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Plan of the talk:
1. History and basics of theory of GW.
2. First indications for existence of GW: Huls-Taylor (1993).
3. The development of Numerical Relativity.
4. GW150914 announcement and its announced features.

5. The real data for GW150914 and their analysis.
6. The problems with QNM analysis.
7. Possible alternative explanations and models of GW150914 and their problems.
10. Some basic conclusions.

The existence of gravitational waves (GW) was hypothesized on the basis of general considerations for the first time by
Oliver Heaviside (1893) (in his book Electromagnetic theory),
and independently by
Hendric A. Lorentz (1900),
and by
Henri Poincare (1905).
Leading idea: finite velocity of spreading of
Electromagnet interaction in vacuum:
𝒄𝟎 = 299 792 458 m/s.
No specific theory of GW was proposed at that time, or at least is not known.
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GW were predicted in 1916 byAlbert Einsteinto existon the
basis of his theory ofgeneral relativity,gravitational waves
theoretically transport energy asgravitational radiation.

Albert Einstein:
First theory of GW – 1916-18

A. Einstein, Sitzungsber. preuss. Akad. Wiss.,
B. 1916, S. 688; 1918, S. 154.

Remember that the basic PHYSICAL Einsten’s idea for inventing
GR was also the finite speed of spreading of gravity!
The geometry was only a tool!

Weak field approximation in GR

Flat waves:
Wave equation:

Harmonic gauge:

Gauge transformations:

Flat GW along axes Oz:

Rotation around axes Oz:
The graviton is particle with spin 2

The two types of GW in GR:
𝑽𝑮𝑾 = c

Polarization of GW in modified theories
of gravity (f(R), MDG, Hordensky model…)
𝑽𝑮𝑾 = c

!

𝑽𝑮𝑾 < c
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Quadrupole character of GW (NASA Goddard)

First indirect evidences for gravitational waves

Indirect detection
of
gravitational waves
1993 Nobel Price:
Hulst &Taylor

BH merger:
The collision of two BH will produce a ringing single final BH
(Stephen Hawking,+…)
From the ring-down waves we can infer the mass, the spin
and surface area of the final BH.
Kip Thorne, in The Future of Theoretical Physics and
Cosmology, Cambridge, 2003:
“If the total area does not increase, Stephen is wrong,
Einstein’s GR laws are wrong, and we will have a great crisis in
physics… Since the 1970’s these remarkable predictions have
remained untested. They seem to be an unequivocal
consequence of Einstein’s GR laws,
but relativity might be wrong or (much less likely)
we might be misinterpreting its mathematics.”

BH merger (NR)

NR Problems:
1. We have No
resolution of the
GR constraints.
2. Superluminal
Signals and waves.
3. Singularities are
not resolved but
just put under
carpet.
4. Too expensive
and CPU time
consuming
only
a few exact NR
waveforms are
available.
5. Works only for
restricted domain
of BH masses
6. Eccentricity and
spin effects for
higher GW modes,
are not taken into
account.

Rainer Weis, NSF Director France A. Córdova, David Reitze, Gabriela Gonzalez , Kip Thorn

Basic announced results according PRL 116, 061102 (2016)

Parameter ranges
correspond to 90%
credible bounds.
Acronyms: L1=LIGO
Livingston,
H1=LIGO Hanford;
Gly=giga
lightyear=9.46 x1012
km;
Mpc=mega
parsec=3.2 million
lightyear,
Gpc=103 Mpc,
fm=femtometer=10-15
m, M⊙=1 solar
mass=2 x 1030 kg

Peak GW luminosity:

𝑳𝒎𝒓𝒆𝒈𝒊𝒏𝒈 = 𝑴𝒄𝟐 /𝑹𝒈/𝒄 ≈ 𝟑. 𝟔 × 𝟏𝟎𝟓𝟔 𝒆𝒓𝒈/𝒔

𝑳𝑷lanck = 𝑬𝑷lanck /𝒕𝑷lanck = 𝒄𝟓 /𝑮 ≈ 𝟏𝟎𝟓𝟖 𝒆𝒓𝒈/𝒔

Available Data for GW150914

Measuring ∆L = 4 × 𝟏𝟎−𝟏𝟖 𝒎

( Strain ~ 𝟏𝟎−𝟐𝟐 )

Parameter space of the initial
bodies:
a)
b)
,

,

All together 17 parameters
There are not enough data to
find all of them for
GW150914!

LIGO publications about GW150914 at LIGO side:
1. About the Instruments and Collaborations
2. Observing Gravitational-Wave Transient GW150914 with Minimal Assumptions
3. GW150914: First Results from the Search for Binary Black Hole Coalescence with Advanced
LIGO (PRL 116, 061102 (2016) )
4. Properties of the binary black hole merger GW150914
5. The Rate of Binary Black Hole Mergers Inferred from Advanced LIGO Observations
Surrounding GW150914
6. Astrophysical Implications of the Binary Black-Hole Merger GW150914
7. Tests of general relativity with GW150914
8. GW150914: Implications for the Stochastic Gravitational-Wave Background from Binary Black
Holes
9. Calibration of the Advanced LIGO detectors for the discovery of the binary black-hole merger
GW150914
10. Characterization of Transient Noise in Advanced LIGO Relevant to Gravitational Wave Signal
GW150914
11. High-energy Neutrino Follow-up Search of Gravitational Wave Event GW150914 with IceCube
and ANTARES
12. GW150914: The Advanced LIGO Detectors in the Era of First Discoveries
13. Localization and broadband follow-up of the gravitational-wave transient GW150914

The real signal from GW150914 - Coherent Wave Burst (CWB)
Hamfoird

Luisiana

2048 points, Corr_Coeff (H5,L5) = -0.0458151661

The GW150914 – CWB results:
The CWB pipeline searches for a broad range of GW transients in the LIGO frequency band
without prior knowledge of the signal waveforms, and reconstructs the GW signal associated with
these events using a likelihood analysis (arXiv:0802.3232 +…). Results for 2048 points:

2048 points, Corr_Coeff (H4,L4) = -0.0512823348

GW150914 is not from cosmic strings or Supernovae, but from binary merger

The Pearson correlation coefficient : definition and examples

A measure of the strength
and direction of the linear
relationship between two
variables that is defined as
the (sample) covariance of
the variables divided by the
product of their (sample)
standard deviations.

The GW150914 – Observed WF (PRL 116, 061102 (2016) ):
Time series are filtered with a 35–350 Hz bandpass filter to suppress large fluctuations
outside the detectors’ most sensitive frequency band, and band-reject filters to remove
the strong instrumental spectral lines

3441 points

Corr_Coeff (H1,L1) = 0.28833 (too low ?)

Properties of the binary black hole merger GW150914 :

Time-domain data (sampled at 2048 Hz) and reconstructed waveforms of GW150914,
whitened by the noise power spectral density.
In the Figure the data are band-passed and notched filtered.
Shaded regions correspond to the 90% credible regions for the reconstructed waveforms.

Properties of the binary black hole merger GW150914 :

IMRPhenom =
PN+EOB+NR

Initial masses distributions:
Overall (solid black), IMRPhenom (blue)
and EOBNR (red) PDFs;

Source-frame mass and spin of the remnant
BH produced by the coalescence of the
binary. In the 1-dimensional marginalised

The dashed vertical lines mark the 90% credible
interval for the Overall PDF.
The 2-dimensional plot shows the contours of
the 50% and 90% credible regions plotted over
a colour-coded posterior density function.

distributions we show the Overall (solid black),
IMRPhenom (blue) and EOBNR (red) PDFs; the
dashed vertical lines mark the 90% credible
interval for the Overall PDF. The 2-dimensional
plot shows the contours of the 50% and 90%
credible regions plotted over a colour-coded PDF.

arXiv:1602.06833, A. Torres-Forn´e, A. Marquina, J. A. Font, and J. M. Ib´a˜nez
Denoising of gravitational-wave signal GW150914 via total-variation methods

Chirp Mass:
1) HERE the
consideration
uses

ONLY
POINT
PARTICLES
NOT BH

2) Newton
gravity
Is not able to
explain
observations,
but GR
AND modified
theories can
do this

BH NR fitting formula:
At present there is NO
analogous formula
for modified theories and
for alternative models of
GR150914
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Tests of general relativity with GW150914:

There is
QNM of the Ker BH are well
known (numerically) in the
form

NO
REAL
PROOF

ω 𝒏𝒍𝒎 (M,a)
The n = 0, l = 2, and m = 2
(i.e., the least damped) QNM
obtained from the inspiralmerger-ringdown waveform for
the entire detector’s bandwidth.

that the
final
object
Is a BH
Derived not from the ringdown tail !!!

!!!

Fermi GBM Observations of LIGO Gravitational Wave event GW150914
arXiv:1602.03920

The LIGO localization map (top left) can be combined with the GBM localization map for
GW150914-GBM (top right) assuming GW150914-GBM is associated with GW event
GW150914. The combined map is shown (bottom left) with the sky region that is occulted
to Fermi removed in the bottom right plot. The constraint from Fermi shrinks the 90%
condence region for the LIGO localization from 601 to 199 square degrees.

The observed time-delay of GW150914 between the Livingston and Hanford observatories was
ms. With only the two LIGO instruments in observational mode, GW150914’s source
location can only be reconstructed to approximately an annulus set to first approximation
by this time-delay.

Interferometers - international network
‘Simultaneously’ detect signal (within msec)

GEO

LIGO

Virgo
TAMA
detection
confidence
locate the
sources

NEAR FUTURE DETECTORS:
2020

AIGO

decompose the
polarization of
gravitational
waves

Alternative explanations of GW150914
C. Chirenti and L. Rezzolla:
Did GW150914 produce a rotating gravastar?
arXiv:1602.08759

S.Bird, I.Cholis, J. B. Munoz, Y.Ali-Haimoud, M. Kamionkowski, E. D. Kovetz,
A. Raccanelli, and A. G. Riess: Did LIGO detect dark matter? arXiv:1603.00464
PBH mergers are likely to be distributed spatially more like dark matter than luminous matter and
have no optical nor neutrino counterparts. They may be distinguished from mergers of BHs from
more traditional astrophysical sources through the observed mass spectrum, their high ellipticities,
or their stochastic gravitationalwave background.

R.Konoplya, and A. Zhidenko: Detection of gravitational waves from black holes: Is there a
window for alternative theories? arXiv:1602.04738
Here we shall show that this indeterminacy in the range of the black-hole parameters allows for
some not negligible deformations of the Kerr spacetime leading to the same frequencies of
black-hole ringing. This means that at the current precision of the experiment there remain
some possibilities for alternative theories of gravity.

Problems in investigation of the tail of event GW150914 and QNM

2

2
3

V.Cardoso, E.Franzin, P. Pani: Is the gravitational-wave ringdown a probe of the event
horizon? arXiv:1602.07309
If the final object is a BH, the ingoing condition at the horizon simply takes the ringdown waves and
“carries” them inside the BH. In this case, the BH QNMs incidentally describe also the ringdown phase.
However, if the horizon is replaced by a surface of different nature (as, e.g., in the gravastar or in the
firewall proposals) the relaxation of the corresponding horizonless compact object should then consist
on the usual light-ring ringdown modes (which are no longer QNMs), followed by the proper modes of
vibration of the object itself.

The Time, Energy and Temperature scales in the Universe
𝝆𝟏/𝟒

T

10−42 s

10 18 GeV

~0

Inflation begins ?

10−36±6 𝑠

10 13±3 GeV

~0

Inflation ends, Cold Big Bang starts?

10−18±6 s

10 6±3 GeV

10 6±3 GeV

10−10 𝑠

100 GeV

100 GeV

Electroweak phase transition ? (LHC)

10−4 𝑠

100 MeV

100 MeV

Quark-hadron phase transition?
(NICA)

10−2 𝑠

10 MeV

10 MeV

γ, ν, 𝑒 ∓ , n, p in thermal
equilibrium

1s

1 MeV

1 MeV

100 s

0.1 MeV

104 𝑦𝑟

1 eV

105 𝑦𝑟

0.1 eV

0.1 eV

10−3 eV

10−4 eV

t

~ 109 yr
Now

3× 10−3
1/2

1/4

0.1 MeV
1 eV

2.72548 ± 0.00057 K

Event

Hot Big Bang begins ?

ν decoupling,

𝑒 ∓ annihilation

Nucleosynthesis
Matter-radiation equality
Atom formation, photon decoupling
First bound structures forms
The present state of Universe

Some Conclusions
1. The GW150914 confirms the existence of some kind of GW at the 5.1 sigma level !
2. The absence of data about polarization of the GW in GW150914 does not permit us to distinguish GR from
modified theories of gravity and to confirm validity of GR.
3. The basic hypothesis in the analysis of GW150914 – the validity of GR can not be true, since we know that GR
plus Standard Particle Model are not enough to describe NATURE, and one needs peremptorily:
a) To introduce DARK ENERGY and DARK MATTER, which leads to possibility for
alternative explanations of
GW150914, or:
b) To consider modified theories of gravity which are able to give their own alternative explanations of
GW150914. At present the modified theories are not developed enough.

4. The presence of BH in GW150914 is not well substantiate and follows from preliminary assumptions during
the analysis of data! Actually, the GW150914 leads to a crisis in the theory of BH, because masses about 30-60
solar masses are not compatible with the evolution of the known stars.
5. The old theory (‘60) of the gravitational collapse must be reconsidered to take into account modern
knowledge of matter EOS. The very theory of EOS is not complete and firmly establish.
5. A further analysis of the real data without any preliminary physical hypotheses is needed.
7. Only the analysis of QNM in the GW150914 tail may give us undisputable information about the nature of the
final remnant. This is not done at present.

