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ABSTRACT

TianQin proposes to detect gravitational wave signals by using laser interferometry. However, laser
propagation effect introduces a potential noise factor for TianQin. In this work, we used MHD simu-
lations to obtain the space magnetic field and plasma distributions during an extremely strong solar
eruption, and based on the magnetohydrodynamic simulation result, we investigate laser propagation
noise for TianQin. For the extremely strong solar eruption event, we find that the laser propagation
noise closely approaches 100% of TianQin’s displacement noise requirement for Michelson combination;
While the laser propagation noise is still about 30% of TianQin’s displacement noise requirement for
time-delay interferometry X combination. In addition, we investigate the laser propagation noise for
12 cases with different solar wind conditions. Our finding reveals a linear correlation between the laser
propagation noise and several space weather parameters, e.g., solar wind dynamic pressure, Sym-H,
and Dst, where the correlation coefficients for solar wind dynamic pressure is strongest. Combining
the cumulative distribution of solar wind dynamic pressure from 1999 to 2021 with the linear cor-
relation between solar wind dynamic pressure and laser propagation noise, we have determined that
the occurrence rate of the laser propagation noise to be greater than 30% of TianQin’s displacement
noise requirement for Michelson combination over the entire solar activity week is about 15%. In
addition, we find that time-delay interferometry can suppress the laser propagation noise, and reduce
the occurrence rate of the laser propagation noise exceeding 30% of TianQin’s requirement to less than

1%.

Keywords: Gravitational wave detectors(676) — Space plasmas(1544) — Solar activity(1475) — Solar
wind(1534)

1. INTRODUCTION

Gravitational waves (GWs) play a crucial role in testing Einstein’s general relativity theory and comprehending the
mysteries of the universe’s initial stages. Currently, there are two forms of gravitational wave detection programs:
ground-based and space-based. The direct signal of the gravitational wave was firstly detected by LIGO (Abbott et al.
2016), a ground-based program. However, detecting gravitational waves below 10 Hz on the ground is an extreme
challenge due to the limitations of ground vibration noise as well as gravitational gradient noise (Amaro-Seoane et al.
2017; Luo et al. 2016). Therefore, in order to study the properties of gravitational waves and their sources over a
wider range of frequencies, it is essential to implement a space-based program for the detection of gravitational waves.
Currently, various projects are underway to detect gravitational waves in space, including Laser Interferometer Space
Antenna (LISA) (Amaro-Seoane et al. 2017), DECIGO (Kawamura et al. 2006), Taiji (Hu & Wu 2017), and TianQin
(TQ) (Luo et al. 2016).

Among various programmes, DECIGO, developed in Japan, uses the interferometric mode of the Fabry-Perot reso-
nance cavity to identify gravitational waves within the 0.1 — 10 Hz frequency range. Meanwhile, TQ, LISA, and Taiji
employ three drag-free satellites to constitute a constellation that approximated to an equilateral triangle. They detect
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gravitational-wave signals by using laser interferometry in the sensitive 10~* — 1 Hz frequency range. LISA and Taiji
both adopt heliocentric orbits, the arm length of LISA and Taiji are 2.5 million km and 3 million km, respectively.
Whereas, TQ adopts a geocentric orbit, with the satellite orbiting at an altitude of approximately 100000 km, the
distance between each two satellites of TQ is about 170000 km, and the period of TQ is about 3.65 days (Qiao et al.
2023; Jia et al. 2023; Ye et al. 2021). For the orbit of TQ, the satellite and laser links will pass through the solar
wind, bow shock, magnetopause, and magnetotail (Su et al. 2020, 2021). Compared to the heliocentric ones, TQ will
be more significantly influenced by the interaction between solar wind and the magnetosphere.

The region surrounding the orbit of GWs detectors is not a vacuum but filled with medium, e.g., plasma, magnetic
field, and energetic particles (Chen 2011). There is acceleration noise caused by the interaction between space magnetic
field and test mass (Armano et al. 2020; Su et al. 2020, 2023), and the energetic particles (e.g., GCR, SEP) can cause
continuous charging on test masses (Lei et al. 2024; Han et al. 2023, 2024; Sun et al. 2023). Besides, the dispersion
effect during the propagation of the laser in space plasma can lead to optical path difference (OPD) noise for the
laser interferometry range measure of GW detectors. This effect has been revealed and studied both by LISA and TQ
(Smetana 2020; Jennrich et al. 2021; Su et al. 2021; Lu et al. 2021). The laser propagation noise of a single laser link
was investigated by magnetohydrodynamic (MHD) simulation for TQ (Lu et al. 2021), and analytical method for LISA
(Jennrich et al. 2021), respectively. Su et al. (2021) revealed that time-delay interferometry (TDI) can suppress the
laser propagation noise in time domain, and can suppress laser propagation noise in low frequency range. Jing et al.
(2022) used the PPMLR-MHD model with high spatial-temporal resolution combined with Kolmogorov’s statistical
theory of turbulence to analyse laser propagation noise.

However, our previous works have only investigated the laser propagation noise for TianQin (TQ) under moderate
solar wind conditions (Su et al. 2021; Lu et al. 2021; Jing et al. 2022). We found that the optical path difference
(OPD) noise due to laser propagation in space plasma can reach up to 30% of the TQ’ s requirement for the Michelson
interferometric combination, which suggests that laser propagation noise must be taken into account for TQ. So far it
remains unknown whether solar eruptions lead to an increase in the laser propagation noise and if so, the magnitude
of the increase. Moreover, we do not have a statistical result for laser propagation noise during solar cycles yet. As
the period of solar activity cycle is about 11 years (Hao et al. 2015), and the solar wind parameters (e.g., magnetic
field, solar wind speed, ion and electron number density) also has a period of variation of about 11 years (Samsonov
et al. 2019). Due to the geocentric orbit of TQ, it may encounter magnetic storms (Smith et al. 1964), magnetic
reconnections(Oka et al. 2023; Huang et al. 2021; Li et al. 2021), interplanetary shocks (Kilpua et al. 2015), coronal
mass ejections (CME; Shen et al. 2012a; Chen et al. 2007). All these phenomena are related to the solar activity
cycle (Hathaway 2015), and there is a period of about 11 years for the occurrence rate of these eruption phenomena
in heliosphere. This study aims to investigate the laser propagation noise with extreme solar activity condition, and
attempts to obtain statistical results of the laser propagation noise for TQ.

This work is organised as follows: Section 2 describes the space plasma model used in this study, along with the
input data of the model, and the calculation of the laser propagation noise. Section 3 analyses the laser propagation
noise for an extremely intense case. Section 4 carries out a statistical analysis study of the laser propagation noise.
Finally, Section 5 presents the conclusions.

2. MODELS AND DATA
2.1. Laser Propagation Theory

The solar wind is a plasma stream that originates from the solar atmosphere, and is composed mainly of electrons
and protons (Pisacane 2008). Solar wind permeates and affects the whole heliosphere. The solar wind interacts with
the Earth’s magnetic field to form the Earth’s magnetosphere, and perturbations in the solar wind can also produce
the phenomena such as magnetic storms, auroras, and so on (Kallenrode 2004). In the vicinity of Earth (= 1 AU), the
typical temperature of the solar wind is about 150,000 K, with the typical solar wind speed of about 400 km/s, and
the typical number density of about 110 particles per cm=3 (Pisacane 2008). As the laser travels through the space
plasma, the variations of the electron number density can cause changes in the time delay of the electromagnetic (EM)
wave propagation, resulting in the OPD noise that ultimately affects the accuracy of the displacement measurement.

The Appleton-Hartree (A-H) Equation can describe the refractive index p for a laser with frequency f (angular
frequency w) travels through the Earth’s magnetosphere and solar wind plasma (Hutchinson 2002). Due to the space
plasma around the laser link of TQ is collisionless, the electron collision frequency v in the magnetosphere and solar
wind plasma is much lower than the TQ laser frequency w, and the electron cyclotron frequency wg being much lower



than w, consequently, A-H Equation can be simplified as the following form (more details are in Su et al. (2021)),
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where wy, is the plasma frequency, wg = fzé\é , € is the elementary charge, N is the electron number density, m is the
electron mass, g is the vacuum electric permittivity. Thus, the time (7) needed for the laser to traverse a distance L

in the space plasma is given as follow,
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since the plasma frequency wy, is much lower than w, Equation (2) can be simplified as,
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where K = Mfimso = 80.6 m® s~2. The OPD noise during the laser propagation in the space plasma can be calculated
as:

K
Al =cAT = TF/L Nds. (4)

2.2. Michelson and TDI

In order to detect the minuscule displacement change caused by GWs, laser interferometry is used in GWs detection,
i.e., the light produced by the laser is split into two beams by a splitter, then the two beams propagate along two
different arms, and then, after being reflected by two mirrors, they are re-synthesised into a single beam at the
beam splitter, which forms an interferometric signal in the photon detector (Muratore 2021). One possible method for
detecting GWs in space is heterodyne interferometry, in which two lasers with different frequencies create an interfering
signal on a photodetector (Muratore 2021). The OPD noise generated during the propagation of the laser sent by
spacecraft ¢ and received by satellite j is denoted as Al;;. For the Michelson interferometer centred on S1, the laser
propagation noise for the two interferometer arms ( S1 - S2 and S1 - S3) are Alyo, Aloy, Alys, Alsy, respectively. Since
the propagation time of the laser between a pair of TQ satellites (a2 0.6 s) is much smaller than the time resolution of
the simulation (60 s), we set Al;;=Alj; in this work. Therefore, the OPD noise of the Michelson combination can be
given by

Al =2 (Alys — Alys) (5)

Time-delay interferometry (TDI) is applied in the space-borne GWs detection to remove the laser phase noise which
caused by the coupling between unequal arm lengths of satellites and the instabilities of the laser frequency. The
principle of TDI is to create a virtual interferometer with equal arm lengths by linearly combining data and delays.
These combinations are then added and subtracted to remove laser phase noise. Two of the typical examples of TDI
combinations, TDI-a and TDI-X, are used for the analysis in this paper. s;; (¢) is the phase noise associated with
the Al;; (t), si; (t) = 2mAl; (t) /A, where L;; is the distance between satellites ¢ and j. Set the light speed ¢ = 1, the
propagation time of the laser between satellite ¢ and satellite j is L;j/c = L ~ 0.6 s. The laser propagation noise for
TDI-« combination (s,) and TDI-X combination (sx) can be written as (Su et al. 2021),

2L

Sq = [812 (t - At) — S12 (t)] 2L Kt

A [s31 (t — At) — s31 (1)] (6)

Sx = 28a (7)
For the Michelson combination, the equivalent strain noise ASD (1/SX) of TQ is as follow (Hu et al. 2018),
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where /5% is the requirement of equivalent strain noise ASD of displacement noise, and /5S¢ is the requirement of
equivalent strain noise ASD caused by residual acceleration. The equivalent strain noise requirement of TDI-« (1/5%),
and TDI-X (1/S;X) can be given as follows (Armstrong et al. 1999),

5o = {4 sin? (?”TCfL> + 24 sin? (f)} 5S¢ 4 65% 9)
S,)f = [lein2 (47TfL> + 32sin? <27TfL>} Sy + 16 sin? <27rfL) Sy (10)
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2.3. SWMF and OMNI

The OPD noise due to laser propagation in space plasma is proportional to the integral of the electron number
density along the laser link. Therefore, the study of laser propagation noise requires the spatial distribution of the
plasma number density over the laser link, whereas the in-situ measurements can only provide the electron number
density at one point. In this work, we use an MHD model, the Space Weather Modeling Framework (SWMF; Téth
et al. 2005), to obtain the spatial distribution of the plasma. The SWMF is a publicly available model developed by
the University of Michigan. It is developed to simulate the space physical processes of the Sun, interplanetary medium,
the Earth and other planetary space environments. The model is accessible through NASA’s Community Coordinated
Modeling Center (CCMC). In this work, the global magnetosphere module with radiation belt environment, inner
magnetosphere, and ionosphere conductance modules of the SWMF is used in the simulations. Within these modules,
we get the spatial and temporal variation of the space plasma around the orbit of TQ. The OMNI solar wind datasets
combined from several spacecrafts’ observations, e.g., Advanced Composition Explorer (ACE; Stone et al. 1998), Deep
Space Climate Observatory (DSCOVR; Burt & Smith 2012), Wind (Ogilvie & Desch 1997). In this work, the input
data are from OMNI and the observation of ACE. The outputs of the SWMF are plasma parameters, e.g., velocity,
number density, magnetic fields. The SWMF is mainly used in space physics and space weather research. The goal is
to investigate the complex interactions and space weather phenomena among celestial bodies in the solar system. The
SWMF is widely used in space weather research (Gombosi et al. 2021), particularly in modelling of the interaction
between the solar wind and the magnetosphere (Samsonov et al. 2016).

The OMNI is the dataset of solar wind, as the solar wind is the source of the solar—terrestrial space environment,
the OMNI dataset provides important scientific value in the study of heliospheric physics and important applications
in monitoring and forecasting of space weather. The OMNI data is taken as the input for the SWMF model here. The
OMNI dataset integrates observational solar wind parameters from 20 spacecraft, providing plasma and solar wind
data to map the nose of the bow shock, as well as solar activity and geomagnetic indices, and energetic particle flux.
Additionally, OMNI dataset includes a range of combination parameters, e.g., plasma beta, plasma flow pressure, and
the Alfven Mach number (King & Papitashvili 2005). Currently, the OMNI database provides solar wind data with
temporal resolutions of 1 min, 5 min, and 1 h. In this work, temporal resolution of the MHD simulations is set as 1
min, which matches the highest temporal resolution of the input solar wind data.

3. LASER PROPAGATION NOISE OF AN EXTREMELY STRONG CASE

Solar activities (e.g., solar wind, CMEs, flares) are the driver of the space weather (Shen et al. 2012b; Zheng et al.
2020), strong solar eruptions (e.g., CMEs and shocks) can significantly affect the space environment of the Earth
(Chen et al. 2022). When a powerful solar eruption encounters the Earth, it may greatly alter the structure of
the Earth’s magnetosphere, and cause the exchange of matter and energy between the magnetosphere and the solar
wind to become violent (Wang et al. 2009), leading to the occurrence of strong magnetic storm and the production
of auroras (Kallenrode 2004; Lu et al. 2013, 2019). One of the strongest CMEs and flares during the 23rd solar
activity cycle is observed in October to November 2003 (Veselovsky et al. 2004; Manchester et al. 2008), it is known
as Halloween events. During the Halloween events, large amounts of plasma and magnetic field ejected from the solar
and encountered the Earth, and the Earth’s magnetosphere was severely compressed by the plasma flow, and the
density of the magnetosheath was several or even ten times denser than that of moderate solar wind conditions. As
the OPD noise is proportional to the integral of the electron number density along the laser beam, the OPD noise
may be enhanced dramatically when a strong solar eruption encounters the Earth. In this work, we investigate laser
propagation noise during an extremely strong solar eruption case (Halloween event).
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Figure 1. The input data and space weather parameters during the extremely strong solar eruption. From the top to bottom
panels are electron number density, y and z-component of the space magnetic field, Pyyn, AE index, Sym-H index, Kp index,
and Dst index, respectively.
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Figure 2. The left column displays electron number density distribution on the orbital planes corresponding to ¢s=0°, 45°
and 90°. The red circles represent the orbit of the TQ satellite, while the blue, orange, and green lines depict the S1-S2,
S2-S3, and S3-S1 laser links, respectively. & indicates the intersection line between the orbital plane and the ecliptic, and (¢ is
perpendicular to the ecliptic. The right column illustrates the electron number density distribution along three laser links, with
colors corresponding to their counterparts in the left column.

The input data and space weather parameters which are get from OMNI database during a Halloween event are
shown in Figure 1. The input data (electron number density, the y and z-component of the space magnetic field, and
the solar wind dynamic pressure Pgyy,) are shown in the top 4 panels of Figure 1 with the temporal resolution of 1
minute. The space weather parameters AE and Sym-H indices are shown in the fifth and sixth panels of Figure 1 with
the temporal resolution of 1 minute. The space weather parameters Kp and Dst indices are shown in the seventh and
eighth panels of Figure 1 with the temporal resolution of 1 hour. With the input data of the MHD simulation, the
SWMF is applied here to get the spatial and temporal distribution of space plasma around the TQ’s orbit, and the
results are shown in Figure 2. The left panels of Figure 2 show electron number density distribution maps at different
orbital planes (ps=0°, 45° and 90°), where ; is the angle between the normal direction of the TQ’s orbital plane and
the Sun—Earth line. The orbit of TQ is shown as red circles, while the laser links between each of the three satellites
(denoted as S1, S2, and S3), S1-S2, S2-S3 and S3-S1 are shown as blue, orange and green lines respectively. ¢ denotes
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the intersection of the orbital plane with the ecliptic, and { is perpendicular to the ecliptic. The electron number
density distributions along these three laser links (S1-S2, S2-S3 and S3-S1) are shown in the right panels of Figure
2, they are described as blue, orange and green, respectively, which are consistent with the colors of the laser links on
the left panels. The maximum of the electron number density along the laser links corresponds to the magnetosheath
and approaches 200 cm~3, which is about 5 times of the moderate solar wind conditions in Su et al. (2021).

Based on the distribution of electron number density along the laser links, we calculate the OPD noise by Equation
(4). The left panels of Figure 3 show the OPD noise of a single (S1-S2) laser link in one orbital cycle of TQ for three
different orbital plane cases with ¢, = 0°(blue solid line), 45° (orange dashed line), and 90° (green dotted line). There
is a little difference for the distribution of the OPD noise for the single laser link in the three orbital cases (¢s = 0°,
45°, and 90°). The maximums of the OPD noise of the single laser link are nearly 10 pm for the extremely strong
event, which is about one order larger than that of moderate solar wind conditions in Su et al. (2021).

single link Michelson
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Figure 3. The left panel is the OPD noise of the single (S1-S2) link, and the right panel is the OPD noise of the Michelson
combination. The OPD noise of the constellation plane ¢, = 0°, 45°, and 90° in a T'Q orbit period (3.65 days) are represented
as blue solid line, orange dashed line, and green dotted line, respectively.

Furthermore, we calculated the amplitude spectral distribution (ASD) of the OPD noise for single link, and the
results are shown in Figure 4. The red dashed line in Figure 4 is the fitted results of the ASD of the OPD noise. The
spectral indices of the fitted results for the constellation planes s = 0°, 45° and 90° are -1.046, -1.004 and -0.964
respectively, and the amplitudes of the fitted results at 1 mHz are 4.252, 5.401 and 4.678 pm, respectively.

10 ps=0° @s=45° ®s=90°
102
N
T 0!
~~
€ 100
8 index = -1.046 index = -1.004 index = -0.964
5 w07
1072
10 104 10-3 102 10 104 10-3 102 103 104 10-3 102
f(Hz) f(Hz) f(Hz)

Figure 4. The ASDs and power-law fitting results of OPD noise on the S1-S2 link in the constellation plane ¢, = 0° (left
panel), 45° (middle panel), and 90° (right panel) cases.

In the real GW detection mission, laser interferometry will be used to measure the changes of the distance between
the test masses to obtain the properties of GWs signals, such as frequency, amplitude and polarisation. The Michelson
interference combination is the most typical laser interference combination. The right panel of Figure 3 shows the
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time domain distribution of the OPD noise for the Michelson combination. The OPD noise in the constellation planes
of ps=45° and ;=90° is stronger than that of the single-link, while OPD noise of ¢;=0° case is weaker that of the
single link. The OPD noise of ¢s=45° and p;=90° constellation planes is higher than the result of ©;=0°. Here, the
equivalent strains of the OPD noise is denoted as Al/L, where L is the arm length of TQ. The results of Al/L of the
Michelson combination in frequency domain are shown in Figure 5. The black dashed lines represent the equivalent
strain noise requirement of the Michelson combination for TQ. The red dashed lines represent the fitted results of the
ASD of the OPD noise. The fitted spectral indices of the constellation planes ¢,=0°, 45° and 90° are -0.999, -0.888,
and -0.852, respectively, with corresponding fitted spectral amplitudes at 1 mHz of 2.844 pm, 7.739 pm, and 6.970 pm,
respectively. For the extremely strong solar eruption case, the spectral indices of the OPD noise are similar to that
of the moderate solar wind conditions, whereas, the spectral amplitudes at 1 mHz are approximately one order larger
than that of the moderate solar wind conditions in Su et al. (2021).
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Figure 5. The ASDs of the Al/L and the equivalent strain noise requirements of T'Q for the Michelson combination in the
constellation planes ps = 0° (left panel), 45° (centre panel), and 90° (right panel), respectively.

TDI is used in processing space-borne GWs detection data, and it is revealed that TDI can suppress the OPD noise
(Su et al. 2021). Combining the electron number density along the laser links and OPD noise of TDI combinations
(Equations (6) and (7)), we calculate the OPD noise for TDI-« and TDI-X combinations. Figure 6 shows the time
domain distribution of the OPD noise for the combinations of TDI-a and TDI-X. The maximum absolute values of
the OPD noise for the TDI-a« and TDI-X combinations noise are 0.067 pm and 0.134 pm, respectively. It suggests
that the TDI combinations can lead to a 2 orders of magnitude decrease in OPD noise in the time domain compared
to the Michelson combination.
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Figure 6. The OPD noise for TDI-a combination (left) and TDI-X combination (right) in time domain, considering in the
constellation planes of ¢ = 0°(blue solid line), 45° (orange dashed line), and 90° (green dotted line).
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Furthermore, we calculate the ASDs of the OPD noise for TDI combinations. Figure 7 shows the the equivalent
strains of the OPD noise (Al/L) for TDI-« and TDI-X combinations. The black dashed lines represent the equivalent
strain noise requirements of TDI-a: combination (top panels) and TDI-X combination (bottom panels) for TQ. The red
dashed line shows the power law fitting results of the noise ASD in the frequency range. For the TDI-a combination
(top row), the fitted indices are -0.0974, 0.2150 and 0.1200, respectively, with corresponding fitted amplitudes at 1
mHz of 0.0098, 0.0285, and 0.0247, respectively. Similarly, for the TDI-X combination (second row), the fitted indices
are also -0.0974, 0.2150 and 0.1200, respectively, with corresponding fitted amplitudes at 1 mHz of 0.0196, 0.0570,
and 0.0570, respectively. It can be seen that the OPD noise in the low-frequency band (f < 3 mHz) is significantly
suppressed by the TDI combinations, and the OPD noise after the TDI combination is changed from colored noise to
white noise in the low-frequency band (f < 3 mHz).
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Figure 7. The Al/L of TDI-a combination (top panels) and TDI-X combination (bottom panels) for TQ in the case of the
constellation planes ¢, = 0° (left panels), 45° (centre panels) and 90° (right panels). The black dashed lines in the top and
bottom panels are the equivalent strain noise requirements of TDI-a and TDI-X combinations for TQ, respectively.

4. STATISTICAL ANALYSIS OF LASER PROPAGATION NOISE

The OPD noise is proportional to the integral of the electron number density along the laser link. On the spatial
scale of the arms of TQ, about 170,000 km, the laser link will pass through magnetosphere, magnetosheath, bow
shocks, solar wind, and so on. Among these regions, magnetosheath is the region of the highest number density along
the laser link of TQ. Various phenomena, e.g., fast and slow solar wind, magnetic storms, CMEs, and interplanetary
shocks, can vary the geometric structure and the electron number density of these regions in multiple scales, from
plasma dynamic scales in seconds to solar cycles in tens of years (Sharma & Curtis 2005; Zhou et al. 2018). Several
physical parameters found to be sensitive to the geometric structure and the electron number density distributions,
e.g., y- and z-component of the space magnetic field, solar wind speed, solar wind dynamic pressure (Pgy,) (Maczawa
1976; Rufenach et al. 1992; Hartley et al. 2014; Wang et al. 2015); And several space weather parameters can be used
to characterise the structure of the Earth’s magnetosphere, e.g., AE, Sym-H, Kp, and Dst indices in Figure 1. In
general, with the increase of Pyyy,, the compression of the Earth’s magnetosphere will increase, and so does the electron
number density of the magnetic sheath.

The MHD simulations of the space environment in the vicinity of TQ’s orbit consume considerable computing
resources. Even with parallel computing, it takes more than a month to simulate the space plasma data for one TQ
orbital cycle (3.65 days). It would take more than 100 years to study the laser propagation noise over the entire solar
activity cycle (~ 11 years). Due to limited computational resources, we studied 12 cases of the OPD noise by using the
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SWMF with different input solar wind conditions. In order to evaluate the relationship between the OPD noise and
space weather parameters during different TQ orbital cycles, we define the average value of Pyyn, By, B,, AE, Sym-H,
Kp, and Dst during a TQ orbital cycle (3.65 days) as ?dym Ey, B,, AE, Sym-H, Kp, and Dst, respectively. As shown
in Figure 8, the blue bins are the histogram of I_Ddyn during 1999-2021 (about 2 solar cycles), with the minimum and
maximum of ]_den of 0.286 and 9.396 nPa, respectively. In this work, we roughly selected twelve cases with ?dyn of
0.79, 1.22, 1.57, 2.06, 2.68, 2.72, 3.22, 3.45, 4.15, 5.05, 7.10, and 7.67 nPa, which are marked as orange pluses circles
in Figure 8, and most range of den during about 2 solar cycles are covered by the selected cases.
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Figure 8. Histogram of Payn during 1999 to 2021. The blue bins are the histogram of ﬁiyn. The 12 orange pluses are the
Payn of the twelve cases in this work. The red curve is the fitted result of the histogram of Pgyn.

Similar to the OPD noise study in Section 3, we use the SWMF to simulate the variation of the magnetosphere
and obtain the electron number density distributions around the laser links of TQ, and then calculate the OPD noise
for 12 TQ orbital cycles. In order to study the relationship between the OPD noise and space weather, we calculate
the Pearson correlation coefficients between the power law fitted parameters (amplitude at 1 mHz and the) of the
OPD noise’s ASDs and space weather parameters (I_Ddyn, Fy, B,, AE, Sym-H, Kp, and Dst) for single link Michelson
combination, TDI-« combination, and TDI-X combination. Figure 9 shows the relationship between the fitted of the
ASD of the OPD noise at 1 mHz and ?dyn. Figure 9 contains results of ps=0°, 45° and 90° constellation planes for
the single link (top left 6 panels), the Michelson combination (top right 6 panels), the TDI-a combination (bottom left
6 panels), and the TDI-X combination (bottom right 6 panels). In Figure 9, the horizontal axes are ﬁdyn. In the first
and third rows, the vertical axes are the amplitude for the fitted ASDs of the OPD noise at 1 mHz, and the values
are marked as blue dots. In the second and forth rows, the vertical axes are the fitted spectral indices for the ASDs of
OPD noise, and the values are marked as orange dots. There is an obvious linear correlation between the amplitude
of the OPD noise and den; While the correlation between the spectral index and ﬁdyn is not apparent.

Furthermore, we investigate the relationship between the OPD noise and space weather parameters quantitatively.
We calculate the linear correlation coefficients between the power law fitted parameters (amplitude at 1 mHz and the
power law indices) of the OPD’s ASDs and space weather parameters (I_Ddyn, By, B,, AE index, Sym-H index, Kp
index, and Dst index) for the single link, Michelson combination, TDI-a combination, and TDI-X combination, and
the results are shown in Table 1. From the table we can find that most absolute of the linear correlation coefficients
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Figure 9. Relationship between P4y, and power-law fitting of ASDs of the OPD noise of single link, Michelson, TDI-« and the
TDI-X combinations for ps=0°, 45°, and 90°, respectively. The blue scatters indicate the amplitude of OPD noise at 1 mHz,
and the orange points are the fitted spectral indices of the ASDs of the OPD noise.

between the spectral indices and all seven space weather parameters are lower than 0.7, it indicates that there is no
apparent linear correlation between the spectral indices and space weather parameters. The absolute of the Pearson
correlation coefficients between the amplitude of OPD’s ASDs at 1 mHz and space weather parameters Payn, By, B,
AE, Sym-H, Kp, and Dst are about 0.89, 0.27, 0.36, 0.58, 0.72, 0.69, and 0.78, respectively. The above results show
that for Fy and B,, there is no correlation between them and the amplitude of OPD’s ASDs; For AE and Kp indices,
there is a weak correlation between them and the amplitude of OPD’s ASDs; For Pgyy, Sym-H, and Dst, there is a
significant linear correlation between them and the amplitude of OPD’s ASDs, with the strongest linear correlation
between ﬁdyn and the amplitude of OPD’s ASDs.

In order to quantitatively describe the OPD noise, we calculated the ratio of Al/L to the equivalent strain noise
requirements for Michelson, TDI-«,, and TDI-X combinations in the frequency domain. We find the ratio of Al/L
to the equivalent strain noise requirements is maximal at around 10 mHz in frequency domain for Michelson and
TDI-X combination, which is consistent with the result of Su et al. (2021). Here, we label the ratio of Al/L to the
equivalent strain noise requirements for different interferometry combinations at 10 mHz as Rye,. Figure 10 shows the
relationship between Ry, and ?dyn. The orange and green bins represent the cumulative distribution function (CDF)
and the reverse CDF of Pgy, during a TQ orbital cycle (3.65 days) in 1999-2021. Rgen for Michelson, TDI-«, and
TDI-X are marked as blue dots in the top, middle, and bottom panels, respectively.

As shown in Figure 10, den — Rgen distributions show the linear relationship between ﬁdyn and Reen. The red
dashed lines in Figure 10 are the linear fitted results. We calculate the linear correlation coefficients between Rgen, and
den for the Michelson combination, the values of the orbital planes of p,=0°, 45°, and 90° are 0.735, 0.939, and 0.914,
respectively. For the TDI-a combination, the linear correlation coefficients are 0.829, 0.875, and 0.930, respectively.
And for the TDI-X combination, the linear correlation coefficients are 0.829, 0.875, and 0.930, respectively. The average
of linear correlation coefficients is larger than 0.8 with the minimum larger than 0.7, which suggests an obvious linear
correlation between Ry, and ?dyn for all the interferometry combinations and all the orbital planes.

With the linear fitting between den and Rgen, we can estimate the occurrence probability rate during a whole
solar cycle. For the Michelson combination, the occurrence rate of Rgen, > 1 for ¢s=0°, 45°, 90° orbital planes
are 0%, 0.063%, 0.039%, respectively. And for TDI-a and TDI-X combinations, R, > 1 never occurs. Focus on
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Table 1. The correlation coefficients between the power law ﬁttedﬁ parameters (amplitudi at 1 mHz and the power law indices)
of the OPD noise’s ASDs and space weather parameters (Payn, By, B, AE, Sym-H, Kp, and Dst) for single link Michelson
combination, TDI-a combination, and TDI-X combination.

Correlation Coefficient | Parameter Single Michelson TDI a TDI X

ws (°) 0 45 90 0 45 90 0 45 90 0 45 90
Payn 0.921 0.830 0.839 | 0.895 0.895 0.885 | 0.905 0.899 0.895 | 0.905 0.899 0.895
By 0.243 0.210 0.259 | 0.179 0.277 0.367 | 0.184 0.278 0.365 | 0.184 0.278 0.365
B, 0.323 0.534 0.505 | 0.309 0.334 0.319 | 0.294 0.368 0.320 | 0.294 0.368 0.320

Amplitude @ 1 mHz AE 0.561 0.563 0.586 | 0.499 0.611 0.633 | 0.506 0.624 0.643 | 0.506 0.624 0.643
Sym-H -0.729 -0.689 -0.684 | -0.654 -0.769 -0.739 | -0.680 -0.769 -0.746 | -0.680 -0.769 -0.746
Kp 0.682 0.668 0.679 | 0.635 0.712 0.723 | 0.645 0.727 0.737 | 0.645 0.727 0.737
Dst -0.777 -0.733 -0.731 | -0.718 -0.822 -0.815 | -0.736 -0.825 -0.824 | -0.736 -0.825 -0.824
Payn -0.198 0.455 0.476 | -0.013 0.268 0.390 |-0.123 0.484 0.598 | -0.123 0.484 0.598
By 0.151  0.403 0.540 | -0.141 0.399 0.463 | -0.088 0.425 0.489 | -0.088 0.425 0.489
B, -0.081 -0.173 0.030 | 0.049 0.052 0.271 |-0.175 0.393 0.299 | -0.175 0.393 0.299

Index AE 0.003 0.511 0.586 | -0.052 0.352 0.496 |-0.192 0.591 0.677 | -0.192 0.591 0.677
Sym-H 0.310 -0.287 -0.288 | 0.223 -0.333 -0.319 | 0.260 -0.446 -0.454 | 0.260 -0.446 -0.454
Kp -0.075 0.505 0.550 | -0.024 0.338 0.490 |-0.259 0.612 0.717 | -0.259 0.612 0.717
Dst 0.274 -0.401 -0.357 | 0.016 -0.426 -0.448 | 0.140 -0.468 -0.539 | 0.140 -0.468 -0.539

Rgen > 1 of Michelson, TDI-«, and TDI-X combinations, it shows that TDI-« can suppress OPD noise by nearly 2
orders of magnitude of Michelson combination, and TDI-X can suppress OPD noise to about 1/3 of that of Michelson
combination. The laser propagation noise budget is roughly set as 30% of the overall displacement noise requirement.
For the Michelson combinations, the occurrence probabilities of Rse, > 0.3 for the orbital planes p,=0°, 45°, 90°
are 0.19%, 15.62%, and 15.50%, respectively. For TDI-a combinations, Rsen > 0.3 never occurs. For the TDI-X
combinations, the occurrence probabilities of Rgen, > 0.3 for the orbital planes ¢,=0°, 45°, 90° are 0%, 0.22%, and
0.10%, respectively. It shows that after using TDI, the laser propagation noise is negligible in most situations.

5. CONCLUSION

In this work, we study the laser propagation noise during an extreme solar eruptive event. For the Michelson
combination, the ASD of the OPD noise at 1 mHz ¢, = 0°, 45°, and 90° are 2.844 pm, 7.739 pm, and 6.970 pm,
respectively. The result is much larger than the result of moderate solar activity condition (Su et al. 2021), and is
close to the TQ’s displacement measurement requirement. In addition, we study laser propagation noise for the TDI
combinations during an extremely strong solar eruption. For TDI-a combination, the OPD noise is nearly two orders
of magnitude below TQ’s displacement measurement requirement. For the TDI-X combination, and the OPD noise
is about 30% of TQ’s displacement measurement requirement at about 10 mHz, which is about 1/3 of the result for
Michelson combination. It suggests that while the TDI combinations can suppress the OPD noise, the OPD noise still
needs to be considered in the cases of strong solar eruptions.

In order to obtain the OPD noise during the whole solar activity cycle, we calculate the OPD noise of 12 cases with
different den. We investigate the correlation between the OPD noise and space weather parameters. We find that
Payn, Sym-H index, and Dst index are significantly correlated with the amplitude of the ASDs for OPD noise, where
the linear correlation between ?dyn and the amplitude of the ASDs is strongest with the correlation coefficients about
0.9. We find an obvious linear correlation relationship between the amplitude of the ASDs at 1 mHz and Paqyy, and the
correlation coefficients are larger than 0.8 for all of the cases. It suggests that ﬁdyn can serve as a valuable index for
the evaluation of the laser propagation noise during the whole solar activity cycle. Then we evaluate the occurrence
rate by combining the linear correlation between Pgy, and laser propagation noise with the CDF distribution of
Payn during 1999 — 2021 (about 2 solar activity cycle). For the Michelson combination, the occurrence rate of the
OPD noise exceeding 30% of TQ’s requirement are 0.188%, 15.62%, and 15.50% for ¢s=0°, 45°, 90° orbital planes,
respectively. It indicates that the OPD noise needs to be taken into account when den is strong for the Michelson
combination. For TDI-a combinations, The laser propagation noise never exceeds 30% of TQ’s requirement. For the
TDI-X combinations, the occurrence rate of the laser propagation noise exceeding 30% of TQ’s requirement for p;=0°,
45°,90° are 0%, 0.22%, and 0.102%, respectively. It indicates that TDI combinations can significantly reduce the
occurrence rate of the OPD noise exceeding TQ’s requirement.
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Figure 10. Relationship between Rsen and Payn at 10 mHz, and statistical results of Payn. The blue points represent the
values of Reen at 10 mHz calculated with different dej, and the red dashed line is the result of the linear fitting. The orange
and green lines depict the CDF and reversed CDF of P4y, during 1999 — 2021, respectively.

In summary, during a strong solar eruption, the impact of laser propagation noise on TQ GW detection needs to
be considered, even after using TDI; However, from a statistical perspective, the impact of laser propagation noise on
TQ is minimal.

ACKNOWLEDGMENTS

The simulations used in this work are provided by the Community Coordinated Modeling Center (CCMC) at
Goddard Space Flight Center through the request system. This work is carried out using the SWMF and BATSRUS
tools developed at the University of Michigan’ s Center for Space Environment Modeling. The OMNI data are available
at the SPDFOMNIWeb ServiceNasa website (https://omniweb.gsfc.nasa.gov/). S. W. is supported by the National
Key R&D Program of China (No. 2020YFC2201200), NSFC (Grant No. 122261131504), and Guangdong Provincial
Demonstration Center project of Experimental Education in 2023 (The Center of Experimental Physics and Astronomy
Education). X. Z. is supported by the National Key R&D Program of China (Grant Nos. 2022YFC2204600 and
2020YFC2201202) and NSFC (Grant No. 12373116), and Fundamental Research Funds for the Central Universities,
Sun Yat-sen University (Grant No. 23xkjc001).

APPENDIX



14

The details of MHD simulations can be find in simulation result of Community Coordinated Modeling Center
(CCMC) website. The run ID, time range of the simulation, input data, and Pgqy, for the 12 cases in this study are

listed in the following table.

Table 2. Run details of the MHD simulations.

Time range (yyyymmdd/hh:mm — mmdd/hh:mm) | Run ID Input data | Payn (nPa)
20001126/06:00 — 1130/06:00 yanan_liu_-030823_1 OMNI 7.67
20031021/20:00 — 1025,/20:00 yanan_liu_120122_2 OMNI 5.05
20031108/06:00 — 1112/06:00 yanan_liu_120122_3 OMNI 4.15
20041211/00:00 — 1215/00:00 Yan_Meng_123020_3a OMNI 3.45
20050114/11:00 — 0118/11:00 yanan-liu_061923-1 OMNI 7.10
yanan_liu_061923_2
20050410/00:00 — 0414,/00:00 Yan_Meng_123120_2a OMNI 3.22
20060618/12:00 — 0622/12:00 yanan_liu_021023_2 OMNI 1.22
20080807/12:00 — 0811/12:00 Yan_Meng_123120_4 ACE 2.72
20100211/16:00 — 0215/16:00 yanan_liu_-030823_3 OMNI 0.79
20130514/21:00 — 0518/21:00 yanan_liu-031523_1 OMNI 2.68
20170330/00:00 — 0403,/00:00 JiXiang_Zhang 042923_1 | OMNI 2.06
JiaHui_Peng_042923_1
20180517/06:00 — 0521 /06:00 JiaHui Peng 0429232 ) iy 1.57
JiaHui_Peng_042923_3
JiaHui_Peng_042923_4
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