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Warped Space and Time
Albert Einstein

1005 —_ 1915 General Relativity:

® Space and time are

warped by matter and
energy

e That warping is
responsible for gravity
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High-precision test of general
relativity by the Cassini space
probe (artist's impression):
radio signals sent between
the Earth and the probe
(green wave) are delayed by
the warping of spacetime
(blue lines) due to the Sun's

mass.
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Beyond Einstein
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51 BRI 5 IR R
GR = Newton Theory + terms (v) + terms (v*2) + ......

e perihelion advance of mercury (1915, v~ 1.0e-10)
e Light bending (1919, v=1.0e-6)

e Gravitational redshift (1965, v~1.0e-10)

e Gravitational time delay (1968, v~1.0e-10)

e |Indirect evidence of GW (1978, v~1.0e-6)

e Gravitational draging (2010, v~1.0e-10)

e GW detection (?, v=1)



Einstein5 5| /7%

1915, general relativity

1916-2, based on post-Newtonian approximation,
claimed “there are no gravitational waves analogous
to light waves”

1916-10, based on linear approximation found
monopole radiation. 1918, corrected it to quadruple
radiation

1936, showed that GW does not exist
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* 1936-1962, debate

1962, Bondi convinced people the existence of GW




Collisions of Black Holes:
The most violent events in the Universe

- .

WL Yy — - e
ﬁ’ﬂ; =T "'*'.';1:(‘?'*""3 o ) 2 ‘k’J ok
" - .'_-_..-l- T "‘ :I.,h.lﬁb ; 4 ,a: "I_p.'
e i) VL A *
=i I = A :

&~ 10 % of holes’ mass is
converted to radiation
[contrast with nuclear
explosions: < 0.5 %]

o oy

‘Power output: 10,000 times that of all stars in Universe \
No Electromagnetic Waves emitted whatsoever



Collisions of Black Holes:
The most violent events in the Unlverse

Demlls of the colhsmn are encoded
in the gravitational waves’
waveforms

time




Why are Black-Hole Collisions Interesting?
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Astronomical Sources

1 Compact binary mergers
® Binary neutron stars
® Binary black holes ; f
m Black hole-neutron star binaries . 4
1 Gravitational wave bursts P A\
m Black hole collisions _- ..# \

= Supernovae

&

B gamma-ray bursts

1 Continuous waves

® Rapidly spinning neutron stars or
other objects

1 Stochastic background \ = |
= Primordial background J y )
® Astrophysical background .
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SN1987A 198742 H

Figure 7.10 Supernova 1987A in the Large Magellanic Cloud. Image: European
Southern Observatory.
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2) 53 R RER) FR: ~7-16eV







2 Luminosity: G oo ¢ (R (v
P=—< R | — ]| —
5{:,5 Q Qﬂ G .._'.. R .-'__.' llu_f___-"
— Compactness C
h, == H%H; 3 :ﬂr ﬁ;’
2 Amplitude: b =—3 Y, 3 for
c T 104 for WD

Efficient sources of GW must be asymmetric, compact and fast

GW detectors sensitivity expressed in amplitude h : 1/r attenuation

Example target amplitude:
coalescing N5/NS in the Virgo cluster
(r ~10 Mpc)

- [h ~ 10-21’}




Targeting the biggest discovery of
our times through ARCCA

Here are some signals from
as predicted by
Einstein’s theory
= Black hole spins modulate the
waveform
We use to search
for signals buried in noise

m Pattern matching algorithm

But matched filters, i.e. templates
used in the search, depend on

= A search in 17-dimensional space
involving the masses, spins of the
stars, position on the sky, etc.
About must be
searched for in each piece of data
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LISA Can Probe a Big Hole!s Horizon

Tide; pulls on Small hole;
Changes orbit and waveform
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Strain h

107 -

y Cosmic
'}- microwave
background
107 -
10712~
10715+
10718~
10797 -
Advanged LIGO
-1{}-24 ] ] 1 1 1 1 -':. Ir."]E
107 m 10%*m 10%'m 10"®m 10"m 10"m 109m 10°m

Wavelength A

1
10°m



ouday =

ogmmh

Life on earth'\ S / ) Slide.by: P Shellard
A brief history

Galaxy formationera\§y = |
Earfiest visible galaxies

of the Universe

700 mﬂlion years ——

- t e by L.
o o e g e e ] - '-:

Recombination Atomsfom Y——de 400,000 y CMB f < 3 x 10~17hHz probes 300, 000yrs < t, < 14Gyrs

Relic radiation decouples (CMBAET ) E} :-.l". _-’ o
3 S
Matter domination 3 : 2
Onset of gravitational collapse 3 a4
(%) 9 2
Nucleosynthesis

Light elements created — D, He, Li IS 8 o o9
Nuclear fusion begins 2
T« 39 » 0

i a v 2 A
Quark—hadron transition 1SF0 et
Protons and neutrons formed A

Pulsars f ~ 10—"Hz probe i, ~ 10~*s (T ~ 50MeV)

Electroweak transition

Electromagnetic and weak nuclear
forces first differentiate

Supersymmetry breaking
Axions etc.?

LISA f ~ 10~3Hz probes t, ~ 107145 (T ~ 10TeV)

LIGO f ~ 100Hz probes t. ~ 10~%!s (T ~ 103GeV)

(Planck scale f ~ 10''Hz has t. ~ 10~*s (T ~ 101°GeV)

Grand unification transition
Electroweak and strong nudiear
forces differentiate
Inflation

Quantum gravity wall
Spacetime description breaks down
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The Ariane 5 rocket launched from
Europe's spaceport in South America

GETTY IMAGES

Scientists were joined by First Minister The rocket carried the satellites for half
Rhodr Morgan to celebrate an hour before they separated

(Planck launched in 14, May, 2009)
From BBC NEWS CHANNEL






Angular scale
90°  18° ° 0.2° 0.1° 0.07°

2 10 50 500 1000 1500 2000 2500
Multipole moment, £
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1. Inflation of Universe

10734 sec
e

.é . —— [ eonid Grishchuk

Quantum
Jluctuations

Strong, “relic”
Gravitational waves




History of the Universe
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138 Billion ys

0 s 3 min 280,000 ys

Tus

10=s

0

Age ofthe Universe
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What Powered the Big Bang?

Gravitational Waves can Escape from
Earliest Moments of the Big Bang

Inflation
lIEhz., ‘Bang plus
107 seconds?)

Big Bang plus
300,000 Years

Bi H;!ng I'll.l;],,‘;i.
15 Billion Years




2. Cosmic Strings

® Inflation enlarges some superstrings to cosmic size

@ Kinks and waves on cosmic strings produce
gravitational waves




Why important?

+ For Physics:
* Gravitational wave detection
* Gravity at high energy scale, Quantum Gravity

<« For Cosmology:
------ unique way for pre-recombination stage
* Pre-inflationary stage,
* Birth of Universe
* Inflation physics (energy scale, evolution, et al.)
* Phase transitions in early Universe (QCD, e+e-, supersymmetry, et al.)
* Cosmic strings, cosmic walls, et al.
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Transfer Function: log m( TIv:2.~‘12Hﬂ2 )

0 T.-"EV 10

? 10’1’1 10’15 10’19 1023

-16

Ingm(v!Hz )



Over the Next 40 Years

Probe the Initial Second of Universe’s Life

GRraviT
AT
W L

N
AVES AL

NEUTR,NO B

BiG - BANG
SINGULARITY

100,000 e

Planck Time 1 SECOND
10-43SECONDS TEARS

Singularity
creates

Space & Time
of our universe

EARTH

10 billion

Rich Violence in First Second -- Four Examples
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* 1In 1986, Schutz found that the luminosity distance of the binary neutron
stars (or black hole) can be independently determined by observing the
G.W. generated by this system. If we can also find the EM counterpart, the
redshift can also be determined. Thus the dL-z relation can be used to study

the evolution of universe. This is the so-called: standard sirens.
(Schutz,Nature,1986)

characters: 1. non-EM method to study the cosmology
2. independent of “cosmic distance ladder”

* M= RS H 2L

M B Adv.LIGO, Adv.VIRGO (BNS, NSBH)
*NMEFHERE

Hi ] {Y Einstein Telescope (BNS, NSBH)

2% [A] FYILISA (SMBBH)

2% [A) fXIBBO (BNS, NSBH)

55
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ET (GW) & JDEM (BAO) & SNAP (SNla)

| - | " || " | " ] " | - ]
(line 1): BAO+CMB

(line 3): GW+CMB

ine 1

A 58
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Einstein Probe Satellite Prn]ecﬂ’
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ZHEFIBIFEST ( Einstein Probe , 2kEP ) T8I E—&mE M ST W EfHmee - I ERI /I
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Perad shet in secands

Year

e e T2 = =) oy O
E1913+1689%h 8 BEAE 1k, (Eh
RIS O EiE R iR
m (EehEEREE) SEWE

Gravitational waves

PSR B1913+16

1.9 Mill: km

' unseeri
U ML=139 My

PD =7.8h



(Indirect) Evidence of GWSs

e PSR B1913+16 was the first binary pulsar to be
discovered (Hulse & Taylor 1975).

 Observed for over 30 years.
 Weak radio source (1 mlJy at 1400 MHz).

e Joseph H. Taylor Jr. and Russell A. Hulse shared the
Nobel Prize in Physics in 1993:

"for the discovery of a new type of

pulsar, a discovery that has opened

up new possibilities for the study of
gravitation."

c. 1993, Nobel Foundation c. 1993, Nobel Foundation



GWs Are Out There!

Orbital parameters for PSR B1913+16 are known to extremely
high accuracy (both relativistic and non-relativistic
measurables).

Binary should emit energy as GWs

- system loses energy

—> orbit should shrink

— the period should decrease

GR says the rate of period decrease is:

- 192 7 G2y Ry ——
Pyop=-— = b (2%‘) (1—e*)777 x

=

T?Il f ; i ]
(1 + —e + '3_654) My M. (Mp + m.) Y2 (Weisberg &

24 4 “aylor 2004)

Using the measured values and correcting for the relative
acceleration between the solar system and the binary:



Building Up Our Confidence

* The dominant dissipation g T T
in the binary is energy E T .
loss by GWs (not mass . ~ F N E
loss or tidal drag). g of AN -

* No GWs directly detected : [ X E
yet. I ?

e However, the Hulse- | [ General Ry precicton” E
Taylor PSR has convinced - - F \ =
us they exist (and that we = £ \
understand them ST "]
relatively well). s =

Bl
575" o805 1350 1985 2000

Weisberg & Taylor 2004
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Li-Baker Detector

Stainless Steel & Titanium Yacuum /
Cryogenic Containment Vessel and
Faraday Cage (7.3(10)*-7 Torr, <480mK)

Bcei'u'ﬂr
. ave
£ .TLM!CE%h:tECmr 2)

9T, 61mm gap
Superconductor magnet

X = ve Y
'cfowa c
Nlﬂ {Dete

10 GHz, 10W microwave transmitter
focused at fractal membrane

Sensitivity to HFGW:
A=10%m i m
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Large Interferometers: the 15 Generation
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Bemand F Schutz
Albert Einstain Institste Frascali: Introduction to Gravitational Waves
18 May 2003 g



Laser Interferometer Gravitational-Wave Detector -
“GW Interferometer”

Photodetector @VF;_M]

AL=hLs4x101° cm
VZRN
<1021 4 km



How Small is 10-1® Centimeters?

e One centimeter ~ 1/2 inch

+100 ( Human hair ~ 100 microns
+100 /\/ Wavelength of light ~ 1 micron

+10,000 @ Atomic diameter 108 cm

+100,000 & Nuclear diameter 1073 cm

+1,000 —— 1,60 sensitivity 106 cm



LIGO Livingston Hanford Observatory | LIGO Caltech ucomt | Q _

£ 2 __-'\") = 5 - "\/’-\/"\\
y Laser Inj[erferometer < ““ £~ .
Gravitational-Wave Observatory = - 75 -
Supported by the National Science Foundation ' _77{‘
Operated by Caltech and MIT -H,\ 1.7"",_; /‘(Z(A 3
fi N . B 4

About LearnMore News Gallery Educational Resources For Scientists Study & Work

Science Education Center Tours For Educators Working Visitors Local Area

o

What are gravitational waves?

Why are we looking for them?

“
How does it affect us?
Livingston Hanford
& Virtual Tour
LATEST HEADLINES RESEARCHERS
Super Science Saturday at LSU * LIGO Scientific Collaboration (£

News Release » October 21, 2015 * LIGO Open Science Center ('
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Figure 3: Typical strain amplitude sensitivity of the LIGO detectors during S6.



Preliminary Results from 2005-07 Search

e Gravitational waves from big-bang birth of the universe 4
» < 95/100,000 of the universels total mass, at LIGO

frequencies
® Gravitational waves from Crab Pulsar

» < 1/16 as much energy as emitted in EM wave

e Gravitational waves from gamma-ray burst 021 |

» If iIn Andromeda galaxy:
NOT triggered by colliding
neutron stars or by a black hole
ripping apart a neutron star
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Future Interferometers in LIGO

Initial LIGO, 2007: s ety
BH/BH 300 million "R ] e T
light years -

~ 1 BHBH/ 10 yrs

Enhanced: 2009-10
600 million It yrs
~1 BHBH / yr

Advanced: 2014-...
5 billion It yrs
~1 BHBH/day or wk
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LISA: Laser Interferometer Space Antenna

relative orbit
of spacecraft
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TianQin: a space-borne gravitational wave detector

Jun Luo'*] Li-Sheng Chen*, Hui-Zong Duan?, Yun-Gui Gong?, Shoucun Hu®, Jianghui
Ji%, Qi Liu?, Jianwei Mei?, Vadim Milyukov?, Mikhail Sazhin®, Cheng-Gang Shao?,
Viktor T. Toth®, Hai-Bo Tu®, Yamin Wang’, Yan Wang?, Hsien-Chi Yeh?, Ming-Sheng

Zhan', Yonghe Zhang®, Vladimir Zharov?, Ze-Bing Zhou?
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The Parkes Pulsar Timing Array Project

Collaborators:

» Australia Telescope National Facility, CSIRO

Dick Manchester, George Hobbs, Russell Edwards, John Sarkissian, John
Reynolds, Mike Kesteven, Grant Hampson, Andrew Brown

» Swinburne University of Technology
Matthew Bailes, Ramesh Bhat, Joris Verbiest, Albert Teoh
» University of Texas, Brownsville
Rick Jenet, Willem van Straten
» University of Sydney
Steve Ord
»National Observatories of China, Beijing
Xiaopeng You
» Peking University, Beijing
Kejia Lee
» University of Tasmania
Aidan Hotan




The PPTA Project: Goals

e To detect gravitational waves of astrophysical origin

e To establish a pulsar-based timescale and to investigate irregularities in terrestrial
timescales

e To improve on the Solar System ephemeris used for barycentric correction
e Modelling and detection algorithms for GW signals
e Measurement and correction for interstellar and Solar System propagation effects

e Investigation and implementation of methods for real-time RFI mitigation

To achieve these goals we need ~weekly observations of
~20 MSPs over at least five years with TOA precisions of
~100 ns for ~10 pulsars and < 1 us for rest



The PPTA Project: Methods

e Using the Parkes 64-m telescope at three frequencies (680, 1400 and 3100 MHz)

e Digital filterbank system, 256 MHz bandwidth (1 GHz early 2007), 8-bit sampling, polyphase
filter

e CPSR2 baseband system 2 x 64 MHz bandwidth, 2-bit sampling, coherent de-dispersion
e Developing APSR with 512 MHz bandwidth and 8-bit sampling
e Implementing real-time RFI mitigation for 50-cm band

e TEMPOZ2: New timing analysis program, systematic errors in TOA corrections < 1 ns,
graphical interfaces, predictions and simulations (Hobbs et al. 2006, Edwards et al. 2006)

e Observing 20 MSPs at 2 - 3 week intervals since mid-2004

e Looking to international co-operation to obtain improved data sampling including pulsars at
northern declinations



Sky Distribution of Millisecond Pulsars

P < 20 ms and not in globular clusters

Farlies TA pulsar
O P = 2 ms
¢ P =5 ms
Filled: 51400 > 2 mJy




Detecting a Stochastic Background of
CAVE

Pulse arrival time
fluctuations from

different pulsars will
be correlated:

C(6;) = <R, R3>

We will need

at least 20

pulsars at

100ns to do this

In 5-10 years time.

102172010




PPTA Pulsars

e 20 MSPs - all in Galactic disk except
J1824-2452 (B1821-24) in M28

e Two years of timing data at 2 -3
week intervals and at three
frequencies

e Uncorrected for DM variations and
polarisation calibration

e Five pulsars with rms timing
residuals <500 ns, all < 2.5 us

e Best results on J0437-4715 (120 ns)
and B1937+21 (170 ns)

Still have a way to go!

Name Period DM Orbital Rms
(ms) (cm™ pc) period Residual

(d) (us)

J0437-4715 5.757 2.65 5.74 0.12
J0613-0200 3.062 38.78 1.20 0.83
J0711-6830 5.491 18.41 1.56
J1022+1001 16.453 10.25 7.81 1.11
J1024-0719 5.162 6.49 1.20
J1045-4509 71474 58.15 4.08 144
J1600-3053 3.598 52.19 14.34 0.35
J1603-7202 14.842 38.05 6.31 1.34
J1643-1224 4.622 62.41 147.02 2.10
J1713+0747 4.570 15.99 67.83 0.19
J1730-2304 8.123 9.61 1.82
J1732-5049 5.313 56.84 5.26 2.40
J1744-1134 4.075 3.14 0.65
J1824 -2452 3.054 119.86 0.88
J1857+0943 5.362 13.31 12.33 2.09
J1909-3744 2.947 10.39 1.53 0.22
J1939+2134 1.558 71.04 0.17
J2124-3358 4.931 4.62 2.00
J2129-5721 3.726 31.85 6.63 0.91
J2145-0750 16.052 9.00 6.84 1.44
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' 3C 66B:Evidence '

Science

magazine

Orbital Mofion in the Radio Galaxy 3C 66B: Evidence for

a Supermassive Black Hole Binary
Hiroshi Sudou,1* Satorn Iguchi,? Yasuhire Murata,3 Yoshiaki Taniguchil

Supermassive black hole binanes may exist in the centers of active galactic mucle1 such as
quasars and radio galaxies, and mergers between galaxies may result in the formation of
supermassive binanes dunng the course of galactic evolution. Using the very-long-baseline
mterferometer, we imaged the radio galaxy 3C 66B at radio frequencies and found that the
unresolved radio core of 3C 66B shows well-defined elliptical motions with a peniod of 1.05
+ (.03 years, which provides a direct detection of a supermassive black hole binary.

Volume 300, Number 5623, Issue of 23 May 2003, pp. 1263-1265.
Copyright @ 2003 by The American Assodation for the Advancement of Science. All rights reserved.

102172010



Sudou et al.’s adopted parameters
for 3C 66B

M, =5.4 x 1010 M
Mass ratio = .1
I""'I-:.:hirp =13 1010 Msular

Orbital period = 1.05 + .03 yrs

Distance = 85 Mpc (H=75 km/s/Mpc)
h=My;,>"? Q23 /D = 10-12

solar

102172010




The expected signature of GWs from 3C66B on PSRB1855+09

From Jenet, Lommen. Larson, & Wen, ApJ May 10% 2004

Fredrick Jenset, Center for Gravitational Wave @
Aetronony, UTS ] -

102152010
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Gravitational Waves from the Early Universe
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Gravitational waves discovery now officially dead Topsoy

Combined data from South Pole experiment BICEP2 and Planck probe point to Galactic
dust as confounding signal.

Ron Cowen

30 January 2015
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CMB polarization measurements

]

Planck (2015)
ACTPol (2014, ~650 hours)
SPTPol (2013/14)
BICEP2/Keck (2015)

PBear (2014) .

Lensing

20 80 220 400 650 1000 1500 2250 3000 4000 5000
Multipole ¢ Compilation by L. Page

Rapid progress! All in last ~2 years.



CMB 54

1 '| —— Space based e::pa]‘rimams

10‘1 - \ == Stage-| - = 100 detectors

< = Stage-Il - = 1,000 detectors

3 \ Stage-IIl - = 10,000 detectors
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a « Moving from Stage-Il to Stage-lll and beyond, there 04,,5.,

< is a consolidation of effort from multiple small “6‘; e
107*} experiments towards a few larger experiments
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Instrumental parameters for Planck mission

Band center [GHz][100][143[217[353
Ng 8 | 8|8 |8

NET [uK- secZ] |50 |62 |91 |277
FWHM [arcmin] (9.5 | 7.1 (5.0 | 5.0

Ty 1
Integration time 28 months

Instrumental parameters for PolarBear (1) Planck (space)

FWHM [arcmin] [6.7 [4.0 | 2.7
Foiew 0.024

Integration time |~ 6 months

Band center [GHz|| 90 [150 {220 E
Ny 400 [600 [200 |
NET [pK- sec?] [220[244 453 I I .

EBEX (balloon)

Instrumental parameters for EBEX

Band center [GHz]|[150 (250 [410

Ny 768 [384 (280

NET [pK- secZ] [136[100| 85

FWHM [arcmin] | 8 | 8 | 8
foky 0.01

Integration time ~ 14 days

@ Ground-based experiment can choose the cleanest partial sky to reduce various foreground contaminations.
108
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Summit Station, Greenland
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Recent Atacama CMB experiments

L

Photo: Rahul Datta & Alessandro Schillac



The Ali Observatory

N32 deg, EBO deg, 5100m altitude.
30 km south of the Shiquanhe town
25 km to Kunsha Airport

With a 25 KW solar power statlon
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Planned CMBPol experiment

Table 5.5.4 Low-Cost Option TES Focal Plane Demgn Sensitivity
Freq Bewrm Nyor NETpor” NETbana e 5T pix (2°%x2°)°
[GH=z] [arcmin] [#] _lu.Kcmbﬂus] [nKemb/s] J..LK arcmin] [NKrms]
30 155 8 =1 20 441 260
40 116 54 50 5.8 15 88
60 77 128 42 3.7 8.1 48
90 52 512 37 1.6 3.5 21
135 34 512 35 1.5 3.3 20
200 23 576 38 1.6 3.5 21
300 16 576 G5 2.7 5.9 35
Total” 2366 0.8 1.8 11
(see CMBPol white book for details)
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: : T T T T
100 |-
— 10° 3 E L
e = =
3 B ]
e B i
g -
&
o 3 z
) - -~
&) J »10 |-
— B
2 -
< 107F =
] o =
e K -
’ L 3 : 1 | | 1 1
-3 L1 L M A L P A L L
10 E' E 1E-3 0.01 0.1 1
1 g aaal L e g aaaal i e aaal M P L
r
10 10° 10° 10*
4

When r=0.001 (2 orders smaller than Planck), CMBPol will detect! 114



ldeal CMB experiment

* Cosmic lensing generates the E-B mixtures,
and forms a nearly white B-mode spectrum.

)

* For the ideal experiment, where only the g
reduced cosmic lensing contamination is :
considered.

e Detection limit:

r=37x10""°
H ~ 3.1 x 10" GeV

VA~ 1.5 % 10°GeV

(Knox & Song 2002; Kesdon et al 2002;
WZ & Baskaran 2009)

10"

10° |
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10° £
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