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-Stellar oscillations provide information about:

 Stellar structure

 System stability

 Evolution of physical events (i.e. NS merger)

 Physical mechanism (i.e. effect of rotation)

 Unique events might excite more modes

- De Pietri et al (2018)

 Post-merger remnant oscillates in radial and non-radial modes 
(quadrupole m=2)

 convective instability in the post-merger remnant   

 probe the rotational and thermal state

2

Stellar 
Evolution
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Considerations & Approximations:

 Polytropic fluid

 Uniform rotation Ω

 Small adiabatic oscillations

 Spherical symmetry  Cylindrical symmetry(   , φ, z)

 Newtonian limit



3



 Equation of HE:

 Polytropic fluid:

 Dimensionless formulation (Lane-Emden):

polytropic constant

Γ=1+1/n
n-> polytropic index

Γ-> polytropic exponent
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Test(n=1, β)

Present work Robe (1968)
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Present work

n=1.5 
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 Small Eulerian perturbation:

Eulerian variation

Lagrangian variation

 Perturbed equations 

Continuity Equation                       

Adiabaticity

Equation of motion

Poisson’s equation 
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 Small Eulerian perturbation:

 Perturbed equations 
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Numerical Method

1. Shooting Method (i.e. Runge-Kutta)

2. Fitting Point rm (i.e. ξ1/2)

3. Shooting-1 (center fitting point)

4. Shooting-2 (surface fitting point)

5. At the fitting point is required 
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Eigenfrequency!!!
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Constructing the Solution (Eigenfaunction)
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homogeneous linear system 4x4

Solution of homogeneous system 4x4 of linear equations
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Linear Adiabatic Wave Equation (LAWE)

Boundary Conditions(ξ z, θ w)

 Inner boundary (Center) - regularity
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 /

where  

0
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Boundary Conditions(ξ z, θ w)

 Outer boundary (Surface)
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Test 1(n=1, Γ1=5/3, β=0)

Present Work

x Γ1/(n+1)
0.463 , 2.27,  4.99

Robe (1968)
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Test 2(n=1, Γ1=5/3, β)

Present work Robe (1968)
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Present work

n=1 , Γ1=5/3

β=0 β=βmax
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Present work

n=1.5 , Γ1=5/3
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Simulation De Pietri et al. (2018)

m=2
Quadrupole
Oscillations

During the 
merging of 

Binary 
Neutron 

Star
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Boundary Conditions

 Inner boundary (Center)

 Outer boundary (Surface)

Pressure vanishes during oscillations (ΔP=0)
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Test 1(m=2, Γ1=5/3, β=0)

Present work

Robe (1968)
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Test 2(n=1, Γ1=5/3,  m=2, β)

Present Code Robe (1968)
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(n=1, Γ1=5/3,  m=2, β)
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(n=1, Γ1=5/3,  m=2, β)
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Present work (m=2, Γ1=5/3, β)

n=0.5
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 n=0.5        p2-mode≈mΩc 

p1-mode≈ mΩc-

f-mode≈0.8mΩc

1. Co-rotating mode viscosity 
driven instability
σr=0 => σi=2Ω

2. Counter-rotating mode 
instability 
σi=0
secular gravitational-wave 
driven instability (CFS)

[see Friedman J.L. and 
Stergioulas N. (2013)]
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Present work (m=2, Γ1=5/3, β)

n=1.5
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f-mode ≈mΩcn=1



 Differential rotation and comparison

 Inertial modes

 Simulations

 Effect of rotation to co-rotating modes and counter-
rotating modes

 Comparison between numerical methods

 Extension to spherical stars (Spherical Harmonics) 
+Relativity
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