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Gravitational waves

Phenomena predicted by general relativity

Weak fields:

https://scitechdaily.com/images/Gravitational-Waves.gif

Low speeds: v << c 

Linear approximation: only keeps O(hmu) terms

Einstein equations + gauge TT → wave equation for hmu. 



Gravitational waves

TT gauge → [hmu] has 5 independent components

These components allow the determination of all the wave's 
parameters: 
direction (q, f), polarization (h+, hx) and amplitude.

https://scitechdaily.com/images/Gravitational-Waves.gif



Gravitoelectromagnetism 
(GEM)

Similarities between electromagnetism (EM) and 
gravitation are known for a long time. 

1918: Thirring pointed out an analogy between GR (in 
first approximation) and EM.

He and Lense calculated a “magnetic” effect 
(Lense-Thirring precession) 

that was tested with satellites.

https://upload.wikimedia.org/wikipedia/commons/7/78/LAGEOS-NASA.jpg

LAGEOS
satellite



Gravitoelectromagnetism (GEM)

1961: Forward 
presented a direct 

analogy between the 
equations of EM and 

GR to help 
experimentalists deal 
with GR experiments.

He recognized that this 
was an approximation 

to the tensorial 
formalism.



Gravitoelectromagnetism (GEM)
1977: Braginski, Caves & Thorne presented a similar 

analogy, based on the PPN expansion.

Over the years, various applications of this analogy – the 
gravitoelectromagnetism – have resulted. 

The subject is present in textbooks on gravity, like those by 
Ohanian & Ruffini, Rindler and Moore.

Mashoon (2008) wrote a brief review about it.
Costa & Herdeiro (2008) proposed a new approach to a 

physical analogy between GR and EM, based on tidal 
tensors of both theories and wrote a covariant form for the 

gravitational analogues of the Maxwell equations.

Research using GEM and on GEM is ongoing.



GEM applied to the GW detection 
system of LIGO

After decades of technological improvement (since 1960's), 
the announcement of the first direct detection of GW 

occurred in 2015 using the interferometric detectors LIGO.

https://www.ligo.caltech.edu/system/media_files/binaries/180/large/LIGOs_Dual_Detectors.jpg?1431726608



GEM applied to the detection of GW  by LIGO

    A detector has 
a response 
function that 

depends on the 
input signal

https://www.aps.org/publications/apsnews/200306/images/ligo_detector.jpg

Input: GW

Output

Iorio & Crosta (2011) showed that the 
total response fuction of the LIGO had 

relevant contribution at higher 
frequencies (e.g. 8kHz) from the 

(gravito)magnetic component.



Poynting vector in GEM

From Mashoon (2008), the GEM field equations: 

The GEM fields defined by: 

The GEM potentials defined by: 

Trace-reversed amplitude:

O(hmu)



Poynting vector in GEM

   From Mashoon (2008), the Landau-Lifshitz pseudotensor (tmu) is 

employed to determine the local stress-energy content of the 
GEM fields. For a stationary configuration:

O(hmu)

The GEM Poynting vector defined by: 



Electromagnetic Poynting vector 

   From classical electromagnetism, the electromagnectic flux is 
characterized by the Poynting vector:

  It represents the EM energy that flows per unit time (power) 
through a unit area in a direction perpendicular to the electric 
field E and the magnetic field H.



Electromagnetic Poynting vector 

   From classical electromagnetism, the electromagnectic flux is 
characterized by the Poynting vector:

  It represents the EM energy that flows per unit time (power) 
through a unit area in a direction perpendicular to the electric 
field E and the magnetic field H.

The GEM Poynting vector: 



Poynting vector in EM and in GEM

  EM:

   It represents the energy that flows per unit time (power) through 
a unit area in a direction perpendicular to the electric field and 
the magnetic field.

GEM: 

GEM: 

  The component of the Landau-Lifshitz pseudotensor (tmu) 
represents this energy flux. 



Energy flux in general relativity

   In GR the energy flux of a system is given by the stress-energy 
tensor (Tmu), specifically its T0k component.

   For a gravitational wave this component is given by
   MTW 1973 § 35.7. c=G=1.
   < > denotes an average over several wavelengths.

   T0k = 1/(32p) <hTT
ij,0 h

TT
ik,k> .

   Calculating this average using t0k yields the same as above.

   No Poynting vector is defined in this context. 



Energy flux in general relativity: 
an illustration

   Magalhaes et al. (1997)*, studying the detection of GW by 
spherical resonant-mass detectors, analysed the influence of a 
GW on a spherical distribution of free masses.

*Magalhaes et al. ApJ 475, 462 (1997)



Energy flux in general relativity: 
an illustration

   Magalhaes et al. (1997)*, studying the detection of GW by 
spherical resonant-mass detectors, analysed the influence of a 
GW on a spherical distribution of free masses.

   In the next images I present the use 
of a spherical geometry in the 

detection of GW 

*Magalhaes et al. ApJ 475, 462 (1997)



Spherical detectors of GW

   The last generation of resonant-mass GW detector was under 
study in the early 1990's, when the LIGO detectors got funds to 
be constructed.

   The US projects for resonant-mass detector were shut down. 
   A Brazilian and a Dutch prototypes with spherical geometry were 

developed. 

  The Brazilian prototype evolved to the Schenberg dector and is 
still under study.



Spherical detectors of GW: SCHENBERG

  One only, well-tuned spherical 
GW detector should be 
capable of yielding all 5 

independent components of 
hmu.

The Schenberg dector was 
designed to detect GW 

around 3200 Hz, with narrow 
bandwidth and limited by 

quantum noise.
 

   It is presently disassembled.

   Optimization studies are ongoing aiming at 
coincidence operation with interferometers.

Bortoli, Frajuca, Magalhes et al. 
BPJ 50, 541 (2020)
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Spherical detectors of GW: 
The Laser Gravitational Compass

 The laser gravitational compass: 
A spheroidal interferometric gravitational observatory

  It is shown that a minimum of four non-coplanar mass probes are 
necessary for a Michelson-Morley interferometer to fully detect 
gravitational waves within the context of GR.

  With fewer probes, some alternative theories of gravitation could also 
explain the observations. 

   The conversion of the existing gravitational wave detectors to four probes 
is also suggested.

Ferreira, Magalhaes et al. IJMPA 35, 2040020 (2020).



Back to
Energy flux in general relativity: 

an illustration

   Magalhaes et al. (1997)*, studying the 
detection of GW by spherical resonant-

mass detectors, analysed the influence of a 
GW on a spherical distribution of free 

masses.

*Magalhaes et al. ApJ 475, 462 (1997)



Gravitational wave in GR

   The wave of space-time 
(GW) distorts the 
background space-time 
(Minkowskian) where the 
particles are located.

Magalhaes et al. ApJ 475, 462 (1997)

Input: GW



Gravitational wave in GR

   The wave of space-time 
distorts the background 
space-time while it 
travels.

  The volume of 3-space 
depends on g = Det(g).

  In the TT gauge

Magalhaes et al. ApJ 475, 462 (1997)

    In the 
diagonal 
frame of 
the 
ellipsoid



Gravitational wave flux in GR

   In the TT gauge

  This shows that the particles move relative to the center of the 
sphere.

   We can show that the energy flux,  T0k = 1/(32p) <hTT
ij,0 h

TT
ik,k>, 

   is not zero. 
    Consider the simple example of a monochromatic wave: 



Gravitational wave flux in GEM

      The GR energy flux,  T0k = 1/(32p) <hTT
ij,0 h

TT
ik,k>, is not zero. 

    

GEM: 



Gravitational wave flux in GEM

      The GR energy flux,  T0k = 1/(32p) <hTT
ij,0 h

TT
ik,k>, is not zero. 

    

GEM: 

The GEM 
Poynting 
vector is 

null for the 
GW. 



Mashoom's GEM & the Poynting vector

- Mashoon's GEM provides insights on the Poyinting 
vector for statationary space-times.

- Mashoon's GEM does not yield a Poynting vector for 
gravitational waves.

- The work by Magalhaes et al. (1997) suggests, for 
gravitational waves, an object similar to the Poynting 
vector of electromagnetic waves.

   

Does it means that GEM is inadequate 

to describe GW?



   

New works have broadened the initial GEM.

   

  

   

   

Broadening GEM 



  1a) A new appoach by F. Costa and collaborators, 
based on tidal tensors, yields a covariant form for the 

analogy Gravity ↔ EM.

   

   



  1b) Under the covariant appoach, F. Costa 
and collaborators explore the concept of a 

“super Poynting vector”.

   

   



  2) F. Rocha and collaborators investigate 
perturbations beyond GEM's.

   

   



Final remarks

   The analogy between gravity and eletromagnetism 
may still yield new insights on gravitational 

phenomena.

We are particularly interested in its applications to 
gravitational radiation.

   



Final remarks

   The analogy between gravity and eletromagnetism 
may still yield new insights on gravitational 

phenomena.

We are particularly interested in its applications to 
gravitational radiation.

   

Thank you
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