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1 Electrostatics and Gauss' Law
1.1 Constants

k = 1=4�"0 = 9 � 109 Nm2=C2 = Coulomb constant
"0 = 8:85 � 10�12 C2=Nm2 = permittivity of free space

e = 1:60 � 10�19 C = magnitude of the charge on an electron
1.2 Basics

~F = q1q24�"0r221 r̂ = kq1q2r221 r̂ (1)
This is the electrical force between charges q1 and q2 which are separated by distance r21. The forceis directed along the line between the charges. The units of force are Newtons, 1 N = 1 kg �m=s2.

~E = kqr2 r̂ (2)
This is the electrical �eld due to the charge q at a point P located a distance r from the charge.It is directed along the line between the charge and the point. If a second charge q0 was placed atthe point P , then the charge q0 would experience a force ~F = q0 ~E. The units of electric �eld areN=C = V=m.
~E � 0 in the bulk of a conductor (ie. a metal), although not necessarily in an air pocket inside the conductor.
Note that the x, y, and z components of the electric force on q1 are:

~Fx = kq1q2r221
� rxr21

� x̂
~Fy = kq1q2r221

� ryr21
� ŷ

~Fz = kq1q2r221
� rzr21

� ẑ
where rx, ry, and rz are the x, y, and z components of the vector ~r21 pointing from q2 to q1. Theelectric �eld components at the position of q1 have a similar relationship.
If we have several point charges (or several charged insulating objects) and we want to �nd the netelectric �eld due to these objects at a particular point P , then we use the superpostion principle.
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Each individual object, in isolation, would create a �eld ~Ei(~ri!P ), (where ~ri!P is the distancevector from the object to the point P ) and the total �eld is just the sum of all these individual�elds: ~E(P ) =X
i ~E(~ri!P ) (3)

The components of the total �eld are the sum of the components of all the individual �elds:
~Ex(P ) = X

i ~Ex(~ri!P ) (4)
~Ey(P ) = X

i ~Ey(~ri!P ) (5)
~Ez(P ) = X

i ~Ez(~ri!P ) (6)

1.3 Gauss' Law
�E � ZA ~E � d ~A (7)

This is the de�nition of the electric 
ux through the surface A, where d ~A is a vector whose lengthis an in�nitesimal area surrounding the point on the surface where we are measuring the electric�eld and whose direction is the outward perpendicular to the surface at that point. �E > 0 if thenet 
ux through the surface is outward and it's negative if the net 
ux is inward. The units ofelectric 
ux are Nm2=C.
�E = Qenc"0 (8)

This is Gauss' law. Qenc is the total charge enclosed by the surface A. Note that if there are twopoint charges inside the surface, one with +Q Coulombs and the other with �Q, then the totalenclosed charge is zero, so the net 
ux through the surface is zero. Similarly, if the only charge inthe universe is a point charge of +Q, but this charge is not enclosed by the surface, then there isno total enclosed charge and so no net 
ux. However, di�erent pieces of the surface may still havenon-zero 
ux. For example, if you have a cylinder, the curved surface and one end-cap may havepositive 
ux, while the other end-cap has 
ux equal to the negative of the total 
ux through theother two surfaces: �end2 = �(�end1 +�round). But if you add up the 
uxes through all the partsof the surface, the total will be zero.
Gauss' law allows the computation of the electric �eld in certain symmetrical situations. In eachcase, the procedure begins with drawing a Gaussian surface which passes through the point whereyou want to �nd the electric �eld and which shares the symmetry of the charge distribution. Thenwe compute the 
ux through this surface in two di�erent ways: using the de�nition of 
ux, andusing Gauss' law. If we have chosen our Gaussian surface well, the electric �eld will have constantmagnitude on and be perpendicular to certain parts of the surface (the parts where we want toknow the electric �eld, which have total area Acare), and will be zero on or tangent to the rest ofthe surface (the parts where we don't care about the �eld, which have total area Arest). Then thede�nition of 
ux tells us that �E = EcareAcare, since the surface has been designed so that the 
uxthrough the other regions is zero. Next we count the total enclosed charge inside the surface, Qenc,
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which, using Gauss' law, gives: �E = Qenc="0. We can then equate these two formulae for the 
uxand solve for the electric �eld at the point in question:
Ecare = Qenc"0Acare (9)

Below we discuss the computation of Qenc and Acare for the various possible symmetries.
1.3.1 Spherical Symmetry
For a spherically symmetric charge distribution, the electric �eld points radially outward or radiallyinward at each point and its value at a particular point depends only on the distance of that pointfrom the center of the distribution. So to compute the �eld at a radius r, the appropriate Gaussiansurface is a sphere of radius r concentric with the distribution. It will have area:

A = 4�r2 (10)
which is equal to the area Acare used in the �eld computation, and the enclosed charge will dependon the radius from the center. Some common spherical objects are described below. Note that ifthe electric �eld at any radius is zero then the net charge inside that radius is zero.
For a point charge Q, the enclosed charge at any radius is simply:

Qenc = Q (11)
The total charge in a solid insulating sphere of radius a and volume charge density � (C=m3) is:

Q = 43�a3� (12)
So if we want the electric �eld at a distance r from the center of such an object then we use:

Qenc = 43�r3� =
�ra
�3Q for r < a (13)

Qenc = 43�a3� = Q for r > a (14)
For a thin hollow spherical insulating shell of radius a with an area (or \surface") charge density� (C=m2) (or for the inner or outer surface of a metal sphere) the total charge is:

Q = 4�a2� (15)
The enclosed charge at a radius r from the center is:

Qenc = 0 for r < a (16)Qenc = 4�a2� = Q for r > a (17)
For a hollowed insulating sphere with inner radius a, outer radius b, and volume charge density� (C=m3) the total charge is: Q = 43�(b3 � a3)� (18)
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The enclosed charge at a radius r from the center is:
Qenc = 0 for r < a (19)
Qenc = 43� �r3 � a3� � =  r3 � a3b3 � a3

!Q for a < r < b (20)
Qenc = 43� �b3 � a3� � = Q for r > b (21)

For any spherically symmetric charge distribution, Gauss' law tells us that the electric �eld at aradius r from the center is simply:
~E = kQencr2 r̂ (22)

where Qenc is the total charge within a radius r of the center.
Note that if we have a metal sphere of radius b with an air pocket in the center of radius a, thenthe electric �eld in the actual metal will be zero, so in order to ensure this, the surface charge onthe inner surface of the sphere will be equal to the negative of the total charge q trapped inside theair pocket. (Then Gauss' law says that E = kQenc=r2 = k(q � q)=r2 = 0 for a < r < b.) Whatevercharge is leftover goes to the outer surface. So if the sphere has a net charge Q, then the outersurface will have a total charge Q+ q. So, if the trapped charge is a a point charge q at the centerof the sphere then the electric �eld at a radius r will be:

~E = kqr2 r̂ for r < a (23)
~E = 0 for a < r < b (24)
~E = k(Q+ q)r2 r̂ for r > b (25)

1.3.2 Cylindrical Symmetry
Again, the electric �eld points radially outward or radially inward at each point, and its valuedepends only on the distance from the axis of the charge distribution. So the appropriate Gaussiansurface to �nd the �eld at radius r is a cylinder of radius r concentric with the charge distributionand whose length is equal to the length ` of the charge distribution. For an in�nite object, wepretend it has a �nite but unknown length ` in order to make computations, and this ` will generallycancel out in the end. The cylinder has a curved surface and two end-caps, but the end-caps will betangent to the electric �eld and so do not contribute to the 
ux. So the area used for computationof the electric �eld is: Acare = 2�r` (26)
The total charge in such a cylindrically symmetric object is:

Q = �` (27)
where � (C=m) is the charge per unit length on the object. (For example, if a one-centimeter-long segment of the charged object has a charge of 1 Coulomb, then the charge per unit length is
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� = 1 C=cm = 100 C=m.) So the interesting parameter for �nding the electric �eld at a particularradius is actually the charge per unit length which is inside that radius.
In particular, a thin charged wire will simply be described as having a charge per unit length �, sothat �enc = � for all r (28)
For a solid insulating cylinder with radius a and volume charge density � (C=m3) the charge perunit length is: � = �a2� (29)and the charge inside a radius r is:

�enc = �r2� = �ra
�2 � for r < a (30)

�enc = �a2� = � for r > a (31)
A thin cylindrical insulating shell of radius a (or the inner or outer surface of a cylindrical piece ofmetal) with area (\surface") charge density � (C=m2) has a charge per unit length:

� = 2�a� (32)
so that the charge inside a radius r is:

�enc = 0 for r < a (33)�enc = 2�a� = � for r > a (34)
For a solid insulating cylinder with its center cut out, inner radius a, outer radius b, and volumecharge density � (C=m3) the total charge per unit length is:

� = �(b2 � a2)� (35)
while the charge inside a radius r is:

�enc = 0 for r < a (36)
�enc = �(r2 � a2)� =  r2 � a2b2 � a2

!� for a < r < b (37)
�enc = �(b2 � a2)� = � for r > b (38)

For such a charge distribution, Gauss' law gives the electric �eld at a distance r from the axis tobe:
~E = �enc2�"0r r̂ (39)

where �enc is the total charge per unit length within a distance r of the axis.
For a solid metal cylinder with charges trapped in an air pocket in the center, the charges on itsinner and outer surfaces are similar to those for the spherical case.
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1.3.3 Planar Symmetry
For a single in�nite uniformly charged plane, the electric �eld points perpendicular to the plane,outward if it is positively charged and inward if it is negatively charged. The appropriate Gaussiansurface is a \pillbox" or �lm cannister shaped object, basically a cylinder whose curved surfaceis perpendicular to the plane and whose endcaps (of area A) are parallel to it. Since the curvedsurface is parallel to the electric �eld, it does not �gure into the computation of electric 
ux andthe total relevant area for the 
ux computation is:

Acare = 2A (40)
The enclosed charge inside this Gaussian pillbox will be:

Qenc = A� (41)
where � is the charge per unit area on the plane and is measured in C=m2. So the charge per unitarea is the interesting quantity for Gauss' law computations.
For a thin insulating sheet or a single surface of a metal slab, the charge per unit area is simplygiven as the surface charge density �.
The total charge per unit area on a metal slab is the sum of the surface charges on both sides of it:

� = �L + �R (42)
For a solid insulating slab of thickness d with charge per unit volume �, the charge per unit area is:

� = �d (43)
So from Gauss' law, the electric �eld anywhere outside a single uniformly charged sheet or slaboriented in the yz plane is: ~E = � �2"0 x̂ (44)
where the �eld points away from the slab if � > 0 and towards the slab if � < 0.
For a collection of charged sheets or slabs, the electric �eld is:

~E = �` � �r2"0 x̂ (45)
where �` is the (signed) sum of the surface charge densities of all objects to the left of the point ofinterest (eg. �` = �`1 + �`2 = 3 C=m2 + (�2 C=m2) = 1 C=m2), and �r is the sum of the surfacecharge densities of all objects to the right of the point of interest.
If �` � �r > 0 then the �eld points to the right, and if �` � �r < 0 then the �eld points left. (eg.�` = 1 C=m2, �r = �3 C=m2 ) �` � �r = 4 C=m2 > 0)
Note that the �eld inside a metal slab is always 0, and we can use this fact to �nd the chargeson its two surfaces, �L and �R. Since we have two unknown quantities, we need two equations in
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order to solve for them. First of all, we are usually given that the total charge per unit area on theslab is �m, and this must be equal to the sum of the two surface charges:
�m = �L + �R (46)

Next, since the electric �eld inside the slab is zero, we can write:
(�` + �L)� (�r + �R)2"0 = 0 (47)

where �` and �r are the total surface charges on all the external objects to the left and right of theslab, respectively. Solving these two equations gives:
�L = 12 (�m � �` + �r) (48)
�R = 12 (�m + �` � �r) (49)

Note that if the total charge density on the metal is �m = 0 then �L = ��R, and that if we add anet charge to the metal it is then distributed evenly between the two surfaces.
1.4 Electric Potential
Unlike electric force and electric �elds, the electric potential is a scalar (\just a number"), so don'ttry to break it down into components or worry about directions when you're adding potentials.Just add them. The only way two potentials can cancel each other out is if they have oppositesigns, for example, if they are generated by opposite-signed charges with the same magnitude andlocated at the same distance from the point in question. The units of electric potential are Volts,1 V = 1 Nm=C.
The following equation shows how to compute the amount by which the potential increases whenyou go from point A to point B. It's equal to the work done when you carry a charge q0 from pointA to point B, divided by q0, and it's also equal to the negative integral of the electric �eld alongany path from A to B (since the electric force is conservative).

VB � VA = WABq0 = � Z B
A ~E � d~̀ (50)

Conversely, the electric �eld associated with a given electric potential V is:
~E = �~rV = ��dVdx x̂+ dVdy ŷ + dVdz ẑ

� (51)
1.4.1 Special cases
If ~E is constant and points from A to B and d is the distance from A to B:

VB � VA = �Ed (52)
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If the source of the potential is a point charge q at the origin:
VB � VA = q4�"0rB � q4�"0rA (53)

If the source of the potential is a thin, in�nitely-long wire with charge per unit length �:
VB � VA = �2�"0 ln

�rArB
� (54)

If A and B are both points within the same chunk of conductor:
VB � VA = 0 (55)

1.4.2 \Absolute" Potential
Be aware that the electric potential V is only physically meaningful in terms of potential di�erencesbetween two points. If you are asked for \the potential at point P", then you should have beengiven \the potential" at some reference point R. Use the equations above to �nd the potentialdi�erence between P and R, and then set VP = (VP � VR) + VR.
Also note that the electric potential is continuous everywhere (its value doesn't have sudden jumps),and the potential is constant (although not necessarily zero) everywhere inside a conductor. (Don'tforget that the wires in an electrical circuit are conductors!)
For a single point charge located at the origin:

V (~r) = kqr + V (1) (56)
where V (1) is the electric potential at in�nity.
For a collection of point charges fqig at distances frig from the point where the potential is desired:

V (~r) = V (1) +Xi
kqiri (57)

where V (1) is the potential at in�nity.
1.4.3 The Sign of the Potential or Potential Di�erence
Potential is sort of a measure of the \happiness" of a positive charge placed at that point. Positivecharges like to fall down potential hills, so they're happier at lower potential. Further, we knowthat electric �elds push positive charges in the direction of the �eld lines. So electric �elds pointfrom higher potential to lower potential. And current (which is made of positive chargese) will 
owfrom higher potential to lower potential.
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So if you need to �nd the sign of a potential di�erence VB � VA, then check the above conditions.If VB > VA the potential di�erence will be positive. If you need to �nd the sign of an absolutepotential V , then you need to look at the reference point where VR = 0. If a positive charge ishappier at the reference point then V > 0; if a positive charge is less happy at the reference pointthen V < 0.
(Note that negative charges are actually happier at higher potentials.)
1.4.4 Computing Potentials or Potential Di�erences in Complex Situations
You may be asked to compute absolute potentials or potential di�erences between two points in acomplicated arrangement of charges or in an electrical circuit. Since the electric potential is de�nedas a path integral, you �rst need to choose the starting and ending points of your path. If you areasked to �nd the potential di�erence VB �VA between points B and A, then the starting point willbe A while the ending point will be B. (Later you will pretend that the \absolute" potential atpoint A is VA = 0 to make things easier to keep track of.) If you are asked to �nd the \absolute"potential at a point P with the potential at R given as VR, then R is the start point and P isthe end point. (Note that for an electrical circuit, the ground of the circuit, or, if there's onlyone battery, the negative terminal of the battery, are usually given as the reference point and areconsidered to be at zero potential.)
The next step is to choose a path between the two points. Since the electric force is conservative,in principle any path between them whatsoever will do, but in practice some paths are easier tocompute than others. For circuits, the path should of course be along one of the wire tracks. In thiscase the electric potential will be constant along the wires and will increase or decrease only whencrossing from one side to the other of a circuit element. For other arrangements a path composed ofsegments parallel to or perpendicular to the electric �eld is generally the simplest route to take. Inthis case, the potential will be constant on the perpendicular segments and will vary continuouslyalong the parallel segments. Note also that the potential may vary di�erently in di�erent regions,depending on what the electric �eld is in each region. (For example, it will be constant inside aconductor, since the electric �eld is zero there.)
Finally, you are ready to integrate along the path. Starting at point A or the reference point, writedown the potential there (using the assumptions discussed above). Now look at the �rst segmentof the path. Integrate the electric �eld along this path segment, according to the de�ning equation(50) for electrical potential. (Note that if the electric �eld varies at all along the segment then it isnot appropriate to just multiply the electric �eld at some point on the segment by the segment'slength. This will almost always give you the wrong answer.) For electric circuit elements, themagnitude of the potential di�erence will just be the potential V across the circuit element, forexample V = IR for a battery.
Then determine if the potential increases or decreases along this path segment (moving from Aor R towards B or P , respectively), using the sign criteria above. Don't forget that an electricalcurrent is a 
ow of positive charges, so the direction of current 
ow in a circuit tells you about thesign of potential di�erences. If the potential increases along the path segment, then you should addthe potential change to the starting potential. If it decreases, then you should subtract the changefrom the starting potential.
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Repeat this process along each segment until you reach the endpoint (B or P ) of the path andyou'll have your answer.
1.5 Potential Energy
The following equation gives the electric potential energy of a charge q0 at a point P where theelectric potential is VP . Energy is, of course, measured in Joules, 1 J = 1 Nm.

U = q0VP (58)
Note that, like gravitational potential energy, electric potential energy is only meaningful withrespect to the potential energy at some reference point. For example, on earth we might choose tosay that the potential energy of an object is zero when it is located at earth's surface. The potentialenergy will then increase as we elevate the object above the surface of the earth. So an object ofmass m raised to a height h has gravitational potential energy Ug = mgh, and if we allowed it tofall to the ground it would gain kinetic energy T = Ug as it fell. Similarly, the charge q0 in theabove equation has an electric potential energy q0VP with respect to a reference point R where theelectric potential has been chosen to be VR = 0. So if we released this charge, it would fall towardsR and would gain a kinetic energy T = q0(VP � VR) = q0VP in the process. Of course, if q0VP < 0then this means that the charge would already have to have kinetic energy T = jq0VP j when itstarted at point P in order to be able to reach point R and that it would lose all of this kineticenergy en route.
Another way to think of electric potential is to imagine that we have one completely isolated charge,q1, in a region of no electric �eld. If we release this charge, it will not go anywhere at all, so we canthink of it as having no electric potential energy. Now we bring in a second charge, q2 and place itat a distance r12 from q1. If we hold q2 �xed and release q1, q1 will either 
y o� to in�nity or falltowards q1, depending on their relative signs. The kinetic energy it gains as it 
ies o� to in�nity,or the kinetic energy it could have gained by falling from in�nity to r12, is due to a change in itselectric potential energy with respect to the situation where it was isolated. So we can write thatthe electric potential energy stored in the arrangement of a pair of charges, q1 and q2, separatedby a distance r12 is: U12 = kq1q2r12 (59)
In general, if we have two or more charges, then the potential energy is:

Un = 12Xi;j
kqiqjrij (60)

where the sum is over all possible pairs ((i = 1; j = 2) and (i = 2; j = 1) are both included).
The change in potential energy when a charge is moved from point A to point B is equal to thework done in moving the charge between those two points. If the potential energy increases thenyou must do positive work on the charge to push it up the potential hill. If the potential energydecreases, then one would have to do negative work on the charge. In other words, you can actuallyuse the charge's motion down the potential hill to do work on another object.
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2 Capacitors and (DC) RC Circuits
2.1 Basics

V = QC (61)
This is the de�ning equation relating the voltage across a capacitor to the charge on the capacitorand its capacitance. The units of capacitance are Farads, 1 F = 1 C=V = 1 C2=Nm.
The total stored energy in a capacitor when it's charged up to a charge Q is:

U = 12CV 2 = Q22C = 12QV (62)
The power dissipated in a capacitor is: PC � 0 (63)
(Capacitors never dissipate power.) The units of power are Watts, 1 W = 1 J=s = 1 Nm=s.
2.2 Series and Parallel
The total capacitance of two capacitors in parallel is:

C = C1 + C2 (64)
Note that C > C1, C > C2C > C1, C > C2, and that the charge on the equivalent capacitor isQ = Q1 +Q2. The voltage across the equivalent capacitor is V = V1 = V2.
The total capacitance of two capacitors in series is:

1C = 1C1 + 1C2 (65)
Note that C < C1, C < C2, and that the charge on the equivalent capacitor is Q = Q1 = Q2. Thevoltage across the equivalent capacitor is V = V1 + V2.
2.3 Constructing a Capacitor
The capacitance of a parallel plate capacitor of area A and separation d which is �lled with air orvacuum is: C = "0Ad (66)
The following gives the capacitance of a concentric spherical capacitor �lled with vacuum or air,where the radius of the inner spherical conductor is a while the outer spherical conductor has radiusb. C = 4�"0ab(b� a) (67)

13



You may be asked to �nd the capacitance of a single sphere. Then you just take the limit of thisformula as b!1, giving C = 4�"0a.
The capacitance of a concentric cylindrical capacitor of length ` �lled with vacuum or air, wherethe inner conductor has radius a and the outer conductor has radius b, is:

C = 2�"0`ln(b=a) (68)
You may be asked to �nd the capacitance per unit length of an in�nite cylindrical conductor. Thenyou just divide both sides of this formula by `, giving C=` = 2�"0= ln(b=a).

C� = �C (69)
If we take a capacitor of capacitance C which is �lled with air or vacuum and insert a dielectric ofcapacitance � then this formula gives the new capacitance:

C� = �C (70)
Note that if you have a parallel plate capacitor with plate separation d and area A and you inserta dielectric with thickness d=2 and area A then this capacitor can be treated as two capacitors inseries:

1C 0 = 1C1 + 1C2 = �"0Ad=2
��1 + ��"0Ad=2

��1 = �"0Ad
��1 �12 + 12�

� = 1C � 12
�1 + ��

�
Similarly, if you take the same initially vacuum-�lled parallel plate capacitor and insert a dielectricof thickness d and area A=2 then this can be treated as two capacitors in parallel:

C 0 = C1 + C2 = "0(A=2)d + �"0(A=2)d = "0Ad � 12 (1 + �) = C � 12 (1 + �)
Note that C 0 > C for both cases.
2.4 Energy Density
Electric and magnetic �elds, since they are made of photons, actually contain energy, which isusually measured as an energy per unit volume { the total energy in the �eld divided by thevolume of the region in which the �eld exists. In particular, the energy per unit volume of theelectric �eld in a dielectric medium is:

uE = UEv = 12"0E2� (71)
where UE is the total energy in the volume v. (Note that in vacuum or air, we just use � = 1.) Wecan relate this to the stored energy UC in a parallel plate capacitor by:
uE = UCv = Q2=2CAd = Q2=2Ad

��"0Ad
��1 = 12"0

�Q=A"0 � 1�
�2 � = 12"0

� �"0 � 1�
�2 � = 12"0E2� (72)
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2.5 RC Circuits
When a capacitor is charging, the charge on the capacitor varies over time as:

Q(t) = Q(1) �1� e�t=�� (73)
where Q(1) is the �nal charge on the capacitor and this equation assumes an initial charge of zero.For simple circuits (anything you should ever see) the charging time constant is � = RC where R isthe resistance in series with the capacitor and C is the capacitance of the capacitor. This equationarises from the fact that the rate at which the charge on the capacitor increases is equal to theinput current (dQ=dt = I). Solving the associated di�erential equations gives the above relations.For more complicated circuits, even though � = RC may not be readily available, the di�erentialequations should still be capable of providing a solution.
Note that the �nal voltage across the capacitor is not necessarily equal to the voltage across thebattery. In particular VC(1) 6= E if there is a resistor in parallel with the capacitor and anotherresistor in series with the resistor-capacitor combination.
When a capacitor is discharging, the charge on the capacitor varies over time as:

Q(t) = Q(0)e�t=� (74)
The initial charge on the capacitor is Q(0), which is usually equal to Q(1) from the chargingcircuit. The time constant � may be di�erent between the charging circuit and the dischargingcircuit.
3 Resistors
3.1 Basics

V = IR (75)
is the de�ning equation for the relationship between the voltage across a resistor, the current passingthrough it, and its resistance. It is also known as Ohm's law. The units of current are Amperes,1 A = 1 C=s. The units of resistance are Ohms, 1 
 = 1 V=A = 1 Nms=C2.
The instantaneous power dissipated by a resistor is:

P = V I = I2R = V 2
R (76)

It is notable that for DC circuits this is the power dissipation. For oscillatory (AC) circuits, weare usually looking for the average dissipated power, which is half the maximum dissipated power.
The energy stored in a resistor is: U � 0 (77)
Resistors only dissipate energy, never store it. They are the only dissipative circuit element.
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3.2 Series and Parallel
Two resistors in series have an equivalent resistance:

R = R1 +R2 (78)
(R > R1, R > R2). The current passing through the equivalent resistor is I = I1 = I2 and itsvoltage is V = V1 + V2.
Two resistors in parallel have an equivalent resistance:

1R = 1R1 + 1R2 (79)
(R < R1, R < R2). The current passing through the equivalent resistor is I = I1 + I2 and itsvoltage is V = V1 = V2.
3.3 Constructing a Resistor
Resistors are made from material that is imperfectly conductive. Such material is described ashaving a resistivity �, which is measured in units of 
m. It may also be described as having aconductivity � = 1=�, measured in units of 0m�1. (1 0 = 1=(1 
) = 1 Mho)
The resistance of a chunk of material of length ` and cross-sectional area A (that is, the currenttravels a distance ` in crossing the chunk, and the current 
ow has a cross-section A) is:

R = �À (80)
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