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Magnetic Field Reconstruction at Test Mass Using the
Multi-stage Bias Correction Model
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Abstract: To precisely evaluate the noise from magnetic field and magnetic gradient fluctuations affecting test masses in space
gravitational wave detection missions, a Multi-stage Bias Correction Model (MSBCM) is studied for the accurate reconstruction of
magnetic fields at test mass. Built upon ensemble learning techniques, the MSBCM employs both standard fully connected neural
network modules and residual fully connected neural network modules as weak predictors. Each weak predictor sequentially corrects
the prediction biases from the preceding model, cumulatively forming a robust predictive model that achieves precise magnetic field
reconstruction at test mass locations. Magnetic field reconstruction experiments conducts on the LISA Pathfinder, eLISA, and Taiji-2
space gravitational wave detection spacecraft, and the proposed MSBCM method demonstrates the lowest mean relative errors along
sensitive axes in comparison with other interpolation or estimation methods. In simulating on-orbit experiments, the MSBCM method
achieves the root mean square error of magnetic field fluctuations and gradient fluctuations in acceleration noise on the sensitive axis
of test mass 1 of 1.68 X 1017 (m/s?/Hz'?) and 4.00 X 1017 (m/s*/Hz!?), respectively. Additionally, MSBCM closely only to the
distance weighted method in minimizing the root mean square error for magnetic field fluctuations and gradient acceleration noise on

the sensitive axis of test mass 2, records at 1.72 X 10°1¢ (m/s?/Hz!?) and 2.93 X 1016 (m/s?/Hz!"?), further validating the advantages of
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the proposed method in assessing magnetic fields around test masses in space-based gravitational wave detection missions.
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Fig.1 Distribution of magnetic sources, magnetometers, and test mass in the space gravitational wave detection spacecraft
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Tab.1 Magnetic field reconstruction results for LISA Pathfinder

5 /% &g mar 170
Jii
B B, B, B, B B, B, B,
Taylor 89.25 518.92 564.37 694.50 2745.34 573610.11 604412.84 2461076.40
WD 12626  646.60 637.91 798.67 3767.01 477011.43 739996.09 2450750.40
Multipole ~ 85.51 523.51 524.85 647.88 3452.78 467206.45 759302.88 1998534.80
™I DWME 11338  616.28 663.83 723.73 3645.20 451613.53 1097369.80 1873063.70
XGBoost  86.30 755.93 884.03 1378.01 5161.49 440535.35 617789.70 3250015.40
MSBCM  26.57 201.07 231.66 212.58 1055.81 131405.62 325384.40 327050.17
Taylor 206.23 1477.86 1385.79 2117.36 6337.63 2501042.40 1602870.80 6981814.10
WD 270.93 1749.38 1998.34 1929.93 5561.22 2664887.90 3045968.80 3634591.40
N Multipole  203.87 1434.70 1624.28 1774.25 5552.77 1994890.20 2521400.00 4399474.20
DWME 249.19 1627.78 1920.93 1561.21 5248.44 2215714.60 2922788.10 1403577.60
XGBoost 19.29 210.34 255.02 203.20 1305.22 438854.54 217929.15 279339.43
MSBCM 18.32 220.39 215.91 200.62 1418.04 612493.07 140519.40 412914.94
RYF) LISA Pathfinder f4d7 # @ sei rh, A SCHEHI ) —a— e
MSBCM J7 i AE U5 UM B I B 45 8, (B 1 e MR
WREMN BRI, ZWETT, ERERYTT k-
R A6 o R W b SR B ) EE iR AR T 2
100%, PRIk 8] 51 77 BRI 55 B it v H 250 1) é
S AN L 5 ke o R B B A4, RN R e g TR S
A ARG 75 LA 7 %=
4.2.2 el ISA HiIHEELIXTEL
eLISA RH 8 ANt v 24 i) AMR #5i v F -
SRR A OB, MR £200uT, 175 I TS0 100 150 200 230 300 330 400

KA N 0.18 (nT/Hz2)@1Hz. 1325 T AMR 44 %
BT R R0 BT, VB R RN AT DA 2SN
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Fig.5 Training and Testing of MSBCM on the
eLISA Dataset
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Tab.2 Magnetic field reconstruction results for eLISA
5 /% & mar 170
Tl
B| By By B, |B| By By B,
Taylor 0.84 2.50 3.18 3.54 6.85 1590.39 13222.55 5296.21
WD 0.84 2.50 3.18 3.54 6.85 1590.39 13222.55 5296.21
Multipole 1.01 2.98 3.13 3.64 6.75 1766.27 8960.39 5552.00
DWME 1.01 2.98 3.13 3.64 6.75 1766.27 8960.39 5552.00
XGBoost 1.21 8.68 10.65 8.65 25.00 10906.87 22410.27 4816.18
MSBCM 0.18 1.53 1.30 242 3.49 1177.87 2822.87 2453.91
R AM_SHAERER
Tab.3 Magnetic field reconstruction results for Taiji-2
& 1% Egomar /70
Tk
|B| By By B, |B| By By B,
Taylor 15.11 84.79 123.55 207.12 887.44 33066.14 48781.65 425602.34
WD 8.83 48.06 99.05 158.43 743.90 29353.64 45913.87 282891.87
Multipole  11.74 55.34 111.75 185.63 706.02 15681.89 52423.43 362661.43
™I DWME 15.61 79.26 123.28 201.89 1025.87 33688.57 62955.00 374511.89
XGBoost 3.42 29.92 24.38 37.60 181.28 19632.57 22803.73 104671.03
MSBCM 1.35 12.87 10.82 14.38 145.24 7294.00 6317.08 30633.32
Taylor 15.33 115.74 142.19 153.31 442.41 108830.68 185920.57 155773.28
WD 8.71 73.17 104.46 115.51 216.97 104259.11 107441.89 92245.70
Multipole ~ 11.82 74.48 123.59 134.94 341.09 44944.78 118690.82 131479.33
M2 DWME 15.69 113.35 133.23 147.43 371.93 88090.07 153712.76 144410.41
XGBoost 2.94 22.81 23.38 23.01 55.46 8802.75 16855.77 37746.41
MSBCM 1.10 13.85 11.77 12.48 23.77 19169.06 29637.80 13418.15
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Fig.6 Framework of image measuring system
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Fig.7 Reconstruction of Magnetic Field Fluctuations and Gradient Acceleration Noise along the Sensitive Axes of TM1 and TM2
Using Different Methods
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Tab. 4 RMSE of magnetic field fluctuations and magnetic

gradient fluctuations using different methods
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Tab.5 Ablation study

RMSE (m/s?/Hz!?)

Tk Sa, Sty
Taylor 3.47X1017 6.42X 1017
WD 2.74X 1017 1.28X 1016
Multipole 9.17X 1017 1.10X 1016
I DWME 5.98 X101 5.83X 1017
XGBoost 4.63 X101 7.48X 10714
MSBCM 1.68 X107 4.00X10"7
Taylor 3.02X 1016 3.47 X 1016
WD 9.39X1017 2.42X1016
Multipole 4.06X 1016 8.97 1016
M2 DWME 4.47X1016 1.02X 1015
XGBoost 4.49X 10715 7.41X10°14
MSBCM 1.72X1016 2.93X 10716

o _— & /%
Tk YA
B, (TM1) B, (TM2)
StMLP 20.76 24.01
StMLP 19.68 22.41
MSBCM
ReMLP 16.01 14.58
ReMLP 13.85 12.87
StMLP 20.76 24.01
StMLP 19.68 22.41
P —
StMLP-LM 15.24 14.92
StMLP-LM 13.49 14.44
StMLP 20.76 24.01
" StMLP 19.68 22.41
A —
StMLP 17.21 17.48
StMLP 15.55 14.35
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