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BAMSIHUE FPABUTALLMOHHON BOAHDI

AencTBme rpaBUTALMOHHOM BOAHDI
AHAAOTMYHO 2P TOEKTY MPOUAMBOB.




[ToIMbIE METOABI:

» TBepAaOTEAbHbIE (DAP) AETEKTOPSI

 Ha3emHble Aa3epHble
MHTEPdOEPOMETPDI

« Kocmumyeckme AasepHsbie
MHTEPdOEPOMETPDI

KocBeHHbIe (ACTPOHOMMYECKME) METOADI:

* TOMMUHI PAAMOMYABCAPOB
* ACTPOMETPUYECKME HADAIOAEHMS
CMELLLEHUS MOAOXKEHMM 3BE3A
 HaBAOAEHUA BAMAHNA TOCBBOAH
HQ PA3AMYHbIE ODBLEKTDI
* HABAIOAEHUA NOAIPUIALMM PEAMKTC



PA3Hbie MeTOAbI B PA3HbIX AUAMA30OHAX

[lepBUYHbIE TOABBOAHbI —
HAOAIOAEHMSI MOAIPM3ALLMM
PEAMKTOBOIO U3AYYEHMUS

AAMHHbIE BOAHbI —

MNYAbCAPHbIE MPOOEKTH
[ToOMEXYTOYHbIE AAUHBI —
KOCMMYECKME MHTEPTDEPOMETPSI
CAUAHUNA ABOMHBIX —

HA3EMHbIE MHTEPJOEPOMETPDI
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TBepAOTEeAbHblEe (OAp) AeTeKkTopbl

1009.1138
HYBCTBUTEABHOCTb B Y3KOM
Bropas noAoBMHA 60X — BTOPAS MOAOBMHA 90X IT. BbICOKOYACTOTHOM AMAMNA30HE.
OT NPOCTbIX MOAEAEN AO
T OOABLLUMX KPUOTEHHbBIX YCTAHOBOK.
cetm 60 puore YCTOHOBO NAUTILUS
EXPLORE | Reference

ALLEGRO (1991), AURIGA (1997), EXPLORER (1990),
NAUTILUS (1995), NIOBE (1993)
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AeTeKTopbl NPEeANOCAEAHEIO NOKOAEHUS

1009.1138

OXAGKAGHWE AO TEMNEPATYPbI XKMAKOTO reAns, *ON times for the various detectors 1997-2003
CAOXHbl€ CUCTEMbI MOABECOB M HOBAA SAEKTPOHMKA

AN CHAUTBIBAOHMA CHUTHAAQ.
AURIGA

| ——— Allearo
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Cdhepuyeckmne AeTeKkTopbl — MOCAEAHSAS NONbITKA

Schenberg Sansithity a1 4.2 K

l2a | ature: 2.19604a-05K
YYBCTBMTEABHOCTb MO BCEM HAMPABAEHUIM OIS Bmparature: 2158

M Bboree 2P FPEKTMBHAL TRAHCADOPMALIMS
[B CUMITHOAQ B QOOHOHB!.

Mass 1,15 ton
Diameter 65 cm S _ L cum |
Alloy 94%Cu-6%Al 4 i .23 | P arma ot

- | R2 tharmal noiga 41— |
rranscusers. | ‘A backacton noise

I phase noise
Mwave parametrics , | | | | | sefies noiss
' 3050 3100 3150 3200 3250 3300 3350

frequency {Hz}

o
=

P

Iu
—

iy
W
c
JiE]
=
E
=
e}
=1
ol
=
=N
IK]
a2
=]
=
=
B
il




bapbl NpoTUB MHTEepdepoMeTpoB

SENSITIVITY OF PRESENT DETECTORS

-18
i Allegro

| | —Explorer |
~ Nautilus

10 ¢

i i i i i - L I i
820 840 860 880 900 920 940 960 980 1000
Frequency (Hz)

ILIAS WPI — Cascina 13.11.2006

Strain [1/sqrt(Hz)]

Frequency [Hz]
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" testmass
\ 0 light storage arm
test mass Iightstor a9e arp, ( test mass
test mass 0
beam _
splitter photodetector



U3MeHeHune AAUHDbI NAeY

[TpOXOXAEHUNE TPOABBOAHDI
BbI3bIBAET MPUAMBHbBIE CUADI.
MeHAEeTCa AAMHA NAEY
MHTEPDEPOMETPA.

1F°

<+ Polarization

Photodetector

OTHOCMUTEABHOE U3MEHEHME AAMHBI MAEY MPOMOPLIMOHAABHO
AMMOAUTYAE TPABUTALMOHHOM BOAHDI.
N3mepeHme NPOUCXOAMT AOBOABHO CAOXHBIM CMTOCOOOM.




AeTtekTopbl LIGO U nx 4yBCTBUTEABHOCTb

AAF PETUCTPALMM CYLLLECTBEHHO,
4TO CUTHOA MMEET 3apaHee
MNPUMMEPHO M3BECTHYIO DOPMY U
ero 4Yacrtota M3MEHIETCA Mo
M3BECTHOMY 3AKOHY.
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Mass
Frequency (Hz)

Power
- Beam _
Recycling Splitter e Lx =4km — >

100 kW Circulating Power

Recycling
" Photodetector

http://journals.aps.org/prl/pdf/10.1103/PhysRevLett.116.061102



T'emplate bank

el ] We don’t know apriori parameters of

~
oy

X1| < 0.9895, |x2| < 0.05 // o\ the svstem
Xnz] < Q'USI ) /// We construct the bank of templates:
KL I o | we populate the parameter space:
uniform taking into accounts the
correlation between templates

(“volume of each template”)

A
0
)
4]

=

We filter the data through each
template to see which fits the best
We have used SEOBNR (non-
precessing templates)

10" Total number of templates used
Mass 1 [M] ~250.000

LVC: arXiv:1602.03839

LSC F&
il Scientific
B Collaboration

C. babak 2016
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Ix1] < 0.9895, |x2| < 0.05
|x1,2] < 0.05

' |x1.2] < 0.9895
GW150914
GW151226
LVT151012 (gstlal)
LVT151012 (PyCBC)

1606.04856




Pa3sHOOOpPA3HbIE LUYMbI

BAMAIOT KOK BHELLIHME LLIYMBbI,
TOK 1 LLIYMbl COMOTO _
ACTEKTOPA. Suspension thermal noise

=== Coating Brownian noise
Coating Thermo-optic noise
Substrate Brownian noise

COBEPLUEHCTBOBAHME 5110
MHCTPYMEHTOB B MNEPBYIO
OYEPEAb CBA3AHO C OOPLOOU

C LLUYMOMM.

Excess Gas
Total noise
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POCT YYBCTBUTEABHOCTMU

Advanced LIGO

B Early (2015, 40 — 80 Mpc)
Mid (2016-17, 80 — 120 Mpc) |
W Late (2017-18, 120 — 170 Mpc)|
Bl Design (2019, 200 Mpc)
1 BNS—-optimized (215 Mpc)

TAMA300 (2008)
CLIO (2010)
LIGO (2009)
bKAGRA Design
aLIGO Design
AdV Design
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strain noise amplitude (Hz'”z)
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Strain (10%")
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0.5
0.0
-0.5
-1.0
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LIGO Livingston Data

] 1 1

|| |

LIGO Hanford Data

1 L 1 2 L L 1 A L
0.30 0.35 0.40 0.45 0.30 0.35 0.40 0.45
Time (sec) Time (sec)

hitp://www.ligo.org

OPUUMAABHOE ODbABAEHME
11 doespanas 2016 roaq.

3a 16 AHEM COBMECTHbIX
HABAIOAEHUM ABYX AETEKTOPOB
HOAEXHO OOHAPYXEHO

OAHO COBObITUM —

CAMAHUE ABYX HEPHbBIX AbID

B >400 Mnik OoT HaC.



IapameTpbl Napbl 4e

Primary black hole mass
Secondary black hole mass
Final black hole mass

Final black hole spin 0. '—r?igt{;?

Luminosity distance 410180 Mpc

Source redshift z 0.09 15:{;
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£ [1o YyacToTe 1 PpopMe CUTHAAA MOXHO AOCTATOYHO TOYHO OMPEAEAUTbH MHOTUE MAPAMETPbI.
§ BbICOKOS MACCA OAHO3HAYHO TOBOPUT O TOM, YTO DTO HE MOTYT ObITb HEMTPOHHbIE 3BE3AbI.
QC)THOLueHMe CUTHAA/LLYM = 24

AOCTOBepHOCTb AETEKTMPOBAHMA >5.1 cmrma.




http://journals.aps.org/prl/pdf/10.1103/PhysRevlett.116.061102
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Generic transient search

mum Search Result (C3)

— Search Background (C3)
#9¢ Search Result (C2+C3)

—— Search Background (C2+C3)

GW150914

10 12 14 16 18 20

Detection statistic n¢

ABQO PA3HbLIX METOAQ MOUCKA CUTHAAQ.
5.1 CUITMQ COOTBETCTBYET MPUMEPHO OAHOMY CAYHAMHOMY CcOObITHIO 30 200 000 AerT.

L
o O O

Number of events
o
o

|
[=2]

e
2?99
[== S|

AOCTOBEPHOCTb PE3YAbTATOB

Binary coalescence search

=51g
4ag5.1c =>51g

|

GW150914

mEm Search Result
— Search Background
—— Background excluding GW150914

16 18
Detection statistic p¢
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AHOAUIMPYIOLLIUE OATOPUTMBbI
PACMPEAEAIOT MOTEHLIMAABLHBIE
BCMAECKM MO TPEM KAQCCOM.

AAS NOMNAAQHMS B TPETUM KAQCC
CUTHOA MO OOPME 1 4YACTOTE
AOAXKEH ObITb MOXOXMM HO
OXXKMAQEMbIE CUTHOABI OT
CAMAHMA KOMMOKTHbIX OOBEKTOB.

=
2
C
=
=

GW150914 otHOoCHTCA K KAaccy C3.

= AAF DTOTO KAQCCA BEPOATHOCTb
10 12 14 16 18 20 % CAY4OMHOTO MOSBAEHMA HO YPOBHE
Joherent Network SNR (7.) CUTHOA/LLYM=24 COCTOBAJET

- A3 B HECKOABbKO MMNAANOHOB AE€T.
boAee AeTAAbHbIM AHAAM3 MOKA3bIBAET, YTO MOJBAEHME CUTHAAC P

mna GW150914 3a Bpemsd HODAIOAEHUM COCTABAAET NMPOUMEPHO OAHY MUAAMOHHYIO.




Consistency check

Real signal Instrumental artifact
Hl

Frequency [Hz]
Normalized energy

Frequency [Hz|

Normalized energy

X

-100-80 -60 -40 -20 0 20 40 60 80 100

-120-100 -80 -60 -40 -20 0 20 40 60
Time [milliseconds]

Time [milliseconds]

The noise is not Gaussian: need to introduce additional consistency checks into the detection
statistic (distribution of power in the signal across the time/ frequency).

LSC Pt
il Scientific
P Collaboration

Allen PRD 71 (2005) 062001
C 5060 K 20 ] 6 SB, ..., IH, SP et al. PRD 87 (2013) 024003

C. babak 2016



H9YBCTBUTEABHOCTb

1606.04856
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Mg< 1.2x1022 3B/c?2 = 10°°r

ABTOMQATMYECKM 3TO AQET MPEAEA U HA
PA3HULLY B CKOPOCTIX MEXAY
CBETOM U IPABUTALLMEMN.

NS .45 JOLT AND
/ )} | CHARCOAL TURN
= & | AWAY. HEADING
— e | FOR THE CITY... l&
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[lpeAeA HO CKOPOCTb FPABUTALLUMA

1602.04188

T.K. TOQBUTOH O4EHb AETKUMN,

TO CKOPOCTb MNOABUTALLUM

HE MOXET OblTb

CYLLLECTBEHHO MEHbLLIE

CKOPOCTH CBETA.

A BOAbLLIE?

OTO MOXHO M3MEPUTL

MO 30AEPXKE CUTHAAQ,
NPOUHMMAEMOTO ABYMS AETEKTOPAMM,.

[ToAy4QOEeTC4, 4TO
CKOPOCTb rpaButaumm <1.7 c
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B 2017M roAy Bnepsbie MPOLUAM CEAHCbI COBMECTHOM
(0AHOBPEMEHHOM) PADOTLI ABYX AETEKTOPOB LIGO 1
Aetektopa VIRGO nocae cepbe3HOM MOAEPHM3ALMM
(M, 7.0., YBEAMHEHMA YYBCTBUTEABHOCTM) BCEX TPEX.

! Virgo
| (M Hanford D70 NO3BOAMAO TOHHEE OMPEAEAATE KOOPAMHATLI BCMIAECKOB.

Livingston

| I, | w
‘LJP \IJ%L.NLLL M/

11'| T II'|
100 1000

7 )

CoOBMECTHAS paboTa ¢ HO0pPa 2016 1. A0 asrycta 2017 .
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week ending

PRL 119, 141101 (2017) PHYSICAL REVIEW LETTERS 6 OCTOBER 2017

Hanford ~ Livingston
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bbiCTPOA U TOYHASA AOKAAU3ALLUS

1709.09660
beiCTpad AOKaAM3aLLMa MO ABYM LIGO
BbICTpCIH no LIGO+VIRGO HabAoaeHMd cpasy
HO HECKOAbKMX
MoAHOS 06PABOTKO [EaSEANASISIeX
MO3BOASIOT AyyLLIE

OMPEAEAATH
KOOPAMHAOTbI MICTOYHMKA.

.UL—{J 250 500 750 1000
Mpu.
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[TapameTpbl ABOMHOU CUCTEMBI

1710.05832

Low-spin priors (|y| < 0.05)

High-spin priors (|| < 0.89)

Primary mass m;

Secondary mass m,

Chirp mass M

Mass ratio m,/m;

Total mass m,,

Radiated energy E,. 4

Luminosity distance Dy

Viewing angle ©

Using NGC 4993 location )
Combined dimensionless tidal deformability A
Dimensionless tidal deformability A(1.4M )

1.36-1.60 M, 1.36-2.26 M,
1.17-1.36 M 0.86-1.36 M,
11881000 M, 1.188 5o Mo
0.7-1.0 0.4-1.0
274100 M 282100 M,
> 0.025M ,¢? > 0.025M ;¢?
4018, Mpc 4018, Mpc
< 55° < 56°
< 28° < 28°
< 800 <700
< 800 < 1400




AOKO3ATEABCTBO CB$3M KOPOTKMX TAMMA-BCMAECKOB CO CAUIHMAMM HEUTPOHHbIX 3BE3A
[MosMblE HODAIOAEHMS, MO3BOAIOLLME M3YYOTb HYKAEOCUHTES MPM CAMIHUIX HEUTPOHHbIX 3BE3A
AQHHbIE MO YPOABHEHMIO COCTOAHUA HEUTPOHHbIX 3BE3A

N3mepeHme NoCToaHHOM XabbAa

TeCT NPUHUMMNA DKBUMBAAEHTHOCTM

TeCT AOPEHLU-MHBAPMAHTHOCTM

N3MepEeHME CKOPOCTM PACNPOCTPAHEHMS IPOABUTALLMOHHbBIX BOAH

O doyHAOMEHTOABHOM om3mke no GW170817 cm. 1710.05834



GW150914
GWI151012
GW151226
GW170104
GW170608
GW170729

OAMHHOALLOTb BCMAECKOB.
OAMH 13 BCMAECKOB C HEMTPOHHOM 3BE3A0M.
[19Tb COObITMM — cOoBMECTHO C VIRGO.

GW170809 - VIRGO
GW170814 - VIRGO
GW170817 = VIRGO, H3
GW170818 - VIRGO

GW170823 - VIRGO
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EM Neutron Stars

P 4 L]
LIGO-Virgo Neutron Stars

LIGO-Virgo | Frank Elavsky | Northwestern

https://www.ligo.caltech.edu/gallery



https://catalog.cardiffgravity.org/
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BAMXXAOULLME NACHDI

LIGO-VIRGO Joint Run Planning Committee
Working schedule for O3
(Public document G1801056-v4, based on G1800889-v7)

2019

Dec 'Jan 'Feb ' Mar Apr 'May ' Jun ' Jul ' Aug

2018

Sep ' Oct ' Nov

>

ER13: from 8am PT Dec 14 ER14: up to four weeks, starting at the earliest March 1st, 2019
to 6 am PT Dec 18 03 to follow

Commissioning I EFIS Commissioning EI'
EFIS Commissioning EFI
EFIS Commissioning EFI

~70% observing mode

03: one calendar year long
Commissioning

03: one calendar year long

Commissioning 03: one calendar year long

Detector not producing data

Detector operational,commissioning mode
(downtime)

(small fraction of observing mode time)
Detector in observing
mode for a fraction of the time
during Engineering Runs (ERs),
possible GW alerts with human vetting

24/7 observing mode
(Observing Run,
Open Public Alerts in low-latency)

2?15 2?16 2917 2918 2q19

2020

1

2021 2022
i !

80-80Mpc
o1

80-100Mpc

»>
»>

giies

Hens

o
N

GW150814 BHBH@440Mpc
=
0
o

GW151228 BHBEH@A440Nee
GW170104 8HBH@380Mpc

GWIT0E08 BHBH@340Mpe

GW170814 '3
GW170817

KAGRA 'KAGRA'. phasel  phase2

| 1 | | |

120+ Mpc

y
>
H

bKAGRA bKAGRA

target 175Mpc

85-120Mpc

25-130Mpc

2015 2016 2017 2018 2019

A
today

2020

2021 2022




LIGO-India B 2023 r.

KAGRA >2019¢

Operational
Under Construction
Planned

http://www.astronomy.com/news/2016/02/ligo-india-gets-the-green-light



http://atc.mtk.nao.ac.jp/E/Projects/KAGRA/indexE_KAGRA.html

Kamioka Gravitational Wave Detector
Pa®oTtbl HOYOAMCH B anpeae 2012 .
BO3MOXXHO, 3anyck coctomtcd yxe B 2019 T.



CoBMeCTHblIe HODAIOAEHUS
B OAMDKAMULLEM DYyAYLLLEM

MHoOrme Aecatkm (A0 COTHM)
OXKMAQEMbIX COObITUM
B 2019-2020 rr.

2015

2016

2017

= Mid mm |_ate

120-170 180

Mpc

65-115

Mpc Mpc

25-40 40-140
Mpc  Mpc

2018 2019 2020 2021 2022

mm Design

2023




YCTAHOBKQ TPETLETO NMOKOAEHMS.
B 2017 r. 30KOHYMNACS STA
TEXHMYECKOM PA3PADOTKM NPOEKTA.

LLinpokag noaoca 1Hz- 10 kHZ.
BbiICOKQOS 4YBCTBUTEABHOCTb.
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1702.00786

 Galactic Background

' hour. _ l MBHBs at z =3

10‘17 : ' el ¥ Verification Binaries

F EMRI Harmonics
LIGO-type BHBs
GW150914

' Gal. Bin. (SNR = 7)
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Characteristic Strain

10-21 - - = Total

5

asd

107 107 107 1072 107
Frequency (Hz)




TAUJI, TIANQIN u DECIGO

TAIJI 1 TTANQIN — KMTAMCKME NPOEKTHI DECIGO, Pre-DECIGO — 4noHCKMeE npoOeEKTh
1807.09495, 1902.04423 1802.06977, 1607.00897

107 —

10°15 X

10-16 i

10717 i

10718 |

Strain sensitivity in 1)vHz

1008 |

Strain sensitivity [1/Hz'"]

1020 |

https://iopscience.iop.org/article/10.1088/1742-6596/840/1/012010/pdf

1‘]'21 i 1 1 1 1 1 1 | 1 1 1 | 1 1 1 I 1 1 'l I 1
107 107* 107 1072 107t 10°

Gravitational wave frequency in Hz Frequen C)’ [HZ]
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HabAloAEHUS OOABLLIOTO KOAMYECTBA PAAMOMNYALCOPOB
C XOPOLUMMM BPEMEHHbBIMM XAPAKTEPUCTUKTMM
AOAXHbI MO3BOAMTb BLIAEAUTb CUTHOA B TOHYKE HADAIOAEHMS.
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ByAyT HOBOAIOAQTLCS CKOPPEAUMPOBAHHbBIE M3MEHEHMS
OTKAOHEHMS BO BPEMEHM MPUXOAA MMMYAbCOB.
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Hellings-and-Downs curve
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— Hellings & Downs curve
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HEMNOAIPU3OBAHHOTO OOHOBOTO CUTHAAQ pulsars

AAS NAPbI MYABCAPOB MOAYYMM
KOPPEAILMIO OTKAOHEHMM B TAMMMUHTE:
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IPTA=PPTA+EPTA+NANOGrav
http://iptad4gw.org/
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EPTA - 18 nyAbC
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QpPOB
PPTA - 24 nyAbCapa
NANOGrav — 28 nyAbCOpOB

PPTA — Teaeckon B [Napkce

NANOGrav — GBT 1 Apecmnbo
EPTA — Ddodoenctepr, CapamHUi, AXXOAPEAA BaHK, HaHCcK, BecTtepbopk
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peAeAbl U NPOTrHO3bl

[10 MHAMBUAYOAbHBIM MCTOYHMKOM MPEAEADI
~h<2 104 Ha yacToTte 10 nHz.

NANOGrav _

MpeAeAbl HO BCMAECKM AMM ~ 5 x 1(_}‘”‘( PPTA
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ACTpOMETPUA U TPABBOAHbDI

1707.06239

Naeq. bparmHckm, KapadaLues,
[TloAHapes, HoBmkos (1990).

— NANOGRrRAV — ErTrA — PPTA — QGala

(5 year release)
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BAUSSHUE Ha 3Be3Abl HO PE3OHAHCHOU YACTOTE

1707.06249
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BAMSHME HA 3BE3AY B KPATHOM CHCTEME, BKAIOYAIOLLEN B Cebs I
NApPY CAMBAIOLLLMXCH KOMMAKTHbIX OOBEKTOB (YEPHbIX AbIP). ¢ is equal to (c3/(GM,)
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AAI HEPEAATMBUCTCKMX YOCTULL,
XOKUHT:
BEDXHUM MPEAEA AAY A€ TAY — MHTEPBOA MEXAY
° P CTOAKHOBEHMIAMM YACTUL],
MAPOAMHOMMYECKOTO
NPUOAMKEHMS

Takke MOXET ObITb CYLLLECTBEHHO 3ATYXAHME AQHAQY
B PACLLUMPAOLLLENCH BCEAEHHOMN.

3ATYXOHUE BAXKHO AAS NEPBMYHBIX BOAH C OOAbLLIOM AAMHOM.

3aryxaHune amnantyabl nopsaka |NE(BEase
Ty — BO3PACT BCEAEHHOM.
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