Background - Correlated noises at LIGO and Virgo

Method to detect correlation

- Pearson Correlation Coefficient
- Maximum Information Coefficient

Non-linear noise model

- Virgo detector suffered from up-conversion noise before.
(Now solved)
This up-conversion noise is well-modeled.

=> In this talk, using non-linearly noise model,

we evaluate the performance of each analysis methods.
Summary
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motivation - correlation analysis using environmental channels

(Goal : search correlated channels between ~10000 environmental
channels and finally localize noise sources

- localization of noise sources reveals noise features

- remove false trigger event generated by GW search pipeline,
-> increase GW detection efficiency

In this talk, we define

'S ‘O. Arrangement of Environment-monitor
sensors (schematic)
= GW Cha..r.}nel | ® @ Thermometer H
as sensitive channel to GW el / Hygrometer
: ® Barometer
3
. Acceleromete
- environmental channel i e
(2] .‘ @ Particle counter
as insensitive channel to GW 4 ¥ B .
’ (broadband) o
microphone, accelerometer, et @ ~ 1500m ® Araya (2012)
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Example of linear correlation observed in LIGO and Virgo
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Example of non-linear correlation, up-converted noise

GW channel seismometer
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The latest news - LIGO Livingston face a up-conversion noise

H1:CAL-DELTAL_EXTERNAL_DQ, t0=2015-06-04 03:39:15
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- During Engineering Run of LIGO Livingston, peak at 0.8~3Hz (from seismic activity?)

=> generate scattering events reaching from 25Hz up to 50Hz in GW channel

=> currently being investigated how this peak affect GW channel like this.
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Method to search correlation

- In this study, below two method are used,

Pearson Correlation Coefficient

V(@i —2)% 3, (yi — 1)

- efficient method to linear correlation

Maximum Information Coefficient (MIC)

[David N. Reshef, et al. Science 334, 1518 (2011)]
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Maximum Information Coefficient (MIC)
[David N. Reshef, et al. Science 334, 1518 (2011)]

- MIC can detect both functional and non-functional dependence.

- If a relationship exists between two data, a grid can be drawn on the scatter

plot of two data that partitions the data to encapsulate that relationship.

For each partitioned resolution, MIC finds grid partition placement with highest
mutual information.

n=20

|~ pix.y) = 57120 = 0.25

I(X;Y)=)_ ) plx.y)log (pfi))(by(i)>

yeY xeX ply) =10/20 = 0.5

X,Y: random variables : :
p(x,y): joint probability distribution function o ° | o !
p(x), p(y): marginal probability distribution functions :

pix) =8/20=0.4
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Which correlation MIC can search?

+ MIC can search not only linear but also non-linear correlation.

Maximal Information Coefficient (MIC)
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Which correlation MIC can search?

+ MIC can search not only linear but also non-linear correlation.

Maximal Information Coefficient (MIC)
0.80 0.65 0.50 0.35

Relationship Type Added Noise >
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In this study, especially whether this correlation can be " ™
detected is important.
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Up-conversion noise observed at Virgo detector

[Classical and Quantum Gravity 27, 19 (2010) 194011]
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—noise injection 130
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secondary scattering light noise by mirror’s
vibration

The structure with many peaks becomes
worse sensitivity more than 1 order.

spectrogram of secondary scattering light
noise

Virgo detector suffered from this noise before. Now solved
This up-conversion noise is well-modeled.

This noise model includes linear and non-linear correlation. 10



Mechanism of this up-conversion

[Classical and Quantum Gravity 27, 19 (2010) 194011]
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Optical system behind end-mirror controls GW detector
using transmitted laser.

Sometimes accidentally transmitted laser is returned to cavity.
11



[Classical and Quantum Gravity 27, 19 (2010) 194011]
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(D. Strong seismic activity (such as microseism..) excite resonant motion of

optical bench and generate damping motion of optical bench.
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[Classical and Quantum Gravity 27, 19 (2010) 194011]
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(2. The motion of optical bench causes damping motion of mirror installed on
optical bench
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[Classical and Quantum Gravity 27, 19 (2010) 194011]
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3. Time variation of optical path length between end-mirror of cavity and mirror on optical

bench because of damping motion of mirror on optical bench
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[Classical and Quantum Gravity 27, 19 (2010) 194011]
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@). After modulated laser is returned to cavity, modulated laser will be noise source
because of different phase.

15



Mechanism of this up-conversion

[Classical and Quantum Gravity 27, 19 (2010) 194011]

o' westarm
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Bench :
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seismic activity

Optical system behind end-mirror controls GW detector <-—->® —>
using transmitted laser. —

Sometimes accidentally transmitted laser is returned to cavity.

(D. Strong seismic activity (such as microseism) excite resonant motion of optical bench and

generate damping motion of optical bench.
(2. damping motion of mirror installed on optical bench

3. time variation of optical path length between end-mirror and mirror on optical bench

because of damping motion of mirror on optical bench
4). After modulated laser is returned to cavity, modulated laser will be noise source

because of different phase. 6



About noise model

[Classical and Quantum Gravity 27, 19 (2010) 194011]

Up-CoONVersion noise

Yy
hse(t) = G - sin (7($0 + 5333(;(75))) Lo :distance between end mirror and reflector

dzsc(t) : displacement of mirror by seismic activity

G : parameter depending on interferometer (G — 5 X 10_20)
A : laser wavelength (1064 [nm])

GW channel:  s(t) = hse(t) + n(t)
n(t) : detector fundamental noise

(Virgo sensitivity is used. Assuming gaussian and stationary noise)

displacement of mirror excited by seismic activity

0xsc(t) = Ap, sin(2m frt) exp(—t/7) + Ngeis(t)

A, :amplitude of mirror’s displacement 7 = 0.1]sec| :damping time
(estimated from Virgo paper)
fn = 15[Hz] : resonant frequency of optical bench

Nseis(t) : background motion of mirror,
Assuming gaussian and stationary noise and S(f) = 10/ {-8}[m/sqrtHz]
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[Classical and Quantum Gravity 27, 19 (2010) 194011]

Up-CoNVversion noise

L0 :distance between end mirror and reflector

dxs.(t) : displacement of mirror by seismic activity

G : parameter depending on interferometer (G =5 x 102Y)
A : laser wavelength (1064 [nm])

Whether correlation is linear or non-linear depends on this term.

0xsc(t) << —~10"" => linear correlation

T
A

0Xsc(t) >> 10~ 7 => non-linear correlation

18



About noise model

[Classical and Quantum Gravity 27, 19 (2010) 194011]

Up-CoONVersion noise

. (4w
hse(t) = G - sin (7 (xo + 5xsc(t))) Lo :distance between end mirror and reflector

dzs.(t) : displacement of mirror by seismic activity

G : parameter depending on interferometer (G =5 x 102Y)
We can observe two channels A : laser wavelength (1064 [nm])

- GW channel: s(t) = hse(t) + n(t)

n(t) : detector fundamental noise
(\Virao sensitivity i ad. Assuming gaussian and stationary noise)

displacement of mirror excited by seismic activity

0xsc(t) = Ap, sin(2m frt) exp(—t/7) 4 Nigeis(t)

Following this noise model, simulation noise is generated.
=> Using correlation analysis methods (Pearson and MIC),

We check the performance of analysis methods for non-linear noise.
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Mirror displacement generated by simulation

simulation condition : data duration = 1[sec], sampling rate = 1024[Hz]

In the case of mirror displacement A,, = 0[m]

=> no-correlation case
We think this case as background.
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In the case of mirror displacement A,,, = 0[m]

GW channel
s(t) = hge(t) + n(t)
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Scatter plot of mirror displacement and GW channel

In the case of mirror displacement A,,, = 0[m]

GW channel

s(t) = hyo(t) + n(t)
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Mirror displacement generated by simulation

In the case of mirror displacement A,, = 107 °[m] 0Tgc(t) >> 10~7
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=> non-linear correlation case

/\ Injected damping oscillation
Background motion is too smaller
than injected signal
O 01 02 03 04 05 06 07 08 09 1

23



Scattering light noise generated by simulation

In the case of mirror displacement A,, = 10~ °%[m]

scattering light noise p,_(¢)
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upconversion noise
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Frequency changes with time.
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GW channel generated by simulation

In the case of mirror displacement A,, = 10~ °%[m]

GW channel
s(t) = hsc(t) +n(t) Effect from injected damping oscillation is still remain.
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Scatter plot of mirror displacement and GW channel

In the case of mirror displacement A,, = 10~ °%[m]

1.4e-19

GW channel GW channel + up-conversion
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There is structure of sine-shape which is cased by injected dumping
oscillation. => non-linear correlation



Spectrum of GW channel generated by simulation

In the case of mirror displacement A,, = 10~ °%[m]

with noise
Virgo
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~
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Q.
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10 100

frequency[HZz]

Red line is detector noise when up-conversion noise happened.
Comparing with stable detector noise(Green line), sensitivity becomes worth.
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Displacement of mirror and scatter plot
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Classification of scatter plot
no correlation
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Histogram of correlation value calculated by simulation(10000 trials)
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Calculation of ROC curve

For each histogram, we calculate false alarm probability(FAP) and detection efficiency
at each threshold s,

false alarm probability (xp) Z p(x3)/Protal

T>Tep

efficiency (¢, ) E q(%i)/ Qtotal

T>Tth
Ptotal = ZP(ZCZ)
(x) i : total count
X
i Jtotal = Z q(x;)

_ B i } ‘MIC(signal)
0.06"- MIC(background)
0.05" -

‘ X
0.04" p(x)

0.03
0.02"
0.01- .
% 04 02 03 04 05 06 07 08 09 1 %

Lth

Using obtained FAP and efficiency, Receiver Operating Characteristic(ROC) curve

can be calculated. 31



Efficiency

Evaluated performance of analysis methods - ROC curve
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Low false alarm probability
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-Better curve is high efficiency with
lower false alarm probability.

-Worth curve is low efficiency with
lower false alarm probability.

Worth
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Evaluated performance of analysis methods - ROC curve

Efficiency
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- In this study, for non-linearly noise
(Am>102{-6}), MIC has better
efficiency than Pearson.
For example, under FAP=0.01,
efficiency of MIC is 0.41~0.56 and
Pearson is less than 0.0001.

- As increasing optical bench
displacement, efficiency of MIC
iIncreases, because shape of scatter

plot change from no correlation to
linear correlation and finally non-linear

correlation.
- At Am=2x10~{-7}, Pearson has

highest efficiency
(under FAP=0.01, efficiency~0.047)

because of linear correlation
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Summary

- Many linear and non-linear correlated noises are observed in LIGO and Virgo.
These noise limit detector sensitivity.
Correlation analysis in this study will localize the noise source.
As a result, false triggers generated GW search pipeline can be removed and
increase detection efficiency.

- In KAGRA’s commissioning and observation phase, localization of correlated noise
IS very important.

- We explained up-conversion noise of Virgo detector which is caused by strong
seismic activity. This up-conversion noise is well-modeled.

Following this noise model, simulation noise is generated and analyzed with two
correlation analysis method(Pearson and MIC).

We showed that, for non-linear noise, MIC has better efficiency than Pearson.

Assuming FAP=0.01, efficiency of MIC is 0.41~0.56 and Pearson is less than 0.0001.
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Virgo’s typical seismic activity
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Figure 2.5: Linear spectrum of the horizontal seismic displacement measured at Pisa INFN
laboratories on a Sunday (low human activity, £ ~ 0.1 while in weekdays & ~ 0.3 + 0.5).

The curve shows a rough 1/f? slope above 1 Hz. The broad peak at 0.14 Hz is found all
over the world and is due to the oceans activity.
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Maximum Information Coefficient (MIC)
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Maximum Information Coefficient (MIC)
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Maximum Information Coefficient (MIC)
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