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Suspension thermal modes in interferometric gravitational-wave detectors produce narrow, high-Q
spectral lines that can contaminate gravitational searches and bias parameter estimation. In KAGRA,
cryogenic mirrors are held by thick suspension fibers, designed to sustain such a low-temperature
environment, which may further affect inharmonicity modes, fiber dimensions, and mechanical behavior
compared to typical interferometers. As these modes remain a prominent source of narrowband
contamination, we implement a Kalman filter to model and track violin lines, building on the methodology
introduced in [1], and apply subtraction to KAGRA O3GK data. Using gravitational-wave template
injections, we validate that the subtraction preserves matched-filter SNR while effectively suppressing line
power. Comparisons of power spectral densities and residual analyses confirm that the method removes
deterministic line contributions without introducing waveform distortions. This approach provides a cleaner
strain channel for searches and parameter estimation and will become increasingly important for future low-
temperature detectors with higher-Q suspensions, such as the Einstein Telescope.

DOI: 10.1103/jprd-m3ck

I. INTRODUCTION

In KAGRA [2,3], the mirrors operate at cryogenic
temperatures to reduce thermal noise from the test masses
and suspension system. The mechanical Q-factor of the
sapphire suspension fibers is theoretically expected to be of
order 107, whereas experimental measurements in KAGRA
report values closer to 10* [2] and also confirmed in
Table III. Such high Q values, whether intrinsic or effective,
lead to violin modes that are extremely narrow in frequency,
producing tall resonant lines in the strain spectrum. These
sharp spectral features contaminate localized frequency
regions and must be carefully identified and mitigated to
avoid reducing the sensitivity of gravitational-wave
searches. Traditional mitigation strategies, such as notch
filtering, remove frequency bins around the violin modes.
Although effective at suppressing line power, these filters
also eliminate any overlapping gravitational-wave signal
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and introduce phase discontinuities and ringing artifacts.
This can distort matched-filter signal-to-noise ratio (SNR)
calculations and bias waveform consistency tests such as the
27 test [4-7].

An adaptive filtering technique based on state-space
modeling was pioneered in GW field by Finn et al. [1,8].
By representing each violin mode as a damped harmonic
oscillator in a discrete-time state-space framework, one can
track its dynamics—amplitude and phase—in real time,
predict its evolution, and subtract it from the strain channel
while consistently accounting for both the physical process
and measurement noise. In this work, we implement a
Kalman filter to reduce suspension violin modes from
KAGRA O3GK public strain data [2]. The filter is applied
to long stretches of data, including segments with injected
gravitational-wave signals, to validate its performance. We
assess its impact on matched-filter SNR, power spectral
densities (PSDs), and residual waveforms, and compare
results across different scenarios, including validation tests
using the LIGO 40 m interferometer. This study is the first

© 2025 American Physical Society
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FIG. 1. Schematic of the KAGRA interferometer [3]. All

mirrors with labels are suspended inside the vacuum tanks with
four types of vibration isolation systems. The different types of
circles in the figure represent the various types of vibration
isolation systems. Vacuum tanks in front of the input and end test
masses (depicted as dotted gray circles) contain narrow-angle
baffles and optical systems for the photon calibrator. ITMX (Y):
input test mass X (Y), ETMX (Y): end test mass X (Y), BS: beam
splitter, PRM: power recycling mirror, SRM: signal recycling
mirror, IMMT (OMMT): input (output) mode-matching tele-
scope, IFI (OFI): input (output) Faraday isolator.

demonstration of extracting suspension thermal noise at
KAGRA in the cryogenic regime and shows that the
technique effectively suppresses narrow spectral lines while
preserving gravitational-wave signals.

The paper is structured as follows: Section II describes
the experimental setup and suspension characteristics;
Section III details the Kalman filter design and state-space
formulation; Section IV presents results including LIGO
40 m validation, KAGRA thermal-noise subtraction, and
injection tests; Section V concludes with discussions on
future applications for cryogenic detectors.

II. EXPERIMENTAL SETUP

This work focuses on suppressing suspension violin
modes in interferometric gravitational-wave detectors, with
particular emphasis on the KAGRA cryogenic interferom-
eter. While the full interferometer includes multiple sus-
pended optics, our analysis concentrates on the type-A test
mass suspensions, circled in light blue in Fig. 1, which are
the dominant sources of narrow, high-Q violin modes in the
DARM channel. Since the DARM channel is both the
primary observable for gravitational waves and the only
channel available to monitor these suspension noises,
subtraction is challenging without potentially affecting
astrophysical signals. This makes the Kalman filter an
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FIG. 2. O3GK strain sensitivity at GPS 1270312960, high-
lighting the first three violin modes, which are the most
prominent suspension thermal noise and the focus of this work.

attractive approach, as it enables real-time noise estimation
and removal without introducing external or potentially
disruptive elements that could compromise the stability of
such low-temperature systems.

The PSD of the KAGRA O3GK data highlights the
region of the violin-mode noise in Fig. 2. This suspension
thermal noise appears in a particularly critical frequency
band of the O3GK data.

A. Suspension design at KAGRA

KAGRA employs a multistage pendulum suspension
system to isolate its test masses from seismic and thermal
noise, shown in Fig. 3. The final stage consists of a sapphire
test mass suspended by sapphire fibers, operated at cryo-
genic temperatures to reduce thermal fluctuations. The high
quality factor (Q = 107) of these fibers results in narrow,
long-lived resonances—known as violin modes—in the
170-186 Hz frequency range, along with higher harmonics.

Figure 4 shows the power spectral density (PSD) in the
DARM channel. The PSD is modeled as a sum of
separately fitted Lorentzian distributions, one for each of
the N identified peaks

GfOz
Z fOl f2F12 (1)

i=1

where

(1) G; is the amplitude of the ith peak,

(ii) fo; is the central frequency of the ith peak, and

(iii) T is the full-width at half maximum (FWHM) of the

ith peak.

No background contribution is included in this fit. Also,
for high-Q resonances, the quality factor of each mode is
given by
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FIG. 3. Schematic of type-A suspension [3]. The suspension is

a multiple-stage pendulum with a total height of 13 m. The type-
A tower is at room temperature, while the cryopayload is cooled
to cryogenic temperatures.
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In cryogenic conditions, the coupling of thermal noise
can significantly differ from that in room-temperature
suspensions. This makes its suppression particularly rel-
evant for KAGRA, especially given the discrepancy
between theoretical expectations and experimental mea-
surements reported in [2]. Furthermore, the violin-mode
resonances do not align with exact integer multiples of the
fundamental frequency. In particular, the second and third
harmonics deviate from the wusual harmonic scaling
expected for a thin fiber, as exhibited by the LIGO40m
setup in Fig. 15. This deviation illustrates that the sapphire
suspension wires in KAGRA are subject to material rigidity
effects [9], which give rise to inharmonicity, in close
analogy to what has been observed in the LIGO and
Virgo experiments. In the evaluation of the first three
mode peaks, we observed that only 27, 30, and 31 peaks
were identified, as shown in Fig. 4 and Table. I. Faint or
missing peaks hinder direct estimation of the Q; factor,
while two closely spaced resonances may blend into a
single feature, leading to an artificially inflated Q value.
This effect is examined in detail in the following section.

B. Second order resonant effects

The CAD model of the mirror and its suspension wires is
shown in Fig. 5. In addition to the fundamental violin
modes of the suspension fibers along the beam axis,
denoted x, a coupling from higher-order resonances and
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FIG. 4. The estimated PSD (GPS 1271267328..1271361536) in
the first three violin-mode bands is shown in black, with the fitted
Lorentzian profiles overlaid in red. (a) Top: first mode between
170-186 Hz (Af, ~ 16 Hz); (b) Middle: second mode ranging
from 402-432 Hz (Af; ~30 Hz); (c) Bottom: third modes
ranging from 718-770 Hz (Af, ~ 52 Hz).

other degrees of freedom—such as yaw, pitch, and roll
rotations around the mirror’s center of mass—may intro-
duce secondary spectral features. Further details can be
found in Appendix C. In a first-order angular development,
only the yaw contribution (Oz) is expected to be significant,
since the lever arm is set by approximately half the mirror
diameter along the y-axis for each suspension wire. The
pitch degree of freedom is neglected here under the
assumption that the attachment points of the fibers are
coplanar in the xOy plane; if the wires were not perfectly
coplanar, vertical offsets would introduce additional pitch
coupling. The roll degree of freedom is neglected at first
order because displacements along the x-axis are largely
insensitive to rotations around this axis.

TABLE I. A summary of the estimated peak parameters from
our Lorentzian fits is provided here, while the complete list of
individual resonances and their fitted values is reported in
Appendix A. Theoretical Q-values are taken from [2] at room
temperature.

1st mode 2nd mode 3rd mode

Number of identified peaks 27 30 31
Peak frequency (theory) 175 Hz 410 Hz 732 Hz
Peak frequency (mean) 180.10 Hz 420.84 Hz 752.47 Hz
Peak frequency (lowest) 173.02 Hz 404.96 Hz 721.27 Hz
Peak frequency (highest)  184.39 Hz 429.80 Hz 767.44 Hz

Q-value (theory) 27 x10* 47x10* 7.0x10*
Q-value (mean) 1.30 x 10* 1.80 x 10* 2.12 x 10*
Q-value (std.dev.) 20x10° 3.7x10° 6.9x 103
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FIG. 5. The CAD model of the mirror and its suspension wires
[10]. The x-axis corresponds to the interferometer’s sensitive
direction, while modifications along the y and z axes are
effectively shadowed and therefore undetectable.

In practice, these second-order couplings can produce
weak sidebands or nearby peaks in the power spectral
density (PSD) at frequency offsets Af,, complicating the
filtering process in addition to the longitudinal-like reso-
nance strongly coupled with the arm length’s readout.
Auxiliary peaks, sharing a common Q; value, typically
have much lower amplitudes as they couple through geo-
metric asymmetries. To illustrate such an effect, we
computed a high-resolution PSD in Fig. 6 similar to that
in Finn et al., highlighting the secondary lower-amplitude
yawlike peak candidates. Some lower amplitude peaks may
be buried in the measurement noise or degenerate with
other resonances, making them less visible in the PSD
distribution. Since the measurement noise is lower for the
second and third modes, it is easier to perform proper peak
extraction in this frequency region; explaining why only
27 peaks are found in the first mode, as reported in Table I.

ITI. KALMAN FILTER DESIGN

We employ a discrete-time Kalman filter to model, infer,
and subtract violin-mode contributions from the interfer-
ometer strain channel. The filter is designed to operate on
long stretches of data, making it suitable for online or
low-latency subtraction. The Kalman filter provides a time-
discrete, recursive estimate of the suspension wire’s

Power Spectral Density [ dB/Hz |

—= fo=181.62 Hz, Af =047 Hz
= fo=182.54 Hz, Af =0.42 Hz
-- fo=181.66 Hz, Af —=0.48 Hz

16

181.6 182.0 182.4 182.8 183.2
Frequency [Hz]

FIG. 6. High-resolution PSD computed using KAGRA data.
Each of the longitudinal-direction modes is expected to have a
companion mode at a higher frequency due to yaw coupling—see
the pairs highlighted in green, purple, and orange. The candidate
shifts of about 0.45 Hz are consistent with the theoretical lower
bound estimated in Appendix C.

resonant motion. Given prior knowledge (state-space model
and noise covariances), an initial state, and measurements
sampled at frequency f, it alternates prediction and update
steps to infer the latent state at each sample, reconstructing
the true motion in the presence of process and measure-
ment noise.

A. Suspension thermal dynamics

The dynamics of a single violin mode are modeled as a
damped harmonic oscillator with resonance frequency @,
and quality factor Q, described by the equation of motion.

mi(1) + bi(t) + kx(r) = 0 (3)

where k and b are the stiffness and viscous damping
coefficients of the suspension fiber, respectively.

For each suspension wire, the natural frequency and
quality factor are defined as

R L @

m b

In our setup, the stochastic dynamics are described by
the Langevin model

K0+ D0 () = 0E) (5)
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where x(t) is the displacement along the oscillation axis
and &(7) is the zero-mean stochastic Langevin force with
statistical properties

(E(0)&(r)) = 24kpTo(t 1) (6)

where kp is the Boltzmann constant, 7 is the temperature of
the fiber, and 4 is the damping coefficient related Q-value
of the oscillator.

In accordance with the fluctuation—dissipation theorem
[11], the single-sided spectral density of the Langevin
force, Sp(w), is determined by the dissipative part of the
mechanical response. Explicitly,

Sr(w) = 4kgTRe[Z(w)] (7)

where Z(w) is the mechanical impedance defined above.
This relation shows that thermal driving of the oscillator is
entirely fixed by its energy dissipation properties, linking
microscopic Langevin noise to the macroscopic damping
encoded in Re[Z(w)].

B. Slowly varying envelope approximation

If the high-frequency oscillations of the violin mode
decay on a timescale much shorter than the frequency scale
of interest in the Laplace domain (|p,| < |s|, with p,
denoting the first pole and s the Laplace variable), the
inertial term ¥(z) can be averaged away, and therefore
the second-order oscillator dynamics reduces to an effective
first-order equation governing the slow envelope of the
motion. Within this approximation, the displacement can be
expressed as a rapidly oscillating carrier modulated by a
slowly varying complex amplitude

x(1) = X(t)e™ " + x*(t)e~ 0! (8)

where %() evolves slowly compared to e*®’ (¥ < X).
Substituting into the oscillator equation yields

%x(r) + wdx(1) = (1) (9)

which captures the slow dynamics of the envelope
while retaining the oscillatory carrier. The solution to this
equation is

P+ = —Eiiwo (10)

This first-order approximation allows the violin mode to
be modeled directly in a linear Kalman filter, avoiding the
overhead of an extended filter while still reproducing the
dominant thermal-driven ringdown relevant for mode
subtraction.

C. Data conditioning

Before applying the Kalman filter, the measured signal
x(t) is shifted in time and only then downsampled to match
the narrow bandwidth Af,. of the targeted mode per the
method of Finn et al. [1]. This ensures that only the selected
spectral band is affected, preventing unintended corrections
outside the mode while preserving the broadband strain.

To isolate the mode dynamics, the signal is first trans-
formed into a complex narrowband form around the target
frequency f,. (i.e., . =2xf.)

w(t) =x(t)e™!, o, =2zf. (11)
where the real and imaginary parts of y/(¢) correspond to
the in-phase and quadrature components of the mode.

Introducing the vector notation, the dynamics are now
expressed in a form suitable for a linear Kalman filter.

w(t) = (Re[‘”(t” ) () = Aw() +80)  (12)

Imly (1)]
35 @~
A~ o (13)
Wy — W, _E

This representation provides the continuous-time formu-
lation, which can then be discretized according to the
sampling rate Af. as A" = exp(A/Af.). After processing
with the Kalman filter, the narrowband estimate of the
violin mode, ¥y, is upsampled to the original sampling rate
and rotated back to the original frequency

x,(1) = 2Re[j(1)e (14)

The corrected real-valued strain signal is then obtained
by subtracting the estimated mode contribution

xcorr(t) = x(t) - xv(t) (15)

This completes the forward and reverse processing steps,
allowing the violin-mode contribution to be removed while
preserving the broadband interferometer strain.

D. Observation and state-space representation

The discrete-time Kalman filter is defined by the
standard state-space equations

{ Vi = Ay +wy (16)
2, = Cy + v
WkNN(O, W), VkNN(O,V) (17)

where,
(i) w, €R?N contains the in-phase (R) and quadrature
() components for each targeted mode,
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(ii) z, €R? is the discrete observation vector derived
from the complex-demodulated strain,

(iii) A’ is the discrete-time state transition matrix, de-
rived from the oscillator parameters w,., @wg, and Q
for each mode,

(iv) C maps the state vector to the measurement vec-
tor, and

(v) w; and v, are zero-mean process and measurement
noise vectors with their covariance matrices denoted
W and V, respectively.

In practice, the filter is applied directly to measured
interferometer data; no simulated data are generated.
However, the same equations can also be used to generate
sample data that follow the system dynamics as defined by
A’, Q, and R, which is useful for testing or validation
purposes.

Some peaks lie within a few mHz; it is therefore
necessary to apply a joint Kalman filter extraction along
the lines of Finn er al. [1,8]. Such extraction is performed
by defining the new matrix elements as

A:diag(Al,...,AN), C = |:12 12 12j|,

W = diag(Wy, ..., Wy), VI,

The precise estimation of the process and measurement
noise covariances is determined by o,, and o,, which
denote the standard deviations of the ith process noise
component and the jth measurement noise component,
respectively.

Wi ES va,ilnv V == (7%,12 (18)

A definition of the process noise variance ¢ ; and the

measurement noise variance o2 is given in Eq. (19) and

derived in Appendix C.

P - woikpT

wil 400> mAf. (19)
o2 — 1 P,

vTAf. 2

These quantities are estimated from the physical sus-
pension parameters (Q, fo, k, b), which are strongly tem-
perature dependent. In particular, cryogenic operation at
KAGRA presents a unique opportunity to investigate how
the properties of the suspension material evolve with
temperature and, consequently, how they impact the noise
budget. Measuring these dependencies would be highly
valuable for improving violin-mode modeling and sub-
traction in future observing runs.

Note that Finn er al. [1,8] defined the process noise
within a narrow frequency window of only a few mHz
around each resonant peak. In our analysis, we take the
peak maximum itself as the reference point for setting the
process noise. This choice reflects the fact that several

resonances lie very close together, making them difficult to
isolate within such narrow bands. Using the peak maximum
ensures a well-defined filter response under the narrowband
approximation @ = @,. This provides a consistent prescrip-
tion for evaluating the process noise through the inversion
of the transfer function H™!

Sr(o~ wy) = |H™! (i) *S (o) (20)

where Sp denotes the force PSD associated with the
Langevin model and S, the measured displacement PSD
around w ~ wy.

IV. RESULTS AND DISCUSSIONS

In this section, we will discuss the preliminary results of
our work by simulating a physical true state vector and
observations of it.

A. Sampling synthetic data

The synthetic data is sampled by implementing Egs. (16)
and (17) as shown in Fig. 7, by introducing the w; and v, at
the generation stage.

In practice, obtaining a reliable estimate of the process
noise is crucial: it quantifies stochastic perturbations and
unmodeled dynamics that drive the system away from its
ideal theoretical trajectory along the time. Keeping this
contribution as low as possible reduces systematic biases in
the reconstructed wire position, thereby constraining inter-
ferometer uncertainties associated with suspension dynam-
ics. By contrast, the measurement noise originates from
interferometer uncertainties and readout imperfections, and
its level can be characterized from the power spectral
density (PSD) floor of the detector. A higher measurement
noise implies that the Kalman filter must rely more heavily
on the model prediction, effectively increasing the filter’s
flexibility in adjusting its resolution of the true state.
Conversely, when the measurement noise is low, the filter
can afford to weight observations more strongly, leading to
a tighter tracking of the measured signal. In interferometric

10 - ' Measurement Noise |
= Signal at 612Hz
o= m Total signal
< 207
£
E
= 04
-1
—20 L ; . ; : ; : ;
595 G600 605 610 615 620 625 630
Fréquence [Hz]
FIG. 7. Power spectral density of the PSD noise baseline and

the resonant signal after passing through the H(iw) complex
filter.
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FIG. 8. (a) Top: amplitude (in dB) of the reconstructed state
vector compared with the noisy true state vector, including
process noise. (b) Middle: unwrapped phase (in rad) of the
reconstructed state vector, with the linear trend 2z f ¢ subtracted
to align in time. (c) Bottom: residual error distribution in
logarithmic scale (relative symmetric error).

applications, this balance is critical: overestimating meas-
urement noise risks smoothing away real physical fluctua-
tions, while underestimating it can amplify spurious
detector noise and degrade the reconstruction.

The inference of the state vector through the Kalman
filter allows for a time-dependent reconstruction of the
dynamics of a specific suspension as illustrated in Fig. 8. At
each step, the filter updates its estimate by combining the
predicted state from the physical model with the actual
interferometer measurements, effectively isolating the res-
onant motion of the wire and its violin modes from the
surrounding detector noise.

In Fig. 8(c), the relative symmetric error measures the
disparity between the true and reconstructed states and is
defined as

[x(2) = &(
Aty =2 () F &( (21)
Distinct peaks in log;y A(¢) indicate localized mismatches
in the reconstruction, as seen after 30—40 s. We expect that a
Kalman smoother would mitigate these large uncertainties
by combining both past (forward pass) and future (back-
ward pass) information. This bidirectional approach reduces
transient mismatches and sharp peaks in the relative
symmetric error, thereby improving the reconstruction
stability. Additionally, the large gray band in Fig. 8(b)
reflects the track uncertainty induced by process noise.

Caltech 40m data, 19nov94.4/Locked004.nc, 4096 sec, f, = 9868.421 Hz
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FIG. 9. Power spectral density of LIGO 40 m data. After
subtraction (black curve), most of the resonances are suppressed

by about 30 dB, which corresponds to a reduction in power by a
factor of 10°.

B. Reproduction of LIGO 40 m noise suppression

As a validation step, we reproduce the violin-mode
subtraction performance demonstrated in the LIGO 40 m
interferometer [1]. The 40 m testbed provides a strong
reference for validating our implementation, allowing
direct comparison between our implementation and pre-
viously established results.

This first reproduction confirms that our Kalman filter
framework reproduces the suppression performance and
residual characteristics reported in earlier work from 2001
[1]. A key feature is the strong reduction of stationary PSD
noise in the vicinity of the resonant peaks after Kalman
filtering. In our framework, higher-order resonances that lie
very close to one another are already modeled and sub-
tracted jointly, ensuring robust suppression. Looking ahead,
we aim to refine the estimation of the process noise
covariance W and the measurement noise covariance V
by having a deeper understanding of the underlying hard-
ware system, enabling more optimal suppression. As shown
in Fig. 9, the filter also achieves strong suppression (on the
order of 10 dB) of the 10th harmonic of the 60 Hz U.S.
power grid. This occurs because both the grid harmonics
and the violin resonances are governed by similar differ-
ential equations, leading the filter to treat them in a coupled
manner. For optimal performance, such additional spectral
lines should also be modeled and corrected jointly.
However, since the focus of this paper is on the impact
of cryogenic operation, their treatment is left to future work.

C. Thermal noise subtraction using
03GK KAGRA data

Applying the Kalman filters defined in Table II to the
KAGRA O3GK public dataset yields a marked suppression
of the targeted violin modes, as illustrated in Fig. 10. In
practice, the resonance frequency f, the quality factor Q,
and the mode amplitude A vary slowly with time due to
environmental and instrumental fluctuations. The Kalman
filter framework is particularly well-suited for this situation,
since the process noise covariance W and measurement noise
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TABLE II. Kalman bands used to suppress suspension thermal
peaks, including central frequency f. and bandwidth Af,.

ID Kalman bands f. [Hz] Af. [Hz]
1 172.0-177.0 Hz 174.50 6

2 177.5-188.0 Hz 182.75 8

3 402.0-410.0 Hz 406.00 6

4 413.0-418.0 Hz 415.50 4

5 418.0-424.0 Hz 421.00 6

6 424.0-428.5 Hz 426.25 4

7 429.0-431.0 Hz 430.00 4

8 720.0-722.0 Hz 721.00 4

9 726.0-730.0 Hz 728.00 4

10 735.0-750.0 Hz 742.50 15

11 750.0-770.0 Hz 760.00 20

covariance V explicitly account for such variability. By
continuously adapting to these fluctuations, the filter is able
to track the resonant dynamics in real time and achieve
robust subtraction of violin-mode contributions, while pre-
serving the broadband astrophysical signal. The effective-
ness of the Kalman filtering is evaluated by considering the
cases shown in Fig. 11:
(K1): SNR computed without Kalman filtering in the
first three modes of the frequency band,
(K2): SNR after Kalman filtering the three modes, and
(K3): SNR after violin-mode forest subtraction using an
IIR band-stop around the resonant peaks.

= Before

= After (fitted Q)

405 410 415 420 425 430

730
Frequency [Hz]

FIG. 10. Power spectral density (PSD) of O3GK strain data
before and after Kalman filtering. The process and measurement
noise parameters are still being tuned for improved subtraction.
The vertical scale is in dB [i.e., 101og,y(P/Pys)]; the baseline
offset is arbitrary and chosen for visual clarity.

1 (K1) No Filter
= (K2) Kalman Filter
m  (K3) Notch Filter

10736 -

10-38 4

Power Spectrum Density [ 1 / Hz |

100 200 300 400 600 1000
Frequency (Hz)

FIG. 11. Power spectral density distributions for (K1), (K2),
and (K3) cases.

Our results show that the filter reduces narrow spectral
lines by more than 20 dB in the targeted frequency bins,
without introducing strong distortion to the surrounding
broadband noise. A 3 dB reduction corresponds to halving
the power (P —» P/2),ie,al/ /2 reduction in amplitude;
consequently the residual PSD in Fig. 11 appears signifi-
cantly cleaner, improving the sensitivity floor in the
suspension thermal noise-dominated regions, where some
gravitational-wave signals may have measurable SNR.

The signal corrected using the Kalman filter in Fig. 12
shows a more stable time distribution as compared to the
time series of reference within the bandpassed signal
between 100 Hz-1000 Hz. A necessary burn-in time,
usually of a few seconds, is visible in the first seconds
of the time distribution and required for the Kalman filter to
lock onto the dynamics of the signal.

x10-1

Strain Signal

il = (K1) No Filter
'mm (K2) Kalman Filter

i m (K3) Notch Filter

|
—260 —255 —250 =245 —240 -235 —-230

Time (s)

FIG. 12. Time series of KAGRA O3GK data starting at GPS
1270312960, shown before and after noise subtraction. The data
are bandpassed between 100 Hz and 1000 Hz to highlight the
suppression of the violin-mode contributions.
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D. Test injection into O3GK KAGRA data

To verify that gravitational-wave signals are preserved,
simulated signals must be injected into the strain channel
prior to filtering, and the recovered waveforms should be
compared after subtraction. From the perspective of gravi-
tational-wave detection, the precise evaluation of any
residual contamination is critical and requires further
quantification.

1. Gravitational wave injection

For the test injection, we generated a compact binary
coalescence (CBC) waveform using the SpinTaylorT4 with
component masses at 1.4-1.4M, and a low-frequency
cutoff at 10 Hz. A distribution of the reference PSD using
O3GK was adjusted to match the length of the injection
template. The generated waveform lasts for about 200 s and
is injected in software into the strain channel. This injection
is representative of a binary neutron star merger, producing
signals with frequency content overlapping the violin-mode
resonances. The template is arbitrarily placed at an SNR of
p = 37.67, as defined by Eq. (22) using the sigma function
from PyCBC [12]. A broader parameter range and more
detailed parameter-estimation studies will be considered in
future work to validate the robustness of the subtraction and
assess the performance of suspension thermal-noise miti-
gation across different SNR values.

2. Signal-to-noise ratio and y*-significance tests

For the computation of the signal-to-noise ratio (SNR),
denoted p, as defined in Eq. (22), a reference power spectral
density (PSD) is estimated from a 4096 s segment of O3GK
data.

(s|h)(r) = 4Re [ df

_ I
(1) = Gmm

(22)

where S,(f) is the PSD of the reference noise (K1), s(¢) is
the strain signal, and h(¢) is the template waveform.
Matched-filter analyses of the injected signals, shown in
Fig. 13, indicate a significant loss in SNR in the notched
case (K3) compared to the unfiltered case (K1). This occurs
because the fraction of the signal lying within the removed
bandwidths is fully suppressed by the notch filter, resulting
in a drop of the SNR in K3 relative to the reference
PSD floor.

Considering the frequency dependence and the band-
width spanned by the three violin-mode resonances, a drop

of 15% is estimated as reasonable, knowing that SNR? «

]{l' hjh fF73 /S,(f),df [5-7] and the denoised frequency

bandwidths. In the Kalman-filtered case (K2), no signifi-
cant drop has been observed compared to the (K1)

40
=== Kalman vs Ref: -0.118%
o 3 ﬂ
= Notch vs Ref: -14.9% ===~
& 30
% 25 = Reference K1 (SNR=38.12)
iz, = Kalman K2 (SNR=38.08)
520 i
g = Notch K3 (SNR=32.44)
=15
=}
o0
@ 10
5
—0.04 —0.02 0.00 0.02 0.04
Time [s]
FIG. 13. Signal-to-noise ratio distributions obtained from

matched filtering using PyCBC [12]. SNRk;, SNRg,, SNRy3
are computed against the same PSD reference.

reference, suggesting a reasonable subtraction of the violin
components within the total signal.

We performed the reduced y? test [4-7] on the matched-
filter outputs to assess the consistency of the recovered
signals with the expected template. The result is shown in
Fig. 14. The Kalman subtraction does not degrade the y?
performance, indicating that the Kalman filter does not
introduce systematic distortions into the astrophysical
signal band. In Fig. 14(b), the gray (K1) and red (K2)
curves overlap almost perfectly near r = 0 s, highlighting
the consistency of the residual signal after Kalman filtering.
By contrast, in Fig. 14(a), a clear 5S¢ deviation of the SNR is
observed for (K3): the y-distribution decrease sharply to a
reasonable value typical from the expected distributions
around at ¢t = 0 s, while (K1) and (K2) remain consistent.

. (a) [m (K1) No Filter
= (K2) Kalman Filter
| m (K3) Notch Filter

x?/DOF

~z | (b) = Kalman / Ref
~
£219 = Notch / Ref
L‘IE
K
2
JL:\';
= 0 : . : . . ] '
-1.00 —0.75 —0.50 —0.25 0.00 025 050 075 100
Time (s)
FIG. 14. (a) Top: y*-test distribution centered on the merger

time; (K1) and (K2) almost perfectly overlap. (b) Bottom: ratio
plot showing the deviations of (K2) and (K3) relative to the
reference signal (K1).
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V. CONCLUSIONS

We have implemented and validated a Kalman filter
approach to remove suspension violin modes from gravi-
tational-wave detector data. Validation against LIGO 40m
results confirms that the method reproduces established
suppression performance. Applying it to KAGRA O3GK
cryogenic data demonstrates its effectiveness in reducing
narrow spectral lines while preserving injected gravita-
tional-wave signals.

This first attempt at subtracting suspension thermal noise
in a cryogenic interferometer represents an important step
toward advancing noise-mitigation strategies for future
KAGRA runs. Given the frequency location of the sus-
pension resonances and the Q-values estimated in this
work, improved control and hardware characterization at
KAGRA may provide valuable guidance for suspension-
noise mitigation in next-generation observatories such as
the Einstein Telescope.

In future work, we aim to strengthen the robustness of
the method by finalizing the Kalman framework for real-
time implementation in KAGRA’s data stream, with the
goal of deployment during OS5. Further testing with O4c
data will also be conducted to validate the approach under
realistic operating conditions.
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APPENDIX A: RESONANT
FREQUENCY EXTRACTIONS

The values used in Kalman filtering are shown in
Table III. The resonant frequencies for the three violin

modes are taken from the PTEP [2], other parameters
(Q; values and G; values) used in the Lorentzian profile
result from a fit. The FWHM,; are also shown.

APPENDIX B: DERIVATION OF THE
SECOND-ORDER RESONANCE EQUATIONS

Consider a mirror of mass M suspended by four fibers at
positions (x;, y;, z;) relative to the mirror’s center of mass
(CoM). The mirror has moments of inertia /,, and /, about
the y (pitch) and z (yaw) axes, respectively. Roll effects are
neglected, as they have a negligible influence on the
measurable interferometer output signal. Each fiber has a
mass m; and stiffness k;. The beam propagates along the x
direction, with y being horizontal and z being vertical. The
relative elongation of the ith fiber is defined as

Xi() = xi(1) (B1)

— Xo.i(?)
where x;(7) is the longitudinal displacement of the free end
of the fiber and X () is the displacement of the corre-
sponding mirror attachment point. For small pitch and yaw
angles 0, and @, the attachment point motion is

Xo,i(1) = X(1) = y:0,(t) + 2:60,(1) (B2)
with X(#) the CoM translation, and y;, z; the transverse
offsets of the fiber relative to the CoM.

The mirror’s motion couples to the fiber elongations
through both translation (MX =3, F ;x) and rotation

(1,0, = 7; = >_;(r; x F;)| ), leading to

MX + Y4, .@:o
I 0 - Zl lyz (t) (B3)
erZ, lZth<t)

For each fiber, the harmonic oscillator equation of the ith
fiber follows from Newton’s second law applied to the
absolute position x;(#) of the mass in an inertial frame, with
restoring force proportional to the relative elongation

X;(t) = x;(t) — Xo,i(1)

mX (1) + kiX;(t) = —m X, (1)
foi=dyfE i=1...4

In Fourier space, the relative elongation becomes

(B4)

= 3:0.(0) + z,0,(w)]  (B5)
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TABLE IIL

Fitted parameters of violin modes: f,, Q (x10*), FWHM (x103), and G; for modes 1-3, shown side by side.

Mode 1 (170186 Hz)

Mode 2 (402-432 Hz)

Mode 3 (718770 Hz)

fo 0 FWHM fo Q0 FWHM fo Q0 FWHM
(Hz) (x10% (x10%) G; (Hz) (x10%) (x10%) G; (Hz) (x10%)  (x10%) G;

1 173.021 150 11.54 4.68x 1073 1 404961 1.61 2509 1.65x1073 1 721.271 144 4998 1.29 x 10740
2 174035 144 1207 999x 1073 2 408.562 2.08 19.63 2.67x 10740 2 728291 279 26.10 342 x 1074
3 176510 146 1212 641x 10738 3 414901 1.96 2120 1.63x 1073 3  739.319 2.81 2631 1.53x 10740
4 177929 150 11.88 4.10x 1073 4 415482 1.87 2223 194 x 10730 4  743.367 1.86  40.07 7.52x 104
5 178295 149 1195 198x10738¥ 5 416433 2.17 1919 1.63x1073 5 743.762 279 2665 1.25x 10740
6 178387 150 11.89 525x 10738 6 416998 195 2142 785x10740 6  746.132 2.81 2659 1.81x 1074
7 178425 126 1413 519x 1074 7 418844 2.15 1948 143 x107* 7  746.455 2.81 2656 1.88x 10740
8 178539 150  11.90 6.60 x 10738 8 419.270 1.44 2921 1.66x10™4 8  746.707 2.80  26.68 6.12x 1074
9 179.052 142 1265 1.05x 10738 9 419512 149 28.07 382x 1074 9  747.163 280  26.69 8.07 x 1074
10 179247 1.10 1623 133 x107% 10 419721 174 24.18 131 x10740 10 749.812 2.81 2670 4.03 x 1074
11 179762 149  12.04 7.42x 10738 11 419.906 143 2934 3.09x 10740 11  750.900 2.80  26.82 1.47x 10740
12 179.833 1.50 11.99 4.96x 1038 12 420296 2.17 1937 2.65x 1073 12 751.171 2.80  26.83 1.07 x 10740
13 180.061 150 1202 126x 10738 13 420.644 2.12 1985 1.86x 1073 13 751.249 267  28.17 2.03x 10740
14 180.093 1.16  15.53 1.99x 107 14 421.157 2.16 19.53 8.60 x 1074 14  753.344 2.80 2694 3.78 x 1074
15 180253 146 1232 6.03x 10738 15 421.269 1.82 23.13 124x107% 15 753.651 279 27.06 1.28 x 10740
16 180.625 1.49 1211 656x 10738 16 421.325 2.08 2029 241 x107% 16 754.724 279  27.08 7.68 x 1074
17 180.902 1.25 1443 3.92x 10738 17 421.659 2.04 20.65 120x 107 17 755.729 2.80 2699 6.82x 1074
18 180.962 1.35 1344 236x 10738 18 421.744 2.01 21.03 3.95x 1074 18 756.340 2.80  27.02 1.94x 104
19 181.615 146 1246 4.68x 10738 19 422415 154 2741 3.06x 10740 19  756.560 277 2729 1.86x 104
20 181.661 147 1234 481 x 10738 20 422.540 2.04 20.71 2.12x 1073 20 756.750 2.80 27.03 9.82x107%
21 182.093 150  12.16 9.19x 10740 21 422.642 1.81 2331 1.13x 1073 21  756.786 2.80  27.04 1.71x 1074
22 182139 144 1267 142x 10738 22 422949 157 27.01 847 x 10740 22  756.885 256 29.62 2.57 x 10740
23 182543 150  12.17 4.89x 10738 23 424255 143 29.67 325x 1074 23 758.686 271 2795 1.31x 10740
24 182959 1.17 1558 270x 1073° 24 424.658 2.15 1979 1.12x 1073 24  759.405 281  27.04 1.66x 10740
25 183427 150 1227 347 x 1073 25 425.184 2.03 2092 2.19x 107% 25 760.548 2.81  27.10 6.56x 104
26 184314 150 1229 826x 10730 26 425798 2.02 21.08 1.26x 1073 26 762.359 2.80 2723 1.01 x 10740
27 184387 1.10 1676 822 x 1073° 27 427256 2.07 20.67 2.14x 10740 27 762.611 263 2899 6.49x 1074
28 28 427454 206 20.71 1.38x10-39 28 762.930 277 2755 1.08 x 10740
29 29 427.662 1.69 2533 6.88x 1074 29  764.139 280 2732 597x107%
30 30 429.796 1.86 23.14 1.92x 1074 30 766.052 280 2736 3.17 x 1074
31 31 31 767.439 2.80 2741 334x10°#
32 32 32

The restoring force exerted by fiber i on the mirror is not
purely static, but frequency-dependent

Fon@) =~k X(@) = - %0 (@) (B6)

ki —m;w

At frequencies approaching the fiber’s resonance, the
inertia of the fiber itself modifies the response of the
system. To account for this frequency-dependent effect, we
introduce an effective stiffness K;(w)

~ kimia)z
Ki(a)) = >

=+t 1 B7
ki —m;w ( )

The mirror equations of motion in the Fourier domain
take the form

—sz)?*Zki(w) [X_Yiéz+ziéy] =0
_Iza)zéz - Zyii(i(w) [X - yiéz + Ziéy] =0
—-1,0*0, + Y z;K)(w) [X—y0,420,]=0

These coupled equations can be written compactly in
matrix form. In a symmetric suspension geometry around
the CoM, the cross-terms vanish so that translational and
rotational degrees of freedom decouple. The system then
reduces to
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M 0 0 —(D2X KUO 0 0 X
01, 0||-0®0.|+]| 0 K, O0||0.]=0
0 0 I,||-a0, 0 0 K.]l|b
M K(w)
(B8)
where

Koo(@) =D _Ki(®).
Kyy(w) = Zki(w)yiz’ Kzz(w) = Zkz(w)ztz

The eigenfreduencies of the suspension niodes are then
determined by the secular equation

det (K(w) — @*M) = 0

One eigenmode corresponds to all four fibers oscillating
in phase, producing a global center-of-mass displacement
of the mirror along the beam axis (x) without torque. This
translational mode is typically suppressed by the interfer-
ometer control system and does not appear in the DARM
channel.

By contrast, antisymmetric oscillations—such as pairs of
fibers stretching in opposite directions—couple directly to
the mirror’s rotational degrees of freedom. For simplicity
purposes, we are also assuming identical fibers (k; = &,
m; = m). In this case, the angular eigenvalues describe the
yaw and pitch sidebands as

fyaw"’ZI E myy, fpitchNZI § :mzi
Z = Yoi=1

Here m is the mass of each fiber in its fundamental violin
mode; the stiffness k is already absorbed into f, which is
why it does not appear explicitly. Finally, for a cylindrical
mirror of radius R and length L, the inertia are

_
I,=-MR*>, I

M
5 y=1,=—(BR*+L?

B (B9)

Typically, d, is of order the mirror radius, while d, ~0
when the fibers lie in the horizontal plane. For sapphire
fibers and cylindrical test masses, this scaling gives
Afyaw = 0.10 Hz. Since the actual suspension is not
perfectly symmetric (bonding, stiffness, clamp anisotropy,
small tension imbalances), this value should be viewed as a
lower bound; realistic asymmetries can increase Afy,,, into
the few-tenths-of-hertz range. Each suspension fiber sup-
ports nearly two degenerate violin polarizations: an

x-direction mode that couples strongly to the interferom-
eter’s arm length readout, and a y-axis companion that
couples weakly through asymmetries and miscentering.
Both modes share the same intrinsic Q, but the yawlike
resonance appears at a lower amplitude and slightly shifted
frequency, producing the observed doublets in the violin-
mode spectrum.

APPENDIX C: PROCESS AND MEASUREMENT
NOISE FORMULA

The stochastic dynamics of a suspension mode obey

1

(1) " 5(0) + () = &)

with thermal Langevin force &£.(¢). By the fluctuation-
dissipation theorem [11],

(C1)

Ny = s (st — ¢
{<fx<r>5x<r>>—sp< 0)(t = 1) (2)

Sf)(a)o) = 2kgTRe(Z(wy)] = 2kpTm P

where Z(w) is the mechanical impedance of the oscillator.
Because of the delta correlation,

(E(0)E () =0, forr#T1
i.e., the force is white in time.

After moving to the rotating frame at frequency w,, the
effective quadrature drive becomes

S (w,
<€1//(t)§1//(t/)—r> - 4Fmga)%) 5([ — l/)Iz
kBT o ,
— TQme 5(r—1)1I, (C3)

Discretizing over an effective bandwidth A f,. around w,.,
the delta correlation yields a per-sample variance

2 kBT (O
fo—
AN Qma?

(C4)

For the measurement noise, which is dominated by
sensing noise rather than thermal driving, a practical
estimate can be obtained from the average measured
PSD P,, in the analysis band. Assuming flat noise across
Af ., the corresponding variance is

. 1B,
oy = —
Af, 2

(C5)
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FIG. 15. (a) Top: LIGO 40m PSD. The colored vertical lines show the violin modes frequencies for each of the 8th first modes. (b), (c),
and (d) Respectively, the 1st, 2nd, and 4th violin modes in LIGO 40m.
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