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A new window

Credit: LIGO/T; Pyle
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First detection: GW150914

Hanford, Washington
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THE TWO-BODY PROBLEM



Newtonian two-body problem
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Newtonian two-body problem

Credit: NASA/Cassini

Poincaré surface of section (7 = ) with reduced coupling
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Enter general relativity
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Emission of gravitational waves
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Emission of gravitational waves
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Emission of gravitational waves




GWs from black hole binaries
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BLACK HOLES IN BINARIES



Modeling the two-body problem
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Modeling the two-body problem
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Numerical relativity
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Numerical relativity

) %ﬁ |t

\\/

G = 87T, 3+1split 4 constraints
_> .
V“TW —0 12 evolution

'&, eqns

Buchman et al. (2012)

14



Numerical relativity
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Black hole mergers

Credit: H. Pfeiffer/SXS Collaboration 15



Black hole mergers

Credit: H. Pfeiffer/SXS Collaboration 15
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At the intersection
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At the intersection
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Models for
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Eccentric, precessing motion




Eccentric, precessing motion




Precession
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Precession
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Resonant orbits
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Resonant orbits
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Black holes in binaries

Relativistic two body
problem

. G g
Analytic appx and ~ ”\/\/\/\,

numerical sims needed

Discoveries at the
intersection

Models for GW astronomy

Future: higher mass ratios,
drive theory

Advances required: next
gen code SpECTRE
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BLACK HOLE RINGDOWN



Black hole ringdown
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Waves around black holes

oy Yang et al. w/AZ (2012)



Waves around black holes
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Waves around black holes

/ Horizon

oy Yang et al. w/AZ (2012)



Quasinormal modes

oy Yang et al. w/AZ (2012)



Quasinormal modes

oy Yang et al. w/AZ (2012)



Modes of rotating black holes

« Orbits split with inclination
* Modes split

« Slower decay with higher
spin

(w,7) = (M, ) e

'-&, Yang et al. w/AZ (2012) Berti,Cardoso, Starinets (2009) 0



The ringdown of GW150914

- H1 observed
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The ringdown of GW150914

QNM decay time (ms)

tyv + dms

Mrr— IMﬁl—z —2‘—0 """ S S

( =z,M= aﬂ_ ) : >
| o2 P S ST AN PSS S A -
0 T |

4‘ -
8 e % SR "":"¢' “\:‘ """""""""""""
6L St Y
7/ R

‘e % ¢" 3 s ]
41 et LT I, R S

S "30ms-- g Al
2 R ‘.. ~memeeea-a--=-50mS" — ,,,,,,,,,,,,,,, ]
0 1 1 1 1
200 220 240 260 280 300

QNM frequency (Hz) t

28
LvC PRL 116, 221101 (2016)



Modes of rapidly rotating BHs

 Black holes spins have
a theoretical max

« Near maximum spin,
new approx
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Collective oscillation of modes
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Yang, AZ et al. (2013b)



Collective oscillation of modes
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Collective oscillation of modes
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Near-horizon response
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Ringdown of black holes

Unique probe of BHs,
tests of GR

Weak signhals, combine
many observations

Rapidly rotating BHs:

collective oscillations
Transient instabilities

Nonlinear ringdown:
resonances, turbulence




GW ASTRONOMY: THE SECOND
OBSERVING RUN
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GW170104: A distant BH binary
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GW170104: A distant BH binary
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GW170104: A distant BH binary
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GW170814: First three-detector
observation
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GW170817: Something new
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Nuclear physics with GW170817
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Electromagnetic counterpart
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Solar Masses

Black Holes of Known Mass
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Summary

Sources for GW astronomy: a new window on
the universe

Two-body problem

* Intersection of analytic theory and sims
Black hole ringdown

* Probes nature of BHs, tests of GR

GW astronomy: second observational run

« Tests of GR, nuclear physics, cosmology

* Binary parameters reveal lives and deaths
of stars
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