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¢ Gravitational Waves

(Hulse-Taylor)

Universe



¥ Gravitational Wave Sources

= Ground-based detectors observe in the audio band

— The analogue of optical astronomy

Audio band
{1 Hz-10 kHz

VUV X-ray [y-ray

&Unive



LIGO : Two sites 3000 km apart 5

Laser interferometers with 4 km long arms!

Hanford, Washington

Livingston,
Louisiana




LIGO Sensitivity _
Livingston 4km Interferometer
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VIRGO: The French-Italian Project

3 km armlength near Pisa




Great Progress in Commissioning!  M@J/VIRGD

> 1,5 years of commissioning

Sensitivity in m / sqrt(Hz)
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GEOG600 Optical Layout Jan 2005

Not final: Laser still attenuated, low recycling factors
In PR and SR, expect factor 10 improvement

laser power
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S4 Science Run with LIGO G

e [Feb 22nd — March 23rd, 708 hours

* Two manned shifts/day (5-21 UTC),
1 ,,Expert-On-Duty” 8-8UTC

* Fully automated overnight shifts;
SMS alarms to ,E-O-D°

* [nstrumental duty cycle 97.5%, 72%>10h
* | ongest lock 52h




} Displacement Sensitivity of Ground-Based
¥ Laser Interferometers
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Noise hunting

IVity!

on the way to design sens
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Noise hunting:
on the way to design sensitivity!
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LIGO - Future Plans : Advanced LIGO

* Observable volume several thousand times LIGO
e Start 2008

* |nstallation 2010-13

* New main suspensions

* New Optics

e 200 W lasers

* Signal Recycling — Resonant Sideband Extraction

16



GEO600
Innovations!

INFUT MODS
W CLEANER

180 W LASER,
MODULATION SYSTE

LASER .
PRM Power Recycling Mirror
BS Beam Splitter
ITM Input Test Mass
ETM End Test Mass

SRM Signal Recycling Mirror
PD Photodiode

D KG SAPPHIRE

ST MASSES

ACTIVE
ISOLATION

QUAD SILICA
SUSPENSION

QUTPUT MODE
CLEANER

GW READOUT

17



rico Neutron Star/ Neutron Star Inspiral
(our most reliably understood source)

22|
® 1.4 Msun/1.4Msun NS/NS | 3

Binaries
® Event rates

» V. Kalogera, R. Narayan,
D. Spergel, J.H. Taylor 10
astro-ph/0012038; ...

® |nitial IFOs

» Range: 20 Mpc

» 1/3000yrs to 1/3yrsqp-24|

® Advanced IFOs - \ . . | e
» Range: 350Mpc 10 20 50 100 200 500 1000

frequency, Hz

23|

» 3/yr to 4/day

138



rico Neutron Star/ Black Hole Inspiral
and NS Tidal Disruption

by TP
o'/r_\‘
et a4

® 1.4Msun /10 Msun NS/B‘lQ
Binaries

® Event rates

» Population Synthesis

[Kalogera’s summary] 10723]

® [nitial IFOs
» Range: 43 Mpc
» 1/2500yrs to 1/ 2yrs

10
® Advanced IFOs
» Range: 750 Mpc
» 1/yr to 6/day

-24 |

10 20 50 100 200 500 1000
frequency, Hz

19



LIGO

Black Hole / Black Hole

Inspiral and Merger

® 10Msun/ 10 Msun BH/BH
Binaries
® Event rates

» Based on population '
synthesis [Kalogera's T~
summary of literaturej=

1/2

=

® Initial IFOs E
» Range: 100 Mpc  ©

» S1/600yrs to ~3/yr

® Advanced IFOs -

» Range: z=0.45
» <1/ month to ~30/day

10

24|

10

20

50 100 200
frequency, Hz

500 1000

rAv)



LIGO Spinning NS's: Pulsars

e NS Ellipticity: Crab Spindown
» Crust strength Upper Limit
£35107° 10722

® Known Pulsars:
» First Interferometers:

€ >3x107% (1000Hz/f) \
X (distance/10kpc) 10'23 — NN\ et
» Narrowband Advanced AN ‘

€ = 2x10°8 (1000Hz/f)?
x (distance/10kpc)

.24 s //ﬁ. ~

® Unknown NS’s - All  107<%} o S T

sky search: 10 20 50 100 200 500

» Sensitivity ~5to 15 frequencv. Hz
worse 1 >

21



LIGO Advanced LIGO

e Advanced LIGO approved by the US National Science
Board in Fall 2004

» It is in the President’s budget to Congress!

— Hubble servicing mission and Fermilab BTeV B-Factory did not
make it!

» It will be built!

» Start 2008, LIGO down for refurbishing 2010,
Advanced LIGO data taking 2013

» MPG contribution approved!

» Gravitational Waves not in Verbundforschung

— No way for universities in Germany to participate in GEO or LIGO!

22
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¢-esa

¥ Gravitational Wave Sources

= Ground-based detectors observe in the audio band

— The analogue of optical astronomy

= Space detectors observe low frequencies
— The analogue of radio astronom

Audio band
{1 Hz-10 kHz

23




Laser
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Space Antenna




¢-esa
LISA: A Collaborative ESA/NASA Mission

Cluster of 3 S/C in heliocentric orbit

Free flying test masses shielded inside the S/C

Trailing the earth by
20 ° (50 Mio km)

Equilateral triangle
with 5 Mio km arms

Inclined against ecliptic by 60

A and LISA PF
) 25




Testing Technology In Space:
 LISA Pathfinder (SMART-2) Mission

= One LISA arm shrunk to 30 cm

= Technology demonstration for
LISA Technology Package (LTP)

= Launch in 2008/9 for LPF and 2013/4 for LISA
= Implementation Phase has begun Feb. 2005!

= Astrium Friedrichshafen LTP Prime under contract

from AEI with grant from DLR

26
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Vibration test of Optical Bench
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Optical Bench EM Performance v
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. =esa
Optical Bench EM Performance v

10-9 T T | BRI I T T I T rrrrm I 111l
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é 10 12
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frequency [Hz]
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| Thermal Shield inside
S/C structure (thd)

LCA Support Structure

AL 1

Maanetometer (tbd)

Coil horizontal t’tbd)
|| [Coil vertical (tbd) |

LCA inside S/C with preliminary box accommodation




Operational Orbit: Lagrange Point 1

nd LISA PF
37




¢-esa
At the Edge of a Black Hole

= Capture by Massive Black Holes

— Compact object inspiral into massive black hole (MBH),
- GW map space-time geometry with superb precision

— Allows tests of many predictions of General Relativity including

the “no hair” theorem

Our own BH!

=
X

5
11}
2]
o
o
&,
*
<
o
D 0.0
L=l
E
o
=
(&}
@
(=}
o

e
N

ARA from Sgr A* (arcsec)

’ff LISA and LISA PF
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¢-esa
Precision Bothrodesy (BH Science) with GWs

(Ancient Greek: Bothrod = sacrificial pit, well)
Here: 10 Mgy BH into 106 M , BH; large spin [Phinney,Finn&Thorne]

1 mo before plunge:

1 yr before plunge: °
y g £ r=3.1 "Horizon

r=6.8 Horizon

41,000 cycles left,
185,000 cycles left, S/N ~ 20
SIN -, - —
10720 |
10-2" 1 day before plunge:\
r=1.3 "Horizon
! S o . 2,300 cycles left,
0.0001 0.001 0.01 NG S/N ~7 -

A and LISA PF
- 39




Orbits and spiral-in of small bodies
B around spinning Black Holes
8% (Extreme Mass Ratio Inspirals, EMRIs)

Spiral-in and Circularization

(GW energy and angular
momentum IOS

Orbit plane precession
spin—orbit; L-T(Lense-Thirring)

Peribothron precession

nd LISA PF Phinney
e 40




Gesa
Signal from EMRIs

2x orbital freq
a=100M, e=0.05, i=45
/ Peribothron precession

40 1000 ———— .:Feql....
: - 500 |- Integer combinations
P i I of 3 frequencies: ]
~ 1 eool If +mf nf |
& £l
E 20 |- _ E |
% %400 _
+——> N
ol o i |
- 1 200 |+ -
Phi ]
D[\“"_ JMLL LAy Irm.ey. 0 _L;_Ju . JU. [N
) 0.Q00%2 0.0004 0.0006 0.0008 0.001 0 .01 0.02 0.03 .04
i £ [1/M] £ [1/M]
a=10M, e=0.2, i=45

L-T orbit plane precession freq y
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Slgnal from ﬁ\\x%;esa-=ll===+llllllﬂl=ﬂﬁ==

D/SCI/SV/val/20105 Paris, 4 May 2005

/

Letter of Intent to participate in the LISA data processing study

...... Dear Colleagues,

LISA (Laser Interferometer Space Antenna) is a collaborative ESA/NASA mission to
detect and observe gravitational waves with a launch currently foreseen in the timeframe
of 2012/2013. LISA will interferometrically measure the changes in distance between free-
falling proof masses that are due to gravitational waves. More details of the LISA mission
can be found on http:/lisa.esa.int.

F req u e n CI eS S‘ To extract the astrophysical parameters of the sources, a substantial effort in data analysis

. is necessary. Therefore, ESA intends to carry out a study of the data analysis requirements

a N d S h |ft S I OWI\ and planning in support of the ongoing Mission Formulation phase for LISA. The
§ objectives of the study include the following tasks:

CO m paCt O bJ eC » To identify and prioritize the areas of data analysis, astrophysics, and physics that

still require investment in research.

ma p p i ng SpaC€ s To formulate requirements on the data that will be returned from the spacecraft,

including types of data, data rates, and continuity.

th e h O rlzo n . = To assess the viability of existing algorithms for data analysis.

= To develop algorithms able to meet the core science goals and formulate a plan for

o L| ke a G eoc( further software development.

= To issue data format specifications.

A and LISAP G RAC E for « To define the architecture of the data analysis hardware and software. This includes
an assessment of hard- and software necessary as well as studying the implications

on hardware location and the infrastructure.




esa
Extreme Mass Ratio Inspiral (EMRI)

= Fundamental Physics Science Goals
— Relativity

— Precision Bothrodesy: Map the central SMBH’s spacetime
geometry, i.e. measure its multipole moments

— Do Black Holes really have no hair?
— Search for massive central bodies that are not BH's
— Are there soliton stars or naked singularities?

— Measure response of central body (SMBH?) to tidal gravity
of orbiting object

—How does dynamic strong field gravity work?

nd LISA PF
R~ 43




Dark Energy

¢-esa

i z=0

z=1

Z=2 z=3

o
E | [ SupernovaeIa
ol | Cluster abundance |
Rt -

F [Strong lensing|

p(z) ™
=
:

Mean density
=
¥
|

S

pecfl4+zl asymptote
probed by CMB etc

. LISA PF
A

Measuring the expansion history of the Universe:

Effect of dark energy
becomes apparent at late
times

Expansion passes from
decelerating to accelerating
atz~ 1

Effective density asymptotes
to vacuum contribution

Dark Energy is apparent at
z<3

Binary Black Hole Coalescences can be used as

Standard Candles to complement the

la Supernova distance scale!




¢-esa
Mergers of Massive Black Holes

Coalescing Supermassive Binary Black Holes at z=1 give amplitude
signal-to-noise of 1000 or more

Standard Candles at cosmological distances

Provide precision distance scale independent of electromagnetic
observations

Ringdown BB

v’_\: y o . I ;
Image by B. Whitmore (STSci), F. Schweizer (DTM), NASA
A and LISA PF
B 45




¢-esa
Evolution of SMBH binaries

W; i 107107 M WIERHHEH Enaries at zal
1 sun
% 1o |- 106/106 M,
2
i ﬁ; B 105105 M,
I NS
=
-z i
=
z  wal
P
i LI Instiuneal Thizshokl
191, B
e
1 1 1 [ I
e 19 10 |2 10! 15

Fragquency (Hz}

. B Schutz (AEI)
4 A and LISA PF
, 46




¢-esa

LISA Sensitivity and Primordial GWSs

10"
2 x 126|v|0 BHs at z=1

10'19 [—

10720
vRXJ 1914.4+2456
10721

10722

1 0-23

2 x 124|\/|0 BHS

107
Frequency (Hz)

WD Binary confusion limit

nd LISA PF

-15

-10

(from Schutz)
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Binary Confusion Limit

—|
]
_.—
o i
3

(Nelemans et al, 2001)

'.".
Ll I [ |

log f {Hz)

« LISA is expected to provide the largest observational sample of
white dwarfs (WDs)

11/3

« Very large number in frequency space ﬂ=2x108H2—1(0-001 Hz

df f
W4 LISA and LISA PF
’ 48




Galactic WD (/NS) binaries

f-"—

p
®
)
Q

Type Birth rate (year—')  Resolved LISA, 1 year
{“rdr“l-d}l E‘QK ]D—z ]2 163 T T II III T III| | T T T T T I_I T |I | T | T II T T II_I
AMCVn 18x107? 10117 I _ i 1
(ns, wd) |.4%10* 21 - —
(ns, ns) 3.2x 1077 I it
(bh,wd)  3.8x107° 8| I 1
(bh, ns) 1.0 103 0 S l i |
Total @ I I |
"'l:'_‘f 1 1 1 1 - 1 1 1 1 =
5 0.0035 0.003505| 0.006 0.006008
(Nelemans et al, 2001, 2002) % . |@z) L (Hz) i
= ) -
E:’ = Phinney
i é .
= Above 3 mHz individual l
WD binaries are resolved |
= Below 3 mHz WD binaries [
give background for LISA | 1 | | IIII| | | | | IIII| 1 | 1 1 1 111

0.0001 3.001 0.01
f o (Hz)

A3 LISA and LISA PF
! 49




¢-esa

Primordial GW Background

- The sky is too bright

— Ungarelli and Vecchio, 2001

= Speculative models,
but exciting

- First-order phase
transitions Q~ 101

— Apreda et al, 2001

- Extra-dimensions,
may be up to Q ~ 10/

— Hogan, 2000

- Kinks/Cusps in cosmic

- strings, Q~107
‘ LISA PF Damour and Vilenkin, 2000

| = Slow-roll inflation probably not detectable by LISA

Nucleosynthesis limit

Unresolved
Galactic WD-WD

10~ 107 10°

Slow-roll inflation

50




Primordial Gravitational Waves ¢-esa

= Production: Fundamental Physics in early Universe

- Inflation, phase transitions, topological defects, brane-
worlds, strings

= Non-thermal spectrum gives energies and masses
= GW density expressed as fraction of closure density
- Poorly constrained 107" ~Q_, <107

Simple Inflation Nucleosynthesis
(max.) Bound

LISA sees Q. > 101

Covers 6 out of 9 orders of magnitude!

"*& A and LISA PF
- ] 51




/3 ESA Portal - Critical decisions on Cosmic Yision - Microsoft Internet E xplorer

File Modfica “isualizza Preferh Stumenh 7

= Indietra ~ = - I@ it | @EE[CE (3] Preferiti @Multimedia {3 | %v =8

Indirizza :Ej hittp: A Awea esa.int/exportfesaCP S EMPYLWLDMD_indes_0. bkl

4

Multmedia == Related links=

=
ESA Multimmedia gallery  » = 2 ESA Science
Mational gallerles Critical decisions on Cosmic Yision ' Eddington averview

B —— eepicslomba cvarvias
Press Releases ESM PR 75-2003, At its 105th meeting, on 576 November, ESA's VLISA overview
Infarmmation Notes . Science_F‘ngramme (_Znnjnjittee (SPC) made important deu:isimjs _

| concerning the Cosmic Yision programme, Doue to the current financial
Ee Telmslelon exigencies and an outlook with no budget increase or other relief, the

SPC was forced to cancel the Eddington mission and rescape the

calandar BepiColombo mission,

Pl liesidis i *  Eddington had two aims, both remarkable and very pertinent to front-

Frequently Asked line astronorical interests, The first was to look for Earth-like planets

CQuestions *  outside our solar systern - one of the key goals in the search to

ESA-sponzsored understand how life carme to be, how it is that we live where we doin

Conferences v the universe and whether there are other potential life-supporting

Help , environrments 'out there', At the same time it was going to follow the

- - path that the ESA-MASA mission SOHO had taken with the Sun of

Legsl disclaimer ¥ using astroseismology to look 'inside’ stars. In the longer term, the

Subscribe v loss of this one mission will not stop ESA and the scientific commmunity

Contac Ls v Pursuing the grand guests to which it would have contributed,

Search

o~ Al The I|:_|ss of 1_:he E!Epi':l_:ﬂl:lmbtl lander is also hard to take scierﬂ_:ifiu:qllyr.
E=SA, in conjunction with the Japanese space agency, Jama, will still

{* ESA Hormme put two arbiters around Mercury but the ‘ground truth’ provided by the
lander is a big loss, Howewver, to land on a planet so near the Sun is

I EI rno small matter and was a bridge too far in present circumstances,

sdvanced Search . and this chance for Europe to be first has probably been lost.

The origins of the problems were recognised at the ESA Council
rmeeting held in June. Several sudden demands on finance occurred in
the spring, the most obvious and public being the unforeseen Ariane 5
grounding in January, delaying the launches of Rosetta and Smart-1.
& ternporary loan of EUR 100 million was granted, but must be paid
back out of present resources by the end of 2006,
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a7 ) =1 =] a1 F T OIMv BT =0 d11d WEOIeT el e dr e JuUieT poueodr me- s pgar Ly
enviranments ‘aut there'. At the same time it was going to follow the

Hele ' path that the ESA-NASA mission SOHO had taken with the Sun of

Legal dizclaimer ¥ using astroseismology to look 'inside’ stars. In the longer term, the

Subscribe v |oss of this ane mission will not stop ESA and the scientific commmunity

Contac Ls v Pursuing the grand guests to which it would have contributed,

Search

o~ Al The I|:_|ss of 1_:he E!Epi':l_:ﬂl:lmbtl lander is also hard to take scierﬂ_:ifiu:qllyr.
E=SA, in conjunction with the Japanese space agency, Jama, will still

{* ESA Hormme put two arbiters around Mercury but the ‘ground truth’ provided by the
lander is a big loss, Howewver, to land on a planet so near the Sun is

I Gol rno small matter and was a bridge too far in present circumstances,

sdvanced Search . and this chance for Europe to be first has probably been lost.

The origins of the problems were recognised at the ESA Council
rmeeting held in June. Several sudden demands on finance occurred in
the spring, the most obvious and public being the unforeseen Ariane 5
grounding in January, delaving the launches of Rosetta and Smart-1,
A temnporary loan of EUR 100 million was granted, but must be paid
back out of present resources by the end of 2006,

Ezn's SPC was therefore caught in a vice, Immediate mission starts
had to be severely limited and the overall envelope of the programme
contained.

A long and painful discussion during the SPC meeting resulted in the
conclusion that anly ane new mission can be started at this time,
namely LISA Pathfinder, the technical precursor to the world’s first
gravitational wave astronomical observatory, LISA, The LISA mission
itself (to be carried out in cooperation with the United States) is
scheduled for launch in 201z,

has to adapt constantly to the available funding as well as respond to
the expectations of the scientific cornmunity, and to technological
developrments, Within these boundaries, the decisions made by the
SPC try to maximise the outcome of Cosmic Wision across disciplines,
keeping it challenging and at the sarme timme affordable. Monetheless,
there are many European scientists with armbitions that exceed the
programme’s ability to respond,




