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Gravitational-wave Detection and Noise Mitigation

GWs detected from BBHs, BNS, NSBH sources by LIGO,
Virgo, and KAGRA collaborations f

It opens new era of observational astronomy, together
with EM, so called ‘multi-messenger astronomy’
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GW detectors on Earth have enormous noises sources
that affect to the detection of GWSs - environmental and
instrumental origins

2

Thus understanding and mitigating them are of great
importance for successful GW signals — ‘Detector’s
characterization’ —
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Why Glitch Studies in Gravitational Wave Detection?

* Glitch - transient noisy triggers that have nothing to do with gravitational wave signals caused by instrumental faults

or environmental changes.

* These are very harmful to detecting gravitational wave signals if they are around the event time - lowering the signal-

to-noise ratio (SNR).

nackground triggers with high SNR. Eventually, they increase the

* Some glitches have similar shape and behavior to the chirp-like signals

* They are also harmful to compute a false-alarm probability (FAP) si

nce glitches with high SNR can generate significant

-AP for a certain event candidate.

- raising FAP and lowering significance. (ex. blip transient)

e Forthisreason, glitches in the gravitational wave data should be well-understood, mitigated, or removed if possible.

o Detector's characterization - understanding glitches and their origins in
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the viewpoint of the detector and its environment.
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This kind of injection test should be

performed in other locations throughout the

detector site for radio, acoustic, and
mechanical vibration sources

e GW channel, h(t)

* 200,000 auxiliary channels - monitor 1) instrument behavior 2)
environmental conditions

a) witness a broad spectrum of potential coupling mechanism

b) useful for diagnosing instrument faults and identifying noise correlation

- PEM (physical environment monitor) : monitor the local surroundings

or potentia
able motio

distur

1, Mag

netic field variatio

nance that may af

ect GW channe

N, acoustic distu

- ground motion, optical
rbance, cosmic ray showers

* injection studies - in order to know the relationship between PEM and GW
channels (by intentional stimulus)
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Potential noise sources

Correlated noise: noise sources that may affect both detectors almost
simultaneously - potentially imitate a GW event: not captured by time shifts for the

background estimation

Potential electromagnetic noise sources

- lightning strikes, solar

events, solar-wind driven noise, RF communication

-it itis very significant, witnessed with high-SNR radio receiver and magnetometers

- global strikes cause Sc

numann resonance but the magnetic amplitude is an order

of pico-Tesla (not affectec

in h(t))

- nearby lightning strikes produce audio-frequency magnetic fields by lightning

current (>hundreds of kA); affect h(t), detected by the magnetometers at the

detectors

- Electromagnetic fields in audio-frequency band generated by human and solar
sources has no effect in h(t) at the detectors.

- Electromagnetic fields outside the audio-frequency band may be concerned
because LIGO can be affected by the 9 and 45MHz RF modulations.

Cosmic ray showers - no coupling between showers and h(t)

ELF data [/3500) ——
Virgo nagneto WEOL [/9eq+n)
Virpo GH data [+1ipl9)

H\-W"‘\* /k«\ Wm\-’\r\ W‘QWN—“M‘-_'\’\_ N“"\

2008-12-12 23136156

044696230 944696231 94696232 044696233 944696234 944696230 944696231 04696232 944696233 944696234
: SN3=12.503 ne [s) ime (s

Loudest: GP3=944506211.629 1=12923 Kz, SNi= Time [s] Loudest: GP3=944506211.516 1=13298 Kz, SNI=19.401 Time [s]
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CAGMon

- Correlative Analysis Glitch Monitor

» CAGMon is a glitch monitoring tool between channels using correlation scores

o ltistrigger-based and compute "Correlation Value" between GW and Aux.
channels at a certain Trigger time

o With these values, one finds which aux. channels among many channels

proposed by ETGs are statistically involved with the correlation to the glitch in
GW channel

* For comparision, basic correlation algorithms are
- Pearson’s R correlation : linear correlation measure
- Kendall's tau correlation : non-parametric linear measure by ranking
- Maximal Information Coefficient : nonlinear measure

o Correlation Matrix (TFCMap) at a given trigger time
- Correlation information between GW and Aux Channels
- Linear and Nonlinear correlation information

Art: YamaFuji
otory: Yoyuu




Pearson Product-moment Correlation Coefficient
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drawback for discriminating non-linearity

p=-1 -1< p <0
0< p <+1 p=+1 . p=0

0.70~
0.40~0.69
0.30~0.39
0.20~0.29
-0.19~0.19

-0.20~-0.29

-0.30~-0.39

-0.40~-0.69
-0.70~

Interpretation of Pearson R Coefficient

Very strong positive correlation

Strong positive correlation

Moderate positive correlation

Weak positive correlation

No or negligible correlation

Weak negative correlation

Moderate negative correlation

Strong negative correlation

Very strong negative correlation




Kendall's tau Correlation Score

e Definition

J
_ 2(0 — D) C: # of concordant pairs Kenda" s Tau

T = Ordinal Data Qutliers

n(n — 1) D: # of disconcordant pairs

for two random variables, x and y,
-if xi > xj &yi>yjorxi <xj&yi <yj:concordant
-if xi > xj &yi < yjorxi < xj &yi > yj: disconcordant

tau has the value between -1 and 1.

Interpretation

0.5~1.0

or -1.0~-0 5 Strong positive (negative) correlation

0.0~0.49
or -0.49~0.0

Weak positive (negative ) correlation
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Maximal Information Coefficient

H(X) H(Y)
e Definition MICusesthe mutual information score defined by
p(,y) - o -
167 = [ [ wteiion (G505 ) st
Maximum of Mutual information over all possible grid HOOY)

I'"(D,x,y) =maxI(D|g)

I*(D,z,y)
log min{x, y}

Characteristic Matrix M( D)a; y =

Maximal Information Coefficient

MIC(D) = max {(M(D)s,}

Ref) Reshef, D. N.; Reshef, Y. A,; Finucane, H. K.; Grossman, S. R.; McVean, G.; Turnbaugh, P.J.; Lander, E. S.; Mitzenmacher, M.;
Sabeti, P. C.(2011). "Detecting Novel Associations in Large Data Sets". Science. 334 (6062): 1518-1524

x=3, y=3

1


https://en.wikipedia.org/wiki/Gilean_McVean
https://en.wikipedia.org/wiki/Eric_Lander
https://en.wikipedia.org/wiki/Pardis_Sabeti
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3325791

Computing MIC: Simple Example

Probability of a box = # of data points in that box

_~ p(x,y) =5/20=0.25

p(y) =10/20=0.5

p(x,y)log (

p(x) =8/20 = 0.4

p(x,y)

p(x) p(y)

0.25
) — 0.25log <04>< 05> ~ 0.056

....................

.............................

...................

0.0558
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Comparison: Pearson R vs. MIC For linear relationship,

MIC ~ (Pearson r)2

Pearson r=1.0 Pearson r=0.8 Pearson r=0.4 Pearson r=0.0 Pearson r=-0.4 Pearson r=-0.8 Pearson r=-1.0
MIC=1.0 MIC=0.5 MIC=0.2 MIC=0.1 MIC=0.2 MIC=0.6 MIC=1.0

L 5
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CAGMon: Feasibility Test

[ )
Question:
GPS(sectms) 9xxxxxxX.Xxx 516.0 SNR 0.0 signf 11.006
ChName signf dt dur freq npts
At a given trigger time, AuxChl 8.775 -0.073 0.003 1352.3 711.0
o AuxCh2 9.483 -0.063 1.862 269.8 966.0
ETG finds that AuxCh3 14.982 0.031 0.85 32.7 40.0
the triggerin GW channel AuxCh4 8.222 0.046 0.103 32.6 9.0
. L. AuxCH5 29.763 0.0 1.357 34.0 46.0
has timing-coincidence AuxCh6 31.797 0.0 1.59 34.0 46.0

AuxCh7 54.079 -0.016 1.482 34.0 46.0
AuxCh8 13.848 -0.016 0.264 34.0 32.0
AuxCh9 53.882 -0.016 1.41 34.0 49.0
AuxChl0 10.752 0.015 0.331 32.0 55.0
AuxChll 18.932 -0.016 0.746 41.2 102.0

with triggers in 11 auxiliary channels

Q) How many triggers in those channels are statistically related to the glitch in the
GW channel from the viewpoint of data correlation?
Furthermore, can we detect a nonlinearity for computing MIC between channels?
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Trigger-based Analysis Scheme

Trg_Time
DARM_ERR
f DARM
5 :
88 Aux. CHI : GPS (sec+ms) 959167951.0 516.0 SNR 0.0 signf 11.006
E f_CH1 ; ChIndx ChName signf dt dur freq npts
= : 48 LO_ PEM-LVEA_MIC 8.775 -0.073 0.003 1352.3 711.0
5 Aux. CH2 : 72 L1_OMC-ASC_POS_X IN1 DAQ 9.483 -0.063 1.862 269.8 966.0
g fCH2 : 86 L1 OMC-QPD4 P OUT DAQ 14.982 0.031 0.85 32.7 40.0
© Aux. CH3 : 87 L1 _OMC-QPD4 Y OUT DAQ 8.222 0.046 0.103 32.6 9.0
£ cHa : 153 L1 ASC-ITMX P 29.763 0.0 1.357 34.0 46.0
- : 155 L1 _ASC-ITMY P 31.797 0.0 1.59 34.0 46.0
: \ 168 L1 ASC-WFS3 IP 54.079 -0.016 1.482 34.0 46.0
: o o 169 L1 ASC-WFS3 IY 13.848 -0.016 0.264 34.0 32.0
0.25secC 170 L1 _ASC-WFS4 IP 53.882 -0.016 1.41 34.0 49.0
. g 183 L1 LSC-PRC_CTRL 10.752 0.015 0.331 32.0 55.0
Pearson R E 2 187 L1 LSC-REFL QO 18.932 -0.016 0.746 41.2 102.0
Kendall tau > [g 3 ]
Trigger Time (0.25 sec) MIC § ! §
Check the
. DARM_ERR AuxCh
instrumental > GPS: 959151488

= Trigger time: 959151544.227, f DARM = 949.,469Hz

_ Omicron generates 11 aux. channel triggers in 32-4096 Hz
= AuxChannel Triggers : # OM_TRGS_959151544.227.txt

» Channel List by CAGMon

components that
is responsible for

this suspecting Channel Name Frequency Range Pearson R Ktau MIC
channel by L1_OMC-QPD1_P_OUT_DAQ 32 2048 512-1024 0.43 0.09 0.13
Detector L1_OMC-QPD1_SUM_OUT_DAQ_32_2048 512-1024 0.39 0.13 0.16
operators L1_OMC-QPD2_P_OUT_DAQ_32_2048 512-1024 0.59 0.04 0.13
L1_OMC-QPD2_SUM_OUT_DAQ_32_2048 512-1024 0.49 0.05 0.13
= Correlation Map at Trigger Time by CAGMon
Pearson's R Kendall's tau Maximal Information Coefficient

B are OF of Sehdevod we Trioowsy TP mpmre g L corebation War setwaas DAEM FER aad OM ghchibmehne Trocarn
2o Chammely of LG50 Cote Aon. Shevmis of UGS Owme

e L R o e L L L)

15 e select channels with corr. value > 0.25 (> mild correlation)



Trigger-based Analysis Scheme: Nonlinear Example

GPS (sec+ms) 959203889.0 812.0 SNR 0.0 signf 25.918

ChIndx ChName signf dt dur freq npts

58 L1 _ISI-OMC_CONT RY IN1 DAQ 8.409 0.04 0.011 344.8 228.0
79 L1 OMC-QPD1 SUM OUT DAQ 647.327 -0.093 6.28 80.7 1893.0

84 L1 _OMC-QPD3_P_OUT DAQ 607.505 -0.046 2.983 100.2 984.0
85 L1_OMC-QPD3_Y OUT DAQ 673.485 -0.099 2.14 151.7 984.0

: . _ 86 L1 OMC-QPD4 P OUT DAQ 754.049 -0.042 2.328 195.9 982.0
= Trigger time: 959203889.812, f DARM = 34.3594Hz 145 L1 TCS-ITMX PD ISS OUT AC 8.822 -0.007 0.02 70.4 49.0
« AuxChannel Triggers : # OM_TRGS_959203889.812.txt

= Channel List by CAGMon

Omicron generates 6 aux. channel triggers in 32-4096 Hz
o GPS: 959203840 5 55

Channel Name Frequency Range Pearson R Ktau MIC

L1_OMC-QPD3_P_OUT_DAQ_B8_1024 64-128 0.02 0.04 0.43

L1_TSC-ITMX_PD_ISS OUT_AC 8 1024 64-128 0.02 0.01 0.31
= Correlation Map at Trigger Time by CAGMaon

Pearson's R Kendall's tau Maximal Information Coefficient

Time-Frequency-Corrglation Map between DARM ERR and OM glitch-<involved Triggers

Time-Frequency-Correlation Map between DARM ERR and OM _glitch-involved Triggers
Aux. Channels of LIGO Data

Time-Frequency-Correlation Map between DARM ERR and OM glitch-involved Triggers
Aux. Channels of LIGO Data

Aux. Channels of LIGO Data

Correlat on Method :PCC, DARM Freq:24 31504H3, Thrachald O 0, Trigger Time- 953203380 812

Correlaticn Nethod Krau, DARM Freq: 34 3504H2, Thvesheld:0.0, Trigger Time-25920188) BL 2

Comrelation Methad:-MIC. DARM Frec:34 35342, Threshold:0.D, Trigoer Time 9592031680 812

Aux. Charmneh Aux. Chamnels

Aux. Channels

e select channels with corr. value > 0.25 (> mild correlation)
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Time-Series Analysis Scheme

L1, Hl Raw Data

Find data at GPS Time
Segment

Extract all auxiliary channels
& GW channel data

Compute MIC, PearsonR, and
Kendalls tau

stride

stride stride stride

Correlation Matrix
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Time Series Monitoring

Correlation Malrix via PCC belween Auxiliary and G\.l‘\/ghannels

1:ASC-AS_A_NC_2T_OLIT_NO
L2 ASC AS A DC YAW OU™ DQ
L1:ASC-AS_A_RF36_1_2IT_OUT_DO
L1:ASC-A5_A_RF3G_|_YAW_OU™_DO
L1:ASC-AS A RF36 Q PT OU™ DQ
11:ASC-AS_& RF35_0_YAN_OLIT_NO
L1:ASCAS A RF45 | 2IT OUT DO
LLIASC-AS_A_RFAS_| YAW OU™_DQ
L1:A5C-A5_A_RF45_0_PT_OU™_DO
L1:ASC-AS_A RF45 Q_YAW OUT_DO
1:ASC-AS_R_NC_2IT_0LIT_DO

L. ASC AS B DC YAW OUT DO
L1:ASC-AS_E_RF36_I_2IT_OUT_DO
L1:ASC-AS_3_RF36_|_YAW_OUT_DO
L1:ASC-AS E_RF36 Q P'T_OU™_DQ
11:ASC-AS_R_FF3A_0_YAW OLT_DO
L1:ASCAS E RFAS 1 2T OUT DO
LL:ASC-AS 3 RF45_| YAW OUT_DOQ
LLASC-REFLA_CC_PT_OUT_DO
L1:ASC-REFL_A_DC_SUM_OUT DO

1 1-ASC-RFFI_A_DC_YAW_OU™_DO)
LL:ASC REFL A RFIS | PIT OUT DO
LL:ASC-REF._A RF45 | YAW OU™_DQ

L1:ASC-REFL_A_RF45_O_PT_OU™_DCO

GP5:113117042

r:1_Stride:0.125

0.9

0.8

0.7

0.5

0.4

0.3

0.2

0.1

0.0

Scattered lot between Two Channels_01.1131170420.1

30000
A A |gn ent ensmg ontro danneis - non mearlty
10000
0
Correlation Matrix via MIC between Auxiliary and GV]Y 8hannels Correlation Matrix via Ktau between Auxiliary and G¥J(§hdlmels _—
. - _ 1 1 ] 1 ] | : N - )
LL:ASC-AS A DC_FIT_2UT 0Q | 1 L1:ASCAS_A_DC_MT OUT DO o
L ASC-aS_A OC_ YAV _OUT DO = 3 LLASC-AS_A_DC_YAW _OUT_DO
. i 0.9 ST -20000
L1:ASC-AS A RT3C 1 PIT_QUT DQ = . 9 . L1:ASC-AS_A_RF36_I_AT_OUT_DQ 0.9
Ll:ASL-AS_.ﬁ_HF35_'_(AVI_;'U|_UQ — — 1:4SC-AS A RF36 | YAW OUT DO
SAREA0_TAN L -3000Q, - )
.y ae . 008  -0.06 -0.04 -002 0.0 0.02 0.04 0.06
L1:ASC-AS_A_RF36_Q_PIT_OUT_DQ = — O 8 L1:ASC-AS_&_RF36_0O_PIT_OUT_DQ O 8
L1:ASC-AS A NF36 Q YAW OUT DQ . - 1:4SC-AS_A_RF36_(I_YAW _ OUT_DO .
ASC-AS R=G2S | FIT QU - - ASE- 1
L1:ASC-AS A _LPIT_OUT_09Q L1:ASC-AS A RFAS | AT OUT_DO 20000 Scatt;red Plot petween_Two Chaprels_01v11311.‘(_)420.]
L1:ASC-AS_& RF45 1AW/ _OUT DO . 10.7 LL:ASC-AS A RFI5_| YAV OUT DQ 10.7
L1:ASC-AS_A_RF4E_Q MIT_COUT DQ | - L1:AASC.AS A RF45 O PIT OUT_DQ 20000
LL:ASC-AS A RFI5 Q yaw OUT 0Q | - . 40.6 LL:ASC-AS_A_RFAS_G_YAW OUT_DQ 10.6
A, ) I p= JSUA 3
L1:ASC-AS_3_DC_PIT_OUT DO LI:ASLAS E DC A1 QUI DQ 10000|
L% ASC AS B oC vaw ouT 0Q b . il 0.5 _L:ASC AS B DT YAW OUT DQ 05
L1:ASC-AS E_RF3E_| FIT_OUT 0Q | - ' L1:ASC-AS © RF36 | T OUT DQ ' ol
L1:ASC-AS_3_RF35_|_vaw/ _ouT DO . _1:ASC-AS B NF36 | YAW OUT DQ
L1:ASC AS B RZ36 O PIT SUT 00 b 1 410.4 L1-ASC-AS_C_RI'36_0_PIT_OUT_DO 410.4 ~10000}
J1:ASC.AS_B RF36_0_rav/ OUT 0Q | i L1:ASC-AS_B_RF6_0O_YA¥ _CUT_DO .
L1.ASC-AS_B_RF4%_IFIT_OUT DO | 0.2 L1.ASC-AS5_B_RF45_1_AT_OUT_DQ 03 -20000} '
LL:ASC-AS 3 RF45 | YAW QUT DQ b ' L1.A5C-AS_B_RFA5_|_YAW/_OUT_DQ
LLASLHEF_ A UC BT DUl b B | 1-ASC-RFFI_A_DC_PIT OUT N 00000 —to00 U000 —a000  =2007 C 2000 3000
L1.ASC-REFL_A_DC_S.M_OUT_DQ . 0.2 LLASCREFLADC SINRLOWLDG 0.2
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LIGO's Noise Hunting

Frequency Hzl

(C'oherence

L1:CAL-PCALY RX_PD OUT DQ

L1:CAL-PCALY TX PD OUT DQ

LUCE realive Lo mecian

e ™=

Amp'

-
]
e
O]
S
T
V]
-
[
(O]
QW]

n

(.8

0.6 ————— T~ T S -

AL i

AT

100 10°
Frequency (Hz)

.:PSL-ISS_SECONDLOOP_SUM14_REL_OUT DQ

:PSL-IS5_SECONDLOOP_SUMS58_REL_OUT DQ

Correlation Matrix via MIC between Auxiliary and GW Channels

L1:ALS-C_TRX_A_LF_OUT DQ

L1:ALS-C_TRY_A_LF_OUT DQ

L1:CAL-PCALX_RX_PD_OUT_DQ

Pkl _PD_OUT DQ

L1:CAL-PCALY_RX_PD_OUT_DQ

L1:CAL-PCALY_TX_PD_OUT DQ

L1:OMC-ASC_ANG X_QLd

L1:0MC-ASC_ANG_Y_OUT_DQ

L1:0MC-ASC_POS_X_OUT_DQ

L1:0MC-ASC_POS_Y_OUT_DQ

L1:0MC-LSC_DITHER_OUT DQ

L1:0MC-LSC_|_OUT_DQ

L1:0MC-PZT1_MON_AC_OUT_DQ

L1:0MC-PZT2_MON_AC_OUT_DQ

L1:0MC-PZT2_MON_DC_OUT_DQ

L1:PSL-FSS_FAST_MON_OUT DQ

L1:PSL-FSS_MIXER_OUT_DQ

L1:PSL-ISS_AOM_DRIVER_MON_OUT DQ

L1:PSL-ISS_PDA_REL_OUT DQ

L1:PSL-ISS_PDB_REL_OUT DQ

L1:PSL-PMC_HV_MON_OUT_DQ

L1:PSL-PMC_MIXER_OUT_DQ

L1:TCS-ITMX_CO2_ISS_IN_AC_OUT_DQ

L1:TCS-ITMX_CO2_ISS_OUT_AC_OUT_DQ

L1:TCS-ITMY_CO2_ISS_IN_AC_OUT_DQ

L1:TCS-ITMY_CO2_ISS_OUT_AC_OUT_DQ
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Strong Correlation between PCAL & GW channels,
suspecting that it could be responsible for
the noise during this observation period
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e-CAGMon Tool: Goal and Workflow

® |dentifying (non-)linear association with GW channel
and other auxiliary channels that monitor the
environment / instrumental disturbance

® 200,000 aux. channels in LIGO/Virgo - wind,
acceleration, seismic vibration, temperature,
magnetic fields etc

® Use three correlation measures: Pearson’s correlation
coefficient (PCC), Kendall's tau coefficient (K-tau) /
Maximal Information Coefficient (MIC)

_ 2.0 =X, =)
p(x,y) =
\/Z (X — X)), (v — )
T(X, y) - (anjzd)

max IV1(S, k, ])

MICe(x,y,a,c) = max {

ab<B(n) lOg2 min(k, [ )

j

T

Pry(X, ¥)
pL)p,(y)

I(:y) = Q) Py(x.y)log
Xy
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start

read initial config

fetch and load t-series

data

verify data
flawness

data pre-processing

matched
sampling freq.

resampling

zero array
padding
>-

compute PCC, K-tau,
\Y|[e

post-processing/
compute statistic

generate plots / build
result page

end




e-CAGMon Tool: Code Test

K1:VIS-ITMY_TM_OPLEV_LEN_YAW_OUT DQ
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C-Matrix via PCC with K1 CAL-CS_PROC_MICH_DISPLACEMENT DO

K1:VIS-PR3_TM_OPLEV_YAW_DIAG_DQ

K1:VIS-ITMX_TM_OPLEV_LEN_YAW_OUT_DQ

K1:VIS-ITMX_TM_OPLEV_TILT_PIT_OUT_DQ

K1:VIS-ITMX_TM_OPLEV_TILT_YAW_OUT_DQ
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e-CAGMon Tool: MIC Parameter Optimization

> Practical issues while computing and interpreting the MIC:

1. How is the MIC value differently varied under the different types of background noises in data?

2. What is the reliable sampling rate and data size? How do they influence the computing cost?

process affect MIC results? If so, what is the best way of resampling to obtain a reliable MIC score?

3. When we handle the data from multi-channel devices with different sampling rates, does the resampling

» EX) For any two random variables, the correlation should vanish, .
|
but MIC does not, depending upon the sample size
0.25 - — MIC
: PearsonR
— at least 12,000 sample size recommended (e
0.20 -
3
> 015 -
S
m
v 0.10 -
g
-
0051 |
0.00 - I\’\ — - —

0 10000 20000 30000

2 Sample Size

40000 50000

Optimizing {«,c}

o

Strength of MICe



e-CAGMon Tool: MIC Parameter Optimization

>

Functionally associated two data samples:

Association type Function

Linear YX)=X

Quadratic Y(X) = 4(X - %)2

Cubic Y(X) = 128(X-3)*-48(X-3)*-12(X-3)

Y(X) = sin (47X)
Y(X) = sin (167tX)

Sinusoidal: period 1/2
Sinusoidal: period 1/4

Fourth-root Y(X) = X4

Circular Y(X) = +/1 - (2X - 1)2

Stepwise YX)=0 ifX<1/2 0or 1 ifX>1/2
Null hypothesis: 4,

Alternative hypothesis: 7,

Given parameters of c = (o, ¢) in MIC‘(X, Y, ¢)

S2%(e) = {MIC(X(t), Y(1), €) > D;>"(e)}, where Dy>%(e) € S3°%(e)
which are greater than an element of the set for the null
hypothesis.

The statistical power 2"/ defined as the ratio between the # of

true positive samples and the # of alternative samples:

NID;%(e)]

(@MICe —
(€) N

, Where Df%(e) e Sf%(e).

Computing cost of MICe: O(c’B(N)>'?) = O(c*N>¥?)

Y. Chen, Y. Zeng, F. Luo, and Z. Yuan, PLoS
One 0157567, 1(2016).

(Y(t) = F(X) + (RND(n,1) — 0.5) X A X 9@

/

functional relation
in the table

Run-time (seconds)

10-

0.8+

Relative weight

of noise amplitude
R range of F

random
noise nin[0,1]

+ Power
=J Null distribution
24 Allernative distributon

&1

333228348888 8238255

0C-
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@

| | g N: 8192

- Mitzenmacher M. “Measuring Dependence

< Learning Research 2016,17(211):1-63.
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o 1+ 2 3 4 5 6 7 8 ¢
Noise Amplitude

N: 512
N: 1024
N: 2048
N: 409€

[11]

Reshef YA, Reshef DN, Finucane HK, Sabeti PC,

Powerfully and Equitably’, Journal of Machine
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e-CAGMon Tool: MIC Parameter Optimization - Statistical Power

Power
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e-CAGMon Tool: MIC Parameter Optimization - Statistical Power

Gamma Noise (N: 512 Alpha:0.5 c:1) Brownian Noise (N: 512 Alpha:0.5 c:1)
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02-
00 25 50 75 10.0 12.5 15.0 17.5 0.0 2.5 5.0 75 10.0 12.5 15.0 17.5
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e-CAGMon Tool: MIC Parameter Optimization - Heatmap under AUPC

Gaussian Noise (N: 512) GW Detector Noise (N: 512)
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e-CAGMon Tool: MIC Parameter Optimization - Heatmap under AUPC

Gamma Noise (N: 512) Brownian Noise (N: 512)
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e-CAGMon Tool: MIC Parameter Optimization - MaxAUPC vs. MinComCost

Gaussian Noises

Relative computing cost

- == N:4096 » C2 + Cc5
e N:8192 4 C3 % Cb6
] c:1 & c4 @ c./

Averaged AUPC
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e-CAGMon Tool: MIC Parameter Optimization - MaxAUPC vs. MinComCost

. GW Detector Noises
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e-CAGMon Tool: MIC Parameter Optimization - MaxAUPC vs. MinComCost

Gamma Noises
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e-CAGMon Tool: MIC Parameter Optimization - MaxAUPC vs. MinComCost

Brownian Noises
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e-CAGMon Tool: MIC Parameter Optimization

Table 2. Table of proposed optimal parameters of ¢ = («, c) for data samples (N) under various background noises. The selected parameters
provide the best averaged AUPC. The relative computational cost is the relative value calculated based on the computational time of each
noise with N = 512. The runtime solely depends on the selected «, N, and c, regardless of the choice of the noise type.

Noise Type N x C Averaged AUPC Relative Computing Cost Runtime (sec)
512 0.35 7.0 5.434 1.000 7.2779%10™% + 5.1360x107°
1024 0.35 2.0 6.899 1.286 9.4907 %1074 4+5.3110 1073
Gaussian Noise 2048 0.30 5.0 9.166 1.625 1.1988x107% + 3.5905x107°
4096 0.25 7.0 11.465 3.069 2.2643%x1073 + 5.1274%x107°
8192 0.25 7.0 13.742 5.694 4.2009x1073 4 1.5290x107?
512 0.55 7.0 8.535 1.000 1.4158 x1072 + 5.4217x1073
1024 0.50 7.0 11.092 1.040 1.4721x10"% + 6.6200x107°
GW Detector Noise 2048 0.55 6.0 14.164 4.561 6.4571x10"% + 5.8023x1074
4096 0.55 6.0 16.566 10.781 1.5264 %107 + 4.1442 %1073
8192 0.50 7.0 18.199 13.330 1.8872x107! + 3.7194x1074
512 0.6 7.0 16.752 1.000 2.9842x107% + 8.6986x107°
1024 0.50 7.0 18.234 0.493 1.4721x107% + 6.6200x107°
Gamma Noise 2048 0.45 7.0 18.955 0.531 1.5858 x107% + 9.5062x107°
4096 0.40 7.0 19.346 0.466 1.3906 x107% + 4.6712x107°
8192 0.40 7.0 19.614 1.069 3.1898 x107% + 4.4971x107°
512 0.60 6.0 13.320 1.000 2.2202x107% + 5.4714x107°
1024 0.55 7.0 15.736 1.613 3.5811x107* + 2.3834x1073
Brownian Noise 2048 0.50 6.0 17.495 1.252 2.7804 %1072 + 1.0220x1074
4096 0.50 5.0 18.652 2.014 4.4709x107% 4 8.6971x107°
8192 0.50 5.0 19.367 4.886 1.0848 x107! + 2.1029x1073
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e-CAGMon Tool: MIC Parameter Optimization

Table 2. Table of proposed optimal parameters of ¢ = («, c) for data samples (N) under various background noises. The selected parameters
provide the best averaged AUPC. The relative computational cost is the relative value calculated based on the computational time of each
noise with N = 512. The runtime solely depends on the selected «, N, and c, regardless of the choice of the noise type.

Noise Type N x C Averaged AUPC Relative Computing Cost Runtime (sec)
512 0.35 7.0 5.434 1.000 7.2779%10™% + 5.1360x107°
1024 0.35 2.0 6.899 1.286 9.4907 %1074 4+5.3110 1073
Gaussian Noise 2048 0.30 5.0 9.166 1.625 1.1988x107% + 3.5905x107°
4096 0.25 7.0 11.465 3.069 2.2643%x1073 + 5.1274%x107°
8192 0.25 7.0 13.742 5.694 4.2009x1073 4 1.5290x107?
512 0.55 7.0 8.535 1.000 1.4158 x1072 + 5.4217x1073
1024 0.50 7.0 11.092 1.040 1.4721x10"% + 6.6200x107°
GW Detector Noise = 2048 0.55 6.0 14.164 4.561 6.4571x10"% + 5.8023x1074
4096 0.55 6.0 16.566 10.781 1.5264 %107 + 4.1442 %1073
8192 0.50 7.0 18.199 13.330 1.8872x107! + 3.7194x1074
512 0.6 7.0 16.752 1.000 2.9842x107% + 8.6986x107°
1024 0.50 7.0 18.234 0.493 1.4721x107% + 6.6200x107°
Gamma Noise 2048 0.45 7.0 18.955 0.531 1.5858 x107% + 9.5062x107°
4096 0.40 7.0 19.346 0.466 1.3906 x107% + 4.6712x107°
8192 0.40 7.0 19.614 1.069 3.1898 x107% + 4.4971x107°
512 0.60 6.0 13.320 1.000 2.2202x107% + 5.4714x107°
1024 0.55 7.0 15.736 1.613 3.5811x107* + 2.3834x1073
Brownian Noise 2048 0.50 6.0 17.495 1.252 2.7804 %1072 + 1.0220x1074
4096 0.50 5.0 18.652 2.014 4.4709x107% 4 8.6971x107°
8192 0.50 5.0 19.367 4.886 1.0848 x107! + 2.1029x1073
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Application to GW Data I : Lightning Strokes

PRD 106, 042010 (2022)
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Application to GW Data Il : Air Compressor Noises

e Correlated peaks with a
harmonic f=26.5Hz in
2.58hours/day

® New discovery in KAGRA -
should be handled for noise
mitigation

PRD 106, 042010 (2022)
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Application to GW Data lll : Gravity Gradient Noise from Winds
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Application to GW Data lll : Gravity Gradient Noise from Winds
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Application to GW Data Ill : Scenario &
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Microseismic waves
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Application to GW Data Ill : Scenario & Simulation

freq(l)=1 Hz

freg(8)=512 Hz

Surface: Sound pressure level (dB)
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Mitigation of Low-Frequency Nmse by using Bandgap Engineering

D. J. Griffiths, ‘Introduction to Quantum Mechanics’

» Let us consider a periodic potential in one-dimensional e At x = 0, must be continuous, then:
: 1B = e %A sin(ka) + B cos(ka)]

L L l l [ [ [ l »Andforthederivatives,

Space:V(x) = V(x + a)

then, Bloch's theorem: the so\utlon to the Schrodlngers eqn, E lim dy dy _ Zma w(0)
>0 . e—0 \ dx n dx . h?
h d : € €
> FV(x)w = Ey ; i , 2ma
2m dx : 2) > kA — e " kA cos(ka) — kB sin(ka)] = B

: 2

can be taken to satisfy the condition: w(x + a) = e"%y(x) o , &
. Combining 1)and 2) gives:

for some constant K : ma

cos Ka = cos ka 4 > sin ka

maoda

letz=kz, B = v .then

| f(z) = cos(z) + f SIn(z) 1

38.



Mitigation of Low-Frequency Nmse by using Bandgap Engineering

D. J. Griffiths, ‘Introduction to Quantum Mechanics’

» Let us consider a periodic potential in one-dimensional e At x = 0, must be continuous, then:
: 1B = e A sin(ka) + B cos(ka)]

j | l L l [ [ [ l »Andforthederivatives,

space:V(x) = V(x + a)

then, Bloch's theorem: the so\utlon to the Schrodlngers eqn, E lim dy dy _ Zma w(0)
0 . e—0 X n dx _ h?
h d : € €
> FV(x)w = Ey ; i , 2ma
2m dx | : 2) > kA — e " kA cos(ka) — kB sin(ka)] = -
can be taken to satisfy the condition: y(x + a) = e®%(x) o | €
. Combining 1) and 2) gives: -
for some constant K : ma —— lia
: cos Ka = cos ka - > sin ka = -.:}
gap
letz = kz, S = mhaa then U

in
f(z) = Ccos(z) + p

| —— =
o - == Iband
38. %5




Mitigation of Low-Frequency Nmse by using Bandgap Engineering

D. J. Griffiths, ‘Introduction to Quantum Mechanics’

» Let us consider a periodic potential in one-dimensional e At x = 0, must be continuous, then:
: 1B = e A sin(ka) + B cos(ka)]

j | l L l [ [ [ l »Andforthederivatives,

space:V(x) = V(x + a)

0 R 2n 3n 4rn

forbidden: band gap

then, Bloch's theorem: the so\utlon to the Schrodlngers eqn, lim dy dy _ Zma w(0)
9) o) : €—0 X + d.x . hz
n? d*y : : :
> FV(x)w = Ey ; i , 2ma
2m dx | ; 2) > kA — e " kA cos(ka) — kB sin(ka)] = P
can be taken to satisfy the condition: w(x + a) = e®%(x) : o | £)
. Combining 1) and 2) gives: —
for some constant K ; ma = LU
: cos Ka = cos ka 4 sin ka =—
1H LI 2 }gap
7212 ol AL / I \lo : letz=kz B= ™ then = ||
Ek — : . h band
2m -1 ~ , 1 ——
‘ | n ]gap
f(z) = cos(z) + _
. e — Iband
allowed solution 385 %




Eigen value problem on IBZ: 2D bandgap structure

e Solid Mechanics:

structural steel 0211 P is the 1st Piola-Kirchhoff stress tensor

~— =F,-V,-P

OC0000000000O0 012 I is the deformation gradient
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Eigen value problem on IBZ: 2D bandgap structure

A B

freq(l)=3 Hz RMS: Displacement magnitude (m) freq(2)=6.5 Hz RMS: Displacement magnitude (m)
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3D bandgap structure

structural steel beams
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Eigen value problem on IBZ
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Eigen value problem on IBZ: 3D bandgap structure

Frequency (Hz)

8_1

~
T

o))

o)

IS

W

N
T

(-
1

o

Bandgap Diagram

Bandgap:
2.58x 107 < £ < 5.13(H7)

0 1 2 3

Parameter, k, spanning irreducible Brillouin zone
42




Eigen value problem on IBZ: 3D bandgap structure

A freq(1l)=0.1 Hz Displacement magnitude (m)
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Eigen value problem on IBZ: 3D bandgap structure

C freq(3)=3 Hz Displacement magnitude (m) D freq(4)=7 Hz Displacement magnitude (m)
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Eigen value problem on IBZ: Realist
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ic Case of KAGRA Detector

e Solid Mechanics:

AN,
o7 =BV

P is the 1st Piola-Kirchhoff stress tensor
F is the deformation gradient

e Inhomogeneous Helmholtz eq:

1 op v Ly B
pC2 01‘2 ' ) _;( p_sd) = S0

e Boundary condition on solid & air surface

1
n-<——(Vp—sd)>=—n-ii, F,=pn
P



Eigen value problem on IBZ: Realistic Case of KAGRA Detector

A Seismic-Acoustic Multiphysics: Newtonian noise (w/ Metamaterial) B Seismic-Acoustic Multiphysics: Newtonian noise (w/o Metamaterial)
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Conclusions

® CAGMon Tool presents a reliable correlation index between two channels

® |n particular, it provides a non-linear correlation measure by computing MIC

® The optimal parameter selection method of MIC was provided empirically by testing some datasets under various noise backgrounds (Jung et
al., PTEP2022)

® \We discovered some interesting correlations by applying this tool to GW Data: (Jung et al., PRD2022)
1) Confirmed magnetic field transients from lightning strokes
2) Found new periodic noises originating from air compressors
3) Found glimpse of gravity gradient and acoustic noises from strong winds, in particular, dominant in the Y-arm tunnel

® This tool can be utilized for identifying and understanding the association and causal relationship between the GW channel and the
environmental channels of GW detectors.

® The noise found in the KAGRA wind meter and PEM channels can be removed by using bandgap engineering, which can be verified by the

multiphysics simulation at a certain condition. This method can be applied to the next-generation GW detector's noise mitigation. (JJOH,
PTEP2023)
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Conclusions

1~3Hz - earthquake band Prevent a sudden lockloss of the interferometer
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~
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caused by

* nearby earthquakes

e anthropogenic activities (traffic etc)

e collective up-converting effect of gravity gradient noises

- this will enhancing the DataQuality by reducing low
frequency noises
-no lockloss by transient seismic vibrations (continuous
observation)

Cosmic Explorer, Einstein Telescope etc
- — ™

0.1-1Hz - microseis
Seismic
Wave - T
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