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What are the Gravitational waves?

® Einstein's General theory of relativity : Gravity is a manifestation of curvature of 4-
dimensional (3 space + 1time) space-time produced by matter. This curvature is caused by

the presence of mass.

® |n 1916, the year after the final formulation of the field equations of general relativity, Albert
Einstein predicted the existence of gravitational waves.

1
non-linear field equation

In Lorentz gauge, the linearized Einstein
equation:

Ok, = —167T,,

He found that the linearized weak-field
equations had wave solutions!

httos://inspirel U 1421858
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What are the Gravitational waves?

® When the curvature varies rapidly due to motion of the object(s), curvature ripples are
produced. These ripples of the space-time are Gravitational waves.

® Gravitationalwaves (GWs) propagate at the speed of light.
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Gravitational waves polarization

® (GWs stretch and compress the
space-time in two directions
(polarizations):‘+ and ‘x’.

e h, & h, are time-varying and their
amplitude depend on the source that is
emitting GWs.

® GWs haveh ~10-211

hitps://arxi odf/2208.03373
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Sources of Gravitational waves

® There are four main sources of
gravitational waves caused by
different kinds of motion and
changing distributions of mass
- continuous, inspiral, burst
and stochastic.

1) Continuous: binary systems of
stars or black holes orbiting
each other, pulsars;

2) Inspiral: GWs are generated
during the end-of-life stage of
binary systems;

3) Burst: GWs come from short-
duration unknown or
unanticipated sources;

4) Stochastic: GWs from the early
evolution of the universe.

httos:// Y ecience/GW-S |
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The Gravitational Wave Spectrum
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How do we know GWs exist?

Indirect detection. Hulse-Taylor pulsar (known as PSR B1913+16, PSR J1915+1606 or PSR 1913+16)

® The discovery of the binary pulsar system and SREARN RN RN RN RN R
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Direct detection of GWs

Ground based detectors: LIGO (USA), VIRGO (ltaly), GEO (Germany), TAMA (Japan), AURIGA

(Australia)

The Laser Interferometer Gravitational-Wave Observatory (LIGO)

Livingston, Louisiana Hanford, Washington
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LIGO experiment

Test
Mass

e Each armis formed by two mirrors, acting as test
masses, separatedby L, =L,=L =4 km

A passing gravitational wave effectively alters the
arm lengths such that the measured differenceis:

AL(t) = 8L, — 6L, = h(t)L

Ly=4km
[

Test
Mass
Power Beamn To achieve sufficient sensitivity
Recycling . Ly =4km TR
Splitter to measure gravitational waves,
- . \ ‘ the detectors include several
Laser 20 W 100 kW Circulating Power er_'hanceme_nts to the basic
Source Test Test Michelson interferometer..
Signal Mass Mass
Recycling

"W Photodetector
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LIGO experiment

Test To increase signal significance:

Mass
1 ® Each arm contains a resonant optical cavity, formed by its
two test mass mirrors —> multiplies the effect of a GWs
;Ec by 300 times
s

® Power recycling mirror provides additional resonant
buildup of the laser light

a 1064-nm ot 20W —> T700W =—> 100kW
wavelength Mass increased due to arm cavities
Nd laser
Power
\ Recycling SE:)e“a‘a:trgr Ly =4km

® Atransmissive signal-
100 kW Circulating Power recycling mirrorincreases the

Test Test GW signal to background ratio
Signal Mass Mass b . cof th
Recycling y removing noise from the
"W Photodetector

laser beam.
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LIGO experiment

® |[solation from seismic noise by
quadrupole - pendulum system,
supported by an active seismic isolation
platform

Vertical Vibration Isolator

Horizontal Vibration Isolator -
Marionette

— provide more than 10 orders
of magnitude of isolation

® Thermal noise is minimized by using

low-mechanical-loss materials in the
test masses (40-kg fused silica).

\\

539

:A

® Theinterferometry techniques are
designed to maximize the conversion of
strain to optical signal, thereby
minimizing the impact of photon shot
noise.

|

® To minimize additional noise sources, all components other than a laser source are mounted on vibration
isolation stages in ultrahigh vacuum.
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Observation

On September 14, 2015 at 09:50:45 UTC, the LIGO Hanford, WA, and Livingston, LA, observatories detected
the coincident signal GW150914:

Hanford, Washington (H1) Livingston, Louisiana (L1)
| | | | [ | 1 |
1.0 | - -
0.5 - -
0.0
-0.5 - : .

— -1.0F H — L1 observed |

"T' — H1 observed H1 observed (shifted, inverted)
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Observation

® Only the LIGO detectors were observing at the Inspiral Merger Ring-
time of GW150914.

® The Virgo detector was being upgraded, and ) ) G .

GEO600 was operating but not in observational
A |

mode. 1.0

® Totalmass M = m| +myis Z70M

® A pair of neutron stars, while being compact,

would not have the required mass. | — Numerical relativity
B Reconstructed (template)

&
® A black hole neutron star binary system would So06| I | | iy
have a very large total mass, and would thus 2 0.5 || — Black hole separation -3 .5
merge at much lower frequency_ 8 0.4 === Black hole relative velocity 42 E
o 41 ©
> 0.3 L1 g §

I:> Binary Black Hole Merge 0.30 0.35 0.40 0.45

Time (s)
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Generic Transient Search

Generic transient search

20 30 P sio  aa0 Detection statistics (signal significance):

’ - =+/2E./(1 + E, /E.

10 mmm Search Result (C3) 1 77(, C /( n/ C )

10" i — Search Background (C3) Ec is the correlated signal energy, En is the noise energy
100:— :_EIL 494 Search Result (C2+C3) * En = data - Ec

— Search Background (C2+C3)
T Background estimation:

GW150914 ® Event is matching detections by both sites

I"-LI-"LL ® Bkg is fake matches of bkg detections

1 Itis impossible to account for every source of bkg!
10—6} UI_"‘_H_,-’ H: And it is impossible to turn off the GWs!
10-7} | ” _f

|1 L, ] Solution: time-shift technique

Number of events
e e
233

10—8: | . . ||

g 10 12 14 16 18 20 ''>32
Detection statistic n¢
Signal classification: i i i i i
¢ C1- events with morphology of known noise transience Shift time series by At> AS/C (propagatlon tlme)

C3 - events with frequency that increases with time
C2 - others
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Number of events

Binary Coalescence Search
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® This search targets GW emission from binary
systems with individual masses from 1to 99
Mo, total mass less than 100 Mo

The best combination of theoretical
model parameters (0.1 signif. level)

Primary black hole mass 3673 M,
Secondary black hole mass 29j M
Final black hole mass 62 M
Final black hole spin 0_67f8_—8?
Luminosity distance 410118 Mpc

Source redshift z 0_09f8..8§>

Signal : background = 24 : 1
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Summary

e LIGO detectors have observed gravitational waves
from the merger of two stellar-mass black holes.

® The detected waveform matches the predictions of
general relativity for the inspiral and merger of a pair
of black holes and the ring down of the resulting single
black hole.

e These observationsdemonstrate the existence of
binary stellar-mass black hole systems.

® Thisis the first direct detection of gravitational
waves and the first observation of a binary black
hole merger.

Thanks for your attention!
Questions?
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Question 1

1) Kak 0T U3MeHeHu s OJIMH NeYy UHTepdepoMeTpa nepenuTu K aMnanTyae rpaBUTaLMoOHHbIX
BONH?

AMNAUTYRY rPaBUTALLMOHHbIX BOSIH MOXHO MONTYyYUTb Ha OCHOBE U3MepeHUN hoTopeTeKTopa,
KOTOPbIA perncTpupyeT UHTeptepeHLUto. B oTcyTcTBUM FpaB. BOIH UHTepdepeHLumn He
byneT HabnopaTbCcs, 04HAKO NMPU NPOXOXKAEHUN FPaB. BOJIHbI = USMEHEHUU Nney bypeT
N3MEHATbCH Pa3HOCTb (ha3. Yem 6onblue pasHocTb has - TeM 6onblie aMNANTYAA.

Qb — wcoﬁTTyn,a—o6paTHo

oL hy
Tryna—o6patho ?(1 =+ 7) ,roe hg = ZAL/L
2wl h(} 2wl hg L
Ap = 1+ —)— 1— —)=2r—
(;5 c ( + 9 ) - ( 5 ) ﬂ-AhO
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Question 2, 3

2) NMoueMy yBepeHbl, YTo HabN A TCA UMEHHO rPaBUTALLMOHHbIE BOJIHbI, @ HE NOoC/enCTBUS
zeMnerpsiceHusa?

« Ha ycTaHoBKax MCNOMb3yTCA CEUCMOATUNKM, MOKA3aHMUS KOTOPbIX MPUMEHSAOTCS
|:> 011 KOPPEKTUPOBKU pe3ynibTaToB U3MEPEHUMN.
 LIGO yTBepxpaeT, YTo ons 06bACHEHUS 0BHapy)XeHUs rpaBUTaLMOHHbIX BOJIH
noTpeboBanocb 6bl fBa UOEHTUYHbIX, HO HE3AaBUCUMbIX CEUCMUYECKUX COBbITUS.

3) MoxxHo nu ByaeT cMopenMpoBaTb hOH C NOMOLLbIO MeToauKK time-shift, ecnn noTok
rPaBUTALLUOHHBIX BOJSTH ByaeT NOCTOAHHbIM, @ HE UMNYJIbCHbIM?

HeT, Tak KaK B ciyvyae HENPepbIBHOrO NOTOKA FPaBMTALMOHHbIX BOJIH OTCYTCTBYeT

:> cobbiTe Kak TakoBoe. [Tpouenypa time-shift ucnonbsyeTt akT Hannuua cobbiTUMN.
[MoToMy onga obHapyXXeHUs HenpepbIBHOrO NOTOKa HeobxoauMa gpyras MeToauKa.
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Question 4

4) Yto o3HauvatloT reconstructed wavelet u reconstructed template Ha rpadukax?

Hanford, Washington (H1) Livingston, Louisiana (L1)
T T T T T T T T
Mexican hat wavelet Morlet wavelet
1.0+
0.5+
0.0
-0.5 +

: -10 = - H — L1 observed —

h [ — H1 observed H1 observed (shifted, inverted) . ‘ , ; ; :
o I | | | I I | | -5 0 5 -5 0 5
— I I I I I Gaussian
= \

P -
| -
et
7 s o | I
\ /
-1.0 H — Numerical relativity — H — Numerical relativity — {
Reconstructed (wavelet) Reconstructed (wavelet) L/
W Reconstructed (template) W Reconstructed (template) ’ ; v : ;
I I 1 1 I I | | -4 —2 0 2 4

KpacHag nuHua - MogenvpoBaHue € NOMOLLbI YNC/TIEHHOU TeOPUN OTHOCUTENbHOCTU (numerical
relativity) c nonyyeHHbIMM NnapamMeTpamu. TeMHo-cepas - 3To goBepuTenbHasa obnactb Ha ypoBHe 0.1 gns
MogenMpoBaHMA OpPMbl CUrHaNa c ucronb3oBaHneM wabnoHa cnuaHua Y. CBeTno-cepag - ato
poBepuTenbHas obnacTtb Ha ypoeHe 0.1 MogenMpoBaHus hopMbl CUrHanNa Kak TIMHeMHoW KOMBUHaL UK

rayccoBCKuX BeMBneToB (aHanor npeobpasoBaHusa dypbe).
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Question 5

5) Kak LIGO Mo)eT yBuaeTb rpaBuTaLLMOHHbIe BoJHbI, ecnn B OTO cBeT pacTArmBaeTcsa BMecTe C
NPOCTPAHCTBOM?

Looking For Gravitational Waves

JlencTBUTENbHO, rPaBMTALLMOHHAA BOJIHA
pacTarmeaeT OJIMHY BOJIHbI CBETA, HO OYEeHb
cnabo. OgHaKo, 3To He UMeeT 3HaYeHuUs, Tak
KaK NPUHLMUN 0EeTeKTUPOBAHUSA He
YYBCTBUTEJIEH K OJIMHE BOJIHbI. B
3KCNepUMeHTe n3MepsaeTcsa He OJINHA BOJIHbI,
a 3apepxka no dase. UHbIMK cnoBamm,
rpPaBUTaLMOHHO-BOJIHOBOU e TeKTOop
paboTaeT KaK yachl, a He KaK JIMHeuKa.

— Wave Detected
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Question 6

6) B yueM oTnuume ructorpamm background un background only?

Binary coalescence search

20 30 40 1o > 5 10 Mbl He MOXXeM cMofg.enMpoBaThb hOHOBbBIE
>0 30 405 10 >5.10 cobbITUSA, MO3TOMY UCNONb3YeTCA MeToph, cABUra
102} amm Search Result 1 (time-shift). BpeMeHHble psigbl, KOTOpPbIE
10! —  Search Background ] (hUKCUPYIOTCH OBYMS YCTAaHOBKaMM, CABUraloTCS
10°f bw = — Background excluding GW150914| | Ha At> AS/c (propagation time). Takum o6pasom
4‘-2 10-1 _' nobble coBnageHuns byayT 3aBe,0MO NOXHbIMMU,
0 T 4YTO NMO3BOJSIAET CMOJENNPOBaThb pacrnpepeneHune
v 1077} LLLLL 1 3HaYMMOCTM CUrHana ans 3aBefoMo (OHOBbIX
S 10-3| pW130p14 | COBbITUMN.
| -
3 10-41 LLI'L ] CMopenupoBaB (hoH, Mbl MOXXEM MOATBEPAUTD
g 10-51 -kchqﬂ r CUrHanbHoe cobbiTue. Yb6paB cuUrHanbl
z '-| _Ll.rerlrL, A Il]r] II_ L0,eTEeKTOPOB, COOTBETCTBYHOLLUX 3TOMY COBbITUIO
107" ~|] ” | ] U3 BPEMEHHDbIX PAO0B N MOBTOPMB NpoLenypy
107} ll I] I'l ll ] time-shift, nonyumnm background excluding.
108 . . I-”_l | . . | A
8 10 12 14 16 18 20 22 24

Detection statistic p
Pe background pacnpepeneHue 3arpsasHeHo

pc - signal to noise ratio; signal signif. CUTHaNbHBIMM CPaOaTbIBaHNUAMM

K. Kazakova (NRNU MEPhI, JINR) Physics Seminar



Question 7

7) Kakue cerMyac aKcrnepuMeHTbl O,eUCTBYIOT MO rpaB. BOJIHAM U KaKue niaHbl Ha byayliee y
akcnepumeHTa LIGO?

Ha utonb 2021 ropa:

« LIGO, 2 petekTopa (CLUA)

 VIRGO (UTanuq)

« KAGRA: Kamioka Gravitational Wave-Detector (AnoHuq)
« GEO600 (FepMaHus)

[Mnanbl LIGO:

« T[locTpouka HoBoro uHTepdepomeTpa LIGO-India pna ysennuyeHns TOUHOCTU NoOKanNu3aLLmMm
MCTOYHUKA rpaB. BOJH;

« Cewnvac petektop LIGO mopgudmumposaH po Advanced LIGO (aLIG0), Ho B panbHenwem byneT
MoauduumpoBaH o A+. YnyuweHue bygeTt cocToaTb B pa3paboTke M U3roTOBIEHUU HOBbIX
CEHCOPOB A8 YNyYLeHHOU CUCTEeMbl ONTUYECKOU NOOBECKM!.

 Takxe nnaHuMpyeTcs NOCTPOUTDL ABa UHTepdepoMeTpa HoBoro nokoneHus: Einstein Telescope
(EBpona) c 10-Tu kunoMeTpoBbiMU nneyvyaMu n Cosmic Explorer (CLUA) c 40-ka KunomeTpoBbIMU
nneyamu
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