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Preface

These notes attempt to explain how telescopes work the way Feyn-
man might have approached it: starting with puzzles, building phys-
ical intuition, and letting the mathematics emerge from the physics
rather than the other way around.

The central puzzle is this: why can we see so much more with
telescopes than with our eyes? The naive answer—*“they magnify
things”—turns out to be mostly wrong. The real answer involves
the wave nature of light, the turbulence of Earth’s atmosphere, and a
four-century technological struggle to build larger and more perfect
optical surfaces.

We begin with a simple question: why can’t we just look harder?
From there we trace the story of how humans learned to gather light
and focus it, the fundamental limits imposed by physics and atmo-
sphere, and the ingenious tricks astronomers have developed to push
beyond those limits. Along the way, we’ll meet Galileo’s crude refrac-
tor, Newton's elegant reflector, and the giant segmented mirrors of
today.

These notes assume you're comfortable with basic physics—waves,
geometry, a bit of calculus. We won’t derive Maxwell’s equations
from scratch. But we will try to build a physical understanding of
why telescopes work as they do, grounded in experiments, numbers,
and careful reasoning.






1
Why Can’t We Just Look Harder?

Here is a remarkable fact: the human eye, that exquisite instrument
honed by hundreds of millions of years of evolution, cannot resolve
individual stars in the Andromeda galaxy. Each of those stars is a
raging nuclear furnace, many larger than our own Sun, pouring out
energy at a rate of billions of billions of watts. Yet from two and a
half million light-years away, they blur together into a faint smudge
of light barely visible to the naked eye. Why?
And more to the point: what would it take to see them?

1.1 The Eye as an Optical Instrument

The human eye is, in many ways, a superb optical instrument. It can
detect a candle flame from several kilometers away on a dark night.*
It can adjust its sensitivity by a factor of a million between bright
sunlight and starlight. It can distinguish millions of colors. Evolution
has done remarkable work.

But there are things the eye cannot do, and understanding these
limitations is the first step toward understanding telescopes.

The most important limitation is angular resolution—the ability
to distinguish two nearby points of light as separate objects rather
than a single blur. Your eye can resolve two stars as distinct if they
are separated by about one arcminute? on the sky. Closer than that,
they merge into one.

Why one arcminute? The answer lies in the wave nature of light
and a phenomenon called diffraction.

1.2 Light Doesn’t Go Exactly Straight

We usually think of light as traveling in straight lines. This is a
useful approximation, but it’s not quite true. Light is a wave, and
waves don’t stay perfectly confined. When light passes through an
opening—like the pupil of your eye—it spreads out slightly.

D} —t+—=

Figure 1.1: The human eye. Light
enters through the pupil (diameter D),
is focused by the lens, and forms an
image on the retina.

* The oft-cited claim of 30 kilometers is
a theoretical limit that doesn’t account
for atmospheric effects and background
light. Real experiments find the limit is
much shorter.

2 An arcminute is 1/60 of a degree. The
full Moon spans about 30 arcminutes,
so one arcminute is about 1/30 of the
Moon’s diameter.
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light spreads after passing through aperture

The amount of spreading depends on two things: the wavelength
of light A and the diameter of the aperture D. The angular width of
the central bright spot is approximately:

0 =~ % (1.1)
More precisely, for a circular aperture, the first dark ring of the
diffraction pattern occurs at an angle:
0= 1.22% (1.2)
This is called the Airy pattern, after George Biddell Airy, who
worked out the mathematics in 1835.3

1.3 The Diffraction Limit of the Eye

Now we can understand the eye’s resolution limit. The pupil of a
dark-adapted eye opens to about 7 millimeters. Visible light has a
wavelength of roughly 550 nanometers (green light, where the eye is
most sensitive). So the diffraction limit is:

550 x 102 m

0 =122x
7x 1073 m

~ 10~* radians = 20 arcseconds (1.3)

Wait—that’s 20 arcseconds, but I said the eye resolves about 6o
arcseconds (one arcminute). What gives? You might say, “The cal-
culation proves the eye should see three times sharper than it does.
Something must be wrong with the physics.” But the physics is fine.
The problem is elsewhere.

The answer is that the eye’s resolution is limited by more than just
diffraction. The retina isn’t a perfect detector. The photoreceptor cells
(cones, in bright light) are spaced about 2 micrometers apart in the
fovea, the high-resolution center of your vision. This spacing sets
another limit: you can’t resolve details finer than a couple of cone

Figure 1.2: Diffraction: a plane wave
passing through an aperture spreads
out. The intensity pattern on a screen
shows a central bright peak with fainter
side lobes. The spreading angle is
approximately A/D.

3 Airy was Astronomer Royal of Eng-
land. He also standardized time zones
and tried, unsuccessfully, to measure
the density of the Earth by dangling a
pendulum down a mine shaft.

<——><—>

1.22A/D
Figure 1.3: The Airy pattern: when a
point source of light passes through
a circular aperture, it produces not a
point but a central disk surrounded by
faint rings.
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widths. When you work out the geometry, this corresponds to about
one arcminute—close to what we actually observe.

So the eye is reasonably well-matched: diffraction and receptor
spacing give similar limits. Evolution didn’t waste resources making
one much better than the other.#

1.4 Two Ways to See Better

If we want to see finer detail than the eye allows, the diffraction for-
mula tells us we have two options:

1. Use shorter wavelengths. X-rays have wavelengths thousands of
times shorter than visible light. An X-ray eye would have fantastic
resolution. Unfortunately, X-rays don’t focus well with ordinary
lenses and mirrors, and they’d also kill the retina. Not practical.

2. Use a larger aperture. This is the approach that works. A bigger
opening means less diffraction spreading, which means sharper
images.

This is the fundamental reason telescopes exist: a telescope is a
device for creating a larger effective aperture than the human eye.

You might say, “But surely a telescope just magnifies things?” Yes,
that’s what it seems to do. But magnification alone doesn’t help.
Note that I said “effective aperture.” The telescope doesn’t make
your pupil bigger. Instead, it gathers light over a large area and con-
centrates it into a beam that fits through your pupil. The diffraction
that matters is the diffraction at the telescope’s main lens or mirror,
not at your eye.

1.5 Light-Gathering Power

There’s another reason to want a large aperture: light-gathering
power. The eye’s pupil, at 7 mm diameter, has an area of about 38
square millimeters. A modest 10-centimeter telescope has an area of
about 7,850 square millimeters—over 200 times larger.

This matters because most astronomical objects are faint. The
amount of light you collect is proportional to the area of your aper-
ture:

Light collected o D? (1.4)

A telescope with 10 times the diameter collects 100 times as much
light. This is why astronomers talk about “limiting magnitude”—
the faintest stars a telescope can see. Each factor of 2.5 in brightness
corresponds to one magnitude.> So a telescope collecting 100 times
more light can see stars 5 magnitudes fainter than the naked eye.

4 This is a beautiful example of evolu-
tionary optimization. There’s no point
having a larger pupil if the retina can’t
use the extra resolution, and no point
having finer receptors if diffraction
blurs the image anyway.

Aperture 6 Gain
Eye (7 mm) 20" 1X
50 mm 2.8" 7x
10 cm 1.4" 14 %
25 cm 0.55" 36X
0m 0.014”  1400%

Table 1.1: Diffraction-limited resolution
at A = 550 nm. Larger apertures resolve
finer details.

5 The magnitude system dates back

to the ancient Greek astronomer Hip-
parchus, who classified stars from 1st
magnitude (brightest) to 6th magnitude
(barely visible). The modern definition
was standardized in the 19th century.
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The human eye, dark-adapted, can see stars down to about magni-
tude 6. A 10-cm telescope reaches magnitude 11. The Hubble Space
Telescope, with its 2.4-meter mirror, can see to magnitude 31—stars
more than 10 billion times fainter than the naked-eye limit.

1.6 Resolution vs. Magnification

Here we encounter a common misconception. People often think tele-
scopes work by “magnifying” things—making them appear bigger.
This is true in a sense, but it misses the point.

Figure 1.4: The telescope’s large aper-

P’ ture reduces diffraction, allowing two

@ | (:.) closely-spaced stars to be resolved as
separate objects. The eye alone blurs

>
eye ! !
y <1 resolved! them together.

telescope
same angular separation on the sky

Consider two stars separated by 10 arcseconds. Through your
naked eye, they blur into one—the diffraction and receptor lim-
its won’t let you see them as separate. Now look through a 10-cm
telescope. The diffraction limit is about 1.4 arcseconds, so the stars
appear as two distinct points.

Did the telescope “magnify” them? In the sense of making the an-
gular separation look bigger, yes—that’s what the eyepiece does. But
the crucial thing isn’t the magnification; it’s the resolution. The tele-
scope’s large aperture captures information that simply doesn’t exist
in the light reaching your unaided eye. No amount of magnification
can create information that isn’t there.

This is why cranking up the magnification on a cheap telescope
doesn’t help. If the objective lens or mirror is small, the diffraction
limit is poor, and magnifying the blurry image just gives you a big-
ger blurry image. Astronomers call this “empty magnification.” You
might say, “Then why do cheap telescopes advertise ‘500AU magni-
fication!” on the box?” Because the manufacturers know most buyers
don’t understand the difference. It’s a bit like advertising a car by its
top speed when the roads only allow 70 mph.

1.7 Putting in Numbers

Let’s make this concrete with an example. How big a telescope
would you need to resolve individual stars in the Andromeda galaxy?
The Andromeda galaxy is about 2.5 million light-years away. Its

disk contains stars separated, on average, by a few light-years. Let’s
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say we want to resolve two stars separated by 1 light-year.
The angular separation of two objects at distance d and physical
separation s is:

0= (1.5)

With s = 1 light-year and d = 2.5 x 10° light-years:

1 . 7.
0= 25 %106 radians = 4 x 107 radians =~ 0.08 arcseconds (1.6)

To resolve this with visible light (A = 550 nm), we need an aper-

ture:
1220 1.22 x 550 x 1077

6 4x1077
A 1.7-meter telescope—that’s about the size of the largest tele-

D =

~ 1.7 meters (1.7)
M31 (Andromeda)

. . . Figure 1.5: The Andromeda galax
scopes built before the 20th century. And this would just barely re- apgpears as a fuzzy smudge t%) the};laked

solve individual stars; to study them in detail, you'd want something eye. Resolving individual stars requires
larger still. a substantial telescope.

You might say, “That doesn’t sound so hard. People build back-
yard observatories with 1-meter mirrors.” True, but there’s a catch we
haven’t mentioned yet: the atmosphere. It turns out that seeing stars
clearly from Earth’s surface is like trying to read a book at the bottom
of a swimming pool while someone stirs the water. We’ll get to that
problem in Chapter 5.

This is why the Hubble Space Telescope, with its 2.4-meter mirror,
could do what no ground-based telescope had done before: resolve
individual stars in galaxies millions of light-years away, measure their
brightnesses, and use them to determine distances with unprece-
dented precision.

1.8 The Inverse Square Law

There’s one more piece of physics we need to appreciate why faint
objects are so hard to see. Light spreads out as it travels. A star that
emits a certain amount of light per second distributes that light over
an ever-larger sphere as the light travels outward.

At distance r from the star, the light is spread over a sphere of area
47tr2. The intensity—the power per unit area—is:

_ L
A2

where L is the luminosity (total power output) of the star.

(1.8)

This is the inverse square law. Double the distance, and the inten-
sity drops by a factor of four. Go ten times farther away, and the star
appears 100 times dimmer.

The Sun has a luminosity of about 3.8 x 10%° watts. At Earth’s
distance (1 AU = 1.5 x 10'! m), the intensity is about 1400 watts per
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Figure 1.6: Light from a star spreads
over a sphere. At distance r, area is
47r?. At 2r, area is 16772, Intensity
drops as 1/72.

square meter—enough to power a small heater with every square
meter of sunlight.

Alpha Centauri, the nearest star system, is about 276,000 AU away.
So its intensity at Earth is:

2
57 000> ~ 1.3 x 1071 x Igyn (1.9)

IaCen = ISun X (

Even the nearest stars are fantastically dim compared to the Sun.
And distant galaxies are millions of times farther still.

1.9 Why Tycho Brahe Couldn’t Find Stellar Parallax

Before we move on to how telescopes actually work, it’s worth appreciating how much astronomers accomplished with
naked-eye observations alone. Tycho Brahe (1546—1601) built instruments that could measure star positions to about
one arcminute—the limit of human vision. He hoped to detect stellar parallax, the apparent shift in star positions as
Earth orbits the Sun, which would prove that Earth moves. He failed: the parallax of even the nearest stars is less
than one arcsecond, sixty times smaller than Tycho could measure. It would take telescopes and two more centuries
before Friedrich Bessel finally detected stellar parallax in 1838. Tycho died believing Earth was stationary, not because
he was foolish, but because the evidence he could gather pointed that way.

1.10 The Path Forward

We now understand why looking harder doesn’t work. The wave

nature of light imposes a fundamental limit: angular resolution scales

as A/D. The only way to see finer detail is to build a bigger aperture.
But building a bigger aperture isn’t simple. You need to:

1. Collect the light over a large area
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2. Bend all that light so it comes together at a single point

3. Do this precisely enough that diffraction, not lens imperfections,
limits your resolution

This is what telescopes do. In the next chapter, we’ll see how a
simple piece of curved glass accomplishes the remarkable feat of
bending light rays so they converge to a focus.

The history of astronomy can be read as a history of apertures. Galileo’s first telescope had an aperture of about 37
millimeters—five times the pupil of the eye. Within a century, telescopes had grown to several inches. By the mid-
20th century, the 5-meter Hale Telescope on Mount Palomar was pushing the limits of what could be built as a single
mirror. Today, telescopes with effective apertures of 10 meters and more are routine. Each increase opened new win-
dows on the universe. The telescope didn’t just let us see farther; it revealed that the universe was vastly larger and
stranger than anyone had imagined.







2
How a Lens Bends Light

Hold a magnifying glass in sunlight and you can start a fire. The
lens takes light spread over its whole surface—perhaps 50 square
centimeters—and concentrates it into a spot millimeters across.
That’s a concentration factor of thousands. Where does this power
come from?

Not from the glass adding energy; it can’t. The glass is passive.
The power comes from redirecting rays that were going to miss the
target. Light that would have illuminated a wide area is gathered and
steered to a single point. Understanding how a curved piece of glass
accomplishes this redirection is the first step toward understanding
telescopes.

2.1 Why Light Bends at an Interface

When light passes from one material to another—from air into glass,
for example—it changes direction. This is called refraction, and it
happens because light travels at different speeds in different materi-
als.

In vacuum, light travels at ¢ ~ 3 x 108 m/s. In glass, it travels
at about ¢/1.5 &~ 2 x 108 m/s. The ratio c/v is called the refractive

index n:

n= % (2.1)

For air, n =~ 1.0003 (essentially 1). For typical glass, n ~ 1.5. For
water, n ~ 1.33.

The relationship between incident and refracted angles is given by
Snell’s law:"

nq sin 0y = np sin 6 (2.2)

When light enters a denser medium (higher 7), it bends toward the
normal—the line perpendicular to the surface. When it exits into a
less dense medium, it bends away from the normal.

incident 9.
air 1 :
|

|

glass : refracted
02

|

|
Figure 2.1: Light bends toward the nor-
mal when entering a denser medium.
The angles are related by Snell’s law.

* Named after Willebrord Snellius
(1580-1626), though it was actually
discovered earlier by Ibn Sahl in 984
CE. Science history is full of such
misattributions.
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2.2 Why Does Light Slow Down?

Here’s a puzzle worth pausing over. Light interacts with atoms in the
glass, but atoms are tiny. Glass is mostly empty space. So why does
light slow down at all? You might say, “The light bumps into atoms
and gets delayed.” But that can’t be right—photons pass straight
through glass without bouncing off anything. The glass is transpar-
ent, after all.

The answer involves the wave nature of light interacting with the
electrons in atoms. When an electromagnetic wave passes through
glass, it shakes the electrons in the glass atoms. These oscillating elec-
trons re-emit light. The re-emitted light interferes with the original
wave in such a way that the combined wave travels slower than the
original.

This isn’t the light “pushing through” a thicket of atoms. It’s a
subtle interference effect. The individual photons still travel at c be-
tween atoms. But the collective wave pattern advances more slowly.

I mention this because it illustrates something important: simple-
sounding phenomena often have deep explanations. “Light slows
down in glass” sounds obvious, but understanding why requires
quantum electrodynamics.

For our purposes, we can take the refractive index as given. The
physics we need is Snell’s law.

2.3 How Curved Surfaces Focus

A flat piece of glass doesn’t focus light. It bends rays, but all parallel
rays bend by the same amount and remain parallel. To focus light,
we need a curved surface.

You might say, “Why curved? Why not use many flat pieces at
different angles?” In principle, that works—it’s called a Fresnel lens,
and lighthouses use them. But for high-quality imaging, smooth
curves work better. They avoid the discontinuities at the edges of
each flat segment.

(perpendicular to surface)
normal

! - - - 1
wave 1n , " '~ /A ~Wwave out
- \@J\G)\G}\G)'_
1 ~_ 7 ~N_7 ~_ 7 ~_“7 1
1 1
atoms re-emit light

Figure 2.2: Light passing through
matter interacts with atoms, which
re-emit light. The interference between
incident and re-emitted waves creates
an effective slowdown.

Figure 2.3: A curved surface bends
each ray by a different amount. Rays
hitting the edge encounter a more tilted
surface and bend more. With the right
curvature, all parallel rays converge to
the same point.
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The key insight is that a curved surface presents a different angle to
each incoming ray. A ray hitting near the edge encounters a surface
tilted away from perpendicular, so it bends more. A ray hitting the
center encounters a surface nearly perpendicular, so it bends less.

With the right shape, these varying deflections can be chore-
ographed so that all parallel rays converge to a single point. This
point is called the focus, and the distance from the lens to the focus
is the focal length, denoted f.

2.4 The Thin Lens Equation

For a thin lens—one whose thickness is small compared to its focal
length—there’s a beautiful relationship between object position,
image position, and focal length.

If an object is at distance o from the lens, and its image forms at

Figure 2.4: Ray tracing through a thin

distance 7, then: lens. Two principal rays from the object
1 — 1 + 1 (2.3) tip converge at the image. The thin lens
f o i 3 equation relates o, i, and f.

This is the thin lens equation. Let’s check some limiting cases:

* Object at infinity (0 — co): The equation gives i = f. Parallel rays
from a distant object converge at the focal point. This is exactly
what we expect.

® Object at 2f: The equation gives i = 2f. The image forms at the
same distance on the other side. The magnification is 1; the image
is the same size as the object.

® Object at f: The equation gives i — oo. Rays from an object at the
focal point emerge parallel. They never converge.
2.5 Magnification

The magnification m of a lens is the ratio of image height to object
height. For a thin lens:

m— 72 (2.4) Material n v (km/s)

Vacuum 1.000 300,000

The negative sign indicates that a real image (one that forms Air 1.0003 299,900
where rays actually converge) is inverted. The image is upside-down Water 1.333 225,000
relative to the object. Crown glass  1.52 197,000
For a magnifying glass held close to the eye, the situation is differ- Flint glass 1.66 181,000
Diamond 2.42 124,000

ent. The lens creates a virtual image—one that appears to be behind

. . . Table 2.1: Refractive indices of common
the lens, formed by the apparent backward extrapolation of diverging materials. Higher n means slower light
rays. Virtual images are upright, not inverted, and the magnification speed.
formula must be modified.
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2.6 The Lensmaker’s Equation

Where does the focal length come from? It depends on the shape
of the lens and the refractive index of the glass. For a thin lens with
surfaces of radii R; and Rj:

1 1 1

—=n-1)(=— = (2.

f ( ) <R1 Rz) 2
This is the lensmaker’s equation. A few observations:

¢ A lens made of higher-index glass (n larger) has shorter focal
length—it bends light more strongly.

* More strongly curved surfaces (smaller R) give shorter focal
length.

* A symmetric convex lens (both surfaces curving outward) has
positive f—it’s a converging lens.

* A symmetric concave lens (both surfaces curving inward) has
negative f—it’s a diverging lens that spreads rays apart.

= Figure 2.5: A convex (biconvex) lens
converges parallel rays to a real focus.
A concave (biconcave) lens diverges
them; they appear to originate from a
f virtual A - virtual focus behind the lens.

Y

converging (convex) diverging (concave)

2.7 A Practical Example

Let’s put numbers to this. Suppose you want to build a simple
magnifying glass with a focal length of 10 cm, using crown glass
(n = 1.52).

If we use a symmetric biconvex lens with Ry = —R; = R (the
sign convention has R > 0 for a surface curving toward the incoming
light), the lensmaker’s equation gives:

}—<n_1><11{+11{>—2(”1;1) (26)

Solving for R:

R=2(n—1)f =2(052)(0.1m) =0104m~10cm  (2.7)



So each surface should have a radius of curvature of about 10 cm.
If the lens is 5 cm in diameter, each surface bulges out by about:

2 2
R (D27~ D2 _ (009)

h=R- 8R  8x0.1

~ 3 mm (2.8)

This is a gentle curve—the lens is only slightly thicker in the mid-
dle than at the edge. Making good lenses is less about dramatic
shapes than about precise, smooth curves.

You might say, “Three millimeters? That’s nothing! Any glass
shop could grind that.” And you’d be right—for a magnifying glass.
But telescopes demand precision measured in wavelengths of light,
not millimeters. A surface error of 100 nanometers—invisible to any
ruler—can ruin an image. This is why optical grinding became an art
form centuries before it became a science.

2.8 The Power of a Lens

Optometrists often describe lenses by their power, measured in
diopters (D):
1
P = ? (with f in meters) (2.9)

A lens with f = 0.5 m has power P = 2 D. A lens with f = 0.1 m
has power P = 10 D.

You might say, “Why use diopters instead of focal length?” The
advantage of this notation is that powers add. If you put two thin
lenses in contact, the combined power is:

Ptotal =P +P (2'10)

A +3 D lens combined with a -1 D lens gives a +2 D combination.

2.9 What Lenses Can’t Do Perfectly

There’s a catch. The thin lens equation and the lensmaker’s equation
are approximations that work well for rays close to the optical axis
and for thin lenses. Real lenses have aberrations—defects that blur
the image.

The most basic is spherical aberration. A spherical surface (the
easiest shape to grind) doesn’t quite bring all rays to the same focus.
Rays passing through the edge of the lens focus slightly closer than
rays through the center.

For a simple lens, this can be minimized by using only the central
portion (stopping down the aperture) or by using a non-spherical
(aspheric) surface. High-quality camera lenses use multiple elements
specifically designed to cancel aberrations.
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(center of
curvature)

<>
~3 mm

Figure 2.6: Cross-section of a simple
biconvex lens. R is the radius of cur-
vature of each surface, measured from
the center of curvature C. For a 5-cm
diameter lens with 10-cm focal length,
each surface bulges about 3 mm from
flat.

U‘I
=
f=
=

spherical aberration

Figure 2.7: Spherical aberration: rays
through the edge of a spherical lens
focus closer than rays through the
center. The result is a blurred image.
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We'll encounter more serious aberrations—particularly chromatic
aberration—in the next chapter when we build an actual telescope.

2.10 How Did Anyone Figure This Out?

The history of lenses stretches back millennia. The ancient Egyptians and Mesopotamians made glass beads that could
focus light. Roman writers described using a glass globe filled with water to magnify text. But the systematic use
of lenses for vision correction began in 13th-century Italy. Spectacles for farsightedness appeared around 1286; for
nearsightedness, about a century and a half later.

The physics of refraction was understood qualitatively by Ptolemy (2nd century CE), who measured the angles in-
volved. But the precise law—mwhat we call Snell’s law—mwas discovered by Ibn Sahl in 984, lost to the West, and
rediscovered by Snellius around 1621. Descartes published it in 1637, and from there the design of lenses became a
mathematical science rather than a craft of trial and error.

Still, the telescope wasn’t invented by anyone who understood the theory. It emerged from the workshops of Dutch
spectacle makers around 1608, likely by accident—someone noticed that looking through two lenses at once made
distant things appear closer. Theory followed practice.

2.11 Looking Ahead

We now understand the basic physics: curved glass surfaces bend
light, and with the right curvature, parallel rays from distant objects
can be brought to a focus. The focal length depends on the curvature
and the refractive index.

But a single lens isn’t a telescope. To see distant objects clearly,
we need to capture the light, form an image, and then examine that
image with a magnifier. In the next chapter, we’ll see how Galileo
combined two lenses to create the first astronomical telescope—and
why his simple design was both revolutionary and deeply flawed.



3
The Simple Refractor—And Its Discontents

In January 1610, Galileo Galilei pointed a crude optical tube at
Jupiter and saw four points of light that moved from night to night.
He had discovered the moons of Jupiter, and in doing so, demolished
the ancient belief that everything in the heavens orbits Earth. Within
months he observed the phases of Venus, the mountains of the Moon,
and the countless stars of the Milky Way. Astronomy would never be
the same.

But here’s what’s strange: Galileo’s telescope, by modern stan-
dards, was terrible. It had a tiny field of view—about half the di-
ameter of the Moon. Everything appeared with colored fringes. It
couldn’t magnify much beyond 30x without the image becoming
useless. How can an instrument that fundamentally changed our
understanding of the cosmos have been so flawed?

The answer reveals the difference between a revolutionary idea
and a perfected technology. The telescope’s principle was brilliant;
its execution was primitive. Understanding its limitations will show
us why astronomers spent the next century searching for something
better.

3.1 Two Lenses Make a Telescope eyepiece
objective

The simplest telescope uses two lenses. The objective lens—the one Figure 3.1: Galilean telescope: a convex

pointing at the sky—gathers light and forms a real image. The eye- objective lens would focus rays at f,,
but a concave eyepiece intercepts them

piece acts like a magnifying glass, letting you examine that image up first, producing an upright image

close.

Galileo used a concave (diverging) lens as the eyepiece. This in-
tercepted the light before it reached the focal point, producing an
upright image. This “Galilean” design has the advantage of showing
things right-side-up, but severe disadvantages we’ll discuss shortly.

Johannes Kepler proposed an alternative in 1611: use a convex lens
for both objective and eyepiece. The objective forms a real, inverted
image; the eyepiece then magnifies this image. The Keplerian design
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shows everything upside-down, but it has a much larger field of view
and became the standard for astronomical telescopes.

image
U R <;G><<:a ,

eyepiece (fe)

objective (f,)

fo fe

3.2 How Magnification Works

Why does this arrangement magnify? The key is angular size.

When you look at the Moon with your naked eye, it spans about
half a degree—your eye intercepts light arriving at angles within
£0.25 of the Moon’s center. This angular size determines how big the
Moon appears.

A telescope increases this angular size. If the Moon appears to
span M x 0.5 through the telescope, we say the magnification is M.

For a simple refracting telescope, the magnification is:

M= 2 (3.1)
where f, is the focal length of the objective and f. is the focal length
of the eyepiece.

This makes intuitive sense. A long-focal-length objective produces
a large image at its focus. A short-focal-length eyepiece lets you ex-
amine that image closely. The ratio of these focal lengths determines
how much larger the object appears.

You might say, “Then why not use an eyepiece with a 1-mm focal
length and get 1000x magnification?” Because magnification alone
doesn’t help if the objective can’t resolve fine detail. Diffraction and
aberrations set a limit. Beyond about 2D magnification (where D
is the objective diameter in millimeters), you're just enlarging the
blur—the “empty magnification” we discussed earlier.

3.3 Galileo’s Telescope: The Numbers

Galileo’s best telescopes had an objective lens of about 37 mm di-
ameter and perhaps 1200 mm focal length. His eyepiece had a focal
length of about 40 mm (and was concave, but the magnification for-
mula is similar). This gives:

1200 mm

M:
40 mm

30 (3.2)

Figure 3.2: Keplerian telescope: the
objective lens forms a real image at its
focal point. The eyepiece, placed so that
the image is at its focal point, sends
parallel rays to the eye. The image is
inverted.

;= O

telescope

Ma€y$

Figure 3.3: Magnification increases
angular size. If the naked eye sees the
Moon at angle «, the telescope makes it
appear at angle Max.
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Jupiter, which appears about 40 arcseconds across to the naked
eye, would look like 20 arcminutes through Galileo’s telescope—
about two-thirds the apparent size of the Moon. Enough to see its
disk as a disk, and to notice tiny points of light nearby.

But 37 mm is a small aperture. The diffraction limit at visible
wavelengths is about 3.6 arcseconds—better than the eye’s 60 arcsec-
onds, but not by a huge margin. And as we'll see, Galileo’s telescope
couldn’t actually achieve its diffraction limit because of optical flaws.

3.4 The Problem with Glass: Chromatic Aberration

Here’s the fundamental problem with refracting telescopes: glass
bends different colors by different amounts.

We saw that the refractive index n determines how much light
bends at a glass surface. But # isn’t a single number—it depends
on wavelength. Blue light (short wavelength) has a slightly higher
refractive index than red light (long wavelength), so it bends more.

white light

This means a simple lens doesn’t have a single focal length. It has
different focal lengths for different colors:

folue < f; green < fred (3-3)

A star, which emits white light, doesn’t focus to a point. In-
stead, at the “best” focus position, you see a small disk with colored
fringes—blue on one side, red on the other. This is chromatic aberra-
tion, and it was the bane of early telescope makers.

3.5 The Abbe Number

The severity of chromatic aberration depends on the glass. Some
glasses disperse light (spread colors) more than others. This is quan-
tified by the Abbe number V:

Tld—l

V= (34)

ng —nc
where 1y, np, and nc are the refractive indices at specific standard
wavelengths (yellow, blue, and red respectively)."

High Abbe number means low dispersion. Crown glass (V ~
59) disperses less than flint glass (V ~ 36). Fluorite (V ~ 95) is

Discovery

Telescope D fo

Galileo (1610) 37mm 1.2m
Huygens (1655) 57 mm 3.4 m
Cassini (1675) 7omm 10m
Dorpat (1824) 24cm 4.3 m

Jupiter’s moor
Titan

Saturn’s gap
Double stars

Table 3.1: Early refracting telescopes
grew longer to achieve higher magnifi-
cation while minimizing aberrations.

Figure 3.4: Chromatic aberration: blue
light focuses closer to the lens than red
light. A star appears not as a point but
as a colored blur, with red and blue
fringes depending on where you focus.

* The subscripts refer to Fraunhofer
lines—dark absorption features in the
solar spectrum. Using these standard
wavelengths lets glassmakers compare
materials precisely.

Glass type ng V

Crown glass 1.52 59
Flint glass 1.62 36
Dense flint 1.75 28
Fluorite 143 95

Table 3.2: Abbe numbers for various

PR R R T D ( (- PR f
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exceptionally good, which is why it’s prized for high-end camera
lenses.

For a simple lens, the chromatic blur scales roughly as f/V. A
1-meter focal length lens made of crown glass produces color spread
of about 17 mm. That’s huge—completely unacceptable for sharp
images.

3.6 The Cure: Make It Longer

The early telescope makers discovered an empirical rule: longer focal
lengths mean less color blur. Here’s why.
Chromatic aberration produces a focal length spread of approxi-
mately:
Af ~ é (3:5)
But what matters for image quality isn’t the absolute spread Af;
it’s the angular blur it creates. An image formed at the wrong focal

distance by Af is blurred by an angle: short f

D'Af: D (3.6)

large
Obtur ~ T 7f
long f 0:>-
where D is the lens diameter. <

small
For the blur to be smaller than the diffraction limit A/ D, we need: Figure 3.5: Same aperture, different

D A focal lengths. Longer f gives smaller
7f < D (3-7) angular color spread, making longer
telescopes less affected by chromatic
Rearranging: aberration.
D2
> = 8
f>v3 (38)
For a 10-cm objective (D = 0.1 m) in crown glass (V = 59) at
A =550 nm:
(0.1)

N UL SO S| .
f> 59%550 x 100 ~o10m (3.9)

Three hundred meters! That’s obviously impractical. Even for a
modest 50-mm objective, you'd need a focal length of 77 meters.

This is why 17th-century astronomers built “aerial telescopes”
with focal lengths of 30, 50, even over 100 feet. The objective lens
was mounted on a tall mast, the eyepiece held near the ground, with
nothing connecting them but a cord for alignment. Observing was an
athletic endeavor as much as a scientific one.

You might say, “That sounds ridiculous. How could anyone aim
such a thing?” With great difficulty. Christiaan Huygens, observing
with a 123-foot aerial telescope, compared the experience to “trying
to thread a needle while riding a horse.” One contemporary observer
noted that more time was spent finding objects than observing them.
The slightest breeze could ruin an observation. It’s remarkable that
any discoveries were made at all.
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3.7 The Achromatic Solution

The problem seems intractable: you can’t eliminate chromatic aber-
ration with a single lens, and making telescopes longer has practical
limits.

You might say, “Surely someone tried using only one color of
light?” They did. Astronomers sometimes placed colored filters in
front of the eyepiece. This reduced chromatic blur but threw away
most of the light—not ideal when you're trying to see faint objects.
The filter also made everything look red, or green, or whatever color
you chose. Not a satisfying solution.

The solution came from an unexpected direction. In 1733, Chester
Moor Hall realized that you could combine two lenses made of dif-
ferent glasses to cancel their chromatic aberrations. A converging lens
of crown glass paired with a diverging lens of flint glass can focus all
colors to the same point.

crowrflint Figure 3.6: An achromatic doublet

combines a convex crown glass lens

with a concave flint glass lens. The

flint lens bends colors apart; the crown

lens bends them together. With proper
common focus design, the dispersion cancels while the

focusing power remains.

The idea is that the crown lens over-bends blue relative to red,
while the flint lens under-bends everything but affects blue more
(because flint has higher dispersion). By choosing the curvatures
correctly, the chromatic effects cancel while retaining net positive
focusing power.

The condition for an achromatic doublet is:

% + % =0 (3.10)
where Pj, P are the powers (inverse focal lengths) of the two ele-
ments. Since V; # V) for different glasses, this can be satisfied with
Piotal = Py + P2 # 0.

John Dollond commercialized achromatic lenses in 1758, and re-
fracting telescopes suddenly became practical at manageable lengths.
An achromatic 10-cm refractor could be just a meter or two long
instead of hundreds of meters.

3.8 The Limits of Refractors

Even with achromatic lenses, refracting telescopes face fundamental
problems at large sizes:
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1. Glass absorption: Light must pass through the glass. Even the
best optical glass absorbs a few percent of the light, and this adds
up in thick lenses.

2. Lens sag: A large lens can only be supported at its edge. Glass is
heavy and slightly flexible. A meter-wide lens sags under its own
weight, distorting the figure.

3. Chromatic residuals: An achromatic doublet cancels chromatic
aberration at two wavelengths perfectly, but there’s residual color
error at other wavelengths. This “secondary spectrum” becomes
significant for large apertures.

4. Homogeneity: The glass must be perfectly uniform throughout.
Any bubbles, striae, or composition variations will blur the image.
Making large pieces of flawless glass is extremely difficult.

The largest refracting telescope ever built—the 40-inch (1.02-meter)
refractor at Yerkes Observatory, completed in 1897—pushed against
all these limits. Its objective lens (a doublet) weighs about 225 kg
combined. The tube is 19 meters long. No one has built a larger
refractor since, because the problems become insurmountable.

You might say, “Someone should try modern glass technology—
surely we can do better now.” But the fundamental physics hasn’t
changed. A larger lens still sags under gravity, still absorbs light, still
has secondary color errors. The 40-inch represents a genuine physical
limit, not a failure of 19th-century technology. Sometimes nature says
“this far and no further.”

3.9 What Galileo Actually Saw

Let’s appreciate what Galileo accomplished despite his instrument’s
limitations.

His 37-mm objective had a diffraction limit of about 3.6 arcsec-
onds. But chromatic aberration and lens imperfections probably lim-
ited him to 10-15 arcseconds at best. Still, this was 4-6 times better
than the naked eye.

More importantly, his telescope gathered (37/7)% a 28 times
more light than the dark-adapted eye. He could see stars too faint for
naked-eye visibility.

When Galileo observed Jupiter, he saw a disk—not a point like a
star—and four faint points nearby that moved. Over several nights,

he realized these points were orbiting Jupiter. This was revolutionary:

not everything orbited Earth.
When he turned his telescope to the Moon, he saw mountains
casting shadows. The Moon was a world with terrain, not a perfect

sag

1

gravity

Figure 3.7: A large lens supported at its
edge sags in the middle due to its own
weight.
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Callisto Europa Figure 3.8: Jupiter and its four large
° N LI moons as Galileo might have seen them.
Ganymede To Jupiter’s disk is easily resolved; the
moons appear as points of light whose
< 5 positions change from night to night.
~ 40//

celestial sphere.

When he observed the Milky Way, he resolved it into “a mass of
innumerable stars planted together in clusters.” What appeared as
diffuse glow to the naked eye was revealed as countless individual
stars too faint and close together for the eye to separate.

3.10 A Philosophical Aside

It’s worth pausing to consider what Galileo’s discoveries did to human self-conception. Before the telescope, it was
easy to believe Earth was the center of creation—everything in the sky seemed to revolve around us. Galileo’s Jupiter
showed that other worlds had their own moons, their own systems. His stars in the Milky Way suggested the universe
was vastly larger and more populous than anyone had imagined. And Venus'’s phases proved it orbited the Sun, not
Earth.

These weren’t just scientific discoveries; they were existential shocks. The telescope revealed that we are not central,
not special, not the focus of cosmic attention. Many people, including powerful figures in the Church, found this
profoundly disturbing. Galileo’s conflict with the Inquisition was as much about psychology as theology.

And yet the universe revealed by telescopes turned out to be far more interesting than the tiny cosmos of the ancients.
The trade-off wasn’t bad at all.

3.11  Looking Ahead

The refracting telescope opened the heavens to humanity, but it had
severe limitations: chromatic aberration required either very long
focal lengths or complex multi-element designs, and even then, large
apertures were impractical.

Isaac Newton, frustrated by these problems, invented a different
approach: instead of bending light through glass, reflect it from a
curved mirror. Mirrors don’t have chromatic aberration at all. This
insight launched the era of reflecting telescopes, which we’ll explore
in the next chapter.






4
Mirrors Do It Better

Isaac Newton, frustrated by chromatic aberration, built a telescope
using a curved mirror instead of a lens in 1668. His instrument was
only 6 inches long with a 1.3-inch mirror, yet it outperformed re-
fractors ten times larger. A mirror, it turns out, has a tremendous
advantage: reflection doesn’t depend on wavelength. All colors focus
to the same point.

But if mirrors are so superior, why did it take astronomers an-
other century to adopt them widely? You might say, “The physics is
obvious—Newton figured it out in 1668. What took so long?” The
answer reveals a fascinating interplay between physics and technol-
ogy. The principle was perfect; the materials were terrible.

4.1 Why Mirrors Don’t Have Chromatic Aberration

The law of reflection is brutally simple: the angle of incidence equals
the angle of reflection.

0; =6, (4.1)

There’s no refractive index, no Snell’s law, no dispersion. A mirror
treats red light and blue light identically. This is because reflection
happens at the surface; light doesn’t penetrate the material in a way
that depends on wavelength.*

This means a curved mirror can focus all colors to the same point.
No chromatic aberration. Period.

Newton understood this immediately. In his 1672 paper describing
his experiments with prisms, he wrote: “I understood that the Object-
glass of any Telescope cannot collect all the Rays which come from
one point of an Object so as to make them convene at its focus in less
room than in a circular space, whose diameter is the 5oth part of the
Diameter of its Aperture.” He was saying that chromatic aberration
fundamentally limits lens telescopes, and he turned to mirrors as the
solution.

Figure 4.1: Reflection obeys a simple
law that doesn’t depend on wavelength.
Red and blue light reflect at identical
angles.

* Technically, light does penetrate a
short distance into the metal, and this
penetration depth varies slightly with
wavelength. But the effect is negligible
for optical purposes.
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4.2 The Parabolic Mirror

What shape should a telescope mirror be? The answer is a paraboloid—
a surface formed by rotating a parabola around its axis.

Figure 4.2: A parabolic mirror focuses
all parallel rays to a single point. This
is a geometric property of the parabola:
all paths from a plane perpendicular to
f the axis to the focus have equal length.

Why a parabola? A parabola has a remarkable geometric property:
for any point on the curve, the distance to the focus plus the distance
to a line called the directrix is constant. This means parallel rays, all
traveling the same total distance to reach the focus, arrive in phase.
They interfere constructively, producing a bright focal point.

A spherical mirror—which is much easier to make—doesn’t quite

have this property. Rays hitting the edge of a spherical mirror focus
slightly closer than rays hitting the center. This is spherical aberra- blur

tion, and it blurs the image.

spherical nfirror

For mirrors with small apertures relative to focal length (f-ratio Figure 4.3 A spherical mirror exhibits
greater than about 10), spherical aberration is small. Early reflectors spherical aberration: edge rays focus
often used spherical mirrors for this reason. But for the fast, wide- closer than center rays.
field systems used today, paraboloids are essential.
You might say, “How hard can it be to make a parabola instead of
a sphere?” Very hard, as it turns out. A sphere has constant curva-
ture everywhere; any small patch looks like any other. A parabola
has curvature that varies from center to edge. You can check a sphere
by sliding it against another sphere, but testing a parabola requires

more sophisticated methods.

4.3 Newton’s Design

Newton's telescope used a concave primary mirror to gather light
and focus it. But here’s a problem: where do you put your eye? If
you put it at the focus, your head blocks the incoming light.

Newton’s solution was elegant: place a small flat mirror at 45AF
inside the tube to deflect the converging beam out the side, where an
eyepiece can be mounted without blocking the aperture.

This Newtonian design is still popular with amateur astronomers.
It’s simple, has no chromatic aberration, and puts the eyepiece at a
convenient position.
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4.4 The Cassegrain Alternative

A different design, proposed by Laurent Cassegrain in 1672, uses a
convex secondary mirror to reflect light back through a hole in the
primary mirror.

The Cassegrain has advantages for large telescopes: the eyepiece
(or camera) is at the back of the tube, which is structurally conve-
nient for mounting heavy instruments. The secondary mirror also
multiplies the effective focal length, giving high magnification in a
compact tube.

Most large modern telescopes use variations on the Cassegrain
design.

4.5 The Trouble with Speculum

If mirrors are so great, why didn’t they immediately replace lenses?
The problem was materials.

Newton made his mirror from speculum metal—an alloy of cop-
per and tin that could be polished to a reflective surface. But specu-
lum had serious problems:

* Low reflectivity: Speculum reflects only about 60% of incident
light. The rest is absorbed.

* Tarnishing: The surface oxidizes in air, losing reflectivity. Mirrors
needed frequent re-polishing.

¢ Weight: Speculum is dense. Large mirrors were extremely heavy.

* Thermal expansion: The metal expands and contracts with tem-
perature, distorting the shape.

Because of tarnishing, observatories with speculum mirrors often
kept two mirrors and rotated them: one in the telescope, one being
re-polished. William Herschel, who built the largest telescopes of the
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Figure 4.4: The Newtonian telescope. A
parabolic primary mirror focuses light;
a flat secondary mirror deflects it to an
eyepiece on the side of the tube.

I /I ;
primary \

Figure 4.5: Cassegrain telescope. Light
reflects from a concave primary to a
convex secondary, then through a hole
to the eyepiece behind the primary.

Material Reflectivity
Speculum (fresh) 60—66%
Speculum (tarnished) 40-50%
Silver (fresh) 95%
Aluminum (fresh) 88%

Table 4.1: Reflectivity of telescope
mirror materials at visible wavelengths.
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late 18th century, sometimes abandoned a night’s observing because
his mirror had tarnished too much to be useful.

You might say, “Why not just keep the mirror in a sealed case
when not in use?” Herschel tried that. The problem is that a cold
mirror in warm air collects dew, which makes things worse. And
even sealed, the mirror slowly oxidizes. There was no good solution
with the materials available. Herschel simply accepted that he was in
a perpetual arms race with chemistry.

Herschel’s famous 48-inch telescope, completed in 1789, had a
speculum mirror weighing about half a ton. It was so heavy and
awkward that the telescope was difficult to use, and Herschel often
preferred his smaller instruments.

4.6  The Silver Revolution

The breakthrough came in 1856-1857, when Carl August von Stein-
heil and LAl'on Foucault independently developed a method to de-
posit a thin layer of silver on glass.

Glass is an excellent material for telescope mirrors: it’s rigid,
dimensionally stable, and can be ground and polished to precise
shapes. The problem was that glass itself isn't reflective. Silver coat-
ing solved this.

The process involved chemical reduction of silver nitrate onto a
carefully cleaned glass surface. The resulting silver film was thin—
just a few hundred nanometers—but highly reflective (about 95%).

Silver-on-glass mirrors transformed telescope building;:

® Much higher reflectivity meant fainter objects could be seen.
¢ Glass was lighter than speculum for the same size.

* When the coating tarnished, it could be stripped off and reapplied
without regrinding the mirror.

¢ Glass has lower thermal expansion than metal.

By the 187o0s, silvered-glass reflectors had become the standard.
The 72-inch Leviathan of Parsonstown (1845), one of the last great
speculum telescopes, was soon surpassed by smaller but more effec-
tive silvered-glass instruments.

4.7 Modern Mirror Coatings

Silver tarnishes in air, developing a yellow-brown sulfide layer. For
this reason, modern telescope mirrors usually use aluminum instead,
deposited by vacuum evaporation.
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aluminum coating Figure 4.6: A modern telescope mirror:
thick glass for structural rigidity, thin
aluminum coating for reflectivity. The

glass substrate ~cm to m coating is about 100,000 times thinner
than the glass.

~100 nm

Aluminum forms a thin, transparent oxide layer (alumina) that
protects the metal beneath. Aluminum mirrors can last years between
recoatings, compared to months for silver.

The reflectivity of aluminum (about 88%) is slightly lower than
silver, but the durability usually makes it worthwhile. For infrared
astronomy, gold coatings are sometimes used because gold has excel-
lent infrared reflectivity.

4.8 Figuring a Mirror

Making a telescope mirror isn’t just about reflectivity—the shape
must be extraordinarily precise.
For a diffraction-limited image, the mirror surface must not devi-
ate from the ideal shape by more than about A/4—a quarter wave- actual

deal
length of light. For visible light, that’s about 140 nanometers, or w aea

roughly 1/500 the thickness of a human hair. i Figure 47 The mirror surface must
How do you test a surface to such precision? LAl'on Foucault match the ideal shape to within a

invented a simple but powerful method in 1858. A point source of fraction of a wavelength.

light at the mirror’s center of curvature reflects back on itself. A knife

edge moved across the returning beam casts shadows that reveal

surface errors with exquisite sensitivity.
Modern mirrors are tested interferometrically, comparing the

reflected wavefront against a perfect reference. Computer-controlled

polishing machines can correct errors down to a few nanometers.

4.9 The Scaling Problem

Making a small mirror accurate to A/4 is one thing. Making a 10-
meter mirror that accurate is quite another.
Several problems emerge at large sizes:

1. Weight: A solid glass disk 10 meters across and thick enough to
be rigid would weigh hundreds of tons.

2. Thermal equilibrium: A massive mirror takes hours to reach
thermal equilibrium with the night air. Until it does, temperature
gradients distort its shape.

3. Gravitational distortion: As the telescope points to different parts
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of the sky, gravity pulls on the mirror from different directions,
bending it.

4. Wind: Large mirrors act like sails. Wind pressure distorts them.

We'll see in Chapter 8 how modern telescope builders overcome
these problems with lightweight honeycomb structures, active sup-
port systems, and segmented mirrors.

4.10 The Obstruction Problem

One disadvantage of reflecting telescopes is that the secondary mirror
blocks some of the incoming light. A Newtonian’s diagonal mirror,
or a Cassegrain’s convex secondary, sits right in the middle of the
incoming beam.

This obstruction does two things:

1. Reduces light-gathering power (typically by 5-15%).
2. Modifies the diffraction pattern, reducing contrast.

For most astronomical work, this isn’t a serious problem. But for
applications requiring high contrast—like imaging planets next to
bright stars—the secondary obstruction matters.

You might say, “Why not just make the secondary really small?”
You can, but there’s a trade-off. A smaller secondary vignettes the
outer parts of the field of view and limits the range of eyepieces you
can use. For visual observation, a 15-20% obstruction is common. For
high-contrast imaging, astronomers sometimes use off-axis designs or
put up with the limitations of small secondaries.

Some specialized designs avoid central obstruction entirely. “Off-
axis” telescopes use only part of a parabolic mirror, directing light to
a focus outside the incoming beam. These are more complex to build
but have pristine diffraction patterns.

4.11 A Note on History

©

unobstructed obstructed

Figure 4.8: Central obstruction from
the secondary mirror modifies the
diffraction pattern, putting more light
into the rings and reducing contrast.

The transition from refractors to reflectors wasn’t smooth or complete. For over a century after Newton, the best

observations were still made with refractors, because mirror technology lagged behind lens technology.

William Herschel’s great reflectors of the 1780s changed this balance. His 6.2-inch telescope discovered Uranus in

1781; his later 18.7-inch and 48-inch instruments discovered two of Saturn’s moons. But his instruments were diffi-

cult to use and maintain, and after his death in 1822, the technology stagnated.

The silvered-glass revolution of the 1850s—1870s finally tipped the scales. The 72-inch Leviathan at Parsonstown

(1845) was the largest telescope for decades, but its speculum mirror limited its effectiveness. The smaller 60-inch
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at Mount Wilson (1908), with its silvered-glass mirror, proved far more scientifically productive. The 20th century
belonged to reflecting telescopes, culminating in the 5-meter Hale Telescope (1948) and eventually the 10-meter Keck
telescopes (1993).

Today, no serious optical/infrared observatory would build a large refractor. The physics that Newton understood in
1668—that mirrors avoid chromatic aberration—eventually won out. It just took 200 years of materials science to
catch up.

4.12  Looking Ahead

We’ve seen that reflecting telescopes avoid the fundamental problem
of chromatic aberration. With modern coatings, they can achieve high
reflectivity. With careful figuring, they can reach the diffraction limit.

But there’s another limit we haven’t discussed: the atmosphere.
Even a perfect 10-meter telescope, pointed at the clearest sky, cannot
achieve its diffraction-limited resolution of 0.01 arcseconds. Earth’s
atmosphere blurs the image to about 1 arcsecond—no better than a
10-centimeter telescope.

In the next chapter, we’ll explore this atmospheric limit and under-
stand why even the finest mirror can’t escape the sky’s turbulence.
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What Limits Can We Escape?

You might think that building a bigger telescope always gives you
better resolution. Double the diameter, halve the angular blur. The
diffraction formula 6 = 1.22A /D promises this.

But try this with a telescope on Earth, and you hit a wall at about
1 arcsecond—regardless of how big you make the mirror. On the
best nights, at the best sites, you might reach 0.4 arcseconds. A 10-
meter telescope performs no better than a 25-centimeter telescope for
resolution.

Where is all that collecting area going? And why do astronomers
spend billions putting telescopes in space when they could build
them for a fraction of the cost on mountaintops?

5.1 The Atmosphere as a Lens

Earth’s atmosphere isn’t optically uniform. The air’s refractive index
depends on temperature and density, both of which vary from place
to place and moment to moment. Warm air has a lower refractive
index than cold air. As light from a star passes through the atmo-
sphere, it encounters pockets of air at different temperatures, each
bending the light slightly differently.

The result is that the wavefront arriving at your telescope isn’t flat
anymore. It's wrinkled, distorted by all the random refractions along
the way. Different parts of your telescope aperture receive light that
has traveled different optical paths, and the phase differences blur the
image.

This is astronomical seeing—the blurring of images caused by at-
mospheric turbulence. It’s why stars twinkle. It's why large ground-
based telescopes can’t reach their diffraction limit.

starlight

. ~warm/cool

SUAERT{ ir cells
bent

Figure 5.1: Starlight passing through
turbulent atmosphere is randomly
deflected. Warm and cool air cells have
different refractive indices, bending
light unpredictably.
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5.2 The Fried Parameter

How bad is the atmosphere? David Fried quantified this in 1966 with
a parameter now called r( (or the Fried parameter). It represents
the diameter of a circular area over which the wavefront remains
reasonably coherent—flat enough for a good image.

At a typical observatory site, g is about 10-20 cm at visible wave-
lengths. This means:

* A telescope smaller than r( will achieve its diffraction limit. The
wavefront across such a small aperture is essentially flat.

* A telescope larger than rj sees a blurred image no sharper than
what a telescope of diameter ry would see. The extra aperture
gathers more light but doesn’t improve resolution.

The seeing angle—the blur caused by the atmosphere—is roughly:

A
Osee = — (5.1)
o
For A =500 nm and ryg = 15 cm:
500 x 1077
Beee ~ OXT ~33 %1076 rad ~ 0.7" (5.2)

This is about 50 times worse than the diffraction limit of a 10-
meter telescope (g =~ 0.013”).

5.3 Why Bigger Isn't Better (for Resolution)

Let’s make this concrete. Consider three telescopes at a site with
70 = 20 cm:

1. 10-cm telescope: Diffraction limit = 1.3”. But D < 1y, so it actually
achieves this—the atmosphere doesn’t limit it much.

2. 1-m telescope: Diffraction limit = 0.13”. But D > r, so seeing
limits it to about A/ry =~ 0.5”. It’s worse than diffraction-limited by
a factor of 4.

3. 10-m telescope: Diffraction limit = 0.013". Still limited by the
same seeing, ~ 0.5”—40 times worse than its potential.

You might say, “Then what'’s the point? All that expense for a
telescope no sharper than one I could carry in my backpack?” So
why build big telescopes at all?

Light-gathering power. A 10-meter telescope collects 100 times
more photons than a 1-meter telescope. For faint objects—distant

Site ro (cm)  Seeing ()
Average site 5-8 1.3-2.0
Good site 10-15 0.7-1.0
Excellent site ~ 15—20 0.5-0.7
Best nights 25-35 0.3-0.5

Table 5.1: Typical Fried parameters
and corresponding seeing at visible
wavelengths (A ~ 500 nm).



Resolutian

difﬁ'acti n-limited

actual
A/rg (seeing)

seeimg<limited A/D (diffraction)

> Aperture D

7o

galaxies, faint stars—this matters enormously. You may not see
sharper, but you see fainter.

Hope for better nights. Sometimes the atmosphere cooperates. On
rare occasions, seeing drops below 0.3 arcseconds, and suddenly the
big telescope’s extra resolution pays off.

Adaptive optics. As we’ll see in the next chapter, there are ways to
correct for atmospheric distortion in real time, recovering the diffrac-
tion limit.

5.4 Why Some Sites Are Better

Atmospheric turbulence isn’t uniform around the globe. Some places
have much more stable air than others.
The best sites share several characteristics:

1. High altitude: Less atmosphere above means less total turbulence
to pass through. Also, you're above the densest, most turbulent
lower atmosphere.

2. Laminar flow: Sites where air flows smoothly over the terrain,
rather than tumbling in eddies. Oceanic air flowing over a smooth
mountain slope is ideal.

3. Stable temperature: Places where the ground and air are at simi-
lar temperatures have less convective turbulence.
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Figure 5.2: Below ry, resolution im-
proves with aperture (diffraction-
limited). Above ry, resolution is stuck at
the seeing limit regardless of aperture
size.
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4. Dry climate: Water vapor adds to refractive index variations. Dry
air is more optically stable.

The world’s best sites include:

* Mauna Kea, Hawaii: A 4,205-m volcanic peak rising from the
Pacific. Extremely stable, dry air.

* Atacama Desert, Chile: A high plateau between the Andes and
the coast. Some of the driest conditions on Earth.

* Canary Islands: High volcanic peaks in stable Atlantic air.

¢ Antarctica: The high, cold, dry plateau has exceptional stability,
though extreme cold poses operational challenges.

5.5 Short Exposures vs. Long Exposures

The atmosphere’s distortion isn’t static. The turbulent cells move
and evolve on timescales of milliseconds to seconds. This creates
interesting effects depending on how long you expose.

Short exposures (< 10 ms): You “freeze” the atmospheric pattern.
The image is sharp but displaced—the star appears in a different
position each exposure. With a large telescope, the image breaks up
into multiple “speckles.”

Long exposures (> 1 s): The random motions average out into
a smooth blur. The seeing disk is the statistical average of all the
instantaneous images.

<

short exposure

long exposure

Speckle imaging exploits this. By taking many short exposures
and processing them cleverly, astronomers can sometimes recover

diffraction-limited information. But this only works for bright sources

where enough photons arrive in milliseconds.

5.6 The Space Solution

The obvious way to escape atmospheric blurring is to leave the atmo-
sphere entirely. This is why the Hubble Space Telescope, despite its
modest 2.4-meter aperture, can achieve 0.05 arcsecond resolution—
about 10 times better than ground-based telescopes of its era could
reliably achieve.

Space telescopes have other advantages too:

NN~

Mauna Kea profile

Figure 5.3: Ideal observatory sites have
smooth airflow. Mauna Kea rises from
the Pacific with laminar flow over its
stopes:.

Site Altitude Median Clear
(m) seeing  nights
Mauna Kea 4,205 0.6” 300
Paranal 2,635 0.8" 330
La Palma 2,396 0.8" 280
Dome C* 3,233 0.3" 250

Table 5.2: Comparison of major obser-
vatory sites. 'Dome C’s exceptional
seeing is only achieved above a ~30-
meter boundary layer; ground-level
seeing is much worse.

Figure 5.4: Short exposures show
speckle structure; long exposures
average to a smooth seeing disk.
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¢ No atmospheric absorption (critical for UV and infrared).

No sky brightness from scattered light.

Continuous observation (no daytime, no clouds). \
=l HsT

Thermal stability (no convection from ground heating).

You might say, “Space solves everything—why bother with ground

telescopes at all?” The disadvantages are equally clear: Above the atmosphere

Figure 5.5: The Hubble Space Telescope
orbits above Earth’s atmosphere,

e Cost: Hubble cost about $10 billion over its lifetime. The James o LR
achieving diffraction-limited imaging.

Webb Space Telescope cost even more.

e Size limits: You can only launch what fits in a rocket fairing.
JWST’s 6.5-meter mirror had to unfold in space.

¢ No servicing: If something breaks, you can’t easily fix it. (Hubble
was serviceable by Space Shuttle, a rare exception.)

For these reasons, astronomers pursue both paths: space tele-
scopes for the sharpest images and wavelengths blocked by the atmo-
sphere, ground-based telescopes for raw light-gathering power.

5.7 The Infrared Advantage

There’s a loophole in the seeing problem. The Fried parameter scales
with wavelength:

ro & A8/ (5-3)

At longer wavelengths, atmospheric turbulence is less severe. At
A = 2.2 pm (near-infrared K-band), rg is about 5-6 times larger than
at visible wavelengths. A 1-meter telescope observing in the infrared
might achieve seeing of 0.3 arcseconds, while the same telescope in
visible light sees 1 arcsecond.

This is one reason infrared astronomy has become so important.

vis IR

Ground-based infrared telescopes can get closer to their diffraction Figure 5.6: The Fried parameter in-

limits than visible-light telescopes can. creases with wavelength. Infrared
You might say, “Then why not observe everything in the in- observations see better.

frared?” Because different objects emit at different wavelengths. A

hot star peaks in the blue; a cold dust cloud peaks in the infrared.

And some phenomena—Ilike the spectral lines that reveal chemical

composition—occur at specific wavelengths. Astronomy needs all

wavelengths, which means living with the atmosphere’s limitations at

each.



42 TELESCOPES

5.8 What Can’t We Escape?

Even from space, there are limits:

1. Diffraction: The wave nature of light imposes an ultimate reso-
lution limit of 6 ~ A/D. The only escape is bigger apertures or
shorter wavelengths.

2. Photon noise: Faint objects emit few photons. Statistical fluctua-
tions limit how precisely we can measure anything. More collect-
ing area helps; nothing else does.

3. Cosmic backgrounds: The sky isn’t black. Zodiacal light (scat-
tered sunlight from dust), cosmic infrared background, and cosmic
microwave background all add noise.

4. Confusion: In crowded fields, sources overlap. Beyond some
surface density, you can’t tell objects apart regardless of resolution.

5.9 A Philosophical Aside

It’s remarkable that a thin layer of turbulent gas—less than 0.001% of the distance to the nearest star—should have
frustrated astronomers for centuries. The atmosphere that keeps us alive also keeps us from seeing the universe clearly.
But perhaps this limitation has been useful. It forced astronomers to develop clever techniques: site selection, speckle
imaging, adaptive optics. It motivated the space telescope program. And it taught us to think carefully about what
limits our knowledge and how to overcome those limits.

The next chapter describes one of the most remarkable responses to atmospheric limitation: using deformable mirrors
and laser beams to undo the atmosphere’s distortion in real time. It's a trick that would have seemed like science
fiction fifty years ago, and it’s now routine at major observatories.

5.10 Looking Ahead

We’ve seen that Earth’s atmosphere imposes a resolution limit of
roughly o0.5-1 arcsecond on ground-based telescopes, regardless of
aperture. This limit comes from turbulent cells in the air that wrinkle
the incoming wavefront.

But what if we could measure those wrinkles and correct for
them? What if we could reshape a mirror 1,000 times per second
to smooth out the atmospheric distortion?

This is adaptive optics, and it’s the subject of the next chapter.



6
Cheating the Atmosphere

In 1991, something remarkable happened: the U.S. military declas-
sified adaptive optics technology.” That same year, at the Starfire
Optical Range in New Mexico, astronomers demonstrated a telescope
that could take images of satellites sharper than the diffraction limit
of the human eye. The telescope wasn’t large—just 1.5 meters—but it
had a trick: a rubber mirror that could change shape 2,000 times per
second, guided by a laser beam shot into the upper atmosphere.

This adaptive optics system measured how the atmosphere was
distorting light and corrected for it in real time. How is it possible to
undo the atmosphere’s chaos?

6.1 The Basic Idea

The atmosphere wrinkles the wavefront. If we could measure those
wrinkles and push back on the mirror to flatten them out, we’d re-
cover a clean image.

Here’s the logic:

1. Measure the shape of the incoming wavefront using a bright refer-
ence star.

2. Calculate what mirror shape would cancel the distortions.
3. Deform a flexible mirror to that shape.

4. Do all of this faster than the atmosphere changes—typically 500-
2000 times per second.

6.2 Measuring the Wavefront

How do you measure a wavefront’s shape? The most common
method is the Shack-Hartmann sensor, developed in the 1970s.

* The declassification in May 1991 re-
vealed how mature the technology
already was—decades of classified de-
velopment suddenly became available
to civilian astronomers.
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distorted wavefront

_ sensor
/S\phﬂer —
primary ----
camera

deformable mirror

The idea is simple: put an array of tiny lenses in front of a detec-
tor. Each lenslet focuses light from a small piece of the aperture onto
the detector. If the wavefront is flat, all the spots line up in a regular
grid. If the wavefront is tilted or curved, the spots shift.

By measuring how much each spot has moved, you can recon-
struct the local slope of the wavefront at each lenslet position. From
those slopes, you can compute the overall wavefront shape.

Modern AO systems use hundreds or thousands of lenslets, sam-
pling the wavefront at high spatial resolution.

6.3 The Deformable Mirror

Knowing the wavefront shape is only half the problem. You also need
a mirror that can deform to match it.
Deformable mirrors (DMs) come in several varieties:

¢ Stacked actuators: Piezoelectric elements push and pull on the
back of a thin mirror face. Each actuator moves independently.

¢ MEMS mirrors: Micro-electro-mechanical systems with thousands
of tiny actuators on a silicon chip. Very compact.

* Bimorph mirrors: Two layers of piezoelectric material flex when
voltage is applied.

A typical astronomy DM might have 100-1000 actuators across
the mirror surface. More actuators mean finer correction but require
more computational power and a better wavefront sensor.

6.4 The Control Loop

The atmospheric turbulence changes on timescales of 10-50 millisec-

onds. To keep up, the AO system must complete its sense-compute-

correct cycle at least 100 times per second, preferably 500—2000 times.
The control loop looks like this:

1. Wavefront sensor measures spot positions (0.5—2 ms).

Figure 6.1: Adaptive optics schematic.
The wavefront sensor measures distor-
tion; the control computer calculates
corrections; the deformable mirror
applies them.

aocaoaa =Y-Y-Y-
() oo p e
flat: aligned tilted: shifted

Figure 6.2: Shack-Hartmann sensor.
Dashed lines show reference positions.
When the wavefront tilts, spots shift
relative to where they would be if flat.

actuators push mirror

Figure 6.3: Deformable mirror: actua-
tors behind a thin face sheet push and
pull to create the desired shape.



2. Computer reconstructs wavefront and calculates actuator com-
mands (< 1 ms).

3. Commands sent to deformable mirror (< 0.5 ms).
4. Mirror moves to new shape (< 1 ms).
5. Repeat.

This all happens while photons continue arriving. The latency—
the delay between measurement and correction—must be short com-
pared to the atmospheric coherence time, or the correction will be
applied to atmospheric patterns that have already changed.

6.5 The Guide Star Problem

To measure the wavefront, you need a bright point source. The star
being observed usually isn’t bright enough—most interesting astro-
nomical targets are too faint to provide the thousands of photons per
millisecond that the wavefront sensor needs.

The traditional solution is to use a nearby bright star as a natural
guide star (NGS). You measure the wavefront from the guide star
and assume it’s the same for your target. This works if the guide star
is close enough—within the isoplanatic patch.

The isoplanatic angle is typically just a few arcseconds at visible
wavelengths, increasing to 10—20 arcseconds in the infrared. Beyond
this, the atmospheric columns are too different for the guide star
correction to help the target.

This severely limits sky coverage. Only about 1% of the sky has a
suitable natural guide star within the isoplanatic patch.

You might say, “That’s absurd. Why spend billions on a telescope
that can only look at 1% of the sky sharply?” Exactly. This problem
demanded a radical solution.

6.6 Laser Guide Stars

The solution to the guide star problem is audacious: create your own
guide star with a laser.

You might say, “That sounds like science fiction.” It did, until
someone actually did it. Now it’s routine at major observatories.
Sometimes progress means doing the thing that seemed impossible.

There are two main approaches:

Rayleigh laser guide stars: A pulsed laser beam creates backscat-
tered light from air molecules in the lower atmosphere (10-20 km).
By timing the detection, you measure light from a specific altitude.
The limitation is that this doesn’t sample the full atmosphere.
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guide target

same atmosphere?

Figure 6.4: Light from guide star

and target pass through different
columns of atmosphere. If separated
by more than the isoplanatic angle, the
correction fails.
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Sodium laser guide stars: A laser tuned to the sodium D2 line
at 589 nm excites sodium atoms in a layer at go km altitude. These
atoms fluoresce, creating an artificial star. This samples most of the
turbulent atmosphere.

laser guide star

Na layer (9o km)
mesosphere
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Sodium lasers are now standard at major observatories. The or-
ange beams shooting into the sky from Mauna Kea or Paranal have
become iconic images of modern astronomy.

6.7 Limitations of Laser Guide Stars
Laser guide stars have their own problems:

1. Cone effect: The laser creates a point source at finite altitude.
Light from it samples a cone of atmosphere, not a cylinder. For
large telescopes, the outer parts of the aperture see different turbu-
lence than the center.

2. Tip-tilt indetermination: A laser guide star can’t measure the ab-
solute position of the target—the laser beam itself wanders in the
atmosphere. A natural star is still needed for “tip-tilt” correction
(the overall position of the image).

3. Spot elongation: For telescopes viewing the sodium layer off-axis,
the laser guide star appears elongated, not point-like, complicating
wavefront sensing.

Modern systems use multiple laser guide stars to mitigate the cone
effect, a technique called multi-conjugate adaptive optics (MCAO).
Some systems use dozens of lasers simultaneously.

You might say, “Isn’t shooting powerful lasers into the sky dan-
gerous for aircraft?” Yes, which is why observatories coordinate with
air traffic control. A spotter watches for planes, and the laser shuts
off if anything enters the beam path. It's one of the stranger safety
procedures in science—astronomers with radios calling out “Aircraft
north-northwest!” while their colleagues scramble to blank the laser.

Figure 6.5: Sodium laser guide star. A
laser excites sodium atoms at go km
altitude, creating an artificial beacon for
wavefront sensing.



6.8 How Good Is Adaptive Optics?

The quality of AO correction is measured by the Strehl ratio: the
peak intensity of the corrected image divided by the peak intensity of
a theoretically perfect diffraction-limited image.

A Strehl ratio of 1.0 would be perfect correction; typical seeing-
limited observations achieve Strehl ratios of 0.01 or less. Modern AO
systems routinely achieve 0.6-0.8 in the near-infrared (K-band, 2.2
pm), where the atmospheric correction is easier.

At visible wavelengths, AO is harder because r( is smaller and
the correction must be finer. “Extreme AO” systems designed for
exoplanet imaging can achieve Strehl > 0.9 in the infrared by using
1000+ actuators and running at 2000 Hz.

6.9 What AO Has Enabled

Adaptive optics has revolutionized ground-based astronomy:

* Galactic center: AO imaging revealed stars orbiting the supermas-
sive black hole at our galaxy’s center, proving its existence and
measuring its mass (4 million solar masses).

¢ Exoplanet imaging: AO is essential for directly imaging planets
around nearby stars, suppressing the glare of the star to reveal
faint companions.

® Solar system: AO reveals surface details on asteroids, moons, and
planets that rival spacecraft imagery.

¢ Stellar populations: Resolving crowded star fields in globular
clusters and nearby galaxies.
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System Strehl (K-band)  Strehl (visible)
No AO 0.01-0.05 <0.01
First-gen AO 0.2-0.4 0.01-0.05
Modern AO 0.6-0.9 0.1-0.3
Extreme AO >0.9 0.3-0.6

Table 6.1: Strehl ratios for different AO
systems. Higher is better (1.0 = perfect).

The military origins of adaptive optics are worth noting. The technology was developed in the 1970s and 1980s for
tracking and imaging satellites—and potentially for focusing laser weapons. The details were classified until 1991.

When the technology was declassified, astronomers were astonished to discover how mature it was. Within a few

years, AO systems appeared at major observatories worldwide.

This is a recurring pattern in telescope technology: military funding develops capabilities that later transform civilian

science. The CCD detectors that revolutionized astronomy in the 1980s also came from military research. It’s an

uncomfortable symbiosis, but it’s part of the history.
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6.10 Looking Ahead

Adaptive optics lets ground-based telescopes approach their diffrac-
tion limits, at least in the infrared. But we’ve focused entirely on vis-
ible and near-infrared light. The electromagnetic spectrum is vastly
wider than that.

In the next chapter, we’ll explore telescopes for wavelengths the
eye cannot see—radio waves millions of times longer than light, and
X-rays millions of times shorter. These other windows on the uni-
verse require completely different technologies, and they’'ve revealed
cosmic phenomena invisible to optical astronomers.



7
Beyond Light We Can See

Karl Jansky wasn’t trying to discover radio astronomy. In 1932, work-
ing for Bell Telephone Labs, he was hunting for sources of static that
interfered with transatlantic radio calls. He found three: nearby thun-
derstorms, distant thunderstorms, and... the center of the Milky Way.
The galaxy was broadcasting at 20.5 MHz, a frequency about
27 million times lower than visible light. This accidental discovery
opened a new window on the universe. But to peer through this win-
dow required telescopes utterly unlike anything built before—dishes
the size of football fields, arrays spanning continents.

7.1 The Electromagnetic Spectrum

Visible light—the narrow band from 400 to 700 nanometers that hu-
man eyes detect—is just a tiny sliver of the electromagnetic spectrum.
The universe emits radiation at all wavelengths, from radio waves
kilometers long to gamma rays smaller than atomic nuclei.

visible Figure 7.1: The electromagnetic spec-
trum spans many orders of magnitude.

Visible light is a narrow window in the
middle.

radio infrared uv X-ray 7-ray

km pym nm pm
wavelength
Each wavelength range reveals different phenomena:

¢ Radio: Cold gas, pulsars, cosmic magnetic fields, the cosmic mi-
crowave background.

¢ Infrared: Dust-shrouded stars, cool objects, distant redshifted
galaxies.
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® Visible: Stars, galaxies at moderate distances, reflected light from
planets.

¢ Ultraviolet: Hot stars, gas ionized by young stars.

¢ X-ray: Neutron stars, black hole accretion disks, hot gas in galaxy
clusters.

* Gamma-ray: The most violent events: supernovae, gamma-ray
bursts, cosmic rays hitting the atmosphere.

7.2 What Gets Through the Atmosphere

Not all wavelengths reach the ground. Earth’s atmosphere is opaque
at many frequencies.
Two “windows” are fully transparent:

1. Optical window: Roughly 300-1100 nm. This is why our eyes
evolved to see these wavelengths.

2. Radio window: Roughly 1 cm to 30 meters. Below 1 cm, water
vapor absorbs. Above 30 m, the ionosphere reflects.

Some partial windows exist in the infrared (at 1-5 ym, 8-13 um,
17-25 um), but only from high, dry sites.

Everything else—UYV, X-rays, gamma-rays, far-infrared—requires
space telescopes.

7.3 Radio Telescopes: The Basics

Radio waves can be focused by curved metal surfaces just as light is
focused by mirrors. But there’s a catch: diffraction.

Recall that angular resolution scales as § ~ A/D. At radio wave-
lengths, A might be 1 meter or more—a million times longer than
visible light. To achieve the same resolution as a 1-meter optical
telescope (0.1 arcseconds), you’d need a radio dish a million meters
across.

The largest single-dish radio telescope, FAST in China, is 500 me-
ters across—and yet its resolution at 21 cm wavelength is only about
2 arcminutes, worse than the naked eye.

You might say, “Then what'’s the point of a radio telescope? Why
not just use bigger optical instruments?” Because resolution isn’t ev-
erything. Radio telescopes reveal phenomena invisible at any other
wavelength: pulsars, neutral hydrogen in galaxies, the cosmic mi-
crowave background. The universe broadcasts on many channels;
you have to tune in to hear them.

trans. . .
vis radio
/—\ IR
L > A
blocked blocked

Figure 7.2: Atmospheric transmission
vs. wavelength. Red-shaded regions are
blocked by the atmosphere. Windows
exist at visible/near-IR and radio
wavelengths.

Telescope D (m) 6ati4GHz

Jodrell Bank 76 12/
Arecibo* 305 3’
GBT 100 9
FAST 500 2

Table 7.1: Angular resolution of single-
dish radio telescopes at 21 cm wave-
length. Even the largest dishes have
poor resolution by optical standards.
*Arecibo collapsed in 2020 and will not
be rebuilt.
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But for sharp images, this is why radio astronomers invented
interferometry.

7.4 Interferometry: Many Telescopes as One

Here’s a remarkable fact: you don’t need to fill the entire aperture
with collecting area. If you place small dishes far apart and combine
their signals carefully, you can achieve the resolution of a single dish
spanning the entire distance between them.

The key is to preserve the phase relationship between the signals.
Light (or radio waves) from a distant source arrives as a plane wave.
By measuring when the wavefront arrives at each telescope and com-
bining the signals with the right delays, you can reconstruct what a
giant single aperture would see.

plane wave Figure 7.3: Two-element interferometer.
The wavefront arrives at different times
at each dish; the path difference A
(red) depends on source direction. The
correlator combines signals to achieve

resolution set by baseline B.

ledrrelatbg
Resolution: § ~ A/B

The resolution of an interferometer is set by the baseline—the
distance between telescopes:

A

6 ~ B (7.1)

The Very Large Array (VLA) in New Mexico has 27 dishes spread
over baselines up to 36 km, achieving resolution of about 0.04 arcsec-
onds at 7 mm wavelength—comparable to optical telescopes.

Very Long Baseline Interferometry (VLBI) uses telescopes on
different continents, with baselines up to Earth’s diameter. Resolution
reaches milliarcseconds, far better than any single telescope at any
wavelength.

7.5 The Event Horizon Telescope

The ultimate expression of radio interferometry is the Event Horizon
Telescope (EHT), which in 2019 produced the first image of a black
hole’s shadow.

The EHT linked radio dishes around the world—from Hawaii to
Spain to the South Pole—creating an Earth-sized virtual telescope. At
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its operating wavelength of 1.3 mm, this achieved resolution of about
25 microarcseconds.

That’s sharp enough to read a newspaper in New York from a
cafe in Paris. Or, more relevantly, to resolve the event horizon of a
supermassive black hole 55 million light-years away.

You might say, “Wait—they didn’t actually see the black hole,
right? Black holes don’t emit light.” Exactly right. What the EHT
imaged was the black hole’s shadow: the dark silhouette against the
glowing ring of infalling matter. The hole itself remains forever invis-
ible; we see only what it isn't.

7.6 Infrared Astronomy

Infrared light (wavelengths from about 1 to 300 ym) occupies a mid-
dle ground. Near-infrared (1—5 ym) reaches ground-based telescopes
through atmospheric windows. Far-infrared is blocked by water va-
por and requires space.

Infrared astronomy reveals:

¢ Dust-obscured regions: Stars forming inside molecular clouds,
galactic nuclei hidden by dust.

¢ Cool objects: Brown dwarfs, planets, asteroids.

¢ Distant galaxies: The expansion of the universe redshifts light

M87 black hole

Figure 7.4: The Event Horizon Tele-
scope: dishes worldwide act as one
Earth-sized telescope. This resolution
revealed the shadow of M87’s black
hole.

from early galaxies into the infrared.

Telescope A Location

¢ Thermal emission: Everything warmer than a few Kelvin glows in JWST 0.6-28 ym L2 orbit
the infrared. Spitzer 3-160 ym  heliocentric

Herschel  55-672 ym L2 orbit

The James Webb Space Telescope (JWST), launched in 2021, op- SOFIA 5-240 pm aircraft

erates primarily in the infrared. Its 6.5-meter mirror, kept cold at L2
(1.5 million km from Earth), achieves resolution of 0.1 arcseconds at 2
pum—comparable to Hubble in the visible.

7.7 X-ray Telescopes

X-rays (wavelengths 0.01-10 nm) don’t reflect from normal mirrors.
At these energies, photons either penetrate or are absorbed.

The trick is grazing incidence. X-rays will reflect if they strike
a surface at a very shallow angle—less than a degree or two from
parallel. X-ray telescopes use nested cylindrical mirrors with X-rays
bouncing off the inside surface at grazing angles.

This geometry is inefficient—you need many nested shells to col-
lect significant area—but it works. The Chandra X-ray Observatory
achieves 0.5 arcsecond resolution, the best of any X-ray telescope.

Table 7.2: Major infrared telescopes.
Most operate in space due to atmo-
spheric absorption.

focus
.
[
I

(ngrazingincidencec)

Figure 7.5: X-ray telescope optics.
Nested mirrors at grazing incidence
(1—2AF from parallel) focus X-rays to a
detector.
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You might say, “Why not just use thicker mirrors to collect more
X-rays?” Because X-rays only reflect at grazing incidence. Make the
mirror steeper, and they punch right through. It’s a fundamental con-
straint, not an engineering choice. X-ray astronomers have learned to
accept inefficiency as the price of seeing high-energy phenomena.

X-rays reveal the most extreme environments: matter falling into
black holes at nearly the speed of light, gas heated to millions of de-
grees in galaxy clusters, neutron stars with magnetic fields a trillion
times Earth’s.

7.8  Gamma-ray Astronomy

At gamma-ray energies, even grazing incidence fails. Gamma rays
pass through everything.

For lower-energy gamma rays (MeV range), telescopes use “coded
masks”’—patterns of absorbing material that cast shadows on a detec-
tor. By analyzing the shadow pattern, you can reconstruct where the
gamma rays came from.

For very high-energy gamma rays (GeV to TeV), the atmosphere
becomes the detector. When a gamma ray hits the upper atmosphere,
it creates a cascade of particles that emit Cherenkov radiation—a
cone of blue light. Ground-based telescopes detect this flash, using
the whole atmosphere as a calorimeter.

7.9  The Multi-Wavelength Universe

No single wavelength tells the whole story. A galaxy seen in visible
light shows stars. The same galaxy in infrared reveals dust. In X-
rays, you see the hot gas and active nucleus. In radio, the jets from its
central black hole.

Modern astronomy is inherently multi-wavelength. Discoveries
often come from comparing views across the spectrum:

e Gamma-ray bursts were mysterious until X-ray and optical after-
glows revealed their host galaxies.

¢ The cosmic microwave background (radio/microwave) and dis-
tant supernovae (optical/infrared) together proved the universe’s
acceleration.

¢ Gravitational waves from merging neutron stars were pinpointed
by their electromagnetic counterparts at all wavelengths.

53
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Jansky’s 1932 discovery might have launched radio astronomy immediately, but it didn’t. The Great Depression and
World War 1I intervened. It wasn’t until the late 1940s, using radar technology developed during the war, that radio
astronomy truly began. The first radio surveys discovered quasars, pulsars, and the cosmic microwave background—
phenomena completely invisible to optical telescopes.

There’s a lesson here: new wavelength windows often reveal entirely unexpected phenomena. When the X-ray sky was
first surveyed in the 1960s, no one predicted the rich variety of sources found. The same was true for gamma rays, for
radio, for infrared. The universe is stranger than we imagine, and we only find out how strange when we look in new
ways.

7.10 Looking Ahead

We've seen how telescopes for different wavelengths require different
technologies—radio dishes, grazing-incidence X-ray optics, space-
based infrared observatories. But across all wavelengths, there’s
pressure to build bigger: larger collecting areas for sensitivity, longer
baselines for resolution.

In the next chapter, we’ll explore how astronomers are building
the largest telescopes ever conceived, overcoming the engineering
challenges of 30-meter mirrors and continent-spanning arrays.



8
Building Giants

The Hubble Space Telescope, with its 2.4-meter mirror, transformed
astronomy. It gave us the Hubble Deep Field, measured the ex-
pansion rate of the universe, and captured images of breathtaking
beauty. Yet ground-based telescopes now dwarf it—the Keck tele-
scopes have mirrors four times larger, and the Extremely Large Tele-
scope under construction will be sixteen times larger.

How do you build a mirror 39 meters across? The answer involves
a trick: don't try. Instead, build 798 hexagonal segments, each 1.4
meters across, and make them act as one.

8.1 The Scaling Problem

Why are large mirrors hard? Consider a solid glass disk. If you make
it twice as wide while keeping the same proportions:

e The diameter doubles: D — 2D
e The thickness doubles: t — 2t
* The weight increases by 2% = 8 times

* But the stiffness (resistance to bending) increases only by 2* = 16
times

Wait—stiffness grows faster than weight. So bigger mirrors should
be easier, right?

Not quite. The problem is that both are growing too fast. A 10-
meter mirror following the proportions of a 1-meter mirror would
weigh about 50 tons. No telescope mount could point it. No building
could house it efficiently. And the thermal mass would take all night
to reach equilibrium with the air.

The 5-meter Hale Telescope (1948) already pushed limits. Its 14.5-
ton mirror took a year to cool after casting and years more to grind
and polish. The telescope mount weighs 530 tons.

i
1 50 ki
1508 2 m: 400 kg
Figure 8.1: Doubling mirror diameter
while maintaining proportions multi-
plies weight by 8. This quickly becomes
impractical.
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For decades, 5-6 meters seemed the practical limit. Breaking
through required new approaches.

8.2 Thin Meniscus Mirrors

One solution: make the mirror thin and actively control its shape.

A thin mirror is lighter and reaches thermal equilibrium faster.
The problem is that it flexes. But if you control the flexure with actu-
ators, the flexibility becomes a feature rather than a bug.

thin glass

actuator support

The European Southern Observatory’s Very Large Telescope (VLT)
uses four 8.2-meter mirrors, each only 17.5 cm thick. Each mirror has
150 actuators that adjust its shape several times per second. This is
called active optics—not to be confused with adaptive optics, which
corrects for atmospheric turbulence at much higher speed.

8.3 Honeycomb Mirrors

Another approach: make the mirror stiff but lightweight by removing
material from the back.

Roger Angel at the University of Arizona developed a technique
for casting mirrors with a honeycomb structure. Molten glass is
poured into a mold containing hexagonal pillars. When the glass
solidifies, it forms a thin front surface supported by a honeycomb of
ribs.

The 8.4-meter mirrors for the Large Binocular Telescope and Giant
Magellan Telescope use this design. Despite their size, they weigh
only about 16 tons each—roughly what a solid 4-meter mirror would
weigh.

The spinning furnace that casts these mirrors rotates as the glass
melts, giving the natural parabolic shape. This reduces the amount of
glass that must be ground away.

8.4 Segmented Mirrors

The most radical solution: don’t build one big mirror at all. Build
many small mirrors and make them work together.

Figure 8.2: A thin meniscus mirror is
supported by actuators that push and
pull to adjust its shape, compensating
for gravity and thermal effects.

I 1 face sheet

ribs

L 1 back plate

Figure 8.3: Cross-section of a honey-
comb mirror. The structure is mostly
air, dramatically reducing weight while
maintaining stiffness.
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This is how the Keck Telescopes achieve their 10-meter aperture.
Each primary mirror consists of 36 hexagonal segments, each 1.8
meters across. Sensors at the segment edges detect relative misalign-
ment; actuators adjust each segment’s position several times per
second to maintain the parabolic shape.

Figure 8.4: The Keck primary mirror: 36
hexagonal segments forming a 10-meter
aperture. Gaps between segments are

3 mm gaps
only 3 mm.

iiom

The segments are figured to astonishing precision—surface errors
of less than 25 nanometers. But even more impressive is the phasing:
the segments must align in height (piston) to within a fraction of a
wavelength. If one segment is 100 nm higher than its neighbor, the
light from that segment interferes destructively.

Edge sensors using capacitance measurements detect height dif-
ferences of just a few nanometers. The control system adjusts all 36
segments to act as a single coherent mirror.

You might say, “But how do you align 36 mirrors to nanometer
precision in the first place?” Very carefully. It takes hours to phase
the segments after the telescope is pointed at a new part of the sky.
And the alignment drifts as the telescope moves, so it’s constantly
being corrected. The Keck telescopes are as much control systems as
they are optical instruments.

8.5 The ELT Generation Telescope  Aperture Segments

TMT 30 m 492
The current frontier is the “Extremely Large Telescope” (ELT) class: GMT 24.5m 7

25—40 meter apertures. ELT 39m 798

Three projects are underway; Table 8.1: The three ELT-class telescopes
under development. GMT uses seven
8.4-m monolithic mirrors; the others use
segments.

1. Giant Magellan Telescope (GMT): Seven 8.4-meter honeycomb
mirrors arranged like a flower, giving 24.5-meter equivalent aper-
ture. Under construction in Chile.

2. Thirty Meter Telescope (TMT): 492 segments forming a 30-meter
aperture. Planned for Mauna Kea (though facing significant oppo-
sition) or La Palma.
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3. European Extremely Large Telescope (ELT): 798 segments form-
ing a 39-meter aperture. Under construction in Chile.

The ELT will collect 13 times more light than any existing tele-
scope. Its diffraction limit at 2 ym will be 0.01 arcseconds—enough to
resolve details on planets around nearby stars.

8.6  Mounting Giants

A 39-meter mirror, even if lightweight, still weighs hundreds of tons.
The mount that points it must be extraordinarily precise yet strong
enough to support this mass and stiff enough to resist wind.

Modern large telescopes use altitude-azimuth (alt-az) mounts: the
telescope rotates around a vertical axis (azimuth) and tips up and
down (altitude). This is mechanically simpler and more compact than
the traditional equatorial mount.

The disadvantage is that the field of view rotates as you track an
object across the sky. Instruments must have “derotators” to compen-
sate, and some polarimetric observations become complicated.

The ELT’s entire moving structure weighs about 3,000 tons. De-
spite this mass, it must point with arcsecond precision and track
smoothly as Earth rotates.

You might say, “How is that even possible? Three thousand tons
is heavier than a locomotive.” It is. The trick is that you don’t fight
the mass; you float it. Modern giant telescopes ride on hydrostatic
bearings—thin films of pressurized oil that let the structure glide
with almost no friction. The engineering is as impressive as the op-
tics.

8.7 Site and Infrastructure
Building a giant telescope requires more than the telescope itself:

® Site preparation: Leveling a mountaintop, building roads capable
of handling massive components.

* Enclosure: A dome or enclosure that protects the telescope by
day and opens fully at night without creating turbulence. The
ELT’s dome will be about 8o meters tall and roughly go meters in
diameter.

¢ Cooling systems: Keeping the mirror and dome at nighttime
temperature to avoid convective plumes.

¢ Vibration isolation: Decoupling the telescope from pumps, air
conditioning, and even footsteps.

to star
altitude
—

~

azimuth

Figure 8.5: Alt-az mount: the base
rotates horizontally (azimuth, blue),
while the tube tips up/down (altitude,
red).
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¢ Data infrastructure: Modern telescopes produce terabytes per
night. Fast networks and massive storage are essential.

8.8  The Economics of Giants

The ELT is projected to cost roughly 1.3 billion euros. The GMT and
TMT are in the same range. These are enormous sums, but consider
what you get:

¢ Light-gathering power 100-250 times greater than Hubble.
® Resolution (with adaptive optics) 10-15 times better than Hubble.
¢ Lifetime of 30+ years with upgradeable instruments.

¢ Cost per year of operation comparable to a single space mission.

Space telescopes like JWST cost more ($10 billion for JWST) and
can’t be serviced. Ground-based giants offer extraordinary value if
you can live with atmospheric limitations.

8.9 What Giants Will Do

The ELT generation will tackle questions we can barely address to-
day:

1. Exoplanet atmospheres: Spectroscopy of Earth-like planets
around nearby stars. Detection of biosignatures like oxygen and
methane.

2. First light: Directly imaging the first stars and galaxies to form
after the Big Bang.

3. Dark energy: Measuring the acceleration of the universe with
unprecedented precision.

4. Black hole physics: Resolving the environments of supermassive
black holes in other galaxies.

5. Surprises: Every major new facility has discovered phenomena no
one predicted.

The progression of telescope apertures follows a rough doubling every 40 years: the 2.5-meter Hooker Telescope (1917),
the 5-meter Hale (1948), the 10-meter Keck (1993), and now the 39-meter ELT (projected 2029). Each jump opened
new science.
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Will this continue? A 100-meter telescope isn't impossible—designs have been sketched—but the engineering chal-
lenges grow severe. Space-based interferometers might offer another path to high resolution. Or perhaps the next
revolution will come from an unexpected direction, as radio astronomy did in Jansky’s time.

What's certain is that the universe still has secrets worth building billion-euro machines to uncover.

8.10 Looking Ahead

We’ve traced the telescope from Galileo’s 37-millimeter lens to 39-
meter segmented giants. Light-gathering power has increased a mil-
lionfold; resolution has improved a thousandfold.

But for all this progress, there are things we cannot see. Some
are hard for technological reasons we might overcome. Others are
limited by fundamental physics. In the final chapter, we’ll explore
what remains beyond our reach and ask what, if anything, could
extend our vision further.
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What We Still Cannot See

With all our technology—space telescopes, adaptive optics, radio
interferometers spanning Earth—there are things we cannot see and
may never see. We can detect the gravitational influence of dark
matter but not image it directly. We can infer properties of exoplanet
atmospheres but rarely photograph the planets themselves. We can
see back to 380,000 years after the Big Bang, but not before.

What determines the ultimate limits of astronomical observation?
And are those limits fundamental, or merely technological challenges
awaiting clever solutions?

9.1 Fundamental Limits

Some limits come from physics itself, not from engineering:

Photon noise: Light comes in discrete packets. When you observe
a faint source, you count individual photons. The uncertainty in
that count—at least v/N for N photons—sets a fundamental limit on
precision. More collecting area helps; nothing else does.

Diffraction: Waves spread around obstacles. Resolution is fun-
damentally limited by A/D. You can beat this only with shorter
wavelengths or larger apertures.

Cosmic backgrounds: The sky isn’t truly dark. Zodiacal light from
interplanetary dust, galactic cirrus, the cosmic infrared background,
the cosmic microwave background—all add photons that confuse
faint source detection.

Confusion: In crowded fields, sources overlap. When the den-
sity of objects exceeds about one per resolution element, you can’t

te th tter h d tel .
separate them no matter how good your telescope planet?

v
9.2 The Contrast Problem

Perhaps the most frustrating limitation is contrast. Many things we
want to see are hidden by much brighter neighbors. star: 1010 x brighter

Figure 9.1: The contrast problem: an
Earth-like planet is about ten billion
times fainter than its host star and sep-
arated by less than an arcsecond. The
star’s diffraction pattern overwhelms
the planet.
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Consider directly imaging an Earth-like planet around a Sun-like
star:

* The star is about 10'” times brighter than the planet at visible
wavelengths.

¢ At 10 parsecs distance, the separation is about 0.1 arcseconds.
* The star’s diffraction pattern extends well beyond this separation.

Current adaptive optics systems achieve contrasts of about 1076 at
separations of 0.5 arcseconds. We need four more orders of magni-
tude, at smaller separations.

You might say, “Then it’s impossible. Ten billion times fainter is
an absurd requirement.” And yet astronomers are trying anyway.
Sometimes progress means pursuing what seems absurd until it
becomes routine.

9.3 Coronagraphy

One approach is to block the starlight. A coronagraph places an
obscuring disk at an image of the star, blocking its core while letting
light from nearby planets pass.

Lyot stop

! planet
aperture (no star)

lanet
paane

mask |

Modern coronagraphs are far more sophisticated, using shaped
pupils, deformable mirrors, and complex mask designs to suppress
starlight to 10~ or beyond. But they work best from space, where
there’s no atmospheric turbulence to undo the careful wavefront
control.

9.4 Starshades

An even more ambitious idea: put the occulting mask not inside the
telescope, but tens of thousands of kilometers away.

A starshade is a large, flower-shaped screen that flies in formation
with a space telescope. Its specially-designed petals create a very
deep shadow. The telescope, sitting in this shadow, sees the star’s
light blocked while planetary light passes around the edge.

The engineering challenges are formidable: a 50-meter starshade
must maintain its shape to millimeter precision while flying in for-
mation with the telescope to meter precision over 50,000 km.

Figure 9.2: Coronagraph: starlight
focuses onto the mask and is blocked
(x). Planet light, arriving at a slight
angle, focuses above the mask and
passes through to the detector.

~50,000 km

Figure 9.3: A starshade creates a deep
shadow. The petal shape minimizes
diffraction. The telescope observes from
within the shadow.



You might say, “That’s science fiction. Two spacecraft 50,000 km
apart, aligned to meter precision?” It sounds like fiction, but the
navigation technology exists—GPS satellites do something similar.
The hard part is building a 50-meter origami flower that unfolds
perfectly in space and holds its shape forever. NASA has prototyped
these. They're serious.

But the physics works. In principle, starshades can achieve the
1019 contrast needed to image Earth-like planets.

9.5 The Cosmic Microwave Background as a Wall

Look far enough into space and you look back in time. Light from
a galaxy a billion light-years away left a billion years ago. The most
distant objects we see are over 13 billion light-years away, their light
emitted when the universe was young.

But there’s a limit: 380,000 years after the Big Bang.

Before that time, the universe was a plasma—a hot soup of pro-
tons, electrons, and photons. Photons couldn’t travel far before scat-
tering off electrons. The universe was opaque.

Then the universe cooled enough for atoms to form. Suddenly it
became transparent. The photons released at that moment have been
traveling ever since, redshifted by cosmic expansion into microwaves.
This is the cosmic microwave background (CMB)—the oldest light
we can ever see.

We cannot see the Big Bang itself. We cannot see the first few
hundred thousand years. Electromagnetic observations have a hard
limit in time.

9.6 Neutrino and Gravitational Wave Astronomy

But light isn’t the only messenger.

Neutrinos barely interact with matter. They escaped the early
universe when it was only one second old—far earlier than photons.
A cosmic neutrino background exists, analogous to the CMB, but
at far lower energies and nearly impossible to detect with current
technology.

Gravitational waves travel through matter without absorption.
They could, in principle, carry information from the very earliest mo-
ments of the universe—inflation, phase transitions, even the Planck
era.

LIGO and Virgo have already detected gravitational waves from
merging black holes and neutron stars. Future detectors like LISA (a
space-based interferometer) will be sensitive to different frequencies
and sources. Pulsar timing arrays might detect the gravitational
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Figure 9.4: The CMB marks the “surface
of last scattering.” Before 380,000 years,
the universe was opaque—we cannot
see earlier with light.
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wave background from millions of merging supermassive black holes
throughout the universe.

These new “windows” on the universe are just opening. What
they’ll reveal, we can only guess.

9.7 Dark Matter: The Invisible Scaffolding

About 27% of the universe is dark matter—something that gravitates
but doesn’t emit or absorb light. We see its effects everywhere:

e Galaxies rotate too fast for their visible mass to hold them to-
gether.

* Galaxy clusters bend light more than their visible matter can ex-
plain.

® The large-scale structure of the universe requires dark matter to
seed the formation of galaxies.

Yet we cannot “see” dark matter directly. It doesn’t emit light at
any wavelength. We can map its distribution through gravitational
lensing—the bending of light from background galaxies—but that’s
an indirect inference, not an image.

If dark matter is made of particles, they might occasionally interact
with ordinary matter in detectors deep underground. Or they might
annihilate and produce gamma rays. But so far, all direct detection
efforts have come up empty.

Dark matter remains invisible in the literal sense: we know it’s
there, but we cannot see it.

You might say, “Maybe it doesn’t exist. Maybe gravity just works
differently at galactic scales.” Physicists have tried this (it’s called
MOND—Modified Newtonian Dynamics). The problem is that dark
matter’s effects are too varied and specific. It’s needed at galactic
scales, cluster scales, cosmological scales, all in different amounts that
happen to match a consistent picture of invisible mass. Modifying
gravity to explain all this requires tortured epicycles that don’t hold
up. The invisible stuff is almost certainly real.

9.8 Dark Energy: The Accelerating Void

Even stranger is dark energy—roughly 68% of the universe’s content.
Unlike dark matter, which clumps and gravitates, dark energy is
spread uniformly through space and drives accelerating expansion.
We can’t see dark energy at all. We infer its existence from the
way distant supernovae appear fainter than expected, and from the

\ observed

.ol expected

Figure 9.5: Galaxy rotation curves.
Stars orbit faster than visible matter
can explain. Dark matter provides the
missing gravity.
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geometry of the CMB. It’s not dark matter with different properties;
it’s something else entirely, perhaps a property of space itself.

Understanding dark energy may require new physics beyond
anything telescopes can probe.

9.9 Before the Big Bang?

What happened before the Big Bang? The question may not even be
meaningful—time itself may have begun at the Big Bang. But some
theories suggest our universe emerged from a previous state, or is
one of many universes in a “multiverse.”

These ideas are currently untestable. No telescope, however large,
can see outside our observable universe or before the beginning of
time as we know it.

9.10 What Might We Yet See?

Not all limits are fundamental. Some are technological challenges
that might yield to future breakthroughs:

¢ Direct imaging of exo-Earths: Starshades or extreme corona-
graphs could achieve 10~!0 contrast, revealing Earth-like planets.

¢ 21-cm cosmology: Radio observations of neutral hydrogen could
map the universe before the first stars, between the CMB and the
epoch of reionization.

¢ Gravitational wave memory: Sufficiently sensitive detectors might
detect the permanent distortion of spacetime from past gravita-
tional wave events.

* Neutrino astronomy: MeV-scale detectors might someday detect
the cosmic neutrino background, seeing back to one second after
the Big Bang.

9.11 A Closing Thought

65

Four centuries ago, Galileo pointed a crude tube at the sky and discovered that Jupiter had moons. What he saw was

blurred and colored, but it changed everything. Since then, we’ve built telescopes a million times more powerful,

probed wavelengths Galileo couldn’t imagine, and discovered a universe vaster and stranger than anyone suspected.

Yet for all this progress, we see only a fraction of what exists. Most of the universe—dark matter, dark energy—is
invisible to us. The first moments after the Big Bang are hidden behind an opaque wall of plasma. The interiors of
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neutron stars, the singularities of black holes, the possibly infinite extent of space beyond our horizon: all remain
unseer.

Perhaps that’s fitting. The universe has never stopped surprising us. Every time we thought we understood its scale
and nature, new observations proved us wrong. The things we cannot yet see are invitations to keep building, keep
looking, keep wondering.

The story of telescopes is ultimately a story of human curiosity confronting cosmic mystery. Four hundred years in,
the mystery is winning—ybut the game continues.
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