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Where are we?

• In the first two science runs 
advanced detectors have detected

• 10 binary black holes (BBH)
LVC, Arxiv:1811.12907

• And 1 binary neutron star (BNS), 
LVC PRL 119, 161101, PRX 9 011001
– Electromagnetic emission also 

detected!
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Where are we?
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Where do we go from here?
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Where do we go from here?
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credit E. Hall, J. Miller

Hall/Vitale



GRAVITATIONAL-WAVE ANATOMY
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Gravitational-wave anatomy - source

• Measurement of masses and spins allows to study the formation 
channels of the progenitors
– What’s the mass function of black holes? What is their spin distribution?

• Equation of state of nuclear matter
– How large can neutron stars be?  What’s their exact composition?

• Electromagnetic emission
– Do CBCs produce most of the metals in the universe? Are they the cause 

for all gamma-ray bursts?
• Does general relativity hold true for these extreme systems?
• What can GWs teach us about the cosmology? 
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Gravitational-wave anatomy - parameters
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LVC, PRL 116 061102 

• Duration: total mass, spins
• Phasing: chirp mass, mass 

ratio, spins
• Overall amplitude: distance, 

orbital inclination
• Amplitude modulation: spins 

angles
• Merger-ringdown: nature of 

the compact objects



Don’t forget the memory!

• A slow monotonic overall drift in 
the GW envelope is also 
expected
– Non-linear (Christodoulou) Memory 

effect

• Visible at flow (<20 Hz) 
frequencies

• Stronger if orbital plane is edge-
on 
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Favata, Arxiv 0902.3660



Sky localization BNS
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BBH orbital orientations

• Their inclination angle distribution will be 
isotropic
– Better ringdown tests, memory effect, spin precession, distance 

estimation [Refs4]

122/16/19

Vitale+, PRL 112 251101, PRD 95 064053Schutz, CQG 28, 125023 , Vitale, PRD(R) 94 121501
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Black hole masses and spins

• Source-frame component masses
– Uncertainties of [few-10]% for z<3

– Factor 1.5-2 better with 4 detectors w.r.t. 2 detectors

• Component spins
– Due to larger SNR and isotropic orbital orientation, 3G will get much 

better spin estimation than current detectors

– Typical uncertainty on spin magnitude of primary ~0.5 (instead of 
~unmeasurable)

– See  Vitale & Evans, PRD 95  064052 for details.
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BBH Extrinsic parameters

• Precise distance and sky position:
– EM (if luminous), isotropy, cosmology

14

Sky location 

Luminosity Distance
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Vitale & Evans, PRD 95  064052



BBH Extrinsic parameters

• Precise distance and sky position:
– EM (if luminous), isotropy, cosmology
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Vitale & Evans, PRD 95  064052

Even with 2 detectors, 
many sources 
localized better than 
1deg2



Tests of general relativity

• Larger SNR and better low 
frequency will yield dramatic 
improvements

• Also, precise ringdown tests, 
memory effect, propagation 
tests, more! 
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Chamberlain+, 1704.08268



Ringdown tests
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Gossan+, 1111.5819

• Ringdown modes only depend on final BH mass and spins (in GR)
• If one can measure more than 2 of the ringdown parameters 

(dumping times, frequencies) then the others can be used for 
consistency checks



Memory

• Very challenging to detect with 
advanced detectors

• Lasky+ showed that one might 
make a statistical detection given 
>>1 sources
– Somewhat optimistic assumptions

• Yang+ focuses on 3G and 
quantifies SNR in the memory 
phase

Salvatore Vitale 18Yang+, 1803.02429

Lasky+, PRL 117, 061102
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Axions and all that

• Axions are proposed ultralight bosons that can extend the 
standard model and could be viable dark-matter candidates

• If an ultralight boson exists, they will spontaneously form 
clouds around spinning black holes

• These clouds will emit potentially detectable gravitational 
waves, providing evidence for a new particle
– Nearly monocromatic GWs 

• We can perform direct searches using known black holes

10#$% ≲ '/eV ≲ 10#$$
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(bad for algorithm)
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Binary neutron stars - Localization

• Will detect BNS at large 
redshifts

• A significant fraction of 
which can be localized to 
a few deg2

– H0, dark energy EOS 
(Sathyaprakash+ Arxiv: 
0906.4151; Del Pozzo+ 
Arxiv:1506.06590; many 
more)
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NS localization vs Network size

• Simulate hundreds of 
randomly generated 
networks

• Conclusion: the type of 
detector matters more 
than location or 
orientation (also holds 
true for other metrics)

Hall+, DCC P18003042/16/19 Salvatore Vitale 22



Binary neutron stars - Equation of state

• Advanced detectors will start 
measuring the equation of 
state of neutron stars
– Most likely from the inspiral

phase
– With a bit of luck, hints of 

postmerger physics
• 3G detectors will easily  

measure the EOS from both 
inspiral and post-inspiral
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FIG. 7. Top panel: Post-merger waveforms for the di↵erent
EOS, with lines as described in Fig 3. Bottom panel: Numer-
ical inspiral-to-merger templates as described in Sec. III A,
which are smoothly turned on at 600Hz and stop at the min-
imum following the peak amplitude.

A. EOS-based di↵erences in numerical waveforms

We first consider whether di↵erences between EOS are
significant in this scenario. We restrict ourselves to con-
sidering only the inspiral part of the waveform, before the
stars merge, where the cold EOS is expected to be an ac-
curate description of relevant physics and the numerical
results are convergent. To cut o↵ the post-merger por-
tion of the waveforms smoothly, the natural minimum in
amplitude (as shown in Fig. 3) is taken as the truncation
point after each inspiral.

Since our waveforms began with varying initial sep-
aration, and some residual e↵ect of initial data can be
expected at early times, we drop the portion of the
time-domain waveforms before a fixed instantaneous fre-
quency. To do this consistently, the instantaneous fre-
quency is first averaged over segments of 1.5ms to re-
duce residual eccentricity e↵ects, and then a one-sided
Hann window of width 4ms, centered on the time where
the averaged frequency reaches 600Hz, is applied to the
waveform data. Similar windowing was used in [28].
Fourier-domain amplitudes of the resulting numerical in-
spiral templates are shown in the bottom panel of Fig 7.

B. Distinguishability

We wish to estimate our ability to distinguish between
waveforms from di↵erent numerical simulations, given a
detected signal of the appropriate mass parameters.
To determine what model waveform best characterizes

a detected signal, we make use of the noise-weighted inner
product. This inner product of two waveforms h1 and h2,
for a detector with noise spectrum Sh(f), is defined by

hh1 | h2i ⌘ 4Re

Z 1

0

h̃1(f)h̃⇤
2
(f)

Sh(f)
df. (12)

In terms of this inner product, the characteristic signal-
to-noise ratio of a given waveform h is ⇢ ⌘ hh | hi1/2.
Two waveforms, h1 and h2 are said to be marginally

distinguishable if the quantity

k�hk ⌘ kh2 � h1k ⌘
p

hh2 � h1 | h2 � h1i (13)

has a value k�hk & 1 [28, 80–82].
We wish to consider the minimum value of k�hk over

all possible relative shifts in time and phase between the
template waveforms, and it turns out to be most e�cient
to calculate this via the overlap between two waveforms.
With the complex waveform h constructed for this anal-
ysis, and methods similar to Allen et al. [83] and Cho
et al. [84], we use the inverse Fourier transform appro-
priate to h̃ to construct a complex overlap as a function
of timeshift ⌧ for each polarization:

hh1⇥,+(t+ ⌧) | h2(t)i ⌘ 4

Z 1

0

h̃1⇥,+(f)h̃⇤
2
(f)

Sh(f)
e2⇡if⌧df.

(14)
The absolute value of this quantity at a given ⌧ is the
maximum overlap possible with shifts in phase. Maxi-
mizing its absolute value over ⌧ thus gives the maximum
overlap for arbitrary shifts in both time and phase.
We use this maximum overlap to estimate the signal

to noise ratio of the di↵erence between two templates

k�hk2 ' hh1|h1i+ hh2|h2i � 2hh1|h2imax (15)

where hh1|h2imax is maximized over shifts in time and
phase. Note that we do not normalize our templates: the
inspiral detection is expected to determine the relative
amplitude expected at merger, and EOS which merge
earlier give real di↵erences in expected SNR which will
a↵ect the maximum likelihood, as can be seen in Table V.
Because the value of k�hk depends on the distance to the
signal, we record k�hk ⇥ (De↵/100Mpc).

The di↵erences between waveforms are presented in
Table V for the numerical waveforms discussed in
Sec. IIIA. EOS 2H, with the largest di↵erence from
other EOSs (relative to EOS H, �R = 2.95 km and
�⇤ = 1717), and produces a k�hk ' 2. The more re-
alistic EOS give smaller di↵erences, but H and B, with
�R = 1.3 km and �⇤ = 319, are marginally distinguish-
able atDe↵ = 100Mpc. For a given pair of waveforms, we

10-23

10-24

BNS at 100Mpc

Read+ PRD 88, 044042



How many events?

• Using the rates calculated with O2 events and projecting…

• 3G detectors will detect

– ~ 10^5 BBH  per year (Regimbau+, PRL 118, 151105)

– ~ 10^6 BNS per year (LVC, PRL 120, 091101)
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~1 year worth of advanced detector time
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1.5 hrs worth of 
3G detections…
(yes, they will overlap, Regimbau+, 
Arxiv: 1201.3563; Meacher+ Arxiv:1511.01592)



BBH Formation channels

• Many methods have been proposed to study the formation 
channels of BBH (and compact binaries in general)
– Shown to work for advanced detectors in the local universe [Refs1]

• With 3G:
– Study how the fraction of CBC from each channels evolve with 

redshift
– Accessing thousands of BBH per year we can study the explosion 

mechanism of SNe  (O'Shaughnessy+, PRL 119 011101 shows what
can be learned with GW151226 alone)
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Merger rate density
• We can calculate the BBH merger 

rate as a function of redshift
• Generated 1 months worth of BBH 

detections by 3G detectors
– Assume Madau-Dickinson star 

formation rate (SFR)
– Tried several prescriptions for the time 

delay between merger and formation 
– BBH formation rate proportional to SFR

• For BNS see Van Den Broeck JPCS 
484 012008. Also Sathyaprakash
CQG 29 124013

2/16/19 Salvatore Vitale 28Salvatore Vitale

Vitale and Farr W, Arxiv:1808.00901



Formation channels

• Depending on relative abundances, might be able to 
distinguish populations and calculate branching ratios

Salvatore Vitale
292/16/19
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Reality is always harder
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• Considered a fraction of 
sources coming from galactic 
fields (as before)

• And the rest coming from 
globular clusters

• Madau-Dickinson template for 
the star-formation rate in 
galaxies

• Log-Normal for globular 
clusters (based on Carl 
Rodriguez’ simulations.

• Measure characteristic 
parameters of each population, 
plus branching ratios between 
populations.

Ng+, preliminary 
2/16/19
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• Considered a fraction of 
sources coming from galactic 
fields (as before)

• And the rest coming from 
globular clusters

• Madau-Dickinson template for 
the star-formation rate in 
galaxies

• Log-Normal for globular 
clusters (based on Carl 
Rodriguez’ simulations.

• Measure characteristic 
parameters of each population, 
plus branching ratios between 
populations.

Ng+, preliminary 
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Golden BBH events

• A GW150914-like event will have SNR~2000 in a cosmic 
explorer facility. 

• How well can we do?
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LVC 1602.03840

Precision for a few key parameters for GW150914 



Golden BBH events

• A GW150914-like event will have SNR~2000 in a cosmic 
explorer facility. 
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Multibanding – LISA 
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Multibanding – LISA

• The space-based LISA GWs 
detector can observe heavy BBH 
and intermediate-mass BBH

• Some of those signals will also be 
visible from the ground (years 
later)

• Complementary information! 
(Sesana PRL 116, 231102; Vitale 
PRL 117, 051102; Barausse+ PRL 
116, 241104)
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Cutler+,.., SV, LISA WP



Computing – you cannot always get what you want
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• The duration of waveforms (and 
hence the computational time 
required) blows up 
– As flow decreases

– As the chirp mass decreases

• With current methods, we cannot 
run parameter estimation codes 
on binary neutron stars for 3G

• Work needed



Conclusions

• Advanced detectors will explore the local universe (z ~ 1)
• A new generation is required to detect sources everywhere in 

the universe
– Characterization of BH masses and spins, formation channels, 

evolution,…
– Thousands of neutron stars, EOS, cosmology,...
– Precise tests of general relativity
– Access to sources throughout cosmic history 

2/16/19 Salvatore Vitale 37



Thanks!
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