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Greetings from the other side of the ocean

Thanks a lot for the invitation and greetings from
two small islands in the Mediterranean sea!
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Working here

Lorenzo Mirasola - IGWN-PI School
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Useful links

Pirsa: 26080007

Some LVK-useful links!

Created with Gemini

Main info point -
Public site — | Current chairs!
Gitlab home - .org. CW working group co-chairs

Mailing list — s I IStS, LSC: David Keitel, Ornella Piccinni
Virgo: Michat Bejger
Chat - : : \ KAGRA: Takahiro S. Yamamoto

Chairs mailing list — 0.(
: Wednesdays, rotating through time zones —

Lorenzo Mirasola - IGWN-PI School
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Outline

Introduction to CWs:

a. Sources
b. Expected signal (focusing on Neutron stars for now)
c. Search methods

2. Neutron star & CW search results
3. Beyond Standard Model & CW search results

4. A pinch of future perspective & summary

Lorenzo Mirasola - IGWN-PI School
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Sources of gravitational waves

] Just celebrated 10th anniversary
from the first detection!

Short duration _ Long duration

)
compact binary coalescence ! continuous

Modelled

==
2
==
=
=)
=
=
=

burst | ! stochastic preReriiRAARLARRLRM

(c) Shanika Galaudage

See 0. . Piccinni, Galaxies (2022) for a review of CW sources Lorenzo Mirasola - IGWN-PI School

Pirsa: 26080007 Page 6/36




Sources of gravitational waves

i Just celebrated 10th anniversary
from the first detection!

Short duration _ Long duration

- h ~10%/107(?)

Modelled

Exotic matter emission

continuous

Source: Brito et al.

=
2
@
=
=)
=
=
=

Amplitude model
dependent

burst | ! stochastic AreRefAARARARARLAN

(c) Shanika Galaudage

See 0. ]. Piccinni, Galaxies (2022) for a review of CW sources Lorenzo Mirasola - IGWN-PI School
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Some CW-related reviews: VﬁGb
Piccinni, Galaxies (2022) - Riles, LLR (2023) - Wette, Astrop. Phys. (2023) - Miller IJMPD (2026) KAG RA"

Our targets

1st part (c) D. Berry

Newborn NSs (including magnetars) right after the formation
— BNS event or core-collapse supernova N

“Young"” NSs such as core-collapse supernova remnants | . '
Fast-spinning pulsars (the faster the better) " -G
Accreting low mass X-ray binaries (LMXBs) | » z |
Glitching pulsars '
i.e. NSs declined in several scenarios! The “classic®

(c) Bertone at al. (2020)

More on this tomorrow in Quynh-Lan’s lecture!!
The “beyond” 2nd part

e Directinteraction between DM particles and

detector’'s components
Superradiant boson clouds around BHs
BHs in the inspiral phase (e.g. primordial ones)

Lorenzo Mirasola - IGWN-PI School
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Neutron stars in the electromagnetic spectrum

isolated
in binary systems

Problem:
0(10%°) neutron stars should be
present in our Galaxy

(From population synthesis and
pulsar birth-rate estimates)

[ fronl [H2/s]

Why we do not see all the others?

So far discovered O(3 x 10°) rotating
neutron stars through pulsar emission

+ a bunch discovered via Can we access thiS T e T T e
other methods

fror [Hz]
“invisible” population?

Pulsation frequency spanning many

orders of magnitude!
2 to be updated on pulsar discoveries! Lorenzo Mirasola - IGWN-PI School

Check the A

Pirsa: 26080007
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Why neutron stars?

Neutron stars can sustain . Time-varying
! + Rotation
stable deformations! quadrupole moment

Ellipticity Larger values implies
(quantifies the deformation) stronger signals

W i \ 6.26 =~ .
) ( R ) Solid crut maximum
10m, deformation from strain
Created with Gemini

y 4 2 (c) NASA's Goddard Space Flight Center/Conceptual Image Lab

" R ‘14M\*/ B e .
1 ) ‘ ) {—’) Magnetic field deformation T SERIIERE
10km, M 107 G, HYDROGEN, HELIUM, CARBON

OUTER CRUST
TONS, ELECTRONS

INNER CRUST
IONS, SUPERFLUID NEUTRONS

s - ; I | OUTER CORE
toroidal field + superconducting phase el SUPERCONDUCTING PROTONS

J INNER CORE
UNKNOWN

5 & IU_u( B ) ( H, ) Magnetic field deformation from inner

e 100G

Higher values are allowed for more Evidence of € = 10°for millisecond pulsars
exotic phases of matter in the core Woan+ ApJL (2018)

See F. Gittins, CQG (2024) for more references Lorenzo Mirasola - IGWN-PI School
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| . VIRGO/
Quasi-monochromatic sighal KAGRA

Continuous waves and ellipticity  in the source frame

The faster the Stronger emission for

Simple model of a neutron star )
better more massive stars

Ellipticity defined in terms of
principal moment of inertia

Rotating triaxial body
Proportional to The closer the

ellipticity better

Emission scenarios

e Rotation axis aligned with I, (6=0) - f_ = 2f
e Wobbling star (620) > f_ =2f &f_  =f

rot

CW
(+ EM, e.g. pulsars)
emission

Lost rotational The star spins
energy down

From Bejger and Krolak CQG (2014)

See Jaranowski, Krélak and Schutz PRD (1998) Lorenzo Mirasola - IGWN-PI School
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R-modes

Pirsa: 26080007

NS as a fluid, not a rigid body = oscillations of mass currents - GW emission

Coriolis force deflects the currents, triggering the emission

Emission grows or decays based on two concurrent effects:
- CFS instability tends to amplify the signal, while viscosity dumps it

Viscosity dumps the emission on a certain timescale
— no clear consensus here, different NS interior models give very different answers

Amplitude related to star's mass, radius and Equation of State (EoS)

Emission scenarios

e “ldeal”scenario—>f_ ~4/3f
e + corrections —» more complicated relation

Lorenzo Mirasola - IGWN-PI School
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The signal at the detector

Signal is buried into noise

%1072

Can build matched-filter
in the frequency domain!
See Astone+ CQG (2010)

data

Signal

Amplitude power spectrum [1/v'Hz

We must account for
Doppler effects PO OO Y st

99.9945

Doppler modulation

. , : L gl Additional due to earth rotation
| noise-vs-signal veto

0 5000 10000 15000 20000
Time [s]

99.9944 4

-1.0 0.5 0.0 0.5 1.
Time [ days

100.005
100.000 4
99.995 4

r T
=100 0 100
Time [ days

Doppler modulation
due to earth revolution

Need to integrate over very long e
time spans (T ) to accumulate Spin-down \/
Signal-to-Noise-Ratio (SNR) m S T e D

Gravitational-wave frequency at detector / Hz

+ binary orbital —~1000 t':d 1000
i Time / days(c) K, Wette
modulation if needed
See Jaranowski+ PRD (1998) & Astone+ CQG (2010) Lorenzo Mirasola - IGWN-PI School 12

Cross-check with known lines list
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(c) A. K. Sharma

CW searches

Continuous wave searches

Narrow band

Directed

Targeted : E o' All-sky

Rotational and orbital parameters searches Rotational parameters

inferred through electromagnetic
observations

Sky position

Rotational parameters "
sky position Narrowband Rotational parameters

searches

ty

Sky position

Vi

A\
Directed =

searches Rotational parameters
Sky position

Sensi

Accurate picture of a ;
CWer developing or -
running a search

All-sky
Credit to . searches
C. Palomba

Computational cost

See e.g. D'Onofrio+ CQG (2025) Lorenzo Mirasola - IGWN-P| School
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coh

Parameter space “sizes”
: T ;

In our example (T

See Astone+ PRD (2014)

Pirsa: 26080007

J!

coh’ *

Increasing the integration
time (T.)

Fast Fourier Transform Finer resolution in
(FET) frequency

Let’s try to analyse 1 year of (101 — 100) Hz
data around [100-101] Hz Ny =——— 0(10%)
and [-10%, 0] Hz/s \

0(10) - Total O(10™)!!
How many templates do | have
to analyse?

And if we were to perform an
all-sky search?

Lorenzo Mirasola - IGWN-PI School
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VIRGO,
KAGRA

Coherent vs semi-coherent approaches

Analyses are based on

Fully-coherent approach two approaches Semi-coherent approach
Data analysed in a single chunk A —— Data divided in chunks of given
(e.g. year-long FFT) . length (coherent time, Tcoh)

‘ L ORE R B Information from single chunks
Pros: R T R R are combined to construct a
Sensitivity scales as h x (T_, )" 2 KUY FTA rRATTRN T ok (i detection statistic

obs

0000 15000 20000

Cons: Time [s]
Number of parameter-space points to explore
grows with high power of T

Pros:
- Contained computing cost for large-scale searches
- More robust against unpredicted behaviour

Cons:

Sensitivity scales as hch (Tcoh T,Jbs

Fine parameter-space resolution prevent large
parameter-space searches

)14

See e.g. D'Onofrio+ CQG (2025) Lorenzo Mirasola - IGWN-P| School
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8 google.com is now full screen |Exit Full Screen (Esc)

Outline

Introduction to CWs:
a. Sources

b. Expected signal (focusing on Neutron stars for now)
c. Search methods

2. Neutron star & CW search results
3. Beyond Standard Model & CW search results

4. A pinch of future perspective & summary

Lorenzo Mirasola - IGWN-PI School
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Targeted searches

Receive info about set of pulsars
from external partners

Search for a CW counterpart
following strictly the model

No detection = upper limits

We are more interested in pulsars
with large Spin-down limit

Priority of targets set by spin-down,
frequency and distance

LVK past searches:
(02+03) - 3 (01+02)
(O1) - ... + references therein

Pirsa: 26080007

Spin-down limit
; 1/2
B 1 {5GT;. |_fml|) f

23 frot
Maximum amplitude assuming all

rotational energy loss (spin-down) is
emitted through CW

Latest LVK results

in

Lorenzo Mirasola - IGWN-PI School

Ellipticity =

@  Results
below spit

v spin-down

7
: }'r_

~ 05
B

= lge
. U_f' @
v
°

S
oo,

X ] ® °® a
/' . v Vv ¥
Excluding deformations <100pm
for a NS radius of 10km!
/

1-down limit

limits

T~

T
10°
Gravitational-wave Frequency (Hz)
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VIRGO,
KAGRA

NarrOWband searChes = look for a CW with frequency “around” a certain value

Improved previous constraints

Receive info about set of pulsars compared with previous analyses!

from external partners

Search for a CW counterpart
following “strictly” the model

Search parameter space is
fe2f [1-5,1+8]
and similarly for spin-down

Computing cost might
become a limiting factor!
¥  Spin-down limits
Below Spin-down limits

Focus on most interesting targets *  Results

20 50 100 200

Criterion based on h_, Gravitational-wave Frequency [Hz]

Latest LVK results in Ab:

LVK past searches:
(03) - i A (02)
(01) - ... + references therein

Lorenzo Mirasola - IGWN-PI School

Pirsa: 26080007 Page 19/36




DirECtEd searChes = look for a CW coming from a certain direction in the sky

Latest LVK results for SNR in £

A sky location is “interesting”

Young supernova remnants (SNR) Galactic centre Globular clusters  Accreting NSs

(Abac+ 2026) (Abbot ) (e : ) (Ab 26)

Potentially hOStII‘l]g young NS Hosting many NS Generation of asymmetry |
able to sustain larger + source’s spin-up
deformations

Semi-coherent approach to
explore large parameter space

Problem: no information about pulsation

Note: independent search in |\ \p| (: on 3 SNR
reported a low-significance outlier from G347.3-0.5

More info in a

couple of slides! 100 200 ')I.H' 100 00
LVK past searches: f (Hz)
o5 J \HZ)
references therein Ellipticity results for BSD directed pipeline

Lorenzo Mirasola - IGWN-PI School 19
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All'Sky Sea rChes = look for a CW from everywhere and at any frequency

Intrusive Everything is “interesting” but Latest LVK results in
lought | have no idea where to start R \

Look for a signal emitted from
everywhere, at “any” frequency
and spin-down

_ Still, 0(10'®) points in the
Semi-coherent parameter space to be
approach explored

Select candidates and then
follow them up with longer T_

1000 1200 1400 1600 1800 2000

Frequency (Hz)

LVK past searches: Upper limits recast in terms of ellipticity
1(03) - (02)
7) (01) - ... + references therein
Lorenzo Mirasola - IGWN-PI School 20
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All-sky searches for sources in a binary system

Everything is “interesting” & now
the source is in a binary system Latest LVK results in

Look for a signal emitted from — d = 2.0 kpc
everywhere, at “any” frequency == d=1kpc
+ binary orbital parameter srer d=0.5 kpe

Focus on systems with no
eccentricity and no spin-downs

Ellipticity

Without this choice the
dimensionality is 5!

Binary Doppler depends on 3
parameters (P_ ., t_, ap)
150 200 250

Semi-coherent 15 | Pregiisicy {(HE)
approach O4a search — O(5 x 10°) templates! , y (Hz

LVK past searches:

(03) + references therein
Lorenzo Mirasola - IGWN-PI School
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The challenge of follow-ups

Gridded Markov Chain Monte Carlo (MCMC)

Explore a “small” region around Likelihood maximisation
the outlier's parameter with random approach

@ LLgrid
®__LH.grid
| HI true pos| i o
® ). fow GOOD

walkers

- 5000

epF 0
..'.
oo e 0 e 90 0 0

1000

-

o0 Ne @

MCMC result

S92 00000808 eesoeoe
8 0 NO O SO CO|OS O P00 e
oo e o8 8 90 00 @

oo e o0 8 80 S0 88 O 8l @
EN . AR R NI
CICNC O BB N N B B A B

3000

L]
L]
[ ]
L ]
]
L
*
L ]
[ ]
L ]
[ ]
L]

L L | = i \
h925 193 1935 194 1945 195 —0.0005 0.0000 00005 ‘\li_“{)][}

A [deg] f [He]

Starting points given All-sky previous uncertainty Initial random sampling of the prior

by all-sky search on sky location
See Abbott+ PRD (2022) and references therein for a brief summary of

all-sky searches and their follow-up methods
Lorenzo Mirasola - IGWN-PI School
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A coordinated effort: the G347.3-0.5 outlier ...

Noise spectra 03

[re=—H1 03
L1 O3

Outlier
frequency
track

|. reported a surviving outlier for the
G347.3-0.5 SNR directed search:
o 0O3a data used in initial search stage
o full-O3 & O4a data for follow-up

ASD [x107%* Hz~ '/

e Triggered a coordinated effort of the CW LVK group: °l | Gk

.0 ;
31.60 31.65 31.70 31.75 31.80

o data quality studies
o 3 pipelines (CWInPy, Weave, PyFstat)

Frequency [Hz]

Simulated signals
B, — Pure Gaussian noise
G347.3 search (2F 0. 16.3)

Off-source

Conclusions:
o no relation with noise features
o able to reproduce the outlier in O3
o nostandard CWin O4a & b data

fitted distribution
— G347.3-0.5 result

Propbability density
Template counts

80 100 120
More details in )

PyFstat O3 Weave O4a
Lorenzo Mirasola - IGWN-PI School 23
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CW methods & NS “good” glitches

Neutron stars are not always
ultra “stable”

Sometimes they glitch

Sudden change of their
rotational frequency

-

VRGO,
KAGRA

After glitch the source “slowly” Maybe the source can emit

recovers the pre-glitch state* “transient CWs”

*with a permanent
frequency variation

From Ashton+ arxiv (2019)

Redistribution of energy and
angular momentum

Associated GW emission?
®

See Haskell & Melatos |JMPD (2015) and Zhou+ Universe (2022)
for reviews on glitches

Pirsa: 26080007

Glitch coincident with O4b

4 tCW pipelines

No detection

First time physical constraints on
post-glitch GWs!

Parallel search for burst emission

Lorenzo Mirasola - IGWN-PI School

CW methods adapted for a
time-evolving amplitude

Vela pulsar glitched in April 2024!

-$- CWInPy

J-stat
3 WPM
-§ HMM

From Abac et al. Ap) (2026)
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Outline

Introduction to CWs:

a. Sources
b. Expected signal (focusing on Neutron stars for now)
c. Search methods

2. Neutron star & CW search results More on this tomorrow in Quynh-Lan’s lecture!!
3. Beyond Standard Model (BSM) & CW search results

4. A pinch of future perspective & summary

Lorenzo Mirasola - IGWN-PI School
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CWs and BSM searches: direct detection

ULDM interaction with
detector’s optics

CW searches sensitive to Ultra
Light Dark Matter (ULDM)

Scalar ULDM (spin 0)

Vector ULDM (spin 1)

Oscillation of fundamental
constants (e.g. fine structure)

Coupling to Standard model
particles generating “dark”
forces on mirrors

Common motion

mirror mirror

From Manita et al. PRD (2024)

Lorenzo Mirasola - IGWN-PI School
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Tensor ULDM (spin 2)

Couples with
energy-momentum tensor of
standard matter

Differential motion of mirrors
(Same as GWs)

mirror mirror

From Manita et al. PRD (2024)
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Direct detection (2)

O4a search:
- 3 pipelines

Scalar ULDM (spin 0) | - interpreted results in terms of scalar DM

frequency (Hz)
107 10?

—
o

T T o
cross-carrelation -=-- 03 acceleration effect n

BSD excess power -=-=- Eot-Wash | Vector ULDM (spin 1)

LPSD GEO600
—— 03 LPSD —.- MICROSCOPE frequency (Hz)
- I '
oy 107 10?
r{
W .L -

Uy

-
=3

%

cross correlation -==- Edt-Wash @ TEI"ISOI' ULDM (Spin 2)
BSD excess power == MICROSCOPE ¥ LVK

LPSD frequency (Hz)

10°

cross-correlation LPSD
BSD excess power fifth-force

=
T
>
(]
(&)
=
3
iy
~Oh
[
<
o
£
a
=1
=]
o
c
o
=
2
-

mass (eV)

dark photon-baryon coupling €gs

Yukawa coupling agss

Depending on model & frequency
mass (eV)

10722
mass (eV)

Significant improvements
compared to past searches!

Lorenzo Mirasola - IGWN-PI School
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CWs and BSM: superradiant clouds

Rotating black hole

03 all-sky search from:

Superradiance process:  "'"V/GaYs
“Quick” large production of bosons
that spins the BH down Scalar clouds:
fainter signals, longer emission

Boson cloud

Rotational frequency Slowly evaporates

related to boson’s mass months/years/«

-t

o
=
n

Exclusion plot for a
distance of 15 kpc
anday =0.9

CW-like signal with
small spin up

boson mass [eV]

s

o
o
w

LVK

20 40 60 80 100

black hole mass [solar masses]
Lorenzo Mirasola - IGWN-PI School
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Superradiant clouds(2)

Rotating black hole

Superradiance process:
“Quick” large production of bosons
that spins the BH down

Boson cloud

Rotational frequency Slowly evaporates

related to boson’s mass months/years/«

Potential non-null mixing CW-like signal with
with standard EM field small spin up

Credit C. Mondino

Vector clouds:
stronger signals, shorter emission

BH mass [M.)]
O4a search from: Al = 189

21.2

1 234
Targeted:

Cygnus X-1 (binary system)
2 post-merger GW events

Optiunistic BH population

Sources may disguise as

Planckce
i . normal pulsars
I 8 Mirasola, Mondino et al. PRD (2025)

LT

e

First CW search for this model!

Lorenzo Mirasola - IGWN-P| School
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CWs and BSM: primordial BHs

Binary systems of ultra light
Primordial BHs

Very long inspiral phase
(hours/days)

We can apply CW-like
searches

LVK

L 1 L |
]0—15 10—]
."Upnn [f'lf\:]

Lorenzo Mirasola - IGWN-PI School
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Outline

Introduction to CWs:

a. Sources
b. Expected signal (focusing on Neutron stars for now)
c. Search methods

2. Neutron star & CW search results
3. Dark Matter & CW search results

4. A pinch of future perspective & summary

Lorenzo Mirasola - IGWN-PI School
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CWs in the future e e

2026-05-27
80 150-170 160-180
Mpc Mpc Mpc

Future still bright! LIGO | HEE

Virgo
Current detectors planning
important upgrades KAGRA

G2002127-v36

Worst-case
scenario

i i R i e Einstein

[
e ) "
In a binary system *

I T ; -+ Virgo 05 A Telescope
i == ET sensitivity i .

10! 10
Gravitational-wave frequency [Hz]

Lorenzo Mirasola - IGWN-PI School
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Summary

CWs are cool!

o Yet to be detected, faint signals
o Can be emitted by neutron stars & more exotic

CW searches may be very challenging
o Fully-coherent approaches might be impractical — semi-coherent methods

Neutron star emission affected by internal structure of the star
o CWs as a tool to probe a stable emitter - complementary to CBC searches

Ultra light DM can produce CW-like signals

o GW searches can be complementary to other experiments!

Lorenzo Mirasola - IGWN-PI School
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et ol St ay tu n e d !

(c) D. Berry
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