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Detections of gravitational waves (GWs)
https://www.ligo.caltech.edu/page/detection-companion-papers

using LIGO:
GW150914
GW151226
GW170104
GW170608

→ Nobel Prize in physics 2017

using LIGO and Virgo:
GW170814
GW170817

→ drastically improved sky localization

GW170817:
→ total mass ∼ 2.7M�
→ (likely) a binary neutron star inspiral
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GW150914 (binary black hole), ligo.caltech.edu

sky location of GW detections, ligo.caltech.edu



GW170817: A binary neutron star inspiral

frequency range ∼ 40− 400Hz

→ v
c
∼ GM

c2r
∼ 0.01− 0.07

weak field and slow motion
(post-Newtonian) approximation

effect from the neutron star structure:
→ tidal deformation (see Earth-Moon system)
→ hastened inspiral

neutron star tidal deformability encodes:
neutron star structure→ QCD
strong-gravity
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Tidally-driven oscillations on neutron stars
Collaborators: Hinderer, Buonanno, Vines, Foucart, Taracchini, Chakrabarti, Delsate

response

−→
external quadrupolar field −→ deformation −→ quadrupolar response

oscillation modes
→ harmonic oscillator response
→ (transient) resonances!

resonance↔ gravitational wave phase shift

gravitational wave spectroscopy!

modelling: effective field theory!
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Tacoma bridge resonance



Dynamical tides
based on effective field theory approach by Goldberger, Rothstein (2006)

effective wordline action action: [JS, Hinderer, Buonanno, Taracchini (2016)]

Seff =

∫
dτ
[
−m +

1
4λω2

f
(Q̇2 + ω2

f Q2)− 1
2

EQ + ...

]
quadrupole Q = Qµν , electric part of Weyl E = Eµν

tidal deformability λ, f-mode frequency ωf

integrating out Q:

Seff =

∫
dτ
[
−m +

λ

4
E2 +

λ

4ω2
f

Ė2 + ...

]

timescales of internal processes (∼ oscillation modes) are important!

How can one get tidal effects using on-shell methods?

Similar: non-minimal couplings of spin ES2 [Vaidya (2014), Guevara (2017), Justin’s talk]
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for black holes: λ = 0



Other things. . .

second-order (Nambu-Goto-like) action:

Seff = −m
∫

dτ + · · · = −m
∫

dσ

√
gµν

dxµ

dσ
xν

dσ
+ ...

first-order (Polyakov-like) action:

Seff =

∫
dσ
[
pµ

dxµ

dσ
− e

2
(gµνpµpν + m2 + ... )

]

immediate connection to scalar fields pµ ∼ ∂µφ !

many possibilities for transfer of knowledge
between classical gravity and QFT
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what we did not understand/like to know

how can one extract the “classical part” of an amplitude?
(leading singularity [Cachazo, Guevara], large-mass expansion [Luna et al.])
how can one translate 5-point amplitudes to bound systems? how can
one get the tail effect? how is this related to IR divergences?
are there subtleties in translating scattering amplitudes to a potential “at
higher orders”/beyond the Born approximation?
how are amplitudes related to the gauge-invariant scattering deflections?
do minimally coupled infinite-spin fields indeed correspond to Kerr black
holes? why?
how far do the relationships between arbitrary-mass 2-body systems and
the test-body/particle limit go?
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