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Gauss's Law: Electric Flux,Symme-
try,andExamples
Read this note online

Gauss’s law states that the net electric flux through any closed surface equals the enclosed charge

dividedby thevacuumpermittivity. The law is always true in electrostatics, but it is only a shortcut

for finding the field when symmetry controls the field’s magnitude and direction.

Gauss’s law relates total electric flux to enclosed charge. A symmetry argument is needed to turn

that relation into a simple field calculation.

AGaussian surface is imaginary. It doesnotblock thefield, and it doesnothave tomatchaphysical

boundary. You choose it so the flux integral becomes simple.

A Gaussian surface is useful when the charge distributionmakes the electric field constant or perpendicular in

the right places.
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What IsGauss'sLaw?

∮
𝑆
E ⋅ 𝑑A = 𝑄enc

𝜀0

The integral is over a closed surface 𝑆. The area vector 𝑑A points outward. 𝑄enc includes the net
charge inside the surface, with signs. Charges outside can affect E on the surface, but their net

contribution to the closed-surface flux is zero.

Quantity Meaning SI unit

E Electric field N/C or V/m

𝑑A Outward vector area element m2

Φ𝐸 Electric flux Nm2/C

𝑄enc Net enclosed charge C

𝜀0 Vacuum permittivity F/m

The OpenStax guide to applying Gauss’s law shows the same three standard symmetry classes:

spherical, cylindrical, and planar.

ElectricFluxBeforeGauss'sLaw

Flux measures how strongly a vector field passes through a surface. For a uniform field and a flat

area

Φ𝐸 = E ⋅A = 𝐸𝐴 cos 𝜃

Here 𝜃 is the angle between the electric field and the area normal, not the surface itself. A field
perpendicular to the surface has maximum flux. A field tangent to the surface has zero flux.

• Outward crossing: positive flux.

• Inward crossing: negative flux.

• Tangent field: zero local flux because E ⋅ 𝑑A = 0.

• Closed surface: only the net outward flux enters Gauss’s law.

gauravtiwari.org Page 2

https://openstax.org/books/university-physics-volume-2/pages/6-3-applying-gausss-law
https://gauravtiwari.org/


WhenGauss'sLawActuallySolvestheField

Gauss’s law isuseful forfinding𝐸 onlywhensymmetry lets you take𝐸 outsidepart of the integral or
makes other parts contribute zero. The shape of the Gaussian surface alone creates no symmetry.

The charge distributionmust have the symmetry.

1. Identify whether the source has spherical, cylindrical, or planar symmetry.

2. Infer the allowed direction of the electric field.

3. Choose a closed surface on which 𝐸 is constant where flux is nonzero.

4. Compute the flux and enclosed charge separately.

5. Apply Gauss’s law and solve for 𝐸.

6. Check the direction, units, and limiting behaviour.

SphericalSymmetry: PointChargeandChargedSphere

For a point charge 𝑄 at the centre of a spherical Gaussian surface of radius 𝑟, symmetrymakes the
field radial and constant in magnitude on the sphere.

𝐸(4𝜋𝑟2) = 𝑄
𝜀0

𝐸 = 1
4𝜋𝜀0

𝑄
𝑟2

This is the point-charge field from Coulomb’s law. Outside any spherically symmetric charge dis-

tribution, the field has the same formwith 𝑄 equal to the total enclosed charge.

UniformlyChargedSolidSphere

For a sphere of radius 𝑅 and uniform volume charge density 𝜌, a Gaussian sphere with 𝑟 < 𝑅 en-
closes 𝑄enc = 𝜌(4𝜋𝑟3/3). Therefore

𝐸(𝑟) = 𝜌𝑟
3𝜀0

= 𝑄𝑟
4𝜋𝜀0𝑅3

(𝑟 < 𝑅)

Inside, the field rises linearly fromzero at the centre. Outside, 𝐸 = 𝑄/(4𝜋𝜀0𝑟2). The two expressions
agree at 𝑟 = 𝑅.
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CylindricalSymmetry: InfiniteLineCharge

Gauss’s law: the total electric flux through a closed surface equals the enclosed charge divided by 𝜀0.

For an infinitely long line with linear charge density 𝜆, choose a coaxial cylinder of radius 𝑟 and
length 𝐿. The field is radial. Flux through the end caps is zero because the field is tangent there.

𝐸(2𝜋𝑟𝐿) = 𝜆𝐿
𝜀0

𝐸 = 𝜆
2𝜋𝜀0𝑟

The field falls as 1/𝑟, not 1/𝑟2, because cylindrical area grows linearly with radius. A finite wire
approaches this result only far from its ends and at distances small compared with its length.

PlanarSymmetry: InfiniteSheetofCharge

For an infinite sheet with surface charge density 𝜎, use a pillbox crossing the sheet. The field is
perpendicular to the plane and has equal magnitude on both sides. Only the two flat faces con-

tribute.

2𝐸𝐴 = 𝜎𝐴
𝜀0
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𝐸 = 𝜎
2𝜀0

The ideal infinite-sheet field does not depend on distance. A large finite sheet behaves approx-

imately this way near its centre when the observation distance is much smaller than the sheet

dimensions.

Conductors inElectrostaticEquilibrium

Free charges in a conductor move until the internal electric field is zero. A Gaussian surface en-

tirely within the conducting material therefore has zero flux and encloses zero net charge. Any

excess charge resides on the surface.

• The electric field inside the conducting material is zero.

• The conductor is an equipotential.

• Excess charge lies on the surface.

• The field immediately outside is normal to the surface.

• In vacuum just outside, 𝐸⟂ = 𝜎/𝜀0 for the local surface charge density.

Ahollowcavity inside a conductor is field-free onlyunder the appropriate electrostatic conditions,

such as no charge inside the cavity. Put a charge in the cavity and induced surface charges appear.

WhyOutsideChargesGiveZeroNetFlux

A field line from an external charge that enters a closed surface must leave it again. The inward

contribution is negative and the outward contribution is positive. Their total is zero even though

the external charge canmake the field large and nonuniform at individual points.

This is why zero enclosed charge does not imply zero electric field. It implies zero net flux. A

uniformfieldpassing throughanemptybox is the simplest example: asmuchflux enters as leaves.

CommonMistakes

• Using total charge instead of enclosed charge: only charge inside the chosen closed surface

appears on the right side.

• Assuming zero enclosed chargemeans zero field: it means zero net flux.

• Choosing a convenient shapewithout source symmetry: the integral will not simplify just

because the surface is a sphere.
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• Forgetting the end caps: show why their dot product is zero or include their flux.

• Using open surfaces: Gauss’s law uses a closed surface.

• Ignoring sign: enclosed negative charge produces negative net outward flux.

RelatedPhysicsGuides

Use these next if you want to connect this result with the surrounding physics:

• Coulomb’s law

• The four fundamental forces

• Symmetry in physical laws

KeyTakeaways

• Gauss’s law is ∮E ⋅ 𝑑A = 𝑄enc/𝜀0.

• The law is universal, but solving for 𝐸 requires strong symmetry.

• External charges can change the local field but add zero net closed-surface flux.

• Spherical, cylindrical, and planar symmetry give the standard useful Gaussian surfaces.

• Zero flux and zero field are different statements.

ASphericalGaussianSurface

For a point charge q at the center of a sphere of radius r, symmetry makes the field radial with

constantmagnitude on the sphere. Then𝐸(4𝜋𝑟2) = 𝑞/𝜀0, giving𝐸 = 𝑞/(4𝜋𝜀0𝑟2). Thefieldmagnitude
uses |q|, with direction set by the charge sign.

An external charge can change the electric field at individual points on the sphere, but its net con-

tribution to the closed-surface flux is zero. If the central charge is moved away from the center,

the same total flux remains, while the field magnitude is no longer constant over that spherical

surface.

The points to check in this example are:

• The surface must be closed for the enclosed-charge form.

• Net enclosed charge includes its signs.

• Flux and local field magnitude are different quantities.
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CheckYourUnderstanding

Try the questions before reading the answers.

Question 1. Does zero enclosed charge require zero electric field everywhere on the surface?

Answer. No.

Question 2. What happens to flux when the spherical radius doubles around the same charge?

Answer. It remains q divided by epsilon-zero.

PracticeQuestions

Work each question before reading its solution. The set runs fromdirect recall and substitution to

the applied questions that exams actually use to separate grades. The downloadable PDF includes

these questions and their solutions.

Question 1. State Gauss’s law and explain what Φ𝐸 and 𝑄𝑒𝑛𝑐 represent.

Solution.

∮ ⃗𝐸 ⋅ 𝑑 ⃗𝐴 = 𝑄𝑒𝑛𝑐
𝜀0

Φ𝐸 is the total electricflux througha closed surface, informallyhowmuchfield ”flowsout” through

it. 𝑄𝑒𝑛𝑐 is only the charge ENCLOSED by that surface; anything outside contributes zero net flux,

even though it still bends the field locally.

Question 2. Why does charge OUTSIDE a closed surface contribute zero net flux through it, even

though its field lines do cross the surface?

Solution. Everyfield line froman external charge that enters the surface on 1 sidemust exit some-

where else, since field lines from a charge outside cannot terminate inside a region containing no

charge. Entering and exiting flux exactly cancel in the net sum,which iswhy only enclosed charge

survives in the final total.

Question 3. A point charge of 5 𝜇C sits at the center of an imaginary sphere of radius 0.2 m. Find
the total electric flux through the sphere.

Solution. Φ𝐸 = 𝑄𝑒𝑛𝑐/𝜀0 = (5 × 10−6)/(8.85 × 10−12) ≈ 5.65 × 105 N⋅m2/C. Notice the RADIUS never

entered the calculation: Gauss’s law depends only on enclosed charge, a genuinely surprising and

powerful simplification.

Question4. UseGauss’s law toderive the electric fieldmagnitude at distance 𝑟 fromapoint charge
𝑄, and show it reproduces Coulomb’s law.
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Solution. Choose a spherical Gaussian surface of radius 𝑟. By symmetry 𝐸 is uniform and radial,
so Φ𝐸 = 𝐸 × 4𝜋𝑟2 = 𝑄/𝜀0, giving 𝐸 = 𝑄

4𝜋𝜀0𝑟2
= 𝑘𝑄

𝑟2 , exactly Coulomb’s law. Gauss’s law is not
a separate physical fact from Coulomb’s law; it is the same physics viewed through flux, and it

derives Coulomb’s law as a special case.

Question 5. For a uniformly charged infinite line with linear charge density 𝜆, use a cylindrical
Gaussian surface to find 𝐸(𝑟).

Solution. A coaxial cylinder of radius 𝑟, length 𝐿: flux exits only through the curved side (the flat
ends have field parallel to them, contributing zero). 𝐸 × 2𝜋𝑟𝐿 = 𝜆𝐿/𝜀0, so 𝐸 = 𝜆

2𝜋𝜀0𝑟
. The field falls

off as 1/𝑟, not 1/𝑟2, because the ”source” is spread along an infinite line rather than concentrated
at a point.

Question 6. For an infinite charged plane with surface charge density 𝜎, use a pillbox Gaussian
surface to find 𝐸, and explain why it does NOT depend on distance from the plane.

Solution. A pillbox straddling the plane, flat faces of area 𝐴 parallel to it: flux exits both faces
equally, 2𝐸𝐴 = 𝜎𝐴/𝜀0, giving 𝐸 = 𝜎

2𝜀0
, a CONSTANT. Field lines from an infinite plane never spread

apart or converge (there is no edge to diverge toward), so intensity never dilutes with distance,

unlike the point-charge or line-charge cases.

Question 7. Why does the electric field inside a solid conductor in electrostatic equilibrium equal

exactly zero, using Gauss’s law reasoning?

Solution. Choose a Gaussian surface just inside the conductor’s surface. Free charges in a con-

ductor redistribute until the field inside vanishes (otherwise charges would still be accelerating,

contradicting equilibrium); by Gauss’s law, zero field through that interior surfacemeans zero en-

closed charge, so all excess charge must reside on the outer SURFACE, none in the bulk. This is

why a hollowmetal box shields its interior from external fields (a Faraday cage).

Question 8. A charged spherical shell (radius 𝑅, total charge 𝑄) has field 𝐸 = 0 everywhere inside
it. Use Gauss’s law to prove this without detailed integration.

Solution. For any Gaussian sphere of radius 𝑟 < 𝑅 drawn inside the shell, 𝑄𝑒𝑛𝑐 = 0 (all the actual
charge sits on the shell at radius 𝑅, outside this smaller sphere). By Gauss’s law,Φ𝐸 = 0/𝜀0 = 0, and
by the shell’s spherical symmetry𝐸mustbeuniformover theGaussian sphere, so𝐸 = 0 throughout
the interior. This 1-line argument replaces pages of direct integration.

Question 9. A solid sphere of radius 𝑅 carries uniform charge 𝑄 throughout its volume. Find 𝐸 at
a point INSIDE the sphere, at distance 𝑟 < 𝑅 from the center.

Solution. Only the charge within radius 𝑟 counts as enclosed: 𝑄𝑒𝑛𝑐 = 𝑄 𝑟3
𝑅3 (charge scales with

enclosed volume for uniform density). Then 𝐸 × 4𝜋𝑟2 = 𝑄𝑟3/𝑅3
𝜀0

, giving 𝐸 = 𝑘𝑄𝑟
𝑅3 : the field grows

LINEARLY with 𝑟 inside a uniformly charged sphere, in contrast to falling off as 1/𝑟2 outside it.
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Question 10. Explain why Gauss’s law, while always TRUE, is only USEFUL for calculating E

directly in a handful of highly symmetric charge configurations (spherical, cylindrical, planar).

What must you do for an arbitrary charge distribution?

Solution. Pulling𝐸 out of theflux integral as a constant requires theGaussian surface tobe chosen
where 𝐸 is known in advance to be uniform in magnitude and either parallel or perpendicular to
the surface everywhere, which only symmetric charge distributions guarantee. For an irregular

distribution, no such convenient surface exists, and the flux integral cannot be simplified; the

practical fallback is Coulomb’s law integrated directly over the charge distribution, or numerical

computation.

FrequentlyAskedQuestions

WhatdoesGauss's lawstate?

Gauss’s law states that the net electric flux through any closed surface equals the net enclosed

charge divided by the vacuum permittivity 𝜀0.

WhenisGauss's lawuseful forfindingelectric field?

It is most useful when the charge distribution has spherical, cylindrical, or planar symmetry, so

the field magnitude is constant on parts of a chosen surface and other parts have zero flux.

Doeszeroenclosedchargemeanzeroelectric field?

No. It means the net flux is zero. External charges can produce a nonzero field whose inward and

outward flux contributions cancel over the closed surface.

What isaGaussiansurface?

AGaussian surface is an imaginary closed surface chosen for a flux calculation. It is not a physical

membrane and does not alter the electric field.

WhydochargesoutsideaGaussiansurfacenotcount?

Theirfield lines enter and leave the closed surface in equalnet amount. Theyaffect thefield locally

but contribute zero net flux.

HowisGauss's lawrelatedtoCoulomb's law?

For a point charge, spherical symmetry reduces Gauss’s law to the inverse-square Coulomb field.

Coulomb’s field also satisfies Gauss’s law.

The quickest test is blunt: if you cannot state why 𝐸 is constant on the chosen surface, Gauss’s
law probably will not save algebra.
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