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Outline	
•  Gamma-ray bursts:  brief review 
•  Lessons for counterpart search 

– Example of follow-up observations 
– Localization accuracy and delay 

•  Short GRB properties and GW prediction 
•  Proposed strategy 
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Why talk about GRB?	

•  “Short GRB” is the prime candidate for EM 
counterpart of promised GW source (NS merger) 

•  Lessons from the history of GRB research 
– Cosmic source with poor localization 

•  First detection (~1967, published in 1973) 
•  First identification of counterpart (1997) 
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Brief review of GRBs  (~1967–1997)	
l  Discovered in 60’s, distance unknown for 30 years 
l  keV—GeV range (typ. hundreds of keV) 
l  Dominate the sky in X-ray and gamma-ray 
l  One GRB per day in the entire sky 
l  Isotropic distribution in the sky 
l  Not uniform in space: deficit of dim bursts 
l  Variety of light curves, short and long classes 
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BATSE light curve 2 
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Brief review of GRBs  (1997~)	
l  Often associated with afterglow in X, optical, … 
l  Associated with distant galaxies (z~1 or larger) 
l  Fireball model favored 
l  Evidence for collimated outflow 
l  Long GRBs occur in star forming galaxies 
l  Some long GRBs associated with supernova 
l  Isotropic distribution in the sky 
l  Not uniform in space: deficit of dim bursts 
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Fireball scenario of GRBs 

Piran 2003 

Paczynski, Meszaros, Rees, Sari, Piran, … 



GRB Alert Network HETE-2, SVOM 

Major Ground Stations 

Gamma-Ray Burst 

Control Center  

Observatories 

VHF 
Localization Alerts 

Internet 
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(Gamma-Ray Burst 
Coordinate Network) 

      Internet 

network of 
ground stations 

Swift 
TDRS 
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GRB	
•  Classification: long vs. 

short 
•  Identification of GRBs 

– Early days –no success 
•  Modulation collimator, 

aspect ratio: degree, and 
slow 

•  Interplanetary network: 
arcmin, months 

•  BACODINE: 5 degrees, 
fast (20 seconds),  

– Afterglow detection 

•  First in X-ray 
–  brightest source in the 

sky: easy to find 
–  Imaging available: arcmin 

(coded mask) ~ arcsec 
(focusing mirror) 

•  Following up in optical 
–  Usually faint, >20 mag at 

1 day 
»  No catalog (maybe 

SDSS) 
–   about Half obscured in 

optical (IR?) 
–   could be bright at very 

early phase (<1 minof 
GRB) 
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Example of follow-up observations	
•  GRB 970228 

–  GRBM à WFC –(human) àMECS (X-ray telescope) – fading source 
–                                              à Optical telescope – fading source 

•  GRB 990123 
–  BATSE –(BACODINE)- ROTSE 
–  GRBM/WFC –(human) à MECS (XRT) à ROTSE inspection 

•  GRB 030329 
–  HETE-2 à Tokyo Tech 30cm 

•  GRB050509B 
–  Swift BAT-XRTà Subaru etc. 

•  GRB050709 
–  HETE-2 – Chandra – Hubble 

•  GRB070201 
–  IPN – optical/LIGO 

•  GRB110721A 
–  Fermi/LAT D=1.5 deg, 11 hours after the burst  
–  Swift/XRT(D=0.4 deg) imcomplete tiling  
–  Candidate X-ray/optical source found 2 days later 
–  Turned out to be an early-type galaxy 
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GRB970228: first  afterglow 

1997 Mar 3	
1997 Feb 28	


8 hours 3 days  Costa et al.1997 

•  Coincident detection in gamma and X rays 
•  X-ray position analyzed on ground 
•  Satellite repointed in 8 hours 
•  X-ray afterglow imaged by focusing instrument 

GRBM	

WFC	



GRB 970228: 
Discovery of optical transient	

 
	

van Paradijs et al. 1997 

•  Optical observation conducted based on WFC position (~ afew 
arcmin) 

•  Fading source detected 
•  Later Hubble observation revealed underlying extended source, 

probably the host of the GRB 

WFC 

MECS 

optical 

12 



GRB 990123	
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•  ROTSE responded to BATSE ~5 degree localization 
•  9 mag OT found in the BeppoSAX-WFC location (~ a few arcmin) 
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GRB 030329 – Localization by HETE-2 

Trigger  11:37:14 
Alert  11:38:41 
SXC  12:50:24   (+73 min) 
 
OT  12:52:09   (+75 min) 

  Torii GCN #1986 
  Peterson 
          GCN#1985 

	
•  WXM 1-D localization 
•  SXC 1 arcmin position in ~1hour with ground analysis 
•  12-13 mag optical counterpart discovered immediately 



GRB 030329  
Observation with Tokyo Tech 30cm 

 
	

 
	 15 Sato et al.2003 

Tokyo Tech 30cm o  
 + GCN oo 

t0+1.1 hr t0+5.3 hr 
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GRB 050509B – first short GRB with arcmin localization 

Gehrels et al. 2005 

•  Swift BAT àX-ray afterglow by Swift XRT 
•  Association with an elliptical galaxy at 

z=0.225: likely, but not conclusive 

Subaru  (Kosugi, et al. 2005 

Swift XRT  
error circle  



17 

GRB050709  
short GRB localized by HETE-2 

http://space.mit.edu/HETE/Bursts/GRB050709/ 



18 GRB 050709: 
 localization of X-ray and optical afterglow	

Chandra X-ray Observatory	 Subaru Ks band (２µm ）	

•  HETE WXM+SXC ~1 arcmin 
•  Chandra ~0.5 arcsec 
•  Hubble localized it to a dwarf starforming 

galaxy	

HETE-SXC  
error circle  

Chandra 
error circle  

z=0.160 
Dwarf irregular galaxy 
SFR = 0.2 Msun/yr 

Fox et al. 2005 

Chandra refined  
error circle  

Hubble Space Telescope	



GRB070201   
 – short GRB from Andromeda galaxy?  (780 kpc)? 
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GRB070201
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Eγ=1.5x1045 erg 

•  LIGO measurements indicate that this 
could not have been a binary merger 
in M31 (Abbott et al. 2008) 

Mazets et al. 2008 

IPN Error 
Box 

M31 
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GRB 110721A – GeV localization	
•  Fermi/LAT D=1.5 deg, 11 hours after the burst  (large error and slow) 
•  Swift/XRT(D=0.4 deg) incomplete tiling  
•  IPN localization delay > 1 day 
•  Candidate X-ray/optical source found 2 days later 
•  Turned out to be an early-type galaxy	

20 

Fermi-LAT 
error circle  

IPN 
annulus 

Optical source 



Lessons	
•  Pre-afterglow Era (~1997) 

–  IPN: arcmin position is useless if too late 
–  BATSE: prompt degrees position is useful with more 

constraining information 
•  Afterglow era (1997~) 

–  Quick location is the key 
–  Optical astronomers do not look at error circles larger than 

their field of view 
–  Swift XRT: even arcmin position does not give conclusive 

identification 
–  Optical/Near infrared imaging/spectroscopy required for 

unambiguous identification 
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Recommendations	

•  Localization error – the smaller the better 
•  Notification delay - the shorter the better  
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“Short hard”  
GRB	

hard	

soft	

short	 long	

No afterglow detected 
 (until 2005) 

 
l  Different origin 

l  supernovae? 
l  neutron star merger? 
l  magnetar flare? 

BATSE 
Sample 

Duration (s)	
1000 1 0.01 
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Redshift, isotropic radiated energy, and X-ray 
afterglow luminosity of GRBs (arrows: short GRBs)	

Redshift	 Isotropic 
radiated 
gamma-ray 
energy	

X-ray luminosity  
(10 hours after 
trigger)	



Host galaxy and redshift 
 of short GRBs	
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Half of short GRB at���
 z > 0.7 
⇒〈age〉≤ 7 Gyr	


Berger et al. 2007; Berger 2009	


E

SF	


?
E

SF	


?

E: elliptical galaxies (old stars only)	

F:  Star forming galaxies	

	

Confirmed hosts − E:SF = 2:11	


Optical Afterglows	
 X-ray Afterglows	




Star formation rate and 
metallicity of short GRB hosts	

26 

Berger 2009	


Short GRB hosts have higher 
metallicities than long GRB hosts; they 

trace the general galaxy population	


Short GRB hosts have lower specific star 
formation rates than long GRB hosts; they 

trace the general galaxy population	




Sites of short GRBs in host galaxy	
27 

Fong, Berger, & Fox 2009	


Short GRBs trace the light 
distribution of their host galaxies	


Fong, Berger, & Fox 2009	


Short GRBs have larger offset from 
the center of their host galaxies	




Delay in HE onset: 0.1-0.2 s 

Abdo et al. 2009, Science 323, 1688 

 
Delay in HE onset: ~4-5 s 

Abdo et al. 2009, Nature 462, 331 
GRB 080916C (long) GRB 090510 (short) 

HE delayed onset can be seen from almost all LAT GRBs	

28	

8-260keV	

0.26-5MeV	

LAT all events	

>100 MeV	

>1GeV	

Prompt emission of long and short GRBs	



Afterglow of short and long GRBs	
29 

Nousek et al. 2006 Barthelmy et al. 2005 

Short GRB050724 Long GRBs 

X-ray afterglows are similar to those of long GRBs 
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Suspect –Merging 
neutron star binary	

J.H. Taylor and R.H Hulse 
1993 Nobel Prize in Physics 

PSR 1913+16 



Known neutron star binaries	
31 

Time to merging	



IN-SPIRAL RATES OF DOUBLE NEUTRON STARS 3

Fig. 1.— Probability density function that represents our ex-
pectation that the actual DNS binary merger rate in the Galaxy
(bottom axis) and the predicted initial LIGO rate (top axis) take
on particular values, given the observations. The curves shown
are calculated assuming our reference model parameters (see text).
The solid line shows the total probability density along with those
obtained for each of the three binary systems (dashed lines). Inset:
Total probability density, and corresponding 68%, 95%, and 99%
confidence limits, shown in a linear scale.

We now explore our results for all other models con-
sidered in KKL. Our main results are shown in Table
1, where we have included a subset of models that re-
flect the widest variations of the rates (as shown in KKL,
variations in the space distribution of pulsars are not im-
portant). The main conclusions that can be easily drawn
are: (1) The increase factor on the in-spiral rate is highly
robust against all systematic variations of the assumed
pulsar models and is strongly constrained in the range
5–7; this is consistent with but somewhat lower than
the simple estimate presented in Burgay et al. (2003).
(2) The shape of the rate probability distribution also
remains robust, but the rate value at peak probability
depends on the model assumptions in the same way as
described in detail in KKL (see Figs. 5–7 in KKL).

4. PREDICTIONS FOR FUTURE DISCOVERIES

As already mentioned, long integration times combined
with very short binary orbital periods strongly select
against the discovery of new binary pulsars. Specifically,
in the large-scale PMB survey (e.g. Manchester et al.
2001) with an integration time of 35min, the signal-to-
noise ratio is severely reduced by Doppler smearing due

Table 1. Estimates for Galactic in-spiral rates and predicted LIGO
detection rates (at 95% confidence) for different population models

Modela R IRFb Rdet of LIGO
initial advanced

Myr−1 kyr−1 yr−1

1 23.2+59.4
−18.5 6.4 9.7+24.9

−7.7 52.2+133.6
−41.6

6 83.0+209.1
−66.1 6.4 34.8+87.6

−27.7 186.8+470.5
−148.7

9 7.9+20.2
−6.3 6.6 3.3+8.4

−2.6 17.7+45.4
−14.1

10 23.3+57.0
−18.4 5.8 9.8+23.9

−7.7 52.4+128.2
−41.3

12 9.0+21.9
−7.1 6.0 3.8+9.2

−3.0 20.2+49.4
−15.9

14 3.8+9.4
−2.8 5.4 1.6+3.9

−1.2 8.5+21.1
−6.2

15 223.7+593.8
−180.6 7.1 93.7+248.6

−75.6 503.2+1336.0
−406.3

17 51.6+135.3
−41.5 6.9 21.6+56.7

−17.4 116.1+304.4
−93.4

19 14.6+38.2
−11.7 7.0 6.1+16.0

−4.9 32.8+86.0
−26.3

20 89.0+217.9
−70.8 6.2 37.3+91.2

−29.6 200.3+490.3
−159.3

aModel numbers correspond to KKL. Model 1 was used as a ref-
erence model in KKL. Model 6 is our reference model in this study
(see text).
bIncrease rate factor compared to previous rates reported in KKL;

IRF≡ Rpeak,new/Rpeak,KKL.

to the pulsars’ orbital motion. Acceleration searches in
the current re-analysis of the PMB survey (Faulkner et
al. 2003) should significantly improve the detection effi-
ciency to DNS binaries.

Following Kalogera, Kim & Lorimer (2003), we calcu-
late the probability distribution that represents our ex-
pectation that the actual number of DNS pulsars with
merger times shorter than a Hubble time (Nobs) that
could be detected with the PMB survey takes on a partic-
ular value, given the current observations and assuming
that the reduction in flux due to Doppler smearing is cor-
rected perfectly. To illuminate the effect of the Doppler
smearing we calculate the average number of expected
new discoveries akin to each of the three known DNS
binaries.

We have shown before (Kalogera et al. 2003) that the
probability distribution of the expected observed number
N i

obs for each DNS pulsar sub-population i (B1913+16,
B1534+12, and J0737–3039) is given by:

Pi(Nobs) =
βi

2

(1 + βi)2
(Nobs + 1)

(1 + βi)Nobs

, (1)

where the constants βi are a measure of how less likely it
is to detect pulsars without acceleration searches relative
to with acceleration searches. For each sub-population,
the mean values of Nobs can be calculated and we find
them to be:

〈Nobs〉1913 = 0.9, 〈Nobs〉1534 = 1.2, 〈Nobs〉0737 = 1.9.
(2)

As expected, it is evident that the discovery of DNS pul-
sars in tight binaries like J0737–3039 would be most fa-
vored with acceleration searches.

Following Kalogera et al. (2003), we can also calculate
the combined probability distribution of the expected
number of DNS pulsars that can be detected with PMB

Detection rate of neutron star 
merger by GW telescope	

32 

•  LIGO （range ~ 20 Mpc） 
àone per 10–630 year (95%CL) 

•  LCGT（range ~ 200 Mpc: 
 z=0.015） 

à2–100 per year 

•  Short GRB detections <100/year 
•  Most DNS mergers are not 

detected as short GRB 



Optical afterglow  of GRBs 	
33 

The Astrophysical Journal, 734:96 (47pp), 2011 June 20 Kann et al.

Figure 1. Afterglows of Type I and Type II GRBs in the observer frame. All data have been corrected for Galactic extinction and, where possible, the contribution of
the host galaxy has been subtracted. Thin gray lines are Type II GRB afterglows, taken from K06, Paper I as well as this work. Black lines with data points are upper
limits (thin straight dashed lines, downward pointing triangles) or detections (splines, squares) of Type I GRB afterglows, in this case for Type I GRBs that have both
at least one afterglow detection as well as a redshift that we consider secure. In general, the detected afterglows are comparable with the fainter part of the observed
Type II GRB afterglow sample, though several cases (such as the detections of GRB 070724A and GRB 100117A) are fainter than any Type II GRB afterglow in
our sample. The single detected Type I GRB afterglow that is comparable in brightness to the brighter Type II GRB afterglows is that of GRB 060614. Several other
exceptional GRB afterglows mentioned in the text are labeled.

Gorosabel et al. 2010 for the case of GRB 100816A), so that red-
shifts can only be determined from host-galaxy spectroscopy.
In some cases, no galaxies (or only extremely faint ones) are
found in the Swift XRT or optical afterglow error circles (e.g.,
Piranomonte et al. 2008; Perley et al. 2009c; Fong et al. 2010;
Rowlinson et al. 2010b; Berger 2010), and the GRBs are in-
stead assumed to be associated with bright nearby galaxies,
such as in the case of GRB 050509B (localized in the outskirts
of a bright elliptical galaxy which itself is part of a cluster;
Gehrels et al. 2005; Berger et al. 2006), GRB 060502B (Bloom
et al. 2007b), GRB 061201 (Stratta et al. 2007), and GRB
070809 (Perley et al. 2008; Berger 2010), or galaxy clusters,
as for GRB 050813 (Prochaska et al. 2006; Ferrero et al. 2007),
GRB 050911 (Berger et al. 2006), and GRB 090515 (Berger
2010). Finally, if no association can be made at all, we choose a
redshift z = 0.5, which is the (rounded) median value of all mea-
sured redshifts we consider secure (see also Nysewander et al.
2009; de Ugarte Postigo et al. 2011). In four cases (GRB 051227,
GRB 060313, GRB 070707, and GRB 080503), we choose
z = 1, as the host galaxies of these GRBs (localized to subarc-
second precision through their optical afterglows) are exceed-
ingly faint (R ! 26; D’Avanzo et al. 2009; Berger et al. 2007d;
Fong et al. 2010; Piranomonte et al. 2008; Perley et al. 2009c;
J. Hjorth et al. 2011, in preparation) and thus resemble the hosts
of Type II GRBs (although we caution that we have no detailed
information on properties such as star formation rates, etc.). We
caution that while there is evidence that these GRBs do not

lie much beyond z = 1 (e.g., the detection of the afterglow of
GRB 060313 in all UVOT filters; Roming et al. 2006), they
may lie significantly closer, with their host galaxies lying at the
faint end of an as yet unknown luminosity distribution.38 On
the other hand, population synthesis models predict high rates
of Type I GRBs at high redshifts from rapid merger channels
in proto-elliptical galaxies (O’Shaughnessy et al. 2008), though
it is likely that these GRBs cannot be detected by the current
generation of detectors (Belczynski et al. 2010).

In the following, we will discuss the sample with secure and
the sample with insecure redshifts separately, also aiming to
compare the two to each other.

2.3. Shifting Light Curves to a Common Redshift

With knowledge of the redshift z, the extinction-corrected
spectral slope β, and the host galaxy rest-frame extinction AV ,

38 Recent studies of the galaxy population hosting Type I GRBs (Berger
2009a) show that they resemble the typical field galaxy population, having
higher luminosities, higher metallicities, and lower SSFR than Type II GRB
host galaxies, and being larger as well (Fong et al. 2010; Leibler & Berger
2010). Many of them show exponential disk profiles, which are typical of
spiral galaxies, whereas none shows disturbed morphology (typical of
starbursting Type II GRB host galaxies; Conselice et al. 2005; Fruchter et al.
2006; Wainwright et al. 2007) and only GRB 050709 has an irregular host
(Fong et al. 2010). Such moderately star-forming galaxies are also predicted
by population synthesis models to host many Type I GRBs (O’Shaughnessy
et al. 2008). On the other hand, the cases of GRB 070707 (Piranomonte et al.
2008) and GRB 080503 (Perley et al. 2009c) show that Type I GRB host
galaxies can be extremely faint and probably low mass.
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Figure 2. Same as Figure 1, but with Type I GRB afterglows with at least one detection and insecure (or even unknown) redshifts. These afterglows present a quite
strong contrast to those shown in Figure 1, as most of them are significantly fainter than any Type II GRB afterglow in our sample. The early detections of GRB 080503
and GRB 090515 are the faintest-ever detected afterglows, and GRB 061201 is one of the faintest-ever at very early times. The final detections of GRB 051227 and
GRB 070707 are derived after subtracting the host-galaxy magnitudes and are associated with large errors.

GRB afterglows in this sample.40 This is especially the case
for early times (<0.01 days), where only a few Type II GRB
afterglows (e.g., GRB 050820A, XRF 050416A, GRB 070110,
GRB 070419A, GRB 070802, GRB 080603A, see Paper I and
Appendix D) are fainter than most limits.

The most constraining upper limits at early times are on
GRB 050509B (Figure 3), which was observed rapidly by
ROTSE (Rykoff et al. 2005) and RAPTOR (Woźniak et al.
2005), an upper limit of RC > 18.75 is found after just 30 s.
Furthermore, Bloom et al. (2006) give an upper limit RC > 24.4
at only 0.09 days after the GRB, over 1 mag deeper than needed
to detect any Type II GRB in the sample of Paper I.41 At
about 0.05 days after the GRB, one GRB, 080503, sticks out
(Figure 2), with both upper limits and a single detection at
≈26th mag, these are the deepest early detections and non-
detections achieved for an afterglow so far (Perley et al. 2009c).
At ≈0.1 days, the afterglow of GRB 090515 (Figure 2) is also

40 We caution that the Type II sample of Paper I is biased toward
(observationally) bright afterglows due to the sample selection criteria. There
have been dark Type II GRBs in the Swift era that are also undetected optically
to limits similar to the Type I GRB afterglow limits. While this makes the
relative faintness of Type I GRB afterglows a less significant result from an
observational point of view, a more significant distinction will be made in the
intrinsic luminosities as we show in Section 3.2.
41 Note that the two faintest GRBs at this time are GRB 080913, which was at
an extremely high redshift (Greiner et al. 2009), and GRB 070802, which was
highly extincted (Krühler et al. 2008; Elı́asdóttir et al. 2009). GRB 080913 was
completely undetected in the RC band, this composite light curve was created
by shifting the NIR data via the derived spectral slope to the magnitude that
would be expected in the RC in a completely ionized universe (see Kann et al.
2007). The light curve of GRB 070802 is also a composite made up of mostly
NIR detections shifted to the RC band, it was completely undetected in RC at
early times. Therefore, both of these light curves do not represent the actual
observational capabilities.

found to be exceedingly faint (Rowlinson et al. 2010b). In both
cases, detections were achieved only due to the combination
of 8 m class telescopes and excellent observing conditions.
The faintest Type I afterglows in our sample around 1 day
are those of GRB 051227 (Figure 2), discovered by the Very
Large Telescope (VLT; Malesani et al. 2005b) and seen to decay
very rapidly, possibly due to post-jet-break decay (Berger et al.
2007d; D’Avanzo et al. 2009; see Appendix B), as well as GRB
090515, even though this afterglow decays very slowly (note
that a very late and even deeper observation shows that there
is no underlying host galaxy contributing to this slow decay;
Rowlinson et al. 2010b). At later times, another extremely
faint and rapidly decaying afterglow is that of GRB 070707
(Figure 2), which also had a very faint host galaxy (Piranomonte
et al. 2008). Note that in both cases, the host-galaxy magnitude
has been subtracted, the deepest data points have large errors.
The only afterglow of a Type I GRB (and a controversial one at
that) that is comparable to the brighter Type II GRB afterglows
is that of GRB 060614 (Figure 1; Della Valle et al. 2006; Fynbo
et al. 2006; Gal-Yam et al. 2006; Mangano et al. 2007; Xu et al.
2009). This afterglow starts out faint but rises to a peak at about
0.25 days (Gal-Yam et al. 2006), followed by a typical afterglow
decay that includes a jet break (Mangano et al. 2007; Xu et al.
2009). The afterglow of GRB 050724, which experiences a flare
at the time of its earliest detection (Figure 1; Malesani et al.
2007b), is comparable to the mean magnitude of the Type II
GRB afterglow sample at this time but decays rapidly.

3.2. The Luminosity Distribution of Type I GRB Afterglows

After shifting all afterglows to z = 1 (Section 2.3), we can
compare the afterglows of Type I and Type II GRBs. The
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Optical afterglow of SGRB at 
z=1 and at 100 Mpc	
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Figure 5. Afterglows of Type I and Type II GRBs in the observer frame after transforming all afterglows to z = 1. The additional Swift-era Type II afterglows expand
the luminosity distribution in comparison to the pre-Swift distribution, weakening the clustering reported before (see Paper I). The selection of Type I GRB afterglows
in this figure is identical to that of Figure 1, i.e., afterglows that have both at least one detection and a redshift we consider secure. It is evident that afterglows of Type I
GRBs, including that of GRB 060614, are fainter than those of Type II GRBs at 1 day in general, with the brightest being only as luminous as the faintest Type II GRB
afterglow in our sample, that of XRF 050416A (Paper I). At early times, the afterglow of GRB 090510 is comparable to faint Type II GRB afterglows. The afterglow
of GRB 060505, which is a unique, unclear case (Section 4.4), is extremely faint. GRB 080905A, which occurred at a low redshift (Rowlinson et al. 2010a), has an
extremely underluminous afterglow.

(FWHM 1.71 mag) if we also include the Type II GRBs pre-
sented in Appendix B of this paper. If we use the entire Type II
GRB sample (i.e., add the Silver and Bronze samples of Paper I),
we find MB = −23.14 ± 0.17 (FWHM 1.61 mag), which is es-
sentially an identical value. In comparison to this value, we find
the following mean absolute B magnitudes for different Type I
GRB afterglow samples: MB = −17.34 ± 0.50 mag (FWHM
1.65 mag) for the sample with detections at 1 day in the z = 1
frame and secure redshifts, MB = −17.33±1.15 mag (FWHM
3.45 mag) for the sample with detections and insecure redshifts,
with GRB 060121 lying at z = 4.6, MB = −17.04 ± 0.96
mag (FWHM 2.87 mag) for the sample with detections and
insecure redshifts, with GRB 060121 lying at z = 1.7, and
MB = −16.45 ± 0.85 mag (FWHM 2.40 mag) for the sample
with detections and insecure redshifts, without GRB 060121.
Due to its very strong outlier nature and possible Type II classi-
fication, we will not include it in the following considerations.
We note that in the sample with detections, there are five GRBs
with assumed redshifts (as well as several where the associa-
tion with a nearby galaxy is not strongly significant, e.g., GRB
061201, GRB 070809, GRB 090515). But four of these, GRBs
051227, 060313, 070707, and 080503 are assumed to lie at
z = 1 (only GRB 091109B is assumed to lie at z = 0.5). Al-
most all other Type I GRBs with redshifts are closer than this, so
it is more likely that the true redshifts of these four GRBs will
be z < 1 than z > 1, making their absolute magnitudes even

fainter. For the upper limits, the resulting mean absolute B mag-
nitude is also an upper limit (it basically assumes all afterglows
lie just at the detection threshold). The FWHM of the luminos-
ity distributions are just given for completeness, as they convey
little information here. We find MB > −17.28 ± 0.72 mag
(FWHM 1.90 mag) for the upper limits with secure redshifts
(note that in the case of GRB 070429B, GRB 070724A, and
GRB 100117A, afterglows are detected at earlier times, but
only an upper limit can be given at 1 day as the decay slopes
are not constrained), and MB > −16.66 ± 0.68 mag (FWHM
2.16 mag) for the upper limits with insecure or estimated
redshifts. Finally, if we join the samples of detections and
upper limits, we find MB = −16.97 ± 0.46 mag (FWHM
1.99 mag) for all detections without GRB 060121, and
MB > −16.92 ± 0.49 mag (FWHM 2.02 mag) for all up-
per limits. It is evident that the cases without secure red-
shifts are fainter (though not significantly) than those with
secure redshifts. A possible explanation is an observational
bias, more luminous afterglows will have smaller XRT er-
ror circles, a higher chance at having a detected optical af-
terglow (a yet again smaller positional uncertainty than an
X-ray-only error circle), and the higher luminosity may be re-
lated to a higher circumburst medium density (see Section 4.3.2)
at a smaller offset. All these factors combine to make it easier
to identify the (very probably) correct host galaxy and make the
association more secure. Alternately, it might indicate that the
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Figure 5. Afterglows of Type I and Type II GRBs in the observer frame after transforming all afterglows to z = 1. The additional Swift-era Type II afterglows expand
the luminosity distribution in comparison to the pre-Swift distribution, weakening the clustering reported before (see Paper I). The selection of Type I GRB afterglows
in this figure is identical to that of Figure 1, i.e., afterglows that have both at least one detection and a redshift we consider secure. It is evident that afterglows of Type I
GRBs, including that of GRB 060614, are fainter than those of Type II GRBs at 1 day in general, with the brightest being only as luminous as the faintest Type II GRB
afterglow in our sample, that of XRF 050416A (Paper I). At early times, the afterglow of GRB 090510 is comparable to faint Type II GRB afterglows. The afterglow
of GRB 060505, which is a unique, unclear case (Section 4.4), is extremely faint. GRB 080905A, which occurred at a low redshift (Rowlinson et al. 2010a), has an
extremely underluminous afterglow.
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tion with a nearby galaxy is not strongly significant, e.g., GRB
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be z < 1 than z > 1, making their absolute magnitudes even
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nitude is also an upper limit (it basically assumes all afterglows
lie just at the detection threshold). The FWHM of the luminos-
ity distributions are just given for completeness, as they convey
little information here. We find MB > −17.28 ± 0.72 mag
(FWHM 1.90 mag) for the upper limits with secure redshifts
(note that in the case of GRB 070429B, GRB 070724A, and
GRB 100117A, afterglows are detected at earlier times, but
only an upper limit can be given at 1 day as the decay slopes
are not constrained), and MB > −16.66 ± 0.68 mag (FWHM
2.16 mag) for the upper limits with insecure or estimated
redshifts. Finally, if we join the samples of detections and
upper limits, we find MB = −16.97 ± 0.46 mag (FWHM
1.99 mag) for all detections without GRB 060121, and
MB > −16.92 ± 0.49 mag (FWHM 2.02 mag) for all up-
per limits. It is evident that the cases without secure red-
shifts are fainter (though not significantly) than those with
secure redshifts. A possible explanation is an observational
bias, more luminous afterglows will have smaller XRT er-
ror circles, a higher chance at having a detected optical af-
terglow (a yet again smaller positional uncertainty than an
X-ray-only error circle), and the higher luminosity may be re-
lated to a higher circumburst medium density (see Section 4.3.2)
at a smaller offset. All these factors combine to make it easier
to identify the (very probably) correct host galaxy and make the
association more secure. Alternately, it might indicate that the
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Orphan afterglow for off-axis GRBs	
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Fig. 1.—B-band luminosity for models 1 (dashed lines) and 2 (solid lines)
for , , , , , ,v p 5! v p (0, 1, 2, 3, 5)v E p 80 n p 1 p p 2.5 e p 0.010 obs 0 52 0 B

and , where and are the fraction of the internal energy in thee p 0.1 e ee B e

magnetic field and electrons, respectively, and p is the power-law index of the
electron energy distribution. Note that model 1 is scaled down by a factor of
2.5 to help compare between the two models.

Fig. 2.—Light curves of model 3 for , ,v p 0.2 E p n p z p 1 p p0 52 0
, , , and Hz. The inset shows the same light142.5 e p 0.1 e p 0.01 n p 5# 10e B

curves for model 2, where the same traces correspond to the same viewing
angles .vobs

therefore, the dominant contribution to the emission is missing
until the time when . This problem is overcome byg ∼ 1/vobs
our next model.

2.2. Model 2: A Homogeneous Jet

This model is described in Kumar & Panaitescu (2000). The
Lorentz factor and energy per solid angle are considered in-
dependent of v within the jet aperture. The jet deceleration is
calculated from the mass and energy conservation equations,
and the jet expands laterally at the local sound speed. The
calculation of radiative losses includes synchrotron and inverse
Compton, and the synchrotron spectrum is taken to be a piece-
wise power law with the usual self-absorption, cooling, and
injection break frequencies, calculated from the cooled electron
distribution and magnetic field. The observed flux is obtained
by integrating the jet emission over the equal arrival time
surface.
The light curves of model 2 are shown with solid lines in

Figure 1. The flux density in the decaying stage (when the
entire jet is visible) increases slightly with vobs because, for a
given observer time, the emission received at larger vobs arises
at smaller radii, when the jet is intrinsically brighter. At a few
hundred days, the light curves begin to flatten owing to the
transition to the nonrelativistic regime.
The light curves for are very different from thosev ! vobs 0

of model 1 (and more realistic). Furthermore, the light curves
for are very similar to in this model. Sincev ≤ v v p 0obs 0 obs
the jet is homogeneous, the ratio of fluxes for andv ! vobs 0

is the ratio (1 ) of the areas within the jet opening1v p 0obs 2
that subtend an angle of 1/g around these directions.
We note that the light curves of model 1 for v /v pobs 0
are much closer to the light curves of model 2 for1, 2

, respectively, than to the model 2 light curvesv /v p 2, 3obs 0
for the same viewing angles, because the emission received at

is dominated by the region on the jet surface that isv 1 vobs 0
closest to the direction toward the observer. Therefore, model
1 becomes more accurate if is used in-v p max (0, v ! v )obs 0
stead of in equations (1) and (2).v p vobs
The main advantage of model 2 is that it provides more

realistic light curves with a very small computational effort,

making it convenient to use for data fitting (e.g., Panaitescu &
Kumar 2001). Its main drawback is the simplified treatment of
the dynamics, which leads to some differences relative to our
next model.

2.3. Model 3: Two-Dimensional Hydrodynamical Simulation

This model is described in Granot et al. (2001). The jet
dynamics is obtained with a two-dimensional hydrodynamical
simulation, with initial conditions of a wedge taken from the
spherical self-similar Blandford-McKee (1976) solution. The
afterglow light curves are calculated considering the emission
from all the shocked region, taking into account the relativistic
transformations of the radiation field, and the different photon
arrival times to the different observers.
Figure 2 shows the light curves of model 3, while the inset

provides the light curves of model 2 for the same set of pa-
rameters. In model 3, the peak of the light curves for v 1obs
is flatter compared to model 2 and occurs at a somewhatv0

later time. The rise before the peak is not as sharp as in models
1 or 2, since in model 3 there is some material at the sides of
the jet with a moderate Lorentz factor (Granot et al. 2001;
Piran & Granot 2001), whose emission dominates the observed
flux at early times for . The light curves forv 1 v v 1 vobs 0 obs 0
peak at a later time compared to model 2, and the flux during
the decay stage grows faster with , because in model 3 thevobs
curvature of the shock front is larger and the emission arises
within a shell of finite width, so that smaller radii contribute
to a given observer time. The light curves for models 2 and 3
are quantitatively similar for .v ! vobs 0
The main advantage of this model is a reliable and rigorous

treatment of the jet dynamics, which provides insight on the
behavior of the jet and the corresponding light curves. Its main
drawback is the long computational time it requires.

3. LINEAR POLARIZATION

While a spherical afterglow should exhibit little or no linear
polarization, as the polarizations from the different parts of the
afterglow image cancel out, a jetted afterglow breaks the circular
symmetry of the afterglow image for and may have av 1 0obs
polarization of !20% for (Ghisellini & Lazzati 1999;v ! vobs 0
Sari 1999). One might therefore expect an even larger polari-

Granot et al. 2011	

Prediction for jetted GRBs 
 
  Many more orphan afterglows, 
but fainter by order(s) of magnitude	



Short GRB	
•  Occur in every type of galaxies 

•  Traces star density  
•  Fermi LAT observation of GRB 090510:  

•  high Lorentz factor – probably strong collimation 
•  Neutron star merger scenario favored, but not conclusive 

•  Final word only given by GW detection 
•  If collimated (likely), there should be many off-axis 

events. 
•  Orphan afterglow 
•  GW events relatively close-by è bright orphan afterglow 

  
è follow up to GW trigger (large error box) 

•  è continuous monitor of large sky region for short transients 
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Is neutron star merger detactable 
as a short GRB?	

•  GW telescope localization ≈ 10 deg 
– Extremely difficult to find optical counterpart 

•  Error circle too large for “normal” telescopes 
•  however、z<0.015　à　much closer than usual GRBs 
 èneed different strategy for counterpart search 

 
(1) Cover the large error circle (≥10 deg) 
(2) Continuous monitor of large sky  

•  Find temporary coincidence with GW event 
•  Search for orphan afterglow 
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Counterpart search strategy	

Continuous  
Monitor of large 

Sky region 

followup 

Ground-based 
telescopes	

Wide-field 
infrared camera	

X-ray telescopes	

Schmidt telescopes	

follow-up with large-filed telescopes 

GW analysis 
pipeline 

Alerts	 Alerts	

Theoretical 
predictions 
and interpr. 
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Steps of localization and 
identification of GW events	

  

Error region for GW event	

X-ray 
error 
circle	

Smaller error circle by EM	

X-ray timing and 
spectroscopy	

Optical llight curve 
and spectroscopy	

Detailed observation	

Star	  
collapse	  
	  
Pulsar	  
glitch	  
	  
NS	  merger	  
	  

Identification to 
astrophysical event	
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Akeno MITSuME 50 cm Telescope	
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8/4/11 
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50 cm autonomous robotic telescope 
at Akeno	


