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Thunder and lignhtning

oooooooooooooo

SO S _ B _ S P _ S S _0_ 0 _0_8_0_0_0_0_0_0_0_98_9_90_9t_s_9t_9"_9o_9"_

THUS Tar e e only:seen the Uql\w/’e‘r“éé [@nd-95% of it
ISidarkEdarkmatierand-dark-energy).
N inethenextiew:years-we Wil -finally be able to

isten:tothe dniverse.
s wili-be revolutionary!




Outline

® | ecture 1: Introduction
to gravitational waves

| ccttireizZscetesting

gravitationa

WElVES

® | ecture 3: what we

might learn from

gravitational waves




e Alternatively stretch and
shrink the distance
between points




x (Gravitational Waves are Very:Very:very weak

x Fractional strain at Earth due to strong GVVs:

AL
h — ~ 107

L




Bar detectors

x [nvented by Joe VWeber

» Strain from GWSs excites
resonant modes of bar

x Cryogenically cooled,
SQUID sensors

x Narrow pband. ,
Surpassed by LIGO ¥ it




Bar detectors

Hy | - > / f}

COINCIDENCE TIME MARK —1 MARYLAND DETECTOR

FIG. 2. Argonne National Laboratory and University
of Maryland detector coincidence.




Pulsar timing arrays

x A millisecond pulsar Is an exceedingly stable clock
(oetter than best atomic clock)

x Observe many pulsars, and ook for timing
residuals (20 NS over a year)

®x [hese come from GVVs at source (uncorrelated)
and at Earth (correlated)

®x Can detect GW
periods of ~year

= Band:
10 10 2 2




black holes with

ssive binary

ItIVE

% Sens

| pulsars
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» Improve network by f

orbital per
® Frst detect



Atom Interterometry.

e Use a cloud of cold

atoms as an
inteferometer

e Use two separated

clouds: each one
measures phase

e Probe both clouds
with a single laser

e Measurement of

X1

phase differences Position

detects GWs



INterterome

NORMAL OPERATIONS
Beampulse!  Beampulse2 Measurement

arsesss .0’ Treeen .’

Uhracold Superposition
atom cloud
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| aser Interferometer

® Measures exactly:what you:want

x | OfS O SOUrCES OFNoISE:
= thermal
® Seismic
® Shotnoise
% quantum

x Need a very very fancy interferometer!



| aser Interferometer

® Mirrors are “freely fallingtestimasses

n |nterferometeris atransducer:GWs:are
turned into:photocurrent

%_# oL e ef

t=3T,,/4

Tlme



- \ichelson:interterometer:
x gquadruple pendulum; 40 kg end masses
= dual-recycled Fabry-Perot; 4 km arms
x 180 W laser (>700 kW per arm)
= gctive isolation (fiow~12 Hz)




. Detectors are currently
bemg &gmﬁcantly upgraded

e Will be operating at advanced

sensitivity in about & years - -
LIGO (Livingston, LA)

e Coming generation of
instruments expected to
make the first detections!




Best sensitivity achieved in each LIGO science run
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Best sensitivity achieved in each LIGO science run
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Sensing changes over 4 km
to a thousandth the size of a proton



Best sensitivity achieved in each LIGO science run

1st science run
2nd science run
3rd science run
—— 4th science run
5th science run
-=== 2 km reference
- 4 km reference |

Seismic | w

, o “mﬂ ......
noise - Ea ‘ “ .ng::f “‘...mlill""" .

Frequency [Hz]

Thermal noise
Photon shot noise



Parameter Initial LIGO Advanced
LIGO

Input Laser 10W 180 W
Power (10 kW arm) >7OO kKW arm)

Interferometer Power- Dual-recycled
Topology recycled Fabry-Perot
' Fabry-Perot arm cavity
Wh at IS arm cavity Michelson

Michelson (stable RC)

advanced?

Optimal Strain 3x 1023/ rHz | Tunable, better
Sensitivity than 5 x 1024/
rHz in
broadband

Seismic
Isolation
Performance

Mirror Single Quadruple
Suspensions Pendulum pendulum




Advanced LIGO sensitivity

N
o o
<
Z
S
©
-
)

Hanford 4 km S6

Initial LIGO Science Design Goal

alLIlGO Zero
Detuned
(Low Power)

A

aLIGO Binary Black alL1GO Zero Detuned aLIGO Tuned
Hole Optimized High Power High Frequency

10% ! 6 7 8
4 5 6 789 2 3 4 5
10 2 3 100 1000

Frequency (Hz)



How well does LIGO do?

x Encapsulated in the signal-to-noise ratio (SNR)

x SNR In a detector IS a function of the noise
curve of the detector as well as the wavetorm

(amplitude and frequency) of the source
2

~

mas (h(f)
SNR=4 [ Sl

. Smin
x h(f")is the source GW waveform (Fourier)

= S, (f")is the spectral strain noise density



| |GO detects noise!

Time (sec)



Can extract signal from noise

Time (sec)

Red: binary black hole merger at 100 Mpc

x Data analysis challenge



Only find what you look for
x Matched filter search has greatest reach

x Need excellent wavetorm templates to analyze
data

®x Huge numerical and analytic effort to determine
waveforms from supernovae and compact
object binaries

® Problem Is solved for equal-mass, circular,
slowly spinning binaries

x Problem is not yet solved for larger mass ratio
or highly spinning/eccentric binaries



e Assume GW emission plus Kepler’s laws:

dP 98 _ 15 (20M o
dt 5 P

:—34xu)”(

M 1hour)”3
M., P
e This gives the full time evolution/waveform



Only find what you look for

Inspiral Merger Ringdown

Known - supercomputer = known
1000 cvcles . simulations |

® [hree phases of binary evolution






Only find what you look for

®x Analytic methods:
® post-Newtonian expansions
x cffective one-body formalism

®x Gold standard: numerical relativity
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LIGO/Virgo finds something!
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LIG/Vigo finds nothing
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Sky sensitivity

x Sensitivity of a single
iINnterferometer

x | [vingston and Hantord
are closely aligned, so
as to see same
polarization

® | |GO sees a peanut on
the sky

® Need a network to see
the full sky
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Sky localization

® | ocalization comes primarily from timing
® [WoO detectors produces an annulus on the sky




Sensitivity &
| ocalization

® \lore detectors
IS better

® A detector In
India IS
essential to
cover the sky




Advanced LIGO timetable

N’\
o
I
N
=
o)
e
-
—
[}
=
©
o)
.
o
-
=
©
-
)

b
C)l
N
w
T

—
oI

[ mmEarly (2015, 40 — 80 Mpc)

Mid (2016-17, 80 — 120 Mpc)

| WLate (2017-18, 120 — 170 Mpc)|
- | M Design (2019, 200 Mpc) |
- ‘ BNS optlmlzed (215 Mpc) |

frequency (Hz)




Advanced LIGO/Virgo
timetable

2015
201617
2017-18

2019+
2022+ (India)

Estimated | EFqw = 10~
Run
Duration
3 months
6 months
9 months
(per year)
(per year)

]VI@C

Number
of BNS
Detections
0.0004 — 3
0.006 — 20
0.04 — 100
0.2 - 200
0.4 — 400

% BNS Localized
within




Worldwide GW: nietwork




black hole

anywhere

Un

iverse
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BSang Observer |




-ar, far away

;i 'Iz'a-t'em'nj ‘L.‘o,‘ ﬁﬁe b-eyznnmjc#‘ iﬁz."ﬂnfverse e

» DeciHertz Gravitational wave observatory (DECIGO)
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Unresolved
Galactic
Binaries

Coalescence of
Massive Black Holes

/

Resolved
Galactic Binaries

— NS-NS and BH-BH

Coalescence

—— SN Core
Collapse

1074

1072 10°
Frequency [HZ]
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