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➢ We discuss optimal direction for follow-up observations by 1-3 m 
class optical telescopes. 

➢ Effects of distance prior on localization for the first three O1 events  
➢ We evaluate the 3D posterior probability distribution for them by 

restricting the distance prior to a nearby region where small 
telescopes can observe the EM counterparts. 

➢ Cases for edge-on binaries 
➢ It is possible that the true direction is not included in the 90% 

posterior region.  

➢ Based on our results, we discuss the optimal strategy to perform 
optical follow-up observation with small aperture telescopes.

Abstract
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Figure 1
Phases of a neutron star (NS) merger as a function of time, showing the associated observational signatures
and underlying physical phenomena. Abbreviations: BH, black hole; GRB, γ -ray burst; GW, gravitational
wave; ISM, interstellar medium; n, neutron; UV, ultraviolet; Ye , electron fraction. Coalescence inset
courtesy of D. Price and S. Rosswog (see also Reference 15).

∼3–7 year−1 for aLIGO/AdV, consistent with the empirical estimates above. However, the full
range of rates provided in the literature varies by several orders of magnitude (e.g., 6, 23), due
to the large uncertainties in the physics of binary evolution, such as the treatment of common
envelope evolution, wind mass loss from high-mass stars, the evolution of metallicity with redshift,
and supernova NS and BH kicks.

NSNS rate calculations usually neglect the influence of external stellar interactions on the
evolution of binaries, as justified for the vast majority of stars. In dense stellar environments,
however, such as globular clusters or young stellar clusters, dynamical interactions may enhance
the assembly rate of tight NS binaries (e.g., 26, 27). Additional theoretical uncertainties arise
in estimating merger rates in this case due to the poorly constrained evolution of dense stellar
systems. A key aspect of dynamically captured binaries is their potential to merge while the binary
orbit still possesses high eccentricity (e.g., 28, 29). Although this channel likely represents a small
fraction of all mergers (27), even a subdominant population of such events could be of outsized
importance to r-process production and kilonova emission (Section 5.2), given the larger ejecta
mass from eccentric mergers (29).

2.2. Precursor Emission
Compared with the postmerger phase, little study has been dedicated to EM emission during
the late inspiral phase prior to coalescence. If at least one NS is magnetized, then the orbital
motion of the conducting companion NS or BH through its dipole magnetic field induces a
strong voltage and current along the magnetic field lines connecting the two objects (e.g., 30–
33). This voltage accelerates charged particles, potentially powering EM emission that increases
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[Fernandez, Metzger, ARNPS 66, 23-45 (2016).]



4

[Tanaka & Hotokezaka, 2013 ApJ, 755, 113.]

Radiative transfer simulations of NS-NS/BH-NS mergers 
=> Kilonova/Macronova emission

Radia2ve	transfer	simula2ons	of	NS-NS/BH-NS	mergers	
=>	kilonova/macronova	emission	

MT	&	Hotokezaka	2013,	ApJ,	775,	113	
MT,	Hotokezaka,	kyutoku,	Wanajo,	Kiuchi,	Sekiguchi,	Shibata	2014,	ApJ,	780,	31	
MT	2016,	Advances	in	Astronomy	(review),	634197
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FIG. 2: Expected observed magnitudes of kilonova models at 200 Mpc distance [70, 71]. The red, blue, and green lines show
the models of NS-NS merger (APR4-1215), BH-NS merger (APR4Q3a75), and a wind model, respectively. The ejecta mass
is Mej = 0.01M⊙ for these models. For comparison, light curve models of Type Ia SN are shown in gray. The corresponding
absolute magnitudes are indicated in the right axis.

B. NS-NS mergers

When two NSs merge with each other, a small part
of the NSs is tidally disrupted and ejected to the inter-
stellar medium (e.g., [36, 42]). This ejecta component is
mainly distributed in the orbital plane of the NSs. In
addition to this, the collision drives a strong shock, and
shock-heated material is also ejected in a nearly spheri-
cal manner (e.g., [48, 84]). As a result, NS-NS mergers
have quasi-spherical ejecta. The mass of the ejecta de-
pends on the mass ratio and the eccentricity of the orbit
of the binary, as well as the radius of the NS or equation
of state (EOS, e.g., [48, 84–88]): a more uneven mass
ratio and more eccentric orbit leads to a larger amount
of tidally-disrupted ejecta and a smaller NS radius leads
to a larger amount of shock-driven ejecta.

The red line in Figure 1 shows the expected luminosity
of a NS-NS merger model (APR4-1215 from Hotokezaka

et al. 2013 [48]). This model adopts a “soft” EOS APR4
[89], which gives the radius of 11.1 km for a 1.35M⊙

NS. The gravitational masses of two NSs are 1.2M⊙ +
1.5M⊙ and the ejecta mass is 0.01 M⊙. The light curve
does not have a clear peak since the energy deposited in
the outer layer can escape earlier. Since photons kept
in the ejecta by the earlier stage effectively escape from
the ejecta at the characteristic timescale (Eq. 2), the
luminosity exceeds the energy deposition rate at ∼ 5− 8
days after the merger.

Figure 2 shows multi-color light curves of the same
NS-NS merger model (red line, see the right axis for the
absolute magnitudes). As a result of the high opacity and
the low temperature [77], the optical emission is greatly
suppressed, resulting in an extremely “red” color of the
emission. The red color is more clearly shown in Figure 3,
where the spectral evolution of the NS-NS merger model
is compared with the spectra of a Type Ia SN and a
broad-line Type Ic SN. In fact, the peak of the spectrum

NS-NS

BH-NS	

Type	Ia	SN
i-band,	Mej	=	0.01	Msun

1m

4m

8m

Disk	wind	

Kilonova/Macronova @~100Mpc can be observed with small 
aperture telescopes.
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FIG. 5. Posterior probability distributions for the sky locations of GW150914, LVT151012 and GW151226 shown in a Mollweide projection.
The left plot shows the probable position of the source in equatorial coordinates (right ascension is measured in hours and declination is
measured in degrees). The right plot shows the localization with respect to the Earth at the time of detection. H+ and L+ mark the Hanford
and Livingston sites, and H� and L� indicate antipodal points; H-L and L-H mark the poles of the line connecting the two detectors (the
points of maximal time delay). The sky localization forms part of an annulus, set by the difference in arrival times between the detectors.

ponents’ spins [98]; we now use an updated formula which
also incorporates the effects of in-plane spins [113]. This has a
small impact on spin of GW150914 (changing from 0.67+0.05

�0.06
to 0.68+0.05

�0.06), and a larger effect on GW151226 (changing
from 0.72+0.05

�0.05 to 0.74+0.06
�0.06) as its components have more sig-

nificant spins.

C. Distance, inclination and sky location

The luminosity distance to the source is inversely propor-
tional to the signal’s amplitude. GW150914 and GW151226
have comparable distance estimates of DL = 420+150

�180 Mpc
(redshift z = 0.09+0.03

�0.04) and DL = 440+180
�190 Mpc (z =

0.09+0.03
�0.04) respectively.5 GW151226 originates from a lower

mass system than GW150914 and hence the GW signal is in-
trinsically quieter, and its SNR is lower than GW150914’s
even though the distances are comparable. LVT151012 is
the quietest signal and is inferred to be at a greater distance
DL = 1000+500

�500 Mpc (z = 0.20+0.09
�0.09).

In all cases, there is significant fractional uncertainty for the
distance. This is predominantly a consequence of the degen-
eracy between the distance and the binary’s inclination, which
also impacts the signal amplitude [93, 115, 116].

The inclination is only weakly constrained; in all cases
there is greatest posterior support for the source being either
face on or face off (angular momentum pointed parallel or
antiparallel to the line of sight). This is the orientation that
produces the greatest GW amplitude and so is consistent with
the largest distance. The inclination could potentially be bet-
ter constrained in a precessing system [96, 117]. Only for

5 We convert between luminosity distance and redshift using a flat LCDM
cosmology with Hubble parameter H0 = 67.9 kms�1 Mpc�1 and matter
density parameter Wm = 0.306 [40]. The redshift is used to convert be-
tween the observed detector-frame masses and the physical source-frame
masses, m = (1+ z)msource [114].

GW150914 is there preference for one of the configurations,
with there being greater posterior support for the source being
face off [38].

Sky localization from a GW detector network is primar-
ily determined by the measured delay in the signal arriving
at the sites, with additional information coming from the sig-
nal amplitude and phase [118–120]. For a two-detector net-
work, the sky localization forms a characteristic broken an-
nulus [121–124]. Adding additional detectors to the network
would improve localization abilities [125–128]. The sky lo-
calizations of the three events are shown in Fig. 5; this shows
both celestial coordinates (indicating the origin of the signal)
and geographic coordinates (illustrating localization with re-
spect to the two detectors). The arrival time at Hanford rel-
ative to Livingston was DtHL = 7.0+0.2

�0.2 ms for GW150914,
DtHL = �0.6+0.6

�0.6 ms for LVT151012, and DtHL = 1.1+0.3
�0.3 ms

for GW151226.
The 90% credible region for sky localization is 230 deg2

for GW150914, 850 deg2 for GW151226, and 1600 deg2 for
LVT151012. As expected, the sky area is larger for quieter
events. The sky area is expected to scale inversely with the
square of the SNR [124, 129], and we see that this trend is
followed.

V. TESTS OF GENERAL RELATIVITY

GW150914 provided us with the first empirical access to
the genuinely strong-field dynamics of gravity. With the fre-
quency of the waveform peak amplitude well aligned with the
best instrument sensitivity, the part of the coalescence just be-
fore merger, as well as the merger-ringdown regime, could be
studied in considerable detail, as described in [41]. This al-
lowed for checks of the consistency between masses and spins
estimated from different portions of the waveform [130], as
well as parameterized tests of the waveform as a whole [131–
134]. Even though not much of the early inspiral was in the
detectors’ sensitive band, interesting bounds could be placed
on departures from general relativity in the PN coefficients

Results of GW150914, GW151226, LVT151012

[LSC & Virgo, PRX 6, 041015 (2016).]

Posterior sky maps determined with two detectors (HL) 
spread widely, including the distant region, and nearly 
face-on/off are favored.

Luminosity distance and orbit inclination 
for GW150914. 
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FIG. 2. Posterior PDFs for the source luminosity distance D
L

and
the binary inclination ✓JN . In the 1-dimensional marginalised
distributions we show the Overall (solid black), IMRPhenom
(blue) and EOBNR (red) PDFs; the dashed vertical lines mark the
90% credible interval for the Overall PDF. The 2-dimensional
plot shows the contours of the 50% and 90% credible regions
plotted over a colour-coded PDF.

misaligned to the line of sight is disfavoured; the probabil-
ity that 45� < ✓JN < 135� is 0.35.

The masses and spins of the BHs in a (circular) binary
are the only parameters needed to determine the final mass
and spin of the BH that is produced at the end of the
merger. Appropriate relations are embedded intrinsically
in the waveform models used in the analysis, but they do
not give direct access to the parameters of the remnant BH.
However, applying the fitting formula calibrated to non-
precessing NR simulations provided in [96] to the posterior
for the component masses and spins [97], we infer the mass
and spin of the remnant BH to be M source

f

= 62+4

�4

M�,
and a

f

= 0.67+0.05
�0.07, as shown in Figure 3 and Table I.

These results are fully consistent with those obtained us-
ing an independent non-precessing fit [55]. The systematic
uncertainties of the fit are much smaller than the statistical
uncertainties. The value of the final spin is a consequence
of conservation of angular momentum in which the total
angular momentum of the system (which for a nearly equal
mass binary, such as GW150914’s source, is dominated by
the orbital angular momentum) is converted partially into
the spin of the remnant black hole and partially radiated
away in GWs during the merger. Therefore, the final spin
is more precisely determined than either of the spins of the
binary’s BHs.

The calculation of the final mass also provides an esti-

FIG. 3. PDFs for the source-frame mass and spin of the rem-
nant BH produced by the coalescence of the binary. In the
1-dimensional marginalised distributions we show the Overall
(solid black), IMRPhenom (blue) and EOBNR (red) PDFs; the
dashed vertical lines mark the 90% credible interval for the Over-
all PDF. The 2-dimensional plot shows the contours of the 50%
and 90% credible regions plotted over a colour-coded PDF.

mate of the total energy emitted in GWs. GW150914 ra-
diated a total of 3.0+0.5

�0.5 M�c
2 in GWs, the majority of

which was at frequencies in LIGO’s sensitive band. These
values are fully consistent with those given in the literature
for NR simulations of similar binaries [98, 99]. The ener-
getics of a BBH merger can be estimated at the order of
magnitude level using simple Newtonian arguments. The
total energy of a binary system at separation r is given by
E ⇡ (m

1

+ m
2

)c2 � Gm
1

m
2

/(2r). For an equal-mass
system, and assuming the inspiral phase to end at about
r ⇡ 5GM/c2, then around 2–3% of the initial total energy
of the system is emitted as GWs. Only a fully general rela-
tivistic treatment of the system can accurately describe the
physical process during the final strong-field phase of the
coalescence. This indicates that a comparable amount of
energy is emitted during the merger portion of GW150914,
leading to ⇡ 5% of the total energy emitted.

We further infer the peak GW luminosity achieved dur-
ing the merger phase by applying to the posteriors a sep-
arate fit to non-precessing NR simulations [100]. The
source reached a maximum instantaneous GW luminosity
of 3.6+0.5

�0.4 ⇥ 1056 erg s�1 = 200+30

�20

M�c
2/s. Here, the

uncertainties include an estimate for the systematic error
of the fit as obtained by comparison with a separate set
of precessing NR simulations, in addition to the dominant
statistical contribution. An order-of-magnitude estimate of
the luminosity corroborates this result. For the dominant

[LSC & Virgo, PRL 116, 1102 (2016).]

2D sky map.



6

Optical follow-up observations with telescopes

Subaru/HSC, KWFC, MOA-II carried 
out wide-field surveys overlapped 
with the high probability sky map by 
LIGO.

Japanese
[Yoshida, et al., "J-GEM Follow-up of 

GW151226", arXiv:16111.01588.]

Small telescopes observed the 
galaxies overlapped with LIGO's 
sky map.
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Follow-up observation with Small class telescopes
1-3 m class aperture-size telescopes are main facilities of optical-
wavelength follow-up observations for GW events.

e.g., 
Higashi-Hiroshima (Kanata) 

diameter=1.5 m 
FoV: 10'×10' (HONIR)

⚠ For small telescopes, it is not easy to observe objects with 21 
magnitude at large distance. 
It is possible for small telescopes to detect EM counterparts only if the 
source is located nearby, e.g., within 100 Mpc.

Kilonova@~100Mpc 
⇔ ~21mag within a few days  

⇔ texp~10min with Kanata[Photo by TN, (August 2007).]
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Effects of distance prior on localization for O1 events

We compute evidences based on Bayesian inference,  
especially nested sampling [Skilling, 2006; Veitch & Vechio, 2010] 
by using the LALInference, which is one of the LIGO Algorithm Library 
(LAL) software suite.

[TN, Kaneyama, Tagoshi, 2017]

We evaluate the three dimensional posterior probability distribution for 
the first three O1 events by restricting the distance prior to a nearby 
region where small telescopes can observe the EM counterparts.

Data available from https://losc.ligo.org/events/.



In the case of no strong distance prior => 
SNR=23.9 
ΔΩ=193 deg2 Nearly face-off is favored.

Template: Inspiral-Merger-Ringdown, Precession  (IMRPhenomPv2)

fref=20Hz

3D posterior for GW150914

9



In the case of restricted distance  
prior: DL<100Mpc => 
SNR=23.9 
616deg2

Nearly face-on is favored.

fref=20Hz

10

Nearly edge-on is favored.

Different region of the same sky-ring is favored.

In the case of no strong 
distance prior => 
SNR=23.9, ΔΩ=193 deg2

3D posterior for GW150914
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In the case of no strong distance prior => 
SNR=12.5, 1032deg2

Nearly face-on/off is favored.

3D posterior for GW151226
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In the case of restricted distance prior:  
DL<100Mpc => 
SNR=12.5 
335deg2

Different region of the same sky-ring is favored.

Nearly edge-on is favored.

Nearly face-on/off is favored.

In the case of no strong distance prior => 
SNR=12.5, 1032deg2

3D posterior for GW151226
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Nearly face-on/off is favored.

In the case of no strong distance prior => 
SNR=9.65, 1415deg2

3D posterior for LVT151012
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In the case of no strong distance prior => 
SNR=9.65 
1415deg2

Different region of the same sky-ring is favored.

In the case of restricted distance prior: 
DL<100Mpc => 
SNR=9.66 
157deg2

Nearly edge-on is favored.

Nearly face-on/off is favored.

3D posterior for LVT151012
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➢ The probability sky maps estimated with HL spread widely. They 
include the distant region where it is difficult for small telescopes to 
observe the optical counterparts. 

➢ For small telescopes, there is a possibility that it is more 
advantageous to search for nearby region even if the probability 
inferred is low. 

➢ Our results suggests that the optimal direction for small telescopes 
are different from what has been searched so far. 

➢ Optimal direction may be the direction derived with a restricted 
distance prior.

Effects of distance prior on localization for the first three O1 events

Short summary

We evaluated the three dimensional posterior probability distribution for 
the first three O1 events by restricting the distance prior to a nearby 
region where small telescopes can observe the EM counterparts.
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ization angle, and two angle parameters which determine
direction of the source on the sky, determine the ampli-
tude of GWs together with two mass parameters. These
five parameters appear in the amplitude of the waveform
in the form,

"
F 2
+

✓
1 + cos2 ✓JN

2

◆2

+ F 2
⇥ cos2 ✓JN

#1/2

d�1
L , (1)

F+ and F⇥ are the antenna pattern functions of the de-
tector which are the functions of the sky location and the
polarization angle. This suggests that those parameters
are correlated.

When we evaluate the posterior probability density for
a given signal candidate, we assume that the source is
distributed uniformly in the comoving volume. Thus,
within a unit distance interval, there are more sources at
larger distance. This suggests that the posterior prob-
ability density of distance becomes larger at larger dis-
tance. From Eq. (1), we find that for a given amplitude
of a signal, if larger distance is preferred, larger value of
| F+ |, | F⇥ | and cos(✓JN) are also preferred. The sky
map is determined in this way.

When the distance prior is limited to nearby region, in
order to realize the same amplitude of the signal data, the
sky location with smaller value of the antenna pattern
functions and cos(✓JN) are favored. This produces the
sky map which is located along the ring determined by
the time delay, but very di↵erent from the original map.

The origin of this e↵ect is the similar to that known as
the gravitational wave Malmquist e↵ect [10, 11], which
states that gravitational wave detectors detect more face-
on/o↵ binaries (cos ✓JN ⇠ ±1) located at relatively larger
distance.

IV. CASES FOR EDGE-ON BINARY
COALESCENCES

In this section, we discuss the observation of edge-on
binary coalescences with two or three detectors’ network
of LIGO and Virgo. We use the theoretical noise power
spectrum density of LIGO and Virgo in [19, 20] which
were expected to be realized during the second obser-
vation (O2) of LIGO. The horizon distance of BNS is
108 Mpc for LIGO and 36 Mpc for Virgo2. As in the
previous section, we perform the parameter estimation
with lalinference. For simplicity, we use a frequency-
domain, spin-less inspiral waveforms, TaylorF2, [21] as
both signals and templates. The mass of the signals are
(1.4 M�, 1.4 M�).

Here, we consider three cases. Case A: two detectors’
network of LIGO Hanford (H) and LIGO Livingston (L),

2 The actual second observation of LIGO started on November
30th 2016. The horizon distance of BNS are around 60 to 80
Mpc.

and no distance prior is used. Case B: two detectors’
network of LIGO Hanford and LIGO Livingston, and a
distance prior is set to dL  30 Mpc. Case C: three
detectors’ network of LIGO Hanford, LIGO Livingston
and Virgo (V), and no distance prior is used.

In Fig. 4, we show the results of the parameter es-
timation in the case of nearly edge-on (✓JN=75 deg,
cos(✓JN) ⇠ 0.26) and distance of 20 Mpc. The right
ascension and the declination for the injected signal are
12.1 h and 29.3�, and the SNR for the injected signal
at each detector is 11.3 (H), 12.9 (L) and 13.5 (V). The
upper two figures are for case A, the middle two figures
are case B, and the bottom two figures are case C. The
estimated network SNR, the estimated 90% sky local-
ization accuracy, and the estimated cosine of the o↵set
angle � between true location and the location of the
maximum PDF are, for case A: network SNR=16.3, 735
deg2, cos(�) = �1.00, for case B: network SNR=19.8, 605
deg2, cos(�) = 0.960, and for case C: network SNR=22.1,
10.8 deg2, cos(�) = 1.00. We find that in the case of the
HL network in case A, both the estimated sky location
and the estimated inclination angle are largely biased. In
this case, larger distance and smaller inclination angle are
more favored than true value. The reason of this is simi-
lar to that of the GW Malmquist e↵ect: the region with
larger distance have a larger volume which produce larger
posterior probability density, and consequently smaller
inclination angle is favored. On the other hand, we find
in case B, if a strong distance prior is applied, the bias of
the sky location and the inclination angle become much
smaller. However, the sky localization accuracy is still
not good. Dramatic improvement can be found in case
C. Especially, the sky location indicates the correct direc-
tion, and the sky localization accuracy becomes about 10
deg2. This clearly show that, even if the sensitivity of the
third detector is only about 1/3 of other two detectors,
the presence of the third detector is essential to improve
the sky localization accuracy. Note however that, even in
case C, the maximum posterior probability density of the
inclination angle points cos(✓JN) ⇠ 1.00. Corresponding
to this, there is a second peak of the the posterior prob-
ability density of the distance around 38 Mpc, although
the distance is constrained much better than two detec-
tors’ case.

In Fig. 5, we show an another example of a nearly edge-
on binary. In this case, the distance and the inclination
angle is the same as in Fig. 4, but the sky location for the
injected signal is di↵erent. The right ascension and the
declination are 4.76 h and 13.4�, and the SNR at each de-
tector for the injected signal is 23.1 (H), 16.3 (L) and 3.54
(V). The estimated network SNR, the estimated 90% sky
localization accuracy, and the estimated cosine of the o↵-
set angle � between true location and the location of the
maximum PDF are for case A: network SNR=29.7, 77.4
deg2, cos(�) = �0.995, for case B: network SNR=27.8,
336 deg2, cos(�) = 0.985, and for case C: network
SNR=28.1, 31.9 deg2, cos(�) = 0.994. We find that in
case A, the estimated sky location points completely dif-

This suggests that those parameters are correlated.

Among the parameters which describe the waveform, five parameters, 
including distance dL, inclination angle of the orbital plane θJN, 
polarization angle, and two angle parameters (sky direction), 
determine the amplitude of GWs together with two mass parameters.

How the difference of the sky map appears? 

These five parameters appear in the amplitude of waveform in the form,
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When we evaluate the posterior probability density for a given signal 
candidate, we assume that the source is distributed uniformly in the 
comoving volume. Thus, within a unit distance interval, there are 
more sources at larger distance. This suggests that the posterior 
probability density of distance becomes larger at larger distance.

When the distance prior is limited to nearby region, in order to realize 
the same amplitude of the signal data, the sky location with smaller 
value of |F+|, |F×| and cos(θJN) are favored. This produces the sky map 
which is located along the ring determined by the time delay, but very 
different from the original map. 

The origin of this effect is the similar to that known as the GW 
Malmquist effect, which states that GW detectors detect more face-
on/off binaries located at relatively larger distance. 

We find that for a given amplitude of a signal, if larger distance is 
preferred, larger value of |F+|, |F×| and cos(θJN) are also preferred. 
The sky map is determined in this way. 
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GW Malmquist effect [Schutz, CQG 28, 125023 (2011).]

The probability distribution of "detected" values of inclination

GW detection criterion preferentially selects for more face-
on/off with cos i → ±1.
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The selection bias toward low inclinations due to the anisotropic pattern of 
a binary is clear.

green: injection 
red: detected
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Cases for edge-on CBCs: two examples

Injected signals: BNS at 20 Mpc 
two different sky location 
on expected O2 sensitivities with Gaussian noise 

We consider three cases. 
Case A: HL, no strong distance prior 
Case B: HL, restricted distance prior < 30 Mpc 
Case C: HLV, no strong distance prior

➢ We also discussed the observation of nearly edge-on binaries, 
it is possible that the true direction is not included in the 90% 
posterior region.



Case B: HL, distance prior DL<30Mpc 
SNR=19.8, 605deg2, cos(angle offset)=0.960
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Edge-on binary

Injected signal: BNS, nearly edge-on, 20Mpc

Both the estimated sky 
location and θJN are 
largely biased.

Case A: HL, no strong distance prior 
SNR=16.3 
735deg2 
cos(angle offset)=-1.00

Example 1

The bias of the sky location and θJN become much smaller. 
However, ΔΩ is still not good.

GoodForVirgo

c.f., GW Malmquist effect
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ID:3160 GoodForVirgo

Case C: HLV, no strong distance prior 
SNR=22.1 
10.8deg2 
cos(angle offset)=1.00

However, the maximum probability density of the inclination angle points 
cos(θJN)~1.00. Corresponding to this, there is a second peak of the posterior 
of the dL around 38 Mpc. 

Dramatic improvement: ΔΩ becomes about 10 deg2. Even if the sensitivity 
of the third detector is only about 1/3 of other two detectors, the presence of 
the third detector is essential to improve the sky localization accuracy. 

Edge-on binary

Injected signal: BNS, nearly edge-on, 20Mpc

Example 1



Case B: HL, distance prior DL<30Mpc 
SNR=27.8 
336deg2 
cos(angle offset)=0.985
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The estimated sky location points completely different 
direction from the true one.

Case A: HL, no distance prior 
SNR=29.7 
77.4deg2 
cos(angle offset)=-0.995

GoodForHL

The difference of the sky location and θJN become much smaller. 
However, ΔΩ is still not good.

Edge-on binary

Injected signal: BNS, nearly edge-on, 20Mpc

Example 2
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ID:3162

The sky location indicates the correct direction, and the sky localization 
accuracy is improved dramatically again. 

GoodForHL

Case C: HLV, no strong distance prior 
SNR=28.1 
31.9deg2 
cos(angle offset)=0.994

However, the accuracy of the inclination angle and the distance are still not 
good. Much larger distance (∼ 60 Mpc) than the injected signal and the 
inclination angle of face-on (cos(θJN)~1.00) are favored. 

Edge-on binary

Injected signal: BNS, nearly edge-on, 20Mpc

Example 2
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Short summary

Case A: HL, no strong distance prior => miss the true location 
Case B: HL, distance prior < 30 Mpc => much smaller ΔΩ 
Case C: HLV, no distance prior => the best way! dramatically 
improvement on ΔΩ! However, still not good enough accuracy

Cases for edge-on CBCs: two examples

➢ It is effective to evaluate the PDF by restricting the distance prior to 
a nearby region in order to improve the sky localization and the 
inclination. However, the accuracy is still not good enough for 
performing the follow-up observation.  

➢ The best way to improve the situation is to add one more detector. 
The sky location and the sky localization accuracy can be improved 
dramatically with three detectors. 

➢ However, even in Case C, there can appear large bias in the 
estimated dL and θJN. It is thus important to search the large region of 
the dL including nearby region in order not to miss EM counterparts.  

➢ It is worth performing follow-up observations for wide region as 
much as possible.
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Summary and Discussion

➢ In the case of first three events, the posterior probability maps 
derived by restricting a distance prior to a nearby region, are different 
from that derived without such restriction. It means that the direction 
which has been observed so far by follow-up observations may not be 
optimal direction for small aperture telescopes. Optimal direction may 
be the direction derived with a restricted distance prior. 

➢ Examples of nearly edge-on binaries located nearby.  
➢ In these cases, with the two-detector network of LIGO, the direction 

of the maximum posterior an be different from the true one.  

➢ The sky location and the sky localization accuracy can be improved 
dramatically with three detectors, Virgo, KAGRA, etc. 

➢ In O2 run, 3D information of the posterior probability distribution in 
the direction and distance space is provided. With that information, 
small aperture telescope can observe only nearby region. 

➢ There is ambiguity in the model of Kilonova/Macronova emission.
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Template: IMRPhenomPv2

Nearly face-on is favored.

Unlimited prior of distance dL<2Gpc 
SNR=12.9 
1086deg2

Different region of the same sky-ring is favored.

Limited prior of distance dL<100Mpc 
SNR=12.9 
213deg2

3D posterior for GW170104
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GoodForHL

SNR=54.1 
245.5 deg2

Design-HL Design-HLK

SNR=62.0 
21.3 deg2

SNR=55.5 
29.5 deg2

Design-HLV Design-HLVK

SNR=61.4 
8.6 deg2

Impact of KAGRA
Inject signal: BHNS (25,1.4), 50Mpc, i=75deg 
Template: TaylorF2

Edge-on binaryExample 2
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GW Malmquist effect [Schutz, CQG 28, 125023 (2011).]

The probability distribution of "detected" values of inclination

GW detection criterion preferentially selects for more face-
on/off with cos i → ±1.

The selection bias toward low inclinations due to the anisotropic pattern of 
a binary is clear.

green: injection 
red: detected
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