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1. Graeco-Roman Age 
• marked by a confusion about what’s light and what’s vision 
• a conspicuous inconsistency of ideas 
• lack of experimentation 
 [note: experiment from experiri = to try] 

Pythagoras (580-500 B.C.) 
• fire comes out of our eyes and, by touching objects around,  makes 

us see 
• Plutarch: “The function of geometry in Pythagoraneism is to draw 
 us away from the world of the senses to the world of the intellect 
 and the eternal.” 

Empedocles (500-430 B.C.) 
• vision due to two counterpropagating fluxes: (a) an external, 
 objective one, of corpuscular nature (light); (b) rays emitted by the 
 eyes (vision); these meet in midair, whereby we see 
• water & fire inside the eye; earth and air outside the eye  
 (Hmmm ...)  

Leucippus (5th Century B.C.) 

• all our perceptions are due to the sense of touch and all our senses 
 are all but variations of the sense of touch (“I am in touch and 
 therefore I am”) 
• vision due to a touch between images of objects and the soul 
• objects send images of themselves (ειδολα = eidola = kind of 

shadow or simulacrum) towards our soul (because our soul  doesn’t 
come out of our body - as long as we’re alive)



Democritus (within 470-380 B.C.) 

• introduced the notion of a transmission medium through which the 
 eidola of an object must pass; eidola (light?) is of a material nature 
• the medium is air between object and eye 
• the eidola theory reinforced by the observation that an object can 
 be seen on the cornea (this image being the transmitted imprint) 

Plato (428-347 B.C.) 

• Meno, Timaeus, and Theaetetus mention vision and light 
• understood that vision has a psychological aspect: it’s perception 
• light is motion; brightness of an object meets not the eye but the 
 visual fire emanating from the eye in order to give life & substance 
 to the object seen 

Aristotle (384-322 B.C.) 

• in De Anima, light is treated as a phenomenon of material nature 
• opposed the hypothesis of the emission of light from the eye: “... if 
 vision were produced by means of a fire emitted by the eye, like 
 the light emitted by a lantern, why then are we not able to see in 
 the dark?” 
• understood that images seen on the cornea are reflections off the 
 cornea material 
• commented on Empedocles’ theory “... we do not understand 
 the meaning of the union of light with light.” 
• commented on Leucippus’ theory “... we do not know whether 
 our perceptions are due to the sense of touch.” 



Euclid (3rd Century B.C.) 

• developed a geometrical approach to the study of optics 
• defined angular size of an object 
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• adopted the Pythagorean view that vision is due to emission of rays 

from the eye, for the following reasons: (a) why can’t we see 
objects at close range (e.g., a needle in front of the eye), i.e., why 
is it that not all the images which reach our eye make an 
impression on it; (b) eye doesn’t have a hole (like the organs of 
other senses)  but is protruded & globular instead 

• in Optics (12 postulates, about light) and Catoptrics (7 postulates, 
 about reflection & refraction) laid the foundations of geometrical 
 optics  
• note that ops = eye, optos = seen (in Greek), κατοπτρον = mirror 
• defined light in terms of rays and postulated light’s propagation on 
 the basis of observations: “light travels in a straight-line”  
• also treated light from the sun (“with concave mirrors directed to 
 the sun one can light [sic] a fire”) - but, strangely enough, in the 
 same way as he treated the light emanating from the eye ... 
• also postulated that there must exist a puntum proximum (a 
 minimum distance between object and eye) 



Epicurus (342-270 B.C.) 

• identified with the view of the Atomists; introduced the notion of 
 φανταισα = image, apart from ειδολα = form 

Diocles (2nd Century B.C.) 

• proved that the surface that reflects the rays from the sun to a
 single point is a paraboloid of revolution 

Lucretius (99-51 A.D.) 

• in De Rerum Natura staunchly supported the Epicurean (Atomist) 
 school 
• compared light with smell, heat, smoke and other emanations  
• attempted to solve the problem of how we perceive the size and 
 distance of objects: the simulacra gliding through air create a 
 breeze of different length and intensity 

Macrobius (A.D.) 

• criticized caustically the views of the Atomists and their followers 
 down to Lucretius: “But why waste words in fighting an opinion 
 which is so inconsistent that it refutes itself by its own vacuity.” 



 
2. The Middle Ages 
• advent of experimentation 
• distinction between light and vision 
• physiology of vision 

Galen (A.D. 131-201) 

• studied anatomy & physiology of the eye 
• theory of vision according to which an external fluid (= light) 
 meets an internal fluid (originating in the brain) in the eye, which 
 gives rise to visual perception (a somewhat Platonic theory) 

Alkindi (A.D. 813-873) 

• “the first Arab philosopher” 
• a ray of light transports an image and acts on the eye; supposed 
 rays were three-dimensional (length, breadth, and depth) 
• provided no theory of how light rays enabled reconstructing the 
 physical world where they originated 

Alhazen (A.D. 965-1039) 

• an experimentalist 
• systematic approach - his De Aspectibus consists of 7 books 
• stood on Alkindi’s shoulders: considered light to be an external 
 physical agent 
• aware of the existence of the retina (“net for catching light”) 
• dazzled by the effects of dazzle and of persistence of images on the 
 retina even with eyes closed: “It has been made clear that a body 
 illuminated by any light emits a light in opposite direction. ... the 



 eye cannot perceive the object which is seen except by means of 
 the light that the said object sent to the eye.” 
• the death of ειδολα: “... to every point of an observed object there 
 corresponds in the eye a stimulated point ...” 
• placed the apex of the visual pyramid (which was an
 improvement of Euclid’s cone) on the first surface of the
 crystalline lens (in order to avoid dealing with the problem of 
 image inversion) 
• in his treatment of reflection & refraction split rays into parallel 

and  perpendicular components; used mechanical analogs to 
explain behavior 

Dante (1265-1321) 

• in Convivio gave a summary of all kinds of views on vision, 
 including Plato’s and Aristotles’ 
• in Dante’s era there was a widespread use of lenses but nobody 
 understood how they worked 

Leonardo (1452-1519) 

• built camera obscura and showed analogy with eye  



3. Kepler (1571-1630) 
 “Only the love of truth brings about miracles.” 

• laid the foundations of geometrical optics 
• Ad Vitellionem Paralipomena (1604) contains 34 propositions 
 about the properties of light; assumed c → ∞ ; colors due to 
 reflection by colored bodies; light carries heat; coped with the 
 inversion of images by the crystalline lens 
 “I say that vision takes place when the image of the whole 
 hemisphere of the world in front of the eye, and even a little more, 
 is formed upon the concave reddish surface of the retina.” 
• in Dioptrice (1611) explained the functioning of lenses and of the 
 refractive telescope (a sudden revelation after having observed 
 Jupiter’s satellites with a telescope from Galileo’s workshop) 
 
 



4. Galileo (1565-1642) 
 “Nature is implacable and unalterable, and quite indifferent to 
 whether she’s comprehensible to us or not.” 
 “In questions of science, the authority of a thousand is not  worth 
 the humble reasoning of a single individual.” 

• never spent much time studying optics - but a lot of time using it 
• wrote, in 1640, “I have always considered myself unable to 
 understand what [light] was, so much so that I would readily have 
 agreed to spend the rest of my life in prison with only bread & 
 water if only I could have been sure of reaching the understanding 
 that seems so hopeless to me ...” 
• all of the above to a great advantage to Galileo who took a 
 pragmatic approach towards the telescope - and made it work and 
 used it 
• raised the status of the telescope (called then spyglass) to that of a 
 scientific instrument; until Galileo, the telescope regarded as 
 “[showing objects] colored and distorted and therefore [the 
 telescope] misleads us and cannot be relied upon to teach us the 
 truth. Therefore, it cannot be used as an instrument of 
 observation.” 
• in Siderius Nuncius (1610) describes his first observations 
 (mountains on the Moon, the Milky Way, the satellites of Jupiter 
 [called by Galieleo Medicean stars]...) 
• the word telescope coined in 1611 on the occasion of inducting 
 Galileo to the Accademia dei Lyncei 
• Kepler: “Vicisti Galilaee!” 
• Einstein: “... you find vanity in so many scientists. It has always 
 hurt me that Galieleo did not acknowledge the work of Kepler.” 



• Francesco Maurolico (1494-1575) 

• intellectual ancestor of both Kepler and Galileo 
• in Photisimi (published in 1611) gave a theory of mirrors (also 
 included distorting mirrors), lenses, and prisms 

• Willebrod Snell (1591-1626) 

• put forward the exact form of the law of refraction 
• undertook an effort to develop a scientific understanding of the 
 nature of light (referred to as lumen) - birth of physical optics 
• his work in physical optics became known through Huygens, in 
 1703  



5. Descartes and Fermat 
 Rene Descartes (1596-1650) 
• exact formulation of the law of refraction in La Dioptrique (1638) 
• compared lumen to a stick used by a person to find his way 
 through a dark room; colors are just different ways of moving or 
 resisting under the movement of the stick (till the 17th century, 
 light was considered colorless);  
• compared light also with bullets whose spin determines light’s 
 color  
• with the bullet model deduced the law of total reflection - and 
 proved it experimentally: “This has been sometimes demonstrated 
 with unfortunate consequences when someone firing guns for fun 
 into the bed of a river has wounded those who were on the other 
 bank.” 
• hence, Descartes concluded that mechanics can be applied to light 
 (his light bullets, however, didn’t feel gravity) 
• like Alhazen, Descartes decomposed the motion of light into 
 parallel and perpendicular components; in his analysis of refraction 
 reached a result that launched a controversy in optics which lasted 
 for the next 200 years - namely that light travels faster in denser 
 media (e.g., faster in water than in air) 
• Descartes died through the combination of two evils which he had 
 always tried to avoid: bad weather and early rising; unable to resist 
 the flattering invitation from Queen Christina of Sweden, he sailed 
 to the frozen North to tutor his royal patron; the only  
 time Christina could spare for the lessons was at 5 am. Descartes 
 died of pneumonia during his first Swedish winter ... 



• Descartes’ scheme for the motion of light through an interface 
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 Pierre de Fermat (1601-1665) 

• in an undated letter to an unnamed addressee, Fermat characterized 
 La Dioptrique as “groping about in the shadows,” hurled concrete 
 criticism on it “[that light is faster in denser media] to me seems to 
 offend common sense” and proposed a “a way of avoiding 
 [Descartes’] paralogism” by positing that “nature always acts by 
 the shortest path [in time]” which is an expression of the principle 
 of economy of nature, known as Fermat’s principle  
• Rene’s disciples didn’t take any of this lightly, despite Fermat’s 
 diplomatic language: “... the victory was still with Monsieur 
 Descartes since in effect his opinion was confirmed to be true even 
 by reasoning different from his, after all the most famous 
 conquerors did not consider themselves less happy when victory 
 was obtained by auxiliary troops instead of by their own.” 

• interestingly, Hero of Alexandria (in 150 B.C.) came up with a 
similar principle, also gleaned from optical phenomena, namely 
that  “sight must go as quickly as possible to the object to be seen” 

• Gottfried Leibniz (1646-1716) also had a stab at it; he adopted the 
 principle of the economy of nature, but married it with the 
 assumption that the speed of light is proportional to the resistance 
 encountered by it: “... the narrower the bed of a river, the faster 
 the flow ...” and so, in his view, restored Descartes’ fame; Leibniz 
 was Huygens’ student 



 Pierre de Maupertuis (1698-1759) criticized Fermat’s principle as 
 unclear about whether it was path or time that was to be minimal; 
 had the advantage of knowing what the speed of light (more or 
 less) was 
• decided it could not be path, since it did not agree with 
 experiment (light gets bent at an interface, doesn’t move along a 
 straight-line there), and also could not be time, since this would 
 disagree with Descartes and Lebnitz 
• introduced a new quantity, action (a product of mass, velocity, and 
 path), and applied the economy of nature principle to it 
• the principle of least action (1744) yields Snell’s law and 

maintains Descartes’ dogma about the speed of light in different 
media 

• Maupertuis hoped that the principle might unify the laws of 
 the universe and combined it with an attempted proof of the 
 existence of God, as described in Essai de cosmologie (1750) 
 
• comment of Vasco Ronchi: “... it’s perplexing to see the flexibility 
 of the so-called ‘exact sciences’ which by cast-iron laws of logic 
 and by the infallible help of mathematics can lead to conclusions 
 which are diametrically opposed to one another.” 



6. Grimaldi, Hook, Marci, and Roemer 
 Francesco Grimaldi (1618-1663) 

• Physiomathesis de Lumine (1665) describes diffraction 
  (Grimaldi’s term) of a sun beam 
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• light is a material fluid endowed with a high but not infinite 

velocity 
• rectilinear rays of light endowed with a fast undulation that enables 
 them to stimulate the sensation of color 
• held that light can be reflected and refracted according to Euclid’s 

laws - but with modifications in intensity and undulation 
depending on the nature of the medium 

• held that light can heat bodies according to the extent it is 
 absorbed by them 
• no reference to Kepler’s Paralipomena 



 Robert Hook (1635-1703) 

• in Micrographia gave the theory of optical instruments, the 
 microscope in particular 
• studied a great number of phenomena, including the coloring of 
 soap bubbles: “Blue is an impression on the retina of an oblique 
 and confused pulse of light, whose weaker part precedes and 
 whose stronger follows. Red [the other way around].” 

 Marcus Marci (1595-1667) 

• in Thaumantias (1648), he deals not only with rainbows but also 
 with the color-dependence of refraction (assumed color is 
 independent of intensity ...): “It is not possible either to have the 
 same color with a different refraction, or different colors with the 
 same refraction.” 
 



 Olaf Roemer (1644-1710) 

• determined, in 1676, the speed of light from the eclipse of Jupiter’s 
 moons (which orbit well within the plane of the ecliptic) 
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• one can observe the moment when one of Jupiter’s moons (whose 

period, T, is about 1.75 days) is eclipsed with an accuracy of about 
3 minutes (time needed for the moon to move a distance equal to 
its diameter) 

• Roemer found a variation in the time of the day, t, this moon was 
 eclipsed by as much as t2−t1 = 10 minutes, depending on the 
 position of Earth on its orbit around the Sun; from an estimate of 
 the diameter of the Earth’s orbit of about 1.5 ×1013 cm, he got c = 
 2.27 ×1010  cm/s 
• constructed the fountains at the Versailles Castle near Paris ... 
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1. Isaac Newton (1642-1727) 
• born in the year in which Galileo died; “he could have been put 
 into a quart mug” (according to his mother) and wasn’t expected 
 to live 
• he lived to achieve a great synthesis of the work of Copernicus, 
 Brahe, Kepler, Galileo, and Descartes: “If I have been able to see 
 farther than others, it was because I stood on the shoulders of 
 giants.” 
• in 1665 withdrew to the family farm in Woolsthorpe for two years 
 to escape plague that had hit Cambridge: “... in those days I was in 
 the prime of my age of invention, and minded mathematics and 
 philosophy more than at any time since.” 
• in 1665-1666 developed the beginnings of calculus and immersed 
 himself into experiments in optics: “... in the beginning of the year 
 1666 (at which time I applied myself to the grinding of opticks 
 glasses of other figures than spherical) I procured me a triangular 
 glass prism, to try therewith the celebrated phenomenon of  
 colors.” 
• Newton acquainted with Grimaldi’s De Lumine but probably 
 unaware of Marcus Marci’s Thaumantias (although some members 
 of the Royal Society, founded in 1660, should have been) 
• Opticks (published in English, in 1704) consists of Book I 
 (reflection and refraction, formation of images, and dispersion by 
 prisms); Book II (production of colors in what we would call 
 interference phenomena); Book III (diffraction and Queries) 
 



• Hook, president of the Royal Society, independently proposed the 
 inverse square law for gravitational attraction, and accused Newton 
 of plagiarism even before the publication of Principia (in 1686); 
 Hook also studies soap bubbles - which may explain why Newton 
 was able to publish Opticks only after Hook’s death (in 1703) 
• unlike Principia, Opticks can hold the attention of a non-

specialized reader: it’s non-mathematical, describes experiments, 
and contains  many hypotheses, thereby revealing Newton’s 
beliefs and “[affording] us the enjoyment of a look at the personal 
activity of this unique man” - as Einstein put it 

• in Book I, Newton aims at “not to explain the properties of light  by 
hypotheses but to propose and prove them by reason and 
experiments;” however, Books II and III are full of hypotheses  

 and opinions, on matters ranging from aether to chemistry 
• Newton’s views on light, as exposed in Opticks: 

• light consists of extremely small & fast corpuscles called 
rays; “By the ray of light I understand its least parts, and those 
as well successive in the same lines, as contemporary in 
several lines.” 

 • rays follow rectilinear propagation in homogeneous media; 
 • rays not affected by matter gravitationally; 
 • rays not affected by other rays; 
 • rays stimulate the retina; stimuli transferred to the brain by the 
  aether of the nerves 
 • rays of different sizes produce different colors 
 • rays have two mutually perpendicular planes of symmetry  
  passing through their trajectory 



• rays have different velocities in different transparent media: 
 velocity of light increases with increasing density and so is  
 minimal in vacuum 

 • rays propagate through aether, a rarefied elastic substance,  
  which pervades the whole universe including material bodies 
 • rays can be absorbed - and thereby transformed into heat 
 • rays refract according to their size (color) 
 • on encountering hairs, sharp edges and such, rays become eel-
  like and no longer propagate rectilinearly (inflection) 
 • Newton rings due to zones of full transmission and full  
  reflection produced according to size of the rays and the  
  thickness of the film 
• experimentum crucis to nail down dispersion: a double-prism 
 experiment - very elegant, a spiritual ancestor of the experiments 
 on double-refraction and of the Stern-Gerlach experiment 
• in Queries 17-23, the nature of aether is discussed; compared the 
 production of water waves by a stone to the vibrations excited in a 
 reflective or refractive medium by the particles of light; introduces 
 “fits of easy reflection” or “refraction” which result from the 
 interaction of the undulating aether with the light’s corpuscles ... 
• undulations considered to be longitudinal - but there’s an 
 anticipation of polarization (different “sides” of a ray) 
• Newton’s main objection to wave theory: couldn’t reconcile 
 waves with rectilinear propagation of light (commented upon 
 already in Principia) 
• elements of both wave and corpuscular theory - but no call for an 
 experimentum crucis! 
• committed to the corpuscular theory more than he himself realized: 

in the proof of the law of refraction (Book I), claims that it is 



“general, without determining what light is, or by what force it is 
refracted, or assuming any thing farther than that the refracting 
body acts upon the rays in lines perpendicular to its surface” when 
in fact the proof involves the proposition that the velocity of light 
is greater in a transparent medium than in vacuum  

• also committed an error in his empirical investigations (“Newton’s 
 greatest error”) when he concluded that dispersion is proportional 
 to refraction, i.e., dn/dλ ∝ n 
• the distinguishing feature of the corpuscular and wave theories: the 

propagation speed of light in different media 
• Newton’s insistence on the corpuscular nature of light is 
 considered by some to be an anticipation of what quantum 
 mechanics came up with later; the point is though that in the 
 phenomena that Newton analyzed light is entirely wavelike even 
 according to quantum mechanics! 

• Wordsworth who dealt with  

 “... truths that wake, 
 To perish never.” 

 wrote: 

 “Newton with his prism and silent face, [his] mind forever 
 voyaging through strange seas of thought alone.” 



2. Christiaan Huygens (1629-1695) 
• son of a high official of the Dutch government; studied first 
 mathematics, under the spell of Descartes who was a family friend, 
 then turned to physics 
• involved in the construction of telescopes (teamed up with 
 Spinoza) and in using them for astronomical observations 
 (discovered, e.g., the rings of Saturn, the markings on the surface  
 of Mars, the Orion Nebula, and estimated the distance to a star, 
 Sirius, from its measured luminosity and the assumption that it’s as 
 luminous as the sun) 
• since astronomy requires accurate time keeping, developed the 
 pendulum clock, along with the theory of the pendulum dynamics 
 (in 1656) 
• had a great admiration for Newton, but considered his theory of 
 universal gravitation “absurd” - since it assumed action at a 
 distance 

Huygens’s method “... great difficulties are felt at first [in research] 
and these cannot be overcome except by starting from experiments 
... and then by conceiving certain hypotheses ... But even so, very 
much hard work remains to be done and one needs not only great 
perspicacity but often a degree of good fortune.” 

• large body of writings 
• Traite de la Lumiere (published in 1691 but written in 1678) 
 describes, on 90 pages, Huygens’s views on light 
• book consists of six chapters: (1) propagation of light; (2) 
 reflection; (3) refraction; (4) atmospheric refraction; (5) wonderful 
 refraction (i.e., double-refraction); (6) practical optics.  
• starts with an attack on the idea that light propagates rectilinearly:
 “there can be no doubt that light consists of movement of certain 



 matter”; also, since light disintegrates objects (when focused to a 
 high intensity) “[this] surely indicates motion” 
• considers the idea that rays of light don’t interact with one another 
 as unphysical (i.e., without a mechanical analogy) 
• develops analogy between light and sound; considers aether light’s 
 universal medium permeating even the vacuum (which was known 
 to prevent propagation of sound but not of light); assumes that 
 elastic forces are at play in either case; however, since the speed of 
 light is so high, Huygens hypothesizes that aether must be very 
 elastic 
• actually, more elastic than anything else - which would explain 
 that the propagation speed of light is highest in vacuo where there 
 is nothing but the aether 
• aether filled the gaps inside a body and light had to diffuse through 
 them, thereby being slowed down ...; in opaque media the slowing 
 was assumed to be complete, in transparent media only partial 
• develops theory of the envelope of secondary wavelets: “... at a 

great distance from the luminous body an infinity of wavelets, 
even if emitted by various points of this body, join together 
forming one single wave [strong enough to be seen or detected]” 

• regards it as the explanation of rectilinear propagation, reflection, 
 refraction, and double refraction 
• although the overflowing of wavelets behind obstacles is inherent 
 to Huygens’s approach, he didn’t treat diffraction(!) - perhaps 
 because only the most rudimentary math was available for dealing 
 with wave motion; strangely enough, the math of waves was first 
 developed by Newton in Principia ... 



• in treating double-refraction, Huygens assumes that since there are 
 two refracted waves there must also be two propagation speeds in 
 the double-refracting medium (such as quartz or Iceland spar) 
• never speaks of color (mentioned only once - in the preface); 
 chose to ignore, although he knew about Newton’s work on 
 dispersion 
• proved the principle of the shortest optical path: “But to tell how 
 this occurs, I have hitherto found nothing which satisfies me. 
 Leaving then to others this research ...” 
• Gottfried Leibniz (1646-1716) was Huygens’ student of science; in 

1673 he visited England and was elected to membership in the 
Royal Society (for the invention of his calculating machine, never 
completed); in the same year, coached by Huygens, began his work 
on calculus and published it in 1684  

• Leibniz held a position, for 40 years, in the service of the Elector 
of Hanover “[my duties] as librarian were onerous, but fairly 
mundane: general administration, purchase of new books and 
second-hand libraries, and conventional cataloguing,” but worked 
on diverse projects in addition, such as draining water from mines 
using wind power ... 

• the priority quarrel with Newton particularly unfortunate for 
 Leibniz; in 1714, Leibniz’s sponsor called to the English throne as 
 George I, but Leibniz couldn’t move to England because of the 
 hostility there towards him whipped up by Newton et al.; he 
 died in Hanover two years later, neglected and forgotten ... 
• today, we use Leibniz’s notation in integral calculus 



3. Thomas Young (1773-1829) 
“The nature of light is a subject of no material importance to the 

 concerns of life or to the practice of the arts, but it is in many other 
 respects extremely interesting.” 

• born into ‘comfortable circumstances’ towards the end of a 
 period known as the Intellectual Revolution and matured 
 into the Age of Romanticism among such contemporaries as 
 Wordsworth, Shelley, Beethoven, Schubert, Hegel, 
 Schopenhauer, Fresnel, Avagadro, Oersted, Faraday ... 
• a precocious child who could read fluently at the age of two 
 (mainly the classics); at age sixteen proficient in Greek and 
 Latin and well acquainted with eight other languages 
• at age nineteen, decided on a career in medicine, studied at 
 Edinburgh, Göttingen, and Cambridge 
• in 1798 started investigations on sound and light, soon developed 
 the foundation of his theory of interference; his interests and 
 contributions were so legion that he made some anonymously to 
 avoid the charge that he was neglecting his professional = medical 
 duties! 
• while at Royal Institution, conducted his experimental 

investigations on light; described, in Philosophical Transactions of 
the Royal Society (1802), his classic double- slit experiment that 
seemed to establish, without question,  that light is a wave motion: 
“The law is, that wherever two  portions of the same light arrive 
at the eye by different  routes, either exactly or very nearly in the 
same direction, the light becomes most intense when the difference 
of the routes is any multiple of a certain length, and least intense in 



the intermediate state of the interfering portions; and this length is 
different for light of different colors.” 

• i.e., showed that light and dark fringes could be produced on 
 a screen some distance from a pair of very closely spaced, 
 narrow slits and were due to constructive and destructive 
 interference of different rays; determined a wavelength of 
 0.7 µm for red and 0.42 µm for blue light 
• since sound was known to behave in a similar way, 
 concluded that “there must exist some close similarity 
 between the nature of sound and that of light.” 
 • also described a possible application - the diffraction 
 grating that is very much in current use for selecting 
 monochromatic, i.e., single wavelength, light: “These colors 
 may be easily seen, in an irregular form, by looking at any 
 metal, coarsely polished, in the sunshine; but they become 
 more distinct and conspicuous, when a number of fine lines 
 of equal strength are drawn parallel to each other, so as to 
 conspire in their effects.” 
• explained the formation of colored bands in soap films: 
 “Thus, when a film of soapy water is stretched over a wine 
 glass, and placed in a vertical position, its upper edge 
 becomes extremely thin, and appears nearly black, while the 
 parts below are divided by horizontal lines into a series of 
 colored bands ... “ 
 and Newton's rings: “... and when two glasses, one of 
 which is slightly convex, are pressed together with some 
 force, the plate of air between them exhibits the appearance 
 of colored rings, beginning from a black spot at the center, 
 and becoming narrower and narrower, as the curved figure 



 of the glass causes the thickness of the plate of air to 
 increase more and more rapidly. ...”  
• established that there is a 180o change of phase when light is 
 reflected from the surface of a denser medium, e.g., light 
 traveling in air reflecting from the surface of glass or metal 
• in 1806 put forward the three-color theory of color-vision –   
 a pretty prescient work of psycho-physics, extended by Hermann 
 Helmholtz in the late 1800’s: based on the hypothesis (since 
 proven experimentally) that the human retina contins three types of 
 receptors, each with particular spectral response curve (red, green 
 and blue); formalized by Erwin Schrödinger in the early 1920’s 
• the importance of Young’s work was not apparent to his 
 contemporaries and his principle of interference remained more or 
 less obscure for another fourteen years, when it was ‘rediscovered’ 
 by Fresnel 
• Lord Brougham (Lord Chancellor of England), in Edinburgh 
 Review, leveled various charges against Young, e.g., that Young 
 had been too critical of Newton’s ideas and experiments and that 
 he had exposed ‘presumed’ errors which a man like Newton could 
 never have made, that he insinuated that “Newton was but a sorry 
 philosopher”; all that despite Young’s insistence, in all his papers 
 on optics, that his own work derived from the experiments and 
 suppositions of Newton, and his introduction of many quotations 
 from Newton to demonstrate that he was just modifying and not 
 destroying the Newtonian doctrine 
• Young had to publish his defense against Brougham’s attack at his 
 own expense, as a pamphlet - because nobody else was willing to 
 publish it ... 















• spherical wave: if all surfaces of constant phase are concentric 
 spheres; obtains for kr = const, i.e., an isotropic propagation 
 from a source A: 

 ψ (r,t ) =
A
r

sin(kr −ωt ) 

  



• cylindrical wave: if all surfaces of constant phase are coaxial 
 cylinders; for r large, and a source A: 

 ψ (r,t ) =
A
r1/ 2

sin(kr −ωt ) 

  



3. Maxwell’s equations 
• James Clerk Maxwell (1831-1879) formulated, in 1862, the known 
 laws of electricity and magnetism in terms of a consistent (and 
 concise) mathematical theory; embarked on his mission when 
 electrical constitution of matter was a mystery and the relation 
 between light and electromagnetism unsuspected 

• Maxwell’s work on electromagnetism summarized, along with 
 many useful mathematical details and tricks in A Treatise on 
 Electricity and Magnetism, published in 1873 

• Maxwell: 
 “These physical hypotheses [about action at a distance, of Gauss, 
 Weber, Riemann et al.], however, are entirely alien from the way 
 of looking at things which I adopt, and one object which I have in 
 view is that some of those who wish to study electricity may, by 
 reading this treatise, come to see that there is another way of 
 treating the subject, which is no less fitted to explain the 
 phenomena, and which, though in some parts it may appear less 
 definite, corresponds, as I think, more faithfully with our actual 
 knowledge, both in what it affirms and in what it leaves 
 undecided.” 



• Faraday’s induction law: a time-varying magnetic flux generates 
an electric current 

• flux, ΦB , of magnetic field, B, through any open area bounded by 
 a loop C given by 

 ΦB = B⋅dS
A
∫∫  

 
• according to Faraday’s law 

 − ∂ΦB ∂t = E ⋅dl
C
∫  

 where E  is the electric field strength and dS and dl  are surface 
 and length elements of A and C, respectively; as a result 

 −
∂B
∂t
⋅dS

A
∫∫ = E ⋅dl

C
∫  

 which is independent of the physical realization of the loop 
• can be transformed into differential form using Stokes’s theorem 
 E ⋅dl

C
∫ = ∇× E ⋅dS

A
∫∫  

• hence 
 ∇×E = −∂B ∂t  



• Circuital law (due to Ampere/Oersted/Maxwell): a time-varying 
 electric flux generates a magnetic field  
• electric flux, ΦE, through any open area bounded by a loop C 

 ΦE = µ Q A+ εE( ) ⋅dS
A
∫∫  

 where Q is electric charge, ε electric permitivity and µ magnetic 
 permeability of the medium 

  

• according to the circuital law 

 ∂ΦE ∂t = µ ∂Q A∂t + ε ∂E ∂t( ) ⋅dS
A
∫∫ = B ⋅dl

C
∫  

• can be transformed into differential form using Stokes’s theorem 

 B ⋅dl
C
∫ = ∇×B ⋅dS

A
∫∫  

• hence 

 ∇×B = µε∂E ∂t + µ∂Q A∂t  



• Gauss’s electric law: electric flux, ΦE , through any closed area of 
 volume V bounded by a surface A is equal to the total enclosed 
 charge 

 ΦE = E ⋅dS
A
∫∫ = ε −1 ρdV

V
∫∫∫  

 with ρ the charge density 
• differential form obtained via Gauss’s theorem 

 E ⋅dS
A
∫∫ = ∇⋅EdV

V
∫∫∫  

 which yields 

 ∇⋅E = ρ ε  

  



• Gauss’s magnetic law: magnetic flux, ΦB, through any closed area 
 of volume V bounded by a surface A is equal to zero 

 ΦB = B⋅dS
A
∫∫ = 0  

• differential form obtained via Gauss’s theorem which yields 

 ∇⋅B = 0 

  



• summary of Maxwell’s equations in differential form: 

 ∇×E = −∂B ∂t  

 ∇×B = µε∂E ∂t + µ∂Q A∂t  

 ∇⋅E = ρ ε  

 ∇⋅B = 0 

 

• in vacuum: Q = 0  and so ρ = 0 and ∂Q ∂t = 0 ; also ε = ε0 and  
 µ = µ0 ; as a result:  

 ∇×E = −∂B ∂t  

 ∇×B = µ0ε0∂E ∂t  

 ∇⋅E = 0  

 ∇⋅B = 0 

 

• Maxwell’s equations couple E and B into a single, electromagnetic 
 field 



 

• note that ∇ ≡ ˆ x ∂
∂x

+ ˆ y ∂
∂y

+ ˆ z ∂
∂z

 with ˆ x , ˆ y , ˆ z  unit vectors 

• note that a scalar product C = A ⋅B is a scalar (number) given by 

 C = Ax Bx + AyBy + Az Bz   

• note that a cross product C = A × B is a vector with components 

 Ci = ε ijkA jBk  

 where εijk = 0 for i = j, j = k,i = k ; εijk = 1 for 1,2,3 & 2,3,1 & 
 3,1,2; εijk = −1 for 1,3,2 & 3,2,1 & 2,1,3; 1, 2,3 ≡ x, y, z 

 so that, e.g., C2 = A3B1 − A1B3 = Cy = Az Bx − Ax Bz  



• seek the simplest nontrivial solution of Maxwell’s equations: 1-D, 
 say along the x-axis 

• since 

 − ∂B3 ∂t ≡ −∂Bz ∂t = ∇1E2 −∇2E1 ≡ ∂Ey ∂x − ∂Ex ∂y  

 µ0ε0 ∂E2 ∂t ≡ µ0ε0 ∂Ey ∂t = ∇3B1 −∇1B3 ≡ ∂Bx ∂z − ∂Bz ∂x  

 pick up variation of E or B along x: 

 − ∂Bz ∂t = ∂Ey ∂x  & µ0ε0 ∂Ey ∂t = −∂Bz ∂x  

• these can be combined into one, since 

 −
∂ 2Bz
∂x∂t

=
∂ 2Ey

∂x2  & −µ0ε0
∂ 2Ey

∂t2 =
∂ 2Bz
∂t∂x

 

 which yields 

 
∂ 2Ey
∂x2 = µ0ε0

∂ 2Ey
∂t2

 

 and similarly 

 ∂ 2Bz
∂x2 = µ0ε0

∂ 2Bz
∂t2

 

• but these are wave equations for an electromagnetic wave with a 
 phase velocity along the x-axis given by 

 v = (µ0ε0 )−1/2  

• experiments with capacitors and such carried out by W. Weber and 
 R. Kohlrausch (in 1856) made it possible to determine the values 

















































































































































































































































































































  of µ0  and ε0, which yielded 

 µ0ε0 ≈ 1×10−19  s2/m2 

 and thus 

 v ≈ 3 ×108 m/s 

• Maxwell: “The velocity of transverse undulations in our 
hypothetical medium, calculated from the electro-magnetic 
experiments of MM. Kohlrausch and Weber, agrees so exactly 
with the velocity of light calculated from the optical experiments 
of  M. Fizeau [Fizeau found, in 1849, 3.15×108 m/s in air], that 
we  can scarcely avoid the inference that light consists in the 
transverse undulations of the same medium which is the cause of 
electric and magnetic phenomena.”  (Maxwell’s italics) 

• ever since 

 v = (µ0ε0 )−1/2 ≡ c 

 the speed of light in vacuum 


