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1 | TEMPERATURE AND
HEAT
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1.1 | Temperature and Thermal Equilibrium

Learning Objectives
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1.2 | Thermometers and T emperature Scales

Learning Objectives
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Calculating Linear Thermal Expansion
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1.5 | Phase Changes

Learning Objectives

�M�H<9�9B8�C:�H<=G�G97H=CB��MCI�K=@@�69�56@9�HC�

U �9G7F=69�D<5G9�HF5BG=H=CBG�5B8�9EI=@=6F=IA�69HK99B�D<5G9G

U +C@J9�DFC6@9AG�=BJC@J=B;�@5H9BH�<95H

U +C@J9�75@CF=A9HFM�DFC6@9AG�=BJC@J=B;�D<5G9�7<5B;9G

+?8J<KI8EJ@K@FEJGC8P8E@DGFIK8EKK?<FI<K@:8C8E; GI8:K@:8CIFC<@EK?<JKL;PF=?<8K=CFN� $ED<CK@E>�FI d=LJ@FEe�
8
JFC@;KLIEJ@EKF8 C@HL@;�K?<FGGFJ@K<GIF:<JJ@J=I<<Q@E>� $E<M8GFI8K@FE
 8 C@HL@;KLIEJ@EKF8 >8J�K?<FGGFJ@K<GIF:<JJ@J
:FE;<EJ8K@FE�

� JL9JK8E:<D<CKJFI =I<<Q<J8K8 K<DG<I8KLI<:8CC<;@KJD<CK@E>GF@EK
8E; 9F@CJ�<M8GFI8K<JI8G@;CP�FI :FE;<EJ<J8K@KJ


� �<5DH9F���O�,9AD9F5HIF9�5B8� 95H

,<=G�'D9B+H5L�6CC?�=G�5J5=@56@9�:CF�:F99�5H�<HHDG�

@9;57M	7BL	CF;
7CBH9BH
7C@�
���
�	�



9F@C@E>GF@EK�/?<J< K<DG<I8KLI<J;<G<E;FEGI<JJLI<�#@>?GI<JJLI<=8MFIJK?<;<EJ<I=FID
JFKPG@:8CCP
 ?@>?GI<JJLI<
I8@J<JK?<D<CK@E>GF@EK8E; 9F@C@E>GF@EK
8E; CFNGI<JJLI<CFN<IJK?<D�!FI <O8DGC<
K?<9F@C@E>GF@EKF=N8K<I@J������ �p�$
8K���� 8KD��K ?@>?<IGI<JJLI<
K?<9F@C@E>GF@EK@J?@>?<I
 8E; 8KCFN<IGI<JJLI<
@K@JCFN<I� /?< D8@E<O:<GK@FE@JK?<
D<CK@E>�8E;�=I<<Q@E>�F=�N8K<I
�;@J:LJJ<;�@E�K?<�E<OK�J<:K@FE�

Phase Diagrams
/?< G?8J<F=8 >@M<EJL9JK8E:<;<G<E;JFEK?<GI<JJLI<8E; K<DG<I8KLI<�/?LJ
 GCFKJF=GI<JJLI<M<IJLJK<DG<I8KLI<
J?FN@E>K?<G?8J<@E<8:? I<>@FEGIFM@;<:FEJ@;<I89C<@EJ@>?K@EKFK?<ID8CGIFG<IK@<JF=JL9JK8E:<J�.L:? 8 6 >I8G?@J
:8CC<;�8phase diagram�

Figure 1.12 J?FNJK?<G?8J<;@8>I8D=FI N8K<I� 0J@E>K?<>I8G?
@=PFLBEFNK?<GI<JJLI<8E; K<DG<I8KLI<
PFL
:8E ;<K<ID@E<K?<G?8J<F=N8K<I� /?< JFC@;:LIM<Ja9FLE;8I@<J9<KN<<EG?8J<Ja@E;@:8K<G?8J<KI8EJ@K@FEJ
K?8K@J

K<DG<I8KLI<J8E; GI<JJLI<J8KN?@:?K?<G?8J<J:F<O@JK�!FI <O8DGC<
K?<9F@C@E>GF@EKF=N8K<I@J������ �p�$ 8K���� 8KD�
�J K?<GI<JJLI<@E:I<8J<J
K?<9F@C@E>K<DG<I8KLI<I@J<J>I8;L8CCPKF������ �p�$ 8K8 GI<JJLI<F=��� 8KD�� GI<JJLI<:FFB<I
�FI <M<E8 :FM<I<;GFK�:FFBJ=FF;=8JK<IK?8E8EFG<EGFK
9<:8LJ<K?<N8K<I:8E <O@JK8J8 C@HL@;8KK<DG<I8KLI<J>I<8K<I
K?8E������ �p�$ N@K?FLK8CC9F@C@E>8N8P� ��J N<cCCJ<<@EK?<E<OKJ<:K@FE
C@HL@;N8K<I:FE;L:KJ?<8K9<KK<IK?8EJK<8DFI
?FK8@I�� /?< 9F@C@E>GF@EK:LIM<<E;J8K8 :<IK8@EGF@EK:8CC<;K?<critical pointaK?8K@J
8 critical temperature
 89FM<
N?@:?K?<C@HL@;8E; >8JG?8J<J:8EEFK9<;@JK@E>L@J?<;�K?<JL9JK8E:<@J:8CC<;8 9;6+8)8/:/)'2 ,2;/*� �K JL==@:@<EKCP?@>?
GI<JJLI<89FM<K?<:I@K@:8CGF@EK
K?<>8J?8JK?<;<EJ@KPF=8 C@HL@;9LK;F<JEFK:FE;<EJ<��8I9FE ;@FO@;<
=FI<O8DGC<
@J
JLG<I:I@K@:8C�8K�8CC�K<DG<I8KLI<J�89FM<���������p�$� Critical pr essure@J�K?<�GI<JJLI<�F=�K?<�:I@K@:8C�GF@EK�

Figure 1.12 /?<�G?8J<�;@8>I8D��6 >I8G?��=FI�N8K<I�J?FNJ
JFC@;��J�
�C@HL@;��C�
�8E;�M8GFI��M��G?8J<J���K�K<DG<I8KLI<J�8E;
GI<JJLI<�89FM<�K?FJ<�F=�K?<�:I@K@:8C�GF@EK
�K?<I<�@J�EF�;@JK@E:K@FE
9<KN<<E�C@HL@;�8E;�M8GFI��)FK<�K?8K�K?<�8O<J�8I<�EFEC@E<8I�8E;
K?<�>I8G?�@J�EFK�KF�J:8C<��/?@J�>I8G?�@J�J@DGC@=@<;a@K�FD@KJ
J<M<I8C�<OFK@:�G?8J<J�F=�@:<�8K�?@>?<I�GI<JJLI<J��/?<�G?8J<
;@8>I8D�F=�N8K<I�@J�LELJL8C�9<:8LJ<�K?<�D<CK@E>�GF@EK�:LIM<�?8J
8�E<>8K@M<�JCFG<
�J?FN@E>�K?8K�PFL�:8E�D<CK�@:<�9P/4)8+'9/4-
K?<�GI<JJLI<�

.@D@C8ICP
 K?<:LIM<9<KN<<EK?<JFC@;8E; C@HL@;I<>@FEJ@EFigure 1.12 >@M<JK?<D<CK@E>K<DG<I8KLI<8KM8I@FLJGI<JJLI<J�
!FI <O8DGC<
K?<D<CK@E>GF@EK@J�� �p�$ 8K���� 8KD
8J<OG<:K<;�2 8K<I?8JK?<LELJL8CGIFG<IKPK?8K@:<@JC<JJ;<EJ<K?8E
C@HL@;N8K<I8KK?<D<CK@E>GF@EK
JF8K8 =@O<;K<DG<I8KLI<
PFL:8E :?8E><K?<G?8J<=IFDJFC@;�@:<�KFC@HL@;�N8K<I�9P
@E:I<8J@E>K?<GI<JJLI<�/?8K@J
K?<D<CK@E>K<DG<I8KLI<F=@:<=8CCJN@K?@E:I<8J<;GI<JJLI<
8JK?<G?8J<;@8>I8DJ?FNJ�
!FI <O8DGC<
N?<E8 :8I @J;I@M<EFM<IJEFN
 K?<@E:I<8J<;GI<JJLI<=IFDK?<K@I<JD<CKJK?<JEFN=C8B<J�8=K<IN8I;J
K?<
N8K<I�I<=I<<Q<J�8E;�=FIDJ�8E�@:<�C8P<I�

�J PFLC<8IE<;@EK?<<8IC@<IJ<:K@FEFE K?<IDFD<K<IJ8E; K<DG<I8KLI<J:8C<J
K?<KI@GC<GF@EK@JK?<:FD9@E8K@FEF=

�<5DH9F���O�,9AD9F5HIF9�5B8� 95H 
�



K<DG<I8KLI<8E; GI<JJLI<8KN?@:?@:<
C@HL@;N8K<I
 8E; N8K<IM8GFI:8E :F<O@JKJK89CPaK?8K@J
8CCK?I<<G?8J<J<O@JK@E
<HL@C@9I@LD�!FI N8K<I
 K?<KI@GC<GF@EKF::LIJ 8K�������������, �	���������p�$�
 8E; �� ��� +8� K?8K@J8 DFI< 8::LI8K<:8C@9I8K@FE

K<DG<I8KLI<�K?8E�K?<�D<CK@E>�GF@EK�F=�N8K<I�8K������8KD
�FI�������������, �	�������p�$�
�

1@<N�K?@Jvideo (https://openstaxcollege.org/l/21triplepoint) KF�J<<�8�JL9JK8E:<�8K�@KJ�KI@GC<�GF@EK�

�K GI<JJLI<J9<CFNK?8KF=K?<KI@GC<GF@EK
K?<I<@JEFC@HL@;G?8J<�K?<JL9JK8E:<:8E <O@JK8J<@K?<I>8JFI JFC@;�!FI N8K<I

K?<I<@JEFC@HL@;G?8J<8KGI<JJLI<J9<CFN������� 8KD�/?< G?8J<:?8E><=IFDJFC@;KF>8J@J:8CC<;sublimation� 4FLD8P
?8M<EFK@:<;K?8KJEFN:8E;@J8GG<8I@EKFK?@E8@IN@K?FLK8KI8:<F=C@HL@;N8K<I
 FI K?8K@:<:L9<J:8E;@J8GG<8I@E8=I<<Q<I�
�FK?8I<<O8DGC<JF=JL9C@D8K@FE�/?< I<M<IJ<8CJF?8GG<EJ�!IFJK:8E =FIDFEM<IP:FC;N@E;FNJN@K?FLK>F@E>K?IFL>?
K?<C@HL@;JK8><�Figure 1.13 J?FNJK?<I<JLCK
8J N<CC8J J?FN@E>8 =8D@C@8I<O8DGC<F=JL9C@D8K@FE��8I9FE ;@FO@;<
?8JEFC@HL@;G?8J<8K8KDFJG?<I@:GI<JJLI<�.FC@;�$�0�� @JBEFNE8J;IP @:<9<:8LJ<@EJK<8;F=D<CK@E>
@KJL9C@D<J�$KJ

JL9C@D8K@FEK<DG<I8KLI<8K8KDFJG?<I@:GI<JJLI<@J�'���� �p�$� �<IK8@E8@I=I<J?<E<IJLJ<K?<JL9C@D8K@FEF=8 JFC@;KFJGI<8;
8G<I=LD<8IFLE;8 IFFD� .FD< JFC@;J
JL:? 8JFJD@LDK<KIFO@;<
8I<JFKFO@:K?8KK?<PDLJK9<B<GK@EJ<8C<;:FEK8@E<IJKF
GI<M<EK�?LD8E�<OGFJLI<�KF�K?<@I�JL9C@D8K@FE�GIF;L:<;�M8GFIJ�

Figure 1.13 �@I<:K�KI8EJ@K@FEJ�9<KN<<E�JFC@;�8E;�M8GFI�8I<�:FDDFE
�JFD<K@D<J�LJ<=LC
�8E;�<M<E�9<8LK@=LC���8���IP�@:<
JL9C@D<J�;@I<:KCP�KF�:8I9FE�;@FO@;<�>8J��/?<�M@J@9C<�dJDFB<e�:FEJ@JKJ�F=�N8K<I�;IFGC<KJ�K?8K�:FE;<EJ<;�@E�K?<�8@I�:FFC<;�9P�K?<
;IP�@:<���9��!IFJK�=FIDJ�G8KK<IEJ�FE�8�M<IP�:FC;�N@E;FN
�8E�<O8DGC<�F=�8�JFC@;�=FID<;�;@I<:KCP�=IFD�8�M8GFI���:I<;@K�8�
DF;@=@:8K@FE�F=�NFIB�9P�2@E;<CC�*JB8P��:I<;@K�9��DF;@=@:8K@FE�F=�NFIB�9P�'@Q�2<JK�

Equilibrium
�K K?<D<CK@E>K<DG<I8KLI<
K?<JFC@;8E; C@HL@;G?8J<J8I< @E<HL@C@9I@LD�$=?<8K@J8;;<;
 JFD<F=K?<JFC@;N@CCD<CK

8E; @=?<8K@JI<DFM<;
JFD<F=K?<C@HL@;N@CC=I<<Q<�/?< J@KL8K@FE@JJFD<N?8KDFI< :FDGC<O=FIC@HL@;�>8J<HL@C@9I@LD�
"<E<I8CCP
 C@HL@;8E; >8J8I<@E<HL@C@9I@LD8K8EPK<DG<I8KLI<�2 <:8CCK?<>8JG?8J<8vapor N?<E@K<O@JKJ8K8K<DG<I8KLI<
9<CFNK?<9F@C@E>K<DG<I8KLI<
8J @K;F<J =FIN8K<I8K ���������p�$� '@HL@;@E8 :CFJ<;:FEK8@E<I8K8 =@O<;K<DG<I8KLI<
<M8GFI8K<JLEK@CK?<GI<JJLI<F=K?<>8JI<8:?<J8 :<IK8@EM8CL<
:8CC<;K?<vapor pressure
 N?@:?;<G<E;JFEK?<>8J8E;
K?<K<DG<I8KLI<��K K?@J<HL@C@9I@LD
@=?<8K@J8;;<;
 JFD<F=K?<C@HL@;N@CC<M8GFI8K<
8E; @=?<8K@JI<DFM<;
JFD<F=K?<
>8JN@CC:FE;<EJ<�DFC<:LC<J<@K?<IAF@EK?<C@HL@;FI =FIDJLJG<E;<;;IFGC<KJ�$=K?<I<@JEFK<EFL>?C@HL@;=FIK?<>8JKF
I<8:?�K?<�M8GFI�GI<JJLI<�@E�K?<�:FEK8@E<I
�8CC�K?<�C@HL@;�<M<EKL8CCP�<M8GFI8K<J�

$=K?<M8GFIGI<JJLI<F=K?<C@HL@;@J>I<8K<IK?8EK?<:5:'2 8D9@<EKGI<JJLI<
@E:CL;@E>K?8KF=8EP8@I�FI FK?<I>8J�
K?<C@HL@;
<M8GFI8K<JI8G@;CP�@EFK?<INFI;J
 @K9F@CJ�/?LJ
 K?<9F@C@E>GF@EKF=8C@HL@;8K8>@M<EGI<JJLI<@JK?<K<DG<I8KLI<8KN?@:?
@KJM8GFIGI<JJLI<<HL8CJK?<8D9@<EKGI<JJLI<�'@HL@;8E; >8JG?8J<J8I<@E<HL@C@9I@LD8KK?<9F@C@E>K<DG<I8KLI<�Figure
1.14�� $=8 JL9JK8E:<@J@E8 :CFJ<;:FEK8@E<I8KK?<9F@C@E>GF@EK
K?<EK?<C@HL@;@J9F@C@E>8E; K?<>8J@J:FE;<EJ@E>8KK?<
J8D<�I8K<�N@K?FLK�E<K�:?8E><�@E�K?<@I�8DFLEKJ�


� �<5DH9F���O�,9AD9F5HIF9�5B8� 95H

,<=G�'D9B+H5L�6CC?�=G�5J5=@56@9�:CF�:F99�5H�<HHDG�

@9;57M	7BL	CF;
7CBH9BH
7C@�
���
�	�

https://openstaxcollege.org/l/21triplepoint


1.4

Figure 1.14  HL@C@9I@LD�9<KN<<E�C@HL@;�8E;�>8J�8K�KNF�;@==<I<EK�9F@C@E>�GF@EKJ�@EJ@;<�8
:CFJ<;�:FEK8@E<I���8��/?<�I8K<J�F=�9F@C@E>�8E;�:FE;<EJ8K@FE�8I<�<HL8C�8K�K?@J�:FD9@E8K@FE�F=
K<DG<I8KLI<�8E;�GI<JJLI<
�JF�K?<�C@HL@;�8E;�>8J�G?8J<J�8I<�@E�<HL@C@9I@LD���9���K�8�?@>?<I
K<DG<I8KLI<
�K?<�9F@C@E>�I8K<�@J�=8JK<I
�K?8K�@J
�K?<�I8K<�8K�N?@:?�DFC<:LC<J�C<8M<�K?<�C@HL@;�8E;
<EK<I�K?<�>8J�@J�=8JK<I��/?@J�@E:I<8J<J�K?<�ELD9<I�F=�DFC<:LC<J�@E�K?<�>8J
�N?@:?�@E:I<8J<J�K?<
>8J�GI<JJLI<
�N?@:?�@E�KLIE�@E:I<8J<J�K?<�I8K<�8K�N?@:?�>8J�DFC<:LC<J�:FE;<EJ<�8E;�<EK<I�K?<
C@HL@;��/?<�GI<JJLI<�JKFGJ�@E:I<8J@E>�N?<E�@K�I<8:?<J�K?<�GF@EK�N?<I<�K?<�9F@C@E>�I8K<�8E;�K?<
:FE;<EJ8K@FE�I8K<�8I<�<HL8C��/?<�>8J�8E;�C@HL@;�8I<�@E�<HL@C@9I@LD�8>8@E�8K�K?@J�?@>?<I
K<DG<I8KLI<�8E;�GI<JJLI<�

!FI N8K<I
 ������ �p�$ @JK?<9F@C@E>GF@EK8K���� 8KD
JFN8K<I8E; JK<8DJ?FLC;<O@JK@E<HL@C@9I@LDLE;<I K?<J<:FE;@K@FEJ�
2?P ;F<J8EFG<EGFKF=N8K<I8K������ �p�$ 9F@C:FDGC<K<CP8N8P�/?< >8JJLIIFLE;@E>8EFG<EGFK@JEFKGLI<N8K<I�@K@J
D@O<;N@K?8@I� $=GLI<N8K<I8E; JK<8D8I<@E8 :CFJ<;:FEK8@E<I8K������ �p�$ 8E; ���� 8KD
K?<PN@CC:F<O@JKa9LKN@K?8@I
FM<IK?<GFK
K?<I<8I<=<N<IN8K<IDFC<:LC<JKF:FE;<EJ<
8E; N8K<I9F@CJ8N8P� �EFK?<IN8PKFJ<<K?@J@JK?8K8KK?<9F@C@E>
GF@EK
K?<M8GFIGI<JJLI<<HL8CJK?<8D9@<EKGI<JJLI<�#FN<M<I
 G8IKF=K?<8D9@<EKGI<JJLI<@J;L< KF8@I
 JFK?<GI<JJLI<F=
K?<JK<8D@JC<JJK?8EK?<M8GFIGI<JJLI<8KK?8KK<DG<I8KLI<
8E; <M8GFI8K@FE:FEK@EL<J�$E:@;<EK8CCP
 K?<<HL@C@9I@LDM8GFI
GI<JJLI<�F=�JFC@;J�@J�EFK�Q<IF
�8�=8:K�K?8K�8::FLEKJ�=FI�JL9C@D8K@FE�

CheckYour Understanding OGC8@EN?P8:LGF=N8K<I�FI JF;8� N@K?@:<:L9<JJK8PJ8K�� �p�$�
<M<EFE

8�?FK�JLDD<I�;8P�

Phase Change and Latent Heat
.F =8I
 N< ?8M<;@J:LJJ<;?<8KKI8EJ=<IJK?8K:8LJ<K<DG<I8KLI<:?8E><�#FN<M<I
 @E8 G?8J<KI8EJ@K@FE
?<8KKI8EJ=<I;F<J
EFK�:8LJ<�8EP�K<DG<I8KLI<�:?8E><�

!FI 8E <O8DGC<F=G?8J<:?8E><J
:FEJ@;<IK?<8;;@K@FEF=?<8KKF8 J8DGC<F=@:<8K �'���� �p�$ �Figure 1.15� 8E;
8KDFJG?<I@:GI<JJLI<�/?< K<DG<I8KLI<F=K?<@:<I@J<JC@E<8ICP
 89JFI9@E>?<8K8K8 :FEJK8EKI8K<F= �������� �+���L�H�w�z�$LEK@C@K

I<8:?<J �� �p�$�� *E:< 8KK?@JK<DG<I8KLI<
K?<@:<9<>@EJKFD<CK8E; :FEK@EL<JLEK@C@K?8J8CCD<CK<;
89JFI9@E>��� B%
B>
F=?<8K�/?< K<DG<I8KLI<I<D8@EJ:FEJK8EK8K�� �p�$ ;LI@E>K?@JG?8J<:?8E><�*E:< 8CCK?<@:<?8JD<CK<;
K?<K<DG<I8KLI<
F=K?<C@HL@;N8K<II@J<J
89JFI9@E>?<8K8K8 E<N:FEJK8EKI8K<F= �����������+���L�H�w�z�$�� �K ������ �p�$�
 K?<N8K<I9<>@EJKF9F@C�

/?< K<DG<I8KLI<8>8@EI<D8@EJ:FEJK8EK;LI@E>K?@JG?8J<:?8E><N?@C<K?<N8K<I89JFI9J���� B%
B>F=?<8K8E; KLIEJ@EKF
JK<8D�2?<E 8CCK?<C@HL@;?8J9<:FD<JK<8D
K?<K<DG<I8KLI<I@J<J8>8@E
89JFI9@E>?<8K8K8 I8K<F= �������� �+���L�H�w�z�$� $=N<

JK8IK<;N@K?JK<8D8E; :FFC<;@KKFD8B<@K:FE;<EJ<@EKFC@HL@;N8K<I8E; =I<<Q<@EKF@:<
K?<GIF:<JJNFLC;<O8:KCPI<M<IJ<

N@K?�K?<�K<DG<I8KLI<�8>8@E�:FEJK8EK�;LI@E>�<8:?�G?8J<�KI8EJ@K@FE�

�<5DH9F���O�,9AD9F5HIF9�5B8� 95H 
�



Figure 1.15 / <DG<I8KLI<�M<IJLJ�?<8K��/?<�JPJK<D�@J�:FEJKIL:K<;�JF�K?8K�EF�M8GFI�<M8GFI8K<J�N?@C<�@:<
N8IDJ�KF�9<:FD<�C@HL@;�N8K<I
�8E;�JF�K?8K
�N?<E�M8GFI@Q8K@FE�F::LIJ
�K?<�M8GFI�I<D8@EJ�@E�K?<�JPJK<D��/?<
CFE>�JKI<K:?<J�F=�:FEJK8EK�K<DG<I8KLI<J�8K�� �p�$ 8E; ������ �p�$ I<=C<:K�K?<�C8I><�8DFLEKJ�F=�?<8K�E<<;<;�KF
:8LJ<�D<CK@E>�8E;�M8GFI@Q8K@FE
�I<JG<:K@M<CP�

2?<I< ;F<JK?<?<8K8;;<; ;LI@E>D<CK@E>FI 9F@C@E>>F
:FEJ@;<I@E>K?8KK?<K<DG<I8KLI<;F<JEFK:?8E><LEK@CK?<KI8EJ@K@FE
@J:FDGC<K<� E<I>P@JI<HL@I<;KFD<CK8 JFC@;
9<:8LJ<K?<8KKI8:K@M<=FI:<J9<KN<<EK?<DFC<:LC<J@EK?<JFC@;DLJK9<
9IFB<E8G8IK
JFK?8K@EK?<C@HL@;
K?<DFC<:LC<J:8E DFM<8IFLE;8K:FDG8I89C<B@E<K@:<E<I>@<J�K?LJ
K?<I<@JEFI@J<@E
K<DG<I8KLI<� E<I>P@JE<<;<;KFM8GFI@Q<8 C@HL@;=FIJ@D@C8II<8JFEJ��FEM<IJ<CP
 NFIB@J;FE<9P8KKI8:K@M<=FI:<JN?<E
DFC<:LC<J8I<9IFL>?KKF><K?<I;LI@E>=I<<Q@E>8E; :FE;<EJ8K@FE�/?8K<E<I>PDLJK9<KI8EJ=<II<;FLKF=K?<JPJK<D
LJL8CCP
@EK?<=FIDF=?<8K
KF8CCFNK?<DFC<:LC<JKFJK8PKF><K?<I�Figure 1.18�� /?LJ
 :FE;<EJ8K@FEF::LIJ @E8JJF:@8K@FEN@K?
:FC;�F9A<:KJaK?<�>C8JJ�@EFigure 1.16 
�=FI�<O8DGC<�

Figure 1.16 �FE;<EJ8K@FE�=FIDJ�FE�K?@J�>C8JJ�F=�@:<;�K<8
9<:8LJ<�K?<�K<DG<I8KLI<�F=�K?<�E<8I9P�8@I�@J�I<;L:<;��/?<�8@I
:8EEFK�?FC;�8J�DL:?�N8K<I�8J�@K�;@;�8K�IFFD�K<DG<I8KLI<
�JF
N8K<I�:FE;<EJ<J�� E<I>P�@J�I<C<8J<;�N?<E�K?<�N8K<I�:FE;<EJ<J

JG<<;@E>�K?<�D<CK@E>�F=�K?<�@:<�@E�K?<�>C8JJ���:I<;@K��%<EEP
�FNE@E>�

�� �<5DH9F���O�,9AD9F5HIF9�5B8� 95H

,<=G�'D9B+H5L�6CC?�=G�5J5=@56@9�:CF�:F99�5H�<HHDG�

@9;57M	7BL	CF;
7CBH9BH
7C@�
���
�	�



/?< <E<I>PI<C<8J<;N?<E8 C@HL@;=I<<Q<J@JLJ<; 9PFI8E><>IFN<IJN?<EK?<K<DG<I8KLI<8GGIF8:?<J�� �p�$� "IFN<IJ
JGI8PN8K<IFEK?<KI<<JJFK?8KK?<N8K<I=I<<Q<J8E; ?<8K@JI<C<8J<;KFK?<>IFN@E>FI8E><J�/?@JGI<M<EKJK?<K<DG<I8KLI<
@EJ@;<�K?<�FI8E><�=IFD�;IFGG@E>�9<CFN�=I<<Q@E>
�N?@:?�NFLC;�;8D8><�K?<�=IL@K��Figure 1.17 ��

Figure 1.17 /?<�@:<�FE�K?<J<�KI<<J�I<C<8J<;�C8I><�8DFLEKJ�F=
<E<I>P�N?<E�@K�=IFQ<
�?<CG@E>�KF�GI<M<EK�K?<�K<DG<I8KLI<�F=�K?<
KI<<J�=IFD�;IFGG@E>�9<CFN�� �p�$��2 8K<I�@J�@EK<EK@FE8CCP�JGI8P<;
FE�FI:?8I;J�KF�?<CG�GI<M<EK�?8I;�=IFJKJ���:I<;@K��#<ID8EE
#8DD<I�

/?< <E<I>P@EMFCM<;@E8 G?8J<:?8E><;<G<E;JFEK?<ELD9<IF=9FE;JFI =FI:<G8@IJ8E; K?<@IJKI<E>K?�/?< ELD9<IF=
9FE;J@JGIFGFIK@FE8CKFK?<ELD9<IF=DFC<:LC<J8E; K?LJKFK?<D8JJF=K?<J8DGC<�/?< <E<I>PG<ILE@KD8JJI<HL@I<;KF
:?8E><8 JL9JK8E:<=IFDK?<JFC@;G?8J<KFK?<C@HL@;G?8J<
FI I<C<8J<;N?<EK?<JL9JK8E:<:?8E><J=IFDC@HL@;KFJFC@;
@J
BEFNE8JK?<heat of fusion� /?< <E<I>PG<ILE@KD8JJI<HL@I<;KF:?8E><8 JL9JK8E:<=IFDK?<C@HL@;G?8J<KFK?<M8GFI
G?8J<@JBEFNE8J K?<heat of vaporization� /?< JKI<E>K?F=K?<=FI:<J;<G<E;JFEK?<KPG<F=DFC<:LC<J�/?< ?<8K�
89JFI9<;�FI�I<C<8J<;�@E�8�G?8J<�:?8E><�@E�8�J8DGC<�F=�D8JJ3 @J�>@M<E�9P

(1.7)�2 �� �N�-�G
�1
�3�N�F�M�U�J�O�H���G�S�F�F�[�J�O�H�4

�6

(1.8)�2 �� �N�-�W
�1
�3�W�B�Q�P�S�J�[�B�U�J�P�O���D�P�O�E�F�O�T�B�U�J�P�O�4

�6

N?<I< K?<C8K<EK?<8KF==LJ@FE�-�G 8E; C8K<EK?<8KF=M8GFI@Q8K@FE�-�W8I< D8K<I@8C:FEJK8EKJK?8K8I< ;<K<ID@E<;

<OG<I@D<EK8CCP� �'8K<EK?<8KJ8I< 8CJF:8CC<;latent heat coefficients 8E; ?<8KJF=KI8EJ=FID8K@FE��/?<J< :FEJK8EKJ8I<
dC8K<EK
eFI ?@;;<E
9<:8LJ<@EG?8J<:?8E><J
<E<I>P<EK<IJFI C<8M<J8JPJK<DN@K?FLK:8LJ@E>8K<DG<I8KLI<:?8E><@EK?<
JPJK<D
�JF�@E�<==<:K
�K?<�<E<I>P�@J�?@;;<E�

�<5DH9F���O�,9AD9F5HIF9�5B8� 95H ��



Figure 1.18 �8�� E<I>P�@J�I<HL@I<;�KF�G8IK@8CCP�FM<I:FD<�K?<�8KKI8:K@M<�=FI:<J��DF;<C<;�8J�JGI@E>J��9<KN<<E�DFC<:LC<J�@E�8
JFC@;�KF�=FID�8�C@HL@;��/?8K�J8D<�<E<I>P�DLJK�9<�I<DFM<;�=IFD�K?<�C@HL@;�=FI�=I<<Q@E>�KF�K8B<�GC8:<���9��(FC<:LC<J�9<:FD<
J<G8I8K<;�9P�C8I><�;@JK8E:<J�N?<E�>F@E>�=IFD�C@HL@;�KF�M8GFI
�I<HL@I@E>�J@>E@=@:8EK�<E<I>P�KF�:FDGC<K<CP�FM<I:FD<�DFC<:LC8I
8KKI8:K@FE��/?<�J8D<�<E<I>P�DLJK�9<�I<DFM<;�=IFD�K?<�M8GFI�=FI�:FE;<EJ8K@FE�KF�K8B<�GC8:<�

Table 1.4 C@JKJI<GI<J<EK8K@M<M8CL<JF= �-�G8E; �-�W@EB%
B>
KF><K?<IN@K?D<CK@E>8E; 9F@C@E>GF@EKJ�)FK<K?8K@E><E<I8C


�-�W�� �-�G� /?< K89C<J?FNJK?8KK?<8DFLEKJF=<E<I>P@EMFCM<;@EG?8J<:?8E><J:8E <8J@CP9<:FDG8I89C<KFFI >I<8K<I

K?8E�K?FJ<�@EMFCM<;�@E�K<DG<I8KLI<�:?8E><J
�8JFigure 1.15 8E;�K?<�8::FDG8EP@E>�;@J:LJJ@FE�8CJF�J?FN<;�

�-�G �-�W

Substance Melting Point
�	�p�$�


kJ/
kg

kcal/
kg

Boiling Point
�	�p�$�


kJ/kg kcal/
kg

 9@=IA3
4 �' �������������	�����������,�
 �	
� �	
� �'�����������	�������, �
 
�	� �	��

 M8FC;9B �'�����������	���������, �
 ��	� ��	� �'�����������	���������, �
 ��
 ���

&=HFC;9B �'�����������	���������, �
 
�	� �	�� �'�����������	���������, �
 
�� ��	�

'LM;9B �'�����������	���������, �
 ��	� �	�� �'�����������	���������, �
 
�� ��	�

�H<5BC@ S��� ��� 
�	� ��	� ��� 
��

�AACB=5 S�� ��
 ��	� S��	� ���� �
�

%9F7IFM S��	� ��	� 
	�
 ��� 
�
 ��	�

/ 5H9F �	�� ��� ��	� ���	� 

�� 3�4 ��� 3�4

+I@:IF ��� ��	� �	�� ���	� �
� ��	�

$958 �
� 
�	� �	�� ���� ��� 
��

�BH=ACBM ��� ��� ��	� ���� ��� ���

�@IA=BIA ��� ��� �� 
��� ����� 
�
�

+=@J9F ��� ��	� 
�	� 
��� 
��� ���

Table 1.4 Heats of Fusion and V aporization [1] 3�4. 5@I9G�EICH98�5H�H<9�BCFA5@�A9@H=B;�5B8�6C=@=B;
H9AD9F5HIF9G�5H�GH5B85F8�5HACGD<9F=7�DF9GGIF9���� �B�U�N�	 3
4 9@=IA�<5G�BC�GC@=8�D<5G9�5H�5HACGD<9F=7�DF9GGIF9	
,<9�A9@H=B;�DC=BH�;=J9B�=G�5H�5�DF9GGIF9�C:�
	��%(5	3�4�H ���������p�$ �6C8M�H9AD9F5HIF9���H<9�<95H�C:�J5DCF=N5H=CB
�-�W:CF�K5H9F�=G�
����?"
?;�CF�����?75@
?;	 3�4�H ���������p�$ �6C8M�H9AD9F5HIF9���H<9�<95H�C:�J5DCF=N5H=CB��-�W:CF

K5H9F�=G�
����?"
?;�CF�����?75@
?;	

�
 �<5DH9F���O�,9AD9F5HIF9�5B8� 95H

,<=G�'D9B+H5L�6CC?�=G�5J5=@56@9�:CF�:F99�5H�<HHDG�

@9;57M	7BL	CF;
7CBH9BH
7C@�
���
�	�



�-�G �-�W

�C@8 ���� ��	� ��	� 
��� ���� ���

�CDD9F ���� ��� �
	� 
��� ���� �
��

-F5B=IA ���� �� 
� ���� ���� ���

, IB;GH9B ���� ��� �� ���� ���� ����

Table 1.4 Heats of Fusion and V aporization [1] 3�4. 5@I9G�EICH98�5H�H<9�BCFA5@�A9@H=B;�5B8�6C=@=B;
H9AD9F5HIF9G�5H�GH5B85F8�5HACGD<9F=7�DF9GGIF9���� �B�U�N�	 3
4 9@=IA�<5G�BC�GC@=8�D<5G9�5H�5HACGD<9F=7�DF9GGIF9	
,<9�A9@H=B;�DC=BH�;=J9B�=G�5H�5�DF9GGIF9�C:�
	��%(5	3�4�H ���������p�$ �6C8M�H9AD9F5HIF9���H<9�<95H�C:�J5DCF=N5H=CB
�-�W:CF�K5H9F�=G�
����?"
?;�CF�����?75@
?;	 3�4�H ���������p�$ �6C8M�H9AD9F5HIF9���H<9�<95H�C:�J5DCF=N5H=CB��-�W:CF

K5H9F�=G�
����?"
?;�CF�����?75@
?;	

+?8J<:?8E><J:8E ?8M<8 JKIFE>JK89@C@Q@E><==<:KFEK<DG<I8KLI<JK?8K8I<EFKE<8IK?<D<CK@E>8E; 9F@C@E>GF@EKJ
J@E:<
<M8GFI8K@FE8E; :FE;<EJ8K@FEF::LI <M<E8KK<DG<I8KLI<J9<CFNK?<9F@C@E>GF@EK�!FI <O8DGC<
8@IK<DG<I8KLI<J@E?LD@;
:C@D8K<JI8I<CP>F 89FM<8GGIFO@D8K<CP���������p�$ 9<:8LJ<DFJK?<8KKI8EJ=<I>F<J@EKF<M8GFI8K@E>N8K<I@EKFK?<8@I�
.@D@C8ICP
 K<DG<I8KLI<J@E?LD@;N<8K?<II8I<CP=8CC9<CFNK?<;<N GF@EKaK?<K<DG<I8KLI<N?<I<:FE;<EJ8K@FEF::LIJ
>@M<E�K?<�:FE:<EKI8K@FE�F=�N8K<I�M8GFI�@E�K?<�8@Ia9<:8LJ<�JF�DL:?�?<8K�@J�I<C<8J<;�N?<E�N8K<I�M8GFI�:FE;<EJ<J�

(FI< <E<I>P@JI<HL@I<;KF<M8GFI8K<N8K<I9<CFNK?<9F@C@E>GF@EKK?8E8KK?<9F@C@E>GF@EK
9<:8LJ<K?<B@E<K@:<E<I>PF=
N8K<IDFC<:LC<J8KK<DG<I8KLI<J9<CFN������ �p�$ @JC<JJK?8EK?8K8K������ �p�$
 JFC<JJ<E<I>P@J8M8@C89C<=IFDI8E;FD K?<ID8C
DFK@FEJ�!FI <O8DGC<
8K9F;P K<DG<I8KLI<
<M8GFI8K@FEF=JN<8K=IFDK?<JB@EI<HL@I<J8 ?<8K@EGLKF=���� B%
B>
N?@:?
@J89FLK��� ?@>?<IK?8EK?<C8K<EK?<8KF=M8GFI@Q8K@FE8K������ �p�$� /?@J?<8K:FD<J =IFDK?<JB@E
8E; K?@J<M8GFI8K@M<
:FFC@E><==<:KF=JN<8K@E>?<CGJI<;L:< K?<9F;P K<DG<I8KLI<@E?FKN<8K?<I� #FN<M<I
 ?@>??LD@;@KP@E?@9@KJ<M8GFI8K@FE

JF�K?8K�9F;P�K<DG<I8KLI<�D@>?K�I@J<
�N?@C<�LE<M8GFI8K<;�JN<8K�D@>?K�9<�C<=K�FE�PFLI�9IFN�

�L5AD@9��	�

Calculating Final T emperature from Phase Change
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1.5

Solution
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1.6 | Mechanisms of Heat T ransfer

Learning Objectives
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Calculating the Flow of Mass during Convection
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absolute temperature scale

absolute zero

calorie (cal)

calorimeter

calorimetry

Celsius scale

coefficient of linear expansion

coefficient of volume expansion

conduction

convection

critical point

critical pressure

critical temperature

degree Celsius

degree Fahrenheit

emissivity

Fahrenheit scale

greenhouse effect

heat

heat of fusion

heat of sublimation

heat of vaporization

heat transfer

Kelvin scale (K)

kilocalorie (kcal)

latent heat coefficient

mechanical equivalent of heat

net rate of heat transfer by radiation

phase diagram
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radiation

rate of conductive heat transfer

specific heat

Stefan-Boltzmann law of radiation

sublimation

temperature

thermal conductivity

thermal equilibrium

thermal expansion

thermal stress

triple point

vapor

vapor pressure

zeroth law of thermodynamics
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SUMMARY

1.1 Temperature and Thermal Equilibrium
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1.6 Mechanisms of Heat T ransfer
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CONCEPTUAL QUESTIONS
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1.2 Thermometers and T emperature Scales
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1.3 Thermal Expansion
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1.4 Heat Transfer , Specific Heat, and

Calorimetry
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1.5 Phase Changes
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2.1 | Molecular Model of an Ideal Gas
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Ideal Gas Law (in terms of moles)
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Density of Air at STP and in a Hot Air Balloon
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Problem-Solving Strategy: The Ideal Gas Law
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2.2 | Pressure, T emperature, and RMS Speed
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Table 2.2 Vapor Pressure of W ater at
Various T emperatures
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Calculating Relative Humidity
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Calculating Mean Free T ime
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Calculating T emperature
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Table 2.3 �$�7���3 for Various Monatomic,

Diatomic, and T riatomic Gases
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Molar Heat Capacity of Solid Elements
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Problem-Solving Strategy: Heat Capacity and Equipartition
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Calculating T emperature: Calorimetry with an Ideal Gas
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Strategy
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2.4 | Distribution of Molecular Speeds
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The Maxwell-Boltzmann Distribution
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Calculating the Ratio of Numbers of Molecules Near Given Speeds
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AvogadroÕs number

Boltzmann constant

critical temperature

DaltonÕs law of partial pressures

degree of freedom

equipartition theorem

ideal gas

ideal gas law

internal energy

kinetic theory of gases

Maxwell-Boltzmann distribution

mean free path

mean free time

mole

most probable speed

partial pressure

peak speed

pV diagram

root-mean-square (rms) speed

supercritical

universal gas constant

van der W aals equation of state

vapor pressure

CHAPTER 2 REVIEW

KEY TERMS
�/ �" �
 K?<�ELD9<I�F=�DFC<:LC<J�@E�FE<�DFC<�F=�8�JL9JK8E:<��/ �" �� ���������—���� ���� G8IK@:C<J
DFC<

�L�#�
 8 G?PJ@:8C:FEJK8EKK?8KI<C8K<J<E<I>PKFK<DG<I8KLI<8E; 8GG<8IJ@EK?<@;<8C>8JC8N�

�L�# �� ���������—���� �'���� �+���,

�5�D8K�N?@:?�K?<�@JFK?<ID�?8J�8�GF@EK�N@K?�Q<IF�JCFG<

G?PJ@:8CC8NK?8KJK8K<JK?8KK?<KFK8CGI<JJLI<F=8 >8J @JK?<JLD F=G8IK@8C
GI<JJLI<J�F=�K?<�:FDGFE<EK�>8J<J

@E;<G<E;<EKB@E;F=DFK@FEGFJJ<JJ@E><E<I>P
 JL:? 8JK?<B@E<K@:<E<I>PF=DFK@FE@EFE<F=K?<
K?I<<�FIK?F>FE8C�JG8K@8C�;@I<:K@FEJ

K?<FI<DK?8KK?<<E<I>P F=8 :C8JJ@:8CK?<IDF;PE8D@:JPJK<D@JJ?8I<; <HL8CCP8DFE>@KJ
;<>I<<J�F=�=I<<;FD

>8J�8K�K?<�C@D@K�F=�CFN�;<EJ@KP�8E;�?@>?�K<DG<I8KLI<

G?PJ@:8CC8NK?8KI<C8K<JK?<GI<JJLI<8E; MFCLD<F=8 >8J
=8I=IFDC@HL<=8:K@FE
KFK?<ELD9<IF=>8J
DFC<:LC<J�FI�ELD9<I�F=�DFC<J�F=�>8J�8E;�K?<�K<DG<I8KLI<�F=�K?<�>8J

JLD�F=�K?<�D<:?8E@:8C�<E<I>@<J�F=�8CC�F=�K?<�DFC<:LC<J�@E�@K

K?<FIPK?8K;<I@M<JK?<D8:IFJ:FG@:GIFG<IK@<JF=>8J<J=IFDK?<DFK@FEF=K?<DFC<:LC<JK?<P
:FEJ@JK�F=

=LE:K@FEK?8K:8E9<@EK<>I8K<;KF>@M<K?<GIF989@C@KPF==@E;@E>@;<8C>8JDFC<:LC<J
N@K?�JG<<;J�@E�K?<�I8E><�9<KN<<E�K?<�C@D@KJ�F=�@EK<>I8K@FE

8M<I8><�;@JK8E:<�9<KN<<E�:FCC@J@FEJ�F=�8�G8IK@:C<

8M<I8><�K@D<�9<KN<<E�:FCC@J@FEJ�F=�8�G8IK@:C<

HL8EK@KP�F=�8�JL9JK8E:<�N?FJ<�D8JJ��@E�>I8DJ��@J�<HL8C�KF�@KJ�DFC<:LC8I�D8JJ

JG<<;E<8IN?@:?K?<JG<<;JF=DFJKDFC<:LC<J8I< =FLE;
K?<G<8BF=K?<JG<<;;@JKI@9LK@FE
=LE:K@FE

GI<JJLI<�8�>8J�NFLC;�:I<8K<�@=�@K�F::LG@<;�K?<�KFK8C�MFCLD<�F=�JG8:<�8M8@C89C<

J8D<�8J�dDFJK�GIF989C<�JG<<;e

>I8G?�F=�GI<JJLI<�MJ��MFCLD<

JHL8I<�IFFK�F=�K?<�8M<I8><�F=�K?<�JHL8I<��F=�8�HL8EK@KP�

:FE;@K@FE�F=�8�=CL@;�9<@E>�8K�JL:?�8�?@>?�K<DG<I8KLI<�8E;�GI<JJLI<�K?8K�K?<�C@HL@;�G?8J<�:8EEFK�<O@JK

� 
 K?<:FEJK8EKK?8K8GG<8IJ@EK?<@;<8C>8JC8N<OGI<JJ<;@EK<IDJF=DFC<J
>@M<E9P
�3�� �/ �" �L�#

<HL8K@FE
KPG@:8CCP8GGIFO@D8K<
N?@:?I<C8K<JK?<GI<JJLI<8E; MFCLD<F=8 >8JKF
K?<�ELD9<I�F=�>8J�DFC<:LC<J�FI�ELD9<I�F=�DFC<J�F=�>8J�8E;�K?<�K<DG<I8KLI<�F=�K?<�>8J

G8IK@8CGI<JJLI<F=8 M8GFI8KN?@:?@K@J@E<HL@C@9I@LDN@K?K?<C@HL@;�FI JFC@;
@EK?<:8J< F=
JL9C@D8K@FE��G?8J<�F=�K?<�J8D<�JL9JK8E:<

KEY EQUATIONS
!895@�;5G�@5K�=B�H9FAG�C:�AC@97I@9G �Q�7 �� �/ �L�#�5

�� �<5DH9F�
�O�,<9�#=B9H=7�,<9CFM�C:��5G9G

,<=G�'D9B+H5L�6CC?�=G�5J5=@56@9�:CF�:F99�5H�<HHDG�

@9;57M	7BL	CF;
7CBH9BH
7C@�
���
�	�



!895@�;5G�@5K�F5H=CG�=:�H<9�5ACIBH�C:�;5G�=G�7CBGH5BH �Q�� �7��
�5��

��
�Q�� �7��
�5��

!895@�;5G�@5K�=B�H9FAG�C:�AC@9G �Q�7 �� �O�3�5

. 5B�89F�/ 55@G�9EI5H=CB �7

�9
�8�Q�� �B�1�3

�O
�7

�4
�6

���:

�<
�;�	�7�' �O�C�
 �� �O�3�5

(F9GGIF9��JC@IA9��5B8�AC@97I@5F�GD998 �Q�7 �� ��
��

�/ �N�W��
��

*CCH�A95B�GEI5F9�GD998
�W�S�N�T�� ���3�5

�. ��
���L�#�5

�N

%95B�:F99�D5H<
�	 �� �7

�� �����S�� �/
��

�L�#�5

�� �����S�� �Q

%95B�:F99�H=A9
�� ��

�L�#�5

�� �����S�� �Q�W�S�N�T

,<9�:C@@CK=B;�HKC�9EI5H=CBG�5DD@M�CB@M�HC�5�ACB5HCA=7�=895@�;5G�

� J9F5;9�?=B9H=7�9B9F;M�C:�5�AC@97I@9 �,
��

�� ��
��

�L�#�5

!BH9FB5@�9B9F;M �&�J�O�U�� ��
��

�/ �L�#�5��

 95H�=B�H9FAG�C:�AC@5F�<95H�75D57=HM�5H�7CBGH5BH�JC@IA9 �2 �� �O�$�7�T�5

%C@5F�<95H�75D57=HM�5H�7CBGH5BH�JC@IA9�:CF�5B�=895@�;5G�K=H<d
89;F99G�C:�:F998CA

�$�7 �� �E
��

�3

%5LK9@@S�C@HNA5BB�GD998�8=GHF=6IH=CB
�G�	�W�
 �� ��

��
�1
�3

�N
���L�#�5

�4
�6

������

�W�� �F
�' �N�W�� �����L�#�5

� J9F5;9�J9@C7=HM�C:�5�AC@97I@9
�W�o�� ��

��
�L�#�5
�N �� ��

��
�3�5
�.

(95?�J9@C7=HM�C:�5�AC@97I@9
�W�Q��

���L�#�5
�N �� ���3�5

�.

SUMMARY

2.1 Molecular Model of an Ideal Gas
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2.2 Pressure, T emperature, and RMS Speed
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2.3 Heat Capacity and Equipartition of Energy
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2.4 Distribution of Molecular Speeds
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2.4 Distribution of Molecular Speeds
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PROBLEMS

2.1 Molecular Model of an Ideal Gas
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2.3 Heat Capacity and Equipartition of Energy
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2.4 Distribution of Molecular Speeds
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3 | THE FIRST LAW OF
THERMODYNAMICS
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3.1 | Thermodynamic Systems
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Changes of State and the First Law
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3.5 | Heat Capacities of an Ideal Gas

Learning Objectives
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3.6 | Adiabatic Processes for an Ideal Gas

Learning Objectives
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Compression of an Ideal Gas in an Automobile Engine
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adiabatic process

boundary

closed system

cyclic process

environment

equation of state

equilibrium

extensive variable

first law of thermodynamics

intensive variable

internal energy

isobaric process

isochoric process

isothermal process

molar heat capacity at constant pressure

molar heat capacity at constant volume

open system

quasi-static process

reversible process

surroundings

thermodynamic process

thermodynamic system
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3.6 Adiabatic Processes for an Ideal Gas
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3.3 First Law of Thermodynamics
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3.4 Thermodynamic Processes
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3.5 Heat Capacities of an Ideal Gas
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3.6 Adiabatic Processes for an Ideal Gas
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4 | THE SECOND LAW OF
THERMODYNAMICS
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4.1 | Reversible and Irreversible Processes

Learning Objectives
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Second Law of Thermodynamics (Clausius statement)
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Process Constant Quantity and Resulting Fact
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Table 4.1 Summary of Simple Thermodynamic Processes

4.2 | Heat Engines

Learning Objectives
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Second Law of Thermodynamics (Kelvin statement)
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The Carnot Engine
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A Carnot Heat Pump
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Entropy Change of Melting Ice
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Carnot cycle

Carnot engine

Carnot principle

Clausius statement of the second law of thermodynamics

coefficient of performance

cold reservoir

disorder

efficiency ( e)

entropy

entropy statement of the second law of thermodynamics

heat engine

heat pump

hot reservoir

irreversibility

irreversible process

isentropic

Kelvin statement of the second law of thermodynamics

perfect engine

perfect refrigerator (heat pump)

refrigerator

reversible process

third law of thermodynamics
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4.5 The Carnot Cycle
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ADDITIONAL PROBLEMS
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5.1 | Electric Charge

Learning Objectives
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5.3

Significance
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Electric Field of a Line Segment
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Electric Field of an Infinite Line of Charge
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Electric Field due to a Ring of Charge
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The Field of a Disk
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5.6 | Electric Field Lines
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Problem-Solving Strategy: Drawing Electric Field Lines
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5.7 | Electric Dipoles

Learning Objectives
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charging by induction

conduction electron

conductor

continuous charge distribution

coulomb

Coulomb force

CoulombÕs law

dipole

dipole moment

electric charge

electric field

electric force

electron

electrostatic attraction

electrostatic force

electrostatic repulsion

electrostatics

field line

field line density

induced dipole

infinite plane

infinite straight wire

insulator

ion

law of conservation of charge

linear charge density

neutron

permanent dipole

CHAPTER 5 REVIEW

KEY TERMS
GIF:<JJ9PN?@:?8E<C<:KI@:8CCP:?8I><; F9A<:K9IFL>?KE<8I8 E<LKI8CF9A<:K:I<8K<J8 :?8I><

J<G8I8K@FE�@E�K?8K�F9A<:K

<C<:KIFE�K?8K�@J�=I<<�KF�DFM<�8N8P�=IFD�@KJ�8KFD@:�FI9@K

D8K<I@8CK?8K8CCFNJ<C<:KIFEJKFDFM<J<G8I8K<CP=IFDK?<@I8KFD@:FI9@KJ�F9A<:KN@K?GIFG<IK@<JK?8K8CCFN
:?8I><J�KF�DFM<�89FLK�=I<<CP�N@K?@E�@K

KFK8CJFLI:<:?8I><:FDGFJ<;F=JFC8I><8ELD9<IF=<C<D<EK8IP:?8I><JK?8K@KDLJK
9<�KI<8K<;�8J�:FEK@ELFLJ
�I8K?<I�K?8E�;@J:I<K<

.$�LE@K�F=�<C<:KI@:�:?8I><

8EFK?<I�K<ID�=FI�K?<�<C<:KIFJK8K@:�=FI:<

D8K?<D8K@:8C�<HL8K@FE�:8C:LC8K@E>�K?<�<C<:KIFJK8K@:�=FI:<�M<:KFI�9<KN<<E�KNF�:?8I><;�G8IK@:C<J

KNF�<HL8C�8E;�FGGFJ@K<�:?8I><J�K?8K�8I<�=@O<;�:CFJ<�KF�<8:?�FK?<I

GIFG<IKPF=8 ;@GFC<�@K:?8I8:K<I@Q<JK?<:FD9@E8K@FEF=;@JK8E:<9<KN<<EK?<FGGFJ@K<:?8I><J
8E; K?<
D8>E@KL;<�F=�K?<�:?8I><J

G?PJ@:8CGIFG<IKPF=8EF9A<:KK?8K:8LJ<J@KKF9< 8KKI8:K<;KFN8I;FI I<G<CC<;=IFD8EFK?<I:?8I><;
F9A<:K��<8:?�:?8I><;�F9A<:K�><E<I8K<J�8E;�@J�@E=CL<E:<;�9P�8�=FI:<�:8CC<;�8E�<C<:KI@:�=FI:<

G?PJ@:8C�G?<EFD<EFE�:I<8K<;�9P�8�:?8I><��@K�dKI8EJD@KJe�8�=FI:<�9<KN<<E�8�KNF�:?8I><J

EFE:FEK8:K�=FI:<�F9J<IM<;�9<KN<<E�<C<:KI@:8CCP�:?8I><;�F9A<:KJ

G8IK@:C<�JLIIFLE;@E>�K?<�EL:C<LJ�F=�8E�8KFD�8E;�:8IIP@E>�K?<�JD8CC<JK�LE@K�F=�E<>8K@M<�:?8I><

G?<EFD<EFE�F=�KNF�F9A<:KJ�N@K?�FGGFJ@K<�:?8I><J�8KKI8:K@E>�<8:?�FK?<I

8DFLEK8E; ;@I<:K@FEF=8KKI8:K@FEFI I<GLCJ@FE9<KN<<EKNF:?8I><; 9F;@<J�K?<8JJLDGK@FE@JK?8K
K?<�JFLI:<�:?8I><J�I<D8@E�DFK@FEC<JJ

G?<EFD<EFE�F=�KNF�F9A<:KJ�N@K?�C@B<�:?8I><J�I<G<CC@E>�<8:?�FK?<I

JKL;P�F=�:?8I><;�F9A<:KJ�N?@:?�8I<�EFK�@E�DFK@FE

JDFFK?
�LJL8CCP�:LIM<;�C@E<�K?8K�@E;@:8K<J�K?<�;@I<:K@FE�F=�K?<�<C<:KI@:�=@<C;

ELD9<IF==@<C;C@E<JG<IJHL8I<D<K<IG8JJ@E>K?IFL>?8E@D8>@E8IP8I<8�@KJGLIGFJ<@JKF@E;@:8K<K?<
=@<C;�JKI<E>K?�8K�;@==<I<EK�GF@EKJ�@E�JG8:<

KPG@:8CCP8E 8KFD
FI 8 JG?<I@:8CCPJPDD<KI@:DFC<:LC<�8 ;@GFC<:I<8K<; ;L< KFFGGFJ@K<=FI:<J
;@JGC8:@E>�K?<�GFJ@K@M<�8E;�E<>8K@M<�:?8I><J

=C8KJ?<<K@EN?@:?K?<;@D<EJ@FEJD8B@E>LGK?<8I<88I<DL:?
 DL:? >I<8K<IK?8E@KJK?@:BE<JJ
8E; 8CJF
DL:?
�DL:?�>I<8K<I�K?8E�K?<�;@JK8E:<�8K�N?@:?�K?<�=@<C;�@J�KF�9<�:8C:LC8K<;��@KJ�=@<C;�@J�:FEJK8EK

JKI8@>?KN@I<N?FJ<C<E>K?@JDL:?
 DL:? >I<8K<IK?8E<@K?<IF=@KJFK?<I;@D<EJ@FEJ
8E; 8CJF
DL:?
�DL:?�>I<8K<I�K?8E�K?<�;@JK8E:<�8K�N?@:?�K?<�=@<C;�@J�KF�9<�:8C:LC8K<;

D8K<I@8C�K?8K�?FC;J�<C<:KIFEJ�J<:LI<CP�N@K?@E�K?<@I�8KFD@:�FI9@KJ

8KFD�FI�DFC<:LC<�N@K?�DFI<�FI�=<N<I�<C<:KIFEJ�K?8E�GIFKFEJ

E<K�<C<:KI@:�:?8I><�F=�8�:CFJ<;�JPJK<D�@J�:FEJK8EK

8DFLEKF=:?8I><@E8E<C<D<EKF=8 :?8I><;@JKI@9LK@FEK?8K@J<JJ<EK@8CCPFE<�;@D<EJ@FE8C�K?<
N@;K?�8E;�?<@>?K�8I<�DL:?
�DL:?�JD8CC<I�K?8E�@KJ�C<E>K?���@KJ�LE@KJ�8I<��
D

E<LKI8C�G8IK@:C<�@E�K?<�EL:C<LJ�F=�8E�8KFD
�N@K?��E<8ICP��K?<�J8D<�D8JJ�8J�8�GIFKFE

KPG@:8CCP8 DFC<:LC<�8 ;@GFC<:I<8K<;9PK?<8II8E><D<EKF=K?<:?8I><; G8IK@:C<J=IFDN?@:?K?<
;@GFC<�@J�:I<8K<;



� �<5DH9F���O��@97HF=7��<5F;9G�5B8��=9@8G

,<=G�'D9B+H5L�6CC?�=G�5J5=@56@9�:CF�:F99�5H�<HHDG�

@9;57M	7BL	CF;
7CBH9BH
7C@�
���
�	�



permittivity of vacuum

polarization

principle of superposition

proton

static electricity

superposition

surface charge density

volume charge density
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SUMMARY

5.1 Electric Charge
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5.2 Conductors, Insulators, and Charging by Induction
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5.3 Coulomb's Law

U �FLCFD9cJ�C8N�>@M<J�K?<�D8>E@KL;<�F=�K?<�=FI:<�9<KN<<E�GF@EK�:?8I><J��$K�@J

�'
�ƒ

�����	�S�
 ��
��

��������

�R�� �R��
�S����

�� �S�?����

N?<I< �R�� 8E; �R�� 8I< KNFGF@EK:?8I><JJ<G8I8K<;9P 8 ;@JK8E:<8� /?@J�FLCFD9=FI:< @J<OKI<D<CP98J@:


J@E:<DFJK:?8I><J8I< ;L< KFGF@EK�C@B<G8IK@:C<J�$K@JI<JGFEJ@9C<=FI8CC<C<:KIFJK8K@:<==<:KJ8E; LE;<IC@<JDFJK
D8:IFJ:FG@:�=FI:<J�

5.4 Electric Field
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5.5 Calculating Electric Fields of Charge Distributions
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5.6 Electric Field Lines
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5.7 Electric Dipoles
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5.4 Electric Field
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5.5 Calculating Electric Fields of Charge

Distributions
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5.6 Electric Field Lines
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5.7 Electric Dipoles
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6.1 | Electric Flux

Learning Objectives
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Flux of a Uniform Electric Field
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Flux of a Uniform Electric Field through a Closed Surface
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Electric Flux through a Plane, Integral Method
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Inhomogeneous Electric Field
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6.2 | Explaining GaussÕs Law
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Electric Flux through Gaussian Surfaces
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Problem-Solving Strategy: GaussÕ s Law
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Gaussian surface and flux calculations
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Using GaussÕs law
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Computing enclosed charge
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Uniformly Charged Sphere
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Consequences of symmetry
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Gaussian surface and flux calculation
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Using GaussÕs law
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Uniformly Charged Cylindrical Shell
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Figure 6.31 ��"8LJJ@8E�JLI=8:<�N@K?@E�8�:PC@E;I@:8C�J?<CC�

/?@J>@M<JK?<=FCCFN@E><HL8K@FE=FIK?<D8>E@KL;<F=K?<<C<:KI@:=@<C;�&�J�O8K8 GF@EKN?FJ<8 @JC<JJ

K?8E� F=�K?<�J?<CC�F=�:?8I><J�

�&�J�O�����S�- �� �� �	�S�� �3�
�


/?@J�>@M<J�LJ

�&�J�O�� �� �	�S�� �3�
��

Significance
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Charge Distribution with Planar Symmetry
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Gaussian surface and flux calculation
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6.4 | Conductors in Electrostatic Equilibrium

Learning Objectives
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Charge on a Conductor
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Electric Field of a Conducting Plate
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SUMMARY

6.1 Electric Flux
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6.2 Explaining GaussÕs Law
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6.3 Applying GaussÕs Law
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6.4 Conductors in Electrostatic Equilibrium
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CONCEPTUAL QUESTIONS

6.1 Electric Flux
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7 | ELECTRIC POTENTIAL
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7.1 | Electric Potential Energy

Learning Objectives

�M�H<9�9B8�C:�H<=G�G97H=CB��MCI�K=@@�69�56@9�HC�

U �9:=B9�H<9�KCF?�8CB9�6M�5B�9@97HF=7�:CF79

U �9:=B9�9@97HF=7�DCH9BH=5@�9B9F;M

U �DD@M�KCF?�5B8�DCH9BH=5@�9B9F;M�=B�GMGH9AG�K=H<�9@97HF=7�7<5F;9G

2?<E 8 =I<<GFJ@K@M<:?8I><7 @J8::<C<I8K<;9P8E<C<:KI@:=@<C;
@K@J>@M<EB@E<K@:<E<I>P�Figure 7.2�� /?< GIF:<JJ@J
8E8CF>FLJKF8EF9A<:K9<@E>8::<C<I8K<;9P8>I8M@K8K@FE8C=@<C;
8J@=K?<:?8I><N<I<>F@E>;FNE 8E<C<:KI@:8C?@CCN?<I<@KJ
<C<:KI@:GFK<EK@8C<E<I>P@J:FEM<IK<;@EKFB@E<K@:<E<I>P
 8CK?FL>?F=:FLIJ<K?<JFLI:<JF=K?<=FI:<J8I<M<IP;@==<I<EK�'<K
LJ<OGCFI<K?<NFIB;FE<FE8 :?8I><7 9PK?<<C<:KI@:=@<C;@EK?@JGIF:<JJ
JFK?8KN<D8P;<M<CFG8 ;<=@E@K@FEF=<C<:KI@:
GFK<EK@8C�<E<I>P�

Figure 7.2 ��:?8I ><�8::<C<I8K<;�9P�8E�<C<:KI@:�=@<C;�@J
8E8CF>FLJ�KF�8�D8JJ�>F@E>�;FNE�8�?@CC��$E�9FK?�:8J<J
�GFK<EK@8C
<E<I>P�;<:I<8J<J�8J�B@E<K@:�<E<I>P�@E:I<8J<J
�� �ã�6 �� �ã�, �
2 FIB�@J�;FE<�9P�8�=FI:<
�9LK�J@E:<�K?@J�=FI:<�@J�:FEJ<IM8K@M<
�N<
:8E�NI@K<�8 �� �� �T�6 �

/?< <C<:KIFJK8K@:FI �FLCFD9=FI:<@J:FEJ<IM8K@M<
N?@:?D<8EJK?8KK?<NFIB;FE<FE7 @J@E;<G<E;<EKF=K?<G8K?K8B<E
8J
N<N@CC;<DFEJKI8K<C8K<I� /?@J@J<O8:KCP8E8CF>FLJKFK?<>I8M@K8K@FE8C=FI:<�2?<E 8=FI:<@J:FEJ<IM8K@M<
@K@JGFJJ@9C<KF
;<=@E<8GFK<EK@8C<E<I>P8JJF:@8K<;N@K?K?<=FI:<�$K@JLJL8CCP<8J@<IKFNFIBN@K?K?<GFK<EK@8C<E<I>P�9<:8LJ<@K;<G<E;J
FECP�FE�GFJ@K@FE��K?8E�KF�:8C:LC8K<�K?<�NFIB�;@I<:KCP�

/ F J?FNK?@J<OGC@:@KCP
 :FEJ@;<I8E<C<:KI@::?8I>< �� �R=@O<;8KK?<FI@>@E8E; DFM<8EFK?<I:?8I>< �� �2 KFN8I;7 @EJL:?

8 D8EE<IK?8K
8K<8:? @EJK8EK
K?<8GGC@<;=FI:< �'
�°

<O8:KCP98C8E:<JK?<<C<:KI@:=FI:< �'
�°

�F FE� �Figure 7.3�� /?<

NFIB;FE<9PK?<8GGC@<;=FI:< �'
�°

FEK?<:?8I><� :?8E><JK?<GFK<EK@8C<E<I>PF=� � 2 < :8CCK?@JGFK<EK@8C<E<I>PK?<
electrical potential energyF=� �

Figure 7.3 �@JGC8:<D<EK�F=�dK<JKe�:?8I><� @E�K?<�GI<J<E:<�F=
=@O<;�dJFLI:<e�:?8I><7�


�� �<5DH9F���O��@97HF=7�(CH9BH=5@

,<=G�'D9B+H5L�6CC?�=G�5J5=@56@9�:CF�:F99�5H�<HHDG�

@9;57M	7BL	CF;
7CBH9BH
7C@�
���
�	�



/?<�NFIB �8 ���� ;FE<�9P�K?<�8GGC@<;�=FI:<�'
�°

N?<E�K?<�G8IK@:C<�DFM<J�=IFD�1�� KF�1�� D8P�9<�:8C:LC8K<;�9P

�8 ���� �� �@
�1��

�1��
�'
�°

�w�E �M
�ƒ

��

.@E:<K?<8GGC@<;=FI:< �'
�°

98C8E:<JK?<<C<:KI@:=FI:< �'
�ƒ

�F FE� 
 K?<KNF=FI:<J?8M<<HL8CD8>E@KL;<8E; FGGFJ@K<

;@I<:K@FEJ��/?<I<=FI<
�K?<�8GGC@<;�=FI:<�@J

�'
�°

�� �' �' �F
�°

�� �' �L�R�2
�S��

�S�?�


N?<I<N<?8M<;<=@E<;GFJ@K@M<KF9<GF@EK@E>8N8P=IFDK?<FI@>@E8E; 8@JK?<;@JK8E:<=IFDK?<FI@>@E�/?< ;@I<:K@FEJF=
9FK?K?<;@JGC8:<D<EK8E; K?<8GGC@<;=FI:<@EK?<JPJK<D@EFigure 7.3 8I<G8I8CC<C
8E; K?LJK?<NFIB;FE<FEK?<JPJK<D
@J�GFJ@K@M<�

2 <LJ<K?<C<KK<I! KF;<EFK<<C<:KI@:GFK<EK@8C<E<I>P
 N?@:??8JLE@KJF=AFLC<J�%��2?<E 8:FEJ<IM8K@M<=FI:<;F<JE<>8K@M<
NFIB
K?<JPJK<D>8@EJGFK<EK@8C<E<I>P� 2?<E 8 :FEJ<IM8K@M<=FI:<;F<J GFJ@K@M<NFIB
K?<JPJK<DCFJ<JGFK<EK@8C<E<I>P

�T�6 �� �' �8 �� $EK?<JPJK<D@EFigure 7.3
 K?<�FLCFD9=FI:<8:KJ@EK?<FGGFJ@K<;@I<:K@FEKFK?<;@JGC8:<D<EK�K?<I<=FI<

K?<�NFIB�@J�E<>8K@M<��#FN<M<I
�N<�?8M<�@E:I<8J<;�K?<�GFK<EK@8C�<E<I>P�@E�K?<�KNF�:?8I><�JPJK<D�

�L5AD@9��	�

Kinetic Energy of a Charged Particle

� �� ���������O�$:?8I><� @J@E@K@8CCP8KI<JK8 ;@JK8E:<F=�� :D � �S�� � =IFD8 �� ���������O�$:?8I><7 =@O<;8KK?<FI@>@E

�Figure 7.4 ���)8KLI8CCP
�K?<��FLCFD9�=FI:<�8::<C<I8K<J� 8N8P�=IFD7
�<M<EKL8CCP�I<8:?@E>����:D���S�� ��

Figure 7.4 /?<�:?8I ><� @J�I<G<CC<;�9P7
�K?LJ�?8M@E>�NFIB
;FE<�FE�@K�8E;�>8@E@E>�B@E<K@:�<E<I>P�

5	 2?8K�@J�K?<�NFIB�;FE<�9P�K?<�<C<:KI@:�=@<C;�9<KN<<E�S�� 8E; �S�� �

6	 #FN�DL:?�B@E<K@:�<E<I>P�;F<J� ?8M<�8K�S�� �

Strategy

�8C:LC8K<�K?<�NFIB�N@K?�K?<�LJL8C�;<=@E@K@FE��.@E:<� JK8IK<;�=IFD�I<JK
�K?@J�@J�K?<�J8D<�8J�K?<�B@E<K@:�<E<I>P�

Solution

$EK<>I8K@E>�=FI:<�FM<I�;@JK8E:<
�N<�F9K8@E

�8 ���� �� �@
�S��

�S��
�'
�°

�w�E �S�ƒ �� �/
�0�S��

�S��
�L�R�2
�S��

�E�S��
�7
�9�'

�L�R�2
�S

�:
�<�S��

�S��
�� �L�R�2�7

�9
�'��
�S��

�� ��
�S��

�:
�<

�� �1
�3���������—���� �� �/�N �� ���$���4�6

�1
�3�������—���� �'�� �$�4

�6
�1
�3�������—���� �'�� �$�4

�6
�7
�9

�'��
���������N

�� ��
���������N

�:
�<

�� �������—���� �'�� �+��

/?@J�@J�8CJF�K?<�M8CL<�F=�K?<�B@E<K@:�<E<I>P�8K�S����

Significance

�?8I ><� N8J@E@K@8CCP8KI<JK�K?<<C<:KI@:=@<C;F=7 ;@;NFIBFE� 
 JFEFN� ?8JB@E<K@:<E<I>P<HL8CKFK?<NFIB
;FE<�9P�K?<�<C<:KI@:�=@<C;�

�<5DH9F���O��@97HF=7�(CH9BH=5@ 
��



7.1 Check Your Understanding $=� ?8J�8�D8JJ�F=���������
�H�
 N?8K�@J�K?<�JG<<;�F=� 8K�S�� � 

$EK?@J<O8DGC<
K?<NFIB# ;FE<KF8::<C<I8K<8 GFJ@K@M<:?8I><=IFDI<JK@JGFJ@K@M<8E; I<JLCKJ=IFD8 CFJJ@E! 
 FI 8
E<>8K@M<�T�6 � � M8CL<=FI! :8E 9<=FLE;8K8EPGF@EK9PK8B@E>FE<GF@EK8J8 I<=<I<E:<8E; :8C:LC8K@E>K?<NFIBE<<;<;
KF�DFM<�8�:?8I><�KF�K?<�FK?<I�GF@EK�

Electric Potential Energy

2 FIB# ;FE< KF8::<C<I8K<8 GFJ@K@M<:?8I><=IFDI<JK@JGFJ@K@M<8E; I<JLCKJ=IFD8 CFJJ@E! 
 FI 8 E<>8K@M<�T�6 �
(8K?<D8K@:8CCP


(7.1)�8 �� �' �T�6��

"I8M@K8K@FE8CGFK<EK@8C<E<I>P8E; <C<:KI@:GFK<EK@8C<E<I>P8I<HL@K<8E8CF>FLJ�+FK<EK@8C<E<I>P8::FLEKJ=FINFIB;FE<9P
8 :FEJ<IM8K@M<=FI:<8E; >@M<J8;;<; @EJ@>?KI<>8I;@E><E<I>P8E; <E<I>PKI8EJ=FID8K@FEN@K?FLKK?<E<:<JJ@KPF=;<8C@E>
N@K?K?<=FI:<;@I<:KCP� $K@JDL:? DFI< :FDDFE
 =FI<O8DGC<
KFLJ<K?<:FE:<GKF=<C<:KI@:GFK<EK@8C<E<I>PK?8EKF;<8C
N@K?�K?<��FLCFD9�=FI:<�;@I<:KCP�@E�I<8C�NFIC;�8GGC@:8K@FEJ�

$EGFC8I:FFI;@E8K<JN@K?7 8KK?<FI@>@E8E; � CF:8K<;8K8
 K?<;@JGC8:<D<EK<C<D<EKM<:KFI@J�E �M
�ƒ

�� �S�?�E�S8E; K?LJK?<
NFIB�9<:FD<J

�8 ���� �� �' �L�R�2�/
�0�S��

�S��
��
�S��

�S�?�w�S�?�E�S�� �L�R�2 ��
�S��

�' �L�R�2 ��
�S��

��

)FK@:<K?8KK?@JI<JLCKFECP;<G<E;JFEK?<<E;GF@EKJ8E; @JFK?<IN@J<@E;<G<E;<EKF=K?<G8K?K8B<E�/ F<OGCFI<K?@J=LIK?<I

:FDG8I<�G8K?�1�� KF�1�� N@K?�G8K?�1�� �1�� �1�� �1�� @EFigure 7.5 �

Figure 7.5 / NF�G8K?J�=FI�;@JGC8:<D<EK�1�� KF�1���� /?<�NFIB

FE�J<>D<EKJ�1�� �1�� 8E; �1�� �1�� 8I<�Q<IF�;L<�KF�K?<�<C<:KI@:8C

=FI:<�9<@E>�G<IG<E;@:LC8I�KF�K?<�;@JGC8:<D<EK�8CFE>�K?<J<�G8K?J�
/?<I<=FI<
�NFIB�FE�G8K?J�1�� �1�� 8E; �1�� �1�� �1�� �1�� 8I<�<HL8C�

/?< J<>D<EKJ�1�� �1�� 8E; �1�� �1�� 8I<8I:J F=:@I:C<J:<EK<I<;8K7� .@E:<K?<=FI:<FE� GF@EKJ<@K?<IKFN8I;FI 8N8P=IFD

7
 EFNFIB@J;FE<9P8 =FI:<98C8E:@E>K?<<C<:KI@:=FI:<
9<:8LJ<@K@JG<IG<E;@:LC8IKFK?<;@JGC8:<D<EK8CFE>K?<J<8I:J�
/?<I<=FI<
�K?<�FECP�NFIB�;FE<�@J�8CFE>�J<>D<EK�1�� �1���
 N?@:?�@J�@;<EK@:8C�KF�1�� �1����

*E< @DGC@:8K@FEF=K?@JNFIB:8C:LC8K@FE@JK?8K@=N<N<I<KF>F8IFLE;K?<G8K?�1�� �1�� �1�� �1�� �1���
 K?<E<KNFIBNFLC;9<

Q<IF�Figure 7.6�� -<:8CCK?8KK?@J@J?FNN<;<K<ID@E<N?<K?<I8 =FI:<@J:FEJ<IM8K@M<FI EFK�#<E:<
 9<:8LJ<K?<<C<:KI@:

=FI:<�@J�I<C8K<;�KF�K?<�<C<:KI@:�=@<C;�9P�'
�°

�� �R�&
�°


�K?<�<C<:KI@:�=@<C;�@J�@KJ<C=�:FEJ<IM8K@M<��/?8K�@J


�C�&
�°

�w�E �M
�ƒ

�� ����

)FK<�K?8K� @J�8�:FEJK8EK�


�� �<5DH9F���O��@97HF=7�(CH9BH=5@

,<=G�'D9B+H5L�6CC?�=G�5J5=@56@9�:CF�:F99�5H�<HHDG�

@9;57M	7BL	CF;
7CBH9BH
7C@�
���
�	�



Figure 7.6 ��:CFJ<;�G8K?�@E�8E�<C<:KI@:�=@<C;��/?<�E<K�NFIB
8IFLE;�K?@J�G8K?�@J�Q<IF�

�EFK?<I@DGC@:8K@FE@JK?8KN< D8P;<=@E<8E<C<:KI@:GFK<EK@8C<E<I>P� -<:8CCK?8KK?<NFIB;FE<9P8 :FEJ<IM8K@M<=FI:<
@J8CJF<OGI<JJ<;8JK?<;@==<I<E:<@EK?<GFK<EK@8C<E<I>P:FII<JGFE;@E>KFK?8K=FI:<�/?<I<=FI<
K?<NFIB �8 �S�F�GKF9I@E>8

:?8I><�=IFD�8�I<=<I<E:<�GF@EK�KF�8�GF@EK�F=�@EK<I<JK�D8P�9<�NI@KK<E�8J

�8 �S�F�G�� �@
�S�S�F�G

�S
�'
�°

�w�E �M
�ƒ

8E;
�9PEquation 7.1 
�K?<�;@==<I<E:<�@E�GFK<EK@8C�<E<I>P �	�6�� �' �6���
 F=�K?<�K<JK�:?8I><� 9<KN<<E�K?<�KNF�GF@EKJ�@J

�T�6 �� �' �@
�S�S�F�G

�S
�'
�°

�w�E �M
�ƒ

��

/?<I<=FI<
�N<�:8E�NI@K<�8�><E<I8C�<OGI<JJ@FE�=FI�K?<�GFK<EK@8C�<E<I>P�F=�KNF�GF@EK�:?8I><J��@E�JG?<I@:8C�:FFI;@E8K<J��

�T�6 �� �' �/
�0�S�S�F�G

�S
�L�R�2
�S��

�E�S�� �'
�7
�9�'

�L�R�2
�S

�:
�<�S�S�F�G

�S
�� �L�R�2�7

�9
��
�S�' ��

�S�S�F�G

�:
�<��

2 <�D8P�K8B<�K?<�J<:FE;�K<ID�KF�9<�8E�8I9@KI8IP�:FEJK8EK�I<=<I<E:<�C<M<C
�N?@:?�J<IM<J�8J�K?<�Q<IF�I<=<I<E:<�

�6�	�S�
 �� �L�R�2�S �' �6�S�F�G��

� :FEM<E@<EK:?F@:<F=I<=<I<E:<K?8KI<C@<JFEFLI :FDDFE J<EJ<@JK?8KN?<EK?<KNF:?8I><J8I< @E=@E@K<CP=8I8G8IK

K?<I<@JEF@EK<I8:K@FE9<KN<<EK?<D��-<:8CCK?<;@J:LJJ@FEF=I<=<I<E:<GFK<EK@8C<E<I>P @EPotential Energy and
Conservation of Energy (https://legacy .cnx.org/ content/ m58311/latest/) �� / 8B@E>K?<GFK<EK@8C<E<I>PF=K?@J
JK8K<KF9<Q<IFI<DFM<JK?<K<ID �6�S�F�G=IFDK?<<HL8K@FE�ALJKC@B<N?<EN< J8PK?<>IFLE; @JQ<IFGFK<EK@8C<E<I>P@E8

>I8M@K8K@FE8CGFK<EK@8C<E<I>PGIF9C<D�
8E; K?<GFK<EK@8C<E<I>PF=� N?<E@K@JJ<G8I8K<;=IFD7 9P8 ;@JK8E:<88JJLD<J
K?<�=FID

(7.2)�6�	�S�
 �� �L�R�2�S �	�[�F�S�P���S�F�G�F�S�F�O�D�F���B�U�S�� �3 �
��

/?@J=FIDLC8@JJPDD<KI@:8CN@K?I<JG<:KKF7 8E; � 
 JF@K@J9<JK;<J:I@9<;8JK?<GFK<EK@8C<E<I>PF=K?<KNF�:?8I><JPJK<D�

�L5AD@9��	


Potential Energy of a Charged Particle

� �� ���������O�$:?8I><� @J@E@K@8CCP8KI<JK8 ;@JK8E:<F=�� :D � �S�� � =IFD8 ���� �������O�$:?8I><7 =@O<;8KK?<FI@>@E

�Figure 7.7 ���)8KLI8CCP
�K?<��FLCFD9�=FI:<�8::<C<I8K<J� 8N8P�=IFD7
�<M<EKL8CCP�I<8:?@E>����:D���S�� ��

�<5DH9F���O��@97HF=7�(CH9BH=5@ 
��

https://legacy.cnx.org/content/m58311/latest/
https://legacy.cnx.org/content/m58311/latest/


7.2

Figure 7.7 /?<�:?8I ><� @J�I<G<CC<;�9P7
�K?LJ�?8M@E>�NFIB
;FE<�FE�@K�8E;�CFJ@E>�GFK<EK@8C�<E<I>P�

2?8K�@J�K?<�:?8E><�@E�K?<�GFK<EK@8C�<E<I>P�F=�K?<�KNF�:?8I><�JPJK<D�=IFD�S�� KF�S�� � 

Strategy

�8C:LC8K<K?<GFK<EK@8C<E<I>PN@K?K?<;<=@E@K@FE>@M<E89FM<��T�6���� �� �' �@
�S��

�S��
�'
�°

�w�E �S�ƒ �� .@E:<� JK8IK<;=IFD

I<JK
�K?@J�@J�K?<�J8D<�8J�K?<�B@E<K@:�<E<I>P�

Solution

2 <�?8M<

�T�6���� �� �' �@
�S��

�S��
�'
�°

�w�E �S�ƒ �� �' �/
�0�S��

�S��
�L�R�2
�S��

�E�S�� �'
�7
�9�'

�L�R�2
�S

�:
�<�S��

�S��
�� �L�R�2�7

�9
��
�S��

�' ��
�S��

�:
�<

�� �1
�3���������—���� �� �/�N �� ���$���4�6

�1
�3�������—���� �'�� �$�4

�6
�1
�3�������—���� �'�� �$�4

�6
�7
�9

��
���������N

�' ��
���������N

�:
�<

�� �'������ �—���� �'�� �+��

Significance

/?< :?8E><@EK?<GFK<EK@8C<E<I>P@JE<>8K@M<
8J<OG<:K<;
8E; <HL8C@ED8>E@KL;<KFK?<:?8E><@EB@E<K@:<E<I>P
@E�K?@J�JPJK<D��-<:8CC�=IFDExample 7.1 K?8K�K?<�:?8E><�@E�B@E<K@:�<E<I>P�N8J�GFJ@K@M<�

CheckYour Understanding2?8K@JK?<GFK<EK@8C<E<I>PF=� I<C8K@M<KFK?<Q<IFI<=<I<E:<8K@E=@E@KP8K
�S�� @E�K?<�89FM<�<O8DGC<�

�L< KF�FLCFD9cJ C8N
 K?<=FI:<J;L< KFDLCK@GC<:?8I><JFE 8 K<JK:?8I>< � JLG<I@DGFJ<�K?<PD8P 9< :8C:LC8K<;
@E;@M@;L8CCP8E; K?<E8;;<;� /?@J@DGC@<JK?8KK?<NFIB@EK<>I8CJ8E; ?<E:<K?<I<JLCK@E>GFK<EK@8C<E<I>@<J<O?@9@KK?<J8D<
9<?8M@FI��/ F�;<DFEJKI8K<�K?@J
�N<�:FEJ@;<I�8E�<O8DGC<�F=�8JJ<D9C@E>�8�JPJK<D�F=�=FLI�:?8I><J�

�L5AD@9��	�

Assembling Four Positive Charges

!@E; K?< 8DFLEKF= NFIB 8E <OK<IE8C8><EKDLJK ;F @E8JJ<D9C@E>=FLI :?8I><J �� �������
�$�


�� �������
�$�
 �� �������
�$�
 8E; �� �������
�$ 8KK?<M<IK@:<JF=8JHL8I<F=J@;<��� :D
 JK8IK@E><8:?:?8I><=IFD@E=@E@KP

�Figure 7.8 ��


�� �<5DH9F���O��@97HF=7�(CH9BH=5@

,<=G�'D9B+H5L�6CC?�=G�5J5=@56@9�:CF�:F99�5H�<HHDG�

@9;57M	7BL	CF;
7CBH9BH
7C@�
���
�	�



Figure 7.8 #FN�DL:?�NFIB�@J�E<<;<;�KF�8JJ<D9C<�K?@J�:?8I><
:FE=@>LI8K@FE�

Strategy

2 <9I@E>@EK?<:?8I><JFE<8K8 K@D<
>@M@E>K?<DJK8IK@E>CF:8K@FEJ8K@E=@E@KP8E; :8C:LC8K@E>K?<NFIBKF9I@E>
K?<D�@E�=IFD�@E=@E@KP�KF�K?<@I�=@E8C�CF:8K@FE��2<�;F�K?@J�@E�FI;<I�F=�@E:I<8J@E>�:?8I><�

Solution

.K<G�� !@IJK9I@E>K?<�� ���������
�$ :?8I><KFK?<FI@>@E�.@E:<K?<I<8I<EFFK?<I:?8I><J8K8 =@E@K<;@JK8E:<=IFD

K?@J�:?8I><�P<K
�EF�NFIB�@J�;FE<�@E�9I@E>@E>�@K�=IFD�@E=@E@KP


�8 �� �� ����

.K<G �� 2?@C<B<<G@E>K?< �� ���������
�$ :?8I>< =@O<;8K K?< FI@>@E
9I@E>K?< �� ���������
�$ :?8I>< KF

�	�Y�
 �Z�
 �[�
 �� �	�������D�N�
���
 ���
 �Figure 7.9�� )FN 
 K?<8GGC@<;=FI:<DLJK;F NFIB8>8@EJKK?<=FI:<<O<IK<;9PK?<

�� ���������
�$ :?8I><=@O<;8KK?<FI@>@E�/?< NFIB;FE<<HL8CJK?<:?8E><@EK?<GFK<EK@8C<E<I>PF=K?<�� ���������
�$

:?8I><�

�8 �� �� �L
�R�� �R��
�S����

��
�1
�3�������—���� �� �/ �w�N��

�$��
�4
�6

�1
�3�������—���� �'�� �$�4

�6
�1
�3�������—���� �'�� �$�4

�6

�������—���� �'�� �N
�� �������+��

Figure 7.9 .K<G����2FIB �8 �� KF�9I@E>�K?<�� ���������
�$ :?8I><

=IFD�@E=@E@KP�

.K<G�� 2?@C<B<<G@E>K?<:?8I><JF= �� �������
�$ 8E; �� �������
�$ =@O<;@EK?<@IGC8:<J
9I@E>@EK?<�� ���������
�$ :?8I><

KF�	�Y�
 �Z�
 �[�
 �� �	�������D�N�
�������D�N�
���
 �Figure 7.10 ���/?<�NFIB�;FE<�@E�K?@J�JK<G�@J

�8 �� �� �L
�R�� �R��
�S����

�� �L
�R�� �R��
�S����

��
�1
�3�������—���� �� �/ �w�N��

�$��
�4
�6
�7

�9
�8

�1
�3�������—���� �'�� �$�4

�6
�1
�3�������—���� �'�� �$�4

�6

�� �—���� �'�� �N
��

�1
�3�������—���� �'�� �$�4

�6
�1
�3�������—���� �'�� �$�4

�6

�������—���� �'�� �N

�:

�<
�; �� ���������+��

�<5DH9F���O��@97HF=7�(CH9BH=5@ 
��



7.3

Figure 7.10 .K<G����/?<�NFIB �8 �� KF�9I@E>�K?<�� ���������
�$

:?8I><�=IFD�@E=@E@KP�

.K<G�� !@E8CCP
 N?@C<B<<G@E>K?<=@IJKK?I<<:?8I><J @EK?<@IGC8:<J
9I@E>K?< �� ���������
�$ :?8I>< KF

�	�Y�
 �Z�
 �[�
 �� �	���
 �������D�N�
 ���
 �Figure 7.11 ���/?<�NFIB�;FE<�?<I<�@J

�8 �� �� �L�R��
�7
�9

�R��
�S����

��
�R��
�S����

��
�R��
�S����

�:
�<�


��
�1
�3�������—���� �� �/ �w�N��

�$��
�4
�6

�1
�3�������—���� �'�� �$�4

�6

�7

�9
�8

�1
�3�������—���� �'�� �$�4

�6

�������—���� �'�� �N
��

�1
�3�������—���� �'�� �$�4

�6

�� �—���� �'�� �N
��

�1
�3�������—���� �'�� �$�4

�6

�������—���� �'�� �N

�:

�<
�; �� ���������+��

Figure 7.11 .K<G����/?<�NFIB �8 �� KF�9I@E>�K?<�� ���������
�$

:?8I><�=IFD�@E=@E@KP�

#<E:<
K?<KFK8CNFIB;FE<9PK?<8GGC@<;=FI:<@E8JJ<D9C@E>K?<=FLI:?8I><J@J<HL8CKFK?<JLD F=K?<NFIB@E
9I@E>@E>�<8:?�:?8I><�=IFD�@E=@E@KP�KF�@KJ�=@E8C�GFJ@K@FE�

�8 �5 �� �8 �� �� �8 �� �� �8 �� �� �8 �� �� �� �� �������+�� ���������+�� ���������+�� ���������+��

Significance

/?< NFIBFE<8:? :?8I><;<G<E;JFECPFE@KJG8@IN@J<@EK<I8:K@FEJN@K?K?<FK?<I:?8I><J�)F DFI< :FDGC@:8K<;
@EK<I8:K@FEJE<<;KF9<:FEJ@;<I<;�K?<NFIBFEK?<K?@I;:?8I><FECP;<G<E;JFE@KJ@EK<I8:K@FEN@K?K?<=@IJK8E;
J<:FE;�:?8I><J
�K?<�@EK<I8:K@FE�9<KN<<E�K?<�=@IJK�8E;�J<:FE;�:?8I><�;F<J�EFK�8==<:K�K?<�K?@I;�

CheckYour Understanding$JK?<<C<:KI@:8CGFK<EK@8C<E<I>PF=KNFGF@EK:?8I><JGFJ@K@M<FI E<>8K@M<@=
K?<:?8I><J8I< F=K?<J8D<J@>E�*GGFJ@K<J@>EJ�#FN ;F<J K?@JI<C8K<KFK?<NFIBE<:<JJ8IPKF9I@E>K?<
:?8I><J�@EKF�GIFO@D@KP�=IFD�@E=@E@KP�

)FK<K?8KK?<<C<:KI@:8CGFK<EK@8C<E<I>P@JGFJ@K@M<@=K?<KNF:?8I><J8I<F=K?<J8D<KPG<
<@K?<IGFJ@K@M<FI E<>8K@M<
8E;
E<>8K@M<@=K?<KNF:?8I><J8I<F=FGGFJ@K<KPG<J�/?@JD8B<JJ<EJ<@=PFLK?@EBF=K?<:?8E><@EK?<GFK<EK@8C<E<I>P �T�6
8JPFL9I@E>K?<KNF:?8I><J:CFJ<IFI DFM<K?<D=8IK?<I8G8IK��<G<E;@E>FEK?<I<C8K@M<KPG<JF=:?8I><J
PFLD8P?8M<


�
 �<5DH9F���O��@97HF=7�(CH9BH=5@

,<=G�'D9B+H5L�6CC?�=G�5J5=@56@9�:CF�:F99�5H�<HHDG�

@9;57M	7BL	CF;
7CBH9BH
7C@�
���
�	�



KFNFIBFEK?<JPJK<DFI K?<JPJK<DNFLC;;F NFIBFEPFL
K?8K@J
PFLINFIB@J<@K?<IGFJ@K@M<FI E<>8K@M<�$=PFL?8M<
KF;F GFJ@K@M<NFIBFEK?<JPJK<D�8:KL8CCPGLJ?K?<:?8I><J:CFJ<I�
K?<EK?<<E<I>PF=K?<JPJK<DJ?FLC;@E:I<8J<�$=PFL
9I@E>KNFGFJ@K@M<:?8I><JFI KNFE<>8K@M<:?8I><J:CFJ<I
 PFL?8M<KF;F GFJ@K@M<NFIBFEK?<JPJK<D
N?@:?I8@J<JK?<@I
GFK<EK@8C<E<I>P� .@E:<GFK<EK@8C<E<I>P@JGIFGFIK@FE8CKF�
 8
 K?<GFK<EK@8C<E<I>P>F<JLGN?<E8>F<J;FNE 9<KN<<EKNF
GFJ@K@M<�FI�KNF�E<>8K@M<�:?8I><J�

*E K?<FK?<I?8E;
 @=PFL9I@E>8 GFJ@K@M<8E; 8 E<>8K@M<:?8I><E<8I<I
 PFL?8M<KF;F E<>8K@M<NFIBFEK?<JPJK<D�K?<
:?8I><J8I<GLCC@E>PFL�
N?@:?D<8EJK?8KPFLK8B<<E<I>P8N8P=IFDK?<JPJK<D�/?@JI<;L:<J K?<GFK<EK@8C<E<I>P� .@E:<
GFK<EK@8C<E<I>P@JE<>8K@M<@EK?<:8J<F=8GFJ@K@M<8E; 8E<>8K@M<:?8I><G8@I
 K?<@E:I<8J<@E�
 8D8B<JK?<GFK<EK@8C<E<I>P
DFI<�E<>8K@M<
�N?@:?�@J�K?<�J8D<�8J�8�I<;L:K@FE�@E�GFK<EK@8C�<E<I>P�

/?< I<JLCK=IFDExample 7.1 D8P9<<OK<E;<;KFJPJK<DJN@K?8EP8I9@KI8IPELD9<IF=:?8I><J�$EK?@J:8J<
@K@JDFJK
:FEM<E@<EK�KF�NI@K<�K?<�=FIDLC8�8J

(7.3)
�8 ���� �� �/ �� �L

��
�&

�J

�/

�&
�K

�/ �R�J�R�K
�S�J�K

�G�P�S�J�u �K��

/?<�=8:KFI�F=��
��8::FLEKJ�=FI�8;;@E>�<8:?�G8@I�F=�:?8I><J�KN@:<�

7.2 | Electric Potential and Potential Difference
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Voltage and Electric Field
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What Is the Highest V oltage Possible between T wo Plates?
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Field and Force inside an Electron Gun
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Calculating Potential of a Point Charge
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7.3 | Calculations of Electric Potential
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Electric Potential V of a Point Charge
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What Voltage Is Produced by a Small Charge on a Metal Sphere?
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What Is the Excess Charge on a V an de Graaff Generator?
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Systems of Multiple Point Charges
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Electric Potential of a Dipole
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Potential of a Line of Charge
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Potential Due to a Ring of Charge
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Potential Due to a Uniform Disk of Charge
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7.4 | Determining Field from Potential
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Electric Field of a Point Charge
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Calculating Equipotential Lines
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7.6 | Applications of Electrostatics

Learning Objectives
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The Van de Graaff Generator
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Xerography
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Ink Jet Printers and Electrostatic Painting
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Smoke Precipitators and Electrostatic Air Cleaning
�EFK?<I@DGFIK8EK8GGC@:8K@FEF=<C<:KIFJK8K@:J@J=FLE;@E8@I:C<8E<IJ
9FK?C8I><8E; JD8CC�/?< <C<:KIFJK8K@:G8IKF=K?<
GIF:<JJGC8:<J<O:<JJ�LJL8CCPGFJ@K@M<�:?8I><FEJDFB<
;LJK
GFCC<E
8E; FK?<IG8IK@:C<J@EK?<8@I8E; K?<EG8JJ<JK?<8@I
K?IFL>?�8E�FGGFJ@K<CP�:?8I><;�>I@;�K?8K�8KKI8:KJ�8E;�I<K8@EJ�K?<�:?8I><;�G8IK@:C<J��Figure 7.45 �

'8I >< electrostatic precipitators 8I< LJ<; @E;LJKI@8CCPKFI<DFM<FM<I������ F=K?<G8IK@:C<J=IFDJK8:B>8J<D@JJ@FEJ

�<5DH9F���O��@97HF=7�(CH9BH=5@ ���



8JJF:@8K<;N@K?K?<9LIE@E>F=:F8C8E; F@C�#FD< GI<:@G@K8KFIJ
F=K<E@E:FEALE:K@FEN@K?K?<?FD< ?<8K@E>8E; 8@I
:FE;@K@FE@E>�JPJK<D
�8I<�M<IP�<==<:K@M<�@E�I<DFM@E>�GFCCLK@E>�G8IK@:C<J
�@II@K8EKJ
�8E;�8CC<I><EJ�

Figure 7.45 �8��.:?<D8K@:�F=�8E�<C<:KIFJK8K@:�GI<:@G@K8KFI���@I�@J�G8JJ<;�K?IFL>?�>I@;J�F=�FGGFJ@K<�:?8I><��/?<�=@IJK�>I@;�:?8I><J
8@I9FIE<�G8IK@:C<J
�N?@C<�K?<�J<:FE;�8KKI8:KJ�8E;�:FCC<:KJ�K?<D���9��/?<�;I8D8K@:�<==<:K�F=�<C<:KIFJK8K@:�GI<:@G@K8KFIJ�@J�J<<E�9P�K?<
89J<E:<�F=�JDFB<�=IFD�K?@J�GFN<I�GC8EK���:I<;@K�9��DF;@=@:8K@FE�F=�NFIB�9P�d�D;8C>C<@J?e
2@B@D<;@8��FDDFEJ�

��
 �<5DH9F���O��@97HF=7�(CH9BH=5@

,<=G�'D9B+H5L�6CC?�=G�5J5=@56@9�:CF�:F99�5H�<HHDG�

@9;57M	7BL	CF;
7CBH9BH
7C@�
���
�	�



electric dipole

electric dipole moment

electric potential

electric potential difference

electric potential energy

electron-volt

electrostatic precipitators

equipotential line

equipotential surface

grounding

ink jet printer

photoconductor

Van de Graaff generator

voltage

xerography

CHAPTER 7 REVIEW

KEY TERMS
JPJK<D�F=�KNF�<HL8C�9LK�FGGFJ@K<�:?8I><J�8�=@O<;�;@JK8E:<�8G8IK

HL8EK@KP;<=@E<;8J �Q�ƒ �� �R�E
�ƒ

=FI8CC;@GFC<J
N?<I<K?<M<:KFIGF@EKJ=IFDK?<E<>8K@M<KF

GFJ@K@M<�:?8I><

GFK<EK@8C�<E<I>P�G<I�LE@K�:?8I><

K?<:?8E><@EGFK<EK@8C<E<I>PF=8 :?8I><7 DFM<;9<KN<<EKNFGF@EKJ
;@M@;<;9PK?<
:?8I><�

GFK<EK@8C�<E<I>P�JKFI<;�@E�8�JPJK<D�F=�:?8I><;�F9A<:KJ�;L<�KF�K?<�:?8I><J

<E<I>P�>@M<E�KF�8�=LE;8D<EK8C�:?8I><�8::<C<I8K<;�K?IFL>?�8�GFK<EK@8C�;@==<I<E:<�F=�FE<�MFCK

=@CK<IJK?8K8GGCP:?8I><JKFG8IK@:C<J@EK?<8@I
 K?<E8KKI8:KK?FJ<:?8I><JKF8 =@CK<I

I<DFM@E>�K?<D�=IFD�K?<�8@IJKI<8D

KNF�;@D<EJ@FE8C�I<GI<J<EK8K@FE�F=�8E�<HL@GFK<EK@8C�JLI=8:<

JLI=8:<��LJL8CCP�@E�K?I<<�;@D<EJ@FEJ��FE�N?@:?�8CC�GF@EKJ�8I<�8K�K?<�J8D<�GFK<EK@8C

GIF:<JJF=8KK8:?@E>8 :FE;L:KFIKFK?<<8IK?KF<EJLI<K?8KK?<I<@JEFGFK<EK@8C;@==<I<E:<9<KN<<E@K8E;
 8IK?

JD8CC@EB;IFGC<KJJGI8P<;N@K?8E<C<:KI@::?8I><8I<:FEKIFCC<;9P<C<:KIFJK8K@:GC8K<JKF:I<8K<@D8><JFE
G8G<I

JL9JK8E:<�K?8K�@J�8E�@EJLC8KFI�LEK@C�@K�@J�<OGFJ<;�KF�C@>?K
�N?<E�@K�9<:FD<J�8�:FE;L:KFI

D8:?@E<K?8KGIF;L:<J 8 C8I>< 8DFLEKF=<O:<JJ:?8I><
 LJ<; =FI<OG<I@D<EKJN@K??@>?
MFCK8><

:?8E><@EGFK<EK@8C<E<I>PF=8:?8I><DFM<;=IFDFE<GF@EKKF8EFK?<I
 ;@M@;<;9PK?<:?8I><�LE@KJF=GFK<EK@8C
;@==<I<E:<�8I<�AFLC<J�G<I�:FLCFD9
�BEFNE�8J�MFCK

;IP�:FGP@E>�GIF:<JJ�98J<;�FE�<C<:KIFJK8K@:J

KEY EQUATIONS
(CH9BH=5@�9B9F;M�C:�5�HKC�7<5F;9�GMGH9A �6�	�S�
 �� �L�R�2�S

/ CF?�8CB9�HC�5GG9A6@9�5�GMGH9A�C:�7<5F;9G
�8 ���� �� �/ �� �L

��
�&

�J

�/

�&
�K

�/ �R�J�R�K
�S�J�K

�G�P�S�J�u �K

(CH9BH=5@�8=::9F9B79 �T�7 �� �T�6
�R �P�S�T�6 �� �R�T�7

�@97HF=7�DCH9BH=5@
�7 �� �6

�R�� �' �@
�3

�1
�&
�°

�Ú�E �M
�ƒ

(CH9BH=5@�8=::9F9B79�69HK99B�HKC�DC=BHG
�T�7�"�# �� �7�#�' �7�" �� �' �@

�"

�#
�&
�°

�w�E �M
�ƒ

�@97HF=7�DCH9BH=5@�C:�5�DC=BH�7<5F;9 �7 �� �L�R
�S

�@97HF=7�DCH9BH=5@�C:�5�GMGH9A�C:�DC=BH�7<5F;9G
�7�1 �� �L�&

��

�/ �R�J
�S�J

�<5DH9F���O��@97HF=7�(CH9BH=5@ ���



�@97HF=7�8=DC@9�ACA9BH �Q�ƒ �� �R�E
�ƒ

�@97HF=7�DCH9BH=5@�8I9�HC�5�8=DC@9
�7�1 �� �L �Q�ƒ �w�S�?

�S��

�@97HF=7�DCH9BH=5@�C:�5�7CBH=BICIG�7<5F;9�8=GHF=6IH=CB�7�1 �� �L�@�E�R
�S

�@97HF=7�:=9@8�7CADCB9BHG �&�Y�� �' �� �7
�� �Y�
 �&�Z�� �' �� �7

�� �Z�
 �&�[ �� �' �� �7
�� �[

�9@�CD9F5HCF�=B��5FH9G=5B�7CCF8=B5H9G
��
�°

�� �J
�? ��

�� �Y�� �K
�? ��

�� �Z�� �L
�? ��

�� �[

�@97HF=7�:=9@8�5G�;F58=9BH�C:�DCH9BH=5@ �&
�°

�� �' ��
�°

�7

�9@�CD9F5HCF�=B�7M@=B8F=75@�7CCF8=B5H9G ��
�°

�� �S�? ��
�� �S�� ���?��

�S
��

�� �� �� �[�? ��
�� �[

�9@�CD9F5HCF�=B�GD<9F=75@�7CCF8=B5H9G
��
�°

�� �S�? ��
�� �S�� ��

�?��
�S

��
�� ��

�� ���? ��
�S�T�J�O��

��
�� ��

SUMMARY

7.1 Electric Potential Energy
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7.3 Calculations of Electric Potential
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7.4 Determining Field from Potential
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7.5 Equipotential Surfaces and Conductors
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7.6 Applications of Electrostatics
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7.3 Calculations of Electric Potential
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7.4 Determining Field from Potential
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7.5 Equipotential Surfaces and Conductors
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7.6 Applications of Electrostatics
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Capacitance and Charge Stored in a Parallel-Plate Capacitor
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A 1-F Parallel-Plate Capacitor
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Capacitance of an Isolated Sphere
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Equivalent Capacitance of a Series Network
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8.4 | Capacitor with a Dielectric

Learning Objectives
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8.7
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8.5 | Molecular Model of a Dielectric

Learning Objectives
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Electrical Field and Induced Surface Charge
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Inserting a Dielectric into a Capacitor Connected to a Battery
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capacitance

capacitor

dielectric

dielectric breakdown

dielectric constant

dielectric strength

energy density

induced electric-dipole moment

induced electrical field

induced surface charges

parallel combination

parallel-plate capacitor

series combination

CHAPTER 8 REVIEW
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SUMMARY

8.1 Capacitors and Capacitance
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8.2 Capacitors in Series and in Parallel

U 2?<E J<M<I8C:8G8:@KFIJ8I<:FEE<:K<;@E8 J<I@<J:FD9@E8K@FE
K?<I<:@GIF:8CF=K?<<HL@M8C<EK:8G8:@K8E:<@JK?<
JLD�F=�K?<�I<:@GIF:8CJ�F=�K?<�@E;@M@;L8C�:8G8:@K8E:<J�

U 2?<E J<M<I8C:8G8:@KFIJ8I< :FEE<:K<;@E8 G8I8CC<C:FD9@E8K@FE
K?<<HL@M8C<EK:8G8:@K8E:<@JK?<JLD F=K?<
@E;@M@;L8C�:8G8:@K8E:<J�

U 2?<E 8 E<KNFIBF=:8G8:@KFIJ:FEK8@EJ8 :FD9@E8K@FEF=J<I@<J8E; G8I8CC<C:FEE<:K@FEJ
N<@;<EK@=PK?<J<I@<J8E;
G8I8CC<CE<KNFIBJ
8E; :FDGLK<K?<@I<HL@M8C<EK:8G8:@K8E:<JJK<G9PJK<GLEK@CK?<<EK@I<E<KNFIB9<:FD<JI<;L:<;
KF�FE<�<HL@M8C<EK�:8G8:@K8E:<�

8.3 Energy Stored in a Capacitor
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8.4 Capacitor with a Dielectric
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8.5 Molecular Model of a Dielectric
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8.1 Capacitors and Capacitance
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8.2 Capacitors in Series and in Parallel
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8.3 Energy Stored in a Capacitor
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8.4 Capacitor with a Dielectric
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8.5 Molecular Model of a Dielectric
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ADDITIONAL PROBLEMS
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9.1 | Electrical Current

Learning Objectives
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Electrical Current
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Calculating the A verage Current
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Calculating Instantaneous Currents
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9.2 | Model of Conduction in Metals

Learning Objectives
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9.3 | Resistivity and Resistance
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Significance
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Material and shape dependence of resistance
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Significance
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9.4 | Ohm's Law
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9.5 | Electrical Energy and Power

Learning Objectives
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Calculating Power in Electric Devices
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Calculating the Cost Effectiveness of LED Bulb
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Significance
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Table 9.2 Light Output of LED, Incandescent, and CFL Light Bulbs

Summary of Relationships
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9.6 | Superconductors

Learning Objectives
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The Resistance of Mercury
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Material Symbol or Formula Critical T emperature
Tc (K)

Critical
Magnetic Field
Hc (T)

Type
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High-Temperature Oxides
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Table 9.3 Superconductor Critical T emperatures
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Applications of Superconductors
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ampere (amp)
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conventional current

critical temperature

current density

diode

drift velocity

electrical conductivity

electrical current

electrical power

Josephson junction

Meissner effect

nonohmic

ohm

ohmic

OhmÕs law

resistance

resistivity

schematic

SQUID

superconductivity
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SUMMARY

9.1 Electrical Current
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9.2 Model of Conduction in Metals
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9.3 Resistivity and Resistance
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9.4 Ohm's Law
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9.6 Superconductors
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CONCEPTUAL QUESTIONS
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9.2 Model of Conduction in Metals

4. $E:8E;<J:<EKC@>?K9LC9J8I<9<@E>I<GC8:<;N@K?DFI<
<==@:@<EK' � 8E; �!' C@>?K9LC9J�$JK?<I<8EPF9M@FLJ
<M@;<E:<K?8K@E:8E;<J:<EKC@>?K9LC9JD@>?KEFK9< K?8K
<E<I>P <==@:@<EK�$J <E<I>P :FEM<IK<;@EKF8EPK?@E>9LK
M@J@9C<�C@>?K�

5. $KN8J JK8K<;K?8KK?<DFK@FEF=8E <C<:KIFE8GG<8IJ
E<8ICPI8E;FD N?<E8E <C<:KI@:8C=@<C;@J8GGC@<;KFK?<
:FE;L:KFI� 2?8K D8B<JK?<DFK@FEE<8ICPI8E;FD 8E;
;@==<I<EK@8K<J@K=IFDK?<I8E;FD DFK@FEF=DFC<:LC<J@E8
>8J�

6.  C<:KI@::@I:L@KJ8I< JFD<K@D<J<OGC8@E<;LJ@E>8
:FE:<GKL8CDF;<CF=N8K<I=CFN@E>K?IFL>?8 G@G<�$EK?@J
:FE:<GKL8CDF;<C
K?<MFCK8><JFLI:< @JI<GI<J<EK<;8J 8
GLDGK?8KGLDGJN8K<IK?IFL>?G@G<J8E; K?<G@G<J:FEE<:K
:FDGFE<EKJ@EK?<:@I:L@K�$J8 :FE:<GKL8CDF;<CF=N8K<I
=CFN@E>K?IFL>?8 G@G<8E8;<HL8K<I<GI<J<EK8K@FEF=K?<
:@I:L@K�#FN 8I< <C<:KIFEJ8E; N@I<JJ@D@C8IKFN8K<I
DFC<:LC<J�8E;�G@G<J��#FN�8I<�K?<P�;@==<I<EK�

7. �E @E:8E;<J:<EKC@>?K9LC9@JG8IK@8CCP<M8:L8K<;�2?P
;F�PFL�JLGGFJ<�K?8K�@J�

9.3 Resistivity and Resistance
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9.2 Model of Conduction in Metals
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9.3 Resistivity and Resistance
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9.4 Ohm's Law
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9.5 Electrical Energy and Power
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Analyzing a Circuit with a Battery and a Load
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Battery T esters
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10.2 | Resistors in Series and Parallel

Learning Objectives
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Equivalent Resistance, Current, and Power in a Series Circuit
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Resistors in Parallel
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Analysis of a Parallel Circuit
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10.4

Significance
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10.3 | Kirchhoff's Rules
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Calculating Current by Using Kirchhoff Õs Rules
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Calculating Current by Using Kirchhoff Õs Rules
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10.4 | Electrical Measuring Instruments

Learning Objectives
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Measuring Current with an Ammeter
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Measuring V oltage with a V oltmeter
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10.5 | RC Circuits

Learning Objectives
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Charging a Capacitor
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Discharging a Capacitor
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The Relaxation Oscillator
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Learning Objectives
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Electrical Safety: Systems and Devices
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ammeter

electromotive force (emf)

equivalent resistance

internal resistance

junction rule

Kirchhoff Õs rules

loop rule

potential difference

potential drop

RC circuit

shock hazard

terminal voltage

thermal hazard

three-wire system

voltmeter
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SUMMARY

10.1 Electromotive Force
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10.2 Resistors in Series and Parallel
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10.3 Kirchhoff's Rules

U &@I:??F==cJ ILC<J:8E 9<LJ<; KF8E8CPQ<8EP:@I:L@K
J@DGC<FI :FDGC<O�/?< J@DGC<IJ<I@<J8E; G8I8CC<C:FEE<:K@FE
ILC<J�8I<�JG<:@8C�:8J<J�F=�&@I:??F==cJ�ILC<J�

U &@I:??F==cJ =@IJKILC<
8CJFBEFNE8JK?<ALE:K@FEILC<
8GGC@<JKFK?<:?8I><KF8 ALE:K@FE��LII<EK@JK?<=CFNF=
:?8I><��K?LJ
�N?8K<M<I�:?8I><�=CFNJ�@EKF�K?<�ALE:K@FE�DLJK�=CFN�FLK�

U &@I:??F==cJ�J<:FE;�ILC<
�8CJF�BEFNE�8J�K?<�CFFG�ILC<
�JK8K<J�K?8K�K?<�MFCK8><�;IFG�8IFLE;�8�CFFG�@J�Q<IF�

U 2?<E :8C:LC8K@E>GFK<EK@8C8E; :LII<EKLJ@E>&@I:??F==cJ ILC<J
8 J<KF= :FEM<EK@FEJDLJK9< =FCCFN<;=FI
;<K<ID@E@E>�K?<�:FII<:K�J@>EJ�F=�M8I@FLJ�K<IDJ�

U 2?<E DLCK@GC<MFCK8><JFLI:<J8I<@EJ<I@<J
K?<@I@EK<IE8CI<J@JK8E:<J8;; KF><K?<I8E; K?<@I<D=J8;; KF><K?<IKF
><K�K?<�KFK8C�M8CL<J�

��� �<5DH9F����O��=F97H��IFF9BH��=F7I=HG

,<=G�'D9B+H5L�6CC?�=G�5J5=@56@9�:CF�:F99�5H�<HHDG�

@9;57M	7BL	CF;
7CBH9BH
7C@�
���
�	�



U 2?<E DLCK@GC<MFCK8><JFLI:<J8I<@EG8I8CC<C
K?<@I@EK<IE8CI<J@JK8E:<J:FD9@E<KF8E<HL@M8C<EKI<J@JK8E:<K?8K@J
C<JJ�K?8E�K?<�@E;@M@;L8C�I<J@JK8E:<�8E;�GIFM@;<J�8�?@>?<I�:LII<EK�K?8E�8�J@E>C<�:<CC�

U .FC8I�:<CCJ�:8E�9<�N@I<;�@E�J<I@<J�FI�G8I8CC<C�KF�GIFM@;<�@E:I<8J<;�MFCK8><�FI�:LII<EK
�I<JG<:K@M<CP�

10.4 Electrical Measuring Instruments
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10.3 Kirchhoff's Rules
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10.4 Electrical Measuring Instruments
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10.5 RC Circuits
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10.6 Household W iring and Electrical Safety
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ADDITIONAL PROBLEMS
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11.1 | Magnetism and Its Historical Discoveries

Learning Objectives
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11.2 | Magnetic Fields and Lines

Learning Objectives
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Problem-Solving Strategy: Direction of the Magnetic Field by the Right-Hand Rule
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An Alpha-Particle Moving in a Magnetic Field
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Representing Magnetic Fields
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11.3 | Motion of a Charged Particle in a Magnetic Field
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Calculating Magnetic Force on a Current-Carrying W ire
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Force on a Circular W ire
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SUMMARY

11.1 Magnetism and Its Historical Discoveries
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11.2 Magnetic Fields and Lines
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11.3 Motion of a Charged Particle in a Magnetic Field
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11.4 Magnetic Force on a Current-Carrying Conductor
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11.5 Force and T orque on a Current Loop
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11.7 Applications of Magnetic Forces and Fields

U � D8JJJG<:KIFD<K<I@J8 ;<M@:<K?8KJ<G8I8K<J@FEJ8::FI;@E>KFK?<@I:?8I><�KF�D8JJI8K@FJ9P=@IJKJ<E;@E>K?<D
K?IFL>?�8�M<CF:@KP�J<C<:KFI
�K?<E�8�LE@=FID�D8>E<K@:�=@<C;�

U �P:CFKIFEJ8I<LJ<; KF8::<C<I8K<:?8I><; G8IK@:C<JKFC8I><B@E<K@:<E<I>@<JK?IFL>?8GGC@<;<C<:KI@:8E; D8>E<K@:
=@<C;J�

CONCEPTUAL QUESTIONS

11.2 Magnetic Fields and Lines

1. �@J:LJJK?<J@D@C8I@K@<J8E; ;@==<I<E:<J9<KN<<EK?<
<C<:KI@:8C=FI:<FE8 :?8I>< 8E; K?<D8>E<K@:=FI:<FE8
:?8I><�

2. �8� $J@KGFJJ@9C<=FIK?<D8>E<K@:=FI:<FE8 :?8I><
DFM@E>@E8 D8>E<K@:=@<C;KF9<Q<IF��9� $J@KGFJJ@9C<=FI
K?<<C<:KI@:=FI:<FE8 :?8I><DFM@E>@E8E<C<:KI@:=@<C;KF
9< Q<IF��:� $J@KGFJJ@9C<=FIK?<I<JLCK8EKF=K?<<C<:KI@:
8E; D8>E<K@:=FI:<JFE 8 :?8I>< DFM@E>J@DLCK8E<FLJCP
K?IFL>?�9FK?�=@<C;J�KF�9<�Q<IF�

11.3 Motion of a Charged Particle in a Magnetic

Field

3. �K 8 >@M<E@EJK8EK
8E<C<:KIFE8E; 8 GIFKFE8I<DFM@E>
N@K?K?<J8D< M<CF:@KP@E8 :FEJK8EKD8>E<K@:=@<C;�
�FDG8I< K?<D8>E<K@:=FI:<JFEK?<J<G8IK@:C<J��FDG8I<
K?<@I�8::<C<I8K@FEJ�

4. �F<J @E:I<8J@E>K?<D8>E@KL;<F=8 LE@=FIDD8>E<K@:
=@<C;K?IFL>?N?@:?8 :?8I><@JKI8M<C@E>E<:<JJ8I@CPD<8E

@E:I<8J@E>K?< D8>E<K@:=FI:< FE K?< :?8I><� �F<J
:?8E>@E>K?<;@I<:K@FEF= K?<=@<C;E<:<JJ8I@CPD<8E 8
:?8E><�@E�K?<�=FI:<�FE�K?<�:?8I><�

5. �E <C<:KIFEG8JJ<JK?IFL>?8 D8>E<K@:=@<C;N@K?FLK
9<@E>;<=C<:K<;�2?8K;F PFL:FE:CL;<89FLKK?<D8>E<K@:
=@<C;�

6. $=8 :?8I><; G8IK@:C<DFM<J@E8 JKI8@>?KC@E<
:8E PFL
:FE:CL;<�K?8K�K?<I<�@J�EF�D8>E<K@:�=@<C;�GI<J<EK�

7. #FN :FLC; PFL ;<K<ID@E<N?@:? GFC<F= 8E
<C<:KIFD8>E<K�@J�EFIK?�8E;�N?@:?�GFC<�@J�JFLK?�

11.4 Magnetic Force on a Current-Carrying

Conductor

8. �<J:I@9<K?<<IIFI K?8KI<JLCKJ=IFD 8::@;<EKCPLJ@E>
PFLIC<=KI8K?<IK?8EPFLII@>?K?8E; N?<E;<K<ID@E@E>K?<
;@I<:K@FE�F=�8�D8>E<K@:�=FI:<�

9. �FEJ@;<I@E>K?<D8>E<K@:=FI:<C8N
 8I< K?<M<CF:@KP

�<5DH9F����O�%5;B9H=7��CF79G�5B8��=9@8G �
�



8E; D8>E<K@:=@<C;8CN8PJG<IG<E;@:LC8I��I< K?<=FI:<8E;
M<CF:@KP8CN8PJG<IG<E;@:LC8I�2?8K 89FLKK?<=FI:<8E;
D8>E<K@:�=@<C;�

10. 2?P :8E 8 E<8I9PD8>E<K;@JKFIK8 :8K?F;<I8PKL9<
K<C<M@J@FE�G@:KLI<�

11. � D8>E<K@:=@<C;<O<IKJ8 =FI:< FE K?<DFM@E>
<C<:KIFEJ@E8 :LII<EK:8IIP@E>N@I<�2?8K <O<IKJK?<=FI:<
FE�8�N@I<�

12. /?<I< 8I< I<>@FEJN?<I<K?<D8>E<K@:=@<C;F=<8IK?
@J8CDFJKG<IG<E;@:LC8IKFK?<JLI=8:<F=  8IK?� 2?8K

;@==@:LCKP�;F<J�K?@J�:8LJ<�@E�K?<�LJ<�F=�8�:FDG8JJ�

11.6 The Hall Effect

13. #8CCGFK<EK@8CJ8I< DL:? C8I><I =FIGFFI:FE;L:KFIJ
K?8E�=FI�>FF;�:FE;L:KFIJ��2?P�

11.7 Applications of Magnetic Forces and

Fields

14. �<J:I@9<K?<GI@D8IP=LE:K@FEF=K?<<C<:KI@:=@<C;8E;
K?<�D8>E<K@:�=@<C;�@E�8�:P:CFKIFE�

PROBLEMS

11.2 Magnetic Fields and Lines

15. 2?8K @JK?<;@I<:K@FEF= K?<D8>E<K@:=FI:< FE 8
GFJ@K@M<:?8I>< K?8KDFM<J8J J?FNE@E<8:? F=K?<J@O
:8J<J�

16. -<G<8K�GI<M@FLJ�<O<I:@J<�=FI�8�E<>8K@M<�:?8I><�

�
� �<5DH9F����O�%5;B9H=7��CF79G�5B8��=9@8G

,<=G�'D9B+H5L�6CC?�=G�5J5=@56@9�:CF�:F99�5H�<HHDG�

@9;57M	7BL	CF;
7CBH9BH
7C@�
���
�	�



17. 2?8K @JK?<;@I<:K@FEF=K?<M<CF:@KPF=8 E<>8K@M<
:?8I><K?8K<OG<I@<E:<JK?<D8>E<K@:=FI:<J?FNE@E<8:?
F=�K?<�K?I<<�:8J<J
�8JJLD@E>�@K�DFM<J�G<IG<E;@:LC8I�KF� �

18. -<G<8K�GI<M@FLJ�<O<I:@J<�=FI�8�GFJ@K@M<�:?8I><�

19. 2?8K @JK?<;@I<:K@FEF= K?<D8>E<K@:=@<C;K?8K
GIF;L:<JK?<D8>E<K@:=FI:<FE8 GFJ@K@M<:?8I><8JJ?FNE

@E<8:? F=K?<K?I<<:8J<J
8JJLD@E>�#
�ƒ

@JG<IG<E;@:LC8I

KF �W�ƒ �

20. -<G<8K�GI<M@FLJ�<O<I:@J<�=FI�8�E<>8K@M<�:?8I><�

21. �8� �@I:I8=KJFD<K@D<J8:HL@I<JD8CCJK8K@::?8I><J�
.LGGFJ<8 JLG<IJFE@:A<K?8J8 ������^� :?8I><8E; =C@<J
;L< N<JK8K8JG<<;F=���� D
JFM<I 8IK?cJJFLK?D8>E<K@:

GFC<
N?<I< K?< ���������—���� �'�� �' �5 D8>E<K@:=@<C;GF@EKJ
JKI8@>?KLG�2?8K8I<K?<;@I<:K@FE8E; K?<D8>E@KL;<F=K?<
D8>E<K@:=FI:<FEK?<GC8E<��9� �@J:LJJN?<K?<IK?<M8CL<
F9K8@E<;@EG8IK�8� @DGC@<JK?@J@J8J@>E@=@:8EKFI E<>C@>@9C<
<==<:K�

22. �8� � :FJD@:I8P GIFKFEDFM@E>KFN8I;  8IK? 8K

���������—���� �� �N���T <OG<I@<E:<J8 D8>E<K@:=FI:< F=

���������—���� �'���� �/ �� 2?8K @JK?<JKI<E>K?F=K?<D8>E<K@:
=@<C;@=K?<I<@J8 ��T 8E>C<9<KN<<E@K8E; K?<GIFKFEcJ
M<CF:@KP��9� $JK?<M8CL<F9K8@E<;@EG8IK8� :FEJ@JK<EKN@K?
K?<BEFNEJKI<E>K?F= 8IK?cJD8>E<K@:=@<C;FE@KJJLI=8:<�
�@J:LJJ�

23. �E <C<:KIFEDFM@E>8K ���������—���� �� �N���T@E8 �����/
D8>E<K@:=@<C;<OG<I@<E:<J8 D8>E<K@:=FI:< F=

���������—���� �'���� �/ �� 2?8K 8E>C<;F<J K?<M<CF:@KPF= K?<
<C<:KIFED8B< N@K?K?<D8>E<K@:=@<C;�/?<I< 8I< KNF
8EJN<IJ�

24. �8� � G?PJ@:@JKG<I=FID@E>8 J<EJ@K@M<D<8JLI<D<EK
N8EKJKFC@D@KK?<D8>E<K@:=FI:<FE8 DFM@E>:?8I>< @E

?<I <HL@GD<EKKFC<JJK?8E���������—���� �'���� �/ �� 2?8K @JK?<
>I<8K<JKK?<:?8I><:8E 9<@=@KDFM<J8K8 D8O@DLDJG<<;
F=���� D
J @E 8IK?cJ =@<C;��9� �@J:LJJN?<K?<I@KNFLC;
9<;@==@:LCKKFC@D@KK?<:?8I><KFC<JJK?8EK?<M8CL<=FLE;@E
�8� 9P:FDG8I@E>@KN@K?KPG@:8CJK8K@:<C<:KI@:@KP8E; EFK@E>
K?8K�JK8K@:�@J�F=K<E�89J<EK�

11.3 Motion of a Charged Particle in a Magnetic

Field

25. � :FJD@:�I8P<C<:KIFEDFM<J8K �������—���� �� �N���T
G<IG<E;@:LC8IKF 8IK?cJD8>E<K@:=@<C;8K8E8CK@KL;<N?<I<

K?<=@<C;JKI<E>K?@J�������—���� �'�� �5�� 2?8K@JK?<I8;@LJF=K?<
:@I:LC8I�G8K?�K?<�<C<:KIFE�=FCCFNJ�

26. �8� 1@<N<IJF=.K8I / I<B?8M<?<8I; F=8E8EK@D8KK<I
;I@M<FEK?<.K8IJ?@G�4:+868/9+� *E< GFJJ@9@C@KP=FIJL:?
8 =LKLI@JK@:<E<I>P JFLI:< @JKFJKFI<8EK@D8KK<I:?8I><;
G8IK@:C<J@E8 M8:LLD:?8D9<I
 :@I:LC8K@E>@E8 D8>E<K@:
=@<C;
8E; K?<E<OKI8:KK?<D 8J E<<;<;� �EK@D8KK<I
8EE@?@C8K<JEFID8CD8KK<I
 GIF;L:@E>GLI<<E<I>P� 2?8K
JKI<E>K?D8>E<K@:=@<C;@JE<<;<; KF?FC; 8EK@GIFKFEJ


DFM@E>8K �������—���� �� �N���T@E8 :@I:LC8IG8K?���� D @E
I8;@LJ��EK@GIFKFEJ?8M<K?<J8D< D8JJ 8J GIFKFEJ9LK
K?<FGGFJ@K<�E<>8K@M<�:?8I><� �9� $JK?@J=@<C;JKI<E>K?
F9K8@E89C<N@K?KF;8PcJ K<:?EFCF>PFI @J@K8 =LKLI@JK@:
GFJJ@9@C@KP�

�<5DH9F����O�%5;B9H=7��CF79G�5B8��=9@8G �
�



27. �8� �E FOP><E��� @FEN@K?8 D8JJ F=

���������—���� �'���� �L�HKI8M<CJ8K �������—���� �� �N���TG<IG<E;@:LC8I

KF8 �����/ D8>E<K@:=@<C;
N?@:?D8B<J@KDFM<@E8
:@I:LC8I8I: N@K?8 ������D I8;@LJ�2?8KGFJ@K@M<:?8I><@J
FEK?<@FE��9� 2?8K@JK?<I8K@FF=K?@J:?8I><KFK?<:?8I><
F=8E<C<:KIFE��:� �@J:LJJN?PK?<I8K@F=FLE;@E�9� J?FLC;
9<�8E�@EK<><I�

28. �E <C<:KIFE@E8 /1 �- / DFM<JN@K?8 JG<<;F=

�������—���� �� �N���T�
 @E8 ;@I<:K@FEG<IG<E;@:LC8IKF 8IK?cJ

=@<C;
N?@:??8J 8 JKI<E>K?F= �������—���� �'�� �5�� �8� 2?8K
JKI<E>K?<C<:KI@:=@<C;DLJK9<8GGC@<;G<IG<E;@:LC8IKFK?<
 8IK?cJ =@<C;KFD8B<K?<<C<:KIFEDFM<J@E8 JKI8@>?KC@E<�
�9� $=K?@J@J;FE< 9<KN<<EGC8K<JJ<G8I8K<;9P ���� :D

N?8K@JK?<MFCK8><8GGC@<;��)FK< K?8K/1J 8I< LJL8CCP
JLIIFLE;<; 9P 8 =<IIFD8>E<K@:D8K<I@8CKFJ?@<C;8>8@EJK
<OK<IE8CD8>E<K@:=@<C;J8E; 8MF@;K?<E<<; =FI JL:? 8
:FII<:K@FE��

29. �8� �K N?8KJG<<;N@CC8GIFKFEDFM<@E8:@I:LC8IG8K?
F=K?<J8D<I8;@LJ8JK?<<C<:KIFE@EK?<GI<M@FLJ<O<I:@J<�
�9� 2?8KNFLC;K?<I8;@LJF=K?<G8K?9<@=K?<GIFKFE?8;
K?<J8D<JG<<;8JK?<<C<:KIFE��:� 2?8KNFLC;K?<I8;@LJ
9<@=K?<GIFKFE?8; K?<J8D<B@E<K@:<E<I>P8JK?<<C<:KIFE�
�;��/?<�J8D<�DFD<EKLD�

30. �8� 2?8K MFCK8><N@CC8::<C<I8K<<C<:KIFEJKF8 JG<<;

F= ���������—���� �'�� �N���T� �9� !@E;K?<I8;@LJF=:LIM8KLI<F=
K?<G8K?F=8 GIFKFE8::<C<I8K<;K?IFL>?K?@JGFK<EK@8C@E8
������/ =@<C;8E; :FDG8I<K?@JN@K?K?<I8;@LJF=:LIM8KLI<
F=�8E�<C<:KIFE�8::<C<I8K<;�K?IFL>?�K?<�J8D<�GFK<EK@8C�

31. �E 8CG?8�G8IK@:C<�1�3�N�� ���������—���� �'���� �L�H�


�R�� �������—���� �'���� �$�4
�6 KI8M<CJ@E8 :@I:LC8IG8K?F=I8;@LJ��

:D @E8 LE@=FIDD8>E<K@:=@<C;F=D8>E@KL;<��� / � �8�
2?8K @JK?<JG<<;F=K?<G8IK@:C<��9� 2?8K @JK?<B@E<K@:
<E<I>P @E<C<:KIFE�MFCKJ��:� /?IFL>? N?8K GFK<EK@8C
;@==<I<E:<DLJKK?<G8IK@:C<9<8::<C<I8K<;@EFI;<I KF>@M<
@K�K?@J�B@E<K@:�<E<I>P�

32. � G8IK@:C<F=:?8I>< 7 8E; D8JJ 3 @J8::<C<I8K<;
=IFD I<JKK?IFL>?8 GFK<EK@8C;@==<I<E:<" 
 8=K<IN?@:?@K
<E:FLEK<IJ8 LE@=FIDD8>E<K@:=@<C;� � $=K?<G8IK@:C<
DFM<J@E8 GC8E<G<IG<E;@:LC8IKF� 
 N?8K@JK?<I8;@LJF=
@KJ�:@I:LC8I�FI9@K�

11.4 Magnetic Force on a Current-Carrying

Conductor

33. 2?8K @JK?<;@I<:K@FEF=K?<D8>E<K@:=FI:< FE K?<
:LII<EK�@E�<8:?�F=�K?<�J@O�:8J<J�

34. 2?8K@JK?<;@I<:K@FEF=8 :LII<EKK?8K<OG<I@<E:<JK?<
D8>E<K@:=FI:<J?FNE@E<8:? F=K?<K?I<<:8J<J
8JJLD@E>

K?<�:LII<EK�ILEJ�G<IG<E;@:LC8I�KF�#
�ƒ

�

�
� �<5DH9F����O�%5;B9H=7��CF79G�5B8��=9@8G

,<=G�'D9B+H5L�6CC?�=G�5J5=@56@9�:CF�:F99�5H�<HHDG�

@9;57M	7BL	CF;
7CBH9BH
7C@�
���
�	�



35. 2?8K @JK?<;@I<:K@FEF= K?<D8>E<K@:=@<C;K?8K
GIF;L:<JK?<D8>E<K@:=FI:<J?FNEFEK?<:LII<EKJ@E<8:?

F=�K?<�K?I<<�:8J<J
�8JJLD@E>�#
�ƒ

@J�G<IG<E;@:LC8I�KF��

36. �8� 2?8K @JK?<=FI:<G<ID<K<IFE8 C@>?KE@E>9FCK8K
K?<<HL8KFIK?8K:8II@<J��
��� � G<IG<E;@:LC8IKF 8IK?cJ

�������—���� �'�� �5 =@<C;��9� 2?8K@JK?<;@I<:K@FEF=K?<=FI:<
@=K?<:LII<EK@JJKI8@>?KLG8E;  8IK?cJ=@<C;;@I<:K@FE@J;L<
EFIK?
�G8I8CC<C�KF�K?<�>IFLE;�

37. �8� � ;: GFN<IC@E<=FI8C@>?K�I8@CJPJK<D:8II@<J����

� 8K8E8E>C<F=����T KF 8IK?cJ �������—���� �'�� �5 =@<C;�2?8K
@JK?<=FI:<FE8 ����D J<:K@FEF=K?@JC@E<��9� �@J:LJJ
GI8:K@:8C�:FE:<IEJ�K?@J�GI<J<EKJ
�@=�8EP�

38. � N@I<:8IIP@E>8 ������ :LII<EKG8JJ<J9<KN<<EK?<
GFC<JF=8 JKIFE>D8>E<KK?8K@JG<IG<E;@:LC8IKF@KJ=@<C;
8E; <OG<I@<E:<J8 �����) =FI:<FEK?<���� :D F=N@I<@E
K?<�=@<C;��2?8K�@J�K?<�8M<I8><�=@<C;�JKI<E>K?�

11.5 Force and T orque on a Current Loop

39. �8� �P ?FN D8EPG<I:<EK@JK?<KFIHL<F=8 DFKFI
;<:I<8J<; @=@KJG<ID8E<EKD8>E<KJCFJ<���� F= K?<@I
JKI<E>K?��9� #FN D8EPG<I:<EKNFLC;K?<:LII<EKE<<;KF
9<�@E:I<8J<;�KF�I<KLIE�K?<�KFIHL<�KF�FI@>@E8C�M8CL<J�

40. �8� 2?8K@JK?<D8O@DLDKFIHL<FE8 ����KLIE JHL8I<
CFFGF=N@I<���� :D FE8 J@;<K?8K:8II@<J8 ������ :LII<EK
@E�8������/�=@<C;���9��2?8K�@J�K?<�KFIHL<�N?<EB@J�����T�

41. !@E;K?<:LII<EKK?IFL>?8 CFFGE<<;<; KF:I<8K<8
D8O@DLDKFIHL<F= �������/ �w�N�� /?< CFFG?8J �� JHL8I<
KLIEJK?8K8I<���� :D FE8J@;<8E; @J@E8LE@=FID������/
D8>E<K@:�=@<C;�

42. �8C:LC8K<K?<D8>E<K@:=@<C;JKI<E>K?E<<;<; FE 8
����KLIE JHL8I<CFFG���� :D FE 8 J@;<KF:I<8K<8
D8O@DLDKFIHL<F=��� ) � D @=K?<CFFG@J:8IIP@E>����
��

43. .@E:<K?<<HL8K@FE=FIKFIHL<FE 8 :LII<EK�:8IIP@E>
CFFG@J_� ��
� J@EB
 K?<LE@KJF=) � D DLJK<HL8CLE@KJ
F=�����D � / ��1<I@=P�K?@J�

44. �8� �K N?8K8E>C<] @JK?<KFIHL<FE8 :LII<EKCFFG
����� F=D8O@DLD��9� ����� F=D8O@DLD��:� ����� F=
D8O@DLD�

45. � GIFKFE?8J 8 D8>E<K@:=@<C;;L< KF@KJJG@E�/?<
=@<C;@JJ@D@C8IKFK?8K:I<8K<;9P 8 :@I:LC8I:LII<EKCFFG

���������—���� �'���� �N @EI8;@LJN@K?8:LII<EKF=���������—���� �� �" ��
!@E;K?<D8O@DLDKFIHL<FE8 GIFKFE@E8 �����/ =@<C;�
�/?@J�@J�8�J@>E@=@:8EK�KFIHL<�FE�8�JD8CC�G8IK@:C<��

46. �8� � ����KLIE :@I:LC8ICFFGF=I8;@LJ���� :D @J
M<IK@:8C
N@K?@KJ8O@JFE8E<8JK�N<JKC@E<�� :LII<EKF=���
� :@I:LC8K<J:CF:BN@J<@EK?<CFFGN?<EM@<N<;=IFDK?<
<8JK� 8IK?cJ =@<C;?<I<@J;L< EFIK?
G8I8CC<CKFK?<>IFLE;


N@K?8 JKI<E>K?F= �������—���� �'�� �5�� 2?8K 8I< K?<;@I<:K@FE
8E; D8>E@KL;<F=K?<KFIHL<FE K?<CFFG��9� �F<J K?@J
;<M@:<�?8M<�8EP�GI8:K@:8C�8GGC@:8K@FEJ�8J�8�DFKFI�

�<5DH9F����O�%5;B9H=7��CF79G�5B8��=9@8G �
�



47. -<G<8KK?<GI<M@FLJGIF9C<D
9LKN@K?K?<CFFGCP@E>
=C8KFE K?< >IFLE; N@K?@KJ:LII<EK :@I:LC8K@E>
:FLEK<I:CF:BN@J<�N?<EM@<N<;=IFD89FM<�@E8 CF:8K@FE
N?<I< 8IK?cJ=@<C;@JEFIK?
9LK8K8E8E>C<����S 9<CFNK?<

?FI@QFEK8C�8E;�N@K?�8�JKI<E>K?�F=�������—���� �'�� �5��
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12.2 | Magnetic Field Due to a Thin Straight W ire
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Significance
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Problem-Solving Strategy: Amp•reÕ s Law
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Using Amp•reÕs Law to Calculate the Magnetic Field Due to a W ire
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Calculating the Magnetic Field of a Thick W ire with Amp•reÕ s Law
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Using Amp•reÕs Law with Arbitrary Paths
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Iron Core in a Coil
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SUMMARY

12.1 The Biot-Savart Law
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12.7 Magnetism in Matter
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A Square Coil in a Changing Magnetic Field
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A Circular Coil in a Changing Magnetic Field
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A Metal Rod Rotating in a Magnetic Field
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A Rectangular Coil Rotating in a Magnetic Field
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Induced Electric Field in a Circular Coil
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Electric Field Induced by the Changing Magnetic Field of a Solenoid
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Calculating the Emf Induced in a Generator Coil
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13.7 | Applications of Electromagnetic Induction

Learning Objectives
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SUMMARY

13.1 FaradayÕs Law
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13.2 Lenz's Law
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13.3 Motional Emf
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13.4 Induced Electric Fields

U ��:?8E>@E>�D8>E<K@:�=CLO�@E;L:<J�8E�<C<:KI@:�=@<C;�

U �FK?�K?<�:?8E>@E>�D8>E<K@:�=CLO�8E;�K?<�@E;L:<;�<C<:KI@:�=@<C;�8I<�I<C8K<;�KF�K?<�@E;L:<;�<D=�=IFD�!8I8;8PcJ�C8N�

13.5 Eddy Currents
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13.6 Electric Generators and Back Emf
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13.7 Applications of Electromagnetic Induction

U #8I;�;I@M<J�LK@C@Q<�D8>E<K@:�@E;L:K@FE�KF�I<8;
NI@K<�@E=FID8K@FE�

U *K?<I 8GGC@:8K@FEJF=D8>E<K@:@E;L:K@FE:8E 9< =FLE;@E>I8G?@:JK89C<KJ
<C<:KI@:8E; ?P9I@;M<?@:C<J
8E; @E
KI8EJ:I8E@8C�D8>E<K@:�JK@DLC8K@FE�

CONCEPTUAL QUESTIONS

13.1 FaradayÕs Law

1. � JK8K@FE8IP:F@C@J@E8 D8>E<K@:=@<C;K?8K@J:?8E>@E>
N@K?K@D<��F<J K?<<D=@E;L:<;@EK?<:F@C;<G<E;FEK?<
8:KL8C�M8CL<J�F=�K?<�D8>E<K@:�=@<C;�

2. $E!8I8;8PcJ<OG<I@D<EKJ
N?8KNFLC;9<K?<8;M8EK8><
F=�LJ@E>�:F@CJ�N@K?�D8EP�KLIEJ�

3. � :FGG<II@E>8E; 8 NFF;<E I@E>F= K?<J8D<
;@D<EJ@FEJ8I<GC8:<;@ED8>E<K@:=@<C;JJFK?8KK?<I<@JK?<
J8D<:?8E><@ED8>E<K@:=CLOK?IFL>?K?<D��FDG8I< K?<
@E;L:<;�<C<:KI@:�=@<C;J�8E;�:LII<EKJ�@E�K?<�I@E>J�

4. �@J:LJJK?<=8:KFIJ;<K<ID@E@E>K?<@E;L:<;<D=@E8
:CFJ<;�CFFG�F=�N@I<�

5. �8� �F<J K?<@E;L:<;<D=@E8 :@I:L@K;<G<E;FEK?<

I<J@JK8E:<F= K?<:@I:L@K��9� �F<J K?<@E;L:<;:LII<EK
;<G<E;�FE�K?<�I<J@JK8E:<�F=�K?<�:@I:L@K�

6. #FN NFLC;:?8E>@E>K?<I8;@LJF=CFFG� J?FNE9<CFN
8==<:K@KJ<D=
8JJLD@E>� 8E; � 8I<DL:? :CFJ<IKF><K?<I
:FDG8I<;�KF�K?<@I�I8;@@�

7. �8E K?<I<9< 8E@E;L:<;<D=@E8 :@I:L@K8K8E@EJK8EK
N?<E�K?<�D8>E<K@:�=CLO�K?IFL>?�K?<�:@I:L@K�@J�Q<IF�

8. �F<J K?<@E;L:<;<D= 8CN8PJ8:K KF;<:I<8J< K?<

��� �<5DH9F����O��@97HFCA5;B9H=7�!B8I7H=CB

,<=G�'D9B+H5L�6CC?�=G�5J5=@56@9�:CF�:F99�5H�<HHDG�

@9;57M	7BL	CF;
7CBH9BH
7C@�
���
�	�



D8>E<K@:�=CLO�K?IFL>?�8�:@I:L@K�

9. #FN NFLC; PFL GFJ@K@FE8 =C8KCFFGF= N@I<@E8
:?8E>@E>D8>E<K@:=@<C;JFK?8KK?<I<@JEF@E;L:<;<D=@E
K?<�CFFG�

10. /?< EFID8CKFK?<GC8E<F=8 J@E>C<�KLIE:FE;L:K@E>
CFFG@J;@I<:K<;8K8E 8E>C<�� KF8 JG8K@8CCPLE@=FID

D8>E<K@:=@<C;�#
�ƒ

�� $K?8J 8 =@O<;8I<88E; FI@<EK8K@FE
I<C8K@M<KFK?<D8>E<K@:=@<C;�.?FN K?8KK?<<D=@E;L:<;@E
K?<CFFG@J>@M<E9P �� �� �	�E�#���E�U�
�	�" �D�P�T���
�
 N?<I<
 @JK?<

8I<8�F=�K?<�CFFG�

13.2 Lenz's Law

11. /?< :@I:LC8I:FE;L:K@E>CFFGJJ?FNE @EK?<
8::FDG8EP@E>=@>LI<8I< G8I8CC<C
G<IG<E;@:LC8IKFK?<
GC8E<F=K?<G8><
8E; :F8O@8C��8� 2?<E K?<JN@K:?. @J
:CFJ<;
N?8K@JK?<;@I<:K@FEF=K?<:LII<EK@E;L:<;@E� �
�9� 2?<E K?<JN@K:?@JFG<E<;
N?8K@JK?<;@I<:K@FEF=K?<
:LII<EK�@E;L:<;�@E�CFFG� �

12. /?< EFIK?GFC<F=8 D8>E<K@JDFM<;KFN8I;8 :FGG<I
CFFG
8JJ?FNE9<CFN� $=PFL8I<CFFB@E>8KK?<CFFG=IFD
89FM<K?<D8>E<K
N@CCPFL J8PK?<@E;L:<;:LII<EK@J
:@I:LC8K@E>�:CF:BN@J<�FI�:FLEK<I:CF:BN@J<�

13. /?< 8::FDG8EP@E>=@>LI<J?FNJ8 :FE;L:K@E>I@E>
8KM8I@FLJGFJ@K@FEJ8J@KDFM<JK?IFL>?8 D8>E<K@:=@<C;�
2?8K @JK?<J<EJ<F=K?<@E;L:<;<D==FI<8:? F=K?FJ<
GFJ@K@FEJ�

14. .?FN�K?8K�� 8E; �E�e�N���E�U?8M<�K?<�J8D<�LE@KJ�

15. .K8K<K?<;@I<:K@FEF=K?<@E;L:<;:LII<EK=FI<8:?:8J<
J?FNE�9<CFN
�F9J<IM@E>�=IFD�K?<�J@;<�F=�K?<�D8>E<K�

13.3 Motional Emf

16. � 98ID8>E<K=8CCJLE;<IK?<@E=CL<E:<F=>I8M@KP8CFE>
K?<8O@JF=8CFE>:FGG<IKL9<�$=8@II<J@JK8E:<@JE<>C@>@9C<

N@CCK?<I<9<8 =FI:<KFFGGFJ<K?<;<J:<EKF=K?<D8>E<K�
$=�JF
�N@CC�K?<�D8>E<K�I<8:?�8�K<ID@E8C�M<CF:@KP�

17. �IFLE; K?<><F>I8G?@:)FIK?+FC<�FI D8>E<K@:.FLK?
+FC<�
 8IK?cJ D8>E<K@:=@<C;@J8CDFJKM<IK@:8C�$=8E
8@IGC8E<@J=CP@E>EFIK?N8I;@EK?@JI<>@FE
N?@:?J@;<F=
K?<N@E>@JGFJ@K@M<CP:?8I><; 8E; N?@:?@JE<>8K@M<CP
:?8I><;�

18. � N@I<CFFGDFM<JKI8EJC8K@FE8CCP�EF IFK8K@FE�@E
8 LE@=FIDD8>E<K@:=@<C;�$JK?<I<8E<D=@E;L:<;@EK?<
CFFG�

�<5DH9F����O��@97HFCA5;B9H=7�!B8I7H=CB ���



13.4 Induced Electric Fields
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13.5 Eddy Currents
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13.2 Lenz's Law
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13.3 Motional Emf
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13.4 Induced Electric Fields
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13.6 Electric Generators and Back Emf
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14.3 | Energy in a Magnetic Field
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Self-Inductance of a Coaxial Cable
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14.5 | Oscillations in an LC Circuit

Learning Objectives
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CHAPTER 14 REVIEW
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SUMMARY

14.1 Mutual Inductance
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14.2 Self-Inductance and Inductors
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14.3 Energy in a Magnetic Field
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14.4 RL Circuits
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14.5 Oscillations in an LC Circuit

U /?< <E<I>PKI8EJ=<II<;@E8EFJ:@CC8KFIPD8EE<I9<KN<<EK?<:8G8:@KFI8E; @E;L:KFI@E8E�� :@I:L@KF::LIJ 8K8E

8E>LC8I�=I<HL<E:P�� �� ��
�-�$ �

U /?<�:?8I ><�8E;�:LII<EK�@E�K?<�:@I:L@K�8I<�>@M<E�9P

�R�	�U�
 �� �R�� �D�P�T�	�� �U�� � �
�


�J�	�U�
 �� �' �� �R�� �T�J�O�	�� �U�� � �
��

14.6 RLC Series Circuits
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14.3 Energy in a Magnetic Field
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14.5 Oscillations in an LC Circuit
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Problem-Solving Strategy: AC Circuits
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An RLC Series Circuit
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15.4 | Power in an AC Circuit
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Power Transfer in an RLC Series Circuit at Resonance
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ac current

ac voltage

alternating current (ac)

average power

bandwidth

capacitive reactance

direct current (dc)

impedance

inductive reactance

phase angle

power factor

quality factor

resonant frequency

rms current

rms voltage

step-down transformer

step-up transformer

transformer

transformer equation
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Displacement current in a charging capacitor
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MaxwellÕs Equations
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MaxwellÕs Equations

�� GaussÕs law
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Calculating B-Field Strength in an Electromagnetic W ave
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Table 16.1 Electromagnetic W aves

/?< I<C8K@FEJ?@G�D�� �G�	 9<KN<<E=I<HL<E:P, 8E; N8M<C<E>K?�	 8GGC@<JKF8CCN8M<J8E; <EJLI<JK?8K>I<8K<I=I<HL<E:P

D<8EJJD8CC<IN8M<C<E>K?�Figure 16.17 J?FNJ?FNK?<M8I@FLJKPG<JF=<C<:KIFD8>E<K@:N8M<J8I<:8K<>FI@Q<;8::FI;@E>
KF�K?<@I�N8M<C<E>K?J�8E;�=I<HL<E:@<JaK?8K�@J
�@K�J?FNJ�K?<�<C<:KIFD8>E<K@:�JG<:KILD�

Figure 16.17 /?<�<C<:KIFD8>E<K@:�JG<:KILD
�J?FN@E>�K?<�D8AFI�:8K<>FI@<J�F=�<C<:KIFD8>E<K@:�N8M<J�

�<5DH9F����O��@97HFCA5;B9H=7�/5J9G �
�



Radio Waves
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displacement current

gamma ray ( �� ray)

infrared radiation

MaxwellÕs equations

microwaves

Poynting vector

radar

radiation pressure

radio waves

thermal agitation

ultraviolet radiation

visible light

X-ray

CHAPTER 16 REVIEW
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16.4 Momentum and Radiation Pressure
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16.5 The Electromagnetic Spectrum
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16.2 Plane Electromagnetic W aves

41. $=K?<.LE JL;;<ECPKLIE<;F==
N< NFLC;EFKBEFN
@KLEK@C@KJC@>?KJKFGG<;:FD@E>�#FN CFE>NFLC;K?8K9<


>@M<E�K?8K�K?<�.LE�@J�����������—���� ���� �N 8N8P�

42. 2?8K @JK?<D8O@DLD<C<:KI@:=@<C;JKI<E>K?@E8E
<C<:KIFD8>E<K@:N8M<K?8K?8J8 D8O@DLDD8>E<K@:=@<C;

JKI<E>K?F= ���������—���� �'�� �5 �89FLK�� K@D<J 8IK?cJ
D8>E<K@:�=@<C;��

43. �E <C<:KIFD8>E<K@:N8M<?8J8 =I<HL<E:PF=�� (#Q�
2?8K�@J�@KJ�N8M<C<E>K?�@E�M8:LLD�

44. $= <C<:KI@:8E; D8>E<K@:=@<C;JKI<E>K?JM8IP
J@ELJF@;8CCP@EK@D<8K=I<HL<E:P���� "#Q
 9<@E>Q<IF8K
�U�� �� 
 K?<E�&�� �&�� �T�J�O���� �G�U8E; �#�� �#�� �T�J�O���� �G�U� �8�

2?<E 8I<K?<=@<C;JKI<E>K?JE<OK<HL8CKFQ<IF��9� 2?<E
;F K?<PI<8:? K?<@IDFJKE<>8K@M<M8CL<��:� #FN DL:?
K@D<�@J�E<<;<;�=FI�K?<D�KF�:FDGC<K<�FE<�:P:C<�

45. /?< <C<:KI@:=@<C;F=8E<C<:KIFD8>E<K@:N8M<KI8M<C@E>
@E�M8:LLD�@J�;<J:I@9<;�9P�K?<�=FCCFN@E>�N8M<�=LE:K@FE�

�&
�ƒ

�� �	���������7���N�
�D�P�T�7
�9�L�Y�' �1

�3���������—���� �� �T�'�� �4
�6�U�� ���������:�<�K

�?

N?<I< 1 @JK?<N8M<ELD9<I@EI8;
 D
 > @J@ED
 : @J@E
J�
!@E;�K?<�=FCCFN@E>�HL8EK@K@<J�
�8��8DGC@KL;<
�9��=I<HL<E:P
�:��N8M<C<E>K?
�;��K?<�;@I<:K@FE�F=�K?<�KI8M<C�F=�K?<�N8M<
�<��K?<�8JJF:@8K<;�D8>E<K@:�=@<C;�N8M<

46. � GC8E<<C<:KIFD8>E<K@:N8M<F==I<HL<E:P�� "#Q
DFM<J@EK?<GFJ@K@M<?�8O@J;@I<:K@FEJL:? K?8K@KJ<C<:KI@:
=@<C;@JGF@EK<;8CFE>K?<@�8O@J�/?< 8DGC@KL;<F= K?<
<C<:KI@:=@<C;@J�� 1
 D� /?< JK8IKF=K@D<@J:?FJ<EJFK?8K
8K�U�� �� 
 K?<<C<:KI@:=@<C;?8J8M8CL<�� 1
 D 8KK?<FI@>@E�
�8� 2 I@K<K?<N8M<=LE:K@FEK?8KN@CC;<J:I@9<K?<<C<:KI@:
=@<C;N8M<��9� !@E;K?<N8M<=LE:K@FEK?8KN@CC;<J:I@9<K?<
8JJF:@8K<;�D8>E<K@:�=@<C;�N8M<�

47. /?< =FCCFN@E>I<GI<J<EKJ8E <C<:KIFD8>E<K@:N8M<
KI8M<C@E>@EK?< ;@I<:K@FEF= K?< GFJ@K@M<?�8O@J�
�&�Y�� �����&�Z�� �&�� �D�P�T�	�L�Y�' �� �U�
���&�[ �� ��

�#�Y�� �����#�Z�� �����#�[ �� �#�� �D�P�T�	�L�Y�' �� �U�

�

/?< N8M<@JG8JJ@E>K?IFL>?8 N@;<KL9<F=:@I:LC8I:IFJJ�
J<:K@FEF=I8;@LJ� N?FJ<8O@J@J8CFE>K?<?�8O@J�!@E;K?<
<OGI<JJ@FE�=FI�K?<�;@JGC8:<D<EK�:LII<EK�K?IFL>?�K?<�KL9<�

16.3 Energy Carried by Electromagnetic W aves

48. 2?@C<FLK;FFIJFE8JLEEP;8P
 8JKL;<EK?FC;J8C8I><
:FEM<OC<EJF=I8;@LJ��� :D 89FM<8 J?<<KF=G8G<IKF
GIF;L:< 8 9I@>?KJGFKFEK?<G8G<IK?8K@J��� :D @EI8;@LJ

I8K?<IK?8E8J?8IG=F:LJ��P N?8K=8:KFI@JK?<<C<:KI@:=@<C;
@EK?<9I@>?KJGFKF=C@>?KI<C8K<;KFK?<<C<:KI@:=@<C;F=
JLEC@>?K�C<8M@E>�K?<�J@;<�F=�K?<�C<EJ�=8:@E>�K?<�G8G<I�

49. � GC8E<<C<:KIFD8>E<K@:N8M<KI8M<CJEFIK?N8I;��K
FE<@EJK8EK
@KJ<C<:KI@:=@<C;?8J8 D8>E@KL;<F=��� 1
 D
8E; GF@EKJ<8JKN8I;�2?8K8I<K?<D8>E@KL;<8E; ;@I<:K@FE
F=�K?<�D8>E<K@:�=@<C;�8K�K?@J�@EJK8EK�

��� �<5DH9F����O��@97HFCA5;B9H=7�/5J9G

,<=G�'D9B+H5L�6CC?�=G�5J5=@56@9�:CF�:F99�5H�<HHDG�

@9;57M	7BL	CF;
7CBH9BH
7C@�
���
�	�



50. /?< <C<:KI@:=@<C;F=8E<C<:KIFD8>E<K@:N8M<@J>@M<E
9P

�&�� �1
�3�������—���� �'�� �7���N�4�6�T�J�O

�7
�9����

�1
�3

�Y
���� �N

�' �U
�������—���� �'�� �T

�4
�6
�:
�<�K

�?
��

2 I@K<K?<<HL8K@FEJ=FIK?<8JJF:@8K<;D8>E<K@:=@<C;8E;
+FPEK@E>�M<:KFI�

51. � I8;@FJK8K@FE9IF8;:8JKJ8K8 =I<HL<E:PF=��� B#Q�
�K 8 I<:<@M<IJFD< ;@JK8E:<=IFD K?< 8EK<EE8
K?<
D8O@DLDD8>E<K@:=@<C;F= K?<<C<:KIFD8>E<K@:N8M<

;<K<:K<;�@J���������—���� �'���� �5�
�8� 2?8K @JK?<D8O@DLD<C<:KI@:=@<C;��9� 2?8K @JK?<
N8M<C<E>K?�F=�K?<�<C<:KIFD8>E<K@:�N8M<�

52. /?< =@C8D<EK@E8:C<8I@E:8E;<J:<EKC@>?K9LC9I8;@8K<J
M@J@9C<C@>?K8K8 GFN<IF=���� 2 � (F;<C K?<>C8JJG8IKF=
K?<9LC98J8 JG?<I<F=I8;@LJ�S�� �� ���������D�N8E; :8C:LC8K<

K?<8DFLEKF=<C<:KIFD8>E<K@:<E<I>P =IFD M@J@9C<C@>?K
@EJ@;<�K?<�9LC9�

53. �K N?8K;@JK8E:<;F<J 8 ����2 C@>?K9LC9GIF;L:<
K?<J8D<@EK<EJ@KPF=C@>?K8J 8 ���2 C@>?K9LC9GIF;L:<J
�� D 8N8P� ��JJLD< 9FK??8M<K?<J8D<<==@:@<E:P=FI
:FEM<IK@E><C<:KI@:8C<E<I>P @EK?<:@I:L@K@EKF<D@KK<;
<C<:KIFD8>E<K@:�<E<I>P��

54. �E @E:8E;<J:<EKC@>?K9LC9<D@KJFECP��� 2 F=@KJ
GFN<I8JM@J@9C<C@>?K�2?8K@JK?<IDJ <C<:KI@:=@<C;F=K?<
<D@KK<;�C@>?K�8K�8�;@JK8E:<�F=�����D�=IFD�K?<�9LC9�

55. � ����2 C@>?K9LC9<D@KJ�� F= @KJ<E<I>P 8J
<C<:KIFD8>E<K@:I8;@8K@FE�2?8K @JK?<D8>E@KL;<F=K?<
8M<I8><�+FPEK@E>�M<:KFI����D�=IFD�K?<�9LC9�

56. � JD8CC?<C@LD�E<FEC8J<I?8J8 GFN<IFLKGLKF=���
D2 � 2?8K@JK?<<C<:KIFD8>E<K@:<E<I>P@E8 ����D C<E>K?
F=�K?<�9<8D�

57. �K K?<KFGF= 8IK?cJ 8KDFJG?<I<
K?<K@D<�8M<I8><;
+FPEK@E>M<:KFI8JJF:@8K<;N@K?JLEC@>?K?8J8 D8>E@KL;<

F=�89FLK�������L�8���N����
�8� 2?8K 8I< K?<D8O@DLDM8CL<JF= K?<<C<:KI@:8E;
D8>E<K@:=@<C;J=FI8N8M<F=K?@J@EK<EJ@KP��9� 2?8K@JK?<
KFK8CGFN<II8;@8K<;9PK?<JLE� �JJLD< K?8KK?< 8IK? @J

�������—���� ���� �N =IFDK?<.LE 8E; K?8KJLEC@>?K@J:FDGFJ<;
F=�<C<:KIFD8>E<K@:�GC8E<�N8M<J�

58. /?< D8>E<K@:=@<C;F=8 GC8E<<C<:KIFD8>E<K@:N8M<
DFM@E> 8CFE> K?< @ 8O@J @J >@M<E 9P

�#
�ƒ

�� �#�� �	�D�P�T�L�[�� �� �U�
 �K
�?


 N?<I< �#�� �� ���������—���� �'���� �5

8E; �L�� ���������—���� �'�� �N�'�� ��
�8� 2 I@K<8E<OGI<JJ@FE=FIK?<<C<:KI@:=@<C;8JJF:@8K<;N@K?

K?<N8M<��9� 2?8K8I<K?<=I<HL<E:P8E; K?<N8M<C<E>K?F=
K?<�N8M<���:��2?8K�@J�@KJ�8M<I8><�+FPEK@E>�M<:KFI�

59. 2?8K@JK?<@EK<EJ@KPF=8E<C<:KIFD8>E<K@:N8M<N@K?
8�G<8B�<C<:KI@:�=@<C;�JKI<E>K?�F=�����1
D�

60. �JJLD< K?<?<C@LD�E<FEC8J<IJ:FDDFECPLJ<; @E
JKL;<EKG?PJ@:JC89FI8KFI@<J?8M<GFN<IFLKGLKJF=�����
D2 � �8� $=JL:? 8 C8J<I9<8D@JGIFA<:K<;FEKF8 :@I:LC8I
JGFK���� DD @E;@8D<K<I
 N?8K@J@KJ@EK<EJ@KP��9� !@E;K?<
G<8BD8>E<K@:=@<C;JKI<E>K?��:� !@E;K?<G<8B<C<:KI@:=@<C;
JKI<E>K?�

61. �E �( I8;@FKI8EJD@KK<I9IF8;:8JKJ���� B2 F=GFN<I
LE@=FIDCP@E8CC;@I<:K@FEJ��8� �JJLD@E>8CCF=K?<I8;@F
N8M<JK?8KJKI@B<K?<>IFLE; 8I<:FDGC<K<CP89JFI9<;
8E;
K?8KK?<I<@JEF 89JFIGK@FE9P K?<8KDFJG?<I<FI FK?<I
F9A<:KJ
N?8K@JK?<@EK<EJ@KP���� BD 8N8P� ��/4:� #8C=
K?<GFN<IN@CC9< JGI<8;FM<IK?<8I<8F=8 ?<D@JG?<I<��
�9� 2?8K @JK?<D8O@DLD<C<:KI@:=@<C;JKI<E>K?8KK?@J
;@JK8E:<�

62. .LGGFJ<K?<D8O@DLDJ8=<@EK<EJ@KPF=D@:IFN8M<J

=FI?LD8E<OGFJLI<@JK8B<EKF9< ���������8���N�� � �8� $=8
I8;8I LE@KC<8BJ���� 2 F=D@:IFN8M<J�FK?<IK?8EK?FJ<
J<EK9P @KJ8EK<EE8�LE@=FIDCP@E8CC;@I<:K@FEJ
?FN =8I
8N8PDLJKPFL9<KF9<<OGFJ<;KF8E@EK<EJ@KP:FEJ@;<I<;
KF9<J8=<��JJLD< K?8KK?<GFN<IJGI<8;JLE@=FIDCPFM<I
K?<8I<8F=8 JG?<I<N@K?EF:FDGC@:8K@FEJ=IFD89JFIGK@FE
FI I<=C<:K@FE��9� 2?8K @JK?<D8O@DLD<C<:KI@:=@<C;
JKI<E>K?8KK?<J8=<@EK<EJ@KP��)FK< K?8K<8ICPI8;8I LE@KJ
C<8B<;DFI<K?8EDF;<IE FE<J;F� /?@J:8LJ<; @;<EK@=@89C<
?<8CK?GIF9C<DJ
JL:? 8J:8K8I8:KJ
=FIG<FGC<N?FNFIB<;
E<8I�K?<D��

63. � �����D�;@8D<K<I LE@M<IJ@KP:FDDLE@:8K@FEJ
J8K<CC@K<;@J?I<:<@M<J/1 J@>E8CJK?8K?8M<8 D8O@DLD
<C<:KI@:=@<C;JKI<E>K?�=FIFE<:?8EE<C�F= ���������{�7���N�J<<

9<CFN���8� 2?8K @JK?<@EK<EJ@KPF=K?@JN8M<��9� 2?8K
@JK?<GFN<II<:<@M<;9P K?<8EK<EE8��:� $=K?<FI9@K@E>
J8K<CC@K<9IF8;:8JKJ LE@=FIDCPFM<I 8E 8I<8 F=

���������—���� ���� �N�� �8 C8I><=I8:K@FEF=)FIK? �D<I@:8�
?FN
DL:?�GFN<I�;F<J�@K�I8;@8K<�

�<5DH9F����O��@97HFCA5;B9H=7�/5J9G ���



64. '8J<IJ :8E 9< :FEJKIL:K<;K?8KGIF;L:< 8E<OKI<D<CP
?@>? @EK<EJ@KP<C<:KIFD8>E<K@:N8M< =FI 8 9I@<=
K@D<a:8CC<;GLCJ<;C8J<IJ�/?<P 8I<LJ<;KF@E@K@8K<EL:C<8I
=LJ@FE
=FI <O8DGC<�.L:? 8 C8J<ID8P GIF;L:< 8E
<C<:KIFD8>E<K@:N8M<N@K?8 D8O@DLD<C<:KI@:=@<C;

JKI<E>K?F= ���������—���� ���� �7���N =FI8 K@D<F=���� EJ� �8�
2?8K@JK?<D8O@DLDD8>E<K@:=@<C;JKI<E>K?@EK?<N8M<�
�9� 2?8K@JK?<@EK<EJ@KPF=K?<9<8D� �:� 2?8K<E<I>P;F<J

@K�;<C@M<I�FE�8E�����������N�N�� 8I<8�

16.4 Momentum and Radiation Pressure
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APPENDIX A | UNITS
Quantity Common

Symbol
Unit Unit in T erms of Base SI

Units

�779@9F5H=CB �B�ƒ A
G
 A
G


�ACIBH�C:�GI6GH5B79 n mole AC@

�B;@9 ���
 � F58=5B��F58�

�B;I@5F�5779@9F5H=CB �ÿ�° F58
G
 GW


�B;I@5F�:F9EI9B7M �� F58
G GW�

�B;I@5F�ACA9BHIA �-
�° �L�H�w�N�� ���T �L�H�w�N�� ���T

�B;I@5F�J9@C7=HM ���° F58
G GW�

�F95 A A 
 A 


�HCA=7�BIA69F Z

�5D57=H5B79 C :5F58���� �" �� �w�T�� ���L�H�w�N��

�<5F;9 q, Q, e 7CI@CA6���� �" �w�T

�<5F;9�89BG=HM�

$=B9 �	 �
A �" �w�T���N

+IF:579 �� �
A 

�" �w�T���N��

. C@IA9 �� �
A �
�" �w�T���N��

�CB8I7H=J=HM �� �����h �w�N �" �� �w�T�� ���L�H�w�N��

�IFF9BH I ampere �

�IFF9BH�89BG=HM �+
�ƒ �
A 
 �
A 


�9BG=HM �� ?;
A � ?;
A �

�=9@97HF=7�7CBGH5BH ��

�@97HF=7�8=DC@9�ACA9BH�Q�ƒ �$�w�N �" �w�T�w�N

�@97HF=7�:=9@8 �&
�° &
� �L�H�w�N���"�w�T��

�@97HF=7�:@IL �e �/ �w�N�� ���$ �L�H�w�N�� ���"�w�T��

�@97HFCACH=J9�:CF79 �m JC@H��.� �L�H�w�N�� ���"�w�T��

�B9F;M E,U,K >CI@9��"� �L�H�w�N�� ���T��

�BHFCDM S "
# �L�H�w�N�� ���T�� �w�,

Table A1 Units Used in Physics (Fundamental units in bold)
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Quantity Common
Symbol

Unit Unit in T erms of Base SI
Units

�CF79 �'
�° B9KHCB��&� �L�H�w�N���T��

�F9EI9B7M f <9FHN�� N� GW�

 95H Q >CI@9��"� �L�H�w�N�� ���T��

!B8I7H5B79 L <9BFM�� � �L�H�w�N�� ���"�� �w�T��

$9B;H<� �Ö�
 �- meter A

�=GD@579A9BH �T�Y�
�T �S�ƒ

�=GH5B79 d, h

(CG=H=CB �Y�
 �Z�
 �[�
 �S�ƒ

%5;B9H=7�8=DC@9
ACA9BH

�
�° �/ �w�+���5 �" �w�N��

%5;B9H=7�:=9@8 �#
�° �U�F�T�M�B�	�5�
 �� �1

�3�8�C���N���4�6 �L�H���"�w�T��

%5;B9H=7�:@IL �e�N K969F��/6� �L�H�w�N�� ���"�w�T��

%5GG m, M kilogram ?;

%C@5F�GD97=:=7�<95H C �+���N�P�M�w�, �L�H�w�N�� ���T�� �w�N�P�M�w�,

%CA9BH�C:�=B9FH=5 I �L�H�w�N�� �L�H�w�N��

%CA9BHIA �Q�ƒ �L�H�w�N���T �L�H�w�N���T

(9F=C8 T G G

(9FA956=@=HM�C:�:F99
GD579

�
 �� �/���" �� �� �	�)���N�
 �L�H�w�N���"�� �w�T��

(9FA=HH=J=HM�C:�:F99
GD579

���� �$�� ���/ �w�N�� �� �	�'���N�
 �" �� �w�T�� ���L�H�w�N��

(CH9BH=5@ V �W�P�M�U�	�7�
 �� �	�+���$�
 �L�H�w�N�� ���"�w�T��

(CK9F P �X�B�U�U�	�8 �
 �� �	�+���T�
 �L�H�w�N�� ���T��

(F9GGIF9 p �Q�B�T�D�B�M�	�1�B�
 �� �1
�3�/���N

���4
�6 �L�H���N�w�T��

*9G=GH5B79 R �P�I�N�	�h�
 �� �	�7���"�
 �L�H�w�N�� ���"�� �w�T��

+D97=:=7�<95H c �+���L�H�w�, �N�� ���T�� �w�,

+D998 �� A
G A
G

, 9AD9F5HIF9 T kelvin #

, =A9 t second G

, CFEI9 ���° �/ �w�N �L�H�w�N�� ���T��

Table A1 Units Used in Physics (Fundamental units in bold)
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Quantity Common
Symbol

Unit Unit in T erms of Base SI
Units

. 9@C7=HM �W�ƒ A
G A
G

. C@IA9 V A � A �

/ 5J9@9B;H< �	 A A

/ CF? W �K�P�V�M�F�	�+�
 �� �	�/ �w�N�
 �L�H�w�N�� ���T��

Table A1 Units Used in Physics (Fundamental units in bold)

�DD9B8=L�� ���



��� �DD9B8=L��

,<=G�'D9B+H5L�6CC?�=G�5J5=@56@9�:CF�:F99�5H�<HHDG�

@9;57M	7BL	CF;
7CBH9BH
7C@�
���
�	�



APPENDIX B | CONVERSION

FACTORS
m cm km

��A9H9F � �� 
 �� W�

��79BH=A9H9F �� W
 � �� W�

��?=@CA9H9F �� � �� � �

��=B7< �����������—���� �'�� 
	��� �����������—���� �'��

��:CCH �	���� ��	�� �����������—���� �'��

��A=@9 ���� �����������—���� �� �	���

��5B;GHFCA �� W��

��:9FA= �� W��

��@=;<H�M95F �����������—���� ����

in. ft mi

��A9H9F ��	�� �	
�� �����������—���� �'��

��79BH=A9H9F �	���� �����������—���� �'�� �����������—���� �'��

��?=@CA9H9F �����������—���� �� �����������—���� �� �	�
��

��=B7< � �����������—���� �'�� �����������—���� �'��

��:CCH �
 � �����������—���� �'��

��A=@9 �����������—���� �� �
�� �

Table B1 Length

Ar ea

�� �D�N�� �� �����������J�O����

�� �N�� �� ���� �� �D�N�� �� �����������G�U��

�� �J�O���� �� �����������D�N��

�� �G�U�� �� ������ �J�O���� �� �������������N��

Volume

�� �M�J�U�F�S�� �������� �D�N�� �� ���� �'�� �N�� �� ���������������G�U�� �� �����������J�O����

�� �G�U�� �� ���������������N�� �� �����������M�J�U�F�S�T�� �����������H�B�M�M�P�O�T

�� �H�B�M�M�P�O�� �����������M�J�U�F�S�T

�DD9B8=L�� ���



s min h day yr

��G97CB8 � �����������—���� �'�� �����������—���� �'�� �����������—���� �'�� �����������—���� �'��

��A=BIH9 �� � �����������—���� �'�� �����������—���� �'�� �����������—���� �'��

��<CIF ���� �� � �����������—���� �'�� �����������—���� �'��

��85M �����������—���� �� ���� 
� � �����������—���� �'��

��M95F �����������—���� �� �����������—���� �� �����������—���� �� ���	
� �

Table B2 Time

m/s cm/s ft/s mi/h

��A9H9F
G97CB8 � �� 
 �	
�� 
	
��

��79BH=A9H9F
G97CB8 �� W
 � �����������—���� �'�� �����������—���� �'��

��:CCH
G97CB8 �	���� ��	�� � �	����

��A=@9
<CIF �	���� ��	�� �	��� �

Table B3 Speed

Acceleration

�� �N���T�� �� ������ �D�N���T�� �� �����������G�U���T��

�� �D�N���T�� �� ���������N���T�� �� ���������������G�U���T��

�� �G�U���T�� �� �������������N���T�� �� �����������D�N���T��

�� �N�J���I�w�T�� �����������G�U���T��

kg g slug u

��?=@C;F5A � �� �
�����������—���� �'�� �����������—���� ����

��;F5A �� W� � �����������—���� �'�� �����������—���� ����

��G@I; ��	�� �����������—���� �� � �����������—���� ����

��5HCA=7�A5GG�IB=H �����������—���� �'���� �����������—���� �'���� �����������—���� �'���� �

��A9HF=7�HCB ����

Table B4 Mass

N dyne lb

�� B9KHCB � �� � �	

��

�� 8MB9 �� W� � �����������—���� �'��

�� DCIB8 �	��� �����������—���� �� �

Table B5 Force

��� �DD9B8=L��
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Pa dyne/cm 2 atm cmHg lb/in. 2

��D5G75@ � �� �����������—���� �'�� �����������—���� �'�� �����������—���� �'��

��8MB9

79BH=A9H9F


�� W� � �����������—���� �'�� �����������—���� �'�� �����������—���� �'��

��5HACGD<9F9 �����������—���� �� �����������—���� �� � �� ��	��

��79BH=A9H9F
A9F7IFM�

�����������—���� �� �����������—���� �� �����������—���� �'�� � �	����

��DCIB8
=B7<
 �����������—���� �� �����������—���� �� �����������—���� �'�� �	��� �

��65F �� �

��HCFF ���AA ;�

*Where the acceleration due to gravity is ���������������N���T�� and the temperature is ���p�$

Table B6 Pressure

J erg ft.lb

��>CI@9 � �� � �	����

��9F; �� W� � �����������—���� �'��

��:CCH�DCIB8 �	��� �����������—���� �� �

��9@97HFCB�JC@H �����������—���� �'���� �����������—���� ������ �����������—���� �'����

��75@CF=9 �	��� �����������—���� �� �	���

���F=H=G<�H<9FA5@�IB=H�����������—���� �� �����������—���� ���� �����������—���� ��

��?=@CK5HH�<CIF �����������—���� ��

eV cal Btu

��>CI@9 �����������—���� ���� �	
��� �����������—���� �'��

��9F; �����������—���� ���� �����������—���� �'�� �����������—���� �'����

��:CCH�DCIB8 �����������—���� ���� �	�
�� �����������—���� �'��

��9@97HFCB�JC@H � �����������—���� �'���� �����������—���� �'����

��75@CF=9 �����������—���� ���� � �����������—���� �'��

���F=H=G<�H<9FA5@�IB=H�����������—���� ���� �����������—���� �� �

Table B7 Work, Energy , Heat

Power

�� �8 �� �� �+���T

�� �I�Q�� ������ �8 �� ������ �G�U�w�M�C���T

�� �#�U�V���I�� �����������8

Angle

�DD9B8=L�� ���



�� �S�B�E�� �����������p�� �������p���•

���p�� ���������������S�B�E�� �•�������� �S�B�E

�� �S�F�W�P�M�V�U�J�P�O�� �������p�� ���• �S�B�E

�� �S�F�W���N�J�O�	�S�Q�N�
 �� �������������S�B�E���T

��� �DD9B8=L��
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APPENDIX C |
FUNDAMENTAL

CONSTANTS
Quantity Symbol Value

�HCA=7�A5GG�IB=H I ���������������������������	�����
�—���� �'���� �L�H

�����������������������	�����
�.�F�7���D��

� JC;58FCTG�BIA69F �/ �" �������������������������	�����
�—���� ���� �Q�B�S�U�J�D�M�F�T���N�P�M

�C<F�A5;B9HCB �
 �# �� �F��
���N�F

�������������������������	�����
�—���� �'���� �+���5

�C<F�F58=IG
�B�� �� �� ��

�N�F�F
�� �L�F

�������������������������������	�����
�—���� �'���� �N

�C@HNA5BBTG�7CBGH5BH �L�# �� �3
�/ �"

�����������������������	�����
�—���� �'���� �+���,

�CADHCB�K5J9@9B;H< �	�$ �� �I
�N�F�D

�������������������������������	�����
�—���� �'���� �N

�CI@CA6�7CBGH5BH �L�F�� ��
�����t��
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Quantity Symbol Value
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Useful combinations of constants for calculations:
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APPENDIX D |

ASTRONOMICAL DA TA
Celestial
Object

Mean Distance
from Sun (million
km)

Period of Revolution
(d = days) (y = years)

Period of
Rotation at
Equator

Eccentricity
of Orbit

+IB W W 
��8 W

%9F7IFM ��	� ���8 ���8 �	
��

. 9BIG ���	
 

�	��8 
���8 �	���

�5FH< ���	� ���	
��8 
��<����A=B���G �	���

%5FG 

�	� ����8 
��<����A=B�
��G �	���

"ID=H9F ���	� ��	��M ��<����A=B����G �	���

+5HIFB ��
�	� 
�	��� ���<����A=B �	���

-F5BIG 
���	� ��	��M ���<����A=B �	���

&9DHIB9 ����	� ���	��M ���< �	���

�5FH<TG
%CCB

���	����	����:FCA
�5FH<�


�	��8 
�	��8 �	���

Celestial
Object

Equatorial Diameter
(km)

Mass (Earth = 1) Density (g/cm 3)

+IB ����
���� �������	�� �	�

%9F7IFM ���� �	�� �	�

. 9BIG �
���� �	�
 �	


�5FH< �
���� �	�� �	�

%5FG ���� �	�� �	�

"ID=H9F ��
���� ���	�� �	�

+5HIFB �
����� ��	�� �	�

-F5BIG ������ ��	�� �	�

&9DHIB9 ����
� ��	�� �	�

�5FH<TG
%CCB

���� �	�� �	�

Table D1 Astronomical Data

Other Data:

(8JJ�F=� 8IK?� ���������—���� ���� �L�H

(8JJ�F=�K?<�(FFE����������—���� ���� �L�H

(8JJ�F=�K?<�.LE����������—���� ���� �L�H
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APPENDIX E |
MATHEMATICAL

FORMULAS
Quadratic formula

$=�B�Y�� �� �C�Y�� �D�� ���
 K?<E�Y�� �' �C�q �C�� �' ���B�D
���B

Triangle of base �Cand height �I Area �� ��
��

�C�I

�=F7@9�C:�F58=IG�S �=F7IA:9F9B79 �� �����S �F95 �� ���S��

+D<9F9�C:�F58=IG�S +IF:579�5F95 �� �����S�� . C@IA9 �� ��
��

���S��

�M@=B89F�C:�F58=IG�S5B8�<9=;<H�I �F95�C:�7IFJ98�GIF:579 �� �����S�I . C@IA9 �� ���S�� �I

Table E1 Geometry

Trigonometry
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�	 �U�B�O�� �� �T�J�O�����D�P�T��

��	 �T�J�O�1
�3�ÿ�q ���4
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��	 �D�P�T�1
�3�ÿ�q ���4

�6 �� �D�P�T�ÿ�D�P�T�� �( �T�J�O�ÿ�T�J�O��

�
	 �U�B�O�1
�3�ÿ�q ���4

�6 ��
�U�B�O�ÿ�q�U�B�O��

�� �( �U�B�O�ÿ�U�B�O��

��	 �T�J�O���� �� ���T�J�O�� �D�P�T��
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Series expansions

�	 �@EFD@8C�K?<FI<D��	�B�� �C�
�O�� �B�O�� �O�B�O�' �� �C�� �O�	�O�' ���
�B�O�' �� �C��

����
�� �O�	�O�' ���
�	�O�' ���
�B�O�' �� �C��

����
�� �w�w�w


	 �	�� �q �Y�
�O�� �� �q �O�Y
����

�� �O�	�O�' ���
�Y��

����
�q �w�w�w�1

�3�Y
�� �� ���4�6

�	 �	�� �q �Y�
�' �O�� �� �( �O�Y
����

�� �O�	�O�� ���
�Y��

����
�( �w�w�w�1

�3�Y
�� �� ���4�6

�	 �T�J�O�Y�� �Y�' �Y��
����

�� �Y��
����

�' �w�w�w

�	 �D�P�T�Y�� �� �' �Y��
����

�� �Y��
����

�' �w�w�w

�	 �U�B�O�Y�� �Y�� �Y��
��

�� ���Y��
����

�� �w�w�w

�	 �F�Y�� �� �� �Y�� �Y��
����

�� �w�w�w

�	 �M�O�	�� �� �Y�
 �� �Y�' ��
��

�Y�� �� ��
��

�Y�� �' �w�w�w�	�]�Y�]�� ���


��� �DD9B8=L��

,<=G�'D9B+H5L�6CC?�=G�5J5=@56@9�:CF�:F99�5H�<HHDG�

@9;57M	7BL	CF;
7CBH9BH
7C@�
���
�	�



Derivatives
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APPENDIX G | THE GREEK

ALPHABET
Name Capital Lowercase Name Capital Lowercase

�@D<5 � �ÿ &I & ��

�9H5 � �� 0= �^ ��

�5AA5 �S �� 'A=7FCB ' �


�9@H5 �T �� (= �` ��

�DG=@CB � �� *<C ( ��

29H5 2 �� +=;A5 �b ��

�H5  �� , 5I , ��

,<9H5 �X �� -DG=@CB �• ��

@CH5 ! �� (<= �e � 

#5DD5 # �� �<= 0 ��

$5A685 �[ �	 (G= �‡ ��

%I % �
 'A9;5 �h ��

Table G1 The Greek Alphabet
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ANSWER KEY
CHAPTER 1

CHECK YOUR UNDERSTANDING

1.1� /?< 8:KL8C8DFLEK�D8JJ�F=>8JFC@E<C<=K@EK?<K8EBN?<EK?<>8L><?@KJd<DGKPe@JC<JJ@EK?<JLDD<IK?8E@EK?<N@EK<I� /?<
>8JFC@E<?8JK?<J8D<MFCLD<8J@K;F<J @EK?<N@EK<IN?<EK?<d8;; =L<CeC@>?K>F<JFE
9LK9<:8LJ<K?<>8JFC@E<?8J<OG8E;<;

K?<I<�@J�C<JJ�D8JJ�
1.2� )FK�E<:<JJ8I@CP
�8J�K?<�K?<ID8C�JKI<JJ�@J�8CJF�GIFGFIK@FE8C�KF�4FLE>cJ�DF;LCLJ�
1.3� / F 8 >FF; 8GGIFO@D8K@FE
K?<?<8KKI8EJ=<I;<G<E;JFECPFEK?<K<DG<I8KLI<;@==<I<E:<�.@E:<K?<K<DG<I8KLI<;@==<I<E:<J8I<
K?<J8D<@E9FK?:8J<J
K?<J8D<�� B%@JE<:<JJ8IP@EK?<J<:FE; :8J<���J N<N@CCJ<<@EK?<E<OKJ<:K@FE
K?<8EJN<INFLC;?8M<
9<<E�;@==<I<EK�@=�K?<�F9A<:K�?8;�9<<E�D8;<�F=�JFD<�JL9JK8E:<�K?8K�:?8E><J�G?8J<�8EPN?<I<�9<KN<<E���� �p�$ 8E; ���� �p�$��

1.4� /?< @:<8E; C@HL@;N8K<I8I<@EK?<ID8C<HL@C@9I@LD
JFK?8KK?<K<DG<I8KLI<JK8PJ8KK?<=I<<Q@E>K<DG<I8KLI<8JCFE>8J@:<
I<D8@EJ�@E�K?<�C@HL@;���*E:<�8CC�F=�K?<�@:<�D<CKJ
�K?<�N8K<I�K<DG<I8KLI<�N@CC�JK8IK�KF�I@J<��
1.5� .EFN @J=FID<;=IFD@:<:IPJK8CJ8E; K?LJ@JK?<JFC@;G?8J<F=N8K<I� �<:8LJ< <EFIDFLJ?<8K@JE<:<JJ8IP=FIG?8J<:?8E><J

@K�K8B<J�8�:<IK8@E�8DFLEK�F=�K@D<�=FI�K?@J�?<8K�KF�9<�KI8EJ=<II<;�=IFD�K?<�8@I
�<M<E�@=�K?<�8@I�@J�89FM<�� �p�$�

1.6� �FE;L:K@FE�#<8KKI8EJ=<IJ@EKFPFLI?8E;J8JPFL?FC;8?FK:LGF=:F==<<��FEM<:K@FE�#<8KKI8EJ=<IJ8JK?<98I@JK8dJK<8DJe
:FC;D@CBKFD8B<?FK:F:F8� -8;@8K@FE�#<8KKI8EJ=<IJ=IFDK?<.LE KF8 A8IF=N8K<IN@K?K<8C<8M<J@E@KKFD8B<d.LE K<8�e�
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CHAPTER 7

CHECK YOUR UNDERSTANDING
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CHAPTER 10

CHECK YOUR UNDERSTANDING
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CHAPTER 11

CHECK YOUR UNDERSTANDING
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CHAPTER 12
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