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Observing scenarios

• Very hot newborn NSs (including magnetars), right after the 
formation, i.e., after the merger or core-collapse supernova having 
high spin-down rates  

• 'Young' NSs such as stable supernova remnants during the initial 
spin-down phase 

• Fast-spinning pulsars, i.e., old stable millisecond pulsars with 
small spin-down 

• Accreting low mass X-ray binaries (LMXBs) emitting thermal X-
ray radiation and characterized by spin-wandering 

• Glitching pulsars, likely associated with interior superfluid effects.

Most of these sources are detectable in the Milky Way or the local group of galaxies (i.e. kpc to at most a few Mpc)
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Persistent signal (long-lived): Produced by a nearly periodic mass quadrupole moment variation

Credit: C. Reed, Penn State/Mc Gill University

Some CW review: Piccinni, Galaxies, 10(3) (2022); 
Riles, Living Reviews in Relativity 26, 3 (2023);  

Wette, Astroparticle Physics 153 (2023) 102880



GW emission mechanisms: 
1. Ellipticity  
2. R-modes 
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Ellipticity
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What is the actual value of   
How can we determine if the ellipticity is caused by magnetic fields or by elastic stresses? 

 crustal strain     magnetic field (Superconducting cores)

ϵ?

ϵmax < 10−6 ( b
10−5 ) ( ubreak

0.1 ) ϵ ≈ 10−9 ( B
1012 G )

non-precessing, rotating 
around one of the axes

N. Andersson et al. 2011

deformation due to: 
1. elastic stresses 
2.  magnetic field

6
Jones&Riles arXiv:2403.02066, Jones, CQG 19, 1255 (2002)



Estimates on the ellipticity 

Theoretical models K. Glampedakis & L. Gualtieri [Astro. and Space Science Lib., vol 457. Springer, 2018]  

Solid strange stars:  
Hybrid and meson condensates stars:  

Canonical magnetic deformations:  
Buried magnetic field in MSPs:   and a buried magnetic field of   Woan+[ApJL,863:L40, 2018]

ϵ ≤ 6 × 10−4

ϵ ≤ 3 − 9 × 10−6

ϵ ≤ 2 − 7 × 10−7

ϵfid ∼ 10−9 1011 G

Above models more stringent than older results Johnson-McDaniel+ [PRD 88, 044004 (2013)] 

normal NS matter:  
hybrid stars:  

extreme quark stars:  

Larger ellipticity may occur if the true EoS of dense matter allows for exotic phases of matter in the core (e.g. CFL/2SC)

ϵ ≤ 10−5

ϵ ≤ 10−3

ϵ ≤ 10−1
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For isolated NS the maximum foreseen ellipticity depends on the star crust physics, the matter 
equation of state at supra-nuclear density and on the deformation mechanism. 



R-modes 
• Inertial modes restored by Coriolis force in a rotating star: r-modes 

Whether an r‑mode grows or decays depends on the competition between these 2 effects: 

• GW driving (stronger at high spin frequency), GW emission amplifies this oscillation (CFS instability) 

• various damping mechanisms (shear/bulk viscosity in the fluid, boundary layer friction at the crust–
core interface, effects of superfluidity, hyperons, quarks, etc.). 

• no consensus on the exact shape of the r‑mode instability window in (f,T), different microphysics 
assumptions give very different curves. 

• If unstable r‑modes reach large amplitude, young fast NSs can spin down rapidly and emit strong 
but evolving CWs. 

• If amplitudes saturate at low values, r‑modes may still operate in LMXBs and millisecond pulsars, 
producing weaker CWs that are prime targets for directed/targeted searches.
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GW frequency
non-axisymetries in 
rigid rotating bodies 

(i.e. mountains) 
f = 2f⋆, θ = 0

oscillation of the 
star (e.g. r-modes) 

f ∼ 4f⋆/3

precession 
multiples harmonics

θ ≠ 0

heterogeneous stars 
(multiple phases of 
component matter) 

,  f1 = 2f⋆ f2 = f⋆
M. Bejger and A. Królak 2014 

CQG. 31 105011

see also Jones 2021 arXiv:2111.08561
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How the signal looks like
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A CW received at the detector is NOT exactly monochromatic 

SPIN-DOWN (or SPIN-UP) 

      EM (n~3), GW (n=5), r-mode (n=7) 
DOPPLER 

     daily+yearly cycle 

SPIN WANDERING 
SIDEREAL VARIATION of the amplitude 

·f ∝ f n
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Credit: Karl Wette

+modulation due to a companion



CW searches

Wette, Astroparticle Physics 153 (2023) 102880
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See also Pep Covas’s talk  

9 papers released and 11 in preparation 



Type of CW searches
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Targeted 
searches

Se
ns

iti
vi

ty

Computational cost

Narrow-band 
searches

Directed 
searches

Directed for 
binary

Blind all-
sky 

searches

e.g. known pulsars, 
matched filter.

Unknown sources like SNRs or 
interesting sky regions (galactic center).  
Coherent or semi-coherent.

Unknown sources, all-sky surveys 
(including DM).  
Hierarchical semi-coherent.

The source input parameters 
  

can be provided by the EM 
community and are fundamental 
to carry out some of the searches

(α, δ, f0,
·f0, . . . )

Reviews: Piccinni, Galaxies, 10(3) (2022) 

Low-mass X-ray binaries 
(e.g. Sco X1)



Targeted O4a
• EM data in the gamma, X-rays and radio.  

• 45 known pulsars (11 binaries) 

• 3 methods: time-domain Bayesian; the F/G/D-
statistic; 5-vector + narrowband search (16, 2 
glitching)  

• Both single and dual harmonic emission probed 

• Extra polarization test (Brans-Dicke) 

• J0537−6910 which had the most constraining 
amplitude upper limit of 6.38x10-27  

29 out of the 45 pulsars have strain amplitudes lower 
than the limits calculated from their 

electromagnetically measured spin-down rates
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For the Crab and Vela pulsars, these limits are ∼130 
and ∼40 times lower than their spin-down limits

LVK, Astrophys. J. 983, 99 (2025)

https://iopscience.iop.org/article/10.3847/1538-4357/adb3a0


Targeted O4a
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LVK, Astrophys. J. 983, 99 (2025)

τ =
P
4 ·P

For J0437−4715, we are measuring deformation of less than 100 microns, assuming a neutron star radius of 10 km!

characteristic age 

assuming that GW emission alone 
is causing spin-down.

τ =
P
4 ·P

• Limits recasted as constraints on equatorial 
deformations, or ellipticity

J0437−4715:  
(distance 0.16 kpc)

8.8 × 10−9

https://iopscience.iop.org/article/10.3847/1538-4357/adb3a0


Narrowband O4a+O4b
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• EM data in the gamma, X-rays and radio 

• 34 known pulsars (some binaries) 

• 1 method: 5-vector narrowband search  

• dual harmonic emission + f̈ 

• First narrowband search including binary pulsars 

• No detection; 20 analyses beat spin-down limit 

• Limits recasted as ellipticity constraints

LVK, arXiv:2603.25938

Crab pulsar: strongest result at ~2% of spin-down limit (h₀⁹⁵%/h₀ˢᵈ ≈ 0.02), 
less than about 0.04% of spin-down power goes into CW emission



The Vela glitch
• Young, nearby, frequently glitching pulsar (29 Apr 2024, 

during LIGO O4b); radio timing from IAR and MPRO 

• Search both for seconds-scale burst-like emission 
(fundamental f-mode oscillations), and for longer 
transients (fluid motions or transient mountains) up to 
four months in duration: 

• GW energy fractions Q=EGW/Ec≪1, direct GW limits from 
a real glitch beat the indirect energy budget: 

• Vela‑like glitches do not typically radiate a large 
fraction of their energy as GWs in either short 
f‑modes or long quadrupolar transients 

• GW non‑detections already carve out parts of 
glitch‑emission parameter space

Q=0.017 “transient mountain” Yim&Jones 2020 

16LVK arXiv:2512.17990



Supernova remnants O4a
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• EM data in the gamma, X-rays and radio 

• 15 nearby supernova remnants (likely young NS 
candidates) including Vela Jr., Cas A and 
G347.3-0.5, SNR 1987A 

• 5 methods: BSD directed; Weave; Viterbi 
(SHV+DHV); PyStoch 

• Both single and dual harmonic emission probed 

• Wide frequency bands (~10 Hz–2 kHz), no prior 
ephemerides 

• Strain limits recasted as ellipticity/r-mode 
amplitude constraints 

• Vela Jr. (G266.2−1.2): most stringent h₀⁹⁵% ∼4×10-26 
near 300 Hz

LVK, arXiv:2603.25808  (accepted by ApJ)
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Ellipticity  for most of the sources; less than theoretical limits for normal neutron stars (Johnson-McDaniel & Owen 2013),  
r-mode amplitude , reaching below the theoretical prediction expected for the nonlinear saturation mechanisms (Bondarescu et al. 
2009)
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α < 10−4
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All-sky isolated O4a
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• No EM information needed, search over the full 
sky 

• 3 methods: PowerFlux, BSD-Frequency Hough, 
SOAP 

• Frequency 20–2000 Hz, wide spin-down range 
up to ~10-8  Hz/s 

• Both single and dual harmonic emission probed 

• Stringent population-averaged upper limits 
9.7×10-26  

• Strain limits improved ~30% over O3  

• Limits interpreted for Galactic NS population, 
Galactic-center MSP GeV excess, and asteroid-
mass PBH binaries

LVK, arXiv:2603.14168



All-sky search for binaries

20

LVK, arXiv:2511.16863

• Several NSs expected to be in binary systems 

• Parameter space: 7-15 days orbital period in the 
100-350 Hz band; covering parameter of closeby 
known pulsars in binaries  

• New method: GPU-accelerated FastTracks + 
Hough transform 

• More than 1016 templates used 

• Additional Doppler modulation due to the source 
motion in the binary  

• Robust against small deviations from zero-
eccentricity and zero-spin down/up systems 

• Sensitivity improvement of 1.5 compared to O3a 
(1.62 x 10-25 )  at ~200 Hz Stringent limits yet on CW signals from 

unknown neutron stars in binary systems  
(see Pep’s talk)



The “inverse problem”

• First step is to identify mechanism:  

• If spin is known:  → mountain;  → r‑mode (idealized, Newtonian) 

• In special cases, braking index   can discriminate r‑mode (n ≈ 7) vs mountain 
(n ≈ 5), but this is observationally demanding. 

• r‑modes: 

• Deviations of  from 4/3 (GR corrections) encode compactness M/R and thus EOS. 

•Detections and non‑detections map the r‑mode instability window in spin–temperature space, 
constraining the combined dissipation mechanisms (superfluidity, viscosities, etc.).

fGW ≈ 2fspin fGW ≈ 4
3 fspin

n = fGW
··f GW/ ·f2

GW

fGW/fspin

See Lu+ (2023) 
Jones&Riles arXiv:2403.02066 
Sieniawska&Jones (2022)  
Sieniawska+ (2023)

What can a detection tell us about the source?
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The “inverse problem”

•Mountains: 
•From non‑detections (known spin + distance) → upper limits on ellipticity. 
•Assuming elastic mountains → constrain actual crustal strain, but typical values are 
uncertain. 
•Assuming magnetic mountains → constrain internal magnetic field; comparisons with 
external dipole field can rule out the magnetic or elastic origin.  
•Even with a detection, CW data alone cannot uniquely distinguish elastic vs magnetic 

mountains; extra astrophysical information is needed.

See Lu+ (2023) 
Jones&Riles arXiv:2403.02066 
Sieniawska&Jones (2022)  
Sieniawska+ (2023)

What can a detection tell us about the source?

Bonus: we can, in principle, follow the signal indefinitely

With a joint CW and EM observation we may know: NS radius, mass, magnetic field and ellipticity…  
(EOS inference)
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Prospect of detection with ET

What's next 

• Studies show that we can reach the 
edges of the galaxies for sources 
emitting at frequencies above 200 Hz 
and ellipticities bigger than 10-6 

• For ellipticities of the order of 10-8, ET 
can detect galactic sources at a 
distance from ~100 pc to 10 kpc, 
frequencies above 200 Hz

distance reach for different ellipticities
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L-shape 15km arms detectors (continuous lines) 
triangular 10 km arms detector (dashed lines) 
Abac+ arXiv:2503.12263 (2026)Spin-down limit,             10-6,                10-9



Conclusion
• CW could be the next surprise in GW astronomy given the enhanced 

sensitivity of the detectors, noise characterization is fundamental; efforts 
ongoing to increase the sensitivity of the pipelines.  

• For the standard NS case scenario, we are probing very low ellipticities in a 
physically realistic regime 

• Exciting times especially if a joint CW and EM observation occurs (constraints 
on NS interior), remarking the importance of MMA 

• Searches for long-lasting signals are still ongoing for O4 

• We expect (and hope) to find several surprises in O4!
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