LIGO: The Laser Interferometer Gravitational-wave Observatory

Gravitational Waves and the R-modes

Gregory Mendell
LIGO Hanford Observatory



LIGO

Who's Involved?
Catech, MIT, and the LIGO Science Collaboration
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LIGO Hanford LIGO Livingston

Photos: http:// www.ligo.caltech.edu; http://mmw.ligo-la.caltech.edu



LIGO Inside




LIGO

Gravitational Waves

 Gravitation = spacetime curvature described
by the metric tensor: ds® = g, dx"dx"

» Weak FieldLimit: g9, =n, +h,

1 9° ,
EDZ_CZ atZE;M =0

 TT Gauge:
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LIGO o |
Gravitational-wave Strain

cAt=2[ \1+h,dx 02L+h,L = 2L +AL
h=AL/L
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Figure 1. Direction of space deformation for a gravitational wave propagating along the
z-axis, + polarization (a) and x polarization (b).

D. Sigg LIGO-P980007-00-D



LIGO  How Does LIGO Work?

Gravitational-wave Strain: h=AL/ L

LIGO isan

LIGOisa —— “ear” on the
univer se,

lab looking J.,
for GW’s. \ T listening for
N \/f}/ Bearn Spitter cosmic
Recycling Mirror t__ sp acetime

-,_...f

Laser R Protodetectar vibrations.

Figures. K. S Thorne gr-qc/9704042; D. Sgg LIGO-P980007-00-D



Pulsars

Black Holes

.......

North Galactic Hemisphere South Galaetic Hemisphere

Supernovae Stochastic Background
Photos: http://antwr p.gsfc.nasa.gov; http://imagine.gsfc.nasa.gov



LIGO h=AL/L=(G/c*)(Q/r) ‘Newtoniav

guadrupole formula.

»Stochastic (limit Qg,,; cosmic strings, BH
from massive pop |1l stars; h = 1023 - 104Y)

*Burst (SN at distance of Virgo Cluster: h =
1023 — 104 rate = 1/yr)

eInspiral (h,, = 1022 for NS-NS@ 200 Mpc;
rate= 3/yr;, NS-BH; BH-BH)

Periodic (h =102 for 10 ms pulsar with
maximum dlipticity at 1 Kpc; h =102/ for 2
ms LM XB in equilibrium at 1 Kpc)

Reviews: K. S Thorne 100 Yrs of Gravitation; P. R. Saulson, Fund. of Interferometric GW Detectors



H LIGO :
= Nolse Curves

INITIAL INTERFEROMETER SENSITIVITY
e N

Figure: D. Sgg LIGO-P980007-00-D



LIGO

Signal to Noise Ratio

S T

N f<n?(f,) >

e h = signal amplitude

e T = observation timeor duration of signal or
period of the characteristic frequency of the
signal.

* N2 = power spectrum of the noise



LIGO

Sengsitivity Curves
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Figure: Brady ITP seminar summer 2000



LIGO

Known Possible Periodic Sources

pin

Pulsar Model im

.-' E-i‘ﬂlﬂm miles — _I
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LMXBs

e Areneutron stars. the sun

compress to size of city. Compact
(2GM/Rc” ~ .2) and ultra dense
(104 g/cm?).

e Are composed of (superfluid)

neutrons, (superconducting)
protons, electrons, + exotic
particles (e.g., hyperons) or
strange stars composed of an even
more exotic up, down, and
strange quark soup.

Spin Rapidly (~ .1 Hzto 642 Hz
1.e., within the LIGO band.)



|
| D Neutron (Strange) Star Models ?
solid crust
dissipative
guark soup boundary layer
fluid interior
Courtesy Justin Kinney



LIGO

Periodic sources emit GWs dueto...

 Rotation about nonsymmetry axis
o Strain induced asymmetry: € = 8 T'Z
e Accretion induced emission
e Unstable oscillation modes




LIGO

Gravitational-radiation Driven
Instability of Rotating Stars

* GR tendsto drive all rotating stars
unstabl el

* Internal dissipation suppresses the
Instability in all but very compact
stars.



LIGO
Ocean Wave Instability

Wind

”\/\/\/

Current



Perturbations in Rotating Neutron Stars

Neutron star rotates with

angular velocity Q > 0. o C
Some type of “wave”

perturbation flowsin

opposite direction with |
phase velocity w/m, as Rotating neutron star.
seen in rotating frame of
star.

Perturbations create
rotating mass and
momentum multipoles,
which emit GR. Perturbations in rotating frame.

Courtesy Justin Kinney




II.D GR Causes | nstabil ity7

e IfQ-wm>0, star
“drags’ perturbationsin
opposite direction.

* GR caries away positive
angular momentum.

* Thisadds negative
angular momentum to
the perturbations.

e Thisincreasestheir
' |
ampl Itude! Star drags perturbations in opposite
direction. GR drives mode instability.

Courtesy Justin Kinney



LIGO
The R-modes

e The r-modes corresponds to oscillating flows of
material (currents) in the star that arise dueto the
Coriolis effect. The r-mode frequency is

proportional to the angular velocity, Q.

e The current pattern travels in the azimuthal
direction around the star as exp(it + Img)

e Forthem= 2 r-mode;

= Phase velocity in the corotating frame: -1/3 Q
= Phasevelocity in theinertial frame: +2/3 Q



Flow Pattern for the 2 r-mode
LIGO




LIGO

Fluid Motion in the m = 2 r-mode
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e The flow pattern is shown along with
the small elliptical paths (on the left) of
individual fluid elements. The flow pattern

moves (to the left) past the fluid particles
as the mode evolves. '

Courtesy Lee Lindblom



LIGO
R-mode Instability Calculations

e Gravitation radiation tends to make the r-
modes grow on atime scale 1,

 Internal friction (e.qg., viscosity) in the star
tends to damp the r-modes on atime scale T,
e The shorter time scale wins:
" T..<T.: Unstablel
= T..>T.. Stablel



LIGO

Key Parameters to Understanding
the R-mode Instability

 Critical angular velocity for the onset of the
Instability
 Saturation amplitude



e The Shear Force:

LIGO
(32), - (32)
| F=n=270 L CAAzx,
% Ax
/N N where 5 is the viscosity.

e Newton's 2nd Law:

Ovy 1782wy

ot E(’i‘mg '
e For vy = exp(iwt)exp(ikz) the boundary layer
thickness is given by:

( 2n

Im(k) | pw'
e VBL Damping Rate:

1 2, 1
= ~ n|kl|%d ~ .
n|kl y

NV RV RV N AN
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LIGO Add Magnetic Field...
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Magneto-viscous Boundary
Layer With Alfven Waves
/N /TN /N I\
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e Equation for the critical angular velocity:

TGR — Ty

e Gravitational-radiation growth rate for the
m = 2 r-modes:

6
1 —o02as1 (E) ,
TGR Qp
where

Qo = /nGp,

2
Qmax = gﬂo:

e Magneto-viscous boundary layer damping rate
for the m = 2 r-modes:

1
— ?’j‘lklid ~ ?’}i? ~ 0.0625-1 Bl?'
Tu /\
e Critical angular velocity:
2 _ 0.8BS.

2



LIGO N |
MVBL Critical Angular Velocity

1.0
0.8 | B — 1012
e 1 B = 101
G |
du
0.4 | | B =100
| B=0
0.2 | _
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T (K)
Mendell 2001, Phys Rev D64 044009; gr-qc/0102042



LIGO
R-mode Movie

See:

Lee Lindblom, Joel E. Tohline and Michele Vallisneri (2001), Phys. Rev. Letters 86, 1152-1155
(2001). R-modesin newborn NS are saturated by breaking waves,

Computed using Fortran 90 code linked wtih the MPI library on CACR’s HP Exemplar V2500.

Owen and Lindblom gr-gc/0111024: r-modes produce 100 s burst with f ~940-980 Hz and optimal
SNR ~ 1.2-12 for r = 20 Mpc and enhanced L1GO.



LIGO

Basic Detection Strategy

o Coherently add the signal
e Signa to noiseratio ~ sgrt(T)
e Canawayswinaslongas

= Sum stays coherent

= Understand the noise
= Do not exceed computational limits

N ' ' N
N|\/| -1

Z A o 27,



LIGO

Amplitude Modulation

Figure 9. SAppensns respaosss usction boe san ioterfecommsstric provitstionnl s chetectorn
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Figure: D. Sgg LIGO-P980007-00-D



Jeo Phase Modulation

o= [ 1,0+ fnt“)(1+%

p—

)t

* The phase is modulated by the intrinsic
frequency evolution of the source and by
the Doppler effect due to the Earth’s motion

* The Doppler effect can be ignored for

T <55x10° \/ 300HZ

fo




GO DeFT Algorithm

M-1N-1

X, Z Z X, Ae ~27i D g,

— S:T _qu)ab

M -1 N-1
— Aj Q X ST
ab ak
a=0 =0
AEIl: Schutz & Papa gr-qc/9905018; Williams and Schutz gr-qc/9912029;
Ber ukoff and Papa LAL Documentation



LIGO
Taylor expand the phase

Do =Py v2p T Top26(l; —1,12)

_sinu,,, N 1-cosu,,,

P |
Uoio Uoio
Qab — AlVap
T
Uy =2 Tag2n ™ k@




LIGO Advantages of DeFT Code

* P, 1speaked. Cansumover only 16 k’s

o Complexity reduced from O(MN x number of phase
models) to O(MNIog,N + M x number of phase
models).

* Unfortunately, number phase models increased by
factor of M/log,MN over FFT of modulated data.
FFT is O(MNIlog,MN x number of phase
models/MN.)

* But memory requirements much less than FFT, and
easy to divide DeFT code into freguency bands and
run on parallel computing cluster.

e Need 100 — 10% phase model's, depending on
frequency band & number of spin down parameters,
for no more than 30% power |oss due to mismatch.



LIGO
Basic Confidence Limit

* Probability stationary white noise will result
IN power greater than or equal to P;:

1-g=e "

» Threshold needed so that probability of
false detection =1 —aq.

P, /P, >In[N_ /(1-a)]

Brady, Creighton, Cutler, Schutz gr-gqc/9702050.



LIGO
Maximum Likehood Estimator

h=F.h +Fh
. AF| +B|G] - 2CRe(FG")
T D
1 s
= e
T
NM -1 NM -1

F = Zxa fe?™, G= Zxagae'2”¢ab
a= a=

f =F cos2¥ -F, sn2¥, g=F,sn2¥ +F_cos2¥

Jaranowski, Krolak, Schutz gr-gc/9804014.



LIGO

LDAS = LIGO Data Analysis Systems

Development $&

LDAS Test

LOAS Archive
[Caming Saan)
LDAS
Livingston




LIGO
LDAS Hardware

'
14.5 TB Disk Cache

Beowulf Cluster



LIGO

L DAS Software

LIGO Data Analysis System
Software Block Diagram

FILTER DATABASE
LIGO ALGORITHM LIBRARY (LAL)

FILTER FILTER FILTER FILTER
OLL DLL OLL DLL

C++ WHAPFER C++ WHAPPER C++ WRAFPER C++ WHAPPER

MESSAGE PASSING INTERFACE API

DATA CONDITION. . - EVENT MONITOR .ﬁomem
AP AP API

MANAGER API

LIGHTWEIGHT 1D

FRAME I'D LIBRARY METADATA 'O LIBRARY LIBRARY

LIGD FRAME LiGO LIGO LIGHTWEIGHT
FORMAT DATA METADATA DATABASE DATA




LIGO

| nterface to the Scientist

Beowulf

mpAP
staris job

Recane data
Iromm datacondAP|

Communicate prograss
to mpiAP] and recaiva
instructions from mpiAPl

wrapparaPl
nid: wrappar Mastar

Tall the mpiAR
Ihat ha job stariad

Distribula data
{0 all nodes

Initialize

Recehw rasults

Send output to fha
Event Monitor AP

Send mpiAP|
inastructions

wrappearAP]
ni: Search Mastar

Roceive dala &
sand to nexl nods

| LALInitSearch() |

| LALConditionData() |

| LALApplySearchi) | i,

Send rasulls

Racaive mplaFl
instrictions

<=

Yes
| LAL FinalizaSaarch() |

Inkernal

ir

iricalion

wrapparAP|
n2: Search Slave

Beceive dala

| LALInitSearchi) |

| LALCanditionData() |

| LALApplySsarchi) |

finishad™

LALFinalizeBaarchi)




