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Among third-generation ground-based gravitational-wave detectors proposed for the next decade,
Einstein Telescope provides a unique kind of null stream — the signal-free linear combination of data
—that enables otherwise inaccessible tests of the noise models. We project and showcase challenges in
modeling the noise in the 2030-s and how it will affect the performance of third-generation detectors.
We find that the null stream of Einstein Telescope is capable of entirely eliminating transient detector
glitches that are known to limit current gravitational-wave searches. The techniques we discuss are
computationally efficient and do not require a-priori knowledge about glitch models. Furthermore,
we show how the null stream can be used to provide an unbiased estimation of the noise power
spectrum necessary for online and offline data analyses even with multiple loud signals in band. We
overview other approaches to utilizing the null stream. Finally, we comment on the limitations and
future challenges of null stream analyses for Einstein Telescope and arbitrary detector networks.

I. INTRODUCTION

The field of gravitational-wave (GW) astronomy, born
with the first detection of a binary black hole (BBH)
merger back in 2015 [1], is only six years old. And yet, it
has been very fruitful. The LIGO Scientific Collaboration
and Virgo Collaboration have reported 90 GW signals, of
which 3 are from the first observing run and 8 from the
second observing run [GWTC-1, 2], 44 signals from the
first half of the third observing run [GWTC-2.1, 3], and
35 signals from the second half of the third observing
run [GWTC-3, 4]. In addition, an independent analysis
has identified more than 94 mergers in these data [4-
OGC 5]. These signals have been observed with Ad-
vanced LIGO [6] and Advanced Virgo [7], ground-based
laser interferometers measuring a relative displacement
of suspended test masses, which is affected by passing
GWs with frequencies between ~ 10 — 1000 Hz. More-
over, pulsar timing arrays might be onto a detection of
GWs between ~ 1072 — 108 Hz with the reported noise
process having a spectral slope similar to what is ex-
pected from the stochastic GW background from super-
massive black hole binaries [e.g. 8]. A number of other
experiments are under development to probe the GW
spectrum across around 20 orders of magnitude includ-
ing the CMB B-mode polarization experiments [9] and
the Laser-Interferometer Space Antenna [LISA, 10].

Third-generation GW detectors (3G) — the Einstein
Telescope [ET, 11, 12] and the Cosmic Explorer [CE,
13, 14] — are ground-based laser interferometers ex-
pected to start operation in the mid 2030-s. It is ex-
pected that third-generation observatories will detect
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~ 99.9% stellar-origin binary black hole mergers in the
Universe [15, 16]. However, amazing scientific prospects
bring along new challenges. Signals will overlap in fre-
quency and time and searches and data analysis pipelines
will need to take that into account to ensure correctness
and completeness of the results [17, 18]. This will be
especially relevant for “low-latency” searches that aim
to detect and localize a binary neutron star (BNS) in
the sky before the occurrence of its merger followed by a
burst of electromagnetic radiation [19-23]. The detector
noise power-spectral density is an important quantity in
GW searches and is usually evaluated at time segments
adjacent to a signal assumed to be signal free [24] or
using methods that either model [25] or mitigate [26]
only minor signal contamination. However, with im-
proving sensitivity and especially at low frequencies there
will be increasing contamination of the data from astro-
physical sources. Signal-to-noise ratios will be reaching
~ 1000 [27] for the brightest signals, which means that
systematic errors in calibration will also need to remain
below the order of ~ 0.1% in strain amplitude to not be
significantly affecting the results. For a comparison, cur-
rent systematic calibration errors are constrained to the
~ 2% level in amplitude [28].

The triangular design of the ET allows the construc-
tion of a unique signal-free data stream from the plain
sum of strain output of constituent interferometers [29].
This data stream is known as the null stream. Whereas
it is still possible to construct a null stream for three ar-
bitrarily located and oriented GW interferometers, it will
only be applicable to one signal and will depend on its
sky position [30]. More generally, for Ngor GW detectors
and Ny, GW polarizations it is possible to construct
(Nget — Npo1) null streams. We provide demonstration
of the null stream applied to a noiseless network of de-
tectors in Figure 1. Signals cancel in the null stream,
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but noise does not, which means that the null stream is
a protection against any unmodeled instrumental noise,
which is precisely the class of problems we outlined in
the previous paragraph. With that, thanks to the closed
triangular geometry and negligible light travel times be-
tween constituent interferometers, the null stream in ET
is not attached to a specific signal, and thus works inde-
pendently of the GW propagation direction and therefore
also in the case of many GW signals present at the same
time. This makes the ET null stream invaluable to a
range of data-analysis problems. The ET null stream
is a rare experimental opportunity to test if one’s noise
models are correct, which is often not true and histori-
cally caused several spurious detections in physics [e.g.
31, 32].
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FIG. 1: Demonstration of the null stream. Blue, green,
pink lines represent the response of the Advanced LIGO
at Hanford and Livingston, and the Advanced Virgo,
respectively, to the GW signal. The linear null-stream
combination of these signals, represented by the hollow
dashed line, is zero.

The first example of employing a null stream for arbi-
trary detector networks was brought forward by Giirsel
and Tinto [30]. They suggested a reconstruction of source
direction and GW strain time series from an arbitrary sig-
nal through minimizing residuals in the null stream. Wen
and Schutz [33] pointed out that vetoing signals based on
the null stream can supersede coincidence-based vetoes
while protecting coherent methods from confusion by
spurious noise. Ajith, Hewitson and Heng [34] assessed
the effect of uncertainties in detector calibration in the
null-stream veto analysis. A more detailed mathemati-
cal description of addressing these problems is provided
in Chatterji et al [35]. Rakhmonov [36] pointed out that
the Giirsel-Tinto problem belongs to the class of ill-posed
problems because of rank deficiency of the network de-
tector response matrix and demonstrated the Tikhonov
regularization procedure. Harry and Fairhurst [37] in-
troduced null SNR and distinguished two approaches to

constructing the null stream for signal consistency tests.
In the first ET mock data challenge, Regimbau et al. [38]
discuss applications of the null stream and show how it
can be used to estimate the average power spectrum of
astrophysical signals. Schutz and Sathyaprakash [39] sug-
gested that residuals in the null stream can be used for
self-calibration of detector networks. Wong et al. [40]
developed a null stream framework to search for generic
GW polarizations. Wong and Li [41] focused specifically
on ET and showed how to reduce dimensionality of a
three-detector likelihood to an effectively two-detector
likelihood based on the null-stream redundancy. The null
stream is also utilized in other GW experiments. For
pulsar timing arrays, Zhu et al. suggested to utilize null
streams in continuous GW searches [42, 43]. Goldstein et
al. [44] extended the methodology to other signals while
combining it with Bayesian statistics and pointing out a
different way to construct null streams. We also point
out that the LISA T channel [45] corresponds to the ET
null stream. It is a more accurate description of the null
stream taking light travel times across the detector into
account, which are neglected in the ET null-stream for-
malism.

In this paper, we assess the role of the null stream
for various data analysis problems with 3G detectors. A
brief overview of the relevant aspects of the ET design
is given in section II. In Section III, we explain the con-
struction and application of null stream for ground-based
laser interferometers.

II. THE EINSTEIN TELESCOPE

The Einstein Telescope (ET) is a proposed under-
ground infrastructure to host next-generation GW detec-
tors [11, 12, 46]. Its geometry is an equilateral triangle
with 10 km side length. The structure will host 6 laser in-
terferometers in a so-called xylophone configuration [47],
which means to combine a low-frequency (LF) optimized
interferometer with a high-frequency (HF) optimized in-
terferometer for each of the three vertices.

We will refer to an LF/HF interferometer pair as ET
component. Adding data from the three (accurately cal-
ibrated) components provides a null stream [30]. An un-
derlying assumption is that all components operate in
parallel. However, since there are a total of six interfer-
ometers, each with their own duty cycle, it is clear that
the time when all interferometers operate simultaneously
is reduced. This means that the ET null stream cannot
be formed at all times.

Another important aspect of some applications of the
null stream is noise correlations between ET components.
Noise correlations were a major concern at LIGO Han-
ford in the past when it still operated two collocated
interferometers [48]. These two interferometers shared
the same vacuum system, which might have been one
of the key issues. Also, some of the test masses of the
two LIGO Hanford detectors were located close to each



other. The ET interferometers will all be located inside
separate vacuum systems, which should strongly reduce
noise correlations between interferometers. Furthermore,
test masses of different ET interferometers are separated
by at least a few hundred meters. Still, it is conceiv-
able that magnetic fluctuations, or gravitational fluctu-
ations from ambient seismic and acoustic fields produce
significant noise correlations. It is in principle possible
to monitor the respective environmental fields and sub-
tract this noise from data. However, such cancellation
schemes have only been demonstrated on rather simple
problems so far [49], and their effectiveness in ET cannot
be accurately predicted today.

III. METHODOLOGY

The null stream is a synthetic data channel, which can-
not provide more information on the GW signal than the
original data it is based on. However, it is possible to use
the null stream to test noise models, which are not known
a priori. Detector noise varies slowly in time, and it con-
tains short transients known as glitches [50]. Analyzing
GW data requires correct noise models, and this is where
the null stream gets extremely valuable. In this Section,
we outline the process of application of the null stream
to unspecified or misspecified noise processes. Keeping
in mind several existing methods [30, 33-37] of employ-
ing null streams in analyses of data from ground-based
interferometers, we outline the construction of the null
stream in Section IIT A, the likelihood-based approach to
the null stream in Section III B, and the approach to es-
timate the noise power spectrum with the null stream in
Section III C. We emphasize the role of the null stream in
the Einstein Telescope, which is significantly more versa-
tile than the general null stream and simpler to apply in
practice.

A. Null stream construction

Gravitational-wave detectors have intrinsic noise, n;,
while the GW signals projected onto detectors add their
contributions h; on top of the noise. Following Giirsel &
Tinto [30], for any three GW strain responses hq 2 3, we
find that the signal in one detector can be expressed as a
linear combination of signals in the other two detectors
according to:

hl(t‘ﬂ) = ’I](Q)hz(t+7’12) +<(Q)h3(t+7’13), (1)

where 7;; are time delays between detectors, and 7(€)
and ¢(2) are combinations of the GW antenna response
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The coefficients 71, ¢ as well as the time delays 7;; only
depend on the propagation direction €2 of the GW.

Since signals in three detectors are linearly dependent,
we can define the null stream data as a linear combina-
tion of time-shifted detector strain measurements (data)
d; = n; + h; where h; completely cancel each other out
following equation (1):

dnull(t|n) = nnull(t‘ﬂ) =

Qo (t +2) — C(Qda(t 4 7). )

di(t) —

Thus, the null stream data contain only the noise and no
GW signals. Clearly, the null stream can be formed in
time domain as well as in frequency domain, where time
delays turn into complex phases. For a generic detec-
tor network, the null stream for one signal will contain
residuals of the other signals if they are simultaneously
present in the data and not coming from the same sky
location.

For the special case of the Einstein Telescope (ET)
made of three almost co-located interferometers with
arms forming an equilateral triangle, n = ( = —1 and
dnun (t) does not depend on the sky position. Therefore,
any combination of GW signals cancels in the ET null
stream. The only condition for this null stream to hold
is that two parallel and equally long ET interferometer
arms experience the same length change due to a GW. It
entails that time delays between the three detector com-
ponents are negligible, which might not be a good ap-
proximation at higher frequencies. More generally, sup-
pression of GW signals in the ET null stream depends on
the frequency similar to the case of the T-channel com-
bination of the LISA detector [45].

B. Null-stream likelihood

Assuming that the noise n; follows a Gaussian distri-
bution, we employ the Gaussian likelihood [51] to de-
scribe the data d;.

1
log £(d;]6) ~ _§<di — hild; — h;), (4)
where @ are parameters for our signal and noise mod-

els, and the brackets represent the noise-weighted inner
product:

fk b* fk)).

(alb) _4Af§: (5)

The tilde denotes a Fourier transform, and asterisks de-
note complex conjugation. The sum is over the N; fre-
quency bins of width Af used for the discrete Fourier
transform. The power spectral density (PSD) of the de-
tector noise, P, is [52]:

P(f)= lim M
T—roo

(6)



Usually, P; — the noise PSD of detector i — is determined
empirically from the data prior to the GW event [53].
The likelihood, through the inner product, implicitly in-
cludes a diagonal covariance matrix for frequency bins,
with elements o; 2 = 4Af/P;. If the noise in the three
components of ET is uncorrelated, we can write the total
likelihood as a product of individual likelihoods,

Naet

£(d|6) = H £(d;]6), (7)

where d = (dy,ds,d3). Similarly, if the noise is sta-
tionary and the measurements are continuous, the noise
in different frequency bins f; is independent and thus a
likelihood can be written as a product of likelihoods for
each of the Nt frequency bins: £(d;|0) = H;V:fl L(d; ;|0).
Note, in ET, due to null stream redundancy for any num-
ber of signals, the product in Equation 7 can be reduced
to have (Nget — 1) effective terms [41].

It is also possible to introduce a likelihood term for
the null stream, log £(d,un). Because it contains only
the Gaussian noise model, in our case parameter-free,
log £(dnun) also represents Bayesian evidence of Gaus-
sian noise in the null stream. If the noise is modeled
correctly and is therefore cancelled in the null stream,
log £(dnun) &~ —N¢, which follows from Equations 4, 5, 6.
For log £(dnum) < —Ng, the Kass-Raftery scale can be
used to quantify evidence for improperly modeled noise.

C. Null stream and noise power spectrum

The null stream of ET enables an elegant method to
provide unbiased estimates of instrument noise power
spectral densities (PSDs) in low latency. The PSD P;
of the detector component ¢ can be calculated as a cross-
spectral density between the null stream dp,; and the
detector data d;,

Pi = dnuu * dl (8)

This equation relies on the assumption that noise is un-
correlated. For example, assuming that n; and no are
correlated, e.g., due to fluctuations of the magnetic field
[54], we can write no as a linear combination of ny and
a new independent noise nj,

ny = a(f)n1 +ny, (9)

where the complex coefficient a(f) and the PSD of n}
are determined by the cross PSD between m; and mnso
and by the PSDs Py, P,. Now, the cross PSD between
the null stream d,, corr affected by noise correlations and
d; becomes

dn,corr * dl = (1 + a)P17 (10)

which means that the estimate is biased by the correla-
tion coefficient a between the two ET components. It

is not possible to estimate the coefficient a from other
measurements in the presence of a significant GW back-
ground. One can ameliorate this problem only by an-
ticipating noise correlations and suppressing them, e.g.,
using noise-cancellation techniques [55, 56]. Addition-
ally, if noise between detectors is uncorrelated, the power
spectral density of the null stream can be represented as:

P, =P, +0°P> + (°Ps, (11)

where n = ( = —1 for ET, as discussed above. Through-
out this work, we simulate detector noise based on the
design sensitivity of the ET in the past referred to as
ET-D [57].

IV. SEPARATING SIGNALS FROM GLITCHES

Current GW observatories suffer from a number of in-
strumental noise artifacts; these can be stationary and
non-stationary. Stationary sources of noise include al-
ternating current power harmonics and repeating in-
strumental lines with various frequency spacing known
as combs [58]. These stationary sources mostly af-
fect searches for stochastic or continuous GWs. Non-
stationary sources of noise include glitches [59] and sim-
ply time segments with bad data [50], and generally con-
taminate all GW searches. Glitches affect the perfor-
mance of online searches, with the most well-known ex-
ample when a blip glitch in the LIGO Livingston detector
has happened during the BNS merger GW170817 [60],
thus delaying the initial sky localizations for electromag-
netic follow-up [19]. While approaching the design sen-
sitivity, LIGO and Virgo not only discover more signals,
but also retract more apparent signals [61]. We expect
this trend to continue towards the construction and op-
eration of 3G detectors. Moreover, so-called blip glitches
have a similar morphology to mergers of high-mass high-
redshift binary black holes (BBHs) [59] and roughly sim-
ilar peak frequencies [62]. An example is shown in Fig-
ure 2.

Furthermore, for certain signals we only have phe-
nomenological models and distinguishing these from non-
stationary noise is more challenging. These can be burst
signals from supernovae or cosmic strings [64], which are
modeled as, e.g., a superposition of sine-Gaussians [65]
because of the complex physics and time-frequency de-
pendence of the waveform. Another example are contin-
uous GW signals from neutron stars with unknown fre-
quency evolution from spin wandering [66, 67] or other
sources of persistent GWs, which are considered stochas-
tic [68-70]. Whereas there are several consistency tests
for such signals [59, 62, 70-74], there are examples where
certain outliers were reported without clear picture of
whether their origin is astrophysical or instrumental [e.g.,
68, 75]. For short-duration sources, even though the
gravitational-wave signal can be well modeled, it is of-
ten challenging to confirm the astrophysical origin [59].
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FIG. 2: Visual similarity between a compact binary merger signal and the instrumental artifact known as the blip
glitch. The panels represent time-frequency diagrams of the normalized power in the detectors. Left: a glitch
observed by the Virgo instrument. Right: GW190521 [63], a binary black hole merger with a total mass of 150M.
We consider such high-mass high-redshift events as one class of the signals that are difficult to distinguish from the
noise, especially when these signals are weak and when detector sensitivities differ substantially.

The null stream of the Einstein Telescope enables a
complementary glitch veto suitable for the cases de-
scribed in this paragraph. We suggest two straightfor-
ward implementations in the following subsections. The
first approach depends on the signal model and the sec-
ond approach is independent of it. Both approaches are
based on assumptions about noise properties of the null
stream that we outlined in previous paragraphs.

A. Null SNR

The first implementation is to introduce null SNR, fol-
lowing Harry and Fairhurst [37], which is essentially the
coincident SNR in the null stream. We discuss this imple-
mentation for the Einstein Telescope using IMRPhenomD
gravitational waveforms [76, 77].

First, we demonstrate the impact of astrophysical sig-
nals on coherent SNR and null SNR. We inspect black
hole merger signals with 100 Mg source-frame masses
from three fiducial populations of compact binaries. We
choose such a high source-frame mass to focus on the
short-duration signals, which will have a similar morphol-
ogy and duration to glitches. To be precise, in this sec-
tion, we discuss field binaries with the volumetric merger
rate [Gpc ®yr~'] as a function of redshift

p (1+2)°
Tlo‘l 142 ,@7
+(555)

with a = 2.57, 8 = 5.83 and C = 3.36; population-ITI

W (z) = (12)

binaries with

ean(z—z1m)

nl(z) = plll

0 it + aHIe(aHIerm)(z—Zm) ’ (13)

with ai — 0.66, bIII =0.30 and ZI11 — 11.6; and primor-
dial binaries with

() = (1) o

7o

(14)

with 79 being the current age of the Universe and 7(2) be-
ing the age of the Universe at redshift z. Parameters are
chosen as in [78]. Note, for the results in this section, we
do not need to know the local merger rates nf, n{ and
ng because we only require smaller example populations,
but we require that they are drawn from reasonable red-
shift distributions. We draw the redshifts from the local
merger rates r(z) in units [yr~!], which we obtain from
the above equations using the relation:

4meDr,(2)?

r(z) = ”(Z)ma (15)

where n(z) is the volumetric merger rate, ¢ is the speed
of light, Dy,(2) is the luminosity distance, Hy is the Hub-
ble constant, E(z) is the redshift scaling of the Hubble
constant H(z) = HoE(z).

The coherent SNR and null SNR for these populations
are in Figure 3. We notice two important features. The
first feature is that ET detects the entire sampled popu-
lation of hundred-solar-mass field BBHs and population-
IIT BBHs. Instead, since primordial black-hole mergers
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FIG. 3: Demonstrating the cancellation of GWs from BBH mergers in the null stream of Einstein Telescope. We
consider equal-mass binary black holes with source-frame component masses of 100 M. Three panels correspond to
three fiducial source redshift distributions. Event redshifts are on the bottom horizontal axes and detector-frame
masses are on the top horizontal axes. Vertical axes represent SNR and the horizontal dotted line corresponds to a
detection threshold of SNR = 8. Green points represent coherent SNR, quantifying the significance of the detection.
Dark-blue points represent null SNR for the same events. Null SNR can be employed as a veto for glitches and other
non-stationary noise. A few loud close-by signals at z ~ 0 and coherent SNR > 10* have significant null SNR
because of neglected time delays between ET components. The signals at high redshifts with low SNR and short
duration are the ones that may be the primary candidates for null stream follow-up, because of their similarity to
glitches, as shown in Figure 2. These are primarily population-IIT and primordial BBHs.

occur mostly at extremely high redshift, detector-frame
masses can be a few 1000 M, and many of these signals
either remain below the ET band or only show in band
for a very short time with correspondingly low SNR. The
second feature is that a few high-SNR signals have null
SNR exceeding the detection threshold. This is because,
in reality, some residuals of a signal remain in the null
stream due to finite time delays between the three com-
ponents of ET. While these residuals can be significant,
it will be possible to correct for these effects by consid-
ering time delays explicitly in the signal model when the
signals surpass SNRs of a few thousands.

Next, we demonstrate the performance of null SNR
in mitigating glitches. We simulate 200 signals and 200
glitches as 300 Mg detector-frame equal-mass black holes
distributed uniformly between the luminosity distances
of 10 Mpc and 40 Gpc, where glitches appear only in
one of the three ET components. The mass and distance
are chosen arbitrarily to roughly correspond to Figure 2.
Next, we carry out a GW search and obtain coherent
SNR and null SNR for the population, as we did for the
astrophysical signals in the previous paragraph. The dis-
tribution of coherent SNR we obtain for signals peaks at
~ 100, and its minimum and maximum values are within
an order of magnitude. The distribution of null SNR for
signals is centered at around 1.2 with a maximum value
of 3.0. For glitches, the distribution of coherent SNR is
shown in blue in the left panel of Figure 4. The distribu-
tion of null SNR for glitches is centered around 50 and
reaches values as high as 1702. We veto glitches that have
null SNR greater than 3.5, suitable for a given number of
transients. The glitches that survived the veto are shown
in orange in the left panel of Figure 4. None of the sur-

vived glitches have coherent SNR exceeding the detection
threshold of 8.3, corresponding to the maximum value
one can obtain with Gaussian noise in one year of obser-
vations. Therefore, null stream has potential to excise
all non-Gaussian outliers down to background expected
from Gaussian noise alone.

B. Likelihood-based approach

An alternative implementation is to adopt the null like-
lihood described in Section ITIB. Unlike the null SNR
which is based on fitting a waveform template to the
null stream data, the likelihood-based approach does
not depend on the signal model whatsoever. The null
stream likelihood £(dn.) acts as Bayesian evidence for
the noise-only hypothesis it represents.

We simulate a population of signals and glitches, as
in the previous section, based on the population of pri-
mordial black holes shown previously in Figure 3. As
shown in [79], high-order gravitational wave modes are
important to identification and parameter estimation of
such far away sources. So, for this calculation, we use
IMRPhenomXPHM waveforms [80]. The results of the veto
are shown in the right panel of Figure 4. The horizontal
axis represents signal loudness, InB(d), and the verti-
cal axis represents deviations from Gaussian noise in the
null stream, In £(d,,1). With increasing loudness of both
signals and glitches, null stream data for signals remains
consistent with Gaussian noise, whereas louder glitches
show stronger deviations from Gaussian noise in the null
stream. In our preliminary demonstration, the veto al-
lows to distinguish signals from glitches for both promi-
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FIG. 4: The effectiveness of glitch removal using the null stream. Left: the results of the null SNR based test
described in Section IV A. We show a distribution of coherent SNR, for glitches, which we conservatively simulate as
signals in only one of the three ET components. Red color represents all glitches and purple color represents glitches

that survived the null stream veto. The veto removed all false positives down to the Gaussian noise levels. The
dotted vertical line is the detection threshold which correspond to false alarm rate of yr—'. Right panel: the results
of the null stream likelihood based test described in Section IV B. We plot the null stream likelihood In £ against the
log Bayes factor In B for a signal hypothesis over the noise hypothesis in the interferometer data d. Signals (green)
and glitches (red) fall into two different areas, which allows to distinguish them starting from In B as low as 0. The
inset represents the results for an increased range of In B.

nent transients with InB > 250 and transients almost
indistinguishable from the noise, with In3 = 0. This
way, null stream provides a powerful complementary op-
portunity to evaluate data quality.

V. ESTIMATING NOISE IN THE PRESENCE
OF OVERLAPPING SIGNALS

The power spectral density (PSD) of detector noise
forms an integral part of the detection and data-analysis
pipelines of GW detectors, and details of how it is cal-
culated are important to the results [26, 81, 82]. In the
3G era, a large number of signals will be detected, and
individual signals might be observed for an entire day or
longer [15, 16]. In this case, providing an estimate of the
instrument-noise spectrum might be complicated due to
GW signal contributions. This could be a problem espe-
cially in the online analysis of GW data when waveforms
are not accurately estimated yet to subtract the contri-
bution of signals from the data. Furthermore, stochastic
GW searches can be improved if a precise noise PSD is
provided [83, 84].

To start with, we assess the problem of overlapping
signals for the Einstein Telescope by evaluating strength,
frequencies and time in the observing band of astrophys-
ical signals at any given point in time. We consider
populations of merging BNSs, BBHs, and NS/BH bina-
ries, based on predictions for rates of these events from
population models and observations listed in GWTC-

3 [2, 85]. We do not discuss different sub-populations
of these events like we did for BBHs in Section IV. Next,
we calculate hy (f) [strain X s] using the frequency-
domain IMRPhenomD waveform [76, 77]. We choose the
frequency range for the waveform using the relation [86]
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with the chirp mass M. the chirp mass, the coalescence
time t. coalescence time, and the physical constants G
and c.

Next, we evaluate the PSD of the signals with Equa-
tion 6 and determine the degree of their contribution to
the noise PSD of the Einstein Telescope. The results are
provided in Figure 5. For a comparison, time segments
used to evaluate the noise PSD in current compact binary
coalescence searches is ~ 4 s for the low-latency PyCBC
Live analysis [87, 88] and typically ~ 8 — 16 s for archival
PyCBC analyses [26, 89]. The final PSD estimate is ob-
tained with based on a certain characteristic (e.g., mean
or median) of the distribution of preliminary PSD esti-
mates from several time segments segments within = 1
minute [53]. We show the PSD of the signal background
observed for a minute and for a day in Figure 5, for BBH
and BNS signals. As expected, the average PSD is the
same for different T, which follows from Equation 6. We
find that even though the signals are loud reaching high
SNRs, signal contributions to the PSD are relatively low
consistent with previous predictions [90, 91]. However,
instrument noise PSD estimates can occasionally con-



tain significant contributions from BBH signals and in
rare cases also from BNS signals if short time segments
are used to calculate the PSDs. If PSDs are calculated
from l-minute segments, less than 10% of PSD estimates
have a significant contribution from GW signals. The
contribution of BNS and BBH signals to the PSD lie
consistently below instrument noise for long PSD time
segments of 24 hours duration.

Next, we demonstrate estimation of noise spectra in
the presence of a number of simultaneous signals in time
series data. Normally, the noise PSD is calculated from
time segments of data when GW signals are negligible,
but it will be challenging to find these in ET, as we
pointed out in the previous paragraph. We simulate
Gaussian noise in the three ET components based on the
ET design sensitivity [12] in 128 seconds of data. Next,
we simulate BBH and BNS in that data based on the
population we used in this Section using IMRPhenomPv2
waveforms [76, 77, 92]. Signals can add significant con-
tributions to the detector PSD at low frequencies. An
example is shown in the left panel in Figure 6. Next, we
show the recovery of the correct noise PSD in the first
of the simulated ET components with the CSD-based
method described by Equation 8 in the right panel in
Figure 6. We also demonstrate the relation between the
PSD of the null stream and the PSD in the ET compo-
nents, based on Equation 11. As a result, we obtain the
clean noise PSD for each of the ET components.

VI. OTHER APPLICATIONS

Systematic errors in detector calibration will leave
residuals of GW signals in the null stream. Although one
cannot directly obtain better absolute measurements of
these errors with the ET null stream, one can still obtain
better estimates on relative calibration errors between
ET interferometers, and these can also help to under-
stand systematic errors in the calibration procedure. The
method proposed in [39] is to model residuals of GW
signals in the null stream using a parameterization of
calibration errors, which they call self-calibration. This
method can be very effective if the number of detected
signals is large; as expected in third-generation detectors
like ET. They also pointed out that GW signals can in
principle be used to transfer a precise calibration stan-
dard realized in only one ET interferometer at any fre-
quency of the observation band to other frequencies and
interferometers. It still leaves the challenge to realize a
precise absolute calibration at least at one frequency with
fractional calibration errors of about 0.1% as needed for
ET to fully exploit the information content in high-SNR
signals. Challenges in the network null stream veto from
calibration uncertainties are also discussed in [34].

The model of the three-detector network null stream
where signals cancel out is only applicable to GWs of
General Relativity with two polarizations. Modifications
and extensions of General Relativity include a possibil-

ity of a larger number of GW polarizations. For these
models, GWs will leave residuals in the three-detector
network null stream [40].

Furthermore, applications of the null stream outlined
in Sections IV and V can be further generalized. The pro-
cess of distinguishing glitches from compact binary sig-
nals can be extended to the case of continuous GWs and
instrumental lines and long-duration noise transients, as
well as to intermediate duration transients such that GW
bursts and neutron star post-merger signals. This is due
to the fact that null SNR in Section IV A can include any
signal model and the null stream likelihood term from
Section IV B does not depend on a signal model and can
be used as a data quality metric.

Finally, the difference between the total PSD and the
instrument-noise PSD represents the contribution of GW
signals. It is demonstrated for compact binaries in [38]
when assuming the same noise power spectra in ET
components and employing Equation 11 for the noise
PSD. The resulting average signal PSD had a charac-
teristic spectral slope of the stochastic GW background,
P(f) o< f~7/3 [93]. Using Equation 8 for the noise PSD
allows us to extend the application to the case with differ-
ent instrumental noise levels in constituent ET interfer-
ometers. Moreover, since the measurement of the astro-
physical background and instrument-noise PSDs both in-
herit the same calibration errors when using Equation 8§,
the quality of the subtraction would be independent of
calibration errors. Noise correlations between different
ET interferometers can pose a limit here since the esti-
mate of the instrument-noise PSD is biased by them.

VII. LIMITATIONS OF NULL STREAMS

With all advantages of the null stream of the Einstein
Telescope, there are a few caveats. It is possible that
the interferometers that constitute ET will have signifi-
cantly different sensitivities. Some null stream analyses
such as glitch identification are limited by the interfer-
ometer with the lowest sensitivity. As shown in Figure 3,
we also found that the ET null-stream analyses might
potentially be limited for very loud signals, which can
leave significant residuals in the null stream. The residu-
als are due to small time delays between ET components.
Correct modeling of this effect requires abandoning the
long-wavelength approximation. As a consequence, at
this level of accuracy, the ET null stream becomes de-
pendent on GW propagation direction, and this effect
becomes stronger towards higher frequencies. Neverthe-
less, while this point deserves a more careful analysis,
we expect that its impact on ET null-stream analyses is
minor.

The null stream constructed from a network of observa-
tories has additional limitations, but it can still be useful
in data analysis. In the ET era, we expect a few hundred
signals at any time in the observation band of ground-
based GW detectors. After cancelling one signal in a



10~22 10
- 10723 =
N N
== ==
g 0, g
107 g 2,
& 107 3
-26 - : S 0 a6 - e 0
10 10t 10? 10 10 10! 102 103 1
Frequency [Hz| Frequency [Hz|
(a) BNS, T'= 1 minute (b) BNS, T'=1 day
1072 10t
& 10! & .
= = 107
=, Z,
g SEER-SURT =
=3 z
& @107
Rt 0 —26 0
oL 102 10 10 10
Frequency [Hz| Frequency [Hz]
(c) BBH, T = 1 minute (d) BBH, T' =1 day

FIG. 5: Contributions of astrophysical signals to the measured power spectral density (PSD)?. We plot histograms
of single-segment PSD realizations for a BNS population (upper row) and a BBH population (lower row), where N
is the number of histogram counts at PSD bins for each frequency. The time segments used for the calculation of
individual PSDs have a length of 1 minute with a total of 7200 realizations (left) and 24 hours with a total of 300
realizations (right). White lines show the 10th, 50th, and 90th percentiles of the PSD distributions. Around 2 BBH
and 100 BNS contribute to 1-minute segments above 2 Hz, whereas 24-hour segments contain approximately 300
BBH and 2500 BNS. In orange bands, for comparison, we show ranges of the astrophysical background published
in [64]. The red curve in all plots is the ET sensitivity. Occasionally, signal PSDs are larger than noise PSD, and
thus PSD estimates of the data will contain significant contributions from compact binaries. Note, some of the
reported uncertainties on merger rates ng from the LIGO-Virgo population study [85] cover a larger range of values
and thus may yield even stronger contributions than presented in this figure.

& We present PSD in Figures 5 and 6 as strain spectra, \/P(f), to follow conventions in the field.

network null stream, all of the remaining compact bi- VIII. CONCLUSION
nary signals will still leave residuals there. The degree
of contamination by compact binaries at low frequencies
can be evaluated based on Figure 5. Nevertheless, there
is still room to apply network null streams to signals at
high frequencies where temporal overlap is unlikely. An-
other limitation is that networks will have significantly
different detector sensitivities by design and in practice.

Thanks to its design, which enables a construction
of the null stream, a synthetic data channel where all
gravitational-wave (GW) signals cancel, the Einstein
Telescope (ET) provides a solution to two important
problems in GW analyses:

« First, non-stationary incoherent noise artifacts, un-
like GWs, immediately appear as outliers in the
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FIG. 6: Evaluating noise power spectral density (PSD) in Einstein Telescope with the null stream. Left: total PSD

in components of Einstein Telescope in presence of gravitational-wave signals from compact binaries. A BNS inspiral

leaves a visible imprint on the inferred noise PSD at 5 Hz where the measurement differs from the design sensitivity.

Right: measurement of the PSD in one of the components based on the cross-power between the component and the

null stream, as well as the linear relation between the null-stream PSD and the detector PSD. The contribution of
the BNS signal is now removed from the PSD estimate.

null stream, which allows to eliminate them with-
out the need to perform glitch modeling or classifi-
cation. We demonstrated how this can be achieved
using the null-stream noise likelihood introduced in
Section IV B and also using the null SNR, the co-
incident SNR, in the null stream, first introduced
in [37]. The artifacts were eliminated down to the
Gaussian noise background. For primordial and the
most distant Population-IIT BBH signals, which ap-
pear as weak, high-mass BBHs in the data, the ben-
efit of the null stream will be particularly strong.

Second, ET will be able to provide unbiased esti-
mates of noise-power spectra even for segments of
data where multiple loud signals are present. We
show this will often be the case with the ET design
sensitivity at low frequencies, and recent predic-
tions for compact-binary merger rates [85].

Our analysis only considered so-called blip glitches,
which we modeled as short-duration BBHs. Discrimi-
nation between signals and glitches as outlined in this
article can be extended to the case of other GW sig-
nals, including bursts from cosmic strings or supernovae,
neutron star post-merger signals, continuous waves, and

other new signals that 3G detectors might confidently de-
tect for the first time. In particular, the discrimination
will be relevant for signals described only by phenomeno-
logical models or for signals without a clear model.

It is worth keeping in mind that we provided the results
under certain assumptions we outlined in Section III. For
example, we do not quantify the effects of noise corre-
lations between ET interferometers on the null stream,
which is an important aspect that needs to be investi-
gated. We close our remarks by pointing out that the
generic network null streams have significant limitations
compared to the ET null stream. The main advantage of
the ET null stream is that it does not depend on prop-
agation directions of GWs, and it is therefore also valid
in the presence of multiple GW signals.

ACKNOWLEDGMENTS

We make use of PYCBC [94], BILBY [51], and GWFISH
(in prep.). BG is supported by the Italian Ministry of Ed-
ucation, University and Research within the PRIN 2017
Research Program Framework, n. 2017SYRTCN.

[1] B. P. Abbott, R. Abbott, T. D. Abbott, M. R. Aber-
nathy, F. Acernese, K. Ackley, C. Adams, T. Adams,
P. Addesso, R. X. Adhikari, et al., Phys. Rev. Lett. 116,
061102 (2016), 1602.03837.

[2] B. P. Abbott, R. Abbott, T. D. Abbott, S. Abraham,
F. Acernese, K. Ackley, C. Adams, R. X. Adhikari, V. B.

Adya, C. Affeldt, et al., Physical Review X 9, 031040
(2019), 1811.12907.

[3] The LIGO Scientific Collaboration, the Virgo Collabora-
tion, R. Abbott, T. D. Abbott, F. Acernese, K. Ack-
ley, C. Adams, N. Adhikari, R. X. Adhikari, V. B.
Adya, et al., arXiv e-prints arXiv:2108.01045 (2021),



2108.01045.

[4] The LIGO Scientific Collaboration, the Virgo Collabora-
tion, the KAGRA Collaboration, R. Abbott, T. D. Ab-
bott, F. Acernese, K. Ackley, C. Adams, N. Adhikari,
R. X. Adhikari, et al., arXiv e-prints arXiv:2111.03606
(2021), 2111.03606.

[5] A. H. Nitz, S. Kumar, Y.-F. Wang, S. Kastha, S. Wu,
M. Schéfer, R. Dhurkunde, and C. D. Capano, arXiv e-
prints arXiv:2112.06878 (2021), 2112.06878.

[6] LIGO Scientific Collaboration, J. Aasi, B. P. Abbott,
R. Abbott, T. Abbott, M. R. Abernathy, K. Ackley,
C. Adams, T. Adams, P. Addesso, et al., Classical and
Quantum Gravity 32, 074001 (2015), 1411.4547.

[7] F. Acernese, M. Agathos, K. Agatsuma, D. Aisa, N. Alle-
mandou, A. Allocca, J. Amarni, P. Astone, G. Balestri,
G. Ballardin, et al., Classical and Quantum Gravity 32,
024001 (2015), 1408.3978.

[8] J. Antoniadis, Z. Arzoumanian, S. Babak, M. Bailes,
A. S. Bak Nielsen, P. T. Baker, C. G. Bassa, B. Bécsy,
A. Berthereau, M. Bonetti, et al., MNRAS 510, 4873
(2022), 2201.03980.

[9] BICEP2 Collaboration, P. A. R. Ade, R. W. Aikin,
D. Barkats, S. J. Benton, C. A. Bischoff, J. J. Bock, J. A.
Brevik, I. Buder, E. Bullock, et al., Phys. Rev. Lett. 112,
241101 (2014), 1403.3985.

[10] P. Amaro-Seoane, H. Audley, S. Babak, J. Baker, E. Ba-
rausse, P. Bender, E. Berti, P. Binetruy, M. Born, D. Bor-
toluzzi, et al., arXiv e-prints arXiv:1702.00786 (2017),
1702.00786.

[11] M. Punturo, M. Abernathy, F. Acernese, B. Allen, N. An-
dersson, K. Arun, F. Barone, B. Barr, M. Barsuglia,
M. Beker, et al., Classical and Quantum Gravity 27,
194002 (2010).

[12] ET Steering Committee, available from European Grav-
itational Observatory, document number ET-0007B-
20 (2020), URL https://apps.et-gw.eu/tds/ql/7c=
15418.

[13] D. Reitze, R. X. Adhikari, S. Ballmer, B. Barish, L. Bar-
sotti, G. Billingsley, D. A. Brown, Y. Chen, D. Coyne,
R. Eisenstein, et al., in Bulletin of the American Astro-
nomical Society (2019), vol. 51, p. 35, 1907.04833.

[14] M. Evans, R. X. Adhikari, C. Afle, S. W. Ballmer, S. Bis-
coveanu, S. Borhanian, D. A. Brown, Y. Chen, R. Eisen-
stein, A. Gruson, et al., arXiv e-prints arXiv:2109.09882
(2021), 2109.09882.

[15] M. Maggiore, C. Van Den Broeck, N. Bartolo, E. Bel-
gacem, D. Bertacca, M. A. Bizouard, M. Branchesi,
S. Clesse, S. Foffa, J. Garcia-Bellido, et al., J. Cosmology
Astropart. Phys. 2020, 050 (2020), 1912.02622.

[16] V. Kalogera, B. S. Sathyaprakash, M. Bailes, M.-
A. Bizouard, A. Buonanno, A. Burrows, M. Colpi,
M. Evans, S. Fairhurst, S. Hild, et al., arXiv e-prints
arXiv:2111.06990 (2021), 2111.06990.

[17] A.Samajdar, J. Janquart, C. Van Den Broeck, and T. Di-
etrich, Phys. Rev. D 104, 044003 (2021), 2102.07544.

[18] E. Pizzati, S. Sachdev, A. Gupta, and B. Sathyaprakash,
arXiv e-prints arXiv:2102.07692 (2021), 2102.07692.

[19] B. P. Abbott, R. Abbott, T. D. Abbott, F. Acernese,
K. Ackley, C. Adams, T. Adams, P. Addesso, R. X.
Adhikari, V. B. Adya, et al, ApJ 848, L12 (2017),
1710.05833.

[20] K. Cannon, R. Cariou, A. Chapman, M. Crispin-Ortuzar,
N. Fotopoulos, M. Frei, C. Hanna, E. Kara, D. Keppel,
L. Liao, et al., ApJ 748, 136 (2012), 1107.2665.

11

[21] S. Sachdev, R. Magee, C. Hanna, K. Cannon, L. Singer,
J. R. SK, D. Mukherjee, S. Caudill, C. Chan, J. D. E.
Creighton, et al., ApJ 905, L25 (2020), 2008.04288.

[22] A. H. Nitz, M. Schéfer, and T. Dal Canton, ApJ 902,
L29 (2020), 2009.04439.

[23] R. Magee, D. Chatterjee, L. P. Singer, S. Sachdev,
M. Kovalam, G. Mo, S. Anderson, P. Brady, P. Brockill,
K. Cannon, et al.,, ApJ 910, L21 (2021), 2102.04555.

[24] J. Veitch, V. Raymond, B. Farr, W. Farr, P. Graff, S. Vi-
tale, B. Aylott, K. Blackburn, N. Christensen, M. Cough-
lin, et al., Phys. Rev. D 91, 042003 (2015), 1409.7215.

[25] T. B. Littenberg and N. J. Cornish, Phys. Rev. D 91,
084034 (2015), 1410.3852.

[26] S. A. Usman, A. H. Nitz, I. W. Harry, C. M. Biwer,
D. A. Brown, M. Cabero, C. D. Capano, T. Dal Can-
ton, T. Dent, S. Fairhurst, et al., Classical and Quantum
Gravity 33, 215004 (2016), 1508.02357.

[27] E. D. Hall and M. Evans, Classical and Quantum Gravity
36, 225002 (2019), 1902.09485.

[28] L. Sun, E. Goetz, J. S. Kissel, J. Betzwieser, S. Karki,
A. Viets, M. Wade, D. Bhattacharjee, V. Bossilkov, P. B.
Covas, et al., Classical and Quantum Gravity 37, 225008
(2020), 2005.02531.

[29] A. Freise, S. Chelkowski, S. Hild, W. Del Pozzo, A. Per-
reca, and A. Vecchio, Classical and Quantum Gravity 26,
085012 (2009), 0804.1036.

[30] Y. Girsel and M. Tinto, Phys. Rev. D 40, 3884 (1989).

[31] T. Adam, N. Agafonova, A. Aleksandrov, O. Altinok,
P. Alvarez Sanchez, A. Anokhina, S. Aoki, A. Ariga,
T. Ariga, D. Autiero, et al., Journal of High Energy
Physics 2012, 93 (2012), 1109.4897.

[32] Planck Collaboration, R. Adam, P. A. R. Ade,
N. Aghanim, M. Arnaud, J. Aumont, C. Baccigalupi,
A. J. Banday, R. B. Barreiro, J. G. Bartlett, et al., A&A
586, A133 (2016), 1409.5738.

[33] L. Wen and B. F. Schutz, Classical and Quantum Gravity
22, S1321 (2005), gr-qc/0508042.

[34] P. Ajith, M. Hewitson, and I. S. Heng, Classical and
Quantum Gravity 23, S741 (2006), gr-qc/0604004.

[35] S. Chatterji, A. Lazzarini, L. Stein, P. J. Sutton,
A. Searle, and M. Tinto, Phys. Rev. D 74, 082005 (2006),
gr-qc/0605002.

[36] M. Rakhmanov, Classical and Quantum Gravity 23,
S673 (2006), gr-qc/0604005.

[37] I. W. Harry and S. Fairhurst, Phys. Rev. D 83, 084002
(2011), 1012.4939.

[38] T. Regimbau, T. Dent, W. Del Pozzo, S. Giampa-
nis, T. G. F. Li, C. Robinson, C. Van Den Broeck,
D. Meacher, C. Rodriguez, B. S. Sathyaprakash, et al.,
Phys. Rev. D 86, 122001 (2012), 1201.3563.

[39] B. F. Schutz and B. S. Sathyaprakash, arXiv e-prints
arXiv:2009.10212 (2020), 2009.10212.

[40] 1. C. F. Wong, P. T. H. Pang, R. K. L. Lo, T. G. F. Li,
and C. Van Den Broeck, arXiv e-prints arXiv:2105.09485
(2021), 2105.09485.

[41) 1. C. F. Wong and T. G. F. Li,
arXiv:2108.05108 (2021), 2108.05108.

[42] X. J. Zhu, L. Wen, G. Hobbs, Y. Zhang, Y. Wang, D. R.
Madison, R. N. Manchester, M. Kerr, P. A. Rosado, and
J. B. Wang, MNRAS 449, 1650 (2015), 1502.06001.

[43] X. J. Zhu, L. Wen, J. Xiong, Y. Xu, Y. Wang, S. D. Mo-
hanty, G. Hobbs, and R. N. Manchester, MNRAS 461,
1317 (2016), 1606.04539.

arXiv e-prints


https://apps.et-gw.eu/tds/ql/?c=15418
https://apps.et-gw.eu/tds/ql/?c=15418

[44] J. M. Goldstein, J. Veitch, A. Sesana, and A. Vecchio,
MNRAS 477, 5447 (2018), 1712.03975.

[45] T. A. Prince, M. Tinto, S. L. Larson, and J. W. Arm-
strong, Phys. Rev. D 66, 122002 (2002), gr-qc/0209039.

[46] ET Science Team, available from European Gravitational
Observatory, document number ET-0106C-10 (2011).

[47] S. Hild, S. Chelkowski, A. Freise, J. Franc, N. Morgado,
R. Flaminio, and R. DeSalvo, Classical and Quantum
Gravity 27, 015003 (2010), 0906.2655.

[48] B. P. Abbott, R. Abbott, R. Adhikari, P. Ajith, B. Allen,
G. Allen, R. S. Amin, S. B. Anderson, W. G. Anderson,
M. A. Arain, et al., Reports on Progress in Physics 72,
076901 (2009), 0711.3041.

[49] J. C. Driggers, S. Vitale, A. P. Lundgren, M. Evans,
K. Kawabe, S. E. Dwyer, K. Izumi, R. M. S. Schofield,
A. Effler, D. Sigg, et al., Phys. Rev. D 99, 042001 (2019),
1806.00532.

[50] D. Davis, J. S. Areeda, B. K. Berger, R. Bruntz, A. Effler,
R. C. Essick, R. P. Fisher, P. Godwin, E. Goetz, A. F.
Helmling-Cornell, et al., Classical and Quantum Gravity
38, 135014 (2021), 2101.11673.

[61] G. Ashton, M. Hiibner, P. D. Lasky, C. Talbot, K. Ack-
ley, S. Biscoveanu, Q. Chu, A. Divakarla, P. J. Easter,
B. Goncharov, et al., ApJS 241, 27 (2019), 1811.02042.

[62] K. S. Thorne and R. D. Blandford, Modern Classical
Physics: Optics, Fluids, Plasmas, Flasticity, Relativ-
ity, and Statistical Physics (Princeton University Press,
2017).

[63] K. Chatziioannou, C.-J. Haster, T. B. Littenberg, W. M.
Farr, S. Ghonge, M. Millhouse, J. A. Clark, and N. Cor-
nish, Phys. Rev. D 100, 104004 (2019), 1907.06540.

[64] E. Thrane, N. Christensen, and R. M. S. Schofield,
Phys. Rev. D 87, 123009 (2013), 1303.2613.

[65] M. W. Coughlin, A. Cirone, P. Meyers, S. Atsuta,
V. Boschi, A. Chincarini, N. L. Christensen, R. De Rosa,
A. Effler, 1. Fiori, et al., Phys. Rev. D 97, 102007 (2018),
1802.00885.

[56] F. Badaracco and J. Harms, Classical and Quantum
Gravity 36, 145006 (2019), 1903.07936.

[67] S. Hild, M. Abernathy, F. Acernese, P. Amaro-Seoane,
N. Andersson, K. Arun, F. Barone, B. Barr, M. Barsug-
lia, M. Beker, et al., Classical and Quantum Gravity 28,
094013 (2011), 1012.0908.

[58] P. B. Covas, A. Effler, E. Goetz, P. M. Meyers, A. Neun-
zert, M. Oliver, B. L. Pearlstone, V. J. Roma, R. M. S.
Schofield, V. B. Adya, et al., Phys. Rev. D 97, 082002
(2018), 1801.07204.

[59] M. Cabero, A. Lundgren, A. H. Nitz, T. Dent, D. Barker,
E. Goetz, J. S. Kissel, L. K. Nuttall, P. Schale,
R. Schofield, et al., Classical and Quantum Gravity 36,
155010 (2019), 1901.05093.

[60] B. P. Abbott, R. Abbott, T. D. Abbott, F. Acernese,
K. Ackley, C. Adams, T. Adams, P. Addesso, R. X. Ad-
hikari, V. B. Adya, et al., Phys. Rev. Lett. 119, 161101
(2017), 1710.05832.

[61] M. Cabero, A. Mahabal, and J. Mclver, ApJ 904, L9
(2020), 2010.11829.

[62] A. H. Nitz, Classical and Quantum Gravity 35, 035016
(2018), 1709.08974.

[63] R. Abbott, T. D. Abbott, S. Abraham, F. Acernese,
K. Ackley, C. Adams, R. X. Adhikari, V. B. Adya, C. Af-
feldt, M. Agathos, et al., Phys. Rev. Lett. 125, 101102
(2020), 2009.01075.

12

[64] R. Abbott, T. D. Abbott, S. Abraham, F. Acernese,
K. Ackley, A. Adams, C. Adams, R. X. Adhikari, V. B.
Adya, C. Affeldt, et al., Phys. Rev. D 104, 022004 (2021),
2101.12130.

[65] M. Drago, S. Klimenko, C. Lazzaro, E. Milotti, G. Mitsel-
makher, V. Necula, B. O’Brian, G. A. Prodi, F. Salemi,
M. Szczepanczyk, et al., SoftwareX 14, 100678 (2021).

[66] The LIGO Scientific Collaboration, the Virgo Collabo-
ration, the KAGRA Collaboration, R. Abbott, H. Abe,
F. Acernese, K. Ackley, N. Adhikari, R. X. Adhikari,
V. K. Adkins, et al., arXiv e-prints arXiv:2201.00697
(2022), 2201.00697

[67] S. Suvorova, L. Sun, A. Melatos, W. Moran, and R. J.
Evans, Phys. Rev. D 93, 123009 (2016), 1606.02412.

[68] B. P. Abbott, R. Abbott, T. D. Abbott, S. Abraham,
F. Acernese, K. Ackley, C. Adams, R. X. Adhikari, V. B.
Adya, C. Affeldt, et al., Phys. Rev. D 100, 062001 (2019),
1903.08844.

[69] R. Abbott, T. D. Abbott, F. Acernese, K. Ackley,
C. Adams, N. Adhikari, R. X. Adhikari, V. B. Adya,
C. Affeldt, D. Agarwal, et al., Phys. Rev. D 104, 122004
(2021), 2107.03701.

[70] B. Goncharov and E. Thrane, Phys. Rev. D 98, 064018
(2018), 1805.03761.

[71] B. Allen, Phys. Rev. D 71, 062001 (2005), gr-qc/0405045.

[72] K. Chatziioannou, N. Cornish, M. Wijngaarden, and
T. B. Littenberg, Phys. Rev. D 103, 044013 (2021),
2101.01200.

[73] A. H. Nitz, T. Dent, T. Dal Canton, S. Fairhurst, and
D. A. Brown, ApJ 849, 118 (2017), 1705.01513.

[74] C. Mclsaac and I. Harry, arXiv e-prints arXiv:2203.03449
(2022), 2203.03449.

[75] V. Dergachev and M. A. Papa, Phys. Rev. Lett. 125,
171101 (2020), 2004.08334.

[76] S. Khan, S. Husa, M. Hannam, F. Ohme, M. Piirrer, X. J.
Forteza, and A. Bohé, Phys. Rev. D 93, 044007 (2016),
1508.07253.

[77] S. Husa, S. Khan, M. Hannam, M. Piirrer, F. Ohme, X. J.
Forteza, and A. Bohé, Phys. Rev. D 93, 044006 (2016),
1508.07250.

[78] K. K. Y. Ng, S. Vitale, W. M. Farr, and C. L. Rodriguez,
ApJ 913, L5 (2021), 2012.09876

[79] K. K. Y. Ng, S. Chen, B. Goncharov, U. Dupletsa,
S. Borhanian, M. Branchesi, J. Harms, M. Maggiore,
B. S. Sathyaprakash, and S. Vitale, arXiv e-prints
arXiv:2108.07276 (2021), 2108.07276.

[80] G. Pratten, C. Garcia-Quirés, M. Colleoni, A. Ramos-
Buades, H. Estellés, M. Mateu-Lucena, R. Jaume,
M. Haney, D. Keitel, J. E. Thompson, et al.,
Phys. Rev. D 103, 104056 (2021), 2004.06503.

[81] T. Adams, D. Buskulic, V. Germain, G. M. Guidi,
F. Marion, M. Montani, B. Mours, F. Piergiovanni, and
G. Wang, Classical and Quantum Gravity 33, 175012
(2016), 1512.02864.

[82] K. Cannon, S. Caudill, C. Chan, B. Cousins, J. D. E.
Creighton, B. Ewing, H. Fong, P. Godwin, C. Hanna,
S. Hooper, et al, SoftwareX 14, 100680 (2021),
2010.05082.

[83] E. Thrane and J. D. Romano, Phys. Rev. D 88, 124032
(2013), 1310.5300.

[84] J. D. Romano and N. J. Cornish, Living Reviews in Rel-
ativity 20, 2 (2017), 1608.06889.

[85] The LIGO Scientific Collaboration, the Virgo Collabora-
tion, the KAGRA Collaboration, R. Abbott, T. D. Ab-



bott, F. Acernese, K. Ackley, C. Adams, N. Adhikari,
R. X. Adhikari, et al., arXiv e-prints arXiv:2111.03634
(2021), 2111.03634.

[86] B. P. Abbott, R. Abbott, T. D. Abbott, M. R. Aber-
nathy, F. Acernese, K. Ackley, C. Adams, T. Adams,
P. Addesso, R. X. Adhikari, et al., Annalen der Physik
529, 1600209 (2017), 1608.01940.

[87] A. H. Nitz, T. Dal Canton, D. Davis, and S. Reyes,
Phys. Rev. D 98, 024050 (2018), 1805.11174.

[88] T. Dal Canton, A. H. Nitz, B. Gadre, G. S. Cabourn
Davies, V. Villa-Ortega, T. Dent, I. Harry, and L. Xiao,
ApJ 923, 254 (2021), 2008.07494.

[89] G. S. Davies, T. Dent, M. Tépai, I. Harry, C. Mclsaac,
and A. H. Nitz, Phys. Rev. D 102, 022004 (2020),
2002.08291.

13

[90] T. Regimbau, M. Evans, N. Christensen, E. Katsavouni-
dis, B. Sathyaprakash, and S. Vitale, Phys. Rev. Lett.
118, 151105 (2017), 1611.08943.

[91] S. Sachdev, T. Regimbau, and B. S. Sathyaprakash,
Phys. Rev. D 102, 024051 (2020), 2002.05365.

[92] M. Hannam, P. Schmidt, A. Bohé, L. Haegel, S. Husa,
F. Ohme, G. Pratten, and M. Piirrer, Phys. Rev. Lett.
113, 151101 (2014), 1308.3271.

[93] A. I. Renzini, B. Goncharov, A. C. Jenkins, and P. M.
Meyers, Galaxies 10, 34 (2022), 2202.00178.

[94] A. Nitz, I. Harry, D. Brown, C. M. Biwer, J. Willis,
T. Dal Canton, C. Capano, T. Dent, L. Pekowsky, A. R.
Williamson, et al., gwastro/pycbe: v2.0.2 release of Py-
CBC, Zenodo (2022).



	Utilizing the null stream of Einstein Telescope
	Abstract
	I Introduction
	II The Einstein Telescope
	III  Methodology
	A  Null stream construction
	B  Null-stream likelihood
	C  Null stream and noise power spectrum

	IV  Separating signals from glitches
	A  Null SNR
	B  Likelihood-based approach

	V  Estimating noise in the presence of overlapping signals
	VI  Other applications
	VII Limitations of null streams
	VIII  Conclusion
	 Acknowledgments
	 References


