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LIGO

Introduction

Motivation:

— noise couplings in GW detectors are often non-stationary

— Coupling changes can often be traced to “slow” motions of the interferometer
(IFO) as for example angular degree of freedom fluctuations

Examples:

— SRCL noise coupling
at LIGO Hanford,

— 02 jitter noise,
— 40m lab seismic
feed-forward

Goal:

— develop a technique
to identify and
efficiently subtract
non-stationary noise

couplings
By-product:

— a parametric, stable
lIR noise subtraction
(a-la Wiener filter)
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LIGO Previous attempts with neural networks

 Albertoless’ work based 10— —
largely on [dn]?: denoising
with deep neural networks

— LIGO-G1800334

— https://git.ligo.org/
gabriele-vajente/dn2

Original noisy data

10% 48

10°
25 50 75 100 125 150 175

10° De-noised data

102

* Also DeepClean
— LIGO- G1801716 10 8

10°

e Works with simulated data 5 s 75 100 15 10 175

. s Oriinal noise-le t -
* |ssue: 1°2
— Difficultto train (mixture of 10" T
slow dynamics and fast 10°
I i n g) 25 50 75 100 125 150 175
samp

— Interpretability 3



LIGO Mathematical foundations

LIGO-T1800525

N
h(t) = H[s(t)]+ ) ouilxi(1)s()]
i=1
* h(t): targetsignal, what we want to clean (example: GW strain)

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

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

* Assumingthat xi(t) varies on time scales much slower than the
noise s(t)

* The stationary coupling is modeled with a transfer functionH

 The non-stationarycouplings are modeled by assumingthe
noise couples through (many) stationary transfer functions,
each one modulated by one of the witness signals
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LIGO Implementation/ 1

LIGO-T1800525

* Frequency domain approach

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

Modulated signals Noise prediction
( ) ifi—0 N )
sl 1HiI=
si(t) = { xi(t)s(t) ifi=1,...,N y(t) = ;)az[sl(t)]

- 7(0) =h(©) ~5(0) = H(©) - L 6:0)5i(0)

Minimize PSD of residual

[ S[r,r] =S[h,h] — (a"H+H"a) + " Sa. ]:‘} oa=S"'H
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[1] Wiener, Norbert(1949). Extrapolation, Interpolation, and Smoothing of Stationary Time Series.New York: Wiley.



DARM [m Hz=1/?]

Example: SRCL noise

Frequency domain direct solution

10715 5 X . .. :
] N\ SRCL noise (injected) modulated | — oyiginal
by angular degrees of freedom [ = No SRCL noise |
\ - Stationary subtraction
10-16 \ == Full subtraction |
\, SRCL noise injected
e
\\ ~\
N —
10—17 \ \
\ \ I
\
\vﬂ— S N—
10-18 .| Quiet DARM data, M
& no noise injection - | _~ \
1 (reference) l
\ I
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10—20
101 102

Frequency [Hz]

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




DELTAL/SRCL_IN [m/cts.] DELTAL/SRCL_IN [m/cts.]

DELTAL/SRCL_IN [m/cts.]
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LIGO

Example: SRCL noise

[1]1 [2] H1:ASC-DHARD_P_INMON [3] H1:ASC-SRC1_P_INMON [4] H1:ASC-DHARD_Y_INMON [5] H1:ASC-PRC2_P_INMON [6] H1:ASC-MIC
I [
!
] T T ] T T T ]
[8] H1:ASC-CSOFT_Y_INMON [9] H1:ASC-SRC1_Y_INMON**2 [10] H1:ASC-SRC1_Y_INMON [11] H1:ASC-DHARD_Y_INMON**2 [12] H1:ASC-PRC2_Y_INMON [13] H1:ASC-CHA
T T T T 1
[15] H1:ASC-MICH_Y_INMON [16] H1:ASC-INP1_P_INMON [17] H1:ASC-DSOFT_Y_INMON [18] H1:ASC-DSOFT_Y_INMON**2 [19] H1:ASC-SRC2_P_INMON [20] H1:ASC-PR(
L o 1 ol
Title: whatis modulating SRCLnoise |
o . 1:ASC-INP1_P_INMON**2 [26] H1:ASC-PRC1_Y_INMON**2 [27] H1:ASC-CSC
Blue: absolute value of transfer function a
) L W
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A//git .ligo.org/ 4 gabriele—vajeni;.e /nonsens
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LIGO Frequency domain approach

Pros Cons
* Fast * Every binisindependent
* Quadratic optimization * Huge number of
e Guaranteed optimal parameters > overfitting
solution * No guarantee that the

solutions are physically
realizable filters in time
domain (causality,
stability, etc...)

1 5,'

https://git.ligo.org/ gabriele-vajente/nonsens
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LIGO Parametrized approach w@‘bﬂ

LIGO-T1800525

* Describe each transfer function using a (non-linear)
parametrized form

* Laplace domain: «(s) =

 Define a frequency-integrated cost function

C(0h.i) = : /WQ W(w)Sy(w)dw W(w) = !

W2 — W1 Ju, Shh(w)

* Use gradient-based optimization algorithms

oC 1 / W (w) lﬁsrr Jdoyp, — 0S,, Ooy

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

89/1.71 Wy — W1 a@h 89/1.71 8Q’flz.* a6/1.71

w1



LIGO

Parametric approach

~

Pros
“Smooth” transfer functions

Small number of
parameters

No overfitting

-

Cons

No guarantee of convergence
to optimalsolution

No guaranteethat the
solutions are physically
realizablefiltersin time
domain (causality, stability,
etc...)

Parameters are poorlyscaled
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LIGO Additive second order stages

* How to enforce stability and improve the coefficient scaling

( Nu ) e
Zi—o bys'
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Op(S) =Ky + ’ ’ R (p:) <0 and f; <0
=1 s+ anis+ang :I> (iflnd only if
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a i>0
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LIGO-T1800525 11




LIGO Implementation / 2

 Parametrize with sum of second order stages

* Enforcestability by positive mapping of a coefficients,
for example ap; — explay;| or using bounded functions
such as a scaled sigmoid (allowing for limit on maximum
and minimum pole frequencies)

* Gradient can still be computed directly
* Use gradient-based unconstrained minimization methods:
— ADAM (inspired from deep learning)

* With small additional re-parametrization one can also
enforce that the Q of all polesis not large.
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DARM [m Hz~1/?]

o Example: SRCL noise

Original noisy DARM
DARM reference (no SRCL noise)
Stationary SOS subtraction

Full SOS subtraction

Reference best stationary
subtraction f-domain

Reference best subtraction
f-domain
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Frequency [Hz]
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DARM [m Hz™1/?]

Example: SRCL noise
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10—19
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H1:ASC-DHARD_P_INMON
H1:ASC-SRC1_P_INMON
H1:ASC-DHARD_Y_INMON
H1:ASC-PRC2_P_INMON
H1:ASC-MICH_P_INMON
H1:ASC-INP1_Y_INMON
H1:ASC-SRC1_Y_INMON**2
H1:ASC-SRC1_Y_INMON
H1:ASC-DHARD_Y_INMON**2
H1:ASC-CSOFT_Y_INMON
H1:ASC-PRC2_Y_INMON
H1:ASC-CHARD_Y_INMON
H1:ASC-PRC2_P_INMON*+2
H1:ASC-MICH_Y_INMON

H1:ASC-DSOFT_Y_INMON*+2
H1:ASC-SRC2_P_INMON
H1:ASC-INP1_P_INMON
H1:ASC-DSOFT_Y_INMON
H1:ASC-PRC1_P_INMON
H1:ASC-INP1_P_INMON**2
H1:ASC-INP1_Y_INMON**2
H1:ASC-DHARD_P_INMON**2
H1:ASC-CHARD_P_INMON
H1:ASC-PRC1_Y_INMON**2
H1:ASC-MICH_Y_INMON**2
H1:ASC-CHARD_Y_INMON**2
H1:ASC-CSOFT_P_INMON**2
H1:ASC-MICH_P_INMON**2

H1:ASC-SRC2_Y_INMON**2
H1:ASC-PRC1_P_INMON**2
H1:ASC-CSOFT_P_INMON
H1:ASC-DSOFT_P_INMON
H1:ASC-CSOFT_Y_INMON**2
H1:ASC-SRC1_P_INMON*2
H1:ASC-PRC1_Y_INMON
H1:ASC-CHARD_P_INMON**2
H1:ASC-PRC2_Y_INMON**2
H1:ASC-DSOFT_P_INMON**2
H1:ASC-SRC2_P_INMON**2
H1:ASC-SRC2_Y_INMON

s DARM
mmm DARM quiet

102
101

Frequency [HZz]

14

.org/ gabriele-vajente/nonsens

://git.ligo
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DELTAL/SRCL_OUT [m/cts.]

DELTAL/SRCL_OUT [m/cts.]

DELTAL/SRCL_OUT [m/cts.]

LIGO
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Example: SRCL noise

[111

[2] H1:ASC-DHARD_P_INMON

[3] H1:ASC-SRC1_P_INMON

[4] H1:ASC-DHARD_Y_INMON

[5] H1:ASC-PRC

[8] H1:ASC-SRC1_Y_INMON**2

[9] H1:ASC-SRC1_Y_INMON

[10] H1:ASC-DHARD_Y_INMON**2

[11] H1:ASC-CSOFT_Y_INMON

[12] H1:ASC-PR(

[15] H1:ASC-MICH_Y_INMON

[16] H1:ASC-DSOFT_Y_INMON**2

Title: whatis modulating SRCLnoise
Blue: absolute value of transfer function a

[22] H1:ASC-INP1_Y_INMON**2

[23] H1:ASC-DHARD_P_INMON**2

[24] H1:ASC-CHARD_P_INMON

[25] H1:ASC-PRC1_Y_INMON**2

[26] H1:ASC-MICF
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Example: SRCL noise

DARM before noise subtraction

100 200 300 400 500

Residual after stationary noise subtraction

Frequency [Hz]

100 200 300 400 500

Residual after non-stationary noise subtraction

Frequency [Hz]

100 200 300 400 500
Time [s]

10—16

10—17

10—18

10—19

10—20

10—16

10—17

10—18

10—19

10—20

10—16

10—17

10—18

10—19

10—20

e After stationary

noise subtraction:
still large non-
stationary noise

Non-stationary
noise subtraction
improves a lot

There is still some
non-stationarity
left: modulations
that are not
captured by the
angular signals
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o Time domain implementation

LIGO-T1800525

coefficients transfer function

4 )

* Or parametrize directlyin z-domain T p_
using starred transform L=€ =Js

Filter stability in the analog and digital domain

N
<3 bh,lz + bh,O Analog domain Digital domain
Oy (Z) - kh + Z 2 (s-plane) (z-plane)
i=1 % + ah,12 + ah0 Im(s) Im(z)
1 Region of stability _—
. . . /
* Poles are stable (inside the unit Re(s) i)
. . . . Poles must Poles are
circle in z-plane) if and only if mea inside the
negative rea unit circle
part lz] = 1

—1< a9y <1
—1l—ap< a1 <l+ag

N J

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

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




ugo 0©O2noise subtraction at LIGO Hanford

1029

10

Strain [1/rtHz]
o o
3 N

—
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N
S

—

o
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[$,]

Hanford

21 |

|
Il
102

Frequency [HZz]

From: arXiv:1806.00532 §

|
1

During O2, Hanford
sensitivity limited by
input beam jitter
(mostly)

Solved by offline noise
subtraction

Using signals witnessing
beam jitter (and other
noises)

Performed in frequency
domain
(a-causal Wiener filters)

Worked very well

18



Strain [Hz~1/?]

LIGO

Parametric time-domain subtraction

1021
1 m O2 h(t) not cleaned
] 02 h(t) cleaned
5x10-2% - m  Reconstructed noise
] m  h(t) with noise subtracted
\\‘ ’
d/ |
\l -
-23 | I ]
1071 o % W!:m“uh "
] g
5x10724 -
100 108
Frequency [Hz]
14+ m 02 cleaning
Noise subtraction
1.2 -
S 1.0+
)
T 08-
£
© 0.6
n
0.4-
0.2
100 163

Frequency [Hz]

Solution that uses
lIR filters in time
domain: stable
and causal

Same (maybe
a bit better)
performance
as 02 offline
subtraction

lIR filters could
be implemented
in real time if
desired

LIGO-T1800552 19




Some of the transfer functions

Abs.

Abs.

Abs.

[3] H1:PSL-ISS_PDB_REL_OUT DQ

[1] H1:PSL-DIAG_BULLSEYE_PIT_OUT DQ [2] H1:IMC-WFS_B_|_PIT_OUT DQ -
[ve]
—~
10—19 o
\ﬁ =
10-20 T ]
Lo ®©
10—21 i &
o
10—22 _-“‘_\— / vA\— a?
10-23 §
[7] H1:IMC-WFS_A_|_PIT_OUT DQ [8] H1:IMC-WFS_A_| YAW OUT DQ [9] H1:LSC-PRCL_OUT DQ -
- =
10—19 _ | I 1
10—20 \ i} \
™N I’ L © %
10—21 i | I | &
| | | \ o
10—22 -
1072 | \ 8
[13] H1:LSC-SRCL_OUT DQ [14] H1:LSC-MICH_OUT DQ [15] H1:LSC-CAL_LINE_SUM DQ
| K| ot
10—19 i \ r 8
10—20 i ] o
- i
10—21 | V / &
22 \ || r L \ \ \ / o
10~ T
. \] Title: noise source
1 2 k] | -
10 10 1l Blue: absolute value of transfer function a

[4] H1:IMC-WFS_B_| YAW OUT DQ

o %&\
- 20 I 4 J

Orange: phase of transfer function a
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LIGO Other applications / next steps

 Tested also on seismic 103/ 40m PRM pitch motion
feedforward from seismometers

feed-forward at the
A0m interferometer

1024 : “

* Otherpossible b Al R | *ﬁqﬂ 1 ,
applicationsof the —T—Mml\l
non-stationary 10%4 )

. —— Not cleaned v
subtraction: Reconstructed noise
Aneular noises With noise subtracted
— 0 | r
5 1010‘2 10°1 100 10!

— Environmentalnoises Frequency [Hz]
— Intensity and frequency noise

* Next steps:

— Thisalgorithm can be made adaptive: startingfrom an estimate of the
transfer functions, refinements can be computed from cross-spectral
densities (see LIGO-T1800525-v3)

21



LIGO References

The basic idea and its application to non-stationary noise subtraction
https://dcc.ligo.org/LIGO-T1800525

and the application to stationary noise subtraction (using O2 as example)
https://dcc.ligo.org/LIGO-T1800552

>Some details were described in the LHO elogs
https://alog.ligso-wa.caltech.edu/aLOG/index.php?callRep=45403
Characterizing SRCL non stationary noise coupling

https://alog.ligo-wa.caltech.edu/aLOG/index.php?callRep=45508
Time-domain non-stationary subtraction

https://alog.ligo-wa.caltech.edu/aLOG/index.php?callRep=45803
SRCL noise subtraction

https://alog.ligo-wa.caltech.edu/aLOG/index.php?callRep=45823
\ SRCL non-stationary noise coupling

Code available on git.ligo
https://git.ligo.org/ gabriele-vajente/nonsens
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