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Abstract
This paper analyzes the Pioneer and Voyager spacecraft pulsar map. The analysis includes the
interpretation and identification of the pulsars in the map and the technique to triangulate the Sun’s
position using basic geometric measurements. The use of this map to navigate from an extrasolar planet
to the Sun is also explored.

1. Introduction
In 1972, the Pioneer 10 spacecraft was launched to explore Jupiter and then became the first of five probes
to have the necessary escape velocity to leave the solar system. [1] Pioneers 10 &11 and Voyagers 1 & 2
spacecraft contained a plaque developed by Frank Drake and Carl Sagan that shows the location of Earth
using a pulsar map. The Deep Space Exploration Society [2] is preparing the 60-foot radio telescope for
pulsar detection. This is the first of many papers planned involving pulsars and has been a good start in
jump-starting the organizations learning curve. This paper also analyzes an approach on how an
Extraterrestrial Intelligence (ETI) could interpret and use the map to navigate to Earth from an extrasolar
planet.
2. Pulsar Map
The pulsar map is shown in Figure 1 [3]. The map includes a depiction of the hydrogen atom, a geometric
depiction of pulsars relative to Earth and the galactic center, and a depiction of Earth’s position in the
solar system.

Figure 1: Pioneer and Voyager Spacecraft Pulsar Map

3. Analysis Approach
The analysis approach follows the work done by Johnston in 2007. [4] Step one is to identify the hydrogen
symbol as a common timing reference. Step two is to interpret that the symbols on the map are binary
numbers of 0s and 1s. The binary sequences are then converted to a base 10 count and applied to the
hydrogen reference to get the pulsar periods. It should be noted that the conversion to base 10 is not
necessary since the ratios can be derived independent of the base used. Step three is to locate the pulsars
in the ETI’s database and map them onto a galactic-centric star chart. Step four is to use the geometric
lengths and angles on the pulsar map to triangulate the Earth’s position in the galaxy.
The ETI’s home star system can then be mapped on the galactic plane to determine distances and courses
to the Earth.

4. Hyperfine Transition of HI
Neutral hydrogen conducts an electron spin flip which produces a photon with a frequency of 1 420 405
751.768 Hz. [5] This is referred to as the hyperfine transition of HI. This is represented graphically on the
Pioneer plaque as shown in Figure 2.

Figure 2: Hyperfine Transition of HI
This depiction provides a common physical reference that the ETI can measure and convert to their timing
system.

5. Identifying the Pulsars
There is an assumption that an ETI will identify the lines as a galactic map and that the perpendicular lines
and dashes at each end of a line are the binary representation of the pulsar period. The distance of the Sun
to the galactic center is identified by the long horizontal line as shown in Figure 3. The pulsar lines are
angled from the Sun’s position with relative lengths bases on the Sun – galactic center line length.

Figure 3: Relative Galactic Distance Line
A pulsar line consists of multiple parts (Figure 4):
•
•
•

•

The line segment closest to the center is a relative length that depicts the distance of the pulsar
from the Sun.
The next segment is a relative length that depicts the pulsar’s distance above or below the galactic
plane – Z-axis.
The next segment consists of perpendicular lines which can be interpreted as 1s, and dashes which
can be interpreted as 0s. The binary number is read with the least significant bit at the end of the
line.
Angles – the angles of each pulsar line are read clockwise from the central galactic line.

Figure 4: Description of a pulsar line
The pulsars were numbered clockwise from the galactic center line. The binary numbers are read based
on Figure 5.

Figure 5: Binary Interpretation of pulsar lines.

The hint to the ETI to use Base 10 may be the male figure holding up his hand with five fingers. The fact
that he has two hands may provide an insight that Earthlings use Base 10. (Figure 6)

Figure 6: Base 10 Hint
Note that the use of base 10 in the analysis is purely for the benefit to the author and that an ETI will likely
NOT be using a base 10 numbering system at all. But, of course, humans also use base 2, base 8, and base
16, frequently too. [6] Table 1 shows the conversion from the binary to base 10 count for each pulsar.
This number is the count of hyperfine transitions of HI.

Table 1: Conversion Table from binary to HI Transition Counts
By multiplying this count by 1/ 1,420,405,751.7680 hz., the pulsar period in seconds is obtained. Table 2
converts the HI transition counts to the pulsar period in seconds.

Table 2: HI transition counts to pulsar period

6. Finding the Pulsars in the Galaxy
The next step is to find the pulsars that match the pulsar periods. The VizieR database has a significant
pulsar list. [7] The database was queried for the pulsars with the closest matching periods. The results are
shown in Table 3.

Table 3: Pulsar Line Periods Mapped to VizieR Database
It should be noted that the VizieR database is based on Earth observations and position in the galaxy. The
pulsar periods observed are based on the distance of the Earth from each pulsar. A pulsar generally spins
down over time. The spin down rate is denoted by Pdot in table 3 as the seconds a pulsar spins down per
second. In order to determine how an ETI will observe the pulsar period it is necessary to determine the
base period at the pulsar. Table 4 uses the estimated distance of each pulsar to the Earth and applies the
Pdot to determine the base pulsar period. Note that the period of a pulsar will be faster to the observer
than at the pulsar. Pulsars also have changes to their pulsar rates called “glitches”. It would be important
to have the complete glitch history of each pulsar to properly estimate the base period. Therefore table 4
is just a rough estimate using the VizieR J2000 Pdot values.

Table 4: Calculating the Baseline Pulsar Periods

7. Converting Pulsars to Galactic-Centric Coordinates
The galactic coordinates in Table 3 are Earth centric. An ETI would be using a galactic coordinate system
that references the center of the galaxy. The ETI would not have the same starting angles, however the
visual geometry on the map will help convert the picture to an ETI perspective. Converting to galacticcentric coordinates also provides a more realistic position if the ship is not in the solar system (Table 5).
Note that the distances are in parsecs (pc).

Table 5: Galactic Coordinator Converter
The pulsar map does not show the plotting axis used. Figure 7 plots the pulsar positions in the X-Y plane.
Note that the Y-axis is in the direction of the galactic center, the X-axis is perpendicular to the Y-axis
along the galactic plane and the Z-axis is above and below the galactic plane. The X-Y plane appears to
be the closest to the pulsar map. Note that the actual pulsars 7 & 8 are reversed in position from the pulsar
map.

Figure 2: Plotting the pulsar positions

8. Scaling and Triangulating the Sun’s Position using the Pulsar Map Geometry
Now that the pulsars are mapped in the galactic X-Y plane, the actual distances can be determined. The
lengths and angles of each pulsar line were measured. (Figure 8)

Figure 3: Measuring Lengths and Angles
The next step is to determine the scale. This was done by measuring the length between 4 pulsar pairs and
then calculating the X-Y actual galactic distance between the pairs using the galactic-centric VizieR
database values from Table 5. An average of the 4 measurements was taken as the scale in
parsecs/millimeter (pc/mm). (Table 8)

Table 8: Scaling Calculation
The scale was used on each measurement as shown in Table 9. Note that there is a > 220% error from the
scaled measurements and the known actuals. Note that there were three pulsars which were less than 3%
error. Sources of error may include the use of a photograph to do the measurements plus the small scale
of the reproduction. The pulsar lengths chosen were also very small compared to the galactic Y axis. A
selection of a smaller scale using the closer pulsars may help in future maps.
As a general note, pulsars distances are often estimated from the dispersion measure and the model of the
distribution of free electrons in the galaxy. Such estimates can have large errors; therefore, it may account
for the large scatter in the distance scale calibration. For relatively nearby and strong pulsars, VLBI
parallax can produce distances with errors of just a few prevent. [8]

Table 9: Scaled Pulsar Map Distances

The angle measurements were then plotted. Based on the pulsar map, it was assumed that the Sun was on
the X= 0 axis. Therefore, a calculator was developed that allowed for the selection of the Y-axis for each
pulsar line and the angle was then calculated and matched to the measured angle. The tabulated results are
shown in Table 10.

Table 10: Calculated Distances using Pulsar Map Angle Measurements
The results are better! The average galactic Y position of the Sun is only 4% from the “actual” value used.
Pulsars 7 and 8 show a significant variation, even though pulsar 8 was within 1 % error for the length
measurements. Sources of error should be reduced using the actual pulsar map instead of using a
photograph reproduction. The plot of the angle measurements is shown in Figure 9.

Figure 4: Triangulation using Pulsar Map Angle Measurements
This analysis shows that the position of the Sun in the galaxy can be estimated. The final step by the ETI
would be to determine if any star systems in their database fall within this area in the galaxy. At a
minimum, a lot of radio telescopes will be aimed into this region.

9. Using the Pulsar Map by an ETI to find the Sun
The pulsar map has been shown to be within 4% error in position of the Sun. This error should be improved
if the ETI has the original map and uses precision measurements. A representative ETI civilization was
chosen from the star Kepler 452b from a list of habitable exoplanets. [9] This exoplanet is farther away
than some but will allow a larger scale as a graphical demonstration of finding the Sun. All other
exoplanets of any distance can also use these methods. Kepler 452b is located at galactic coordinates:
longitude: 077.86, latitude: +09.98 at a distance from Earth of 1402 light years. [10] The galactic-centric
coordinates are shown in Table 11.

Table 11: Kepler 452b Galactic -Centric Coordinates
The pulsar periods observed at Kepler 452b are dependent on the number of light years distance between
the two locations. This time delay based on the distance of Kepler 452b to each pulsar was multiplied by
the Pdot to get the net period rate change based on observed age of the pulsar. Note that the pulsar period
will appear to be faster as the distance to the observer increases. The observed period rate is not a result
of any pulsar characteristics but do to the observer viewing the pulsar at an earlier time in the lifetime of
the pulsar due to the finite speed of light. [6] The results are shown in Table 12.

Table 12: Kepler 452b Expected Pulsar Period Observations
Plotting the Sun and Kepler 452b positions in the X-Y and X-Z axis shows the relative courses required
to navigate between the two. (Figure 10)

Figure 5: Kepler to Sun Course X-Y Plane and the X-Z Plane
It should be noted that the trajectory for a ship traveling slowly will have to account for differential galactic
rotation. [8] It is also not clear that the pulsars shown can be observed by the ETI planet. Pulsars give off
highly directional beams of radiation. A planet would have to be in the sweeping beam to detect the pulsar
and measure the period. Therefore, an ETI may only have the coordinates for a few pulsars in the map,
which may result in a larger area of uncertainty for detecting the Sun. [6]

10. Summary
The exercise to decipher the Pioneer spacecraft pulsar map was undertaken to increase the learning curve
of the Deep Space Exploration Society, which is preparing the 60-foot radio telescope for pulsar
observations. The SETI work being done by the organization also provides the opportunity to research the
use of the pulsar map to navigate from an exoplanet to the Earth as the map was designed to do. The author
made a lot of assumptions based on being an Earthling that an ETI may not have made, however, there
were enough graphical clues to interpret the map and provide a rough estimate of the Sun’s position in the
galaxy.
The exercise to interpret the Pioneer spacecraft pulsar map is an excellent exercise to use for students! It
provides elements of pulsar spin dynamics, galactic coordinates, and basic 3-dimensional geometry.
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