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Rambam and the Size of the Sun

By: YORAM BOGACZ

The feat of measuring the size of the Earth was first accomplished by
Eratosthenes, born around 276 B.C.E. in Cyrene, in modern-day Libya.
For many years, Eratosthenes was the chief librarian at Alexandria, possi-
bly the most prestigious academic post of the ancient world. Eratosthenes
had learned of a well situated near the town of Syene in Southern Egypt,
close to modern-day Aswan. At noon around 21st June each year (the
summer solstice), the Sun was directly overhead and shone straight into
the well. In Alexandria, several hundred kilometres to the north, this never
happened. Eratosthenes thought that he could exploit this fact to measure
the circumference of the Earth.

Figure 1 shows how parallel rays of light from the Sun hit the Earth
at noon on 215t June. At noon—the same moment that some of the rays
were plunging into the well at Syene—FEratosthenes stuck a stick vertically
in the ground at Alexandria and measured the angle between the Sun’s
rays and the stick. This angle is equal to the angle between two lines drawn
from Alexandria and Syene to the centre of the Earth. He measured the
angle to be 7.2°.

Eratosthenes took the Earth to be perfectly spherical.! So if the angle
between Syene and Alexandria is 7.2°, then the distance between the two

. 7.2 .
cities represents —— of Earth’s circumference, because there are 360 de-

grees in a full circle. So the distance between the two cities represents one-
. . 7.2 1
fiftieth of the circumference of the Farth [% =0.02 = 5].
The next step was to measure the distance between the two towns. It
is not clear how Eratosthenes did this. One suggestion is that he measured
the circumference of a cart wheel, and recorded the number of revolu-

tions made by the wheel on the journey between Alexandria and Syene.
The distance turned out to be 5,000 stades. Since this represents % of the

Earth’s circumference, the total circumference must be 250,000 stades.

This is correct to a first approximation. The Earth is actually an oblate spheroid,
meaning that it bulges slightly at the equator, due to its rotation around its axis.
So the equatorial radius is 6378 km, while the polar radius is 6356 km.

Yoram Bogacz (bogacz@telkomsa.net) is a Torah educator and writer.
His books include Explorations, Genesis and Genes and Facets of Eternity.
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Figure 1. Eratosthenes used the shadow cast by a stick at Alexandria to
calculate the circumference of the Earth. He concluded the experiment on
the day of the summer solstice, where the noon Sun is directly above the
Tropic of Cancer. Diagram is not to scale.

How far is 250,000 stades? The stade was a standard distance over
which races were held. The Egyptian stade (as opposed to the Olympic
stade) was 157 metres, which gives a circumference of 39,250 km. The
modern figure is 40,075 km, a difference of just 2%. There were several
inaccuracies in the method used by Eratosthenes. For example, Syene is
not directly south of Alexandria. Furthermore, it is situated not precisely
on the Tropic of Cancer, but slightly north of it (see Map 1). Nonetheless,
given the tools at his disposal, Eratosthenes obtained a result of astonish-
ing accuracy.
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Map 1. Alexandria (top left) is on the shore of the Mediterranean Sea. The modern
city of Aswan, close to the ancient Syene, is just north of Lake Nasser (bottom
right). Notice that Aswan is not directly south of Alexandria; nor is it on the Tropic
of Cancer.

The next step was to deduce the size of the Moon and Sun. The
groundwork had been laid by earlier thinkers, but the calculations were
incomplete until the size of the Earth had been established. Eratosthenes
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compared the size of Earth’s shadow cast upon the Moon during a lunar
eclipse, as shown in figure 2.

It was now possible to deduce that the Moon’s diameter was about
one-quarter of the Earth’s. Once Eratosthenes had shown that the Earth’s
circumference is about 40,000 km, its diameter is simply this figure di-
vided by © (pz, the ratio of a circle’s circumference to its diameter), yielding
roughly 12,700 km (modern figure: 12,756 km). Therefore, the Moon’s
diameter was one-quarter this figure, or nearly 3,200 km.
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It was then easy for Eratosthenes to estimate the distance to the
Moon. One way to do this is to stare at the full Moon, close one eye and
stretch out your arm. You will notice that you can cover the Moon with
the end of your forefinger. Figure 3 shows that your fingernail forms a
triangle with your eye. The Moon forms a similar triangle, with a vastly
greater szze but identical proportions. The ratio between the length of your
arm and the height of your fingernail, about 100:1, is the same as the ratio
between the distance to the Moon and the Moon’s own diameter. This
means that the distance to the Moon is roughly 100 times greater than its
diameter, yielding a distance of 320,000 km (current figure: about 384,000 km).
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Figure 3. Having estimated the size of the Moon, it is quite easy to calculate the
distance to the Moon. Notice that you can block out the Moon with a fingertip at
arm’s length. The ratio of a fingernail’s height to an arm’s length is roughly the same
as the ratio of the Moon’s diameter to its distance from the Earth. An arm’s length
is about 100 times longer that a fingernail, so the distance to the Moon is about 100
times its diameter.

Next, Eratosthenes built upon the arguments of Aristarchus of Samos
(citca 310-230 B.C.E.) If moonshine is reflected sunshine, Atistarchus
explained, then the half-Moon must occur when the Sun, Moon and Earth
form a right-angled triangle, as shown in Figure 4.

I\.."Ioon ,? A d

il Sun

}( 320000 km )‘

Earth

Figure 4. Aristarchus argued that it is possible to estimate the distance to the Sun
by using the fact that the Earth, Moon and Sun form a right-angled triangle when
the Moon is at half phase (quadrature). Diagram is not to scale.

Aristarchus measured the angle at the Earth as 87°. Using elementary
trigonometry (which is explained at the end of this article), he calculated
that the Sun must be about 20 times as far away from the Earth as is the
Moon. In reality, the precise moment of guadrature (when the Sun, Farth
and Moon form a right-angled triangle) is difficult to determine, and Ar-
istarchus’ measurement of the angle was limited by his instruments. At
quadrature, the angle at the Earth is 89.85% the Sun is thus about 400
times farther away than the Moon.

Finally, deducing the size of the Sun was easy. During a total solar
eclipse, the Moon fits almost perfectly over the Sun. This means that the
ratio of the Sun’s diameter to the Sun’s distance from the Earth must be
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the same as the ratio of the Moon’s diameter to the Moon’s distance from
the Earth, as shown in Figure 5.
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Figure 5. It is possible to estimate the size of the Sun, once its distance is known.
A total solar eclipse occurs when the Moon is exactly between the Sun and the
Earth. The Moon appeats to exactly cover the Sun. The eclipse obsetver is at the
apex of two similar triangles (i.e., possessing identical proportions). Knowing the
distance to the Moon and to the Sun and knowing the diameter of the Moon is
enough to deduce the diameter of the Sun.

Thus, Eratosthenes concluded that the Sun was about twenty times
farther away from the Earth as the Moon, and that its diameter was about
5Y2 times that of Earth. Since the volume of a sphere is proportional to
the cube of the diameter, this implied that the Sun’s volume is (5%)3 =

166% times greater than the volume of Earth.

The results described above were well known in the ancient world,
and were incorporated by Ptolemy into his monumental .A/magest. Later,
his work was translated into Arabic and studied intensively by Arab schol-
ars during the golden age of Arabic science. This was the great flowering
of science (approximately 9t-12th centuries C.E.), particularly astronomy,
in the Arab world, while science languished in Medieval Europe.

kokok

Rambam learnt his astronomy from contemporaneous Muslim scholars.
He writes in Moreh Nevuchim that:

Ibn Aflach, with whose son I associated, composed a famous book
about this subject. Later, the superb philosopher Abt Bakr ibn al-
S@’igh got involved in this matter. I studied with one of his students,
and he taught me the relevant proofs, and I copied them from
there...2
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Furthermore, Rambam obtained many astronomical values from the
Arab astronomer Al-Battani (circa 858-929 C.E.). This outstanding as-
tronomer and mathematician whose full name—Abu abd Allah Muham-
mad ibn Jabir Sinan Al-battani Al harrani As-sabi—was mercifully Lat-
inized as Albategni and Anglicised as Al-Battani, was the best known of
the Arab astronomers in Europe during the Middle Ages. His principal
written work, a compendium of astronomical tables, was translated into
Latin in about 1116, about two decades before the birth of Rambam.3
That Rambam relied on Al-Battani’s numbers was pointed out by as early
an authority as The Commentator (W19217). This is a reference to Rabbi Ova-
diah ben David (d. 1341 C.E.), whose commentary to Rambam’s astro-
nomical treatise has been printed in all editions of Rambam’s work for
centuries, thereby earning him the status of 75¢ Commentator. He writes
that “Rambam relied on Al-Battani and nobody else.”* In the 20t century,
Rambam’s work was closely analysed by Professor Otto Neugebauer
(1899-1990), who was one of the most distinguished of the archaeo-as-
tronomers (historians who research ancient astronomy).> His comparison
of Al-Battani’s figures with Rambam’s numbers indicates clearly that
Rambam used these—the best available figures at the time—for his cal-
culations. This is corroborated by contemporary researchers such as J.J.

Ajdler.6
stokok
Rambam, in his Introduction to the Mishna, makes the point that something

that appears counterintuitive can still be true. This is not a trivial state-
ment. Rambam argues that a rigorous logical argument is sufficient to

Britannica writes that Al-Battani was an “Arab astronomer and mathematician
who refined existing values for the length of the year and of the seasons, for the
annual precession of the equinoxes, and for the inclination of the ecliptic. He
showed that the position of the Sun's apogee, or farthest point from the Earth,
is variable and that annular (central but incomplete) eclipses of the Sun are pos-
sible. He improved Ptolemy's astronomical calculations by replacing geometrical
methods with trigonometry. From 877 he carried out many years of remarkably
accurate observations at ar-Raqqah in Syria.”

“Battani, al-,” Encyclopedia Britannica: Ultimate Reference Suite (Chicago: Encyclope-
dia Britannica, 2009).
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O. Neugebauer, “The Astronomy of Rambam and its Sources,” HUCA, vol. 22,
1949, pp. 321-363.
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convince us of the veracity of something that appears to be untrue, even
preposterous. The Sun appears to be a small disk in the sky but, argues
Rambam, it is actually bigger than the Earth, and we can deduce its size
and distance from Earth even though these parameters are not directly
accessible to measurement. He proceeds to explain this, and in the process

. . . o 3
explicitly credits Ptolemy’s A/wagest.” He writes that the Sun’s size is 1665
times the size of Earth.® From the foregoing discussion, it is obvious that
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Notice that Rambam writes that Earth’s circumference is 24,000 mzl. A wil, in
rabbinic writings, is equivalent to 2,000 cubits. Taking a cubit as approximately
50 cm, this yields 12,000 km for Earth’s circumference. Recall that Eratosthenes
calculated Earth’s citcumference as about 40,000 km. I wrote about this to Rabbi
Zalman Menachem Koren:
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Here is Rabbi Koren’s response:
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Rambam meant that the Sun’s volume is 166 times greater than Earth’s
volume. He did not mean that the Sun’s diameter is 166 times the diameter
of Earth. Likewise, Rabbi Judah Hal.evy, in his classic Kuzari, writes that
the Sun’s size is 166 times the size of the Earth.”

Conclusion

We know today that the Sun is about 400 times farther away from us than
the Moon; we also know that its diameter is 109 times the diameter of
Earth, making its volume 1.3 million times the volume of Earth. When
saying that the Sun is 166 times as large as the Earth, Rambam was in
error by several orders of magnitude. But what is the significance of this?
The methods and reasoning of Aristarchus and Eratosthenes were
correct and sophisticated. Only their numerical results, limited by the
available technology, were faulty. Furthermore, Rambam’s overall point
is valid: rigorous analysis can be trusted, even in the face of counterintui-
tive notions. The Sun is indeed much bigger than Earth, and we can reach
that conclusion on the basis of careful argumentation and measurement.
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Addendum: Trigonometry Argument used by Aristarchus

We denote the Sun, Earth and Moon as S, E, and M respectively. Then
the Sun-Moon distance is SM; the Sun-Earth distance is SE; and the
Earth-Moon distance is EM.

Moon v A d

320000 km

Earth

Figure 4. Aristarchus argued that it is possible to estimate the distance to the Sun
by using the fact that the Earth, Moon and Sun form a right-angled triangle when
the Moon is at half phase (quadrature). Diagram is not to scale.

In the right-angled triangle SEM, cos 87° = %
Therefore, SE = —— = 322999 _ 6114 343 km
cos 87° cos 87°
The ratio EM: SE is “oiom — 19

320 000

Substituting modern values for the parameters, we get

E = EM = 384 000 =146 677 363 k
© c0s89.85° 0s89.85° m

146 677 363
384 000

Therefore, the ratio EM: SE is = 382





