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PHYS>Physics 

 

physics 

Physical science {physics, science} can be about atoms, dynamics, electromagnetism, entropy, fluids, heat, kinetics, 

matter, measurement, quantum mechanics, relativity, space, time, and waves. Entropy includes information and free 

energy. Matter, includes energy, momentum, and conservation laws. Measurement includes standards, instruments, and 

precision. Quantum mechanics includes quanta, uncertainty, statistical processes, waves, particles, and wave-particle 

duality. Relativity includes invariance, constancy, simultaneity, and reference frames. Space includes distance, length, 

direction, discontinuity, and continuity. 

mathematics and physics 

Most mathematics tools find applications in physics: vectors, matrices, calculus, topology, statistics, geometry, 

algebra, trigonometry, group theory, information theory, chaos theory, and complexity theory. 

 

PHYS>Physics>Measurement 

 

measurement 
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Measurement {measurement} requires starting point or baseline value and ending point. Measurements use unit 

measures. Measurement counts number of units between starting and ending points. Measurement requires 

measurement units. Measurements use length, mass, and time units {fundamental units}. 

 

PHYS>Physics>Measurement>Units 

 

measurement unit 

Measurement depends on standard values {measurement unit} {unit of measurement}. 

 

fundamental unit 

All other units combine length, time, and mass units {fundamental unit}| {absolute unit}. The seven fundamental SI 

units are length {meter, length unit}, time {second, time unit}, mass {kilogram, mass}, electric current {ampere}, 

thermodynamic temperature {Kelvin, thermodynamic temperature}, substance amount {mole, particle number}, and 

light intensity {candela, light intensity}. 

derived units 

The 22 derived SI units are plane angle {radian, plane angle}, solid angle {steradian, angle}, force {newton}, 

pressure {pascal}, energy {joule}, power {watt}, temperature {Celsius, temperature}, electric charge {coulomb, 

electric charge}, electric potential {volt}, electric capacitance {farad}, electric resistance {ohm}, electric conductance 

{siemens}, magnetic flux {weber}, magnetic flux density {tesla}, magnetic inductance {henry}, light flux {lumen, 

light flux}, illuminance {lux}, frequency {hertz}, rates and radioactivity {becquerel, radioactivity rate}, radiation dose 

{gray} {sievert}, and catalytic activity {katal}. 

 

geometrized unit 

If constants c, G, k are set equal to 1, so c = G = k = 1, all measurements are in centimeters or inverse centimeters 

{geometrized unit}|. Length uses cm, time uses cm^-1, and mass uses cm^5. The basis for geometrized units is that 

time and distance relate by constant light speed. Mass, time, and length relate, because photons have different energies 

at different frequencies, and time relates to frequency. Fundamental units can be velocity, expressed as centimeters per 

second, or time, expressed as seconds. 

 

unit conversion 

To convert unit to another unit {conversion of units} {unit conversion}, multiply original measurement by new-unit 

to original-unit ratio, obtained from reference books, to cancel original unit and leave new unit. For example, to convert 

meters to centimeters, (15 meters) * (100 centimeters/meters) = 1500 centimeters. 

 

PHYS>Physics>Measurement>Units>System 

 

metric system 

Unit systems {metric system}| can use meter for length, kilogram for mass, and second for time {meter-kilogram-

second system} (MKS), or centimeter for length, gram for mass, and second for time {centimeter-gram-second system} 

(CGS). 

 

Systeme Internationale 

World standard measurement system {Systeme Internationale} (SI) is metric system. 

 

Imperial measure 

English measurement system {Imperial measure} is in USA. 

 

PHYS>Physics>Measurement>Prefixes 

 

prefix for measurements 

Prefixes {prefix, measurement} represent powers. 10^24 {yotta} (Y). 10^21 {zetta} (Z). 10^18 {exa} (E). 10^15 

{peta} (P). 10^12 {tera} (T). 10^9 {giga} (G). 10^6 {mega} (M). 10^3 {kilo} (kg). 10^2 {hecto} (h). 10^1 {deca} 

(da). 10^-1 {deci} (d). 10^-2 {centi} (c). 10^-3 {milli} (m). 10^-6 {micro} (µ). 10^-9 {nano} (n). 10^-12 {pico, 

measurement} (p). 10^-15 {femto} (f). 10^-18 {atto} (a). 10^-21 {zepto} (z). 10^-24 {yocto} (y). 

 

iso- measurement 
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The iso- prefix {iso-, measurement} means the same at different locations. Isobar is for pressure. Isobath is for 

depth. Isocline is for magnetic dip. Isogon is for magnetic declination. Isohaline is for ocean-surface salinity. Isohel is 

for hours of sunshine. Isohyct is for rainfall. Isoseismal is for earthquake shock. Isotherm is for temperature. 

Isochronous is for time. 

 

PHYS>Physics>Measurement>Methods 

 

significant figure 

Measurement digits have different importance {significant figure}| {significant digit}. Zeroes to left of left-most 

non-zero digit are not meaningful. If number has no decimal point, zeroes to right of right-most non-zero digit are not 

meaningful. If number has decimal point, zeroes to right of right-most non-zero digit are meaningful. Zeroes between 

non-zero digits are meaningful. 

instruments 

Number of significant digits is number of measured digits, including estimated digit. 

products 

For calculation results, number of significant digits is smallest measured number of significant digits. Multiplying or 

dividing measurements must maintain number of meaningful digits. 

 

accuracy 

Analyses have number of significant figures {accuracy}|. 

 

precision 

Analog-instrument sensitivity {precision}| is tenth of distance between marks. For example, ruler with millimeter 

markings has precision tenth of millimeter. Digital-instrument precision is displayed numbers. 

 

reproducibility 

Quantitative analyses have variability range. Repeated measurements must have similar results {reproducibility}|. If 

repeated measurement results in significantly different values, results are not reproducible. 

 

selectivity of measurement 

Quantitative analyses can detect substance from among other materials {selectivity, measurement}|. For example, 

instruments detect one frequency or smaller or larger frequency range. 

 

sensitivity of measurement 

Quantitative analyses have minimum detectable amount {sensitivity, measurement}|. For example, instruments 

detect intensity threshold. 

 

nulling 

Precise-measurement technique {nulling}| cancels unknown values using known standard or sensed values using 

expected values. Nulling methods do not require apparatus to be linear. 

 

PHYS>Physics>Measurement>Quantity 

 

extensive quantity 

Quantities {extensive quantity}| can be sums or differences over time or space ranges. They are total amounts: 

distance, area, volume, time interval, moles, energy, heat, entropy, charge, and mass. They have magnitude but no 

direction. Measuring extensive quantities requires accumulation. Extensive quantities are intensive-quantity integrals. 

 

intensive quantity 

Quantities {intensive quantity}| can be values at times and places. They are instantaneous or local amounts, amount 

changes, or measurement ratios. Temperature, time, rate, concentration, and chemical potential are scalar magnitudes, 

with no direction. Distance, direction, velocity, acceleration, force, pressure, momentum, and intensity are vector 

quantities, with magnitude and direction. Intensive quantities can be matrices. Measuring intensive quantities requires 

comparing two points over time or distance, to make an extensive quantity. Intensive quantities are extensive-quantity 

differentials. For example, thermometers measure temperature by linearly expanding mass. 
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PHYS>Physics>Measurement>Kinds 

 

people measurements 

People {people measurements} are 1 meter tall, weigh 10^5 grams, and live 10^10 seconds. Head volume is 1 liter. 

Heartbeat force is 1 newton. Heartbeat work is 1 joule. Heartbeat power is 1 watt. Walking speed is 2 meters per 

second. Every day, people make 8000 J or 2000 Calories. Human internal temperature is 37 C. Room temperature or 

human surface temperature is 21 C. After walking across wool rug, charge on finger is 1 Coulomb. 

 

PHYS>Physics>Measurement>Kinds>Number 

 

number measurement 

Number measures {number measurement} include 12 {dozen}, 144 {gross}, and Avogadro's number 6.02 x 10^23 

{mole, number} (mol). 

 

cloth measurement 

Cloth threads {cloth measurement} have units {denier}. Denier range is 100 to 350. 

 

frequency measurement 

Cycles divided by time in seconds {cycles per second} (Hertz) (Hz) is frequency {frequency measurement}. 

Frequency is always a positive number. Alternating current is 50 Hz or 60 Hz. 

Mechanical-object frequencies measure revolutions per minute (rpm). Car internal-combustion engines operate at 

700 rpm to 6500 rpm. 

Lowest frequency is one cycle during age of universe, 1/(10^21 s) = 10^-21 Hz. Lowest practical electromagnetic-

wave frequency is 1 Hz (with wavelength 10^8 meters, one light-year). 

By quantum mechanics, highest frequency {Planck frequency} is inverse Planck time 1/(10^-43 s) = 10^43 Hz. 

Highest practical electromagnetic-wave frequency is 10^23 Hz (with wavelength 10^-15 meters, electron diameter). 

 

paper measurement 

500 sheets {ream} is paper-quantity unit {paper measurement}. 

 

radioactivity measurement 

Many different units {becquerel, radioactivity} {roentgen} {rad} {dose equivalent} {rem} {curie} measure 

radioactivity {radioactivity measurement}. 

 

PHYS>Physics>Measurement>Kinds>Electric 

 

charge measurement 

Electric-charge units {charge measurement} are one mole of electrons {faraday} (F) or total charge {coulomb, 

charge} (C) moved one meter by one newton. 1 F equals 96494 C. 

 

electric current measurement 

Electric charge, in coulombs, divided by time, in seconds is electric current {electric current measurement} in 

amperes (A). Currents are typically 0.1 A to 5 A. Radio current is 1 A. 

 

potential measurement 

Electric energy, in joules, divided by charge, in coulombs, is electric potential {potential measurement} in volts (V). 

Small-battery voltage is 1.5 V. Car-battery voltage is 12 V. Magnetic field has unit {gauss}. 

 

resistance measurement 

Electric potential, in volts, divided by current, in amperes, is electrical resistance {resistance measurement} in ohms, 

which has upper-case omega symbol. 

 

capacitance measurement 

Electric-potential change divided by current change is electric capacitance {capacitance measurement} in farads (F). 

Capacitors have farad range from 1 F to 500 F. 
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inductance measurement 

Electric-current change divided by electric-potential change is electrical inductance {inductance measurement} in 

henrys. 

 

PHYS>Physics>Measurement>Kinds>Mass 

 

mass measurement 

In metric system, fundamental mass units {mass measurement} are gram {gram} (g) or kilogram {kilogram, mass 

unit} (kg). A derived mass measure is 1000 kilograms {tonne}. Atom mass unit is 10^-24 grams {atomic mass unit}, 

1/12 of carbon-12 atom mass. Mass unit in English units is slug {slug, mass}. 

 

force measurement 

Mass, in kilograms, times acceleration, in meters per second squared, is force unit {force measurement} in newtons 

(N), in MKS system. Mass, in grams, times acceleration, in centimeters per second squared, is force unit {dyne} in 

CGS system. 

Mass times gravity acceleration is weight. In English measure, weight measurements use different systems, 

depending on mass range. 

avoirdupois 

In avoirdupois units {avoirdupois}, 28.35 grams is 1 ounce {avoirdupois ounce}. Avoirdupois weights include 16 

avoirdupois ounces {avoirdupois pound} {pound, weight}, 100 avoirdupois pounds {hundredweight}, 2000 

avoirdupois pounds {ton, weight}, 1/16 avoirdupois ounces {dram}, 1/7000 avoirdupois pounds {grain, mass unit}, 

100 avoirdupois pounds {cental}, 100 avoirdupois pounds or 112 avoirdupois pounds or 100 kilograms {quintal}, and 

2240 avoirdupois pounds {long ton}. 

apothecary 

Apothecary weights {apothecaries measure} depend on 1 grain {apothecary grain}. Apothecary weights include 20 

apothecary grains {apothecary scruple}, 3 apothecary scruples {apothecary dram}, 8 apothecary drams {apothecary 

ounce}, 12 apothecary ounces {apothecary pound}. Apothecary pound has same weight as troy pound. 

troy 

Troy weights, based on 1 grain {troy grain}, are for weighing gold, silver, and jewels. Troy weights include 24 troy 

grains {troy pennyweight}, 20 troy pennyweight {troy ounce}, and 12 troy ounce {troy pound}. 

electromagnetism 

Electric force is in newtons. Magnetic force has units {unit pole}. 

 

energy measurement 

Force, in newtons, times distance, in meters, is work and energy {energy measurement} in joules (J), in MKS 

system. Force, in dynes, times distance, in centimeters, is energy unit {erg} in CGS system. 10000 erg equals 1 joule. 

In English measure, force is weight, in pounds, times distance, in feet {foot-pound}. 

electric 

Voltage, in volts, times charge, in coulombs, is electric energy in joules. For subatomic particles, electric energy is 

voltage, in volts, times electron charge {electron-volt} (eV). Electric energy is power, in kilowatts, times time, in hours 

{kilowatt-hour}. USA houses use hundreds of kilowatts each month. 

heat 

Heat energy is energy needed to heat one gram of water one degree Celsius {calorie} (cal) or one kilogram of water 

one degree Celsius {Calorie} (Cal). 1 Cal = 1000 cal. In English measure, heat energy uses larger units {British thermal 

unit} (BTU). 

 

temperature measurement 

Temperature units {temperature measurement} relate to water freezing and boiling temperatures. In Kelvin (K), 

freezing point is 273 degrees and boiling temperature is 373 degrees. In Celsius (C), freezing point is 0 degrees and 

boiling temperature is 100 degrees. In English measure {Fahrenheit} (F), freezing point is 32 degrees and boiling 

temperature is 212 degrees. An English temperature measure {Rankine} is Fahrenheit plus 459.69 degrees. 

 

impulse measurement 

Force, in dynes, times time, in seconds {dyne-second}, is impulse, impact, or action {impulse measurement}. 

 

intensity measurement 
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In SI system, power per area {intensity measurement} can be power per steradian. Informally, intensity is flux per 

steradian, pressure divided by time, or force per second per unit distance. 

Sound intensity uses logarithmic scale {bel}, or its tenths {decibel} (db) (dB), so 10 db equals 1 bel. Whispers are 

30 db. Siren loudness is 100 dB. Larger units {neper} are 6.686 db. 

Light intensity compares to standard candle {candela, intensity} (cd) {international candle} {candle, light} {lumen, 

light}. One candela is light intensity 1/683 watts per steradian, at frequency 540 * 10^12 hertz. 

 

power measurement 

Energy, in joules, divided by time, in seconds, is power {power measurement} in watts (W). In refrigeration, 3517 

watts are one ton {ton, refrigeration}. In English measure, power compares to standard horse power {horsepower}. 

 

gasoline measurements 

Mixing alkanes and benzenes makes gasoline {gasoline measurement}, which has engine power {octane number}. 

Octane is 87 for regular gas, 89 for intermediate gas and 91 for premium gas. 

 

pressure measurement 

Force, in newtons, divided by area, in square meters, is pressure {pressure measurement} in pascals. Atmospheric 

pressure has pressure units {bar, pressure unit} {atmosphere, pressure unit} (atm). Pressure is how high mercury rises 

in columns {torr} {mm Hg} {inches Hg}. 1 atm equals 760 mm Hg. Standard temperature and pressure (STP) is 25 C 

and 1 atm. In English measure, pressure is force, in pounds, divided by area, in square inches {pounds per square inch} 

(psi). 

 

density measurement 

Mass, in grams, divided by volume, in cubic centimeters, is density {density measurement}: d = g/cm^3. Water 

density is 1 g/cm^3. 

 

gold measurement 

Metals {gold measurement} can have purity {karat} (K). 28 K is pure. 24 K is high purity. 18 K is good purity. 14 K 

is strong. 10 K is strongest. 

 

viscosity measurement 

Dynamic-viscosity unit {poise, viscosity unit} differs from kinetic-viscosity unit {myriastoke} {viscosity 

measurement}. 

 

PHYS>Physics>Measurement>Kinds>Space 

 

length measurement 

Space measurement {length measurement} {distance measurement} uses distance units. The MKS system has a 

fundamental length unit {meter, length} (m). Derived length units include 10^-2 meters {centimeter}, 10^-6 meters 

{micron}, and 10^-10 meters {Angstrom}. 

English measure 

0.001 inches (mil) measures wire diameter. 2.54 centimeters {inch} (in). 39.37 inch = 1 meter. 0.66 feet {li, length 

unit}. 3 inches {palm, length}. 4 inches {hand}. 7 to 9 inches {span}. 12 inches {foot, length} (ft). {board foot}. 18 

inches to 22 inches {cubit}. 2.5 feet {pace, length}. 3 feet {yard, length} (yd). 6 feet {fathom}. 16.5 feet {rod, 

measure}. 100 links or 66 feet {chain, length} {Gunter's chain} {surveyor's chain}. 100 feet or 100 links {chain} 

{engineer's chain}. 625 Greek feet or 0.1196 mile {stade}. 220 yards {furlong}. 5280 ft, 1760 yards, 8 furlongs, or 

1.609 kilometers {mile} {statute mile}. 1 arc-minute on great circle of sphere with area equal to Earth area is 6080 feet 

{nautical mile}. 1 arc-minute at equator is 6087 feet {geographic mile}. 3 miles, or 2.4 to 4.6 miles {league}. 

railroad 

Railroad track {railroad measurement} has width {standard gauge} {narrow gauge} {HO guage}. 

wire gauge 

Wires have diameters {wire gauge}, such as American or Brown and Sharpe system. 

minimum 

By quantum mechanics, minimum length is Planck length, 1.6 * 10^-35 meters, where length becomes quantized. 

maximum 

Maximum length is circumference of universe, 10^30 meters. 
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speed measurement 

Length, in meters, divided by time, in seconds {meters/second}, is velocity {speed measurement}. In English 

measure, velocity is miles per hour (mph) or nautical miles per hour {knot, speed}. Velocity divided by time, in 

seconds {meters/second squared}, is acceleration. Earth-gravity acceleration is 9.8 m/s^2. Car acceleration is 3 m/s^2 

or 1/3 gravity. 

 

area measurement 

Surface measurement {area measurement} is length squared or square meters (m^2). Area measure can be 1000 m^2 

{hectare}, which is 2.5 acres. In English measure, area can be 10 square chains, 160 square rods, or 0.4047 hectare 

{acre} or can be 36 square miles {township}. 640 acres equals 1 square mile. For cross-sections {cross-sectional area}, 

1 barn is 10^-28 cm^2. 

 

volume measurement 

Space measurement {volume measurement} depends on length measurement. Length cubed is in cubic meters. 

Volume measure is 1000 cm^3 or 0.001 m^3 {liter} (L). 

English measure 

1/360 fluid ounce {minim}. 1/6 fluid ounce {teaspoon} (tsp). 3 teaspoons {tablespoon} (tbsp). 2 tbsp {fluid ounce} 

(fl oz). 1 1/2 fl oz {jigger}. 0.25 pint or 4 fluid ounces {gill, volume}. 8 fluid ounces {cup}. 2 cups or 16 fluid ounces 

{pint}. 1/16 peck {dry pint}. 2 pints or 1.1 liter {quart, volume}. 1/8 peck {dry quart}. 4 quarts {gallon}. gallon 

slightly larger than regular gallon {Imperial gallon}. {stere}. 0.25 bushel {peck}. 0.3524 hektaliter {bushel}. 1/4 barrel 

or 9 gallons {firkin}. 31.5 gallon {barrel, volume unit}. {demijohn}. 2 barrels {hogshead}. 3000 ml or four-fifths 

gallon {double-magnum} {jeroboam}, for wine. two-wine-bottle or 1500 ml {magnum, champagne}. {split}. 

{trencher}. 128 ft^3 {cord, volume}. hay {bale}. 

 

angle measurement 

Two intersecting lines have opening amount {angle measurement} at intersection. If lines are the same, angle 

between them is 0 degrees, and angle around them is 360 degrees, two times pi radians. If lines are parallel and meet at 

center, angle between them is 180 degrees, pi radians. If lines are perpendicular, angle between them is 90 degrees, pi/2 

radians. Angle measure can use larger unit {rhumb}, which is 11.25 degrees, 1/16 of reverse turn, or one point on 

mariner's compass. 

 

gauge measurement 

Metal wires have diameters {gauge, measurement}. Smaller numbers are larger diameters. 

 

opening measurement 

Aperture size {opening measurement}, as for camera lens, has units {f number} {f stop}. f stops are numbers 2 for 

wide open, 2.8, 4, 5.6, 8, 11, 16, 22, and 32 for almost closed. 

 

PHYS>Physics>Measurement>Kinds>Surveying 

 

surveying measurements 

Earth locations have distances and elevations {surveying measurements}. Measured great-circle arc {level, survey} 

can be surveying basis. 

 

spirit level 

Finding elevation difference uses instrument {level, instrument} {spirit level}| that measures angles. 

 

acclivity 

High objects have angle {acclivity} to horizontal. 

 

declivity 

Low objects have angle {declivity} to horizontal. 

 

theodolite 

Surveying instruments {theodolite}| can measure horizontal and vertical angles. 
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horizon in surveying 

Observers above ground can see Earth surface out to distance {horizon, Earth}. If Earth is spherical, horizon relates 

to height above ground: r = 1.23 * h^0.5, where r is radius from observation point to horizon, and h is height above 

ground. 

 

benchmark surveying 

Surveyors place metal plates {benchmark, surveying}| at locations with precise elevation. 

 

PHYS>Physics>Measurement>Kinds>Time 

 

time measurement 

Measuring time {time measurement} requires standard vibration or rotation frequency. Fundamental time unit is one 

second {standard second} {SI second} (s), which is 9,192,631,770 periods of unperturbed microwave transition 

between two cesium-133 ground-state hyperfine levels, as measured by atomic clocks {Coordinated Universal Time} 

(UTC). 

year 

Standard second can depend on Earth motion around Sun. Tropical year 1900 has 31,556,925,974 seconds 

{ephemeris second} {ephemeris time} {Newtonian time}. Gravity predicts solar-system object positions at distinct 

times. Ephemeris time uses actual number of days {universal time} (UT0) or universal time corrected for Earth-axis 

wobble {navigator's time} (UT1) (UT2). 

derived units 

60 seconds {minute, time} (min). 60 minutes {hour} (hr). 24 hours {day}. 7 days {week}. 14 days and nights 

{fortnight}. 4 1/3 week or 28 to 31 days {month}. 365 days {year} (yr). 366 days every fourth year {leap year}. 10 

years {decade}. 100 years {century, time}. 1000 years {millennium}. 1,000,000 years {eon}. 

minimum 

By quantum mechanics, minimum time is Planck time, 10^-43 seconds, where time becomes quantized. 

maximum 

Maximum time is age of universe, 10^21 seconds. 

 

solar time 

Earth time measurement can compare to Sun {solar time}. Varying orbital speeds and varying seasons cause Sun-

referenced Earth-rotation period to average four minutes longer than star-referenced rotation period. Sun-referenced 

Earth-rotation period can be ahead 16 minutes in early November or behind 14 minutes in early January. 

 

PHYS>Physics>Measurement>Kinds>Time>Year 

 

anomalistic year 

Years {anomalistic year} can be time from Earth perihelion to next perihelion, which is five minutes longer than 

sidereal years, because major axis of Earth elliptical orbit moves around Sun in same direction as Earth moves. 

 

sidereal year 

Years {sidereal year} can be time between same positions with respect to fixed stars. Time {sidereal time} can be 

relative to fixed stars. 

 

tropical year 

Years {tropical year} can be time from first point of Aries to next first point of Aries, which is 20 minutes shorter 

than sidereal year, because first point moves around Sun in opposite direction to Earth motion. 

 

PHYS>Physics>Causation 

 

causation in physics 

Causes {cause, physics} {causation, physics} change particles or particle spatial relations. Causes are forces. Cause 

precedes effect. Mind activities are indirect causes. Causes are desired states. Human thought has purposes. Physical 

forces put thoughts into action. 
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microcausality 

Space-like separated fields either commute or anticommute {microcausality}, because otherwise effects travel faster 

than light speed. 

 

third arrow strategy 

Previous causes require later effects. Perhaps, physical-law asymmetry can mediate causal temporal asymmetry 

{third arrow strategy, causation}. However, physical laws have no asymmetry that can mediate temporal asymmetry. 

 

PHYS>Physics>Matter 

 

matter 

Matter amount is mass {matter}. 

 

PHYS>Physics>Matter>Mass 

 

mass as matter 

Matter amount {mass, physics}| is sum of elementary-particle amounts. Matter has spatial extension and divisibility. 

Mass has inertia. Mass is scalar quantity. Object interaction with universal field, such as Higgs field or technicolor 

field, causes mass. 

 

center of mass 

Object mass has balance point {mass center} {center of mass} {center of gravity}. In calculations, total object mass 

can be at mass center. 

balance 

To find object mass center, hold object at a point off center, allow object to swing freely under gravity until it stops, 

draw vertical line through point, and repeat for two more points. The three lines intersect at mass center. 

spin 

Spinning objects spin around mass center. 

example 

People cannot pick up chairs while standing against walls, because chair-person combination has mass center 

beyond toes, and so they must tip over. 

 

inertia 

Objects tend to keep same direction and speed {inertia}| {matter, inertia}. Mass resists motion change. Inertia is 

resistance to acceleration. 

cause 

All universe masses exert gravity on object masses. All universe masses contribute to space-time curvature at space-

time points. Objects take the geodesic shortest path between two space-time points. Geodesics are paths that keep same 

direction and speed. Inertia is following geodesics. Space-time curvature depends on mass, so inertia depends on mass. 

The dependence is the same. Mass and inertia are the same. 

examples 

It is harder to pull or push more massive object. If someone puts a big rock on your head and hits it with hammer, 

you do not feel the hit, because big mass changes motion slowly. People can rapidly pull smooth tablecloths out from 

under dishes on tables, without moving dishes. 

 

density 

Substances have mass per volume {density, physics}|: density = mass / volume. For example, boxes can have 

different masses inside, while volume stays the same, so densities can differ. 

 

PHYS>Physics>Matter>Particle 

 

antimatter general 

Particles have paired particles {antiparticle} {antimatter}| with same properties but with positive energy and positive 

pressure. Negative-energy states fill space and are undetectable because they are uniform. Photons can interact with 

negative-energy particles, to make missing negative-energy states, which are like positive-energy antiparticles. Because 

negative-energy state is missing, antiparticles are like particles going backward through time. 
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properties 

Antiparticles have same mass, spin, and angular momentum as particles. Antiparticles have opposite charge and 

opposite of every other property. 

energy 

If particle and antiparticle meet, they create energy 100 times more than energy in same mass in nuclear reactions. 

sources 

Cosmic rays hitting high atmosphere can make antiparticles. Particle accelerators can make proton {antiproton}, 

neutron {antineutron}, and electron {positron, antiparticle} antiparticles. 

mass 

Antimatter has to have positive mass, not negative mass. All fields have positive mass. If they have negative mass, 

vacuum polarization around nuclei makes negative mass and shields nuclei from gravity. There can be no gravity. 

Antimatter is negative-energy absence and so is positive energy. 

universe 

By symmetry, universe has equal matter and antimatter, but instruments do not observe antimatter. Perhaps, if space 

has short, circular, higher dimensions, antimatter hides in them. 

 

cosmic string 

In early universe, matter phase was like hot fluid and was symmetric in all directions, as in gas or liquid, not as in 

asymmetric crystals. Later cooling changed matter phase differently at different places, and different space regions had 

different ground-state energies. Boundaries formed between different-phase regions. As universe expanded, boundaries 

stretched into long strings {cosmic string}. Cosmic strings have large mass, positive energy, and positive pressure. 

 

exotic matter 

Space can contain negative energy {exotic matter}. Energy density and pressure can be negative. 

cause 

Energy fluctuations, required by uncertainty principle, cause negative energy in zero-average-energy-density 

regions, such as space vacuum. If non-linear destructive quantum interference can damp energy fluctuations {squeezed 

vacuum}, energy in alternating regions can be less than zero. 

amount 

Negative-energy magnitude is inversely proportional to space-time volume. Larger negative energies must pair with 

more and closer positive energies. 

total energy 

System total energy is always greater than zero. 

examples 

Moving mirror can make negative-energy flux. 

effects 

Negative energy makes light rays diverge. Negative-energy regions allow travel faster than light, because they 

contract space-time. 

 

family problem 

The three elementary-particle families have similar interactions among family members, but Standard Model and 

SSMs cannot explain this {family problem}. String theory allows many families. 

 

Feynman diagram 

Particle-interaction graphs {Feynman diagram} can show all interaction paths. In Feynman diagrams, exchanges 

with antiparticles go backward in time. 

 

HBT puzzle 

Phase transition back to solid is twice as fast as predicted {HBT puzzle}, as measured by interferometry {Hanberry-

Brown-Twiss interferometry} using model {nuclear optical model}. 

 

Leidenfrost layer 

A vacuum-like layer {Leidenfrost layer} is 0.001 to 0.1 light-year thick, has gamma and shortwave radiation, and is 

between matter and antimatter plasmas. 

 

positronium 
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One positron and one electron can make a particle {positronium}. Two positroniums can make a particle {di-

positronium}. 

 

spontaneous symmetry breaking 

Potential-energy field is complex-number field with different same-energy phases. Energies have many phases. 

Higgs field starts at high energy and goes to lowest energy {spontaneous symmetry breaking}. Higgs field can go to 

complex-number-field values below zero {non-zero Higgs field vacuum expectation value}, though lowest energy is 

zero. 

 

vacuum of space 

Space regions {vacuum, space}| can have no mass or energy. However, uncertainty principle requires that vacuums 

have energy fluctuations. Energy fluctuates to positive and negative energies. If non-linear destructive quantum 

interference can damp energy fluctuations to squeeze vacuum, energy in alternating regions can be less than zero. 

 

virtual particle 

Not-directly-observable particles {virtual particle}| can exist for times shorter than force-interaction time. According 

to quantum-mechanics, virtual particles can spontaneously appear in space and then interact before observable time or 

space. 

cause 

In vacuum, mass, energy, and electric charge average zero. In space and in baryons, according to quantum-

mechanics, mass, energy, and electric charge have random fluctuations above and below zero over time and space. 

pairs 

Virtual particles arise as pairs: quark-antiquark pairs, electron-positron pairs, photon pairs, and graviton pairs. To 

make average momentum be zero, zero-rest-mass virtual particles must form in same-particle pairs that travel in 

opposite directions. To make average charge be zero, virtual particles with mass must form in pairs, one with positive 

charge and one with negative charge. To make average energy be zero, virtual particles with mass must form in pairs, 

one with positive energy and one with negative energy. 

antiparticles 

Uncertainty principle allows virtual particles to move faster than light, and relativity requires that particles that move 

faster than light must go backward in time. By relativity and quantum mechanics, charge moving backward in time is 

equivalent to opposite charge moving forward in time. Particles and antiparticles must have opposite charges. Virtual 

particles go forward in time. Virtual antiparticles move backward in time. 

As an electron moves through space-time, moving observers see different electron velocities, and some see electron 

moving backward in space-time. 

As an electron moves through space-time, it can change velocity twice. This is equivalent to an electron-positron 

virtual-particle pair arising at the second velocity-change point, the virtual positron going backward in time to 

annihilate the original electron at the first velocity-change point, and the virtual electron continuing on from the second 

velocity-change point as a real electron. 

objects 

All protons, neutrons, atoms, and molecules have virtual particles at all times. In atoms, virtual negative charges stay 

closer to positively-charged nucleus, and virtual positive charges stay closer to negatively-charged electron orbits. 

Because virtual particles continually spontaneously appear and then annihilate, all objects always have virtual-particle 

distributions and complicated mass, energy, and/or charge distributions. Dirac's relativistic-quantum-mechanics 

equations can account for all virtual-particle distributions, to any accuracy degree, by including primary, secondary, 

tertiary, and/or higher levels of virtual-particle creation and annihilation. The virtual-particle distribution accounts for 

most proton, neutron, atom, molecule, and object mass, so quarks and electrons are only a small part of object mass. 

energy 

By uncertainty principle, more-energetic virtual particles have shorter times. Long-lived-virtual-particle energies 

have lifetimes of 10^-8 seconds, so long-lived-virtual-particle energies are 1.22 * 10^-16 GeV, or 6 x 10^-13 electron 

masses. Times can be as short as Planck time, 10^-43 seconds, so short-lived-virtual-particle energies are 1.22 * 10^19 

GeV, or 6 x 10^22 electron masses. Higher energies are more infrequent. By uncertainty principle, total energy is finite 

but very high, equal to 10^120 times universe mass-energy. To make vacuum energy average zero, space vacuum must 

have negative energy (dark energy) almost equally high, to cancel. This space energy makes space expand. 

conservation laws 

Because, by uncertainty principle, short times and small spaces have high energies and momenta, virtual particles do 

not necessarily conserve energy and momentum. 
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experiments 

Exciting hydrogen atoms with microwaves moves electrons from s to p orbitals (Lamb shift), and electromagnetic-

field quantum fluctuations make virtual particles. In mass-173-atom nucleus, strong electric field can produce real 

particle from virtual particle. 

theory 

Perhaps, real particles are detectable parts of virtual-particle clouds around particles. 

theory: infinities 

In quantum mechanics, because virtual particles can arise spontaneously at any point and time, for any particle 

process the number of possible particle paths is infinite. In particular, electron mass and charge become infinite. In 

quantum electrodynamics, quantum chromodynamics, and electroweak theory {Weinberg-Salam theory}, 

renormalization cancels infinities. In quantum-gravity theories, masses and their secondary interactions can be large, so 

renormalization is not always possible. (In string theories, strings have vibration states, with no infinities.) 

 

PHYS>Physics>Matter>Particle>Properties 

 

charge conjugation 

Most physical laws do not change if antiparticle, which has opposite charge, replaces particle {charge conjugation}|. 

 

chirality in physics 

Universe particles can have handedness {chirality, universe}|. Zero-rest-mass particles conserve chiral symmetry. 

Neutrinos, pions, and kaons have handedness. Other particles conserve chiral symmetry. Particles with mass can 

change handedness by losing mass by symmetry transformations other than chirality. 

 

parity in physics 

Most physical laws do not change if coordinates invert through origin or reflect through plane {parity, physics}|, to 

change right-handed into left-handed, because most particles do not have handedness. Parity conserves in 

electromagnetic and strong nuclear forces but not in weak nuclear force, because neutrinos, pions, and kaons have odd 

intrinsic parity. Other particles, including all zero-rest-mass particles, have even intrinsic parity and no handedness. 

Parity violation is greater for charged particles, compared to uncharged ones. 

 

quantum number 

Quanta {quantum number}|, such as electric charge, can be additive integers {additive quantum number}. 

Antiparticles have negative of additive-particle quanta. Mass is not additive. Quanta, such as parity and g-parity, can be 

multiplicative {multiplicative quantum number}, based on nth roots of unity. Fermions have -1 parity. Bosons have +1 

parity. Two interacting fermions make boson: -1 * -1 = +1. Two interacting bosons make boson: +1 * +1 = +1. Three 

quarks make hadron, with parity -1: -1 * -1 * -1 = -1. 

 

technicolor of quark 

Perhaps, underlying field is particles {techniquark}, bound by force {technicolor}|. 

 

PHYS>Physics>Matter>Particle>Subatomic 

 

subatomic particle 

Particles {subatomic particle}| are like field singularities, vortexes, or discontinuities. Higher-mass particles have 

excited particle states. Perhaps, fundamental particles are statistical entities, with charge, mass, and so on, distributions. 

Quantum-wave equations arise from particle statistical nature. 

 

alpha particle in atom 

Light nuclei have one to three clusters {alpha particle, atom}| with two protons and two neutrons. 

 

exotic particle 

Perhaps, particles {exotic particle} can be more fundamental than quarks and leptons. Perhaps, three prequark 

bosons {preon}, from three families, make higher particles. Family has two flavors, with four of one {chromon} and 

three of the other {somon}. However, no method makes masses come out right for quarks and leptons using preons. 

Hypercolor binds preons together. Perhaps, three particles {rishon} have charge 0 or 1/3, have a color or its anti-color, 

and combine to give particles. 
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hadron 

Baryons and mesons {hadron}| share properties. Baryons, such as protons and neutrons, have three quarks. Mesons, 

such as pions, have two quarks. Both strong and weak nuclear forces affect hadrons. Hadrons and leptons account for 

all particles. Photons with 10^9 more energy than average act like hadrons and have strong nuclear force interactions. 

Electrons at high energy act like hadrons. 

 

magnetic monopole 

Perhaps, particles {magnetic monopole}| can be one-pole magnets. Magnetic monopoles can combine bosons to 

make fermions. 

 

tachyon 

Possible particles {tachyon}| can travel faster than light. Tachyons go backward in time. Tachyons have imaginary 

mass. Tachyon energy increases as it slows. 

 

PHYS>Physics>Matter>Particle>Subatomic>Boson 

 

boson 

Particles {boson}| {messenger particle}, such as photons, gluons, W and Z bosons, and gravitons, can carry force 

fields. Gravitons, photons, mesons, gluons, W particles, Z particles, and all exchange particles have integer spins and 

follow Bose-Einstein statistics. Unlike fermions, two bosons can have same quantum numbers. Rather than always 

having same units, boson quanta can vary in energy. Fermions and bosons account for all particles. 

Spin 

Some bosons {scalar boson}, such as Higgs particle and W particle, have zero spin. Some bosons {vector boson}, 

such as photon, graviton, and Z particle, have non-zero integer spin. 

states 

Bosons in same state tend to cluster together. Identical particles with same spin can interfere constructively if their 

waves are in phase. Identical particles with same spin can interfere destructively if their waves are in opposite phase. 

Therefore, if boson is present, another same-type-boson probability is greater. 

fields 

Interacting particles use field to store energy and momentum while they send signals between particles and cause 

interaction. Field preserves conservation laws. Fields carry signals as bosons, which carry energy and momentum to 

distant objects. Local interactions caused by boson exchanges mediate all action-at-a-distance. 

statistics 

Bosons and fermions with the same quantum numbers are exactly the same, so two different photons or electrons 

with the same quantum numbers are exactly the same. Because they have no relativistic effects on each other, bosons 

have symmetric wave functions: f(b+) = f(b-), where b+ has spin +1 and b- has spin -1. Different bosons can have the 

same state, because bosons do not attract or repel each other by relativistic effects. Their changing fields are 

symmetrical and cancel. Because they have relativistic effects on each other, fermions have anti-symmetric wave 

functions: f(e+) = -f(e-), where e+ has spin +1/2 and e- has spin -1/2. For two fermions, wavefunction is anti-symmetric 

for fermion exchange: f(e+,e-) = -f(e-,e+). For helium atoms (with two electrons in lowest orbital), with no time 

changes, the ground-state wavefunction is anti-symmetric, but the main (zero-order) wavefunction is symmetric, so the 

spin wavefunction is anti-symmetric. Electrons with same spin cannot be in same state (Pauli exclusion principle), 

because f(e+,e+) = -f(e+,e+) can be true only if f(e+,e+) = 0. Different fermions have different states, because fermions 

repel each other by relativistic effects. Changing electric fields induce magnetic fields that affect moving electric 

charges. Their changing fields are anti-symmetrical and do not cancel. 

 

gluon 

Strong-nuclear-force-exchange bosons {gluon}| have eight types, mass 0, spin 1, and charge 0. They do not feel 

electromagnetism or weak force. They affect gluons and quarks. 

 

graviton 

Gravity-exchange bosons {graviton}| have mass 0, spin 2, and charge 0. Perhaps, gravitons differ over time, as space 

phase changes. Perhaps, at high energies, space and time decouple. 
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Stress-energy density makes virtual gravitons. By tidal-force induction, those gravitons make adjacent virtual 

gravitons and then become zero again, so virtual gravitons propagate through space at light speed. General-relativity 

gravity fields are virtual-graviton streams. 

When masses have tidal forces, tidal-force accelerations make real gravitons that travel outward in that direction as 

gravitational waves. Real-graviton tidal-force accelerations induce adjacent virtual gravitons that go back to zero and 

make adjacent real gravitons, so propagating gravitons through space. Tidal-force accelerations push existing virtual-

graviton streams sideways, putting a kink in them. 

 

Higgs field 

A weak-force field {Higgs field} is evenly distributed throughout space and interacts with W bosons, Z bosons 

[1983], Higgs bosons, quarks, and leptons and so associates mass with them. Without Higgs field, particles affected by 

the weak force have no mass. Even in empty space, the Higgs field has non-zero negative value {vacuum expectation 

value}. The Higgs field interacts with particles affected by the weak force, differently for right-handed and left-handed 

particles, and so its existence causes, below critical temperature, weak-force spontaneous symmetry breakdown. 

Without Higgs field, particles affected by the weak force have the same physics for right-handed and left-handed 

particles. Stronger Higgs field interactions make higher-mass particles. Stronger Higgs field interactions are over 

shorter distances. 

The Higgs field interacts with fermions to make a small part of their mass, which is mostly due to gluons and 1% to 

quarks. Photons, gluons, and gravitons do not interact with Higgs field and have no mass. 

Standard Model requires only one Higgs field and one Higgs particle. Standard Model gives correct mass ratio 

between W and Z bosons and all particle masses. Supersymmetric Standard Models have two Higgs fields and five 

Higgs particles, three neutral and two charged. Supersymmetric Standard Models have non-zero energy minimum and 

give mass to superpartners, as Higgs fields interact. Perhaps, neutrino masses come from Higgs-field interactions or 

from third Higgs field. 

Higgs boson 

Higgs-field perturbations make bosons {Higgs particle} {Higgs boson} that may be elementary or composite. Higgs 

bosons are their own antiparticle. Higgs bosons are CP-even. 

By Standard Model, smallest mass is 114 to 192 GeV. By measurement [2010], Higgs-boson mass is 115 to 156 

GeV or 183 to 185 GeV (200 GeV is same as tau particle and slightly more than charm quark). By measurement 

[2011], Higgs-boson mass is 115 to 140 GeV. If quantum effects cause smallest Higgs-boson mass to be higher, other-

particle masses are too high. By minimal supersymmetry, there are five Higgs bosons at 114 to 192 GeV, 300 GeV 

(similar to top quark), 370 GeV, and 420 GeV. 

Higgs bosons are unstable and quickly decay, and so are not directly observable. If elementary, Higgs bosons can 

decay to bottom quark and bottom antiquark, photons, and/or tau particle and antitau particle, which are observable. 

Higgs bosons have no spin and so are scalar bosons, not vector bosons. 

Higgs bosons have no charge and so do not affect electromagnetism, and electromagnetism does not affect them. 

Higgs bosons have no color and so do not affect strong force, and strong force does not affect them. 

interactions 

Particle attraction to Higgs field vibrates Higgs field and makes Higgs field denser at particle, causing (otherwise 

zero-rest-mass) particle to slow from light speed. Higgs-field interactions with matter cause mass, inertia, and space 

curvature, because Higgs bosons form as particles acquire mass. Mass is proportional to Higgs-field strength and 

interaction strength. Different particles have different interactions and different masses. For example, zero-rest-mass 

photons do not interact with Higgs field and maintain zero mass and light speed. 

Higgs field resists accelerations, not velocities. 

space 

Higgs field is everywhere in space, so particle masses are constant throughout space. Higgs field started at universe 

origin and fills space-time. 

field strength and self-interaction 

Standard-Model Higgs particles can interact with themselves, and supersymmetry different Higgs-particle types can 

interact with other Higgs-particle types. Self-interaction causes negative field strength at lowest energy in universe, so 

Higgs field at lowest energy is negative energy. 

temperature 

High temperature makes Higgs field fluctuate. In zero-rest-mass empty space, Higgs field fluctuates above and 

below zero energy. Above 10^15 K, average energy was zero, and all fermions and bosons had zero mass. Universe 

was symmetric. At 10^15 K, 10^-11 seconds after universe origin, average Higgs field reached lowest negative value. 

Some particles acquired mass from Higgs field. Universe was not symmetric (spontaneous symmetry breaking). 
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In grand unified theory, electromagnetic, weak, and nuclear forces unify before 10^-35 seconds after universe origin, 

above 10^28 K, under SU(3) x SU(2) x U(1) Lie symmetry group, where SU(3) is for strong-force quark color, SU(2) 

is for weak-force W and Z bosons, and U(1) is for electromagnetic charge, making grand unified Higgs field. Grand 

unified theory allows proton decay. 

Above 10^15 K, electroweak symmetry is unbroken, and W and Z particles have zero rest mass. Above 10^15 K, 

electromagnetic and weak forces unify under SU(2) x U(1) Lie symmetry group, making electroweak Higgs field. 

SU(2) is for the Higgs-field spinor with two complex components: SU(2) doublet. The Standard Model U(1) charge is -

1. 

At cooler temperature, electromagnetism and weak force do not unify. The W and Z gauge bosons have mass after 

electroweak symmetry breaking below 10^15 K, by interaction with the Higgs field {Higgs mechanism} {Englert-

Brout-Higgs-Guralnik-Hagen-Kibble mechanism} [1964] (François Englert and Robert Brout; Peter Higgs, from ideas 

of Philip Anderson; Gerald Guralnik, C. R. Hagen, and Tom Kibble). The Higgs field, an SU(2) doublet, has four 

degrees of freedom. Three degrees of freedom make non-physical Goldstone bosons. One degree of freedom makes one 

Higgs boson, in the Standard Model. The Minimal Supersymmetric Standard Model requires a series of Higgs bosons. 

The Technicolor models or Higgsless models have no Higgs bosons but do have Higgs mechanism. 

 

photon particle 

Electromagnetic-force-exchange particle {photon, particle}| has mass 0, spin 1, and charge 0. Range is infinite. It has 

light speed. All zero-mass particles have spin axis in motion direction or in opposite direction. 

 

PHYS>Physics>Matter>Particle>Subatomic>Boson>Intermediate 

 

intermediate vector boson 

W particle and Z particle [1973] {intermediate vector boson}| {weak gauge boson} have speed 1000 meters per 

second and range 10^-18 meters. 

 

W particle 

Weak-nuclear-force exchange bosons {W particle}| can have mass 80.4 GeV, spin 1, and charge +1 or -1 [found in 

1973]. 

 

Z particle 

Weak-nuclear-force exchange bosons {Z particle}| can have mass 91 GeV, spin 1, and charge 0 [found in 1973]. 

 

Z-prime particle 

Possible exchange bosons {Z-prime particle}| can indicate a new force type. 

 

PHYS>Physics>Matter>Particle>Subatomic>Boson>Meson 

 

meson 

Hadron bosons include exchange particles {meson}| for nuclear force. 

properties 

Mesons have masses between one-seventh proton mass and four times proton mass. Mesons have charge -1, 0, or +1. 

Mesons have spin 0 or 1. Mesons have lifetime from 10^-23 to 10^-8 seconds. 

examples 

More than 20 mesons include pi meson (pion), K meson (kaon), and eta meson. Rho meson, phi meson, and omega 

meson are vector mesons with negative intrinsic parity. 

quarks 

Mesons have quark and antiquark. Pion has up or down quark. Kaon has strange quark. Upsilon particle meson has 

top quark. 

 

charmonium 

Psi particle or J particle meson {charmonium} has charmed quark. 

 

pion 

Mesons {pion}| can have masses one-seventh proton mass. Pion has up quark and down antiquark, so charge is -2/3 

+ -1/3 = -1, and color and complementary color add to white. 
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psi particle 

charm quark-antiquark pairs {psi particle}. 

 

PHYS>Physics>Matter>Particle>Subatomic>Fermion 

 

fermion 

Baryons, hadrons, and non-zero-mass leptons {fermion}| have half-integer spins, with Fermi-Dirac statistics. No two 

fermions can have same quantum numbers. Fermion energy quanta always have same units. Same-type fermions are 

indistinguishable. For example, all electrons are exactly alike. Fermions and bosons account for all particles. 

statistics 

Bosons and fermions with the same quantum numbers are exactly the same, so two different photons or electrons 

with the same quantum numbers are exactly the same. Because they have no relativistic effects on each other, bosons 

have symmetric wave functions: f(b+) = f(b-), where b+ has spin +1 and b- has spin -1. Different bosons can have the 

same state, because bosons do not attract or repel each other by relativistic effects. Their changing fields are 

symmetrical and cancel. Because they have relativistic effects on each other, fermions have anti-symmetric wave 

functions: f(e+) = -f(e-), where e+ has spin +1/2 and e- has spin -1/2. For two fermions, wavefunction is anti-symmetric 

for fermion exchange: f(e+,e-) = -f(e-,e+). For helium atoms (with two electrons in lowest orbital), with no time 

changes, the ground-state wavefunction is anti-symmetric, but the main (zero-order) wavefunction is symmetric, so the 

spin wavefunction is anti-symmetric. Electrons with same spin cannot be in same state (Pauli exclusion principle), 

because f(e+,e+) = -f(e+,e+) can be true only if f(e+,e+) = 0. Different fermions have different states, because fermions 

repel each other by relativistic effects. Changing electric fields induce magnetic fields that affect moving electric 

charges. Their changing fields are anti-symmetrical and do not cancel. 

 

PHYS>Physics>Matter>Particle>Subatomic>Fermion>Baryon 

 

baryon 

Protons, neutrons, and over 100 other particles {baryon}|, such as lambda, sigma, delta, cascade, omega, and 

upsilon, share properties. Baryons have baryon number 1, while other particles have baryon number 0. Baryons have 

three quarks. 

 

hyperon 

Particles {hyperon} similar to protons and neutrons can have higher masses. Hyperons have masses 2 to 10 times 

proton mass. Hyperons have charge -1, 0, +1, or +2. Hyperons have spin 1/2 or 3/2. Hyperons have lifetime 10^-23 to 

10^-10 seconds. Hyperons have three quarks and are baryons. 

 

neutron 

Particles {neutron}| similar to protons in mass have no charge. Neutron has three quarks, two down and one up. Free 

neutrons have lifetime 1000 seconds before they decay to proton. Neutrons in atoms are stable, because, in nuclei, 

strong nuclear force lowers neutron energy, so neutrons do not decay. 

 

proton 

The main and lowest-energy baryon {proton}| is mainly in atomic nuclei. Proton has three quarks, two up and one 

down. Proton mass is 10^-24 grams. Protons have infinite lifetime. However, if superweak nuclear force exists, lifetime 

is 10^31 years. 

 

PHYS>Physics>Matter>Particle>Subatomic>Fermion>Lepton 

 

lepton 

Electrons and similar fermions {lepton}| share properties. 

size 

Leptons have diameter 10^-15 centimeter. Leptons have no internal structure, at least down to 10^-16 centimeter. 

Quantum electrodynamics requires leptons to be points. 

forces 

Weak nuclear force affects leptons, but strong nuclear force does not affect them. They have no color charge. Weak 

nuclear force causes one-quarter of lepton mass. 
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charge 

Electron, muon, and tau particle leptons have charge -1 unit. Neutrinos have charge 0 units. Charge causes part of 

lepton mass. Lepton charge is sum of infinite negative charge, surrounded by positive-charge cloud induced by 

negative charge. 

lifetime 

Electrons cannot decay to smaller particles, so electrons have infinite lifetime. 

isospin 

Electrons, muons, and taus have weak-isospin third component -1/2, while all neutrinos have +1/2. 

quarks 

Quarks and leptons are similar. Both are point-like, pair, and have six types. 

 

electron particle 

Negatively charged particles {electron}| rapidly orbit atomic nuclei at varying distances. Electron mass is 10^-27 

grams or 0.511 MeV. Electron charge is -1. Lifetime is infinite. Protons equal electrons in neutral atoms. Electrons 

travel 10^-14 meters in 10^-8 seconds in one orbit. 

 

muon 

Leptons {muon}| can be more massive than electrons. They can be in particles caused by cosmic rays hitting upper 

atmosphere. Muons have masses 204 times electron mass or 106 MeV. Lifetime is 2.2 x 10^-6 seconds, because muon 

can decay to electron. Muons have electric charge -1. Muon has associated neutrino. Muon has weak-isospin third 

component -1/2. 

Atoms can have muons instead of electrons. Collisions can make two muons {dimuon event} or three muons 

{trimuon event}. These collisions demonstrate charmed particles and heavy leptons. 

 

neutrino 

Leptons {neutrino}| can have almost no mass, zero charge, and half-integer spin. 

types 

Electrons {electron neutrino}, muons {muon neutrino}, and taus {tau neutrino} have neutrinos {flavor, neutrino}. 

Electron neutrinos have masses less than 54000 times electron mass. Muon neutrinos have masses less than 367 times 

muon mass. Tau neutrinos have masses less than 58 times tau mass. Neutrinos can change into each other, if neutrino 

mass is greater than 1 eV. Interaction with surrounding matter and energy causes neutrino masses to oscillate from 

electron to muon to tau neutrinos as they travel. 

mass 

Fewer neutrinos than expected come from Sun, because they have mass. 

forces 

Neutrinos do not feel strong force or electromagnetic force, only weak force and gravity. Neutrinos have two 

orthogonal linear-polarization states at 180-degree angle. Perhaps, weak force does not affect a possible fourth neutrino 

type {sterile neutrino}. 

interactions 

Because they have little mass and no charge, neutrinos pass through matter with few interactions. 10^12 neutrinos 

pass through people each second, because Sun radiation is 10% neutrinos. 

antineutrino 

Antineutrinos have one-third neutrino cross-sectional area. 

 

positron 

Electron antiparticles {positron}| have +1 charge. 

 

tau particle 

Leptons {tau particle}| {tauon} [found in 1975] can be heavier than muons. Tau particles have masses 3519 times 

electron mass or 1.78 GeV. Electric charge is -1. Lifetime is 0.3 x 10^-12 seconds, because tau can decay to electron. 

Tau has associated neutrino. 

 

PHYS>Physics>Matter>Particle>Subatomic>Fermion>Quark 

 

quark 

Baryons have units {quark}|. Quarks have no internal structure, have diameter 10^-15 meters, and feel all forces. 
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types 

Up quark has lowest mass, 2 MeV, one-ninth proton mass and nine times electron mass. 

Down quark is slightly heavier, 5 MeV, 14 times electron mass. 

Strange quark has one-third proton mass, 95 MeV, 1.5 times muon mass. Strange quark is 20 times bigger than up or 

down quark. Strange quarks are in kaons. 

Charmed quark has 1.5 times proton mass, 1.25 GeV, 15 times muon mass. Charmed quarks are in J (psi) particles. 

Bottom quark has one-third proton mass, 4.2 GeV, 2.7 times tau mass. Bottom quark is 600 times bigger than up or 

down quark. Bottom quarks are in B mesons. 

Top quark [1995] has 1.5 times proton mass, 171 GeV, 99 times tau mass. Top quark has same mass as osmium. 

flavor 

Quarks have six flavors: upness, downness, strangeness, charm, topness, and bottomness. 

charge 

Up, charmed, and top quarks have charge +2/3. Down, strange, and bottom quarks have charge -1/3. 

The weak interaction has a quantum number T (weak isopin), which has three components. The third component T3 

is conserved in all weak interactions (weak isospin conservation law) and in all interactions. 

Fermions have spin 1/2. If spin direction and the direction of motion are the same, fermion helicity is right-handed, 

and spin is counterclockwise +1/2. If spin direction and the direction of motion are the opposite, fermion helicity is 

left-handed, and spin is clockwise -1/2. Massless particles move at light speed, so all observers see the same helicity. 

Observers can move faster than massive particles, so such observers see helicity change. 

Particles have transformations, some of which (chiral transformations) can be different for left-handed or right-

handed particle properties. For example, left-handed fermions have weak interactions, but right-handed fermions do 

not. Most transformations (vector transformations) are the same for both left-handed and right-handed properties. 

Transformations can be symmetric or anti-symmetric, with parity even or odd, respectively. Most transformations 

involving left-handed and right-handed conserve parity (chiral symmetry), but weak interactions do not. 

Left-handed fermions have spin -1/2, have negative chirality, have T = 1/2, are doublets with T3 = +1/2 or -1/2, and 

so have weak interactions. Right-handed fermions have spin +1/2, have positive chirality, have T = 0, are singlets with 

T3 = 0, and so never have weak interactions. 

Electromagnetism and the weak interaction interact (electroweak). Electromagnetism has electric charges. The weak 

interaction has gauge bosons W
+
, W

-
, and W

0
. The electroweak interaction has a weak hypercharge Yw that generates 

the U(1) group of the electroweak gauge group SU(2)xU(1). The (unobservable) gauge boson W
0
 interacts with weak 

hypercharge Yw to make (observable) Z gauge boson and photon. For left-handed quarks, Yw = +1/3 or -1/3. [In grand 

unified theories, weak hypercharge depends on the conserved X-charge and on baryon number minus lepton number: 

Yw = (5 * (B - L) - X) / 2.] 

To make interactions renormalizable, a group of interactions must cancel all asymmetries (anomaly cancellation). 

The weak interaction has both charge and parity asymmetry, and does not conserve charge or parity, but the 

electroweak interaction cancels all asymmetries and conserves charge-parity-time (CPT conservation) together ['t Hooft 

and Veltman, 1972]. This requires that electric charge Q be related to weak isospin T3 and weak hypercharge Yw: 

Q = T3 + Yw / 2. For left-handed quarks, T3 = +1/2 or -1/2, and Yw = +1/3 or -1/3, so Q = +2/3 or -1/3. 

isospin 

Quarks are fermions. Up, charmed, and top quarks have weak-isospin third component +1/2. Down, strange, and 

bottom quarks have weak-isospin third component -1/2. Quarks have no right-handed weak-isospin components. 

pairs 

Six quarks have three pairs: up and down {up quark} {down quark}, strange and charmed {strange quark} {charmed 

quark}, and top and bottom {top quark} {bottom quark}. 

lifetime 

Up quark has infinite lifetime, because it cannot decay to anything. Other quarks can decay to lower-mass quarks. 

For quark pairs, one can change to the other by emitting W particle or Z particle. 

distance 

After distance, strong nuclear force stays constant with distance. Inside distance, quarks move freely. After distance, 

quarks have constant force between them, so they cannot separate. Quarks must be in mesons or baryons. Strong 

nuclear force makes quarks orbit in shells at relativistic speed. 

Perhaps, empty space superconducts color charge and can contain color-charge flux as discrete quanta. Strings 

between particles are fundamental with derived fields, as in string theory, or color-charge field is fundamental with 

derived space structure, as in quantum chromodynamics. 

leptons 

Quarks and leptons are similar. Both are point-like, pair, and have six types. 
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neutron magnetic moment 

Quarks can explain the magnetic moment that zero-charge neutrons have, because quarks have charges. 

 

color charge 

Quarks have property that uses red, green, or blue {color charge}| to show how they combine to make baryons and 

mesons, which have no color. 

 

flavor of quark 

Quark types have one of six properties {flavor, quark}|: upness, downness, strangeness, charm, topness, and 

bottomness. 

 

PHYS>Physics>Matter>Particle>Condensate 

 

color glass condensate 

Quarks and gluons forced together {color glass condensate} can all have same quantum state, similar to Bose-

Einstein condensates, because gluons interact, unlike photons. Color fields randomly orient, to have more stability. 

Very hot quarks and gluons can form quark-gluon plasma. 

 

fermionic condensate 

Atoms can pair {fermionic condensate} at very cold temperatures, to make superconductors. 

 

PHYS>Physics>Matter>Particle>Accelerator 

 

particle accelerator 

Particle accelerators {particle accelerator} are linear accelerator, cyclotron, or synchrotron. Ions colliding with metal 

can make neutral particles. 

 

linear accelerator 

Particle accelerators {linear accelerator} can accelerate ions along line, using voltage increments. 

 

cyclotron 

Particle accelerators {cyclotron} can accelerate spiral ions in magnetic fields, using oscillating electric fields. 

 

synchrotron 

Particle accelerators {synchrotron} can circle ions in timed electric and magnetic fields. 

 

PHYS>Physics>Matter>Atom 

 

atom 

Matter units {atom, matter}| are small and have chemical properties. Atoms have same properties as larger amounts 

of same element. 

types 

Most atoms are metals. There are 22 non-metal elemental solids, liquids, and gases. 

number 

Nature has 90 atoms, and particle accelerators can make more than 13 heavy atoms. 

mass 

Hydrogen atom has mass 10^-24 grams. Heaviest atom is 250 times more massive. 

size 

Atoms are 99.99% empty space. Atoms have diameter 10^-8 centimeters. Largest-atom volume is 10 times 

hydrogen-atom volume. 

parts: nucleus 

Atoms have positively charged protons and neutral neutrons in orbits at central atom nucleus. Number of protons 

determines atom properties. Nuclei have diameter 10^-12 centimeters. Protons and neutrons have diameter 10^-13 

centimeter. 

parts: electrons 
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Electrons rapidly orbit nucleus at varying distances. Electron mass is 10^-27 grams. In neutral atom, protons equal 

electrons. 

energy 

Average kinetic energy equals binding energy. If electromagnetic force is same as now, too-small atoms fly apart, 

because electron velocities are greater. Too-large atoms cannot exist, because electron velocities are too slow to stay in 

orbit. 

magnetism 

Atoms have magnetism, because charges move at relativistic speeds. Most atoms have symmetrical electron and 

proton arrangements, so magnetic effects cancel. Atoms can have odd numbers of protons and/or neutrons and have net 

magnetism. 

large elements 

Carbon nucleus can form from three helium nuclei. Elements higher than carbon can form, because carbon atoms 

have resonance energy at which three helium nuclei are stable and can add more protons and neutrons. 

model 

Atom models can have infinite number of linear vibrators, which represent all atom frequencies, momenta, and 

positions. 

 

mass defect 

Atomic nucleus has mass less than sum of proton and neutron masses {mass defect}, because some mass has become 

energy. 

 

PHYS>Physics>Matter>Atom>Properties 

 

atomic number 

Atoms have number {atomic number}| of protons. 

 

atomic weight 

Atom masses {atomic weight}| {atomic mass} are in atomic mass units. 

 

mass number 

Atoms have number {mass number}| of protons and neutrons. 

 

PHYS>Physics>Matter>Atom>Nucleus 

 

nucleus of atom 

Atom centers {nucleus, atom}| have protons and neutrons. 

ratio 

In the most-massive atoms, neutron number can be up to 1.5 times proton number. In light atoms, neutron number 

equals proton number. 

alpha particles 

Light nuclei have alpha particles. 

layers 

Nuclei lighter than aluminum have no interior and no special surface. Heavier nuclei have surface neutron layer. 

shape 

Most atomic nuclei are spherical, but some are ellipsoids. If outer shell fills, nucleus is spherical. If outer shell is 

half-filled, nucleus is ellipsoidal. Spherical and ellipsoidal nuclei can rotate, but other shapes oscillate. 

force 

Strong nuclear force holds protons and neutrons in nuclear orbits, against electric force repulsions. 

force: particle speed 

Protons and neutrons have speed 6 x 10^7 meters per second. 

force: orbit 

Protons have orbits, and neutrons have orbits. Orbits have shells, angular momenta, orientations, and spins. 

models 

Atomic nuclei can be like charged drops {liquid drop model}, with charge spread evenly throughout. Nuclei can be 

like radial fields from nucleus center {shell model}. 

 



22 

PHYS>Physics>Matter>Atom>Nucleus>Radioactivity 

 

radioactivity general 

Nuclei with odd number of protons and odd number of neutrons can break apart {radioactivity}|. Nuclei with even 

numbers of both protons and neutrons are stable, because orbits are full. Bigger nuclei are less stable, because neutron 

number is more than proton number. Radioactive decay happens randomly. Temperature, pressure, and other 

substances do not affect it. However, it can increase above 10^6 K. 

 

half-life 

Radioactive material takes time {half-life, radioactivity}| to become half as radioactive. Half-life can be several 

hours to billions of years. Short-half-life isotopes emit high-velocity alpha particles. Long-half-life atoms emit low-

velocity alpha particles. 

 

PHYS>Physics>Matter>Atom>Nucleus>Radioactivity>Particle 

 

alpha particle radiation 

Radioactive nuclei can lose clusters {alpha particle, radiation} with two protons and two neutrons. Paper can stop 

alpha particles. 

 

beta particle 

Radioactive nuclei can lose electron {beta particle}|. Neutron to proton and electron conversion makes beta particles. 

Aluminum foil can stop beta particles. 

 

gamma particle 

Radioactive nuclei can lose high-energy radiation {gamma particle}|. Five meters of concrete can stop gamma 

particles. 

 

PHYS>Physics>Matter>Atom>Nucleus>Radioactivity>Detector 

 

Geiger counter 

Devices {Geiger counter} can measure inert-gas ionization in 2000-V potential. Ionization causes current cascade. 

Current is proportional to ionization. 

 

proportional counter 

Devices {proportional counter} can measure gas ionization in 1000-V potential. Current is sensitive to voltage 

change. 

 

scintillation counter 

Devices {scintillation counter} can measure sodium-iodide, anthracene, or naphthalene fluorescence. 

Photomultiplier detects visible light. 

 

PHYS>Physics>Matter>Atom>Nucleus>Radioactivity>Detector>Vapor 

 

bubble chamber 

Radioactivity detection can use tiny bubbles in saturated fluid {bubble chamber}. 

 

cloud chamber 

Radioactivity detection can use condensation trails in saturated vapor {cloud chamber}. 

 

streamer chamber 

Radioactivity detection can combine bubble and spark chamber {streamer chamber}. 

 

PHYS>Physics>Matter>Atom>Isotope 

 

isotope 



23 

Atoms {isotope}| can have same number of protons but different numbers of neutrons. Element isotopes have same 

physical properties, except for mass differences. 

 

deuterium in general 

Most isotopes are not radioactive, such as 2H [2 is superscript] {deuterium}. 

 

radioactive isotope 

Isotopes {radioactive isotope}| can be radioactive. Tritium is 3H [3 is superscript]. Carbon-14 is 14C [14 is 

superscript]. Nitrogen-15 is 15N [15 is superscript]. Phosphorus-32 is 32P [32 is superscript]. Sulfur-35 is 35S [35 is 

superscript]. Strontium-90 is 90Sr [90 is superscript]. Uranium-235 is 235U [235 is superscript]. Plutonium is 239Pu 

[239 is superscript]. 

 

PHYS>Physics>Matter>Atom>Periodic Table 

 

periodic table 

Elements have unique electron configurations around atomic nucleus. Element electron configurations have groups 

and sequences {periodic table}|, from smallest to largest. 

columns 

Named columns are alkali metal, alkaline earth metal, chalcogen, halogen, and noble gas. 

rows 

First row has lightest elements, with electrons in first electron shell, 1s: elements 1 and 2. 

Second row has common light elements with electrons in second electron shell, 2s and 2p: elements 3 to 10. 

Third row has less common elements with electrons in third electron shell, 3s and 3p: elements 11 to 18. 

Fourth row has elements with electrons in third and fourth electron shells, from 19 to 36. 

Fifth row has elements with electrons in fourth and fifth electron shells, from 37 to 54. 

Sixth row has elements with electrons in fifth and sixth electron shells, from 55 to 86. 

Seventh row has elements with electrons in sixth and seventh electron shells, from 87 to 118. 

large atoms 

Uranium is element 92 and is the largest natural element. Manmade elements go up to 116, but as of 2011 people 

have not yet made elements 113 and 115. Neptunium is element 93. Plutonium is element 94. Americium is element 

95. Curium is element 96. Berkelium is element 97. Californium is element 98. Einsteinium is element 99. Fermium is 

element 100. Mendelevium is element 101. Nobelium is element 102. Lawrencium is element 103. 

6d orbital 

Rutherfordium is element 104. Dubnium is element 105. Seaborgium is element 106. Bohrium is element 107. 

Hassium is element 108. Meitnerium is element 109. Darmstadtium is element 110. Roentgenium is element 111. 

Copernicium is element 112. 

7p orbital 

Ununtrium (not made as of 2011) is element 113. Ununquadium is element 114. Ununpentium (not made as of 2011) 

is element 115. Ununhexium is element 116. Ununseptium (not made as of 2011) is element 117. Ununoctium (not 

made as of 2011) is element 118. 

orbitals 

1s orbital has H and He. 

2s orbital has Li and Be. 

2p orbital has B, C, N, O, F, and Ne. 

3s orbital has Na and Mg. 

3p orbital has Al, Si, P, S, Cl, and Ar. 

4s orbital has K and Ca. 

3d orbital has Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, and Zn. 

4p orbital has Ga, Ge, As, Se, Br, and Kr. 

5s orbital has Rb and Sr. 

4d orbital has Y, Zr, Nb, Mo, Tc, Ru, Rh, Pd, Ag, and Cd. Tc 43 is not in nature. 

5p orbital has In, Sn, Sb, Te, I, and Xe. 

6s orbital has Cs and Ba. 5d orbital has La. 

4f orbital has Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, and Lu. Pm 61 is not in nature.  

5d orbital has Hf, Ta, W, Re, Os, Ir, Pt, Au, and Hg. 6p orbital has Tl, Pb, Bi, Po, At, and Rn. At 85 is not in nature. 

7s orbital has Fr and Ra. Fr 87 is not in nature. 
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6d orbital has Ac. 

5f orbital has Th, Pa, U, Np, Pu, Am, Cm, Bk, Cf, Es, Fm, Md, No, and Lr. Np, Pu, Am, Cm, Bk, Cf, Es, Fm, Md, 

No, and Lr {actinoid} are not in nature. 

6d orbital has Rf, Db, Sg, Bh, Hs, Mt, Ds, Rg, and Cn and are not in nature. 

7p orbital has Uut, Uuq, Uup, Uuh, Uus, and Uuo {transactinide element} {super heavy element} and are not in 

nature. 

 

magic number 

Stable artificial elements have a number {magic number} of protons or neutrons. Some {doubly magic isotope} have 

special numbers of both protons and neutrons. Lead-208 has 82 protons and 126 neutrons and is doubly magic. 

Elements 114, 120, or 126 can be doubly magic, with 184 neutrons. 

 

PHYS>Physics>Matter>Atom>Periodic Table>Columns 

 

chemical group 

Periodic table has columns {chemical group}|. Periodic table has 18 columns, one for each orbital. 

 

alkali metal 

Leftmost column or 1A column has soft metals {alkali metal} with low densities and melting points. 

 

alkaline earth metal 

Second-from-left column or 2A column has harder, higher-density, and higher-melting-point metals {alkaline earth 

metal}. 

 

chalcogen 

Third-from-right column or 6A column has reactive elements {chalcogen} with slight colors. 

 

halogen 

Second-from-right column or 7A column has colorful and highly reactive gases, liquids, and solids {halogen}|. 

 

noble gas 

Rightmost column or 8A column has inert colorless gases {noble gas}|. 

 

PHYS>Physics>Matter>Atom>Periodic Table>Rows 

 

transition metal 

Fourth and fifth rows have reactive elements {transition metal}, with many ionic forms, whose outermost electrons 

are in d orbitals, not in higher p orbitals. Metals in columns 4 to 16 have 10 d electrons. 

 

inner transition metal 

Sixth row has elements {inner transition metal} with one or two electrons in d orbital and outermost electrons in f 

orbitals. Lanthanides and actinides {rare earth}, as well as scandium and yttrium, are solids. 

 

lanthanide series 

First inner-transition-metal row {lanthanide series}, from element 58 to 71, is solids. 

 

actinide series 

Second inner-transition-metal row {actinide series}, from element 90/91 to 103, is solids. 

 

PHYS>Physics>Matter>Atom>Kinds 

 

inert gas 

Non-reactive gases {inert gas}| can have full electron shells. 

 

metal atom 
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Common metal atoms {metal atom}, in order of increasing mass, are lithium, sodium, magnesium, aluminum, 

potassium, calcium, titanium, chromium, manganese, iron, cobalt, nickel, copper, zinc, molybdenum, silver, cadmium, 

tin, cesium, barium, tungsten, platinum, gold, mercury, lead, radium, and uranium. Metals are shiny, crystalline, and 

conductive. 

 

non-metal atom 

In order of increasing mass, non-metallic atoms {non-metal atom} in first two periodic-table rows are hydrogen gas, 

helium non-reactive gas, boron solid, carbon solid, nitrogen gas, oxygen gas, fluorine gas, and neon inert gas. Heavier 

ones are silicon solid, sulfur solid, phosphorus solid, chlorine gas, argon inert gas, germanium solid, arsenic solid, 

selenium solid, antimony solid, bromine solid, krypton inert gas, iodine solid, and zenon inert gas. Non-metal solids are 

crystals with various properties. 

 

PHYS>Physics>Kinetics 

 

kinetics 

Motion physics {kinetics} is about distance, time, speed, and acceleration. 

 

displacement of distance 

Objects can move from one space position to another {displacement, motion}|. Displacement has direction and 

amount and so is vector. 

velocity 

Displacement s equals average velocity v times time t: s = v*t. Distance change ds equals constant velocity v times 

time change dt: ds = v * dt. 

Displacement s equals initial velocity vi times time t plus one-half acceleration a times time t squared: s = vi * t + 

0.5 * a * t^2. Distance change ds equals initial velocity vi times time change dt plus half acceleration a times square of 

time change dt during acceleration: ds = vi * dt + 0.5 * a * dt^2. 

graph 

If acceleration is zero, displacement versus time is straight line. If acceleration is positive, displacement versus time 

curves up. 

 

escape velocity 

If vertical velocity {escape velocity}| is great enough, objects can overcome gravity and go into orbit or keep 

moving away from Earth. 

 

trajectory of motion 

Curved motion {trajectory, motion}| results if object velocity has components in different directions. Thrown balls 

have trajectories, because one velocity is from throwing and one velocity is from gravity. 

angle 

Maximum horizontal distance results from throwing ball at 45-degree angle to horizontal. Ball thrown at an angle, 

and ball thrown same speed at complementary angle, travel same distance horizontally. Balls thrown at 30 degrees and 

60 degrees travel same distance horizontally. 

speed 

If air resistance is zero, speed that ball has when it comes down is same speed that it had when it starts up. 

top 

Under gravity, at trajectory top, horizontal acceleration and vertical velocity are zero. 

 

Tusi-couple 

Linear motion can be sum of two circular motions, as in devices {Tusi-couple}. 

 

velocity 

Motion {velocity}| involves going from one space position to another, over time. Velocity has speed and direction 

and so is vector. Instantaneous velocity v is distance change ds divided by time change dt: v = ds / dt. Average velocity 

v is position change s divided by time t: v = s/t. 

Final velocity vf equals initial velocity vi plus constant acceleration a times time change dt during acceleration: vf = 

vi + a * dt. 
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Final velocity vf squared equals initial velocity vi squared plus two times constant acceleration a times distance over 

which acceleration applies ds: vf^2 = vi^2 + 2 * a * ds. 

types 

Translation is in straight lines. Oscillation is back and forth. Spin is around object axis or point. Orbit is around point 

or axis outside object. Spins and orbits are rotations. Electronic transition is from one orbit to another, in atoms or 

molecules. 

examples 

When it is raining, to be less wet, run through rain instead of walking, to hit more drops per second but for fewer 

seconds. 

graph 

If acceleration is zero, graph of velocity versus time is a horizontal line. If constant acceleration is positive, velocity 

versus time is a rising straight line. If constant acceleration is negative, velocity versus time is a falling straight line. 

 

PHYS>Physics>Kinetics>Gas 

 

Boyle law 

Gas volume is inversely proportional to pressure {Boyle's law} {Boyle law}, if temperature is constant. 

 

Charles law 

Gas volume is directly proportional to temperature {Charles' law} {Charles law}, if pressure is constant. 

 

ideal gas 

Abstract gases {ideal gas}| have infinitely small particles, with no interactions except for elastic collisions. Gas 

density is directly proportional to pressure. Real gases have lower pressure than ideal gas at low pressure, because 

atomic attractions are more. Real gases have higher pressure than ideal gas at high pressure, because atomic repulsions 

are more. 

 

ideal gas law 

Work kinetic energy equals heat kinetic energy {ideal gas law, kinetics}|: P*V = n*R*T, where P = pressure, V = 

volume, n = moles, R = gas constant, and T = absolute temperature. 

 

PHYS>Physics>Kinetics>Motion Types 

 

translation motion 

Motions {translation, motion}| can be in straight lines. 

 

uniform motion 

Motions {uniform motion}| can cover equal distances in equal times or over equal values. 

 

rectilinear motion 

Motions {rectilinear motion}| can be in straight lines. 

 

curved motion 

Two motion components, in different directions, can change motion direction {curved motion}|. Typically, one 

component is tangential to curve, and one component is normal to curve. Distance {arc length, motion} traveled along 

curve depends on curvature, which depends on curvature radius r and angle A subtended by arc: arc length = r * A. 

 

PHYS>Physics>Kinetics>Motion Types>Acceleration 

 

acceleration in kinetics 

Motion can involve speed and/or direction change {acceleration}|. Acceleration has amount and direction, so 

acceleration is vector. Acceleration a is velocity change dv divided by time change dt: a = dv / dt. Gravity acceleration 

g is 9.8 meters per second per second: g = 9.8 m/s^2. 

 

jerk as acceleration 

Acceleration can change over time {jerk}|: j = da/dt. 
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jounce 

Jerk can change over time {jounce} {snap}: dj/dt. 

 

PHYS>Physics>Kinetics>Motion Types>Rotation 

 

rotation as motion 

Motion can be through angle around point or axis {rotation, motion}. 

comparison 

All linear distance, velocity, acceleration, and time relations are true for angular counterparts. 

vectors 

Angular quantities are vectors, perpendicular to curve plane. If right-hand fingers point in motion direction, vector 

points in thumb direction. 

examples 

Top, gyroscope, wheel, gears, banked track, and airplane dive and turn illustrate angular motion. 

universe 

Rotation is not relative but is absolute against distant-galaxy and universe reference frame. 

 

spin 

Motions {spin, object}| can be around object axis or point. 

 

revolution as rotation 

Objects can move around points or axes {revolution, physics}| {orbit, revolution}. Object comes back to starting 

point after angle 360 degrees (2*pi radians), after traveling circumference distance. 

 

uniform circular motion 

Speed can be constant around circumference {uniform circular motion}|. 

 

angular acceleration 

Angular speed w and/or direction can change over time t {angular acceleration}|: a = dw / dt. Angular acceleration a 

depends on angle A passed per second per second: a = (d^2)A / dt^2, where (d^2) is second derivative, and d is 

derivative. 

 

angular distance 

Angle distance {angular distance}| {total angle} A equals current angular distance A0 plus current angular velocity 

w times time t plus one-half times angular acceleration aa times time t squared: A = A0 + w * t + 0.5 * aa * t^2, whish 

is analogous to linear distance equation. 

 

angular velocity 

Rotation velocity {angular velocity}| w, in radians per second, is angle change A per time unit t: w = dA / dt. 

Average angular velocity w equals 360 degrees (2*pi radians) divided by period T: w = 2 * pi / T. Average angular 

velocity w equals 360 degrees (2*pi radians) times frequency f: w = 2 * pi * f. 

 

frequency in kinetics 

A number of orbits or revolutions happens over time {frequency, physics}|. Frequency f is period-T reciprocal: f = 

1/T. For example, electric current alternates at 60 cycles per second in USA. 

 

radial acceleration 

Acceleration {radial acceleration}| can be along perpendicular to curve. For circular motion, object pulls back 

toward center to make circle, and radial acceleration ar equals tangential velocity vt squared divided by radius r: ar = 

vt^2 / r. If radial acceleration is more, orbit is ellipse. If radial acceleration is less, orbit is spiral. 

 

radial velocity 

Motions {radial velocity}| can be along perpendiculars to curves. Radial velocity equals zero for circular motion, 

because distance from circle center is constant. 
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rotation period 

If object rotates around point or axis, object makes one complete revolution during time {period, rotation} {rotation 

period}|. Complete revolution sweeps through angle of 360 degrees (2*pi radians) and travels circumference distance. 

Period T is frequency f reciprocal: T = 1/f. 

 

tangential acceleration 

Acceleration {tangential acceleration}| can be along tangent to curve. Tangential acceleration at equals angular 

acceleration a times curvature radius r: at = a * r. 

 

tangential velocity 

Motions {tangential velocity}| can be along tangents to curves. Tangential velocity vt equals angular velocity w 

times curvature radius r: vt = w * r. 

 

PHYS>Physics>Kinetics>Motion Types>Rotation>Types 

 

pitch of rotation 

Objects can rotate around horizontal axis perpendicular to motion axis {pitch, motion}|. Airplanes can pitch around 

wings, horizontal to body. 

 

roll of rotation 

Objects can rotate around motion axis {roll, rotation}|. Airplanes can roll around airplane body. 

 

yaw 

Objects can rotate around vertical axis perpendicular to motion axis {yaw}|. Airplanes can yaw around tail, vertical 

to body. 

 

PHYS>Physics>Kinetics>Motion Types>Vibration 

 

vibration kinetics 

Motion can be back and forth {vibration, motion}| {oscillation}. 

period 

Vibrations take time to complete one vibration. 

frequency 

Vibrations have number of vibrations per time unit. Period T relates to frequency f: f = 1/T. 

wavelength 

Moving vibration travels distance during one period. 

velocity 

Movement velocity v equals wavelength l times frequency f: v = l*f. Vibration velocity maximizes at center. 

Vibration velocity is zero at maximum displacement. 

acceleration 

Acceleration is zero at center. Acceleration maximizes at maximum displacement. 

displacement 

During vibration, object is at distance from equilibrium or center point. Amplitude is maximum displacement. Period 

does not depend on amplitude. Large amplitudes have large acceleration, and small amplitudes have small acceleration, 

so period stays the same. 

phase 

Two vibrations can have same angle for same displacement {in phase} or not {out of phase}. 

rotations 

Vibrations are similar to rotations but are back and forth, instead of around axis. Rotation looks like vibration if 

viewed from orbital plane. 

trigonometric function 

Sine or cosine functions can model vibration. Sines and cosines have varying displacement, which has maximum 

amplitude. Sines and cosines have varying phase angle. Angle A equals frequency f times time t times 360 degrees 

expressed in radians 2*pi: A = 2 * pi * f * t. If time is zero, angle is zero. If time is period, angle is zero. If time is half 

period, angle is 180 degrees, and sine is zero. If time is one-quarter period, angle is 90 degrees, and sine is one. Sine 

equals zero if angle is zero. Sine maximizes if angle is 90 degrees. 
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Angle A equals displacement x divided by wavelength l times 360 degrees expressed in radians 2*pi: A = 2 * pi * x / 

l. If displacement is zero, angle is zero. If displacement is wavelength, angle is zero. If displacement is half wavelength, 

angle is 180 degrees, and sine is zero. If displacement is one-quarter wavelength, angle is 90 degrees, and sine is one. 

Displacement x equals amplitude A times sine: x = A * sin(2 * pi * f * t) or A * sin(2 * pi * x / l). Vibrations can 

shift angle: x = A * sin(2 * pi * f * t + Ao), where Ao is starting angle. 

string vibration 

Vibrating strings are stationary waves and have partial differential equations. Second partial derivative of function y 

with respect to time t equals constant (a^2) times second partial derivative of function y with respect to distance x. 

(D^2)y / Dt = (a^2) * (D^2)y / Dx, where (D^2) is second partial derivative, D is partial derivative, a is constant, t is 

time, x is distance, and y is function of time and distance. To be dimensionless, constant a equals period T in seconds 

divided by seconds: a = T / second. Because endpoints are stationary, function y at x = zero equals zero: y(t,0) = 0. 

Function y at x = one wavelength equals zero: y(t,1) = 0. For stationary waves, partial derivative of y with respect to 

time t, at t equals zero, equals zero: Dy(0,x) / Dt = 0. Function y at t = zero equals function of x: y(0,x) = f(x), which is 

odd and periodic. 

 

amplitude of vibration 

Sine or cosine function has varying magnitude, which can have maximum {amplitude, vibration}|. 

 

period of vibration 

Like rotation, vibration has time {period, vibration}| to complete one vibration. 

 

phase of vibration 

Sine or cosine function has varying angle {phase, vibration}|. 

 

PHYS>Physics>Dynamics 

 

dynamics 

study of forces {dynamics}. 

 

action in physics 

In a constant-force field, particles take shortest time and shortest distance, to minimize force F times distance change 

ds times time change dt {action, physics}|: F * ds * dt. Action tends to minimize {principle of least action, physics} 

{least-action principle}. Particles take shortest space-time path. Particle trajectories follow geodesics. Particles take 

least-resistance path. 

In quantum mechanics, action has quanta, which have size Planck constant h. Action values are multiples of h. 

Energy is force times distance change, so F * ds * dt = dE * dt. For energy, action is energy change times time 

change: dE * dt. By the least-action principle, particle trajectories take the shortest time with least energy change. Total 

action is sum of kinetic-energy KE to potential-energy PE difference over time dt: integral of (KE - PE) * dt. Least 

action over time makes conservation of energy. 

Energy change dE is force F times distance change ds: dE = F * ds. Force F is momentum change dp divided by time 

change dt: F = dp / dt. Therefore, energy change dE times time change dt equals momentum change dp times distance 

change ds: dE * dt = F * ds * dt = dp * ds. For momentum, action is momentum change times distance change. By the 

least-action principle, particle trajectories take the shortest path length with least momentum change. Least action over 

translation makes conservation of momentum. 

Tangential momentum p is angular momentum L divided by radius r: p = L / r, so dp = dL / r. Distance s is radius 

times angle A in radians, so ds = r * dA. Therefore, momentum change dp times distance change ds equals angular-

momentum change dL times angle change dA in radians: dp * ds = (dL / r) * (r * dA) = dL * dA. For angular 

momentum, action is angular-momentum change times angle change. By the least-action principle, particle trajectories 

take the shortest rotation with least angular momentum change. Least action over rotation makes conservation of 

angular momentum. 

If force varies, action minimizes dF * ds * dt. For force, action is force change times space-time change. By the 

least-action principle, particle trajectories take the geodesic with least force change. Least action over space-time makes 

force zero or flat space-time. 

Over an instant or at a point or through an infinitesimal angle, action is zero or a limiting value. 
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PHYS>Physics>Dynamics>Collision 

 

collision 

Two colliding objects {collision}| have compressive force. Initial positions and velocities cannot be precise, but 

deviations are small, so future behavior mostly predictable. For collisions between three objects simultaneously, future 

behavior can deviate far from predicted behavior. If first two objects collide first, followed by third object, resulting 

motions can be much different than if last two objects collide first, followed by first object. 

 

elastic collision 

If two dense hard objects collide, all energy stays in motion, no heat is made, and objects bounce off each other 

{elastic collision}|. In elastic collisions, forces are equal and opposite, and momentum (m*v) before and after collision 

is constant: m1 * v1 = m2 * v2. In elastic collisions, with no heat, total energy E is kinetic energy KE plus potential 

energy PE and stays constant: E = KE1 + PE1 = 0.5 * m1 * v^2 + m1 * g * h1 = 0.5 * m2 * v^2 + m2 * g * h2 = KE2 + 

PE2. 

examples 

Superballs are denser and harder than regular balls. Karate experts try to make elastic collisions, rather than inelastic 

collisions, to break objects. Atomic-particle collisions are elastic, because they do not deform. 

 

inelastic collision 

If either colliding object is soft or has low density, collision {inelastic collision}| permanently deforms surface, some 

collision energy becomes heat, and objects can stick together. 

 

PHYS>Physics>Dynamics>Conservation 

 

conservation laws 

If physical-system coordinates transform, some physical properties remain unchanged {conservation laws}|. 

fermions 

all same-type fermions are identical. For example, all electrons are identical. Physical laws are symmetric for 

fermion replacement with same-type fermion. 

mass 

For non-relativistic conditions, mass stays constant. For example, mass does not change in chemical reactions. 

However, physical laws are not symmetric with respect to matter-antimatter for weak force. 

baryon number 

Baryon number stays constant 

lepton number 

Lepton number stays constant. 

parity 

Parity conserves, except for weak force. Physical laws are not symmetric with respect to reflection in space for weak 

force. 

strangeness 

Strangeness conserves, except for weak force. 

no conservation 

Physical laws are not symmetric with respect to scale. Physical laws are not symmetric with respect to uniform 

angular velocity. 

symmetries 

Conservation laws are about minimizations and symmetries. Symmetries require reference point, feature, and 

reference frame. Symmetry types depend on feature types. For example, rotating spheres with no features have no 

detectable spin. Particles with dipoles have detectable spin, which can be right or left. Particles must have mass, spin, 

or other feature to be detectable. Featureless objects or spaces have no symmetries. Symmetries can cancel large 

physical quantities. Physical theories have one symmetry for each conserved quantity (Noether) [1915]. 

energy 

Energy conservation requires time symmetry: forward and backward in time are usually the same physically. By 

observing a physical process, observers cannot tell if time flows backwards or forwards. 

Total closed-system energy is constant. However, energy can exchange between potential and kinetic energy. 

Kinetic energy minus potential energy {Lagrangian} measures energy exchange. The path integral of Lagrangian over 

time is the physical action. For cyclic processes, the system periodically returns to the same Lagrangian value, 
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Lagrangian change is zero, and action is zero. For cyclic processes, the wave equations of motion are path integrals of 

Lagrangians over time set equal to zero. 

momentum 

Momentum conservation requires special-relativity constant-velocity reference-frame equivalence. When observing 

a physical process, observers have no preferred reference frame. The distance metric is the same for all constant-

velocity observers (Lorentz invariance). 

angular momentum 

Angular momentum conservation requires right-left (parity) symmetry. When observing a physical process, 

observers cannot tell if it is right-handed or left-handed. Clockwise and counterclockwise rotations have same physics. 

electric charge 

Electric charge stays constant. Electric-charge conservation requires electromagnetism gauge invariance. 

 

invariance in physics 

Basic space-time symmetries keep physical laws the same under various conditions {invariance, physics}. Baryon 

number, spatial rotation, and space-time translation are always invariant. 

Charge conjugation, parity, and time reversal combined are invariant for all physical laws. Charge conjugation and 

parity together are invariant, except for strange-particle decays in weak nuclear forces. Mass-strength and strong-force-

strength differences in up and down and other quarks cause charge-conjugation symmetry breaking. Parity breaks down 

in weak nuclear forces. Time reversal breaks down in weak nuclear forces. 

 

energy conservation 

Heat and work are kinetic energy. Force fields cause potential energy. Total energy is sum of kinetic and potential 

energies, which can interconvert. Isolated-system total energy is constant {energy conservation, dynamics}| 

{conservation of energy, dynamics}. Energy is invariant through time-coordinate translations. Physical laws are 

symmetric with respect to time dimension, so physics does not change if time reverses direction. Physical laws remain 

true at all times. All physical interactions are the same if time reverses, charges reverse, and positions reverse. 

However, weak-force physical laws are not symmetric with respect to time. 

cause 

Isolated systems have no added forces and so no added potential energy. Isolated systems have no volume changes 

and so no added distances or potential energy. Object movements interchange potential energies and kinetic energies, 

no matter which space-time path objects take. 

vacuum energy 

Kinetic energy and potential energy exert pressure on background vacuum energy. Kinetic energy has particle 

motions that make internal pressure. Potential energy has fields that make pressure by causing particle self-energy. 

Motions and fields pressure space-time points through which they pass. Space-time points have energy flux. Kinetic 

energy and potential energy both contribute to vacuum energy in the same way. Only energy amount counts. As masses 

move, vacuum adjusts to keep potential constant. Potential, flux, or pressure is constant at all vacuum points, making a 

new conservation law. 

relativity 

Mass and energy can interchange in space-time. By equipartition, all partition kinetic energies must be equivalent. 

Energy conservation remains true under relativistic conditions. 

In general relativity, accelerations are equivalent to forces, which cause accelerations. Accelerations are velocity 

changes. Velocity changes change kinetic energy. Objects change velocity as they change field position and potential 

energy. Kinetic and potential energies are equivalent in general relativity. 

quantum mechanics 

Quantum mechanically, mass and energy states are the same. Energy conservation remains true under quantum 

mechanics. 

dark energy 

Energy conservation remains true for dark energy, which is symmetric in time. 

 

conservation of momentum 

Momentum conservation {conservation of momentum} means that total momentum is constant, no matter which 

direction objects take through space. Momentum is invariant under spatial-coordinate translations. All directions are 

equivalent. Physical laws are symmetric with respect to space dimensions. Physics does not change if space directions 

reverse, rotate, or translate. Physical laws remain true at all space points. 
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System total momentum stays constant. For interacting objects, one object's momentum change balances other 

object's momentum change, because both objects interact over same time. For non-interacting objects, motion states 

and object masses do not change, so momenta do not change. Fields and their bosons carry or contain momentum and 

inertia. 

 

conservation of angular momentum 

Angular momentum conservation {conservation of angular momentum} means that total angular momentum is 

constant, no matter what rotations (spins or orbits) objects take, at any orientation. Angular momentum is invariant 

under rotations. Angular momentum is invariant under handedness change, right-handed or left-handed. All rotations 

are equivalent. Physical laws are symmetric with respect to rotation. Physics typically does not change if spin 

directions reverse or change orientation. Physical laws remain true for right-handed or left-handed arrangements. 

System total angular momentum, from spins, orbits, and curved trajectories, stays constant. Using infinite radius, 

angular-momentum conservation is equivalent to momentum conservation. Angular-momentum conservation implies 

that system mass center stands still, so universe either does not rotate or does not move. Angular-momentum 

conservation implies that forces have equal and opposite reaction-forces and that masses have inertia. 

 

PHYS>Physics>Dynamics>Energy 

 

energy 

Force can exert over distance {energy}|. Energy is scalar, because motion component does not matter since force 

vector and distance vector have same direction. Net force can act over distance in direction {work, energy}. Forces can 

act over distances in all random directions {heat}. Heat has no net force. Forces must act for some time over some 

distance, so energy can exchange and motion can change. 

 

kinetic energy 

Energy {kinetic energy}| can involve motion. Kinetic energy equals one-half times mass m times velocity v squared: 

KE = 0.5 * m * v^2. If object does work and loses speed, object loses kinetic energy. If object receives work and 

increases speed, object gains kinetic energy. 

force 

Collision, pushing, pulling, or other contact force F acting over distance ds makes mass m accelerate a to velocity v: 

dKE = F * ds = m * a * ds = m * (dv / dt) * ds = m * dv * ds / dt = m * v * dv, where t is time. Integral of dv = v/2, so 

KE = 0.5 * m * v^2. 

comparison 

Energy is either kinetic expressed energy or potential stored energy, because force times distance makes kinetic 

energy, and kinetic energy can act against force over distance to make potential energy. 

 

potential energy 

Energy {potential energy}| can depend on force exerted over distance against field. Potential energy PE equals m 

times acceleration a times distance moved in field h: PE = m * a * h. If object moves to position with less force, object 

gains potential energy. If object moves to position with more force, object loses potential energy. 

field 

Field is gravitational, electric, or nuclear force field. 

position 

Potential energy depends on field force and object field position. If object moves farther away from attraction center, 

object gains potential energy. If object moves farther away from repulsion center, object loses potential energy. Small 

movements in strong fields can equal large movements in weak fields. 

Exerted force can work against field force, and object gains potential energy. Field force can move object to do 

work, and object loses potential energy. 

action 

Going from one point to another point in potential field has only one path, with least average difference between 

kinetic and potential energy over time. 

potential 

Fields have measures {electric potential} {potential, electricity} of potential energy that depend on only source mass 

or charge, not on test-object mass or charge. Gravitational potential V is gravitational constant G times mass m at field 

center, divided by distance r from center: V = G * m / r. Electrical potential V is electric constant k times charge q at 

field center, divided by distance r from center: V = k * q / r. 
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power of energy 

Energy can flow per unit time {power, physics}|. Time t divides into energy E: P = (Ef - Ei) / (tf - ti). Power is 

constant force F times constant velocity v: P = F*v = F * (ds / dt) = (F * ds) / dt = dE / dt. Power is scalar, because 

energy is scalar. 

 

rotational kinetic energy 

Spinning or orbiting objects have rotation energy {rotational kinetic energy}. Because tangential velocity v equals 

angular velocity w times radius r, rotational kinetic energy KE equals half moment of inertia I times angular velocity w 

squared: KE = 0.5 * m * v^2 = 0.5 * m * (w*r)^2 = 0.5 * m * r^2 * w^2 = 0.5 * (m * r^2) * w^2 = 0.5 * I * w^2, where 

moment of inertia I = m * r^2. 

work 

Energy can be force over distance around axis {rotational work}. Rotational work W equals torque T times angle A 

in radians: W = F*s = (T/r) * (r*A) = T*A. 

power 

Energy can be force over time around axis {rotational power}. Rotational power P equals torque T times angular 

velocity w: P = E/t = (F*s) / t = ((T/r) * (r*A)) / t = T * (A/t)= T*w. 

 

work 

Force can act over distance in direction to transfer energy {work, physics}|. Net force F acts over distance change (sf 

- si) to perform work E: E = F * (sf - si). Small force Fs exerted over large distance sl can do same work as large force 

Fl exerted over short distance ss: Fs * sl = Fl * ss. 

 

PHYS>Physics>Dynamics>Fluid 

 

fluid dynamics 

Objects in fluids have forces and motions {fluid dynamics}|. 

thrust 

Forward force {thrust, fluid} pushes objects through fluid. 

drag 

Friction {drag} retards moving objects in fluid. Drag rises as velocity increases. 

velocity 

If thrust stays constant, velocity rises and drag increases, until force balance makes no more acceleration, at terminal 

velocity. Example is feather falling through air under gravity. 

energies 

At pipe points, energies are kinetic energy from fluid flow, potential energy from liquid standing in open pipes, 

and/or energy from outside forces and pressures. Pipe fluids have energy conservation, by Bernoulli's theorem. For 

streamline flow, sum of pressure P and kinetic energy KE per volume V is constant: P + (KE / V) = constant. P * V = 

PE, so (PE / V) + (KE / V) = KE + PE = constant total energy. 

pressure 

Outside force can exert pressure on fluid. Force moves fluid small distance, and kinetic energy distributes 

throughout fluid, increasing fluid pressure. Outside pressure P is kinetic energy per volume and is force F times 

distance s divided by volume V: P = KE / V = (F * s) / V. 

depth 

At fluid depth, gravity causes pressure. Stationary pressure P is potential energy per volume and is density d times 

gravity acceleration g times depth h: P = PE / V = (m*g*h) / V = (m/V) * g * h = d * g * h. 

flow 

Fluid flow causes kinetic energy, which exerts pressure in flow direction. Directed pressure P is kinetic energy 

divided by volume and is half density d times velocity v squared: P = KE / V = (0.5 * m * v^2) / V = 0.5 * (m/V) * v^2 

= 0.5 * d * v^2. 

 

Couette-Taylor flow 

Rotating one cylinder inside another causes intervening liquid to flow {Couette-Taylor flow}. First, flow 

streamlines. At faster speed, fluid cylinder separates into separate layers along cylinder axis, so fluid goes up and down 

in cylinder. At higher frequency, flow is chaotic, with no defined frequencies. 
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no-slip condition 

At fluid boundaries {no-slip condition}, fluid does not slip. 

 

ionic liquid 

Mixtures of large organic positive ions and inorganic negative ions {ionic liquid}| can be liquid at room temperature, 

because large charge is spread over large space, so crystal is loose. Liquid has polar and non-polar parts, so it can 

dissolve organic materials. 

 

laminar flow 

non-turbulent flow {laminar flow}|. 

 

liquefaction 

Material can become fluid {liquefaction}|. 

 

supercavitation 

After torpedo goes 50 meters per second in water, water pressure is low enough to allow water vapor to make vapor 

cavity around object {supercavitation, fluid}|, allowing high speed. 

 

superhydrophobicity 

Wax surfaces repel water very well {superhydrophobicity}|. 

 

water pressure 

City water pressure {water pressure}| is 30 to 50 pounds per square inch, which can lift water 25 to 30 meters. 

 

PHYS>Physics>Dynamics>Fluid>Drag 

 

drag of fluid 

Friction {drag, fluid}| slows objects moving through fluid. Drag increases if velocity increases. Pipe walls retard 

fluid flow by friction one millimeter into fluid. 

 

lifting line theory 

Wing induces drag as it lifts {lifting line theory}. 

 

terminal velocity 

Drag rises as velocity increases, while forward force stays constant, until forces balance with no more acceleration 

{terminal velocity}|. Feathers fall through air under gravity with terminal velocity. 

 

PHYS>Physics>Dynamics>Fluid>Density 

 

specific gravity 

Material density and water density have ratio {specific gravity}|. Specific gravity is one for water. Metals have 

higher specific gravities and sink in water. Wood has lower specific gravity and floats in water. Density D multiplied 

by gravity acceleration g is weight m*g per volume V {specific weight}: d*g = (m / V) * g = m*g / V. 

 

hydrometer 

Instruments {hydrometer}| can measure specific gravity. 

 

PHYS>Physics>Dynamics>Fluid>Viscosity 

 

viscosity of fluid 

Forces between molecules make fluid stick together {viscosity}|. 

causes 

In liquids, van der Waals forces cause viscosity. In gases, non-ideal molecular collisions cause viscosity. 

pressure 

Gas viscosity increases if pressure increases. 

temperature 
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Temperature increase increases gas viscosity and decreases liquid viscosity. 

factors 

Fluid viscosity depends on fluid density, pressure, temperature, and velocity. In pipe, pipe-opening size affects 

viscosity. Intermolecular forces tend to pull fluid sideways in pipes and contribute to turbulence. Fluid sideways 

pressure P equals viscosity V times velocity change dv divided by length change dl: P = v * dV/dl. 

 

boundary layer 

Pipe flow with incompressible fluid has two regions. A thin layer {boundary layer} touches tube or obstruction and 

has viscous effects, because surface interacts thermally and mechanically with fluid. Center has flow with no 

turbulence. 

 

Rayleigh number 

Temperature, viscosity, and fluid depth relate {Rayleigh number}. Reynolds number and Rayleigh number together 

account for flow effects, viscosity, thermal conductivity, linear-expansion or volume-expansion coefficient, fluid depth, 

and temperature gradient. 

 

Reynolds number 

Fluids have ratios {Reynolds number} of internal force to viscous force. Reynolds number measures fluid 

momentum change. If Reynolds number is small, smooth pipe decreases drag, because flow is laminar. If Reynolds 

number is high, vortices in smooth pipe increase drag. 

 

PHYS>Physics>Dynamics>Fluid>Cohesion 

 

cohesion in fluid 

Fluids have attractive electric forces among molecules {cohesion}|. Surface tension has cohesion. 

 

surface tension 

Inside fluid, cohesive forces are symmetric and cancel each other. At fluid surfaces, cohesion pulls molecules closer 

together {surface tension}|, to make surface density more than inside density. Increased-surface-density layer width is 

20 molecules. Air above fluid has small density and has little attraction for fluid. Surface chemical potential is greater 

than inside fluid, because net force is more, and fluid is denser and so more organized. 

floating 

Surface tension can make density great enough to float objects, such as steel pins. 

examples 

Glue, waterproofing, detergents, wicks in candles, blotters, towels, bubbles, milk drops, camphor dance, soap film, 

salts, and needles on water illustrate surface tension. 

drops 

Droplets have more surface area and high surface tension. 

factors 

Solute can lower solvent-molecule cohesion by disrupting cohesive forces and lowering chemical potential. Soaps 

and detergents lessen water surface tension by blocking water-molecule attractions. However, ions in water increase 

surface tension by increasing electric forces. 

 

PHYS>Physics>Dynamics>Fluid>Pressure 

 

fluid pressure 

Gravity causes fluid molecules to press on molecules below {pressure, fluid} {fluid pressure}|. Deeper molecules 

have more pressure, because more molecules are above them. Pressure P, force F per area A, at point below fluid 

surface is density d times depth h times gravity acceleration g: P = F / A = (m * g) * (h / V) = (m / V) * g * h = d * g * 

h. Pressure is directly proportional to gravity acceleration, because acceleration times mass is force. Pressure is directly 

proportional to density, because density relates to molecule mass. Pressure is directly proportional to depth, because 

depth relates to molecule number. Pressure does not depend on total surface area, because pressure is force per unit 

area. 

fluid level 

Liquids rise to equal heights at all openings to atmosphere, because pressures and potential energies are equal at 

liquid surfaces. 
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cause 

Random molecule motions cause fluid pressure. Random motion exerts force and pressure equally in all directions, 

even upward or at angle. Container wall slope has no effect. Pressure is the same at all points at same depth. The net 

effect of random motions is that pressure is perpendicular to fluid surface, because random motions are symmetric 

around perpendicular. 

temperature 

Temperature increase increases fluid pressure, because molecules move faster. 

density 

More and/or heavier molecules have higher density and exert more pressure. 

gas 

Gas has random translational kinetic energy per unit volume, making force per unit area on container walls. Random 

translational kinetic energy depends on mass and molecule average velocity. If volume decreases, pressure goes up. If 

temperature decreases, pressure goes down. If pressure decreases, volume goes up. If pressure increases, temperature 

goes up. 

 

Bernoulli theorem 

Because pressure transmits equally throughout fluids, pressure sum, and energy sum, is constant {Bernoulli's 

theorem} {Bernoulli theorem} {Bernoulli's principle}. At pipe points, energy conserves. Pressure stays constant 

throughout fluid. 

If fluid goes through narrower pipe area, fluid speeds up, because mass cannot build up. Higher speed makes more 

kinetic energy and directed pressure. Sideways pressure decreases, to conserve energy. If fluid slows, kinetic energy 

goes down, and potential energy and sideways pressure increase. 

examples 

Fountains, tanks with holes, aspirators, sprayers, Venturi meters, wings, pipes, rubber tubes, and curve balls 

demonstrate Bernoulli's principle. 

 

hydraulics 

In confined fluids, force in one direction can transmit pressure to all directions {hydraulics}|. Increased pressure 

changes into increased random molecule motions. For example, pushing a piston in a long thin cylinder can do work on 

fluid and increase molecule random kinetic energy, which can do work on a piston in a short wide cylinder. 

area 

At depth, force per area pressure is the same throughout confined fluid. Small force acting over long distance on 

small area can make big force acting over short distance on large area, because energy in and energy out are equal. 

Large area can apply large total force. 

examples 

Dams, breathing using lung double cavity, manometer, Bourdon gauge, barometer, hydraulic brakes, hydraulic lifts, 

syringe, and fluid tank show hydraulic effects. 

 

hydrodynamics 

Simple-fluid hydrodynamics {hydrodynamics}| has no viscosity or heat exchange and follows Euler equation: mass 

m per volume V times acceleration g equals negative of pressure P gradient perpendicular to velocity vector: (m / V) * 

g = - dP / ds. 

 

Pascal principle 

Equal areas have same pressure in confined fluid {Pascal's principle} {Pascal principle}. 

 

Torricelli theorem 

Fluid discharge velocity from small hole at depth below open surface is square root of two times gravity acceleration 

g times depth h {Torricelli's theorem} {Torricelli theorem}: (2*g*h)^0.5. 

 

vacuum 

Removing gas molecules {vacuum, gas}| reduces pressure. Vacuum pumps remove gas molecules. 

 

PHYS>Physics>Dynamics>Fluid>Electromagnetism 

 

magnetorheological fluid 
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Oil with iron filings {magnetorheological fluid} can turn solid in magnetic field. 

 

electrorheological fluid 

Fluids {electrorheological fluid} can become solid, or have lower viscosity, in high electric fields. 

 

PHYS>Physics>Dynamics>Fluid>Heat 

 

Benard problem 

Fluid mildly heated from bottom at first has temperature gradient with no net flow. More heat creates alternating 

hexagonal cells that allow hot fluid to rise and cold fluid to fall. Even more heat makes turbulent motion, with no net 

flow {Bénard problem}. 

 

Rayleigh-Benard convection 

Heated fluids can have convection {Rayleigh-Bénard convection} with circular motions. 

 

PHYS>Physics>Dynamics>Fluid>Adhesion 

 

adhesion of surfaces 

Two surfaces can stick to each other {adhesion, surface}|. 

 

capillary rise 

Fluids have electric forces between molecules and container surfaces. Fluids that physically adhere to surface can 

rise in small-diameter tubes {capillary rise}|. Clinging force pulls fluid up tube sides. Fluid rises until potential-energy 

increase balances air pressure. 

 

Coanda effect 

When fluids leave holes, fluid tends to flow around hole edge {Coanda effect}. 

 

meniscus 

If fluid is adhesive, fluid curves up container walls {meniscus}|. If fluid is not adhesive, fluid curves down container 

walls. 

 

physisorption 

Van der Waals forces can cause molecules to bind to surfaces {physisorption}|. Vibrations then cause molecules to 

leave surface, within 10^-8 seconds, heating surface. Surface chemical bonds do not form or break. 

 

PHYS>Physics>Dynamics>Fluid>Adhesion>Chemisorption 

 

chemisorption 

Chemical bonds between surface molecules and fluid molecules can bind molecules to surfaces chemically 

{chemisorption}|. Molecule stays at surface from 1 to 1000 seconds and then has desorption. Chemisorption has 

activation energy. At low pressure and low absorption, chemisorption fraction depends on pressure. At high pressure or 

for strong electrical forces, chemisorption fraction depends on pressure inverse. 

 

desorption 

Chemisorbed molecules stay at surface from 1 second to 1000 seconds and then leave {desorption, surface}|, heating 

surface. Surface chemical bonds break. Desorption has activation energy. 

 

PHYS>Physics>Dynamics>Fluid>Buoyancy 

 

buoyancy 

Objects in fluids have more pressure on bottom surface than on top surface {buoyancy}|, because bottom surface is 

deeper in fluid. The greater force on bottom pushes object up. Buoyancy equals difference between object-bottom 

pressure and object-top pressure. Buoyant force is in opposite direction from gravity. Objects that sink have more force 

than fluid weight pushed up. Objects that sink are denser than fluid. 
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Archimedes principle 

If objects float in fluid, fluid weight pushed up around object equals upward buoyant force on object {Archimedes 

principle, buoyancy}|. 

 

displacement of fluid 

Object in fluid pushes fluid out {displacement, fluid}|. Fluid tries to return to original position by gravity. Displaced 

fluid and object both want to occupy same place. Equilibrium happens when both forces push down equally. 

 

floating buoyancy 

Objects can sink until buoyant force balances gravity {floating}|. Displaced fluid and object both want to occupy 

same place, so object is at equilibrium when fluid force pushing down equals object force pushing down. Object that 

floats is less dense, including air spaces, than fluid. Submarines, fish, boats, balloons, and ice cubes demonstrate 

buoyancy. If floating-object mass center is not along buoyant-force line, object rotates around mass center. 

 

PHYS>Physics>Dynamics>Fluid>Flow 

 

fluid flow 

Fluid mass can go past point or through area over time {fluid flow}|. 

pipe 

Fluid velocity at different pipe radii differs. Highest velocity is in center. Velocity is zero at pipe walls. 

conservation 

Same fluid amount at one point must be at another point. Otherwise, fluid builds. Same fluid volume passes any 

point, during time. At pipe points, inflow equals outflow. 

pressure 

Around pipe loops, pressures add to zero. 

rate 

Flow rate increases with increase in molecule velocity, temperature, pressure, and/or mean free path. Flow rate 

decreases with increase in cross-sectional area, molecule mass, and/or molecule collision frequency. 

 

streamline flow 

Flow in pipes can have constant velocity at each radius, with no sideways motion {streamline flow}|. 

 

turbulent flow 

Flow in pipes can have sideways motion or different velocities at same pipe radius {turbulent flow}|. Trapped gases 

in fluid can cause turbulence. 

 

cavitation 

High-speed flow and/or pipe edges can pull fluid apart, making vacuum spaces {cavitation, fluid}|. 

 

PHYS>Physics>Dynamics>Fluid>Flow>Flux 

 

flux of fluid 

Fluids have flow rate through area {flux, fluid}|. Flux is energy, mass, momentum, or charge change D divided by 

cross-sectional area A times time t: D / (A * t). 

pipe 

In pipes, masses entering and leaving cross-sectional areas are equal. Otherwise, fluid builds, or vacuum happens. 

Mass m flowing through pipe equals fluid density d times fluid velocity v times cross-sectional area A: m = d*v*A. For 

liquid, fluid density is constant, and fluid velocity going in vi times cross-sectional area at entrance Ai equals fluid 

velocity going out vo times cross-sectional area at exit Ao: vi * Ai = vo * Ao. For gas, fluid density varies, and fluid 

density at entrance di times fluid velocity going in vi times cross-sectional area at entrance Ai equals fluid density at 

exit do times fluid velocity going out vo times cross-sectional area at exit Ao: di * vi * Ai = do * vo * Ao. 

 

Fick first law 

Flux equals constant times gradient {Fick's first law of diffusion} {Fick first law of diffusion}: dm / (A * dt) = dC / 

ds, where m is mass, A is cross-sectional area, t is time, C is concentration difference, and s is distance. 
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Fick second law 

Pressure, temperature, concentration, or force change over time relates to quantity change over distance {Fick's 

second law of diffusion} {Fick second law of diffusion}: dP / dt = dm / ds, where P is pressure, t is time, m is mass, 

and s is distance. 

 

PHYS>Physics>Dynamics>Force 

 

force 

Other objects can cause object to tend to change motion {force, physics}|. Force requires interaction between two 

objects. All forces are pushes or pulls, such as when two objects collide. Gravity and electric forces are interactions of 

objects with second-object fields. Force F that object receives equals object mass m times object acceleration a: F = 

m*a. Force has direction and amount and so is vector. Mechanical force can be interaction between two colliding 

masses, but repulsions between electrons around molecules mediate contact between objects. 

 

force field 

Gravity and electric force can act between two objects over distance {force field}. 

exchange 

All forces transmit bosons. In all field interactions, two objects exchange bosons. Gravity exchanges graviton 

bosons. Electromagnetism exchanges photon bosons. Strong nuclear force exchanges gluon bosons. Weak nuclear force 

exchanges W-particle and Z-particle bosons. 

field 

All forces are metric gauge fields. Bosons form field around object. Field changes space curvature, from flat to 

curved. When two objects interact, they go through curved space and change motion accordingly, just as cars turn on 

banked curves. Acceleration involves boson exchange. Boson exchange and curved spaced have identical effects, 

because bosons curve space, and space-curvature acceleration releases bosons to interact. 

mass and distance 

Bosons with no mass, such as gravitons and photons, can exchange to infinite distances. Bosons with mass, such as 

gluons, W particles, and Z particles, have short action distances. 

time 

Particles exchanged by forces take time to act, based on force strength. Strong force takes 10^-23 seconds. Electric 

force takes 10^-21 seconds. Weak force takes 10^-18 seconds to 1000 seconds. Gravitational force takes much longer. 

electromagnetism 

Electrical force is interaction between two charges. Magnetic force is interaction between two relativistic charges. 

weak force 

Electric force is 1000 times stronger than weak force. 

gravity 

Gravitation and electromagnetism are similar, because interactions cause both forces and both forces radiate in all 

directions. Because masses are positive, gravitational force is attractive. Because charges are positive and negative, 

electromagnetic force is attractive or repulsive. Electric-force to gravitational-force ratio is 10^36. If gravity is stronger, 

universe is smaller, and stars are smaller and exist shorter. If gravity is weaker, universe is larger, and stars are larger 

and exist longer. 

 

PHYS>Physics>Dynamics>Force>Kinds 

 

electroweak 

Electromagnetic and weak forces unify {electroweak force}| {electric-weak unification theory} under SU(2) x U(1) 

Lie symmetry group, with gauge symmetry. An adjoint representation uses U(1) subgroup of SU(2), making 

electroweak Higgs field. W+, W-, and Z bosons and photons are equivalent at proton-diameter distances and high 

energies. Spontaneous symmetry breaking in current universe causes W+, W-, and Z bosons to have mass and photons 

to have zero rest mass. 

 

gauge field 

All forces are metric fields {gauge invariant field} {gauge field}| that transmit bosons. 

 

gravity 
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Gravitational force {gravity, mass} is interaction between two masses. Gravitons mediate gravity, by exchange at 

light speed. Gravity curves space. If only gravity shapes space-time, why does light speed, which depends on 

electromagnetic force, determine space-time boundaries? 

 

antigravity 

Mass is always positive, and gravity is always attractive. Negative energy is repulsive {antigravity} {anti-gravity}. 

Negative internal pressure is also repulsive. 

 

strong nuclear force 

Atomic particles that have quarks and gluons interact {strong nuclear force}|. Strong nuclear force is positive and 

constant over distances more than 10^-14 centimeters, is repulsive over shorter distances, depends on quark number, 

and is 100 to 1000 times stronger than electric force. 

 

superweak force 

Perhaps, nuclear forces {superweak force}| can mediate between strong and weak nuclear forces. 

 

weak nuclear force 

Leptons and quarks interact {weak nuclear force}|. Quarks and leptons have left-handed and right-handed spin 

states. Weak forces act on one or the other. For example, left-handed down quark can become up quark, making 

neutron into proton, electron, and neutrino {radioactive beta decay}. Right-handed down quarks have no change. 

antiparticles 

Particles that are right-handed or left-handed have weak nuclear force, but their antiparticles do not have weak force. 

bosons 

Weak-force W-particle and Z-particle bosons can come from vacuum with no conservation, except at very high 

energy. 

distance 

Weak nuclear force acts over less than 10^-16 centimeters. 

strength 

Weak nuclear force is 10^34 times stronger than gravity. 

 

Weinberg angle 

Relation between weak and electromagnetic forces became constant at 10^-12 seconds after universe origin, when 

U(2) symmetry broke at a rotation angle {electroweak mixing angle} {Weinberg angle}. 

 

PHYS>Physics>Dynamics>Force>Kinds>Restoring 

 

simple harmonic motion 

Motions {simple harmonic motion}| can oscillate along lines, with acceleration proportional to distance from center 

point. Molecule-bond vibrations, springs, pendulums, rigid-bar vibrations, rotations, guitar-string vibrations, bridge 

vibrations, and tall-building sway have simple harmonic motion. 

force 

Restoring-force strength depends on material type and distance from center. For molecule bonds, spring constant 

depends on electrical forces between atoms. Restoring force F equals negative of spring constant k expressing restoring 

force strength times displacement x: F = -k*x. Restoring force is negative because it opposes displacement. 

amplitude 

Amplitude depends on input energy, which causes more or less displacement. 

period 

One oscillation takes one time period. Period depends on material restoring force. Period and amplitude are 

independent. Spring period T is 360 degrees expressed in radians 2*pi times square root of mass m divided by spring 

constant k: T = 2 * pi * (m/k)^0.5. Higher mass makes longer period. Higher spring constant makes shorter period. 

energy 

Potential energy PE equals half spring constant k times displacement x squared, which is average force, k*x/2, times 

distance x: PE = 0.5 * k * x^2. At center, force equals zero, and potential energy equals zero. At maximum 

displacement amplitude, force and potential energy are highest. At maximum displacement, kinetic energy equals zero, 

because motion stops as direction reverses. At center, velocity and kinetic energy maximize, because potential energy 

is zero. 
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velocity 

Maximum velocity v is maximum displacement A times square root of spring constant k divided by object mass m: v 

= A * (k/m)^0.5. Average velocity is 4*A/T, where A is amplitude and T is period. Average velocity is 2 * v / pi, where 

v is maximum velocity. 

friction 

If friction damps simple harmonic motion, amplitude decreases, but frequency stays the same, because material is 

the same. 

 

pendulum 

When pulled sideways and released, weight {pendulum} hanging by string or wire from point starts oscillating 

motion. 

force 

Pendulum restoring force is gravity. Gravity g pulls pendulum-bob mass m back toward center with force F from 

distance x, depending on displacement angle A: F = m * g * sin(A) = m * k * x. 

distance 

If pendulum displacement is small, displacement-angle sine equals displacement angle: sin(A) = A. For small 

displacement, displacement x is displacement angle, expressed in radians, times pendulum length L: x = A*L. For 

small displacement, constant k is gravity acceleration g divided by pendulum length L: k = g/L. 

period 

Pendulum period T is 360 degrees, expressed in radians 2*pi, times square root of gravitational-constant reciprocal 

1/g: T = 2 * pi * (1/g)^0.5. Longer pendulums have longer periods. Weaker gravity makes longer period. Pendulum 

mass does not affect period. 

 

period of spring 

Spring oscillation time T {period, oscillation}| is 360 degrees, expressed in radians 2*pi, times square root of mass 

m divided by spring constant k: T = 2 * pi * (m/k)^0.5. Higher mass makes longer period. Higher spring constant 

makes shorter period. 

 

spring as force 

Springiness {spring constant, force} depends on length, cross-sectional area, and force strength between molecules. 

Stiff springs {spring, metal}| have high spring constant. 

 

PHYS>Physics>Dynamics>Friction 

 

friction 

Motion can cause force in opposite direction {friction}|, from surface-bump collisions as surfaces slide over each 

other or from electrical forces between close surfaces. 

process: sliding 

As one surface slides over another surface, surface molecules collide, forcing object backward and upward {kinetic 

friction}. 

process: rolling 

If one surface rolls over another surface, collisions do not push surfaces upwards, because surfaces have no sliding. 

A continuously changing rolling-surface part contacts stationary surface. Bumps and grooves in the surfaces mesh 

deeper, so contact is greater {static friction}. Static friction is greater than kinetic friction. 

factors: force direction 

Friction force is directly proportional to force perpendicular to surface. If surface is horizontal, perpendicular force is 

gravity. If surface is not horizontal, perpendicular friction force F is gravity g times sine of incline-to-horizontal angle 

A: F = g * sin(A). 

factors: area 

Contact area between two surfaces affects friction force only slightly, because more area makes pressure and force 

less, and less area makes pressure and force more. 

factors: speed 

Faster speed makes less sliding friction, because moving surface rides higher over stationary surface. 

factors: electric force 

Friction depends on hydrogen bonds and van der Waals electric forces between surface molecules. Smooth surfaces 

can be in close contact, and so have high electrical attractions and high friction. For example, two smooth glass plates 
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or plastic pieces stick together tightly. Rough-surface molecules are farther apart on average, have smaller electrical 

attractions, and have less friction. 

factors: lubricant 

Oil, grease, and graphite can fill surface depressions and keep two surfaces separated, so surfaces have little 

hydrogen bonding or van der Waals forces, and friction is small. Heavier weight oil flows less easily and sticks to 

surfaces more, but stickiness causes the objects to have more friction. Lighter weight oil flows more easily and sticks to 

surfaces less but has less friction. Best-weight oil balances ability to stay in bumps with ability to flow easily. Multi-

weight oil flows easily when cold and gets thicker as it gets warmer. 

tires 

When cornering, radial tires keep more tread on road, so force goes more into road, instead of going into tire side. 

Radial tires act the same as bias-ply tires while going straight. 

Tires with greater radius keep more tread area on road, but this has little effect. Tires with greater radius have larger 

sidewalls, which can flex more and so become hotter and weaker. Tires with stiff and narrow sides stay cooler and 

stronger but have harsher ride. 

Wider tires have increased area, but more area does not affect friction much. Wider tires can find dry or debris-free 

road parts, while smaller tires contact only sand or water. Wider tires can aquaplane more on water or snow, because 

fluid cannot leave treads fast enough. 

 

abrasion 

Friction force knocks molecules from surface through collisions and wears away surface {abrasion, surface}|. 

 

PHYS>Physics>Dynamics>Machine 

 

simple machine 

Simple machines {simple machine} use small force exerted over long distance or large force exerted over short 

distance. 

lever 

Rods, such as crowbars, can have balance point near one end. Short radius moves short distance and exerts large 

force, as long radius moves long distance and needs only small force. 

inclined plane 

Ramps can lift heavy objects short vertical distances, by using small forces over long horizontal distances. 

screw 

Inclined planes can wind around axis, to allow lifting water short vertical distances using small forces over long 

horizontal distances. 

 

wheel and axle 

Wheels on axles {wheel and axle} {axle and wheel} allow objects to move horizontally with no sliding friction. 

Pulley wheels on axles can hold rope, which can lift weight short vertical distances by pulling rope using small forces 

over long horizontal distances. Pulleys can alter force direction. One rope can wrap around two pulleys to make a block 

and tackle, to lift heavy objects short distances with small forces applied over long distances. 

 

crane as lever 

Construction levers {crane, machine} {derrick} lift and lower objects using counterbalancing weight. 

 

joint of machine 

Forces can redirect using movable connections {joint, connector}|. 

 

ladder 

Force on ladder steps transmits to both sides and then to ground. Ladders {ladder} have angle to ground. If angle is 

too large, frictional torque is too small to balance weight torque, and ladder feet slip. 

 

strut 

Forces can redirect using connections {strut}| that exert force inward or outward. 

 

wedge as machine 
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Double inclined planes {wedge, machine}|, such as axes and knives, use small force over long distance to exert large 

force over short distance, to split things or push grooves into softer material. 

 

mechanical advantage 

Actual mechanical-advantage to ideal mechanical-advantage ratio {mechanical advantage}| {efficiency, dynamics} 

inversely relates to friction. Actual mechanical advantage is lower than ideal mechanical advantage. Actual force Fi 

exerted on machine divides into force Fo exerted on object-to-move {actual mechanical advantage}: Fo / Fi. Distance 

moved by output force divides into distance si moved by input force {ideal mechanical advantage}: si / so. 

 

PHYS>Physics>Dynamics>Momentum 

 

momentum 

A dynamic quantity {momentum}| depends on mass and velocity. Momentum p equals mass m times velocity v: p = 

m*v. Constant force F times time change (tf - ti) makes momentum p: p = F * (tf - ti) = m * a * (tf - ti) = m*v. Force F 

is momentum change dp per time change dt: F = dp / dt. 

 

angular momentum 

Momentum {angular momentum}| can be through angles around rotation axes or points. Momentum p equals mass 

m times velocity v: p = m*v. Tangential momentum pt equals mass m times tangential velocity vt, which equals 

angular velocity w times circle curvature radius r: pt = m * vt = m*w*r. Angular momentum L equals tangential 

momentum pt times radius r: L = pt * r. 

Moment of inertia I equals mass m times radius r squared: I = m * r^2. Angular momentum L equals moment of 

inertia I times angular velocity w: L = pt * r = (m*w*r) * r = (m * r^2) * w = I*w. 

torque 

Force F equals mass m times acceleration a: F = m * a. Tangential force Ft equals mass m times tangential 

acceleration at: Ft = m * at = m * dv / dt = m * r * dw / dt, where dv is velocity change, dt is time change, dw is 

angular-velocity change, and r is curvature radius. Torque T equals tangential force Ft times radius r: T = Ft * r = (m * 

at) * r = m * r * (dw / dt) * r = (m * r^2) * dw / dt = I * (dw / dt) = I * aa, where m is mass, at is tangential acceleration, 

r is curvature radius, dw is angular-velocity change, dt is time change, I is moment of inertia I, and aa is angular 

acceleration. 

Force F equals momentum change dp over time change dt: F = dp / dt. Tangential force Ft equals tangential 

momentum change dp over time change dt: Ft = dp / dt = m * r * dw / dt, where m is mass, r is curvature radius, dw is 

angular-velocity change, and dt is time change. Torque T equals angular momentum change dL over time change dt: T 

= dL / dt = (m * r^2) * dw / dt, where m is mass, r is curvature radius, and dw is angular-velocity change. 

 

impulse of force 

Force acts over time {impulse}|, to change object motion. 

 

PHYS>Physics>Dynamics>Pressure 

 

pressure 

Force tends to alter object structure. Force can apply over area {pressure, physics}|. Pressure P equals force F per 

unit area A: P = F/A. Pressure P is energy E divided by volume V: P = F/A = (F*s) / (A*s) = E/V. Pressure is energy 

density: P = F/A = F / s^2 = F*s / s^3 = E/V. 

 

strain 

Force causes structure change {strain}| in force direction. Pressure changes length. For example, gravity pulls feet 

into floor and tends to flatten feet, shoes, and floor. Strain is proportional to stress. 

 

PHYS>Physics>Dynamics>Pressure>Stress 

 

stress in physics 

Force and pressure {stress, physics}| tend to alter object structure. I-beam, twisting torsion bars, and standing up use 

material stresses, strains, and strengths. 

 

compression by force 
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Mechanical forces {compression}| can be pushes on materials. 

 

tension 

Mechanical forces {tension, force}| can be pulls on materials. 

 

torsion 

Mechanical forces {torsion, force}| can be twists on materials. Torsion is simultaneous push in one direction and pull 

in another direction. 

 

Hooke law 

Stress S is proportional to length change dL divided by length L {Hooke's law} {Hooke law}: S = k * (dL / L). 

Pressure compresses material against restoring force. Restoring force F varies with material type k and distance 

compressed x: F = -k * x. Pressure is compression force F divided by area A: P = F/A. Pressure equals restoring force -

k*x divided by area A: P = F/A = -k * x / A. Constant k depends on Young's or other elasticity modulus u, cross-

sectional area A, and object length L: k = A * u / L. 

 

PHYS>Physics>Dynamics>Pressure>Elasticity 

 

elastic limit 

If pressure exceeds limiting value {elastic limit}|, material inelastically changes shape permanently. Higher 

temperature lowers elastic limit. 

 

elasticity of material 

If pressure is less than elastic limit, material returns to original shape after removing pressure {elasticity, physics}|. 

Elasticity can be bulk strength, shear strength, or tensile strength. Elasticity varies for different material axes. 

 

inelasticity 

If pressure exceeds elastic limit, material changes shape permanently {inelasticity}|. 

 

compliance 

Elastic modulus reciprocal {compliance}| can indicate shape-changing ease. 

 

Young modulus 

Elasticity {Young's modulus, elasticity} {Young modulus, elasticity} varies for different material types. Steel is hard 

and bouncy and has high Young's modulus. Wood is soft and has low Young's modulus. 

 

bulk strength 

Elasticity varies for compression {bulk strength}|. 

 

shear strength 

Elasticity varies for torsion {shear strength}|. 

 

tensile strength 

Elasticity varies for tension {tensile strength}|. 

 

PHYS>Physics>Dynamics>Resultant 

 

resultant of forces 

All forces on objects result in net force {resultant, forces}|. Force-vector sum equals resultant-force vector. Vector 

resultants explain motions in sailing, billiard balls colliding, planes flying, crowbar leveraging, wrenches twisting, 

gears turning, wrecking balls breaking, roller coaster riding, and car rocking to get out of mud or snow. 

 

couple of forces 

Parallel forces {couple, physics}| can act in opposite directions on axis ends, to tend to cause rotation. 

 

equilibrium of forces 
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All system forces can add to zero {equilibrium, physics}|. All system velocities can add to zero {static equilibrium}. 

Objects have gravity centers. When objects move, gravity centers can rise {stable equilibrium}, fall {unstable 

equilibrium}, or stay the same {neutral equilibrium}. 

 

gradient in physics 

Pressure, temperature, concentration, or force can change over distance {gradient, physics}|. Gradients are like 

forces and cause flow in resistant medium. Flow increases until reaching terminal velocity. Terminal velocity 

determines flux. 

 

reaction of forces 

Force pushes or pulls objects along line between interacting-object centers. When one object exerts force in a 

direction on another object, second object exerts same force in opposite direction on first object {reaction, forces}. 

Relation is symmetric. 

examples 

Rockets burn fuel. Hot gas pushes rocket forward, while rocket pushes gas backward in opposite direction. 

For objects on coil springs, coil spring pushes object up, while object pushes coil spring down. 

When walking, foot pushes back against ground, and ground pushes back on person, to send body forward. 

An hourglass on a balance has dropping sand, but balance stays still, because weight is constant. Downward 

collisions balance upward force. 

 

PHYS>Physics>Dynamics>Rotation 

 

rotation force 

Objects can spin or orbit or rotate around balance point {rotation, force}. Rotations rotate around point {center of 

rotation} {rotation center} {balance point}. Forces or weights are at distances {radius, rotation} from balance point or 

rotation center. On levers, forces can act perpendicular, or at an angle, to radius. Weighing balances and seesaws are 

levers. Weights on strings can orbit, so string provides centripetal force, and spin provides centrifugal force. 

 

equatorial bulge 

Spinning objects, including Earth, bulge at equator {equatorial bulge} and flatten at poles, by centrifugal force. 

 

moment of inertia 

Just as mass traveling in straight line has inertia that tends to keep velocity constant, mass rotating around axis has 

inertia {moment of inertia}| {inertia moment} that tends to keep angular velocity constant. 

mass 

Inertia depends directly on mass. Moment of inertia substitutes for mass when quantities use angular velocity instead 

of velocity. When mass rotates around rotation center at radius r, tangential momentum pt is mass m times tangential 

velocity vt: pt = m * vt. Angular momentum L is moment of inertia I times angular velocity w: L = I * w. Tangential 

velocity vt varies directly with angular velocity w: vt = w * r. Tangential momentum pt varies directly with angular 

momentum L: L = pt * r. Moment of inertia I depends on mass m and radius r: L = I * w = pt * r = m * w * r * r = (m * 

r^2) * w. Moment of inertia I is mass m times square of distance r from axis or point: I = m * r^2. 

summation 

Masses have volume, so object points have different radii from rotation center. Total moment of inertia is sum of 

moments of inertia at each radius. 

Thin-ring moment of inertia equals total mass m times square of distance r from ring center to ring middle: m * r^2. 

Disk or cylinder moment of inertia equals half total mass m times square of distance r from disk or cylinder center to 

outer edge: 0.5 * m * r^2. 

Pipe or doughnut moment of inertia equals half total mass m times sum of squares of distances from pipe or 

doughnut center to inner edge ri and outer edge ro: 0.5 * m * (ri^2 + ro^2). 

radius 

Objects with moment of inertia around rotation center have moment of inertia around any axis parallel to rotation 

axis. New moment of inertia Inew is old moment of inertia Iold plus total object mass m times square of distance d 

between axes: Mnew = Mold + m * d^2. 

 

torque 

Forces {torque}| can tend to cause motions around rotation centers. 
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acceleration 

Torque causes angular acceleration. For example, force can act on a rigid rod that can turn around a balance point. 

Force can act perpendicular to rod or at another angle. Torque T is force F times radius r from balance point times sine 

of force-to-radius angle A: T = F * r * sin(A), which is cross product of force and radius vectors: T = F X r. Torque-

vector direction is perpendicular to both force vector and radius vector and parallel to axis. 

moment of inertia 

Tangential force Ft equals mass m times tangential acceleration at, which equals angular acceleration aa times radius 

r: Ft = m * at = aa * r. If torque acts perpendicular to radius, torque T equals moment of inertia (I = m*r^2) times 

angular acceleration aa: T = Ft * r = m * at * r = m * aa * r * r = m * (r^2) * aa = I * aa. 

examples 

Frisbees and yo-yos have torques. Torque causes car front to fall when car stops. Torque causes car front to rise 

when car accelerates. To open door, push farthest from hinge to apply least force, because radius is greatest. Spins in 

ice-skating begin with torque. Gymnasts and divers apply torque. Torque causes spin on footballs, bullets, bicycle 

wheels, helicopter blades, and propellers. Scales use opposing torques to weigh objects. 

equilibrium 

When lever is not moving around balance point {equilibrium}, right Tr and left Tl side torques, F * r * sin(A), are 

equal: Tl = F1l * r1l * sin(A1l) + F2l * r2l * sin(A2l) + ... = F1r * r1r * sin(A1r) + F2r * r2r * sin(A2r) + ... = Tr. 

 

PHYS>Physics>Dynamics>Rotation>Forces 

 

centrifugal force 

In curved motion, force can go away from curvature center {centrifugal force}|, along radius direction. For example, 

Moon is in orbit around Earth. 

 

centripetal force 

In curved motion, force can go toward curvature center {centripetal force}|, along radius direction. For example, 

Moon is in orbit around Earth. 

 

PHYS>Physics>Dynamics>Rotation>Orbit 

 

free fall 

Moon falls toward Earth center by Earth gravity {free fall}|. Gravity is centripetal force. Orbital speed moves Moon 

tangentially in orbit. Tangential movement accelerates Moon away from Earth along radius. This acceleration is 

centrifugal force. Centrifugal force and centripetal force are equal, and motion rates away from and toward center are 

equal, so Moon maintains approximately same distance from Earth. 

weightless 

Moon in orbit has no weight, because centrifugal force equals centripetal force, just as astronauts in orbit are 

weightless. If jumping from height, in free fall, one feels weightless, because no force is opposing fall. 

 

Kepler laws 

Kepler formulated three planetary-motion laws {Kepler's laws} {Kepler laws}. 

first law 

Radius from orbiting body to Sun sweeps out equal areas in equal times, because velocity is slow at large radius and 

fast at small radius. 

second law 

If object in orbit moves closer, speed increases as potential energy changes to kinetic energy and moves object back 

outward. If object in orbit moves farther away, speed decreases as kinetic energy changes to potential energy and 

moves object inward. 

If spinning object becomes more compact, radius decreases and speed increases as potential energy changes to 

kinetic energy. If spinning object expands, radius increases and speed decreases as kinetic energy changes to potential 

energy. 

third law 

Acceleration cubed is directly proportional to time squared, because acceleration is highest at greatest curvature 

point, where velocity is highest. 

 

nutation and spin 
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Two objects in different orbits interact by gravity or electromagnetism to make torque that changes object spin axis 

{nutation}|. 

 

precession of orbit 

Earth spins on an axis that is at an angle to axis of Earth orbit around Sun. Sun gravity causes torque on Earth axis 

and causes it to rotate {precession}| {precession of the equinoxes, Earth}, as angular velocity around axis interacts with 

angular velocity around orbit. Object spin and orbital motion interact to cause spin-axis precession. 

 

PHYS>Physics>Heat 

 

heat 

Energy {heat, energy}| {thermal energy} can be total random translational kinetic energy and total potential energy, 

in all directions, that holds atoms apart. Heat as kinetic energy raises temperature. Heat as potential energy makes solid 

into liquid and liquid into gas. 

work 

Heat energy has no direction. Heat energy in solids or liquids can do no work. 

kinetic energy 

Heat translational kinetic energy equals number of molecules times temperature. 

potential energy 

Solids have little heat potential energy. Liquids have some heat potential energy. Gases have much heat potential 

energy. 

 

calcine 

Drying, oxidizing, or reducing can use temperature just below melting {calcine}|. 

 

expansion by heat 

Heat tends to push molecules apart {expansion, matter}| {thermal expansion} {heat expansion}. Temperature 

increase adds random translational kinetic energy to material and makes molecules collide faster, so molecules spread 

more. Material molecules have attractive forces, which resist random motion. 

coefficient 

Higher temperature makes material volume bigger by a ratio {coefficient of volume expansion} {volume-expansion 

coefficient}. Higher temperature makes material length longer by a ratio {coefficient of linear expansion} {linear-

expansion coefficient}. Length change dL equals length L times temperature change dT times linear-expansion 

coefficient c: dL = c * L * dT. Volume change dV equals volume V times temperature change dT times volume-

expansion coefficient c: dV = c * V * dT. 

coefficient: gas 

All gases have same volume-expansion coefficient, because gases approximate ideal gas. 

examples 

Road cracks, erosion, and thermostats with bimetallic strips illustrate thermal expansion. 

 

Joule-Thompson effect 

Higher pressure forces most-substance molecules together and tends to make molecules go to lower potential energy 

{Joule-Thompson effect}. Expanding gas cools gas, as random translational kinetic energy changes into random 

potential energy. 

state 

If material is under pressure, state change happens at higher temperature. Higher temperature makes more kinetic 

energy to overcome higher pressure that keeps molecules together. 

ice 

Ice is less dense than water, so ice tends to melt under higher pressure. For example, pressure of ice-skate blade 

melts ice under blade to allow skating. If pressure on melted ice decreases, ice freezes again {regelation, pressure}. 

altitude 

Making cake at high altitude requires higher temperature, because lower air pressure makes air hold less heat. 

 

PHYS>Physics>Heat>Temperature 

 

temperature and heat 
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Molecule motions and collisions make average random translational kinetic energy {temperature, heat}|. Average 

gas-molecule velocity at room temperature is 500 meters per second. 

 

absolute zero temperature 

Materials can have no kinetic energy and no heat potential energy {absolute zero temperature}|, at -273.16 degrees 

Celsius. 

 

Celsius temperature 

Temperature scales {Celsius, temperature scale}| {centigrade} can set water freezing point to 0 C and boiling point 

to 100 C, at sea level. 

 

Kelvin temperature 

Temperature scales {Kelvin, temperature}| can set water freezing point to 273 K and boiling point to 373 K, at sea 

level. 

 

Stefan law 

Surface temperature is proportional to energy emitted per unit area {Stefan's law} {Stefan law}. 

 

PHYS>Physics>Heat>Thermodynamics 

 

thermodynamics 

Chemical reactions, engines, and collisions have force, energy, and heat transfers {thermodynamics}|. 

heat 

Energy transfers use work, through directed kinetic energy, or heat, through temperature change or state change. 

Friction changes some directed energy into random energy and increases temperature. Systems can minimize friction 

by slowing and by using lubricants. 

comparison 

Thermodynamics is about extensive quantities. Statistical mechanics is about intensive quantities. Thermodynamic 

quantities are number of moles times Avogadro's number times corresponding statistical-mechanics quantity. 

Molecular-property time averages give observable thermodynamic properties. 

potentials 

The six thermodynamic potentials are baryon-number density, total mass-energy density, isotropic pressure, 

temperature, entropy per baryon, and baryon chemical potential. Rest frame is stationary or moving fluid. Baryon 

number density and entropy per baryon determine composition. Baryon number is constant in fluid, because density is 

constant, so gradient equals zero. Systems can only create entropy, not destroy it. Shock waves increase entropy. Heat 

flows increase or decrease entropy. 

 

heat transport 

Material transport {heat transport} properties, such as electric conductivity, thermal conductivity, viscosity, 

diffusion, effusion, and dissolution, depend on molecular properties such as temperature, pressure, collision frequency, 

and kinetic-energy range. 

 

thermodynamics laws 

Heat flows have laws {thermodynamics laws}. When heat becomes another energy type or another energy type 

becomes heat, total energy does not change {energy conservation, first law} {first law of thermodynamics}. Heat flows 

from objects with higher temperature to objects with lower temperature, and energy must make heat flow from cold 

object to hot object {second law of thermodynamics}. Entropy is zero at absolute zero temperature {third law of 

thermodynamics}, because random motion is zero and system has complete order. Two systems in thermal equilibrium 

with third system have same temperature {zeroth law of thermodynamics}. 

 

Le Chatelier principle 

Systems react to change, such as energy change, to oppose further change {Le Chatelier's principle} {Le Chatelier 

principle}. As system resists change, directed work energy becomes random translational kinetic energy, through 

temperature and pressure change. 

 

steady state 
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Systems with energy flows can have steady or periodic flow {steady state, thermodynamics}, rather than reach 

equilibrium. Movement rate or flux depends on gradient or force, so flow rate equals force or gradient sum. Steady 

states are irreversible thermodynamically. Entropy minimizes, because systems with forces or gradients can reduce 

entropy. 

 

perpetual motion 

Perhaps, motion never slows {perpetual motion}|. Perpetual motion of first kind violates extended Le Chatelier's 

principle. Perpetual motion of second kind violates extended Le Chatelier's principle. Perpetual motion of third kind 

violates the principle that there must always be friction. 

 

PHYS>Physics>Heat>Energy 

 

heat energy conservation 

In heat exchange, heat lost by object equals heat gained by other object {conservation of heat energy} {heat energy 

conservation}| {law of heat exchange} {heat exchange law}. 

 

enthalpy 

Energy exchange can change potential energy, translational kinetic energy, and heat energy and change pressure and 

volume {enthalpy}|. Enthalpy equals total system energy E plus product of pressure P times volume V: H = E + P*V. 

Pressure times volume is work. Under constant pressure or volume, enthalpy is heat that system makes. For solids or 

liquids, enthalpy equals energy, because volume does not change. 

 

free energy 

Systems have energy {free energy}| available to do work. Free energy is energy from order loss plus potential 

energy converted to kinetic energy. 

purpose 

Free energy can show if process is spontaneous. 

heat energy 

Temperature times entropy is heat energy taken from surroundings. 

work 

Pressure times volume is work on system. 

Helmholtz free energy 

For constant temperature, free energy {Helmholtz free energy} is system energy minus heat energy: E - S*T. 

Gibbs free energy 

For constant pressure and temperature and changed volume, free energy {Gibbs free energy} is Helmholtz free 

energy plus work energy: E - S*T + P*V. Gibbs free energy G is enthalpy H minus temperature T times entropy S: G = 

H - T*S. Gibbs free energy is net work that system can do. 

Arrhenius free energy 

For changed temperature, free energy {Arrhenius free energy} is net work that system can do. 

chemical potential 

Gibbs free energy per mole u, the chemical potential, changes with absolute temperature T and mole fraction x: u = 

u0 + R * T * ln(x), where R is gas constant. Gibbs free energy per mole u changes with absolute temperature T and 

partial pressure P: u = u0 + R * T * ln(P). 

free energy change 

If system is not in equilibrium, something flows from higher to lower chemical potential. Free-energy change is 

negative. System changes spontaneously. However, spontaneous change does not happen if no pathway exists for 

energy change. To minimize free energy, system can lower potential energy, by reducing pressure, or increase entropy, 

by increasing temperature. 

Isolated systems can have no work from outside. No energy transfers in or out of closed systems. Only entropy 

changes affect free energy. 

Isothermal systems have only work and have no entropy change, because temperature is constant. 

If temperature is low, entropy is small, so reaction makes heat to lower potential energy. If temperature is high, 

entropy is more important, and reaction heat can be small or large. At low pressure, more gas can evolve. 

free energy change: equilibrium constant 

In chemical reactions, free-energy change depends on equilibrium constant. Free-energy change equals gas constant 

times absolute temperature times natural logarithm of equilibrium constant. 
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free energy change: substances 

For reactants, substance chemical potential times substance moles subtracts from reactant free energy. For products, 

substance chemical potential times substance moles adds to product free energy. Free-energy change in systems with 

one substance equals chemical potential a times change in number n of moles: a * n. 

Chemical-reaction product and reactant concentrations depend on free-energy changes. Free-energy change equals -

R * T * ln((ap1^np1 * ap2^np2 * ... ) / (ar1^nr1 * ar2^nr2 * ... )), where R is gas constant, T is temperature, api is 

product chemical potential, npi is chemical-equation product number of moles, ari is reactant chemical potential, and 

nri is chemical-equation reactant number of moles. Chemical reactions, and all physical changes, are spontaneous if 

they release free energy. 

reaction 

To reverse reactions, second reaction, with more free energy change, must couple to reaction. Total free energy 

change then favors reverse reaction. Diffusion, evaporation, and solvation take energy from surroundings, or use their 

thermal energy, to drive other reactions. 

 

PHYS>Physics>Heat>Energy>Work 

 

work from heat 

Heat can exert force in direction and so do work {work, heat}|. Possible work energy is difference in heat energy 

between hotter region and colder region, which is available heat energy. Machines have ratio {efficiency, work} 

between work actually done and heat available or input work. Efficiency is high temperature Th minus low temperature 

Tc divided by high temperature: (Th - Tc) / Th. Engines have efficiency of 30%. 

 

Carnot cycle 

Ideal engines have four stages {Carnot cycle}|: isothermal heat gain, adiabatic gas expansion, isothermal heat loss, 

and adiabatic gas contraction. 

 

PHYS>Physics>Heat>Energy>Heat Capacity 

 

heat capacity 

Temperature increase causes material to increase random translational kinetic energy and so absorb heat {heat 

capacity}|. Material can absorb heat and gain random translational kinetic energy, so temperature rises. Heat capacity is 

heat needed to raise one gram of material one degree Celsius. Heat H equals mass m times heat capacity c times 

temperature change T: H = m * c * T. 

factors 

Heat capacity depends on material type. Chemicals can hold more or less heat depending on possible electric dipole 

states. Metal atoms have no vibrations and rotations. Metals have low heat capacity, because all heat goes into random 

translational motion, rather than into vibrations or rotations. Diatomic molecules are linear molecules. Diatomic 

molecules have medium heat capacity, because they have few vibrations and rotations. Water is triatomic, is 

asymmetric, and has hydrogen bonds between molecules. Water has high heat capacity. Large complex molecules in 

gasoline, clays, and ceramics have high heat capacity. Crystal structure can have chemical bonds, hydrogen bonds, van 

der Waals forces, or ionic bonds, allowing many vibration modes and high heat capacity. 

 

specific heat 

material heat capacity divided by water heat capacity {specific heat}|. 

 

PHYS>Physics>Heat>Explosion 

 

explosion 

In reactions {explosion}|, temperature increase can increase reaction rate, which then increases temperature, which 

then increases rate, and so on. Gas production increases rapidly. Gas propels outward from center if reaction makes 

heat more rapidly than heat can dissipate by thermal radiation or gas loss. Randomly moving molecules tend to bounce 

outward, because surface area is greater toward perimeter and smaller toward center. Explosions require heat to stay 

high enough to burn gas before gas can move far. 

burning 

Burning does not explode, because gas has unconfined gas expansion or has much thermal radiation, so heat spreads 

out by thermal radiation or gas loss faster than reaction makes heat. 
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deflagration 

Ignition can spread flame through flammable gas at subsonic speeds {deflagration}|, as heat diffuses through gas. 

Gas expands evenly. 

 

detonation 

Ignition can spread flame through flammable gas at supersonic speeds {detonation}|, because shock waves compress 

gas. Detonation causes engine knocking, because gas expands unevenly. 

 

implosion reaction 

In explosion-like reactions {implosion reaction}|, gas amount can decrease as temperature increase increases 

reaction rate, which then increases temperature, which then increases rate, and so on, because gas is reactant and 

products are not gases. 

 

PHYS>Physics>Heat>Flow 

 

heat flow 

Heat change can happen over time {heat flow}. Heat flow is from high-temperature region to low-temperature 

region. Heat flow converted to translational kinetic energy exerted in direction can do work. Engines use adiabatic and 

isothermal heat-flow stages to perform work. 

 

adiabatic 

Heat flow can have constant heat {adiabatic}|. Temperature goes up in one location and down in another location. 

 

isobaric 

Heat flow can have constant pressure {isobaric}|, typically in systems open to atmosphere. 

 

isothermal 

Heat flow can have constant temperature {isothermal}|. Heat flows into or out of heat sinks or sources. 

 

PHYS>Physics>Heat>Transfer 

 

conduction of heat 

In heat flow {conduction, heat}|, collisions among molecules can transfer translational random kinetic energy. 

materials 

Fluids are good heat conductors, because molecules move freely. Metals are good heat conductors, because electrons 

move freely. Diamonds have high thermal conductivity, because crystal vibrations transfer heat. 

area 

Conductive-heat flow rate increases as contact area increases. Adding fins to surfaces or roughing up surfaces 

increases surface area and conducts heat better. 

temperature 

Conductive-heat flow rate increases as temperature difference increases. At room temperature, good conductor, such 

as metal, feels cool to touch, because heat moves quickly away from warmer human body. Poor conductor, such as 

plastic or wool, feels neither cool nor warm. Steering wheel covers and seat covers reduce heat conductivity. 

 

convection of heat 

In heat flow {convection, heat}|, mass can move in another mass, as hotter fluid at lower density rises and cooler 

fluid at higher density falls or as masses mix, flow, or blow. Convection is non-random motion that transfers heat by 

mass movement. Convective-heat flow rate increases as temperature difference increases. Blowing on something to 

cool it uses convection. Radiators use convection. 

 

radiation of heat 

Electromagnetic-radiation emission or absorption {radiation, heat}| can transfer heat. 

fire 

Fire is electromagnetic radiation, emitting infrared and visible light from excited atoms in hot gas. Other objects can 

absorb radiation energy from fire and become hotter. 
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infrared 

Heat radiation is typically infrared radiation. Infrared radiation is high in materials above 100 degrees Celsius. 

color 

White or shiny surfaces do not absorb radiation well, reflect radiation back into themselves at surfaces, and do not 

radiate at all frequencies well. Black surfaces absorb radiation well, do not reflect radiation back into themselves at 

surfaces, and radiate at all frequencies well. 

 

black-body radiation 

Ideal objects {black body} can emit maximum heat radiation and have Planck distribution of radiation wavelengths 

and energies {black-body radiation}|. 

 

PHYS>Physics>Heat>Kinetics 

 

kinetic theory 

Gas molecules move randomly, have elastic collisions, are point-like, and have no interactions {kinetic theory}|. 

Ideal gases follow kinetic theory. Gas molecules have cross-sectional area, and hydrogen bonds and van der Waals 

forces make molecules slightly attract, so real gas molecules do not move completely randomly and have somewhat 

inelastic collisions. 

molecular collisions 

In gases, one cubic centimeter has 10^28 molecular collisions per second. Collision frequency increases as mass 

decreases, temperature increases, cross-sectional area increases, and density increases. 

molecular velocity 

Gas-molecule collisions distribute speeds and directions. Molecular-velocity distributions are Boltzmann 

distributions. Some molecules have low velocity. Most molecules are near average velocity. Few molecules have very 

high velocities. Average gas-molecule velocity at room temperature is 500 meters per second. Molecular velocity 

increases as mass decreases or temperature increases. 

 

Maxwell demon 

Maxwell envisioned a demon {Maxwell's demon} {Maxwell demon} that can see particle motions and act on 

particles individually, so perpetual motion of second kind can happen. However, demon, light, and energy are all 

system parts, so perpetual motion cannot happen. 

 

mean free path 

On average, particles travel short distances {mean free path}| between collisions. Mean free path is collision-

frequency inverse and measures average distance between gas molecules. Mean free path decreases as mass decreases, 

temperature increases, cross-sectional area increases, and density increases. 

 

partition of energy 

Systems have different motions and kinetic energies {degrees of freedom, partition}, such as translations, rotations, 

and vibrations. 

translation 

All particles can have translations. Average random translational kinetic energy determines temperature. 

rotations 

Spherically symmetric molecules cannot have net rotational motion. Linear molecules can have one rotational 

motion state. Two-dimensional molecules can have two rotational motion states. Three-dimensional molecules can 

have three rotational motion states. 

vibrations 

Molecules with chemical bonds can have vibration states. Vibrations can involve one bond and be along bond axis. 

Vibrations can involve two bonds and be across bond axes. Molecule symmetries can cancel vibration states. 

partition 

Heat can go equally into all available energy states {partition of energy, heat}|. If molecule has more rotation and/or 

vibration states, raising temperature requires more energy, because some heat does not become average random 

translation kinetic energy. 

partition: heat capacity 

Material heat capacity depends on molecular-motion degrees of freedom. Molecules with more rotation and/or 

vibration states have higher heat capacity. 
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partition: equipartition 

Motion-type average kinetic energies must be the same {equipartition, energy} {energy equipartition} {principle of 

equipartition of energy}, because energy transfers freely among states by collisions. 

amount 

Partition average kinetic energy KE is half Boltzmann constant k times temperature T: KE = 0.5 * k * T. 

 

PHYS>Physics>Heat>Phase 

 

latent heat 

As substance state changes, one mole loses or gains heat {latent heat}|. Latent heat changes molecular conformation 

and depends on substance type. Total heat Q needed to change state depends on substance mass m and latent heat L: Q 

= m*L. For liquid-to-gas state change, one mole of liquid gains heat {heat of vaporization} {vaporization heat}. For 

solid-to-liquid state change, one mole of solid gains heat {heat of fusion} {fusion heat}. 

 

state change 

Heating or cooling material can change phase {state change}| {change of state}, by changing chemical arrangement. 

Molecules spread farther apart, or pack closer together, and change potential energy. Phase changes can happen when 

increased heat translational kinetic energy causes increased volume, which favors new electrical-attraction structures. 

types 

State change can be condensation, vaporization, solidification, sublimation, or fusion. 

time 

Phase change is usually rapid. 

temperature 

Temperature is constant during state change, because added or removed kinetic energy goes into potential energy 

change, so average random translational kinetic energy is constant. 

pressure 

More pressure tends to lower state from gas to liquid to solid, because it compresses molecules and so lowers 

potential energy. 

 

PHYS>Physics>Heat>Phase>Gas 

 

boiling 

Adding heat to liquid can increase liquid vaporization until vapor pressure equals air pressure {boiling}|. Heating 

fluid makes bubbles. Bubbles are liquid vapor, not air bubbles. Boiling is only on pot bottom, because bottom is hottest. 

 

boiling point 

Liquid-to-gas state change is at a temperature {boiling point}| and pressure. 

 

vapor pressure 

Surface-molecule collisions make some molecules have enough energy to leave surface and make vapor, which has 

pressure {vapor pressure}|. Molecules that left liquid before can later fall back into liquid from vapor, so vapor pressure 

depends on outside pressure and temperature. Substances in liquid mixtures contribute partial pressure to total vapor 

pressure. Total vapor pressure equals sum of partial pressures. Mixed-liquid vapor pressure is less than pure-liquid 

vapor pressure. Vapor pressure equals mole fraction times pure-vapor pressure: P = f * P0. 

 

volatility 

State change from liquid to gas is easier if material has weaker bonds between molecules {volatility}|. Materials with 

small non-polar molecules, globular shape rather than linear shape, and small forces between molecules are volatile. 

Volatility is high if chemical potential is high. Solute amount that can vaporize depends on boiling point and 

vaporization enthalpy. If both are low, solute disrupts easily and leaves. 

 

azeotrope 

Vapor and liquid {azeotrope}| can have same composition, if they form third material or help each other dissociate. 

 

Dalton law 
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Partial pressure equals substance mole fraction in liquid times total pressure {Dalton's law} {Dalton law}. Total 

vapor pressure equals sum of partial pressures. 

 

vaporization 

Liquid can change to gas {vaporization}|. Vaporization causes drying. Liquid-to-gas state change is at a boiling point 

temperature and pressure. As liquid becomes gas, gas absorbs heat and cools surroundings, as in refrigeration and air 

conditioning. 

 

condensation of gas 

Gas can change to liquid {condensation, gas}|. Gas-to-liquid state change is at a temperature {condensation point} 

and pressure. Cold surfaces cool nearby air and cause air to lose water, which forms surface droplets. 

 

sublimation of phase 

Solid can change to gas {sublimation, heating}|. Solid-gas state change is at a temperature {sublimation point} and 

pressure. 

 

PHYS>Physics>Heat>Phase>Liquid 

 

fusion of solid 

Solid can change to liquid {fusion, melting}| {melting}. Solid-to-liquid state change is at a temperature {melting 

point} and pressure. 

 

regelation 

If pressure on melted ice decreases, ice freezes again {regelation, ice}|. 

 

supercooling 

If liquid has no dirt, bubbles, or other crystallization initiators, it can cool below freezing point {supercooling}| 

without solidifying. 

 

solidification 

Liquid or gas can turn into solid {solidification}| {freezing} upon heat loss or removal. Solid-liquid state change is at 

freezing-point temperature and pressure. 

 

eutectic 

about mixture-solidification temperature {eutectic}. 

 

PHYS>Physics>Heat>Thermionic Emission 

 

thermionic emission 

High temperature can separate electrons from atoms and cause electrons to leave metal or metal-oxide surface 

{Edison effect} {thermionic emission, heat}|. 

 

space charge 

Thermionic emission leaves surface positive charge {space charge, thermionic}. 

 


