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Transient	vs	con,nuous	gravita,onal	
wave	signals	

•  Compact	binary	coalescence	gravita,onal	
wave	signals	are	strong	but	transient	

•  Cannot	perform	long	dura,on	studies	of	
par,cular	source	

•  Con3nuous	gravita,onal	wave	signals	are	
weak	but	persistent	enabling	long	term	
studies	of	a	source	
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Con,nuous	gravita,onal	waves	(1)	

•  Radia,on	generated	by	,me-varying	
quadrupolar	mass-moment	

	
•  Rapidly-rota,ng	neutron	star	with	equatorial	
ellip,city	(tri-axial	ellipsoid)	
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P.	Jaranowski,	A.	Królak,	B.	Schutz,	Phys.	Rev.	D	58	063001	
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Con,nuous	gravita,onal	waves	(2)	
•  Con,nuous	GWs	are	nearly	monochroma,c	
sinusoidal	waves	

•  Plausible	breaking	strain	of	NS	ma`er:	
– Normal	nuclear	ma`er	
– Hybrid	(hadron-quark	core)	
– Quark	star	

•  Gravita,onal	wave	emission	strength	and	
frequency	depends	on	mechanism,	ex:	
–  Tri-axial	ellipsoid	
–  r-mode	fluid	oscilla,ons	
–  Free-precession	

4	

" < 10�5

" < 10�3

" < 10�1

N.	Johnson-McDaniel	and	B.	Owen,	PRD	87	129903		

f
GW

= 2f
rot

f
GW

' (4/3)f
rot

f
GW

= f
rot

± f
prec



Why	we	search	for	con,nuous	
gravita,onal	waves	

•  Just	one	system	would	provide	a	rich	laboratory!	
– Neutron	star	equa,on	of	state?	
– Maximum	ellip,city?	
– Does	NS	have	exo,c	states	of	ma`er?	
– Maximum	mass	of	a	neutron	star?	
– How	fast	can	a	neutron	star	spin?	
– Other	tests	of	General	Rela,vity	
– NS	dynamics	
–  Implica,ons	for	popula,on	models	
–  Stochas,c	background	of	GWs	from	
spinning	neutron	stars	

Images:	
h`p://www.mpifr-bonn.mpg.de/research/fundamental/forces	
h`p://sci.esa.int/loi/49338-equa,on-of-state-for-neutron-stars/	 5	



Recent	results:	O1	targeted	search	
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•  Targeted	search	of	200	known	
pulsars	in	first	Advanced	LIGO	
observing	run	

•  Results	for	8	pulsars	beat	the	
“spin-down”	limit	

•  Overall,	2x	be`er	than	ini,al	
LIGO/Virgo	results	

•  Crab	limit	at	0.2%	of	total	energy	
loss	

•  Vela	limit	at	1%	of	total	energy	
loss	

•  Smallest	ellip,city	limit:	
	
•  One	of	several	targeted	analyses	

" < 1.3⇥ 10�8
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Recent	results:	O1	searches	for	Sco	X-1	

•  Three	different	methods:	
–  Unmodeled	cross-correla,on	

(radiometer)	
–  Hidden	Markov	model	

tracking	of	spin-wandering	
signal	(Viterbi)	

–  Model-based	cross-
correla,on	(CrossCorr)	

•  Tightest	limits	nearly	reach	
the	torque-balance	limit	
near	100	Hz	

•  An,cipate	refined	limits	
with	addi,onal	data	/	
improved	detectors	/	
advancements	in	methods	

Abbo`,	et	al.,	2017	ApJ	847	47	 7	



Recent	results:	O1	all-sky,	isolated	
neutron	star	search	

•  4	different	pipelines:	PowerFlux,	,me-domain	F-sta,s,c,	Sky	Hough	and	
Frequency	Hough	

•  Pipelines	provide	consistent	results;	confidence	nothing	has	been	missed	
•  Tightest	limits																																						(circular	polariza,on)	near	170	Hz	

arXiv:1802.05241	[gr-qc]	
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Recent	results:	O1	all-sky	isolated	
neutron	star	search	reach	

•  Ellip,city	of	a	NS	at	a	
given	distance	for	which	
circularly	polarized	
waves	could	be	detected	
using,	e.g.	PowerFlux	
algorithm	

•  Ex:	at	1	kpc,	can	exclude	
sources	emisng	at	
																						with		

•  Tightest	constraint	
																										at		
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arXiv:1802.05241	[gr-qc]	
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Recent	results:	O1	all-sky	isolated	low-
frequency	Einstein@home	search	

Powerflux O1 search
Time-domain F-stat O1 search
Sky Hough O1 search
Frequency Hough O1 search
Results from this search

•  Einstein@home	distributed	compu,ng	project	results	
•  20	–	100	Hz,	“deep	search”	(restricted	spindown	search	compared	with	other	

searches)	
•  Tightest	limits:																																							(marginalized	over	NS	orienta,on);	

above	55	Hz,	can	exclude	sources	with																						within	1	kpc	of	Earth	
Abbo`,	et	al.,	Phys.	Rev.	D	96	122004	

10	
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Plausible	signal	of	post-merger	
remnant	from	GW170817	

•  Bar-mode	instabili,es?	
•  Magnetar	like	waveforms?	
•  r-mode	oscilla,ons/instabili,es?	

•  First	non-detec,on	results	for	signals	<500s	

•  Challenges	for	longer-dura,on	search:	
– Unknown	GW	emission	frequency	and	(rapid)	signal	
evolu,on	

– Distance	is	far	for	tradi,onal	CW	searches	
d = 40+8

�14 Mpc
<latexit sha1_base64="L12HhCSlB936CTs1e1TQ6jA94fw=">AAACB3icbVDLSgNBEJyNrxhfqx49OBgEQQ27EjAehKAXL0IE1wSSdZmdTMyQ2QczvWJY9ujFX/HiQcWrv+DNv3HyOGhiQUNR1U13lx8LrsCyvo3czOzc/EJ+sbC0vLK6Zq5v3KgokZQ5NBKRbPhEMcFD5gAHwRqxZCTwBav7vfOBX79nUvEovIZ+zNyA3IW8wykBLXnmdhuf4rJ1m+5XMi89tMtZ66AF7AFkkF7GNPPMolWyhsDTxB6TIhqj5plfrXZEk4CFQAVRqmlbMbgpkcCpYFmhlSgWE9ojd6ypaUgCptx0+EiGd7XSxp1I6goBD9XfEykJlOoHvu4MCHTVpDcQ//OaCXQqbsrDOAEW0tGiTiIwRHiQCm5zySiIviaESq5vxbRLJKGgsyvoEOzJl6eJc1Q6KdlX5WL1bJxGHm2hHbSHbHSMqugC1ZCDKHpEz+gVvRlPxovxbnyMWnPGeGYT/YHx+QPle5g8</latexit><latexit sha1_base64="L12HhCSlB936CTs1e1TQ6jA94fw=">AAACB3icbVDLSgNBEJyNrxhfqx49OBgEQQ27EjAehKAXL0IE1wSSdZmdTMyQ2QczvWJY9ujFX/HiQcWrv+DNv3HyOGhiQUNR1U13lx8LrsCyvo3czOzc/EJ+sbC0vLK6Zq5v3KgokZQ5NBKRbPhEMcFD5gAHwRqxZCTwBav7vfOBX79nUvEovIZ+zNyA3IW8wykBLXnmdhuf4rJ1m+5XMi89tMtZ66AF7AFkkF7GNPPMolWyhsDTxB6TIhqj5plfrXZEk4CFQAVRqmlbMbgpkcCpYFmhlSgWE9ojd6ypaUgCptx0+EiGd7XSxp1I6goBD9XfEykJlOoHvu4MCHTVpDcQ//OaCXQqbsrDOAEW0tGiTiIwRHiQCm5zySiIviaESq5vxbRLJKGgsyvoEOzJl6eJc1Q6KdlX5WL1bJxGHm2hHbSHbHSMqugC1ZCDKHpEz+gVvRlPxovxbnyMWnPGeGYT/YHx+QPle5g8</latexit><latexit sha1_base64="L12HhCSlB936CTs1e1TQ6jA94fw=">AAACB3icbVDLSgNBEJyNrxhfqx49OBgEQQ27EjAehKAXL0IE1wSSdZmdTMyQ2QczvWJY9ujFX/HiQcWrv+DNv3HyOGhiQUNR1U13lx8LrsCyvo3czOzc/EJ+sbC0vLK6Zq5v3KgokZQ5NBKRbPhEMcFD5gAHwRqxZCTwBav7vfOBX79nUvEovIZ+zNyA3IW8wykBLXnmdhuf4rJ1m+5XMi89tMtZ66AF7AFkkF7GNPPMolWyhsDTxB6TIhqj5plfrXZEk4CFQAVRqmlbMbgpkcCpYFmhlSgWE9ojd6ypaUgCptx0+EiGd7XSxp1I6goBD9XfEykJlOoHvu4MCHTVpDcQ//OaCXQqbsrDOAEW0tGiTiIwRHiQCm5zySiIviaESq5vxbRLJKGgsyvoEOzJl6eJc1Q6KdlX5WL1bJxGHm2hHbSHbHSMqugC1ZCDKHpEz+gVvRlPxovxbnyMWnPGeGYT/YHx+QPle5g8</latexit><latexit sha1_base64="L12HhCSlB936CTs1e1TQ6jA94fw=">AAACB3icbVDLSgNBEJyNrxhfqx49OBgEQQ27EjAehKAXL0IE1wSSdZmdTMyQ2QczvWJY9ujFX/HiQcWrv+DNv3HyOGhiQUNR1U13lx8LrsCyvo3czOzc/EJ+sbC0vLK6Zq5v3KgokZQ5NBKRbPhEMcFD5gAHwRqxZCTwBav7vfOBX79nUvEovIZ+zNyA3IW8wykBLXnmdhuf4rJ1m+5XMi89tMtZ66AF7AFkkF7GNPPMolWyhsDTxB6TIhqj5plfrXZEk4CFQAVRqmlbMbgpkcCpYFmhlSgWE9ojd6ypaUgCptx0+EiGd7XSxp1I6goBD9XfEykJlOoHvu4MCHTVpDcQ//OaCXQqbsrDOAEW0tGiTiIwRHiQCm5zySiIviaESq5vxbRLJKGgsyvoEOzJl6eJc1Q6KdlX5WL1bJxGHm2hHbSHbHSMqugC1ZCDKHpEz+gVvRlPxovxbnyMWnPGeGYT/YHx+QPle5g8</latexit>

12	Abbo`,	et	al.,	2017	ApJL	851	L16	



Bar-mode	instabili,es	

•  NS	becomes	deformed	
into	tri-axial	ellipsoid	

•  Magnetar	undergoing	
secular	bar-mode	
instability	might	explain	
plateau	in	GRB	light	
curves	

Reich,	Nature	468,	15	(2010)	

Lai	&	Shapiro	1995	
Corsi	&	Meszaros	2009	
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Bar-mode	instability	model	waveform	
examples	

Corsi	&	Meszaros	2009	
Coyne	et	al.	2016	 14	

10-1 100 101 102
0

100

200

300

10-1 100 101 102
0

0.5

1 10-23

10-1 100 101 102 103
0

50

100

150

200

10-1 100 101 102 103
0

0.5

1

1.5 10-24

“Typical”	GRB	magnetar:	1.4	Msun,	20	km	radius,	1e14	G,	n	=	1	



Magnetar-like	emission	

•  Spindown	
– GW	emission	
– Dipole	EM	emission	
–  r-mode	emission	

•  Observed	EM	spindown		

•  GW	frequency	

⌦̇ = �k⌦n
<latexit sha1_base64="e5DumuRKCYZodHJCMk4CCkIlRz0=">AAACAXicbZDNSgMxFIXv1L9a/6quxE2wCG4sMyKoC6Hoxp0VHFtox5JJ0zY0yQxJRihDceOruHGh4ta3cOfbmLaz0NYLgY9z7k1yTxhzpo3rfju5ufmFxaX8cmFldW19o7i5daejRBHqk4hHqh5iTTmT1DfMcFqPFcUi5LQW9i9Hfu2BKs0ieWsGMQ0E7krWYQQbK7WKO812ZNLmtaBdPETn6LA/4XvrldyyOy40C14GJciq2ip+2btIIqg0hGOtG54bmyDFyjDC6bDQTDSNMenjLm1YlFhQHaTjFYZo3ypt1ImUPdKgsfp7IsVC64EIbafApqenvZH4n9dITOc0SJmME0MlmTzUSTgyERrlgdpMUWL4wAImitm/ItLDChNjUyvYELzplWfBPyqflb2b41LlIksjD7uwBwfgwQlU4Aqq4AOBR3iGV3hznpwX5935mLTmnGxmG/6U8/kDox2Wfw==</latexit><latexit sha1_base64="e5DumuRKCYZodHJCMk4CCkIlRz0=">AAACAXicbZDNSgMxFIXv1L9a/6quxE2wCG4sMyKoC6Hoxp0VHFtox5JJ0zY0yQxJRihDceOruHGh4ta3cOfbmLaz0NYLgY9z7k1yTxhzpo3rfju5ufmFxaX8cmFldW19o7i5daejRBHqk4hHqh5iTTmT1DfMcFqPFcUi5LQW9i9Hfu2BKs0ieWsGMQ0E7krWYQQbK7WKO812ZNLmtaBdPETn6LA/4XvrldyyOy40C14GJciq2ip+2btIIqg0hGOtG54bmyDFyjDC6bDQTDSNMenjLm1YlFhQHaTjFYZo3ypt1ImUPdKgsfp7IsVC64EIbafApqenvZH4n9dITOc0SJmME0MlmTzUSTgyERrlgdpMUWL4wAImitm/ItLDChNjUyvYELzplWfBPyqflb2b41LlIksjD7uwBwfgwQlU4Aqq4AOBR3iGV3hznpwX5935mLTmnGxmG/6U8/kDox2Wfw==</latexit><latexit sha1_base64="e5DumuRKCYZodHJCMk4CCkIlRz0=">AAACAXicbZDNSgMxFIXv1L9a/6quxE2wCG4sMyKoC6Hoxp0VHFtox5JJ0zY0yQxJRihDceOruHGh4ta3cOfbmLaz0NYLgY9z7k1yTxhzpo3rfju5ufmFxaX8cmFldW19o7i5daejRBHqk4hHqh5iTTmT1DfMcFqPFcUi5LQW9i9Hfu2BKs0ieWsGMQ0E7krWYQQbK7WKO812ZNLmtaBdPETn6LA/4XvrldyyOy40C14GJciq2ip+2btIIqg0hGOtG54bmyDFyjDC6bDQTDSNMenjLm1YlFhQHaTjFYZo3ypt1ImUPdKgsfp7IsVC64EIbafApqenvZH4n9dITOc0SJmME0MlmTzUSTgyERrlgdpMUWL4wAImitm/ItLDChNjUyvYELzplWfBPyqflb2b41LlIksjD7uwBwfgwQlU4Aqq4AOBR3iGV3hznpwX5935mLTmnGxmG/6U8/kDox2Wfw==</latexit><latexit sha1_base64="e5DumuRKCYZodHJCMk4CCkIlRz0=">AAACAXicbZDNSgMxFIXv1L9a/6quxE2wCG4sMyKoC6Hoxp0VHFtox5JJ0zY0yQxJRihDceOruHGh4ta3cOfbmLaz0NYLgY9z7k1yTxhzpo3rfju5ufmFxaX8cmFldW19o7i5daejRBHqk4hHqh5iTTmT1DfMcFqPFcUi5LQW9i9Hfu2BKs0ieWsGMQ0E7krWYQQbK7WKO812ZNLmtaBdPETn6LA/4XvrldyyOy40C14GJciq2ip+2btIIqg0hGOtG54bmyDFyjDC6bDQTDSNMenjLm1YlFhQHaTjFYZo3ypt1ImUPdKgsfp7IsVC64EIbafApqenvZH4n9dITOc0SJmME0MlmTzUSTgyERrlgdpMUWL4wAImitm/ItLDChNjUyvYELzplWfBPyqflb2b41LlIksjD7uwBwfgwQlU4Aqq4AOBR3iGV3hznpwX5935mLTmnGxmG/6U8/kDox2Wfw==</latexit>

n . 3
<latexit sha1_base64="GnMhXTou6ipHo68KVE/t2FY3+ao=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lUUG9FLx4rGFtoQtlsp+3SzSbsboQS+je8eFDx6q/x5r9x2+agrQ8GHu/NMDMvSgXXxnW/ndLK6tr6RnmzsrW9s7tX3T941EmmGPosEYlqR1Sj4BJ9w43AdqqQxpHAVjS6nfqtJ1SaJ/LBjFMMYzqQvM8ZNVYKJAkEaq15TM671Zpbd2cgy8QrSA0KNLvVr6CXsCxGaZigWnc8NzVhTpXhTOCkEmQaU8pGdIAdSyWNUYf57OYJObFKj/QTZUsaMlN/T+Q01nocR7YzpmaoF72p+J/XyUz/Ksy5TDODks0X9TNBTEKmAZAeV8iMGFtCmeL2VsKGVFFmbEwVG4K3+PIy8c/q13Xv/qLWuCnSKMMRHMMpeHAJDbiDJvjAIIVneIU3J3NenHfnY95acoqZQ/gD5/MHtlGRAw==</latexit><latexit sha1_base64="GnMhXTou6ipHo68KVE/t2FY3+ao=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lUUG9FLx4rGFtoQtlsp+3SzSbsboQS+je8eFDx6q/x5r9x2+agrQ8GHu/NMDMvSgXXxnW/ndLK6tr6RnmzsrW9s7tX3T941EmmGPosEYlqR1Sj4BJ9w43AdqqQxpHAVjS6nfqtJ1SaJ/LBjFMMYzqQvM8ZNVYKJAkEaq15TM671Zpbd2cgy8QrSA0KNLvVr6CXsCxGaZigWnc8NzVhTpXhTOCkEmQaU8pGdIAdSyWNUYf57OYJObFKj/QTZUsaMlN/T+Q01nocR7YzpmaoF72p+J/XyUz/Ksy5TDODks0X9TNBTEKmAZAeV8iMGFtCmeL2VsKGVFFmbEwVG4K3+PIy8c/q13Xv/qLWuCnSKMMRHMMpeHAJDbiDJvjAIIVneIU3J3NenHfnY95acoqZQ/gD5/MHtlGRAw==</latexit><latexit sha1_base64="GnMhXTou6ipHo68KVE/t2FY3+ao=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lUUG9FLx4rGFtoQtlsp+3SzSbsboQS+je8eFDx6q/x5r9x2+agrQ8GHu/NMDMvSgXXxnW/ndLK6tr6RnmzsrW9s7tX3T941EmmGPosEYlqR1Sj4BJ9w43AdqqQxpHAVjS6nfqtJ1SaJ/LBjFMMYzqQvM8ZNVYKJAkEaq15TM671Zpbd2cgy8QrSA0KNLvVr6CXsCxGaZigWnc8NzVhTpXhTOCkEmQaU8pGdIAdSyWNUYf57OYJObFKj/QTZUsaMlN/T+Q01nocR7YzpmaoF72p+J/XyUz/Ksy5TDODks0X9TNBTEKmAZAeV8iMGFtCmeL2VsKGVFFmbEwVG4K3+PIy8c/q13Xv/qLWuCnSKMMRHMMpeHAJDbiDJvjAIIVneIU3J3NenHfnY95acoqZQ/gD5/MHtlGRAw==</latexit><latexit sha1_base64="GnMhXTou6ipHo68KVE/t2FY3+ao=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lUUG9FLx4rGFtoQtlsp+3SzSbsboQS+je8eFDx6q/x5r9x2+agrQ8GHu/NMDMvSgXXxnW/ndLK6tr6RnmzsrW9s7tX3T941EmmGPosEYlqR1Sj4BJ9w43AdqqQxpHAVjS6nfqtJ1SaJ/LBjFMMYzqQvM8ZNVYKJAkEaq15TM671Zpbd2cgy8QrSA0KNLvVr6CXsCxGaZigWnc8NzVhTpXhTOCkEmQaU8pGdIAdSyWNUYf57OYJObFKj/QTZUsaMlN/T+Q01nocR7YzpmaoF72p+J/XyUz/Ksy5TDODks0X9TNBTEKmAZAeV8iMGFtCmeL2VsKGVFFmbEwVG4K3+PIy8c/q13Xv/qLWuCnSKMMRHMMpeHAJDbiDJvjAIIVneIU3J3NenHfnY95acoqZQ/gD5/MHtlGRAw==</latexit>

n = 5
<latexit sha1_base64="JNCmORLzPzzt7swQNRzkhHGWK+c=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUQ9C0YvHisYW2lA222m7dLMJuxuhhP4ELx5UvPqPvPlv3LY5aOuDgcd7M8zMCxPBtXHdb6ewtLyyulZcL21sbm3vlHf3HnWcKoY+i0WsmiHVKLhE33AjsJkopFEosBEObyZ+4wmV5rF8MKMEg4j2Je9xRo2V7uXVWadccavuFGSReDmpQI56p/zV7sYsjVAaJqjWLc9NTJBRZTgTOC61U40JZUPax5alkkaog2x66pgcWaVLerGyJQ2Zqr8nMhppPYpC2xlRM9Dz3kT8z2ulpncRZFwmqUHJZot6qSAmJpO/SZcrZEaMLKFMcXsrYQOqKDM2nZINwZt/eZH4J9XLqnd3Wqld52kU4QAO4Rg8OIca3EIdfGDQh2d4hTdHOC/Ou/Mxay04+cw+/IHz+QM8x41M</latexit><latexit sha1_base64="JNCmORLzPzzt7swQNRzkhHGWK+c=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUQ9C0YvHisYW2lA222m7dLMJuxuhhP4ELx5UvPqPvPlv3LY5aOuDgcd7M8zMCxPBtXHdb6ewtLyyulZcL21sbm3vlHf3HnWcKoY+i0WsmiHVKLhE33AjsJkopFEosBEObyZ+4wmV5rF8MKMEg4j2Je9xRo2V7uXVWadccavuFGSReDmpQI56p/zV7sYsjVAaJqjWLc9NTJBRZTgTOC61U40JZUPax5alkkaog2x66pgcWaVLerGyJQ2Zqr8nMhppPYpC2xlRM9Dz3kT8z2ulpncRZFwmqUHJZot6qSAmJpO/SZcrZEaMLKFMcXsrYQOqKDM2nZINwZt/eZH4J9XLqnd3Wqld52kU4QAO4Rg8OIca3EIdfGDQh2d4hTdHOC/Ou/Mxay04+cw+/IHz+QM8x41M</latexit><latexit sha1_base64="JNCmORLzPzzt7swQNRzkhHGWK+c=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUQ9C0YvHisYW2lA222m7dLMJuxuhhP4ELx5UvPqPvPlv3LY5aOuDgcd7M8zMCxPBtXHdb6ewtLyyulZcL21sbm3vlHf3HnWcKoY+i0WsmiHVKLhE33AjsJkopFEosBEObyZ+4wmV5rF8MKMEg4j2Je9xRo2V7uXVWadccavuFGSReDmpQI56p/zV7sYsjVAaJqjWLc9NTJBRZTgTOC61U40JZUPax5alkkaog2x66pgcWaVLerGyJQ2Zqr8nMhppPYpC2xlRM9Dz3kT8z2ulpncRZFwmqUHJZot6qSAmJpO/SZcrZEaMLKFMcXsrYQOqKDM2nZINwZt/eZH4J9XLqnd3Wqld52kU4QAO4Rg8OIca3EIdfGDQh2d4hTdHOC/Ou/Mxay04+cw+/IHz+QM8x41M</latexit><latexit sha1_base64="JNCmORLzPzzt7swQNRzkhHGWK+c=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUQ9C0YvHisYW2lA222m7dLMJuxuhhP4ELx5UvPqPvPlv3LY5aOuDgcd7M8zMCxPBtXHdb6ewtLyyulZcL21sbm3vlHf3HnWcKoY+i0WsmiHVKLhE33AjsJkopFEosBEObyZ+4wmV5rF8MKMEg4j2Je9xRo2V7uXVWadccavuFGSReDmpQI56p/zV7sYsjVAaJqjWLc9NTJBRZTgTOC61U40JZUPax5alkkaog2x66pgcWaVLerGyJQ2Zqr8nMhppPYpC2xlRM9Dz3kT8z2ulpncRZFwmqUHJZot6qSAmJpO/SZcrZEaMLKFMcXsrYQOqKDM2nZINwZt/eZH4J9XLqnd3Wqld52kU4QAO4Rg8OIca3EIdfGDQh2d4hTdHOC/Ou/Mxay04+cw+/IHz+QM8x41M</latexit>

n = 3
<latexit sha1_base64="TikMyfVGvI+doWDVm10uIYxYTpI=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lUUA9C0YvHisYW2lA222m7dLMJuxuhhP4ELx5UvPqPvPlv3LY5aOuDgcd7M8zMCxPBtXHdb6ewtLyyulZcL21sbm3vlHf3HnWcKoY+i0WsmiHVKLhE33AjsJkopFEosBEObyZ+4wmV5rF8MKMEg4j2Je9xRo2V7uXVaadccavuFGSReDmpQI56p/zV7sYsjVAaJqjWLc9NTJBRZTgTOC61U40JZUPax5alkkaog2x66pgcWaVLerGyJQ2Zqr8nMhppPYpC2xlRM9Dz3kT8z2ulpncRZFwmqUHJZot6qSAmJpO/SZcrZEaMLKFMcXsrYQOqKDM2nZINwZt/eZH4J9XLqnd3Vqld52kU4QAO4Rg8OIca3EIdfGDQh2d4hTdHOC/Ou/Mxay04+cw+/IHz+QM5wY1K</latexit><latexit sha1_base64="TikMyfVGvI+doWDVm10uIYxYTpI=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lUUA9C0YvHisYW2lA222m7dLMJuxuhhP4ELx5UvPqPvPlv3LY5aOuDgcd7M8zMCxPBtXHdb6ewtLyyulZcL21sbm3vlHf3HnWcKoY+i0WsmiHVKLhE33AjsJkopFEosBEObyZ+4wmV5rF8MKMEg4j2Je9xRo2V7uXVaadccavuFGSReDmpQI56p/zV7sYsjVAaJqjWLc9NTJBRZTgTOC61U40JZUPax5alkkaog2x66pgcWaVLerGyJQ2Zqr8nMhppPYpC2xlRM9Dz3kT8z2ulpncRZFwmqUHJZot6qSAmJpO/SZcrZEaMLKFMcXsrYQOqKDM2nZINwZt/eZH4J9XLqnd3Vqld52kU4QAO4Rg8OIca3EIdfGDQh2d4hTdHOC/Ou/Mxay04+cw+/IHz+QM5wY1K</latexit><latexit sha1_base64="TikMyfVGvI+doWDVm10uIYxYTpI=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lUUA9C0YvHisYW2lA222m7dLMJuxuhhP4ELx5UvPqPvPlv3LY5aOuDgcd7M8zMCxPBtXHdb6ewtLyyulZcL21sbm3vlHf3HnWcKoY+i0WsmiHVKLhE33AjsJkopFEosBEObyZ+4wmV5rF8MKMEg4j2Je9xRo2V7uXVaadccavuFGSReDmpQI56p/zV7sYsjVAaJqjWLc9NTJBRZTgTOC61U40JZUPax5alkkaog2x66pgcWaVLerGyJQ2Zqr8nMhppPYpC2xlRM9Dz3kT8z2ulpncRZFwmqUHJZot6qSAmJpO/SZcrZEaMLKFMcXsrYQOqKDM2nZINwZt/eZH4J9XLqnd3Vqld52kU4QAO4Rg8OIca3EIdfGDQh2d4hTdHOC/Ou/Mxay04+cw+/IHz+QM5wY1K</latexit><latexit sha1_base64="TikMyfVGvI+doWDVm10uIYxYTpI=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lUUA9C0YvHisYW2lA222m7dLMJuxuhhP4ELx5UvPqPvPlv3LY5aOuDgcd7M8zMCxPBtXHdb6ewtLyyulZcL21sbm3vlHf3HnWcKoY+i0WsmiHVKLhE33AjsJkopFEosBEObyZ+4wmV5rF8MKMEg4j2Je9xRo2V7uXVaadccavuFGSReDmpQI56p/zV7sYsjVAaJqjWLc9NTJBRZTgTOC61U40JZUPax5alkkaog2x66pgcWaVLerGyJQ2Zqr8nMhppPYpC2xlRM9Dz3kT8z2ulpncRZFwmqUHJZot6qSAmJpO/SZcrZEaMLKFMcXsrYQOqKDM2nZINwZt/eZH4J9XLqnd3Vqld52kU4QAO4Rg8OIca3EIdfGDQh2d4hTdHOC/Ou/Mxay04+cw+/IHz+QM5wY1K</latexit>

fgw(t) = fgw,0

✓
1 +

t

⌧

◆ 1
1�n

<latexit sha1_base64="zy6j7hJMiLOratQCtCzMA2IaXQ8="></latexit><latexit sha1_base64="zy6j7hJMiLOratQCtCzMA2IaXQ8="></latexit><latexit sha1_base64="zy6j7hJMiLOratQCtCzMA2IaXQ8="></latexit><latexit sha1_base64="zy6j7hJMiLOratQCtCzMA2IaXQ8="></latexit>

⌧ =
�⌦1�n

0

k(1� n)
<latexit sha1_base64="tGUITYRyNMLFcRPWf4Om6rPepMg=">AAACDXicbVDLSsNAFJ34rPUVdelmsBTqoiURQV0IRTfurGBsoYlhMp20QyeTMDMRSsgXuPFX3LhQcevenX/jtM1CWw9c7uGce5m5J0gYlcqyvo2FxaXlldXSWnl9Y3Nr29zZvZNxKjBxcMxi0QmQJIxy4iiqGOkkgqAoYKQdDC/HfvuBCEljfqtGCfEi1Oc0pBgpLflm1VUohefQDQXCWd29jkgf+dZ9Ztd5nmfDmu6HuW9WrIY1AZwndkEqoEDLN7/cXozTiHCFGZKya1uJ8jIkFMWM5GU3lSRBeIj6pKspRxGRXjY5J4dVrfRgGAtdXMGJ+nsjQ5GUoyjQkxFSAznrjcX/vG6qwlMvozxJFeF4+lCYMqhiOM4G9qggWLGRJggLqv8K8QDpYJROsKxDsGdPnifOUeOsYd8cV5oXRRolsA8OQA3Y4AQ0wRVoAQdg8AiewSt4M56MF+Pd+JiOLhjFzh74A+PzB22Dmqc=</latexit><latexit sha1_base64="tGUITYRyNMLFcRPWf4Om6rPepMg=">AAACDXicbVDLSsNAFJ34rPUVdelmsBTqoiURQV0IRTfurGBsoYlhMp20QyeTMDMRSsgXuPFX3LhQcevenX/jtM1CWw9c7uGce5m5J0gYlcqyvo2FxaXlldXSWnl9Y3Nr29zZvZNxKjBxcMxi0QmQJIxy4iiqGOkkgqAoYKQdDC/HfvuBCEljfqtGCfEi1Oc0pBgpLflm1VUohefQDQXCWd29jkgf+dZ9Ztd5nmfDmu6HuW9WrIY1AZwndkEqoEDLN7/cXozTiHCFGZKya1uJ8jIkFMWM5GU3lSRBeIj6pKspRxGRXjY5J4dVrfRgGAtdXMGJ+nsjQ5GUoyjQkxFSAznrjcX/vG6qwlMvozxJFeF4+lCYMqhiOM4G9qggWLGRJggLqv8K8QDpYJROsKxDsGdPnifOUeOsYd8cV5oXRRolsA8OQA3Y4AQ0wRVoAQdg8AiewSt4M56MF+Pd+JiOLhjFzh74A+PzB22Dmqc=</latexit><latexit sha1_base64="tGUITYRyNMLFcRPWf4Om6rPepMg=">AAACDXicbVDLSsNAFJ34rPUVdelmsBTqoiURQV0IRTfurGBsoYlhMp20QyeTMDMRSsgXuPFX3LhQcevenX/jtM1CWw9c7uGce5m5J0gYlcqyvo2FxaXlldXSWnl9Y3Nr29zZvZNxKjBxcMxi0QmQJIxy4iiqGOkkgqAoYKQdDC/HfvuBCEljfqtGCfEi1Oc0pBgpLflm1VUohefQDQXCWd29jkgf+dZ9Ztd5nmfDmu6HuW9WrIY1AZwndkEqoEDLN7/cXozTiHCFGZKya1uJ8jIkFMWM5GU3lSRBeIj6pKspRxGRXjY5J4dVrfRgGAtdXMGJ+nsjQ5GUoyjQkxFSAznrjcX/vG6qwlMvozxJFeF4+lCYMqhiOM4G9qggWLGRJggLqv8K8QDpYJROsKxDsGdPnifOUeOsYd8cV5oXRRolsA8OQA3Y4AQ0wRVoAQdg8AiewSt4M56MF+Pd+JiOLhjFzh74A+PzB22Dmqc=</latexit><latexit sha1_base64="tGUITYRyNMLFcRPWf4Om6rPepMg=">AAACDXicbVDLSsNAFJ34rPUVdelmsBTqoiURQV0IRTfurGBsoYlhMp20QyeTMDMRSsgXuPFX3LhQcevenX/jtM1CWw9c7uGce5m5J0gYlcqyvo2FxaXlldXSWnl9Y3Nr29zZvZNxKjBxcMxi0QmQJIxy4iiqGOkkgqAoYKQdDC/HfvuBCEljfqtGCfEi1Oc0pBgpLflm1VUohefQDQXCWd29jkgf+dZ9Ztd5nmfDmu6HuW9WrIY1AZwndkEqoEDLN7/cXozTiHCFGZKya1uJ8jIkFMWM5GU3lSRBeIj6pKspRxGRXjY5J4dVrfRgGAtdXMGJ+nsjQ5GUoyjQkxFSAznrjcX/vG6qwlMvozxJFeF4+lCYMqhiOM4G9qggWLGRJggLqv8K8QDpYJROsKxDsGdPnifOUeOsYd8cV5oXRRolsA8OQA3Y4AQ0wRVoAQdg8AiewSt4M56MF+Pd+JiOLhjFzh74A+PzB22Dmqc=</latexit>
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n = 7
<latexit sha1_base64="fUuusE3g0LkujtNQazvUeFf7g7I=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqB6EohePFY0ttKFsttt26WYTdidCCf0JXjyoePUfefPfuG1z0NYHA4/3ZpiZFyZSGHTdb6ewsrq2vlHcLG1t7+zulfcPHk2casZ9FstYt0JquBSK+yhQ8laiOY1CyZvh6GbqN5+4NiJWDzhOeBDRgRJ9wSha6V5d1brlilt1ZyDLxMtJBXI0uuWvTi9macQVMkmNaXtugkFGNQom+aTUSQ1PKBvRAW9bqmjETZDNTp2QE6v0SD/WthSSmfp7IqORMeMotJ0RxaFZ9Kbif147xf5FkAmVpMgVmy/qp5JgTKZ/k57QnKEcW0KZFvZWwoZUU4Y2nZINwVt8eZn4Z9XLqnd3Xqlf52kU4QiO4RQ8qEEdbqEBPjAYwDO8wpsjnRfn3fmYtxacfOYQ/sD5/AE/zY1O</latexit><latexit sha1_base64="fUuusE3g0LkujtNQazvUeFf7g7I=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqB6EohePFY0ttKFsttt26WYTdidCCf0JXjyoePUfefPfuG1z0NYHA4/3ZpiZFyZSGHTdb6ewsrq2vlHcLG1t7+zulfcPHk2casZ9FstYt0JquBSK+yhQ8laiOY1CyZvh6GbqN5+4NiJWDzhOeBDRgRJ9wSha6V5d1brlilt1ZyDLxMtJBXI0uuWvTi9macQVMkmNaXtugkFGNQom+aTUSQ1PKBvRAW9bqmjETZDNTp2QE6v0SD/WthSSmfp7IqORMeMotJ0RxaFZ9Kbif147xf5FkAmVpMgVmy/qp5JgTKZ/k57QnKEcW0KZFvZWwoZUU4Y2nZINwVt8eZn4Z9XLqnd3Xqlf52kU4QiO4RQ8qEEdbqEBPjAYwDO8wpsjnRfn3fmYtxacfOYQ/sD5/AE/zY1O</latexit><latexit sha1_base64="fUuusE3g0LkujtNQazvUeFf7g7I=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqB6EohePFY0ttKFsttt26WYTdidCCf0JXjyoePUfefPfuG1z0NYHA4/3ZpiZFyZSGHTdb6ewsrq2vlHcLG1t7+zulfcPHk2casZ9FstYt0JquBSK+yhQ8laiOY1CyZvh6GbqN5+4NiJWDzhOeBDRgRJ9wSha6V5d1brlilt1ZyDLxMtJBXI0uuWvTi9macQVMkmNaXtugkFGNQom+aTUSQ1PKBvRAW9bqmjETZDNTp2QE6v0SD/WthSSmfp7IqORMeMotJ0RxaFZ9Kbif147xf5FkAmVpMgVmy/qp5JgTKZ/k57QnKEcW0KZFvZWwoZUU4Y2nZINwVt8eZn4Z9XLqnd3Xqlf52kU4QiO4RQ8qEEdbqEBPjAYwDO8wpsjnRfn3fmYtxacfOYQ/sD5/AE/zY1O</latexit><latexit sha1_base64="fUuusE3g0LkujtNQazvUeFf7g7I=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqB6EohePFY0ttKFsttt26WYTdidCCf0JXjyoePUfefPfuG1z0NYHA4/3ZpiZFyZSGHTdb6ewsrq2vlHcLG1t7+zulfcPHk2casZ9FstYt0JquBSK+yhQ8laiOY1CyZvh6GbqN5+4NiJWDzhOeBDRgRJ9wSha6V5d1brlilt1ZyDLxMtJBXI0uuWvTi9macQVMkmNaXtugkFGNQom+aTUSQ1PKBvRAW9bqmjETZDNTp2QE6v0SD/WthSSmfp7IqORMeMotJ0RxaFZ9Kbif147xf5FkAmVpMgVmy/qp5JgTKZ/k57QnKEcW0KZFvZWwoZUU4Y2nZINwVt8eZn4Z9XLqnd3Xqlf52kU4QiO4RQ8qEEdbqEBPjAYwDO8wpsjnRfn3fmYtxacfOYQ/sD5/AE/zY1O</latexit>



Magnetar-like	emission	waveform	
examples	

16	
Lasky,	et	al.,	LIGO-T1700408	



r-mode	oscilla,ons?	
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•  Toroidal	pulsa,ons	of	
NS	are	unstable	–	most	
likely	some	damping	
reaching	a	satura,on	
amplitude	

•  r-mode	satura,on	
amplitude	depends	on	
NS	EOS	

17	My,dis,	et	al.	2015	ApJ	210	27	

d = 40+8
�14 Mpc

<latexit sha1_base64="L12HhCSlB936CTs1e1TQ6jA94fw=">AAACB3icbVDLSgNBEJyNrxhfqx49OBgEQQ27EjAehKAXL0IE1wSSdZmdTMyQ2QczvWJY9ujFX/HiQcWrv+DNv3HyOGhiQUNR1U13lx8LrsCyvo3czOzc/EJ+sbC0vLK6Zq5v3KgokZQ5NBKRbPhEMcFD5gAHwRqxZCTwBav7vfOBX79nUvEovIZ+zNyA3IW8wykBLXnmdhuf4rJ1m+5XMi89tMtZ66AF7AFkkF7GNPPMolWyhsDTxB6TIhqj5plfrXZEk4CFQAVRqmlbMbgpkcCpYFmhlSgWE9ojd6ypaUgCptx0+EiGd7XSxp1I6goBD9XfEykJlOoHvu4MCHTVpDcQ//OaCXQqbsrDOAEW0tGiTiIwRHiQCm5zySiIviaESq5vxbRLJKGgsyvoEOzJl6eJc1Q6KdlX5WL1bJxGHm2hHbSHbHSMqugC1ZCDKHpEz+gVvRlPxovxbnyMWnPGeGYT/YHx+QPle5g8</latexit><latexit sha1_base64="L12HhCSlB936CTs1e1TQ6jA94fw=">AAACB3icbVDLSgNBEJyNrxhfqx49OBgEQQ27EjAehKAXL0IE1wSSdZmdTMyQ2QczvWJY9ujFX/HiQcWrv+DNv3HyOGhiQUNR1U13lx8LrsCyvo3czOzc/EJ+sbC0vLK6Zq5v3KgokZQ5NBKRbPhEMcFD5gAHwRqxZCTwBav7vfOBX79nUvEovIZ+zNyA3IW8wykBLXnmdhuf4rJ1m+5XMi89tMtZ66AF7AFkkF7GNPPMolWyhsDTxB6TIhqj5plfrXZEk4CFQAVRqmlbMbgpkcCpYFmhlSgWE9ojd6ypaUgCptx0+EiGd7XSxp1I6goBD9XfEykJlOoHvu4MCHTVpDcQ//OaCXQqbsrDOAEW0tGiTiIwRHiQCm5zySiIviaESq5vxbRLJKGgsyvoEOzJl6eJc1Q6KdlX5WL1bJxGHm2hHbSHbHSMqugC1ZCDKHpEz+gVvRlPxovxbnyMWnPGeGYT/YHx+QPle5g8</latexit><latexit sha1_base64="L12HhCSlB936CTs1e1TQ6jA94fw=">AAACB3icbVDLSgNBEJyNrxhfqx49OBgEQQ27EjAehKAXL0IE1wSSdZmdTMyQ2QczvWJY9ujFX/HiQcWrv+DNv3HyOGhiQUNR1U13lx8LrsCyvo3czOzc/EJ+sbC0vLK6Zq5v3KgokZQ5NBKRbPhEMcFD5gAHwRqxZCTwBav7vfOBX79nUvEovIZ+zNyA3IW8wykBLXnmdhuf4rJ1m+5XMi89tMtZ66AF7AFkkF7GNPPMolWyhsDTxB6TIhqj5plfrXZEk4CFQAVRqmlbMbgpkcCpYFmhlSgWE9ojd6ypaUgCptx0+EiGd7XSxp1I6goBD9XfEykJlOoHvu4MCHTVpDcQ//OaCXQqbsrDOAEW0tGiTiIwRHiQCm5zySiIviaESq5vxbRLJKGgsyvoEOzJl6eJc1Q6KdlX5WL1bJxGHm2hHbSHbHSMqugC1ZCDKHpEz+gVvRlPxovxbnyMWnPGeGYT/YHx+QPle5g8</latexit><latexit sha1_base64="L12HhCSlB936CTs1e1TQ6jA94fw=">AAACB3icbVDLSgNBEJyNrxhfqx49OBgEQQ27EjAehKAXL0IE1wSSdZmdTMyQ2QczvWJY9ujFX/HiQcWrv+DNv3HyOGhiQUNR1U13lx8LrsCyvo3czOzc/EJ+sbC0vLK6Zq5v3KgokZQ5NBKRbPhEMcFD5gAHwRqxZCTwBav7vfOBX79nUvEovIZ+zNyA3IW8wykBLXnmdhuf4rJ1m+5XMi89tMtZ66AF7AFkkF7GNPPMolWyhsDTxB6TIhqj5plfrXZEk4CFQAVRqmlbMbgpkcCpYFmhlSgWE9ojd6ypaUgCptx0+EiGd7XSxp1I6goBD9XfEykJlOoHvu4MCHTVpDcQ//OaCXQqbsrDOAEW0tGiTiIwRHiQCm5zySiIviaESq5vxbRLJKGgsyvoEOzJl6eJc1Q6KdlX5WL1bJxGHm2hHbSHbHSMqugC1ZCDKHpEz+gVvRlPxovxbnyMWnPGeGYT/YHx+QPle5g8</latexit>



CW	search	methods	adapted	

•  Viterbi	/	Hidden	Markov	Model	–	previously	
used	for	Sco	X-1	searches	

•  Tuned	SkyHough	/	FrequencyHough	/	F-stat	–	
methods	adapted	from	all-sky	searches	

•  STAMP-VLT	–	adapted	from	short	dura,on	
cross-correla,on	burst	searches	

18	



Conclusions	
•  LIGO	and	Virgo	Collabora,ons	have	set	forth	a	
robust	program	to	detect	con,nuous	
gravita,onal	waves	

•  Detec,ng	one	source	would	provide	rich	
laboratory	–	including	post-merger	remnant	
searches!	

•  Cri,cally	important:	improved	detectors,	
sensi,ve	algorithms,	and	con,nued	collabora,on	
with	EM	partners	

•  No	detec,ons	yet,	but	we	are	searching	hard	
•  Non-detec,ons	are	probing	interes,ng	
astrophysics	
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