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Gravitational wave (GW) detectors routinely encounter transient noise bursts, known as glitches, which
are caused by either instrumental or environmental factors. Because of their high occurrence rate, glitches
can overlap with GW signals, as in the notable case of GW170817, the first detection of a binary neutron
star merger. Accurate reconstruction and subtraction of these glitches is a challenging problem that must be
addressed to ensure that scientific conclusions drawn from the data are reliable. This problem will
exacerbate with third-generation detectors like Einstein Telescope (ET) due to their higher detection rates of
GWs and the longer duration of signals within the sensitivity band of the detectors. Robust glitch mitigation
algorithms are, therefore, crucial for maximizing the scientific output of next-generation GW detectors. For
the first time, we demonstrate how the null stream inherent in ET’s unique triangular configuration can be
leveraged by state-of-the-art glitch mitigation methodology to essentially undo the effect of glitches for the
purpose of estimating the parameters of the source. The null-stream-based approach enables mitigation and
subtraction of glitches that occur arbitrarily close to the peak of the signal without any significant effect on
the quality of parameter measurements and achieves an order of magnitude computational speedup
compared to when the null stream is not available. By contrast, without the null stream, significant biases
can occur in the glitch reconstruction, which deteriorate the quality of subsequent measurements of the
source parameters. This demonstrates a clear edge which the null stream can offer for precision GW science
in the ET era.

DOI: 10.1103/l6tp-ykxp

I. INTRODUCTION

The detection of gravitational waves (GWs) by
Advanced LIGO [1] and Advanced Virgo [2] has opened
a new window for observing the Universe, leading to
numerous discoveries [3–6]. Extracting scientific insights
from GW data fundamentally relies on accurately estimat-
ing the source parameters [7–9]. A typical parameter
estimation procedure assumes the detector noise to be

stationary and Gaussian [10]. However, a common scenario
for this assumption to fail is the occurrence of transient
noise bursts, known as glitches [11–14]. They can originate
from environmental sources (e.g., earthquakes, wind,
anthropogenic noise) or from instrumental factors (e.g.,
control systems, electronic components [15]), though their
origins remain unknown in many cases [16].
Glitches can bias parameter estimation and also corrupt

subsequent analyses when they overlap with signals
[17–20]. Of the 90 confident GW detections in GWTC-3
[21], ≃20 required some degree of glitch mitigation. Such*Contact author: h.b.narola@uu.nl
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scenarios are expected to become more common with the
increase in the detection rate of GWs since glitches occur at
a much higher rate (≃1 per minute) compared to GW
detections [21–23]. The binary neutron star event
GW170817 [24] is a notable example of a glitch-contami-
nated signal, featuring a loud glitch near its merger in
LIGO-Livingston data, which was extensively analyzed for
its impact on parameter estimates [17,25].
Third-generation (3G) ground-based GW detectors, such

as Einstein Telescope (ET) [26] and Cosmic Explorer (CE)
[27], are expected to be 10 times more sensitive than
current detectors and will have a wider frequency sensi-
tivity band [28–30], resulting in higher detection rates and
longer signal durations. If 3G detectors experience glitches
at rates similar to current detectors (approximately one per
minute during the third LIGO-Virgo observing run [21,23])
while continuously observing GW signals [29,31],
many signals will be corrupted by glitches. With a GW
detection rate of one every five minutes [29], a glitch is
expected within 100 ms of a GW merger approximately
once per day.
Most glitches exhibit no clear correlation with instru-

mental or environmental sources [32], rendering their
origins difficult to diagnose [33,34]. A challenging problem
in reconstructing a glitch that overlaps with a GW signal is
to avoid misidentifying a part of the glitch as signal, and
vice versa [25,35,36]. This problem is especially difficult
when the signal model is known with limited accuracy [37–
40] and the glitch model remains largely unknown. The
issue is expected to aggravate for 3G detectors, as GW
modeling will become more complex due to the presence of
long, loud, and overlapping signals [41–45]. Further
complexities are added when the signal is challenging to
model, e.g., GWs from core-collapse supernovae [46–48],
the postmerger phase of a binary neutron star signal [49], or
GWs carrying imprints of microlensing, environmental
effects, orbital eccentricity, or deviation from general
relativity [50–53]. The problem may worsen if we encoun-
ter new types of glitches as we collect more data.
Here, we show that the null stream inherent in the

triangular configuration of Einstein Telescope (ET-Δ) [54]
enables a 3G-ready method for glitch removal. The use of
null stream fully prevents contamination of the signal due
to overlapping glitches, leading to accurate source param-
eter measurements. In contrast, we show that the alternative
design of ET—a network of two L-shaped misaligned
interferometers (ET-2L) which does not inherit the null
stream [31]—leads to incorrect measurements due to the
contamination caused by glitches. This comparison high-
lights the importance of null stream and presents a way
toward achieving the precision science goals of the 3G era.

II. GLITCHES

Glitches exhibit a wide range of time-frequency mor-
phologies and could hamper GW data analyses in various

ways. They reduce analyzable data, elevate the noise floor,
generate false positives, distort the detectors’ noise power
spectral density estimates, and decrease the significance of
GW signal candidates [11,55,56]. Additionally, they
could bias astrophysical parameter estimates by complicat-
ing the separation between glitches and genuine GW
signals [17,57,58]. Consequently, understanding and mit-
igating noise sources from both instrumental and data
analysis perspectives remains a major focus of the
LIGO-Virgo-KAGRA Collaboration [10,12,13].
Among the most problematic classes are “blip” glitches,

which are short-lived bursts of power (with durations
≲0.2 s) exhibiting a characteristic symmetric “teardrop”
shape in the time-frequency domain, typically within the
frequency range of [30, 250] Hz [16]. Thanks to recent
developments in machine-learning-based methods, it is
now possible to simulate glitches. For example, the
GENGLI code base can generate blip glitches akin to the
ones observed during the second observing run of
Advanced LIGO and Virgo [59,60].

III. NULL STREAM

The null stream is a linear combination of data from a
detector network that cancels GW signals [61–66].
Typically, constructing a null stream for a network of three
detectors requires knowledge of the sky location of the GW
source. However, the triangular configuration of ET-Δ
uniquely inherits a sky-position-independent null stream,
allowing it to be generated by summing the data from the
three detectors.
We denote the individual detectors in ET-Δ as ET1, ET2,

and ET3, with corresponding data streams d⃗1, d⃗2, and d⃗3.
Suppose that ET1 records a glitch g⃗ overlapping with a GW
signal h⃗, while ET2 and ET3 contain only the GW signal
and stationary, Gaussian noise. Then,

d⃗1 ¼ h⃗1 þ n⃗1 þ g⃗;

d⃗2 ¼ h⃗2 þ n⃗2;

d⃗3 ¼ h⃗3 þ n⃗3; ð1Þ

where h⃗i and n⃗i represent the signal projection and
Gaussian noise in the ith detector, respectively. As pre-
viously mentioned, due to the geometry of the detectors,P

3
i¼1 h⃗i ¼ 0. The null stream d⃗null is then given by

d⃗null ≡ 1ffiffiffi
3

p ðd⃗1 þ d⃗2 þ d⃗3Þ

¼ 1ffiffiffi
3

p ðg⃗þ n⃗1 þ n⃗2 þ n⃗3Þ ð2Þ

¼ g⃗null þ n⃗null; ð3Þ
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where n⃗null ≡ ðn⃗1 þ n⃗2 þ n⃗3Þ=
ffiffiffi
3

p
. The normalization fac-

tor 1=
ffiffiffi
3

p
ensures that the noise’s power spectral density

equals the average of those of the individual detectors.
Since the null stream contains no GW signal, it enables
glitch reconstruction without the possibility of signal
contamination.
As shown in Fig. 1, we can construct the null stream for a

data segment using Eq. (2), resulting in a null stream
spectrogram where the GW signal is absent, consistent
with Eq. (2).

IV. BAYESWAVE

A commonly used method for glitch reconstruction is
BayesWave [25,35,67,68], which can perform simultane-
ous modeling of signal and glitch. Up to an irrelevant
constant, the log-likelihood in the presence of Gaussian
noise is given by [69]

logpðd⃗jΘ;ΦÞ ¼ −
1

2
hd⃗ − g⃗ðΘÞ − h⃗ðΦÞjd⃗ − g⃗ðΘÞ − h⃗ðΦÞi;

ð4Þ

where g⃗ðΘÞ [h⃗ðΦÞ] denotes the template of the glitch
(signal) given its model parameters Θ (Φ). The angular
brackets denote the noise-weighted inner product

ha⃗jb⃗i ¼ 4

T
Re

X

f

ãðfÞb̃�ðfÞ
SnðfÞ

; ð5Þ

where f, SnðfÞ, and T are the frequency, one-sided noise
power spectral density, and the data segment duration,
respectively. Re specifies the real component, b̃ðfÞ denotes
the Fourier transform of bðtÞ, and b̃�ðfÞ is its complex
conjugate.

The glitch template g⃗ is a sum of sine-Gaussian wavelets:

gðt;ΘÞ ¼
XN

j¼1

Aje
−
ðt−t0;jÞ2

τ2
j sin ð2πf0;jðt − t0;jÞ þ ϕ0;jÞ; ð6Þ

where fAj; t0;j; f0;j;ϕ0;j; τjg are the model parameters of
the jth wavelet and the total number of waveletsN is itself a
model parameter.
As introduced in Ref. [25], instead of modeling the GW

signal itself with sine-Gaussian wavelets, a realistic signal
waveform is employed with the expectation of reducing the
mismodeling of the signal due to a glitch. The simultaneous
modeling of signal and the glitch is done using a reversible-
jump Markov chain Monte Carlo method [70] suitable for a
variable-dimensional model such as this.

V. LEVERAGING THE NULL STREAM FOR
GLITCH MITIGATION

For the ET-Δ configuration, instead of performing
simultaneous modeling of signal and glitch, we can make
use of the null stream. As shown in Eq. (3), the signal is
completely absent from d⃗null; hence, we can use d⃗null to
reconstruct the glitch by itself, avoiding any possibility of
signal contamination. The individual modeling of the glitch
also reduces the model’s dimensionality compared to
simultaneous modeling. Up to a constant, the log-like-
lihood is now given by

logpðd⃗nulljΘÞ ¼ −
1

2
hd⃗null − g⃗nullðΘÞjd⃗null − g⃗nullðΘÞi; ð7Þ

where g⃗nullðΘÞ denotes the template for modeling the glitch
g⃗null given the model parameters Θ. We then feed the null
stream data to the glitch characterization tool explained in
the previous section but without a signal model.

VI. SIMULATIONS

We simulate a binary black hole (BBH) coalescence with
component masses 38M⊙ and 33M⊙ using the
IMRPhenomD waveform model [38,71]. The source is
placed at redshift of ≈2, near where the BBH merger rate is
expected to peak [72,73], making it a typical GW source.
This setup yields a network signal-to-noise ratio (SNR) of
83 in ET-Δ which is equally1 distributed across ET1, ET2,
and ET3. Reference [31] estimates that Oð104Þ such high-
SNR events will be observed annually. The ET-Δ is located
at the Virgo site with an arm length of 10 km. Gaussian
noise is generated for all detectors using the ET-D sensi-
tivity curve [28]. We analyze 4 s of data around the merger,

FIG. 1. Left: a simulated “blip” glitch overlapping with a
GW150914-like signal in the ET1 detector. The chirping contour
represents the GW signal, while the vertical contour near the
merger time indicates the glitch. Right: the null stream corre-
sponding to the data segment shown on the left. Only the glitch is
present, since the signal does not contribute to the null stream.

1The null stream is proportional to sum of antenna pattern
functions whereas the SNR is proportional to the quadratic sum.
Therefore, the individual detectors can have similar SNRs even
though the sum of the signals in three detectors is zero.
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with a lower frequency cutoff of 20 Hz and a sampling rate
of 2048 Hz, employing standard signal parameter pri-
ors [7,8].
A blip glitch simulated using GENGLI [59,60,74] is then

introduced into ET1. The glitch is scaled such that it has an
SNR of ∼47, which is similar to the SNR of the GW signal
in ET1.
We generate nine instances of data where the blip glitch

overlaps with the GW signal. This consists of instance
where the glitch onset coincides with the merger time of the
signal as well as away from it. Across all instances, the
signal and glitch morphologies and noise realizations
remain identical. The only varying quantity is the time
separationΔt between the merger time of the signal and the
onset of the glitch.
We then perform glitch reconstruction using the null

stream of ET-Δ. A representative glitch template is built
using the median posterior samples of the glitch model
parameters. This template is then subtracted from the ET1

data. Next, we perform parameter estimation using the
cleaned ET1 data combined with the unaltered data from
ET2 and ET3 to measure the GW signal parameters using
Bilby [7,8].
To compare the ET-Δ and ET-2L configurations, we

simulate a similar setup for the latter configuration, perform

the glitch subtraction, and measure GW signal parameters.
The ET-2L configuration consists of two L-shaped mis-
aligned interferometers with 15 km arm length located in
Sardinia and the Euregion Meuse-Rhine (EMR), respec-
tively. The GW signal parameters and the glitch morphol-
ogy are the same as ET-Δ, leading to a GW network SNR of

FIG. 2. Green (red) indicates the glitch reconstructed using the
ET-Δ null stream (ET-2L) for the Δt ¼ 0 case. Gray shows the
strain, and black shows the simulated glitch. The null stream
helps avoid glitch mismodeling, resulting in much closer agree-
ment with the simulated glitch.

FIG. 3. Measurement of detector-frame total mass Mtotal, luminosity distance DL, and sky localization. Green (red) represents
posterior distributions when the glitch is removed using the ET-Δ null stream (ET-2L). Blue shows the measurements when no glitch is
introduced, serving as a benchmark for comparison, and dashed black lines indicate the true values. The green posteriors accurately
recover the true parameter values and show high consistency with the benchmark. Though the red posterior for the total mass Mtotal
recovers the true value, it shows clear signs of bias and widening. In contrast, the measurements of luminosity distance and sky location
are biased and miss the true values.
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124, with the Sardinia and EMR interferometers contrib-
uting SNRs of 90 and 85, respectively. The glitch is
introduced in the Sardinia interferometer, the SNR of
which matches the glitch SNR in ET1. In the absence of
null stream in ET-2L, the glitch is reconstructed by
simultaneously modeling the GW signal and the glitch
assisted by the IMRPhenomD waveform model and using
data from both interferometers.

VII. RESULTS

A visualization of the glitch reconstruction is presented
in Fig. 2. The ET-Δ configuration, due to the null stream,
achieves a more accurate glitch reconstruction by avoiding
mismodeling from the GW signal. In contrast, for the ET-
2L configuration, inevitably some additional features from
the signal are incurred.
Figure 3 presents a comparison of the posterior distri-

butions of the GW signal parameters after the glitch is
mitigated, for Δt ¼ 0. For all parameters shown, glitch
mitigation with null stream for ET-Δ results in posteriors
that demonstrate high consistency and closely align with
the benchmark results, where “benchmark” refers to a
scenario when no glitch is introduced to the data.
For the ET-2L configuration, though the total massMtotal

posterior shows clear signs of widening, it recovers the true
value. This can be attributed to the SNR in the glitch-free
interferometer, enabling intrinsic parameter recovery. In
contrast, posteriors for extrinsic parameters, namely, lumi-
nosity distance and sky location, are inconsistent with the
benchmark’s posteriors and miss the true value.
Figure 4 shows that the characteristics of extrinsic

parameter recovery remain consistent across different Δt
values. A negative (positive) value of Δt implies that the
glitch onset falls before (after) the GW merger. For all time
intervals considered, the ET-Δ configuration yields mea-
surements where the true distance and sky location lie
within 3σ and closely align with the no-glitch benchmark.
In contrast, with the ET-2L configuration, the resulting
measurements are wider or generally exclude the true
values, except when the glitch onset is 100 ms before or
20 ms after the merger.
Besides providing the ability to remove glitches over-

lapping with the signals without requiring any prior knowl-
edge about the signal model, the null-stream-based
approach of ET-Δ also enhances the computational effi-
ciency. It eliminates the need to simultaneously model both
the glitch and the GW signal, and the latter would otherwise
introduce an additional ≥ 11 correlated parameters. The
reduced dimensionality makes the null-stream-based
approach approximately 10 times faster than the alternate
approach. Furthermore, the null stream ensures that the
computational cost does not scale with the long-duration,
loud, and overlapping signals, making it well suited for the
demands of the 3G era [41–45].

VIII. SUMMARY AND DISCUSSION

In this work, we have demonstrated that the null stream,
a feature inherent to Einstein Telescope’s triangular con-
figuration, enables a robust, third-generation-ready method
for removing signal-overlapping glitches, which leads to
parameter measurements that are essentially of the same
quality as when no glitch is present. Apart from recon-
structing glitches with high accuracy even when they are
arbitrarily close in time with the peak of a GW signal, a
substantial computational speedup is achieved. While the
loudness of the glitch with respect to the noise is reduced by
a factor of ≃

ffiffiffi
3

p
in the null stream, it does not affect

parameter measurements shown in this work.
Without the null stream, the sky location and luminosity

distance measurements of the GW source suffer from
significant biases due to mismodeling of glitches even if
the signal model is accurately known. Such biases could be
harmful to science cases measuring cosmological param-
eters, in particular, the “dark siren”method, which relies on

FIG. 4. A comparison of the credible level of the true parameter
value relative to the posterior distributions for various time
intervals Δt between glitch onset and GW merger. Credible
levels are in standard deviation units σ, following a standard
normal distribution. The parameters considered are luminosity
distance DL and sky location Ω. Green (red) markers denote
credible levels for the ET-Δ null-stream-based (ET-2L) measure-
ments, and the blue lines provide credible levels in the absence of
a glitch as a benchmark (dotted for Ω, dashed for DL). For the
null-stream-based approach, the credible levels closely align with
the benchmark, indicating accurate measurements. The posteriors
for ET-2L lead to wider credible levels and generally exclude the
true value, except for the edge cases where the glitch is
sufficiently distant in time from the GW merger.
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three-dimensional volumetric matching between GW
detections and galaxy catalogs [3,75–85]; the null stream
will be of help here. Similarly, ET is anticipated to
reconstruct the merger rate as a function of redshift
(converting distance to redshift using a cosmological
model) [31]; also, this science case will benefit from the
null stream. Searches for anomalous dispersion of gravi-
tational waves due to violations of general relativity
represent another avenue that could be affected by incorrect
distance measurements [5,86–88]. We note that, in studies
where information from multiple GW sources is combined,
it will often be a relatively limited set of loudest signals that
drive the combined result (tests of general relativity being a
clear example [5]). If measurements on even a small
fraction of these events are corrupted, it could adversely
affect inference on the population as a whole.
Adding Cosmic Explorer to the network will signifi-

cantly enhance sky localization and distance measurement
due to the increased signal-to-noise ratio and trans-Atlantic
baseline [89,90]. However, we anticipate that the glitch
mitigation capability of ET’s null stream will still offer
substantial improvement in parameter estimation compared
to a network without null stream. For instance, having a
null-stream-inherent ET would be particularly valuable for
GW signals with considerable modeling uncertainties, such
as core-collapse supernovae signals [91], signals from the
postmerger phase of binary neutron stars [49], or signals
influenced by microlensing, environmental factors, or
orbital eccentricity [50–53]. Such signals are of particular
interest for the ET science case [92]. A precise quantifi-
cation of the advantages of a wider network with a null
stream remains a subject for further investigation. In future,
we also plan to explore the possibility of multiple detectors
facing coincident glitches and strategies to mitigate such
glitches. In this work, we have compared the triangular
configuration of ET with the two distant, misaligned,
L-shaped configuration in the context of glitch mitigation.

One may add to the comparison the network of two distant
but aligned L-shaped detectors, though it has been disfa-
vored in comparison to the misaligned configuration in the
recent design study [31].
In summary, glitches that overlap with GW signals

already pose a challenge for current detectors and could
significantly hinder the transition to an era of precision
science. Robust glitch mitigation will be crucial for fully
exploiting the potential of next-generation GW observato-
ries in terms of astrophysics, fundamental physics, and
cosmology. The null stream of a triangular Einstein
Telescope may provide a key avenue toward this.
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