
2012.03.04. APS 2012 Precision of EM and relativistic gravity            WTNi    1 

 
Precision tests of electromagnetism  

and  
relativistic gravity  

Wei-Tou Ni 
Center for Gravitation and Cosmology (CGC), 
Department of Physics, National Tsing Hua U. 

 
 



A chapter for the book "Electromagnetism" 
(ISBN 979-953-307-400-8) by INTECH (open access),  

to be published February, 2012 [arXiv:1109.5501]  

 

2012.03.04. APS 
2012 Precision of EM and relativistic gravity            WTNi    2 

http://xxx.lanl.gov/abs/1109.5501


Outline 

 Introduction & Photon mass constraints 

 Quantum corrections – quantum corrections  

 Parametrized Post-Maxwell (PPM) electrodynamics 

 Electromagnetic wave propagation in PPM 

 Measuring the parameters of the PPM electrodynamics 

 Electrodynamics in curved spacetime and EEP 

 Empirical tests of electromagnetism and the χ-g framework 

 Pseudoscalar-photon interaction and the cosmic pol. rotation 

 Solar-system tests of DSSY inflation model with a Weyl term 

 Discussion on DGP and massive GR and outlook 
2012.03.04. APS 2012 Precision of EM and relativistic gravity            WTNi    3 



Measure-
ment of 

Light 
Velocity 

in  
History 
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An example 
of Accuracy 



List of experiments measuring 
the limiting velocity of neutrinos 

Experiment Baseline Average 
Energy 

Relative 
Measurement 

|(v-c)|/c 

Alspector et al. 
(1976) 

0.55 km  4  10-4 (99% 
confidence 
level) 

Kalbfleisch 
(1979). 

0.55 km  4  10-5 (95% 
confidence 
level) 

SN1987a  2  10-9  

MINOS (2006) 734 km (v-c)/c = (5.1  2.9)  10-5 

OPERA (2011) 730 km 17 GeV (v-c)/c = (2.48  0.28 
(stat.)  0.30 (sys))  10-5 
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The OPERA result is retracted. (GPS problem [loose fibre connection] 



Ans.:No direct distance could be 
measured through Earth’s crust  
except neutrino experiments. 

Can Fundamental 
Physics Experiments 

Contribute to  

Geodesy? 
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Lagrangian density LEMS  

for a system of charged particles  
in Gaussian units 

 LEMS=LEM+LEM-P+LP 

           =-(1/(16π))[(1/2)ηikηjl-(1/2)ηilηkj]FijFkl 

                    -Akj
k-ΣI mI[(dsI)/(dt)]δ(x-xI), 

 LEMS Lagrangian density for EM system 

 LEM    Lagrangian density for EM field  

 LEM-P Lagrangian density for EM field-

Particle interaction 

 LP Particle Lagrangian 
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Proca (1936-8) Lagrangian density and 
mass of photon soon after Yukawa 

interaction was proposed 

 LProca = (mphoton
2c2/8πħ2)(AkA

k) 

 

 the Coulomb law is modified to have the 
electric potential A0 = q(e-μr/r) 

 

 where q is the charge of the source particle, r is 
the distance to the source particle, and μ 
(≡mphotonc/ħ) gives the inverse range of the 
interaction 
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Constraints on  
the mass of photon 

Williams, Faller & 
Hill (1971) Lab Test 

mphoton ≤ 10-14 eV  
(= 2 ×  10-47 g) 

μ-1 ≥ 2 ×  107 m 

Davis, Goldhaber & 
Nieto (1975) Pioneer 
10 Jupitor flyby 

mphoton ≤ 4 ×  10-16 eV 
(= 7 ×  10-49 g) 

μ-1 ≥ 5 ×  108 m 

Ryutov (2007) Solar 
wind magnetic field 

mphoton ≤ 10-18 eV  
(= 2 ×  10-51 g) 

μ-1 ≥ 2 ×  1011 m 

Chibisov (1976) 
galactic sized fields 

mphoton ≤ 2 ×  10-27 eV 
(= 4 ×  10-60 g) 

μ-1 ≥ 1020 m 
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If cosmic scale magnetic field is discovered, the constraint on the interaction range 
may become bigger or comparable to Hubble distance (of the order of radius of 
curvature of our observable universe). If this happens, the concept of photon 
mass may lose significance to cosmology amid gravity coupling or curvature 
coupling of photons. 



Quantum corrections to 
classical electrodynamics 
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Heisenberg-Euler Lagrangian 



Born-Infeld Electrodynamics 
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Parametrized Post-Maxwell (PPM) 
Lagrangian density  

(4 parameters: ξ, η1, η2, η3) 

 LPPM = (1/8π){(E2-B2)+ξΦ(E∙B) 

           +Bc
-2[η1(E

2-B2)2 +4η2(E∙B)2+2η3(E
2-B2)(E∙B)]} 

 

 LPPM = (1/(32π)){-2FklFkl -ξΦF*klFkl 

             +Bc
-2 [η1(F

klFkl)
2+η2(F*klFkl)

2+η3(F
klFkl)(F*ijFij)]} 

            (manifestly Lorentz invariant form)  

 Dual electomagnetic field F*ij ≡ (1/2)eijkl Fkl 
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Unified theory of nonlinear 
electrodynamics and gravity 
A. Torres-Gomez, K. Krasnov, & C. Scarinci PRD 83, 025023 (2011) 

 A class of unified theories of 
electromagnetism and 
gravity with Lagrangian of 
the BF type (F: Curvature of 
the connection 1-form A 
(), with a potential for the 
B () field (Lie-algebra 
valued 2-form), the gauge 
group is U(2) 
(complexified). 

 Given a choice of the 
potential function the theory 
is a deformation of 
(complex) general relativity 
and electromagnetism. 
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Generalized Uncertainty Principle, Blackhole 
Entropy and modified Newton’s law  

(Pisin’s talk & Bernard Carr’s talk in LeCosPA) 

 When applying it to the entropic interpretation, we demonstrate 
that the resulting gravity force law does include sub-leading 
order correction terms that depend on h-bar.  

 Such deviation from the classical Newton's law may serve as a 
probe to the validity of the entropic gravity postulate. 

 Modified force law 
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Equations for nonlinear 
electrodynamics (1) 
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Equations for nonlinear 
electrodynamics (2) 
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Electromagnetic wave propagation  
in PPM electrodynamics 
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Birefringence  
or no Birefringnce 
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Measuring the parameters of 
the PPM electrodynamics 

 Δn = n║ - n┴ = 4.0 x 10-24 (Bext/1T)2 
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 Let’s choose z-axis to be in the propagation direction, x-axis in the Eext 
direction and y-axis in the Bext direction, i.e., k = (0, 0, k), Eext = (E, 0, 0) 
and Bext = (0, B, 0).  

 n±  = 1 + (η1+η2)(E
2+B2-EB)Bc

-2±  [(η1-η2)
2(E2+B2-EB)2+η3

2(E2-B2)]1/2 Bc
-2. 

 (i) E=B as in the strong microwave cavity, the indices of refraction for   

         light is  

                     n±  = 1 + (η1+η2)B
2Bc

-2± (η1-η2)B
2Bc

-2, 

         with birefringence Δn given by 

                                Δn = 2(η1-η2)B
2Bc

-2; 

 (ii) E=0, B≠0, the indices of refraction for light is 

                   n±  = 1 + (η1+η2)B
2Bc

-2± [(η1-η2)
2+η3

2]1/2B2Bc
-2, 

                              Δn = 2[(η1-η2)
2+η3

2]1/2B2Bc
-2. 
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Measuring the parameters of 
the PPM electrodynamics 
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Measuring the parameters of 
the PPM electrodynamics 
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Lab Experiment: 
Principle of Experiment 
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Apparatus and   
Finesse Measurement 
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Suspension and  
Analyzer’s Extinction ratio 
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Injection Optical Bench 
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Vacuum Chamber and Magnet 



Current Optical Experiments 
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LNL 
Ferrara 



PVLAS 
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Comparisons on the  
N2 magnetic birefringence measurement 
(Now: 2-3 orders away from QED detection) 

 

 

 

 

 

 

 Good Calibration Consistency of the 3 Experiments 

2012.03.04. APS 2012 Precision of EM and relativistic gravity            WTNi    31 

PVLAS 2004 
Q&A 2009 
BMV2011 



(Pseudo)scalar field: WEP & EEP with EM field 
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(Pseudo)scalar-Photon 
Interaction 

Modified Maxwell Equations  Polarization Rotation in EM Propagaton 
(Classical effect) 

Constraints from CMB polarization observation  later in this talk 
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Galileo’s experiment on inclined plane  
(Contemporary painting of Giuseppe Bezzuoli)  

Galileo Equivalence Principle:  
Universality of free-fall trajectories  

 



GP-B and Rotational EP 
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Lense-Thirring effect on Gyros 
-- Schiff Effect 

 L. I. Schiff, Phys. Rev. Lett. 4, 215 (1960). 

 G. E. Pugh, Research memorandum 11, 
Weapons System Evaluation Group, the 
Pentagon, Washington, DC, 1959, 
reprinted in Nonlinear Gravitodynamics. 
The Lense-Thirring Effect., edited by R. J. 
Ruffini and C. Sigismondi (World 
Scientific, Singapore, 2003), pp. 414–426. 
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The Astrophysical Journal, 195: L65-L67, 1975 January 15  
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LAGEOS orbital gyroscope 

 The ‘orbital gyroscope’ used to measure 
the Lense–Thirring effect. The 
‘gyroscope’, indicated by the long red 
arrow, is the combination of the nodal 
longitudes of the LAGEOS satellites; it is 
not affected by the huge nodal rate of 
the LAGEOS satellites because of the 
Earth’s quadrupole moment.  

 it is independent of the residual nodal 
rates due to the error in the Earth 
quadrupole moment.  

 The blue drawing shows the orbital 
configuration of the GRACE satellites 
used to accurately determine the Earth’s 
gravity field. 
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> 
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LAGEOS results (GRACE 
launched on 17 March 2002) 
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Einstein Equivalence Principle  

EEP:(Einstein Elevator): Local physics is that of Special relativity 

Study the relationship of Galileo Equivalence Principle and EEP in a   

  Relativistic  Framework:                framework --- A general  

  phenomenological framework for studying the coupling of gravity to   

  electromagnetism 

 The photon sector of many frameworks are included: 

   e.g., 

   SME – Standard Model Extension 

   SMS – Standard Model Supplement 

    

 

g
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Electromagnetism： 
Charged particles and photons  
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(Pseudo)scalar-Photon 
Interaction 



Various terms in the Lagrangian 
(W-T Ni, Reports on Progress in Physics, 2010 /also in 

arXiv) 
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Empirical Constraints: No Birefringence 
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Empirical Constraints from Unpolarized EP 
Experiment: constraint on Dilaton for EM:  

φ = 1 ±  10^(-10)  

Cho and Kim, Hierarchy Problem, Dilatonic Fifth, and Origin of Mass,  ArXiv0708.2590v1 
(4+3)-dim unification with G=SU(2), L<44 μm  (Kapner et al., PRL 2007) L<10 μm 

Li, Ni, and Pulido Paton, ArXiv0708.2590v1 gr-qc Lamb shift in Hydrogen and Muonium 
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Emprirical constraints: H  g 

(One Metric) 
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Constraint on axion: φ < 0.1 
Solar-system 1973 (φ < 10^10) 

 Metric Theories of Gravity  

 General Relativity 

 Einstein Equivalence Principle  
recovered 

 For a recent exposition of this, see Hehl &      

               Obukhov ArXiv:0705.3422v1 
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Change of Polarization due 
to Cosmic Propagation 

 The effect of φ is to change the phase of two different 
circular polarizations of electromagnetic-wave propagation 
in gravitation field and gives polarization rotation for 
linearly polarized light.[6-8]  

 Polarization observations of radio galaxies put a limit of Δφ 
≤ 1 over cosmological distance.[9-14] 

  Further observations to test and measure Δφ to 10-6 is 
promising.  

 The natural coupling strength φ is of order 1. However, the 
isotropy of our observable universe to 10-5 may leads to a 
change (ξ)Δφ of φ over cosmological distance scale 10-5 
smaller. Hence, observations to test and measure Δφ to  

    10-6 are needed. 



The angle between the direction of linear 
polarization in the UV and the direction of the 
UV axis for RG at z > 2. The angle predicted by 
the scattering model is 90^o 
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 The advantage of the test using 
the optical/UV polarization over 
that using the radio one is that 
it is based on a physical 
prediction of the orientation of 
the polarization due to 
scattering, which is lacking in 
the radio case,  

 and that it does not require a 
correction for the Faraday 
rotation, which is considerable 
in the radio but negligible in the 
optical/UV. 
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Constraints on cosmic polarization rotation 
from CMB polarization observations 

All consistent with null detection at 2 σ level 
[See Ni, RPP 73, 056901 (2010) for detailed references] 
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COSMOLOGICAL MODELS to 
be tested 

 PSEUDO-SCALAR COSMOLOGY, e.g., Brans-Dicke 
theory with pseudoscalar-photon coupling 

 NEUTRINO NUMBER ASYMMETRY 
 BARYON ASYMMETRY 
 SOME other kind of CURRENT 
 LORENTZ INVARIANCE VIOLATION 
 CPT VIOLATION 
 DARK ENERGY (PSEUDO)SCALAR COUPLING 
 OTHER MODELS 

Lorentz-violating vs ghost gravitons: the 
example of Weyl gravity (Test??) 
 



Ghost or no Ghost or Change of Paradigm 
 Solar-system tests 
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 Solar-system tests of  

the DSSY inflation model  
with a Weyl term  
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Linear Approximation and 
Slow-Motion Weak-Field Approximation 

 Linear approximation 

 

 

 Slow-motion weak-field approximation 
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Shapiro time delay and  
light deflection 
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Cassini Experiment 
One-way time retardation: 130 microsecond 

Precison of measurement 2× 10^(-5) 

|      |/(1AU)^2 < 7.5 × 10^(-4) 

|         | < 0.027 AU (13.5 s) 

Light deflection experiment less stringent 



Testing DGP Scenario and  
Massive Gravity  

via Super-ASTROD  
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Summary and Outlook 

 We look at the foundations of electromagnetism using two 
approaches --- to formulate a Parametrized Post-Maxwellian 
(PPM) framework to include QED corrections and a 
pseudoscalar photon interaction, and to look at gravity 
coupling to electromagnetism.  

 We found that the foundation is solid with the only exception 
of a potentially possible pseudoscalar-photon interaction 
which can be tested using cosmological observations.  

 Precision tests of Classical Electrodynamics will continue to 
serve physics community in frontier research, in the quantum 
regime, in gravitation and in cosmology 

We have looked at possible tests of Ghosts and Massive Gravity 
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Thank you! 
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