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Today’s talk – Fundamental 
Physics with Gravitational Waves

§ What I won’t be talking about (or will only just mention):
» What are Gravitational Waves (you know!)
» The LIGO detectors (another talk!)
» GW source searches: CBC, Burst, CGWs, cosmological GWs
» BBHs and BNS discovered by LIGO & Virgo 
» Multi-messenger astronomy with GWs
» Astrophysics with GWs – BH populations, binary formation 

mechanisms, etc.
§ What I will focus on: Fundamental physics with GWs

» Fundamental properties of GWs: 
speed, polarization, dispersion, mg

» Local Hubble parameter
» Tests of GR in the strong-field, highly-dynamical regime
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The GW Spectrum
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The Laser Interferometer 
Gravitational Wave Observatory

LIGO Livingston 
Observatory
(LLO)

LIGO Hanford Observatory (LHO)

Hanford, WA

Livingston, LA

LIGO Laboratory 
is operated by
Caltech and MIT, 
for the NSF.

~180 staff located at 
Caltech, MIT, LHO, LLO 

LIGO Scientific 
Collaboration: 
~ 1000 scientists, 
~80 institutions, 
15 countries

Vigo Collaboration:
~ 250 scientists, Europe

4 km



Coming years: more, and 
more sensitive detectors
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The Advanced LIGO detectorsLIGO-P150914-v13
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FIG. 3. Simplified diagram of an Advanced LIGO detector (not to scale). A gravitational wave propagating orthogonally to the detector
plane and linearly polarized parallel to the 4-km optical cavities will have the effect of lengthening one 4-km arm and shortening the
other during one half-cycle of the wave; these length changes are reversed during the other half-cycle. The output photodetector records
these differential cavity length variations. While a detector’s directional response is maximal for this case, it is still significant for most
other angles of incidence or polarizations (gravitational waves propagate freely through the Earth). Inset a: Location and orientation
of the LIGO detectors at Hanford, WA (H1) and Livingston, LA (L1). Inset b: The instrument noise for each detector near the time
of the signal detection; this is an amplitude spectral density, expressed in terms of equivalent gravitational-wave strain amplitude.
The sensitivity is limited by photon shot noise at frequencies above 150 Hz, and by a superposition of other noise sources at lower
frequencies [48]. Narrowband features include calibration lines (33 – 38 Hz, 330 Hz, and 1080 Hz), vibrational modes of suspension
fibers (500 Hz and harmonics), and 60 Hz electric power grid harmonics.

Thermal noise is minimized by using low-mechanical-loss
materials in the test masses and their suspensions: the test
masses are 40-kg fused silica substrates with low-loss di-
electric optical coatings [59, 60], and are suspended with
fused silica fibers from the stage above [61].

To minimize additional noise sources, all components
other than the laser source are mounted on vibration iso-
lation stages in ultra-high vacuum. To reduce optical phase
fluctuations caused by Rayleigh scattering, the pressure in
the 1.2-m diameter tubes containing the arm-cavity beams
is maintained below 1µPa.

Servo controls are used to hold the arm cavities on res-
onance [62] and maintain proper alignment of the opti-
cal components [63]. The detector output is calibrated in
strain by measuring its response to test mass motion in-
duced by photon pressure from a modulated calibration
laser beam [64]. The calibration is established to an uncer-
tainty (1�) of less than 10% in amplitude and 10 degrees
in phase, and is continuously monitored with calibration

laser excitations at selected frequencies. Two alternative
methods are used to validate the absolute calibration, one
referenced to the main laser wavelength and the other to a
radio-frequency oscillator [65]. Additionally, the detector
response to gravitational waves is tested by injecting simu-
lated waveforms with the calibration laser.

To monitor environmental disturbances and their influ-
ence on the detectors, each observatory site is equipped
with an array of sensors: seismometers, accelerometers,
microphones, magnetometers, radio receivers, weather
sensors, AC-power line monitors, and a cosmic-ray detec-
tor [66]. Another ⇠ 105 channels record the interferome-
ter’s operating point and the state of the control systems.
Data collection is synchronized to Global Positioning Sys-
tem (GPS) time to better than 10µs [67]. Timing accuracy
is verified with an atomic clock and a secondary GPS re-
ceiver at each observatory site.
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GW sources for ground-based detectors:
The most energetic processes 

in the universe

Casey Reed, Penn State 

Credit: AEI, CCT, LSU
RCW 103
Credit: Chandra, DSS

Coalescing 
Compact Binary 
Systems: 
Neutron Star-NS, 
Black Hole-NS, 
BH-BH

- Strong emitters, 
well-modeled, 

- (effectively) 
transient

Asymmetric Core 
Collapse 
Supernovae

- Weak emitters, 
not well-modeled 
(‘bursts’), transient 

- Cosmic strings, 
soft gamma 
repeaters, pulsar 
glitches also in 
‘burst’ class 

NASA/WMAP Science Team 

Cosmic Gravitational-
wave Background
- Residue of the Big 
Bang, long duration
- Long duration,  
stochastic background

Spinning neutron 
stars
- (effectively) 
monotonic waveform
- Long duration
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GWs from coalescing compact 
binaries (NS/NS, NS/BH, BH/BH)

9Waveform carries wealth of information about binary masses, orbit, merger 

Numerical relativity computation of BBH merger 
(SXS Collaboration)

Tidal disruption of binary neutron stars (Centrella et al)



BBHs observed with LIGO.
Starting to build up a mass distribution

10http://ligo.org/detections/GW170814.php



Observed signal durations (above ~30 Hz)
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Three BBH events, compared

inspiral
merger

ringdown

Abbott, et al., LIGO Scientific Collaboration and Virgo Collaboration, “Binary Black Hole Mergers in the first Advanced LIGO Observing Run”, 
https://arxiv.org/abs/1606.04856, Phys. Rev. X 6, 041015 (2016)
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Three BBH events, 
black hole masses

https://arxiv.org/abs/1606.04856 (Accepted by Phys. Rev X)

For the higher mass systems, 
we see the merger,
measure Mtot = m1+m2

For lower mass systems,
we see the inspiral, 
measure the “chirp mass”

These masses are surprisingly large!

Abbott, et al., LIGO Scientific Collaboration and Virgo Collaboration, “Binary Black Hole Mergers in the first Advanced LIGO Observing Run”, 
https://arxiv.org/abs/1606.04856, Phys. Rev. X 
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BH spins – aligned with orbital angular 
momentum, and precessing spin

§ The component BH spins 
measurably modulate the 
inspiral frequency evolution.

§ Spin-orbit couplings cause the 
orbital plane to precess, 
producing amplitude 
modulation at the detectors.

§ Parameterize with aligned spin
χeff and “precessing” spin χP

dr
af

t

LIGO-P1500218-v12
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FIG. 5. Left: PDFs (solid black line) for the �p and �e↵ spin parameters compared to their prior distribution (green line). The
dashed vertical lines mark the 90% credible interval. The 2-dimensional plot shows probability contours of the prior (green) and
marginalised PDF (black). The 2-dimensional plot shows the contours of the 50% and 90% credible regions plotted over a colour-
coded PDF. Right: PDFs for the dimensionless component spins cS1/(Gm2

1) and cS2/(Gm2
2) relative to the normal to the orbital

plane L̂, marginalized over uncertainties in the azimuthal angles. The bins are constructed linearly in spin magnitude and the cosine of
the tilt angles cos

�1
(Ŝi · L̂), where i = {1, 2}, and, therefore, by design have equal prior probability.

on the spins (magnitude and orientation) of the BHs of
the binary and could produce super-kicks for spins in the
orbital plane of the binary [111–113]. Unfortunately, the
weak constraints on the spins (magnitude and direction) of
GW150914 prevent us from providing a meaningful limit
on the kick velocity of the resulting BH.

Finally, we can cast the results into PDFs of the strain
at the two instruments p(~h(~#)|~d) and compare them to
the posterior estimates p(~h|~d) obtained using the minimal-
assumption wavelet model [81]. The waveforms are shown
in Figure 6. There is remarkable agreement between the
actual data and the reconstructed waveform under the two
model assumptions. As expected, the uncertainty is greater
for the minimal-assumption reconstruction due to greater
flexibility in its waveform model. The agreement between
the reconstructed waveforms using the two models can be
quantified through the noise-weighted inner product that
enters Eq. (5), and it is found to be 94

+2
�3%, consistent

with expectations for the signal-to-noise ratio at which
GW150914 was observed.

Discussion— We have presented measurements of the
heaviest stellar-mass BHs known to date, and the first
stellar-mass BBH. The system merges into a BH of ⇡
60 M�. So far, stellar-mass BHs of masses ⇡ 10 M�
have been claimed using dynamical measurement of Galac-
tic X-ray binaries [114]. Masses as high as 16–20 M� and
21–35 M� have been reported for IC10 X-1 [115, 116]
and NGC300 X-1 [117], respectively; however, these mea-

surements may have been contaminated by stellar winds as
discussed in [118] and references therein. Our results at-
test that BBHs do form and merge within a Hubble time.
We have constrained the spin of the primary BH of the bi-
nary to be a1 < 0.7 and we have inferred the spin of the
remnant BH to be af ⇡ 0.7. Up to now, spin estimates of
BH candidates have relied on modelling of accretion disks
to interpret spectra of X-ray binaries [119]. In contrast,
GW measurements rely only on the predictions of general
relativity for vacuum spacetime. Further astrophysical im-
plications of these results are discussed in [94, 120].

The statistical uncertainties with which we have charac-
terised the source properties and parameters, reflect the fi-
nite signal-to-noise ratio of the observation of GW150914
and the error budget of the strain calibration process. The
latter degrades primarily the estimate of the source loca-
tion. If we assume that the strain was perfectly calibrated,
i.e. hM

= h, see Eqs. (1) and (4), the 50% and 90%

credible regions for sky location would become 48 deg
2

and 150 deg
2, compared to the actual results of 140 deg

2

and 590 deg
2, respectively. The physical parameters show

only small changes with the marginalisation over cali-
bration uncertainty, for example, the final mass M

source
f

changes from 62
+4
�4 M� including calibration uncertainty

to 62
+4
�3 M� assuming perfect calibration, and the final

spin af changes from 0.67
+0.05
�0.07 to 0.67

+0.04
�0.05. The effect

of calibration uncertainty is to increase the overall parame-
ter range at given probability, but the medians of the PDFs

9

GW150914

GW151226
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Three BBH events,
distances

It’s hard to measure distances 
in astronomy!
(few “standard candles”)

BBH events are 
“standardizable sirens” 
(need to know their masses, 
orbital orientation, etc).

Distances measured poorly 
with only two detectors.

Our two loud events are far away! 
(400 Mpc ~ 1.3 Gly) – merged 1.3 By ago!

Abbott, et al., LIGO Scientific Collaboration and Virgo Collaboration, “Binary Black Hole Mergers in the first Advanced LIGO Observing Run”, 
https://arxiv.org/abs/1606.04856, Phys. Rev. X 6, 041015 (2016)

15



Radiated energy & luminosity

§ GW150914: EGW ≈ 3 M¤c2, or ~4.5% of the total mass-energy of the system. 
§ Roughly 1080 gravitons.
§ Peak luminosity LGW ~ 3.6�1054 erg/s, briefly outshining the EM energy output of 

all the stars in the observable universe (by a factor ~ 50). 16



GW170817: the loudest, closest, longest duration 
GW signal observed so far…

LIGO Hanford

LIGO Livingston

Virgo, Italy

GW170817

http://ligo.org/detections/GW170817.php

A Binary Neutron Star Merger! (!!!!!!)
17



• It has long been theorized that 
sGRBs come from binary neutron 
star mergers.

• A ~2 s delay is long for most 
models, but not implausible…

• But, far too wimpy for a GRB at 
40 Mpc!

• “Cocoon” models could explain it.

• Fundamental properties of GWs, 
unique new tests of GR!

1.7 seconds later,
A short GRB!

B. Abbott et al, LIGO-Virgo, 
Astroph.J.Lett. 848, 2, L13 (2017) 18



GW170817 burst of gamma rays:
choked jet “cocoon” model

NASA/Goddard Space Flight Center/CI LabCredit: NRAO/AUI/NSF/D. Berry
19



Light at Every Wavelength

Credit: R. Hurt
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Host galaxy: NGC 4993; redshift: ~ 0.01 
B. Abbott et al, LIGO, Virgo, many others, Astrophys. J. Lett. 848, L12 (2017) 
Multi-messenger Observations of a Binary Neutron Star Merger



GWs measure the chirp mass best, 
the mass ratio less well. 

Total mass: Mtot = M1 + M2
Symm. mass ratio: η =M1 M2 / Mtot

2

Chirp mass:  Mch = Mtot η3/5

And it depends on whether 
we think neutron stars spin 
a lot or only a little.

Assuming low spin, 
component masses 
are in the range 
1.17 to 1.60 M☉, 
typical of pulsars 
(NSs) in binaries

GW170817 – BNS event

21
B. Abbott et al, LIGO-Virgo, Phys. Rev. Lett. 119, 161101 (2017)
GW170817: Observation of Gravitational Waves from a Binary Neutron Star Inspiral



We can measure the masses 
(in the combination “Chirp mass”) very well:

22

“stellar mass”
black holes

Neutron stars
(pulsars)

“mass gap”?

MSun

what is left behind?

http://ligo.org/detections/GW170817.php



For the 
physicists:

Fundamental 
properties of 
GWs and NSs

§ The GW signal is fully consistent with General Relativity, over thousands of cycles.
§ GW polarization is consistent with”tensorial” – (+ and �), not (pure) vector or scalar.
§ Tidal disruption is weak: nuclear EOS is not stiff, NS radius < 13 km
§ GWs, and γ-rays travelled for 130 million years (4�1015 s), 

arrived within 2 seconds of each other. The γ-rays travelled at the speed of light…
§ The “speed of gravity” :  VGW = Vlight to one part in 1015 !
§ No dispersion: mass of the graviton mg < (few) � 10-23 eV/c2 , consistent with 0.
§ Improved Lorentz invariance violation limits; constrained to one part in 1013.
§ Both the gravitons and the photons “fell” into the Milky Way Galaxy over the same 

time: the Equivalence Principle holds between gravitons and photons .

23
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Tests of GR with GW170817: in prep



Measuring the expansion rate of the 
universe in an entirely new way

§ From the GWs, we can measure the 
distance to the source fairly accurately: 
40 Mpc or 130 Mly

§ From the optical afterglow we can 
measure the redshift(recessional 
velocity) of the source galaxy 
NGC4993.

§ Combining them gives the Hubble 
expansion rate H0. 

§ Not terribly accurate yet, but in good 
agreement with measurements made 
in entirely different ways (which don’t 
agree with each other!)

24
LIGO-Virgo, B.P. Abbott et al. Nature (2017)

A gravitational-wave standard siren measurement of the Hubble constant
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Testing beyond-GR
in wave generation and propagation

§ We can test GR in the new regime of strong-field, 
highly dynamical gravity!

§ Gravitational lensing & multiple “images” (not beyond GR!)
§ Constrain “parameterized post-Einsteinian framework”

(Yunes & Pretorius, 2009)
§ Directly measure speed of gravitational waves (cGW ≠ clight), 

constrain (or measure) the mass of the graviton. 
§ Constrain (or measure) longitudinal (vector, scalar) polarizations.
§ Constrain (or measure) Lorentz violating effects.
§ Constrain (or measure) cosmic anisotropies.
§ Constrain (or measure) parity-violating effects.
§ Constrain (or measure) dissipative gravity effects.
§ Test specifically for scalar-tensor and other alt-gravity theories 
§ Quantum Gravity: echoes from “firewalls”, …

Beyond Einstein

25



Testing General Relativity
in the strong-field, dynamical regime

§ Test post-Newtonian expansion of inspiral phase. 

§ Test Numerical Relativity waveform prediction 
for merger phase. 

§ Test association of inspiral and ringdown phases: 
BH perturbation theory, no-hair theorem. 

EOB-NR

nonlocal.com/hbar/blackholes.html

26

www.black-holes.org



Parameterized waveforms for 
tests of General Relativity

27

§ Waveform models are described by post-
Newtonian and phenomenological 
coefficients calibrated against numerical 
relativity (NR) solutions

Tests of General Relativity with GW150914
Phys. Rev. Lett. 116, 221101 (2016) 
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Tests of consistency with 
predictions from General Relativity

§ Waveform models are described by 
post-Newtonian and 
phenomenological coefficients 
calibrated against numerical 
relativity (NR) solutions

§ We allow for fractional changes with 
respect to the GR value

§ Obtain constraints on “generic” 
deviations from GR

28Tests of General Relativity with GW150914
Phys. Rev. Lett. 116, 221101 (2016) 



Consistency with predictions 
from GR – results from GW150914

Tests of General Relativity with GW150914
Phys. Rev. Lett. 116, 221101 (2016) 29



Tests of consistency with 
predictions from General Relativity

§ From the inspiral phase evolution, 
determine initial masses and spins

§ In GR, the mass and spin of the remnant 
BH is determined from the initial ones 
and the orbital dynamics

§ Predict final mass and spin from the 
“inspiral” using NR formulae

§ Measure directly from the merger & 
ringdown (post-inspiral)

§ Consistency test on the waveform and 
thus, on the corresponding GR solution

§ No evidence for violations of GR

30
Tests of General Relativity with GW150914

Phys. Rev. Lett. 116, 221101 (2016) 



Ringdown in GW150914

§ Ringdowns of perturbed (newly 
formed) BHs are predicted from 
BH perturbation theory.

§ Expect a spectrum of ringdown
quasi-normal modes (QNMs) with 
predictable frequencies and decay 
times. 

§ GW150914 was not loud enough 
to detect more than one ringdown
mode

§ The measured frequency and 
decay time for the least damped 
QNM are consistent with IMR 
waveforms from numerical 
relativity simulations.

31

Tests of General Relativity with GW150914
Phys. Rev. Lett. 116, 221101 (2016) 



Dispersion and polarization 
in GR and beyond GR

32



A propagating graviton with mass mg

and associated Compton wavelength

results in frequency-dependent velocity

and dispersion causes distortion of the 
phase evolution of the waveform 
(wrt massless theory)

Agreement of observed waveform with 
theory allows us to set the bound:

Mass of the graviton

> 1013 km

Tests of General Relativity with GW150914
Phys. Rev. Lett. 116, 221101 (2016) 
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Modified dispersion
§ Modified dispersion relation

leads to dephasing of wave w.r.t. GR.
§ Massive graviton: ! = 0, A>0
§ Lorentz violating:

» multifractal spacetime: ! = 2.5
» Horava-Lifshitz and 

extradimensional theories: ! = 4
§ both superluminal and subluminal 

propagation velocities are possible, 
depending on the sign of A and the 
value of !

§ Bounds from 3 GWs: 

34



Gravitational Wave Polarization

35

Solution for an outward propagating wave in z-direction: 

h(t, z) = hµνe
i(ωt−kz) = h+(t − z / c)+ h×(t − z / c)

h+ hx

hµν =

0 0 0 0
0 h+ h× 0
0 h× −h+ 0
0 0 0 0
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Non-tensor polarization

36

(Spatial part of the) 
general metric field 
tensor:

Effect on a ring of test masses:
Antenna patterns:



Measuring the response in 
three non-co-oriented detectors permits a 

measurement of GW polarization for the first time! 

37

From the pattern of signal 
amplitudes in three detectors:

For GW170814, detected by 
Hanford,Livingston, Virgo 
(no optical counterpart),

Bayes factor (T/V) = 300 ± 36
Bayes factor (T/S) = 1011 ± 138

Pure tensor is strongly favored
over pure vector or pure scalar.
(EXTREME models!)

This would not have been 
possible without Virgo!

To measure small admixtures of 
S,V in dominant T requires 
five non-co-oriented detectors



What can we do with GW170817?

38
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Stay tuned for V/T, S/T polarization 
constraints from GW170817

40



What if GR black holes … aren’t?

§ Exotic forms of highly-
compressible matter 
(gravastars), or

§ Planck-scale departures 
from GR (firewalls, 
fuzzballs) near their 
horizons 

§ can lead to post-merger 
“echoes” of GW ringdowns.

§ repeating damped echoes 
with time-delays of 8M logM

41



Echoes from the Abyss:
arXiv:1612.00266v1, Abedi, Dykaar, and Afshordi

42

“… we find tentative evidence for Planck-scale structure 
near black hole horizons at 2.9σ significance level”



BNS mergers, 
tidal distortion and disruption

43

Credit: Daniel Price and Stephan Rosswog



NEOS, NS structure, 
and NS mass-radius relation

44



Nuclear Astrophysics: 
BNS Merger waveforms

45C. D. Ott @ NucAstro Town Meeting, 2012/10/09

plus and cross modes of GWs extracted from the metric in
the local wave zone. The waveforms are composed of the
so-called chirp waveform, which is emitted when the BNS
is in an inspiral motion (for tret & tmerge), and the merger

waveform (for tret * tmerge), on which we here focus. For

the HMNS formation, the merger waveforms are com-
posed of quasiperiodic waves for which h & 10!22 for
D ¼ 100 Mpc and the peak frequencies are in a narrow
range fpeak ¼ 2:1– 2:5 kHz depending weakly on M. They

agree with that in the approximate general relativistic study
[12]. Note that fpeak depends on adopted EOS [12], and we

will describe the dependence of GWs on EOS elsewhere.

The accumulated effective amplitude, heff #0:4hðf!TÞ1=2,
is much larger where the factor 0.4 comes from the aver-
ages of angular direction of the source and rotational axis
of the HMNS. Figure 4(b) shows the effective amplitude
defined by 0:4hðfÞf & 4– 6 ' 10!22 for D ¼ 100 Mpc,
where hðfÞ is the absolute value of the Fourier transforma-
tion of hþ þ ih' . This suggests that for a specially
designed version of advanced GW detectors such as broad-
band LIGO, which has a good sensitivity for a high-
frequency band, GWs from the HMNS oscillations may

be detected with S=N ¼ 5 if D & 20 Mpc or the source is
located in an optimistic direction.
Summary.—We have reported the first results of the

numerical-relativity simulation performed incorporating
both a finite-temperature (Shen’s) EOS and neutrino cool-
ing effect. We showed that for such a stiff EOS, HMNS is
the canonical outcome and BH is not promptly formed
after the onset of the merger as long as the total mass of
the system is smaller than 3:2M). The primary reason is
that thermal pressure plays an important role for sustaining
the HMNS. We further showed that the lifetime of the
formed HMNS with mass & 3M) is much longer than its
dynamical time scale,* 10 ms, and will be determined by
the time scale of neutrino cooling. Neutrino luminosity of
the HMNS was shown to be high as & 3– 10 ' 1053 erg=s.
The effective amplitude of GWs is 4– 6 ' 10!22 at fpeak ¼
2:1– 2:5 kHz for a source distance of 100 Mpc. If the BNS
merger happens at a relatively short source distance or is
located in an optimistic direction, such GWs may be
detected and HMNS formation will be confirmed.
Numerical simulations were performed on SR16000 at

YITP of Kyoto University and on SX9 and XT4 at CfCA
of NAOJ. This work was supported by Grant-in-Aid
for Scientific Research (21018008, 21105511, 21340051,
22740178), by Grant-in-Aid for Scientific Research
on Innovative Area (20105004), and HPCI Strategic
Program of Japanese MEXT.
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FIG. 4 (color online). (a) GWs observed along the axis per-
pendicular to the orbital plane for the hypothetical distance
to the source D ¼ 100 Mpc. (b) The effective amplitude of
GWs as a function of frequency for D ¼ 100 Mpc. The noise
amplitudes of Advanced Laser Interferometer Gravitational
wave Observatories (adv. LIGO), broadband configuration of
Advanced LIGO (bro. LIGO), and Large-scale Cryogenic
Gravitational wave Telescope (LCGT) are shown together.
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Tidal disruption of 
neutron stars near merger
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Credit: Daniel Price and Stephan 
Rosswog
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Constraints on tidal distortion

§ Tidal deformability:

§ k2 is the 2nd Love number
§ R and M are the radius 

and mass of the star
§ LIGO results for 

GW170817 are most 
consistent with more 
compact stars, R < 13 km

Λ = 2
3%&

'&
(

)
*

+
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B. Abbott et al, LIGO-Virgo, Phys. Rev. Lett. 119, 161101 (2017)
GW170817: Observation of Gravitational Waves from a Binary Neutron Star Inspiral



The origin of the 
(heavy) elements

Solar system abundances
Anders and Grevesse 1989

48

r-process nucleosynthesis in BNS mergers
M. Eichler et al, ApJ 808 (2015)

NASA



Not just a site, but the site
of heavy element production?

Observed Solar Abundance 
= Quantity per merger  x  Rate of Mergers
>~0.05 solar-mass x  >~300/Gpc3/yr

Ejecta mass estimate: ~0.05 solar mass
Merger rate estimate: 
Consistent! 49



The future of gravitational wave 
astrophysics is … golden!
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