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V LI — AX’ — x,2 _xll W/ At, —
- - OpEEZER| 2 FGX] BEXH)
oy ol @ 22 SAl0| 57
N A e=ent i
- Note: 9" | & A2 9 Of|Al= SAI0
L St £ ALZ40| Ofdl
L X O .
LI
As?= —(cAt)? + Ax?*= —0% + L'? \
ct \ 4
1% 2 o~ ,
— (;Ax) + Ax?= Ax?[1 — (?) 1= L"
- o 1= (/)] = 17
7 o L~ W/e)l =

/

cAt

g e L= 1—(K)2L’

2
Py Ax=L+l=L+lcAt=L+()x D Ax=L/[1-(3)]
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v SUMMARY:
o dt? & dI? = dx?+dy2+dz? : FE9| A|Ztot S 2t
i/ ---------- \\E / I C > 00

- ds® = gy (0)dxHdxY mm) ds? = —d(ct)? + dx?+dy?+dz?  ERHHEH AT
RN g Curved and Dynamical (interacting w/ matter) g, (x)

2RI =

1
- 2|2t =& "l A|(Riemann curvature tensor): Ra,B — 5 gcx,BR = 87TGTa[3
5

— )
Rapy = aﬁray d FBV"'FG F,Ba F),BF(M ,

: 5§ _1 su _ 5
with  [0p = ~g°*(3a9pu + 0pGay — Ougap) - Rgg, =0 iff STisFLAT

o)
- Rapg = Rysp + R = Rapg® #0 iff STisCURVED
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Credit: M. Koppitz

< (Credif ESASCCarrealy

>

Andromeda M31 (~67 kpc, NASA/JPL-Caltech) Visible Universe (~8.6 Gpc, http://www.atlasoftheuniverse.com/universe.html)




- M E& F™(Metric ansatz): 8 &5t I HEE T QS
[Ch2f HoLK| R0 (EA AFEH) :rLEHjc%'% HIFot=
Orgjet &0 =-& = A3

U
Y
I

—f(r)dt? + h(r)dr? + r?(d6? + sin’0d¢?)

- 2E@r>R): TE D> T=0

- W& @ <Ry 2 78 7HE > Tup = pugug + P(gap + uatip)
p=p) BEEE, P=P@): ¥, u* = ({7,0,9) = (' 0,0,0): 4-velocity of fluid
Note: —1 = u-u = gepuuf = —futut+0 > u* = (1/,/£(1),0,0,0)

- B FT,=0 D> 0=g“ﬁ(Raﬂ—§gaﬁR)=R—§-4-R=—R > Ry =0

_h]_::

A A[ZHO|
|FEAM S



H 2|7 8ll(Exterior solutions): R,z =

R, [—rhf' + f(=rf'h' + 2hQ2f" +71f")] = 0

~ ar fh2

Ry = 5 [F(4f + rf )R+ Th(F2 — 2 f")] = 0

Rgg = Ry, /sin26 flhz[ rhf’ + f(=2h + 2h2 + Th")] = 0
C — . =]
2| f=1-==h"" C Y22 HEY=
I C & 2M
- FREEYE HEE=L 1916
A /| 2 ‘ ‘ ¢ ‘
d52 = — <]_ —2—71[) dtz—l—#ru/r—i—rzdeg—l—rzsinz 9(1([)2

Karl Schwarzschild (1873~1916) (X To be continued at the “Global structure ......")



v B8 L E Sl (Interior solutions):

f=e?®™ and h=(1-2m@)/r)"t 2 LtEtLHH

2

dr
ds? = —e?Pdt? + + 1r2(d6? + sin?0d¢?
o S il 1-2m/r ( %)

few % electron Fermi gas

inner core 0-3 km
quark gluon plasma? 1

Rup — E‘g“ﬁR = 8nGT,p = 87TG[puauﬁ + P(gaﬁ + uauﬂ)]

- TOV (Tolman-Oppenheimer-Volkoff) 284l 1934, 1939 w/ G=1=c

dm 2 r 2 4.
o Anr<p = m(r) =4n fo p(r"r'“dr Note: m(r=R)=M=C/2
dp m+4mrspP m

7Sk “O| 24~ Il-.g.u

= m e SHEL O Zet Y
dr r(r — 2m) € 2 ‘ = &7 o = =

P(r+dr
dP _ _ AP om N
7= (P +P) r(r — 2m) € —— . Balance eq.

P =P(p) : EOS (&EfEEAN EEEE! §=_G(p+P/c2)M =5 g om

r(r-26m/c?)




v A class of solutions parameterized by the central density:

D
‘“.50_unstoble :
unstable
1O neutron stars white
dwarfs
®
=
=
05
Pe
6 A
1 | | | L | | |
0 10 20 30 40
log,oR (km)
8 10 12 14 16
Radius (km)
Chorsh BRI AlO] TR o o

Lattimer & Prakash

- The maximum mass exists for a given R, for instance, M < 4R/9 for
constant density stars!



Relative Sizes of The
Earth, Jupiter, and Sun

The Sun - -

Jupiter
»n %
-
12,756 km 142,800 km

P - B .
Jupiter's diameter is

- N 1,392,000 km
11.2t the d t e
Imes "he dlameter The Sun's diameter is 9.7 times
of the Earth. . .
the diameter of Jupiter.

http://www.enchantedlearning.com/subjects
/astronomy/sun/sunsize.shtml

Al 2k
1 n E
L& & (Compactness)” ~ ﬂ;l
X .1\&=4.4x10_6km~ _9
Bx) Xl Rg 6.4%X103 km 10 LE =340 = 1D
wE SH2E RO E 37 S2[X|
. Mg _ 15km -
BN 22 = Txrorim ~107°
o8} Mg _ 10''Mg ~1011km~10_6
= " Rg 30~50kpc 1017 km ?EIIEI_}AOI-EH 203 EI-_?_O-I OI: '6I;I|--
= M . Mns - 1.4 Mg - - -
&SN R ™ Toetno e ~ (017001 > RE FHOME E7H5T MY
EaE: BT =05 M M

(o]

LS

(=]
=



« Numerical calculations for geodesics:

- Schwarzschild BH: Bf2t= HFXF & GK ('13)
- Kerr BH: 0|52 & GK ('14)

v" Bound motions v" Precessions

806

660 [

48 [

20




v' Strength of gravities:

T T T T

Il =20, =7.0399,7 = 10

Kerr (green)
B Schwarzschild (red)
Newtonian (blue)




v Dragging effect in rotating BH:




FH(AIZES] AIE), =010l SHE, JFS T =
= —dt? + a(t)?*(dx? + dy? + dz?)

Nl

ds

Dark Energ
Accelerated Expansio

Afterglow Light
Pattern Dark Ages Development of
380,000 yrs. / Galaxies, Plane

R = ar

>

0B

€

1st Stars
about 400 million yrs.

Big Bang Expansion
13.7 billion years

t=0 €« A2t > ¢t

Credit courtesy: NASA/WMAP Science Team



 Global causal structure of a spacetime
described by the Schwarzschild metric:

2 dr?

M .
l ds? = — (1 — T) dt? + vy r2(d0? + sin? 6 d¢?)

v - Forr>»2M, ds?=—dt?+dr?+r?(df8? +sin? 6 dp?)
= —dt? + dx? + dy* + dz?> = FLAT ST
. Asymptotically flat = ¢t: —oco~co0, 1r:0~c0, 6: 0~m, ¢:0~21

- Notice that g,, issingular (e.g. 0 oroew)atr=0,2M & 6=0, n
- Curvature squared (Kretschman invariant):

48M?
Ra[gwR“B“"z r - o as r—0 only

- r =20 is indeed a curvature singularity.
- r=2M may be simply a coordinate singularity.

0 = 0,m are coordinate singularities.



Trajectories of light: 6, ¢ = fixed for radial motions

ds? = —(1-2)ae? + at__

1-2M/r

> Z—Z (1 —ﬁ) == +1 = +:Out-going light, -:In-going light

r

ry = 2M dv = dt+15 P ds? = — (1-2) dv (dv — Z5-) +72(d62 + sin? 6 dg?)
- Radially outgoing light: ds? = (1 ——) dv (dv - 1_2;;:/)

> V=f0Vdv—er dr=2R—ry+ryIn(R — 1) — € —

+e1- 2M/

rplne) >0 asr -y

- What does it mean?

- Maybe light CAN NOT escape from the surface at r =1, ...7!
= “EVENT HORIZON"

26M ., M
- Horizon radius: 1, =
c? M@




*
- In-going light: 0<r<o

oM\ T>2M r~2m* r~2M - r~0
%:—( __r) :—11 =>—0, :-I—O, — 4 oo
C o 42 ZHE (Null coordinate)
t L
A 1 2 _ _( _ 2M> 5 r
)“ ds 1= ) de

=-(1-20) [dtz — (1_;1:4/)2]

- (2 () (e )

& dv

v

)
> ds?~dv(dv — mdr) =0

for a path of v = Const.

r
v=t+r+2M1n|ﬁ—1|
v = Const.



(v,1r) coordinate system: Edington-Finkelstein c.s.

dr?

oM . .
ds? = — (1 — T) dt? + T +1r2(d6?+sin’0dp?) in (t,7,6,0)
= — (1 — g) dv (dv - 12_%\4) +1r2(d6?+sin’0dp?)
= — (1 - g) dv? + 2dv dr+r?(d6?+sin?6de?)  in (v,1,6, Q)
, r>>2M
v=t+r+2M1nm—1 — t+7r or t=-r+v
r = Const.

Note:

= condl

1ST.

==

r = Const.

p=

t = Const.

r = Const.

v = Const.

Out-going light:

d 2M
e v (-2
dt r
d 1 2M
Or _T'=_( —_——
dv 2 r

)



v Causal properties around r = 2M:

In ("v",r) coordinate system,

space

>

O =X http://plato.stanford.edu/entries/spacetime—-singularities/lightcone.html



- Global structure:

= 2tanh™" (£/%) - Light cone: ds? =0

<[~

- Conformal trans.:
dr? 32M3

M
2 _ _(1_ 2 — —r/2M (_ JF2 =2 N
ds (1 r )dt Tz 2M/r . (=dt” + dx%) ds? = Sl(x)z ds?

Juw = -Q(x)zguv

“Motion in time” : “Motion in space”

White Hole Region

(See my youtube lectures for more details: https://www.youtube.com/watch?v=-y-XJZzprKO&t=705s)



https://www.youtube.com/watch?v=-y-XJZzprK0&t=705s

- Interior of the black hole: 0 <r < 2M

2
ds? = — Aj/rr_l + (% - 1) dt? +r2d0% W/ t:—oo~o0,r:0~2M

2
roT,t->X: =-— ar +(

2M
——1
2M/T—-1

T

) dX2 + T2d02

- Time-dependent spacetime!
At T = Constant,

ML= o1 ax = P2 _1aX: 0~oo
T X1 T

A =4nT? : 16nM?*~0

2> AV = 4nT?x ’%— 1AX : 0~3+/3mM?AX~0 as T: 2M~0

- Thus, the BH interior is isomorphic to ds? = —dt? + a(7)?(dy? + sin x? dQ?).

- A2t S &9 £0] ULCH? (Time flow ends!?)



 Realistic astrophysical black hole solution:
- A final end state of a gravitational collapse of a

confined matter

- See the slide for singularity theorem!



Observation of black holes:

- Indirect obs.: Observe lights such as x-ray in the vicinity of a BH,

or orbits of nearby luminous stars

Ghez, Genzel Keck/UCLA observations:
1995~2016
EN:
http://www.astro.ucla.edu/~ghezgro i
- Di rect obS.: up/p<:1c/animations.html — Keccl(é:::el'rAGGrzLa:t'c

- Obs. Of gravitational waves (2015): Coalescing binary BHs
- EHT (2019): Supermassive BH (~4009% M) at the center of M87

HHHHHHH , Washington (H1)

ey



http://www.astro.ucla.edu/~ghezgroup/gc/animations.html

Rotating charged black holes: Newman et a/ (1965)

ds® = —

_+_

Ay = (

er

A —a’sin® 6 a2
S .

(r? + a.‘z')2 — Aa?sin? 6

2asin? 6 (r? + a2 — A)

)

)

er . .
0,0, =a sin ¢

) )

sin? 0d¢? + Ydb?,

).

dtde + %drg
M: ADM mass
J: Angular momentum
(a=J/M)
e: Charge

where X =7r>+a’cos?6,

i) Charged BH, /.e., a=0: Reissner—Nordstrom (1916, 1918)

. 2M 2 . dr?
d32:—<1——+€—2>dt2+ i

r r

1 —2M/r +e2/r?

i) Rotating BH, /.e., e=0: Kerr (1963)

ds® = —(1

+ (r‘2 +a®+

2."‘[7’

r2 + a? cos?

2Ma?

) 2 AMar sin? 6
” r2 + a2 cos? #

o0

rsin? 6

r2 4+ a?cos? 6

+7? (dQQ + sin? Qd(bQ)

dtde + -

A =12 —2Mr+a?+ e

r? + a2 cos? 0
r2 — 2Mr + a?

dr?

) SinQ ngQ _+_ (‘7'2 _jr_ (1,2 COSQ 9) d92 http://inspirehep.net/recor

d/841642/files/rnpd2.png



http://inspirehep.net/record/841642/files/rnpd2.png

Singularity theorem:

|

GRAVITATIONAL COLLAPSE AND SPACE-TIME SINGULARITIES

Roger Penrose
Department of Mathematics, Birkbeck College, London, England
(Received 18 December 1964)

Let (M, gq.p) be a connected hyperbolic spacetime such that

i) there is a noncompact Cauchy surface Z,
i) Rgpk®k? = 0 for all null k¢,
iii) M contains a trapped surface T.

Then M is future null geodesically incomplete.

oS pa—
r-am r:0 r-am

Sketch of the proof:

- Def of singularity: Existence of an incomplete timelike or null
geodesic

- (Rab - %gabR = 8nTab) k%kP = Rapk®kP = 0 iff T, k%P 20
r.e, null energy condition

= Once a trapped surface is formed, there exists at least one
inextendible future directed null geodesic, e.g., a singularity
must occur!
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v 1916'F O}CIFEFCIO]| 0=

* physikalisch-mathematischen Klasse vom 22, Juni 1916 Yab §§

= Nap + hap

with |hab| K1

Niherungsweise Integration der Feldgleichungen

. . _ANE aa . M1 &} Al_TI_7I_|-9_| |:||o|:—c',—|_ M n
der Gravitation. = AL S S SES

1 =

Von A. EINsTEIN. Rap — EgabR - o4 Tap
yuv - —8uu-+':‘"uv (l) 1 a -
> ((1% 450, -
oder CZ atz + ab
S-Sy =2l (6) in vacuum with TT- gauge
o A e .
S ,?’z»( lﬂsy’rll‘). (23) ) -?-Z'S'—I_-'l %E'lﬂl-; . .
47 R A\, ds? = —dt? + az(t)(5l-j + hl-j)dx‘dxf

Auf analoge Weise berechnet man
, A e (0)
Yo = e n ( |2 ’”‘) (232) - In general, g, =g,y + hy

!
.

A
h=——pac\)rev) (X BHAF BEAFL 20| £FX)
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Credit: Ravikumar Kopparapu




- Lots of confusions and contraversals for the reality of GWs till 1950s
- “Sticky bead” argument: Chapel Hill meeting in 1957

Wl o

- It was J. Weber (‘63) who tried for the first time the detection experiment
by using a resonant-mass cylindrical bar at 1660Hz.

dzqi R Iqj dEh;Jl;T |
= — S ]
dr? 0p) 2 dr 3

(Pirani '57)

- It was very sensitive h~1071¢, but still far from ~10722,

UMD LSU (‘09)



L

Ol ZdotLt X|=

1tonx2, 2m & 1kHz
= hGWN9X1O_39
at r~4 =300 km

1Y = [ pxtx/d3x

i’ 2 2
~ ; Xw ><IWS,‘ourceXRsourceXﬁ(l)

~1.6x10~44 =
kgm
M~~1039 I
5| ok o~107" kg
-1 3

~1011 protons at ¥~0.999999991c
> hey~10"%3




LA HH AN L I} LM

M Ex) Black hole binary of 10M
pc M ( M f )2/3 - o
r Mg Mg kHz > h~5Hx 107~

(> 107%9)

SdAE el SO o 2

= O

(1]
i
Mot
O
IIOJ
01>|

BF A (Credit: NASA/C. Henze) (Credit: LIGO/SXS/R.Hurt and T. Pyle)



h(t)

-S5e-21}

Insplral

Merger Ring-

down

—
<>
>

0.05

0.1
t-ime

0.15

Binaries emit GWs, resulting in decays of orbit.
Eventually collide or merge

Quickly becomes quite, e.g., a stationary single
spinning BH which is probably described by the
Kerr metric

PN gives waveforms for inspiral and ringdown
phases

h(f)

le-24F

le-25¢

le-26

100 1000
f-requency

Abadie et al. arXiv:1102.3781



A ~ —— sin[2€)( 0 r)] —005[255(1‘ —7)] 8

C r

G R02M B2 ( COH[ZQ(f - 7)] sin[2Q(t —7r)] 0 )

h~—~MR2f2 cos 2nf (t — 1) With 20 = Qg = 21f

.7 1. T f2 21 _f_ _3R
f=f):: f2R > f2~ f =22
Fe — Gmym; ~f§ N E"'f_l/Bf ~— P~ _f10/3

2R
> f(t)~(teoar — £)73/8

_ GM/c? 1+cos® (5GM/C3)1/4 ( to—t )5/8 B
Aoy r 2 to—t €05 \semy/es 2¢c
Ex) m1=36Msun, m2=29Msun, r=410Mpc 7| %1022
_ (m1xm2)37 58 M
> Menirp = R YR . AAAAAAALKAAAAARAAAARHAMRR

(m1 + m2) /3

h(f)~eW () F=7/6

LA §




« Astronomical sources:
- BH-BH, BH-NS, NS—NS coalescences
— Supernova explosions: GW+Neutrino+--
— Stochastic signals
— Cosmic string Kinks
— Etc.

— Galaxies ~1,000< JH/Universe. Stars ~1,000< Jl/Galaxy.



i Bandwidths and significances of sources: (Cutler & Thorne '02)

- Extremely Low Freq. band (ELF, 10"1>~10718 Hz):
- Primordial GWs
- Imprint on the polarization of CMB radiations
- Quantum origin at big bang subsequently amplified by inflation
- Great potential for probing the physics of inflation

- Very Low Freq. band (VLF, 1077~10~° Hz): —
- Emitted by pulsars (e.g., Hulse-Taylor '75) Gravitational-Vave Spectrum
- via pulsar timing array, or indirectly by pulses at earth

- Extremely massive BH binary or violent processes in 0.1 second of
the early universe

- Low Freq. band (LF, 107*~0.1 Hz):
- From massive (10r5~10A7M©) BH binaries out to cosmological distances (CD)
- From small BHs, NSs and WDs spiraling into massive BHs out to CDs
- From orbital motions of WDB, NSB, and stellar-mass BHB in our own galaxy
- And possibly from violent processes in the very early universe
- To be observed by the space-based detector, LISA -

- High Freq. band (HF, 10~103 Hz): log k2
- From a spinning slightly deformed NS in our Milky Way galaxy
- From a variety of sources in the more distance:
- Final inspiral and collisions of NSB and stellar-mass BHB (up to ~100M©)
- Tearing apart of a NS by a companion BH
- Supernovae, Triggers of GRBs, etc.
- To be measured by earth-based detectors such as LIGO, Virgo, KAGRA, and resonant-mass bar

rest

V TA

) :g.' Three complementary
" approaches to detection
~ LIGO
Cay 45‘1

"8 g
Ns

Characteristic strain, logo(h,)

vanced ‘
LIGO |

o
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(a]
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3
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*

v SO0 o|st x| AZFL| #H3}: b,y ~ AL/L

AL ~ h L~ 107(-21) x 6,400km x 2
~ 107 (-14) m
~ Size of a proton

> 2L 2 9FSH & 1t



Weber at U. of Maryland (1960s)

 First challenge: J. Weber (1963)
« Cylindrical Aluminum bar, Piezo sensor, Resonant freq. ~1,660Hz

« However, its sensitivity is h~1071°, which is far from a
feasible signal h~10"7%1,



Ef2| QtH|L}: ZF A
1970EL0H & MIT
HHA O A2
O] L4 20| A
(Rainer Weiss)

The very idea for LIGO came to Rainer Weiss in the early 1970's when, as associate professor of physics
at MIT, he had to find a way to explain gravitational waves (a prediction of general relativity) to his
students. In an interview with MIT news writer, Jennifer Chu, Weiss recalled his revelation:

“That was my quandary at the time, and that's when the invention was made. | said, "What's the
simplest thing | can think of to show these students that you could detect the influence of a
gravitational wave? ... The obvious thing to me was, let's take freely floating masses in space
and measure the time it takes light to travel between them. The presence of a gravitational
wave would change that time. [Later] knowing what you could do with lasers, | worked it out: Could
you actually detect gravitational waves this way? And | came to the conclusion that yes, you could
detect gravitational waves...”

Sometime later, in 1972, Weiss carefully thought through and wrote down his idea, subsequently
publishing it as a paper titled, “Electromagnetically Coupled Broadband Gravitational Antenna” . In this
paper, Weiss described in great detail, the design and promise of using laser interferometry to detect
gravitational waves. Within its 22 pages, the paper laid out the blueprint for the Laser Interferometer
Gravitational-Wave Observatory (at the time, Weiss called it an antenna.)



https://dspace.mit.edu/bitstream/handle/1721.1/56271/RLE_QPR_105_V.pdf?sequence=1

: E} Ol 1) (LlGO, Laser Interferometer Gravitational-wave Observatory)
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stration: ©Johan Jarnestad/The Royal Swedish Academy
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ALEGRO
2.3ton Albar @ 4.2 K
897~920 Hz

Sensitivity: h~1071°
Operations: ~1990s

43
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- 45 S0 olot 20| Haotel SHIO| ofet Z0| Hatr 40 U
o
=
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o) . IL | ST . 0 > H
- 4k 2l HOl £0| Z|Oj=t, {ee|-IHX S487|, =58 B, ..
1
- -T'—*o-lg E‘I-()I—Tl—'2 ;}—2} 7I-E: 10_20'5 B Virgo
Test B Hanford
o 1/ Livingston
E 1072 4 1
1\
< 14
E -\\LJ
iE‘ g 1072 k
[ &n 1w \
~J>‘ : "-“ul “JL .
l 10-28 o -~ Ao Jﬂh --1--4
Test w1000
- Frequency (Hz)
R::yv:ﬁ:\g SB;;I!i?trZr — Ly =4kM >
ry
Laser 20w |] é j 100 kW Circulating Power ‘
Source Test Test
Signal Mass Mass
Recycling
"W Photodetector

LIGO-G1600341 Phys. Rev. Lett. 119, 141101 (2017) 44


http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.116.061102

Simple Estimates

« Detectable strain with laser
AZ )\la,ser 10_()

‘m
h=— = . = 107"
[ [ 10%m
Optical path length can be significantly increased by adopting
optical cavity, but should be smaller than GW wavelength

10—6
Al N Alaser _107"m — 1012 (See the next slide!)

leff AW 105m

h ~

- With sensitive photodiode, better result can be achieved.
Smallest change 1in the amount of light that 1s detectable.

1/2
Al \photons

;N N )\laser
‘¥photons




v' Effective arm length: _ N N
+ /

What will be the best arm length? ———

Fora GW of f~100Hz A= ]—f~3000 km

Optimally:  Tiravel = %NTmax = 1éf = ’ZC = Desired arm length: L~% ~1000 km

Practically, however, L~4km.
A way to overcome this is to put a mirror between Mirror and BS:

1000 km
4 km

~ 200

B = (# of round trips) ~



Quantum Limit

+ Collect photons for a time of the order of the period of GW
wave T~ 1/faw

\ o })I aser - B aser 1
{Nphotons — 7 ~ T .
h(f/)‘la.ser }2*(7//\1(1.86'7‘ f(_”;‘,.y

+ For 1W laser with AMaser=1 um, f6w=300HZ, Nphotons=101°

Al i”\fljll()/tinsx\laser 1078 x 107 %m _920
) A~ ~Y ~Y — — lO =
ety Aaw 10%m

By adopting high power laser and power recycling, we can
reach ‘astrophysical sensitivity’ of ~102% or 10~°. Further
improvement can be achieved by signal recycling.



* Recent topics in my study

- BH encounters
- SOGRO



v The whole life of a BBH system:

« “Inspiral-Merger-Ringdown" is just a tiny part at the last

' !
moment of binary coalescences! Levin. McWilliams &

Contreras ('11): 3.5PN

4 1 o ="

Inspiral

rTT
- 3PM EOB
o) — ---/,',i;‘--:».;‘1';»__*‘_, | se21
-, " | | ; W» Hamiltonian
% T [goc} 3 4
- Collaboration
Formation of binary:  Encounters Precessions Coalescence-IMR with Ik-Siong
Unbound = Bound Hena’
(Hyperbolic & Elliptic) “Construct a waveform model covering all €ngs group

of it, in particular, highly eccentric phases!” at Glassgow U.



22-mode of r¥,

« Gold & Brugmann ('13)
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SOGRO

v Gravitational Wave Spectrum:

0™
Stochastic
background Supermassive
binaries
10 40 IPTA
—_— SKA
5 T T
= I
'g‘ 10 14 A I I
8 Massive blnarie1 I
© ResolvablL galactic I
g binaries I I
» 10" TIanJln .
] Extreme mass Compact binary
g ratio inspirals inspirals
° Core collapse
o " o supernovae
p— nresolvable Pulsars
i galactic sy Adv
e aLIGO (01)
102 binaries
KAGRA
102 i i
107" 10° 10° 10+ 107 10° 107? 10* 10°
Frequency / Hz

Based on http://rhcole.com/apps/GWplotter/ by Moore, Cole & Berry



http://rhcole.com/apps/GWplotter/

v Desigh parameters

Parameter SGG pSOGRQ SOGRO | aSOGRO| Main feature
Individual test | 0.10 100 5000 5000 Multiple-layer Nb
mass M (kg) shell

Arm-length L | 0.135 2 50 50 Rigid platform

(m)

Antenna  tem- | 4.2 0.1 4.2 0.1 He® — He' dilution
perature T refrigerator

(K)

Platform tem- | 4.2 0.1 4.2 4.2 Large cryogenic
perature T chamber and
(K) cooling system
Platform quality 108 10° 108 Al platform struc-
factor Qp ture

DM  frequency | 0.02 0.01 0.01 0.01 Magnetic levitation
fo (Hz) (horizontal only)
DM quality fac- | 2 x 108 10% 107 108 Surface  polished
tor Qp pure Nb

Pump frequency () 20 50 Tuned  capacitor
fp (kHz) bridge transducer
Amplifier noise D 20 5 Two-stage de
no. n SQUID

Detector noise | 1.4 X [ 8x107¥ [ 1.1 X | 2.4 x | Evaluated at 1Hz
SY2(f) (Hz~"?) | 10*EHz {2 1020 10-2!

SOGRO/aSOGRO
(30 m, 50 m, 100 m)

(100~250) tons

< 4K
Underground:
~200 m

pSOGRO




v Other topics in interest:

* Black hole physics
- Final fate of the Gregory-Lafflamme instability
- Overtone modes in Ring-down waveforms

] Singularity Weak because of
~G/h
* Quantum gravity ~9(1)
. ST}t YRS AO| MASER GWs+QS

v Welcome anybody to join!
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Why things fall?

e : B ey
S R e LA T e

(AFE & A http://www.rickety.us)



v Question & Answer:
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