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Introduction
A rapidly rotating, asymmetric neutron star (NS) in the Milky Way undergoes free precession, making it a potential source

for multimessenger observation. The free precession could manifest in (i) the spectra of continuous gravitational waves (GWs),
and (ii) the timing behavior and pulse-profile of radio and/or X-ray pulsars.

We extend previous work and investigate in great detail the free precession of a triaxially deformed NS with analytical and
numerical approaches. In particular, its associated continuous GWs and pulse signals are derived. Explicit examples are
illustrated for the continuous GWs, as well as timing residuals in both time and frequency domains.

Figure 1. Configuration and kinematics of freely-precessing 
triaxially-deformed NS.

ØAssumptions:

ØTime evolution of the configuration:

1. Analytical solution with elliptic functions
2. Numerical approach using quaternions

ØParameterized description of precessing NS:

1. the moments 𝐼! 𝑖 = 1,2,3 are constant
2. the NS undergoes free precession

Oblateness Nonaxisymmetry Wobble

ØModulated timing signals of pulsar:
∆Φ = 𝐹(𝜓, 𝜃, 𝜙)

Phase residual Function of NS configuration

ØModulated pulse profile:

𝑊 = 𝐺 Θ , Θ = 𝐻(𝜓, 𝜃, 𝜙, 𝜒, 𝜄)

Pulse width Function of configuration, 
emission cone, line of sight

ØQuadrupole radiation of GW:

Result 1: timing residual
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Result 2: pulse-width modulation Result 3: GW waveform
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Precession: 𝝓
Nutation: 𝜽
Rotation: 𝝍

Magnetic dipole: %𝒎
Magnetic inclination: 𝝌

∆𝑃 = −
𝑃!"
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Fourier transformation of period 
residual. Peaks at 

𝐧𝛀𝒑
𝟐𝝅

, 𝒏 = 𝟏, 𝟐, 𝟑…

Figure 2. Timing residuals for a large wobble angel 
case. 𝛀𝐩 is the free precession angular frequency.

To the second order expansion of 𝜖, 𝛿, and
𝛾 (small wobble case), the period residual is

𝐿𝑒𝑓𝑡: Emission geometry
1.  Electromagnetic radiation is 
confined in a emission cone with 
angular radius 𝜌
2.  Different cuts through the cone 
correspond to different pulse widths

𝐵𝑒𝑙𝑜𝑤: Pulse-width modulation
1. Large wobble angle: may lose the 

emission during precession
2. Small wobble angle: modulation is 

much weaker

Large wobble 
angle case

Small wobble 
angle case

Figure 4. The Fourier amplitudes of ℎ" and ℎ×. The 
parameters 𝜖, 𝛿, and 𝛾 have been exaggerated for 
illustration. Physical parameter can be easily 
implemented. 𝛀𝐫 is the rotation angular frequency.

Figure 3. 

To the second order expansion of 𝜖, 𝛿, and 𝛾
(small wobble angle case), the peaks of GW angular 
frequencies are at

first order lines 
𝛀𝐫+ 𝛀𝐩 and 𝟐𝛀𝐫

second order lines

𝟐(𝛀𝐫+ 𝛀𝐩), 𝛀𝐫− 𝛀𝐩, 𝛀𝐫−3𝛀𝐩, 𝐚𝐧𝐝 𝟐(𝛀𝐫− 𝛀𝐩)

Conclusion

1. Radio/X-ray signals and continuous GWs of freely-precessing NSs will 
provide valuable information about the wobble angle, the nonaxisymmetry, 
and the oblateness of the source. 
2. The next-generation GW detectors may detect the continuous GWs from 
precessing NSs and constrain the equation of state of NSs.
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𝒏 = 𝟎,±𝟏,±𝟐…

Scan and find our work! 😄
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