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@ Gravitational-Wave Sources & Signals
@ Gravitational-Wave Observations & Detectors

9 Cross-Correlation Method
@ Application to Stochastic Background
@ Application to Quasiperiodic Gravitational-Wave Signals
@ Tuning Search by Choice of Data Segments to Correlate

Q Applications and Outlook
@ Directed Search for Young Neutron Stars
@ Accreting Neutron Stars in Low-Mass X-Ray Binaries
@ Summary
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@ In Newtonian gravity, force dep on distance btwn objects
@ If massive object suddenly moved, grav field at a distance
would change instantaneously
@ In relativity, no signal can travel faster than light
— time-dep grav fields must propagate like light waves
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Gravity as Geometry

@ Minkowski Spacetime:

ds®= —c?(dt)? + (dx)? + (dy)? + (dz)?
dt\" /~c 0 0 0\ [adt

ax 0O 1 00 ax y

~ | ay 0 0 1 0offay|™ My dX* dX
az 0O 0 O 1 az

@ General Spacetime:
ax®\ " Joo Qo1 Qo2 Yo3 dx°®
ds? = ax! Gio g1 Gz Gis | | dX!
dx? 920 Go1 G222 023 ax?
ax® 930 g31 O3 033 dx3

- Q,de“dX”
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Gravitational Wave as Metric Perturbation

@ For GW propagation & detection, work to 1st order in
h,., = difference btwn actual metric g,,, & flat metric 7),,,.:

=" Ll/+h 7
/ £ /

(hu “small” in weak-field regime, e.g. for GW detection)
@ Convenient choice of gauge is transverse-traceless:

n VA 0 hH 14

hoy = o =0 T

=0  7"h, =6h;=0

In this gauge:
o Test particles w/constant codrds are freely falling
e Vacuum Einstein eqns = wave equation for { h;}:

1 92 2
( 028t2+v>h,'j20

G1100485-v1 John T. Whelan Cross-Correlation Technique to Search for Periodic GW



itati itati ENTER FOR
Searches for Gravitational Waves Grawtatngnal Waves CC ()\IPUT ATIONAL
GW Sources ATIVITY AND
GW Detectors GR AVITATION

Gravitational Wave Polarization States

@ Far from source, GW looks like plane wave prop along k
TT conditions mean, in convenient basis,

0 h. h. O
(kY=k=|0 {hjt=h=h. —h, 0©
1 0 0 O

where h. <t - —) and h (z‘ — —) are components
n “plus” and “cross” polarization states
@ More generally

G1100485-v1 John T. Whelan Cross-Correlation Technique to Search for Periodic GW



itati itati ENTER FOR
Searches for Gravitational Waves Grawtatngnal Waves C OMPUTATIONAL
GW Sources RELATIVITY AND
GW Detectors (GRAVITATION

The Polarization Basis

@ wave propagating along k;
construct 2+7X from L unit vectors ¢ & m:

(—) - — — e

(ol—-meom éx=Iem+me/l

=

of

Ealt
O]
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The Polarization Basis

@ wave propagating along k;
construct <é>+7x from L unit vectors ¢ & m:

e, =lel-maom ex=(em+mal
@ arbitrary choice of 7 within plane L k (fixes m = k x {)
Free to choose polarization basis convenient to situation
Pol angle 1 relates ('to some reference direction 7
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@ Generated by moving/oscillating mass distribution
@ Lowest multipole is quadrupole

£2 pTTked (t—dJc)

@ Classic example: orbiting binary system

k\

(e.g., Binary Pulsar 1913+16
— Observed energy loss agrees w/GW prediction)

@ Rotating neutron star w/non-axisymmetric perturbation
also gives sinusoidally-varying quadrupole moment

G1100485-v1 John T. Whelan Cross-Correlation Technique to Search for Periodic GW



ENTER FOR
Gravitational Waves C ()\IPUT«\TI()\ AL
GW Sources R ATIVITY AND
GR AVITATION

GW Detectors

Searches for Gravitational Waves

@ Consider binary system seen edge on: .
masses seen going back & forth in one direction; call that ¢

@ In that pol basis, hx = 0 and only h, linear polarization
hy = Acos ®(t) h, =0

L= o0 < of B
i

—ho b L
= z E3 ﬁ o

9/38 G1100485-v1
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Searches for Gravitational Waves

GW Detectors

@ Consider binary seen face on: masses seen going in circle
@ In any pol basis, hy & h, have same amp; out of phase
circular polarization
hy = Acos d(t) hy = Asin &(t)

orbital phase

Cross-Correlation Technique to Search for Periodic GW

G1100485-v1
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Example Elliptical polarization

@ General case: binary system seen at an angle:
masses seen going around an ellipse; long axis of that
ellipse picks preferred direction ¢ for pol basis

@ Inthat pol basis, hy & hy out of phase; h, has greater amp
elliptical polarization [|A;| > |A«|]

hy = A, cos ®(t) hy = Ay sin®(t)
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Classmcatlon of GW Signals

At fregs relevant to ground-based detectors (10s-1000s of Hz),
natural division of sources:

modelled unmodelled
long Periodic Sources Stochastic Background
(e.g., Rotating Neutron Star) (Cosmological or Astrophysical)
short Binary Coalescence Bursts
(Black Holes, Neutron Stars) (Supernova, BH Merger, etc.)
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Polarization
/ .\\\.\ />/7.7>\ 7 - \\ /// ) <\
{ { } : ! t !
Cross N R A Y.
Polarization
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Interferometry: Measure GW-induced distance changes
@ Measure small change in
(|

Li—Lo= \/QﬁLg—\/szLg

- = /(1 + h) B\ /(1 + he)L3
m

Mirrors h — h
~ LO%N Loh.,
@ More gen, o o
Laser — L D (L1 — L2)/L0 = h: d
Splitter I

with “response tensor”
“ M —MQ
2

(also when iy & i not L)

G1100485-v1
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Interferometry: Measure GW-induced distance changes
@ Measure small change in

Li—Lo= \/QﬁLg—\/gzng

= /(1 + h) B\ /(1 + he)L3

~ Lo%’v Lohy

@ More gen,
>
(Li —L2)/Lo=h:d
with “response tensor”
“ M —MQ
d= 2

(also when iy & i not L)
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7 A;g,‘ W L
GEO-600 (Germany) Virgo (ltaly)
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@ LSC detectors conducting science runs since 2002
o LIGO Hanford (4km H1 & 2km H2)
e LIGO Livingston (4km L1)
e GEO-600 (600m G1)
@ Virgo (3km V1) started science runs in 2007
@ Recent long runs:
o LIGO/GEO S5: Nov 2005-Sep 2007: LIGO @ design sens
e Virgo VSR1: May-Sep 2007: Begin joint LSC-Virgo analysis
o LIGO (H1 & L1) S6: Jul 2009-Oct 2010
e Virgo VSR2 Jul 2009-Jan 2010 & VSR3 Aug-Oct 2010
@ LIGO & Virgo going offline 2010 & 2011
to begin upgrade to Advanced Detectors
expect ~ 10x sensitivity

G1100485-v1 John T. Whelan Cross-Correlation Technique to Search for Periodic GW



Gravitational Waves
GW Sources
GW Detectors

Searches for Gravitational Waves

o\NS\as

sensitive region

9\\6‘ /

h(f) (1/4/Hz)

FACILITY ‘\
AN

RESIDUAL GAS, 107 ToRR H,
\ e —
1000 10000

100
Frequency (Hz)

ss-Correlation Technique to Search for Periodic GW




Searches for Gravitational Waves

Gravitational Waves

GW Detectors

S5/VSR1 Best Strain Sensitivities

GW Sources REL[\(T\I\\

10- RN ¥
10718
1072

10722

Amplitude Spectral Density (strain/v/Hz)

—— LIGO Hanford 4km Detector
—— LIGO Livingston 4km Detector
—— LIGO Hanford 2km Detector
—— Virgo 3km Detector

— — Initial LIGO Design (4km)
Initial Virgo Design

O Y, T W VT i B

S TR

i

e

—23:
1070

G1100485-v1

N kS R
30 100 300 1000 3000
Frequency (Hz)

John T. Whelan Cross-Correlation Technique to Search for Periodic GW




—

Amplitude Spectral Density (strain/v/Hz

Gravitational Waves
GW Sources RELATI\
GW Detectors RAV

Searches for Gravitational Waves

S6/VSR2 Best Strain Sensitivities (PRELIM)

10716 °

T
: —— LIGO Hanford 4km Detector |}
—— LIGO Livingston 4km Detector |4
—— Virgo 3km Detector i
— — Initial LIGO Design (4km)
- - - Initial Virgo Design
F : b ! .
TR | I S s D A
i : i : {
i

—
o
|
i
o
5
o

of S| e
10—23: . I ......I A ......i . I P |
10 30 100 300 1000 3000

Frequency (Hz)

G1100485-v1 John T. Whelan Cross-Correlation Technique to Search for Periodic GW



i ENTER FOR
0 Stochastfc Backgrou_ﬂd ()\IPUT«\TI()\ AL
Cross-Correlation Method Quasiperiodic GW Signals R ATIVITY AND
Choice of SFT Pairs for Correlation GR AVITATION

Outllne

9 Cross-Correlation Method
@ Application to Stochastic Background
@ Application to Quasiperiodic Gravitational-Wave Signals
@ Tuning Search by Choice of Data Segments to Correlate
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Cross-Correlation Search for Stochastic Background

@ Noisy data from GW Detectg}r: .
x(t) = n(t)+ h(t) =n(t)+ h(t): d
@ Correlate data btwn detectors (Fourier domain)

(% (N%e(f) = (Fi(HPa(f) = di - <%T(f) ®<ﬁz(f’)> . do

@ For stochastic backgrounds

Sgw(f)
2

(P (F)ho(')) = 6(f — )m2(f)

Sgw(f) encodes spectrum; v12(f) encodes geometry
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Detection Statistic

@ Optimally filtered cross-correlation statistic

Y:/wﬁmom@m

@ Filter encodes expected spectrum & spatial distribution
(isotropic, pointlike, spherical harmonics .. .)

Sn1 (f)Sn2(f)

@ “Radiometer” search for ptlike srcs incl targeting Sco X-1:
known sky location, unknown frequency
Ballmer, CQG 23, S179 (2006); LSC, PRD 76, 082003 (2007)
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Gravitational Waves from Quasiperiodic Sources

@ Sco X-1 is Low-Mass X-Ray Binary:
accreting neutron star in orbit w/companion

@ Rotating NS w/deformation emits nearly sinusoidal signal

1 2
ﬁ(t) = hy % cos O(7(t)) 6. + cos ¢ sin d(7(t)) 8

e &(7): phase evolution in rest frame;

e 7(t): Doppler mod from detector motion (& binary orbit)
@ Features of signal model missing from stoch search:

e Doppler shift @ each detector:

correlations peaked @ different fregs
e Long-term coherence:

can correlate data @ different times

G1100485-v1 John T. Whelan
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Cross-Correlation of Continuous GW Signals

@ Cross-correlation of signal w/intrinsic frequency fy:

(X7 (f1) %4(£5)) = hj(f)) hy(f))

E,(f) is Short Fourier Transform, duration T
Teit/2 o (f—Ff'
Sralf 1) = T3, ot -0
hi & hy can be same or different times or detectors
e ofyis relevant Doppler shift
@ For given set of params, can add products of all SFT pairs

Y = QuXi(fo—0f)X,(fh—df)  Qu
IJ

Dhurandhar, Krishnan, Mukhopadhyay & JTW PRD 77, 082001 (2008)
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Doppler Modulation in Cross-Correlation Searches

@ Max Doppler shift from Earth’s rotation: WL;’“ <15x10°8
Doppler shift at 2000 Hz is < 0.003 Hz.

@ Max Doppler shift from Earth’s orbit: @ <1.0x10~*
Doppler shift at 2000 Hz is < 0.2 Hz.
@ Stochastic searches use FTs of e.g., 120 s duration, so

0f ~ 0.0083 Hz

Cross-correlation between detectors uses same freq bin
@ Stochastic search combines fine bins into coarse bins of

Af=0.25Hz

Cross-corr power collected in single bin for most fregs
@ Correlating detectors at different times, or with longer FTs
means including Doppler effects
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Computational Costs and Frequency Resolution

@ If freq, sky pos etc known, can do most sensitive
fully coherent search (correlate all data)

@ If some params unknown, have to search over them

@ Long coherent observation — fine resolution in freq etc
— need too many templates — computationally impossible

11 1

Gt r v e 2
Af Af Asky T-7=-(T)

€.g. Nimpits ~

@ Most CW searches semi-coherent: deliberately limit
coherent integration time & param space resolution
to keep number of templates manageable
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Tunmg the Cross-Correlation Search

@ Computational considerations limit coherent time, i.e.,
possible time lag between correlated segments
@ Detectable signal

—1/4
B o (S06uE) ([ S T2
0 IJ Tﬂ pairs ' sft
IJ

(T4t is duration of fourier transformed data segment)
o If all data used, Npairs ~ NZ,, SO

ho oc (Natt Terr) ~ /2

like coherent search of duration N Tt
e If only simultaneous SFTs correlated, Npairs ~ Nait, SO

—1/4 _
ho o< N/ T ™"/

like semi-coherent search w/Ng coherent segs of Tg each
e Can “tune” sensitivity vs comp time by choosing SFT pairs
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Xi(to) | Xe(to) | xi(tr) | Xo(t1) | X1(f2) | Xe(2) | X1(f3) | X2(t3)
%) | N Y N N N N N N
o) | Y N N N N N N N
Xt | N N N % N N N N
t) | N N % N N N N N
x(G) | N N N N N Y N N
(k)| N N N N Y N N N
X)) | N N N N N N N Y
X(b) | N N N N N N Y N

“Stochastic-style”: correlate data @ same time, diff detectors

G1100485-v1 John T. Whelan Cross-Correlation Technique to Search for Periodic GW



i ENTER FOR
0 Stochastfc Backgrou.nd ()\IPUT ATIONAL
Cross-Correlation Method Quasiperiodic GW Signals R ATIVITY AND

Choice of SFT Pairs for Correlation GR AVITATION

Xi(to) | X(to) | X1(t) | xe(tr) | x1(f) | Xe(t) | X1(ts) | Xo(t3)
(%) | Y Y Y Y Y Y Y Y
Xo(l) | Y Y % % Y Y Y Y
()| Y Y % Y Y Y Y Y
() | Y Y % % % Y Y Y
(&) | Y % % % Y Y Y Y
X(L) | Y % Y Y Y Y Y Y
x(B) | Y % Y Y Y Y Y Y
Xo(t) | Y % Y Y Y Y Y Y

Combine all SFT pairs; as with standard F-statistic,
quadratic combination of all SFTs

G1100485-v1 John T. Whelan Cross-Correlation Technique to Search for Periodic GW



i ENTER FOR
0 Stochastfc Backgrou.nd ()\IPUT ATIONAL
Cross-Correlation Method Quasiperiodic GW Signals R ATIVITY AND

Choice of SFT Pairs for Correlation GR AVITATION

~—

R

X
<|Z|Z|Z|Z|Z|Zz| Z|&>

x
S
5
z|<|z|z|z|z|z|z|>

R

x
Z|1Z1 21 Z|<|Z| Z|1 Z|=

X
zlz|z|z|Zz|<|Z|Zj=

ZZZZZZ-<Z;,:

S| &t

rey

e
— | | | [ e | — | —

ZZZZZZZ-<;,:
Z|ZZ2|<Z2ZZZ2
ZZ-<ZZZZZE:

&GF |G| B[ 15T

Only consider “diagonal” auto-correlations
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Xi(to) | Xe(to) | xi(tr) | Xo(t1) | X1(f2) | Xe(2) | X1(f3) | X2(t3)
Xy | Y Y Y Y N N N N
o) | Y % % Y N N N N
Xt | Y % Y Y N N N N
B | Y % % Y N N N N
x(G) | N N N N Y Y Y Y
(k)| N N N N % Y Y Y
X)) | N N N N Y Y % Y
X(b) | N N N N % Y Y %

Coherently combine within epochs
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X1(to) Xg(to) X1(f1) X2(f1) X1(f2) Xz(tg) X1(t3) Xg(t3)
(@) | Y Y Y Y N N N N
xo(fo) | Y Y Y Y N N N N
() | Y % Y Y Y Y N N
() | Y Y Y Y Y Y N N
X&) | N N Y Y Y Y Y %
X(k) | N N Y Y Y Y % Y
x(G) | N N N N Y Y % Y
X() | N N N N Y Y % %

“Sliding” semi-coherent search
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Q Applications and Outlook
@ Directed Search for Young Neutron Stars

@ Accreting Neutron Stars in Low-Mass X-Ray Binaries
@ Summary

G1100485-v1
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90 60 30 0 -30 —-60 —90
Declination (degrees)

(Assumes H1-L1, simultaneous, uniform sidereal time coverage)
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Supernova 1987A Remnant

e

Credit: NASA/ESA, P. Challis, R. Kirshner (Harvard-Smithsonian Center for Astrophysics) and B. Sugerman (STScl)
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Searching for Young Neutron Stars

@ Young (< 100yr) NSs should be spinning rapidly
LIGO/Virgo band 50Hz < fgw < 1500 Hz

@ Look in likely sky locations for NSs not seen as pulsars:
SN1987A should have one; galactic ctr could have O(1)

@ Spinning down rapidly; inefficient to search over f, ff,...
Phase model: GW spindown o °; EM spindown o f~3

df f\° f\"
— =Q — | +Q <>
ar aw (fref> =M fref

Search over fy, Qaw, Qem, N

Chung, Melatos, Krishnan & JTW to appear in MNRAS arXiv:1102.4654
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Estimate from arXiv:1102.4654

4.0 — sensitivity N
= — age-based limit
‘® 35 7
)
$ 3.0F 8
o
—
=251 i

~
<
2.0F .

100 150 200 300 500
Frequency (Hz)

Compares favorably to indirect age-based limit hy < 3.4 x 10725
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Artist’s View of Black Hole and Companion Star GRO J1655-40
ESA, NASA and F. Mirabel (CEA) » STScl-PRC02-30

Compact object accreting mass from companion star
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Searching for Neutron Stars in LMXBs

@ LMXB: BH/NS/WD accreting mass from companion star

@ Accretion spinup may be balanced by GW spindown
[Bildsten ApJL 501, L89 (1998)] — no f

@ Scorpius X-1: 1.4M; NS w/0.4M;, companion
unknown params are fy, asin i, orbital phase
@ LSC searches for Sco X-1:
e Coherent search w/6 hr of S2 data PRD 76, 082001 (2007)
e Directed stochastic cross-corr (“radiometer”) search
w/simultaneous S4 H1 & L1 data PRD 76, 082003 (2007)
@ Can use improved cross-corr method to search
including wider range of correlated segments
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http://stacks.iop.org/ApJL/501/L89
http://link.aps.org/abstract/PRD/v76/e082001
http://link.aps.org/abstract/PRD/v76/e082003
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Summary

@ Cross-correlation method adapted to periodic GWs

@ Tuning max time-lag between cross-correlated data
allows tradeoff of sensitivity for computing time

@ Can search for young NSs (e.g., SN1987A)
(search over fy & braking model params)

@ Can search for LMXBs (e.g., Sco X-1)
(search over fy & binary orbit params)
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