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If I were a NS, my mass and moment of inertia would be decreasing !




Structure of NS

\/STrong gI"OVi'I'y ' Crust (elastic)
v (Nearly) spherical structure -

v'Composed of a fluid core and an elastic
crust

How can we extract information abou’r the
internal struc¢ture ofsa neldfron star? *




Continuous Gravitational Waves (CGWSs)

* (Nearly) constant frequency and amplitude

« Emitted from rapidly rotating neuTron stars
with asymmetries

e Emission mechanisms:
> Mountains on the NS surfoce (fGW = met)
> Precessmg NS (ferr =)

&
> r-mode ms‘rabl”ry (f(;w = fmt)
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https://www.ligo.org/science/GW-Continuous.php



r-mode instability

* Instability in rotating star (Kojima 1992, etc.)
* Dominated by the £ = m = 2 mode
» Unstable due to GW emisSion (Andersson |998)

https://en.wikipedia.org/wiki/Rossby wave#/media/File:Jetstre
am - Rossby Waves - N hemisphere.svg



https://en.wikipedia.org/wiki/Rossby_wave
https://en.wikipedia.org/wiki/Rossby_wave

CGW from NS mountain ' 1y = [ prgav

I, = 10*°g cm?

: : Ui =1
AmpllTui(;ZG D e xxI yy
hy = D—szazwlzzg o Jow: GW frequency %
2 e I;;: Moment of inertia
- (1 1)(10_24) ( € ) (IZZ) ( fGW ) (1kpC) B
' 10-¢/\ I, / \1kHz \ d / Z
. y Hz € Z fGW |
~ —11.7%x107° ) ( )
fow ( S (10—6) 1kHz/ «
e: ellipticity (size of the “moufifain™) -

If we know I and D, we can obtain e.

https://physics.anu.edu.au/quantum/cgp/research/datatheory/neutronstars.php



- P—Pand f;y — fow diagrams
' Riles (2023)
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Minimum. e of millisecond Pulsars

Woan et al.
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Figure 1. Observed (black stars) and intrinsic (blue circles) period derivatives
of the MSPs in our sample vs. period (i.e., the bottom left corner of the standard
P-Pdot diagram) excluding pulsars in globular clusters. The intrinsic period
derivatives include corrections for differential Galactic rotation and Shklovskii
effects. Straight (orange) lines show where canonical gravitars with ellipticities
of 107® and 10~ would sit. Note the sudden fall in source numbers below
€ ~ 107°. Also shown are curves (blue) of constant surface magnetic field B,
assuming spin-down is in accordance with Equation (5) and that all of the
pulsars have a common ellipticity of 10~°. The shaded area corresponds to the
death line exclusion region of Zhang et al. (2000).

Magnetic dipole Woan et al. (2018)
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GW radiation
If we consider typical values for millisecond
pulsars

P 1 ms B 2
(10‘205 s‘l) ( P )(108 Gauss)

ImsY( ¢ Y
+2'7( P )(10—9)'
Spin-down may require a minimum ellipticity
of 10~° to explain P — P diagram



Search for CGWs from Known pulsars

LVK collaboration ApJd, 983:99 (2025)

v Not detected (O4a)
v 29 targets below the
spin-down limit

g -

v'lowest constraints

e ~ 8.8x107° (millisecond pulsar -
J0437-4715)  _ .

v lowest spin—-down ratio 0.00783
(Crab pulsar)
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Search for CGWs from Known pulsars

LVK collaboration ApJd, 983:99 (2025)

v Not detected (O4a)

v 29 targets below the
spin-down limit

v'lowest constraints

e ~ 8.8x107° (millisecond pulsar -
J0437-4715)  _ .

v lowest spin—-down ratio 0.00783
(Crab pulsar)




If we detect C,G.Ws,

How can we extract information about Crust (elastic)
the internal structure of a NS from the
ellipticity €?




Origins of “mountains”

~» Magnetically confined mountains (Payne & Melatos 2004;
Priymak et al. 201 | ; Fujisawa et al. 2022; Rossetto et al. 2023)

 Thermal mountains (Osborne & Jones 2020 )

» Isolated NSs | ~
* Magnetic mountains (Haskell et al. 2008; Lander et al. 2012,
etc.)

« Elastic mountains (Ushomirsky et al. 2000; Haskell et al. 2006
Gittins et al. 2021‘ Morales & Horowitz 2022, 2024; Fujisawa

et al. in prep)



Formulation of a magnetically confined
mountain ' -

» Stationary and axisymmetric around
the magnetic axis

- Matter is‘accreted onto magnetic
pole

« Mountain is supported by strong
magnetic field

* A magnetically confined mountain is
formed® |

- Incorpéro’res higher-order multipole
magnetic fields

Suvorov & Melatos (2018) _



Magnetically confined mountains

Dipole magnetic field (B,;)
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Magnetically confined mountains

Fujisawa et al. (2022)

. Bd 1.54
Dipole magnetic field (B ' ~ 3)(10_11( )
- el ‘a2 €l 3.0x10°G
- > B 1.54
Dipole (By) + Quadrupole (B, = 10B,), le| ~ 1)(10—9( d )
magnetic field 3.0x10°G

* 90% of B, or B, is buried by accretion =

¢ depends on By »

« Strong B, buried by"accretion, can
support a mountdin

* An accreting NS with strong B, may
support the minimum |e| ~ 107° ; WO o o e o




Origins of “mountains” in NSs

* NSs in binary systems (accreting NSs)

~» Magnetically confined mountains (Payne & Melatos 2004;
Priymak et al. 201 |; Fujisawa et al. 2022; Rossetto et al. 2023)

 Thermal mountains (Osborne & Jones 2020 )

. I\/Iogne’rlc mountains (Haskell et al. 2008; Lander et al. 2012,
etc.)

« Elastic mountains (Ushomirsky et al. 2000; Haskell et al. 2006
Gittins et al. 202f Morales & Horowitz 2022, 2024; Fujisawa

et al. in prep)



Magnetic mountain

« Depends on the internal
magnetic field structure

(Haskell et al. 2008, e’rc?) ‘

2

fo7c)

* Requires strong internal
(e.g., toroidal) magnetic
fields e '

El 2x10-10 (




Elastic Mountain

Crust (elastic)

* Mountain supported by elastic force hin the

crust ®
1 o,
—Vp +Vep ——Vh =-Vf

p p p -

A 1 2 |
hi = V;(2u0;”), oy;= > [Vifj +Vjéi — §gi];(Vk€k)]
e Yield condition of ‘rhe.elqsi: crust -

o =0, =0.1 (Horowitz & Kadau 2009)
) u: shear modulus

0 = ~o;;07(Von Mises strain)  ¢;: displacement vector
| g;j: stress tensor



Maximum size of an elastic mountain

 Maximum ellipticity €53« depends on formulation and assumption
Emax ~ 1.6X107° Ushomirsky et al. (2000)

Emax ~ 4.0x1075 Haskell, Jones, Andersson (2006)
Does not respect the core-crust boundary condition

Emax = 1077 ~ 1078 Gittins, Jones, Andersson (2021)

Assume a force function with fine-funina
Emax ~ 7.4%x107° Morales & HerFowitz (2022)

Assume a force func’rlon with fine-tuning
Emax = 107° Fujisawa et al. (in prep.)

Without fine-tuning



Elastic mountain induced by rotation

Morales & Horowitz (2024, 2025)

» If a neutron star crust has tiny
. anisotropy elastic force as

. e
h; ~ vj (Z,UO'l-J + 2u <(p>5xx5ix5]x );
(p) ~107*

a centrifugal force can support °

the minimum |e| ~ 107°

Crust (elastic)



From the upper limit of eIiip’riciTies---

« CGWs have not yet been detected
& .°
»Are the mountains too small fo be observed?

»Are magnetic fields too weak to support the mountains?
e.g., Crab pulsar: e < 6x107® > B < 10'*G

»1s the critical strain ( 6..) much Iower than O.17

»Are the mountains stable during obServational time?
» Is the magnetically confirmed mountain unstable?
Alfvén timescale « CGW data timescale (10 days — months)



Implications of CGW Detection from NS)

> fow & fror (aNd four &fror) depend on the emission mechanism

»Mountain (fo = 2f0r); Precession (foy = fror) ;r-mode (fGW = %frot)

»How do the phase and evolution of elec:.‘rromogne‘ric pulses
relate to GW emission? '

»Glitch, core-crust differential rotation, mass accretion,,,
»Can we determine the ellipticity €? _

»The amplitude depends omh, ~ il GfGW

> Requires precise measurement of I, (e olso depends on ])

»Can we constrain the EOS (internal structure / exotic star),
and the critical strain?



Summary

« Continuous Gravitational Waves are a promising tool for
probing neutron stars

] .. §
* fow & fror (ONA feur & fror) depend on the emission
mechanism and evolution

« CGWs has not yet been detected

« Some upper limit on gravitational spin-down are much
lower than those from megnetic dipgle spin-down

* Precise measurement of | is required to determine ¢



