
תנודות 

� ɷɸɴ

ɺɥɣɥɰɺ

ɸɥɠɩɺ � ɤɨɥɹɴ ɺɩɰɥɮɸɤ ɤɲɥɰɺ ���

ɤɨɰɩɣɸɥɠɥɷɤ ɬɹ ɺɥɬɺɥ �x �ɺɧɠ ɤɨɰɩɣɸɥɠɥɷ ɩفɲ ɺɸɠɥɺɮ ɳɥɢ ɬɹ ɤɲɥɰɺɹ ɧɩɰɰ
�ɠɡɤ ɩɥɨɩɡɤ ɩفɲ ɯɺɩɰ ɯɮɦɡ ɺɠɦɤ

x = A +Qb(!t+ ") �����

ɺɩɰɥɮɸɤ ɤɲɥɰɺ ɺɠɸɷɰ ɺɠɦɫ ɤɲɥɰɺ �ɯɮɦɡ ɭɩɩɥɬɺ ɠɬ ɭɩɲɥɡɷ " �ɥ ! �A ɸɹɠɫ
ɤɴɥɰɺ ɠɸɷɰ ɤɦ ɲɥɡɷ �A > 0 �ɩɡɥɩɧ ɠɥɤɹ ɪɫ ɸɩɣɢɤɬ ɬɡɥɷɮ A ɲɥɡɷɤ ɺɠ �ɤɨɥɹɴ

�A = |x|max ɥɺɥɲɮɹɮɥ �ɤɣɥɨɩɬɴɮɠ�

�ɤɴɥɰɺɥ ɬɥɬɱɮ �ɤɨɥɹɴ ɺɩɰɥɮɸɤ ɤɲɥɰɺ ���� ɸɥɩɠ

T = ɠفɦ �+Qb(!t+ ") = +Qb(!(t+ 2#/!) + ") �ɺɩɸɥɦɧɮ ɤɩɶɷɰɥɴ ɠɩɤ ɱɥɰɩɱɥɷ
�ɺɥɸɩɣɺ ɠɸɷɰ ! ɲɥɡɷɤ �ɸɥɦɧɮɤ ɯɮɦ ɠɥɤ 2#/!

�x(t = 0) = A ɺɩɬɮɩɱɷɮ ɤɨɰɩɣɸɥɠɥɷɤ t = 0 ɲɢɸɡ ɦɠ " = 0 ɲɴɥɮɤ ɭɠ

���

תנועה הרמונית פשוטה

� ɷɸɴ

ɺɥɣɥɰɺ

ɸɥɠɩɺ � ɤɨɥɹɴ ɺɩɰɥɮɸɤ ɤɲɥɰɺ ���

ɤɨɰɩɣɸɥɠɥɷɤ ɬɹ ɺɥɬɺɥ �x �ɺɧɠ ɤɨɰɩɣɸɥɠɥɷ ɩفɲ ɺɸɠɥɺɮ ɳɥɢ ɬɹ ɤɲɥɰɺɹ ɧɩɰɰ
�ɠɡɤ ɩɥɨɩɡɤ ɩفɲ ɯɺɩɰ ɯɮɦɡ ɺɠɦɤ

x = A +Qb(!t+ ") �����

ɺɩɰɥɮɸɤ ɤɲɥɰɺ ɺɠɸɷɰ ɺɠɦɫ ɤɲɥɰɺ �ɯɮɦɡ ɭɩɩɥɬɺ ɠɬ ɭɩɲɥɡɷ " �ɥ ! �A ɸɹɠɫ
ɤɴɥɰɺ ɠɸɷɰ ɤɦ ɲɥɡɷ �A > 0 �ɩɡɥɩɧ ɠɥɤɹ ɪɫ ɸɩɣɢɤɬ ɬɡɥɷɮ A ɲɥɡɷɤ ɺɠ �ɤɨɥɹɴ

�A = |x|max ɥɺɥɲɮɹɮɥ �ɤɣɥɨɩɬɴɮɠ�

�ɤɴɥɰɺɥ ɬɥɬɱɮ �ɤɨɥɹɴ ɺɩɰɥɮɸɤ ɤɲɥɰɺ ���� ɸɥɩɠ

T = ɠفɦ �+Qb(!t+ ") = +Qb(!(t+ 2#/!) + ") �ɺɩɸɥɦɧɮ ɤɩɶɷɰɥɴ ɠɩɤ ɱɥɰɩɱɥɷ
�ɺɥɸɩɣɺ ɠɸɷɰ ! ɲɥɡɷɤ �ɸɥɦɧɮɤ ɯɮɦ ɠɥɤ 2#/!

�x(t = 0) = A ɺɩɬɮɩɱɷɮ ɤɨɰɩɣɸɥɠɥɷɤ t = 0 ɲɢɸɡ ɦɠ " = 0 ɲɴɥɮɤ ɭɠ

���

Aתנופה = max |x|



!תדירות

T!זמן מחזור = 2⇡

cos(!t+ �) = cos(!(t+ nT ) + �)



��� ɸɥɠɩɺ � ɤɨɥɹɴ ɺɩɰɥɮɸɤ ɤɲɥɰɺ ����

ɺɥɸɩɤɮɤ ɺɠ ɡɹɧɰ

vx =
dx

dt
= !!A bBM(!t+ ") �����

ɯɤ ɺɩɺɬɧɺɤ ɺɥɸɩɤɮɤɥ ɺɩɺɬɧɺɤ ɤɨɰɩɣɸɥɠɥɷɤ t = 0 ɲɢɸɡ

x(t = 0) = x0 = A +Qb" �����

vx(t = 0) = v0 = !!A bBM" �����

ɯɠɫɮ

A =

!
x2
0 +

v20
!2

�����

+Qb" =
x0

A
�����

bBM" = ! v0
!A

�����

�ɤɮɢɥɣɬ �ɲɴɥɮɤ ɺɠɥ ɤɴɥɰɺɤ ɺɠ ɺɥɲɡɥɷ ɺɩɺɬɧɺɤ ɺɥɸɩɤɮɥ ɺɩɺɬɧɺɤ ɤɨɰɩɣɸɥɠɥɷ
�ɱɴɠ ɠɥɤ ɲɴɥɮɤ �ɺɩɱɴɠ ɺɥɸɩɤɮɥ ɺɩɬɮɩɱɷɮ ɤɨɰɩɣɸɥɠɥɷɮ ɤɬɩɧɺɮ ɤɲɥɰɺɤ ɭɠ
�ɩɡɥɩɧ ɯɥɥɩɫɡ ɥɬɹ ɺɥɸɩɤɮɥ ɺɥɨɰɩɣɸɥɠɥɷɤ ɺɩɹɠɸɡ ɠɶɮɰ ɳɥɢɤ ɯɥɹɠɸɤ ɲɢɸɡ ɭɠ

�" = !#/2 ɲɴɥɮɤ

x(t+ nT ) = x(t)

vx(t+ nT ) = vx(t)

מחזוריות



��� ɸɥɠɩɺ � ɤɨɥɹɴ ɺɩɰɥɮɸɤ ɤɲɥɰɺ ����

ɺɥɸɩɤɮɤ ɺɠ ɡɹɧɰ

vx =
dx

dt
= !!A bBM(!t+ ") �����

ɯɤ ɺɩɺɬɧɺɤ ɺɥɸɩɤɮɤɥ ɺɩɺɬɧɺɤ ɤɨɰɩɣɸɥɠɥɷɤ t = 0 ɲɢɸɡ

x(t = 0) = x0 = A +Qb" �����

vx(t = 0) = v0 = !!A bBM" �����

ɯɠɫɮ

A =

!
x2
0 +

v20
!2

�����

+Qb" =
x0

A
�����

bBM" = ! v0
!A

�����

�ɤɮɢɥɣɬ �ɲɴɥɮɤ ɺɠɥ ɤɴɥɰɺɤ ɺɠ ɺɥɲɡɥɷ ɺɩɺɬɧɺɤ ɺɥɸɩɤɮɥ ɺɩɺɬɧɺɤ ɤɨɰɩɣɸɥɠɥɷ
�ɱɴɠ ɠɥɤ ɲɴɥɮɤ �ɺɩɱɴɠ ɺɥɸɩɤɮɥ ɺɩɬɮɩɱɷɮ ɤɨɰɩɣɸɥɠɥɷɮ ɤɬɩɧɺɮ ɤɲɥɰɺɤ ɭɠ
�ɩɡɥɩɧ ɯɥɥɩɫɡ ɥɬɹ ɺɥɸɩɤɮɥ ɺɥɨɰɩɣɸɥɠɥɷɤ ɺɩɹɠɸɡ ɠɶɮɰ ɳɥɢɤ ɯɥɹɠɸɤ ɲɢɸɡ ɭɠ

�" = !#/2 ɲɴɥɮɤ

מופע (פאזה)
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נתון: תנועה הרמונית פשוטה

� ɷɸɴ

ɺɥɣɥɰɺ

ɸɥɠɩɺ � ɤɨɥɹɴ ɺɩɰɥɮɸɤ ɤɲɥɰɺ ���

ɤɨɰɩɣɸɥɠɥɷɤ ɬɹ ɺɥɬɺɥ �x �ɺɧɠ ɤɨɰɩɣɸɥɠɥɷ ɩفɲ ɺɸɠɥɺɮ ɳɥɢ ɬɹ ɤɲɥɰɺɹ ɧɩɰɰ
�ɠɡɤ ɩɥɨɩɡɤ ɩفɲ ɯɺɩɰ ɯɮɦɡ ɺɠɦɤ

x = A +Qb(!t+ ") �����

ɺɩɰɥɮɸɤ ɤɲɥɰɺ ɺɠɸɷɰ ɺɠɦɫ ɤɲɥɰɺ �ɯɮɦɡ ɭɩɩɥɬɺ ɠɬ ɭɩɲɥɡɷ " �ɥ ! �A ɸɹɠɫ
ɤɴɥɰɺ ɠɸɷɰ ɤɦ ɲɥɡɷ �A > 0 �ɩɡɥɩɧ ɠɥɤɹ ɪɫ ɸɩɣɢɤɬ ɬɡɥɷɮ A ɲɥɡɷɤ ɺɠ �ɤɨɥɹɴ

�A = |x|max ɥɺɥɲɮɹɮɥ �ɤɣɥɨɩɬɴɮɠ�

�ɤɴɥɰɺɥ ɬɥɬɱɮ �ɤɨɥɹɴ ɺɩɰɥɮɸɤ ɤɲɥɰɺ ���� ɸɥɩɠ

T = ɠفɦ �+Qb(!t+ ") = +Qb(!(t+ 2#/!) + ") �ɺɩɸɥɦɧɮ ɤɩɶɷɰɥɴ ɠɩɤ ɱɥɰɩɱɥɷ
�ɺɥɸɩɣɺ ɠɸɷɰ ! ɲɥɡɷɤ �ɸɥɦɧɮɤ ɯɮɦ ɠɥɤ 2#/!

�x(t = 0) = A ɺɩɬɮɩɱɷɮ ɤɨɰɩɣɸɥɠɥɷɤ t = 0 ɲɢɸɡ ɦɠ " = 0 ɲɴɥɮɤ ɭɠ

���

ברגע מסוים הגוף נמצא ב x=0 ונע בכיוון חיובי. באיזה מצב א)

? T/8 אחרי ? T/4 אחרי ? T/2 יהיה הגוף אחרי

אם ברגע ההתחלתי הגוף נמצא בין שיווי משקל לבין הקצה ב)

השלילי ונע בכיוון חיובי מה ניתן לומר על המופע ?

באילו מצבים גודל המהירות מקסימלי ? 
ג)

הזמן שלוקח לעבור מ x=0 ל  x=A/2 והזמן שלוקח לעבור מ ד)
x=A/2 ל x=A שווים או שונים ?  











תרגיל


.A שני גופים נעים בתנועה הרמונית פשוטה עם אותה תנופה


נתון כי                    

מהו                                              ?

�2 � �1 = �

max |x2 � x1|





ɺɥɣɥɰɺ �� ɷɸɴ ���

ɤɨɥɹɴ ɺɩɰɥɮɸɤ ɤɲɥɰɺɡ ɧɥɫ ���
ɧɥɫɤ ɺɥɩɤɬ ɡɩɩɧ ɤɮ �ɤɨɥɹɴ ɺɩɰɥɮɸɤ ɤɲɥɰɺ ɲɶɡɮ �m ɥɺɱɮɹ �ɩɺɣɥɷɰ ɳɥɢɹ ɧɩɰɰ

�ɲɡɥɷ ɯɥɨɥɩɰ ɬɹ ɩɰɹɤ ɷɥɧɤ " ɥɦ ɤɲɥɰɺɬ ɭɸɥɢɤ

max = Fx �����

ax =
dvx
dt

= !!2A +Qb(!t+ ") = !!2x ������

ɯɫɬ

Fx = !kx, k = m!2 ������

ɲɢɸɡɥ ɥɦ ɤɣɥɷɰɡ ɠɶɮɩɩ ɳɥɢɤ ɭɠ �ɱɴɠɺɮ ɧɥɫɤ x = 0 ɤɣɥɷɰɡɹ ɪɫɬ ɡɬ ɭɩɹɰ
ɺɣɥɷɰ ɠɩɤ ɥɦ ɤɣɥɷɰ ɠفɦ �ɱɴɠ ɤɩɤɺ ɥɬɹ ɤɶɥɠɺɤ ɭɢ �ɱɴɠ ɤɩɤɺ ɥɬɹ ɺɥɸɩɤɮ ɤɦ
ɸɹɠ �ɧɥɫɤ �ɬɷɹɮɤ ɩɥɥɩɹɮ ɥɺɦɥɦɺ ɺɠ ɺɣɣɥɮ x ɤɨɰɩɣɸɥɠɥɷɤɥ �ɥɬɹ ɬɷɹɮ ɩɥɥɩɹ
ɸɩɦɧɮɥ ɬɷɹɮ ɩɥɥɩɹɮ ɤɦɥɦɺɬ ɩɰɥɩɶɸɥɴɥɸɴ ɺɥɩɤɬ ɡɩɩɧ �ɤɨɥɹɴ ɺɩɰɥɮɸɤ ɤɲɥɰɺɬ ɭɸɥɢ

��ɬɷɹɮɤ ɩɥɥɩɹ ɺɣɥɷɰ ɯɥɥɩɫɡ�
k ɸɹɠɫ �Fx = !kx ɧɥɫ ɬɲɥɴ m ɥɺɱɮɹ ɩɺɣɥɷɰ ɳɥɢ ɬɲɹ ɥɰɬ ɲɥɣɩɹ ɥɩɹɫɲ ɧɩɰɰ

�ɤɠɡɤ ɤɸɥɶɤ ɺɠ ɬɡɷɮ ɯɥɨɥɩɰ ɬɹ ɩɰɹɤ ɷɥɧɤ �x ɸɩɶ ɪɸɥɠɬ ɠɩɤ ɤɲɥɰɺɤɥ ɲɥɡɷ

max = m
d2x

dt2
= !kx ������

ɯɩɠ �ɯɫ ɠɩɤ ɤɡɥɹɺɤ " ɤɨɥɹɴ ɺɩɰɥɮɸɤ ɤɲɥɰɺ ɧɸɫɤɡ ɠɩɤ ɳɥɢɤ ɺɲɥɰɺ ɭɠɤ
ɤɸɥɶɡ ɺɥɩɤɬ ɡɩɩɧ ɺɠɦɤ ɺɩɬɠɩɶɰɸɴɩɣɤ ɤɠɥɥɹɮɤ ɬɹ ɯɥɸɺɴ �ɺɥɸɧɠ ɺɥɩɥɸɹɴɠ

x = A +Qb(!t+ "), !2 = k/m ������

ɺɠ ɭɩɲɡɥɷ ɠɬ ɬɡɠ �! ɺɥɸɩɣɺɤ ɺɠ ɭɩɲɡɥɷ m ɤɱɮɥ k ɧɥɫɡ ɭɣɷɮɹ ɹɩɢɣɤɬ ɡɥɹɧ
�ɤɬɧɺɤɤ ɩɩɠɰɺ ɺɠ ɺɲɣɬ ɪɩɸɶ ɤɬɠ ɩɰɹ ɺɠ ɺɲɣɬ ɩɣɫ �" ɲɴɥɮɤ ɺɠɥ A ɤɴɥɰɺɤ
�ɤɴɥɰɺɡ ɤɩɥɬɺ ɤɰɩɠ ɺɥɣɥɰɺɤ ɺɥɸɩɣɺ �ɤɲɥɰɺɤ ɺɬɩɧɺ ɲɢɸɡ ɺɥɸɩɤɮɥ ɤɨɰɩɣɸɥɠɥɷ

�ɺɥɩɰɥɮɸɤ ɺɥɣɥɰɺ ɺɥɠɸɷɰ ɤɬɠ ɺɥɣɥɰɺ
ɩɤɹɬɫ ɤɩɲɡ ɧɥɺɩɰ ɪɬɤɮɡ ɭɠ �ɭɩɮɥɣ ɺɥɰɥɸɺɴ � ɺɥɮɥɣ ɺɥɠɥɥɹɮ �ɩɨɮɺɮ ɯɥɸɷɲ

�ɤɠɡɤ ɤɸɥɶɡ ɺɩɬɠɩɶɰɸɴɩɣ ɤɠɥɥɹɮɬ ɲɩɢɰ �ɼɥɫɥ ɺɩɢɥɬɥɫɩɱɴ �ɺɩɱɣɰɤ �ɺɩɬɷɩɦɩɴ�

G
d2Z

d2T
= !QZ ������

�ɥ G �فɤɨɰɩɣɸɥɠɥɷف�� ɩɥɬɺ ɤɰɺɹɮ ɠɥɤ Z �فɯɮɦف�� ɩɥɬɺ ɩɺɬɡ ɤɰɺɹɮ ɠɥɤ T ɸɹɠɫ
ɤɨɥɹɴ ɺɩɰɥɮɸɤ ɤɲɥɰɺ ɺɸɥɶɡ ɤɩɤɩ ɥɦɤ ɤɥɥɹɮɤ ɬɹ ɯɥɸɺɴ �ɭɩɲɥɡɷ Q

Z = A +Qb(!T + "), !2 = Q/G ������

ɣɮɥɲ ɤɮ ɺɴɫɠ ɠɬ ɤɷɩɨɮɺɮɬ �ɭɩɲɥɡɷɤɥ ɭɩɰɺɹɮɤ ɬɹ ɺɥɲɮɹɮɬ ɸɹɷ ɭɥɹ ɩɬɡ
ɬɥɫɩ Z �ɥ ɤɡɥɢ ɺɥɩɤɬ ɬɥɫɩ T �ɺɥɲɮɹɮ ɺɥɩɺɥɠɬ ɭɩɱɧɩɮ ɥɰɧɰɠ �ɺɥɩɺɥɠɤ ɩɸɥɧɠɮ
ɲɷɹɥɮɤ ɳɱɫɤ ɺɥɮɫ ɺɥɩɤɬ ɬɥɫɩ Z �ɥ ɯɮɦ ɺɥɩɤɬ ɬɥɫɩ T ɥɠ �ɤɸɥɨɸɴɮɨ ɺɥɩɤɬ

�ɺɥɬɺ ɤɺɥɠ ɺɩɨɮɺɮɤ ɺɥɬɺɤ �ɤɱɸɥɡɡ

כוח בתנועה הרמונית פשוטה

במקרה כאשר הכוח תלוי במיקום



ɺɥɣɥɰɺ �� ɷɸɴ ���

ɤɨɥɹɴ ɺɩɰɥɮɸɤ ɤɲɥɰɺɡ ɧɥɫ ���
ɧɥɫɤ ɺɥɩɤɬ ɡɩɩɧ ɤɮ �ɤɨɥɹɴ ɺɩɰɥɮɸɤ ɤɲɥɰɺ ɲɶɡɮ �m ɥɺɱɮɹ �ɩɺɣɥɷɰ ɳɥɢɹ ɧɩɰɰ

�ɲɡɥɷ ɯɥɨɥɩɰ ɬɹ ɩɰɹɤ ɷɥɧɤ " ɥɦ ɤɲɥɰɺɬ ɭɸɥɢɤ

max = Fx �����

ax =
dvx
dt

= !!2A +Qb(!t+ ") = !!2x ������

ɯɫɬ

Fx = !kx, k = m!2 ������

ɲɢɸɡɥ ɥɦ ɤɣɥɷɰɡ ɠɶɮɩɩ ɳɥɢɤ ɭɠ �ɱɴɠɺɮ ɧɥɫɤ x = 0 ɤɣɥɷɰɡɹ ɪɫɬ ɡɬ ɭɩɹɰ
ɺɣɥɷɰ ɠɩɤ ɥɦ ɤɣɥɷɰ ɠفɦ �ɱɴɠ ɤɩɤɺ ɥɬɹ ɤɶɥɠɺɤ ɭɢ �ɱɴɠ ɤɩɤɺ ɥɬɹ ɺɥɸɩɤɮ ɤɦ
ɸɹɠ �ɧɥɫɤ �ɬɷɹɮɤ ɩɥɥɩɹɮ ɥɺɦɥɦɺ ɺɠ ɺɣɣɥɮ x ɤɨɰɩɣɸɥɠɥɷɤɥ �ɥɬɹ ɬɷɹɮ ɩɥɥɩɹ
ɸɩɦɧɮɥ ɬɷɹɮ ɩɥɥɩɹɮ ɤɦɥɦɺɬ ɩɰɥɩɶɸɥɴɥɸɴ ɺɥɩɤɬ ɡɩɩɧ �ɤɨɥɹɴ ɺɩɰɥɮɸɤ ɤɲɥɰɺɬ ɭɸɥɢ

��ɬɷɹɮɤ ɩɥɥɩɹ ɺɣɥɷɰ ɯɥɥɩɫɡ�
k ɸɹɠɫ �Fx = !kx ɧɥɫ ɬɲɥɴ m ɥɺɱɮɹ ɩɺɣɥɷɰ ɳɥɢ ɬɲɹ ɥɰɬ ɲɥɣɩɹ ɥɩɹɫɲ ɧɩɰɰ

�ɤɠɡɤ ɤɸɥɶɤ ɺɠ ɬɡɷɮ ɯɥɨɥɩɰ ɬɹ ɩɰɹɤ ɷɥɧɤ �x ɸɩɶ ɪɸɥɠɬ ɠɩɤ ɤɲɥɰɺɤɥ ɲɥɡɷ

max = m
d2x

dt2
= !kx ������

ɯɩɠ �ɯɫ ɠɩɤ ɤɡɥɹɺɤ " ɤɨɥɹɴ ɺɩɰɥɮɸɤ ɤɲɥɰɺ ɧɸɫɤɡ ɠɩɤ ɳɥɢɤ ɺɲɥɰɺ ɭɠɤ
ɤɸɥɶɡ ɺɥɩɤɬ ɡɩɩɧ ɺɠɦɤ ɺɩɬɠɩɶɰɸɴɩɣɤ ɤɠɥɥɹɮɤ ɬɹ ɯɥɸɺɴ �ɺɥɸɧɠ ɺɥɩɥɸɹɴɠ

x = A +Qb(!t+ "), !2 = k/m ������

ɺɠ ɭɩɲɡɥɷ ɠɬ ɬɡɠ �! ɺɥɸɩɣɺɤ ɺɠ ɭɩɲɡɥɷ m ɤɱɮɥ k ɧɥɫɡ ɭɣɷɮɹ ɹɩɢɣɤɬ ɡɥɹɧ
�ɤɬɧɺɤɤ ɩɩɠɰɺ ɺɠ ɺɲɣɬ ɪɩɸɶ ɤɬɠ ɩɰɹ ɺɠ ɺɲɣɬ ɩɣɫ �" ɲɴɥɮɤ ɺɠɥ A ɤɴɥɰɺɤ
�ɤɴɥɰɺɡ ɤɩɥɬɺ ɤɰɩɠ ɺɥɣɥɰɺɤ ɺɥɸɩɣɺ �ɤɲɥɰɺɤ ɺɬɩɧɺ ɲɢɸɡ ɺɥɸɩɤɮɥ ɤɨɰɩɣɸɥɠɥɷ

�ɺɥɩɰɥɮɸɤ ɺɥɣɥɰɺ ɺɥɠɸɷɰ ɤɬɠ ɺɥɣɥɰɺ
ɩɤɹɬɫ ɤɩɲɡ ɧɥɺɩɰ ɪɬɤɮɡ ɭɠ �ɭɩɮɥɣ ɺɥɰɥɸɺɴ � ɺɥɮɥɣ ɺɥɠɥɥɹɮ �ɩɨɮɺɮ ɯɥɸɷɲ

�ɤɠɡɤ ɤɸɥɶɡ ɺɩɬɠɩɶɰɸɴɩɣ ɤɠɥɥɹɮɬ ɲɩɢɰ �ɼɥɫɥ ɺɩɢɥɬɥɫɩɱɴ �ɺɩɱɣɰɤ �ɺɩɬɷɩɦɩɴ�

G
d2Z

d2T
= !QZ ������

�ɥ G �فɤɨɰɩɣɸɥɠɥɷف�� ɩɥɬɺ ɤɰɺɹɮ ɠɥɤ Z �فɯɮɦف�� ɩɥɬɺ ɩɺɬɡ ɤɰɺɹɮ ɠɥɤ T ɸɹɠɫ
ɤɨɥɹɴ ɺɩɰɥɮɸɤ ɤɲɥɰɺ ɺɸɥɶɡ ɤɩɤɩ ɥɦɤ ɤɥɥɹɮɤ ɬɹ ɯɥɸɺɴ �ɭɩɲɥɡɷ Q

Z = A +Qb(!T + "), !2 = Q/G ������

ɣɮɥɲ ɤɮ ɺɴɫɠ ɠɬ ɤɷɩɨɮɺɮɬ �ɭɩɲɥɡɷɤɥ ɭɩɰɺɹɮɤ ɬɹ ɺɥɲɮɹɮɬ ɸɹɷ ɭɥɹ ɩɬɡ
ɬɥɫɩ Z �ɥ ɤɡɥɢ ɺɥɩɤɬ ɬɥɫɩ T �ɺɥɲɮɹɮ ɺɥɩɺɥɠɬ ɭɩɱɧɩɮ ɥɰɧɰɠ �ɺɥɩɺɥɠɤ ɩɸɥɧɠɮ
ɲɷɹɥɮɤ ɳɱɫɤ ɺɥɮɫ ɺɥɩɤɬ ɬɥɫɩ Z �ɥ ɯɮɦ ɺɥɩɤɬ ɬɥɫɩ T ɥɠ �ɤɸɥɨɸɴɮɨ ɺɥɩɤɬ

�ɺɥɬɺ ɤɺɥɠ ɺɩɨɮɺɮɤ ɺɥɬɺɤ �ɤɱɸɥɡɡ

ɺɥɣɥɰɺ �� ɷɸɴ ���

ɤɨɥɹɴ ɺɩɰɥɮɸɤ ɤɲɥɰɺɡ ɧɥɫ ���
ɧɥɫɤ ɺɥɩɤɬ ɡɩɩɧ ɤɮ �ɤɨɥɹɴ ɺɩɰɥɮɸɤ ɤɲɥɰɺ ɲɶɡɮ �m ɥɺɱɮɹ �ɩɺɣɥɷɰ ɳɥɢɹ ɧɩɰɰ

�ɲɡɥɷ ɯɥɨɥɩɰ ɬɹ ɩɰɹɤ ɷɥɧɤ " ɥɦ ɤɲɥɰɺɬ ɭɸɥɢɤ

max = Fx �����

ax =
dvx
dt

= !!2A +Qb(!t+ ") = !!2x ������

ɯɫɬ

Fx = !kx, k = m!2 ������

ɲɢɸɡɥ ɥɦ ɤɣɥɷɰɡ ɠɶɮɩɩ ɳɥɢɤ ɭɠ �ɱɴɠɺɮ ɧɥɫɤ x = 0 ɤɣɥɷɰɡɹ ɪɫɬ ɡɬ ɭɩɹɰ
ɺɣɥɷɰ ɠɩɤ ɥɦ ɤɣɥɷɰ ɠفɦ �ɱɴɠ ɤɩɤɺ ɥɬɹ ɤɶɥɠɺɤ ɭɢ �ɱɴɠ ɤɩɤɺ ɥɬɹ ɺɥɸɩɤɮ ɤɦ
ɸɹɠ �ɧɥɫɤ �ɬɷɹɮɤ ɩɥɥɩɹɮ ɥɺɦɥɦɺ ɺɠ ɺɣɣɥɮ x ɤɨɰɩɣɸɥɠɥɷɤɥ �ɥɬɹ ɬɷɹɮ ɩɥɥɩɹ
ɸɩɦɧɮɥ ɬɷɹɮ ɩɥɥɩɹɮ ɤɦɥɦɺɬ ɩɰɥɩɶɸɥɴɥɸɴ ɺɥɩɤɬ ɡɩɩɧ �ɤɨɥɹɴ ɺɩɰɥɮɸɤ ɤɲɥɰɺɬ ɭɸɥɢ

��ɬɷɹɮɤ ɩɥɥɩɹ ɺɣɥɷɰ ɯɥɥɩɫɡ�
k ɸɹɠɫ �Fx = !kx ɧɥɫ ɬɲɥɴ m ɥɺɱɮɹ ɩɺɣɥɷɰ ɳɥɢ ɬɲɹ ɥɰɬ ɲɥɣɩɹ ɥɩɹɫɲ ɧɩɰɰ

�ɤɠɡɤ ɤɸɥɶɤ ɺɠ ɬɡɷɮ ɯɥɨɥɩɰ ɬɹ ɩɰɹɤ ɷɥɧɤ �x ɸɩɶ ɪɸɥɠɬ ɠɩɤ ɤɲɥɰɺɤɥ ɲɥɡɷ

max = m
d2x

dt2
= !kx ������

ɯɩɠ �ɯɫ ɠɩɤ ɤɡɥɹɺɤ " ɤɨɥɹɴ ɺɩɰɥɮɸɤ ɤɲɥɰɺ ɧɸɫɤɡ ɠɩɤ ɳɥɢɤ ɺɲɥɰɺ ɭɠɤ
ɤɸɥɶɡ ɺɥɩɤɬ ɡɩɩɧ ɺɠɦɤ ɺɩɬɠɩɶɰɸɴɩɣɤ ɤɠɥɥɹɮɤ ɬɹ ɯɥɸɺɴ �ɺɥɸɧɠ ɺɥɩɥɸɹɴɠ

x = A +Qb(!t+ "), !2 = k/m ������

ɺɠ ɭɩɲɡɥɷ ɠɬ ɬɡɠ �! ɺɥɸɩɣɺɤ ɺɠ ɭɩɲɡɥɷ m ɤɱɮɥ k ɧɥɫɡ ɭɣɷɮɹ ɹɩɢɣɤɬ ɡɥɹɧ
�ɤɬɧɺɤɤ ɩɩɠɰɺ ɺɠ ɺɲɣɬ ɪɩɸɶ ɤɬɠ ɩɰɹ ɺɠ ɺɲɣɬ ɩɣɫ �" ɲɴɥɮɤ ɺɠɥ A ɤɴɥɰɺɤ
�ɤɴɥɰɺɡ ɤɩɥɬɺ ɤɰɩɠ ɺɥɣɥɰɺɤ ɺɥɸɩɣɺ �ɤɲɥɰɺɤ ɺɬɩɧɺ ɲɢɸɡ ɺɥɸɩɤɮɥ ɤɨɰɩɣɸɥɠɥɷ

�ɺɥɩɰɥɮɸɤ ɺɥɣɥɰɺ ɺɥɠɸɷɰ ɤɬɠ ɺɥɣɥɰɺ
ɩɤɹɬɫ ɤɩɲɡ ɧɥɺɩɰ ɪɬɤɮɡ ɭɠ �ɭɩɮɥɣ ɺɥɰɥɸɺɴ � ɺɥɮɥɣ ɺɥɠɥɥɹɮ �ɩɨɮɺɮ ɯɥɸɷɲ

�ɤɠɡɤ ɤɸɥɶɡ ɺɩɬɠɩɶɰɸɴɩɣ ɤɠɥɥɹɮɬ ɲɩɢɰ �ɼɥɫɥ ɺɩɢɥɬɥɫɩɱɴ �ɺɩɱɣɰɤ �ɺɩɬɷɩɦɩɴ�

G
d2Z

d2T
= !QZ ������

�ɥ G �فɤɨɰɩɣɸɥɠɥɷف�� ɩɥɬɺ ɤɰɺɹɮ ɠɥɤ Z �فɯɮɦف�� ɩɥɬɺ ɩɺɬɡ ɤɰɺɹɮ ɠɥɤ T ɸɹɠɫ
ɤɨɥɹɴ ɺɩɰɥɮɸɤ ɤɲɥɰɺ ɺɸɥɶɡ ɤɩɤɩ ɥɦɤ ɤɥɥɹɮɤ ɬɹ ɯɥɸɺɴ �ɭɩɲɥɡɷ Q

Z = A +Qb(!T + "), !2 = Q/G ������

ɣɮɥɲ ɤɮ ɺɴɫɠ ɠɬ ɤɷɩɨɮɺɮɬ �ɭɩɲɥɡɷɤɥ ɭɩɰɺɹɮɤ ɬɹ ɺɥɲɮɹɮɬ ɸɹɷ ɭɥɹ ɩɬɡ
ɬɥɫɩ Z �ɥ ɤɡɥɢ ɺɥɩɤɬ ɬɥɫɩ T �ɺɥɲɮɹɮ ɺɥɩɺɥɠɬ ɭɩɱɧɩɮ ɥɰɧɰɠ �ɺɥɩɺɥɠɤ ɩɸɥɧɠɮ
ɲɷɹɥɮɤ ɳɱɫɤ ɺɥɮɫ ɺɥɩɤɬ ɬɥɫɩ Z �ɥ ɯɮɦ ɺɥɩɤɬ ɬɥɫɩ T ɥɠ �ɤɸɥɨɸɴɮɨ ɺɥɩɤɬ

�ɺɥɬɺ ɤɺɥɠ ɺɩɨɮɺɮɤ ɺɥɬɺɤ �ɤɱɸɥɡɡ

עקרון: אותה משוואה - אותו פתרון

x = A cos(!t+ �) $ d2x

dt2
= �!2x

קשר דו-סטרי



��� ɺɥɩɰɥɮɸɤ ɺɥɣɥɰɺɡ ɤɩɢɸɰɠ ����

ɺɥɩɰɥɮɸɤ ɺɥɣɥɰɺɡ ɤɩɢɸɰɠ ���
ɺɩɬɠɩɶɰɨɥɴɤ ɤɩɢɸɰɠɤɥ �ɸɮɹɮ� ɩɬɠɩɶɰɨɥɴ ɧɥɫ ɠɥɤ Fx = !kxɧɥɫɤɹ ɭɩɲɣɥɩ ɸɡɫ ɥɰɧɰɠ

�ɸɮɹɩɤɬ ɺɡɩɩɧ ɳɥɢɤ ɺɩɩɢɸɰɠ �ɭɩɸɧɠ ɺɥɧɥɫ ɯɩɠɹ ɸɧɠɮ �U(x) = !kx2
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kx2 = E = FRQVW ������

�ɹ ɤɰɷɱɮɬ ɭɩɲɩɢɮ ɥɰɧɰɠ ɩɤɹɬɫ ɤɩɲɡ ɧɥɺɩɰ ɪɬɤɮɡ ɭɠ �ɩɨɮɺɮ ɯɥɸɷɲ ɥɺɥɠ ɩɴɬ
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�ɤɨɥɹɴ ɺɩɰɥɮɸɤ ɤɲɥɰɺɡ ɥɮɫ ɠɩɤ T �ɡ Z ɬɹ ɺɥɬɺɹ ɭɩɲɣɥɩ ɣɩɮ ɥɰɧɰɠ ɦɠ

Z = A +Qb(!T + "), !2 = Q/G ������

ɸɹɠɫ �ɬɹɮɬ �ɺɮɥɩɱɮ ɤɣɥɷɰɡ ɤɺɥɠ ɡɹɧɬ ɸɹɴɠ ɯɫɬ �ɺɸɮɹɰ ɺɥɣɥɰɺ ɺɩɩɢɸɰɠ
ɦɠ � dZdT = 0 �ɥ Z = A

E =
1

2
G

!
dZ

dT

"2

+
1

2
QZ2 =

1

2
QA2 ������

�ɲɥɡɩɸɡ ɤɴɥɰɺɬ ɺɩɰɥɩɶɸɴɥɸɴ ɺɥɣɥɰɺɤ ɺɩɩɢɸɰɠ �E = kA2

2 ɬɡɷɰ ɷɩɷɬɧ ɬɹ ɤɸɷɮɡ

אנרגיה

Fx = �kx ! U =
kx2

2
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ɺɥɩɰɥɮɸɤ ɺɥɣɥɰɺɡ ɤɩɢɸɰɠ ���
ɺɩɬɠɩɶɰɨɥɴɤ ɤɩɢɸɰɠɤɥ �ɸɮɹɮ� ɩɬɠɩɶɰɨɥɴ ɧɥɫ ɠɥɤ Fx = !kxɧɥɫɤɹ ɭɩɲɣɥɩ ɸɡɫ ɥɰɧɰɠ

�ɸɮɹɩɤɬ ɺɡɩɩɧ ɳɥɢɤ ɺɩɩɢɸɰɠ �ɭɩɸɧɠ ɺɥɧɥɫ ɯɩɠɹ ɸɧɠɮ �U(x) = !kx2
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�ɹ ɤɰɷɱɮɬ ɭɩɲɩɢɮ ɥɰɧɰɠ ɩɤɹɬɫ ɤɩɲɡ ɧɥɺɩɰ ɪɬɤɮɡ ɭɠ �ɩɨɮɺɮ ɯɥɸɷɲ ɥɺɥɠ ɩɴɬ
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�ɤɨɥɹɴ ɺɩɰɥɮɸɤ ɤɲɥɰɺɡ ɥɮɫ ɠɩɤ T �ɡ Z ɬɹ ɺɥɬɺɹ ɭɩɲɣɥɩ ɣɩɮ ɥɰɧɰɠ ɦɠ

Z = A +Qb(!T + "), !2 = Q/G ������

ɸɹɠɫ �ɬɹɮɬ �ɺɮɥɩɱɮ ɤɣɥɷɰɡ ɤɺɥɠ ɡɹɧɬ ɸɹɴɠ ɯɫɬ �ɺɸɮɹɰ ɺɥɣɥɰɺ ɺɩɩɢɸɰɠ
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�ɲɥɡɩɸɡ ɤɴɥɰɺɬ ɺɩɰɥɩɶɸɴɥɸɴ ɺɥɣɥɰɺɤ ɺɩɩɢɸɰɠ �E = kA2

2 ɬɡɷɰ ɷɩɷɬɧ ɬɹ ɤɸɷɮɡ

��� ɺɥɩɰɥɮɸɤ ɺɥɣɥɰɺɡ ɤɩɢɸɰɠ ����

ɺɥɩɰɥɮɸɤ ɺɥɣɥɰɺɡ ɤɩɢɸɰɠ ���
ɺɩɬɠɩɶɰɨɥɴɤ ɤɩɢɸɰɠɤɥ �ɸɮɹɮ� ɩɬɠɩɶɰɨɥɴ ɧɥɫ ɠɥɤ Fx = !kxɧɥɫɤɹ ɭɩɲɣɥɩ ɸɡɫ ɥɰɧɰɠ
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�ɹ ɤɰɷɱɮɬ ɭɩɲɩɢɮ ɥɰɧɰɠ ɩɤɹɬɫ ɤɩɲɡ ɧɥɺɩɰ ɪɬɤɮɡ ɭɠ �ɩɨɮɺɮ ɯɥɸɷɲ ɥɺɥɠ ɩɴɬ

1

2
G

!
dZ

dT

"2

+
1

2
QZ2 = FRQVW ������

�ɤɨɥɹɴ ɺɩɰɥɮɸɤ ɤɲɥɰɺɡ ɥɮɫ ɠɩɤ T �ɡ Z ɬɹ ɺɥɬɺɹ ɭɩɲɣɥɩ ɣɩɮ ɥɰɧɰɠ ɦɠ

Z = A +Qb(!T + "), !2 = Q/G ������

ɸɹɠɫ �ɬɹɮɬ �ɺɮɥɩɱɮ ɤɣɥɷɰɡ ɤɺɥɠ ɡɹɧɬ ɸɹɴɠ ɯɫɬ �ɺɸɮɹɰ ɺɥɣɥɰɺ ɺɩɩɢɸɰɠ
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�ɲɥɡɩɸɡ ɤɴɥɰɺɬ ɺɩɰɥɩɶɸɴɥɸɴ ɺɥɣɥɰɺɤ ɺɩɩɢɸɰɠ �E = kA2

2 ɬɡɷɰ ɷɩɷɬɧ ɬɹ ɤɸɷɮɡ
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ɺɥɩɰɥɮɸɤ ɺɥɣɥɰɺɡ ɤɩɢɸɰɠ ���
ɺɩɬɠɩɶɰɨɥɴɤ ɤɩɢɸɰɠɤɥ �ɸɮɹɮ� ɩɬɠɩɶɰɨɥɴ ɧɥɫ ɠɥɤ Fx = !kxɧɥɫɤɹ ɭɩɲɣɥɩ ɸɡɫ ɥɰɧɰɠ

�ɸɮɹɩɤɬ ɺɡɩɩɧ ɳɥɢɤ ɺɩɩɢɸɰɠ �ɭɩɸɧɠ ɺɥɧɥɫ ɯɩɠɹ ɸɧɠɮ �U(x) = !kx2
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�ɹ ɤɰɷɱɮɬ ɭɩɲɩɢɮ ɥɰɧɰɠ ɩɤɹɬɫ ɤɩɲɡ ɧɥɺɩɰ ɪɬɤɮɡ ɭɠ �ɩɨɮɺɮ ɯɥɸɷɲ ɥɺɥɠ ɩɴɬ
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�ɤɨɥɹɴ ɺɩɰɥɮɸɤ ɤɲɥɰɺɡ ɥɮɫ ɠɩɤ T �ɡ Z ɬɹ ɺɥɬɺɹ ɭɩɲɣɥɩ ɣɩɮ ɥɰɧɰɠ ɦɠ

Z = A +Qb(!T + "), !2 = Q/G ������

ɸɹɠɫ �ɬɹɮɬ �ɺɮɥɩɱɮ ɤɣɥɷɰɡ ɤɺɥɠ ɡɹɧɬ ɸɹɴɠ ɯɫɬ �ɺɸɮɹɰ ɺɥɣɥɰɺ ɺɩɩɢɸɰɠ
ɦɠ � dZdT = 0 �ɥ Z = A

E =
1

2
G

!
dZ

dT

"2

+
1

2
QZ2 =

1

2
QA2 ������

�ɲɥɡɩɸɡ ɤɴɥɰɺɬ ɺɩɰɥɩɶɸɴɥɸɴ ɺɥɣɥɰɺɤ ɺɩɩɢɸɰɠ �E = kA2

2 ɬɡɷɰ ɷɩɷɬɧ ɬɹ ɤɸɷɮɡ

עקרון: אותה משוואה - אותו פתרון



ɺɥɣɥɰɺ �� ɷɸɴ ���

" ɺɥɩɰɥɮɸɤ ɺɥɣɥɰɺ ɤɮɬ ���
ɲɰ ɷɩɷɬɧɹ ɧɩɰɰ " ɡɥɹɧ ɪɫ ɬɫ ɤɦ ɤɲɥɰɺ ɢɥɱ ɤɮɬ " ɺɥɩɰɥɮɸɤ ɺɥɣɥɰɺ ɭɩɣɮɥɬ ɤɮɬ

�ɭɩɸɧɠ ɺɥɧɥɫ ɯɩɠɥ �U(x) ɥɬɹ ɺɩɬɠɩɶɰɨɥɴ ɤɩɢɸɰɠɥ ɸɹɩ ɥɥɷ ɪɸɥɠɬ

�ɺɩɬɠɩɶɰɨɥɴ ɤɩɢɸɰɠɡ ɷɩɷɬɧ ���� ɸɥɩɠ
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ɯɩɡ ɺɥɣɥɰɺ ɲɶɡɮ ɷɩɷɬɧɤ �U(x1) = U(x2) = E ɯɤɡɹ ɤɸɦɧɤ ɺɥɣɥɷɰ ɩɺɹ ɹɩ ɭɠ
�E ɤɩɢɸɰɠɡ ɩɥɬɺ ɤɬɠ ɺɥɣɥɰɺ ɬɹ ɸɥɦɧɮɤ ɯɮɦ �ɩɬɬɫ ɯɴɥɠɡ �ɤɬɠ ɤɸɦɧɤ ɺɥɣɥɷɰ ɩɺɹ

ɤɡɹ ɭɥɮɩɰɩɮɤ ɺɣɥɷɰ ɺɠ xc �ɡ ɯɮɱɰ �ɺɥɩɰɥɮɸɤ ɺɥɣɥɰɺ ɯɰɩɠ ɤɬɠ ɺɥɣɥɰɺ ɯɫɬ
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�ɬɹɷɮ ɩɥɥɩɹ ɺɣɥɷɰ ɺɠɦ ɯɫɬɥ

" ɡɩɶɩ ɠɬ ɥɠ ɡɩɶɩ ɬɷɹɮ ɩɥɥɩɹ ɺɣɥɷɰ ɺɠɦ ɭɠɤ ����� ɤɰɡɤ ɺɬɠɹ
�ɥɦ ɤɣɥɷɰɬ ɸɩɦɧɮ ɠɥɤɹ ɤɦɫ ɧɥɫɤ ɯɥɥɩɫ xc ɤɣɥɷɰɤ ɩɣɩɶ ɩɰɹɮ �ɡɩɶɩ

ɺɶɷ ɳɩɱɥɰ �xc ɤɣɥɷɰɡ ɤɧɥɰɮɡ ɠɶɮɰ ɳɥɢɤ ɦɠ E = U(xc) ɳɥɢɤ ɺɩɢɸɰɠ ɭɠ
ɡɥɸɷ ɺɮɩɩɷɺɮ ɤɲɥɰɺ ɸɹɠɫ �ɥɦ ɬɷɹɮ ɩɥɥɩɹ ɺɣɥɷɰ ɺɡɸɷɡ ɣɰɣɰɺɩ ɳɥɢɤ �ɤɩɢɸɰɠ
ɡɥɸɷ �ɤɡɥɹɧ ɠɬ ɭɥɷɮ ɬɫɡ ɺɩɬɠɩɶɰɨɥɴɤ ɤɩɢɸɰɠɤ ɬɹ ɺɷɩɥɣɮɤ ɤɸɥɶɤ �ɥɦ ɤɣɥɷɰɬ

��ɸɥɬɩɩɨ ɧɥɺɩɴ� ɡɥɸɩɷɡ ɹɮɺɹɤɬ ɸɹɴɠ ɥɦ ɤɣɥɷɰɬ

U(x) = U(xc) +

!
dU

dx

"

x=xc

(x! xc) +
1

2

!
d2U

dx2

"

x=xc

(x! xc)
2 + . . . ������


תנועה חד-ממדית באנרגיה פוטנציאלית

באזור קטן סביב נקודת שיווי משקל יציב



ɺɥɣɥɰɺ �� ɷɸɴ ���

" ɺɥɩɰɥɮɸɤ ɺɥɣɥɰɺ ɤɮɬ ���
ɲɰ ɷɩɷɬɧɹ ɧɩɰɰ " ɡɥɹɧ ɪɫ ɬɫ ɤɦ ɤɲɥɰɺ ɢɥɱ ɤɮɬ " ɺɥɩɰɥɮɸɤ ɺɥɣɥɰɺ ɭɩɣɮɥɬ ɤɮɬ

�ɭɩɸɧɠ ɺɥɧɥɫ ɯɩɠɥ �U(x) ɥɬɹ ɺɩɬɠɩɶɰɨɥɴ ɤɩɢɸɰɠɥ ɸɹɩ ɥɥɷ ɪɸɥɠɬ

�ɺɩɬɠɩɶɰɨɥɴ ɤɩɢɸɰɠɡ ɷɩɷɬɧ ���� ɸɥɩɠ
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ɯɩɡ ɺɥɣɥɰɺ ɲɶɡɮ ɷɩɷɬɧɤ �U(x1) = U(x2) = E ɯɤɡɹ ɤɸɦɧɤ ɺɥɣɥɷɰ ɩɺɹ ɹɩ ɭɠ
�E ɤɩɢɸɰɠɡ ɩɥɬɺ ɤɬɠ ɺɥɣɥɰɺ ɬɹ ɸɥɦɧɮɤ ɯɮɦ �ɩɬɬɫ ɯɴɥɠɡ �ɤɬɠ ɤɸɦɧɤ ɺɥɣɥɷɰ ɩɺɹ

ɤɡɹ ɭɥɮɩɰɩɮɤ ɺɣɥɷɰ ɺɠ xc �ɡ ɯɮɱɰ �ɺɥɩɰɥɮɸɤ ɺɥɣɥɰɺ ɯɰɩɠ ɤɬɠ ɺɥɣɥɰɺ ɯɫɬ
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Fx,x=xc = !
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�ɬɹɷɮ ɩɥɥɩɹ ɺɣɥɷɰ ɺɠɦ ɯɫɬɥ

" ɡɩɶɩ ɠɬ ɥɠ ɡɩɶɩ ɬɷɹɮ ɩɥɥɩɹ ɺɣɥɷɰ ɺɠɦ ɭɠɤ ����� ɤɰɡɤ ɺɬɠɹ
�ɥɦ ɤɣɥɷɰɬ ɸɩɦɧɮ ɠɥɤɹ ɤɦɫ ɧɥɫɤ ɯɥɥɩɫ xc ɤɣɥɷɰɤ ɩɣɩɶ ɩɰɹɮ �ɡɩɶɩ

ɺɶɷ ɳɩɱɥɰ �xc ɤɣɥɷɰɡ ɤɧɥɰɮɡ ɠɶɮɰ ɳɥɢɤ ɦɠ E = U(xc) ɳɥɢɤ ɺɩɢɸɰɠ ɭɠ
ɡɥɸɷ ɺɮɩɩɷɺɮ ɤɲɥɰɺ ɸɹɠɫ �ɥɦ ɬɷɹɮ ɩɥɥɩɹ ɺɣɥɷɰ ɺɡɸɷɡ ɣɰɣɰɺɩ ɳɥɢɤ �ɤɩɢɸɰɠ
ɡɥɸɷ �ɤɡɥɹɧ ɠɬ ɭɥɷɮ ɬɫɡ ɺɩɬɠɩɶɰɨɥɴɤ ɤɩɢɸɰɠɤ ɬɹ ɺɷɩɥɣɮɤ ɤɸɥɶɤ �ɥɦ ɤɣɥɷɰɬ

��ɸɥɬɩɩɨ ɧɥɺɩɴ� ɡɥɸɩɷɡ ɹɮɺɹɤɬ ɸɹɴɠ ɥɦ ɤɣɥɷɰɬ

U(x) = U(xc) +

!
dU

dx

"

x=xc

(x! xc) +
1

2

!
d2U

dx2

"

x=xc

(x! xc)
2 + . . . ������

ɺɥɣɥɰɺ �� ɷɸɴ ���

" ɺɥɩɰɥɮɸɤ ɺɥɣɥɰɺ ɤɮɬ ���
ɲɰ ɷɩɷɬɧɹ ɧɩɰɰ " ɡɥɹɧ ɪɫ ɬɫ ɤɦ ɤɲɥɰɺ ɢɥɱ ɤɮɬ " ɺɥɩɰɥɮɸɤ ɺɥɣɥɰɺ ɭɩɣɮɥɬ ɤɮɬ

�ɭɩɸɧɠ ɺɥɧɥɫ ɯɩɠɥ �U(x) ɥɬɹ ɺɩɬɠɩɶɰɨɥɴ ɤɩɢɸɰɠɥ ɸɹɩ ɥɥɷ ɪɸɥɠɬ

�ɺɩɬɠɩɶɰɨɥɴ ɤɩɢɸɰɠɡ ɷɩɷɬɧ ���� ɸɥɩɠ
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ɯɩɡ ɺɥɣɥɰɺ ɲɶɡɮ ɷɩɷɬɧɤ �U(x1) = U(x2) = E ɯɤɡɹ ɤɸɦɧɤ ɺɥɣɥɷɰ ɩɺɹ ɹɩ ɭɠ
�E ɤɩɢɸɰɠɡ ɩɥɬɺ ɤɬɠ ɺɥɣɥɰɺ ɬɹ ɸɥɦɧɮɤ ɯɮɦ �ɩɬɬɫ ɯɴɥɠɡ �ɤɬɠ ɤɸɦɧɤ ɺɥɣɥɷɰ ɩɺɹ

ɤɡɹ ɭɥɮɩɰɩɮɤ ɺɣɥɷɰ ɺɠ xc �ɡ ɯɮɱɰ �ɺɥɩɰɥɮɸɤ ɺɥɣɥɰɺ ɯɰɩɠ ɤɬɠ ɺɥɣɥɰɺ ɯɫɬ
!
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�ɬɹɷɮ ɩɥɥɩɹ ɺɣɥɷɰ ɺɠɦ ɯɫɬɥ

" ɡɩɶɩ ɠɬ ɥɠ ɡɩɶɩ ɬɷɹɮ ɩɥɥɩɹ ɺɣɥɷɰ ɺɠɦ ɭɠɤ ����� ɤɰɡɤ ɺɬɠɹ
�ɥɦ ɤɣɥɷɰɬ ɸɩɦɧɮ ɠɥɤɹ ɤɦɫ ɧɥɫɤ ɯɥɥɩɫ xc ɤɣɥɷɰɤ ɩɣɩɶ ɩɰɹɮ �ɡɩɶɩ

ɺɶɷ ɳɩɱɥɰ �xc ɤɣɥɷɰɡ ɤɧɥɰɮɡ ɠɶɮɰ ɳɥɢɤ ɦɠ E = U(xc) ɳɥɢɤ ɺɩɢɸɰɠ ɭɠ
ɡɥɸɷ ɺɮɩɩɷɺɮ ɤɲɥɰɺ ɸɹɠɫ �ɥɦ ɬɷɹɮ ɩɥɥɩɹ ɺɣɥɷɰ ɺɡɸɷɡ ɣɰɣɰɺɩ ɳɥɢɤ �ɤɩɢɸɰɠ
ɡɥɸɷ �ɤɡɥɹɧ ɠɬ ɭɥɷɮ ɬɫɡ ɺɩɬɠɩɶɰɨɥɴɤ ɤɩɢɸɰɠɤ ɬɹ ɺɷɩɥɣɮɤ ɤɸɥɶɤ �ɥɦ ɤɣɥɷɰɬ

��ɸɥɬɩɩɨ ɧɥɺɩɴ� ɡɥɸɩɷɡ ɹɮɺɹɤɬ ɸɹɴɠ ɥɦ ɤɣɥɷɰɬ
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שימור האנרגיה

נקודת שיווי משקל

ɺɥɣɥɰɺ �� ɷɸɴ ���

" ɺɥɩɰɥɮɸɤ ɺɥɣɥɰɺ ɤɮɬ ���
ɲɰ ɷɩɷɬɧɹ ɧɩɰɰ " ɡɥɹɧ ɪɫ ɬɫ ɤɦ ɤɲɥɰɺ ɢɥɱ ɤɮɬ " ɺɥɩɰɥɮɸɤ ɺɥɣɥɰɺ ɭɩɣɮɥɬ ɤɮɬ

�ɭɩɸɧɠ ɺɥɧɥɫ ɯɩɠɥ �U(x) ɥɬɹ ɺɩɬɠɩɶɰɨɥɴ ɤɩɢɸɰɠɥ ɸɹɩ ɥɥɷ ɪɸɥɠɬ

�ɺɩɬɠɩɶɰɨɥɴ ɤɩɢɸɰɠɡ ɷɩɷɬɧ ���� ɸɥɩɠ
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ɯɩɡ ɺɥɣɥɰɺ ɲɶɡɮ ɷɩɷɬɧɤ �U(x1) = U(x2) = E ɯɤɡɹ ɤɸɦɧɤ ɺɥɣɥɷɰ ɩɺɹ ɹɩ ɭɠ
�E ɤɩɢɸɰɠɡ ɩɥɬɺ ɤɬɠ ɺɥɣɥɰɺ ɬɹ ɸɥɦɧɮɤ ɯɮɦ �ɩɬɬɫ ɯɴɥɠɡ �ɤɬɠ ɤɸɦɧɤ ɺɥɣɥɷɰ ɩɺɹ

ɤɡɹ ɭɥɮɩɰɩɮɤ ɺɣɥɷɰ ɺɠ xc �ɡ ɯɮɱɰ �ɺɥɩɰɥɮɸɤ ɺɥɣɥɰɺ ɯɰɩɠ ɤɬɠ ɺɥɣɥɰɺ ɯɫɬ
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�ɬɹɷɮ ɩɥɥɩɹ ɺɣɥɷɰ ɺɠɦ ɯɫɬɥ
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surface. The coefficient of static
friction between the two blocks is
0.40. What amplitude of simple har-
monic motion of the spring–blocks
system puts the smaller block on
the verge of slipping over the larger block?

Module 15-2 Energy in Simple Harmonic Motion
•27 When the displacement in SHM is one-half the ampli-
tude xm, what fraction of the total energy is (a) kinetic energy and
(b) potential energy? (c) At what displacement, in terms of the am-
plitude, is the energy of the system half kinetic energy and half po-
tential energy?

•28 Figure 15-38 gives the one-
dimensional potential energy well
for a 2.0 kg particle (the function
U(x) has the form bx2 and the ver-
tical axis scale is set by Us ! 2.0 J).
(a) If the particle passes through
the equilibrium position with a ve-
locity of 85 cm/s, will it be turned
back before it reaches x ! 15 cm?
(b) If yes, at what position, and if
no, what is the speed of the parti-
cle at x ! 15 cm?

•29 Find the mechanical energy of a block–spring system
with a spring constant of 1.3 N/cm and an amplitude of 2.4 cm.

•30 An oscillating block–spring system has a mechanical energy of
1.00 J, an amplitude of 10.0 cm, and a maximum speed of 1.20 m/s.
Find (a) the spring constant, (b) the mass of the block, and (c) the
frequency of oscillation.

•31 A 5.00 kg object on a horizontal frictionless surface is at-
tached to a spring with k 1000 N/m. The object is displaced from
equilibrium 50.0 cm horizontally and given an initial velocity of 10.0
m/s back toward the equilibrium position.What are (a) the motion’s
frequency, (b) the initial potential energy of the block–spring sys-
tem, (c) the initial kinetic energy, and (d) the motion’s amplitude?

•32 Figure 15-39 shows the ki-
netic energy K of a simple
harmonic oscillator versus its po-
sition x. The vertical axis scale is
set by Ks ! 4.0 J. What is the
spring constant?

••33 A block of mass M ! 5.4
kg, at rest on a horizontal
frictionless table, is attached to a
rigid support by a spring of con-
stant k ! 6000 N/m. A bullet of
mass m ! 9.5 g and velocity of
magnitude 630 m/s strikes and is
embedded in the block (Fig. 15-
40). Assuming the compression of
the spring is negligible until the
bullet is embedded, determine (a)
the speed of the block immedi-
ately after the collision and (b)
the amplitude of the resulting simple harmonic motion.
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1.20 rad/s; Fig. 15-33b is a par-
tial graph of the corresponding
velocity function v(t). The ver-
tical axis scales are set by xs !
5.0 cm and vs ! 5.0 cm/s. What
is the phase constant of the
SHM if the position function
x(t) is in the general form x !
xm cos(vt " f)?

••21 In Fig. 15-31, two
springs are attached to a block
that can oscillate over a fric-
tionless floor. If the left spring
is removed, the block oscil-
lates at a frequency of 30 Hz.
If, instead, the spring on the
right is removed, the block os-
cillates at a frequency of 45
Hz. At what frequency does
the block oscillate with both
springs attached?

••22 Figure 15-34 shows
block 1 of mass 0.200 kg slid-
ing to the right over a friction-
less elevated surface at a
speed of 8.00 m/s. The block
undergoes an elastic collision
with stationary block 2, which
is attached to a spring of spring
constant 1208.5 N/m. (Assume
that the spring does not affect the collision.) After the collision,
block 2 oscillates in SHM with a period of 0.140 s, and block 1
slides off the opposite end of the elevated surface, landing a dis-
tance d from the base of that surface after falling height h ! 4.90
m. What is the value of d?

••23 A block is on a horizontal surface (a shake
table) that is moving back and forth horizontally with simple har-
monic motion of frequency 2.0 Hz. The coefficient of static friction
between block and surface is 0.50. How great can the amplitude of
the SHM be if the block is not to slip along the surface?

•••24 In Fig. 15-35, two springs are
joined and connected to a block of
mass 0.245 kg that is set oscillating
over a frictionless floor. The springs
each have spring constant k !
6430 N/m. What is the frequency of
the oscillations?

•••25 In Fig. 15-36, a block
weighing 14.0 N, which can slide
without friction on an incline at an-
gle 40.0#, is connected to the
top of the incline by a massless
spring of unstretched length 0.450
m and spring constant 120 N/m. (a)
How far from the top of the incline
is the block’s equilibrium point? (b)
If the block is pulled slightly down the incline and released, what is
the period of the resulting oscillations?

•••26 In Fig. 15-37, two blocks (m ! 1.8 kg and M ! 10 kg) and

u !
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a spring (k 200 N/m) are ar-
ranged on a horizontal, frictionless
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surface. The coefficient of static
friction between the two blocks is
0.40. What amplitude of simple har-
monic motion of the spring–blocks
system puts the smaller block on
the verge of slipping over the larger block?

Module 15-2 Energy in Simple Harmonic Motion
•27 When the displacement in SHM is one-half the ampli-
tude xm, what fraction of the total energy is (a) kinetic energy and
(b) potential energy? (c) At what displacement, in terms of the am-
plitude, is the energy of the system half kinetic energy and half po-
tential energy?

•28 Figure 15-38 gives the one-
dimensional potential energy well
for a 2.0 kg particle (the function
U(x) has the form bx2 and the ver-
tical axis scale is set by Us ! 2.0 J).
(a) If the particle passes through
the equilibrium position with a ve-
locity of 85 cm/s, will it be turned
back before it reaches x ! 15 cm?
(b) If yes, at what position, and if
no, what is the speed of the parti-
cle at x ! 15 cm?

•29 Find the mechanical energy of a block–spring system
with a spring constant of 1.3 N/cm and an amplitude of 2.4 cm.

•30 An oscillating block–spring system has a mechanical energy of
1.00 J, an amplitude of 10.0 cm, and a maximum speed of 1.20 m/s.
Find (a) the spring constant, (b) the mass of the block, and (c) the
frequency of oscillation.

•31 A 5.00 kg object on a horizontal frictionless surface is at-
tached to a spring with k 1000 N/m. The object is displaced from
equilibrium 50.0 cm horizontally and given an initial velocity of 10.0
m/s back toward the equilibrium position.What are (a) the motion’s
frequency, (b) the initial potential energy of the block–spring sys-
tem, (c) the initial kinetic energy, and (d) the motion’s amplitude?

•32 Figure 15-39 shows the ki-
netic energy K of a simple
harmonic oscillator versus its po-
sition x. The vertical axis scale is
set by Ks ! 4.0 J. What is the
spring constant?

••33 A block of mass M ! 5.4
kg, at rest on a horizontal
frictionless table, is attached to a
rigid support by a spring of con-
stant k ! 6000 N/m. A bullet of
mass m ! 9.5 g and velocity of
magnitude 630 m/s strikes and is
embedded in the block (Fig. 15-
40). Assuming the compression of
the spring is negligible until the
bullet is embedded, determine (a)
the speed of the block immedi-
ately after the collision and (b)
the amplitude of the resulting simple harmonic motion.
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1.20 rad/s; Fig. 15-33b is a par-
tial graph of the corresponding
velocity function v(t). The ver-
tical axis scales are set by xs !
5.0 cm and vs ! 5.0 cm/s. What
is the phase constant of the
SHM if the position function
x(t) is in the general form x !
xm cos(vt " f)?

••21 In Fig. 15-31, two
springs are attached to a block
that can oscillate over a fric-
tionless floor. If the left spring
is removed, the block oscil-
lates at a frequency of 30 Hz.
If, instead, the spring on the
right is removed, the block os-
cillates at a frequency of 45
Hz. At what frequency does
the block oscillate with both
springs attached?

••22 Figure 15-34 shows
block 1 of mass 0.200 kg slid-
ing to the right over a friction-
less elevated surface at a
speed of 8.00 m/s. The block
undergoes an elastic collision
with stationary block 2, which
is attached to a spring of spring
constant 1208.5 N/m. (Assume
that the spring does not affect the collision.) After the collision,
block 2 oscillates in SHM with a period of 0.140 s, and block 1
slides off the opposite end of the elevated surface, landing a dis-
tance d from the base of that surface after falling height h ! 4.90
m. What is the value of d?

••23 A block is on a horizontal surface (a shake
table) that is moving back and forth horizontally with simple har-
monic motion of frequency 2.0 Hz. The coefficient of static friction
between block and surface is 0.50. How great can the amplitude of
the SHM be if the block is not to slip along the surface?

•••24 In Fig. 15-35, two springs are
joined and connected to a block of
mass 0.245 kg that is set oscillating
over a frictionless floor. The springs
each have spring constant k !
6430 N/m. What is the frequency of
the oscillations?

•••25 In Fig. 15-36, a block
weighing 14.0 N, which can slide
without friction on an incline at an-
gle 40.0#, is connected to the
top of the incline by a massless
spring of unstretched length 0.450
m and spring constant 120 N/m. (a)
How far from the top of the incline
is the block’s equilibrium point? (b)
If the block is pulled slightly down the incline and released, what is
the period of the resulting oscillations?

•••26 In Fig. 15-37, two blocks (m ! 1.8 kg and M ! 10 kg) and
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a spring (k 200 N/m) are ar-
ranged on a horizontal, frictionless
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surface. The coefficient of static
friction between the two blocks is
0.40. What amplitude of simple har-
monic motion of the spring–blocks
system puts the smaller block on
the verge of slipping over the larger block?

Module 15-2 Energy in Simple Harmonic Motion
•27 When the displacement in SHM is one-half the ampli-
tude xm, what fraction of the total energy is (a) kinetic energy and
(b) potential energy? (c) At what displacement, in terms of the am-
plitude, is the energy of the system half kinetic energy and half po-
tential energy?

•28 Figure 15-38 gives the one-
dimensional potential energy well
for a 2.0 kg particle (the function
U(x) has the form bx2 and the ver-
tical axis scale is set by Us ! 2.0 J).
(a) If the particle passes through
the equilibrium position with a ve-
locity of 85 cm/s, will it be turned
back before it reaches x ! 15 cm?
(b) If yes, at what position, and if
no, what is the speed of the parti-
cle at x ! 15 cm?

•29 Find the mechanical energy of a block–spring system
with a spring constant of 1.3 N/cm and an amplitude of 2.4 cm.

•30 An oscillating block–spring system has a mechanical energy of
1.00 J, an amplitude of 10.0 cm, and a maximum speed of 1.20 m/s.
Find (a) the spring constant, (b) the mass of the block, and (c) the
frequency of oscillation.

•31 A 5.00 kg object on a horizontal frictionless surface is at-
tached to a spring with k 1000 N/m. The object is displaced from
equilibrium 50.0 cm horizontally and given an initial velocity of 10.0
m/s back toward the equilibrium position.What are (a) the motion’s
frequency, (b) the initial potential energy of the block–spring sys-
tem, (c) the initial kinetic energy, and (d) the motion’s amplitude?

•32 Figure 15-39 shows the ki-
netic energy K of a simple
harmonic oscillator versus its po-
sition x. The vertical axis scale is
set by Ks ! 4.0 J. What is the
spring constant?

••33 A block of mass M ! 5.4
kg, at rest on a horizontal
frictionless table, is attached to a
rigid support by a spring of con-
stant k ! 6000 N/m. A bullet of
mass m ! 9.5 g and velocity of
magnitude 630 m/s strikes and is
embedded in the block (Fig. 15-
40). Assuming the compression of
the spring is negligible until the
bullet is embedded, determine (a)
the speed of the block immedi-
ately after the collision and (b)
the amplitude of the resulting simple harmonic motion.
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each have spring constant k !
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•••25 In Fig. 15-36, a block
weighing 14.0 N, which can slide
without friction on an incline at an-
gle 40.0#, is connected to the
top of the incline by a massless
spring of unstretched length 0.450
m and spring constant 120 N/m. (a)
How far from the top of the incline
is the block’s equilibrium point? (b)
If the block is pulled slightly down the incline and released, what is
the period of the resulting oscillations?

•••26 In Fig. 15-37, two blocks (m ! 1.8 kg and M ! 10 kg) and
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••34 In Fig. 15-41, block 2 of
mass 2.0 kg oscillates on the end of a
spring in SHM with a period of 20
ms. The block’s position is given by
x ! (1.0 cm) cos(vt " p/2). Block 1
of mass 4.0 kg slides toward block 2
with a velocity of magnitude 6.0 m/s, directed along the spring’s
length. The two blocks undergo a completely inelastic collision at
time t ! 5.0 ms. (The duration of the collision is much less than
the period of motion.) What is the amplitude of the SHM after the
collision?

••35 A 10 g particle undergoes SHM with an amplitude of 2.0 mm,
a maximum acceleration of magnitude 8.0 # 103 m/s2, and an
unknown phase constant f. What are (a) the period of the motion,
(b) the maximum speed of the particle, and (c) the total mechani-
cal energy of the oscillator? What is the magnitude of the force on
the particle when the particle is at (d) its maximum displacement
and (e) half its maximum displacement?

••36 If the phase angle for a block–spring system in SHM is p/6
rad and the block’s position is given by x ! xm cos(vt " f), what is
the ratio of the kinetic energy to the potential energy at time t ! 0?

•••37 A massless spring hangs from the ceiling with a small ob-
ject attached to its lower end. The object is initially held at rest in a
position yi such that the spring is at its rest length. The object is
then released from yi and oscillates up and down, with its lowest
position being 10 cm below yi. (a) What is the frequency of the os-
cillation? (b) What is the speed of the object when it is 8.0 cm be-
low the initial position? (c) An object of mass 300 g is attached to
the first object, after which the system oscillates with half the origi-
nal frequency. What is the mass of the first object? (d) How far be-
low yi is the new equilibrium (rest) position with both objects at-
tached to the spring?

Module 15-3 An Angular Simple Harmonic Oscillator
•38 A 95 kg solid sphere with a 15 cm radius is suspended by a
vertical wire.A torque of 0.20 N $m is required to rotate the sphere
through an angle of 0.85 rad and then maintain that orientation.
What is the period of the oscillations that result when the sphere is
then released?

••39 The balance wheel of an old-fashioned watch
oscillates with angular amplitude p rad and period 0.500 s. Find
(a) the maximum angular speed of the wheel, (b) the angular speed
at displacement p/2 rad, and (c) the magnitude of the angular 
acceleration at displacement p/4 rad.

Module 15-4 Pendulums, Circular Motion
•40 A physical pendulum consists of a meter stick that is piv-
oted at a small hole drilled through
the stick a distance d from the 50
cm mark. The period of oscillation
is 2.5 s. Find d.

•41 In Fig. 15-42, the pendu-
lum consists of a uniform disk with
radius r ! 10.0 cm and mass 500 g
attached to a uniform rod with
length L ! 500 mm and mass 270
g. (a) Calculate the rotational iner-
tia of the pendulum about the
pivot point. (b) What is the dis-
tance between the pivot point and

SSM
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the center of mass of the pendulum? (c) Calculate the period of
oscillation.

•42 Suppose that a simple pendulum consists of a small 60.0 g
bob at the end of a cord of negligible mass. If the angle u between
the cord and the vertical is given by

u ! (0.0800 rad) cos[(4.43 rad/s)t " f],

what are (a) the pendulum’s length and (b) its maximum kinetic
energy?

•43 (a) If the physical pendulum of Fig. 15-13 and the associated
sample problem is inverted and suspended at point P, what is its
period of oscillation? (b) Is the period now greater than, less than,
or equal to its previous value?

•44 A physical pendulum consists of two me-
ter-long sticks joined together as shown in Fig.
15-43. What is the pendulum’s period of oscilla-
tion about a pin inserted through point A at the
center of the horizontal stick?

•45 A performer seated on a trapeze is
swinging back and forth with a period of 8.85 s.
If she stands up, thus raising the center of mass of
the trapeze " performer system by 35.0 cm, what will be the new pe-
riod of the system? Treat trapeze " performer as a simple pendulum.

•46 A physical pendulum has a center of oscillation at distance
2L/3 from its point of suspension. Show that the distance be-
tween the point of suspension and the center of oscillation for a
physical pendulum of any form is I/mh, where I and h have the
meanings in Eq. 15-29 and m is the mass of the pendulum.

•47 In Fig. 15-44, a physical pendulum
consists of a uniform solid disk (of radius
R ! 2.35 cm) supported in a vertical plane
by a pivot located a distance d ! 1.75 cm
from the center of the disk.The disk is dis-
placed by a small angle and released.
What is the period of the resulting simple
harmonic motion?

••48 A rectangular block, with face

1 2 k

Figure 15-41 Problem 34.

L

r

Figure 15-42 Problem 41.

A

Figure 15-43
Problem 44.

Pivot
d

R

lengths a ! 35 cm and b ! 45 cm, is to be
suspended on a thin horizontal rod running through a narrow hole in
the block. The block is then to be set swinging about the rod like a
pendulum, through small angles so that it is in SHM. Figure 15-45
shows one possible position of the hole, at distance r from the block’s
center, along a line connecting the center with a corner. (a) Plot the
period versus distance r along that
line such that the minimum in the
curve is apparent. (b) For what value
of r does that minimum occur? There
is a line of points around the block’s
center for which the period of swing-
ing has the same minimum value. (c)
What shape does that line make?

••49 The angle of the pendulum
of Fig. 15-11b is given by u !

um cos[(4.44 rad/s)t " f]. If at t ! 0,
u ! 0.040 rad and du/dt ! %0.200
rad/s, what are (a) the phase con-

Figure 15-44
Problem 47.

Figure 15-45 Problem 48.

a

b

r

stant f and (b) the maximum angle um? (Hint: Don’t confuse the
rate du/dt at which u changes with the v of the SHM.)
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Figure 15-53 Problems 77 and 78.
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Additional Problems
64 Although California is known for earthquakes, it has
large regions dotted with precariously balanced rocks that would
be easily toppled by even a mild earthquake. Apparently no major
earthquakes have occurred in those regions. If an earthquake were
to put such a rock into sinusoidal oscillation (parallel to the
ground) with a frequency of 2.2 Hz, an oscillation amplitude of 1.0
cm would cause the rock to topple. What would be the magnitude
of the maximum acceleration of the oscillation, in terms of g?

65 A loudspeaker diaphragm is oscillating in simple harmonic
motion with a frequency of 440 Hz and a maximum displacement
of 0.75 mm. What are the (a) angular frequency, (b) maximum
speed, and (c) magnitude of the maximum acceleration?

66 A uniform spring with k ! 8600 N/m is cut into pieces 1 and 2
of unstretched lengths L1 ! 7.0 cm and L2 ! 10 cm. What are
(a) k1 and (b) k2? A block attached to the original spring as in
Fig. 15-7 oscillates at 200 Hz. What is the oscillation frequency of
the block attached to (c) piece 1 and (d) piece 2?

67 In Fig. 15-51, three 10 000 kg
ore cars are held at rest on a mine
railway using a cable that is parallel
to the rails, which are inclined at an-
gle u ! 30". The cable stretches 15
cm just before the coupling between
the two lower cars breaks, detaching
the lowest car.Assuming that the ca-
ble obeys Hooke’s law, find the (a)
frequency and (b) amplitude of the
resulting oscillations of the remain-
ing two cars.

68 A 2.00 kg block hangs from a
spring.A 300 g body hung below the block stretches the spring 2.00 cm
farther.(a) What is the spring constant? (b) If the 300 g body is removed
and the block is set into oscillation,find the period of the motion.

69 In the engine of a locomotive, a cylindrical piece known
as a piston oscillates in SHM in a cylinder head (cylindrical cham-
ber) with an angular frequency of 180 rev/min. Its stroke (twice the
amplitude) is 0.76 m.What is its maximum speed?

70 A wheel is free to rotate about its fixed axle. A spring is at-
tached to one of its spokes a distance r from the axle, as shown in Fig.
15-52. (a) Assuming that the wheel is a hoop of mass m and radius R,
what is the angular frequency v of
small oscillations of this system in
terms of m, R, r, and the spring con-
stant k? What is v if (b) r ! R and (c)
r ! 0?

71 A 50.0 g stone is attached to
the bottom of a vertical spring and
set vibrating. If the maximum speed
of the stone is 15.0 cm/s and the pe-
riod is 0.500 s, find the (a) spring
constant of the spring, (b) amplitude of the motion, and (c) fre-
quency of oscillation.

72 A uniform circular disk whose radius R is 12.6 cm is suspended
as a physical pendulum from a point on its rim. (a) What is its pe-
riod? (b) At what radial distance r # R is there a pivot point that
gives the same period?

73 A vertical spring stretches 9.6 cm when a 1.3 kg blockSSM

SSM

is hung from its end. (a) Calculate the spring constant. This block
is then displaced an additional 5.0 cm downward and released
from rest. Find the (b) period, (c) frequency, (d) amplitude, and
(e) maximum speed of the resulting SHM.

74 A massless spring with spring constant 19 N/m hangs vertically.
A body of mass 0.20 kg is attached to its free end and then released.
Assume that the spring was unstretched before the body was re-
leased. Find (a) how far below the initial position the body descends,
and the (b) frequency and (c) amplitude of the resulting SHM.

75 A 4.00 kg block is suspended from a spring with k ! 500 N/m.A
50.0 g bullet is fired into the block from directly below with a speed of
150 m/s and becomes embedded in the block. (a) Find the amplitude
of the resulting SHM. (b) What percentage of the original kinetic en-
ergy of the bullet is transferred to mechanical energy of the oscillator?

76 A 55.0 g block oscillates in SHM on the end of a spring with 
k ! 1500 N/m according to x ! xm cos(vt $ f). How long does
the block take to move from position $0.800xm to (a) position
$0.600xm and (b) position %0.800xm?

77 Figure 15-53 gives the position of a 20 g block oscillating
in SHM on the end of a spring. The horizontal axis scale is set
by ts ! 40.0 ms. What are (a) the maximum kinetic energy of the
block and (b) the number of times per second that maximum is
reached? (Hint: Measuring a slope will probably not be very ac-
curate. Find another approach.)

78 Figure 15-53 gives the position x(t) of a block oscillating in SHM
on the end of a spring (ts ! 40.0 ms).What are (a) the speed and (b) the
magnitude of the radial acceleration of a particle in the corresponding
uniform circular motion?

79 Figure 15-54 shows the kinetic
energy K of a simple pendulum versus
its angle u from the vertical.The verti-
cal axis scale is set by Ks ! 10.0 mJ.
The pendulum bob has mass 0.200 kg.
What is the length of the pendulum?

80 A block is in SHM on the end
of a spring, with position given by
x ! xm cos(vt $ f). If f ! p/5 rad,
then at t ! 0 what percentage of the
total mechanical energy is potential energy?

81 A simple harmonic oscillator consists of a 0.50 kg block at-
tached to a spring. The block slides back and forth along a straight
line on a frictionless surface with equilibrium point x ! 0. At t ! 0
the block is at x ! 0 and moving in the positive x direction.A graph
of the magnitude of the net force on the block as a function of itsF
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