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2ONERA, 2 Avenue Marc Pélegrin, 31400 Toulouse, France

3Department of Design and Data Science and Research Center for Space Science, Advanced Research Laboratories,
Tokyo City University, 3-3-1 Ushikubo-Nishi, Tsuzuki-ku, Yokohama, Kanagawa 224-8551, Japan

4University of Illinois at Urbana-Champaign, Department of Physics, Urbana, Illinois 61801-3080, USA
5National Astronomical Observatory of Japan 2-21-1 Osawa, Mitaka, Tokyo 181-8588, Japan

6Department of Physics, Osaka Metropolitan University,
3-3-138 Sugimoto Sumiyoshi-ku, Osaka-shi 558-8585, Japan

7Nambu Yoichiro Institute of Theoretical and Experimental Physics (NITEP),
Osaka Metropolitan University, 3-3-138 Sugimoto Sumiyoshi-ku, Osaka-shi 558-8585, Japan

8Earthquake Research Institute, The University of Tokyo, 1-1-1 Yayoi, Bunkyo-ku, Tokyo 113-0032, Japan

(Received 10 September 2025; accepted 7 October 2025; published 14 November 2025)

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/jpr4-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 104 [2] and also confirmed in
Table III. Such highQ 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

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
χ2 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*Contact author: marco@tcu.ac.jp; marco.meyer@cern.ch
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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

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

SxðfÞ ¼
XN
i¼1

Gif20;iΓ2
i

ðf2 − f20;iÞ2 þ f2Γ2
i

ð1Þ

where
(i) Gi is the amplitude of the ith peak,
(ii) f0;i is the central frequency of the ith peak, and
(iii) Γi 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

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.

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.
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Qi ¼
f0;i
Γi

ð2Þ

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 usual 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 Qi 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

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.

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 (Δf0 ≈ 16 Hz); (b) Middle: second mode ranging
from 402–432 Hz (Δf1 ≈ 30 Hz); (c) Bottom: third modes
ranging from 718–770 Hz (Δf2 ≈ 52 Hz).

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.

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) 2.7 × 104 4.7 × 104 7.0 × 104

Q-value (mean) 1.30 × 104 1.80 × 104 2.12 × 104

Q-value (std.dev.) 2.0 × 103 3.7 × 103 6.9 × 103
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In practice, these second-order couplings can produce
weak sidebands or nearby peaks in the power spectral
density (PSD) at frequency offsets Δf0, 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 Qi 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.

III. 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

resonant motion. Given prior knowledge (state-space model
and noise covariances), an initial state, and measurements
sampled at frequency fs, 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 ω0

and quality factor Q, described by the equation of motion.

mẍðtÞ þ bẋðtÞ þ kxðtÞ ¼ 0 ð3Þ

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

ω0 ¼
ffiffiffiffi
k
m

r
; Q ¼ mω0

b
ð4Þ

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

ẍðtÞ þ ω0

Q
ẋðtÞ þ ω2

0xðtÞ ¼
1

m
ξðtÞ ð5Þ

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.

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.
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where xðtÞ is the displacement along the oscillation axis
and ξðtÞ is the zero-mean stochastic Langevin force with
statistical properties

hξðtÞi ¼ 0; hξðtÞξðt0Þi ¼ 2λkBTδðt − t0Þ ð6Þ

where kB is the Boltzmann constant, T is the temperature of
the fiber, and λ 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, SFðωÞ, is determined by the dissipative part of the
mechanical response. Explicitly,

SFðωÞ ¼ 4kBTRe½ZðωÞ� ð7Þ

where ZðωÞ 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 Re½ZðωÞ�.

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 (jpþj ≪ jsj, with pþ
denoting the first pole and s the Laplace variable), the
inertial term ẍðtÞ 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

xðtÞ ≈ x̃ðtÞeiω0t þ x̃�ðtÞe−iω0t ð8Þ

where x̃ðtÞ evolves slowly compared to e�iω0t (ẍ ≪ ẋ).
Substituting into the oscillator equation yields

ω0

Q
ẋðtÞ þ ω2

0xðtÞ ¼ ξðtÞ ð9Þ

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

p� ¼ −
ω0

2Q
� iω0 ð10Þ

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
xðtÞ is shifted in time and only then downsampled to match
the narrow bandwidth Δfc 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 fc (i.e., ωc ¼ 2πfc)

ψðtÞ ¼ xðtÞe−iωct; ωc ¼ 2πfc ð11Þ

where the real and imaginary parts of ψðtÞ 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.

ψðtÞ ¼
�
Re½ψðtÞ�
Im½ψðtÞ�

�
; ψ̇ðtÞ ¼ AψðtÞ þ ξðtÞ ð12Þ

A ≈
� − ω0

2Q ωc − ω0

ω0 − ωc − ω0

2Q

�
ð13Þ

This representation provides the continuous-time formu-
lation, which can then be discretized according to the
sampling rate Δfc as A0 ¼ expðA=ΔfcÞ. After processing
with the Kalman filter, the narrowband estimate of the
violin mode, ψ̂k, is upsampled to the original sampling rate
and rotated back to the original frequency

xvðtÞ ¼ 2Re½ψ̂ðtÞeiωct� ð14Þ

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

xcorrðtÞ ¼ xðtÞ − xvðtÞ ð15Þ

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�

ψkþ1 ¼ A0ψk þ wk

zk ¼ Cψk þ vk
ð16Þ

wk ∼N ð0;WÞ; vk ∼N ð0;VÞ ð17Þ

where,
(i) ψk ∈R2N contains the in-phase (R) and quadrature

(I) components for each targeted mode,
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(ii) zk ∈R2 is the discrete observation vector derived
from the complex-demodulated strain,

(iii) A0 is the discrete-time state transition matrix, de-
rived from the oscillator parameters ωc, ω0, and Q
for each mode,

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

(v) wk and vk 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
A0, 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 et al. [1,8]. Such extraction is performed
by defining the new matrix elements as

A ¼ diagðA1;…;ANÞ; C ¼
h
I2 I2 � � � I2

i
;

W ¼ diagðW1;…;WNÞ; V ∝ I2

The precise estimation of the process and measurement
noise covariances is determined by σwi

and σv, which
denote the standard deviations of the ith process noise
component and the jth measurement noise component,
respectively.

Wi ¼ σ2w;iIn; V ¼ σ2vI2 ð18Þ

A definition of the process noise variance σ2w;i and the
measurement noise variance σ2v is given in Eq. (19) and
derived in Appendix C.8<

:
σ2w;i ¼ ω0;ikBT

4Q2ω2
cmΔfc

σ2v ¼ 1
Δfc

P̄m
2

ð19Þ

These quantities are estimated from the physical sus-
pension parameters ðQ; f0; k; bÞ, 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 et 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 ω ≈ ω0. This provides a consistent prescrip-
tion for evaluating the process noise through the inversion
of the transfer function H−1

SFðω ≈ ω0Þ ¼ jH−1ðiωÞj2SxðωÞ ð20Þ

where SF denotes the force PSD associated with the
Langevin model and Sx the measured displacement PSD
around ω ≈ ω0.

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 Eqs. (16)
and (17) as shown in Fig. 7, by introducing the wk and vk 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

FIG. 7. Power spectral density of the PSD noise baseline and
the resonant signal after passing through the HðiwÞ complex
filter.
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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

ΔðtÞ ¼ 2
jxðtÞ − x̂ðtÞj
jxðtÞ þ x̂ðtÞj ð21Þ

Distinct peaks in log10ΔðtÞ 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.

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
O3GK KAGRA data

Applying the Kalman filters defined in Table II to the
KAGRAO3GK public dataset yields a marked suppression
of the targeted violin modes, as illustrated in Fig. 10. In
practice, the resonance frequency f0, 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 covarianceW and measurement noise

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 2πf0t subtracted
to align in time. (c) Bottom: residual error distribution in
logarithmic scale (relative symmetric error).

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 103.
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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:

ðK1Þ: SNR computed without Kalman filtering in the
first three modes of the frequency band,

ðK2Þ: SNR after Kalman filtering the three modes, and
ðK3Þ: SNR after violin-mode forest subtraction using an
IIR band-stop around the resonant peaks.

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), i.e., a 1=

ffiffiffi
2

p
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.

TABLE II. Kalman bands used to suppress suspension thermal
peaks, including central frequency fc and bandwidth Δfc.

ID Kalman bands fc [Hz] Δfc [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

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., 10 log10ðP=PrefÞ]; the baseline
offset is arbitrary and chosen for visual clarity.

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

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
ρ ¼ 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 χ 2-significance tests

For the computation of the signal-to-noise ratio (SNR),
denoted ρ, as defined in Eq. (22), a reference power spectral
density (PSD) is estimated from a 4096 s segment of O3GK
data. 8<

: ðsjhÞðtÞ ¼ 4Re
R s̃ðfÞh̃�ðfÞ

SnðfÞ df

ρðtÞ ¼ ðsjhÞðtÞ
ðsjsÞðtÞ

ð22Þ

where SnðfÞ is the PSD of the reference noise (K1), sðtÞ is
the strain signal, and hðtÞ 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 SNR2 ∝R fhigh
flow

f−7=3=SnðfÞ; 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)

reference, suggesting a reasonable subtraction of the violin
components within the total signal.
We performed the reduced χ2 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 χ2

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 t ¼ 0 s, highlighting
the consistency of the residual signal after Kalman filtering.
By contrast, in Fig. 14(a), a clear 5σ deviation of the SNR is
observed for (K3): the χ2-distribution decrease sharply to a
reasonable value typical from the expected distributions
around at t ¼ 0 s, while (K1) and (K2) remain consistent.

FIG. 13. Signal-to-noise ratio distributions obtained from
matched filtering using PyCBC [12]. SNRK1, SNRK2, SNRK3
are computed against the same PSD reference.

FIG. 14. (a) Top: χ2-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 O5. 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
(Qi values and Gi values) used in the Lorentzian profile
result from a fit. The FWHMi are also shown.

APPENDIX B: DERIVATION OF THE
SECOND-ORDER RESONANCE EQUATIONS

Consider a mirror of massM suspended by four fibers at
positions ðxi; yi; ziÞ relative to the mirror’s center of mass
(CoM). The mirror has moments of inertia Iy and Iz 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 mi and stiffness ki. 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

XiðtÞ ¼ xiðtÞ − X0;iðtÞ ðB1Þ

where xiðtÞ is the longitudinal displacement of the free end
of the fiber and X0;iðtÞ is the displacement of the corre-
sponding mirror attachment point. For small pitch and yaw
angles θy and θz, the attachment point motion is

X0;iðtÞ ¼ XðtÞ − yiθzðtÞ þ ziθyðtÞ ðB2Þ

with XðtÞ the CoM translation, and yi, zi the transverse
offsets of the fiber relative to the CoM.
The mirror’s motion couples to the fiber elongations

through both translation (MẌ ¼ P
i Fi;x) and rotation

(Ijθ̈j ¼ τj ¼
P

iðri × FiÞjj), leading to8>>><
>>>:

MẌ þP
4
i¼1 Fi;xðtÞ ¼ 0

Izθ̈z −
P

4
i¼1 yiFi;xðtÞ ¼ 0

Iyθ̈y þ
P

4
i¼1 ziFi;xðtÞ ¼ 0

ðB3Þ

For each fiber, the harmonic oscillator equation of the ith
fiber follows from Newton’s second law applied to the
absolute position xiðtÞ of the mass in an inertial frame, with
restoring force proportional to the relative elongation
XiðtÞ ¼ xiðtÞ − X0;iðtÞ

8<
:

miẌiðtÞ þ kiXiðtÞ ¼ −miẌ0;iðtÞ
f0;i ¼ 1

2π

ffiffiffiffi
ki
mi

q
i ¼ 1;…; 4

ðB4Þ

In Fourier space, the relative elongation becomes

X̃iðωÞ ¼
miω

2

ki −miω
2
½X̃ðωÞ − yiθ̃zðωÞ þ ziθ̃yðωÞ� ðB5Þ
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The restoring force exerted by fiber i on the mirror is not
purely static, but frequency-dependent

Fi;xðωÞ ¼ −kiX̃iðωÞ ¼ −
kimiω

2

ki −miω
2
X̃0;iðωÞ ðB6Þ

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 K̃iðωÞ

K̃iðωÞ ¼
kimiω

2

ki −miω
2

ðB7Þ

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

8>><
>>:

−Mω2X̃ þP
K̃iðωÞ ½X̃ − yiθ̃z þ ziθ̃y� ¼ 0

−Izω2θ̃z −
P

yiK̃iðωÞ ½X̃ − yiθ̃z þ ziθ̃y� ¼ 0

−Iyω2θ̃y þ
P

ziK̃iðωÞ ½X̃ − yiθ̃z þ ziθ̃y� ¼ 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

TABLE III. Fitted parameters of violin modes: f0, Q (×104), FWHM (×103), and Gi for modes 1–3, shown side by side.

Mode 1 (170–186 Hz) Mode 2 (402–432 Hz) Mode 3 (718–770 Hz)

f0
(Hz)

Q
(×104)

FWHM
(×103) Gi

f0
(Hz)

Q
(×104)

FWHM
(×103) Gi

f0
(Hz)

Q
(×104)

FWHM
(×103) Gi

1 173.021 1.50 11.54 4.68 × 10−38 1 404.961 1.61 25.09 1.65 × 10−39 1 721.271 1.44 49.98 1.29 × 10−40

2 174.035 1.44 12.07 9.99 × 10−39 2 408.562 2.08 19.63 2.67 × 10−40 2 728.291 2.79 26.10 3.42 × 10−41

3 176.510 1.46 12.12 6.41 × 10−38 3 414.901 1.96 21.20 1.63 × 10−39 3 739.319 2.81 26.31 1.53 × 10−40

4 177.929 1.50 11.88 4.10 × 10−38 4 415.482 1.87 22.23 1.94 × 10−39 4 743.367 1.86 40.07 7.52 × 10−41

5 178.295 1.49 11.95 1.98 × 10−38 5 416.433 2.17 19.19 1.63 × 10−39 5 743.762 2.79 26.65 1.25 × 10−40

6 178.387 1.50 11.89 5.25 × 10−38 6 416.998 1.95 21.42 7.85 × 10−40 6 746.132 2.81 26.59 1.81 × 10−40

7 178.425 1.26 14.13 5.19 × 10−41 7 418.844 2.15 19.48 1.43 × 10−41 7 746.455 2.81 26.56 1.88 × 10−40

8 178.539 1.50 11.90 6.60 × 10−38 8 419.270 1.44 29.21 1.66 × 10−41 8 746.707 2.80 26.68 6.12 × 10−42

9 179.052 1.42 12.65 1.05 × 10−38 9 419.512 1.49 28.07 3.82 × 10−40 9 747.163 2.80 26.69 8.07 × 10−42

10 179.247 1.10 16.23 1.33 × 10−39 10 419.721 1.74 24.18 1.31 × 10−40 10 749.812 2.81 26.70 4.03 × 10−41

11 179.762 1.49 12.04 7.42 × 10−38 11 419.906 1.43 29.34 3.09 × 10−40 11 750.900 2.80 26.82 1.47 × 10−40

12 179.833 1.50 11.99 4.96 × 10−38 12 420.296 2.17 19.37 2.65 × 10−39 12 751.171 2.80 26.83 1.07 × 10−40

13 180.061 1.50 12.02 1.26 × 10−38 13 420.644 2.12 19.85 1.86 × 10−39 13 751.249 2.67 28.17 2.03 × 10−40

14 180.093 1.16 15.53 1.99 × 10−39 14 421.157 2.16 19.53 8.60 × 10−40 14 753.344 2.80 26.94 3.78 × 10−42

15 180.253 1.46 12.32 6.03 × 10−38 15 421.269 1.82 23.13 1.24 × 10−39 15 753.651 2.79 27.06 1.28 × 10−40

16 180.625 1.49 12.11 6.56 × 10−38 16 421.325 2.08 20.29 2.41 × 10−39 16 754.724 2.79 27.08 7.68 × 10−41

17 180.902 1.25 14.43 3.92 × 10−38 17 421.659 2.04 20.65 1.20 × 10−39 17 755.729 2.80 26.99 6.82 × 10−41

18 180.962 1.35 13.44 2.36 × 10−38 18 421.744 2.01 21.03 3.95 × 10−40 18 756.340 2.80 27.02 1.94 × 10−41

19 181.615 1.46 12.46 4.68 × 10−38 19 422.415 1.54 27.41 3.06 × 10−40 19 756.560 2.77 27.29 1.86 × 10−41

20 181.661 1.47 12.34 4.81 × 10−38 20 422.540 2.04 20.71 2.12 × 10−39 20 756.750 2.80 27.03 9.82 × 10−42

21 182.093 1.50 12.16 9.19 × 10−40 21 422.642 1.81 23.31 1.13 × 10−39 21 756.786 2.80 27.04 1.71 × 10−41

22 182.139 1.44 12.67 1.42 × 10−38 22 422.949 1.57 27.01 8.47 × 10−40 22 756.885 2.56 29.62 2.57 × 10−40

23 182.543 1.50 12.17 4.89 × 10−38 23 424.255 1.43 29.67 3.25 × 10−41 23 758.686 2.71 27.95 1.31 × 10−40

24 182.959 1.17 15.58 2.70 × 10−39 24 424.658 2.15 19.79 1.12 × 10−39 24 759.405 2.81 27.04 1.66 × 10−40

25 183.427 1.50 12.27 3.47 × 10−38 25 425.184 2.03 20.92 2.19 × 10−39 25 760.548 2.81 27.10 6.56 × 10−41

26 184.314 1.50 12.29 8.26 × 10−39 26 425.798 2.02 21.08 1.26 × 10−39 26 762.359 2.80 27.23 1.01 × 10−40

27 184.387 1.10 16.76 8.22 × 10−39 27 427.256 2.07 20.67 2.14 × 10−40 27 762.611 2.63 28.99 6.49 × 10−42

28 � � � � � � � � � � � � 28 427.454 2.06 20.71 1.38×10-39 28 762.930 2.77 27.55 1.08 × 10−40

29 � � � � � � � � � � � � 29 427.662 1.69 25.33 6.88 × 10−40 29 764.139 2.80 27.32 5.97 × 10−42

30 � � � � � � � � � � � � 30 429.796 1.86 23.14 1.92 × 10−40 30 766.052 2.80 27.36 3.17 × 10−41

31 � � � � � � � � � � � � 31 � � � � � � � � � � � � 31 767.439 2.80 27.41 3.34 × 10−41

32 � � � � � � � � � � � � 32 � � � � � � � � � � � � 32 � � � � � � � � � � � �
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2
64M 0 0

0 Iz 0

0 0 Iy

3
75

|fflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflffl}
M

2
64 −ω2X̃

−ω2θ̃z

−ω2θ̃y

3
75þ

2
64K00 0 0

0 Kyy 0

0 0 Kzz

3
75

|fflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
KðωÞ

2
64 X̃

θ̃z

θ̃y

3
75¼ 0

ðB8Þ

where

K00ðωÞ ¼
X
i

K̃iðωÞ;

KyyðωÞ ¼
X
i

K̃iðωÞy2i ; KzzðωÞ ¼
X
i

K̃iðωÞz2i
The eigenfrequencies of the suspension modes are then

determined by the secular equation

det ðKðωÞ − ω2MÞ ¼ 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 (ki ¼ k,
mi ¼ m). In this case, the angular eigenvalues describe the
yaw and pitch sidebands as

Δfyaw ≈
f0
2Iz

XN
i¼1

my2i ; Δfpitch ≈
f0
2Iy

XN
i¼1

mz2i

Here m is the mass of each fiber in its fundamental violin
mode; the stiffness k is already absorbed into f0, which is
why it does not appear explicitly. Finally, for a cylindrical
mirror of radius R and length L, the inertia are

Ix ¼
1

2
MR2; Iy ¼ Iz ¼

M
12

ð3R2 þ L2Þ ðB9Þ

Typically, dy is of order the mirror radius, while dz ≃ 0

when the fibers lie in the horizontal plane. For sapphire
fibers and cylindrical test masses, this scaling gives
Δfyaw ≈ 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 Δfyaw 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

ẍðtÞ þ ω0

Q
ẋðtÞ þ ω2

0xðtÞ ¼
1

m
ξxðtÞ ðC1Þ

with thermal Langevin force ξxðtÞ. By the fluctuation-
dissipation theorem [11],( hξxðtÞξxðt0Þi ¼ Sð2ÞF ðω0Þδðt − t0Þ

Sð2ÞF ðω0Þ ¼ 2kBTRe½Zðω0Þ� ¼ 2kBTm
ω0

Q

ðC2Þ

where ZðωÞ is the mechanical impedance of the oscillator.
Because of the delta correlation,

hξxðtÞξxðt0Þi ¼ 0; for t ≠ t0

i.e., the force is white in time.
After moving to the rotating frame at frequency ωc, the

effective quadrature drive becomes

hξψðtÞξψ ðt0Þ⊤i ¼
Sð2ÞF ðω0Þ
4m2ω2

c
δðt − t0ÞI2

¼ kBT
2

ω0

Qmω2
c
δðt − t0ÞI2 ðC3Þ

Discretizing over an effective bandwidthΔfc around ωc,
the delta correlation yields a per-sample variance

σ2w;i ¼
kBT
4Δfc

ω0

Qmω2
c

ðC4Þ

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 P̄m in the analysis band. Assuming flat noise across
Δfc, the corresponding variance is

σ2v ¼
1

Δfc
P̄m

2
ðC5Þ
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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.

REGRESSION OF SUSPENSION VIOLIN MODES IN KAGRA … PHYS. REV. D 112, 103028 (2025)

103028-13



[1] L. S. Finn and S. Mukherjee, Data conditioning for gravi-
tational wave detectors: A Kalman filter for regressing
suspension violin modes, Phys. Rev. D 63, 062004
(2001).

[2] KAGRA Collaboration, Performance of the KAGRA de-
tector during the first joint observation with GEO600
(O3GK), Prog. Theor. Exp. Phys. 2023, 10A101 (2022).

[3] KAGRA Collaboration, Overview of KAGRA: Detector
design and construction history, Prog. Theor. Exp. Phys.
2021, 05A101 (2020).

[4] B. Allen, χ2 time-frequency discriminator for gravitational
wave detection, Phys. Rev. D 71, 062001 (2005).

[5] B. Allen, W. G. Anderson, P. R. Brady, D. A. Brown, and
J. D. E. Creighton, FINDCHIRP: An algorithm for detection
of gravitational waves from inspiraling compact binaries,
Phys. Rev. D 85, 122006 (2012).

[6] J. D. E. Creighton and W. G. Anderson, Gravitational-Wave
Physics and Astronomy: An Introduction to Theory,
Experiment and Data Analysis (Wiley-VCH, New York,
2011).

[7] M. Maggiore, Gravitational Waves: Volume 1: Theory and
Experiments, Gravitational Waves (Oxford University Press,
Oxford, 2008).

[8] L. S. Finn and S. Mukherjee, Erratum: Data conditioning for
gravitational wave detectors: A Kalman filter for regressing
suspension violin modes [Phys. Rev. D 63, 062004 (2001)],
Phys. Rev. D 67, 109902(E) (2003).

[9] R. W. Young, Inharmonicity of plain wire piano strings,
J. Acoust. Soc. Am. 24, 267 (1952).

[10] R. Kumar, D. Chen, A. Hagiwara, T. Kajita, T. Miyamoto,
T. Suzuki, Y. Sakakibara, T. Tanaka, K. Yamamoto, and T.
Tomaru,Statusof thecryogenicpayloadsystemfor theKAGRA
detector, J. Phys. Conf. Ser. 716, 012017 (2016).

[11] H. B. Callen and T. A. Welton, Irreversibility and general-
ized noise, Phys. Rev. 83, 34 (1951).

[12] S. A. Usman, A. H. Nitz, I. W. Harry, C. M. Biwer, D. A.
Brown, M. Cabero, C. D. Capano, T. Dal Canton, T. Dent, S.
Fairhurst et al., The PyCBC search for gravitational waves
from compact binary coalescence, Classical Quantum
Gravity 33, 215004 (2016).

LUCAS MOISSET et al. PHYS. REV. D 112, 103028 (2025)

103028-14

https://doi.org/10.1103/PhysRevD.63.062004
https://doi.org/10.1103/PhysRevD.63.062004
https://doi.org/10.1093/ptep/ptac093
https://doi.org/10.1093/ptep/ptaa125
https://doi.org/10.1093/ptep/ptaa125
https://doi.org/10.1103/PhysRevD.71.062001
https://doi.org/10.1103/PhysRevD.85.122006
https://doi.org/10.1103/PhysRevD.67.109902
https://doi.org/10.1121/1.1906888
https://doi.org/10.1088/1742-6596/716/1/012017
https://doi.org/10.1103/PhysRev.83.34
https://doi.org/10.1088/0264-9381/33/21/215004
https://doi.org/10.1088/0264-9381/33/21/215004

	Regression of suspension violin modes in KAGRA O3GK data with Kalman filters
	I. INTRODUCTION
	II. EXPERIMENTAL SETUP
	A. Suspension design at KAGRA
	B. Second order resonant effects

	III. KALMAN FILTER DESIGN
	A. Suspension thermal dynamics
	B. Slowly varying envelope approximation
	C. Data conditioning
	D. Observation and state-space representation

	IV. RESULTS AND DISCUSSIONS
	A. Sampling synthetic data
	B. Reproduction of LIGO 40 m noise suppression
	C. Thermal noise subtraction using O3GK KAGRA data
	D. Test injection into O3GK KAGRA data
	1. Gravitational wave injection
	2. Signal-to-noise ratio and &chi;2-significance tests


	V. CONCLUSIONS
	ACKNOWLEDGMENTS
	DATA AVAILABILITY
	APPENDIX A: RESONANT FREQUENCY EXTRACTIONS
	APPENDIX B: DERIVATION OF THE SECOND-ORDER RESONANCE EQUATIONS
	APPENDIX C: PROCESS AND MEASUREMENT NOISE FORMULA
	References


