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Most writers on optics in the seventeenth century adopted Kepler’s concept of vision and

its consequences on the theory of optical instruments. They ignored his concept of light

as a divine immaterial emanation, presumably because it contradicted both the declining

scholasticism and the rising mechanism that were the main competing natural philoso-

phies of the time. As is well known, the most innovative natural philosophers of the

seventeenth century sought to replace the scholastic multiplication of species with mechan-

ical explanations inspired from macroscopic devices and geometry. Many reasons have

been evoked for this trend, including the rise of techniques (which brought newmechanical

contrivances), the Copernican revolution (which erased the distinction between sublunar

and supralunar physics), neo-Platonism (which favored mathematical explanation), the

improved social status of mathematicians (whose utility was better recognized), and the

success of Galileo’s terrestrial mechanics. As far as optics was concerned, there were

essentially two kinds of mechanical explanation: one based on analogy with fluid pressure

or motion, the other based on analogy with the impact of projectiles. This chapter is

devoted to the first kind.1

The mechanical character of the new optical theories of the seventeenth century made

light more similar to sound, which had been regarded as a mechanical process since Greek

antiquity (with the exception of the scholastic doctrine of immaterial sound species). This

change partly explains why fruitful analogies between light and sound only began to occur

in the seventeenth century. There are other reasons, to be found in the evolving relations

between music, physics, mathematics, and optics. Some preliminary remarks on this

evolution will be useful.2

Although the ancient Greeks perceived analogies between different senses, they did not

use these analogies to model one sense after another. Nor did they see any relevance of

music to optics, save for shared Pythagorean harmonies. Until the Renaissance, music was

closely related to arithmetic and had a lot less connection with physics than optics had.

There was not much of a physics of sound that could be transferred to optics. This state of

affairs changed at the turn of the sixteenth and seventeenth centuries: the rise of mechani-

cal and experimental philosophy as well as the need to justify newer musical practice now

favored acoustic inquiries. The multiplication of new temperaments called for a physical

1Cf. E. J. Dijksterhuis 1961; Hall 1962; Westfall 1971; Cohen 1994; Dear 2001.

2Cf. Darrigol 2010a; and Mancosu 2006, who offers a valuable summary of the history of acoustics and optics

in the early modern period.



justification of consonance, which was found in the frequent coincidence of the successive

pulses of the two superposed tones. This interpretation required the correspondence

between pitch and frequency, which thus became commonly accepted.3

In any other respect the physical nature of sound remained controversial, until the 1670s

at least. Opinions varied on whether a medium was needed, on whether this medium was

air or some other substance, on whether sound occurred in pulses or in smooth oscilla-

tions. The most common concept of sound was the ancient Greek concept according to

which the strokes of the sounding body displace air all the way to the ear, as a missile or as

a breath. In a popular variant of this concept, which the Minim friar Marin Mersenne

adapted from Aristotle and defended in his authoritativeHarmonie universelle of 1636, the

air between the source and the ear moves globally like a pestle. To this view the Cartesians

added that some time was needed to compact the particles of air before the strokes were

transmitted.4

In the name of Divine harmony, Mersenne imagined a deep analogy between light and

sound, but rather applied it from light to sound, for instance in subjecting echoes to the

optical law of reflection. The vagueness of Mersenne’s concept of sound, and the competi-

tion of other concepts did not encourage its use as a template for optical theories. His

contemporaries either ignored the analogy; or they used it discreetly, even when it was

responsible for an essential feature of their optics. This state of affairs lasted until Robert

Boyle’s air-pump experiments of the 1660s provided the basis for a more precise physics of

sound.5

Boyle’s experiment with a ticking watch in an evacuated vessel showed the plausibility

of air as a medium for sound. His experiments on the spring of air opened the possibility of

explaining the propagation of sound by the compression of successive layers of air,

although Boyle himself shied from explanatory theories of this kind. As we will see, the

pioneers of this approach, Ignace Gaston Pardies, Christiaan Huygens, and Isaac Newton

were also the most ardent advocates of the acoustic analogy in constructing optical

theories. Newton’s concomitant derivation of the velocity of sound as a function of the

density and elasticity of the air played an important role in promoting the compression-

wave theory of sound.6

Since Greek antiquity, the propagation of sound had been compared to the waves

formed on calm water when a stone is thrown into it. This analogy failed to compensate

the insufficiencies of acoustic analogies, because until the beginning of the nineteenth

century very little was known on the propagation of water waves. Before Pardies

and Newton, these waves were usually understood as the horizontal projection of an

excess of water, not as the pendulous oscillation that we now imagine to be transferred

from one wave to the next (for periodic waves of small amplitude). The wave metaphor

therefore supported the popular concept of sound as a breath. Moreover, it wrongly

3Cf. Wardhaugh 2006, 2008.

4Mersenne 1636–37, vol. 1, p. 10.

5Mersenne 1627, pp. 77, 309–310; 1636–37, vol. 1, props. 25, 47, 48.

6Cf. Darrigol 2010a and further reference there.
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suggested—even to Newton—that the length of sound waves produced by impact on an

elastic solid depended on the size of the impacting body.7

To summarize, the seventeenth-century rise of mechanical philosophy made it possible

to conceive light as a perturbation transmitted through a mechanical medium. Acoustic or

water-wave analogies were not necessarily a good guide in this approach, because sound

and water-wave propagation long remained ill-understood. The first proponent of a

mechanical medium theory of light, René Descartes, needed neither sound nor waves.

The first section of this chapter is devoted to his optics, the second section to various

theories by Hobbes, Hooke, Grimaldi and others that made a discreet use of analogy with

sound in the breath or pestle view, the third to Pardies’s and Huygens’s theories assertively

based on analogy with sound as a compression wave. The fourth section, on optical

imaging, goes a little beyond the scope of this chapter, as it deals not only with issues

raised by the medium theorists but also with their development in the hands of other

seventeenth and eighteenth century opticians.

2.1 Descartes’s optics

The nature of light

Of all sciences, geometry was the one that best resisted the systematic doubt on which the

young Descartes famously based his method. This explains why his new natural philoso-

phy rested on the doctrine that matter was nothing but spatial extension. He regarded

space as completely filled with perfectly rigid particles of various sizes and shapes. Those

of the “third element,” or ordinary matter, are the grossest and have an arbitrary shape.

Those of the “second element,” or “subtle matter,” are round and they fill as much as they

can of the space between the former particles. Those of the “first element” are arbitrarily

small and they fill the remaining interstices; they are the scrapings (raclure) generated

during the production of the balls of the second element by mutual attrition of rotating

particles; in this process they acquired an intense agitation. The sun and stars are spherical

accumulations of the first element. They are immersed in the subtle matter of the second

element. Light is nothing but the pressure (inclination au mouvement or conatus) that the

sun and stars exert on the balls of the second element. This pressure is instantaneously and

rectilinearly transmitted to the eye, owing to the contiguity of the balls and to their perfect

rigidity.8

Descartes illustrated this process by a suitably modification of the old Stoic analogy

with the walking stick:

It has sometimes doubtless happened to you, while walking in the night without a

torch through places which are a little difficult, that it became necessary to use a stick

in order to guide yourself; and you may then have been able to notice that you felt,

7Cf. Darrigol 2010a, pp. 22–3.

8Descartes [1633], chaps. 5, 8; Descartes 1644, part 3, }}46–52. Light does not imply any actual motion of the

subtle matter because the first element that makes the luminaries is neither compressible nor expandable.

Descartes imagined a vortex motion of the subtle matter around each celestial body in order to explain gravitation.

On Descartes’s optics, cf. Sabra 1967, chaps. 1–4; Shapiro 1973; Mark Smith 1987. On Descartes’s life and natural

philosophy, cf. Garber 1992; Gaukroger 1995.
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through the medium of this stick, the diverse objects placed around you, and that you

were even able to tell whether they were trees, or stone, or sand, or water, or grass, or

mud, or any other such thing. True, this sort of sensation is rather confused

and obscure in those who do not have much practice with it; but consider it in

those who, being born blind, have made use of it all their lives, and you will

find it so perfect and so exact that one might almost say that they see with their

hands, or that their stick is the organ of some sixth sense given to them in the place

of sight. And in order to draw a comparison from this, I would have you consider

light as nothing else, in bodies that we call luminous, than a certain movement or

action, very rapid and very lively, which passes toward our eyes through the medium

of the air or other transparent bodies, in the same manner that the movement or

resistance of the bodies that this blind man encounters is transmitted to his hand

through the medium of his stick.

As a better analogy for transparent bodies, Descartes offered a pierced vat of half-pressed

grapes. The wine plays the role of the subtle matter, the grapes that of gross matter.

According to Descartes, a portion of the wine located near the free surface tends to move

in the direction of the holes on the bottom of the vat (see Fig. 2.1). These endeavors are

rectilinear, although the actual motion may not be. In the model of contiguous balls,

Descartes argued that rectilinear propagation corresponded to the least number of dis-

placed balls to transfer a lacuna from the source to the eye. He also explained that the

necessarily imperfect alignment of the balls did not interfere with the rectilinear transmis-

sion of pressure, by analogy with the pressure transmitted by a curved stick. And he

justified the independence of crossing rays by analogy with air blown in intersecting

straight pipes.9

The multiplicity of Descartes’s analogies suggests his awareness of weaknesses in his

deduction of rectilinear propagation. Yet he did not doubt the central tenet of his model of

light: light is a pressure instantaneously propagated through contiguous chains of rigid

balls. There can be no delay in the transmission of the pressure because the matter of the

Fig. 2.1. Descartes’s vat of half-

pressed grapes. The wine tends to

flow from the points C, D, E, of the

surface to the hole A and B on the

bottom. From Descartes 1637, p. 86.

9Descartes 1637, pp. 83–4 (citation), 86–7; [1633], pp. 47–53 (rectilinear propagation).
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balls, being pure extension, is necessary incompressible. As Descartes wrote to his Dutch

mentor Isaac Beeckman: “The instantaneous propagation of light is to me so certain that if

its falsity could be shown, I would be ready to admit my complete ignorance of Philoso-

phy.” This concept of light can be regarded as intermediate between the Aristotelian

concept and later wave-theoretical concepts. Of the former concept, Descartes retained

instantaneous propagation through a medium; of the latter he anticipated the notion of a

mechanical medium but excluded the compressibility of this medium.10

The law of refraction

Descartes first expounded the doctrine of the three elements and the resulting concept of

light in the Traité de la lumiere, which he completed in 1733 but renounced publishing after

he heard of Galileo’s troubles with the Church. In 1737, Descartes published his Diop-

trique as an illustration of the directives expressed in the Discours de la méthode. Although

the walking stick and wine-vat analogies already appear in this context, Descartes kept his

full theory of matter for his Principia philosophiae, published in 1644 as an ambitious

replacement of Aristotelian philosophy.11

The main purpose of the Dioptrique was the improvement of optical instruments. To

this end, Descartes derived the sine law of refraction by analogy with the inflection of the

motion of a tennis ball upon entering water. Like Alhazen, he decomposed the motion in

to a component parallel to the surface of the water and a component normal to this

surface. Unlike Alhazen, he regarded the latter component as the one that is modified

when the ball penetrates the water. Moreover, he assumed that the velocity (modulus) of

the ball was changed by a constant fraction when the ball entered the water. The sine law

immediately results from these assumptions (see Fig. 2.2). As early as 984, the Arabic

geometer Ibn Sahl had implicitly used this law as a rule to derive the properties of burning

lenses; the English astronomer Thomas Harriot had established it secretly in 1601; and

Beeckman’s teacher Willebr rd Snel van Royen had privately circulated it in 1621. It is not

clear whether Descartes knew of the latter discovery or whether he performed relevant

experiments. There is no doubt, however, that he gave the first theoretical derivation as well

as the first application to a theory of optical instruments and to a theory of the rainbow.12

Descartes’s derivation of the law of refraction has a few apparent weaknesses. First, it

relies on the actual motion of a ball, whereas Descartes defines light as a mere tendency to

motion. Descartes deflected this objection by making clear that he only meant a partial

analogy between the two cases: “For it is very easy to believe that the action or inclination

to move which I have said must be taken for light, must follow in this the same laws as does

motion.” Accordingly, the velocity of the ball should not be identified with the velocity of

light in each medium. This velocity is always infinite for Descartes. A second difficulty in

Descartes’s reasoning is the assumption that the velocity of the ball changes by a constant

fraction when passing from one medium to the other. There is nothing, in Descartes’s

10Descartes to Beeckman, 22 August 1634, in Tannery 1908, pp. 307–12.

11Descartes [1633], 1637, 1644.

12Descartes 1637, pp. 93–105. On earlier occurrences of the sine law, cf. Rashed 1990; Lohne 1959; Shirley

1983; Sabra 1967, pp. 100–2. On Descartes’s derivation, cf. Mark Smith 1987; Heeffer 2006.
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primitive mechanics, to justify this assumption. Lastly, Descartes’s reasoning requires the

strange assumption that the velocity of the ball is higher in the denser medium (in order

that the refracted ray should be closer to the perpendicular). Descartes gave the following

excuse: the grosser particles of the third element being freer to move in air than in glass (or

water), the particles of the second element (tend to) move faster in glass than in air just as a

ball rolls faster on a hard floor than on a soft carpet.13

Natural and aided vision

Descartes went on with a clear and persuasive exposition of Kepler’s theory of vision,

without caring to name Kepler. Through a striking illustration (Fig. 2.3), he explained

how the formation of a painting of the object at the bottom of the eye could be proved by

removing the skins that cover the bottom of the eye of some big animal and observing this

bottom. To Kepler’s binocular mechanism for the estimation of depth, he added our

awareness of the deformation that the eye underwent in order to produce a focused

painting of the object on the retina. Most originally, he traced the brain’s reception of

images to the movement of fluid or “spirit” circulating in the hollow fibers of the optical

nerve. In terms of the famous Cartesian divide, nervous influx belongs to the res extensa

and does not relate to the res cogitans before entering the brain. Descartes drew the

following corollary on visual perception:14

Fig. 2.2. Descartes’s derivation of the law of refraction. AB represents the displacement of the tennis ball in

the air in a unit time, AH the horizontal component of this displacement, and HF the horizontal displace-

ment of the ball in the water in the time for which its total displacement (BI) equals AB. This time being the

same for any angle of incidence, the conservation of the horizontal velocity implies the proportionality of

AH and HF. Hence the sines AH/AB and BE/BI are also proportional. From Descartes 1637, p. 97.

13Descartes 1637, pp. 89 (citation), 103.

14Ibid., pp. 112 (citation), 137 (depth). In his influential Oculus (1619), the Jesuit astronomer Christoph Scheiner

had provided much anatomic evidence in favor of Kepler’s theory of vision; in his Rosa ursina (1630, p. 110), he had

reported observations of inverted images on the bottom of animal and human eyes. Cf. Daxecker 2004.
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We must beware of assuming that in order to sense, the mind needs to perceive

certain images transmitted by the objects to the brain, as our philosophers commonly

suppose; or, at least, the nature of these images must be conceived quite otherwise

than as they do ... They have had no other reason for positing these images except

that, observing that a picture can easily stimulate our minds to conceive the object

painted there, it seemed to them that in the same way, the mind should be stimulated

by little pictures which form in our head to conceive of those objects that touch our

senses; instead we should consider that there are many things besides pictures which

Fig. 2.3. Descartes’s illustration of Kepler’s theory of vision. The gentleman at P sees the images R, S, T of the

luminous points V, X, Y at the bottom of a big eye, whose inferior skins have been removed. FromDescartes

1637, p. 122.
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can stimulate our thought, such as, for example, signs and words, which do not in any

way resemble the things which they signify ... It is only a question of knowing how the

images can enable the mind to perceive all the different qualities of the objects to

which they refer; not how they hold their resemblance.

Descartes, unlike Kepler, had the notion of virtual images formed by the common

intersection of the prolongation of the rays deflected by an optical device and originating

in the same point of the object. This can be judged from the figures he drew for the

effects of prisms, lenses, and mirrors on vision (Fig. 2.4). He did not, however, exploit

Fig. 2.4. The alteration of vision by a prism, lenses, and mirrors of various shapes according to Descartes

1637, p. 143. The dotted arrows represent what we would now call the virtual image of the object.
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this notion in his analysis of the magnifying power of telescopes. Rather, he traced

(angular) magnification to “making the rays that come from the various points of the

object cross each other as far as possible from the bottom of the eye.” In this view, the

role of the telescope was to transfer the zone of crossing rays from the pupil of the eye to

the object lens of the telescope. Descartes’s main innovation in the theory of optical

instruments was the determination of the refracting surfaces that cause the refracted rays

from a parallel beam to converge to a “burning point.” He found these surfaces to be

those engendered by the rotation of ellipses or hyperboles. More generally, he showed

that the surfaces engendered by what we now call “Descartes’s ovals” bring the rays

from a given point to converge to another point. His new geometry was here essential.

In the last chapter of his treatise, he imagined machines that could grind glasses to the

desired hyperbolic shape.15

The rainbow and colors

As another illustration of his philosophical method, Descartes included a treatise on

meteorology (Les météores) in his volume of 1837. There he gave his theory of the rainbow,

based on reflections and refractions occurring at the surface of the quasi-spherical droplets

of a cloud. The idea that the rainbow results from the reflection of the light of the sun by

clouds is an ancient notion, which Aristotle related to the fact that the parts of a given

rainbow are seen under a constant angle with the direction of the sun. Aristotle easily but

vaguely accounted for the colors by evoking the dimming effect of the clouds, in confor-

mity with his general notion of color as a mixture of brightness and darkness. Around

1300, the Teutonic theologian Theodoric von Freiberg and the Persian astronomer Kamal

al-Din al-Farisi experimented with spherical glass balls and understood that the primary

and secondary rainbows resulted from two refractions and one or two internal reflections

at the surface of water droplets. Their insights were lost. Closer to Descartes’s times,

Giovanni Battista della Porta and Marco Antonio de Dominis emphasized the role of

refraction in generating the colors of the rainbow in analogy with prismatic colors, and the

latter rediscovered Theodoric’s explanation of the primary rainbow.16

Descartes did not mention any of these earlier investigations of the rainbow. From his

experiments with a spherical phial, he measured the limiting angles of the two rainbows

to be 42 and 52 . As he verified by blocking the path of light in his phial, the former

case corresponds to one reflection within the droplets, the second to two reflections (see

Fig. 2.5). Applying his law of refraction to parallel rays entering the droplet at various

distances from its rim and experiencing one or two reflections within it, he found that the

angle of emergence had a maximum of 41 300 in the first case and a minimum of 51 540 in

the second case. He observed that the density of emerging rays was much higher near these

extrema, and thus explained the observed angular radii of the two rainbows.17

15Descartes 1637, pp. 142–3, 155 (citation). Ibn Sahl anticipated the refracting hyperbole: cf. Rashed 1990. On

Descartes’s lens making machines, cf. Burnett 2007.

16Descartes 1637, eighth discourse of Les météores. On rainbow history, cf. Boyer 1959, 1987; Blay 1983,

chaps. 1–3; Blay 1995. On al-Farisi’s contribution, cf. Wiedemann 1910.

17Descartes 1637, pp. 325–9, 336–41. Descartes says that he computed the refracted rays in the course of his

investigation of the analogy between rainbow and prismatic colors. Cf. Buchwald 2008.

MECHANICAL MEDIUM THEORIES OF THE SEVENTEENTH CENTURY 45



In order to understand the rainbow colors, Descartes experimented with a prism

mounted in the manner of Fig. 2.6. The light from the sun is refracted when exiting

the prism through the hole DE. When this hole is small enough the rainbow colors are

projected over the white surface PF. For a larger hole, the luminous spot is mostly white

and colors only appear on the upper and lower sides of it. Descartes concluded that

the production of colors depended both on refraction and on the sideways limitation of

the refracted light, and that the order of colors depended on which side (of the perpendic-

ular to the refracting surface) the refraction was done. These rules enabled him to explain

the colors of the two rainbows, since the limiting angles of emergence provided the desired

limitation of the refracted light.18

Descartes reached or consolidated his rules of refractive coloring by appealing to

his globular model of light propagation. Besides the translational tendency of the balls

of the second element, he imagined a rotational tendency whenever the balls interacted

with the grosser particles of the third element (ordinary matter). He had in mind the rolling

of a tennis ball over a hard floor, in which case “the rotation is about equal to the

rectilinear translation.” He further imagined that refraction made the balls spin in a

Fig. 2.5. Descartes’s explanation of the rainbow. The circle represents an exaggerated droplet. The twice

refracted and once reflected sunray ABCDE contributes to the primary rainbow (smaller dotted semi-circle).

The twice refracted and twice reflected ray FGHIKE contributes to the secondary rainbow (smaller dotted

semi-circle). From Descartes 1637.

18Descartes 1637, pp. 329–31. The divergence of the beam DFEH in Fig. 2.6 is only a consequence of the

exaggerated diameter of the sun.
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sense depending on the sign of the angle of incidence, by analogy with a tennis ball entering

water obliquely (see Fig. 2.7). After refraction, a ball at the limit of the refracted beam

DEFH (Fig. 2.6) touches balls moving faster than itself on the inward side, and slower

than itself on the outward side. Consequently, balls situated near the lower side of the

beam rotate faster than those situated near the higher side. Descartes identified color with

this differential spin:

All of this shows that the nature of the colors appearing near F consists just in the

parts of the subtle matter that transmit the action of light having a much greater

tendency to rotate than to travel in a straight line; so that those that have a much

stronger tendency to rotate cause the color red, and those that have only a slightly

stronger tendency cause yellow. The nature of the colors that are seen near H consists

just in the fact that these small parts do not rotate as quickly as they would if there

were no hindering cause; so that green appears where they rotate just a little more

slowly, and blue where they rotate very much more slowly.

In his Dioptrique, Descartes similarly explained the colors of bodies through the spin

communicated to the balls of subtle matter during their impact with surface irregularities.19

Descartes thus completed his mechanization of optics. Light and colors no longer were

the irreducible, multiplied species of scholastic philosophers. They were tendencies to

motion for the ultimate particles of a subtle matter, transmitted from one particle to the

Fig. 2.6. Descartes’s experiment with the prism. The rays from the sun enter the prism perpendicularly, and

experience refraction before exiting through the hole DE on the supporting board. The resulting beam

DEHF projects the rainbow colors on the part HF of the vertical screen.

19Ibid., pp. 333–4.
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next. In the elaboration of this simple scheme, Descartes relied on vague analogies with

macroscopic processes. He could not do better in the absence of any adequate theory of

mechanics. As we will see, his contemporaries easily spotted weaknesses in his reasoning,

and not always because they misinterpreted his intentions.

Fermat’s principle

Not even the sine law of refraction eluded criticism, even though its empirical content

could easily be divorced from its mechanical foundation. For instance, in a letter to

Mersenne of December 1637 the French mathematician Pierre de Fermat denied every

step of Descartes’s reasoning, from the distinction between endeavors and motions to the

conservation of the parallel component of motion. Twenty years later, Fermat received

from the physician Cureau de la Chambre an optical treatise in which the principle that

“Nature always acts by the shortest courses” played an important role. La Chambre

recalled that Hero of Alexandria, in his Catoptrics, had shown that the law of reflection

on a plane mirror followed from the condition that the total length of the ray between the

eye and the sighted point should be a minimum (Fig. 2.8). La Chambre deplored that the

same principle, when applied to light traveling from one medium to another, led to a

straight line instead of the observed broken line.20

To which Fermat replied that the difficulty could be solved by assuming that different

media offered different “resistances” to the passage of light. In mathematical terms, this

means that the sum aAM + bBM has to be a minimum, A and B being two fixed points,

Fig. 2.7. Descartes’s spinning balls. The impact of the ball V on the water surface YY prompts it to rotate

clockwise (1234) because it enters this surface sideways (through its part 3). It may be touched by two

faster balls Q and R on one side, and two slower ones T and S on the other side. This contact increases the

rotation.

20Fermat to Mersenne, December 1637, in Fermat 1891–1912, vol. 2, pp. 117–20; La Chambre 1657, p. 354;

Hero, 1st century A.D., in Hero 1900, pp. 325–7 or in Cohen and Drabkin 1948, pp. 263–4. Cf. Montucla 1758,

vol. 2, pp. 188–91; Sabra 1967, chaps. 3–5.
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one on each side of a refracting plane, M a variable point on this plane, and a and b

measures of the resistance of the two media. It took Fermat five more years to solve this

problem by his method of minima and maxima, which is formally equivalent to the

modern requirement of vanishing differential. To his surprise, the result exactly complied

with Descartes’s law. Fermat then meant the resistance to be inversely proportional to the

velocity of light, in which case the minimized quantity is the time that light takes to travel

between two points. He did not fail to notice that his reasoning made light travel faster in

the rarer medium, against Descartes’s contrary and unnatural supposition.21

By the time Fermat’s derivation became known, the law of refraction had been repeat-

edly corroborated by experiments. Its consequences for the rainbow and for optical

instruments were widely accepted. Descartes was no longer alone in basing optics on a

mechanical medium. Although his heirs or competitors did not necessarily follow him

in assuming the infinite speed of light or the relation between color and rotation, the

Cartesian dream of reducing optics and other domains of physics to a geometry of matter

had begun to influence natural philosophy.

2.2 From Hobbes to Hooke

Hobbes’s lines of light

A contemporary of Descartes, the English philosopher Thomas Hobbes, pursued the more

radical aim of reducing physics, mind, and God himself to pure motion. In 1644, he

published an optical treatise as part of his friend Marin Mersenne’s Synopsis of mixed

mathematics. Hobbes defined light as the motion of a medium induced by global dilations

e g

d

a

b

h

z

Fig. 2.8. Hero’s theorem of least path. From Hero 1900 [1st century A.D.], p. 326. The ray from the eye g is

reflected at point a of the mirror eh and reaches the observed point d. The produced ray ad intersects the

perpendicular eg to the mirror at the mirror image z of point g. The alternative ray path gbd is longer than

the true path gad because gb+ bd = zb+ bd > za+ ad = ga+ ad.

21Descartes to La Chambre, August 1657, in Fermat 1891–1912, vol. 2, pp. 354–9; 1 January 1662, ibid.,

pp. 460–2; “Analysis ad refractiones” [1662], in Fermat 1891–1912, vol. 1, pp. 170–2. In “Synthesis ad refrac-

tiones” [1662], ibid., pp. 173–9, Fermat offered a synthetic proof that light takes less time to travel on the Snel-

Descartes path than on any other broken path. Huygens 1690, pp. 39–41 has a simpler proof of the same kind. Cf.

Sabra 1967, chap. 5.
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and contractions of the source, which he compared to a beating heart. He cited the

scintillation of stars and the simultaneous emission of light in every direction as evidence

for this conception. Implicitly assuming the incompressibility of the medium, he showed

that successive concentric shells of the medium had a velocity decreasing with their radius,

which explained their decreasing effect on the eye.22

Most originally, Hobbes defined a ray as “the path through which the motion is propa-

gated.”He represented this path by an evenly sliced column (or pyramid) such that themedium

in a given slice occupied the next slice after an expansion of the source (see Fig. 2.9). He called

the limits of (a plane section of) these slices “propagated lines of light” and derived their

perpendicularity to the sides of the rays from the uniformity of the motion of the medium.23

Hobbes exploited this perpendicularity in a new derivation of the sine law of refraction.

When one end of a line of light reaches the frontier between two media of different

densities, this end travels at a speed different from the speed of the other end as long as

the latter remains in the first medium.24 In order to preserve the length of the line of light

(which Hobbes identified with its intensity) and its perpendicularity to the sides of the rays,

Hobbes had it rotate during its crossing of the frontier (see Fig. 2.10). The geometry of the

resulting figure implies that the sines of the angles of incidence and refraction should

be proportional to the velocities in the two media. As Hobbes assumes the velocity of the

denser medium to be smaller, this implies that the refracted ray should be closer to the

normal in the denser medium. At the end of his treatise, Hobbes vaguely suggested that

the rotation of the lines of light during refraction might explain the prismatic colors: if this

rotation somehow persisted until the ray reached the eye, it could enhance the impact of

one end of a line of light and diminish that of the other end, thus causing the sensations

perceived as red and violet.25

Fig. 2.9. Hobbes’s drawing of a ray, with the successive

lines of light AB, CD ... ML (refraction occurs at KO).

From Hobbes 1644, p. 570.

22Hobbes 1644, pp. 567–8. Cf. Brandt 1928, pp. 105–10; Shapiro 1973, pp. 145–72; Bernhardt 1990; Médina

1997, pp. 33–48. Hobbes’s theory resembles an emission theory (he earlier held one), except that it requires a

continuous, space-filling medium and implies no net flux of this medium because of the alternating contraction and

expansion of the source.

23Hobbes 1644, pp. 570–2. Alhazen andWitelo already had finite-width rays, though not in relation with wave

propagation: cf. Shapiro 1973, p. 150n. Hobbes truly meant his rays to be conical, but thin enough and far enough

from the source to be approximated by cylinders: cf. Shapiro 1973, p. 161.

24Hobbes may have had in mind the conservation of flux, which requires the product of velocity and density to

be the same in the two media.

25Hobbes 1644, pp. 572–89. On Hobbes and colors, cf. Blay 1990, p. 153–68.
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As we will see in a moment, Hobbes’s original derivation of the law of refraction

inspired later wave-theoretical derivations, just as Descartes’s derivation inspired later

corpuscular derivations. It must be noted, however, that both Descartes and Hobbes

believed the propagation of light to be instantaneous. Consequently, the velocity ratio,

which they equated to the ratio or to the inverse ratio of the sines of incidence and

refraction, did not refer to the propagation velocity. For Descartes, the implied velocity

belonged to an analogy with a process involving instantaneously transmitted endeavors.

For Hobbes, it referred to the instantaneously transmitted shift of an incompressible fluid.

In both cases, this velocity had more to do with the intensity of light than with its speed.

Although the only analogy found in Hobbes’s optical treatise is that of heart beats, he is

likely to have been inspired by the analogy with sound propagation. The global dilations

and contractions of Hobbes’s shining body resemble the global vibrations of a sounding

body. The flow of the optical medium resembles the concept of sound adopted by his

friend Mersenne in the monumental Harmonie universelle. As the ancient Greeks already

did, Mersenne assumed sound to consist of air being pushed like a pestle all the way from

the source to the ear. Hobbes’s discussion of sound in his later De corpore (1755) confirms

his drawing on Mersenne: there he adopted the pestle concept with circular waves,

explained hearing trumpets by the confinement of the flow, and echoes by the reflection

of sound rays. Hobbes still did not mention the analogy between light and sound. One

reason for this silence may have been that no theory of sound then had sufficient authority

to serve as a template for other theories.26

Fig. 2.10. Refraction according to Hobbes 1644, p. 572. The line GD separates the rare medium from the

dense medium. After the incoming line of light AB reaches the position CD, the extremity C travels on the

arc CG at the end of which it enters the dense medium and assumes the rectilinear path GI. The extremity D

of the line of light CD travels on the arc DH while C travels on CG. As CG belongs to the rare medium and

DH to the dense medium, the ratio of their lengths (or of the radii NC and ND) must be equal to the ratio of

the velocities of the two media. Consequently, the sine law of refraction holds.

26Hobbes 1655, chap. 29.
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Another reason is that Hobbes, by that time, had renounced his original theory of light,

probably because he now judged the contractions and expansions of the source to imply a

vacuum incompatible with his philosophy of motion. He replaced his ingenious theory of

refraction with an erroneous modification of Descartes’s and joined the French philoso-

pher in asserting that light only implied an endeavor to motion:

As vision, so hearing is generated by the motion of the medium, but not in the same

manner. For sight is from pressure [pressio], that is, from an endeavour [conatus]; in

which there is no perceptible progression of any of the parts of the medium; but one

part urging or thrusting on another propagateth that action successively to any

distance whatsoever; whereas the motion of the medium, by which sound is made,

is a stroke [percussio]. For when we hear, the drum of the ear, which is the first organ

of hearing, is stricken.

Not much was left of the original analogy with sound, except for the general idea of a

mechanical medium.27

Hobbes’s publication of his theory of light in a friend’s compilation, his later abandon-

ment of it, Descartes’s misunderstanding and rejection of it, the scandal of Hobbes’s

Leviathan of 1651, John Wallis’s questioning of his geometrical competence in 1655, and

his difficult character all contributed to this theory almost never being cited by later writers

on optics. Yet a few of them arguably benefited from it. In his Perspectiva horaria of 1648,

Mersenne’s close friend Emmanuel Maignan reinterpreted Hobbes’s derivation of the law

of refraction in an emissionist framework in which the lines of light became aggregates of

light corpuscles whose speed depended on the transparent medium (see Fig. 2.11). In his

optical lectures of 1669, the Lucasian Professor Isaac Barrow used a similar figure and

reasoning in a mixed pseudo-Cartesian view of light in which the rays implied a flux of

the subtlest element (akin to Descartes’s first element) as well as accompanying impulses

of the particles of a grosser element (akin to Descartes’s second element) (see Fig. 2.12).

The success of these transpositions is easily explained by noting that Hobbes’s derivation

requires only two ingredients: the perpendicularity of the rays to the lines of light, and

different velocities for the parts of a line of light when this line crosses the interface

between two different media. These two assumptions can be justified both in an emission

theory (with resisting medium) and in a continuous-medium theory not necessarily of

Hobbes’s kind. The meaning of the relevant velocities of course depends on the selected

framework. In Maignan’s and Barrow’s theories, these velocities are identical to the

propagation velocities. They are not in Hobbes’s theory.28

27Hobbes 1655, p. 280 (Latin), p. 486 (English). On pp. 264–5 (Latin), Hobbes gave an obscure interpretation

of prismatic colors as an inclination of the lines of the propagated endeavor, inclination caused by the transverse

reaction of the refracting medium; this might have inspired Hooke’s later theory of colors.

28Maignan 1648, pp. 576–8; Barrow 1669. Cf. Brandt 1928, pp. 211–16; Shapiro 1973, pp. 172–9 (Maignan),

179–81 (Barrow). As Shapiro reports, Maignan and Barrow also had derivations of the law of reflection. As can be

judged from their correspondence (via Mersenne), Descartes and Hobbes did not understand each other’s

concepts of ray nor the relations they assumed between velocity and medium: one theory was by contact of

hard balls, the other by incompressible fluid; there was no well-established mechanics at the time, so that frictional

and inertial effects were not clearly separated; there were no uniform concepts of rigidity and continuity. Cf.

Brandt 1928, pp. 111–19; Shapiro 1973, pp. 155–9.
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Hooke’s pulses

In his celebrated Micrographia of 1665, the Royal Society’s demonstrator and chief

mechanical philosopher Robert Hooke appealed to Hobbes’s notion of physical ray

(without naming Hobbes) and modified his theory of refraction in a strange manner.

His motivation was to explain colors and their production by thin transparent plates, as

studied by his mentor Boyle and produced by foliated bodies under Hooke’s microscope.

Hooke defined light as a periodic succession of pulses caused by very quick and tiny

vibrations of the luminous source, and traveling at a very high but finite and well-defined

speed in a given homogenous medium. To support the vibrational character of light he

appealed to the following phenomenon and analogy:

A Diamond being rub’d, struck, or heated in the dark, shines for a pretty while after,

so long as that motion ... remains (in the same manner as a Glass, rubb’d, struck,

or ... heated, yields a sound which lasts as long as the vibrating motion of that

sonorous body).

Hooke believed sound to be the succession of pulses produced by periodic beating of the

air, as he later demonstrated with a rotating toothed wheel. His concept of light was a

faster version of the same process.29

Hooke explained spherical propagation by analogy with a stone thrown into water, and

represented “physical rays” by a periodic succession of parallel segments delimited by two

parallel “mathematical rays” as Hobbes had done with a different interpretation. The

Fig. 2.11. Refraction according to Maignan 1648, p. 632. Fig. 2.12. Refraction according to Barrow

1669, plate.

29Hooke 1665, p. 54.
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segments now represented the position of the successive pulses created by the source, and

their velocity corresponded to the propagation velocity of light.30 Hooke further

departed from Hobbes by making the velocity of these segments increase with the density

of the medium, as assumed by “the most acute and excellent philosopher Des Cartes.”

By reasoning otherwise similar to Hobbes, this implies that after crossing the border

between two media of different densities, the pulses are inclined with respect to the rays

(see Fig. 2.13). Hooke next argued that the propagation of an inclined pulse in the resisting

medium implied a weaker intensity near its ends. Consequently, the front section of the

pulse causes a gradually increasing sensation when entering the retina whereas the rear

section causes a gradually decreasing sensation. Hooke interpreted the first kind of

sensation as blue, and the second as red. He thus explained the extreme colors of a

refracted beam and pretended to obtain the intermediate ones by combination.31

Hooke thus lost the Hobbesian explanation of refraction. In compensation, he suc-

ceeded in explaining the colors of the light reflected by thin glass plates. For this purpose,

he assumed that the pulses of the incoming light were partially reflected by the first surface

of the plate, and partially transmitted to the second surface and reflected there. The

combination of the two kinds of reflected rays forms a periodic succession of pairs of

pulses of unequal strength (see Fig. 2.14). The distance and order of these pairs depends

Fig. 2.13. A refracted ray according to Hooke 1665, plate. The pulses GH and KI (after refraction into a denser

medium) or SG and RQ (after refraction into a rarer medium), are no longer perpendicular to the rays because

the distance CH traveled in the denser medium is larger than the distance FG traveled in the rarer medium.

30Hooke is not quite explicit on this point. His analysis of the colors of thin plates implicitly requires it.

31Hooke 1665, pp. 55–64 (citation on p. 57). Cf. Shapiro 1973, pp. 189–201.
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periodically on the distance traveled by the weaker pulses within the glass of the plate, and

the latter distance depends on the thickness of the plate and on the inclination of the rays.

In conformity with his earlier definition of blue and red, Hooke interpreted a weaker pulse

followed by a stronger one as blue, and the opposite pattern as red. He thus accounted for

his and Boyle’s main observations. He also explained the colors of bodies by the inclusion

of transparent particles acting somehow like thin plates.32

The analogy between sound and light played an important role in Hooke’s theory, since

the implied periodicity and finite speed played an essential role in his explanation of color

phenomena. At a Royal Society meeting in 1675, Hooke compared the harmony of colors

to the harmony of tones:

Light is a vibrating or tremulous motion in the medium (which is thence called

pellucid) produced from a like motion in the luminous body, after the same manner

as sound was then generally explained by a tremulous motion of the medium

conveying sound, produced therein by a tremulous motion of the sounding body:

and that, as there are produced in sound several harmonies by proportionate vibra-

tions, so there are produced in light several curious and pleasant colours, by the

proportionate and harmonious motions of vibrations intermingled; and as those of

the one are sensated to the ear, so those of the other are by the eye.

Fig. 2.14. Hooke’s drawing for the reflection of three rays of light (1, 2, 3) by films of different thicknesses.

From Hooke 1665, plate. Reflection on the first interface (AB, BG, CD) produces the pulses dc; reflection on

the second interface (EF) produces the weaker pulses ef, with a delay depending on the thickness of the film.

32Hooke 1665, pp. 65–7 (thin plates), 68–9 (colors of bodies). Hooke’s explanation of the colors of thin plates

was closer to the modern explanation than Newton’s, as it implied the superposition of the rays reflected by the

first and second surfaces of the plate whereas Newton’s implied only one ray with fits of easy reflection or

transmission at the second surface of the plate.
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This statement is the probable origin of Newton’s subsequent claim thatHooke had adopted

the correspondence between color and frequency. This claim is contradicted by Hooke’s

contemporary assertion that “colours begin to appear, when two pulses of light are blended

so very well, and near together, that the sense takes them for one.” This idea is the same as

that expressed in his theory of thin plates, in which a colored impression results from the

succession of two pulses of different intensity; and white light corresponds to a periodic

succession of equal pulses. In Hooke’s view, color and pitch are only analogous in that they

both correspond to a time-ordering of pulses that the perceiving organ is unable to separate.

A diary entry of January 1676 confirms this interpretation: “Compard sound and light and

shewed how light produced colours in the same way by confounding pulses.”33

In 1680–82, Hooke gave “lectures on light,” posthumously published in 1705. There he

defended a concept of light that implicitly contradicted his earlier views. He first formu-

lated a few objections against atomist or emissionist theories, including the exhaustion of

the sun and the impossible porosity of transparent bodies. He then pleaded for a mechani-

cal reinterpretation of Aristotle’s medium theory. Following Descartes and Hobbes, he

identified the medium or “aether” with a perfectly fluid plenum, by which he meant an

incompressible (and inviscid) fluid. He excluded compressibility because it would require

lacunae incompatible with the Cartesian identification of matter and extension. He

exploited incompressibility and the resulting conservation of flux to derive the quadratic

law for the decrease of intensity (fluid velocity) with distance from the source, both for

light and for gravitational forces. He regarded this result as a sufficient proof that his

hypothesis represented the true nature of light: “So that thence it is evident, that Light

does act according to the Proportion of the Body moved, observing the same Proportions,

and therefore can be nothing else but that; for what thing soever hath all the same

Properties with another, must be the same.”34

Like Hobbes in his theory of 1644, Hooke imagined that a pulse of a point source

implied an instantaneous shift of the ether at any distance from the source:

Light then is nothing else but a peculiar motion of the parts of the luminous body,

which does affect a fluid body that incompasses the luminous body, which is perfectly

fluid, and perfectly dense, so as not to admit of any further condensation; but that the

parts next the luminous body being moved, the whole expansum of that fluid is

moved likewise.

Like many of his contemporaries, he denied that R mer’s observations of 1676 proved the

finite speed of light. In the case of sound, he imagined a similar shift of the air, except that

the “spongy, rarefied, or yielding” character of air as a medium implied that sound, unlike

light, could only be heard “to a certain distance” (and with a certain delay).35

33Hooke, 11 and 18 March 1675, in Birch 1756–1757, vol. 3, pp. 193–5; 15 January 1676, in Hooke 1935,

p. 211.

34Hooke, “Lectures on light,” in Hooke 1705, pp. 71–148, on pp. 71–5 (emission rejected), 75–6 (Aristotle

modified), 77–8 (discussing R mer), 92–3 (1/r2 law), 114 (quote), 136 (“aether”); “On comets and gravitation,” in

Hooke 1705, pp. 184–6 (1/r2 law for gravitation).

35Hooke 1705, pp. 113, 116–17. Ibid. on p. 130, Hooke rejected the endeavors (conatus) imagined by Descartes

and the later Hobbes.
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Hooke was aware of an obvious difficulty of his concept of light: it seemed to imply that

the ether shifts caused by the various luminous particles at the surface of an extended

source should interfere with each other. As Mersenne had done in the case of sound, he

justified non-interference by analogy with the distinctness of the waves created by the

simultaneous impact of several drops on a calm surface of water. More fundamentally,

he propounded that each sensible element of fluid had enough distinct particles to convey

the pulses from different sources, or else that each sensible element of time had enough

parts to permit the successive passage of the various pulses.36

These optical lectures contained very little on colors. Hooke only mentioned that the

refraction of a white ray of light gave rise to a divergent beam of rays and vaguely related

the “appearance of colour” to the refracted rays being “oblicated.” Possibly, he realized

that his earlier theory of the colors of refracted rays and thin plates was incompatible with

the infinite velocity of light that he now assumed. Or else he did not wish to return to a

topic on which he had nothing new to add and on which Newton had taken the lead.37

Hooke’s inability to shake the Cartesian dogma of the incompressible ether was by no

means unique. In the fourth volume of his Essais de physique (1688), the French physician

and architect Claude Perrault included a theory of light that similarly conciliated the

acoustic analogy with Descartes’s incompressible ether. Like Hooke, Perrault argued that

the emissionist theory of light would imply a quick exhaustion of the sun and exclude

transparency. He compared the propagation of light to the communication of motion by a

contiguous series of billiard balls as he had already done for sound:

The essence of light consists ... in the vivacity of the motion of the particles by which

the particles of the luminous bodies are agitated, which is such that they have the

power to shake the neighboring bodies and to sustain this shaking and to transfer it

from one particle to the next over a very large distance; and this happens in the same

manner as the shaking of colliding bodies shakes the air over a large distance and

travels from one particle to the next until it reaches the ear.

Perrault explained the observed differences in the propagation of light and sound by the

different properties of the particles of the relevant medium. Thus, he related the finite/

infinite speed of propagation to the compressibility/incompressibility of the particles of the

medium, the specificity of the receiving organ to the promptitude, amplitude, and kind

(circular/translational) of the motion of the particles, the rectilinear/diffuse character of

the propagation to the impossibility/possibility of a “dodging” motion of some of the

particles on a line joining the source and the receptor. On the basis of his fine anatomy of

the eye and ear, he found much difference between the two senses and used it to argue

against the classical idea of universal proportions in music and architecture.38

36Ibid., p. 133. Hooke’s suggestion is somewhat similar to Mairan’s later idea that different particles of the air

are responsible for the transmission of different sounds: see below, chapter 4, p. 137.

37Hooke 1705, p. 81.

38Perrault 1680–88, vol. 2, pp. 44–5 (incompressibility), 51–2 (circular motion); vol. 4 (1688), pp. 231 (against

emission), 238 (billiard balls), 242–3 (dodging), 248 (citation). This Perrault was the brother of Charles, the author

of Cendrillon. Originally a physician, he translated Vitruvius, and designed the neoclassical colonnade of the

Louvre. Cf. Picon 1988, pp. 75, 90, 152. Perrault may have borrowed the billiard-ball analogy from his friend

Huygens, although he did not share the latter’s concept of light as a compression wave. He explained the colors of
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To sum up, Hobbes inaugurated a kind of reasoning in which the motion of the medium

around a (point) source of light was simultaneously described by rays and by (traces of

portions of) surfaces orthogonal to the rays. He thus gave an influential proof of the sine

law of refraction as well as a tentative explanation of colors. Maignan, Barrow, Hooke,

and others similarly combined rays and intersecting surfaces in their theories of light. The

meaning of the surfaces varied considerably: shifts of an incompressible fluid for Hobbes,

aggregates of light corpuscles for Maignan, traveling pulses for Hooke. Perhaps this

notion was in part suggested by the water-wave metaphor, which had frequently been

used for sound since the Stoics. It would be wrong, however, to assimilate these theories

with wave theories in the modern sense because their authors did not understand water

and sound waves as we now do.

In their analogies with sound, Hobbes, Hooke, and Perrault relied on the pestle view,

namely: they conceived the propagation of sound and light as the wholesale motion of the

medium and not as compression waves. They followed Descartes in assuming the incom-

pressibility of the optical medium and therefore the instantaneous propagation of light,

except for Hooke, who temporarily assumed a finite velocity of propagation in his theory

of colors. Hobbes and Hooke assumed the periodicity of the ethereal motion, and Hooke

used this property in his explanation of the colors of thin plates. Although these authors

undoubtedly relied on acoustic analogy, they were discreet about it and rather pretended

to be basing their optics on observed facts and rational mechanism.

Grimaldi’s undulations

Unrelated to the former theories were the singular insights of the Jesuit father Francesco

Maria Grimaldi, posthumously published in his turgid Physico-mathesis de lumine of 1665.

Grimaldi’s concept of light probably originated in his discovery of the new optical

phenomenon that he called diffractio. In a series of delicate experiments, he studied the

shadow projected on a distant screen by a narrow object when illuminated by sunlight

passing through a small hole in a shutter. He observed that the penumbra was larger than

implied by the size of the hole and exhibited colored fringes both within and without the

geometric shadow (see Fig. 2.15). He carefully determined that this phenomenon de-

pended on a new mode of propagation of light, differing from reflection (by the edges of

the object), refraction (by some heterogeneous medium), or diffusion (by the air).39

Grimaldi explained the observed fringes by analogy with the undulation of the surface

of a stream beyond an obstacle, judging that “light seem[ed] to be some very fast fluid,

sometimes also undulating, and pouring through diaphanous media.” A visible, macro-

scopic undulation occurred in the case of diffraction fringes. A much finer, invisible

undulation occurred in the light reflected or transmitted by colored bodies, as a

bodies by specificity of the motion induced in their particles, and the color of the issuing light by excitation of the

same specificity in some of the particles of the ether (vol. 4, pp. 250–2). He fancifully explained refraction by multi-

directional reemission of rays from the interface, followed by attraction between oblique rays and the privileged

normal ray (vol. 4, p. 258); a similar explanation is found in Fabri 1667, pp. 107–10.

39Grimaldi 1665, prop. 1. Cf. Ronchi 1956, pp. 112–49. On Hooke’s rediscovery of diffraction, see below,

chap. 3, p. 93, note 29.
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consequence of the disturbance of the luminous flow by the minute porous structure

of the body:40

The modification of light through which it is colored ... can probably be said to be

determined by its exceedingly fine undulation [ipsius undulatione minutissime cris-

pata], as in some trembling flow [tremor diffusionis], with the most subtle rolling [certa

fluitatione subtilissima] through which it affects the sense of vision by proper and

determined application.

Although Grimaldi seems to have reached this correspondence between color and

undulation through the water-stream analogy, he devoted a full section of his treatise to

another analogy between the variety of sounds and the variety of colors in nature. In a

(b) (c)

(a)

Fig. 2.15. Grimaldi’s first diffraction experiment. (a) Experimental setup (AB = hole in a shutter, FE = object;

CD = screen); (b) Colored fringes (N, ... V) next to the geometrical shadow of the object; (c) Internal fringes

in the shadow of an L-shaped object. From Grimaldi 1665, plate.

40Grimaldi 1665, props. 2, 43. Cf. Wilde 1838, p. 327.
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lengthy preamble, he argued against the scholastic interpretation of sound as the multipli-

cation of intentional species and he defended the idea of a mechanical vibration transmit-

ted from the sonorous body to the ear through successive elements of the intermediate air.

The implied undulations of the air, he went on, reflected the complexity of the vibrations

of the source and were thus able to produce the whole range of musical or phonetic sounds.

Thanks to the bridging concept of undulation, he compared this diversity of sounds with

the diversity of colors acquired by light. Be it out of ignorance of contemporary music

theory or out of interest in music, he did not introduce the correspondence of frequency

with pitch, and he did not enunciate the analogy between pitch and color. His only point

was that both for the colors of light and for the qualities of sounds (pitch, timbre,

phonetics), the properties of some undulation of the medium were determinant.41

2.3 Pardies’s and Huygens’s wave theories

Pardies’s acoustic analogy

The first author who explicitly and systematically constructed optics on the basis of

analogy with sound and water waves was the Jesuit father Ignace Gaston Pardies, in a

now lost manuscript written around 1670 and entitled “On the motion of undulations.”

His treatise on statics, published in 1673, contains a short description of the intent of this

work: first to describe the undulations of water, “a matter of game and entertainment

for children, which can be the subject of a very deep meditation for the most skilled

philosophers”; and then to treat sound by analogy with these undulations, and light by

analogy with sound:42

In a conjecture on the propagation of light, we examine whether one could not also

suppose that the vehicle of light is some similar motion in a subtler air; and we show

indeed that under this hypothesis one would explain in a very natural manner all the

properties of light and colors, which are otherwise very difficult to explain; and I hope

my reader will enjoy the manner in which the measure of refraction is demonstrated.

A younger Jesuit, Pierre Ango, inherited Pardies’s manuscript and exploited it in the

first book of the optical treatise he published in 1682 in Paris. In an introductory letter to

this treatise, Ango emphasized the analogy with sound and Pardies’s importance in this

respect:

You will see that [this first book] contains every beautiful and solid thing that can be

said on the propagation and the properties of light, on colors, and even on sounds,

about which I write at first in order to ease the conception of what I subsequently say

on light.—There I have used some of the thoughts of the late Father Pardies which

41Grimaldi 1665, prop. 44. In 1668, The Oratorian father Nicholas Joseph Poisson suggested that the distance

between two colors could be measured by the number of intermediate colors as the distance between musical notes

could be measured by the number of intermediate notes: “Si l’oreille juge, de combien de degrez le Sol est plus élevé

que l’Ut, l’oeil s’aperçoit aussi de la difference, qu’il y a entre le Cramoisy et le Jaune, comptant les degrez de

difference par les couleurs comprises entre les deux, scav. la couleur de feu, le rouge, l’incarnat etc.,” cited in

Oldenburg to Boyle, 17 March 1668, in Hunter, Clericuzio, and Principe 2001, vol. 4.

42Pardies 1673, “Préface.”
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you believe to be still novel and which are in a better shape than this Father left them

in the memoirs which you know I long had in my hands.

As Ango seems to have closely followed Pardies in this book, I will call its author Ango/

Pardies.43

The two Jesuits presented their project as a defense of Aristotle’s views against the neo-

atomism of Gassendi and Maignan. In their opinion, Aristotle’s De anima was the main

source of the medium-based theory of sound and light. They quoted this text to justify

their main assumptions, even the spring of air and the analogy of sound and light with

water waves! For the optical medium, they used Aristotle’s name, aether, a rare occurrence

at that time.44

Ango/Pardies introduced the notion of undulation bymeans of the picture of a vibrating

body that induces alternating compressions and dilations of the contiguous layer of air,

followed by similar periodic deformations of the next layer, and so forth. They believed the

spring of air to be a long-known property, recently confirmed by Boyle’s experiments and

to be explained in a Cartesian manner: by assimilating the air with a sponge of a grosser

element impregnated with the incompressible ether. They insisted that the spring-based

mechanism of propagation excluded any transport of air from the source, thus clearly

rejecting the breath conception that had long been the most popular. They denounced the

common belief that water waves implied a transport of water, and pointed to the analogy

with the undulation of a tense string periodically shaken at one of its ends. This chain of

analogies between light, sound, water waves, and a vibrating string, compensated for the

lack of a self-standing dynamical theory of sound propagation.45

Ango/Pardies then introduced some of the main properties of waves by means of the

water-wave illustration. They gave an essentially correct explanation of the formation of

waves by the impact of a stone. They identified the direction of propagation with the force

exerted on a small solid obstacle, and explained rectilinear propagation by arguing that the

forces exerted on a small portion of a circular wave by the contiguous portions cancelled

each other. They described the reflection of the waves by a solid wall as resulting from the

specular reflection of portions of the waves when hitting the wall (Fig. 2.16), and they

made the novel comment that the reflected waves were no longer circular and yet remained

perpendicular to the rays when the wall was not a plane. They described the superposition

of the incoming and reflected waves, and noted like Mersenne and Hooke that the waves

“crossed each other without mutual hindrance” because the ones “passed like over the top

of the others” (our principle of superposition).46

Ango/Pardies then devoted a quarter of their book to the case of sound, which they

regarded as paradigmatic for other undulations. They reproduced classical arguments in

favor of sound as local motion, identified pitch with frequency, expounded the coincidence

theory of consonance, and dwelled on the intervals of just intonation. More originally,

they discussed sounding pipes and the propagation of sound on the basis of the spring of

43Ango 1682, pp. iv–v. Cf. Shapiro 1973, pp. 209–17; Ziggelaar 1971.

44Ango 1682, pp. 7–14.

45Ibid., pp. 15–16.

46Ibid., pp. 20–8 (citation on p. 28).

MECHANICAL MEDIUM THEORIES OF THE SEVENTEENTH CENTURY 61



the air. The length of this section on sound no doubt resulted from their awareness that

even after Mersenne’s notorious efforts, no consensus existed on the nature of sound and

on the mechanism of its propagation. They indeed pioneered the concept of sound as a

compression wave.47

Ango/Pardies then turned to the refraction of undulations at the limit between two

different kinds of air. They were aware of the derivation of the sine law byMaignan and by

“a learned Englishman” (Barrow probably), rejected it for relying on emissionist princi-

ples, and yet adapted it to obtain the ancestor of many later wave-theoretical derivations.

They replaced the lines of light with periodic undulations meant as metaphors for an

alternation of compressed and expanded states. Another difference was the more general

geometry: whereas Hobbes, Maignan, and Barrow considered only straight lines of light,

Ango/Pardies reasoned on incoming spherical waves that became non-spherical after

plane refraction. They applied a variant of Hobbes’s kinematic reasoning to a small,

nearly straight portion of a wave (see Fig. 2.17), then obtained the refracted rays by taking

the normal to the refracted bit of wave, and the whole refracted waves by drawing a series

of surfaces normal to the refracted rays and such that the distance between two consecu-

tive surfaces was a constant (this distance being defined as the common length of the

portions of rays joining them).48

When they finally came to the case of light, Ango/Pardies argued at length that “every

luminous body breathes” and thus undergoes periodic, global vibrations that shake the

surrounding ether. They also used the heart-beat analogy, without naming Hobbes. As

Fig. 2.16. The reflection of circular water waves by a plane wall. From Ango 1682, p. 26.

47Ibid., pp. 32–59.

48Ibid., pp. 60–6. Ango was aware of Hooke, whom he criticized for not proving the law of refraction

(pp. 90–1). Unlike Hobbes, Maignan, and Barrow, Ango/Pardies did not assume the conservation of the lines

of light. Rather, they assumed that the rays delimiting the portions of waves were broken at the interface.
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they assumed the Cartesian incompressibility of the ether, they believed that in the absence

of any matter the propagation was instantaneous (as in Hobbes’s theory) but that it

became truly wave-like whenever some air or other transparent matter was present.

Their theory of refraction therefore implied the mingling of matter with the ether. They

believed that light propagated almost instantly until it reached the atmosphere and

thereafter assumed a finite velocity decreasing as the density of the air increased.49

On colors, Ango/Pardies adapted the theory of Aristotle’s De sensu, according to which

the colors of bodies are produced by a mixture of white and black particles in various

proportions. They approved Aristotle’s interpretation of the most pleasant colors as

corresponding to simple ratios in analogy with musical consonance, adding that a harmo-

nious combination of colors might also correspond to simple ratios:

By analogy between sounds and colors ... as we can give the reason why there are

cords that displease and others that are most pleasant, we could just as well give the

reason why there are certain colors whose assemblage pleases and others whose union

is not at all agreeable to anyone.

Fig. 2.17. The refraction of spherical waves according to Pardies/Ango. The refracted rays ee and   are

normal to the refracted waves e . If cm and cn are the perpendiculars to the incoming ray cc and to the

refracted ray ee, for any circle CnmK centered on the interface, the lengths Km and Kn are proportional to

the velocities of the waves in the two media, as can be seen by comparing the triangles Kmc and Knc to the

two small quasi-triangles formed by the interface, the ray cc, the ray   , and the normal waves at the

refraction points of these rays. This implies the sine law of refraction. From Ango 1682, p. 62.

49Ibid., pp. 70–3 (citation on p. 73), 80–1 (role of matter).
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They further defined the proportion of black and white corresponding to various colors in

a manner suggested by the lateral colors of a (broad) beam refracted by a prism. Most

originally and most obscurely, they distinguished between “kinds of colors” determined by

the numbers of rays, and “nuances of colors” determined by both the amplitude and the

frequency of the associated waves:

In order to explain all the variety of colors, there are in general only two things to be

considered in the manner in which the rays of light are sent back by objects. Namely,

the objects are only able to diminish the force or the multitude of the rays, the force

by diminishing the strength and frequency of the undulations that the rays produce in

the medium while pressing it against the eyes (because the objects’ parts are too soft

and two loose to reflect them well); the multitude by not sending the rays back in a

number equal to that received from the luminous bodies (because the objects’ parts

are ill adjusted or cut with diverse faces that disperse the rays and deviate them in

every direction without any order).

From this extract we may infer that for Ango/Pardies, the frequency of the undulations

was a parameter of color, though not the only one. As they still depended on Aristotle’s

doctrine, they refrained from the simple and direct identification of color with frequency

that the analogy with pitch naturally suggested.50

Huygens on the nature of light

Toward the end of his life, Pardies lent his manuscript on undulations to the great Dutch

natural philosopher Christiaan Huygens, whom Louis XIV’s minister Jean-Baptiste Col-

bert had called to Paris in order to organize the Royal Academy of Sciences. Huygens’s

interest in optics had developed in the 1650s, as he was conceiving and building telescopes

with his brother Constantijn. With one of these excellent instruments the two siblings

discovered the rings of Saturn in 1656. Christiaan worked out the theory in two manu-

scripts: the Dioptrica of 1652, which contained a general theory of systems of lenses; and

the De aberratione of 1665, which gave the first theory of spherical aberration. The

publication of Barrow’s lectures in 1669 and Newton’s discovery of chromatic aberration

in 1672 dissuaded Huygens from publishing these treatises.51

Instead Huygens began working on a new treatise that would include the physical

foundation of optics and explain the newly discovered birefringence of the Iceland spar.

Vividly interested in sound and music, and impressed by Pardies’s manuscript on light and

sound, Huygens let the acoustic analogy inform his concept of light as a compression

wave. In 1676, he welcomed Ole R mer’s determination of the velocity of light from

observations of the eclipses of Jupiter’s satellites as a confirmation of this view (see

Fig. 2.18). He soon succeeded in explaining the strange properties of the Iceland spar on

50Ibid., pp. 155, 153–4. As we may judge from his correspondence with Newton, Pardies was aware of

Grimaldi’s views on colors.

51Cf. F. J. Dijksterhuis 2004; Shapiro 1973, pp. 218–44; 1980a.
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the basis of the wave theory. In 1679, he read a nearly definitive version of his Traité de la

lumiere, which he published in 1690 with a long delay.52

In the first chapter of this treatise, Huygens rehearsed the then classical arguments in

favor of light as a mode of motion and the controversial argument that the high speed of

light and the lack of mutual perturbation of crossing rays excluded the concept of light as

an emanation. He concluded: “Light therefore propagates in a different manner, and what

can lead us to its understanding is the knowledge we have of the propagation of sound in

air.” Before dwelling on R mer’s proof of the finite velocity of light, Huygens announced

the main result of the analogy with sound:53

Fig. 2.18. R mer’s determination of the velocity of light. From R mer 1676, p. 234. The larger circle

represents the orbit of the earth around the sun (A). The smaller circle represents the orbit of the first

satellite of Jupiter (B); it enters the shadow of Jupiter in C and emerges from it in D. L and K are the

positions of the earth for two successive emersions of the satellite occurring near one quadrature (time at

which Jupiter and the sun are seen in perpendicular directions). F and G are the positions of the earth for

two successive immersions of the satellite occurring near the other quadrature. If the velocity of light has a

finite value c, the time between the two emersions exceeds the period of the satellite by LK/c, whereas the

time between the two immersions is inferior to this period by FG/c. R mer found that for a large number of

revolutions of the satellite, the asymmetry became measurable.

52Cf. Blay 1992. On Huygens’s interest in music and acoustics, cf. Huygens 1888–1950, vol. 19, pp. 359–77;

vol. 20, pp. 1–173; Dostrovsky 1975, pp. 200–1; Cohen 1984, pp. 209–28. On R mer’s argument, cf. R mer 1676;

Pedersen 1978; Débardat 1978. Anomalies in Cassini’s tables for the motion of Jupiter’s satellites inspired this

argument. The tables were made for the purpose of longitude measurement.

53Huygens 1690, pp. 3, 4.
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If light takes time to travel ... , it follows that the impressed motion [of the medium] is

a successive one, and consequently that it spreads out, as in the case of sound, by

spherical surfaces and waves; for I call them waves by resemblance with the waves

formed in water when a stone is dropped in it, which represent such a successive

spreading around, though coming from another cause and occurring on a plane

surface only.

Beyond these generalities, Huygens relied a lot less than Pardies on the analogy with

sound. “If [sound and light] are similar in this respect [finite velocity of propagation],” he

noted, “they differ in several other respects, namely: in the first production of motion that

causes them, in the manner in which this motion is propagated, and in the manner in which

it is communicated.” Whereas Pardies assumed a global vibration of the shining body,

Huygens imagined tiny fluctuations of the parts of this body in order to explain the fact

that the various points of the body’s surface were perceived independently of each other.

Accordingly, his waves were short spherical pulses randomly emitted by the various points

of a luminous surface.54

Regarding the medium, Huygens agreed with Pardies that it could not be the same for

sound and light, since according to Torricelli’s and Boyle’s vacuum experiments sound

required air for its propagation and light did not. Like Pardies (and Aristotle), Huygens

called the light medium the aether. Whereas Pardies admitted essentially the same wave

mechanism for light and sound propagation in the presence of matter, Huygens believed

that the extremely high speed of light required a specific mechanism.

Huygens defined sound as a “regular trembling of the air” during which “the air acts as a

spring and assumes a successive motion.” In his Traité de la lumière, he wrote that in the

explanation of the propagation of sound, “the air is considered to be of such a nature that

it can be compressed and reduced to a space much smaller than that which it normally

occupies; and that as it is compressed it makes an effort to expand.” In the case of light,

Huygens believed Descartes’s model of contiguous hard spheres to be closer to the truth.

Drawing on his earlier study of elastic collisions, he modified this model by allowing some

elasticity of the spheres. In order to minimize the violation of Descartes’s philosophy of

matter, he traced this elasticity to the agitation of smaller particles confined within the

spheres (as pressure is now explained in the kinetic theory of gases).55

Huygens believed that his model of the ether, designed to explain the high but finite

propagation velocity by the elastic collisions of a succession of spheres, had another

advantage over Descartes’s: it allowed for the crossing of light waves without mutual

hindrance (in particular two persons could see each other’s eyes), because the resulting

elastic deformations of the balls could be superposed. But it had a major inconvenience: it

implied that a compressed ball should press every contiguous ball, whereas Descartes’s

perfectly rigid balls were supposed to transmit endeavors in their original direction only.

Rectilinear propagation seemed impossible, and the initial pulse of the source seemed

54Ibid., p. 9. Owing to the lack of periodicity of Huygens’s “waves,” some physicists and historians refuse to

call his optics a “wave theory.” I disagree, because in common parlance and even in some domains of modern

physics (e.g. solitons) waves need not be periodic.

55Huygens [c. 1674], p. 370; Huygens 1690, p. 11.
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destined to be lost in diffuse motion. We will now see that Huygens turned this potentially

disastrous circumstance into the greatest asset of his model.56

Huygens’s construction

What permitted this reversal was the so-called Huygens construction, which Huygens

presumably discovered while meditating on Pardies’s proof of the law of refraction. This

proof, with its combination of rays and non-spherical wave surfaces, must have excited

Huygens’s geometrical curiosity. His contemporary interest in caustics may have

prompted him to examine the wave pattern in relation to the caustics produced by

refraction through a curved surface: he did so in manuscripts of the 1670s and in the last

section of his Traité.57

An evident defect of Pardies’s derivation of the law of refraction is that it does not prove

the existence of a well-defined direction of refraction for a narrow beam. It assumes this

property and then derives the sine law by means of the associated waves. In the case of a

broad beam, it constructs the refracted waves by drawing the surfaces normal to the rays.

Yet there is a simple way to construct refracted waves by purely wave-theoretical means.

At a given instant t, an incoming spherical wave (pulse) intersects the plane separating the

two homogenous media. At any later time, the refracted wave must contain perturbations

that have traveled from this intersection at the velocity V2 in the second medium. Accord-

ing to Pardies, this velocity must be reckoned normally to the wave. Consequently, the

refracted wave at the instant t + tmust be tangent to all the spheres of radius V2 t centered

on a point of the circular intersection of the incoming wave with the separating plane.

Conversely, for any positive t the refracted wave at a given instant tmust be tangent to the

spheres of radius V2 t whose center belongs to the intersection that the incoming wave had

with the separating plane at time t � t. In other words, the refracted wave must be the

envelope of a well-defined family of spheres.

Huygens’s Fig. 2.19 represents the traces of a single wave (pulse) in the plane of

refraction at five, evenly spaced instants of time, in the simple case in which the wave is

originally plane. AB is the trace of the surface separating the two media. The line AC and

KL lines represent portions of the incoming wave at successive times. The circle SR

centered on A has a radius AN, whose ratio to the distance CB equals the ratio V2/V1 of

the velocities of light in the two media. The circles centered on the points K at which the

wave later meets the second medium have radiuses smaller than AN by the amount

HK ·V2/V1, so that the total time needed to travel HK in the first medium and to travel

these radiuses in the second medium is a constant. The refracted wave at the last instant

(at which C reaches B) is the envelope of the various circles. The OK lines represent the

intermediate positions of the refracted wave. Huygens insisted on the novelty of this

construction:58

56Huygens 1690, pp. 16, 21. Descartes in fact believed his model could account for the free crossing of rays: see

above p. 40.

57Cf. F. J. Dijkterhuis 2004, chap. 4.

58Huygens 1690, chap. 3; p. 18 (citation). As Huygens did not fail to note, his and Pardies’s derivations of the

law of refraction imply the relation sini1/sini2 = V1/V2 between the incidence angle i1 and the refraction angle i2, in
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This is what has not been known to those who before me began to consider the waves

of light, including Mr. Hook [sic] in his Micrography and Father Pardies, who in a

treatise of which he showed me a part and which he could not complete as he died

soon after that, had set out to prove through these waves the effect of reflection and

refraction. But the principal foundation [Huygens’s construction] was lacking in his

demonstrations, and for the rest he had opinions very different from mine, as will

perhaps be seen someday if his text has been preserved.

A remaining weakness of this construction is that it assumes the existence of the refracted

wave as a two-dimensional pulse in the second medium. Huygens tried to remove this

imperfection by reifying the spheres of his construction and treating them as real “particu-

lar waves” emitted at the interface between the two media. In this case, the refracted wave

should simply be the resultant of all particular waves. Evidently, this resultant does

not vanish in the space separating their envelope from the interface (the space ABN in

Fig. 2.19). Probably inspired by an analogy with caustics, Huygens argued that the intensity

of the perturbation in this space was “infinitely smaller” than on the envelope.59

Huygens justified the existence of the secondary waves through his elastic-ball model:

Fig. 2.19. The refraction of a plane wave according to Huygens 1690, p. 35.

agreement with Fermat’s principle of least time and in contrast with Descartes’s assumption that the parallel

component of the velocity (of a ball) is conserved during refraction.

59This is correct: if the circular waves are represented by d-functions, the resultant intensity per unit area

behaves as the inverse of the square root of the distance from the envelope. However, the quantity of light

contained in any finite portion of the space delimited by the envelope is comparable to the quantity of light

contained in any finite domain that includes the envelope.
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Every particle of the matter in which the wave spreads out communicates its motion

not only to the next particle that is on the straight line drawn from the luminous

point, but it also gives somemotion to all other particles that touch it and that oppose

its motion.

This picture implies the formation of secondary waves not only at the interface between

two media, but at any point of space crossed by a wave. Huygens employed this process

to explain the rectilinear propagation of light in the following manner. He considered

(Fig. 2.20) a spherical wave centered on A and encountering the diaphragm made of the

opaque surfaces HB and GI. The b points of the medium are excited by the wave when it

passes the diaphragm. Huygens judged that at a given ulterior time the resultant of the

particular waves emitted from this point had a negligible intensity everywhere except on

the portion CE of the wave formed in the absence of the diaphragm. Huygens thus

obtained the first wave-theoretical proof of the rectilinear propagation of light that was

not too obviously insufficient. Earlier medium theorists had argued that spherical propa-

gation implied rectilinear propagation because the radiuses of a sphere are perpendicular

to its surface: this begs the question, since the concrete definition of rays requires dia-

phragms that truncate the spheres of light.60

Although Huygens introduced his theory by analogy with sound, he did not mention the

common belief that sound, unlike light, propagated in curved lines. There are two possible

explanations of this silence. He may have assumed, asMersenne, Kircher, and Pardies did,

Fig. 2.20. Huygens’s construction for the wave (CE) which originated in A and passed through the diaphragm

BG. From Huygens 1690, p. 17.

60Huygens 1690, p. 17. Huygens’s reasoning is incorrect: even though the intensity diverges on the envelope, its

integral over a finite open domain reached by wavelets has the same order of magnitude whether or not the

envelope intersects this domain.
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that sound actually propagated in rays that could be reflected like rays of light and perhaps

even refracted. Or he may have accepted different behaviors of light and sound in this

regard and traced them to the different propagation mechanisms he imagined in each case.

As we will see in a moment, he adopted a position intermediate between these two

alternatives after he encountered a related objection to the wave theory of light in New-

ton’s Principia. Huygens never discussed diffraction, even though he owned a copy of

Grimaldi’s relevant treatise.61

Extraordinary refraction

Huygens’s greatest achievement in optics was his derivation of the laws of refraction for

the Iceland spar. In 1669, the Danish physician Erasmus Berthelsen had discovered that a

ray entering the spar crystal divided into two rays, one following the usual law of

refraction and the other obeying a more complex rule. In the case of extraordinary

refraction, Huygens assumed that the particular waves emitted at the surface of the crystal

were oblate ellipsoids instead of spheres, owing to the anisotropy of the crystal (the

ordinary waves are the spheres inscribed in these ellipsoids). This implies that the rays

joining the centers of these waves to the enveloping wave are no longer orthogonal to the

latter, so that a ray entering the crystal at normal incidence is refracted (see Fig. 2.21).

With great geometrical acumen, Huygens extended this reasoning to any angle of

Fig. 2.21. Huygens’s construction for the refraction of a plane wave (RC) when entering an anisotropic

medium at normal incidence. The elliptical form of a particular waves SNT implies that the ray AN joining

its center A to its contact point N with the envelope NQ of all such waves is not perpendicular to the

resultant wave NQ. From Huygens 1690, p. 60.

61On Huygens’s neglect of Grimaldi, cf. Blay 1992, p. 25.
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incidence, and confirmed the results experimentally thanks to a new technique for cutting

and polishing the crystals.62

Huygens acknowledged two weaknesses of his system: it did not encompass the color

phenomena discovered by Newton, and it did not explain a “marvelous phenomenon,

discovered after writing all the above.” Namely, the ordinary or extraordinary beam

issuing from one spar crystal did not necessarily undergo double refraction when entering

a second crystal. There were special orientations of the second crystal for which only one

kind of refraction occurred. Huygens commented:63

It seems that we are forced to conclude that the waves of light, for having passed the

first crystal, acquire a certain form or disposition, through which when encountering

the material of the second crystal in a certain position, they can stir the two different

matters that serve to the two different species of refraction; and when encountering

this material in another position, they can move only one of these matters. Regarding

how this happens, I have not found anything that satisfies me.

Despite these shortcomings, Huygens’s theory became the most respected of the

medium-based theories of light of the late seventeenth century. Plausible reasons for this

preference are Huygens’s ability to predict new laws, his lucid and elegant style, his

geometrical virtuosity, and his well established authority as one the three greatest natural

philosophers of his time.64

2.4 Optical imaging

Stigmatism

Kepler introduced some of the basic problems and methods of modern geometrical optics,

including the relation between images and crossing rays, the notion of stigmatism, the

concept of rigorously stigmatic surfaces, and the relation between caustics and imaging.

However, he did not provide a unified definition of virtual images. In the case of binocular

vision, he placed the image of a luminous point at the intersection of the two visual axes

and noted that the position of the image generally depended on the orientation of the line

joining the two eyes. In the case of monocular vision, he similarly considered the intersec-

tion of rays passing through opposite sides of the pupil; and yet he judged that the image of

a luminous point through a water-filled sphere was seen on the surface of the sphere

because the brightness of this surface attracted the observer’s attention. Another weakness

of Kepler’s optics is the lack of quantitative relations for the locus of images or for their

(angular) size, even in the paraxial approximation. For large refracting angles, he did not

know the true law of refraction and therefore could not exactly determine the stigmatic

surfaces and the caustics he defined in the Paralipomena.65

62Berthelsen 1669; Huygens 1690, chap. 5. Cf. F. J. Dijkterhuis 2004, chap. 5. In the case of uniaxal crystals

such as the Iceland spar, the ellipsoidal shape of particular waves agrees with the modern theory for the anisotropic

propagation of electromagnetic waves.

63Huygens 1690, pp. 88, 91.

64Cf. F. J. Dijkterhuis 2004, chap. 6.

65Kepler 1604, chap. 5, props. 1–6 (water-filled sphere). Cf. Shapiro 1990, pp. 119–27.
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In his Dioptrique of 1637, Descartes used the sine law of refraction to determine the

rigorously stigmatic surfaces for which all the rays from a given point converge to the same

point after refraction. He then concentrated his efforts on the production of hyperbolic

lenses that perfectly focused a parallel beam. In his Optica promota of 1663, the Aberdeen

astronomer James Gregory arrived at the sine law of refraction independently of Des-

cartes, by a priori making the ellipsoid of revolution a rigorously stigmatic interface. Like

Descartes he wanted perfectly focused images and therefore used parabolic and elliptic

mirrors in the plans of the telescope for which he is best known. In his Traité, Huygens

greatly simplified the determination of stigmatic surfaces by noting that they correspond

to a constant traveling time along rays broken on them and joining the two foci. This

property is an obvious consequence of Huygens’s construction, since the waves around the

foci are spherical and correspond to constant traveling times.66

Virtual images

Through his diagrams of modified vision (Fig. 2.4, p. 44), Descartes anticipated the

modern geometrical definition of virtual images. Gregory provided the first statement of

this definition, accompanied by Fig. 2.22:

From the points of the pupil, draw through the points of reflection all the lines of

reflection, in whose concourse L (provided they concur) will be the apparent place of

the image of the point B. If, however, they do not concur in one point, no distinct and

fixed places of the image of the visible point B will exist.

Fig. 2.22. Gregory’s drawing for the definition of a virtual image. The mirror DEF reflects the rays issuing

from point B. The intersection point L of the reflected rays entering the eye A is the image of B. From

Gregory 1663, p. 47, redrawn in Bruce 2006. Courtesy of Ian Bruce.

66Descartes 1637 (see above, pp. 44–45); J. Gregory 1663; Huygens 1690, pp. 113–18.
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This definition is often attributed to Isaac Barrow, who exploited a similar one in the

Lectiones he gave in 1668–9 from the first Lucasian chair in Cambridge. As long as

the virtual image is believed to represent the perceived location of images correctly, the

Gregory–Barrow principle turns instrumental optics into a purely geometrical exercise

from which the subjective elements of vision disappear.67

The visual adequateness of this principle has often been questioned, however. Huygens,

who privately introduced the real or virtual punctum concursus vel dispersius of a system of

refracted rays as early as 1753, judged that in the case of monocular vision the appreciation

of distance essentially depended on the visual context (as in Kepler’s water-filled ball

experiment). In his influential Dioptrica nova of 1692, the Irish astronomer William

Molyneux similarly argued that the visual appreciation of distance depended on compar-

ative “judgment” rather than “sense,” except for close objects whose distinct vision

required conscious accommodation. In his Theory of vision of 1709, the Irish Bishop and

philosopher George Berkeley rejected any geometry of vision and related the apparent

proximity of an object to the visual confusion of its image. Later in the century Robert

Smith clearly distinguished the geometrical image (which he called “focus”) and the visual

image; and he propounded that the distance of the latter was inferred from its angular

magnitude combined with prior knowledge of the size of the object. D’Alembert rejected

both Smith’s and Barrow’s views, and found the circumstances of our visual appraisal of

the location of objects to be so diverse that there might not be any general principle for the

location of images.68

These various opinions on the visual appreciation of distance equally concern objects

and images. Barrow’s geometrically constructed virtual images fail to represent the appar-

ent distance of an object seen through an optical device to the same extent as the naked eye

fails to appreciate the true distance of objects. As Gregory tells in his definition, the

existence of a virtual image in Barrow’s sense warrants the possibility of seeing a distinct

image (as long as this image is not too close to the eye). The reason is that for a point-like

object the pencil of rays entering the eye should converge on a precise point of the retina

after intraocular refraction; this can happen only if the produced rays of this pencil

intersect at a single point (which may be infinitely remote). This state of affairs explains

why Gregory’s and Barrow’s geometrical construction of virtual images became a basic

component of the theory of optical instruments, even for authors like Smith who denied

their relevance in the perception of distance.

Caustics

Strictly speaking, the Gregory–Barrow definition of virtual images is confined to rigor-

ously stigmatic systems for which the (produced) rays entering the eye have a common

point of intersection. Unlike Gregory, Barrow did not wish to confine himself to such

67J. Gregory 1663, pp. 46–7; Barrow 1669, p. 14. The phrase “virtual image” belongs to Claude François

Milliet Dechales (1674): cf. Shapiro 2007, p. 89.

68Huygens [1653], p. 17 (punctum concursus); 1888–1950, vol. 13, pp. 775–6 [1692] (Unde ergo locus imaginis

aliquot modo percipitur? Solo apparentia magnitudine notae rei); Molyneux 1692, 113; Berkeley 1709, }}14–27;

Smith 1738, pp. 49–51; D’alembert 1761, }}5–17. Cf. Montucla 1758, vol. 2, pp. 597–602; Shapiro 1990;Malet 1997

(on Barrow); Bruce 2006 (on Gregory); Atherton 1990 (on Berkeley); Ferlin 2008, pp. 59–62 (on d’Alembert).
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systems. He therefore needed a broader definition of images. In the special case of real

images formed by a water-filled sphere (see Fig. 1.14, p. 28), Kepler had drawn the

intersections of the successive refracted rays from a pencil of rays, and placed the image

in the zone of intersection. Similarly, Barrow produced the rays of the pencil that enters

the eye, and placed the virtual image at the intersection of the rays that are closest to the

ray passing through the center of the eye (Fig. 2.23). This image is now called the

“tangential image,” because it is the point of tangency of the central ray with the virtual

caustic generated by the optical system. Barrow only considered rays in the incidence plane

of the central ray. In the case of refraction by a plane surface, Newton’s subsequent

consideration of the whole cone of rays entering the pupil led him to introduce a second

image, now called the “sagittal image,” which is the common point of intersection K of

the refracted rays of all incident rays that make the angle BAN with the cathetus AB

(on Fig. 2.23).69

Although the relation between caustics and astigmatic imagery remained unexploited

until Smith’s and Bouguer’s relevant works, the study of caustics attracted a few seven-

teenth-century geometers. In his Traité, Huygens showed that caustics were the evolutes of

the wave surfaces of his theory of light (see Fig. 2.24), and he proved that the caustic

generated by the reflection of a parallel beam on a spherical mirror was an epicycloid. The

Fig. 2.23. Barrow’s construction of the tangential image of a luminous point (A) through a refracting plane

(BF). The refracted ray NO corresponding to the incident ray AN and passing through the center O of the

pupil intersects the refracted rays MC and RD passing through the sides C and D of the pupil, at the points

X and V respectively. The refracted rays closest to the central ray NO cut it at point Z, which Barrow makes

the image of A. From Barrow 1669, fig. 62 of plate.

69Barrow 1669, lecture 5, }20; Newton 1984 [1670–72], pp. 214–21, 352–5. Cf. Shapiro 1990, pp. 133–8. As

Thomas Young later realized (1801a, p. 30), the image points are in fact lines. The sagittal image satisfies the old

rule of the cathetus, as does Kepler’s binocular image when the line joining the two eyes is parallel to the refracting

surface.
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German mathematician Ehrenfried Walther von Tschirnhaus published a faulty solution

to this problem in 1682, and corrected it in 1690 after seeing Huygens’s. In the latter

memoir he inaugurated the phrase curva caustica, an allusion to burning mirrors. Jakob

and Johann Bernoulli soon extended the study of caustics, solved the problem of the

caustic of a refracting plane, and noted the connection with Barrow’s determination of

image points.70

Paraxial optics

Barrow, who treated optics as a mathematical playground, did not dwell on the paraxial

(Gaussian optics) that is most useful to the theory of optical instruments. He nonetheless

gave relations equivalent to the various cases of the modern formula

Fig. 2.24. Huygens drawing of rays, waves, and caustic after refraction on a circle (AE). The caustic is the

envelope NbehC of the refracted rays. From Huygens 1690, p. 119.

70Smith 1738, book 2, chap. 9; Bouguer 1760, pp. 98–104; Huygens 1690, pp. 118–24; Tschirnhaus 1682, 1690a,

1690b (p. 170 for caustica); Jakob Bernoulli 1693. Cf. Shapiro 1990, pp. 156–9.
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relating the algebraic distances p and p0 (from the intersection of the axis with the refracting

surface) of two conjugate points of a spherical refracting sphere with the index n and the

radius R, as well as unnecessarily complicated relations of conjugation for thin lenses. In

contrast, Huygens’s early private treatises were aimed at improving the telescopes that he was

designing with his brother. In his Dioptrica of 1653, he derived a variant of the now familiar
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for a thin lens of index n, radiuses R and R0, and focal length f. This formula first appeared

in print forty years later: case by case in Molyneux’s treatise, and in algebraic form in a

memoir by Edmond Halley also including thick lenses.71

Huygens computed the angular magnification of a single lens by means of a construc-

tion implying the conjugate of the position of the eye (see Fig. 2.25), and iterated this

construction to obtain the magnification of any combination of lenses. He thereby treated

the eye as a pin-hole camera for which accommodation and distance are irrelevant, as

Kepler had done in the more qualitative reasoning of his Dioptrice. In order to obtain a

sharp image despite the finite opening of the pupil, a small lens is placed in front of the

(normal) eye so that the entering beam becomes parallel for a point source. In the De

aberratione of 1666, Huygens computed the aberration of spherical lenses as a preliminary

for the desired compensation of this defect. In a later treatise on telescopes and micro-

scopes, he pioneered the study of two qualities of optical instruments: field and brightness.

These considerations had an immediate impact on the design of his own telescopes,

including the so-called “Huygens eyepiece.” As we will see in the next chapter, they

inspired later theorists of optics after their posthumous publication in 1703.72

A

Eβ F E'α

Fig. 2.25. Angular magnification of a convex lens according to Huygens. The object A is seen by the eye E

under the angle a without the lens, and under the larger angle b with the lens. The point E’, which Huygens

uses to construct the refracted ray passing through E, is the virtual image of E.

71Barrow 1669, lectures 13 and 14; Huygens [1653], pp. 41–3, 99; Molyneux 1692, p. 48; Halley 1693. Cf. the

excellent anonymous introduction to Huygens 1888–1950, vol. 13; Dijksterhuis 2004, chaps. 2–3; Shapiro 1990,

pp. 144–51 (Barrow).

72Huygens [1653], pp. 175–6, 198; Huygens [1666], [1685–1692]. Descartes’s Dioptrique included rough con-

siderations about the field of telescopes.
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2.5 Conclusions

Seventeenth-century natural philosophers inherited Kepler’s concern with vision and its

enhancement by optical instruments, and they significantly deepened his analysis of

optical images. Their reflections on the nature of light yielded several mechanical medium

theories of light, which were often seen as mechanical reinterpretations of Aristotelian

optics. In Descartes’s highly influential theory, light was a pressure instantaneously

transmitted through the contiguous balls of the “second element.” Hobbes and several

of Descartes’s followers agreed about instantaneous transmission, even after R mer’s

contrary observations, because this property derived from the reduction of matter to

spatial extension. They did not necessarily follow Descartes in neglecting the displacement

of the medium. In analogy with the pestle concept of sound, Hobbes temporarily assumed

finite displacements represented by surfaces orthogonal to the rays. This picture, together

with the assumption of a constant ratio of the displacements in air and glass led him to an

influential derivation of the law of refraction.

In the second half of the century, several authors departed more radically from Des-

cartes by admitting a finite propagation velocity. Hooke did so temporarily, in analogy

with the concept of sound as a periodic series of impulsive breaths. His main purpose was

the explanation of the colors of thin plates in terms of two intercalated series of pulses.

Around the same time, Pardies pioneered the explanation of sound and light as periodic

compression waves. He reinterpreted Hobbes’s derivation of the law of refraction as a

consequence of the slower propagation of light in denser media. Huygens promoted

Pardies’s form of the acoustic analogy, with two liberties: he replaced the periodic waves

with random series of pulses; and he introduced a specific mechanism of propagation by

contact of contiguous elastic balls. He used the latter picture to justify the principle

according to which each perturbed element of the medium was the center of secondary

spherical waves whose envelope defined the observed wave at a given time. This principle

enabled him to derive the received laws of reflection and refraction, geometric shadows,

and the extraordinary refraction of Iceland spar by assuming the ellipsoidal shape of the

secondary waves in this case.

Huygens believed that time was not ripe for speculating on the nature of colors. His

forerunners were less reticent. Descartes linked color to the altered spin of his globules at

the border between light and shadow, Hobbes to some rotation of his lines of light, Hooke

to inseparable pairs of unequal pulses, Grimaldi to the fine-scale undulation of the light

fluid, Pardies to the combined effect of attenuated intensity and selected frequency.

Despite their thoroughly mechanical nature, all these explanations retained the Aristote-

lian idea that color had to do with the combination of brightness and darkness. This may

explain why none of the seventeenth-century medium theorists defined color through

frequency, despite Mersenne’s and others’ analogy between musical tones and colors.73

73Newton and Malebranche are two exceptions, if the former is regarded as a medium theorist and the second

as a seventeenth-century philosopher. Their ways of associating color with frequency are described below in

chap. 3, p. 87, and chap. 4, pp. 140–141.
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