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THINGS TUAT HAVE MASS THE MORE MASS, THE MORE
CAUSE TUAT RUBRER SMEET THAT SPACE GETS BENT AND
TO BEND, LIKE A BOWLING DISTORTED BY GRAVITY.

BALL ON A TRAMPOLINE.

FOR EXAMPLE, THE REASON THE EARTH GOES AROUND THE
SUN 1S THAT THE SN IS VERY MASSIVE, CAUSING A BIG
DISTORTION OF THE SPACE AROWND (T,

F YOU JUST TRY TO MOVE IN A STRAIGHT LINE
AROUND SUCH A BiG TISTORTION, YOU WILL FIND
YOURSELF ACTUALLY MOVING IN A CRCLE.

THAT'S HOW ORBITS WORK: THERE'S NO
ACTUAL FORCE PULLING THE PLANETS
AROUND, JUST A BENDING OF THE SPACE.

GRAVITATIONAL WAVES ARE PRODUCED
WHENEVER MASSES ACCELERATE
CHANGINS THE DISTORTION OF SPACE. 5™ AND/OR WNGRSY CAN MAKE

s St GRAVITATIONAL WAVES.
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EVERYTHING WITH MASS o =

= \e
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IF YOU AND | STARTED TO

“WE WOULD ALSO CAUSE

DANCE AROUND EACH OTHER,
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Taken from the 22 November 1919 edition
of the lllustrated London News.

Coverage|in the (more excitable)
New Yorkilimes.

LIGHTS ALL ASKEW
"IN THE HRAVAXS

Men of Science More or Less
Agog Over Results of Eclipse
Observations.

EINSTEIN THEORY TRIUMPHS

Stars Not Where They Seemed
or Were Calculated to be,
but Nobody Need Worry.

A BOOK FOR 12 WISE MEN

No More in All the Worid Could
Comprehend It, Said Einsteln When
His Daring Publishers Accepted It.

»
A Aclual Positio A ren! Position
of the Star ~ T ¥ e Star ‘-
Dislonce from the Earth ; /
fo the Slello Beck¢round /
is more than | 1
95,.000.000,.000,000 miles. | !

This Diedrem shows the
proportional Displacement
of the Stoars in relotion o
the disfance from the Sun,

Py The omount of Displacement
4 is exagqeroted aboul 600 Times

Appoarent Posilion: 4
Achuel Posilion: =

THE SUN

Dislance from’ ¢
the Earth o ;
93,000.000 miles” |

THE SUN

Showing Path of Tolal Eclipae of Moy T8-29, 1919,
o ' lalions

<
and posiliona of the hwo baervalion3

Tew

- - « A
THE ORSERVATION STATION (g

AT SOPRAL, IN BRAZILS = The Corona




He was an early advocate of Einstein's Genera
Relativity, and an Interesting anecdote wel
llustrates his humour and personal intellectua

Arthur Stanley Eddington
(1882-1944)

investment: Ludwig Silberstein, a physicist who
thought of himself as an expert on relativity,
approached Eddington at the Royal Society's (6
November) 1919 meeting where he had
defended Einstein's Relativity with his Brazil-
Principe Solar Eclipse calculations with some
degree of scepticism and ruefully charged
Arthur as one who claimed to be one of three
men who actually understood the theory
(Silberstein, of course, was Including himself
and Einstein as the other two). When Eddington
refrained from replying, he insisted Arthur not
be "so shy", whereupon Eddington replied,

"Oh, no! | was wondering who the third one
might be!"


http://en.wikipedia.org/wiki/Ludwig_Silberstein
http://en.wikipedia.org/wiki/Royal_Society
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g; ggﬁfﬂi 1’ ff(' +E5 2 * Schwarzschildg#
= =1 YA ==} (77 ‘yal_l_\_)b,:T)

(3) EnERYiE

2
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1— 2

T

ds® = — (1 — ;) Adt* +

(1) IR
(2) p= IO(rho) =l erzgggx?r:ﬁff

dr?
1 — kr?
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ds® = —c*dt* + a*(t) { +7%(d6? + sin® 0 d902)}
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Schwarzschildf =& 13 &

%% 3.1. [Schwarzschild fZ2DEH]
(3.11) % Einstein X2 6EH L X 5. BHOFR2EDE &R g, £ LT

ds? = —eP 2dt? + 1 dr? + r? (d02 + sin? 4 dcp2) (3.10)
DIEZRES 5. LLT T
P =ct, zt=r 2*=6, =0 (3.11)

553, guw PDHATO TRVDBDEUTOSDTHS. RAFDLAME - TR ZI2H

BEX.)
goo =—eP" gy =€l gy =12 g3z =r?sin®,
1 1
00 _ _ ,—p(7r) 11 _ _—q(r) 22 __ 33 _
7 7 J r2’ 9 72 sin? 6

WHEDMIE, RRMUINIEZEL 35 (Einstein ARG T, =023 5). p(r), q(r)

i Einstein AFEXZENTRD S. HL, r — oo TR (3.10) DFEHZFFZEDFHREIC—K

XEED, ZOMIRT p(r), q(r) X057 5.

(1) Christoffel &L I'S, D72HT 0 TRWVHDERD XK.

(2) T,y =07%DT, (34)1F, R, =0%2F 2 eFMITks. WA RAGERZ 3 &
T

BonlXhrs ;l_p = —;ﬁ HELH, oL Tp=—q¥k3 (r 500 Tp,qld0h

SHAEBRE0).

(3) p,q ZK®D, goo,g11 ZKD X.
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(1) ROBIHE TR,

1dp 1 ___dp 1dq _
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1
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r
1 cos 6
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137 4317 [ 423 327 Sin g
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el (% _da\]| _
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~1
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r r
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N5, 2 OFfE MRS TR THLT b
B EARE LT S N BRI,

2GM dr?
2 _ _(1_ 2 742
ds ( rc? Jesdt +1—2GM/r02
+72(d6? + sin® 0dg?) (13)

t 7%, 20D’ Schwarzschild 2337 fRC, #IC
BHEM D75y 75—V EHHL 72,

(13) &b, ZoffiE, r=2GM/c> L r=07T
ReEMEE RO, BIFHIE 7 7 v 75— )L ORI O
FLECHERE I NORRNTH 2. IFR D E
DOREE LT, Kretschmann A% I

[ = Ryypo R (14)
ZAtH T 5L, T = 48G?M?/c*rb L2 0T,

HEERI®  NO.625, JULY 2015

BRI (A v A1)

WO E ZATRREER RV L3025,
77y 7 d—VREETOYE (B R) OES
FE, (13) DitiED 65 S 1172 Christoffel G
FE AT,
d*z’ ; dad da®
P (15)

L5, TIVEROBARZRTIX—FTH 2,

4. FVVIEREY IV OBEIGESE

FRITRRN L7 k9 &, f# < R Z Einstein Jif#
A%k 28>, Einstein FBRXDOM@EIIE 2 6
N 3, 2OMOWHPYWHDOEE 22 )
L9 5L, HIRZGFIRDNIC 2 5, BITENE L
TVRERTYYIILGHRY -V 2R1IICE LD
23, N5 DIFE A ED AR O E
ko TEREN TV 3,

ARG C, SO X9 BEtEy — L2 4d TE
JR L 7=D1%, Fletcher T®H % (1965 4F)*, GEOM
EWRIEN Iy =i Lisp 8 CHEMI N, 2D
#%, d’Inverno 237 &> 77 LAP T\ ALAM

3

20154E7H &

(1969 4F), Lisp THva7z CLAM (1974 4F) % [
FL, 804UCIE, 25 R TR ¥ SHEEP,
CLASSI, STENSOR &, REDUCE > MAPLE
PEET S, 29 Ly —)iE, #%7% Einstein
TR A D ECIEDMER TR PE R DD
o> Ttz ZDH7h OFELITIR 25
I N7z,

T, TUYVNRRICIE 2EEH 5. 1013,
(12) % (13) @ £ ) ICBEMN I RBE 2 s ik
LB, WERT VY LLHEESBEAZEET S
DT, Wbl oz 5 2 THmaEEZT 5 R
BEtHETh 2, 9 1201 T(5) T2 &
ZRT) ) K97, MRNEREGHRTH 5.
1T, FIEICHET2H0% C, BEITHIE
TEL2H5D%2 A L LTHELTAE,

(5)ZmZ)E (4) DEtREZIIL OB L, HALIZ
HI LIS, Tf, DIRTHFEL 2\ & ) ICE SRR
BEZ Lo mnZ Licgko( . Rk
AHELCHIET 27201013, 2D X ) HIRTHEREZ H
Bfb§ 2 LRI 5, #ilZ1E, GRTensorll
X 2 OBREZE Y R — b LT\ 72023, MathTensor
® xAct (85.2) 3Y R —FL T3,

5. TV IVEEY IV & E > I5HES

5.1 RGTC

XV v TEIZY FAKRFD Sotirios Bonanos
PERFTAR L T % RGTC (Riemannian Ge-
ometry & Tensor Calculus)'® &, Mathemat-
ica TEIETBA Y T ETHB, *V

PA PO DS, Ny F—CEFYru—FL%
5, EDCRGTCcode.m 7 7 A L% FITE DHLATITIE <
(Mathematica T$Path & LTHTL 27 4L %
JALDHDEZDIZ, ZD77ANEEL)
& CHEfFR T 72, fiva)iiE, Mathematica D —
kT,
<< EDCRGTCcode.m

x1) B AIZHEIE Exterior Differential Calculus (EDC),
Graded Exterior Differential Calculus (superEDC) %
KL TV2,

ERy =y —Fyiudlv,
il & LT, Schwarzschild fi# (13) ® Kretschmann
AEET (14) Z3H T2 — 2R 1ITRT,

In[1]:= << EDCRGTCcode.m

xCoord = {t, r, 6, ¢};

g = DiagonalMatrix|[
{-(1-2M/r), 1/(1-2M/1),
r~2, r*28in[e] ~2}];

simpRules = TrigRules;

RGtensors[g, xCoord]

RUUUU = Raise[RUddd, 2, 3, 4];
Kretschmann = 0;
Do [
Do|
Do [
Do[
Kretschmann = Kretschmann
+RUUUU[[i, j, k, 1]] RAddd[[i, j, k, 1]]
r {i, 1, Dim}]
r {3, 1, Dim}]
r {k;, 1, Dim}]
r {1, 1, Dim}]
Kretschmann
B 1 RGTC %{#i-> T Schwarzschild f# (13) ®
Kretschmann A& I (14) 255§ 2
Mathematica > — b, #2513 H 53 CHEfiF L
7o, TN THT !

4 XTERFZEDEHRE T H 1UR Petrov 08Hb L T L
Nz 2L, BRI THHBpTIHRL NG, &
ICfifiT, e,

5.2 xAct

José M. Martin-Garcia 2% 2004 SFEICFEF L 7:
xAct'™ b, Mathematica? CTEIfET 2 A7 Y 7
FTH 5. BlI—BASERGR OWIFLHE 72 > 7253,
BAEDPTE X Wolfram #hD X 9 72,

xAct 13, FEARWZ 4 oDy r— (xCore,
xPerm, xTensor, xCoba) 2> 51, HIEF

*2) RGTC TEHEI N Classify DHEREIX, Mathemat-
ical0 2*5, Mathematica DEI% & L THl DK THLAA
FNCTLE>%, ZD7WY, EDCRGTCcode.m 7 7 A )LD
Classify[x.]:=
DRI %

ClassifyRGTC[x.]:=

BEEHERTLE L (FHICBIEREZIL TV 30%
FEEMIGENTOARY) . ZoEIEZ L4 TYH, Petrov
TEETLEZIR

ClassifyWeyl[Wdddd]

TSR ZE L TN B,



BEMKEIROB 2 R —F L T»5, DI L
xPerm 13, JGicin 7D %, Butler-
Portugal D 7 L3 AL % a—F{E? LTw3,
xPerm %, C 7’07 7 L THHRMHEIN, fhoa—
FABHHDSARE & 7> T\W %, xAct 12, T v
NV DOERIFANIER (Harmonics), A Y/ —LEHHE
(Spinor), FHEEEENT (xPand), JHET (xTe-
rior) %2 EDy r =Y b HEIC L > TR T
W5,

AP, NyF—Yr¥yra—FL%
5, 26 ZFTEDYNT (Mathematica T$Path
ELTHTL 748 Ao & 2ap) (2
B ETHEE 7, K1 EFRCRAZY 7 E 2
H 2Dk 1% 2,

In[1]:= << xAct"xCoba"

DefManifold[M4, 4, IndexRange[a, q]]
DefMetric[-1, metric[-a, -b], CD, PrintAs » "g"]

DefChart[B, M4, {0, 1, 2, 3}, {t[], r[], @[], ¢[1}]

MatrixForm[metricarray = {
{-(1-2M/x[]), 0, 0, O},
{0, 1/(1-2M/r[]), O, O},
{0, 0, r[]"2, 0},

{0, 0, 0, r[]"2s8in[E[]] "2}
H

TensorValues [metric]

MetricCompute [metric, B, "Kretschmann"[],
CVSimplify -» Simplify]
KretschmannCD[] // ToValues

K 2 xAct % f#i-> T Schwarzschild f# (13) @
Kretschmann 288 T (14) Z5HE T 3
Mathematica > — . Z#721F T

5.3 SageManifold

2R KB D Eric Gourgoulhon 5 2% 2014 4
IZABH L 72 SageManifolds'™ 13, Linux/Mac OS
X CTEET 28E7 7'V 77— a v Sage® THIfE
TERy =y TH5, 2005 FITEFY L 7 Sage
I%, Mathematica %> Maple % EBEFEDRAY 7 F
LT A =7 vy =A% HIEL TR TH
%. Sage %, BHFEUENZ 1 25T RTEIED RO
BIHETIZ 7 {, Python SiE% fio CHFDA —
TV —ADHEZABRICT 2 HHNBH > 779,
Maxima, Pynac (v &YV v 7itH), GAP (#
i), PARI/GP (¥G), Singular (ZHAGH),

BRI NO.625, JULY 2015

matplotlib (2 XITH) 7 E~DY v 7 2 FEBLL
T 3755, BIFETIE Sage BUKRTH A EEE T
ZHR—FL T35,

SageManifolds 1, Sage IZEWT, Mo -
TYINEEZY R T554 77 LLTE
5 L7, 2015 4 3 HBIAED version 1 0.7 7273,
300 R=VHRHER 2= 2 TUPEFIN TS,
A VA=V T BT, JEIC Sage A Y A F—
VY BREDH B,

FEIT7 7 AN~DY) v 7 4% B 21 Sage &%
EL7ETE, §—3F LT
%t Sage
THECIHRD D ENTEDS WIS —F VD7
ury7bh). %, > quit ThD K1, X2
AU Z L7f23, M3 TH 5.

5.4 Cadabra

Kasper Peeters 2¥AF] L T\» % Cadabra® I,
B BRI Ny — Vv Th 5, K
DR, AL HTTS TeX R—ATHH I L
72. Cadabra OMIREHHE OBRTFEAEICIE, Lido
xAct/xPerm S DIAE N T 5,

Linux R—ATERINTED, Linux % \»
¥ Mac OS X TA YA =L T&% (Mac %5,
MacPorts ¥ Homebrew 7 & D3y r — P EH
AT LEMMT200R) . ¥ — I F LT
Fd¥sa~r Fo4 v ias, EE,

%% cadabra

EFUX L (B T1E > equit.) . X11 29 7
T7AANA v E =7 2 —A[RTIE, &, %%
xcadabra TH 5,

FlcaxX v b L T(5) BAIT 5 2 L &2RT
&), MRNAREBGHROBRICATT5a~
FHlz X 4 1R,

MxiEmOBERIIZETIE, %5 Y 7 b7 = 7Tl
U2 L T, FHERR 2R T2, Lvw)l e
DU LIERIIC RS, HAEF v 7 OEKTY,
ROV 7 " DFEET L EFE LWL, v
IhETEL I EZLDT R,

BRI (A4 v 2H5) 20154E7HE

© 00 N O Ut b W N -
N2 AN NGNS AN NN

10)
11)
12)

13)

15)
16)

Sage Version 6.3, Release Date: 2014-08-10
Type "notebook()" for the browser-based notebook interface.
Type "help()" for help.

sage: M = Manifold(4, 'M')

sage: c_BL.<t,r,th,ph> = M.chart(r't r:[0,+00) th:[0,pil:\theta ph:[0,2%pi):\phi’
sage: m = var('m')

sage: g = M.metric('g")

sage: g[0,0], gl1,1] = —(1-2*m/r), 1/(1-2xm/r)

sage: g[2,2], g[3,3] = r*2, (rxsin(th))"2

sage: g.display()

g = (2km - r)/r dtkdt - r/(2xm - r) drkdr + r*2 dthkdth + r*2xsin(th)~2 dphxdph
sage: Riemann = g.riemann(); print Riemann

tensor field 'Riem(g)' of type (1,3) on the 4-dimensional manifold 'M'

sage: RiemannD = Riemann.down(g); print RiemannD

tensor field of type (0,4) on the 4-dimensional manifold 'M'

sage: RiemannU = Riemann.up(g).up(g).up(g); print RiemannU

tensor field of type (4,0) on the 4-dimensional manifold 'M'

sage: Kretshmann = RiemannD['_{abcd}']*RiemannU['~{abcd}']

sage: Kretshmann.display()

M -——> R

(t, r, th, ph) |-—> 48xm"2/r"6

3 SageManifolds % {5 T Schwarzschild fi# (13) @ Kretschmann A& I (14) Z5H5H
T30 TARATVLANNZED TS, LT THEI

{a,b,c,d,e,f,g,h,i,j,k,l,m,n,o,p,q,r,s,t,u#}::Indices(position=independent).
g_{a b}::Metric.
g_{a}"{b}: :KroneckerDelta.
\partial_{#}::PartialDerivative.
cderiv:=\partial_{c}{g_{a b}} - g_{a d}\Gamma"{d}_{b c} - g_{d b}\Gamma~{d}_{a c};
Gamma:=\Gamma"{a}_{b c} -> (1/2) g~{a d} (\partial_{b}{g_{d c}}
+ \partial_{c}{g_{b d}}- \partial_{d}g_{b c}} );
@substitute! (cderiv) (@(Gamma)) ;
@distribute! (%) ;
Q@eliminate_metric!(%);
Q@eliminate_kr! (%) ;
Qcanonicalise! (%) ;

Qcollect_terms! (%) ;

B 4 Cadabra Zffi>C, (5) 23T 2 LERT A< F (Brewin® 2%RL T3
), —H/RBZICHIINDHERIL, cderiv:i= 0; THDB, V774 DNA VI —T x—
AfrEfHES &, BIEX THENZHEABH 1SN,

SEE 17) http://www.digi-area.com/Mathematica/atlas/

18) http://sagemanifolds.obspm.fr/

19) E. Gourgoulhon, M. Bejger, & M. Mancini,
arXiv:1412.4765.

20) http://cadabra.phi-sci.com/

21) K. Peeters, arXiv:hep-th/0701238; L. Brewin,

Comp. Phys. Comm. 181 (2010) 489 (arXiv:0903.2085).

http://redberry.cc/

D. Bolotin, & S. Poslavsky, arXiv:1302.1219.

http://www.xact.es/links.html

J.G. Fletcher, R. Clemens, R. Matzner, K.S.

Thorne & B.A. Zimmerman, Astrophys. J. 148

(1967) LI1.

26) M.A.H. MacCallum, J.E.F. Skea, J.D. McCrea, &
R.G. McLenaghan, Algebraic Computing in Gen-
eral Relativity (Oxford, 1994); M.A.H. MacCal-
lum, Int. J. Mod. Phys. A. 17 (2002) 2707.

http://www.wolfram.com/
http://www.maplesoft.com/
http://jp.mathworks.com/products/matlab/
http://www.gnu.org/software/octave/
http://www.reduce-algebra.com/
http://www.sagemath.org/
http://maxima.sourceforge.net/ )
http://smc.vnet.net/MathTensor.html )
L. Parker, & S.M. Christensen, MathTensor )
(Addison-Wesley, 1994/2002). )
http://www.inp.demokritos.gr/~sbonano/RGTC/
http://www.xact.es/

J. M. Martin-Garcia, Comp. Phys. Commun. 179
(2008) 597 (arXiv:0803.0862).

H.H. Soleng, arXiv:gr-qc/9502035.
http://grtensor.phy.queensu.ca/
http://digitalcommons.usu.edu/dg/

I.M. Anderson, & C.G. Torre, J. Math. Phys. 53
(2012) 013511 (arXiv:1103.1608).
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dw MELIF, A2 (EROMIISEDEE) =
DA LIV VDOMBEIELTES CEZRELTWLS,
FF, Y14 LIRNILULEVWADAEEIC, *E@%%
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7DL Do TN, ASHDSETHREEMRL, BER
Z6X— MUEEEICINE, BEEERIKIRDRTT
Efe, KRERANDYA LYY VDFTHTHBo

SZ2(CHIFSIRIRDRDAERE, |WENICKEDIIE
DEISNTWND, ROEBKIFITENIE, WD AZD
5B AENG|25RD. L ULHDAEHSDEHF
WMFIERFMDAENSDEHNEITEEHULLIDT, £
EEUTRESEHICHEDDE, TNIESHEBDA IR
BICTTEBZSTR

ABBEENNT £, BEHNCTHD. UHhUHNEHSR
N, BRROREFEVWENZESKFITYWELE, ZDIc
TSy IR—ILERUKSIC, #ERKD HEFREDE
aﬁﬁL<U5®TE%OC®m®W%T5$EEﬂ

%%ZH%ED?L?%JEKU%%DROQ%
@hbk %Hﬁéﬂtbb%k&ﬂﬁ 155K
DA L bSNIVHTREICEDDIF T, o

hh , AR < b UDLKRBR THEXZDER
%%ﬂﬁw:Fﬂ%w REAICIE, DRNBAMICKE
FENDMERT HDT, TNZEZZ DEMHDMETUL &
Stal LiEET %, Jv MELIFEZEDHT, EHIL
ﬁ%h%ﬂﬁ?égt%thZMéb nwgFnict
& BEORNZHITEE DN EETZTFY /OI—
DRELDIF, FEHWELES D,

138

EBEEEORIAOBREED I
TALIIY

dy MEELHEBEZEDOHRTHRNL VD, BaE
ETRL(CHIFFHRIROBEES 2, KEAD

IALRYVERZID VW, RIFSMAIICKH LT

WENZSKIFT s, HIRIC SXTEH-ED
RND o KOETEENTED: RDPAIBD
ZEETIE, ENDTEICHBEULS>TEESD
ICE%. ULHL, ROMIZEBVENTEEN
TWBTes! BEDRNHNE ED. 1Lk
SRS — (FKERTE) FEEHDZEETRCE
e, TS5y Ik— )I/O)%(&*J:DIEIH&JEI«_JE
TEBTERBS,

O AIDZERISIENES

C EEEORELHEEEHDOMROB 7EIJ\*<’_)< )

&, BLENDEUD.

OB KXIFTBVENT, BHE
mﬂb‘ﬂﬂﬁ(d: DEELED

RONERDZERIFESESH N
A L RSRS—PEEHCRESL, $D
HEHSDEHE, ERFDHEDSDE
HEBU AT S THEEICHES D, TN
S5[FTEHELHS. TNFEBETHEDRE
5, ZORER, ARBIEEEHELED.

RO AZBNES
TEFNTVBID
FFR D RN DY IR K
b EELED
RESHELT
O ELDTH,
FALINSRS— S

Z A SARTREREHNDKRENZ =D UNZHL)
TULIELY, RERHSDAENSES
T DS E, ZNSHHTEELES.

139

Newton 2018FE8H 5




MICHAEL

MATTHEW. ANNE JESSICA
McCONAUGHEY THAWAY \ CHASTAII no CAINE
\ \

R\
X

4 _..l.,,,' ' A R | V2 SIYNE LD
HEATRES AND IMAX ‘ —ﬁ@ﬁ'l_&.;ﬂiom ‘ﬁ&f

NOVEMBER 7

interstella m



https://www.youtube.com/watch?v=qZZ9jRan9eo
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