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The size of the Universe

The Milky Way (1785)

ax

William Herschel
The Great Andromeda Nebula (1887)
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The Distant Universe
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The Big Picture

GALAXY EVOLUTION 9,

CONTINUES...

FIRST STARS

400,000,000 YEARS
AFTER BIG BANG

INFLATION

TH f ’ PN
Bl « : ? \ "‘ l;',: ‘ “§. ; & . 13,7oo,oNoch;’oo YEARS
; " \l ' .'f : \ @ AFTER BIG BANG
BANG y | % |

CosMIC MICROWAVE
BACKGROUND

400,000 YEARS AFTER
BIG BANG
FIRST GALAXIES
1000,000,000 YEARS
AFTER BIG BANG

FORMATION OF

THE SOLAR SYSTEM
8,700,000,000 YEARS
AFTER BIG BANG



Willlam Herschel




Electromagnetic spectrum

1800 — Infrared (William Herschel) 1886 — Radio (Heinrich Hertz)

1801 — Ultraviolet (Johann Ritter) 1895 — X-rays (Wilhelm Roentgen)

1860s — Electromagnetism (James Clerk Maxwell) 1900 — Gamma rays (Paul Villard)
https://blogs.cardiff.ac.uk/physicsoutreach/2014/03/23/illustrative-diagrams/



https://blogs.cardiff.ac.uk/physicsoutreach/2014/03/23/illustrative-diagrams/

Electromagnetic spectrum
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https://blogs.cardiff.ac.uk/physicsoutreach/2014/03/23/illustrative-diagrams/

The Universe

Herschel

Sky Brightness
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https://blogs.cardiff.ac.uk/physicsoutreach/2014/03/23/illustrative-diagrams/

Earth’s atmosphere
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https://blogs.cardiff.ac.uk/physicsoutreach/2014/03/23/illustrative-diagrams/

Not just in space...

https://voutu.be/6cUe4o0MK6OE



https://youtu.be/6cUe4oMk69E

Atmospheric Windows
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Atmospheric Windows

Wavelength 100m 800nm 400nm 10nm 0.1nm
\
Chandra
Space
High Alititude
balloons

Arecibo

© Cosmos: The Infographic Book of Space (2015), S Lowe & C North




Multicolour Images
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13.1 billion years

Relative Brightness
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Ultra-,iolet
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Image Credit: The EHT Multi-wavelength Science Working Group; the EHT Collaboration; ALMA (ESO/NAOJ/NRAO); the EVN; the EAVN Collaboration; VLBA (NRAO); the GMVA; the Hubble Space Telescope; the Neil Gehrels Swift Observatory;
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X-ray binary stars







All sky (visible)

DSS

www.chromoscope.net



~ All sky (far-infrared

www.chromoscope.net/planck



_All-sky (microwave - processed

www.chromoscope.net




All-sky (microwave - filtered

www.chromoscope.net/planck




Cosmic Microwave Background




~ COBE: 1990s
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WMAP (2001)




Planck (2013)




The Geometry of Space

https://plancksatellite.org.uk/cmb-sim/



https://plancksatellite.org.uk/cmb-sim/
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The First Telescopes




The first telescopes

© Sky at Night: Answers to Questions from Across the
Universe,










W. M. Keck Observatory
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Very Large Telescope




G

Extremely Large Telescope




Lovell
Telescope

Effelsberg
telescope



300-foot Green Bank Telescope




300-foot Green Bank Telescope
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Arecibo Radio Telescope



















Multi-Element Radio Linked
Interferometer Network




Very Large Array
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Radio Telescopes

European VLBI Network
e-MERLIN

MS87*  April 11, 2017

Global \

Australian Network

9m
Reber's Radio
Telescope

25m 38.1m
Onsala 25m Mark II

64m 500m
Parkes FAST

Telescope e (Under construction)




The Herschel Space Observatory

e 83X4x4m

* 4 tonnes on launch
* 3.5m mirror

~ « 2200 litres of He
~ + Cooledto 0.3K
~ + 3instruments

~ « 70-700 microns







Herschel’s Instruments

SR,






Herschel’'s Instruments

Brightness

100 1000

Wavelength (micrometres)



Multicolour Images




Size matters




Optical Telescopes

1.8m

130m
Very Large Telescope Human
Interferometer i
(4 x 8.2m)

85m
Keck Interferometer
(2 x 810m)

8.1m
Gemini North

9.2m

30m Hobby-Ebberd 23m
Thirty Meter Telescope  Telescope Large 8.4m 39 3m
(Under Construction) Binocular Large Synoptic Ext WL . Tol
Telescope Survey Telescope 8.1m X rSrréle ‘/CEFQ? et_escope
@ (Under Construction) Gemini South (Under Construction)
6.5m 2.4m
MMT 10m 10m Hubble Space
Keck I Keck II Telescope
6.5m 6.5m
Walter Baade James Webb
Te 6.5m Space Telescope
elescope Landon Clay
4.4m Telescope
8.2m LAMOST
Subaru 24.5m
Telescope Gian MagellanTelescope

(Under Construction,
7 x 8.4m)

8.2m
Very Large Telescope 11.35m
(Unit Telescope) Gran Telescopio
Canarias




Anatomy of a telescope

Backplane

Optical Telescope Element (OTE)
Primary Mirror

1SIM Cross-Section of Webb's Five-Layer Sunshield

Light and heat Each layer of material
sunshield fromthesun | blocks some heat,
hits the shield, e deflects the rest harm-
heating it up \ A lessly out the sides.

OTE Secondary sunlight

Mirror
Very little heat
gets through all
the layers to the
cold side of the

telescope.



Scientific instruments




How to keep cool in space

« Convection
— No air!
« Radiation
— Also heats up (sunlight, hotter parts of surface)
— can control with reflectivity of surfaces
« Conduction
— Need to be careful to avoid unwanted conduction!

Radin ; o NGAS
ladiation i . Coro )
Shield —_ Ml el =~ PT Cooler
(~20K) T Instrument
(~EK) L
Cryocooker
4T coldhead
' NIRSpec

T IWST ISIM (~40K)







Far Infrared






Whirlpool Galaxy (M51)

© ESA & the PACS Cons

Herschel-PACS Visible



RCW 120









Planet Formation

(Sub)millimeter:
| - dust continuum+ molecular rot-lines

) I ] B
o

Near-IR: continuum

~ + atomic and molecular
e - o
- 3 Mid-IR: f -
e - - dust continuum
- 2 e + molecular lines
0.03AU ~01.1AU 10 AU 100 AU

Credit: Villanueva/Mandell (NASA-GSFC)
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Abell 2218

1 arcmin
—






Gravitational Lensing
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Herschel Keck & SMA



- Gravitational Lensing

DISTANT OREGROUND
GALAXY GALAXY
3 BILLION YEARS
LENSED IMAGES OF
DISTANT GALAXY

11 BILLION YEARS
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Fragmentary filaments
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30 Hacar et al (2013)
astro-ph/1303.2118



Bubble Blowing

—20.5

Courtesy Steffi Walch, Ant Whitrth










HUBBLE

0.5 micron

Fomalhaut

HERSCHEL

70 microns

ALMA

850 microns




Betelgeuse



Crab Nebula

*




Supernova 1987a




Spectral Sensitivity

Spectroscopic Sensitivity
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Orion Nebula

14 Dimethyl ETHET : ' - :
Sulphur Dioxided DEtEUmGanides - : I
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« NH,CHO * HCOOCH3
e SiS « CCH

» C;HsOH *CN

« H,CS * HGN

« NO « H,0, HDO, HD!20, D0, H,'30,
e NS H2170

* SO, 3480, 3350, S*0 * CH3OH, *CH30H, CH30D,

* SO, 3502, $3S0; CH.DOH

« HCN, H3CN, HC!SN e GHsCN
« HNC, H'SNC, HN3C * HNCO, HN"*CO




Water on Mars

Wavenumber (cm-)



Water in Jupiter's Statosphere

66.4 um

* Vertical and horizontal o 3
distribution and
hemispheric asymmetry



http://sci.esa.int/science-e/www/object/index.cfm?fobjectid=51721

Water on Ceres!

E
2
2
S
T
o
o
2
= |

()]
o

W
o O

Latitude

||
n W
o O

180
Longitude




)
)
D
-
O
&
U -
O
C
O
—
)
o
O
=
O
O
-
D
M’
=

AsjleH/dT _H “

ajeymjeAd 29 S66T/) —@—
piesen 1d 6002/) @
°nAnL/d8 —e—
(¥vaNIT) L1 2002/) —@—
(LvaN) #0 1002/) —@—
bueyz-eAd)I/dEST @>
ddog-3jeH 1O S661/) —@—

snpejaiul ¢

Oort cloud

aunydaN -@-
snueln @
uinles -@-

jopdng 4

D/H ratio

—

olley H/d




VY Canis Majoris

Frequency (GHz)

| ) 1400 1300 1200 1100 1000
T

Carbon Monoxide

Brightness
Water

I0XIAE

————  (arbon Mon

L % Water

200 220 240 260 280 300
Wavelength (microns)
VY Canis Majoris © ESA and the SPIRE consortium



Andromeda Galaxy
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HiRes Maps

-
M31 500 pm: Nominal
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M31 500 um: HiRes
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Herschel Space Observatory

Hubble, Keck (blue), JVLA (green), SMA (red)



The Big Picture
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AII Good Things...
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~ All-sky (Herschel-SPIRE)

herschel.cf.ac.uk/chromoscope/results



Galaxy Formation and Evolution
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Galaxy Formation and Evolution
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