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Why Modify General Relativity? 
(Experimentalist/Observer Perspective)

Cosmological Issues : 

-  Dark Energy, Dark Matter, Baryogenesis

-  Inflation cf.model based on Einstein-Cartan gravity:  

                       Gasperini 86,  SD+Poplawski 2016

Conceptual Issues : 

- Expansion of Universe problem     Peacock (1999) Padmanabhan (2010) 

-  Big-Bang Singularity            Hawking and Penrose  (1970)

- Quantization of gravity         String theory , LQG, etc 



Observational probes  of GR 

Baker,Skordis,Psaltis
1412.3455

Cosmology, solar system,
binary pulsar, LIGO probe

   test GR in different regimes



Galaxy Clusters Primer
Most massive gravitationally 
collapsed objects with masses  
>1014Msun  

Typical Sizes = 1- 10 Mpc

Composition : 

     Galaxies : 2%

  Gas/Baryons : 13%

  Dark Matter :  85%

Seen at all (nearly) wavelengths 
from radio to   hard x-rays 

Coma   Cluster :  
  Credit : ESA / LFI and HFI Consortia (Planck image); MPI (ROSAT image); NASA/ESA/DSS2 (visible image). 

Acknowledgement: Davide De Martin (ESA/Hubble).



SPT collab. 1407.2942 (720 deg2)

Cataneo et al   1412.0133

Rahvar & Mashoon 1401.4819 

Tests of GR using Clusters



LIGO-VIRGO
Collaboration
1602.03837

GW150914



Tests of GR From GW150914

�G > 1013km mg  1.2⇥ 10�22eV

mg  7.7⇥ 10�23eV (GW170104)

See however,  
S. Deser   1604.04015

1602.03841
LIGO, VIRGO Collaboration

GW170817 : mg < 10-22 eV (Baker et al 1710.06394)



Other Bounds on Graviton Mass

.Comprehensive review on graviton mass bounds in 
De Rham et al  Rev. Mod. Phys. 89, 025004 (2017)

arXiv:1602.03837

arXiv:1602.03841



Galaxy Cluster Limit on graviton mass

• Uses the fact that galaxy cluster orbits are closed  and bound. 
• Orbits of Holmberg galaxy  cluster catalog extend upto 580 kpc.

e�1  exp(�µgr)

mg <= 10�29eV

No other limit on graviton mass using  galaxy clusters since 1974 !!

Non-Newtonian (including Yukawa potential) can also produce closed orbits 1705.02444



Abell 1689 Cluster
Located  in VIRGO 

constellation
z= 0.18

Credit: ESA/Hubble



Acceleration data for Abell 1689

1610.01543   Nieuwenhuizen

• Strong lensing data  between 3-271 Kpc from 
   Limousin (2006) and Coe (2010)

• Weak Lensing shear data between 200 Kpc and  3 Mpc from 
    Umetsu et al (2015)



Mass models for Abell 1689

 Ref : 1610.01543   Nieuwenhuizen   1703.10219  Hodson & Zhao

• Dark Matter

•  Gas Mass

•  BCG Mass

Caveat: Some of the above models (such as NFW)  assume Newtonian gravity 



Acceleration Profiles
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To calculate 90%  c.l. limit on   graviton mass  find mg for which  

��2 > 2.71  (Ref:  Numerical Recipes)



Modification from physical boundary

Mark Messier Ph.D thesis  (Boston Univ. 1999)

Δ𝛘2    interval unchanged due to physical boundary     



Results

mg < 1.37⇥ 10�29eV

�G > 9.1⇥ 1019km
at 90% confidence level

PLB 778, 325



Limit from stacking Cluster Catalogs
 Rana et al arXiv:1801.3309

Two catalogs were used for this    analysis:
• WL catalog from LoCuSS collaboration
•  SZ catalog from ACT



Bounds on graviton mass
 Rana et al arXiv:1801.3309



 Sajal Gupta (IISER undergrad)
        Best limit from SDSS-Redmapper of  < 1.27 x10-30 eV



A new limit on graviton mass using a galaxy cluster (44 
years after the previous paper!) now available.

A follow-up paper using stacked measurements of galaxy 
clusters  gets a limit of 7.8 x 10-30 eV using LoCuSS WL 
catalog and 1.27 x 10-30 eV using SDSS RedMapper 
clusters

Conclusions

mg < 1.37⇥ 10�29eV

�G > 9.1⇥ 1019km



Part II : Shapiro Delay of 
Gravitational Waves 

Collaborators:  
     

Sibel Boran (Istanbul Technical Univ) 
   Emre Kahya (Istanbul Technical Univ.) 

Richard Woodard (Univ. of Florida)



Line of Sight Shapiro Delay 

References: 
 0804.3804     SD, Kahya, Woodard
 1001.0725     Kahya 
 1510.08828   SD, Kahya
 1602.04779    Kahya, SD
 1612.02532    SD, Kahya 
 1710.06618    Boran, SD, Kahya, Woodard 

Related/Similar work by other authors: 

Sivaram 1999; Gao et al 1509.00150 ; Wu et al 1602.01566 ;  Wu et al 1604.06668 ; 
  Liu et al ;1604.02566  Luo et al  1601.00180   Li et al ; 1602.04460  ; Li et al 
1601.03636   Nusser  1606.00458   Takahashi  1703.09935;    Wu et al 1710.05834; 
LVC, Fermi, Integral Collaborations; 1710.05860 ; Wei et al; 1710.05805 Wang et al;
 Shoemaker and Murase 1710.06427 ; etc



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 (1964)



Source: wikipedia

Observer Target

Gravitating Mass

Formula for Shapiro Delay 



First Shapiro Delay Measurement 

Shapiro et al, 1971 
PRL 26,1132 

Delay ~ 200 
microsecond



Best solar system measurement 

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  PSR J1614-2230



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



Shapiro delay for a moving  
source 

 Measured by Kopeikin and Fomalont (2003)  for Jupiter by measuring light 
deflection of quasar  and used to obtain speed of gravity (result disputed)

http://www.phy.ufl.edu/~cmw/SpeedofGravity.html

http://www.phy.ufl.edu/~cmw/SpeedofGravity.html


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

PPN gamma 
quantifying violation 
of WEP



 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)



From Shapiro delay     bounds on EEP 

Constrains on violation of PPN gamma parameter

Wu et al  arxiv:1703.09935



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.



Shapiro delay From GW150914

Similar paper by   Wu et al  1602.01566
with same conclusions 



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 (astro-ph/0307358)



Differential Shapiro delay  
arXiv:0804.3804

arXiv:1001.0725



GW170817: First BNS merger 
with EM counterparts   



Shapiro delay of GW170817  

Shapiro delay for our galaxy

For a cored isothermal profile  Tsh~ 115 days for a source at  200 kpc
Taking into account contribution of NGC 4993 total delay ~ 400 days.

Observed delay between gamma rays and GWs < 2 seconds

All Dark matter emulator models completely ruled out



Conclusions

• GW150914 observations show that Shapiro
delay of gravitational waves is frequency 
independent.

• GW170817 results show that Shapiro delay of
 gravitational waves is same as that of photons,
which rules out a whole class of modified gravity
theories called “Dark Matter Emulators”

Thank you for your time and attention!!


