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@ LMXB: compact object (neutron star or black hole)
in binary orbit w/companion star
@ If NS, accretion from companion provides “hot spot”;
rotating non-axisymmetric NS emits gravitational waves
@ Bildsten ApJL 501, L89 (1998)
suggested GW spindown may balance accretion spinup;
GW strength can be estimated from X-ray flux
@ Torque balance would give ~ constant GW freq
@ Signal at solar system modulated by binary orbit
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@ 2nd brightest persistent X-Ray source in the sky, after the Sun
@ Favored model is 1.4M; NS + 0.42M., companion
Steeghs & Casares ApJ 568, 273 (2002)
Galloway et al ApJ 781, 14 (2014)

Parameters (see Messenger et al PRD 92, 023006 (2015) for refs)

Parameter estimate 10 error
right ascension o 16M"19M558 0706
declination 0 —15°38'25" 0706
distance d 2.8kpc 0.3kpc
orbital period Porb 68023.70s 0.04s

time of ascension fase | 2008-Jun-17 16:06:20 UTC 100s
proj semimajor axis | a, | 144 0.36 or 1.44-3.25It-s | 0481t
eccentricity e 0 0.02

orbital inclination i 44° 6°
Param uncertainty means optimal coherent search unfeasible!
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Torque Balance Level

@ Estimate equilibrium GW strength needed to balance
accretion torque (inferred from X-ray flux)

@ Optimisitic prediction or significant benchmark

@ For Sco X-1, level is

—-1/2
ho ~ 3.4 x 10728 fo / :
600 Hz

Watts, Krishnan, Bildsten & Schutz MNRAS 389, 839 (2008)

@ Most searches sensitive to (hgf)2 = g 10-rcos” /21 +feos
Quote hq sensitivity/upper limit assuming cos . value, e.g.:
@ cos. = +1 = circular polarization (best case)
@ cos: = 0 = linear polarization (worst case)
Assume NS spin inclination ¢ = orbit inclination j ~ 44°
Marginalize over ¢
Quote (hg™)?2
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Initial Detector Era Results

LIGO and Vlrgo Smence Runs in the Inltlal Detector Era
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Virgo

See https://losc.ligo.org/timeline/ for more details

r the LSC & Virgo Sco X-1 Searches with aLIGO GWPAW 2017


https://losc.ligo.org/timeline/

P CAOMBUTATION
Initial Detector Era Results SR REL\T}\T{'([S\\\IND

GR;\\VI'L\TION

@ Fully coherent F-statistic search
Jaranowski, Krélak & Schutz PRD 58, 063001 (1998)
1= w/6 hours of LIGO S2 data LSC PRD 76, 082001 (2007)
@ Directed stochastic (“radiometer”) search
Ballmer CQG 23, S179 (2006)
1= w/LIGO S4 data LSC PRD 76, 082003 (2007)
©  w/LIGO S5 data LVC PRL 107, 271102 (2011)
@ Sideband search Messenger & Woan CQG 24, S469 (2007)
v w/LIGO S5 data LVC PRD 91, 062008 (2015)
@ TwoSpect search Goetz & Riles CQG 28, 215006 (2011)
1= w/LIGO S6/Virgo VSR2-3 data LVC PRD 90, 062010 (2014)
@ Directed TwoSpect search
Meadors, Goetz & Riles CQG 33, 105017 (2015)
1= w/LIGO S6 data Meadors et al PRD 95, 042005 (2017)
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Initial Detector Era Results
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Best marginalized hq upper limits ~ 1.5 x 1024
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Searches for Sco X-1 in Advanced LIGO O1 Data

@ Advanced LIGO'’s first observing run (O1) Sep 2015-Jan 2016
(CW analyses usually run after all the data taken)
@ Directed searches for Sco X-1
e Viterbi tracking of sidebands
(Suvorova et al, PRD 93, 123009 (2016))
v=  Results preprint LVC arXiv:1704.03719
e Model-Based Cross-Correlation
Dhurandhar, Krishnan, Mukhopadhyay & JTW PRD 77, 082001 (2008)
JTW, Sundaresan, Zhang & Peiris PRD 91, 102005 (2015)
= PRELIMINARY results in this talk
@ All-sky searches including Sco X-1
e Stochastic “radiometer”
vz Results paper LVC, PRL 118, 121102 (2017)
o All-sky TwoSpect binary search (in preparation)
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Radlometer Method

Ballmer CQG 23, S179 (2006)

@ Directional stochastic search; cross-correlate data
from different detectors at same time,
phase-shifting for GW from one sky position.

@ Sco X-1 was one “interesting” direction considered

@ Of1 results paper LVC PRL 118, 121102 (2017)
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O1 Radiometer Upper Limits (90% CL)

LVC PRL 118, 121102 (2017)
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Vlterbl Method

Suvorova et al, PRD 93, 123009 (2016)

@ Sideband method of Messenger & Woan CQG 24, S469 (2007)
Sammut, Messenger, Melatos & Owen PRD 89, 043001 (2014)
resolves orbital Doppler modulation of signal into sidebands

@ Very sensitive to frequency;
slight “spin wandering” could disrupt signal after ~ 10 days.
@ Use hidden Markov model to follow possible evolution
of intrinsic signal frequency
@ Computationally efficient (< 3000 CPU-hr for O1)

@ O1 results preprint LVC arXiv:1704.03719
Searched 60—-650 Hz; no detection = upper limits
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Advanced Detector Era Searches

LVC arXiv:1704.03719
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Cross-Correlation Method

Dhurandhar, Krishnan, Mukhopadhyay & JTW PRD 77, 082001 (2008)
JTW, Sundaresan, Zhang & Peiris PRD 91, 102005 (2015)

@ Construct quadratic cross-correlation statistic p which
combines all data segments W/|Tx — T;| < Tmax

@ Tunable semicoherent search: freedom to choose Tmax
Increasing Tmax improves sensitivity, increases cost

@ For O1, search fy € [25,2000] & orbital parameters
Tmax ranged from 240-25920 s across parameter space

@ Followed up candidates by increasing Tmax
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Advanced Detector Era Searches

Tmax (8) for 100-150 Hz
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Full search from 25 Hz to 2000 Hz
Coherence times Trax from 240 s to 25920 s
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Advanced Detector Era Searches

PRELIMINARY
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Search outliers don’t increase SNR like injected signals do
= no detection == upper limits
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o Marginalized Upper Limits
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~ 7x lower than initial LIGO; 3—4 x lower than other O1 searches;
3.4 x higher than torque balance
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Advanced Detector Era Searches
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= circular pol UL; x2.83 gives linear pol UL; x1.35 gives UL for . = 44°
1.2-3.5x higher than torque balance, depending on ¢ assumption
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@ Scorpius X-1 is a prime target for directed LIGO/Virgo searches
@ Big jump in sensitivity from initial — advanced detector era
thanks to instrumental & algorithmic improvements

@ Best PRELIMINARY O1 limits
within 1.2-3.5 of torque balance level
depending on polarization assumptions

@ Promising prospect for future observing runs
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