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P(+At)

(1AL +AL)
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Vy
ERFLEZEE, BIZALZTRTWS &
Ve (v
w=)| v, | =] vy — IO RFETRN (29)
UV, (%

EVSHESTZANEIANTLESDITH LT, HEEMS &
UV =0€, + vyey + V€, = Uy €yt -+ Uyley/ -+ Vyr €yt (30)

EWHIEELWRDREITE, 2258, RZPMVOHEIX, WHED THA] OLXS5BEDT
HbH,

TOHIK, R MVITHT AR EE IR, BEICNTAEHEOHERERS D> TWIUXTART
DNrbENWS I ThD, KBRS, MAEAEZ T LEL . T ORREIMERS

T(v) = Z v,T(e;) (31)

LEILNOTHS, 2DH, MUEEEDOERZENTH &, HET T PHIUEETTH
LR =N

T(av) = aT(v) (32)
T(u+v) = T(u)+T(v) (33)
MIDILDE VWS ZETH D,

PEREAHRDFT L R DEEDOBRIILAT DY TH S AT TITEL TWs & /-5
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[&E 5] (81) TEHRSIN/=T VYV IVDESINT ¥V IV D RIFLEEREA D IER] (106) %73 Z
&zt

052 70208 - B E O~V Y - T4V T220] - 1R - B o<, RIS BWER T TR
ZHETEDEIREELZL LT, MFOLDIZEVWTWS, [HEFUIYNLVZEDEDEITTTVYNVAEERZEEHS
HESIEWVWIRAIE, ZNEFTCLRLUIED -7z, ZHIESRIEERIIBITERT MLVEOHRDSIZE S5WERE &
BlIzE 5B DEEAS T HHAATHS, LPL, BEULKRELEZT VY LVEOKRERKRRIZE TR, 20
EOBRAARFE S ARHETH B Z e Dbhrorz, HLbhbNAHFIZEIIcZLsRnwE izl &5 eT
niE, EHIZZBOLHRH T, £22OFREOBAMZEAL R T NIXR S0, TOMRIIERIZK U THE
KZBEEEEBWIL I LIRS, DNONIEZID LB TESORBEAEHROBPBIIH U PlE L iy
oIV, | (B £FZEER E& p.111)
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X

1.11: MEZMEL & ZOHEIOH Y /i

[[ERE 6] (v,y) SFHIDNFMEISSI T, x HAAND—HlEME (0., = —0, TDMDo;; = 0) DEHEIZ,
HHROFIZ 2 2 ELFRZEZ S (X 1.10), HOERD ¢ il 723 /A% 0 D
e UT, Mo <ERRICT o, EFWIGT 7 2RYE, K111 O K 51 iz 50
UTRDAT Y T2t > CTEHHEHE &,
(1) (z,y) B0 5 (¢, ) BAOEEZE (FEE) 0175 R (2 x 2 1751) 2R &,
(2) (z,y) RTOWRIT VYV INERD &,

(3) & (103) (HL<IE. MU EEMR (106) & BAEWIZEHET 22210k b,
() RIZBIBIEHTF VYL ERD &,

(4) on(= —0ww) & T(=0oywr) ERD L,
(5) BIWTIES 7 OREIDVTmAL LD 0D 45 EL 135 ETHDZ L 2MEID X,

[FIRE 7] »LMIkEZEZTZDEMEE—AY T VIR
A0 0

I=|1 0 B 0 (110)
0 0 C

TRIND LD BRPERE (v,y,2) 2FA5 (BEMETEEWS12), TOREEEIZH LTI
REBD (I,m,n) THB XS 2NZEATHEEE— XV b I(l,m,n) B

I(I,m,n) = Al* + Bm* + Cn® (111)

HERIZOWTIE, X (303) B, LWV oTHEZOROEZ HIZOARDRTLLRVDT, HH 520 AEHHAD
HEENFZOBBETHEETLZ L,

121.1.5 HizW

BRAABOERIT 1.1.4.1.3 HizlH,
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L7222 L2 A NOFHIZH > TR (ZOFEFIZAFOFIEICRKEDL 2 THHEHRIZ
BINB DTN, EREABOME & UCIOFMHIZRS 2 &), AEre UTid, T
BLTWSAIET 2 8% (I,m,n) OFRNZFIT 5 R E T\, T OH 72732 ERER
(2", )BT B Ly &KDDB, Ly B I(l,m,n) THb,

(1) ArRikz., MPEREZMHS & 512

l sin @ cos
m | = | sinfsing (112)
n cosf

LB, 2RI OHEICAT B IE, A 2 @O 0T o 72 EE LT
B (2,0, 2) 26D, ZORREE X 512 o B0 D12 0 721 B L C i
(., 2) BAEAUE L, 2 OEEEEEEHROTA R % R &,

(2) X (103) (BLLKIE HUIZ 72K (106)) &2 BEMRIIZEIHRTHZ &2k D, L
%KD K

1.1.3 TV VILDOEHNER

TIZTIE, TUVIILEREERIZNT EMEDE NI L > THMRT I NI T 2EZX DL, TN
D, BN EEIENDEDTH D, TORIIZ, TOEEfE LT, WHRT > VIV & KT v
YIVEEET D, TO®H, BHNIMOMEEEAT S L, 2BKATRT » VIVIERT MV
BEZEWS Z BN NEDT, EB2BKMNIT >V ILeE R MV & Z 5 Ief i) 5,

1.1.3.1 W#HTFVIL
2METF VN B TE W E ZIZIE
Ty = Tji (113)

LB LE, HIVIFRAUZ LD, 2TV YINE2DDRT M6 AN T —NDIIEE
& (74) L E Wz L 12X
T(u,v) =T(v,u) (114)

B E, TUVNT IR/ TIVILTHEE VD,

SEULEDT VY IVIZELUTIE, ZOHRADIEED 2 DODOFRFEZRBLTHEEDO R NWE E
R T Y YILTH D WD,

EZEUTIFAEDZ & 2T RDEMN, YEETIIHMT YV IUBLIRULIETTET, BT
FEZBAT L ZITRE X ITHFRT VY VREOWERRIZNLDZ e Dib b, NRT VY
NORIE LTk, #EEARNZTHTL 2IahT v VIV Rk EIZIIARchnwWI e H 5
D, EEITHFR) PET VIV, BEKFTHTL % Maxwell Do TV VY IVRENRD 5,

1.1.3.2 RE#HTVVIL

QBT VN ERSTENZE &
Tij = =T} (115)
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LB, HEZVERL IR, 200RT MU S AN T —~DFIEEG (T4) L BN b &

T(u,v) =-T(v,u) (116)

B E, TUYNT IR/ TVILTHDL LWV,

SEUEDT Y VIVIZELTIX, ZDOHASDEED 2 DDORT 2R 72 & S ITR5I N
TEHLDERERNMT VIV (RRKFVVIL) THE LWV,

IO T VY IVOEREEHELE DT, LFHEIZfHbNEE DIT Levi-Civita D5E
ERWITVVILEFIENDZ L ORH L, TN

1 (i7]7k) = (1’273)7(27371)7(37172
€ijk = -1 (i,7,k) =(1,3,2),(3,2,1),(2,1,3) (117)
0 otherwise

~—

CERIND, € BHIRDFFTER T, Levi-Civita DFES & A Eddington D4 7Oy &ip
IR EEH D, e (CBLTROARNIFZUIFLIFHVWS NS,

3

Z‘Eijkelmk = 0a0jm — Oim0ji (118)
k=1

3

ZEz‘jkEljk = 20y (119)
jk=1

3

> ereir = 6 (120)
irjk=1

(958 8] 10 3 >DARE I &,

1.1.3.3 2TV YVILDEHNDER

1.1.3.3.1 EBHOMBOESE 2 EOT VYV ILZEELIZN T EHEOEWNEZFHL THOES
LEVWHEIERTHIEN, 12FIZhb, TNEMHMALTEL, 72720, 2T Z2 AL 12HET
HIZ RO RFLGR O AR B E LR DT, ZITRHEHLE D P >TH 531 EDB,
REEEEIX, ZO5VWSHDELBZIE B2 oR<THTES, ZITlE, #HE2KED
FUYNMZEEDTEL,

JERER Z MR L CH, ST VY NVIEHIRT VY LVDEFETH O, KANFRT > YV IVIZ KRR
TYINDEETHD, 2D id, WHET VYV ILRKHIRT > VIV E (114) X (116) DL D
WERT DR, EBEVEERIKSBRNOTHHTH S (U FNORESI), £72. PL—X
WBEERZEEELTHEEDSRY, TIZIT, TYVYILTO ML—R &I,

3
trT = ZEZ = Tll -+ TQQ + T33 (121)

i=1

TERINDGETH D, EBE LM

3
T;; = Z RixRjTh (122)

k=1
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IZE o T,
3 3 3 3
trT' = Z T, = Z Ry RyTy = Z 0T = Z Ty = trT (123)
=1 ikl=1 k=1 k=1
Thd, TIT, TVYNT 2B TFOLIITEERIZE > TERWIB O ED S8\ 3 DDH)
R T B ZENTE B,

T=A+B+C (124)
Z Z T,

1 i

Aij = §(ﬂj+Tji)—§ZTkk5ij (125)

k=1

1

By = (T —T5) (126)
1 3

Cy = 3 Tudy (127)
k=1

ThHbD, A, L= 0 OXERT VI, B IXKKNIRT VIV (KRFRT >V Lid, WD
HERL—AN0THB), CIHEETF VY ILVDEBETH S, 205 3 DDEHAIFFEFEL TH
BHWIEI Y &b,

[[E= 9] MR T v VIV RHNIRT YV IVDEFRZ KD T (113) % (115) DX S ITHI TEET
%L &, [MEREIEAIIZ X > TRERT ¥ VYV T v Vs, AT vV VK
ST v VIS Z & &l % WTRYE,

HH, TITRRRZZe %, BOESVWATEZAX. UFO ko> iz, 2T
VINWIZODDKRD DD QIRTCOMBIEERTH D, THADE., HEEIINTET VY ILDOE
tgall]

3
T/, =Y RuR;Tu (128)
k=1
DEWITH Ry Ry \ZREEFEOREL, T7bB (i) B L (k) B ORI 9 RTRI L AT
ZeMTEE (FEERB), 209 MuRBUIENTIEZR < T, bkoc+ 3o+ 1 iRT DR
KN TE S, 257 2V VOB RIZ Z ORI IE L TWB, [FEERED 1 ¥Rt D EE
MRBUIEFERBLZN S, D CIEAANT—NRETHDLLE WD ZENTES, NI MO
RS AT HNE AR D 3 RGCDRBEIRBLZ 1 6, D B IERT MUVIARETH L WD Z &
T&5%, ZOFHI3IWULEDT VY NVIZEHILRTE 5,

1.1.3.3.2 BN BOYMBEADRBA MEKRDFZIZEWTIE, 1.1.25 #iTEREL ZEKA
BT >V Fyj = 0x;/08 (ai} = {x,y, 2} {&} = {&,n,(}) ZUIRUVIXIRD K S IZ0d 5,

1

MEEDRRBEAS VAL, ZOBEERLD S THRARDOT, RIFLTHENZW, FHwo—> [H49 B
MR MIVREBTHSE] 20D EEITBRROE L BEEED 5,



N7 MVeTFrYv (FH) v10.0 2020/03/14 27

T

1 /0x; Oux; 1< oxy,

E; =~ Lt J) S il 130

j 2(6@- 9 ) 32 g, (130)
1 0@ 6xj

=3 (52 - 52) (131)
3

Tk

D=\ 2% 132

; 3, (132)

Thd, By FETVVIVD DS DKL Z RN, Q) XEERT >V )b, D I3RE
RETHD, 2oL THEL &, FLHHMEERDIET & EOREMRIX

LELSIENTED, TIT p l3MIMER, K IMARENER GELERE) THD,

1.1.3.4 (%2) RE#HTVVILEEBHERFR
2 WEEOAHRT > Y Vi

0 A —A,
A=| -4 0 A4 (134)
Ay —A; 0

EWISEELTWADT, MRS 3D2THs, TIT, ZD3IDDOWMOERONT ML
1Lt Lz o s, wifi 1.1.3.3 OB ORI 5 28T >V LD R RFRER 3 B3R
7 NV ETH D Z bbb,

ZZ T, BARRIZIE. 2BERIRT VYV APRSRT MUVADEHMERER * %

1B
("A); = 5 Z €ijkAjk (135)
jk=1
CHEHEL, BT, XTIV A DS 2EERFRT >V VO ZAWEE %

3
("A)i; = ZGijkAk: (136)
k=1
CEHFETDHE., TORAMEHEZEN 2T VY ILERZ MLEDRIEEEZ 5, 1 X1 %t
DT, RZ MLV ALULIF2BXNIRT VIV AL T,

A = A (137)

Th D,
3 PSR RN FRT > Vv
A= (Cle‘jk) (138)
EWIEEZLTED, MANRESIZ I DU RW, T2 T, AAT7—2 1051 0ELED 5,
EARINZ 1, SBESEERNIT VYV A S AT —~DEHERE * %
3

. 1
A= 30 Z €ijkAijk (139)

" k=1
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CREHFEL, BT, AAT— Ao IPEBERNIRT V) VADEHEHEZ

CEHZTDHE., TORHMEHENSIHBENIRT VY ILV AT —OMInE 525, 151 %t
7D T, ANT7— ABULKIE3IWERRNIRT VIV AT LT,

*A=A (141)
h@% 60

PSS 10] 3WEDEE, 4BOELFNT (5R) 72V IVIRET VY LU BAFE L AL
T RAMYE L,

1.1.4 RIKMNLPTUYILDFE

RZ MR TUVIVZIHGAD 2D TF] REEINTWVWS, TNHEZHTYHI S, 55
ANTEE AR —FE@IZFbis [FEIPTHEHB, TNUIMZE WL DOhD [TE] 25 5,
—fiz THE) 1k, 2207 ML (T U VL) OB TH S, Lizdi->T, KDE
BELTOTF VY LDERBIZINIE. TUYNLDO—FETHDEEVWIEVNHETE S,
KBEDO LS BFHEOHNIZ L, RT MVOREKIIFHZEFHTHE L VWD T LT, BEITHIZE
TS BB WD Z L2250, R (118 i) 2HTw &, XRZ MVIIEKDH 5
B (AECHE) BDEETEE0E D00, X7 MUVOFKIAD ETIEZ 7280w Z &b
N5, 5oL NEPHAER R NE, Yl FEERZ D6 BERICRETE 200
T, BREWVWZILYARTIED 505,

1.1.4.1 RY MNILORE
1.1.4.1.1 ABRDOEHE 220DXZ b a,b DAKR (RAZ—FK. Ry MR &,

a-b= a1b1 + a2b2 + CL3b3 (142)

CEBIND, TUIYNADB2DDRT MADPSANTT—ADIEEBTH B L WS IIETE
ZIE, ZHFEET VL

1 00
010 (143)
0 01
YT 5, RUZ &7, BAARY MVIZH S S/EMI
€1 €] =€y €y —e3z-e3 = 1 (144)
€1 € =€z =€e3-€e = 0 (145)
€y €] —E€3:-€e2 —€1-€e3 — 0 (146)
LD, FEOTRIETB L,
€€ = 6ij (147)

151182 HiTRD LS IZZN s iZMTiEb s HRIZHETL 5,
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A
B Sp Y

a-b=b-a (L) (148)

&R
a-(b+c) = a-b+a-c (DEIEA]) (149)
(@a+b)-c = a-c+b-c (FEEAD) (150)
(Ma)-b = a-(\b)=X\a-b) (151)

nH5,
NI MVDOKE L,

la| =+va-a (152)

TRIND, FaTHIFIIL,

la| = \/ @2+ az + a? (153)

EBEDT, ZHIFEBAARYT MLOBFENHRFEI%REKT, XRTZ Ml a DREX%E, B
a EELZEEZ N,

1.1.4.1.2 [BE] LRI NEZHE ABEOBRIZE, ZX2EMIIL>TVWAWAILIEI N7
N=Tavhidb, REIE, £ —BiziZ2 207 MLONIRGIERCEBRTH 5, =&
ZAX, AN R A H 2R BDIRHTIE (20, 71, T2, 73) = (ct, 1,1y, 2) &\ D 4IRTERZE % H 2T,

a-b= —agby + a1by + asby + asbs (154)
DES>HBNEEEZ S (Minkowski Z5[H), F7z. BAERONREIX, FEBEE f(v), g(z) 1T
LTix
fro= [t (155)
DEIITERTE D, )

1.1.4.1.3 N7 MLORBEOBAENLRER WHIZIEZ, BESADHEAMO®ED O (EKRET
HE D) BAIFHLERPD D, 20DRZ Ml a & bREHIZERT MLTRWE XX, *
NoDRIM%E O LT5L

a-b=|al|b|cosb (156)

MDD, ULz oT, 0 TRWARZ ML a, b iz LT
albWERXRTD Sa-b=0 (157)
WS ZkiZiRB L,
a-b<|allb| (158)

EWVWHOHERHEZLETSITDNS,
N7 NIV & 72T MED cos ZAMRKE VD, 0 TRWARZ ML a = (a1, a9,a3) B
o, yuh, R ITME B,y £THEE HRARK (I,m,n) &

[ = cosa (159)
m = cosf (160)
n = cos7y (161)
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LERIND, NEEZHWTER DL

a- e aq

| = = —— (162)
|al vai + a3+ ag

mo S (163)
|al Vai+ a3+ a3

g e (164)

|al Vai+ a3+ a3

Yib, ZDIEh5
P+m*+n*=1 (165)

MOV > TWBIEENN5,

1.1.4.1.4 N7 MNVOABEOYMEBZEADGE PYHY T, NEIWVWAWAZLRGH THNS DX
BIXAZHENEZEAD, DT, HF 072 JAHEZBZITTE UDRZRRVRSL, —D7ETH%
2P 5, BRONFETIE, EERN

W =F-Ar (166)

DXz, I F LENNZEM Ar ONFEE LThobINSE, HDS5HT, HERELKTD
MEE ] i2zh< DIk, BADPEI ORI 7ZITTHE I 2R LTWS,

1.1.4.2 FTYVYIORE

1.1.4.2.1 FTYYIORBEDEE 2TV NVICHLTHLRE (2ERE. 2Ry MNE)
EEHRTE D, 22007V IV AL BLONRE

(167)

[5S
[isy
I
=
s

CEEINDS, TIZT, 513, KOTE VWL ZIZ2D0DRFIZDOVWTONZENSZ &%
KWL TW5, ZThiE, RZ MLORMEELS - Y1 DORFIZOWTOMZES Z & 248 L
TWBEAT, HHRL7ZHDTH 5,

2TV ILDKRE XX

A:A (168)
Thb, BBXIZE>TIE, EHIC
A= JA: A (169)

ELTWVWBHEDEHD, NI ML EES T, BAFNLERPEND T, HREOHLD HIZIHME
BMEEYRD D, MIHEDOERT 1/2 2425500, T2V IVOIERMRES VREEIZR L5521
UTFDOESIZHETE S, 2BEANRTYYILV A GRS 0) TlE. ZOESIZEHLE
L EIT

Al =" 4] (170)

WD LD, ThbL, BAERHZETHIET 2R MLOKRE S LELL A5, /2. W
VYNTIE RIE Ap(= Ay) EINRKEL 83 55 BEBAIC

Al =~ Agp (171)
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5, IO 1154 MIiTERINDS 2MT VY VOB -AEREIZH 1/2 PV TWBHD
T, ZNEAHEDLEDR L VI ERE H 5,

1.1.4.2.2 FTVYVIOHEDYEBEADGEAF WHEHZETHNENHETL 255HO—HIZIX, IR
DEI2bDONVDH 5, RENFETEHZANLF—DREELLL

T yn) . GREAR T >V IV) (172)

EWSTEDHEME NS,
TYVINVDREIEMSHE LT, ¥V MVEOIERE LAY —2BIFTBZ 5, vV
MVIZESR RS AR Y =D @ED—a— b VM ES>TWTHENRWES S, FEEE,
FHEILEANZALL UTHEENZ ) —=TREZSNTED, TDGE. RAEGH © L ERE
e lTpled, EirAe LTk
1 T\ 1
:éﬁé(é) . (173)

DES LB THSDLEING, TI T, n DIFEMEEZRTENRT 3.5 S HLVOEMHEIZR S, u
IHEER G IFHIMER, B 3R TDERTH S, L 250, T 1 RTcHOBEBRATH 5,
EWVWIDE, EERTIE, WAWARGHEPSIRAENITTZ0WAWALRAROEZR 7207
LZOIFHEL VWA S, 3R RBERAZRET2DIFHE LV STHS, LrL, ¥ MLA
MDY Ialb—yarvzdBIiE3MtOBERAPBETHL, INxE DK SIT 3RICITHL
RUZZH XWDES S D7 =a— b RMEDGERREIRSTT >V 7y EBEET 2V ¢y
=8

) 1
€ij = ﬂﬂj (174)
SFET DV TWNWD, 2IZT, Lo o0& BMIZEEADLET
. 1 T\ 1
€ij = QM—B (5> Tij (175)

ELTWEESIEAINEVSIZEZEWDL, 22D 7 301D KREIZNRKTHET, T
T VY IIVDKREZ (168) b TW\W5,

1.1.4.3 T3 DFEE L TDEEE

R IV ETVINVDEDLLEAETTHOBOETEITZ2ED00H 5, WRIHEBFIZL-
TEBLELTHD, TNEZHMHEIFATVWEIEDEH LD, REZETITHMOoDLLVWOTHRELE
I 7R,

B 1.1.2.3 TR 272k D12, RZ MR SERT MIUADIIEEBR DI (55) TEHZRI 117z 2
B> Vv

v="T(u) (176)

v = ZTz‘jUj (177)

EELZENTE S, HGUIEFFHOREOEEZ L TWENRS, ZOIZ L%

@
ﬂ

(178)

WIEMIZE 213, 1154 HiTHHINBE LS

THEHRLTHELE, PL—X0DFVVILTIE, E-ARLE
BT VYNVDOREIDOHFIIIAFAZMNITEZEDIZRS,
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EMIT BT
v="Tu (179)

CELZEDDH D, BIED - 1Z. 1 DORFIZOVWTOMZRSZ 2K L, BHIX. 7540
D2 D THEORESZENL, UL, BEDOLDICTHEIL S ZEZENLRVPR D HiE, &R0
TUYNMETHWONEZ LEHDMHDLWVWDT, RFEZETITMHHL WV,

RNEY 2HEF VI ERT BV SRT MVADIIEEMBR DI (55) TEHRLZL &, X7k
Vou ZE5HT TEHBL, TN2ISIZEHR S TEHTIL VWS 2 nd 5,

v=25(T(u)) (180)
IhzincELE
7, k=1,3

EELZLENTESL, ZOT L SOERES (28T V) X FHAOBEOETEITF TV
A DT,

[T

L (182)

CEELZENTES, ZOHE () B ODHEIAFIZOVWTOHIEINMAZE2E LTS
CDGELBEALEEZ2E N VWHREDL DI, REETIIHOSDLLLVDTES Lz,

1.1.4.3.1 ABEPTHNOBDOIGABI~EAT VIV T WS HAER SITFHIOEDIE %>
il LT, BATVYNLEZEIFTE IS, 1.1.25 HiT, BEOERIZIIERAR T >V VIV &2H
DT RFA, LIAD, TOHIORMETENNDED, ZOT VY IVIFREE2EKRT I E
Hd, TITlE, BZKRTD, HEE2EFHRVWEIIBRT VY ILVE DN TS (ZDLS5K
TNz EHB),
BREABLT VY VTR INDBUNEBOZEIZEWT, BUNZ MLOKREINRED LS IZ
BT B0 %HEZ 5, B

x=F- ¢ (183)

CHEWT, ZHHORY ML € LEBBEDORY MLz DEXD 2ROZMERTHS, T5L.

z* —¢* = z-x-&-¢
= (F-§-(F-§—-¢-¢
3 3 3
= Z(Zl%> (ZF@@) Z@gk
k=1 i=1 J=1
3

1 k=1
= ¢ (FFF—1)-¢
= 26-G-¢ (184)
L%, 722U, FT 3T VYV F 270l iz SOETEEZRLTB D, | IFEHET VLT
b5, RBEROERT, TV )
—_— T J—
G=5(F-F-1) (185)

USBRICE > Tl v=T-u Tuv; =30 uTy; 2RLTVBEILEHEDOTHEEINAL,
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EEALE, ZHiE, VYV —VOBREAT VY ILVEREINEETHS, ZHE, BRID2HED
ZBALERLUTWADE S o, ZBRART VYV ILBFBIZEEEEZR L TWA E X 3ETF VY
Wil 5, B, ZOTF VI IVERZ MLV ENLRID2FEDEL WS AN T —E%2 N (184)
WZEoTHZB2HDENS, 1126 fiTEWEZLDIZ

@* — €] = 2G(€,€) (186)
EER20ARTH 2,

1.1.44 FTVVYIE
1.1.44.1 FTYYILEDEE 22007 VYV (BEFEL->TVWTHEW)
S=(5), T=(Tir), (187)
IZXH LT, TRTOBMADHEDOTEEZRMCEDOT VY NVETVYIILEEERT 3,
S®T = (5Thim), (188)

pBETFUVILE BT UYNDT VIR p+q BT VYT B,

FEEE LT, Hid5 28U THIZST b ELIGEEBH D, UL, TN T L TOM
EobLVWDT, KEZHETRELT @ 2ZHWSZ EIZT 5,

20D MVDT VY NVEDI L% ELIZT 47T K (dyad). 147 KT 4 7 K& (dyadic
product) X IERZ L £ H B, NI Ml a ERXT LD DTAT REWVWS L EZiE, BBz
LT ab EEL OB LAEETHS, X5, TATRDOH ab+ced+--- DEDHD
ETATTAY Y (dyadic) ®F AT T4 VRLIER, UL, FED2BOT VY IVRIDT 1
TTA4vI7DETEFZIENS, MONTTTATTav2Ze2biTH2BOT VI
CERLEHED B, I T, WAWARNERITA-ODIZH, REXETIET 7K () »
TATTavZEWISEIEbLARVWL, Mils @ 2883562 LRV,

T YUY NVEIX, BEREIZKFEURWETERT A ZHTES, UFTIE2DODOXRZ MLDT
VY VEEERBNZ LT 5,

T, 2T VYN ERT LB SERT MUADKEGEHRE WS (55) TEHT L L &, R
JRMVa &XZMILVbDOTVYIVEEIX

(a®@b)(u)=(u-b)a (189)
CEBEBTED, ZDT VYV IVDRETIIHEDIZ
(@a®b); =e;-(axb)(e;) = (e - a)(e; b)=ab, (190)

Lo T, HOBHITLEEHRL KT 5,
WIZ, 2BET VIV E2DDRYT MV S AN T —~OMEEHR L VD (T4) TEHET S
EE,. R M)V a &XTMVbOTVYIVEEIZ

(a®b)(u,v)=(a-u)(b-v) (191)
CEBTED, ZOT VYLD IE, RIEOHENIC
(@a®b)ij = (a®Db)(e;e;) =(a-e)b-e;)=ab; (192)

Lo T, BOBFIZLDERL —HT 5,
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1.1.4.4.2 TV IIEDEREDENLGFAE

[1] ZOEOFERMARFHEE LT, TYVYNOREORENH S, 722 21X, 28T VL

3
T=Y Tie®e; (193)

2,j=1

DESIZRBTES, T0bb, EEL e, e DEDITRES, T 7Y ILE2D
DR FIVDPOAN T =D EG{R L VI (74) TEHFRT DL &, LD T 2H K

3

T(u,v) = Z Tii(e; ® ej)(u,v) = Z w; T;v; (194)

i,j=1 i,j=1

b, b (82) L—ET B, ZOHEEEZTHOETHEITIX, =& 2,

e e = (195)

S = O
o O O
o O O

DEIITHD,

(2] 2BET VYV ERT PVIPSRT MUADRIEEHREAD L E, X7 MLz DFAANDH
7 R EHIX

xr T

Pr=—®— (196)
x| ||
ERBTHIENTE S, &<IT, EBIEEAM (e; M) ~NDOH#IE

ERTIENTES,
[3] AN DEAERAYE D 32D,
3 3
ZR‘:ZBZ‘@N%‘:] (198)
i=1 i=1

=L, TIMEET VYLV THSE, ZOZLiE, LD [1] O &S ITEHEROITHTE N
TLEI LY DFITHD I LD OND, 512, 47 UHFEEEID HA % AW T WA
WIEMIEZEIE p),py, ps (IZHLTH,

3
> pep=I (199)
=1

PAIT B, ZOZ Lid, BEREHE EEEL T p,,p,y, ps AR L & 50T, T
L ERIZE L T 5 DD 5 RN DT T 5 2 E Db h B,

SRTEINIZ T, HET 53 DD AFIEARY FLESE LT, ZThaaks 5 EtiiRms
YWD I EThB, BOT, ORI DL E-THENTHS S,



N7 MVeTFrYv (FH) v10.0 2020/03/14 35
[4] EDX (198) #H\WB 2, AFO X512 LUTK (37) 2 UKD L Z 2N TE 3,

vl = wv-e (200)
= v-I(€) (201)
3
= v-) (e;@e)(e) (202)
j=1
3
= v ) (€]-e))e; (203)
=1
, J
= ) (ei-ej)(v-e) (204)
7=1
3
= Z(eé £ €5)v; (205)
j=1
LIRB o, FBELBOA (16) AT
Rij = 6; - €j (206)

2135, ThiEk, X (37) TH B,

1.1.4.4.3 TYVYVIEOMEBZEADIGE WYHZETEL T TV VY RIZIK, 22 2IE ik
R BITEEFHERET VL
pu @ u (207)
72, BREFEAIFIZET S Maxwell Jn 1T > VL
! (BQ@B 1z¥1) (208)
po \© 2 =

(SLEALRDGE) &b b, 7272 UPHZTIE @ 281U T puu £ o [BB—(1/2)BI]
RELFEVWTULED ZLDHBE N

1.1.4.5 I MNLOANTE
1.1.4.5.1 HABEDEE 220DXZ7 M) a,bDHFE (X7 MUVE, 70XFE) 1%

3
(Cl, X b)z = Z (—:ijkajbk (209)

7,k=1
EWVWIHEREFRFORI MLELULTEEING, SEOTUVYILE2DDXRT MR H6RT ML
ORI EB/ L EFHT B &, Levi-Civita DIEERIFRT V' Vb e, BAEZEERT T2V L &0
52 eIz b, . BERIIZIE,

€1 €9 €3
axb=|a a a3 (210)
by by b3

EIHARDIZRL TEL ERAP T,
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4

axb

a

X 1.12: RZ MLOAFE

AR 3 SOR R

axb=-bxa (211)
&R
ax((b+c) = axb+axec (GEIEAD (212)
(@a+b)xec = axec+bxec (FEIEAD (213)
(Aa) xb = ax (Ab) =X\a xb) (214)

Bbs, TH1, R QI ICBVWT b=a £T32ET, £EBIC

axa=0 (215)
NENPND,
RHZ LRI LTl
e Xxe = ey xe=e3xe;=0 (216)
el X e = e3 e Xe3=e], e3Xe =e (217)

NS AIBVASH

1.1.4.5.2 NI MLOAEOBRAENLREER 200X T7 bt a & b PEHITERT MLT
BWE L, ENODRTMEZ 0 (0<0<7) &5 (K1.12), T5&. axblda & bl
HIZTERT 5EZ |a||b|sing ODRXZ ML THDE, TOREIIE, X7 Ml a & b PRTETM
MWL OHBEE R L TWD, a 2 AFOBIEDOHANZ, b2 ANEROAMIZODLELLEE, axb
FHEDHETH S, ZDZL% {a, b axb) IAEFRTHDLEKHT L,

[BIRE 11] AREDORM PR ERD LD LS REDTHD I L%, IRDFEIHTRYE,

(1) a-(axb) Lb-(axb) W0OILRDEILEZHENDZILET, axbPalbd
MAIZERT S L Z2mRYE,
(2) ANDEERSDK D 2D Z & 2R,

a;-b a;-by

(@1 x @) - (by X by) (218)

az-b; ay-by

B, A0 |- | KEIATH 5.
18Z ik, Binet-Cauchy DHE R (Cauchy-Binet OAREFHENWTHE2EDEH D) LIFENDEHDDO—HITH
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(3) EOAXTa =b=a. ay=by=b &ELZLIZLD, ATFVDEZEXYDVH DL
D ERYE
la x bf* = |al?|b|* — (a - b)? (219)

(4) EORZHWT, axb DKZIA |a||blsing THH., X2 b a & b HB7RTFE
TIAEOmEBEZEL TWAZ & 23 X,

albPHTTHE2DIEF0=0FIETrDLETHENS

al bW FiTsaxb=0 (220)

1.1.4.5.3 N7 MLONFEOYEBEADIGE WYY TIE, AREIIWAWALRIGHITEHNS,
— DR EIT S &, BAONETIE, AEEEDN

L=rxp (221)

DEDIT, MLERZ ML r CEBE p DAHELTHoDI NG,

1.1.4.6 3EHE
2MEEDO3SEBLIFEINDIEDONRETL B3I eNH 5,

1.1.4.6.1 RAZ—3FHKE ~XZbla,b cllHl,
‘a bc‘:ambx@:bmcx@:cmaxw (222)

ZANT—3EBERE IR, XT ML EEDTRT &

a; as as a b o
‘ a b c ‘ = bl bg b3 = | Qo bQ Cy (223)
cC1 Co C3 as b3 C3

DESIAFHATEIT S,

b
X 1.13: AH 55— 3 EM

MM ZENZIE. AH T — 3EMIX., X7 ML a,b,c TRSNSETANEAKD (FERAEZD)
W15 (M1.13), 5k a,b,c BEATRE2LTIGEIXIE. EFROGEIFAILRS, H

Yz ik, Lagrange DEFEXLIFIENSE DD 3 IRITLARTH 5,
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B, M 1.1312BWVWT b & ¢ TIROND EATIWLEDOHEMIZ|b x c|] TH O, ZOFITMLE%E
I & ATz & EDFATNEARDE S X |alcosd THENS, KMV I

V =lal|b x ¢|cosf = |a- (b x ¢ (224)
kb,
THIZEE LT, 2RAET VIV FIE, f75lTcHES L
F = (F(61)7 F(eg), F(€3)) (225)

DEDIZETBZ NS F 2475 Hz2 20741 F| 1&, BRATOKE X 1 O ARIE
FEUBOREE2RT Z 22k b,

1.1.4.6.2 NI KML3EHE X7 Ml abclZHl, ax(bxe)®(axb)xeczXT7 ML
SEMEEWVWI, —KiZax(bxe) & (axb)xclFRnd, $0bb, ABIFKHKGA &2z
B0, R MV 3EBIZDWTIHRROBEBRD D 52D,
ax(bxec)=(a-c)b—(a-b)c (226)
(axb)xc=(a-c)b—(b-c)a (227)
eI, nz2eHBBRMARTZMLELT, a=b=n LEVTHIORNZEHT S L
nx(nxe)=Mm-cj)n—(n-n)c=(n-c)n—c (228)
Ly, HEINAREZS L
c=Mn-¢cn—nmx(nxc) (229)

PRoNd, AUHB1TEHENZ ML e ZBRART MV n OFHEIZHE LD DENS, £l
F2IHD —nx (nxe) dFRT ML e DIBDBEANT b n EREDKST LD I EVbDR
%, ZNIINEOMEHE®KEZEZ TAB I L TEONE, ZOZDIEHE LTIk, AHEE
Q CTHEET ZRICBTBME r IZHDE R m 121E72 5 @S

—m x (2 x7r) (230)

LEFBEVWSZeNHD, TNEREID MsQ? (s (ZElERH & E L e ORIOFERE) . 171 &E A3
[l & = TR S NS E DRI ML TH B,

[RI%8 12] EOBIGRR (226). (227) DKL T 52 & 2D &,
[BIRE 13] N7 MV=ERICBE U T NOESER (Jacobi DESER) MK LD & Z2fEND X,

ax(bxe)+bx(exa)+ex(axb)=0 (231)

1.1.4.6.3 [&%] Lie {# LOMBIZH S Jacobi DIEFRICELRL T, Lie fREZ fHHIC
ERLTEL,

AP ER S NN ZER 2 R L 725 D% Lie REE ISR, Lie fREE I M [X, Y] B
EF I NI/ ZERT, ZTOEPUTD 2 D2D0MEEZF>TWHHDE WD,
(a) RRHME . [X,Y] = -]V, X]
(b) Jacobi 1HIFERX : [X,[Y,Z]] + [Z,[X,Y]] + [Y,[Z. X]] =0

WIETld, RN 1% D Poisson FEINR & T FDOEHA T ORBEBRRE Z OME2R>TH D,
Lie RO FOEERIGHE E o> TW5S,
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1.1.4.6.4 3TEII—XARRICET % Cramer DA AN T —3EEE T ML 3 EME
DODARREHNWS L 3HEN —RGENIZET S Cramer OARZEL Z 2N TES, X253
TCHEN IR AR Z 2.y, 2 ZARHBE LT

a1 x + bly +ci1z = d1 (232)
ok + bgy + Ccoz = d2 (233)
asr + bsy + c3z = d3 (234)

L#EL, TNENORITEEZAMITT

ae1xr + blely +c1ez = d1€1 (235)
asesx + bzeg’y + 969z = d2€2 (236)
azesr + bzezy + czezz = dzes (237)
CEHEHEY, TIT,
3 3 3 3

a = Z a;e;, b= Z biez-, C — Z C;€;, d= Z diei (238)
i=1

i=1 i=1 =1

ra+yb+ze=d (239)

b A
CZETHRZLTBEWVWT, PHEEED (axb) x (exd) LWIEENT MV3IEHEOA
AzHWTEIET 2, 56L&,

(axb)x(ecxd)=[(axb)-dlc—[(axb)-cld=[a-(cxd)]b—[b-(cxd)a (240)
Thbd, TIIWANT—3EEIBHNTWELEDT, AHT7—3HEMOEFTEZHAWTCEEET &
(axb)x(cxd):‘a b d‘c—’a b c‘d:‘a c d‘b—’b c d’a (241)

L%, ZOHLEAIZIER LT, HEMUTEAS &

‘abc’d:’dbc’a—l-‘adc‘b+’abd’c (242)
72252, | a b 0‘7&0 y¥ae,
(d bc( ‘a dc‘ (a bd‘
d= a+ b+ c (243)
‘abc) ‘abc‘ ‘abc‘

b, Thid, FEONRI b d %, EEOFICIILIZNT MV a,b, c DFEAEE L LT
B2 0 HERUTW5, LHEHZ, Ty AR (239) 2T, AREAOME LT

‘d bc‘ ‘a dc‘ ‘a bd‘

x ) y:‘ Y z =

(244)

‘a b ¢ ’a b c‘
NESNS, Z1lE Cramer DARTH 5,

0zpRIE. SIWITTIEL DDRY MVHBFREISIIZ R D ERWI 2 RLTWS,
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1.1.4.7 XU

SO FOHRIEFETHTL 2/IE. LEOE DT THARDOEDN, MEOFELMH & U
T IKIUOH 2HMALTELSZ LT 5, HAMITIE, S EERNIZREU LD, LD
HAY—PMRETH D, KITEELUIMIL, EEMIZIZSROTTEITUNMER LN WS R
RWPH 5 (1.1.4.74 HICHPT 5 XS5 IZEZRTITHERT BP0 [HE—IHEHd), izl
T, K TUMBBARIZZRICITHIRTE 52 (LML, 22 TREDOI LIFHAES. 3T
DEEITEHEERS), T5612, INTRS X512, < SUBIE, HMzRTIE AR EZERT 2
717 — 3HEME 2R —-MIIKRETE %,

1.1.4.7.1 22DORI MLOLK IVIE AEIE. 2 DDRT MLO BRI T KO FR 72 K 7 B
BCTHotz, TITHHEIZ, 22007 Mla, bS5 TFDEIIZLT2HBEAHT VYV ILE
E5,

aANb=a®b-b®a (245)

IR IV (DT VR, “RTE. pd0WEIhz g LIERZ e Hb) THhb, &
FEEESETSZE, 22007 M MVDT VY NVEERZKAIMELUTZHDE WD Z 21275, KD
AEIRNLTASLLE

3 0 a1by — biag aibs — bias
a/Nb= Z (aibj — biaj)ei (%9 €; = a2b1 — bQle 0 CLng — bg(lg (246)
tj=1 a3b1 — bga1 CL3b2 — bgag 0

b, WERZ MIVDEDDRENT WAL, AEEARBHIZIIFELCEDOTH S Z 0450
"5,
2O0DNRZ LD IV, HE5WIE—MRIZ 2T >~ VL OHE IR

eitNe = 62/\82283/\6329 (247)
0 0 0

e, Ney; = —ez/Ney= 0 O 1 (248)
0 -1 0
00 —1

esNe = —e /Nez= 0 0 0 (249)
1 0 0
0 10

etNe, = —ey/Ne = -1 0 0 (250)
0 00

LRy, WNIRBEDIE3DOTH D,
ZDOL IV LA E DRI (246) 2OHSPTIED B0, BARITIE 1.1.34 TEEHS
NRHERAREHWTRETE %,

3 3
(*(CL X b))zj = Z eijkeklmalbm = Z (éiléjm — 5Z~m5jl)albm = aibj — ajbz- = (CL N b)ZJ (251)
k,,m=1 I,;m=1
72D T,
“(axb)=aNnb (252)

AL XUEIPMELRBZ, 118AHITHENT BT IATVDEBIZNATT I AT VRE LT,
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LELIZENTES, W,

13 3
("(aAb)); = 5 Z €iik(ajby — bjay) = Z €ijkaiby = (a x b); (253)

Ji.k=1 j.k=1
72DT,
“(anb)=axb (254)
EELSZENTES, 2D &2, ABIIENEHZETS IUVREIZERDO TSNS,
AFE L AR, < S OREICIX
aAb#0 & a & bldRAHNT (255)
EWVWSHERD B,
[IRE 14] A% B PR EIE 2 3P U726 1.1.4.5.2 OREIZH > - HERZ2 S S PEZ AW T
HEELUZUTOEENZ RE,
(1)

a - b1 ag - b2
A (b ANby) =2
(a,1 a2> ( ' 2) ay-b; as-by

(256)

=2(a; N as) : (b ® by)

=2(a; ®as) : (by A by)

BB, D00 || BIFFIRTH 5,
(2)
|a/\b[2—%(a/\b):(a/\b)— . ‘;_'Z
~ laPlbf?  (a-b)? 0
—(@nb): (@a®b)
[RE 15] N7 PV 3EMIE, KIUCHEHAWTUTFO LS IZEFIT S Z & 2R,

(axb)xce—(ahb)-c (258)

1.1.4.7.2 RO NLEBERAMBTVYVILDBDL STTE RIZ, XY ML a & 2 BEEATRT
VIV B OO EVEZEET B, BEICODVTKUIMIARE ESIZ3BTF VY ILEES,

(a A B)iji = a;Bj, + a; By + aiB;; (259)
ZHLTHLE, 2xiE
(a AB)jix = ajBix + a; By + axBji = —a; By — a; By — ai.Bij = —(a A B)iji (260)
BREMS, TNVREERNIT VY IVTHE I LD hb, Thbb,
(a AB)yjk = (a1Bas + apBs1 + agBi2)€iji (261)
Thb, H250VE BAEHZEZ AN,
(@A B)ijk = (a1("B)1 + a2("B)2 + as("B)s)ein = (a - ("B))eijn (262)

LHELIENTES,
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1.1.4.7.3 3DDRIPMLDLKEUVFE 320DRZ LD SUHIZ, EORZ hL & 28K

W T VYV ILDOED LK SO, S BRIZEI NS, o TEL L
(@an(dNC))ir = ai(bAe))jp+aj(bAc))+ax(bAc)); (263)
= ai(bjck — Cjbk) + 7 (bkc, — Ckbl) + ak(bicj — Cibj) (264)
= aibjck + bicjak + cl-ajbk — aicjbk — biCLjCk — cibjak (265)

Thbd, AT

(anb)ANec=aAN(bAc) (266)
THBHILHEELZENTES, TIT, K SUBEICIEEEUBROIDZ e hbhrs (M
TR N2 o 22 8 2 BWHE S, K SVHEDHPAEL D HEE UL TOMEENEW, ),
U7z23-> T, IR DIEF 2 R HEIIIZEK L TR,
B HIRWET3DORZ MLDL EVHEEEL &,

aNbANc=aRbRc+bR®cRa+cRa®b—a®kcb-bRa®kc—cb®a (267)
LB, TNEGEERAFET VY NVROT, MILBEITIE—DUDRN, TNERDTAD L,

(aNbAcC)ije = abjcr + bicjar + ciazby — aciby — bjajep — cibjay (268)
a; aj ag
= | b b by (269)
¢ ¢ Cp
ap az as
= €k by by b3 (270)

Ci1 Co C3

b, TN, AERICAH S —3EBEEFELUEDOTH S,
ETF UV ILTRWEE L,

61/\62/\63262/\63/\61263/\61/\62 (271)
= —e Nes/Ney=—eyNe Nes=—e3Ney /e (272)
= (€ij) (273)

T, MVREDIk 1 2ThH5, ik, SBEERNAIRT VY ILOREETE D S,
IO IVHEEAHNT—3ERLOERIEZ, 1134 TCEBINZEHEAZZHVWTERET
x5,

ay ag as
(*( a b c ))Uk = €ijk b1 bg b3 = (a/\b/\c)ijk (274)
Ci Co C3
72DT,
“(la b c’):a/\b/\c (275)
LHELZENTES, I
1 3 ap az as ap az as
*(a AbA C) = 5 Z €ijk€ijk b1 b2 bg = b1 bg b3 = ‘ a b c ‘ (276)

i k=1 cr Cy C3 c Cy 3
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L%, TODEDIT, AN T - 3EMIBEIEMETY zv VRIZEKREOT 6015,
AT — 3EM LR, < TV

aANbAc#0e a,b,cldFARAL (277)

EWSHEEDD B,

1.1.4.7.4 HIED n RITADIER A ITFEAIIZ 3 RTZEM U D3> TWinnwas, #FED
n IRTEZERIDIEIR DA IZOWTA U E I TH <2, AFEOIRIZZ T EHHTIZZ WY,
TP, CZETHEATELZ ST RIIBEZONDZ LI TOEBEDTHS,  IVH

D n RIT~DHERE X
aNb=a®b-b®a (278)

Zon IRIEARZ MVOBRE LI TNIZ L WE IR T, 22027 MLOBOEIZIRITIZ
Xl

axb="(aNb) (279)
72eEZBLWVWSZETHD, n IRTEHEHZEDOERZ F/ZEHEL TVRWVHRE, KO TEL
e EDTFDOLSIZTNIER ., Levi-Civita 25 %

1 (dyigiz...4,) & (123...n) OIEEHR
€ivigin = 8 —1 (iyigis...ip) 1% (123...n) DA EH (280)
0 otherwise

EREFELT

n

(@ X B)kyky yr = Z €krks.. ki _2ijAiD; (281)
i,j=1
£95, 7272U, TOEHERLZEGE. 2O EIZA T T —, 4 IRTTOMNEIL 2 BT > VL
2720, RTZ MVIZIERSBRWRDT, XRIZ MUVEEIEZEZA R WU, 4 Rocbh E7Z & BEER
FZEREHIE2LT UV IVDBEEPEDPZ > TELLREDT, HEOEMATIERWY,

—H. HEERZ PV UTHEEL &S 2T 5D FNIFEHE TRV, nIRLT2D
DRI NP SIRDERTDORY MUVEEIEAS LT, n=1,37 Uhri#FINBNI &H
RSN TWBE, ZZ T, RZ MU axbIZEHEINDEZ I, 2007 M) a & b D
BATEREETRZ MLTH D, a & b IZERL ||a x b2 = ||a|]2]|b||? — (a - b)? AT B Z
Lr¥5,

FHERLUT, KSVCBIZEHERAZZEAIEZ0L L THEEZEET D &, 22 21E3
DDRYZ MVDBTENENEERETEDI LIRS, Thbb, A%

Nla,b,c,...]="(aANbAcA...) (282)

Z2EIEORH (2015) DEE2HEEBBOZ &,
BEEHIEORH (2015) @ 2.7 Hiz A &,
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LERT BN, THE, 3L,

0 as —as

Nla]l =" (a) = | —as3 0 a (283a)
Ay —aq 0
ngg — a3b2
/\*[a, b] =" (CL AN b) = a3b1 — (llbg (283b)
a1by — azby
N*[a, b, c] =" (a/\b/\c):’ a b c ‘ (283c)

DESIZLIDORZ LR3I DORT MLTH [HE] NEHZETE S,

1.1.4.75 <K IUBEEAVWTEILI—RABRREZMC < IUOHEDORARIE UT, #E—R AR
ROMBEDANTH S Cramer DARDEHXNH S, EDL ST IOEIPTHREBEMA/L T
W5 Z ek, Cramer DARTIITHRZFHWTWZZ 2B WHT &, ZTODRTETA
HEBERVWEANTE2THAS, KIVHEEZHWS &, UFNIZRS X512, fGHIZAAERT
ETLEO,

ANADOEHIX 1.1.4.64 HiTHEIT o720, TE 3w HRERIE SN2 LT, 20
CEUOHEEFAWS AT n soEN ARRZE BRICIETE %, 72720, §2o& 37 b
WEZEZTWASDT, ZITEALDH I HREAICT S, HEMEBRIX, 1.1.4.6.4 DR
DIRUIZ7 2D, x,y,2 ZRREE T 28—

ar + by +cz=dy (284)
asT + boy + coz = dy (285)
asx + b3y + c3z = dj (286)

2R e 2FEAD, TNTNORNITEEZMNITT

aexr + blely +c1ez = d1€1 (287)
asesx + baesy + coesz = daes (288)
asesxr + bgeg’y + c3e3z = d3€3 (289)

3 3 3 3
a = Z a;€e;, b= Z biei, C — Z C;€;, d= Z diei (290)
=1 =1 =1 =1

ra+yb+zc=d (291)
L%, M bre LD TVOMEMED L, bAb=0 R EZHWVT,

raANbANc=dANbAc (292)

HIGMIEZ ZTilio 7235 TH B, AH (2015) TIEHFHEDHEEFI L x BHNSNTWEH, 5L, axbxe
DIFEFIRIN Z DHEIR DI EBDIE L D oo L\, EEDAFEZ L (ax b) x e ® ax (bxc) DX DIZHIR
MRV EERZRIRVDT, —REAMTEZ L VWAIETE S
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b, MAIZRAERHBZREZEHIES &,

x‘abc‘:’dbc’ (293)
UL7zhisT
)d b c
T = (294)
‘ a b c
2195, FRRIZTIL
a d c
Y= (295)
a b c
a b d
z = (296)
a b c
(297)

b, AL Cramer DARITMZ & 720,

1.1.4.8 HEEHE (K SUVE) &7V YVILEDENSfE

N EAREIZ, ZRRKTFOMIZHTLK B ELSICHERZIEM, T 1182 HiTRTWVW LS

WZPYTTE PR S ITEARIZHTL B L, BEMIZE U THDOEE»SIRELZEDTH S, TH
M%b%T/Vwﬁ®%%ﬁ%tm5@W#6%E%k&1<50%h%%fﬁl%

1133 HiTiio72 27 VIV T OB T=A+B+CIZBWVWT, &<, THZ
DRIZBMLVDTUVIYIVET=ab ThHdLZ,

B — %aAb (298)
C = gwml (299)

LD, KTUBMENBEIERIZHETL %, 22T, | IFEEF VY ILTH D, NEIEEELIC
BRUCAN T —D & D IZIREV, ARIZEEEICERL TR ML UTHRES, AR L —X
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a-b=tr(a®b) (300)

CEIZERHRS,
AZHLSTEI2EDILHEZTEI S, ZOBIZIIFEEBMZIS DOEIRH 5, 5. 2277
FTDZ L TRz

a@bz%@®b+b®a)—galm (301)
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1 er-rar)

LHEIT B,
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Eb, Tihbb, TUVILVONBIEI N —ZA2HWTERETEZENTE S,

1.1.5 2TV VYIOFE. BEE. L=
1.1.5.1 BSATVYVILEERA

BHZ S TR AT Y IIVICERUZZEEEZ H L TWA D, DT T v VIV R EIZES
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ARG 720D DJ1) o 2B AT S, IRIZ, IR NMIVIIERERZ SV n \ZHEIFT 5 Z & AR
INT, RIFEOMLSH
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= Z OiT;j (307)
j=1
D& IZREINBD, ZNIE, FERTZ PUDPRSIEIRT MUVADKIEEBRDIEEZ L TWHD T,

ZD (0i5) DRZITIT VY IV EFD, & oy ZIHT VY IVDEG EFATZDTH 572, I
T VY VITEENMT VIV TH 5,

[ER] TV VY IVOERDILFIZ & - TlE,
3
:anaji (308)
j=1
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T, TV IYIIWVIEBRT 2008 LW, 3320 THE02r0 35052 U ClHEz
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T

3
i = Z RixRjioy (309)
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INIZEo T Z2DLIP ORI SKRTEILENTE S,
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2TV IVOEEME. BEXRY MNLEIER, ZZ Tl nhs, JFRT VYL Ttial T
HEAMHE, FEXZ MUVBWERRIEDRHEDT, WHT v Y VIZREETIZE2ED 5,

[F95E 16] 2 BEAIRRT > L
3 1 1
T=1120 (311)
1 0 2
DEM, BEOLH% S 2 5 EETH R &R X,

TV ADEERY MVIE, 0 TRWARZ ML p T
A-p=2Ap (312)
ZlilzdHbDTHO, X ZEAHELIFER, ZOoOXzeESET L
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THhIz), TNEERTS &,

N(ey Aey A es)
— MN[(A-e))NesNest+e AN(A-e))ANes+e AesA(A-es)
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LB, 300ORT MLOL SOROEETHN AL DI 1 D21 (e1 AeyAes) Eorzinb,
ZZTHTETWAREIINT
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DEICEIFBIXTTHD, 72770, 14,114, 1114 1IET, TNEFNT VYL A DE—FE
2, EIFEE, F=EFEELMEINE, ZH5FELS L, DA (315) 1,

N N+ T\ — 1114 =0 (319)

CEERBTIENTESL, TNVEEHAERTH B, 1THOMEREOHE»ISbRrE LD
. EEEREAE AGRENIEERIEFE L BWIETOEDRDT, 2 ZIZHTL 2R8I ERE
BHIZE > TEDSIRN, TI T, g, 14, 1114 EAEEEFATRWI 225, 2D,
INODPRBIIAZERETHD I (22T, BHREBEEZHIZSUTCEDSORWAN T —TH
VWS k) B TCTHEMKIDS,

1.1.5.3 2BEEXIMTVVYILOEEE TEHOKEMZNER~MEDOLEFDKRIR

ZIZTIE, 1125 fi TR =2 AR T VYL aEHIE LT, EMEXP Xl 85074 Ek %
FBEZTWI D, ki, —RICITEMLRER 2T 200 s, EEARNOM/NESRDOER 1L,
MMIEEL TR TEZ 2D THo7z, 2F 0, BUNMEKTHEZ LR, ELEIEATINLITE
DEEIBERIEZLEEZEZTLIVDTH -7,

ZDESBREFRAN T >V IViE, —RIZIZEABIEDO 28TV VIV TERWDEN, ZIZT
2B EMENFET VY NVRED KD AR EZRI D EEA LD, EENRT VL EE TR
TOEEEPEDOHIRT VY NDI L THb, EMEAFFRE VD DIFEZAERHL VWL S ITRZS
NE LNV, FEIMERED 28T VIVBREMERIRT VIV EBERT VYV ([EEET >V V)
EDEBTRETE DI broTED (Mo, —MEnicllAarZenTcEs (22
TIEEH L 22\ ),

WHERT > VIV S iF, EERATHTHALTED L WS Zen s, BEERNY MIVIZIEMER RS
FMUVOMIZENS ZEDTED, TN%E p;, Py, Py EEL TNOITHIRT BEAEMEZE (M, X, \3)
95, EAEMIZERTHD (EMHRSIZEDER),

S(p;) = \ip; (320)
ZoEkT, X (199) ZHWS &, FEDONZ PL u lZHLT

3

S(u) = S(I(w) = S(Y_ (0 © p;)(w)) (321)

i=1
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1.14: 2 RITCIEMENIRT > YV IVIZ & A AT O EFR

Ly, FREZED D L

S(u) = ﬂ;}ummm (322)
= iﬁ;(u-pi)s(pi) (323)
= i&(u-pi)pi (324)
= i&(pmpi)(w (325)

MDD I DZ bbb, Lo T.,
3
S =3 Nipi@p) (326)
=1
EELIZEWTESL, INENIT VY IVOFERER R NS, Tk, THlZ FEERIZE S &
NAFBIZIRE L ES>TWAEITEN, EORRITHEEGOE D HIZIIMFEL W, 612, Z
ZFTIE, FETRLSTHRED LD,
T, ZHRRTHE, MERZ ML u id, FENET VIV SIZE->oTED LD IZHEE
NBEEWDZLIZRBZTHAOI0? LOFHEOBRFTHTLARIZLD

= Z Ai(u - p;)p; (327)

ERBDT, BINZRTZ MUK, v % p, HAICHELZHD%2 N\ L TH26EKLZED
EWVWSZEITRB, N> 1 RSIEZED p, AAICIFREL, N <1725 XZFD p, AFIZIEI
Mg 52 il b, BABRIE, BOREID (A, X, \3) OIEMKIZZR S, EMENFRT > VLI,
ZDEIBREAZRBLTVWS, 2R TRRTIIE, K114 DLDIT8D, Thd, Fife
FEORMFANREERTH B,
1
= g( ) (328)

PS8 17] 2 K7t 2 BERIFRT > Vb
MER BB L >T, BAHIEE D LS BHMICERT 25, ZOBBERRE &,
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BITHTE R 3 DDALEZ BARMIZKATERLTAS, T,

3
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ThdILIZEET L. B—ALE]T
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3 3 3
= (Z Ailei) N eg A es + e VAN (Z AiQei) N es + e ADWAN (Z Ai3ei>
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3
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EELIENTE S, THIHGECMM->T, TNET VYV ADKML—R (B (BE)) &IFX
nd, BoALRI

exN(A-ex)) N(A-e3)+(A-e)NesAN(A-e3)+(A-e)AN(A-e) Nes

3 3 3 3
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3 3
+<Z Aﬂei) A (Z Aerj) A €3
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£0

Iy, = A11_A22 + AggAss + Asz Ay — A1o Aoy — AgzAgg — Az Ass

1 3 2 3
:5(2%>—Zmﬁi

1,7=1

- 3
1

i,j
EELZENTES, FEALEIT

(333)
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= O Ane) A D Ape) A Awser)
i=1 j=1 k=1

3
= ( Z Eijk:AilAjQAk?)) (e1 Ney A es)

t,5,k=1

(334)
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IS DAREGED AL PRSI ARFE LW & 2 EEMWEDD K 5, (05 EEE A

3
Ay = Z RiRjAp (336)
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WIZRHLUT, AL E, HF_AZLREIT
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3
1
Iy =5 I3 = ) Ay
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3

_ 1 I3 — Z Rix Rj1 Api Rjm Rin Amn,
2 i,9,k,l,m,n=1
1 B 3
= = ]34_ Z 5kn5lmAklAmn
2 k,l,mmn=1
1 B 3
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— I, (338)

LIRBDT, AEBRBTHD I EDVMEND ONTz, HEAZEIZEL TE THROEAR

det(A - B) = (det A)(det B) (339)
& BEREEBMTH DT
A=R-A R (340)
rEFBENI NS
Iy =det A’ =detR-A-R ' =detA=1II, (341)

e, REETHDI EIHEND SNz,
WEIZ. BEREZ U7 YNNI LT, 3ODOAZLEDEEZRDTHEI S

WAETHNOKDT VY IV

A 00
A=1 0 X O (342)
0 0 X3
DL =,
Ipn = M+X+ X (343)
ITy = MAa+ Mg+ As) (344)

IIIy = Mo)s (345)
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1
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BE. BEAIIGR T IEEREZEZ D E WD I ENS, AR BERDF N % Fh
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TLOPHETIRVWRES, ZTNTHFATHS, ZOLIITTIMENRY L2 LT
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R E WO BIEIZIET 5, 1EWHRZ2H > TEYHEANIZ DL S5 VWD T, TOREKTIX
WENRZ MVERE T 74 VEBEES5Z2BIEETES, fREODEZA, YOk SR EER
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ZT. 112 HiOFEMNBE IS, TITOBEIHTIHITIE, RTZMUNSRAHT—AD
ﬁﬁ@ﬁi“?b»&%i%ﬂ%@f%otob#b\éiWﬁﬁﬁ%T%EV@T\E%%
SHBZHDLEWESIZUTENPSEZETHER DD, X (355) ODALDHE 1IH (DAL
D & B REE D — B DRET)

k(r)y=k-r (356)

X, PLENRZ MVOKEBEBTH D, TOBM k(r) 2B RRT I 195, ZhE, W
ARG NV EIERZ L2 5, Thbb, RXT MUWS AN T —~OMEERZ ARy ML &
IERNZ 129 5, BEFMHETIX, IRT MVERNIER Y MVERIOWRZEETH 5,
:Aab» SR, NI MIVIRS AN T —~DOREBEARP IR TEETH D, BHBOMP AN
T—EHHARIZERTE A5, ZHIE—FHORT MLERITH S, BEED T RI MIVER]
AR AN ﬁ@ﬁmwﬁ#tuot%ofﬁ&moUjﬁﬁfﬁ%bti9~\ﬁﬂﬁtmﬁ
HIRD D B 7-D 12, FFRIBEBUIIRIER Y MVIZHTAEHE 202 NETRTHNRE 056 TH
%, bt#of %@WWA7F»@SO@ﬁVN7b»’ﬁ?%@ﬁéib#%@ﬁb@T\
3(9(75*??1266 AR, axRZ MVERNED X S REMIZR202 RTHLDEN, 20D

WZALENR T NIVEO G ED & S5 Bzl E ) IH5,
4¢%A&}JMDA&Fﬂ@ﬁ?&%ﬁ%tﬂjzl2 3) LELZLITT B, e EEPLRD ST
DI, FEHEZCIZES W —OREZETI2IZLEWVWASTH D, MRE2EXLI L%
EZTWBDEPS, BT ULBEBILINTOANWI EE2EZZVEWTRWL, DWTIZ,
ERXLUTWASTHERWI LIZT 5, 62, BROMEE LR ORAFZDOMEZ M EIZLT
H5 (IRAF% I T BHHIE, 1.1.6.5 §iCiiid %), ZL T, MEXRZ ML

r=>Y rt (357)
L#EHL, ZOBE. W a0ld, YRRt R K v IZRE S0, HE ¢ IZRZE500

WS ThDH, BHREVHMBERIEE e, DRFIE, BREDOKS IIIHAMIZ 1 2WHZ &Iz
L72WD T, WEHEIRTIIR DD HFIZH B EEZDDNEDITHD, — ST, ROE,E
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EzHEeER, HEL BE/ 2 WS ZEIZLAEVWDT, EECYHGRcERZET (-
EZE Im ORIDEERT MVREL WKL T), o IRER T WS Z iz lzw, %
ZTC, KEETIK, HEZ e, EL & EE, B IR CEZFR->TED (e IFHERIT),
RE% t;, b EL & EE, BOIXRTO LR LE (¢, BEWRIT) WD Z2izd 5,
EDXSITALER Y MIVZEZRE U2, IR MVEBORE ¢ (ZHIEBEHBTH
%) %

¢'(t;) = 0 (358)
LHoTHL, 6 BEHDOI/BR Yy H—DFT VX EE N7 i & jPELWEER1TES
THRWEEIX0 &35, MHEIRERTROT, T OYBRE 2 o8 & \Ror &
~NOBBTH B, ZOREEZHNE L, —fRIIRZ ML =37 2't; DEH D

3

o'(x) = Z xt;) Z Tl Z 2/ 8 = (359)
Jj=1 7j=1
DEIIZLTRDSND Z LITIHERT D,
(359) XEHWB &, [EEOMPHIX

3

::zzzkginﬁ = kit (360)

=1

CELIZENTES, ZOEE, WHaIRT MLDORESTIE
ki = k(t;) (361)

EWVWHSERIZH B, X (360) £, FURZAFDOSDMEZPTFTTHZI > TWSDTHED &
STHIM, WHIVET DEMEAMBELVET 22EMPRLDDTHETIER,

B TP TIE, Dirac AL ZT7 57y blEEAWDS Z 22D 5, Thidk, a7 b
W (k| DESIZRBL, RT MVE |r) O XS IZRTFIET, SHIZLTWEEONHDE

&l
= (klr) = Z k1l (362)

@;5m£<:aﬁ?%50%bf\aabw%7yb\:«7%»%?5a@$otﬁb‘:
DT 77y FNliEPRDEHLRDIX, AEOH ZEEBUIEI N2 MLl (=%
ZEfH]) ODBETH 5, TOFETHEL L 2 RIS 2 DIFHRFVLEND T, 3 IRILZEH D ]
HRZ NV TIED E D fFbn,

UEDZ e 2BEAT, AaXT MV EESERULZORWIZEZ D, ARSI MV E(r)
EWVWI iR G X BB 7DD 5, MAHDOEEHE CHRT2DRE -2 HHATH S (K
1.16), SFAMfHEZ 1 TV 7 B ST & &, WEUXFEMME %2 X2 ML r D3EEY] - 72 [
2725,

1.1.6.4 ARV KILAERY MLERUCBICHE<

RZ R arRy MLVEILES ERIIZET 5 & 1TV, @oibﬁﬁ@%m%f%fm
EhHb, AR MR, HI2PERT MVOZERIDOITLTHADPD I DITHEEL T, K& L“C
AZ e EEZLD, AR, a7 MLVERZHFIZLTEZ S,
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X 1.16: FEMAHEDHE AR MIVLDA A=V Th D, Ffifiiz 1 57 B EITHiK & &,
BT ENARE 2 X2 bV ¢ DSREY) - 2Bz 5,

IRY MVEROEE o [ZHeT 2RI M n! 252 %2EX 5, TD X5 b
=N

n'-t; =0} (363)
B XS ITENIFR K. FEE ot
i _Cigktj X k

— 364

tl . (tg X tg) ( )

DESIHELZELNTES (i,5,k 1X1,2,3 OFER), 72720, FELARTNIERSZ2WVWOD
X, t; BEIOYBIRTERE O E, 0t X, EXOWERE WIS YRNRTER>TWwd L
WHZ2ThHb, Lo T, MEIZEZIE, FAUARZ MVZERIZIEWRWD7ZH, Loz
oT, AUKOHFIZHIK 2D TELLDEMELILNTE D,

o kT,
3
k=Y kmn' (365)
=1
CREHZTNIX \ \ ,
Er)=k-r=0_kn')- O _rit) =Y k' (366)

cELZENTES,
%fﬁ)i'?& SZBZLIRMUTOEDIZREEINS, 7222t ORI 2ED5E, n! DEX X
NIZKEBI L TS L FRIFRZ, fiERZ MLOE 1 FDIEREL R, a7 LD

’éﬁlﬁj‘z&a\&id\émkéo ZDEIIZLT, B/ VOMREZEZZTHRANIEDL L85,
ZDEIIZUT, a7 MIVERIDOTTZ HTZNEHAENT NIVERIOTTTH 02D LD
AR TET, ALENY MVERO BICRAZHWTRES Z LN TE S, T, EREE
L&W“&b»&bfﬁﬁhé%@f%%o

e S0 TH, PR MVEROTEEZRINE LTELZ TS HB, 2 XL
EAYIEE X XARET QMR Z IR L 722 B IUE, ¢ (i =1,2,3) 2ERK T (EEKT) 25/
DIHARRT FLET B L, (364) TRIND n; (i =1,2,3) FFEFEDOIEARS ML TH
52 IR EA DS, BRI DM BN S, URTH D, Wik 251X
T (BEKT) EMORTEMTH 3,
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1.1.6.5 XY MLDD D EZEEHR
RIT, ZDIART MVDKDDEFEEIEZEZ S, 5. ALENRT FIVIZH T % R %

3
=) Ay (367)
j=1
EEHL Ay BEEEBOITHIT, BRI IR SN, axs bk
3 3
S k= k! (368)
j=1 i=1

Zhi7z U TWZRWNE W RWnWh 6|

3 3
> KAt = ki (369)
=1

2,j=1

TRWVWEWITRW, ri=0y (k=1,2,3) LELS I &ITLD,

3
j=1
UL7=h3o T, aR7 MLDRS DOZ BT
3
K= k(AT (371)
j=1
kb,
— AT, BEXRZ MVOEBAIE RO THIZ 5, HEXRT MVIE,
3 3
Z r'jt;» = Z r't; (372)
j=1 i=1

Zhi7z U TWZRWNE W RWh 6,

3 3

ij=1 i=1

TRWEWITRW, 7 =0y (k=1,2,3) LELSZ&ITLD,

3
j=1
L7zh3 o T, BERT MVOEBANE
3
t=> t;(A); (375)
j=1

ERAL, THEF IR MVOKRSOERAILFEUEZ L TW5D, EHERIZTHNIE, a7 bl
FIORERT MLz o (2L, BT ERBERT VRN AR T —~DFEH) FE L L E,
ZDEMANI R T N IVZER] DD O AR & [FH U0

3
=" Ay (376)
j=1
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2725,

IZIFEDPONRT ML ORI MVDEDRHRIEDIRA T % LI 720 FIgffiF7=zb LT
WADIX, BRI 2FEH LI L ZHRTE7-2DTHD, N7 MVDESEHEU L D ITEH
TEH2HDITIFE M EORAFZMT. ZOHTHTEMIND L DITIE TN EDOHRAFEAT
HZ2IZUT W, IfiRTELS E EITIE, AT B EZDOHITMECR, TS0 HIEHIZ
WARBEDWEDSTHD, ThbH

r r @ ©
2 | =A| r? o2 | =A] 2 (377)
3 3 o o3

755 NT

(kgkgkg):(k1k2k3)A4 (t'lt;,tg)z(tltgtg)A—1 (378)

1.1.6.6 AXJ MILDODWVWBWNS

H DAY IR R MIVIRZI DI DR MV ONRART MR OrEEZTHLLEEL L
AN,

722, HFaRI IV THhBeEEIOLNS, ZNUE, TRLF—PHEHW =F Ar
DEARKLBLETHDL L WIEFEZFITEDL, HiE, BARY MV s EHADRIEERTH 5
EWOERTIRS MV THD, TOEKTIE. HFE W = F(Ar) EEDPNEIRETH S,
HE, ATy vy VATHNE, REITIEHBRLSTERT YUY VOEFEGRTA A—VIhdaEe
WH Z &Izl b,

JLE (2009) Tl BESKFIITTLKBAVWAWNWAREEZ R MLE IXRT MU TEIZHHE
LThsb,

1.1.6.7 EHMEANRT ML ERMENRST ML

JEREZS LY UC, [BER7Z) TR < Sk (EHKER) &2 2 LIBHERT ML EEHERS MLD
XAMWHTL %, fPERZ ML, ZD5DRZ MLV T, 2L ZIXEERZ MLD LSz, &
FlESEATIZEE 2 EWTI T E REIDRENRE DL SR VDIZH U, KH & TEICHEE E VTS
CRHIDAENRIET 5D THS, — AT, #litERT ML eid, BENXZ LD XS, &K
FlEEATIZEE R EWTI T E RO ENREDLADIIH L, RHE EBEICEZE NI 2 XK
DM EDRELSBZVWEDTH D, —RIZT VY IVIZBEWT Bl B2 X5 Z DT
x5,

Levi-Civita DELE % —E0 1) 5 Ll L MERNANE LS, I T, RXT MVONEE PR
FIfEFIZ E R 2 bV El; (1.2 i) & D OfETHIM: L WMERANEDL D Z L1275,

1.1.7 RXEEXR

1.1.1.2 i 1.1.6 fiCRIREERDFEND U TE 20, T2 ARIIZFES LEH VWS 2
LB ERTYHL, ZITHEZXLEMIT. HEDLST 3t —2 ) v RE[IZRSE, AN
Bli@FEoa—271)y REFONBREBZEINTWEIEDE TS, L. &XDEERDIH
RIEIERIZRBDIGED I L 2E 25, THhbL, EERDOMOEEAHE LT, RIEEHZ T
T, —ROMIEIZE Z T <,
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1.1.7.1 RXEERICBITIABEEEET VIV

L16 fiTRZ& DT, AT MV EIZNUT k(r) =3 ky/ i~ RABICAX THBTIE
B0, WEEIZ, RXZ MLERT MURSE AN T —~ORRBIERTH L (ZOFERT, 3TV
VYNWRETH L), REVEMRERREICIBSRWEAE, REZ ¢t (1=1,2,3) 295, X7 b
oz &y ODWNFEIX,

3 3 3
Ty = (Z T't;) - (Z y't;) = Z gi;x'y’ (379)
i=1 j=1 t,j=1
EELZENTESB, Z7EL.
gij = ti - t; (380)

BEET VY VILEIFEN S, ZEATWADIFBFEDOL—2 ) v RE/RD T, t; % ERERHE
EEIZB T 20 TEEIE FETVYNMRTSICEHETE S, THV MEE (FRENEMRESR
BHE) or =i, BTV YIVIEST VYIRS, FREREEIZET S HS TRiFniE,
WHEIZHEMIZFEI DR A TFORDED LN THIZE > CTHET 2D TIERL T, fE2T VY
NEFAWBELERH S,

—fRIZ, N7 MVEBIZNENERZINTVWS LIRS 20, NERERINTWERZ ML
22 A NBEEMEIER, EWHZ 5L, HETVVIILBRERZINT VWS ZEBBNBEEETH 5,
-2V REMEEZD L, TITHENE S RE2NIEEHATIRRY, LA, HET
VIV FDEBOMAEMFEE ZRDZ L WS EVWANTE S, TOEKT, #EF VI
. Vo B TIFERMOMNE 2 IE T AN EIZR S,

1.1.7.2 RERD EHEHD

NENEZIN-EEZE, X7 MLE2ART MUVIAET LI ETESL, TOLOHR
BEE> TELDOMRFERZE VWS Z 8 %2RT,
9, Pl LT, FHREREEZISGE. NBEEHTIE. RO ML & %

3

3
w:m~I:w~Zei®ei:Z(w-ei)ei (381)

=1 =1

Thbb, ¢ ODRE e, 12T 201X
T, =€ (382)

cELZENRTERZIEERVVEES, LArL, —BORETIE

3
=) a't; (383)
i=1
3 3 3
y=x-t; = (Z o't;) -t = Zgjix] = Zgijx] (384)
j=1 j=1 j=1

EUTH, 7,42 THD, 2IT, gy F1L1LT1IHITERINZFETVVYILT, LD x
NEIOYHMIRTLZF>TWd T 5L, FHETVVIVIEEID2EDRTERF>TWVW5,

BRAFUINEEEERL TR0, XRT MURSAN T —~OFEIBEE I X7 PVERAZD LR L
RRT, RZ MVERT MRS AT T —~OREEBIZ I T VIV EIFRZ ENTE D,
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X2:‘: -

X -
1.17: DI FEFERIZ B BB & KA K5 DX R

ZF53F B e, o IFERITARDIIK U, 2 1ZEID 2ROYBMRTE/HFOI LIZREDT, %
LZH g & ot IFERSNRY, LU, BHZaRT ML OREEDIHZ M - 72 (364) TER
INB nt 22X,

3
x = Z rm' (385)
i=1

&5 (FORE; K117, 2F 080 o (1=1,2,3) TR MVERBTEHIENTET,
USR0S 40 (o 3IR2 M VEHORETH T, WAL REAS NV
S5ANT—=~DEE) LWOBEAEEZEZZ L, HIPEIARTIVDIIBRZDNTES, /-
FU. IRZMVERERD, ZOS o ZYWHRICE KR ->T WS, ZOL57K o BRY
MADHRERS LIFT, 5050 ol &7 NVORERS LIER, 1165 HOBYH 554
B,z 3N MVOIE LR DA S, ZOMKT &) LIHEhs, Zhic
WU, ZOWFHTERTS o & [RE] ERIESDLIAS>T WS, R b &y D
WA
3 3 3
2oy =D gty =) a'yi=) (386)
1,5=1 i=1 i=1
EELSZENTES, 797 v MllETIR, RI MV y % |y). X7 MLz TR 2 IR
b Y3 ag % (@] 2@ IRtk ST,

(xly) =z -y (387)
LIRBHDT, (zly) & @ &y OHBEIESR,
[F95E 19] (385) X% AEHIE &,
FHET VYNV R R & DHTH] g7 D%

(97" (388)

9"
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rELZ T,
3
i Zgijxj (389)
j=1

EELZENTES, ZhlioT, IR ML a=Y"0 ' DESDS

3
o' = Zgijozj (390)
j=1
VWIS EEEDILDHTE S, BELHMORORAMZEZEZ T, 325D 5 o (XL %
ART MVOHERD. o (25 SIFWHEAIRTEEHS) 2 AT FILVDORERD & FES,
ZDEIIEET VYL EHVWDE, R ML EIART MVOMZEHBIZIT>720 KD T
&b, BIET VY NEM S TRERD E KBRS ZITERT 2L, KADRAFN EL F2fT
ERTLZDT, TOHEERIZOLFTIFLIER, FGETERZ ML axrz bLizliIFL
FE—HENn, DEOVEMLENI DS, UTFTIE, aXZhba=3" oy OZ &%
N7 ML EEBRDF
o= Z a;n’ (391)
=1

ERBETBHIEHHT I LIZT B,

1.1.7.3 [B&] 2=4% ) ZEMH

T2y NRlERHTEZDT, B ko L ZITHIRRL T, EEBUTHERL 72X ML D K#:
ERTHIS, ZITiE, NREEIXEZERT, EREEZHWS, @ik LTiE777 v M
ExR RS AVWT L,

vy bk (RZRV) LT

4) = (302)
BEZDE, ZHIZXHRT ST T (a7 ML) 1

@4\::<_A1 Ay - le) ::(_Al A2 .. An ) (393)

Y755, ZITT REEREERT. Ty b JA) & 7y b |B) ORI

(AB)=) AB'=> A'B’ (394)
=1 i=1
LEEIND, TOEHRLL
(A|B) = (B|A) (395)

E o T, NBEIEERTIEZRW, 2D &S BPHHATHANL T oNZRT MVERMBI=%)
SETH B,
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1.1.74 TV, AFTVVIL BETVVIL

R MLEarRy MIVERXITBENGEE, TV VIZE RO Z2 &2 0BER1D 5,
2TV IVIZIZ3EHEOEDNREZ OND I LIZKR5, THIVNEBEEZRT, TV IV %
R RNV ERT MU S AN T —~"DRRRI G L EHET A5 TE IR,

o ORI MNILEIARY NILD S AN T — DRI T >V )L
e R MILERT MILDRS AN T —~ADIMGEIEMH{ T a7V )L
o IRIZ MILERT MULMDS AN T —ADNBEHIZIRET VIV

EhB, FRRIZ, THILNEEZRT, X7 MU SRZ MUK G2 TV IV IE L EFH
TAHEVGTE XX

o IR MILMERY MLANDFRBIBEIT > )L
o R NILMSARY NLADIIEBEMRIIaT VY I
e R MIMOERT KL, HAWIIRT MU 56 IR MILADORRRIBERITIES T V)L

5, AR, BEIZIGUTEMNT A Z 212950, HENZRIERAILEWZ 2129 5,

1.1.7.5 FTVVYIE

RIZRZ MIVERT MVDEDT VI NVERE S RE0E2BEZLD, XRZ ML axy ML
DX %ETBEE. 2TV ILIE, IR ML aARZ ML S AN T —ADFRBIEH &\
IEVWHMNTE S,

11441 DT VY IVEOEHEEZSEIZTNE, RZ M a &EXZ MLV b DEIOTF VYL
BOEME, a7 MIVORE o, ¢ ZHWT

(a®b)? = ¢'(a)e’ (b) = a't’ (396)

ELZ eSS, 22T, (359) REA WA, LihioT,
3

ij=1

"C“% z)o

1.1.8 RNIURNILETFVYIDEBRICEET 8 ALFES

AR TIIELZIES TR MVOMERZ T 501 TIER WS, TN THHEIZRT ML
ETUINDORERMRNL U 2 > TB L DIXERTH A S5, LA L, BERRITE &
ARIELTE UL Z RN, 20 1.1.8 HiDRZ MV DS DL, FiZ Crowe (1985) (23
DL, INDEFEHDOARTHZDIZ LT, 1.1.8.9 DT >V ILDOFELDNEIX, Dimitrienko
(2002) & Sochi (2016) & \\5 T ¥V VRN DARDFDER/Z FIZEDTNTE D, LT EFEL
KBWZ e zEfFLWEEZERW,

NI MV OERIEE S HWH D TR, 5DORT MLVORERIE, BREST DRRH
fENBHT, FTAREALY A RIZL->T 19 HRRIESNZ, DX, S5 RELFH
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NI ZEZ B Z LD, NFERPERKRFDERRVPRINCHR-E 212k, X7 MLVOFESIE
fELNTWEProz WS 2 TH S,

X7 MVOBEEDOIRIZ, BMFELYHZAIH 5, BFEDHIE, BMOBMEOIEDIER Fizdh 5,
2D Gk, HEPBMKAFOREIES LD TH D, HFET, HEL HEPWo-72RT b
VIR ERE TN, X5 ICEMKFETRRZ MVGRZRIESRHTL %, 2o D 2 DD
219 HAIZETR L TR MV S EEFNE Z &Il 5,

TV NVOBESDIRS, WA H L, BMFEDOHIE, THOFHE, 7o Tkl
H DDA FZIZH B, ZNHNEGAR P — B THAI NS L5127k > T, YRS
Jh KT B LD,

1.1.8.1 18 tH#gX T

19 HALLART 2 5 R T FIVIZ D722 038 K D IR BERIE =218 8 H 5 7z,

—DHIZ, HEPOIETIWLAEDOE TERIND L WIEZEZ S THD, ZHiE1HDE<
Nodhb, LU, THEMPD THl] THBLARINTIEWRD 572,

ZDOHIX, 74 7=v Y (Gottfried Wilhem Leibniz) 28 17 #:#K T A& 272 DRI DK
fal’# (geometry of situation)] TH5B, 74 7=y V&, HE H#HEIZ2RTHFEZHEEZL TV
7o UL, HWMES72DE, ARIBEGRZELSLZD DT, Mz HHRERBTIIHLKD
OD, MPHEDOBERICIFEEL TWAER o720, WHZANSHE TERD o7,

=D2HIF, HEROERYH LOFRRTH S, NI 20 FH EOMEATE DR, 74
DERITMIVDEIBRBEDEARTILETES, ZUL 1797 F2 5 1831 FEDEIZ Wessel,
Gauss, Argand, Buée. Mourey, Warren &5 6 ADEFEEZFIZ & o TIEIXEFRFHAIZ AT H
BHE N7z, EERDORMANTRRZ BAINZITo72DIE, /v = —®D Caspar Wessel TH 50 E
WA SN T W o723, o b BEHRTHEIIND > 7-DIEH Y A (Carl Friedrich Gauss,
1777-1855) IZ X 25 DT, ZTDLDIZEFZAFHD Z LIF UIFUIEA Y A EFIETN S,

1.1.8.2 NI )L brOHETE

BRBUZE > TFH LD Z2ERKBTEDL L DITH o7z, NIV b (Sir William Rowan
Hamilton, 1805-1865) l& % % 3 ¥Xitfbd % T. KD H THUITE (quaternion) Z FEHI L 7z, £
MPOPTARY FIUANEDRPR S THL,

NIV VI 1805 FEITX T Y THEENT, NSV EENSHEDIFOF S, YEEBUE
TR EMEF[ETH o7z, FEFBFERET, 13OMEGEZMIRL 72, 20 D25 30 RETHE
T, BT LR DD TR E LR E LI TAEZITRD, 183T FITIET AV T VR
F327 717 2 — (Royal Irish Academy) D RIZTEX Nz, 1843 FIZW iz AL T, D%
FEEAETD 20 FERD ZVUTCHDMHZLUIZE R L 7=,

NIV VIR ETERBOMERIIEERAT I 2F 2 TWT, 1833 4R, HHEME 2 DDFEK
Dl (a1,ay) THDLEHZBEVWIFXFHITEL (MRS NZDIX 1837 4E), EEHAL ¢
S TEITIE (a1, a2) & a1 + a0t THIET S, 22T, TNzE 32 (ME) OFEHOMIZ
HEIRLU LD L EZXDDIXARRFETH S, LIZAD, ZNFTF->Z 58 Uo7z, LW DI,
BEBEDPFHF->TVWDBUTDE DOMEZ TELZ TR LIZWEER NS THD (1) MEHE
ZBET 2 REE RN (2) FIEBIZEE S 5 2l (3) 42EdH] (4) 0 BIAMT K 2% 0 A —EMIZ ik

331797 HEIZHEK L, 1799 FIZHIRENZH, 3—a v XTHIoNS KD I12h->7=DlF 1897 Fiz 7 T v AEE3
PRI THSTH S,
SRR 1831 DS, T A F 4 7k 1799 FEIZIZT TR > TWwWiz & 577,
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5282 (5) MOKREIVKREIDOMIZHRDEZ L, TD ET3IWMTHRMZINIERDOD 5 2% AF
A5 LTz, THWHELWZ &k, SFEIffibNERT NVDOAHT—F (NFE) X7 b
VR () D EOMEZEZLTWRWI e S EBTELEAS,
PUTTED T A T 4 7% 1843 4£ 10 A 16 HIZFE-> THW 22 W5 Z e AEfIciifkI T v
%, Mo & &,
P = ag + aiiy + asis + asis (398)

EWIOE L THD, ZZT, aps a1 o as WEFEET, iy ion is IFIROBERZ 727,

iP=is=i=—1 (399)
iy = i3 = —iai) (400)
gz = iy = —iziy (401)
isi; = i = —i1i3 (402)

i, BT AREANIR - X 0D, EROEFED S5 b2 NUNDE DIFiE-9, &<
2. FEARIDTE S, EIDERERSZ 1, ABECHARICIZENVEETH B,
NIV T, TUTGEK

P = Qo + a1i1 + a2i2 + CL3i3 (403)
D
Sp = ag (404)
DG % AT T — 4,
Vp = CL1i1 + a2i2 + CL3i3 (405)

DR % R NVESD LR, RT MVERIZIX (a1, az,a3) &\ RS & FFD 3IRTZEM O
SMNEDOED (BT 512 TRH)) 2X6EEz, I, RAAST—eBRI ML no 7z
FERMHEDOND LD IR SZIEE D TH B3,

T OREIE. 5DORTZ MVONRBEAEE L OHRA>TWSE, ANT—ETDRN2 DD
PUTEEL p = aqiy + agis + asis & g = byiy + baiy + bsis DFEEMED &,

pq = —(a1by + azby + asbs) + (azbs — asbs)iy + (asby — a1bs)iz 4 (a1by — asby)is (406)

ElRD, STWVWHIRT ML

aq bl
a = as b= b2 (407)
as bg
DA EARDIERHRIZE NG Z N 53rd, TRDbL,
Spg=—a-b (408)
3
Vpg =Y (a x b);i; (409)
i=j

Thd, HHWVE, I T,

qp = —(a1by + agbs + asbs) — (agbs — agbe)iy — (asby — a1bs)ia — (a1by — azby)is (410)

357277 L. radius vector £S5 Z 2 IXIZF DRI SFHHLNT W=,
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L85 T LITERET L,

%(pQ+—qp)=:—11'b (411)
S0 —ap) = > (@ x bl (412

=7

DEITp e g DREMT (pg+qp DT L) ERWT (pg—qp DT &) ZHWTAHRELE S
FEERBTHIENTES,

ZDEIZMTHEZH NS ERZ MVONFEPHARLRITELZ &6, INTHFEPE
HRFERIHATE DI Db h s,

NIV N VDR, PUTBUZR PR NAE SR o 7z, PUnEUE. O R A% i 72 X 700
LWnwsZ e, ARRRANIBEREH o7, 51T, 1853 TN IV M UAHIRL - T
JLEGHET (Lectures on Quaternions)) 2B EFERR X EHE K EAZEDLOTHMAL L DT
Hol=Z o, WILEIIRDRINAE 6o 72, FHEES vector, vehend, vection, vectum
HFx% T TRILZHCBDTH o 72,

PR BBIEE 2 72Dld, BUANINPYORETH D, NIV b Uik T OBEEERICMH
Z B K ML DI (Elements of Quaternions)) Z#H &, AERNIIFTHEL TW2H DD
BUED 1866 FFIZHMEI Nz, TD X SIZHE, T4 b (Peter Guthrie Tait)* 2WIHLZA DG
HEEATZR 0P T WA THEB O %GR (Elementary Treatise on Quaternions)J % Hi
U7z T4 ME 1859 NS ZDARZEFZIED TV, NIV b D Elements ZH 9 F TH
JRUZBWT e WS EiEe L TWeD T, HiRD 1867 F XTI SIS Nz, ZDZDD
RO R E#H 2 R U T, WAL ESEonT o7z, T HITES R AME TT
A (Introduction to Quaternions)J »% 1873 4£Z7 7 > F (Phillip Kelland) & 71 M &
DEIN, TNEFHRAEKRZORY ORFEHB AR TARE L LTHWS N,

UL, FTAREAEY A RORT VI HILE 51220 T, WUfudfibnia s,

1.1.8.3 19 Hi#cRIF~/N\I )L bV DREBFRA

NIV U DUTEE R I U 72 D S IEIEFEIFHIZ AN Y ML O (D D AMRD & Z D
HE) 2K UBFEEMMIADP» Nz, T 2 TlL, August Ferdinand Mobius, Giusto Bellavitis,
Hermann Giinter Grassmann, Adhémar Barré (|44 Comte de Saint-Venant), Augustin Cauchy,
Reverend Matthew O’Brien @ 6 ZIZ D WTHIZHEANT S, THO6DALZIIANIINL N UIEE
BHTIERPo7=2DT, DEDONT MV OFBIZIZTI- WU E 2 5200 >7-z, LML
RING, TNFEITDALZDRRT MVIREDEZEZ TV T Lid, YROKRRE L TR b
W72 H DRI NAEEDL D> DIZEEA D, ZOHTIET T AT Y (Grassmann) 23 &
CITEERDT, VARV EZHNIZEEL 723 —Y — (Cauchy) IZ2DW Tk, HZEHEDH TR
K5,

(AT ADH] THAR ALY YA (August Ferdinand Mébius, 1790-1868) 1% [E/DOFHHE
(barycentric calculus)] Z2FE U7z, INiE, RIZGrERES (ERIZHY) 259550
T, RULAEDLETELEHET AL DIIR>T W, 18271 FIZF L F o ARKZHKLTWS,
FEf% 1887 EIZHR I Nz ADHFTIX, I ATV OFE L ZIF THNECAREIZ Y- 58S H
LTETWD, 72720, AMIHY T 2RIERZ ML THDZLIFEFEZASNTE ST, UK
ThbdeINTWVW3,

361.1.8.5 fHiz,
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RZ 747 4 A (Giusto Bellavitis, 1803-1880) & [SEffigt & (calculus of equipollences)] %
FELUZ, TNRFEMAMAEZEZDDHDT, AIF5DORZ MLEFRU XS ITERI N T W,
BRRGIE, AKEHD S DMEZIRA LT D XD LEZBROBEPH AL LS ICEREI N, &
ZF1E 1835 FDIRXIZE L E o TEIPNT VWS, 72720, RI T a4 T 4 AFEFEHZ R
BDILNNLE 72 5 72D T, AERD & EEBORMPNRILE Z X TV 2bIlF TiER L, ARk
57 % B FNIRERTH D EFHZ T\,

75 A DEFIT 1844 FIZHIRINTH D, TNREHZWD THARD, LAFD = NIZNE
BHTEARTORIZEE LR 2L TWD

Y 7% v (Adhémar Barré, Comte de Sain-Venant, 1797-1886) (. 1845 FEDFRXX TR
NVIERTIZE NS D2 R U7z, AT U T BRI, &% (2063~ MVofl
CAEICHYSTHED), B (TN IVRITHETL2ED) 2EHL 72, RMIFBILA MIH
BThd, 72720 ZNIEEOEHX T, RRILIEVWARN, YU 7 F RS L TInksi
TATATIZESTZOPEARHEZ L, ZOMXDEBEMADHEL H F D22,

TIARVEDDUKRIZR DN, A7 T4 (Reverend Matthew O’Brien, 1814-1855) 14,
HEIZSDXRT MVIZHHYT 22D %2E X T\, i EELFHIX 1852 4£D Philosophical
Transactions 12 I NT WD, 7 74 T VIR > T2 REIDETBEI 25 2, 80 &
KHIMEERGE % lateral, WifT72% 4 % longitudinal & FFA 72, lateral IZX0d 5 u & v
DFEZE v (25 DAFIZHIG), longitudinal IZX)e T 8% u x v (ZHE5 DNFEIZNT
JR) EFENz, ATITATUE NIV VO EICIZLT, 20X BRERELE
DDEITHS, UL, BEWSZAERBE S WO ERDD (727D PEED) A
HHHEIZELNTE ST, B2 2ME -7/ SIZEIRDZEEZTVWEZDON (FEEHINRE 545
n) DPSIRWVELRD T, HEMIZTRINTWIRD o T,

1.1.84 J52A%>v&a——

75 A< Y (Hermann Giinter Grassmann, 1809-1877) &, &6 HX, NIV b vichh
F?éio@%%%ijfméwt# FIRAR A IE D F 0 FEll S g, %@ﬁ&b»%ﬁ«
BIIEHINZIE D E D Rd o7z, UL, LFIZRZ L5112, 77 AUk RIFEARD
n (9(75/\7 MLVZEEFEUEDZEED BEIFTWS
ﬁ717/ﬁ\#A%/WA@&W@ﬁgiiﬂtoAiwbytﬁof\¢éb@ﬁ%ﬂ
EEFF TR o7, NV VRFZZAF L, BICXF L MR AT, 6EBKIE, hE
BEDERBE L UTERERZE ST,

TI AR VIIEEE LTt E EIF XS & LT, 1840 4E, )L VRIEEABREE AT T
% OMEw (Theorie der Ebbe und Flut) J & WO MSEEREZE >z, T IITHEDORT MILOH
MOFOTOFHLNH B, UL, ZOMXIIEELDERTIZLI->THEDERALIXHAT
WO ARNRo7-, ZUDXHIKEIN/ZDIX 1911 HIZHR>TH 6 TH - 7=,

ik, RZMVOT AT 17 % 1832 FEIZHKM U7, HITET. ARMnzEzERA T, Mz
AB +BC = AC TE#H# U7z, HiZ. TDE I RHOBENHEZIBVWTEMTH S Z LIZK
Wz HRHIDANTH B, IRIZ, XZ ML TR (geometrical product)] ZE&HZL 7z, TH
. 2207 MUVHAMEDEATINA THE L Uiz (KREZIHDEBET, HOMENHEE>TW
LEMERE), —“OOBPELVWEIE, REIVELL, @YW EHFTHEIZETHD, 2D
FARVORIE, STEINHELTVED, AEDRRT ML THEDIZH LT, FIAIYV
ORIZAREETH S, OBIZFTART 4V VD, YEHZEADIGHTIIRNY ML EZ T
ANRRWETERUT, T, WHZTEAENZ bURHOND X512k o7, Thide
EMNK, ZOEOLEEEERT DL, HEAIDKIL L, BIZOWTKRBAIDKNLT 5, 5



N7 MVeTFrYv (FH) v10.0 2020/03/14 68

IZ. 320ORZ MLOREIZ, ZD3DDORT MVDMEL AT NERTH S & L7237, izl
AT, AR VK 5 TES5WEEZ AR (linear product)] & WS AR TEHZ Lz, ZD
FRIZBIL Tl o EeHI & R # RIS D S2 D,

WiE, TV o222 NFITHEHAT 2 LHEIfHRICREZ 22 RE L, W OMawIZIcH
U7z, T3 1840 £ W OMER] TH 5,

75 A% Y OEEROFIRIT > T WD DI, FEDORBID LA v A (Justus Giinter Grassmann,
1779-1852) BAIZENT W2 Z & ThHhD, TAMY A - T T AT VI, ML HOBINRS T
KR LR DEPEAETHDL VWS LD IHFZAT W, ThEEAK TR THTMEE T
HBELT—RILLIZDODREFDANNVI Y THDB, "NV - TITAIVDT AT 4TI, A
Y 2P TWB ESTHBED, HiF. BOORZ MVDTA T4 T 2E>TUESETRA
Y ADHFRIZEN N W2, NV Y AU I ADERELHEDOZ LB -D 1844
DI LT, NI MVEHFBEROILEEL UTEZZDIFTER,

77 A VI, 1844 FITHIIR E vz TRBLHE KR DGR (Die lineale Ausdehnungslehre) J T
ib%ét%?Nﬁbwwﬁﬁ%%ﬁbto__Tﬁi KR % 3IRITZEMNIZIR 2 B ED 72N

IZEMANT, BIEDOHMAERBDFEAUZZE D DWT WD, KOBEZLIZ THEK] £20nTn
5@i S DOBESE —MD n IRTTZERIZIERT 2L WO EKRTH S, ZOARTEMINZHE

LSOO THRAMEIZEGEDTH > 720, #ED%%E#%<T%#066<\wm¢ﬁK
i@@k#biot<@méma#oho HIATIEZR, ZABREDZHATWSIRIZHE N
FBNTW3,

I AR VIR, —RIZZEROEEE B (form) | AT, 1 EORA AR, (X
7 hv) T, 2%@%ﬁbﬁﬁﬁﬁf%5twvﬁAf%é n BEOENIE, RFEZETH IR,
n WO KRFRT >V IVICHY T 5, EROMIZIE. fl. 2, B, fICsd % 4 FEOHEE D
EHRTEDEDE U7z, INo OB, B & TMBIRICRHAL, AR E oA
WWEHEINTz, MEBIZHYT2HD%, 7I7 AT VITHMAKES (synthetic connection) &
IFATZ, ZERIZHY T 55 D% 2HHRA (analytic connection) & IFA7Z, FUZZHA & &
B HICRE T 5 vz, BEIZS R TR T S, RHAIRKESANIES T L EF I R0
HEDE U7z, AR UBEOEAE S LoEE T, SRIZFEUEHROENIZR S, n BOER
Em BORARORIE (n+m) BOERIZRS, ZOXS1ZL T, 77 A Vid—HKINaiR
N7 MVEBOBERITIZIFTESENT W,

1844 FEDARTIZ, X2 MLVDHFE (outer product) & HIFE (inner product) &\ 5 GEAEL L
D TEAINTWD, Ik, 1840 DT, Thxh M) & TFRAE L
NTWEHEDTHS, VIAXVHNBELE WS SEEZM - ZHEHIX, 2 D02 MLBH@ED
HHED ZR->TWA 2 S IZERIZRORVWE WS T o THS, AL, 220027 ML
(KH) 1T/ LT, —ADXZ ML (KH) OERZE S —FHDORZ ML (KH) 12> THEi»
L7z EIZTELETIULAEOMEMNEDOHBETHLEERZL TS, I 61T, TNALIRIT
ZERNZHR I NS LD ITES T W06, SOMME L D Bl AR YA <. BHAREZE 2K
1.1.4.7 fiCHAT A IVHEZER L TVWH I LIZR>T W,

TIARNIRICETEHEEE WA WA EZTWS, 72218, a5 DN o
DO BANEANIRT ML [af]=F—-aTHBLEWVIHII, ZNDWIETH S L\ D BRI,
laa] =0 [af] = —[fa] DX D LRZBAIPKD D& WS L TH D,

3 —— (Augustin Cauchy, 1789-1857) IZ1%, 27 J A~ VI 1847 FIZHEFE D THRIHLKD
i) 2 oTW5A, Z0OH0 1853 Flza—Y —i3 TREMREIZOWT] WS aE
LTW%, ZNRTTIZZIARUDBENTWET A T4 TIZHTWT, #EZFIH L TR

STZDET, JIAR YD 1147 HiTHHT AL SV EARELZLDOTH Y, AL D HEFERLMEE
HEWEEER S, VIATUNTIES L ERNRE ZATH S,
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FRERZMAETH o7z, TOHEZ, A#EBETIT 114758 VWTL IV 2> 72
THo7ze UL, IFEACRIUAER2S I AT T2 THELE KO TEWTHD.,
SHMEDRIEZAE U7z, 72720, ZOMEEIE, 1857 HIZ I =Y —=BHATZD TS RLRITR -
7o A=V =T TIZITITARVYDARZFRESTW=OIIEL1S6, BGORWIZAH 5,

1850 FERUIZ A B L PR AAENE D> T, 77 ATV OHROMEMEEINHNTL 5, 1852 F
., NIV b oid TRRBEROBERT 25iA77Z 6 UL, 1853 FOTHMTIE, /79 ARV DT A
T4 THREDOUTEITEL, [H 50 T THBICERET 5Fi7Zo72] Z&IZEBVTW3S,
AECDARYVTF U o6 HHEEOHMEERL 2,

1862 27T A= v id THER DM Ew (Die Ausdehnungslehre) J D2 /N— 3 > % HK L
720 1844 FRRIZHAR TR BRI L ZEVRABIER L LT0WEH0D, HILWERELEA
TBY, METH o7z, TITINDHIFLALHBEINLED 5T,

1860 LA B &, T AT v R KT 5 N4 D385, /N7 )V (Hermann Hankel,
1839-1873) % 1867 AT HI U 7z THERBERDHER (Theorie der complexen Zahlensysteme)] T
EZD—EHL SWHTTATVORRDOBHIZATHNT WS, ¥ a b —7)b (Victor Schlegel,
1843-1905) (&7 7 A~ v DIRKRDEZN T L0, T OMHZ L7z 0 Bifnx BB I 720
U7ze LD2U. HLHIICEER T A2 ZAETCRES KPS T2, TDIENIIEH T T AT VO
FIZEALDZRITEEEZEILZATZAEHEZ T WSz, IV WERDRS, HDE XL F DHIIZ,
WOTAT 47D ITHFARINZDMOBROFIZIDIAENAZD LT, BEHRIIZITEI
WhHFEOREEHE IR 5T,

—H, VA VHBEZFIHRAE DT, 1860 H£MRLAREIX, BFELIAD Z L IZHZED
HEPB->TWo7z, LLIZSHERAICEEERERZ L TWVWS, YU A7V Y NEDOWIZEZ L
T, I8T0 I M) 27 - Tz —&) OFERE TV 27 - 7= — X&) OHERZ 1T\, 1876 4
WZTa—Y U r Y RENrSEHEE LSRRG I N,

1.1.8.5 1860-70 FE

ZORHRITIE. X7 PIVD KD BRIERDBEEDESFEHIND & 51272 > TP L, 1870 4F
RS 1890 FEMRUTIINUTCEDERRN —MRIZIEE 572, 7T A Y DRRIF 1890 FRIZ8->T
MOHEIZRAYTIAE o7,

74 b (Peter Guthrie Tait, 1831-1901) &, PUGBUIEL THNINL F UV DEMHETH S,
SNV VYIRS Y EADIGHZITV. £ DORERIFBRIZAR T DIV IZRIER S 7z,
T4 M, A3y b URNIZEENZ, TVUVNTRETIEZALZE, 72TV Yy IRFET
FATE, 1854 DS T A =V ARFER)LT 7 A N THMEE D & S5 12745, 1857 FIZ, ML
BAYB ARG T 2 L ERL 2 LITGMWT, ZNABEI TR O MGt & Rl S, 1869 FEITIE
IVVNIRFOERFFROFREICRS, UL, WIiBOMEFL LTIFEIREZ L
W2y T MEIFERITIINTTZI D ANG o7z, TUL, B% 6 < BEFOYHZAIZ XU
W BHEERIRD D 5727207255, 728 21X, EREYHZEED I ILVE VL, X7 bb
RPUTTE E 2 LRI VD E AR L T Wz,

118 2T A2 K 512, T4 FAFWWULOZRIE T B OWENHE (Elementary
Treatise on Quaternions)) (1867) &7 Z > R & HFED THUILHAF (Introduction to Quater-
nions)J (1873) (%, VUt A MO FIZIED B DIZKE K FHE U7z, THURBOMERNERD 1%,
WIEEANDISFIZ ISP EIPNTE D, & <IT 1873 FIZHINAZE 2 /KIE, ¥FTALALY
A4 RPEAZ L VWS BEERT, BEINICEETH S, [OOSR OF 1 | Tld, R
FMVOREFZEAN T —EPERINT VDS, BLHETIEUTCHOEEEPEAIN, B3
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TRZOHERPFHHEIND, FONMPHETHETL S

a- B =|al|B|cosb (413)
a x B = (|laf|B]sinf)n (414)

(722U, n i3 a & BIZEERBARI MV THDB) IZHYT R (W cREINTH
%) BHTWS, B4 mINUTTHEOMD. 55 FIFMIURT SVEE (507« 7 REESIZHE
LIBHHD%E) THD, TNUIHL 4 DDOEIFEMFEANDIGH, LD 2 DO YT A
DILHTH - 7=,

ERDE 12, FTA O THUCBOAIENHER] (X, SDOXT PV K<BT0D, &
UZ, TV IPEE T V (nabla, del, atled 72 & L 5E) 2 AWTCHERZRBEALZZ L IFEHE
T, ZJV—VOEH, AM—2JZDEH, YV ADOEHRENRBURBLSENINDE I LIT4-5
Tzo TA FOYFEIE, VUCBAYEZIZE s THHATH DI L 2R LI EIIH S,

/N— A (Benjamin Peirce, 1809-1880)% 1%, 7 X A ERE DHEAID KB HFEETH o7z, /38—
AFPTCEDHFEUE L TWRWD, PTBDZFZETH O, Wz T A U AIZJLD % LI,
PUICED & FER U 7R AR Z Al o 72, fRIARS SR L X, Moee — b U7z & 5 3R
BROAREMEZHER LD TH DL, N—AFHHIZ B> T\ — "= FRETIEEILHD
BHRELTED, TORETELLDT A HDORFETHILHDFER I LI Nz,

~ 27 A7 )b (James Clerk Maxwell, 1831-1879) I&. 1860 fEARIZ BERER T DI HFEA D
ty FERYNICIRE LUz, ZNEEAS TEINT W, KEZ-72T71 FO#EIDIZILL T, <
7 AD 2)VIE 1870 FERUT A » THTBOMIE % 172, €5 LT, 1873 DK MEK & ks
DGR (Treatise on Electricity and Magnetism)J (25 WTIX, HERIFED & MIGHOM 55T
HPND XD T o T,

1871 F-Diw X MY EDEF 725335122\ T (On the Mathematical Classification of Phys-
ical Quantities) J IZHEWT, Y7 AT z)UiF, NIV UDBAA T =T MVOKIZE LT
ZEIFEHITEELZ LB NTVWDS, ZOFHLT, Y7 AT )VERT MLE [J3R2 ML (force
vector)] (BRI HZDDE) & EKEARZ ML (flux vector)] (BRALHIFEY7Z 0 D&E) 1247
LTz, T0ICTA MPRESELEAET

0 0 0

V= I1al’1 + I2al’2 + |33]}3 (415)
0? 0? 0?
2 _ 41
v (833% * 013 * 8x§> (416)

FLE BB RO TH 1) 1ZFEH L, AHA T —F8 s 127U T Vs & s O T4 (slope) 4L,
V2s % THEHE (concentration)] LIERZ EZBELTWVWD, —FH, ZDOV 2XZ7 ML (A
77— DENUTEE) v = V1l + Ualy + V33 WZHRE T B &

Jvy  Ovy  Ous . [ O0vs  Ouvg . [ 0Ovy  Ouvsg . [ O0ve  Ouy
_ e R g 9% L
Ve <8.T1 + 6.732 + 8133) th (81’2 0x3> tl2 (8953 81’1) tis (8I1 8@) ( 7)
L%, VAT z)VIE, ZDAH T =73 SVu & v @ UK (convergence)l. N7 kLR
5y VVuv % T[EEs (curl $ U < & version) |2 & #4651 7=,

381.1.4.4.1 HiZH

3975 7<T 1 ALDRAIEE L UTH%AZ Charles Sanders Peirce I% Benjamin Peirce DX% T %
WrFWAR, VZORESNEIEDT TV 7 v el o TLES DI, Wi EE EX L2 220,
U TELKDOHSRDIHG) OB 2 AR TIE 742281t (space variation)] &WHFEEZHWTW5,

2 TMEK WA DM DOF 2 JREAFE T rotation & W HEEZHANT W5,
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RO AT z)ViE, WUSLEE MR LU TV O X RHE TR o7z, HIZE o T, PUeBud Izl
REMBEIZTA2EEEDEEOHIWNOEE L P TIER P72, WUIEER T MLV, YWHEED
D E 5 Z 5D TH o7, HIZe 2T, NI MUV T To—Fik, YHENREAROE
P BERNRILTH o7, UL, 272D o)l MUz & 2 EHEICARI SR> T\,
E<IZ, R MVOHBENAIZZR>TUEY, HEIZXIUF =D EITRDE L D BRAICHBKL T
W7z,

RO AYT IV DEE EELRERIX, 1873 £D BRI MKOHEHR) THEH, 22T, B
ZOHBERIBD DO L NUTHDETELPNT WS, BRIZHTEDEIZR > TWRVWDIE,
WHFU T F NIEE AL IZHoNT Wk o722 2 &, HAETIRVWT RS 25 Z 21272
ENOTHo7z, EMORT MIVOHEVNEIZRIMEE Y7 AT 2 VIFEKIZLTWT, %2
WA DR ZETHEDITIZIEVWD RN o725 5 THS, ZORIE, AXDUTHEZRESIC
RBEEZoMNTEE R oT,

I AT Vi TER LKD) OFTH, NI M AT K BT TREEIZEES 3712
VHENRBTELZ2MHFAL, AN TR MVORFZEEHLTWS, 3511,
JOIREAMMIAT T —THERZ P TELRL, NI MVOFEINT MVERTRI NS Lk~
TW5, ZHIX1123HITRRETF VY ILVDEBDEIT L EALTIENTE S,

21 7 #— K (William Kingdon Clifford, 1845-1879) I, PUITED 5 N NIVERIT A~ D )E
WaEfEo7z, Ik, WEEE 77 A< VOO %2 K-> Tz, i 1878 4FD TH#D
Z 5 (Elements of Dynamic) J¥ (2B WT, IZFBELFRIUEORT MV A A T —F4 e E
ALTWS, R MUVREIZ 2 DDXRT MUVAMELHIZEERNRTZ MV THHELTHDB, 7272
U, Wit DZET, AT —TEOFENBEEDOED L HIZR>T VWD,

1.1.8.6 FTREAEYA RICEBERRYT MILEFTDERIIE~1880 FE

ZORRIZ, GORY MVRBFIBHERINTEEI NG, FTRLALY A Rk 1RIZAR
S USCE ORI & o> TAET, NREABDRDNIEFREZE VWS ZEIZ&MNE, 5
DIEDRT SIVOREZEED BTz,

¥ 7 X (Josiah Willard Gibbs, 1839-1903) &, 1858 fFiZ A = — )V KF 2 AL 7z, 1863 4EIZ
T AV AERETHDTOTHELBEE2EUT Uz, 1871 0251 = — IV KEZEOHEEYIHEDH
Bz, T2 ETEOMITIE Y E o7z, 1876 4E& 1878 4RIZiSL [REFE L YE O A 12
DT (On the equilibrium of heterogeneous substances) | % Transactions of the Connecticut
Academy IZFR U7z, TNIHMEFRNFORIREL R S Z2 ML L2 DO TEHELRW X TH
5, 2TNRI -0y XTHIGND XD IZR-7=DI%, 1890 FERIZR>TH ST, AANTILEK
MRAVEBIZHRL T TH - 72,

FTADPEBLRACHEZF>7-01F, vZ7 272D MEKLBKOERI AHRShT
o, TRbH 1870 FRIZR>Th S ThH o7z, MBSO 2B L T\ S BIT,
VICE DRENRARZET, A A7 =845 (5TEIHB) X PV (5 TE 508 7210
HNEEL, VICEAULTEAN T —HR e RT MV HBEL TERWZ &i&ffnwiz, %
T, Wiz UTRINRDO Y AT LE2EA S &S5 Z & TR MUENT O MR % /F-> 72,
TE0 BT DONRT I ATy DERITENZ 212iE, FTRAREPSKMN T WS,

FT AL, PORTHROMEZ £LOHT IRT MVIRFTOE R (Elements of Vector Analysis)

43 Z DAL https://archive.org/details/elementsofdynamiOlclifiala THI% 9 2 Z LW TE 5,
WAL ABE S >THE XV, 7D 74— KBl ->TWBHFEEL L TIE vector product & scalar product T
b5,
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P UTHEBMRL (1881 FIHIEDH | L 55 2 %, 1884 FFIZE P D 3 ~55), A%
EE I 72, 1 EIE, XRZ MVORMENS Z T, FTANT—ERT PVERKIIL,
direct product (5TCTF 5 W) X skew product (5 TESMF) BREPEAINTWS, it
LTI, RZ ML a & B D direct product Z a.3. skew product Z ax f DX D IZFENTWH
5, W2EFT, MR L WHI Z LT, WET V ZEALTWS, AHT— u D derivative (5
TEDAM) Vu, X2 Ml w @ THEE (divergence) |. [ElEx (curl) | DEZRI NS, BET
LHEHAEH (A7 ADEHZE) HRINT VWD, B 3ETIIMEARS MVEEEAEL D b,
ZOHIZEF T AMBEOEBA R o NS, A#EHETIE 114418 TMND T[54 7T R (dyad) |
X [F4 7574y 7 (dyadic) | OENZ ZTHND, HL4BEIIE2HOML, HOLHEIXT «
T4y 7 DBEBEKTHE, TOLIITLT, ZOKRIIERDONT bVEENT DI L 725 72,

F TR, BEXWMLEFLZBEL TR VBN ZHIZRD 2, FTRIE 77 A VME-
=L EMBRBOEEED K CFHEMLU. ZhE2EE Lz, FTRET ST, X7 MUV OF
ENBER[F T TRIREBNFAITE > TEAEHTHE I L 2R UT,

—FH. AFVATHEALEY A N (Oliver Heaviside, 1850-1925) 23F 7 A L (FMTIZ R b
Rt 2 R U7z, HORIED £ O METIZRD 572D T, KEANIMTFIT, BEH LR,
1874 FATALH 2 FEO WP O e TH A Y L HRICIA L, d. F TR LFBRIZ, v 27 2
7D TESKEBSRDOBG] 2R L 72DBRE -2 T, ez Bl s Z itk oTA
7 NIVIRITIZ 72 8D B0y ANEY A RIE, 1888 EITR o THF T AD [RZ M VIR DE 5
ZFIZAN, HRWMEo b D EAEMIZFILEDTH S Z iz nwiz, €554, 7T A
YUDMFEDIEEXF T ADARER LD ETIEMS o785 TH S,

ANEY A RBRRT MV Z S 7B OFCIE. 1882-1883 D TS & BIRD LR (The rela-
tions between magnetic force and electric current) | Tdh o7z, Z T TIX[EHE curl 231 E &
IZEHA XN, Gauss DEH & Stokes DEHIZHY T 5 DAGEHI NG, WUILHD & IdEEN 7=
EDD, FEZRTZ MLES ULOBEOBRIFHTE TR, XD [ERD T 2V F — (Current
energy) | (1883) L WIH X TIEA N 7 —MMHTL b, T HITIRD TFHEMR L S CITRE SN
72 BAFRA (Some electrostatic and magnetic relations) | (1883) Tl&. [FB (divergence) | 73~
2 A7 )V D T (convergence) | DR 5EKMIZLZEDELTEEREINDS, TLUTAA
7 — P @ 178MZAL (space variation) 6] VP &2 hL R OFEX div R £ [\#E curl R % B
HEZHIDEHD & UTH-72 (Wnkiz &, L B —FEITIH T 52 & L DX, 1885 4
O TEBHESNFHE L ZDERE (Electromagnetic induction and its propagation) | (ZH W TR
MUVEDPEA I Nz, ML EORGEZRRT, 1885 £ [EEIKE (On the electromagnetic wave
surface) | IZBWT, NEY A RFHIOTHEDORZ MIVDKRREF L o7 TRUZ, AA
TBENT PP EREI N, HET V RERI N

ANEY A RO ERYIE, N7 VRN 2 BRESTHIERRIZIGH L2 8 Th 5, £F IE
f# G (Electromagnetic theory)d (& 3 BAT, #%&13 1893, 1899, 1912 FIZHikEI 7z, Z
DI HHE—-HBDHE 3 ED, X7 MURNTOERRNZRFIZTTONTWS, Thid, BRWZ
N MVRENT 2R OO TOHBITH S, ~EV A Fid, FTAQYHZEDT VLD, ¥
TADREIRLIZAS T, HOFEEZHNTWS, £9. FTARRI MLEFY V¥ XFET
KUEZDIZHL, ANEY A FIEKRFTRLUEY, Thro, AAT eI PUVEIK, £h
Z. AB, VAB O &5 I12E Wz, ~NEY A Fld, Mo id &k 7w <R hr 2
ZDVEERDDHLE D EWHMEIZRNTE D, WX MVOERERFIAEIZRLEZEEEN

45 Z M AL https://archive.org/details/elementsvectora00gibbgoog *X°
http://jacgkrol.x10.mx/assets/articles/eltsvectoranalysis.pdf T & Z &M TE 5,

BFHZBNZE DI NI I AT I VBHWTZRETH 5,

ATIEMEIZIX Clarendons &\ 5 74 ¥ R 7203, BIRX TR ESHLZS LWL 580D T 2 2 Tlk BTEX
EHED KT (mathbf) & U7z,
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LWhweEqVWTWS,

ANEY A ROXRT MVIENIZES IZHORIZZ I AN o 20 TIERW, LA L, 1887 4
TNV DB DEZFEOFEBRITE LIz Z L En 6. X7 AT 2 VOBEMKEN DL
DEED, AEY A FOMERIZEELDDIEE S L DITR-oTE 72, 1892 FITIX D MEL Y i
X & (Electrical Papers)] D3R X N7z, F4E, George Francis FitzGerald 78 Z 11 7% 15 < Gl
THENEE N, 2720, REEFFEADISWE L7z, N1 Y TIX August Foppl A 1894 4
WK FEND Z L IZR D EMAFDOERE 2 H W, ZOBRETIEIANLET A FORZ b
fRMTDMEDLN T Wz, TDXDIT, AEY A FOXRT MUV IE, ERSAFZELUTAE>T
Wo 7z,

1.1.8.7 1890 FRFI¥DEERSE

1890 £ 5 1894 AEDRII R Y MV D Jiik%a K > Thk 7 s’ X b E e, WoiX, $H
BRI D FIRIZBE T 2 EFBF PR Z 5 72,

1890 £FIZ T A MEMUTE 2 L § 5 (F 2 2 DF Wz, TDO—DIZEWTIE, PniLisE
MNZRBLIIA%H O (transcendently expressive). HAR7ZZ (natural) & U7z, —HT. THNV b
PERERDMEFIE A2 (artificial) & U7z, B9 —DOXEIZBWTIE, FTADRY MUE
Wz, NIV ETIATVOFRELZREE I LRy e LT, B 1891 4R
FFXTARGREENT WD, KitD—2k, PRI W TARRAMEIZERICE NS DI
FUT, WO HIES 2B RERP LN ETHL, =2l N7 PVIEER
TWBGIHRTEDL L WS N TH D, ZHUIRNTET1 NONGIE, FTADT 17 RHBA
RN THBZ L, BIRTREBRBZVEVWIEDTH-72, HbAHA, Lo RNIX &
RN DILRIZE R D 5 (BIZEM D & 5 R ERIKGLEMT A H5) DT, 74 FDFW
DEARYTH D, 7272, MuBOMIZIFFEG DL D SLDODIZ, AE TR D L7220 e v
T EIZEAL TR, GO FITEEDS B 05 LR,

A U 1891 4, ¥ 7 A1 Nature (Z TP GE & SR DGR (Quaternions and the Ausdehnungslehre) ]
EWIHFHEE W, TIT, FTAR, MTBGEHEH NIV U OEIMEE E VLTS DI
WAL T, FIAR V&AL, AR VDHEEFIENL TSI LT, BHHDORY MVfE
WMraHgE Lz, 714 MR I ARV OEME LKAS B o DIZH LT, FTRAFANINVE
YT IARVDMSTOEBMTEL TV S, 7T AT Y OFHIIZB L TIEF 72D AE
LW, 61T, FT7 R, BAFRYEZOHTIE, NREARPEZE T RO IFRN L
WIEAEBERFAL TV, T4 ME, 2R U TRVIEE 2 FHWZOAT, & HITK
TERMPoTz,

TARNEFTAOFwSEERT, ¥2 77— LY (Alexander Macfarlane, 1851-1913) I,
PUEE e N7 bV EFTR L& 5726 D% 1891 FEITHE L, 1892 4T MYHF o Rz o JrHE
(Principles of Algebra of Physics)] & WS FaXIZ U7z, LU, ZHUZZEDEES A Wiadro
72o R MVIRHTDEH 5 — NDRIEZETH H~EY A1 NiE, 74 b X T ADwmENEF 72D
Wb 72 MBSO, 6, TRIVF—FHHKIZDWT (On the Forces, Stresses, and Fluxes of
Energy in the Electromagnetic Field)J (1893) Tiw U7z, Zhidk, YHEN R ML TH 50
5ENSZETHY, FTREALTA FOVGRGEISIDORIZOVWTIER KL TV, Z
DR, ¥~ 32— — (Alexander McAulay, 1863-1931) (&, #wX* B H T 5 ML D)
Fl (Utility of Quaternions in Physics)J (1893) & \\5 ARDH TP L % Hi#E S Dikin VA W\
AHLTWEH, WEHE WS &0 RGN TRENLEDTH o7z, T4 ME, HFFHFTIOAK
ZIHERNZEHME L TWA D, S IAITBEINGERICIERES L TWS, T4 ME, AT AR
DFSUIN U T, ZABRHBE BT 2R T 258EE RV E VI E®ROZ L 2HENTWS,
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F 7 Al 1893 4EIZFH U Nature (& THUITE & X7 M IVAREL (Quaternions and the Algebra of
Vectors)) &I X EFHNT, @EimliZlbo7z, ¥a3—L—50%, Wi g &k Lavolk
BEDOEWZE LTz, THIIH UL, F7AIE, MIGBIENZ ML ORAF R Z B VR
TEIITHROTVEDRWITRWE Lz, XRTZ MVIREZ X TIZ 50 £ S WEINRS H
5HDTHRIZHTLS 2D FiRE U, YHZORNEBZDORNPERIZ—RIZL o7z &
AR MADBBHEDEE VI EZXTH 5Tz, FTAIFE, WITBIINT 5T A S OEERS
DZFHli L T\, AEH A FEFTRIZEBAL T, XY MLVOHPMTTEEL D S R TR
ZeFR U, U, AEY A FOFESHEIWS IPARBEREDTH 57,

PUCEEEMI D F & HiEame L CTiX, / v b (Cargill Gilston Knott, 1856-1922) 485 1892
HF1Z Proceedings of the Royal Society of Edinburgh (Z&F W7z [T MOV EROEF OB
(Recent Innovations in Vector Theory)] 235, /v M. £9. LEORY MVHEGERIEA 7
T4z O (1.1.83Hi2M) »oIFLALHEATWEWE T F 22, KIZ, FTAN
AT —FEERT MVEDBEANZLHRUTWA DI U T, WtBIIRENTEZ 2065
AK7Z e Uz, /v NI, T2 FHEOBEEZES L VWS Z LITHEHIZEA U THB D, Hik
IV w & Vxw ZHZIZEZLRVEVWTRVWOBMBERL EE AT, FT RO L
BB OB EHT T, Wizl 7215 PR ZLHwm U7z, FT7RAFINIK@wRL., %
DEHND NSRRI DD > 7z,

BB, R MVOEHEPEIZLDS (W) NEIZRS (FTRA - ALY A RRORT b
fEhr) pid. BRIZEBOMBEL WAIXENETT, EH0DRVEE-EVRDIZ LSRR
E TR,

1894 FEITIE, TWUTEE 2 GT R MIVINTIR] 3 THARZ (S J57K) & W5 e~ 2 hbe
A UE S RN, 71 VU — (Arthur Cayley, 1821-1895) & 74 DT Z 572, Proceedings
of the Royal Society of Edinburgh @ [EEREN UL (Coordinates versus Quaternions] &\
IEX T, 7Y =&, WL BUIABETE D S ANWEEETH 205, IoHED 6 5 2 IEHER
JERR &2 D7\ & W IRWD T, U EUE 72 2 5RO LITB E R W i U, 2 AU
U. 74 MIFE CHEEERIZ e o AEDONERMEEIZ DWW T (On the Intrinsic Nature of the
Quaternion Method)J & WX THE%E LTW5, HIZ KX, TUITE T % H35ER TR
WELRWEDTH D, FBEEEIF AR AFICEE 0V, ZomsIcEL Tk, BRNZRTA
TIXT A MTHEES EA S, UIHIZE IR MVZE L, PRI MLZDEH DAFER
T, BEEIHE LOMETH L LEXL I LNTE S,

Z DWW o7z 1890-1894 FEDVUTHIN N2 MIVIEN DffGz2 2R LT LD TAD &, LIF
DEITKRBEHD, WiBIRPRORD &, NI MVIZNTEZFPZDEABNL TS
SHIZ, TOREPUTHE D BENT VWD LT D AESREIZRAZDES S, i
HUT, FTRIBFHCTHENOD 2w 5217072, NV A NIRRT MV 2 BREST I
JGFHT 2 Z 2T, RXT MW ZIRD Tz, FTARAEY A RBYRLY L O A MR RLR L
TSR EDEMMEZERL DI U T, PUIuEIRIT S 70 el X0 ARBY 7 Bl < & E A
U7z, e B o EWMEHIIAWH TRAIX, R MVIETIZ U THUCBOEH» S EEN T
EHEDRDOT, TNIEEN LT AIBLELHEDO 7200 E LRV, 61T, Wizl TH
FTA - ANEHA RRDOANZ MUVRFTIZLTH, JRWERTD R Y DIV O D D& T H
HEVWIRGETES, LIFVA, FRIIZIE, FTA - AT A FROANZ MIVEERTAIA <
ZITANONBIZE ST,

By NI, WEAFEBKRZOBBEWAEALAIZ LT\ 2 e2db b, HPfEEFGE &£ ICHAZETHRA
PHEZIT o7 [eg. IHHERE, 2015]), T OBESGEHAEIZIZ. YIFEE > T RMERBB MDD > TWS,
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1.1.8.8 IRHWAANY MVEETDOFEE~1894-1910 &

1894 5 1910 £ TOMENTIE, 10 RO DY MUVIRIT DR S VT, X2 MIVIRKT
WER Uz, TNH6DARZRTYLZLIZT 5,

7 = 7V (August Foppl) D v 27 27 2)VOELFHEAM (Einfuhrung in die Maxwell’sche
Theorie der Elektricitit)] (1894) 1&, KA YVIZ< 2 A ) OEELEFE%Z BN UIRygIOAT
b, YIAYIVDOBELRF . TNETICATFIATIRIEE>TWEZEDD, RV TIX
FEEFNEELRE>TWaN o7z, UL, 1887 FEDANILVY DEEREZ Z>MNIFIT KA Y TH
BOAEE > T, 72y IVNRZOAREELS ZLIZRo7z, ZORTRZ PIVIREFTIE, ~EY
1 FORETEPN, LTBAET A FIToTWE, ZORIZREERTEY, FAYTIA
KFENTz, 7 xy TWIE, RT MIVIENT &2 W2 D5 OAR T8k (Vorlesungen tiber
technische Mechanik)J (1897-1900) £ L T\ 5,

INERTZARN A ZY) 7T TEHRI N, 75 —Y A (Galileo Ferraris) 2 & 2 '8 & Hh
5% (Lezioni di Elettrotecnica)l (1894) TH 5, THHLEANLEY A KK TH B,

7 4 VY v (Ediwin Bidwell Wilson) 2% 1901 2 U7z TR MV : 4 5 — K - ¥ 7
A DFEBITEED KBUEA L WHF & DFAED 2D DARIE (Vector Analysis: A Text Book for the
Use of Students of Mathemacis and Physics Founded upon the Lectures of J. Willard Gibbs)J
E BRI SVRITZ T D7D IZE PN TDRTH S, 71V Vi, N—s3—
RRZOBARZHEL, RKEHETA ==V RFTo 7z, T I THEEOEDIZ LA > T,
FTADNRY MVRN DT EZ 7z, 74V Vidk T TIZN—N— FRFZ TGOS
ZZITTWIEZDOT, BIEHEVRD QTR o720, ULz ZiE L7z, LrL, <
MBEZHML T, A —IVRZEO 200 FRLBHRFEXD R LTIDOARZ KLz, ZOK
X, FTRAOWMOHERZIZFLACHET S L 21T, MUY MVBEBOERE 21 0%
ThH 5,

RAYTHIO THIREI NAZRT MVRE7ZIT DD AKIE, 7+ F— (Alfred Heinrich
Bucherer) @ [R_Z ~)UEHT OB & 2 OEERHIELZ A OGS (Elemente der Vektor-Alanysis
mit Beispielen aus der theoretischen Physik)J] (1903) T® 5, b B FENDELD SR T
NVIERT &2 JIER L THE D FEARINIZIEAE Y A FIRT, 77 AT VOERMBIMY ATV,
N7 MVOR, B 3. BT V¥ vV, EEAHLEEER Ny 78RO T WS DI
Z T N WRDF, SBEREANDISHEEATVWS, ZOKRDE 1 REH 2 RO T
MR HRI M (Encyklopadie der mathematischen Wissenshaften)] O iZBE L TRls D
HAfThhlz, £Z T, F2RTEZ I TRAINEZZESPHAVLONTWS,

KA Tl 1905 FIZHIRWT 2 DDOAD MR E vz, 757 A (Richard Gans) @ [~X2 bk
IR ARG & 2 ORI F A DS (Einfiihrung in die Vektoranalysis mit Anwendungen auf
die mathematische Physik)J [Z¥HZEZE PR E D72 DIZEPNTZAT, X7 FILVOML .
W RED . A, iR Y D Ny 2 & F WRIF. BEKRFEANDIGHEZ S AT
Wo, ZORIKTIRETHIREND L2 HIZ, FFEEPARAT VERITHRIERE N TR <G 7z,
B#E Y — 7 (Eugen Jahnke) (2K 5 TR MVRETEGHZR & 2 ORMF, % BORHEEA
D) (Vorlesungen tiber die Vektorenrechnung mit Anwendungen auf Geometrie, Mechanik
und mathematische Physik)] (£, 77 A VDT MVEHTOART, NIV b r-AEHA
RRELDFHALT WS, Y=k, 79 A< 2 ORBIRZI 6 By 6T
ETHMAEZLEZT W, X7 MVORE L TR, W, 77 A VRO, 7T A< Vi
D regressive D 3 DDBENHINT WS, UL, ZD regressive BIZEARD X T VIR T
Fefbniawv, X7 MVOWSEHRDS & ZATIE, A, HEE, FEEL MBS MOV
BMENINDIY-RTAT2-TA b-AET A FOERIZEED S HGE LS B b TS,
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UL, ZOARRBIRZER TRV &6, TNEEHENTVWEVWERLND,

1906 FITIE, FTADFRXED —BRE LT, FTADILX DR bIVIENT ORI HIR X 1
Tzo FTADMIEMETHROI LN TES, ZORBE DT, V1LY VIZLDBKREOH
B EHANTH 5,

Y E 7 (Pavel Osipovich Somoff, or Somov) & 1907 4£iI2a ¥ 7EET [T bVl & £ D
JeHI ZHR U7z, ZNEa s TIZE T30 TORT VIO ARTH 5, FHIZILI NS
FVIENTIZB U T\ DT, HF 00 237 SEENZEIEAMEDbN T WS, G5, AR
XX TA- T4 VY VERTH 5,

7 7L ¥ T 4 F— (Siegfried Valentiner) @ X% MUfiEff (Vektoranalysis)) (1907) (X7t =
TNV ADREFARICYEEZED - DIZEPNZEDTH I, HfTTE5RLEST, F
TAFD RS TREIAR 7 VBB Z K-> TW5E, BERPIZIEAEY A R-T7 v TIVRTIEH 5
W, FTA-T 40V VRGBS A S NnTWS,

BFHEDT Y - 74T 1 (Cesare Burali-Forti) L #HFD <)L 31> I (Roberto Mar-
colongo) 1% 1909 FFIZHE T TR MVEROEAR L ZDRMF, N¥, VHEFEADEL LD
JuH (Elementi di calcolo vettoriale con numerose applicazioni alla geometria, alla meccanica e
alla Fisica-Matematica)) ## U7z, 77V + 74T 1 1ZXT / (Giuseppe Peano, 1858-1932)
DYETTIAR VDIRRDIEFE LR 5Tz, TITIOERELEARRNIZIZS I A< Vi
DEM, FTAAELY A RREDUVEZT>TWT, 722 2RI MUVERGRIEMETIERL T
NI MUZZ>TW5, ZORDFHNEHE DB HRLT, ZFETRENL N> 72,

1909 4EIZiE, ¥E¥E 37 1 >~ (Joseph George Coffin) @ AT MVIERT © R MILDF
5 E VR BFE AN DR % 25 (Vector Analysis: An Introduction to Vector Methods and
Their Various Applications to Physics and Mathematics)] ® {HiikE Nz, TORET 1Y v
DADEMERD LS5 RED T, FT AT 4 VY VOFHBEIHENRH S, EBRKF P HFENDIG
Iz 12 ANTWS, ZORIFELFHEEN, S THRTBINTNBEY,

127 F M7 ZAF— (W. V. Ignatowsky) 1& 1909 & 1910 FIZ 2 F& LT IRZ MVE
Mr& = OB ERYHF~D)LH (Die Vektoranalysis und ihre Anwendung in der theoretischen
Physik)] ZHiK L7z, ZHid, 7T —. HV A, 77V VT« F—DOREFERYEEE R
TDEDT, NRYKBTH B, AFIE 72y TVRTH S, TV NVDHLEENT W, &
ST, RO TIIHRAIZ L 2R 2T D &0, X7 MVHEBD TERT 74
ELTW3,

1898 75 1935 4EIZ T THIRR T 7z THEERI P HRIHI~Z DI %2 & O T~ (Encyk-
lopddie der mathematischen Wissenschaften mit Einschluss ihrer Anwendungen)J DHHIZIEAN
7 MVOHRICERT SFELD D, HEERE o, BAFOHIZIFTIAT Y ENIL
bV DRRIZBT BAHIRFLR A D 205, TN 51 1915 DRI IR S N7z, MHADIE (1902)
Tl 714 ~¥—7 1 ¥Z (HE. Timerding) 737 7 A3 YV DRZRDISHZ HENT W5, ik
FOIH (1901) Tlk, 777 /7 A (Max Abraham) 2327 7 A< VL ¥ T A-~EY 1 Nz
HULES WXz TWD, YWHZOMOHRO TEKZE LT TRENZ MIVENTDIA L
fibhTWnwbd, ZOHDOEHEHD 2 DDHilEFHE —1L > (Hendrik Antoon Lorentz, 1853-1928)5°
NENTED (1903), BERTAEY A R-FTAFORY MV BMEDNT WS, 5] S i
TH, HYA, B—=L VY, TTINLSHRNY MV %> T3,

DL ekka DADHNRZEL T, ¥FTA-ANEY A RO MV DA R U7,

4amazon.co.jp Tl Andesite Press D_—/3—/ 3w ZJifH3 1584 [, Forgotten Books D —%— Ny 7 g H
1591 [ (2018/04/06 FH~),

Wao—L oYX a— LY NTHEARA S Y ROYHAETHE, A— VYA - T =V THART VY= D
Yi¥#3E Ludvig Valentin Lorenz LiEF LAWIZ &, ZH 56t BALRL,
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TIAXYDIERPN I N VOERRIZET 2EMEHIRS N TNV ZE DD, ZHIFEH X
L holz, FTREAEY A R2HRD L, FTADHEPEENIZIIMKRRITH - 7253,
ANEHY A RO APERKFE L BLAETDOVT W 72DITHENDH - T2,

NI MV ORI Z N T DD, IROBITIXEL 7> VIV OISR OFE%Z 3 5,

1.1.8.9 FVVYIIEIDFESE

T UV INVOHECHESDIFERIZ, BFEHE T, THOFHE. Ao il dim oMo %
2202 5,

FHRIEORBEZ S 7=D1F, 71 ) —Thotz, &<IT 1841 FiZld, BAED b TV
515D E
a b
c d

2B AU, MIERBGREAXOMERDOEMEZ/E>/2DIE, 784y 7 — (Leopold Kronecker,
1823-1894) TH o7z, X ADHGRIX, 71 ) —X Y — (Marius Sophus Lie, 1842-1899) A%
g7,

19 AT AT XD AR M D M F D EEZ/ED . ) — < (Bernhard Riemann,
1826-1866) M Z % —#D n RITIZHIE L 72e TDOHRTT VYV IVDOREPEINTE T, £D
FAFEE L UCEBERAYNZIX, 7Y A~y 7 )b (Elwin Bruno Christoffel, 1829-1900) ¥ ¥ 7
> % (Luigi Bianchi, 1856-1928) 28\ %, & <2, Z VAN 7 )VIET vV IV O FEREA HD
HI X L2 O % - 72,

Yz o e Ui, #MEAIIERN 18 idicihE o 72, Imiid, ZU® X, X, X, Y,
Yy, Yoy Zuy Zyy Z, DEDITEPNT W, TNSIIN RO MENITE) < I % FEfEi /5 £
Lzt DEEZoNTz, ZOFIKIIBRINENZ MVENT ZFo 72 F 7 AHHWT W,

BRI 7T Y VRN 2 0D 7= D13, 19 D 0 25 20 HRHDIZHIFITOr XY T
DEFE ) v F (Gregorio Ricci-Curbastro, 1853-1925) & ZDH DL 7«1 « F 7 4 & (Tullio
Levi-Civita, 1873-1942) TH %, Vv FIFERDORA T H2 DI KE, HET VYV IVOREIEL M
D EARAH UL n IRGTZEM O R EEMEL LTz, ZOXDRFHEDZ L %2V v FHE T
WA (absolute differential calculus) EIEA TWZ28, D NIEY v FHIE (Ricei’s caleulus)
CIERZ B HoTz, 5 TIER. —MITIET VY IV EIESR, LTt - FU 1 XX DOFHHEZ
V=< VZEMIZISH LU, V=< VERIIB T 2 BB E ORI Uz, LUt - FU 4 R
S ey BEAEALLZEDTH B,

Z DR L WEIRIE, FREEMER PR IS E Nz, 74 —2 b (Woldemar Voigt, 1850-
1919) 1, BMHEAIZE TR EZFTRTEDIZT VIS EE% 1898-1903 £Ei1ffio7z (1.1.2.4
HiZM), 74 —2 ME, fE@OYNEDRER T 2D, H3 27 DORIZE T VYV IV %A
DTHW, 2Ih6TYYIIE WS BEENILE -7,

T VY VR IR B U 7= DIE, — AR CBEDER E LTS £ 512> T 6 TH
%, AL 1911 205 1916 FEICH I TT A > a XA ¥~ (Albert Einstein, 1879-1955)
PEST2H DA, 1916 DX T, MAFHELD & ZAIFMERNY FNESEAMET 5 & 0v
ST A VY aRkA VORI ENZ, 6T VY IVENIZ, #ARNFTEEE L o7,

ZOWI DT, 20 HAMEIZ T VIV PHEL -, TORPOHEREL L TR, L
T FT RO TR (Lezioni di calcolo differenziale assoluto, 1925; The absolute
differential calculus, 1927)] % AN7 7 > (Jan Arnoldus Schouten, 1883-1971) @ ') v F5&
7% (Der Ricci-Kalkiil)J (1924) WE#TH 5,

(418)

8

Y

&
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ZTOHDERE UTIE, 7ZEZIEATDOEDNH S, 7 1)V (Hermann Weyl, 1885-1955) I,
TV INE 2R SREBINTEERT 5 HIEEZEA LU, EEAEIZFZICEWTIE, 20 il
IX1Z Rivlin, Eriksen, Noll, Adkins, Green, Smith, Truesdell, Lurier 52X >T7 > VL
THDZHOoDITHIRWEESHVEAI N, AENGwPHHR e OBKRHHTE T, 20 i
B SIIIERIE T v VIV R I N T WS,

SEE. ZEXM

Michael J. Crowe (1985) ”A History of Vector Analysis — The Evolution of the Idea of a
Vectorial System”, Dover [A YV ¥ F)VhRIZ 1967 4, University of Notre Dame Press,
L18 fio~NZ MIVORERDOFRIZEIZZNIZ LS, |

Yu I. Dimitrienko (2002) ”Tensor Analysis and Nonlinear Tensor Functions”, Springer Science
+ Business Media (Originally published by Kluwer Academic Press)

Taha Sochi (2016) "Tensor Calculus Made Simple”, Createspace Independent Pub (Amazon
Kindle)

KHE— (2015) F+ 77 DO DA —X 27 MVIRKT & RS HALHKR

LB IEHE (2009) ik ~ 2 27 = LSRR (SGC BOOKS P4), 4 T A4
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