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motivations from GR + observations: 

motivations from SM:
gravity should be mediated by 
a massless particle of spin 2 

graviton

Credit: CERN

Alam et al. 2016

testing Nature at fundamental level:

motivations from QG: 

unification of GR and SM at high energies 
http://quantum-mind.co.uk/tag/gravitational-waves/

● dark matter
● dark energy 



  

existence of 
massive gravitons running nature of 

fundamental constants
violation of some 
basic principles

LIV

Huge number of various 
aproaches to QG: 

no experimental indication 
which way is correct ?

effective phenomenology 

https://www.particlezoo.net

sensitivity requirements for tests are 
very strict: 

an accuracy should be better than



  

possible physical implications 
resulting from the fact that gravitons
no longer travels at the speed of light

existence of 
massive gravitons

https://www.particlezoo.net

MODIFIED DISPERSION RELATION
specific structure of deformation 
depends on a particular model

time-of-flight measurements

modification of relativistic dispersion relation 
may lead to changes in travel time of 
signals emitted from a astrophysical objects

Vucetich 2005

Mattingly, 2005

signal emitted 
at low energies

e.g. time delay 
between signals observed 
at high and low energies

signal emitted 
at high energies

high energy sources
under consideration:

multi-messenger 
astronomy

● pulsars

● AGNs

● GRBs

● DCO 
mergers

● photons

● gravitons
● neutrinos

within LIV models:

e.g. typical form of modification within LIV theories:

a represents particle species free parameter a represents 
departure from ordinary case



  

Example: time delay technique in probing LIV effects

Biesiada M. & Piórkowska A., Class. Quantum Grav. 26 125007, 2009

Biesiada M. & Piórkowska A., JCAP 0705:011, 2007

Rodriguez Martinez & Tsvi Piran, JCAP, 2006

Jacob & Piran, Nature Phys., 2007

modified dispersion relation:

for photons 
mass term vanishes

LIV term

time delay between photon and a given particle emitted 
at the same time from a source to the Earth:

pair production

photons of energies above 10 TeV 
should annihilate with CMB photons 
via pair production

SOLUTION: neutrinos

Aartsen et al. (IceCube Collab.) 2017

But we detected HE neutrino related with blazar TXS 0506+056
Aartsen et al. (IceCube Collab.) Science 361, 1378, 2018



  

intrinsic time lags

how to recognize QG effects from 
any delays created in the source

Biesiada M. & Piórkowska A., JCAP 0705:011, 2007

for photons 
mass term vanishes

LIV term

time delay between photon and a given particle emitted 
at the same time from a source to the Earth:

SOLUTION: statistics

Ellis et al.  A&A 2003

Ellis et al. Astropart.Phys. 2006

Ellis et al.  [arXiv:astro-ph/0712.2781] (Erratum)

analysis for different cosmological scenarios:

linear fit with 
assumption of LCDM

Biesiada M. & Piórkowska A., Class. Quantum Grav. 26 125007, 2009

quintessence model with varying EOS 
is the one which gives the best fit



  

In the case of massive graviton:

for photons:

assumption: 
GW travel along 
radial geodesics 
in flat FRW model

observer

GW signal registered later than
electromagnetic counterpart

time delay technique in 
probing graviton mass
See also: 
T. E. Collett and D. Bacon, Phys. Rev. Lett.118, 091101 (2017)

EM signal

GW signal

comoving distance to the source:

one should placed here 
a characteristic ‘chirping’ 
shape of GW signal

and:



  

GW150914

Modified dispersion relation

energy/frequency dependent speed of graviton !

the tail of the signal will travel faster than 
the front - signal should be ‘’squeezed’’

lower frequency GW signal (emitted earlier) 
travel slightly slower than 

higher frequency GW signal (emitted later)  

shape (or phasing) distorsion
of the observed GW waveform 

difference in the propagation speed:

First ever laboratory 
detection of GW signal: extra phase term:

confirmed by

N.Yunes, K. Yagi, F. Pretorius, 
Phys. Rev D 94, 084002, 2016

also for GW151226 



  

scientific runs: 

https://www.ligo.caltech.edu/

More than 50
 GW signals 

registered so far !

LIGO@Livingston

LIGO@Hanford

VIRGO

GW150914
GW151012
GW151226
GW170104
GW170608
GW170729
GW170814
GW170809
GW170817
GW170818
GW170823
GW190412
GW190425
GW190814

probably 
the first mixed
BH-NS merger

the first 
NS-NS merger

...

O1
O2

O3a

O3b

observation run started on 25 February 2020

https://gwcenter.icrr.u-tokyo.ac.jp/

the first 
GW signal

B.P.Abbott et al. [LSC, Virgo Collab.], Phys. Rev. X 9, 031040 (2019)

R.Abbott et al. [LSC, Virgo Collab.], arXiv:2010.14527 [gr-qc] (2020)

KAGRA

a rule-of-thumb estimate for the graviton Compton wavelength:

phase distortion

signal-to-noise ratio

in agreement with

R.Abbott et al. [LSC, Virgo Collab.], arXiv:2010.14533 [astro-ph] (2020)

GWs propagate without dispersion 
and that the graviton is massless

R.Abbott et al. [LSC, Virgo Collab.] 
arXiv:2010.14529 [gr-qc] (2020)

B.P..Abbott et al. [LSC], PRL 116, 
061102 (2016)

GW150914

● median of 
    D ~ 1.6 Gpc

● 24 GW events 
    from O3a

● two evens with 
SNR ~25

C. de Rham et al., Rev. Mod. Phys. 89 (2017) 2, 025004 
Clifford M. Will,  Phys.Rev.D57:2061-2068,1998



  

Prospects: probing graviton mass in future GW detectors

phase distortion

http://www.et-gw.eu/

broadening the GW spectrum to 
lower frequencies (lower than 1 Hz)

inaccessible from the ground 
due to irremovable seismic noise

f: 0.1 mHz – 100 mHz

https://lisa.nasa.gov/

f: 1 mHz – 100 Hz

https://decigo.jp/index_E.html

single triangular detector unit is equivalent for two 
standard L-shaped interferometers rotated by 45 o

Kawamura, S., et al. (2019)

  

Nakamura T., et al. (2016)

Multifrequency 
GW astrophysics !

C. de Rham et al., Rev. Mod. Phys. 89 (2017) 2, 025004 
Clifford M. Will,  Phys.Rev.D57:2061-2068,1998



GW experience the same geometric-optics 
effects as EM waves:

gravitational redshift

cosmological redshift

gravitational lensing
Lorentz gauge

EM field equations
in terms of Lorentz gauge

weak-field metric

EM field tensor

4-vector ‘potential’

EM field equations

Einstein field equations:

basic field equations of linearised GR 
in terms of metric perturbation

+ Lorentz gauge

in vacuum

k

https://scienceline.org

https://www.lorentz.leidenuniv.nl/
lorentzchair/thorne/Thorne1.pdf

Kip S. Thorne, Lorentz Lectures, University of Leiden, September 2009

GW lensing – motivations from theory

https://www.lorentz.leidenuniv.nl/


Strong gravitational lensing:

https://chandra.harvard.edu/

Bartelmann& Schneider, 2001

in the light ray formalism
- thin screen approximation:

light traveling along null geodesics bends 
in the vicinity of massive bodies

Schneider, 2006

S. Suyu; lectures XXIV Canary Islands 
Winter School of Astrophysics 2012

effective lesing 
(Fermat) potential

magnification 

Images are located 
at points where the 

total time delay 
function is stationary

Massimo Meneghetti, Introduction to 
Gravitational Lensing; Lecture scripts

Travel time of light rays from images → time delay:

lens equation

Schneider, Kochanek, Wambsganss, ‘Gravitational Lensing: Strong, Weak and Micro’

Schneider, Ehlers, Falco, 
‘Gravitational Lenses’



two images form on the 
opposite side of the lens

angle between 
directions to the 
lens and to the 
source

magnification

Singular Isothermal Sphere (SIS) model
one-dimensional velocity dispersion

J.Wambsganss, Living Reviews in Relativity volume 1, Article number: 12 (1998)

NASA, ESA, Bolton (SLACS Team)

SDSS J114833.14+193003.2

‘Horseshoe Lens’

time delay between signals: Schneider, Ehlers, Falco, ‘Gravitational Lenses’

Schneider, Kochanek, Wambsganss, ‘Gravitational Lensing: Strong, Weak and Micro’

misalignment of the source 
wrt optical axis of the lens



  

in low-energies (optical)

in high-energies (TeV)

difference between time delays measured
 independently in GW and EM windows

general form for bound on             
valid for a broad set lens models

factor related to lens model and cosmology
time delay is produced at lens location 
– results doesn't depend strongly on cosmology

● method based on modified dispersion relation 
and thus independent of a particular 
non-standard model of gravity

timing
 accuracy

● method is differential in nature and thus - free 
from any assumptions regarding intrinsic 
timelag between EM and GW signal emission

Lowenthal, PRD, 1973

source-lens misalignment

constraining directly 
speed of GWs with SL

See also: 
T. E. Collett and D. Bacon, Phys. Rev. Lett.118, 091101 (2017)

SIS model:



  

perspectives:
for galaxy-galaxy strong lensing with

with assumed LCDM cosmology:

accuracy of time delay measurements 

sets constraints on GW speed  

strongly lensed transient events

Refsdal Supernova 11.11.2014

Kelly et al., Science 2015lens:
elliptical galaxy from
MACS J1149.6+2223

galaxy cluster at z=0.54

source: 
spiral galaxy at z=1.49

host galaxy of SN

reappearance 
predicted 

in about one year
in one of 
lensed 
images 

of host galaxy

reappearance 
of Refsdal SN

Kelly et al., ApJL 2016

11.12.2015

http://www.spacetelescope.org/images/heic1525a/

A.Goobar et al., Science, 
356, 291-295 (2017)

IPTF16geu 
(SN 2016geu)

5.09.2016

identified as core-collapse supernova

PS1-10afx
controversial case

 SCP16C03 

massive galaxy cluster 
MOO J1014+0038
at z =1.3

SNIa at z =2.22

29.02.2016

2014

D.Rubin et al., ApJ 866, 65 (2018)

for SX image: 



  

lensed NS-NS or NS-BH mergers

~10% of NS-NS systems will be 
aligned as to give observable SGRBs

perspectives:
for galaxy-galaxy strong lensing with

kilonovae duration of order of days

short GRBs duration of order of 0.1 - 1s

P.S.Cowperthwaite and E.Berger,
 ApJ 814, 25 (2015)

D.B. Fox et al., Nature 437, 845 (2005)

jet collimation:

FRB duration of order of ms
D.Thornton et al., Science 341, 53 (2013)
D. J. Champion et al., MNRAS 10.1093 (2016)

EM counterpart of NS-NS or NS-BH mergers visible as:

NS-NS systems planned to be routinely detected by GW detectors

ET Science Team, ‘’Einstein gravitational wave Telescope conceptual design study’’
https://zenodo.org/record/3911261

A. Piórkowska-Kurpas et al, ApJ 908 196 (2021)

DECIGO sensitivity significantly 
affected by unresolved BH-BH systems;

B-DECIGO affected much less

ET, aLIGO/aVirgoDECIGO/B-DECIGO

Isoyama, S. et al., Prog. Theor. Exp.
Phys. 073E01 (2018)

GW150914 and GW170817
could have been visible in 

(B-)DECIGO band for  10 days ∼
and  7 yrs prior to coalescence∼
with large numbers of GW cycles

respective rates 
for B-DECIGO: 
103 (NS-NS), 
104 (BH-NS),
105 (BH-BH)



  

perspectives:

~a few lensed 
NS-NS /yr

lensed  NS-NS or NS-BH mergers

GW lensing in ET discussed in papers:

A. Piórkowska et al. JCAP10(2013)022

M. Biesiada et al. JCAP10(2014)080

X. Ding et al. JCAP12(2015)006

robust 
prediction:

results corrected for Earth’s rotation effect:
L. Yang et al. ApJ 874, 139 (2019)

50-100 lensed DCO events per year

Multi-messenger Observations of a Binary Neutron Star Merger; ApJL, 848:L12, 2017

GW170814 LIGO/VIRGO

GRB 170817A

SSS17a /
AT 2017gfo

Follow-up observations: 

First Multimessenger Transient
GWs

Fermi/GBM

in NGC 4993

radio emission

g-rays

bright optical transient

UV-blue transient
X-ray emission ~9 days after merger

~16 days after merger

~15h after merger

multi-wavelength evolution within the first 12–24 hr



  

SNR above 
threshold of 8

18

lensing rates calculated if all accessible 
sources were resolvable ...

 

confusion noise of 
unresolved systems 
influence our ability 
to detect inspiraling 

DCO systems

merger rates according to Dominik et al. 2013

StarTrack code

Yagi & Seto 2011
Isoyama et al. 2018

optical depth corrected for finite duty cycle of detector

4 binary evolution scenarios:

1. Standard

2. Optimistic 
    Common 
    Envelope (OCE)

3. Delayed SN 
    explosion

4. High BH kick

!
2 galaxy metallicity 

evolution models



  

weakening of the gravitational force 
at large distance due to 

existence of 
massive gravitons

https://www.particlezoo.net

YUKAWA-like POTENTIAL

C.M. Will, Phys. Rev.D 57 (1998) 2061-2068.
C. de Rham et al., Rev. Mod. Phys. 89 (2017), 025004.

Poisson’s equation for gravity 

At small lenght scales (e.g. Solar System scales) departure from Newtonian case is very tiny;
One need galactic and extragalactic scales to put strong constraints on graviton mass.

Goldhaber and Nieto, Phys. Rev. D 9, 1119 (1974).

improved estimation:



  

Gravitational acceleration in the case 
of non-zero graviton mass:

total dynamical 
mass of cluster: 

massive gravitons modify cluster mass estimates !

R. W. Schmidt, ITP, 11 Jan 2012Hot intracluster gas (ICG)
thermal Bremsstrahlung emission of 
electrons with energies up to several keV

X-raysOptical

Assumptions:
● spherical symmetry distribution
● perfect gas
● hydrostatic equilibrium with 

cluster gravitational potential

in the presence of 
non-standard 
Yukawa potential 

- mean molecular weight 
  of ionized plasma

in Newtonian case:

S.Gupta, S.Desai, Class. Quantum Grav. 36, 105001 (2019)

A.Piórkowska-Kurpas, S.Cao and M.Biesiada,  submitted to Class.Quantum Grav.

only relaxed clusters !

from cluster surafce brightness measurements 
in X-rays:  

supported by SZ observations:

dimensionless 
Compton parameter :



  

Table 4 from 
D. Eckert et al., Astron. Astrophys. 621, A40 (2018)

Planck Mission

XMM-Newton Telescope

+

X-ray observations combined with SZ effect

12 massive galaxy clusters 
(with redshifts 0.04 < z < 0.1 )

the highest signal-to-noise ratio for Planck SZ signal

especially good quality of M_tot (< r) estimates 
(relative uncertainties remains at around 5%)

D. Eckert et al. (2018)

S. Ettori et al., Astron. Astrophys. 621, A39 (2019) 

non-thermal pressure fraction 
taken into account

+

(submitted)



  

● bounds from the S2 (or Source 2) 
star orbit at the Galactic Center:

● bounds from the Solar System:

● bounds from galaxy clusters:

other dynamical 
tests of Yukawa term:

C.M. Will (1998) Phys. Rev. D 57, 2061–2068.

A.F. Zakharov, P. Jovanovic, D. Borka and 
V. Borka Jovanovic, JCAP05(2016)045.

S. Gupta and S. Desai (2019) Class. Quantum Grav. 36, 105001.

S. Gupta and S. Desai (2018) Annals of Physics 399, 85.

A. Rana, D. Jain, S. Mahajan and A. Mukherjee (2018) Phys. Lett. B 781, 220.



  

Summary:

● effective phenomenology based on the modification of relativistic dispersion relation
for massive graviton:

● dynamical tests based on Yukawa potential:  

strong lensing of GW signals from NS-NS or NS-BH systems can be used to 
directly constrain speed of GWs:

non-zero graviton mass may cause changes in travel time of GW signals 
emitted from a distant astrophysical objects

time delay between GW and EM signals 
emitted form the same source

intrinsic time-lag problem!

non-zero graviton mass may cause shape (or phasing) distorsion
of the observed GW waveform

robust prediction: 
few lensed NS-NS /yr

observer

non-zero graviton mass influence cluster mass estimates

(X-ray + SZ effect)

from

THESEUS mission will complement ET 
GW detections in EM window 

HE transient events, accurate sky position, source characteristics



  

Thank you for attention!
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