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Black Holes Binaries

A black hole is a region of space where 
nothing can escape once past the horizon 
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Black holes, under the correct 
conditions can form bound orbits, 
and as they orbit they emit 
gravitional radiation, which we can 
now measure via gravitational wave 
detectors (LIGO and Virgo) 
Interferometers.

2) A little about the detectors

Each interferometer can resolve GW’s in a frequency band  1-10^4 Hz
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Upcoming physics and astronomy with GWs
In the coming decades, the new observational window 
of GW astronomy promises to deliver data that will 
transform the landscape of physics, addressing some 
of the most pressing problems in fundamental physics, 
astrophysics and cosmology88,92–95 (see BOX 1). The next 
generation of ground- based GW observatories planned 
for the 2030s, the Einstein Telescope (ET, REF.96) and 
Cosmic Explorer (CE, REF.97) (collectively referred to as 
3G), as well as the LISA58 mission, will observe merging 
black holes and neutron stars when the Universe was 
still in its infancy. PTAs (REF.74) will continue to evolve 
to greater sensitivity. LIGO Voyager98, a major upgrade 
under consideration for the current LIGO observatories 
in the late 2020s, could test some of the key technologies 
needed for the ET and CE and, at the same time, pro-
vide a significant increase in sensitivity over the current 
generation of detectors. With all of these instruments, 
one can expect to witness extremely high SNR events 
that could reveal subtle signatures of new physics. The 
potential of GW science in the next two decades is illus-
trated in FIG. 8, which compares the reach of the current 
ground- based detectors Advanced LIGO and Advanced 
Virgo with that of planned 3G observatories for 1.4–1.4 M⊙  
BNS and 30–30 M⊙ BBH mergers as a function of  
redshift and ‘lookback’ time towards the Big Bang.

Fundamental physics
GW observations, because they explore the most 
extreme conditions of spacetime and of matter, can 
serve as unsurpassed probes of fundamental physics. In 
this section, we will look at the power of this new tool 
in exploring gravity and matter at their most extremes.

Testing GR and modified theories of gravity. GR has 
been a tremendously successful theory in explaining 

current astronomical observations and laboratory 
experiments99–101. Nevertheless, there is a general con-
sensus that GR is, at best, incomplete, representing an 
approximation to a more complete theory that cures 
some or all of its problems102. These issues include the loss 
of information down a black hole103, which contradicts 
unitary evolution of physical states in quantum mechan-
ics; the inevitability of spacetime singular ities104,105, for 
example, at the centre of a black hole where physical 
quantities such as the density and curvature of spacetime 
become infinitely large; a cosmological constant that  
is responsible for the late- time accelerated expansion  
of the Universe106,107, whose value cannot be accounted 
for in the standard model of particle physics108; and the 
lack of a viable formulation of quantum gravity, which 
might resolve all of these problems but has, so far, been 
elusive. These difficulties led to increased interest in 
searching for GR violations in observations in the hope 
that they will provide clues to an alternative theory  
of gravity.

The spacetime curvature at the horizon of a 
black hole of mass M and radius R ~ 2GM/c2 goes as 

~κ GM c R c GM/ = / 82 3 2 , where G is the gravita-
tional constant and c is the speed of light. Note that κ is 
larger for lighter black holes, thus, binary coalescences 
of the lightest astrophysical black holes are, therefore, 
the strongest regions of gravity that we know of and 
are ideal for testing strong field predictions of GR101,102. 
Sub- solar- mass black hole binaries, should they exist, 
would have even greater curvature. Although neutron 
stars are lighter than astrophysical black holes, they 
are not as compact and, hence, probe smaller curva-
ture scales. Black holes also probe regions of greatest 
compactness (or dimensionless gravitational potential) 
defined as Φ = GM/c2R, which is largest for black holes. 
Past experiments such as the Cassini spacecraft109 and 
the double pulsar orbital decay110 verified the validity 
of GR in regimes where fields are moderately strong  
and/or velocities are small compared with the speed 
of light (see FIG. 9). Current and future experiments, 
such as the Event Horizon Telescope (EHT)111 and 
the GRAVITY instrument112, explore the validity of 
GR near massive black holes and, hence, in the small 
curvature, but high compactness, regime. X- ray obser-
vations by the NICER experiment113 probes GR in the 
high curvature and large compactness regime of neu-
tron stars114, whereas GW observations of stellar- mass 
black holes by ground- based detectors (area denoted 
by ‘GW ground’ in FIG. 9) and LISA probe regions’ 
curvature and compactness on a wide range of scales: 
stellar- mass black holes of up to ~5–100 M⊙ (mostly 
ground- based observatories, but also LISA for sources 
that are close by), intermediate- mass black holes of 
102–104 M⊙ (ground- based observatories and LISA) 
and super- massive black holes (SMBHs) of 105–1010 M⊙ 
(LISA at the lower end and PTAs at the higher end of the 
mass range), offering tests of GR over ten orders of mag-
nitude in length scale and twenty orders of  magnitude  
in curvature.

In addition to probing the strong field predictions of 
GR, the vast cosmological distances over which GWs 
travel (redshifts in excess of z ~ 20 both in the case of 
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Fig. 5 | The sensitivity of the LIGO- Virgo network for the ‘O2’ observing run plotted 
as a function of frequency. The vertical axis presents the sensitivity as an amplitude 
spectral density, that is, the strain per unit square root of frequency. The stable,  
narrow spectral features are due to very high- Q mechanical resonances and electrical 
(50- Hz or 60- Hz) coupling. At low frequencies, scattered light, seismic and control noise 
dominate; in the mid- band, thermal noise in the mirror dielectric coatings is the leading 
term. At high frequencies, quantum noise is the limit to sensitivity. Figure adapted with 
permission from REF.26, CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/).
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neutron stars. All ground- based detectors use enhanced 
Michelson interferometry with suspended mirrors 
to directly measure a GW’s phase and amplitude. The 
detection of audio- band GWs places extremely strin-
gent demands on the isolation of the mirrors from local 
forces and disturbances. The two US- based Advanced 
LIGO detectors1 have L = 4 km arm lengths, whereas the 
European- based Advanced Virgo3 and the Japan- based 
KAGRA8,9 have L = 3 km arms. Typical strains from astro-
physical sources are on the order of 10−21 or less, thus, 
displacement sensitivities δL of less than ~10−18 m are 
required to detect GWs with sufficient signal- to- noise 
(SNR) ratio. This is an incredibly small displacement; for 
comparative purposes, note that the radius of a proton 
is ~8.5 × 10−16 m.

A schematic view of Advanced LIGO, shown in FIG. 4, 
illustrates the configuration of the current generation 
of ground- based detectors. The mirrors are suspended 
from multi- stage pendulum systems such that, above the 
resonant frequencies of the suspension system (typically 
around 1 Hz), they can be effectively treated as in free 
fall (that is, in a local inertial frame) in the direction of 
light propagation. These suspensions and accompanying 
seismic isolation systems reduce the undesired test- mass 
motion induced by ambient ground motion by about a 
factor of 1012 from 1 Hz to 10 Hz (REFS3,10). In addition to 
seismic noise, there are three primary noise sources that 
currently limit interferometer sensitivity: thermal noise 
produced by random displacements of the mirror surfaces 
that are produced by thermally fluctuating stresses in the 
mirror coatings, substrates and suspensions11; Newtonian 

(or dynamic gravity gradient) noise arising from earth 
(ground) and atmospheric density perturbations directly 
exerting dynamic forces on the mirrors12; and quan-
tum noise resulting from both vacuum fluctuations of 
the EM field that limit phase resolution in the readout 
photodetector (so- called ‘shot noise’) and displace-
ments of the mirrors via quantum radiation pressure noise 
(QRPN), which induce stochastic impulses (or ‘kicks’) 
on the mirrors due to the random arrival time of the 
momentum- carrying photons13.

The effect of QRPN is diminished as the mirror 
mass increases, and both QRPN and shot noise can be 
reduced by injecting quantum- engineered squeezed vac-
uum states of light into the interferometer14. Thermal 
noise manifests itself in a variety of ways in mirror 
coatings, mirror substrates and suspensions15; it can be 
understood from a statistical mechanics perspective as 
infinitesimal internal motions of macroscopic objects 
at non- zero temperatures caused by intrinsic dissipa-
tion (or mechanical loss) in the system. In addition to 
these fundamental noise sources, a very large number 
of technical noises must be identified and overcome, 
which broadly group into laser frequency and intensity 
noises, acoustically and seismically driven scattered  
light noises, sensor and actuator noises, stochastic forces 
from electrical and magnetic fields, and, potentially, 
energy deposited by energetic particles. (More details 
about these noise sources are presented in the last sec-
tion, where we discuss some of the challenges to building 
future ground- based detectors.)

To deliver the best science, a network of globally dis-
tributed interferometers functioning as a unified detec-
tor is required. The Advanced LIGO and Advanced 
Virgo detectors have actively searched the GW sky 
in a highly coordinated campaign during a series of 
observing runs carried out from 2015. FIGURE 5 shows 
the sensitivities of the LIGO and Virgo interferometers 
during the ‘O2’ observing run; in the latest ‘O3’ run, 
the detectors have achieved sensitivities sufficient to 
detect BBH mergers on a weekly basis16.

The KAGRA detector recently joined LIGO and 
Virgo to form the LIGO- Virgo- KAGRA network; the 
LIGO- India17 interferometer will be joining later in 
this decade, dramatically improving the ability of the 
network to confidently detect and locate GW events18 
and providing new methods for testing alternative the-
ories of gravity through enhanced ability to resolve GW 
polarizations19.

The LIGO- Virgo observations have, in a few years, 
already produced revelations about some of the most 
energetic and cataclysmic processes in the Universe. 
From GW150914, and more recent BBH mergers 
observed by the LIGO Scientific and Virgo collabo-
rations, it is now known that there is a population of 
black holes paired in orbitally bound binary systems that 
evolve through the emission of GWs and merge in less 
than a Hubble time (the age of the Universe); that black 
holes of many tens and even hundreds of solar masses 
exist in nature; and that the properties of the observed 
black holes are entirely consistent with GR to within 
current measurement limits16,20–28. The BNS detec-
tion GW170817 and subsequent observations in the  
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Fig. 1 | The detected gravitational- wave strain amplitude as a function of time for 
GW150914, the first signal detected nearly simultaneously by the LIGO Hanford 
and Livingston observatories on September 14, 2015. The waveforms are shifted and 
inverted to compensate for the slightly different arrival times and different orientations of 
the detectors (red: LIGO Hanford, blue: LIGO Livingston). The upper inset is a simulation 
of the merger produced using numerical relativity to illustrate the evolution of the black 
hole event horizons as the system coalesces and merges. Figure adapted with permission 
from REF.2, CC BY 3.0 (https://creativecommons.org/licenses/by/3.0/).

Michelson interferometer
A device for precisely 
measuring small differential 
displacements using a laser 
light source that is split into 
two perpendicular paths  
(arms) by a beamsplitter and 
reflected back to recombine  
at the beamsplitter. Relative 
displacements between the 
two arms produce phase  
shifts, leading to a change  
in the intensity of the light 
leaving the interferometer.

Thermal noise
Intrinsic noise resulting from 
microscopic atomic motions  
in bulk matter at finite 
temperatures.

Quantum radiation 
pressure noise
Noise resulting from 
fluctuations in the momentum 
imparted to the interferometer 
mirrors when light reflects  
off their surface.

BBH mergers
The collision and fusion of  
two orbitally bound black  
holes to form a more massive 
black hole.
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Reconstructing Event Parameters

Leading order (``easy’’): Masses, Spins, Orbital plane, distance, direction 

Next to Leading order: Internal Dynamics (gravitational susceptabilities)

Rely about theoretical predictions to produce bank of templates 
(more on this later)

propagation time, the events have a combined signal-to-
noise ratio (SNR) of 24 [45].
Only the LIGO detectors were observing at the time of

GW150914. The Virgo detector was being upgraded,
and GEO 600, though not sufficiently sensitive to detect
this event, was operating but not in observational
mode. With only two detectors the source position is
primarily determined by the relative arrival time and
localized to an area of approximately 600 deg2 (90%
credible region) [39,46].
The basic features of GW150914 point to it being

produced by the coalescence of two black holes—i.e.,
their orbital inspiral and merger, and subsequent final black
hole ringdown. Over 0.2 s, the signal increases in frequency
and amplitude in about 8 cycles from 35 to 150 Hz, where
the amplitude reaches a maximum. The most plausible
explanation for this evolution is the inspiral of two orbiting
masses, m1 and m2, due to gravitational-wave emission. At
the lower frequencies, such evolution is characterized by
the chirp mass [11]

M ¼ ðm1m2Þ3=5

ðm1 þm2Þ1=5
¼ c3

G

!
5

96
π−8=3f−11=3 _f

"
3=5

;

where f and _f are the observed frequency and its time
derivative and G and c are the gravitational constant and
speed of light. Estimating f and _f from the data in Fig. 1,
we obtain a chirp mass of M≃ 30M⊙, implying that the
total mass M ¼ m1 þm2 is ≳70M⊙ in the detector frame.
This bounds the sum of the Schwarzschild radii of the
binary components to 2GM=c2 ≳ 210 km. To reach an
orbital frequency of 75 Hz (half the gravitational-wave
frequency) the objects must have been very close and very
compact; equal Newtonian point masses orbiting at this
frequency would be only ≃350 km apart. A pair of
neutron stars, while compact, would not have the required
mass, while a black hole neutron star binary with the
deduced chirp mass would have a very large total mass,
and would thus merge at much lower frequency. This
leaves black holes as the only known objects compact
enough to reach an orbital frequency of 75 Hz without
contact. Furthermore, the decay of the waveform after it
peaks is consistent with the damped oscillations of a black
hole relaxing to a final stationary Kerr configuration.
Below, we present a general-relativistic analysis of
GW150914; Fig. 2 shows the calculated waveform using
the resulting source parameters.

III. DETECTORS

Gravitational-wave astronomy exploits multiple, widely
separated detectors to distinguish gravitational waves from
local instrumental and environmental noise, to provide
source sky localization, and to measure wave polarizations.
The LIGO sites each operate a single Advanced LIGO

detector [33], a modified Michelson interferometer (see
Fig. 3) that measures gravitational-wave strain as a differ-
ence in length of its orthogonal arms. Each arm is formed
by two mirrors, acting as test masses, separated by
Lx ¼ Ly ¼ L ¼ 4 km. A passing gravitational wave effec-
tively alters the arm lengths such that the measured
difference is ΔLðtÞ ¼ δLx − δLy ¼ hðtÞL, where h is the
gravitational-wave strain amplitude projected onto the
detector. This differential length variation alters the phase
difference between the two light fields returning to the
beam splitter, transmitting an optical signal proportional to
the gravitational-wave strain to the output photodetector.
To achieve sufficient sensitivity to measure gravitational

waves, the detectors include several enhancements to the
basic Michelson interferometer. First, each arm contains a
resonant optical cavity, formed by its two test mass mirrors,
that multiplies the effect of a gravitational wave on the light
phase by a factor of 300 [48]. Second, a partially trans-
missive power-recycling mirror at the input provides addi-
tional resonant buildup of the laser light in the interferometer
as a whole [49,50]: 20Wof laser input is increased to 700W
incident on the beam splitter, which is further increased to
100 kW circulating in each arm cavity. Third, a partially
transmissive signal-recycling mirror at the output optimizes

FIG. 2. Top: Estimated gravitational-wave strain amplitude
from GW150914 projected onto H1. This shows the full
bandwidth of the waveforms, without the filtering used for Fig. 1.
The inset images show numerical relativity models of the black
hole horizons as the black holes coalesce. Bottom: The Keplerian
effective black hole separation in units of Schwarzschild radii
(RS ¼ 2GM=c2) and the effective relative velocity given by the
post-Newtonian parameter v=c ¼ ðGMπf=c3Þ1=3, where f is the
gravitational-wave frequency calculated with numerical relativity
and M is the total mass (value from Table I).
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properties of space-time in the strong-field, high-velocity
regime and confirm predictions of general relativity for the
nonlinear dynamics of highly disturbed black holes.

II. OBSERVATION

On September 14, 2015 at 09:50:45 UTC, the LIGO
Hanford, WA, and Livingston, LA, observatories detected

the coincident signal GW150914 shown in Fig. 1. The initial
detection was made by low-latency searches for generic
gravitational-wave transients [41] and was reported within
three minutes of data acquisition [43]. Subsequently,
matched-filter analyses that use relativistic models of com-
pact binary waveforms [44] recovered GW150914 as the
most significant event from each detector for the observa-
tions reported here. Occurring within the 10-ms intersite

FIG. 1. The gravitational-wave event GW150914 observed by the LIGO Hanford (H1, left column panels) and Livingston (L1, right
column panels) detectors. Times are shown relative to September 14, 2015 at 09:50:45 UTC. For visualization, all time series are filtered
with a 35–350 Hz bandpass filter to suppress large fluctuations outside the detectors’ most sensitive frequency band, and band-reject
filters to remove the strong instrumental spectral lines seen in the Fig. 3 spectra. Top row, left: H1 strain. Top row, right: L1 strain.
GW150914 arrived first at L1 and 6.9þ0.5

−0.4 ms later at H1; for a visual comparison, the H1 data are also shown, shifted in time by this
amount and inverted (to account for the detectors’ relative orientations). Second row: Gravitational-wave strain projected onto each
detector in the 35–350 Hz band. Solid lines show a numerical relativity waveform for a system with parameters consistent with those
recovered from GW150914 [37,38] confirmed to 99.9% by an independent calculation based on [15]. Shaded areas show 90% credible
regions for two independent waveform reconstructions. One (dark gray) models the signal using binary black hole template waveforms
[39]. The other (light gray) does not use an astrophysical model, but instead calculates the strain signal as a linear combination of
sine-Gaussian wavelets [40,41]. These reconstructions have a 94% overlap, as shown in [39]. Third row: Residuals after subtracting the
filtered numerical relativity waveform from the filtered detector time series. Bottom row:A time-frequency representation [42] of the
strain data, showing the signal frequency increasing over time.
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Since first detection in 2015 LIGO/Virgo have found hundreds of black 
hole inspirals, as well a neutron star inspirals. Allowed us to: 1) test GR in 
new ways (strong fields) 2) test theories of black hole formation 3) inform 
stellar evolution models via black hole statistics….. 



What are heavy quark bound states (Quarkonia)



For quarks much heavier than the proton two quarks can 
form a hydrogen like bound state (more on that in a second)

First discovered in 1974 ``J/Psi” or ``charmonium’’

Such systems are Hydrogen like in nature with a similar spectrum.
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! v ⇠ e2

Compare to a binary black holes system
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Also involving the bottom quark (tops?)



Why are we confining ourselves to heavy quarks only?

Because the spectrum of ``light quarks is nothing like Hydrogen why?”

Because  E+M is weak, the strong force is strong!!!!  (Almost always)

In E+M the coupling gets weaker at long distances due to ``screening’’
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In the strong force as the mass of the quarks


gets larger the radius of the orbit gets smaller 


and the coupling weaker.  Thats why only heavy


Quark bound states look like Hydrogen 


which in term looks like  planetary orbits



Onia Binaries

Physical Observables:

Decay Products

Extract:  Spectrum

hµ⌫(r ! 1)

LIGO strain

Phase and 
Amplitude contains 

all information 

↵s(mv)m

hOi Condensates

mi, Si, L
A
i

These states are pretty well understood in vacuum. But right now they 
are playing a crucial Role in understanding the quark-gluon plasma.



Property Black Holes Quark-bound state 

Constituents Curved spacetime region

(baryonic matter collapsed)

Event horizon present

Heavy quark–antiquark pair

(e.g., c𝑐̅, b𝑏̅)

Binding Force Gravity (general relativity) Strong force (QCD)

Typical Size Stellar‑mass: ≈30 km

SMBH (10⁶ M☉): ≈3×10⁷ km

Charmonium: ≈0.4 fm (4×10⁻¹⁶ m)

Bottomonium: ≈0.2 fm (2×10⁻¹⁶ m)

Mass Scale 3–10 M☉ (stellar) up to


10⁹ M☉ (galactic centers)

3 GeV/c² (J/ψ) – 10 GeV/c² (Υ)

Lifetime / Stability Classically stable; quantum

Hawking evaporation times

>10⁶⁶ yr (stellar BH)

Short‑lived; decay via gluons

or electromagnetism

~10⁻²⁰ s



It stretches the imagination that these two phenomena are in anyway related!

But systems with very disparate scales can behave in very similar ways 
if the underlying dynamics are based on the same basic principles, 
even if they are manifestations of different forces.

What are the basic principles that govern these two phenomena?

Fundamental forces of Nature, 
each has an associated force 
carrier



We will see that all of the force carriers are manifestations/realization 
of the same class of objects.

Coulombs’ law is a result of the exchange of a 
photon between electrons



Ultimate Dream of Phsysics is to ``Unify’’ the forces into one Theory of Everything

While we are not there yet, but  we have shown that all forces 
are based on the same FUNDAMENTAL PRINCIPLE, and that 
sameness will allow us to understand how black hole binaries 
are intimately related (in a quantifiable way) to heavy quark 
bound states.

All four forces are based on the Principle of Gauge Invariance.



Principle of Gauge Invariance

Coordinate system are a man made articfial crutch and nothing 
should ever depend upon that choice!

In fact I am free to break up my coordinate system into 
a whole bunch of coordinate systems in separate 
regions:  
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z



But surely there has to be SOME relations between coordinate 
systems at different points! We must add some structure to the 
theory which tell us how the coordinate systems are related.

Let us define: <latexit sha1_base64="np3XzZiFHLXXttT4ur0UbtUF8EU=">AAACDnicbVDLTgIxFO3gC/E16tJNIyHBaMiMMeiS6MYlGnkkzIR0ygUqnUfaDpFM+AI3/oobFxrj1rU7/8YCs1DwJE1Pz7k3t/d4EWdSWda3kVlaXlldy67nNja3tnfM3b26DGNBoUZDHoqmRyRwFkBNMcWhGQkgvseh4Q2uJn5jCEKyMLhTowhcn/QC1mWUKC21zcJtO2H346IzBIofTvDsxsdOB7gi6fOobeatkjUFXiR2SvIoRbVtfjmdkMY+BIpyImXLtiLlJkQoRjmMc04sISJ0QHrQ0jQgPkg3ma4zxgWtdHA3FPoECk/V3x0J8aUc+Z6u9Inqy3lvIv7ntWLVvXATFkSxgoDOBnVjjlWIJ9ngDhNAFR9pQqhg+q+Y9okgVOkEczoEe37lRVI/LdnlUvnmLF+5TOPIogN0iIrIRueogq5RFdUQRY/oGb2iN+PJeDHejY9ZacZIe/bRHxifP742mqg=</latexit>

Rij(~x, ~x+ �~x)

As the rotation matrix which relates coordinate systems at nearby 
points 

<latexit sha1_base64="SFH1sOAG5JNPZOr829R7XJwyV7A=">AAACCnicbVDLSsNAFJ3UV62vqks3o0VwVRKR6rLoxmUF+4AmlMnkph06mYSZSbGEduvGX3HjQhG3foE7/8bpY6GtBy4czrmXe+/xE86Utu1vK7eyura+kd8sbG3v7O4V9w8aKk4lhTqNeSxbPlHAmYC6ZppDK5FAIp9D0+/fTPzmAKRisbjXwwS8iHQFCxkl2kid4rE7AIofxjhzZYSJCPAIj90AuCZ4ZnWKJbtsT4GXiTMnJTRHrVP8coOYphEITTlRqu3YifYyIjWjHEYFN1WQENonXWgbKkgEysumr4zwqVECHMbSlNB4qv6eyEik1DDyTWdEdE8tehPxP6+d6vDKy5hIUg2CzhaFKcc6xpNccMAkUM2HhhAqmbkV0x6RhGqTXsGE4Cy+vEwa52WnUq7cXZSq1/M48ugInaAz5KBLVEW3qIbqiKJH9Ixe0Zv1ZL1Y79bHrDVnzWcO0R9Ynz/u0ZnM</latexit>

~x and �~x And lets call this the ``CONNECTION FIELD”.

Every theory based on the gauge principle MUST have a connection, 
and this connection is nothing but the force carrier!



In gravity we can get some physical understanding for the 
gauge principle: the coordinate systems we drew are 
coordinates in space/time and the gauge principle is 
equivalent to the equivalence principle, which states that 


At any point in space/time we can go a reference frame 
(coordinate system) where we can turn off gravity.

But how do we understand these coordinate 
systems in the case of the other forces?



Lets consider the strong force. Lets say that every particle can come in three different colors.

It could even come in some linear combinations of colors. Next lets 
define a vector space spanned by three colors such that each particles


Color state is represented by a vector
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According to our gauge principle we are free 
to choose a different orientation for our 
``coordinate system’’ at each point in space!

That means a blue particle for me might be a red one for you! Thats right.  But 
once we introduce a connection (the gluon) we can compare colors in a 
sensible way.



The strong and gravitational force both arise due to the 
exchange of the connection field (*).  

 

graviton gluon

r
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planetary ORBITS HEAVY QUARK

BOUND STATES

(*) Technically the connection is actually the  derivative of what we call 
the graviton. 



So we have established a connection between these two systems, but its 
been kinda vague and fuzzy, but where is the scientific pay of?

In our to extract the most information from gravitational wave observatiosn we need 
PRECISION predictions.  Suppose we want to know more than the mass, e.g. what is 
the object were looking at made of?  e.g. if its a neutron star or a dark matter star?Detailed shape of signal

OBSERVABLE Detailed shape of the signal contains 
information about the ``microscopic 

physics”.

1) Tidal deformability depends upon EOS:

Q ⇠ �rrhInduced quadrapole moment

``Love Number’’�

2) Tests of GR in the strong field regime (testing modified gravity)

0123456789();: 

Upcoming physics and astronomy with GWs
In the coming decades, the new observational window 
of GW astronomy promises to deliver data that will 
transform the landscape of physics, addressing some 
of the most pressing problems in fundamental physics, 
astrophysics and cosmology88,92–95 (see BOX 1). The next 
generation of ground- based GW observatories planned 
for the 2030s, the Einstein Telescope (ET, REF.96) and 
Cosmic Explorer (CE, REF.97) (collectively referred to as 
3G), as well as the LISA58 mission, will observe merging 
black holes and neutron stars when the Universe was 
still in its infancy. PTAs (REF.74) will continue to evolve 
to greater sensitivity. LIGO Voyager98, a major upgrade 
under consideration for the current LIGO observatories 
in the late 2020s, could test some of the key technologies 
needed for the ET and CE and, at the same time, pro-
vide a significant increase in sensitivity over the current 
generation of detectors. With all of these instruments, 
one can expect to witness extremely high SNR events 
that could reveal subtle signatures of new physics. The 
potential of GW science in the next two decades is illus-
trated in FIG. 8, which compares the reach of the current 
ground- based detectors Advanced LIGO and Advanced 
Virgo with that of planned 3G observatories for 1.4–1.4 M⊙  
BNS and 30–30 M⊙ BBH mergers as a function of  
redshift and ‘lookback’ time towards the Big Bang.

Fundamental physics
GW observations, because they explore the most 
extreme conditions of spacetime and of matter, can 
serve as unsurpassed probes of fundamental physics. In 
this section, we will look at the power of this new tool 
in exploring gravity and matter at their most extremes.

Testing GR and modified theories of gravity. GR has 
been a tremendously successful theory in explaining 

current astronomical observations and laboratory 
experiments99–101. Nevertheless, there is a general con-
sensus that GR is, at best, incomplete, representing an 
approximation to a more complete theory that cures 
some or all of its problems102. These issues include the loss 
of information down a black hole103, which contradicts 
unitary evolution of physical states in quantum mechan-
ics; the inevitability of spacetime singular ities104,105, for 
example, at the centre of a black hole where physical 
quantities such as the density and curvature of spacetime 
become infinitely large; a cosmological constant that  
is responsible for the late- time accelerated expansion  
of the Universe106,107, whose value cannot be accounted 
for in the standard model of particle physics108; and the 
lack of a viable formulation of quantum gravity, which 
might resolve all of these problems but has, so far, been 
elusive. These difficulties led to increased interest in 
searching for GR violations in observations in the hope 
that they will provide clues to an alternative theory  
of gravity.

The spacetime curvature at the horizon of a 
black hole of mass M and radius R ~ 2GM/c2 goes as 

~κ GM c R c GM/ = / 82 3 2 , where G is the gravita-
tional constant and c is the speed of light. Note that κ is 
larger for lighter black holes, thus, binary coalescences 
of the lightest astrophysical black holes are, therefore, 
the strongest regions of gravity that we know of and 
are ideal for testing strong field predictions of GR101,102. 
Sub- solar- mass black hole binaries, should they exist, 
would have even greater curvature. Although neutron 
stars are lighter than astrophysical black holes, they 
are not as compact and, hence, probe smaller curva-
ture scales. Black holes also probe regions of greatest 
compactness (or dimensionless gravitational potential) 
defined as Φ = GM/c2R, which is largest for black holes. 
Past experiments such as the Cassini spacecraft109 and 
the double pulsar orbital decay110 verified the validity 
of GR in regimes where fields are moderately strong  
and/or velocities are small compared with the speed 
of light (see FIG. 9). Current and future experiments, 
such as the Event Horizon Telescope (EHT)111 and 
the GRAVITY instrument112, explore the validity of 
GR near massive black holes and, hence, in the small 
curvature, but high compactness, regime. X- ray obser-
vations by the NICER experiment113 probes GR in the 
high curvature and large compactness regime of neu-
tron stars114, whereas GW observations of stellar- mass 
black holes by ground- based detectors (area denoted 
by ‘GW ground’ in FIG. 9) and LISA probe regions’ 
curvature and compactness on a wide range of scales: 
stellar- mass black holes of up to ~5–100 M⊙ (mostly 
ground- based observatories, but also LISA for sources 
that are close by), intermediate- mass black holes of 
102–104 M⊙ (ground- based observatories and LISA) 
and super- massive black holes (SMBHs) of 105–1010 M⊙ 
(LISA at the lower end and PTAs at the higher end of the 
mass range), offering tests of GR over ten orders of mag-
nitude in length scale and twenty orders of  magnitude  
in curvature.

In addition to probing the strong field predictions of 
GR, the vast cosmological distances over which GWs 
travel (redshifts in excess of z ~ 20 both in the case of 
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Fig. 5 | The sensitivity of the LIGO- Virgo network for the ‘O2’ observing run plotted 
as a function of frequency. The vertical axis presents the sensitivity as an amplitude 
spectral density, that is, the strain per unit square root of frequency. The stable,  
narrow spectral features are due to very high- Q mechanical resonances and electrical 
(50- Hz or 60- Hz) coupling. At low frequencies, scattered light, seismic and control noise 
dominate; in the mid- band, thermal noise in the mirror dielectric coatings is the leading 
term. At high frequencies, quantum noise is the limit to sensitivity. Figure adapted with 
permission from REF.26, CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/).
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Stretching under  a tidal 
deformation does tell us 
about its compostion:
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One of the most remarkable predictions of GR is that for black hole the Love number vanishes!

That is truly bizarre: You cant stretch a black hole using any type of static field
 

1

But this is a tiny effect ~10^(-6), and in 
order to extract from the data we need 
very precise prediction



Lets come back to our force Law
 

graviton gluon
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This is only the largest 
pieces but there are 
smaller corrections 
coming``non-linearities” 

r
t

K
A

These objects are called 
“Feynman diagrams” and are 
representations of integrals.
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O(v2) Lagrangian corrections:
v
1

v
2

Leads to Einstein-Infeld-
Hoffman Potential

These potentials have been calculated to 5PN using these 
techniques (Foffa and Strani, Blanchet et. al.)

Number of Feynman diagrams grows 
factorially with PN order

For example at one loop order we have

Note we generate velocity dependent potentials as well as higher powers of 1/r.

As we go to higher order in non-linearities things get VERY messy very 
quickly. Especially in gravity (compared to QCD), as non-linearities are much 
messier.



It turns out that the gravity calculations are much more difficult than the 
QCD calculations, but there is a deep relation between the two that comes 
from string theory:

In string theory, 


a graviton is excitation of a closed string

a gluon is excitation of an open string

The analogy does not stop there. It turns out that the quantum 
mechanical scattering amplitudes from one theory can be 

determined directly from the other!!!, both described by gauge 
theories that are intimately related

KLT/BCJ double copy relations for scattering amplitudes

More on this later
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QCD
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T
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Closed string


propagation

Product of two 
open string 
propagations



The Gravity contributions to the potential are given by the square 
of the QCD contributions! (KLT relations, BCJ relations)

These relations have been used to calculate to very high order (3 loops)! A lot 
of work. But still need higher precision to be able to extract the Love numbers 
from the data. This is an very active field of research.

Minus sign error



There is much more theory that needs to be done.

Lessons Learned: The laws of physics like to repeat themselves, why?

My guess: There are certain set of fundamental principles that all of the laws of 


nature must obey. Causality

Laws of Relativity

Locality (no action at a distance)
It seems that forming logically consistent systems based on 
these constraints is much more constraining then one might 
think! Especially if we insist that nature includes long range 
forces.


