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History of Astronomical
Instruments

LIGO

al Telescopes
to today)

D Telescopes
o today)

IR, UV, X ray

alescopes
to today)




LIGOl mages of the Milky

a 21-cm radio emission from
atomic hydrogen gas.

b Radio emission from
carbon monoxide reveals
molecular clouds.

¢ Infrared (60-100 pm)
emission from interstellar
dust.

d Infrared (1-4 pm) emission
from stars that penetrates
most interstellar material.

e Visible light emitted by
stars is scattered and
absorbed by dust.

f X-ray emission from hot gas
bubbles (diffuse blobs) and X-
ray binaries (pointlike sources).

g Gamma-ray emission from
collisions of cosmic rays with
atomic nuclei in interstellar
clouds.

a way to view the universe thé
mation other than what is obta
electromagnetically?



LIGO Gravitational Waves

MR

tational waves are ripples in space and time coming fro
on of large masses

de information about the mass distribution of the sourc

amentally different and complementary to view with lig




Outline

avitation
s General Theory of Relativity
onal waves

f gravitational waves

ctors

erferometer Gravitational-wave Observat
metry

rces

ravitational waves

lack holes and/or neutron stars
ric pulsars

nd from the Big Bang

Ilts from LIGO




Special Theory of
Relativit

The speed of light c is the same for all o
Requires time and space to change wi

b_-2x) .
1= 1

Information cannot travel faster than the c

)ving charge does not change the electric field
ntaneously, but the effect propagates at c

arly with a moving mass, the effect on the su
tational field propagates out at c

propagation is a gravitational wave




General Theory of
Relativit

Gravity is indistinguishabl
acceleration

Gravity is the experience
particles moving along th
paths through curved spa

Mass is what tells spaceti
much to curve

nstein Equation

1 .
8 ST T e e chcetime
=ozl,

Spacetime

curvature Matter

pes the gravitational field < :
Des the mass/energy density Pacetime tells mat*®

hﬂw t+o move



Astronomical Effects
Curvature

Gravitational Lensing
The propagation of light follows't
curvature of spacetime

LIGO

stein Cross

If a massive object (galaxy, etc.)i
lined up with a light source, can's
multiple images

Einstein Ri

Gravitational Lens G2237+0305

Expansion of the Universe
niverse is expanding - Big Bang

seems to be accelerating, which
d mean strange matter causing
al curvature

equire addition to the Einstein
ion



LIG

Cumulative shift of periastron time (s)
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Indirect Observation
Gravitational Waves

Binary Neutron Sta
PSR 1913+16 discovered
and J. Taylor

System has been observe
years using Arecibo radio

Orbit is shrinking by a fe
every year

Decrease in orbit in very
agreement with gravitati
emission predicted by Ge
of Relativity

Waves from PSR1913+16
LIGO bandwidth in 300 m



Effect of Gravitation
Waves on Matter

ely floating masses

al wave passing moves all masses

one direction, expand in the
ar direction

rent than the effect of an
etic wave

romagnetic Wave Gravitationa





Direct Detection with
Interferometer

“iec





Direct Detection with
LIG
Interferometer

Test Mass
] Mirror

Beam
Splitter

/

odetector v

Test
Mir




LIGO Interferometery

es down two perpendicular paths

g beams are combined on a
)de for detection

and
terference

2ngths down arms is the same -> constructive int
5 and troughs of light waves together

Dark and bright fringes

angths are different -> destructive interference
5 and troughs of light waves cancel out



Laser Interferometet
Gravitational-wave Observately

LIG

v End Test
Mirror
Wh
Enc
| T -l ] Input Test 4 km
- | R Mirror N
| Recycling
ton LIGO Hanford Mirror
Washin n
g gto Laser/MC
6 W

0.2W
e Two 4 km and one 2 km long interf
e Two sites in the US, Louisiana and
e Fabry-Perot arms to store laser po
W * High precision mirrors, 10 kg in ma
= * Whole optical path enclosed in vac
e Sensitive to strains around h = 102
e AL=hL =101 m : sub-nuclear siz



Worldwide Network of
Observatories

GEO

LIGO

ction
olarization
ation

is C

different

Bar detectors in Louisia



Noise in LIGO

. Noise determines s

A Seismic noise at low frequ

Thermal noise at intermedi

frequencies 40 Hz < f <

Suspensicn Laser shot noise at high fr
f >150 Hz

Seismic noise

o Radiation
Light scatterin © pressure

from residual ga

Best Strain Sensitivities for the LIGO Interferometers
Early S5 Performance  LIGO-GO60010-01-Z
Output laser beam le-16 R
electronic noise LHO 2km - (2006.01.02) 35 Binary Inspiral Range (1.4/1.4 Msun) = 5.2 Mpe
LLO 4km - (2005.12.301 §5: Binary Inspiral Range (1.4/1.4 Msun) = 10.4 Mpc
LHO 4km - (2006.01.02) S5: Binary Inspiral Range (1414 Msun) = 12.0 Mpe
LIGO I SRD Goal, 4km

Input laser beam
freguency noise le-17

intensity noise
shot noise

le-18

noise is very £
n goal =

around 30 Hz

le-23

ity currently

=,
le243 100 1000 10000

Frequency [Hz]



Advanced LIGO

Advanced LIGO
removed down to 10 Hz

or materials for lower . e recycling

mirror \
ower to reduce shot
radiation pressure —_—

211 Optical Noise

signal recycling
107 M Total Noise mirror

Total Themal Noise

Signal Rec
Additional mirror a
Coating Thermal Noise i aIIOWS for tuning o

—w ———w —— different frequenci
Frequency (Hz)

d LIGO Sensitivity




Laser Interferometer
Space-based Antenna

LISA

Sensitive at lower frequenc
LIGO (1-100 milliHertz)

More signals at lower frequ

LIGO

Limited by confusion of sou
57 some frequencies

Spocecrafl #1

LISA
pmetric detector in
)it

dacecraft with two
ach

sses floating freely in




Direct Detection with

Resonant Mass Detecto

Early 1960s, Joseph Weber first sugge
gravitational waves could be directly ¢

LIGO

Built room temperature aluminum ba
instrumented with strain sensors

Have limited sensitivity and frequenc
response

From 1980s to today,

R, cryogenic bars in vacuum
oy with better sensitivity

\ were built

)ar in Maryland

1990s spherical detectors
were analyzed

Now have prototype

spheres being built miniGRAIL']
Fin Louisiana



LIG

Wave Sources

Sources of Gravitatiol
waves

Categorization of Gravitational

deling

Modeled

Unmodeled

Compact Body Inspirals
(neutron stars, black holes)

Bursts (supe
bursts, etc.)

Asymmetric Pulsars
(surface bumps,
deformation from magnetic
fields, etc.)

Stochastic B
(Big Bang, ¢
other source




LIGO

black holes, neutron
or one of each circling
each other

r to Hulse-Taylor
, but further along in
evolution

tially two point masses
nteracting with each

, SO possible to model
General Theory of
Ivity

characteristic “chirp”
orm, with both

ency and amplitude
sing with time

Compact Body Inspiral
Sources

Chirp waveform

hit)

_ il AN |1| I dhr' “.".“fu l“hM'MM






Burst Sources

icted from catastrophic y ray burst
ts involving roughly by E
mass (1-100 M) St R RO e
pact objects ok e . _

ces typically not well
arstood and therefore
ult to detect

Untriggered Triggered

Supernova 1987A Rings
é Not observed core collapse Visible core collapse supe
- supernova
N P y-ray bursts
* .
\J Accretion onto black holes
" Mergers of black holes
and/or neutron stars
Hubble Space Telsscape Cusps in cosmic strings AR B cosmic

> Wide Field Planetary Camera 2
-;=_-\_r.'::v_“?

ova 1987A



LIGO y Ray Bursts

rsts of gamma rays  Strongly relativistic - high gr
mological distances dense matter

f about 1/day Likely to produce gravita
out 1ms -100 s waves

Details of waves will tell

ts (>2 seconds) !
progenitors

d, only a few

s wide

1/year within 100 Mpc
ated with “hypernovae”
ollapse supernova

g a black hole

sts (< 2 seconds)
neutron star and/or
hole inspirals (?)

y HETE to be in edges of

S Hypernova (conception



Stochastic Sources

al background Astrophysical backgrou
unresolved sources
Distant inspirals, m

supernova, etc

xle-llo |

Ul

QBH 'rz'ngdown( VO)
= W

o

0 200 400 600 800 1000120014001600
VO

Background of black ho



osmological Stocha

Sources
mic gravitational-wave cosmic microwave
ackground (10-22s) background (10**%s

BiG - BANG
SINGULARITY

Planck Time 1 SECOND
10-43SECONDS U2t

heories about what to expect from Big
ble with LIGO



Periodic Sources

Nearly monochromatic continuo
gravitational waves from spinnin
stars
Spin precession (f
Oscillation (4/3 f, iationat)
Distortions of surface (2 f .
Signal is modulated by Doppler s
motion of Earth, Sun, and source

rotational)

n pulsars, so know
frequency

on sky

n rate

Pulsar Model iﬁﬂ

whole sky for unknown

t of computer power



LIGO Science Run

- -

science Best Strain Sensitivities for the LIGO Interferometers
O Comparisons among S1 - 85 Runs  LIGO-G060009-01-Z
le-16 T

LLO 4km - S1 {2002.09.07) |-
LLO 4km - §2 (2003.03.01) |
LHO 4km - 83 (2004.01.04) |}
LHO 4km - 54 (2005.02.26) |-
LHO 4km - 55 (2006.01.02) [
LIGO 1 SRD Goal, 4km B
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Inspiral Searches

— Data
— Time-shifted template

lﬁ. HhhlJ “; Mo AN LYY Amm"v

unr T " [T MR L

-0.5
0 50 100 150 200 250
Time
4t — Correlation vs. time shift )-
§° |
=
S 2f \
O
O
1
0 1 1 1 1 1
0 50 100 150 200 250
Time offset

mplate based search
mpare expected signal versus data
t maximum signal-to-noise ratio



Neutron Star Binanr\
Results

tron Star Binary
Results

e 82 final sample

& Neutron Star Bin

Rate < 47 per year per
g Milky-Way-like galaxy;
"+ {0.04 yr data, 1.27 Milky-Ways

L— /

100

are number of events at
to-noise ratio

hat is expected from noise

S3 search com
Under revie
0.09 years
about 3 Mil
galaxies

S4 search com
Under revie
0.05 years
about 24 Mi
galaxies




S5 Neutron Star BiIn

LIG
Results

= = N N
o [%5] o (S3]
T T T T

Inspiral Horizon distance (Mpc)

D 1 1 1 1
0 20 40 60 80 100

Days after start of run

um range each interferometer could obs
neutron star inspiral




Black Hole Binary

Results
ack Hole Binary
Results Using two 5 M, bl
! I v accildental c:oi;u:idencesI
> g 0 [Osgrer S3 search comple
Ve e ______ — — — — _ Under ret il
e B g 00O 0.09 years of
- v/’ i, about 5 Milky
; : : \'4 : .
_ ............... b s kR s = = = N galax.les
| Rate < 38 per year per | B
| Milky-Way-like galaxy S4 search comple
_3950 13io 1i70 210 250 290 330 Under review
. . . 0.05 years of
signal-to-noise ratio squared about 150 Mil

alaxies
are number of events at g

to-noise ratio

hat is expected from noise




LIG Burst Source Search

ain types of burst searches

gered : Scan all data, looking for excess po
st robust way to look for bursts

red : Scan data around time of known even
ray burst of supernova

knowledge of position on sky

s make minimal assumptions about the sign
en to the unexpected.
deteptor 2

frequency
-
.1

! | |
frequency

3
D

A 4
51
D

time,
frequency
coincidence




Burst Results

ravitational wave bursts detected to da
limits on rates and strain amplitudes

— 70 Hz
— 100 Hz
— 153 Hz
— 235 Hz
361 Hz
— 554 Hz
— 849 Hz
— 1053 Hz

11 11111 1 1 IIIIIII 1 11 1111111
10—21 1020 1019 1E 01? 10°
) [stramNHz



Stochastic Search

rom two Hanford
allows for higher

e sure correlations
cal noise

f correlation also
sitivity

j StochMon Sensitivity (1 m

Stochastic signal streng
parametrized as fracti
closure density of univ

Arguments from big ba
nucleosynthesis mean
less than 10>

£1 sens: live H1 wiref H2
£1 sens: live H2 wi/ref H1
01 sens: live H1 wilive HZ2

0.2 = £2 sens: live H1 wiref L1

10

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

Time (h)
TO0=10/04/2006 19:10:26

S5 stochastic




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

H = S3 H1L1

[| == S4 H1L1+H2L1
H = = S5H1L1, Run Start, 1 year :
|| = S5HI1L1, SRD, 1 year e L e, i
H o= = S5 H1H2, Run Start, 1 year [-:-o oiiiiiiiiiinyiiiiiiiiiiiiiiiinini
A == S5H1H2, SRD, 1 year : :

0 (f) = Qa(f/100 Hz)®

proaching astrophysically interesting li

data at design sensitivity will give limit b



LIGO Continuous Wave Search

known pulsars
Known frequencies, positions,
sdown times, etc.

o v = |
- ’ = —— :‘—’yh
—— e
s '-‘ lII
L)

whole sky -
id a lot of computer power & |

Can use template based se

Basically sine waves, with
modifications for Doppler's
and antenna sensitivity




n iIsolated pulsars, 44
S, 30 In globular

: Joint sensitivity over S5|
] = s5 ]
Joint SRD for 1 vyear
¢ spin-down ULs

— W1
- H2
I L1
-~ 82 joint sensitivity
| = LIGO design: 1 year
Joint upper limit
O Spindown upper limit

10 i

holo—u

Gravitational wave amplitude h,

ol 9 .i P

8 T - har 10° 10°
frequency (Hz)
%I [

Frequency (Hz) Lowest ellipticity upper limit:
PSR J2124-3358
= 405.6Hz, r = 0.25kpc)

(faw
ulsar Results ’ ellipticity = 4.0x10/




LIGO Einstein @ HomMme

All sky, all frequency search for pulsars
Computationally limited, so uses distributed computing

Einstein@Home

GEO-600 Hannover
LIGO Hanford

LIGO Livingston
Current search point

Current search
coordinates

Known pulsars

Known supernovae
remnants

User name
User’s total credits

Machine’s total
credits

Team name

Current work %
complete

38



Conclusions

Lico.

jonal wave astronomy will open a ne
on the universe

evidence has confirmed existence of
onal waves

s at direct detection have been ongoi
years

ow setting astrophysically interestin
multiple types of gravitational wave

ct detection of a gravitational wave
ny day




Models of Stochastic
sSources

LIG

LIGO S1: O, < 44
Qew (f) = 1 dp aw (f) PRD 69 122004 (2004)

pe dln f | | |
_ LIGO S3: Q,< 8.4x10+4
Hy = 72 km/s/Mpc PRL 95 221101 (2005
|Pulsar| s |BB Nucleo- e n e 0 < 6.5x10°
Cosmic strings Timing/’ synthesis — (nev)
_— N "™ [Initial LIGO, 1 yr data
\-/ J Expected Sensitivity
Pre-big bang / L ———
model Advanced LIGO, 1 yr data
| EWor SUi Expected Sensitivity
Inflation J Phase tran;
— T \
—Slow-roll / Cyclic model / \\
/

14 12 10 8 6 -4 -2 0 2 4 6
Log (f [HZ])



Gravitational Waves

the curvature

ng a path 2 N U
k. ds® =g, dX

For small curvature, the
h gravity can be described
Y n ny perturbation from normal

h is a strain, describes ho
length changes by: h = Al

10),
Z o)

instein Equation, (
bation obeys a \VZ

tion




Generation of
Gravitational Waves

LIGO

in the mass/energy
il create a hlj =2 G/(r C4) d2

onding change in the

G, h;; is perturbation to spaceti
r is the distance from the so
- l;; is the reduced quadrupolée

of source

The source must not be sphe
symmetric
»Makes predicting streng
supernova and pulsars ¢

»Dense object in binary ¢
(black holes, neutron s
ideal




Inspiral, Merger, a
Ringdown Sources

Inspiral ' Merger !

i g

‘_,\L?

LIG

Ringdown

_—

Inspiral phase well

|

|
=T\ g “@i <= Merger very depend
AR T T properties of object

| |

|

h @@QU%MAU%Q@&T Neutron star - d
' equation of stat

"—known—-isuperoonjputer{%knmn—,
—~1000 cycles | Slmul?torﬁs |
—1 min o

[

E

matter
Credits: Kip Thorne

_ Black holes - hlg
. — T gravitational fiel

e MY24, 1, =20M |

i
] - M4, 1 =A0M

2 — w2 | Ringdown

-—-- Lazarusz (T=10M)

Only if black hol
Well modelled
Exponentially de

-0.02

Combined inspiral a
source




