
Lecture II 
Modern tools for extragalactic astronomy!
how do we get information about very distant 

systems in the Universe?



Extragalactic sources are very distant. Therefore  
!

• they are faint (the brightness is low, even though they are luminous) 
!

• they have a small apparent angular size (even though they may be 
physically very large) 

!
Only three extragalactic sources visible to the naked eye:  

Andromeda (only one visible in northern hemisphere!)  
and the Small and Large Magellanic Clouds 

!
Need telescopes that have a large photon collecting area and good 

angular resolution!



Technical specifications of astronomical telescopes and instruments

•sensitivity: what is the dimmest source that can still be detected 
in a given observing time. 

Depends on:  
- aperture of telescope (~size of mirror)  
- efficiency of detector (e.g. photographic plate vs. CCD) 
- background (instrumental noise *and* sky brightness, e.g. 

Tokyo vs. Atacama Desert — “light pollution”)  
•angular resolution: down to which angular separation two 

different nearby sources can be distinguished.  
Depends on:  
- the diameter D of the telescope; in the diffraction limit, Δθ=λ/D (in 

interferometry, D is instead the separation between telescopes)!
- turbulence in the atmosphere causing scintillation (“seeing”) 
•spectral resolution: capability to separate different wavelengths.  
(e.g. CCD vs. grating). Τhis is quantified as Ε/ΔΕ.



• timing resolution: (mainly for high-energy processes) capability 
to identify source variability on very short timescales 
!

•grasp: (usually for survey instruments) collecting area times field 
of view 

!
• throughput: (also usually for surveys) e.g. how many spectra can 

be measured simultaneously in one exposure (multiplex 
spectrographs)

Technical specifications of astronomical telescopes and instruments 
(continued)



The present:!
!

Facilities that are currently operational



Optical telescopes

refractors (Galileo’s telescope) 
for much bigger telescopes, lens 

becomes too heavy and difficult to make 
without impurities

reflectors 
most modern telescopes are 

some variant of the 
Cassegrain type, usually 

Ritchey–Chrétien type (both 
mirrors are hyperbolic)



World’s largest optical telescopes

Gran Telescopio 
Canarias, 10.4m, 
La Palma, Spain 
(first light 2009)

Keck (2x10m, 
since 1996) and 
Subaru (8.2m, 
since 1999), 
Mauna Kea

VLT (4x8.2m) 
Cerro Paranal, 

Chile  
(completed 2001)



Challenges
For mirrors of this size, in order to have a stable shape, the thickness 
would have to be comparable to the diameter which is unfeasible. So 
these telescopes use active optics that control the surface of the mirror.  
!
The telescope and dome affect the air turbulence that makes the seeing 
worse, so the design also had to be improved.

active mirror 
support structure  

at VLT



Adaptive optics

Using a laser tuned at 5892A, Na atoms in the upper atmosphere are 
excited and reemit light, creating a “laser guide star” 
!
The mirror is deformed at high frequency in real time to counteract the 
changing position of the source due to atmospheric distortions. This is 
called “adaptive optics”. It is used to improve the spatial resolution of 
the images.



Animation credit: Andrea Ghez (UCLA), using Keck data



Hubble space telescope

• 2.4m mirror, but not affected by atmospheric distortions at all 
•  launched in 1990, mirror corrected during first servicing mission in 

1993 —> spatial resolution <0.1’’



5 space shuttle missions to replace broken parts and install new and more 
powerful instruments

Hubble space telescope



After the final servicing mission in 2009, the satellite carries: 
!

ACS (advanced camera for surveys): 3.4x3.4’ FOV and 0.05” 
pixels, optical waveband (this was used for HUDF) 

WFC3 (wide field camera 3):  UVIS (0.2-1μm, 2.6’ FOV) and NIR 
(0.85-1.7μm, 2’ FOV); contributed to discovery of many galaxies at 

z>6 
COS (cosmic origins spectrograph): UV spectroscopy

Hubble space telescope



Beyond optical light



Radio telescopes
Largest single dish: Arecibo, 305-meter!  

(funding threatened so may not operate much longer) 
detected first pulsar in a binary system, used to test GR, and the first 

extrasolar planet (also orbiting a pulsar) 
Used to measure redshifts of spiral galaxies from 21cm line of neutral H



Largest steerable radio telescopes

Effelsberg (100m) 
Bad Münstereifel (SW of Bonn) 

since 1972

Green Bank Telescope (100m) 
West Virginia 
since 2000

map distribution of neutral hydrogen 
investigate magnetic fields through polarisation 



Aperture synthesis (interferometry)

because of the large wavelength, even the biggest single dishes 
do not have a good spatial resolution (remember Δθ=λ/D)  

—> use interferometry! 
!

The Very Large Array (VLA): 27 radio antennas in a Y-shaped 
configuration, each 25m.  

Near Socorro, New Mexico. Data from the antennas is combined electronically 
to give the resolution of an antenna 36km across, with the sensitivity of a dish 
130 meters in diameter! Recently upgraded to JVLA (new receivers leading to 
10x higher sensitivity, new electronics, increased bandwidth from 1-50 GHz).



VLBI (Very Long Baseline Interferometry)

It’s possible to interconnect completely different antennae in different 
locations

LOFAR (Low Frequency Array) 
covers the wave band 10-240 MHz 

(completed 2012)



ALMA (Atacama Large Millimeter Array) !
50 antennas of 12m, up to 16km baseline +ACA (ALMA Compact Array) of 
12 7m and 4 12m antennas. Excellent sensitivity and bandwidth (currently 

84-950 GHz, to be extended to 35 GHz by 2019). Chajnantor (Chile). 
Exquisite spatial and spectral resolution can be used to investigate e.g. 
dynamics of cold molecular gas around black holes in distant galaxies



ACT (Atacama Cosmology Telescope)!
6m telescope 

Cerro Toco, Chile 
145 GHz, 215 GHz and 280 GHz

SPT (South Pole Telescope)!
10m telescope 

SPT-SZ: 95, 150, 220 GHz 
SPT-Pol: 90, 150 GHz

Probing the low-frequency tail of the Cosmic Microwave Background 
from the ground



Cosmic Microwave Background

(none of these satellites are operational any more)

launch 1989 launch 2001
launch  
2009



Infrared

Spitzer!
85cm telescope, 3.6 to 160μm 

Infrared Array Camera (IRAC) and 
Multiband Imaging Photometer for 

Spitzer (MIPS) [launched 2003,  
cryogen-free since 2009]

Herschel!
3.5m telescope, 55 to 670μm 

most powerful FIR observatory 
launched 2009,  

discontinued in 2013

Studied thermal dust and star formation in nearby and distant galaxies

+AKARI all-sky infrared survey, !
68.5cm telescope (launched 2006)



Infrared

SOFIA (Stratospheric Observatory for Infrared Astronomy)!
2.5m telescope on board a 747 flying at 12km



Ultraviolet

GALEX (Galaxy Evolution Explorer) 
2003-2013

Photometric surveys  
at 1350-2830 A 

!
Important for studying 
star formation rate in 

galaxies

HST currently has UV capabilities



X-ray
IR, Visible, UV X-rays 

Reflection and Absorption 

Wolter type I telescope 
gold has a high reflectivity and is usually 

used to coat the mirror shells

XMM-Newton mirrorChandra mirror
XMM-Newton mirrors



Chandra X-ray Observatory
0.5” spatial resolution 

1.2m diameter but collecting area is 0.04m2 at 5 keV- only 20x20cm! 
launched 1999, still in operation 

elliptical orbit with apogee 135,000km and perigee 14,000km 
0.1-10 keV wavelength range, 10m focal length 

ACIS (Advanced CCD 
Imaging Spectrometer)!
Imaging and medium-

resolution spectroscopy 
ACIS-I (4 chips, 18x18’ FOV) or 

ACIS-S3 (8.3x8.3’) 
E/ΔE=10-20 (ΔE~150eV) 

!
High Resolution Camera  

(E/ΔE=1), 30x30’ FOV  
!

Transmission gratings  
made of free standing gold wires; 

E/ΔE=40-2000



XMM-Newton (X-ray Multi-Mirror)
effective area 1475cm2 at 1keV (38x38cm) 

3 telescopes, 58 shells each (!), 7.5m focal length 
launched 1999, still in operation 

elliptical orbit with apogee 113,000km and perigee 5,600km 
0.1-10 keV wavelength range  

spatial resolution 6-15”

3 EPIC (European Photon 
Imaging Camera) 

2 MOS (front illuminated),  
1 pn (back illuminated) 

30’ diameter of field of view 
E/ΔE=20-50 

!
Two reflection grating 
spectrometers (RGS) 

E/ΔE=600-1900



Suzaku

energy range from from soft X-rays up to gamma-rays (0.3–600 keV) 
operated between 2005-2015 

low-Earth orbit (550 km) - low instrumental background 
spatial resolution in soft X-rays 2’ HPD (higher energies non-focusing)

4 XIS  
(X-ray imaging spectrometers, 3 front 

illuminated + 1 back illuminated) 
combined effective area  

1100 cm2 @1keV 
18x18’ field of view 

E/ΔE=30-50 
!

HXD (hard X-ray detector):  
[no imaging] 

PIN (10-70keV, 34x34’, ΔE=4keV), 
GSO(40-600 keV, 4.5x4.5deg) 

effective area 160cm2 at 20 keV, 260 
cm2 at 100keV



AstroSat
India’s first astronomy satellite 

launched September 2015 
low-Earth orbit (650 km) 

five instruments on board cover the visible (320–530 nm), near UV (180–
300 nm), far UV (130–180 nm), soft X-ray (0.3–8 keV and 2–10 keV) and 

hard X-ray (3–80 keV and 10–150 keV)



Hitomi
Provided first high-resolution non-dispersive X-ray spectroscopy using a 

micro calorimeter cooled to 50mK 

E/ΔE=1340@FeK



NuStar (Nuclear Spectroscopic Telescope Array)

Launched 2012 on Pegasus rocket 
5-80 keV range 

first focusing hard X-ray telescope 
40” spatial resolution  

big contributions in resolving 
distant AGN and studying structure 

of supernova remnants



INTEGRAL (INTErnational Gamma-Ray Astrophysics Laboratory)

Launched by ESA in 2002, still operational 
15 keV - 10 MeV  

spectroscopy (E/∆E = 500) and imaging (angular resolution: 12’ FWHM)  
with concurrent source monitoring in the X-ray (4-35 keV)  

and optical (V-band, 550 nm)

Gamma-rays from radioactive elements formed  
during supernova explosions

“coded 
mask”



Swift Gamma-Ray Burst Mission

•Burst Alert Telescope  
(Energy range: 15–150 keV) 
coded-aperture mask, covering over one steradian 
fully coded, three steradians partially coded. 
Locates the position of each event with 
an accuracy of 1 to 4 arc-minutes within 
15 seconds. 
• X-ray Telescope  
MOS CCD behind 12 nested Wolter type 
I X-ray mirrors; takes images and 
spectra of the X-ray afterglow 
• Ultraviolet/Optical Telescope 
Measures the light-curve of the optical/
UV afterglow

Launched 2004, still operational



Fermi
Launched in 2008, still operational 

Maps entire sky every 3h 
8 keV - 300 GeV 

Pair conversion telescope 
Large Area Telescope (LAT) and GLAST Burst Monitor (GBM)

LAT: FOV 1/5 of the sky, effective area 8,000 cm2 
PSF <0.15°, on-axis for E > 10 GeV, < 3.5° for E = 100 MeV



H.E.S.S.: phase I started 2004, phase II since 2012, located in Namibia 
MAGIC: phase I since 2004, phase II since 2009, La Palma, Spain 
VERITAS: 4-telescope array completed 2007, located in Arizona

Using Cherenkov radiation to detect the highest energy particles
Idea: particle moving faster than speed of light 
in a given medium (air) generates a Cherenkov 

shock wave and loses energy in the form of 
(usually bluish) light

This method is used to detect cosmic rays with energies 30 GeV to 100 TeV 
Typical angular resolution 0.05-0.1 degree



HESS, MAGIC, VERITAS



IceCUBE 
Cherenkov radiation due to 
interaction of very energetic 
neutrinos with Antarctic ice 

since 2010 

IceTop (324 Digital 
Optical Modules on 
surface) also sensitive 
to cosmic rays in the 
range 300 TeV to 1 EeV

5,160 in-ice DOMs 
(extremely sensitive 

light detectors) 
between 1450 and  

 2450m deep(!)



LIGO: Laser Interferometer Gravitational-wave Observatory

GW150914 changed the length of a 4-km  
LIGO arm by a thousandth of the width of a proton

WashingtonLouisiana

First light 2002



The future:!
!

Upcoming missions 
!

(just a few examples!)



The European Extremely Large Telescope!
!

under construction on top of Cerro Armazones in the Atacama Desert, 
Chile, expected first light 2024 

39.3-m diameter segmented primary + 4.2-m secondary mirror,  
adaptive optics with six laser guide star units, optical — mid-IR imaging 

and spectroscopy 
!

Look for the first galaxies, study planets around other stars



James Webb Space Telescope

planned for October 2018 launch 
6.5m mirror, long-wavelength visible light 

through to mid-infrared 
near Earth-Sun L2 point



Square 
Kilometer 

Array

built in Australia + South Africa;!
phase I first light 2023, full array by late 2030!

50 MHz to 14 GHz, later up to 30 GHz!
highest resolution images in all astronomy!

study “dark ages” in neutral H 21cm line

see also: Event Horizon 
Telescope 



ATHENA (Advanced Telescope for High Energy Astrophysics)

ESA mission planned for launch in 2028 
effective area 10x XMM-Newton, 5” PSF 

 X-ray Integral Field Unit (X-IFU) array of Transition Edge Sensors (TES):   
2.5 eV spectral resolution, 5’’ pixels over a field of view of 5’ diameter 

+Wide Field Imager (40x40’ FOV CCD) 

see also: X-ray Surveyor



New mirror technology: 
“silicon pore optics”  

(idea: the reflecting surface is an 
array of very regular, rectangular 

pores made by stacking Si wafers 
etched and coated with Ir or Au)

ATHENA (Advanced Telescope for High Energy Astrophysics)

 Transition edge sensor:  
use the temperature-dependent resistance of the 

superconducting phase transition



CTA (Cherenkov Telescope Array)
planned 19-dish array in the Northern Hemisphere (La Palma, Spain) and 

99-dish array in the Southern Hemisphere (Paranal, Chile) 
factor 10 improvement compared to HESS, MAGIC, VERITAS



eLISA!
Evolved Laser Interferometer 

Space Antenna

5 million km on a side 
(13 times larger than 

the orbit of the Moon!) same distance from Sun as Earth, 
trailing Earth by 20 degrees 

!
launch 2034



LISA Pathfinder: 
one of the eLISA interferometer arms shortened 38cm to fit 

inside a single spacecraft. Launched December 2015



Suggested essay topics:

Describe in detail any future planned telescope/satellite of your choice 
(including those not listed in this presentation):  

What are the technological challenges and the technological advancements needed?  
What are the science goals? What progress is expected?  

What made you choose this specific upcoming project for this essay?


