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Chapter 1

Introdu
tion

The 
lear night sky is fas
inating to behold. At a remote site, unpolluted by arti�
ial

lighting, one 
an see as many as a few thousand stars. These points of light, with

their many 
olors and brightnesses, evoke an undeniable desire for more knowledge of

their nature. During the last few hundred years, mankind has been turning ever more

powerful opti
al instruments toward the sky in order to dis
over where the stars are,

what they are made of, how big they are, and ultimately, how they live and die.

This dissertation des
ribes observations of evolved stars whi
h were made with

the U.C. Berkeley Infrared Spatial Interferometer (ISI). The ISI is a spe
ial 
ombination

of two teles
opes whi
h is able to obtain information with very high angular resolution

in the mid-infrared region of the ele
tromagneti
 spe
trum. This range of wavelengths,

around 10�m, is where the thermal radiation from room-temperature obje
ts is at its

maximum. Evolved stars, those in the late stages of the stellar life 
y
le, are often

surrounded by shells of relatively 
ool dust, and thus make ideal targets for study with

the ISI.

1.1 Limitations of Teles
opi
 Imaging

There are two primary reasons to use opti
al instruments to study the stars. The �rst

is to gather more light. A typi
al dark-adapted human pupil is only 5mm in diameter.

By using bino
ulars with 50mm obje
tive lenses, one in
reases the amount of light in

the retinal image by a fa
tor of (50=5)

2

= 100. For any given dete
tor (the 
ells of the

retina, or a sili
on 
harge-
oupled dete
tor, for example), in
reasing the amount of light
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gathered will in
rease the number of obje
ts available for study, and improve the signal-

to-noise ratio on those already visible. Be
ause of this advantage, larger teles
opes are

preferable, all other fa
tors being equal.

The se
ond reason to use opti
al instruments is to improve resolution. Be
ause

of the wave nature of light, any point in an obje
t being viewed will be mapped, even

in a perfe
t opti
al instrument, to a di�ra
tion pattern in the image. In the 
ommon


ase of an instrument with a 
ir
ular entran
e pupil, this will be the Airy pattern

(pi
tured in Fig. 1.2). The result of this e�e
t is a �ne-s
ale blurring, sin
e distin
t

points with small separations in the obje
t will be
ome overlapping disks with faint

rings surrounding them in the image.

The light intensity of the 
entral maximum (known as the Airy disk) of the

Airy pattern drops to zero at an angular distan
e of 1:22�=D radians from the 
enter,

1

where � is the wavelength of the light forming the image, and D is the diameter of

the instrument's entran
e pupil. The di�ra
tion-limited resolution angle of a teles
ope

is usually given as this same angle, 1:22�=D. This is the Rayleigh 
riterion, whi
h

states that the smallest angle whi
h 
an separate two resolved points in an obje
t is

that angle for whi
h the edge (�rst intensity null) of the Airy disk due to one point in

the image will 
oin
ide with the 
enter of the other disk. Although this de�nition is

somewhat arbitrary, it provides a useful measure for 
omparing opti
al systems. Using

this 
riterion, the resolution of an eye with a 5mm pupil, viewing green light,

2

would be

about 30 ar
 se
onds (

00

), where 1

00

is 1/3600 of a degree of ar
. By 
omparison, 20/20

vision is de�ned as the ability to read letters whi
h are 300

00

tall with 60

00

features.

At a distan
e of 17mm, the approximate fo
al length of the eye, 30

00


orresponds to

2.5�m. Notably, the light-sensitive rod and 
one 
ells in the retina have 
olle
ting areas

of approximately 1 and 4�m

2

, respe
tively. Thus these 
ells are just small enough to

take advantage of the best possible resolution whi
h the eye 
an have.

While a few ar
 se
onds might seem to be a very small angle, and not a

serious limitation to useful resolution, the enormous distan
es to the stars result in

1

The light intensity in the Airy pattern has the fun
tional form

�

J

1

(�)

�

�

2

, where J

1

is a Bessel fun
tion

of �rst order, and � � (

�

�

)D sin �. The �rst zero of J

1

(�) o

urs at � = 3:832, so that 3:832 = (

�

�

)D sin �

0

,

or D sin �

0

= 1:22�. The angular distan
e from the 
enter of the pattern, �, is normally extremely small

(around 5 � 10

�7

rad at opti
al wavelengths with a 1m aperture), so �

0

� 1:22�=D. A derivation of

this di�ra
tion pattern is given by Lipson and Tannhauser [59℄.

2

The eye's sensitivity peaks near the 
enter of the visible spe
trum, at a wavelength whi
h 
orresponds

to green light.
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their having minus
ule angular diameters. Figure 1.1 illustrates the sort of angle whi
h

must be resolved in order to see a star as a disk rather than a point of light. Even the

2.3 Miles

1 arc second (") = 1/3600 degree

0.055" = 55 mas

Supergiant Betelgeuse as seen from Earth

Figure 1.1: Illustration of small angles. As shown in the top part of the �gure, 1

00

is

the angle subtended by a dime at 2.3 miles. Betelgeuse (� Orionis), a star with one of

the largest angular diameters, subtends 55 thousandths of an ar
 se
ond as seen from

Earth.

supergiant Betelgeuse, whi
h is signi�
antly larger than Jupiter's orbit, subtends only

55mas (thousandths of an ar
 se
ond) as seen from Earth. Using the Rayleigh 
riterion,

we 
an qui
kly 
ompute that in order to resolve, using visible light, two points with the

angular separation � of Betelgeuse's diameter, we would need a teles
ope with diameter

D � 1:22�=� = 2:5m.

Although there are a number of su
h teles
opes, long before we rea
h this

size, another limitation 
omes into play. For any teles
ope with a diameter greater

than about 25 
m, distortion of the visible-light image by the atmosphere is more of a

limitation than di�ra
tion. This situation is illustrated in Fig. 1.2. Re
ently, adaptive

opti
s systems have been developed whi
h 
orre
t for atmospheri
 
u
tuations and allow

large teles
opes to enjoy nearly di�ra
tion-limited performan
e.

Although atmospheri
 turbulen
e 
an be avoided by laun
hing a teles
ope

into orbit, or 
orre
ted with adaptive opti
s, di�ra
tion presents a more fundamental
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1

00

2:44�

D

= 0:11

00

Figure 1.2: Limitations of teles
opi
 imaging. At the top is the di�ra
tion disk whi
h

would result from the imaging of a perfe
t point sour
e in 2.2�m light by a 10m

teles
ope. Below, the di�ra
tion disk is reprodu
ed, to s
ale, next to a real image

of a binary star taken at 2.2 �m on the 10m Ke
k teles
ope. For any teles
ope with

an aperture larger than about 25 
m, blurring of the visible-light image due to the

atmosphere is more of a limitation than di�ra
tion.
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problem. It is not 
urrently possible to build teles
opes mu
h larger than 10m in

diameter. Be
ause of this engineering limitation, we must use other methods in order

to obtain resolutions higher than 0.01

00

.

It was demonstrated late in the nineteenth 
entury that by using opti
al in-

terferen
e, one 
an, to some extent, over
ome both fa
tors whi
h limit the resolution

of ordinary teles
opes. This te
hnique of stellar interferometry, des
ribed in 
hapter 2,

has been used sin
e the early 1920s to enhan
e our understanding of the stars. The ISI

is one of a number of interferometers presently obtaining information about stars and

their surroundings whi
h would not otherwise be available.

1.2 Evolved Stars

As was mentioned earlier, evolved stars, with their shells of relatively 
ool dust, are ideal

targets of observation for the ISI. Su
h stars are also interesting from a theoreti
al point

of view, sin
e our understanding of the late stages of stellar evolution is still in
omplete.

Figure 1.3 illustrates the life 
y
le of a typi
al star, su
h as our own Sun. A


omplete qualitative des
ription of this life 
y
le 
an be found in The Physi
al Universe

by Shu [83℄, and a more te
hni
al treatment is given by Hansen and Kawaler in Stellar

Interiors [35℄. In the �gure, known as a Hertzprung-Russell diagram, the luminosity of

the star (in units of solar luminosity L

�

) is plotted against its e�e
tive temperature.

The e�e
tive temperature is the temperature whi
h a bla
kbody of the star's size would

need to have in order to mat
h the luminosity of the star. When plotted on this diagram,

most stars fall within a band known as the main sequen
e. Position in the main sequen
e

is determined by stellar mass.

Most of the life of a star is spent in the main sequen
e, as the initial supply of

hydrogen is slowly fused into helium at the star's 
ore. When this supply of hydrogen

runs out, the 
ore will 
ontra
t, and fusion will begin in a shell around the helium ash.

Helium produ
ed by this \shell burning" a

umulates in the 
ore, the additional mass


ausing further 
ontra
tion. This 
ontra
tion will in
rease the gravity at the surfa
e of

the 
ore, and the temperature and density of the shell will rise, enhan
ing the fusion

rea
tion. Consequently, the star begins to expand, and its surfa
e temperature drops,

sin
e the in
reased luminosity is not suÆ
ient to maintain the larger surfa
e area at the

original temperature. These 
hanges 
an be seen on the diagram as the initial departure
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2.2 Theoreti
al Ba
kground

2.2.1 Coheren
e Length and Starlight

At �rst, it might seem 
ounterintuitive to use an interferometer to study light from

an in
oherent, broad-band sour
e su
h as a star. If one 
ombines the light from two


ashlights, the result will still be uniform illumination, with the intensity equal to the

sum of the intensities of the two sour
es. Likewise, sunlight 
ombined by re
e
tion

does not normally exhibit interferen
e e�e
ts. There are, however, situations where

interferen
e e�e
ts are 
reated by \white" light. An example of su
h a situation is the

o

urren
e of brilliant 
olors in soap bubbles and thin �lms of oil 
oating on water. The


ondition ne
essary in all systems produ
ing interferen
e fringes from light is that the

paths taken from the sour
e to the point of interferen
e by the interfering beams of light

must be mat
hed to within a distan
e l




, the 
oheren
e length. For sunlight, l




� 1�m,

so in order to see interferen
e, we must have a pathlength di�eren
e, su
h as a round

trip a
ross the thi
kness of a soap bubble, of not mu
h more than 1�m.

The light from a 
ashlight or a star is produ
ed in the form of many photons,

ea
h resulting from the transition of a thermally-ex
ited ele
tron. Unlike photons from a

laser, these are 
orrelated neither in phase nor in frequen
y. We 
an represent a photon

with an idealized harmoni
 pulse as shown in Fig. 2.1. This pulse has the following

form:

f(t) =

8

>

<

>

:


os(2��

0

t) �

1

2

� < t <

1

2

�

0 elsewhere;

(2.1)

where � , the time over whi
h the pulse maintains a 
ontinuous phase, is 
alled the


oheren
e time. If we were to try to produ
e an interferen
e pattern with many pulses

of this form, for example by passing them through a beam splitter and re
ombining

them on a s
reen, 
learly the two parts of a split pulse would need to arrive at the

s
reen with a relative delay of no more than � in order for interferen
e to o

ur. The


oheren
e length l




is de�ned as the distan
e over whi
h a photon will travel during its


oheren
e time, so

l




= 
�; (2.2)

where 
 is the speed of light.
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f(t)

t

1=�

0

�

Power Spe
trum of f(t)

�

�

0

��

�� = 1=�

Figure 2.1: Power spe
trum of a �nite harmoni
 pulse. Pi
tured here is a harmoni


pulse with duration � and frequen
y �

0

. The power spe
trum of the pulse has two

identi
al 
omponents. One, shown here, is 
entered about �

0

, and the other is 
entered

about ��

0

. The �rst maximum in the power spe
trum of the pulse has a half-width at

its base of �� = 1=� .

We 
an relate � , and hen
e l




, to the bandwidth of the light by examining the

power spe
trum of the pulse (Bra
ewell [17℄), whi
h is:

g(�) = A sin


2

�

�(� � �

0

)�

�

; (2.3)

where sin
(x) � sin(x)=x, and A is a normalization 
onstant, 
hosen su
h that the power

of the pulse is the same in the time and frequen
y domains. The half-width �� of the


entral maximum of g(�) at its base (Fig. 2.1) is usually 
hosen to represent the spread

of frequen
ies 
ontained in the pulse (as, for example, in Born & Wolf [14℄). From (2.3)

we 
an see that g(�) = 0 when

�� = � � �

0

= 1=�: (2.4)
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Substituting from (2.2), we have

l




= 
� = 
=��: (2.5)

Thus there is an inverse relationship between the bandwidth and 
oheren
e length of

light from a given sour
e. For visible sunlight, whi
h 
ontains wavelengths between 400

and 700 nm, �� � 3� 10

14

Hz, so l




� 1�m. Typi
al \mono
hromati
" light, as from a

multimode laser with a bandwidth of 100MHz, would have a 
oheren
e length l




= 3m.

As will be des
ribed in x2.2.2, a simple stellar interferometer 
onsists of two

separated teles
opes. The light 
olle
ted by the teles
opes is 
ombined to produ
e

fringes, and from the 
ontrast (also known as \fringe visibility") of these fringes, we 
an

re
over high resolution information about the brightness distribution of the sour
e on

the sky. In order to obtain fringes and make an a

urate measurement of the visibility,

the interferometer must ensure that the paths taken by a stellar wavefront through the

two teles
opes to the point of 
ombination are equal to within a fra
tion of l




. This is

a

omplished by pla
ing a variable delay in one of the arms of the interferometer, as

pi
tured in Fig. 2.8. The dete
tion bandwidth of the ISI is about 6GHz (l




� 5 
m), so

the delay line, whi
h is a 
omputer-swit
hed bank of 
ables, must be 
ontinually adjusted

to maintain the equality of the signal paths to within about 1 
m as the Earth's rotation


hanges the dire
tion to the star, and hen
e the geometri
 delay (Fig. 2.8).

2.2.2 Interferen
e Fringes and Fringe Visibility

The basi
 prin
iple of stellar interferometry is illustrated in Fig. 2.2. The stellar inter-

ferometer is represented as a two-slit experiment, with ea
h slit 
orresponding to one of

the teles
opes. The distan
e between the teles
opes, D, is referred to as the baseline.

The sour
es pi
tured are pairs of points, ea
h being smaller than the resolution of the

interferometer. They 
ould be thought of as 
losely spa
ed binary stars, for example.

Although the spa
ing in the �gure has been exaggerated for 
larity, it should be un-

derstood that the points 
omprising ea
h sour
e are separated by an angle � too small

to be resolved by the individual teles
opes. Some typi
al numbers for the ISI would

be D = 32m, � = 11:15 �m, and � = 0:036

00

. Ea
h ISI teles
ope has a diameter of

1.65m, so one 
an 
ompare � to the resolution of ea
h teles
ope, whi
h is given by the

Rayleigh 
riterion (x1.1) as 1.7

00

. The distan
es to all stars other than the Sun are so
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DD

D sin � = �=4

D sin � = �=2

V = 0V = 0:7

Fringe Visibility: V

M

�

I

max

� I

min

I

max

+ I

min

Resolution: �

min

= �=2D

Figure 2.2: Interferen
e fringe visibility. Ea
h of the two point sour
es, whi
h are

separated by an angle �, produ
es a fringe pattern when re
eived by the two-slit inter-

ferometer. Sin
e the sour
es are mutually in
oherent, the intensities of the individual

fringe patterns add to yield the �nal pattern. The angles and the light wavelength are

greatly exaggerated for 
larity. See the text for a des
ription of the fringe visibility and

resolution.
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enormous that the light from any point on a star arrives as a plane wave (ex
epting for

atmospheri
 distortion, whi
h will be dis
ussed in x2.2.5).

Considering the 
omponents of the sour
es separately for the moment, we 
an

see that the plane wave due to ea
h unresolved point will form an interferen
e pattern

in the two-slit experiment. The intensities of the individual patterns are shown dire
tly

below the slits in Fig. 2.2. Be
ause these individual patterns are formed by mutually

in
oherent points, there will be no interferen
e between the two patterns, but rather,

the intensities of the individual fringes will add in
oherently to produ
e the observed

pattern. This is analogous to what happens when two 
ashlights illuminate the same

area. The intensities add, but there is no interferen
e. The observed pattern, whi
h is

what would a
tually be seen on the s
reen of su
h a two-slit experiment, is shown below

the individual patterns.

Even though the two sour
e 
omponents are mutually in
oherent, a fringe

pattern is still observed in the example on the left-hand side of Fig. 2.2. One 
an easily

see that if the sour
e points were spatially 
oin
ident, the individual patterns would

have the same phase, and the resulting sum would have full swings between zero and

maximum intensity. If we observe sour
es with 
omponents that are separated by an

angle �, the 
ontrast of the observed fringe pattern will de
rease until the point shown

on the right-hand side of Fig. 2.2, where uniform illumination is observed.

In order to express the degree of fringe 
ontrast, Mi
helson de�ned the fringe

visibility

V

M

�

I

max

� I

min

I

max

+ I

min

; (2.6)

where I

max

and I

min

are the maximum and minimum intensities in the observed fringe

pattern, respe
tively. When V

M

drops to zero, the sour
e is said to be resolved. As shown

on the right-hand side of Fig. 2.2, V

M

= 0 when sin � = �=2D. Using the small-angle

approximation,

�

min

= �=2D; (2.7)

where �

min

is the angle taken to be the resolution limit for the interferometer. Comparing

�

min

to the Rayleigh 
riterion, we 
an see that the formal resolution of an interferometer

is roughly the same as that of a teles
ope with radius D. Sin
e the largest presently

operating infrared teles
ope has an e�e
tive radius of 5m, an interferometer su
h as the
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ISI has a signi�
ant resolution advantage at a given wavelength. With a 32m baseline,

the ISI has a resolution �

min

= 0:036

00

.

An important feature of the observed fringe shown on the left-hand side of

Fig. 2.2 is the o�set in phase from the 
enter of symmetry of the two-slit experiment. If

the sour
e were 
entered about the axis of symmetry, the fringe would also be 
entered,

with zero phase. In a
tual pra
ti
e, the phase of the fringe 
onstantly 
hanges during

an observation. The rotation of the Earth moves the sour
e with respe
t to the interfer-

ometer, sweeping the fringe past the 
enter of symmetry. If a photodete
tor were pla
ed

so that it measured the intensity in a small area (� one 
y
le) of the fringe pattern, its

output would be an os
illation at the natural fringe frequen
y , whi
h is determined by

D, �, the position of the star, and the rotation rate of the Earth. The natural fringe

frequen
y for the ISI would be about 210 Hz for a 32m east-west baseline with the star

due south on the 
elestial equator. It turns out that atmospheri
 
u
tuations (x2.2.5),

whi
h introdu
e a random phase di�eren
e between the teles
opes, make it diÆ
ult to

measure the absolute phase of the fringe, and with a two-element interferometer, this

information is lost. As will be dis
ussed in x2.2.3, la
k of phase information requires

that some assumptions be made about the symmetry of the sour
e if its brightness

distribution is to be re
onstru
ted.

Naturally, it is desirable to measure a wide range of sour
es with an interfer-

ometer, not just those whose angular size happens to 
oin
ide with a single 
ombination

of wavelength and baseline, as in Fig. 2.2. Re
alling that �

min

= �=2D, we 
an see that

a sour
e with a given angular size will be resolved if the baseline is in
reased until this

equation is satis�ed. In fa
t, in Mi
helson's original experiment, this is exa
tly what

was done. A series of measurements was made with the interferometer mirrors at var-

ious separations until the fringe visibility dropped to zero, indi
ating the size of the

sour
e (whi
h was the star � Orionis). Measurements at a wide range of baselines are

made possible with a �xed interferometer by the te
hnique of Earth rotation synthesis.

Although the main 
olle
ting mirrors of an interferometer are separated by a baseline

D, if the dire
tion to the sour
e is not perpendi
ular to the baseline, the resolution for

a given measurement is determined by the e�e
tive baseline D

e

. This is the proje
ted

baseline as seen from the dire
tion of the sour
e (Fig. 2.8). By situating the teles
opes

on an east-west baseline, the observer 
an make measurements with baselines D

e

rang-

ing from D when the sour
e is on the meridian, all the way down to some small fra
tion
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of D as it approa
hes the horizon. In prin
iple, as the Earth rotates during the 
ourse

of the night, the interferometer will measure the sour
e's visibility 
urve, whi
h is its

fringe visibility V

M

as a fun
tion of e�e
tive baseline D

e

.

2.2.3 Fringe Visibility in Two Dimensions

If all sour
es were simple pairs of unresolved points, and all that was desired was the

separation of the two points, it would be suÆ
ient to �nd where the visibility 
urve

for a given sour
e drops to zero. One 
ould then use (2.7) to 
ompute the separation

angle. Ultimately, however, the goal of interferometry is to take advantage of high

angular resolution to dis
ern stru
ture in sour
e images whi
h appear only as points to

a 
onventional teles
ope.

In the des
ription that follows, and in the visibility 
urves shown later, the

interferometer baseline will be represented by the spatial frequen
y u = D=�, whi
h

is the length of the baseline in units of the observation wavelength. As shown in the

previous se
tion, �=2D is an angle, whi
h is 
onvenient to express in ar
se
onds. The

spatial frequen
y will be expressed in inverse ar
se
onds (ar
se


�1

), so

u (radians

�1

) =

�

180

�

�

� 3600 � u (ar
se


�1

):

Figure 2.3 illustrates the situation when a real sour
e, with a two-dimensional

brightness distribution B(�; �),

1

is observed with a two-element interferometer. Light

from a point p in the sour
e will arrive at ea
h teles
ope, produ
ing an ele
tri
 �eld E

1p

at T

1

and E

2p

at T

2

, where

E

1p

= E

1p

e

i(!t+�

1p

)

and

E

2p

= E

2p

e

i(!t+�

2p

)

: (2.8)

The phases �

1p

and �

2p

depend on the 
oordinates (�; �) of p, as well as the positions

of the teles
opes, expressed as spatial frequen
ies u and v. E

1p

and E

2p

are the (real)

amplitudes after re
eption by the teles
opes. These two �elds are 
ombined by the

interferometer to produ
e a fringe pattern with �eld E

p

= E

1p

+ E

2p

. Apart from a

1

Over a given bandwidth, B(�; �) measures the power per unit area re
eived at the ground from an

element of the sour
e subtending a given solid angle. It 
ould have units of

W

m

2

�steradian

, for example.


