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o '_}What are grav1tat10nal Waves"

Theoretlcal background

) ..How do we knew We are seeing- grav1tat10nal Waves"
Deteotmg new 31gnals | - e

3 -'What can we use grawtatlonal waves for"
Astrophysws with grav1tat10nal waves o
Fundainental physws with grav1tat10nal Waves e



Masses in the Stellar Graveyard
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 Detection statistics

. Tasl Separate data X 1nto srgnals and n01se | |

A I Compute some statrstre f(x) and
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" Limifations in real life

Nee'd a parameterised 'noise model
GW detectors eannot turn off s1gna1

- Need d parameterlsed Srgnal model

GW detectors eannot turn on srgnal

For large parameter spaees margrnahsatlon may be
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" Fig 4 of LVC, PRL116 (2016) 061102
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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 A3l -

comblnes post—Newtoman 1nsp1ra1 with phenomenologlcal ﬁt model of
- numerical simulations of late 1nsp1ral and merger, and qua31 analytleal :
_ ringdown phase




Post-Newtoman expansmn (2-2 phase)

i ? el ' Includes
PN Ol'del' Shet (amongst other thlngs)
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— HI1 SNR(t)

H1 matched filter SNR around event

Time since 1126259462.4395
SEOBNRV2 source: https://www.gw-openscience.org

H1 matched filter SNR around event

T = H1 SNR(t)

K 2 0
Time since 1126259462.4268 .

OPN figure courtesy Madhu Jha
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Theoretlcal rateS'
predlctlons 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
Bl " Assumes that 10% of all globular clusters are sufficiently massive and have a sufficient binary fraction to form an IMBH-IMBH binary
jonice 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)




Data ﬁtted noise. and 81gnal models
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~ Binary Neutron Star GW170817 .
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' GWI70817 sky location

. Fig2, 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
. Lum1r10s1ty dlstance 40_14 Mpe Ferrrnl SGRB 1. 7 sec later |

- 2010 “reahstre” rates prOJectlon IOOO per Gpe per year range 10 to 10 000

b Measured now to be 1540i§%‘2’8 per Gpe per year s

. Hubble constant 70*12 km per second per Mpc - AR
S e | Fedbial o "~ LVCPRL 119 (2017) 161101
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Fig 3 of “GWE70817: Measurements Q/.‘ﬁ&ttib’il star radii and equation of state” LVC arXiv: 1805. 11581




' OthEPPGtential ‘GW sources’ | o
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. Neutron star — Black hole systéms

.Deform'ed rOféfihé.ﬁeutfon-stérs o

Galactlc supernovae i

Intermedlate mass black holes :
_.;_Astrophyswal baclf.gro_un__d_

i C'osin‘i:'c strings o : 0

Flrst order phase transitlons .
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e Non-perturbatme preh_eatmg- |
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. Source: NASA/HS T




. Worldwide network -

So.urce.' Virgo/LAPP, T. Patterson



~ Observing scenarios
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* Full GW spectra

Stochastic
background

Hesolvable galactic
binaries

Extreme mass
ratio inspirals

Supernovae

Source: Wikimedia; C. Moore, R._ Cole and C. Blerljy



Reference resources

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

LIGO Open Selenee Center: https //0sé. hgo org
' Selence Summarles https //WWW hgo org/sc1ence/outreach php

| https._//Www.zoon_lverse.or,g_/proj-ects/z.oomverse/ gra.Vlty—spy_ o

| Data analy51s software https //w1k1 hgo org/DASWG/LALSu1te
| Data processmg software https /Igwpy.github.10/

o Papers https //www.lsc- group phys uwm. edu/ppcomm/Papers html :

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

e "cWB (Umodeled search) 2
https /IWWW. atlas‘ ael.uni- hannover de/~waveburst/ LSC/ doc/ cwb/man/
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FERM/GBM OBSERVTIONS OF LIGO GRAVITATIONAL-
WAVE EVENT GW 150914

V. Connaughton?, E. Burns?, A. Goldstein®2°, L. Blackburn®® (2}, M. S. Briggs® ', B.-B. Zhang'-®

ow full author list

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 GW150914 reveal the presence ot 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

] 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

1.5

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

s~L. 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)

e

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

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



~ PHYSICAL REVIEW D o

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 : ] g ©
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 II. Table of Bayes factor results. Negative values | .
indicate that the Gaussian noise hypothesis is preferred. Pos- e
itive values indicate that the echoes hypothesis is preferred | e
after marginalization over parameters. Log Bayes values with

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

the nomenclature of [43].

Table II 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;

fast pulsars

with

mountains

SOURCES

binary stars in
the galaxy |and
beyond
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