Gravitational Waves: New
Window to the Universe

Hyung Mok Lee
Seoul National University

QO o2 3L A7y



Contents

- What are the gravitational waves?

Gravitational wave sources: compact binaries
* Detectors

GW 150914 and its Prospects of GW Astronomy
 Future Detectors

Summary

QO O3 3L A3 Yu



General Relativity and Gravitational

Waves
e Einstein Equation
1 8 G
Ry ! égu! R = ?Tu!
e In the weak field limit

ur - Minkowski metric

e FEinstein equation becomes a wave equation

16! G

1 B, = TT“! (= 0 for vacuum)
where B, = hy — 3!, h. is trace reverse tensor oh,,
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Propagation of Gravitational Waves and
and their effects

e Plane wave solution
gu! = Ap! exp(zk ZE)

e In Transverse Traceless (TT) gauge, GW propagating along z-direction
A = Ay gkt 2

0 0 0 O
" 0 h hh 0Y
Aul % o n vh, o0&

0O O O O
e Propagation speed = C, two independent constants h; and hy

* Proper distance between two freely-falling particles at coordinate
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Gravitational Radiation from
slowly moving object

e Gravitational waves are radiated by accelerated mass.

e Unlike electromagnetic wave radiation, dipole radiation is
forbidden

* In a typical case that the motion within the source 1s non-
relativistic, GW 1s contributed by the time variation of the
quadrupole moment

Qij (t) = !(t,X) Xi X | 1

:_Bnij X2 dSX

2G
(0= Qs (1! )

¥ Luminosity
Low = G NP
GW T 55 g3
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Estimation of GW Amplitude

* Quadrupole Kinetic Energy

(Mass in motion) " (system sizef

| Quadrupole kinetic energy) = !Mc?

Qij ! —
(system transit time)
¥ Strain amplitude of an object at distance, with massM

becomes \ SOM
:

hij ! e(—s>! 5" 10‘%(—)( pC)
I M o I

¥ In most cased << 1, but there are some cases where
becomes ~0.1 li.e., just before the Pnal merger of black hole/
NS binaries"




Confirmation ot GW =
with Binary Pulsar .

» Orbit of binary neutron stars shrinks

slowly
+ Hulse & Taylor received Nobel Prize in | |
1993 for the discovery of a binary pulsar 35 | SEJTCESH SB .-

P=7.75 hrs

a=1.6 x 10°km

Mi=1.4 Mgun

M>=1.35 Msun

Time to merge=3x10% yrs
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Waveform tells many things

Neutron star binary

“ " highf \/ | .
0.01 0.012 0.614 0016 0018 0.02 0.022 0.024
Black hole binary
D —
L low f
0.15 0.2

0.05 0.1
time
Comparison of waveforms between NS and BH mergers:

Note differences 1n frequencies and shape .
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Laser Interferometer with Fabry-Perot
Cavity and Power Recycling: LIGO

test mass
.\ Q) light storage arm
test mass
,) g.w. output
port

splmer photodetector

Q power recycling
mirror
lascr

1 2002-2010 Imitial LIGO
1 2015.9 ~ Advanced LIGO (10times better sensitivity)
I Virgo also has similar structure



Simple Estimates of Sensitivity of
Interferometers

If the length resolution 1S Alaser, detectable strain is

I ! Jaser 10 °m 1 9
h! — = = = 10
| | 103m

+ Optical path length can be significantly increased by adopting optical

cavity, but should be smaller than GW wavelength (~1000 km for 300 Hz)

—10—12
o ~ 2 =10

h ~

' QW 10°m

- However, due to quantum nature of the photons, the length resolution

coud be as small as N *snotorshiaser. Thus sentivity could reach

|
1 '1/2 - laser
|
h! Nphotons |




Shot Noise

» Collect photons for a time of the order of the period of GW
wave 1 1] / fow

N o Plaser no Plaser 1
photons — hc/!

laser | hc/! laser 1:GW

» For 1W laser with ! jaser=1 L, fG\A/:3OOHZ, Nphotons_—1016

y ] | Np!)hiiozns Alaser ' 10 8" 10 °m = 10' 20
o lerr AGW | 10Pm )

- By adopting high power laser (20W for O1) and power
recycling, we can reach ‘astrophysical sensitivity’ of ~10-22,
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Other Noises

Radiation pressure noise

- Make mirrors heavier

-1 s Quantum Vacuum
. . . . [ mEmmEmmEsE SeiSMIC ]
Suspension thermal noise/ mirror coating ' s Newtonian Gravity |

s Susp. thermal

brownian noise - s Coating Brownian

e | 0fal noise

 Increase beam size, monolithic
suspension structure

Seismic noise

Strain [1/HZ]

+  Multi-stage suspension, underground
Newtonian Noise
- So far difficult to avoid.

10 100 1000
Frequency [Hz]

« Seismic and wind measurement and
careful modeling
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KAGRA (Japan, To
be operational in

GEO 600 (UK
2018 )

+Germany)

Aﬂq'veuea

| "

LIGO-India

R (Just approved, To be
- L Zia - | operational in 2022
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Image credit: LIGO/R. Hurt

On September 14, 20135, the Earth was shaken by the
gravitational waves for about 0.25 seconds.
(actual change was ~10-> nm)



Detection of
Gravitational
Waves
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Observation of Gravitational Waves from a Binary Black Hole Merger

B. P. Abbotter al.”

(LIGO Scientific Collaboration and Virgo Collaboration)
(Received 21 January 2016; published 11 February 2016)

On September 14, 2015 at 09:50:45 UTC the two detectors of the Laser Interferometer Gravitational-Wave
Observatory simultaneously observed a transient gravitational-wave signal. The signal sweeps upwards in
frequency from 35 to 250 Hz with a peak gravitational-wave stralrDof 10 L. It matches the waveform
predicted by general relativity for the inspiral and merger of a pair of black holes and the ringdown of the
resulting single black hole. The signal was observed with a matched-filter signal-to-noise ratio of 24 and a
false alarm rate estimated to be less than 1 event per 203 000 years, equivalent to a significance greater
than5.1! . The source lies at a luminosity distancd b8 159 Mpc corresponding to a redshift= 0.09 055,

In the source frame, the initial black hole masse8@igM, and297;M, , and the final black hole mass is

62 4M, , with 3.0/ 92M, c? radiated in gravitational waves. All uncertainties define 90% credible intervals.
These observations demonstrate the existence of binary stellar-mass black hole systems. This is the first direct
detection of gravitational waves and the first observation of a binary black hole merger.

DOI: 10.1103/PhysRevLett.116.061102

Primary black hole mass 36/5M,
Secondary black hole mass 297%M,
Final black hole mass 62(3/°2M!
Final black hole spin 0.6 ,,/08875
Luminosity distance 410'7"1128 Mpc
Source redshift z 0. 09%882




Summary of GW 150914

Masses: 36Mi +29 M (Final mass: 62M: )
3M: has been radiated as gravitational waves

Energy radiated per unit time was about much larger than
total luminosity of the entire visible universe

Distance ~ 400 Mpc, but with considerable uncertainty.
Observed frequency range : 30-150 Hz
False alarm probability <2 x 107 52

256
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32

Frequency (Hz)

Maximum Amplitude : ~10-2!
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What we learned from GW 1509147
(Abbott et al., 2016, ApJL, 828, 1.22)

X-ray binaries
«  Existence of stellar mass black ° ,\
holes 1n binaries

» Individual mass was higher than
previously thought

+ Formed 1n low metallicity 2
environment 1

GW150914

||I|. n n

5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35

Number

» Early Universe? °

- Recently 1n a low metallicity w
galaxy? Black Hole Mass (M)

- How often BH merger takes
place?
. 2-400 yr'! Gpc'!
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GW background

+ Incoherent superposition of merging BH could generate stochastic

GW background
| (F) = f dlew
e\ = d

- Consider a BBH of class k with parameters ! k merge at a rate Rn(Z

| k) per unit comoving volume, then Qcwcan be obtained by

£ Re(2 ) EE ()
ew (D s Y T BTy 1 2)

« E(Qm,Q4,2) captures the dependence of comoving volume on z

 Fiducial model based on GW150914: mass, rates, spin, etc. and

R = 16Gpc! 3yr! 1



Detectablhty

-6 sensitivity
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Abbott et al. 2016, PRL, 116, 131102

Expected sensitivity of LIGO and Virgo detectors to the fiducial
model: 33% coincidence for O1 and 50% for all other runs



Future Detectors




—instein Telescope

I Undergrouhnd: 150 m below surface of the Earth

I Sensitive enough to detect almost all GW events coming from BH
and NS binary mergers in the entire universe

COMPUTING CENTRE

EINSTE'N TELESCOPE CENTRAL FACILITY

gravitational wave observatory

Depth ~150m

TUNNEL © ~5m

Length ~10 km

KAS 2016 Spring



eLISA

| Deploy 3 satellites in space woth 1.5x10° km separation

| Sensitive in low frequency (10 -10"! Hz)

I Massive Black Hole Binaries, White Dwarts

KAS 2016 Spring



Another Concept being consiered in Korea: SOGRO
(Superconducting Omni-directional GRavitational-wave
Observatory)

I Using superconducting devices to
I Reduce sizes

| 3-D structure

I Underground

| 3-D structure means

| Determine the direction with 1 detector

I Mitigate seismic and newtonian noises

I Frequency range: 0.05 - 1 Hz: sensitive to
intermediate mass black holes

I Need more basic research 1n order to realize



Strain Spectral Density (Hz"?)

Sensitivity goals of SOGRO

0PN *
1071,

10-20 2

10-21

T I TN ) Paik et al. 2016

1072 107" 10° 10’
Frequency (Hz)

Major challenges:

" Large-scale cryogenics.
" Mitigation of Newtonian noise.



Newtonian gravity noise (NN)

Seismic and atmospheric density modulations cause
Newtonian gravity gradient noise.

GWs are transverse and do not have longitudinal components
whereas the Newtonian gradient does. GW could be distinguished

from near-field Newtonian
gravity.

Che (M) +hye a(t) Ak (M) + Ay 2(t) e, 1s(t)
M(')=" hx( )_I_hNG () —he (! )+hNG (1) Iy, 23! )$

In GW frame,with the wave traveling along the 3rd axis,

NG, 13(!) NG, 23(1) NG, 33(! )
By combining tensor components, we get Due to Rayleigh
2GSy % B 7
he (1) = hi, (1) ! 2cot"hiy(!)+csc?” S0 % O —2 g1y - waves

! Cr Cr .

I 1 I

44G # g
+cse?"——  '$i(!)sin®(;exp —zsin
FCES . Cis ( Due to Infrasound waves

I
Similar expression can be found for hy(w).
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Subtraction of Newtonian Noise

Tensor + ver CM (() noise) Te.:nsor + ver CM (SNR 10°
+7 seisemometers (Skm, SNR 103)
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SRR ‘.:Z-‘:__,-,x g g BRY
2 =
3 3
6
- ok, S A
0 [rad) 3 ¢ [rad] /4 72 34 T
=> Meets sensitivity goal of SOGRO l 9lfeq)
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Harms & Paik, PRD (2015)



Characteristic Strain

(8 4QFDUSVN BOE %FUFDUPST

10 72
10 -14
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g ) Massive binaries
upermassive
binaries
10
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107 ratio inspirals
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galactic binaries =
10 %
Core collapse
107 supernovae
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Frequency (Hz)
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Summary and Prospects

- First direct detection of gravitational waves after more than 40 years of
intensive mvestment
- Final moment (0.2 s) of black hole merger
- Observed waveform matches theoretical one very precisely
- Unambiguous detection of stellar mass black holes and a BH binary
- Accurate measurement of black hole masses (within ~10%)
- Higher mass of stellar mass BH than previously thought
- Reasonable estimate of distance (190~590 Mpc, 90% confidence)
- Prospects
- Many detections will follow (up to a few hundreds per year)
- Statistical studies on black hole masses and distances
- More constraints on BH spin
- Equation of state of neutron stars
- Synergy with electromagnetic astronomy and neutrino astronomy
- Nature of GRBs
- New detectors are coming along
QO o2 7L A7y
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