
virgo

Mapping the GW sky with the LVK
Ruxandra Bondarescu

University of Barcelona

ICCUB, February 7, 2022



EM waves versus GWs
• EM waves are produced by accelerated charges, 

whereas GWs are produced by accelerated “masses”.
• EM waves propagate through space-time, GWs are 

oscillations of space-time itself.
– Gravitational-waves are not absorbed by intervening 

matter & propagate at the speed of light

• Typical frequencies of EM waves range from (107 Hz –
1020 Hz) whereas GW frequencies range from ~ (10-9

Hz – 104 Hz). They are more like sound waves.
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Laser Interferometer Gravitaional
wave Observatory

• LIGO

• Length of each arm, L = 4 km,
• frequency range , f = 10 Hz – 104 Hz
• ΔL ~ 10-18 meters, size of proton ~ 10-15 meters
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LIGO Noise
¨ Complex mixture of broad and 

narrow features
¨ Narrow Spectral features: noise at 

isolated frequencies
¨ narrow resonances excited by 

internal or external noise sources
¨ Broad spectral features: noise 

that varies with frequency
¨ Systematic background noise 

o seismic (< 40 Hz; rapidly 
decreases with f)

o thermal (40 – 200 Hz; slowly 
decreases with f, (Lundgren 
Bondarescu et al. PRD 2008)

o shot noise (> 200 Hz; slowly 
increases with f) 
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Noise Modeling for Data Analysis
Meagan Lang1, Ruxandra Bondarescu1, Lee Samuel Finn1, Ravi Kopparapu1, and Tiffany Summerscales2

1Penn State, 2Andrews University

Modeling detector noise is a prerequisite for
analyzing detector data

Due the intense sensitivity of gravitational wave detectors as the Laser
Interferometer Gravitational-Wave Observatory (LIGO), the data collected
is plagued with noise. Before any gravitational waves can be accurately
recovered from this data, the noise must be accurately characterized in
order for it to be distinguished and\or removed from potential signals.
This can be done by providing either the noise covariance or power spectral
density. However, LIGO noise is a complex medley of features, making this
a challenge.

A LIGO noise model must simultaneously ad-
dress both very narrow and very broad spec-
tral features

LIGO noise is a complex mixture of both narrow and broad spectral
features:
Narrow Features (Violin Modes

Summary: noise at isolated frequencies

Source: calibration lines or detector resonances excited by an external
or internal noise

•< 40 Hz: resonances excited by seismic noise

• 40-200 Hz: resonances excited by thermal noise

Dependence: physical characteristics of the detector (arm length, test
mass, etc.) and amplitude of excitation noise

Characterization: central frequency ω, width ∆ω, and amplitude
(gain) g

Broad Features
Summary: noise that varies with frequency

Source: any source of systematic noise

•< 40 Hz: noise rapidly decreases with frequency due to seismic noise

• 40-200 Hz: noise slowly decreases with frequency due to thermal noise

•> 200 Hz: noise slowly increases with frequency due to photon shot
noise

Dependence: varies with time due to a wide range of dependencies
including time of day and detector location

Characterization: only the time-averaged spectra can be accurately
identified

LIGO Noise Spectrum [1]

The large variety of features makes it difficult to model LIGO noise.

General system identification techniques are
inadequate for modeling very narrow-band
features

The cost of modeling is inversely proportional to the amount of data
embodied in the model. In general, a black-box model can be used if
no assumptions are made regarding the data. However, estimating such a
model to ∼ 10% accuracy for a single narrow feature of width 1 mHz would
require a sampling rate covering 10 frequencies within the line width. This
translates to 104 seconds of data!

Sampling needed for modeling narrow features

LIGO’s predominant narrow line features can
be modeled individually

Due to relative stability of violin modes, they can be accurately modeled
without ever considering any actual LIGO noise. Using the documented
frequency (ω) and width (∆ω) of each line, an analog transfer function
can be constructed:

G(s) =
B(s)

F (s)
=

∆ω

s2 + ∆ωs + ω2
(1)

In order to convert this into the digital transfer function desired (H(z) =
B(z)
F (z)), the impulse of the digital transfer function, h[n], is assumed to equal
the impulse of the analog transfer function,g(t), sampled at the same rate
as LIGO data: h[n] = g(n∆t).

Inpulse Invariant Method

The digital transfer function is the z-transform of its impulse (H(z) =
Z{h[n]}) and the analog transfer function is the Laplace transform of its
impulse (G(s) = £{g(t)}). Using these relationships the digital transfer
function can be found:

H(z) =
−z(K1e

−r2∆t + K2e
−r1∆t)

z2 − z(e−r1∆t + e−r2∆t) + e∆ω∆t
(2)

Where:

K1,2 = ±
∆ω

r1 − r2
, r1,2 =

−∆ω ±
√

∆ω2 − 2ω2

2

LIGO noise can be modeled as the sum of its
components

Generally, LIGO noise contains several narrow lines in addition to broad
spectral features. While ordinary black-box models have a difficult time
modeling a single line, the method described here is capable of construct-
ing a transfer function comprised of two polynomial models (C(z) and
D(z)) that is independent of time for any number of lines. Assuming
two polynomials per line and two for the broad spectral shape, a modified
Box-Jenkins model can be constructed through linear combination of the
transfer functions responsible for describing the lines and broad spectral
features:

y(t) =
C0(z)

D0(z)
e0(t) +

Nk∑

k=1

Ck(z)

Dk(z)
gkek(t) (3)

Where:
y(t) is a time series containing model output (LIGO noise in this case),
en(t)’s are time series’ containing zero-mean, unit-variance, white

noise,
C0 and D0 are model polynomials of the form: C(z) = 1 + c1z

1 +
ca2z

2 + · · · + cNC
zNC that describe the broad spectral features of LIGO

noise,
Ck and Dk are the model polynomials describing the shape and posi-

tion of the kth violin mode contained in the LIGO noise (found using the
impulse invariance method),

gk is a constant determining the gain (amplitude) of the kth violin
mode,

Nk is the number of lines contained in the noise being modeled, and
z is the delay operator such that znf(t) = f(t + n).

The remaining parameters are estimated by varying their values until
the square of the difference between the expected output ye(t) (sample of
LIGO noise) and the observed model output yo(t) is minimized. Because
LIGO noise varies with time, the sample used for this process must be taken
at or near the time the model describes. While previous methods would
require estimation of the Ck, Dk, C0, D0, and gk coefficients, the method
describe here only estimates the C0, D0, and gk parameters. This reduces
the computational cost significantly.

While the order of the Ck and Dk polynomials remains constant and
the gk’s are scalers, the number of coefficients, Ncoef contained in the
C0 and D0 polynomials can be increased to improve the model’s accuracy
or decreased to minimize the required computing time. To find a happy
medium, varying orders of models were created for a sample of simulated
noise:

Spectral Comparison of Varying Model Orders: Simulated Noise

For this simple simulation, only one coefficient is required in C0 and D0 in
order to construct a fairly accurate model. However, LIGO data is much
more complicated.

The resulting model accurately describes
LIGO type noise

In order to test the ability of this method to accurately model LIGO
noise, a section of data was simulated which contained four narrow features
similar to those found in LIGO noise. They were located at 310, 330, 360,
and 390 Hz and each had a Q-factor of 100000. The method described
above was then used to model this noise:

Model of Simulated LIGO-like Noise (narrow features only)

As can be seen in the above figure, the model fitted noise is very similar
to the test sample. Although this noise did not contain any broad features,
the models continue to perform well for samples that do:

Model of Simulated LIGO-like Noise (narrow and broad featues)

Coming Soon ...
The method used here for modeling LIGO noise produces accurate mod-

els while limiting the computational time and memory required by using
physical characteristics of the detectors to minimize the number of param-
eters that must be estimated. The ability to construct such models will
have many uses including, but not limited to:

• noise identification: separating signals from noise contained in LIGO data

• noise filtering: recovering signals from LIGO data, and

•maximum entropy deconvolution: see related poster

Future work on this method will include investigation into the effects of
sample length and down-sampling on model accuracy as well determination
and quantification of the time dependence of LIGO noise.
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Improving Real-Time Gravitational Wave Astronomy
Meagan Lang, Lee Samuel Finn
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Ripples in Space-Time
Einstein’s Theory of General Relativity describes gravity

as the warping of space-time around massive objects. Conse-
quently, the motion of massive objects is believed to produce
waves in space-time just like ripples on a pond. One example
of this would be two black holes orbiting one another.

Black Hole Binary Emitting Gravitational Waves [2]

Detection of these gravitational waves would provide di-
rect evidence for Einstein’s theories in addition to unlocking
an entirely new method for studying astrophysical events.
However, gravitational wave astronomy is a relatively young
field and has yet to make a positive detection. The Maxi-
mum Entropy Pipeline (MTP) aims to improve the current
methods of gravitational wave detection by combining tech-
niques like triggered searches, improved noise modeling, and
maximum entropy deconvolution into a compact data anal-
ysis pipeline capable of detecting gravitational waves as they
arrive at Earth.

Detecting the Invisible
Currently, the most promising means of detecting gravi-

tational waves are interferometric detectors like the Laser
Interferometer Gravitational Wave Observatories (LIGO).
These detectors are essentially Michelson interferometers.

Schematic of a Michelson Interferometer

In a Michelson interferometer a laser beam is split along
two perpendicular arms of equal length, reflected multiple
times along each arm, recombined, and then analyzed by a
photo detector. Minute changes in the respective lengths
of either arm, such as from passing gravitational waves, re-
sults in a phase difference between the beams traveling along
them and consequently causes the intensity of the final beam
to fluctuate through interference. These changes can then
be used to derive properties of the gravitational wave signal
like its amplitude and wave form.

Pointing Out Gravitational Waves
Gravitational wave detectors like LIGO operate contin-

uously for several months generating enormous volumes of
data. Without knowing exactly when a gravitational wave
will arrive at Earth, every second of data must be analyzed,
a computationally intense process. Fortunately, many of the
events that are believed to produce gravitational waves are
also thought to emit electromagnetic radiation such as when
a star goes supernova and ejects its outer layer while its core
collapses to form a black hole.

Supernova Remnant Cassiopia A [2]

If the electromagnetic signal, or ’trigger’, correspond-
ing to a gravitational wave producing event is observed, as-
tronomers can focus valuable computational time on ana-
lyzing the segment of data collected around the time of the
trigger event for gravitational waves.

MTP takes advantage of these triggers by maintaining
a connection with observatories capable of detecting these
events. Upon receiving notification of a trigger, MTP re-
trieves the corresponding data for analysis in real-time.

Air Conditioner or Gravitational
Wave?

The precision of interferometric detectors makes them
the ideal tool for detecting the small fluctuations caused
by passing gravitational waves. However, this precision also
makes them highly susceptible to environmental noise from
a wide variety of sources including, but not limited to:

Air conditioners, overpassing aircraft, nearby scien-

tific equipment, rain, passing trucks, earthquakes,

volcanic eruptions, and photon shot noise

Estimated Noise Spectra of LIGO Interferometers [3]

Interferometer noise often resembles the signals we are trying
to detect. This makes it difficult to even identify a detection.

What IS all that racket?
In order to make detections, we must be able to dis-

tinguish noise from signal. This can be done by accurately
characterizing the noise contained in a target section of data.
Detector noise can be sorted into two general categories.

Narrow Band Features

Typical Source: mechanical resonances excited by an
external or internal noise

Approx. Characterization: central frequency ω, band-
width ∆ω, and amplitude (gain) g

Broad Band Features

Typical Source:

•< 40 Hz: seismic noise

• 40-200 Hz: thermal noise

•> 200 Hz: photon shot noise

Approx. Characterization: amplitude and frequency

Example of Broad and Narrow Spectral Features

The complex mixture of narrow and broad spectral features
in detector noise makes it especially difficult to characterize.

Sorting Out the Mess
If the general properties of the detector noise are known,

a model form can be selected that lends itself to the types of
noise present. The model created by MTP is a Box-Jenkins
polynomial model and has the general form:

y(t) =
C0(z)

D0(z)
e0(t) +

Nk∑

k=1

Ck(z)

Dk(z)
gkek(t) (1)

Where the C0, and D0 describe the broad spectral fea-
tures, Ck and Dk depict the spectral shape and position of
each of the Nk narrow band features, gk is the amplitude
of each narrow band feature, y(t) is the detector noise, and
the e(t)s are samples of random, white noise.

The advantage of this kind of model is that the Ck and
Dk coefficients can be found from the central frequency
ωk and bandwidth ∆ωk of each narrow feature (measurable
properties). Once these are known, only the C0, D0, and
gk coefficients must be estimated, drastically reducing the
amount of data needed to construct an accurate model.

Example of Modeled Detector-like Noise

Searching for the Unknown
Once an accurate noise model is calculated, MTP uses

a statistical method called maximum entropy deconvolution
(MaxEnt) [1] to return the signal that is most likely to NOT
be described by the noise model. Other gravitational wave
search pipelines look for signals that are predicted by cur-
rent theoretical models. Unfortunately, this means that such
searches are only capable of detecting certain signals. Max-
Ent is advantageous in that it does not assume anything
about the signal it is searching for. This will allow MTP to
find signals that scientists may have never even imagined.

Name that Gravitational Wave!
Accurate models (or templates) have been developed for

the gravitational waves believed to be produced by differ-
ent astronomical events (e.g. compact binary inspiral). By
comparing the signal returned by MTP to the theoretical
models in a process called template matching, astronomers
can determine what event was likely to produce the observed
gravitational wave.

Example of an Inspiral Template [4]

Once the type of event that produced a gravitational
wave signal is identified, fitting can be used to estimate
physical parameters of the object(s) involved (e.g. mass and
velocity). This will allow astronomers to probe astronomical
phenomena in many ways that current methods cannot.

Conclusion
The Maximum Entropy Pipeline utilizes many techniques

which will enhance our ability to detect gravitational waves
including real-time triggered searches, accurate noise model
estimation, and unbiased signal recovery.

Overall, this utility will revolutionize gravitational wave
astronomy, transforming it into a viable new tool for astro-
nomical understanding and discovery.

This work was supported by NSF grants PHY 06-53462

and PHY 05-55615 and NASA Grant NNG05GF71G.
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How did we know GWs exist ? Indirect proof.

• Hulse-Taylor binary pulsar (Nobel prize 1993)
• Steady decrease in orbital 

separation due to loss of
energy through GWs.
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Sources of GWs

• Binary Neutron stars (pulsars), 
• Binary black holes 
• or a combination of these
”known unkowns” (i.e., not seen yet)
• Exploding stars: Core collapse

Supernovae 

• Pulsars (rotating Neutron stars)
– Mountains
– Unstable modes (e.g., r-modes)

• Stochastic sources: Jumble of weak signals from lot of sources that 
cannot be resolved or gravitational waves from inflation

“….there are known knowns, there, are known unknowns But there are 
also unknown unknowns….” 

---- Don Rumsfeld
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What did we expect to see?

• NS binaries
– Hulse-Taylor & a few other pulsars
– EM Observations: 17 galactic neutron star pairs, 

total mass ranges 2.5 to 2.9 Msun

• Xray observations: BHs could be 10 MSun
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2003: first GW course at LSU
Students at Xmas and New Years Eve
Course based on Kip Thorne’s lectures,
Thorne, Bondarescu, Chen

https://cosmolearning.org/courses/overview-of-gravitational-wave-science-400/
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9

(Bondarescu & Wasserman ApJ 778, 9, 
2013, Bondarescu, Teukolsky & 
Wasserman PRD 79, 104003, 2009, 
PRD 76, 064019,2007 )



ICCUB Gravitational Waves Group
• Jordi Portell (Data Analysis, Team Leader)

– Pablo Barneo (data analysing, denoising pipeline)
• Mark Gieles (BH formation, stellar dynamics and evolution)

– Daniel Marin Pina (Ph Student, earlier talk)
– Stefano Torniamenti (collaborator, U. Padova)

• Tomas Andrade (numerical relativity, earlier talk)
– Juan Trenado (PhD student, numerical relativity)

• Oleg Bulashenko (GW lensing)
– Helena Ubach (PhD student, GW lensing)

• Ruxandra Bondarescu (GW wave astronomy)
• David Gascon Fora (Technical Unit)
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2022: a glimpse of the GW sky
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NS – BH binaries: first time detection!
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Topics of Interest

• GW lensing
• GW polarization
• GW in eccentric or hyperbolic binaries
• Detecting single, perturbed neutron stars (are 

continous waves really continous?)
• Data analysis (burst searches)
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Lensed events? (e.g., GW170814)
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Can a lensed event be 
recovered?



Most massive merger



GW lensing (Helena U., RB, Oleg)

18

 , 

 , 

 , 

 , 

f

t



GW lensing (Helena U., RB, Oleg)
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Detecting GW polarization?

Gravitational-Wave Astronomy with Stokes
Parameters

Ruxandra Bondarescu1, Ravi kumar Kopparapu1, Lee Samuel Finn1,
Meagan Lang1, and Tiffany Summerscales2

1Department of Physics, The Pennsylvania State University
Andrews University2

Motivation

Goal: use the waveform recovered from the noisy data
of a detector network to infer source properties such as

• source orientation

•degree of non-axisymmetry. Systems that are non-
axisymmetric radiate angular momentum and emit cir-
cularly polarized radiation. Axisymmetric systems emit
linearly polarized gravitational radiation.

.

Gravitational-Wave Stokes Parameters

Gravitational waves have two polarization states that are convention-
ally measured in terms of the h+ and h× linear polarization. In the
same way the Stokes parameters of a light wave are defined in terms of
the two linear polarization of the electric field, the Stokes parameters
of gravitational wave are defined in terms of h+ and h×:

I = h̃+h̃∗
+ + h̃×h̃∗

× (total intensity in the wave) (1)

Q = h̃+h̃∗
+ − h̃×h̃∗

× (linear polarization)

U = h̃+h̃∗
× + h̃×h̃∗

+ (linear polarization)

V = h̃×h̃∗
+ − h̃+h̃∗

× (circular polarization),

where h̃+ and h̃× denote Fourier transforms applied to the gravita-
tional wave amplitudes.

The degree of linear polarization can be calculated by

dl =

√
Q2 + U2

I
(2)

and the degree of circular polarization is found from

dc =
|V|
I

. (3)

A linearly polarized wave would have dc = 0, dl = 1, whereas a
circularly polarized wave has dc = 1, dl = 0.

Recovering the Waveform

A critical problem encountered in the analysis of astronomical data is
to the identify the signal in noisy observations. To illustrate waveform
recovery (See [1] for more details), we take an inspiralling binary black
hole template, with a total mass of 30M%. The source is assumed to
be oriented face-on and hence emits radiation that is fully circularly
polarized. We embeded this waveform in simulated noise.

The detectors we consider are Livingston and Hanford LIGO (L1
and H1) in the US, VIRGO (V1) in Italy and the proposed AIGO
(A1) in Australia and LCGT (J1) in Japan. We take into account the
arm orientation and location of each detector, but assume the noise is
white and that the detectors are identical otherwise.
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Up: input and recovered hp and h×. Down: data from all 5 detectors
vs time. The source signal is embedded with network SNR = 1.2. In-
ferred waveform SNR = 1, indicating that 82% of signal is recovered.

GW Polarization for a Supernova in the Galactic Center

We consider two scenarios (1) a core-collapse supernova simulated by Ott et al.

2006 [2] that is purely axisymmetric and emits linearly polarized gravitational radia-
tion and (2) a core-collapse with a remnant undergoing damping of nonradial modes
to become axisymmetric. The template for the latter case is constructed by adding
a ring-down waveform to the core-collapse waveform after the bounce. We embed
these waveforms into simulated noise of the L1 − H1 − V1 network and compute the
Stokes parameters. These parameters are then integrated over frequency to compute
the degree of circular and linear polarization.

0 5 10 15 20 25

0

0.2

0.4

0.6

0.8

1

network SNR

D
eg

re
e 

of
 P

ol
ar

iz
at

io
n

 

 

input waveform dl
99% of dl
99% of dc
input waveform dc

0 5 10 15 20 25
0

0.2

0.4

0.6

0.8

1

network SNR

D
eg

re
e 

of
 P

ol
ar

iz
at

io
n

 

 

input waveform dl
99% of dl
99% of dc
input waveform dc

0 200 400 600 800 1000−15

−10

−5

0

5

10

15

f (Hz)

St
ok

es
 P

ar
am

et
er

s

 

 

Q fmax/∫ I df
U fmax/∫ I df
Im(V)fmax/∫ I df
I fmax/∫ I df

Up: The 3-sigma (99% confidence level) area of dc and dl vs SNR for
a purely linearly polarized (left) and the mixed polarized case (right).
For SNR > 9 the degree of circular polarization can be measured within
10% of its input value. Down: Stokes parameters and a function of
frequency for SNR = 9 for the mixed polarization case.

Sky Sensitivity to Circular Polarization

Up: (left) All sky map of dc (L1 − H1 − V1 network) for a source
that emits fully circularly polarized radiation (dc = 1, dl = 0) with an
amplitude of 20 above noise rms. (right) corresponding sky map of
SNR. Down: dc sky map without noise present. High SNR regions
do not correspond to high circular polarization, which depends on
our ability to recover both h+ and h×. The sensitivity improves when
additional detectors are added to the network.

Sky map of dc (Left) and of SNR (Right) for an L1 −H1 − V1 −A1 (Up)
and L1 − H1 − V1 − J1 (Down) detector network.

This work is funded by NSF grant No. PHY 06-53462 awarded to the Pennsylvania State University.
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L-H-V network: no noise limit
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LVK network
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Detecting eccentricity?

• Multiple harmonics? 
• Eccentric obits add other harmonics

23

All terms in I are of the form

m1x1y1 +m2x2y2 = m1(
µ

m1
x)(

µ

m1
y) +m2(�

µ

m2
)(� µ

m2
y) (8)

= µ2
(
1

m1
+

1

m2
)xy (9)

= µxy (10)

which greatly simplifies our calculations.

In polar coordinates, the reduced quadrupole moment becomes

Ixx =
µr2

6
(1 + 3 cos 2✓) (11)

Iyy =
µr2

6
(1� 3 cos 2✓) (12)

Ixy =
µr2

2
sin 2✓ (13)

Iyx = Ixy (14)

Izz = �µr2

3
(15)

Ixz = Izx = 0 (16)

Iyz = Izy = 0. (17)

In the circular orbit case, the time derivatives are simple, because r is fixed and ✓̇ is constant. In

the general planar orbit case, we need derivatives of r as well.

3 GW Strain and Luminosity

The trace-reversed GW strain is

h̄ij =
2G

c4D
Ïij(t�D/c) . (18)

This is the quantity measured by LIGO-Virgo, so calculating it allows us to find the distance at which

we’re sensitive to a signal. We need to find the strain in the frequency domain, and compare to the

noise curve of the detector (which we can find in the Observing Scenarios document).

Astrophysicists like to use energy emitted instead. The angle-integrated GW luminosity is

L =
1

5

D ...
I jk

...
I jk

E
(19)

where j and k are summed over. The angle brackets indicate a time average, because instantaneous

GW energy is not well-defined. Energy loss is also important because if it becomes comparable to the

total energy then the binary will coalesce rather than orbiting.

Substituting in the equations of motion will allow us to relate the strain to the energy loss for any

eccentric or hyperbolic orbit. Everything will be in closed form as a function of ✓(t) and the parameters

GM , rmin, and e.
The first derivatives are

İxx =
µrṙ

3
(1 + 3 cos 2✓)� µr2✓̇ sin 2✓ (20)

İyy =
µrṙ

3
(1� 3 cos 2✓) + µr2✓̇ sin 2✓ (21)

İxy = µrṙ sin 2✓ + µr2✓̇ cos 2✓ (22)

İyx = Ixy (23)

İzz = �2µrṙ

3
(24)

İxz = Izx = 0 (25)

İyz = Izy = 0. (26)

2

5 Strain

The strain breaks into harmonics of ✓. The fundamental circular emission happens at the frequency

2✓. Eccentric orbits add other harmonics. We will drop those below the circular emission for now.

What’s left is

h+ = � 4

1 + e

G2Mµ

c4D rmin

⇣
cos 2✓ +

e

4
cos 3✓

⌘
(46)

h⇥ = � 4

1 + e

G2Mµ

c4D rmin

⇣
sin 2✓ +

e

4
sin 3✓

⌘
(47)

This is the emission perpendicular to the plane of the orbit; the emission in other directions is smaller.

This may happen only for one or a few cycles; certainly only one for a hyperbolic orbit, unless it

gets captured. This makes it much less detectable than a circular orbit. But for large e the 3✓ term is

at a 50% higher frequency, which can put it higher into the sensitive band of the detector.

Given a detector noise curve, we can calculate the detectable distance by approximating the orbit

as about a half-cycle, taking the Fourier transform, and finding

⇢2 = 4

Z |h+(f)|2

Sn(f)
df (48)
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Binary neutron star - well above 
Chandrasekhar mass



LIGO-Virgo+GR
a tool to learn about the universe

• O1: 3 detections, 2015
• O2: 7 BBH+BNS, 2017
• O3: Apri 1st, 2019 to 

March 27, 2020 
(stopped by COVID-19)

• 56 candidates
– One a week

• Flood of signals, one 
every day? Daily new 
info about the universe?
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The End
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• Livingston, Louisiana                                                       Hanford, Washington

• Livi

Virgo in Cascina. near Pisa
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Parameters of some interesting events



What’s the big deal ?
• Continuous measurements of lengths 1000 times 

smaller than proton size!! Science, not science fiction.
• GWs bring info about objects that can not be seen 

with EM observations and vice-versa.
• This is a radically different field than EM observations.
• We talked about signals and sources that we *know*

about. Any new field has it’s own surprises (radio, 
gamma-ray).

“….there are known knowns, there, are known 
unknowns But there are also unknown unknowns….” 

---- Don Rumsfeld
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BH mergers from O1&O2

• 10 BH mergers in O1 & O2: all equal mass, no 
spin
– No spin retained from birth or accretion
– Born this way! Not from prior mergers! 
– Unequal mass events: more rare
– Most likely field binaries – form in the galaxy, stars 

that form are binaries because of the way the disk 
fragments => born with equal masses

– Dense environments equalize binaries, lighter one 
will be kicked out
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Unequal masses: GW190412
• 2.4 billion light years away
• SNR = 19
• 30 MSun + 8 MSun

• Spin of larger BH about 0.4, marginal precession
• For the first time: more than one GW frequency, 

higher order multipoles
• How did it form?
– Big BH from the merger of two smaller ones?
– Dense environment? Isolation?
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Mystery Object in “Mass Gap” 
GW190814

• 2.6 MSun + 23 Msun
– Most unequal mass measured in GWs
– No measurable tidal deformation

• SNR = 25 in the LVC network, SNR = 21.4 
Livingston and 4.3 in Virgo

• 241 Mpc , z= 0.05, localized to 18.5 deg2

• What is 2.6 Msunobject?
– Merger of 2 neutron stars?
– Heavy NS (generally unstable above 2.2-2.3 MSun)
– Very light BH
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Candidate GW190521g: light & BHs?

• Flare by a distant active supermassive BH 
J1249+3449 from the region of the GW emission 
(Graham et al. Phys. Rev. Lett. 124, 251102, 2020)

• Flare due to the BH merger around the quasar?
– Final black hole (100 MSun) kicked through the gas in 

the accretion disk of the quasar
– Creates a bright flare visible with telescopes
– Flare reappear in 1.6 years? When BH re-encounters 

accretion disk.
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First neutron star merger
GW170817

• Signal of about 100 seconds, started at 24 Hz, first at 
Virgo, total mass 2.82 MSun

• Fermi & Integral: GW170817A – short GRB of about 2 
sec, about 1.7 sec after the merger

• Optical transient AT 2017gfo (SSS 17a) – 11 hours after 
the merger in NGC 4993, also seen in X-ray and radio –
a rapidly cooling cloud of neutron rich material
– 140 million light years away
– Old stellar population

• A new class of objects, kilonova, on-off in Xrays
– GRB 150101B, GRB 130603B ?
– Produced heavy elements: strontium, gold, platinum
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Second NS merger: GW190425

• Total mass: 3.4-3.7 Msun

• EM observations: 17 galactic neutron star 
pairs, total mass ranges 2.5 to 2.9 Msun

• LIGO Livingston – SNR = 12.5
• 520 million light years away, 160 Mpc
• Will see such sources up to z < 0.1, 400 Mpc
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Why is GW190425 so heavy?

• Formation scenarios
– Low metallicity environment

• Energetic kicks caused by supernova suppressed
• Close binary system after their evolution into neutron stars
• Tight orbits could evade EM detection
• A population that has not been observed before

– One is a BH?
• Lighter than any black holes observed

– Dense environment
• Three body process: companion swapped for a heavy NS

– Younger stellar population: supernova different?
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Summary
LIGO-Virgo+GR: a tool to learn about the universe

• What can LIGO-Virgo see?
• BH binaries

– Most 20-40 MSun

– Up to when do we have waveforms? 
– When to the waveforms start to disagree
– Tidal deformations and ringdown are not yet measured well. Will change.

• NS-binaries
– Borderline events in terms of EM that could be seen by LVC
– Deviations in the waveform caused by tidal perturbations. Modeled via 

adiabatic approx. (Hinderer et al. 2017)
• Matter out of equilibrium? Not polytrope?
• Final object: NS or BH – waveforms differ
• Equation of state? Unclear how much it matters.
• Resonances that kick in with i-modes or f-modes e.g., resulting in the shattering of the 

crust (Tsang, Bondarescu et al., 2012, Andersson et al. in progress)
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