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Figure 5.2 The vector additlon of wavelets at, and away from, the focus of a parabola.
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Table 5.1 The refractive indices of crown and flint glass at three wavelengths.
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Fig. 1: The night-time secing at Dome A in 2019.
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Figure 5.11 The Newtonian telescope.
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Figure 5.15 The twin Keck telescopes. Image: Courtesy W. M. Keck Observatory.



FAERHmE (SALT)

FE Bk E: N, 10mEK

k=

. l\-
s’gf‘ b \‘

* 1191 H%\‘ﬁﬁZ%%ﬁ¥ | (& 'A\VAVA »x‘b Qi

v qé'la.') (%‘ba \"

AN

H %

iR A3 E, H
T%ﬁ%ﬂ

[HEE IR B, EEER]
ks

GO REE (<1/5%% %

Figure 5.16 The South Africa Large Telescope. Image: SALT Consortium.



FEREms (VL)

ESO, fi+%8*%], ###k2600m, 4X8.2m (~
16m) ,4X1.8maElEi: $em AP, NUV-25um

Figure 5.17 The four 8.2-m telescopes of the VLT, with the four 1.8-m auxiliary telescopes In the foreground.
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A space telescope would use
Earth’s atmosphere as a lens

As telescopes get bigger — and pricier —one astronomer
has a possible work-around: turn Earth’s atmosphere into
a telescope lens. When light from stars and other objects

in the cosmos hits the atmosphere, the light rays bend and
are concentrated so they focus on a region of space on the
opposite side of Earth. A spacecraft in the right spot — say,
orbiting 1.5 million kilometers from Earth — could catch
those rays with onboard instruments (illustrated above),
collecting more light from dim objects than ground-based
telescopes can, says David Kipping of Columbia University.
Ultrasensitive measurements by the terrascope, as Kipping
calls it, could reveal exoplanet features like mountains or
clouds. A study on the concept will appear in Publications
of the Astronomical Society of the Pacific. But some astrono-
mers have noted the difficulty of blocking light from Earth,
as well as possible image blurring due to light entering the
atmosphere at different heights. — Emily Conover
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Figure 5.22 The 32-m Cambridge Telescope - a Cassegrain design. The cone houses
Figure 5.21 The 76-m Lovell Telescope - a prime focus design. Image: lan Morison. a carousel supporting four recelvers. Image: lan Morison.
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Figure 5.23 The 105-m Robert C. Byrd Green Bank Telescope. Image: Natlonal Radlo
Astronomy Observatory.
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NI ST s 305m Arecibo Him4s

Figure 5.24 The 305-m Areclibo Telescope. Image courtesy of the NAIC - Arecibo Observatory,
a facllity of the NSF.
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Arecibo telescope wins reprieve from US

government
National Science Foundation will look for partners to provide extra financial support for
Puerto Rico facility.

ot AN
Alexandra Witze 2020/11 = Eﬁ/fﬁ HJ

16 November 2017 | Updated: 17 November 2017
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Parkes 64m Parkes-Swinburne intermediate-latitude multibeam 109 2001-2010
HEeEZAMA 256 1990-2020
FAST GPPS Survey EESZO 279% 2021
:?T a7s5* FAST CRAFTS Survey 160* | 2019-2021
FAST Global Cluster Survey 36 ¥ | 2020-2021
i i Arecibo Multibeam Survey FE 207 | 2006-2021
% e Arecibo Survey 4 94 1990-2019
Arecibo Arecibo 327 MHz Drift-Scan Survey 50 2013-2019
HEEAME 70 1974-1995
@ 236 Green Bank North Celestial Cap survey 165 2014-2021
GBT 110m Green Bank 350 MHz drift-scan survey 71 2008-2015
| - 2nd Molonglo Survey 154 1978
Molonglo 1st Molonglo survey 31 1968-1972
2ZMEIHGB 90 Green Bank pulsar survey 90 1968-1997
FEJodrell 76m 79 Jodrell survey 79 1970-1992
EXMFermi 60 Fermi Gamma-ray Observatory blind survey 60 2009-2013
ECMLOFAR 53 LOFAR Tied Array All-sky Survey 53 2018-2019
fEEEffels100m 14 High time resolution survey - Effelsberg 14 2013-2017
HIEEGMRT 13 GMRT High Resolution Southern Sky Survey 13 2015-2016
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Figure 5.26 The starburst galaxy M82. Upper left: Hubble Space Telescope image of M82 in visible light.
Lower right: VLA and MERLIN radio image of the central part of M82 with, below, EVN images of an expanding
supernova remnant. Image: Hubble Space Telescope Institute, NASA and the University of Manchester.
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Very Long Baseline Interferometry
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ALMA: Atacama Large Millimeter Array
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es01522 — Science Release

Sharpest View Ever of Star Formation in the
Distant Universe

ALMA'’s observation of Einstein Ring reveals extraordinary detall

8 June 2015

-

ALMA « Moded

ALMA'’s Long Baseline Campaign has produced a spectacular image of a distant galaxy being gravitationally
lensed. The image shows a magnified view of the galaxy’s star-forming regions, the likes of which have never been
seen before at this level of detail in a galaxy so remote. The new observations are far sharper than those made
using the NASA/ESA Hubble Space Telescope, and reveal star-forming clumps in the galaxy equivalent to giant
versions of the Orion Nebula in the Milky Way.
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Giant telescope’s mobile-phone ‘dead zones' rile
South African residents

Sensitive radio dishes of the Square Kilometre Array will affect phone reception — and
could harm local economies, say farmers.

Sarah Wild

17 November 2017
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South Africa has already built prototype dishes that will form part of the Square Kilometre Array, which
will be the world’s largest radio telescope.
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Figure 5.29 The Eskimo planetary nebula imaged in visible light by the Hubble Space Telescope
(left) and in the infrared by the United Kingdom Infrared Telescope (right). Image: Hubble Space
Telescope Institute, NASA and Chris Davis and Tim Carroll (Joint Astronomy Centre).
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" Infraréd’

Visible vs. Infrared View of Pillar and Jets HH 901/902
Hubble Space Telescope « WFC3/UVIS/IR

NASA, ESA, and M. Livio and the Hubble 20th Anniversary Team (STScl) STScl-PRC10-13b
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New high-energy transients & science questions

BH tidal disruption event Quasi-periodic eruption

Demography of Black holes
How matter falls onto BH?
How jets form?

EMRI as GW sources?

High-redshift GRB
When first stars
formed?

metal enrichment in
early universe

EM counterpart of
neutrino events
How particles
Accelerated?

EM counterpart of
gravitational waves

Supernova
shock breakout
Supernova physics
& progenitors

What are EM counterparts?
How compact objects merge?
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Gravitational wave high-energy Electromagnetic Counterpart All-sky Monitor

121084149, BEEAREDEAFPUMERKIE+T—SEFRGEHXEE5| HiERSHEE FOV: 100% all-sky
BN MASXKNETDE (Gravitational wave high-energy Electromagnetic Sensitivity:  ~2E-8 erg/cm?/s
Counterpart All-sky Monitor, B#GECAM) ESHZE, MBI DEMINHFEAFTIENE, Localization: ~1 deg
XEREEXRRFEXRENE| IREBESNANIDE, Energy band: 6 keV — 5 MeV
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Fermi Gamma-ray Space Telescope
(Fermi-GLAST)
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Hihg Energy Stereoscopic System (HESS)
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CATCHING RAYS

China’s new observatory will
intercept ultra-high-energy y-ray
particles and cosmic rays.
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Article | Published: 17 May 2021

Ultrahigh-energy photons up to 1.4 petaelectronvolts
from 12 y-ray Galactic sources

Zhen Cao ™, F. A. Aharonian &, [...]X. Zuo

Nature (2021) | Cite this article
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Laser Interferometer
Gravitational-Wave Observatory

Supported by the National Science Foundation
Operated by Caltech and MIT




Interferometric detectors:
an international dream

GEO600 (British-German) =
Hanover, Germany
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LIGO (USA)
Hanford, WA and Livingston, LA

TAMA300 (Japan)
Mitaka

.:.l,‘

AIGO (Australia), VIRGO (French-Italian)
Wallingup Plain, 85km north of Perth  Cascina, Italy
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Perspective | Published: 15 September 2021

Concepts and status of Chinese space gravitational

wave detection projects

Yungui Gong 55, Jun Luo & Bin Wang &=

Nature Astronomy 5, 881-889 (2021) | Cite this article

Gravitational wave (GW) detection in space probes the GW spectrum that is inaccessible from the Earth. In addition to the LISA
project led by the European Space Agency, and the DECIGO detector proposed by the Japan Aerospace Exploration Agency, two
Chinese space-based GW observatories—TianQin and Taiji—are planned to be launched in the 2030s. TianQin has a unique
concept in its design with a geocentric orbit. Taiji's design is similar to LISA, but is more ambitious with a longer arm distance.
Both facilities are complementary to LISA, considering that TianQin is sensitive to higher frequencies and Taiji probes similar
frequencies but with a higher sensitivity. In this Perspective we explain the concepts of both facilities and introduce the devel-
opment milestones of the TianQin and Taiji projects in testing key technologies to pave the way for future space-based GW
detections. Considering that LISA, TianQin and Taiji have similar scientific goals, are all scheduled to be launched around the
2030s and will operate concurrently, we discuss possible collaborations among them to improve GW source localization and

characterization.
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Fig. 1| Schematic of space-based GW detector constellations. The detector plane of TianQin points to the calibration source RX JO806.3+1527 and

DECIGO has four clusters.
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Perspective | Published: 15 September 2021

Concepts and status of Chinese space gravitational
wave detection projects

Yungui Gong &5, Jun Luo & Bin Wang

Nature Astronomy 5, 881-889 (2021) | Cite this article
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Ficure 8: Astrophvsical reach of Cosmic Explorer for equal-mass (non-spinning) compact
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COSMIC CURL Spinintensity
The BICEP2 instrument observed a faint but distinctive twisting pattern, W Clockwise [l Anti-clockwise
or spn, known as a curl or B-mode, in the polarization of the cosmic Polarization strength and
microwave background. This is the first evidence for gravitational waves / onientation at different
generated by rapid inflation of the Universe some 13.8 billion years ago. spots on the sky.
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LIGO Hanford Data Predicted

Strain (10?%)

Einstein's gravitational waves found at last

LIGO ‘hears' space-time ripples produced by black-hole collision.
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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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CrossMark
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
Array, 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 etc. & Internet)
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Wikipedia: Cmglee
Data: Jennifer Johnson (OSU)

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 gravitational 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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Masses in the Stellar Graveyard

Known Neutron Stars
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GWTC-2 plot v1.0
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A \ 3 October 2017
The Nobel Prize in Physics 2017

The Royal Swedish Academy of Sciences has decided to award the Nobel Prize in Physics 2017

with one half to and the other half jointly to
Rainer Weiss Barry C. Barish and Kip S. Thorne
LIGO/VIRGO Collaboration LIGO/VIRGO Collaboration LIGO/VIRGO Collaboration

“for decisive contributions to the LIGO detector and the observation of gravitational waves”

Gravitational waves finally captured

On 14 September 2015, the universe’s gravitational  theory of relativity. They are always created when a mass

waves were observed for the very first time. The accelerates, like when an ice-skater pirouettes or a pair of
waves, which were predicted by Albert Einstein a black holes rotate around each other. Einstein was con-
hundred years ago, came from a collision between vinced it would never be possible to measure them. The
two black holes. It took 1.3 billion years for the LIGO project’s achievement was using a pair of gigantic
waves to arrive at the LIGO detector in the USA. laser interferometers to measure a change thousands of
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