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LIGO Astrophysical Sources of Gravitational
Waves

Asymmetric Core

Collapse
Supernovae

- Weak emitters,
not well-modeled
(‘bursts’), transient

- Also: cosmic strings,
SGRs, pulsar glitches

Coalescing

Compact Binary
Systems: Neutron

Star-NS, Black
Hole-NS, BH-BH

- Strong emitters,
well-modeled,

- (effectively)
transient

Cosmic Gravitational-
wave Background

Spinning neutron
stars

- Residue of the Big

- (nearly) monotonic
Bang

waveform

- Long duration,

_ - Long duration
stochastic background
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Frequency-Time
Characteristics of GW Sources
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rico L1GO Laboratory: two Observatories,
Caltech and MIT campuses

« Mission: to develop gravitational-wave detectors,
and to operate them as astrophysical
observatories

. Jointly managed by Caltech and MIT; responsible
for operating LIGO Hanford
and Livingston Observatories

« Requires instrument science at the frontiers of
physics fundamental limits

Caltech | \
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G0 LIGO time line

now

2006 2007 2008 2009 2010 2011 2012 2013 2014 2015

S5 data run :;';'ﬁfn:',}:;ﬂ!':‘,ﬂ?n“g S6 data run Dark period

Advanced LIGO Project

* Fabrication, subsystem
assembly, and installation
~ 95% complete

* Interferometers

Commissioning & initial data
operational in late 2014 Adv LIGO With Advanced LIGO
. . Installation
* First science data begins
expected in 2015
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LIGO

Power recycled Fabry-Perot Michelson
with Signal recycling (increase sensitivity,
add tunability)

Active seismic isolation, quadruple
pendulum suspensions (seismic noise
wall moves from 40Hz to 10Hz)

DC readout, Output Mode Cleaner
(better use of photons)

~20x higher input power (lower shot
noise)

40 kg test masses (smaller motion due to
photon pressure fluctuations)

Larger test mass surfaces, low-
mechanical -loss optical coatings
(decreased mid-band thermal noise)

* Fused Silica Suspension (decreased low-
frequency thermal noise)

Advanced LIGO

End
Test Mass

Cavity

Photodiode

Recycling
Mirror

Signal
Recycling

Laser Mirror
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Displacement [mAHz]

LIGO

~16| | —— Feedback to Frequency
~——— Feedback to Length

Phases In installation

deinstall in-chamber

clean

[

IMC noise budget at GPS 1029725572

10 10° 10' 10° 10°
Frequency [Hz]

< "'

install
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LIGO 10X more sensitive, >10X harder...

* 14 unique fabricated parts « 188 unique fabricated parts

* 68 fabricated parts total - 1569 fabricated parts total

165 total including machined « 3575 total including machined
parts and hardware parts and hardware

Test mass suspension

Test mass suspension
From Advanced LIGO

From Initial LIGO

Landry — BNS INT 30 Jun 2014 - G1400727-v1



a0 Installation progression

Advanced LIGO installation start : Oct 20, 2010

Livingston Observatory was the pathfinder
» Natural progression from laser, to input optics, to corner test
masses, output and finally, arms
Hanford Observatory had more complicated path

» 4Kkm instrument was frozen for ~6mo, then a squeezed light
experiment run for ~1 year

» 2Kkm instrument deinstalled
» LIGO India evolved

» Deinstalled the 4km machine and commenced installation

Philosophy : get to testing as quickly as possible

Landry — BNS INT 30 Jun 2014 - G1400727-v1 15



Yeo Optical configuration

™ | |GO Hanford: start

A . .
! with single arm
| Test Masses:
\ | fused silica,
H 34 cm diam x 20 cm thick,
Input i 40 kg
Mod |
Cle%neer |

v |

o H|

< , 125 W FAM B __J " cp
[T o[BS rrzen | | i

T BS H_ T 815 kW

( 5.7 KW "/ ﬁ

/e ‘

- i “ |

T=1.4%
LIGO Livingston:
start with vertex
T=20%
SAM [ |
V @—»GWreadout
e
v
Cleaner
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LIGO LIGO Livingston Install

l | ERM

Mode
Cleaner
Laser

® Recycled vertex Michelson
» 2 test mass quad test mass

suspensions

Input

125W

5.6 kW

PR2

ETM

PR3

» Input and output chambers:
mode cleaners, recyclers

» Sensing and control electronics

sr2 )

T=20%

Test Masses:
fused sllica,
34 cm diam x 20 cm thick,
40 kg

T=1.4%

ETM

ERM

GW readout
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LIGO

noise
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Pre-stabilized laser

Frequency noise measured at
Livingston

3 W input to IMC

noise between 10 and 100 Hz is
already better; expect to meet
spec without difficulty
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40 HAM installations

« For LIGO smaller chambers (“HAMs”), we install the seismic
isolation platform into the chamber, and then populate it in situ

LLO HAM installation

19



LIGO

LIGO Livingston input mode cleaner
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MICH, m/Hz '

LIGO

Livingston DRMI

Dual-recycled Michelson Interferometer (‘DRMT)
» Power recycled Michelson locked on DC readout, calibrated

10 T m s T Eas
b e e
R Measured noise
B
_7 i Seismic (sum of ISI GS13 sensors)
10 gV =-—-—-— = . |
| Bosem (sum of all suspensions) E
]
I Intensity (measured by POP QPD B)
8 R Thermal (BS and ITMs)
10 pr=2z B R RN TR Frequency (IMC dark + control (>4Hz))
| Null (OMC PDA - PDB)
|
» | Shot
10" e-7o-oo EIEEER R R Sum 3
E 4
E B I i
r I 1
10—10 PR S N WA, i [ A [ S S

PRMI Configuration, DC Readout

Frequency, Hz

10

3

ITMY

PRM .-

S

Light transmitted past the
output mode cleaner
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LIGO LIGO Hanford Install

A
Test Masses:
4km | fused silica,
: 34 cm diam x 20 cm thick,
; 40 kg
v

PR2
ETM

PR3

Input
Mode
Cleaner
T=3% t =
PRM ‘ ’
f 5.6 kW
- /]

| 800 kW |

ERM

® Half-interferometer (HIFO)

» 2 test mass quad test mass
suspensions

» Input chambers: mode cleaner,
recycling
» Arm-locking scheme

PD

Qutput
Mode
Cleaner

22



0 BSC installations

- For LIGO large chambers (“BSCs”), we assemble a cartridge in
a given hall, and then crane it into the vacuum envelope

——y

End Y mirror

Y mirror

cornerstation

23



LIGO

Hanford single-arm integration

* New lock acquisition strategy developed for Advanced LIGO

resonance

 Therefore, commissioned single 4km arm

The 3 vertex lengths are controlled using robust RF signals
Arm cavities are brought into resonance in a controlled fashion

Arm Length Stabilization system controls each arm cavity, putting them off-

105 PR g T[Tl oLl T1oL
s HEP| ON - ISC ¥ - No Semsor Correction - 15| Damging
s HEPY O - ISC ¥ - Sensee Correction - S| Damping
s HEFY OK - ISC ¥ - Sensce Correction - IS Damping + STI L4C 250mHz
04 AAAAAAAAAAA s HEP] ON - ISC ¥ - Sensee ction - S| Damping + STI L4C 250mHz + ST2 G313 100mH:z
1 PP = A N T N R | et HEPY OK - ISC ¥ - Sensce Carrection - IS1 Damping  STI LAC 100mHz + ST2 G513 100méz
— \ s HEPI ON - ISC ¥ - Sensee Correction - IS1 Damping + STI 240 250mkiz + ST2 BSI3 250mHz
A \ s HEP| ON - ISC ¥ - Sensce Correction - 151 Damping + STI T240 100mHz + T2 6513 100mkz
3
10
—_ A Y
N ~ na
I 2 U
g 10 EEEE@:
~
£ i
N
= 10
ko] Y
2 T,
€ 10
) i i
= T
1 2
10 H
. :
-2
10 i
3
3 |
) 10 -1 0 1
Landry — BNS INT 30 Jun 201 10 10 10 10

Frequency (Hz)



. i Arm length stabilization

Auxiliary
ALS Comm Laser
X-PSL Inference
ALS Diff

‘ X-Y Inference
Y
/ J ETMY
N
j ITMY
Second Auxiliary
Harmonic Laser

Generator
——2— . IR

Pre-Stabilized </ (] (.
Laser BS ITMX ETMX
- D, 1)
/
PRM

Landry — BNS INT 30 Jun 2014 - G1400727-v1




LIGO Hanford HIFO-Y

Half-Interferometer (‘HIFO')-Y arm

» Green light demonstrated to allow a
continuous controlled positioning of
cavity e Mobe S

» Fluctuations of the HIFO-Y length Carer - MCZU\E /N[
periscopes in corner and table motion)

~5 Hz RMS (meets noise requirement ' 3
JA Power >,  PR2 ”{"
a2~ Recycling NP
Cavity .
and modified suspension control filters

of 8Hz)
for known mechanical modes | =

» May require acoustic mitigation (in-air

Frequency Fluctuation [Hz/SqrtHz)
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LIGO What's left to align? Everything is
in the vacuum envelope*®

LIGO Livingston LIGO Hanford

ETM
A
i
i
I
. Test Masses:
' szs;e I;I::;eas. fused silica,
| 3 = 34 cm diam x 20 cm thick,
4km 1 34 cm diam x 20 cm thick, : Input : 40 kg I
Input i gdolkd Mode
i —
Mode I Cleaner
Cleaner |
I
¥
. IT™ T=3%
- PRM
< 2 125wPHM 1 “Tcep o | o [FTH25 W] »,‘
[ Laser oo |52 ~>{F] i | s L M ETM o :
r 815 kW 1 5.7 KW
[ 5.7 KW ”—'Hl “ |
a 7 L | D
T=1.4%
. T=20%
= L SAM
SAM
|
PD
PD ( >—»
- GW readout
- —[>( )—» GW readout - readou

Output ?Jll:::z
Mode Cleaier
Cleaner

* Almost.
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LIGO
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Full locking at Livingston

J Very preliminary!
From online log
; Calibration only

good to ~X2

0
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iLIGO

LLO 1-June-2014: 0.292 Mpc
LLO 12-June-2014: 1.838 Mpc
LLO 28-June-2014: 2.934 Mpc
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LIGO

Science

Binary neutron stars

 Initial LIGO reach: 15Mpc; rate ~
1/50yrs

« Advanced LIGO ~ 200Mpc
« ‘Realistic’ rate ~ 40 events/yr

Table 5. Detection rates for compact binary coalescence sources.

IFO Source? Nigw yr~! Ne yr! Niigh yr™! Nipax yr!
NS-NS 2 x 10~ 0.02 0.2 0.6
NS-BH 7% 1073 0.004 0.1
Initial BH-BH 2 x 10~ 0.007 0.5
IMRI into IMBH <0.001° 0.01¢
IMBH-IMBH 10-4¢ 10-3¢
. NS-NS 0.4 40 400 1000
Rates paper: Class. Quant. Grav, AN o 20 o
27 (201 0) 173001 Advanced BH-BH 0.4 20 1000
IMRI into IMBH 10° 300°
IMBH-IMBH 0.1¢ 1°

Landry — BNS INT 30 Jun 2014 - G1400727-vI 29



LIGO - Qurrent guess for |
sensitivity evolution, observation

2
1 0 " 1 | 1 | 1 |

Vertical scale is the -

. 6 months
number of binary | e 3 momth 3rd run: >6 months @ > 150 Mpc
inspirals detected ———2months

Rates based on 10' |
population synthesis,
realistic but uncertain

LIGO Scientific
Collaboration (LSC)
preparing for the data
analysis challenge

Close collaboration
with Virgo
Early detection ™ = [ffesisscesisncaséansscanassinnsacaananiscnssanana '

looks feasible 10 1 year @ 15 Mpc

N I x Volume x Time

events 3
arXiv:1304.0670, Mpc™Myr

. 103 ! 1 I I I !
arXiv:1003.2480 20 40 60 80 100 120 140 160 180 200
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2" run: >3 months @ 100 Mpc,
“likely” detection

(=]

—
o

Number of events

.
ol

15t run: 2 months @ 50 Mpc,
“possible” detection




Ja0 Summary

Advanced LIGO installation is
drawing to a close, and rapid
progress is being made towards
2hr lock

We expect to make first science
run with the second generation
detectors in 2015 and 2016, runs
which may produce detections

We will press onward with
sensitivity improvements to design
sensitivity

We expect gravitational waves will
be detected in the coming few
years

Light at the end of a tunnel
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LIGO

Tours of LIGO Hanford Observatory

Saturday July 12t
Saturday July 26%

michael.landry@ligo.org



LIGO

Some things you'll see




Some things | hope you won't
see...
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How many more miles?

About 320km east of Seattle, or about a 3 hour
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