(2)ÍÜţ£õćŘÀäŘ

(x, y) ĆbÎÖœĆbÜňŚê r ,ÀłŚŞ (x, y) ĆbÎÖœüśÎìŰŚÊţ£õ (r, θ) ŽøěÂðŘĆîÀþďøŊćŚþĆŞÛśìĆbÆÜŻěŘ

ÂÑœďć (x, y) ĆŞ0ěŘÛňŘøÍąÝČœĆŞ x ďĄ¡õťśůõÍąÝČœěŘĆîťĺŘýŘĆþøŘě θ øťĺŘŘbÀśõěŘ ÝþďŘć.ÝþÂČðüõüÔĂõŘďťäŚĺĆbŞÂÖäťúŻøťśůõ θ ýŘÂŞŘďüŮŚůÜůõťúŻ.ćĄłüõĆţêÂð

x = r cos θ , y = r sin θ (1)

ýŘÂŞüśÎìŰŚÊţ£õŽøěŒþÀĂîëÀňëĄêÍŞŘøďďćĆî r ≥ 0ŚŞ (r, θ) ŽøěÂûâìŘøďć ÕśÏ.ÀłŚŞ z′ = (x′, y′) ýŘÂŞüśÎìŰŚÊţ£õ (r′, θ′) ÀČĂîŋÂêñŚ§.ćĄłüõďĄÑĂõ z = (x, y):ÝþďŘćÍÜţ£õćŘÀäŘŠÂőÓþÂãŮ

z · z^′ = (rr^′ cos(θ + θ^′), rr^′ sin(θ + θ^′))

= (rr^′ cos θ cos θ^′ − rr^′ sin θ sin θ^′, rr^′ sin θ cos θ^′ + rr^′ cos θ sin θ^′)

= (xx^′ − yy^′, xy^′ + x^′y) ÅŢ

(x, y) · (x^′, y^′) = (xx^′ − yy^′, xy^′ + x^′y) (2)

ÓþÂãŮöŘĄĂäĆŞöŊěŘöŘĄŮüõøťĺŘÍÜţ£õćÀäøćŠÂőÛňŚ§ýÂśŻöŚČŞëĄêĆÎŞŘď ŋÂê.ÝČĂîüõÕČÖ¡ŮŘďüÈ£ŢöĄœŚìť¡ňöĄĂîŘ,(2)ěŘùćŚÔţĺŘŚŞ.ćÂîùćŚÔţĺŘŠÂőÛňŚ§ 1

:ŰďĄňSSþŘďć,z′′ = (x′′, y′′) ÀČĂî

z · (z^′ + z^{′′}) = (x, y) · (x^′ + x^{′′}, y^′ + y^{′′}) = (x(x^′ + x^{′′}) − y(y^′ + y^{′′}), x(y^′ + y^{′′}) + (x^′ + x^{′′})y) (2)ÕśÏ = ((xx^′ − yy^′) + (xx^{′′} − yy^{′′}), (xy^′ + x^′y) + (xy^{′′} + x^{′′}y)) = (xx^′ − yy^′, xy^′ + x^′y) + (xx^{′′} − yy^{′′}, xy^{′′} + x^{′′}y) = zz^′ + zz^{′′}ýøďŕŚÖœěŘÛØÈţõ

C ĆbäĄÞźõÂþěöŘĄĂäĆŞŘď,R ,üÖČÖ§ćŘÀäŘĆbäĄÞźõĆîÝČĂîüõýďøŊćŚþ :ÝþďŘćSSþŘÂŞŚĂŞ,ÀœĄłüõŋÂêüØþ (x, 0) ø x üĂãþ,ÝþÂČðüõÂÑœďć x ďĄ¡õ

(x, y) = (x, 0) + (0, y) = (x, 0) + (0, 1)(y, 0) ((2)ÕśÏ) = x + iy (x, y) ěŘÂŮñĄÞãõ x + iy ćŚÞœ,ÝČĂîüõüÖÜŮ “ÍÜţ£õćÀä” öŘĄĂäĆŞŘďĆ¡ÔňŕŚÖœüţìøâìŘøďć

ćŘÀäŘŚŞöćÂîďŚîÀĂœŚõ x + iy ŚŞöćÂîďŚî,üÈ£ŢøýÂþÁŢťîÂł,üþŚźŞŚŻSSČœŘĄìĆŞĆŻĄŮŚŞ.ťĺŘ Řď(2)ďĄţĺćĚfůõ.ćĄłüõ (−1) ĆŞÛþÀśŮ i · i ŚŻĆÞûĆîťłŘćĆŻĄŮÀþŚŞÍÖê.ťĺŘüóĄÞãõ:ćÂîÕČÖ¡ŮŘfćÀźõÂþěÛØłĆŞöŘĄŮüõ

(x + iy) · (x^′ + iy^′) = (x + iy) · x^′ + (x + iy) · (iy^′) = xx^′ + iyx^′ + xiy^′ + (iy)(iy^′) = xx^′ + i(yx^′ + xy^′) + (i · i)(yy^′) = (xx^′ − yy^′) + i(xy^′ + x^′y)

Řď x .ÀĂõŚœüõÍÜţ£õćÀäŒþüêďŚãţõÇþŚÞœŘď z = x + iy ŰďĄňĆŞÍÜţ£õćÀäŒþÇþŚÞœ ćŘÀäŘ,iy üĂãþ,y ďĄ¡õýøďćŘÀäŘüÜîďĄÏĆŞ.ÀĂõŚœüõ z üõĄûĄõťÞÆìŘď y ø z üÖČÖ§ťÞÆì (ÝþćŘćüõÇþŚÞœ r ĆŞüśÎìŰŚÊţ£õďćĆî)0ěŘ z = x + iy ĆÜňŚê.ÀœĄłüõùÀœŘĄąüõĄûĄõ SSþŘÂŞŚĂŞ.ćĄłüõùćŘćÇþŚÞœ |z| ĆŞøćĄłüõùÀœŘĄą z ÕÜÎõďÀì |z| = √ x2 + y2 (3)2

:ÀœďŘÂìÂŞ z′ ø z ÍÜţ£õćŘÀäŘýŘÂŞÂþěÍŞŘøď

|z + z^′| ≤ |z| + |z^′| (űÜůõýøŚÆõŚœ) (4)

|z · z^′| = |z||z^′| (5) âÞŻýŘÂŞüÜîýŘùÀäŚì(4)øťĺŘÍÜţ£õćŘÀäŘŠÂőÛňŚ§üĺÀĂûÓþÂãŮĆźČţœ(5)ĆÎŞŘď üĺÀĂûüĂãõ.(SSþÂÞŮ)ćĄÞœÕČÖ¡Ů(3)øâÞŻÓþÂãŮSSţêÂðďŚîĆŞŚŞŚźĂþŘöŘĄŮüõĆîťĺŚûďŘćÂŞ .ťĺŘôĄĺâÜőýøŚÆõŚþÂţðďÃŞűÜůõâÜőøćáĄÞźõĆîťĺŘSSþŘöŊ ,x ďĄ¡õĆŞťśÆœöŊĆbĂþÂì,z = x + iy ýŘÂŞ.ťĺŘŽøćÃõćŚÞœýÂÚþćÀČÔõøñĄÞãõćŚÞœ ĆŞøťĺŘťĺŘďÂĺÂþěÍŞŘøďŰŚśŹŘ.ćĄłüõùÀœŘĄą z ŽøćÃõøùÀłùćŘćÇþŚÞœ z ĆŞ x − iy üĂãþ:ćĄłüõďŘÁðŘøSSþÂÞŮöŘĄĂä_{z + z′ = z + z′} (6)_{z · z′ = z · z′}

(7)ĆîÀČĂîĆŻĄŮSSČĂżÞû z · z = |z|2 (8) řČŮÂŮSSþÀŞ.ćøďüõďŚîĆŞ arg(z) ćŚÞœüûŚð,θ üśÎìĆbþøŘěýŘÂŞùÂąĎŚŞ

z = |z|(cos(arg(z)) + i sin(arg(z)) (9):ÝþďŘć.ÝþÂČðüõÂÑœďćŘď

|z| = 1ŚŞ z ÍÜţ£õćŘÀäŘñŚ§

z = cos θ + i sin θ3

Œþ n ÂðŘĆîćĄłüõĆźČţœŠÂőÛňŚ§üĺÀĂûÓþÂãŮěŘ.ÝČûćüõÇþŚÞœÃČœ cis(θ) ĆŞŘďćÀäSSþŘÝþďŘćÀłŚŞťśůõĳČ¡ňćÀä

(cos θ + i sin θ)^n = cos(nθ) + i sin(nθ) (10)

SSþŘěŘüÌãŞĆŐŘďŘěŘÛśì.ćďŘćüœŘøŘÂêýŚûćÂŞďŚîøťĺŘéøÂãõ1ďøŘĄõćeñĄõÂêĆŞ(10)ñĄõÂê ďŘÂìÂŞ,ÂÔňøüÔĂõ,ťśůõěŘÝäŘ,n ĳČ¡ňćŘÀäŘĆbÞûýŘÂŞ(10)ĆîÝČĂîüõöŚÈœÂÏŚą,ŚûćÂŞďŚî .ÀĂîüõďŘÂìÂŞŘďĎŚŞĆbÎŞŘďĆîÝČûćüõďŘÂì1ÂŞŘÂŞćŘćďŘÂìÕśÏŘď z0,z ÍÜţ£õćÀäÂûýŘÂŞ.ťĺŘ:ÝþďŘćüŞÂőğĄØãõÓþÂãŮĆŞĆŻĄŮŚŞ,_{n = −}1ýŘÂŞ

(cos θ + i sin θ)^−1 = cos(−θ) + i sin(−θ):ÅŢ,ťĺŘ

z^n üŞÂőğĄØãõ,ťśůõĳČ¡ňćÀä:n ,z^{−n} ěŘćĄÊÖõñŚ§

(cos θ + i sin θ)^{−n} = (cos(nθ) + i sin(nθ))^−1 = cos((−n)θ) + i sin((−n)θ).ťĺŘďŘÂìÂŞöŚĂżÞûďøŊĄõćñĄõÂêÅŢ

üŮŚůÜůõýŚûćŚ¡ŮŘ:1ćÂŞďŚî

üśĺŚĂõŰďŚśäÀþŚŞĎfĄÞãõ.ćďøŊťĺćĆŞďøŊĄõćñĄõÂêŒÞîĆŞöŘĄŮüõŘďüŮŚůÜůõýŚûćŚ¡ŮŘüÌãŞ ø cos 3θ ÝČûŘĄąüõÀČĂîŋÂêĆœĄÞœöŘĄĂäĆŞ.ćÂîŒČØÔŮüõĄûĄõøüÖČÖ§ýŚûťÞÆìĆŞŘď :Àûćüõ n = 3ýŘÂŞďøŊĄõćñĄõÂê.ÝČÆþĄĂŞ sin θ ø cos θ řÆ§ÂŞŘď sin 3θ cos 3θ + i sin 3θ = (cos θ + i sin θ)3_{= cos}3_{θ +} 3_{i cos}2_{θ sin θ −} 3_{cos θ sin}2_{θ − i sin}3_{θ= (cos}3_{θ −} 3_{cos θ sin}2_{θ) + i(}3_{cos}2_{θ sin θ − sin}3_{θ)de Moivre}1 4

ÅŢ cos 3θ = cos3 θ − 3 cos θ sin2 θ_{sin} 3_{θ =} 3_{cos}2_{θ sin θ − sin}3_θ ÍÜţ£õćŘÀäŘôŘŃŃn ĆbÈþď:2ćÂŞďŚî .ťĺŘÃþŚÞţõôŘŃŃn ĆbÈþď n ýŘďŘć1ĆîÝþÀþćøÝþćÂîĆśĺŚ¡õŘďÀ§ŘøôŘŃŃn ýŚûĆÈþďÛśìĆbÆÜŻďć üÆþĄœùćŚĺýŘÂŞøÝČĂîüõùćŚÔţĺŘ(9)ěŘ.ťĺŘťĺďć z ≠ 0ÍÜţ£õćÀäÂûýŘÂŞřÜÎõSSþŘ.ÝČûćüõÇþŚÞœ_θ ĆŞŘď_{arg(z)z = |z|(cos θ + i sin θ)} :ÅŢ,ÝČÆþĄœüõ |w|(cos α + i sin α) ŰďĄňĆŞŘď w .wn = z ÝþďŘć,ÀłŚŞ z ôŘŃŃn ĆbÈþďŒþ w ÂðŘ

|w|^n(cos nα + i sin α) = |z|(cos θ + i sin θ)

ÂŞŘÂŞ |w| üĂãþ,|z| = |w|n ÝþďŘćťĺŘ |w|n šİéÂÏÕÜÎõďÀìø |z| ťĺŘďéÂÏÕÜÎõďÀìöĄİ öćŘćďŘÂìýøŚÆõŚŞ.ÀłŚŞüõ |z| ťśůõćÀäťśůõôŘŃŃn ĆÈþď n√|z| ěŘćĄÊÖõĆîťĺŘ n√|z|ÝþďŘćéÂÏøćüõĄûĄõøüÖČÖ§ýŚûťÞÆì_{cos nα = cos θsin nα = sin θ} ÅŢ nα = θ + 2kπ , *Č¡ňćÀä : k

α =^θ_n + k 2^π_n :ćŘÀäŘěŘÀĂŮďŚśä

z ôŘŃŃn ýŚûĆÈþďSSþŘÂŞŚĂŞ n √ |z|(cos( θ n + k 2πn ) + i sin( θn + k 2πn )) *Č¡ňćÀä : k5

ÀþÀŢťĺŘďéÂÏďćÃþŚÞţõďŘÀÖõ n ÍÖêÀĂîüõüÏŘďĳČ¡ňćŘÀäŘĆČÜî k üţìøĆîÀČĂîĆŻĄŮ ùćøÃêŘ θn + k 2πn ĆŞ2π ĳČ¡ňŠÂÌõŒþ,ćĄłùćøÃêŘ k ĆŞ n ěŘĳČ¡ňüŞÂÌõÂðŘĆîŘÂþěÀþŊüõ ťĺćĆŞÂþěđÂłĆŞ |z| ýŘÂŞôŘŃŃn ĆbÈþď n âìŘøďćÅŢ,ćďŘÀœğĄĂČĺøğĄĂČÆîÂŞýÂŹŘĆîćĄłüõ:ÀþŊüõ n√ |z|(cos(^θ_n + k 2^π_n ) + i sin(^θ_n + k 2^π_n )) k = 0, 1, . . ., n − 1 (11) ŰĎćŚãõÛ§ćďĄõďćü£þďŚŮű¡ŞÝČœŘĄŮüõÝþŘĆţłŘćÍÜţ£õćŘÀäŘěŘĆîüÔČňĄŮŚŞöĄĂîŘ ŰďĄňĆŞŘď t ,t3 + pt + q = 0ĆbóćŚãõÛ§ýŘÂŞĆîÝČĂîüõýďøŊćŚþ.ÝČĂîÛČÞØŮŘďôĄĺĆŻďć ýŚûĆÈþďÀþŚŞ u, v ĆîÝþÀČĺďĆźČţœSSþŘĆŞ3uv + p = 0ĆbÎŞŘďŒþöćøÃêŘŚŞøÝČţłĄœ t = u + v :ďŘÀÖõøćôĄĺýŚûĆÈþďüĂãþ,z2 + qz − p327 = 0ôøćĆŻďćĆbóćŚãõýŚûŠŘĄŻôĄĺ z = −q ± √ q2 + 427 p32 (12)

ÀþÀŢñĎÀţĺŘďćüÜÜąžČûÀĂłŚŞÃČœÍÜţ£õ q ø p ÂðŘüóøÝČţêÂðüÖČÖ§Řď q ø p ěŚèŊďćŚõ.ÀĂłŚŞ ŚŞôĄĺĆŻďćŰĎćŚãõćďĄõďćŰŚÑ§ĚõĆbÞûŚźĂþŘŚŮøÀĂÞîŚ§ýÂśŻSSČœŘĄìöŚÞûĆîŘÂþěÀþŊüÞœ öĄĂîŘüóøćĄłüÔĂõťĺŘSSØÞõñŚØþćŘďÂþě(12)ďćĆîÀČĂîĆŻĄŮ.ťĺŘëćŚňÃČœÍÜţ£õřþŘÂő ÂûñŚ§.ÀœŘùćÂîŘÀČŢüĂãõÃČœÍÜţ£õøüõĄûĄõćŘÀäŘĆîŘÂþěćÂîÀûŘĄ£œćŚźþŘüÜØÈõřÜÎõSSþŘ ÂÔňøćÂûŚþŠŘĄŻŒþĆîüţóŚ§ýŚĂůţĺŘĆŞ)ťĺŘôĄĺĆbÈþďĆĺýŘďŘć(12)ďć z ďŘÀÖõøćěŘŒþ ĆîÝČûćüõöŚÈœüóø,ÀõŊÀûŘĄąťĺćĆŞ (u, v) ŽøěýŘÂŞŠŚ£ţœŘ9 = 3 × 3áĄÞźõďćø,(ÀœĄł Śþ,3uv + p = 0üØÞîĆbÎŞŘďĆîÀČĂîĆŻĄŮ.ÀĂîüõëÀňĆóŚbÆõďćŚźĂþŘďćŠŚ£ţœŘĆĺÂůîŘÀ§ ÅŢ,ÀČûćÇþŚÞœ (u1, v1) ĆŞŘďSSØÞõŠŘĄŻŒþ.ÀłŚŞďŘÂìÂŞÀþŚŞ uv = − p3

u1 = 3−q +^√q2 + 427 p32 , v1 = 3 −q −^√q2 + 427 p32 ŠŚ£ţœŘÂûñŚ§.u1v1 = − p3ĆîýďĄÏĆŞťĺŘôĄĺĆbÈþďŠŚ£ţœŘŒþ3√ ěŘćĄÊÖõŚźĂþŘďćĆî6

ÛØłĆŞÀþŚŞ(11)ýŚûŠŘĄŻýŘÂŞôĄĺĆbÈþďÂÚþć u = ω1u1 , v = ω2u2 ÀþŚŞÀœŚÞŞďŘÂìÂŞöŚĂżÞû uv = − p3ĆîSSþŘýŘÂŞ.ÀĂţÆûÀ§ŘøôĄĺýŚûĆÈþď ω2ø ω1ĆîÀłŚŞ:ěŘÀĂŮďŚśäÀ§ŘøĆÈþďĆĺüóø._ω1_ω2_= 1ÝČłŚŞĆţłŘć 1_{ω = cis(}2_π3_{) = −}12_{+ i √}32_ω2_{= cis(}4_π3_{) = −}12_{− i √}32

:ěŘÀĂŮďŚśäĆîćďŘććĄŻø ω1ω2 = 1ýŘÂŞöŚØõŘĆĺŚúĂŮø (ω1 = ω2 = 1) , (ω1 = ω, ω2 = ω2) , (ω1 = ω2, ω2 = ω) ø (ωu1, ω2u2) ěŘÀĂŮďŚśäýÂÚþćñĄśìÛŞŚìýŚûŽøě,ÀłŚŞñĄśìÛŞŚìŽøěŒþ (u1, v1) ÂðŘÅŢŠŘĄŻĆĺÅŢ,_{(ω}2_u1_{, ωu}2_{)t = u}1_{+ v}1_{t = ωu}1_{+ ω}2_u2_{t = ω}

2u1 + ωu2.ÀþŊüõťĺćĆŞ_t3_{+ pt + q =} 0ĆĺĆŻďćĆbóćŚãõýŘÂŞ :ÝČĂîüõüĺďÂŞÛõŚîďĄÏĆŞŘď3ĆÆÜŻěŚèŊñŚůõøćďŘÃŞŘSSþŘŚŞ ôĄĺýŚûĆÈþď u, v ø q = 2,p = −3ÝþďŘć.ÀþÂČÚŞÂÑœďćŘď t3 − 3t + 2 = 0ĆbóćŚãõ.1ñŚůõďŘÀÖõøć z = −2 ± √4 − 42 = −1 ôĄĺýŚûĆÈþď.ćĄłŠŚ£ţœŘ (−1) ôĄĺĆbÈþďŒþÀþŚŞ u, v ěŘŒþÂûřČŮÂŮSSþÀŞ.ÀłÀĂûŘĄą:ěŘÀĂŮďŚśä(11)ÕśÏ_{(−}1_) cos π3 = 12 + i^√32 , cos π = −1 , cos 5π3 = 12 − i^√327 řČŮÂŮSSþÀŞ u1 = v1 = −1Ěfůõ,ćĄł − p3 = 1ÂŞŘÂŞöŚÈŞÂőÛňŚ§ĆîÀœĄłŠŚ£ţœŘüþŚûŽøěÀþŚŞ:ěŘÀĂŮďŚśäĆóćŚãõĆbÈþďĆĺ −1 − 1 = −2 , −ω − ω2 = 12 + 12 = 1 , −ω2 − ω = 12 + 12 = 1 ŒþÂû u, v ø q = 4,p = −6öŊýŘÂŞĆîÝþÂČðüõÂÑœďćŘď t3 − 6t + 4 = 0ĆbóćŚãõ.2ñŚůõďŘÀÖõøćôĄĺýŚûĆÈþď z = −4 ± √16 − 322 = −2 ± 2i:ěŘÀĂŮďŚśäôĄĺýŚûĆÈþďSSþŘ.ÀĂţÆû:_−2_+ 2_i ôĄĺýŚûĆÈþď

√2cis π4 = 1 + i , √2cis( π4 + 2π3 ) , √2cis( π4 + 4π3 ):_−2_− 2_i ôĄĺýŚûĆÈþď √2cis 5π12 , √2cis( 5π12 + 2π3 ) , √2cis( 5π12 + 4π3 ) = √2cis(− π4) = 1 − i (1+i)+(1−i) = 2ěŘťĺŘŰďŚśäŠŘĄŻŒþÅŢ,(1+i)(1−i) = 2 = − p3ĆîÝČĂîüõĆÑ§Ěõ:ÀœÂþěđÂłĆŞŚûŠŘĄŻĆbÞûø (1 + i) + (1 − i) = 2_{ω(}1_{+ i) + ω}2_(1_{− i) = (−}12_{+ i √}32_{)(}1_{+ i) + (−}12_{− i √}32_{)(}1_{− i) = −}1_{− √}3 ω2(1 + i) + ω(1 − i) = (−12 − i √32 )(1 + i) + (−12 + i √32 )(1 − i) = −1 + √3 üÖČÖ§ćŘÀäŘŚŞüźþŚţœĆŞöŘĄŮüõÍÜţ£õćŘÀäŘěŘďÁðŚŞĆœĄÚİĆîÀûćüõöŚÈœüŞĄąĆŞñŚůõSSþŘ.ÀČĺď8