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testing Nature at fundamental level:

e motivations from SM:

\graviton

* motivations from GR + observations:
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* motivations from QG:

unification of GR and SM at high energies
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Huge number of various

aproaches to QG:

Figure 11. MGs tree diagram, reproduced from [358] (with permission from Tessa Baker).
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existence of
massive gravitons

https://www.particlezoo.net

—

running nature of
fundamental constants

GR naturally lose
it's applicability at
curvature singularities
i.e. the Planck length

lpg = \/FL(;/(_.'3 ~ 10_33

or equivalently — Planck energy:

Ep;p = \/h(f‘/G ~ 10¥GeV

C1n

sensitivity requirements for tests are
very strict:

an accuracy should be better than
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no experimental indication

which way is correct ?
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effective phenomenology
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violation of some
basic principles

LIV
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existence of @ possible physical implications
massive gravitons resulting from the fact that gravitons

N @ " no longer travels at the speed of light |
https://www.particlezoo.net

MODIFIED DISPERSION RELATION monds on o particular model |

E2 — 'TT?’_QC"I _|_ pQCQ ::> E2 — ,mj_Z + p2 + }((E.. p’ m., EP{) Mattingly, 2005

Vucetich 2005

modification of relativistic dispersion relation

e.g. typical form of modification within LIV theories:
may lead to changes in travel time of

E (8
signals emitted from a astrophysical objects | JalEypym; Epi) ~ na( )
\\\ a represents particle species free parameter a represents
@ \\\ departure from ordinary case
time-of-flight measurements

. high energy sources
under consideration:

signal emitted
at high energies

B * pulsars hot
-- . e photons
. - = GRBs ~* neutrinos
* AGNs ~ e gravitons
: : 5 \ * DCO
signal emitted i
at low energies mergers @
within LIV models: i =
. e.g. time delay multi-messenger
AFE (1+ 2")d .
Aty = between signals observed astronomy
Eqc Jo  H(Y)

at high and low energies



Example: time delay technique in probing LIV effects

modified dispersion relation:

E T
E? — p*? —m?ct = eE? (—)
gnEQG

€ = £1 is ’sign parameter’
&, i1s a dimensionless parameter

Rodriguez Martinez & Tsvi Piran, JCAP, 2006

Jacob & Piran, Nature Phys., 2007

&=1
& =107

pair production

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

Biesiada M. & Piérkowska A., Class. Quantum Grav. 26 125007, 2009
Biesiada M. & Piérkowska A., JCAP 0705:011, 2007

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

SOLUTION: neutrinos

H envelope
He/CO star

p
R v \
P
Internal shocks External shocks
Prompt y-ray (GRB) Afterglow X,UV,0

Buried shocks
No y-ray emission
Precursor.’s

Burstv's Afterglow ,’s

Waxman & Bahcall 97 Waxman & Bahcall 00

Murase & Nagaraki 07

Z m2ct | n+1 FEo & dz
At = / —€ ( ) 1+2)"
0 [2E0 (1+ 2)2 2 &nEoc ( ) ]H(z)
g U _
Y V
for photons LIV term

mass term vanishes

1.4
1.2 Model

1 ACDM

- Quintessence
0.8 - AL
At [day] Var quintessence

0.6 . = . Chaplygin gas
0.4 — Brane-world

0.2
0

our ignorance concerning cosmological
models creates systematic effects!

Problem: up to now no GRB neutrinos has been detected!
Aartsen et al. (IceCube Collab.) 2017

~Razzaque, Meszaros & Waximan U3
TeV PeV EeV
E. Waxman and J. N. Bahcall, Phys. Rev. Lett. 78, 2292
(1997). astro-ph/9701231.

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



Biesiada M. & Piérkowska A., JCAP 0705:011, 2007 intrinsic time lags

time delay between photon and a given particle emitted

: how to recognize QG effects from
at the same time from a source to the Earth:

any delays created in the source

Af — /’[m( n+1( Eo )n(1+ v dz
— - 2
2E, 2)2 2 \&Eqe H(z) SOLUTION: statistics
U U
Y Y Ellis et al. A&A 2003
for photons LIV term

Ellis et al. Astropart.Phys. 2006
Ellis et al. [arXiv:astro-ph/0712.2781] (Erratum)

mass term vanishes

At Atrrv 4+ Atigo linear fit with
obs LIV intrinsic assumption of ACDM 0.3 : : ; : ; ; 1
'35 GRBs
Atobs flat ACDM with 2, =0.3 02 ]
T % = G,LIVK(Z) i b 015} 7 ;

z (1+42")d2’' @

é 0.05F =
&E b I 11 .l %
a — 0 ] 3 -
Liv = HoEqe 1+z 0 h(z') oo : 41 T le
01} Y 7 J +
analysis for different cosmological scenarios: 015 L]
Biesiada M. & Pi6rkowska A., Class. Quantum Grav. 26 125007, 2009 % 01 02 o3 o04_05 08 07 08 09
‘&tobs » -
Table II. Regression coefficients (with lo ranges) for the time delay vs. K(z) technique in the = (0'0068 + 0'0067) K — (00065 + 0'0046)

cosmological models tested.

Akaike differences, Akaike weights

1+ 2z

L1

Cosmological model|Regression coeflicient ap - Intercept b A; | w; |Odds against T
ACDM aprv = —0.0794 £ 0.0447 |b = 0.0494 + 0.0288|1.645/0.152 2.276 EQG 2 14 X 10 Ge\‘f
Quintessence arry = —0.0806 £ 0.0460 |b = 0.0480 + 0.0288(1.712/0.147 2.354
Var Quintessence | app = —0.1510 £ 0.0683 |b = 0.0735 + 0.0340{ 0. |0.347 1. . ) )
Chaplygin Gas | azsv = —0.1201 £ 0.0618 |b = 0.0627 + 0.0330|1.042[0.206|  1.684 qul_ntessence m(_)del Wlth varying EQS
Braneworld arny = —0.0866 £ 0.0493 |b = 0.0501 £ 0.0294|1.704|0.148 2.344 IS the one WhICh g|VeS the beSt flt
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Highlights ~ Recent  Accepted  Collections  Authors  Referees  Search  Press  About ti m e d e I a y te C h n i q u e i n
robing graviton m
Speed of Gravitational Waves from Strongly Lensed Gravitational p Ob g g d O ass

Waves and Electromagnetic Signals
See also:

Xi-Long Fan, Kai Liao, Marek Biesiada, Aleksandra Piorkowska-Kurpas, and Zong-Hong Zhu T. E. Collett and D. Bacon, Phys. Rev. Lett.118, 091101 (2017)
Phys. Rev. Lett. 118, 091102 — Published 2 March 2017

In the case of massive graviton: gﬁutgséiloa%ng s ﬁ _ c [ ) 1 mé . CQGE]
EZw — plw® = mbpyct [ i riimoe ? it " al 2 p?
L Py = Hzﬂr .
for photons: - Ey —prc” =0 b _pE _pe @ T

dt E  aE
If the GW signal was emitted at the moment £, and detected
(observed) at ¢, then the travel distance of GW is:

........................ >
» D rew =y — Argw

Argw observer

comoving distance to the source:

GW signal registered later than to z
electromagnetic counterpart Atew = Argw /c r, = / S = dz
Ji. a(t) Jo H(z)
and:
; : one should placed here
GW signal a characteristic ‘chirping’ 1 m2,...c3 to
* shape of GW signal Arcw = _i/ a(t)dt
2 p? te

1 ¢ m2,,ct
/VW\/\NW‘W :EE%(I—F/@)QIQ(O,Z)

EM signal




Strain (10721)

Frequency (Hz)

e . . . Bounding the mass of the graviton using gravitational-wave
Modified dlsperSIOn relation observations of inspiralling compact binaries

2 |‘:;_-ﬁl- Clifford M. Will*

E*=p*’ct+m
p q MeDonnell Center for the Space Sciences, Department af Physics, Washington University, St. Louis, Missouri 631350

@ }\9 o m};c
L ) 2R 22

U;/Cz = CZPZ/EZ 21 =he /(/?-QE ) lower frequency GW signal (emitted earlier)

travel slightly slower than

energy/frequency dependent speed of graviton ! higher frequency GW signal (emitted later)

a difference in the propagation speed:

the tail of the signal will travel faster than shape (or phasing) distorsion
the front - signal should be “squeezed”  ©f the observed GW waveform
extra phase term:

First ever laboratory
detection of GW signal:

|8 Selected for a Viewpoint in Physics

- Oy (f) = —D/[AnA% (1 + 2)f]
PRL 116, 061102 (2016) PHYSICAL REVIEW LETTERS 12 FEBRUART 2016 7
g” I T T

Observation of Gravitational Waves from a Binary Black Hole Merger Inspiral

Merger Ring-
B.P. Abbott et al.”
(LIGO Scientific Collaboration and Virgo Collaboration)

. down
(Received 21 January 2016; published 11 February 2016) Q O G .
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LIS e (2J))VIRGD More than 50 GW150914 | ‘tere

Collaboration Listtjr;;r;gmsmk e GW Slgna|S GW151012
scientific runs: registered so far ! GW151226
O1 from 12 September 2015 to 19 January 2016 Q e, OW170104
| GW170608

Q2 from 30 November 2016 to 25 August 2017, GW170729
(O3a from 1 April to 30 September 2019 GW170814
GW170809

0O3Db from 1 November 2019
suspended in March 2020

‘/R—R https://www.ligo.caltech.edu/
LIGO@Hanford

KAGRA

LIGO@Livingston

HAL

observation run started on 25 February 2020

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

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

GW170817 | nseierger
GW170818
GW170823
GW190412
GW190425
GWI190814 | o rormt e

BH-NS merger

VIRGO

A2 Abird's eye view image of KAGRA. The 3-km
arms and the center part are illustrated.

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

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

D 100Hz 1 \?
A 5x 10 k
- &1 B m(?[][]lﬂpc 7
@ phase distortion /
GW150914 ~ 1/p

g

GWs propagate without dispersion
and that the graviton is massless

« 24 GW events

De~dQME | % > 102%m fom03a ) <1 76 % 10723 eV/c2
g ~ * median of =
f ~ 100 Hz |:> in agreement with D ~ 1.6 Gpc at 90% confidence
~ 23 B.P..Abbott et al. [LSC], PRL 116, * two evens with R.Abbott et al. [LSC, Virgo Collab.]
P 061102 (2016) SNR ~25 arXiv:2010.14529 [gr-qc] (2020)

signal-to-noise ratio



Prospects: probing graviton mass in future GW detectors

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

A DR 10 km (

200 Mpc

/vf

~1/p

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

inaccessible from the ground

hutps:/flisa.nasa.gov/ due to irremovable seismic noise

eLISA | D ~ 3 Gpc
p ~ 103

f ~ 1073 Hz

Laser Interferometer Space Antenna

f: 0.1 mHz — 100 mHz

Mg < 10-28 eV, A

-
D 100 Hz 1 2

ET: ro=1917 Mpc
DECIGO r, = 6709 Mpc
B-DECIGO r; =535 Mpc

phase distortion

EINSTEIN

ET

TELESCOPE

—

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

Goldstein, A., etal., ApJL 2017, 848, L14.

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

https://decigo.jp/index_E.html

Fig. 2. Conceptual design of DECIGO. One
cluster of DECIGO consists of three drag-free
spacecraft. FP cavities are used to measure
a change in the arm length.

Fabry-Perot
arm cavity

Mirror
Photo-
ot Drageoo spacecratt

( Power Spectral Density / Hz™' )"/?

Fig. 1. Orbit of DECIGO. Four clusters of
DECIGO are put in the heliocentric orbit: two
at the same position and the other two at
different positions.

Nakamura T., et al. (2016)
Kawamura, S., et al. (2019)
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Multifrequency
GW astrophysics !
1075
bsat:ﬂ;‘?:ut:ﬂ 0% solar mass
10—10 IPTA

10-14|

LISA —
aries
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GW lensing — motivations from theory ——>

EM field equations
v oz
0 " =kj

EM field tensor

F#V — G#Ay — 5VA# Lorentz gauge
4-vector ‘potential’

EM field equations

in terms of Lorentz gauge D A iu{}.f,u,

Einstein field equations:

GJ.‘JV MV
4

weak-field metric

Big catalogs of inspiral events =)
up to cosmological distances

= Ny + My where |h,,| <1,

basic field equations of linearised GR
in terms of metric perturbation

Some of them would be
gravitationally lensed

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

cosmological redshift

gravitational redshift

gravitational lensing

https://scienceline.org

A= )21 < L = (lengthscale on which background metric varies) SR
_MW m 21r’,'\
+  AmmAana
£R
Gop = 9 aB T hap
\= (9as) \= ap — (Gap)

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

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

+ Lorentz gauge 8ﬁ}—1’”‘1" =0

g Eﬁvshw—%nmh‘
(P hMY =2k THY

DZ;IJU,F

— 0 in vacuum



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

Strong gravitational lensing:

in the light ray formalism
- thin screen approximation:

light traveling along null geodesics bends

In the vicinity of massive bodies

Quasar
Image A

Newtonian
potential at lens
plane

https://chandra.harvard.edu/

effective lesing
(Fermat) potential

Dy 2

d(0) =
O =ppD2

/ (D0, z)d=

Travel time of light rays from images - time delay:

1+ = D(JID{J:‘-? (9 - ﬁ)z

At =

i D
o Dd 6 o dS Source plam—:-
In terms of angular coord.: !
n = DS,B : Dds
I
&§=D40 :
I
B=0-—a) ‘ i
lens equation \ coihid i
reduced deflection angle :"g*
'l:)(is -~ l: Eh
DS :
I:

0— 38— Voo=0

Fermat Principle

VoAt =0

— ¢(0)

¢c D |¢ 2
| | | ) / Images are located
Massimo Meneghetti, Introduction to e .
Gravitational Lensing; Lecture scripts at p0|ntS where the
Schneider, Ehlers, Falco, tgeon:l th‘ELV total time delay
‘Gravitational Lenses’

function is stationary

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

Observer

Bartelmann& Schneider, 2001
Schneider, 2006

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

magnification

1
w(®) detA(@)



Singular Isothermal Sphere (SIS) model

Einstein radius

three-dimensional density distribution

one-dimensional velocity dispersion ! 1

27 G r?
0n = 47 () dalzzs) |y
_ C dA (zs) Source-Lens-Observer perfectly aligned
two images form on the s
opposite side of the lens r, — 0t misalignment of the source CEERIRIng )k
angle between L4 0y L wrt optical axis of the lens
Qi — QE :‘:@ %;icgzgigirfze @ ‘Horseshoe Lens’
— SDSS J114833.14+193003.2
source ki g + = 1 j: y -
Typical angular scale of image
separation for galaxy lens = 1”
magnlflcatlon J162746.44-005357.5
NASA, ESA, Bolton (SLACS Team)
'-z — e
YAy 4+ e |
A dETtg Image @
/// "\.\\ )

[ Q) =

:I b (we don't rl:

§ QS see it) r‘l

\‘\ Image /"r Figure 19: Five snapshots of a gravitational lens situation: From left to right
""""""""""""""" N 4 the alignment between lens and source gets better and better, until it is perfect

time delay between signals:

in the rightmost panel. This results in the image of an “Einstein ring”.

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

Schneider, Ehlers, Falco, ‘Gravitational Lenses’

Atgrs

142, D;Dg
2c Dis

Q(l_l_zf) -DiD.&i f=
t1) DiD= ),

)

Llniverse 2017, 3, 57

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



PHYSICAL REVIEW LETTERS constraining directly

Highlights Recent Accepted Collections Authors Referees Search Press About H
speed of GWs with SL
Speed of Gravitational Waves from Strongly Lensed Gravitational See also:
Waves and Electromagnetic Signals T. E. Collett and D. Bacon, Phys. Rev. Lett.118, 091101 (2017)
Xi-Long Fan, Kai Liao, Marek Biesigda__ Aleksandra Piorkowska-Kurpas, and Zong-Hong Zhu
Phys. Rev. Lett. 118, 091102 — Published 2 March 2017 dlﬂ:erence between t|me de|ayS measured
SIS model: independently in GW and EM windows
ﬂB:‘ﬂE—ﬁ ﬁAzﬁ-l_ﬁE ‘ﬂ _4 D!S JE
B 3 E=D, 2
o P s Af,}, — AtGW
1 . 'm2 64
/ Ve,cw = VE(1l + —5—)

5"“’“"’1‘“‘ Lowenthal, PRD, 1973 | * Method based on modified dispersion relation

/
,‘: \f\,/ Das and thus independent of a particular
'\ 4 J u,:
¥

‘(.\y non-standard model of gravity

vl
4

3272 roNAy T(z)7(z1, 2
D Atgrg = i (—){ El{{ ; «) * method is differential in nature and thus - free
0 ¢ Ti2s from any assumptions regarding intrinsic

Lens plane
timelag between EM and GW signal emission
Dq source-lens misalignment y = 3 /9 g
Observer @ At :/\\ GW
: 8l ' 8
[Schneider et al. 2006] !
lensing is strong Atgw # At,],
% ______________ j__B_E ®
general form for bound on vaw -
valid for a broad set lens models hecuracy
At ‘ v
2 5T A/ aw i / e R
vGw _
L= ( ) = Loew T T
C Qt*;f“F1l+|3115(EE ’ zs)
‘ time delay is produced at lens location
factor related to lens model and cosmology Flens(z, 2s) ~ O(1) - results doesn't depend strongly on cosmology



perspectives: accuracy of time delay measurements

for galaxy-galaxy strong lensing with z;, = 1 and z, = 2 sets constraints on GW speed @
vew _10(\0T a oy strongly lensed transient events
— < 4, N - =
1-(=5%) =426 x10 (lms 250 km/s (01)

........................................................

with assumed ACDM cosmology:

Hy =68 km s~% Mpc™l, Refsdal Supernova 11.11.2014

_lens: Kelly et al., Science 2015
elliptical galaxy from

MACS J1149.6+2223
galaxy cluster at z=0.54

PS1-10afx 2014

controversial case

source:
spiral galaxy at z=1.49

SCP16CO03 host galaxy of SN
29.02.2016
massive galaxy cluster bl s i Sy g g
MOO J1014+0038 in the F105W flter (Y band), !"l:'?ill’ (J), and FUUH'C}H), From top to bottom lh:
atz=13 Kelly et al., ApJL 2016
SNla at z =2.22
reappearance
IPTF16geu of Refsdal SN : -
F814W, HST/WFC3 ( SN 2016 geu ) 11.12.2015 e e el L
5.09.2016 reappearance
predicted
A.Goobar et al., Science, in about one year
356,291-295 (2017) in one of
lensed
. nA1e images
A = [].21{:‘ of host galaxy October 30, 2015
{1 ~ 52 | "o

e i for SX image: @
. ’

1— (2ew)?<32 x10-1

December 11, 2035




Su(f) [1/vHz]

perspectives: lensed NS-NS or NS-BH mergers

for galaxy-galaxy strong lensing with z; = 1 and z, = 2
1-(*%) < .26 xm—w(fT_)(L) (L)

c 1 ms J\ 250 km/s 0.1

1 2 o i i ion:
At _ 14+ 2)2h(0,2) [ _ (vew —22 jet collimation:
P g e e L- (%) <992 10 ~10% of NS-NS systems will be
aligned as to give observable SGRBs

EM counterpart of NS-NS or NS-BH mergers visible as:
e kilonovae duration of order of days ~ P-S-Cowperthwaite and E.Berger, ; 10
. ApJ 814, 25 (2015) . \ Virgo
e short GRBs duration of order of 0.1-1S g roy et al, Nature 437, 845 (2005) - E o :
. E “HF
e FRB duration of order of ms D. J. Champion et al., MNRAS 10.1093 (2016) 2 . 8 = &
D.Thornton et al., Science 341, 53 (2013) g : W":M - ;
........................................................................ . 1™ A flc{isvgmi:id" G
- Einstein GW . P
NS-NS systems planned to be routinely detected by GW detectors B e i
1 1 1\0 160 1000 10000
. . . . Frequency [Hz]
DECIGO/B-DECIGO> ¢ Big catalogs of inspiral events @aLIGOIavlrgo
up to cosmological distances %
07
"’ | Source BNS NS-BH BBH
. te=1.03x10%s (M,/30.1 My)=53(f/0.1 Hz)=8/3 Rate (Mpc ! Myr 1) 0.16 00103 2x10°0.04
3 Isoyama, S. et al., Prog. Theor. Exp. Event Rate (yr ') in aLIGO |  0.4-400 0.2-300 2-4000
Phys. 073E01 (2018) Event Rate (yr!) in ET O(10*-107)  O(10*-107) | O(10*-10%)
107! 4
ET Science Team, “Einstein gravitational wave Telescope conceptual design study”
| GW150914 and GV_V:_L708_17 https://zenodo.org/record/3911261
107 could have been visible in
(B-)DECIGO band for ~ 10 days Yearly detection rate for DECIGO
107 5 and ~ 7 yrs prior to coalescence _ _ — — _
Wlth Iarge numbers Of GW CyCIeS Evolutionary scenario  standard optimistic CE delayed SN high BH kicks
L A e G = IR lo“ucnﬁsiiiallicity 233.1 119. 335.5 3054.4
0.001 oo 0.1 — ! 10 100 high-end metallicity 130.6 203.9 T07.3 8R07.7
S . respective rates BHNS o e . I
DECIGO sensitivity significantly for%-DEC|G0; b end metallieity 2000, 3140 16115 16157
affected by unresolved BH-BH systems; 10° (NS-NS), 1mmudHn_EtHauicity 207755.2 384698, 178991.7 20125.8
B-DECIGO affected much less 10* (BH-NS) high—c&;t;]jq}({tﬁlllicity 166436. 360001.5 145583.5 15379.5
=z 5 OW-E11 m; allicity p HTT .2 386056.5 i3 25057,
A' PIOI‘kOWSka-KurpaS et al! Ap‘] 908 196 (2021) 10 (BH-BH) lllig}1—011t;]i 1110ttallllicitt}y ifl;[?;gﬁ')i 4;215-15;“ ﬁ%‘g[f)':ﬁ é;’)[?;[)[}.g




Swope +10.9 h

DLT40-205d

perspectives: First Multimessenger Transient
GWs ‘
GW170814 Lcownrco oy
Il <17
y-rays Fermi/ -
GRB 170817A __ 1'¥5 T ,
@ 11 hours after the merger :;:EF‘;‘I‘TJ
SSSi17al bright optical transient S |
AT 2017gfo in NGC 4993 X

g

Follow-up observations:

multi-wavelength evolution within the first 12—24 hr
UV-blue transient
X-ray emission
radio emission

~15h after merger

~9 days after merger
~16 days after merger

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

—>

GW lensing in ET discussed in papers:

lensed | NS-NS or NS-BH mergers

A. Piérkowska et al. JCAP10(2013)022
M. Biesiada et al. JCAP10(2014)080 (full DCO: NS-NS, BH-NS, BH-BH)

(NS-NS only)

oW
[==¥-1
S &8

=]
=)

frequency (Hz)

LIGO - Virgo

24
400 600 1000
wavelength (nm)

2000

GW
11 i I |
y-ray
1 I
X-ray )
A —
| O———————
b ([0 NI ININRIA TN |
—
R punpinm nill
s 5 A v, 1 e S et \ -
== NARR TLANMI D | oy
-100 -50 050 107 10" w |
_As) t-t, (days)
1M2H Swope DLT40 VISTA Chandra
1 |
2 4 | —u
- - ot =N 2 . .
- 3 /II s : | -
10.86h 11.08h Al[11.240 "y od X-ray
MASTER | J VLA

|[Las Gumbres |

iz||[11.57h w

16.4d Radio

X. Ding et al. JCAP12(2015)006 (relaxing intrinsic SNR=8 demand; magnification bias)

robust

prediction: 50-100 lensed DCO events per year

BH-BH systems contribute 91 — 95%;
NS-NS systems 1 — 4%

~a few lensed
NS-NS /yr

results

Einstein
Telescope

® Jicreased sensitivity
great expectations

L Big catalogs of inspiral events up to
cosmological distances

O Afulti-messenger astrophysics

® Some of them would be
gravitationally lensed

corrected for Earth’s rotation effect:
L. Yang et al. Ap) 874, 139 (2019)
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confusion noise of
unresolved systems
influence our ability

50 lensed events per year
few lensed events per year

SNR above
threshold of 8

Yagi & Seto 2011
Isoyama et al. 2018

optical depth corrected for finite duty cycle of detector

»

Zs
e Nlensed(zs) — / TAt(ZSa Ymazxs Tsur@)
0

dN (> po)

fdz

dz

merger rates according to Dominik et al. 2013

https://www.syntheticuniverse.org

StarTrack code

4 binary evolution scenarios:

to detect inspiralin 2 galaxy metallicity 7 gianqard
! BH—BH systems DCO SyStl:(;mS 9 evolution models
. = " = "
high-end” ,low-end” ; optimistic
expected numbers of lensed GW events from inspiraling DCOs Common
Teurv = 4 yrs.
surv Yy Envelope (OCE)
DECIGO
Evolutionary scenario  standard optimistic CE  delayed SN high BH kicks standard optimistic CE  delayed SN high BH kicks 3. DE|ayed SN
| dvrs Avrs dvrs Avrs eXp|OSi0n
NS-NS
low-end metallicity 0. 0. 0. 0.07 g(l} %g-% 2.4 g%
high-end metallicit 0 0. 0. 0.29 . 20. .5 . H H
TN = 4. High BH kick
low-end metallicity 0.2 0.02 0.15 0.38 6.2 9.4 2.9 0.7
high-end metallicity 0.21 0.03 0.2 0.39 5.T 0.8 2.7 0.7
= Timeline
low-end metallicity 66.91 58.12 62.86 10.04 OMyr | =995 Ro
high-end metallicity 65.07 71.28 61.41 8.46 iggg g%gg %ggﬁ })144 @ @ o
B DECIGO
Evolutionary scenario  standard optimistic CE  delayed SN high BH kicks 4 Star‘lﬂilrd Dptm;fzc CE delag’fbi SN high ﬂBV[_l_IS kicks
NS-INS
o 0.0001 0.0004 0.0001 0.0001
low-end metallicity 0. 0. 0. 0.
high-end metallicity 0. 0. 0. 0. 0.0002 0.0004 0.0002 0.0001
BH-NS
low-end metallicit 0.2 0.02 0.15 0.38 0.07 0.2 0.04 0.006
hieh: sid I::L:HIS:PL 0.2] 0.03 02 0.39 0.03 0.1 0.02 0.005 e
BH-BH e
low-end metallicity 9.25 5.42 9.2 2.73 48.8 134.1 40.3 3.1 | T
high-end metallicity  13.66 10.94 14.78 2.25 38.3 121.2 31.3 2.4 A e
a=2.6 Ro
lensing rates calculated if all accessible | wwl % @ @ .5 -

sources were resolvable ...




é :x‘ weakening of the gravitational force

existence of .
1 \ . .
® \ massive gravitons > atlarge distance due to

( A YUKAWA-like POTENTIAL

https://www.particlezoo.net

GM} (< 1 1
_ b0t (< T) exp _r -4 C

r Aw| \Xg T

Poisson’s equation for gravity
Vip = 4nGp
@ g — Vo )\ _ h
(V2 — m?)p=4nGp

gy (1)

G M [ <7
],.2

mg — 0= Ay — 00 = gy(r) — gn(r) =

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.

. T T T ‘ T T T ‘ T T T T T T
F. Zwicky, Publ. Astron. Soc. Pac. 73, 314, 1961.: T . H, since 1920 i
600 |— } : =
COSMIC AND TERRESTRIAL TESTS FOR i f } Hy ~ 100 — 200 km s "Mpc?
THE REST MASS OF GRAVITONS* g L 4
[=%
F. Zwicky \i = B ]
Mount Wilson and Palomar Observatories \E\ - E B
Carnegie Institute of Washington i L i
California Institute of Technology \“; 200 — E _|
- i ¥ . Lo o |
one relates to the fact that the rich globular clusters of galaxies —64 z o
are the largest statistically stationary aggregates of matter and Tn‘g < 9.65 - 10 g ?920‘ : 19‘ 40‘ T - =
that among more than 20,000 clusters of galaxies there is no Date
cluster of clusters. There is not even a single bona fide double @

system that consists of two distinct globular or elliptical compact

clusters of galaxies. Furthermore, the large velocity dispersion ¢

expected among neighboring clusters of galaxies if Newton’s law m < 3 . 2 . 1 0_ 31 ev
were strictly correct is nonexistent. From these observations we g

may conclude that the indicative absolute ranget of gravitational

forces A is of the order of 20 million parsecs. This leads to a

rest mass of the graviton mg of the order of h/cA or 5.65 X

10-%¢ grams.

improved estimation:
m, < 1.1-107%%V




Gravitational acceleration in the case Optical 50 &= o W oBur™]
of non-zero graviton mass: By ‘

GIMY. (< r) r 1 1
gy (r) = R || [ —F =
A Agl \Aqg T

massive gravitons modify cluster mass estimates !

Optical image: Virgo cluster (largest galaxy M87)
Credit: NOAO

(galaxies account for only about 2-3% of the total mass of the clusters)
ROSAT image, credit S. L. Snowden

Assumptions: Hot intracluster gas (1CG) R. W. Schmidt, ITP, 11 Jan 2012
: thermal Bremsstrahlung emission of
« spherical symmetry distribution electrons with energies up to several keV
« perfect gas : (20-100) x 10°K
* hydrostatic equilibrium with only relaxed clusters !
: cluster gravitational potential - Paas(T)
... ‘total dynamical Pgas - ’n’gaSkBTgaS - m kBTgaS
. 4 &3
mass of cluster: 4 .
: ~ - I I ht
dP ' ﬁ> ' dP, as : s 00 gl]‘?g:izrzg eT:s%awelg :
- - _pgas (T f ) ﬂr{tOt (< T.) - G ( ) dg 5 (in atomic mass unitlgom = 1.66 x 10~ *g) :
dr “ Pgas\T r h R
gn(r)
gy (1) kB TTgas(T) dIn Pgas (T') n

in Newtonian case: jlfftot(< fr) - —

in the presence of um, G dIn T\

non-standard
Yukawa potential

.......................................................................................................

from cluster surafce brightness measurements

/ in X-rays: 1
2\ : Sy =-——— / RN (T A)dl
g :

Mt};t(< T) — Mtot(< T) exp " 4m(1 +2)*

ATCM B

)\g r—+ )\g - supported by SZ observations: = f(z)y

Toms /

ar
y = P.(Ddl
Mo / Te(tin.(Ll mec? / @)

dimensionless orkp
Compton parameter: Y =




the XMM-Newton Cluster Outskirts Project

Graviton mass froml X-COP [galaxy clusters

Aleksandra PidrkowskaK | St Cag? X-ray observations combined with SZ effect
eKsandra riorkowska-wmurpas, uo vao

and Marek Biesiada®
! Institute of Physics, University of Silesia, 75 Pulku Piechoty 1, 41-500 Chorzéw,
Poland

2 Department of Astronomy, Beijing Normal University, Beijing 100875, China
3 National Centre for Nuclear Research, Pasteura 7, 02-093 Warsaw, Poland

XMM-Newton Telescope

E-mail: aleksandra.piorkowska®@us.edu.pl

Planck Mission
12 massive galaxy clusters @

(with redshifts 0.04 <z <0.1) especially good quality of M_tot (< r) estimates
(relative uncertainties remains at around 5%)
+ non-thermal pressure fraction

. the highest signal-to-noise ratio for Planck SZ signal
taken into account 9 9 g

D. Eckert et al. (2018)

. . . . . . S. Ettori et al., Astron. Astrophys. 621, A39 (2019)
we are looking for a minimum of the y? objective function

2 ...........................................................................................................

n 4 i _ obs :

9 Mtot,z‘(?": Ag) tot,z‘(?ﬂ) . Table 4 from
X = : D. Eckert et al., Astron. Astrophys. 621, A40 (2018)
i JMobs_ :
1= tot,? :
Mot 500 / Mot 200
r A . . . .
Y . g Ma and R are defined as the mass and the radius of a given cluster corresponding to
Mtot(< T) = Mtot(< 'T') exp [)\g] (’I" EE /\g) the density of the cluster which is A times critical density of the Universe p. = ZTHg;.
. h
AQ T mge

lower limits on the Compton wavelength A, — upper limits on graviton mass my,




ReS'I_]_ltS Table 1. Lower limits on the Compton wavelength A, (in km) associated with massive
graviton and corresponding upper limits on graviton mass m, (in eV) obtained on
the basis of the X-COP galaxy cluster total masses reconstructed with non-thermal
contribution to ICM pressure [46].

fit a L fit b 68%ec.l. ¢ 1 68%e.l. ¢ 95%c.l. d 0 95%ed. d
Ag My Ag Mg Ay Mg

Results for My 500: ¢ 6.22-10%  1.99-10~% | 2.61-10° 4.77-1072° 1.83-10° 6.79-1072°

Results for Mypr000: /  2.44-10%  5.10-107** | 3.55-10*° 3.49-1072° 2.49-10Y 4.99 -10729

@ )\SL is graviton Compton wavelength understood as best fit value obtained via minimization procedure
of x? function given by Eq.(10); -mg“ is best fit value expressing upper limit on graviton mass directly
linked to )\glt through A, = mfﬁ ¢ estimated 68% c.l. limits on the graviton Compton wavelength and
mass; ¢ 95% c.l. limits on the graviton Compton wavelength and mass; ¢ results obtained with using
X-COP cluster total masses estimated within r = Rgoo; { results obtained with using X-COP cluster
total masses estimated within r = Roqg.

One can see that 68% C.L. for graviton mass

. of about m, < (3.49—4.77)x 1072 eV
other dynamical 0 < )

tests of Yukawa term: obtained from X-COP sample is among stringest available.

» bounds from the Solar System: m, < 10~“ el C.M. Will (1998) Phys. Rev. D 57, 2061-2068.

e bounds from the S2 (or Source 2)

; . —21 , .F . i .
star orbit at the Galactic Center: /7% < 2.9 X 1077 e}/ AF Zakharov, R jovanouic, . Borka and

V. Borka Jovanovic, JCAP05(2016)045.

- bounds from galaxy clusters: 11, < T4 — 1= eV

S. Gupta and S. Desai (2018) Annals of Physics 399, 85.
S. Gupta and S. Desai (2019) Class. Quantum Grav. 36, 105001.

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:

> non-zero graviton mass may cause shape (or phasing) distorsion

of the observed GW waveform my < 1.76 X 1073 eV/®  at 90% contidence

— 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 :::::f::;’ >

emitted form the same source

&rav observer
intrinsic time-lag problem!

—>  strong lensing of GW signals from NS-NS or NS-BH systems can be used to

directly constrain speed of GWs: _ _
difference between time delays measured

robust prediction: independently in GW and EM windows
Few lensed NS-NS /yr

- |
\l &Y

THESEUS mission will complement ET &t.}, o ‘&r‘GW
GW detections in EM window

HE transient events, accurate sky position, source characteristics

* dynamical tests based on Yukawa potential: upcoming X-ray missions

—> non-zero graviton mass influence cluster mass estimates @ /‘3
ROSITA

mg < (3.49—-4.77)x107* eV | from X-COP galaxy clusters
6% C.L. (X-ray + SZ effect) ’D\THEN}\.-




Thank you for attention!
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