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We report Earth-scale distance magnetic correlations from lightning strokes in the frequency range
1-1000 Hz at several distances ranging from 1100 km to 9000 km. Noise sources which are correlated on
Earth-scale distances can affect future searches for gravitational-wave signals with ground-based
gravitational-wave interferometric detectors. We consider the impact of correlations from magnetic field
fluctuations on gravitational-wave searches due to Schumann resonances (< 50 Hz) as well as higher
frequencies (> 100 Hz). We demonstrate that individual lightning strokes are a likely source for the
observed correlations in the magnetic field fluctuations at gravitational-wave observatories and discuss
some of their characteristics. Furthermore, we predict their impact on searches for an isotropic
gravitational-wave background, as well as for searches looking for short-duration transient gravitational
waves, both unmodeled signals (bursts) as well as modeled signals (compact binary coalescence). Whereas
the recent third observing run by LIGO and Virgo was free of an impact from correlated magnetic field
fluctuations, future runs could be affected. In particular, third-generation detectors may be highly
susceptible to these correlated magnetic transients in the various searches as well as parameter estimation.
We suggest that future detector design should consider reducing lightning coupling by, for example,
reducing the lightning-induced beam tube currents that pass through sensitive magnetic coupling regions in
current detectors. We also suggest that the diurnal and seasonal variation in lightning activity may be useful
in discriminating between detector correlations that are produced by gravitational waves and those

produced by lightning.

DOI: 10.1103/PhysRevD.107.022004

I. INTRODUCTION

Within the gravitational wave (GW) community, it is
known that Schumann resonances [1,2] can impact searches
for the gravitational-wave background (GWB) [3-9]. The
Schumann resonances are electromagnetic resonances of the
cavity bounded by the ionosphere and the Earth’s surface,
excited by lightning strokes. Short duration high-amplitude
magnetic transients in the 625 Hz band have been observed
in coincidence on Earth-scale distances several times per day
and their implications for GW searches have been studied
[10]. The magnetic component from the Schumann reso-
nances can couple to GW detectors in multiple ways, e.g., by
direct coupling to permanent magnets in actuation systems
or by acting upon electronics and cabling [4,5,11,12].
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Before the most recent third observing run (O3), Advanced
LIGO [13] and Advanced Virgo [14] installed low-noise
magnetometers—LEMI-120 at LIGO Hanford (H or LHO)
and LIGO Livingston (L or LLO), Metronix MFS-06e at
Virgo (V)—in quiet locations, generally unaffected by local
magnetic noise, at least a few hundred meters away from any
building, to monitor magnetic signals with high precision,
such as the Schumann resonances [7]. This is the first time
these low-noise magnetic measurements were recorded on a
time scale of about one year at the LIGO and Virgo sites.
Low-noise magnetometers have also been installed at
KAGRA [15] but were not included in this study.

In this paper, we will study Earth-scale distance corre-
lations of magnetic field fluctuations in the frequency range

© 2023 American Physical Society
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of 1-1000 Hz, using a global network of low-noise
magnetometers located at GW detectors as well as low-
noise magnetometers located in the Bieszczady Mountains
in Poland [16], which are part of the WERA project [17].
The observed correlations will be discussed as a function
of their separation (1100-9000 km) as well as the
characteristics and geography of lightning strokes' and
thunderstorms.

In Sec. II we focus on the geophysical processes of
lightning strokes and the propagation of electromagnetic
fields in the Earth’s atmosphere. In Sec. III we will
investigate the coherence and correlations from the super-
position of individual lightning strokes. In the rest of the
paper we will often use ‘magnetic coherence’ and ‘mag-
netic correlations’ to refer to the coherence and correla-
tions, respectively, between the magnetic field fluctuations.
In Sec. IV we will use the knowledge gained from Secs. II
and III to compare the observed correlations between
different sensor pairs. The impact of these magnetic
correlations will be discussed in Sec. V where we will
start by discussing how magnetic fields can couple to GW
interferometric detectors (Sec. VA). Afterwards we make a
prediction of magnetic contamination with respect to a
GWB in the frequency range 20-675 Hz (Sec. V B).
Furthermore, we will also predict the effect from the
individual lightning strokes on searches for short duration
GW transients, both unmodeled bursts and modeled com-
pact binary coalescence (CBC) events (Sec. V C).

II. PROPERTIES OF LIGHTNING STROKES

In this section, we will discuss some characteristic
properties of where lightning strokes mainly take place
as well as how their signals propagate.

Long distance propagation of lightning induced impul-
sive radio waves (often called “sferics” in the literature) is
affected by the radiated spectral content of the lightning
discharge and also the properties of the propagation
channel in the Earth-ionosphere wave guide. The lightning
source is often quantified in terms of the peak current
(~10-500 kA) and the charge moment (~25 — 500 C km).
The lightning spectrum peaks in the central very low
frequency (VLF) band (10 kHz-20 kHz) but is very
broadband [20]. A larger charge moment is indicative of
continuing currents and as such is correlated with higher
extremely low frequency (ELF) (3 Hz-3 kHz) spectral
content. There is evidence of a regional dependence to
lightning properties with lightning over the oceans char-
acterized by large peak currents even though the majority of

"The term “strike” is colloquially used for lightning. However,
in the technical literature, “stroke” describes both cloud-to-cloud
and cloud-to-ground lightning. “Strike” only refers to cloud-to-
ground. Later in this paper we will use the Vaisala GLD360
database [18] which detects “strokes” in general, so we use this
term to refer to all detected lightning events here [19].

lightning events are over land and in coastal areas [18]. In
some works, large charge moments have been associated
with the African continent [21,22]. The propagation path
dependencies include the conductivity of the electron
density profile of the lower ionosphere, the conductivity
of the ground, crossing of the day-night terminator, and the
azimuthal direction of propagation relative to the mag-
netic dip angle for low latitudes. For the VLF band the
overall daytime and nighttime attenuation rates are in the
range 2-5 dB/1000 km and 1-3 dB/1000 km, respec-
tively [21,23]. For the ELF band, attenuation increases
with frequency and below 100 Hz can be 1 dB/1000 km or
less [24]. Attenuation for a typical day-night transition” is
1 dB and up to 3 dB for a night-day transition [25]. For low
latitudes, attenuation for westward propagating waves can
be 1.9-2.0 dB/1000 km higher as compared to eastward
propagating waves for both daytime and nighttime iono-
spheric conditions [26]. Propagation over low ground
conductivity can add several dB/1000 km of attenuation
as compared to propagation over conductive sea water.

There are three main global thunderstorm centers where
most lightning events occur. These are the equatorial
regions of the Americas, sub-Saharan Africa and southeast
Asia [27]. Lightning strokes are most prevalent in the late
afternoon with a minimum in late morning. In geographical
regions dominated by large mesoscale convective systems,
like the central United States, the peak in lightning
prevalence shifts to the late evening or early morning
hours. Lightning activity is maximum in June—August,
corresponding to the Northern Hemisphere summer, while
the minimum occurs in December—February [28].

III. MAGNETIC COHERENCE BETWEEN LIGO
SITES PRODUCED BY THE SUPERPOSITION
OF INDIVIDUAL LIGHTNING STROKES

A. Establishing LIGO detections of individual
lightning strokes

Electromagnetic waves created by individual lightning
strokes have signatures in both ELF and VLF bands [29].
Traditionally, the VLF band is used by lightning detection
networks to track individual lightning signals, but the ELF
band has also been shown to be usable for this purpose [29]
and has some unique propagation characteristics [30]. The
ability of the ELF band to travel long distances implies that
these signals could be picked up by sensitive magneto-
meters at GW detectors, even if the lightning occurs several
hundreds to thousands of kilometers away. This naturally
raises the question whether the global lightning background
could impact GW detectors.

In the remainder of this section, we will focus on
coherence between LHO and LLO and we will discuss

*The propagating wave makes the transition from the side of
the Earth facing the Sun to the side not facing the Sun.
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other sites in Sec. I'V. Here, coherence takes the standard
form in Eq. (1) where CSDy; is the cross-spectral density
between data / an J and PSD; is the one-sided power
spectral density of data I

_CSDy, ()P
<ohs () = 53D, (7)PSD, (7 M

We establish these correlated short-duration signals by
identifying magnetic signals at individual magnetometers at
each LIGO site. We then reduce these to magnetic signals
coincident between sites to build a set of LIGO-measured
magnetic signals. We then compare these to the GLD360
lightning dataset from Vaisala [18] as a confirmed refer-
ence. GLD360 data for the week of September 23, 2019
was provided for this section.

To identify lightning signals coincident between sites,
we use the Omicron transient detection tool [31] to select
periods of excess noise in the LEMI-120 magnetometers
located at LHO and LLO during the week of September 23,
2019. The LEMI-120 magnetometers are low noise, sensi-
tive up to around 400 Hz, and sampled at a rate of 4096 Hz.
Each site has two of these magnetometers, one aligned with
each orthogonal arm of the interferometer, and the Omicron
tool was run on each magnetometer independently. The
Omicron tool looks for excess energy (deviation from the
average background) via sine-Gaussian fits. This gives a
time-frequency grid of energy for the data. SNR values are
computed for each pixel of the grid, and those exceeding a
minimum threshold are recorded. Individual pixels adjacent
in time are clustered as combined events. Omicron returns
the start and end time of each of these events (referred to as
triggers) with the minimum and maximum frequency of the
pixel cluster. It also returns the time and frequency of the
maximum energy pixel of the trigger which are recorded as
“peak times” and “peak frequencies” [31].

A comprehensive list of coincident LEMI signals was
collected by selecting Omicron triggers meeting time
coincidence criteria. For triggers in different magneto-
meters at the same site, we want trigger times to be
effectively identical. For triggers at different sites, we want
triggers to be separated by no more than the travel time for a
wave propagating at 75% of the speed of light along the
surface of the Earth. This accounts for the frequency-
dependence of the signal propagation that decreases to as
low as 0.75¢ at ~10 Hz [32]. To account for uncertainties in
Omicron time clustering, these thresholds are loosened to
5 ms (20 LEMI samples) between magnetometers at the
same site and twice the light travel time for magnetometers
at different sites. This large uncertainty on the timing of the
lightning is caused by the fact that Omicron combines both
time and frequency information. Whereas the frequency
information can give more insight on the spectral behavior
of the event it comes at a cost with respect to the time
resolution. Because each site has two orthogonal

magnetometers, we selected triggers that were detected
in at least three of the four total magnetometers subject to
the aforementioned time delays. The peak time at each site
was recorded for each coincident trigger to preserve the
relative time delay between sites. This set of triggers, those
coincident between LHO and LLO magnetometers, we
refer to as “HL coincident triggers.”

We match the HL coincident triggers to the Vaisala
GLD360 lightning detection database [18]. This dataset is
collected by a broad network of GPS-synchronized sensors
which use matched waveforms to estimate the location of a
lightning stroke as well as the peak current. The current is
estimated with a resolution of O(kA), with polarity
determined by the direction of the electric field—a negative
current is assigned for an electric field pointing toward the
Earth [18]. The GLD360 network claims an 80% detection
efficiency in identifying cloud-to-ground strokes in the
Northern Hemisphere and between 10% and 80% detection
efficiency in the Southern Hemisphere [33,34]. Worldwide
lightning strokes with 10 km spatial and 1 ps temporal
resolution were provided for the week of September 23,
2019 to match the HL coincident triggers. The required
signal travel time for each GLD360 lightning stroke to each
detector is computed assuming the minimum frequency-
dependent travel speed of 0.75¢ [32]. This is used as an
upper limit for the time difference between signals at each
site and the detected lightning. A lower limit is set similarly
assuming a signal travel speed of c.

Directly trying to identify coincidences between the
GLD360 lightnings and HL coincident triggers on an
event-by-event basis leads to a tremendous amount of false
coincidences. This is caused by the large amount of
GLD360 lightnings as well as HL coincident triggers, in
combination with the large time window for identification
due to LEMI sampling (4096 Hz) and Omicron time
clustering.

To decrease the number of false positives, lightning
strokes are broken up into 24 hour segments and clustered
by location via K-means clustering [35]. A cluster can
roughly be compared to all the lightnings in a thunder-
storm. For each cluster of lightnings, an event-by-event
comparison is made between the HL coincident triggers
and GLD360 strokes. In this comparison a time slide up to
+2 s is applied to the GLD360 strokes and the number of
coincidences between the GLD360 strokes and the HL
coincident lightnings is counted as a function of the time-
slide duration. In case of a physical coincidence one would
expect to observe a large number of coincidences when the
time offset is zero and a lower number of coincidences for a
nonzero time offset. In the case of purely chance coinci-
dences, no larger amount of coincidences is expected for a
zero time offset. By selecting regional lightning clusters
where the zero time-offset peak is more than two times the
number of background coincidences, we reject coinciden-
ces which are likely to be spurious. Afterwards, the
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FIG. 1.

Map of all GLD360 lightning strokes during the week of September 23, 2019. Red (black) marks are events that did (not) align

with HL coincident triggers. The presence of coincident events highlights North America as the primary sensitivity region.

individual coincident lightnings for accepted clusters are
selected and these LHO-LLO-Vaisala coincidences, will be
referred to as “lightning-coincident triggers.”

From the two-site coincidence check, we find 314,928
total HL coincident triggers. When compared to the
45007030 total GLD360 lightning strokes, we find
268,971 total lightning-coincident triggers. We estimate
a false-coincident rate of approximately 1 in 1200. This
value is estimated from the average rate of background
coincidences over the week, measured from the time slides,
multiplied by coincidence time window.

In some clusters the background coincidences are about
0.5%—-1% of the number of lightnings in that given cluster.
With the total number of lightnings this would lead to a
number of coincidences which is of the same order of
magnitude as the amount of HL coincident triggers. This
highlights the need of the clustering and time-sliding
analysis as a method to reject false coincidences when
comparing the GLD360 strokes and the HL coincident
triggers.

As seen in Fig. 1, the coincident lightning strokes were
primarily confined to the Americas and Pacific. Over 97%
of these were in North and Central America, suggesting that
this is the approximate sensitive region for individual
lightning signals observed at the LHO and LLO sites.

The distribution of global lightning strokes is generally
balanced between positive and negative currents; however,
the strokes that match the HL coincident triggers tend
heavily toward negative currents (see Fig. 2). Negative
currents in the GLD360 are assigned to electric fields
pointing toward the Earth [18]. Strokes matched to HL
coincident triggers have a noticeable dip near zero likely
due to lower current strokes generating weaker magnetic
fields and not being witnessed by magnetometers at both
sites. The magnetic field fluctuations from lightning have
durations below 10 ms and amplitudes of a few nT. Figure 3

shows an example of a signal measured at both LHO and
LLO believed to originate from the Caribbean Sea. Spectra
of the LHO magnetometers are shown in Fig. 4, where
excess amplitude can be seen in the range 1-1000 Hz.

Lightning-coincident triggers are highly diurnal’ in
occurrence, as shown in Fig. 5. The shaded region marks
local night in the central United States. The hourly light-
ning-coincident trigger rate exceeds 2000 coincidences per
hour at times. This diurnal rate is most likely a mixture of
the local lightning rate (since most strokes are localized
spatially and occur during local night) and a diurnal
variability in the ionosphere conductivity due to solar
radiation [29]. This high diurnal variability in coincident
signals suggests that magnetic coherence between sites
may also be diurnal. Figure 6 shows the magnetic cross
spectral density (CSD) between the X-arm aligned mag-
netometers at the LIGO sites when broken up along the
day/night cycle shown in Fig. 5. Below 200 Hz, the CSD
observed during the day (red line) averages about 20%
larger than at night, whereas above 200 Hz the nighttime
CSD (black line) averages about 180% larger than
day time.

B. Reducing intersite magnetic coherence by
excluding times with lightning strokes

We can demonstrate the effect of lightning strokes on
intersite magnetic coherence by vetoing short time periods
that contain individual strokes. Figure 7 shows the coher-
ence between LHO and LLO magnetometers over the
course of the week of September 23, 2019 with and without
vetoes of individual lightning signals. HL coincident
trigger times were zeroed in the time-domain with an

3Throughout this paper we will use the term diurnal to
refer to the daily variations in lightning strokes as is done in
literature [28].
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FIG. 2. Distribution of global lightning stroke currents reported
in GLD360. Gray distribution shows the current distribution of all
lightning strokes in GLD360 not matched to an HL. coincident
trigger (corresponding to black locations on Fig. 1). Red
distribution shows the current distribution of lightning strokes
that were coincident with HL coincident triggers (corresponding
to red locations on Fig. 1). The dip at 0 in the matched strokes is
likely due to lower current strokes not generating strong enough
fields to be witnessed by magnetometers at both LIGO sites.
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FIG. 3. Time series of a lightning stroke witnessed by magne-

tometers oriented along the X-arms of each LIGO site. The blue
solid line is LLO, and red dashed line is LHO. This is a lightning-
coincident trigger linked to a lightning stroke in the Caribbean
Sea. 60 Hz mains lines were removed here.

inverse-Tukey window in one channel (to prevent elevated
low frequency coherence due to coincident vetoes) and
replaced with Gaussian noise for the duration of the trigger,
up to a maximum of 1 s, modulated by an equivalent Tukey
window. This removes a small number of very long outliers
with durations up to 1 second. However, the majority of the
triggers have durations less than 0.1 s, with 90% shorter
than 0.4 s. While this reduces the magnetic correlation
between LHO and LLO, it did not fully account for the
excess, so we also removed times directly tied to GLD360
lightning, accounting for the light travel time from the
specific location of the stroke. This was done for GLD360
strokes in a 4000 km radius circle that best encompassed
the sensitivity region shown in Fig. 1. We also repeated this,
but with all strokes in a 10000 km radius circle, centered on
the same point (far enough to reach to Europe). All
GLD360-informed vetoes had durations less than 0.06 s.
To show that removing magnetic events is the cause of the

10

= Lightning

= Background

10 100 1000
Frequency [Hz]

—

FIG. 4. Amplitude spectral density from a magnetometer
oriented along the LHO X-arm for the event shown in Fig. 3.
Excess energy reaches from below 1 Hz to over 1 kHz. The blue
curve shows 0.1 s surrounding the lightning event; the orange
curve shows 0.1 s of background before the event. These have
been corrected for the LEMI response curve, which has decreas-
ing sensitivity at higher frequencies [36].
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w
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0:00 UTC Time

FIG. 5. Hourly rate of HL magnetic triggers coincident with
GLD360 lightning strokes for the week of September 23, 2019.
Shaded regions mark approximate local night (1-13 UTC) half-
way between LHO and LLO. x-axis ticks correspond to 24 hour
increments at 0 UTC.

reduced coherence, we also applied the same number of
triggers randomly to the data and recalculated the coher-
ence. The results are shown in the bottom plot of Fig. 7, and
we see little to no reduction in the coherence.

The top plot in Fig. 7 shows the reduction in coherence
as a function of the lightning vetoes used. HL coincident
triggers accounted for 0.7% of the globally detected
lightning during this time, and represent removing about
7.5% of the observation time. GLD360 strokes in the
4000 km radius circle accounted for 21.8% of globally
detected lightning, and the vetoes removed 37.4% of the
observation time. The GLD360 strokes in the 10000 km
radius circle accounted for 44.9% of global lightning, and
the vetoes removed 70.9% of the observation time.
Massively increasing the amount of lightning vetoed does
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FIG. 6. Magnetic CSD between the LIGO sites divided into
times aligned with day and night in Fig. 5 for the entire O3 run. At
frequencies above ~200 Hz the CSD observed during local day
(14-0 UTC, red) is smaller than the CSD observed during local
night (1-13 UTC, black). The broad peaks below 60 Hz are
produced by the Schumann resonances. Peaks at multiples of
60 Hz are due to mains power lines and their harmonics.

reduce the coherence by over an order of magnitude but
also removes the majority of the observation time, which is
unfeasible in practical application. Whereas going from
using HL. coincident triggers to using GLD360 detections
has a significant impact up to around 300 Hz—nearly
double the reduction in some frequency ranges—it has
negligible impact on reducing the coherence above a few
hundred Hz and requires removing over 9 times as much
observation time.

IV. COMPARISON OF MAGNETIC
CORRELATIONS FOR DIFFERENT
DETECTOR LOCATIONS

As part of data quality checks for the search for an
isotropic GWB, during O3, the correlations of the magnetic
field fluctuations were studied between the LIGO and
Virgo observatories. The impact of these magnetic corre-
lations during O3 was reported up to 100 Hz [37]; however,
this was not done for frequencies above 100 Hz.

In Fig. 8, the coherences of the magnetic field fluctua-
tions between LHO-LLO, LHO-Virgo, and LLO-Virgo are
shown (the Hylaty data will be introduced later in this
section). The spectra are calculated using data taken
between April 2, 2019, 00:00:00 UTC and March 27,
2020, 00:00:00 UTC, consistent with O3 (but also
including the data during the commissioning break during
October 2019). Furthermore the coherence represented in
Fig. 8 is, at each frequency, the maximal value from the
four possible coherence pairs using the two orthogonal
magnetometers at each site (along the x- and y-arms for
LHO and LLO and along geographical North-South and
East-West for Virgo).

Some of the Schumann resonances are more coherent in
one pair or another. Typically the difference between the

—
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FIG. 7. Top: Coherence (LHO and LLO magnetometers)
spectra for the week of September 23, 2019 with varying amounts
of lightning events vetoed. In the absence of correlated noise, one
expects this to be consistent with Gaussian noise given by the
number of averages (N) used to make the coherence spectrum,
indicated by the black dashed line. Bottom: Randomly applying
the same number of trigger vetoes to the data has minimal impact
on the coherence spectra suggesting that lightning is the direct
source of high frequency coherence. We note that near 1 Hz the
coherence of the data with randomly shifted vetoes is lower. The
origin of this is unknown.

minimal and the maximal observed coherence at the
different magnetometer pairs for a given baseline is about
one order of magnitude or less at a given frequency. In
some limited number of cases the difference is two orders
of magnitude.

There is a nonzero magnetic coherence above 50 Hz,
where one might expect the strength of the Schumann
resonances to be small. This higher-frequency coherence
has not been previously reported in the context of gravi-
tational wave detectors. The observation of this high-
frequency intersite correlation was facilitated by the
acquisition, for O3, of magnetometers placed far from
the magnetically noisy buildings.

It is interesting to note that earlier investigations of
magnetic correlations between LHO and LLO during the
initial detector era reported some excess coherence between
50-100 Hz [4]. This magnetic coherence during the fifth
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FIG. 8. Coherence spectrum between HL (blue), HV (orange),
LV (red), Hylaty-LHO (green), Hylaty-LLO (purple), and Hylaty-
Virgo (brown). At each frequency the maximal coherence of the
four magnetometer pairs is plotted for a given baseline. In the
absence of correlated noise, one expects this to be consistent with
Gaussian noise given by the number of averages (N) used to make
the coherence spectrum, indicated by the black dashed line. Data
spans April 27, 2019, 00:00:00 UTC to March 27, 2019,
00:00:00 UTC, consistent with the overlap between LIGO’s
and Virgo’s third observing run (also including data from the
commissioning break during October 2019) and the availability of
the Hylaty data. Above 250 Hz (red dashed line), the magnetom-
eters at the Hylaty experience significant loss in sensitivity.

science run (S5) is rather minimal above 50 Hz and does
not extend above 100 Hz. Since the integration time used in
the S5 analysis, is quite similar to the time used for O3
(Fig. 8), the difference is likely due to the use of sensitive
magnetometers located far from the buildings during O3.
During the earlier S5 run, all magnetometers were inside
the buildings in a magnetically-noisy environment. In
addition, in [9] the authors investigated the impact of a
nonuniform lightning distribution on the observed
Schumann resonances.

Figure 9 reports the CSD between the different magne-
tometers for the HL, HV and LV baselines—pairs of GW
detectors—of data taken between April 2, 2019, 00:00: 00
UTC and March 27, 2020, 00:00:00 UTC. Here, we show
the quadratic sum of the four different individual CSD
combinations, as represented in Eq. (2). Furthermore, we
use the modulus of the individual magnetic CSD instead of
only the real part. This choice is made since it is the most
conservative option we can choose

CSDy; = 21, (), ) + 1, (1), ()P
L), (P + 1, () (PP, (2)

with /; (f) the Fourier transform of the magnetic data
my, (t) measured by sensor 1 located at GW detector 1. The
factor of 2/T is a normalization constant of the Fourier
transform, where 7 is the time duration of the data segment
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FIG. 9. CSD!/? [as given by Eq. (2)] of HL, HV, LV, Hylaty-
LHO, Hylaty-LLO and Hylaty-Virgo. Data is used from April 27,
2019, 00:00:00 UTC to March 27, 2020, 00:00:00 UTC,
consistent with the overlap between LIGO’s and Virgo’s third
observing run (also including the data from the commissioning
break during October 2019) and the availability of the Hylaty
data. Above 250 Hz (red dashed line) the magnetometers at the
Hylaty experience significant loss in sensitivity. The broad peaks
below 60 Hz are associated with the Schumann resonances.

when applying the Fourier transform. In the remainder of
the paper we will always use this conservative estimate of
the CSD when discussing the magnetic CSD.

Both the magnetic coherence (Fig. 8) and the CSD
(Fig. 9), fall off more rapidly with increasing frequency in
the case of HV and LV compared to HL. The fast decline in
magnetic CSD for the HV and LV baselines can be
explained by the increased attenuation of magnetic field
fluctuations caused by lightnings at larger distances.
Namely the distance between LHO and LLO is about
3000 km, whereas the distances between Virgo and LHO,
LLO are respectively ~ 8800 km and ~ 8500 km. This is
also in line with the elevated thunderstorm activity in the
Americas compared to Europe. The rate of lightning near
LLO tends to be greater than the rate in Europe, and the rate
around LHO is lower than around Virgo and comparable to
Poland [38].

To further test this hypothesis, we include data from
another magnetometer station. The station we use is part of
the WERA project [17]: the Hylaty station located in the
Bieszczady Mountains in Poland [16]. The distance
between the Hylaty station LHO, LLO and Virgo is
respectively ~ 8800 km, ~9000 km and ~ 1100 km. The
station is equipped with two magnetometers, oriented along
North-South and East-West and is located in a very quiet
location to measure ELF magnetic fields. The magnetom-
eter response, as a function of frequency, is quite flat up to
250 Hz, but declines rapidly above with only 50% response
at 262 Hz. Therefore we will focus in the following analysis
on the frequency region 1-250 Hz.

The coherence and CSD between the magnetometers
located at Hylaty and GW detectors are shown in Figs. 8
and 9, respectively. We note that the coherences between
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different baselines span several orders of magnitude, even
at the Schumann frequencies. Above 100 Hz, the HL-
baseline has the highest coherence followed by the
Hylaty-Virgo baseline. HV and LV have the lowest
coherence of all. When looking at the CSD, we notice
the amplitude of the CSD at the fundamental Schumann
mode (7.8 Hz) ranges from 0.4 pT?/Hz to 1 pT?/Hz.
Above 100 Hz the CSD of HL is the largest by one
order of magnitude. The baseline CSDs in descending order
are (above 100 Hz); CSDyy, > CSDyyjay.v > CSDyy =
CSDyy > CSDyyiary-1n & CSDyytary--

This can be explained by the characteristics of the
propagation of electromagnetic waves in the Earth’s
atmosphere and the location of the main thunderstorm
regions.

The magnetometers located at LHO-LLO and Hylaty-
Virgo have the highest CSDs. The distance between the
magnetometers for other baselines is 2.5 to 9 times larger,
leading to larger attenuation of the electromagnetic waves.
The significantly higher coherence and CSD in the HL
baseline compared to the Hylaty-Virgo baseline can be
explained by the main thunderstorm regions. Whereas LHO
and LLO are located in a (very) active thunderstorm region,
Hylaty and Virgo are further away from the main thunder-
storm regions, located in America, Africa and Asia.

The observed behavior discussed in this section is
consistent with what is expected from our hypothesis
postulated in Sec. 11, i.e., the superposition of individual
lightnings is the likely source to explain the observed
coherence and cross-correlation between the magnetome-
ters at the GW detectors during O3 [9].

V. IMPACT ON GRAVITATIONAL
WAVE SEARCHES

In this section we will study the impact of the (super-
position of) individual lightning strokes on searches for
GWs. The projection of magnetic noise onto the sensitivity
of a GW analysis is typically called a magnetic budget. By
constructing this magnetic budget we make predictions at
which level these magnetic disturbances couple to our
interferometric detectors. In Sec. VA we will discuss the
mechanisms of how magnetic fields can couple to the GW
detectors. In Sec. VB we will discuss the impact on the
search for an isotropic GWB, and Sec. V C focuses on the
impact of the individual lightning strokes on transient GW
searches.

A. Coupling of magnetic fields to GW
interferometric detectors

Magnetic fields can couple to a GW interferometric
detector by acting on the permanent magnets of electro-
magnetic actuators located on the test masses and/or their
suspensions [11,12,39,40]. This is typically the dominant

effect at low frequencies, and additional coupling might
occur when magnetic fields act on optical components such
as suspended benches [11]. At higher frequencies other
mechanisms (sometimes specific to a particular interfer-
ometer) induce magnetic coupling to the interferometer,
such as interaction with signal cables [11,40].

To measure the coupling of magnetic fields to the
interferometer, large magnetic fields are generated during
a set of environmental noise injections at the beginning and
end of observing runs [12]. At LHO and LLO, broad- or
narrow band magnetic injections are made using coils
positioned at about 15 locations in the three buildings. The
measured coupling is the ratio of the signal produced in the
graviational wave channel by the injection, to the amplitude
of the injected magnetic field measured by magnetometers.
It is assumed that the injection coil is distant so that the field
at a magnetic coupling site is about the same as it is at the
magnetometers nearest to the coupling site. In addition to
the prerun and postrun injections, weekly injections were
made at one of the most sensitive regions to monitor
changes in coupling. To estimate the effects of distant
lightning, a composite or “‘sitewide” coupling function was
generated from the largest local coupling function at each
frequency. In this paper we use the sitewide coupling
measured at the start of O3,% rather than the weekly
measurements. The specific coupling functions used for
LHO and LLO, as well as detailed information about all
PEM sensors, can be found on the PEM website
(PEM.LIGO.org) [41]. For Virgo the averaged magnetic
coupling was used which is presented in [42] and some of
the weekly measurements are presented in [11].

At frequencies above several hundred Hz, the effect
from the injected fields is often not strong enough to be
observed in the GW sensitive strain channel. In this
case an upper limit of the magnetic coupling function is
provided. At Virgo it was possible to measure the high-
frequency coupling during some weeks [11], while at the
LIGO detectors, only upper limits were placed above
~200-300 Hz.

The coupling function discussed above is for magnetic
fields measured by magnetometers in the buildings and is
referred to as the inside-to-GW channel coupling. The
sensitive magnetometers for measuring intersite coherence
are located far from the magnetically noisy buildings and
the coupling of outside fields to inside fields, is termed the
outside-to-inside coupling function.

Previous estimates of this outside-to-inside magnetic
coupling function were made using a coil generating
magnetic fields outside the central building at LHO [37].
However, the fields generated by the injection coils differ

*Given the emergency shutdown due to the Covid-19 pan-
demic only limited injection tests were performed at the end of
0O3. Since these were consistent with the sitewide coupling
measured at the start of the run, no further measurements were
made.
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from lightning-generated fields in that the lightning fields
are transient on shorter time scales and more uniform over a
site. Therefore, the outside-to-inside magnetic coupling
was measured using the magnetic fields generated by
distant lightning strokes. This method is explained in more
detail in Appendix A. A scalar outside-to-inside magnetic
coupling function was calculated for magnetic fields from
lightning for LLO. The distribution was found to be log-
normal with a mean of 0.7f8"§t nT/nT. Future studies
should aim to measure the outside-to-inside magnetic
coupling function for lightning fields at the different sites.

B. Impact on the search for an isotropic GWB

The isotropic GWB analysis tries to measure Qg
[43-45], the energy density dpgw contained in a logarith-
mic frequency interval d In f, divided by the critical energy
density p. needed for a flat universe,

~ 1dpgw
=it (3)

In the absence of correlated noise, the cross-correlation

statistic C;;(f) [Eq. (4)] for detectors I and J, is an
unbiased estimator of Qgw [44,45]

_ 2Re[§;(/)5,(f)]
T J’IJ(f)So(f) .

An explicit expression for the contribution of the correlated
noise that biases this estimator can be found in Eq. (12)
of [46]. 5;(f) is the Fourier transform of the time
domain data s;(¢) measured by interferometer 1, y;; the
normalized overlap reduction function [43] which
encodes the baselines geometry and Sy(f) is given by
So(f) = (3H3)/(10z°f3), where H, is the Hubble-
Lemaitre constant. 7 is the total observation time of your
data taking period. However, if you are analysing the data
in separate segments this becomes the duration of the time
segments used.

In the small signal-to-noise ratio limit for the GWB, the
uncertainty on C;;(f) is given by Eq. (5), where Af, is the
frequency resolution [44,45]

Ciy(f) (4)

L PiH)Ps(f)
oulf) % \/ 2TAf i, (NS5(f) G)

Equivalent to the cross-correlation statistic [Eq. (4)] one
can construct a magnetic cross-correlation statistic given by
Eq. (6) [4,5].

2 Refm; (f)m, (f)]
T yu(NS(f)

where k;(f) describes the coupling from magnetic fields to
interferometer I and 7, (f) is the Fourier transform of the

é\:'mag.lf(f) = |Kl(f)||KJ(f) (6)

time domain data m; () measured by a magnetometer at site
I. T is the duration of the segments used when Fourier
transforming the magnetic data.

When analysing data in search of an isotropic GWB, one
typically constructs the magnetic cross-correlation statistic
(A?mag., 7(f) to investigate if the observed magnetic fields
might result in correlated noise in the analysis. The
magnetic coupling functions x;(f) are the product of the
outside-to-inisde and inside-to-GW channel magnetic cou-
pling functions. The latter is measured by injecting mag-
netic fields with known amplitude and frequency and
observing their impact on the output in the GW data
sp(1) [11,12,39,47-50].

At all sites I, the environmental magnetic field outside
the buildings is measured in the local horizontal plane by
two magnetometers, perpendicular to each other: m; and
my,. To be conservative, we will use the quadratic sum of
the four different combinations as well as the modulus
of the magnetic cross-spectral density [see Eq. (2)] instead
of only the real part as in Eq. (6). This leads to Eq. (7),

CSD,,

S0

émag,]!(f) = |Kl(f)||’<1(f)|

The method used to construct the magnetic budget
presented here is different from the budget presented by
the LIGO, Virgo and KAGRA collaborations in their search
for an isotropic GWB [37]. There are four main differences,
the first being the larger frequency range from 20 Hz to
675 Hz which is the entire frequency range having regular
measurements of the inside-to-GW channel magnetic
coupling at all three sites. A linear interpolation as a
function of frequency is performed. Secondly, the LVK
Collaborations used the magnetic spectrum obtained from
one (the worst) pair e.g., Re[my, (), (f)] [37], whereas
here we use the more conservative CSD;;, combining the
modulus for all four CSD-pairs for one baseline. In [37], an
additional factor of 2 is included because of their choice of
one single direction compared to the total CSD. Thirdly, in
[37] they use an approximate outside-to-inside transfer
function of 1, based on measurements made using injection
coils at LHO. Here we will use the measurement for LLO
described in Appendix A, based on lightning-generated
magnetic fields instead of coil-generated fields, with a
resulting value of 0.7f8’§ nT/nT. For the budget we will
assume both LHO and Virgo have the same outside-to-
inside coupling function as LLO. In the future dedicated
studies at the other sites should give accurate site-depen-
dent measurements. Fourth and finally, they used the
weekly magnetic coupling measurements at each site
and computed a budget for every week of O3. Here we
will rather use the sitewide coupling functions measured for
LHO and LLO. For Virgo we will use the average of the
weekly measurements in the central building, which has the
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largest coupling. A downside of the sitewide coupling with
respect to the weekly measurements is that for LHO the
frequency resolution is worse compared to the resolution of
the weekly injections.

Similar to the budget presented in [37] the three separate
magnetic budgets for each baseline are combined weighing
them by the sensitivity of the respective baseline to a GWB,

Cmag = ;WIJ(f)émag,lJ(f)’ (8)

where

wiy(f) = (o1,(f)/o(f))? and o2 =) oi7. (9)

This weighing method was first proposed in [46]. Given
that the HL-baseline is the most sensitive pair to GWs, its
magnetic budget will dominate the total budget presented
here, except around the zeros of its GW overlap reduction
function.

The darkest blue band in Fig. 10 reports the upper lo
uncertainty band. The lighter-blue bands respectively
indicate the upper 2¢ and 3¢ uncertainty. No lower errors
are shown, since they are found to be negative. In
Appendix B the error propagation of the budget is
discussed in detail. This includes the uncertainty of the

1074 =

outside-to-inside coupling as well as a factor 2 of uncer-
tainty related to inside-to-GW channel magnetic coupling
function, given the limitations of the inside-to-GW channel
coupling function measurement [12]. The variation of the
weekly measurements was observed at the central building
of each site. However the sitewide coupling functions used
for LHO and LLO rely on measurements from different
physical locations, which were only performed at the start
and end of O3. Given there is no guarantee that these
other coupling locations have the same weekly variation,
no error for the weekly variation was taken into account.
The weekly variation was measured, as described in
Appendix B, and was found to have a minimal effect on
the budget presented in Fig. 10. Ideally, the weekly
variation of the sitewide coupling would also be measured
in the future such that this error can be taken into account.

We want to point out that much of the topology of the
budget is due to the limited frequency resolution of the
measured coupling function and the linear interpolation in
between points. The peaks and dips near 50 Hz and above
are a clear example. Ideally future measurements of the
inside-to-GW channel magnetic coupling function would
have finer frequency resolutions. This is being addressed at
LHO, LLO and Virgo by installing much larger injection
coils to produce larger fields so that broadband injections
can be made.

We conclude that there was no magnetic contamination
in the search for an isotropic GWB during O3, which is
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FIG. 10. Magnetic noise budget represented by the blue band. The purple dots represent the budget without any errors included. The
dark and lighter blue bands represent the upper 16—3¢ uncertainty as described in Appendix B. No error is included for the weekly
variation, however as explained in the text this effect was found to be minimal. The lower errors are not shown in this figure since the
error propagation as described in Appendix B leads to negative lower limits. Also represented are the O3 sensitivity for narrow band
features for an isotropic GWB, given by its standard deviation ¢(f); the O3 broadband sensitivity, given by its power-law integrated (PT)
curve (red); and the broadband sensitivity expected to be reached with the LIGO A+ and Advanced Virgo Plus network, Design A+

(gray dot-dashed).
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consistent with Gaussian noise. This conclusion was also
reached based on the magnetic budget by the LVK
Collaborations in the frequency range 20-100 Hz [37].
Also at frequencies between 100-675 Hz, there was no
magnetic contamination, neither narrow band, nor broad-
band. Concerning narrow band magnetic contamination,
one should compare the upper range of the magnetic budget
and its narrow features with the standard deviation of the
search for an isotropic GWB o(f). We note that the loudest
peaks (60 Hz and harmonics) linked to the US power mains
are excluded from the analysis [37]. The blue band of the
magnetic budget being below the power-law integrated (PI)
sensitivity curve (red line) implies there is no broadband
magnetic contamination. The Pl-curve is a broadband
sensitivity curve typically used in searches for an isotropic
GWRB. It represents the envelope of all power-law signals
that could be observed with a certain SNR (SNR = 2 in
Fig. 10) given a certain sensitivity [51].

In case the correlations from the magnetic field fluctua-
tions, both amplitude and frequency behavior, as well as the
magnetic coupling (outside-to-inside as well as inside-to-
GW channel) remains the same for future observing runs,
there is a chance that magnetic contamination might affect
the search for an isotropic GWB when LIGO and Virgo
reach the LIGO A+ and Advanced Virgo Plus sensitivities
[52] respectively. These sensitivities are planned to be
reached later this decade. Up to ~50 Hz, the 26 budget
contour touches the PI curve indicating there is a non-
negligible risk that magnetic noise might bias or affect the
search for an isotropic GWB. From ~ 160 Hz, there is
again a non-negligible possibility of significant magnetic
contamination. However, we note that the values of the
inside-to-GW channel magnetic coupling at these and
higher frequencies are often not measured but are rather
upper limits.

Based on this budget we believe more work in the
upcoming observing run(s) is needed. First, we recommend
increasing the magnetic injection strength at frequencies
above ~160 Hz to either measure the inside-to-GW chan-
nel magnetic coupling or push down the upper limits by a
factor of 2-3 at each interferometer. Second, a reduction in
the variability of the outside-to-inside magnetic coupling
would be helpful. This might be possible by taking into
account the direction to the lightning and the specific
location in the building. In order to reduce the coupling
variability, it may be necessary to reduce the lightning-
induced currents on the beam tube that pass through
the buildings (see Appendix A). Ideally the outside-to-
inside magnetic coupling would be measured at each site.
Third, it would be helpful to reduce the factor of two
uncertainty in the inside-to-GW channel coupling function,
although there are difficulties in doing this [12]. The budget
would also benefit from a finer frequency resolution of the
measurements of the inside-to-GW channel coupling func-
tions, which is made possible with larger fields from larger

magnetic injection coils. Finally, instead of a combined
budget for an entire observing run, the time dependence of
the magnetic coupling and its effect on the search for a
GWB should be studied in more detail. This ideally
would entail performing weekly (nearly) sitewide in-
jections. Many of these suggestions are already being
pursued [53,54].

The diurnal and seasonal variations in the amplitude of
the magnetic field fluctuations may provide a test to
differentiate between correlated noise from lightning and
a GWB signal. The current search for a GWB uses year-
scale periods of data that are broken into minute-scale
segments. As one test for lightning contamination, the
intersite correlation could be recomputed for only daytime
segments and, separately, for nighttime segments. If a
correlation were due to lightning, we would expect a
greater correlation for the nighttime data than for the
daytime data. We would expect no significant day/night
difference if the correlation were only due to an isotropic
GWRB. One could similarly separate the data into seasons
for a second test. Furthermore we want to point out that in
the past several efforts have been studied to validate the
detection of a GWB in the case of correlated noise. This
includes the use of GW-geodesy [55,56], joined Bayesian
parameter estimation [46] and Wiener filtering [4-7].
However these works have mainly focused on the
Schumann resonances.

The effect of correlations from magnetic field fluctua-
tions on future-generation GW interferometric detectors
has been studied for the Einstein telescope [42]. One should
also be aware that the high frequency correlated noise can
be larger for detectors near large thunderstorm regions and/
or mutual closely located detectors.

C. Impact on the transient GW searches

We can estimate the effect of the individual lightning
strokes on the GW strain using outside-to-inside magnetic
coupling functions and inside-to-GW channel coupling
functions for internal magnetometers. We present the
budget for LLO in Fig. 11. We chose LLO to examine
here due to greater nearby lightning activity relative to
LHO as well as stronger observed magnetic coupling. This
combination allows us to examine the worst case scenario
for coupled lightning events.

To date, LIGO has not observed excess noise in GW
strain due to individual lightning events [47,57], whereas
Virgo has [58]. Note that vibrational effects from thunder
have been observed both at LIGO as well as Virgo [47,58].
With the increasing sensitivity of the current and future GW
detectors, it is important to understand if additional
mitigation efforts will be required.

Similar to the budget constructed in Sec. V B we use the
scalar value of the outside-to-inside magnetic coupling
function measured from the ratio of the amplitudes of
individual lightning events as described in Appendix A.
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FIG. 11. Estimates of the strain noise produced by individual lightning strokes for LIGO and, assuming the same magnetic coupling,
for future detectors. The wide bands were made by projecting LEMI magnetic field spectra from the 1st, 100th, and 10,000th highest
amplitude lightning strokes detected by Omicron projected into the main GW strain channel through the outside-to-inside and inside-to-
GW channel magnetic coupling functions as measured at LLO. Spectra represent 0.5 s around lightning event. Shaded regions represent
the 68% confidence interval for the spectra at frequencies where the inside-to-GW channel coupling functions are fully measured.
Downward triangles represent the spectra at frequencies where only an upper limit for the inside-to-GW channel coupling is known.
Upper limits are the maximum potential value of the inside-to-GW channel coupling when an injection does not generate a response in
the GW strain readout. These estimates are shown against O3 background (blue line), the A+ design sensitivity (light orange line), and
sensitivity estimates of Cosmic Explorer (dark orange line) and the Einstein Telescope (green line). The coupling at these planned
facilities could potentially be reduced from the levels measured at LLO by further separating magnetic coupling sites, like cables and

actuation magnets, from lightning-induced currents on the beam tubes.

The inside-to-GW channel magnetic coupling functions
include both directly measured values as well as upper
limits. Measured values are log-normal with a factor of 2
uncertainty, and upper limits are treated as uniform uncer-
tainties from O to the upper limit value in each frequency
bin [12].

Figure 11 includes theoretical noise curves for current
and future detectors [59—62]. The predicted contribution to
the GW channel spectrum of the loudest, 100th loudest, and
10,000th loudest individual lightning-induced magnetic
events are shown (red, dark blue, and light blue, respec-
tively) for the week analyzed (out of the 268971 total HL
coincident triggers). The width of these shaded regions
represents the 68% confidence interval of the predicted
contribution to the GW channel, based on the combined
uncertainty in the product of the outside-to-inside and the
inside-to-GW channel coupling functions. The downward
triangles show the high value of the 68% confidence
interval for values of the outside-to-inside coupling func-
tion with the upper limit inside-to-GW channel coupling
function, which, as an upper limit, we assume has no
uncertainty. All of these loudest events fall below the real
03 background but exceed the A+ design sensitivity below
20 Hz. If, in the future, lightning would couple significantly
to the GW sensitive channel at one of the detectors, the
event would also be measured by multiple magnetometers

at each site. Such events would be identified in the standard
PEM vetting system by estimating their impact on the GW
sensitive channel [12]. Once identified, It may be possible
to subtract these glitches, though the coupling variability
may make this subtraction difficult. However, glitch sub-
traction is performed for other types of glitches [63] and
subtraction by Wiener filtering has been investigated for
Schumann resonances [4-7].

The correlated power due to lightning could bias both
unmodeled burst as well as modeled CBC searches. As an
illustration, if the magnetic coupling for third-generation
detectors remains the same as those for the current
detectors, O(10°) magnetic transients per week would
appear in the data. It is expected that binary neutron star
mergers could be in the sensitivity band for O(10%s) in the
case of third-generation detectors [64,65]. Modeling these
coherent lightnings as a Poisson process, it is nearly
guaranteed that at least one lightning transient will overlap
with one of these BNS signals, with over 160 overlapping
lightnings expected on average for a single event. While
these coherent magnetic signals may be vetted using
magnetometer measurements, their presence and rate could
interfere with transient GW searches and parameter esti-
mation. This could be mitigated to some extent by reducing
the magnetic couplings, since fewer magnetic transients
coupling into the GW data stream will reduce the total
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impact on searches and analyses. However, we also
recommend more detailed investigations into how to
efficiently subtract these short transients from future longer
events.

For third-generation detectors, it may be important to
consider facilities designs that could reduce the outside-to-
inside coupling. Construction materials may need to be
selected with this coupling in mind. For example, buildings
could be constructed without using large ferromagnetic
I-beams.

The lightning-induced beam tube currents discussed in
Appendix A are probably particularly insidious because
the beam tubes carry currents right into the heart of the
detector where they generate magnetic fields in the most
magnetically sensitive regions. The lightning-induced
beam tube currents might be reduced by increasing the
resistance of the beam tube path through the building and
reducing the resistance between the beam tube and
ground, or by active cancellation. The coupling of light-
ning-induced beam tube currents might also be reduced by
distancing the primary coupling sites, like the magnets in
magnetic actuators and the cable trays that carry signal
cables, from the beam tubes. Other structures may also
carry induced currents, and ferromagnetic structures such
as I-beams may even locally amplify the correlated
magnetic fields.

Furthermore, one can try to reduce the amount of
magnets and ferromagnetic components attached to the
test masses, as well as moving them higher up in the
seismic suspensions stages. Finally, additional shielding
can be considered as a complementary method to reduce
the magnetic coupling [40].

VI. CONCLUSION

Presented in this paper are the results of the investigation
into of the effects of magnetic field fluctuations from
lightning strokes and their coherence and correlations over
distances of several thousands of kilometers. We discuss
why they are the likely source of the observed coherence
and correlations between magnetometers located at GW
detectors LIGO Hanford, LIGO Livingston, and Virgo,
during their last observing run O3.

We predicted the effect of these magnetic fields on
gravitational wave detection by measuring magnetic cou-
pling to the detectors using large-amplitude magnetic field
fluctuations from lightning and from magnetic injection
coils. Whereas O3 was free of magnetic contamination,
there is a real risk that more sensitive future runs could be
affected by correlations as well as transients associated with
lightning. Future detectors such as Cosmic Explorer and
Einstein Telescope are predicted to be strongly affected,
assuming that their magnetic coupling functions are similar
to those for current detectors.

To this extent more research is needed on methods to
decrease the magnetic coupling, both outside-to-inside as

well as inside-to-GW channel. This might be crucial for
third-generation detectors, however current-generation
detectors at their final sensitivity might also benefit from
reduced magnetic coupling. The magnetic coupling could
be reduced by shielding of the test masses [40] and further
optimization of eddy current shielding from building
cladding. The reduction of lightning induced beam tube
currents, as discussed in Sec. V and Appendix A should
also be further investigated. Finally, for third-generation
detectors the placement of magnets and ferromagnetic
components in the suspension design should be carefully
considered.

More detailed studies are required to investigate how the
effects of correlated lightning events can be mitigated at the
level of the analysis. One can consider for example
subtraction as is done for other noise sources [4—7,63].
However the large variability and uncertainty in the
coupling functions might make this difficult. On the other
hand, the diurnal (and seasonal) variation in lightning may
be useful for distinguishing between inter-site correlations
from lightning and from gravitational waves, by exploiting
their inherently different time behavior.
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APPENDIX A: THE OUTSIDE-TO-INSIDE
MAGNETIC COUPLING FUNCTION

Presently, we produce estimates of the inside-to-GW
channel coupling of magnetic fields around the detector to
the main GW strain readout by generating large fields
(much larger than the magnetic fields generated by light-
ning) inside the buildings that house the sensitive regions of
the detector, and then comparing the amplitude of the
resulting signals from the GW strain readout and from the
magnetometers in the buildings. In order to estimate the
signal in the GW strain readout using the outdoor LEMI
magnetometers, which are away from the noisy buildings
and sensitive to the small intersite correlated fields, we need
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to be able to estimate the amplitude of the fields inside,
around the detector, from the fields measured by the outside
LEMI magnetometer.

Previous estimates of this outside-to-inside magnetic
field coupling were based on a comparison of outside and
inside magnetometers for magnetic injections made using a
generating coil that was set up at multiple locations outside
of the vertex building [37]. However, these coil-generated
fields differ from the fields from distant lightning in
time-scale and field uniformity. Lightning detection net-
works make it possible to identify lightning-generated
magnetic field transients and thus to measure the outside-
to-inside coupling specifically for magnetic fields from
lightning.

To estimate this outside-to-inside coupling, individual
lightning strokes were selected from the GLD360° at
ranges exceeding 200 km from LLO. The distance
requirement serves to reduce any vertically-oriented field
since the outdoor magnetometers are designed to detect
Schumann resonance fields and have no vertical axis. We
chose to calculate this for LLO due to the greater
abundance of nearby lightning events. The events with
the largest estimated ratio of current to distance were
picked to ensure the signal was clearly witnessed by
both outside and inside magnetometers. Signals were
selected with an SNR exceeding 10 as measured outside
and greater than 6 inside. Notch filters were used to
remove all harmonics of the 60 Hz mains line. All
axes were added in quadrature (including the vertical
components for interior magnetometers), and the result
was high passed to remove any DC offset from the
quadrature sum.

Time series of an example lightning event are shown in
the two top panels of Fig. 13. The ratio of the peak
amplitudes of these processed time series was used to
estimate a scalar value for the outside-to-inside coupling
function. Using multiple lightning events results in a log-
normal distribution of coupling values with mean value
0.7f8'§1 nT/nT (Fig. 12). The power-law estimate from
static coil injections discussed earlier agrees strongly with
this estimate, falling within the uncertainty limits for our
frequency range.

Some interior magnetometers witnessed significant
vertically-oriented magnetic fields for some lightning
signals, primarily at LLO. Significant vertical fields are
not expected for distant lightning [66] and are not moni-
tored by the external magnetometers. Horizontal fields may
produce vertical fields through induced currents or field
distortions associated with ferromagnetic structures. The
vertical fields that were observed in the building were

For this measurement additional GLD360 data was pro-
vided by Vaisala for the week of July 8 to 14, 2019 as well as
December 29, 2021 to January 3, 2022, January 25 to 27, 2022,
and February 3 to 5, 2022.

ROTI

FIG. 12. Histogram of outside-to-inside coupling function
values estimated from individual lightning strokes.
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FIG. 13. Top: Filtered magnetometer measurement of magnetic

field believed to be from a lightning stroke as measured by
outdoor magnetometers at LLO. Center: The same lightning-
generated field as measured by an interior magnetometer, show-
ing a strong vertical component. Bottom: Measurements from
current probes clamped to beam tube grounding cables at various
locations on the X-arm (CS: corner station, EX: X end station). At
the location of the magnetometer, the field from a current on the
beam tube would mainly be vertical. The observed delay in the
outside LEMI magnetometer is believed to be an instrumental
effect due to an additional fiber-optic transmission step in
recording the data.

roughly consistent with a simple model in which the distant
lightning would induce currents in a loop consisting of the
beam tube, the beam tube grounding, and the earth beneath
the beam tube. This induced current would generate fields
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around the beam tube inside of the buildings. The existence
of beam tube current transients coincident with distant
lightning was confirmed using current probes clamped on
beam tube grounding cables. GLD360 lightning events
from distances greater than 200 km from the site were
selected and the magnetic fields measured on site for these
events were identified in our magnetometers in coincidence
with currents measured on the beam tube. Figure 13 shows
one such signal witnessed by both exterior and interior
magnetometers and the beam tube grounding current
monitor.

APPENDIX B: ERROR PROPAGATION
FOR THE PROJECTED IMPACT ON AN
ISOTROPIC GWB

In our budget we want to combine the three different
baselines by weighing them with respect to their impor-
tance for the GWB search as introduced in Eq. (8). The sum
runs over the three baseline pairs HL, HV, and LV and the
definition of Cyjyes/(f) was introduced in Eq. (7). We
know that the coupling function can be divided in two
components as follows:

k;(f) = xrom(f) - krira(f), (B1)
where we have used the abbreviations OTI and ITG for
outside-to-inside and inside-to-GW channel respectively.

For the calculation of the errors we will assume all
quantities are exactly known apart from the coupling
functions, i.e., scsp, = 0,5, =0, 55, =0, and 5, = 0.

The outside-to-inside coupling has only one uncertainty,
whereas the inside-to-GW channel has an uncertainty due
to the measurement and location of witness sensors
(Sinwinsic) as well as due to the weekly variation (syeckiy)-

SK“TG (f) = \/sweekly,l(f)2 + Sintrinsic,l(f)z' (BZ)

The error on the total coupling function becomes

S (f) = [S%um (f) 'K%,ITG(f) + Sz,m; (f) K%,OTl(f)]l/z'
(B3)

The error on C’mag’l 7(f) is given by

St ) = |21 (Cfﬁm)

eain(C?) ]

Finally for the combined budget including all three base-
lines we get the following error

sea )= D wh(F)-sE,., (). (BS)

The weekly measurements of the inside-to-GW channel
magnetic coupling functions at the central building of each
site were used to compute the geometric standard deviation.
This standard deviation is a good measure of the uncer-
tainty introduced by the time variability of the coupling
functions. As a figure of merit we present the average
geometric standard deviation for each baseline,

<5weekly,H> =14 KH.ITG(f)
<Sweek1y,L> =13 'KL,ITG(f)

<Sweekly,v> =16- KV,ITG<f)~ (B6)
However, since there is a non negligible amount of
frequency variability, the frequency dependent error will
give the most accurate results.

As mentioned in the main text, the weekly error was set
t0 €10 Syeeky = O for the budget presented in Fig. 10. This
choice was made as it is unclear whether a similar weekly
variation is expected across the different coupling loca-
tions. The budget including the frequency dependent
Sweekly(f) was only marginally larger compared to the
budget presented in Fig. 10.

The other errors used are

Simrinsic.l(f) =2- Kl(f)
sorry = 0.4

SOTI.— = O, 3
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