ± 0.7 K′ 0.2+0.2

−0.1
a17 07:46 7.3812 >24.1 R <0.8
c19 17:11 9.7739 25.84 ± 0.05 F814W 0.123 ± 0.006
a27 09:07 17.4378 >24.0 R <0.9
c28 13:48 18.6329 27.81 ± 0.27 F814W 0.020+0.006

−0.004

a29 09:30 19.4536 >23.8 R <1.1
b30 02:37 20.1669 >25.20 V <0.5
b30 02:54 20.1787 >25.00 R <0.4
b30 04:10 20.2315 >23.50 I <1.0

August
c13 15:17 34.6947 >28.1 F814W <0.015

a Danish 1.54 m (Hjorth et al. 2005b); b VLT (Covino et al. 2006);
c HST and Subaru (Fox et al. 2005).

and R (2.4 days), and F814W and K′ (5.6 days) observations, the
spectral index of the power-law (Fν ∝ ν−β) was βO = 1.7 ± 0.8,
and βO = 1.2 ± 0.7, respectively. Combining these data gives
βO = 1.4±0.5. The upper limit in the I band at 2.4 days is consis-
tent with this spectral index. This is bluer than the βO = 2.3±0.7
derived by Covino et al. (2006), but still within the 1σ error
bounds. All detections before 5 days in the literature have as-
sumed a zero flux from the afterglow at about a week. To correct
for this, a small flux derived from the late afterglow (using the
HST lightcurve) was added to the early flux values. The offset
added to the early data is partly responsible for the bluer spec-
tral index derived here.

Using this power-law spectrum with βO = 1.4, the data were
converted to fluxes at the effective wavelength of the R band.
The precise value of the colour correction does not substantially
affect the lightcurve; values of βO between 1.0 and 2.4 give very
similar results. This relative insensitivity to the colour correction
is because βO is derived from the same wavelength range as the
lightcurve data and, as mentioned above, because the lightcurve
fit is driven primarily by the R-band and F814W data, where the
wavelength separation is quite small.

The resulting lightcurve was then fit with a single power-law
(Fig. 1), yielding a poor fit regardless of the colour correction
(χ2 = 27.6 for 6 degrees of freedom). The poor fit was entirely
due to the second HST datapoint at 9.8 days. A broken power-
law improved the fit slightly, but still the fit was unacceptable
(χ2 = 16.2 for 4 degrees of freedom) and in fact required a flat-
tening rather than a steepening of the decay. However, excluding
the second HST detection from the dataset allowed a good fit to
be obtained with a single power-law (F(t) ∝ t−α) with a moder-
ately steep decay index αO = 1.73±0.04 (χ2 = 6.2 for 5 degrees
of freedom). Adding the uncertainty from the colour correction
gives αO = 1.73+0.11

−0.04.

Fig. 1. The optical lightcurve of the short GRB 050709. A single power-
law decay (αO = 1.73) has been fit to the data excluding the second
HST detection at 9.8 days. An acceptable fit is obtained only when this
datapoint is excluded. Data from different bands have been corrected to
the R-band flux using the best-fit power-law spectrum. The fit subtracted
from the data (residuals) in units of ∆χ are plotted in the lower panel.

2.1. Comparison with X-rays

The first Chandra observation shows a clear detection of the
source with ∼50 counts (Fox et al. 2005). Assuming a power-
law model with Galactic absorption, the power-law spectral
index is βX = 1.6 ± 0.3, consistent with βO derived above.
The 0.3–8.0 keV flux is 7 ± 2 × 10−15 erg cm−2 s−1 (2 ± 1 ×
10−16 erg cm−2 s−1 keV−1 or 0.08+0.06

−0.04 nJy at 5 keV). The optical-
to-X-ray spectral index is then βOX = 1.2±0.1 at 2.45 days. This
spectral index is consistent with all of the spectral indices de-
rived in the optical/NIR. The data are therefore consistent with
a power-law spectrum with a single power-law index from the
NIR to the X-ray regime.

3. Implications for short GRBs

It has already been noted that the HST data are not consistent
with a single power-law decay in GRB 050709 and it was sug-
gested that the second detection with HST represented a break to
a steeper decay rate, consistent with a jet break (Fox et al. 2005).
It is clear from this analysis of all the available data, that there
is no evidence for a break in the lightcurve of GRB 050709. The
HST datapoint at 9.8 days, instead, represents a flare or a re-
brightening in the optical. This is not surprising empirically, in
light of the probable flare in the X-ray data for this burst (Fox
et al. 2005) at 16 days, as well as the rebrightenings observed
in other SGRBs: GRB 050724 (Barthelmy et al. 2005; Berger
et al. 2005), GRB 051210 (La Parola et al. 2006), GRB 051221A
(Soderberg et al. 2006), GRB 060121 Levan et al. (2006). The
X-ray flare may be directly related to the optical rebrightening,
though it would require a slow rise and a very rapid fall if they
were correlated.

The rebrightening observed in the optical/NIR is about two
orders of magnitude below the faint type Ic supernova (SN),
1994I and cannot be fit with standard SN templates because it
requires a much earlier rise-time and a quicker decay than ob-
served in SNe. If the flares in the optical and X-ray are associ-
ated, this probably also excludes a SN origin for the rebrighten-
ing, since the X-ray flare is so late.

The first short GRB of which the optical afterglow is detected. 

Optical afterglow and host galaxy
In addition to our Chandra observations, we conducted an extensive
ground-based campaign on GRB 050709 at radio, optical and near-
infrared wavelengths using the VLA, the 40-inch Swope and 100-inch
Du Pont telescopes at Las Campanas Observatory, and the 8.2-m
Subaru Telescope on Mauna Kea. A complete list of these obser-
vations is given in Table 1, along with upper limits on the flux of the
afterglow at these epochs and measurements of the host galaxy
brightness.

Our Chandra afterglow candidate was found to be coincident with
a point-like optical source15, distinct from the candidate host galaxy
which faded in a manner consistent with the optical afterglows of
long-duration GRBs16. We undertook spectroscopy of the candidate
host galaxy with the Gemini Multi-Object Spectrograph (GMOS) on
the Gemini North telescope, and find it to be a star-forming galaxy at
redshift z ¼ 0.160 (Fig. 2).
We also triggered a sequence of HST observations with the

Advanced Camera for Surveys17 (ACS). Within the Chandra error
circle we find a single bright, fading, point-like source, the un-
ambiguous optical afterglow of GRB 050709; our HST photometry is
presented in Table 1. Expressing the afterglow decay as a power-law
(flux / ta) between each epoch, we find power-law indices of
a12 ¼ 21.25 ^ 0.09 between epochs 1 and 2, a23 ¼ 22.83 ^ 0.39
between epochs 2 and 3, and a34 , 20.43 between epochs 3 and 4.
Our observation of a break in the decay is definitive; the HST data are
inconsistent with a single power-law decay at the 3.7j level.
As can be seen from Fig. 1, the optical afterglow of GRB 050709 is

superposed on the outskirts of the z ¼ 0.16 candidate host galaxy.
This precise localization, the first subarcsecond localization for any
SHB, unambiguously associates GRB 050709 with the z ¼ 0.16
galaxy. Thus we show here, to our knowledge for the first time,
that some SHBs arise in low-redshift star-forming galaxies.
The morphology of the host galaxy is irregular, typical of star-

forming galaxies. We fitted the radial light profile and found that it is
well described by an exponential disk with scale length re ¼ 0.75 00 .
The afterglow is situated 1.38 arcsec or 1.8re from the brightest
central region of the galaxy, corresponding to a physical offset of
3.8 kpc. From the detected emission lines we derive a star-formation
rate of 0:2M( yr21 (a lower limit after allowing for extinction). By
comparison, long-duration GRBs are found exclusively in late-type
(star-forming) host galaxies18, and with a somewhat smaller median
offset18 of 1.0re.

Burst and afterglow energetics
At a redshift of z ¼ 0.16, the isotropic-equivalent energy release in
g-rays10 over the 25–2,000 keV band is Eg;iso ¼ 6:9þ1:0

20:5 £ 1049 erg and

Figure 1 |HST and Chandra X-ray Observatory images of the afterglow and
environs of GRB 050709. a, The Chandra (0.3–8.0 keV) image of the field
from our observation of 2005 12.5 July UT. The large red circle is the HETE
localization region, 81 arcsec in radius; north is up, east is to the left, and the
scale of the image is indicated. A red ellipse indicates the faint X-ray source
that we identify with an NVSS catalogue object; the bright point source in
the boxed region is the afterglow of GRB 050709. b, Close-up of the region
surrounding the X-ray afterglow, in a co-addition of all our HST data; the
red circle is the Chandra localization region, 0.5 arcsec in radius. A point
source is visible within this region; the source is observed to fade over the
course of our HSTobservations, and we identify it as the optical afterglow of
GRB 050709. The irregular galaxy to its west is the proposed z ¼ 0.16 host
galaxy. We use the GALFIT software43 to fit the radial surface brightness
distribution of the host galaxy, with the Sersic concentration parameter, n,
and the effective radius, re, as free parameters. We find a best-fit solution
(x2 < 3 per degree of freedom) with n ¼ 1.1 and re ¼ 0.75 00 . At z ¼ 0.16 the
afterglow’s 1.38-arcsec offset from the brightest region of this galaxy
corresponds to 3.8 kpc in projection, or 1.8r e.

Figure 2 | Spectrum of the host galaxy of GRB050709. These observations
were taken with the GMOS on the Gemini North telescope under poor
seeing and non-photometric conditions. We obtained a total integration of
3,303 s in four exposures before closing owing to the onset of twilight. The
spectra were processed with the CMOS data reduction package in IRAF,
sky-subtracted, combined and extracted, and smoothed with a 7 Å boxcar.
Flux calibration was performed using an observation of Hiltner 600
observed with a similar instrument set-up in a previous lunation; hence, the
flux scale shown is indicative rather than absolute. Three emission lines are
readily apparent (Ha, [O III] at l ¼ 5,007 Å and Hb) yielding a mean
redshift of z ¼ 0.160 ^ 0.001. The observed Ha/Hb flux ratio of 3.1
indicates that the global galaxy extinction is small (AV ¼ 0.1mag).
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Fox + 05, HST image Watson+ 06

Watson + 06 show that the optical data are not consistent  
with the simple afterglow model => an optical flare?
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FIG. 1. The optical observations of sGRB 050709
(a) and a comparison of the data with a theoreti-
cal macronova light curve (b). (a): The fits to the R-
band emission (green dashed line) and to the I-band observa-
tions from the VLT I-band data as well as the first two HST
F814W-band data points (red dash-dotted line) yield the de-
clines of t−1.63±0.16 and t−1.12±0.09, respectively. The dotted
lines represent the “suggested”-afterglow emission lightcurves
of the GRB outflow after the jet break (i.e., t−2.5 for the
energy distribution index of the shock-accelerated electrons
p ∼ 2.5). (b): Shown are the residuals of the optical emis-
sion after the subtraction of a suggested fast-declining forward
shock afterglow after t = 1.4 days (dotted lines in the upper
panel). The simulated I/R/V -band macronova light curves
[17] are for the ejecta from a black hole−neutron star merger,
corresponding to an ejection mass of Mej ∼ 0.05 M⊙ and a
velocity of Vej ∼ 0.2c. An uncertainty of ∼ 0.75 mag (the
shaded region) has been adopted following Hotokezaka et al
[32]. (c): The SED of the macronova signal of sGRB 050709
measured by VLT on July 12, 2005 compared with a possi-
ble Iron line-like spectral structure adopted from Kasen et
al. [13]. Note that all errors are 1σ statistical errors and the
upper limits are at the 3σ confidence level.
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FIG. 1. The optical observations of sGRB 050709
(a) and a comparison of the data with a theoreti-
cal macronova light curve (b). (a): The fits to the R-
band emission (green dashed line) and to the I-band observa-
tions from the VLT I-band data as well as the first two HST
F814W-band data points (red dash-dotted line) yield the de-
clines of t−1.63±0.16 and t−1.12±0.09, respectively. The dotted
lines represent the “suggested”-afterglow emission lightcurves
of the GRB outflow after the jet break (i.e., t−2.5 for the
energy distribution index of the shock-accelerated electrons
p ∼ 2.5). (b): Shown are the residuals of the optical emis-
sion after the subtraction of a suggested fast-declining forward
shock afterglow after t = 1.4 days (dotted lines in the upper
panel). The simulated I/R/V -band macronova light curves
[17] are for the ejecta from a black hole−neutron star merger,
corresponding to an ejection mass of Mej ∼ 0.05 M⊙ and a
velocity of Vej ∼ 0.2c. An uncertainty of ∼ 0.75 mag (the
shaded region) has been adopted following Hotokezaka et al
[32]. (c): The SED of the macronova signal of sGRB 050709
measured by VLT on July 12, 2005 compared with a possi-
ble Iron line-like spectral structure adopted from Kasen et
al. [13]. Note that all errors are 1σ statistical errors and the
upper limits are at the 3σ confidence level.
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Macronova interpretation of GRB 060614

This work is structured as follows: in Section 2 we first
review the basic assumptions made in Y15. Next, we discuss
the necessity/feasibility of relaxing these assumptions and then
extract the light curve of the associated macronova. The rate of
macronova/compact-object mergers is estimated in Section 3,
and our results and discussion are presented in Section 4.

2. EXTRACTING THE LIGHT CURVE OF MACRONOVA
ASSOCIATED WITH GRB 060614

To robustly establish the existence of a distinct HST F814W-
band excess in the late afterglow of GRB 060614, Y15
assumed that all of the VLT data were due to the FS and
subsequently fitted the VRI data at >t 1.7 days with the same
decline rate. In such an approach, only one F814W-band point
at about 13.6 days was found to be more than 3σ in excess of
the fitted FS emission. However, the fitted residuals in Figure 1
of Y15 display an interesting general trend: the earlier data

( <t 4 days) were usually negative (with respect to the FS
afterglow model), while the later data were positive, indicating
that the intrinsic FS emission decline was likely steeper than
that assumed in their model, and there was likely to be an
excess of emission at times earlier than 13.6 days. On the other
hand, in numerical simulations, macronova optical emission
usually peaks in a few days to a week (rest frame) after the
merger event, and its subsequent contribution to the afterglow
emission can be non-negligible (e.g., Barnes & Kasen 2013;
Tanaka & Hotokezaka 2013; Tanaka et al. 2014). After having
solidly established the existence of an excess of flux in the
analysis performed by Y15, we sought to improve the analysis
by considering a possible time evolution of the macronova
component and modeling the entire afterglow data set
accordingly.
GRB afterglows are expected to be powered by FSs that

produce synchrotron emission. Such GRBs have a power-law
like behavior in both time and frequency where the temporal
and energy spectral indices, α and β, respectively, are defined
by nµn

a b- -f t , where t is the time since the GRB was first
detected by a satellite (e.g., Piran 2004; Kumar & Zhang 2015).
For SGRBs, the afterglow emission emitted after several hours
should consist of radiation coming from both the FS and the
associated macronova. Hence a macronova light curve can, in
principle, be “self-consistently” obtained through a joint fit of
the observational data. A key outstanding problem is that
current theoretical macronova calculations still suffer from
significant uncertainties. For example, the role of radioactive
heating due to the fission of heavy r-process nuclei to the
energy deposition rate at, for example, ~t 10 days after the
merger, is still poorly understood (e.g., Korobkin et al. 2012;
Wanajo et al. 2014; K. Hotokezaka 2015, private communica-
tion). Moreover, the poorly constrained electron fraction (Ye),
the escape velocity distribution and the anisotropy of the
outflow play additional roles in shaping the macronova
emission (Tanaka et al. 2014; Lippuner & Roberts 2015); all
of these are caveats that should be considered when interpreting
our results.
In this work we extracted the possible macronova emission

by decomposing the FS emission from the observational data.
A reliable estimate of the FS emission is very crucial, so the
following facts were taken into account: (i) there was a jet
break around 1.4 days (Della Valle et al. 2006; Mangano
et al. 2007; Xu et al. 2009), hence only data after this time need
to be considered, (ii) at ~t 1.7 1.9– days after the burst, the
optical to X-ray spectrum is well described by a single power-
law (Della Valle et al. 2006; Mangano et al. 2007; Xu
et al. 2009), suggesting that any macronova contribution to the
observed flux is negligible, and (iii) in the interval of
1.7–3.0 days after the burst, there were two measurements in
VLT VI bands and three measurements in the VLT R band,
allowing us to obtain a relatively reliable estimate of the FS
emission decline. Therefore, in this work we adopt the VLT
and HST observational data reduced in Y15, but we assume
that only the VLT data in the interval of 1.7–3.0 days are due
solely to FS emission, and we use these data to determine the
single power-law decline of the afterglow.
The observed magnitudes were first corrected to the

magnitudes in the R band, assuming a Galactic extinction of
AV = 0.07 mag (Schlegel et al. 1998; Schlafly & Finkbei-
ner 2011). The extinction of the host galaxy is SMC-like,
AV = 0.05 mag, and the intrinsic afterglow spectrum is well

Figure 1. Observed light curves of the macronova associated with GRB
060614. Top: the data points are adopted from Y15 but only the VLT data in
the time interval of 1.7–3.0 days are assumed to arise solely from FS emission;
the solid lines represent the fit (µ -t 2.55). The simultaneous X-ray emission,
retrieved from the UK Swift Science Data Centre (Evans et al. 2009), can be
fitted by -t 2.55 plus a constant flux. A constant X-ray flux of

o ´ - - -8 4 10 erg cm s15 2 1( ) was obtained by Mangano et al. (2007) and
was interpreted as the emission from a possible active galactic nucleus, or it
was simply a statistical fluctuation because of the low measured flux that was
very close to the detection threshold of Swift XRT. Simultaneous with the very
late/weak “plateau-like” X-ray emission, the HST F814W-band flux drops as
-t ,3.2 ruling out a possible energy injection mechanism. Bottom: significant
excess appears at late times. Note that the data are not corrected for any
extinction and only “macronova” emission points with a significance above s2
were kept. The dashed lines, adopted from Y15, are macronova model light
curves generated from a numerical simulation for the ejecta from a BH–NS
merger, with a velocity of~ c0.2 and a mass ~ :M M0.1ej (Tanaka et al. 2014).
The green and red lines are in R and I bands, and shadows represent a possible
uncertainty of 0.5 mag (K. Hotokezaka 2015, private communication). The
macronova model is in agreement with the observed data, including those with
large uncertainties (i.e., significance below s2 , see Table 1).
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060614 (z=0.125)

Yang+ 2015, Jin+2015

This is a strange GRB. 
it can be either a long or short GRB. 

VLT I-band and HST 814W excesses. 

The late time HST observation  
can be consistent with  
a macronova model. 

We need ~0.1 Msun. 
=> black-hole neutron star merger?
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FIG. 2: Absolute Vega magnitudes versus rest frame time of the macronova candidates in sGRB 050709, long-short GRB
060614 [20] and sGRB 130603B [18]. The red dashed line is the same as the dynamical ejecta macronova model I-band
emission presented in Fig.1 (the green dashed line represents the H-band emission) while the red solid line is the disk-wind
ejecta macronova model I-band emission light curve for Mej = 0.03 M⊙ and Vej = 0.07c (the green dotted line represents the
H-band emission).

Table 1. Physical properties of GRBs/macronovae/afterglows with known redshifts.
GRB 050709a GRB 060614b GRB 130603Bc

Eγ,iso (1051 erg) 0.069 2.5 2.1
z 0.16 0.125 0.356
Durationd (s) 0.5 (+130) 5 (+97) 0.18
Classification sGRB + extended X-rays long-short GRB sGRB
Identifying macronova in I/F814W in I/F814W in F160W
Macronova peak luminosity ∼ 1041 erg s−1 (I) ∼ 1041 erg s−1 (I) ∼ 1041 erg s−1 (F160W)
Mej ∼ 0.05 M⊙ ∼ 0.1 M⊙ ∼ 0.03 M⊙
RMN/X ∼ 1 ∼ 0.1 ∼ 0.6

Note: a. Villasenor et al.[22] and this work; b. Gehrels et al. [44], Yang et al. [21] and Jin et al. [20]; c. Tanvir et al. [18],
Berger [19] and Hotokezaka et al. [27]; d. The durations include that of the hard spike and the “extended emission” (in the
bracket); e. RMN/X denotes the ratio between the macronova “peak” luminosity and the simultaneous X-ray luminosity. The
Mej is estimated from the dynamical ejecta model and the value can change by a factor of a few due to uncertainties in the

opacity, nuclear heating, and ejecta morphology.

different Mej and Vej, or merger types, or different observations angles in different events.
Within this context it is interesting to mention also GRB 080503. It is not in our sample as its redshift is unknown

[41]. Though no I-band/F814W-band or redder emission had been measured (see Fig.3, where the upper limits on
the infrared luminosity are for a redshift z ∼ 0.25, as assumed/adopted in Kasen et al. [42]), in optical bands the
afterglow were detected in the time interval of ∼ 1.08 − 5.36 days after the GRB trigger. Hence the emission is
quite blue, which is at odds with the dynamical ejecta macronova model but may be consistent with the disk-wind
macronova model [42]. The potential challenge for this model is the non-identification of a nearby host galaxy as close
as z ∼ 0.25 in the deep HST/WFPC2 observation data of GRB 080503 [41].
It is interesting to compare now the observed features of this three macronova candidates. As far as the prompt

emission is concerned, GRB 050709, a short burst with extended soft X-ray emission, bridges the gap between the
canonical sGRB 130603B and the long-short lsGRB 060614 (see Table 1). The isotropic-equivalent prompt emission
energy Eγ,iso of sGRB 050709 is about 30 times smaller than that of lsGRB 060614 and sGRB 130603B, while the
macronova emission of sGRB 050709 is similar to that of lsGRB 060614 (see Fig.2). The high energy transients

1041 erg/s

1040 erg/s

Three macronova candidates

• Peak luminosity ~ 10^41 erg/s. 
• The I-band light curves of 050709 and 060614 are quite similar.

130603B

050709
060614
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Figure 7. Constraints on kilonova emission for GRB 150101B and all previous short GRBs with observations at �trest & 0.1 days in the rest-frame optical r-band
(left) and near-IR J-band (right) emission. Triangles denote 3� limits, from this work and the short GRB afterglow catalog (Fong et al. 2015). Open triangles
denote limits for GRB 061201 at a tentative redshift of z = 0.111, and at the median short GRB redshift of z = 0.5. Also shown is the detection of the near-IR
kilonova following GRB 130603B (black asterisk; Berger et al. 2013a; Tanvir et al. 2013). Grey regions denote four sets of kilonova models in r- and J-bands
(same as in Figure 4). Dashed and solid lines represent shallow (rAB = 21 mag and JAB = 20 mag) and deep (rAB = 24 mag and JAB = 23 mag) searches following
an event at 200 Mpc. The optical and near-IR limits for GRB 150101B provide the deepest constraints to date on kilonova emission. A comparison of the existing
data to kilonova models demonstrates the difficulty of placing meaningful constraints on kilonova emission with the cosmological sample of short GRBs, based
on the current era of models. At a distance of 200 Mpc, shallow searches following gravitational wave events may only be marginally effective in detecting
kilonovae. However, deep searches to depths of ⇡ 2⇥1040 erg s-1 will probe a meaningful range of kilonova models.

GRB 150101B occurred on a faint region of its host rest-frame
optical light, and is thus weakly correlated with local stellar
mass. Furthermore, there is no evidence for ongoing star for-
mation at the position of GRB 150101B. These findings are
also commensurate with NS/BH kicks.

5.3. Constraints on Kilonova Emission
A predicted signal of NS-NS/NS-BH mergers is transient

emission from the radioactive decay of heavy elements pro-
duced in the merger ejecta, (r-process “kilonova”; Li &
Paczyński 1998; Kulkarni 2005; Metzger et al. 2010). The
signal is predicted to be dominant in the near-IR bands due
to the heavy element opacities (Barnes & Kasen 2013; Ross-
wog et al. 2013; Tanaka & Hotokezaka 2013), although mod-
els incorporating a long-lived NS remnant predict bluer col-
ors (Metzger & Fernández 2014; Kasen et al. 2015). A near-
IR excess detected with Hubble Space Telescope (HST) ob-
servations following the short GRB 130603B was interpreted
as kilonova emission and the first direct evidence that short
GRBs originate from NS-NS/NS-BH mergers (Berger et al.
2013a; Tanvir et al. 2013).

For GRB 150101B, we place limits of ⇡ (2 - 4) ⇥
1041 erg s-1 on kilonova emission (Figure 7). To compare
these limits to searches for late-time emission following pre-
vious short GRBs, we collect all available data from the short
GRB afterglow catalog (Fong et al. 2015), constraining the
sample to bursts with upper limits at �trest & 0.1 days to match
the timescale of kilonova light curves. We only include events
which have either rest-frame r- or J-band observations. For 15
bursts with no determined redshift, we assume the median of
the short GRB population, z = 0.5, to convert to luminosity.
In addition to GRB 150101B, 25 short GRBs have rest-frame
optical limits and seven events have rest-frame near-IR limits.
These limits, along with the GRB 130603B-kilonova detec-

tion (Berger et al. 2013a; Tanvir et al. 2013) and four sets of
kilonova models (described in Section 3.3), are displayed in
Figure 7. We note that since GRB 061201 has a relatively
uncertain association with a galaxy at z = 0.111, we also dis-
play the limit if this burst originated at the median redshift of
z = 0.5 (Figure 7).

In the rest-frame optical band, GRB 150101B has one of
the deepest limits on optical kilonova emission to date with
⇡ 2⇥ 1041 erg s-1, and the most stringent for a short GRB
with a secure redshift. For GRB 061201, if the true redshift is
z = 0.111, this event has the deepest limit of ⇡ 6⇥1040 erg s-1.
This limit can rule out the optically brightest models which
invoke an indefinitely stable NS remnant (Kasen et al. 2015),
while an assumption of a higher-redshift origin at z = 0.5 is
not stringent enough to place any meaningful constraints (Fig-
ure 7).

The sample of short GRBs with rest-frame near-IR follow-
up is significantly smaller, spanning a range of ⇡ 1042 -
1044 erg s-1 with most limits clustered at ⇡ (0.8 - 3) ⇥
1042 erg s-1. Thus, with constraints of ⇡ (2-4)⇥1041 erg s-1,
GRB 150101B has the deepest limit on the luminosity of a
near-IR kilonova (Figure 7). For comparison, the detection of
the near-IR kilonova following GRB 130603B had a luminos-
ity of ⇡ 1.5⇥ 1041 erg s-1, which mapped to an ejecta mass
and velocity of ⇡ 0.03 - 0.08M� and ⇡ 0.1 - 0.3c (Berger
et al. 2013a; Tanvir et al. 2013). In the case of GRB 150101B,
optical observations of comparable depth at earlier epochs of
�trest ⇡ 2 - 5 days or deeper near-IR observations at �trest .
10 days would have helped to confirm or rule out the bright-
est kilonova models (Figure 7). This demonstrates the dif-
ficulty of performing effective kilonova searches following
short GRBs based on the current era of kilonova models, and
the necessity of more sensitive instruments (e.g., space-based
facilities or ⇠30-m ground-based telescopes) in this effort.

A nearby short GRB, z = 0.134 
Limits on opt-IR macronova L < 10^41 erg/s (r),  
                                                      10^42 erg/s (IR) 
No HST observation at the macronova peak time, 
the limits are not strong enough to reject a macronova.

Fong et al 2016



Macronovae may be ubiquitous

Redshift T90 (s)
Eiso 

(10^51 erg)
Macronova 

(erg/s) Host

GRB 050709 0.16
0.1 

(+130) 0.07
10^41 

(I-band)
star forming 

(small)

GRB 060614 0.125 5 
(+97)

2.5 10^41 
(I-band)

weakly  
star foming

GRB 130603B 0.356 0.18 2.1 10^41 
(H-band)

star forming

GRB 150101B 
no detection

0.134 0.012 0.013 <10^42 
(H-band)

Early type

Association of macronovae with sGRBs may be > 50%.
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Heating Issue in the mass estimates
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Given a specific heating rate, we can estimate the ejecta mass from the 
observed bolometric luminosities.
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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–??

Total heat

On the mascronova timescale, neutrino and gamma-rays do not 
contribute to the heating. 20% of decay energy may be heatable.

Hotokezaka + 2016



Thermalization efficiency of beta decay
Kilonova Thermalization 11
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where t
ine↵

is the ine�ciency timescale defined in the
previous section.

It is now straightforward to calculate the ratio f
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of
thermalized to emitted energy for a massive particle of
type p,
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Eq. 34 can be used to estimate the thermalization
e�ciencies of massive particles, where the relevant
timescales t

ine↵,p are given by Eq.s 22 (�-particles), 26
(↵-particles), and 27 (fission fragments).

For �-rays, the thermalization e�ciency is approxi-
mately equal to the interaction probability: f�(t) ⇡

1 � e�⌧ . We can estimate the optical depth ⌧ ⇡ ⇢�Rej

using ̄� , the �-ray opacity averaged over the emission
spectrum. Optical depth is related to t
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Figure 9 shows our analytic thermalization functions
for M

ej

= 5 ⇥ 10�3M�, and v
ej

= 0.2c, using the expres-
sions for t

ine↵

derived in §3. For massive particles, we
used E�,0 = 0.5 MeV, E↵,0 = 6 MeV, and E

↵,0 = 125
MeV. For �-rays, we take ̄ = 0.1 cm2 g�1, which gives
t
ine↵,� ⇡ 1.4 days.
As we will see in §5, the approximate analytic expres-

sions Eq.s 34 and 35 agree fairly well with our numerical
results.

5. NUMERICAL RESULTS

In this section, we present numerical calculations
of thermalization e�ciencies as determined by model-
ing the 3-dimensional transport of �-rays, fission frag-
ments, and ↵- and �-particles in a magnetized expand-
ing medium. Our calculations used the time-evolving

0 5 10 15 20 25 30
Days

0.0

0.2

0.4

0.6

0.8

1.0
f(

t)

fission fragments �-particles
�-particles
�-rays

Figure 9. Analytic thermalization e�ciencies, calculated with
Eq.s 34 and 35. We use t

0

= 1 day, and ⇢
0

= 7.9 ⇥ 10�15 cm�3,
corresponding to a uniform density ejecta with the same mass and
energy as our fiducial model. For ↵’s, �’s, and fission fragments
we take E

0

= 6, 1, and 125 MeV, respectively.

emission spectra introduced in §2.5, accounted for the
time-dependent partition of radioactive energy among
di↵erent decay products, and incorporated the detailed,
energy-dependent energy loss rates derived in §3. The
flux tube approximation was used to model charged par-
ticle transport, allowing us to explore the sensitivity of
our results to the architecture of the ejecta’s magnetic
field. Additional details of our transport method are
given in the Appendix.

5.1. Thermalization e�ciencies

Figure 10 presents the numerically calculated thermal-
ization e�ciency, f(t), of all particles for the fiducial
ejecta model (M

ej

= 5 ⇥ 10�3M� and v
ej

= 0.2c.) Fission
fragments thermalize most e�ciently, having f(t) & 0.5
out to t ⇠ 15 days. Alpha- and �-particle thermaliza-
tion is slightly lower, reaching f(t) = 0.5 around a week
post-merger, while f(t) for �-rays is much lower, falling
below 0.5 by t ⇠ 1 day.

For massive particles, we show f(t) for radial (dot-
ted lines), toroidal (solid lines), and lightly tangled (� =
0.25; dashed lines) magnetic field geometries. The mag-
netic field configuration a↵ects thermalization in three
ways:

1. Di↵usion: Radial or lightly tangled fields allow
particles to di↵use outward into regions of lower
density, and lead to lower f(t).

2. Escape: Radial fields that allow charged parti-
cles to escape before they have completely ther-
malized will lower f(t). This is most important for
�-particles, which move faster than the ejecta.

3. Frame-to-frame e↵ects: Particles in a homolo-
gous flow lose energy, as measured in the co-moving
frame (cmf), as they move through the ejecta.
These frame-to-frame losses reduce the amount of
kinetic energy a particle has to thermalize, and
therefore reduce f(t). Radial fields and lightly
tangled fields, which allow particles to move fairly

Only about half of the beta electrons’ energy is thermalized. 
In total, the beta decay heats are less effective by a factor of 5 
than what we thought before. => Do we need ~ 0.1 Msun ejecta 
(much more than that simulations tell, Rosswog 13, KH+13, Bauswein+13, Perego+14,…)

Barnes + 2016

Macronova



Fission helps?
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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–??
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earlier time t
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, defined by
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The number of live particles at time t is then
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where t
ine↵

is the ine�ciency timescale defined in the
previous section.

It is now straightforward to calculate the ratio f
p

of
thermalized to emitted energy for a massive particle of
type p,

f
p

(t) =
Ė
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Eq. 34 can be used to estimate the thermalization
e�ciencies of massive particles, where the relevant
timescales t

ine↵,p are given by Eq.s 22 (�-particles), 26
(↵-particles), and 27 (fission fragments).

For �-rays, the thermalization e�ciency is approxi-
mately equal to the interaction probability: f�(t) ⇡

1 � e�⌧ . We can estimate the optical depth ⌧ ⇡ ⇢�Rej

using ̄� , the �-ray opacity averaged over the emission
spectrum. Optical depth is related to t
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Figure 9 shows our analytic thermalization functions
for M

ej

= 5 ⇥ 10�3M�, and v
ej

= 0.2c, using the expres-
sions for t

ine↵

derived in §3. For massive particles, we
used E�,0 = 0.5 MeV, E↵,0 = 6 MeV, and E

↵,0 = 125
MeV. For �-rays, we take ̄ = 0.1 cm2 g�1, which gives
t
ine↵,� ⇡ 1.4 days.
As we will see in §5, the approximate analytic expres-

sions Eq.s 34 and 35 agree fairly well with our numerical
results.

5. NUMERICAL RESULTS

In this section, we present numerical calculations
of thermalization e�ciencies as determined by model-
ing the 3-dimensional transport of �-rays, fission frag-
ments, and ↵- and �-particles in a magnetized expand-
ing medium. Our calculations used the time-evolving

0 5 10 15 20 25 30
Days

0.0

0.2

0.4

0.6

0.8

1.0

f(
t)

fission fragments �-particles
�-particles
�-rays

Figure 9. Analytic thermalization e�ciencies, calculated with
Eq.s 34 and 35. We use t

0

= 1 day, and ⇢
0

= 7.9 ⇥ 10�15 cm�3,
corresponding to a uniform density ejecta with the same mass and
energy as our fiducial model. For ↵’s, �’s, and fission fragments
we take E

0

= 6, 1, and 125 MeV, respectively.

emission spectra introduced in §2.5, accounted for the
time-dependent partition of radioactive energy among
di↵erent decay products, and incorporated the detailed,
energy-dependent energy loss rates derived in §3. The
flux tube approximation was used to model charged par-
ticle transport, allowing us to explore the sensitivity of
our results to the architecture of the ejecta’s magnetic
field. Additional details of our transport method are
given in the Appendix.

5.1. Thermalization e�ciencies

Figure 10 presents the numerically calculated thermal-
ization e�ciency, f(t), of all particles for the fiducial
ejecta model (M

ej

= 5 ⇥ 10�3M� and v
ej

= 0.2c.) Fission
fragments thermalize most e�ciently, having f(t) & 0.5
out to t ⇠ 15 days. Alpha- and �-particle thermaliza-
tion is slightly lower, reaching f(t) = 0.5 around a week
post-merger, while f(t) for �-rays is much lower, falling
below 0.5 by t ⇠ 1 day.

For massive particles, we show f(t) for radial (dot-
ted lines), toroidal (solid lines), and lightly tangled (� =
0.25; dashed lines) magnetic field geometries. The mag-
netic field configuration a↵ects thermalization in three
ways:

1. Di↵usion: Radial or lightly tangled fields allow
particles to di↵use outward into regions of lower
density, and lead to lower f(t).

2. Escape: Radial fields that allow charged parti-
cles to escape before they have completely ther-
malized will lower f(t). This is most important for
�-particles, which move faster than the ejecta.

3. Frame-to-frame e↵ects: Particles in a homolo-
gous flow lose energy, as measured in the co-moving
frame (cmf), as they move through the ejecta.
These frame-to-frame losses reduce the amount of
kinetic energy a particle has to thermalize, and
therefore reduce f(t). Radial fields and lightly
tangled fields, which allow particles to move fairly

Hypothetical assumption:  
2% of the ejecta mass is composed of nuclei with A>250.

The thermalization efficiency of fission fragments is high. 
Fission may dominate the late time heating???
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-1.5

-1

-0.5

 0

 0.5

 1

 1.5

 2

 2.5

-4 -3.5 -3 -2.5 -2 -1.5 -1 -0.5  0

[E
u/

Fe
]

[Fe/H]

Rec II
Carina

Sculptor
UMi

Draco
Leo I

Fornax
Sgr

Segue I
Segue II

UMa II
Coma



R-process in Satellite Dwarf galaxies
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Note a recent progress by Ji + 16 and Roederer + 16 finding an r-process 
enriched ultra-faint dwarf galaxy.  
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Fig. 1.— Fe (left) and Eu (right) masses in dwarf galaxies. The horizontal axis shows the

total V-band luminosity of each galaxy. The right vertical axis of the left panel shows the

mass of r-process elements with A � 90 estimated by Eq. (4). Blue and red points depict

the classical dwarfs and UFDs respectively. Open triangles show upper limits on the masses.

galaxy, given an expected number of events N
R,i

. We assume that the mass of X produced

per event follows a normal distribution with an average of m̃
X

and a standard deviation of

0.5m̃
X

. For each N the associated probability is then the Poisson probability of obtaining

N events times the probability that N events would lead to an accumulated mass of element

X in the ith galaxy, M
X,i

(calculated from the observed values of [X/H] and M
g

). Summing

these probabilities over all N ’s we obtain the final probability: P
i

(MX,i|R, m̃
X

). Finally we

write the likelihood function as:

L(R,M
X

) = ⇧
i

P
i

(M
X

|R, m̃
X

) . (5)

We maximize, of course, this function over its free parameters.

Ultra-faint dwarfs

Classical dwarfs

– 8 –

this choice corresponds to that the material within the radius r90, where 90% of the stellar

mass is included, contributes to the chemical mixing of the injected metals. For comparison,

we consider also initial halo masses that are smaller, M
h

(< r50), or lager than M
h

(< r90)

by a factor of 3.

As the assumptions made in Eq. (1) may be invalid at r90 for some large dwarf

galaxies, we also employ an alternative way to estimate the halo masses within r90: using

the Navarro-Frenk-White (NFW) mass profile with the model parameters derived in Walker

et al. (2009), and integrating the distribution up to r90. This method can only be carried

out for the classical dwarfs. For the UFDs there are insu�cient observations of stellar

kinematics at large enough radii that would constrain the model parameters. In all but

one case (Fornax), this estimate results in similar values to those obtained with the first

method. Table 2 provides a summary of the di↵erent masses.

We compare the gas masses estimated obtained here with the literature. Using a

cosmological simulation of the first galaxies, Greif et al. (2010) show that Population II

stars are formed from cold gas of ⇠ 105M� at the center of a galaxy with a total mass of

⇠ 108M�. The smallest gas masses in our sample, 2–3 · 105M� for Reticulum II, Segue I,

and Sugue II, are consistent with the result of Greif et al. (2010).

4. r-process elements in dwarf galaxies

The total mass of Fe and Eu produced in the system are estimated as :

MFe ⇡ 120 · 10[Fe/H]M�

✓
M

g

105M�

◆
, (2)

MEu ⇡ 3.7 · 10�5+[Eu/H]M�

✓
M

g

105M�

◆
, (3)

where we assume that metals with an Eu (Fe) abundance of [Eu/H] ([Fe/H]) are injected

into a gas with an initial mass M
g

and used the solar abundances from Lodders (2003).

Beniamini, KH, Piran 16
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the likelihood peaks at a Eu mass per event of m̃Eu = 3⇥ 10�5M� (m̃Eu = 2.5⇥ 10�4M�)

and at a rate relative to the SN rate of R
rp/SN

= 2⇥ 10�3 (R
rp/SN

= 3⇥ 10�4). As expected

the amount of Eu mass per event, is approximately the minimal Eu mass observed in any

galaxy and thus tracks linearly the halo mass. In addition, since R
rp/SN

is roughly:

R
rp/SN

=
MEum̃Fe

MFem̃Eu

(6)

and since M
Eu

,M
Fe

, m̃Eu are linear in the halo mass, it follows that R
rp/SN

is inversely

proportional to this quantity. Most importantly, the conclusion that R
rp/SN

⌧ 1 holds in

all of these cases.
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Fig. 3.— A likelihood analysis for r-process production as a function of the Eu mass per

event m̃Eu and the relative r-process to ccSN event rate, R
rp/SN

, for the entire sample of

dwarf galaxies (left) and for UFDs only (right). Also overlaid is the permitted range (between

the dashed lines) and the best fit relation (solid line) inferred from Milky Way observations.

This is “consistent” with SGRB macronova obs., deep sea Pu measurements  
(Wallner+ 15, Hotokezaka+15), and Milky Way EMP stars (Macias & Ramirez-Ruiz 16). 

More careful studies with the chemical mixing are needed. 

An r-process event   
every 10^3 - 10^4 SNe. 

r-process elements  
~0.01 Msun.
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Fig. 1.— Fe (left) and Eu (right) masses in dwarf galaxies. The horizontal axis shows the

total V-band luminosity of each galaxy. The right vertical axis of the left panel shows the

mass of r-process elements with A � 90 estimated by Eq. (4). Blue and red points depict

the classical dwarfs and UFDs respectively. Open triangles show upper limits on the masses.

galaxy, given an expected number of events N
R,i

. We assume that the mass of X produced

per event follows a normal distribution with an average of m̃
X

and a standard deviation of

0.5m̃
X

. For each N the associated probability is then the Poisson probability of obtaining

N events times the probability that N events would lead to an accumulated mass of element

X in the ith galaxy, M
X,i

(calculated from the observed values of [X/H] and M
g

). Summing

these probabilities over all N ’s we obtain the final probability: P
i

(MX,i|R, m̃
X

). Finally we

write the likelihood function as:

L(R,M
X

) = ⇧
i

P
i

(M
X

|R, m̃
X

) . (5)

We maximize, of course, this function over its free parameters.
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this choice corresponds to that the material within the radius r90, where 90% of the stellar

mass is included, contributes to the chemical mixing of the injected metals. For comparison,

we consider also initial halo masses that are smaller, M
h

(< r50), or lager than M
h

(< r90)

by a factor of 3.

As the assumptions made in Eq. (1) may be invalid at r90 for some large dwarf

galaxies, we also employ an alternative way to estimate the halo masses within r90: using

the Navarro-Frenk-White (NFW) mass profile with the model parameters derived in Walker

et al. (2009), and integrating the distribution up to r90. This method can only be carried

out for the classical dwarfs. For the UFDs there are insu�cient observations of stellar

kinematics at large enough radii that would constrain the model parameters. In all but

one case (Fornax), this estimate results in similar values to those obtained with the first

method. Table 2 provides a summary of the di↵erent masses.

We compare the gas masses estimated obtained here with the literature. Using a

cosmological simulation of the first galaxies, Greif et al. (2010) show that Population II

stars are formed from cold gas of ⇠ 105M� at the center of a galaxy with a total mass of

⇠ 108M�. The smallest gas masses in our sample, 2–3 · 105M� for Reticulum II, Segue I,

and Sugue II, are consistent with the result of Greif et al. (2010).

4. r-process elements in dwarf galaxies

The total mass of Fe and Eu produced in the system are estimated as :

MFe ⇡ 120 · 10[Fe/H]M�
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, (2)

MEu ⇡ 3.7 · 10�5+[Eu/H]M�
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where we assume that metals with an Eu (Fe) abundance of [Eu/H] ([Fe/H]) are injected

into a gas with an initial mass M
g

and used the solar abundances from Lodders (2003).
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Fig. 2.— A likelihood analysis for Fe production as a function of the Fe mass per event

m̃Fe and the number of SNe per 103L
V,� stellar luminosity (roughly 103 stars) for the entire

sample of dwarf galaxies. Also shown as a cross is the Fe mass per ccSN and ccSN rate in

the local Universe (Drout et al. 2011; Li et al. 2011; Horiuchi et al. 2011; Kushnir 2015).

Here we adopt an uncertainty in the mass and rate by a factor of 2.

analyses, see §5.2) we assume an average production of 0.1M� of Fe per ccSN. The average

number of r-process events in the ith galaxy is then: N
R,i

= R
rp/SN

⇥ (MFe,i/0.1M�), where

MFe,i is the total amount of Fe in the same galaxy.

Figure 3 shows the results for two cases: all dwarf galaxies (left) and only UFDs (right).

The likelihood function peaks at a rate relative to the SN rate of R
rp/SN

= 6 ⇥ 10�4

(R
rp/SN

= 3⇥ 10�4), and at a mass per event of m̃Eu = 9⇥ 10�5M� (m̃Eu = 7⇥ 10�6M�),

corresponding to a total mass of r-process matter produced per event of roughly

⇠ 1.7 ⇥ 10�2M� (1.3 ⇥ 10�3M�). The strong upper limits on the Eu abundance of some

galaxies coupled with the detection of a significant amount of Eu in galaxies of similar

masses, implies that the Eu mass produced per event should be approximately the smallest

The constraint is not strong.  It agrees with other observations.
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Summary
Macronovae may be ubiquitous. 

L_peak ~ 10^41 erg/s is too bright? as beta-decay 
heating rate is not so high. 

Is fission important for macrnovae? 

The r-process amounts in dwarf galaxies can be used 
to constrain the rate and production mass/event. 
~ 1 r-process/1000 SNe, 0.01 Msun. 

Gravitational-wave & astro observations will be able to 
confirm or reject the merger scenario. 


