Announcements

Please turn in Assignment 3 and pick up

Assignment 4

You can also email assignments to the TAs:
Ka Wa Tsang (kwtsang@nikhet.nl)
Pawan Gupta (p.gupta@nikhef.nl)

Did you receive my email last week?

Reminder: Visualization Project due May 21
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Gravitational Wave
Data Analysis

Lecture 4: Gravitational Waves MSc Course



Output of GW detector

Input of detector has the form h(t) = D" h;;(t)

D" s the detector tensor; depends on detector geometry.

Output of detector is related to input by hout = T'(f)R(f)
T'(f) is the transfer function.

However, output of any real detector will have noise, so
output will really be given by

Sout (t) — hout (t) + Nout (t)
s(t) = h(t) + n(t)



Detector noise

To compare detector performances, we use the detectors’
noise n(t).

T noise Is stationary, then -

components are uncorrelated. |

of the Fourier components o

he different

nen the ense

(7 (F)A(f)) = 6(F — 1) 55 (f)

-ourler

mble average

“the noise Is of the form:

Ensemble average can be replaced by time average:

(D) = 55.(NT

1
Af = =
I=7

T 1s time of experiment.



Noise spectral density

Sn(f) is the noise spectral density (aka noise spectral
sensitivity or noise power spectrum):
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Detector Pattern Functions

Polarization tensors where u,v are orthogonal to
propagation direction
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Detector Pattern Functions
GW with given propagation direction 7 is given by

hij(t,x) = ), eij(R) / df ha(f)e 2mif (=)

hilt) = > el [  df ha(f)e 2

A=+4,X

Fold In the detector tensor:
h(t) = D" h;;(t)
h(t)= ) DYel(A)ha(t)

A=+,X



Detector Pattern Functions

Detector pattern functions depend on the direction
of propagation 7 = (0, ¢) of the wave.

’ -' Fa(i) = DVej;(n)

h(t) — h—l— (t)F+(9, ¢) + h>< (t)FX (97 ¢)




Detector Pattern Functions

h(t) = hy (1) F5(0,0) + hx (1) Fx (6, )

GWs have two
polarizations, usually
called + and x
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nterferometric GW
Detector Pattern runctions

1

F.(0,¢;19 =0) = 5 (1 + cos® (9) cos 2¢

F. (0, ;7 = 0) = cos fsin 2¢
Thus GW interferometers have blind directions. For instance,
for a GW with plus polarization,
7 7 ¢=m/4 and Fy =0
I N AL This wave produces the same
L N displacement in the ¥ and x arm.

Differential phase shift vanishes!






FINdiNg signals

Naively, we can detect a GWV signal only when
h(8)] is larger than |n(t)]

But we will rather be In the srtuation
h(t)] < |n(t)




-undamental question:

How can we dig out the GW signal from a
much larger noise?

Answer: \We can detect values of h(t) much sma

than the floor of the noise r

-we know, at least to so

level of accuracy,

he form of h(t).

s(t) = h(t) + n(t)

ler

me



-undamental question:

How can we dig out the GW signal from a
much larger noise?

1 [* 7o\ 1/2
T/o dt n(t)h(t) ~ (TO) noho

Goes to zero for large T!
Thus, It Is not necessary to have hg > nyg .

It is sufficient to have ho > (10/T)Y?ng.
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| et's turn the previous
Nnto a method we can use...

rocedure

5 = / Tt s(OK(®)

Consider K(t) as a generic filter function.

Goal: Obtain the highest possible signal-to-noise ratio
(SNR).

f we know the form of h(t), w
that maximizes t

nat Is -

he filter function K (¢)

ne SN\

R



Define the signal-to-noise ratio...
(8(t)) = (n(t)) + (h(t))

(n(t)) =0 (if noise Is stationary)

Signhal: expected value If signal Is present

5= /_ Tt (s(t) K (1) — /_ T G h(OK (1) - /_ T RHR ()

Noise: root-mean-square value If no signal present

V= [E0) - 6], = [ ad KRS o)
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Define the signal-to-noise ratio...

I dfh(f)

K*(f)

S
N

Convenient definition: noise-welg
between two real functio

~

S (3) a0 |E (D]

2_ 1/2

nted scalar product

ns A(t) and B(t)

A*(f)B(f)

(A|B) = Re/_ df(

1/2)5n (1)

A*(f)B(f)

= 4Re/ df
0

Sn(f)



Define the signal-to-noise ratio...

Using this scalar product definition, we have:

S (u|h) 1

~

N~ (ufu)l/? where u(f) = §Sn(f)K(f)

We are searching for vector u/(ulu)'/? such that its scalar
product with vector 4 1s maximum.

They should be parallel (1.e. proportional):

~

K (f) = const.

‘a4

h(f)

Sn(f)

This 1s the Wiener filter (aka matched filter).




Define the signal-to-noise ratio...

Optimal value of signal-to-noise ratio:

(5) = bl
(%) - [ o5t

Completely generic and independent of form of h(f)




Data Quality Vetoes

ﬁ
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It a particularly noisy period of data is identified, and
f it is correlated with a known instrument problem,
then the data may be removed.



Coincidence Window

Light travel time between detectors plus k standard
deviations.

1/2
th — to] < (At)igne + K (02 + 02) "

2 2 . . .
01,02 - variances on arrival times.

Colincidence must be within a few tens of milliseconds.
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Strain (10™%%)

Frequency (Hz)

Do we really need a
matched filter search?
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Formal Defintion of Matched Filter

Cross-correlate data with template, weighted by detector

nolse:
00~ 7 % 27l ft
Z(t) = A / e )’igf{})e df

Cross-correlate template with template, weighted by detector
noIse:

> o [ RS
7 _2/0 5. (/)

Normalize output of optimal filter:

df




Mass 2 [M]
S,

Matched Filter Search

Template Bank
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Mass 2 [M]

O UberBank

xguency cutoff = 30 Hz

x1,2| < 0.05
Ix1.2] < 0.9895




Signal-based Vetoes

Time-frequency Spectrogrames:
Glitches versus Signals
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Which glitch 1s not like the others!
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Coincident Triggers
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Likelihood-based ranking
statistic

r P (dy, dy,|signal)

P (dg|noise) P (dy,|noise)

Numerator: semi-analytic signal
model
Denominator: background noise
model



| Ikelihood Parameters
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v2/SNR*

Signal and Background Models

Signal Model Background Model

100 100 —

+ - GW150914
+ - GW151226
+-LVT151012



~volution of Noise Model with Mass

The search background Is calculated separately for each
mass and chi bin.

36



Estimating Significance

20 3
104 20 30 4

103 mmm Search Result ‘
102 - Background excluding only GW150914

’ ~ Background excluding ‘
101} GW150914 and GW151226

|

GW151226
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Number of events
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N e
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: \ : 1 LVC, PRL |16,
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Detection statistic In L

Only when we leave coincident triggers in our noise model, I.e. gravitational
waves, do we form accidental coincidences at the same level of significance
or higher.
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Burst Signals

® GW searches with minimal assumptions

® Do not assume accurate source models - affected
DY NOISE

® | imited ability to measure waveforms, sky positions,
holarizations

- Cosmic, string cusps

® (an detect the unexpected SR 18

Heavy stellar binary Supernovae Pulsar glitching .
black holes

Eccentric binary black
holes

J Credit: NASA, ESA, Sanskrit, Credit: NASA, CXC, PSU,

| Credit: B.Allén & E. P Shellard
—0.05 000 005 0.1 Blair Pavlov

-0.15 -0.10



Burst Analysis with
VWavelets

® \Vavelets are waveforms of limited duration and
bandwidth

® W bursts can be described as superposition of

wavelets “h . ‘ -
' Yy

Credit: MathWorks



Burst Analysis with
VWavelets

.

Nu”v&,_,_fu”“”u ”U”U\m “”M\f/\

The Fourier Transform does not represent

abrupt changes efficiently.
Sum of Sine waves are not localized In
time or space and osclllate forever.




Burst Analyses with
VWavelets

1

For time series that have abrupt changes, we need
functions that are well localized in time and frequency.



T1ime-frequency Pixel Maps
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WT (wavelet-transformation)

1Hz resolution

2Hz resolution
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TN, | e, \vith an eccentric orbit at

] bz resoltin * sz resolution 4 different time-

i . frequency

: representations.

60 62 64 66 68 70 72 74 76 78 60
Time [s)

62 64 66 68 70 72 74 76 78

Time [s] Credit: S. Klimenko



Frequency

Cluster Selection

Time

[dentify time-frequency
areas with excess
energy above a pre-
determined threshold.

Cluster excesses
together.
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Coherent Burst Search

® \Wavelet amplitudes need to be calculatead
and signal reconstructed for each time-
frequency pixel and sky location

® joint analysis from all detectors (HI, LI,V 1,...)

® Synchronize detectors by searching over
entire sky (~200000 points)



Maximum Likelihood Statistic

similarity of .~ N total energy of
waveforms In reconstructed
detectors waveforms
I
Co —
E.+ E.,

E, - energy of residual
noise after signal
subtracted

E. - coherent
energy



txample: 2-Detector Constraint
o= - N

. Magnitude of antenna

hattern vectors in for
L1-HI| network

Ratio of antenna pattern
VeCtors

‘fx‘ << ‘f—|—|

¢0(deg) Credit: C. Pankow

LIGO network nearly aligned; blind to second polarization
In most sky locations.




Frequency [Mz]

3 Search Classes
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Frequency [Hz]

A Burst Result

H1:CAL-DELTAL_EXTERNAL_DQ at 1126259462.391 with Q of 5.7

Frequency [Hz]
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lonal wave was found by

ine, within 3 minutes!
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Types of CW Searches

® Targeted searches for known pulsars:
known position, rotation frequency and spin
down

® Directed searches in known position:
SNRs, galactic center; accreting neutron stars
N low-mass x- ray binaries

. AII-sky searchesfor solated, unknown
sources “



The Continuous Wave from
an Isolated NS

Svave

Time

® [he source should emit a nearly
monochromatic sinusoidal wave

requency modulat

[

® | mit on observation comes from total
avallable observation time

® But the detector will see a modified signal

./I:{f,f,f,...,&,5,h0,COSL,¢,¢Q}

® Four phase evolution parameters

® Four amplitude parameters



Doppler Effect Due to Earth
Rotation and Orbit
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The All-sky Search Goal

ho
SNR VT
Vi

® Search over broad frequency, spin-down range over
whole sky over many months of data

® Not really computationally feasible

® Solution: use semi-coherent methods



Semi-coherent Methods

Split data into short segments which are analyzed

B bt

Short (~1000s): signal stays in single Fourier bin



Semi-coherent Methods

Split data into short segments which are analyzed
coherently

O T

N

'MM 1



F-Statistic

A(z) = maxl (z; A) = exp” @)
Maximize with respect to four unknown amplitude parameters:

{h07 COSs L, % ¢O}

Dimension of parameter space: 8 to 4

Under the assumption of white detector noise, F-statistic will look like

Functions incorporating the amplitude
Variance of the data modulations that depend on location and
orientation of detector on the Earth,
position of GW source in sky, periodic
functions of time



detection
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A

—
£
z
é\\ \’Q(q’
0<§\ ) ,&b
3 &
O %)
¥ & X
O S
@ N
S
CREDIT: S. Walsh Q

Stack-Slide Method
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Stack-Slide Method
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Add power after frequency
bins are shifted.



Hough lranstorm Methoca




Hough lranstorm Methoca




[dentity Interesting Frequency Bands

Credit: S. Zhu, et.

m al, PRD 94 (2016)
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ldentify 50 mHz bands disturbed by detector artifacts.

Maximum density and mean 2F value are metrics to identify disturbed
bands.



Contamination in CWV Searches
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10 Freaiishioy, Elz i Credit: Davies, et al
CQG 34 (2016)

Two power spectra, one with an unusually high low-frequency
noise contribution up to 300 Hz.
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Contamination in CWV Searches
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Harmonics of single-frequency noise source create comb-like patterns in noise
spectrum.
I not flagged, searches can identify them as possible sources.



A CW Result
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LVC, arXiv:
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At 55Hz, the O all-sky search can exclude sources with ellipticity above 0> within
| 00pc.
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What is a stochastic background?

e Stochastic (random) background of gravitational
radiation

e Can arise from superposition of large number of
unresolved GW sources
1. Cosmological origin
2. Astrophysical origin

e Strength of background measured as gravitational
wave energy density paw



Cosmological Gravitational Wave Background

x 1028 Example Stochastic Gravitational Wave
4

Gravitational Wave Signal

) | | ] | | | ] |
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Time (sec)

f dPGW
GW spectrum: 2 f) =
P GW( ) Pc df
3c?H{

Critical energy density of universe: p, =
8



Astrophysical Gravitational Wave Backgrounds

e Produced by an extremely large number of weak,
iIndependent, and unresolved gravity-wave sources
e Binary black holes and/or neutron stars
e Supernovae

 White dwarf binaries
-18.5 N \.\-\. _ _ _ LISA Sensitivity N
-\ \-\. RBBLW disk+bulge
N NN o _. NYPo4
19 [ halo: \ "
For example, the e DN W
expected contribution = es 7 M N
from double white R SN N W . VWY -
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Astrophysical Gravitational Wave Backgrounds

3 Potential background from binary black hole mergers
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Detecting Stochastic Backgrounds

Cross-correlation of two interferometers’ data
streams multiplied by a filter function:
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Detecting Stochastic Backgrounds

The filter function has the form:

~ - V(f)QGW(f)Hg
Q) =N (AR

overlap reduction function: v(f)

power law template for GW spectrum: Qaw (f) = Qq (f/100Hz)®
present value of Hubble parameter: Ho

noise in detector 1: P1(f)

noise in detector 2;: Pa( f)

Purpose: Enhance SNR at frequencies where signal is strong and
suppress SNR at frequencies where detector noise is large.



Overlap Reduction Function

Signal in two detectors will not be exactly the
same because:
) time delay between detectors
1) non-alignment of detector




Get involved...

for weak astrophysical signals from spinni
(often called pulsars) using data from the
gravitational-wave detectors, the Arecibo
and the Fermi gamma-ray satellite.

Einstein@Home uses your computer's idle time to search

Ng neutron stars
1GO
radio telescope,

Gravity Spy - citizen science project for identifying and

classitying glitches

f\ Teinstein |
@  home

J . o. . ’ 4
—J - Search for gravitational waves

and pulsars with your computer

Gravity Spy

Help classify noise
glitches in LIGO data



