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What	  is	  “macronova”?	

A	  kilonova/macrovova	  was	  proposed	  by	  Li	  &	  Paczynski	  in	  1998	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  as	  an	  observable	  consequence	  of	  NS-‐NS	  mergers.	  	

At	  NS-‐NS	  merger	  
ü  A	  frac2on	  of	  material	  is	  ejected	  as	  radioac2ve	  nuclei.	  
ü  Ejecta	  can	  be	  bright	  object	  due	  to	  radioac2ve	  hea2ng.	  
ü  Luminosity:	  Nova	  <	  NS-‐NS	  merger	  <	  Supernova.	

Beta	  decay	  of	  radioac2ve	  nuclei	  
=>	  Keep	  ejecta	  at	  high	  T	



“Macronova”	  candidate	  was	  discovered	  2013	 
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Figure 2 Optical, near infrared (left axis) and X-ray (right axis) light curves of 

SGRB 130603B. Upper limits are 2σ and error bars 1σ. The optical data (gri bands) 

have been interpolated to the F606W band and the nIR data to the F160W band using an 

average spectral energy distribution at ≈0.6 days (see Supplementary Information). HST 

epoch 1 points are bold symbols. The optical afterglow decays steeply after the first 

≈0.3 days, 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 

dropped below Swift sensitivity by ~48 hr post-burst. The key conclusion from this plot 

ü  R-‐band	  upper	  limits	  and	  
	  	  	  	  	  H-‐band	  observed	  point	  
	  	  	  	  	  are	  consistent	  with	  	  
	  	  	  	  	  macronova	  (kilonova,	  Li-‐Paczynski	  	  
	  	  	  	  	  nova,	  r-‐process	  nova).	  
	  
	  
ü  NSNS	  or	  BHNS	  produce	  short	  GRBs.	  
	  
ü  The	  es2mated	  mass	  of	  ejected	  
	  	  	  	  	  	  r-‐process	  elements	  >~	  0.02Msun	  
	  
	  
	  
ü  What	  is	  the	  progenitor?	  
	  	  	  	  	  	  	  	  	  NS-‐NS	  or	  BH-‐NS	  ?	  
	  	  	  	  	  	  	  	  	  dynamical	  ejecta	  or	  wind?	  
	  
ü  How	  about	  other	  short	  GRBs?	  	  
	

Tanvir	  et	  al	  Nature	  (2013)	

Magnitude	  =	  –	  2.5	  x	  log(Flux)	  +	  M(zero)	



Both	  NS-‐NS	  and	  BH-‐NS	  can	  produce	  the	  observed	  	  
signature	  of	  GRB	  130603B	

The Astrophysical Journal Letters, 777:L1 (5pp), 2013 ??? Hotokezaka et al.
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Figure 3. Predicted light curves for NS–NS and BH–NS models. Left panel: NS–NS models. The dashed, solid, and dot-dashed curves show the H-band light curves
for the models: SLy (Q = 1.0,Mej = 0.02 M!), H4 (Q = 1.25,Mej = 4 " 10#3 M!), respectively. The total mass of the progenitor is fixed to be 2.7 M!. The upper,
middle, and lower curves for each model correspond to the high-, fiducial- and low-heating models. Right panel: BH–NS models. The dashed, solid, and dot-dashed
curves show the models MS1 (Mej = 0.07 M!), H4 (Mej = 0.05 M!), and APR4 (Mej = 0.01 M!), respectively. Here only the fiducial-heating models are shown.
The thin and thick lines denote the r and H-band light curves. Here we set (Q,! ) = (3, 0.75). The observed data (filled circles), upper limits (triangles), and the light
curves (dashed lines) of the afterglow model of GRB 130603B in r and H-band are plotted (Tanvir et al. 2013; de Ugarte Postigo et al. 2013). The observed point
in the r-band at 1 days after the GRB is consistent with the afterglow model. The key observations for an electromagnetic transient are the observed H-band data at
7 days after the GRB, which exceed the H-band light curve of the afterglow model, and the upper limit in H-band at 22 days after the GRB. These data suggest the
existence of an electromagnetic transient associated with GRB 130603B.
(A color version of this figure is available in the online journal.)

(Q = 1.0, Mej = 0.02 M!) and H4 (Q = 1.25, Mej =
4 " 10#3 M!) for reference. Here the total mass of the progen-
itor is chosen to be Mtot = 2.7 M!. We plot three light curves
derived with the fiducial- (the middle curves), high- (the upper
curves), and low-heating models (the lower curves). We expect
that the realistic light curves may lie within the shaded regions.
For the NS–NS models, the computed r-band light curves are
fainter than 30 mag. The right panel of Figure 3 shows the light
curves of the BH–NS merger models, MS1 (Mej = 0.07 M!),
H4 (Mej = 0.05 M!), and APR4 (Mej = 0.01 M!) with
(Q,!) = (3, 0.75). For these cases, we employ the fiducial-
heating model. Note that the r-band light curves of the BH–NS
models reach $27 mag, which implies that the light curves of
the BH–NS models are bluer than those of the NS–NS models.
This is because the energy from radioactive decay is deposited
into a small volume for the BH–NS models (see Tanaka et al.
2013 in details). As shown in Figure 6 of Kasen et al. (2013, see
also Figure 15 of Tanaka & Hotokezaka 2013), the opacity of
r-process elements depends strongly on the temperature, and
thus the time after the merger. The small bumps in the
H-band light curves of BH–NS models are caused by this time-
dependent opacity.

Uncertainties are expected to be associated with the difference
in the morphology between the models of the same progenitor
type but different masses and spins. Moreover, the light curves
may depend on the viewing angle. However, these uncertainties
are not large enough to significantly affect our results (see
Tanaka & Hotokezaka 2013; Tanaka et al. 2013 for details).

We now translate these results into the progenitor models as
Q, ! , and EOS.

Q1 NS–NS models. The NS–NS models for GRB 130603B should
have ejecta of mass !0.02 M!. This is consistent with that
derived by Berger et al. (2013). This value strongly constrains
the NS–NS models because the amount of ejecta is at most
$0.02 M! for an NS–NS merger within the plausible mass range
of the observed NS–NS systems (Özel et al. 2012). Specifically,
as shown in Figure 2, such a large amount of ejecta can be

obtained only for the soft EOS models in which a hypermassive
neutron star with a lifetime of !10 ms is formed after the
merger. For the stiff EOS models, the amount of ejecta is at
most 4 " 10#3 M!. Thus we conclude that the ejecta of the
NS–NS models with soft EOSs (R1.35 " 12 km) are favored as
the progenitor of GRB 130603B.

BH–NS models. The observed data in the H-band is consistent
with the BH–NS models which produce the ejecta of $0.05 M!
in our fiducial-heating model. Such a large amount of ejecta
can only be obtained with the stiff EOSs (R1.35 ! 13.5 km) for
the case of ! = 0.75 and 3 # Q # 7 as shown in Figure 2.
For the soft EOS models, the total amount of ejecta reaches
only 0.01 M! as long as ! # 0.75, which hardly reproduces
the observed near-infrared excess. Thus the models with stiff
EOSs are favored for the BH–NS merger models as long as
0.5 # ! # 0.75 and 3 # Q # 7 is the progenitor model of
GRB 130603B. It is worth noting that any BH–NS models with

Q2
! # 0.5 and Q $ 7 are unlikely to reproduce the observed
near-infrared excess.

5. DISCUSSION AND CONCLUSION

We explored possible progenitor models of the electromag-
netic transient associated with the Swift short GRB 130603B.
This electromagnetic transient may have been powered by the
radioactive decay of r-process elements, a so called kilonova/
macronova. We analyzed the dynamic ejecta of NS–NS and
BH–NS mergers for the progenitor models of this event. To
compute the expected light curves, we carried out radiative
transfer simulations using density and velocity structures ob-
tained from numerical-relativity simulations with several total
masses, mass ratios, and EOSs. Depending on these quantities,
the total amount of ejecta mass varies by orders of magnitude
10#4 M! to 10#2 M! for the NS–NS models and 10#5 M! to
10#1 M! for the BH–NS models.

For both NS–NS and BH–NS models, we found that there are
progenitor models that can reproduce the observed near-infrared

4

NS-‐NS	  merger	 BH-‐NS	  merger	

Ejecta	  
x-‐z	  plane	

Hotokezaka	  et	  al	  (2013)	  

Macronova	 Macronova	
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Figure 10. Deep late detections or upper limits of Type I GRB afterglows, all shifted to z = 0.1, and compared with the R-band light curve of SN 1998bw at z = 0.1.
Here, we conservatively assume that the late detections derive from SN light only and there is no more afterglow contribution. For GRBs 051221A and 050813, the
limits on an accompanying SN are not very strong, but all other Type I GRBs in this figure, including the temporally long events GRB 060505 and GRB 060614,
give extremely stringent limits on any accompanying SN emission. The faintest upper limits are less luminous than any confirmed SNe at peak. In four cases (GRBs
050813, 050906, 060502B, and 061201), the redshifts are insecure and thus the results are less significant, we have marked these cases with dashed lines and the
results are not bolded.
(A color version of this figure is available in the online journal.)

(GRB 050709, GRB 050724, and GRB 071227), which are
generally accepted as a special subclass of non-collapsar events
under the old classification also. All of these GRBs are also clas-
sified as Type I GRBs in our work, even independently of the
deep upper limits on any SN contribution. The missing bright
late-time SN signal of Type I GRBs is thus a substantial phe-
nomenological difference compared to the late-time evolution
of Type II GRBs (see also Hjorth et al. 2005a; Fox et al. 2005b).
On the other hand, even the very strict limit, MR ! !10.5,
on an SN accompanying GRB 060505 (Ofek et al. 2007; this
work), which yields M(56Ni) " 1 " 10!4 M#, cannot exclude
the theoretical model of a collapsar with a very low jet-energy
deposition (Nomoto et al. 2006; Tominaga et al. 2007). Further-
more, the less-constraining upper limits cannot exclude SNe
similar to the faintest local core-collapse events (see Richard-
son et al. 2002; Pastorello et al. 2004; but note that these are not
the stripped-envelope SNe one would expect to be associated
with the GRB phenomenon). Still, there must exist a broad gap
in peak luminosity between these faint SNe (if they exist at all,
as we have pointed out) and the traditional SNe associated with
Type II GRBs, which, independently of other criteria, would
be a hint that these events derive from a different progenitor
than Type II GRBs. Therefore, while it cannot be conclusively
stated that the lack of SN emission down to very deep limits
is “smoking-gun” evidence for a non-collapsar event, it gives
additional support to such a classification in combination with
other criteria, which has been the approach of the Zhang et al.
(2009) classification scheme that we have employed.

It must be stressed that only in two cases (both with secure
redshift) detections of the optical transient at the time of the

suspected SN maximum at t > 10 days have been reported in
the literature (for GRB 050709 and GRB 060614; even though,
after host subtraction, with a large error bar for the latter), but no
late-time follow-up observations weeks after the suspected SN
peak have been published so far. This leaves the open question
if this positive detection was the late afterglow light or in fact
an underlying faint SN component, even though the error bar
is small enough for GRB 050709 only to tackle this question
seriously. In all other cases, only upper limits are available at
the suspected SN maximum around (1 + z) " 15–20 days after
the corresponding burst, if at all.

Clearly, the upper limits we can set will be misleading if
the light curve evolution of any kind of SN following a Type I
GRB differs substantially from the one of GRB–SNe of Type II
GRBs, i.e., with respect to peak time and stretch factor. This
brings us to the mini-SN model.

3.4. Constraints on the Mini-SN/Macronova Model

3.4.1. Power-law Decay

We first consider the power-law decay model, which was con-
sidered by LP98ab as the most likely case. LP98ab demonstrated
that, depending on the chosen model parameters, a mini-SN can
peak at much earlier times than a normal core-collapse SN.
Therefore, given the currently available data base (Figure 10),
one has to distinguish between those Type I GRBs with and
those without detected early afterglow light. For example, a rel-
atively bright mini-SN peaking at, say, RC = 22 about 0.5 days
after the burst could have escaped detection in the early light
curve of the afterglow of GRB 051221A. Faint mini-SNe could

20

Aherglow	  (R-‐band)	  of	  the	  previous	  Short	  GRBs	  	

Kann	  et	  al,	  ApJ,	  734	  (2011)	
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Figure 10. Deep late detections or upper limits of Type I GRB afterglows, all shifted to z = 0.1, and compared with the R-band light curve of SN 1998bw at z = 0.1.
Here, we conservatively assume that the late detections derive from SN light only and there is no more afterglow contribution. For GRBs 051221A and 050813, the
limits on an accompanying SN are not very strong, but all other Type I GRBs in this figure, including the temporally long events GRB 060505 and GRB 060614,
give extremely stringent limits on any accompanying SN emission. The faintest upper limits are less luminous than any confirmed SNe at peak. In four cases (GRBs
050813, 050906, 060502B, and 061201), the redshifts are insecure and thus the results are less significant, we have marked these cases with dashed lines and the
results are not bolded.
(A color version of this figure is available in the online journal.)

(GRB 050709, GRB 050724, and GRB 071227), which are
generally accepted as a special subclass of non-collapsar events
under the old classification also. All of these GRBs are also clas-
sified as Type I GRBs in our work, even independently of the
deep upper limits on any SN contribution. The missing bright
late-time SN signal of Type I GRBs is thus a substantial phe-
nomenological difference compared to the late-time evolution
of Type II GRBs (see also Hjorth et al. 2005a; Fox et al. 2005b).
On the other hand, even the very strict limit, MR ! !10.5,
on an SN accompanying GRB 060505 (Ofek et al. 2007; this
work), which yields M(56Ni) " 1 " 10!4 M#, cannot exclude
the theoretical model of a collapsar with a very low jet-energy
deposition (Nomoto et al. 2006; Tominaga et al. 2007). Further-
more, the less-constraining upper limits cannot exclude SNe
similar to the faintest local core-collapse events (see Richard-
son et al. 2002; Pastorello et al. 2004; but note that these are not
the stripped-envelope SNe one would expect to be associated
with the GRB phenomenon). Still, there must exist a broad gap
in peak luminosity between these faint SNe (if they exist at all,
as we have pointed out) and the traditional SNe associated with
Type II GRBs, which, independently of other criteria, would
be a hint that these events derive from a different progenitor
than Type II GRBs. Therefore, while it cannot be conclusively
stated that the lack of SN emission down to very deep limits
is “smoking-gun” evidence for a non-collapsar event, it gives
additional support to such a classification in combination with
other criteria, which has been the approach of the Zhang et al.
(2009) classification scheme that we have employed.

It must be stressed that only in two cases (both with secure
redshift) detections of the optical transient at the time of the

suspected SN maximum at t > 10 days have been reported in
the literature (for GRB 050709 and GRB 060614; even though,
after host subtraction, with a large error bar for the latter), but no
late-time follow-up observations weeks after the suspected SN
peak have been published so far. This leaves the open question
if this positive detection was the late afterglow light or in fact
an underlying faint SN component, even though the error bar
is small enough for GRB 050709 only to tackle this question
seriously. In all other cases, only upper limits are available at
the suspected SN maximum around (1 + z) " 15–20 days after
the corresponding burst, if at all.

Clearly, the upper limits we can set will be misleading if
the light curve evolution of any kind of SN following a Type I
GRB differs substantially from the one of GRB–SNe of Type II
GRBs, i.e., with respect to peak time and stretch factor. This
brings us to the mini-SN model.

3.4. Constraints on the Mini-SN/Macronova Model

3.4.1. Power-law Decay

We first consider the power-law decay model, which was con-
sidered by LP98ab as the most likely case. LP98ab demonstrated
that, depending on the chosen model parameters, a mini-SN can
peak at much earlier times than a normal core-collapse SN.
Therefore, given the currently available data base (Figure 10),
one has to distinguish between those Type I GRBs with and
those without detected early afterglow light. For example, a rel-
atively bright mini-SN peaking at, say, RC = 22 about 0.5 days
after the burst could have escaped detection in the early light
curve of the afterglow of GRB 051221A. Faint mini-SNe could
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Suspected	  object	  :	  short	  GRB	  080503	

No. 2, 2009 IMPLICATIONS OF A NAKED SHORT GRB DOMINATED BY EXTENDED EMISSION 1877

Figure 5. Ground-based and space-based images showing the evolution of the faint OT associated with GRB 080503. The transient peaked at about t = 1 d, shown
in an image from Gemini-North at left. Thereafter it faded rapidly and is barely detected in the first HST epoch in F606W only. Later observations failed to reveal a
galaxy coincident with the transient position. Two very faint nearby (but noncoincident) galaxies are designated “S1” and “S4.”
(A color version of this figure is available in the online journal.)
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Figure 6. X-ray and optical light curves of GRB 080503. The optical bands
have been shifted to the r band assuming an optical spectral index of ! = 1.2;
the X-ray light curve has been shifted by a factor of 125 to match the optical
(corresponding to !OX = 0.75). The BAT light curve is extrapolated into the
X-ray band using the high-energy spectrum. 3" upper limits are shown with
arrows.

At the location of the afterglow in our first-epoch F606W im-
age we found a faint point source, with a magnitude of F606W =
27.01 ± 0.20 after charge-transfer efficiency correction follow-
ing Dolphin (2000). Our other observations show no hint of any
emission from the afterglow or any host galaxy directly at its
position. We derived limits on any object at the GRB position
based on the scatter in a large number (!100) of blank apertures
placed randomly in the region of GRB 080503. The limits for
each frame are shown in Table 2. In addition, a stacked frame
of all our F814W observations yields F814W > 27.3 mag. A
combination of all but our first-epoch F606W observations pro-
vides our deepest limit of F606W > 28.5 mag (3" ), in a stacked
image with exposure time 13,200 s. Therefore any host galaxy
underlying GRB 080503 must be fainter than that reported for
any other short burst (Figure 7).

Although there is no galaxy directly at the GRB position,
there are faint galaxies close to this position which are plausible
hosts. In particular, our stacked image of all the F606W
observations shows a faint galaxy !0.""8 from the afterglow
position, with F606W(AB) = 27.3 ± 0.2 mag (designated “S4”

in Figure 5). Although faint, this galaxy is clearly extended,
with its stellar field continuing to !0.""3 from the GRB position.
(It is plausible that deeper observations or images in redder
wavebands may extend its disk further, but we have no evidence
that this is the case.) Additionally, there is a brighter galaxy
(“S1,” F606W # 26.3 mag) !2"" to the north of the afterglow
position, also visible in the Gemini images. Given the faintness
of these galaxies and the moderate offset from the afterglow
position, the probability of chance alignment is nontrivial (a
few percent, following Bloom et al. 2002), and we cannot make
firm statements about their association with GRB 080503.

The extremely deep limit on a host galaxy puts GRB 080503
in very rare company. Among short bursts, no comparably deep
limit exists for any previous event except GRB 061201, although
a study with deep HST imaging of short-burst hosts has yet to be
published. However, ground-based searches for hosts of other
SGRBs with subarcsecond positions have identified coincident
host galaxies in nine of 11 cases. The two exceptions are GRB
061201 (Stratta et al. 2007) and GRB 070809 (Perley et al.
2008); both of these appear at relatively small physical offset
from nearby spirals which have been claimed as host candidates.
Short GRB 070707 has a coincident host with R = 27.3 mag
(Piranomonte et al. 2008), about the same as the magnitude of
the nearest galaxy to the GRB 080503 OT position. In fact, even
compared with long bursts, the lack of host galaxy is unusual;
only five events have host-galaxy measurements or limits fainter
than 28.5 mag.

There are two general possibilities to explain this extreme
faintness. First, GRB 080503 could be at high redshift (z > 3),
or at moderately high redshift in a very underluminous galaxy
(at z # 1, comparable to the highest-z SGRBs detected to
date, MB < $15 mag).23 A bright “short” GRB at very high
redshift would impose a much larger upper end of the luminosity
distribution of these events than is currently suspected. An
extremely underluminous host would also be surprising under
a model associating SGRBs with old stars, since the bulk of
the stellar mass at moderate redshifts is still in relatively large
galaxies (Faber et al. 2007).

23 GRB 080503 could also be at moderate redshift z = 1–3 in a moderately
large but extremely dusty galaxy. Even then, our K nondetection imposes
strong constraints on the size of the object, and the relatively blue g$r
afterglow color suggests that the environment of the GRB is not particularly
dust obscured.

Perley	  et	  al,	  ApJ	  696	  (2009)	

Strong	  extended	  emission	  	  
(X-‐ray)	

Re-‐brightning	  in	  r-‐band	

Redshih	  is	  unknown.	
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Figure 5. Ground-based and space-based images showing the evolution of the faint OT associated with GRB 080503. The transient peaked at about t = 1 d, shown
in an image from Gemini-North at left. Thereafter it faded rapidly and is barely detected in the first HST epoch in F606W only. Later observations failed to reveal a
galaxy coincident with the transient position. Two very faint nearby (but noncoincident) galaxies are designated “S1” and “S4.”
(A color version of this figure is available in the online journal.)
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Figure 6. X-ray and optical light curves of GRB 080503. The optical bands
have been shifted to the r band assuming an optical spectral index of ! = 1.2;
the X-ray light curve has been shifted by a factor of 125 to match the optical
(corresponding to !OX = 0.75). The BAT light curve is extrapolated into the
X-ray band using the high-energy spectrum. 3" upper limits are shown with
arrows.

At the location of the afterglow in our first-epoch F606W im-
age we found a faint point source, with a magnitude of F606W =
27.01 ± 0.20 after charge-transfer efficiency correction follow-
ing Dolphin (2000). Our other observations show no hint of any
emission from the afterglow or any host galaxy directly at its
position. We derived limits on any object at the GRB position
based on the scatter in a large number (!100) of blank apertures
placed randomly in the region of GRB 080503. The limits for
each frame are shown in Table 2. In addition, a stacked frame
of all our F814W observations yields F814W > 27.3 mag. A
combination of all but our first-epoch F606W observations pro-
vides our deepest limit of F606W > 28.5 mag (3" ), in a stacked
image with exposure time 13,200 s. Therefore any host galaxy
underlying GRB 080503 must be fainter than that reported for
any other short burst (Figure 7).

Although there is no galaxy directly at the GRB position,
there are faint galaxies close to this position which are plausible
hosts. In particular, our stacked image of all the F606W
observations shows a faint galaxy !0.""8 from the afterglow
position, with F606W(AB) = 27.3 ± 0.2 mag (designated “S4”

in Figure 5). Although faint, this galaxy is clearly extended,
with its stellar field continuing to !0.""3 from the GRB position.
(It is plausible that deeper observations or images in redder
wavebands may extend its disk further, but we have no evidence
that this is the case.) Additionally, there is a brighter galaxy
(“S1,” F606W # 26.3 mag) !2"" to the north of the afterglow
position, also visible in the Gemini images. Given the faintness
of these galaxies and the moderate offset from the afterglow
position, the probability of chance alignment is nontrivial (a
few percent, following Bloom et al. 2002), and we cannot make
firm statements about their association with GRB 080503.

The extremely deep limit on a host galaxy puts GRB 080503
in very rare company. Among short bursts, no comparably deep
limit exists for any previous event except GRB 061201, although
a study with deep HST imaging of short-burst hosts has yet to be
published. However, ground-based searches for hosts of other
SGRBs with subarcsecond positions have identified coincident
host galaxies in nine of 11 cases. The two exceptions are GRB
061201 (Stratta et al. 2007) and GRB 070809 (Perley et al.
2008); both of these appear at relatively small physical offset
from nearby spirals which have been claimed as host candidates.
Short GRB 070707 has a coincident host with R = 27.3 mag
(Piranomonte et al. 2008), about the same as the magnitude of
the nearest galaxy to the GRB 080503 OT position. In fact, even
compared with long bursts, the lack of host galaxy is unusual;
only five events have host-galaxy measurements or limits fainter
than 28.5 mag.

There are two general possibilities to explain this extreme
faintness. First, GRB 080503 could be at high redshift (z > 3),
or at moderately high redshift in a very underluminous galaxy
(at z # 1, comparable to the highest-z SGRBs detected to
date, MB < $15 mag).23 A bright “short” GRB at very high
redshift would impose a much larger upper end of the luminosity
distribution of these events than is currently suspected. An
extremely underluminous host would also be surprising under
a model associating SGRBs with old stars, since the bulk of
the stellar mass at moderate redshifts is still in relatively large
galaxies (Faber et al. 2007).

23 GRB 080503 could also be at moderate redshift z = 1–3 in a moderately
large but extremely dusty galaxy. Even then, our K nondetection imposes
strong constraints on the size of the object, and the relatively blue g$r
afterglow color suggests that the environment of the GRB is not particularly
dust obscured.
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Figure 5. Ground-based and space-based images showing the evolution of the faint OT associated with GRB 080503. The transient peaked at about t = 1 d, shown
in an image from Gemini-North at left. Thereafter it faded rapidly and is barely detected in the first HST epoch in F606W only. Later observations failed to reveal a
galaxy coincident with the transient position. Two very faint nearby (but noncoincident) galaxies are designated “S1” and “S4.”
(A color version of this figure is available in the online journal.)
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Figure 6. X-ray and optical light curves of GRB 080503. The optical bands
have been shifted to the r band assuming an optical spectral index of ! = 1.2;
the X-ray light curve has been shifted by a factor of 125 to match the optical
(corresponding to !OX = 0.75). The BAT light curve is extrapolated into the
X-ray band using the high-energy spectrum. 3" upper limits are shown with
arrows.
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in Figure 5). Although faint, this galaxy is clearly extended,
with its stellar field continuing to !0.""3 from the GRB position.
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position, also visible in the Gemini images. Given the faintness
of these galaxies and the moderate offset from the afterglow
position, the probability of chance alignment is nontrivial (a
few percent, following Bloom et al. 2002), and we cannot make
firm statements about their association with GRB 080503.

The extremely deep limit on a host galaxy puts GRB 080503
in very rare company. Among short bursts, no comparably deep
limit exists for any previous event except GRB 061201, although
a study with deep HST imaging of short-burst hosts has yet to be
published. However, ground-based searches for hosts of other
SGRBs with subarcsecond positions have identified coincident
host galaxies in nine of 11 cases. The two exceptions are GRB
061201 (Stratta et al. 2007) and GRB 070809 (Perley et al.
2008); both of these appear at relatively small physical offset
from nearby spirals which have been claimed as host candidates.
Short GRB 070707 has a coincident host with R = 27.3 mag
(Piranomonte et al. 2008), about the same as the magnitude of
the nearest galaxy to the GRB 080503 OT position. In fact, even
compared with long bursts, the lack of host galaxy is unusual;
only five events have host-galaxy measurements or limits fainter
than 28.5 mag.

There are two general possibilities to explain this extreme
faintness. First, GRB 080503 could be at high redshift (z > 3),
or at moderately high redshift in a very underluminous galaxy
(at z # 1, comparable to the highest-z SGRBs detected to
date, MB < $15 mag).23 A bright “short” GRB at very high
redshift would impose a much larger upper end of the luminosity
distribution of these events than is currently suspected. An
extremely underluminous host would also be surprising under
a model associating SGRBs with old stars, since the bulk of
the stellar mass at moderate redshifts is still in relatively large
galaxies (Faber et al. 2007).

23 GRB 080503 could also be at moderate redshift z = 1–3 in a moderately
large but extremely dusty galaxy. Even then, our K nondetection imposes
strong constraints on the size of the object, and the relatively blue g$r
afterglow color suggests that the environment of the GRB is not particularly
dust obscured.
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Ejected	  r-‐process	  mass	  and	  Energy	  frac2on	  goes	  to	  electrons	
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Fainter…than	  that	  
	  	  	  	  	  	  	  	  	  	  	  	  we	  expected.	



Discussion	  (what	  is	  the	  next	  step?)	
Observa2onally,	  	  
•  Measurement	  of	  the	  mul2color	  lightcurves	  and	  spectrum	  is	  

definitely	  important.	  	  

Theore2cally,	  
•  Can	  we	  dis2nguish	  NSNS	  /BHNS	  	  and	  dynamical/wind?	  
•  How	  accurately	  do	  we	  determine	  ejected	  r-‐process	  mass?	  
•  Should	  there	  be	  a	  correla2on	  between	  GRB	  energy	  and	  

macronova	  energy?	  
•  Short	  GRB	  and	  Short	  GRB	  with	  EE	  have	  different	  type	  of	  

macronova?	  

•  More	  discussions	  are	  welcome.	  



Binary	  Neutron	  Star	  merger	  (NS-‐NS	  merger)	  
Numerical	  rela2vity	  computaiton	  	  

log(density	  g/cc)	

Mass	  ejec2on	  :	  Mej	  〜	  0.01Msun,	  v	  〜	  0.2c	

NS-‐NS	  Mass	  ejec2on	  on	  equatorial	  plane	
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