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First detection!

A New astronomy!

done!
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For starting astronomy,

A Source localization.

for follow -up observation.
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For localization, we want..

A Several detectors!

Continuous observation
All sky coverage

Precise localization !
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Different sensitivities.. OK?
‘Ex.) SNR >5 A detection |

High Low
LIGO Hanford _ | Virgo (V)
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Different sensitivities.. OK?
‘Ex.) SNR >5 A detection |

LIGO Hanford — virgo (V) i) 'ggarls (or more) coincidence
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fdbuudi B O\ & SR 2) Double coincidence
- /7 & A A Not precise localization
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Livingston (L) Low
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(At the beginning)
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Hierarchical network search |f

b 1. A trigger is detected
|_|GOIgHanford VLifé’;’) V) by high sensitivity detectors
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e = ) : < ! { i, T h Q\. VR, O R N
e i 4 4 4 ] 4 7. it i i A Ty 3 A \ e X
[ A TR 2 ’,
: 2 ) Iy DN ol S ) )
| A\ Wl i N |
\ \ 2 T X |
3 L , 1
ARRuEY.Aun T .. T
......... — \ERNEL LA P R JE VS wi B O] { s L/
D\ % ] /) /
S SR e z

LG i PEEST 2. Analyze
Livingston (L) KAGRA (K) low sensitivity  detectors
High Low with low SNR threshold
using small time window

o NR CS o NY9l3MNE >




Assumption in calculation

- 1. GW -EM pipeline for GWs from CBC
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Calculation main flow 1
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Calculation main flow 2

4 Localization performance N ( Histograms A
g from 248
1) Accuracy events
> A Searched
area ( deg?)
L median
- values
2) Precision ’
A 90 %
2 confidence
area ( deg?)




Expected performance, HLV (SNR threshold for H, L = 5.)
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Expected performance, HLV (SNR threshold for H, L = 5.)
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A By including low sensitivity detector,
errors on sky maps will be reduced by a factor of ~ 0.7 than HL.
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How about 4 detectors, HLVK?
(High: 70 Mpc) (Low: 20 Mpc)
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Expected performance, HLVK (SNR threshold for H, L = 5.)
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Expected performance, HLVK (SNR threshold for H, L = 5.)
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Precision A improved! to improvement!

Accuracy A Not so improved.. ) > 4th detector contributes




Summary 1
A localization with a hierarchical network is demonstrated.

In network by 3 GW detectors (70 Mpc U 2 and 20Mpc),
Accuracy
Precision

A Low sensitivity detector can contribute!

] are reduced by a factor of ~ 0.7 than HL.

In network by 4 GW detectors (70 Mpc U2and 20Mpc U 2),
Accuracy: HLV ~ HLVK
Precision: reduced by a factor of ~ 0.8 than HLV.
A 4th detector can contributes!
A useful for follow  -up observation!
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Source localization A detector development

Necessary to improve sensitivity!
4 )

£ O]

Detector noise [1/
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Gravitational wave detector

r v 1) Michelson -based interferometer
. 2) Fabry -Perot cavities e .
mirror l Ex. KAGRASH
3) km -arm 4
Km -arm 1 '
_ | mirror
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Detector noise

4 )

. So many noise sources..
- Quantum noise
- Thermal noise ‘0" 10 !
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Seismic noise
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Seismic noise )
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Seismic noise

4 Seismic noise )
(Tokyo)
i I / i ;
106 / . . 1
T 108 |----° : e .
o Selsmic NoIsE
1.“,-111 . 7 .
E w02 P TR (KAGRA sitq)
E 10-14 | 10'8 ! |
E 10-18 -—————--E________. 1 sensitivity
| |
0.1 1 10 100 1000

\_ Frequency [HZ] Yy




Seismic attenuation
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Seismic attenuation
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Resonance damping
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Resonance damping

A Active control
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» KAGRA project

KAGRA detector

1) Japanese detector

2) now being developed
3) underground

PRM  pr2 |
i i 0 o ETMX
- \]/a ==
PR3

Laser
source IMC BS ITMX

SR2

KAGRA sk SR3
Interferometer

OMC




» KAGRA project

KAGRA detector
1) Japanese detector
2) now being developed

3) underground X
p
IKAGRA
1) testrunin 2016
2) Simple interferometer
ETMY
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IKAGRA suspensiond evelopment

[ ) 1 End test

Development work: Input mass

cleaner |
1) Assembly ﬁ . —= 3km
2) Measurement C—<$ 3 ’T‘D
. Laser

3) Upgrade for final phase ( l ﬁﬁ?t?’éi, “,End .

-

IKAGRA suspension:

Alignment mirror of IKAGRA
for initial alignment
for stable operation.
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Assembly

2015.10




Assembly
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Sensors and actuators

[D|splaqement sensor ) Angular
d coll -magnet gtato Sensor

”\. X

Displacement sensor
and coil -magnet actuator 2
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1. Frequency response

10 Lo S '
For each = simulation

Amplitude

180 — oo
107 101 10°
Frequency [HZz] )




1. Frequency response

== \easurement

4 L A P S ———
10 i . EEEEE
For each [— Simulation ]

1)Measurement

Amplitude

A Consistent
with Simulation

2) Components
A Pendulum

1
O
o

T

Phase [ deg]
o




2. Decay time

~ For damping resonances N

0.156Hz  Meel  0.43Hz Med  0.47Hz Mol  0.52Hz Mol  0.527Hz Mo  0.659Hz  Men
1 P P f - f -

0.66Hz  More 0.68Hz  More 0.844Hz  More 1.03Hz  More 1.036Hz  More

1.099Hz  Mon

NI IR A

“lL/e decay time

20
Time [sec]




2. Decay time  without damping

Measured

0.156Hz  More 0.43HzZ  More 0.47HzZ  More 0.52Hz  More 0.527Hz  More 0.659HZ  Mon

i 1 1 1 1

| 0.66Hz  more 0.68Hz  more 0.844Hz  More 1.03Hz  more 1.036Hz  more

1.099Hz  Mon
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2. Decay time  with damping

Measured
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Resonant frequency

| Resonances A damped \
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2. Decay time  with damping

Measured Simulated
10% s = — 10% —— — .
| | antrol OFF Control ON | | | Control ON
3 S e ] :
107 s . ‘ g 1 ] — ------------------------------------------------------- ---------------------------------------
=} I Te °
2 ! * ! - | |
e ) Ll S e e O 102} R i,
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2 ! : | 3 | . .
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Simulation A consistent with measurement
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Measurement:
~ 1. Frequency response —

s Suspension
A Pendulum
- J Resonances
~ 2. Damping time N A Damped
Measurement

A Consistent with simulation




Upgrade:

e In order to meet final requirements:

~ Initial phase

IKAGRA A final KAGRA

»

Add one
more stage

RSTSyYyasS Ry
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Steps for observation

s A - a
Calm -down Observation
phase phase
7777777777777 Sorvg 7777772777777/ —1Servo
—> B
—> B
Free Al Interferometer Upper stage
swinging stages Lock A Damping
A Damping
Lower stage
_ ) _ A Alignment
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Calm -down phase:
Suppress large disturbance Lo OFF

10° — """"""""""" """""" Reqwrement:
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Calm -down phase:

Suppress

large disturbance

“1/e decay time

Time [sec]

Decay time [sec]

Control OFF

Control ON

Requirement:
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U S

~ 10t




Observation  phase:
Suppress |RMS (Root Mean Square) & control noise

Requirement: 2urad

= 10™
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Observation phase:
Suppress RMS (Root Mean Square) &[control noise

Requirement: 2urad

 —
o
A

-15
Requirement: 10 m/ € 0 at 10 Hz

4
g - +0 :
? Control OFF | | 106 ]..r S S Control OFF
= o5t | Control ON__ [ | E os) | Control ON
] W
O E
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[ )
- " 8 1014
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~ 10 Tl ‘;-‘. % 10-16
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S 10-18
c
%10_8_1 : — 10720 e . A . .
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Summary 2

1) An IKAGRA suspension was assembled for IKAGRA operation.
2) Its performance were tested.
A Measurement. consistent with simulation.

3) Active control system fora  suspension is designed.
A Clam -down phase: resonances A damped.
A Observation phase: RMS & control noise A suppressed.
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Summary
1. Source localization

A localization with hierarchical network is demonstrated.
A Low sensitivity detector can contribute.

A 4th detector contributes. A useful for follow  -up observation.

2. Detector development

1) IKAGRA -PR3 suspension was assembled for IKAGRA operation.
2) Its performance were tested.

A Simulation was consistent with measurement.
3) Active control system for type -Bp suspension is designed.

A Clam -down phase: resonances A damped.

A Observation phase: RMS & control noise A suppressed
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Seismic noise agkamioka(on 2016.5.10)

Measured seismic noise of Kamioka site
L ' L L L L L | ' oot T '

1073 ¢ . : :
| : —  Kamioka High || seismic noise was
S A "~ Kamioka Low 1 measured on 2016.5.10.
| | — Kamioka on 2016.5.10 (NS) ||
10° T """"""""" — Kamioka on 2016.5.10 (WE)
1061 —  Kamioka on 2016.5.10 (V)
ﬁ o/ MR | PR3 measurement was
e T T & ____________________________ conducted on 2016.5.24.

Magnitude [m/v Hz ]
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Performance test 1

Measured Simulated
106 _[o . Control OFF (measured) 106 _ _________________________ l e o Control OFF |]
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1) Control OFF A Necessary to feedback measurement.




Magnitude [rad/v Hz ] or [rad]

Angular fluctuation of the mirror

10 Measured angular fluctuation of the mirror (Yaw)
| Requirement: |
-5 : :
10 ;‘""0:3'"urad"; """"""""""""""" o ]

1078 proome
107 =
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- = = O - T =

107° |

.................................................................
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107 ‘ —~Control-OFF:—— O-.—6—3----iur-ad ................ ____________________________
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10 :
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Designing active control system / Control phase

1. calm -down 2. Lock -acquisition 3. Observation
phase phase phase
w7, 00 00020
o
) (v 7
o] - [ |-
O O 000 | | —eeaaee.
,2' ) 7
Suppress Reduce RMS velocity \vaiﬁﬁ o?/\c/)ig?sr;
large disturbance RMS angle

control
(Root -Mean - Square)




Designing active control system / Type -Bp SAS

1. Calm -down phase 2. Lock -acquisition phase 3. Observation phase
Displacement Displacement Displacement
DC+Damp sensor (LVDT) DC+Damp sensor (LVDT) DC + Damp sensor (LVDT)

S

\

DC

i~ Displacement
sensor (LVDT)

placement
sor (LVDT)

sensor (LVDT)

Displacement
sensor (OSEM)

=01

> | ’ - J
|[IN=Z] Optical
Sensors

ement
(OSEM)

Senso

rcement
r (OSEM)

NN B

Damp i

a

S
|

7 Optical
~ sensors




Designing active control system 1

" calm -down phase: 6 | B el
: 10° foees T T s :
Suppress large disturbance | _ | ¢ controlON ||
105fof OO Lo B—
| Requirement
g 107 b\ Sl s
. T e S
= 102 L S TS Y]
T @ oo |
s o © 10? SRR N AP S ® @i
/e decay time Q . ..-;.{ e ¢
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1071 s ]
Not disturb operation 1025 T = - - 4
A NO pI’Oblem. Frequency [Hz]

(if all sensors available)
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Simulation model: Based on rigid - body

Wire  ——>

<«— rigid -body

Wires —>
| <—— rigid -body
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1. Frequency response
S L [— Simulation ] Band W|dth

For each

10 | = NMeasurement

o

=
o

Window:
Hanning

Amplitude

Overlap:
50 %

Average:

. Phase [ deg]
o




#1 #2 #3 #4 #5 #6

FJ.lSEHz Hure. ﬂ.].43HZ Hure. F].-“-?HZ Hure. F].SEHZ Hure. FJ.SE?HZ Hnre. FJ.ESE!HZ Mo TypeBppSAS
Eigen mode List : 24 modes

#7 #8 #9 #10 #11 #12

f-J.EEHz Mare f-J.EBHz Mare - F].BMHZ More - -1.ﬂ3Hz More - .1.[]36Hz Mare . 1.099Hz e
AT AR
| | | 4| | [ | \ ] | =
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#13

1.099H=z

A0 T T
TS
= ]

=

#19

15.583Hz  More

#14 #15 #16 #17 #18
1.185Hz Mo  1.185Hz  More  1.391HZ Mo  5.494Hz Mo  11.37Hz  Men
|| ]| | [ | | ||
=
#20 #21 #22 #23 #24

53.309Hz

a

73.134Hz

08.138Hz

/ /

101.476Hz

Al

More 1 24 871Hz

aTm

]




#1 #2 #3 Ha #5

0.1Hz  More 0.161Hz  More 0.325Hz  More 0.376Hz  More 0.414Hz  More

£
T

TypeBpSAS
Eigen mode List : 36 mode

#6 #7 #8 #9 #10

0.459Hz  More 0.463Hz  More 0.612Hz  More 0.613Hz  More 0.618Hz  More




#11 #12 #13 #14 #15

0.659Hz  More 0.659Hz  More 0.849Hz  More 0.9Hz Mo 0.901Hz  More
I I LI | K
#16 #17 #18 #19 #20
1.011Hz  More 1.017Hz  More 1.022Hz  ore 1.186Hz  More 1.186Hz  More
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#21

1.261Hz  More

%‘

#26

4.906Hz  More

?

#22

1.261Hz  More

#27

11.611Hz  More

#23
1.351Hz

#28

15.924Hz

#24
More 1.352Hz More
#29
More 48.97Hz More

#25
1.369Hz  More

#30

64.629Hz  More
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#31 #32 #33 #34 #35

78.843Hz  More /78.843Hz  More 97.094Hz  More 0B.66Hz  More 100.617Hz  More

#36

126.38BHz  More




trigger rate [evt/hour]

\

\ fitted SNR distribution

7 W B ; —
\

L No.O

L No.1
L No.2
L No.3
L No.4
L No.5
L No.6
L No.7
L No.8
L No.9
L No.10
L No.12
L No.16
L No.17
L No.18
L No.19
H No.1
H No.6
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Calculationssetup False Alarm Probability (IFAP,)

SNRddistribution —> Cumulative —>
( per template )) SNRddistribution
( per template ))

FalserAlarnrRrebability
( per template))
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False Alarm Probability per template
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R = cumulativerratecof-background triggers:peritemplate,
above aggivenithreshold; per-template,
T =analyzingitimedorithe V1 ( dJess-sensitive detector )




Calculation setup / 3 detector network by HLV

2> Transform 1) Generating V1 triggers —> 2) Mixing V1 triggers
HL into HLV V1 trigger based on Case 1: worst case
coincidences. random parameters :  Vr (from noise) HL+Vr . or HL

/SNR = random following measurement (Based on FAP)

Timing = tHlor tL1
' + random [ -35ms:35ms]

| Case 2: best case
\ Phase =random [0:2 “]

/1 HL+Vi , or HL
V1 trigger based on . (Based on SNRth)

Injection parameters : Vi (from signal) o
~ Case 3. Realistic case

HL+Vr , or HL+Vi , or HL
(Based on FAP and SNRth)

l,'"/SNR = metadata + Gauss(0,1)
| Timing = metadata
' + Gauss(0,0.66 ms* —)

" Phase = measured + Gauss(0,0.25 rad)




Mixing triggers: HL A HL or HLV

Considered 3 patterns :

Case 1: HL A or

[ If , } Noise -based trigger,
or HL

Case2: HL A , or

[ r } Signal -based trigger,
’ or HL

Case 3: HL A HL,or HL + random V,or HL + V based on Injection

[If p > FAP and V1 SNR < threshold, If p < FAP, If p > FAP and V1 SNR > threshold ]

1. Noise -based trigger, or
m) 2 signal -based trigger, or
3. HL




Update the sky localization performance in the case 3
sky localization performance

Summary of

100%
90%

809

>

70%

=

609

>

509

>

409

>

309

>

209

>

109

>

0%

Number

2 25 3 31 32 33 34

riggers in the case 3

35136 37 38 39 4 45 5 55

mHL mHLVr mHLVi

. |
7 8

10

[ IHLVi =HL+ Vinjection
[ JHLVr =HL+ Vrandom

I L

29 %
11 %
60 %




Optimization  of Virgo threshold :

90 % confidence area

Searched area
T

1 N e - - 1.4}
AN T SRS WO S N b —
- S 187 deg? o
f ? f | | — 840, deg”
10——————-7-—-—-—-—-—--?————-———————4—————-—-?——-—-———— Lo === g @ e g g A
: S : it
C 0.8 }} """"" g W g T c 08 T T
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. = s g
Y . ey ; : 5
| © case 1 (worst)
02p A—— S— @ Case 2 (Best) @ Case 2 (Best)
f @ Case 3 (Realistic) | | @ Case 3 (Realistic)
0-05 ﬁ 21 6 8 10 12 0 2 4 6 8 10 12
V1 Threshold SNR V1 Threshold SNR

SNR threshold for H, L = 5. SNR threshold for H, L = 5.




* Start to generateskymapswith 4 detector (V1, Kl:threshold-= .3)5)

——

HL
HL +\Vrandom HL +Vinj
HL +\random + Krandom HL +Vinj + Kinj

0 NJ3l :ME >




Expected localization performance / by HLV

HL+Vrandom HL+Vinjection

12.8 11.5 4.5 16.5 17.1 3.9

NI/ 30k >



Expected localization performance / by HLV

HL+Vrandom HL+Vinjection

12.8 11.5 4.5 16.5 17.1 3.9

- Typical sky maps in this method
A sometimes fail to predict the location within 90 % confidence area

al aiSNRQa




Expected localization performance / by HLV

HL+Vrandom HL+Vinjection

HL map HL map

- In this hierarchical network search,
HLV sky map A Ifthereisno EM -counterpartin HLV map, HL map .

- It will be useful for GW -EM follow -up observation




For further accuracy improvement:

Measured uncertainties on arrival time
vSs. SNR.

e e Measured
e S e OO —  Fitted
- - 1.0 ms*6/SNR
- - 2.5 ms*6/SNR
3 - - 1msec
—_— o o —————————
[S)
% e
=
= 2
Q .
— ° .\ ®
1
0 L

Relation between timing error and SNR

Detected arrival timing has
some uncertainties Dt due to:
1) calibration uncertainty

2) discrepancies of templates.
and so on.

If SNR becomes large, Yt becomes small.

‘Since, accuracy largely depends on  Yt,
For further improvement of accuracy,

A Necessary to reduce timing error

A Necessary to improve sensitivity

of GW detectors.




Calculation setup/ 4 detector network by HLVK

2. Transform 1) Generating V1 triggers —> 2) Mixing V1 triggers

HL into HLVK | Case 1: worst case

coincidences. V1 trigger based on :

L ) random parameters:  Vr, Kr HL+Vr , HL+Kr , HL+Vr+Kr or HL

,."'/SNR = random following measurement (Based on FAP)

| Timing = tH1or tL1
i + random [ -35ms:35ms]

| Case 2: best case
\ Phase =random [0:2 *]

HL+ViI , HL+KiI , HL+Vi+Ki or HL
(Based on SNRth)

V1 trigger based on

Injection  parameters : Vi, Ki .
, Case 3: Realistic case

HL+Vr , HL+Kr , HL+Vr+Kr
HL+Vi , HL+Ki , HL+KVI+KI |
HL+Vr+Ki , HL+VIKr , or HL

;’/SNR = metadata + Gauss(0,1)

i Timing = metadata

+ Gauss(0,0.66 ms*—) j
‘\I?hase = measured + Gauss(0,0.25 rad)

(Based on FAP and SNRth)




Expected localization performance / by HLVK
HL + Vi + Ki HL + Vr +Kr

HL+ Vi +Ki = memee-ommmmesmomommesmomemmesommemmecccboe HL 4 Vi KE omeresmommmresmosommes oo




