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�
0+e>JR?B]h1"AB?CJ `b0&*�z:� ¢Og£*�¤=%X1"ghQ¥1"0(A · %_1"g£*-?B/(0&*-?B5

Q£#¦n[#
l = (3, 7± 0, 3)

D
^aqfF2z:�R3(/&7>ih� ¢Og£*-/)Fm1"S(i£*-AC*-?B5 *-5 *§z:� ¢Og£*-/)¨&J ?C*-0&*Tdc/(021"/(i&#
PcL(5RQKAB?C`b0)¨&8:?BDE*-/&JR?C�O/&JRSU*-5R�b1O`b0+5 3(/(iX©��OSªl&�O�RDE*-A«L(SU*-�R021"3(4(56�R?C`b0+5R?Bi¬J *-?B/v]h1"/(/m­f#
�£®°¯;�a¡«���Y±U�²���"�2 U�&³T<²*-�R5[7(*-�pz:� ¢Og£*´J *-5RQK5[JR?C`b0�1O7(7>?B5R?BV_1"3&J:7(*-/_<µ*-�R5 *-/X7(*-�[Hc/+5 *-� JRe>JR5 *-DE*�QK3>¶

Jb1"D·DE*-/)¸(Q£#¦n[#&%_1OJbJ *hFa¹s�OAB3(DE*-/)F2j
/&*-�Rih?C*
��¡U¯;�+¡��¥��±U�����"�2 U�&³[<µ*-�R5I7(*-�cz:�b¢Og£*:?CJ 5o3(/21"S(02º"/(ih?BiEVW�O/vdc3&J 7(*-0(/+3(/(i»7(*KJ6^+e>JR5 *-DEJ;¸aQ£#(n[#>G�*-D§¶

4U*-�b1"5R3(�;F28c�R3&`b]
¹s�O� Jb1"5RQ[¼TJR4U*-QK?¾½2J `b0À¿[VW*-�R,o1"/&7(*-AB5c*fÁa5 *-/&J ?BV£*�z:� ¢Og£*T?B/v?B/+5 *-/&JR?BVW*�z:� ¢Og£*

ÂkÃ&¡�Ä2�+¡)ÅbÆ=�( m�a��¡����+��¯
dc/>!��O� 7(*-�R3(/(i£*-/_1"/ª*-?B/&*p'«º"/(i£*-/>¶Ç%X1"g£*-?B/(0&*K?B5

• Q;*-?B5RAB?B`b0ª3(/+VW*-�bº"/&7(*-�RAB?C`b0

• � *-4(� �+7>3(QK?C*-�RS21"�c3(/&7v/(?C`b0+5I¼[*-?B/(D»1"AB?Bi·¿
©�%È*-ghVW�O� J `b0(�R?¾!�5;F&7>?C*p1"3&`b0_1"/ª1"/&7(*-� *-/XÉc�R5 *-/ª7>3(�b`b0(QK3>!ML(0(� *-/È?CJR5Ê­

• DE¢OihAB?C`b0&JR5Ni£*-/21"3
*-?B/9S(?Bg£`b0&*-/Xz[*KJ `b0(?C`b0+5 *

. . .

• l(3(g&F&j
ABAC*hF28T1"3(DE*-/+S(� *-?B5 *¬©ÌËU�OABA�­

• %È*-5 *-�R4(� �O5 �O5rea4ª¼TH6�RDE*-5 *-�I¿T?B/È��1"�R?CJ´©�l&�b1"/(Q;¢hJR?CJ `b0&*�y6*-VW�OAB3(5R?C�O/m­oD·?B5:ÍhÎ·Zc�O4(?C*-/�©�J 4U*-QK?B*-ABAC*
')*-ih?C*-�R3(/(i¬�k5
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J �OABAB5 *p7(*-�pt;Î§D·?BABAB?C�O/&JR5 *�G�*-?BA«*-?B/&*KJ6j
� 7(Ï+321O7>�b1"/+5 *-/ÈJb*-?B/µ©�JR5R?BD·D�5N/(?C`b0+56iW1"/(Q�­
¹k*-� JR?C�O/9V£�ODÐÍ>#(dc4(�R?BA�ÑhÎhÎhÒ
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• t;ÓhÑ£Ô´L(SU*-�6'°?C`b0+5r,.*-ABAC*-/(AYºO/(i£*�©ÌÕ.72­

• t;ÓhÒhÎ§L(SU*-�6'°?C`b0+5r,.*-ABAC*-/(AYºO/(i£* 86 Z[�$¶ÇqrJb�O5 �O4 → 1"3>!
10−9 i£*-/21"3

• t;ÓhÖhÍ§L(SU*-�6'°?C`b0+5Ri£*KJ `b0+,I?B/27>?Bih]W*-?B563(/27ªËU*-?B5 7(*f½&/(?B5R?C�h/
'°?C`b0+5Ri£*KJ `b0a,I?B/&7>?Bih]W*-?B5v?BJ 5�*fÁ(1"]a5;×Øno*-?c¹s*-�RSU*KJ J *-�R3(/(i~7(*-�À%_*-ghi£*-/21"3(?Bih]£*-?B59º"/&7(*-�R5vJR?C`b0@7>?C*ÚÙR*-/(?Bi£*
'«º"/(i£*hF27>?C*�1"ACJptTDÛSU*-Q;*-?C`b0(/&*-56,N?¾�b7°#

Ü���¡«�m�+�
Ý)Þaßbà£ßÊákâXãäà£å¥ßÊæ�ç

360◦ . . . 90◦ . . . , 1◦ = 60′ èYé ãäà"êhëÚßbà+ì
1′ = 60” è�í ßÊå"êWàWîhßbà+ìÝ)Þaßbà£ßÊákâXãäà£å¥ßÊæ&ãðï=ñóò¥ô¥ßÊà£ïTõ;öWç

α= b
rÝ)ãðàW÷£ßbãðëÊç+økõ�îhã¾õ;à�ë è á$õ¥îWìù¥ú¥û

◦
ßbà"ëÚürý£árã¾þ$÷�ë 2πr

r
= 2π

á$õ¥î�ê£àWî
ÿ áÚõ�î�ßbà"ëÚürý£árã¾þ$÷�ë 360◦

2π
= 57, 3◦

αr b

økõ;ê£ï��
ãäà£å¥ßbæ
Ω = A

r2Ý)ãðàW÷£ßbãðëÊç í ëÚßbá$õ¥îhã¾õ;à"ë � ürá = m2

m2�sßbáTô"õ;à��Êß�ê£ï ßbãäà£ßÊà��«ê£à£å"ëTæäãäßbô¥ßÊàWîhß§øsõ;ê£ï��
ãäà£å¥ßbæ
Þaßbërá	�;ô;ë
4πsr � î�
 ÷�
 1sr ∼= 1

12

îhßbá�
oêWô¥ßbæäò¥ÞaßÊá����¥þÚ÷£ß�
 M
A

� �K¯;���m¡��������¥�"���ÈÂkÃ&¡�Ä2�+¡��+��¡ó�«�a��¯;�+¡
tT')?C`b0+5�ÙR1"0(�´©�j
/+5$! *-�R/+3(/(i&F(!�L(�N7>?C*p7&1OJN')?B`b0a56*-?B/ª\W1"0(�NSU*-/&¢O5R?Bih5Ê­f¨

1
A Ù

= c · tT\W1"0(�
= 2, 99792458 · 108

D
J · 365, 2 · 24 · 60 · 60 J = 9, 461 · 1015 D

tTd:JR5R� �O/&�OD·?CJb`b0&*pj
?B/(0&*-?B5´©�d:jØ­f¨
�������(³:¼Çj
� 7>S21"0(/(�b1O7>?C3&JÚ¿
Ä2�a¡«���s³pyc1O7>?B3&J.7(*-�./(?C`b0+5oi£*KJR5 ¢O�R5 *-/ÀZ[� *-?CJ S21"0(/)F(1"3>!�7(*-�oJR?C`b0�*-?B/ÀZc¢O�R4U*-�oD·?B5.VW*-�R/21O`b0(AYºOJ JR?BihS21"� *-�

%_1OJbJ *T3(DÐ7>?C*´^a�O/(/&*�D·?B5c*-?B/&*-�cJ ?C7(*-�R?CJ `b0&*-/�© 1"3>!s7&1OJcl�?¾Á(JR5 *-�R/&JRe>JR5 *-D SU*-Q;�Oi£*-/&*-/m­I<@?B/(]W*-A¾¶
i£*KJ `b0+,I?B/&7>?Bih]W*-?B56V£�O/ÈÎ>F Î>t¥ÔOÑhÎhÑhÎhÓhÖhÓ��hÎE�b1O797>3(� `b0ªGó1"iESU*-,.*-ih5

1
d:j

= 1, 496 · 1011 D ∼= 1, 5 · 1011 D
t�4U`v©M421"� J *K`¥­6?CJR5:ihAC*-?C`b0�7(*-�Tj
/+5$! *-�R/+3(/(i&F VW�O/X7(*-�T1"3&J[7(?B*·1OJR5R� �O/&�OD·?CJb`b0&*§j
?B/(0&*-?B5»©$t§dcjØ­63(/+5 *-�
*-?B/&*-D <@?B/(]W*-A ∼= 1”

*-� Jb`b0&*-?B/+5;#

1
4U` ∼= 1

dcj · 360 · 60 · 60
2π

= 1
d:j · 206265 ∼= 3, 086 · 1016 D
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©�JR?C*-0&*pGo?B4(AC*-�:^U#)t)(+ÔOÖ£­
no*-?+z[AB*-?C`b0&Jb*-5RQ;*-/pVW�O/pj
� *-?Bih/(?CJ 0&�O�R?BQ;�O/+5

l = G·m
c2

© 1"3&J«y6*-AY1"5R?BVa?B5bº"5 JR5R0&*K�O�R?C*¥­ 3(/&7�Õ.�OD·4(5 �O/>¶Ì<µ*-ABAC*-/(AYºO/(i£*
λC = h

m·c
© 1"3&J+*c321"/+5 *-/+5R0&*K�O�R?Y*¥­I*-�Rih?BS(5cJR?C`b097>?C*h¨

�
AY1"/&`b]+¶Ç%_1OJ Jb*·¨
5, 5 · 10−8 ]+i�
AY1"/&`b]+¶Ç'«º"/(i£*¬¨
4 · 10−35 D�
AY1"/&`b]+¶ÚËm*-?B5´¨
1, 3 · 10−43 J

Ü��+�"���;�+�-,»�M�"����¡�Ä2�a¡

• z:�b1;V+?B5b1"5 ?B�O/«¨
F = G

m1m2

r2qÇD·DE*-�c1"/(QK?C*-0&*-/&7
j
�R]+AYº"�R5c�
02º"/&�ODE*-/&*´1"3>!
7(*-�6j
� 7(*T3(/&7v?BD H6/(?BVW*-� JR3(D

• ^a`b0+,o1O`b0&*p<²*K`b0&Jb*fAB,I?B�R]a3(/(i£*-/�©MAC�O]h1"A�­f¨
β
¶ÚËU*-�$!Ì1"ABA

<²*K`b0&J *-AB,I?B�R]a3(/(i»QK,I?CJ `b0&*-/ª'«*-4(5 �O/&*-/ª3(/&79nI1"�Re£�O/&*-/
• j
AC*-]+5R� �OD»1"ih/&*K5R?CJ `b0&*�<²*K`b0&Jb*-AB,I?B�R]+3(/(i£*-/)¨

F =
1

4πε0

e1 · e2

r2

©ÌÕ.�O3(AC�OD�Sm­
d6/(QK?C*-0&*-/&7/.§1"S&J 5 �Og£*-/&7

j
�R]+AYº"�R5 ÕØ0&*-D·?C*
l2*KJR5R]W¢O�R4U*-�R4(0+e>JR?B]
dI5 �OD·4(0+e>JR?B]

Õ.�O3(AC�OD�S(]+�b1�!�50.·z:�b1;Va?B5b1"5R?C�O/&JR]a�b1�!M5
1036 !ML(�N�k� �O5 �O/&*-/)×
1042 !ML(�NjkAC*-]+5R� �O/&*-/)×

• ^+5b1"�R]£*T<µ*K`b0&J *-AB,I?B�R]+3(/&i
d6/(QK?C*-0&*-/&7°FhÙR*K7(�+`b09/+3(�N]+3(�RQ;*py6*-?C`b0+,.*-?B5 *hF2`;1>#

10−15 Dn.*-?)/&�+`b09]aAC*-?B/&*-� *-/ªdcS&JR5bº"/&7(*-/9,I?C*K7(*-�:1"S&JR5 �Og£*-/&7
w6SU*-�R,I?B/&7(*-5[Õ.�O3(AC�OD�S21"S&J 5 �Ogh3(/(i¬?B/ªZT*f� /&*-/9QK,I?CJ `b0&*-/È�
� �O5 �O/&*-/)×
jk�R]+AYº"�R5;¨�ZT*-�R/(4(0+e>JR?B]

j
AC*-DE*-/+5b1"� 5 *-?BAC`b02*-/(4(0aeaJR?B]µ©1*c321"�R]aJÊ­
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60798 :<;>=@?�ACBED�;GFIH@?KJMLON@=PF+D�ACB�QRQR?
S9��¡��T�²�>¯¥�M�»7>?C*-/+5�7(*-��no*KJ `b0(� *-?BS(3(/(icVW�O/�no*-,.*-ih3(/(i£*-/)F��O0&/&*s7>?C*sH6� Jb1O`b0&*-/p!�L(�«7&1OJóËm3&J 5b1"/&7(*-]£�OD§¶
DE*-/E7(*-�
no*-,.*-ih3(/(ipQK3§3(/+5 *-� JR3&`b0&*-/È©MD·?B5kn.*-5R�Ê1O`b0+5R3(/(i�7(*-�
Hc� Jb1O`b0&*-/)¨�UÀ�«¡«�������
¸"JR?C*-0&*Ø! �OABi£*-/&7(*KJ
Zp1"4(?B5 *-AóÑ># Ñ£­
no*-,.*-ih5 *KJ:z[*-S(?BAC7(*h¨&4(3(/(]+5R!�¢O�RD·?Bi_©�Æ��(�;�¥�+¡�V"�ó¡«� ¯�­
Pc3(��7>?C*/WØ�"�&¡«�����>¯¥�X�U¡=,I?B� 7uSU*-5R�b1O`b0+5 *-5;¸.]W*-?B/&*Èy6�O5Ê1"5R?C�O/)¸.1"3&`b0 1"/&7(*-� *hF.?B/(/&*-� *_l&� *-?B0&*-?B5 JRih�b1O7(*hF
,.*-� 7(*-/ª/(?C`b0+5NSU*-�RL&`b]>JR?C`b0+5R?Bih5;#

YKZ�[\Z][ ^`_�ab_�c%dfe�c'g�eh_Rg�ei_�j/klg]mn_Reiopg1q�e<rsc�_�j�t\uiv]g�efg1cKw

t

x
x(t)

x ~ t

x = x(t)
¨hx·�¥¯-Åy&
�+��¯-Åsz%��¡�� ¯¥�X�m¡

8T1"� JR5 *-ABAB3(/(i»?BD�Éc�R5$¶ÚËU*-?B5$¶Ç8:?C1"i£�b1"DED
dcABABi&#

x(t)
F+J 4U*-QK?C*-ABAmQ£#¦n[#

x ∼ t
¨£¼ ihAC*f?C`b0&*:<µ*-i£*6?B/¬ihAC*-?C`b0&*-�NËU*-?B5Ú¿

�|{ Äm�+�M�+��¯;�£¯;���À���m m�a¡k³Ø���+�;�O��,»��¡%$��MÄ2�m�+��¯
vx

F�}§�+�;�O���M�T�ó¡ó��Ä���¡�Ä
ax

���U�)�¥�M� ⇒ Æ=�>¯¥�«���²�>¯¥�M�
%È*-ghVW�O� J `b0(�R?¾!�5;¨ ¼

vx
¿ ¤ ~1�)���)���9�>�1���1�G�X�1�����1�� �1�)�	�-���G�-�"����� �

%ª?B5R5RAC*-� *´z[*KJ `b0+,I?B/&7>?Bih]W*-?B5;¨
< vx >

¤ x2−x1

t2−t1

%È�ODE*-/+5b1"/&*´z[*KJb`b0+,I?B/&7>?Bih]£*-?B5;¨
lim∆t→0

x(t+∆t)−x(t)
∆t ⇒ dx

dt = vx = ẋ

U9�-�s�W�"�+¡��£�+¡����%�2¯¥�M�+¡U¯ ⇒ U9�-�s�W�"�+¡ ¯¥���&�X�����&¯¥�M�+¡ ¯
no*K1O`b0a5 *h¨�qÇ/97(*-�6�
0+e>JR?B]�ih?BS(56*KJI,.*K7(*-�I¼rÎ¥¿T/&�+`b0v¼ ∞¿Ê¸21"ABAC*KJI?CJ 5N*-/&7>AB?C`b0)F&SU*-ih� *-/(QK56?¾/_z:L(AB5R?Bih]W*-?B5;#

%È�ODE*-/+5b1"/&*´z[*KJ `b0a,I?B/&7>?Bih]£*-?B56i£*-0&¢O�R5NQK3��¦�
0+e>JR?B]��BF>,.*-/(/
∆t

*-/&7>AB?C`b09S(AC*-?BS(5;F
QK3l�¦%X1"5R0&*-D»1"5R?B]��BF&,.*-/(/Xz:� *-/(QKL(SU*-�RiW1"/(i

∆t→ 0
VW�OABABQ;�Oi£*-/9,I?B� 7°#

¹k*-� JR?C�O/9V£�ODÐÍ>#(dc4(�R?BA�ÑhÎhÎhÒ
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Pc*-SU*-/+SU*-DE*-�R]a3(/(i&¨ ^+5b1"5R5
< vx >

]W¢O/(/+5 *TD»1"/È1"3&`b0 √
< v2

x >
1"/(i£*-SU*-/)#

<µ�§D»1O`b0+567&1OJ:^+?B/(/��
<µ�O�R?B/vAB?C*-ih567&*f�6Hc/+5 *-� J `b0(?C*K7R�

8:?�� *-� *-/(QK?C*-� *-/)¨
vx = dx

dt

©→ ^+5 *-?Bih3(/(i¬7(*-�6Gó1"/(i£*-/+5 *�1"/9Z[3(� V£*
x(t)

­
qÇ/+5 *-ih�R?C*-� *-/)¨

dx = vxdt
*-�Rih?BS(56/21O`b0ªqr/+5 *-ih�b1"5R?C�O/)¨

x∫

x0

dx =

t∫

0

vxdt → x(t) =

t∫

0

vx(t)dt + x0

no*-5R�b1O`b0+5R3(/(i»QK3(�6no*KJ `b0(AC*-3(/(?Bih3(/(i_© 1"/m1"AB�Oi¬7(*-�6no*-5R�b1O`b0+5R3(/(i»QK3(�:z[*KJ `b0a,I?B/&7>?Bih]£*-?B5Ê­f¨
���U�)�¥�M� ⇒ Æ=�>¯¥���T�²�>¯¥�M�
%È*-ghVW�O� J `b0(�R?¾!�5;¨ ¼

ax
¿ ¤ � �)�������)�)���)�1�����1�X�X 9¡R���)�)���G�G�1� �� �1�)�	�-�¢�	�-�"����� �

%ª?B5R5RAC*-� *�n.*KJb`b0(AC*-3(/(?Bih3(/(i&¨
< ax >

¤ vx2−vx1

t2−t1

%È�ODE*-/+5b1"/&*�no*KJ `b0(AC*-3(/(?Bih3(/(i&¨
lim∆t→0

vx(t+∆t)−vx(t)
∆t ⇒ dvx

dt = ax = ẍ

U9�-�s�W�"�+¡��£�+¡����%�2¯¥�M�+¡U¯ ⇒ U9�-�s�+���a¡U¯¥�M�&�X���%�&¯¥�M�a¡U¯
<µ*-?B5 *-� *pd6S(AC*-?B5R3(/(i£*-/ª,.*-� 7(*-/ª/(?C`b0+5ND·?B56P[1"DE*-/9SU*-AC*-ih5;#
P:*-iW1"5R?BV£*pno*KJ `b0(AC*-3(/(?Bih3(/(i»SU*K7(*-3(5 *-56¹s*-�RQ;¢Oi£*-�R3(/(i¬7(*-�6no*-,.*-ih3(/(i&#
8:?�� *-� *-/(QK?C*-� *-/)¨

ax = dvx
dt = d2x

dt2
©→ ^+5 *-?Bih3(/(i»7(*-�6Gó1"/(i£*-/+5 *�1"/ªZ[3(�RVW*

vx(t)S(QK,p#&Z[�RL(D·D�3(/(i�7(*-�6Z:3&�RV£*
x(t)

­
qÇ/+5 *-ih�R?C*-� *-/)¨

dvx = axdt
*-�Rih?BS(5N/21O`b0ÈqÇ/+5 *-ih�b1"5R?C�O/)¨

vx∫

vx0

dvx =

t∫

0

ax dt → vx(t) =

t∫

0

ax(t) dt + vx0

no*-?CJR4(?C*-AÌ¨)no*-,.*-ih3(/(i9D·?B5�dc/>! 1"/&i£JRi£*KJ `b0+,I?B/&7>?Bih]W*-?B5
vx0 = vx(t = 0)

F)d6/>!Ì1"/(i£J �O�R5
x0 = x(t = 0)3(/&7v]W�O/&JR5b1"/+5 *-�6no*KJ `b0(AC*-3(/(?Bih3(/(i

ax0

8:?��°*f�b*f/&Q-?C*-� *-/
x(t) = x0 + vx0t +

1

2
ax0t

2

vx(t) =
dx

dt
= vx0 + ax0t = ẋ

ax(t) =
dvx

dt
=

d2x

dt2
= ax0 = ẍ

qr/+5 *-ih�R?C*-� *-/
vx(t) =

t∫

0

ax dt + vx0 = ax0t + vx0

x(t) =

t∫

0

vx dt + x0 =

t∫

0

(ax0t + vx0) dt + x0

=
1

2
ax0t

2 + vx0t + x0

¹k*-� JR?C�O/9V£�ODÐÍ>#(dc4(�R?BA�ÑhÎhÎhÒ
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<µ*-i£*hF2zT*KJ `b0+,I?B/&7>?Bih]£*-?B5 *-/)Fmno*KJ `b0(AC*-3(/(?Bih3(/(i£*-/_JR?B/&7Ài£*-�R?C`b0+5b*f5b*´z:� ¢Og£*-/
⇒ no*KJ `b0(� *-?BS(3(/(i¬7>3(� `b0¤£p�W� ¯��2�"�+¡Ø#
wcS(3(/(i£Jb1"3>!�iW1"SU*f/«¨&HcDEJ *-5RQ;*-/9VW�O/9G�*fÁ>5I?B/ª%_1"5R0&*-D»1"5R?B] #(¹s�O�RQ;*-?C`b0&*-/�©�yN?C`b0+5R3(/(i£*-/m­oSU*;1O`b0+5 *-/)×
qr/&7(*fÁ¬ÁÀ,I?B� 7v?BD l2�OABi£*-/&7(*-/�©�*-?B/&7>?BDE*-/&JR?C�O/21OAC*�no*-,.*-ih3(/(i+­o,.*-ihi£*-AY1OJbJ *-/)#
YKZ�[\ZXY ^`_�ab_�c%dfe�c¥t\d�¦@u�_�j¨§�d�¦ª©�«�g�opo�_Re"¬it\­ie
Ü��(�(Äm���+�"�U¯»�R�%®rÄ2�W�;¯;�+����¯

(a = a0 = 0)
z:AC*-?C`b0>! ¢O�RD·?Bi£*�no*-,.*-ih3(/(iÈ©�D·?¾56]£�O/&JR5b1"/+5 *-�:zT*KJ `b0+,I?B/&7>?Bih]W*-?B5Ê­

v(t) =
`K�O/&JR5;#

= v0 → x(t) =

t∫

0

v(t)dt + x0 = v0t + x0

%È?B5
x0 = 0

¨&*-�Rih?BS(56JR?C`b0
x(t) = v0 · t ¯

ßÊüÚþÚ÷p�
ãðà+îhãðô�å¥ßbãðë�°�±aßbãðë�°²�Øãäõ¥ô¥áÚõ;ï[ï§ç

1

2

3

4

10 2 3 4 765

X(t)

t

Gerade mit Steigung v0
1

10 2 3 4 765

v/(m/s)

t/s

v= const.

0

³ �O�«�"Ã(Ä²�R�%®rÄ2�W�;¯;�+����¯µ´GS9�XV�V�,»��¡��2�a�
α ¶

dc/>! 1"/(i£JRi£*KJb`b0+,I?B/&7>?Bih]£*-?B5
v0

F(]£�O/&J 5b1"/+5 *pn.*KJ `b0&AB*-3(/&?¾ih3&/(i»D·?B56no*-5R�b1"i |a| = |a0| = g sin α

ÿ 
�·)ßbá$üÇêWþ$÷&çhà+õ¥þ$÷´ò¥Þaßbà´ô�ßbåOãäý£ýhë
a0 = −g sin α

¸ 
�·)ßbá$üÇêWþ$÷&çhà+õ¥þ$÷´ê£à�ëÚßbà§ô¥ßÊåOãðý£ý£ë
a0 = +g sin α

1

2

3

4

10 2 3 4 765

X(t)

t

1

2

3

4

10 2 3 4 765

X(t)

t

x(t) = v0t + 1
2a0t

2

dx
dt

= v0 + a0t
d2x
dt2

= +a0 < 0

x(t) = v0t
︸︷︷︸

=0

+ 1
2a0t

2

dx
dt

= v0 + a0t
d2x
dt2

= +a0 > 0

¹k*-� JR?C�O/9V£�ODÐÍ>#(dc4(�R?BA�ÑhÎhÎhÒ
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j
?B/9,.*-?B5 *-� *-�6¹s*-� JR3&`b0)¨&xc�OABQK]aAC�O5RQp3(/&79��1"4(?C*-�
zT1"AB?BAC*-?Ì¨£dcABAC*IZc¢O�R4U*-�
!Ì1"ABAC*-/EihAC*-?C`b0»J `b0(/&*-ABA�©Mih?BAB5Ø1"ABAC*-� 7>?B/(i£Jk/+3(�s�O0(/&*N'°3>!�5R� *-?BS(3(/(i&FW7°# 0)#h?BD ¹Ø1"]a3(3(D
S(QK,p#(SU*-?)¹s*-�R/21O`b0(AYºOJ JR?Bih3(/(i¬7(*-�6y6*-?BS(3(/(i+­

YKZ�[\ZX¹ º�j�_Rg�_�j/º�t\v�v»r
g ¼¨½ q%efo¾©�Z�w

x(t) = x0 + v0t + 1
2gt2

¸�%È?B5
x0 = 0 v0 = 0 → x(t) = 1

2gt2

¿RÀ WØ�+���
¹s*-� JR3&`b0)#(no*KJR5R?BD·D�3(/&iEVW�O/

g = 2x
t2

t Ñ Í

x
,I?B� 7vVh1"�R?B?C*-�R5PÁ DÃÂ Î>F¢� thF¦Î thF¢�

t
,I?B� 7vi£*KJ 5 �O4(4(5PÁ DEJ	Â

7&1"�b1"3&J
g

SU*-� *K`b0(/&*-5
[ Ä� 2 ]

Start

x

Stopp

l2*-0(AC*-�b1"S&J `b02º"5RQK3(/(i2¨2'«º"/(i£*hFUËU*-?B5
j
�Ri£*-S(/(?CJ;¨2%È?B5R5 *-AB,.*-�R56V£�O/

g = Ä� 2 FNJ �OABAB5 *TJb*-?B/)¨
g = 9, 81 Ä� 2

Å�À WØ�+���

v(t)
S(QK,p#

v(x)
SU*-?BDÛ!�� *-?C*-/ªl21"ABA

v = gt x =
1

2
gt2

t
*-AB?¾D·?B/(?C*-� *-/«¨

v = g
√

2x
g =

√
2xg

¸ %_*-JbJR3(/(i·VW�O/
< v >

7>3(� `b0
∆x = 4

`-D ©�! *KJR5Ê­Ø3(/&7
∆t8T1"D·?B56l2*-0(AC*-�N/(?C`b0+5NQK39ih� �OgE,.*-� 7(*-/)¨

∆x¿ x
FN1"/&7(*-� *-� J *-?B5 JcJ �OABAB5 *

∆x
/(?C`b0+5NQK39]aAC*-?B/9J *-?B/)#

¹k*-� JR?C�O/9V£�ODÐÍ>#(dc4(�R?BA�ÑhÎhÎhÒ
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t Ñ

x[
D

]
Î>F Ö thF Ò

∆t[
DEJ

]

n.*-� *K`b0(/2*f/
v = ∆x

∆t [ Ä � ]
Ëm3(�6Zc�O/+5R� �OABAC*

g = v2

2x [ Ä� 2 Â

x

x,  t∆ ∆

^a�OABAB5 *pJb*-?B/)¨
g = 9, 81m

s2

F l2*-0(AC*-�N?Ì# 1>#(,.*KJ *-/+5RAB?C`b0ªih� ¢Og£*-�c1"ACJISU*-?BD th#(G�*-?BA

YKZ�[\Z�Æ ÇÈt�jµmnq%eig]o ½ ­�_ÊÉ ½ ­%a/g�e�c�dieic
x(t) = A cos ωt

A
¨&d6D·4(AB?B5R3&7(*

ω
¨ØZ[� *-?CJ$!�� *KÏ+3&*-/(Q~©�!�L(�¬ihAC*-?C`b0>!�¢O�RD·?Bi£*XZ[� *-?CJ SU*f,o*f¶

ih3(/(i£*-/)¨(<@?B/(]W*-ABi£*-Jb`b0+,I?B/&7>?Bih]£*-?B5Ê­
<²*-/(/

ωt = 2π
FI7&1"/(/ ?CJR597(*-�Èd6/>!Ì1"/(i£JRQK3&JR5b1"/&7

,I?C*-7&*f�c*-�R� *-?C`b0+5;¨
�ó*-�R?C�+7(*-/&7&1"3&*K�;¨

T = 2π
ωl(� *KÏ+3&*-/(Q£¨

f = 1
T = ω

2π

0

-A

A

tT

x

dcS(AC*-?B5R3(/(i£*-/)¨
z[*KJ `b0+,I?B/&7>?Bih]W*-?B5;¨

v =
dx

dt
= −Aω sin ωt

no*KJ `b0(AC*-3(/(?Bih3(/(i&¨
a =

dv

dt
=

d2x

dt2
= −Aω2 cos ωt

d2x

dt2
= −ω2x

8c?��°*-� *-/+5R?Y1"ABihAC*-?C`b0+3&/(i�7(*KJI021"�RDE�O/(?CJ `b0&*-/�É:JRQK?BABAY1"5 �O� J
no*-?CJR4(?C*-A°!ML&�N*-?B/&*T3(/(ihAC*-?C`b0(D»º"gh?Bi¬SU*KJ `b0(AC*-3(/(?Bih5 *�no*-,.*-ih3(/(i&×

¹k*-� JR?C�O/9V£�ODÐÍ>#(dc4(�R?BA�ÑhÎhÎhÒ
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YKZ�[\ZXË ÌEab_�gÍc�v1_Rg ½ ­�¦	Î�jTmng²c!c�_Rc�_Re�_�g�e�t\efu�_�jÏ¬Ð_�ab_�c\©�_O^`_�Ñ�d�c%opo�Ò�o�©�_Rmn_
©�Z[AY1OJ JR?CJb`b0)F(7°# 0)#21"ABAC*TVW�O�R]£�OD·DE*-/&7(*-/XzT*KJ `b0+,I?B/&7>?Bih]£*-?B5 *-/ ¿ c

­
y6*-AY1"5R?BVai£*KJ `b0+,I?B/&7>?Bih]W*-?B5

u
¸ÛSU*-?

t = 0
SU*f½&/&7(*-/ÈJR?C`b09SU*-?C7(*�^+e>JR5 *-DE*T?BDÛihAC*-?C`b0&*-/ÈHc� JR4(�R3(/(i

zT1"AB?BAC*-?¾¶ÇG«�b1"/&J$! �O�RD»1"5R?C�O/
x′ = x− ut
y′ = y
z′ = z
t′ = t

z[*KJ `b0+,I?B/&7>?Bih]W*-?B5 *-/ dx′

dt = dx
dt − u

dy′

dt = dy
dt

dz′

dt = dz
dt

no*-Jb`b0(AC*-3(/(?Bih3(/(i£*-/ d2x′

dt2
= d2x

dt2
d2y′

dt2
= d2y

dt2
d2z′

dt2
= d2z

dt2

x

y

z

x’

y’

z’

u

ut

no*KJ `b0(AC*-3(/(?Bih3(/(i»ihAC*-?C`b0ª?B/vSU*-?C7(*-/X^+e>JR5 *-DE*-/)×

YKZ�[\ZXÓ ^`_�ab_�c%dfe�c'g�ehÑÔab_Rg+dfeiuÕuij�_Rg+k�g�mn_Reiopg�q%e�_Re
z

y

x

x

y

z

ex

r

Éc�R5 J V£*-]a5 �O�
~r = x~ex + y~ey + z~ez = (x, y, z)

~ex
j
?B/(0&*-?B5 JRVW*-]a5 �O�N?B/

x
¶Çy6?C`b0+5R3(/(i

no*-5R�b1"i&¨ |~ex| = 1
⇒ Zp1"�R5 *KJR?CJ `b0&*pZc�+�O� 7>?B/21"5 *-/

x, y, z

^+]h1"AY1"�R4(� �+7>3(]a5
~r · ~ex = |~r| · |~ex| cosϕx = x

x = r · cos ϕx1"/m1"AB�Oi
y = r · cos ϕy1"/21"AC�Oi
z = r · cos ϕz

ϕx,y,z
¨><u?B/(]W*-A°QK,I?CJb`b0&*-/

~r
3(/&7

x, y, z
¶ÇdN`b0&J *

no*-5R�b1"iEVW�O/
~r
¨
r = |~r| =

√
~r · ~r =

√

x2 + y2 + z2
F(7°# 0)#

cos2 ϕx + cos2 ϕy + cos2 ϕx = 1

nI1"0(/ª*-?B/&*KJN%X1OJ Jb*f/&4(3(/(]+5 *KJN]O1"/(/9SU*KJ `b0(�R?C*-SU*-/ª,.*-� 7(*-/È7>3(� `b0
~r(t)

¹k*-� JR?C�O/9V£�ODÐÍ>#(dc4(�R?BA�ÑhÎhÎhÒ
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���W�¥�"��,»�M¡�$ó�MÄm�2�a�Y¯
~v

z

y

x

r(t)

Bahn

r(t+  t)∆

∆r = r(t+  t)-r(t)∆

~v =
~r2 − ~r1

t2 − t1
⇒ lim

∆t→0

~r(t + ∆t)− ~r(t)

∆t
=

d~r

dt
= ~̇r

~r(t) = (x(t), y(t), z(t))

d~r

dt
=

(
dx

dt
,
dy

dt
,
dz

dt

)

~v = (vx, vy, vz)

|~v| =
√

v2
x + v2

y + v2
z

d~r
3(/&797&1"D·?B5c1"3&`b0

~v
AB?C*-ih56*-/+5RAY1"/(i¬7(*-�6nI1"0(/+5b1"/(i£*-/+5 *

Pc*-SU*-/+SU*-DE*-�R]a3(/(i&¨ ÞaßÊã(ô�ßbá$õ¥îhæäãäà£ãðô�ßbá�ñóß9�óßbô¥êWà£ô[õ;à+îhßbáÚßÊüK
ØòOò¥á$îhãäàWõKërßÊàWü]ÖOüÇërßbï'�K�;÷£æäßbà è ê£àWî�s�óõ;á
ßbãäà£ßÊü
ãðà·ñóß9��ßÊô¥ê£à£ô"üÇáÚã¾þÚ÷"ërê£à£ô ⇒ ßbãäàWîhãäï:ßÊàWürãðò�àWõ;æäßbá�×Wõ;æäæBì�êWàWî´à£ãäþ$÷�ëî£õ�ü�ò¥ÞaßÊà´ßbãäà£ô¥ß>ØÚÙW÷£áÇëÚß�Û.ø�Ü í ×UÝ í Ü�Ýl
sòOò�áÚî£ãðàWõ;ërßbàWü]ÖhüÌërßÊïÃ

}´�+�;�O���M����¡ó�MÄ��ó¡«Ä

~a
\£*-5RQK5;¨Uz[*KJ `b0+,I?B/&7>?Bih]W*-?B5 *-/

~v
?BD 8:?Y1"ih�b1"D·D9×

z

y

x

v(t)

v(t+  t)∆

∆v = v(t+  t)-v(t)∆

v

v

v

~a =
~v2 − ~v1

t2 − t1
⇒ lim

∆t→0

~v(t + ∆t)− ~v(t)

∆t
=

d~v

dt
= ~̇v

nI1"0(/)¨
~r(t) = (x(t), y(t), z(t))z[*KJ `b0a,I?B/&7>?Bih]£*-?B5;¨
~v(t) = (vx(t), vy(t), vz(t))

~a = (ax, ay, az)

~a =
d~v

dt
=

(
dvx

dt
,
dvy

dt
,
dvz

dt

)

=

(
d2x

dt2
,
d2y

dt2
,
d2z

dt2

)

|~a| =
√

a2
x + a2

y + a2
z8T1OJEJR?C*-0+5·!��O�RD»1"ANQK,o1"�»*-?B/>!Ì1O`b0u1"3&J;F
�"!�5·?CJR5E*KJ[ÙR*K7(�+`b0 ihL(/&J 5R?Bi£*-�»*-?B/ 7(*-D ,I?B�R]+AB?C`b0&*-/u�
� �OS(AC*-D

SU*KJ J *-�61"/(i£*-421OJ JR5 *KJNZc�+�O� 7>?B/21"5 *-/&JRe>JR5 *-D QK3vSU*-/+3(5RQ;*-/�©ó�ó�OAY1"�R]W�+�O� 7>?B/21"5 *K/)FUËme+AB?B/&7(*-�R]W�+�O� 7>?B/21"5 *-/)F
Z[3(i£*-AB]W�+�O� 7>?B/21"5 *-/

. . .
­
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YKZ�[\Z²Ý É ½ ­ig�_�¦	_�j�Þßd�j�¦
^a`b0(?C*f! *-�N<�3(�$!s¤=*-SU*-/&*�no*-,.*-ih3(/(i¬1"/ªj
� 7(�OSU*-�	àmºO`Ê0&*

th#I¹k*-]a5 �O�R?C*-ABAÌ¨&j
SU*-/&*�1"3>!�i£*KJR421"/(/+5NVW�O/
~v0

3(/27
~g

©
~r0 = 0

­

~a = ~g → ~v = ~v0 + ~gt → ~r = ~v0t +
1

2
~gt2

Experiment :
ñ�õ;÷£à£åOê£áªá¥ß.ßbãäà£ßfü�âÀõ¥üÚüÇßÊáÚüÇërá$õ;÷£æ¾ü

Ý�ü
ãäüÇëÊç
l = v0 t1

ê£à+î
L = 1

2 g t21

v
l

l

Parabel

l
l

L 4L 9L
0

Ñ>#NZc�OD·4U�O/&*-/+5 *-/+,o*-?CJ *h¨ano*KJ `b0(� *-?BS(3(/(i§7(*KJk<²3(�$! JØ1"ACJØw6SU*-�RAY1"i£*-�R3(/(i´VW�O/»0&�O�R?BQ;�O/+5b1"AC*-�.3(/&7EVW*-�$¶
5R?B]O1"AC*-�.no*-,.*-ih3(/(i

~r = ~ex x(t)+~ey y(t)
#+8c?C*KJ *cno*-,.*-ih3(/(i£*-/ÀJR?B/&7»3(/21"S(02º"/(ih?Bi´VW�O/&*-?B/21"/&7(*-�;#

Experiment :
x[1"D·DE*-�R4U*-/&7(*-A

Hc/+5 *-� J `b0(?C*K7>AB?C`b0&* 0&�O�R?BQ;�O/+5b1"AC* no*-,.*-ih3(/(i
©
vx1
6= vx2

­fF�1"SU*-�·ihAC*-?C`b0&*ÀV£*-�R5R?B]h1"AC*Àno*-,.*f¶
ih3(/(iÈ©MihAC*-?C`b0(Q;*-?B5R?BiW*KJcdc3>!�Jb`b0(AY1"i£*-/m­f#

no*-?CJR4(?C*-A)QK3(�6no*-� *K`b0(/+3(/(i¬*-?B/&*-�6nI1"0(/(]+3(�RVW*h¨

d6/>!Ì1"/(i£JRSU*K7>?B/(ih3(/(i£*-/)¨ x0 = y0 = 0
vx0

= v0 cos α
vy0

= v0 sin α

y

x

v

α

0

ËU*-?B5b1"S(02º"/(ih?Bih]W*-?B5;¨
ẍ = 0 ÿ = −g
ẋ = v0 cos α ẏ = v0 sin α− gt
x = (v0 cos α)t y = (v0 sin α)t− 1

2gt2

ihAC*-?C`b0>! ¢O�RD·?Bi£*pno*-,.*-ih3(/(i ihAC*-?C`b0(D»º"gh?Bi»SU*KJ `b0(AC*-3(/(?Bih5 *
n.*-,.*-ih3(/(i

j
AB?BD·?B/21"5R?C�O/_7(*-�:ËU*-?B5
=⇒ nI1"0(/(]+3(�RVW*

y(x)

t =
x

v0 cos α
→ <²3(�$!�421"�b1"SU*-AÌ¨

y(x) = x tan α− g

2v2
0 cos2 α

x2

Experiment :
xc�O�R?BQ;�O/+5b1"AC*-�6<²3(�$!óD·?B56')3>!M5RS21"ABAC�O/)F&<@?B�R]a3(/(iE7(*-�6'°3>!�5R� *-?BS(3(/(i_©MAB?B/(]W*KJNn.?BAC72­
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ohne
Reibung

mit
Reibung

P

P
xx x

y
y
H

H W

1

2

n.?B5R5 *TL(SU*-�R4(�RL>!�*-/�©M� *K`b0+5 *KJcnØ?BAC72­f¨

P1 : dy
dx = 0

S(QK,p# dy
dt = 0

→ tH = v0

g sin α

xH =
v2
0

g sin α cos α

yH =
v2
0

2g sin2 α

P2 : y = yW = 0
→ tW = 2tH = 2v0

g sin α

xW = 2xH =
v2
0

g sin 2α%X1�Áa?BD»1"AC*T<²3(�$!�,.*-?B5 *h¨
x Ä�âªãW =

v2
0

g

!ML(�
α = 45◦

dc/&7(*-� *p8[1"� J 5 *-ABAB3(/(i»7(*-�N<²3(�$!M421"�b1"SU*-A.©�ÏW321O7>�Ê1"5R?CJ `b0&*pjk�RiWº"/(QK3(/(i+­f¨
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=
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