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Invited Lecturers

Ajith, Parameswaran (Caltech):

“Interface between numerical relativity and gravitational wave astronomy”
Diener, Peter (Center for Computation & Technology, Louisiana State
University):

“BH-BH merger simulations and Cactus”

Gouaty, Romain (Universite' de Savoie, CNRS/IN2P3):

“The Search for Gravitational Waves in Real Life”

Kotake, Kei (National Astronomical Observatory of Japan):

“Supernovae and Gravitational Waves”

Liu, Yuk Tung (University of lllinois at Urbana-Champaign):

“NS-NS and BH-NS merger simulations”

Price, Larry (U. of Wisconsin-Milwaukee):

“Introduction to Gravitational Wave Data Analysis”

Sasaki, Misao (Yukawa Institute for Theoretical Physics):

“Black hole perturbations”

Saulson, Peter R. (Syracuse University):

“Introduction to Gravitational Wave Detection and the LIGO Detector”
Vaulin, Ruslan (U. of Wisconsin-Milwaukee):

“Interpreting the results of gravitational-wave search: from detection to
astrophysics”

Whiting, Bernard (U. of Florida):
“Introduction to stochastic gravitational wave searches”
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Ajith, Parameswaran (Caltech):
“Interface between numerical relativity
and gravitational wave astronomy”

® Lecture 1

Inspiral-merger-ringdown templates for binary black hole signals
and their implication in GW astronomy.

® Lecture 2

Characterizing the efficiency of detection & parameter-estimation
pipelines - NINJA.

Tuning/improving the burst searches.



Constructing NR-PN hybrid waveforms
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Parametrizing the hybrid waveforms

® Modelling the amplitude:

PN corrections to the
inspiral amplitude
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Parametrizing the hybrid waveforms

® Modelling the phase: 450 1]
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Testing the analytical wavetorms & Improved Distance Reach

Using BAM Simulations [P Ajith et al (2009)]

e SNR = 8 in Adv LIGO
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IMPLICATIONS Improved parameter estimation
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IMPLICATIONS Test of General Relativity

e Constraining the mass of graviton m, < 1.6 x 1072 eV
Massive graviton will propagate with o N 'd}]:‘}IGPC
(frequency-dependent) speed < c, \
producing an observable signature in the = Z ET
GW signal. ef: Lot 7.8 x 10%3km (2.5pc)
=
h(f) = A(f) el¥entpr 7
s

solar system

xD bound ——
214+ Z B
Compton /\9( T ) a=
wavelength Zj
of graviton

Total Mass (M)
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[Keppel & Ajith (2010)]
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Numerical-Relativity Injection Analysis (NINJA)

The first NINJA project 2008-2009

e Study the response of GW search pipelines to NR binary-black-hole
waveforms in simulated noise.



What Needed Improvement

NINJA-1 was, by construction, unable to address several crucial
questions related to GW searches. The emphasis was on creating a

common platform and “language”.

¢ Gaussian noise prevented realistic false alarm calculation —— NEED REAL
DETECTOR DATA.

e No requirements on NR waveform accuracy —— TIGHTER REQUIREMENTS.

e Short NR waveforms. Unable to do low-mass injections — MATCH NR
WAVEFORMS WITH POST-NEWTONIAN. INJECT THESE “HYBRID” WAVEFORMS.

e Only qualitative comparison between the analysis approaches —— FALSE ALARM
CALCULATION WILL PERMIT MORE RIGOROUS COMPARISONS.



Some results from training data set (Gaussian)
DETECTION PIPELINES

“low-mass”
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High-mass data set (25 - 100 Msun)
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The dirty Ninja!

The next stage of
the Ninja project
(including matter
pohysics) Is In
progress




Waveform templates for burst sources”

¢ |dentify an orthonormal basis
to decompose an entire
catalogue of supernova
waveforms.

¢ An entire catalogue can be
represented using ~10 basis

veclors.  p4an4'sh:54

e Can identify dominant features
in the waveform. Useful for
parameter estimation.
Potential for matched filter
search.

Strain amplitude
o

[Heng (2008)]
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Number of basis vectors
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Diener, Peter (Center for Computation &
Technology, Louisiana State University):
“BH-BH merger simulations and Cactus”

Binary Black Hole Initial Data.
Black Hole Horizons.

Binary Black Hole Inspiral Process.
Calculating Kicks.

Kick Results.

Kick Fitting Formula.

Ongoing and Future Work.



Gouaty, Romain
(Universite' de Savoie, CNRS/IN2P3):
“The Search for Gravitational Waves in Real Life”

» CH1: Introduction to the Search for Gravitational Waves emitted during
Compact Binary Coalescences (“CBC searches”)
- the detectors, the sources, the waveforms, the analysis technique

» CH2: CBC pipeline — From calibrated data to the production of single
interferometer triggers

- parameter space and template banks, matched filtering

» CH3: CBC pipeline - Coincident analysis and Vetoes
- techniques to separate signals from background

» CH4: CBC pipeline — Dealing with the surviving coincident triggers
-> ranking the triggers obtained at the output of the pipeline
- review of interesting “candidate-events”

» Computing scale of the CBC pipeline and introduction to LDG

» A brief discussion about techniques used in other analyses




CBC search pipeline (1/7) (rer 51 (I2VRED

One data set per interferometer i E
Ellipsoidal Coincidence Test
(Correlations Between Mass, Time Parameters)

26/07/2010 LIGO-G1000519 28



CBC search pipeline (2/7) [REF 5] RINVIRD

The waveform depends on the system
parameters

—=> Scan the mass space with template banks

Example for « Low Mass » search

(2-35 Msun)
35 . . . . T r
7 DU AU U W—_——— !
[ SR S N R )
o IR S S S SO SN S !

Mass 2 (Ms)
[y |

Mass 1 (M)

26/07/2010

Ellipsoidal Coincidence Test
(Correlations Between Mass, Time Parameters)

12 and
other signal
based vetoes

12 and
other signal
hased vetoes

1and
other signal
hased vetoes

1tand
other signal
based vetoes

LIGO-G1000519

29



CBC search pipeline (3/7) trer 51 ([QUVIRED

Match filter:
= keep triggers above some SNR threshold
i Ellipsoidal Coincidence Test
i | (Correlations Between Mass, Time Parameters)

Slgnal To Nonse Ratlo

I
1
. : |
201'.hresh§()ld... i ...... T
; ] ]
! I ;
0 --;’;--é---" ',. mmcmemscmaas]
|
o |
-0.1 0.05 0 0.05 0.1
Time (sesonds)

26/07/2010 LIGO-G1000519 30



CBC search pipeline (4/7) [REF 5] MRJINIRD

Require coincidence between two or more
detectors (Correlations Between Mass, Time Parameters)

Ellipsoidal Coincidence Test

* Time and mass parameters o Fand Fand Cand

other signal other signal other signal other signal
hased vetoes hased vetoes hased vetoes based vetoes

* Allows reducing the false alarm rate

* Allows estimating the background by applying
time offsets to the data

26/07/2010 LIGO-G1000519 31



CBC search pipeline (5/7) trer 51 ([QUVIRED

Identify rare and weak events in
detector noise that is non-Gaussian and
not stationary:

—Need to apply vetoes

Ellipsoidal Coincidence Test

* Slgnal based vetoes (Correlations Between Mass, Time Parameters)

Check consistency between measured and .
. 1and 1 and 12 and 12 and
expected signals (e.g. x> test) = othersignal )( othersignal )( othersignal )( other signal

based vetoes hased vetoes hased vetoes based vetoes

* Instrumental vetoes __

Eliminate poor data quality times due to
artifacts in detector or environment

26/07/2010 LIGO-G1000519 32



CBC search pipeline (6/7) trer 51 ([QUVIRED

Ellipsoidal Coincidence Test

(Correlations Between Mass, Time Parameters)

1and 1 and 12 and 12 and
A . . other signal other signal other signal other signal
* Surviving coincident triggers are ranked basedvatoes./ \ bused vatoes.” \ based vetoes./ \ based vetoes

according the a detection statistics

» Triggers that stand above the background
are submitted to a detection checklist v

Surviving coincident triggers

26/07/2010 LIGO-G1000519 33



Instrumental vetoes
Categories (5/5)

(IR

Vetoes are categorized according to severity, statistical correlation and dead time:

28/07/2010 LIGO-G1000519

4 A
» Category L: This data is not analyzed
- Data not suitable for being analyzed
\ - Ex: Detector not at operating point, missing data, ... )
(" » Category 2: N
- Coupling noise source/GW channel is well established Check for possible
- Strong statistical correlation (high ratio “efficiency over dead detections
\ - Ex: overflow in ADC digitizing photodiode signals, well understood glitches )
[~ Category 3 )
- Suspected instrumental problems Check for possible
- Positive statistical correlation, but not well understood detections
- Dead time can be large And calculate upper
- Includes add-hoc vetoes based on auxiliary channels limits on event rates
\_ - Ex: high seismic activity, strong wind Yy
(—» Category &: )
- Poorly understood, weak but positive correlation Only used for follow-ups
- May veto whole noisy epochs

25



Signal based vetoes: y2test (1/3)  [[2JJVIRED

» Matched filter is optimal to distinguish GW signal from stationary Gaussian noise
» But loud instrumental transients (“glitches”) can generate loud SNR triggers
Basic idea:

Look at how the SNR is distributed across the detector bandwidth and check
whether this is consistent with what is expected from a true signal
f il
SNR for a GW signal "

(A T 173
matching the template T(f) SNR2 = 44 J. (f? (f)JfOCA J.—wa jf
b Sn(f) Lo ‘Sn (f)

f final

@1013: - .

£ | ~7/61

2 W) £ o

10792 = E =
£ 7 » 12F
P “T"'G 1_

107 = F
: 0.8

L J 0.6/

: 04F
E 0.2

F . 0: : : :
10’23 L L \I\IH‘ L L \II\I\l : L \I\I\I‘ : Ll \I\I\‘ o 0 200 400 600 800 .
o 10 1 ; Frequency(Hz)
28/07/2010 Frequency (Hz) LIGO-G1000519

10—22__




Signal based vetoes: y* test (3/3)

MIINVIRGD

y2 distribution for true signals in practice:

10°

Large SNR events tend to show larger %2 values than
expected from the naive distribution

= An effect of using discrete template banks

The slight mismatch between the signal and the template
is enough to evidence differences between the expected
SNR frequency distribution and the measured one =
= high y?

10

10

P

}[2 = PZ;(AP;)z with Apj =p;- ; 0

| # Background
|+ Simulated signals|. ¢

...................

reject simulated signals

1+ Backgound |
1 + Simulated signals|-

2
10 '

10
SNR
The cut used to eliminate background must take into

account the SNR dependency of the 2
=Apply threshold on variable €2 .
p(

X2

145%57)

—> Parameters p, 6 and threshold are tuned to not

I 3
10

10’
28/07/2010

LIGO-G1000519
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Ranking Statistic: Effective SNR MINVIRGD

Combine SNR with 2 parameter to better separate background triggers
from simulated signals
= Give less value to triggers with high y*
= Define an effective SNR: P
7 [REF 5]

) (2

¢ H1-L1 accidental events :
H1-H2 accidental events Tl arkl A )
* Hi-L1detected ijgctipns Inj‘e“ftljons
M s el Definition of a combined effective SNR for
|+ HI-H2-L1 ¢ wecied injections#™ ¥
8 Lo Mot coincident triggers:
= Incoherent sum over effective SNR of each detector
3
S o 2
p(bmb pe]j”rfo
() \ § Y,
background

28/07/2010 LIGO-G1000519 28



Ranking Statistic: IR

Inverse false alarm rate (2/2)

Combined FAR is in units of year
Inverse Combined FAR (IFAR) is used as the detection ranking statistics

= Guarantee that all categories bring the same background

Example: Result of the S5 1yr Low Mass Warning:
| Search for analyzed triple time All categories are not equally sensitive
108 e . to true signals (for ex. if detectors
A Zerolag triggers have different sensitivities)
ol ---- Background = weight IFAR with probability to
__ | Theoretical errors (“16") | . e rve louder signal

— Background trials = this is called “likelihood statistic”

[REF 25]

10°F

Cumulative #
3.
1

Region of interest
for detection

[REF 23-24]

i a By,
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: t\\ —
e
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28/07/2010 [FAR (yr) LIGO-G1000519 31



After CBC pipeline and follow-ups ? M2IVIRGD

* If no detection:
— put upper limits on coalescence rate

* If there are candidates that pass the checklist:
» Need to be discussed within the CBC group and the Collaboration
» Decision on detection/no detection based on False Alarm Rate



Kotake, Kel
(National Astronomical Observatory of Japan):
“Supernovae and Gravitational Waves”

v/ 1% part (on Wednesday)
§ 1-1 General introduction: GWs from supernovae

how to blow up massive stars?

8§ 1-3 Candidate mechanisms:
based on the state-of-the-art
numerical simulations

v/ 2" part (on Friday)
* Gravitational-wave signatures from recent
supernova simulations :

can we learn the explosion mechanism from GW observations?




Expected GW amplitudes from Stellar Collapse

amplitude from the quadrupole formula

2G P Ry vy
2 ey
R ot? R \c.

Quadrupele moment
Typical values at the formation of NS m .=_*-.:"_’*':

A
1[[) v/c=0.1 P—ll}h])(

R, =3 11111(

SN in our galaxy is the target of GWs

ore correctly,
ﬂ represents the degree of anisotropy.

If collapse proceeds spherically, s
no GWSs can be emitted.

What makes the SN-dynamics deviate
from spherical symmetry 7




Standard scenario of core-collapse SNe

core collapse Mox aMo v trapping [ESETEme
e +p Ve + 1

bouncef¥lZshock A FE 4,
>N EBERERIET=>SN!

LA, shockldiEP TIEFE->TLFES,
Shock Z:&& dmechanismhnE,




A garden variety of multi-D candidate SN models

Energy-drivers for explosions:

v' Neutrino-heating mechanism + convection/SASI

SASI: Low modes oscillatory instability of standing accretion shock

. Explosion of 2D, low-stars (11.2 Ms), (Buras+. 2006)
: Onset of SASI-aided neutrino driven explosion of 15 Ms sta

(Marek & Janka 09)
v Rotation & anisotropic neutrino radiation:
(KK+03,06, Walder+05,0tt+08)

Y Acoustic-power
Acoustic mechanism: (Burrows+. 2005,6, Ott+07) | (Burrows+06)

r (Marek & Ja

v¢ Extraction of rotational energy via B-fields

MHD mechanism:

(LeBlanc & Wilson (70), Symbalisty (85), KK+04,

Shibata+06, Obergaulinger+06, Sawai et al. (05),

Cerda Duran+07, Burrows+07, Suwa+07,

Takiwaki+08, Ono+09 ....) s (Takiwaki+08)




When/How GWs are emitted from Core-Collapse SNe?

Origins

when

Why ?
(Cause of asphericity)

Bounce

At bounce

(duration, ~100 msec)

Aspherical(:non-spherical)
motions of
rapidly rotating inner core

PNS oscillations

After bounce

(duration, ~ )

Aspherical motions of
matter
/inside the PNS

Anisotropic
neutrino
radiation

After bounce

(duration, ~ 1 sec)

Aspherical radiation of
neutrinos




v Order-of-magnitude estimation

R (ref. Gravitation & Cosmology, Weinberg
(t— =) Landau Lifshitz, Classical Field theory)
C

2G 1
TT — — T
! b7 (R) T A R A2 I?-:J

r 1

CTAMA ——
First LIGO ——
Advanced LIGO

Frequency [Hz]




Takiwaki & Kotake (submitted)

The bounce signal without B-fields The bounce signal with B-fields

3N X1B1(10kpe) ——— | [ ' B12X5R1({10kpc)
first LIGO ; o first LIGO

ced LIGO E L advanced LIGO
LCGT 1 Eo LCGT

flat due to the MHD effect.

e

Bﬂmce signals ' 10 100 1000 10000
. A Frequency [Hz]

[ ]

2

®
-I.'”l
2 sk
K B

[ ]

[ ]

[ ]

[

v Type IV waveform : an indicator of the MHD explosion !
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/ matter neutrino
x — x|

Epstein(78),Mueller & Janka (97)
2G (1
ctR

Neutrino anisotropy: degree of anisotropic neutrino

h, (t) = dtL,(t Ja(t) radiation (zero if spherical)

o - L, —1
Typical amplitude : | ~ 104! (L> ( _ ) ( ot ) ( i )
0.01/ \10°%erg/s/ \1 sec/ \ 10 kpc

7| ~ Rpounce ~ 10721 (10kpc) ~ as large as the one at bounce

Typical frequency : IO oo v v vouce o
- ' 3

by, ~ because the dynamical time scale is
determined at the position of
neutrino sphere, where forms

v, ~ i < 100 Hz further out from the center.
_ s

VGp 10 gem—

Frequencies of GWs from neutrinos are
to be lower than for the bounce signals (~ 1kHz).




GW amplitude 10kpe [1077]

GWs increase
with time !

e AT A~ A A

M13-2D/matter

M13-2D/neutrmo

M13-2D/total -

100 200

Time [ms]

300

Amplitude for SN at 10kpc

400 300 200 00 D 100 200 SO0 400
H [k H [km]

neutrino

2 L Neutrino GWs > Matter G

T LERLE | T B |
matter ————

10
Frequency [Hz]

v" GW from convection and SASI is broadband, f~ 1 — 1000 Hz.

v Wavcforms are divergent among models to models.

—  GW from convection/SASI has a stochastic nature

(governed by turbulent and chaotic fluid motion,non-linear hydrodynamics)
v For detection, the next generation detectors are required.



Neutrino heating with SASI Acoustic-wave mechanism

v The GW signals in the neutrino-driven mechanism
are so different from the acoustic mechanism.
v An important clue to the explosion mechanism.

GW EpEEtI'Ull"i
First LIGC
Svanced LIGO

=
h-r'-FT

1e-21 |

R £ "x""l"-.'lr'.qwﬁw
1823 | 1
[ @10kpc

J_!_:Ill M P | N PRI
10 100 0

Frequancy [Hz]




Liu, Yuk Tung (University of lllinois at
Urbana-Champaign):
“‘NS-NS and BH-NS merger simulations”

» Lecture 1: Formalism and Numerical Method

» Lecture 2: NS-NS Simulations

» Lecture 3: BH-NS Simulations



-EEEIREAFEX (EoS) > NSOEELFENMILITRENITHMN S,

-NS/NS:E £ °NS/BH:EZ

InspiralfF: B RIT{Ll=E0SIZ L7,

Mergerf : #/5 BiiE=>E0SIZ &k b,
=>mergerfFFNDGWER; N HE0SDIFHRM 5= H 5!

6 8 10 12 14
Radius (km)
Lattimer & Prakash, Science 304 (2004) 536



Fates of NSNS Merger

* Two NSs of masses 1.4M, + 1.4M, produce a %2.8M object after merger
»  What happens after merger?

* Maximum mass of a nonrotating NS: M, = 1.5—2.5M (depending on EOS)
= Supramassive NS: A rigidly rotating NS with M > M,

* Maximum mass of supramassive NS: M ~1.2 My,

= Hypermassive NS (HMNS): A differentially rotating NS with M > M

sup

GR simulations:

M, =17 Myq, for =2 EOS
Merger (Shibata & Taniguchi, PRD 68 (2003) 084020)
Mysns > My, Mysns < My, M, ~1.3—1.35 M, for stiff EOSs such as FPS,

SLY, and APR EOSs

BH + disk HMNS (Shibata & Taniguchi, PRD 73 (2006) 064027; Kiuchi,

l Sekiguchi, Shibata & Taniguchi, PRD 80 (2009)

064037)

SGRB?



Hypermassive Remnants

HMNS

ft E
h00 SUS SHff EOS
Mysns ® My,

Spheroidal Ellipsoidal

B-ﬁe\ Aqomns)
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Evolution of Magnetized Hypermassive NS

Duez, Liu, Shapiro, Shibata, Stephens, PRD 73 (2006) 104015
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Correlation between GW signals and Disk Mass

Kiuchi, Sekiguchi, Shibata & Taniguchi, PRL 104 (2010) 141101
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FIG. 3 (color online). Gf ,m,/c’ as a function of compact-
ness of a less massive binary component for all the models.
Sequence A(l) represents the models A2.9-0.8, A3-0.8, and R
A3.1-0.8 from left to right. In a similar way, A(2) is a sequence -1/6
of A2.9-0.9, A3-0.9, and A3.1-0.9, A(3) is A29-1, A3-1, and oc f
A3.1-1,8(1) 1s S2.8-1, S2.9-1, and S3-1, and F(1) 1s F2.6-1, F2.7-
I, and F28-1. The models below the horizontal line of
Gfoumy/c® = 0.02 can produce disks of mass = 0.01 M.
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Price, Larry (U. of Wisconsin-Milwaukee):

“Introduction to Gravitational Wave Data
Analysis”

® |Lecture |: Brief introduction to the
instrument and what it measures.
Introduction to time series analysis.

® |ecture 2: Frequentist vs. Bayesian. Bayes’s
Theorem. Decision Rules.The likelihood
function.

® |ecture 3: Optimal statistics for detecting
signals in noise.



Sasaki, Misao
(Yukawa Institute for Theoretical Physics):
“Black hole perturbations”

1. Introduction

2. Perturbation of Schwarzschild Black Hole

3. Perturbation of Kerr Black Hole

4. MiSaTaQuWa self-force

5. Adiabatic approximation to radiation reaction



Saulson, Peter R. (Syracuse University):
“Introduction to Gravitational Wave
Detection and the LIGO Detector”

+ What is a gravitational wave? 1. Multi-pass arms: Fabry-Perot cavities

How do gravitational waves interact with test 2. Other enhancements to interferometer OpthS
masses? * Power recycling

* How can we make a gravitational wave 3. A look at LICO Virgo nd GEO
visible with an interferometer? ' / /

* How to calculate interferometer response to a 4. Alook ahead to advanced interferometers

gravitational wave * alIGO
* Advanced Virgo

: . . * Congratulations to LCGT!
* Measurement noise vs. displacement noise

* Shot noise

* Radiation pressure noise and
the quantum limit

* Thermal noise

¢ Seismic noise



Vaulin, Ruslan
(U. of Wisconsin-Milwaukee):
“Interpreting the results of gravitational-wave
search: from detection to astrophysics”

® Sources of transient gravitational-wave signals.
® (eneric search.
o Working example: search for CBC in S5/VSR1 data paper.

- Introduction and Data Quality

Pipeline: tuning and detection statistic

Results: detection candidates

Interpretation: upper limits on rates of CBC
- Appendix: blind injection challenge

® Summary



B3 /(2))VIRGD
S56/VSR1 low mass CBC search

arXiv:1005.4655

4460

e Network: H1, H2, L1, V1

LIGO Hanford

- Hanford, Washington, USA: H1, HR
- Livingston, Louisiana, USA: L1
- Cascina, Italy: V1

o S55: November 2005 - October 2007

o VSRI1: May 2007 - October 2007

LIGO Livingston

e Searched last 5 months

e low mass, up 35 Msun CBC

UNIVERSITYof WISCONSIN

APCTP Pohang Korea, July 26 - 30, 2010 UWMILWAUKEE
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Upper limit on the event rate
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“Introduction to stochastic gravitational

Whiting, Bernard (U. of Florida):

wave searches”

Isotropic search
Implications

BBN bounds

Probing cosmic strings
Cosmic string models
Probing early universe
Pre-Big Band models

Conclusion
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Sky maps (PRD76, 082003,2007)

S4, alpha=0 90% confldence upper limit

D

Right ascension [hours]

Declination [degree]

e First upper limit map on point sources with
flat, broadband strain power spectrum



Spherical Harmonics

Versatile & more efficient

than multi-cell analysis | R

Can tune analysis depth K& nfrared
to quality of data (SNR)

Up to L=30 appears
possible from test data

Seek plots comparable to
those of CMB data, with
spatial structure evident
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