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Experiments in Astrophysics and Cosmology

• Electromagnetic radiation 
- Radio astronomy 
- Infrared astronomy  
- Optical astronomy 
- Ultraviolet 
- X-Ray  
- Gamma Ray

http://www.iram-institute.org/EN/content-page-33-4-33-0-0-0.html

• Neutrinos 

• Gravitational waves 

• (Accelerators)

Astrophysics observables comes from a large range of experiments:
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If we could only study visible light our understanding of the Universe would be very limited. 

Combining radio, infrared, optical and X-ray information one can observe that the Crab 
Nebula is a gaseous nebula with a rapidly spinning neutron star at the centre (pulsar)

The computer model (right) shows how the strong magnetic fields around a neutron star can 
create repeated flashes of high energy X/rays and gamma rays.

Electromagnetic radiation
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http://ecuip.lib.uchicago.edu/multiwavelength-astronomy/images/astrophysics/MWA-Land-and-Space-Observatories.jpg

Electromagnetic radiation - Types of experiments

Gamma-rays travel to us across vast distances of the universe, only to be absorbed by the Earth's atmosphere. 

Different wavelengths of light penetrate the Earth's atmosphere to different depths. 
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Fermi Gamma-ray Space Telescope

• A space observatory used to preform 
gamma-ray astronomy 

• launched June 2008  

• Circles Earth every 96 minutes 

• At an altitude of 535 km

The key scientific objectives: 
 • To understand the mechanisms of particle acceleration in active galactic nuclei (AGN), 

pulsars, and supernova remnants (SNR). 
 • Resolve the gamma-ray sky: unidentified sources and diffuse emission. 
 • Determine the high-energy behaviour of gamma-ray bursts and transients. 
 • Probe dark matter (e.g. by looking for an excess of gamma rays from the center of the 

Milky Way) and early Universe. 
 • Search for evaporating primordial micro black holes (MBH)
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Fermi Gamma-ray Space Telescope

• Gamma rays are too energetic and can not be captured 
and reflected in mirrors such as optical light and X-rays 

• Two instruments: 

• Large Area Telescope (LAT), performing all-sky survey 
to study e.g. active galactic nuclei, pulsars, other high 
energy sources and dark matter 

• imaging gamma-ray detector, detecting photons of 
energy from 20 MeV to 300 GeV 

• Field of view of about 20% of the sky 

• Gamma Ray Burst Monitor 

• 12 sodium iodide crystals for 8 keV to 1 MeV 

• two bismuth gemanate crystal with sensitivity from 150  
keV to 30 MeV 

• Can detect gamma-ray bursts in that energy range 
across the whole of the sky not obstructed by Earth
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Fermi Gamma-ray Space Telescope

• Individual gamma rays are detected, first they hit thin metal sheets converting to electron-
positron pairs (pair production) 

• These charged particles travels through layers of silicon microstrip detectors, causing 
ionisation (electron-hole pairs) and tracks are reconstructed 

• After this the particles enter the calorimeter, crystals of cesium iodide scintillator crystal 
which measure the total energy of the particles

Heidi Sandaker



Some other Fermi Science Highlights 
 • Revelation that the Crab Nebula is not a steady source of gamma-rays 
 • Elimination of some popular models of dark matter 
     - Fermi is the only indirect dark matter experiment to set constraints on Weakly Interacting Massive Particle 

(WIMP) annihilation down to the limit expected from thermal relics. 
 • Proof that cosmic-ray protons can be produced in supernova remnants 
 •  Factor of 10 increase in known gamma-ray sources from 100 MeV to 300 GeV accompanied by factor of 

5 increase in gamma-ray source classes.

Fermi Gamma-ray Space Telescope

• November 2010 two gamma-ray and 
X-ray bubbles were detected 

• Situated around the Milky Way 

• Named Fermi Bubbles 

• 25 000 light years above and below 
the centre of the galaxy 

• Could be produced by a large 
energy release from the central 
black hole several million years ago
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Neutrinos - IceCube

Icecube

https://icecube.wisc.edu/science/icecube/detector

• The South Pole 
neutrino observatory 

• Study the origin and 
nature of cosmic rays 

• Particle detector 
recording the 
interactions of 
passing neutrinos 
from e.g. 

• Exploding stars 
• Gamma Ray 

Bursts 
• Dark Matter 

• 86 strings, 125 m 
aparts 

• holes are 60 cm in 
diameter and 2450 m 
deep
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Neutrinos - Icecube

• Icecube Digital Optical Module 
• PMTs Hamamatsu, 10” 
• Low intrinsic noise ~ 500 Hz 
• Fast digitisation 30 ms/channel 
• Low power consumption, ~5 W per DOM 
• Variable sampling speed: 250 - 800 MHz 
• Up to 200-300 p.e./10 ns charge resolution

• When neutrinos interact with the 
ice they can create charged 
leptons (electrons, muons or 
taus) 

• If energetic enough, they travel 
faster than the speed of light in 
ice and can emit Cherenkov 
Radiation 

• This light is detected by 
photomultiplier tubes
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 From left to 
right, Bert, 
Ernie and Big 
Bird, with 
energies of 
1.0, 1.1 and 
2.2 PeV.

https://icecube.wisc.edu/science/highlights

The grey line denotes the equatorial 
plane. The colour map shows the test 

statistic (TS) for the point-source 
clustering test at each location. No 
significant clustering was observed.

Neutrinos - IceCube

• Detection of first astrophysical high energy neutrino flux after three years of data (5.7 sigma) 
• Three neutrino events at PeV level, the highest energy neutrinos detected (above 2 PeV)

• Arrival directions of 37 very high energy events found in IceCube
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Gravitational waves - LIGO

LIGO Hanford Observatory LIGO Livingston Observatory

• 2 identical Michelson interferometer with Fabry Perot cavities 
- 4 km long arms, L shaped 
- 4 km vacuum chambers 
- 3 km apart 
- Measure motion 10 000 times smaller than an atomic nucleus, 10-19 m  
- Observing events occurring millions or billions of light years away 
- Needs to be isolated from vibrations of human activities 
- Two observatories are needed to cancel out noise, one acts as a noise filter for the 

other confirming each others measurement
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Gravitational waves - LIGO

https://www.ligo.caltech.edu/page/ligos-ifo

• A laser beam passes through a beam splitter 
(a sort of mirror) 

• One beam passes straight, the other is 
reflected 90 degrees 

• Each beam travels the 4 km and is reflected 
back (mirror) 

• At the beam splitter the beams merge back 
to a single beam and interfere and travels to 
a photodetector measuring the beam 
brightness 

• If the two beams travels exactly the same 
distance, the interferometer is set up so that 
there is destructive inference and no light at 
the detector 

• Any change in distance and a signal occur. 
• Mirrors places near the beam splitter keep 

the laser in the arms, increasing the distance 
traveled by the beams, improving sensitivity
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Gravitational waves - LIGO

• In February 2016 LIGO announced the first observation of gravitational waves originating 
from a pair of merging black holes 

• Gravitational waves causes space to stretch in one direction and get squeezed in a 
perpendicular direction 

• One arm will be longer and the other shrink, then vice versa 
• The arms will change lengths like this as long as it takes the wave to pass. 
• The beam returns at the beam splitter at different times.  
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Gravitational waves - LIGO

NASA Goddard Space Flight Center

• Gravitational-wave 
astronomy is an 
emerging branch of 
observational 
astrophysics 

• New data from sources 
of detectable 
gravitational wave 

• Binary star systems 
(white dwarfs, 
neutron stars, black 
holes) 

• Supernovae 
• Formation of the 

early universe shortly 
after the Big Bang 

• Detectable 
gravitational radiation 
from inflation? 
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Future experiments, example : Cherenkov Telescope Array

• A high potential to discover and study more 
objects 

• Increased sensitivity together with larger Field of 
View allows for a full VHE sky survey 

• The Imaging Atmospheric Cherenkov Telescope 
has a large potential for improvements 

• Extensive telescope arrays at the start of being 
explored 

• Novel camera technologies promises improved 
telescopes

➡ Possibly 1000 new gamma-ray sources

CTA could become an important probe for 
Dark Matter for a large range of masses 

Finding and studying dark 
matter in the universe.
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New : 
Cherenkov 
Telescope 

Array 
Two sites: Southern 

(10 km2) and Northern 
hemisphere

Cherenkov Telescope - next generation

http://inspirehep.net/record/871405/

Telescope arrays are not to scale
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Cherenkov Telescope Array - proposal

• Improved energy coverage  
• 20 GeV to 300 TeV 

• Good energy resolution 
• <10% (goal), <15% (requirement) 

• Excellent field of view 
• LST >4.5o, MST >7o 

• Angular resolution  
• < 0.1o for most of the EeV range  

• Improved sensitivity and 
collection area 
• x 10 

• Rapid Slew to catch flares 
• 20 s 

Large scale telescope array at two sites with many different sized 
telescopes (~100) spread over a large area (~ few km) 

http://astrum.frm.utn.edu.ar/CTA-Argentina/?p=1001

➡ full-sky coverage, 10x more sensitive than current instruments, much wider energy 
coverage and field of view, substantially better angular and energy resolution.  
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Cherenkov Telescope - Layout and camera types

• Southern site 
• 4 large, 25 medium and 70 small-sized 

telescopes, area of telescopes ~ 4 km2  
• Covering the full energy range 

• Northern site 
• 4 large large and 15 medium sized telescopes, 

area of telescopes ~ 0.4 km2  
• Significant sensitivity up to 50 TeV

• deep observations (all telescopes 
pointed onto one object )

• normal  observations  and  monitoring 
(a  few  telescopes oriented  towards  a 
few potentially interesting sources)

• sky scans  (all telescopes scan a large 
area of sky in the long-term observations)

Modes of operation

3

4 4 m

23 m

12 m
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Large Sized Telescopes 
• 23 m diameter 
• 20-200 GeV 
• Moderate field of view 

(~4.5o) 
• PMT based cameras

Cherenkov Telescope - Large Sized Telescopes

Laying the first stone of the prototype LST, La Palma
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Cherenkov Telescope - Medium Sized Telescopes

Medium Sized Telescopes 
• 12 m diameter  
• 100 GeV - 10 TeV 
• FoV of 7o (> 8o SCT)

• Davis-Cotton reflector and PMT 
camera and/or Schwarzschild-
Couder dual-mirror optical layout and 
SiPM camera

Heidi Sandaker



26

Small Sized Telescopes 
• 4 m diameter 
• 5-300 TeV  
• FoV of 9o 
• Three different projects, 

one is based on Davies-
Cotton optical design and 
two on the Schwarzschild-
Couder 

Cherenkov Telescope - Small Sized Telescopes

• One of the proposed telescopes (GCT) recorded first 
ever Cherenkov light during tests in Paris

• The ASTRI telescope captured the first optical image in 
May 2015 with its diagnostics camera

First Cherenkov light - November 2015
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Cherenkov Telescope - improved reach

Point source sensitivity 
• Example layout (black layout) compared to its 

components: 3 LSTs, 18 MSTs and 56 SSTs

Differential sensitivity 
• Southern and Northern array (50 h) compared to 

MAGIC-II ,VERITAS ad HAWC sensitivity

Angular resolution 
• CTA (green) is using a example layout of 49 

telescopes

https://arxiv.org/pdf/1606.08190v1.pdf
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Cherenkov Telescope - the science program

Fundamental physics 
• Dark Matter 

• Quantum gravity  

• Charged cosmic rays

Extragalactic γ-Ray sources 
• Active Galactic Nuclei 

• Extragalactic background light 

• Gamma-ray Bursts 

• Galaxy clusters

Galactic γ-Ray sources 
• Supernova remnants 

• Pulsars  

• Star formation regions 

• Galactic centre 

• X-ray binaries & microquasars 

• Sky survey

Black holes and its role as particle 
accelerator Nature of Dark matter

Cosmic ray 
particles in the 
Galaxy and beyond

Supernovas

What happens 
at the galactic 
centre
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Summary and conclusions

• Exiting developments of astrophysics experiments 

• Observations of gravitational waves opens up exiting new detection possibilities 

• Experiments increasingly “talks” to each others, giving fast information about 
observations 

• Very interesting new observations by many of the operational experiments 

• Such as PeV neutrinos 

• New exiting experiments are being planned for the future
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