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ABSTRACT
It is argued that a formula for the energy loss due to gravitational radiation of bound systems
such as binaries has not vet been derived e1 actly or by means of a consistent apprntlmdl]nn
method within general relativity, a view which contradicts some widely accepted claims in the litera
ture. The main approaches used to obtain such a formula are critically reviewed, and it is pointed out
that the derivations presented so far either contain inconsistencies or are incomplete.
Subject headings: gravitation — relativity — stars: binaries
concerned erL not with a field theory of g ation in
fundan .tl prul’m m of any n:ld thrur\ e abstract, but with a partic uhr one: Einstein’s
More «puthulh the I‘liHUI general lh: ; of It‘llll\.il\ 'n some "E'i])t‘lt‘\



~Propagation of gravitational waves

.. Plasma mean free path: . = [ = — =% ——— = (1011%)m-

 “..any reasonable regularlzatlon of the vacuum expectatlon

Value Ui the energy momentum tensor of the field must vanlsh (O | T | O)
~ This means that a gravitational wave far from its source W111 : ab
propagate w1th0ut hindrance by quantum effects.”

Glbbons Commun Math Phys 45 (]975) ]91



Barry C. Barish {(Caltech)

2017 Nobel Prize in P

Kip 5 Thorne (Caltech)

Rainer Weiss

“""for decisive contributions to the LIGO detector and

the observation of gravitational waves'"”
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~ Reading between the lines
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~ Spectral lines .
Violin line———

60Hz harmonics
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not in LVEA
vacuum chamber

in air optics table
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Masses in the Stellar Graveyard

in Solar Masses
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 Detection statistics

. Tasl Separate data X 1nt0 srgnals and n01se | i

= AA 00 Compute some statrstre f(x) and
; compare to a thresheld E L e

| Neyman Pearson errterron max1nnse p(Detectron) at
ﬁxed p(False alarm) e

- «.Solutior eompute ahkehhood ratro -

| Neyman, Pearson 1933 .



Sy Baye'sianinterprétation B

p(HS,,gnadx) p(xmﬂgnal) p(HSlW), . ‘

p(Hnmselx) p(x|Hnmse) p(Hnmse) i

 D(xlHsignar) = | B (x10, HsggnatJp(@)do



~ Limitations in real life

Need a parameterised 'noise model
GW detectors eannot turn off srgnal

- Need d parameterlsed srgnal model

GW detectors eannot turn on srgnal

For large parameter spaees margrnahsatlon may be

| g;expenswe i

" . Result will depend on prior distributions
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Channel 1 at 932451272.000 with Q of 45.3
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Channel 1 at 932451272.000 with Q of 45.3
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Grav1tatlonal Waveforms

3 Numerlcal relativity -
 either finite differencing or spectral met_hdds’ |

- maps two body problem to one body problem via effective Hamlltoman |
and cahbrated to numerlcal 81mulat10ns Gl -

combmes post-Newtoman msp1ral with phenomenolog1cal fit model of
- numerical simulations of late msp1ra1 and merger, and qua31 analytlcal ;
. ringdown phase




Post-Newtoman expansmn (2-2 phase)

i s el ' Includes
PN Ol'del‘ SHETL (amongst other thlngs)

OPN * ~ i Sk D Kepler :

W QTR . Newtonian Grav1ty
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Gravitational tails (backscatter)
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" Fig 4 of LVC, PRLI16 (2016) 061102
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— HI1 SNR(t)

H1 matched filter SNR around event

H1 matched filter SNR around event

T = HI1 SNR(t)

K 2 0
Time since 1126259462.4268 .

OPN figure courtesy Madhu Jha
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Theoretlcal rateS°
predlctmns becomlng constralnts

TABLE II: Compact binary coalescence rates per Milky Way Equivalent Galaxy per Myr.

Source R R,. Riign Roax
NS-NS (MWEG ! Myr—!) 1[1]® 100 [1]® 1000 [1]¢ 4000 [16]¢
NS-BH (MWEG™! Myr™?!) 0.05 [18]° 3 [18 100 [18]°
BH-BH (MWEG™" Myr™') 0.01 [14]" 0.4 [14]* 30 [14)
IMRI into IMBH (GC™! Gyr™ %) 3 [19]* 20 [19]’
IMBH-IMBH (GC™! Gyr™ 1) 0.007 [20]™ 0.07 [20]"

“Lower end of 95% confidence interval for the pulsar luminosity distribution yielding the lowest rate (Model 14) in Table 1 of [1]

bPeak rate for the reference pulsar luminosity distribution (Model 6) in Table 1 of [1]

“Upper end of 95% confidence interval for the pulsar luminosity distribution yielding the highest rate (Model 15) in Table 1 of |1]
IMean rates plus 2o for Type Ib/Ic supernova [16], values from [17]

“The left edge of the probability distribution peak for NS-BH in Figure 6 of |18

fThe center of the probability distribution peak for NS-BH in Figure 6 of |18]

9The right edge of the probability distribution peak for NS-BH in Figure 6 of |[1§]

hThe left edge of the probability distribution peak for BH-BH in Figure 15 of |14]

"The center of the probability distribution peak for BH-BH in Figure 15 of |14]

IThe right edge of the probability distribution peak for BH-BH in Figure 15 of |14]

FEstimate from binary hardening via three-body interactions assuming the inspiraling object is a neutron star (Section 2.1 of [19])
IUpper limit of 300M¢,/m per 1010 years per cluster (Section 3.3 of [19]), assuming the inspiraling object m = 1.4 M, is a neutron star
" Assumes that 10% of all globular clusters are sufficiently massive and have a sufficient binary fraction to form an IMBH-IMBH binary
Bonce in their lifetime, taken to be 13.8 Gyr |20

"Assumes that all globular clusters are sufficiently massive and have a sufficient binary fraction to form an IMBH-IMBH binary once in
heir lifetime, taken to be 13.8 Gyr |20]

Abddie et al. Class.Quant.Grav 27 173001 (2010)
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. New signals, 2-OGC.catalogue o

Date « atio GPS time ' 1 FAR™! (v) : ARR 1]8 e )i (Mpc)
= 10000

> 10000
: > 10000 47.32 9. 31. g2t . 0 920
151226+03 UTC 35136350.65 > 0.999 > 10000 40.58 10. _ 3.94790 ‘7gt2 9t01TT 460
151012+09:54:43UTC 3678000.45 > 0.999 > 10000 2025 7.0 6. 22 41134 381 ~0.001233  ggoHe™
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170201+11:03:12UT( : 0.26 Bics 1317y 04470 s 15307
170425+05:53:34UTC 2.19 942 &. BT 30 0.067,3 26007
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.

S Tt o Rl " Table 3 of Nitz et al, arXiv 1910.05331
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L | GW1708.17__Sky' l'_oca'tion o

Fig 2, ApJL848, (2017) L13



Binary Neutron Star Merger GW170817-

LIGO-Livingston raw data
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Top of Fig 2 from LVC PRL119 (2017) 161101 |



- BNS, ShOl‘tGRB
| Luﬁnhosﬂy dlstance 40_14 Mpc, Ferni S-GRB 17 se.c' latéf |

2010 “reahstlc” rates pI’OJGCthIl IOOO per Gpc per year range 10 to 10 000

Measured now to be 1540?%28 per Gpc per year e

- . Hubble COnStant.7O_i§2. km per second per Mpc =~ . R
g i | T 7 LVC PRL 119 (2017) 161101

A ' ’
Speed of grav1ty —3 X 10‘15 e 10‘16 ' i e
- LA ©, . LVCApJL848(2017)L13
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. Neutron star — Black hole s'ystém_s

.Deform'ed rOféfihé.ﬁeutfon-stérs o

Galactlc supernovae i

Intermedlate mass black holes :
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. Source: NASA/HS T




So.urce: Virgo/LAPP, T. Pattelrson,



5 | ~ Observing scenarios
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LVC and KAGRA, Fig. 2, Living Rev Relativity (2018) 213
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background

Hesolvable galactic
binaries

Extreme mass
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Supernovae

Source: Wikimedia; C. Moore, R.. Colc and C. B.err_y



Reference resources.

- Abbott et al “The baszc physzcs of the binary black hole merger .
e GW150914” arX1V 1608. 01940 Annalen Phys. (2016) 041015 e

LIGO Open SClence Center: https /) gw—opensc1ence org |
' SClence Summarles https //WWW hgo org/sc1ence/outreach php

https //WWW zoomverse OI‘g/pI‘O] ects/zoonlverse/ grav1ty spy

| Data analys1s software https //w1k1 hgo org/DASWG/LALSu1te
| Data processmg software https //gwpy glthub 10/ 3 |
ol Papers https //www.lsc- group phys uwm. edu/ppcomm/Papers html >

' _PyCBC (Template searches and s1gn1ﬁcance) https /./pycbc org/

ot "cWB (Umodeled search) =
https /IWWW. atlas‘ ael.uni- hannover de/~waveburst/ LSC/ doc/ cwb/man/
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Fig 3 of “GWE70817: Measurements of neutron star radii and equation of state” LVC arXiv: 1805.]11581
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FERM/GBIVI OBSERVTIONS OF LIGO GRAVITATIONAL-
WAVE EVENT GW 150914

V. Connaughton?, E. Burns?, A. Goldstein®2°, L. Blackburn*® (2}, M. S. Briggs® ', B.-B. Zhang'-
J. Camp?, N. Christenseni®, C. M. Hui3, P. Jenke’ +Show full author list
Published 2016 July 13 » © 2016. The American Astronomical Society. All rights reserved.

The {o ournal Let Volume imber 1

With an instantaneous view of 70% of the sky, the Fermi Gamma-ray Burst Monitor (GBM)
is an excellent partner in the search for electromagnetic counterparts to gravitational-wave

(GW) events. GBM observations at the time of the Laser Interferometer Gravitational-wave
Observatory (LIGO) event GW 150914 reveal the presence of a weak transient above 50 keV,
0.4 s after the GW event, with a false-alarm probability of 0.0022 (2.90). This weak transient

lasting 1 s was not detected by any other instrument and does not appear to be connected

1 with other previously known astrophysical, solar, terrestrial, or magnetospheric activity. Its

localization is ill-constrained but consistent with the direction of GW150914. The duration
and spectrum of the transient event are consistent with a weak short gamma-ray burst
(GRB) arriving at a large angle to the direction in which Fermi was pointing where the GBM
detector response is not optimal. If the GBM transient is associated with GW150914, then
this electromagnetic signal from a stellar mass black hole binary merger is unexpected. We

15

calculate a luminosity in hard X-ray emission between 1 keV and 10 MeV of 1.8} x 10* erg

s~1. Future joint observations of GW events by LIGO/Virgo and Fermi GBM could reveal

whether the weak transient reported here is a plausible counterpart to GW150914 or a
chance coincidence, and will further probe the connection between compact binary mergers

and short GRBs.



PHYSICALREVIEWD e

covering particles, fields, gravitation, and cosmology

Highlights Recent Accepted Authors Referees Search Press About M : )

Wider look at the gravitational-wave transients from

GWTC-1 using an unmodeled reconstruction method

F. Salemi, E. Milotti, G. A. Prodi, G. Vedovato, C. Lazzaro, S. Tiwari, S. Vinciguerra, M. Drago,
and S. Klimenko

Phys. Rev. D 100, 042003 — Published 28 August 2019

Frequency (Hz)

-

910.4 910.6 910.8
Time (sec) : GPS OFFSET = 1128677990.000

: Fig 3d of Salemi et al, PRD100 (2019) 042003 -



" PHYSICAL REVIEW D

covering particles, fields, gravitation, and cosmology

Highlights Recent Accepted Authors Referees Search Press About N

Parameter estimation and statistical significance of
echoes following black hole signals in the first
Advanced LIGO observing run

Alex B. Nielsen, Collin D. Capano, Ofek Birnholtz, and Julian Westerweck : ] -
Phys. Rev. D 99, 104012 — Published 7 May 2019 ' :

Event |Log Bayes factor|Max SNR
GW150914 -1.8056 2.86
LVT151012 1.2499 5.5741
GW151226 0.4186 4.07

TABLE 1I. Table of Bayes factor results. Negative values ‘ Ay
indicate that the Gaussian noise hypothesis is preferred. Pos- .
itive values indicate that the echoes hypothesis is preferred | W
after marginalization over parameters. Log Bayes values with

magnitude < 1 are “not worth more than a bare mention” in

the nomenclature of [43].

Table I of Nielsen et al, PRD99 (2019) 104012 -



.. X-ray binaries masses and spin
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. Xeray + GW masscs and spins
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THE GRAVITATIONAL WAVE SPECTRUM

gquantum fluctuations in the very early Universe

merging binary
neutron stars and
stellar black holes
in distant galaxies;
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