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GW150914- the first LIGO  gravitational wave detection 
from BBH with masses 29 Msun and 36 Msun

all together < 200 ms (a chirp signal) 



Burst search

● No prior knowledge of the shape of the signal

● Search for coincident bursts

● Signal reconstruction

● Detection statistics based on similarity of waveforms in two (or 
more) detectors

● Low latency – less than 3 minutes

● Later off line detailed analysis with background estimates



Compact Binaries Coalescence  search

Search targeted at binary 
coalescence signals: 
NSNS, BHNS BHBH

Matched filtering 
Template bank

Background estimate using 
time shifts



  

LIGO- the first observing run O1 (14.09.2015-19.01.2016). 
The era of GW astronomy has begun



  

GW170104: the first BBH from O2 LIGO
- the most distant observed BBH, the spin axes in a 

merging binary system could be misaligned 
 



  

Gravitational waves from coalescing binary black holes  
observational runs O1 (12.09.2015-19.01.2016) i 

O2 (30.11.2016- mid 2017)



  

Evidence of  existance of heavy masses 
stellar mass black holes > 20 Msun mass



  

Where the mergers of two black holes occured ?

 with a aVirgo ~10 x better localization 



  

Gravitational waves and EM joint observations



  

Multi-messenger astronomy
GW and EM joint observations



         GW150914 - EM Follow-up 



  

First detection- BBH

Bulik & Belczynski et al 2010



  

Astrophysical Sources of GW 
10 Hz – 10 kHz
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Goals of Gravitational Waves Observations



  

Gravitational Wave Astronomy

open a new Window on the Universe 

test GR and GR instabilities

Solving the enigma of GRBs and resolving their different classes

Measuring the cosmological parameters with GW standard sirens.

Understanding the mass-spectrum of compact stars and their 
populations – constraints on evolution

Measuring masses, spins,..of compact objects in binaries 
(constraints on NS EOS)

....



  

Gravitational wave sources

 

Requirements:  compact M/R, relativistic and highly asymmetric       
                                 -16 < log fGW [Hz] < 6                                                              
         (sensitivity of terrestial detectors 10 Hz to 10 kHz)

 unknown sources

 known sources:

–- rotating  and oscillating neutron stars

–- binaries           S/N~Mchirp/Distance,  

–                          fGW=2 forb,       

–                          fmerger~ 2kHz/Mtot

–- supernovae

●- stochastic background (primordial and originating from cosmic sources)



GW150914 - our firsts:

● Detection of gravitational waves

● Detection of a black hole

● Detection of a black hole binary

● The brightest source ever seen in the sky:

● Evidence for heavy BHs with masses of 30 and and up to 60 
solar masses

● Their formation requires an origin from low-metallicity 
environments

● Such BBH can form both dynamical processes or isolated 
binaries 



  

From Initial to Advanced GW detectors



  



  

Supernovae and the core collapse

Dzwięk - 2SN



  

The merger of a NS with NS or BH

Dzwięk - 2SN



GW150914 -a binary black hole !
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From Initial to Advanced GW detectors
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EXTRA SLIDES

EXTRA SLIDES



Compact binaries- three phases of coalescence

 inspiral” - until marginally stable orbit
 “merger” - until the common horizon
 “ringdown” - black hole oscillations



  

                                                                                                  



How far we can go ?



  

Gravitational Waves

predicted by A. Einstein in 1916, consequence of GR 1915

they carry energy (Trautman 1958)  

exact sollution for spherical gravitational waves(Robinson & Trautman,1960)

GW propagates if concentration of  mass (energy) moves/changes                 
     shape

spacetime oscilations that travel at velocity v = c

interact weakly with matter (we can see objects that cannot be seen in any 
other way)

new sort of radiation   -->  new discoveries

the efect of a wave on 2 test particles dL   h L∼

GW amplitude h~1/10^21



CBC search

Seach targeted at 
binary coalescence 
signals: 
NSNS, BHNS 
BHBH

Template bank

Background 
estimate using time 
shifts



Masses



  

Gravitational Waves

predicted by GR, 1916

spacetime oscilations

new sort of radiation                   
            

  -->  new discoveries

we can see objects                 
that cannot be seen                
                 in any other way

a new test of  GR



Distance and inclination



Burst search

● No prior knowledge of the shape of the signal

● Search for coincident bursts

● Signal reconstruction

● Detection statistics based on similarity of waveforms in two (or 
more) detectors

● Low latency – less than 3 minutes

● Later off line detailed analysis with background estimates



  



  

First detection- BBH

Bulik & Belczynski et al 2010



  

From Initial to Advanced GW detectors



  

Gravitational wave astronomy

●Initial GW detectors -no detection but lower limits on distances to GRBs, upper 
limits on GW from PSRs, on event rates (Abadie, J. Abbot,et al.2009, 2010)

● Advanced GW – GW150914 - first direct detections,  Robust data analysis 
techniques are in place, 4 working groups: Burst, Stochastic Backgrounds, 
Coalescing Binaries, Continuous Waves

●Detector development: 

–2015-2022: 2nd :Adv LIGO/VIRGO +KAGRA+India-LIGO ~10 times more 
sensitive (10^3 times more events/yr), NS-NS (200 Mpc), NS-BH (1Gpc),BH-BH 
(2Gpc); 10Hz-10kHz

–2030 ?: 3rd :  ET ~ 100  (10^6 events/yr), 1 Hz-10 kHz

–2034 ?: space detectors: eLISA/NGO (0.003-0.01 Hz),  DECIGO (0.1-
1Hz) 



  

sensitivity (h~dL/L)             
   10 km arms                    
instead of 3-4 km

sensitivity below                 
   10 Hz                             
(seismic   noise)                  
150 m underground

> 1 kHz thermal noise         
cryogenic mirrors             
cooled down to 10 K



  

ET (1Hz-10kHz)                                                



  

LISA – cosmic  mission

3 detectors - 5 mln km        
-->1 detector, 1 mln km

f
GW

~ 0.001 - 0. 01 Hz 



Interferometers: initial



  

1st  generation – summary          
●

● - no detection   :(

● - obtained required S/N :) 

● - common scientific runs :)

S5-VSR1 (4 months, 2007),

S6-VSR2/ VSR3 (6/2months, 2009/2010:)

● - blind injection test – Big Dog event, NS-

BH :)

●

..but lower limits on distances to 
GRBs, upper limits on GW from 
PSRs, on event rates (Abadie, J. 
Abbot,et al.2009, 2010) 



The principle of detection

Expected amplitude:

Two polarizations: h+, hx, 45 degree,quadrupole transverse wave, interaction with matter:



  

1st detectors: LIGO,VIRGO, 
GEO600, TAMA fGW ~10Hz-1kHz



Detection principle



Order of magnitude estimates

500 round trips, expected delay: 

The laser wavelength is 1064nm. Expected phase amplitude:

With 100kW power the Poisson noise fluctuations are



  

Astrophysical sources for LISA



  

GW Astronomy

ELF log f = -16 to -10, VLF log f= -10 to -6,  LF log f = -6 to 0, HF log f = 0 to 6



  

Polish participation in GW searches

Konsorcjum VIRGO (POLGRAW) - 1szej i 2giej generacji 
detektory fal grawitacyjnych(od 2008),lider- A. Królak

    Instytut Matematyki PAN (IMPAN), Uniwersytet Zielonogórski (UZ)    
Uniwersytet Warszawski (UW),   Uniwersytet Białostocki (UwB), Narodowe 
Centrum Badań Jądrowych (NCBJ), Uniwersytet M. Kopernika(UMK) 
Instytut Matematyki PAN (IMPAN),   Centrum Astronomiczne PAN

   Kontrybucje :Analiza danych, Budowa części detektora Advanced 
VIRGO, Badania teoretyczne, Symulacje numeryczne sygnału z 
astrofizycznych źródeł    (MNiSW, FNP)

Konsorcjum EINSTEIN TELESCOPE -3ciej generacji (od 

2013), lider-T.Bulik UZ , UW, PW, UwB, IMPAN, CAMK  Kontrybucje: 
Badania teoretyczne astrofizycznych źródeł,  poszukiwanie  miejsca na 
budowę ET (budowa sejsmometrów) (NCN, EU „Aspera”)

Konsorcjum KAGRA -współpraca z Japonią, UZ, PW, UW (od 2014)



  





GW150914: najjaśniejsze kosmiczne 
wydarzenie kiedykolwiek zaobserwowane  

● Pierwsza bezpośrednia detekcja fal grawitacyjnych

● Pierwsza detekcja dynamicznie zmiennego horyzontu

● Nowy sposób pomiaru masy i tempa rotacji (spinu) czarnych 
dziur 

● Pierwsza obserwacja układu podwójnego czarnych dziur

● Najbardziej energetyczne zjawisko obserwowane w historii

● Nowe ograniczenie na masę grawitonu

● Nowe Okno na Wszechświat



The detection on Sep 14th, 2015 



  

Gravitational wave astronomy

●1st: Virgo/Ligo - no detection yet, but lower limits on distances to GRBs, upper limits on 
GW from PSRs, on event rates (Abadie, J. Abbot,et al.2009, 2010) required 
S/N,common runs : S5-VSR1 (4 months, 2007),  S6-VSR2/ VSR3 (6/2months, 
2009/2010),blind injection     

  Detector development: 

–2015: 2nd :Adv LIGO/VIRGO (10Hz-10kHz) ~10 x more sensitive (10^3 
times more events/yr),

– NS-NS (450 Mpc), NS-BH (1Gpc),BH-BH (2Gpc),

–2030 ?: 3rd :  ET ( 1 Hz-10 kHz) ~ 100  (10^6 events/yr)

–

–

–

–

–

●

●

●You can help - Einstein@home 



  

Advanced LIGO



  

mailto:Einstein@home


  

Astrophysical sources of GW

● ELF log f = -16 to -10, VLF log f= -10 to -6,  LF log f = -6 to 0, HF log f = 0 to 6



  

Detection rate

May already be detected in current LIGO/VIRGO data!

Future evolution: stable mass transfer
Formation of BBH





  

Gravitational wave polarisations

linear 
Gravitational waves are transverse
Two polarisations: EM  90 deg; GW 45 deg

      

,

●                                                
                                               
                                               
                                               
                                               
                                             
goal: measure difference in lenght 
1/10^21



  

Estimate of the amplitude
● 

●Source: mass M, size L,  variability P

●Quadrupole moment ML2

●

●  h ~ second derivative of quadrupole moment

●Higher moments – factors (v/c)

●Maximally:

h=G /c4
ML2

/P2
/r



  

laser

detektor No  signal



  

laser

detektor

Gravitational wave

SIGNAL !

dL = h L



  



  

laser

detektor

Gravitational wave 

SIGNAL !



Rotating Neutron Stars

●GW if NS non-axisymmetric           ~109 NS in the Galaxy         fGW 
frequency  depeds on a mechanism:

●  r-modes ~ 4/3*frot                                        ~103 identyfied

●  spin precession~ frot

●   bar shape ~2 frot

●Upper limits: spin down luminosity

●

●

Rmodes in accreting stars

Wobbling Neutron StarMagnetic mountains 



  

Supernovae

Asymmetry

Graviational wave amplitude

Detectability

Galactic rate



Compact binaries- three phases of coalescence

 inspiral” - until marginally stable orbit
 “merger” - until the common horizon
 “ringdown” - black hole oscillations



  

Coalescing BBH



  

Coalescing BH-NS



  

Coalescing BNS



  



  

Detection of gravitational waves

●Test masses

●A network of detectors needed: to confirm detections 
independently and open a new window on the Universe

●narrow bandwidth: resonance detectors (~1 kHz)

●large bandwidth: laser interferometers (~10Hz-1kHz)

●Measurement of distances between them using light beams           

●        dL~ h L  



  

Pulsar timing

● PPTA,  EPTA, NanoGrav

●Sensitivity: wave amplitude – 10-13, 10-14 

●Frequency range: below 10-7 Hz 

●Directional sensitivity  – important to monitor many pulsars

●Timescale for detection 

●vs. frequency range

Animacja



  

Coalescing compact binaries

●

●

●

●

●

●

●

●

● but Bulik et al. 2011, IC10 X-1/NGC300 X-1: THE VERY IMMEDIATE PROGENITORS OF 
BH-BH BINARIES (BH-WR) will form BH-BH system with Mtot~40 Msol in  < 0.3 Myr, d< 2 
Mpc  => 1-3 events/yr for Initial VIRGO/LIGO



  

Coalescing compact binaries

●

●

●

●

●

●

●

●

● but Bulik et al. 2011, IC10 X-1/NGC300 X-1: THE VERY IMMEDIATE PROGENITORS OF 
BH-BH BINARIES (BH-WR) will form BH-BH system with Mtot~40 Msol in  < 0.3 Myr, d< 2 
Mpc  => 1-3 events/yr for Initial VIRGO/LIGO



  

2nd generation: Adv Virgo/LIGO



  

Nobel 1993 - Hulse & Taylor

<--  observed decay of P = 7 h 45 min 
(75 microsekund/yr) due to gravitational 
radiation  ---> merger in 140 Myr
.        .
Pobs/Pteo =1.0025 +/-0.0022
      

Observational proof – PSR 1913+16

.



  

Gravitational wave polarisations

linear 

Curcular

Gravitational waves are transverse
Two polarisations: EM  90 deg; GW 45 deg

      

,



  

BICEP2 polarization of the B-mode polarization of 
CMB – GW fingerprint?



GW150914 – found by both BURST 
and CBC team

Waited to acquire 16 days background data to estimate properly the significance.

False alarm probability – better than 1 event in 203000 years. 



Detection principle
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