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too afraid to ask

Salvatore Vitale
MIT
Perimeter Institute — May 10 2018
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Gravitational waves

* Produced by accelerated astrophysical masses
* Predicted by Einstein in 1916

* Detected by LIGO in 2015
— Nobel prize in 2017 (Weiss, Thorne, Barish)

Elmehed
Kip S. Thorne
Prize share: 1/4 Salvator
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What’s out there?
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What’s out there?

Pirsa: 18050032

TRANSIENT PERSISTENT

o R e - ASYMMETRIC
COMPACT BINARIES ~NEUTRON STAR

BURSTS

salvatore BakOCHASTIC BACKGROUND
Core collapse Supernovae

31114 HOLVIN

i C
Z
| =
@)
O
m
=
m
O

Page 7/54




What’s out there?
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#(cle

Compact objects

* Compact objects such as neutron stars (NS) and black holes
(BH) host some of the most extreme conditions in the universe

Salvatore Vitale
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¥ (cle)
Neutron stars

The most dense objects we can observe

— A mass of ~1.5 solar masses contained in a sphere with radius of 10
Km

How does matter behave in these extreme conditions?

Are neutron star binaries related to gamma ray bursts? And
metal production? (update: we now know the answer is yes!)

What is the maximum mass of a neutron star? How large are
they?

Salvatore Vitale
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Black holes

Even more massive & more compact

How fast can they spin?

How big can they get?

When did the first black holes form?

Produce extreme gravitational fields

Does general relativity still hold true near a black hole?
Do they form massive axion clouds???

Salvatore Vitale
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Anatomy of a gravitational-wave
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Waveform anatomy

* Neglecting matter a CBC GW depends on 15 parameters
(circular orbits)

— Masses (2), spins (6), sky position (2), orientation (2), coalescence
time and phase (2), distance (1)

* Matter effects add 2 more parameters

* At lowest order the WF’s phase depends on the chirp mass
(best measured parameter), then mass ratio, then spins, then
matter effects

5/9/18 Salvatore Vitale
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LIGO _
A tale of correlations

* Some of these parameters are correlated

— Distance vs Inclination ; mass ratio vs spins

_% o

NOT a detected signal!

Salvatore Vitale
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LIGO _ _
Things are more complicated

* Real detection an . .
Normalized amplitude

parameter ) 4
estimation are not
done by eye

We don’t spend days LIGO-Hanford

staring at omega
scans

Most of the times, a
random pixel in the

data, is not a signal
LVC, PRL 119 161101

Salvatore Vitale 12
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Things are more complicated

e Real detection an
parameter
estimation are not
done by eye

We don’t spend days
staring at omega
scans

Most of the times, a
random pixel in the

data, is not a signal © Can Stock Photo
LVC, PRL 119 161101
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Precessing spins

Spin-Orbit coupling makes the
orbit precess

Spin-Spin coupling

Waveform gets amplitude and
phase modulation

Rich physics, some degeneracies

. are reduced
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LIGO _
Component spins

* Visible precession breaks degeneracies and improves the
estimation of spins

BRe,
z

uoljeul|au]

=~
12 17
Network SNR

Vita|e+, PRL 112 251101 Salvatone Vitale 10_5 BBH

Pirsa: 18050032 Page 19/54



#(cle

Component spins

* Visible precession breaks degeneracies and improves the
estimation of spins
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Vitale+, PRL 112 251101
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Effect of orbital orientation
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LIGO , | _ |
Precessing spins: the fine print

* Even if precession is present, it might be suppressed by the
orbital orientation.

— Face-on/off systems will not show significant orientation

— But... most events detected by advanced detecters-witkhe face-
on/off! | |
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LIGO . .
It’s in the inspiral!

* Most of the information about the component spins comes
from the inspiral
— Spins of heavier BBH are harder to measure
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#lcle

It’s in the inspiral!

* Most of the information about the component spins comes
from the inspiral

— Spins of heavier BBH are harder to measure
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Can we measure individual black-hole spins from gravitational-wave observations?

Michael Piirrer,""2 Mark Hannam,? and Frank Ohme?

'Max Planck Institute for Gravitational Physics (Albert Einstein Institute), Am Miihlenberg 1, D-14476 Potsdam-Golm, Germany
2School of Physics and Astronomy, Cardiff University, Queens Building, CF24 3AA, Cardiff, United Kingdom

Measurements of black-hole spins from gravitational-wave observations of black-hole binaries with ground-
based detectors are expected to be hampered by partial degeneracies in the gravitational-wave phasing: between
the two component spins, and between the spins and the binary’s mass ratio, at least for signals that are domi-
nated by the binary's inspiral. Through the merger and ringdown, however, a different set of degeneracies apply.
This suggests the possibility that, if the inspiral, merger and ringdown are all within the sensitive frequency band
of a detector, we may be able to break these degeneracies and more accurately measure both spins. In this work

PRD 93, 084042

5/9/18 Salvatore Vitale
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Effective spin
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miQiz+myasy,

Aeff = = o T,
— Mass-weighted spin projection
Conserved up to 2PN phase
Well-measured

Indicator of BBH formation
channels

Salvatore Vitale
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Astrophysics of effective spin
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Astrophysics of effective spin

— Random spin
directions

— Symmetric pop of y.ff
about 0
* Galactic fields

— More aligned with
orbital angular
momentum

— Large portion of
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* Classify formation
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Chieff measurement for heavy BBH
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LIGO-Virgo’s chieff measurements
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Don’t forget the priors

* What the LVC publishes are posterior distributions!
— Posterior = prior x likelihood
— You have to pick a prior!
— LVC’s spin priors: uniform in magnitude, isotropic in direction

 How much do the results depend on this choice?

Salvatore Vitale
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#(cle

Prior effect on individual posterior

The chieff posteriors can move under strong (but reasonable priors),
especially for weak signals

Notable exception: GW151226 remains positive, not matter what you do
to the prior

GWIH0914

Xell

Vitale+ PRL 119 251103
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LIGO
Orbital hang-up effect on observed population

* Systems with large spins
along the orbital angular
momentum have larger SNR
(orbital hang-up effect)

— They can be observed farther
away/more often

* Blue: true population
— fully isotropic ' \
* Green: observed population OO0 0T Um0 <02 000 035 050 055 L
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Pirsa: 18050032 Page 34/54



Pirsa: 18050032 Page 35/54



Pirsa: 18050032 Page 36/54



Pirsa: 18050032 Page 37/54



Pirsa: 18050032 Page 38/54



Pirsa: 18050032 Page 39/54



Pirsa: 18050032 Page 40/54



Pirsa: 18050032 Page 41/54



Pirsa: 18050032 Page 42/54



Pirsa: 18050032 Page 43/54



Pirsa: 18050032 Page 44/54



Pirsa: 18050032 Page 45/54



Pirsa: 18050032 Page 46/54



Pirsa: 18050032 Page 47/54



Pirsa: 18050032 Page 48/54



Pirsa: 18050032 Page 49/54



Pirsa: 18050032 Page 50/54



Pirsa: 18050032 Page 51/54



Pirsa: 18050032 Page 52/54



Pirsa: 18050032 Page 53/54



Pirsa: 18050032 Page 54/54



