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Abstract: In space gravitational wave detection missions, interferometer arm lengths dynamically evolve un-

der the influence of orbital dynamics, making it difficult for traditional equal-arm homodyne models to de-
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scribe the propagation characteristics of quantum noise in heterodyne links. To address the non-zero coup-
ling between laser-port noise and dark-port fluctuations caused by dynamic unequal-arm heterodyne interfer-
ometers in space gravitational wave detection, this paper derives a full-band quantum noise evolution model
and obtains an adaptive control criterion for the optimal squeezing angle. Starting from time-dependent field
operators, the frequency-domain noise mixing matrix is derived by using the Fourier transform to convert
time-domain causal delays into frequency-domain phase rotations. Combined with the optomechanical coup-
ling coefficient to describe low-frequency radiation pressure noise, a universal optimal squeezing angle cri-
terion for the full frequency band of space gravitational wave detection is established. Numerical simulations
demonstrate that when the static phase difference reaches its maximum, the traditional fixed squeezing angle
scheme fails to suppress the mixed noise, with its normalized variance remaining at 1.0. In contrast, the pro-
posed adaptive squeezing angle scheme exhibits a significant noise reduction effect; at squeezing parameters
r=0.5 (4.3 dB) and r = 1.0 (8.7 dB), it successfully reduces the normalized output phase noise variance to
0.904 6 and 0.748 3, respectively. Utilizing this criterion to dynamically adjust the squeezing direction can en-
hance the level of quantum noise suppression across the full frequency band of space gravitational wave de-
tection, providing a theoretical reference for quantum noise mitigation in space gravitational wave detectors

under dynamic unequal-arm environments.
Key words: space gravitational wave detection; unequal-arm interferometer; quantum noise; squeezed state;

adaptive control
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Fig. 1 Schematic of dynamic unequal-arm heterodyne interferometric measurement
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