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“Warning”

<+ Do not expect to learn everything about astronomy in this
course (instead, only the tip of the astronomy iceberq)!
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<+ Rather, do expect to learn everything about astronomy by

yourself outside this course (explosive development of
astronomical knowledge)!
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Figure 2.25 Claudius Ptolemy. (The Granger
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Renaissance astronomers
such as Copernicus and
Galileo argued that the
Earth is not the center

of the Universe and that " '
the Universe is vastly
larger and more complex
than pictured by the
Greeks. But old ideas died
GET R '
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Figure 6.1 The telescope with which
Galileo made his first observations was
simple, but its influence on astronomy
was immeasurable.

Figure 6.2 By the midnineteenth century, telescopes had improved enormously
in both size and quality. Shown here is the telescope built and used by Irish nobleman

and amateur astronomer the Earl of Rosse.
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Gravitational wave detection wins physics Nobel

Rainer Weiss, Barry Barish and Kip Thorne share the 2017 prize for their work at LIGO to
detect ripples in space-time.

Davide Castelvecchi

03 October 2017

@ PDF R Rights & Permissions

o \ mani/MIT. Centra: Caltech. Rioht: Caltec Abimnd Aeer

Rainer Weiss (left), Barry Barish (centre), and Kip Thorne (right), who led work to detect gravitational
waves.
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Peebles Mayor Queloz

“for theoretical “for the discovery of an exoplanet
discoveries orbiting a solar-type star”
in physical
cosmology”
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Syukuro Klaus g
Manabe Hasselmann Parisi

“for the physical modelling “for the discovery of the
of Earth’s climate, quantifying interplay of disorder and

variability and reliably fluctuations in physical
predicting global warming” systems from atomic
to planetary scales”
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Name $

Extremely Large
Telescope

(ELT)

Thirty Meter Telescope

(TMT)

Giant Magellan
Telescope
(GMT)

Large Binocular
Telescope
(LBT)

Gran Telescopio
Canarias
(GTC)

Aperture (m) ¢

39.3

30

24.5

11.8 equiv area
22.8 equiv detail
limit

10.4

Area
(m?)

978

655

368

111

74

9

Primary
mirror

798 x 1.45m
hexagonal (f/1)

492 x 1.45m
hexagonal (f/1)

7x84m
circular (f/0.71)

2x84m
circular

36x1.9m
hexagonal

Altitude
(m)

3060

4050

2516

3221

2275
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The Evolution of Infrared Space Telescopes
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Atacama Large Millimeter Array
(ALMA)

Y. Beletsky/ESO

The groundbreaking ALMA array is composed
of 66 giant antennas situated on the Chajnantor
Plateau in the Chilean Andes.



ALMA's Most Detailed Image of a Protoplanetary
Disc

Evidence for planet formation in Earth-like orbit around young star

O

31 March 2016

This new image from the Atacama Large Millimeter/submillimeter Array (ALMA) shows the finest detail ever seen in
the planet-forming disc around the nearby Sun-like star TW Hydrae. It reveals a tantalising gap at the same
distance from the star as the Earth is from the Sun, which may mean that an infant version of our home planet, or
possibly a more massive super-Earth, is beginning to form there.
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H,0 MegaMaser emission in NGC 4258 indicative ofa
periodic disc instability

Willem A. Baan &, Tao An, Christian Henkel, Hiroshi Imai, Vladimir Kostenko & Andrej Sobolev

Nature Astronomy (2022) | Cite this article
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Abstract

H,0 MegaMaser emission may arise from thin gas discs surrounding the massive nuclei of
galaxies such as NGC 4258, but the physical conditions responsible for the amplified
emission are unclear. A detailed view of these regions is possible using the very high angular
resolution afforded by space very long baseline interferometry (SVLBI). Here we report SVLBI

experiments conducted using the orbiting RadioAstron Observatory that have resulted in
detections of the H,0 22 GHz emission in NGC 4258, with Earth-space baselines of 1.3, 9.5
and 19.5 Earth diameters. Observations at the highest angular resolutions of 11 and 23 pas

show distinct and regularly spaced regions within the rotating disc, at an orbital radius of
about 0.126 pc. These observations at three subsequent epochs also indicate a time
evolution of the emission features, with a sudden rise in amplitude followed by a slow decay.
The formation of these emission regions, their regular spacing and their time-dependent
behaviour appear consistent with the occurrence of a periodic magneto-rotational instability

in the disc. This type of shear-driven instability within the differentially rotating disc has been

suggested to be the mechanism governing the radial momentum transfer and viscosity

within amass-accreting disc. The connection of the H,O MegaMaser activity with the

magneto-rotational instability activity would make it an indicator of the mass-accretion rate
in the nuclear disc of the host galaxy.
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BeppoSAX
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the GREAT OBSERVATORIES
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Fig. 1—1. The Great Observatories. Spitzer, Hubble, Chandra, and Compton, arranged according to the part of the electromag-
netic spectrum they observe.
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2020 2020 2022 2022 2023

Solar Orbiter: a Sun Rosalind Franklin: Euclid: will study Jupiter Icy Moons Solar Wind
orbiter, examining a Mars rover with a cosmic structure Explorer (JUICE): a Magnetosphere

the inner heliosphere  2m-long drill to look from the second spacecraft that will lonosphere Link

~thebubblecreated  below the planet’s Lagrangian point examine the gas Explorer (SMILE):
by the solar wind. surface, where (L2), looking at giantanditsthree @ joint mission with
It will be the first biomarkers could galaxiesand clusters  largesticy moons;  China to explore the
mission to explore survive the to a distance of Ganymede, Callisto  connection between
the Sun's poles. Sun's radiation. 10 billion years. and Europa. Earth and the Sun.

2024 2028 ~2030 2031 2034

Hera: bound for Planetary Transits Atmospheric Mars Sample Return: Athena: X-ray Laser Interferometer
asteroid Didymos, and Oscillations Remote-sensing a multi-part mission telescope based Space Antenna
the spacecraft will of Stars (PLATO): Infrared Exoplanet bound for the at L2 that will (LISA): a trio of
investigate how a exoplanet-hunting Large-survey Red Planet, which map out hot clouds spacecraft that

future mission could missionbasedatl2, (ARIEL): will examine will return the of gas throughout will trail behind

one day deflecta looking for worlds in the atmospheres rock and dust the Universe Earth, detecting

civilisation-killing the habitable zone of 1,000 exoplanets samples cached and around small and weak
asteroid. of Sun-like stars. from L2. by Mars 2020. black holes. gravitational waves.
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Fig. 3.1. The Current ¢ Future Mission Landscape. The current and expected coverage of major NASA, international and
ground-based observatories through the 2030s. Colored horizontal bracketed lines are used to indicate spectral coverage for NASA’s
next flagship missions, JWST and Roman (previously known as WFIRST). To reduce visual clutter, all other black horizontal end-
points to lines are used to indicate approximate end-of-operations. In some cases, dashed vertical lines are used to indicate possible
extended missions. The plot shows significant gaps in wavelength coverage in the far-IR and in the UV through the X-ray and
gamma-ray regimes for the coming decade and beyond. The total integrated spectrum of the Universe (Hill et al. 2018) is shown to
emphasize the broad wavelength coverage needed to study most astrophysical phenomena.
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Einstein's gravitational waves found at last

LIGO 'hears' space-time ripples produced by black-hole collision.

Davide Castelvecchi & Alexandra Witze
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Computer simulation showing the collision of two
black holes and lensing of the background star light.
LIGO detected gravitational waves, or ripples in space
and time generated as the black holes spiraled in toward
each other, collided, and merged. This simulation shows
how the merger would appear to our eyes if we could
somehow travel in a spaceship for a closer look. It was
created by solving equations from Albert Einstein's
general theory of relativity using the LIGO data.

The two merging black holes are each roughly 30 times
the mass of the sun, with one slightly larger than the
other. Time has been slowed down by a factor of about
100. The event took place 1.3 billion years ago. The stars
appear warped due to the incredibly strong gravity of the
black holes. The black holes warp space and time, and
this causes light from the stars to curve around the black
holes in a process called gravitational lensing. The ring
around the black holes, known as an Einstein ring, arises
from the light of all the stars in a small region behind the
holes, where gravitational lensing has smeared their
images into a ring.

The gravitational waves themselves would not be seen
by a human near the black holes and so do not show in
this video, with one important exception. The gravitational
waves that are traveling outward toward the small region
behind the black holes disturb that region’s stellar images
in the Einstein ring, causing them to slosh around, even
long after the collision. The gravitational waves traveling
in other directions cause weaker, and shorter-lived
sloshing, everywhere outside the ring.(Credit: SXS, the
Simulating eXtreme Spacetimes (SXS) project.)
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The Sound of Two Black Holes Colliding. Gravitational
waves sent out from a pair of colliding black holes have
been converted to sound waves, as heard in this
animation. On September 14, 2015, LIGO observed
gravitational waves from the merger of two black holes,
each about 30 times the mass of our sun. The incredibly
powerful event, which released 50 times more energy
than all the stars in the observable universe, lasted only
fractions of a second.

In the first two runs of the animation, the sound-wave
frequencies exactly match the frequencies of the
gravitational waves. The second two runs of the
animation play the sounds again at higher frequencies
that better fit the human hearing range. The animation
ends by playing the original frequencies again twice.

As the black holes spiral closer and closer together, the
frequency of the gravitational waves increases. Scientists
call these sounds "chirps," because some events that
generate gravitation waves would sound like a bird's
chirp. (Audio Credit: Caltech/MIT/LIGO Lab.)
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LIGO detects whispers of another black-hole
merger

After historic first discovery last September, twin observatories detected gravitational

waves again on Boxing Day.

Davide Castelvecchi

15 June 2016
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NEWS - 01 JUNE 2017

LIGO spots gravitational waves for third time

Detection made from another black-hole merger — but physicists are now keen to see such waves from
different types of event.
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Multi-messenger Observations of a Binary Neutron Star Merger

LIGO Scientific Collaboration and Virgo Collaboration, Fermi GBM, INTEGRAL, IceCube Collaboration, AstroSat Cadmium Zinc
Tellunde Imager Team, [PN Collaboration, The Insight-Hxmt Collaboration, ANTARES Collaboration, The Swift Collaboration, AGILE
Team, The IM2H Team, The Dark Energy Camera GW-EM Collaboration and the DES Collaboration, The DLT40 Collaboration,
GRAWITA: GRAvitational Wave Inaf TeAm, The Fermi Large Area Telescope Collaboration, ATCA: Australia Telescope Compact
Armay, ASKAP: Australian SKA Pathfinder, Las Cumbres Observatory Group, OzGrav, DWF (Deeper, Wider, Faster Program), AST3,
and CAASTRO Collaborations, The VINROUGE Collaboration, MASTER Collaboration, J-GEM, GROWTH, JAGWAR, Caltech-
NRAO, TTU-NRAO, and NuSTAR Collaborations, Pan-STARRS, The MAXI Team, TZAC Consortium, KU Collaboration, Nordic
Optical Telescope, ePESSTO, GROND, Texas Tech University, SALT Group, TOROS: Transient Robotic Observatory of the South
Collaboration, The BOOTES Collaboration, MW A: Murchison Widefield Array, The CALET Collaboration, IKI-GW Follow-up
Collaboration, H.ES.S. Collaboration, LOFAR Collaboration, LWA: Long Wavelength Array, HAWC Collaboration, The Pierre Auger
Collaboration, ALMA Collaboration, Euro VLBI Team, Pi of the Sky Collaboration, The Chandra Team at McGill University, DFN:
Desert Fireball Network, ATLAS, High Time Resolution Universe Survey, RIMAS and RATIR, and SKA South Africa/MeerKAT
(See the end matter for the full list of authors.)

(Credit: Robin Dienel et al. & Internet)
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GW170817: era of multi-messenger astronomy

GW170817

Binary neutron star merger

A LIGO / Virgo gravitational wave detection with
associated electromagnetic events observed by over
70 observatories

12:41:04 UTC

A gravitational wave from a
‘ binary neutron star merger is detected, N

Distance 500
(& 130 million light years
% Discovered
17 August 2017
™\ Type

Neutron star merger 100

GW170817 allows us to
measure the expansion rate of
the universe directly using
gravitational waves for the first
time,.

Detecting gravitational waves
from a neutron star merger
allows us to find out more about
the structure of these unusual
objects.

4 This multimessenger event
provides confirmation that
neutron star mergers can
produce short gamma ray bursts.

The observation of a kilonova
allowed us to show that neutron
star mergers could be
responsible for the production
most of the heavy elements, like
gold, in the universe.

Observing both electromagnetic
and gravitational waves from the
event provides compelling
evidence that gravitational
waves travel at the same speed
as light.

gravitatio'ml wave signal

50

gamma ray burst =
+ 2 seconds

A gamma ray burst 5 00

produced { is detected.

just after the merg

100 -
+10 hours 52 minutes
A new bright source of optical
light is detected in a galaxy
called NGC 4993, in the
constellation of Hydra,
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Decayir
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producing heavy

etals i
platinum.

+11 hours 36 minutes 500
Infrared emission observed.
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Bright ultraviolet emission
detected.
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X-ray emission detected. l ()()

radio remnant
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Where Your Elements Came From
Image Credit & License: Wikipedia: Cmglee; Data: Jennifer Johnson (OSU)

Explanation: The hydrogen in your body, present in every molecule of water, came from the Big Bang. There are no other appreciable sources of hydrogen in the universe.
The carbon in your body was made by nuclear fusion in the interior of stars, as was the oxygen. Much of the iron in your body was made during supernovas of stars that
occurred long ago and far away. The gold in vour jewelrv was likely made from neutron stars during collisions that may have been visible as short-duration gamma-ra
bursts or gravitationgl wave events, Flements like phosphorus and copper are present in our bodies in only small amounts but are essential to the functioning of all known
life. The featured periodic table is color coded to indicate humanity's best guess as to the nuclear origin of all known elements. The sites of nuclear creation of some
elements, such as copper, are not really well known and are continuing topics of observational and computational research.
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The BICEP2 instrument obsarved a fant but distinctive twisting pattern,
or spin, known as a curl or B-mode, in the polarization of the cosmic

IX.

!

551 7]

COSMIC CURL

microwave background. This is the first evidence for gravitational waves
generated by rapid inflation of the Universe some 13.8 billion years ago.
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Lensing galaxy
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The Observable Universe
INlustration Credit & Licence: Wikipedia, Pablo Carlos Budassi
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The NASA Astrophysics Data System (ADS)
http://ui.adsabs.harvard.edu/
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NASA (National Aeronautics and Space Administration)
http://www.nasa.gov/
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JPL (NASA's Jet Propulsion Laboratory)
http://www.jpl.nasa.gov
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STSCI (Space Telescope Science Institute)
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NSSDC (National Space Science Data Center)
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The Hubble
Space Telescope

Three Decades of Discovery
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Yongquan Xue: The most incomprehensible thing to me is that | can go with you side by side. :)

l .@ Albert Einstein: The most incomprehensible thing about the world is that it is comprehensible.
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