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Z o Why is it a hard problem?

Scattered light Can’t measure beam everywhere
Can’t put seismometers everywhere

Unexpected

noise sources

Not enough
monitoring channels

Acoustic vibrations

Too many monitoring
channels

Frequency noise

4,000+ fast channels
Not understood 200,000+ slow channels
noise couplings 28 MB/s of potentially interesting data

Laser beam jitter

Scattered light

Non-linear noise ) i
Non-linear readout and drive

couplings

Coupling modulation



LIGO

[ Noise characterization and subtraction ]

Goals

1. Find as many noise sources as possible,
as witnessed by auxiliary channels

2. Characterize the way the noise couples
to the strain channel

3. Devise a strategy to subtract the noise

4. Possibly understand the physical origin
of the noise or noise coupling and
engineer it out
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Noise coupling

h(t)

y

Detector output
(GW strain)
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Any general functional
coupling function
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Linear coupling Non-Linear coupling
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h(t) = / z(t — 1) f(r)dr -
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LIGO Linear couplings

Time domain Frequency domain
0

mt)= | 2t-nf@dr <>  hw) = f(w) - #w)

Transfer function

Transfer function can be estimated from sampled
signals, using ratios of power and cross spectral

densities. .
(w)
f(w) ~ h"-'T' import scipy.signal
S.’L’..’lﬁ ({,}J) def tfe(x, y, *args, **kwargs):

mwmwn

tfe(x, y, *args, **kwargs)

Coherence: frequency-domain equivalent of
_ _ H Estimate transfer function from x to vy,
frequency by frequency Correlatlon see scipy.signals.csd for calling convention
Between 0 and 1:
] . Returns tf, fr, cohe
0 = no linear correlation at that frequency,

_ . . . fr,cxy = scipy.signal.csd(x, y, *args, **kwargs)
1 - maXImaI Ilnear Correlatlon fr,px scipy.signal.welch(x, *args, **kwargs)
‘Sh L

fr,py scipy.signal.welch(y, *args, **kwargs)
Sh,h.(w) S:Ir,:zr (w)

‘2 return cxy / px, fr, abs (cxy)**2/px/py

C(w) ~

J. S. Bendat, A. G. Piersol, Random Data, Wiley-Interscience, 1986 9



Z o Linear discovery is (kind of) easy

* Coherenceis the tool of thetrade ° Routinely used in LIGO: can scan all
« Scalable to large number of channels  fast channels for coherence with

for discovery of noise couplings strain in matter of tens of minutes
* Limited by availability of witness * Allowed identification of many noise
channels sources

Top 20 coherences of DCS-CALIB_STRAIN with auxiliary channels
GPS 1242441180 + 1200 s [2019/05/21 02:32:42 UTC]
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Vajente Phys. Rev. D 105, 102005 (2022)
https://git.ligo.org/gabriele-vajente/bruco
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Ligo Subtraction of linear noise couplings

wor, L 1 N E

Offline subtraction

Do the subtraction offline, when data
has been already recorded.

No limitation on computational time
(within reason), no causality limits.

Well known approaches: Wiener filter
(frequency domain or FIR filters)

Novel approaches: IIR filters in time
domain

r

Online in-loop subtraction

Do the subtraction on-line, in real
time, as part of the feedback control
loop.

Feed-forward technique, needs to
account for control loop response.

Online out-of-loop
subtraction

Do the subtraction on-line, in close-to-
real time, as part of the calibration
pipeline, outside the control loops.

More flexible, need time-domain
processing.




LIGO Offline — Wiener Filter

Davis et al 2019 Class. Quantum Grav. 36 055011, Driggers et al 2019 Phys. Rev. D 99, 042001

* Frequency-domain estimation of coupling transfer functions
(for multiple witness channels)

* Frequency-domain subtraction

~ = ~ - Multiple witness signals x; (potentially
h(f) = ho(f) + Z fi(w)zi(w) cross-correlated) contribute to the strain
7

. V(AT Cross-spectral density estimated from
¢ij(f) = Yi(£)Y;"(f) data, where Y, = {h, x,, x5, ...} e

We can invert the estimated transfer function matrix
separately for each frequency bin and use the estimated
couplings in the first equation above to do the subtraction

_~ - _~ ~ - —1 _ - -
co1(/fs) culfy) - cn3(fp) co1 (/)
Coo (/) cia(fp) --- cna(fp) co2(f)
R Born November 26, 1894
. - . . . Columbia, Missouri, U.S.
Education Tufts Colle; (BZ)

Con(fo)d  Lew(fs) o own(fo)l  Léow(fp)-- Constunonty 049

12



LIGO Offline - Wiener filter

Davis et al 2019 Class. Quantum Grav. 36 055011, Driggers et al 2019 Phys. Rev. D 99, 042001

 Implementation details e
— Need to produce time-domain _
signal ﬂ -
— Subtraction is done in frequency e @W

domain, need to transform back

Figure 2. Visualization of how transfer function measurements are tiled in time.

-_ Ove rl a p p i n g Wi n d OWS to g et r i d Transfer functions are measured in time windows (typically 1024 s) with 50% overlap.

For a given time, the transfer function between the witness sensor and h(t) is measured

H and the witness data are filtered to generate their projected contributions to h(z). A
Of t ra n S I e ntS a t Seg m e nt Hann window is applied to each section of projected data before adding them together,
resulting in a single projected (z) time series that has incorporated the time dependence

b O u n d a ri e S of the transfer functions.

* Need to use numerically stable ways to invert coupling matrix

* Frequency-by-frequency inversion
— No constraint on causality or continuity of coupling functions
— Could lead to over-subtraction or noise increase

 Computationally demanding at subtraction time

* There are ways to enforce causality in Wiener filters, not
explored in LIGO (FIR filters for example) .



2 o Results

Davis et al 2019 Class. Quantum Grav. 36 055011, Driggers et al 2019 Phys. Rev. D 99, 042001
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FIG. 2. Noise amplitude spectral density improvement of the LIGO detectors, Hanford in the left panel and Livingston in the right

panel. Low-latency data used to identify GW candidates and determine their significance are shown in blue traces. Interferometer noise

ASD after postprocessing noise removal is shown in red traces. The inset is a zoom of Hanford data. These spectra were estimated using

1024 s of data starting on 25 June 2017 at 08:00:00 UTC, a time when both LIGO interferometers were online and in an observation- 14
ready state.




LIGO In-loop subtraction

Differential arm (DARM) length feedback control loop

FD > PD—»SD
y

P
Real time digital — ‘ > : *~5p Noise coupling from
compensation path / aux loop to DARM loop
(feedforward) Ri-s,

X
Re-s,, —)?—)-@_
n_act n_sen

Auxiliary degree of freedom length feedback control loop

LIGO-T1600504
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In-loop subtraction
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* is atransfer function that needs to be

estimated from measurements

a is implemented as an infinite impulse
response (lIR) filter in the real time control
system

Need a way to fit the estimated transfer
function (measurement sampled in frequency
domain) into zeros, poles and gain for the |IR
implementation

Those two transfer functions can be
measured with active noise injections
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LIGO Fitting is not always easy

* From frequency-sampled measured transfer function to
zeros, poles, gain model (that can be implemented T(f) _
online as IIR filter)

* Many tools available (IIRational, vectfit3, MATLAB sysid)

o ® Interactive Fitting
i s Export fit

ove pole/zer:

Python interactive tool based on vectfit3

107 | | | | 1 ]
* 0.8
7 ——
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https://git.liso.org/gabriele-vajente/interactivefitting 17
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> h(t)

h'(t) = h(t) — IIR[z(t)]

> x(t)

Digital subtraction, with time series already recorded, out-of-loop
By implementing real-time digital filters
No need to compensate for feedback loop suppression
Still need to measure and fit transfer functions (more later when
discussing NonSENS)
In principle any physical coupling can always be approximated with a
digital IIR filter

 However, there might be delays in the data acquisition and real-

time processing that can introduce non-physical time advances

18



vigo  Non-linear couplings are very hard

Non-linear means anything but

linear: no universal model

What about DNN? / \ Unknown complex
non-linear processes
They are “universal
approximators to any
function”
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LIGO Can we simplify the problem?

Vito Volterra

* Use a Volterra series expansion of
the non-linear coupling

» Stop at the second order for now

 What can we do with that?

Linear term Non-Linear term

Born 3 May 1860
h(t) = ho(t) + L|z(t)| + NL[z(t)] o i 5 i
0 wamaer vy
— hU (t) + / ar (T) T (t o T) dT 3 %J.icgioslz Ni)rr;:Ie Superiore
— 00

0 ;0
+ / / anr (11, T2)x(t — T)x(t — T2)dT1dTs

Second order
+ ... higher order terms Volterra term

V. Volterra, Sopra le Funzioni Che Dipendono da Altre
Funzioni. Ill (Rendiconti della Reale Accademia dei Lincei,
Italy, 1887), pp. 97-105 20



LIGO Second order non-linear coupling

0 0
h(t) = hg(t) +/ / CINL(Tl,Tg)aZ‘(t—Tl)aZ’(t—Tg)dTldTg
From time domain I to frequency domain {,

h(w) = ho(w) + //&NL(W\l,WQ) T(w1)Z(ws) d(w — w1 — wy) dwidws

Second order Volterra kernel,
depends on two frequencies

* This quadratic kernel is the equivalent to the linear transfer function
* Depends on two frequencies
* Increased complexity

* Extension of coherence to quadratic coupling is possible but not
straightforward

https://www.mathworks.com/matlabcentral/fileexchange/3013-hosa-higher-order-spectral-analysis-toolbox
https://github.com/synergetics/spectrum

21


https://github.com/synergetics/spectrum
https://github.com/synergetics/spectrum
https://github.com/synergetics/spectrum
https://github.com/synergetics/spectrum
https://github.com/synergetics/spectrum
https://github.com/synergetics/spectrum
https://github.com/synergetics/spectrum
https://github.com/synergetics/spectrum
https://github.com/synergetics/spectrum
https://github.com/synergetics/spectrum
https://github.com/synergetics/spectrum
https://github.com/synergetics/spectrum
https://github.com/synergetics/spectrum
https://github.com/synergetics/spectrum

PSD

Frequency f; [Hz]

LIGO

Bicoherence

1003

x = sin(7 Hz - 27t) + cos(3 Hz - 27t)

y =z’

1071 Spureraiiny

301

20+

10 ¢

-10 4

—-20 4

bicoherence(y, v, y)

It’s a function of two
frequencies

High values when there is
phase correlation between
the two frequencies f; and
f, and combinations like
f,+f, and f;-f,

e
o

Lot of redundancy in a plot
like this

There are different
; definitions of bicoherence,
not all limited between 0

=30+ 1
-30 -20

~10 0 10 20
Frequency f; [Hz]

30 101 g0 and 1, not all well behaved
PSD 22



1072

PSD

104

Frequency f, [Hz]

LIGO

Bicoherence in real life

https://alog.ligo-wa.caltech.edu/alLOG/index.php?callRep=76459
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Helped with identifying broadband noise in DARM (10-40 Hz) that was modulated by low

frequency RMS (~2 Hz). Control improvements reduced the low frequency motion and improved

the noise. We didn’t try to subtract this non-linear noise coupling!
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LIGO Bicoherence in real life

https://alog.ligo-wa.caltech.edu/alLOG/index.php?callRep=76459
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Helped with identifying broadband noise in DARM (10-40 Hz) that was modulated by low
frequency RMS (~2 Hz). Control improvements reduced the low frequency motion and improved
the noise. We didn’t try to subtract this non-linear noise coupling!
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LIGO Bicoherence for discovery

* Can we use bicoherence for discovery? Not really

— Takes pairs of signals: 4000 x 4000 combinations

— Computational demanding

* One bicoherence takes 5 minutes on one computer
(with 1000 seconds of data and two channels sampled at 512 Hz)

* 150 years to blindly explore all combinations
— Not well conditioned between 0 and 1, biased estimator or poor

convergence
— Difficult to have an automatic threshold to select significant channel
candidates
é )

https://github.com/synergetics/spectrum

[Sigl 1994] Sigl, J.C. and N.G. Chamoun. 1994. Anintroduction to bispectral analysis for the electroencephalogram. Journal of Clinical
Monitoring 10:392-404

[Nagashima 2006] Nagashima, Y., ltoh, K., Itoh, S.-I., Hoshino, K., Fujisawa, A., Ejiri, A., Takase, Y., et al. (2006). Observation of coherent
bicoherence and biphase in potential fluctuations around geodesic acoustic mode frequency on JFT-2M. Plasma Physics and Controlled
Fusion, 48(5A), A377-A386. [Hagihira 2001] Hagihira, S., Takashina, M., Mori, T., Mashimo, T., & Yoshiya, I. (2001). Practical Issues in
Bispectral Analysis of Electroencephalographic Signals. Anesthesia & Analgesia, 93(4), 966-970.

[Kim 1979] Young C. Kim; Edward J. Powers, Digital Bispectral Analysis and Its Applications to Nonlinear Wave Interactions, IEEE
Transactions on Plasma Science ( Volume: 7, Issue: 2, June 1979) 120
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o Physics-informed couplings

Z ]/+°° a; j(71, T2)wi(t — 71)w;(t — 72)dr 1 d7y

Simplest non-linearity:

. i,j=1
guadratic |
e = ASC DHARD Pitch
10° = LSC SRCL Length
;'; 10!
Most signals are S o
dominated by low 0 I R R \ W—
frequency (<3-4 Hz) 2
107
10-® | |
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Modulation sidebands

Vajente et al. Phys. Rev. D 101, 042003 (2020) T e T
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LIGO NonSENS — working principle

LIGO-T1800525 Non-stationary Estimation and Noise Subtraction

N
h(r) = Hls(z)] + }_:{ﬂf[ls(f)ﬂﬁﬂ]

* h(t): target signal, what we want to clean (example: GW strain)

* s(t): noise witness signal, i.e. a measurement of the noise that couples into
h(t), through modulated transfer functions (example: SRCL control signal)

* Xxi(t): a set of auxiliary signals that witness the coupling modulation
(example: angular degree of freedom fluctuations)

* Assuming that xi(t) varies on time scales much slower than the noise s(t)
* The stationary coupling is modeled with a transfer function H

* The non-stationary couplings are modeled by assuming the noise couples
through (many) stationary transfer functions, each one modulated by one of
the witness signals
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LIGO NonSENS - implementation

* Frequency domain approach

— Find the optimal solution, independently for each frequency bin
(frequency-domain a-causal Wiener filter [1])

Modulated signals Noise prediction
o s ifi=0 -
silt) = { (0)s(e) ifim1,..N | | 2O= L 0ls)]

- () = h(w) — §(0) = h(w) - ;}ﬁs (0)3i()

Minimize PSD of residual

[ S[r,r] =S[h,h] — (0" H+H ) +a"So. ]:} oa=S"'H
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LIGO NonSENS - implementation

LIGO-T1800525

* Describe each transfer function using a
parametrized form

PR bis®
Z; 0 Qs

* Define a frequency-integrated cost function

* Laplace domain: «y,(s) =

1 w2 1
C(0,;) = / Wi(w)S,, (w)dw W(w) =
( h, ) wy — wy S, ( ) ( ) (W) Shh(w)
* Use gradient-based optimization algorithms
oC 1 w2 0S,, Oa  0S,, OJo,*
_ / W (w ) . 7 n . 07
69?1 Ny W9 W )8! h 69!‘5 n do h * 0 9;’1 Ny

dw
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LIGO

NonSENS - implementation

 How to enforce stability and improve the coefficient scaling
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S

o NONSENS —time-domain implementation

LIGO-T1800525

coefficients transfer function transform

-

-

Or parametrize directly in z-domain

T .
. — T =
using starred transform z=e P

Filter stability in the analog and digital domain

N
308 bﬁ: ]_z + bh,ﬂ Analog domain Digital domain
Oy (E) — kﬁ + Z ) (s-plane) (z-plane)
i=1 -t an1z+anp Fm(s) Im(z)
1 Region of stability e
[] [ [ /
Poles are stable (inside the unit Re(e) (@)
. . . . Poles must Poles are
circle in z-plane) if and only if a2 i te
negative rea unit circle
part |z| =1

—1< gy <1
—l—ap< a1 <l4ap

https://slideplayer.com/slide/4469125/

J
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LIGO Offline implementation in O3

https://git.ligo.org/gabriele-vajente/nonsens
Vajente et al. Phys. Rev. D 101, 042003 (2020)

Vajente Phys. Rev. D 105, 102005 (2022)

1 0—20 ]

Original Strain

+ 60 Hz Sideband Subtraction

+ Angular Lines Subtraction

+ Angular and Length Control Subtraction
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LIGO Online in O4 - linear and time-domain

[1396828818-1396915218, state: Locked)]

H1 CLEAN spectra comparison [h(t), GDS]

10785
T ] B H1 strain with NonSENS cleaning
m H1 strain with line removal
10_19 J m H1 strain

10'20-; -

10‘2“;

107%2 -

10‘23—;

GW amplitude spectral density [strain/

N |
Frﬁeﬂrﬁfﬁz‘
Linear subtraction of input laser beam jitter noise

https://Idas-jobs.ligo-wa.caltech.edu/~detchar/summary/day/20250812/cal/nonsens/
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LIGO Real-time frontend implementation

The Simulink block contains a C-code block. Both are generated automatically, so
implementing the subtraction is as easy as copy and paste

(one needs only to provide signals with the correct sampling frequency)
https://git.ligo.org/gabriele-vajente/nonsens/-/blob/master/frontend/README.md

NON-STATIONARY NOISE RECONSTRUCTION

P X3:000_S1_0UT_DQ

» X3:00Q_S2_OUT_DQ

X3:00Q_S3_0UT_DQ

b

P X3:00Q_M1_OUT_DQ

Out g
» X3-00Q0 M2 OUT DQ
SUBTRACTING
P X3:000 M3 OUT DO cdsFilt

P X3:000_M4_OUT_DO . 9
In this case we have three noise

witnesses: S1, S3, S3
And four modulation witnesses:
M1, M2, M3, M4

RESET

QESET NonSENS

cdsEpicsin

Subtraction coefficients are accessible via EPICS channels

A python script to initialize the coefficient is generated automatically.

Coefficients can be updated on the fly, without the need to recompile the

frontend model (unless one changes the subtraction architecture, such as the

number of channels)

The infrastructure is ready for adaptive filtering. 34


https://git.ligo.org/gabriele-vajente/nonsens/-/blob/master/frontend/README.md
https://git.ligo.org/gabriele-vajente/nonsens/-/blob/master/frontend/README.md
https://git.ligo.org/gabriele-vajente/nonsens/-/blob/master/frontend/README.md
https://git.ligo.org/gabriele-vajente/nonsens/-/blob/master/frontend/README.md
https://git.ligo.org/gabriele-vajente/nonsens/-/blob/master/frontend/README.md

LIGO Modulated Brute-force Coherence

N
* To discover modulated noise couplings:  h(t) = H[s(z)] + Y o[xi(£)s(z)]
i=1
» Use all available signals (~4000) as fast noise witness s(t) Coherence with modulated

signals at all sidebands

* Restrict to a small number Coherence with power
: ine only at z
(10-20) modulation 106, Y
[ ' P2100472
witness signals

(for example: %
all ASC error signals) 2"
© 1
 This tool would have -V

discovered the origin . A/ . M\
of the 60 Hz power 10-20
= NoModulation = ASC-MICH_Y ASC-PRC2.Y = ASC-SRC2_Y = ASC-CHARD_Y = ASC-CSOFT_P

Ilne Sldeba nds = ASC-INP1_P = ASC-PRC1_P = ASC-SRC1_P = ASC-DHARD_P = ASC-DSOFT_P = ASC-CSOFT_Y
o= ASC-INP1_Y = ASC-PRC1_Y = ASC-SRC1_Y = ASC-DHARD_Y ASC-DSOFT_Y = Strain Channel
10777 - ASC-MICH_P = ASC-PRC2_P = ASC-SRC2_P = ASC-CHARD_P

Coherence-based projections
\ _ (ignoring cross coherences)

n
n
'

Strain [Hz /2]
=

—_

o
n
w
L

1 0—24 J

Frequency [Hz]
https://git.ligo.org/gabriele-vajente/bruco

35


https://git.ligo.org/gabriele-vajente/bruco
https://git.ligo.org/gabriele-vajente/bruco
https://git.ligo.org/gabriele-vajente/bruco

LIGO Deep Neural Networks

Vajente et al. Phys. Rev. D 101, 042003 (2020)

-19
® Ca n We u Se Dee p N eu ra I 10 ‘\' === Detector output with noise injection
N yaf\ Deep Neural Network substraction
H \ % == = Detector output without noise injection
N EtWO rkS tO a p p rOXI m ate t h e 10720 4 . T \ = Reference: non-stationary subtraction
\\ Reference: stationary subtraction

non-linear / non-stationary 5

_ | e
. I o £ 1072 r— : =====
noise couplings: Bt |
— in principle yes w#, L ““.é“vw;_
. t] it’s hard to trai d DNN almost as good as reduced model :: e k«
— in practice it’s hard to train an 1| on non-stationary noise Al l i

harder to understand = =

Frequency [Hz]

W H1GDS-CALE STHAIN
= Despliaan
N Nomgans

m H1:GDS-CALIB_STRAIN
M DeepClean
™ Wiener Filter |l|

g . f
2 0 DeepClean DNN matches linear subtraction |
?’% % ' M -'I"‘-!: A A
1t UL N
10 mmwﬂmw-ﬂ“ﬁw&“‘v L JNAVYITS Tl S S Ry

1.0+ = e -
""’“"M ":I-“:,-‘-'.-J ﬂ"'lr#' F— P e ead = :
J eepClean / Original .I'. Ty .* ;“' i [ 1 Im N.WN'J
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(=i § B Monsess [ Origingl b !

o 05
o
i
0 15-
o
< 10 Dtk .L - " PR Rp——, a 154 ’
. r ™Y " ;
05- ™ DeepClean / Wiener I T J #AMWMJM%MMMW
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LIGO Highly non-linear problems: scattered light

Position[um]

50 55

10 15 20 25 30 35 40 45
Time [seconds] from 1238512874

A :
hon() = A= F [sin d6(t)

- 4
T 0(0) = 60+ 6,0(t) = - [ + 0ee(t)

Tme [seconds] since

S0 Highly non-linear
- = h(t) scattering
\ EIU'“3 = phase + radiation prOCGSS
Em_lg = hit) quiet
We don’t observe

all inputs

S Soni et al 2021
Class. Quantum
GraV. 38 025016 510_24 10 20 30 40 50 60 70 80 90 100 110 120 130 140 37

Frequency [Hz]




Ligo How to discover non-linear couplings?

* Many ad-hoc solutions, based on -
human intuition and guesses L
— Bicoherence with limited number of " 'S
0 X
channels, need physical knowledge of R o

vvvvvvvvvvvvvv

the detector to interpreter

— Modulated coherence, need good
guesses of modulation sources

— Look for non-stationarity in
spectrograms
 Can we leverage some data mining
or artificial intelligence
techniques?

4,000+ fast channels
200,000+ slow channels
28 MB/s of potentially interesting data
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LIGO Conclusions

* Linear noise subtraction has been successful
— Brute-force discovery tools work well
— Offline Wiener filtering
— Offline time-domain NonSENS
— Online time-domain NonSENS

* Non-linear noise subtraction much harder
— Success with bicoherence and quadratic couplings

— Success with modulated couplings: NonSENS
— Can we do more with ML/ Al / DNN?

39
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