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http://astron.nl/new-sky-map-detects-hundreds-thousands-unknown-galaxies




Chris Evans &
@ @ChrisEvans v
| can’t even describe how much | love this.

“their radio signals have traveled billions of
light years before reaching earth” (ONE light
year is 5.8 trillion miles)

“black holes more than a BILLION times the
mass of our sun”

Think about these numbers. I'm
overwhelmed with awe.

Low Frequency Array @LOFAR

Big sky survey by @LOFAR has detected hundreds of thousands of
B previously undetected galaxies, shedding new light on black holes
& how clusters of galaxies evolve. The first 26 articles have just
been published in @AandA_journal astron.nl/new-sky-map-de...

7:50 AM - 19 Feb 2019




LOFAR

(LOW-FREQUENCY ARRAY)
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Zooming in on extra-galactic objects
observed by the LOFAR radio telescope










Mon. Not. R. astr. Soc. (1978) 185,527-538

A dynamicél interpretation of the radio jet in 3C 31

R. D. Blandford and V. Icke w k. Kellogg Radiation Laboratory,
California Institute of Technology, Pasadena, California 91125, USA

Received 1978 May 3;in original form 1978 March 28
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LOFAR

LOw Frequency Array
2 types of low-cost antennae:
 Low Band Antenna (LBA, 10-90 MHz)
* High Band Antenna (HBA, 110-250 MHz)

Antennae organized in 36 stations over
100 km

Each station has 96 LBAs and 48 HBAs
13 stations with baselines: 100m — 1500km
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History of geometrical optics |
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lbon Sahl (AD 940-1000), Persian,
Muslim mathematician, physicist
and optical engineer of the Islamic
Golden Age. He is credited with first
discovering the law of refraction,
usually called Snell's law.
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History of geometrical optics |I

lbon al-Haytham (AD 965 —1040), also
known by the Latinization Alhazen or e vrd
Alhacen,was an Arab, Muslim scientist, AL ‘7\[.-‘*3‘\‘ .:l ENT
mathematician, astronomer, and ? i o i
philosopher. Ibn al-Haytham made oot
significant contributions to the principles VITELLONIS
of optics (and his famous book of optics), S ke x
astronomy, mathematics, visual
perception, and the scientific method.
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In his book of optics (Kitab al-Manazir),
Alhazen reports experiments on lenses,
mirrors, refraction, reflection, and
spectroscopy.
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Great influence on Leonardo Da Vinci,
Galileo Galilei, Huygens, Kepler, ...



The (refractive) telescope

Dutch eyeglass maker Hans Lippershey
applied for a patent on the refractive
telescope in 1608, and got denied:

The telescope was “common
knowledge” in the early 1600s! As
common as eyeglasses.
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Galileo Galilel circa 1609-1610
first (reported) astronomical use of the telescope

Image by Hulton Archive/Getty Images
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GALILEO, 1610

Mountains, craters on the Moon
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GALILEO, 1610

Phases of Venus




GALILEO, 1610

Moons orbiting around Jupiter
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Newton: 1668 — first reflector

Uses mirror to
prevent chromatic
aberrations present in
refractors: Nglass(A)

Reflection is achromatic!




Herschel 1789 — 40 ft refractor

https://en.wikipedia.org/wiki/40-foot_telescope

The 40 ft (12 m) tube was
made of iron.

The telescope was mounted
on a fully rotatable als-azimuth
mount.

48-inch (120 cm) concave
metal mirrors were made for
the telescope, each with

a focal ratio of /10.

22



Telescope design considerations

F number/Plate scale/magnification/field of view
Collecting area

Focus configuration

Mounts



Plate scale
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* rays from two sources close to the optical axis
preserve w upon exit from the lens.
tanw ~w~1/f.
Hence plate or focal scale: w/x=1/f.

* Plate scale =4.85 x 10® f mm arcsec™
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Magnification
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Spherical Mirrors

Spherical primary mirrors provide a large field of view (FOW) but rays

more distant from the optical axis have a different focal point 2
aberrations =2 limited size, curvature!
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Parabolic Mirrors

Parabolic primary mirrors focus all rays from the same direction to
one point.
But: different directions have different focal points.

- FOV is limited by aberrations: the bigger the mirror the bigger the
difference [parabola — sphere] near the edge —> bigger telescopes
have smaller FOVs (~<1 deg).



Field of View

Want large plate scale => faster primary (small F)

Prime focus usually has smallest F, and thus
largest FoV

Vignetting: the size of the secondary mirror is the
first limiting factor for FoV at Cass focus

Telescope design fundamental trade-off: FoV vs
image quality



Collecting area

* Number of collected photons grow as D?: size
matters!
* Gap between 1949 (Palomar 200-inch Hale
telescope) and 1992 (Keck telescopes)
— Difficulty in manufacturing large pieces of glass
— Difficulty in supporting large mirrors (gravity sag)
— Thermal properties difficult to manage



Solution for large telescopes:
Segmented mirrors (e.g. Keck, SALT, JWST, TMT)

Keck primary mirror:

Each segment is 1.8
meter; active control
system keeps segments
to proper figure under

g raVity (ed g e Sen SO rS) TWO ADJACENT MIRROR SEGMENTS SEEN EDGE-:N E /E

«—— 3 mm BETWEEN EDGES

Optically aligned (co- o —
phased) every week/ |

month |
Sensor
Detail L

4 mm AIR GAP b
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Honeycomb Mirrors
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Growth of Telescope Collecting Area
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i * Speculum era 2\
" o Glass era
O Active optics
A Segmentation
o
S (TiE
00
o
S O
w
®
O
S %o
N ]
O
3
S * o
* Yok
*
* O
S I VT . S A T S S R S
1600 1650 1700 1750 1800 1850 1900 1950 2000




vial iiidoo \Wiio)

1000

100

i
(@)

Mass Limitations
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o1 2 3 4 5 6 7 8 9 10 111 0O
Telescope mirror diameter (m) 1940 1960 1980 2000
Years

Most important innovations:

1. faster mirrors = smaller telescopes = smaller domes

2. faster mirrors € new polishing techniques

3. bigger mirrors € thinner / segmented mirrors €< active support

2020



®
Great Paris Exhibition @~ _

Telescope
(lens at the same scale)
Paris, France (1900)
e
Yerkes Observatory Sky Area
(40" refractor Mul -Object Fiber

lens at the same scale) ~ gpectroscopic
Williams Bay, Telescope Grare;’:;ef::plo I(eck Telescope
Wisconsin (1893) Hebei, Chlna La Palma., Mauna Kea, Hawaii
(2009) Canary Islands, (1993{1996)
. Spain (2007)

Hooker

%100") Hale (200")
Mt Wilson, Mt Palomar,
Califomia California

Gemini North Subaru
Mauna Kea Telescope

(1917) (1948) -
9‘ Thirty Meter Telescope
b { Hawaii (1999) Mauna Kea, Mauna Kea, Hawaii (planned 2022)
:f' (5 Hobby-Eberly Southern African ) Hawaii (1099)
@ Telescope Telescope
(1979-1998) (1999-) Davis Slitherland.
Multi Mirror Telescope Mountains, South Africa

Mount Hopkins, Arizona Texas (1996) (2005)

Gemini South
Cerro Pachon,
Chile (2000)

BTA-6 (Large
Altazimuth Telescope)
Zelenchukslg, Russia
(1975)

Large Blnocular Telescope
Mount Graham,

Arizona (2005) Large Synoptic

Survey Telescope
Large Zenith Telescope El Pefidn, Chile
Bﬁringsh Columbia, Canada (planned 2020)
(2003)
—— .
Gaia Kepler
Earth-Sun L2 point Earth-trailing
(2014) solar orbit i
(2009) European Extremely
Large Telescope Halértnhaen
Cerro Armazones,
LN o Vereynl:oalgmgr% I:Fgﬁﬁgm Chile (planned 2022) same scale
Hubble Space " (1998-2000) 0. 5  lom
James Webb Telesco

0 10 20 30ft

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

Magellan Telescopes Giant Magellan Telescope
as Campanas, Las Campanas Observatory,
Chile (2000.-’2002) Chile (planned 2020)

“ Overwhelmingly Large Telescope
I

(cancelled)
Tennis court at the same scale Arecibo radio telescope at the same scale Basketball court at the same scale

commons.wikimedia.org/wiki/File:Comparison_optical _telescope primary_mirrors.svg



James Webffpace Telescope




Optical Telescopes in Comparison

Telescope aperture 10 m 6.5 m
Telescope mass 600 t 300t 6.5t
# of segments 1 36 18
Segment size 5m 1.8 m 1.3 m

Mass / segment 14’500 kg 400 kg 20 kg

39



Telescope mounts
0\

Polar
axis

Declination
axis

Equatorial

Elevation
axis

Altitude-Azimuth (altaz)



Polar

axis

Axis of
the Earth

Equatorial Mount

Declination
axis

Advantages:

single moving axis
following earth
rotation

* constant rotation

* no image rotation

Disadvantages:

* large, heavy

* instruments: varying
gravity vector

design depends on
latitude

41



1897:

40-inch (100 cm)
refractor,

Yerkes Observatory
Williams Bay, Wisconsin

42



Azimuthal Mount

Advantages:

Vertical
axis

9 .

Horizontal
axis

light and symmetric
design independent of
latitude

fixed gravity on
bearings

two fixed-gravity ports

Disadvantages:

two moving axes,
requiring computer
control

variable rotation rate
Image rotation 43



Altaz mount example: Keck telescope (1992)

- Need to point and track in both elevation and azimuth
- Two axis motion

- Field of view rotates with Parallactic angle as the
telescope tracks!

- Needs image derotator!

44



UPPER TELESCOPE TUBE _~
SUPPORTS SPIDER

ELEVATION RING: THE CENTRAL
STRUCTURAL MEMBER OF THE TELESCOPE,
SUPPORTING TELESCOPE TUBE ABOVE, AND
MIRROR CELL BELOW, PIVOTING AT

THE ELEVATION BEARING.

SECONDARY MIRROR
SUPPORTED BY SPIDER

NASMYTH FOCUS
FROM TERTIARY MIRROR

TERTIARY MIRROR CAN
ROTATE ATOP TOWER TO SEND
A LIGHT TO VARIOUS INSTRUMENTS

L |

NASMYTH PLATFORM \

SUPPORTS INSTRUMENTS \ \

WEIGHING MANY TONS. %, \L /
\\\

CASSEGRAIN FOCUS
BELOW PRIMARY MIRROR

TELESCOPE PIER

36-SEGMENT, ACTIVE-OPTICS
10-METER DIAMETER
PRIMARY MIRROR

https://naturalsciencesresearch.wordpress.com/2012/08/24/adventures-in-ground-based-astronomy-an-inside-view-part-ii/
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Telescope focus configurations

Prime Newtonian

- -
/ secondary
Rl
&
QCLLE \
-

: -
oy !
Judhingary
newrtonian
foms
Cassegrain Coude
e -
COLY £ secondany
| foms ]
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Ritchey-Chrétien Configuration

Modified Cassegrain with hyperbolic primary

mirror (=parabola) and hyperbolic secondary

mirror eliminates spherical aberration and coma
1 b=[3

€ > | < »!

> S > — &

- t | Primar :
: Secondary: ' I mirror Y :
c ' mirror : :
| > |
1;- — F2
: , >

i

—large field of view, compact design, astigmatism

48



Ritchey-Chrétien Telescopes

VLT (4x)




Ritchey-Chrétien Telescope

HST




Schmidt Telescope

e Spherical primary mirror for
maximum field of view (>5 deg) =
no off-axis asymmetry but spherical

aberrations

e correct spherical aberrations with

corrector lens

e

centre of curvature
of the main mirror

Curved
focal surface

i
-

Corrector lens at the )

S
s

Two-meter Alfred-
Jensch-Telescope in
Tautenburg, the largest
Schmidt camera in the
world.
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Gregorian Telescopes

Large Binocular Telescope

Incoming Sunlight

l | | | Top End Optical
— Assembly

M3 Assembly

M4 Assembly

M1 Assembly - M5 & M6

Assemblies
DKIST Solar Telescope

52



Telesco pe FOCI - where to put the instruments

Primary
F

F
Cassegrain

Prime focus — wide field, fast beam but difficult to
access and not suitable for heavy instruments

Cassegrain focus — moves with the telescope, no
image rotation, but flexure may be a problem




instruments (2)

EN - l“.r\} ‘l{;\ . \ !l S

-«

-<NaanWh

Coude I

Nasmyth — ideal for heavy
instruments to put on a stable
platform, but field rotates

Coudé — very slow beam, usually for
large spectrographs in the
“basement”




Space Telescope Orbits

Types of Orbits Influence on Orbit Choice

- low Earth - communications

- sun-synchronous - thermal background radiation
- geostationary - space weather

- Earth-trailing - sky coverage

- L2 - access (servicing)

- y . e = o
) Inclinati_oh Angle-=28.5°
[ .‘:.‘ > ‘ " .
{ S BN " i

HST : low Eaﬂ'h- orbit ~96 minutes Spitzer: Earth-trailing solar orbit ~60 yr




Lagrange Points

Is there a stable configuration in which three
bodies™ could orbit each other, yet stay in the
same position relative o each other? Joseph-Louis Lagrange:

- five solutions, the five Lagrange points, mafematican(trs6-1813)

* Sun-
Earth-
Satellite

An object placed at any one of these 5 points will stay in
place relative to the other two.



+ sun- shlelds
- orbit around L2

] ,qulD,EIJD km L2 orbit

achieved Initiate ISIM
L +109 days testing and

L + 113 days

ita =% : 7 O N 7 certification
- radiation | Z < =

Trajectory
correction
maneuver 1
L + 15 hrs

dSunlshleld
eployment
L + 2 days

Telescope
déployment
L + 4 days

JWST
separation
39 min

800,000 km
Observatory
available for

ISIM activities Trajectory
L '+ 70 days correction

Observatory "‘fa neuver i?
first light (ISIM at safe : 'E‘g";,;e};g
operating temp) :
L + 59 days




Extremely Large Telescope (ELT)




Radio Telescopes

Dishes similar to optical telescopes
but with much lower surface

accuracy | =
1’/"K\‘

N7

Effelsberg, Germany —
100m fully steerable
telescope ’

Greenbank, USA — after structural
collapse (now rebuilt)

59



Arrays and Interferometers
"WSRT (Westerbork) in,, _
Drenthe 'wam-"

ALMA in Chile = 50 dlshes (12m each) at SOOOm altltude
400um 3mm (720 GHz - 84GHz) '




LOFAR

LOw Frequency Array

2 types of low-cost antennae:

 Low Band Antenna (LBA, 10-90 MHz)
* High Band Antenna (HBA, 110-250 MHz)

Antennae organized in 36 stations over
100 km

Each station has 96 LBAs and 48 HBAs
Baselines: 100m — 1500km

61



X-ray Telescopes

e X-rays close to normal incidence are largely absorbed,
not reflected

* telescope optics based on glancing angle reflection
typical reflecting materials for X-ray mirrors are gold and
iridium (gold: critical reflection angle of 3.7 deg at 1 keV)

P

Pl\

Incident ray T

62






Dutch enabling technology Il

Stacked wafers as X-ray mirrors

Problem I: X-ray photons can
only be reflected at very
small angles equivalent to
bouncing flat pebbles of a
water surface

Solution I: grazing incidence

Problem II: astronomy needs
large collecting area

Solution II: ultra flat stacked

wafers from semi-conductor
industry

eigN cosine‘ |




Credits

http://www.astro.caltech.edu/~dmawet/teaching/2016-
2017/ayl22a telescopei.pdf by Dimitri Mawet (Caltech/JPL)
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http://www.astro.caltech.edu/~dmawet/teaching/2016-2017/ay122a_telescopei.pdf

