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O V E R V I E W

❖ First discovery:  

❖ what didn’t we observe? 

❖ 2G, 2G+ detector network 

❖ What can we expect advanced detectors to have 
accomplished by ~2025?  

❖ 3G science beyond 2025+ 

❖ what will be the most compelling problems in 2025?
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G W 1 5 0 9 1 4 :  U N F I N I S H E D  S T O R Y

❖ Long adiabatic inspiral 

❖ Higher-order multipoles beyond quadrupole 
radiation 

❖ Extremal black hole spins 

❖ Spin-induced precession and frame dragging 

❖ EM counterpart  

❖ Late time quasi-normal modes
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( L A T E  T I M E )  
 Q U A S I - N O R M A L  

M O D E S
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T E S T I N G  N O - H A I R  T H E O R E M

Dreyer+ 2004, Berti+ 2006, Berti+ 2007, 
Kamaretsos+ 2012, Gossan+2012

❖ Deformed black holes emit 
quasi-normal modes 

❖ complex frequencies depend 
only on the mass and spin 

❖ Measuring two or modes 
would provide a smoking 
gun evidence of black holes 

❖ If modes depend on other 
parameters, consistency 
between different mode 
frequencies would fail
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W H A T  D I D  W E  O B S E R V E ?
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W H E N  D O  Q N M  B E G I N ?
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S O ,  D O  W E  S E E  Q N M ?
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W H Y  A R E  Q N M  I M P O R T A N T ?

❖ QNM are the true test of whether the final 
remnant is a black hole 

❖ If not a black hole QNM frequencies would depend 
on parameters other than remnant’s mass and spin 

❖ Abrupt turn off of the signal not quite enough 

❖ to claim the remnant is a black hole requires, to 
some degree, that the signal respects the no-hair 
theorem
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amplitude, the energy in 33 mode, whose frequency is
roughly twice that of 21, will be significantly larger as
we will see in Sec. III, while discussing the relative signal-
to-noise ratios of the different modes. The interference
between the different modes causes features that become
apparent in the spectrum of the modes shown in the left
hand panel of Fig. 2, which we will discuss further in
Sec. III.

B. A generalized model for the QNM

In order to test GR, we extended the waveform model so
that the frequencies and decay times of the modes were
allowed to be dependent not only onM and j, but also other
dimensionless parameters. More specifically, we consid-
ered that frequencies !lm depended on three parameters
ðM; j;!!̂lmÞ and damping times !lm also depended on
three parameters ðM; j;!!̂lmÞ. Furthermore, we assumed
that the dimensionless parameters !!̂lm and !!̂lm were
independent for each mode. Following Li et al. [22], in this
generalized model, the frequencies !lm;non GR and decay
times !lm;non GR were expressed as

!lm;non GR ¼ !lm;GRð1þ!!̂lmÞ; (13)

!lm;non GR ¼ !lm;GRð1þ!!̂lmÞ; (14)

where !lm;GR and !lm;GR are the frequencies and decay
times of modes as in GR. The signal produced by the GR
hypothesis is a special case of the generalized model, in
which !!̂lm ¼ !!̂lm ¼ 0 for all l, m.

C. Bayesian analysis

Having described the waveform model and its parame-

ters (contained in a parameter vector ~"), we will now
describe how these parameters are estimated from data

containing a ringdown signal. We assume that the data
from the gravitational-wave detector in the frequency do-

main ~d contains both the ringdown signal ~hðf; ~"Þ and some
additive Gaussian noise with known power spectrum ShðfÞ.
Thus, the data ~d is assumed to be ~di ¼ ~hðfi; ~"Þ þ ~ni, where
i is the index of the frequency bin. The noise power spectra
used for ET and NGO are given in Sec. III A. As we
perform our analysis in the frequency domain, we use the
Fourier transformed signal model ~hðfÞ ¼ R1

0 hðtÞe%2#iftdt
computed with the FFTW package.
Our goal is to compute the posterior probability distri-

bution (PDF) (see, for instance, Ref. [23]), of the parame-

ters pð ~"jd;H Þ,

pð ~"jd;H Þ ¼ pðdj ~";H Þpð ~"jH Þ
pðdjH Þ ; (15)

where pðdjH Þ is the evidence, or marginal likelihood, of
the model

pðdjH Þ ¼
Z
"
pð ~"jH Þpðdj ~";H Þd ~"; (16)

H , pð ~"jH Þ is the prior distribution of the parameters

given the signal model and pðdj ~";H Þ is the likelihood

of the data for a particular set of parameters ~":

pðdj ~";H Þ / exp
!
%2

X j~di % ~hðfi; ~"Þj2
ShðfiÞ

"
: (17)

Posterior distributions for particular parameters of interest,
e.g., the!!̂lm and!!̂lm, are computed bymarginalizing the
PDF over all other parameters. We also compute the Bayes
factor Bi;j between various hypotheses, Bi;j ¼ pðdjiÞ=
pðdjjÞ, which is the evidence ratio between hypotheses i
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FIG. 2 (color online). Left: Strain amplitude of a quasinormal mode signal from a black hole that forms from the merger of a binary
of (observed) total mass 5& 106M' and mass ratio q ¼ 2 at 1 Gpc. We have plotted the first four dominant modes, 21, 22, 33 and 44,
together with their superposition. Right: The signal-to-noise ratio integrand of the same signal d$2=df ¼ jHðfÞj2=ShðfÞ, where ShðfÞ
is taken to be that of NGO. The presence of the 33 and 44 mode can be clearly seen in the overall spectrum; 21, however, is buried
under 22.
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amplitude, the energy in 33 mode, whose frequency is
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we will see in Sec. III, while discussing the relative signal-
to-noise ratios of the different modes. The interference
between the different modes causes features that become
apparent in the spectrum of the modes shown in the left
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H I G H E R  O R D E R  
M O D E S

h+ � ih⇥ =
X

�2Y`mh`m
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B I N A R Y  B L A C K  H O L E  S P E C T R O S C O P Y
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W H Y  H I G H E R  M O D E S ?

❖ Higher modes potentially contain more physics and 
more information about the dynamics 

❖ They break certain parameter degeneracies 
❖ They help in better localisation of the source
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E X T R E M A L  B L A C K  H O L E  S P I N S

❖ Some astronomical candidates seem to suggest 
black hole spins could be the maximum spin 
allowed by the Kerr solution 

❖ Remnant spin is no where near that extremum 

❖ It would be interesting to observe black hole 
binaries with large spins
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S P I N - I N D U C E D  
P R E C E S S I O N



S P I N - O R B I T  C O U P L I N G

17 Credit:Mark Hannam
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O R B I TA L  P R E C E S S I O N

18

Equal-‐mass,	  non-‐
spinning	  BBH  
consistent	  with	  
GW150914

Unequal-‐mass,	  
precessing	  BBH  
consistent	  with	  
GW150914



S I G N A T U R E  O F  P R E C E S S I O N

19

Non$precessing,

Precessing,

Non$precessing,

Precessing,

“Edge-‐on”	  to	  the	  source“Face-‐on”	  to	  the	  source

Credit:Mark Hannam



E M  C O U N T E R P A R T S

❖ Black hole binary mergers are not expected to 
result in any EM afterglow unless … 

❖ intriguing (if opportunistic) triggers in Fermi sub-
threshold data 

❖ unconfirmed by Integral 
❖ Observing EM afterglows could be a huge 

paradigm shift in understanding formation and 
evolution of BBH
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E X P L O R I N G  
B L A C K  H O L E S  

U S I N G  
G R A V I T A T I O N A L  

W A V E S
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G W  A S T R O N O M Y  B Y  2 0 2 5
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G W  A S T R O N O M Y  B Y  2 0 2 5

• Astrophysics by 2025 
• we would have measured the rate, confirmed the 

existence of BBH/NSBH, confirmed GRB progenitors, 
but probably not much else 

• astrophysical modelling would require a large sample 
of events: different spins, mass ratios 

• it is unlikely that aLIGO or aLIGO+ detectors would 
detect supernovae or magnetars 

• NS ellipticities could be really low < 10-8: might need to 
go beyond aLIGO+
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G W  A S T R O N O M Y  B Y  2 0 2 5

• Cosmology and Cosmography 
• Advanced LIGO and Virgo and aLIGO+ would 

observe black holes when the universe was about 
3-8 billion years old  

• ET/Cosmic Explorer will take a census of black holes 
when the Universe was a mere 650 million years old
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G W  A S T R O N O M Y  B Y  2 0 2 5

• Fundamental physics by 2025 
• equation of state of neutron stars would require 20-30 

events (or few within 50 Mpc) - possible in the aLIGO or 
aLIGO+ era 
• ET/Cosmic Explorer could constrain the NS radius to 

within 500 m 
• dark energy equation of state - would require thousands 

of BNS or even 105 sources, will only be possible with 3G 
• testing gravity would require 100’s or even 1000’s of 

events, again in the 3G era
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3 G  S T R A T E G Y

❖ it is best to focus on a few very strong messages 

❖ too many goals will fail to send a strong and clear 
message about what we want from 3G detectors 

❖ identify what gravitational wave detectors can do 
best and put that in our chief science goals 

❖ organise current science goals under 3 or 4 main 
headings 

❖ identify 3 most important problems that can only 
be addressed and understood by 3G detectors
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PA R A M E T E R  E S T I M AT I O N  -  A N G U L A R  R E S O L U T I O N :   
( 1 . 3 8 + 1 . 4 2 )  B N S ,  A R B I T R A R Y  L O C AT I O N  A N D  

O R I E N TAT I O N

S N R
S K Y  
ΔΩ  

D E G 2

S N R
S K Y  
ΔΩ  

D E G 2

S N R
S K Y  
ΔΩ  

D E G 2

H LV I J 9 . 4 1 6 7 1 4 . 6 2 4 1 9

H LV I J  +  C E 1 3 . 3 1 1 1 0 2 2 . 0 3 4 1 5

H LV I J  +  E T 3 3 8 . 7 2 4 7 2 . 2 8 4 1 1

H LV I J  +  C E  +  E T 34 5 . 4 259 0 . 97 87 5 . 2
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✓ = ⇡/6,' = ⇡/5, = ⇡/8, ◆ = ⇡/10, D = 3Gpc



3 G  S C I E N C E  C A S E

❖ extremes of physics 

❖ black holes through cosmic history 

❖ explosive phenomena

38



U N D E R S T A N D I N G  
E X T R E M E S  O F  

P H Y S I C S

W H A T  I S  T H E  M O S T  C O M PA C T  
O B J E C T  I N  N A T U R E ?  

W H A T  I S  T H E  E Q U A T I O N  O F  S T A T E  
O F  N E U T R O N  S T A R  C O R E S ?  



B L A C K  H O L E S  
T H R O U G H  C O S M I C  

H I S T O R Y
W H A T  I S  T H E  N A T U R E  O F  B L A C K  

H O L E S ?  

H O W  D I D  B L A C K  H O L E S  F O R M  A N D  
G R O W  T O  B E  S U P E R M A S S I V E ?  



P R O B I N G  T H E  
T R A N S I E N T  
U N I V E R S E

W H A T  A R E  P R O G E N I T O R S  O F  G A M M A  
R A Y  B U R S T S  A N D  W H Y  I S  T H E R E  

S U C H  A  V A R I E T Y  O F  T H E M ?  

W H A T  C A U S E S  C O R E  B O U N C E  I N  
S U P E R N O V A E ?



E X A M P L E  O F  
E X O T I C  S C I E N C E



Measuring Neutron Star Equation of State

43Densities ~ 4 x1017 kg/m3



N E U T R O N  S TA R  B I N A R Y  
S P E C T R O S C O P Y:  B A S I C  I D E A  

Inspiral signal is followed by a merger waveform: 
merger signal depends on the neutron star 
equation of state 
For most equations of state, heavier neutron stars 
are smaller and so larger post-merger oscillations 
But here is the tension:  

cosmological expansion causes the frequency to 
redshift  

so the observed mass of the binary is larger  

but larger masses should have greater 
frequencies 

This tension between cosmology and microphysics 
helps resolve the mass-redshift degeneracy 
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3 G  S C I E N C E  C A S E

❖ extremes of physics 

❖ structure and dynamics of neutron stars 
❖ physics of extreme gravity and quantum geometry 

❖ black holes through cosmic history 

❖ formation, evolution and growth of black holes and 
their properties 

❖ explosive phenomena 

❖ gamma ray bursts, gravitational collapse and 
supernovae
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Expected Signal-to-Noise Ratios: ET and eLISA

46

Some systems 
observed by 
eLISA might also 
be observable 
by ET 

Caution: Only 
inspiral part is 
considered 
when computing 
the SNR


