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–  Edo Berger “Short GRBs: Progenitors, r-Process Nucleosyntheis, and Gravitational Waves”  

http://www.gw.hep.osaka-cu.ac.jp/GWPAW2015/uploads/18th_05-%5BFollow-ups_Counterparts_1_X_Gamma_ray%5D__Berger__presentations.pdf 
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–  T.Sakamoto “Latest Reports on Short GRBs” 
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https://yukimura.hep.osaka-cu.ac.jp/wiki/pages/Y0q4f3h3/BiMonthly_Workshop_at_Tokyo_Tech_November_2014.html 
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BATSE light curve 2 
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Stanek et al. 2003 
also Fynbo et al. 
  Kawabata et al. 
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GRB 050509B detected by Swift 
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Gehrels et al. 2005 

Gehrels et al. 2005 
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z = 0.2249 +/- 0.0008  

XÇ�#ĽŉŌÛ\'�

S-Cam (Kosugi, Takada, Furusawa, Kawai) Bloom et al. 2005 

z=0.225 
Ellipical galaxy 
SFR < 0.1 Msun/yr 



GRB050709 localized by HETE-2 

đĕďĔďĒĖ 

9 

http://www.astro.ku.dk/~brian_j/grb/grb050709.94/ 

z = 0.16 

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

X-ray afterglow candidate 

CISCO (Kosugi, Aoki, Kawai, …) 
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Movie courtesy of D. Fox 



GRB050724 localized by Swift 
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Barthelmy et al. 2005 
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約半数の短いGRBは 
z > 0.7 
⇒〈age〉≤ 7 Gyr

Berger et al. 2007; Berger 2009

E

SF

?
E

SF

?

E: 楕円銀河（古い星のみ）
F:  星を生成している銀河

Confirmed hosts − E:SF = 2:11

Optical Afterglows X-ray Afterglows
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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



°ĦGRBľû�&ľ�Éĺ¤D�
16 

Fong, Berger, & Fox 2009

Fong, Berger, & Fox 2009

Short GRBs trace the light distribution of 
their host galaxies



Prompt emission of long and short GRBs� đĕ�

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) 
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J.H. Taylor and R.H Hulse 
1993 Nobel Prize in Physics 
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質量を持った物体の運動に伴って
空間の歪みが波として伝わる現象 

重力波�

一般相対性理論 
1915‒16 
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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
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Metzger & EB 2012

• Distance 

• Context

• Behavior of matter 

• Nature of remnant

Electromagnetic Counterparts

Expected EM emission 
both beamed and 
isotropic (short GRB, 
kilonova, ejecta/ISM 
interaction, speculative 
components)

Metzber	and	Berger	2012	
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doi:10.1038/nature12505

A ‘kilonova’ associated with the short-duration
c-ray burst GRB 130603B
N. R. Tanvir1, A. J. Levan2, A. S. Fruchter3, J. Hjorth4, R. A. Hounsell3, K. Wiersema1 & R. L. Tunnicliffe2

Short-duration c-ray bursts are intense flashes of cosmic c-rays,
lasting less than about two seconds, whose origin is unclear1,2. The
favoured hypothesis is that they are produced by a relativistic jet
createdby themerger of two compact stellar objects (specifically two
neutron stars or a neutron star and a black hole). This is supported
by indirect evidence such as the properties of their host galaxies3,
but unambiguous confirmation of the model is still lacking. Mer-
gers of this kind are also expected to create significant quantities of
neutron-rich radioactive species4,5, whose decay should result in a
faint transient, known as a ‘kilonova’, in the days following the
burst6–8. Indeed, it is speculated that this mechanism may be the
predominant source of stable r-process elements in the Universe5,9.
Recent calculations suggest thatmuchof the kilonova energy should
appear in the near-infrared spectral range, because of the high opti-
cal opacity created by these heavy r-process elements10–13. Here we
report optical and near-infrared observations that provide strong
evidence for such an event accompanying the short-duration c-ray
burst GRB130603B. If this, the simplest interpretation of the data,
is correct, then it confirms that compact-objectmergers are the pro-
genitors of short-duration c-ray bursts and the sites of significant
production of r-process elements. It also suggests that kilonovae
offer an alternative, unbeamed electromagnetic signature of the
most promising sources for direct detection of gravitational waves.
Short-duration c-ray bursts (SGRBs) have long been recognized as a

distinct subpopulation of c-ray bursts14. If they are indeed produced by

compactbinarymergers, SGRBsmayprovideabright electromagnetic sig-
nal accompanying events detected by the next generation of gravitational-
wave interferometers15. Localizing electromagnetic counterparts is an
essential prerequisite to obtainingdirect redshiftmeasurements and to
constraining further the astrophysics of the sources. However, the
evidence supporting this progenitor hypothesis is essentially circum-
stantial: principally, many SGRBs seem to reside in host galaxies, or
regions within their hosts, that lack ongoing star formation, which
makes an origin inmassive stars unlikely (in contrast to long-duration
c-ray bursts, which result from the core collapse of some short-lived
massive stars16). Progress in studying SGRBs has been slow; NASA’s
Swift satellite localizes only a handful per year, and they are typically
faint, with no optical afterglow or unambiguous host galaxy found in
some cases despite rapid searches with large (8-m class) telescopes.
GRB130603B was detected by Swift’s Burst Alert Telescope on

2013 June 3 at 15:49:14 UT17, and its duration was measured to be
T90< 0.186 0.02 s in the 15–350-keV band18. The burst was also
detected independently by the Konus instrument on NASA’s Wind
spacecraft, which found a somewhat shorter duration, T90< 0.09 s in
the 18–1,160-keV band19. This places the burst unambiguously in the
short-duration class, which is also supported by the absence of the
bright supernova emission generally found to accompany low-redshift
(z= 0.5), long-duration bursts (see below). The optical afterglow was
discovered at the William Herschel Telescope20 and found to overlie a
galaxy previously detected in the Sloan Digital Sky Survey imaging of

1Department of Physics and Astronomy, University of Leicester, University Road, Leicester LE1 7RH, UK. 2Department of Physics, University of Warwick, Coventry CV4 7AL, UK. 3Space Telescope Science
Institute, 3700 San Martin Drive, Baltimore, Maryland 21218, USA. 4Dark Cosmology Centre, Niels Bohr Institute, University of Copenhagen, Juliane Maries Vej 30, 2100 Copenhagen, Denmark.
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Figure 1 | HST imaging of the location of GRB130603B. The host is well
resolved and has a disturbed, late-type morphology. The position (coordinates
RAJ20005 11 h 28min 48.16 s, decJ20005117u 049 18.299) at which the SGRB
occurred (determined from ground-based imaging) is marked as a red circle
(right-handpanels), lying slightly off a tidallydistorted spiral arm.The left-hand
panel shows the host and surrounding field from the higher-resolution optical
image. The right-hand panels show, from left to right, the epoch-1 and epoch-2

imaging and their difference (epoch 1 minus epoch2; upper row, F606W/
optical; lower row, F160W/NIR). The difference images have been smoothed
with a Gaussian of width similar to the point-spread function, to enhance any
point-source emission. Although the resolution of the NIR image is inferior to
that of the optical image, we clearly detect a transient point source that is absent
in the optical.
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this field. The redshifts of the afterglow21 and the host galaxy22 were
both found to be z5 0.356.
Another proposed signature of the merger of two neutron stars or a

neutron star and a black hole is the production of a kilonova (some-
times also termed a ‘macronova’ or an ‘r-process supernova’) due to
the decay of radioactive species produced and initially ejected during
the merger process—in other words, an event similar to a faint, short-
lived supernova6–8. Detailed calculations suggest that the spectra of
such kilonova sources will be determined by the heavy r-process ions
created in the neutron-rich material. Although these models10–13 are
still far from being fully realistic, a robust conclusion is that the optical
flux will be greatly diminished by line blanketing in the rapidly expan-
ding ejecta, with the radiation emerging instead in the near-infrared
(NIR) and being produced over a longer timescale than would other-
wise be the case. This makes previous limits on early optical kilonova
emission unsurprising23. Specifically, theNIR light curves are expected
to have a broad peak, rising after a few days and lasting a week ormore
in the rest frame. The relatively modest redshift and intensive study of
GRB130603Bmade it aprimecandidate for searching for suchakilonova.
We imaged of the location of the burst with the NASA/ESAHubble

Space Telescope (HST) at two epochs, the first ,9 d after the burst
(epoch 1) and the second,30d after the burst (epoch2).Oneachocca-
sion, a single orbit integration was obtained in both the optical F606W
filter (0.6mm)and theNIRF160Wfilter (1.6mm)(full details of the imag-
ing and photometric analysis discussed here are given in Supplemen-
tary Information). TheHST images are shown in Fig. 1; the key result is
seen in the difference frames (right-hand panels), which provide clear
evidence for a compact transient source in theNIR in epoch 1 (we note
that this sourcewas also identified24 as a candidate kilonova in indepen-
dent analysis of our data on epoch 1) that seems to have disappeared by
epoch 2 and is absent to the depth of the data in the optical.
At the position of the SGRB in the difference images, our photo-

metric analysis gives a magnitude limit in the F606W filter of
R606,AB. 28.25mag (2s upper limit) and a magnitude in the F160W
filter of H160,AB5 25.736 0.20mag. In both cases, we fitted a model
point-spread function and estimated the errors from the variance of
the flux at a large number of locations chosen to have a similar back-
ground to that at the position of the SGRB. We note that some tran-
sient emission may remain in the second NIR epoch; experimenting
with adding synthetic stars to the image leads us to conclude that any
such late-time emission is likely to be less than ,25% of the level in
epoch 1 if it is not to appear visually as a faint point source in epoch 2,
however, that would still allow the NIRmagnitude in epoch 1 to be up
to ,0.3mag brighter.
To assess the significance of this result, it is important to establish

whether any emission seen in the first HST epoch could have a con-
tribution from the SGRB afterglow. A compilation of optical and NIR
photometry, gathered by a variety of ground-based telescopes in the
few days following the burst, is plotted in Fig. 2 along with our HST
results. Although initially bright, the optical afterglow light curve dec-
lines steeply after about,10 h, requiring a late-time power-law decay
rate of a< 2.7 (where F / t2a describes the flux). TheNIR flux, on the
other hand, is significantly in excess of the same extrapolated power
law. This point is made most forcibly by considering the colour evolu-
tion of the transient, defined as the difference between the magnitudes
in each filter,which evolves fromR6062H160< 1.76 0.15magat about
14 h to greater than R6062H160< 2.5mag at about 9 d. It would be
very unusual, and in conflict with predictions of the standard external-
shock theory25, for such a large colour change to be a consequence of
late-time afterglow behaviour. The most natural explanation is there-
fore that the HST transient source is largely due to kilonova emission,
and the brightness is in fact well within the range of recent models
plotted in Fig. 2, thus supporting the proposition that kilonovae are
likely to be important sites of r-process element production. We note
that this phenomenon is strikingly reminiscent, in a qualitative sense,
of the humps in the optical light curves of long-duration c-ray bursts

produced by underlying type Ic supernovae, althoughhere the lumino-
sity is considerably fainter and the emission is redder. Theubiquity and
range of properties of the late-time red transient emission in SGRBs
will undoubtedly be tested by future observations.
Thenext generationof gravitational-wave detectors (AdvancedLIGO

andAdvancedVIRGO) is expected ultimately to reach sensitivity levels
allowing them to detect neutron-star/neutron-star and neutron-star/
black-hole inspirals out to distances of a few hundred megaparsecs26

(z< 0.05–0.1). However, no SGRB has been definitively found at any
redshift less than z5 0.12 over the 8.5 yr of the Swift mission to date27.
This suggests either that the rate of compact binary mergers is low,
implying a correspondingly low expected rate of gravitational-wave
transient detections, or that most such mergers are not observed as
bright SGRBs. The latter case could be understood if the beaming of
SGRBswas rather narrow, for example, and the intrinsic event ratewas,
as a result, two or three orders of magnitude higher than that observed
by Swift. Although the evidence constraining SGRB jet opening angles
is limitedatpresent28 (indeed, the light-curvebreak seen inGRB130603B
may be further evidence for such beaming), it is clear that an alterna-
tive electromagnetic signature, particularly if approximately isotropic,
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Figure 2 | Optical, NIR and X-ray light curves of GRB130603B. Left axis,
optical andNIR; right axis, X-ray.Upper limits are 2s and error bars are 1s. The
optical data (g, r and i bands) have been interpolated to the F606W band and
the NIR data have been interpolated to the F160W band using an average
spectral energy distribution at,0.6 d (Supplementary Information). HST
epoch-1 points are given by bold symbols. The optical afterglow decays steeply
after the first,0.3 d and is modelled here as a smoothly broken power law
(dashed blue line). We note that the complete absence of late-time optical
emission also places a limit on any separate 56Ni-driven decay component. The
0.3–10-keV X-ray data29 are also consistent with breaking to a similarly steep
decay (the dashed black line shows the optical light curve simply rescaled to
match the X-ray points in this time frame), although the source had dropped
below Swift sensitivity by,48 h after the burst. The key conclusion from this
plot is that the source seen in the NIR requires an additional component above
the extrapolation of the afterglow (red dashed line), assuming that it also decays
at the same rate. This excess NIR flux corresponds to a source with absolute
magnitudeM(J)AB<215.35mag at,7 d after the burst in the rest frame. This
is consistent with the favoured range of kilonova behaviour from recent
calculations (despite their known significant uncertainties11–13), as illustrated by
the model11 lines (orange curves correspond to ejected masses of 1022 solar
masses (lower curve) and 1021 solar masses (upper curve), and these are added
to the afterglow decay curves to produce predictions for the total NIR emission,
shown as solid red curves). The cyan curve shows that even the brightest
predicted r-process kilonova optical emission is negligible.
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重力波源となる天体 
• 中性子星近接連星の合体 

‒ 確実に存在 
‒   KAGRA感度圏内発生頻度≈10個/年 
‒ 短いガンマ線バーストの源(?) 

• 中性子星-ブラックホール連星 
‒ 頻度の不定性大 

• 重力崩壊型超新星 
‒ 非対称崩壊 ‒ 観測的、理論的に確立 
‒ 感度：ごく近傍（銀河系内頻度 百年に一個） 

• 未知の現象 

ēĒ�



重力波は受かるが… 
• 発生源、発生環境、距離がわからないと物理
ができない 
‒ 反面教師：ガンマ線バースト　発見から30年 

• 既知天体（母銀河、元の天体）との対応 
‒ 距離àエネルギー規模 
‒ 発生源、発生機構の情報 

• しかし 重力波到来方向決定精度 
 　　　　数十～数百平方度 L  

‒ 電磁波対応現象の検出が必須 

33 



重力波観測から期待される成果 

1. 強い重力場での一般相対性理論の確認 
2. 高次元理論を含む修正重力理論の検証 
3. 超高密度物質の物性（核物質EoS） 
4. ガンマ線バースト現象の解明  
5. 超新星爆発機構の解明 
6. 全く予想もしなかった新発見… 
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MAXI 国際宇宙ステーション上の全天X線監視装置 
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Possible detection of gamma-ray 
emission by Fermi GBM�

et al. 1995; Burlon et al. 2009; Troja et al. 2010), and may
originate from a less collimated emission region that is
observable even when the GRB jet is not along the line of
sight to the detector.

An all-sky search of the GBM data revealed two candidates
below a threshold of 10−4 Hz chance probability. One transient,
occurring at 09:50:56.8 (11 s after GW150914), was visible
only below 50 keV, favored the soft model spectrum, and
lasted 2 s. Using the standard GBM localization procedure, we
found a source position of R.A., decl. = 267°.7, −22°.4 with a
68% statistical uncertainty region of radius 15° and a
systematic error of around 3°, as described in Connaughton
et al. (2015). At a position in Galactic coordinates of l, b = 6°.2,
2°.4, the event is compatible with an origin near the galactic
center, well separated from and incompatible with the LIGO
localization region. It is typical of the type of soft X-ray
transient activity seen regularly in the GBM background data,
particularly from the galactic center region. We do not view
this transient event as being possibly related to GW150914 and
we will not discuss it further.

The search also identified a hard transient which began at
09:50:45.8, about 0.4 s after the reported LIGO burst trigger
time of 09:50:45.4, and lasted for about 1 s. The temporal offset
of 0.4 s is much longer than the light travel time of 2−45 ms
between Fermi and the LIGO detectors. The detector counts
best matched those predicted from a hard model spectrum. We
reported this event in Blackburn et al. (2015b); henceforth, we
call it GW150914-GBM. Figure 2 shows the model-dependent
light curve of GW150914-GBM, where the detector data have
been summed using weights that maximize the signal to noise

for a given source model, and the unknown source model itself
is weighted according to its likelihood in the data.

2.2. The Rate of Detection of Short Hard Transients
in the GBM Data

The association of a likelihood value with a FAR is based on
an analysis of two months of GBM data from 2009–2010
(Blackburn et al. 2015a). The FAR for GW150914-GBM,
10−4 Hz, is very close to the reporting threshold for the search.
The likelihood value for GW150914-GBM is much lower than
those obtained for two weak short GRBs detected by Swift that
did not cause an on board GBM trigger but were found in a
targeted search, and much higher than three weak short GRBs
that were undistinguishable above the background in the GBM
data using our targeted search (Blackburn et al. 2015a).
Because the likelihood value was so close to our reporting
threshold, we considered the possibility that the background
count rates might be higher in 2015 than when the search
criteria and FAR were evaluated, implying a higher FAR than
10−4 Hz for GW150914-GBM. We used our targeted search to
examine 240 ks of GBM data from 2015 September with
218822.1 s of GBM livetime, excluding passages of Fermi
through or close to the SAA where the detectors are turned off
or count rate increases overwhelm any attempt to fit a
reasonable background model. We find 27 events above our
threshold, for a FAR of ´ -1.2 10 4 Hz, in agreement with the
previously estimated value. The distribution of events found in
the 240 ks interval is shown in Figure 3. This gives a 90%
upper limit on the expected background of hard transients of 35
in this much livetime, or ´ -1.60 10 4 Hz.
We determine the significance of a GBM counterpart

candidate by considering both its frequency of occurrence
and its proximity to the GW trigger time. Our method,
described in Blackburn (2015) and attached as Appendix B to
this work, allows us to account for all of the search windows in

Figure 2. Model-dependent count rates detected as a function of time relative
to the start of GW150914-GBM, ∼0.4 s after the GW event. The raw count
rates are weighted and summed to maximize the signal to noise for a modeled
source. CTIME time bins are 0.256 s wide. The green data points are used in
the background fit. The gold points are the counts in the time period that shows
significant emission, the gray points are outside this time period, and the blue
point shows the 1.024 s average over the gold points. For a single spectrum and
sky location, detector counts for each energy channel are weighted according to
the modeled rate and inverse noise variance due to background. The weighted
counts from all NaI and BGO detectors are then summed to obtain a signal-to-
noise optimized light curve for that model. Each model is also assigned a
likelihood by the targeted search based on the foreground counts (in the region
of time spanned by the gold points), and this is used to marginalize the light
curve over the unknown source location and spectrum.

Figure 3. Distribution of transients identified by the targeted search pipeline in
±120 ks of GBM data surrounding GW150914. The events are between 0.256
and 8.192 s in duration and sorted by best-fit spectral type. The dotted blue line
marks the likelihood ratio assigned to nearby candidate GW150914-GBM,
while the long-tail in the blue curve (hard spectrum) represents the single on
board triggered GRB in the data sample. The green and gold curves show the
candidates that favor the other template spectra used in the search.
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equal count rates are expected in most of the NaI detectors if
the event is bright enough.

We find that the localization of GW150914-GBM is
consistent with part of the LIGO localization annulus. If the
transient event uncovered in the GBM data is associated with
GW150914, then the GBM probability map can be combined
with the LIGO annulus to shrink the 90% confidence level
LIGO localization by 2/3, as shown in Figure 4.

3.2. Energy Spectrum of GW150914-GBM

The data for GW150914-GBM imply a weak but significant
hard X-ray source with a spectrum that extends into the MeV
range and a location that is consistent with an arrival direction
along the southern lobe of the sky map for GW150914.
Converting the observed counts in the GBM detectors to a
source flux requires a deconvolution of the instrumental
response with an assumed spectral model. We sample a range
of arrival directions along the observed LIGO location arc,
using the data and associated responses for the detectors at each
location that are most favorably oriented to the arrival
direction. Table 2 suggests that NaI 5 and BGO 0 are the most
suitable detector set for all of the locations along the arc. We
use the rmfit spectral fitting package28, which takes a forward
folding approach to determine the parameters that best fit the

data for any model, given the instrumental response. The
minimization routine producing the best-fit parameters uses a
likelihood-based fitting statistic, CSTAT.
Because the event is very weak, we do not attempt to fit the

full-resolution data (128 energy channels). Instead, we bin the

Figure 4. The LIGO localization map (top left) can be combined with the GBM localization map for GW150914-GBM (top right) assuming GW150914-GBM is
associated with GW150914. The combined map is shown (bottom left) with the sky region that is occulted to Fermi removed in the bottom right plot. The constraint
from Fermi shrinks the 90% confidence region for the LIGO localization from 601 to 199 square degrees.

Figure 5. Power-law fit to the data from 0.384 to 1.408 s relative to the time of
GW150914, from NaI 5 (blue) and BGO 0 (red), corresponding to the high
time bin in Figure 7. The symbols show the data. The solid line shows the best-
fit power-law model. Residuals on the bottom panel show scatter but no
systematic deviation. We cannot use the first and last energy channels in either
detector data type (there are threshold effects and electronic overflow events),
leaving the data from 12 energy channels included in the fit.

28 http://fermi.gsfc.nasa.gov/ssc/data/analysis/rmfit/
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CTTE data into the eight native CTIME energy bins, and use the
CTIME energy responses in our fits. In principle, binning in
energy is unnecessary because a likelihood-based statistic
correctly accounts for low count rates in individual energy
channels. In practice, the implementation of CSTAT in our
spectral fitting software neglects background fluctuations as a
separate contribution to the uncertainty in the total count rates in
the GBM data, an effect that is mitigated by rebinning the data
prior to fitting. A consequence of this limitation of CSTAT is
that the uncertainties on the parameters returned by the fits are
almost certainly underestimated. In the analysis that follows, we
report 68% statistical uncertainties, with the caveat that the true
uncertainties are probably higher. GRB spectra are well
represented by empirical functions with power-law components
around a peak energy in the spectral energy distribution, Epeak.
The Band function is used when there are enough counts to
constrain all parameters, particularly the high-energy power-law
index, β. If β is not constrained, a power-law fit with an
exponential cut-off above Epeak, called the Comptonized model,
generally works well. For the weakest bursts, or when Epeak lies
outside the energy range of the instrument, a power-law fit is
adequate and serves to provide an estimate of the flux and
fluence of the burst as long as the energy range over which the
flux and fluence are calculated is not extended outside the
observation range. We find that for all 11 positions along the
LIGO arc, a power-law fit to the data from GW150914-GBM
can be constrained. For one of the positions, we can also provide
weak constraints for a fit to the Comptonized model. Figure 5
shows a representative count spectrum and power-law model fit
to the data from 0.384 to 1.408 s relative to the time of
GW150914, with a deconvolution assuming the source lies near
the central position of the southern arc. For each of the 11
positions along the arc, we find the best-fit power-law index and
associated amplitude. We use these parameters to simulate each
spectrum 104 times, using the resulting distribution to estimate
the uncertainties on the parameter values (68% confidence level).
We also sample the parameter distributions to calculate the
fluence and its confidence region, weighting the sampling along
the arc according to the LIGO localization probability contained
near each point on the arc. We obtain a best-fit power-law index
- -

+1.40 0.24
0.18 and amplitude -

+0.002 0.001
0.002 photons s−1 cm−2 keV−1

over the LIGO localization arc, yielding a fluence between 10
and 1000 keV of ´-

+ -2.4 101.0
1.7 7 erg cm−2.

For a deconvolution assuming a source position at the
northeastern tip of the southern lobe (entry 10 in Table 2), the
Comptonized model converges to find a best-fit Epeak of -

+3.5 1.1
2.3

MeV with a power-law index below Epeak of - -
+0.16 0.50

0.57,
although this fit is not statistically preferred over the power-law
fit. When simulating iterations of the burst to obtain 68%
confidence level uncertainties on the parameters, the fit failed
about 50% of the time. The fluence between 10 and 1000 keV
obtained assuming a Comptonized model for a source from this
position is ´-

+ -2.8 100.9
1.0 7 erg cm−2.

The fit parameter values are typical for short GRBs, with
power-law indices of about −1.4 found in cases where the
GRB is too weak to constrain Epeak, and values for the
Comptonized fit parameters that are not unusual for short
GRBs (Gruber et al. 2014). A fluence of ´ -2.4 10 7 erg cm−2

is nearly average for short GRBs, with 40% of short GRBs
detected by GBM weaker than this value.29 The least energetic

short GRBs detected by GBM have a fluence an order of
magnitude smaller than GW150914-GBM, implying that if
GW150914-GBM is a short GRB, then with a more favorable
arrival direction, it would have caused an on board trigger. If
GW150914-GBM is part of the short GRB population, then its
fluence is not atypical but its unfortunate arrival direction
yields only a weak signal in GBM. Figure 5 shows that the
model is a reasonable fit to the count spectrum even at low
energies, implying no paucity of counts at low energies in NaI
5, which is the only detector with a small enough viewing angle
to the source position to have any sensitivity below 50 keV.
At a distance of -

+410 180
160 Mpc implied by the GW

observations (Abbott et al. 2016b), we obtain a source
luminosity of ´-

+1.8 101.0
1.5 49 erg s−1 in the 1 keV–10MeV

energy range that is standard for reporting such bolometric
luminosities. The uncertainties reflect the range of possible
distances to the progenitor, uncertainties in the spectral fit
parameters (using the power-law fits), and the range of arrival
directions along the arc. This luminosity is an order of
magnitude dimmer than the peak luminosities of the dimmest
short GRBs in the sample analyzed by Wanderman &
Piran (2015).

3.3. Other Observations of GW150914-GBM

Instruments other than GBM can also detect impulsive
events in the hard X-ray energy range. No pointed instruments
reported observations of GW150914, suggesting that they were
not looking in that direction at the time of the GW event.
Upper limits to the emission from GW150914 from the non-

detection by instruments on board the Astrorivelatore Gamma a
Immagini Leggero (AGILE) close in time to the GW event are
reported by Tavani et al. (2016). The MicroCalorimeter had
non-optimal exposure to the GW event, from which upper
limits to GW150914-GBM are calculated that are compatible
with the GBM fluence. The other instruments on board AGILE
observed most of the LIGO annulus hundreds of seconds on
either side of the GW event, but not at the time of the event.
The anti-coincidence shield (ACS) of the Spectrometer on

board INTEGRAL (SPI) has a large collection area above
80 keV with an all-sky response that is not hindered by Earth
occultation (von Kienlin et al. 2003). We looked for a signal in
SPI-ACS at the time of GW150914-GBM and found no excess
above background.30 The SPI-ACS team reported a fluence
limit of ´ -1.3 10 7 erg cm−2 in the 100 keV–100MeV energy
range based on a null detection over a 1 s period (Ferrigno
et al. 2015). Further analysis of the SPI-ACS data is reported in
Savchenko et al. (2016). They estimate a source signal between
5 and 15σ above background should have been seen in the SPI-
ACS data if the source were represented by the Comptonized
spectrum found in a fit to the GBM data assuming one position
on the LIGO arc but applied to source positions along the
LIGO arc. We note that this spectrum was fit to the GBM data
(but not statistically favored) only for a source position that is
excluded by the GBM localization and is thus not reliable. A
power law in energy with an index of about −1.4 was the only
fit we could constrain for a source at any position on the LIGO
arc. Because power-law fits without a break are generally not
physical representations of a source spectrum, a fluence
calculation for the expected response in a detector with a
different energy-dependent response than the instrument in

29 http://heasarc.gsfc.nasa.gov/W3Browse/fermi/fermigbrst.html 30 http://isdc.unige.ch/~savchenk/spiacs-online/spiacs-ipnlc.pl
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CTTE data into the eight native CTIME energy bins, and use the
CTIME energy responses in our fits. In principle, binning in
energy is unnecessary because a likelihood-based statistic
correctly accounts for low count rates in individual energy
channels. In practice, the implementation of CSTAT in our
spectral fitting software neglects background fluctuations as a
separate contribution to the uncertainty in the total count rates in
the GBM data, an effect that is mitigated by rebinning the data
prior to fitting. A consequence of this limitation of CSTAT is
that the uncertainties on the parameters returned by the fits are
almost certainly underestimated. In the analysis that follows, we
report 68% statistical uncertainties, with the caveat that the true
uncertainties are probably higher. GRB spectra are well
represented by empirical functions with power-law components
around a peak energy in the spectral energy distribution, Epeak.
The Band function is used when there are enough counts to
constrain all parameters, particularly the high-energy power-law
index, β. If β is not constrained, a power-law fit with an
exponential cut-off above Epeak, called the Comptonized model,
generally works well. For the weakest bursts, or when Epeak lies
outside the energy range of the instrument, a power-law fit is
adequate and serves to provide an estimate of the flux and
fluence of the burst as long as the energy range over which the
flux and fluence are calculated is not extended outside the
observation range. We find that for all 11 positions along the
LIGO arc, a power-law fit to the data from GW150914-GBM
can be constrained. For one of the positions, we can also provide
weak constraints for a fit to the Comptonized model. Figure 5
shows a representative count spectrum and power-law model fit
to the data from 0.384 to 1.408 s relative to the time of
GW150914, with a deconvolution assuming the source lies near
the central position of the southern arc. For each of the 11
positions along the arc, we find the best-fit power-law index and
associated amplitude. We use these parameters to simulate each
spectrum 104 times, using the resulting distribution to estimate
the uncertainties on the parameter values (68% confidence level).
We also sample the parameter distributions to calculate the
fluence and its confidence region, weighting the sampling along
the arc according to the LIGO localization probability contained
near each point on the arc. We obtain a best-fit power-law index
- -

+1.40 0.24
0.18 and amplitude -

+0.002 0.001
0.002 photons s−1 cm−2 keV−1

over the LIGO localization arc, yielding a fluence between 10
and 1000 keV of ´-

+ -2.4 101.0
1.7 7 erg cm−2.

For a deconvolution assuming a source position at the
northeastern tip of the southern lobe (entry 10 in Table 2), the
Comptonized model converges to find a best-fit Epeak of -

+3.5 1.1
2.3

MeV with a power-law index below Epeak of - -
+0.16 0.50

0.57,
although this fit is not statistically preferred over the power-law
fit. When simulating iterations of the burst to obtain 68%
confidence level uncertainties on the parameters, the fit failed
about 50% of the time. The fluence between 10 and 1000 keV
obtained assuming a Comptonized model for a source from this
position is ´-

+ -2.8 100.9
1.0 7 erg cm−2.

The fit parameter values are typical for short GRBs, with
power-law indices of about −1.4 found in cases where the
GRB is too weak to constrain Epeak, and values for the
Comptonized fit parameters that are not unusual for short
GRBs (Gruber et al. 2014). A fluence of ´ -2.4 10 7 erg cm−2

is nearly average for short GRBs, with 40% of short GRBs
detected by GBM weaker than this value.29 The least energetic

short GRBs detected by GBM have a fluence an order of
magnitude smaller than GW150914-GBM, implying that if
GW150914-GBM is a short GRB, then with a more favorable
arrival direction, it would have caused an on board trigger. If
GW150914-GBM is part of the short GRB population, then its
fluence is not atypical but its unfortunate arrival direction
yields only a weak signal in GBM. Figure 5 shows that the
model is a reasonable fit to the count spectrum even at low
energies, implying no paucity of counts at low energies in NaI
5, which is the only detector with a small enough viewing angle
to the source position to have any sensitivity below 50 keV.
At a distance of -

+410 180
160 Mpc implied by the GW

observations (Abbott et al. 2016b), we obtain a source
luminosity of ´-

+1.8 101.0
1.5 49 erg s−1 in the 1 keV–10MeV

energy range that is standard for reporting such bolometric
luminosities. The uncertainties reflect the range of possible
distances to the progenitor, uncertainties in the spectral fit
parameters (using the power-law fits), and the range of arrival
directions along the arc. This luminosity is an order of
magnitude dimmer than the peak luminosities of the dimmest
short GRBs in the sample analyzed by Wanderman &
Piran (2015).

3.3. Other Observations of GW150914-GBM

Instruments other than GBM can also detect impulsive
events in the hard X-ray energy range. No pointed instruments
reported observations of GW150914, suggesting that they were
not looking in that direction at the time of the GW event.
Upper limits to the emission from GW150914 from the non-

detection by instruments on board the Astrorivelatore Gamma a
Immagini Leggero (AGILE) close in time to the GW event are
reported by Tavani et al. (2016). The MicroCalorimeter had
non-optimal exposure to the GW event, from which upper
limits to GW150914-GBM are calculated that are compatible
with the GBM fluence. The other instruments on board AGILE
observed most of the LIGO annulus hundreds of seconds on
either side of the GW event, but not at the time of the event.
The anti-coincidence shield (ACS) of the Spectrometer on

board INTEGRAL (SPI) has a large collection area above
80 keV with an all-sky response that is not hindered by Earth
occultation (von Kienlin et al. 2003). We looked for a signal in
SPI-ACS at the time of GW150914-GBM and found no excess
above background.30 The SPI-ACS team reported a fluence
limit of ´ -1.3 10 7 erg cm−2 in the 100 keV–100MeV energy
range based on a null detection over a 1 s period (Ferrigno
et al. 2015). Further analysis of the SPI-ACS data is reported in
Savchenko et al. (2016). They estimate a source signal between
5 and 15σ above background should have been seen in the SPI-
ACS data if the source were represented by the Comptonized
spectrum found in a fit to the GBM data assuming one position
on the LIGO arc but applied to source positions along the
LIGO arc. We note that this spectrum was fit to the GBM data
(but not statistically favored) only for a source position that is
excluded by the GBM localization and is thus not reliable. A
power law in energy with an index of about −1.4 was the only
fit we could constrain for a source at any position on the LIGO
arc. Because power-law fits without a break are generally not
physical representations of a source spectrum, a fluence
calculation for the expected response in a detector with a
different energy-dependent response than the instrument in

29 http://heasarc.gsfc.nasa.gov/W3Browse/fermi/fermigbrst.html 30 http://isdc.unige.ch/~savchenk/spiacs-online/spiacs-ipnlc.pl
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Short GRB 050709�
The only short GRB observed in soft X-ray�

Chandra  

HST� Fox et al. 2005�

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

HETE-2�

Short 
hard 
pulse�

“Soft extended emission”�

Villasenor et al. 2005�

2–25 keV	

HETE-2�
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Short GRB�

• ĳłĸľ¹ċľû�Ĺk�ľSaĽ��ıĸ¨¥ 
•  Fermi×�: ČĦźŽŹŻŢ<L 
• �jL�ñ�6�ÜĿ�,ſ�RªļÙrļıƀ 

•  �Rª�ÙĿø,�ľ�(ž 

•  ũŽűŻřĪĥōŀHvľÔĨļĦ(off-axis)
àĠ 
•  Orphan afterglow 
•  ø,��(ŒŭŻŤĿí�ĎèĎ~ŌĦ orphan afterglow 

  
èĎø,�ŤŷŖŽĽŉŌTiJ�îèſ10aÖùƃƀ 

•  èĎŤŷŖŽļıI½�Ø°�þŤŶŻŝœŻŤs� 



�jL�ñ�6�Ŀ 
°ĦGRBĺıĸ�(5Ìĩ�

•  ø,��öüľ�É�R¿a ≈ 10a 
– #OTiJ�ŏÔķĮŌľĿĄıĦ 

• �ïľ�öüľÖùĽĿĦŊļĦ 
•  ıĩığz<0.015ĞàĞ�ïľGRBŉŋ>�ªĽíĦ 
 èĦńńĹĺ§ļŌ×�o¦ĪhÓ 

 
(1) `ĦÖùĹîè×�Ďſ≥10aƀ 
(2) `ĦJ»Aŏ^�¬Ö 

•  GRB ľļĦġ�#Ģ (orphan afterglow) ŏsĳ 
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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. 2002�

ŝœšŤżūŹŽŘĺN$�# 
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Piran 2002 

Harrison et al. 1999 

ŝœšŤĪ×�Ëŏ8ĦĸĦļĦIHvľŨŽŞŤ
ŇŨŽŞŤ��ľļĦ�#ſN$�#ƀĿÔĨŌ�
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– `Öù5ÖżƄÇ×�ĹŷŹŽ 
•  lRŜŽŘŔŻŞ 
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“Wide-Field	MAXI”	on	ISS	
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MAXI	 JEM	EF	

Direc'on		
of	Mo'on	

goals� •  Counterparts	for	GW	sources	(adv.	LIGO/VIRGO,	KAGRA)	
•  First	large-sky	monitor	for	short	soL	X-ray	transients�

field	of	view	 ≈	20%	of	the	sky		(covers	80%	sky	in	92	min)�

Instruments� SoQ	X-ray	Large	Solid	Angle	Camera	(SLC:	0.7–10	keV)	
Hard	X-ray	MonitorĞĞ(HXM:	20	keV–1	MeV)�

sensiWvity� 50	mCrab	/30	s	(SLC)	
pos.	accuracy� 0.1°	
plaXorm� ISS/JEM		(Selec'on	in	2014,	opera'on	2018–)�

N.	Kawai	+	WF-MAXI	Team�



“iSEEP”	Wide-Field	MAXI	
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MAXI	 JEM	EF	

Direc'on		
of	Mo'on	

goals� Localization/notification of X-ray transients 
  GW counterparts, black hole binaries, GRBs … 

field	of	view	 ≈	10%	of	the	sky		(covers	80%	sky	in	92	min)�

Instruments� SoQ	X-ray	Large	Solid	Angle	Camera	(SLC:	0.7–10	keV)�
sensiWvity� 50	mCrab	/100	s	(SLC)	
pos.	accuracy� 0.1°	
plaXorm� ISS/JEM		(Selec'on	in	2015,	opera'on	2019–)�

Proposed Feb 2015 



Einstein Probe 
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Mission'profile �

! Observing$modes$

!  Survey$mode$$$

!  XMray$followMup$observa6on$
!  Target$of$opportunity$$$$$$$

! Orbit:$$
!  600km$circular,$97min$period$

!  inclina6on$<30°$
!  Fast$Alert$downlink$(to$trigger$mul6M

wavelength$followMup$worldMwide)$$

!  The$VHF$network$(in$collab.$French)$
!  Chinese$relay$satellites$
! Mass:$$380$kg$(payload$150kg)$

!  Power:$<$450w$(payload$200w)$
!  proposed$launch:$$~2020/2021$
!  Life$6me:$3(+2)$years$

credit: MicroSat  �

Yuan	2015,	SwiQ	10	years�



Background 
•  Rejection of WF-MAXI / iWF-MAXI 

–  ASTROSAT: a complemental detector(?) is on orbit 
–  Shrinking budget => < $2 million 

•  What can we do with <$2M? 
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Original model of WF-MAXI 
with full-size BUS for JEM 
Cost~ $50M 

miniture version 
with iSEEP-BUS 
Cost~ $10M 

Future missions have effective area larger than several thousands cm2!! 
=>	micro-satellite	is	too	small	comparing	with	these	X-ray	missions.	

80% is for Tests and Documents 

LOFT eROSITA HXMT Einstein Probe SVOM 



�Hibari” Microsatellite for UV Monitor�
u Recent NUV Imaging mission: 

Ø  GALEX (Φ1.2°) 
Ø  UVOT/Swift (17’x17’) 
Ø  ASTROSAT (28’) 
Ø  ULTRASAT (210 deg2 21.5mag 900s) 

���

Only the ULTRASAT can be used for GW follow-up. 
•  Caltech was searching for a chance to demonstrate their detector on orbit.  
•  We were searching for the UV-detector. 

UV-CCD�

Demo	in	Space� Tokyo	Tech	small	satellite	
team	Caltech/JPL/Israel		

FoV	is	not	enough	for		
GW	astronomy		

may	be	the	most	recent	shape	
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•  ŖŻŰÇŨŽŞŤ 
JwOľÝĊ 
u *��ĩŊľ 
ŖŻŰÇŨŽŞŤ 

u °ĦŖŻŰÇŨŽŞŤ 
u ×�ªŠŵŹŻŝ 

• ø,�+H�ý 
•  Time-Domain 

Astronomy 
– I½�Øeĵ3Į 
– 1iîè 


