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. . Some CW review: Piccinni, Galaxies, 10(3) (2022); 4
Qb \ / " r ‘\ Riles, Living Reviews in Relativity 26, 3 (2023);
S e ]_/ g S C e na]_/]_O S Wette, Astroparticle Physics 153 (2023) 102880

Persistent signal (long-lived): Produced by a nearly periodic mass quadrupole moment variation

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

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

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



GW emission mechanisms:

1. Ellipticity
2. R-modes




Elh_pt]_(j]_ty non-precessing, rotating

around one of the axes

Y
Observer

Tri-axial spinning neutron star

Credit: S. Mastrogiovanni

N. Andersson et al. 2011 Jones&Riles arXiv:2403.02066, Jones, CQG 19, 1255 (2002)




Estimates on the ellipticity

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.

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

Solid strange stars: ¢ < 6 X 10~
Hybrid and meson condensates stars: ¢ < 3 — 9 X 107°
Canonical magnetic deformations: ¢ <2 — 7 X 107’
Buried magnetic field in MSPs: ¢;; ~ 10~ and a buried magnetic field of 10! G woan+(apiLg63:L40, 2018]

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

normal NS matter. ¢ < 107
hybrid stars: ¢ < 107>
extreme quark stars: ¢ < 107!
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Larger ellipticity may occur if the true EoS of dense matter allows for exotic phases of matter in the core (e.g. CFL/2SC)




R-modes

. Inertial modes restored by Coriolis force in a rotating star: rr-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.

* |f unstable r-modes reach large amplitude, young fast NSs can spin down rapidly and emit strong
out evolving CWs.

* |f amplitudes saturate at low values, r-rmodes may still operate in LMXBs and millisecond pulsars,
oroducing weaker CWs that are prime targets for directed/targeted searches.
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00KS like
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Credit: Karl Wette

A CW received at the detector is NOT exactly monochromatic 99.9945 -
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See also Pep Covas's talk

Table 2: Data collection runs of the LIGO and Virgo gravitational
wave detectors, 2002—2020. Columns are: detector generation, run
label, start date, end date, time-span, and number of CW searches
reviewed in Sec.
use data from more than one run, which is accounted for in column 6.)

@Which used data from the run. (Some CW searches

I i |
2016 2017 2018

I I |
2019 2020 2021

| | | | I | | | |
2022 2023 2024 2025 2026 F'; 2027 2028 2029 2030 2031

9 papers released and 11 in preparation

Gen. Obs. Start End . W
days #
0.56G Sl 23 Aug 2002 9 Sep 2002 17 2
050G 52 14 Feb 2003 14 Apr 2003 59 4
0.5G S3 31 Oct 2003 9 Jan 2004 70 1
0.5G $4 22 Feb 2005 23 Mar 2005 29 5
1G S5 4 Nov 2005 1 Oct 2007 696 14
1G VSR1 18 May 2007 1L OcE 2006 . 136 1
1.5G VSR2 7 Jul 2009 8 Jan 2010 185 9
1.5G S6 7 Jul 2009 20 Oct 2010 470 22
1.56G  VSR3 11 Aug 2010 19 Oct 2010 69 2
1.5G VSRA4 3 Jun 2011 5 Sep 2011 94 6
2G 01 12 Sep 2015 19 Jan 2016 129 57
2G 02 30 Nov 2016 25 Aug 2017 268 79
2G 03 1 Apr 2019 27 Mar 2020 361 116

—a 1 Apr 2019 1 Oct 2019 183

—b 1 Nov 2019 27 Mar 2020 147

Wette, Astroparticle Physics 153 (2023) 102880
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Type of CW searches

i
/

Sensitivity

Computational cost
Reviews: Piccinni, Galaxies, 10(3) (2022) 12




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)

JO537-6910 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

ho Strain Sensitivity

10—24 -

10—25 -

10—26 -

10—27

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

Sensitivity estimate
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For the Crab and Vela pulsars, these limits are ~130
and ~40 times lower than their spin-down limits
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https://iopscience.iop.org/article/10.3847/1538-4357/adb3a0

Targete d O 4 a LVK, Astrophys. J. 983, 99 (2025)

® Results
() below spin-down limit

. Limits recasted as constraints on equatorial
deformations, or ellipticity

- 4Ar*Gel  f*

V  spin-down limits

|
—
-
w
ot

III

p—t

-
w
=~

|
—
-
o
w

ho

2 Quadrupole Moment, Q2 (kg m?)

4 .
C d £
§ = 1032
Ea
. P ]
characteristic age 7 = — 10~ -
|
. . 4P 1030 ﬁ
assuming that GW emission alone .
IS causing spin-down. L 1020

(distance 016 kpc)
|

102 10°
Gravitational-wave Frequency (Hz)



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

Narrowbandad O4a+0O4p

LVK, arXiv:2603.25938

EM data in the gamma, X-rays and radio 1[0
- 34 known pulsars (some binaries) .
- 1 method: 5-vector narrowband search *g 10«
» dual harmonic emission + f =
First narrowband search including binary pulsars . i e ST R e o v ~= g9 : L
No detection; 20 analyses beat spin-down limit c*> ﬁzls‘:l"l‘;SSpin'down mits v :
Limits recasted as ellipticity constraints 1077 50 =0 00 500 o

Gravitational-wave Frequency [Hz]

Crab pulsar: strongest result at ~2% of spin-down limit (hy?>%/ho*® = 0.02),

less than about 0.04% of spin-down power goes into CW emission

15




T'he Vela glitch

Q=0.017 “transient mountain” Yim&Jones 2020

- Young, nearby, frequently glitching pulsar (29 Apr 2024, e =
during LIGO O4b); radio timing from IAR and MPRO lhé’_gg, e s

= AEC :

- Search both for seconds-scale burst-like emission ML S §
(fundamental f-mode oscillations), and for longer - :T"‘{T\;_-:. .
transients (fluid motions or transient mountains) up to L e -\-:':\1' j 1
four months in duration: § - s el

" —§- CWInPy ==y, -
.- GW energy fractions Q=EGW/Ec«1, direct GW limits from - _%' g B, :
a real glitch beat the indirect energy budget: L g ] ovisaen | H -
0 1 2
- Vela-like glitches do not typically radiate a large . . dayls? .
fraction of their energy as GWs in either short
f-modes or long quadrupolar transients L QAE, 1 5G IQAfrot
. 0 i Sy
- GW non-detections already carve out parts of d\ 2¢° T 1

glitch-emission parameter space
LVK arXiv:2512.17990
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oupernova remnants O4a

- EM data in the gamma, X-rays and radio

- 15 nearby supernova remnants (likely young NS
candidates) including Vela Jr., Cas A and
347.3-0.5, 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 hy?>% ~4x10-26
near 300 Hz

LVK, arXiv:2603.25808 (accepted by ApJ)

Source Compact Object or PWN association
G1.9+0.3 —
G15.9+40.2 CCO CXOU J181852.0—150213

G18.9—-1.1 G18.9-1.1 G18.9-1.1
G39.2-0.3/3C 396
G65.7+1.2/DA 495
(93.346.9/DA 530
G111.7—-2.1/Cas A
G189.1+3.0/IC 443
G266.2—1.2/Vela Jr.

G291.0—0.1/MSH 11-62
G330.2+1.0

G347.3—0.5/RX J1713.7-3946
G350.1-0.3

G353.6—0.7

PWN, CXOU J182913.1-125113

PWN, CXOU J190404.74052711.8
PWN, CXO J195217.04 4+292552.5

PWN candidate, CXOU J205214+551722
CCO CX0UJ232327.9+584842

PWN G189.23+2.90

CCO CXOU J085201.4—461753

PWN G291.02—-0.11, CXOU J111148.6—603926
CCO CXOU J160103.1-513353

CCO 1WGA J1713.4-3949

CCO candidate XMMU J172054.5-372652
CCO XMMU J173203.3-344518

G279.7—31.9/SNR 1987A

NS or PWN

17




oupernova remnants O4a |
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> Ellipticity € < 1070 for most of the sources: less than theoretical limits for normal neutron stars (Johnson-McDaniel & Owen 2013),

> r-mode amplitude a < 107+ reaching below the theoretical prediction expected for the nonlinear saturation mechanisms (Bondarescu et al.
2009) 18




A _S<y 1SOated Ol-a LVK, arXiv:2603.14168

- No EM information needed, search over the full
sky
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Frequency 20-2000 Hz, wide spin-down range
up to ~10-8 Hz/s

—h
e
~

Both single and dual harmonic emission probed

- Stringent population-averaged upper limits
9.7%x10-26

Maximum Ellipticity at 95% C.L

—
=
o

e Strain limits improved ~30% over O3

—i
=
©

Limits interpreted for Galactic NS population, ; TX107s g 10 b
Galactic-center MSP GeV excess, and asteroid- — o — 500 1000 1200 1400 1800 1800 2000
mass PBH binaries Frequericy (Hiz)
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All-sky search for bINAaries  uwemasmses

- Several NSs expected to be in binary systems

oy

Q

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

s

New method: GPU-accelerated FastTracks +
Hough transform

Range (kpc)

More than 1016 templates used

ettt 1

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

B B R YA YRR

A Cw
‘\ \
L =1

Robust against small deviations from zero-

eccentricity and zero-spin down/up systems 100 150 200 250 300 350

Frequency (Hz)
- Sensitivity improvement of 1.5 compared to O3a

(1.62 x102°) at ~200 Hz Stringent limits yet on CW signals from
unknown neutron stars in binary systems
(see Pep’s talk) 20




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

T'he nverse proplem S

Sieniawska+ (2023)

What can a detection tell us about the source?

* First step is to identity mechanism:

- . 4 S .
- If spin is known: fow & 2fpin= mountain; fow & < fspin™ -mode (idealized, Newtonian)

3 Jspin

» In special cases, braking index n =fGWfGW/féW can discriminate r-mode (n = /) vs mountain
(n = 5H), but this is observationally demanding.

* r-modes:
. Deviations offGW/fSpin 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.).

21




See Lu+ (2023)
)

I'he Inverse proplem S

Sieniawska+ (2023)

What can a detection tell us about the source?

* 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.

With a joint CW and EM observation we may know: NS radius, mass, magnetic field and ellipticity...

(EQOS inference)

Bonus: we can, in principle, follow the signal indefinitely 22




What's next

Prospect of detection with ET distance reach for different ellipticities

. Studies show that we can reach the 0

. 104 —— =107

edges of the galaxies tor sources T
emitting at frequencies above 200 Hz | 25 kpo

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,
ff@Qb@ﬂCi@SQbOV@ZOO -~ Y SRS A e | e .

AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

dmax,95% [kpC]
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--------------------------------------------------------------------------------------------------------------

.........................................................................................................................

10° 10’ 102 103

— = — Frequency (Hz)
A 10km | 866 (1.3 x107%) | 180 (4.4 x1077) | 19 (7.5 x 107 ™) -shape 15km arms detectors (continuous lines)

2L 15km | 959 (1.2 x 10~*) | 206 (4.2 x 107°) | 29 (8.1 x 10~17) triangular 10 km arms detector (dashed lines)

Conﬁguration n1 (emed) n9 (emed) n3 (€med)

Spin-down limit, 106, 109 Abac+ arXiv:250312263 (2026) 23




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

o 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

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