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Abstract C 20 ~ :
The obscrvation of gravitational waves (GWs) [rom merging black holes and ncutron stars provides a unique Q—4 . :
opportunity to discern information about their astrophysical environment. Two signatures that are considered () - e ————— — A ,
powerful tracers to distinguish between different binary formation channels are general relativistic spin-induced 0.00 0.05 0.10 0.15 0.20
orbital precession and orbital eccentricity. Both effects leave characteristic imprints in the GW signal that can be ’ ' ‘ 10 y
cxtracted from observations. To date, neither precession nor eccentricity has been confidently discerned in merging | CC entr l Clt e
neutron star—black hole binaries. Here we report the measurement of orbital eccentricity in a neutron star—black hole 4 y 20
merger. Using, for the first time, a waveform model that incorporates precession and eccentricity, we pertorm
Bavesian inference on the GW event GW200105 and infer a median orbital eccentricity of exg ~ (L1435 at an orbital . . . . . . .
period of 0.1 s, ruling out eccentricities smaller than 0.028 with 99.5% confidence. We find inconclusive evidence for Figure 1. Measured eccentricity distribution in
Fhe presence ot‘ precession, consistent .wﬁh previous, noneccentric results, but a more unegual mass ratio. Qur 1'es.ult GCW200105. One-dimensional posterior probabi lit.y distri-
implies a [raction of these binaries will exhibit orbital eccentricily even al small separations, suggesting [ormation . . I
through mechanisms involving dynamical interactions beyond isolaled binary evolution. Future observations will bution for our measurement of the orbital eccentricity at a
reveal the contribution of eccentnic neutron star—black hole binaries (0 the lotal merger rate across cosmic tme. W frequency of 20 Hz. The solid vertical line indicates the

median and the two dashed lines the 90% credible interval.

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

* Neutron stars are generically elliptical

I, = I
Definition € 1=
I3
Origin: « Strong B field (magnetars)
B2R3 1.4M R B
e~ ~ 4% 107(——2) )X )*
GM?2/R M 12 km 105G

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

e Solid crust

O
e~ 107° br
(O.l)

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

12 o Il
I3

Definition € =

Detection:

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

— Emit continuous GW,

elf? € M R f lkpc
hy ~ —— ~ 10728 2 ’
Y d (10—6)(1.4M@)(12km) ST
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Outline

=Spin-orbit resonance in neutron star binaries



® Spin-orbit resonance in NS binarie O

e Equations of motion (for circular orbit)
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® Can resonance happen in reality?

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

e |f NS has ellipticity, what’s the possibility of capturing
into resonance?



® Can NS in inspiral stage have non-negligible ellipticity

e The timescale of magnetic field decay for a magnetar is

Td ~ 105 — 106 YI'  Goldreich+1992
e Usually, merger time should be very long for isolate binary evolution

2.8M 0.7M a
T ~ 6 x 108 =2 = yr
merger,0 (M-I-M’) ( L )( 1 AU) y

e For highly eccentric orbit,
768

Trvereer = T — (1 —e?)""?
merger merger,0 420
» Dynamical capture in dense stellar environments Evidence: orbital eccentricity found in
N - 3. a neutron star-black hole merger,
Ryspr ~ 0.1 = 1Gpe™yr GW200105
» Hierarchical triples (Lidov-Kozai oscillation) (Morras+2025)

-3 —1
(Stegmann+2025)



* Can NS in inspiral stage have non-negligible ellipticity

Magnetic field evolution
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® Can resonance happen in reality?

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

YeS fmag,merge — mag,OP mag,merge(Bint(tm) > Bth) meag,O X @(Ol)

e |f NS has ellipticity, what’s the possibility of capturing
into resonance?
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® Can resonance happen in reality?

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

YeS fmag,merge — mag,OP mag,merge(Bint(tm) > Bth) meag,O X @(Ol)

e |f NS has ellipticity, what’s the possibility of capturing
into resonance?

For circular orbit

Y+ Bsiny+C =0,

For Eccentric orbit

_ !/ 43 — 9(C
B — 3€GM /a, and C — ZQOI‘b' P(l 6) _ @( q )1/2 61/2 (1+ 2_562)
) 1 B 43 1/2 T\t 18/
Plock: o BL/2C ~ 7-‘-81/26 p— - (1—?_ ) (—:1/2 D 3 _4\/3 q 1/2 1/217W 1/2
1+35%5 1 (5’6)_T<1+q) © 5V 2°

~10~2fore ~ 10~
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Outline

= Detection and physical implication
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°* 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.

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

Change the gravitational waveform
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Frequency domain waveform correction (phase correction)
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* [njection study - NSBH

NSBH Injection: m; = TM,,m, = 1.4M 5, D; = 100Mpc
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* Injection study

BNS Injection: m; = 1.4M , m,
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® Search in known events

GW190814
e e HLV
GW170817 . L-only
0.4 1 GW190425 - H-only
GW200105
. GW200115 ,
0.3 CW230518 "
o - (GW230529 :
o T GWI100814 (Honly) -
- O.2j ( ¥) =
0.1 1
0 25 510 H 100 125 150 ] 3y

fhr _ flow [HZ]

f br

No positive events, but the mass-gap event GW190814
shows an interesting peak If the f,. ~ 120 Hz 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
e ~ 8 X 1073, corresponding to an extremely strong internal magnetic field

~ 8% 10°G
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® Physical implications

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

70

Afi/for ~ 0(0.01%) — 6(0.1%) [ Hus2020

60 +

¢ Measure the moment of inertia,
Alll ~ 0(0.1%) — O0(1%)

! [ kl,n 3."1\‘[_; un m]

/M

o Even more precise than tidal Love number, of great help in
constraining the equation of state.
M. (Shen) [M_] |
© A unique system in which both 7 and tidal love number S Yagii203 1= o
can be measured, providing a test of gravity. g oo Lt
e e
e Test Exotic Compact Object (ECO)
18 o .
300 1000 2000 25(X)




°* What if undetected?

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

Rlock — f mag‘@lockRNSBH

c 1/2 R
~ 0.12 NSBH Gpc3yr !,
i) (o

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

"dV .(z2) R(z)
dz
dz 147

12
— 400 fmag € RNSBH yI’_l
10-3 20 Gpc—3 yr-!

R(z) = Ry X (1 + 2)32e7¢73

N =

* The resolvable merger events

Ny = J Vo) R
dz 1+z

Jres(2)dz
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* Summary

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

* (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.

e Future searches should be performed to discover this resonance, or, if undetected, to
place constraints on the magnetar fraction in neutron star binaries.

Tﬁcmﬁ Jou.’
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® Eccentric orbit

7 | H(1,€)=1—282+%643
=n, 3 7 123
) 3 H(-,e) = —e e’
0—§en2 1 a' sin[2(f —6)] =0, 2 2 116
2 14+gqrs H(2, ) 17 , 115 4
= —e — —8€
€)= g 6
5! 845 4
H(3e)= g€

¥+ Bsiny+C =0,

2 4 B
q P(p; 6) — 1+ %Bnézc ~ - Bl/QC
B = 3en? H(p,e) 4+/3 gk H(
1 y€) s _ L) 1/2 o p,e) n
T4 mp (1 +q) ° (\/H(p’ ) 2¢/H(p,e)

C = 2pn.
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® Eccentric orbit: waveform correction

2

6
Dy = vy’ (ao > any") ,
n=2
6
De? = —y® (bo + Z bny") :
n=2

ol ' v v v \J ' Al T T Al ' Al L\l T T l v Y T

- —— Modified pyEFPE

—— Eq.(7) in main text

Dy =Dy + D'y,

De? = DY%? + Dle?,
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® General case

Lw — (I — Is)wows = Ny,

Iowo — (Ig — Il)w3w1 = No, Ny = i (I — I3)(7

Iyws — (Il — Iz)wlwz = N3, 3GM’

(N5} = — 2 (0, — 1) [(e + 1) Hp, ) sin2(0 — pt — )
+ (z — 1)*H(—p, e)sin2(8 — pf + w)
+2(1 — z*)G(p,e)sin2(6 — pé’)] ,
. B: .
W3 — €WqWsa 5 Sin 2(0 — pl — wy), (S59)
where
B.\’ o p—\2 Fo o w2
B =4[(g+hT +h7)° —4g(hT + A7) sin’ w
— 4h*h™ sin® 2w] , (S60)
oy
tan 2w, = (A” = h”) sin 2w (S61)

g+ (ht +h " )cos2w’
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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.

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

e 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
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