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The success of general relativity 

 



 
The supermassive black hole at the center of our Galaxy 

 
Large curvatureà black holes 



 
Sky map in SMBH-s 

 
Supermassive black hole spin-flip during the inspiral 
L. Á. Gergely, P. L. Biermann, L. I. Caramete, Class. Quantum Grav. 27 (2010) 194009 



 
Photon ring of the SMBH Pōwehi in M87 – Event Horizon Telescope   

 



 
Indirect proof of gravitational waves: the Hulse-Taylor pulsar 

 
40s change in 30 years!!    (4x10-8) 

Nobel-prize 
1993 



The LIGO Scientific Collaboration 



 
First direct detection of GWs: GW150914  

 

Phys. Rev. Lett.  
116, 061102 (2016) 



 
First direct detection of GWs: GW150914  

 
Phys. Rev. Lett. 116, 061102 (2016) 

BHs of 29 and 36 solar masses 
merge à 
In only 0.05 sec energy 
corresponding to 3 solar masses 
is produced in the form of GWs
= 1031 years of energy production 
of the  Paks Nuclear Plant!

Due to the large distance in the 
laser interferometers of 
Advanced LIGO it produced one 
part in one thousand change of 
the proton  radius !



 
 
Milky Way ~ 30 kpc    Laniakea supercluster ~ 160 Mpc  
 
 
 
 
 
 
 
 
 
 
Local Group ~ 3,1 Mpc    Virgo supergroup ~ 33 Mpc  

 
Where was GW150914 coming from? (230-500 Mpc) 

 



 
   Big Bang           Dark Ages       accelerated expansion      GW150914 
(13.7 billion ys)   no light,                                 starts                  ~ z=0.1 (1.3 billion ys) 

               but GWs!!                                                         Oxigen filled atmosphere

 
Where was GW150914 coming from? (230-500 Mpc) 

 



Network of second generation gravitational wave observatories 

Advanced LIGO, Hanford, USA, 4km   Advanced LIGO, Livingston, USA, 4km     Advanced Virgo, Cascina, Italy, 3km     KAGRA, Kamioke, Japan, 3km 
 

GW150915   GW151012    GW151226  O1 
 

GW170104   GW170608    GW170729  O2 
   

GW170809   GW170814  GW170817  O2 
GW170818   GW170823  



 
Gravitational waves from BH coalescence in O1 and O2 

 



 
Gravitational waves in O3 

 



 
Sky location of the sources (O1 & O2) 

 



 
The role of the third detector in localisation (GW170814) 

 



 
Mass ratio and spin estimates (O1 & O2) 

 



 
Masses of the sources (O1 & O2) 

 



 
GW170817 and accompanying gamma-flare from a neutron-star binary merger 

 



 
GW170817 and  
accompanying  

electromagnetic  
detections 

 



 
GW170817: production of heavy elements 

 



 
Cosmological consequences 

 

1.  Parameter estimation of the 
GW source 

à  luminosity distance dL  
 
2. Optical transient identified:    
source at 10 arcsec from the 
galaxy NGC 4993  
à peculiar velocity  
 
3. Redshift of the electromagnetic 
spectrum  
à  cosmological expansion rate vH  
 
4.  Hubble-law  
(valid up to 50 Mpc): vH=H0 dL  
à Hubble constant 

Tension between  
•  CMB measurements 

from Planck  
(67.74 ± 0.46 km/s/Mpc) 
•  SNIa measurements 
from SHoES21  
(73.24 ± 1.74 km/s/Mpc) 



Testing General Relativity 



 
What is the problem with GR? 

 



 
What else is the problem with GR? 

 



 
How to go beyond GR? 

 



For massive graviton 
dispersion relations: 

Compton-wavelength:  

Speed (energy) dependent frequency (wavelength): 

Newtonian potential with Yukawa-corrections        

Modified GW phase: 

(in LCDM, influence on binary dynamics neglected) 
                                             
                               C. M. Will, Phys. Rev. D 57, 2061 (1998). 

GW Test 1: Massive graviton modifies dispersion relations
 —> From the arrival time-

difference between the two 
LIGO detectors the 
Compton-wavelength of 
graviton is constrained 
from below: 1013 km !   

φ(r) = GM
r [1 − e− r

λg ]

ΦMG( f ) = − (πDc)/[λ2
g (1 + z)f ]

E2 = p2c2 + m2
g c4

λg = h /(mg c)

v2
g /c2 ≡ c2p2 /E2 ≃ 1 − h 2c2 /(λ2

g E2)



GW Test 2: Local Lorentz-invariance confirmed
Modified dispersion relation: 

Massive graviton theories: 
Multifractal space-times: 
Doubly special relativity: 
Hořava-Lifsic and extra dimensions:  

Speed (energy) dependent  
frequency (wavelength): 

Lorentz-invariance violation and massive 
graviton could be tested in the same time ! 

Compare to experim. limits on gluon mass 
< 2x10-4 eV/c2 !! 

Strong constraint on Lorentz-
invariance violation from GW-s ! 

From first 3 detected GW-s:



GW Test 3: PN coefficients checked

Inspiral-merger-ringdown test:  
Modified waveforms in parametric form 

GW did not deviate significantly from 
GR prediction !   

Confirmed the values of the PN 
coefficients ! 

Note: Brans-Dicke theory would generate 
a new kind of PN coefficient, still GWs 
gave much milder constraint on the BD 
parameter, than Solar System tests



GW Test 4: polarisation check
waveform =   Σi antenna functioni  x polarisation modei 

Preliminary result (toy-model): 

GW purely vector                                                             reduces degeneration  
(Bayes-factor 200 times smaller)                                   among antenna functions  
GW purely scalar                                       
(Bayes-factor 1000 times smaller                    
 than the one given by GR)  
GW purely tensorial 

More serious analysis needed, combining  
such DoF and looking for the probability of 
their coexistence in various compositions 

    

Phys. Rev. Lett. 119, 141101 (2017) 



Constraints on Horndeski theory from GW170817
GW propagation speed agrees with the 
speed of light at the order of one part 
in quadrillionth at low redshifts  
1. Theories with dependence of the 

kinetic term X in the coupling of 
the Ricci curvature R and 
Einstein tensor Gmn in L4 and L5 
are disruled  

2. L5 does not depend on Φ either 
(except through its derivatives) 

3. due to the Bianchi identities, the 
whole L5 vanishes 

Kobayashi, T.; Yamaguchi, M.; Yokoyama, J., Prog. Theor. 
Phys. 2011, 126, 511–529. 
De Felice, A.; Tsujikawa, S., JCAP 2012, 007. 
Baker, T.; Bellini, E.; Ferreira, P.G.; Lagos, M.; Noller, J.; 
Sawicki, I., Phys. Rev. Lett. 2017, 119, 251301. 
Ezquiaga, J.M.; Zumalacarregu, M., Phys. Rev. Lett. 2017, 
119, 251304. 
Creminelli, P.; Vernizzi, F. Phys. Rev. Lett. 2017, 119, 
251302.



Constraints and their prospects  
5 parameters for deviations from LCDM of the beyond Horndeski theories: 

Last one is approximately zero due to GW observations 
Third and fourth constrained by astrophysical measurements 
First gives the running of the Planck mass  
  – constrain it from time variations of the Newton constant 
Second the kinetic term for the scalar 
  - constrain it from Strong Equivalence Principle violation 

They are the parameters of the EFT of dark energy 
Constraining them better is one of the goals of the future missions  
        DESI,              LSST,            Euclid      and      WFIRST 
             2019                     2019                                       2021                                    2025? 
Dark Energy Spectroscopic       Large Synoptic                 Euclid Mission (ESA  Wide Field Infrared 
Instrument (Arizona)             Survey Telescope (Chile)    & Euclid Consortium) Survey Telescope (NASA) 



Multimessenger Approach 
( including Radio ) 



Likely scenario: 
 
1.  Inspiraling SMBH binary, with typical mass ratio 1:3 to 1:30 
 
2.  The Spin-flip occurs due to gravitational radiation reaction 
 
3.  The GW signal amplitude and frequency gradually increases 

(detectable by LISA, at least in the lower SMBH mass range) 
 
4.  The SMBH-s merge, the newly formed SMBH will have a different 

spin direction, along which a new, energetic jet will be gradually 
formed, with increasing activity in all frequencies 

 
5.  The UHECR, HE neutrino emission 
 
6.  Luminous radio afterglow with flat spectrum extending to near 

THz frequencies 
 

 
Multimessenger approach to SMBH binary coalescence 

 



 
1. Analysis of 18 ys of VLBI data of the quasar S5 1928+738 (pre-merger binary) 

 

A spinning supermassive black hole binary model consistent with VLBI observations of the S5 1928+738 jet 
E. Kun, K. É . Gabányi, M. Karouzos, S. Britzen, L. Á. Gergely, MNRAS 445, 1370–1382 (2014) 

Geometric model of a helical structure 
projected onto the plane of the sky 



 
1. Periodic + linear variabilities 

 

A spinning supermassive black hole binary model consistent with VLBI observations of the S5 1928+738 jet 
E. Kun, K. É . Gabányi, M. Karouzos, S. Britzen, L. Á. Gergely, MNRAS 445, 1370–1382 (2014) 

•  Variation of the inclination of the inner 2 mas of the jet = a periodic term with 
amplitude of ∼0.◦89 + a linear decreasing trend with rate of ∼0.◦05 yr−1 

•  Variation of the position angle = a periodic term with amplitude of ∼3.◦39 + a linear 
increasing trend with rate of ∼0.◦24 yr−1 



 
1. Orbital, mass and spin parameters 

 

A spinning supermassive black hole binary model consistent with VLBI observations of the S5 1928+738 jet 
E. Kun, K. É . Gabányi, M. Karouzos, S. Britzen, L. Á. Gergely, MNRAS 445, 1370–1382 (2014) 

•  The periodic components generated by the orbital motion of a BBH inspiraling at 
the jet base  

•  Linear trends arise from the slow reorientation of the spin of the jet emitter black 
hole induced by the spin–orbit (SO) precession 

•  First detection of the spin of a jet-emitting BH in a binary from VLBI jet kinematics 

Mass ratio in the 
typical range ! 



•  due to GW emission the spin aligns 
to the original J direction 
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Key elements: (i) typically the BHs are not equal mass, m2<<m1, neglect S2 ~ m2
2 

(ii) the direction of J is conserved, (iii) the magnitude of S1 is conserved à spin-flip 

The spin-flip phenomenon in 
supermassive binary black hole 
mergers 
L. Á. Gergely, P. L. Biermann, 
Astrophys. J. 697, 1621 (2009)   

      Miller & Brandt 
(2009) 

 
2. The spin-flip in typical mass-ratio binaries 

 



 
3. LISA (Laser Interferometer Space Antenna) – 2034 ESA 

 

3 satellites on Earth-following orbit, arm length 2.5 million km 
able to detect 0.1 mHz to 100 mHz GWs 
from binary SMBHs (lower mass end), relics from Big Bang, … 



 
3. LISA Pathfinder: successful testing of the LISA technology 

 



 
4. X-shaped radio galaxies: surviving witnesses of coalescing SMBH binaries 

 

On the origin of X-shaped radio galaxies 
Gopal-Krishna, P. L. Biermann, L. Á. Gergely, P. J. Wiita,  

Research in Astron. Astrophys. 12, 127–146 (2012)  

Old jet-pair: 
    - steep spectra 
    - old and slow charged particles 
 
 
 
 
New jet-pair: 
    - bright and flat spectrum 
    - young and fast charged particles 

Hodges-Kluck and Reynolds, 2011 



Cheung, C. C. :The Astronomical Journal, 133, 2097-2121 (2007), arXiv:astro-ph/0701278v3 

 
4. XRG catalog, many as post spin-flip radio galaxies 
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 muon neutrinos à muons   electron neutrinos à electrons 

     Track-type (e.g. ID5)          Shower-type (e.g. ID35) 

directional  uncertainty 
~16o 

directional uncertainty 
~1,2o 

Blazar PKS B1424-418 
Kadler et al.,  
Nature, 12, 807, 2016 
 

Blazar PKS 0723–008 
Kun et al., MNRAS Lett. 466, 
34, 2017 

 
5. Track-type and shower-type HE neutrino events (IceCube) 

 



•  AGN positions in radio catalogues 
(Parkes Catalogue and the Second Planck Catalogue 
of Compact Sources) cross-correlated with 
arrival direction (mispointing ~1,2°) of 
15 track-type IceCube HE neutrinos  

•  The blazar PKS 0723–008 was 
identified as the candidate source of 
the neutrino event ID5 

•  Its spectrum is flat up to 857 GHz 
•  MOJAVE data (15 years) 

–  mapping with point sources 
–  modeling with Gauss components 
–  no component motion detected 

Spectrum of PKS 0723–008  (NASA/IPAC Extragalactic 
Database) 
PCCS2: α30GHz,857GHz = -0,18± 0,04, α 70GHz,545GHz = 
-0,45±0,03 

44 Relative right ascension (mas) 

R
el

at
iv

e 
de

cl
in

at
io

n 
(m

as
) 

 
6. Radio afterglow and HE neutrinos: the blazar PKS 0723−008 

 
A flat-spectrum candidate for a track-type high-energy neutrino emission event, the case of blazar PKS 0723−008 
E. Kun, P. L. Biermann, L. Á. Gergely, MNRAS 466, L34–L38 (2017) 



 
6. Radio afterglow and HE neutrinos: the blazar PKS 0723−008 

 

A flat-spectrum candidate for a track-type high-energy neutrino emission event, the case of blazar PKS 0723−008 
E. Kun, P. L. Biermann, L. Á. Gergely, MNRAS 466, L34–L38 (2017) 

The neutrino emission is due to energetic proton–proton collisions, where the kinetic energy of the protons is 
above the energy threshold of pion-creation.       

ID5 
2010-11-02. 



 
The IceCube Collaboration, Fermi-LAT, MAGIC, AGILE, ASAS-SN, HAWC, H.E.S.S, 
INTEGRAL, Kanata, Kiso, Kapteyn, Liverpool Telescope, Subaru, Swift/NuSTAR, VERITAS, 
and VLA/17B-403 teams, Science 361, 6398 (2018) 

Message: ~300 TeV neutrino (track-type) in spatial and temporal coincidence  
    with a γ-ray flare up to 400 GeV  

 
6. TXS 0506+056: γ-rays and the HE neutrino IceCube-170922A 

 



E Kun, P L Biermann, L Á Gergely, MNRAS Letters 483, 42 (2018) 

Flux density curve of the jet 
components (VLBA at 15 GHz ) 

Gaussian decomposition of 
OVRO single-dish flux 
density curves at 15 GHz 

IceCube-170922A  

VLBI core 

 
6. Radio brightening of TXS 0506+056  

when HE neutrino IceCube-170922A detected 
 

Message: the newly formed, energetic 
jet can be detected both in radio, 
gamma and as HE neutrinos 



Detection of Gravitational waves: 
The future 



 
The near future of GW detection 

 



 
Advanced LIGO + (2024+)  

 



 
Einstein telescope (planned, somewhere in Europe) 

 



 
The gravitational wave spectrum 

 



 
Pulsar Timing Arrays (NANOGrav) 

 



 
Primordial B-modes of the CMB = inflationary GWs 

 



 
But other effects could generate B-modes as well !! 

 
1.  Gravitational lensing 

 

 
2.  Synchrotron and dust emission from our galaxy 

 
 
Extrapolation of Planck B-mode measurements at 353 GHz indicate that the dust 
contribution at 150 GHz may be appreciable in the sky region BICEP2 surveyed 



 
The distant future 

 


