
GRAND in the gravitational wave astronomy era
LIGO: GW170817+EM170817 (including GRB 170817A )  

multi-messenger astrophysics w. GWs has started!!!
By ~2030 
- GW detector network is available (A+/Voyager, LIGO-I, aVirgo, KAGRA)
- LSST and powerful EM networks
- Even 3rd generation detectors 
(e.g., Einstein Telescope)

ET sensitivity is better by ~10 
-> NS-NS can be detected up to ~2 Gpc
-> detection rate increases by ~1000 

Good news for GRAND-like detectors 
e.g., GW alerted EM & neutrino searches

GW-driven stacking analyses

Figure 2. Timeline of the discovery of GW170817, GRB 170817A, SSS17a/AT 2017gfo, and the follow-up observations are shown by messenger and wavelength
relative to the time tc of the gravitational-wave event. Two types of information are shown for each band/messenger. First, the shaded dashes represent the times when
information was reported in a GCN Circular. The names of the relevant instruments, facilities, or observing teams are collected at the beginning of the row. Second,
representative observations (see Table 1) in each band are shown as solid circles with their areas approximately scaled by brightness; the solid lines indicate when the
source was detectable by at least one telescope. Magnification insets give a picture of the first detections in the gravitational-wave, gamma-ray, optical, X-ray, and
radio bands. They are respectively illustrated by the combined spectrogram of the signals received by LIGO-Hanford and LIGO-Livingston (see Section 2.1), the
Fermi-GBM and INTEGRAL/SPI-ACS lightcurves matched in time resolution and phase (see Section 2.2), 1 5×1 5 postage stamps extracted from the initial six
observations of SSS17a/AT 2017gfo and four early spectra taken with the SALT (at tc+1.2 days; Buckley et al. 2017; McCully et al. 2017b), ESO-NTT (at
tc+1.4 days; Smartt et al. 2017), the SOAR 4 m telescope (at tc+1.4 days; Nicholl et al. 2017d), and ESO-VLT-XShooter (at tc+2.4 days; Smartt et al. 2017) as
described in Section 2.3, and the first X-ray and radio detections of the same source by Chandra (see Section 3.3) and JVLA (see Section 3.4). In order to show
representative spectral energy distributions, each spectrum is normalized to its maximum and shifted arbitrarily along the linear y-axis (no absolute scale). The high
background in the SALT spectrum below 4500Å prevents the identification of spectral features in this band (for details McCully et al. 2017b).
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Appendix A. Sensitivity curves

The plots in this section show all of the detectors and sources described in the main text.

Clearer, interactive versions of these plots, allowing for removal of any of the curves, may be

created and downloaded on-line, http://rhcole.com/apps/GWplotter. The detector noise

curves all have their resonance spikes removed for clarity.

Figure A1: A plot of characteristic strain against frequency for a variety of

detectors and sources.
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Example 2: High-Energy Neutrino and Gamma-Ray Transients from Compact Mergers

100 PeV, the upper limit on an E 2- power-law spectral fluence
is F E E0.23 GeV GeV cm2 1 2= ´ - - -( ) ( ) .

The IceCube detector is also sensitive to outbursts of MeV
neutrinos via a simultaneous increase in all photomultiplier
signal rates. A neutrino burst signal from a galactic core-
collapse supernova would be detected with high precision
(Abbasi et al. 2011). The detector global dark rate is monitored
continuously, the influence of cosmic-ray muons is removed,
and low-level triggers are formed when deviations from the
nominal rate exceed pre-defined levels. No alert was triggered
during the ±500 s time window around the GW candidate. This
is consistent with our expectations for cosmic events such as
core-collapse supernovae or compact binary mergers that are
significantly farther away than Galactic distances.

2.3. Pierre Auger Observatory

With the surface detector (SD) of the Pierre Auger
Observatory in Malargüe, Argentina (Aab et al. 2015b), air
showers induced by ultra-high-energy (UHE) neutrinos can be

identified for energies above ∼1017 eV in the more numerous
background of UHE cosmic rays (Aab et al. 2015a). The SD
consists of 1660 water-Cherenkov stations spread over an area
of ∼3000 km2 following a triangular arrangement of 1.5 km
grid spacing (Aab et al. 2015b). The signals produced by the
passage of shower particles through the SD detectors are
recorded as time traces in 25 ns intervals.
Cosmic rays interact shortly after entering the atmosphere

and induce extensive air showers. For highly inclined
directions their electromagnetic component gets absorbed due
to the large grammage of atmosphere from the first interaction
point to the ground. As a consequence, the shower front at
ground level is dominated by muons that induce sharp time
traces in the water-Cherenkov stations. On the contrary,
showers induced by downward-going neutrinos at large zenith
angles can start their development deep in the atmosphere
producing traces that spread over longer times. These showers
have a considerable fraction of electrons and photons that
undergo more interactions than muons in the atmosphere,
spreading more in time as they pass through the detector. This
is also the case for Earth-skimming showers, mainly induced
by tau neutrinos (nt) that traverse horizontally below the
Earth’s crust, and interact near the exit point inducing a tau
lepton that escapes the Earth and decays in flight in the
atmosphere above the SD.
Dedicated and efficient selection criteria based on the

different time profiles of the signals detected in showers
created by hadronic and neutrino primaries, enable the search
for Earth-skimming as well as downward-going neutrino-
induced showers (Aab et al. 2015a). Deeply starting down-
ward-going showers initiated by neutrinos of any flavor can be
efficiently identified for zenith angles of 60°<θ<90° (Aab
et al. 2015a). For the Earth-skimming channel typically only
nt-induced showers with zenith angles 90°<θ<95° can
trigger the SD. This is the most sensitive channel to UHE
neutrinos, mainly due to the larger grammage and higher
density of the target (the Earth) where neutrinos are converted
and where tau leptons can travel tens of kilometers (Aab
et al. 2015a). The angular resolution of the Auger SD for
inclined showers is better than 2°.5, improving significantly as
the number of triggered stations increases (Bonifazi & Pierre
Auger Collaboration 2009).
Auger performed a search for UHE neutrinos with its SD in a

time window of ±500 s centered at the merger time of
GW170817 (Abbott et al. 2017c), as well as in a 14 day period
after it (Murase et al. 2009; Gao et al. 2013; Fang &
Metzger 2017).
The sensitivity to UHE neutrinos in Auger is limited to large

zenith angles, so that at each instant they can be efficiently
detected only from a specific fraction of the sky (Abreu et al.
2012; Aab et al. 2016). Remarkably, the position of the optical
counterpart in NGC 4993 (Abbott et al. 2017c; Coulter
et al. 2017b, 2017a) is visible from Auger in the field of view
of the Earth-skimming channel during the whole ±500 s
window as shown in Figure 1. In this time period, the source of
GW170817 transits from θ∼93°.3 to θ∼90°.4 as seen from
the center of the array. The performance of the Auger SD array
(regularly monitored every minute) is very stable in the ±500 s
window around GW170817, with an average number of active
stations amounting to ∼95.8±0.1% of the 1660 stations of
the SD array.

Figure 2. Upper limits (at 90% confidence level) on the neutrino spectral
fluence from GW170817 during a ±500 s window centered on the GW trigger
time (top panel), and a 14 day window following the GW trigger (bottom
panel). For each experiment, limits are calculated separately for each energy
decade, assuming a spectral fluence F E F E GeVup

2= ´ -( ) [ ] in that decade
only. Also shown are predictions by neutrino emission models. In the upper
plot, models from Kimura et al. (2017) for both extended emission (EE) and
prompt emission are scaled to a distance of 40Mpc and shown for the case of
the on-axis viewing angle ( jobs 1q q ) and selected off-axis angles to indicate
the dependence on this parameter. The shown off-axis angles are measured in
excess of the jet opening half-angle jq . GW data and the redshift of the host
galaxy constrain the viewing angle to 0 , 36obsq Î [ ] (see Section 3). In the
lower plot, models from Fang & Metzger (2017) are scaled to a distance of
40 Mpc. All fluences are shown as the per the flavor sum of neutrino and anti-
neutrino fluence, assuming equal fluence in all flavors, as expected for standard
neutrino oscillation parameters.
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Short GRBs (face-on)
- GRBs detectable at cosmological distances

local rate: ~10 Gpc-3 yr-1

- Coincident GW detection is promising
(~300 Mpc by aLIGO designed, ~3 Gpc by ET) 

- 1/4-1/3 have long-lasting X-ray emission 
promising high-energy neutrino sources (~0.1-1 d)
(~30-80 Mpc by GRAND if right direction)

Long-lived magnetars from low-mass NS-NS  
- Can be edge-on but ruled out for GW170817
- Possible ~0.1 EeV neutrino sources (~1-30 d)

(~30-80 Mpc by GRAND) 

NS-NS mergers? NS-BH mergers? BH-BH mergers?
- Theory predictions have large uncertainties
- Experimental searches should be done anyway

Horizon distances of neutrino detectors are shorter 
than those of 2nd and 3rd GW detectors 



can be estimated as(Owen & Lindblom 2002);
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Here, f P2= is the GW frequency, dJ dL P2gw ( )pº , and
S fh ( ) is the one-sided power spectral density of detector noise.
We note that the S N( ) calculated from Equation (15) is
roughly equal to that obtained by the matched-filtering
analysis. If the excess-power search is implemented, which is
more appropriate for this type of GW, the anticipated S N( )
would become smaller by a factor of a few to ∼10(Thrane
et al. 2011; Piro & Thrane 2012). We use an anticipated
sensitivity curve of Advanced LIGO12 which is for the optimal
direction of the detector and the angle-averaged sensitivity is
smaller by a factor of 2 3~ . On the other hand, by combing
other detectors, e.g., Advanced Virgo and KAGRA, the
sensitivity effectively increases at most by a factor of 3~ .

Figure 10 shows the detection horizon of the GW counter-
part. Each panel shows a different deformation rate; Bt =
1.0 10 G16´ ( 3.3 10 ;G

4� = ´ - top), B 2.0 10 Gt
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( 1.3 10 ;G
3� = ´ - middle), and B 3.0 10 Gt
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3� = ´ - bottom). Such a deformation rate is recently
inferred for some Galactic magnetars from the X-ray timing
observation(Makishima et al. 2014, 2015). The solid-line
contour shows d 5, 10, 15L = , and 20 Mpc with S N 8( ) =/ ,
which is the standard threshold value for compact binary
mergers(LIGO Scientific Collaboration et al. 2013). The
dotted–dashed line contour shows the spin-down timescale of
the proto-NS, t t t1 1 0.1, 1, 10sd sd

em
sd
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100 days. In Figure 10 we shut off the GW spin-down for a
larger toroidal field following Equation (22). The spin-down
timescale via GW emission can be roughly given by
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From Equations (10) and (16), the GW spin-down dominates
when
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In general, the (S/N) becomes larger for a smaller dipole field
because the competitive electromagnetic spin-down becomes
irrelevant and for a faster rotation because the intrinsic energy
budget becomes larger. In principle, the GW can be detectable
up to the Virgo cluster, d 16.5 MpcL = for Pi less than
a few ms, Bdip less than a few 10 G13´ , and
B 2 10 Gt

162 ´ 10G
3( )� 2 - .

With a sufficiently large S/N, physical parameters like P0
and Bt (or G� ) can be determined from the GWs. The
determination accuracies can be at most PiD
P NS Ni

1
cyc( )» - and B Bt tD » D S NG G

1( )� � » - .
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G
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corresponds to the number of GW cycles in the spin-down
timescale. Thus, if this type of GW is detected, the rotation
period of proto-NS could be determined with a sufficient
accuracy.

Next, let us discuss the effect of GW spin-down on the
electromagnetic counterpart. Figure 11 shows several sample
light curves of the pulsar-driven SN model with millisecond
rotation and different toroidal magnetic field strength. We set
B 2 10 Gdip

13= ´ , P 1 msi = , M M2ej = :, and
K 0.05 g cmT

1 2= - . The SN emission becomes dimmer for a
stronger GW spin-down, from the SL SN class to the ordinary
SN Ibc class. A broader parameter region is investigated in
Figures 12 and 13, where we assume the same parameter set as
in Figures 5 and 6 except for B 3.0 10 Gt

16= ´
( 3.0 10G

3� = ´ - ). Comparing with Figures 5 and 6, the peak
magnitude becomes significantly smaller in the parameter
region where the GW spin-down is relevant. As a result, for a
relatively small ejecta mass case (Figure 12), the bottom left

Figure 10. Detectability of the GW counterpart of magnetically deformed
proto-NS. The solid-line contour with color shows the detection horizon of
d 5, 10, 15L = , and 20 Mpc with S N 8( ) =/ by using Advanced LIGO. The
dotted–dashed line contour shows the spin-down timescale of the proto-NS,
t 0.1, 1, 10sd = , and 100 days.

12 https://dcc.ligo.org/LIGO-T0900288/public
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and the corresponding peak energy Ehad
!;pk !

300 PeV"3=4
"1#

"3=4
33 $3=4

SN;"1M
"1=4
SN;1 which agree with

Figs. 1 and 2. Note that cases of Thad # TEM are consid-
ered. The main contribution comes from the cosmic rays
produced at t! Thad. Since E2

!%!ðtÞ / E2 dN
dE ðtÞ / EM=#,

the neutrino fluence per flavor around the peak time is
roughly estimated as !10"4 erg cm"2 D"2

5 Mpcfmesfsup &
"3=4
"1#

"7=4
33 $3=4

SN;"1M
"1=4
SN;1 . The total expected muon event

rates (above 100:5 TeV) by IceCube is N# ! 2D"2
5 Mpc

events in two days, which will be more than the atmos-
pheric neutrino-induced event rates within 1', Natm

# !
10"2:5 events=day. Magnetars arising at distances closer
than 5 Mpc would yield higher fluxes observed as neutrino
multiplets, which allow us to recognize them as signals
without coincident detections with photons and even to see
the characteristic soft-hard-soft behavior. Since the mag-
netar birth rate is !10"3 yr"1 galaxy"1, the probability to
encounter a birth is non-negligible. From the number of
local galaxies, we expect !0:02–0:05 yr"1 for the birth of
magnetars within 5 Mpc [16].
One may expect an additional radiation field, leading to

p& neutrinos in addition to pp neutrinos. For example, if
the magnetar wind drives the SN explosion in its birth [4], a
significant fraction of the outflow energy may be dissipated
as radiation via the shocks. (The radiation field can also
be expected in case of GRB jets in the star [17].) There-
fore, we also show the case where the radiation field is

included. In Figs. 1 and 2, the case for kT& ’
0:4 keV'1=4& E1=4

exp;51$
"3=4
SN;"1t

"3=4
3 is also shown. Here Eexp is

the outflow energy and '& is the radiation efficiency. When
the radiation field exists in the SN ejecta, the previous
expression of fmes should be replaced with fmes !
minð1;maxðfpp; fp&ÞÞ, where the effective optical depth
for the photomeson production, fp&, is roughly estimated

as fp& ( (p&)p&n&!SN ’ 380'3=4& E3=4
exp;51$

"5=4
SN;"1t

"5=4
4

around the !-resonance energy of E! ’
2:4 PeV '"1=4

& E"1=4
exp;51$

3=4
SN;"1t

3=4
4 . Here, (p& ! 0:2, )p& !

5& 10"28 cm"2 at the !-resonance. Correspondingly,
the expression of fsup includes the cooling of mesons and
muons due to interactions with photons as well as their
hadronic cooling. Following Ref. [14], neutrino spectra are
numerically calculated, taking into account the radiation
field. Although the radiation field can change spectra as a
result of the difference in the meson multiplicity, we may
expect that the total energy fluence around the peak energy
and the qualitative feature are similar.
Next, let us consider the sum of neutrinos from individ-

ual magnetars, i.e., the cumulative neutrino background.
The typical magnetar rate would be!10% of core-collapse
(CC) SN rate, RSNð0Þ ! 1:2& 105 Gpc"3 yr"1 [1,18].
Possibly, the birth rate of fast rotating magnetars may be
comparable to that of HNe that may be powered by mag-
netars, implying RHNð0Þ ! 2& 103 Gpc"3 yr"1 [18]. By
using our numerical results, the cumulated fluxes can be
estimated as [14,19]

E2
!"! ! 3& 10"9 GeV cm"2 s"1 str"1fmesfsup"

3=4
"1#

"7=4
33

& $3=4
SN;"1M

"1=4
SN;1

fgeo
0:5

fz
3

Rmagð0Þ
1:2& 103 Gpc"3 yr"1 ;

(4)
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FIG. 2 (color online). Neutrino light curves corresponding to
Fig. 1 at 100 TeV (dashed line), 1 PeV (dotted line), 10 PeV
(dotted-dashed line), 100 PeV (double dotted line), and the ratio
of 10 PeV fluence to 100 TeV fluence (thick line). Cooling of
mesons and muons is important at t & 2 days, while the amount
of accelerated protons decreases with time. Thick/thin lines are
for the cases without/with the radiation field.
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FIG. 1 (color online). The ð!# þ #!#Þ fluence from a newly
born magnetar at 5 Mpc, at different time intervals. The fluence
peaks around t! 2 days because hadronic cooling of mesons
and muons is important at earlier times, while the amount of
cosmic rays decreases with time. Thick/thin lines are for the
cases without/with the radiation field. Vacuum neutrino oscilla-
tions are considered.
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Example 2: High-Energy Neutrino and Gamma-Ray Transients from Luminous Supernovae
- Superluminous supernovae/gamma-ray bursts could be driven by fast-spinning neutron stars 
- Fast-spinning neutron stars are promising gravitational waves though model-dependent

(e.g., ~10-20 Mpc by aLIGO designed, ~100-200 Mpc by ET; rotational instabilities/distortion)
- Newborn pulsar are suggested as the origin of UHECRs
- Possible ~0.1 EeV neutrino sources (~1-10 d; ~30-80 Mpc by GRAND) 
- EM counterparts should exist and LSST, ZTF etc. will give us information on supernovae types  

(KM, Meszaros & Zhang 09 PRD)

flux suppression
due to hadronic
cooling of mesons

day-to-year 
n transients (Kashiyama, KM et al. 16 ApJ)

(Fang, Kotera & Olinto 12, Fang, Kotera, KM & Olinto 14)

n GW

D=5 Mpc

n earlier!

(KM, Meszaros & Zhang 09 PRD)


