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MERCURY'S ORBIT

®/C? = GM/RC?

At surface of  a proton ®/C2=10%
1m diam Tungsten sphere ®/C%2= 103
earth ®/C2 = 7x10-10
sun ®/C? = 2x10-¢
neutron star ®/C? =0.15
black hole ®/C2 -1

Newtonian gravity General relativistic gravity

Hulse-Taylor AR EEES
(1993 Nobel prize)

5 1% Bk 187 &1 3% 52 3
PSR1913+16 Bl 822

FEEE ~5 2t HEREE
BER ~ 8 /B
ROE ~0.617

. Arecibo Radio Telescope precession ~ 4 degs / yr

life time ~ 300 Myrs

| period : 59 ms ~ ~
Spindown rate :-3ms / Myr M1~M2~1.4 Mg FRE K B A GRAGJE -
e _ (le-11sec/day, ~[RFEEZAR) . 43" / centur
I 1974 _ ' __ > A period (P) ~-75 us / yr y
T s k\;gf,&i__,,./ ~ BHGRBAIVIS
i 7, T \Ra R <0.1%
e FEEEy

Taylor et al., 1978 2> GW?




Binary Pulsars IR E JIEF MEREEZIE

_I LB I LA I LA I LB I LB | LRI 'I_
B - . Orbital Decay was first detected in the
R - p Hulse-Taylor binary
o -5 —
E - ]
S E ]
g -0 — Rate is -2.4085(52) x 102 s/s. The
B = ] agreement with GR prediction is perfect!
8 -15F B
5 E ]
a E wa ] GR GIVES A SELF-CONSISTENT
%, =20 =General Reldlivity 3 ESTIMATE FOR THE MASSES OF THE
. prediction 1  TWO COMPONENTS OF THE BINARY
C e v =
e E 3
- Y = = ...but NOT the only one!!!
c - E ...and NOT the most precise!
3 °F ]
= i i i i | i Detected in 9 binary pulsars

1975 1980 1985 1990 1995 2000 2005
Year
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o DUE =915 18158 (1) - 1960, Pound-Rebka 5

Harvard's Jefferson Physical Laboratory — 22.5 meter tower.

A Speaker Over this height the gravitational potential of the earth varies by 2.5x10-'5 (gh/C?)

=

emitter

To measure a relative frequency shift this small Pound needed to find an EM
transition of narrow line width

The 14kev y ray transition in Fe 57

Natural Lifetime t=~10"7 sec

250 Natural Linewidth T =hi=10-8eV

> afractional FWHM I /E = 1x10~"2

o] U ZRY 1578 58 (2)- Gravity Probe B

Guide star
IM Pegasi
(HR 8703)

Geodetic effect

6,606 milliarcseconds/year
(0.0018 degrees/year)

Measured Predicted
divide line by recoil free resonant absorption: Méssbauer Effect . )
Geodetic precession 6602 + 18 6606
(mas)
+ S Frame-dragging 37.2+7.2 39.2
Pound and Rebka measured 2Av = (5.13 £0.51) x 10-'5a result good to 10% (mas)
Ik E N IZm PRV E 1Rl ZEB ~ Pick-up Spin-up

2004F4F19HEHEETRKBEFEE17EAR - EHENERE
HAUSS7.5(2 7T

Loop

Channel

Gyrpe

Rotor

£ Electrode Parting

< Leakage Gas
Exhaust Holes

(10f 6) Plane
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1776  laplace IREENHNBREEFIE

1908  Poincare I tHE RIS BREEKE2EE)
1916  Einstein IR EIERIEE LR 72
1922  Eddington RRE KR EEERNMIE

CLIO, 100m 8
8| KAGRA, 3km  |*

Einstein B2 Rosen #EE NI ENBEFES 2

998 mEE (BEIeROEREEY)
1938 Elnsteln Infeld and Hoffman L “E4-T8:T 1" 59 5%

(EFEENGD
1950’s Pirane, Feymann MUE & B8R A E 18R 5T
1969  Weber EFEEAIZIE SR
1970  Burke and Thorne # B 25 H#E5T (TRFEAT)

1975 {RHTERZE#NEEIRARE € 2 PSR 1913+16

P& E 1R BYAR XY E 3 b i

The Gravitational Wave Spectrum

Quantum fluctuations in early universe

Binary Supermassive Black
Holes in galactic nuclei

%]
8 Compact Binaries in our
S Galaxy & beyond
o
v Compact objects
EZEEEEIT!}EEE‘E{(CBC) captured by Rotating NS,
Supermassive Black Supernovae
S s Y Holes
— BEW (P Eh) oreniod W __ _Holes _ oo imisiins
RiE (BBI¥ERYE) |2 | G VarsE years hours  sec ms

log(frequency) .16 -14 -12 -10 -8 -6

" "lw t't'\“""“"’“”’““

Fh%%%iﬂi&

_ Typelsignal

— -
Cosmic microwave Space Terrestrial
Interferometers interferometers

background
polarization

Detectors
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Hiro Yamamoto KAGRA F2F on February 21, 2016
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E 71K Multi-messenger K3 &2
8 RSB (Triggering)

— Gamma-ray : P2
— B EBELFRM P F (Neutrino)
— X-ray : neutron star oscillation

o HEWEDAIRIGEHE K (Follow-up)

— “Short” gamma-ray burst
— Afterglow of electromagnetic wave

« FEHSHKERENACR DBV EZER

FHIWESE -138 [EF

Dark Energy
Accelerated Expansion
Afterglow Light
Pattern  Dark Ages Development of
400,000 yrs. Galaxies, Planets, elc.

Inflation
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Fig. 115. The Tower of Chou Kung for the measurement of the sun’s solstitial shadow lengths at Kao-chhéng (formerly Yang-
chhéng), some fifty miles south-east of Loyang, considered by Chinese astronomers in ancient times to be the centre of the world
(photo. Tung Tso-Pin et ol.). In its present form the structure is a Ming renovation of the building erected by Kuo Shou-Ching about
+ 1276 for use with the 4o ft. gnomon. This stood upright in the niche, and the shadow was measured along the horizontal graduated
stone scale (for details see text). One of the rooms on the platform housed a water-clock (perhaps a water-driven mechanical clock), the
other probably an armillary sphere.




Fig. 116. The Chou Kung Tower at Yang-chhéng; looking along the shadow ! a0 : !
scale with its water-level channels (photo. Tung Tso-Pin et al.). Fig. 117. The Chou Kung Tower at Yang-chhéng; looking
down at the shadow scale (photo. Tung Tso-Pin et al.).




7 YT SN IS NPy T S R
—~ KBARE) e B > pMALRE R T — A ago

R ANEBRET XA o SHEME T LE T H G T AMNE -
4otk B (B) 21T (RAERLAHE) .
BRT A GHRZER (—F %) & i
AR (—Aak) » BARA (B 60 (%) &% o

(& 8 (EBBER) 2 M) -~ T®’] =
(B s Az (AmAaE) ARFOKEREH

T£1 680 Ty 2 T4 § KF > Anlg
%7 ﬂ’ o

ré?i]xiiij X # 2& 22 ° % Eulid 49 Elements, Book I,
Proposition 47 * &AL 5 % | (AHA L) GEALLEE -

PROPOSITION XLVIL Tarorsw.

| AR In any right-angled triangle, the square described on the side sub-
i i tanding the right angle is equal to the squares described on the sides
‘” ]’\ containing the right angle.
|
|

Let ABC be a rt. angled =3, having the rt. £ at A.
Then shall the sq. on BO=sqs. on BA and AC.

Ou BC desc. sq. BDEC....
and on BA, AC the sqe.GB, |
Through A draw A
meeting DE in L.

Join AD, FCuvrinreins
Then, since L BAG isa
and LBACisa

.. GA, ACare in one
And, since GA is || to F! Constr

.. 8. GB is double of AFBC..
Also, since AL is [ to B

.. CJBLisdoubleof -

Aguin, since each of the L aud DBC ina rt. £ ......Cons
AR5 ii A= LDBC....ccoen
o Add £ ABC to each.
. the whole £ FBC =whole L ABD..............A¢ 2
Hence, in s FBC, ABD,
‘ FB=AB.
1  BC=ED.
i;.mc_;.m
s AFBC=AB.
But sq. BG is double of AF
and 7 BL is double of AABD|
2 8G. BGm= L7 BLucsucscvirissseesensanss s

In like manner, by joining BE, AE, it may be proved
that sq. HO= /7 CL.

.. the whole sq. BDEC=sqs. GB and HC........0c0.
e the sq. on BC=sqs. on BA and AC,

Wherefore, in any right-angled triangle &c.
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(321,) The nutation of the earth’s axis is a small and slow
subordinate gyratory movement, by which, if subsisting
alone, the pole would describe among the stars, in a period of
about mineteen years, a minute ellipsis, having its longer axis
equal to 18”5, and its shorter to 13’74 ; the longer being
directed towards the pole of the ecliptic, and the shorter, of
course, at right angles to it. The consequence of this real
motion of the pole is an apparent approach and recess of all
the stars in the heavens to the pole in the same period.
Since, also, the place of the equinox on the ecliptic is deter-
mined by the place of the pole in the heavens, the same cause
will give rise to a small alternate advance and recess of the
equinoctial points, by which, in the same period, both
the longitudes and the right ascensions of the stars will be
also alternately increased and diminished.
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With h and s known,
you can solve for 8.

With B known,

you can use the equation:

(360°/8) x (s)
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“And in the same year...I began to thlnk of gravity extending to
the orb of the Moon...I deduced that the forces that keep the
planets in their orbs must be reciprocally as the squares of the
distances from the centers about which they revolve, and therby
compared the force required to keep the Moon in her orb with
the force of gravity at the surface of the Earth, and found them to
answer pretty nearly.”




Ap = p(t) — p(ty) = J,, Fdt.
R — d_p = ma = mr
dt
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10'S ECLIPSE AND THE SPEED OF LIGHT
As Earth moves away from Jupiter, light from lo takes longer
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to reach us, and so lo's orbit appears to slow down. IUPmL: g i 1
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The apparent change in position of a fixed star or galaxy during
an earth year is called aberration of staright and its solution will
be by means of derivation of relativistic aberration of starlight
which Einstein accomplished in special relativity, 1905
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