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Outlines

• Tight Constraint on Photon Mass from Pulsar 
Spindown (Yang & Zhang, 2017, ApJ) 

• Testing Einstein’s weak equivalence principle 
with a 0.4-nanosecond giant pulse of the Crab 
pulsar (Yang & Zhang, 2016, PRD) 

• Conclusions



Constraint on Photon mass



Upper limits on photon mass
• Ultimate upper limit (uncertainty principle): 

• Upper limit adopted by the Particle Data Group 
(Olive et al. 2014, Solar wind):  

• Most stringent limit (Chibisov 1976, magnetized gas 
stability, depend on many assumptions):



Massive Electrodynamics 
• de Broglie-Proca Maxwell’s Equations: 

• Poynting vector: 

• The de Broglie-Proca equation reads  

• In Lorenz gauge, one has 

Photon-mass terms

Klein-Gordon equation 



EM wave
• Assume that a point source of strength f(t) resides at the 

origin. The spherical wave φ(r,t) caused by such a source is 
given by  

• For an outgoing wave with f(t) as a function of exp(iωt), 

• The dispersion relation is given by

Energy-Momentum relation 

k: wave vector



EM wave velocity
• The group velocity of EM wave is variable with 

frequency: 

• Since massive photons with different energies 
have different velocities, one can use extragalactic 
sources to constrain the photon mass. 



Constraint on photon mass 
using photons’ delay time

Wu’s report (2017) Bonetti et al. (2017)

Chatterjee et al. (2017)



Lowest-frequency photons

• One important requirement of the Energy-Momentum 
relation is that the frequency of the free electromagnetic 
wave must satisfy  

• One direct way to constrain the photon mass is to detect 
the electromagnetic wave at extremely low frequencies 
with 



Schumann resonant

• A limit on photon mass can be set 
by noting the existence of very 
low frequency modes in earth-
ionosphere resonant cavity, so-
called Schumann resonant.  

• The lowest one is 8 Hz. One has

cite: Jackson’s book

8 Hz



Massive Dipole Radiation

• One possible method to study massive electrodynamics is 
through studying the modification of radiation mechanisms 
at such low frequencies.  

• We note that for the magnetic dipole radiation, the 
angular frequency of the electromagnetic wave is equal to 
the angular frequency of rotation, i.e. ω ∼ Ω.   

• One natural question arises: what happens if Ω < µc 
for a magnetic dipole? 



Pulsar Spindown

Manchester et al. (1977)

Harding (2013)

Magnetic dipole radiation:

Pulsar’s spin-down power:

Magnetic field:



Magnetic Dipole radiation
• The total power radiated per by the oscillating dipole 

moment m is (Yang & Zhang, 2017) 

• We define η to characterize the correction of non-
zero photon mass effect,



η−mγ relation 
• one can see that, as long as η 

> 0, one has µ < Ω/c. A 
robust photon mass upper 
limit can be set to  

• which is shown as the a sharp 
cut off.  Essentially, this is 
the result of the standard 
energy-momentum relation,

Yang & Zhang (2017)

vacuum case



Pulsar wind
• Goldreich-Julian density: 

• The induced potential drop 
across the open field lines: 

• The wind power:

Ruderman & Sutherland  (1975)



B-field
• B field equation (e.g. Tu et al. 2006): 

• the B-field appear as dipole angle distribution plus an 
apparently external magnetic field antiparallel m. 

• The measurements of the earth magnetic field, both surface 
and out from the surface by the satellite observation, permit 
the best direct limits to be set on photon mass (method 
proposed by Schrodinger, 1943).

exponential decay



B-field lines

Yang & Zhang (2017)

the magnetosphere would approach a 3-dimensional sphere

Field lines



Pulsar wind
• New Goldreich-Julian 

density (Yang & Zhang, 
2017) 

• Pulsar wind power

Goldreich & Julian (1969)



Constraints on Photon mass
non-vacuum case

Yang & Zhang (2017)



Results
• For the WD pulsar in AR Scorpii  with P = 117 s 

• vacuum dipole spindown: 

• wind spindown:  

• Still valid to order of magnitude for multipole 

• We strongly urge further observations to magnetized 
WD to detect their spindown behavior and to 
measure their magnetic field strength independently. 



Test EEP



Einstein’s weak equivalence
• The trajectory of a point mass in a gravitational 

field depends only on its initial position and velocity, 
and is independent of its composition and structure.



Test EEP
• Applying the arrival time delay to measure the 

difference of the γ values for photons with different 
energies, or for different species of cosmic messengers. 

• The relative Shapiro time delay is given by

under Schwarzschild metric 



Current Results

Zhang & Gong (2017)



Need extragalactic sources?

• Delay time between two photons

From kpc to Gpc, the upper limit of         is only improved six times!!



Crab Giant Pulse

 . Hankins & Eilek, 2007, ApJ

flux = 2 MJy

(8.15-10.35) GHz



Most Stringent Constraint 
using MW potential

• Gravitational potential 

• One therefore has
    

    

   
Irrgang et al. 2013



Conclusions
• Pulsars are excellent probes of fundamental 

physics 

• Photon mass: Pulsars with longest periods 

• EEP: Pulsars with narrowest pulses

Thank You!


