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Observation plan of  
gravitatinal wave detectors (LVK)

• KAGAR, LIGO, and VIRGO makes a document which shows 
observing scenarios over the next several years. 

• “Prospects for observing and localizing gravitational-wave 
transients with Advanced LIGO, Advanced Virgo 
and KAGRA” 

• https://arxiv.org/abs/1304.0670 

• Last revised 24 Nov 2020 (this version, v11)
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4observational time with multiple instruments on-sky. The observational implications
of these scenarios are discussed in Sect. 5.

3 Searches and localization of gravitational-wave transients

Data from GW detectors are searched for many types of possible signals (Abbott
et al. 2018e). Here we focus on signals from CBCs, including BNS, NSBH and
BBH systems and generic unmodeled transient signals.

Observational results of searches for transient signals are reported in detail
elsewhere (Abbott et al. 2016b, d, j, o, 2017b, f, g, h, i, k, 2018c, g). The O1 and O2
results include ten clear detections originating from BBH coalescences and
GW170817 which is the first detection of a BNS coalescence (Abbott et al.
2017i, 2018c). The public release of the LIGO and Virgo data allows researchers to
perform independent analyses of the GW data. Some of these analyses report a few
additional significant BBH event candidates (Zackay et al. 2019; Venumadhav et al.
2019, 2020). No other type of transient source has been identified during O1 and O2
(Abbott et al. 2016o, 2017b, l, 2018c).

Fig. 2 The planned sensitivity evolution and observing runs of the aLIGO, AdV and KAGRA detectors
over the coming years. The colored bars show the observing runs, with achieved sensitivities in O1, O2
and O3, and the expected sensitivities given by the data in Fig. 1 for future runs. There is significant
uncertainty in the start and end times of the planned observing runs, especially for those further in the
future, and these could move forward or backwards relative to what is shown above. Uncertainty in start
or finish dates is represented by shading. The break between O3 and O4 will last at least 18 months. O3 is
expected to finish by June 30, 2020 at the latest. The O4 run is planned to last for one calendar year. We
indicate a range of potential sensitivities for aLIGO during O4 depending on which upgrades and
improvements are made after O3. The most significant driver of the aLIGO range in O4 is from the
implementation of frequency-dependent squeezing. The observing plan is summarised in Sect. 2.5
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2016h, l; Adrian-Martinez et al. 2016; Albert et al. 2017b). See Sect. 3.3 for more
discussion of the O1 and O2 follow-up program.

In O1 the largest non-observing periods for each detector were due to Locking
and Environmental issues (see Table 1). Locking refers to the amount of time spent
in bringing the interferometers from an uncontrolled state to their lowest noise
configuration (Staley et al. 2014). Environmental effects include earthquakes, wind
and the microseism noise arising from ocean storms (Effler et al. 2015; Abbott et al.
2016c). The latter two effects have seasonal variation, with the prevalence of storms
being higher during the winter months. The Livingston detector has a greater
sensitivity to microseism noise and to earthquakes than Hanford, mainly due to the
local geophysical environment (Daw et al. 2004).

Fig. 1 aLIGO (top left), AdV (top right) and KAGRA (bottom) target strain sensitivities as a function of
frequency. The quoted range is for a 1:4M! þ 1:4M! BNS merger. The BNS range (in megaparsec)
achieved in past observing runs and anticipated for future runs is shown. The O1 aLIGO curve is taken
from the Hanford detector, the O2 aLIGO curve comes from Livingston. In each case these had the better
performance for that observing run. The O3 curves for aLIGO and AdV reflect recent performance. For
some runs the anticipated ranges are shown as bands reflecting the uncertainty in the impact of
improvements and upgrades to the overall sensitivity. Detailed planning for the post-O3 to O4 period is
now in progress and may result in changes to both target sensitivities for O4 and the start date for this run.
The KAGRA BNS curve may be realized by detuning the signal recycling cavity to significantly improve
the BNS range to 155 Mpc once design sensitivity is reached
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The scenario paper shows the expected sensitivity curves of each detector and observation schedule. 
Updates are being made according to the current situation. 



The latest scenario
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•Differences 
•O4 

•O4 start: Late 2021 -> Late 2022 (1Year delay) 
•COVID-19 
•LIGO(LLO) was hugely damaged due to a hurricane in 2021.  

•O4 length: 1Year (Same) 
•The start date and length of the observation are still discussion 
items. The next update will be presented in May. 

•O5 
•O5 start:  Late 2024 -> Mid 2025 or Early 2026 (1 or 1.5 Year 
delay) 
•Delay of O4 
•VIRGO needs longer intervals for 2 years to replace test 
masses. 

•Since KAGRA will also replace test masses during O4 and O5, 
longer intervals may be necessary as well as VIRGO. 

•O5 length: 1.5 Year -> longer than 2 Year 
•Uncertainty is large. Many updates will be done in the future. 

•KAGRA 
•What is the gray zone in O4? 
•Sensitivities 

• LIGO-India 
•Now it is under construction. It is unclear when LIGO-India will join 
observations. 6

observational time with multiple instruments on-sky. The observational implications
of these scenarios are discussed in Sect. 5.
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BBH systems and generic unmodeled transient signals.
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results include ten clear detections originating from BBH coalescences and
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2017i, 2018c). The public release of the LIGO and Virgo data allows researchers to
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and O3, and the expected sensitivities given by the data in Fig. 1 for future runs. There is significant
uncertainty in the start and end times of the planned observing runs, especially for those further in the
future, and these could move forward or backwards relative to what is shown above. Uncertainty in start
or finish dates is represented by shading. The break between O3 and O4 will last at least 18 months. O3 is
expected to finish by June 30, 2020 at the latest. The O4 run is planned to last for one calendar year. We
indicate a range of potential sensitivities for aLIGO during O4 depending on which upgrades and
improvements are made after O3. The most significant driver of the aLIGO range in O4 is from the
implementation of frequency-dependent squeezing. The observing plan is summarised in Sect. 2.5
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KAGRA’s plan in O4
•The current plan of O4:  

• Starting in mid-December 2022 
• O4A(6 months)+ Break(1 month)+ O4B(6 months) 

• KAGRA’s plan in O4 
• Join O4 at beginning of O4A. The target sensitivity is 1Mpc at least (similar to O3GK). 
• After O4A KAGRA operation (One month), KAGRA has a longer commissioning break for cooling mirrors. 
• Resume the observation in O4B and we will observe for 3 months at least.  

• We expect a sensitivity of 10Mpc at this time. -> Chance for the 1st detection of KAGRA. 
• Interferometer (IFO) configuration: PRFPMI (same as in O3GK) 
• Test mass mirrors  

• O4A: ~250K (Partial operation of cryocoolers) 
• O4B: ~20K  (Full operation of cryocoolers) 
• This is the first trial of full cryocoolers operation.  An important challenge for KAGRA.  
• The main purpose of cooling is a technical demonstration although sensitivity improvement is expected. 
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KAGRA sensitivity
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KAGRA sensitivity curves 
compared with target sensitivities 

(old version)

• In O3GK, the sensitivity reached a part of the O3 target 
in the high-frequency region. 

• Reduction of the noise floor in the low-frequency region 
is important and we carried out many things as in the  
Yokoyama-sensei’s talk. 

• O4 target is reaching O3 target (Green area). 

• O5 target is realizing O4 target (Gray area).



KAGRA sensitivity

• In O4A, reproduce O3. 

• In O4B, Better sensitivity after cooling. 

• In O5, the design sensitivity will be the 
target. KAGRA can contribute to 
better sky localization and multi-
messenger astronomy.
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LIGO-H, LIGO-L, Virgo LIGO-H, LIGO-L, Virgo, KAGRA

Once KAGRA achieves its full sensitivity, it will significantly
contribute to sky localization

as well as better measurement of the polarizations of 
gravitational waves.

Yokoyama-sensei’s slide

KAGRA sensitivity curves 
compared with target sensitivities

Y. Michimura
https://gwdoc.icrr.u-tokyo.ac.jp/cgi-bin/private/DocDB/ShowDocument?docid=13529



To reach 10Mpc in O4B
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292929292929292929

4.O4b 
25 times smaller low frequency noise than O3GK
50 W at beam splitter
10 Mpc  

Y. Michimura
https://gwdoc.icrr.u-tokyo.ac.jp/cgibin/private/DocDB/ShowDocument?docid=13529

10Mpc case 

•Laser power at BS: 50W (~same as O3GK) 

•PRFPMI  (~same as O3GK) 

•Mirror temperature: ~20K 

•Reduction of low-frequency noise floor: 1/25 

•Contents: Suspenstion contorol noise, acoustic 
noise, and so on

K. Yamamoto

Inorder to obtain the better sensitivity, 
reduction of fundamental noises (thermal 
noise, quantum noise, and so on) and of 
technical noises are necessary.



Toward O5-1
• Replacements of the test masses (Without this, observation range may be limited by 80Mpc) 

• Developments of new sapphire mirrors for the front test masses are ongoing. 

• Birefringence problem.  

• Birefringence is the natural nature of sapphire. 

• A problem is birefringence is inhomogeneous in the test masses. 

• Unwanted laser power loss might happen. 

• Difficult to evaluate noises caused by this problem -> Simulation is ongoing. 

• Annealing is thought to be a key technique to reduce inhomogeneously. 

• Reflective index mismatch between the front test masses. 

• Because we couldn't make a reflective coating at the same time. 

• This problem causes higher laser frequency and intensity noise than design values. 

• Installation of high power laser (120W) 

• Reduce the shot noise and improve the sensitivity in the high-frequency region.
11

Unwanted reflection beam 
caused by birefringence 

Sapphire mirror 
φ220X150, 23kg



Toward O5-2
• Operate dual recycling 

• KAGRA employs power recycling technique and signal recycling technique. 

• Signal recycling has not been used so far and will not be used in O4. 

• Difficulties of controls. Not enough time for commissioning. 

• Improve the sensitivity in the high-frequency region. 

• Installation of squeezing techniques 

• The frequency-dependent squeezing (FDQ) technique can reduce quantum noises in all the 
frequency band. 

• LIGO and VIRGO introduce FDQ toward O4. 

• Japanese GW group proved the technique and the results have been published. (We have the 
technology to make it.) 

• Y. Zhao, et al., Frequency-Dependent Squeezed Vacuum Source for Broadband Quantum 
Noise Reduction in Advanced Gravitational-Wave Detectors. Phys. Rev. Lett. 124, 171101 (2020).  

• The budget is a problem for KAGRA.
12

KAGRA interferometer



After O5
• We were discussing possible 
upgrade plans. 

• Not changing the current facility. 

• The discussion has been published. 

• Prospects for improving the 
sensitivity of the cryogenic 
gravitational wave detector 
KAGRA 

• Y. Michimura et al., PHYSICAL 
REVIEW D 102, 022008 (2020)
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Options for Near Term Upgrade
� Different technologies improve sensitivity in 

different bands

8
Coating improvement 
Larger mirror

Black holes

Neutron stars

quantum
Lower power
Suspension    
improvement

Higher power
Squeezing

https://gwdoc.icrr.u-tokyo.ac.jp/cgi-bin/private/DocDB/ShowDocument?docid=12235



4 plans +1
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YKIS2022a Symposium (Feb. 16th, 2022, Online)

Sensitivity Curves

58

Low Freq
[BBH100 Optimized]

- Highly detuned RSE
- Long sapphire fibers (~1m)
- Low laser power (4.5W at BS) 

High Freq
(BNS sky 
localization optimized)
- High laser power

(3 kW at BS) 
- Squeezing without 

filter cavity (6dB)

40 kg mirror
[BNS optimized]

- Heavy mirror (40 kg) 
- High laser power

(1.5 kW at BS) 
Freq-Dependent    

Squeezing
[BNS optimized]

- Squeezing with filter 
cavity (5dB)

- High laser power
(1.5 kW at BS) 

Y. Michimura+,
PRD 102, 022008 (2020)

KAGRA 
Baseline

58

M. Ando

Upgrade Plan for KAGRA?
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A+AdV+
KAGRA+?

� Twofold broadband sensitivity improvement 
possible with multiple upgrade technology

100 kg test mass,
340 W input,
30 m filter cavity
(5 dB SQZ)

153 Mpc
ĺ�300 Mpc

NOTE:
No coating 
improvements
assumed

Y. Michimura+,
PRD 102, 022008 (2020)

https://gwdoc.icrr.u-tokyo.ac.jp/cgi-bin/private/DocDB/ShowDocument?docid=12235

Four ideas of the future More aggressive plan

ref: 50W@BS@O3GK 



Detection Ranges
� Hard to beat A+ with horizon distance

10

Sky-averaged
Nonspinning equal-mass
SNR threshold 8

A+

AdV+
KAGRA+? LF

HF 40 kg
FDSQZ

Y. Michimura+,
PRD 102, 022008 (2020)
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BNS 
1.4-1.4 frequencies, the sensitivity is limited by quantum shot

noise. At around 100 Hz, the sensitivity is limited by the
mirror thermal noise, which mainly comes from the
Brownian noise of the coating.
In this section, we describe the possibility of reducing

or increasing the input laser power to improve the low
frequency or the high frequency sensitivity, respectively.
We also describe the possibility of increasing the mirror
mass to improve the sensitivity in midrange frequencies,
and the possibility of injecting frequency-dependent squee-
zing for broad sensitivity improvement. Example para-
meters and sensitivities for these possible upgrades are
summarized in Table I and Fig. 1. The details of the
sensitivity calculation and interferometer parameter tuning
method are described in our previous work [33]. In our
parameter optimization, the detuning angle of the signal
recycling cavity, the homodyne angle, the mirror temper-
ature, the reflectivity of the signal recycling mirror, the
length and diameter of suspension fibers, and the input
power at the beam splitter (BS) are tuned by particle swarm
optimization.
Table II summarizes search ranges for each parameter.

As for the detuning angle of the signal recycling cavity, the
upper bound is set to 60 deg instead of 3.5 deg for low
frequency optimization to allow for higher detuning. The
search range corresponding to the fiber diameter df is set
using the safety factor sf to change the range with respect to
the change in the mirror mass m. The fiber diameter is
calculated using

π

!
df
2

"
2

Hf ¼ sf
m
nf

; ð1Þ

where Hf is the tensile strength of the fiber and nf ¼ 4 is
the number of fibers suspending the test mass. As in our

previous work [33], the optimization of the input power at
BS I0 is done by introducing the power attenuation factor
Iattn,

I0 ¼ IattnImax
0 ; ð2Þ

where Imax
0 is the maximum input power allowed, calcu-

lated from the heat extraction capability of the fibers. The
upper bound for the power attenuation factor is set to

Ilimit
attn ¼ Ilimit

0

Imax
0

; ð3Þ

so that the power at the BS does not exceed Ilimit
0 . For the

high frequency upgrade plan and the plan with multiple
technologies combined, we set Ilimit

0 ¼ 3500 W, and for
other upgrade plans, we set Ilimit

0 ¼ 1500 W. Considering
that the state-of-the-art high power laser source is capable
of producing 400 W at a wavelength of 1064 nm [39], we
assume such a laser source is introduced for the high
frequency plan and the plan with multiple technologies
combined. For other plans, we assume that the default
KAGRA laser source which has the maximum output
power of 180 W is used. Assuming some losses from
the laser source to the interferometer input, the maximum
power at the BS can be determined by multiplying the
power recycling gain by the maximum input laser power by
the interferometer. The power recycling gain of 10 and the
arm cavity finesse of 1530 are kept constant in the
optimization.
To optimize the detector parameters, various astrophysi-

cal metrics have been proposed in the literature [40,41].
Here, we focus on the inspiral range [42] of compact binary
coalescences at different masses, and the sky localization
performance for binary neutron stars. To optimize the

TABLE I. Interferometer parameter values, inspiral ranges, and median of sky localization error for a GW170817-like binary for
possible KAGRA upgrades. Default values [31,38] are also shown as a reference. Inspiral ranges and sky localization errors in bold are
the objective function values used for the sensitivity optimization. LF: low frequency; HF: high frequency; FD SQZ: frequency-
dependent squeezing; FC: with 30-m filter cavity; SRC: signal recycling cavity; SRM: signal recycling mirror; and BS: beam splitter.

Default LF HF Larger mirror FD SQZ Combined

SRC detuning angle (deg) ϕdet 3.5 28.5 0.1 3.5 0.2 0.3
Homodyne angle (deg) ζ 135.1 133.6 97.1 123.2 93.1 93.0
Mirror temperature (K) Tm 22 23.6 20.8 21.0 21.3 20.0
SRM reflectivity (%) RSRM 84.6 95.5 90.7 92.2 83.2 80.9
Fiber length (cm) lf 35.0 99.8 20.1 28.6 23.0 33.1
Fiber diameter (mm) df 1.6 0.45 2.5 2.2 1.9 3.6
Input power at BS (W) I0 673 4.5 3440 1500 1500 3470
Mirror mass (kg) m 22.8 22.8 22.8 40 22.8 100
Maximum detected squeezing (dB) 0 0 6.1 0 5.2 (FC) 5.1 (FC)

100 M⊙ − 100 M⊙ inspiral range (Mpc) 353 2019 112 400 306 707
30 M⊙ − 30 M⊙ inspiral range (Mpc) 1095 1088 270 1250 843 1687
1.4 M⊙ − 1.4 M⊙ inspiral range (Mpc) 153 85 155 202 178 302
Median sky localization error (deg2) 0.183 0.506 0.105 0.156 0.120 0.100

PROSPECTS FOR IMPROVING THE SENSITIVITY OF THE … PHYS. REV. D 102, 022008 (2020)

022008-3

For the multi-messenger 
astronomy and BNS observations, 
we can expect some 
improvement from all the 
upgrade plans except for LF.
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mid-2030s
3rd generation interferometers and space interferometers

• Gravitational-wave astronomy will enter a new era since the mid-2030s.
• eLISA: Space IFO (2.5×109 m), Scheduled to be launched in 2034.
• Pre-DECIGO: Space IFO (1,000 km).
• Einstein Telescope (10km, Cryogenic, Underground): Scheduled to be 2034
• Cosmic Explorer1&II (Max40km, Cryogenic): Observations scheduled to start in 

2036&2045.
• Voyager(4km, Cryogenic, Silicon Mirror): Introduced low temperatures to LIGO's 

facilities
• NEMO(4km, Cryogenic): Specializing in high-frequency sensitivity. Proposed by an 

Australian group
• KAGRA is a facility with 3km, cryogenic and underground site.  Upgrade similar to 

Voyager or Nemo may be possible. It is also possible to specialize in low frequencies.
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Sensitivities in the 3G era

AdV+

aLIGO+

aLIGO +

aLIGO+ 
INDIA

KAGRA

3G south/
NEMO

Sensitivity curves with space interferometers

PTEP 2016, 093E01 T. Nakamura et al.

Fig. 2. Strain sensitivity of Pre-DECIGO. Sensitivity curves for the second-generation terrestrial GW
antenna (KAGRA [25]; sensitivity curve at http://gwcenter.icrr.u-tokyo.ac.jp/en/researcher/parameter), third-
generation antenna (ET [26]), and space antenna (eLISA [27]) are shown together for references. The dashed
curve shows the signal amplitude from BBH merger with masses of 30M! at a distance of z = 1.

Fig. 3. Observable range for inspiral and mergers of BBHs. Here, we assume optimal direction and polarization
of the source, and a detection SNR threshold of 8.

The target sensitivity of Pre-DECIGO is 2 × 10−23 Hz−1/2 in strain in the current design (Fig. 2).
It is fundamentally limited by the optical quantum noise of the interferometer: laser shot noise and
radiation pressure noise in high and low frequency bands, respectively. The external force noise on
the test-mass mirrors is also critical; the requirement is 1 × 10−16 N/Hz1/2. With this sensitivity,
mergers of BBHs at z = 10 will be within the observable range of Pre-DECIGO, assuming optimal
direction and polarization of the source, and detection SNR of 8 (Fig. 3).

The candidate orbit of Pre-DECIGO is a record-disk (or cartwheel) orbit around the earth. The
reference orbit, the orbit of the center of the mass of the three spacecraft, is a Sun-synchronized dusk–
dawn circular orbit with an altitude of 2000 km. Each spacecraft has a slightly eccentric orbit around
this reference orbit so as to minimize the natural fluctuation in the relative distance between the
spacecraft during the orbital motion. Moreover, there will be no eclipse in these spacecraft, which
is beneficial to avoid thermal shock and drift in the spacecraft. The formation flight of the three
spacecraft is realized by continuous feedback control. The laser interferometers measure the cavity
length changes, which are fed back to the positions of the test-mass mirrors. Since the spacecraft
follows the test-mass position inside it by drag-free control, the 100 km triangular formation flight
is realized. The orbital period of the formation flight interferometer unit around the earth is 124 min.
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KAGRA+
(100kg+300W)

Sensitivity curve with the 3rd generation IFOs
KAGRA+(100kg, 340W) is similar to LIGO A+

KAGRA(100kg+340W)

http://lisa.nasa.gov

LISA

Class. Quantum Grav. 28 (2011) 094011 (12pp)
DECIGO
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Summary
• The latest observation scenario has been shown. 

• The full cryogenic operation will be carried out in O4.  

• We expect the 1st detection of KAGRA in O4. 

• KAGRA's contribution to Sky localization can be expected from O5. 

• There are many ideas for updating KAGRA after O5. 

• Gravitational-wave astronomy will enter a new era since the mid-2030s. 
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Detection Ranges
� Hard to beat A+ with horizon distance

10

Sky-averaged
Nonspinning equal-mass
SNR threshold 8

A+

AdV+
KAGRA+? LF

HF 40 kg
FDSQZ

Y. Michimura+,
PRD 102, 022008 (2020)
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Fig. 6 Anticipated GW sky localization for CBC signals during the third and fourth runs (for O3, see
Sect. 5.1 and for O4, see Sect. 5.2). For O3, the detector sensitivities were taken to be representative of
the first 3 months of observations for aLIGO Hanford and Livingston, and AdV, and the highest expected
O3 sensitivity for KAGRA (see Fig. 1). For O4, the detector sensitivities were taken to be the target
sensitivities for aLIGO and AdV, and the mid of the interval expected for KAGRA during O4. Top: The
plot shows the cumulative fractions of events with sky-localization area smaller than the abscissa value.
Central: The plot shows the cumulative fractions of events with luminosity distance smaller than the
abscissa value. Bottom: The plot shows the cumulative fractions of events with comoving volume smaller
than the abscissa value. Sky-localization area (comoving volume) is given as the 90% credible region, the
smallest area (comoving volume) enclosing 90% of the total posterior probability. Results are obtained
using the low-latency BAYESTAR pipeline (Singer and Price 2016). The simulation accounts for an
independent 70% duty cycle for each detector, and the different sensitivity of each sub-network or
network of detectors. For O3, all the combinations of sub-networks of two operating detectors and the
three detector network (HLV) are included in the blue lines. All the combinations of sub-networks of two
and three operating detectors, and the four detector network (HLVK) are included in the orange lines for
O3 and in the green lines for O4. The O3 HLV and the O3 HLVK curves in the central panel are very
similar due to the modest contribution by KAGRA to the network SNR. Solid lines represent BNSs,
dashed lines NSBHs, dotted lines BBHs. As a comparison, the plots show the area, distance and volume
of GW170817 and GW170818, which are the best localized BNS and BBH signals during O1 and O2
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Prospects for observing and localizing GW transients with aLIGO, AdV and KAGRA

https://arxiv.org/abs/1304.0670

Fig. 8 Alert timeline. The Preliminary GCN Notice is sent autonomously within 1–10 min after the GW
candidate trigger time. Some preliminary alerts may be retracted after human inspection for data quality,
instrumental conditions, and pipeline behavior. The human vetted Initial GCN Notice or Retraction GCN
Notice and associated GCN Circular are distributed within a few hours for BNS or NSBH sources and
within 1 day for BBH. Update notices and circulars are sent whenever the estimate of the parameters of
the signal significantly improves. Image adapted from the LIGO/Virgo Public Alerts User Guide (see
footnote 17)

Fig. 9 The four astrophysical categories in terms (BNS, NSBH, BBH, and MassGap) of component
masses m1 and m2, which are used to define the source classification. By convention, the component
masses are defined such that m1 > m2, so that the primary compact object in the binary (i.e., component
1), is always more massive than the secondary compact object (i.e., component 2). Image adapted from
the LIGO/Virgo Public Alerts User Guide (see footnote 17)
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KAGRA noise budget curve at O3GK 
https://arxiv.org/abs/2203.07011

Evolution of the distance to which a binary neutron star 
(BNS) merger is detectable with S/N> 8: BNS range[Mpc]

1Mpc

100Mpc

Yokoyama sensei’s presentation
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• Mirror temperature: 250K ~ 300K 
• Laser power at BS: 58W (same as O3GK) 
• PRFPMI 
• Observation range limit: 6Mpc 
• Target: 1Mpc

• Mirror temperature: ~20K 
• Laser power at BS: 58W  
• PRFPMI 
• Observation range limit: 35Mpc 
• Target: 10Mpc

K. YamamotoK. Yamamoto

Fundamental noises in O4
O4A O4B
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• O5 high same as BRSE (conventional readout) in JGW-T1707038

Details of 2021 Version

4

Mirror
temp.

Power at 
BS

SRM
reflectivity

Detuning 
angle

Homodyne 
angle

Excess noises

O3GK 
best ~250 K 30-50 W 70 % 

tilted
90 deg

(PRFPMI)
90 deg

(conventional)
LFnoise

Pess. laser noise

O4a low 300 K 50 W 70 % 
tilted

90 deg
(PRFPMI) 90 deg LFnoise

Pess. laser noise

O4a high / 
O4b low 300 K 50 W 0 % 90 deg

(PRFPMI) 90 deg 0.3*LFnoise
Feasible laser noise

O4b high /
O5 low
(10 Mpc)

40 K 50 W 0 % 90 deg
(PRFPMI) 90 deg 0.04*LFnoise

Feasible laser noise

O4b high /
O5 low
(25 Mpc)

40 K 300 W 0 % 90 deg
(PRFPMI) 90 deg 0.013*LFnoise

Feasible laser noise

O5 high 22 K 673 W 85 % 90 deg
(BRSE)

90 deg
(conventional)

no excess

Design 22 K 673 W 85 % 86.5 deg
(DRSE) 135.1 deg no excess
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detector parameters to sky localization performance, we
evaluate the error using a Fisher information matrix. The
sky localization error for a GW170817-like binary is
calculated for 108 uniformly distributed sets of the source

location and the polarization angle, and the median value is
used as the objective value to be minimized. We consider
the global network of two Advanced LIGO detectors at
Hanford and Livingston, and Advanced Virgo at their

(a) Default

(b) Low frequency

(c) High frequency

(d) Larger mirror

(e) Frequency dependent squeezing

(f) Combined

FIG. 1. Sensitivity curves for the default KAGRA and possible upgrades calculated with the parameters shown in Table I. Sensitivity
curves for Advanced LIGO (aLIGO) and Advanced Virgo (AdV) are also shown for comparison in (a). For other plots, sensitivity curves
for the upgrades Aþ and AdVþ, and default KAGRA are shown. Sensitivity curve data for Advanced LIGO and Aþ are taken from
Refs. [22,37], and those for Advanced Virgo and AdVþ are extracted from Ref. [26].

YUTA MICHIMURA et al. PHYS. REV. D 102, 022008 (2020)

022008-4

frequencies, the sensitivity is limited by quantum shot
noise. At around 100 Hz, the sensitivity is limited by the
mirror thermal noise, which mainly comes from the
Brownian noise of the coating.
In this section, we describe the possibility of reducing

or increasing the input laser power to improve the low
frequency or the high frequency sensitivity, respectively.
We also describe the possibility of increasing the mirror
mass to improve the sensitivity in midrange frequencies,
and the possibility of injecting frequency-dependent squee-
zing for broad sensitivity improvement. Example para-
meters and sensitivities for these possible upgrades are
summarized in Table I and Fig. 1. The details of the
sensitivity calculation and interferometer parameter tuning
method are described in our previous work [33]. In our
parameter optimization, the detuning angle of the signal
recycling cavity, the homodyne angle, the mirror temper-
ature, the reflectivity of the signal recycling mirror, the
length and diameter of suspension fibers, and the input
power at the beam splitter (BS) are tuned by particle swarm
optimization.
Table II summarizes search ranges for each parameter.

As for the detuning angle of the signal recycling cavity, the
upper bound is set to 60 deg instead of 3.5 deg for low
frequency optimization to allow for higher detuning. The
search range corresponding to the fiber diameter df is set
using the safety factor sf to change the range with respect to
the change in the mirror mass m. The fiber diameter is
calculated using

π

!
df
2

"
2

Hf ¼ sf
m
nf

; ð1Þ

where Hf is the tensile strength of the fiber and nf ¼ 4 is
the number of fibers suspending the test mass. As in our

previous work [33], the optimization of the input power at
BS I0 is done by introducing the power attenuation factor
Iattn,

I0 ¼ IattnImax
0 ; ð2Þ

where Imax
0 is the maximum input power allowed, calcu-

lated from the heat extraction capability of the fibers. The
upper bound for the power attenuation factor is set to

Ilimit
attn ¼ Ilimit

0

Imax
0

; ð3Þ

so that the power at the BS does not exceed Ilimit
0 . For the

high frequency upgrade plan and the plan with multiple
technologies combined, we set Ilimit

0 ¼ 3500 W, and for
other upgrade plans, we set Ilimit

0 ¼ 1500 W. Considering
that the state-of-the-art high power laser source is capable
of producing 400 W at a wavelength of 1064 nm [39], we
assume such a laser source is introduced for the high
frequency plan and the plan with multiple technologies
combined. For other plans, we assume that the default
KAGRA laser source which has the maximum output
power of 180 W is used. Assuming some losses from
the laser source to the interferometer input, the maximum
power at the BS can be determined by multiplying the
power recycling gain by the maximum input laser power by
the interferometer. The power recycling gain of 10 and the
arm cavity finesse of 1530 are kept constant in the
optimization.
To optimize the detector parameters, various astrophysi-

cal metrics have been proposed in the literature [40,41].
Here, we focus on the inspiral range [42] of compact binary
coalescences at different masses, and the sky localization
performance for binary neutron stars. To optimize the

TABLE I. Interferometer parameter values, inspiral ranges, and median of sky localization error for a GW170817-like binary for
possible KAGRA upgrades. Default values [31,38] are also shown as a reference. Inspiral ranges and sky localization errors in bold are
the objective function values used for the sensitivity optimization. LF: low frequency; HF: high frequency; FD SQZ: frequency-
dependent squeezing; FC: with 30-m filter cavity; SRC: signal recycling cavity; SRM: signal recycling mirror; and BS: beam splitter.

Default LF HF Larger mirror FD SQZ Combined

SRC detuning angle (deg) ϕdet 3.5 28.5 0.1 3.5 0.2 0.3
Homodyne angle (deg) ζ 135.1 133.6 97.1 123.2 93.1 93.0
Mirror temperature (K) Tm 22 23.6 20.8 21.0 21.3 20.0
SRM reflectivity (%) RSRM 84.6 95.5 90.7 92.2 83.2 80.9
Fiber length (cm) lf 35.0 99.8 20.1 28.6 23.0 33.1
Fiber diameter (mm) df 1.6 0.45 2.5 2.2 1.9 3.6
Input power at BS (W) I0 673 4.5 3440 1500 1500 3470
Mirror mass (kg) m 22.8 22.8 22.8 40 22.8 100
Maximum detected squeezing (dB) 0 0 6.1 0 5.2 (FC) 5.1 (FC)

100 M⊙ − 100 M⊙ inspiral range (Mpc) 353 2019 112 400 306 707
30 M⊙ − 30 M⊙ inspiral range (Mpc) 1095 1088 270 1250 843 1687
1.4 M⊙ − 1.4 M⊙ inspiral range (Mpc) 153 85 155 202 178 302
Median sky localization error (deg2) 0.183 0.506 0.105 0.156 0.120 0.100

PROSPECTS FOR IMPROVING THE SENSITIVITY OF THE … PHYS. REV. D 102, 022008 (2020)

022008-3

larger test mass, suspension and coating thermal noises are
also reduced. In total, broadband sensitivity improvement
by a factor of 2 can be realized, and the binary neutron star
range will be 302 Mpc.

III. DISCUSSION

In the previous section, we have shown that different
upgrade technologies can enhance the sensitivity at differ-
ent detector bands. In this section, we briefly summarize
the impact on gravitational wave science for each upgrade
and discuss the technological feasibility.
Figure 2 shows the detection ranges of possible KAGRA

upgrades discussed in the previous section. The sky
averaged inspiral range using the inspiral-merger-ringdown
waveform compiled in Ref. [49] was used for calculating
the detection ranges. Nonspinning equal-mass binaries are
considered, and the threshold for the signal-to-noise ratio is
set to 8, following the convention in the gravitational wave
community [42]. The mass in the x axis is corrected to a
source-frame mass, taking into account the redshift.
Among four upgrade examples with a single upgrade

technology, the low frequency plan has the largest detection
range above ∼200 M⊙ in total mass, whereas the larger
mirror plan has the largest detection range for smaller
masses. The detection range for the high frequency plan is
the smallest, but it gives the smallest sky localization error
for binary neutron stars, as shown in Table I. The authors in
Ref. [50] have shown that the frequency-dependent squeez-
ing plan, which realizes relatively broad sensitivity
improvement, is most suitable for black hole spectroscopy.
Each upgrade example will give different impacts on
gravitational wave science. Cases for each example are
discussed in detail in Ref. [51].

From the technical feasibility point of view, there are
some uncertainties for each upgrade. At low frequencies,
there is a variety of excess noise other than the fundamental
noise discussed in this paper, such as control noise and
scattered light noise [29,52,53]. As for the plans with
higher laser power, mitigation of additional effects such as
thermal lensing and parametric instability [54,55] should be
considered. The thermal lensing effect in cryogenic sap-
phire mirrors is smaller than room-temperature fused silica
mirrors by orders of magnitude [56,57], and it is unlikely to
be an issue; however, the effect in the fused silica BS needs
to be investigated. The probability of having parametric
instability with sapphire mirrors is also smaller than fused
silica since the number density of elastic modes is smaller,
owing to the larger Young’s modulus [58]. However, the
number of unstable modes will be larger with higher power
and larger mirrors.
Also, fabrication of larger sapphire mirrors should be

feasible in the next few years, but it remains uncertain at
this point whether a larger mirror with the required quality
is feasible or not. Recently, in KAGRA, it was found that
nonuniformity of the transmission map and inhomo-
geneous birefringence of the input test masses were larger
than expected, partly due to the use of light with the wrong
polarization to measure and correct the transmission map
[31,59,60]. These issues need to be investigated further for
realizing the upgrade of KAGRA.
Choosing the next step to upgrade KAGRA depends

on the technology developments discussed above and
which scientific targets KAGRA will focus on. It also
depends on the budget and schedule restrictions, as well as
the sensitivity of other detectors. Detailed planning of the
upgrade is underway within the KAGRA collaboration.
We note here that a conservative estimate in the coating

thermal noise was used in the sensitivity calculation in this
work since no coating improvements are assumed.
Improvements in the heat conductivity of the sapphire
suspension and reduction of the heat absorption in both
coating and sapphire substrate are not taken into account
either. Developments in such technologies will result in
further enhancement of the sensitivity.
As for the interferometer parameter optimization, we

only used seven parameters as listed in Table II and did not
change the arm cavity finesse or the signal recycling cavity
length. Reference [61] shows that quantum noise reduction
at high frequencies is possible with a higher arm cavity
finesse and a longer signal recycling cavity. As indicated by
Eq. (10), the same quantum noise can be realized with
higher arm cavity finesse and higher signal recycling mirror
reflectivity, when the circulating power in the arm cavity is
kept constant. This is effective for reducing the power
injected into the input test mass and therefore reducing the
heat absorption.
Lastly, we note that the temperature, mirror size, and

suspension design of the input and end test masses are

FIG. 2. The detection ranges of possible KAGRA upgrades for
nonspinning equal-mass binaries. The redshift corrected, sky
averaged distance at which gravitational waves can be detected
with a signal-to-noise ratio of more than 8 is shown for each
upgrade.
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Space Interferometer -LISA-

http://lisa.nasa.gov

http://sci.esa.int/lisa/
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Laser Interferometer Space 
Antenna (LISA) 

• Triangular constellation of 
three space craft in 
heliocentric orbit. 

• Inter distance: 2.5×109 m. 
• Target GW: SMBH binaries, 
Compact objects captured 
by SMBH. 

• Frequency: 0.03 mHz - 0.1Hz 
• Lunch in 2034 is planned. 
• Prototype experiment 
successfully completed -> 
LISA pathfinder

Laser Interferometer Space 
Antenna (LISA) 

• 三角形を形成する3機の宇宙船を太
陽光天気道場に展開。 

• 宇宙船間の距離: 2.5×109 m. 
• 対象となる重力波: SMBH 
binaries、SMBHに落下する恒星
サイズの天体 

• 周波数: 0.03 mHz - 0.1Hz 
• 2034年に打ち上げの予定。 
• プロトタイプ実験が成功裏に完了
→LISA pathfinder



Space Interferometer -DECIGO-

http://tamago.mtk.nao.ac.jp/decigo/index_E.html
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DECi-hertz Interferometer 
Gravitational wave Observatory 

(DECIGO) 
• 4 sets of triangular constellation 
of three space craft in 
heliocentric orbit. 

• Inter distance: 1,000 km. 
• Target GW: Inspiral phase of  
compact binaries, Cosmological 
GW background.  

• Frequency: 0.1 Hz - 10Hz

DECi-hertz Interferometer 
Gravitational wave Observatory 

(DECIGO) 
• 4組の三角形を形成する宇宙船を太陽光
天気道場に展開。 

• 宇宙船間の距離: 1,000 km. 
• 対象となる重力波: コンパクト星連星の
inspiral phase, 宇宙論的重力波背景
輻射。 

• 周波数: 0.1 Hz - 10Hz


