1GO and the Beginning o1
Gravitational Wave Astronomy
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What are
gravitat

0N3

waves?






Waves occur naturally nearly everywhere




Astronomy with light
||| Electromagnetic\Wave Windows .

X-Ray Optical Radio




NASA




General Relativity

Matter tells spacetime how to curve
sSpacetime tells matter how to move
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Gravitational waves

Ripples in the fabric of spacetime
generated _by the acceleration of matter
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(Gravitational waves

CauUSe very tiny AIStortions to space.

Only VERY MASSIVE oDjects moving REALLY FAST
emit gravitational waves strong enough to detect their passing.

NASA



What makes detectable
gravitational waves ¢
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Abinary black hole coalescence
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Abinary black hole coalescence







How does LIGO detect gravitational waves?




How sensitive is the LIGO experiment?



\Where are the LIGO detectors?

' LIGO Livingston
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Localizing the GW signal in the sky

Probable location of
merging black holes




The world heralds a new era of astronomy!
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Results Trom the first observing run

September 14,2015 October12,205 * *~ . = . . December26,2015
. CONFIRMED - CANDIDATE ~ *-~ ~ ~ . . " . CONFIRMED

°
-------.----1 <~
/\Q e

§ %
»
»

0 ‘e .
> /\
; ¢ ¥ . o
.
. = ) : . :
< °
: : .
S . : . :
« ~ :
’ . . P / : : " p
] s . - :
) . P ,‘ 4 . » y 'y 4 A .
. - " - . - : »
' . D : . .
.\ - y - » -
» » s . . . .'
- _ »s ' . » > ‘“ . p
. . of . » -
y . i 4 y ) :
. 9 | 2 oe ¥ . .
- . - -
' " - > : 'y
- 5 - ® -
. - . . : . y . - .
' ) 5 . -
y . » ’
" . b ) . . o -
o . “ . » " y
Sl - oF * N ¢ e : '
" - o’ - " - » .
. A ]
o v e e ' &od P 4 : ’
- " “e. B
. : — . "
. :
.
.
»

)
e
> )

L------
L)

-----‘--’---

.
,
-

- - -
N b Iw bo
[\ 3 <

» . 9 -
- . R ° ®
ke » ‘' - b o® - - * o
- & .

R -
- B 0 \-
.- F.\

..'~"._‘;.
> x3-3

: :) o 5 [ J
LIGOSHIrStobsenving ran

septemberiZ; 2015 = january 19,2016

. ]
’
»

September 2015 . chob'ef 2015 Noverhbé(:2015, ~ December 2015 ~ January 2016



Results from the Tirst observing run



Solar Masses
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LIGO sensitivity: past, present, and future
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LIGO sensitivity: traditional noise regimes
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Technology to combat shot noise:
iIncreasing circulating laser power
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| IGO’s lasers

Nd:YAG
1064nm pre-
stabilized laser

Designed to
Input power
Into the
iInterferometer
of up to 180
Watts

O1 input
power: 20W
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Control loops stabilize laser light in both frequency and
intensity to reduce the introduction of noise into the interferometer
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Technology to combat thermal noise
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Material science;
Improved optic coatings and optic suspensions




Technology to combat seismic noise
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Seismic isolation: active isolation
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-uture prospects: the global GW network
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coming rall 2016

The second LIGO observing rur



Challenge for higher power: thermal distortion

A small fraction of laser power (on the order of 10-100 mW) is
absorbed by the arm cavity mirrors as heat.

Uneven heating over the mirror surfaces induces thermal lensing
which cases the shape of the mirrors to distort.

Thermally-distorted wavefront: Wavefronts should ideally look like:
— <\‘| — <\\\ \

<—1I
|

Bumps & temperature gradients Uniform temperature & smooth
curved faces

I

Adapted from A. Brooks G1300218



Thermal compensation

Native central Annular compensation More uniform thermal
response

heating from beam heating

The thermal
compensation system
mitigates thermal Hartmann
lensing effects from Sensor
light absorbed by the
optics using:

« Ring heaters

« Laser projection

SLED

ring heater

% — |

CO2 laser projector
With tunable heating profile

Adapted from A. Brooks G1300218



Challenge Tor higher power: parametric instabilities

Transfer energy from the laser light arm cauvity field to the
mechanical mode(s) of a mirror through radiation pressure

Mirror mechanical mode Light cavity optical mode

-
&

-
-
-

PRL 114, 161102

An example of a mode set with resonance at 15.54 kHz that produced a
runaway feedback effect at LIGO-Livingston at 25W circulating power.



Parametric Instabilities

What effect do they have on the data?

850 LIGO-Livingston h(t) data channel

1000« Data pollution

e Loss of control of
the interferometer
cavities (“lock loss”)
when actuators are
saturated
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How did we deal with these during O17

Thermal compensation! Change the radius of curvature of the
mirror enough so that the resonance mode frequency Is shifted.



Parametric Instabilities

First parametric O
i1nstabi|ity observed power Design power
0.8} * Thermal
: compensation alone
0.6l | won't be enough at

o
- —

O
N

Probability of at least N Unstable Modes

1 2/ 3/ 5/ 10/ 20 40

higher power!

Will need active
damping, which we
are equipped to do
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PRL 114, 161102
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