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Smoke, Mirrors, Big Bangs and
Big Scientific Payotis:

An outline in
using an interterometer network to conduct
astronomy.
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pi Outline of Talk
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Historical Perspective = _GW Detection
Gravitational Waves - - Signal{dentfication %
e Types —
— Intro physics ,  Instrument networks
- GW Sources R Analysis methods
_ “\ivisble” GW sources - Instrumentation consideration
GW Detectors AN ASTTOnONly
: — Source localization
. Essential Idea -+ - Understanding astrophysics
ROAL Pioneering teChnOlOgy - Complimentary observations
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Observations by ancient
cultures

85 AD: Ptolemy, first
theory built'on known
observations

1564 AD: Galileo births
observational astronomy

1905 AD: Jansky fathers
radio astronomy

Arecibo _Radi‘
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«  Astronomical “Observables”
& Stellar Dust to Stellar Cores

- Stellar format

are gravity

The Planck one-year all-sky suruey Eesa () ESA, HFT and LFT consortia, J
AN =T e &
¢+ Bulk masses are also

"~ accelerating.. |

- Is there a gravitational analogue to
radiation-emission from

g accelerated charges?
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General Relativity
Down the rabbit hole

curlouser and curlouser views of gravity

If | had a world of my own,

i everything would be
| nonsense. Nothing would
be what it Is because
. everything would be what
» + Wwhatitis it wouldn't be,
~and what it wouldn't be, it
would. You see?

Alict1%fe in Wonderland, /
Lewis Carroll~._ S

oF. itisn't. And contrary-wise; /

= NewtonsGrawty

= lnstantaneous {(action a
a distance)

- A force (mechanical)

- EInstein's Gravity

- Limited by speed of
light!

- Geometrical

- What about every day

gravity?
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" Gravitational Radiation 101
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Universe chtent

“Actlon/SWape” =
Einstein Tensor

- “Content” Stress
Energy Tensor

Linear Regime

i {é..

- Point Sources
- Flat space times
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Gravitational Radiation

| S e T
; HLW big is this wave?
- As expected on earth le-
18m H

- Wave has two
polarizations!

/

- Cross
g
(
®
» - Plus

&
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Gravitational Wave Sources
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* Sources for ground based detectors
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: ’I terferometric

. Michaelsc??

 Fabry Perot
Michaelson

Resonhant Mass
Detectors
e Cylindrical
e Spherical
-+ Others
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Designing an Interferometic GW
= Detector
I = ==
- IGW Slgnals cause B
differential space- tlme
distortion =

e

Polarizations

— Cross “x
- Plus “+”

- Wave Properties

Output light intensity in Slmple Michealson for 1 GW wavelength

{a 2

®
— Transverse

- Speed of light
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* Interferometric GW Antenna
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More realistic detector
= Fabry-Perot Michelson
Instrument arms

3 Fabry-Per% cavities - T
~ Store lightf increasing ‘, 2
sensitivity
- Signhal Recycling
Optic

- Increase power of
resonant light

Input mode cleaner

N —
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- Sensing differential
g LIGO-G1201266-

motion has evolved
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Detector Performance: Historical
Perspectives
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Detector Evolution: Historical
-Perspectives
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Instrumental Controls




Real Instrumental Controls

1 LIGO-G12(
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Ideally, NULL

Feedback iff control
Signal ba dth ,phase
and inputs known

L1IGO-G1201266-v1
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10 W 10 k Power Hetero-dyne Single

— LIGO-G

Laser errors Layout Readout Selsmlc

10 kw Recycling RF Pendulum

40 K Dual Homo-dyne FF + Multi
J Recycling DC Pendulum

= Cuttlng Edge Detector Technology

Software —

Off-line
analysis

Real-time”
analysis
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* Sources for ground based detectors
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* . Compact Blnary Coalescence

[ ' :
- Use tqeoretlcal

knowledge to construct
signal models '

| Detector Nolse with Slgnal Overlay

- Compare models to
observatory data

CIJI
= I
=
=
E.I
E_
o

- _Account for
environment

+ Compare common
Interesting events

DETEC Tl?N

- If events pass criteria...
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A Matched filtering
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swaveformindata? =
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- Stationary noise

"~ SNR direct me
significance

- Integral maxi 7 | ———
Lﬁ-(f): | 0,2 —4 foo -|h1Mpc,m(f>|2
Non-stationary noi ~—7 0 S (f)df

- Significance'!fn sures =
function of time —

"--\__‘__
%‘:
\Q
- \
_______ ::
LIGO-G1201266-v1 >y

-
L 1 )



3 Filtering Complications
(White Neise)
(IZriIticaI Aésum'ritioh.s o

— Stationary Noise

- Signal properties well understood /
Real Noise

Amplitude (arb)

- Limited stationarity epochs
- Noise impulses, “ring”
- Unknown “color”

; Signal | w ||ﬁ||' : }l. Ill .|
5. - Signal waveforms “discretized” o .';.,il: 1'|I;|:" H'iili
(92ps) $oop
® - |nitial phasing unknown "n'|.”‘| i 'I".”"u Htw I'I

&
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. Filtering Complications
(Unstable W&k

: (IZriIticaI Assumptions

~ Stationary Noise —

- Signal properties well understood / ;

Real Noise

farb)

Amplitude

- Limited stationarity epochs
- Noise impulses, “ring”

T Unkn OW” “COIOr” ,' 0.8 z(t): Matched Filter Output {w Ringing) for OFfset Waveforms
- Signal
1~ - Signal waveforms “discretized”
(9aps)
B =

— Initial phasing unknown

-

&
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Detector Characterization

Understanding “real” noise sources

Seismic Isolation
Flatform

local I:J'ﬂﬂwh'lg
control
Top Mmss
i BOISEM s i clicain d
A BOSEMs reaction chain |

-

DC =1 Hz
= 10N

| '|1|h,'| Intermedsie Mass o
S BOSEM s reacfion choam L !

.l----'-'l-"l'l“""-
Pemnultimate Mass
4 ADSEM: reacieon ciunin

qiobal
longitudinal
conirof

| == State—space Dynamical Model A o e e . liest ?un;: | DE‘_. -1 :}l.‘:‘NHz

| H2 Input Test Mass Suspension (2012-02-16 - - S - Slecirogiatic Lvin

===H2 End Test Mass Suspension (2012-05-25) | ' i ; : pilch & yaw |
0 canirol

10

Frequency (Hz

-1

ntarfaromater measuramans = digial confryl —

£

_=. L. Carbone et
LIGO-G1201266-v1 al (CQG, 2012)




. Detector Characterization

Understandlng ‘real” noise sources =
| ] ' e e

- Techniques: 10 OOOS degrees of
~| Automatic monitoring =  freedom for
» Identifying damping.loop = ~Advanced detectors
limits/stability ;
» 'Monitoring external - Existence of
correlations to output correlated noises?
- Manual monitoring
} it Ttalment - Physical intuition still
S T . key component of
f =" Detiticrte o 8w orid

&
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“Practicing” Detector
Characterization

GEORUN_SQZOFF_G1:DER_DATA_H.ccl SNR
. ™

| MGOSIABsaudo-Transfer Function :
|




- Global GW Detector Network

- |[LIGO (United States)
— 4km (Livingston)

- (4km & 2km) Hanfordi—
- Virgo (French/ltalia '
- 3km (Cascina)

B! GEO (German/British) o "oy
- - 600m (Sarstedt) s v
- TAMA (Japan) |
- 300m (Tokyo) S

- LCGT
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« High Perfdrménce Computing |

LIGO Data Grid
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Matched Matched
Filter Filter

Ellipsoidal Coincidence Test
Mass, Time parameters

Result of Network Analysis
DETECTION
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Example search infrastructure:
IFO

1Detec:’mr Noise with Signal Overlay

0.8
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* Astrophysics: Parameter Estimation
. Talk about CBC =
estimations
- X-Ray Binary
e Microguasar (radio)
« HMXB
- NS NS mergers

- Impacts Stellar Dynamics

‘- Test of GR, or alternate
theories

oo

&
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Errors In Sky Pomtlng and Dlstance
- Sky Pointing: “timing’ 5 I

a t1on
L1 trigger:

- Template choice

- Initial phase

Est. DistanCe: “SNR"
- Data quality

- PSD estimates
“Ignored” errors

s —.Source polarization

- “Simple” search
assumptions
1 LIGO-G1201266-v1 I

~ L1H1:H1V1
Effective Network Antenna Response




— Neutron Stars Binary
- NS - Black Hole
- BH— BH

- Electromagnetic
emission

1 = accretion

— kilonova
- Unknown

o

&
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’ Coalescmg blnarles

Jet: ISM Shock Glow —

o Optical Hr— Days
— Radio Years

St AR

Kilanova Shockbow
(Optical 1~ day)

I"-

Sources for EM Counterparts

Observing
Angle

ISM Shock:
Radio (yrs)




i Coordinating GW and EM

® .
- Astron %
- Transients ' =

Isible afterglow

- = Post-facto wide fi survey-
searches (think archi
: Fullejtroph ICS
- Internal dynami
) ~ Useful for constraining stellar
dynamicalimodels

R9=1E(cle)

- On-line source DB 'GraceDB'
| . . &
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Laser Mirrors Layout Readout Seismic Software |}

10 W 10 k Power Hetero-dyne Single Off-line
10 kW g Recycling RF Pendulum  analysis

1BOWS 45, Dual Homo-dyne FF + Multi Real-time* o
700 kW g Recycling DC Pendulum  analysis &
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Laser [Mirrors Layout Readout Seismic Software }

: 10 W Power Hetero-dyne Single Off-line
ILIGO 10 kW 10 kg Recycling RF Pendulum analysis

180 W Dual Homo-dyne FF + Multi Real-time*
aLlGO 700 kW 40 kg Recycling DC Pendulum  analysis

gw "‘:" %v,'("\'._-—" . = v A —
RN <>,
TEEEN o

=
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Laser Mirrors i

10 W Power

10 kw 1ol Recycling
180 W Dual — __
700 kW e Recycling

Mode
Cleaner

Power
Recycling

Cavity PR2

4 km

Readout
Hetero-dyne

RF

Homo -dyne

..DC

<>

SRM

|

Beam

Splitter
Recycling
SR3

- . -& L

D N YEno‘

Test Mass \

Signal

Cavity

Output

Mode
Cleaner

Y Input Test Mass

1
(

I

Pendulum

FF + Multi
Pendulum

X Input Test,Mass
]

720 kW |I:|l r
l

Seismic Software |}

Off-line
analysis

Single

- A

X End
Test Mass

Differential
Arm Length
Readout

Real-time*
analysis




Laser Mirrors Layout
10 kW Recycling

700 kW

.
4 =4

Recycling

k‘ k‘\ -

Readout
iLIGO 10 W 10 kg Power Hetero-dyne

RF

DC

LN AT

Y End

!

Power v

A A
1 |
L} |
HETERODYNE (RF) - -
i :
| |
1 ]
L I |
optical frequency rf -gW  +OW  4rf SRM.

optical frequency -rf  -gw T +aw  +rf

laser carrier —/

PRM Recycling
Cavity PR2 —_—
n
125 wld

Test Mass

Y Input Test Mass

aLIGO 189W  40kg Dual Homo-dyne * ' FF + Multi Real-time

X Input Test Mass

5.1 kW é Beam
PR3 Splitter

Signal

Recycling

Cavity

* Output
Mode

HOMODYNE (DC) Cleaner

720 kW

Differential
Arm Length
Readout

Seismic
Pendulum  analysis

Pendulum  analysis

X End
Test Mass

Software |
Single Off-line

carrier power at the antisymmetric port

Difference in arm lengths



Laer Mirrors Layout

10 W
10 kW

Power

1ol Recycling

Dual
Recyclin
o5 TN N AL RN

Single Stage

Pendulum

Active 1

Control o f

40 kg

Passive
Mass Spring
Damping Stacks

@ /
> : \
PR |

|

2
J
(B i

# N

Readout

Hetero-dyne
RF

Homo-~dyne

Seismic Software |}

Single Off-line
Pendulum  analysis

FE + Multi Real-time" Shes

Pendulumy analysis =

2\ b‘v
\ 4 Stage
B Pendulum

Mixed
Control

Active Payload
Isolation Table
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Laer Mirrors Layout

" 10 W Power
ILIGO 10 kW Loke Recycling

aLlGO 80W  sokg o

—a
/ 4
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Fri

S
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GEO 600
7 LIGO Al
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Canada
Hay
MB
SH
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0 .' Al MO
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Wil | Ay o
WY
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ny—= we'o o United States N

LIGO-G120 4

Gl of.
Gulflaf

500 mi Calfornia \ 2
|—|—| México Meyico
1000 km ;

RED EY

Google

Recycling

\ - \\- \\-\ h

MW User CPU O Nice cPU W System CPU

GWistat - Iier 82 21:20 UTC

i“f;hﬂ:i EE
(5 uY o O o WV \
hVeto jHope i ? L @ \

Readout

Hetero-dyne
RF

Homo-dyne
DC

Load/Procs

O1-min Load

HH:MM

129

Virgo [INEENEEEEEN c03:08

Seismic
Single
Pendulum

FF + Multi
Pendulum

GeneralStatus Operations

s

Tus=
M Running Processes

.:1nd

o]
Ireland g !:i Poland S
Germany

Bay of France .
Biscay

Spain

k. Portugal

Morocco

Algeria

Western

Sahara
lap data B2012 Google, INEGI, Tele Atlas, MaplLink -




DARM ERR - Calibration to be confirmed!!!

. % - Tweaking the Detectors
|

— Supress Counting

Noise (Poisson) F |
- Qvercome 'quantum’ RN /i

Magnitude m / \Hz (*)

uncertainties; trading e
 Phase noise
e Amplitude noise
o/ Requires 2" laser

Prototypes completed

- Tested at 600m GEO
— LicObservatory

Frequency (Hz)

-—
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Tweaking the Detectors

T — 4 B e e e P -
S ._-"":4?‘_-.: ‘_-_‘L ‘. - _-ﬁ. - - — ’- -
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e . — —— i —
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— Noise fromlocalized N %
mass distribations . ==
(not gravitational
radiation)

ewtonion Noise e

—
-

- Control systems / s
reflexively feed back / s
to optics suspensions




The road ahead!
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GW Astronomy"*~

[

Begins!
aLIGO
Era Begins

Some items already completed!

iLIGO component removal

aLIGO components under construction
DAQ system installed and running
Major components being installed
Seismic,Tubes,Laser,...
Cleaning of components and chambers

~ T T
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Torus Site
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