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Modeled waveform Unmodeled waveform

Long-lived

T ~months
or years

Transients

T ~up to
minutes

The sources represented in the pictures do not cover all the possibilities



Long-lived

T ~months
or years

Transients

T ~up to
minutes

Modeled waveform
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CBC: Coalescence of binary system of
neutron stars and/or stellar-mass
black-holes

Burst: Core-collapse of
massive stars

Unmodeled searches
Matched-filter Modeled searches

Stochastic Background CW: Isolated or binary neutron stars

Cross-correlations FFT based and hierarchical searches



° SIGNALS ARE OF LIMITED DURATION, WELL MODELED
AND VISIBLE GIVEN THE ACTUAL SENSITIVITIES , EVEN IF

"FAR” FROM US. GwW170817 DISTANCE WAS ~ 40 MPC
FROM EARTH.

, LIKE THOSE EMITTED BY COMPACT
OBJECT ISOLATED OR IN BINARY SYSTEMS, TYPICALLY
HAVE LONG DURATION BUT STRAIN AMPLITUDES ARE MUCH
WEAKER , 0(10-2%) COMPARED TO 0O(10-27)




Model of a Neutron Star

Mass
~1.5 times the Sun

Solid crust
~ 1 mile thick

Diameter
~12 miles

Heavy liquid interior
Mostly neutrons,
with other particles

deformation due to elastic or magnetic stresses: few= 2 f spin
deformation due to (anisotropic Jmatter accretion (e.g., LMXB);
excitation of long-lived oscillations (e.g., -modes): fow= 4/3 f spin

Expected signals are not monochromatic at the detector. Frequency (and phase) are
modified by various effects:
» Doppler effect due to the detector motion;
« orbital motion for sources in binary systems;
« source spin-down (rotation frequency decreases due to energy loss;
relativistic effects; antenna pattern). B




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.

£ ~ 103 for ‘hybrid’ stars (hadron-quark core)

Max

5 ~ 103 (B/10'°G)? deformation from the

ma X

volume averaged magnetic field.

£ ~ 10! for quark star.
max Lasky, Glampedakis, MNRAS 458 2016
N. Jonhson-McDaniel, B. Owen
PRD 86 063600, PRD 87 129903
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NS internal structure (EOS, viscosity, superfluidity)
Maximum spin allowed for a NS

Intensity and geometry of interior magnetic field
Accretion physics

NS demography (including a possible population of
“exotic” stars) and implications for a stochastic

background.
Testing GR

Even a null result can be used to constrain NS
parameters, like ellipticity or the internal magnetic field,
and at least some of the EOS’s.

15
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A CW received at the detector is NOT exactly
monochromatic

100.005

» SPIN-DOWN due to the loss of energy of the star
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» SIDEREAL VARIATION of the amplitude | 0% b0
Astone et al,
Phys. Rev. D 90, 042002 Courtesy: O. J.

Piccinni
In some cases, hierarchical procedures are needed

(compromise between sensitivity and computational problems) 19



To detect these signals, we need to integrate over long fimes.

At the actual sensitivities our main target for continuous searches are
galactic non-axisymmetric spinning NS, isolated or in binary systems,
such that the frequency of the emitted GW, is in the band of our
detectors ~[20-2000] Hz.

We know that potential sources of CW exist: 2500+ NS are observed
(mostly pulsars) and O(108 - 107) are expected to exist in the Galaxy.

Multimessenger astronomy plays a very important rofe



Sensitivity estimate
Results

below spin-down limit
spin-down limits
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LIGO/Virgo coll: hitps://arxiv.org/pdf/2111.13106.pdf

For the Crab and Vela pulsars limits are factors of . odh
~ 100 and ~ 20 more constraining than spin-down limits
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~. Computational

/ ! \ cost

Credit C. Palomba

Order of magnitude estimation for
hierarchical All Sky searches
(isolated NS !) is: 1 year, 3
detectors. ~ 80 million core-hours




h rec.data
1st detector

h rec.data
2nd detector

Selection of |
peaks

(“peakmap™)

-
.
.

correction on
peakmaps

For each Sky position ™,

Candidates

Spin down grid

Candidates

Follow-up on
___» | possible candidates

Selection of

l

Detection

-

For each Sky position‘

or

Spin down grid Upper Limit

peaks

(“peakmap”)

Doppler
correction on
peakmaps

.EAsfone et al,

“"Phys. Rev. D 90, 042002




An example of hierarchical
procedure used in
All-Sky searches

frequency [Hz]

80 100
time [days]

10 ' 'CLEAN Frequency Hough map in the selected band

Typically executed @QCNAF,
which gives imporfant support

108.855  108.856  108.857  108.858
fy H2)

108.859 106.86



LIGO/Virgo coll:

frequency [Hz]

—— FrequencyHough
— SkyHough
—— TD Fstat

Assuming all rotational
energy goes into GW

Fiducial ellipticity ¢
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https://arxiv.org/abs/2201.00697

1- Slow-spinning NS (P ~ 2-12 s) with super-critical dipole B
B; > 4.4x1013¢G

92- X-ray bright pulsators, powered by B [ BTGl (VEERCIA Rl

AE ~ 10%>> — 1047 erg
At~ 0.1s-2>300s

: =1

3- Giant flares (3 to date in our Galaxy)

O r—
B g a8

Period Derivative (10" s s~/)
S

Rea et al. 2010
Period (s)



Magnetic energy is the source of
their emission

The exterior dipole is not sufficient.
An even stronger interior B-field

must be present

(predicted by models then demonstrated

by observations)

Bine > 3X101°G

What makes them so special ¢

(a) How do magnetars (b) Which factors decide

acquire such strong B-fields? || Whether a nascent NS will
become a magnetar?
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fGW ~ 100 Hz

Mechanism 2

Dall’Osso & Stella, 2021
At~ 10> 3s

EM-enhanced growth of instability

(fow ~ 100 Hz = const)
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Mounted at the F/11 direct focus of the Nasymith A interface
Commercial Hamamatsu Silicon multipixel photon counters
(SiPM)

— 8 ns resolution (60 ps absolute accuracy)

— linear up to V = 120 mag

— Polarimetric capabilities (linear and circular)
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Ambrosino+ 2014,2018; Ghedina+ 2018

Wavelength (nm)


http://www.tng.iac.es/instruments/sifap2/

nature LETTERS
aStr OnOIl]y DOI: 10.1038/541550-017-0266-2

Optical pulsations from a transitional 1102340038
millisecond pulsar

F. Ambrosino"?, A. Papitto©3*, L. Stella3, F. Meddi’, P. Cretaro*, L. Burderi®, T. Di Salvo®, G. L. Israel,
A. Ghedina’, L. Di Fabrizio” and L. Riverol’

Xxmm-newton

LN RO A XMM-NEWTON

Missions

+ Show All Missions MYSTERTOUSLY IN-SYNC PULSAR CHALLENGES EXISTING THEORIES

13 September 2019

=» Can they coexist?

=> Are they alternating with fast time

Ambrosino, Papitto et al. 2017, Nat. Astr. sca|e5? 31
Papitto et al. 2019, ApJ



nature LETTERS
aStr Onomy https://doi.org/10.1038/541550-021-01308-0

M) Check for updates

Optical and ultraviolet pulsed emission from an

accreting millisecond pulsar

F. Ambrosino®'2322:5 A, Miraval Zanon®#522%< A, Papitto', F. Coti Zelati®>%7, S, Campana®,

P. D'Avanzo’, L. Stella®’, T. Di Salvo®?, L. Burderi®®, P. Casella®’, A. Sanna®, D. de Martino®,
M. Cadelano™?, A. Ghedina®, F. Leone®™", F. Meddi©?, P. Cretaro™, M. C. Baglio®*, E. Poretti®°®,
R. P. Mignani™®, D. F. Torres ©%7% G, L. Israel®, M. Cecconi®, D. M. Russell ©,

M. D. Gonzalez Gomez©®®, A. L. Riverol Rodriguez®, H. Perez Ventura® M. Hernandez Diaz"®,

J. J. San Juan®®, D. M. Bramich' and F. Lewis ®%02

Ambrosino, Miraval Zanon et al. 2021, Nat. Astr.

32

=» larger statistics wrt X-ray telescopes
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PRIN 2070

@ w

Programmi di Ricerca Scientifica
di Rilevante Interesse Nazionale

COFINANZIATO
Ruolo Coordinatore Scientifico del Programma di ricerca
Dati sul progetto:
pordinatore = 0 ASTONE Pia
Atenec 2 Istituto Nazionale di Fisica Nucleare
Protocolio 2020BRP57Z
attore ER PES
Durata 36 mesi
olo del progettc Cutting-edge strategies to identify new GEMS (Gravitational- and
ElectroMagnetic-wave Sources) in the Universe with current and next-
generation detectors
0 puto R 591.400 Euro
0 2 amento di Ateneo o 129.000 Euro
osto totale 720.400 Euro



PRIN 2020

WP1: Data Analysis for CWs WP2: EM sources WP3: Advanced Computing

e WHP1.1: All-sky searches (INFN, e WP2.1: SiFAP photometer and e WHP3.1: CPUs and GPUs
Sapienza) optical millisecond pulsars * WP3.1.1: Optimization for

e WHP1.2: Directed searches (INFN, * WP2.1.1: SiFAP Development hierarchical searches (INFN,
Sapienza, INAF) (INAF) Sapienza)

* WP1.3: Searches for * WP2.1.2: Observational results * WP3.1.2: Data Analysis for EM
long-transient signals (INFN, from SiFAP (INFN, Sapienza, INAF) observations (INAF)
Sapienza, INAF) * WP2.2: The study of magnetars (INFN, « WP3.2: Machine Learning (INFN,

Sapienza, INAF) Sapienza)




PRIN 2020

Parameter space reduction via EM observations,
NS modeling and data analysis (D1)

SiFAP detectors
improvement (D1)

Year 1 Year 2 Year 3
1-3 4-6 7-9 10-12 1-3 4-6 7-9 10-12 1-3 4-6 7-9 10-12
WP1.1 | Sidereal filtering added Study of an
to the FHT (DI1) Analysis of the most ensemble of
GPU code testing, tuning and pilot | recent GW detector data | CW signals
studies (D3) for all-sky searches and (D5)
delivery of observational
Candidate vetoes (D2) papers (D4)
WP1.2 e Improved Extension of the Analysis of the most recent GW detector
Sens;:w}y boost of Resampling for | BSD-FHT data for directed searches and delivery of
el s‘g‘,ﬁ"’“"" binary NSs | pipeline to binary observational papers (D4)

Method comparison

RGB technique 2D-filtering and pattern recognition and Analysis of the
(D2) (D3) most recent GW

detector data (D4)

SiFAP timing accuracy enhancement (D2)

Feasibility study for the extension of SiFAP capabilities to nIR domain (D3)

Searching for pulsars in absorbed regions
with SiFAP nIR (D5)

Modeling newborn NSs and magnetars (D1)

Searching for optical millisecond pulsations from LMXB systems with SiFAP (D4)

Constraints from SBOs (D3)

Templates first studies and

performance test (D2)

WP3.1

Optimization of data
analysis routines (D3)

WP3.2

GPU code porting and optimization
(D1,D2,D4)

Templates; final performances
assessment and parameter
estimation (D2)
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s Elnsll'eln felescope Our work is clearly fundamental

1 in particular to be ready with
S robust and sensitive procedures in
view of 3@ generation detectors




Next science run will begin at the end of 2022
Will last 1 year.

Our analysis will be prepared and tested in the
period 2022-2023 and done during 2024.
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Some analysis mlghf?;n after 6 months, producing
results during the second part of 2023 Credit NASA
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