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ABSTRACT

• The diameter of a star is one of its most basic parameters. 

Historically, stars were point-like objects even in the largest 

optical telescopes. So, what techniques were used to measure or 

calculate stellar diameters? We will discuss a variety of methods 

that have been used to directly or indirectly determine the sizes 

of stars, some associated basic physics, and when these methods 

appeared in astronomical history.  
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OUTLINE

• The problem

• Angular and linear diameter

• A basic limitation: Telescope image resolution

• Modern techniques

• (I) Analysis based on physics laws of incandescent bodies

• (II) Occultation

• Lunar, Binary stars

• (III) Interferometry

• Michelson, Intensity, Speckle

• (IV) Direct imaging

• Latest huge telescopes, adaptive optics

• Special case: our Sun
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RELATIVE STELLAR DIAMETERS

• Huge variety of star diameters, 

dwarfs to super-giants

• Historically, all looked like point 

sources in telescopes

• How were the diameter facts 

determined?
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THE PROBLEM: TELESCOPE RESOLUTION

• Concept

• Aperture and atmosphere limitations

• Numerical examples for several stars

• Angular and linear stellar diameter
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RESOLUTION: SOME BASIC OPTICAL SCIENCE 
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• “Geometric ray optics”

• Image diameter:    w = f  src

• Find src by knowing f and w

• But, light has wave properties: “Physical wave 
optics”

• Each point on the source generates small image 
blob: 
the “point spread function (PSF), or “Airy disk”

• Key effect: geometric image is blurred by the PSF

• IN PARTICULAR, if geometric image size < PSF 
size, then the image is indistinguishable from 
image of a point source (CANNOT determine src)

• Further PSF details

• D = Diam of aperture 
 = Wavelength of light

• Additional blurring: atmospheric turbulence, 
dominates PSF for larger apertures
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APPLICATION TO MEASURING STAR DIAMETERS
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• Using modern data, table shows angular 

diameters for variety of stars (dwarfs, 

solar-like, giants) in our neighborhood

• Compare with resolution of Hubble 

Space Telescope, in visible

• =λ/D = (0.55 um/2.4 m)=0.047”:  blur 

disk size

• Blur disk is bigger than star diameters: 

image does not reveal star size

• Earth-bound telescopes worse because of 

atmo turbulence, although latest AO 

technology is changing the picture

1 degree (°) = 60 arc-minutes (’) = 3600 arc-seconds (”)

1 inch

220 mi

ABQ

LC = 0.015”

1 US quarter in Las Cruces, 
as seen from Albuquerque 

• Quick units review

1.00E-04 1.00E-03 1.00E-02 1.00E-01

Barnard's Star

a Cen A

Polaris A

Betelgeuse

Rigel A

Sirius

Deneb

Arcturus

g Ori

b CMa

Ang diam (") of stars, compared with
Hubble resolution limit at =0.55 um

ang diam (")

(1-2) λ/D 

The Las Cruces 
quarter



ANGULAR AND LINEAR DIAMETER

• Mostly, the optical measurement techniques yield 

angular diameter src

• To obtain linear diameter Dsrc, also need d

• Obtaining d is a separate core problem in astronomy;

will not discuss that in the present talk
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MODERN TECHNIQUES
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(I) PHYSICS OF INCANDESCENT BODIES -
FLUX AND APPARENT TEMPERATURE

• Incandescent bodies emit a broad, continuous 

spectrum of EM radiation: heat, visible light, 

UV, …

• Stefan-Boltzmann law: total power emitted per 

surface area

• Emission from hot balls of dense gas (stars) 

obey this to a good approximation
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USING STEFAN-BOLTZMANN TO OBTAIN 
STELLAR DIAMETERS

• Extra information

• Star’s surface temperature

• Star’s brightness (as seen at Earth)

• Both obtained by measurement of the starlight spectrum

(spectrum shape and overall strength)

• Concept of calculation:
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COMPLICATIONS

• Measuring the stellar spectrum

• Compensating for earth’s atmosphere when measuring the 

spectrum

• Spanning the entire spectral range when measuring 

spectrum (to get total power)

• Determining T from measured spectrum

• Deviation of stellar spectrum from ideal “black-body” form 
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(II) OCCULTATION

• Two types

• Lunar occultation

• Eclipsing binary stars
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(II-A) LUNAR OCCULTATION

• Concept

• Edge of moon disk sweeps across disk of 
star

• Light from star takes short but measurable 
time to extinguish

• To compute star diameter: measure time 
from full to zero intensity, then use known 
lunar motion rate to compute angular 
distance traveled

• Need:

• Ability to measure short time intervals

• Angular rate of moon to get angular size of 
star

• Star must be near plane of moon’s orbit

• Advantages, disadvantages

• Method is very “direct”

• But, star must be near plane of moon’s 
orbit
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Moon

Detector on earth:
measure star intensity vs. time



BRIEF HISTORY
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• Occultation method has enduring interest

• 1908:  P.A. MacMahon, Monthly Notices of the Royal Astronomical Society 

(https://academic.oup.com/mnras/article/69/2/126/1006957)

• 2012: Richichi A, Glindemann A. Advances in the interpretation and analysis of 

lunar occultation light curves. Astronomy & Astrophysics. 2012;538:A56 

• 1997:  Richichi, A.: “Lunar Occultation Measurements of Stellar Diameters”, 

International Astronomical Union Symposium, No. 189, p. 45 – 50 

(https://ui.adsabs.harvard.edu/abs/1997IAUS..189...45R/abstract)

Review states that about 175 stars have diameters measured via lunar occultation 

https://academic.oup.com/mnras/article/69/2/126/1006957
Richichi%20A,%20Glindemann%20A.%20Advances%20in%20the%20interpretation%20and%20analysis%20of%20lunar%20occultation%20light%20curves.%20Astronomy%20&%20Astrophysics.%202012;538:A56
Richichi%20A,%20Glindemann%20A.%20Advances%20in%20the%20interpretation%20and%20analysis%20of%20lunar%20occultation%20light%20curves.%20Astronomy%20&%20Astrophysics.%202012;538:A56
https://ui.adsabs.harvard.edu/abs/1997IAUS..189...45R/abstract


AMATEUR ASTRONOMERS CAN MEASURE IT
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▪ Occultation of Antares 
by moon, 2023-08-24

▪ 6-inch Celestron SCT

▪ Canon RP camera in 
video mode (30 fps)



COMPLICATIONS

• Diffraction by an edge

• Transition from light to shadow is NOT abrupt at obscuration edge

17

• Limit of occultation technique

• Measure star diameters as small as about 0.001”

Point 
source

Obscuration



(II-B) ECLIPSING BINARY STARS

• Star radii: Da, Db

• Measure combined brightness (typical 

case: stars too close to separate in 

telescope image – “spectroscopic binary”)

• Classic case: star Algol in Perseus

18

a

b

• Suppose we see orbits edge-on

• Vrel(t2-t1) = Db  

   where Vrel = relative velocity

• Vrel(t3-t1) = Da

• How to measure Vrel: 

• Doppler shift of the two spectra



COMPLICATIONS (AND A LITTLE HISTORY)

• Star orbits not circular

• Tilted orbital plane

• May only see one spectrum (2nd star too dim)

• Sort these effects out by examining further details of light 

curves and Doppler shifts during orbits

• Diffraction is NOT a problem

• Historical aside, regarding star Algol

• 1783:  John Goodricke suggested eclipsing companion as reason 

for Algol’s variability

• 1889:  Hermann Vogel measured periodic spectrum shift
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(III) INTERFEROMETRY

• Three types

• Michelson interferometry (“amplitude” interferometry; 1920s)

• Hanbury-Brown Twiss interferometry (“intensity” interferometry; 

1960s)

• Speckle interferometry (A. Labeyrie; 1970)

• Basic concepts of interferometry - (extremely) brief summary
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(III-A) AMPLITUDE INTERFERENCE OF LIGHT –
BASIC CONCEPTS

• Wave motion is very common in nature

• Motion of water, sound, radio, light: all have wave characteristics

• Interference is a key property of wave motion: peaks and valleys of two 
disturbances cancel
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Easily visualized case:
water waves

Interference of light waves
• Thomas Young, 1802
• Simplest configuration: 

opaque screen with two 
narrow slits (or pinholes)

Obs 
screen

Observe intensity on screen
• Alternating bands of light and dark
• Band spacing depends on slit spacing 

and wavelength



USING AMPLITUDE INTERFERENCE 
TO DETERMINE STELLAR DIAMETERS 

• Each source pt produce fringes; 

their intensities add up

• s is fixed, d is expt adjustable

• Procedure: vary d until combined 

fringe intensities produce 0 contrast

(0 “visibility”)

• Relation to s gives object diameter
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A
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B
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d

Concept:

Some realistic systems:

• Historical first 
• A.A. Michelson & F. Pease
• 1920s, Mt Wilson 100” 

telescope
• NOTE outrigger mirrors

• A modern system
• Navy Precision Optical Interferometer 

(NPOI; near Flagstaff, AZ)
• Separate apertures are separate telescopes
• Large baselines can measure small s

Nobel prize 
1907
(1st American)



SOME STELLAR DIAMETER RESULTS
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• Some earlier results

• Some later results with more advanced equipment

• Particularly interesting result: measurement of pulsating radius in Cepheid 

variables 

(Polaris: http://www2.lowell.edu/rsch/npoi/publications/cepheids.php)

Star Diameter (”) Notes

 Ori (Betelgeuse) 0.047 Michelson and Pease

 Boo (Arcturus) 0.020

 Her (Rasalgethi) 0.030

Star Diameter (”) Notes

 Cas 0.0056

 Per 0.0032

 Boo 0.0023

http://www2.lowell.edu/rsch/npoi/publications/cepheids.php


EXTENSION OF AMPLITUDE INTERFEROMETRY

• Original usage

• Diameters of stars

• Separation of close binaries

• Extension, using many baselines

• Resolved image of arbitrary object

• “Imaging interferometer” 
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Navy Precision Optical Interferometer 
(NRL, USNO, Lowell Obs)

Very Large Telescope/VLTI
(European Southern Observatory)



(III-B) INTENSITY INTERFERENCE OF LIGHT –
BASIC CONCEPTS

• Key feature: 

• Detect only the intensity vs. time at 

two separate telescopes (high speed)

• Contrast with amplitude 

interferometer: the light waves never 

interfere 

• P:  Photomultiplier tube (sensitive, 

low-noise light detector)

• Correlator:  electronic circuit that 

compares the fluctuations in two 

electronic signals

• The correlation is related to the source 

size 

• Complicated math, no good pictorial 

explanation
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A WORKING INTENSITY INTERFEROMETER 
USED TO MEASURE STELLAR DIAMETERS 

• The originating thinkers:

• Robert Hanbury Brown

• Richard Q. Twiss

• Interesting history

• See Davis workshop 

presentation

• Concept initially very  

controversial: extracting the 

info from separate 

intensities only

• Advantages/disadvantages

• With original technology, II 

worked better for small hot 

stars, AI worked better for 

the cool giants
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Star Diameter (”)

 Eri 0.0012

 Ori 0.0007

 CMa 0.0005

Small sample 
of results

(Australia)

Image credit: 

“Stellar Intensity Inteferometry - The Background (John Davis)”
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=&cad=rja&uact=8&ved=2ahUKEwif55
fL6dqCAxWkJjQIHcqWDO4QFnoECBUQAQ&url=https%3A%2F%2Fweb.physics.utah.edu%2F~lebohec%2FSII
WGWS%2FSlides%2FDavis_Workshop.pdf&usg=AOvVaw11tLU_EUy5sgg-y5yEfyq_&opi=89978449

Original 
residents

https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=&cad=rja&uact=8&ved=2ahUKEwif55fL6dqCAxWkJjQIHcqWDO4QFnoECBUQAQ&url=https%3A%2F%2Fweb.physics.utah.edu%2F~lebohec%2FSIIWGWS%2FSlides%2FDavis_Workshop.pdf&usg=AOvVaw11tLU_EUy5sgg-y5yEfyq_&opi=89978449
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=&cad=rja&uact=8&ved=2ahUKEwif55fL6dqCAxWkJjQIHcqWDO4QFnoECBUQAQ&url=https%3A%2F%2Fweb.physics.utah.edu%2F~lebohec%2FSIIWGWS%2FSlides%2FDavis_Workshop.pdf&usg=AOvVaw11tLU_EUy5sgg-y5yEfyq_&opi=89978449
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=&cad=rja&uact=8&ved=2ahUKEwif55fL6dqCAxWkJjQIHcqWDO4QFnoECBUQAQ&url=https%3A%2F%2Fweb.physics.utah.edu%2F~lebohec%2FSIIWGWS%2FSlides%2FDavis_Workshop.pdf&usg=AOvVaw11tLU_EUy5sgg-y5yEfyq_&opi=89978449


(III-C) SPECKLE INTERFEROMETRY

• Key features:

• Record short-exposure intensity pattern of a star (or binary 

star) in telescope focal plane

(“Short” means atmospheric turbulence does not change 

during exposure) 

• Combine and analyze a sequence of short exposures in a 

special way

• The short exposures retain more object information than the 

atmospherically-smeared long exposure

• (NOTE: *completely different* from “lucky imaging” method)

• Antoine Labeyrie (1970) pioneered astronomical use
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SPECKLE INTERFEROMETRY - PROCEDURE AND USE 
(STELLAR DIAMETERS AND CLOSE DOUBLES) 

• Qualitative: Why does the speckle 

pattern contain extra information?

(Image credit: Ebersberger and Weigelt, 

”Speckle Interferometry and Speckle 

Holography with the 1.5 m and 3.6 m ESO 

Telescopes”)
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• Quantitative (for the mathematically 

trained):

• For each image frame, compute

|FourierTransform(speckled intensity)|2 

• Average |…|2 over sequence of frames: yields 

“power spectrum” S(f)

• Theory says:  S(f) = O(f)  S1(f) ,  

where  O(f) = object power spectrum

           S1(f) = speckle power spectrum for a true point

                       source in same turbulence

• Measure both S(f) and S1(f), divide to get O(f)

• Inverse Fourier transform O(f) to get the object 

intensity image (requires a simple object model, e.g., 

does data fit a binary star or a simple disk)  

• Limitations:

• Still limited to resolution of the single aperture

• Requires reference “point” star nearby 

• Requires model of object (simple objects, like 

close binaries or disks)

• BUT: original technique has been extended by 

more complex analysis of same data:  “speckle 

holography”, “Knox-Thompson method”  



(IV) DIRECT IMAGING

• Meaning: actually form a resolved, disklike optical 

image in telescope focal plane 

• Using

• (1) Space telescope 

(no atmospheric turbulence)

• (2) Largest ground telescope: Adaptive Optics to correct 

for atmosphere

• (3) Close arrays of ground telescopes (multiple apertures 

to emulate one huge aperture)

• Technique (3) overlaps with Amplitude Interferometry 

(depending on aperture separation)

• Has only been done for a handful of large stars
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DIRECT IMAGING EXAMPLES

• First, recall slide 7

• Hubble Space Telescope

• 1996: Betelgeuse in UV (0.25 um)

• /D=0.021”,  D > 0.1” in UV

(Turned out diam in UV >2 X bigger than in visible)

• ESO Very Large Telescope (VLT, in mountains of Chile)

• 4 “Unit Telescopes”, each 8.2 m aperture

+ 4 auxiliary 1.8 m telescopes; 

use singly or as interferometer

• 2019-2020: VLT/VLTI used to image Betelgeuse during the 

“Great Dimming”, at visible , with AO.

Combination of single-aperture and interferometric
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Betelgeuse
(Image credit: ESO-M. Montargès et al.)

0.042” 



(V) SPECIAL CASE: THE NEAREST STAR

• Aristarchus:  distance to and diameter of our Sun

• ≈250 B.C.

• Aristarchus applied geometry as follows

• 1st quarter moon: right triangle

• Measure angle at E: gives ratio r/d
(distance to moon / distance to sun) 

• Also, observe that Dmoon and Dsun subtend the same 
angle in the sky

• Gives relative distances of sun and moon,
and relative diameters of sun and moon

• Also, used lunar eclipse observations to estimate 
relative diameters of Earth and Moon

• Major practical problem: did not have instrument 
technology to accurately measure the E angle
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Statue of Aristarchus of Samos at the 
Aristotle University of Thessaloniki

Aristarchus's third-century BC calculations 

on the relative sizes of (from left) the Sun, 

Earth, and Moon, from a tenth-century AD 

Greek copy 
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https://en.wikipedia.org/wiki/File:Aristarchus_working.jpg


SUMMARY

• Even in advanced modern telescopes, most star images 

are pointlike

• But, there are multiple techniques for extracting the 

diameters:

• Physics laws of radiating bodies

• Occultations

• Interferometry

• Direct imaging in a few cases
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