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The speed of light in vacuum, commonly denoteg is a universal physical constant important Speed of light
in many areas of physics. Its value is exa@9@ 792 458 metres per second, as the length of

the metre is defined from this constant and the internatistaadard for timé! According to
special relativity C is the maximum speed at which all matter and information entthiverse

can travel. It is the speed at which all massless particldchanges of the associated fields
(including electromagnetic radiation such as light andiigaional waves) travel in vacuum.
Such particles and waves travelGategardless of the motion of the source or the inertial frame
of reference of the observer. In the theory of relativitynterrelates space and time, and also

appears in the famous equation of mass—energy equivaEndmCZ.[z]

+ Moon

Earth

Sunlight takes about 8 minutes 17 seconds to
The speed at which light propagates through transparemtiakst such as glass or air, is less | travel the average distance from the surface of the
thanC. The ratio betweeg and the speell at which light travels in a material is called the Sun to the Earth.
refractive indexn of the material 1 = C/ V). For example, for visible light the refractive index Exact values
of glass is typically around 1.5, meaning that light in glassels atC/ 1.5~ 200 000 km/s; the
refractive index of air for visible light is about 1.0003, @ speed of light in air is about metres per second 299792 458
299 700 km/s or 90 km/s slower th&n Planck length per Planck timel

(i.e., Planck units)
For many practical purposes, light and other electromagmetves will appear to propagate

. . " . Approximate values (to three significant digits)
instantaneously, but for long distances and very sensitieasurements, their finite speed has Fe ( s gty

noticeable effects. In communicating with distant spaces, it can take minutes to hours for gilometres per hour 1080 million
message to get from Earth to the spacecraft, or vice versaligiit seen from stars left them (1.08 x16)
many years ago, aIIc_)Wing the.stydy of the hist.ory of thg uisigdoy looking at distapt objects. miles per second 186 000
The finite speed of light also limits the theoretical maximspeed of computers, since _ N
information must be sent within the computer from chip tqocHine speed of light can be used Miles per hour 671 million
with time of flight measurements to measure large distatebggh precision. (6.71 x16)

Ole Rgmer first demonstrated in 1676 that light travels anitefspeed (as opposed to astronomical units per day g 7gNote 1

instantaneously) by studying the apparent motion of Jupiteoon lo. In 1865, James Clerk Approximate light signal travel times
Maxwell proposed that light was an electromagnetic wavd,tharefore travelled at the speed

Distance Time
appearing in his theory of electromagneti[s?’l]ﬂn 1905, Albert Einstein postulated that the one foot 1.0ns
speed of light with respect to any inertial frame is indepaTtadf the motion of the light source, . 33

one metre .o Ns

4l and explored the consequences of that postulate by detivingpecial theory of relativity . )
and showing that the paramet&had relevance outside of the context of light and (g0 EEeLIEnEny i A0S
electromagnetism. After centuries of increasingly precigasurements, in 1975 the speed of Earth

light was known to be 299 792 458 m/s with a measurement taiogr of 4 parts per billion. In | the length of Earth's equator 134 ms
1983, the metre was redefined in the International Systeldnis (SI) as the distance travelled tom Moon to Earth 13s

by light in vacuum in 1/299 792 458 of a second. As a resultntinaerical value o€ in metres

) ] o from Sun to Earth (1 AU) 8.3 min
per second is now fixed exactly by the definition of the métre

one light year 1.0 year
one parsec 3.26 years
Contents from nearest star to Sun (1.3 4.2 years

pc)
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Numerical value, notation, and units

The speed of lightin vacuum is usually denoted by a lowercaf® "constant” or the Latieleritas(meaning "swiftness"). Originally, the

symbolV was used for the speed of light, introduced by James Clerkadlin 1865. In 1856, Wilhelm Eduard Weber and Rudolf Kohkeh
had used: for a different constant later shown to equd times the speed of light in vacuum. In 1894, Paul Drude iaddf with its modern
meaning. Einstein usédin his original German-language papers on special retatini1905, but in 1907 he switched ¢owhich by then had

become the standard symt@[?l

Sometimes is used for the speed of wavesdny material medium, and,, for the speed of light in vacuutll This subscripted notation, which is

endorsed in official Sl literatur®! has the same form as other related constants: namglyr the vacuum permeability or magnetic constapt,
for the vacuum permittivity or electric constant, afigffor the impedance of free space. This article usexclusively for the speed of light in
vacuum.

Since 1983, the metre has been defined in the Internatigrstd® of Units (SI) as the distance light travels in vacuurt/RB9 792 458 of a
second. This definition fixes the speed of light in vacuurexactly 299 792 458 miILOIL A5 a dimensional physical constant, the numerical
value ofc is different for different unit systen%'.Ote 2in branches of physics in whiahappears often, such as in relativity, it is common to use

systems of natural units of measurement or the geometrigiédystem where = 11314l Using these units; does not appear explicitly because
multiplication or division by 1 does not affect the result.

Fundamental role in physics

The speed at which light waves propagate in vacuum is indispeirboth of the motion of the wave source and of the inenteah® of referencef
the observef°®® 3 This invariance of the speed of light was postulated by Einsn 1905 after being motivated by Maxwell's theory of

electromagnetism and the lack of evidence for the lumioiferaethel™! it has since been consistently confirmed by many experisaétis only
possible to verify experimentally that the two-way speetighft (for example, from a source to a mirror and back agarijame-independent,
because it is impossible to measure the one-way speed offilgrexample, from a source to a distant detector) withome convention as to
how clocks at the source and at the detector should be symizktb However, by adopting Einstein synchronization fier tlocks, the one-way

speed of light becomes equal to the two-way speed of Iightdﬁiylhion.[14][16] The special theory of relativity explores the consequentdsis

invariance ofc with the assumption that the laws of physics are the samé ineatial frames of referendé’ 18 one consequence is thais the
speed at which all massless particles and waves, incluidjhy must travel in vacuum.

Special relativity has many counterintuitive and expenita8ly verified implicationé.lg] These include the equivalence

of mass and energg(= mcz), length contraction (moving objects shorté'}ll‘jt,e 4and time dilation (moving clocks run
more slowly). The factoy by which lengths contract and times dilate is known as theehtarfactor and is given by=
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(1 —v2/c2)'1/2, wherev is the speed of the object. The difference éfom 1 is negligible for speeds much slower than
such as most everyday speeds—in which case special rglasigcliosely approximated by Galilean relativity—but it
increases at relativistic speeds and diverges to infisityapproaches.

The results of special relativity can be summarized by imgatpace and time as a unified structure known as spacetinr
(with crelating the units of space and time), and requiring thasjay theories satisfy a special symmetry called

ZE <5 Lorentz invariance, whose mathematical formulation ciostéhe parameter.[zz] Lorentz invariance is an almost
The Lorentz factop universal assumption for modern physical theories, suatuaatum electrodynamics, quantum chromodynamics, the

L

as a function of Standard Model of particle physics, and general relatiifysuch, the parametetis ubiquitous in modern physics,
velocity. It starts at 1 appearing in many contexts that are unrelated to light. kample, general relativity predicts thats also the speed of
f”‘"_d _approaCheS gravity and of gravitational wavee 24 |n non-inertial frames of reference (gravitationally cedvspace or accelerated
infinity asv reference frames), tHecal speed of light is constant and equaktdout the speed of light along a trajectory of finite
approaches.

length can differ front, depending on how distances and times are deffidd.

It is generally assumed that fundamental constants sucthasge the same value throughout spacetime, meaning thatithegt depend on
location and do not vary with time. However, it has been satggkin various theories that the speed of light may havegdthover timd?eli27]
No conclusive evidence for such changes has been found, huteh®in the subject of ongoing resealkfi2]

It also is generally assumed that the speed of light is ipatraneaning that it has the same value regardless of thetidingn which it is
measured. Observations of the emissions from nuclear glergls as a function of the orientation of the emitting miich a magnetic field (see
Hughes—Drever experiment), and of rotating optical resmsdsee Resonator experiments) have put stringent lonitee possible two-way

anisotrop);.go][‘q’l]
Upper limit on speeds

According to special relativity, the energy of an objecthai¢st massn and speed is given byymcz, wherey is the Lorentz factor defined above.

Whenv is zero,y is equal to one, giving rise to the famols mc? formula for mass—energy equivalence. Tifactor approaches infinity as
approaches, and it would take an infinite amount of energy to acceleast®bject with mass to the speed of light. The speed of ligihtasupper

limit for the speeds of objects with positive rest mass. Thexperimentally established in many tests of relatiwistiergy and momentuh]

More generally, it is normally impossible for information @nergy to travel faster than One argument for this
follows from the counter-intuitive implication of specialativity known as the relativity of simultaneity. If the
spatial distance between two events A and B is greatertti@time interval between them multiplied byhen
there are frames of reference in which A precedes B, othewbich B precedes A, and others in which they are
simultaneous. As a result, if something were travellingeiathanc relative to an inertial frame of reference, it

would be travelling backwards in time relative to anothanfe, and causality would be violatb¥'® 5134 |n such
a frame of reference, an "effect” could be observed befsr&#@use”. Such a violation of causality has never bee

recorded!® and would lead to paradoxes such as the tachyonic antimm{ﬂ?]

Faster -than-light observations and experiments Event A precedes B in the
red frame, is simultaneous

There are situations in which it may seem that matter, energnformation travels at speeds greater tbabut with B in the green frame,

they do not. For example, as is discussed in the propagadtiahbin a medium section below, many wave and follows B in the blue

velocities can exceed For example, the phase velocity of X-rays through mostsgisa€an routinely exceey>®]  frame.
but phase velocity does not determine the velocity at whiakes convey informatiok’!

If a laser beam is swept quickly across a distant object, pbedf light can move faster thar although the initial movement of the spot is
delayed because of the time it takes light to get to the distaject at the speed However, the only physical entities that are moving areldiser
and its emitted light, which travels at the spexfdom the laser to the various positions of the spot. Simjilalshadow projected onto a distant

object can be made to move faster tltaafter a delay in timé&®! In neither case does any matter, energy, or informatioretriaster than light.
[39]

The rate of change in the distance between two objects imaefaf reference with respect to which both are moving (thlesing speed) may
have a value in excess of However, this does not represent the speed of any singéetodg measured in a single inertial fraliia.

Certain quantum effects appear to be transmitted instaotesty and therefore faster theras in the EPR paradox. An example involves the
quantum states of two particles that can be entangled. &ittiér of the particles is observed, they exist in a supdipnof two quantum states.
If the particles are separated and one particle's quantmistobserved, the other particle's quantum state isrdieted instantaneously (i.e.,
faster than light could travel from one particle to the ojhelowever, it is impossible to control which quantum stéie first particle will take on

when it is observed, so information cannot be transmittetiimimannefI40]
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Another quantum effect that predicts the occurrence oéfatstan-light speeds is called the Hartman effect; undeaireconditions the time
needed for a virtual particle to tunnel through a barriemisstant, regardless of the thickness of the baltd#?! This could result in a virtual
particle crossing a large gap faster-than-light. Howenerinformation can be sent using this efféd.

So-called superluminal motion is seen in certain astrooahuibjectéfm] such as the relativistic jets of radio galaxies and quastowsever, these
jets are not moving at speeds in excess of the speed of light: tharapt superluminal motion is a projection effect causedtljgcts moving near
the speed of light and approaching Earth at a small anglestbrif of sight: since the light which was emitted when thenjas farther away took

longer to reach the Earth, the time between two successsergdtions corresponds to a longer time between the isstéamthich the light rays

were emitted*?

In models of the expanding universe, the farther galaxiesram each other, the faster they drift apart. This receimgt due to motiothrough

space, but rather to the expansion of space itsdiFor example, galaxies far away from Earth appear to be mawvay from the Earth with a
speed proportional to their distances. Beyond a bounddlgdcie Hubble sphere, the rate at which their distance famth increases becomes

greater than the speed of Iig[ﬁ?.]

Propagation of light

In classical physics, light is described as a type of electignetic wave. The classical behaviour of the electrontagfield is described by
Maxwell's equations, which predict that the speedth which electromagnetic waves (such as light) propagateugh the vacuum is related to

the electric constant, and the magnetic constamj by the equatiort = l/\leouo.[M] In modern quantum physics, the electromagnetic field is

described by the theory of quantum electrodynamics (QEDthik theory, light is described by the fundamental exicitet (or quanta) of the
electromagnetic field, called photons. In QED, photonsnaassless particles and thus, according to special reigtiliey travel at the speed of
light in vacuum.

Extensions of QED in which the photon has a mass have beeideoed. In such a theory, its speed would depend on its frezyyend the
invariant speed of special relativity would then be the upper limit of the sdef light in vacuur?® No variation of the speed of light with
frequency has been observed in rigorous teéﬁﬁ&,gl[w] putting stringent limits on the mass of the photon. The liohitained depends on the
model used: if the massive photon is described by Procayﬁ%rthe experimental upper bound for its mass is abon’z.LQrams[Fz] if photon
mass is generated by a Higgs mechanism, the experimentat lipyit is less sharpm < 10 4 ev/c? Bl (roughly 2 x 1047 Q).

Another reason for the speed of light to vary with its frequewould be the failure of special relativity to apply to drhrily small scales, as
predicted by some proposed theories of quantum gravity00®2the observation of the spectrum of gamma-ray burst GRE10 did not find
any difference in the speeds of photons of different ensergienfirming that Lorentz invariance is verified at leastw to the scale of the Planck

length (= VAGIC® ~ 1.6163 x 10°° m) divided by 1.2>%!

In a medium

In a medium, light usually does not propagate at a speed égoalurther, different types of light wave will travel at diffent speeds. The speed
at which the individual crests and troughs of a plane wavegeewilling the whole space, with only one frequency) pragags called the phase
velocityvp. An actual physical signal with a finite extent (a pulse ghlj) travels at a different speed. The largest part of theghvels at the

group velocityvg, and its earliest part travels at the front veloaity

The phase velocity is important in determining how a lighvevéravels through a material or from one material to
another. It is often represented in terms o€&active indexThe refractive index of a material is defined as the
ratio of ¢ to the phase veIocityp in the material: larger indices of refraction indicate lowpeeds. The refractive

index of a material may depend on the light's frequencyniitg, polarization, or direction of propagation; in
many cases, though, it can be treated as a material-degesatestant. The refractive index of air is

approximately 1.0008 Denser media, such as wafet, glass[,56] and diamond®™ have refractive indexes of
The blue dot moves atthe  around 1.3, 1.5 and 2.4, respectively, for visible lightekotic materials like Bose—Einstein condensates near
speed of the ripples, the absolute zero, the effective speed of light may be only a fetres per second. However, this represents
phase velocity; the green dot  absorption and re-radiation delay between atoms, as dielsthane speeds in material substances. As an
moves with the speed of the  extreme example of this, light "slowing" in matter, two ipgadent teams of physicists claimed to bring light to a
envelope, the group velocity;  "complete standstill" by passing it through a Bose—Eims@bndensate of the element rubidium, one team at
and the red dot moves with Harvard University and the Rowland Institute for Scienc€ambridge, Mass., and the other at the Harvard—
the speed of the foremost part Smithsonian Center for Astrophysics, also in Cambridgewvéler, the popular description of light being

of the pulse, the front "stopped" in these experiments refers only to light beiogest in the excited states of atoms, then re-emitted at a

velocity arbitrarily later time, as stimulated by a second lasergaulairing the time it had "stopped,” it had ceased to be
light. This type of behaviour is generally microscopicaliye of all transparent media which "slow" the speed of
light 58!
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In transparent materials, the refractive index generaliyréater than 1, meaning that the phase velocity is lessctHarother materials, it is
possible for the refractive index to become smaller tharr $dme frequencies; in some exotic materials it is even pleskir the index of

refraction to become negati\L'rég.] The requirement that causality is not violated implies thatreal and imaginary parts of the dielectric constant
of any material, corresponding respectively to the indeseéfaction and to the attenuation coefficient, are linkgdhe Kramers—Kronig

relations’® In practical terms, this means that in a material with reffv@dndex less than 1, the absorption of the wave is so qhiakro signal
can be sent faster tham

A pulse with different group and phase velocities (whichuwsdf the phase velocity is not the same for all the frequesof the pulse) smeacsi
over time, a process known as dispersion. Certain matéwais an exceptionally low (or even zero) group velocity fgihi waves, a phenomenon
called slow light, which has been confirmed in various ei(pents[.Gl][GZ][63][64] The opposite, group velocities exceedmdnas also been shown
in experimen{.ss] It should even be possible for the group velocity to becorfigite or negative, with pulses travelling instantanegusl

backwards in timé&®!

None of these options, however, allow information to be trantdifaster tham. It is impossible to transmit information with a light pulaay
faster than the speed of the earliest part of the pulse (tm felocity). It can be shown that this is (under certairuagstions) always equal ©
[66]

It is possible for a particle to travel through a medium fagiten the phase velocity of light in that medium (but stidwser thanc). When a
charged particle does that in a dielectric material, thetedenagnetic equivalent of a shock wave, known as Chererddiation, is emitted®”]

Practical effects of finiteness

The speed of light is of relevance to communications: thewag and round-trip delay time are greater than zero. Thidiepfrom small to
astronomical scales. On the other hand, some techniquesdep the finite speed of light, for example in distance meaments.

Small scales

In supercomputers, the speed of light imposes a limit on haiekiy data can be sent between processors. If a processaatep at 1 gigahertz, a
signal can only travel a maximum of about 30 centimetres)(ib fa single cycle. Processors must therefore be places ¢teach other to
minimize communication latencies; this can cause difficulith cooling. If clock frequencies continue to increafe speed of light will

eventually become a limiting factor for the internal desigisingle chipé.sg]

Largedistances on Earth

For example, given the equatorial circumference of thetEarabout 40 075 km antlabout 300 000 km/s, the theoretical shortest time for a
piece of information to travel half the globe along the scefés about 67 milliseconds. When light is travelling arotimel globe in an optical fibre,
the actual transit time is longer, in part because the spkkghois slower by about 35% in an optical fibre, dependimgits refractive index.

%91 Furthermore, straight lines rarely occur in global comroations situations, and delays are created when the sigsaép through an
electronic switch or signal regenera%(?].

Spaceflights and astronomy

Similarly, communications between the Earth and spacearafot instantaneous. There is a brief delay from
the source to the receiver, which becomes more noticeallist@nces increase. This delay was significant fo — .
communications between ground control and Apollo 8 wheerdtme the first manned spacecraft to orbit the A béam of light is depicted

Moon: for every question, the ground control station had it at least three seconds for the answer to arrive. ravelling between the Earth and

- , , . the Moon in the time it tak:
(11 The communications delay between Earth and Mars can vaneeetfive and twenty minutes depending o - e e iaxes a
light pulse to move between

upon the relative positions of the two planets. As a consecpief this, if a robot on the surface of Mars were them: 1.255 ds at thei

to encounter a problem, its human controllers would not barewf it until at least five minutes later, and em .b' Isecofn sa e';

possibly up to twenty minutes later; it would then take affartfive to twenty minutes for instructions to travel Mean orbital (surface-to-surface)
distance. The relative sizes and

from Earth to Mars.
separation of the Earth—Moon

NASA must wait several hours for information from a probe orlgtiupiter, and if it needs to correct a system are shown to scale.
navigation error, the fix will not arrive at the spacecraift &n equal amount of time, creating a risk of the
correction not arriving in time.

Receiving light and other signals from distant astronoisoarces can even take much longer. For example, it has fickkbiilion (13 x 1(9)
years for light to travel to Earth from the faraway galaxiésmed in the Hubble Ultra Deep Field imadé%].m] Those photographs, taken today,

capture images of the galaxies as they appeared 13 bikiarsyago, when the universe was less than a billion yeal%%rﬂne fact that more
distant objects appear to be younger, due to the finite spekght, allows astronomers to infer the evolution of starkgalaxies, and of the
universe itself.
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Astronomical distances are sometimes expressed in ligdutsy especially in popular science publications and niétia light-year is the
distance light travels in one year, around 9461 billiowkietres, 5879 billion miles, or 0.3066 parsecs. In rougdrés, a light year is nearly

10 trillion kilometres or nearly 6 trillion miles. ProxenCentauri, the closest star to Earth after the Sun, is aréuhlight-years aan.S]

Distance measur ement

Radar systems measure the distance to a target by the tiake# & radio-wave pulse to return to the radar antenna &fieg beflected by the
target: the distance to the target is half the round-tripgitatime multiplied by the speed of light. A Global Positing System (GPS) receiver
measures its distance to GPS satellites based on how laigi for a radio signal to arrive from each satellite, anthftbese distances
calculates the receiver's position. Because light traaedsit 300 000 kilometres (186 000 mi) in one second, thessurements of small
fractions of a second must be very precise. The Lunar LasegiRg Experiment, radar astronomy and the Deep Space Netiedermine

distances to the Modi®! planetém and spacecraﬁ,a] respectively, by measuring round-trip transit times.
High-frequency trading

The speed of light has become important in high-frequeramjinig, where traders seek to gain minute advantages byedelivtheir trades to
exchanges fractions of a second ahead of other tradersx&omde traders have been switching to microwave commuoitabetween trading
hubs, because of the advantage which microwaves travellingar to the speed of light in air, have over fibre optic aignvhich travel 30-40%

slower at the speed of light through glé@.

M easur ement

There are different ways to determine the value.ddne way is to measure the actual speed at which light wawgmpate, which can be done in
various astronomical and earth-based setups. Howevsmliéd possible to determiedrom other physical laws where it appears, for example, b
determining the values of the electromagnetic constgraadu, and using their relation te. Historically, the most accurate results have been

obtained by separately determining the frequency and \wwagéh of a light beam, with their product equalliag

In 1983 the metre was defined as "the length of the path teély light in vacuum during a time interval &599 792 a50f @ second®! fixing

the value of the speed of light at 299 792 458 m/s by defimjtas described below. Consequently, accurate measureofahe speed of light
yield an accurate realization of the metre rather than aarate value ot.

Astronomical measur ements

Outer space is a convenient setting for measuring the sgdigthitbecause of its large scale and nearly
perfect vacuum. Typically, one measures the time needdfdrto traverse some reference distance in
the solar system, such as the radius of the Earth's orbiiofitially, such measurements could be made
fairly accurately, compared to how accurately the lengtthefreference distance is known in Earth-
based units. It is customary to express the results in astimal units (AU) per day.

Ole Christensen Rgmer used an astronomical measuremenkéothe first quantitative estimate of the

speed of light®™82 when measured from Earth, the periods of moons orbitingtartiglanet are Measurement of the speed of light using
shorter when the Earth is approaching the planet than wheeRdinth is receding from it. The distance  the eclipse of lo by Jupiter

travelled by light from the planet (or its moon) to Earth i®gkr when the Earth is at the point in its

orbit that is closest to its planet than when the Earth isafainthest point in its orbit, the difference in distancenigehe diameter of the Earth's

orbit around the Sun. The observed change in the moon'sbplitiod is caused by the difference in the time it take< ligltraverse the shorter

or longer distance. R@mer observed this effect for Jupitenermost moon lo and deduced that light takes 22 minutets the diameter of the
Earth's orbit.

Another method is to use the aberration of light, discovened explained by James Bradley in the 18th century. \/ v
.~ Apparent
e/\ T

[83] This effect results from the vector addition of the veloafylight arriving from a distant source (such as a Sourc Source /N
star) and the velocity of its observer (see diagram on th&)iig moving observer thus sees the light coming from

a slightly different direction and consequently sees theamat a position shifted from its original position. Since 7
the direction of the Earth's velocity changes continuoaslyhe Earth orbits the Sun, this effect causes the ;”
apparent position of stars to move around. From the angiffarehce in the position of stars (maximally 20.5 /

arcsecondg‘” it is possible to express the speed of light in terms of thelEavelocity around the Sun, which
with the known length of a year can be converted to the timeleé¢o travel from the Sun to the Earth. In 1729,
Bradley used this method to derive that light travelled 10,8mes faster than the Earth in its orbit (the modern
figure is 10,066 times faster) or, equivalently, that it \ebtake light 8 minutes 12 seconds to travel from the Sun

to the EartH®] ! : :
Aberration of light: light

from a distant source appears
to be from a different
location for a moving
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Astronomical unit telescope due to the finite

. . . . . . _ speed of light.
An astronomical unit (AU) is approximately the averageatise between the Earth and Sun. It was redefined in

2012 as exactly 149 597 870 700/5n[86] Previously the AU was not based on the International Systeldnis
but in terms of the gravitational force exerted by the Suh@ftamework of classical mechanit€® 81 The current definition uses the

recommended value in metres for the previous definitiorhefastronomical unit, which was determined by measureRRTthis redefinition is
analogous to that of the metre, and likewise has the effefixiofy the speed of light to an exact value in astronomicaisuper second (via the
exact speed of light in metres per second).

Previously, the inverse df expressed in seconds per astronomical unit was measuremiripacing the time for radio signals to reach different
spacecraft in the Solar System, with their position cakeadrom the gravitational effects of the Sun and various@ts. By combining many
such measurements, a best fit value for the light time perdistance could be obtained. For example, in 2009, the Istist&e, as approved by

the International Astronomical Union (IAU), waeo]

light time for unit distance: 499.004 783 836(10) s
¢ =0.002 003 988 804 10(4) AU/s = 173.144 632 674(3) Aly/d

The relative uncertainty in these measurements is 0.02 partbillion (2 x 1011), equivalent to the uncertainty in Earth-based measurenoén

length by interferometri?o] Since the metre is defined to be the length travelled by liglatcertain time interval, the measurement of the light
time in terms of the previous definition of the astronomigait can also be interpreted as measuring the length of anofdUdgfinition) in

metredNote 7]

Time of flight techniques

A method of measuring the speed of light is to measure thengeeled for light to travel to a mirror at a known distance aackbThis is the
working principle behind the Fizeau—Foucault apparatveldg@ed by Hippolyte Fizeau and Léon Foucault.

The setup as used by Fizeau consists of a beam of light ditrett mirror 8 kilometres (5 mi) away. On the way

from the source to the mirror, the beam passes through angigwheel. At a certain rate of rotation, the beam
passes through one gap on the way out and another on the wiayblodat slightly higher or lower rates, the beam
strikes a tooth and does not pass through the wheel. Knolwangistance between the wheel and the mirror, the

number of teeth on the wheel, and the rate of rotation, thedspélight can be calculated!

The method of Foucault replaces the cogwheel by a rotatingpmBecause the mirror keeps rotating while the
light travels to the distant mirror and back, the light ideefed from the rotating mirror at a different angle on its
way out than it is on its way back. From this difference in anglhe known speed of rotation and the distance to

the distant mirror the speed of light may be calculdfél.

Diagram of the Fizeau
apparatus

Nowaday, using oscilloscopes with time resolutions of less thanmamosecond, the speed of light can be directly measuredniygtithe delay
of a light pulse from a laser or an LED reflected from a mirfbhis method is less precise (with errors of the order of 1% htbther modern

techniques, but it is sometimes used as a laboratory exestiim college physics classglo4los]

Electromagnetic constants

An option for derivingc that does not directly depend on a measurement of the pripagd electromagnetic waves is to use the relation
betweerc and the vacuum permittivity, and vacuum permeability, established by Maxwell's theory? = Uegug)- The vacuum permittivity
may be determined by measuring the capacitance and dinmsnsfi@ capacitor, whereas the value of the vacuum permigabifixed at exactly
4rx 10" H-m™t through the definition of the ampere. Rosa and Dorsey udedtbthod in 1907 to find a value of 299 710 +22 ki Ao7]

Cavity resonance

Another way to measure the speed of light is to independemtigsure the frequenéynd wavelengthi of an
electromagnetic wave in vacuum. The valueafan then be found by using the relatior f1. One option is to
measure the resonance frequency of a cavity resonatoe fithensions of the resonance cavity are also known,
these can be used determine the wavelength of the wave. 6) L8dis Essen and A.C. Gordon-Smith established
the frequency for a variety of normal modes of microwaves wliccowave cavity of precisely known dimensions.

The dimensions were established to an accuracy of abouft08sing gauges calibrated by interferomé?lﬁ}.
As the wavelength of the modes was known from the geometryeotavity and from electromagnetic theory,

knowledge of the associated frequencies enabled a catmulaitthe speed of Iigi{?.ﬁ][%]

The Essen—Gordon-Smith result, 299 792 +9 km/s, was sutizty more precise than those found by optical ~ Electromagnetic standing
techniqued®® By 1950, repeated measurements by Essen established teofez@® 792.5 +3.0 km/E! waves in a cavity.
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A household demonstration of this technique is possibiegus microwave oven and food such as marshmallows or maegafithe turntable is
removed so that the food does not move, it will cook the fastethe antinodes (the points at which the wave amplitudedgteatest), where it
will begin to melt. The distance between two such spots isthalwavelength of the microwaves; by measuring this distaand multiplying the
wavelength by the microwave frequency (usually displayethe back of the oven, typically 2450 MHz), the valuecafan be calculated, "often

with less than 5% errot00l101]

Interferometry

Interferometry is another method to find the wavelengthle€®omagnetic radiation for determining

the speed of Iigh[ll.ozl A coherent beam of light (e.g. from a laser), with a known érexcy ), is split

to follow two paths and then recombined. By adjusting thé paigth while observing the interference
pattern and carefully measuring the change in path lengghwavelength of the lightj can be
determined. The speed of light is then calculated using go@tionc = Af.

<4
m- 4R
< 8

An interferometric determination of
length. Left: constructive interference;
Right: destructive interference.

Before the advent of laser technology, coherent radio ssun@re used for interferometry

measurements of the speed of Ii&l’?ﬁl However interferometric determination of wavelength brees
less precise with wavelength and the experiments were ithited in precision by the long wavelength
(~0.4 cm) of the radiowaves. The precision can be improyealing light with a shorter wavelength,
but then it becomes difficult to directly measure the fragpeof the light. One way around this
problem is to start with a low frequency signal of which thegfuency can be precisely measured, and
from this signal progressively synthesize higher freqyesignals whose frequency can then be linked to the origigaks. A laser can then be

locked to the frequency, and its wavelength can be detednising interferometri}.o“] This technique was due to a group at the National Bureat
of Standards (NBS) (which later became NIST). They used16iR2 to measure the speed of light in vacuum with a fractianagrtainty of
3.5 x 109 [1041[105]

History

Until the early modern period, it was not known whether lighvelled

instantaneously or at a very fast finite speed. The firsiixtecorded examination of
this subject was in ancient Greece. The ancient Greeks,iissholars and classical 1
European scientists long debated this until Remer providedirst calculation of the

History of measurements of ¢ (in km/s)

675/ Remer and Huygens, 220 00 @821106]

moons of Jupiter

speed of light. Einstein's Theory of Special Relativity clowled that the speed of 1729, James Bradley, 301 00d°Y
light is constant regardless of one's frame of referenceesthen, scientists have aberration of light
provided increasingly accurate measurements. 1849| Hippolyte Fizean, "
Early history toothed wheel
1862 Léon Foucault, 298 000 +5084

Empedocles (c. 490-430 BC) was the first to claim that ligte & finite speet %8 rotating mirror

He maintained that light was something in motion, and tr@eefmust take some time 1997
to travel. Aristotle argued, to the contrary, that "lightlise to the presence of

something, but it is not a movement®? Euclid and Ptolemy advanced Empedocles’ g,¢
emission theory of vision, where light is emitted from the gthus enabling sight.
Based on that theory, Heron of Alexandria argued that thedspélight must be

Rosa and Dorsey,
EM constants

Albert A. Michelson,
rotating mirror

299 710 +366197]

299 796 +4'97]

1950

infinite because distant objects such as stars appear imtadupon opening the
eyes.

Early Islamic philosophers initially agreed with the Adttlian view that light had no 1958

speed of travel. In 1021, Alhazen (Ibn al-Haytham) publistie Book of Opticsin

which he presented a series of arguments dismissing thesiemiheory of visionin | 1972
favour of the now accepted intromission theory, in whictitigoves from an object
into the eye[.110] This led Alhazen to propose that light must have a finite dpﬂa(@] 1983

U112 and that the speed of light is variable, decreasing in demsgips 12113
He argued that light is substantial matter, the propagatiavhich requires time,

Essen and Gordon-Smithyqq 792 5 +3 [§°
cavity resonator

K.D. Froome,
radio interferometry

299 792.50 +0.16%!

Evensort al.,,
laser interferometry

17th CGPM,
definition of the metre

299 792.4562 +0.00110%

299 792.458 (exactf”

even if this is hidden from our sensé$? Also in the 11th century, AlbRaythan al-Birint agreed that light has a finite speed, and observed that

the speed of light is much faster than the speed of s&nb.

In the 13th century, Roger Bacon argued that the speed dfitighir was not infinite, using philosophical arguments ket by the writing of
Alhazen and Avristotlé* 611171 | the 1270s, Witelo considered the possibility of lighteHing at infinite speed in vacuum, but slowing down in

denser bodie&18

In the early 17th century, Johannes Kepler believed thaspleed of light was infinite, since empty space presents staoke to it. René
Descartes argued that if the speed of light were to be fitli,eSun, Earth, and Moon would be noticeably out of alignndeming a lunar eclipse.
Since such misalignment had not been observed, Descartelsided the speed of light was infinite. Descartes speedlttat if the speed of light
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were found to be finite, his whole system of philosophy migeltiemolisheéll.ogl In Descartes' derivation of Snell's law, he assumed that eve
though the speed of light was instantaneous, the more deaseddium, the faster was light's spé]é@] Pierre de Fermat derived Snell's law
using the opposing assumption, the more dense the mediusiother light traveled. Fermat also argued in support of efispeed of IighE.lzo]

First measurement attempts

In 1629, Isaac Beeckman proposed an experiment in whichsapebserves the flash of a cannon reflecting off a mirrouaiboe mile (1.6 km)
away. In 1638, Galileo Galilei proposed an experiment, aitrapparent claim to having performed it some years eattiengcasure the speed of
light by observing the delay between uncovering a lantethi@rperception some distance away. He was unable to dissimgvhether light travel

was instantaneous or not, but concluded that if it were hotust nevertheless be extraordinarily raBﬁ}.][lzzl Galileo's experiment was carried
out by the Accademia del Cimento of Florence, Italy, in 168ifh the lanterns separated by about one mile, but no detesyoliserved. The
actual delay in this experiment would have been about 1lasémonds.

The first quantitative estimate of the speed of light was enadl676 by Rgmer (see Rgmer's determination of the

speed of Iight)[.Bl][BZ] From the observation that the periods of Jupiter's innermao®n lo appeared to be shorter when
the Earth was approaching Jupiter than when receding frdme itoncluded that light travels at a finite speed, and
estimated that it takes light 22 minutes to cross the dianoétarth's orbit. Christiaan Huygens combined this
estimate with an estimate for the diameter of the Earth's trlobtain an estimate of speed of light of 220 000 km/s,

26% lower than the actual valli?®!

In his 1704 boolOpticks Isaac Newton reported R@mer's calculations of the figed of light and gave a value of
"seven or eight minutes" for the time taken for light to trafvem the Sun to the Earth (the modern value is 8 minutes

19 seconds[)1.23] Newton queried whether Rgmer's eclipse shadows were ealpbearing that they were not, he

concluded the different colours travelled at the same sfdeeli’29, James Bradley discovered stellar aberrddion.
From this effect he determined that light must travel 10,@h@s faster than the Earth in its orbit (the modern figure is

10,066 times faster) or, equivalently, that it would talghti8 minutes 12 seconds to travel from the Sun to the Earth.
[83]

R@mer's observations of

the occultations of o Connections with electr omagnetism
from Earth

In the 19th century Hippolyte Fizeau developed a method terdene the speed of light based on time-of-flight
measurements on Earth and reported a value of 315 000 kis/méthod was improved upon by Léon Foucault who obtainedue\at

298 000 km/s in 18681 In the year 1856, Wilhelm Eduard Weber and Rudolf Kohlrauselasured the ratio of the electromagnetic and
electrostatic units of charge,\iklouo, by discharging a Leyden jar, and found that its numerichlevavas very close to the speed of light as

measured directly by Fizeau. The following year Gustav ktaff calculated that an electric signal in a resistancalgse travels along the wire
at this speeéll.z“] In the early 1860s, Maxwell showed that, according to themhef electromagnetism he was working on, electromagnetic
waves propagate in empty spﬁl@émemz” at a speed equal to the above Weber/Kohrausch ratio, andngrattention to the numerical
proximity of this value to the speed of light as measured lzg&il, he proposed that light is in fact an eIectromagneticeHﬁB]

"Luminiferous aether"

It was thought at the time that empty space was filled withekbeound medium called the luminiferous aether in which
the electromagnetic field existed. Some physicists thotlgtt this aether acted as a preferred frame of referendbdor :
propagation of light and therefore it should be possible ¢éasure the motion of the Earth with respect to this medium,
by measuring the isotropy of the speed of light. Beginninthan1880s several experiments were performed to try to
detect this motion, the most famous of which is the experirperformed by Albert A. Michelson and Edward W.

Morley in 1887112° The detected motion was always less than the observatimoal Mlodern experiments indicate that &8

the two-way speed of light is isotropic (the same in evergction) to within 6 nanometres per secdhtt] Because of 49
this experiment Hendrik Lorentz proposed that the motiothefapparatus through the aether may cause the apparatu$
contract along its length in the direction of motion, and imtHer assumed, that the time variable for moving systems &
must also be changed accordingly ("local time"), which kethe formulation of the Lorentz transformation. Based on Hendrik Lorentz
Lorentz's aether theory, Henri Poincaré (1900) showedlimatocal time (to first order in v/c) is indicated by clocks . )
moving in the aether, which are synchronized under the gssomof constant light speed. In 1904, he speculated that (r!ght) _W'th Albert
the speed of light could be a limiting velocity in dynamiceoyided that the assumptions of Lorentz's theory are all ~ ="Stein:
confirmed. In 1905, Poincaré brought Lorentz's aethenthiexdo full observational agreement with the principle of

relativity [131132]
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Special relativity

In 1905 Einstein postulated from the outset that the spedighdfin vacuum, measured by a non-accelerating obsers@rgdependent of the
motion of the source or observer. Using this and the prieaiblrelativity as a basis he derived the special theory aitiréty, in which the speed
of light in vacuumc featured as a fundamental constant, also appearing inxtenterelated to light. This made the concept of the statipna

aether (to which Lorentz and Poincaré still adhered) useled revolutionized the concepts of space and trivd1s4]
Increased accuracy of ¢ and redefinition of the metre and second

In the second half of the 20th century much progress was nmaiderieasing the accuracy of measurements of the speedctffiigt by cavity
resonance techniques and later by laser interferometenitpees. These were aided by new, more precise, definitibtie metre and second. In
1950, Louis Essen determined the speed as 299,792.5+] lsirlg cavity resonance. This value was adopted by the 12tte@al Assembly of
the Radio-Scientific Union in 1957. In 1960, the metre watefaed in terms of the wavelength of a particular specina of krypton-86, and, in
1967, the second was redefined in terms of the hyperfinaitian frequency of the ground state of caesium-133.

In 1972, using the laser interferometer method and the néwitilens, a group at NBS in Boulder, Colorado determineel $peed of light in
vacuum to be =299 792 456.2 + 1.1 m/s. This was 100 times less uncettiamthe previously accepted value. The remaining unceytaias

mainly related to the definition of the metf&t€ 805 A similar experiments found comparable resultscfdhe 15th Conférence Générale des
Poids et Mesures (CGPM) in 1975 recommended using the vaRig22 458 m/s for the speed of Iidllﬁf?]

Defining the speed of light as an explicit constant

In 1983 the 17th CGPM found that wavelengths from frequenegsurements and a given value for the speed of light are mepreducible than
the previous standard. They kept the 1967 definition of sdceo the caesium hyperfine frequency would now determitie the second and the
metre. To do this, they redefined the metre as: "The metieeigeingth of the path travelled by light in vacuum during aetimterval of

1/299 792 458 of a seconé As a result of this definition, the value of the speed of lightacuum is exactly 299 792 458 I3l and has

become a defined constant in the Sl system of dﬁHSmproved experimental techniques that prior to 1983 woaldehmeasured the speed of
light, no longer affect the known value of the speed of ligh8i units, but instead allow a more precise realization efrttetre by more

accurately measuring the wavelength of Krypton-86 andrditet sourced! 40141

In 2011, the CGPM stated its intention to redefine all sevieibaSe units using what it calls "the explicit-constant fatation", where each "unit
is defined indirectly by specifying explicitly an exact ualfor a well-recognized fundamental constant”, as was fmrtae speed of light. It
proposed a new, but completely equivalent, wording of theeredefinition: "The metre, symbol m, is the unit of length magnitude is set by

fixing the numerical value of the speed of light in vacuum ¢odgual to exactly 299 792 458 when it is expressed in the shusit. " This is
one of the proposed changes to be incorporated in the nastaewf the SI also termed thdew Sl

See also

= Light-second
= Speed of electricity

Notes
1. Exact value: 6. The astronomical unit was defined as the radius of an unpertuntwedac
(299 792 458 x 60 x 60 x 24 / 149 597 870 700) AU/day Newtonian orbit about the Sun of a particle having infinitesimal mass,

2. The speed of light in imperial units and US units is based on an inch of moving with an angular frequency of 0.017 202 098 95 radians

exactly 2.54 cm and is exactly 186,282 miles, 698 yards, 2 feet, %}J 5 (approximately1/365_256 8980f a revolution) per da@”

inches per second? 7. Nevertheless, at this degree of precision, the effects of geréatiVity

3. However, the frequency of light can depend on the motion of theceour must be taken into consideration when interpreting the length. The metre
relative to the observer, due to the Doppler effect. is considered to be a unit of proper length, whereas the AU is usually

4. Whereas moving objects amgeasuredo be shorter along the line of used as a unit of observed length in a given frame of reference. alhess

relative motion, they are alsseenas being rotated. This effect, known as cited here follow the latter convention, and are TDB-compa{ﬁﬂ]e.

Terrell rotation, is due to the different times that light from differenttpar g ganveen 1960 and 1983 the metre was defined as: "The metre is the
; 21 . -
of the object takes to reach the obser8r?" length equal to 1 650 763.73 wavelengths in vacuum of the radiation
5. Itis thought that the Scharnhorst effect does allow signals to travel corresponding to the transition between the levels 2pd 5d of the
5

slightly faster thare, but the special conditions in which this effect can

; ; i1 this effect o violat é?ﬁ{/ krypton 86 atom 2351 1t was discovered in the 1970s that this spectral
occur prevent one from using this effect to violate causality.
P g line was not symmetric, which put a limit on the precision with which the

definition could be realized in interferometry experime[ﬁ@
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