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This paper summarizes the different forms of aberration for nearby and remote objects and provides
supporting evidence that the physics of the aberration of light must be a combination of local and
remote effects whereby light follows a curved path as a consequence of relativistic aberration. The
reference frames that are at the basis of relativistic aberration are put into the context of the
relativistic effects on atomic clocks such as used in GPS satellites.
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Aberration of light
Stellar aberration – Definition
As per Wikipedia:
The aberration of light (also referred to as astronomical aberration or stellar aberration) is an astronomical
phenomenon which produces an apparent motion of celestial objects about their real locations.
At the instant of any observation of an object, the apparent position of the object is displaced from its true
position by an amount which depends solely upon the transverse component of the velocity of the observer,
with respect to the vector of the incoming beam of light (i.e., the line actually taken by the light on its path to
the observer). The result is a tilting of the direction of the incoming light which is independent of the distance
between object and observer.
In the case of an observer on Earth, the direction of a star's velocity varies during the year as Earth revolves
around the Sun (or strictly speaking, the barycenter of the solar system), and this in turn causes the apparent
position of the star to vary. This particular effect is known as annual aberration or stellar aberration, because it
causes the apparent position of a star to vary periodically over the course of a year. The maximum amount of
the aberrational displacement of a star is approximately 20 arcseconds in right ascension or declination.

Light from location 1 will appear to be coming from location 2 for a moving telescope due to the finite speed of
light.
The aberration can be calculated as:

There are a number of types of aberration, caused by the differing components of the Earth's
motion:





Annual aberration is due to the revolution of the Earth around the Sun.
Planetary aberration is the combination of aberration and light-time correction.
Diurnal aberration is due to the rotation of the Earth about its own axis.
Secular aberration is due to the motion of the Sun and solar system relative to other stars in the
galaxy.
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Stellar aberration – A complication related to nearby objects

A complication when considering a more nearby object (whether it is a planet, the Moon, or a
satellite) is that the source itself has a significant motion. It is the velocity of the observer relative to
the velocity of the source that becomes relevant. As a specific example, if the source and observer
move with the same relative transverse velocity, the aberration term is zero.

Considering the above illustration, the question now arises why photons
following the same path but originating from different sources can show
a different behavior at the moment of entering a telescope.
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Nearby objects – No aberration

V = 0 m/s
From the perspective of the observer on Earth, the observed position of the objects located on Earth
do not change in the course of a day or in the course of a year.

The Moon – Diurnal aberration

V = + or -464 m/s at the Earth’s equator due to the rotation
of the Earth around its axis.

The resulting diurnal aberration = maximum 0.32" (with a periodicity of 1 day)
The light-time correction for the Moon: −0.704".
Light originating from the Moon is not subject to Annual aberration: to calculate the occurrence of a
New Moon, we need only to take into account the constant displacement of the Sun (20.5”) and the
light-time correction for the Moon (−0.704”). http://en.wikipedia.org/wiki/New_moon )
The observed position of the Moon is displaced with a maximum of 0.32 arcsec (+0.7 arcsec lighttime correction) in the course of a day due to the effect of diurnal aberration.
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Planets – Planetary aberration

V depends on the relative motion of
the observed planet and the Earth.

Planetary aberration is the combination of aberration and light-time correction:


Light-time correction: the distance the celestial object has moved while light travelled
towards the observer once light has been emitted from the source



Aberration: planetary aberration depends on the relative motion between source (planet)
and observer (Earth). As a specific example, if source and observer move with the same
relative transverse velocity (e.g. the Moon), the aberration term is zero (and only light-time
correction applies)

The following table depicts the aberration values (in arcsec) when all planets would be aligned with
the Sun and with a distant star:
Light
Source
>
Distance
from
Orbital
Sun
Speed Observer on
(AU)
(km/s) v
Sun
0

0 Sun

Mercury Venus

Earth

Mars

Jupiter

Saturn

Uranus Neptune Star

0.0

-32.9

-24.1

-20.5

-16.6

-9.0

-6.7

-4.7

-3.7

0.0

0,4

47,9 Mercury

32.9

0.0

8.8

12.4

16.4

23.9

26.3

28.3

29.2

32.9

0,7

35,0 Venus

24.1

-8.8

0.0

*3.6

7.5

15.1

17.4

19.4

20.4

24.1

1

29,8 Earth

20.5

-12.4

-3.6

0.0

3.9

11.5

13.8

15.8

16.8

20.5

1,5

24,1 Mars

16.6

-16.4

-7.5

-3.9

0.0

7.6

9.9

11.9

12.8

16.6

5,2

13,1 Jupiter

9.0

-23.9

-15.1

-11.5

-7.6

0.0

2.3

4.3

5.3

9.0

9,5

9,7 Saturn

6.7

-26.3

-17.4

-13.8

-9.9

-2.3

0.0

2.0

2.9

6.7

19,6

6,8 Uranus

4.7

-28.3

-19.4

-15.8

-11.9

-4.3

-2.0

0.0

0.9

4.7

5,4 Neptune

3.7

-29.2

-20.4

-16.8

-12.8

-5.3

-2.9

-0.9

0.0

3.7
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Example whereby the observed aberration of 3.6 arcsec for Venus is referred to:
“A Letter from Richard Price, D. D. F. R. S. to Benjamin Franklin, L L. D. F. R. S. on the Effect of the Aberration of
Light on the Time of a Transit of Venus Over the Sun. (December 1770):”
http://www.jstor.org/stable/105919?seq=1

From the perspective of the observers on Earth, the apparent position of the planets is subject to
Diurnal aberration as well.
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Stars within the Milky Way – Secular aberration

V = 217 km/s (motion of the Solar System around the Milky
Way). The transverse component changes over a period of
226 million years.

The resulting secular aberration is a value up to 149 arcsec.
V = 30 km/s (motion of Earth around the center of the solar system)
The transverse component of this velocity changes over the course of a year depending on the
position of the Earth.
The resulting Annual aberration is a value up to 20.5 arcsec.
From the perspective of the observers on Earth, the apparent position of the stars is subject to
Diurnal aberration as well.
For an observer on Earth, the secular aberration is the largest of the aberration components. The
annual aberration causes the star to appear around this average position (at a maximum angular
distance of 20.5 arcsec).
Remote galaxies – Secular aberration
V = 630 km/s relative to average velocity of galaxies.
The resulting secular aberration is a value up to 430 arcsec.
V = 552 km/s relative to CMB (Cosmic Microwave Background)
The resulting secular aberration is a value up to 377 arcsec.
From the perspective of the observers on Earth, the apparent position of the galaxies is subject to
Diurnal and annual aberration as well.
For an observer on Earth, the secular aberration is the largest of the aberration components but not
measurable because it doesn’t change.
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Hubble telescope - Orbital aberration

Every 97 minutes, Hubble completes a spin around Earth,
moving at the speed of about five miles per second (8 km
per second).

The resulting orbital aberration has a maximum angular displacement of around 5.5 arcseconds.
The orbital aberration applies to any stellar object observed from the Hubble telescope.
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Where does the aberration of light take place?

Photons travelling in the exact same direction but originating from different sources can’t show a
different behavior when entering a telescope.
As described in the previous section, the aberration of light can be very different dependent on the
observed stellar object. The only “constant aberration term” is the annual aberration which changes
the position of a star relative to its average position with a value up to 20.5 arcsec. The average
position of a star or galaxy includes a much larger aberration component due the velocity of the Solar
System and the Milky Way.
The aberration of light must therefore take place while light is travelling from the source to the
observer.
At the point where light originating from a more remote object passes a closer object, the photons
from the remote and the closer object must continue to travel side-by-side and continue to show the
same behavior from that point onwards.
As a consequence, the ‘remaining’ aberration that takes place at the point of entering the telescope
is the same for any light source, independent of the distance.
This ‘remaining’ aberration is the aberration as observed for nearby objects: for stellar objects as
observed by the Hubble telescope, this ‘remaining aberration’ is the orbital aberration.
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Occultation of stars and planets

Light originating from planets is subject to
aberration whereas light originating from the
Moon isn’t.
Nevertheless, when planets are occulted by
the Moon, their images never overlap with
the image of the Moon. This implies that
photons originating from the planets must
have been subject to aberration before
passing the Moon.

Considering the above pictures of Saturn and Jupiter:


Photons originating from these planets must be travelling side-by-side with the photons
originating from the border of the Moon



Any effect of diurnal or orbital aberration must apply equally to both the image of observed
planet and the Moon

Airy’ Water Telescope
In 1871, George Biddell Airy filled a telescope with water to observe how it would affect stellar
aberration.

Since the speed of light in water is about 75% of the speed of light in the air, light would need to take
more time to reach the bottom of the telescope. As a consequence, one would expect the aberration
angle to increase with 1.33 since the telescope would have moved over a larger distance.
The ‘Airy’ experiment demonstrated that the observed aberration angle did not change.
The fact that filling a telescope with water does not change the magnitude of the observed
aberration can be explained through the fact that the effect of aberration takes place before light
enters the telescope.
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Venus transit
Paper: “The effect of planetary aberration on Venus transit observations”
http://www.gsjournal.net/Science-Journals/Essays/View/4044
The following image depicts the observed (apparent) positions of Venus and the Sun during the
transit of June 2004:

Considering the effect of the aberration of light:


Venus is observed with -3.6 arcsec aberration (to left on the above picture)



The Sun is observed with 20.5 arcsec aberration (to the right on the above picture)

Without the aberration of light, the image of Venus would have been observed 24.1 arcsec to the
right relative to the image of the Sun (on the above picture) and would have looked as follows:

The image of Venus (the black disk) cannot have moved to the left (relative to the image of the Sun)
while light (originating from the Sun) travelled from Venus to the Earth. The black disk is the
‘absence of light’ and the only photons observed on Earth are the photons emitted by the Sun ….
Knowing that we observe the black disk of Venus 3.6 arcsec left of its true direction, we can deduct
that the image of the Sun must have been 3.6 arcsec more to the right near Venus.
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Relativistic aberration
From Wikipedia:

Relativistic aberration is described by Einstein's special theory of relativity, and in other
relativistic models such as Newtonian emission theory. It results in aberration of light when
the relative motion of observer and light source changes the position of the light source in the
field of view of the observer. The effect is independent of the distance between observer and
light source.
Suppose, in the reference frame of the observer, the source is moving with speed at an angle
relative to the vector from the observer to the source at the time when the light is emitted.
Then the following formula, which was derived by Einstein in 1905, describes the aberration
of the light source, , measured by the observer:

In this circumstance, the rays of light from the source which reach the observer are tilted
towards the direction of the source's motion (relative to the observer).
In other words: relativistic aberration associates the effect of aberration with the relative
movements of reference frames instead of just of movement of the observer.
While relativistic aberration allows to calculate the net effect of aberration, it does not prescribe the
exact path light is following between source and observer. The exact path can only be calculated
when knowing the relative velocities of the references frames.
If light passes reference frames with different
transverse velocities, then the direction of the
light path will change according to the above
formula. The change in direction is a direct
consequence of the constant speed of light ‘c’
at any point on the path. If the direction would
not change, then light would travel at a speed
exceeding ‘c’ relative to the reference frame.

In the following model, the speed of light would
exceed ‘c’ from the perspective of the telescope:

12

The reference frame within the Solar System
Hypothesis:
The ‘preferred reference frame’ at any point in the Solar System is one that rotates around the
center of the Solar System with the same speed as a planet would have on that position when in
circular orbit.

Within the plane of the Solar System, the velocity of the ‘preferred reference frame’ relative to the
center of the Solar System can be calculated as : SQRT (G x Mass Sun / Distance from Sun ).
For positions nearby the Sun and at the border of the Solar Systems, the calculation is likely to be
different.
For positions above and below the plane of the Solar System, the velocity gradually decreases.
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Simulation of light path
The following diagram is a created through Excel and simulates the situation whereby a star is
observed which is at the exact opposite side of the Sun and for which we expect the annual
aberration to be 20.5 arcsec.
The two curves depict the transversal velocity (m/s) of the ‘preferred reference frame’ and the
accumulated annual aberration (arcsec).
When light arrives at the border of the Solar System it is becomes subject to the rotating reference
frame of the Solar System of which the speed can be calculated as SQRT (G x Mass Sun / Distance
from Sun ). [ For the clarity of the example, we assume a border which is artificially close to the Sun ].
The resulting annual aberration at this ‘artificial’ border of the Sun is 6 arcsec.
As light progresses towards the Sun, it passes through reference frames with increasing transversal
velocity. With every incremental increase of the transversal velocity, the accumulated amount of
annual aberration will increase accordingly. By the time light passes Jupiter, the accumulated
aberration is 9 arcsec. When light arrives at the Earth, the accumulated aberration equals 20.5
arcsec.

The accumulated aberration is always the same as if the aberration would have occurred near the
observer. This explains why the annual aberration as observed from the Earth is reflecting its 30km/s
velocity relative to the Solar System.
Between Jupiter and the Earth, the accumulated annual aberration has increased with 11.5 arcsec.
This 11.5 arcsec is the planetary aberration for Jupiter as observed from the Earth. The planetary
aberration therefore reflects the difference in velocity between both planets. Although the light-time
correction for the Moons of Jupiter is significantly different from Jupiter, the aberration factor is
exactly the same for Jupiter and its moons. This implies that the planetary aberration is the
difference between the velocity of the reference frames of Jupiter and the Earth (instead of the
difference of the velocities of the planets themselves).
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Complex light curve
The following illustration is taken from the paper
“The effect of planetary aberration examined for Jupiter occultation by the moon on 7-Dec-2004”:
http://www.gsjournal.net/Science-Journals/Essays/View/3802

For an observer travelling from Jupiter to the Earth (from right to left on the above diagrams):
- the aberration initially increases (Jupiter appears ahead of the true direction from where light
departed)
- when light reaches a point around 200,000km away from the sun, the aberration starts to decrease
to ultimately become negative and reach a value of -19.7 arcsec when reaching the Earth (whereby
Jupiter appears behind its true position).
So when light passes through the Solar System, its path can describe a ‘complex curve’. Despite the
complexity of this curve the resulting accumulated aberration for the observed stars will exactly be
match the value as if the aberration would have taken place near the Earth.
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Annual aberration
The annual aberration is not a local effect that would work as
follows:

Instead, light must be following a curved path while travelling
through Solar System whereby the curvature is the consequence of
light passing through successive ‘preferred reference frames’ with
changing transversal velocity.
The aberration at any point on the curve can be calculated as per
the formulas of Relativistic aberration.
The magnitude and direction of the cumulative aberration across
the curved path is exactly the same as if the aberration would have
occurred nearby the observer. This is a logical consequence of the
fact that the same formula’s for stellar aberration can be applied
incrementally.
A difference between aberration occurring across a curved path and
the aberration occurring near the observer is a “parallax
displacement”. This displacement explains why we can observe celestial objects that would
otherwise have been occulted by the Moon or by an nearby object on Earth.

Remark:
The aberration of light is not only occurring while light is travelling through the Solar System. Certain
types of aberration such as Diurnal aberration (due to the rotation of the Earth about its own axis)
and Orbital aberration (due to the velocity of satellites) are local in nature and are a smaller effect
superposed on the effect of annual aberration as described above.

16

Why does only the motion of the observer matter?

Light follows a curved path near both at the source (star) and the observer (on the Earth).
Only the curvature near the observer leads to an angular displacement of light as seen by the
observer.
When the source is a star within the Milky Way, then this nearby curvature is the combination of 2
effects:


curvature due to the velocity of the Solar System relative to the Milky Way



curvature due to the velocity of the Earth relative to the Solar System.
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Global Positioning system

Tom Van Flandern: http://www.metaresearch.org/cosmology/gps-relativity.asp

The Global Positioning System (GPS) consists of a
network of 24 satellites in roughly 12-hour orbits, each
carrying atomic clocks on board. The orbital radius of
the satellites is about four Earth-radii (26,600 km).
The orbits are nearly circular, with a typical
eccentricity of less than 1%. Orbital inclination to the
Earth’s equator is typically 55 degrees. The satellites
have orbital speeds of about 3.9 km/s in a frame
centered on the Earth and not rotating with respect to
the distant stars. Nominally, the satellites occupy one
of six equally spaced orbital planes.
Four of them occupy each plane, spread at roughly 90-degree intervals around the Earth in
that plane. The precise orbital periods of the satellites are close to 11 hours and 58 minutes
so that the ground tracks of the satellites repeat day after day, because the Earth makes one
rotation with respect to the stars about every 23 hours and 56 minutes. (Four extra minutes
are required for a point on the Earth to return to a position directly under the Sun because
the Sun advances about one degree per day with respect to the stars.)
General Relativity (GR) predicts that clocks in a stronger gravitational field will tick at a
slower rate. Special Relativity (SR) predicts that moving clocks will appear to tick slower than
non-moving ones. Remarkably, these two effects cancel each other for clocks located at sea
level anywhere on Earth. So if a hypothetical clock at Earth’s north or south pole is used as a
reference, a clock at Earth’s equator would tick slower because of its relative speed due to
Earth’s spin, but faster because of its greater distance from Earth’s center of mass due to the
flattening of the Earth. Because Earth’s spin rate determines its shape, these two effects are
not independent, and it is therefore not entirely coincidental that the effects exactly cancel.
The cancellation is not general, however. Clocks at any altitude above sea level do tick faster
than clocks at sea level; and clocks on rocket sleds do tick slower than stationary clocks.
For GPS satellites:
-

-

GR predicts that the atomic clocks at GPS orbital altitudes will tick faster by about
45,900 ns/day because they are in a weaker gravitational field than atomic clocks on
Earth's surface.
Special Relativity (SR) predicts that atomic clocks moving at GPS orbital speeds will
tick slower by about 7,200 ns/day than stationary ground clocks.

Rather than have clocks with such large rate differences, the satellite clocks are reset in rate
before launch to compensate for these predicted effects. We note that this post-launch rate is
independent of frame or observer considerations. Since the ground tracks repeat day after
day, the distance from satellite to ground remains essentially unchanged.
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The Hafele-Keating experiment
The GPS reference frame (centered on the Earth and not rotating with respect to the distant stars) is
different from the ‘preferred reference frame’ as assumed in the context of stellar.
The difference between the two reference frames can be illustrated with the Hafele–Keating
experiment.
From Wikipedia: “The Hafele–Keating experiment was a test of the
theory of relativity. In October 1971, Hafele and Keating took four
cesium-beam atomic clocks aboard commercial airliners. They flew twice
around the world, first eastward, then westward, and compared the
clocks against others that remained at the United States Naval
Observatory. When reunited, the three sets of clocks were found to
disagree with one another, and their differences were consistent with the
predictions of special and general relativity.” The clock aboard the plane
moving eastward, in the direction of the Earth's rotation, had a greater
velocity (resulting in a relative time loss) than one that remained on the
ground, while a clock aboard the plane moving westward, against the Earth's rotation, had a lower
velocity than one on the ground.”
In the ‘GPS reference frame’, a plane that maintains a speed and orientation such that its position
remains the same with respect to distant stars will be ‘at rest’ and will therefore will show the
highest clock frequency.
In the ‘preferred reference frame’ that explains Stellar Aberration, a plane that maintains a speed
and orientation such that its orientation remains the same relative to the Sun will be ‘at rest’ and will
show the highest clock frequency.
The difference between both approaches is very small (1/365 = 0.27% )and would not be measurable
through the Hafele–Keating experiment.
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The effect on GPS clocks
If the behavior of a GPS clock is considered from the context of the
‘preferred reference frame’ explaining annual aberration (rotating
around the Sun), then its clock frequency is expected to show a
small variation which is dependent on the orientation of the GPS
satellite orbit relative to the Sun.

When the plane of the satellite orbit is perpendicular to the direction towards Sun then there is no
effect on the clock frequency.
When the plane of the satellite orbit aligns with the plane of the Solar System, then the effect will be
maximal. The rotation of the GPS orbital nodes relative to the ‘preferred reference frame’ creates a
small velocity offset which, depending on the direction of the satellite motion, either needs to be
either subtracted or added to the velocity of the GPS satellites. This in turn leads to an increase or
decrease of the GPS clock frequency.
The ‘‘GPS draconitic year’’ = the interval needed for the Sun to return to the same point in space
relative to the GPS orbital nodes (as viewed from the Earth) is about 350 days.
Based on this model, GPS clocks are expected to show a variation in periodicity equaling the GPS
draconitic year.

Harmonics with this type of periodicity are reported in the following papers:
Anomalous harmonics in the spectra of GPS position estimates (February 2007)
J. Ray Æ Z. Altamimi Æ X. Collilieux Æ T. van Dam

http://www.ngs.noaa.gov/CORS/Articles/pos-harmonics_gpssoln08.pdf

“We find no confirmation of the anomalous GPS position harmonics (multiples of ~1.04 cpy) in
corresponding results from VLBI or SLR, nor in geophysical loadings due to atmospheric pressure, nontidal ocean bottom pressure, or continental water storage. Because of this and the fact that the
anomalous period of ~350 days matches the GPS constellation repeat cycle, it seems likely that the
harmonics are a consequence of some technique error.”

Quality assessment of GPS reprocessed terrestrial reference frame (15 April 2010)
Xavier Collilieux • Laurent Me´tivier • Zuheir Altamimi •Tonie van Dam • Jim Ray

http://www.ngs.noaa.gov/CORS/Articles/ITRF2008GPSSol2011.pdf

“Finally, the periodic spurious signals at the harmonics of the draconitic frequency are still detected in
the position time series up to the 6th component with similar amplitude than in the
nonhomogeneously reprocessed products. Understanding the cause of the mechanisms that
generates these signals will be one of the major tasks of the IGS for the next years.”
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Summary / Conclusion
There are multiple indications why stellar aberration must be a combination of:
-

local aberration due to the velocity of the observer relative to the ‘preferred reference
frame’
curvature of light as a consequence of propagating through preferred reference frames with
changing transverse velocities

Indications:
-

-

Different aberration values, depending the on the source. (the only constant aberration term
is annual aberration which causes an angular displacement of max. 20.5 arcsec relative to the
average observed position). Photons arriving the same direction but originating from
different objects should show the same behavior.
Light from stellar objects remain visible when the true direction for the stellar object is
already behind a closer by object (Moon or object on Earth).

Relativistic aberration explains aberration through the relative motion of reference frames. The
proposed ‘preferred reference frame’ at any point in the Solar System is one that rotates with the
same speed as a planet would have at that same position.
The relative movement of GPS satellites relative to this ‘preferred reference frame’ (instead of the
GPS reference frame) could be at the basis of the observed (but unexplained) harmonics.
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