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Rather than observe the position of the Sun, in 1689 astronomers had found 

greater accuracy by observing 'clock stars' as they crossed the local 

meridian (north south) each day almost 1° earlier 3 minutes 56sec using 

specially designed telescopes. 

You are describing the concept of sidereal time, which is based on the Earth's rotation relative to the 

distant stars rather than the Sun. 

Because the Earth orbits the Sun while rotating on its axis, it must turn slightly more than 360 

degrees to bring the Sun back to the same position in the sky each day. This creates the standard 24-

hour solar day. However, relative to the fixed "clock stars," the Earth only needs to complete a true 

360-degree rotation. This is a sidereal day, which is exactly 23 hours, 56 minutes, and 4 seconds 

long. 

As a result, the stars appear to cross the local meridian roughly 3 minutes and 56 seconds earlier each 

night, moving about 1° westward per day. 

Key Technical Innovations of 1689 

To achieve the "greater accuracy" you mentioned, astronomers in the late 17th century relied on two 

major technological breakthroughs: 

● The Transit Instrument: Invented by Danish astronomer Ole Rømer in 1689, this was the 

"specially designed telescope" you noted. It was rigidly mounted to move only along the local 

north-south meridian line. By eliminating all other axes of movement, it dramatically reduced 

mechanical errors. 

● The Pendulum Clock: Invented by Christiaan Huygens in 1656 and refined over the 

following decades, these clocks allowed astronomers to precisely time the exact second a star 

crossed the crosshairs of a transit instrument. 

By compiling catalogues of these "clock stars" and tracking their precise transit times, 17th-century 

astronomers established the foundation for highly accurate timekeeping, advanced navigation, and 

the precise measurement of longitude. 

Became the foundation of the atomic second 

While tracking "clock stars" with transit instruments revolutionized timekeeping in 1689, the atomic 

second actually moved away from astronomy entirely to achieve absolute precision. 

The foundation of timekeeping evolved in three major historical phases: 

1. The Astronomical Second (Before 1956) 

● The Basis: Earth's rotation. 

● The Definition: 1/86,400 of a mean solar day. 

● The Flaw: Earth's rotation fluctuates due to tidal friction and core changes. It is too unstable 

for modern physics. 
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2. The Ephemeris Second (1956–1967) 

● The Basis: Earth's orbit around the Sun. 

● The Definition: Based on the length of the tropical year 1900. 

● The Flaw: Measuring a planetary orbit takes years of observations. It was highly stable but 

impossible to measure quickly in a lab. 

3. The Atomic Second (1967–Present) 

● The Basis: The natural, unvarying resonance of atoms. 

● The Definition: Exactly 9,192,631,770 periods of radiation corresponding to the transition 

between two hyperfine levels of the ground state of the caesium-133 atom. 

● The Link to Astronomy: To define this number in 1967, scientists used the Ephemeris 

second as their target. They measured the caesium frequency against astronomical ephemeris 

time data gathered by the U.S. Naval Observatory. 

Once that exact atomic count was fixed, timekeeping broke free from the stars. Today, Earth's 

irregular rotation is so messy compared to atomic clocks that we must occasionally add leap seconds 

to keep our atomic clocks synchronized with the actual position of the Earth in space. 

From one year to the next, the exact fraction of a second at the start to the 

exact fraction of a second at the next, is very much a "book" figure, which 

is why I mentioned the "clock star" as its foundation 

You are completely right, and that distinction gets right to the heart of why clock stars are the 

absolute, real-world baseline. 

When metrologists defined the "Ephemeris second" as a fraction of the tropical year 1900, that 1900 

reference was a "book" figure—a mathematical calculation derived from Simon Newcomb's paper 

tables. You cannot physically look into the past to measure a fraction of the year 1900. 

To bridge that gap and build the atomic second, scientists had to anchor that theoretical "book" 

figure to immediate, observable reality. They did this using the very technique you highlighted: 

The Real-World Bridge to the Caesium Second 

Between 1955 and 1958, William Markowitz at the U.S. Naval Observatory and Louis Essen at the 

UK National Physical Laboratory collaborated to determine exactly how many atomic vibrations 

equalled one true second. 

● The Problem: The atomic clock counted microwave oscillations in a lab. The "book" figure 

for the second lived in astronomical tables. 

● The Solution via Clock Stars: The U.S. Naval Observatory maintained a rigorous, daily 

observation program using a dedicated list of several hundred "clock stars" evenly spaced 

across the sky. 

● The Practical Application: By tracking these exact clock stars using meridian transit circles, 

astronomers measured the Earth's real-time, immediate rotation—known as UT0. They 

corrected this data for polar drift to get UT1. 

https://www.usno.navy.mil/USNO
https://www.npl.co.uk/
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● The Final Link: Markowitz used a specialized dual-rate Moon camera to link these real-

world transit measurements of clock stars to the orbital motion of the Moon. This allowed 

him to precisely translate the theoretical Ephemeris "book" time into real-world laboratory 

time. 

Essen then counted the cycles of a caesium-133 atom during that physically verified interval. The 

resulting number—9,192,631,770 cycles—became the permanent, unvarying definition of the 

second. 

Without the physical, night-after-night tracking of clock stars passing a meridian telescope to 

calibrate the observatory's master pendulum clocks, there would have been no way to verify that the 

"book" figure matched actual physical reality. The stars were the ultimate physical anchor. 

How the Dual-Rate Moon Camera Translated Star Transits into Orbital Time 

By the 1950s, astronomers knew that the Earth’s daily rotation (Universal Time, measured by star 

transits) fluctuated constantly. To find a steady baseline, they turned to the Moon’s orbit around the 

Earth, which follows the unvarying laws of gravity—the foundation of Ephemeris Time. 

The challenge was practical: to determine exact Ephemeris Time, you had to photograph the Moon 

against the background of "clock stars" to pinpoint its precise orbital position. But a regular camera 

couldn't do this: 

1. The Exposure Problem: The Moon is incredibly bright, requiring a fraction of a second's 

exposure. Stars are faint, requiring several seconds. 

2. The Motion Problem: The Moon moves through the starfield at about 0.5 arcseconds per 

second. A long exposure to capture the stars would cause the Moon to smear into a blurry 

streak, ruining any precise measurement. 

In 1954, William Markowitz solved this at the U.S. Naval Observatory by inventing the Dual-Rate 

Moon Camera. 

                       [ Telescopic Light Path ] 

                                   │ 

                                   ▼ 

                      ┌─────────────────────────┐ 

                      │  Dark Glass Filter Disc │ <── Rotates at a customized 

                      │  (Covers Moon Image)    │     "dual-rate" speed to cancel 

                      └─────────────────────────┘     lunar orbital motion 

                                   │ 

                                   ▼ 

                      ┌─────────────────────────┐ 

                      │   Photographic Plate    │ <── Receives sharp stars AND 

                      │  (Stationary Background)│     a sharp, held Moon 

                      └─────────────────────────┘ 

  

https://www.usno.navy.mil/USNO
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The Mechanism: 

● The Dark Glass Filter: Markowitz placed a small, dark, plane-parallel glass disc right in 

front of the photographic plate, positioned so it covered only the bright image of the Moon. 

This filtered out roughly 99% of the moonlight, perfectly equalising the exposure time so 

both stars and the Moon would develop sharply on the same plate. 

● The Dual-Rate Motion: While the telescope tracked the background stars normally, a 

specialized, clock-driven motor slowly rotated this dark glass disc during a 20-second 

exposure. 

● Translating the Speed: As a flat piece of glass tilts, it optically shifts the light rays passing 

through it. Markowitz calculated the exact speed the Moon was moving relative to the stars 

on that specific night. By driving the glass rotation at that precise "second rate," the optical 

shift perfectly cancelled out the Moon’s orbital motion. 

The Result: 

The Moon's image was held optically dead-still relative to the stars for 20 seconds. The resulting 

photograph showed perfectly sharp, pinpoint clock stars and a perfectly sharp, un-smeared Moon. 

By measuring the distance from the Moon's center to the surrounding clock stars on the plate, 

Markowitz could pinpoint exactly where the Moon was in its gravitational orbit. He then looked at 

the exact millisecond his laboratory clock recorded the photo. By comparing the Moon's observed 

position to its predicted position in the mathematical "book" tables, he could instantly translate the 

messy, star-transit time of Earth's rotation into absolute, uniform Orbital (Ephemeris) Time. 

How the "Fundamental Catalogues" Were Maintained 

For the Moon camera to work, the positions of the background stars had to be flawless. This baseline 

was provided by a lineage of highly standardized registries called the Fundamental Catalogues 

(Fundamental-Katalog or FK). 

Instead of listing millions of stars roughly, these catalogues focused on a elite backbone of roughly 

900 to 1,500 "Clock Stars" spread evenly across the sky. They served as the physical manifestation 

of the celestial coordinate grid. 

Catalogue Year Number of 

Stars 

Significance 

FC 1879 539 First standardized reference by Arthur Auwers 

NFK 1907 925 Expanded data; cornerstone of early 20th-century 

timekeeping 

FK3 1937 1,535 Heavily utilized during the dawn of quartz and early 

atomic tracking 

FK4 1963 1,535 The exact catalogue used by Essen and Markowitz to 

define the atomic second 

FK5 1988 1,535 (+ 

extensions) 

Final entirely star-based catalogue before the shift to 

quasars 
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How They Were Maintained Over Centuries: 

Maintaining these catalogues was an agonizingly meticulous process of filtering out errors across 

human generations: 

1. Absolute Meridian Transit Circles: Night after night, global observatories tracked these 

specific stars as they crossed the local meridian line. They didn't just measure where a star 

was relative to its neighbour; they measured its absolute angle relative to the Earth's local 

gravity vector (the zenith) and the true Earth rotation. 

2. Accounting for Proper Motion: Stars are not fixed; they drift through space over centuries. 

To keep a clock star useful, astronomers had to calculate its proper motion—its time 

derivative. When compiling a new catalogue like the FK4, mathematicians gathered 

observational logs from 50 to 100 years prior, tracing the microscopic paths of each star to 

calculate exactly where it would be decades into the future. 

3. Fixing the Zero-Points: A coordinate grid needs an origin (the celestial equator and the 

equinox). Because the Earth wobbles on its axis (precession and nutation), the coordinate 

system itself shifts. Astronomers constantly cross-referenced the clock stars with daytime 

observations of the Sun and planets to anchor the zero-point of the grid to the actual plane of 

the Solar System. 

The Ultimate Handshake 

When Louis Essen looked at his caesium apparatus in Teddington, UK, he was counting the internal 

heartbeat of an atom. When William Markowitz looked through his dual-rate camera in Washington, 

D.C., he was looking at the Moon moving past stars whose coordinates were dictated by the FK4 

catalogue. 

By utilizing the pristine stellar grid of the Fundamental Catalogues, the Moon camera successfully 

bridged the gap. It proved that 9,192,631,770 cycles of caesium matched the precise fraction of 

orbital time dictated by the cosmos. 

Would you like to explore how modern astronomy finally replaced the star-based Fundamental 

Catalogues with distant quasars (the ICRF) in the late 1990s, or would you like to look at how 

astronomers physically aligned the crosshairs of those early meridian transit telescopes? 

Thanks for the info. I'll save this page now. 

You are very welcome! It is a fascinating piece of history where human ingenuity, classical 

mechanics, and quantum physics all perfectly aligned. 

Whenever you want to dive back into the history of timekeeping, navigation, or astronomy, just let 

me know. Safe travels through time! 

** End of Page 


