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Gravitational Waves Sie
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_ ¢ — Are ripples of space-time metric
?erlaa\a:z lir;ﬁ:iuc:\r,ﬁur:t;} " generated by accelerated masses

space-time (predicted by GR)

» “Matter tells space how to
curve and space tells matter
how to move.”

( John Wheeler )




Gravitational Waves far away from sources vikls

U gravitational waves are physical: carry curvature, energy, momentum, angular momentum (Pirani 1950’s)

U weak-field linear approximation of General Relativity

* analogies with electromagnetic waves:

GW amplitude is b\ 2AL

light speed, transverse, 2 polarization components h ,, h , strali: I

o : AL is the change in separation of
Effect on free 27 X two masses a distance L apart
test masses: : :

tensor polarizations h , and h ,
s -
rotated by 2 in the wavefront plane:

www. ecinsiein-online.nfo




Gravitational Waves: The evidence ﬁrq;)

In 1974, Hulse and Taylor discover the binary 2| o€ 5 P G s A o
system PSR 1913+16 N D
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Taylor and Weisberg measured the decrease of the NP ek o —
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They discovered that the decay period is in precise il
agreement with the loss of energy due to gravitational R U S B ST T ST A A
waves described by Einstein's general theory of relativity S
] Prediction from general relativity

First indirect evidence of the gravitational waves * spiral in by 3 mm/orbit

* merge in 300 million years



Sources of Gravitational Waves vu'ﬁ'gg)

Since we can’t generate detectable gravitational waves on Compact Bmary Inspiral
Earth, the only way to study them is to look to the places

in the Universe where they are generated by nature. Binary Neutron Star (BNS)
Binary Black Hole (BBH)
Neutron Star-Black Hole Binary (NSBH)

Continuos
Spinning Neutron Stars (Pulsars)

Burst

Creait AEI, CCT,LSU - Asymmetric Core Collapse SN
: i Cosmic Strings
Unknown ?2?

- Stochastic
Incoherent background from primordial
NASAWMAP Science Team  Credit: Chandra X-ray Observatory 'GWs or an ensemble of unphased sources




GWs from compact binary coalescences v,glgy

* The most efficient emitters among expected GW sources
* Up to ~ 10% total mass converted in gravitational radiation
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INSPIRAL e e  RINGDOWN
GW emission described by quadrupole ! ; Only numerical o 3 . Perturbative and
formula. Analytical solution available y, solution available ‘ -—

numerical solutions

GW can be used as a standard candle. General Relativity in strong field
highly non-linear regime
Last inspiraling cycles enter the NS would bring more physics
bandwidth of earth-based detectors. (Equation of State, ...) 9



The Gravitational Waves Hunting LIS

VIRCG
1970s — 2000s 1970s — 2010s

2 4
8 9
Weber devised and constructed Room Temperature & Interferometers
the first bar detector Cryogenic Bar Detectors Concept. Contruction & Operational
Narrow Band Frequency detectors Broad Band Frequency detectors

(100 Hz @ 1KHz) & (h-10%%) (20 — 6000 Hz) & (h-1023)

AURIGA - INFN/ Padova Italy, France, Netherlands, Poland, Hungary and Spain



Principal scheme of an interferometer

light storage arm test mass

'

light storage arm

test mass test mass

test mass

beam
splitter photodetector



How it Ioks

OPTICAL
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2
2 |

ULTRA-HIGH VACUUM PIPE
1019 mbar, 6800 m?

| THE SUPERATTENUATOR

Virgo mirror suspension
for seismic isolation (10-1?)




The Network of Gravitational Wave Detectors ueg")

VIRG
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Spectral Sensitivity Enhancement wﬁgj
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Directional Sensitivity of Detectors

Each interferometer senses only one of the two GW polarizations:
* measures the linear combination

el
nl;lﬂ.s# -""._* hf_'f&t — F+h+ —I_ Fxhx
o l S F. . (sky direction)
N ' Y antenna patterns for + and x
1
] o ’ - * misses the orthogonal combination
f o mass
\\. = .rf Meranek = L Anfenmn Fararm = |F |
hR , 90 :

Broad directional
sensitivity:

LIGO Livingston
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Benefit of adding Virgo detector

|F|

assuming
same
spectral
sensitivity

Increased time coverage of the survey by detector pairs

20

8 (dog)
——

Detection confidence: lower background and higher Signal-to-Noise Ratio

coverage of sky and both GW polarizations: better waveform reconstruction

LIGO Hanford + LIGO Livingston

|Fy|

LIG
VIRG



Recap of recent observational campaigns V;E"Sﬂ

* «O1» [Sept.2015, Jan. 2016]

~ 49 days of coincident observations by LIGO Hanford and Livingston with science quality data
*+ «02» [Nov. 2016, Aug. 25 2017]

~ 120 days of coincident observations by LIGO, ~ 16 days with Virgo

~ 10 GW alerts sent to LIGO-Virgo partners for multimessenger followup

ARIR-LIETRERILA, snbe: {1leerne j "u'rirg:]

TLIRTHRIBIRL n
LIGO-Virgo gravitational-wave strain [R{t}]

I '. = - Hanford
d Livingston

Virgo joined the science run from Aug. 1 |

rain/ v Hz)

online monitoring of
detectors:

losc.ligo.org T,
www.yirgo-gw.eu/status.html

wtral density st

=
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 observations 2015-17 vs 2010: 10 100 Frequency (]

averaged observable volume of Universe : ~100x gain for BBH like GW150914
~30x gain for BNS coalescence events



Published Black Holes of Known Mass  pataRelease: losc.igo.org

Unexpected Population of
Binary Black Holes

First Detected Event lcredit: LSC/LIGO/Caltech/Sonoma State (A. Simonnet) |

“ * higher mass x-ray binary BHs
Ly are lighter: < 15M
First Triple Coincidence
o \ * merger rate compatible with

highest expectations
12-213 Gpe 2 yr+

50

w
Q . ‘
§ 40 » testbed for checking General
= Relativity
“ 30
_r_oo GW150914 .
N * no related electromagnetic

20 =

TR emission found
swnowa
- L j
LVT151012 0 * heavy mass BBH system most
GW151226 . .
Gw1706_o_s likely formed in a low-

metallicity environment:

< yz-ya Z@
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LIGO-Virgo Black Holes : how diverse have they been? LIG
VIRGH
. . . 40
Comparison of the Gravitational Waveforms distribution of primary
* and secondary BH masses
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GW170814 : Virgo is in the game! LIG

VIR
On August 14, 2017 at 10:30:43 UTC, Virgo & LIGO Primary black hole mass rny 05555 Mo
- - - - Secondary black hole mass mg 253128\
detected the first triple coincidence BBH event oo Soenbat N I",;-;\I
“hirp mass , 21177 Me
Hanford =~~~ [Livingston ~~ ~ ~ Virgo Total mass M 55.9134 Mg
o I M ' || [ i 23] | | Final black hole mass M; 53232 Mg
10 7.3 1T (] L} Radiated energy Fy g 2704 o c?
B | | R-At] 4.4 |

D 6k 4 . N -
e <— SNR time series using the best
matching template

Amplitude

+— Time-frequency representation
of the strain data around the
time of GW170814

Frequency [Hz]

Narmalized

=
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<«— Reconstructes waveforms
* BBH model (dark gray)

) \ LU *  Unmodel (light gray)

s L I 2 * Whitened data (color)
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What did we learn ? ueg)

VIRG

Einstein was right!

Stellar Binary black holes exist

Binary black holes merge within he lifetime of the universe
Largest stellar mass black hole to date (47> 20 A1)

BBH merger rate: 103" Gpc=? yr™!

Test GR in strong field

* No evidence for violation of General Relativity

. mg~::7’.?':»«:10‘23 eV/c?



August 17, 2017 12:41:04 UTC

. A gravitattona wave from a

binary meutron star merger s detected,

GW170817
Chronicles ...

' gravitationa wave signal
TWo newtron stars, each the size
of o city but with the mass of
the sun ccllded into cach
other,

& 8 & GWI/0B17 alows us to
measure the expansion rate and
the age of the upiverse directly
using gravitational waves for the
first tme.

Detacting gravitational waves
from a BNS event allows us to
find out more sbout the
structure of ncutron stars,

- This mullimessengor evant
‘f' pravides confirmation that

NEUIron Star Mergers can
& produce shorl ganima ray bursts,
“'-J
The cbservation of a kilonova
3llowed us to show that BNS
A mergers could be responsible for

the producticn of all heavy
elements, like gold, nthe
wniverse.

Qbserving Lath elecuomagnetic
and grevitational weves from the
event provides confirmation that
gravitational waves travel at the

same speed as light,

gamma ray burst

Ashort gammea ray burst iz an + 2 seconds
intense beam of gamma ray
radiation which & produced A;sma‘er:\‘ o

Just after the merger,

+10 hours 52 minutes
Anew brght source of optical

kionova lighti¢ detected in agalaxy

Deczyng heavy ions produce exled NCC 4993 nthe

an opticaly bright kilonava, constellation of Hydra

producing heary meta’s like

gold. +11 hours 36 minutes
Infrared emission observed
415 hours
Bright ultravialot emicsicn
detected

radio remnant

As material maves away from +9 days

the merger It produces 3
shotkwave in the intersteliy
medium - the tenuous materal
betwean stars: This produces
an afterglow which can last for /
years, ,

Xeray emission detected,

| +16 days
|| Radio enisson
/| detected

Credit: LSC/Daniel Williams
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Comparison of the Gravitational Waveforms

GW150914

LVT151012

GW151226

GW170104

GW170608 =

GW170814 |
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LIGOUniversity of Oregon/Ben Farr




GW170817 : The sky localization ﬂgg)

Rapid Localization results 90% confidence (within hours)

Only LIGO = 190 deg? (two islands along an arc of equal time delay)

LIGO+Virgo = 31 deg?
Refined localization (days)
LIGO+Virgo = 28 deg?

Source distance = 40 Mpc

Localization volume =~ 380Mpc?
containing about 50 known galaxies

O WIT T fwiiie starp

Virgo SNR
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y 15h 12h
New A p
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-30° |j 5 /
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How Virgo Contribute ?
9

Amplitude consistency of measured signal



GW170817 : The masses

90% probability

< .05

P
B - < 0.89
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GW170817 : Source properties, summary LG

VIR
90% probability
Low-spin priors (/x| < 0.05) High-spin priors (|y| < 0.89)
Primary mass m, 1.36 - 1.60 M. 1.36 -2.26 M-
Secondary mass m; 1.17-1.36 M: 0.86 -1.36 M;
Chirp mass M = (m; m,)*® (m; + m,) > 11887000 Mz 11880007 Mz
Mass ratio mg /m 07-10 04-10
Total mass mye 2741900 M 2824057 M;
(1) Radiated energy E,.q > 0.025 My ¢ > 0.025 My ¢
(2) Luminosity distance Dy, 40:? 4 Mpc 40:? +Mpe
(3)  Viewing angle © < 55° < 56°
using counterpart location <31° <31°
Combined dimensionless tidal deformability A < 800 <700
Dimensionless tidal deformability A(1.4M) < 800 < 1400

1) Radiated Energy: lower bound on the energy emitted before the onset of strong tidal effects at f.,,,= 600 Hz

2) Inspiral signals from coalescences are standard sirens ... but distance is correlated with viewing angle © (3)



GW170817 : The Fate of a Neutron Star Binary Merger

NS

merger

Bartos, Brady, Marka

CQG 30 123001 (2013)

Remnant - Astrophysical Journal Letters: 851(1):L16{13): 2017

1-3KH
< 1kHz z

Nunsy = o e e
./
3
¢

/ mspfral s

hypermass:ve NS

BNS mergers may result in a short- or long-lived neutron star remnant that could emit gw following

the merger.

BH

Ty accretion

¥ 5-6kHz

'NS

stable

2 -4 kHz

BH

ringdown

6.5—7 kHz

Searches have been made for short (tens of ms) and intermediate duration (< 500 s) gw signals

from a NS remnant at frequencies up to 4 kHz.

There is no evidence of a post-merger signal of astrophysical origin. However, upper limits
placed on the strength of gw emission cannot definitively rule out the existence of a short- or long-

lived post-merger neutron star.

4
VIR

2



GRB170817A, AT2017fgo : Electromagnetic Counterparts of BNS Mergers vf'c@

Jet=ISM Shock (Afterglow)
Optical (hours—days)
Radio (weeks—years)

GW170817
Ejecta~ISM Shock

60b5< 56: Cg/ Radio (years)
; Produce a short
gamma-ray burst
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Event rate {counts/s)

Event yate {counts/s)

Event rate (counts/s)

Frequency {Hz)

Association of GW170817 and GRB170817A & Fundamental Physics 4

1 Lighteurve from Fermi/GBM (10 — 50 keV')

Lighteurve from INTEGRAL/SPI-ACS
120000 4 (> 100 keV)

117500 4

115000 4

112500 4

100 8
300

200

100

50
-10 -8 -4 -4 -2 0 2 1 G

Tune from merger ()

* GW170817 provides a stringent test of the
speed of gravitational waves

Vew —C CAt

~
~

C D

* Conservative assumptions
* At=[-10, +1.74] sec
* D=26 Mpc

= Conservative limit — use 90% confidence level lower
limit on GW source from parameter estimation

v, - C
-3x10°16 < % < +7x 10716

* GW170817 also puts limits on violations of
Lorentz Invariance and Equivalence Principle

LIG
R e

LIGO Scientific Collaboration and Virgo Collaboration, Gravitational Waves and Gamma-Rays from a

Binary Neutron Star Merger: GW170817 and GRE 170817A" Astrophys. J. Lett. 848:113, (2017}



Discovery of Optical Counterpart (AT2017fgo) and Host Galaxy (NGC 4993) w'ﬁlgy

166 « 12h gh

IPN Fermi /
INTEGRAL

/
J
’

Localization of the gravitational-wave,
gamma-ray, and optical signals

Swope +109 h
" AT2017fgo

¥ NGC 4993 N

E

DLT40-20.5d

* NGC 4993

* NGC 4993
Dist=1.3 x 10® ly

The 1M2H team was the first to discover
the optical counterpart AT2017fgo in the

host galaxy NGC 4993 with the 1m Swope
telescope 10.9 hr after the merger time

The DLT40 pre-discovery image from
20.5 days prior to merger

European Southern Observatory
Very Large Telescope




Binary Neutron Star Mergers Produce Kilonovae = Lis

* Electromagnetic follow-up of GW170817 provides strong
evidence for kilonova model
» kilonova-isotropic thermal emission produced by radioactive decay of rapid neutron
capture (‘r-process’) elements synthesized in the merger ejecta
Spectra taken over 2 weeks period across all electromagnetic
bands consistent with kilonova models
» “Blue” early emission dominated by Fe-group and light r-process formation; later
“red” emission dominated by heavy element (lanthanide) formation

Recent radio data prefers ‘cocoon’ model to classical short-hard
GRB production!

Elements produced in merging neutron stars
? Big A Dying ‘Explodmg Human synthesis
B | W No stable i
ﬁ ‘ masnl'lg‘ u“gﬁ:{?ass :?:,ssswe m o stable isotopes .
ﬁ 846 Cosmi® Mergmg Exploding e ﬂ* 9 ': ,‘foe
ray { I \ neutron ] white -
Na Mg fissiony stars " dwarfs Al S§i P S Cl Ar
W4z et AT O BN 15 LAPe 4B W ngth (um)
!§ Ca 8¢ Ti V Cr Mn Fe Co Ni CuZn Ga Ge '},s Se Br Kr Credit: ESO/E. Pian et al./S. Smartt & ePESSTO/L Calgada
ﬂﬁﬂﬂ%ﬂ%ﬁ Ru R Fo Ag Ga i% it 50
%‘ﬁ J#T,g M Re Os ,{; ',’,t Au m%& l,B; Po At Bn Animation is based on a series of spectra of the
Fr a p—— E.r T Yb Lu kilonova observed by the X-shooter instrument
‘ e %ﬂ LRSS UR T on ESO's Very Large Telescope in Chile.
Pa U Pu
Ll ﬂﬂ&&ﬁ@ﬁﬁﬂ




What did we learn ? ugg)

VIR

* BNS merger rate : 1540735% Gpc3yr~! (BBH : 103711° Gpe3yr ' )

* Confirmation of association between short GRBs and BNS mergers, and
new insights into physics of GRB events

* Limits on dynamical ejecta in the associated kilonova
* BNS mergers as producers of heavy elements confirmed

* Independent measurement of the Hubble constant consistent with prior
measurements

* Test of General Relativity
* GW signal is consistent with GR over thousands of cycles
* GW polarization is consistent with tensorial
* Speed of gravity is consistent with speed of light to one part in 101®
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HecKONbKO UMTaT

Obbl4uHbIe YepHble Ablpbl 06pPa3yOTCA NOCAE KOMNanca OTAeNbHbIX 3B€3],

M y4eHble Nonaranan, 4tTo npegenbHas macca NnpumepHo B 15 pas 6osbe maccol
Hawero ConHua. CBepxmacCcuBHbIE YepHble Ablpbl, CKPbIBAlOLWMECA B LLeHTpE
MNOYTU KarKaoW ranakTUKK, Nnornowatot Mmaanapapl 3sesg. OaHaKo acTpodUsnKm
He BUAENMn, 4Tobbl Konnancupytowme 38e3abl 06pa3oBbIBaAN YEPHbIE AbIPbI
NPOMEXKYTOUHbIX Macc. BOT nouemy Ans Bcex CTasl HEOXNAAHHOCTbIO TOT GaKT, UTo
c nomoubto LIGO B dpeBpane 2016 roaa yaanochb 3aceyb pabb B NPOCTPAHCTBE,
BbI3BAaHHYIO C/IMAHUE ABYX YEPHbIX AblP, Macca KOTOpPbIX B 29 n 36 pa3
COOTBETCTBEHHO npeBocxoanTt maccy ConHua.

TeopeTmKn roBOpPAT, YTO CYLLLECTBYET BO3MOXHOCTb POPMMUPOBAHUA TAKMUX TAXKENbIX
YepHbIX Ablp ewe A0 NoABNEHUA NepBbIX 3Be34,: peyb N4eT O NPAMOM pacrnage
BeL,ecTBa B KMNALLYHO N1a3My HYacTuL, KOTOpble HanOJHUAM KOCMOC Cpa3y nocne
Bonbworo B3pbiBa. Ecan oTkpbiTHe LIGO He 6b110 NPOCTO CTaTUCTUYECKUM
NCKaXKeHMeM, TO NPOCTPAHCTBO MOXKeT NPOCTO KULLETb TaKUMU «NepPBUYHbIMU»
YepHbIMU Ablpamu, YTo ByaeT ncuepnbiBatoWMM 06 bACHEHMEM TOrO, Kyaa
noaesanocb 85% BellecTsa BO BceneHHOMN.


https://www.popmech.ru/science/326792-ligo-unikalnyy-detektor-i-generator-gravitatsionnykh-voln/

Ecnun B3aTb 3a ocHOBY Tekywun nopor LIGO u ToT paKT, 4To OHa
HaXoAWUT CMrHaAN pa3 B ABa mecAua (B cpeiHEM), MOXHO C
YBEPEHHOCTb CKa3aTb, YTO B KaXKA0OW raslakTUKe pa3smepom C
MneuHbin MNyTb, KOTOPYIO Mbl MOXEM 30HAMPOBATb, €CTb KaK
MUHUMYM C AECATOK TAaKNUX CUCTEM.

Bonee TOro, HaluM PeHTreHOBCKME AaHHble NOKa3bIBAlOT, YTO €CTb
MHOTO BUHAPHbIX YEPHbIX AblP C MEHbLLEN MACCON; BO3MOXKHO,
3HaYnTENbHO HONbLLE, YEM MACCUBHbBIX, KOTOPbIE MOMKET HANTK
LIGO. U 31O gake He yunTbiBaA AaHHble, YKa3blBaloLWmMe Ha
CYLLLECTBOBAHME YEPHbIX Ablp, KOTOPbIE HE BKAOYEHDbI B XKECTKUE
BUHApPHbIE CUCTEMDI, @ UX AONKHO BbITb 60NbLIMHCTBO. Ecan B
HaLWEN raslakTUKe ecTb AEeCATKU YEPHbIX Ablp CPEAHEN U BbICOKOM
maccbl (B 10-100 conHe4YHbIX Macc), A0NXKHbl ObITb COTHU (3-15
CO/IHEYHbIX MAcC) BUHAPHbIX YEPHbIX AbIP U TbICAYU
N30MPOBAHHbIX (HEOBMHAPHbIX) YEPHbIX AbIP 3B€34HOM MaccChl.



