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Constituents of the Universe

S. Paulmutter, 2010

No Big Bang

Supernovae

Cosmos expands
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MASS DENSITY ,,

The standard model of cosmology (ACDM)
has turned out to be very mysterious!

Universe energy density is within 0.5% of
that required for a spatially flat spacetime.

Observed Mass:
~5% of the mass-energy is in stars, galaxies,
hot & cold gas.

Dark Matter (DM):

~25% of the mass-energy acts as an
attractive gravitational source but has never
been seen.

Dark Energy / Cosmic Constant A:
~70% of the energy density acts as a
repellant force.

3 ===+l =B DI EE e



“+

+ES+

0 Constituents of the Universe
+

stars in galaxies
. 7% cold gas in galaxies
R 1.8%

hot gas in galaxies
5%
hot gas in galaxy

ordinary matter

clusters
- 4%
ot ifferdalarticgas o |-
OEEROS0% A
“dark matter/ | o coolintergalactic. gas
L B5% 28%
dark energy A
70% - |
Intergalactic gas
8 ESA, 2018
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Evolved into large scale
structure in galaxy distribution.




Black Holes

At 'the center of our Milky Way galaxy:

Su'perméssive black hole
(4 million solar masses)
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Orbital period Orbit of S2
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& AR 20 billion kilometres = : '
120 x Earth-Sun _ /
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' . : .+ Maximum speed

e > 25 million km/h

Closest approach '
19 May 2018
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0 Black Holes
+

In 45 minutes round the black hole ST
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Black Holes
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Black Holes

W m ‘Abit ofS2
20 billion kilometres = .

120 x Earth-Sun /

3 ' . .+ Maximum speed

/ ) > 25 million km/h

Closest approach | ‘
19 May 2018

Relativistic Redshift | ;%

2015 2017 2019
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Black Hole M87

HST: visible & NIR

Chandra: X-ray
EHT SUb'mm =kl =S EIEE K (Q




Black Hole M87
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Black Holes
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B Gravitational waves from BH mergers (LIGO)

Hanford, Washington (H1) Livingston, Louisiana (L1)
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https://www.youtube.com/watch?v=TWqhUANNFXw
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0 Exoplanets
+

“As of 28" January 2021, there are 4,341 confirmed
exoplanets.” Wikipedia. In 1995 this was zero.

51 Pegasi

P=4231da RMS = 5.3 ms)
K = 56.04 m/s
e=0.014

Velocity (m/s)

~ Planet ) -
lanet, SR S

— Light curve

Transit method of detecting extrasolar planets. &
The graph below the picture demonstrates the light
levels received over time by Earth

Astrometry: 1 (0.0%)
Direct imaging: 45 (1.1%)
Radial velocity: 729 (15.6%)

Transit: 3,037 (77.4%) NW—:VWN
Transit-timing variation: 15 (0.4%) , .

Eclipse timing variation: 9 (0.2%) 5 f

Microlensing: 75 (1.9%) ¥ .

Pulsar timing varation: 6 (0.2%) ‘\ .:'

Pulsation timing variation: 2 (0.1%) w"‘

Orbital brightness modulation: 6 (0.2%) Kepler-6b photometry® =
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Planet Formation

HL Tauri

Young disc of material
from which a solar system
will form.

How to form planets from
such a disk of gas & dust?

How will the planets
evolve in such a disk?
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ol Evolution of the System Earth
+

B Creation of elements heavier than Helium?
» Details of fusion in super-nova / red giants?

» Re-collapse of cloud after explosion?

B Formation of solar system?
» Meter-barrier?
» Stability of the sun?
» Late heavy bombardment?
» Water on Earth?

B Role of our Moon?

» Concentration of heavy elements in Earth?
Magnetic field strength & stability? _
Plate tectonics? by,
Tides?

Stability of Earth rotation axis & climate zones?

Reptiles
Dinosaurs

YV V V VY

B Mass extinctions?
» Role of Jupiter?
» Gamma-ray bursts / supernovae?



Impact parameter
Impact timing

Large m:
Moon

: Significant tides
Existence of Stable Climate
Jupiter

" Continents / Oceans

Tidal heating

Late Heavy
Bombardment

Water on Earth ¢ Hot Inside of Earth i Plate Tectonics
Shielding from
asteroids / comets Geological CO2 cycle
later on

Break-up of surface
Distance of Earth | of Earth
from Sun Slightly changing
Magnetic Field climate

Location of Solar
System in Milky Way Emergence of Life v Retention of Earth's

. Atmosphere
Protection from P

Cosmic Rays

Asteroid impacts

Mass Extinctions
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Exoplanet Life

B Requires studying planet
atmospheres and
surfaces.

B Requires isolating the
reflected planetary light
from that of the central
star.

B Requires high-contrast
Imaging techniques such
as adaptive optics, phase
masks.
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HOW TO ANSWER THESE
QUESTIONS?
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B “European Southern Observatory”

B Intergovernmental research organization for ground-based
astronomy.

B Mission: “Provide state-of-the-art research facilities to
astronomers and astrophysicists”.

B Founded: 1962

B Member States in 2019: 16
B Annual budget: ~360 M€
B Staff members: ~700
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ESO - Sites

CALAMA 7 H N
ANTOFAGASTA SAN PEDRO
+~H @ DE ATACAMA

e PARANAL

LA SERENA 4

¥ +~H@

Observatories in Chile
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0 Astronomy as a science
+

B Astronomy is not a normal experimental science.
Unfortunately.
The objects of research are beyond our reach.

» A little like experimental physics
 Building the specialized equipment required to investigate and
test a theory.

» A little like botany
* What is out there? Taxonomy.

» A little like archeology / forensic
« Studying the fragments and evidence of events which are long
gone.

» A little like psychology
* You only find what you are searching for.
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Telescope:
Collect photons

Instrument: |

Analyse photons|

8m Telescope
on Paranal
in Chile
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Collecting Photons

SNR _ AN
N

Poisson Noise:

AN = VN

Collected Photons:

N~D? - T,y,

To reach a
given SNR:

Texpva_z

»
Great Paris Exhibition
Telescope
{lens at the same scale)
Paris, France (1900)

Large Sky Area
Multl Object Fiber

®
Yerkes Observatory
(40" refractor
lens at the same scale)

Williams Bay, P::,i;‘f::;gw Gran Telescopio
Wisconsin (1893) Hebei. China Canarias
(20’09) La Palma,

Canary Islands,

Keck Telescope
Mauna Kea, Hawaii
{1993/1996)

Spain (2007)

Hooker

{100") Hale (200")
Mt Wilson, Mt Palomar,
California Calli;%rgia

(1917 ( ) Gemini North Subaru

Mauna Kea, Telescope Thirty Meter Telesco
Hawaii (1999) Mauna Kea, Mauna Kea, Hawaii (planned 2022)

Telescope Large Telescope
{1979-1998) (1999-) Davis Sutherland,
Mountains, South Africa

Multi Mirror Telescope
Mount Hopkins, Arizona

Texas (1996) (2005)

BTA-6 (Large
Altazimuth Telescope)
Zelenchuksl?'. Russia

{1975)

Large Zenith Telescope
British Columbia, Canada

Mount Graham,
Arizona (2005)

- )
Gai Kepler
Earth- Sun L2 point  Earth-trailing
(2014) solar orbit
{2009)

Very Large Telescope
Cerro Paranal, Chile
(1998-2000)

Hubble Space

James Webb

Telescope

Space Telescope  Low Earth
Earth-Sun L2 point Orbit
(planned 2018) {1990)

Magellan Telescopes
Las Cam anas,
Chile (2000!2002)

Tennis court at the same scale

Hobby-Eberly Southern African

Large Binocular Telescope

Overwhelmingly Large Telescope

Arecibo radio telescope at the same scale

Hawaii (1999)

Gemini South
Cerro Pachon,
Chile (2000}

Large Synoptic
Survey Telescope
El Pefidn, Chile
{planned 2020}

European Extremely i
Large Telescope Hur’r%an
Cerro Armazones, at the |

Chile {planned 2022) same scale
0 5 10m

o 10 20 30ft

Giant Magellan Telescope
Las Campanas Observatory,
Chile {planned 2020)

(cancelled)
Basketball court at the same scale
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0 Angular Resolution
+

goint D Curved
«—— Source at mirror
infinity Aperture

Image of point-source Iin the focal plane is the
Fourier power spectrum of the Aperture

i
:
-

wavelength

Resolution R = 1.2A/D

Larger Telescopes =» Sharper Image
(without atmosphere)




D=305m
A =30mm
© = 24 arcsec

RIP 2020

D=8.2m e |=_-;,-5_.
A = 1 micron =\
© = 0.03 arcsec
Seeing: 1.0 arcsec

" D=12m N\ % £
Sy A=1mm /

= ©® = 21 arcsec = \7Lﬂvl§'b'le Ilght tQ[escope
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0 Large Telescopes
+

B Combing the two effects for bright sources:
» More photons due more collecting area.
» Sharper image due to larger aperture diameter.

—4
Ty ~D
ex
p A More
PSF(2*D) photons

Cut along
the center

@ :> Sharper

image

M In real life, this Is more
difficult.

=» Theoretical limit.
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0 Angular Size & Resolution
+

Size Earth @ 50pc Diameter of stars

Giant Betelgeuse

Galaxies

Sun / Moon

Black Hole in M87

ar Size [ar((l:lgceu(ETstellar Dllsks

0.00001 0.0001 0.001 0.01 0.1 1 10 100 1000 10000

HumanEye
S e O EIE E SR DS



Very Large Telescope

4x 8m telescopes (UT’s)
4x 1.8m telescopes (AT’s)
2X Survey Telescopes
Several smaller telescope
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0 Angular Size & Resolution
4..

Size Earth @ 50pc Diameter of stars

Giant Betelgeuse

Galaxies

Sun / Moon

Black Hole in M87

ar Size [ar¢séc

Circumstellar Dilsks

0.00001 0.0001 0.001 0.01 0.1 1 10 | | 100 1000 10000

Human Eye

Seeing IS I ™ F- L e
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0 Seeing
+

B Tiny temperature variations within our atmosphere create
unsharp images.

Plane waves from distant point source

Turbulent layer
in atmosphere

Perturbed
wavefronts

Instantaneous
image

(=

Long

exposure 1 arcsec

1Y ~10cm telescope

no,atrh.ospheré «4 with atmosphere
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0 Adaptive Optics
e

B Measure & correct

distortions to the flat wavefront
Image caused b)_/ %j atmaspher
the atmosphere in

L~_-"__~ distorted wavefront

real-time /“\

IIIIII

]l telescope

Without AO With AO

/7 | | AOSystem
T——J distorted |
N_“wavefront

corrected
L~ wavefront

5 |
i > science
camera
deformable , N
mirror ==

Z_ beam-
splitter

Neptune

wavefront
sensor

computer

/
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0 Angular Size & Resolution
4..

Diameter of stars

Giant Betelgeuse

Size Earth @ 50pc

Galaxies

*" Earth Orbit

Sun / Moon

Black Hole in M87

ar Size [ar((l:lgceu(ETstellar Dllsks
|

0.00001 0.0001 0.001 0.01 0.1 1 10 | | 100 1000 10000
Adaptive Optics

Human Eye

Seeing eI - N = e BN IR EDEE B34



Optically
combine light
from the telescopes

Very Large Telescope Interferometer
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0 Angular Size & Resolution
4..

Diameter of stars

Giant Betelgeuse

Size Earth @ 50pc

Galaxies

*" Earth Orbit

Sun / Moon

Black Hole in M87

ar Size [ar((l:lgceu(ETstellar Dllsks

i
0.00001 0.0001 0.001 l 0.01 ‘ 0.1 1 10 | |1OO 1000 10000

Adaptive Optics

Human Eye

Seeing IS TN ™ L1 L=






Correlator

Array Operations Site (AQS)

66 antennas

Upto 16km
Front End of optical fiber : -
Operations Support Facility (OSF)

Back End

Numerically
combine the signal
MU\ 1010101 from the various telescopes.

Analog signal | Digital signal
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0 Angular Size & Resolution
4..

Diameter of stars

Giant Betelgeuse

Size Earth @ 50pc

Galaxies

*" Earth Orbit

Sun / Moon

l——H
Mars Orbit

Black Hole in M87

ar Size [arcsec

Circumstellar Di
4ngu

e

0.01 0.1 1 10 | | 100 1000 10000
e Optics

0.001
Adapt

; » R '"Q“_
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0 Angular Size & Resolution
4..

Diameter of stars

Giant Betelgeuse

Size Earth @ 50pc

Galaxies

*" Earth Orbit

Sun / Moon

l——H
Mars Orbit

Black Hole in M87

ar Size [arcsec

Circumstellar Di
4ngu

e

0.01 0.1 1 10 | | 100 1000 10000
e Optics

0.001
Adapt
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ofl Extremely Large Telescope: ELT
+

B First-Light: 2026
B Primary Mirror: 39m diameter
B /798 hexagonal segments,1.45m hexagonal
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0 Angular Size & Resolution
4..

Diameter of stars

Giant Betelgeuse

Size Earth @ 50pc

Galaxies

*" Earth Orbit

Sun / Moon

l——H
Mars Orbit

Black Hole in M87

ar Size [arcsec

Circumstellar Di
4ngu
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e Optics

0.001
Adapt

; » R '"Q“_

@ Human Eye
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0 More to come tomorrow
+

B Suzanne Ramsay:
“Instrumentation for ground-based optical/IR
astronomy.”

B Gie Han Tan:
“Advanced Technology for Modern Radio
Telescopes.”
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SATURN

Voyager 1

Voyager 1, 1990
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Thank you for your attention.



