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Why don’t NS spin faster?
• Fastest observed star spins at 716 Hz.  This is about 1/2 of Kepler 

frequency (where centrifugal force balances gravity).


• Hypothesis:  Accretion spins up neutron stars until the crust breaks.  This 
broken crust is deformed with a nonzero quadrupole moment so 
gravitational wave radiation prevents the star from spinning up further. 
arXiv:2410.19111 with Jorge Morales.


• Note Lars Bildsten suggested GW radiation limits spin but said 
quadrupole moment is from asymmetric electron capture layers.  [Need 
very deep electron capture layers in inner crust.]  



Finite element simulations
• Finite element simulation models crust as 

lots of tetrahedrons and satisfies all 
boundary conditions at crust core and crust 
ocean/ surface interfaces.


• Elements are of order 100m in size.


• Stress crust with increasing centrifugal 
forces.


• Nonrel. star with polytope EOS.


• Also compare to fully relativistic calculations 
of shape of rapidly rotating fluid stars.

Simulation Mesh



Maximum crust strain
• Crust breaks first at crust/core interface 

(bottom ) and at equator.


• A breaking strain of 0.1 (suggested by 
molecular dynamics simulations) is reached 
at rotation rates 0.6 of Kepler.  

Crust breaks first here

Bottom

Top of crust

EquatorPole
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Figure 3. Maximum von-Mises strain versus rotational frequency ! in units of the Keplerian (break up) frequency !K . The
solid curve is for a 1.4 M→ and the dashed curve for a 2 M→ star.

R !K !r
K ”Re/R ωmax

vm

(km) (Hz) (Hz) 0.05 0.1 0.05 0.1

11 1890 1300 690 940 790 1100

12 1650 1130 600 810 690 960

13 1470 1000 530 720 620 850

Table 1. Rotational frequencies for a 1.4M→ neutron star of radius R. The non-relativistic (relativistic) Kepler frequency is
!K (!r

K) . The columns ”Re/R = 0.05(0.1) give the frequency (in Hz) where the equatorial radius of a fluid star increases by
5%(10%) (Konstantinou & Morsink 2022). Finally, the last two columns give the frequency (in Hz) where the crust fails in our
simulations for a breaking strain of 0.05 or 0.1.

NS radii determinations from X-ray and gravitational wave observations and nuclear experimental and theoretical147

information (Lim & Holt 2022; Pang et al. 2023; Huth et al. 2022), we estimate equation of state uncertainties by148

considering R from 11 to 13 km in Table 1. Perhaps the largest uncertainty is the exact value of the breaking strain.149

Molecular dynamics simulations predict that the breaking strain is of order 0.1. However the exact value could be150

somewhat di!erent. For example a breaking strain of 0.05 (Baiko & Chugunov 2018) is reached at 0.42 of the breakup151

speed.152

Finally as a “sanity check” and to test for large relativistic e!ects we estimate crustal strain from relativistic153

calculations of the change in radius with spin of fluid stars. Qualitatively the crustal strain ωrr is of order ”Re/R154

where ”Re is the increase in equatorial radius with spin of a fluid star. Table 1 lists the spin frequencies where Re155

increases by 5% or 10% (Konstantinou & Morsink 2022). These values are similar to but slightly smaller than our156

non-relativistic simulation results. This suggests that there is not a large error in our simulations and relativistic157

e!ects are not large.158

Our simulations were performed for R = 10 km. We scale our results to other radii by assuming # scales with159

#K(R) because Konstantinou & Morsink (2022) find ”Re/R is approximately independent of R for fixed #/#r
K . This160

yields the # values in Table 1. For example, we find the crust fails at #/#K = 0.42 assuming the breaking strain is161

0.05. The nonrelativistic Kepler frequency of a R = 12 km star is 1650 Hz. Therefore, we predict that the crust of a162

R = 12 km 1.4M→ star will fail at # = 0.42 → 1690 = 690 Hz. This frequency is comparable to the 716 Hz rotation163

frequency of the fastest known NS (Hessels et al. 2006). However, Table 1 indicates significant uncertainties.164

4. DISCUSSION165

When the crust breaks, the release of elastic stresses will allow parts of the crust to move. This could produce a166

nonzero ellipticity ε. This is a measure of the asymmetry of the star,167

ε =
I1 ↑ I2

I3
. (12)168

Here I1, I2, and I3 are the principle moments of inertia and the star is rotating about the 3 axis. The ellipticity is the169

Rotational frequency when crust breaks

• Example, for a breaking strain of 0.05 crust 
breaks at 700 +/- 100 Hz depending on 
radius.  Compare to 716 Hz observed.


• Qualitatively expect crust to break when 
change in equatorial radius ΔR/R ~ breaking 
strain.  Relativistic fluid calculations of 
Konstantinou & Morsink find similar 
rotational speeds of ~ 600+/- 100.


• Still significant uncertainty from 
incompletely known breaking strain.

• Deformation of crust could be large when it 
breaks because crust has large strain and 
the crust breaks at base where density is 
high.


• Maximum ellipticity e=(I1-I2)/I3 crust can 
support ~ 10-6.  Only need ~10-8 for torque 
balance.



LIGO observations of Scorpius X-1

Cosmic explorer

(= twice rotation frequency)



Gravitational waves from accreting NS
• Finite element simulations find crust breaks at about 700 Hz (depending on 

crust breaking strain and NS radius).


• Broken crust may have a large quadrupole moment because (1) crust was 
strained near maximum (2) breaking happens at large densities and (3) 
strong NS crust can support large quadrupole moment.  


• Only need about 1% of maximum quadrupole moment for GW torque to  
balance accretion torque. 


•  Can probe scenario with present and next generation GW observations.


• ArXiv:2410.19111 with Jorge Morales.


