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Motivation, Model & Method
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Motivation
New era: gravitational waves astronomy

01/02: 10 BH-BH mergers, 1 NS-NS merger

(catalog: https://www.gw-openscience.org)
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O3: public alerts!

(Gravitational Wave Candidate Event Database: https://gracedb.ligo.org)
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Signal-to-noise ratio (SNR)

SNR f—%ﬁ

S, - strain noise
(aLIGO: /S, ~ 10~28Hz~1/?)

T - observational time

Network of the detectors

10— 100 1000 SNR \/N

Frequency (Hz)
N - number of detectors with

Regimbau et al. (2017) comparable sensitivity

GW150914: hg ~ 1072 T ~ 0.2s — SNR ~ 24
CGW: hy £ 1072, T ~ days, months, years...
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Continuous gravitational waves radiation model

Neutron stars as a sources of CGW radiation

Non-axisymmetric rotating NS (described as a triaxial ellipsoid)
radiating purely quadrupolar CGW.

Strain amplitude

o = 4 1072 (555) (e ) (ro8) (™)

o’

€ = (I1 — 12)//3

Q
I3
f=Q/2n
d - distance I
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Theoretical model

JF-statistics and optimal grid
F-statistics (Jaranowski, Krélak & Schutz
1998) on the 4-dimensional (f, f, o, ) optimal T

grid of parameters (Pisarski & Jaranowski ’\%/ >
2015):

_ 2 (IBF ., IRP
f*?<<az> + <b%>)

Fa= YN, x(t)a(t)exp[—i¢(t)]
Fo = S, x(t)b(t)exp[—ig(1)]

) - amplitude modulation

a(t), b(t
t) - phase modulation

9(

Model of the rotating, triaxial ellipsoid.
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Computational cost
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Blind searches computational cost

For search code computing power

7777777777777777 scales as ~ T°log(T)

e — one needs to divide data into
shorter chunks (e.g. 6 days)

[ Narrow-band time } [ Optimal grid

domain segments of parameters
[ Sensitivity Search for candidates } B 1
upper limits H in time-domain segments [€ ) (i,5+1) I - L
i fZ . ) J )J 251
Search for coinci- (1 =1l ,])

In Follow-up code one can go back
to the longer time series.

Code:
To find ]:'Statistic maximum and https://github.com/mbejger/polgraw-allsky
f, f, a, 6 associated with it. Documentation page:
SNR — /2(]:7 2) http://mbejger.github.io/polgraw-allsky/
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https://github.com/mbejger/polgraw-allsky
http://mbejger.github.io/polgraw-allsky/

Results
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0O1—02 data improvement

Abbott et al., 2019, arxiv:1903.01901
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FIG. 1. Amplitude spectral density (ASD) /S, plots for the L1 (left panel) and H1 (right panel) detectors during O1 (blue
trace) and O2 (orange trace). The ASD is obtained by averaging over FFTs of 1800 s obtained for the entire run.

improvement of the amplitude spectral density
number of narrow lines and combs greatly reduced
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F-statistic pipeline in O2 all-sky search
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FIG. 3. Upper limits on the strain amplitude hi>* for the three pipelines.

Hardware injections recovery:
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FIG. 2. Regions in frequency and first frequency derivative
covered by each pipeline.




O2 all-sky search upper limits
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Spin-down limit (assumption: NS looses energy only due to the CGW)

ro=25x1072 () () (8t) (i)

Corresponding spin-down limit on the equatorial fiducial ellipticity

coa = 0287 x (s ) (2)? (7l ) (%)
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I Strain Sensitvity

0=

222 pulsars with rotation frequencies = 10 Hz

young pulsars, Crab & Vela, recycled millisecond pulsar

01+02 data
two harmonics: 1f and 2f

Sensiivity estimate
Results

surpass spin-clown limifs
spin-clown limits
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Targeted search - summary

So far, no CGW signal was found, but
interesting upper limits were set

e.g. the newest limits for Crab pulsar (J0534+2200) are:
hsg = (1.44+0.4)-1072
€sg = 7.56-10~*

Abbott et al., 2017, Phys. Rev. D 96, 122006
Abbott et al., 2019, arXiv:1902.08442
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O3 Plans

Targeted searches - searches for around 30 high value pulsars at 1f
and 2f frequencies. Search for dipole radiation predicted by
Brans-Dicke theory.

Directed searches - search for r-mode driven GW signal from pulsar

J0537-6910.
Ol wm O2 pm O3 =wm O4 =m O5
All sky searches - search of o0 100 bieos i i
. Mpc  Mpc 1 M 175 C
the band [20 — 750] Hz with |LIGO  '§ @ '€ [l
6-24 day coherence time. 0 leses sz el
a) Mpc 1 Mpc Mpc H+ Mpe
Implementation of the Virgo i : i =
coherent follow-up sy 130+ Mpo
procedure. Rahn s
" arget
' 330 Mpc
LIGO-India :

2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026
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Backup slides
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There is more to detect!

_ Known Waveform Unknown Waveform
Long-lived Rotating neutron stars Stochastic background
(continuous) hg ~ 1025 hg ~ 10-28
Short-lived Compact binaries coalescences Supernovae

(transients, bursts, T~0.1s) ho ~ 1021 hg ~ 1021
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CGW - emission mechanisms models in NS

Mountains (elastic, magnetic,
viscosity stresses)

fGW - 2frot

Oscillations (r-modes)

fGW - 4/3frot

Free precession

faw o< frot + fprec

Accretion (thermal gradients)
faw = frot

Courtesy: B.J.Owen

Bejger (2018) Courtesy: McGill U.

Lasky (2015)
Andersson et al. (2011)
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Signal-to-noise ratio (SNR)

SNR f—%ﬁ

S, - strain noise
(aLIGO: /S, ~ 10~28Hz~1/?)

T - observational time

Network of the detectors

10— 100 1000 SNR \/N

Frequency (Hz)
N - number of detectors with

Regimbau et al. (2017) comparable sensitivity

GW150914: hg ~ 1072 T ~ 0.2s — SNR ~ 24
CGW: hy £ 1072, T ~ days, months, years...
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1077 ot o s

NS is loosing energy and 107 1 .
spinning-down, due to the
—_— . 10
CGW emission, magnetic g
braking, neutrino emission, £
accretion (e.g. Greenstein & Cameron 1969, glo’“ g
lllarionov & Kompaneets 1990, Dvornikov & Dib 2009, &
Staff et al. 2012). 107 |
We can measure it e.g. from .
radio-observations.
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Spin-down limit (assumption: NS looses energy only due to the CGW)
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Targeted searches in 2015-2017 LIGO Data
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Figure 1. Upper limits on Cz1 and Cas for 222 pulsars. The stars show the observed 95% credible upper limits on observed
amplitudes for each pulsar. The solid lines show an estimate of the expected sensitiv

y of the searches,




Time-domain F-statistic pipeline

| Time domain frame data | Hierarchical pipeline:
””””””””””””” All-sky search for every

I Rt TR o ="~~~} | Ephemeris data ‘1 . .

| i Bue (5FDB) | | ‘?Jlﬁy E time-domain data segment,
”””””””””””” S using relatively loose optimal

grid.

Coincidences between
candidates to confirm the
existence of signals with the
same parameters along the

Narrow-band time Optimal grid
domain segments of parameters

Sensitivity Search for candidates
upper limits in time-domain segments

Search for coinci-

oo o whole observing period.

Extimate of FAP, New: Follow-up of promising

o outters candidates to estimate signal
Code: parameters precisely.
https://github.com/mbejger/polgraw-allsky Sieniawska, Bejger, Krolak (2019) -
Documentation page: submitted to CQG

http://mbejger.github.io/polgraw-allsky/
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Follow—up procedure

Sieniawska, Bejger, Krélak (2019) - submitted to CQG
Construct precise, optimal grid around the candidate from coincidences
Find point with the highest F-statistic value (invMADS)

Repeat for the next data segment

Find means of the extremum parameters from both segments

Concatenate 2 (or more) data segments and search for F-statistic maximum
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First Segment
0.03 Follow-up
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Blind (all-sky) searches

Main goal: find F-statistic maximum and f, i‘, «, 0 associated with it.
SNR = \/2(F — 2)

Some lines might mimic signals
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DetChar and CGW synergy

Lines hunt - spectral density

Detector characterisation (DetChar) team provides list of known,
stationary lines — vetoing.
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Plot courtesy of A. Krélak

CW team during data analysis finds new lines, distinguishes lines and
astrophysical signals and gives feedback to DetChar.
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