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Abstract

Spurious solar-wind effects are a potential noise source in future Laser
Interferometer Space Antenna (LISA) measurements. One noise coupling
mechanism is constrained by estimating solar-wind effects on acceleration
noise in LISA Pathfinder (LPF). While LISA is designed for drag-free differ-
ential measurement, predicting the realistic impact both bounds the operational
environment and assesses whether LISA could provide serendipitous space-
weather observations. Data from NASA’s Advanced Composition Explorer
(ACE), situated at the L1 Lagrange point, serves as a reliable source of solar-
wind data. The data sets are compared over the 114 d time period from 1
March 2016 to 23 June 2016. This period gives the longest readily-available
open data set, without interference from other commissioning activities. To
evaluate space weather effects, the data from both satellites are formatted, gap-
filled/interpolated, and fast-Fourier transformed for amplitude spectral density
and coherence comparisons. Solar wind effects are not seen in a coherence plot
between LPF and ACE; modest coherence in the planned LISA observational
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frequency band can be attributed to chance. This result indicates that measur-
able correlation due to solar-wind acceleration noise over 3 month timescales
will be a negligible noise source. LISA is unlikely to inform solar wind meas-
urements routinely. Another source of noise from the Sun, solar radiation
pressure, is estimated to impart greater acceleration noise, but has yet to be
analyzed.

Keywords: space weather, solar wind, gravitational waves, LISA
1. Introduction

The future Laser Interferometer Space Antenna (LISA) will be the first space-based gravita-
tional wave detector on a heliocentric orbit [1]. The LISA mission expands upon the work of
the ground-based Laser Interferometer Gravitational-wave Observatory (LIGO) [2], Virgo [3],
KAGRA [4], GEO600 [5, 6], and their prototypes and partners, which have made signific-
ant contributions to our understanding of the Universe [7, 8]. LISA will measure frequen-
cies ranging from approximately 0.1 to 100 mHz [1]. The LISA constellation will consist of
three spacecraft in an equilateral triangle with arms 2.5 million km long, forming an antenna.
This antenna will follow about 20 degrees behind the Earth. Each spacecraft will contain two
centered, free-falling test masses. Deviations from the geodesic motion of the test masses are
detected with time-delay interferometry (TDI) [1], using six laser links that connect each of
the three spacecraft bidirectionally. TDI constructs a set of time series data, sampled every
few seconds, from the combination of these laser links that represents that stretching of space,
known as (dimensionless) strain. LISA’s TDI output is, in effect, three virtual, correlated space-
based interferometer channels, sensitive to gravitational waves with periods of seconds to
minutes.

To confirm the viability of the LISA concept, the European Space Agency (ESA) developed
and launched the LISA Pathfinder (LPF) [9, 10]. LPF consists of a test version of a LISA
module—two free acceleration test masses held in the module’s center. The LPF was launched
on 3 December 2015, and traveled 1.5 million km from Earth to orbit the L1 Lagrange point;
see figure 1 for positioning in relation to the Sun and Earth. The goal of LPF is to show that
a drag-free control measurement technique is viable for a long-baseline gravitational-wave
observatory.

By design, LISA will make differential measurements, with respect to 2 test masses per
spacecraft, using TDI. LPF prototyped these 2 test masses, the second one located 38 cm from
the first, to validate common noise-source rejection: solar radiation pressure, solar-wind, mag-
netic environment, and particle impacts. In addition, spacecraft acceleration was measured to
observe external disturbances on a single-test mass signal. The space weather noise sources of
solar wind (charged particles) and irradiance (photons), have been generally understood to be
modest [11], below other factors, such as actuation fluctuations, Brownian noise, and external
disturbances by micrometeoroids [12]. Test-mass charging may be affected by solar energetic
particle (SEP) and galactic cosmic ray (GCR) flux [13], so space weather monitoring could
provide forewarning. Index-of-refraction variations in plasma [14] may occur, related to the
solar wind, but likely with less noise contribution than other sources [15]. While solar wind
and irradiance are not dominant noise effects in LISA, they must be better understood for
planning future space-based gravitational-wave observatories, including laser interferomet-
ers with even higher sensitivity—Big Bang Observer [16-18] and DeciHertz Gravitational-
wave Observatory (DECIGO) [19, 20]—and atom interferometers, such as the Matter-wave
Atomic Gradiometer Interferometric Sensor (MAGIS) [21]), a new technology applicable to
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Figure 1. This diagram depicts the positioning of the LISA Pathfinder in relation to the
Sun and Earth. The planned LISA system will be 20° behind the Earth.

space and not expected to use TDI. Another motivation, discussed momentarily, is the value
of serendipitous space-weather indicators from LISA auxiliary measurements, such as accel-
eration. Theoretical extrapolation from solar wind and irradiance data to LISA [22] has set the
stage for detailed analysis.
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1.1. Related works

Space weather has been repeatedly identified as a noise factor in possible future LISA meas-
urements [11, 13, 14, 22]. Past work that assessed space weather used SOHO’s Virgo solar
irradiance dataset [23-25] and the ACE solar-wind dataset to model possible impacts on the
future LISA mission [22]. (For clarity, this paper will refer to the SOHO Virgo data simply
as ‘Virgo’, as no data is used from the Virgo gravitational-wave observatory). Another major
source of noise identified for LPF is micrometeoroids [12]. Through various models, 54 impact
candidates were identified across a 4348-hour time period. They were shown to be similar to
those resulting from Jupiter Family Comets (JFC), Oort cloud comets, Halley-type comets, and
asteroids [12]. Additionally, the development of LISA is renewing the interest in the environ-
ment of space [14, 26, 27]. This environment includes SEP, GCR fluxes, and the effects of
solar neutrons and interplanetary electrons [11].

Past theoretical extrapolations from ACE and Virgo data [22] have forecast low space-
weather noise on LISA. The core task of the analysis here is to assess, using empirical com-
parison between LPF and ACE, whether these extrapolations are reasonably consistent with
LPF experience. The small size of the field led to slow progress from the initial space-weather
effect studies [11, 13] to plasma refraction [14] and to the study of ACE and Virgo [22], which
focused on forward modeling. A comparison of in-situ acceleration data with the solar wind
is needed.

1.2. Motivation

This manuscript considers whether correlations are measurable between solar wind and LPF
acceleration data. Analyzing LPF’s data can be proof that solar-wind noise impact is minimal
or demonstrate that in the future, LISA might act as a serendipitous solar-wind sensor at an
unusual orbit, an idea originally presented in the 2000 s [11]. Similar to STEREO [28], it might
provide measurements near 1 AU, along Earth’s orbit, but at a different orbital phase and pos-
ition along the Schatten Current Sheet. Unlike STEREO, LISA would not move significantly
with respect to Earth over the nominal 4-year mission duration. While numerous spacecraft
collect space weather data, such as the Solar and Heliospheric Observatory (SOHO) [23-25],
Wind [29] and DSCOVR [30] at L1, the Ulysses mission at high ecliptic latitude [31], and the
Parker Solar Probe [32, 33] and Solar Orbiter [34] near the Sun, a long-lasting observation
point off the Earth—Sun line-of-sight, thus a different Carrington longitude, could constrain
space-weather models to the benefit of future forecasts. Measuring space-weather model skill
scores [35] and comparing to observation [36] is routine, and LISA could afford a comparison
at a unique vantage point.

Observing space weather is not the primary goal of LISA. While coupling into the
gravitational-wave TDI channels would negatively impact astrophysics, TDI by construction
should allow first-order cancellation of spacecraft acceleration, so measurable accelerations
could conceivably occur simultaneously with LISA astrophysics. Conversely, if accelerations
match the predictions of space-weather models at LISA’s orbital position, then those predic-
tions might be used as a feedforward signal to cancel a fraction of the acceleration.

The Drag-Free Control and Attitude Systems (DFACS) [37] on LISA and LPF should (inde-
pendent of TDI) reject any spurious acceleration in principle, warranting a clarification. The
DFACS preserves the residual differential acceleration between the test masses from external
disturbances, to within a noise budget, in 15 degrees of freedom (DOF), including 6 drag-
free DOF. The design of the LISA DFACS is active and ongoing following LPF [38, 39] and
has already adapted to consider the aforementioned micrometeroid impacts [40]. During LPF,
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DFACS performance was better than requirements for the noise budget, and in failure condi-
tions, its Fault Detection, Isolation, and Recovery systems behaved as expected, assuring safe
return to science operation [41]. Because solar-force acceleration is already accounted in the
noise budget, being well below the total spectral noise, the motivation for searching for this
effect requires restatement. In addition to curiosity from the viewpoint of serendipitous space-
weather observations, the DFACS (on the LPF as-flown design) uses solar pressure as a virtual
thruster, due to the permanent sunward orientation of the z-axes. The pressure provides vir-
tual actuation authority in the negative z-direction [41]: all cold-gas thrusters are canted in the
same negative-z direction, thus providing thrust only in the positive z-direction. It is important
for any scheme using solar forces for virtual actuation to have characterized the variability in
those forces, which this manuscript intends to help to do. Moreover, actuation crosstalk [41]
between axes involving the cold-gas/solar-force micro-propulsion system might conceivably
lead to variability in these forces affecting other control axes. While DFACS has comprehens-
ively managed these effects to date, this study aims to scope the full range of possible issues
with solar-force acceleration.

Acceleration can come both from sunlight and solar wind. Sunlight itself will exert solar
radiation pressure on the spacecraft, linearly proportional to the solar irradiance. Although this
effect is expected to be about 10-fold larger than the solar wind [22], it is more complicated
to model the varying spacecraft reflectivity and albedo, so this paper focuses on solar wind as
a proof of principle.

Constant solar wind, sunlight radiation pressure, or other static forces are not expected to
have a direct impact on LISA gravitational-wave measurements, though small accelerations
might have a long-term impact on LISA’s orbit. A time-varying force could also perturb oper-
ations, particularly if the three spacecraft experience the differential forces due to orbital pos-
ition and orientation. Studies of solar wind variability [42] demonstrate that the solar wind
can vary from 350 to 700km-s~! in the span of a week, doubling the solar-wind force on
a timescale of less than 10°s, motivating an investigation of ;Hz to mHz frequencies, even
though they are below the typical LISA science band. The idea was tested by comparing the
LPF spacecraft’s z- and x- axis data with the corresponding advanced composition explorer
(ACE) solar-wind data from 1 March 2016, to 23 June 2016 [43]. The solar wind electron
proton alpha monitor data is used. ACE [44] orbits L1, like LPF; SOHO and DSCOVR might
provide similar data, but ACE is well-sampled over LPF’s mission and can be readily com-
pared with prior literature [22]. This data can be modeled and compared with the data from
LPF to analyze the effects of solar wind.

1.3. Limitations

This 114 d duration is a severe limitation on the scope of the study, but it is the longest readily-
available open data set, based on the recommendations of the LPF team that analyzed micro-
meteoroid impact [12], because other intervals were affected by interference from commis-
sioning activities. LPF launched after solar maximum, lasting 576 d, so performance across
the entire solar cycle is yet unknown. Though Fourier-domain, sinusoidal-injection validated
methods used in this analysis do provide a complete basis set for finding direct, linear coup-
lings at the measured timescales, nonlinear ‘upconversion’ of solar-wind noise to higher fre-
quencies cannot be ruled out. Future studies of higher-order spectra (such as bispectral ana-
lysis) [45] could probe nonlinear couplings. Because such effects can arise from couplings
between spacecraft components, it is challenging to simulate and realistically validate these
methods even with more complex waveforms; this manuscript is restricted to the linear case.

5



Class. Quantum Grav. 42 (2025) 065024 AT Yang et al

As LPF is no longer operational, data from LISA itself will be needed to provide more data
and characterize spacecraft interactions.

2. Methods

Data from ACE and LPF are obtained from NASA and are re-distributed [46, 47]. The source
code for the analyses, primarily written in Python, is also linked in the supplementary data.
This code is used for filtering, normalization, coherence, and plotting.

The coordinate axes differ between LPF and ACE. For LPF, the z-axis refers to the vector
normal from the LPF spacecraft body top deck [12, 48]. Crucially, this convention differs from
past theoretical studies about LISA [22], but it is consistent with the data files linked in the
Supplementary Data. The z-axis is typically kept within 2 degrees of radial toward the Sun: it
would see the majority of any solar-wind effect. The x-axis is defined as pointing from Test
Mass 1 to Test Mass 2. Usually perpendicular, the x-axis might be tilted toward the Sun up to
the 2-degree limit noted above. LPF was not tilted in the y-axis, which is defined by the right-
hand rule to complete the coordinate system between x and z. Because of this orientation, no
coupling is expected between radial solar wind and the y-axis.

Conversely, the ACE data, listed in Supplementary Data, uses the Geocentric Solar Ecliptic
(GSE) GSE coordinate system [49]. In this system, the Earth—Sun line defines the x-axis, and
the z-axis is defined by the ecliptic north pole; the y-axis is defined implicitly by the right-hand-
rule. The ACE x-axis is therefore, up to a sign and the aforementioned 2-degree uncertainty,
parallel to the z-axis for LPF. In the Fourier analysis that we perform, any sign flip amounts to
a 7 phase shift, which does not affect the magnitude of the spectrum nor the coherence plot.
In the ACE data set, the outgoing solar wind has a minus sign, but we do not consider the sign
further.

Figure 2 shows the steps to plot and compare the ACE and LPF data sets. We first format
both data sets to include only data present within the time frame and for the axes being studied.
Next, we filter and gap-fill the ACE data set because the data set is in time-series format. An
Inverse Fast Fourier Transform (IFFT) is applied to the LPF data set because the set is in the
frequency domain [50]. Once the IFFT is performed, the LPF data is filtered and gap-filled.
The ACE data set must be modeled onto LPF. Lastly, both data sets are plotted and compared.

2.1 Process for Creating Plottable ACE Data

Solar-wind data is obtained from the ACE. ACE data includes information on solar-wind velo-
city components (x,y, z), c-particle to proton ratios, proton densities, and proton speeds at 64 s
intervals measured in Coordinated universal Time (UTC) [43]. The area of the solar array is
modeled as a 2.9 m diameter flat circular array, based off of the concept spacecraft design [1].
This total area is only used in the LPF solar-wind force calculations, so a flat-circular assump-
tion, consistent with the spacecraft design, is presumed sufficient. A more sophisticated study
might take into account the different spacecraft facets, and for solar radiation pressure, albedo
would be relevant. Based on the published spacecraft design, we speculate that the ‘model
uncertainty’ between the true, approximately-cylindrical spacecraft and the flat-circular array
assumption is less than the uncertainty in other measurements.

ACE’s UTC measurements are converted to GPS time, because the LPF data is in GPS time.
Bad data values from the ACE data are also removed (the ACE data header specifies that bad
data is indicated by the value —9999.9) [43]. The gaps created by removing the bad data are

6
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Figure 2. Steps undertaken to reach two comparable data sets: both datasets are con-
verted into a readable format, and ACE’s time frame is trimmed to match LPF. LPF
data is stored in the frequency domain, so an inverse FFT is performed before filling in
missing data blocks. ACE data is in time-series format, bad data (as indicated by code
specified in the data header) is replaced, then ACE data is modeled onto LPF through
force calculations, equations (7)—(9).

Table 1. Gap-fill methods by gap length. This set of methods is adapted from a previous
publication [22]. Further details are elaborated in section 2.1. Gap lengths are measured
in data indices for either ACE or LPF data.

Type Length of gap Fill method

A 1 Linear interpolation

B 2-24 Gaussian noise with linear Interpolation

C >25 Tukey window (Half-Hann Window, taper to 0)

split into three categories based on the process described in Modeling Spurious Forces on the
LISA Spacecraft Across a Full Solar Cycle[22].

Type A gaps are missing one data point and are filled using linear interpolation.

Type B gaps are missing two to twenty-four data points and are filled using linear interpol-
ation with Gaussian noise. Equation (1) defines Gaussian noise (¢) where o and o, are the
standard deviations found by sampling data of equal length to the gap on either side of the
ACE data gap. In the equation, for the ith entry in a gap of length / such that 1 <i </, a point
is generated based on o and o, [22].

-1 i

1
1 T M

Type C gaps are missing twenty-five or more data points; they are filled using half a Hann
window (sometimes incorrectly known as ‘Hanning’ [51]) with a slow fall-off to zero, as
defined by equation (2) [22]. This is also known as a Tukey window [51]. Twenty-five data
points on either side of the gap are used to calculate simulated interpolation data w(n) where
N =51 and 0<n<N-1, creating the data to fill a Type C gap.

w(n)=05 [1 — cos (iﬂnl)] @)

As noted in the literature [22, 51], windowing (Hann/Tukey) mitigates Gibbs phenom-
ena due to discontinuities in the time series, which can introduce side lobes in the frequency
domain. Different windowing methods modify the spectrum of side lobes; without an expli-
cit window function, the implicit windowing induced by a finite sample duration imparts a
de facto rectangular window, with more severe side-lobe distortion than a window such as

7
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the Hann or Tukey. This distortion is exacerbated by multiple discontinuous data segments.
The explicit Type C gap method, with windowing, suppresses these side lobes, enhancing the
analysis. Coherence measurements might be affected by windowing choice if spectral peaks
were orders of magnitude above background, a situation not seen in this data set, making the
choice of Type C method robust. In principle, more sophisticated methods, such as Gaussian
Processes, could be used, as done for past work on Virgo [22], due to its more complicated gap
distribution. As past work has used the Hann/Tukey method on ACE, and additional valida-
tion would be required for Gaussian Processes, we use the Hann/Tukey method here for ease
of comparison and implementation.

Following previous methods [22], the force exerted on the satellite by solar-wind particles
is calculated using ACE data. Equation 3 calculates the number of protons (Np) and a-particles
(N ) hitting the satellite per unit of time,

N = nvAcos (¢) 3)

with n being particle density and v being wind speed. The surface area of the LPF solar array
is represented by A. R is the fraction of particles reflected. ¢ represents the angle between the
normal of the array and the orbital plane [22]. LPF’s ) sensor data of the second test mass
showed that ¢ was less than £1 x 10~ for all values, making it reasonable to assume ¢ in
that case to be 0. The 7 sensor data is stated to be within a 2-degree margin of error. Therefore,
both a 0-degree and 2-degree value for the angle are tested. Equations 4, 5, and 6 are used
to calculate the final forces for the x and z axes. The y-axis equation was disregarded as the
amount of force occurring on that axis was negligible [22].
The following equations are reproduced verbatim from previous LISA analysis [22]:

F, = (Nymy +Ngmy,) [(1 + Rcos (2¢)) vi + Rsin (2¢) v.] )]
Fy = (Npmp + Noma) [(1 = R)vy], )
F, = (Npmyp 4+ Nomq,) [(1 4 Rcos (2¢)) v, + Rsin (2¢)) vy 6)

N,, the proton collision rate, and N, the a-particle collision rate, were found using
equation 3. The proton and «-particle masses from the ACE solar-wind data are represen-
ted by mp, and m,,. The x,y, and z components of solar-wind velocity are represented by v,,v,,
and v,. Assuming the worst-case scenario (that all the particles reflect), R will be defined as 1.
Then equations (4)—(6) can be simplified to the following [22]:

Fy = (Npmp + Nomq) [(1 4 cos (2¢)) v + sin (2¢) v,], @)
F,v =0, (8)
F, = (Npmy + Namg ) [(1+cos (2¢)) v, +sin (2¢) vy] . 9)

The ACE solar-wind force values derived using equations (7)—(9) are now able to be com-
pared to the processed LPF data by being plotted and transformed as described in section 3, for
figures 3 and 4. For figure 5 onwards, an additional step is taken, upsampling ACE data from
its 64 s cadence to the 2.5 s cadence of LPF with interpolation. This step aligns ACE data with
LPF to allow coherence measurements, with the caveat that information above ACE’s Nyquist
frequency (7.8125 mHz) may be aliased and should be treated with caution.

8
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2.2. Process for Creating Plottable LPF Data

Data from the LPF is used to predict the effect of solar-wind on the future LISA data. The
LPF data obtained from the NASA Goddard Space Flight Center combines information from
various sensors to estimate the free-body motion of LPF. The data spans 114 d and is organized
into 370 files, each 16384 s long. The data is at 2.5 s intervals from the second sensor on the
x-axis and the second sensor on the z-axis. The data for LPF is in the frequency domain; thus,
an IFFT was applied. The IFFT adds the complex conjugates of negative values and zeros to
the positive, non-zero values, returning the data to the original time series format. To calculate
force, the acceleration from the IFFT is multiplied by the mass, 422 kg [52]. The 31 gaps in
both the x and z axes are filled using the Tukey Window (Type C) method (table 1) [22].

2.3. Plotting methods

A native sample-rate time-domain comparison and a Fourier transform comparison are used
in figures 3 and 4, respectively, to check for large-scale similarities between the spacecraft.
The time domain data is zero-meaned to highlight the differences in the force data collected
between LPF and ACE. Zero-meaning removes any constant component to the force data,
although overall trends and periodic variation are preserved. The zero mean was chosen to
aid Fourier-transform normalization; in the frequency domain, the mean is equivalent to the
zeroth frequency bin, encompassing oscillations slower than the 114 d period, which we do
not consider in any case. The scipy.signal.coherence() function is used to determ-
ine magnitude-squared coherence between LPF and ACE data and the averages of different
lengths of correlation values [53], using Welch’s method. As noted in figures 5-8, ACE data
is upsampled, and those coherence comparisons use increasing segment lengths, multiplying
by factors of 4 from 1 to 4°.

3. Results

Figure 3 depicts a time series that presents a direct comparison between the LPF time domain
and the ACE force time domain, with both datasets zero-meaned. The ACE force data is cal-
culated using the force equations and a 2-degree estimate for LPF angle ¢. The time series do
not show any large, visually-evident correlation between ACE and LISA data. Long, constant
segments in LPF indicate data gaps.

Figure 4, using the time-series data from figure 3 as input, presents an amplitude spectral
density (ASD) of ACE and LPF data. Nothing is significant enough to be seen as a solid
correlation between the two data sets. An FFT is done with a 1/N normalization coefficient and
a sampling time interval of df =2.5 s and df = 64 s for LPF z-axis and ACE x-axis force data,
respectively. A spectral peak that appears at about 3 mHz, near the 5 min solar oscillation [54] is
spurious on closer inspection, because it is not found at the same frequency in both spacecraft.
No other peaks appear coincident nor overlapping. The small ratio of ACE-inferred to LPF-
measured force indicates that no more than a few percent of LPF acceleration motion is directly
attributable to the solar wind.

Coherence plots can measure correlations as a frequency-domain spectrum, dimensionless,
normalized to be between zero and unity. From the coherence plot (figure 5), it is observed
that the coherence between the two data sets is minimal, and any correlation is probably due to
random chance. In particular, spectral lines in LPF do not show coherence with ACE on closer
inspection, and are therefore believed to be instrumental artifacts.

9
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Figure 3. Time-domain plot of data for the LPF z-axis and the ACE x-axis, which are
parallel to the Earth—Sun line. Data is zero-meaned, and a 2-degree tilt estimate (from
z toward x) is used for the ACE’s force model, coupling solar-wind velocity to imputed
acceleration on LPF. Although the solar wind only is expected to push outward on ACE,
zero-meaning can result in the appearance of a negative-sign force. ACE, as an opera-
tional satellite, has gaps filled as in section 3.1, but they are not of comparable length to
LPF. A total of 31 gaps in the LPF data are filled per section 2.2. LPF gaps of discernible
length in this figure are shaded for clarity; some gaps may be too short to render. These
gaps largely arise from LPF operations and commissioning periods.

As with power-spectral density, coherence measurements follow noise statistics: a value
in the coherence spectrum is significant only if it is a peak above the background. Averaging
improves the noise statistics by subdividing the data, at the cost of eliminating sensitivity to
slow (long duration) effects. With magnitude-squared coherence (to which the term coherence
used through this paper always refers), the noise floor typically is inversely linearly propor-
tional to the number of averages, N. To balance this tradeoff, N is illustrated across several
values. Low N is displayed to check for any possible low-frequency correlation, and increased
N allows a higher-sensitivity check for high-frequency correlation.

Figure 5 shows three different lengths of coherence value averages for the ACE x-axis and
LPF z-axis. Each decrease in the values averaged increases the accuracy of the line. As the
accuracy increases, the coherence noise floor decreases. The low coherence indicates that solar-
wind will have little to no direct affect on the future LISA. Specifically, the N =4 coherence
spectrum constrains any magnitude-squared coherence above about 0.1 down to the cutoff at
the lowest frequency bin, 1 ©Hz, or conservatively at least above 10 pHz. The N = 64 spectrum
is about a factor of 16 lower, and the N = 1024 spectrum another 16-fold lower, with typical
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ACE and LPF FFT Comparison
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Figure 4. Force amplitude spectral density (ASD) using the Fourier-transform of the
ACE and LPF force time series from figure 3. The spectra show the ACE x-axis and
LPF z-axis, which are parallel to the Earth—Sun line. Despite the presence of spectral
lines in both ACE and LPF, such as a spectral line near a 5 min oscillation period in
helioseismology [54], on closer inspection no coherent features are shown between the
two spacecraft. The spectral densities are computed using the native time resolution of
the data.

values no higher than 10~ down to the minimum frequency of about 1 mHz, or conservatively
at least above 10 mHz. A correlated force between ACE and LPF should generate a coherence
peak that would be, if above the minimum frequency, consistent in height with increasing
numbers of averages. No such peak is found.

Figure 6 illustrates the same principle for the ACE z- and LPF z-axes. It is possible for the
LPF x-axis to have up to 2 degree tilt toward the Sun, allowing about 7 percent of the force
of the face-on solar wind to accelerate the spacecraft in the x-direction, while the decrease in
the z-direction would be less than 2.5 percent. Moreover, ACE’s z-axis is orthogonal to the
solar wind axis, so solar wind in that direction is typically one to two orders of magnitude less
than in the ACE x-axis, and its variation is not consistently correlated with overall solar-wind
speed. The net result is that the ACE z- and LPF z-axes should be close to a null experiment,
with much less correlation than the ACE x- and LPF z-axes. If a correlation were seen in the
latter, then figure 6 could provide a realistic picture of the coherence-spectrum background.
In the present situation, figures 5 and 6 are very similar, and no correlation is evident in either
plot.

1
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Figure 5. Magnitude-squared coherence (frequency-domain correlation) between ACE
and LPF data sets through three different lengths of coherence value averages. (Three
more lengths were tested but omitted for clarity). The coherence is between the ACE
x-axis and LPF z-axis, which are parallel to each other and the Earth-Sun line. A 0-
degree tilt estimate was used for the force model converting ACE solar-wind to LPF
force; the difference between a 2-degree estimate and the full face-on solar wind force
is less than 0.3 percent. N is the number of coherence averages used. To compute the
coherence, ACE data (64 s time resolution) was upsampled to LPF’s cadence (2.5 s time
resolution), so a vertical line has been marked at 7.8125 x 1073 Hz, the native ACE
Nyquist frequency. Coherence length is varied for two reasons. First, low N was used to
detect any possible low-frequency correlation. Second, increased N shows decreasing
coherence, constraining any possible high-frequency correlation. Per a visual estimate
from the spectrum, low levels of low-frequency magnitude-squared coherence, below
about 0.1 at 10 zzHz or 10~* at 10 mHz, cannot be conclusively ruled out without longer-
duration data, but no evidence of physical correlation is apparent.

4. Test verification

To ensure the accuracy of the previous results and to create a simulation of a distinct signal,
the correlation methods are tested with simulated data. The ACE z and LPF z axes are used to
provide data that have realistic noise but presumed-minimal, currently-undetectable coupling.
A measured, known sinusoidal excitation is added (‘injected’) to both the LPF and ACE real,
time-series data sets after they are filtered, gap-filled, and post-processed. The force time series
follows F(t):

F(t) =Asin (27 ft+ ¢) (10)

In equation (10), F(¢) represents the force excitation added to the data, where A is amplitude,
f is frequency, ¢ is time, and ¢ is phase. The phase is set to 0, because it does not affect the

12



Class. Quantum Grav. 42 (2025) 065024 AT Yang et a/

100
1071
1072 ﬂ
N
w1073
(8]
c
g
(o8]}
< 104
(@]
1075
10—6 — N=4
—— N=64
L N=1024
10 7.8125e-3 Hz
10-6 105 10~4 103 102 10-1

Frequency (Hz)

Figure 6. Magnitude-squared coherence (frequency-domain correlation) between ACE
and LPF data sets through three different lengths of coherence value. (Three more
lengths were tested but omitted for clarity). The coherence is between the ACE z-axis,
which is oriented toward the ecliptic north pole and the near-orthogonal LPF z-axis,
which is parallel to the Earth—Sun line. To compute the coherence, ACE data (64-s time
resolution) was upsampled to LPF’s cadence (2.5 s time resolution), so a vertical line
has been marked at 7.8125 x 102 Hz, the native ACE Nyquist frequency. A 2-degree
tilt estimate was used for the ACE force model, to test for a hypothetical coupling of
about 7 percent of face-off solar wind force between the otherwise-perpendicular x-axis
to forces along the Sun-ward radial direction. N is the number of coherence averages
used. Per a visual estimate from the spectrum, as with figure 5, no evidence of physical
correlation is apparent.

coherence measurement. Amplitude and frequency are varied as follows. Adding this excita-
tion in both sets of data simulates a specific frequency of the wave that should then be picked
up by the coherence function, thus showing an excitation in that frequency on the coherence
plot.

Different force levels are tested separately. The force F is the force amplitude at a specific
frequency, which differs from the force value in an ASD bin. Values of 0.2 nN and 5 nN cover
the low and high range of detectability in this study, although both are much higher than typical
of solar-wind force in the LISA band. Such large forces are needed to be detectable at all,
and realistic forces (below or at 20 pN, seen at the year 2000 maximum [22]) will have less
coherence.

In each test, a single sinusoidal frequency is excited. Multiple frequencies are excited across
independent tests. The test frequencies 1 x 107#Hz, 5 x 107 Hz, 1 x 1073 Hz, 2 x 1073 Hz,
5x 1073 Hz, and 1 x 1072 Hz are measured. All frequencies display distinct excitation at
the injected frequency in the coherence spectrum. The tests also vary in force, for the least

13
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Figure 7. Magnitude-squared coherence test of data with simulated frequency at
2 x 10~* Hz and amplitude of 5nN. N is the number of segments for coherence used.
At 1024 points per segment, there is 99.54% correlation. A vertical line has been

marked at 7.8125 x 107> Hz, the native ACE Nyquist frequency; ACE data is otherwise
upsampled to match the LPF sampling rate. This simulation is injected into time-series
force data from the ACE z-axis and the LPF z-axis, which are physically near-orthogonal
and do not display visible correlation in figure 6.

excitation needed for at least 50% correlation, when 1024 points are used per segment. To
illustrate this, figure 7 shows the frequency 2 x 1072 Hz at 99.5% coherence for 1024 seg-
ments per average with 5nN force, and figure 8 shows the frequency 5 x 10~ Hz at 68.36%
coherence for 1024 segments per average with only 0.2 nN force. Figure 9 shows the frequency
5 x 1073 Hz again, but with the same 5 nN force as figure 7, displaying a similar 99.9% cor-
relation, thus showing that the coherence function works accurately for comparing ACE and
LPF datasets.

The excitation frequencies of 2 and 5 mHz in this paper’s figures 7-9 represent the low-to-
mid range of LISA, relevant to both the galactic white-dwarf binary population and black-hole
mergers around a million solar masses. At these frequencies, prior work [22] has estimated
the force coupling of solar wind pressure into LISA: figure 3 of that paper shows forces in the
year 2000, near solar maximum, resulting in a predicted force at 2 mHz of roughly 20 pN, and
less at 5 mHz. While a comprehensive statistical sampling from that work’s force spectrum is
reserved for future research, this paper shows that near 200 pN (0.2 nN), magnitude-squared
coherence levels do reach above 0.68, or about two-thirds, at 5 mHz. Comparing the two values,
the coherence would be expected to be lower at 2 mHz, consistent with the rise in ACE and
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Figure 8. Magnitude-squared coherence test of data with simulated frequency at
5 x 1073 Hz and amplitude of 0.2 nN. N is the number of segments for coherence used.
At 1024 points per coherence segment, there is 68.36% correlation A vertical line has

been marked at 7.8125 x 1073 Hz, the native ACE Nyquist frequency; ACE data is oth-
erwise upsampled to match. the LPF sampling rate. This simulation is injected into
time-series force data from the ACE z-axis and the LPF z-axis, which are physically
near-orthogonal and do not display visible correlation in figure 6.

LPF noise spectra toward lower frequencies. These results affirm, with empirical data, prior
statements that the solar wind should not be a significant noise source for LISA.

5. Conclusion

The proposed spurious effects of ACE x-axis measured solar wind on acceleration noise of
LPF data from the z-axis are thoroughly analyzed. As shown in figures 5 and 6, the coherence
between the ACE and LPF data is sporadic for the given frequency range: average correlation
for each data section was of order 0.1 or less. Coherence tests verify that there is a measurable
correlation for a simulated excitation of known amplitude, as seen in figures 7-9. The analysis
shows that any correlation seen in available real, unexcited data is indistinguishable from a
chance relationship. The force models for the x- and z-axes found a negligible relation between
the ACE solar wind and LPF acceleration data.

While direct solar-wind acceleration noise have not been anticipated in the literature to con-
tribute significantly to LISA’s noise budget, this study corroborates this belief with empirical
data. Caution is warranted, as solar radiation pressure, another noise factor with likely greater
effects on LPF, has yet to be tested [22], and the limited 3-month time frame of data that were
analyzed means that correlations over longer timescales are possible. More detailed analysis
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Figure 9. Magnitude-squared coherence test of data with simulated frequency at 5 x
1073 Hz and amplitude of 5nN. N is the number of segments for coherence used. At
1024 points per coherence segment, there is 99.9% correlation. A vertical line has been
marked at 7.8125 x 107> Hz, the native ACE Nyquist frequency; ACE data is otherwise
upsampled to match the LPF sampling rate. This simulation is injected into time-series
force data from the ACE z-axis and the LPF z-axis, which are physically near-orthogonal
and do not display visible correlation in figure 6.

is warranted, as solar variability could reach levels even higher than in 2000; the 2015 to 2017
LPF operation period was of short duration and after solar maximum, albeit before solar min-
imum. Conversely, solar wind may vary inversely with particle density, and irradiance varies
separately, so the total dynamic pressure may not consistently vary with wind speed or the
phase of the solar cycle. Connections with the space weather community can help to contex-
tualize the limited available data.

Future analyses could also focus on working with individual subsets of the data and plotting
the relationships between those to eliminate the possible confounding effects created when
using gap-fill methods. More detailed models of spacecraft charging for the solar wind, as
well as albedo for solar radiation pressure forces, could improve model fidelity. Higher-order
spectra could identify nonlinear couplings, with value enhanced by detailed understanding of
spacecraft interactions. Further study might reveal issues that, while not of consequence to
LISA operation or design, inform BBO, DECIGO, MAGIS, or other proposed space-based
gravitational-wave observatories, using laser or atom interferometry or still other techniques.

These findings are encouraging for the future of space-based laser interferometry: there is
a reasonable safety margin between solar wind forces and measurable acceleration noise in
LPF, and by extension, LISA. To the benefit of gravitational-wave astronomy, though not the
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space weather community, it currently appears difficult, with such low coherence at expected
force levels, to solve the inverse problem of finding solar wind force from LISA acceleration,
as proposed previously [11]. Space weather noise should not unexpectedly compromise the
mission’s ability to perceive the Universe.
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