
Optical and Infra-Red
Interferometry

Astronomy Bag Lunch

Uma P. Vijh

October 14, 2003

– p. 1/45



References

Jenkins & White Fundamentals of optics

Monnier, John D. Optical interferometry in astronomy 2003,
Reports of Progress in Physics, 66, 789

Quirrenbach, Andreas Optical interferometry 2001, ARAA,
39, 353

Shao, M. & Colvita, M. M. Long-Baseline optical and infrared

stellar interferometry 1992, ARAA, 30, 457

Articles from Optical and IR interferometry from ground and

space 1999, ASP Conf. Ser. Vol 194 , ed. S. Unwin & R.
Stachnik

– p. 2/45



Overview

Basic theory

History

Current Instruments/Design Criteria

Science Results

Space Interferometry/Future prospects

– p. 3/45



Basic Theory

Combining light collected by widely separated
telescopes, interferometers can overcome the
diffraction-limit of an individual telescope. The
angular resolution achieved by current
instruments � 1 mas.
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Basic Theory contd.

Young's two-slit interferometer and
Michelson's stellar interferometer

Complex visibility

Atmospheric effects

Coherency

Beam combination

Field-of-view

Filling the (u,v) plane

next
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Young's Two-slit Interferometer

Fringe spacing �� = �
b. At

angular spacing of �= 2b fringe
contrast goes to zero.

�� interferometer =
�
2b
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`Rayleigh Criterion' de�ning the diffraction-limited
resolution of a �lled circular aperture of diameter
D:

�� telescope= 1:22
�
D

For b= D=1:22 =) the resolving power of a
telescope may be increased two-fold by placing a
double slit over the objective!
Michelson's stellar interferometer:
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Slit separation d is adjustable.
back
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Complex Visibility

Fringe contrast was historically called visibility;
for the simple (two-slit) interferometer it is given
as:

V =
I max � I min

I max � I min
=

Fringe Amplitude

Average Intensity

The complex visibility �( u; v) = V ei� is related to
a unique Fourier component of the incident
irradiation distribution through the van
Cittert-Zernike theorem.
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Complex Visibility contd.

The normalised source irradiance I � (x 
 ; y
 ) is
related to the complex visibility as

�( u; v) =
ZZ

I � (x 
 ; y
 )e� 2�i (ux 
 + vy
 ))dx
 dy


where (u; v) �
�!
D
� the baseline vector projected

onto the sky plane in units of wavelength � .
back
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Coherency

The tolerance for matching wavelengths in an
interferometer depend on the desired spectral
bandwidth.

For broadband (“white”) light, the number of
fringes is equal to the inverse of the fractional
bandwidth: Nf ringes � �= � �

Hence for broadband observations (� 20 %
bandwidth) interference is only ef�cient if the
pathlengths are matched to within a
wavelength or so.
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Beam Combination

Can be classifed according to mode
(singe-/multi-), direction (co-axial/multi-axial)
and the combination plane (image plane/pupil
plane).

Image-plane (Fizeau) and pupil-plane
(Michelson) combination.
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Beam Combination contd.

Image-plane (Fizeau) combination: The
imaging system is used to �ll the image plane
with the equivalent of Young's fringes. As one
moves along the image plane, there is a
different relative delay between the interfering
beams and hence the fringes.

Pupil-plane (Michelson) combination: In this
method, the wavefronts from the two
collimated telescope beams are overlapped
on a 50/50 beamspiltter. A single-pixel
detector can be used to measure the energy
on both sides of the beamsplitter. – p. 13/45



Beam Combination contd.

back
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Field-of-View

Bandwidth-smearing limits the �eld-of-view
(FOV) to fringe spacing � number of fringes
in the coherency envelope, FOV
� �= Baseline � (�= � � ) rad.

Use narrow enough bandwidths so that the
entire primary beam can be mapped
=) �= � � � longest baseline/telescope
diameter.

Wide FOV can only be achieved in an Fizeau
interferometer. (LBT)
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History

Hippolyte Fizeau �rst outlined in 1868 the
basic concept of stellar interferometry and
how interference of stars could be used to
measure the sizes of stars.

First successful measurements of Jupiter's
moons by Albert Michelson in 1890, 1891

In 1920-1921 Michelson along with Pease
measured the angular diameter of � Orionis
(Betelgeuse) using the Mt. Wilson 100 in.
telescope.

1950s: discovered by radio astronomers! – p. 16/45



Michelson's Stellar Interferometer

Michelson needed a baseline longer than 100 in.
to resolve Betelgeuse (� 47 mas) and installed a
20 foot interferometer beam on the Cassegrain
cage.

Photo credit: Mt.Wilson observatory association
http://www.mwoa.org – p. 17/45



History contd.

Intensity interferometry: Brown & Twiss,
1956: correlations in intensities not electric
�elds used to measure stellar diameters.

Led to the development of the Narrabri stellar
intensity interferometer (1963). With a 188 m
baseline and blue-sensitivity, this project had
a profound and lasting impact on the �eld of
optical interferometry, measuring dozens of
hot star diameters.
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History contd.

1970s: Charles Townes - Heterodyne
interferometers using CO2 lasers as
oscillators operating at � 10 � m wavelength.

Speckle interferometry: Labeyrie (1970)

These early instruments lead to the
development of COAST, NPOI, PTI, CHARA,
VLTI, SUSI ....
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Schematic of an Interferometer
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Functional Components

Functional components of an optical imaging
array:
Collectors Size, number, array design

Beam transport Freespace or guided?

Delay compensation Vacuum or air?

Beam combination Number and nature of combiners

Detection Sensitivity, temporal and spectral

resolution

Other Calibration
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Array Design
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Current Instruments
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Current Instruments
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Science Results

Stellar diameters and effective temperatures

Limb-darkening and atmospheric structure

Pulsating stars

Cepheids

Binaries

Accretion discs and YSOs

Dust shells in evolved stars
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Stellar Diameters

By measuring the angular diameter of a star and
its apparent lumninosity, the effective
temperature can be calculated.

Tef f = 2341(
Fbol

� 2
R

)1=4

where Fbol is the total bolometric �ux and � R is
the angular diameter in mas.
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Effective Temperatures

Effective temperature scale for giants (van Belle
et al, 1999)
back – p. 27/45



Limb-Darkening

Stellar photospheres are known to be
limb-darkened due to optical depth effects
and thus the uniform disc diameters should
be corrected to yield the correct physical
photospheric size.

The main dif�culty in limb-darkening studies
is that the �rst lobe of the visibility pattern is
insensitive to limb-darkening effects;
measurements beyond the �rst null must be
made to unambiguously detect
limb-darkening efffects.
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Limb-Darkening contd.

Visibility amplitude for HR 8621, K5 star, from
NPOI (Wittkowski et al 2001)
back
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Pulsating Stars

Another important consequence of angular
diameter work is speci�c to variable stars: the
average physical size should reveal whether a
star is pulsating in the fundamental or
�rst-overtone mode.

So far the observations have not been
conclusive: more work is needed for a
de�nitive answer.
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Pulsating Stars contd.

First de�nitive detection of diameter pulsation
(phase dependent) came from the COAST
group of the O-rich mira R Leo where a 35%
change in the diameter was reported.

More recent results for � Cyg with better
temporal sampling.

Pulsation curve for the O-rich mira S Lac from
a recent PTI
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Pulsating Stars contd.

Large amplitude pulsations fo the S-Mira � Cyg
at 905 nm by COAST (Young et al 2002). – p. 32/45



Pulsating Stars contd.

2.2 � m pulsation curve for O-rich Mira S Lac
from PTI (Thompson et al 2002).back – p. 33/45



Cepheids

Independantly calibrate the Cepheid distance
scale a crucial element fo the cosmic distance
ladder.

By measuring the changing diameter of a
nearby Cepheid and the coeval radial velocity
curve through a pulsation cycle, the distance
can be directly inferred via the
Baade-Wesselink method.

Pulsation curves for two Cepheid variables, �
Aql and � Gem.
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Cepheids contd.

Data from PTI at 1.65 � m. The derived distances
agree with those obtained from Hipparcos data
but the interferometric results are more precise.
back – p. 35/45



Binaries

Visual and spectroscopic binaries yield
reliable mass estimates and can be used to
test stellar evolutionary models.

Speckle and long-baseline interferometry had
led to unprecedented tests of stellar evolution
models on a case-by-case basis, through
sub-1% precision of stellar parameters.

With suf�cient angular resolution,
interferometry yields the angular diameter of
the components in addition to the binary
separation vector and �ux ratio. – p. 36/45



Binaries

Aperture synthesis images of Capella using
COAST (Baldwin et al 1996)
back
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Accretion Discs asnd YSOs

IR interferometry is playing an important role
in elucidating the earliest stages of planetary
formation by probing the density and
temperature structure of discs presumably
before planets form.

Aperture masking interferometry was used at
the Keck telescope to create 2.2 � m images
of discs around YSOs.
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Accretion Discs contd.

LkH� 101 dust disc with evidence of a central
hole (Tuthill et al 2001) and the MWC 349A disc
viewed nearly edge-on (Danchi et al 2001)
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Accretion Discs contd.

Comparison with theoretical dust sublimation
radii. Observed sizes are typically many times
larger than expected from `classical' accretion
disc models (dotted line).(Monnier & Gabet 2002)
back
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Dust shells in Evolved Stars

Interferometry techniques are also used to
characterize dust shells around evolved stars.

Imaging of carbon star IRC +10216 revealed
an inhomogenous and asymmetric dust shell.
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Dust Shells contd.

Temporal evolution of the
inhomogenous and clumpy
dust shell around carbon
star IRC +10216 as seen
at 2.2 � m using Keck aper-
ture masking. (Tuthill et al
2000)
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Space Interferometry

The greatest limitation to ground-based
interferometers arises from atmospheric
turbulence which corrupts phase, limits
coherent integration time and dramatically
limits sensitivity.

Ideal place for interferometry is space and
long-baselines are becoming possible by
combining light intercepted by separate
spacecraft �ying in formation.
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Space Interferometry

Proposed space interferometers.
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Thank you!

Presentation made with LATEXclass Prosper
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