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Harvesting light with the biggest eye

on the sky

Wolfgang Vieser

"Faster, Higher, Stronger — Together”, the Olympic motto, could also apply to
telescopes with a slight modification: “Bigger, Deeper, Sharper — Together”

Light is a fascinating phenomenon. Over the centuries, at-
tempts to decipher this phenomenon evolved from intuitive
models to increasingly abstract mathematical frameworks
like quantum field theory, whose predictions fit the exper-
imental data incredibly well but do not provide an explana-
tion that lies within the realm of human experience. For cen-
turies, light that emanates from cosmic objects has been the
main source of information for scientists seeking to unravel
the mysteries of the universe. Observatories like the Europe-
an Southern Observatory (ESO), which designs, builds, and
operates the biggest ground based optical telescopes in the
world, play a crucial role in this regard. But why is using ever
larger telescopes helpful in this quest?

www.scienceinschool.org

Anyone can harvest starlight even during daytime. The Sun,
for example, is our closest star and is easy to see on a cloud-
less day. To make out the stars at night, the pupil of the eye
must widen to let in the few photons that reach the Earth
from distant stars. The pupil, together with the eye lens,
acts like a funnel, collecting incoming photons and directing
them to the retina. The amount of light collected is direct-
ly proportional with the cross-sectional area of the mouth
of the funnel or aperture of the pupil. Thus, for a circular
aperture, it scales quadratically with its diameter. Once the
eye has adapted to the darkness, the pupil dilates to such
an extent that the diameter of the area through which light
can enter the eye is maximised to 8 mm. To stick with the
analogy above: this is the largest funnel that can be realised-
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The human eye under different lightning conditions: The dark, light-gathering area is small in bright light (left), but large

when there are only a few photons to capture (right).

Image generated with Al using ChatGPT and the following prompt: Create a photorealistic image of a human eye with blueish iris and reflection with a

pupil of 1 mm size and one with 9 mm size

by the human eye. If this is still not generating enough of a
stimulus, larger funnels have to be built, i.e. telescopes are
needed. The light-gathering areas of large telescopes have
diameters of several metres, enabling them to collect far
more light in the same amount of time than any eye of any
living creature can.

The difference in the light-gathering ability of different tele-
scopes becomes apparent when the same object is observed
using two telescopes of different sizes under nearly identical
conditions (table 1). For example, consider two space tele-
scopes.

The Hubble Space Telescope (HST) and the James Webb
Space Telescope (JWST) were used to observe the MACS0416
galaxy cluster in the constellation Eridanus, which is over 4
billion light-years away. The JWST’s light-gathering area is
approximately 5.6 times larger than that of the HST, enabling
it to collect 5.6 times more photons in the same amount of
time as the HST. To obtain the two almost identical images
below, the JWST observed for 22 hours, while HST required
122 hours, which is 5.5 times longer than the JWST observa-
tion, as expected.M

Diameter of Primary
. 2.4 m 6.5m
Mirror

Light collection area* 4.5 m? 25 m?

Table 1: Telescopes and their equipement.

Bigger telescopes can achieve the same results in less time
than smaller ones, meaning that more observation requests
from researchers can be processed in a single night. Addi-
tionally, long exposure times with large telescopes reveal
objects that cannot be observed with smaller telescopes be-
cause they are not bright enough. The brightness of an object
as it appears in the sky (apparent brightness) depends, inter
alia, on its distance from the observer: if the distance dou-
bles, only a quarter of the photons reach the observer in the
same time, making the object appear fainter in the sky.

MACS J0416.1-2403

Side-by-side comparison of the galaxy cluster MACS0416 as seen
by the Hubble Space Telescope (left) and the James Webb Space
Telescope (right)

Image courtesy of NASA, ESA, CSA, STScl; image processing: Joseph DePasquale
(STScl)

82m 39m

53 m? 9.8 x 10> m?

*Since the primary mirrors of the JWST and ELT are composed of hexagonal mirror segments, the effective light-collecting area is smaller than that of a circle with the

diameter of the primary mirror.
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A typical galaxy, such as the Andromeda galaxy, which is 2.5
million light-years away, can just be visible to the naked
eye under perfect conditions. If the Andromeda galaxy were
twice as far away, the pupil would need to span an area four
times as large to gather enough light, i.e. its diameter would
need to be twice as large for a human to still be able to see
the galaxy. The diameters of the Very Large Telescope (VLT),
which consists of an array of four 8-metre telescopes which
can work independently or in combined mode, are about
1000 times larger than that of a night-adapted human pupil.
If the cameras on the telescopes were comparable to the hu-
man eye, the Andromeda galaxy could still be detected at a
1000 times greater distance, i.e. 2.6 billion light-years away.
Can you imagine the light-gathering abilities of the Extremely
Large Telescope (ELT)?

The Extremely Large Telescope (ELT) under construction in May

2025: the white steel structure inside the dome will one day sup-

port a primary mirror with a diameter of 39 m.
©ESO/G. Vecchia

In fact, the cameras of large telescopes are far more sen-
sitive and can expose for much longer than the human eye
can (several hours versus a few tenths of a second). These
capabilities enabled scientists to use the VLT to study a gal-
axy approximately 13.2 billion light-years away.” Due to the
expansion of the universe, the light emitted from this galaxy
reaches Earth so redshifted that it is no longer in the visi-
ble spectrum, but in the infrared spectrum instead. To gather
enough light for a spectroscopic analysis to determine the
galaxy's distance, the VLT had to collect light from it for al-
most 16 hours. Even after 42 hours, the Hubble Space Tele-
scope did not have enough photons to make this measure-
ment precisely.” This galaxy emitted its light at a time when
the universe was only 600 million years old and the galaxy
itself was just 100 million years old.

The light from the galaxy, located 13.2 billion light-years away,
has spread so far across the universe that the flux density
received on Earth amounts to only 7x10%" W per square metre.
Based on the simplified assumption that the incoming pho-
tons in the infrared spectral range have an energy of 0.8 eV
or 1x10™ ), this means that only one photon from this galaxy
strikes one square metre of Earth every 17 seconds. Thanks to
the VLT's large light-gathering area of over 52 m? the VLT col-
lects approximately 3 photons per second. The long exposure
time of 15 hours allowed more than 160 000 photons to be
collected. With a light-collecting area approximately 20 times
larger, the ELT could theoretically collect the same number

of photons from this galaxy in the same amount of time if it
were approximately 4.5 times farther away. The ELT will there-
fore be able to observe very early galaxies, including some
from the cosmic dawn.

The light-gathering abilities of big telescopes are essential
for detecting the faintest and most distant astronomical
objects. Additionally, big telescopes also have a high spa-
tial resolution since it fundamentally depends on the size of
the primary mirror. The spatial resolution of a telescope de-
scribes its ability to distinguish between two closely spaced
objects in the sky, and is also characterised as sharpness.
This becomes immediately apparent when the same object is
observed with telescopes of different primary mirror sizes.™!

The Image of the Cartwheel galaxy taken with one of the VLT
8.2 m telescopes (left) and with the 3.6 m New Technology Tele-
scope (NTT) of ESO (right).

Images: Left: ©ESO/Amram et al,; right: @ESO/Inserra et al.

The relationship between resolution and the size of the pri-
mary mirror arises from the wave nature of light: even an
ideal optical system cannot image a point source as a perfect
point, but instead produces a diffraction pattern known as an


https://www.eso.org/public/images/potw2210c/
https://www.eso.org/public/images/potw2210b/
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‘Airy disc’, whose diameter scales directly with the observed
wavelength and inversely with aperture radius. In short, a
larger mirror produces a smaller diffraction pattern and
therefore provides a finer spatial resolution and a sharper
image. If you were to observe the Moon from Earth using dif-
ferent telescopes, you would be able to see ever finer struc-
tures with increasingly bigger telescopes.

Smallest

structure approx. approx. approx.
visible on 100 m 30m 7m

the Moon

With the ELT, objects measuring 7 m would be visible on the
Moon, and individual stars in galaxies some 10 million light-
years away would be resolved. However, this requires a few
engineering tricks, such as active® and adaptivel® optics to
counteract the effects of gravitational distortion of the mir-
rors or the Earth’s atmosphere, enabling astronomers to ob-
serve as if they were in outer space.

Telescopes with mirror diameters of 810 m are the work-
horses of astronomers searching the universe. The large
telescopes currently under construction, with diameters ex-
ceeding 10 m, will enable humanity to take decisive steps
forward in understanding the universe.

The suspense continues. Stay tuned.

[1] NASA’s James Webb Space Telescope and Hubble Space
Telescope study together the MACS0416 galaxy: https://
science.nasa.gov/missions/webb/nasas-webb-hubble-

combine-to-create-most-colorful-view-of-universe/
[2] Article on the use of the VLT to measure the most dis-
tant galaxy so far: https://www.eso.org/public/news/
eso01041/
[3] Lehnert M et al. (2010) Spectroscopic confirmation of
a galaxy at redshift z = 8.6. Nature 467: 940-942. doi:
101038 /nature09462
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[4] The Cartwheel galaxy measured by two different tele-
scopes (MUSE vs NTT): https://www.eso.org/public/im-
ages/potw2210a/

[5] Explanation on active optics: https://www.eso.org/pub-
lic/teles-instr/technology/active_optics/

[6] Explanation on adaptive optics: https://www.eso.org/
public/teles-instr/technology/adaptive_optics/

Get more information on the world’s biggest eye on the

sky — The Extremely Large Telescope.
Check out this informational resources on the James
Webb Space Telescope.

Learn what's involved in making and maintaining tele-
scopes: Shearer N, Johnston T (2018) Reflecting the
Universe: building the world’s largest telescopes. Science
in School &44: 15-19.

Find out how astronomers investigate the life cycle of
stars: Mignone C, Barnes R (2014) More than meets the
eye: how space telescopes see beyond the rainbow. Sci-
ence in School 29: 49-54.

Let's take a trip to the Chilean Andes: Mignone C, Pierce-
Price D (2010) The ALMA Observatory: the sky is only one
step away. Science in School 15: 44-49.

Take a closer look at the stars: Dodds R (2007). The Faul-
kes Telescopes: real-time, remote-control astronomy for
schools. Science in School &: 42-45,

Learn how to distinguish between real and fake astro-
nomical images: Mufioz Mateos JC (2024) CSI Astronomy:
learn how to spot fake astrophotography images. Science
in School 69.

Explore the current methods used to discover exoplan-
ets: Vieser W (2020) Hunting for exoplanets. Science in
School 49: 8-12.

Safe the world by detecting asteroids: Newsman A, Leigh
C (2011) Hunting for asteroids. Science in School 20:
30-35.

Discover about how astronomers imaged the black hole
at the centre of our galaxy: Forsberg R, Harris R, Vieser W
(2023) How global teamwork revealed the mystery at the
heart of our galaxy. Science in School 62.

Read about the discovery of an entirely new planet type:
ESA (2023) Hubble helps discover a new type of planet
largely composed of water. Science in School 61.

Learn how you and your students can use mathematics
to study Jupiter's moons: Ribeiro Cl (2012) Galileo and the
moons of Jupiter: exploring the night sky of 1610. Science
in School 25: 41-47.
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