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Abstract

A relatively simple technique is outlined to estimate the location of the solar apex and the mean velocity of
the Sun with respect to the brightest 313 stars (V > 3.55). The apex and mean velocity are found from a
visual examination of plots of stellar radial velocity versus right ascension, and radial velocity versus
galactic longitude. The technique appears to be appropriate for undergraduate college astronomy classes
and can be adapted to courses of various levels. 

1. INTRODUCTION

The solar apex is the location on the celestial sphere that marks the direction of motion of the Sun with
respect to the stars of the Milky Way. Historically, the most common techniques to estimate the solar apex
are to use the proper motions and/or radial velocities of the stars. 

The location of the solar apex was first estimated by William Herschel (1783) using early proper motion
values for a handful of the naked eye stars. Herschel placed the apex in the constellation of Hercules near
the star λ (lambda) Herculis with equatorial coordinates of α = 17h 31m, δ = +26°.1. For comparison, all
equatorial coordinates have been normalized to epoch B2000.0. The British astronomer and missionary
Reverend Oliver Rowland Walkey (1946) used the radial velocities and proper motions of 40,720 stars to
refine the apex location to 18h 03m, +28°.7 with a velocity of 20.5 kms-1. Today the estimated location of
the solar apex has not changed considerably and is thought to be at 18h 04m, +30° with a velocity of 19.4 
kms-1 (Gupta 2005). This current estimate places the apex near the star ο (omicron) Herculis, which is
about 12° from Vega, α (alpha) Lyrae. 



2. CONCEPT 

The Sun and all the objects in the Milky Way orbit a common mass at the center of our galaxy. However,
the Sun has its own peculiar motion with respect to the nearby stars. The measured radial velocity (RV) of
the stars should reach a maximum negative radial velocity (i.e., toward the Sun) at the apex, a maximum
positive radial velocity at the antipex, and zero radial velocity at an angular distance of 90° from the apex
and antipex. Plotting the star’s radial velocity against the longitudinal component of a given celestial
coordinate system (e.g., right ascension, galactic longitude, or ecliptic longitude) will exhibit a sine curve
where the relevant coordinate of the apex will be at the minima of the curves. The apex is found along a
great circle drawn at right angles from the coordinate equator of choice (e.g., the celestial equator, galactic
equator, or ecliptic). To locate the point of the apex, the same procedure is done with a different
coordinate system, and the intersection of the two great circles will establish the location of the apex and
antipex. The apex will be found closest to the minima of radial velocity. 

3. METHOD 

Radial velocity values for the brightest 313 stars were found in the Royal Astronomical Society of Canada 
Observer’s Handbook (Gupta 2005) and were downloaded from 
http://www.astro.utoronto.ca/~garrison/oh.html. The data were then imported to Microsoft Excel, and the
data format was adjusted to accommodate numerical analysis. Click here to download the format-adjusted
data in Excel. 

Those teaching classes with students who are skilled in mathematics and spreadsheet programming may be
comfortable addressing this problem using the following quantitative approach. However, it should be
emphasized that the quantitative method is rather time consuming and may take more than one lab session,
or it may be more appropriate as a take-home assignment.

The right ascension values for each star are first converted into decimal hours or degrees. The radial
velocity values were then plotted and the right ascension of the minima (αmin) estimated from a visual
examination of the graph (Figure 1). 

Because the stars are assumed to be in orbit around the galactic center, the most appropriate second
coordinate system would appear to be galactic longitude and latitude. The galactic latitude b of each star
was found from the formula (Duffett-Smith 1981; Lang 1999)

http://www.astro.utoronto.ca/~garrison/oh.html
http://aer.noao.edu/auth/BrightStarCatalogue.xls


Figure 1. This graph shows a plot of stellar radial velocities (RV) versus right ascension (α). The right
ascension of the solar apex is found at the minimum of a best fit sine curve to the data. Click here for a
higher resolution version of Figure 1 in PDF.

where α is the right ascension and δ is the declination. It should be noted that the default angular units in
such spreadsheet applications as Excel are radians.

The Duffett-Smith (1981) routine to convert equatorial to galactic longitude appears to be more
straightforward to program and interpret than the more commonly cited arcsine equation (e.g., Lang 1999).
The later appeared to produce more unstable and ambiguous results. The galactic longitude l (B1950.0)
was found from the formula

http://aer.noao.edu/auth/sampsonFig1.pdf


where the ambiguity in the quadrant location was resolved by determining the sign of the numerator y and
denominator x of Equation (2). The sign of x and y was then applied to the conventions outlined in Figure
2. If the initial value from Equation (2) does not conform to the angle defined in Figure 2, then the value
should be adjusted. For example, if the numerator (y) of Equation (2) was negative and the denominator 
(x) was positive, the galactic longitude should be 270° ≤ l < 360°. A series of nested conditional
statements were written to test the output of Equation (2). These tests can be performed in Excel using the
function =IF(logic test,[value if true],[value if false]). The result of the logic test contained in the square
brackets can be a number, cell, word, function, and even another nested conditional statement. The
sequence of statements in Excel syntax was



Figure 2. This schematic illustrates the guidelines needed to place the galactic longitude value derived
from Equation (2) into the correct quadrant. Values x and y are the denominator and numerator of
Equation (2). Click here for a higher resolution version of Figure 2 in PDF.

where y and x are the spreadsheet relative cell coordinates (e.g., Excel cell A1) representing the numerator
and denominator of Equation (2), and l is the spreadsheet relative cell coordinate of the initial output of
Equation (2). The paired quotation marks are used in Excel syntax to insert a blank entry into a cell, but a
value of zero could also be used. Each of equations (3)–(6) was placed into its own spreadsheet columns,
and the next column summed these four values. This summation was then checked by an additional
conditional statement to ensure that 0° ≤ l < 360°. 

The radial velocity of the stars was then graphed on an x-y (scatter) plot against the galactic longitude (l)
and the value of lmin was visually estimated (Figure 3). From previous classroom exercises using Excel,
one of the most common errors occurred when students mistakenly used the line graph option rather than
the x-y (scatter) graphing option. On the celestial sphere, the great circles defined by αmin and lmin

intersect at the solar apex and antipex. The declination of the apex δap and antipex δan was found from
entering αmin and lmin into the equation,

http://aer.noao.edu/auth/sampsonFig2.pdf


Figure 3. This graph shows a plot of stellar radial velocities (RV) versus galactic longitude (l). Like
Figure 1, the galactic longitude of the solar apex is found at the minimum of a best fit sine curve to the
data. Click here for a higher resolution version of Figure 3 in PDF.

The solution to Equation (7) can be either a negative or a positive declination. To determine which value is
the apex and which the antipex, the radial velocity values were graphed against the declination of the stars
and a linear regression performed (Figure 4). In Excel, a linear regression can be performed after the data
have been plotted by right-clicking on the data points on the graph and then selecting the option "Add
Trendline..." From an examination of the regression, it was apparent that the slope was negative, with the
positive radial velocity in the southern celestial hemisphere, zero near the celestial equator (δ = 0°), and
negative in the northern hemisphere. Therefore, the apex was assumed to be in the northern celestial
hemisphere. 

http://aer.noao.edu/auth/sampsonFig3.pdf


Figure 4. This graph shows a plot of stellar radial velocities (RV) versus declination (δ). The linear
regression shows that the apex occurs in the northern celestial hemisphere (i.e., a positive declination).
Click here for a higher resolution version of Figure 4 in PDF.

Finally, the average space velocity of the Sun was found by fitting a sine curve to the data in either Figure
1 or 3, with a phase angle determined by αmin or lmin. Spreadsheet applications like Excel do not have a
sine curve fitting function. However, a sine curve was programmed into the spreadsheet using the formula,

where α is the right ascension of the star and  is the input value of the best guess of the average space
velocity of the Sun. This value was manually adjusted until the sum of the absolute values of the
differences between the sine curve and the actual radial velocity values reached a minimum. The great
amount of scatter in the data suggests that this approach may produce similar uncertainty compared with a
simple visual estimate. Therefore, this method was not used to locate αmin and lmin. 

http://aer.noao.edu/auth/sampsonFig4.pdf


More descriptive astronomy classes can explore the problem from a graphical approach. The students
could be given copies of the finished graphs and asked to locate αmin and lmin by visually estimating the
locations of the minima. Afterward, the declination of the apex and antipex can be found from a
nomogram showing both coordinate systems. These nomograms can be found either online at 
http://www.scrt.astro.su.se/observation.php# or in such texts as Vershuur and Kellerman (1988). The
average space velocity could then be visually estimated by a hand-drawn best-fit sine curve. Further
refinement of the results could be attempted by ensuring that students determine their values
independently and then averaging the class’s results. 

4. RESULTS AND DISCUSSION

From a purely graphical method, the equatorial coordinates were found by the author to be α = 270° (18h 
00m) and δ = +33°, whereas a test subject found α = 270° (18h 00m) and δ = +25°. Using a graphical
method to determine αmin and lmin and then Equation (7) to find the declination produced δ = +33°.9 for
the author and +24°.1 for the test subject.

Using the sine curve fitting routine, the mean space velocity of the Sun was found to be 16 kms-1. A
visual examination of the scatter plot suggested that the velocity may be closer to 20 kms-1. These values
compare favorably with the accepted values cited in the introduction.

In addition to finding the solar apex, the students could also explore related features from the output of the
exercise. For example, the plot of galactic coordinates versus radial velocity produces a small cluster of

data points with  at galactic longitude 315° < l < 360°. This appears to mark the direction of
the center of the galaxy and is marked by stars that are moving parallel to the motion of the Sun. This
provides some compelling evidence that the motion of the Sun is part of a general rotational movement of
the Milky Way galaxy around its center.

It may also be interesting to consider that the estimated solar apex is not located exactly on the galactic
equator, but at about b = +20°. This suggests a number of possible explanations that could be discussed in
class or included as discussion questions in the exercise. For example, students could discuss the
possibility that this is evidence that (a) the Sun is passing through the Milky Way, (b) the Sun is in the
process of being ejected from the galaxy (i.e., that v > galactic escape velocity), (c) the orbit of the Sun is
inclined to the plane of the Milky Way, and (d) there is a oscillatory component to the Sun’s orbit, where
the Sun moves periodically through the plane of the galaxy. 

In addition, for those students at a more advanced level, the proper motion of the stars could also be
investigated and connected to the radial velocities. At this level, it may be important to consider the
relationship between radial velocity and distance as outlined by Fehrenbach, Duflot, and Burnage (2001).
In this study, it was revealed that measured radial velocity systematically diminishes with distance.

Finally, the exercise could help the students understand the history of Einstein’s now famous and possibly
prescient cosmological constant −λ. In his 1917 paper on cosmological considerations of the theory of
general relativity (translated excerpts can be found in Bartusiak 2004), the relatively small velocities of the
Sun and the nearby stars impelled Einstein to seek a universal constant −λ that would have kept the
universe from collapsing in a relatively short period of time. 

http://www.scrt.astro.su.se/observation.php#


5. CONCLUSION

The recent advent and ubiquitous nature of spreadsheet software has made relatively large-scale data
analysis a possibility in the classroom. This project has demonstrated that finding the solar apex using
stellar radial velocities can be achieved effectively and efficiently with such software. Educators may wish
to explore other possible applications, including the generation and analysis of color-magnitude diagrams,
three-dimensional plots of the solar neighborhood, and the construction of star charts. 
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