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- Recap on GW sources - <
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Compact Binary Coalescing systems (CBC), well " g Holes(BHs) Stars (NSs)
' R

modeled waveforms

o

Supernovae, GRBs (bursts), unmodeled waveforms;
short-duration GW events in coincidence with
signals in electromagnetic (EM) radiation/neutrinos

o

Fast-spinning NSs in our galaxy (either isolated or in binary
systems); monochromatic waves; modeled waveform

o

Cosmological GW (stochastic background); A
background of primordial and/or astrophysical GWs;
unmodeled waveform
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GWAdvaneeg getactor sensitivity progression.|
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GYVsAmVEReEt detector sensitivity progression.ll s
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CW signals.|

Quasimonochromatic waves with a slowly decreasing intrinsic frequency, which are

expected to be emitted by
*  Rapidly rotating NSs with non-axisymmetric deformations
»  Short periodic signals (from ~hours-days) from NS r-modes
»  Clouds of uftra-light bosons that could form around Kerr black holes as a consequence of
superradiance

Constant amplitude, weak (weaker than transient GW events), but persistent over years
of data taking:

»  Signal duration >> observation time
*  Due to the weakness of CWs, we have to integrate for a longer time to increase the signal-to-

noise-ratio ~O(T"2)
Sensitivity increases with observation time

Computation cost scales with a high power of the observation time
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CW signals.l

More than 3000 observed NSs (mostly pulsars) and (108 - 107) expected to exist in the Galaxy

To emit CWs a NS must have a certain degree of non-axisymmetry due to
» deformation caused by elastic stresses or magnetic field not aligned to the rotation axis (% =
2 fr.ot)
» free precession around rotation axis (Gw ~ %ot + forec; Tow ~ 270t +2 Fred)
* excitation of long-lasting oscillations (e.g. smodes; fo\y ~ 4/3 £
» deformation due to matter accretion (e.g. LMXB; oy ~ 2 %)

/610 pipadpjm-ua//:duy

http://www.indidna.edu/
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CW signals.lll: 8

CWs from rotating NSs

The measured strain amplitude A, on Earth is given by

_ e) I f 2(1kpc)
10 )110”gcm® ){ 100 Hz d

with d'distance to the source, & = (L«-4,)//, being the equatorial non-axisymmetry and /,, the moments of inertia

MAXIMUM DEFORMATION

o Normal NS

o Hybrid (hadron-quark core) >

o Extreme quark stars

PRD 87, 129903 (2013)]
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CW signals.IV: <

The spindown limit

A rotating NS spins down losing energy:

o [N MWEN ROTATIONAL ENERGY LOSS

GRAVITATIONAL ENERGY LOSS

e 2 2 6 2
EGW OCIzz 'r'ote

e |f we assume that all of the loss of energy of a spinning NS is caused by GW emission, i.e., that the observed
star spindown, which is the decrease of the rotation period, is due to GWs, we get

i|f.rot|

Erot = Eqw = €54 X

IZZ Eot

® From Ay we can also express a theoretical upper limit for the GW amplitude: 1 [frot|

hsd X — Izz
r frot

Going below the spindown limit means we are putting a constraint on the fraction of spindown energy due to the
emission of GWs
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CW signals.V: -

Signal characteristics

e A CW signal is not exactly monochromatic, but it has a spindown due to the loss of energy (in a few
cases a spinup may be present)

® Due to both the Earth orbital and rotational motions, we have that the signal frequency is Doppler
shifted, depending on the direction of the source in the sky, and —if the signal is in an binary system—
we have a further Doppler modulation due to the orbit motion of the companion

® Due to the variation of the source direction in the detector frame, a sidereal day variation of the
signal phase and amplitude is present
® Glitches (i.,e., sudden variations of the rotational frequency of the star) can also occur
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CW signals.VI: n

CWs from spinning NSs in binary systems

® A CW:ssignal from a source in a binary system is frequency-modulated by the source orbital motion, which
in general is described by five unknown Keplerian parameters

® Accretion from a companion may cause an asymmetrical quadrupole moment of inertia of the spinning NS
® In some cases the accretion is asymmetric due to the sporadic observation of X-ray pulsations

® This asymmetry can lead to GW emission through various mechanisms:
* temperature-dependent electron capture onto nuclei in the crust [ApJ 501, L89 (1998)]

*  magnetic funneling of accreted material [ApJ 623, 1044 (2005)]
»  sustained instability of rotational -modes [ApJ 516, 307 (1999)]

® The most rapidly observed accreting NSs do not spin at very high frequencies, and this seems to suggest
that their accretion torques are balanced by GW emission torque [ApJ 501, L89 (1998)]

® Maximal Doppler modulation due to the source orbital motion depends on orbital parameters [N =

Cl-e
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w to perform a search -
for CWs?

The way to search for CWs depends on how much about the source is known. There are three
main different types of searches:

* TARGETED/narrowband searches for observed NSs. The source parameters (sky location,

frequency & frequency derivatives) are assumed to be known with great/enough accuracy
(e.g. the Crab and Vela pulsars) => ((laptop)

* DIRECTED searches, where sky location is known while frequency and frequency derivatives

are unknown (e.g. Cassiopeia A, SN1987A, Scorpius X-1 galactlc center, globular clusters)
=> (Ocluster) :
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CW search highlights from the third
advanced LIGO-Virgo detector run
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The third advanced LIGO-Virgo
detector run O3

O3 observing run:
April 1, 2019 — March 27, 2020

Commissioning break:
October 1-31, 2019

2000 3000 4000
freq. (Hz)
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constraints on the equatorial

ellipticity of millisecond pulsars
ApJL 902 L21 (2020); https://arxiv.org/abs/2007.14251

* CW search from 5 radio pulsars (Hf;:::l) di(sl:an)ce | spin-gow(nw |
zZS~ pc uminosity

* Used data set: 6 months of O3 (April 1 — October
1, 2019); O2 (Nov. 30, 2016 — August 25, 2017) and

Young pulsars

J053442200 (Crab) 29.6 —3.7x1071° o 2.0+0.5" 4.5x10%!
O1 (Sept. 12, 2015 - Jan. 19, 201 6) J0835-4510 (Vela) 11.2 —2.8x10~'*" 02871000 6.9 x 10%°

e FOI‘ the 1St time we matChed (fOI’ PSR JO437'471 5) Recycled pulsars
or surpass (for PSR J0711-6830) the indirect limits J0437—4715 173.7  —1.7x10"%®  —41x107'¢ 0.15679 +0.00025"  2.8x10%

J0711-6830 182.1 —4.9x1071% —4.7x10716 0.110 + 0.044° 3.4%10%9

on GW emission from recycled pulsars inferred , f |
J0737—-3039A 44.1 —-3.4x1071° 1154045 5.9x 10%¢

from their observed spindowns, and constrain their
equatorial ellipticities to be less than 108

® Targeted searches that assume a tight coupling between the GW and EM signal phase evolution for

two recycled pulsars
® Targeted and narrowband searches for PSR J0711-6830, Crab and Vela
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AII-sky search for CWs from <

unknown NSs in binary systems
PRD 103, 064017 (2021); https://arxiv.org/abs/2012.12128

* Search frequency region: [50-300] Hz
* Binary orbital parameters are split into four regions, including Orbital period: [3 — 45] days; Projected semimajor
axis: [2 — 40] Is

® Search sensitivity estimated in terms of the GW amplitude corresponding to the interpolated 95% detection
efficiency using a simulated population of signals

150 200
Frequency [Hz|
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“Constraints on GWs from the energetic -

young X-ray pulsar PSR J0537-6910

ApJL 913, L27 (2021); https://arxiv.org/abs/2012.12926

PSR J0537-6910 has the largest spindown luminosity of any
pulsar and is highly active with regards to glitches
Used data set: O2, O3 of LIGO and Virgo

* Timing ephemeris obtained using NICER data

Search at both once and twice £, = 62 Hz

No detection can be claimed
Our constraints reach below the GW spindown limit (for the 1st
time for this pulsar) by more than a factor of 2 and limit GWs to

account for less than 14% of the spindown energy budget
Equatorial ellipticity limited to less than ~ 3x10-

11th Iberian GW meeting
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Figure 4. Posterior probability distribution for ellipticity
and ho for the analyses with unrestricted and restricted pri-
ors on the pulsar orientation. [The 95% credible upper limits
are shown as vertical colored lines, while the spin-down limit

is given by the vertical dashed black line.

Poola Leaci



nts on GW emission due to -modes

¢ Used data set: full O3 (April 1, 2019 — March 27, 2020)
¢ Timing ephemeris obtained using NICER data

in the glitching pulsar PSR J0537-6910

ApJ (submitted); https://arxiv.org/abs/2104.14417

* Search frequency region: [86-97] Hz
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Results improved on previous
amplitude upper limits from r-
modes in J0537-6910 by a factor of
up to 3
We place stringent constraints on WP Eos OW frequency ()
theoretical models for -mode —— .
. o o . 767 10

driven spin-down in PSR J0537- a—\/; G @ f MRS

~~~~~ N 90 Hz\® / ho

AR ) NO'O”( f ) <10—26>

6910, especially for higher
frequencies at which our results

r-mode amplitude leading to
GWs with amplitude Aq

r-mode amplitude a

r-mode amplitude a

reach below the spindown limit
defined by energy conservation

F/G statistic observational range
5 vector observational range

90 92 94
GW frequency (Hz)
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CW search from young <

supernova remnants
ApJ (submitted); https://arxiv.org/abs/2105.11641

400 Hz for the closest target G 266.2- G350.1-0.3 0.60 4.5 1.0 [31.96, 730.1]
1.2/Vela Jr (353.6-0.7 27 3.2 10 [77.86,318.3]
G354.4+0.0 0.10 5 1.0 [25.72,121.7]

3.858 x 107%,3.858 x 1078
2.295 x 10~9,2.295 x 10~°
3.858 x 107%,3.858 x 1073

® Search for 15 young supernova Source Minimum tage (kyr) D (kpc) Teon (hours) f (Hz) f (Hz/s)
remnants G1.9+0.3  0.10 8.5 1.0 [31.56,121.7] [—3.858 x 107®,3.858 x 10~°]
® Used data set: 6 months of O3 (April (I G15.9+02 0.54 8.5 1.0 [44.03,657.1] [—3.858 x 10~°,3.858 x 10“?}
October 1, 2019) G18.9-1.1 44 2 1.9 [31.02,1511] [—1.507 x 10—2, 1.507 x 10—2}
Search frequenc:y region: [10 — 2000] Hz G39.2-0.3 3.0 6.2 2.8 62.02,459.2] [—1.968 X 10_9, 1.968 x 10_9]
The best 95% confidence constraints G65.74+1.2 20 1.5 4.7 [35.10,1128] [—3.149 x 10 8,3.149 x 10 8]
laced on the signal strain are 7.7 x G93.3+6.9 5.0 1.7 1.9 [30.00,1668] [—1.335 x 1075,1.335 x 10—.]
I’IDO‘Z" for G39.2-0.3 and 7.8 x 10-2 for G111.7-2.1 0.30 3.3 1.0 [25.71,365.1] [—3.858 x 10~%,3.858 x 10—§}
: ’ ’ G189.1+3.0 3.0 1.5 1.4 [26.13,2000] [—1.968 x 107°,1.968 x 10°]
G65.7+1.2 at 200 Hz G266.2-1.2 0.69 0.2 1.0 [18.36,839.6] [—3.858 x 107®,3.858 x 10™®]
¢ The most stringent constraints on the G291.0-0.1 1.2 3.5 1.0 (31.97,1460] [—3.858 x 10~%,3.858 x 10~°]
ellipticity (<~ 10~7) and ~mode (330.241.0 1.0 5 1.1 [36.57,1039] [—3.858 x 107%,3.858 x 10~°]
amplitude (<~ 107°) are reached at ~ G347.3-0.5 1.6 0.9 1.0 [21.74,1947) [—3.858 x 1075,3.858 x 10~%]
- ]
= ]
= ]
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Constraints on dark photon

dark matter using O3
PRL (submitted); https://arxiv.org/abs/2105.13085

We present a search for dark photon dark matter that could couple to gravitational-wave interfer-
ometers using data from Advanced LIGO and Virgo’s third observing run. To perform this analysis,
we_use two methods, one based on cross-correlation of the strain channels in the two nearly aligned
LIGO detectors, and one that looks for excess power in the strain channels of the LIGO and Virgo
detectors. The excess power method optimizes the Fourier Transform coherence time as a function
of frequency, to account for the expected signal width due to Doppler modulations. We do not find
any evidence of dark photon dark matter with a mass between ma ~ 107'* — 107! eV/c?, which

corresponds to frequencies between 10-2000 Hz, and therefore provide upper limits on the square of

the minimum coupling of dark photons to baryons, i.e. U(1)g dark matter. For the cross-correlation

method, the best median constraint on the squared coupling is ~ 1.31 x 10™%" at ma ~ 4.2 x 10713
eV/c? ; for the other analysis, the best constraint is ~ 1.2 x 10™*" at ma ~ 5.7 x 107'% eV/c?.

These limits improve upon those obtained in direct dark matter detection experiments by a factor
of ~ 100 for ma ~ [2 — 4] x 1073 eV/c%.
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messenger astronomy

A NEUTRON STAR: SURFACE and INTERIOR

CORE:

Homogeneous
Matter

EM observations alone cannot help to understand NS
composition (highly condensed matter, crystalline
structure, viscosity,...)

Neutron
Superfluid

*——— ATMOSPHERE
ENVELOPE

Information on NS quadrupolar deformation (ellipticity)
will be very valuable to understand whether NSs are

composed by only neutrons, quarks, exotic matter, and |
so on

S Polar cap
Cone of open
magnetic

field
lines

Other NS properties (the range of NS masses, radii,
sky locations, maximum NS spin frequency, population
models, cold dense matter EOS properties)

Neutron Superfluid .

Neutron Superfluid +

Neutron Vortex  Proton Superconductor
Neutron Vortex

Magnetic Flux Tube

Detecting deviations from General Relativity (speed of GWs, existence of other polarizations)
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Credit: Dany P Page, Phys.org



What dowe needto . &

facilitate the CW detection?

@ UPDATED EPHEMERIS as fully coherent searches for CWs from known pulsars rely on coherent
phase models and wrong ephemeris can introduce phase errors, which would result in a loss of
signal-to-noise ratio

@ RADIO OBSERVATORIES able to monitor the vast majority of radio pulsars, mainly those with
high spindown, which translates into a strong CW emission (e.g. PSRs J1952+3252 and

J1913+1011)
o
GAMMA/X-RAY observations \i/—\j b
TN
NEW PULSAR DISCOVERIES (in all of EM bands) NN

o T

ROBUST ALGORITHMS able to detect both our standard signal models and the unexpected!

... and of course (more) SENSITIVE GW DETECTORS
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- Future Prospects - <

Finish analyzing O3 data

Optimizing search algorithms (porting to GPUs/Machine Learning)

Improve Follow-up methodologies (to be more computationally
efficient)

Getting ready for O4+ and the 3 generation GW detectors (e.g.,
Einstein Telescope and LIGO Cosmic Explorer)
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