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Outline

**Neutron Stars:
* What they are
* Why they are so interesting
* How they emit Gravitational Waves

¢* Search for Continuous Waves from known pulsars
with an example: the Crab pulsar.

¢ All-sky blind searches: how to perform a search when
we have no information on the source?
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Gravitational Wave detection: interferometers
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We measure gravitational
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laser beams.
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[Virgo panoramic. Credits Ansa] Beam spl itter

and thousands of other stuff!
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protostar

Credits: ESA
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What are Neutron Stars?

black hole

= - S g ' “'\ ) Ty i . ,‘I
blue supergiant 7 RS | r neutron star

sun-like star

red ﬂwarf white dwarf

brown dwarf
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They are the remnant
of supernovae
explosions of stars with
masses € [~4,30]Mg

They are the last
stronghold of matter
against gravity:
Neutron degeneration
pressure prevents for
gravitational collapse

In the more ‘traditional’
concept they would be
composed mainly by
neutrons, but...
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How are Neutron Stars composed?

4,3x10' g/em’® . There is an huge variety of
Hybrid star : ..
Conventional star 8.9/ cm3 Crust possible compositions...
05x10 g/ems 5y 92K Hyperon matter shel A Which is the right one?
2,7x10"° g/cm3 e , > A ' Are we sure the only one of
\ . .
, them is possible?
| | Could Neutron Stars have
Nuclear matter core Strange matter core  Nuclear matter shell different compositions
(mp,e" 47)  Inner crust (wd,s,e”) depending on their different
lei,n,e~ Outer crust ;
(nuclei,n,e” (ratetot. o) Quark strange star history?
Hyperon star ' /
y - QS ‘ Different imposmon
Strange matter (u,d,s,e” ) Different Equation of State
Crust ‘
Hyperon matter core Nuclear matter shell

Different macroscopic behaviour

Credits: I. Bombacci, A. Drago, INFN Notizie, n.13, 15(2003)
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Neutron Stars as Gravitational Wave emitters

-~

Newly born Neutron Stars have very high rotational frequencies O(kHz):
they produce very strong magnetic field through an efficient dynamo

B~1011 — 1013Gauss

This magnetic field is able to induce a permanent deformation on
the star shape, breaking its cylindrical symmetry:

a—>b
a+b

— Ellipticity/Oblateness: & = 2 e = f(M,R; B) x (B?)

This deformation produces a non-vanishing quadrupole momentum

\ 4

Continuous Gravitational Wave emission!
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What sighal do we expect?

Emitted Gravitational Wave has 2 polarizations: h.(t) = hgcos ®(t) hy(t) = hysin ®(t)

2

I 5 10kpc few
hy = 1,05 x 10~2%7 = —— ==
0 1038k gm?2 (10—6) d 100Hz
I,,: Inertia momentum with respect to rotation axis
o g:  Ellipticity of the Neutron Star
d(t) = j 27 fow () dt few: Frequency of the wave = 2 f,.,¢
fo d: Distance of the source

Phase:

So, it seems that we end up with a nearly monochromatic signal..

\ y
X
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Amplitude

Frequency

What sighal do we expect?

Time

Time

If it were actually
monochromatic, that
would be great!

Its energy would all
accumulate on a
single frequency bin!
Over a 1 year
observation time!

Too good to be true..
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What sighal do we expect?

1st complication:

‘ ' The star loses energy
A both through

AW AL U vy S PR ST electromagnetic

and gravitational

Time emission.

! 1 fo®) = fo +...
] . +fo(t — to)

Amplitude

Frequency

1.. 5
: ] +§fo(t — to)
| Time |
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What sighal do we expect?

2nd complication:

The observed
frequency is distorted
\J R u by Doppler Effect due
to Earth rotation and
Time revolution.

Amplitude

. . | | The effect is different
) for each sky
annua
z| localization.
S [ .
E - V- 'ﬁ
F© = f; (1 + T)
| I | Time
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What sighal do we expect?

3rd complication:

The signal acquires a
sidereal modulation
because of the
changing angle
between the wave
and the

—_ interferometer.

Amplitude

Interferometer response

Frequency h(t) — F+ (t)h+ (t) + FX (t)hx (t)

. A
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How do we search for the expected sighal?

Matched filter: cross-correlation between data and expected signal

Signal
(d* ) 4T R
p(t) = Norm Norm] d*(t)K(t + t)dt  In Fourier domain: K(f) = ar X3 Noise
) T power
5 x10 . . , 1g? | spectrum

=]
T

* | /\/\/\f\/\/\\mﬁ'”ﬁ”ﬁ
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p(t)~Gauss(0,1)

i> = oo AN 5 over o treshord
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Matched filter for known pulsars

Matched filter: to make it work, we need to know pulsar parameters with extreme precision

Known pulsars: we have almost complete
information on parameters (sky localization,
rotational frequency) and spin evolution
(ephemerides)

We can reconstruct the expected waveform
with the needed precision

We can do matched filtering!
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1054: A SuperNova lights up the sky

Recovered by Chinese astronomers in 1054
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In Europe that year: the Great Schism of 1054 = I
Break between Catholic Church and Eastern
Orthodox Church
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SN1054 remnant: Crab Nebula

First depiction by Lord Rosse: 1844

Hubble Space Telescope: 2000
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At the Nebula center: Crab Pulsar!

1968: PSR J0534-2200 discovery

Rotational frequency 29,6 Hz

Distance 2 kpc
Right ascension 05h 34m 31,97s
Declination +22° 00’ 52,1”

X-ray picture by Chandra

We know almost everything about this source!

¥

We are able to search for the expected
gravitational wave with the required precision
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Targeted search: nothing found

Up to now, we did not found any Gravitational Wave signal from Crab Pulsar...
What does it mean? We can put upper limits on its amplitude

Observative Run__|Maximum hy | Maximume ____

01 (2015) 5,0 X 1072° 27 %x107°
02 (2017) 29 x 10726 1,6 X 1075
03 (2019-20) 87 x 1027 [ 49 % 10~ ]

¥

The deformation on this ~30km diameter Neutron Staris < 15cm

But it doesn’t mean it is the same for all other pulsars!
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All-sky blind searches

By now, no Gravitational Waves have been found from known pulsars

BUT known pulsars are just a little fraction of the actual

Neutron Stars population in our galaxy: we can see only
those emitting and pointing at our direction!

* Observed pulsars by now: ~3000+ (still growing)

* Estimated Neutron Stars in Milky Way: ~108 — 10°

We could have most detectable sources (younger, nearest)
without knowing them, just because their beam does not point on Earth!

... Could we search also for them? Can we do blind searches?
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All-sky blind searches

Could we do a matched filter for any possible point in the parameter space?

We should scan for:

* All sky localizations (solid angle) Each one produces a different waveform,
e All frequencies which we would use as matched filter on
* All spin-down values O(1year) data

e All orientations

| 26/04/2445 ‘

~"E \NALLY, IT TURNED OUT\

 eanl ey s Computing time needed: O(10™2 years)!!

\_ HAVE Beew EXCITED |

e \

5 o ....Not a very interesting scenario for us!

' .
THAT dURWNG O3 'THLM;/‘
WERE TENS OF
~_ CONTI\NVOUS v;/Av:S!
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All-sky blind searches

Completely different approach: construction of time-frequency maps

4 ! ! I ! ! I

e Original time series is broken in
smaller chunks O(1000s)

strain

* Take the normalized power spectrum

0 ot Teer t of these chunks
(1) .

@

3

0 I Teer 0 T Teer 0
WWWQ

0 4k Teer 0 4 Teer 0 I Ter

 Combine these spectra together, to
form spectrograms

3[BDS lasmig

0 NAF g NAF g NAF

(12X3) b —AT
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All-sky blind searches

In this way, we obtain a time-frequency representation of data (and signal)

59.477

20
59.476

-18
59.475

<16

WARNING:

Don’t expect Continuous Wave
sighals to show up with high
contrast: remember that they
are extremely weak!
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All-sky blind searches

In this way, we obtain a time-frequency representation of data (and signal)

Expected track
from Crab
/ (superposed)
/ Daily Doppler

:
s

Jamod pazijewloN

J

HIJ]-'L\,I

80 100 120
Time [days]
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All-sky blind searches

We then correct for Doppler effect for ALL possible sky localizations

Shi Doppler corrected
Crab track

59.4745
59.474

59.4735

Frequency [Hz]
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Jamod pazijewloN

Correction = Frequency shift of pixels

When a Doppler correction
matches with the sky direction of a
Gravitational Wave present in the
map, its time-frequency track
becomes a straight line!

Now, we can search for its pattern
more easily
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All-sky blind searches

Frequency-Hough: a pattern recognition transform to recover straight lines
59.476 ]

Frequency-Hough transform maps
time-frequency data into the
parameter space of the signal

fo®) =| fo t folt — to)

59.4755 150

59.475

59.4745

59.474 If a sighal is present and is strong

enough, it will produce an excess
of counts with respect to noise

59.4735

Parameter f0 [Hz]
S1unod |axld

59.473

We can select Gravitational Wave
candidates by selecting outliers in
the Frequency-Hough map!

59.4725

59.472

-7.46e-10 -7.45e-10 -7.44e-10 -7.43e-10 -7.42e-10 -7.41e-10
Parameter spindown [Hz/s]
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All-sky blind searches

What are the most important differences with matched filter searches?

+ : Computationally cheap: can be completed in few months

+ : Robustness: we can do detections even with little errors on parameters

- : Less sensitivity: losses about a ~3 — 4 factor...

(we have to pay a price in some way!)

Anyway, it is always possible to do better in one or more of these points

We are border line: any improvement could do the difference in order to
make the first detection!
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Conclusions

Detecting Continuous Gravitational Waves from spinning Neutron Stars is very challenging

There is a lot of work to be done to increase the detection probability in the future runs!
The Virgo group of Rome is strongly active on various sides:

 Enhance the instrument sensitivity = Cryogenics, Frequency dependent laser squeezing

* Detector characterization/Noise hunting — Searching for environmental disturbances

that can reduce the sensitivity and trying to mitigate them
| work on these!

* Development of search procedures — Searching for completely new (and original) search
strategies, adapting already existing proceures in order to extend the search also to other
astrophysical sources (boson clouds, long transients from magnetars, dark photons...)
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Neutron Stars as Nuclear physics laboratories

[Credits: PRL, 121, 161101 (2018)]

Detecting Gravitational Waves from rotating W77
Neutron Stars, we would obtain a very accurate Q)\\'\\*‘\\@\*‘\
measure of their ellipticity. 2517 &
P
E = f(M, R; B) 201 ‘-.»::\

D
O

.-

-~

S’

@ . .
= 159

It would be a very strong constraint to the star

Equation of State!
Determining the Neutron Star EoS will reveal us the

behaviour of Nuclear physics at extreme densities =2 T TR \
R (km)

1.01

_H4-

Neutron Stars are a promising laboratory to test Constraints from the first Some possible
Binary Neutron Star EoS curves

Nuclear Physics at energy scales unreachable on Earth coalescence (GW170817)
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Upper limits from All-sky searches

This time, we have a different maximal h, for any different search frequency, and the
2
translation in terms of ¢ is even more complicated! Remember that hy « &

10728 1073
—— FrequencyHough
—— SkyHough
10 —— TD Fstat
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+ 10°
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