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ABSTRACT

• Optical interferometer arrays of telescopes offer the potential of 

greatly increased image resolution (that is, sharpness and detail). 

However, the process of extracting an image from an 

interferometer array is much more complicated than for a single 

optical telescope. We will discuss the basic concepts, some 

operational examples of astronomical optical interferometers, and 

the limitations of the technique. We will also briefly compare 

optical arrays with radio-frequency interferometer arrays used for 

astronomy.
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WHAT IS AN INTERFEROMETRIC TELESCOPE ?

• Light is combined from widely separated apertures

• Control of path lengths from each aperture to combiner 
is critical

• Usually requires complex mathematical processing after 
combined light is recorded
(no immediate “image” is formed by the combined light)
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MOTIVATION FOR INTERFEROMETRIC TELESCOPE

• Single aperture

• Diameter (D) has two key effects

• Resolution (sharpness of img)

• Signal-to-noise ratio (dimness of 

detectable object)

• So, for highest performance, 

typically want D as big as possible 

• Construction limitations

• Manufacturing, weight, transport

• Atmospheric turbulence limitations
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OVERCOMING THE SINGLE-AP LIMITATIONS -
POSSIBLE SOLUTIONS

• Bigger D via Segmented Aperture

• If (1) gaps are fairly narrow
   (2) alignment of segments can  
be maintained:
then image characteristics very 
similar to continuous aperture

• Examples: James Webb Space 
Telescope, Keck Telescope (Mauna 
Kea)

• Even bigger D via Interferometric 
System

• Gaps much bigger than the 
segments

• Raw “image” characteristics very 
different from “filled aperture”

• Requires special post-processing 
to obtain final image 

• In principle, can obtain resolution 
equivalent to array diameter
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ASTRONOMICAL OPTICAL INTERFEROMETERS:
TWO BROAD CATEGORIES 

• Amplitude interferometer

• All major astronomical systems, with one exception 

• Intensity interferometer

• More restricted application 

• Present talk: mostly amplitude interferometer
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AMPLITUDE INTERFEROMETERS
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AMPLITUDE INTERFERENCE – 
A GENERAL WAVE PHENOMENON

• Waves are oscillating disturbances. 
Examples:

• Mechanical waves: 
Displacement of a water surface
Displacement of a membrane

• Electromagnetic waves:
Radio
Light

• Two wave sources

• Where waves cross, positive and 
negative disturbances can reinforce or 
cancel

• “Superposition” 
“Constructive interference”
“Destructive interference”

• Complications

• Presence of many wavelengths (colors) 
can wash out fringe contrast 
(“lack of coherence”)
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FRINGES FROM PAIR OF OBJECTS, 
OR EXTENDED SOURCE

• Astronomical objects: binary stars, stellar disks, …

• Behavior of interference fringes from composite objects?

• Goal: Use that to extract information about object structure (form an “image”)
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• Two fringe patterns are displaced
• Net result: fringe intensities add

• Small displacement: fringes on top of each other, net is just 
brighter fringes.
Technical lingo: high contrast or “visibility”

• Half-period displacement: bright on top of dark, net is uniform 
(i.e., NO fringes). 
Technical lingo: zero contrast or “visibility”

• The displacement can be smaller than the lens diffraction limit: allows 
us to extract information with higher resolution  

1
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EXTENDED SOURCE

• Example: a stellar disk

• Cannot distinguish from true point source in single telescope, but it does have 
non-zero size

• Disk acts as set of densely-packed point sources
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• Key result for net fringe pattern

• For a fixed b, fringe visibility Vis → 0 when s → wavelength/b

• To use for astronomy (determine angular diameter of star)

• For a given s, increase b until Vis → 0:  then s → wavelength/b

• b is called the “baseline” 

…
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FIRST SUCCESSFUL ASTRONOMY USE:
MICHELSON STELLAR INTERFEROMETER

• Used the new Mt. Wilson 100-inch telescope (1920s)

• Added small “outrigger” mirrors to provide variable baseline

• Measured diameter of Betelgeuse: historical first for a star

• 0.047 arcsec = 42 milli-arcsec (mas) ;   (1 arcsec = 1/3600 deg)
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SOME COMPLICATIONS

• Spread in wavelengths (colors): 

“optical bandwidth”

• Low intensity (due to dimmer star, 

or small wavelength spread): 

“low signal to noise ratio”

• …
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GLIMPSE OF HISTORY –
SOME FOUNDERS OF OPTICAL SCIENCE AND 

INTERFEROMETRY
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Thomas Young
(UK; d. 1829)

Augustin-Jean Fresnel
(FR; d. 1827)

Hyppolite Fizeau
(FR; d. 1896)

Albert A. Michelson 
(US; d. 1931)



RELATED APPLICATIONS

• Binary stars: measure small separations

• Again, use procedure of varying b until Vis=0

• Another complication: typically, two different 

source intensities

• Solve by matching fringe behavior to a math-

physics model, as a function of source separation 

and brightnesses 

• General concept: this basic  interferometry 

technique works IF we know some general things 

about the source(s).

We never form an “image”. 

• In the stellar diameter measurement, had to 

assume brightness distribution across disk (uniform 

or limb-darkened)
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MODERN EXTENSION OF THE CONCEPT:
SEPARATE TELESCOPES

• Motivation: longer baselines to get 

sharper resolution

(baseline = separation between 

subapertures of the system)

• The most modern, complicated 

version of an optical interferometer 

telescope system 

• 2 or more separate telescopes

• Requires more complex auxiliary 

technology (electronics, computers)

• More complex processing of the 

fringes

• Image formation is possible 

• 1970s - now
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SOME WORKING SYSTEMS
 USED FOR ASTRONOMY

• CHARA: Center for High Angular Resolution Astronomy 
(Mt. Wilson, CA)

• NPOI: Navy Precision Optical Interferometer
(Flagstaff, AZ)

• VLTI: Very Large Telescope Interferometer
(European Southern Obs., Chile)

• Keck interferometer (Mauna Kea, HI)
(no longer in service)

• MROI: Magdalena Ridge Obs. Interferometer
(under development)

• First 3 are the major operational systems. Others (not 
listed) have existed for periods of time.

• NOTE: some of these systems often operate as independent 
telescopes
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ISSUES

• How is the light from the separate telescopes combined

(i.e., how are the interference fringes formed)?

• What are the baseline distances?

• Can one synthesize an actual “image”? 

• As opposed to extracting a few numbers like disk diameter, 

binary separation  

• Effects of atmospheric turbulence 
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COMBINING THE LIGHT

• Example from the VLTI 

interferometer

• Typically, form fringes from 

each pair of telescopes in the 

array

• Individual telescopes just 

compress their beams

• Small optic then brings two 

beams to common focus

• Fringe formation can be done 

in different ways
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COMBINING THE LIGHT: DELAY LINES

• To form fringes, must equalize path 

lengths from apertures to combiner 

(dash and dot lengths must be 

very nearly equal)

• Why: key reason is optical 

bandwidth (range of wavelengths 

present)

• Delay changes with telescope 

pointing

• Delay can be varied rapidly

• Scanning for electronic fringe 

measurement

• Deal with atmo turbulence
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BASELINES AND EFFECTIVE BASELINES

• “Effective” baseline controls the 

fringe visibility (contrast) 

• Array: provides multiple baselines 

and baseline directions

• Fringes at different baseline lengths 

and orientations

• Why? Next slide…

• Increasing the number of effective 

baselines

• Many telescopes

• Earth rotation synthesis (follow target 

for several hours)

• Take data at several wavelengths 

(independently)
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PURPOSE OF MANY BASELINES

• With fringe data from enough effective baselines, can actually 

reconstruct image

• As opposed to extracting a few numbers like disk diameter, binary 

separation, … 

• Resolution corresponding to longest baseline (more or less)

• How does this work? 

• Compare with action of single continuous telescope aperture

• Single aperture = combination of many contiguous subapertures

• Mother Nature forms all fringe combinations at once and makes image

• (For experts:) Brightness distribution of celestial source 

                     = Fourier Transform{fringe complex visibility}

• For different purposes, different levels of image reconstruction are 

used
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ACTUAL COMPONENTS OF THE CHARA 
INTERFEROMETER 

• CHARA components
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SAMPLE SCIENCE RESULT FROM CHARA

• Epsilon Aurigae, an eclipsing double star

• Known since 1821 as an eclipsing double star system, but astronomers struggled to 
decipher the details of these eclipses. 
Eclipse period is 27 years.

• CHARA images (2008-2010) of Epsilon Aurigae show the intrusion of an apparently 
wedge-shaped structure across the face of a huge star, nearly 150 times the size of our 
sun. The wedge-shaped structure is a disk of material that enshrouds the smaller 
companion star (presumably a proto-planetary disk). The images of the primary star and 
wedge-shaped structure show the direct motion over the course of the eclipse, yielding a 
measurement of the relative masses of the components. 

• Note the angle scale in the picture: consistent with resolution from longest baselines
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EFFECT OF ATMOSPHERIC TURBULENCE

• Two effects

• For smaller individual apertures:

Shifts the fringe pattern obtained from 

a pair of telescopes (causes error in 

“complex” visibility)

• For larger individual apertures:

Corrupts the wavefront from each 

individual telescope

• See references for details!
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RELATION TO RADIO ASTRONOMY 
INTERFEROMETER ARRAYS

• Both EM waves: many similarities in math 

models

• Technical (hardware technologies)

• Huge wavelength difference

• Wavelength

• Optical:  (typically) 0.4 – 2 um 

             (1 um = 1/1000 mm)

• Radio:  (typically) 0.6 cm - 3 m

• Corresponding frequency

• Optical: (typically) 1E14-6E14 cy/s (Hz)

                         (1E14 = 100 trillion) 

• Radio: (typically) 100 MHz – 50 GHz

(FM radio 100 MHz, cell phone & WiFi 1-4 GHz)

• Ratio radio/optical is roughly 10,000-1 million  

• Beam combining techniques totally different

• A major difference: electronic circuits can “follow” 

individual cycles of the radio waves

• Can get same resolution from radio as from 

optical IF radio baselines are much longer

• Physics of astronomical target

• Target may emit sufficiently only in one or 

another wavelength region 
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INTENSITY INTERFEROMETERS
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INTENSITY INTERFERENCE OF LIGHT – 
BASIC CONCEPTS

• Key features: 

• Two separate telescopes

• Detect only the intensity vs. time at 

two separate telescopes (high 

speed)

• Detectors do not form image

• Compare fluctuations in the two 

intensities (electronic “correlator”)

• Correlation is related to the source 

size

• Complicated math, no good pictorial 

explanation

• Contrast with amplitude 

interferometer: the light waves 

never interfere 
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A WORKING SYSTEM 
USED FOR ASTRONOMY

• The originating developers:

• Robert Hanbury Brown

• Richard Q. Twiss

• Interesting history

• Concept initially controversial: 
extracting the info from separate 
intensities only

• Used surplus WWII searchlight 
mirrors

• Simpler hardware than 
amplitude interferometer, but 
less general in application.
Has proved VERY useful for 
measuring stellar diameters.
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SUMMARY

• Goal: increase resolution of telescope system by creating a 
large “effective” aperture

• Two broad categories: amplitude and intensity 
interferometers

• Advantage (rel. to filled aperture)

• Much greater resolution (finer angular detail)

• Disadvantages (rel. to filled aperture)

• Complicated extra hardware and post-processing required

• Sensitivity: only brighter objects can be imaged

• Limited spectroscopy

• Note: all the latest professional optical scopes are filled ap 
(segmented in case of the largest aps) 

• But some interferometers are still operational (and critical) for 
suitable problems
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MISC. REFERENCES

• Overviews (non-technical, at least initially)

• https://www.atnf.csiro.au/outreach/education/senior/astrophysics/interferometry.html#interfoptical

• https://www.chara.gsu.edu/public/tour-overview

• https://www.chara.gsu.edu/astronomers/science-highlights

• https://www.eso.org/public/teles-instr/paranal-observatory/vlt/vlti/

• https://lowell.edu/research/telescopes-and-facilities/npoi/

• More technical, but starting with good summaries

• https://web-archives.iram.fr/IS/IS2002/html_2/node27.html

• https://web-archives.iram.fr/IS/IS2002/html_2/node4.html

• Two lengthy and detailed review articles from technical journals

• Monnier, John D., “Optical Interferometry in Astronomy”, arXiv:astro-ph/0307036v1 2 Jul 2003

http://www.arxiv.org/abs/astro-ph/0307036

• Lawson, Peter R., “Principles of Long-Baseline Stellar Interferometry”, Course Notes from 1999 Michelson 

Summer School, JPL Publication 00-009 07/00,

https://ecommons.cornell.edu/items/8892b20f-eeb0-4dae-a845-ab1c53a31d19
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SUPPLEMENTARY SLIDES
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BEAM COMBINING METHODS

• Forming the fringes

• Two basic methods, many 

variations

• “Co-axial” case: scan mirror to 

produce “fringes”
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