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Albert Einstein
Näherungsweise Integration der Feldgleichungen der Gravitation, Berlin 22.6.1916
Approximate integration of the field equations of gravitation

1916
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Presenter
Presentation Notes
In 1916, the year after the final formulation of the field equations of general relativity, Albert Einstein predictedthe existence of gravitational waves. He found that the linearized weak-field equations had wave solutions:transverse waves of spatial strain that travel at the speed of light, generated by time variations of the mass quadrupolemoment of the source [1,2]. Einstein understood that gravitational-wave amplitudes would be remarkablysmall; moreover, until the Chapel Hill conference in 1957 there was significant debate about the physicalreality of gravitational waves [3].



2016

229,000 paper downloads from APS in 
the first 24 hours

Phys. Rev. Lett. 116, 061102 (2016)DIFI - Feb 15, 2016 Gianluca Gemme 3

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


GW150914 papers
• Detection Paper

Phys. Rev. Lett. 116, 061102 (2016) 
arXiv:1602.03837

• Astrophysics implications
ApJL, 818, L22, 2016
arXiv:1602.03846

• Test of GR
arXiv:1602.03841

• Rates
arXiv:1602.03842

• Stochastic Background
arXiv:1602.03847

• EM follow-up
in preparation

• High Energy Neutrinos
in preparation

• CBC searches
arXiv:1602.03839

• Unmodeled searches
arXiv:1602.03843

• Parameter Estimation
arXiv:1602.03840

• Instrument
arXiv:1602.03838

• DetChar
arXiv:1602.03844

• Calibration
arXiv:1602.03845

• Public data release 
https://losc.ligo.org/events/GW150914

DIFI - Feb 15, 2016 Gianluca Gemme 4

http://dx.doi.org/10.1103/PhysRevLett.116.061102
http://arxiv.org/abs/1602.03837
http://dx.doi.org/10.3847/2041-8205/818/2/L22
http://arxiv.org/abs/1602.03846
http://arxiv.org/abs/1602.03841
http://arxiv.org/abs/1602.03842
http://arxiv.org/abs/1602.03847
http://arxiv.org/abs/1602.03839
http://arxiv.org/abs/1602.03843
http://arxiv.org/abs/1602.03840
http://arxiv.org/abs/1602.03838
http://arxiv.org/abs/1602.03844
http://arxiv.org/abs/1602.03845
https://losc.ligo.org/events/GW150914


THE EVENT GW150914
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September 14, 2015 – 12:56 CET
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September 14, 2015 – 11:50:45 CET 

LIGO Livingston ObservatoryLIGO Hanford Observatory

Initial detection made by a low latency searches for generic 
GW transients: Coherent WaveBurst

Reported within 3 minutes after data acquisition
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Presentation Notes
A time-frequency representation [42] of the strain data, showing the signal frequency increasing over time
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Presenter
Presentation Notes
The very hard work of this world-wide community paid off on September 14 last year, when strong signals were detected by LIGO detectors.  The signal first arrived to LIGO Livingston, at 4:51am, and showed a large amplitude signal that is ,larger than the background noise from the detector. 
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Presentation Notes
We saw a very similar waveform in the LIGO Hanford detector, only 7 milliseconds later. We see a few cycles increasing in amplitude and frequency, and the signal settles down back to the noise– all in a small fraction of a second. The detected distortion of space time was very small, a part in 10^21. The distance changes we measured in LIGO's arms are 4 parts in a thousandth of a proton diameter: tiny! 
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Presentation Notes
Solid lines show a numerical relativity waveform for a system with parameters consistent with thoserecovered from GW150914The observed signals matched beautifully the predicted waveform for the motion of a pair of black holes and vibration of the resulting single black hole. From the frequency of the signals, we can tell the masses of each initial black hole and the mass of the final black LIGO has made the first-ever detection of two black holes merging into one, proving that binary black holes are more common in the universe than most scientists earlier thought. 



Why black holes?

Binary neutron stars excluded

Binary made by one BH and one NS?
If so, MBH very large ⇒Coalescence 
takes place at lower frequencies
NS-BH binary excluded

~ 210 km          

~
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Presentation Notes
To reach an orbital frequency of 75 Hz (half the gravitational-wave frequency) the objects must have been very close and verycompact; equal Newtonian point masses orbiting at this frequency would be only ≃350 km apart. A pair ofneutron stars, while compact, would not have the required mass, while a black hole neutron star binary with thededuced chirp mass would have a very large total mass, and would thus merge at much lower frequency. Thisleaves black holes as the only known objects compact enough to reach an orbital frequency of 75 Hz withoutcontact.Furthermore, the decay of the waveform after it peaks is consistent with the damped oscillations of a blackhole relaxing to a final stationary Kerr configuration



Measuring the parameters

• Orbits decay due to emission of gravitational waves
– Leading order determined by “chirp mass”

– Next orders allow for measurement of mass ratio and spins
– We directly measure the red-shifted masses (1+z)m
– Amplitude inversely proportional to luminosity distance

• Orbital precession occurs when spins are misaligned with 
orbital angular momentum – no evidence for precession

• Sky location, and binary orientation information extracted 
from time-delays and differences in observed amplitude 
and phase in the detectors
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Source Parameters for GW150914
 Use numerical simulations fits of black hole merger to 

determine parameters, we determine total energy radiated 
in gravitational waves is 3.0±0.5 Mo c2

 The system reached a peak ~3.6 x1056 ergs, and the spin of 
the final black hole < 0.7  (not maximal spin)
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Masses and spin

Component masses Final black hole mass and spin
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Presenter
Presentation Notes
For a BH of mass m, the spin can be at most Gm2/chence it is conventional to quote the dimensionlessspin magnitude a = S/Smax < 1.

http://arxiv.org/abs/1602.03840


Sky location

Source location with large 
uncertainty ~ 600 deg2
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SEARCHES IN O1
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time analyzed to determine the 
significance of GW150914
(Sept 12 - Oct 20, 2015, 
39 days, 16 days of obs data)
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O1 sensitivity

average measured strain-equivalent noise, of the Advanced 
LIGO detectors during the time analyzed to determine the 
significance of GW150914 (Sept 12 - Oct 20, 2015)
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Transient Event Searches 
Binary Coalescence search

 Targets searches for  GW emission from binary sources
 Component masses 1 to 99 solar masses;

total mass, up to 100 solar masses
dimensionless spin < 0.99

 ~250,000 wave forms, calculated using analytical and numerical 
methods, are used to cover the parameter space

arXiv:1602.03839
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http://arxiv.org/abs/1602.03839


Matched filtering
• Calculate matched filter signal/noise 

as function of time ρ(t) and identify 
maxima and calculate χ2  to test 
consistency with matched template, 
then apply detector coincidence 
within 15 msec

• Calculate quadrature sum       of the 
signal to noise of each detector

• Background:  Time shift and 
recalculate 107 times equivalent to 
608,000 years
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GW150914 has     = 23.6 (largest signal), 
corresponding to false alarm rate less 
than 1 per 203,000 years or significance 
> 5.1 σ
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Presentation Notes
the second most significant event has a false alarm rate of 1 per 2.3 years and corresponding Poissonian false alarm probability of 0.02.Waveform analysis of this event indicates that if it is astrophysical in origin it is also a binary black hole merger [44].



Transient Event Searches
Generic Transient Search

 No specific waveform model: identifies coincident excess power in time-
frequency representations  (f < 1 kHz and t < few seconds)

 Reconstruct waveform in both detectors using multi-detector maximum 
likelihood method

 Detection Statistic:

 Ec = dimensionless coherent signal energy by cross correlating the two 
reconstructed waveforms and En is residual noise energy

 Restricting to events with f increasing with time, GW150914 is the strongest 
event in the search with ηc = 20

 Yields false alarm rate < 1 per 22,500 years 

 Probability of background event during data run < 2 10-6 or  > 4.6 σ

arXiv:1602.03843
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http://arxiv.org/abs/1602.03843


DIFI - Feb 15, 2016 Gianluca Gemme 23



IMPLICATIONS OF GW150914

DIFI - Feb 15, 2016 Gianluca Gemme 24



Astrophysics implications
Key facts

• Binary black holes do exist!
– Form and merge in time scales accessible to us
– Predictions previously encompassed [0 – 103] / Gpc3 / yr
– Now we exclude lowest end: rate > 1 Gpc3 / yr

• Masses (M > 20 M☉) large compared with known stellar 
mass BHs

• Progenitors are
– Likely heavy, M > 60 M☉
– Likely with a low metallicity, Z < 0.25 Z☉

• Measured redshift z ~ 0.1
• Low metallicity models can produce low-z mergers at rates 

consistent with our observation ApJL, 818, L22, 2016
DIFI - Feb 15, 2016 Gianluca Gemme 25

http://iopscience.iop.org/article/10.3847/2041-8205/818/2/L22


A bright future?

• GW150914 BBH could have been born either
– Recently, with a short merger time
– Earlier, with a long merger time
– We cannot distinguish with a single observation

• Depending on models, at higher redshifts the rate increases!
– Potential for a very bright aLIGO, AdV future!

Dominik 2013, adapted
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Presentation Notes
Predictions of BBH merger rate in the comoving frame (Gpc-3 yr-1) from isolated binary evolution as a function of redshift for different metallicity values(adopted from Figure 4 in Dominik et al. 2013). At a given redshift, the total merger rate is the sum over metallicity. The redshift range of GW150914 is indicated by the vertical band; the range of the BBH rate estimates and the redshift out to which a system like GW150914 could have been detected in this observing period are indicated by an open blue rectangular box.



Testing GR
• Most relativistic binary know today : J0737-3039

– Orbital velocity 

• GW150914 : Higly disturbed black holes
– Non linear dynamics

• Access to the properties of space-time
– Strong field, high velocity regime testable for the first time

• Tests :
– Waveform internal consistency check
– Deviation of PN coefficients from General Relativity
– Bound on graviton mass

• All tests are consistent with predictions of General Relativity

arXiv:1602.03841
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http://arxiv.org/abs/1602.03841


Waveform internal consistency

1. Predict final black hole mass and spin from the inspiral signal
2. Predict final black hole mass and spin from the ring-down phase
3. Compare to check consistency of GR in different regimes

arXiv:1602.03841
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Presenter
Presentation Notes
90% confidence regions on the joint posterior distributions for the mass Mf and dimensionless spin af of the finalcompact object predicted from the inspiral (dark violet, dashed) and measured from the post-inspiral (violet, dot-dashed), as well as theresult from a full inspiral-merger-ringdown (IMR) analysis (black).90% credible regions for the waveform (upper panel) and GW frequency (lower panel) of GW150914 versus time as estimatedby the LALInference analysis [3]. The solid lines in each panel indicate the most probable waveform from GW150914 [3] and its GWfrequency. We mark with a vertical line f end insp GW = 132 Hz, which is used in the IMR consistency test to delineate the boundary betweenthe inspiral and post-inspiral parts.

http://arxiv.org/abs/1602.03841


Deviation of PN coefficients from GR

• Post Newtonian formalism
• Phase of the inspiral waveform -> power series in 
• Nominal value predicted by GR
• Allow variation of the coefficients 

-> Is the resulting waveform
consistent with data ?

• No evidence
for violations of GR

arXiv:1602.03841
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Presentation Notes
90% upper bounds on the fractional variations for the known PN coefficients compared to their known value in GR.The orange squares are the 90% upper bounds obtained from the single-parameter analysis of GW150914. As a comparison, theblue triangles show the 90% upper bounds extrapolated exclusively from the orbital-period derivative, ˙Porb, of the double pulsar J0737-3039 [12, 84]. The GW phase deduced from an almost constant ˙Porb cannot provide significant information as the PN order is increased.As an illustration of the different dynamical regimes between the double pulsar and GW150914, we show the bounds for the formeronly up to 1PN order. We do not report on the 2.5PN coefficient because, being degenerate with the reference phase, it is unmeasurable.

http://arxiv.org/abs/1602.03841


Upper bound on the graviton mass

• If 
 gravitational waves have a modified dispersion relation
• Findings : at 90 % confidence, 

or equivalently 

arXiv:1602.03841
DIFI - Feb 15, 2016 Gianluca Gemme 30

Presenter
Presentation Notes
Cumulative posterior probability distribution for g (black curve) and exclusion regions for the graviton Compton wavelengthg from GW150914. The shaded areas show exclusion regions from the double pulsar observations (turquoise), the static Solar Systembound (orange) and the This bound is approximately a factor of three better than the current Solar-System bound [87, 88], and  three orders of magnitude betterthan the one from binary-pulsar observations [91], but it is less constraining than model-dependent bounds coming fromthe large-scale dynamics of galactic clusters [89] and weak gravitational-lensing observations [90].90% (crimson) region from GW150914

http://arxiv.org/abs/1602.03841


EM follow-up
key facts

• LVC called for EM observers to join a follow-up program
– LIGO and Virgo share promptly with astronomers interesting 

triggers; up to a few at current sensitivity
– Provide limited directional information, promptly estimated

• Big participation to GW150914 observation:
– 24 groups carried out observations
– Challenging! Source location with large uncertainty ~ 600 deg2
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Why is our error box so large?

• Two interferometers (HL), each with poor directionality, 
determine by time delay an annulus in the sky

• Folding in also amplitude information, we can do a bit better (in 
the RHS, a simulation with a BNS event)
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• A sky map produced by LIGO and Virgo is tiled with 
multiple observations, searching for transients

• Looking for fading objects, repeat observations after days

How do we cope? With telescope time..
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.. and smart algorithms
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In the future, we’ll be more precise

• Adding Virgo will break the annulus
• As sensitivity progresses, so does the localization
• In the design LIGO-Virgo network, GW150914 could have been 

localized to less than 20 deg2

2016-17 2017-18

2019+ 2022+
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The advanced GW detector network:
2015-2025

GEO600 (HF)
2011 

Advanced LIGO 
Hanford 
2015 

Advanced LIGO 
Livingston 
2015 

Advanced 
Virgo
2016

LIGO-India
2022

KAGRA
2017
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Any neutrino background ?
• IceCube, Antares are looking for coincident ν
• Search a 500s window of the GW event: already used in the 

past, safe even with a light neutrino, for high-energy ν

• Analysis is under way
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Presentation Notes
To search for neutrinos coincident with GW150914, we used a time window of 500 s around the GW transient.This search window, which was used in previous Gwneutrino searches, is a conservative, observation-basedupper limit on the plausible emission of GWs and high energy neutrinos in the case of GRBs, which are thoughtto be driven by a stellar-mass black hole|accretion disk system [34]. While the relative time of arrival of GWsand neutrinos can be informative [35, 36, 37], here we do not use detailed temporal information beyond the 500 stime window.



OUTLOOK AND CONCLUSIONS
“Was that you I heard just now, or it was two black holes colliding?”

© The New Yorker (2016) DIFI - Feb 15, 2016 Gianluca Gemme 39
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BBH rates
• GW150914 observation  interesting rate of BBH 

events
– Range within 2 – 400 / Gpc3 / yr
– High mass binary loud signal  visible far away

• At high redshifts, could be many more sub-threshold 
– Not detectable as individual signals
– Potentially detectable as a correlated noise among detectors

• Predictions in principle model dependent
– Depend on Star Formation Rate
– Depend on delay between formation and merger, in turn 

depending on initial eccentricity, spin ….
– We’ve got just one observation, hard to constrain models
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Rate estimates
• With only one event, can’t 

measure rates accurately
• Estimates also depend upon 

astrophysical assumptions

• Rate: 4 - 53 Gpc-3yr-1

• Consistent with former 
predictions: 0.1 -300 Gpc-3yr-1

(Abadie et al. 2010 arXiv:1003.2480)

• Including LVT151012
6 – 400 Gpc-3yr-1

• Overall 4 – 600 Gpc-3yr-1

arXiv:1602.03842
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Presentation Notes
The posterior density on the rate of GW150914-like BBH inspirals, R1 (green), LVT151012-like BBH inspirals, R2 (red), and the inferred total rate,R = R1 + R2 (blue). The median and 90% credible levels are given in Table 1.Solid lines give the rate inferred from the pycbc trigger set, while dashed lines give the rate inferred from the gstlal trigger set.

http://arxiv.org/abs/1003.2480
http://arxiv.org/abs/1602.03842


How many BBH merger in future data?

arXiv:1602.03842
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Presentation Notes
The median value and 90% credible interval for the expected number of highly signicant events(FARs <1/century) as a function of surveyed time-volume in an observation (shown as a multiple of hV Ti0). Theexpected range of values of hV Ti for the observations in O2 and O3 are shown as vertical bands.

http://arxiv.org/abs/1602.03842


Expectations for future runs

Probability of observing 
• N > 0 (blue)
• N > 5 (green)
• N > 10 (red)
• N > 35 (purple) 
highly significant events, 
(FARs <1/century)
as a function of 
surveyed time-volume. 2016-17 2017-182015

arXiv:1602.03842
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Presentation Notes
The probability of observing N > 0 (blue), N > 5 (green), N > 10 (red), and N > 35 (purple) highly signicant events,as a function of surveyed time-volume. The vertical line and bands show, from left to right, the expected sensitivetime-volume for each of the O1 (dashed line), O2, and O3 observations.

http://arxiv.org/abs/1602.03842


Conclusions

 We observed gravitational waves from the merger of 
two stellar mass black holes

 The detected waveforms match the prediction of 
general relativity for the inspiral and merger of a pair of 
black holes and the ringdown of the resulting black 
hole

 This observation is the first direct detection of 
gravitational waves and the first observation of a binary 
black hole merger
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