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Abstract  

This paper explores the use of HI Doppler measurements as an aid to galactic navigation. Historic 

HI measurements of the Milky Way are used to determine the galactic rotation rate. The location 

of the interstellar medium producing the HI signals can then be calculated. Knowing the location 

of the HI signals, the HI frequency corrections can be made for a spacecraft moving between two 

points in the galaxy. This data can then be used to supplement optical, pulsar and other galactic 

navigational aids. 

 

Introduction 

This paper explores the use of radio astronomy HI interstellar medium (HI ISM) sources to aid 

future navigation in the galaxy. The 21 cm HI line is used to estimate the galactic rotation at various 

ranges from the galactic center. The historic Doppler data can also be used to estimate the position 

of the HI ISM sources in the galaxy. Using both of these techniques, a thought experiment was 

developed using a trip from the Earth to 40 Eridani A (Keid). The experiment shows how the HI 

ISM data can be used for position, course and speed indicators that helps to supplement optical, 

pulsar and other galactic navigation aids. (1), (2), (3) (4) 

 

Galactic Coordinate Overview 

The Milky Way galactic coordinates are based on latitude and longitude with the Sun at latitude 

0° and longitude 0°. The longitude plane is divided into four quadrants with the 0° longitude line 

directed through the galactic center, with an estimated distance of 8.0 to 8.5 kilo-parsecs (kpc) 

from the Sun. This distance is referred to as the Sun circle (Ro). (5) (6) (7). The Milky Way latitude 

is defined using +-90° above or below the galactic plane (figure 1). 

 



 

 

Figure 1: Milky Way Longitude and Latitude Coordinates (8), (9) 

This paper starts with the standard galactic latitude and longitude helio-galactic model and then 

converts the data to a galactic centric model. This model will map the HI sources using Cartesian 

coordinates, which provides a simple way to calculate three-dimensional positions and ranges.  

The analysis starts with the measurement of the Doppler shift of the HI ISM sources. Using basic 

geometry, the Doppler shift is converted in a rotation rate around the galactic center. Once the 

galactic rotation rates are found, the location of the HI ISM position in the galaxy can be estimated.  

The HI ISM position data is then used to predict the HI ISM velocity measurement expected along 

the path of a spacecraft moving from one point in the galaxy to another, in this case from the Sun 

to Keid.  

 

Rotation Rate Geometry 

Radio telescopes measure the Doppler shift of the HI line of a HI ISM. This Doppler shift is a 

combination of the velocity components of the Earth-Sun system and the HI ISM cloud along the 

line of site. One technique to analyze the HI measurements is referred to as the tangent method. 

The tangent method uses the geometry in figure 2 to calculate the velocity of the Sun around the 

galaxy (Vo), where R is the distance of the HI ISM from the galactic center and Ro is the distance 

of the Sun from the galactic center.  



 

 

Figure 2: Geometry (10) (R< Ro) 

Vo: Sun’s velocity around galactic center: (220 Km/second) 
Ro: Distance of the Sun to the Galactic center (8.5 Kpc; 1 pc = 3.09 x 1010 meters)  
 Distance Reference: Ro (6) 8.0 +- 0.4kpc 
L: Galactic Longitude 
V(R): Velocity of a cloud of gas related to R distance from the galactic center 
R: Cloud distance to Galactic center, Galactic rotation radius 
d: Clouds distance to the Sun 

 

For R< Ro, the measured velocity, Vr, is calculated as (5): 

 𝑉𝑟 = 𝑉(𝑅)
𝑅𝑜

𝑅
𝑠𝑖𝑛(𝐿) + 𝑉𝑜 𝑠𝑖𝑛(𝐿) Equation 1 

For R> Ro the geometry is shown in figure 3: 

 

Figure 3: Geometry R> Ro 



 

The equation (5) for R> Ro is:  

 𝑉(𝑅) =
𝑉𝑟+𝑉𝑜𝑐𝑜𝑠 (𝐿−90°)

𝑐𝑜𝑠 (𝐿−𝜃−90°)
           Equation 2 

In terms of received velocity, Vr: 

 𝑉𝑟 = 𝑉(𝑅)𝑐𝑜𝑠 (𝐿 − 𝜃 − 90°) − 𝑉𝑜𝑐𝑜𝑠 (𝐿 − 90°)     Equation 3  

 

HI Line Doppler Data 

The rotation rate can be calculated using the tangent method if the HI Doppler velocity is measured 

in either quadrant I or IV (10). In quadrant I, the frequency with the highest velocity is used as the 

closest source to the galactic center. This galactic model retrieves HI measured data and displays 

it based on galactic latitude and longitude as shown in figure 4. 

 

 

Figure 4: HI Measurement Database Query (11) 

The resultant rotation rates are shown in figure 5. 

 

Figure 5: Baseline Galaxy Rotation Curve (10) 



 

Use of Historic Rotation Rate to Estimate HI Source Locations 

Once the rotation rate has been found, it is possible to estimate the galactic location of the HI ISM 

sources at 0° galactic latitude. Table 1 shows some calculated HI ISM location data from the 

database. (11) 

                       

Table1: Data Search for Galactic Latitude 0° 

The HI ISM rotation rate was plotted against its distance from the galactic center. The formula was 

developed using the Excel program. (figure 6)  

 

Figure 6: Rotation Rate Curve (0 Galactic Latitude) 

 

In order to navigate away from the Sun anywhere in the Galaxy, it is important to convert the HI ISM 

and star data to galactic centric coordinates. The Y-axis was chosen as the Galactic Center to Sun axis 



 

with the X-axis perpendicular to the Y-axis at galactic latitude of 0°. The Z- axis is the distance above and 

below the Galactic disk. Table 2 shows a sample of HI ISM data positions converted to these coordinates. 

      

Table 2: Galactic Centric Coordinates for sample HI ISM Sources 

The data is plotted in figure 7. 

 

Figure 7:  Galactic Latitude 0° HI ISM Coordinate Plot 

Note that the current data does not include HI ISM above or below the galactic disk, Z=0. Future 

models will need to be developed to properly convert measured HI ISM data to galactic coordinates 

not on the galactic plane. However, a spacecraft traveling from the Sun to Keid will have to travel 

below the galactic plane. This requires converting all the data to spherical coordinates. 

 

 



 

Galactic Centric Spherical Coordinates 

The galactic latitude and longitude is converted to a galactic centric framework. This allows the 

use of spherical coordinates to map the location of the star, and HI ISM coordinates (figure 8).  

 

Figure 8: Spherical Coordinates 

The galactic centric coordinates framework has the galactic center at (x=0, y=0, z=0). The X-Y 

plane is the galactic disk which is based on the longitude axis with the galactic latitude at 0°. The 

depth above or below the galactic plane uses the Z axis. All units are based on kilo-parsecs (kpc). 

The Sun is on the Y-axis at (X=0, Y=8.5, z=0). In this reference system, the angle (θ) to the Sun 

is 0°.  

 

Spacecraft Geometry  

A spacecraft that moves away from the Sun requires a different geometry which allows for the 

calculation of galactic centric angles and distances between the spacecraft (SC), HI ISM sources 

and the galactic center (GC). (figure 9) 

 

Figure 9: Spacecraft and HI ISM Source Geometry: 



 

Assume the spacecraft position is SC (Xsc, Ysc, Zsc) and the HI ISM source position is S1 (Xs1, 

Ys1, Zs1) and the galactic center is defined as GC (0,0,0). In order to define the angles g, h, and I 

in figure 9 the following geometry formulas are derived. 

 𝑅𝑠1 = √𝑋𝑠1
2 + 𝑌𝑠1

2 + 𝑍𝑠1
2   Equation 4 

 𝑅𝑠𝑐 = √𝑋𝑠𝑐
2 + 𝑌𝑠𝑐

2 + 𝑍𝑠𝑐
2   Equation 5 

 𝑅𝑠𝑐 𝑡𝑜 𝑠1 = √(𝑋𝑠𝑐 − 𝑋𝑠1)2 + (𝑌𝑠𝑐 − 𝑌𝑠1)2 + (𝑍𝑠𝑐 − 𝑍𝑠1)2  Equation 6 

 ∠𝑎 = 𝑠𝑖𝑛−1 (
𝑌𝑠1

𝑅𝑠1
) Equation 7 

 ∠𝑏 = 𝑠𝑖𝑛−1 (
𝑋𝑠1

𝑅𝑠1
) Equation 8 

 ∠𝑐 = 𝑠𝑖𝑛−1 (
𝑋𝑠𝑐+𝑋𝑠1

𝑅𝑠𝑐 𝑡𝑜 𝑠1
)Equation 9 

 ∠𝑑 = 𝑠𝑖𝑛−1 (
𝑌𝑠𝑐−𝑌𝑠1

𝑅𝑠𝑐 𝑡𝑜 𝑠1
)  Equation 10 

 ∠𝑒 = 𝑠𝑖𝑛−1 (
𝑋𝑠𝑐

𝑅𝑠𝑐
) Equation 11 

 ∠𝑓 = 𝑠𝑖𝑛−1 (
𝑌𝑠𝑐

𝑅𝑠𝑐
)Equation 12 

 ∠𝑔 = (∠𝑎 + ∠𝑓) Equation 13 

 ∠ℎ = 180 − (∠𝑏 + ∠𝑐) Equation 14 

 ∠𝑖 = 90 − (∠𝑑 + ∠𝑒) Equation 15 

The velocity geometry can be derived from figure 10. Assume that the spacecraft is rotating 

around the galactic center at V(Rsc) and the HI ISM source is rotating around the Galactic center 

at V(Rs1).  

 

Figure 10: Velocity Geometry 



 

The HI ISM measured velocity at the spacecraft (Vr) is calculated as: 

 𝑉𝑠1 = 𝑉(𝑅𝑠1) 𝑐𝑜𝑠(90 − ∠ℎ) Equation 16 

 𝑉𝑠𝑐 = 𝑉(𝑅𝑠𝑐) 𝑐𝑜𝑠(90 − ∠𝑖) Equation 17 

 𝑉𝑟 = 𝑉𝑠1 + 𝑉𝑠𝑐  Equation 18 

Note: 𝑉(𝑅𝑠1) and 𝑉(𝑅𝑠𝑐) are looked up from past HI ISM rotation rate measurements. 

Using these formulas, the expected 𝑉𝑟 at any point along the spacecraft’s flight path can be 

calculated by the model in figure 11. 

 

Figure 11: Model Results for 2 HI ISM Sources and Sun to Keid Flight Path 

The plot of HI ISM sources 1 and 2 expected received velocities, Vr, during the Sun to Keid transit is 

shown in figure 12. 

 

Figure 12: Sources 1 & 2 Expected Vr during Sun to Keid transit 

Now the math is ready to use the HI ISM as a navigation aid for a spacecraft traveling in the Milky 

Way. 



 

Navigating to Keid 

The Deep Space Exploration Society (DSES) is currently assisting in a SETI project to observe 

frequency triplets at 40 Eridani A (Keid). A thought experiment was developed to simulate the use 

of HI ISM data as a navigational aid in a simulated trip from Earth to Keid. 

 

40 Eridani A (Keid) Background 

40 Eridani A is also known as Omicron 2 and Keid. In popular fiction, it is the home star of Vulcan 

in Star Trek and the also in the Dune series as the home star of Richese (12). The star is 

approximately 16.26 light years (LY) from the Sun located in the Eridanus constellation. (figure 

13) 

 

Figure 13: 40 Eridanus A (circled) (13) 

The DSES organization is conducting 21 cm studies of 40 Eridani A as a SETI project (14) (15). 

The selection of Keid as a destination allows for further insight into the navigation requirements 

for the galactic trip. 

 

Thought Experiment 

Galactic navigation to Keid is conducted as a thought experiment. Some of the assumptions of the 

thought experiment follows: 

• The trip will be non-relativistic to reduce the effects of time dilation on the data.  

• The propulsion system, type of spacecraft, etc… are not being considered 

• The experiment concentrated on issues associated with galactic navigation between the Sun 

and Keid 

• The experiment only explores the use of HI ISM measured data as a supplemental 

navigation aid.  

 



 

Basic Trip Geometry 

Keid is in the Eridanus constellation (13): 

 Keid (O2 ERI – 40 ERI) – HIP19849 

J2018.0 Galactic Latitude: -38° 03’ 27.9” 

Galactic Longitude: -159° 14’ 26.7” 

RA: 4h 16m 7.26s 

DEC: -7° 37’ 05.4” 

Distance: 16.26 Light Years (LY) 

 

The 3-dimensional position is shown in figure 14. It is located in galactic quadrant III and is 

therefore both at R> Ro and slightly below the galactic disk. 

 

Figure 14: Geometry of Sun and Keid  

The galactic – centric coordinates for the Sun and Keid are shown in figure 15. 

 

Figure 15: X-Y and X-Z Coordinate Plots 

The coordinates for the closest HI ISM measurements are shown in figure 16. 



 

 

Figure 16: Closest HI ISM Sources to Sun - Keid Flight Path 

 

Keid’s distance from the Galactic center is: 

𝑅 = √(𝑅𝑜 + ∆𝑦)2 + (𝑥)2 = 8.50037 kpc  Equation 19 

Based on this, assume that Keid’s galactic rotation is approximately the same as the Sun. 

Vo=V1(Rsc)=220 km/s.  

 

Determining Galactic Position 

By comparing the measured with the expected Vr from multiple HI ISM sources, the Galactic 

position can be plotted. As an example, two HI ISM sources were selected and modeled as shown 

in figure 17.  

 

         

Source 2 Source 1 



 

Figure 17: Sources 1 & 2 Example Measured Data 

If a velocity measurement is taken at the spacecraft at time (T=0000) of HI ISM Sources 1 & 2, 

the expected position along the spacecraft’s path can be plotted (figure 18).  

 

Figure 18: Velocity to % Path Measurement for Sources 1 & 2 

 

Note that Source 1 indicates 35% and Source 2 indicates 25% along flight path. Plotting these 

positions from the known Galactic positions of sources 1 & 2 will provide the spacecraft position 

at T=0000. (figure 19) 

 

Figure 19: Example Use of Vr Measurements for X-Y Position Data 

The position of the spacecraft can be calculated in all three dimensons with more sources at 

different positions. The accuracy of the position is dependent on the number and measurement 

accuracy of the source data.  



 

The actual three dimensional velocity of the spacecraft can be calculated based on the time 

difference of the position data. Course corrections and velocity adjustments can therefore be 

calculated.  

 

Velocity and Course Deviation Indicator 

The use of the HI ISM line frequencies can also be used to provide velocity and course deviation 

data to a spacecraft. A basic geometry using a source that is directly inline and parallel to the 

spacecraft path shows that the Vmeasured data will change with a change of spacecraft velocity, Vsc. 

(figure 20)  

 

Figure 20: Velocity Deviation Indicator 

Course offsets can also be detected when the received velocity measurement decreases below Vr+Vsc 

of the HI ISM source. (figure 21) 

 

Figure 21: Course Deviation Indicator 

Note that more accurate knowledge of the HI ISM source positions and galactic center distance 

will allow for better accuracy of this 3-dimensional model.  

 

 



 

Galactic “Current” Indicator 

The galactic rotation rate changes during the flight. It is uncertain the effect of this rotation on an 

individual spacecraft moving in the medium. This effect is similar to an ocean traveling ship 

subjected to a current. The current pushes the ship off of a direct path, even though the steered 

course does not change. (figure 22) 

 

Figure 22: Example of "Current" effect on spacecraft 

The galactic “current” in this example is the same as the galactic rotation rate at a distance R from 

the galactic center, V(R). This current will also change with the spacecraft transiting above or 

below the galactic disk. It is unclear how this current affects the spacecraft. The rotation rate of 

the stars and HI ISM are the result of billions of years in this rotation current. A spacecraft 

transiting through different rotation rates may not be “pushed” by this current and may maintain 

the original rotation velocity based on its starting point. This is just one of the issues that were 

uncovered during the thought experiment. 

 

Issues to be Resolved 

This thought experiment also unveiled more questions and improvements to be followed-up on: 

• What is the rotation rate of the galaxy at different distances above and below the galactic 

plane Z-axis? 

• Is the spacecraft pushed along the rotation rate of the galaxy as it moves through different 

rotation regions? 

• The current basic model needs to be improved to calculate the received velocity for 

different spacecraft course and speed changes. 

• The current model requires more accurate position data for HI ISM sources. The model 

should also add CO radio sources. 

• The model should be improved to include relativistic spacecraft velocities. This model 

should include all possible spacecraft velocities up to the speed of light plus the time 

dilation correction incurred. 

• The model needs to be improved to include the measured velocity correction from the 

Earth’s rotation and the Earth’s orbit velocity around the Sun. 

 

 



 

Mapping the Earth’s Location 

The next experiment will encompass the current basic model to plot the Earth’s position around 

the Sun and its coordinate position in the galaxy throughout a one year period. This experiment 

will require more accuracy since the ranges are +- 8 light minutes. Figure 23 shows a basic 

representation of the use of HI ISM sources to map the Earth’s location around its orbit. 

 

 

Figure 23: Earth's Path Around the Sun HI ISM Model 

The accuracy requirements for this experiment will require: 

• Improved logging of HI ISM frequency and velocity measurements at the Earth stations to 

include precise location and time measurements of each observation. 

• Improved rotation rate data for the HI ISM sources chosen and the Sun’s rotation around 

the galactic plane. 

• Improved value for the Sun to galactic center distance. The research articles found so far 

range from 8.0 to 8.5 kpc.  

• Improved precision for the location data for selected HI ISM sources mapped to galactic 

coordinates. These sources will need to be selected to allow for good triangulation 

geometry throughout the Earth’s orbit. 

 

 

Summary  

This paper reviewed the use of HI source data to determine the Milky Way rotation rate. The 

historic rotation rates were then used to estimate the HI source locations in the galaxy. It was then 

shown that it would be possible to calculate a spacecraft’s location in the galaxy by using the 

Doppler measurements from these HI sources. A Galactic model was developed to use the HI 

source locations as Galactic navigation aids for a trip from the Sun to the 40 Eridani A (Keid) star 

system.  



 

The techniques developed from this thought experiment can be extended to the development of a 

navigation system using not only HI ISM sources but any other Galactic sources with known 

positions and stable frequency outputs.  
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