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Shapiro Delay 

Measurements over
last 5 decades 

at all scales from
solar system to 
binary pulsars

Used as tests of GR
and also as an

astrophysics probe
to measure masses of
neutron stars in binary 

systems
 

Irwin Shapiro PRL,13, 789 (1964)



Formula for Shapiro Delay 

Source: wikipedia



First Shapiro Delay Measurement 

Shapiro et al, 1971 
PRL 26,1132 

Delay ~ 200 
microsecond



Shapiro Delay Measurements 

Bertotti et al Nature 
2003

Cassini satellite



Shapiro Delay in Binary Pulsars 

J.H. Taylor, Nobel Prize 
lecture 1994 , 

Rev. Mod. Phys. 66,711



Mass Measurement using Shapiro 
Delay 

arxiv:1010.5788
Discovery of 2 solar mass Neutron Star  PSRJ1614-2230



Effect of Shapiro Delay in Time Delay 
Measurements of Lensed Quasars  

astro-ph/0304497

0.08 x 0.08 arc minute
ESA/Hubble

Time-delays between lensed
images for a variable source used to measure 

Hubble constant

Similar idea for GWs proposed in
1602.05882



Birth of multi-messenger  
Astronomy 

Detection of neutrinos from SN 1987 A (@50 kpc)  followed by 
flash of optical light (4 hours later)
IMB, Kamiokande, Baksan (disputed)

2002 Nobel Prize to Masatoshi Koshiba 



PRL 60, 173  (1988)
Also, Krauss  & Tremaine (1988)
same issue of PRL next paper

Only direct proof that  neutrinos are affected 
by gravity  and obey equivalence principle (to within 0.2%)

Shapiro delay for neutrinos



 More results from SN 1987A

Shapiro Delay CP invariant (LoSecco 1988)

Non-0 neutrino mass does not change the delay
 (Bose & McGlinn 1988)

QED corrections to Shapiro delay can explain anomalous  events 
seen in Mt Blanc detector. 

  (Franson, arXiv:1111.6986)



Shapiro delay For GWs

First proposed  test   by C. Sivaram (1999)
Bulletin of Astronomical Society of India 27,627

   Gravitational    waves gravitate due to 
a static potential at infinity.



Galactic Rotation Curves  
Conventional interpretation is

most of mass of galaxy made up
dark matter haloes. 

Milgrom noticed (1983):       
Need for  D.M. arises below   a fixed acceleration scale (10-8 m/s2)

Explains    flat  rotation curve     and Tully-Fisher  relation

MOND



No-go theorem (Soussa/Woodard 2003)
Cannot construct metric theory of MOND  and

 agree with solar system tests of GR and explain lensing
without dark matter



Differential Shapiro delay in relativistic MOND

arXiv:0804.3804

arXiv:1001.0725



First GW Detection : GW150914

LIGO-VIRGO
Collaboration
1602.03837



E-M followup of GW150914

GW150914   followed up  by 62 
EM followup teams and also
 in neutrinos (low+highE) and

cosmic rays

arXiv:1602.08492

GW and EM counterpart from  NS/BH
mergers should help definitely rule out
(or confirm) relativistic MOND theories



Shapiro delay From GW150914

Similar paper by   Wu et al, 2016 PRD 1602.01566
with same conclusions 



Recent line-of-sight Shapiro delay calculations

Also, SD  & Kahya (using improved Shapiro 
delay calculation to  Crab Pulsar)

Constrains on violation of PPN gamma parameter

Wu et al  arxiv:1703.09935



arXiv:1606.00458 



Geometric optics  approximation breaks  down when

or 

No Shapiro    delay seen in that case

arXiv:1606.00458
Takahashi 

Estimated time delay for ground-based detectors ~ 0.11 (f/Hz)-1 sec   



If gravitational waves experience no Shapiro delay for 
                                             

Open Question in multi-
messenger astronomy with GW

For a source   which simultaneously emits GWs   
and neutrinos/photons, will they reach the same time

due to the cumulative effect (or not)  of all masses along the 
line of sight?



Backup



(Backup) Time-Delay Calculation
Calculate Shapiro Delay for various dark matter  potentials 

1987
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t days'  �

Time Lag Calculation

Geodesic Equations:

Conclusion:

Neutrinos from 1987A should arrive 78 days later than the gravitational waves 
and one can calculate the time lag for a source in MW galaxy analytically for 
isothermal halo model.

For isothermal halo model:
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Neutrinos from SN 1987A should arrive 78 days later
than gravitational waves in relativistic MOND theories


