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Motivation
Morras+2025


arXiv:2503.15393 

Dynamical formation channel means large orbit eccentricity, short delay time  

Is the NS in GW200105 a magnetar? What would happen if it were a magnetar?

Magnetar (with permanent deformation)+ companion similar to Earth-Moon/ Sun-Mercury?

https://arxiv.org/abs/2503.15393
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Neutron stars are generically elliptical

ϵ :=
I2 − I1

I3
Definition

Origin： •Strong B field (magnetars)

ϵ ∼
B̄2R3

GM2/R
∼ 4 × 10−6(

1.4M⊙

M
)2(

R
12 km

)2(
B̄

1015G
)2

•Solid crust

ϵ ≈ 10−6(
σbr

0.1
)

(Haskell+2008, Akgun+2008, Lander+2009)

(Ushomirsky+2000, Haskell+20006)
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Neutron stars are generically elliptical

ϵ :=
I2 − I1

I3
Definition

Detection:

(Gao+2022, Desvignes+2024)
Precession of neutron star, modulate the EM signal 

Emit continuous GW, 

h0 ∼
ϵIf2

d
≈ 10−28(

ϵ
10−6

)(
M

1.4M⊙
)(

R
12km

)2(
f

1Hz
)2(

1kpc
d

)

https://inspirehep.net/authors/1739743
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Spin-orbit resonance in NS binaries

• Equations of  motion (for circular orbit)

··f +
3
2

ϵ
M′￼

a3

I
Iorb

sin[2( f − θ)] = ·Ωorb ,

··θ −
3
2

ϵ
M′￼

a3
sin[2( f − θ)] = ·Ωs ≈ 0

Locking breaks down when ,ℬ < 𝒞

fbr =
Ωbr

π
=

1
π(M + M′￼) ( 5

64
M + M′￼

M )
3/5

ϵ3/5

≈ 10 ( 1
1 + q )

2/5

( 1.4 M⊙

M ) ( ϵ
10−5 )

3/5

Hz .

Define γ = 2( f − θ)
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• Can NS in inspiral stage have non-negligible ellipticity？

• If  NS has ellipticity, what’s the possibility of  capturing 
into resonance？

Can resonance happen in reality?
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Can NS in inspiral stage have non-negligible ellipticity

• Usually, merger time should be very long for isolate binary evolution

Tmerger,0 ≃ 6 × 108(
2.8 M⊙

M + M′￼

)2(
0.7 M⊙

μ
)(

a
1 AU

)4 yr

• For highly eccentric orbit, 

Tmerger = Tmerger,0
768
429

(1 − e2)7/2

• The timescale of  magnetic field decay for a magnetar is 

Td ∼ 105 − 106 yr

• Dynamical capture in dense stellar environments

• Hierarchical triples (Lidov-Kozai oscillation)

RNSBH ∼ 0.1 − 1 Gpc−3 yr−1

Goldreich+1992

RNSBH ∼ 1 − 23 Gpc−3 yr−1

(Stegmann+2025)

Evidence: orbital eccentricity found in 
a neutron star–black hole merger, 
GW200105 


(Morras+2025)
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Can NS in inspiral stage have non-negligible ellipticity

Bint(t) = Bint,0 (1 +
αt
τB )

−1/α

,

Magnetic field evolution 

Bint,0 = ξ Bp,0 , log10 Bp,0 ∼ 𝒩(14.5,0.252)
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Can resonance happen in reality?

• Can NS in inspiral stage have non-negligible ellipticity？

• If  NS has ellipticity, what’s the possibility of  capturing 
into resonance？

Yes fmag,merge = fmag,0Pmag,merge(Bint(tm) > Bth) ∼ fmag,0 × 𝒪(0.1)
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Can resonance happen in reality?

For Eccentric orbit

For circular orbit

• Can NS in inspiral stage have non-negligible ellipticity？

• If  NS has ellipticity, what’s the possibility of  capturing 
into resonance？

Yes fmag,merge = fmag,0Pmag,merge(Bint(tm) > Bth) ∼ fmag,0 × 𝒪(0.1)

∼ 10−2 for ϵ ∼ 10−5



Outline

13

➡Neutron stars are generically elliptical 

➡Spin-orbit resonance in neutron star binaries 

➡Detection and physical implication 

➡Summary



14

How to detect?

• Locking occurs when the orbital frequency sweeps through the neutron star 
spin frequency, typically occurring in the range of 0.1 − 1 Hz for magnetars.

·a = −
64
5

μM2
t

a3
(1 −

3I2

μa2
)−1 = ·a0(1 − δ)−1 N = ∫

af

ai

Ωorb

2π ·a
da

δN = ∫
af

ai

−
Mt /a3

2π ·a0
δda =

5
128π

3M1/2
t I2

μ2M2
t ∫

af

ai

a−1/2da = −
15

64π
I2

μ2Mt [(
ai

Mt
)1/2 − (

af

Mt
)1/2]

Change the gravitational waveform

h( f ) = 𝒜eiψ( f )

δψ( f ) =
−

45
64

I
μ2Mt

(v−1 −
4
3

v−1
i +

1
3

v3

v4
i

), f ≤ fbr

−
45
64

I
μ2Mt

(v−1
br −

4
3

v−1
i +

1
3

v3
br

v4
i

), f > fbr

•  The locking can persist up to O(10) Hz or higher, depends on the ellipticity.

Frequency domain waveform correction (phase correction)
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Injection study - NSBH

NSBH Injection: m1 = 7M⊙, m2 = 1.4M⊙, DL = 100Mpc

Δfbr /fbr ∼ 𝒪(0.1%), ΔI/I ∼ 𝒪(1%) Δfbr /fbr ∼ 𝒪(0.01%), ΔIsrc
2 /Isrc

2 ∼ 𝒪(0.1%)
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BNS Injection: m1 = 1.4M⊙, m2 = 1.4M⊙, DL = 100Mpc

Δfbr /fbr ∼ 𝒪(0.1%), ΔIsrc
2 /Isrc

2 ∼ 𝒪(1%) Δfbr /fbr ∼ 𝒪(0.01%), ΔIsrc
2 /Isrc

2 ∼ 𝒪(0.1%)

Injection study - BNS
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Search in known events

No positive events, but the mass-gap event GW190814 
shows an interesting peak

GW190814

If the  peak is real, it would imply that the secondary object of

GW190814 is not a BH, but rather a neutron star with an ellipticity of 

, corresponding to an extremely strong internal magnetic field 

fbr ∼ 120 Hz

ϵ ∼ 8 × 10−3

∼ 8 × 1016 G



18

Physical implications 

• Measure the NS ellipticity, possibly a magnetar observed in binaries, 
can be used to constrain the B field.

Δfbr /fbr ∼ 𝒪(0.01%) − 𝒪(0.1%)

• Measure the moment of  inertia, 

ΔI/I ∼ 𝒪(0.1%) − 𝒪(1%)

Even more precise than tidal Love number, of  great help in 
constraining the equation of  state.

A unique system in which both  and tidal love number 
can be measured, providing a test of  gravity.

I

Hu+2020

Yagi+2013

• Test Exotic Compact Object (ECO)
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What if  undetected?

• The expected merger rate for a resonance-locking NSBH system is 
approximately

Rlock = fmag𝒫lockRNSBH

≈ 0.12 fmag ( ϵ
10−5 )

1/2

( RNSBH

20 Gpc−3 yr−1 ) Gpc−3 yr−1 ,

• The total merger rate in the observer frame is written as

·N = ∫
dVc(z)

dz
R(z)
1 + z

dz

= 400 fmag ( ϵ
10−5 )

1/2

( RNSBH

20 Gpc−3 yr−1 ) yr−1

• The resolvable merger events 
·Nres = ∫

dVc(z)
dz

R(z)
1 + z

fres(z)dz ,

Tobs =
1
·Nres

R(z) = Rlock × (1 + z)3.2e−z2/3

ET+CE
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Summary

• We present a novel resonance mechanism that can naturally occur in neutron star 
binaries: a spin-rbit resonance.

Thank you!

• Observations by next-generation detectors such as ET and CE, or even the upcoming 
upgrade of Advanced LIGO, have the potential to detect such locking signals, enabling 
precise measurements of both neutron star’s ellipticity and moment of inertia. 

• Future searches should be performed to discover this resonance, or, if undetected, to 
place constraints on the magnetar fraction in neutron star binaries.
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Eccentric orbit
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Eccentric orbit: waveform correction
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General case
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3:2 spin-orbit resonance of  Mercury

• Mercury rotates three times on its axis for every two 
orbits around the sun.

• First explained by Goldreich & Peale (1966), require a 
eccentric orbit and a finite ellipticity

• For circular orbit, there is only 1:1 resonance, for 
eccentric orbit, there could be 3:2, 2:1, 5:2…
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Lidov-Kozai effect
1 − e2

in cos i = constant


